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1. Introduction 
Metallopolymers represent an interesting class of advanced materials that consist of metal 

complexes within a soft matter structure. Due to combination of the advantages of the metallic 

and the polymeric properties a wide variety of applications is accessable. In particular, the 

polymer part provides good scalability of polymer sizes and shapes as well as an easy 

processability. The metal complexes on the other hand enable defined two- or three-dimensional 

structures, properties in light-harvesting and energy conversion,[1] catalysis,[2] bioactivity and -

toxicity,[3] conductivity,[4] molecular magnetism,[5] non-linear optics[6] as well as the 

reversibility of supramolecular bonds.[7] Thus, such metallopolymers can potentially promote 

applications for sustainability or health care amongst others – both important topics in the future. 

However, despite the promising applications of metallopolymers, the development of these 

materials was slowed down after the first representative was synthesized in 1955 – the  

poly(vinylferrocene).[8] In particular, the incorporation of metal ions results not only in 

outstanding properties, but also in some drawbacks, such as synthetic challenges and a usually 

decreased solubility. However, the research on metallopolymers was accelerated after the 

development of new polymerization techniques at the end of the 20th century.[9-11] Henceforth, 

well-dispersed polymeric materials featuring a high molar mass were prepared as well as the 

integration of metal complexes into the soft matter was improved.[12] Consequently, several 

investigations on the synthesis of metallopolymers have been published, that feature various 

combinations of metal ions and ligands. The first applications of metallopolymers were applied 

in structural approaches like catalysis.[13] In this field, the well-investigated catalytic metal 

complexes take advantage of the polymers’ solubility resulting in an improved recovery rate or 

catalytic activity. On the other hand, self-assembling metallopolymers allow the formation of 

block copolymers as well as patterned surfaces.[14-15] Another important area was the 

development of stimuli-responsive materials that use external triggers in order to permit 

advanced properties and applications.[16] Thus, metallopolymers can be responsive to a wide 

range of external triggers, e.g., light irradiation, change in temperature, changes in the pH value, 

redox reactions or mechanical stress. Accordingly, sensors in each of these particular fields can 

be constructed using this property. Furthermore, with stimuli-responsiveness pioneering 

applications like shape-memory polymers and self-healing materials based on the reversibility 

of the supramolecular bonds of metal-ligand interactions can be achieved.[17-18] Further 
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interesting areas comprise (opto-)electronic or biomedical applications as well as overlapping 

applications (e.g., luminescence for imaging in medicine or biological systems) that can also be 

obtained through metallopolymers due to their variety of properties.[19-24] However, Chapter 2 

summarizes a historical review and latest overview of the metallopolymeric applications.  

Regarding materials for a sustainable society the property of self-healing, durability or the 

utilization of renewable resources like solar energy will be important contributors. The first 

approach towards more sustainability can be achieved by using special materials with increased 

lifetime.[25-26] To create such materials, there are to two strategies, e.g., the development of 

highly resistant materials against chemical or mechanical damage. However, wear as well as 

damage and a resulting repair or replacement cannot be avoided after longer-term usages of 

these kind of materials. Consequently, self-healing materials represent a promising candidate to 

increase the lifetime due to their ability to restore their original function after mechanical 

damage. This unique capability has high potential for applications with difficult accessibility 

like aerospace industry, biomedicine, offshore wind parks, underground pipelines and nuclear 

waste disposals, respectively. In order to achieve the self-healing effect, two strategies can be 

applied that are both inspired by nature. In particular, animals and humans feature vascular 

networks under their skin, whereby so-called healing agents can be transported to the wound or 

injury and on the other hand, mussel byssal threads can be restored after mechanical damage 

using supramolecular interactions, i.e. zinc(II)-histidine systems.[27-28] The first approach is the 

so called extrinsic healing process in which the self-healing is permitted through external agents 

that are delivered to the damaged positions. For this purpose, the healing agents are filled in 

microcapsules[29] or a vascular/capillary network[30] that are embedded into the material together 

with a catalyst.[31] After damaging the healing agents is released, polymerizes after contact to 

the catalyst and, thus, heals the damage. One drawback of this system is the limited amount of 

healing cycles due to the consumption of the healing agents. 

The intrinsic self-healing materials also enable multiple healing cycles and an external healing 

agent is not required since reversible functionalities in the polymeric network are responsible 

for the healing process.[32] These can be generated by dynamic bonds or physical interactions 

within the materials. After a damage, an external trigger (e.g., heat or light) is applied, which 

leads to an activation of the reversible bond by cleavage or exchange reactions between those 

bonds. Consequently, an increased mobility/flexibility in the polymeric network can be achieved 

that closes the cracks. Afterwards, the reversible interactions or bonds, respectively, will be 
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reconnected and the original material/network is restored. In the last decade several intrinsic 

self-healing systems have been investigated, including reversible covalent networks[33-44] as well 

as reversible supramolecular interactions, e.g., hydrogen bonds,[45] halogen bonds,[46] π-π-

interactions,[47] ionomers[48] and the metal containing polymers and metalloplymers.[18] The self-

healing mechanism of the later called class is based on the reversible character of the 

complexation and decomplexation, respectively, and the formation of clusters.  

As they are inspired by mussel byssus threads,[28,49] the self-healing concept of metallopolymers 

was mimicked, [50-52] and subsequently extended to numerous metal-ligand interactions or metal-

containing polymeric materials that permit this behavior. Thus, polymers were able to heal 

damages upon different triggers like at changing redox conditions,[53] irradiation[54-55] or heat.[56] 

Frequently-investigated materials are terpyrdine-containing metallopolymers with several metal 

salts, whereas two dependencies of the self-healing efficiency were observed. On the one hand, 

increasing flexibility of the polymer backbone improves the healing properties.[56] And on the 

other hand, depending on the utilized metal salt different binding strengths and crosslinking 

geometries can be achieved.[57-59] In particular, the crosslinking of the metal complexes within 

the polymeric network via weak coordinating bridging ligands in cadmium(II) acetate or 

manganese(II) chloride-containing-polymer improves the self-healing performance by lowering 

the necessary healing temperature and time. However, the terpyridine metal complexes had to 

be investigated more detailed. Thus, Chapter 3 takes a closer look to the self-healing ability of 

a metallopolymer consisting of terpyridine platinum(II) complexes and weak bridging ligands. 

In Chapter 4, the polymeric terpyridine platinum(II) system was exchanged with other metal-

ligand interactions in order to obtain a deeper information on the crosslinking and healing 

mechanism. On the one hand, the influence of a higher crosslinking density was investigated in 

metallopolymers that consist of lanthanide-terpyridine complexes (Chapter 4.1) and on the 

other hand, a palladium(II) SCS pincer complex was incorporated into a polymer, whereupon 

vibrational spectroscopy techniques deliver detailed information on the healing mechanism of 

metallopolymers. 

Another opportunity towards more sustainability is the utilization of renewable resources, which 

can be utilized in order to convert the radiation directly into electricity via photovoltaic 

devices,[60] but there also the opportunity to perform a splitting of water by using the 

photocatalytic-driven hydrogen evolution reaction (HER) and oxygen reduction reaction 

(ORR).[61] The hydrogen can be generated through a photo-hydrogen-evolving molecular device 
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(PHEMD) by an environmental friendly process and serve as cheap and mobile energy storage 

as it can potentially be utilized as alternative fuel for cars, but also in power stations. Several 

metal complexes and metal-based systems feature the ability to perform these photocatalytic 

reactions, in which usually a catalyst, a photosensitizer and an electron donor are involved.[62] 

The introduction of the metal complexes – in this case terpyridine platinum(II) complexes – into 

an soft matter is described in Chapter 3.1 that may increase the manageability and catalytic 

activity through an adjustable solubility and organization of the individual compounds in a 

constructive manner. 
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2. Metallopolymers and their versatile applications 
Parts of this chapter have been published in Pub1) S. Götz, S. Zechel, M. D. Hager, 

G. R. Newkome, U. S. Schubert, Prog. Polym. Sci., in proof. 

As already mentioned, the numerous metal complex containing macromolecules as well as small 

molecules utilized by nature are role models for applications in research and daily life.[2,63-64] 

Thus, catalytic enzymes[65] or self-assembling systems[66] can be found in biological systems. 

Based on these inspirations, small artificial molecules consisting of metal complexes deliver 

promising properties, e.g., in luminescence,[67] as photosensitizers,[1] superconducters[68] and for 

magnetic applications.[69-70] However, metallopolymers can be utilized in order to permit 

versatile applications due to their combination of the unique properties of polymers as well as 

metal complexes. On the one hand, polymers feature easy processability and a scalable size. On 

the other hand the metal complexes allow various properties like defined two- or three-

dimensional structure, catalytic activity,[2] properties in light-harvesting and energy 

conversion,[1,63] bioactivity or biotoxicity,[3,71] conductivity,[4,68] ferroelectricity,[72] molecular 

magnetics,[5,73] non-linear optical properties[6,74] as well as the formation of reversible 

supramolecular bonds or the binding of small molecules.[7] Accordingly, there are possible 

applications in a wide range of fields based on these advanced soft materials – and even more 

modern areas have been developed over the last decades, e.g., shape-memory[17] and self-healing 

polymers.[18] However, metal complexes in polymers can also be applied in order to achieve 

several tailor-made properties at once, e.g., a self-assembling and a staining effect for imaging 

purposes in biomedicine can be promoted simultaneously by metallopolymers.[75]  

Nevertheless, this class of materials is still relatively young due to challenges in synthesis as 

well as solubility. However, since the end of the last century new polymerization techniques 

accelerated the development of metallopolymers by the opportunity to adjust the polymer 

properties exactly and to improve the incorporation of the metal complexes into the polymer 

matrix in order to create these new functional materials.[9-10,12] For this purpose, numerous 

metallopolymers are accessable due to the variation of metal ions, ligands as well as the polymer 

matrix consisting of various monomers and compositions of those. Consequently, a large 

number of publications regarding metallopolymers, their syntheses and/or applications have 

been reported. As shown in Figure 2.1, the most utilized metal in polymers is copper followed 
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by silver and gold. However, also 3d-metals and ruthenium, palladium, cadmium as well as 

iridium and platinum were combined with polymers quite frequently compared to metals from 

the f-groups except europium. 

 

Figure 2.1. Schematic representation of the d- and f-group metals that were utilized in 
combination polymers together with their number of publications. 

 

Generally, the formation of ordered structures of block copolymers is possible by self-

assembling of at least two blocks with different polarity and properties. The introduction of 

metal complexes enhances this behavior due to complexation and the introduction of charged 

complexes.[76-77] But block copolymers themselves can also be generated due to the formation 

of metal complexes that are connected to polymer chains.[78] Furthermore, there a two further 

special approaches in the field of self-assembly. On the one hand, the crystallization-driven self-

assembly (CDSA),[79] in which block copolymers are self-assembled in a highly ordered manner 

controlled through the crystallization of polymers, such as poly(ferrocenylsilane)s or 

metallocenes.[75,80] Via a seed-growth process an exact adjustment of the dispersity and length 

of fiber-like objects can be achieved. Potential applications of these polymers can be found in 

semiconductors.[81] On the other hand, self-assembly can also be achieved through stacking 
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interactions between metal complexes – e.g., Pt···Pt or π-π stacking interactions in order to 

obtain well-defined macromolecular morphologies. In particular, numerous of tridentate 

(N^N^N,[82-84] N^N^C[85] or N^C^N[86]) as well as bidentate[87] platinum(II) complexes feature 

stacking behavior with tunable self-assembly behavior. Consequently, interesting applications 

can potentially obtained through stacking of platinum(II) complexes, e.g., in photocatalysis[88] 

or in optoelectronics,[89-90] such as light-emitting diodes (LEDs) or biosensing due to 

luminescent properties of the stacking of platinum(II)-complexes.[91] 

Further interesting applications for metallopolymers can be found in the field of optoelectronics 

like light emitting and harvesting systems or non-linear optical materials. In particular, the 

luminescent property predestinates specific metallopolymers for active materials in LEDs or for 

imaging in biological and medical applications. Commonly utilized metallopolymers are the so-

called platinum(II) poly-ynes – a subgroup of the poly(metalla)-ynes that were firstly published 

by Hagihara and coworkers in the late 1970s.[92] Later, the groups of Friend and Lewis 

demonstrated the dependency of the absorption and photoluminescence from the length of the 

acetylenic spacer between the platinum(II) ions.[93] However, also other metallopolymers can 

be utilized for LEDs, whereby variations on the metallopolymers lead to adjustable 

wavelengths[94] – thus, also emission in the near-infrared (IR) region.[95] 

The other way around, there are light harvesting systems in which light is the external stimulus 

that can be converted in electricity or chemical as well as thermal energy. Solar cells are the 

most popular example. As mentioned for luminescent materials, the platinum(II) poly-ynes are 

also promising representatives for solar cells due to their tunable HOMO-LUMO (highest 

occupied molecule orbital and lowest occupied molecule orbital) gap through the overlap of the 

d-orbitals of the Pt(II) and ligand orbitals, the π-conjugation and the Pt-core that improves the 

photon absorption coverage.[96] The first metallopolymer-based single-layer photocell was 

presented by Köhler et al. in 1994,[97] but in the last decades new systems were developed like 

bulk heterojunction (BHJ) solar cells and dye-sensitized solar cells (DSSCs) that improved light 

converting properties enormously.[98-100] 

Furthermore, metallopolymers can be applied in the field of non-linear optical materials that 

enable optical communication, optical switching and optical power limiting (OPL) devices.[101-
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102] Thus, these materials feature the ability to protect human eyes and optical sensors against 

intense laser beams. 

Other potential interesting applications can be found in biomedicine – for instance, the 

utilization of metallopolymers in anticancer therapy, imaging and controlled release of small 

molecules for personalized therapies. Thus, platinum(II) complexes incorporated into polymers 

represent the most frequently utilized metallopolymers in anticancer therapy.[22,103-106] For 

imaging issues, several approaches can be applied – e.g., through radioactive metal ions[107-109] 

or luminescence.[110-111] Furthermore, metallopolymers can be utilized for personalized therapy 

due to their property of stimuli-responsive and specific release of small biotoxic molecules like 

CO or NO and a simultaneous reduction of side effects of drugs.[112] 

Stimuli-responsive metallopolymers are another highly-investigated field for potential 

applications. For this purpose, upon a change of external environment the metallopolymers are 

able to reversibly change their structure and, thus, their properties.[16,113] In particular, several 

stimuli can responsively trigger this switching, e.g. temperature,[114] mechanical stress like 

ultrasound,[115] the change of the pH-value[116] or redox environment,[117] the exposure to 

chemicals[118] as well as combinations of several external stimuli resulting in multi-responsive 

polymers.[119] Applications in all these mentioned subgroups of stimuli-responsive systems are 

possible, but an important group is presented by sensor system consisting of metallopolymers. 

In most cases a change of absorption/emission spectra or color, respectively, is measured.[120-

121] 

Shape-memory is an application of metallopolymers, in which the reversibility of the metal-

ligand interaction is required. In principle, the material “memorizes” a permanent shape and can 

switch to this after deformation in a temporary shape through an certain stimulus (e.g., light or 

heat).[122] In general, these polymers feature at least two phases that represent the different 

shapes, whereby a stable phase stabilizes the material and is responsible for the recovery and 

the further phases inducing the flexibility within the material through crystallization, a glass 

transition or reversible bonds resulting in the temporary shapes. For this purpose, the stimuli-

responsive properties to several triggers like light or heat can be applied in order to generate 

shape-memory metallopolymers.[123-124] 
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Metallopolymers applied as catalysts is another important field of application since they can be 

utilized in numerous reaction types, e.g., cycloadditions ([3+2][125-126] and [4+2][127-129]), cross-

coupling reactions (Heck,[130-132] Suzuki,[133-134] Sonogashira[135-136]), ring closing metathesis[137-

138] as well as ring opening metathesis polymerization,[139-140] Grignard analogous reactions,[141-

142] epoxidations,[143-144] Michael additions,[145] Mannich reactions[146] and redox reactions like 

the production of hydrogen through reduction (HER).[147-149] The advantages of integrating these 

catalytic metal complexes to polymers is an improved regeneration through immobilization[150] 

as well as separation from the reaction mixture and, thus, an easy recycling of the catalyst.[151] 

Furthermore, solubility, selectivity and the choice of homogeneous or heterogeneous milieu can 

be influenced by the polymeric matrix resulting in an improved catalytic performance.[152-155] 

One important field of catalysis in our today’s society – regarding sustainability – represents the 

generation of hydrogen as eco-friendly fuel and energy store. For this purpose, water as a 

renewable resource can be splitted in a redox reaction by the utilization of a photocatalytic 

system under irradiation. The groups of Lehn and Grätzel presented the first examples of this 

process in a multiple compound system consisting of a photosensitizer, a catalyst, an electron 

relay and an electron donor, which still contained some drawbacks like low yields, the multiple 

compounds as well as there is no separation of hydrogen and oxygen.[156-157] In order to improve 

the catalytic system, the compounds can be attached to a polymer resulting in an increased 

absorption of light and its following energy transfer to the catalyst. This principle was presented 

by Schubert and coworkers, who utilized a copolymer of five different monomers – three 

photosensitizing dyes, an osmium complex and triethylene glycol monomer methyl ether 

methacrylate (TEGMEMA) as comonomer.[147] This metallopolymer performed a hydrogen 

evolution reaction (HER) with a turnover number (TON) of 1.[147] The same group synthesized 

a ruthenium- as well as a iridium-containing copolymer together with the comonomer 

TEGMEMA and a viologen-based monomer as electron relay that were able to generate 

hydrogen in the presence of a platinum colloid and trimethylamine, whereas the iridium(III)-

metallopolymer exhibited a much higher TON (139) compared to the ruthenium(II)-analogue 

(TON of 1).[158] A metallopolymeric and thermo-responsive gel consisting of a ruthenium(II) 

tris(bipyridine) complex as photosensitizer, a N-isopropylacrylamide, a viologen containing 

monomer as well as a crosslinker containing two acrylamide groups has been published by 

Yoshida et al. (see Figure 2.3).[148] This gel was also able to generate hydrogen after the 
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incorporation of platinum nanoparticles within the network as a one compound system and in 

the presence of ethylenediaminetetraacetic acid (EDTA). By increasing the temperature N-

isopropylacrylamide induces a shrinking and, thus, a decrease of the TON. However, the 

polymer performs also the oxygen reduction reaction (ORR) if the platinum nanoparticles are 

exchanged with ruthenium(IV)-oxide particles and a cobalt complex is utilized as electron 

acceptor.[159] A further improvement was performed by Nann and coworkers, who utilized 

platinum(II)-terpyridine complexes instead of the nanoparticles on a conductive polythiophene-

backbone that is placed on an electrode.[160] Thus, HER and ORR were possible, while saving 

three to five time the content of platinum. Next to the platinum-catalysts also other metals have 

shown catalytic activity in the HER – examples are cobalt(II)[161] or [FeFe]-hydrogenases that 

are incorporated/attached to polymers.[149] In particular, the later systems demonstrated TONs 

of up to 52,800. 

 

Figure 2.3. Schematic representation of the preparation of a thermo-responsive metallopolymer 
gel for hydrogen production (reprinted with permission, Copyright 2011, American Chemical 
Society).[148] 

 
The last major application of metallopolymers to focus on is are self-healing materials that 

enable potential materials with sustainable properties due to their possible long-term durability 

and, thus, conservation of resources and avoiding garbage. Metallopolymers allow an intrinsic 

healing mechanism due to the stimuli-responsiveness and reversible character of the metal-

ligand interaction. These can be generated by dynamic bonds or physical interactions within the 

materials – in particular, through reversible character of the complexation and decomplexation, 

respectively, and the formation of clusters. The last called clusters are a part of the self-healing 

ability of ionomers like the commercial available poly(ethylene-co-methacrylic acid), which is 

Negatively charged
Pt nanoparticle

Positivley charged
Ru metallopolymer
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marketed as Surlyn® by DowDuPont and consists of sodium, potassium or zinc for the purpose 

of neutralization.[162] However, also metallopolymers form reversible cluster that contribute to 

self-healing performance of polymeric materials.[18]  

Nevertheless, the self-healing ability of metalloplymers is rather based on the supramolecular 

characteristics in order to generate reversible polymeric networks. They are inspired by nature, 

and, in particular, by the self-healing mussel byssus threads – defined block copolymers that are 

self-assembled due to the formation of Zn(II)-histidine complexes, which is also responsible for 

the self-healing ability.[28,49] By converting this principle into synthetic materials, numerous self-

healing polymers based on metal-ligand interactions were developed.[50,54-55,163-164]  

However, the utilization of metal complexes consisting of terpyridine ligands have shown 

promising results in self-healing experiments.[51-52] For this purpose, Bode et al. compared the 

self-healing behavior of a poly(lauryl methacrylate) and a poly(methyl methacrylate) both 

consisting of iron(II)-terpyridine complexes.[56] The study revealed an improved self-healing 

ability for the lauryl methacrylate-containing metallopolymer due to its lower glass transition 

temperature (Tg) and the higher flexibility of the polymer backbone. Furthermore, they could 

show that beside the backbone also the counter ions of the complexes influences the self-healing 

ability – among the tested cadmium(II) salts the cadmium(II) acetate exhibited the best healing 

performance (80 °C in some minutes) due to a weaker acetate bridging mechanism in the 

crosslinked polymers compared to further ions.[57-58] Based on these studies, it could be shown 

that the decomplexation is the driving force for thermally self-healing metallopolymer 

networks.[59] In particular, the variation of metal ions (i.e. zinc(II), manganese(II), cobalt(II) and 

nickel(II)) as well as counter ions (i.e. chloride, nitrate as well as acetate) resulted in different 

complexation strengths and complex geometries and among all combinations manganese(II) 

chloride revealed the lowest healing temperature due to the chlorides bridging geometry and the 

low complexation strength. Furthermore, a correlation between rheological results and self-

healing behavior was found, in which a crossover of the storage and the loss modulus (G’ and 

G’’) at a specific temperature occurs, also a healing behavior can be expected at the same 

temperature.[165] Consequently, all these results demonstrated a strong dependency of the self-

healing performance from the binding strengths of the metal ligand interaction. 
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In conclusion metallopolymers feature unique properties due to the integration of metal 

complexes into polymers leading to applications in a wide range of areas of modern life and 

with the ongoing research and development of metallopolymers, current materials/systems will 

be improved and new areas of applications will be opened up. In particular, self-healing 

materials and hydrogen evolution catalysts for eco-friendly fuels and energy storage are 

promising candidates in future for more sustainability in our society. 
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3. Terpyridine-platinum complexes in polymers for sustainable applications 
Parts of this chapter have been published in Pub2) R. Geitner, S. Götz, R. Stach, M. Siegmann, 

P. Krebs, S. Zechel, K. Schreyer, A. Winter, M. D. Hager, U. S. Schubert, S. Gräfe, B. Dietzek, 

B. Mizaikoff, M. Schmitt, J. Popp J. Phys. Chem. A 2018, 122, 2677-2687, as well as Pub3) 

S. Götz, M. Abend, S. Zechel, M. D. Hager, U. S. Schubert, J. Appl. Polym. Sci. 2019, 136, 

47064. 

Sustainability will be an important and increasing topic in the future and due to the versatility 

of metallopolymers this topic can be addressed. On the one hand, self-healing polymers 

represent promising candidates towards more sustainable materials and applications in daily life 

as well as in areas with a limited access such as in aerospace, wind turbines or in nuclear waste 

positions. For this purpose, the intrinsic healing metallopolymers feature the ability to heal 

damages multiple times at one specific position as these materials reveal a dynamic character 

due to complexation and decomplexation processes.[18] Consequently, networks can be opened 

by applying external triggers like light or heat resulting in an increased flexibility within the 

material and healing of a mechanical or functional damage. This behavior is performed by 

several earlier mentioned natural and artificial macromolecules consisting of different metal-

ligand systems consisting of ligands like 2,6-bis(1´-methylbenzimidazolyl)pyridine,[54] 

poly(ethylene imine),[163] histidine,[166] imidazole,[167] pincer ligands[168] as well as terpyridine 

together with numerous metal ions.[59] 

Bode et al. investigated several terpyridine complexes regarding the dependency of the self-

healing ability from the complexed metal ion (e.g. zinc(II), cobalt(II), nickel(II), manganese(II), 

iron(II) and cadmium(II)) as well as the counter ion and the polymeric matrix.[56-57,59] Their 

studies revealed a necessary flexibility within the polymeric network resulting from a low Tg as 

well as the influence of the complexation strength and coordination geometry.[57,59] Depending 

on the utilized metal salts two coordination geometries were possible – bis-terpyridine 

complexes, in which the metal center is the crosslinker in the polymeric networks, and bis-metal 

complexes that are crosslinked through additional bridging ligands.[56,58] The later called 

behavior reveals an improved self-healing performance and was observed in cadmium(II) 

acetate and manganese(II) chloride complexes, whereas manganese(II) chloride containing 
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complexes exhibit much weaker metal-ligand interactions and, thus, an outstanding self-healing 

performance among terpyridine-based metallopolymers.[56,59] 

The other possible application towards sustainability are metallopolymers featuring photo-

catalytic properties. In particular, through photocatalysis light – as unlimited renewable resource 

– can be converted into chemical energy.[169] Thus, the decomposition of harmful molecules[170] 

as well as water splitting can be performed.[171-172] Regarding the catalytic splitting of water and 

its sub-processes HER and ORR, a large number of metal complexes have shown their potential 

in the photocatalytic system that consists of a photosensitizer and a catalyst.[62] For this purpose, 

it already could be demonstrated that terpyridine-platinum(II) complexes promotes the 

evolution of hydrogen during a HER process.[173-174] However, the introduction of this metal 

complex into a polymeric matrix may improve the handling and, ideally, the performance of the 

PHEMD. Consequently, this chapter will demonstrate that the utilization of metallopolymers 

based on terpyridine-platinum(II) interactions are a possible supporting step towards a 

sustainable society. 

 

3.1 Polymeric terpyridine-platinum(II) complexes as photocatalysts 

In general, during a photocatylytic process a photosensitizer absorbs a photon upon irradiation 

whose energy converts the photosensitizer into an excited state. Based on this state and 

depending on the catalytic system, an electron, hydrogen or energy can be transferred to a 

catalytic moiety that performs the catalysis of a chemical reaction, e.g., the water splitting.[62,175-

176] Obviously, the structures of the photosensitizer, catalyst and their spatial arrangement (e.g., 

π-conjugation) influence the light absorption, energy transfer and the type of catalysis. 

However, the potential hydrogen evolution property of terpyridine-platinum(II) complexes has 

been shown in literature.[171-172] The embedding of the photocatalytic compounds into a 

polymeric matrix arranges the well-investigated molecular compounds of the sensitizer and 

catalyst in a controlled manner.[177] Simultaneously, the polymer can act as pH-buffer or be 

involved into the catalytic process as active part.[178] However, concomitant to the embedding 

into an polymeric matrix the characterization of the samples becomes more complicated due to 

the solid state of polymeric materials, e.g., hydrogels. For instance, common NMR spectroscopy 

or mass spectrometry are not suitable for these materials, except special applications like solid 
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state NMR spectroscopy. Consequently, the vibrational spectroscopy techniques (Raman and 

IR spectroscopy) provide access to analyzation these materials due to their noninvasive 

characterization of functional polymers.[179] 

For this purpose, a terpyridine-platinum(II) complex was synthesized and incorporated into a 

polymeric network consisting of poly(ethylene glycol methyl ether methacrylate) 

(PEGMEMA) and the crosslinker triethylene glycol dimethacrylate (TEGDMA) that was 

investigated by Raman and IR spectroscopy which was supported by density functional theory 

(DFT) calculations.[180] The resulting functionalized hydrogel (P2) was compared to 

unfunctionalized hydrogel P1 and a rhodamine B-containing analogue (P3) and represents a 

model system for a matrix-embedded photocatalytic system with an integrated photosensitizer 

and photocatalyst. In this context, the monomer TpyPtClMono was prepared by a four-step 

synthesis featuring a polymerizable methacrylate group that is connected through a reversibly 

binding acylhydrazone moiety to the platinum(II) terpyridine complex with a chloride ion as 

fourth ligand. In Chapter 3.1 the high stability of the platinum(II)-terpyridine interaction will 

be demonstrated in ITC measurements. However, due to the stable platinum(II)-terpyridine 

interaction this complex should be stable enough for photocatalytic conditions. In literature this 

metal complex is well-known for its photocatalytic activity – Yamauchi and Sakai have 

demonstrated a HER with a similar Pt(II)-based PHEMDs.[181] For this purpose, as mentioned 

in the previous chapter a pre-polymerization complexation of the monomer was also necessary 

due to the insolubility of the polymer and a resulting uncomplete platination of all terpyridine 

ligands in the gel. After the complexation P2 was achieved via free radical polymerization of 

TpyPtClMono (10 mol%) with PEGMEMA (88 mol%, Mn = 500 g mol-1) and 2 mol% of 

TEGDMA (see Scheme 3.1.1). The other hydrogels were also prepared by free radical 

polymerization with a content of 2 mol% of TEGDMA. Thus, the dye-modified hydrogel P3 

was polymerized from rhodamine B-functionalized monomer RhodamineMono (10 mol%) as 

well as PEGMEMA (88 mol%), whereas P1 was prepared by polymerization with a content of 

PEGMEMA of98 mol%. Both P2 and P3 contain an acylhydrazone linkage between functional 

unit and polymer backbone that allows a pH-triggered release of the functionalities and enables 

a repair or modification of the catalytic material.[182] 

The characterization of the monomers was performed by NMR and MS techniques but like 

mentioned before, the characterization of the hydrogels was not possible anymore with these 
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methods. However, an incorporation of the functional groups could be performed optically – 

thus, P1 was colorless, P2 was yellow and P3 was violet. Nevertheless, vibrational spectroscopy 

was required for structural characterization of the hydrogels. For this purpose, in all three 

hydrogels a disappearance of the C=C stretching vibration at 1636 cm-1 of the non-polymerized 

methacrylate groups was observed compared to the corresponding monomers. This 

characteristic band of methacrylates was confirmed by DFT calculations and, thus, allows to 

follow the conversion of polymerization process. Furthermore, the incorporation of 

TpyPtClMono into the polymeric matrix of P2 was proven with these spectroscopic methods. 

In the Raman spectrum at 1604 cm-1 a very intense band and further sharp bands at 1445, 1364, 

1181 and 999 cm-1 of the C=C and C=N stretching vibration of the phenyl and pyridyl rings 

were detected. These signals can also be observed in the monomer. However, the spectra of the 

hydrogels P3 and P1 do not differ a lot and also the intense band of RhodamineMono at 1616 

cm-1 (C=C stretching vibration) cannot be found in the spectra of P3, which indicates that only 

a minor content of RhodamineMono is copolymerized. However, there are further bands that 

were detected in all hydrogels by applying Raman as well as IR spectroscopy – the C=O 

stretching vibrations of the methacrylate backbone at 1727 cm-1 and the CH deformation 

vibrations at 1452 cm-1. Additionally, in the IR spectra the COC asymmetric ether stretching 

vibrations of the PEG side chains were detected at 1097 cm-1. During the experiments of the 

pH-dependent release of the functional moieties from hydrogels P2 and P3 this band allowed 

the follow-up due to its spectroscopic unaffected and chemical inert nature. 
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Scheme 3.1.1. Schematic representation of the synthesis of the hydrogels P1, P2 and P3 
(adapted with permission, Copyright © 2018 American Chemical Society).[180] 

The experiments of pH-dependency (summarized in Figure 3.1.2) demonstrate a release of 

functional fragments from the polymeric matrix and, thus, a potential repair or replacement of 

these functionalities can be achieved in order to extend the catalytic lifetime of the polymeric 

catalyst or to change its mode of operation. Upon the pH-dependent release of the catalysts or 

dye, respectively, from these hydrogels the acylhydrazone bonds open. Consequently, the C=N 

imine stretching vibration at 1612 or 1629 cm-1 changes. However, due to the overlap with C=C 

stretching vibrations of the phenyl rings the identifications of these bands are complicated but 

by DFT calculations an influence of the cleavage of the C=N bond on the band at 1610 cm-1 

could be demonstrated for TpyPtClMono resulting in an improvement of the monitoring of the 

cleavage. At RhodamineMono this behavior was not observed in simulation, which 

complicated the detection of the release. In the experiments the Raman spectrum of P2 show 

only subtle changes upon the decrease of the pH-value, however, in the IR spectrum a strong 

decrease in intensity of the band at 1654 cm-1 compared to the one at 1720 cm-1 was observed, 
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which can be explained by change of the aromatic ring structure of the Pt(II) terpyridine 

complex. This behavior is caused by the opening of the acid-sensitive C=N bond that influence 

the aromatic framework of the metal complex. DFT calculations of the TpyPtClMono proved 

that the cleavage results in a strong decrease of the IR intensity of the aromatic C=C stretching 

vibrations. Simultaneously, the pH-dependent Raman spectra of P2 revealed that the metal 

complexes are unaffected through the pH-decrease – this can be concluded from the unaffected 

marker bands of Pt(II) terpyridine complex at 1445, 1364, 1181 and 999 cm-1. In conclusion, 

the decrease of the pH-value results in a cleavage of the C=N imine bonds and a release of the 

Pt(II) terpyridine complex to the polymeric matrix. On the other hand, in P3 no pH-triggered 

change was observed because the imine bond seems to be more stable compared to the five-

membered ring, which opens before the imine bond.[183] Furthermore, the RhodamineMono 

was only present in small amounts. Consequently, the weak rhodamine signals and the pH-

induced changes were hard to detect. Alternatively, the structure of the dye had to be varied – 

in particular, the five-membered ring or the basic diethylamine groups have to be substituted. 

Next to the pH-dependency of the catalytic polymer the temperature-dependency plays a 

decisive role in photocatalytic applications due to elevated local temperature upon illumination 

as well as the opportunity to accelerate the photocatalytic process through heating. 

Consequently, vibrational spectra (Raman and IR) of P2 and P3 were recorded while they were 

heated to 80 °C (IR) and 100 °C (Raman), respectively. For this purpose, the hydrogels were 

converted to synchronous 2D correlation spectra in order to highlight subtle and simultaneous 

changes. In order to interpret these spectra, the Noda rules have to be followed. Thus, 

synchronous cross-peaks indicate a change of the intensities of correlated wavenumbers at the 

same temperature. In particular, a positive cross-peak is achieved after correlated bands changed 

in the same direction, while a change of correlated bands in the opposite direction leads to a 

negative cross-peak.  
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Figure 3.1.2. The pH-dependent vibrational spectra of P2 with a) the background-corrected and 
area-normalized FT-Raman spectra and; b) the baseline-corrected and area-normalized FT-IR 
spectra (adapted with permission, Copyright © 2018 American Chemical Society).[180] 

 
However, the 2D IR spectrum of P2 features strong auto-peaks at 1682, 1659 and 1152 cm-1 

that indicate strong changes at these respective wavenumbers upon heating (Noda rules). 

Additionally, positive cross-peaks at 1152/1682 cm-1 as well as negative cross-peaks at 

1152/1659 cm-1 and 1659/1682 cm-1 are displayed. The latest cross-peak (1659/1682 cm-1) is 

also observed in the 2D Raman spectrum, which generally offers less information compared to 

the IR analogues. An evaporation process of water during the heating explains these correlation 

patterns. In particular, the evaporation triggers a shift of the band at 1672 cm-1 as this band 

overlaps the waters broad symmetric stretching vibration at 1643 cm-1 as well as a shift and 

intensifying of the COC ether vibration band at 1097 cm-1 because of their large dipole moments 

that are strongly affected by the withdrawal of water from the hydrogel. In conclusion, these 

experiments demonstrate the temperature stability of hydrogel P2 up to 100 °C as no strong 

spectroscopic changes of the molecular structure of the hydrogel and the Pt(II) terpyridine 

complex are detected. The results of these investigations are summarized in Figure 3.1.3. On 

the other hand, the interpretation of the 2D correlation of P3 spectra are more complicate. The 

2D IR correlation spectrum of P3 features intense auto-peaks at 1152 cm-1 and lower 

wavenumbers like 806 cm-1. In similarity to P2, a negative cross-peak at 1152/1645 cm-1 is also 

displayed for P3. In the 2D Raman spectrum a very low signal-to-noise ratio was achieved. The 

reason for this behavior might be the evaporation of water and the 2D IR correlation signal at 

806 cm-1 is assumingly originated from a shifted baseline that was not fully eliminated by the 

SNIP algorithm during the baseline correction. Consequently, interpretation and evaluation of 

a) b) 
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the temperature-dependency of P3 is too complicate to draw accurate conclusions – a 

modification of the structure of the dye or its content in the hydrogel may facilitate the 

interpretation.  

 

Figure 3.1.3. Temperature-dependent experiments of P2 with a) the temperature-dependent and 
area-normalized FT-IR spectra of P2; b) the corresponding temperature-dependent synchronous 
2D IR spectrum between 630 and 1800 cm-1 with the reference spectrum at 20 °C at the left and 
the plotted spectra at the top (Red colour shows positive peaks, whereas the blue signals indicate 
negative ones); c) a background-corrected and vector-normalized FT-IR spectrum in which the 
arrows visualize the conclusions interpreted from the spectral changes in synchronous 2D 
spectra; and d) a schematic representation of water evaporation from the hydrogel upon heating, 
whereas the molecular structure of the catalyst is unaffected (adapted with permission, 
Copyright © 2018 American Chemical Society).[180] 

 
In conclusion, this study demonstrated the integration of a well-investigated photocatalytic 

compound into a soft matter that also features pH-responsiveness. In particular, non-invasive 

vibrational spectroscopy, 2D correlation spectra and DFT calculations revealed information on 

the polymerization process and on the properties of the hydrogel P2, e.g., the pH-triggered 

release of the photocatalyst to the matrix, whereas its molecular structure is not affected and 
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assumingly keeps its catalytic properties, as well as the temperature-stability of the hydrogel 

despite water evaporation. Consequently, the metallopolymeric hydrogel may serve as a model 

system for matrix-integrated photocatalysts. However, in order to add a photosensitizer that 

completes the photocatalytic system the structure of the dye has to be modified or exchanged 

with another photosensitizer. The resulting polymeric system based on terpyridine-platinum(II) 

complexes possibly catalyze the HER reaction. However, this should be investigated in the 

future in order to demonstrate the potential as a polymeric photocatalyst for the sustainable 

production of hydrogen.  

 

3.2 Square-planar terpyridine-platinum(II) complexes as crosslinking moieties 

The concept of bridging ligands in metallopolymers consisting of terpyridine-metal complexes 

reveals a certain complexity in the healing mechanism and, thus, in this chapter, a terpyridine-

platinum(II) complex (TpyPt) with a new pyridine-based crosslinker (Tet-Py) was 

investigated.[184] Platinum(II) complexes feature a square-planar coordination geometry.[185] 

After the near-irreversible coordination of a strong tridentate terpyridine ligand only one 

position at the platinum coordination sphere is left, which can be occupied by a weak binding 

ligand like a pyridine derivate. Thus, the effect of the weak-binding ligand can be analyzed in 

more detailed manner.  

For the investigation of the binding behavior of TpyPt towards pyridine-based ligands a model 

system was prepared in order to exclude the influence of the polymer matrix to the complexation 

behavior. By using isothermal titration calorimetry (ITC) the complexation parameters were 

quantified – for instance, the ratio of metal complex to ligands (n), the complexation (Ka) and 

decomplexation (Kd) constants as well as the free enthalpy (∆H) and entropy (∆S). For this 

purpose, the model system featuring an acetyl group that should mimic the connection to 

polymer analogues, a hexyl spacer and the TpyPt complex together with a chloride ion as fourth 

ligand was prepared by the adaption of several literature-known procedures.[56,186] The 

utilization of nuclear magnetic resonance (NMR) spectroscopy (1H, 13C and 195Pt) and electron-

spray ionization mass spectrometry (ESI MS) measurements proved the structure of this new 

metal complex. Indeed, in order to enable the exchange of the fourth ligand in the ITC 

investigation the much stronger chloride ligand was replaced by the weaker acetonitrile by 
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precipitating the chloride as silver chloride in an acetonitrile milieu and a silver(I) 

tetrafluoroborate scavenger. During the ITC experiment (see Figure 3.2.1) pyridine was titrated 

to the TpyPt model system, whereas the acetonitrile was replaced by the pyridine as fourth 

ligand. Thus, a Ka of 3.74 × 105 M-1 was determined, which is quite stable but still should allow 

an exchange reaction between the Tet-Py crosslinkers and free TpyPt complexes within the 

polymer during the self-healing process. However, only 65% of the metal complexes were 

complexed with pyridine during the titration. The interpretation of this result suggested that 

there is no complete conversion in the replacement of acetonitrile with pyridine due to an 

establishment of an equilibrium during the titration, which should also be beneficial for the self-

healing behavior.  

These suggestions were proven by the incorporation of the TpyPt complex into a polymer 

matrix consisting of the metal containing complex with butyl methacrylate (BMA) as 

comonomer. Consequently, the model system was modified by exchanging the acetyl group 

with a methacryloyl group in order to achieve a polymerizable unit. Afterwards, two pathways 

for the synthesis of the TpyPt-containing metallopolymer were possible – either the 

copolymerization with uncomplexed monomer and afterwards its platination or the 

copolymerization with a previously platinated terpyridine monomer. By following the first 

approach the uncomplexed monomer and the BMA were polymerized using the reversible 

addition-fragmentation chain transfer (RAFT) polymerization process. However, only a 

minimal amount of terpyridine moieties in the copolymer could be metalated in a post-

polymerization complexation, which could be proven by missing shifts of the terpyridine signals 

in the 1H NMR spectrum and the nearly unaffected molar mass, glass transition temperature (Tg) 

and degradation temperature (Td). With the second approach the monomer was complexed with 

platinum(II) and, thus, a completely platinated metallopolymer (P4) could be achieved after a 

RAFT polymerization with BMA and 4-cyano-4-(phenylcarbonothioylthio)pentanoic acid 

(CPCPA) as RAFT agent. By the utilization of size exclusion chromatography (SEC) a narrowly 

distributed molar mass of 14,500 g mol-1 with a dispersity (Ɖ) of 1.14 was determined for P4 

and after the investigation with 1H NMR spectroscopy a ratio of BMA to TpyPt of 12:1 was 

calculated. Furthermore, thermal properties of this polymer were measured by differential 

scanning calorimetry (DSC) and thermal gravimetric analysis (TGA) – a Tg of 30 °C and a Td of 

295 °C were obtained. 

https://www.sigmaaldrich.com/catalog/product/aldrich/722995?lang=null&region=null


3. Terpyridine-platinum complexes in polymers for sustainable applications 
____________________________________________________________________________ 

32 

 

Figure 3.2.1. Schematic representation of the ITC experiment in which pyridine was titrated to 
the TpyPt model system consisting of acetonitrile as fourth ligand and the results of titration 
(adapted with permission, Copyright © 2018, John Wiley and Sons).[184] 
 

In order to generate a supramolecular network consisting of P4, the tetravalent Tet-Py was 

synthesized by the functionalization of pentaerythritol with four pyridine units. This design of 

the crosslinker was chosen due to the possibility to connect up to four TpyPt complexes and, 

thus, to accommodate the incomplete complexation behavior of this complex by ensuring a still 

sufficient crosslinking behavior. The resulting crosslinked metallopolymer P5 was drop-casted 

to a film which was utilized for the investigation of the self-healing ability. Accordingly, the 

material was mechanically damaged by scratches of a scalpel and afterwards evaluated by the 

support of optical microscopy in order to facilitate the evaluation of the self-healing process. 

The microscopic images are displayed in Figure 3.2.2. It could be shown that scratches were 
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healed within 30 min at 120 °C, but with decreasing temperature to 100 °C the healing time 

increases to 17 h and after 4 h no complete healing was observed (see Figure 3.2.2 (a) to (d)). 

Furthermore, without using microscopy one could suspect that even after 17 h the scratch is not 

closed completely, but after measuring the three-dimensional surface and profile of the crack 

before and after (see Figure 3.2.2 (e) to (g)) the annealing time, a healed surface could be 

demonstrated.  

 

Figure 3.2.2. Self-healing behavior of P4: a) Scratch; b) healed surface after 30 min at 120 °C; 
c) scratch; d) scratch not healed completely after 4 h at 100 °C; e) scratch f) profile of the scratch; 
g) healed scratch after 17 h at 100 °C (adapted with permission, Copyright © 2018, John Wiley 
and Sons).[184] 
 

However, despite the weak platinum(II)-pyridine interaction in the polymeric network of P2 the 

self-healing performance of other metallopolymers based on bridging ligands was not achieved, 

which suggests that next to the supramolecular binding strength, there are additional parameters 
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influencing the self-healing ability of a metallopolymer.[56,59] Accordingly, the complexation 

properties in solid state are not exactly comparable to the dissolved milieu in which the titration 

experiments were performed and the influence of the polymeric matrix should not be neglected. 

Furthermore, P4 features a high local crosslinking density due to the tetravalent Tet-Py and, 

consequently, the resulting steric hindrance could decrease the ability of (re-)complexation and 

healing. Nevertheless, terpyridine-platinum(II) complexes in polymers can be applied for the 

generation of a self-healing ability and, thus, sustainability through long-term durable materials 

can be achieved. 
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4. Investigation of self-healing metallopolymers with advanced methods 
Parts of this chapter have been published in Pub4) S. Götz, S. Zechel, M. D. Hager, 

U. S. Schubert, Polymer 2020, 12, 838 and Pub5) S. Götz, R. Geitner, M. Abend, M. Siegmann, 

S. Zechel, J. Vitz, s. Gräfe, M. Schmitt, J. Popp, M. D. Hager, U. S. Schubert Macromol. Rapid 

Commun. 2018, 39, 1800495. 

After investigating terpyridine-platinum(II) complexes regarding their potential as catalytic and 

self-healing applications further metallopolymers can be utilized as self-healing materials in 

order to achieve materials with long-term usability and prevent against resource scarcity. For 

this purpose, the terpyridine ligands within the polymers can be complexed with weak 

coordinating lanthanide ions resulting in polymeric networks that are crosslinked directly 

through the metal centers. But in contrast to numerous other terpyridine metal complexes the 

lanthanide ions can coordinate with three terpyridine ligands resulting in a new crosslinking 

stoichiometry. This binding behavior as well as the resulting healing of the metallopolymer can 

be investigated by the utilization of a new three-dimensional spectroscopy in combination 

indentation and simulation techniques. Consequently, more detailed statements on the self-

healing performance can be made. With this information the new binding concept will be 

compared to the bis-terpyridine metal complexes and to the concept of the bridging ligands that 

was demonstrated in Chapter 3.2. Furthermore, the crosslinking concept utilizing bridging 

ligands will be expanded in Chapter 4.2, in which the earlier mentioned tetravalent pyridine-

based crosslinking enabled the generation of a polymeric network through palladium(II) SCS 

pincer complexes. Beside the self-healing and ITC investigations this complex and the self-

healing process was investigated by using advanced methods like vibrational spectroscopy and 

DFT calculations resulting in a deeper understanding of the healing mechanism within the solid 

material. 

 

4.1 Self-healing metallopolymers based on terpyridine complexes with lanthanides  

In contrast to the bridging ligands for the generation of crosslinked networks, metals ions 

themselves can also be utilized as connection point in supramolecular networks, which is shown 

in iron(II) or nickel(II)-containing metallopolymers.[57,59] However, metallopolymers featuring 

bridging ligands offer an improved self-healing ability compared to these materials. The 
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investigated iron(II) and nickel(II) complexes lead to a bis-terpyiridine coordination, which 

represents a rather strong metal ligand interaction. Consequently, the decomplexation and, thus, 

the self-healing ability is hampered. By changing the metal ion, the coordination geometry and 

strength can be simultaneously changed. Thus, the coordination geometry of lanthanide ions 

differs compared to the platinum(II)’s. Thus, it has been shown that europium(III) can 

coordinate up to three terpyridine moieties with a resulting coverage of 9-, 8- or 7-coordination 

spots – depending on the isomeric cis-/trans-forms of the ligands.[187] Due to the versatile of 

possible coordination geometries and electronic structures the lanthanide ions can be utilized 

for several applications, e.g., stimuli-responsiveness[188] as well as applications in the field of 

optoelectronics like luminescence,[189-191] or photosensitizers in photocatalytic systems that 

potentially could be combined with the terpyridine-platinum(II)photocatalyst of Chapter 3.1. 

And of course, these metal complexes can also be used for self-healing materials,[54] which will 

be dealt in this chapter. 

The coordination ratio and complexation properties of the lanthanide-terpyridine complexes of 

the three lanthanide ions europium(III), terbium(III) and dysprosium(III) was investigated by 

ITC measurements.[192] In particular, the metal salts (Eu(NO3)3 ×5 H2O, Tb(NO3)3 × 5 H2O as 

well as Dy(NO3)3 × n H2O) were dissolved in a mixture of methanol and chloroform (2:1) and 

titrated to the lone 2,2’:6’,2”-terpyridine ligand in the same mixture (see Figure 4.1.1 a to d). 

The results of the ITC experiments are summarized in Figure 4.1.1.d. It can be seen that the 

titration confirmed for all lanthanide-terpyridine complexes a ratio of about 0.33 to 1, whereas 

terbium(III) revealed the lowest Ka (0.0057 M) and the highest Ka (175.50 M-1), respectively, 

while the Kd of europium(III) (0.0102 M) and dysprosium(III) (0.0125 M) are in area similar 

range. Consequently, the terbium(III)-terpyridine complex is the most stable complex among 

those lanthanidic complexes. However, these results were obtained from solutions in low 

concentrations that have to be converted to polymers and in order to gain knowledge about the 

complexation and self-healing behavior of the corresponding metallopolymers. 
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Figure 4.1.1. Traces of the ITC experiments with the titration of a solution of Eu(NO3)3 × 5 
H2O (a), Tb(NO3)3 × 5 H2O (b) and Dy(NO3)3 × n H2O (c) to 2,2’:6’,2”-terpyridine-containing 
solution as well as the summarized results of the measurements and calculations (d) (adapted 
with permission, Copyright © 2020, MDPI).[192] 
 

According to the determined 3:1 ratio of ligand to metal ion, three metallopolymers consisting 

of these investigated lanthanide ions were synthesized in order to investigate their self-healing 

ability. The metallopolymers consisted of BMA and the functionalized monomer that featured 

a the terpyridine ligand. The uncomplexed monomer was prepared by following a literature-

known procedure and,[57] afterwards, copolymerized with BMA via a RAFT polymerization 

process. The obtained copolymer P6 featured a molar mass of 20,000 g mol-1, a dispersity of 

1.10 and a ratio of BMA to terpyridine-containing comonomer of 12:1, which was determined 

by SEC and 1H NMR, respectively. With the further step (see Scheme 4.1.1), the 

metallopolymers P7 to P9 were synthesized by the conversion of copolymer P6 with lanthanidic 

ions europium(III) (P7), terbium(III) (P8), and dysprosium(III) (P9) in the 1:3 ratio (one metal 

ion for three terpyridine moieties), whereas nitrate salts were utilized in all cases due to its low 

counter ion/no bridging effect and, thus, low influence on the self-healing performance.[59] After 

the complexation the metallopolymers revealed a slightly increased molar mass to around 
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22,000 to 23,000 g mol-1 in SEC with low Ɖ’s (1.05 to 1.12). It can be assumed that the decrease 

of the Ɖ results from decomplexation upon chromatographic conditions and, thus, low amount 

of incorporated metal ions as well as disbandment of the network.[12]  

The investigation of thermal properties revealed an increase of the Tg from 22 °C of the 

uncomplexed P6 to around 45 °C (P7 and P9) and 64 °C (P8), respectively. Thus, the Tg of the 

platinum(II)-containing metallopolymer P4 (30 °C) of Chapter 3.2 is lower compared to the all 

polymers consisting of lanthanide ions, but in both cases the Tg increases after the complexation. 

In contrast, the development of the Td differs – the uncomplexed polymer P6 features a Td of 

290 °C, which decreases to approximately 280 °C after the complexation with lanthanide ions 

(P7 to P9), whereas an increase to 295 °C for the platinum(II)-polymer (P4) was observed. The 

high Tg of P7 to P9 probably is a result from the higher Ka and the corresponding enhanced 

stability as well as lower mobility of the lanthanide polymers due to the crosslinked polymeric 

network – in particular, in case of the terbium(III)-complex. However, at elevated temperatures 

these complexes dissociate and the networks reduces resulting in lower Td compared to P4. This 

metallopolymer was not crosslinked resulting in higher mobility and lower Tg, whereas the 

stable terpyridine-platinum(II) complex increases the Td.  

Beside the thermal also mechanical properties of the metallopolymers were investigated. For 

this purpose, P7 to P9 were hot-pressed into a cylindrical shape and these homogeneous samples 

were embedded into an epoxy resin that acted as sample holder. After grinding and polishing 

the samples were utilized for the determination of the Vickers hardness. The highest hardness 

was measured for P7 (7.34), followed by P8 (6.97) and P9 (6.84). It can be assumed that the 

lowest hardness of P9 is correlated to the weakest complexation strength in solution of the 

dysprosium(III) complex, but this assumption is not granted due to example of the terbium(III) 

– in this case the obtained Vickers hardness P8 is lower than in P7 despite terbium(III) complex 

is the most stable one in solution. Nonetheless, these properties reveal important hints for the 

self-healing behavior of lanthanide-containing metallopolymers. 
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Scheme 4.1.1. Schematic representation of the synthesis of the metallopolymers P7 to P9 
(adapted with permission, Copyright © 2020, MDPI).[192] 
 

The same embedded samples were utilized for the self-healing experiments, in which the 

metallopolymers were treated with an indenter that enabled defined scratches. The length 

(2,000 µm) was adjusted by the utilized program, the width corresponded to the indenter and 

the depth depended from the hardness of the material and the force of the indentation that was 

precisely adjusted at 3,000 mN. After scratching, the samples were heated at 100 °C. P8 and P9 

revealed a successful healing within 20 h, whereas P9 still featured some small defects along 

the former scratch valley. However, P7 could not be healed completely – not even after 120 h.  

In order to improve the evaluation of the scratch healing, a Vickers indenter was utilized for the 

measurement of height profiles of the scratches before and after the healing process, whereas 

the profiles were measured every 20 µm. With the combination of the height profiles a surface 

profile of the sample was generated. In case of P7 the partially healed sample after 24 h was 

utilized. In the surface profiles of the scratched samples all three metallopolymers featured 

pushed edges and deeper segments along the crack valleys that can be interpreted as cracked 

plates. It can be supposed that these plates are a result of the high hardness and stiffness of the 

materials. After the annealing period P9 (20 h at 100 °C) shows a relatively flat surface (see 

Figure 4.1.2) – the higher inhomogeneity can be assigned to a decreased viscosity above the Tg 

and do not influence the evaluation of the healing success. The surface of P8 reveals a much 

more uneven surface after the annealing (20 h at 100 °C). Consequently, an evaluation of the 

healing performance is complicated, although no crack is observed anymore. The surface 

profiles of P7 revealed a good healing performance despite some small humps that can be 
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interpreted as “scars”. Thus, the evaluation with the surface profiles offers an improved self-

healing behavior of P7 than the evaluation with the eyes.  

 

Figure 4.1.2. Schematic representation of the combined surface profiles of P9 with a) the 
damaged and b) the healed surface after 20 h at 100 °C (reprinted with permission, Copyright 
© 2020, MDPI).[192] 
 

The evaluation of the height and surface profiles facilitates the analyzation of the healing 

performance of cracks. Thus, a more or less complete healing was observed in all three 

metallopolymers. Furthermore, the effect of increased mobility above the Tg in form of the 

uneven surface is demonstrated in the surface profile after the healing. Thus, a movement and 

flow of material can easily be expected. However, the europium(III)-containing P7 revealed the 

worst healing ability with a healing time of 24 h at 100 °C, while the terbium(III)-based P8 can 

be healed within 20 h. Nevertheless, ITC indicated the terbium(III)-terpyridine interaction as 

the most stable complex, which should result in a worse self-healing ability compared to the 

metallopolymers of europium(III) and dysprosium(III). Consequently, also other factors, e.g., 

the hardness of the polymers, have to be considered as important factors next to the complex 

stability. Thus, the decreased hardness of P8 and P9 lead to enhanced self-healing ability. 

Furthermore, it can be assumed that the metal to ligand ratio of 1 to 3 and, thus, local 

crosslinking density is presumably too high. Consequently, the steric hindrance of the tris-

terpyridine complexes in a solid material complicates a reorganization and complexation during 

the self-healing process. This may be the reason for the worse self-healing behavior compared 

to P2 that featured the TetPy bridging ligands between the platinum(II)-terpyridine and, thus, 

decreases the steric hindrance.  

a) b) 
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In conclusion, three metallopolymers based on lanthanides in terpyridine complexes were 

synthesized and investigated regarding their complexation behavior, mechanical hardness and 

self-healing ability. However, in comparison with the self-healing performance of platinum(II)-

terpyridine-containing metallopolymers, no improvement was achieved, which can be 

associated with the high local crosslinking density in the tris-terpyridine complexes. The 

bridging ligands can lower this density and should be investigated in detail. 

Nevertheless, first investigations of heterobimetallic metallopolymers that consist of 

europium(III) and terbium(III) ions offered an improved self-healing ability compared to their 

homometallic analogues. Also these metallopolymers should be investigated in future regarding 

their self-healing and optical properties. Furthermore, one can investigate if the lanthanide-

terpyridine metallopolymers also heal upon irradiation like shown for europium(III) complexes 

with 2,6-bis(1´-methylbenzimidazolyl)pyridines that were published by the groups of Weder 

and Rowan.[54] 

 

4.2 Self-healing metallopolymers based on palladium(II)-SCS pincer complexes  

In this chapter a new ligand system next to the recently mentioned terpyridine-metal complexes 

will be discussed – a square-planar palladium(II) that is complexed by a tridentate SCS pincer 

complex.[168] This metal ligand interaction is already well investigated in literature as self-

assembling moiety in dendritic structures,[193] in the field of catalysis[194] and as sensors.[195] 

Furthermore, it has been shown that this pincer-palladium(II) complex features a weak metal-

ligand interaction to a fourth coordinating, e.g., pyridine derivate.[196] The weak interaction and 

the self-assembling properties predestinates this palladium(II) SCS pincer system for 

crosslinking units within a polymeric network and, thus, to induce self-healing properties into a 

polymeric material. 

For this purpose, the synthesis of the ligand was adapted from literature, whereas some 

adjustments in the synthesis route were performed.[197] In particular, in the third step of the six-

step analysis the alkylic hydroxyl groups were nucleophilic substituted with bromides instead 

of chlorides due to higher experimental yields. In a later step phenylic hydroxyl group was 

utilized for a Williamson ether synthesis in order to introduce an undecan-11-ol that connects 

the SCS pincer ligand with a polymerizable methacrylate group or an acetyl group, respectively. 
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The attachment of the acetyl group yields in the model compound (PincerModel) that should 

mimic the ligand and metal complex in later investigations without the influence of the 

polymeric matrix. The metalation of the monomer (PincerMono) and the model system were 

performed as described in literature – by using [Pd(CH3CN)4(BF4)2] as palladation agent that 

leaves acetonitrile as a weak fourth ligand in the coordination sphere of the palladium(II) metal 

center after the metalation (see Scheme 4.2.1).[197] The success of the metalation resulting in 

PdPincerMono and PdPincerModel was easily proven by the measured mass in ESI MS as 

well as by 1H NMR spectroscopic investigation, in which a complete conversion is related to a 

disappearance of the single proton signal of the phenylic core in para-position to the ether 

function. Afterwards, and as mentioned for the polymers in the earlier chapters, the monomer 

PdPincerMono was copolymerized with BMA in a RAFT polymerization by utilizing 2-cyano-

2-propyl benzodithioate (CPDB) as chain transfer agent. The resulting metallopolymer P10 

featured a molar mass of 23,000 g mol-1
 and a Ɖ of 1.67, whereas the increased dispersity can 

be explained by a partial loss of control due to the presence of the metal complex in this 

controlled polymerization method. Nevertheless, this polymeric distribution enables healing 

properties in the material. However, a ratio of BMA to Pd(II)-pincer monomer of 12.5:1 was 

determined using NMR spectroscopy and the DSC revealed a Tg of 42 °C, while a Td of 280 °C 

was measured using TGA. Afterwards, the earlier mentioned multifunctional crosslinker TetPy 

was utilized for connecting the PdPincerModel and P10. The resulting 

TetPy(PdPincerModel)4 and crosslinked network P11 were utilized for the investigation of the 

binding behavior of the crosslinked centers and for the self-healing test, respectively. 

Additionally, a non-metalated copolymer (P12) featuring the uncomplexed SCS pincer ligand 

and BMA was synthesized for subsequent spectroscopic investigations. This copolymer featured 

a molar mass of 25,300 g mol-1, a Ɖ of 1.25, a Tg of 7 °C as well as a Td of 277 °C. Thus, the 

non-metallated copolymer P12 consisting of the SCS pincer ligand features a lower Tg and Td 

compared to its terpyridine analogue P6 (Chapter 4.1), whereas the palladium(II)-containing 

P10 shows values in the area of P7 and P9, which simultaneously means its Tg is higher and the 

Td is lower than that of platinum(II)-containing P4 that is also a metallated and non-crosslinked 

metallopolymer. 
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Scheme 4.2.1. Schematic representation of the synthesis of the metallopolymers P10 and P11 
from the monomer PincerMono via PdPincerMono as well as of the crosslinked 
TetPy4PdPincerModel starting from PincerModel via PdPincerModel (adapted with the 
permission, Copyright © 2018, Jon Wiley and Sons).[168] 
 

In order to investigate the binding behavior in solution ITC measurements were performed in 

which pyridine was titrated to PdPincerModel or P10, respectively. All compounds were 

dissolved in dimethyl sulfoxide. Thus, the strong noncovalent interaction of the Pd(II)-pincer 

coordination to the acetonitrile ligand is weakened through the competitive coordinating 

character of the polar dimethyl sulfoxide resulting in an easily and quantitatively substitution of 

the pyridine with the more labile acetonitrile as fourth ligand at the palladium center. The ITC 

experiments revealed for PdPincerModel a stoichiometry of n = 1.005, while at P10 only 65% 

of the palladium centers were coordinated with pyridine (n = 0.65). This lack of coordination 

can be explained by a decreased accessibility of the complexes with the network and a lower 
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concentration of the metal complexes compared to the model system. However, both systems 

featured weak interactions represented by the Ka of 439.3 M-1 (PdPincerModel) and 12.4 M-1 

(P10) as well as the Kd of 2.277 × 10-3 M-1 (PdPincerModel) and 8.046 × 10-2 M-1 (P10), which 

should be beneficial for the self-healing ability. The difference between both systems can also 

be explained by the incomplete coordination of the polymeric system. Furthermore, the 

coordination properties of PdPincerModel can be compared to its TpyPt analogue that was 

considered in Chapter 3.2. Despite an incomplete exchange of acetonitrile with pyridine 

(n = 0.65), the ITC measurement revealed a much higher Ka for TpyPt (3.74 × 105 M-1) and 

simultaneously a lower Kd (2.67 × 105 M-6). Consequently, the exchange reaction is supposed 

to be faster for the palladium(II)-based metallopolymer due to the weaker coordination strength 

and its more reversible character. However, his comparison will be taken up in the self-healing 

studies at the end of this chapter. 

Furthermore, non-invasive in situ vibrational spectroscopy as well as DFT calculations were 

utilized to deepen the understanding of the binding and crosslinking behavior of the 

palladium(II) pincer complexes. For this purpose, a shift of the phenyl band of the centered 

phenyl moiety is detected after metalation in both, the model systems from 1584 cm-1 

(PincerModel) to 1579 cm-1 (PdPincerModel)) and the polymer (from 1584 cm-1 (P12) to 1580 

cm-1 (P10)) during Raman measurements. The results are summarized in Figure 4.2.1 c. After 

crosslinking with TetPy these signals are not shifted anymore for the model, while P11 phenyl 

band is detected at 1581 cm-1. Furthermore, additional shoulders appear at 1573 cm-1 

(TetPy4PdPincerModel) and 1560 cm-1 (P11), respectively, which can be assigned to the 

pyridyl rings of the crosslinker. The reason for that decrease of the vibrational frequency is the 

Pd-C σ-bond of the Pd(II) ion to the centered phenyl ring. With an inductive effect the palladium 

drains electron density from the phenyl ring and, thus, weakens the C=C bonds within the ring 

and simultaneously stretches the Pd-C σ-bond. As a consequence, the vibrational frequency is 

shifted to lower values. The utilization of IR measurements revealed similar result for the model 

compounds – the polymeric system was not investigated with this procedure. 

With the gathered knowledge from the vibrational spectroscopy measurements also the 

understanding of the palladium(II) complex at elevated temperature has to be deepened. 

Consequently, Raman spectra of PdPincerModel and P10 were measured with increasing 

temperature steps, starting from 25 °C (Raman) and 30 °C (IR) and elevating up to 100 °C. 
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However, the Raman spectra of low and high temperatures differed only marginally, whereupon 

these spectra were converted to synchronous two-dimensional (2D) Raman correlation spectra 

in order to highlight the subtle changes.By following the Noda rules the correlation peaks in the 

2D correlation spectra can be analyzed.[198] In order to facilitate the interpretation of the 

experimental of the synchronous 2D Raman spectra DFT calculations (see Figure 4.2.1 a and 

d) were performed. In particular, upon heating a decomplexation of the pyridine ligand from the 

palladium(II) pincer complex is expected. This assumption was converted into simplified 

structures of the palladium(II) pincer complex with and without pyridine as a fourth ligand and 

by utilizing experimentally measured Ka from ITC of PdPincerModel as well as 

thermodynamic equations the free energy difference for the coordination of pyridine to the 

palladium(II) pincer complex was determined at stepwise increasing temperatures. Thus, 

temperature-dependent molar ratios for both forms of the complex as well as of free pyridine 

were calculated, converted into their DFT simulated Raman spectra. By summing up these 

spectra, temperature-dependent Raman spectra were obtained that were combined in simulated 

2D correlation spectra. The resulting 2D correlation Raman spectra of the simulation and the 

experiment show reasonable compliance despite the simplification of the structures in the 

simulation. Thus, at around 1000, 1100, 1350 and 1600 cm-1 both 2D spectra feature intense 

peaks and deviations can be attributed to the simplification of the DFT calculations. However, 

due to the compliance of the spectra and the DFT calculations it can be assumed that the Pd-N 

bond opens upon heating and, thus, a decomplexation of the pyridine occurs. By proving this 

decomplexation process also in solid state, a self-healing ability through its following increased 

mobility and rearrangement within the polymeric matrix can be explained. 
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Figure 4.2.1. Results of the vibrational studies and DFT calculations with a) the temperature-
dependent synchronous 2D Raman correlation spectra of the PdPincerModel in the section 
between 900 and 1800 cm-1, b) the temperature-dependent synchronous 2D Raman correlation 
spectra of the DFT simulated Raman spectra of the PdPincerModel in the section between 900 
and 1800 cm-1 and c) the summarized stretching vibrations bands of the central phenyl group of 
several derivates and polymers that were obtained from Raman and IR spectroscopy (IR of the 
polymers were not measured) (adapted with the permission, Copyright © 2018, Jon Wiley and 
Sons).[168] 
 

Beside the vibrational studies, mechanical properties were investigated by the utilization of 

nanoindentation measurements. Due to the increase of hardness from P10 (0.036 GPa) to P11 

(0.067 GPa), as well as of the reduced modulus Er (1.291 GPa to 1.615 GPa) and indentation 

modulus Ei (1.086 GPa to 1.359 GPa) a formation of crosslinks in P11 through the crosslinker 

TetPy can be proven in the solid state. However, the polymeric network is quite hard which also 

affects the self-healing property – for instance, too hard polymers can increase the self-healing 

temperature and time due to lower mobility in the material.[199]
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With the knowledge about mechanical properties and the molecular mechanism gathered from 

all the investigations, the self-healing experiments of P11 were performed. For this purpose, a 

polymer film was drop-casted on a slide, which was further scratched in a controlled manner 

with the help of a scalpel. After damaging, the film was annealed for a defined temperature as 

well as time. The resulting self-healing ability was evaluated by microscopy analysis. Thus, P11 

revealed self-healing effect within 3 h at 100 °C. However, a further improvement of the healing 

conditions could not be achieved – thus, no successful healing was observed after 2 h at 100 °C 

or 24 h at 80 °C, respectively. Furthermore, even after 3 h and 100 °C the damage seemed not 

to be healed completely, but by utilizing three-dimensional microscopy the success of the 

healing was proven (see Figure 4.2.2). In particular, prior the annealing period the scratch 

dimensions (depth: 14.9 µm; width: 30.4 µm) were measured and controlled after the healing 

period according to which a completely flattened surface was observed. Thus, the residual 

defects after the healing period can be interpreted as scars, whereas the surface of the film is 

healed. 

 

Figure 4.2.2. Self-healing experiments of P11 with a) scratches, b) healed scratches after 3 h at 
100 °C, c) microscopic three-dimensional image of the scratched surface, d) microscopic three-
dimensional image of the healed surface, e) surface profile of the damaged surface and f) surface 
profile of the healed polymer film (adapted with the permission, Copyright © 2018, Jon Wiley 
and Sons).[168] 
 

By comparing the self-healing performance of P11 with P2 that also consists of the bridging 

crosslinker TetPy the palladium(II) pincer system reveals a better healing ability compared to 

the terpyridine-based system. This can be explained by the weaker metal-ligand interaction of 
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the palladium(II)-pyridine coordination compared to the platinum analogue. Nevertheless, the 

earlier called terpyridine complexes of cadmium(II) acetate or manganese(II) chloride – both 

also based bridging ligands – permit an even better self-healing than P11.[59] Several reason for 

that behavior can be assumed. Possibly, the hard matrix of P11 that was determined by 

nanoindentation denies an improved self-healing ability. Furthermore, the high local 

crosslinking density and resulting steric hindrance around the tetravalent crosslinker as well as 

the incomplete coordination of pyridine-derivates to the palladium(II) center (determined by 

ITC) are also potential reasons for the deteriorated healing performance of the palladium(II) 

pincer system. 

In conclusion, it could be shown that the concept of bridging ligands as crosslinking moieties in 

metallopolymers can also be applied for polymers consisting of SCS pincer ligands. The 

application of ITC demonstrated the required weak interaction and with nanoindentation the 

formation of a crosslinked polymeric network was proven. Furthermore, by using this metal-

ligand combination a detailed structural inside into the healing mechanism via vibrational 

spectroscopy was possible, which was an important step towards a deeper understanding of the 

mechanism and procedures during the healing process. Thus, this system represents an 

important step towards sustainability by using long-term durable materials with self-healing 

properties. Nevertheless, there is still room for the improvement of self-healing materials based 

on metallopolymers.  
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5. Summary 
Metallopolymers feature a broad versatility in their properties due to the combination polymers 

and metal complexes resulting in numerous possible applications. Consequently, future chal-

lenges for a more sustainable society can be addressed by metallopolymers – thus, they can be 

applied for self-healing materials or the conversion solar energy as renewable resource. 

However, the variety of possible applications is also evident in other areas.  

In this context, Chapter 2 gives an overview of possible of applications of metallopolymers. In 

particular, fundamental areas of application, e.g., self-assembly and stimuli-responsive 

polymers are summarized that represent a kind of precondition for more advanced applications. 

Consequently, they can be applied in (bio-)medicine due to self-assembling properties, 

biological activity or the responsiveness towards external stimuli. Sensing or (opto-)electronic 

devices (e.g., solar cells or light-emitting diodes) using their responsiveness towards external 

triggers resulting in a conversion of those. Furthermore, it was shown that metallopolymers can 

be utilized in catalytic applications – thus, amongst other reactions, the production of hydrogen 

can be promoted. Finally, metal-ligand interactions in polymers permit shape-memory as well 

as self-healing materials due to their responsiveness to external triggers resulting in a 

reorganization of their structure and, thus, the generation of new shapes or healing of damages.  

Prominent representatives are the terpyridine complexes that have also shown its capability in 

catalysis and self-healing. Thus, this thesis addressed the investigation of the self-healing 

behavior different terpyridine complexes and compared them to a SCS pincer complex of 

palladium(II). Additionally, the incorporation of terpyridine platinum(II) complex that features 

catalytic properties in hydrogen evolution reaction into a polymeric material was demonstrates. 

Figure 6.1 summarizes the metalloplymers for potential sustainable applications.  

In Chapter 3 the integration of terpyridine-platinum(II) complexes into polymers was 

discussed. Due to this nearly-irreversible metal-ligand interaction and a remaining single open 

coordination position for dynamic complexations, interesting applications in catalysis or self-

healing networks, which is permitted the self-assembly of weak bridging ligands, can be 

achieved. In particular, Chapter 3.1 deals with a potential heterogeneous catalyst based on the 

terpyridine-platinum(II) complexes that can perform a catalytic-driven evolution of hydrogen 

which potentially can be utilized as renewable energies source. For this purpose, a hydrogel 
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consisting of the metal complex was compared to an unfunctionalized as well as a rhodamine 

B-containing analogue, whereby the functional moieties were connected to the soft matter 

matrix via a pH-labile acylhydrazone bond. Afterwards, the hydrogels were investigated by non-

invasive IR and Raman spectroscopy and due to the support of DFT calculations a pH-triggered 

release of the functional moiety could be demonstrated for the metallopolymer in contrast to the 

rhodamine derivate. Furthermore, temperature-dependent synchronous 2D correlation spectra 

demonstrated the evaporation of water from the hydrogel, while the structure of the metal 

complex was unaffected – whereupon, it can be assumed that the catalytic activity retains. 

 
Figure 6.1. Schematic representation of Chapters 3.1 to 4.2. 

Next to the photocatalytic ability also self-healing polymer can be achieved by the utilization of 

these complexes, which is shown in Chapter 3.2. For this purpose, the synthesis of a 

terpyridine-platinum(II) complex and its integration into a copolymer was demonstrated. After 

the complexation of the tridentate terpyridine a dynamic crosslinking of the polymer was 

achieved through the coordination of a tetravalente pyridine-based crosslinker to the metal 

centers. The crosslinking was confirmed by thermal analysis. According to ITC measurements 

of a terpyridine-platinum(II) model system a weak coordination strength towards pyridine as 

fourth ligand was revealed, which supposed to promote the self-healing performance. In self-

healing experiments an optimum healing time of 17 h at a temperature of 100 °C or 30 min at 
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120 °C, respectively, was determined. However, other literature-known systems based on 

bridging ligands like the polymers consisting of terpyridine complexes with cadmium(II) acetate 

or manganese(II) chloride exhibit self-healing at 70 °C or 60 °C, respectively,[56,59] in which the 

crosslinking density seems lower compared to the tetravalent crosslinker. 

In the fourth chapter further metallopolymers were investigated regarding their self-healing 

abilities – in this context advanced methods were utilized in order to deepen the knowledge 

about the macroscopic self-healing behavior as well as the molecular mechanism during this 

process. Thus, the preparation of metallopolymers consisting of tris-terpyridine complexes of 

europium(III), terbium(III) and dysprosium(III) was presented in Chapter 4.1. Due to changes 

of the Tg the complexation within the polymeric network was proven by thermal analysis. In 

ITC measurements the metal-to-ligand ratio of one to three as well as weak coordination 

strengths for all complexes were confirmed. Furthermore, the mechanical properties of the 

metallopolymers were investigated by the measurement by Vickers hardness, whereby the 

europium(III)-containing polymer featured the highest hardness. In self-healing experiments 

that were performed by three-dimensional microscopy in combination with indentation 

techniques the metallopolymers of terbium(III) and dysprosium(III) revealed better self-healing 

behavior – both heal completely after 20 h at 100 °C. However, following the ITC results, the 

ligand exchange and simultaneously the rearrangement during self-healing process of 

europium(III) and dysprosium(III) should be similar, while that of terbium(III) should be 

slightly worse. Thus, the self-healing properties can be attributed to the lower hardness of the 

metallopolymers of terbium(III) and dysprosium(III). Nevertheless, none of the investigated 

lanthanide terpyridine-based polymers improved the healing efficiency compared to the 

platinum(II)-containing metallopolymer or the polymer consisting of manganese(II) chloride as 

the crosslinking density at the metal center as the crosslinking density at the metal center seems 

to be too high.[59] 

In Chapter 4.2 the molecular self-healing mechanism was investigated. In contrast to the earlier 

metallopolymers a SCS pincer ligand was utilized that coordinated to palladium(II) ions in a 

square-planar coordination geometry. Thus, the tetravalent pyridine-based crosslinker was 

utilized again in order to generate a reversible metallopolymeric network. In this context, the 

weak coordination of the palladium(II)-SCS pincer complex to pyridine was also proven by ITC 

measurements that revealed a much lower Ka and, simultaneously, a higher Kd compared to the 
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model system of the terpyridine-platinum(II) compound. Consequently, the more dynamic 

character of the palladium(II)-SCS pincer complex promotes a faster exchange reaction for the 

fourth ligand. However, in the metallopolymer the polymer chain causes a reduction of the Ka 

and accordingly an increase of the Kd. By thermal analysis as well as nanoindentation 

measurements the incorporation of the metal complexes into the polymer and its crosslinking 

was proven. The molecular mechanism during the self-healing process was investigated by non-

invasive vibrational spectroscopy (IR and Raman) in combination with DFT simulations, 

whereby an inductive effect of the Pd-C bond was proven that influences the ligands molecular 

structure. Furthermore, the combination of experimental and simulated temperature-dependent 

synchronous 2D Raman correlation spectra confirmed the decomplexation of the pincer 

palladium(II) complex and the crosslinker in the solid state, which represents the prove for the 

reversibility of the metal-ligand interaction and the rearrangement upon annealing within soft 

matter. This ability was demonstrated in self-healing experiments, in which scratches were 

healed after 3 h at 100 °C. Thus, these metallopolymers featured a better healing ability 

compared to their terpyridine-platinum(II) analogues, which can be attributed to the more 

dynamic character – the faster exchange reaction of the fourth pyridine ligand – that was 

determined by the ITC experiments of the corresponding model systems. However, but the self-

healing performance of metallopolymers consisting of terpyridine and manganese(II) chloride 

can also not be achieved.[59] Consequently, further improvements of the system and 

investigations of the self-healing mechanism of crosslinked metallopolymers have to be done in 

future. 

In summary, metal complexes were incorporated into polymeric materials whereby 

metallopolymers with potentially photocatalytic properties for the generation of hydrogen and 

self-healing ability towards scratched samples were obtained. In this respect, the macroscopic 

healing events of and the relying molecular mechanisms of different metal-ligand interactions 

were investigated in detail. Consequently, these investigations deepened the understanding of 

self-healing metallopolymers. Furthermore, the stimuli-responsive behavior of a photocatalyst 

within a hydrogel was demonstrated that potentially offers a restoration or exchanging of the 

catalytic moieties. Thus, these studies demonstrated the versatility of metallopolymeric 

applications, but however, the full potential of metallopolymers can only be suggested. 
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6. Zusammenfassung 
Metallopolymere weisen aufgrund der Kombination von Polymeren und Metallkomplexen eine 

Vielzahl an Eigenschaften auf, was zu zahlreichen Anwendungsmöglichkeiten führt. Mit ihnen 

können daher zukünftige Herausforderungen für eine nachhaltigere Gesellschaft angegangen 

werden – so können diese als selbstheilende Materialien oder für die Umwandlung von Sonnen-

energie, als erneuerbare Ressource, eingesetzt werden. Die Vielfalt der möglichen Anwen-

dungen zeigt sich aber auch in anderen Bereichen.  

Diebezüglich gab Kapitel 2 einen Überblick über möglichen Anwendungen von Metallopoly-

meren. Insbesondere wurden grundlegende Anwendungsbereiche, wie selbstorganisierende und 

auf Stimuli ansprechende Polymere, vorgestellt, die eine Art Voraussetzung für weitergehende 

Anwendungen darstellen. Folglich können sie in der (Bio-)Medizin aufgrund ihrer selbstorga-

nisierenden Eigenschaften, ihrer biologischen Aktivität oder ihrer Reaktionsfähigkeit auf äußere 

Reize eingesetzt werden. Sensorische oder (opto-)elektronische Geräte (z.B. Solarzellen oder 

Leuchtdioden) reagieren auf äußere Einflüsse und können diese in andere Formen umwandeln. 

Darüber hinaus wurde gezeigt, dass Metallopolymere in katalytischen Anwendungen eingesetzt 

werden können – so kann u.a. Wasserstoff katalytisch hergestellt werden. Abschließend wurden 

Formgedächtnis sowie selbstheilende Materialien basierend auf Metall-Ligand-

Wechselwirkungen vorgestellt, die, durch strukturelle Reorganisationen neue Formen erzeugen 

oder Schäden heilen können. 

Prominente Vertreter sind die Terpyridinkomplexe, deren Fähigkeit zur Katalyse und Selbs-

theilung bereits bewiesen wurde. Daher wurden in dieser Arbeit verschiedene Terpyridinkom-

plexe auf ihr Selbstheilungsverhalten hin untersucht und mit einem Palladium(II)-SCS-Pincer-

komplex verglichen. Zusätzlich wurde die Integration eines Platin(II)-Terpyridin-Komplexes, 

der katalytische Eigenschaften in der Wasserstoffentwicklungsreaktion aufweist, in einem 

Polymer demonstriert. Figure 7.1 fasst die Metallopolymere zusammen, die potenzielle 

nachhaltige Anwendungen ermöglichen.  

In Kapitel 3 wurde eben jene Integration von Platin(II)-Komplexen in Polymere betrachtet. 

Aufgrund der nahezu irreversiblen Metall-Ligand-Wechselwirkung des Platin(II)-Terpyridins 

und einer einzigen verbleibenden offenen Koordinationsposition für dynamische Kom-

plexierungen können interessante Anwendungen, wie in der Katalyse oder in der Selbstheilung 

erreicht werden. Kapitel 3.1 befasst sich insbesondere mit einem potenziellen heterogenen 
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Katalysator auf der Basis der Terpyridin-Platin(II)-Komplexe, der eine katalytisch angetriebene 

Entwicklung von Wasserstoff ermöglicht, welcher potenziell als erneuerbare Energiequelle 

genutzt werden kann. Das resultierende Hydrogel, bestehend aus dem Metallkomplex, wurde 

mit einem unfunktionalisierten sowie ein Rhodamin B-haltigen Analogon verglichen, wobei die 

funktionellen Anteile über eine pH-labile Acylhydrazonbindung mit der Polymermatrix 

verbunden waren. Die Hydrogele wurden mittels nicht-invasiver IR- und Raman-Spektroskopie 

untersucht und durch die Unterstützung von DFT-Berechnungen konnte für das Metallopolymer 

im Gegensatz zum Rhodamin-Derivat eine pH-getriggerte Freisetzung der funktionellen Einheit 

nachgewiesen werden. Darüber hinaus wurde in temperaturabhängigen synchronen 2D-

Korrelationsspektren die Verdampfung von Wasser aus dem Hydrogel nachgewiesen, während 

die Struktur des Metallkomplexes unbeeinflusst blieb – somit kann davon ausgegangen werden, 

dass dessen katalytische Aktivität erhalten bleibt. 

 
Figure 7.1. Grafisch dargestellte Zusammenfassung der Kapitel 3.1 bis 4.2. 

Neben der photokatalytischen Fähigkeit können auch selbstheilende Polymere durch diese 

Metallkomplexe erzeugt werden, was in Kapitel 3.2 gezeigt wurde. Zu diesem Zweck wurde 

die Synthese des Platin(II)-Terpyridin-Komplexes und seine Integration in ein Copolymer 

demonstriert, welche durch die Verwendung eines tetravalenten Vernetzers auf Pyridinbasis 
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vernetzt wurden. Diese wurde durch thermische Analyse bestätigt. Zudem wurde mittels iso-

thermer Titrationskalorimetrie an einem Platin(II)-Terpyridin-Modellsystem dessen schwache 

Koordinationsstärke gegenüber Pyridin als viertem Liganden bewiesen, was die Selbst-

heilungsleistung des Polymers ermöglicht. In Selbstheilungsexperimenten wurde eine optimale 

Heilungszeit von 17 h bei einer Temperatur von 100 °C bzw. 30 min bei 120 °C ermittelt. 

Andere in der Literatur bekannte Systeme, die auf Brückenliganden basieren, wie die Polymere, 

bestehend aus Terpyridinkomplexen mit Cadmium(II)-acetat oder Mangan(II)-chlorid, zeigen 

jedoch bereits bei 70 °C bzw. 60 °C Selbstheilung,[56,59] da deren Vernetzungsdichte geringer 

ist als die um den tetravalenten Vernetzer. 

Im vierten Kapitel wurden weitere Metallopolymere hinsichtlich ihrer Selbstheilungsfähigkei-

ten untersucht – dabei wurden fortgeschrittene Methoden eingesetzt, um das Wissen über das 

makroskopische Selbstheilungsverhalten sowie den molekularen Mechanismus während dieses 

Prozesses zu vertiefen. So wurde in Kapitel 4.1 die Herstellung von Metallopolymeren, 

bestehend aus tris-Terpyridin-Komplexen von Europium(III), Terbium(III) und Dyspro-

sium(III), vorgestellt. Aufgrund von Änderungen der Tg wurde die Komplexierung innerhalb 

des Polymernetzwerkes durch thermische Analyse nachgewiesen. Mithilfe von isothermer 

Titrationskalorimetrie wurden das Metall-Liganden-Verhältnis von eins zu drei sowie schwache 

Koordinationsstärken für alle Komplexe bestätigt. Bei Messungen der Vickershärte wurde für 

das Europium(III)-haltige Polymer die höchste Härte nachgewiesen. Somit zeigten auch in 

Selbstheilungsexperimenten, die mittels dreidimensionaler Mikroskopie in Kombination mit 

Indentationstechniken durchgeführt wurden, die Metallopolymere aus Terbium(III) und 

Dysprosium(III) ein besseres Selbstheilungsverhalten – beide heilen nach 20 h bei 100 °C 

vollständig aus. Nichtsdestotrotz wies keines der Polymere auf Lanthanoid-Basis eine bessere 

Heilungseffizienz als das Platin(II)-haltige Metallpolymer oder das literaturbekannte Polymer 

bestehend aus Mangan(II)-chlorid auf,[59] da die Vernetzungsdichten um die Metallzentren zu 

hoch zu sein sind. 

In Kapitel 4.2 wurde der molekulare Selbstheilungsmechanismus untersucht. Im Gegensatz zu 

den früheren Metallopolymeren wurde hierfür ein SCS-Pincer-Ligand verwendet, der zu 

Palladium(II)-Ionen in einer quadratisch-planaren Koordinationsgeometrie koordiniert. Auch 

hier wurde mittels des tetravalente Vernetzers ein reversibles metallopolymeres Netzwerk 

erzeugt. Mittels isothermer Titrationskalorimetrie wurde die schwache Koordination des 

Palladium(II)-SCS-Pincer-Komplexes mit Pyridin nachgewiesen, die im Vergleich zum 
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Modellsystem der Platin(II)-Terpyridin-Verbindung einen viel niedrigeren Ka und gleichzeitig 

einen höheren Kd aufwiesen, was eine schnellere Austauschreaktion für den vierten Liganden 

ermöglicht. Durch thermische Analyse sowie Nanoindentationsmessungen konnte der Einbau 

der Metallkomplexe in das Polymer und dessen Vernetzung nachgewiesen werden. Der 

molekulare Mechanismus während des Selbstheilungsprozesses wurde durch nicht-invasive 

Schwingungsspektroskopie (IR und Raman) in Kombination mit DFT-Simulationen untersucht, 

wobei die experimentellen und simulierten temperaturabhängigen synchronen 2D-Raman-

Korrelationsspektren die Dekomplexierung des Palladium(II)-Pincer-Komplexes und 

Vernetzers im festen Zustand demonstrierten. Somit konnte der Beweis für die Reversibilität 

der Metall-Ligand-Wechselwirkung und die Umlagerung innerhalb des Polymers bei erhöhter 

Temperatur erbracht werden. Somit konnten in Selbstheilungsexperimenten eine Heilung nach 

3 h bei 100 °C nachgewiesen werden, was zudem eine Verbesserung der Heilungsfähigkeit im 

Vergleich zum Platin(II)-Terpyridin-Analogon entspricht. Allerdings erreicht damit das 

Palladium(II)-Pincer-Metallopolymer nicht die Selbstheilungsleistung des Polymer, bestehend 

aus Terpyridin-Komplexen mit Mangan(II)chlorid.[59] Folglich müssen in Zukunft weitere 

Verbesserungen des Systems und Untersuchungen des Selbstheilungsmechanismus von 

vernetzten Metallopolymeren durchgeführt werden.  

Zusammenfassend lässt sich sagen, dass durch die Integration von Metallkomplexen in 

polymere Materialien, potenzielle photokatalytischen Eigenschaften, für die Erzeugung von 

Wasserstoff, und Selbstheilungsfähigkeit erzeugt werden können. In dieser Hinsicht wurden 

makroskopischen Heilungsprozesse und die zugrundeliegenden molekularen Mechanismen 

verschiedenere Metall-Ligand-Wechselwirkungen im Detail untersucht. Folglich vertieften 

diese Untersuchungen das Verständnis über selbstheilende Metallopolymere. Darüber hinaus 

wurde das auf Stimuli reagierende Verhalten eines Photokatalysators in einem Hydrogel 

gezeigt, dass möglicherweise eine Wiederherstellung oder einen Austausch der katalytischen 

Einheiten im heterogenen Katalysator ermöglicht. Somit deuteten diese Studien die 

Vielseitigkeit metallopolymerer Anwendungen an, doch das volle Potential der 

Metallopolymere kann dadurch nur erahnt werden.  
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Abstract 

 

The incorporation of metal complexes into polymers leads to 

functional materials; whereas, the properties of polymers – 

easy processability, light weight or the adjustable molar mass 

– and those of metal complexes – optical properties, catalytic 

activity or biomedical potential – can be combined. Through 

the years, various different applications have been developed, 

depending on the needs of current techniques and society. 

Thus, advanced applications enabled by metallopolymers, 

include areas: like self-assembly, stimuli-responsive behavior, catalysis, optics, self-healing, 

shape-memory as well as biomedicine and further potential applications can be expected. This 

review will summarize and discuss these applications as well as how the interactions of metal 

complexes and polymers enable them.  

Keywords 

Self-assembly, Stimuli-responsiveness, catalysis, optical applications, self-healing, biomedical 
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Abbreviations 

1,1'-binaphthol (BINOL); 1,3,5-tris[N-(phenyl)benzimidazole]benzene (TPBI); 1,4,7,10-tetra-

azacyclododecane-1,4,7,10-tetraacetic acid (DOTA); 1,4-diazabicyclo[2,2,2]octane (DABCO); 

2-hydroxyethyl methacrylate (HEMA); 2,6-bis(1'-methylbenzimidazolyl)pyridine (Me-bip); 

2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP); 3,4-dihydroxyphenylalanine (L-

DOPA); 9,10-diphenylanthracene (DPA); acetonitrile (MeCN); acyclic diene metathesis 

(ADMET); atomic force microscopy (AFM); Belousov-Zhabotinsky (BZ); bis(benzimida-

zolyl)pyridines (bzimpy); bulk heterojunction (BHJ); carbon monoxide (CO); carbon nanotube 

(CNT); Commission Internationale de L'Eclairage (CIE); computed tomography (CT); CO-

releasing molecules (CORMs); critical micellar temperature (CMT); crystallization-driven self-

assembly (CDSA); chain-transfer agent (CTA); Cu(I)-catalyzed azide/alkyne cycloaddition 

(CuAAC); degree-of-polymerization (DP); Diels-Alder reaction (DA); diethylenetriamine-

pentaacetic acid (DTPA); differential scanning calorimetry (DSC); diketopyrrolopyrrole 

(DPP); dimethylsulfoxide (DMSO); donor-acceptor (D-A); double complex salt (DCS); dye-

sensitized solar cell (DSSC); dynamic light scattering (DLS); electrogenerated chemilumines-

cence (ECL); ethylenediaminetetraacetic acid (EDTA); ethyl acetate (EtOAc); external 

quantum efficiency (EQE); fluorescence resonance energy transfer (FRET); folate-receptor 

(FR); Food and Drug Administration (FDA); gold nanorod (GNR); highest occupied molecule 

orbital (HOMO); hydrogen evolution reaction (HER); incident photon to current conversion 

efficiency (IPCE); indium tin oxide (ITO); indocyanine green (ICG); intersystem crossing 

(ISC); intramolecular charge transfer (ICT); isopropanol (iPrOH); ligand-to-metal charge 

transfer (LMCT); light-emitting diode (LED); light-emitting electrochemical cell (LEC); light 

harvesting efficiency (LHE); lower critical solution temperature (LCST); lowest unoccupied 

molecule orbital (LUMO); magnetic resonance imaging (MRI); metal-to-ligand charge transfer 

(MLCT); metal-metal-to-ligand charge transfer (MMLCT); methanol (MeOH); N-(2-hydroxy-

propyl) methacrylamide (HPMA); near-infrared (NIR); N-isopropylacrylamide (NiPAm); nitric 

oxide (NO); nitroxide-mediated radical polymerization (NMRP); N,N-dimethlformamide 

(DMF); non-linear optical (NLO); (N-vinylcarbazoles) (NVK); oligo(ethylene glycol) methyl 

ether methacrylate (OEGMEMA); optical power limiting (OPL); organic light-emitting diode 

(OLED); oxygen reduction reaction (ORR); Pd(II)octaethylporphyrin (PdOEP); phenyl-C61-

butyric acid methyl ester (PCBM); phenyl-C71-butyric acid methyl ester (PC71BM); 

phosphorescence OLEDs (PHOLEDs); poly[2-(dimethylamino)ethyl methacrylate] 

(PDMAEMA); poly(2-vinyl-4,4-dimethylazlactone) (PVDM); poly(2-vinylpyridine) (P2VP); 

poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS); poly(4-vinylpyridine) 
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tomography (SPECT); small-angle neutron scattering (SANS); small angle X-ray scattering 
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(TADDOL); tetrahydrofuran (THF); thienylbenzo[1,2-b:4,5-b']-dithiophene (BDTT); time‐

dependent density functional theory (TD-DFT); transmission electron microscopy (TEM); tri-

o-tolyl phosphate (TOTP); turnover numbers (TON); two-photon absorption (TPA); white 

PLED (WPLED).  
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1. Introduction 

Since the postulation of organic polymers from Staudinger in 1920,[1-3] this class of materials 

has played an outstanding role in our society due to their light weight, easy processability, 

tunable properties, and low costs. Until the end of the 20th century, the majority of utilized 

polymers were thermoplastics as well as elastomers. However, later new synthetic pathways 

including e.g., controlled polymerization techniques have been utilized, in order to achieve 

tunable polymers and molar masses and, thus, adjustable elasticity, hardness or phase 

separation. Nature[4] and its biological macromolecules,[5] as well as small synthetic 

molecules[6] as role models, demonstrated that the integration of metal centers can lead to more 

advanced or tailored properties. Thus, metal complexes are utilized in luminescent 

molecules,[7] as catalysts in biological enzymes[8] as well as in synthetic systems,[9] 

photosensitizers,[10] superconductors,[11] and for magnetic applications.[12-14] 

Consequently, the interest in new materials extended from common thermoplastics and elasto-

mers to the design of advanced soft materials that consist of metal complexes in order to 

combine the advantages from both sides. Thus, the polymer would provide easy processability 

and the metal complex a defined two- or three-dimensional structure, catalytic activity,[6] light-

harvesting and energy conversion,[4,10] bioactivity or biotoxicity,[15,16] conductivity,[11,17] 

ferroelectricity,[18] molecular magnetic,[19,20] and/or non-linear optical properties,[21,22] as 

well as the ability to bind small molecules or form reversible supramolecular bonds.[23] Yet, 

the incorporation of metal complexes is often accompanied with synthetic challenges and in 

several cases, e.g., a decreased solubility. This fact and the challenging characterization were 

the reasons for the comparably slow development of metallopolymers, which started with the 

first metallopolymer in 1955 – poly(vinylferrocene).[24,25] 

Since the end of the 20th century, new polymerization techniques were developed and improved 

permitting the integration of metal complexes and providing soluble polymeric materials with 

high molar mass, which was the launch point for the research into new diverse areas of 

metallopolymers.[26,27] Depending on the choice of metal center, coordinating ligands, and 

structure of the polymers, the properties of the material can be precisely tuned. The syntheses 

of metallopolymers were summarized in previous publications[28] and will not be herein 

covered. For a general overview of the possible applications of this class of materials is shown 

in Fig. 1. For this purpose, thus far mostly d- and f-group metals are utilized for functional 

materials. A summary regarding the frequency of usage of the different metals is provided in 
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Fig. 2. Herein, it can be seen that 3d-metals are quite often used. Furthermore, the catalytically 

active metals such as palladium and platinum will be useful.  

 

Fig. 1. Schematic representation of possible applications of metallopolymers that are discussed 

in the following chapters. 

 

The integration of metal centers into artificial polymers, however, can create new functional 

polymers, while still keeping the typical preparative procedures of soft materials and enable the 

development of advanced functional applications. Firstly, and inspired by Nature, metallopoly-

mers were utilized for more synthetic purposes. In particular, easy processable heterogeneous 

or homogeneous polymeric catalysts could be developed due to their tunable chain 

length.[29,30] Furthermore, metal complexes in polymers can promote a self-assembly process 

and, for instance, the formation of block copolymers and patterned surfaces, 

respectively.[31,32] Further pioneering applications were the harvesting of solar energy[33] 

and its conversion,[34,35] as well as energy storage[33,35] or the preparation of electrodes 

using metal-containing dendrimers;[36-38] however, the potential for various functionalities 

permanently leads to new applications. Thus, the bioactivity of metal centers as well as their in 
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situ self-assembled encapsulation within the polymer chains and an adjustable release 

mechanism can predestine metallopolymers for diverse medical applications.[39-43] Stimuli-

responsiveness towards external triggers can support these release mechanism but also can 

enable a wide range of further responsive applications, e.g., sensors[44] and inspired by Nature, 

synthetic metallopolymers can also be utilized in the areas of catalysis[45,46] as well as 

harvesting solar energy.[47,48] Over time, early applied functionalities were transferred to new 

areas, such as imaging, via luminescence in medicine and biological systems[49,50] but also 

completely new areas were developed to overcome societal problems. Thus, modern appli-

cations were developed such as: Self-healing materials, based on reversible bonds of metal-

containing polymers could assist sustainable materials and prevent against resource scarcity 

through enhanced durability[51] and shape-memory materials[52] will have a potential in 

medical applications or in the construction industry. And as digitization progresses, further 

innovative applications are being developed – for instance, imprinted metallopolymers for 

nanopatterned surfaces with specific conducting or magnetic properties.[53-56] 

 

 

Fig. 2. Schematic representation of each d- and f-group metal utilized with polymers and their 

rate-of-publication. (The searching criteria on the Web of Science were for every single element 

x: metallopolymer x; Or: polymer x; And: x; whereby the following criteria were excluded:Not: 

dioxide; Not: framework; Not: alloy; Not: oxide; Not: cluster; Not: ceramic; Not: nanoparticle).  
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Regarding these developments and considering our current fast-pace society, an extension of 

the area of metallopolymer-based applications can be expected to escalate due to its easy 

adjustable functionalities. A shortened section of possible applications is shown in Fig. 1 and 

will be summarized with chosen examples in this article to provide an overview about the 

versatility of metallopolymeric applications. 

 

2. Metallopolymers and Areas of Application 

 

2.1 Self-assembly of Metallopolymers 

The self-assembly of polymers is an intensively investigated research topic over the past few 

years. Therefore, many diblock and triblock copolymers have been envisioned, synthesized, 

and their ordered structures both in bulk or in solution have been studied in detail.[57-64] The 

introduction of supramolecular motifs, such as hydrogen bonds[65-68] or metal complexes, 

within in the polymeric structures can enhance this self-assembly behavior. For this purpose, 

the metal complex itself can contribute to the ordering within the polymer structure.[69] Most 

of the metal complexes are charged, which can additionally enhance the self-assembly pro-

cess.[70,71] Additionally, the introduction of heavy metal ions can enhance the contrast charac-

teristics (e.g., staining, see Chapter 2.6.2).[31,32,72-75] Due to the high number of electrons 

for most metal ions, a better contrast for transmission electron microscopy (TEM) could be 

obtained providing an improved contrast for the self-assembled architectures.  

The self-assembly of metallopolymers can be divided in several subgroups. On one hand, metal-

containing polymers can readily self-assemble due to their intrinsic properties and struc-

ture;[76-87] whereas on the other hand, metal complexes can be incorporated into block co-

polymer structures leading to an ordering of the block copolymer. The latter approach is the 

mainly investigated approach and will be discussed in the following. The incorporation of a 

metal complex into a block copolymer can be realized in several ways leading to diverse struc-

tures after self-assembly, depending on the molecular structure.[88-97] Mostly micelles, which 

can also be utilized for biological applications, e.g., drug delivery (see Chapter 2.6) have been 

investigated,[98] whereby a switching in the oxidation state can be performed, which enables a 

change of the self-assembled structure and offers the possibility for a controllled release of a 

specific substance.[99] A special approach is the self-assembly of tetrahedral metal cages 

within a cross-linked polymeric network, whereas their defined morphology and porosity 

depends on the three-dimensional supramolecular structure of the metal cages.[100] However, 

in a recent study, it has been shown that the self-assembly behavior can also be influenced by 
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the metal ions. Thus, Marinova et al. synthesized two chiral ditopic bridging ligands that were 

complexed either with Zn(II) or Cu(II) ions. After the complexation with Zn(II) heterochiral 

alternate metallopolymers were obtained, while Cu(II) led to two homochiral 

homopolymers.[101] 

Another issue for metallopolymers is their ability to generate an ordered structure via crystalli-

zation-driven self-assembly.[102,103] Herein, mostly block copolymer containing 

polyferrocenylsilanes are utilized due to crystallization of the ferrocene-containing 

block,[27,91,104] thus enabling the self-assembly of the block copolymer. 

 

2.1.1 Block Copolymers 

Metal-containing block copolymers can readily self-assemble giving rise to a micellar structure. 

However, the molecular order and location of the metal complex(es) within the polymer chain 

are very important for generating the desired motif of the final self-assembled structure. Mostly, 

the metal complex is incorporated in the main chain. In general, three different types of main-

chain metallopolymer-based micelles can be created, as suggested by Gohy and shown in Fig. 

3.[92] The first type consists of at least two blocks, in which one block consists of the metal-

complex containing repeating units. The second one is a block copolymer, in which the metal 

complex is the bridging element between the blocks. The third type is a block copolymer, which 

is end-functionalized with a ligand moiety. The formation of homoleptic complexes leads to 

ABA triblock copolymers. In principle, all of these types can lead to micellar structures and 

will be considered. 
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Fig. 3. Schematic representation of the different types of strategies to obtain micelles from 

block copolymers, containing metal complexes [92], Copyright 2007. Reproduced with 

permission from Elsevier Science Ltd.. 

 

Type I metallopolymers bear a metal complex within the repeating unit. Therefore, a monomer 

with two ligand moieties is required, which will be subsequently polymerized by the addition 

of a metal salt. The spacer between the two ligands can either be polymeric or non-polymeric. 

For those that are polymeric, one possibility is the synthesis of a compound containing two 

ligands, which can act as a transfer agent in the nitroxide-mediated polymerization.[105] 

Another possibility was published by Gohy et al., who functionalized a block copolymer of 

poly(ethylene glycol-b-propylene glycol-b-ethylene glycol) (Pluronics) with two terpyridine 

moieties, as the end groups.[106] This polymer forms micelles and the ligands are localized at 

the outer shell. The interaction between the micelles leads to a kind of "clustering", which can 

be removed by increasing the temperature or by addition of a metal salt (Fig. 4). The latter can 

result in the formation of micelles with metal complexes in the corona. 
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Fig. 4. Schematic representation of the self-assembly behavior of pluronics and its change 

during heating (left) or the addition of NiCl2 (right) [106], Copyright 2010. Reproduced with 

permission from John Wiley & Sons Inc. 

 

Beside polymeric spacers, it is also possible to utilize smaller spacers, such as alkyl groups such 

as a bisterpyridine with a C16-alkyl spacer. The addition of RuCl3 under reducing conditions 

leads to the formation of linear metallopolymers, which are able to form micelles.[107] This 

behavior could also be found if the metal ion is replaced by Ni(II), Fe(II) or Co(II).[108] 

Replacement of the alkyl spacer through a conjugated system leads to enhanced optical 

properties without losing the possibility to form supramolecular micelles.[109,110] Rüttger et 

al. prepared ABC as well as CBABC tri- and penta-block terpolymers consisting of poly(1,1'-

dimethylsilaferrocenophane) blocks that connected blocks of polystyrene (PS) and poly(methyl 

methacrylate) (PMMA) or poly(2-vinylpyridine) (P2VP).[111] All block copolymers featured 

a microphase separation, whereby the triblock terpolymers showed cylindrical or lamellar 

structures and the pentablock copolymers clear lamellar morphologies. 

Metallopolymeric micelles, belonging to type II class, must feature heteroleptic complexes. 

These are the connection unit between the two different blocks. The main investigated example 

is the block copolymer PS-b-poly(ethylene glycol) (PEG) with a metal complex connecting 

both blocks. This polymer can be synthesized by end group functionalization of PEG and PS 

with terpyridine.[112] Complexation of one moiety with ruthenium and then subsequent 

complexation with the other block results in the linear metal complex containing block 

copolymers (A-[M]-B). This metallopolymer can form micelles in water, which is a selective 

solvent for the PEG block.[113] Thus, micelles containing a PS core and a PEG corona are 

generated. The self-assembly behavior of this metallopolymer could also be observed in thin 

films and analyzed by atomic force microscopy (AFM).[114] In contrast to the covalent analog, 
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the metallopolymer features much larger micelles due to the electrostatic interaction of the 

metal complexes.[115] Addition of a salt leads to similar sizes compared with unmodified PS-

b-PEG. The self-assembly of this metallopolymer can be studied by dynamic light scattering 

(DLS), TEM, and/or analytical ultracentrifugation.[116,117]  

Furthermore, it is possible to modify the structure in different ways. Gohy et al. synthesized a 

library of two building blocks (PEG and PS) with different molar masses and they could de-

monstrate that the size of self-assembled micelles depends on the length of the PS block.[118] 

They further varied the metal ion resulting in similar self-assembly behavior for metallo-

polymers containing of Ni(II) and Co(III).[119] A special feature of these metallopolymers is 

the potential removal of the metal ion. Thus, Fustin et al. prepared a film of a PS-[Ru]-PEG 

polymer and oxidized the metal center. Consequently, the PEG block could be removed as well 

as the metal complex.[120] This treatment results in an interesting nanoporous film. A similar 

approach was reported for Ni(II)-containing polymers, but in that case the removal is much 

easier and can be realized by the addition of KCN (Fig. 5).[121] 

 

 

Fig. 5. Schematic representation of the self-assembly behavior of PS300-[Ni]-PEG230 in bulk, 

the removal of the metal complex, and the PEG-phase resulting in nanoporous films [121], 

Copyright 2012. Reproduced with permission from American Chemical Society. 

 

These investigations provided deep insights into the general self-assembly behavior of metallo-

polymers; however, the basic system could be further improved. Thus, the incorporation of an 

additional block of P2VP results in pH-stimuli responsiveness, which could be monitored by 

DLS, AFM, and TEM.[122] Another block, which was introduced, consists of poly(para-

trifluoromethylstyrene) and enables the solvent-depending formation of different structures, 

e.g., spherical micelles (methanol (MeOH)), vesicles (isopropanol (iPrOH)) or large compound 

micelles (1-butanol).[123] The utilization of a crystalline monomer (polyferrocenylsilane) 

instead of PS leads to rod-like structures, which could also be converted into smaller rods by 

increasing temperature or ultrasound.[124] In general, the basic concept of this polymeric 

structure can be transferred to different polymers, which can be realized by, e.g., functional 

nitroxide-mediated radical polymerization (NMRP)-initiators.[125] Thus, other combinations 
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could be realized, like poly[(ethylene-co-butylene)-b-PEG],[126] poly[(tert-butyl acrylate)-b-

styrene][127] or poly[styrene-b-(N-isopropylacrylamide)].[128,129] 

Another example features the possibility to vary the properties during heating due to the lower 

critical solution temperature (LCST) of the poly(N-isopropylacrylamide) (PNIPAAm) 

block.[130] Heating of the polymer in an aqueous solution leads to turbidity and an increased 

radius of the micelles. Besides terpyridines other ligands, e.g. pincer ligands, have also been 

investigated. The ligands were combined with H-bonding motifs resulting in the formation of 

micelles.[131,132] A similar concept was utilized in a recent publication, in which the group 

of Weck prepared a triblock copolymer that consisted of a heterotelechelic poly(methacryl-

amide) block (helix), which connects a coiled PS block and a chiral poly(isocyanide) 

(helix).[133] As binding motifs, a SCS pincer Pd(II) complex and a H-bonding moiety were 

utilized. 

Type III is, by far, the less investigated building principle of metallopolymer micelles but 

research is growing in recent years. In order to obtain this type of micelle formation, a block 

copolymer was synthesized of tert-butyl acrylate and styrene, which bears a terpyridine moiety, 

as an end group.[134] Afterwards, the polymer was reacted with different metal salts [0.5 eq. 

of Fe(II), Ni(II), and Zn(II)]. This conversion leads to micelle formation in EtOH. Afterwards, 

the second addition of 0.5 eq. of metal salt leads to a different behavior for the metal salts (Fig. 

6). The same structures could be obtained by direct conversion of the block copolymer with one 

equivalent of metal salt. Finally, PEG with a terpyridine moiety was added resulting in type III 

micelles. The same supramolecular triblock copolymer micelles were investigated by small-

angle neutron scattering (SANS); whereas, the hard-phase interaction distance and its 

dependency from the concentration as well as the metal ion was determined.[127]  

 

 

Fig. 6. Schematic representation of the two approaches to reach a metal-ligand ratio of 1:1 

[134], Copyright 2008. Adapted with permission from The Royal Society of Chemistry. 
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Gohy et al. utilized the same concept and exchanged monomers in order to prepare poly[2-

(dimethylamino)ethyl methacrylate]-b-PNIPAAm (PDMAEMA-b-PNIPAAm) diblock co-

polymer, which was synthesized by a reversible addition-fragmentation transfer (RAFT) poly-

merization, using a terpyridine-functionalized chain-transfer agent (CTA).[135] This end-

capped terpyridine moiety was responsible for coupling the two diblock polymers via com-

plexation of Ni(II) or Fe(II) ions, in order to generate the ABA triblock copolymers. Through 

DLS and turbidimetry measurements, it could be shown that the charged complexes in the poly-

mers increase the thermo-induced micellization temperature at pH 6; whereas, this influence is 

lower at higher and lower pH values. In a further study, they investigated the same ABA triblock 

copolymer that is connected through Ni(II), Co(II) or Zn(II) ions.[136] These copolymers form 

responsive hydrogels by thermo-induced block association (Fig. 7). A reversibility of the 

gelation was introduced over the thermo-responsiveness of the corona-forming and water-

soluble PDMAEMA block, which cross-links the hydrophobic PNIPAAm-cores of the micelles 

in the supramolecular network. The utilization of rheology measurements confirmed the 

dependency of the micellar aggregation and gelation from temperature and changes of the pH 

value as well as concentration of the diblock copolymer and the nature of the metal ions. Similar 

results in sol-gel responsiveness were obtained for short block copolymers featuring short 

hydrophobic PS blocks.[137] In another study, a similar concept was utilized, in which 

hydrophobic PS block with a terminal terpyridine moiety was synthesized via a RAFT 

polymerization that was further functionalized with a hydrophilic poly(ethylene glycol) (PEG) 

block.[138] An ABA triblock copolymer was prepared due to the complexation of Zn(II), 

Ni(II), Fe(II), or Mn(II) that enabled polymersomes. 

In another example the mechanical properties of PS-b-PNIPAAm-tpy[M(II)] (M = Ni, Fe, Co, 

Zn) triblock copolymers depend on the length of the hydrophobic block as well as on the 

induced stress.[139] Shorter hydrophobic blocks lead to a soft gel, while the longer ones 

resulted in hard gels. Large strains resulted in flowing sols for both systems. However, by using 

medium-sized hydrophobic blocks a two-step sol-gel transition could be observed. These 

hydrogels were hard without any strain and soft through a medium strain whereas flowing sols 

could be obtained the induction of large strains. Le Bohec et al. observed similar sol-gel 

transition properties for the thermoresponsive, terpyridine-functionalized poly(N,N-dimethyl-

acrylamide)-b-PNIPAAm-co-poly(2-vinyl-4,4-dimethylazlactone) (terpyrdine-PDMA-b-

PNIPAAm-co-PVDM) copolymer.[140] 
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Fig. 7. Schematic representation of ABA triblock copolymers after metal complexation that 

form hydrogels through thermo-induced micellization [136], Copyright 2017. Reproduced with 

permission from The Royal Society of Chemistry. 

 

The influence of the metal ions on the stability of the micelles is shown by Brisson et al.. They 

prepared micelles at 50 °C with a PNiPAAm core and a histidine-functionalized corona, which 

is reversible upon cooling. However, the introduction of Cu(II) ions at 50 °C prevents that 

reversibility due to complexation of the metal ions with two histidine moieties in the corona. 

This locking of the micelle self-assembly was not observed when glycine units were utilized in 

the corona instead of histidine due to the more reversible and dynamic coordination.[141] 

Beside these three types of micelles of main-chain metallopolymers, there are also other exam-

ples. These systems are mostly based on block copolymers that contain metal complexes in the 

side chain of one block.[142-150] Furthermore, the utilization of entanglements of a main chain 

polymer can affect the self-assembly behavior.[151] The addition of a multivalent anion, i.e. 

poly(4-styrenesulfonate), is an approach to obtain layer-structures.[152] 

 

2.1.2 Crystallization-driven self-assembly 

A special approach utilizing the self-assembly of block copolymers is the crystallization driven 

self-assembly, which is mainly associated with the work of the groups of Manners and Winnik. 

They utilized the crystallization of several block copolymers of poly(ferrocenylsilane)s to 

control the self-assembly process.[153] This crystallization-driven, self-assembly is also known 

from other polymer systems, e.g., poly(lactide)[154-158] or poly(3-hexylthiophene).[159] The 

poly(ferrocenylsilane)s can crystallize, which can be monitored by differential scanning 

microscopy.[160,161] Also poly(3-decylselenophene) as metal-containing block in a 

copolymer exhibits crystallization.[162]  

In general, the crystallization process is the following: The polymer is synthesized and after 

purification it is added into a selective solvent of the corona. At first, an amorphous spherical 

micelle is formed, which later crystallizes to give the self-assembled structure or crystallizes by 

the help of a crystallite leading to more uniform structures.[163-165] The mixing of one 
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copolymer with another can lead to different structures, as depicted in Fig. 8. The first pathway 

is the standard crystallization-driven self-assembly of one copolymer (i). In the second 

approach (ii) another copolymer is added, which differs in the corona and the third approach 

(iii) utilizes a second copolymer with a different core – for instance a poly(ferrocenyldimethyl-

germane).[166,167] The third approach can also be expanded by mixing different types of cores 

resulting in varying structures. Herein, the different kinetics of the crystallization influences the 

final structure.[168] 

 

 

Fig. 8. Schematic representation of the aggregation formation of cylindric PFDMS core 

micelles during the addition of a) the same block copolymer, b) a PFDMS-containing polymer 

with a different copolymer, and c) a polymer consisting of a poly(ferrocenyldimethylgermane) 

core [166], Copyright 2011. Reproduced with permission from American Chemical Society. 

 

In order to obtain self-assembled structures, the polymer must first be synthesized. For this 

purpose, a living anionic ring-opening polymerization of a ferrocene derivative is utilized.[169] 

The two cyclopentadiene rings of the ferrocene are linked by a silane group, which enables the 

introduction of different substituents that can influence the crystallization behaviour. Thus, 

poly(ferrocenyldimethylsilane) (PFDMS) undergoes crystallization; whereas, 

poly(ferrocenylethylmethylsilane) or poly(ferrocenylisopropylmethylsilane) show no evidence 

of crystallization and cannot be utilized for the crystallization-driven self-assembly.[170-173] 

In this context, asymmetric substitution leads to no crystallization [an exception is 

poly(ferrocenylmethylsilane)],[174] but ionic structures can enhance the formation of self-

assembled structures without any crystallization.[175,176] This effect could be demonstrated 



18 

by Manners et al., who were able to incorporate a positive charge in the side chain. The ionic 

interactions led to a self-assembly of the copolymer.[177] Additionally, the functionalization 

of the silane block can be utilized for enhanced imaging of the structure, when a dye is installed 

in the side chain of that block.[178] Furthermore, staining agents in the side chains enable the 

visualization of the phase separation in mixed micelles.[179] Besides the substituents of the 

silane moiety, the comonomer, which will later form the corona, has also an influence on the 

resulting properties and structure. Due to the anionic polymerization, 2-vinylpyridine, styrene 

or isoprene are the most utilized comonomers,[180-191] whereas also ethylene oxide, 2-(N,N-

diethylamino)-ethyl methacrylate or tert butyl acrylate have been polymerized, as the corona-

forming block.[192-196] However, due to the functionalization of the end-groups an 

introduction of other polymers, like polyoxazolines or the functionalization on a surfaces can 

be achieved.[197,198] Other approaches are the utilization of the anionic ring-opening 

polymerization of a cyclic trisiloxane resulting in poly[(ferrocenylsilane)-b-(siloxane)],[199-

201] or the introduction of vinyl groups, which allows a further functionalization via the thiol-

ene-click reaction.[202,203] Thus, the introduction of perfluoro substituents resulted in a 

crystallization-driven self-assembly in fluorinated solvents.[204] With a similar strategy, the 

group was able to introduce carboxy-groups in a post-assembly process in order to generate 

nanostructured cylindrical micelles with membrane-like properties and potential applications 

in biomolecule capturing and signaling.[205] The nature of the corona is important for the 

resulting structure, but also the length of both blocks and its ratio are important.[206] The 

number of repeating units has an impact on the size as well as the shape of the self-assembled 

structures.[188,207-209] Moreover, the overall length of the polymer with a constant ratio of 

the two blocks of diblock copolymers influences the speed-of-crystallization. Thus, higher 

molar masses lead to a slower growth of the crystal structure of the PFDMS-core.[210] Another 

influencing factor is the solvent and its polarity.[211] crystallization-driven self-assembly, a 

non-solvent for the poly(ferrocenylsilane) and a good solvent for the corona are required, such 

as alcohols (for P2VP).[212,213] 

Besides the earlier mentioned diblock polymers, triblock copolymers have also been shown to 

undergo the crystallization-driven self-assembly that can be generated from the second and third 

strategy. Micelles can be formed in ABC triblock polymers with the crystallizing block at center 

and two terminal blocks that form a patchy corona,[214,215] as well as ABA triblock polymers 

with the crystallizing blocks in terminal position and looped corona of the centered block.[216]  

However, advanced strategies have also been developed: The living crystallization-driven self-

assembly (CDSA) is a seed-growth process, starting from short crystallized segments that 
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enable an exact control of the polydispersity and the length of fiber-like micelles. Thus, B-A-B 

triblock co-micelles with an exact segmentation are possible with this procedure.[162] Kinetic 

studies of the living CDSA demonstrate dependency from the temperature, length of the 

crystallizing block, solvent, and concentration. No first order kinetics could be observed.[217] 

The second advanced procedure is the living polymerization-induced CDSA (PI-CDSA) – a 

technique that combines the copolymer synthesis, self-assembly as well as the seed growth 

process. In this way, non-spherical (one-dimensional) cylindrical and fiber-like micelles with 

tailored properties can be generated.[218,219] The growth process can be homoepitaxial or 

heteroepitaxial with one and two different crystallizing compounds, respectively.[219] But also 

the CDSA of homopolymers can be controlled exactly in a range of 2 to 20 moieties through a 

two-dimensional seed growth process by polarity of the medium.[220] 

This superstructure can be interrupted by heating, which leads to a melting of the PFDMS-

core[221] or ultrasound irradiation resulting in disassembly.[222] Beside the disassembly, it is 

also possible to cleave the corona (Fig. 9).[223] For this purpose, a photocleavable group is 

required, such as an o-nitrobenzyl ester.[224] 

 

 

Fig. 9. Schematic representation of the photocleavage of the corona of PFDMS-b-P2VP 

copolymer with an o-nitrobenzyl ester, as connecting unit between the two blocks [224], 

Copyright 2015. Reproduced with permission from American Chemical Society. 

 

The polarity of the solvents influences the shape of the fiber-like micelles as well.[225] For this 

purpose, they prepared a seed consisting of PFDMS-b-P2VP that undergoes a further CDSA 

polymerization with PFDMS-b-poly(cobaltoceniumethylene) that was charged with an organic 

ion. Depending on the polarity of the solvent tapered (in iPrOH), branched (in 

iPrOH:tetrahydrofuran (THF) 4:1) or linear (in iPrOH:ethyl acetate (EtOAc) 1:10) BAB 

triblock comicelles were observed. However, the influence of the solvents was further 

investigated by utilizing a block copolymer consisting of a PFDMS block and a amphiphilic 

corona-forming block that features a hydrophobic poly(tetradecyl methacrylate) and 

hydrophilic oligo(ethylene glycol) methyl ether methacrylate (OEGMEMA) units.[226] Due to 

the amphiphilic corona the metallopolymer enables long ribbon-like micelles in iPrOH after 
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seed-growth process as well as self-seeding, uniform rectangular platelets in octane, more 

complex structures in hexanol that formed elongated fibers from oval platelets and uniform oval 

platelets in a mixture of octane and hexanol, whereas their axes increase with the annealing 

temperature and polymer concentration. They authors also demonstrated that the surface of the 

oval platelets are increasing in linear scale with the amount of the unimers in seed-growth 

experiments. 

Additionally, the corona can be crosslinked. Therefore, crosslinking of polyisoprene or 

poly(vinylsiloxane) can be applied,[227-230] and the corona can also be loaded with silver or 

gold nanoparticles as well as with CdSe quantum dots.[231-233]  

Another approach of crystallization-driven self-assembly of metallopolymers is the utilization 

of cobaltocenium, as the metal content, instead of ferrocenyl derivatives; however, in this case, 

a polycaprolactone was the crystallizing block that forms two-dimensional platelets.[234] But 

the cationic polycobaltocenium in the corona-forming block is an interesting candidate for 

biomedical applications due to its biological behavior.[235] 

In order to generate defined structures on a surface, the crystallization-driven procedure is a 

promising method. Thus, recently a surface functionalization of silicon wafers with cylindrical 

micellar brushes was presented.[236] For this purpose, crystallite seeds were attached on the 

wafer and depending on the conditions the density, length, and functionalities on the corona 

can be adjusted precisely. Furthermore, the brushes can be grown on two-dimensional 

materials, e.g. graphene oxide nanosheets or functionalized after the polymerization process. 

In summary, the crystallization-driven self-assembly is a versatile tool for the preparation of 

self-assembled structures and will be dramatically improved in the future. Thus, this assembly 

process could also be utilized for several applications, such as semiconductors.[237] 

 

2.1.3 Self-assembly by Stacking Interactions 

Another special approach for the self-assembly of polymeric structures is the stacking 

between different units like Pt···Pt and π-π stacking interactions in order to design three-dimen-

sional structures with well-defined morphologies. Supramolecular interactions in 

metallopolymers are well-demonstrated for the stacking of Pt(II) complexes, which can be 

achieved by using a wide range of multidentate N^N^N ligands like terpyridines,[238-244] bis-

(benzimidazolyl)pyridines (bzimpy),[245-249] bis(pyrazolyl)pyridines,[247] bis(tetrazoyl)-

pyridines[250] as well as their heterogenous N^N^C and N^C^N analogous, e.g., phenyl-

bipyridines[251-253] or dipyridylbenzenes.[254,255] Nevertheless, Pt(II) complexes with 

bidentate ligands like phenylpyridine[256,257] and pyridyl triazole[256] also feature a self-
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assembly behavior through stacking interactions. The self-assembly via stacking has been well-

studied by X-ray crystallography, whereby Pt···Pt distances of 3-4 Å were determined.[254] 

However, the tridentate ligands occupy three of the four coordination positions of the square 

planar platinum metal centers and thus enabling the coordination of a fourth ligand. Commonly 

used ligands are functionalized ethynylenes via σ-bonds[239] or pyridine derivatives.[250] But 

it has also been shown that small molecules and ions, like chlorides,[247] nitriles[252,253] or 

carbonyls[252] coordinate to the Pt(II) centers and still result in a stacking behavior of the 

complexes. Thus, double complex salts (DCSs) can arise featuring two differently charged 

square planar metal complexes in an alternating sequence in order to form an infinite linear 

chain.[245,258] Magnus' salt was the first reported DCS in 1828 – a [Pt(NH3)4][PtCl4] 

salt.[259,260] By changing the composition of the solvent and/or temperature, the self-

assembly of the DCSs is reversible.[245] However, Mann et al. published heterogeneous DCSs 

featuring a Pt and a Pd complex.[261] Besides the nature of the ligands, the substituents on each 

of the ligands can influence the stacking behavior. Thus, these substituents can induce further 

supramolecular interactions like hydrogen bonds or hydrophobic-hydrophobic interactions, 

which can affect the self-assembly behavior and enable different nanostructures.[262] The 

introduction of hydrophobic and hydrophilic groups affect the packing parameter (P), which 

quantifies the space relations of these groups and, thus, describes the morphology of the stacked 

metal complexes.[248] The self-assembly behavior of amphiphilic complexes can be fine-tuned 

by careful variation of the substituents.[239] Consequently, Pt(II) complexes enable a wide 

range of self-assembled morphologies like tubes,[238] fibers and rods,[239,240,245,246] 

rings,[243,252] plates,[240,247,248] helical ribbons,[238,244] hairpin conformations,[263] 

helices,[242,251] and so on.[250,264] Furthermore, the right- (P) or left-handed (M) direction 

of helical configurations of fibers can be adjusted by the utilization of chiral ligands[265] or 

very defined structures, such as flower-like vesicles, can be assembled through stacking of the 

Pt complexes.[249] 

In general, the self-assembly via a stacking process can be tuned by an addition of a poor solvent 

to the solution of completely dissolved metal complex in a good solvent. The choice of the 

solvents depends on the substituents on the metal complex and -ligands, which induces 

hydrophobicity, hydrophilicity or amphiphilicity to the molecules. Po et al. investigated this 

dependency by using hydrophilic SO3‾ groups on the bzimpy ligand and a series of hydrophobic 

alkyl chains with different lengths. Short alkyl chains lead to extended bilayers in water, while 

larger chains forming cylindrical micelles resulting in nanofibers (Fig. 10). In both cases, the 

amphiphilic Pt(II)-bzimpy(SO3‾)2 complexes assembled at the outside, which stabilizes the 
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structures through Pt···Pt and π-π stacking.[248] However, the self-assembled fibers of Pt(II)-

terpyridine complexes feature a head-to-tail stacking with spreading hydrophilic triethylene 

glycol moieties after the addition of water (Fig. 11). By increasing the water content, the 

macroscopic structure changes to twisted lamellar fibers keeping the spreading glycol chains in 

the corona.[239] The transformation of the morphologies depending on the polarity of the 

solvents resulted in the preparation of rod-like nanostructures in different solvents as well as 

nanorings, which are stabilized through the bulky silsesquioxanes.[243]  

 

 

Fig. 10. Schematic representation of Pt(II)-bzimpy(SO3‾)2 complexes with different lengths of 

the hydrophobic alkyl chains [248], Copyright 2014. Reproduced with permission from The 

Royal Society of Chemistry. 
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Fig. 11. Schematic representation of the self-assembly of Pt(II)-complexes via stacking effects 

upon increasing the H2O content [239], Copyright 2017. Reproduced with permission from 

American Chemical Society. 

 

Next to solvent-induced self-assembly, the self-assembly of Pt(II)-terpyridine complexes can 

also be induced by polyelectrolytes upon deprotection.[266] In order to prepare low-dispersed, 

fiber-like, micelles, the living CDSA and the seed growth approach can also be utilized for 

stacking Pt(II)-complexes.[267] Well-defined polymeric structures were prepared by Yam et 

al., who utilized kinked phosphole-based bis-Pt(II) complexes. The terminal metal complexes 

stacking resulted in a zig-zag chain structure.[241] A similar structure was achieved by Zhang 

et al., but they utilized the self-assembly of a tweezer-guest system through Pt···Pt and π-π 

stacking interactions. The conformation of the chain is switchable due to the pH-responsive 

character of the molecular tweezer, which results in the jagged chain.[268]  

The self-assembly of polymers via Pt···Pt and π-π stacking features interesting applications. 

Through a donor-acceptor hetero-complexation process of two Pt(II) complexes in an alterna-

ting manner, a long-range ordered co-assembled polymer can be achieved, which enables 

photocatalytic properties under low-energy conditions.[269] Simultaneously, the stacked Pt 

complexes exhibit luminescence properties, whose intensity increases upon the self-assembly 

process. The emission can be assigned to metal-metal-to-ligand charge transfer (MMLCT) 

excited states in the ordered metallopolymers.[250,253,270] Usually, the emission is red-

shifted in the ordered solid state compared to solution.[271] Consequently in their gel-state, 

these supramolecular copolymers are promising materials for organic light-emitting diodes 
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(OLEDs).[250] Due to the dependency of the morphology and, thus, the spectroscopic proper-

ties from the solvent composition, applications in sensing and imaging are conceivable.[246] 

Even polarized phosphorescence can be achieved by helical nanofibers, prepared by the co-

assembly of Pt(II) complexes that consist of chiral ligands.[272] Pt(II) terpyridine complexes 

that feature thioacetate or sulfonate moieties can be utilized as stacked head-to-tail assembled 

templates to prepare gold nanorods (GNRs). These inorganic-organic hybrid nanoassemblies 

are promising for applications in optoelectronics, biosensing or biomedicine.[264,273] These 

metallosupramolecular polymers featuring organic and inorganic phases can further be utilized 

to prepare metal-containing nanoparticles like Pt nanoparticles.[274] Moreover, it was shown 

recently that through the combination of high-throughput top-down nanolithography and 

bottom-up self-assembly regular arrays of nanorods can be achieved.[54] In particular, 

ferrocene-based terpyridine complexes of Pt(II) and Pd(II) assemble to uniform patterns of 

nanorods, whose orientation can be controlled through a stamp. The resulting magnetic islands 

were retained during pyrolysis that predestines this procedure for the preparation of magnetic 

data recorders. 

Next to Pt···Pt interactions, further d8- and d10-metals lead to polymers through a stacking 

induced self-assembly process. Significant attention received from Au···Au[275-277] and 

Pd···Pd interactions,[278,279] but also heterobimetallic self-assembled polymers have been 

published.[280,281]  

 

2.2 Stimuli-responsive Metallopolymers 

Metallopolymers feature the possibility to change their properties, based on changes in their 

environmental conditions.[44] This ability is called stimuli-responsiveness.[282] Moreover, 

this property is mostly based on the reversibility of a certain structural element.[283] Therefore, 

dynamic covalent bonds, like hydrazones,[284] acylhydrazones[285,286] or di-

sulfides,[287,288] can be utilized. Another possibility is the utilization of dynamic supramole-

cular interactions.[289] In particular, hydrogen bonds are often used in order to create stimuli-

responsive materials.[290-292] But there is also an opportunity to use other interactions, like 

π-π-stacking[293] and non-covalent interactions, respectively.[294] All of these structural 

elements feature a dynamic exchange between reversible binding moieties. This effect could 

also be realized via the utilization of metal-ligand interactions, which can reversibly 

bond/debond.[283] Thus, an individual response to the change within the external environment 

is possible.[295] 
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In contrast to most of the other supramolecular interactions (beside hydrogen bonds) the metal-

to-ligand ratio is highly important.[296,297] Only the correct ratio will lead to the right pro-

perties and further to the possibility to respond to external stimuli. This response in most cases 

is combined with a dramatic change of the properties, e.g., color or self-assembly behavior.[86] 

The switching can be triggered by several external stimuli, which will be discussed in detail in 

the following paragraphs. The utilized stimuli can be temperature, light, pH value, mechanical 

stress and/or exposure to chemicals as well as a combination of several external stimuli, which 

leads to so called multi-responsive polymeric materials. A special feature of metallopolymers 

is the possibility to respond to an oxidation or reduction process. In most cases, this reaction 

includes a change of the oxidation state of the metal, which can lead to a complete change of 

the metallopolymer due to the varied binding strength of the corresponding metal ion ligand 

pair and the complex geometry, respectively. A higher oxidized metal ion is much harder in 

comparison to its reduced state and, thus, the metal-ligand interactions will change.  

The stimuli-responsiveness of metallopolymers is one basic property for several applications, 

such as catalysis (see Chapter 2.3), self-healing polymers, shape-memory polymers (see 

Chapter 2.5), or sensors.[298] The application as a sensor will also be discussed in a following 

paragraph and is mostly based on the chemo-responsiveness of different metallopolymers. 

 

2.2.1 Thermo-responsive Metallopolymers 

The responsiveness of metallopolymers to temperature changes can be caused by two different 

principles. On one hand, the characteristics of the metallopolymers itself lead to a response and 

on the other hand, a second moiety was incorporated into the polymeric structure in order to 

obtain the thermo-responsive behavior. In most cases, the second opportunity is achieved by a 

copolymerization of N-isopropylacrylamide (NiPAm), which is well-known for the 

temperature-dependent change in its solubility.[299] Thus, PNiPAm shows a LCST at ca. 31 

°C.[300] This phenomenon is well-known for several polymers and describes a certain 

temperature above which the polymer is insoluble in the solvent (i.e. water) and a phase-

separation (i.e. precipitation of the polymer) can be observed.[301] The effect of the LCST of 

PNiPAm can also be found for metallopolymers. Thus, a tris(2,2'-bipyridine)ruthenium(II) 

complex can be incorporated in the middle of PNiPAm.[302] For this purpose, the RAFT was 

applied and a bipyridine containing bis-RAFT-agent was prepared. After the polymerization of 

NiPAm, the ruthenium complex was synthesized and the resulting metallopolymers have been 

investigated. The LCST temperature as well as the glass transition temperature of the metallo-

polymers was slightly increased. This study was expanded appyling an end-functionalized a 
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PNiPAm with a terpyridine moiety.[303] After complexation with several Fe(II) and Zn(II) 

salts, the LCST behavior was investigated in detail. In this study, an increase in the cloud point 

was also observed. Additionally, a dependency of the applied counter ions was revealed. 

Chloride, as counter ion, has the strongest effect and a cloud point of 39 °C (using ZnCl2). 

Another improvement of this system was the utilization of block copolymers. For this purpose, 

Gohy et al. synthesized a terpyridine-containing RAFT-agent, which was utilized for the RAFT 

polymerization of styrene and NiPAm. A diblock copolymer PNiPAm-b-PS was obtained.[130] 

The complexation with Zn(II) leads to a thermo-responsive metallopolymer, which features a 

LCST-behavior. Further, the authors also investigated the hydrodynamic radius and could show 

that the radius increased upon heating. 

In another study, secondary amine co-monomers were utilized in order to achieve a thermo-

responsive behavior.[304] For this purpose, a tris(2,2'-bipyridine)ruthenium(II) complex was 

incorporated within the polymer's structure that enables an electrogenerated 

chemiluminescence (ECL) after a redox reaction. During heating, the ECL-factor increases. In 

particular, this could be observed above the LCST temperature of the polymers. Furthermore, 

a decreased size of the polymeric particles was revealed by the authors.  

Beside the copolymerization of thermo-responsive comonomers, it is also possible to utilize 

directly the temperature-dependent properties of the metal complexes. Thus, a fully hydrogena-

ted polybutadiene end-functionalized with two 2,6-bis(1'-methylbenzimidazolyl)pyridine (Me-

bip) units was prepared.[305] After crosslinking with Eu(III) and Zn(II) salts, a mixed metallo-

polymer was obtained. This polymer featured a strong thermo-responsive behavior. The 

fluorescence of the europium complex is quenched at 120 °C and, thus, a change in the color 

of the polymer upon heating could be observed. Another approach focused on the synthesis of 

on-chain copper-containing linear metallopolymers, which were dissolved in dimethylsulfoxide 

(DMSO) and during heating a network and, thus, an organogel was formed.[306] This network 

featured a completely different molecular structure and, consequently, a change in the UV-Vis 

absorption spectrum was observed. Moreover, a reversibility of the network formation was 

demonstrated by cooling the sample again. Another example of the thermo-responsiveness of 

metallopolymers focussed on a poly(ethylene oxide-b-propylene oxide-b-ethylene oxide) 

P[(EO)-b-(PO)-b-(EO)] terpolymer,[307] which was α,ω-end-functionalized with terpyridine. 

This material was utilized for the complexation of platinum. During heating from 15 °C to 35 

°C, a change in the UV-Vis absorption spectrum was observed, which was explained by the 

formation of micelles above the critical micellar temperature (CMT) due to the LCST behavior 
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of the PPO middle block. Finally, the reversibility of the micelle formation was demonstrated 

by a decrease of the corresponding UV-Vis signal. 

Lee et al. disclosed a linear metallopolymer consisting of a dipyridine and Ag(I) triflate.[308] 

The metallopolymer orders itself into a helical structure, which can be described as a thermally 

reversible spring (Fig. 12). This effect correlated with changes in the UV-Vis absorption 

spectrum. Additionally, the fluorescence spectrum completely changes during heating from 

room temperature (25 °) to 40 °C. The effect was also studied for several cycles and thus, its 

reversibility was demonstrated. 

 

 

Fig. 12. Schematic representation of the extension of the helical structure of the linear 

metallopolymer consisting of a phenanthrene moiety, coordinating pyridines and Ag(I) ions 

[308], Copyright 2007. Reproduced with permission from American Chemical Society. 

 

Beside the thermal responsiveness of the metallopolymer itself, it is also possible to obtain a 

thermal reversible formation of the metal-ligand interactions such asthe interaction of copper 

and 4,6-bis(2-pyridyl)-1,3,5-triazine.[309] 

 

2.2.2 Redox-responsive Metallopolymers 

One of the most utilized external stimuli for metallopolymers is the variation of the oxidation 

state of the metal ion. However, it is generally also possible to apply other redox-responsive 

moieties, e.g., viologen in a metallopolymer backbone to vary the properties of the 

material.[310] Nevertheless, this approach was rarely investigated.  

Many transition metal ions have several stable oxidation states. The reversibility of the redox-

reaction also allows the design of switchable properties. In general, a higher oxidation state 

leads to an increased charge density due to the nearly constant ion radius. This also strongly 
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effects the interaction of the metal ion and the ligand, which can result in a decomplexation; in 

the case of a linear metallopolymer, depolymerization is also possible. 

For this purpose, a poly(THF) with two Me-bip as end groups was synthesized.[311] After-

wards, Cu(I) was added in two different ratios (Cu/polymer = 1:1 and 2:1). In the case of 1:1 

ratio, a dimer/oligomer formation was observed due to the formation of 2-to-2 complexes (i.e. 

two Cu(I) ions are complexed by two ligands). In contrast, a ratio of 2:1 leads to the formation 

of a linear metallopolymer. During oxidation, the opposite behavior was found. For Cu(II), a 

1:1 ratio leads to a linear metallopolymer and a ratio of 2:1 leads to cleavage of the polymer 

chains due to the excess of copper ions. These findings were proven by the utilization of UV-

Vis titration as well as viscosity measurements. Furthermore, the reversibility of the redox-

process and thus, a redox-driven polymerization could be demonstrated in both cases. 

In the previous paragraph, it was shown that the changed oxidation state influences complex 

formation, but an oxidation also leads to higher charged metal complexes. Thus, the ionic inter-

action with the surrounding material can be varied. For this purpose, a poly(norbornene) was 

functionalized with a cobaltocenium complex in the side chain.[312] This positively charged 

metal complex can form a multilayered structure with anionic poly(4-styrene sulfonate) due to 

charge-charge interactions. A reduction of the metal complex at -0.7 V leads to the loss of 

positive charge and, thus, the interaction decreases significantly and a disassembly of the multi-

layer structure was observed. 

The interaction of Fe(III) and carboxylates is very strong.[313] Thus, a crosslinked metallo-

polymer network can be formed leading to gel formation. The photoreduction of this system 

[i.e. reduction of Fe(III) to Fe(II)] resulted in a decreasing interaction of the metal ions and 

carboxylic groups. Consequently, a gel-sol-transition can be observed. The corresponding 

liquid (sol) was reoxidized by oxygen, which leads to a reversible sol-gel-transition. A similar 

effect was described by Meyer et al..[314] They prepared a polymer network consisting of 

sodium (4-styrene sulfonate), 4-vinylpyridine, and PEG diacrylate. Thus, the ligand as well as 

an ionic group is present within the polymer structure. This system can be further crosslinked 

by the addition of Cu(II). In that case, a strong interaction between the pyridine moieties and 

the copper ion could be detected. A reduction of the copper leads to a decrosslinking, which 

can be readily detected by rheology measurements and a change of the color of the material, 

which is also a clear indicator for a change in molecular structure. 

Besides copper and iron ions, respectively, it is also possible to utilize Co(II/III) for reversible 

redox-reactions. Thus, a bisterpyridine with a cyclic tetraamine was polymerized by the addi-

tion of Co(II).[315] During the reversible switching between the two oxidation states, a liquid-
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gel transition was observed, which was monitored by rheology measurements. Additionally, an 

electrochromic behavior was observed due to the color change, which can be attributed to the 

different oxidation states of the metallopolymers [Co(II) red and Co(III) yellow-orange].  

One of the most used metal complexes in the area of redox-responsive metallopolymers is ferro-

cene, which can be reversibly oxidized and, thus, a reversible introduction of a positive charge 

is possible.[316] This effect can be utilized for several applications, e.g., for redox-responsive 

membranes.[190,317] For this purpose, a poly(acrylamide) with ferrocenes in the side chain 

was synthesized via RAFT polymerization. Furthermore, a second polymer, poly(diethyl 

acrylamide), was prepared in which the terminal group was functionalized with a cyclodextrin. 

After mixing the two polymers, a host-guest interaction (i.e. inclusion of the ferrocene moieties 

into the cyclodextrines) could be proven by NMR spectroscopy. Oxidation of the ferrocene 

leads to the generation of positively charged ferrocenes resulting in a cleavage of the host-guest 

complex; subsequent reduction reversed this process and the original interaction was 

reestablished. 

The same reversible redox-process of ferrocene can be utilized for the chemical-induced 

swelling of core-shell particles. Therefore, a poly(styrene) core was functionalized with poly-

acrylate and afterwards with a ferrocene-containing shell.[318] Upon oxidation of the outer 

shell, positive charges are induced and thus, a swelling of the particle was realized. The effect 

could be enhanced by the introduction of additional charges, e.g., using two poly(ferrocenyl-

silane)s, which featured side chain charges.[319] These charges were introduced by the substi-

tution of the silane function with either sulfonate or quaternary amine. These materials have 

been utilized for the layer-by-layer assembly of a coating on particles. After the core-removal, 

a multilayer capsule was obtained. The permeability of the capsule could be varied by oxidation. 

The additionally introduced charges lead to a larger capsule with a higher permeability. By this 

manner, dextran (Mn = 4400 g/mol), which cannot permeate in the reduced state, can be released 

upon oxidation. 

Another use of redox-switchability is the change between hard and soft segments. Thus, Auletta 

et al. synthesized a double network with a tunable supramolecular unit.[320] Fe(III) was 

utilized to crosslink a composite material consisting of a polyacrylate with ionic groups and 

graphene oxide. Reduction of the iron leads to a softening of the material due to weaker inter-

actions between the iron and ligand. 

However, Janus particles can also be prepared by ferrocene-containing compounds. For this 

purpose, a molecule consisting of two ferrocenyl moieties and three hydrophilic triethylene 

glycol groups was utilized.[321] The ferrocene groups undergo host-guest interaction with 
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cyclodextrines, whereby a Janus particle assembled that can be loaded with drugs or dyes like 

rhodamine B. The authors demonstrated a triggered release of this dye after the oxidation of the 

ferrocenes and resulting decomplexation of the host-guest interaction, which can be reversed 

due to reduction. 

The final example shows the utilization of oxidation behavior for self-assembly.[182] Manners 

et al. prepared PS-b-poly(ferrocenylsilane)s and varied the substituents of the silane function. 

After oxidation, self-assembly was achieved due to the charged polymer backbone; however, 

the self-assembly behavior strongly depends on the corresponding substituents. In the case of 

non-equal substituents (i.e. phenyl and methyl or ethyl and methyl), micelle formation was 

obtained (Fig. 13). In contrast, utilization of poly(ferrocenyl-dimethylsilane) lead to the 

formation of a ribbon-like structure, which could be investigated via TEM measurements. 

 

 

Fig. 13. Schematic representation of the redox-tunable self-assembly behavior ofPS-b-

poly(ferrocenylsilane)s [182], Copyright 2017. Reproduced with permission from American 

Chemical Society. 

 

Similar to the ferrocene-based copolymers, it was also possible to utilize a cobaltocenium 

analog for the design of stimuli-responsive materials. It has to be mentioned that cobaltocenium 

itself is not as stable as ferrocene, since ferrocene satisfies the 18-electron rule. Thus, the 19 

valence electrons of the negatively charged cobaltocenium moiety lead to a larger distance 

between the cyclopentadiene rings compared to the ferrocene. However, the cobaltocenium can 

be oxidized easily in order to obtain a 18-electron complex and its polymers can be classified 

as polyelectrolytes with high stability toward further oxidation, fully reversible redox 

chemistry,[322,323] and an adjustable solubility.[324] Recently, such a system containing a 

copolymer in which one block was PMMA and the other one was built from a mixed 

cyclopentadienyl-cobalt-cyclobutadienyl complex could be presented.[325] The copolymer 

formed spherical as well as cylindrical micelles (20-30 nm); however, if the metal center was 

oxidized, a transition towards smaller spherical micelles was observed (< 10 nm). 
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The Belousov-Zhabotinsky (BZ) reaction is one of the most often utilized reactions for the 

introduction of a reversible redox-responsiveness.[326-328] Here, an autonomous switching 

between two oxidation states is possible without any external stimulus. The reversible switch-

able metallopolymers, based on ruthenium-trisbipyridine complexes, were dipped into a solu-

tion of sodium bromate and afterwards several reduction and oxidation cycles can be obtained. 

This interesting reaction leads to several applications and can be obtained by several metallo-

polymers.[329-331] 

The most-commonly used system consists of three fundamental building blocks: a) PNiPAAm, 

b) a ruthenium-trisbipyridine complex, and c) diacrylamide (Fig. 14).[327] The PNiPAAm 

features LCST-behavior, i.e. the solubility can be tuned by temperature. Moreover, the 

ruthenium complex can be reversibly oxidized. Dipping into an aqueous solution of NaBrO3 

leads to the reversible oxidation of the polymer.[332] The BZ-reaction enables the reversible 

switching between Ru(II) and Ru(III), which can be monitored by measuring the optical 

transmittance. By this manner, the cycling speed as well as the reversibility of the process can 

be investigated. The BZ-reaction of this system also leads to a swelling during the oxi-dation 

and a deswelling during the reduction, whereby both oxidation states of the metallopolymer 

feature different LCST behavior.[333] 

The BZ-reaction can also be influenced by light irradiation. Thus, the amplitude as well as the 

period can be controlled by visible light.[334] This effect can be utilized for a motion of the 

polymer. This effect is also observable if the polymer is incorporated within a gelatin 

matrix.[335] Moreover, the different building blocks were varied in order to understand the 

system in greater detail; therefore, other amine-containing comonomers were utilized.[336] 

These polymers also feature a LCST-temperature and, thus, the same behavior could be ob-

tained. Additionally, a spiropyran monomer was copolymerized in order to induce another light 

switchable unit.[337]  

 

N

N

O

HN

O

HN

HN

O

N

N

NN

Ru

m

n

o

p

 



32 

Fig. 14. Schematic representation of the molecular structure of the metallopolymer hydrogel, 

which was utilized in the BZ reaction (top) and color change of the two gels (bottom) [327], 

Copyright 2010. Adapted with permission from MDPI AG.  

 

Another approach is demonstrated by metallopolymers consisting of bis(viologen) with 

terminal terpyridine groups that connected the monomers through the complexation of Zn(II) 

ions.[338] However in this case, the metal ions do not undergo a redox reaction, in contrast the 

viologens are reduced. Thus, after the reduction of the viologen units, π-dimers were formed – 

either in an elongated or a folded polymer shape. 

 

2.2.3 Mechano-responsive Metallopolymers 

Activation of weak interactions by applying a mechanical force is a known phenomenon.[339-

342] Thus, several bonds can be activated, e.g., diazo-compounds,[343] cyclobutanes,[344-

346] and/or spiropyrans.[347-349] But metallopolymers have also been investigated within this 

context. Activation via mechanical stress could lead to a cleavage of the corresponding metal 

complexes due to the relatively low binding strength of the metal-ligand interaction in com-

parison to covalent C-C-bonds. In the most cases, ultrasound sonication is utilized for the simu-

lation of mechanical force. One of the first examples of mechanical activated stimuli-

responsiveness was demonstrated by Sijbesma et al.,[350,351] in which they functionalized a 

poly(tetrahydrofuran) (PTHF) with diphenylphosphane, as the end groups. After the complexa-

tion with PdCl2, a linear metallopolymer was obtained, which can be reversibly depolymerized 

by applying ultrasound. Thus, a clear decreased molar mass could be observed during the 

sonication. After stopping the sonication, the molar mass increased again due to the reformation 

of the metallopolymer. The authors tried to quantify this process by adding another phosphine 

ligand, which is connected to a polymer chain.[352] As a result, the degree-of-polymerization 

(DP) could be monitored by size exclusion chromatography as well as quantitative analysis by 
31P NMR. Additionally, a comparison of palladium and platinum, as the metal ion, was 

performed.[353] For this purpose, linear metallopolymers with palladium and platinum, 

respectively, were synthesized and a mixed polymer containing both metals has also been 

prepared. Afterwards, these materials were sonicated with ultrasound and it could be 

demonstrated that the platinum complexes were not activated efficiently when compared to the 

palladium complexes. Therefore, 63% of the palladium complexes were opened in the mixed 

linear metallopolymers; whereas, only 53% of the platinum complexes showed degradation by 

ultrasound.  
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Beside the interaction of phosphine-ligands with palladium/platinum, it is also possible to 

utilize other metal-ligand interactions for the preparation of mechano-responsive materials. 

Thus, a PTHF was ω-end-functionalized with an imidazole moiety.[354] In a post-polymeri-

zation functionalization, this was converted into a carbene and utilized for the complexation of 

Ag(I). The so-prepared linear metallopolymer featured a silver-biscarbene-complex as central 

building block. Scission of the Ag-C bond could also be proven by theoretical calculations and 

the resulting products could be analyzed. After sonication, water was added, which reacted with 

the in situ formed carbene.[355] This reaction was also utilized for the determination of the 

conversion, whereby a clear dependence on the structure of the carbene-complex was revealed. 

Additionally, the solvent also plays an important role; hence in acetonitrile (MeCN), a higher 

conversion could be obtained in comparison to the use of toluene. Another influencing factor 

is the atmosphere gas that was used. In order to distinguish the effect, several gases were utilized 

for the sonication of a PTHF, which was functionalized with a silver-carbene complex.[356] 

Thus, the size of the resulting gas bubbles in the solvent has an important influence. It was 

demonstrated that the conversion is much higher by using Argon instead of isobutane. The 

cleavage of a silver-carbene-bond can also be utilized for the in situ generation of an active 

catalyst.[357] Therefore, a cyclization as well as a ring-opening metathesis polymerization 

(ROMP) of cyclooctene can be started by the sonication of a poly(THF), which was 

functionalized with a silver-carbene complex.  

Moving from Ag(I)- to Cu(I)-carbene complexes the mechano-addressability still is present and 

it results in a different catalysis behavior. Thus, the opening of the Cu(I)-carbene complex by a 

mechanical force, e.g., ultrasound or compression results in an opening of the bond and the free 

binding position at the copper can be utilized for the catalysis of azide-alkyne click reac-

tions.[358] For this purpose, different polymer types can be used in which the metal-complex 

is incorporated as central element in order to ensure a high-degree-of-translation of the 

mechanical force to the complex. These polymers are poly(isobutylene),[359] PS,[358] and 

PTHF[360] as well as a peptide-based structure.[361] 

Weder et al. reported a α,ω-functionalized poly(ethylene-co-butylene) with Me-bip moie-

ties.[362,363] After the addition of Eu(III), a metallopolymer network was formed. After soni-

cation with ultrasound, a scission of the supramolecular bond could be observed and monitored 

by UV-Vis-absorption spectroscopy. The opening of the metal-ligand interaction can also be 

proven by the addition of an Fe(II) salt solution. For this purpose, the europium-containing 

metallopolymer network was swollen in an Fe(II) perchlorate solution for five days, whereby 

no color change was observed. However, the additional exposure to ultrasound (i.e. mechanical 
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forces) leads to a color change of the polymer within one hour as a result of an exchange from 

Eu(III) to Fe(II) (Fig. 15). Furthermore, the authors investigated the influence of the binding 

strength of the complex. For this purpose, dipicolinate as ligand, was utilized for the 

complexation of europium. These resulting metal-complexes are much stronger (i.e. higher 

binding strength) compared to the europium complex with 2,6-bis(1′-methyl-benz-

imidazolyl)pyridine. Thus, no scission of the metal-ligand interaction could be observed, which 

clearly supports the dependence of the complex's character for the generation of stimuli-

responsive properties. 

 

Fig. 15. Representation of the metal exchange in Eu-containing metallopolymers: a) film before 

swelling, b) polymer after swelling in a Fe(II) solution, c) polymer after sonication for 60 min 

in a Fe(II) solution, and d) polymer after swelling in Fe(II) solution and sonication in pure 

MeCN [362], Copyright 2014. Adapted with permission from American Chemical Society. 

 

However, not only scissoring of metal-ligand interactions can be achieved by ultrasound, but 

also spectroscopic properties can be influenced.[364] For this purpose, terpyridine end-func-

tionalized polymers of PMMA and PTHF were prepared. Thus, terminal bis-terpyridine metal 

complexes of Mn(II), Fe(II), Co(II), Ni(II) and Zn(II) and a second terpyridine moiety that bears 

a fluorescent anthracene sensor could be prepared. Via sonication with ultrasound, a quenching 

of the sensor fluorescence was demonstrated; whereby an influence of the molar mass of the 

polymer chain, the type of the polymer, and the metal ion on the activation of the metal complex 

was observed. 

However, the mechano-responsive behavior of metallopolymers can also be applied as a poten-

tial source for the selective releasing of metal salts. Thus, the metal-ligand complex(es) in the 

metallopolymers can be addressed resulting in a debonding of the supramolecular junction and 

a release of the metal ions. This behavior could be readily demonstrated for ferrocene-

containing polymers resulting in a release of iron, which could be monitored by using potassium 

ferricyanide.[365] Similar results were observed for Zn(II)-imidazole interactions after 
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treatment with ultrasound.[366] This behavior was utilized for a selective release of Zn(II) as 

well as in order to change the assembly behavior of the polymer, i.e. decreasing the size of 

vesicles.  

 

2.2.4 Chemo-responsive Metallopolymers 

The change of properties induced by specific chemicals is one impressive feature of metallo-

polymers. In this context, the structural reversibility of metal-ligand interactions is highly im-

portant due to a possible decomplexation by the addition of competing ligands. Thus, trisodium 

hydroxyethylenediaminetriacetate is a strong chelating ligand and can be utilized for the 

reversible decomplexation of, e.g., phenanthroline metallopolymers.[367] Beside the com-

plexation-decomplexation reaction, it was also observed that the addition of the metal salt itself 

leads to chemo-responsive behavior of a polymer.[368]  

Other competitive ions could be detected via a decomplexation reaction in metallopolymers due 

to their kinetic labile character. Thus, a bisterpyridine molecule was prepared, which has a 

conjugated spacer between the two ligands.[369] After complexation with metal ions, a linear 

metallopolymer could be obtained. A depolymerization induced by the addition of anions, in 

particular halides, could be observed due to a breaking of the metal-ligand bonds (Fig. 16). This 

effect was monitored by UV-Vis spectroscopy. However, the decomplexation process by the 

addition of additional ligand moieties also enables further functionalities, such as a shape-

memory effect in the polymers.[370]  
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Fig. 16. Schematic representation of the response of a zinc-bisterpyridine containing 

metallopolymer to chloride (as a model for anions).[369] 

 

Beside the chemo-responsiveness of the metal-ligand interaction itself, it is also possible to 

utilize a second structural moiety for the response to an added chemical. Therefore, the combi-

nation of metal-ligand interactions with a host-guest interaction of a crown ether and a bisam-

monium salt seems to be beneficial.[371] For this purpose the crown ether with two terpyridine 

units were prepared; the resulting molecule was polymerized by the addition of Zn(II) triflate. 

Afterwards, a bisammonium salt was added resulting in a supramolecular network, which could 

be reversibly openned by the addition of NEt3. The latter compound led to the deprotonation of 

the bisammonium salt and, consequently, to a decrosslinking of the supra-molecular network. 

This process could be reversed by the addition of triflic acid. This basic principle could be 

expanded by the synthesis of a linear fully conjugated zinc-bis(terpyridine) metallopolymers, 

which featured crown ethers, as side group func-tionalities.[372] Also in this case, a reversible 

binding via the host-guest interactions were observed. Additionally, the color of the 

corresponding metallopolymers was strongly dependent on different zinc content. 

 

2.2.5 pH-responsive Metallopolymers 

The pH-responsiveness can be considered as a special subclass of the chemical response of 

metallopolymers. Hereby, acids and bases are utilized to change the properties of the 

metallopolymers; however, the pH-responsiveness was up-to-now not often investigated, since 

metal complexes are hardly addressable by this type of stimulus. More examples can be found 

in Chapter 2.2.8 due to the often-combined responsiveness with other external stimuli. 

However, the metal-ligand interaction can be addressed by changes of the pH-value, in 

particular for amine-containing materials.[373] Thus, Che and Zheng functionalized 

mesoporous silica particles with amine functionalities, which were utilized for the 

complexation of different metal ions, e.g., zinc and copper.[374] Afterwards, different target 

compounds were encapsulated within this material and the pH-dependent release was studied. 

The authors could demonstrate that the release is much faster at lower pH-values (pH = 5) 

compared to neutral pH. These results strongly correspond to the changed coordination motif, 

because the amine function is protonated at lower pH-values and, thus, no complexation of the 

metal ion is present. This leads to a release of the target substances. Pt(II) polyyne metallo-

polymers with insulating cyclodextrine moieties around the polymer backbone can also be 

utilized.[375] The metallopolymers' phosphorescene disappeared upon a HCl-treatment due to 
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a depolymerization. However, the resulting cleaved Pt(II) acetylide monomers featured 

fluorescence. Consequently, a pH-triggered color change from yellow to green and red to 

yellow upon UV irradiation could be observed in solution as well as coated films on SiO2-

wafers. 

A bis(bipyridine)-ruthenium complex bonded to a poly(4-vinylpyridine) (P4VP) backbone can 

also be applied as pH-responsive material.[376] The pH-dependence of redox-reaction can be 

monitored very easliy due to a coupled proton and electron transport. 

 

2.2.6 Light-responsive Metallopolymers 

One of the most interesting stimuli is light. Irradiation with the respective wavelength can trig-

ger a certain behavior/property change in metallopolymers. Moreover, light can also induce a 

photo-thermal effect resulting in a spatial resolved conversion of light to heat enabling a 

thermo-responsive behavior as shown for osmium-based metallapentalenofurans enabling a 

LCST behavior of polymers.[377,378] Additionally, the incorporation of light-responsive 

groups into the polymeric structure of a metallopolymer is a further suitable pathway for the 

design of light-responsive materials.[379] 

However, light was often used in combination with other triggers and, therefore, most of the 

light-responsive materials are discussed in Chapter 2.2.7. The examples dealing with light, as 

the sole trigger, are scarce. Nevertheless, light-induced decomplexation is possible and can also 

monitor the changes of the different properties, e.g., rheological behavior.[380] A prominent 

example is the decomplexation of pyridine-based ligands from Ru(II)-based complexes.[381] 

Thus, the authors prepared a polyurea-based supramolecular gel that permits stability in 

darkness as well as under solvent-free conditions. Upon irradiation, the gel disassembled due 

to the cleavage of the block-building ruthenium-pyridine bonds. Another photo-responsive 

Ru(II)-based metallopolymer featured its responds to light even at -20 °C.[382] For this 

purpose, a gel consisting of N-hydroxyethyl acrylamide, 2-{2-[2-(methylthio)ethoxy]-

ethoxy}ethyl acrylate and Ru(II) complex with a terpyridine and a 2,2'- biquinoline ligand was 

prepared. The metal complex enabled a crosslinking via a Ru(II)-thioether coordination. Upon 

irradiation this coordination dissociated at -20 °C, resulting in gel-to-sol transition. However, 

in darkness and at elevated temperature, the reversible network could be restored, 

demonstrating the gel's potential as a self-healing material and control of its mechanical 

properties. 

Furthermore, a poly(ethylene-co-butylene) with Me-bip groups as termini can be utilized as 

well for the light responsive behavior of metallopolymers.[383] This polymer was complexed 
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with Zn(II) resulting in a linear metallopolymer. This supramolecular material has been utilized 

as an adhesive. During the exposure to UV-light, the metal-ligand interactions break and a loss 

in function was observed. Thus, a reversible adhesive could be prepared.  

 

2.2.7 Multi-responsive Metallopolymers 

Beside the responsiveness triggered by one single external stimulus, there are also materials, 

which can be addressed by several different triggers. The corresponding responses to the dif-

ferent stimuli can occur simultaneously; however, in the most cases, the responses can be ob-

served separately from each other.[384] Thus, several changes in the properties can be obtained 

by the utilization of different stimuli.[385,386] The first example of such a multi-stimuli-

responsive metallopolymer was reported by Beck and Rowan in which they synthesized an 

oligo(ethylene glycol), which was α,ω-functionalized with Me-bip groups.[387,388] The 

subsequent complexation with two different metal ions resulted in mixed metallopolymer net-

works. For this purpose, four different combinations of metal ions were chosen: a) 

Co(II)/La(III), b) Zn(II)/La(III), c) Co(II)/Eu(III), and d) Zn(II)/Eu(III). In case of zinc and 

cobalt, a complex of two Me-bip and one metal ion was formed, while Eu(III) as well as La(III) 

led to the formation of a complex with three ligands. The so-prepared metallopolymer networks 

can be addressed by different external stimuli: heat, light, mechanical force or chemicals (see 

Fig. 17). In all cases, a metallopolymer gel was investigated in order to improve the demons-

tration of this effect. In cases of increasing temperature, a sol-gel-transition was observed. Due 

to the higher temperature, a decomplexation of the metal complexes could also be observed 

and, thus, the polymer depolymerizes. Consequently, also the photoluminescent spectrum of 

the metallopolymer completely changed. The same effect could be obtained by the addition of 

formic acid, which represents a chemo/pH-responsiveness as well as after the application of a 

mechanical stress (i.e. shaking the sample) that leads to gel-sol transition due to the reversible 

opening of the metal-complexes. 
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Fig. 17. Schematic representation of the response to different external stimulus of a 

Eu(III)/Zn(II)-containing metallopolymer [388], Copyright 2005. Reproduced with permission 

from The Royal Society of Chemistry. 

 

Another example focussed on a block copolymer possessing one block, which is 

poly(vinylferrocene) and the other is poly(N,N-diethylacrylamide).[389] It featured two inde-

pendent switches induced by two different external triggers (heat and oxidation). On one hand, 

an increasing temperature led to a LCST behavior and, consequently, the polymer was no longer 

soluble. On the other hand, oxidation of the ferrocene moieties led to a color change from 

colorless to green. The reduced species forms micelles at 25 °C due to the insoluble 

poly(vinylferrocene) block. But the oxidized polymer is soluble due to the increased solubility 

of the redox responsive component. Thus, the two stimuli are independent from each other, 

because they are based on the properties of different blocks [thermo-responsiveness: poly(N,N-

diethylacrylamide); redox-responsiveness: poly(vinylferrocene)]. 

A similar approach was recently described.[390] in which PEG-containing ferrocene moieties 

in the side chain was synthesized starting from a ferrocene-based glycidyl ether. The resulting 

metallopolymer could be addressed by temperature, change of the redox state of the iron center 

as well as the pH-value. Thus, stimuli-responsiveness could be detected by the solubility of the 

copolymer. 

End-functionalized polymers bearing metal complexes have also been investigated such as a 

poly(EO-b-PO-b-EO) terpolymer featuring two terpyridine endgroups.[391] These moieties 

were utilized for the complexation of platinum. The fourth coordination position was saturated 

with a phenylacetylene compound, The so-prepared linear metallopolymers featured a thermo- 

as well as a pH-responsiveness. During heating, a change in the UV-Vis absorption spectrum 

was observed between 30 and 50 °C. Simultaneously, the size of the particles changed, whereby 

this process was reversible over many cycles. Additionally, a pH dependency was observed as 
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the UV-Vis absorption spectrum changes with an increasing pH value and the metalopolymers 

form higher aggregates at a lower pH-value. 

Another metallopolymer featuring stimuli-responsive optical properties was recently 

described.[392,393] in which a PEG-four arm star-shaped polymer was applied, which was 

functionalized with terpyridine units that were utilized for the complexation of different 

lanthanide ions. The resulting networks featured an interesting luminescence,whereby the opti-

cal properties could be influenced by several stimuli, such as: pH, temperature, and/or the 

presence of other chemicals. 

Another example was described by Friend et al.[394] in which they prepared a linear ligand 

containing a polymer via a condensation reaction of bipyridine-containing bisaldehyde and 

benzidine. This polymer was directly converted into an on-chain metallopolymer by the addi-

tion of a Cu(I)-phosphine complex. The so-prepared polymer was swollen in DMSO or N,N-

dimethylformamide (DMF) and the temperature-dependent properties were investigated. Thus, 

a sol-gel transition as well as a change in the UV-Vis absorption spectrum could be observed. 

This process was reversible in DMF, but not in DMSO. During heating, a decomplexation could 

be observed, i.e. formation of the ligand-containing polymer and Cu(I) phosphine complexes; 

thus, no metallopolymer is present at the higher temperatures. The in situ-formed polymer 

featured a low solubility in DMSO resulting in a phase separation. This effect prevented the 

(re)complexation and reformation of the metallopolymer. In contrast, the polymer was still 

soluble in DMF and, thus, a reversible sol-gel-transition could be obtained. The material was 

further utilized in a light-emitting electrochemical cell (LEC), whose electroluminescence 

showed a voltage dependence. At low voltage, the polymer emitted in the IR-region, but at a 

higher voltage, a yellow electroluminescence (EL) was observed. This process was also 

reversible. 

All of these lastly presented examples combine a stimuli-responsive metallopolymer with 

another class of material, which can be independently triggered by applying an additional ex-

ternal stimulus. An example of the combination of two stimuli-responsive materials was 

reported by Weder et al.[395] in which they mixed a linear metallopolymer with a polymer, 

which featured hydrogen-bonds. For this purpose, they synthesized a poly(ethylene-co-

butylene) with Me-bip as the end groups. This ligand-containing polymer was complexed by 

the addition of an Fe(II) salt resulting in a linear metallopolymer. This material was mixed with 

a similar polymer containing hydrogen bonds instead of metal complexes and the resulting 

mixture featured a stimuli-responsive behavior triggered by heat as well as to competitive 

ligands. The addition of another ligand leads to decomplexation. The effect of the temperature 
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was studied by analyzing the mechanical properties. Going one step further, a polymer featuring 

both responsive moieties in one polymer chain can be utilized as well.[396] A polynorbornene 

was prepared, which had two different side-chain functionalities, i.e. pincer-palladium 

complexes as well as H-bonds. It featured temperature-dependency as well as the dependency 

during the addition of competing ligands on the mechanical properties. Further, crown ether 

with meta-ligands can also be utilized.[397] Latter moieties were based on pyridine complexes 

of platinum. A supramolecular network was obtained by the subsequent addition of a 

bisammonium salt, which led to a desired crosslinking of the system, which undergoes a 

reversible sol-gel-transition via increasing the temperature. Addition of a potassium salt leads 

to decomplexation of the host-guest interaction due to the replacement of the bisammonium 

salt. This process can be reversed by the addition of a crown ether, which complexes the K+. 

Another interesting application was presented by the groups of Gallei and Andrieu-Brunsen, 

who functionalized mesoporous silica films with block copolymers of P2VP and PFDMS via 

triethoxysilane end-groups.[398] Consequently, controllable transport properties were obtained 

– the mesoporous films with the block copolymer were hydrophobic and not accessable for 

small ions. After redox-triggered degradation of the PFDMS block, pH-responsive P2VP sur-

face in the mesopores was obtained that enable a pH-responsive transport of metal complexes. 

This block was further cleaved upon heating to 500 °C resulting in empty mesopores and 

transport properties depending on the silanol surface. 

 

2.2.8 Metallopolymers, as Sensors Materials 

Stimuli-responsiveness of metallopolymers can also be utilized for the design of sensor 

systems. The substrate-of-interest leads to a chemical reaction with/of the metallopolymer, e.g., 

the analysis of oxygen,[399] humidity[400] or moisture.[401,402] In most of the described 

systems, the color change (i.e. absorption/emission) of a metallopolymer is measured.[403] 

Thus, Smith et al. incorporated a bipyridine moiety into the main chain of a polymer.[404] After 

complexation with Zn(II) as well as Cu(II) a metallopolymer network was obtained, which can 

be utilized as a sensor for the detection of F¯ and CN¯. These ions can be detected by a 

significant change in the UV-vis absorption spectrum (increasing of the absorption). In contrast 

to Cu(II), Zn(II) is only sensitive for F¯. A similar polymer, which also exploited bipyridine in 

the main chain of a conjugated polymer, was utilized for the detection of nitric oxide in 

water.[405] In order to realize the detection of nitric oxide, Cu(II) was utilized. Another stimuli-

responsive fluorescence sensor is the metallacyclic network, based on Pt(II) and (C6H5)3N that 

is connected through dynamic covalent imine bonds. In particular, the fluorescence changes in 



42 

presence of halogen ions from green to blue. But also picric acid can be sensed by the quenching 

of fluorescence.[406] A good metal ion chemosensor for Ni(II), Zn(II), and Cd(II) ions is a 

poly(thiophene methane) with phenanthroline ligands in the side chain.[407] In particular, 

Ni(II) ions can be detected with good selectivity and excellent sensitivity featuring a limit of 

detection of 4.1 × 10-9 M. 

Oxalate was detected with a ruthenium-containing metallopolymer.[408] This ruthenium com-

plex, derived from two bipyridine ligands and P4VP, was synthesized. The resulting metallo-

polymer can be reversibly oxidized. During addition of oxalate, the ECL and current response 

completely changed. The combined measurement of both enabled a sensitive detection of 

oxalate. The applied electrodes are also stable for up to 8 weeks in the dark; this offers the 

possibility for storage of the detection unit. 

The detection of very toxic and often used materials is much more important and thus, con-

siderable effort has been spent on the development of sensor systems for these types of sub-

stances. In particular, organophosphates are highly interesting. Thus, Weder et al. developed 

small organic molecules, which featured a conjugated system as well as a Me-bip.[409] The 

complexation with lanthanum or zinc ions leads to a formation of metallo-supramolecular struc-

tures, which are fluorescent due to the conjugated moiety that was incorporated. The analyte 

was tri-o-tolyl phosphate (TOTP), which induces a significant change in the UV-Vis spectrum 

and, thus, affords a sensitive mode of detection. The basic idea was improved by binding the 

Me-bip onto a PS bead.[410] Moreover, the detection of diethyl chlorophosphate was possible 

by the Eu(III) complex and even simple ammonia can be detected by using metallo-

polymers.[411] 

Additionally, Schubert et al. synthesized a bisterpyridine with a conjugated spacer.[412] This 

compound features PEG side chains in order to improve its water solubility. The addition of 

Zn(II) leads to a linear metallopolymer, which was luminescent; addition of different salts leads 

to changes in the emission spectrum. Thus, the influence of the anion could be detected and a 

sensitive detection of cyanide as well as phosphates is now possible. This is also likely using 

simple tap water and is based on a basic ligand exchange reaction. The same polymer could 

also be employed for the detection of nerve gas G mimics, i.e. several organophosphates;[413] 

the emission spectrum was also utilized for the detection of the corresponding analytes. 

Beside anion detection, it is possible to analyze metal cations. For this purpose, a helical 

polymer containing Ag(I) complexes was prepared and shown to selectively bind Fe(III) re-

sulting in a quenching of the fluorescence utilized for the detection.[414] One special interest 

for sensors is the detection of intracellular substances. For example, metallopolymers can be 
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applied as sensor of pyrophosphate in HeLa Cells.[415] Furthermore, the ruthenium-

tris(bipyridine) metallopolymer can also act as an oxygen nanosensor for monitoring 

intercellular oxygen (Fig. 18).[416] With this design in hand, the oxygenation and 

deoxygenation could be easily monitored using confocal luminescence imaging. 

 

 

Fig. 18. Schematic representation of the synthesis of a ruthenium-metallopolymer-based sensor 

for the detection of intracellular oxygen [416], Copyright 2019. Adapted with permission from 

American Chemical Society. 

 

2.3 Metallopolymers as Catalysts 

Another important application area of metallopolymers is the field of catalysis. In analogy to 

non-polymeric metal complexes, a diversity of reactions can be catalyzed by the utilization of 

an interaction of the metal ion and substrate.[417,418] In many cases, an open coordination site 

leads to a complex formation between an educt and a catalyst. Thus, an activation takes place, 

which leads to a decrease of the activation energy; consequently, the reaction can take place 

(e.g., at lower temperatures than required for the uncatalyzed reaction).[419,420] Additionally, 

the reaction selectivity can be enhanced leading to less side reactions and a simplification of 

the purification process. One of the best known examples is the "click-reaction", which was 

introduced by Sharpless in 2001.[421] These types of reactions feature high yields, less side-

a 

b c 
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products, and generally easy purification. The standard example for this process is the 1,3-

dipolar cycloaddition of an azide and an alkyne. This reaction can be catalyzed either by copper 

or ruthenium complexes, which can provide different stereo-isomers (1,4- or 1,5-isomer, 

respectively). 

Beside a simpler purification, catalysts offer other opportunities, which can hardly be realized 

without their help: enantioselectivity. In this context, the specific synthesis of one isomer and 

several new applications are possible. Thus, the enantioselective synthesis is useful for the syn-

thesis of natural compounds (e.g., in a total synthesis) and the preparation of new drugs and 

biologically active compounds can be realized.  

As mentioned above, metallopolymers can also be utilized for the catalysis of specific reactions. 

Therefore, it is required to combine the metal complex with a polymeric material.[29] During 

the reaction, a free coordination site has to be formed and, thus, a binding of the substrate to the 

metal is possible. After the synthesis, reforming of the original state takes place and a new 

catalytic cycle can happen. Metallopolymers offer the advantage of an easy regeneration as well 

as separation from the reaction mixture due to an immobilization of the catalyst by the 

polymer.[422] This structural property can also allow a recycling of the catalyst.[423] 

Moreover, the properties of the catalyst can also be influenced by the polymeric structure 

resulting in an increased performance. In particular, the solubility can be easily tuned, which 

allows reactions in water with a non water-soluble catalyst.[30,424] The most important 

reactions, which are catalyzed by metallopolymers, are summarized in Table 1. Beside these 

reactions, metallopolymers can also be involved to further catalytic systems like the production 

of hydrogen,[425,426] hydrogenations and dehydrogenations[427] or isomerizations.[428] 

All of these reactions will be discussed in the following sections and the paragraphs are divided 

regarding the catalyzed reaction. Additionally, a specific topic of metallopolymers, which are 

activated by ultrasound irradiation, is provided. Artificial metalloenzymes will not be covered 

by this part of the review. An interested reader is referred to the given references.[429-440] 
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Table 1: Summary of reactions, which are catalyzed by metallopolymers. 
Reaction Simplified example Ref. 

[3+2]-

Cycloaddition  
[441-453] 

[4+2]-

Cycloaddition  
[454-462] 

Heck cross-

coupling  

[445,463-

487] 

Suzuki cross-

coupling 

[445,477-

480,482,4

88-529] 

Sonogashira 

cross-coupling 
 

[478,480,

488,489,5

30-540] 

Ring closing 

metathesis R

R

 [541-568] 

Ring opening 

metathesis 

polymerization  
[569-574] 

Grignard 

analogous 

reactions* 
 [575-581] 

Epoxidations 
 [582-604] 

Michael 

addition 

 

[605,606] 

Mannich 

reaction 
 

[607] 

Hydroylsis 
 

[608-614] 

* Reaction with a metal-containing Grignard analogous compound; beside magnesium, other metals can be utilized 

such as zinc, titanium or tin.  
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2.3.1 Cycloadditions 

Cycloadditions are commonly exploited reactions, which offer the possibility to design novel 

cyclic structures. Two of the most important cycloadditions are the [3+2] and [4+2] cycloaddi-

tion, which will be discussed in the following paragraphs. 

 

2.3.1.1 [3+2]-Cycloaddition 

The [3+2] cycloaddition is nowadays an important reaction for the design of novel structures 

and, thus, new material properties.[615,616] This reaction also open avenues to the construction 

of new functional materials. The most-often-utilized reaction is that of an azide and an alkyne, 

which leads to the formation of a triazole ring. The required energy for this reaction is very high 

and thus, only a few examples are described, which can be performed without any catalyst. In 

these cases, cyclic alkynes, which are much more reactive, or substituted derivatives are 

required.[617-620] The substitution must provide the right electronic effects and, thus, the 

introduction of other functionalities can sometimes be limited.  

The high activation energy of the reaction requires the development of catalytic systems, which 

can decrease the temperature. Additionally, the possibility to install other functionalities is 

opened and the most common catalysts are based on copper. 

These systems also provide regioselectivity and, thus, only the 1,4-triazole will be genera-

ted.[621] In order to integrate the catalysts into a polymeric material, it can be embedded into 

a matrix, e.g., polyisobutylene (PIB),[622,623] P4VP[624] or poly(N-isopropyl-acrylamide-co-

N-vinylimidazole).[625] 

But there are also other examples described, in which copper is directly bound to the polymer. 

The most utilized polymer is chitosan, which is a natural polysaccharide containing amino func-

tions. It is often used in catalysis due to the opportunity to complex metals via the amino func-

tion.[446,447,626,627] Additionally, chitosan is a bio-based and bio-degradable polymer, 

which makes it ideal for catalytic processes. Thus, chitosan is also utilized for the preparation 

of copper-containing polymers, which were afterwards utilized as catalyst for the [3+2]-cyclo-

addition of an azide and an alkyne. 

One example utilized a mixture of Cu(II) sulfate with chitosan.[441] The amine function forms 

a complex with the copper ions. This approach is a rather simple one, since no further func-

tionalization of the polymer is required. It relies on the simple mixing of two compounds. The 

resulting metallopolymer could be utilized as a catalyst in water. The authors investigated 18 

different reactions, which could be performed with high yields and in short reaction times (< 5 

hours). Furthermore, the recycling of the active catalyst has been demonstrated. 
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Besides the direct simple mixing of copper and chitosan, it is also possible to functionalize the 

chitosan further. Thus, chitosan was crosslinked by the addition of genipin resulting in a poly-

meric network.[443] Afterwards, Cu(II) sulfate was added, which was complexed by the resi-

dual amino functions. The crosslinked gel features a thermo-responsive behavior, which could 

be followed by the changing the diameter of the particles during heating. The catalytic activity 

could be tuned by changing the temperature and, thus, the swelling behavior.  

The recyclability and reusability can also be facilitated through heterogeneous catalysis. One 

example utilized Fe3O4 nanoparticles that were coated with chitosan and active Cu(0); this cata-

lyst can be reused at least four times without losing catalytic activity and still provided high 

regioselectivity.[448] Another heterogeneous system is the magnetic Cu(II)-chitosan-Laponite 

RD nanocomposite, which exhibits excellent yields for the three-component Cu(I)-catalyzed 

azide/alkyne cycloaddition (CuAAC) reactions of an alkyne, a halide, and sodium azide in 

water.[449]  

Next to chitosan, other bio-based polymers can be utilized for the catalysis of [3+2] cyclo-

additions. In this context, cellulose was functionalized with CuSO4, CuI or catalytic active Cu0 

in order to provide an environmentally friendly and recyclable catalyst.[451,452] An amino-

functionalized calix[4]resorcinarene is a porous organic polymer that can be loaded with active 

CuI to enable the heterogeneous catalysis of a [3+2] Huisgen cycloaddition.[453] 

 

2.3.1.2 [4+2]-Cycloaddition 

The [4+2] cycloaddition is one of the most investigated cycloadditions and was firstly reported 

by Diels and Alder, resulting in the name: Diels-Alder reaction (DA).[628] The DA describes 

a reaction between a diene and a dienophile resulting in a newly formed six-membered ring. In 

many cases, two different products could be obtained: endo and exo, which differs in the 

placement of the substituent in relation to the newly formed ring. The main purpose of new 

functional catalysts is the enhancement of the reaction selectivity and to achieve 

enantioselectivity. The most common ligands for this approach are α,α,α',α'-tetraaryl-1,3-

dioxolane-4,5-dimethanol (TADDOL) and 1,1'-binaphthol (BINOL).[629-631] 

The first example of a metallopolymer, which could catalyze the DA utilized a PS-co-

poly(vinylbenzene) with TADDOL.[457] This polymer was obtained by the introduction of an 

aldehyde function onto the polymer and, subsequently, the conversion of this reactive group 

with a TADDOL precursor. The complexation of titanium leads to a metallopolymer, which 

was able to catalyze the DA reaction of cyclopentadiene and 3-crotonoyl-1,3-oxazolidin-2-one 
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resulting in four different products (endo/exo product as well as two enantiomers). The catalyst 

enables high conversions, however nearly no selectivity was achieved (i.e. very low ee-values).  

One further advantage of polymeric catalysts is the possibility to regenerate the catalyst and to 

reuse it.[455] Therefore, a Merrifield resin was functionalized with TADDOL units and com-

plexed the resin with titanium. The resulting metallopolymer features catalytic activity for the 

reaction of cyclopentadiene and 3-crotonoyl-1,3-oxazolidin-2-one leading to a quantitative 

yield and ee-values of 50%. The regenerated catalyst was again utilized for the same reaction 

resulting in high yields but with reduced selectivity. It was also possible to use BINOL-func-

tionalized polymers, as catalysts, for a Diels Alder reaction. Thus, a Merrifield resin was func-

tionalized with a BINOL derivative and then complexed zirconium ions;[456] this metallo-

polymer was used for an aza-DA-reaction of aldimine and Danishefsky's diene; the yields as 

well as the ee-values strongly depend on the substitution pattern of the BINOL resulting in a 

90% ee. 

A poly(pyridineoxazoline) polymer featuring Cu(II) complexes was used to catalyze the homo-

geneous reaction of 2-alkenoyl pyridine N-oxide and cyclopentadiene. By varying the cis-

/trans-configuration of the metal complex and substituents on the ligand, the reaction tempera-

ture, time, and yields can be finely tuned. Consequently, the maximum endo-ee of the favored 

endo-product can be enhanced to 56%.[632] Another example was utilized a chiral Lewis acid 

catalyst; whereas, a chiral Ir(III) complex is immobilized through ester and amide linkages to a 

PS backbone. The catalytic activity was proven for the DA reaction of 2-acyl imidazole with 

2,3-dihydrofuran or isoprene, exhibiting yields >86%, 98% ee, and its reusability was proven 

for three cycles without a significant loss of the activity.[460] 

Haag et al. introduced a stereoselective chromium-salen complex into a hyperbranched, den-

dritic polyglycerol matrix. The asymmetric catalyst for the hetero-DA reaction of Danishefsky's 

diene and benzaldehyde provides a high catalytic activity with a conversion >98% and an ee up 

to 78%.[461]  

 

2.3.2 Cross-Coupling Reactions 

Cross-coupling reactions are an efficient method for the synthesis of new C-C-bonds. The deve-

lopment of different cross-coupling reactions was honored with the Nobel Prize in 2010 for 

Heck, Negishi, and Suzuki.[633-635] These cross-coupling reactions can be utilized to couple 

sp-, sp2- or sp3-carbon atoms. In most cases, a halogen-carbon bond is required, which will be 

converted with a catalytic metal-organic compound into carbon-carbon bonds.[423] Depending 

on the type of cross-coupling, the metal can be, e.g., magnesium, zinc, or tin. The cross-
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coupling reactions are catalyzed either by a palladium or nickel catalyst, which are able to form 

a free coordination position. This position is required for the catalytic process. Besides 

molecular catalysts, also metallopolymers have been utilized, for instance, palladium- or nickel-

containing polymers. The advantages of the metallopolymeric systems are the simple recovery 

as well as a possible reuse and consequently, this easier separation allows simpler product 

purification. The main drawback is the greater synthetic effort, which is required for the 

preparation of the catalyst, in particular considering that several Pd and Ni catalysts are 

commercially available.[423] In the following paragraphs, each cross-coupling reaction will be 

discussed.  

 

2.3.2.1 Heck Cross-Coupling 

The Heck reaction describes the reaction of a halo compound with a terminal alkene using 

mainly palladium complexes. Furthermore, a base is required for the reaction and the catalytic 

cycles are different in comparison to most of the other cross-coupling reactions, since a β-

hydride elimination is an integral part of the reaction sequence.[636-638] 

A common approach for polymeric catalysts is the functionalization of polysaccharides like 

chitosan with palladium. The amino function of chitosan is utilized for the stabilization of Pd(II) 

and the metallopolymer can be easily prepared. Moreover, chitosan offers the possibility to 

fabricate porous membranes with catalytic activity.[464,470] Membranes can also act as the 

catalyst and feature high mechanical as well as thermal stability depending strongly on the 

palladium content. Additionally, these membranes are easily recoverable and can be reused 

several times. Beside the preparation of membranes, chitosan can also be further functionalized, 

[476] by preparing two Pd(II)-containing crosslinked chitosan derivatives – one functionalized 

with salicylaldehyde and the other one without further functionalization. Both catalysts are 

recyclable and can be reused, but the functionalized compound had a higher activity at lower 

temperatures, less catalyst is required and even after ten cycles, a 75% yield was achieved for 

the test reaction of iodobenzene and acrylic acid. Chitosan can also be crosslinked with 

glutaraldehyde, which resulted in porous beads that can be loaded with catalytic active 

transition metal ions like Co(II), Ni(II) or Fe(II) instead of the common Pd(II). Due to the small 

diameter of the beads and the metal ions, a catalyst with high catalytic activity for the Heck 

cross-coupling can be achieved, that also distinguishes high stability and recyclability through 

its heterogeneous character.[481]  

Another polysaccharide, which can be utilized for the preparation of catalysts, is aminocyclo-

dextrin.[502] This substance can also stabilize Pd(II) and leads to high yields of the Heck 
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reaction. Cellulose has been shown to act as a matrix for palladium catalysts, while it is cross-

linked with γ-glycidoxypropyltrimethoxysilane and polydopamine in order to generate cellulose 

nanofibers. Such heterogeneous catalyst enables excellent yields, if iodides were utilized, as 

well as excellent recyclability with little leaching of Pd.[482] 

Besides natural polymers, synthetic polymers can also be utilized for the preparation of metallo-

polymer catalysts. Thus, PS can be applied, which contains an azo-ligand (Fig. 19).[474] This 

ligand moiety was utilized for the complexation of palladium and the resulting metallopolymer 

is an efficient catalyst for the Heck-reaction. A simple filtration offers a recovery of the catalyst 

and, thus, enables its reuse. 

Furthermore, the endfunctionalization of PS with a Pd(II) –phosphine complex on the one side 

and with a PEG block on the other side enables a catalyst with activity for the Heck reaction in 

water or polar organic solvents.[467] In another example, a oligo(ethylene glycol) was func-

tionalized with a SCS-Pd(II) complex that was able to catalyze the Heck reaction under micro-

wave conditions.[473]  
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Fig. 19. Schematic representation of a PS-based catalyst for the Heck reaction.[474] 

 

Another important polymer class for the preparation of catalysts is that of acrylics, as well as 

acrylamides. Therefore, a copolymer consisting of NiPAm and a styrene derivative bearing a 

phosphine moiety was synthesized.[475] After the complexation of palladium, the metallopoly-

mer acts as a catalyst for Heck reactions. These authors revealed a turn-over number of 

1,150,000 and the catalyst could be reused at least five times. The recovery was possible due to 

the insolubility of the metallopolymer during the purification. The same group synthesized 

another NiPAm-containing copolymer consisting of N-vinylimidazole that was able to crosslink 

the polymer-backbone via a bridging PdCl2 unit. The cis-PdCl2L2 (L = imidazole) is responsible 

for the high catalytic activity, because of the efficient diffusion of the substrates to the catalytic 

nanospace and the discharging process of water at 80 °C. Thus, even at low Pd concentration 
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(7 mol ppm) coupling products reached (>93%) and turnover numbers (TON) of 140,000.[485] 

Alternative to the direct polymerization of the ligand, a copolymerization of octadecyl 

acrylamide and an active ester of acrylic acid is also possible.[468] After polymerization, the 

active ester was utilized to incorporate several ligands, e.g., pincer or diazo-compounds. The 

resulting metallopolymers are highly active catalysts for the Heck reaction and can act as 

homogenous catalysts. Nevertheless, the separation process is quite simple: The addition of a 

nonpolar solvent leads to a precipitation of the metallopolymer and, thus, easily enabling the 

recovery of the catalyst.  

Other polymer classes that can be utilized for the preparation of metallopolymeric catalysts are 

phenol resins,[469] polynorbornenes,[465] PIBs,[472] poly(N-vinylcarbazoles) poly(NVK)s 

[466] or polyallylimines.[486] Furthermore, coordination polymers are promising catalysts. For 

example, Sun et al. prepared an isomorphous, heterobimetallic Pd(II)/Ln(III) coordination 

polymeric 2D framework (Ln = Nd, Sm, Eu, or Dy) consisting of 2,2'-bipyridine-4,4'-dicarbox-

ylic acid ligands. Even under low catalyst loading and temperature as well as short reaction 

times, the Sm-containing polymer provides excellent yields for the Heck-coupling (up to 99%), 

as a result of the effective cooperation of the Pd(II)/Ln(III) centers upon the catalytic 

mechanism.[487]  

 

2.3.2.2 Suzuki Cross-Coupling 

The Suzuki reaction is another type of cross-coupling reaction, in which a boronic acid deriva-

tive reacts with a halo-compound resulting in the formation of a new C-C-bond. The advantage 

of this coupling is that there is easy access to the organic boronic acids, which are commercially 

available. The reaction is catalyzed by a palladium or nickel species and a base is 

required.[639,640] 

The catalysis can also be performed by several metallopolymers and their classification, accor-

ding to the polymer structure, is reasonable. The most utilized polymer is PS, which can be 

easily prepared by a copolymerization of a functional monomer with styrene or the post-poly-

merization reaction of PS or its derivatives. The latter approach utilized a Merrifield resin with 

1,4-diazabicyclo[2,2,2]octane (DABCO) enabling Pd(II) complexation.[507] The obtained 

metallopolymer is an efficient catalyst for the Suzuki reaction enabling the coupling of aryl 

bromides at ambient temperatures. By using this catalyst the reaction could be performed in 

aqueous EtOH with a reusability of ca. 5 times. Another example utilized a chloromethyl-

functionalized PS with an oxime ligand and a incorporation of Pd(II).[501] This heterogenous 

catalyst could be utilized for Suzuki-couplings in mixtures of water and DMF. Due to the 
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insolubility of the catalyst, it could also be recovered and reused. Another possibility for the 

functionalization of the chloromethyl-PS is the introduction of a carbene moiety via the 

previous formation of an ionic liquid derivative.[495] Thus, N-alkylation with the chloromethyl 

moieties of an imidazole is performed. During the addition of Pd(II), a carbene forms in situ 

and complexes the metal ion. Also, this system is able to catalyze the Suzuki cross-coupling 

reaction, particularly in the conversion of chlorides (at 100 °C). It is also possible to introduce 

an ionic liquid, based on a functionalized imidazolium ionic Pd catalyst, which is immobilized 

on a Merrifield resin[513]. This catalytic system is highly active already at 25 °C with yields 

up to 96% for bromides and shows good recyclability over five catalytic runs.   

However, next to the presented ligands in the PS-polymer, the catalytically active Pd can also 

be coordinated to salen,[518] terpyridine[519] or bzimpy[520] to catalyze Suzuki-Miyaura 

cross-coupling reactions. 

Another ligand – a NHC ligand moiety − can also be synthesized via a functional monomer. 

For this purpose, synthesis of an ionic liquid of styrene is required.[503] A subsequent suspen-

sion polymerization with styrene results in functional PS. The imidazolium moiety is converted 

to a carbene ligand, which can complex Pd(II) giving a metallopolymer, which is an excellent 

catalyst in water and can easily be separated by simple filtration. Other ligands can also be 

incorporated into PS via the synthesis of functional monomers. Thus, Iwai et al. prepared a 

tris(4-vinylphenyl)phosphine and copolymerized it with styrene via the radical emulsion 

polymerization.[512] After the complexation of Pd(II), the metallopolymer enabled the cata-

lysis of Suzuki-reactions, even of those derivates that possessed unactivated aryl halides. In 

literature it is also demonstrated that PS offers the possibility to prepare functional compo-

sites[500] or microcapsules,[497] which can be utilized as a catalyst for cross-coupling reac-

tions. 

A large challenge for the design of novel catalysts is the enhancement of the solubility, in par-

ticular, in water. For this purpose, PEG offers the best opportunity to easily introduce this pro-

perty. The end-functionalization of PEG,[490] or the block copolymer PS-b-PEG,[496] with 

ligand moieties can be utilized for the preparation of soluble ligand polymers. The complexa-

tion of Pd(II) leads to metallopolymers, which give excellent yields in water or polar organic 

solvents. Furthermore, a separation of the catalyst by the addition of heptane can be performed. 

Consequently a PS-PEG copolymer could be synthesized; whereas, the Pd-complex is end-

functionalized on the PEG chain. Thus, the heterogeneous, but yet amphiphilic, material can 

perform the catalysis of asymmetric Suzuki-Miyaura coupling of two naphthalene derivatives 
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in water.[521] Another possibility beside the end-functionalization is the preparation of a poly-

acrylamide with PEG side chains, which was described by Worm-Leonhard and Meldal.[498] 

They utilized the amino functions of poly[acryloyl-bis(aminopropyl)polyethylene glycol] 

(PEGA) for the incorporation of pyridyl-carbene ligands. Due to the large number of PEG-side 

chains, the metallopolymer [after complexation of Pd(II)] is soluble in water and can also be 

reused for several cycles. 

Beside solubility, recovery of the catalyst is an important issue in the design of novel systems. 

Therefore, several heterogeneous catalysts have been developed in the last few years. The 

insolubility of polymeric catalysts offers the possibility to separate them easily from the reac-

tion mixture by simple filtration. After filtration, the catalyst can be simply reused. For that 

purpose, several polymers have been utilized, e.g. cellulose,[482,499] chitosan,[522-524] 

PNiPAm,[492] epoxys,[511] polythiophenes,[509] polyanilines (PANI)[506] or xylan.[510] 

Besides PANI, which can complex metal ions without any further functionalization, almost all 

other polymers were functionalized with additional ligand moieties. The resulting metallo-

polymers can then act as heterogeneous catalysts for the Suzuki reaction. After the reaction, 

these compounds can be easily separated by filtration and reused for several cycles. Addi-

tionally, cross-linked polymers that feature heterogenous catalytic properties have drawn atten-

tion in recent years. These microporous materials can provide high stability, recyclability as 

well as a high catalytic surface area (Brunauer-Emmett-Teller surface area), despite the low Pd 

loadings.[525-527]  

A further interesting structure is a helically chiral poly(quinoxalin-2,3-diyl)-based P-ligand for 

the palladium metal centers (Fig. 20). Thus, enantioselective asymmetric Suzuki-Miyaura 

cross-coupling can be achieved.[528] 

An innovative approach was recently published..[529] The authors synthesized a poly(vinyl 

alcohol) as polymer backbone that was functionalized with alkyne groups in the side chains. 

Through Pd(II)-catalyzed Glaser coupling a gel was obtained in which the catalytic Pd(II) ions 

were entrapped in the bis-alkyne environment. However, despite several metal ions were tested, 

only Pd(II) ions induced a gelation of the polymer, demonstrating that the unique catalytic 

property of the Pd(II) is the key factor for a selective separation of Pd from other metals. 

Afterwards, the metallopolymer was reduced and freeze-dryed resulting in Pd0 nanoparticles in 

an aerogel that can be applied as heterogeneous catalyst with high activity in the catalysis of 

Suzuki-Miyaura reaction. The aerogel can further be carbonized to nanoparticles on a carbon 

surface resulting in an efficient catalyst for electrochemical hydrogen evolution reaction (HER). 

However, the embedding of the metal center in the polymeric network enables multiple cycles 
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of catalysis without post-treatment of the metal center and the solubility of the polymer can be 

adjusted by functionalization of the backbone which makes this polymer a promising catalytic 

system. 

 

Fig. 20. Schematic representation of the helically chiral poly(quinoxaline-2,3-diyl)-based 

phosphine ligand that can easily complex the Pd [528], Copyright 2015. Reproduced with 

permission from The Royal Society of Chemistry. 

 

2.3.2.3 Sonogashira Cross-Coupling 

The Sonogashira cross-coupling reaction is the coupling of a terminal alkyne and an aryl or 

vinyl halide resulting in an internal alkyne. The required catalytic system contains two metals: 

palladium as well as copper. The latter metal and alkyne form in situ a copperacetylide, which 

is subsequently transferred to the palladium allowing the coupling with the halo-com-

pound.[641] One possible application of the Sonogashira reaction is the synthesis of conjugated 

polymers, i.e. poly(phenylene ethylene)s (PPE).[642-646] 

PSs are commonly used polymers that can attach to catalytic active centers for Sonogashira 

cross-coupling. Therefore, PS-resins were utilized that were functionalized with phenyldithio-

carbazate (Fig. 21, P1)[531] or 4-amino-5-methyl-1,2,4-triazole (Fig. 21, P2)[536] ligands in 

order to complex to palladium centers for copper-free Sonogashira cross-coupling reaction. 

Balova et al. also functionalized a PS resin. They used acyclic diaminocarbenes to immobilize 

the Pd center (Fig. 21, P3). The metallopolymeric catalysts provided yields of at least 92% at 

short reaction times and low temperatures as well as a recyclability up to 8 cycles with low Pd 

leaching.[533] Amino- and SO3H-functionalized crosslinked nanoparticles, prepared from 

poly(styrene-co-divinyl-benzene) monoliths have been shown to be active catalysis for Sono-

gashira-type reactions without leaching palladium into the reaction medium and thus, an excel-

lent recoverability and reusability for at least four runs.[534] Furthermore, copolymers like the 
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poly(styrene-co-maleic anhydride) (Fig. 21, P4) can be applied, which was modified with the 

2-aminothiazole moiety in order to create two coordination sites per maleic moiety. This poly-

mer is able to catalyze the Sonogashira-cross-coupling reaction for iodides as well for bromides 

with at least good yields and a recyclability for at least five cycles.[535] 

 

 

Fig. 21. Schematic representation of the PS-based palladium catalysts P1 to P4 for Sonogashira 

cross-coupling.[531,533,535,536] 

 

Next to PS, other polymers like poly(vinyl chloride),[532,537,538] poly(acrylate)s,[539] and 

PMMAs[540] have been functionalized with Pd-based catalysts that enable Sonogashira cross-

couplings. 

Additionally, functionalized natural polymers, which can catalyze the Sonogashira reaction, 

should be mentioned. Thus, cyclodextrin was reacted with several diisocyanates and loaded the 

resulting polymers with both Pd(II) and Cu(I).[530] The resulting network is an ideal catalyst 

for the Sonogashira cross-coupling reaction in water and glycerol. Additionally, it can be re-

covered easily and reused for three or more catalytic cycles without a significant loss-of-

activity.  

 

2.3.2.4 Aminations 

Amination reactions are performed for the synthesis of substituted amines. In particular, the 

functionalization of aryl groups is rather difficult and often cross-coupling reactions, i.e. 

Ullmann or Hartwig-Buchwald reaction, are required. 

The Ullmann reaction is catalyzed by a copper catalyst; whereas, the Hartwig-Buchwald coup-

lings require a palladium catalyst.[647,648] Also these reactions can be catalyzed by metallo-

polymers. The earlier mentioned poly-4-tert-butylstyrene of Sawamura et al., which features 
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Pd-bearing tricyclohexylphosphine moieties also catalyzes the Hartwig-Buchwald reaction 

with yields up to 89%.[517] Furthermore, PS could be functionalized with anthranilic acid in 

order to prepare a ligand containing polymer.[649] Subsequently, palladium(II) was complexed 

resulting in an inexpensive and air-stable metallopolymer. This catalyst can be utilized for 

several cross-coupling reactions, in particular, for aminations (Hartwig-Buchwald analog). The 

recovery by filtration of the catalyst is simple and quantitative and enables a reuse for further 

five catalytic cycles, whereby only minimal loss-in-activity is observable. Another example of 

polymer-assisted catalysts for Hartwig-Buchwald couplings are PIB-supported palladium-

PEPPSI (pyridine-enhanced precatalyst preparation, stabilization, and initiation) catalysts (Fig. 

22) that consist of NHC carbene-Pd complexes, as the active centers.[650] It could be shown 

that P6 provides higher catalytic activity than P5 due to the lower steric hindrance because of 

the missing acenaphthylic unit in P6. 

 

 

Fig. 22. Schematic representation of the NHC carbene-Pd-PEPPSI complexes P5 and P6, im-

mobilized into a PIB polymer that catalyzes Hartwig-Buchwald coupling reactions.[650] 

 

Beside the Pd-based system, it is also possible to build up Cu-containing metallopolymers, 

which are able to catalyze amination reactions. For this purpose, utilized chitosan can be utili-

zed and complexed Cu(II) resulting in a polymeric catalyst for C-N-coupling reactions of aryl 

halides and amines.[651] This efficient catalyst leads to high yields as well as reduced reaction 

times. Finally, the recovery could also be demonstrated. Another example for copper-con-

taining metallopolymers, as catalysts, was described [652] in which they functionalized chito-

san with a ligand, i.e. 1H-pyrrol-2-carbohydrazide. After the conversion with a copper source, 

e.g., copper oxide, a heterogeneous catalyst for the Ullmann coupling was obtained, which 

allowed reactions to take place in water.  
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2.3.2.5 Catalysts for Diverse Cross-Couplings 

There are also catalytic systems, which can catalyze more than one specific cross-coupling 

reaction. Most of these systems are based on functionalized PS or PS-based resins. These poly-

mers were reacted with several ligands, which are utilized for the Pd complexation. For these 

multifunctional catalysts, the main focus is also the recovery and reuse of the systems. 

Thus, a PS-based copolymer consisting of 4-methylstyrene and 4-bromomethylstyrene was syn-

thesized.[480,488] A further functionalization leads to a P-containing ligand, which was utili-

zed for the complexation of palladium. Subsequently, the resulting metallopolymer could be 

utilized as a catalyst for the Sonogashira, the Heck as well as the Suzuki cross-coupling 

reactions. The homogenous catalyst could be separated by nanofiltration. For this purpose, a 

special membrane was required, which was constructed from polydimethylsiloxane and poly-

acrylonitrile. Afterwards, the catalyst could be reused for nine further catalytic cycles. 

Additionally, the authors investigated the dependency of the catalytic activity from the molar 

masses of the metallopolymers with constant phosphine loading. However, at molar masses 

between 5 kDa and 35 kDa no significant influence on the reaction time, temperature or yield 

of the cross-coupling reaction could be observed. It can be expected that the larger polymers 

allow a better retaination due to better filtration efficiency after the reactions, while the catalytic 

acitivity is not negaitvely influenced through the polymeric backbone. Nevertheless, these 

studies also demonstrated that the smaller polymer (5 kDa) can be restored easily, too, and 

utilized up to 9 cycles.  

Another example utilized a PS-based system,[478] which is inspired by further polymer-

functionalized catalysts with different ligand systems (i.e. phosphine-based, SCS-pincer or 

imine-based).[479,653] After Pd-complexation, this arrangement (Fig. 25) was utilized as 

catalysts for the Heck, Suzuki, and Sonogashira reactions.[478] The polymeric catalyst could 

easily be recovered by precipitation and filtration. The last example for a PS-based system 

utilized a Wang resin with a pyridyl bis-N-heterocyclic carbene ligand.[477] The resulting 

palladium containing metallopolymer was a heterogenous catalyst for Heck and Suzuki 

reactions. The insoluble catalysts could easily be recovered and reused for at least 14 times. 

Beside PS as a polymer backbone, there are also other possible structures, which can be utilized 

for the synthesis of macromolecular catalysts. One example is a hexamethylene diisocyanate 

functionalized cyclodextrine that is utilized for the complexation Pd.[442] The resulting 

metallopolymer is also an efficient catalyst for the Heck and Suzuki reactions. Other examples 

that enable several cross-coupling reactions describe the utilization of PNiPAm,[479] 

poly(vinyl carbazole)[489] or poly(vinylchloride),[538] as carrier for Pd complexes.  
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2.3.3 Olefin Metathesis  

Since the early work of several scientists, the olefin metathesis is a quite important topic of 

today's research. The stability of the catalyst and their variety lead to a wide range of possible 

reactions affording access to new structures and functional materials.[654] This important topic 

and fundamental research were honored with the Nobel Prize in 2005 for Chauvin, Grubbs, and 

Schrock.[655-657] 

Since the first discovery, a lot of small molecule catalysts have been investigated, in particular 

by Grubbs and Schrock, who invented the famous Schrock and Grubbs' carbene catalysts.[658-

664] The most important reactions, which can be catalyzed, are the ring-closing metathesis 

(RCM), which allows the formation of rings as well as the ROMP resulting in polynorbornenes. 

These reactions could also be catalyzed by metallopolymers, in which the catalyst is covalently 

bound to a polymer.[665] These compounds will be discussed in the following sections.  

 

2.3.3.1 Ring-Closing Metathesis 

The RCM is an efficient method for the preparation of cyclic structures, in particular larger 

rings. In most cases, an α,ω-diene is utilized, whereby a ring-closure is achieved together with 

the formation of ethane (or butane), as side products. In general, the Grubbs-based structural 

motif is utilized more often, but there are also some examples, which incorporate Schrock car-

benes into metallopolymers.[546,558,666] 

The ruthenium-carbene or phosphine-based metallopolymers have to be compared with low 

molar mass species. These are commercially available and it is a huge challenge to design more 

efficient catalysts. Thus, the polymeric systems have to close the gaps, which cannot be ob-

tained with the low molar mass counterparts. These materials can feature better recyclability, 

which allows for multiple usage, or a better solubility. Lastly, a possibility to utilize other sub-

strates and to synthesize new derivatives can be enabled. 

In order to enhance solubility, the introduction of a PEG onto the ruthenium complex is a pro-

mising approach.[541,543,549,561] This structure allows the utilization of aqueous solutions, 

as reaction media, and makes the reaction more environmentally friendly. Furthermore, the 

change to water, as solvent, also enables the synthesis of new structures, e.g., ionic structures. 

This phenomenon was described by Hong and Grubbs, who were able to synthesize numerous 

new structures.[569] 

Another possibility to achieve water-solubility is the utilization of polyoxazolines. For this pur-

pose, Weberskirch et al.[553] prepared a polyoxazoline with a carboxylic group in the side 
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chain and functionalized that moiety with a ruthenium complex. The resulting metallopolymer 

acts as a catalyst for the RCM with a TON over 300 in water was obtained. If solubility in 

organic solvents is required, several polymer backbones can be utilized. The introduction of a 

PIB enables the solubility of the catalyst in heptane,[562,563] while the RCM reaction in 

toluene can be provided through polyethylene,[564] and by utilization of fluorinated poly-

acrylates, the RCM reaction can be catalyzed in fluorous solvent systems.[555] 

For most described metathesis reactions, degassed solvents are an important factor for the suc-

cess of the reaction. This problem was overcome by the preparation ofa PS-based Grubbs' cata-

lyst, which was quite stable and inert.[554] The inertness and stability of the complex render 

the usage of degassed solvents unnecessary and enables additionally the recycling of the cata-

lyst after the reaction.  

Besides the enhancement of the solubility, another task for the design of novel polymeric meta-

thesis catalysts is the recyclability. Therefore, the incorporation into polymers or resins is a key 

factor, which enables the later recycling resulting in a life-time extension.[551,556] The most 

common polymer is PS and the corresponding Merrifield resin. In the case of the Merrifield 

resin, it is possible to functionalize the resin in a post-polymerization procedure.[547] Herein, 

it was possible to incorporated several ligands and utilized these moieties for the complexation 

of ruthenium. The resulting metallopolymers were efficient catalysts for the RCM that can 

easily be recycled and reused. However, simultaneously an increase in the reaction time is 

observed. Nevertheless, after five cycles still 100% conversion could be obtained. 

A 3-dimensional network of a PS-co-poly(DVB) (PDVB) copolymer that features a Grubbs' 

catalysts can be applied as well. [556] The so-called "boomerang catalyst" combined the ad-

vantages of soluble homogeneous phase catalyst with the recyclability of heterogeneous cata-

lysts. The group of Nolan also synthesized a polymer of DVB.[550,560] The residual double 

bonds of DVB, which did not polymerize, were utilized for the complexation of ruthenium. The 

polymeric matrix increased the stability without reducing the catalytic activity in comparison 

to the low molar mass species. Furthermore, the insolubility of the polymer network allows 

recycling by simple filtration. 

Another possibility is the utilization of functionalized PS for the incorporation of a metathesis 

catalyst.[552] One example,[544] utilized the preparation of an amine-containing catalyst and 

functionalized sulfonated PS. This reaction resulted in a formation of an ammonium salt, which 

has two advantages: on the one hand, it connects the complex to the polymer and offers its 

recycling and on the other hand, it activates the catalytic center and increases reactivity. The 
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preparation of small beads (0.2 to 2 µm) increases the surface and further enhances the activity, 

which is still remaining after six cycles of regeneration.  

Beside PS as backbone, it is also possible to utilize linear polymers,[559] polyacrylates,[555] 

polyglycerols[542] or P4VP,[565] as support for the ruthenium catalyst. All in all, the metallo-

polymers seem to have some advantages as catalyst for the RCM, but the low molar mass 

species are commercially available and can be more easily prepared. Thus, competition toward 

an application is quite difficult. 

Next to the Ru-containing Grubbs' catalysts, the Mo-based Schrock catalysts in metallopoly-

mers can be utilized for RCM reactions. The most common polymers are PS[566] but also 

polynorbornenes[567] featuring catalytic activity can be used. By the application of these PS-

based catalyst, enantioselective olefin metathesis can be achieved.[558] 

 

2.3.3.2 Ring-Opening Metathesis Polymerization 

The ROMP is an opportunity to synthesize polymers via the help of the Grubbs' catalysts. The 

ROMP is a very stable polymerization procedure and very tolerant to different functionality, 

which makes it an ideal candidate for the preparation of functional polymers, like radical-con-

taining polymers for battery applications.[568,667,668] The main focus of the synthesis of 

metallopolymers, which can catalyze the ROMP, is also the increase in solubility[569,573] and 

recyclability as well as the preparation of polymers, which are difficult to synthesize with small 

molecule analogs. Thus, Grubbs et al. prepared a PEG-containing Grubbs' catalyst, as end 

group, and utilized this compound for the ROMP of an ionic monomer (Fig. 23).[571] This 

macromolecular catalyst works much better than the small molecule analogs, even if they are 

functionalized with ionic groups in order to enhance their solubility. 

 

 

Fig. 23. Schematic representation of the ROMP of an ionic monomer catalyzed by a PEG-

containing Grubbs' catalyst.[571]  

 

Since it offers an easier regeneration of the catalytic species the immobilization of the catalyst 

on a surface is quite interesting, too. Thus, Fontaine et al. functionalized a Merrifield resin with 
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a ruthenium complex and polymerized norbornene,[570] while Grubbs incorporated the catalyst 

into PS-co-PDVB networks.[556] Another approached utilized a Ru-catalyst, immobilized by 

a polyethylene-derivative NHC ligand, which provides an excellent thermomorphic separation 

of the catalyst without an excess of solvent.[574] Another issue beside the regeneration and 

enhancement of the solubility is the increase in catalytic performance, which can be reached by 

a functionalization of a ruthenium catalyst with PIB.[572] The ROMP of norbornene worked 

better than the ROMP catalyzed by 2nd generation Grubbs' catalyst. 

 

2.3.4 Redox Reactions 

In general, redox reactions can be catalyzed by several compounds, where the aim is selective 

oxidation or reduction without side products. Thus, selective redox reactions even in the pre-

sence of other functional groups as well as the reaction to only one specific product are the key 

tasks for the development of new catalysts. At first, oxidation reactions will be discussed, fol-

lowed by reduction. The generation of hydrogen is a separate issue due to its economic impor-

tance. 

 

2.3.4.1 Oxidation Reactions 

Oxidations are very important reactions in organic synthesis. Thus, several functionalities, such 

as ketonic or acidic groups can be generated. Furthermore, many substrates can be oxidized and 

then activated for further reactions. In some cases, the presence of the oxidation agent is not 

sufficient to achieve the desired reaction progress and, therefore, a catalyst may be required. 

These are systems, which are able to transfer oxygen atoms to the substrate. In some cases, also 

metal complexes and metallopolymers can be utilized for this purpose. Thus, a functionalization 

of the inert cyclohexane could be shown by utilizing a modified chitosan-based system, which 

was complexed with different metal complexes, i.e. cobalt(II), copper(II) or nickel(II) (Fig. 

24).[669-672] The oxidation agent was hydrogen peroxide and the resulting products were 

cyclohexanol as well as cyclohexanone. Another example described the utilized of a PS network 

synthesized the copolymerization of chloromethylated styrene and DVB.[673,674] 

Subsequently, V(IV), V(I) or MO(VI) were bound to the polymer and utilized for the oxidation 

of styrene. The catalysts showed high activity and thus, a high conversion could be measured; 

however, the selectivity was rather low and several different products (e.g., styrene oxide, 

benzaldehyde, benzoic acid, phenylacetylaldehyde) were obtained.  
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Fig. 24. Schematic representation of chitosan-immobilized metal catalysts for oxide-

tions.[669,672]  

 

Other examples describe the oxidation of phenol by a Cu(II)-containing metallopolymer under 

consumption of H2O2 or the non-selective oxidation of sulfides by a manganese com-

plex.[675,676] By using poly(ethylene imine) (PEI) as the polymeric structure that bears a 

cluster of Mn, Cu, Ce ions and ethylenediaminetetraacetic acid (EDTA), as assisting ligand, a 

three-dimensional meso- to macro-porous network could be prepared that oxidized HCHO by 

~100% conversion.[677] 

 

2.3.4.2 Reduction Reactions 

Beside oxidations, it is also possible to catalyze reductions with metallopolymers. One example 

utilized chitosan for the preparation of a catalyst.[678] For this purpose, chitosan was cross-

linked with hexamethylene diisocyanate and the resulting networks was mixed with palladium. 

The obtained metallopolymer was utilized for the reduction of several different substrates in a 

microwave reactor. As a reducing agent, hydrogen was utilized. After the reaction, the catalyst 

was regenerated and used again. The procedure was repeated ten times and the catalyst still 

showed activity. 

The regeneration of a catalyst is an important topic but also is the selectivity of a reaction. Thus, 

Nomura et al. synthesized a star-shaped polymer by a ROMP of norbornene and norborna-

diene.[679] The outer shell of the polymer was functionalized with pyridine, which was utilized 

for the complexation of ruthenium. The resulting metallopolymer could be exploited for the 

selective reduction of keto groups to alcohol moieties even in the presence of C=C-bounds. As 

reducing agent, the inexpensive isopropanol was utilized leading to its oxidation to acetone. 

Beside hydrogenations, it is also possible to selectively add compounds to C=C-bonds. This 

reaction could be demonstrated by using a Si-based dendrimer consisting of N,C,N-pincer com-

plexes of nickel at the outer shell.[680] This system showed high activity for the addition of 

CCl4 to methyl methacrylate. Furthermore, oxygen/reduction reactions can be performed by 

using porous bimetallic porphyrin networks of Co(II) and Fe(II), while the performance of this 
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catalyst can be improved through a combination of the advantages of both metal centers com-

pared to single-metal complexes.[681] 

A recent example demonstrated the reduction of a 4-nitrophenol to 4-aminophenol by utilizing 

another dendronized polymer that consists of a branched diblock copolymer of a triethylene 

glycol-containing and a ferrocene-functionalized monomer.[682] Due to the amphiphilicity the 

metallopolymers assembles in spherical micelles in water that can be loaded with gold or silver 

nanoparticles. The nanopoarticles are stabilized due to the dendrimer and, thus, the gold-

containing dendronized polymer exhibits for the reduction a TON of 25,000 with a stability up 

to two months. 

 

2.3.4.3 Hydrogen Generation 

The generation of H2 is an important topic of today's research, since hydrogen offers the possi-

bility to store energy in an eco-friendly manner. The splitting of water by visible light into H2 

and O2 opens the door to a new opportunity for energy storage. The resulting hydrogen could 

be utilized for the generation of heat and electricity. In order to be environmentally compatible, 

the production of hydrogen should be performed by using sun light. Therefore, catalysts are 

required, which transfer this energy into the redox reaction. This process was firstly described 

by the groups of Lehn and Grätzel, which utilized a three component system containing a 

photosensitizer, a catalyst, and an electron relay/donor.[683,684] This system enables the 

generation of hydrogen from water, but the low yield as well as the complicated multiple 

component system are disadvantageous and also the produced oxygen should be separated from 

the generated hydrogen in order to avoid the recombination resulting in the explosive formation 

of water. This complex task is still a challenge. 

As catalyst, mostly platinum has been utilized, but there are also other possibilities. In parti-

cular, metal colloids can be used and mixed with other required compounds. One of these com-

pounds is the photocatalytic system or photosensitizer, which can be a metal complex or a cor-

responding metallopolymer. This system is responsible for the transfer of electrons towards the 

platinum, which will reduce H+ to molecular H2. Simultaneously, the oxidation of the electron 

donor occurs in the photocatalytic system. In the most cases, this electron donor is an amine, 

such as Me3N, ethanoltriamine or EDTA. 

In one example, two metal complexes and a asymmetrically functionalized viologen with poly-

merizable groups were prepared. The two monomers (viologen and one of the metal complexes) 

were copolymerized with a triethylene glycol monomer methyl ether methacrylate leading to 

two metallopolymers, which were subsequently mixed with platinum colloids. In the presence 
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of Et3N, as the electron donor, and under irradiation with an LED-light of 470 nm hydrogen 

could be generated in an aqueous solution. The main drawbacks are the relative low amount of 

hydrogen, the utilization of NEt3, as the electron donor, and the irradiation with light of λ = 

470 nm, which is a rather short wavelength. 

In order to overcome these problems and to enhance the energy transfer to the metal complex, 

Schubert et al. prepared a polymer consisting of five different monomers.[685] These 

monomers are three different dyes, an osmium complex and triethylene glycol methyl ether 

methacrylate, as a co-monomer. The dyes are fine tuned and consequently an overlap of the 

emission of one dye and the absorption of another dye could be obtained.[686-688] This enables 

a fluorescence resonance energy transfer (FRET) process, which describes the energy transfer 

from a luminescent dye to the next one (Fig. 25).[689-691] Finally, the energy is transferred to 

the osmium complex and hydrogen can be generated.  
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Fig. 25. Schematic representation of the synthesized polymer with five different monomers and 

the resulting energy transfer, shown by the arrows [685], Copyright 2014. Adapted with 

permission from The Royal Society of Chemistry. 
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Another approach was described using a metallopolymer containing ruthenium tris(bipyridine) 

complex.[692-694] In order to synthesize that polymer, the ruthenium complex was 

functionalized with a vinyl moiety and was copolymerized with NiPAm, a viologen-containing 

monomer as well as a crosslinker containing two acrylamide groups. The resulting polymer 

network is positively charged, which allows the incorporation of negative platinum nano-

particles (Fig. 26). This system is able to generate hydrogen in the presence of EDTA as elec-

tron donor. The ruthenium will be activated by light irradiation and the electron transport occurs 

towards the platinum nanoparticles. The NiPAm induces a thermo-responsiveness of the gel, 

which has a large influence on H2 generation. At higher temperatures, the gel shrinks leading 

to a lower production rate.  

 

 

Fig. 26. Schematic representation of the preparation of a thermo-responsive metallopolymer 

gel for hydrogen production [692], Copyright 2012. Adapted with permission from American 

Chemical Society. 

 

The same polymer could also be utilized for the production of oxygen, which represents the 

other half-cell reaction during the water decomposition.[695] In that case, the viologen is not 

required and the platinum nanoparticles are exchanged by Ru(IV)-oxide particles. As an elec-

tron acceptor, a cobalt containing complex was utilized. The future task is to combine both 

systems into one to split water into its components via one catalytic system. 

Pt-complexes have shown activity in HER. The Nann group utilized a conductive poly-

thiophene-backbone that bear Pt-terpyridine moieties on an glassy carbon electrode, which lead 

to electrocatalytic HER and oxygen reduction reaction (ORR).[425] This approach needs three 

to five times less content of Pt and is more environmentally friendly as well as saves costs.  

Beside the Pt-catalysts, coordinated Co(II) ions in a P4VP polymer provide molecular hydrogen 

with turnover frequencies of up to 40 h-1 in MeCN in the presence of trifluoroacetic acid under 
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electric energy.[696] The application of cathodic potential of -1.1 V transforms the Co(II)-

P4VP to Co-particles, which also exhibit electrocatalytic HER. Another metallopolymer for 

electrocatalytic HER was based on a copper-containing poly(heteroarylene) methine 

polymer.[697] The polymer was utilized as a conducting electrode in a electrochemical cell and 

the reduction of hydrogen initiates at low potentials of −300 mV and after 30 potentiometric 

sweeps a H2 evolution was observed. 

In the recent years, incorporation of [FeFe]-hydrogenases into polymers gave another opportu-

nity to provide H2 evolution from water via the reduction properties of the [FeFe]-hydroge-

nases.[698,699] The drawbacks of [FeFe]-hydrogenases are low catalytic activity in HER, high 

overpotential, aggregation, oxygen sensitivity, as well as low solubility in water, but the inte-

gration of these moieties into polymers can enhance the activity, long-term stability, and solu-

bility. In one example, a PMMA and a PDMAEMA polymer were synthesized via atom-transfer 

radical polymerization (ATRP) by starting from a [FeFe]-metalloinitiator.[700] The 

PDMAEMA-polymeric system performs the electrocatalytic HER in water at pH 7 and opti-

mized conditions with a TON of 40,000. Within another study, the same group investigated 

further grafting polymers consisting of poly[oligo(ethylene glycol) methacrylate] (POEGMA) 

chains and statistical polymer chains of PDMAEMA and POEGMA.[701] An investigation of 

the dependency of the HER and aerobic stability from the polymer composition revealed that 

the PDMAEMA system retains an aerobic ability and catalytic activity at current density excess 

of 20 mA cm-2, while the POEGMA-catalyst loses activity under an oxygen atmosphere, does 

not reach the catalytic current of 1 mA cm-2, and features higher overpotentials. The mixed 

polymers partially lose their catalytic current, depending on the content of the OEGMA co-

monomer. Consequently, the PDMAEMA enables faster HER rates and increased efficiency 

compared to the OEGMA-containing catalysts. Glass et al. substituted the monomer with a 2-

(N,N-dimethylamino)ethyl methacrylate resulting in water-soluble metallopolymer that 

performs the electrocatalytic HER at pH 7 with low overpotential and a turnover frequency of 

250,000 s-1.[702] In contrast to the single [FeFe] hydrogenase this metallopolymer is stable and 

catalytic active under air, enabling a TON of 40,000. With following investigation, [FeFe] 

hydrogenase was further improved, as a propanedithiolate was utilized in order to connect the 

catalytic center only on one site with the water soluble PDMAEMA.[703] Thus, the influence 

of the chain length on the electrocatalytic activity of the HER in aqueous solution at pH 4 could 

be demonstrated for a single-site metallopolymer catalyst.  

These polymeric [FeFe]-hydrogenase systems all exhibit electrocatalysis, but also photo-

catalytic HER can be performed with these systems. For this purpose, chitosan can improve the 
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efficiency and durability of the catalytic center. Thus, the self-assembled catalyst increases the 

TON about 4,000-fold up to 52,800 compared to the single [FeFe]-hydrogenase.[704]  

However, synthetic polymers can also be utilized as HER catalysts. One common polymer is 

PAA, which provides the catalyst's solubility in water and in combination with CdSe quantum 

dots, as photosensitizer, and ascorbic acid, as proton source, as well as sacrificial electron 

donor, hydrogen can be photocatalytically evolved with TONs of ca. 27,000.[705] Another 

example is branched PEI that enables the integration of the hydrogenases through amide 

bonds.[706]  

 

2.3.5 Enantioselective Reactions 

In Nature, enantioselective compounds and their selective synthesis were established millions 

of years ago. Modern synthetic approaches try to mimic this perfection and researchers are 

aiming for the synthesis of enantiopure substances. For this purpose, many different catalysts 

have been developed and some of these are also utilized by industry, in particular, for the pre-

paration of selected drugs, e.g., L-DOPA (3,4-dihydroxyphenylalanine).[707] In some cases, 

metallopolymers could be used for this type of enantioselective synthesis and the most common 

approach is the incorporation of a chiral component into a polymeric structure. In the following, 

the most investigated systems will be described, such as: Grignard analogous reactions and 

epoxidations. 

 

2.3.5.1 Grignard Analogous Reactions 

The Grignard reaction is a well-investigated procedure of organometallic compounds (mostly 

with Mg+2 and Zn+2) with different substrates. This reaction enables the synthesis of functional 

compounds, e.g., alcohols (from aldehydes or ketones), ketones (from carboxylic acids) or 

carboxylic acids (from CO2). Thus, the Grignard reaction is a kind of reduction and enables the 

synthesis of highly substituted derivatives. The reaction can also be catalyzed by 

metallopolymers aiming for a higher degree of (enantio)-selectivity. For this purpose, the most 

common ligands are TADDOL and BINOL, respectively. 

One pioneer in the enantioselective Grignard reaction is Dieter Seebach and one of his 

approaches is based on metallopolymers with TADDOL, which it was functionalized with 

styrene units and copolymerized with styrene and DVB.[575,581] The resulting polymeric 

network was complexed with titanium and utilized, as catalyst for the reaction of aldehydes 

with Et2Zn. The reaction is very fast with high ee-values (up to 90%) and also the recycling of 

the catalyst could be demonstrated. Beside linear polymers, the Seebach group was also able to 
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prepare a dendritic system with a TADDOL in the middle of the dendrimer.[580] Beside 

TADDOL, BINOL can also be utilized for the preparation of catalysts for the Grignard reaction. 

Seebach et al. transferred the basic results of the TADDOL chemistry to BINOL, and 

functionalized BINOL with styrene moieties.[577] After a copolymerization with styrene and 

a complexation of titanium, the metallopolymer was utilized for the conversion of different 

aldehydes with Et2Zn. The ee-values were very high (above 90%), but the yield was strongly 

dependent on the amount of styrene per BINOL molecule. The BINOL derivative with eight 

styrene moieties revealed the lowest yield. 

 

2.3.5.2 Epoxidations. 

One important field of research in the area of enantioselective reactions is the enantiopure 

synthesis of epoxides. This reaction was first described by Jacobsen et al. in 1990 and gained 

considerable interest due to the high reactivity and simple functionalization of epoxides.[708-

715] The Jacobsen system was based on a manganese-salen complex, which provides the chiral 

information. The oxidation itself was performed with hypoiodite or hypochloride. Another 

possibility is the utilization of peroxides, as oxidation agents. Alkenes are also required, as 

substrates. The basic system could also be transferred to polymeric substrates. In these cases, 

the catalyst is connected with a polymer,[587] which enables access to different new methods, 

such as solid-state synthesis, an easier recycling of the catalysts, and a simple variation of the 

solubility by changing the polymeric structure. 

The most common approach is the utilization of the Jacobsen catalyst and the functionalization 

to enable the polymeric connection. Therefore, two opportunities are possible: functionalization 

with (1) a monomer structure or (2) a polymer with a functional group. 

The functionalization of the Jacobsen catalyst with styrene moieties is a common approach. 

Thus, the salen moiety can be functionalized with two styrene units and copolymerized it with 

styrene resulting in a polymer network crosslinked by the Jacobsen catalyst.[589,594] This 

material was utilized for selective epoxidation of different substrates. High yields but low ee-

values could be obtained due to the rather stiff catalysts. In order to study the influence of the 

crosslinking in more detail, the Seebach group prepared several salen-containing 

monomers.[588] For this purpose, the ligand was functionalized with different amounts of 

styrene units (2 to 8) and the resulting crosslinkers were copolymerized with styrene. 

Afterwards, a complexation with chromium or manganese was performed and the resulting 

metallopolymers were tested as catalyst for the epoxidation of different substrates. The 

enantioselectivity depends more on the substrate than on the catalysts. The salen derivative with 
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eight styrene units also leads to 80% ee. Beside the direct polymerization of the ligand, it is also 

possible to polymerize the precursor of the ligand, a salicylaldehyde derivative.[586] A post-

polymerization functionalization of the ligand and a complexation would also result in the 

formation of an active catalyst.  

A more promising strategy for the preparation of catalytic active metallopolymers is the post-

polymerization functionalization with a salen complex. The advantages are the simple variation 

of the polymeric backbone with the synthesis of a new ligand derivative and the easy adjustable 

solubility by variation of different macromolecules. Thus, a hydroxyl-containing Jacobsen 

catalyst could be reacted with a Merrifield resin.[596] The resulting polymer featured excellent 

ee-values up to 94% by the utilization of sodium hypochloride, as oxidation agent. 

Heterogeneous Jacobson's catalysts have shown improved conversions and excellent 

enantioselectivity. Consequently, the manganese-salen complex can be grafted via axial 

coordination of the metal center to a phosphate-containing PS-co-poly(phenylvinylene) chain, 

which is attached to modified zirconium particles.[600] Thus, the immobilized chiral salen 

Mn(III) complex provides excellent catalytic activities in asymmetric epoxidation of 

unfunctionalized olefins (conversion up to 96% and ee up to 99%) with a recyclability for ten 

times. Furthermore, it has been shown that the absence of the commonly used additive N‐

methylmorpholine N‐oxide does not affect the yields or enantioselectivity, which enhance the 

chances of utilization in an industrial setting. In the literature, further polymeric compositions 

like oligostyrene[601] or PS-co-poly(isopropenylene)[602] have been shown to possess 

catalytic activity for enantio-selective epoxidation. The comparison of all three heterogeneous 

catalysts revealed the highest effectivity for the zirconium- PS-co-poly(phenylvinylene) 

particles.[603] 

Another possibility is the incorporation of a carboxylic acid group onto the ligand and 

subsequent connection to a polymer via amide functionalization.[593] This method allows the 

installisation of the catalyst on NovaSyn® and the resulting metallopolymer can act as a catalyst 

for the epoxidations of diverse substrates with high ee-values (75 to 95%). This catalyst showed 

similar yields and ee-values, but the solubility can be easily fine-tuned by variation of the 

polymer. Beside manganese, also chromium could be utilized for this kind of procedure.[591] 

The chromium catalyst has the advantage that it is easier to recycle and can be utilized more 

often for the epoxidation.  

In general, the polymer has an influence on the catalytic activity. As shown above, a 

crosslinking with the salen complex is not beneficial for enantioselectivity due to the steric 

hindrance. This effect was studied in detail by the functionalization ofthe salen moiety in 
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different positions with polymers.[583] The most efficient polymer-based catalyst was obtained 

when the polymer is in the para-position of the hydroxyl group of the salen derivative. 

Beside the functionalization of the salen derivative, it is also possible to incorporate the polymer 

via complexation of the manganese. The commercially available Jacobsen catalyst features a 

chloride ligand, which can easily be replaced by a polymer that contains a corresponding ligand 

moiety.[590,597]  

However, it is also possible to utilize several other ligands and/or metal ions for the preparation 

of a catalyst for enantioselective epoxidation. These will not be discussed in detail and the 

interest reader is referred to the literature.[582,595,598,599] 
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Fig. 27. Schematic representation of the branched catalyst, consisting of Mn(III)-salen and 

1,3,5-triazole moieties, that performs enantioselective epoxydation.[604] 

 

2.3.5.3. Michael Addition 

Another important reaction, in which enantioselectivity can be important, is the Michael addi-

tion. Thus, a Merrifield resin was functionalized with a BINOL derivative, which was directly 

utilized for the complexation of lanthanum as well as zinc.[605] These metallopolymers acted 

as catalysts for the Michael addition of dibutyl malonate and a cyclic enone, e.g., cyclo-

hexenone. The reaction was performed for different ring sizes (5 to 7) and all reactions take ca. 

three days. The yields as well as ee-values were strongly dependent on the ring size and, thus, 

the largest ring (seven atoms) resulted in the lowest yield. 

Furthermore, the chiral (R,R)-3-aza-3-(p-vinylbenzyl)-1,5-diphenyl-1,5-dihydroxypentane was 

utilized, as the ligand for an aluminum complex and copolymerized it with styrene and DVB 

(Fig. 28).[606] The anchorage to the polymers increased the catalytic properties of the metal 

complex. However, a drop of the enantioselectivity (ee%) for the Micheal addition of 

nitromethane and chalcone from 51 to 12% was observed after decreasing the crosslinking 

content of the metalloplymer by DVB from 17 to 10%. 
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Fig. 28. Schematic representation of Al-complex, immobilized on a PS-co-PDVB polymer, that 

catalyzes enantioselective Michael reaction.[606] 

 

2.3.6 Activation via Ultrasound 

A relative new topic in terms of supramolecular catalysis is the utilization of ultrasound, i.e. 

mechanochemistry. Classical catalysis uses the decomplexation of a metal complex induced by 

heat or the presence of a competing ligand for activation of the precatalyst. This process induces 

the activation and enables the catalytic process. Activation of a precatalyst can also be per-

formed by the use of ultrasound, which also offers the possibility to break the metal ligand bond 

and to synthesize the catalyst in situ.[716,717] In particular, the group of Rint Sijbesma investi-

gated intensively the dissociation of metal-ligand bonds via ultrasound. They could show that 

palladium-phosphine, platinum-phosphine, silver-carbene as well as ruthenium-carbene 

complexes could be broken by ultrasound.[352,353,355,356,718] This bond breaking strongly 

depends on the strength of the metal-ligand bond as well as on the size of the gas bubbles in the 

solution. Sijbesma et al. investigated the utilization of these systems as catalysts, too. For this 

purpose, the authors synthesized ruthenium as well as silver carbene complexes, which were 

bound to PTHF.[357,719,720] The metal complex was positioned in the middle of the polymer 

and during ultrasound irradiation the metal-ligand interaction opened resulting in the activation 

of the precatalyst. The now-activated species can catalyze the ROMP as well as the RCM of 

several substrates. In particular, the ruthenium-based catalyst is well suited for the catalysis of 

those reactions and can also be utilized for polymer crosslinking. 

Recently, another mechanochemical activatable catalyst was presented.[358] For this purpose, 

the authors synthesized a PIB as well as PS, which were end-functionalized with carbene 

moieties. Complexation of copper leads to a linear polymer with a copper-metal complex in the 
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middle of the chain. Application of ultrasound leads to an activation of the copper center, which 

was subsequently utilized as a catalyst for a [3+2] cycloaddition of an azide and an alkyne.  

 

2.4 Metallopolymers for Optical Applications 

Interesting applications of metallopolymers are in the field of optoelectronics, specifically as 

light emitting and harvesting systems, respectively. The combination of organic ligands and a 

wide range of coordinating metal ions as well as their incorporation into a polymeric matrix 

results ideally in bringing out the advantages of each structural class while reducing some of 

their disadvantages. As a result, insulating, semiconducting or even conducting materials can 

be obtained. The metal ligand coordination and its relative strong interaction offers easily tun-

able and very unique photophysical, electrochemical, and photochemical properties enabling 

applications in the field of lighting (e.g., luminescence, photovoltaics, sensors, non-linear 

optics, and photoswitches).[33-35] 

The design of metal complexes includes two important components: ligands as organic mole-

cules featuring weak electronic delocalization and well-defined singlet / triplet states in isolated 

molecules. That leads to very specific absorption and emission spectra of the molecule. The 

luminescence of organic molecules typically occurs via electron transitions from excited states 

(S1, S2, T1…) to the ground state after absorption of radiation or a further excitation processes 

like electric energy.[35] Two light-emitting processes are observed: radiative decay from the 

lowest excited singlet state S1 to the ground state – called fluorescence[721,722] and phos-

phorescence arises by the transition from the excited triplet state back to the ground singlet 

state.[723] Phosphorescence features longer lifetimes of the excited states typically in the 

microsecond range (compared to fluorescence, which decays in the nanosecond scale) and 

potentially higher efficiencies.[35] Additionally, a non-radiative transition, i.e. intersystem 

crossing, between singlet and triplet states, can occur. The emitting processes are applied in 

light-emitting diodes by using electric excitons; however, photovoltaic cells working in the op-

posite direction – they generate electricity after absorption of light, which leads subsequently 

to a separation of the charge carriers. 

In this context, the metal ions enable rational control over mechanical, thermodynamic and 

optoelectronic properties, due to their coordinating character and the unique structural geo-

metry. The metal ions improve structural rigidity of organic ligands and, consequently, enhance 

the fluorescence or even enabling phosphorescence through metal orbitals in excited states. 

Moreover, they are also sufficient in increasing the charge carrier mobility within organic 
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semiconductors due to their delocalized valence electrons and a high amount of possible 

oxidation states.[35] 

Integration of these metal complexes into a polymer offers a combination of terrific properties 

of the complexes with those of polymeric materials, like easy processability, high stability, 

resistance to corrosion, low costs, flexibility, and recyclability of devices. Literature has shown 

that there are several possibilities to integrate them into either a polymer main chain or side 

chain.[28] Also the photophysical properties of the metallopolymer can be tuned.[33] By in-

corporating the metal in a conjugated polymer backbone, a metal chromophore with unique 

photophysical properties can be obtained. In this case, a typical red shift in the absorption and 

emission spectra is observed. However, if the metal is integrated into an unconjugated back-

bone, the spectra are usually corresponding to the sum of monomers and metal complexes. 

Another possibility is the attachment of the metal complex into the side chain. The photo-

physical properties of these metallopolymers usually arises from the individually components, 

as well.  

 

2.4.1 Luminescence 

Luminescence can occur through radiative decay of an exciton that was created by an external 

trigger, such as: light or electric energy. Depending on the photophysical properties, in parti-

cular, the lifetimes of the excited states, the emitting transition processes fluorescence and phos-

phorescence can be obtained. Thus, these properties instilled into metallopolymers would make 

them qualified candidates for potential light-emitting diodes (LEDs). 

The metal ions have an effect on the binding geometry on the delocalized π-electron system of 

chromophores and, thus, they can affect the electronic properties of the organic polymer chain. 

The class of π-conjugated polymers itself has the ability to emit light after excitation;[724] 

however, the introduction of metal ions can facilitate the tuning or even the creation of 

completely new physical and photophysical properties.[33] 

One group of metallopolymers, in which metal ions are incorporated directly into the polymeric 

backbone, are poly(metalla)-ynes. In the late 1970s, platinum was utilized to couple polybuta-

diene derivatives.[725] Hagihara et al. have shown the first example of platinum ions linked 

via σ-bonds with p-diethynylbenzene to generate a polymer backbone through a poly-de-

hydrohalogenation in the presence of copper iodide. Rod-like structures were obtained due to 

the trans-coordination of the platinum acetylide moieties. Thus, polymers using the same poly-

condensation procedure could be synthesized with different alternating polybutadienyl 

moieties[726] or with alternate arrangements of platinum and palladium atoms in the polymer 



74 

backbone.[727] Despite their large delocalized π-systems, these polymers were not used for 

optoelectronic devices, but rather they were the first examples of a new kind of material class 

with potential in this field of research. Further studies with Pt-containing polymers were 

conducted, in which the structures of the polymers were modified. In particular, the dependency 

of the absorption and photoluminescence from the length of the acetylenic spacer between the 

platinum atoms was studied.[728] It could be shown that the minimum excitation energy 

decreases and the luminescence wavelength increases with the length of the π-system. In the 

following studies, the metal in the polymer backbone was changed to palladium and compared 

the photophysical properties of both metallopolymers.[729] Within these studies, a strong lu-

minescence of both metallopolymers was observed, which was assigned to T1 to S0 transition. 

This strong transition can be explained by the presence of heavy metals and the resulting strong 

spin-orbit coupling. This coupling leads to an efficient intersystem crossing (ISC) and results 

in a high yield of triplet excitons. Nevertheless, both metallopolymers offered differences in 

their optical properties. Due to the heavier platinum atoms, the spin-orbit coupling (SOC) is 

stronger compared to palladium and, thus, the Pt polymer offers much weaker absorption 

energies. It features absorption peaks at 380 and 521 nm; however, those of the related Pd-

containing polymer can be found at 355 and 496 nm. Also, the measurement of the photo-

luminescence at low temperatures revealed a similar red shift of the Pt material. Theoretical 

investigations of the lowest singlet and triplet excited states revealed that a hybridization of the 

metal d-orbitals and the pz-orbitals of the ligands strongly influences the optical properties of 

the conjugated polymers.[730] 

Further studies on the Pt-containing polyyne polymers with aromatic rings, as separating units, 

such as thiophene (P7), phenylene, and pyridine (P10), were performed regarding their elec-

tronic effects on the intersystem crossing and extension of the singlet and triplet excitons.[731] 

The electron-donating thiophene P7 within the polymer backbone leads to the lowest energy of 

the S1 state, while the electron-withdrawing pyridine P10 shows the highest. Furthermore, 

thiophene enhances the conjugation of the polymer and it induces a larger energy difference 

between S1 and T1, thus, the intersystem crossing is impeded; whereas, pyridine has opposite 

results. The influence of the number of thiophene rings between the diethynyl moieties on the 

spectroscopic properties of the polymers was studied as well (see Fig. 29, P7-P9).[732] 

Increasing the number of thiophene rings, there is a small shift to lower energies in the 

absorption spectra as well as the emission spectra can be detected due to extension of the 

conjugation and thus, the delocalization of π-electrons. Further comparisons to the calculated 

oligothiophenes explained that the number of thiophenes has a lower influence in Pt polyynes 
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than in oligothiophenes due to the extension of the excited singlet state through the metal 

centers, which results in a nearly constant singlet-triplet energy gap and an only slightly shifted 

singlet excited state.[732] Due to their good spectroscopic properties, polymers P7−P10 were 

integrated as active material in sandwich-type photocells on either gold or indium tin oxide 

(ITO) and their photocurrents were measured giving spectra featuring two peaks: One at the 

onset of the absorption (P7:325 nm, P8: 348 nm, P10: 366 nm), which is similar to known 

literature examples of poly(p-phenylenevinylene) (PPV),[733] and Pt polyynes, and the second 

one at higher lying absorption bands.[732]  

In order to better understand the influence of the spacer on the spectroscopic and optical 

properties, oligopyridyl groups with different geometries within the Pt polyyne backbone were 

studied.[734] The absorption spectra offered that the excited states S1 and T1 of the conjugated 

5,5'-bipyridine spacer (P11) is red-shifted by 0.1 eV compared to the monopyridine spacer, 

while those of the polymers with 6,6'-bipyridine spacer (P12) and the terpyridine (P13) are 

blue-shifted by 0.3 eV. This shift to high energy T1 states can be explained by the kinked 

geometry and reduced conjugation of the spacers. The photoluminescence spectra measured at 

different temperatures revealed only for P11 a fluorescence and a phosphorescence peak; 

whereas, P12 and P13 show only the phosphorescence peak. Raising the temperature, all 

polymers lose their well-resolved vibronic structure and gaining a broad, unstructured and red 

emission with low intensity, which is characteristic for aggregates and excimers. Afterwards, 

spacers consisting of thiophene and pyridine units were utilized, resulting in 2-(2'-

thienyl)pyridine (P14) and 2,5-bis(2'-thienyl)pyridine (P15).[735] These spacers show energy 

gaps at 2.55 eV (P14) and 2.40 eV (P15), which are blue-shifted by 0.12 eV and 0.15 eV, 

respectively, from comparable oligothiophene-based polymers (P8 and P9). This can be 

explained by the reduced donor-acceptor interaction between the metal and the ligand. Both 

investigated polymers exhibit fluorescence and phosphorescence with a typical difference 

between singlet and triplet emission of ca. 0.8 eV. 

Wong et al. synthesized polymers consisting of 4,4'-dibutyl-2,2'-bithiazole (P16a) or 4,4'-

dinonyl-2,2'-bithiazole (P16b) (Fig. 29) combining the electronic effects of the thiophene and 

pyridine. The polymers exhibits in sum an electron-withdrawing effect resulting in a red-shift 

of the absorption maximum, a decrease of the Eg by 0.15 eV compared to analogous bithiophene 

spacer resulting in an Eg of 2.40 eV, as well as no phosphorescence.[736] A fabricated 

polymeric LED (PLED) with P16b showed voltage independent green light emission with an 

EL maximum at 500 nm, a shoulder at 522 nm and the Commission Internationale de 

L'Eclairage (CIE) chromaticity coordinates detected at (0.26, 0.58). The CIE coordinates define 
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quantitatively the physiologically perceived human color vision, depending on the wavelength 

distribution of electromagnetic visible spectrum; whereas, the coordinates of the white point 

are at (0.33, 0.33).[737] 

 

 
Fig. 29. Structures of the spacers in Pt polyynes P7 to P16b.[731,732,734,735] 
 

Another opportunity to optimize the optical properties was the introduction of electron-rich 

fused rings, as spacers, that induce strong interactions to the platinum. The excitation energy 

can be decreased by increasing the size of the aromatic system through larger π-delocaliza-

tion.[738] The recorded photoluminescence spectra of the anthracenyl spacer revealed just a 

fluorescence signal, while the smaller naphthalenyl also exhibits a fluorescence band. Fused 

aromatic systems can also exhibit steric influences on the polymer chains that hinders 

aggregation and interchain interactions.[739] Consequently, the photoluminescence in the 

iptycene-derived polymer is slightly lower (492 nm) compared to the phenylene-based polyyne 

(516 nm). 

Another approach of fused rings, as spacer units, was the introduction of fluorene and carbazole 

derivatives. Both systems introduce a conjugated and planar biphenyl system and offers the 

opportunity to fine-tune the optical properties (color and Eg) over substituents at C-9 position 

or nitrogen atom, respectively.[740] Literature has shown that the electron-donating alkylic 

substituents at the C-9 positions of fluorene lead to higher Eg and off-white polymers.[740,741] 

The highest bandgap (2.92 eV) was observed for a fluorene substituted P18 with two alkylic 

hexyl groups.[740] However, electron-withdrawing groups decrease the Eg with a minimum 

bandgap at P21 consisting of a 9-dicyanomethylenefluorene spacer, and an Eg of 



77 

1.59 eV.[740,742] The carbazole also enable modifying optical and physical, as well as solu-

bility by a substitution of the nitrogen atom. The carbazole derivatives exhibit higher bandgaps 

than the fluorene ones (3.06 - 3.23 eV), based on the capability to generate a high energy triplet 

excited states and a high ISC rate.[743,744] An overview of the effect on the bandgap due to 

the different spacers is provided in Table 2.  

 

Table 2: Optoelectronic data of fluorene or carbazole Pt polyynes.  

Fluorene/ 

Carbazole 
 Xa 

Color of 

emission 

Lowest 

energy 

band 

Eg Ref. 

 

P17 
 

Off-

white 
3.15 2.90 [745] 

P18 
 

Off-

white 
3.11 2.92 [740] 

P19 
 

Red 2.45 2.10 [746] 

P20 

 

Red 2.84 2.10 [745] 

P21 

 
Blue 1.88 1.59 [742] 

P22 
 

Off-

white 
3.60 3.10 [740] 

[a] The dashed lines in the functional groups depict the connection to the five-membered ring of 
the fluorenes / carbazole.  
 

Besides the substituents on the nitrogen atom Zhang et al. investigated the meta- and para-

linked Pt polyynes and their effect on the exchange energies.[747] In para-linked carbazoles, 

the conjugation occurs on the phenyl rings and continues over the platinum atoms without any 

involvement of the nitrogen. The conjugation in the meta-linked systems is hindered through 

the nitrogen atom. Consequently, the S1, T1, and Tn excited state energies for the meta-linked 

systems are higher than those of the para-linked polymers. The exchange energy gap (S1T1) is 

higher in the para-linked polymers.  

The earlier mentioned influence of the donating and accepting properties of substituents led to 

wide range of possible spacer units within the Pt polyyne polymer chains. Consequently, 



78 

spacers based on derivatives of phenylene, quinoline, quinoxaline, benzothiadiazole, and thi-

enopyrazine were investigated (see Fig. 30).[748] The electron-withdrawing character is 

growing in this row resulting in a decreasing Eg. Thus, a decrease in singlet and triplet emission 

as well as in the absorption energy with an increase of the electronegativity of the spacers could 

be observed. 

 

 

Fig. 30. The general structure of Pt polyyne and spacer moieties R with their trend of a 

decreasing energy gap [748], Copyright 2000. Adapted with permission from American 

Institute of Physics Publishing. 

 

The lifetimes and intensities of the phosphorescence are also reduced dramatically with the 

decrease of the triplet energy due to the higher non-radiative recombination rates. Thus, the 

thienopyrazine offers a very low bandgap at 1.77 eV, but did not reveal any triplet emission 

signal. Nevertheless, the obtained energy gap (S1-T1) remains constant at 0.7 ± 0.1 eV for all 

systems.[749]  

The metallapolyynes also offer the opportunity to optimize photophysical properties depending 

on the metal atom in the polymer backbone. By changing from platinum to mercury, a linear 

geometry is obtained.[750] Mercury has also the ability to facilitate SOC and makes polymers 

appropriate for luminescence. The metal atom promotes an ISC that result in a phosphores-

cence emission of the polymers. However, the phosphorescence rates for mercury-containing 

polymers are lower than the platinum analogues due to a weaker delocalization along the 

polymer chain and hindered interchain interactions.[751] Consequently, the excited states S1 

and T1 are more localized on the conjugated ligand.[752] 

Literature has shown that there are a lot of different opportunities to bind other metals like 

Pd,[753-755] Ni,[755,756] Ge[757,758] or Au[759-761] instead of Pt via a σ-bond to acetylene 
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groups; however, mixed metallapolyynes with at least two metals have also been pub-

lished.[756,759] The combination of metal centers potentially result in synergetic effects and 

consequently, in better and unique photophysical properties.[751,759] Thus, the incorporation 

of a Zn(II)-porphyrin complex as a spacer in the Pt polyyne main chain was performed 

(Fig. 31).[762] The polymers P23 and 24 exhibit fluorescence emissions at 684 nm and 685 nm, 

respectively, which is red-shifted compared to their monomers. The same trend was observed 

for the lifetimes (τF) and quantum yields (ΦF) of the fluorescence, which can be explained by 

the heavy atom effect of the platinum due to an antenna effect. The same group also developed 

Pt(II) acetylide/Zn(II) porphyrin-containing polymers (P25a−c, Fig. 31) with a more extended 

conjugation due to phenyl rings between the porphyrin and alkyne groups.[763] The absorption 

spectra of these polymers as well as those of P23 and 24 feature π-π* Q bands at 500−600 nm, 

Soret bands at 400 to 450 nm, which are both characteristic for the porphyrin moiety and its 

ligand-to-metal charge transfer (LMCT) and metal-to-ligand charge transfer (MLCT). 

Furthermore, all compounds reveal bands caused by the Pt(II) phenylethynyl unit at 

250−400 nm acting as donor for the triplet energy transfer after excitation of these bands. The 

energy transfers to the Zn(II)-porphyrin (acceptor) taking place in intermediate rates of kET = 

104 − 106 s-1.[762,763]  

 

Fig. 31. Schematic representation of the Pt-polyynes P23-P25c with incorporated Zn(II)-

porphyrin complexes.[762,763] 
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Another example for heterobimetallic Pt polyynes consists of an iridium next to the platinum 

due to its promising light-emitting properties. Two different bis-acetylenic cyclometalated 

Ir(III) complexes were utilized, as linkers, within the Pt-polyyne backbone (Fig. 32).[764] The 

polymers revealed orange (P26, λmax= 549 nm) / yellow (P27, λmax= 577 nm) phosphorescence 

upon irradiation, while the fluorene-based complex P27 is red-shifted compared to P26. The 

same behavior could be observed in the absorption spectra. From time‐dependent density 

functional theory (TD-DFT) and the photophysical investigations, the researchers demonstrated 

that the emission is mainly promoted by the Ir(III)-moiety and synergetically supported by the 

Pt(II)-center.[764,765] Furthermore, the polymers were applied in phosphorescence OLEDs 

(PHOLEDs) and investigated regarding their optoelectronic performances in multilayer 

configuration. P27 gave a maximum luminescence Lmax of 2708 cd m-2 (P26: 3356 cd m-2) at 

15.4 V (13.4 V, respectively).[764] Soliman et al. synthesized a Pt(II) polyyne in which the 

iridium metal center is coordinated by a 2,2'-bipyridine ligand in the main chain and two 2-

phenylpyridine ligands (P28).[766] The heterobimetallic design allows an low-energy charge 

transfer between the Pt(II) and Ir(III) centers and consequently, an effective trip-let emission 

(λmax = 563 nm at 77 K). Interestingly, the polymer shows not the common significant decrease 

in Φe and τe compared to its trinuclear model system, which generally is a result of a larger 

mass of the chromophores in polymers and, thus, induces an increased non-radiative decay 

process. This property allows the opportunity to take advantage of the good photophysical 

properties and the processability of polymeric materials in order to design new photonic 

materials. 

 

Fig. 32. Schematic representation of the structures of Pt-polyynes P26−P28 that feature Ir(III)-

complexes in the polymer backbone.[764,766] 
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Similar Ir(III)-containing Pt(II) polyynes P29 and P30 (Fig. 33) in different ratios of the co-

monomers combine two advantages ‒ they feature a high triplet energy level that eliminates 

undesired back energy transfer and additionally, a highly efficient energy transfer from the T1 

excited state of the Pt(II) backbone to the T1 state of the phosphorescent Ir(III) center that 

enhances the phosphorescence.[767] Thus, yellow (P29, λmax= 555 nm) and red (P30, λmax= 

632 nm) phosphorescence emission is observed (Fig. 34). Due to these promising photophy-

sical properties, solution-processed PHOLEDs were produced with the copolymers, as 

photoactive species.  

 

Fig. 33. Schematic representation of the structures of Pt-polyynes P29 and P30 that feature 

Ir(III)-complexes in the polymer backbone.[764,766,767] 
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Fig. 34. Schematic representation of the EL spectra at 12 V of the PHOLEDs consisting of P29 

(left) and P30 (right) in series of different ratios [767], Copyright 2015. Reproduced with 

permission from The Royal Society of Chemistry. 

 

Very different metallopolymers consisting of platinum cores are P31a and P31b (Fig. 35) that 

are polymerized by coordination-driven self-assembly within two steps. Two examples of di-

pyridyl donors coordinating to Pt(II) acceptors featuring a 21-crown-7 ether in order to form 

metallacycles were prepared.[768] Afterwards, the polymers are generated by the coordination 

of the crown ethers to bis-ammonium salts via host-guest interaction in a 1:1 ratio. The poly-

mers show similar emission spectra with emission peaks and quantum yields (Φem) of 530 nm 

and 0.18 for P31a and 570 nm and 0.26 for P31b in solution, and a blue shift of 10 nm as well 

as almost doubled Φem in thin films. It could also be shown that the fluorescence efficiency of 

the polymers is enhanced compared to the monomers due to the weakened stacking and, thus, 

a reduced quenching. P31b was utilized as cover painting on a UV-emitting LED in order to 

obtain a white PLED (WPLED) featuring two emission bands at 430 and 550 nm and CIE 

coordinates at (0.29, 0.34). 

  

a b 
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Fig. 35. Schematic representation of a) the normalized emission spectra of the LED lamp, the 

metallopolymer P31b (SP-3h is name in the original reference) as well as of the lamp, covered 

with P31b; b) CIE chromaticity coordinates of these materials, and c) the structures of 

supramolecular-coordinating Pt(II)-containing metallopolymers P31a-b [768], Copyright 

2018. Adapted with permission from American Chemical Society. 

P32a-d represent a series of copolymers in different ratios featuring red phosphorescent Ir(III)-

complexes, an ambipolar oxadiazole-containing block that can enhance the EL performances 

effectively through highly efficient energy-transfer to the Ir(III)-segment and another organic 

block consisting of fluorenyl-silane.[769] Due to the low content of the metal-containing block, 

the UV/vis-spectra are dominated by the π-π* transition of the pure organic blocks with a strong 

absorption band below 450 nm, while the MLCT transitions of the Ir(III) moieties only have a 

marginal influence. Photoluminescence in solution revealed an emission at ca. 490 nm, which 

is only induced by the pure organic segment; whereas, the thin films of the polymers offer an 

intense red phosphorescence at ca. 637 nm, which can be enhanced by increasing the amount 

a b 
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of the Ir(III) segment up to P32c. However, P32d shows a lower emission intensity due to 

quenching effects. Furthermore, all polymers lose the high-energy emission band of the organic 

block due to the efficient energy transfer to the metallic groups. The fabricated OLEDs revealed 

very similar line-shapes in the EL spectra with an intense red electrophosphorescence at ca. 

640 nm. With an increasing amount of Ir(III)-block, the turn-on voltages decreases from 8.1 V 

(P32a) to 4.6 V (P32d) through the excellent hole injection and transport ability of the Ir(III) 

block. As a result of the polymer properties, P32b and P32c features the best EL performances, 

while P32d is less effective due to the triplet-triplet annihilation effect, based on the high metal 

content (Table 3).  

 

Table 3: Summarized performances of the OLEDs using P32a-d.[769] 

Compound turn-on 
voltage [V] 

Lmax [cd m-2] 
EQE (ηext)[a] 

[%] 

PQE (ηp) 

[lm W-1] 
λmax[nm] 

P32a 8.1 4138 2.87 0.37 636 

P32b 5.6 6334 8.96 1.54 636 

P32c 5.0 5402 15.71 2.47 640 

P32d 4.6 2456 2.55 0.38 640 
[a] Measured at 20 V. 

 

Beside Ir, further metals can enable luminescence, e.g., rhenium(I) complexes that provide good 

light emitting properties.[770,771] The complexation of Re(CO3)Cl on a bithiazole moiety in 

the heterobimetallic Pt(II)-containing polymer backbone leads to an electron-withdrawing 

effect on the bithiazole moiety.[772] Consequently, a shift of the absorption as well as of the 

emission to lower energy and a decrease of the Eg of ca. 0.25 eV can be observed relative to a 

corresponding Pt polyyne without the complexation of rhenium. The Eg can also be influenced 

by the introduction and increase of the number of thiophene rings. It decreases from 2.18 to 

1.85 eV. A different approach focussesd on the integration of a heteroleptic Re(I) complex in a 

PPV-polymer via coordination to a phenanthroline moiety in the backbone (P33, Fig. 36).[773] 

The metallopolymers feature two absorption bands at ca. 450 nm through π-π* transitions that 

are enhanced with increasing content of metal complexes as well as shoulders at 500 nm that 

can be attributed to MLCT transitions. With the increasing metal content, the charge-carrier 

mobility and luminescent properties are also enhanced. (Table 4). The higher metal content 

leads to a transfer of the excited states from the conjugated system to the lower-lying MLCT 

states, a more efficient quenching process and, finally, a luminescence spectrum that is 

dominated by the more efficient MLCT emission. 
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However, ruthenium complexes exhibited even better photophysical properties.[770,773,774] 

On the one hand, the Ru(II) is also coordinated to a phenanthroline of the backbone and two 

bipyridine ligands (P34) and on the other hand Ru(II) tris-bipyridine complexes are formed that 

are either 5,5'- (P35a) or 4,4'-disubstituted (P35b) between two oxadiazole units. The polymers 

revealed π-π* intra-ligand transition bands of the bipyridine moieties at 290 nm, a strong π-π* 

electronic transition band of the conjugated ligand between 410 to 450 nm; whereas, the 

maximum is blue-shifted upon increasing the metal content. The typical MLCT band of the Ru 

complexes appears as a shoulder at ca. 500 nm in the absorption spectra. 

As mentioned for the Re(I) complex, the Ru(II)-containing metallopolymers also feature two 

light-emitting groups, which result in broad, yellow-red emission bands up to >750 nm. With 

an increasing amount of metal complexes, a red-shift in the photo- and electro-luminescence is 

observed through an energy-transfer between the conjugated backbone and metal complex with 

a λmax = 710 nm for the metallo-homopolymer of P35a, as well as an enhancement of the per-

formance of the LEDs is observed (Table 4). The results show that the Ru-copolymers exhibit 

better OLED performance than the Re-containing P34 and that the OLED of homopolymer 

(P35a) features the best properties among these polymers. 

 

Table 4: Summarized properties of the OLEDs consisting of the metallopolymers.[773] 

Compound 
Content of 

n 
Content of 

m 

turn-on 
voltage 

[V] 
Lmax [cd m-2] EQE [%] 

λmax, em 
[nm] 

P33 0.2 0.8 7.5 100 0.20 570, 695[a] 

 0.3 0.7 7 130 0.21 700 
P34 0.2 0.8 6.5 90 0.15 570, 710[a] 

 0.3 0.7 7 110 0.17 710 
P35a 0.5 0.5 8 180 0.08 590. 690[a] 

 0.65 0.35 6 220 0.10 710 
 1.0 0.0 6 300 0.10 710 

P35b 0.25 0.75 6 100 0.05 600, 700[a] 

 0.5 0.5 6 150 0.07 690 
[a] The emission band appears as a shoulder. 
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Fig. 36. Schematic representation of the structure of conjugated Re(I)- and Ru(II)-containing 

metallopolymers P33-P35b.[773] 

A further common approach is the electropolymerization of metal complexes.[775] This 

method was applied for the 3,4-ethylenedioxythiophene-functionalized Ru(II) complex 

featuring a tridentate bis-pyrazole-pyridine ligand and one further bidentate ligand (hexafluoro-

2,4-pentanedione (P36a), dibenzoylmethane (P36b), 2,2'-bipyridine (P36c) or 1,10-phenan-

throline (P36d) (Fig. 37).[776] In solution, all polymers show similar UV/vis absorption spectra 

featuring maximum absorption peaks ca. 300 nm due to π-π* transitions, while P36b is slightly 

red-shifted to 326 nm and P36d is blue-shifted the most up to 265 nm. One further broad band 

is observed between 450 and 600 nm that can be assigned to 3MLCT of the Ru(II)-complexes 

in all polymers. The emission spectra in solution show also a similar shape with maxima at 

310–320 nm due to the fluorescence of the ligands, its small Stokes shift, and the short lifetime 

of its excited state. Another broad peak at ca. 550 to 750 nm can be attributed to the ligand's 

phosphorescence after an intersystem crossing effect. P36d – the polymer featuring the highest 

quantum yield − was also investigated in solid film after electropolymerisation on an ITO-

coated glass surface resulting in an emission spectrum with peaks at 312 and 728 nm providing 

the opportunity of an application as optical device like PLEDs. 
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Fig. 37. Schematic representation of the structures of electropolymerized Ru(II)-containing 

polymers P36a-d.[776] 

Moreover, copper can also be utilized. Therefore, a dynamic-covalent polymer was prepared 

by using a heteroleptic complex of a templating Cu(I) ion, 6,6'-diformyl-3,3'-bipyridine, the1,1'-

diphenyl-4,4'-diamine, as well as a bis[2-(diphenylphosphino)phenyl]ether.[394] This metallo-

polymer features strong absorption bands at up to 400 nm due to the π-π* of the polymer 

backbone as well as of the ligands and MLCT bands can be detected beyond 400 nm. Upon 

heating, a gel formation can be observed, which shifts the emission maximum of photo-

luminescence of the polymer from 780 nm in solution to 580 nm as a gel; whereas, this blue-

shift of the PL as well as the sol-gel transition is reversible. A similar and reversible transition 

can be obtained in LECs – the spin-coated thin films on PEDOT:PSS/ITO and an Al cathode 

revealed a red EL in the IR region (a luminescence up to 3 Cd m-2 at 4 V) as well as a blue-shift 

upon increasing the voltage with a λmax of 580 nm at 20 V. This responsiveness in EL enables 

applications in the field of sensing,[777] molecular logic applications,[778] and optoelec-

tronics.[250] 

Next to the d-group metals, lanthanides are also promising candidates for highly efficient lu-

minescence and for applications in PLEDs. One commonly used representative is Tb(III) due 

to its large stokes shift, a narrow emission, and long lifetimes of the excited states.[779] Liu et 

al. utilized a vinyl-derivative Tb(III)-coordinating monomer and copolymerized it with NVK 

in different ratios in order to give a green-light emitting polymer P37 (Fig. 39).[780] The 

absorption spectra of the polymers have shown broad bands in the UV region (260 to 340 nm) 

due to electronic transitions of the organic units. The photoluminescence spectra show that an 

increasing amount of NVK forces a blue shift in the emission due to higher participation of the 

NVK – at a 50:1 ratio it shows a pure green emission. Consequently, the later metallopolymer 

was utilized to fabricate a green-emitting PLED. This device features no remarkable drop of 
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the EL efficiency, which can be attributed to the triplet-triplet annihilation and restraints in 

concentration quenching in the metallopolymer, which can be seen as an advantage against 

small Tb(III)-containing molecules. 

Another interesting approach are PLEDs that are able to emit in the NIR region, which can be 

facilitated by P38b that consists of a Zn(II) and a Yb(III) metal complexes and NVK, as a 

comonomer (Fig. 39).[781] Further lanthanoid ions were investigated, e.g., Nd(III) and Er(III) 

that provide worse emitting properties. The Yb(III) is an efficient sensitizer in the NIR region, 

vinyl-derivative Zn(II)-complex enables the polymerization and strengthens the optical absorb-

ance and the NVK-comonomer features a good hole transporting – resulting in efficient NIR 

PLEDs. The polymers in different ratios revealed absorption bands in the UV-region (220 to 

335 nm), based on electronic transitions of the organic compounds as well as the typical Yb(III) 
2F5/2 transition band in the NIR region (978 nm, Fig. 38). The PLED (ITO/PEDOT:PSS/P38 

(ratio of 75:1)/BCP/TPBI/LiF) show a comparable EL spectra as the PL spectra in solid state 

with a turn-on voltage of 5 V, a maximum irradiance of 85.63 μW cm-2 at 16 V and a maximum 

EQE of 0.058% at a current density of 9.6 mA cm-2, which represents the best reported Yb(III)-

containing NIR-PLED, so far. It could be noticed that an increase of the Yb(III) content 

decreases the EL performance as well as a decrease of EQE with increasing current density. 

Additionally, PLEDs without TPBI layers provide slightly worse performance due to reduced 

electron-transport and less confined excitons. Metallopolymers, consisting of La(III), Nd(III) 

or Er(III) ions, instead of the Yb(III) all exhibited worse photoluminescence and consequently 

were not tested as NIR-PLEDs. 

 

 

Fig. 38. Schematic representation of the excitation and NIR emission spectra of the Ln(III)-

containing polymers P38a-c with the best emitting properties of P38b [781], Copyright 2018. 

Adapted with permission from American Chemical Society. 

 

NIR emission for P38a 
Excitation for P38a 
NIR emission for P38b 
Excitation for P38b 
NIR emission for P38c 
Excitation for P38c 



89 

The first WPLED containing a Ln(III)-metallopolymer P39 was reported by Liu et al. utilizing 

methyl methacrylate, an Eu(III)-bipyridine-containing monomer, and a salen-complex 

consisting of Zn(II) and Gd(III) ions as monomers in different ratios (Fig. 39).[782] These 

polymers feature relatively broad absorption bands in the UV region from electronic transitions 

of the organic compounds and the solid-state PL spectra are dependent on the ratio of the 

polymers. For instance, P39b shows an Eu(III)-typical red emission (λem = 612 nm, τ = 605 μs) 

through 5DO−7FJ transition, which is strengthened through an energy transfer from the Gd(III)-

complex to Eu(III)-complex. Due to the increased content of green-blue emitting Gd(III)-

Zn(II)-monomer in P39a a combination with the red color and of the Eu(III)-monomer leads to 

a white emission.  

 

 

Fig. 39. Schematic representation of the polymeric structures of metallopolymers P37, P38a-c, 

P39a, and P39b featuring lanthanide ions.[780-782] 
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However, in the recent years the development of WPLED accelerated and more 

metallopolymers with white emissions have been published featuring a similar behavior as 

described before.[783-785] 

 

2.4.2 Organic Solar Cells 

In contrast to EL devices, (organic) solar cells are capable of harvesting energy from external 

radiation and converting it into electric energy. Over the past decades, photo-conducting 

metallopolymers became attractive representatives in the class of active materials in organic 

photovoltaic devices. In particular, conjugated polymers earned significant attention due to their 

potential, light weight, easy producibility, and flexible alternatives to inorganic semiconduc-

tors.[786] The earlier mentioned Pt polyynes are predestinated for solar cell applications due to 

their defined architectural structure, the potential fine-tuning of the highest occupied molecular 

orbital (HOMO) to lowest unoccupied molecular orbital (LUMO) gap through the interaction 

between the d-orbitals of the Pt(II) and the ligand orbitals, the π-conjugation, and the Pt core 

itself that improves the photon absorption coverage.[787] Thus, active species for charge 

transportation through redox-active centers can be generated and the efficiency of charge 

separation can be increased by expanding conjugation and, consequently, increasing triplet 

excitation lifetimes. 

Already in 1994, Köhler et al. reported one of the first single-layer photocells (ITO/P40/Al) 

with a photocurrent quantum efficiency of 0.01%.[788] In this system, the radiative triplet ex-

cited states are located at one repeating unit. The authors could increase the photocurrent quan-

tum yield by adding 7 wt% of a C60 blend to 1 to 2% due to an electron transfer from the polymer 

onto the C60 upon ionization of the triplet exciton.[789]  

 

2.4.2.1 Metallopolymers in Bulk Heterojunction Solar Cells 

The BHJ solar cells represent one class of organic solar cells. Their efficiency is dependent on 

(1) the light-harvesting efficiency, (2) the exciton diffusion to the donor-acceptor interface, (3) 

photo-induced charge separation, and (4) the resulting charge carrier motility.[790] A wide 

range of Pt polyyne polymers has been developed in order to understand the electrochemical 

and photophysical mechanisms and to improve the photovoltaic properties. Consequently, a 

P7/PCBM (phenyl-C61-butyric acid methyl ester) blend can be utilized as the active material 

in photovoltaic device.[791] This study was the first report about an involvement of the triplet 

excited state in photo-induced charge separation of a polymer-based system; however, the 
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power conversion efficiency (η) was still at only 0.27%. In order to further modify the low 

bandgap and photovoltaic performance, several donor and acceptor moieties can be integrated 

in the conjugated backbone. One possibility of tuning the properties is the combination of 

electron-accepting 2,1,3-benzothiadiazole and two flanking donating thiophenes (P41, Eg= 

2.07 eV) or (3,4-ethylenedioxy)-2,5-thienyl (P42, Eg= 1.93 eV), respectively (Fig. 40).[790] 

Due to the even stronger electron-donating (3,4-ethylenedioxy)-2,5-thienyl effect the bandgap 

of the latter polymer decreases and the absorption extends to the near-infrared region. 

Integration of these moieties improves the photovoltaic properties (Table 5) in a blend with 

PCBM compared to P7, which can be attributed to the red-shifted and enhanced light 

absorption. By variation of the strength of the electron acceptors, one can further optimize the 

absorption spectra. In comparison with P41, the thienopyrazine-derivative polymers (P44 to 

P46) absorbed a broader part of the spectrum due to their stronger intramolecular charge 

transfer (ICT) ability.[792] In particular, P45 shows an absorption from 300 to 900 nm; 

whereas, P41 or P43 feature an absorption with lower intensity and just in a range 300 to 

600 nm. Furthermore, the thienopyrazine moiety lowers the bandgaps to 1.49 to 1.66 eV with 

the minimum for the diphenyl derivative P43. Nevertheless, the photovoltaic properties (Table 

5) are not significantly improved by these light harvesting abilities due to their lower ionization 

potentials. The best power conversion efficiency was achieved for pyrido[3,4-b]pyrazine-based 

P43 that features the highest ionization potential (5.19 eV) but also the highest bandgap 

(1.91 eV). Furthermore, it could be shown that the coupling of the strong electron-withdrawing 

benzo[1,2-c:4,5-c']bis([1,2,5]thiadiazole) (P47) and a [1,2,5]thiadiazolo[3,4-i]dibenzo-[a,c]-

phenazine (P48), respectively, flanked with two fluorenes, as weak electron donors, extends 

the absorption of the two polymers to the near-infrared region (800 to 850 nm).[793] Herein, a 

strong ICT between the donor and acceptor, low HOMO level of ca. 5.50 eV, and a low bandgap 

(1.54 to 1.65 eV) could be observed. The resulting BHJ solar cells feature a maximum η of 

1.02% (Table 5) for the relatively stronger electron acceptor in P47. 
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Fig. 40. Schematic representation of the polymeric structures of Pt(II) polyynes P41-P48.[790-

793] 

Next to the donor-acceptor interactions, the extension of π-conjugation and, thus, electron de-

localization along the polymer chain has a significant influence on the decrease of the bandgap 

as well as on increasing the light-harvesting ability, the cross-section of solar absorption and 

resulting efficiency of the solar cell. Several publications demonstrated that all of these pro-

perties can be modified by increasing the number of thiophene rings. As spacer in the Pt polyyne 

backbone, P49 and P50 (Fig. 41) both feature a bithiazole without and with three thienyl rings, 

respectively.[794] 

This structural change shifts the bandgap from 2.40 to 2.06 eV and, simultaneously, the photo-

voltaic characteristics of the fabricated solar cell with PCBM as the electron acceptor is shifted 

with the addition of the electron-donating thiophenes (Table 5). It is expected that the increase 

of these moieties enhances the intra-chain mobility and, consequently, improves the bulk 

properties. Integration of an electron-donating phenothiazine (P52) resulted in an absorption 

maximum at 281 nm and a higher bandgap of 2.90 eV.[795] The thienyl-derivative Pt polyyne 

(P52) is red-shifted in its absorption to 430 nm and exhibits a lower bandgap at 2.52 eV. The 

properties of the fabricated solar cells with the two polymers and PCBM are summarized in 

Table 5. The authors observed increased photovoltaic properties with elongated conjugation in 
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P52 compared to P51. However, the incorporation of 4H-cyclopenta[2,1-b:3,4-b']dithiophen-

4-one, as a spacer, (P53 and P54, Fig. 41) resulted in near-infrared absorbing polymers with 

very low bandgaps (P53: Eg = 1.53 eV; P54: Eg = 1.44 eV) due to the electron-deficient 

character of the spacer.[796] The electron-withdrawing ability of benzothiadizole with 

thiophene donors and triphenylamines giving the Pt polyyne P56, an unique donor-π-bridge-

acceptor-π-bridge-donor structure enhances an ICT.[797] This lowers the bandgap to 1.85 eV, 

expands the absorption over the whole visible area with maxima at 380 and 539 nm, and 

improves the performance of the solar cell (Table 5) compared to P55 without thiophene 

moieties (Eg = 2.06 eV). 

 

 

Fig. 41. Schematic representation of the structures of Pt(II) polyynes P49-P56.[794-797] 

 

Recently, Wong et al. presented another Pt polyyne with a donor-acceptor structure consisting 

of an electron-accepting diketopyrrolopyrrole (DPP) moiety flanked by electron-donating 

thiophene units that exhibit strong ICT effects.[798] Accordingly, the polymers show strong 

absorptions between 550 and 750 nm. The DPP moieties also feature linear and branched alkyl 

side chains, respectively, that improve the polymer's solubility in bulk with PCBM and the 

corresponding nanostructural order of the active layer in the BHJ solar cell. The authors de-

monstrated that the linear octyl chain on the Pt polyyne (P57) results in a better photovoltaic 

performance of the according BHJ solar cell (η = 1.4%, VOC = 0.75 V, JSC = 5.45 mA cm-1, 

FF = 0.34) than a branched 2-ethylhexyl analogue despite its better solubility properties. 
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Next to linear structures of the spacer, higher dimensionality enables a pseudo-3D charge-trans-

port and, consequently, improves the photovoltaic performance of BHJ cells. This finding is 

proven by comparison of linear P58 with branched P59 or P60 (Fig. 42), which shows a 

significant increase of η from 0.83% to 1.64% and 1.75% (Table 5), respectively.[799] The 

best performance is observed for P60 due to the fluorene-induced extended π-conjugation 

compared to P59. Nevertheless, the polymers do not feature an enhanced donor-acceptor 

structure resulting in quite high bandgaps at 2.59 ‒ 2.72 eV and limited absorption properties 

with maxima at ca. 470 nm. Further investigation has shown that multidimensional P60 exhibit 

an even higher η of 2.24% in 1:5 polymer : PCBM blend, instead of the 1:4 ratio. 

Like mentioned in the previous chapter, heterobimetallic polymers feature further opportunities 

for modifying the optoelectronic and thus photovoltaic properties. Besides the luminescence, 

Zn-porphyrin spacers in Pt polyynes also enable applications in BHJ solar cells due to the 

extensive optical absorption of the porphyrin. Therefore, a series of Zn(II)-porphyrin containing 

Pt polyynes with electron-rich thiophene and/or benzene rings was synthesized (P25a-c, Fig. 

31).[800] In their absorption spectra, the porphyrin-typically strong Soret bands at ca. 430 nm 

and two weak Q bands between 540 and 635 nm are observed; whereas, thiophene-bearing 

P25c is red-shifted for 10‒15 nm compared to P25a. The Zn-porphyrin complex induces a 

hindered π-conjugation through its non-planar structure resulting in bandgaps of P25a-c 

between 1.93 and 2.02 eV with a minimum Eg for P25c (Fig. 31). This finding further results 

in the best photovoltaic performance of the corresponding BHJ solar cells among the three 

polymers with an η of 1.04% (Table 5). 
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Fig. 42. Schematic representation of crosslinked Pt(II) polyynes P59 and P60 that provide en-

hanced photovoltaic performances compared to the linear P58.[799] 

 

The previous examples demonstrated that the influence of the heavy metal platinum and its 

induced spin-orbit coupling is significant. A comparable conjugated poly-di-acetylenic system 

with a Zn(II)-porphyrin complex but without the platinum ion in the backbone exhibits a de-

creased photovoltaic performance with a maximum power conversion efficiency of 0.30% of 

the BHJ cell (P61:PCBM ratio is 1:3; Fig. 43.[801] If the acetylene groups are also not present 

in the polymer, a blue-shift of the absorption spectrum is induced and the performance is de-

creasing due to reduced conjugation.  
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Fig. 43. Schematic representation of the structures of Zn(II)-porphyrin containing 

metallopolymers P61-P63.[801,802] 

The electron-donating Zn(II) porphyrins can also be attached to the polymers in side chains like 

demonstrated for block copolymers.[803] For this purpose, two copolymers consisting of a 

Zn(II) porphyrin-functionalized benzodithiophene and a 2-ethylhexyl-3-fluorothieno[3,4-

b]thiophene-2-carboxylate were prepared; whereas only the porphyrin substituents differed in 

order to adjust the solubility, absorption energy levels, bandgap and charge separation and, thus, 

the overall photovoltaic performance. However, both polymers exhibit absorption over the 

whole visible spectrum, but the photovoltaic performance of the polymer with a shrunken 

porphyrin (P64) system reveals better properties.  

Another approach of Pt(II)-containing polymers is presented by the peripherally attached Pt(II) 

complexes to conjugated polymers, which leads to no inhibition of the exciton delocalization. 

Therefore, two polymer backbones consisting of a 2-(2'-thienyl)thiazole (C^N) ligands were 

synthesized, which are able to form coplanar, cyclometalated platinum complexes together with 

diketonate (O^O) ligands.[804] Both metallopolymers revealed strong transition bands at 
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350 nm through the direct excitation of the metal complexes. Further transition bands at 610 nm 

and 520 nm for P65 and P66 (Fig. 44), respectively, could be found. These can be attributed to 

the polymer backbone, while P65 is significantly red-shifted due to the stronger electron-donor 

thiophene, compared to the weak donor fluorene. The optical bandgaps were determined with 

2.1 eV for P66 and 1.65 eV for P65, which is close to the theoretically ideal bandgap for donor 

compounds in BHJSCs with polymer : PCBM blends.[804,805] This ideal absorption of solar 

radiation and the low bandgap led to a higher η of 1.29% for P65 than P66 (η = 0.40%).[804] 

Additionally. a similar cyclometalated platinum complex with a C^N ligand can be utillized, 

which is based on a DPP within the backbone and in case of P69b, a 2-phenylpyridine was 

utilized, as the C^N ligand (Fig. 44).[806] The 2-thienylpyridine in P69a raises the HOMO 

energy level and enhances the charge-transfer interaction between the electron-rich C^N ligand 

and the electron-deficient DPP, which leads to a red-shift of the absorption up to 900 nm and 

an increase of the molar absorptivity. Also, in the incident photon to current conversion 

efficiency (IPCE) spectra of the BHJSCs that were prepared from the photosensitizing polymers 

and (phenyl-C71-butyric acid methyl ester) (PC71BM), a weaker performance (less than 10%) 

for phenyl-containing P69b was revealed. But this effect can also be affected by the higher 

amount of light-absorbing PC71BM in the BHJ solar cells of P69a that features the best 

photovoltaic performance (Table 5) at a ratio of 1:7 (P71a : PCBM; η = 1.66%), while that of 

P69b is best at 1:3 (P69b : PCBM; η = 0.52%). Nevertheless, the higher IPCE value also 

induces a higher JSC (3.79 mA cm-2). Furthermore, one last advantage of P69a is that it has a 

better nanoscale phase separated network, when compared to P69b. 
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Fig. 44. Schematic structures of Pt(II)-containing polymer P65 to P69b.[804,806,807] 

 

The highest reported efficiency (16.35%) so far is also based on the concept of a D-A polymer 

with Pt(II) complexes on the polymer backbone.[808] For this purpose, the polymer consisted 

of donating moiety – a benzodithiophene – and a tetrazine unit flanked by a thiophene deriva-

tive, as acceptors and simultaneously as a ligand, for the Pt(II) (P70). The metal complex also 

features a bulky benzene ligand with steric hindrance properties. Consequently, the polymer 

aggregation is inhibited, the phase separation regulated, and the morphology of the solar cell's 

blend is optimized, resulting in an improved photovoltaic performance compared to that of 

Pt(II)-free polymer. After coordinating 10% of the tetrazines with Pt(II), the solar cell with the 

acceptor Y6 reveals a JSC of 26.45 mA cm-1. A VOC of 0.81 V, a FF of 0.76, and a η of 16.35%, 

which is the record of single-junction solar cells. 

In the recent years, several metals have been utilized as photosensitizers to fabricate BHJ solar 

cells. One promising candidate is the chlorotricarbonyl Rh(I) diamine complex due to relatively 
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long-living excited states via their MLCT character.[809] The integration into polymers further 

enables the formation of thin films and improves the processability as well as the metal content 

and π-conjugation can be easily modified, which affects the photophysical properties. For 

example, the metal coordination of Re(I) significantly lowers the bandgap.[810-812] Polymers 

containing chlorotricarbonyl bis(phenylimino)-acenaphthene Rh(I) complexes with increasing 

metal contents were reported (Fig. 45).[810] The metal content is observable in the UV/vis 

spectra of the metallopolymers. P71a featured a strong absorption band at ca. 370 nm, which 

can be assigned to the π-π* transition of the ligand and conjugated main chain. It could also be 

observed that the higher metal content in P71b also raises the quantum efficiency relative to 

P71a; however, the highest metal content in P71c hinders the effective conjugation and thus 

the charge transport properties resulting in a lower quantum yield than P71b. Another 

interesting approach was based on the utilization of hyperbranched Re-containing 

polymers.[813] The absorption and, consequently, the photon-to-electron conversion operates 

up to 600 nm and occurs at the Re(I)-polymer/poly[2-(3-thienyl)ethoxy-4-butylsulfonate] 

junction, where the photoexcited exciton is charge separated through an internal field; however 

only very low power conversion efficiencies (η) in the order of 10-3% could be obtained. Further 

reported polymers are based on Re ions complexed via a 5,7-bis(3-octylthiophen-2-yl)-2-

phenyl-3-pyridin-2-yl-thieno[3,4-b]pyrazine that was incorporated within the conjugated 

backbone[814] or tethered through an alkyl spacer to the main chain (Fig. 45).[815] In the first 

case, the chelating moiety and either a fluorene or a cyclopentadithiophene derivative, as the 

stronger electron donor, formed the backbone that feature ICT absorption bands at 740 nm 

(P72a) and 810 nm (P72b), respectively.[814] These are red-shifted by ca. 150 nm after 

complexation through a decreased electron density on the ligand leading to lower bandgaps of 

1.31 eV (P72a) and 1.17 eV (P72b). The fabricated solar cells of the metallopolymer P72a 

together with PCBM exhibit an increased hole mobility (at ca. 10-6 cm2 V-1 s-1) and charge 

transfer compared to their organic analogues. Nevertheless, the organic counterpart exhibits a 

better photovoltaic performance due to a trade-off between the absorptivity and mobility. Thus, 

the η is 0.03% (P72a) and 0.41% for the un-coordinated polymer. In the case of the tethered 

Re(I)-complex, the UV/vis absorption spectrum also extends up to 800 nm, but the ICT band 

only shifts from 555 to 633 nm after metal chelation, based on the increased electron 

delocalization from the thienopyrazine to the pyridine moiety of the ligand, which was forced 

into a coplanar shape upon complexation.[816] The optical bandgap of P73 (Fig. 45) is 1.49 eV. 

A blend of P73 : PCBM was utilized in a BHJSC exhibiting a η = 0.03% and JSC = 0.13 mA cm-

2.  
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Fig. 45. Schematic representation of Re(I)-containing polymers, featuring the metal complex 

at the main chain (P71a-P72b) as well as side chain (P73).[810,814,815] 

 

Ru(II) complexes are another interesting class, due to their electrochemical properties. In par-

ticular, Ru(II) complexes, incorporated into conjugated polymers, introduce properties into the 

polymer-like enhanced photosensitivity in the visible region through charge generation for a 

wide absorption range and long-lived MLCT. Additionally, these polymers feature easy pro-

cessability, high thermal stability, and can enable reversible redox processes [Ru(II)/Ru(III)]. 

A PPV, as the conjugated polymer backbone, with an integrated Ru(II) terpyridine complex can 

therefore be applied exemplarily.[817] However, the orthogonal geometry of the two chelating 

terpyridine ligands disrupts the π-conjugation of the polymer. Consequently, the UV/vis 

absorption spectrum features only an intense MLCT absorption band at 507 nm without the 

typical π-π* absorption band of the conjugated polymers at ca. 450 nm.[818] The photovoltaic 
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cells were fabricated by the LBL technique with the Ru(II)-PPV as the electron donor and 

sulfonated polyaniline as the electron acceptor, in the configuration ITO/[Ru(II)-PPV/ 

sulfonated polyaniline]/Al. The photovoltaic performance of this solar cell is poor showing a 

low η in the order of 10-3% and photo-to-electron conversion efficiencies of only 2% at 510 nm.  

In another approach, the Ru(II) complex is in the side chain and tethered on a conjugated 

polymer in order to improve the overlap of the polymer absorption with the solar radiation up 

to the NIR region.[819] For this purpose, electron-donating poly(phenylenethiophene) (P74) 

and poly(fluorenethiophene) (P75) were functionalized with trithiacyanato ruthenium 

terpyridine complexes (Fig. 46). Thus, the polymers feature an absorption of a broad region 

from 400 to 750 nm. The BHJ solar cells (ITO / polymer / PCBM / Al) from both polymers 

exhibits a promising η of 0.12% (P74) and 0.084% (P75), respectively, mainly limited by the 

low VOC of only 120 and 180 mV (Table 5). The low VOC may result from the relatively high 

HOMO levels of the polymers.  

Nevertheless, the combination of electron-donating conjugated polymers and photosensitizing 

Ru(II) dyes are essential to a photocurrent generation. Furthermore, a Ru-bis-terpyridine 

complex can also be incoportated into a conjugated polymer with an electron donor-acceptor-

structure by sandwiching various benzodithiazoles between the thiophenes (P76a-c, Fig. 

46).[820] The planar structured metallopolymers enable inter-chain association and strong ICT 

interactions. Together with the Ru-induced MLCT, the polymers covered an absorption 

spectrum from 260 to 750 nm. The selenium substituted P76c ‒ featuring the largest atom size 

and smallest electronegativity ‒ shows the most pronounced bathochromic behavior in the 

absorption spectrum and the lowest optical bandgap (1.63 eV) compared to the sulfur- (P76b, 

Eg = 1.74 eV) and oxygen- (P76a, Eg = 1.73 eV) based benzodithiazoles. The differences in 

electron deficiency of the electron acceptor units further affect the LUMO levels ‒ the stronger 

the electron-deficient unit is the lower the LUMO energy level. The BHJSCs with the polymers, 

as active material, were fabricated in the configuration [ITO / PEDOT:PSS / metallopoly-

mer:PCBM / Ca / Al] in which P76b showed the best results for η (0.45%), which is mainly 

based on the high JSC (2.18 mA cm-2). In particular, the JSC of P78 is higher than those of P77a 

and P77c due to its higher EQE in the longer wavelength region ca. 600 nm. The donor-acceptor 

concept can further be applied by the combination of a donor-substituted (i.e. fluorene or 

carbazole) bis-terpyridyl ligands with bis-terpyridyl derivatives featuring benzothiadiazole, as 

the acceptor moieties (Fig. 46).[821] Thus, an alternating structure of P77a and P77b can be 

generated by the coupling of the D-A-moieties through Ru(II) bis-terpyridine complexes 

enabling a coverage in the absorption spectra in a range of 260 to 750 nm with strong bands at 
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560 and 565 nm, respectively, due to overlapping ICT and MLCT bands. The varying nature of 

the donor in the π-conjugated backbone influences the bandgap and the photovoltaic 

performance. The stronger donating carbazole results in a lower bandgap of P77b (1.76 eV) 

compared to P77a (1.82 eV). Furthermore, it lowers the HOMO energy level of P77b (-

5.19 eV) leading to a higher VOC (0.70 V) in the corresponding photovoltaic device. Due to a 

higher EQE, also the JSC of P77b (3.50 mA cm-2) is higher than for P77a (JSC = 2.22 mA cm-

2), leading also to a higher η.  
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Fig. 46. Schematic representation of the structures of Ru(II)-containing metallopolymers P74-

P78b.[819-822] 

 

In recent years, heavy metal complexes have also been attached to polymers. Ir(III) complexes 

are amongst the most promising candidates when tethered on a conjugated polymer backbone 

consisting of fluorene and coordinating phenylpyridine moieties, the absorption band at 350 nm 

features an additional absorption tail between 400 and 450 nm.[823] The addition of PCBM in 

order to form the blend of the photovoltaic device, quenches the photoluminescence of P79 

(Fig. 47) completely due to an electron transfer from the excited state of the polymer to the 

PCBM. The solar cells show a low EQE of ca. 10% and consequently, the JSC is only 

0.44 mA cm-2. For P80, an Ir(III) complex with auxiliary ligand dibenzoylmethane (DBM) and 

difluorophenylpyridine enables energy transfers from a photogenerated triplet charge transfer 

state to a triplet excited state of a donor, was incorporated in a series of different ratios (0 to 

5 mol%) into a polymer backbone together with the strong donor PTB7 moieties (Fig. 47). 

[824] However, all polymers feature low optical bandgaps (1.62 to 1.67 eV) and a broad 

absorption between 360 to 800 nm with a further red-shift in the solid films. The 

metallopolymer consisting of 1 mol% Ir(III) complex, mixed in a blend with PC71BM, leads to 

the best photovoltaic performance of the investigated BHJ solar cells (Table 5) revealing very 

high values of η = 8.71%. However, an increase of the Ir ratio to 5 mol% decreases the 

performance again due to the higher amount of Ir breaking the conjugation of the polymer 

backbone, which hinders the charge mobility of the polymers and consequently reduces the JSC. 
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Fig. 47. Schematic representation of the metallopolymers featuring Ir(III) complexes (P79 and 

P80).[823,824] 

Table 5: The summarized photovoltaic characteristics of polymer/PCBM blends in BHJ solar 

cells featuring metallopolymers that are mentioned within this chapter. 

Compound VOC [V] JSC [mA cm-2] FF η [%] Ref. 
P7 0.44 0.99 0.43 0.27 [791] 

P25a 0.72 2.74 0.34 0.68 [800] 
P25b 0.78 3.02 0.30 0.71 [800] 
P25c 0.77 3.42 0.39 1.04 [800] 
P41 0.54 7.17 0.36 1.39 [790] 
P42 0.50 4.56 0.35 0.78 [790] 
P43 0.66 2.99 0.34 0.68 [792] 
P44 0.52 2.71 0.26 0.36 [792] 
P45 0.39 0.25 0.17 0.016 [792] 
P46 0.53 2.14 0.28 0.32 [792] 
P47 0.66 4.95 0.31 1.02 [793] 
P48 0.72 2.99 0.36 0.78 [793] 
P49 0.73 0.91 0.32 0.21 [794] 
P50 0.88 6.50 0.44 2.50 [794] 
P51 0.63 2.73 0.32 0.55 [795] 
P52 0.79 4.06 0.41 1.29 [795] 
P53 0.72 1.28 0.31 0.32 [796] 
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P54 0.68 2.88 0.33 0.63 [796] 
P55 0.80 4.00 0.34 1.09 [797] 
P56 0.78 4.94 0.42 1.61 [797] 
P57 0.75 5.45 0.34 1.4 [798] 
P58 0.74 3.00 0.37 0.83 [799] 
P59 0.76 4.94 0.44 1.64 [799] 
P60 0.82 3.98 0.54 1.75 [799] 
P61 0.59 1.17 0.30 0.21 [801] 
P62 1.97 0.57 0.32 0.36 [802] 
P63 3.36 0.63 0.29 0.61 [802] 
P64 0.84 15.2 0.56 7.14 [803] 
P65 0.65 5.3 0.37 1.29 [804] 
P66 0.38 3.5 0.30 0.40 [804] 
P67 0.79 6.10 0.36 1.70 [807] 
P68 0.78 7.70 0.48 2.90 [807] 

P69a 0.65 3.79 0.64 1.66 [806] 
P69b 0.73 1.61 0.41 0.52 [806] 
P70 0.81 26.45 0.76 16.35 [808] 

P71a 0.93 0.037 0.21 0.045 [810] 
P71b 0.86 0.427 0.21 0.061 [810] 
P71c 0.76 0.102 0.23 0.012 [810] 
P72a 0.66 0.140 0.27 0.03 [814] 
P72b 0.48 0.110 0.25 0.01 [814] 
P73 - 0.130 - 0.03 [815] 
P74 0.12 2.58 038 0.12 [819] 
P75 0.18 1.60 0.29 0.08 [819] 

P76a 0.58 1.14 0.33 0.22 [820] 
P76b 0.61 2.18 0.34 0.45 [820] 
P76c 0.42 1.14 0.30 0.14 [820] 
P77a 0.66 2.22 0.39 0.57 [821] 
P77b 0.70 3.50 0.37 0.90 [821] 
P78a 0.67 6.17 0.48 1.99 [822] 
P78b 0.73 7.12 0.51 2.66 [822] 
P79 0.63 0.44 0.19 0.07 [823] 
P80 0.75 18.14 0.64 8.71 [824] 

 

2.4.2.2 Metallopolymers in Dye-Sensitized Solar Cells 

DSSCs, extensively investigated by Grätzel et al., are another class of solar cells.[825] A porous 

layer of TiO2 is covered with a light absorbing dye. This layer is adjacent to an electrolyte as 

liquid conductor with a platinum-based catalyst on the other side of the device. Radiation 

induces an electron flow between the TiO2 anode and the platinum cathode.[825] Ru(II) 
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complexes are very prominently utilized as dyes and, consequently, in literature there are 

numerous reports of ruthenium-containing solar cells with efficiencies over 11%.[826-830] 

However, most examples of these dyes are small molecules, but also Ru(II)-containing metallo-

polymers are promising candidates, as an active material in DSSCs. In a recent approach, Ru(II) 

complexes with three phenanthroline ligands were attached to polymerizable acrylate groups 

through alkyl spacers.[831] These monomers were utilized for the syntheses of a linear, three- 

and four-armed metallopolymers via ATRP. All metallopolymers feature absorption maxima at 

ca. 440 nm; whereas, the branched polymers reveal better molar absorption coefficient values 

than the linear analogue. Furthermore, they self-assemble into micelles in a nanometer-scale in 

the presence of toluene, whereby the micelles are further converted to anisotropic nano-

structures (cubic and octahedral morphologies) during annealing at 180 °C due to improved π-

π stacking. Afterwards, the nanonostructural metalloplymers were utilized as photoactive 

materials and together with a liquid electrolyte (I3
¯/I¯) DSSCs were prepared. Upon the 

investigation of the photovoltaic properties of the metallopolymers in DSSCs, it could be further 

shown that the branched polymers exhibit higher JSC and η values with maxima of 

14.45 mA cm-2 and 6.28% for the four-armed (P81) polymer (linear: JSC = 7.91 mA cm-2 and η 

= 4.50%; 3-armed: JSC = 13.75 mA cm-2 and η = 5.68%). 

Zn(II)-porphyrins can also be utilized as dyes; however, often lower efficiencies are obtained 

compared to ruthenium-based dyes caused by less absorption of solar light.[832] Nevertheless, 

optimization on these molecular systems resulted in impressive efficiencies of 12.3%[833] and 

13.0%, respectively.[834] As mentioned earlier, the star-shaped polythienylic Zn(II)-

porphyrins (P62 and P63) were also applied in such a polymer-containing DSSC resulting in 

improved photovoltaic performances compared to their corresponding BHJ solar cells.[802] In 

particular, the JSC of 8.63 mA cm-2 leads to a high η of 3.91%, but also the fill factor (0.66) and 

VOC (0.69 V) represent the good performance of the DSSC device of P63. 

Another example of DSSCs utilized the combination of Zn(II)-porphyrin complexes with other 

metals, i.e. heterobimetallic metallopolymers.[835] Thus, Mn(II), Co(II), Ni(II), Cu(II) or 

Zn(II) ions were utilized and linked via acylhydrazones to a Zn-porphyrin core. These polymers 

were assembled over a pyridine moiety as the axially coordinating ligand of an anchoring 

Zn(II)-porphyrin complex. In this manner, a bilayered supramolecular chromophore was 

prepared. The absorption of P82a-e (Fig. 48) ranges from 350 to 650 nm with intense Soret 

bands at 400 to 500 nm and several Q bands between 550 and 650 nm, which is approximately 

the same trend that is observed in the IPCE and the light harvesting efficiency (LHE). From 

these results, the best JSC of Mn-containing P82a (6.34 mA cm-2) and VOC of P82e (0.74 V) can 
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be explained. For this purpose, a higher LHE, enhanced electron injection and lower electron 

recombination rate could be obtained for Mn(II) (η = 2.31%) and Zn(II) (η = 2.29%) 

coordinating polymers, resulting in better photovoltaic performances in their DSSCs (Table 6).  

 

 

Fig. 48. Schematic representation of a) the structure of the heterobimetallic Zn(II)-porphyrin 

polymers P82a-e consisting of Mn(II), Co(II), Ni(II), Cu(II) or Zn(II) ions in the main chain; 

b) their IPCE spectra, and c) their LHE spectra. (Translation of the abbreviations: AP = 

anchored porphyrin, P1Mn+AP = 82a, P1Co+AP = 82b, P1Ni+AP = 82c, P1Cu+AP = 82d, 

P1Zn+AP = 82e) [835], Copyright 2016. Adapted with permission from The Royal Society of 

Chemistry. 

Furthermore, π-conjugated D-π-A Ni(II) and Co(II) metallopolymers consisting of thiophene, 

as acceptor, and as the donor either fluorene (P83a and P83b) or alkoxybenzene (P84a and 

P84b) can also be applied.[836] The polymers show an absorption band at 326 to 353 nm, 

which is 7 to 36 nm blue-shifted compared to the uncomplexed polymers due to the electron 

withdrawing Co(II) and Ni(II) ions in the side chain. A MLCT band further induces a shoulder 

and extends the absorption up to 600 mm. The stronger electron-donating fluorene moieties 

raise the intensity of the shoulder at ca. 475 nm in P83a and P83b, resulting in bandgaps of 

2.17 to 2.29 eV. The fabricated DSSCs offer more or less similar results for the polymers, but 

P84b exhibits the best η (1.21%) due to highest VOc (0.70 V) and JSC (2.49 mA cm-2) of these 

dyes (Table 6). This can be explained by the higher kinetic stability of the d8 Ni(II) complex 

over the d7 Co(II) complex and due to the alkoxybenzene that enhances the generation of 

a b 

c 
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photocurrent and the open-circuit voltage (VOc) stronger than the fluorene moiety. Nevertheless, 

the JSC of all polymers are rather low due to low charge separation, transportation efficiency, 

and a weak surface adsorption on porous TiO2. A similar approach focused on the utilization of 

8-hydroxyquinoline ligands in the main chain in order to complex Zn(II) or Cd(II) ions, as 

acceptor unit.[837] The conjugated D-π-A polymers were synthesized by a Heck coupling and 

consisted of carbazoles and either fluorene (P86a and P86b) or alkoxybenzene (P87a and 

P87b) derivatives, as the donor units (Fig. 49). The metal complexes do not feature a MLCT 

band resulting in relatively narrow absorptions of the polymers (300 to 530 nm); however, the 

polymers feature good VOC and fill factors as well as moderate power conversion efficiencies 

(Table 6), affected by the narrow absorption, low injection efficiencies, JSC, and adsorption to 

TiO2. The best photovoltaic performance of DSSCs was achieved by P87b (η = 2.45%) due to 

the electron-rich alkoxybenzene donor and the larger Cd(II) ion.  

The introduction of anchoring groups (‒COOH, ‒CN, ‒SO3H, ‒H2PO3) could improve the 

adsorption onto the TiO2 and metal complexes, capable for MLCT, as well as enhance the 

spectral absorption in order to improve the photovoltaic performance. An exchange of the 

chelating ligand with a coordinating phenanthroline derivative in similar conjugated D-π-A 

polymers (P88a, P88b, P89a and P89b, Fig. 49) did not extend the absorption in the UV/vis 

spectrum and finally resulted in a worse performance of the DSSC.[838]  
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Fig. 49. Schematic representation of the polymeric structures of metal-containing P86a-P89b 

that feature ions of Zn or Cd.[837,838] 

 

Since the chelating properties of diaminomaleonitrile are well-known, Cd(II)- and Ni(II)-di-

aminomaleonitrile complexes were incoportated into a D-π-A dye, as acceptors, and PPV (P90a 

and P90b) or bithiophene phenylenevinylene (P91a and P91b) as the donor unit.[839] As 

mentioned earlier, an increasing amount of thiophene is conducive for the absorption and the 

Cd(II) complexes improve this behavior further. These predictions were observed in the ab-

sorption spectra. All polymers showed a π-π* transition, as ICT, between the donor and acceptor 

at 405 to 451 nm and a weak shoulder at 450‒550 nm due to the charge transition of the metal 

ions and ligands. However, P91a offers the best UV absorption, the lowest HOMO level, which 

is beneficial for a high VOC, and the smallest Eg enabling the efficient light absorption. 

Consequently, the DSSC of P91a features a high VOC (0.72 V) and high η (2.25%) among these 

four polymers (Table 6). The JSC is rather low due to the low IPCE and the long distance 

between the donor – acceptor, and the resulting low charge separation and transportation 
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efficiency. These problems, as well as the low solubility, in order to improve the adsorption 

onto TiO2 have to be solved to achieve better performances of the DSSCs.  

It has been shown that instead of a D-π-A structure, a D-A-π-A structure can improve the 

photophysical properties of photosensitizing dyes for DSSCs.[840] Therefore, two acceptors 

with different electron-withdrawing capabilities can significantly enhance the power conver-

sion efficiency.[841] This concept can be applied by utilizing thienylbenzo[1,2-b:4,5-b']-dithio-

phene (BDTT) or fluorene derivatives, as donors, while either a Cd(II) (P92a and P93a) or 

Cu(II) (P89b and P93b) imidazole complex, as strong electron acceptors (Fig. 50).[842]  

8-Hydroxyquinoline was the second auxiliary ligand to the metal centers, connected via a π-

bridge, the weaker cyanoacrylic acid acceptor to the polymeric framework. The Cd features 

stronger electron-withdrawing capabilities than the Cu complex resulting in bathochromic 

shifts of ca. 20 nm for these complexes. In case of the donors, the stronger donating BDTT also 

shifts the absorption bands of ca. 95 nm. Thus, the UV/vis spectrum of P92a offered the highest 

maximum molar absorptivity due to the best matching between acceptor and donor. The 

extended π-conjugation and donor-acceptor concept led to narrow bandgaps (2.05 to 2.22 eV) 

and the low LUMO levels (-3.40 to -3.12 eV) were high enough to enable an electron transfer 

to the conduction band of TiO2. Furthermore, the absorption of the DSSCs in a range of 300 to 

600 and 300 to 700 nm for fluorene and BDTT derivatives, respectively, lead to high IPCE 

values in the complete region and, consequently, to high short-circuit current densities (Table 

6) with a maximum for P92a (12.38 mA cm-2). Due to the big influence of the donor moiety on 

the photovoltaic properties, the BDTT-containing polymer P92a also features the highest η 

(6.13%); however, despite the high η of the metallopolymer, the VOC is still rather low (0.62 to 

0.71 V) due to the lowered redox potentials. Consequently, this concept offering possibilities 

of further improvements.  

The same D-A-π-A concept was applied for metallopolymers P94a-c with an indacenodithio-

phene, as donor, Cd(II), Zn(II) or Co(II) complexes with chelating N-[2-(benzylideneamino)-

phenyl]-1-phenylmethanimine, as auxiliary acceptor, and again 8-hydroxyquinoline connecting 

the cyanoacrylic acid acceptor to the polymer (Fig. 50).[843] The Cd-based polymer P94a 

features a promising d-p-π feedback resulting in a stronger coordination bond compared to the 

other metals thus improving the electron transmission. Consequently, the best η of 6.43% is 

achieved for P94a (Table 6) due to a metal ligand complex that balances the push‒pull effect 

between the donor and acceptor ideally and eases the charge transfer, electron injection, as well 

as the dye regeneration. 
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Fig. 50. Schematic representation of the polymers P92a-P94c that feature Cd(II), Cu(II), Zn(II), 

and Co(II) complexes.[842,843] 

 

Other examples of metallopolymers utilized in DSSCs are P95 and P96 (Fig. 51) that feature 

ferrocenyl moieties in the side chains of the polymeric network.[844] The coordination 

polymers consisting of Zn(II) or Cd(II) and pyridyl-functionalized dithiocarbamates in 4- as 

well as in 3-position, respectively, are possible opportunities. The ferrocenes enable an increase 

of the light harvesting properties as well as extend the absorption coverage into the visible 

region of electromagnetic spectrum. Studies have shown that 3-pyridyl-functionalized P96 lead 

to an increased efficiency compared to the 4-pyridyl-functionalized complex in P95, based on 

a better packing arrangement and dye loading capacity. The TiO2-particles coated with the 

polymers feature an absorption between 300 to 700 nm with maxima at 430 nm (P95) and 

437 nm (P96) and the differences in the IPCE values as well as the resulting JSC (Table 6) are 
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only marginal. Nevertheless, Cd(II)-based P95 offers a better photovoltaic performance (P96: 

η = 5.22% vs. P95: η = 5.22%) due to the better loading and a lower charge carrier combination. 

 

Fig. 51. Schematic representation of ferrocenylic Zn(II) and Cd(II) metallopolymers P95 and 

P96.[844] 
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Table 6: The summarized photovoltaic characteristics of metal-containing polymeric DSSCs. 

Compound VOC [V] JSC [mA cm-2] FF η [%] Ref. 
P62 0.63 4.95 0.70 2.17 [802] 
P63 0.69 8.63 0.66 3.91 [802] 
P81 0.70 14.45 0.62 6.28 [831] 

P82a 0.50 6.34 0.73 2.31 [835] 
P82b 0.49 5.60 0.71 1.95 [835] 
P82c 0.46 5.33 0.70 1.72 [835] 
P82d 0.43 4.65 0.65 1.29 [835] 
P82e 0.52 5.96 0.74 2.29 [835] 
P83a 0.63 2.32 0.66 0.96 [836] 
P83b 0.62 2.35 0.70 1.00 [836] 
P864a 0.65 2.29 0.68 1.01 [836] 
P84b 0.70 2.49 0.59 1.21 [836] 
P85a 0.68 2.53 0.67 1.16 [845] 
P85b 0.63 1.87 0.65 0.78 [845] 
P85c 0.61 1.55 0.59 0.56 [845] 
P86a 0.65 4.98 0.63 2.04 [837] 
P86b 0.63 4.67 0.74 2.18 [837] 
P87a 0.72 4.16 0.72 2.17 [837] 
P87b 0.75 5.35 0.61 2.45 [837] 
P88a 0.68 2.35 0.62 0.99 [838] 
P88b 0.65 2.71 0.65 1.15 [838] 
P89a 0.60 2.28 0.60 0.82 [838] 
P89b 0.67 2.50 0.63 1.05 [838] 
P90a 0.65 4.38 0.70 1.98 [839] 
P90b 0.61 4.19 0.61 0.70 [839] 
P91a 0.72 4.75 0.66 2.25 [839] 
P91b 0.71 4.52 0.65 2.10 [839] 
P92a 0.71 12.38 0.70 6.13 [842] 
P92b 0.68 11.40 0.68 5.30 [842] 
P93a 0.64 9.14 0.66 3.86 [842] 
P93b 0.62 8.88 0.63 3.52 [842] 
P94a 0.73 12.56 0.70 6.43 [843] 
P94b 0.70 12.19 0.68 5.82 [843] 
P94c 0.70 12.02 0.68 5.68 [843] 
P95 0.61 12.38 0.65 4.88 [844] 
P96 0.62 12.92 0.65 5.22 [844] 
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2.4.2.3 Metallopolymers, as non-linear optical materials 

In recent years, non-linear optical (NLO) materials are gaining attention due to their potential 

in the development of optical communication, optical switching, and optical power limiting 

(OPL) devices. For this purpose, metallopolymers are promising candidates due to their good 

processability and the presence of metal ions that possess low oxidation states and occupied d-

orbitals resulting in an enhancing of the SOC and ISC from S1 to T1, which can increase the 

hyperpolarisability of the polymers. Furthermore, it has been shown that with a growing number 

of atoms, the third-order susceptibility χ(3) increases.[786,846] 

In particular, OPL materials are an important class of the NLO family due to their ability to 

protecting human eyes and optical sensors against intense laser beams while the optical energy 

density (fluence) of transmitted light is reduced to safe levels. Thereby, photophysical 

processes, like reverse saturable absorption (RSA), two-photon absorption (TPA, Fig. 52), non-

linear refraction, non-linear scattering, and free carrier absorption are contributors to the OPL 

mechanism.[846] In particular, the OPL mechanism of the reverse saturable absorbers feature 

a five-level model, whereby the OPL effect results from strong absorptions in the excitation of 

S1→Sn (upon the irradiation of shorter pulse duration of lasers in the ranges of ps and fs) or in 

the excitation of T1→Tn (upon the irradiation of long pulse duration lasers in the ns range).[846-

848] In contrast, TPA is a fast, non-linear, optical process wherein two photon absorptions 

inducing the TPA effect. A first photon is absorbed from the S0 state, excited to a virtual state 

and then a second photon can excite the final leap to the S1 excited state.[846,849,850] Next to 

the absorption processes, in the non-linear refraction process the laser radiation is reduced due 

to optical refraction effects, such as self-defocusing and self-focusing, which is caused by the 

generated carriers within the medium under strong optical incident fluence (optical energy 

density).[846] The non-linear light scattering participate to the OPL process, if the laser 

radiation is strong enough to induce light scattering centers in the material and, thus, decrease 

its transmittance in a certain direction. Moreover, the free carrier absorption as the last OPL 

process refers to semiconductors. Within these materials, photo-generated free carriers arise 

from laser radiation after the absorption of extra photons and their resulting excitation from the 

valence band to the conduction band. For this purpose, the amount of absorbed energy depends 

on the number of free carriers.  
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Fig. 52. Schematic representation of the OPL effects (i) reverse saturable absorption (RSA) and 

(ii) two photon absorption (TPA) [846], Copyright 2011. Adapted with permission from The 

Royal Society of Chemistry. 

 

One class of metallopolymers enabling NLO properties is the metal-containing polyynes with 

a rod-like structure. The metal centers feature SOC, enhance ICT from S1 to T1 and elongate 

the conjugation length of the polymer backbone, which increases the hyperpolarisabilty. In the 

literature, it has been shown that Pt(II) polyyne (P97a) and Ni(II)-containing polydiacetylene 

(P97b) increase their non-linear hyperpolarisability compared to their metal-free analogs and 

show NLO properties.[22] In addition, a dependency of the nature of the metal ion is observed. 

In particular, the hyperpolarisability of Ni(II)-containing P97b is larger than that of Pt(II)-

derivative P97a (Fig. 53). However, the optical non-linearity of the metallopolymers behaves 

differently than the polydiacetylenes. In agreement with an extrapolation from the monomeric 

systems, they exhibit a negative real component of non-linearity; whereas, the metal-free 

counterparts feature positive values through the dominating influence of a two-photon 

resonance. The third-order susceptibility in dependency of the metal center was also 

investigated by the comparison of Pd(II)-containing P98 with Pt-polyyne P99 (Fig. 

53).[753,851,852] It was found that the hyperpolarisability γ of P98 was 390 × 10-36 esu, while 

that of P99 is 102 × 10-36 esu.[851,853]  

The dependency on the structure and the conjugation length of Pt(II)-polyynes was studied and 

it could be observed that the highest γ among the polymers P100‒P102 for P101 exhibit 

856 × 10-36 esu, which is a larger hyperpolarisability than common NLO materials like p-nitro-

aniline or trans-stilbene.[852] This larger γ and the high transparence in the visible region 

making these polymers promising candidates for NLO-devices; however for applications, the 

macroscopic χ3 is more meaningful and also in this case all Pt metallopolymers exhibit 

substantial values for χ3. A conjugated Pt(II) polyyne (P103) consisting of electron-donors, e.g., 
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carbazole and thiophene moieties was also applied (Fig. 54).[854] A mixing of metal orbitals 

with π-electrons of the carbazole chromophore and a Pt(II)-induced SOC is detected by a red-

shift in the absorption spectrum. Additionally, a reduced fluorescence yield and an increased 

phosphorescence yield through an efficient ISC could be observed. The TPA absorption was 

measured and it revealed a blue shift compared to the transition that is degenerated with the 

absorption band of the primary ground state. Thus, P103 is a promising material for NLO 

applications in a transparency window of λ < 500 nm despite its a lower overall non-linear 

response to nanosecond pulses than previous Pt(II)-acetylated chromophores. 

 

 

Fig. 53. Schematic representation of the polymeric structures of metallopolyynes P97-P102 

consisting of Pt(II), Ni(II) or Pd(II).[22,753,851,853,854] 

Further Pt(II)-polyyne-based two-photon absorbers (P104, P105a and P106b) featuring oxa-

diazole, as electron deficient moieties, in the polymer backbone (Fig. 54).[855] A two-photon-

induced excitation at 730 nm was observed for all polymers in DMSO solutions by a femto-

second mode-locked Ti/sapphire laser and non-linear absorption in the range of 500 to 800 nm. 

The values of the cross-sections and thus the NLO properties of the TPA chromo-phores are 

enhanced after metal coordination and incorporation of fluorene units. Consequently, due to 

their emission properties, the polymers can be applied, as TPA luminescent WPLEDs.  

Next to two-photon absorbers, OPL materials are another important application of NLO 

materials. Promising representatives, featuring bithiophene, fluorene or bithiazole derivatives 

(P7, P18, P21, P22, P106 and P107) as aromatic spacers in the Pt(II) polyyne backbone, were 
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investigated by the utilization of a 10 ns laser pulse at 532 nm.[856] According to the RSA 

mechanism, all polymers show a high linear transmittance at 82% and at least comparable OPL 

capabilities to that of C60 with even better optical limiting thresholds for P7 (Fig. 29), P18 

(Table 2), and P106 through better design of electron-donating and -withdrawing architectures. 

Indeed, there are two different RSA mechanisms involved in the OPL effect. On one hand, the 

absorption of the triplet excited state participates to the OPL, as observed in P18 and P22 (Table 

2), and on the other hand, the ICT state absorption that contributes to the OPL effect in P7, 

P106 and P107. However, the best optical limiting / optical transparency trade-off was achieved 

for P22 due to the best optical transparency among these polymers indicating that the 

optimization of the D‒A interaction is not the only factor for the design of materials with 

stronger OPL response. 

 

 

Fig. 54. Schematic representation of the TPA Pt(II) polyynes P103-P105 containing carbazoles 

or fluorene, as an electron donor, or oxadiazole, as an electron acceptor.[854,855] 

Further investigations were concentrated on homometallic as well as heterometallic poly-

metallaynes consisting of fluorene, as arylic spacer (P108‒P114, Fig. 55).[751,857] The RSA 

absorption of triplet and the intramolecular charge-transfer states (in P108 and P112) improve 

the OPL properties of these metallopolymers and, in particular, the positive contribution of the 

metal ions to these properties, follows the order Pt > Hg > Pd.[751] The authors observed low 
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optical-limiting thresholds (Fth, defined as input light fluence at which output light fluence is 

50%) in the range from 0.06 to 0.81 J cm-2 ‒ the best for P109 ‒ with high linear transmittance 

(T0) of 92% in the visible, which represent better results, except Pd(II)-containing polymers, 

than those of benchmark C60 and metal phthalocyanine complexes and award them a good OPL 

/ optical transparency trade-off (Table 7). However, changing the linear geometry of P109 to a 

kinked one as in P108 or the incorporation of Pd(II) and Hg(II) instead of Pt(II) as well as 

heterometallic polymers revealed worse results for Fth, while keeping high transparency due to 

the decreased electronic communication in the conjugated backbone. The RSA performance 

was investigated quantitatively with the figure of merit σex/σ0 (σex is the effective absorption 

cross sections of the excited state and σ0 of the ground state), which proves the good OPL 

properties of P108, P109, P111, and P112 with a σex/σ0 between 18.32 and 20.81. 

 

Fig. 55. Schematic representation of the metallopolymer P108-P114 that enable OPL properties 

via RSA.[751,857] 
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Table 7: Summarized OPL performance of several metallopolymers and benchmarks C60 and 

copper(II)-tetrakis(t-butyl)phthalocyanine (CuPc-tBu4). 

OPL material Fth [J cm-2] T0 [%] σex/σ0 Ref. 

C60 0.19 84 3.89 [751] 

CuPc-tBu4 0.13 86 6.20 [751] 

P7 0.085 82 - [856]  

P18 0.056 82 - [856] 

P21 0.13 82 - [856] 

P22 0.15 82 - [856] 

P106 0.063 82 - [856] 

P107 0.12 82 - [856] 

P108 0.08 92 18.62 [751,857]  

P109 0.07 92 19.07 [751,857]  

P110 0.81 92 3.20 [751] 

P111 0.11 92 20.81 [751,857]  

P112 0.08 92 18.32 [751,857]  

P113 0.35 92 3.90 [751] 

P114 0.75 92 3.40 [751] 

 

An interesting approach for OPL is the utilization of polyester dendrimers consisting of Pt(II) 

acetylides, as NLO chromophores.[858] The 4th generation dendritic structure was synthesized 

by using 2,2-bis(methylol)propionic acid anhydride. This approach facilitates the processability 

of the OPL material and with an increase of the dendritic size from generation one (P115a) to 

four (P115d, Fig. 56) can improve the OPL responses through an RSA mechanism that was 

measured at 532, 580, and 630 nm with a ns laser pulse.  
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Fig. 56. Schematic representation of Pt-acetylene-based optical power limiters P115a-d.[858]  

 

Table 8: The summarized clamping levels of the generations of dendrimer P117 at different 

wavelengths.[858] 

Dendrimer 
Clamping at 532 nm 

[μJ] 

Clamping at 580 nm 

[μJ] 

Clamping at 630 nm 

[μJ] 

P115a 7.6 7.5 12.7 

P115b 7.1 7.2 11.9 

P115c 6.3 6.3 10.2 

P115d 6.6 6.2 9.9 

 

One last example for non-linear optical applications is a material with photon upconversion 

properties. Via triplet-triplet annihilation, low-energy photons can be converted into high-

energy photons, which was firstly reported by Parker and Hatchard.[859,860] Thereby the 1S* 

state converts into the triplet states 3S through ISC (Fig. 57).[861] After triplet-triplet energy 

transfer, the energy is transferred to the triplet state of an annihilator (3E), which combines with 

the 3E of a second annihilator due to triplet-triplet annihilation. Thus, one excited singlet state 
1E* arises that enable a high-energy upconverted fluorescence photon. 

Thereby, a sensitizer moiety is excited into singlet excited state; the molecular systems 

consisted of a photosensitizer and an annihilator that are both in solution and, consequently, the 

upconversion is dependent from a diffusion process. To overcome the limitations, the 

photosensitizer and the annihilator can be integrated into polymeric systems, which was 

described by Weder and Castellano.[862] In this case, a Pd(II)octaethylporphyrin (PdOEP), as 

sensitizer, and 9,10-diphenylanthracene (DPA), as annihilator (emitter), have been blended into 

a host copolymer that consisted of ethylene oxide and epichlorohydrin monomers. The 
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copolymer features important properties for this application, e.g., good transparency, low 

crystallinity, and high dye solubility. After the blend was excited at 544 ± 18 nm, an upconver-

ted DPA emission can be detected between 390 and 510 nm. Further polymers that can be uti-

lized as host matrices like the crosslinked network of butyl acrylate and DVB have been repor-

ted.[863] These particles were also loaded with DPA and PdOEP, which resulted in delayed 

fluorescence at low power densities (0.04 W cm-2) of the excitation laser and eventually proves 

a non-linear relationship between incident light intensity and the upconverted emission in-

tensity. Another interesting approach is the transparent polymer composite that contains dissol-

ved upconversion dyes (PdOEP and DPA) in nanodroplets as well as a surfactant (cetyltri-

methylammonium bromide) in the solid matrix.[864] The polymer consists of 2-hydroxyethyl 

methacrylate and methacrylic acid, as co-monomers, as well as crosslinking triethylene glycol 

dimethacrylate. This material provides photophysical properties that are usually only observed 

in degassed solution of these dyes and thus, applications under ambient conditions are enabled. 

Consequently, they could be utilized in order to enhance the efficiencies of solar energy 

harvesting devices. In particular, an upconversion from 532 nm to a maximum emission at 

435 nm can be achieved. 

 

 

Fig. 57. Schematic representation of the energy-level diagram of the triplet-triplet annihilation 

upconversion and its involved photophysical processes. For simplification, only one of two 

annihilators is presented [864], Copyright 2017. Adapted with permission from John Wiley & 

Sons Inc. 

 

Next to these non-covalent polymeric systems, there are some publications that present poly-

mers with covalently bond annihilators and/or sensitizers. Weder and Simon synthesized a 

series of poly(diphenylanthracene methacrylate-co-methyl methacrylate) copolymers in dif-

ferent ratios that contain the annihilator and can be mixed with PdOEP.[865] This approach 
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allows the variation of the emitter content within the upconverting polymer without phase se-

paration effects. Consequently, photon upconversion material could be fine-tuned that converts 

a 543 nm incident laser irradiation to a deep-blue fluorescence. With another example, a ter-

polymer consisting of optically inert methyl methacrylate, the photosensitizer meso-phenoxy-

tris(heptyl)porphyrin-ethylmethacrylate and the emitter diphenylanthracene methacrylate 

(P116, Fig. 58) provided an upconverted emission at 425 to 500 nm after excitation at 

532 nm.[866] However, despite the covalent attachment, the authors detected no enhanced up-

conversion efficiency, but a decreased fluorescence quantum yield and delayed fluorescence 

intensity through an increased content of sensitizer. This effect may be attributed to undesired 

relaxation processes due to electronic interactions between the emitter and sensitizer.  

 

 

Fig. 58. Schematic representation of terpolymer P116 and oligofluorenes P117a and b with 

photosensitizer Pt(II)-porphyrin that enable photon upconversion due to triplet-triplet 

annihilation.[866,867]  
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2.5 Self-healing and Shape-memory Metallopolymers 

The reversibility of metal complexes can also be utilized for the design of "intelligent" 

materials, which feature the ability for self-healing and/or shape memory behavior.[868-870] 

Self-healing and shape-memory are relatively new aspects of metallopolymers and recent 

studies revealed the overall potential of such systems.[871] However, the research regarding 

self-healing and shape-memory behavior of metallopolymers is still in its infancy and several 

aspects have to be studied in the future, such as: the basic molecular mechanism of the process 

in the solid state. 

The material featuring the ability for self-healing is able to recover mechanical damage (at least 

partially). This ability can be generated by two different strategies. The first investigated 

approach utilized embedded microcapsules, which were added to a common polymer 

matrix.[622,872,873] If a scratch occurs, the microcapsules break and the healing agent, which 

was inside the capsules, is released. This healing agent can be, for instance, a monomer, which 

can subsequently polymerize upon reaction with a catalyst, which is also embedded in the 

polymer matrix.[874] This event results in a crack closure as well as a restoration of the 

mechanical properties. The main drawback is the limitation of healing cycles. If a second 

scratch occurs at the same position, there are no microcapsules available, which can release the 

healing agent. Thus, no second healing at one specific position is possible. In order to overcome 

this problem, the microcapsule approach was improved by utilizing a vascular network. This 

approach was inspired by the human skin with its capillary network and leads to a multiple 

healing of the polymer matrix.[875] The network system could also be further improved by the 

design of a self-healing system, in which the healing agent is pumped through the microvascular 

network. This advantage leads to a permanent delivery of the healing agent to the scratch even 

after several healing cycles.[876] 

Beside the described extrinsic self-healing approach, it is also possible to design polymers, 

which can heal themselves without embedding an additional healing agent. This intrinsic 

healing is based on the materials' properties requiring a reversible element in the polymer 

structure.[877] The reversible moieties can be cleaved (induced by a trigger) after damage of 

the polymer (potential triggers are, e.g., heat or light). Consequently, a higher 

flexibility/mobility of the polymer can be achieved. The increased mobility enables the closure 

of the crack and then the reversible moieties will be reconnected resulting in the restoration of 

the original material/network. The design of those materials is quite difficult and during the last 

decade several approaches have been investigated. The most studied reversible reaction is the 

DA.[878] The first example was reported by Wudl et al., who utilized the DA between a furan 
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and a maleimide moiety for the design of a self-healing polymeric network.[879,880] This basic 

study was improved and also other DA reactions could be utilized, e.g., the hetero-Diels-

Alder.[881-886] Beside the DA reaction, there are also several other reversible covalent 

interactions,[887] which have been applied in self-healing materials, such as: disulfides, 

acylhydrazones, imines, ureas, as reversible crosslinks or transesterification reactions.[283,888-

894] Moreover, the field of vitrimers, which are dynamic polymers networks, should be 

mentioned here; however, the interested reader is referred to an excellent review article by 

DuPrez et al..[895]  

In particular, supramolecular interactions also feature a reversible character and, thus, can 

potentially enable a self-healing behavior.[896,897] The most prominent example is based on 

hydrogen bonds.[290] This relatively weak interaction offers a high reversibility, which leads, 

on the one hand, to a very efficient self-healing behavior but, on the other hand, often too soft 

materials with a low mechanical performance.[898] Hydrogen bondings have been utilized in 

several self-healing materials[899-903] and even the softness of the materials could, at least 

partially, be overcome.[901,902] Related to H-bonds, it was also possible to utilize halogen 

bonds for the self-healing approach of polymers.[904] Furthermore, π-π-interactions represent 

another highly reversible supramolecular interaction. The π-electrons of two aromatic systems 

(mainly donor-acceptor systems) interact.[905,906] These weak interactions also lead to the 

design of reversible structural elements and thus, the synthesis of self-healing polymers.[907-

910] Finally, metallopolymers and metal-containing polymers can be utilized for the 

preparation of self-healing materials due to their reversible structure (complexation and 

decomplexation, clustering).[51]  

Besides the utilization of the reversibility during application, the switchability of (the 

mechanical properties of) metallopolymers can also open up new possibilities at the end of the 

lifetime of the material, i.e. for recycling. The polymer / polymer network can potentially be 

dissembled upon an external trigger allowing a recycling of the corresponding building blocks. 

For further information on this novel research topic the interested reader is refered to the 

literature.[911-913] 

 

2.5.1 Self-healing Ionomers 

Ionomers are a class of polymers, which consist of a hydrophobic backbone with ionic side 

groups, e.g., carboxylic groups.[914] This class of material was defined by Eisenberg in 1970. 

One characteristic attribute is an ionic content of 1 to 15%.[915,916] Due to the large difference 

in hydrophilicity a phase separation occurs and so called "multiplets" are formed (Fig. 
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59).[917,918] At a low content of these multiplets, they are separated from each other. In-

creasing the ionic content leads to formation of ionic clusters due to overlapping of the single 

multiplet, decreasing the flexibility of the polymer itself, and increasing the mechanical per-

formance, e.g., hardness.[919,920] This phase separation, based on ionic structural motifs, can 

also be found for metallopolymers and represents a common feature of both, ionomers and 

metallo-polymers.[122,123] For this purpose, the formation of ionic clusters has also a high 

impact on the mechanical properties and is also responsible for the self-healing behavior of 

such materials due to the reversibility of the cluster formation.[921-924] 

One of the major investigated self-healing ionomers is the commercially available 

poly(ethylene-co-methacrylic acid).[871,925-927] Distributed by Dow-DuPont as Surlyn®, this 

polymer is the neutralized with different counterions, i.e. sodium, potassium, and zinc. 

 

Fig. 59. Schematic representation of the cluster in a poly(styrene-co-sodium methacrylat [917], 

Copyright 1990. Reproduced with permission from American Chemical Society. 

 

However, organic counter ions can also be utilized for the design of self-healing ionomers.[928] 

The basic underlying self-healing mechanism is based on ionic clusters in order to obtain a 

system, which can heal mechanical damage after ballistic impact.[929] Additionally, the H-

bonds, which can be formed by the unhydrolyzed methacrylic acid, contribute to the self-

healing ability.[930] The self-healing of an ionomer was tested at different temperatures (i.e. 

from -50 to 140 °C).[931] At high temperature, the polymer is above the order-disorder 

temperature, which represents the reversible opening of the ionic clusters. Thus, at high 
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temperatures, a high ionic content is required to obtain a self-healing material. At very low 

temperatures, the direct opposite behavior is the case. The polymer is far away from the order-

disorder temperature and, therefore, the self-healing behavior is mostly, based on the H-bonds 

of the methacrylic acid. Thus, a rather low content of ionic species is required to obtain a self-

healing at these low temperatures. 

This work was extended by investigating a copolymer of butyl acrylate and acrylic acid. It could 

be shown that the supramolecular bond lifetime τ, which was measured by rheology, is a crucial 

parameter and can be utilized for predicting the self-healing process as well as the resulting 

mechanical properties.[932,933] Too fast exchange reactions lead to very soft materials with 

weak mechanical properties. In contrast, very slow exchange reactions result in insufficient 

self-healing behavior. Thus, a supramolecular bond life-time of 10 to 100 seconds is optimal to 

achieve materials with strong mechanical properties as well as good self-healing ability. 

However, next to the ionic interactions within the material, the type of deformation plays an 

elementary role for the self-healing process. Aliphatic di- and tri-carboxylic acid based 

modifiers were applied to change the mechanical behavior from elastic to elastomeric 

behavior.[934,935] However, the ballistic impact itself is essential for the self-healing. The 

speed-of-the-bullet and the resulting heat that developed strongly contributes to the overall 

healing process.[936,937] 

Beside the most investigated polymers, based on methacrylic acid, there are also some other 

examples of self-healing ionomers, such as polycyclooctene[938] or polyampholytes.[939] 

Furthermore, polyionic liquids can be applied for the design of self-healing materials as 

well.[940] Finally, one very interesting part is the conversion of natural or commercial rubber 

into a self-healing polymer. For this purpose, literature has been shown natural rubber with self-

healing ability.[941] This polymer was vulcanized in a controlled manner through peroxide, as 

a radical source. Furthermore, supramolecular crosslinks, based on ionic Zn(II) dimethacrylate 

units, were integrated to the network that enable the reversibility and self-healing ability. 

Alternatively, bromobutyl rubber can be utilized, as a starting material, which can be 

functionalized with alkyl imidazole derivatives resulting in a rubber-containing ionic side 

chains and able to repair mechanical damage.[942-944] The thermal activation can also realized 

by magnetic nanoparticles and the change of magnetic field induced by heating.[945] The 

resulting heating enables the self-healing process without any bullet penetration or external 

heating. 

Besides a basic understanding of the healing mechanism, there are also the first examples of 

some applications of self-healing ionomers. Varley et al. utilized an ionomer for the healing of 
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delamination in a carbon fiber epoxy.[946,947] They investigated the influence of the shape 

and concentration of the ionomer. and could demonstrate an increased fracture toughness. 

Possible applications of ionomers could be found as a part of a piezoelectric composite[948] or 

a material for space applications[949] as well as a self-healing protection coating of metals or 

as shooting target.[950] 

 

2.5.2 Biologic and Bio-inspired Self-healing Metallopolymers 

The immense work on self-healing materials in the last years was often inspired by nature.[951] 

Self-healing is a property/ability, which is essential in order to extend the life-time of any 

organism. Metallopolymers can also be found in natural self-healing processes of specific 

organisms, e.g., the self-healing of mussel byssus threads.[952-954] The byssus threads consist 

of 95% protein and can be divided into a flexible proximal region, a stiff distal region, and an 

adhesive plague, which is responsible for the binding of the mussel to surfaces.[955-957] The 

distal region is consisting of a block copolymer-like proteins (so called preCols).[958] These 

have a collagen-rich central domain with flanking domains on both ends as well as histidine-

rich parts as structural motifs.[959] These parts have a histidine content of ca. 20%. Complexes 

between the histidine and zinc ions lead to a connection of two preCols (Fig. 60) and are also 

responsible for the organization into defined structures.[960-962] The self-healing process is 

mainly based on that specific metal-ligand interaction.[963-965] During mechanical stress, 

these supramolecular interactions can break generating a "hidden length", however, they can be 

reformed after the load is removed. Thus, the mussel byssus threads will reach their original 

conformation again (Fig. 60). This effect was proven by small angle X-ray scattering during 

mechanical load.[966]  

Besides the zinc-histidine interaction, there is also another metal-ligand bond, which can be 

formed reversibly. In that case, Fe(III) can be complexed by DOPA. This complex can mainly 

be found at the cuticle of the thread. This strong interaction is responsible for the high hardness 

of the biomaterial.[967] The iron can be complexed by three, two, and one DOPA unit(s), 

respectively, depending on the pH-value. Thus, a reversible opening of the complexes is 

possible, which can also be responsible for the self-healing process. 
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Fig. 60. Schematic representation of the preCols: a) General structure of a preCol consisting of 

collagen middle block, two flanking domains as well as histidine-rich domains, b) self-assembly 

of some preCols by zinc-histidine interaction, and c) proposed self-healing mechanism [958] 

Copyright 2009. Reproduced with permission from Elsevier Science Ltd. 

 

Over the past few years, several approaches have been studied in order to mimic the self-healing 

of the mussel byssus thread in synthetic materials. Therefore, two main approaches are: (a) A 

deeper understanding of the natural system, and (b) the transfer of the natural self-healing 

process into synthetic polymers. In order to obtain (a), the influence of sacrificial bonds (i.e. 

metal-ligand interactions) on the mechanical properties was investigated.[968] Herein it could 

demonstrate that the toughness of the polymeric material depends on the number of these 

sacrificial bonds. Additionally, the strength of the material is influenced by the distribution of 

these supramolecular interactions. Furthermore, a rupture of the sacrificial bond can occur 

under mechanical stress.[969] Beside these findings, the coordination behavior of Fe(III) and 

DOPA-containing films was studied under water.[970] Even under these conditions, the 

interaction of Fe(III) and DOPA is so strong that stable complexes are formed, whereby 

different coordination motifs were detected. Additionally, a protein sequence was prepared in 

order to mimic the histidine-rich parts of the distal region of the mussel byssus threads.[971] In 

this context, the potential complexation of Ni(II) ions was proven via Raman spectroscopy. 

Additionally, the complexation behavior of histidine with different metal ions could be 

investigated using a PEG four arm star polymer, which was end-functionalized with histidine 

moieties.[972] They utilized Co(II), Zn(II), Ni(II) as well as Cu(II) metal salts to cross-link the 
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polymer chains in order to form hydrogels, whereby the complexation could be demonstrated 

at different pH-values. With these systems a dynamic exchange of the complex could be proven 

by rheology.  

The introduction of the mussel-inspired chemical interactions into artificial polymeric self-

healing materials is often realized by Fe(III) and DOPA,[973-975] which can also be utilized 

for adhesive proposes.[976] This chemical reversible bond is utilized for the design of synthetic 

self-healing materials and even for healing under water or for electrodes, in batteries.[977-980] 

For this purpose, a PEG four arm star polymer was end-functionalized with dopamine.[981] 

After the addition of Fe(III) salts, a pH-dependence was observed. Thus, at pH-values above 

12, a hydrogel forms; meanwhile at a low pH under 5, a viscous liquid was obtained. This 

material is able to heal a mechanical damage within several minutes. Beside the coordination 

of Fe(III) salts, it is also possible to utilize several other metal salts, e.g., V(III) or Al(III).[982] 

One big disadvantage of the DOPA-containing synthetic self-healing polymers is the oxidation 

of DOPA resulting in a covalent crosslink, the diDOPA species, which is neither able to 

coordinate metal ions nor to reversibly debond. Thus, Waite et al. investigated several other 

dopamine derivatives, e.g., nitrocatechol or 3-hydroxy-4-pyridinone.[983] These motifs were 

utilized as end-groups of aPEG four arm star polymer. The resulting polymers were crosslinked 

by the addition of Fe(III) and the resulting networks featured pH-responsiveness. Furthermore, 

a better stability of the resulting polymers against air could also be demonstrated.  

Nevertheless, there are also examples of synthetic metallopolymers, which utilized the zinc-

histidine interaction to prepare artificial self-healing materials.[984] For this purpose, two 

different histidine containing monomers were utilized.[985] Subsequently, these monomers 

were copolymerized with lauryl methacrylate and butyl methacrylate, respectively. The 

resulting copolymers were crosslinked by the addition of three different zinc salts (i.e. acetate, 

chloride, and nitrate). The thermal induced self-healing behavior and a healing above 50 °C 

could be achieved. Additionally, the binding characterics in such a polymer were investigated 

by using isothermal titration calorimetry. These experiments revealed that the binding strength 

as well as the stoichiometry of the ligand (histidine) to the metal (zinc) strongly depend on the 

potential protecting groups. Simultaneously, the healing behavior is also affected by the binding 

strength, which is generally improved by a decreased binding strength.[986] Additionally, the 

influence on an additional amino acid within the polymer structure, i.e. aspartate, was 

studied.[987] Thus, the incorporation resulted in a lower binding and, consequently, in a better 

healing behavior. In another example, a zinc-histidine containing copolymer was utilized in 

order to study the healing phenomenon in more detail.[988] For this purpose, a bis-histidine 
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functionalized crosslinker was synthesized that also featured a π-conjugated oligomer resulting 

in a fluorescence marker molecule. This crosslinker was added to the metallopolymer in order 

to prepare polymer films that were utilized fpr self-healing experiments. After a damage 

occurred, the healing could be monitored by the recovery of the fluorescence using a confocal 

laser scanning microscopy (CLSM) (Fig. 61). Thus, details about the kinetics and the healing 

ability could be revealed that demonstrated that zinc-histidine-based polymers can be 

sufficiently healed at elevated temperatures. 

 

 

Fig. 61. Schematic representation of the fluorescence-based monitoring of the self-healing 

behavior. For this purpose, a π-conjugated oligomer, containing two histidine moieties, was 

incorporated into the polymeric structure and visualized, using a confocal laser scanning 

microscopy [988], Copyright 2018. Adapted with permission from American Chemical Society. 

 

A significant breakthrough in the field of mussel-inspired materials was the translation of the 

block-like structure of the preCols into synthetic polymers. For this purpose, block copolymers 

containing a hard block, as central domain, based on PS, and a soft block out of poly(butyl 

acrylate) (PBA), as flanking domains, were synthesized. The soft block further contains ligand 

entities (like the preCols in the mussel). In a first study, the ligand was terpyridine, which is a 

well-known synthetic ligand.[989,990] However, a more mussel-inspired approach focused on 

the utilization of histidine.[991] After crosslinking using zinc salts, a synthetic analogue of the 

mussel preCols could be reached, which was also further able to heal mechanical damage. 

However, the healing was reduced for the artificial approach, since the polymer still required 

an activation of the healing behavior by a thermal stimulus. Nevertheless, this description was 

a b c d 

e 
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the first synthetic attempt to implement not only the natural binding motif, but also the 

complexity of the structure of the mussel byssus threads. 

 

2.5.3 Synthetic Self-healing Metallopolymers 

There are also several approaches to develop synthetic metallopolymers, which are able to heal 

mechanical damage. For this purpose, two main approaches have been investigated: a) the 

reversible interaction of ferrocene and cyclodextrin, and b) the reversible complexation of a 

metal ion with corresponding ligands. In the first case, ferrocene and cyclodextrin form a host-

guest complex, which can be reversibly cleaved by oxidation of the ferrocene.[992-994] 

Therefore, the polymer is getting flexible and self-healing is possible. First, Harada et al.[995] 

utilized this interaction for the synthesis of a supramolecular network in which, they synthesized 

a polyacrylate containing both functionalities, i.e. ferrocenes as well as cyclodextrins. Upon 

oxidation, the network opened and self-healing could be achieved (Fig. 62). This basic system 

was further investigated showing an electrically driven self-healing material.[996]  

 

Fig. 62. Schematic representation of the self-healing and stimuli-responsive behavior of a 

ferrocene-cyclodextrin polymer: a) Reversible opening of the ferrocene-cyclodextrin through 

oxidation and reduction; b) sol-gel transition of the polymer, caused by a chemical induced 
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redox-reaction; and c) sol-gel transition of the polymer, caused by an electrochemical redox-

reaction [995], Copyright 2011. Reproduced with permission from Springer Nature. 

 

Beside the reversible interaction of ferrocene and cyclodextrin, it is also possible to utilize the 

reversibility of metal-complex formation for the design of self-healing materials. The 

complexation-decomplexation behavior of metal complexes has been widely studied in 

polymeric materials;[126,997,998] but most of these investigations are in solution or the gel 

state. Consequently, the characteristics in the solid state cannot be predicted in a defined 

manner. But the strength of the metal-ligand interaction will have an influence on the self-

healing ability as well as mechanical properties. There are two contrary parameters: on the one 

hand a weak metal ligand interaction should enhance the self-healing behavior, but on the other 

hand decrease the resulting mechanical properties.[999] 

Some of the described self-healing metallopolymers are also self-healing gels, which have the 

advantages that the residual solvent enhances the flexibility of the system and, thus, it is 

possible to design materials, which can efficiently close cracks. However, this solvent also leads 

to poor mechanical properties. The first example of a self-healing metallopolymers gels 

focussed on a gel-based on acryloyl-6-amino caproic acid.[1000] The self-healing was started 

by dipping the polymer into a CuCl2 solution. Their basic study was enhanced by investigating 

the pH-dependence of the self-healing effect.[1001] 

Another example of self-healing metallopolymers gels utilized a different ligand system, 

bis(1,2,3-trizol-4-yl)pyridine, which was incorporated into a polyurethane backbone. After 

complexation with different metal salts, metallo-supramolecular gels were achieved, which 

feature the possibility to heal mechanical damage.[1002] This concept was expanded by a 

combination of thiol-ene chemistry in order to introduce stable covalent crosslinks.[1003] 

Finally, a spiropyran group was also introduced into the polymer backbone,[1004] since this 

functional group is sensitive to mechanical stress and thus, a color change during mechanical 

stress could be achieved.[347]   

Beside the organogels, there are also some examples of metallopolymers, which feature self-

healing properties on their own and without an increased flexibility due to the presence of 

residual solvent. The first example was published by the groups of Weder and Rowan in which, 

they synthesized a poly(ethylene-co-butylene) and functionalized the end groups with Me-

bip.[1005] Then, they added zinc or europium salts in order to form a linear or a crosslinked 

metallopolymer. In order to achieve self-healing behavior, the authors irradiate the scratched 

sample with UV-light leading to decomplexation and then heating to ca. 220 °C. Thus, a high 
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flexibility could be reached and the mechanical damage was healed within 30 seconds.[1006] 

The relatively low mechanical properties of these metallopolymers films were enhanced by the 

incorporation of cellulose nanocrystals leading to tougher materials, while the self-healing is 

still possible.[395] 

A self-healing system, which was activated by UV-light irradiation, could also be 

utilized.[1007] For this purpose, a branched PEI was utilized and was crosslinked with Cu2SO4. 

The resulting metal complexes were reversibly opened by UV-light, which resulted in the 

desired self-healing behavior. 

Beside the optical healable metallopolymers, there are also examples of thermally treated self-

healing systems. For this purpose, Bode et al. synthesized several terpyridine-containing 

polymethacrylates;[1008] a terpyridine-containing polymer was copolymerized with several 

commercially available co-monomers via RAFT polymerization. Afterwards, the authors 

crosslinked these systems by the addition of Fe2SO4 and could achieve scratch healing at 100 °C 

(Fig. 63). They also showed that the flexibility of polymer backbone is essential for the self-

healing process. Thus, the relative inflexible PMMA cannot be utilized for the design of a self-

healing metallopolymers, but the high flexible poly(lauryl methacrylate) gave good crack-

closure behavior. This study was expanded by the investigation of the influence of counter ions. 

For this purpose, several Cd(II) salts were utilized.[1009] It could be demonstrated that the 

Cd(OAc)2 cross-linked metallopolymers networks show the best self-healing behavior (at 80 °C 

within several minutes). The underlying mechanism was studied by solid state NMR, small 

angle X-ray scattering (SAXS) as well as differential scanning calorimetry (DSC). All these 

measurements indicate a different complexation behavior. For Cd(OAc)2-crosslinked polymers 

showed weaker interactions of the bridging ligand leading to improved self-healing behavior. 

These results were also confirmed by theoretical measurements as well as Raman spectros-

copy.[1010] It could be shown that the decomplexation is the driving force for the thermal 

induced self-healing of metallopolymers networks. Finally, the influence of the chosen metal 

salt for the crosslinking process on the resulting self-healing behavior was studied in 

detail.[1011] For this purpose, several cations [i.e. Zn(II), Mn(II), Co(II), and Ni(II)] and the 

corresponding anions (i.e. Cl¯, NO2¯, and AcO¯) were utilized and it revealed that the 

crosslinking with MnCl2 leads to the best self-healing behavior at the lowest temperature is 

required for the self-healing process, which is also possible to heal not only mechanically 

induced damage, it can also close laser-induced scratches.[1012] Additionally, a correlation 

between the self-healing behavior and the rheological results could be observed. Thus, a 

crossover of the storage and the loss modulus (G' and G") can be utilized for the predication of 
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the self-healing behavior. If such a crossover is present at a specific temperature, one can also 

find self-healing of the metallopolymer network.  

 

 

Fig. 63. Self-healing behavior of Fe(II)-terpyridine crosslinked metallopolymer network: a) 

film; b) scratch; c) partial self-healing after 16 h at 100 °C; and d) complete healing after 82 h 

at 100 °C [1008], Copyright 2013. Reproduced with permission from John Wiley & Sons Inc. 

KGaA. 

 

Recently, the self-healing process of polymers consisting of terpyridine-lanthanide ion 

complexes was studied in more detail by combining indentation and microscopy 

techniques.[1013] In particular, the authors prepared polymers with terpyridine functionalities 

in the side chains that were utilized as ligands in order to generate polymeric networks through 

the coordination of Eu(III), Tb(III) or Dy(III), whereby one metal ion coordinated three ligand 

moieties. ITC measurements confirmed this ratio as well as the weak metal-ligand interactions. 

The measurement of the Vickers hardness revealed the highest hardness for the Eu(III)-

containing polymer. Accordingly, this metallopolymer features the worst self-healing ability, 

whereas those of the polymers of Tb(III) and Dy(III) are similar, which was demonstrated by 

scanning the damaged and healed surface of the probes with the indenter. However, all 

polymers also feature luminescent properties, which can potentially be utilized in further 

investigations or for optical healable metallopolymers. Furthermore, the ligand moiety could 

be exchanged. Instead of a terpyridine, a pyridine-triazole was utilized and self-healing was 

observed.[1014] 
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The above examples revealed a strong correlation of the binding strength of the chosen metal 

complexes on the healing behavior. For this purpose, an approach was chosen to introduce 

exactly one weak metal-ligand interaction. Therefore, a polymer containing terpyridine ligands 

on the side chain was complexed with platinum and the fourth ligand was chosen to be a 

pyridine moiety of a tetrapyridine species.[1015] A similar approach could be obtained by using 

a SCS-pincer ligand, a Pd-complexation and the same tetrapyridine unit.[1016] The weak 

interaction leads to a self-healing behavior; however, the scratch-closure ability was not 

improved compared to MgCl2 or Cd(OAc)2 terpyridine complexes, since the local crosslinking 

density was too high (due to the tetrapyridine moiety) decreasing the overall self-healing. 

Supramolecular polymers often feature the problem of low mechanical performance in order to 

be mobile enough to self-heal. In order to overcome this problem, one promising strategy could 

be the utilization of block copolymers, since a hard block domain could introduce mechanical 

performance; whereas, a soft block can result in healing behavior. This approach was already 

described using PS, as the hard block, and PBA, as the soft domain.[989] A ligand entity, e.g., 

terpyridine, was incorporated into the side chains of the soft block and crosslinking with 

different metal salts was performed (Fig. 64). It was revealed that the self-healing behavior at 

100 °C was improved in terms of shorter timescales for the healing, which was unexpected; 

however, the glass transition of PS contributes to the healing, since the mobility is further 

increased.[990] 

 

 

Fig. 64. Schematic representation for the utilization of PBA-b-PS-b-PBA copolymers 

containing terpyridine moieties in the side chain for the application, as self-healing polymers. 

The pictures show the healing of this block copolymer crosslinked using MnCl2 at 100 °C [989], 

Copyright 2016. Adapted with permission from American Chemical Society. 
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In order to improve the mechanical properties without decreasing the self-healing ability, a 

brush copolymer system was synthesized, in which a PS was prepared, which was 

functionalized with a RAFT-agent.[1017] Afterwards a copolymerization of butyl acrylate and 

an imidazole-containing monomer was performed. The crosslinking with Zn(II) leads to the 

formation of a metallopolymeric network, which features both self-healing properties at 25 °C 

as well as improved mechanical properties. Additionally, the ratio of Zn(II) to imidazole 

determines the ultimate properties. Thus, a high ratio of ligand to metal salts revealed free 

ligands resulting in a change of the mechanical behavior, i.e. stress distribution and chain re-

laxation.[1018] 

The mechanical performance of the metallopolymers, which are able to heal damage, can also 

be influenced by the choice of polymer used. Therefore, poly(dimethylsiloxane) can result in a 

highly stretchable polymer[1019] and if functionalized with 2,6-pyridinedicarboxamide 

ligands, metallopolymers with tunable mechanical performance can be obtained.[1020] This 

kind of polymer can also be applied as dielectric layer, e.g., in organic field-effect transistors 

resulting in its healability.[1021] Furthermore, self-healing sensors could be obtained by this 

approach, if this material is utilized within a composite with silver (see Fig. 65).[1022]  

 

 

Fig. 65. Representation of the self-healing behavior of metallopolymers/silver composite and 

its application as self-healing sensor [1022], Copyright 2018. Adapted with permission from 

John Wiley & Sons Inc. 

 

However, a special approach of self-healing metallopolymers is a three-dimensional networks 

that are enabled through hierarchical superstructures of stacked metal complex.[1023] In 

particular square-planar terpyridine Pt(II) complexes with perfluoroalkyl and alkyl substituents 

on the ligands were prepared for this purpose that thermo- and mechano-responsively assemble 

to helical nanofibers due to Pt···Pt and F···F interactions. Beside a rapid gelation, luminescent 

and self-healing properties were observed. The last was proven by oscillatory step-strain 

rheology measurements in which even after several cycles 87% of the original storage modulus 

was restored rapidly. Thus, also defects in the emission properties could be healed.  
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2.5.4 Shape-memory Metallopolymers 

Besides self-healing, there is another application of metallopolymers in which the reversibility 

of the metal-ligand interaction is required. Shape-memory polymers are able to "memorize" a 

permanent shape that can be utilized, e.g., for biomedical applications.[52,1024-1027] Even 

after deformation into a temporary shape, the original state can be recovered by triggering with 

the right stimulus (e.g., light or heat). This feature can be obtained by a special processing 

procedure as well as a certain design of the polymer's molecular structure.[1028] In general, 

shape-memory polymers consist of a stable network as well as a second phase, which can be 

changed by an external trigger. The stable phase can be constructed in different ways, e.g., 

interpenetrating networks or chemical crosslinks. This network is responsible for the 

stabilization of the shape-memory polymer as well as the driving force to return to its original 

shape. The second phase induces flexibility reversibly during an external trigger. Thus, the 

temporary phase can fix that shape by crystallization via a glass transition or reversible bonding. 

The last example can be divided into reversible covalent and non-covalent interactions. Thus, 

the Diels-Alder or [2+2] photoaddition reactions are typical examples for reversible covalent 

bonds, which are incorporated into a polymer in order to obtain a shape-memory effect.[1029-

1032] As non-covalent interactions, mostly H-bonds are utilized due to their high degree-of-

exchange reaction.[1033-1035] But also reversible metal complexes as well as ionic 

interactions can be used for the design of these shape-memory polymers. 

In particular, ionomers have been investigated for their potential applications in shape-memory 

polymers.[1036] One approach is the utilization of sulfonated polymers like poly[ethylene-r-

propylene-r-(5-ethylidene-2-norbornene)], which were neutralized by the addition of zinc salts, 

e.g., zinc(II) oleate or zinc(II) stearate.[1037-1039] Thus, poly[ethylene-r-propylene-r-(5-

ethylidene-2-norbornene)] was utilized to produce a permanent network that can be formed by 

interchain interactions, whereas the dipolar interactions between ionomer and the dispersed 

phase (here the zinc salt itself) leads to the temporary phase, which finally results in the 

formation of shape-memory polymer. Another approach is the utilization of a carboxylic acid, 

which results either from a copolymerization of acrylic acid or synthesis of poly(oxyethylene-

b-butylene adipate).[1040-1042] Moreover, Surlyn® [1043] can also be utilized for shape-

memory purposes as well as poly(vinyl alcohol)-based ionomers.[1044]  

Beside the ionic interactions, metallopolymers can also be utilized for the design of shape-

memory polymers;[1045,1046] the first example was described by Rowan and Kumpfer.[1047] 

They synthesized polybutadiene with two 2,6-bis(1'-methylbenzimidazoyl)pyridine, as the 

endgroups. Afterwards, this system was cross-linked by the addition of an europium(III) salt, 
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which generates the temporary network. The permanent phase was built up by a post-

polymerization thiol-ene reaction with a tetrathiol resulting in the desired polymer network. 

This polymeric material features a shape-memory behavior under thermal conditions and also 

light irradiation leads to the recovery of the permanent shape (Fig. 66). Additionally, exposure 

of the polymer film to a solvent atmosphere has the same effect (in that case MeOH). In a 

further study, the authors transferred their system into liquid crystalline polymers and 

exchanged the metal salt;[1048] thus, Fe(II) was utilized to obtain a supramolecular shape-

memory polymer.  

 

 

Fig. 66. Shape-memory effect of a metallo-supramolecular polymer by UV-light irradtion 

[1047], Copyright 2011. Reproduced with permission from American Chemical Society. 

 

Recently, a special approach was described featuring a metallopolymer containing two 

materials, which are distributed as film with a gradual transition from one material to 

another.[1049] For this purpose, a terpyridine containing terpolymer using methyl methacrylate 

and butyl acrylate, as co-monomer, was synthesized and crosslinked with either Ni(II) and 

Fe(II), respectively. The two polymers were brought into contact resulting in partial mixing of 
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the metal ions at the interfaces (Fig. 67). The different metal ions revealed different binding 

strength and, thus, the metal-ligand interaction can be used for both permanent and temporary 

shape. Another approach is represented by a cellulose-modified material in which PBA-co-

poly(1-vinylimidazole) copolymers side chains were grafted from the cellulose via RAFT 

polymerization.[1050] The imidazole moieties enabled a dynamic crosslinking through the 

complexation of Cu(II) ions in different ratios [Cu(II) : imidazole 0.125 to 0.5]; whereas, the 

ratio of 0.25 led to the most promising shape-memory results. These complexes formed metal-

ligand clusters that resulted in phase segregation from the soft matter, but simultaneously served 

as netpoints in the polymer. Due to the broad glass transition temperature (-40 to 120 °C) of the 

functionalized biopolymer quadruple shape-memory effects could be achieved.  

 

 

Fig. 67. Schematic representation of the synthesis of a gradient metallopolymers, based on 

terpyridine metal complexes with Ni(II) and Fe(II), respectively (top), as well as the shape-

memory behavior that is depicted below [1049], Copyright 2017. Reproduced with permission 

from John Wiley & Sons Inc.  

 

2.6 Biomedical Applications 

Metal complexes are very promising candidates for many biomedical applications. They have 

been utilized for the therapy of several diseases. The most prominent examples are Pt-based 

metal complexes, as anticancer active agents, which are already applied in therapy.[15] Further-

more, the labeling of specific sites in the human body has broad applications using metal 
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complexes.[1051] This is mostly based on the easy access of radioactive metals, such as tech-

netium. This can be utilized for the efficient imaging of the human body and to analyze the 

underlying potential diseases, e.g., 99technetium for bone scan at carcinoma of the pro-

state.[1052] Besides the above described two main topics, there are also several newly arising 

research areas, in which the metal complex can act as the active agent. One of these topics is 

the release of specific small molecules leading to a response of the cells or the human body 

itself. The most prominent examples are carbon monoxide and nitric oxide, which can easily be 

bond to a metal complex and later released by an external stimulus.[1053] Additionally, 

metallopolymers can also feature antibacterial properties. For a detailed overview on this topic, 

the reader is referred to references.[1054-1059] 

One of the largest challenges in biomedical applications is the very high activity of most metal 

complexes, which can cause severe side-effects. Therefore, the combination with polymers can 

be highly beneficial for the development of new metal-based drugs. The stealth effect of some 

polymers, e.g., poly(ethylene oxide) or poly(2-alkyl oxazoline)s, is well-documented and can 

be utilized to reduce the unwanted side effects of the metal complexes.[1060-1063] Thus, a 

more efficient therapy with metal complexes is possible. For the combination of metal 

complexes with polymers, there are two main strategies: encapsulation of the metal complex 

into polymeric carriers, e.g., by emulsion polymerization[1064] and the direct attachment of 

the metal center to the polymer. Therefore, the polymer has to feature a ligand unit, which is 

able to complex corresponding metal ion. This review will mainly focus on the second approach 

(i.e. formation of metallopolymers). 

Another strategy, which is applied to increase the selectivity of metal complexes, is the utiliza-

tion of specific targeting motifs in order to interact with corresponding triggers.[1065] If a drug 

is applied to the human body, the basic problem is that it can act everywhere and not specifically 

at the targeted site/area. Therefore, utilization of inactive prodrugs combined with the targeted 

activation via an external stimulus is one of the main issues of today's research. In particular, 

the utilization of light is one of the main strategy due to easy access within the body (in 

particular for long wavelengths).[1066] The combination of both phenomena will lead to the 

development of new compounds for the specific therapy with a metal complex and other drugs. 

 

2.6.1 Metallopolymers, as Active Agents in Anticancer Therapy 

Cancer – as a widespread disease with various manifestations – is treated, in particular in an 

early state, surgically or by the utilization of drugs or radiation.[1067] The following parts will 

focus on the utilization of drugs, which are mostly based on metal-containing systems, e.g., 
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platinum. There are only a few examples of metal-based drugs, which are FDA (Food and Drug 

Administration) approved and are nowadays used for the treatment of cancer. The two most 

prominent examples are cisplatin and carboplatin. 

The main drawback of these drugs is the various possible side-effects, which are caused by the 

non-specific delivery. Thus, modern research is focused on the design of anticancer agents, 

which feature a selectivity for cancer cells while the rest of the human body is protected.[1068] 

One approach is the utilization of polymers, which can feature a stealth effect and/or stimuli-

responiveness. Consequently, side-effects can be reduced by these novel anti-cancer 

agents.[1069] The design of polymeric anticancer agents can be realized by two different main 

approaches: a physical interaction or chemical binding.[1070-1072] The first approach is based 

on the encapsulation of anticancer drugs into the specific polymeric materials. For this purpose, 

several carriers can be utilized, such as liposomes,[1073,1074] micelles[42,1075-1081] or 

micro-/nano-carriers.[1082-1087]  

The utilization of chemical bonds strongly depends on the ligand system. Weak ligands lead to 

an easier delivery; however, these systems are also associated with more and stronger side 

effects. But in contrast, too strong ligands could result in an inert metallopolymer, which is 

unable to deliver the drug. Thus, a compromise is required and, therefore, an exact design of 

the metallopolymer is required. These systems can be divided into three main approaches: a) 

Pt(II)-based system, b) Pt(IV)-prodrugs, and c) the utilization of other metals. 

 

2.6.1.1 Pt(II)-based Anticancer Agents 

The main approach for the design of macromolecular anticancer metallopolymers is the func-

tionalization of polymers with cisplatin and its analogues. This functionalization can be realized 

by several strategies: Pt(II) polymers can be divided into dendritic and linear polymer-based 

systems. At first, the Pt(II)-containing dendrimers will be discussed, followed by the detailed 

description of linear polymers. 

Generally, dendritic polymer systems are well-established work horses in drug delivery. Within 

this context, these materials have also been functionalized with different Pt(II) com-

pounds.[1088,1089] The most often utilized carrier is poly(amidoamine) (PAMAM) in dif-

ferent generations. In 2016, a report appeared that suggested that G3 PAMAM dendrimers 

"interconverted between two isomeric forms by dialysis, and under higher concentration levels 

there is an inter-molecular displacement reaction resulting, which degrades PAMAM dendri-

mers."[1090]  



142 

Thus, Wheate et al. synthesized PAMAM half-generation dendrimers ranging from G 3.5 up to 

G 6.5.[1091] The outer shell of the PAMAM derivate has functional carboxylic groups, which 

were utilized for the complexation of cisplatin. Higher generations feature more functional 

groups in their outer shell, which would result in more platinum per dendrimer; however, the 

obtained degree-of-functionalization decreases rapidly due to the steric effect of the large Pt(II) 

complexes. These systems were studied regarding their release of cisplatin. The quantitative 

release of the complex is not possible – even not after one week at 60 °C. Nevertheless, the 

authors tested the cytotoxicity of the polymers. The unfunctionalized dendrimers are non-toxic. 

In contrast, the platinum-containing PAMAMs are highly toxic and can be used in higher 

dosage compared to cisplatin. Consequently, a higher shrinkage of the treated tumors was 

observed. 

Another example demonstrated the high impact of the chosen platinum species on the cyto-

toxicity and anticancer activity. Gust et al. tested platinum salts with different anions and func-

tionalized amongst others PAMAM dendrimers by utilizing the pending amine groups (instead 

of the ammonia) for complexation.[1092] Only two species were highly active against MCF-7 

cells. Both compounds were obtained by the complexation of PtCl2. Another crucial issue for 

the design of new dendrimeric anticancer systems are the surface functionalities. Amine 

functionalities at the outer shell reduce the IC50 value, which is the half maximal inhibitory 

concentration, compared to those dendrimers bearing carboxylic groups.[1093] This effect 

could be demonstrated for ovarian tumor cells by the utilization of G4 PAMAM dendrimers. 

Besides PAMAM other dendritic materials have been applied to the design of macromolecular 

anticancer agents. Thus, Gu et al. synthesized a poly(L-lysine) (PLL)-based G6 dendrimer and 

functionalized the surface with PEG as well as diaminocyclohexyl platinum(II).[1094] The 

complexation was possible due to presence of residual carboxylic and amide groups. This Pt-

amide bond is strongly pH-dependent and results in a much better release of Pt(II) at pH 5 rather 

than at pH 7.4. Furthermore, the cytotoxicity studies revealed a higher potential of the 

metallopolymer in comparison with the commercially available non-polymeric species 

oxaliplatin®. Other dendritic systems, which are not discussed in detail, are phthalocyanine and 

poly(propylene imine)s.[1095,1096] 

In contrast to the dendritic systems, there are many more examples of linear polymers, which 

are functionalized with Pt(II). This functionalization can be realized via side-groups or main-

chain functionnalization and also cross-linked systems can also be utilized. There are several 

different polymers, which can be utilized for this purpose. The two most prominent examples 

are poly(aspartamide) and poly(glutamic acid) (PGA), which can be directly utilized for the 
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functionalization with platinum. The presence of residual amino or carboxylic groups provides, 

on one hand, a ligand function and on the other hand, the opportunity for further function-

nalization. Thus, the direct functionnalization of the polymer is possible without the introduc-

tion of other functional moieties. Another approach is the synthesis of functional monomers, in 

particular, methacrylates or styrene-based systems that can be copolymerized with other 

monomers. Another possibility to introduce ligands or directly platinum complexes is the post-

polymerization functionalization of polymers with pending reactive units. In the following, the 

utilized polymers are described in detail, and divided by their basic polymer structure. 

The first example is PGA, which features a carboxylic group in the side chain; hence, Pt(II) can 

be complexed via this functionality. Thus, micelles based on block copolymers of PEG, as a 

hydrophilic block, and PGA, as the functional block can be synthesized.[40] Afterwards, the 

carboxylic groups were utilized for the complexation of Pt(II). The obtained metallopolymers 

showed a high selectivity for tumor cells and no significant body weight loss of the treated mice 

was observed in contrast to the standard metallodrug cisplatin. Moreover, the selectivity of the 

system to tumor cells could be further improved by the incorporation of cholesteroyl-

groups.[1097] These moieties were directly attached to the polymer, as an end moiety. Also, in 

that case, micelle formation was observed and a prolonged blood circulation time was detected. 

These block-copolymer systems featured a high toxicity against several tumor cell lines, e.g., 

murine colon adenocarcinoma 26 (C-26) cells,[1098] while, a reduced nephrontoxicity and 

neurotoxicity (in comparison to cisplatin) were observed.[1099] Due to these advantages, a 

phase one clinical trial was established. In this study, 17 patients were tested and received i.v. 

injections every third week. Higher dosages (compared to cisplatin) could be administered due 

to the reduced toxicity.[1100] 

Besides PGA-based systems, poly(aspartamide) was also utilized as a drug carrier for platinum 

complexes. The repeating unit of this polymer features a primary amine function, which can be 

directly used for the complexation of the cisplatin or can be utilized for chemical modifications. 

In this manner, an additional strong ligand can be introduced and the influence of the ligand 

strength on the efficiency of the drug can be evaluated. Moreover, the amine group can also be 

utilized for the introduction of other functional groups, which can, for instance, enhance 

properties like water solubility. Exemplarily, Neuse et al. prepared a poly(aspartamide) and 

utilized part of the amino functions for the complexation of Pt(II).[1101] The residual 

functionalities were converted into tertiary amines in order to provide water solubility. The 

resulting metallopolymer features excellent antiproliferative activity for several tested cancer 
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cell lines. Due to the presences of the tertiary amino groups, the cell-killing activity increases 

and an IC50-value of 1 to 6 µg Pt/mL could be achieved.[1102]  

Extending these studies, block-copolymers have been prepared. In this context, Kataoka et al. 

prepared PEG-b-poly(aspartic acid) copolymers.[39] The complexation of Pt(II) leads to 

micelle formation and the release of platinum could be proven. The toxicity was tested in vitro 

as well as in vivo; whereby i.v. injections led to a better performance compared to 

cisplatin.[1103] Additionally, the selectivity for tumor tissue is higher, which results also in 

lower side effects and reduced renal damage.  

Beside the utilization of amino acid-based polymers, metallopolymers, based on synthetic 

repeating units, have been investigated. Thus, methacrylates are quite often utilized due to the 

possible synthesis of functional monomers or otherwise the opportunity to perform a post-poly-

merization functionalization. In particular, N-(2-hydroxypropyl) methacrylamide (HPMA) was 

often copolymerized due to the better water-solubility of the resulting polymers. Therefore, 

HPMA was synthesized with a functional monomer bearing two carboxylic acid groups.[1104] 

This moiety could be utilized for the complexation of Pt(II) resulting in a metallopolymer, 

which featured anti-cancer activity against A2780 human ovarian tumor cells.  

Another promising polymer was described. AP5280 is a HPMA-based polymer, which features 

10% of a Pt(II)-containing monomer.[1105] This material has also been tested in phase I clinical 

trials, in which the pharmokinetics were investigated.[1106] For this purpose, adult patients 

with solid tumors received i.v. injections every three weeks. The doses were varied for all 92 

patients and a lower renal toxicity as well as myelosuppression compared to cisplatin could be 

observed. Thus, the high potential of this novel drug could be successfully demonstrated, which 

will lead to further studies. Beside these studies, there were also several approaches trying to 

incorporate special features, which increase the selectivity and/or reduce the undesired side 

effects. For this purpose, a poly(HPMA) with amino acid sequences as side chains was 

synthesized.[1107] The molar masses are ca. 30,000 g/mol and Pt(II) was complexed via 

carboxylic or amino functions of the attached amino acids. Two different linkers were utilized, 

one of which was biodegradable and the other was not. The first linker could be cleaved by 

thiol-dependent proteases resulting in a higher selectivity and a better performance due to the 

generation of low molar mass platinum complexes. After i.v. injection of the polymers, a better 

performance compared to cisplatin was then obtained. A lower blood clearance was observed, 

which lead to a longer blood circulation time. Another example of poly(HPMA)-based 

polymers featuring an additional pH-responsiveness was achieved via the presence of an acid-

degradable linker between the complex and polymer backbone.[1108] At pH 5.4, a seven times 
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higher release could be observed when compared to pH 7.4.[1109] The performance was much 

better than the low molar mass analogs, which could be revealed in mice experiments.  

Other acrylate systems have also been utilized as anti-cancer metallopolymers. In particular, 

PAA can complex Pt(II). Alternatively, other ligands can be introduced. As a result, a broad 

structural diversity can be obtained due to the various possible ligands. For example, Zhang et 

al. synthesized a block copolymer (PAA-b-PS).[41] The acid functionalities were protected 

with an acid-cleavable tert-butyl group allowing the utilization of the RAFT polymerization. 

After deprotection, the carboxylic groups were utilized for the complexation of Pt(II) and the 

formed metallopolymer assembled into micelles. The outer shell consisting of partially 

complexed PAA was crosslinked by the addition of a diamine species in order to enhance the 

stability of the whole system. The toxicity against two tumor cell lines was further investigated 

and a good performance was achieved.  

Besides the utilization of directly complexing anions, monomers with a reactive group can be 

polymerized and later converted into functional units. One example is 2-hydroxyethyl 

methacrylate (HEMA). The hydroxyl function offers the possibility for esterification or other 

reactions. Thus, Stenzel et al. copolymerized HEMA and OEGMEMA via a RAFT 

polymerization and obtained either statistical or block-copolymers.[1110] The hydroxyl groups 

were utilized for an esterification with a double or triple bond containing carboxylic acid. 

Afterwards, thiol-ene or thiol-yne reactions were performed resulting in polymers, containing 

carboxylic acids functionality. These were utilized for the complexation of platinum and the 

block-copolymers formed micelles; however, the statistical copolymer featured a higher Pt(II) 

release and, hence, a higher toxicity against lung cancer cell lines. 

A similar approach was presented by the utilization of a monomer containing a malonate ester 

with two carboxylic groups.[1111] After polymerization, these moieties were utilized for the 

complexation of platinum(II). Furthermore, the spacer between the Pt(II) complex and polymer 

backbone was varied as ethyl, butyl or hexyl groups were utilized in dimethacrylate derivatives. 

For all block copolymers, micelle formation could be observed.[1112] The drug release is quite 

similar for all polymers, but their stability was strongly dependent on the chain length. Thus, 

with increasing spacer length the stability against dissociation increases. Consequently, only 

long spacers resulted in an IC50-value comparable to cisplatin.  

In literature it is also shown that the installation of acid-cleavable groups is possible. Thus, a 

block copolymer of HEMA and OEGMEMA was synthesized via RAFT and the hydroxyl 
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function was converted into an acylhydrazone containing a platinum complex.[1113] The acyl-

hydrazone is cleavable at pH 5, which leads to a better release at pH 5.5 when compared to pH 

7.4 resulting in a high in vitro toxicity. 

Besides methacrylates, styrene-based derivatives also offer the possibility for functionalization 

and copolymerizations towards anti-cancer active polymers. In particular, pentafluorostyrene 

can be easily functionalized with any kind of thiol via the para-fluorine-thiol-click 

reaction.[615,1114,1115] Thus, a poly(pentafluorostyrene) was prepared utilizing a NMRP 

polymerization.[1116] Afterwards, the polymer was functionalized with terpyridine and sugar 

moieties, i.e. β-D-galactose, respectively. The terpyridine ligand was later complexed with pla-

tinum and the resulting metallopolymer featured antiproliferative activity as well as no necrotic 

toxicity. In addition, the authors noted that the metallopolymer induces apotosis at leukemia 

cells. Another styrene derivative was described by Stenzel et al., who synthesized a poly(4-

vinylbenzyl chloride), which was later functionalized with different functional groups: a) A 

platinum complex, b) 9-aminoacridine, and c) a water-soluble group.[1117] The 9-amino-

acridine is a groove binder and increases the DNA binding activity. The resulting metallo-

polymers were tested as anti-cancer agents at human ovarian cells and it could be shown, that 

the charge of the polymer is an important factor for the uptake and that a higher toxicity, 

compared to cisplatin, was obtained. 

It is also possible to utilize biocompatible and hydrophilic polymers for the preparation of anti-

cancer metallopolymers. In particular, poly(alkyl oxazoline)s as well as PEG are well-suited 

due to their low toxicity; therefore, they are utilized for many biological or medical app-

lications.[1061,1063] A poly(alkyl oxazoline) containing an anti-cancer polymer was synthe-

sized by Schubert et al..[1118] They prepared a block copolymer with ethyl oxazoline and 

butenyl oxazoline. The double bond offers the possibility for a post-polymerization functionali-

zation via an thiol-ene click reaction;[1119] therefore, different sugars as well as terpyridine, 

as ligand, were easily incorporated. Finally, a complexation with Pt(II) was performed and the 

in vitro studies at different cell lines are worse, when compared to cisplatin. But due to the 

higher molar mass, a better in vivo behavior is expected. Besides this, PEG can be utilized for 

the preparation of an anti-cancer polymer. But in that case, a post-polymerization func-

tionalization is not possible and the preparation of functional monomers is difficult. Therefore, 

only block copolymers are described, in which the second block features a functional group 

enabling the introduction of platinum. Thus, a PEG containing block copolymer, in which the 

second block features the same repeating unit but has a carboxylic containing side chain, was 

prepared.[1120] This allows complexation of platinum and afterwards, the formation of 
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micelles was observed. The in vitro behavior is similar to cisplatin, but the polymer featured a 

longer in vivo blood circulation. Thus, a better in vivo behavior was obtained, which was further 

enhanced due to a better biodistribution. A second example is presented by Jamal et al.,[1121] 

in which a PEG-b-poly(ε-caprolactone) was prepared. Some of the repeating units of the second 

block featured a bispyridylamine function, which was utilized for the complexation of platinum. 

The complex was connected to the backbone via a disulfide bridge. The resulting 

metallopolymer showed the formation of micelles, which were relatively stable under 

physiological conditions. An in vivo reduction can later lead to a release of the Pt(II) complex, 

which could be proven by cell viability tests. 

Glycopolymers can also feature biocompatibility. Through a RAFT polymerization, the group 

of Stenzel copolymerized methacrylate-functionalized, protected sugars of glucose, galactose, 

and two fructose derivatives with methacrylic acid, which was also a ligand for a 1,2-diamino-

cyclopentyldiaquo-platinum(II) complex.[1122] The intracellular uptake by breast cancer cell 

lines MCF-7 and MDA-MB-231 as well as by ovarian cancer cell line A2780 for all 

nanoparticles was high, while the 3-substituted fructose was favored. Consequently, these fruc-

tose-nanoparticles feature the highest cytotoxicity in the breast cancer cells. Differently, in 

ovarian cancer cells, the cytotoxicity does not increase simultaneously with the uptake rate, 

thus, the toxicities of all copolymers are quite similar.  

A last polymer class, featuring a high potential for medical application, is that of the poly-

phosphazenes.[1123,1124] These polymers can also be easily functionnalized and, thus, several 

anti-cancer polymers are described in literature. Therefore, several polyphosphazenes with 

platinum complexes were prepared and were tested regarding their in vitro and in vivo 

behavior.[1125] The hydrolysis of the polymer led to a release of the complex, due to the de-

gradation of the polymer backbone.[1126] The authors could demonstrate that a high selectivity 

for tumor cells was achieved, in particular, for the stomach tumor cell lines.[1127] Additionally, 

a pH-dependence was proven and a higher biocompatibility could be achieved via the 

introduction of galactose or PEG, as side chains. The latter one also increases the blood cir-

culation time.[1128,1129] 

Recently, the group of Stenzel could functionalize albumin with a copolymer containing a Pt(II) 

complex.[1130] For this purpose, the authors synthesized a copolymer from HPMA and the 

Boc-protected 1,3-diaminopropan-2-yl acrylate via a RAFT-polymerization. Afterwards, one 

end group of the copolymer was transferred into a maleimide unit, which was subsequently 

utilized for a thiol-ene click reaction with the cysteine moiety of albumin. The resulting polymer 

conjugate allowed a nanoparticle formation in water and featured an enhanced toxicity to 
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ovarian tumor cells compared to those systems without albumin. This finding can probably 

offer a new way for the future development of novel metallopolymers, as anticancer agents. 

 

2.6.1.2 Platinum(IV)-prodrugs 

Besides the direct utilization of Pt(II), also Pt(IV) prodrugs have been applied.[1131] Pt(IV) is 

kinetically more inert and thus, less toxic. Consequently, a reduced number of side effects can 

be observed. Additionally, it is possible to target, in particular, tumor cells, which are resistant 

to cisplatin and its analogue.[1132-1134] However, the higher oxidation state requires a reduc-

tion of Pt(IV) in the human body, which can occur extra − or intracellular by several reducing 

agents, e.g., glutathione or ascorbic acid.[1135,1136] The reduction depends strongly on the 

character of the ligands and thus, a fine-tuning of the properties is possible.[1137] In order to 

stabilize the Pt(IV) hard ligands are required – hydroxyl or carboxylic groups are promising 

candidates. These systems have also been transferred into polymeric structures. Thus, a 

methoxy-PEG-b-poly(ε-caprolactone)-b-PLL copolymer was synthesized and the amino 

groups were utilized for a post-polymerization functionalization with a Pt(IV) complex via 

amide formation.[1138,1139] The subsequent reduction leads to the release of cisplatin. Thus, 

the block-copolymer features potential as anticancer agent, which could be proven by its toxi-

city against SKOV-3 human ovarian cancer cells. Within another approach, the authors synthe-

sized an amphiphilic micelle with the hydrophilic, an OEGMEMA, and a hydrophobic propyl 

methacrylate block.[1140] The latter one was functionalized with a β-cyclodextrin that served 

as host for a Pt complex with cholic acid and simultaneously crosslinks the polymer chains. 

The polymer improves the cytotoxicity against an ovarian cancer cell line A2780 of the Pt pro-

drug, due to a 6-fold increased uptake compared to smaller free pro-drug. 

Furthermore, other polymeric structures could be utilized for the synthesis of Pt(IV) metallo-

polymers. For this purpose, Stenzel et al. prepared several different copolymers and func-

tionalized them with platinum complexes. The first example was a poly(OEGMEMA)-b-PS-

co-3-poly(isopropenyl-R,R-dimethylbenzyl isocyanate) copolymer.[1141] The isocyanate 

groups were utilized for a post-polymerization functionalization with a Pt(IV) complex, con-

taining two carboxylic acid groups. Thus, a crosslinking reaction takes place leading to core-

crosslinked micelles. But the main drawback is the low reduction rate of the system, which was 

investigated with ascorbic acid, as the reducing agent. In 22 days, only 82% of the platinum 

could be reduced, which is rather slow; however, an in vivo study, lung cancer cells still revealed 

the cytotoxicity of the metallopolymer. 
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Further issues are the targeted toxicity in tumor cells as well as a low systemic toxicity in the 

rest of the cells. For this purpose, stimuli-responsiveness of micelles towards pH- and redox 

conditions can be utilized.[1142] A PEG-b-PCL-b-poly(amino ethyl acrylate) that was func-

tionalized with pH-sensitive 2,3-dimethyl maleamidic acid and a redox-responsive Pt(IV)-pro-

drug can be utilized for this purpose. The dual-responsive micelle increased the cellular uptake 

rate as well as the endosomal/lysosomal escape; whereby, the uptake rate is further facilated at 

pH 6.8 due to the pH-responsive cleavage of the amide bonds to 2,3-dimethyl maleamidic acid. 

In the cancer cells, the cisplatin is released in the reductive environment. The micelles 

demonstrated reduced nonspecific uptake and targeted delivery to cancer cells as well as 

improved cellular uptake and release of cisplatin resulting in cancer cellular inhibition of around 

50%. 

However, a higher selectivity towards tumor cells is a general issue, as described for the Pt(II) 

systems. This is also a problem for the Pt(IV)-containing metallopolymers. Stenzel et al. tried 

to overcome this problem via the introduction of folate at the surface of micelles.[43,1143] This 

method improved the toxicity against folate-receptor positive cells, e.g., OVCAR-3.  

An interesting approach is the so-called dual-drug systems that contain two anti-cancer drugs. 

A triblock copolymer consisting of two outer blocks of PGA and central PEG block, as dual-

drug carrier can be utilized therefore.[1144] Paclitaxel and the Pt(IV) prodrug were attached to 

the polymersomes via carboxylic acid groups. Thus, upon the polymer degradation synergistic 

effects in the drug release can be observed, resulting in a relatively fast release of the Pt-drug 

and a slow release of the paclitaxel. Consequently, this two-step release, tested on 2D lung and 

prostate cancer cell lines as well as 3D lung cancer cell (A549) spheroids, exhibited better 

cytotoxic properties over a longer timeframe, when compared to the free drugs. Next to the 

covalently bond drugs, the paclitaxel can also self-assemble into the cores of micelles from a 

Pt(IV)-containing injectable hydrogel e.g., bis[poly(ethylene glycol) methyl ether-b-

poly(lactide-co-glycolic acid)]-Pt(IV) (Fig. 68).[1145] After delivery, a well-controlled release 

for 2.5 months as well as a synergistic anticancer effect can be observed. Moreover, the dual-

drug-delivery hydrogel provided excellent anticancer efficacy against ovarian cancer cells in 

vivo experiments, while side effects are minimized  
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Fig. 68. Schematic representation of the bis[poly(ethylene glycol methyl ether)-b-poly(lactide-

co-glycolic acid)]-Pt(IV) hydrogel that can be loaded with paclitaxel through self-assembly in 

hydrophobic core of the micelles, which lead to an injectable dual-drug-delivery hydrogel 

[1145], Copyright 2017. Adapted with permission from American Chemical Society. 

 

Besides side chain functionalized polymers, it is also possible to design linear metallopolymers, 

containing Pt(IV). For this purpose, a platinum complex with two carboxylic acids was applied 

and a polycondensation with a diamine was performed.[1146] At in vivo experiments a long 

blood circulation and a better tumor accumulation could be observed, which shows a potential 

application. Another example was based on a diblock copolymer from PEG and 

poly(lactide).[1147] This polymer was end-functionalized with a hydroxyl group, which was 

further utilized for the ester formation. A Pt(IV) complex with two carboxylic groups was 

treated with that polymer and, thus, a metallopolymer with a centered Pt(IV) complex was 

obtained. The authors could further demonstrate that the polymer forms micelles and that an 

enhanced cytotoxicity, in comparison to cisplatin, was obtained. The earlier mentioned dual-

drug system can also be applied for main-chain Pt(IV) complexes. For this purpose, Pt(IV) can 

be coordinated to carboxylic acids and through amide bonds attached to moieties with pH-res-

ponsive ortho-esters (Fig. 69).[1148] The resulting copolymer formed micelles, which are 

loaded with doxorubicin to obtain the dual-drug system with synergistic effect. The pH-respon-

siveness and reductive sensitivity led to a fast and complete release of the drugs under acidic 

and reducing conditions in tumor cells in in vitro and in vivo experiments. 
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Fig. 69. Schematic representation of Pt(IV)-drug and ortho-ester containing polymer, that can 

be loaded with doxorubicin in its micellar structure.[1148] 

 

The responsiveness is an interesting approach in releasing the drugs to the targeted cancer cells 

in a controlled manner. Next to pH-responsive systems, photo-responsiveness offers a further 

opportunity to control the release. Xing et al. prepared a polymer consisting of an enzyme-

degradable GFLG (cathepsin B) peptide, as the hydrophobic core, a cisplatin-derivative com-

plex in its Pt(IV)-oxidized form as well as two flanking PEG arms (Fig. 70).[1149] The re-

sulting amphiphilic micelle was loaded with indocyanine green (ICG) that can be applied as a 

photosensitizer within the micelle resulting in an improvement of the controlled release. After 

cellular uptake into lysosomes, the cathepsin B partially degrades and a release of cisplatin 

prodrug can be observed. Upon laser irradiation at 808 nm, the ICG is excited resulting in a 

reactive oxygen species as well as local hypothermia, which damages the lysosomes and, thus, 

enhances the cytosolic movement of the Pt-prodrug to the nucleus and its following reduction 

into active cisplatin. This initiates the cascade chemotherapy and, thus, the apoptosis of the 

cancer cell. In vitro and in vivo experiments revealed a cascade-promoted photo-chemotherapy 

also for cisplatin resistant A548/DPP cancer cells. 

 

 

Fig. 70. Schematic representation of a copolymer that consist of Pt(IV) and cathepsin B, which 

can be utilized for cascade-promoted photo-chemotherapy after its micelle is loaded with ICG, 

as photosensitizer.[1149] 

 

An interesting approach is the combination of the concept of photoresponsive metallopolymers 

with the dual-drug concept. For this purpose, a Pt(IV)-prodrug, attached to a PEG and 5-fluoro-

uracil, was immobilized on poly(lactide-co-glycolic acid) nanoparticles that also contain 

ICG.[1150] Upon near-infrared irradiation, the two drugs can be released and a cytotoxic effect 

was observed in vitro assays. 
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Literature has also shown that bimetallic polymers can be utilized in anticancer nanomedicine. 

Indeed, a poly(L-histidine)-b-PEG copolymer enables the coordination of Ca(II) ions and a cis-

Pt(IV)-prodrug in order to obtain a pH-responsive nanoscale coordination polymer.[1151] At a 

slightly acidic pH (6.5), the imidazole groups protonate and, thus, the nanoparticle size expands 

and its surface charges positive, which enhance the cellular uptake to tumor cells. The Pt-

prodrug is released after a further decrease of pH to 5.5 in the cell and the resulting decom-

position of the nanoparticle. Consequently, these pH-responsive nanomaterials are a promising 

approach in nanomedicine, like it has been shown in the in vivo tests, due to its high uptake, 

release rate, and the resulting low dose of necessary prodrugs. 

 

2.6.1.3 Other Metals in Anticancer Therapy 

Besides the most prominently utilized platinum drugs, other metals have also been utilized as 

anticancer agents. The most often used metals are ruthenium and gold, which are also available 

as small molecules, e.g., auranofin,[1152] RAPTA-C[1153,1154] or NAMI-A,[1155] which is 

currently in phase II clinical trials (Fig. 71), but also a wide range of further complexes has also 

been shown to exhibit therapeutic activity, as anti-cancer drugs.[1154,1156,1157] 

These systems can also be transferred into macromolecular structures, which enable a more 

specific design and thus, a higher selectivity for tumor cells. Furthermore, the co-monomers 

can be easily varied offering the possibility to utilize a higher dose of the active agent. At first, 

the Ru-based metallopolymers will be discussed, followed by the gold-containing anticancer 

drugs. 

 

 

Fig. 71. Schematic representation of three low molar mass metallodrugs: Aurofin (left), 

RAPTA-C (middle), and NAMI-A (right).  

 

Several Ru-based drugs show high potential, as antitumor agents. Some of them have also 

reached phase II clinical trials due to their high initial potential.[1158] One example is NAMI-

A, which is a Ru(III) drug and antimetastatic agent.[1159] This system can also be incorporated 

into a block-copolymer consisting of 4-vinylimidazole and poly(ethylene glycol) methyl ether 

acrylate prepared via a RAFT-polymerization.[1160] Afterwards, the imidazole moieties were 
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partially utilized for the complexation of the Ru(III) precursor resulting in a polymer-bound 

NAMI-A group. Due to the preparative procedure, some of the imidazole groups remain 

positively charged leading to an amphiphilic block-copolymer structure. These materials were 

tested for their activity against ovarian tumor cells. The polymer shows a higher cytotoxicity 

and an improved antimetastatic potential. 

Beside NAMI-A, RAPTA-C could also be attached to a macromolecular system. For this pur-

pose, a post-polymerization functionalization with a ligand and then complexation with a 

ruthenium precursor was performed (Fig. 72).[1161] In order to improve the system, a block 

copolymer approach was chosen, which leads to a higher cellular uptake.[1162] For this pur-

pose, a D,L-lactide was polymerized via the ROMP after starting from a RAFT agent with a 

hydroxyl functionality. The resulting macro-RAFT-agent was utilized for the copolymerization 

of two further monomers: 2-hydroxylethyl acrylate and 2-chloroethyl methacrylate. The 

chlorine atoms of the second monomer could be further utilized for functionalizations with the 

ligand. Afterwards, the ruthenium complex was grafted directly to the polymer to obtain a 

macromolecular RAPTA-C drug (analogous to Fig. 72). The final copolymer forms micelles 

due to its amphiphilic structure. The metallopolymer has a much higher toxicity compared with 

free RAPTA-C (10 times better). Within another study, it was shown that the in vitro anti-

metastatic effects of the same copolymer's micelles on two- and three-dimensional breast tumor 

cells are improved when compared to free RAPTA-C.[1163] However, the drug delivery system 

suffers from a poor delivery efficacy as well as a lack-of-targeting ability. Consequently, 2-

hydroxylethyl acrylate can be replaced by D-fructose, as targeting moiety in the 

copolymer.[1164] The resulting micelles from the block copolymer, which enhances their 

cellular uptake by transporter-mediated endocytosis and, thus, the therapeutic efficacy of the 

RAPTA-C polymer by inhibiting the migration of breast cancer cells. The same three-

dimensional multicellular nanoparticle can also be utilized for the treatment of ovarian cancer 

cells.[1165] 
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Fig. 72. Schematic representation of the post-polymerization of a RAPTA-C containing 

polymer either via the functionalization with a ligand and afterwards with a ruthenium precursor 

(right pathway) or direct functionalization with RAPTA-C (left pathway) [1161], Copyright 

2012. Apapted with permission from The Royal Society of Chemistry.  

 

Gold(I) was also utilized for the design of metallopolymers, as anticancer agents. For this pur-

pose, a copolymer consisting of a glucose-based methacrylamide and 3-aminopropyl meth-

acrylamide was applied.[1166] Afterwards, the amino function was converted into a dithiocarb-

amate, which was further utilized for the binding of Au(I). The resulting metallopolymer 

features an in vitro toxicity and a high selectivity towards tumor cells under hypoxic conditions. 

Other examples utilized the auranofin structure, which was transferred into the polymeric 

material.[1167,1168] Exemplarily two different block copolymers can be prepared via the 

RAFT-polymerization technique. As monomers, a thio-glucose-based acrylate as well as 2-

hydroxylethyl acrylate or OEGMEMA were utilized. The resulting block copolymers feature 

micelle formation and were tested as antitumor agents at OVCAR-3 cells. They show (1) less 

deactivation in comparison to auranofin and (2) a different cytotoxic mechanism was observed.  

Beside the two above descrbied mostly utilized metals, it is also possible to prepare anticancer 

metallopolymers on the basis of other metal ions, like copper, iron or cobalt.[1169-1171] 
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2.6.2 Imaging with Metallopolymers 

 

2.6.2.1 Magnetic Resonance Imaging 

The magnetic resonance imaging (MRI) is one of the most utilized diagnostic tools that enable 

the visualization of structures within the human body.[1172] In order to enhance the resolution 

of MRI, contrast agents are often required to distinguish between diseased and normal tissue. 

This can be realized by paramagnetic substances, in particular gadolinium (Gd) complexes, 

which can decrease the longitudinal relaxation time (T1) of water.[1173] Another possibility is 

the utilization of iron oxide, which is embedded into a polymeric matrix.[1174] There are many 

different commercially available low molar mass Gd(III) complexes, which are currently used 

in clinical routines.[1175] These small compounds, however, have two major disadvantages: a) 

low retention time in the blood, and b) a relatively low relaxivity.[1176-1178] These drawbacks 

can be overcome by the utilization of macromolecules that possess paramagnetic metals. The 

main effort is focused on the development of Gd(III)-containing high molar mass materials, 

however, there are also other metals that can be used, e.g., manganese.[1179-1181] 

There are many literature examples of macromolecular Gd(III)-containing metallopolymers; 

however, only some specific systems are currently in a clinical phase. This fact is mainly due 

to their high production costs as well as the basic pharmokinetics of these polymers.[1178] 

Furthermore, the side effects can be enormous in part due to their low thermodynamic stability. 

Thus, the imaging is only possible with longer retention times. Further applications could be 

imaging of cancer or specific organs (e.g., the liver, kidney, as well as lymphatic system). All 

these environments are quite different and required specific targeting units, which can be 

realized by varying the macromolecular structure. 

The current research can be divided into either improving the ligand component or utilizing 

improved polymeric design: a) new dendritic constructs and b) other polymeric structures. The 

most common utilized ligands are 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid 

(DOTA) as well as diethylenetriaminepentaacetic acid (DTPA). In the most cases, these car-

boxylic acid functions are utilized for the connection to the amine-containing polymeric 

structures.  

Furthermore, there are two classes of polymeric systems that are commonly applied for MRI –

dendritic polymers as well as linear and side-chain functionalized polymers. The former 

polymers are mostly based on either PAMAM or PLL, both feature amine functions on their 

outer shell. Thus, these can be utilized for the coupling with the surface carboxylic acid func-
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tions of the ligands in order to form the desired amide connectivity. Dendrimers have the ad-

vantage that the complexes are more rigid, which increases the contrast within the 

MRI.[1178,1182,1183] Thus, it is not unexpected that the first dendritic system is in the clinical 

phase II. Gadomer-17 exhibits very promising pharmokinetics in many different tested animals, 

which enables also further testing as a potential MRI contrast agent.[1184,1185] Furthermore, 

there are numerous examples, in which different dendrimers have been functionalized with 

Gd(III) complexes. 

One of the first examples utilized functionalized PAMAM dendrimers of different generations 

without DTPA.[1186] In particular, the PAMAM (G2 and G6) were functionalized by the 

utilization of isothiocyanate bearing DPTA. These materials enhance the contrast within the 

MRI measurement due to the high concentration of Gd(III) per dendrimer. Simultaneously, the 

half-life time within the body is increased in comparison to unfunctionalized Gd(III)-DTPA.  

However, the further functionalizations of these systems can lead to much higher potential in 

the MRI. For this purpose, a PAMAM dendrimer, which was functionalized with DOTA, in 

which a carboxylic group was replaced by a phosphonic acid moiety, can be utilized.[1187] The 

potential of this system was tested as a MRI contrast agent. A pH-dependence of the contrast 

could be observed, which could be explained by the protonation behavior of the amino groups. 

Additionally, the formation of conjugates with PLL was tested and it could be demonstrated 

that the contrast was further enhanced. In that case, the adduct "freezed" the complex structure, 

which resulted in the high increase of the contrast. Another opportunity to enhance the contrast 

is the utilization of dual mode contrast agents that can be achieved by the system developed by 

Liu et al..[1188] They synthesized a zwitterionic G5-PAMAM consisting of 1,3-propane 

sultone, which provide antifouling properties, and functionalized them with gold nanoparticles 

in the core and Gd(III)-DOTA complexes in the periphery as well as arginine-glycine-aspartic 

acid peptide that further enhances the specific targeting. The presence of the entrapped gold 

nanoparticles together with the Gd(III)-complexes led to a relatively high relaxivity (13.17 mM-

1s-1) and increased the contrast in a dual mode computed tomography (CT)/ MRI of in vivo 

investigations of lung cancer metastasis (Fig. 73). 
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Fig. 73. Schematic representation of modified Gd(III)-PAMAM dendrimer consisting of gold 

nanoparticles, zwitterionic 1,3-propane sultone, and an arginine-glycine-aspartic acid peptide 

dendrimer; the images show the CT/MRI images for cancer diagnosis [1188], Copyright 2019. 

Reproduced with permission from American Chemical Society. 

 

Besides the contrast enhancement, it was also necessary to improve the specific targeting of 

different cell types. In particular, the detection of tumor cells is important in order to estimate 

further therapy. For this purpose, a system was applied, which is able to detect folate-receptor 

(FR)-positive tumor cells.[1189] This approach has taken advantage of the fact that FRs are 

overexpressed in special tumor cells and, thus, a specialized system would enable the precise 

imaging of these specific tumor cells. For this purpose, a G3-dendrimer was prepared, based on 

a PEG core that was branched through ester moieties. The outer shell consisted of hydroxyl 

groups that enabled the functionalization with folate and DTPA ligands. After complexation 

with Gd(III), a metal-containing dendrimer was obtained, which has a high sensitivity as well 

as a high specificity. The in vitro and in vivo studies showed its promising potential, as an MRI 

contrast agent for FR-positive tumors. 

Further variation of the basic structural element that was described using G4 dendrimers, i.e. 

PAMAMs, or PEI as well as polyglycerol that were functionalized with two different DOTA 

derivatives.[1190] For this purpose, an enhaced contrast was revealed for the macromolecules. 

Another special approach is the attachment of Gd(III)-DTPA-functionalized PAMAM 

dendrimers on PEG spacers, which enhances the in vivo stability, and then grafted onto 

chitosan.[1191] The good biocompatibility increases the relaxivity compared to free Gd(III)-

DTPA complexes; this can be further increased by the introduction of folate moieties on the 

dendritic arms to a maximum of r1 = 9.53 mM-1s-1. In vitro and in vivo investigations of KB 

cells (human nasopharyngeal epidermoid carcinoma) demonstrated an improved targeting 

specificity and contrast due to these folate moieties. 

Alongside the two typical ligands, Raymond et al. synthesized a dendritic system, which fea-

tured a complex ligand moiety.[1192] This compound consisted of a tris(2-aminoethyl)amine, 

which was functionalized with two 1-Me-3,2-hydroxypyridinonate and an amine-containing 

2,3-dihydroxyterephthalamide. This ligand was complexed with the addition of Gd(III). 
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Finally, an EDC-coupling reaction was performed in order to functionalize the high-molar mass 

(40 kDA) PLL or esteramide dendrimers. These systems featured an enhanced contrast and no 

additional toxic side effects. Further ligands such as iminodiacetic acid derivatives have been 

used in ligands, as MRI contrast agents.[1193] 

The degree-of-enhancement and pharmacokinetics of dendritic systems strongly depend on the 

molar mass as well as the amount of Gd(III) complexes. In order to study these two important 

parameters, four different dendrimers were compared.[1194] For this purpose PEG bisamines 

with different molar masses (3,400; 6,000; 12,000 g/mol) were synthesized, which were then 

functionalized with PLL dendritric structures at the outer shell. Finally, the amine functions 

were utilized for the installation of Gd(III)-DTPA complexes. This results in four, different, 

water-soluble dendrimers: PEG3400-Gen4-(Gd-DTPA)8, PEG6000-Gen4-(Gd-DTPA)8, 

PEG12000-Gen4-(Gd-DTPA)8, and PEG3400-Gen5-(Gd-DTPA)13. It could be revealed that a 

higher contrast enhancement could be achieved even if the molar mass is quite low compared 

to protein-Gd(III)-adducts. The two compounds with the highest molar mass [PEG12000-Gen4-

(Gd-DTPA)8, and PEG3400-Gen5-(Gd-DTPA)13] also feature an increased blood half-time, 

which is promising for their application. Finally, the elimination rate can be tuned by varying 

the molar mass of the PEG core, whereby a kind of saturation limit could be observed.[1195] 

Higher generations of dendrimers bear much more Gd(III)/macromolecule and, thus, it would 

be expected that the contrast will be enhanced by increasing the geneartion. However, G9 and 

G10 PAMAM-dendrimers feature the same enhancing effects and, thus, saturation is reached.  

The combination of contrast agents with other triggers will be a future challenge. One example 

is based on pH-responsive dendrimers.[1196] This effect could be beneficial for the detection 

of cancer as well as the imaging of the kidney. In order to achieve this effect, the authors pre-

pared the PAMAM-G5-dendrimer and functionalized it with a DOTA-Gd(III) derivative. The 

pH-responsiveness was achieved by the utilization of phosphonates. Thus, the relaxivity strong-

ly depends on the pH-value of the surrounding medium enabling a further contrast induced by 

different pH-values. 

Another type of dendritic systems for contrast agents is a PLL-based dendrimer.[1197] This 

G3-dendrimer was functionalized with cell-penetrating TAT peptide-bearing PEG and DTPA, 

which is a chelating ligand for Gd(III). And this nanoparticle was further loaded with DNA 

plasmids via electrostatic interactions. Consequently, the in vitro and in vivo cellular uptake 

into tumor and stroma cells and the relaxivity (3.92 mM-1s-1) was increased compared to nano-

carriers without TAT or DNA moieties. Furthermore, this nanocarrier system enables an image-

guided gene delivery system.  
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Beside these dendritric systems, there are also numerous examples in which linear polymeric 

structures were utilized to achieve an enhancement of the MRI contrast. These examples can 

be divided into two main approaches, which differ by the position of the gadolinium complex: 

a) In- or on-chain and b) as side group.  

The in- and on-chain metallopolymers for MRI contrast enhancement are mostly prepared by 

the utilization of Gd(III)-DTPA complexes. Thus, the carboxylic groups of the DTPA are uti-

lized for a polycondenzation resulting mostly in polyamides. Reineke et al. prepared a glycol-

polymer starting from L-tartaric acid and DTPA.[1198] The resulting linear polymer was com-

plexed with gadolinium. The metallopolymer features a 50% higher increase in relaxivity com-

pared to the available Magnevist. It is also possible to utilize many different diamines such as 

the dianhydride of DTPA, which was converted with two different diamino compounds: a) 1,6-

Hexamethylene diamine and b) trans-1,4-cyclohexanediamine.[1199] The linear polymers 

were complexed with gadolinium and then tested in order to estimate their potential MRI 

contrast effect. It could be shown that these systems work better than the commercially 

available ones and the polymer-based on trans-1,4-cyclohexanediamine enhances the contrast 

even more. This is based on the reduced flexibility within the polymer chain, which results in 

a more rigid gadolinium complex and thus, a higher increase in the contrast.  

Apart from polyamides, it is also possible to utilize different biodegradable polymers, such as 

polydisulfides. For this purpose, DTPA was functionalized with disulfide-containing cystamine 

and polymerized, followed by the complexation of Gd(III).[1200] These polymers enhance the 

contrast at the MRI measurement – specifically within the heart and aorta of rats. It could also 

be shown that a biodegradability of the metallopolymer can be achieved by the addition of 

cysteine, which leads to a thiol-disulfide exchange reaction and, consequently, to a 

depolymerization process. This degradation can be influenced by the incorporation of different 

groups beside the disulfide function.[1201] If the carboxylic acid or ester groups are close to 

the disulfide moiety, the degradation rate decreases due to steric protecting effects. This results 

in a more enhanced contrast effect, which was tested in mice. Thus, it was possible to increase 

the contrast in the blood pool as well as at the periphery of tumors. However, but also the charge 

of the system has an influence on the degradation rate.[1202] In order to study this effect, 

negatively charged carboxylic groups and neutral ethyl ester functions next to the disulfide were 

introduced. The neutral moiety degraded much faster and had no influence on the molar mass 

while the negatively charged species has a reduced degradation. Simultaneously, it could be 

noticed that the molar mass strongly influences the contrast effect. A higher molar mass led to 

a prolonged contrast in the blood of the tested mice. Within further studies, the clearance of the 
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contrast agents could be adjusted by the installation of PEG side chains.[1203,1204] These 

moieties were installed as ester functions and longer chains led to a prolonged contrast within 

the blood due to a reduced clearance. 

The polymer's degradation could not only be accomplished by the thiol-disulfide exchange 

reaction. Moreover, it is also possible to utilize different pH-values. Thus, Schopf et al. presen-

ted a ketal-based polymer, which was functionalized with Gd(III)-DTPA complexes.[1205] At 

lower pH-values, the polymer degraded into the Gd(III) complex and acetone. The authors 

could further demonstrate that the polymer was also depolymerized after 24 hours at pH 7.4 in 

vitro. Additionally, the higher contrast in comparison to commercially available Magnevist 

could be revealed in vivo by MRI contrast imaging measurements. The clearance of the polymer 

is comparable with Magnevist. 

Besides the utilization of in- or on-chain metallopolymers, it is also possible to utilize grafted 

structures for the design of novel macromolecular Gd(III)-containing polymers, as MRI con-

trast agents. For this purpose, mostly bioinspired or at least biocompatible polymers were used. 

These materials include PLL, PGA, poly(HPMA), polyornithine, PEG, polysuccinimide, and 

PAA (Fig. 74). All of these structures feature functional groups, mostly amines, which enable 

the binding of ligands, e.g., DOTA and DTPA. 

 

 

Fig. 74. Summary of the polymers utilized for the design of grafted metallopolymers, as MRI 

contrast agents: 1st row (from left to right): PLL, PGA, poly(HPMA) as well as polyornithine 

and 2nd row (from left to right): PEG, polysuccinimide, and PAA. 

 

The most utilized polymeric backbone is PLL, which consists of a polyamide backbone and a 

pendant amine function. This moiety can be utilized for the functionalization with DOTA or 

DTPA. After complexation with Gd(III), a metallopolymer is obtained, which enhances the 

contrast in MRI measurements. In comparison with low molar mass complexes without any 
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polymer, the efficiency of the metallopolymer is much better.[1206,1207] Furthermore, the 

molar mass of the PLL is important for the enhancement and pharmokinetic properties.[1208] 

This could be demonstrated using different PLLs functionalized with gadolinium-DTPA.[1176] 

The molar masses were 36, 44, 139, and 480 kDa. The blood half-life of these compounds 

increased with higher molar masses due to the reduced clearance. This enables MRI 

measurements even after 60 minutes. Additionally, the charge is very important for the design 

of these novel macromolecular systems, which could be proven by using PLL functionalized 

with either DOTA or DTPA.[1209] The polymer, which contains the DTPA complex is 

negatively charged and, thus, arranges itself into a helical structure. Meanwhile, the polymer-

containing DOTA is neutral and no self-assembly could be observed. These two polymers were 

further tested as potential MRI contrast agents for the detection of tumors in an animal model. 

The linear polymer revealed a much better contrast and, therefore, it is well-suitable for the 

investigation of tumors. Additionally, these PLL-based metallopolymers were also tested in 

animal studies, even with larger animals, such as pigs.[1210] In that case, the same results could 

be obtained and a higher contrast was observed. In particular, the macromolecules were suitable 

for the imaging of the liver, pancreas, and renal cortex. This fact reflects the polymer's enhanced 

blood pool properties compared to low molar mass gadolinium complexes. A high signal 

enhancement and, thus, long life-time measurements in tumor cells can be performed by 

utilizing a polymeric system based on a linear poly(glycerol) polymer that was grafted with 

Gd(III)-DTPA as well as folic acid labeled PLL dendrons.[1211] This biocompatible contrast 

agent exhibited relaxivity of 7.04 mM-1s-1 and an obvious target specificity to KB (human oral 

epidermoid carcinoma cells) cells and tumors in vitro and in vitro. Furthermore, block 

copolymers consisting of PLL-b-PEI should be mentioned as MRI contrast agents. One 

example is a star-block copolymer that forms micelles with a PEI core and Gd(III)-DTPA 

moieties in the PLL arms.[1212] These nanoparticles exhibit a relatively high relaxivity (8.289 

mM-1s-1) and, thus, a better contrast enhancement than free Gd(III)-DTPA, while keeping the 

toxicity extremely low. The in vivo experiments at abdominal aorta showed that blood 

circulation time is prolonged, which enables longer MRI windows. 

Besides PLL, it is also possible to utilize other polymeric backbones. In particular, PGA is often 

functionalized with ligand moieties in order to obtain metallopolymers. Thus, two different 

PGAs were functionalized with DTPA, which was further complexed with Gd(III).[1213] The 

polymers differed in their potential degradability. On one hand, a network structure was 

prepared, which was not biodegradable; on the other hand, a linear polymer was also 

synthesized. Both systems worked much better than the non-polymeric Gd(III)-DTPA complex 
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(3-8 times) and shown to accumulate in the kidney. The advantage of the non-crosslinked 

system is the clearance rate, which is much better in comparison to the network and makes it 

favorable as an MRI contrast agent. The functionalization of PGA has an advantage in that this 

system is often utilized as a drug carrier. Thus, incorporation of a gadolinium species enables 

the investigation of the drug delivery process via MRI. This basic concept was demonstrated 

by Lu et al.;[1214] they synthesized PGAs with DOTA moieties with different molar masses. 

They found that the PGA with 28 kDa was rapidly cleared and featured a low accumulation in 

tumor cells. Increasing molar mass acts contrary to this effect. In addition, the authors overcame 

another problem of macromolecular Gd(III)-containing systems. A better imaging was achieved 

due to the higher molar mass and the therefore reduced clearance. However, a too long presence 

within the human body leads the release of toxic gadolinium ions. In order to solve this problem, 

a biodegradable polymer consisting of PGA can be utilized.[1215] The backbone with a 

Gd(III)-DOTA complex was functionalized with disulfide bridges, which can be reversibly 

opened in the presences of cysteine. The copolymers can be utilized like PGA-b-poly(ε-

caprolactone) that can be end-functionalized with folic acid or DTPA complexes of 

Gd(III).[1216] Due to a self-assembly process, an asymmetric vesicle arises featuring the 

cancer-targeting folate in the outer corona and drug-loading-enhancing an inner corona, which 

also consist of doxorubicin units via electrostatic interactions. Consequently, this nanocarrier 

with a "chelating-just-inside" concept exhibit an extremely high relaxivity (42.39 mM-1s-1) and, 

thus, a high contrast enhancement in tumors, with decreased toxicity of Gd(III), effective cancer 

targeting as well as anticancer activity in vivo experiments. 

Polyornithine derivatives can also be utilized for the design of MRI contrast agents. These poly-

mers also feature primary amine functions, which can be utilized for the functionalization with 

DOTA.[1217,1218] Additionally, these amine functions lead to a pH-responsive polymers due 

to the protonation of the residual amine functions. Thus, the pH-value has a large influence on 

the enhancement of the contrast within the MRI measurement. At a higher pH value, an 

increased contrast could be observed; whereas at lower values, the charged polymer is more 

flexible due to ionic interactions. 

Another water-soluble polymer is poly(HPMA). In contrast to the previously described exam-

ples, no post-polymerization functionalization is required for poly(HPMA)s. The direct utiliza-

tion of different functional monomers will lead to ligands containing the polymers, which can 

be converted into Gd(III)-metallopolymers. Thus, a DOTA-monomer can be copolymerized 

with HPMA as well as a mannose monomer, which enables the specific targeting of cells con-

taining ManN receptors.[1219] After complexation with gadolinium, a polymeric MRI contrast 
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agent was obtained, which featured up to seven times higher relaxivity than commercially 

available, low molar mass species. This simple utilization of different building blocks offers 

the possibility to easily vary the monomers and to test several approaches, e.g., the partially 

degradability of the polymer in order to reduce the toxicity.[1220] Also a block copolymer 

consisting of poly(HPMA) and Gd(III)-DOTA was utilized. This polymer was connected to a 

cRGDyK peptide via an enzyme-sensitive (stimuli-responsive) covalent bond.[1221] The pep-

tide increased the biocompatibility of the biodegradable polymer resulting in no significant side 

effects at in vitro and in vivo experiments. Furthermore, that unique polymeric system enabled 

a tunable tumor targeting specificity leading to high accumulations in U87 tumor cells and 

enhanced contrast with a relaxivity 15.16 mM-1s-1 per Gd(III) unit. 

Due to the fact that contrast enhancement strongly depends on the flexibility of the polymer, 

conjugated polymers featuring a very stiff backbone, seem to be the optimal solution for the 

design of novel polymeric MRI contrast agents. However, most of these polymers are water 

insoluble. In order to overcome this problem, hydrophilic side chains need to be attached to the 

backbone.[1222] For this purpose, oligo(ethylene glycol) and carboxylic acid groups containing 

linkers were utilized. Thus, a poly(fluorene-co-phenylene) with an oligo(ethylene glycol) as 

well as a Gd(III)-DOTA complex [1223] or a poly(para-phenylene ethynylene), which was also 

functionalized with hydrophilic groups and Gd(III)-DTPA complexes can be utilized.[1224] 

These systems increased the contrast during a MRI measurement, much better than 

commercially available low molar mass species.  

In general, PEG can be utilized to achieve improved solubility. The polymer chain can be intro-

duced into the main-chain or side-chain of copolymers. If introduced in the backbone, block 

copolymers can self-assemble to enable the loading of the contrast agent and additives. One 

example is 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid-PEG-b-poly(acrylamide-

co-acrylonitrile) copolymer that feature end-capped Gd(III)-DOTA complexes in the periphery 

and self-assembled doxorubicin moieties in the core.[1225] Consequently, the micelles exhibit 

drug delivery and MRI functionalities with a relaxivity of 25.88 mM-1s-1 and enhanced MRI at 

in vitro cells lines (BEL-7402). As side-chain functionality, poly(ethylene-glycol) 

methacrylates (PEGMA) can be utilized. Consequently, a system relative to the earlier men-

tioned copolymer consisting of the peptide cRGDyk and Gd(III)-DOTA complexes but instead 

of poly(HPMA) in this case PEGMA was copolymerized.[1226] This also results in bio-

compatible and enzyme-responsive biodegradable MRI contrast agents with signal enhancing 

properties and three-fold higher relaxivity (up to 14.65 mM-1s-1) than clinical used (DTPA)-Gd 

but lower than poly(HPMA) analogous copolymer. 
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Beside the synthetic polymers, there are also numerous studies regarding the utilization of 

natural polymers. These examples are beyond the scope of this review and will not be discussed 

in detail. As a short summary, the design principles are the same as for the synthetic polymers. 

In the most cases, the ligands (often DOPA and DTPA) are linked to the polymeric backbone. 

These backbones can consist of sugar units or amino acids. Thus, the utilized natural polymers 

are often polysaccharides or peptides, in particular, dextran, inulin, cyclodextrin, albumin or 

chitosan.[1227-1238]  

Furthermore, there are also some examples, which utilized the interaction of a polymer with 

nanoparticles or the formation of micellar structures.[1216,1239-1242] 

 

2.6.2.2 Radioactive Compounds 

The utilization of radioactive compounds for the imaging of the human body is a standard tech-

nique in today's medical daily routine. Therefore, the radioactive decay of special elements can 

be utilized to obtain contrast and to illustrate certain human organs. During the decay mostly 

gamma photons are generated, which can be detected in, e.g., the single-photon emission 

computed tomography (SPECT), which allows 3D imaging of the human body.[1243] 

One of the most-often utilized elements is technetium (99Tc), which can be prepared from 
99molybdenum. The later medical application strongly depends on particle's size, which con-

tains the technetium.[1244] Thus, it is utilized for lung perfusion imaging, bone scan, liver and 

spleen imaging as well as lymphoscintigraphy. The design of novel drugs is mostly focused on 

a better/more specific delivery, easy synthesis, lower toxicity as well as better biocompatibility 

of the technetium species. Therefore, polymers are highly interesting due to the simple change 

of the monomeric components, which result in a significant change of the properties. But it has 

to be considered that the radioactive decay of metals, used in clinics, is usually very fast. In 

particular, the half-life of 99Tc is ca. 6 hours;[1245] thus, the intensity of the administered drug 

is limited. Therefore, a very fast and efficient preparation is required. Consequently, the design 

of novel drugs has to be different. In most cases, Re(I) complexes are prepared in order to 

characterize the chemical structure as well as the biocompatibility of the novel system.[1246] 

Afterwards, due to the utilization of a reducing agent – which is mostly tin (SnCl2) – the Tc(I) 

compounds are prepared. However, due to its toxicity of the SnCl2 it must be removed rapidly 

or different reducing agent have to be utilized (polymer-bound tin).[1247] 

Different strategies for the design of polymeric radioactive labeled compounds for imaging is 

next. Similar to the polymeric MRI contrast agents, technetium labeled compounds can be divi-

ded into dendrimers and linear polymers.  
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The most utilized dendritic system in this context is again PAMAM, which offers easy ways of 

functionalization due to the outer amino surface, which can be utilized for the direct complexa-

tion of Tc(I).[1248] In addition, fluorescent dyes can be simarily attached allowing a simple 

detection of the distribution of the polymer within the human body. Herein, it could be demon-

strated that a labeling of tumor cells within mice is possible and that the formed complex is 

stable up to 24 h. The liver as well as the kidney are responsible for the blood clearance. This 

basic system could be improved by the utilization of the amino groups of PAMAM for the 

functionalization with DTPA what simultaneously increases the stability of the complex.[1249] 

A further functionalization with biotin offers an efficient binding to HeLa cells. Additionally, 

good blood clearance could be obtained reducing toxicity. An increase of the tumor targeting 

can be achieved through the attachment of folic acid to PAMAM dendrimers.[1250] For this 

purpose, the PEG-folate conjugated 99Tc-labeled dendrimers showed a higher cellular uptake 

in vitro and, thus, a higher accumulation in the targeted KB cells and compared systems without 

PEG and/or folic acid. Furthermore, in vivo experiments demonstrated this specific 

biodistribution through its confirmation by micro-SPECT imaging as well as excellent stability 

and rapid blood clearance.  

Beside PAMAM, other dendritric system can be utilized for the functionalization with techne-

tium. Thus, poly(propylene imine) dendrimers can be functionalized with 99Tc(I), summarily 

forming complexes with the free amino surface.[1251] Thus, the attachment of different sugar 

moieties, e.g. mannose or lactose, offers the possibility for specific targeting. These systems 

are also stable in vitro as well as in vivo and showed an enhanced uptake in the liver. Another 

opportunity is the utilization of polyester dendrimers.[1252] In the center of their dendrimer, a 

sulfonic acid group is present and was utilized for the functionalization with bis(2-amino-

methyl)pyridine. This ligand was subsequently complexed either with rhenium or technetium; 

these metallopolymers were tested in rats. They showed fast clearance via the kidney and the 

biodistribution could be studied by SPECT. The linear polymers can be divided by the basic 

polymeric structure. The most common polymers for the design of 99Tc(I)-labeled macromole-

cules are: PLL, PEG or poly(HPMA). In particular, PLL offers the possibility for functionali-

zation due to presence of a primary amine group in each repeating unit,[1253] leading to a broad 

range of possible ligands, which can be attached, e.g., di(2-picolyl)amine.[1254] After 

complexation with 99Tc, the polymers can be utilized for the lung perfusion imaging. Further-

more, one PLL derivative was evaluated during a preclinical study and it was demonstrated, 

that this system, containing mPEG side chains, featured no toxicity and had a half-life of 20 
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hours in blood.[1255] The clearance was performed by the kidney and it could be demonstrated 

that this system is ideal for long circulation times and suitable for imaging. 

Besides PLL, PEG can be utilized for the preparation of radiolabeled metallopolymers as well. 

In that case, the end groups have to be utilized for the functionalization with ligands. Thus, 

PEGs with different molar masses, which featured a N-[N-(3-diphenylphosphinopro-

pionyl)glycyl]cysteine ligand as the end groups, can be applied.[1256] This ligand has the op-

portunity to reduce Tc(VIII) by in situ oxidation of the phosphors. Thus, no additional reducing 

agent is required, which lowered the toxicity due to the absence of tin. An enhancement of this 

system was demonstrated by the functionalization of the polymer with ubiquicidin, which is an 

antibacterial peptide.[1257] This adduct can be utilized for detecting sites-of-infection, but has 

no improvement in comparison with ubiquicidin-99Tc(I). 

The water-soluble poly(HPMA) can be utilized for the preparation of technetium containing 

polymers. For this purpose, a bis(2-pyridylmethyl)benzylamine containing poly(HPMA) was 

synthesized, which was complexed with rhenium in order to study the complexation behavior 

and the resulting particle size of the metallopolymer.[1258] The size could be adjusted by 

varying the molar mass.  

Beside synthetic polymers, dextran with amine functions could be utilized for the preparation 

of 99Tc(I)-labeled metallopolymers.[1259] For this purpose, the glycopolymer was functionali-

zed with a ligand as well as mannose, as a targeting moiety. The resulting metallopolymer could 

be utilized for the imaging of lymph nodes. Polypeptides are also natural polymers that can 

feature radioactive staining agents. One example is the peptide K237 functionalized with folic 

acid, PEG, and poly(lactic-co-glycolic acid) that feature high in vivo tumor targeting to SKOV-

3 ovarian cancer cells due to the folate groups but radioactivity is still observed in the liver, 

kidney, and bladder; whereas, the concentration is significantly decreased in heart, lung, and 

cancer.[1260] 

Beside the linear polymers and the earlier mentioned dendrimers other branched polymers can 

provide radioactive imaging. Thus, the group of Yang prepared a hyperbranched semiconduc-

ting PEG-ylated polymer that was complexed with 99Tc(I) and further radioactive 

moieties.[1261] A high accumulation of these nanoparticles in tumor xenografts was depicted 

by SPECT imaging. 

Technetium is not the only used metal for radioactive labeling of a polymer, but the most im-

portant one. There are also descriptions about metallopolymers, which feature radioactive me-

tals such as 177luthetium or 88yttrium.[1262-1266] These examples are not described in detail 
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here, but they were prepared by utilizing standard techniques as for dendrimers or poly(HPMA) 

polymers.  

 

2.6.2.3 Luminescent Metallopolymers 

The outstanding optical properties of metallopolymers (see Section 2.4) allow their utilization 

for the detection of specific cells or proteins.[1267,1268] Therefore, the detection of emitted 

light is the standard technique, which will change during the interaction with biomaterials. In 

order to enhance this process, sometimes targeting units are installed, which lead to a higher 

interaction and, thus, to facilities the detection. Moreover, the emission of light can be utilized 

for fluorescence imaging microscopy in order to analyze the distribution of the biomaterials. 

One special molecule of interest is heparin, which is clinically utilized as an anticoagulant. The 

detection of this molecule can be performed by utilizing a conjugated metallopolymer. For this 

purpose, a polyfluorene-based polymer can be applied, which featured an Ir(III) complex (Fig. 

75).[49] The polymer also featured two positively charged groups, which enable interaction 

with the negatively charged heparin. During the interaction with heparin, the luminescence of 

the polymer changed from blue to red. This effect is based on the improved energy transfer 

from the fluorene subunit to the iridium complex resulting in a different emission spectrum. 

Furthermore, this process could also be followed visually and a good selectivity could be 

obtained. This can further be improved by the utilization of time-resolved emission spectra.  

Another interesting biomolecule, which can be detected with the assistance of a metallopoly-

mer, is lectin, which is a protein that can efficiently bind sugars. In order to detect this special 

protein, Seeberger et al. synthesized a dendritric system that featured a Ru(II)-(trisbipyridine) 

core.[1269] The outer shell was functionalized with mannose or galactose, which can interact 

with lectin. This interaction led to a change in the fluorescence quantum yield of the central 

Ru(II) complex and, thus, the material can be utilized for the detection of lectin. This finding 

also enabled the detection of bacteria, as demonstrated for E. coli.[1270]  

Another example is the interaction of biotin and proteins. This interaction can generally be 

utilized for the detection of proteins; however, signal amplification is required to vizualize this 

process. For this purpose, a triblock copolymer was prepared via a ROMP utilizing a DA adduct 

of furan and different functionalized maleimides.[1271] One monomer featured a ruthenium 

complex, another a PEG chain, and the last a biotin moiety. After copolymerization, the 

resulting polymer formed micelles, in which the Ru(II) complexes are localized in the core. 

Latter, the moiety is protected by the PEG and the biotin units at the outer shell enabling the 
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binding of proteins, which can be analyzed via changes in the EL. However, further metal 

complexes such as Ir(III) can be utilized, too.[1272] 

 

 

Fig. 75. Schematic representation of the metallopolymer used for the detection of heparin [49], 

Copyright 2013. Adapted with permission from John Wiley & Sons Inc. 

 

The first biosensor for fluoride ions in living cells is an ultra-small polymer dot with lumines-

cent properties (Fig. 76).[50] In particular, this water-soluble copolymer consists of fluorene 

and Ir(III)-containing monomers that provide a dual emission – one from each monomer. The 

fluoride-responsiveness is detected through degradation of a tert-butyldiphenylsilyl moiety on 

the Ir(III) monomer and the resulting quenching of its phosphorescence. Consequently, the 

luminescence of the copolymer shifts from red to blue due to the remaining fluorescence of the 

fluorine moieties; however, this ratiometric luminescence as well as lifetime of luminescence 

are resistant against external influences like concentration and excitation power; the cell tests 

demonstrated the potential biomedical applications. 
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Fig. 76. Schematic representation of phosphorescent Ir(III)-complexes and dual-emissive 

copolymers that change luminescence after cleavage of tert-butyldiphenylsilyl moiety due to 

presence of fluoride [50], Copyright 2015. Reproduced with permission from Springer Nature. 

 

Nanoparticles consisting of PS-graft-PEG with Ru(II)-(bipyridine)3 complexes on the PS back-

bone as well as triphenylphosphonium groups on the periphery enable oxygen-sensitive 

luminescence.[416] Consequently, this nanoparticle can be utilized as an O2-nanosensor in 

mitochondria due to the triphenylphosphonium moieties that increase the selective targeting to 

the mitochondria with a real-time sensitive luminescence imaging over a period of ten minutes. 

Furthermore, the nanoparticles feature good biocompatibility, high stability, and do not suffer 

from aggregation-induced quenching with a strong luminescence at 608 nm. However, the 

oxygen-sensitivity can be adjusted by the length of the π-conjugation of ligands in Ru(II) com-

plexes.[1273] For this purpose, a PS-b-poly(bipyridine) copolymer was prepared that was co-

ordinated with Ru(II) precursors consisting of the metal center with bipyridine, 1,10-phenan-

throline or 4,7-diphenyl-1,10-phenanthroline ligands. The resulting metallopolymers were 

converted to biocompatible nanoparticles, whereby the 4,7-diphenyl-1,10-phenanthroline-

containing nanoprobe exhibits the highest oxygen sensitivity and, thus, enables the detection of 

hypoxia in HeLa cells. Another kind of dual emissive oxygen biosensor is presented by a 

ratiometric nanoprobe consisting of three assembled copolymers – one PEG-grafted PS that 

enables the cellular uptake, and PS-b-(bipyridyl acrylate) block copolymers that are complexed 

either with Ru(II) or Tb(III).[1274] For this purpose, the Tb(III) polymer is oxygen-insensitive 
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and serves as a reference dye, while the emission of the Ru(II) polymer is quenched in the 

presence of oxygen. This behavior is proven in HeLa cells and, thus, is a promising candidate 

to detect hypoxia in living cells. However, tumor hypoxia can also be significantly detected by 

phosphorescence lifetime imaging microscopy by using the hydrophilic starbust polymer 

shown in Fig. 77 due to O2-ultrasensitive phosphorescence lifetime of the Pt(II)-porphyrin 

core.[1275] Next to monitoring of tumor hypoxia by a polymeric system that also feature four 

polyfluorene arms, a photodynamic therapy effect can be enabled because of high 1O2 quantum 

yields. The therapy was investigated in vitro as well as in vivo; whereas, significantly tumor 

hypoxia differentiation, an efficient inhibition of tumor growth and no significant toxicity was 

observed. 

 

 

Fig. 77. Schematic representation of oxygen-sensing Pt(II)-porphyrin and polyfluorene-based 

starbust polymer that also enables photodynamic therapy.[1275]  

 

Furthermore, the combination of detection methods via the optical properties as well as the 

enhancement of the MRI contrast is possible. For this purpose, Liu et al. synthesized a Gd(III)-

containing polymer, which is also fluorescent.[1276] This system can be utilized for the 
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detection of bacteria in water and it turned out that it also has some antibacterial properties. 

Another example utilizes a poly(HPMA) copolymer with Gd(III)-DOTA and pH-sensitive 

naphthalimide-based fluorophores that enable a dual-modality MRI and fluorescence pH sen-

sor.[1277] The in vitro internalization in the cells can be observed due to the MRI and fluores-

cence; whereas, the pH response is demonstrated by changing the emission from green under 

basic conditions to blue in acidic medium.  

 

2.6.2.4 Detection of Oxidized DNA 

DNA is one of the most important molecules within the human body. The chemical modifica-

tion of this molecule has a high impact on specific functions and can lead to diseases. In parti-

cular, the DNA can be oxidized, which can result in aging or mutations.[1278] Herein, guanine 

is the nuclear base, which will be oxidized first resulting in the main product 8-oxoguano-

sine.[1279] This product can be utilized for the detection of damaged DNA.[1280,1281] For 

this purpose, Rusling et al. synthesized a Ru(II)-containing P4VP.[1282] This polymer ex-

hibited a reversible oxidation signal, which was changed in the presence of guanine. The resul-

ting enhanced oxidation signal was utilized to distinguish between single and double stranded 

DNA. Thus, the detection of damaged DNA is possible. In order to prove the basic principle, a 

layer-by-layer approach was chosen, in which layers of DNA/proteins as biosensors were 

assembled between a graphite electrode surface and a layer of the ruthenium-metallopolymer 

[1283] After the DNA was damaged with styrene and hydrogen peroxide the proteins hemo-

globin or myoglobin detected this damage, resulting in a redox reaction of the Ru(II) complex 

and consequently, a voltammetric peak. Beside the changes in the oxidation signal, the EL 

differs enabling the combined detection via two parameters.[1284,1285] Furthermore, the 

damage during methylation as well as epoxidation of DNA can be detected.[1286] Finally, the 

influence of antioxidants can be monitored with this system and a dependency of the concen-

tration of the antioxidants for protection of DNA can be revealed.[1287] Additionally, the same 

system can be fabricated by the utilization of Os(II) instead of Ru(II).[1288]  

By using high-throughput microfluidic arrays, which consist of a DNA/ECL Ru-poly-

mer/metabolic enzymes arrangement, together with column bead-reactor LC-MS/MS methods, 

the investigation of the dependency of metabolic enzymes from organ-specific suites was 

enabled.[1289] In particular, metabolized nucleobases on the DNA could be identified as well 

as the enzymes that form reactive metabolites, the dynamics of the enzymes in different organs 

and the rate of possible mechanisms of the genotoxic reactions could be observed. A similar 

approach was applied for the first microfluidic genotoxicity screening ECL of unhydrolyzed 
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DNA.[1290] The array was prepared by the arranging the ECL Ru(II)-polymer, the DNA, and 

the metabolic enzymes in micro-wells on a pyrolytic graphite wafer. Through contact with the 

reactant solutions, metabolites form that react with DNA and the resulting DNA adducts were 

detected by the ECL Ru(II)-polymer by changing the ECL intensity. By running multiple 

enzyme reaction in parallel on the array, differences in genotoxicity can be easily detected. 

 

2.6.3 Release of CO and NO 

One rising topic in the research of biologically active metallopolymers is the release of small 

molecules. In particular, carbon monoxide (CO) as well as nitric oxide (NO) are of great in-

terest. The specific release of these molecules can lead to a personalized therapy, which reduces 

the side effects of drugs and one can overcome resistances of pathogens and cancer cells against 

drugs.  

CO is a very toxic gas, which will react efficiently with many transition metals. Consequently, 

the direct use of CO gas is not feasible. In order to overcome this problem, the modern medical 

research focuses on the development of CO-releasing molecules (CORMs).[1291-1294] In the 

most cases, these compounds are transition metal carbonyl complexes, which can release CO 

on demand. This quite promising strategy is useful for the achievement of the effects of CO 

within the body. Thus, CO can act in the redox control,[1295-1298] on cytoprotection,[1299-

1303] can lead to a vascoactive response,[1299,1303-1305] and can modulate specific 

responses of the immune system.[1301,1306] Due to this large variety of different effects, it is 

required that the CO is only released at specific targets, where it should be. Therefore, the 

utilization of external triggers is required. In particular, light is utilized to stimulate the CO 

release under physiological conditions.[1307,1308] In particular, iron, manganese, ruthenium, 

vanadium, cobalt, chromium as well as iridium complexes have been utilized in this con-text. 

There are also some examples described, in which manganese carbonyl complexes are 

incorporated into a polymeric structure.[1309] Therefore, the advantage of a polymeric struc-

ture can be utilized and the polymeric structure can be varied achieving many different pro-

perties. For this purpose, two different polymers containing bis(pyridylmethyl)amine in the side 

chain were prepared, which can complex Mn(II) resulting in a tricarbonyl manganese complex 

attached to the polymer.[1310] The first polymer consisted of a 2-hydroxypropyl 

methacrylamide comonomer next to the corresponding ligand monomer. For the preparation of 

the other polymer, a poly(lactide) was end-functionalized with the ligand and a methacrylate 

group. Afterwards the copolymerization with 2-hydroxypropyl methacrylamide leads to a 

ligand-containing polymer, in which the ligand is bound to a grafted polymer chain. The release 
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of the CO was proven by a UV/Vis-based myoglobin assay. During irradiation the CO is 

released and can bind to the myoglobin forming the myoglobin-CO adduct, which can be moni-

tored by a clear change in the absorption spectrum. 

Another example focussed on a dendritic metallopolymer.[1311] For this purpose, several 

dendrimers were functionalized with bipyridine units, which can complex manganese. The 

resulting manganese carbonyl complexes can release CO upon irradiation. Releasing rates up 

to 63% could be achieved. Beside the manganese complexes, also ruthenium complexes are 

applied in biomedicine.[1312] The block copolymer of poly(oligoethylene glycol acrylate) with 

a Ru(II)-functionalized poly(vinyl benzyl) derivative provides the advantages of high water 

solubility as well as an enhanced stability and a slower release of CO than in common molecular 

CORM-2, which also increases the half-time of the CO-releasing polymer. An antimicrobial 

property is observed for this polymer. Indeed the microbial growth is inhibited more effectively 

than by CORM-2 and, thus, the formation of biofilms of Pseudomonas aeruginosa can be 

prevented.  

A different highly interesting small molecule, which can be released from metal complexes is 

NO. Despite the high toxicity, NO has several functions within the human body. Thus, NO is 

involved in the inhibition of platelet aggregation, the immune response and in wound-

healing.[1313,1314] Furthermore, NO is responsible for the apoptosis, i.e. the programmed cell 

death. This feature makes NO so interesting for modern research, because it enables the specific 

targeting of cells, if the NO is delivered to a specific region in the human body. Therefore, light-

triggered NO release is important and can be realized by metal complexes as well as further 

structural elements.[1315] In case of metallopolymers, it could be shown that the release of NO 

is dependent on the composition of the polymer and its permeability.[1316] The most common 

transition metal is ruthenium and there are some examples, in which the ruthenium-NO 

complexes were embedded into polymeric materials without any chemical bonds.[1317,1318] 

But there are also some examples, which utilized a chemical bond to attach a ruthenium-NO 

complex to the polymer. 

In particular, Franco et al. synthesized low molar mass PAMAM dendrimers, which were func-

tionalized with the corresponding complexes.[1319,1320] Additionally, coordination polymers, 

based on titanium and aluminum ions, have been utilized as porous photoactive NO-donors by 

using N-nitrosamine as functional NO-bearing group that releases the nitric oxide in controlled 

manner. [1321]  

However, still a further improvement of metallopolymers for the release of small molecules is 

required.  
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Conclusion and Outlook 

In the last few years, metallopolymers have made their entry into many different application-

based fields – ranging from their "ancestral area", the self-assembly, over stimuli-responsive 

materials, to bio-applications. This large bandwith of applications shows an enormous potential 

for these materials. The integration of metal complexes is adding "metal-like" properties to 

classical polymers/organic materials, while still maintaining easy processability. These 

materials are developing from organic synthetic polymers to advanced polymers / materials 

with tunable functionalities as well as properties.  

Inspired by biometallopolymers, artificial metallopolymers were initally applied in synthetic 

areas, like catalysis as well as self-assembly and classic optical application. Afterwards, the 

direction of research extended to further applied materials, while keeping attention on the de-

velopment and improvement of the first systems. Through the years, the versatile potential of 

metallopolymers eventually led to applications in the fields of stimuli-responsive materials and 

sensing, biological and medical active materials, drugs as well as imaging and more recently, 

self-healing and shape-memory materials. Nevertheless, those are just a few examples among 

the broad spectra of applications of metallopolymers. Consequently, together with the 

improvement of current systems, further applications will be enabled through metallopolymers. 

In particular, topics with an increasing importance in our current society like climate change, 

resource scarcity, energy generation, and storage or sustainability will need smart approaches 

to overcome the respective requirements and metallopolymers feature high potential to fulfill 

them. Thus, hydrogen evolution[697] or ORR[1322] as well as solar cells can be enabled by 

metallopolymers.[831] Moreover, they feature capabilities in electronics, e.g. super-

capacitors,[1323] lithographic patterning[55] and OLEDs,[1324] which become more 

important due to the progress in digitalization and energy management. Furthermore, the 

cleaning of air can be achieved by metallopolymers in order to gain and keep a healthy 

environment.[1325] 

However, not only are new topics important in our society, the health care is an old but still 

large field in research and applications. In particular, they can be applied to the phar-

macy,[1326] as well as sensors,[400,416] and drugs in medicine.[1327] Up to now, the research 

in the field of metallopolymeric medicine has progressed so well that the first metallopolymer-

based drugs could soon be commercially available. Nevertheless, a lot of development has to 

be done in the others fields until applications will be commercialized because there are still 

drawbacks that hinder market-ready products. Problems of metallopolymers are often the 
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metals themselves. In some cases, the metals are too expensive for large-scale applications, e.g., 

iridium, platinum or palladium, or in other cases, the metal ions are too toxic for living creatures 

as well as the environment. Additionally, metallopolymers are not as established as small 

molecules for several applications like catalysis and light-emitting diodes. This problem can 

also be overcome by the improvement and a development of advanced metallopolymeric 

systems.  

However, due to the current state-of-the-art and increasing activity on the research of 

metallopolymers, it will just be a matter of time until first applications will be part of our daily 

life. 

 

Author Information 

Corresponding Authors 

*E-Mail: ulrich.schubert@uni-jena.de 

 

ORCID 

Martin D. Hager: 0000-0002-6373-6600 

Ulrich S. Schubert: 0000-0003-4978-4670 

George R. Newkome: 0000-0001-6019-5071 

 

Notes 

The authors declare no competing financial interest. 

 

Biographies 

Stefan Götz was born in Gera (Germany) in 1991. He received his M.Sc. in 2015 after studying 

chemistry in Jena and is currently a Ph.D. in organic and macromolecular chemistry under 

supervision of Prof. Dr. U.S. Schubert with focus on self-healing and photoactive metallo-

polymers. 

 

Stefan Zechel was born in Blankenburg (Germany) in 1988. He studied chemistry in Jena and 

performed his PhD under the supervision of Prof. Dr. U. S. Schubert. He obtained a stipend 

from the Verband der Chemischen Industrie (VCI). After completing his PhD, he started his 

Post-Doc in the group of Prof. Schubert. From 2017 on, he is funded by the Carl-Zeiss founda-

tion. 

 



176 

Martin D. Hager studied Chemistry at the Friedrich Schiller University in Jena till 2005. He 

finished his PhD in 2007. Subsequently, he was PostDoc at the TU Eindhoven. Since 2008 he 

is a group leader in the group of Prof. Schubert at the FSU Jena. His research interests include 

in particular organic redox-flow batteries and reversible polymer systems for self-healing 

materials. 

 

George R. Newkome received his PhD from Kent State University, then conducted a 

postdoctorate at Princeton University. His first academic appointment was at Louisina State 

University in Baton Rouge, where he advanced to Full Professor of Chemistry then in 1986, he 

retired and moved to the University of South Florida, as Professor of Chemistry and Vice 

President of Research. In 2001, he moved to The University of Akron, as Professor of Che-

mistry and Polymer Science, Vice President for Research, Dean of the Graduate School, and 

President, University of Akron Research Foundation. After he retired in 2018, he is currently a 

Research Professor at the Center for Molecular Biology and Biotechnology, Florida Atlantic 

Univerity in Jupiter. 

 

Ulrich S. Schubert was born in Tübingen (Germany) in 1969. He studied chemistry in Frankfurt 

and Bayreuth (both Germany) and at Virginia Commonwealth University, Richmond (USA). 

His PhD studies were performed at the Universities of Bayreuth and South Florida. After a post-

doctoral training with J.-M. Lehn at the University of Strasbourg (France), he moved to the TU 

Munich (Germany) and obtained his Habilitation in 1999. During 1999–2000 he was Professor 

at the University of Munich and during 2000–2007 Full-Professor at the TU Eindhoven (the 

Netherlands). Since 2007, he has been a Full-Professor at the Friedrich Schiller University Jena, 

Germany. 

 

Acknowledgment: 

The authors would like to thank the German Research Foundation (DFG) for funding (SFB 

TRR 234 "Catalight" project B02 as well as SCHU 1229/26-1). Furthermore, S.Z. is grateful to 

the Carl-Zeiss Stiftung for funding. 

 

References: 

[1] Staudinger H. Über Polymerisation. Ber Dtsch Chem Ges. 1920;53:1073-85. 
[2] Frey H, Johann T. Celebrating 100 years of “polymer science”: Hermann Staudinger's 1920 
manifesto. Polym Chem. 2020;11:8-14. 
[3] Sutton M. The birth of the polymer age. https://wwwchemistryworldcom/features/the-birth-
of-the-polymer-age/4011418article 2020;(last accessed 12.06.2020). 



177 

[4] Fleming IAN. Absolute configuration and the structure of chlorophyll. Nature. 
1967;216:151-2. 
[5] Pauling L, Coryell CD. The magnetic properties and structure of hemoglobin, 
oxyhemoglobin and carbonmonoxyhemoglobin. Proc Natl Acad Sci USA. 1936;22:210-6. 
[6] Cossee P. On the reaction mechanism of the ethylene polymerization with heterogeneous 
ziegler-natta catalysts. Tetrahedron Lett. 1960;1:12-6. 
[7] Steed JW. Coordination and organometallic compounds as anion receptors and sensors. 
Chem Soc Rev. 2009;38:506-19. 
[8] Lindskog S. Structure and mechanism of carbonic anhydrase. Pharmacology & 
Therapeutics. 1997;74:1-20. 
[9] Sasmal PK, Streu CN, Meggers E. Metal complex catalysis in living biological systems. 
Chem Commun. 2013;49:1581-7. 
[10] Grätzel M, Kalyanasundaram K. Metal Complexes as Photosensitizers in 
Photoelectrochemical Cells. In: Kalyanasundaram K, Grätzel M, editors. Photosensitization and 
photocatalysis using inorganic and organometallic compounds. Dordrecht: Springer 
Netherlands; 1993. p. 247-71. 
[11] Cassoux P, Valade L, Kobayashi H, Kobayashi A, Clark RA, Underhill AE. Molecular 
metals and superconductors derived from metal complexes of 1,3-dithiol-2-thione-4,5-
dithiolate (dmit). Coord Chem Rev. 1991;110:115-60. 
[12] Werner R, Falk K, Ostrovsky S, Haase W. Metallopolymers with Schiff base side chains. 
Synthesis and characterization of some nickel(II) containing polymers with unexpected 
cooperative magnetic properties. Macromol Chem Phys. 2001;202:2813-23. 
[13] Djukic B, Seda T, Gorelsky SI, Lough AJ, Lemaire MT. π-Extended and Six-Coordinate 
Iron(II) Complexes: Structures, Magnetic Properties, and the Electrochemical Synthesis of a 
Conducting Iron(II) Metallopolymer. Inorg Chem. 2011;50:7334-43. 
[14] Özkale B, Pellicer E, Zeeshan MA, López-Barberá JF, Nogués J, Sort J, Nelson BJ, Pané 
S. One-pot electrosynthesis of multi-layered magnetic metallopolymer nanocomposites. 
Nanoscale. 2014;6:4683-90. 
[15] Jakupec MA, Galanski M, Arion VB, Hartinger CG, Keppler BK. Antitumour metal 
compounds: more than theme and variations. Dalton Trans. 2008:183-94. 
[16] Fuertes MA, Alonso C, Pérez JM. Biochemical Modulation of Cisplatin Mechanisms of 
Action:  Enhancement of Antitumor Activity and Circumvention of Drug Resistance. Chem 
Rev. 2003;103:645-62. 
[17] Robertson N, Cronin L. Metal bis-1,2-dithiolene complexes in conducting or magnetic 
crystalline assemblies. Coord Chem Rev. 2002;227:93-127. 
[18] Hang T, Zhang W, Ye H-Y, Xiong R-G. Metal–organic complex ferroelectrics. Chem Soc 
Rev. 2011;40:3577-98. 
[19] Tamaki H, Zhong ZJ, Matsumoto N, Kida S, Koikawa M, Achiwa N, Hashimoto Y, Okawa 
H. Design of metal-complex magnets. Syntheses and magnetic properties of mixed-metal 
assemblies {NBu4[MCr(ox)3]}x (NBu4+ = tetra(n-butyl)ammonium ion; ox2- = oxalate ion; 
M = Mn2+, Fe2+, Co2+, Ni2+, Cu2+, Zn2+). J Am Chem Soc. 1992;114:6974-9. 
[20] Gatteschi D, Bogani L, Cornia A, Mannini M, Sorace L, Sessoli R. Molecular magnetism, 
status and perspectives. Solid State Sci. 2008;10:1701-9. 
[21] Cariati E, Pizzotti M, Roberto D, Tessore F, Ugo R. Coordination and organometallic 
compounds and inorganic–organic hybrid crystalline materials for second-order non-linear 
optics. Coord Chem Rev. 2006;250:1210-33. 
[22] Blau WJ, Byrne HJ, Cardin DJ, Davey AP. Non-linear optical properties of Group 10 metal 
alkynyls and their polymers. J Mater Chem. 1991;1:245-9. 
[23] Lindner E, Haustein M, Fawzi R, Steimann M, Wegner P. Reversible and Irreversible 
Coordination of Small Molecules to the Cp*Ru Fragment by a Facile Cleavage of the 



178 

Ruthenium-Oxygen Bond of .eta.2P-O-Chelated (1,3-Dioxan-2-ylmethyl)diphenylphosphine. 
Organometallics. 1994;13:5021-9. 
[24] Arimoto FS, Haven AC. Derivatives of Dicyclopentadienyliron1. J Am Chem Soc. 
1955;77:6295-7. 
[25] Pietschnig R. Polymers with pendant ferrocenes. Chem Soc Rev. 2016;45:5216-31. 
[26] Rüttiger C, Appold M, Didzoleit H, Eils A, Dietz C, Stark RW, Stühn B, Gallei M. 
Structure Formation of Metallopolymer-Grafted Block Copolymers. Macromolecules. 
2016;49:3415-26. 
[27] Kulbaba K, Manners I. Polyferrocenylsilanes: Metal-Containing Polymers for Materials 
Science, Self-Assembly and Nanostructure Applications. Macromol Rapid Commun. 
2001;22:711-24. 
[28] Winter A, Schubert US. Synthesis and characterization of metallo-supramolecular 
polymers. Chem Soc Rev. 2016;45:5311-57. 
[29] Leadbeater NE, Marco M. Preparation of Polymer-Supported Ligands and Metal 
Complexes for Use in Catalysis. Chem Rev. 2002;102:3217-74. 
[30] Döring A, Birnbaum W, Kuckling D. Responsive hydrogels – structurally and 
dimensionally optimized smart frameworks for applications in catalysis, micro-system 
technology and material science. Chem Soc Rev. 2013;42:7391-420. 
[31] Pollino JM, Weck M. Non-covalent side-chain polymers: design principles, 
functionalization strategies, and perspectives. Chem Soc Rev. 2005;34:193-207. 
[32] Yan Y, Huang J. Hierarchical assemblies of coordination supramolecules. Coord Chem 
Rev. 2010;254:1072-80. 
[33] Ho C-L, Wong W-Y. Metal-containing polymers: Facile tuning of photophysical traits and 
emerging applications in organic electronics and photonics. Coord Chem Rev. 2011;255:2469-
502. 
[34] Mauro M, Bellemin-Laponnaz S, Cebrián C. Metal-Containing Polymers as Light-
Emitting and Light-Responsive Materials and Beyond. Chem Eur J. 2017;23:17626-36. 
[35] Xu H, Chen R, Sun Q, Lai W, Su Q, Huang W, Liu X. Recent progress in metal–organic 
complexes for optoelectronic applications. Chem Soc Rev. 2014;43:3259-302. 
[36] Turrin C-O, Chiffre J, de Montauzon D, Daran J-C, Caminade A-M, Manoury E, Balavoine 
G, Majoral J-P. Phosphorus-Containing Dendrimers with Ferrocenyl Units at the Core, within 
the Branches, and on the Periphery. Macromolecules. 2000;33:7328-36. 
[37] Le Derf F, Levillain E, Trippé G, Gorgues A, Sallé M, Sebastían R-M, Caminade A-M, 
Majoral J-P. Immobilization of Redox-Active Ligands on an Electrode: The Dendrimer Route. 
Angew Chem Int Ed. 2001;40:224-7. 
[38] Díaz I, García B, Alonso B, Casado CM, Morán M, Losada J, Pérez-Pariente J. Ferrocenyl 
Dendrimers Incorporated into Mesoporous Silica:  New Hybrid Redox-Active Materials. 
Chemistry of Materials. 2003;15:1073-9. 
[39] Nishiyama N, Yokoyama M, Aoyagi T, Okano T, Sakurai Y, Kataoka K. Preparation and 
Characterization of Self-Assembled Polymer−Metal Complex Micelle from cis-
Dichlorodiammineplatinum(II) and Poly(ethylene glycol)−Poly(α,β-aspartic acid) Block 
Copolymer in an Aqueous Medium. Langmuir. 1999;15:377-83. 
[40] Nishiyama N, Okazaki S, Cabral H, Miyamoto M, Kato Y, Sugiyama Y, Nishio K, 
Matsumura Y, Kataoka K. Novel Cisplatin-Incorporated Polymeric Micelles Can Eradicate 
Solid Tumors in Mice. Cancer Res. 2003;63:8977-83. 
[41] Zhang F, Elsabahy M, Zhang S, Lin LY, Zou J, Wooley KL. Shell crosslinked knedel-like 
nanoparticles for delivery of cisplatin: effects of crosslinking. Nanoscale. 2013;5:3220-5. 
[42] Chang T, Lord MS, Bergmann B, Macmillan A, Stenzel MH. Size effects of self-assembled 
block copolymer spherical micelles and vesicles on cellular uptake in human colon carcinoma 
cells. J Mater Chem B. 2014;2:2883-91. 



179 

[43] Eliezar J, Scarano W, Boase NRB, Thurecht KJ, Stenzel MH. In Vivo Evaluation of Folate 
Decorated Cross-Linked Micelles for the Delivery of Platinum Anticancer Drugs. 
Biomacromolecules. 2015;16:515-23. 
[44] Zhang KY, Liu S, Zhao Q, Huang W. Stimuli–responsive metallopolymers. Coord Chem 
Rev. 2016;319:180-95. 
[45] Nguyen MT, Jones RA, Holliday BJ. Recent advances in the functional applications of 
conducting metallopolymers. Coord Chem Rev. 2018;377:237-58. 
[46] Wang Y, Astruc D, Abd-El-Aziz AS. Metallopolymers for advanced sustainable 
applications. Chem Soc Rev. 2019;48:558-636. 
[47] Xiang J, Ho C-L, Wong W-Y. Metallopolymers for energy production, storage and 
conservation. Polym Chem. 2015;6:6905-30. 
[48] Zhang J, Xu L, Wong W-Y. Energy materials based on metal Schiff base complexes. Coord 
Chem Rev. 2018;355:180-98. 
[49] Shi H, Sun H, Yang H, Liu S, Jenkins G, Feng W, Li F, Zhao Q, Liu B, et al. Cationic 
polyfluorenes with phosphorescent iridium(III) complexes for time-resolved luminescent 
biosensing and fluorescence lifetime imaging. Adv Funct Mater. 2013;23:3268-76. 
[50] Zhao Q, Zhang C, Liu S, Liu Y, Zhang KY, Zhou X, Jiang J, Xu W, Yang T, et al. Dual-
emissive Polymer Dots for Rapid Detection of Fluoride in Pure Water and Biological Systems 
with Improved Reliability and Accuracy. Sci Rep. 2015;5:16420/1-11. 
[51] Sandmann B, Bode S, Hager MD, Schubert D. Metallopolymers as an Emerging Class of 
Self-Healing Materials. Adv Polym Sci. 2013;262:239-57. 
[52] Hager MD, Bode S, Weber C, Schubert US. Shape memory polymers: Past, present and 
future developments. Prog Polym Sci. 2015;49-50:3-33. 
[53] Löber D, Dey S, Kaban B, Roesler F, Maurer M, Hillmer H, Pietschnig R. 3D 
Micro/Nanopatterning of a Vinylferrocene Copolymer. Molecules. 2020;25:2438. 
[54] Meng Z, Li G, Yiu S-C, Zhu N, Yu Z-Q, Leung C-W, Manners I, Wong W-Y. Nanoimprint 
Lithography-Directed Self-Assembly of Bimetallic Iron–M (M=Palladium, Platinum) 
Complexes for Magnetic Patterning. Angew Chem Int Ed. 2020;59:11521-6. 
[55] Meng Z, Ho C-L, Wong H-F, Yu Z-Q, Zhu N, Li G, Leung C-W, Wong W-Y. Lithographic 
patterning of ferromagnetic FePt nanoparticles from a single-source bimetallic precursor 
containing hemiphasmidic structure for magnetic data recording media. Sci China Mater. 
2019;62:566-76. 
[56] Meng Z, Li G, Ng S-M, Wong H-F, Yiu S-C, Ho C-L, Leung C-W, Wong W-Y. 
Nanopatterned L10-FePt nanoparticles from single-source metallopolymer precursors for 
potential application in ferromagnetic bit-patterned media magnetic recording. Polym Chem. 
2016;7:4467-75. 
[57] Gohy JF. Block copolymer micelles. Adv Polym Sci. 2005;190:65-136. 
[58] Schmelz J, Schacher FH, Schmalz H. Cylindrical crystalline-core micelles: pushing the 
limits of solution self-assembly. Soft Matter. 2013;9:2101-7. 
[59] Li W, Kim Y, Li J, Lee M. Dynamic self-assembly of coordination polymers in aqueous 
solution. Soft Matter. 2014;10:5231-42. 
[60] Hillmyer MA. Micelles Made to Order. Science. 2007;317:604-5. 
[61] Riess G. Micellization of block copolymers. Prog Polym Sci. 2003;28:1107-70. 
[62] Discher DE, Eisenberg A. Polymer Vesicles. Science. 2002;297:967-73. 
[63] Mai Y, Eisenberg A. Self-assembly of block copolymers. Chem Soc Rev. 2012;41:5969-
85. 
[64] Tritschler U, Pearce S, Gwyther J, Whittell GR, Manners I. 50th Anniversary Perspective: 
Functional nanoparticles from the solution self-assembly of block copolymers. 
Macromolecules. 2017;50:3439-63. 
[65] Ikkala O, ten Brinke G. Functional materials based on self-assembly of polymeric 
supramolecules. Science. 2002;295:2407-9. 



180 

[66] Liu X, Jiang M. Optical Switching of Self-Assembly: Micellization and Micelle–Hollow-
Sphere Transition of Hydrogen-Bonded Polymers. Angew Chem Int Ed. 2006;45:3846-50. 
[67] Guerlain C, Piogé S, Detrembleur C, Fustin C-A, Gohy J-F. Self-assembly of a triblock 
terpolymer mediated by hydrogen-bonded complexes. J Polym Sci A Polym Chem. 
2015;53:459-67. 
[68] Romulus J, Weck M. Single-Chain Polymer Self-Assembly Using Complementary 
Hydrogen Bonding Units. Macromol Rapid Commun. 2013;34:1518-23. 
[69] Bentz KC, Cohen SM. Supramolecular Metallopolymers: From Linear Materials to Infinite 
Networks. Angew Chem Int Ed. 2018;57:14992-5001. 
[70] Rehm TH, Schmuck C. Ion-pair induced self-assembly in aqueous solvents. Chem Soc 
Rev. 2010;39:3597-611. 
[71] Förster S, Abetz V, Müller AHE. Polyelectrolyte Block Copolymer Micelles. Adv Polym 
Sci. 2004;166:173-210. 
[72] Yan Y, de Keizer A, Stuart MC, Besseling NM. From Coordination Polymers to 
Hierarchical Self-Assembled Structures. Adv Polym Sci. 2011;242:91-115. 
[73] Gerhardt W, Črne M, Weck M. Multifunctionalization of Synthetic Polymer Systems 
through Self-Assembly. Chem Eur J. 2004;10:6212-21. 
[74] Lanigan N, Wang X. Supramolecular chemistry of metal complexes in solution. Chem 
Commun. 2013;49:8133-44. 
[75] Boott CE, Nazemi A, Manners I. Synthetic Covalent and Non-Covalent 2D Materials. 
Angew Chem Int Ed. 2015;54:13876-94. 
[76] Gohy J-F, Hofmeier H, Alexeev A, Schubert US. Aqueous Micelles from Supramolecular 
Graft Copolymers. Macromol Chem Phys. 2003;204:1524-30. 
[77] de Hatten X, Asil D, Friend RH, Nitschke JR. Aqueous Self-Assembly of an 
Electroluminescent Double-Helical Metallopolymer. J Am Chem Soc. 2012;134:19170-8. 
[78] Chen B, Metera K, Sleiman HF. Biotin-Terminated Ruthenium Bipyridine Ring-Opening 
Metathesis Polymerization Copolymers:  Synthesis and Self-Assembly with Streptavidin. 
Macromolecules. 2005;38:1084-90. 
[79] Shokouhi Mehr H, Romano NC, Altamimi R, Modarelli JM, Modarelli DA. Core 
substituted naphthalene diimide - metallo bisterpyridine supramolecular polymers: synthesis, 
photophysics and morphology. Dalton Trans. 2015;44:3176-84. 
[80] Fukino T, Joo H, Hisada Y, Obana M, Yamagishi H, Hikima T, Takata M, Fujita N, Aida 
T. Manipulation of Discrete Nanostructures by Selective Modulation of Noncovalent Forces. 
Science. 2014;344:499-504. 
[81] Ainscough EW, Brodie AM, Depree CV, Jameson GB, Otter CA. Polymer Building 
Blocks:  Self-Assembly of Silver(I) Cyclotriphosphazene Cationic Columns. Inorg Chem. 
2005;44:7325-7. 
[82] Winter A, Friebe C, Chiper M, Hager MD, Schubert US. Self-assembly of π-conjugated 
bis(terpyridine) ligands with zinc(II) ions: New metallosupramolecular materials for 
optoelectronic applications. J Polym Sci A Polym Chem. 2009;47:4083-98. 
[83] Bharatiya B, Fustin C-A, Gohy J-F. Supramolecular Aqueous Gels Based on Terpyridine-
Modified Pluronics. Macromol Chem Phys. 2012;213:2253-60. 
[84] Zhang L, Zhang Y, Chen Y. Synthesis of bis(2,2′:6′,2″-terpyridine)-terminated telechelic 
polymers by RAFT polymerization and ruthenium–polymer complexation thereof. Eur Polym 
J. 2006;42:2398-406. 
[85] Castilla AM, Ramsay WJ, Nitschke JR. Stereochemistry in Subcomponent Self-Assembly. 
Acc Chem Res. 2014;47:2063-73. 
[86] McConnell AJ, Wood CS, Neelakandan PP, Nitschke JR. Stimuli-Responsive Metal–
Ligand Assemblies. Chem Rev. 2015;115:7729-93. 
[87] Chakrabarty R, Mukherjee PS, Stang PJ. Supramolecular Coordination: Self-Assembly of 
Finite Two- and Three-Dimensional Ensembles. Chem Rev. 2011;111:6810-918. 



181 

[88] Gohy J-F, Lohmeijer BGG, Schubert US. From Supramolecular Block Copolymers to 
Advanced Nano-Objects. Chem Eur J. 2003;9:3472-9. 
[89] Yang SK, Ambade AV, Weck M. Main-chain supramolecular block copolymers. Chem 
Soc Rev. 2011;40:129-37. 
[90] Shunmugam R, Gabriel GJ, Aamer KA, Tew GN. Metal–Ligand-Containing Polymers: 
Terpyridine as the Supramolecular Unit. Macromol Rapid Commun. 2010;31:784-93. 
[91] Zhou J, Whittell GR, Manners I. Metalloblock Copolymers: New Functional 
Nanomaterials. Macromolecules. 2014;47:3529-43. 
[92] Gohy J-F. Metallo-supramolecular block copolymer micelles. Coord Chem Rev. 
2009;253:2214-25. 
[93] Mugemana C, Guillet P, Fustin C-A, Gohy J-F. Metallo-supramolecular block copolymer 
micelles: recent achievements. Soft Matter. 2011;7:3673-8. 
[94] Weck M. Side-chain functionalized supramolecular polymers. Polym Int. 2007;56:453-60. 
[95] Klok HA, Lecommandoux S. Supramolecular Materials via Block Copolymer Self-
Assembly. Adv Mater. 2001;13:1217-29. 
[96] Moughton AO, O'Reilly RK. Using Metallo-Supramolecular Block Copolymers for the 
Synthesis of Higher Order Nanostructured Assemblies. Macromol Rapid Commun. 
2010;31:37-52. 
[97] Rodríguez-Hernández J, Chécot F, Gnanou Y, Lecommandoux S. Toward ‘smart’ nano-
objects by self-assembly of block copolymers in solution. Prog Polym Sci. 2005;30:691-724. 
[98] Rösler A, Vandermeulen GWM, Klok H-A. Advanced drug delivery devices via self-
assembly of amphiphilic block copolymers. Adv Drug Deliv Rev. 2012;64, Supplement:270-9. 
[99] Huo M, Yuan J, Tao L, Wei Y. Redox-responsive polymers for drug delivery: from 
molecular design to applications. Polym Chem. 2014;5:1519-28. 
[100] Yan Q-Q, Zhou L-P, Zhou H-Y, Wang Z, Cai L-X, Guo X-Q, Sun X-Q, Sun Q-F. 
Metallopolymers cross-linked with self-assembled Ln4L4 cages. Dalton Trans. 2019;48:7080-
4. 
[101] Marinova M, Torres-Werlé M, Taupier G, Maisse-François A, Achard T, Boeglin A, 
Dorkenoo KDH, Bellemin-Laponnaz S. Chiral Self-Sorting Process with Ditopic Ligands: 
Alternate or Block Metallopolymer Assembly as a Function of the Metal Ion. ACS Omega. 
2019;4:2676-83. 
[102] He W-N, Xu J-T. Crystallization assisted self-assembly of semicrystalline block 
copolymers. Prog Polym Sci. 2012;37:1350-400. 
[103] Hudson ZM, Manners I. Assembly and Disassembly of Ferrocene-Based Nanotubes. 
Science. 2014;344:482-3. 
[104] Rider DA, Manners I. Synthesis, Self‐Assembly, and Applications of 
Polyferrocenylsilane Block Copolymers. Polym Rev. 2007;47:165-95. 
[105] Mansfeld U, Winter A, Hager MD, Günther W, Altuntaş E, Schubert US. A 
Homotelechelic bis-terpyridine macroligand: One-step synthesis and its metallo-
supramolecular self-assembly. J Polym Sci A Polym Chem. 2013;51:2006-15. 
[106] Chiper M, Hoeppener S, Schubert US, Fustin C-A, Gohy J-F. Self-Assembly Behavior 
of Bis(terpyridine) and Metallo-bis(terpyridine) Pluronics in Dilute Aqueous Solutions. 
Macromol Chem Phys. 2010;211:2323-30. 
[107] Meier MAR, Wouters D, Ott C, Guillet P, Fustin C-A, Gohy J-F, Schubert US. 
Supramolecular ABA Triblock Copolymers via a Polycondensation Approach:  Synthesis, 
Characterization, and Micelle Formation. Macromolecules. 2006;39:1569-76. 
[108] Chiper M, Meier MAR, Wouters D, Hoeppener S, Fustin C-A, Gohy J-F, Schubert US. 
Supramolecular Self-Assembled Ni(II), Fe(II), and Co(II) ABA Triblock Copolymers. 
Macromolecules. 2008;41:2771-7. 



182 

[109] Chiper M, Winter A, Hoogenboom R, Egbe DAM, Wouters D, Hoeppener S, Fustin C-
A, Gohy J-F, Schubert US. Synthesis and Micellization of Coil−Rod−Coil Ruthenium(II) 
Terpyridine Assemblies. Macromolecules. 2008;41:8823-31. 
[110] Schlütter F, Pavlov GM, Gohy J-F, Winter A, Wild A, Hager MD, Hoeppener S, Schubert 
US. Synthesis, characterization, and micellization studies of coil-rod-coil and ABA 
ruthenium(II) terpyridine assemblies with π-conjugated electron acceptor systems. J Polym Sci 
A Polym Chem. 2011;49:1396-408. 
[111] Rüttiger C, Gemmer L, Schöttner S, Kuttich B, Stühn B, Gallei M. Preparation and self-
assembly of polyferrocenyldimethylsilane-containing tri- and pentablock terpolymers. J 
Organomet Chem. 2019;882:80-9. 
[112] Lohmeijer BGG, Schubert US. Supramolecular Engineering with Macromolecules: An 
Alternative Concept for Block Copolymers. Angew Chem Int Ed. 2002;41:3825-9. 
[113] Gohy J-F, Lohmeijer BGG, Schubert US. Metallo-Supramolecular Block Copolymer 
Micelles. Macromolecules. 2002;35:4560-3. 
[114] Fustin C-A, Guillet P, Misner MJ, Russell TP, Schubert US, Gohy J-F. Self-assembly of 
metallo-supramolecular block copolymers in thin films. J Polym Sci A Polym Chem. 
2008;46:4719-24. 
[115] Gohy J-F, Lohmeijer BGG, Varshney SK, Schubert US. Covalent vs Metallo-
supramolecular Block Copolymer Micelles. Macromolecules. 2002;35:7427-35. 
[116] Regev O, Gohy J-F, Lohmeijer BG, Varshney S, Hubert DW, Frederik P, Schubert U. 
Dynamic light scattering and cryogenic transmission electron microscopy investigations on 
metallo-supramolecular aqueous micelles: evidence of secondary aggregation. Colloid Polym 
Sci. 2004;282:407-11. 
[117] Vogel V, Gohy J-F, Lohmeijer BGG, Van Den Broek JA, Haase W, Schubert US, 
Schubert D. Metallo-supramolecular micelles: Studies by analytical ultracentrifugation and 
electron microscopy. J Polym Sci A Polym Chem. 2003;41:3159-68. 
[118] Guillet P, Fustin C-A, Lohmeijer BGG, Schubert US, Gohy J-F. Study of the Influence 
of the Metal−Ligand Complex on the Size of Aqueous Metallo-Supramolecular Micelles. 
Macromolecules. 2006;39:5484-8. 
[119] Mugemana C, Guillet P, Hoeppener S, Schubert US, Fustin C-A, Gohy J-F. Metallo-
supramolecular diblock copolymers based on heteroleptic cobalt(iii) and nickel(ii) bis-
terpyridine complexes. Chem Commun. 2010;46:1296-8. 
[120] Fustin CA, Lohmeijer BGG, Duwez AS, Jonas AM, Schubert US, Gohy JF. Nanoporous 
Thin Films from Self-Assembled Metallo- Supramolecular Block Copolymers. Adv Mater. 
2005;17:1162-5. 
[121] Mugemana C, Gohy J-F, Fustin C-A. Functionalized Nanoporous Thin Films from 
Metallo-Supramolecular Diblock Copolymers. Langmuir. 2012;28:3018-23. 
[122] Gohy J-F, Lohmeijer BGG, Varshney SK, Décamps B, Leroy E, Boileau S, Schubert US. 
Stimuli-Responsive Aqueous Micelles from an ABC Metallo-Supramolecular Triblock 
Copolymer. Macromolecules. 2002;35:9748-55. 
[123] Ott C, Hoogenboom R, Hoeppener S, Wouters D, Gohy J-F, Schubert US. Tuning the 
morphologies of amphiphilic metallo-supramolecular triblock terpolymers: from spherical 
micelles to switchable vesicles. Soft Matter. 2009;5:84-91. 
[124] Gohy J-F, Lohmeijer BGG, Alexeev A, Wang X-S, Manners I, Winnik MA, Schubert 
US. Cylindrical Micelles from the Aqueous Self-Assembly of an Amphiphilic Poly(ethylene 
oxide)–b-Poly(ferrocenylsilane) (PEO-b-PFS) Block Copolymer with a Metallo-
Supramolecular Linker at the Block Junction. Chem Eur J. 2004;10:4315-23. 
[125] Lohmeijer BGG, Schubert US. The LEGO toolbox: Supramolecular building blocks by 
nitroxide-mediated controlled radical polymerization. J Polym Sci A Polym Chem. 
2005;43:6331-44. 



183 

[126] Gohy J-F, Lohmeijer BGG, Schubert US. Reversible Metallo-Supramolecular Block 
Copolymer Micelles Containing a Soft Core. Macromol Rapid Commun. 2002;23:555-60. 
[127] Mugemana C, Joset A, Guillet P, Appavou M-S, De Souza N, Fustin C-A, Leyh B, Gohy 
J-F. Structure of Metallo-Supramolecular Micellar Gels. Macromol Chem Phys. 
2013;214:1699-709. 
[128] Reuven DG, Li H, Harruna II, Wang X-Q. Self-assembly of metallopolymer guided by 
graphene nanoribbons. J Mater Chem. 2012;22:15689-94. 
[129] Zhou G, Harruna II. Synthesis and Characterization of Bis(2,2‘:6‘,2‘ ‘-
terpyridine)ruthenium(II)-Connected Diblock Polymers via RAFT Polymerization. 
Macromolecules. 2005;38:4114-23. 
[130] Piogé S, Fustin C-A, Gohy J-F. Temperature-Responsive Aqueous Micelles From 
Terpyridine End-Capped Poly(N-Isopropylacrylamide)-Block-Polystyrene Diblock 
Copolymers. Macromol Rapid Commun. 2012;33:534-9. 
[131] Ambade AV, Yang SK, Weck M. Supramolecular ABC Triblock Copolymers. Angew 
Chem Int Ed. 2009;48:2894-8. 
[132] Moughton AO, Stubenrauch K, O'Reilly RK. Hollow nanostructures from self-assembled 
supramolecular metallo-triblock copolymers. Soft Matter. 2009;5:2361-70. 
[133] Deng R, Milton M, Pomarico SK, Weck M. Synthesis of a heterotelechelic helical 
poly(methacrylamide) and its incorporation into a supramolecular triblock copolymer. Polym 
Chem. 2019;10:5087-93. 
[134] Guillet P, Fustin C-A, Mugemana C, Ott C, Schubert US, Gohy J-F. Tuning block 
copolymer micelles by metal-ligand interactions. Soft Matter. 2008;4:2278-82. 
[135] Brassinne J, Poggi E, Fustin C-A, Gohy J-F. Synthesis and Self-Assembly of Terpyridine 
End-Capped Poly(N-Isopropylacrylamide)-block-Poly(2-(Dimethylamino)ethyl Methacrylate) 
Diblock Copolymers. Macromol Rapid Commun. 2015;36:610-5. 
[136] Brassinne J, Fustin C-A, Gohy J-F. Control over the assembly and rheology of 
supramolecular networks via multi-responsive double hydrophilic copolymers. Polym Chem. 
2017;8:1527-39. 
[137] Brassinne J, Gohy J-F, Fustin C-A. Orthogonal Control of the Dynamics of 
Supramolecular Gels from Heterotelechelic Associating Polymers. ACS Macro Lett. 
2016;5:1364-8. 
[138] Elkin T, Copp SM, Hamblin RL, Martinez JS, Montaño GA, Rocha RC. Synthesis of 
Terpyridine-Terminated Amphiphilic Block Copolymers and Their Self-Assembly into 
Metallo-Polymer Nanovesicles. Materials. 2019;12:601/1-10. 
[139] Brassinne J, Stevens AM, Van Ruymbeke E, Gohy J-F, Fustin C-A. Hydrogels with Dual 
Relaxation and Two-Step Gel–Sol Transition from Heterotelechelic Polymers. 
Macromolecules. 2013;46:9134-43. 
[140] Le Bohec M, Banère M, Piogé S, Pascual S, Benyahia L, Fontaine L. Sol–gel reversible 
metallo-supramolecular hydrogels based on a thermoresponsive double hydrophilic block 
copolymer. Polym Chem. 2016;7:6834-42. 
[141] Brisson ERL, Griffith JC, Bhaskaran A, Franks GV, Connal LA. Temperature-induced 
self-assembly and metal-ion stabilization of histidine functional block copolymers. J Polym Sci 
A Polym Chem. 2019;57:1964-73. 
[142] Aamer KA, de Jeu WH, Tew GN. Diblock Copolymers Containing Metal Complexes in 
the Side Chain of One Block. Macromolecules. 2008;41:2022-9. 
[143] Jochum FD, Brassinne J, Fustin C-A, Gohy J-F. Metallo-supramolecular hydrogels based 
on copolymers bearing terpyridine side-chain ligands. Soft Matter. 2013;9:2314-20. 
[144] Ambade AV, Burd C, Higley MN, Nair KP, Weck M. Orthogonally Self-Assembled 
Multifunctional Block Copolymers. Chem Eur J. 2009;15:11904-11. 
[145] Wang Y, Hollingsworth AD, Yang SK, Patel S, Pine DJ, Weck M. Patchy Particle Self-
Assembly via Metal Coordination. J Am Chem Soc. 2013;135:14064-7. 



184 

[146] Chen X, Xu N, Li N, Lu L, Cai Y, Zhao Y, Wang D. Programmable selectivity of metal-
imine bond coordination in subcomponent self-assembly of a primary amine based block 
copolymer. Soft Matter. 2013;9:1885-94. 
[147] Chen B, Sleiman HF. Ruthenium Bipyridine-Containing Polymers and Block 
Copolymers via Ring-Opening Metathesis Polymerization. Macromolecules. 2004;37:5866-72. 
[148] South CR, Higley MN, Leung KCF, Lanari D, Nelson A, Grubbs RH, Stoddart JF, Weck 
M. Self-Assembly with Block Copolymers through Metal Coordination of SCS–PdII Pincer 
Complexes and Pseudorotaxane Formation. Chem Eur J. 2006;12:3789-97. 
[149] Yang SK, Ambade AV, Weck M. Supramolecular Alternating Block Copolymers via 
Metal Coordination. Chem Eur J. 2009;15:6605-11. 
[150] Li S, Lin M, Lu J, Liang H. Synthesis, Self-Assembly, and Formation of Al3+ Complex 
Micelles for Diblock Copolymer of 2-((8-Hydroxyquinolin-5-yl)methoxy)ethyl Methacrylate 
and Styrene. Macromolecules. 2009;42:1258-63. 
[151] Goldansaz H, Voleppe Q, Pioge S, Fustin CA, Gohy JF, Brassinne J, Auhl D, van 
Ruymbeke E. Controlling the melt rheology of linear entangled metallo-supramolecular 
polymers. Soft Matter. 2015;11:762-74. 
[152] Guillet P, Fustin C-A, Wouters D, Hoeppener S, Schubert US, Gohy J-F. Amphiphilic 
brushes from metallo-supramolecular block copolymers. Soft Matter. 2009;5:1460-5. 
[153] Massey JA, Power KN, Winnik MA, Manners I. Organometallic Nanostructures: Self-
Assembly of Poly(ferrocene) Block Copolymers. Adv Mater. 1998;10:1559-62. 
[154] Wang J, Zhu W, Peng B, Chen Y. A facile way to prepare crystalline platelets of block 
copolymers by crystallization-driven self-assembly. Polymer. 2013;54:6760-7. 
[155] Petzetakis N, Walker D, Dove AP, O'Reilly RK. Crystallization-driven sphere-to-rod 
transition of poly(lactide)-b-poly(acrylic acid) diblock copolymers: mechanism and kinetics. 
Soft Matter. 2012;8:7408-14. 
[156] Rizis G, van de Ven TGM, Eisenberg A. Homopolymers as Structure-Driving Agents in 
Semicrystalline Block Copolymer Micelles. ACS Nano. 2015;9:3627-40. 
[157] Sun L, Petzetakis N, Pitto-Barry A, Schiller TL, Kirby N, Keddie DJ, Boyd BJ, O’Reilly 
RK, Dove AP. Tuning the Size of Cylindrical Micelles from Poly(l-lactide)-b-poly(acrylic acid) 
Diblock Copolymers Based on Crystallization-Driven Self-Assembly. Macromolecules. 
2013;46:9074-82. 
[158] Pitto-Barry A, Kirby N, Dove AP, O'Reilly RK. Expanding the scope of the 
crystallization-driven self-assembly of polylactide-containing polymers. Polym Chem. 
2014;5:1427-36. 
[159] Patra SK, Ahmed R, Whittell GR, Lunn DJ, Dunphy EL, Winnik MA, Manners I. 
Cylindrical Micelles of Controlled Length with a π-Conjugated Polythiophene Core via 
Crystallization-Driven Self-Assembly. J Am Chem Soc. 2011;133:8842-5. 
[160] Lee I-H, Shin S, Choi T-L. Building supermicelles from simple polymers. Science. 
2015;347:1310-1. 
[161] Lammertink RGH, Hempenius MA, Manners I, Vancso GJ. Crystallization and Melting 
Behavior of Poly(ferrocenyldimethylsilanes) Obtained by Anionic Polymerization. 
Macromolecules. 1998;31:795-800. 
[162] Kynaston EL, Nazemi A, MacFarlane LR, Whittell GR, Faul CFJ, Manners I. Uniform 
Polyselenophene Block Copolymer Fiberlike Micelles and Block Co-micelles via Living 
Crystallization-Driven Self-Assembly. Macromolecules. 2018;51:1002-10. 
[163] Shen L, Wang H, Guerin G, Wu C, Manners I, Winnik MA. A Micellar Sphere-to-
Cylinder Transition of Poly(ferrocenyldimethylsilane-b-2-vinylpyridine) in a Selective Solvent 
Driven by Crystallization. Macromolecules. 2008;41:4380-9. 
[164] Gilroy JB, Gädt T, Whittell GR, Chabanne L, Mitchels JM, Richardson RM, Winnik MA, 
Manners I. Monodisperse cylindrical micelles by crystallization-driven living self-assembly. 
Nat Chem. 2010;2:566-70. 



185 

[165] Qian J, Guerin G, Lu Y, Cambridge G, Manners I, Winnik MA. Self-Seeding in One 
Dimension: An Approach To Control the Length of Fiberlike Polyisoprene–
Polyferrocenylsilane Block Copolymer Micelles. Angew Chem Int Ed. 2011;50:1622-5. 
[166] Mohd Yusoff SF, Gilroy JB, Cambridge G, Winnik MA, Manners I. End-to-End Coupling 
and Network Formation Behavior of Cylindrical Block Copolymer Micelles with a Crystalline 
Polyferrocenylsilane Core. J Am Chem Soc. 2011;133:11220-30. 
[167] Cambridge G, Gonzalez-Alvarez MJ, Guerin G, Manners I, Winnik MA. Solution Self-
Assembly of Blends of Crystalline-Coil Polyferrocenylsilane-block-polyisoprene with 
Crystallizable Polyferrocenylsilane Homopolymer. Macromolecules. 2015;48:707-16. 
[168] Xu J, Zhou H, Yu Q, Manners I, Winnik MA. Competitive Self-Assembly Kinetics as a 
Route To Control the Morphology of Core-Crystalline Cylindrical Micelles. J Am Chem Soc. 
2018;140:2619-28. 
[169] Massey J, Power KN, Manners I, Winnik MA. Self-Assembly of a Novel 
Organometallic−Inorganic Block Copolymer in Solution and the Solid State:  Nonintrusive 
Observation of Novel Wormlike Poly(ferrocenyldimethylsilane)-b-Poly(dimethylsiloxane) 
Micelles. J Am Chem Soc. 1998;120:9533-40. 
[170] Nunns A, Whittell GR, Winnik MA, Manners I. Crystallization-Driven Solution Self-
Assembly of μ-ABC Miktoarm Star Terpolymers with Core-Forming Polyferrocenylsilane 
Blocks. Macromolecules. 2014;47:8420-8. 
[171] Rider DA, Cavicchi KA, Power-Billard KN, Russell TP, Manners I. Diblock Copolymers 
with Amorphous Atactic Polyferrocenylsilane Blocks:  Synthesis, Characterization, and Self-
Assembly of Polystyrene-block-poly(ferrocenylethylmethylsilane) in the Bulk State. 
Macromolecules. 2005;38:6931-8. 
[172] Gwyther J, Manners I. Diblock copolymers with an amorphous, high glass transition 
temperature, organometallic block: synthesis, characterisation and self-assembly of 
polystyrene-b-poly(ferrocenylisopropylmethylsilane) in the bulk state. Polymer. 2009;50:5384-
9. 
[173] Rider DA, Cavicchi KA, Vanderark L, Russell TP, Manners I. Orientationally Controlled 
Nanoporous Cylindrical Domains in Polystyrene-b-poly(ferrocenylethylmethylsilane) Block 
Copolymer Films. Macromolecules. 2007;40:3790-6. 
[174] Du VA, Manners I. Poly(ferrocenylmethylsilane): An Unsymmetrically Substituted, 
Atactic, but Semicrystalline Polymetallocene. Macromolecules. 2013;46:4742-53. 
[175] Ahmed R, Hsiao M-S, Matsuura Y, Houbenov N, Faul CFJ, Manners I. Redox-active 
mesomorphic complexes from the ionic self-assembly of cationic polyferrocenylsilane 
polyelectrolytes and anionic surfactants. Soft Matter. 2011;7:10462-71. 
[176] Power-Billard KN, Spontak RJ, Manners I. Redox-Active Organometallic Vesicles: 
Aqueous Self-Assembly of a Diblock Copolymer with a Hydrophilic Polyferrocenylsilane 
Polyelectrolyte Block. Angew Chem Int Ed. 2004;43:1260-4. 
[177] Ahmed R, Patra SK, Chabanne L, Faul CFJ, Manners I. Hierarchical Organometallic 
Materials: Self-Assembly of Organic–Organometallic Polyferrocenylsilane Block 
Polyelectrolyte–Surfactant Complexes in Bulk and in Thin Films. Macromolecules. 
2011;44:9324-34. 
[178] Boott CE, Laine RF, Mahou P, Finnegan JR, Leitao EM, Webb SED, Kaminski CF, 
Manners I. In Situ Visualization of Block Copolymer Self-Assembly in Organic Media by 
Super-Resolution Fluorescence Microscopy. Chem Eur J. 2015;21:18539-42. 
[179] Cruz M, Xu J, Yu Q, Guerin G, Manners I, Winnik MA. Visualizing Nanoscale Coronal 
Segregation in Rod-Like Micelles Formed by Co-Assembly of Binary Block Copolymer 
Blends. Macromol Rapid Commun. 2018;39:1800397/1-5. 
[180] Cao L, Massey JA, Peckham TJ, Winnik MA, Manners I. Solution Self-Assembly of 
Poly(ferrocenylphenylphosphine)-block-polydimethylsiloxane: Formation of Spherical 



186 

Micelles with an Organometallic Poly(ferrocenylphenylphosphine) Core. Macromol Chem 
Phys. 2001;202:2947-53. 
[181] Temple K, Kulbaba K, Power-Billard KN, Manners I, Leach KA, Xu T, Russell TP, 
Hawker CJ. Spontaneous Vertical Ordering and Pyrolytic Formation of Nanoscopic Ceramic 
Patterns from Poly(styrene-b-ferrocenylsilane). Adv Mater. 2003;15:297-300. 
[182] Eloi J-C, Rider DA, Cambridge G, Whittell GR, Winnik MA, Manners I. Stimulus-
Responsive Self-Assembly: Reversible, Redox-Controlled Micellization of 
Polyferrocenylsilane Diblock Copolymers. J Am Chem Soc. 2011;133:8903-13. 
[183] Wang H, Winnik MA, Manners I. Synthesis and Self-Assembly of 
Poly(ferrocenyldimethylsilane-b-2-vinylpyridine) Diblock Copolymers. Macromolecules. 
2007;40:3784-9. 
[184] He F, Gädt T, Jones M, Scholes GD, Manners I, Winnik MA. Synthesis and Self-
Assembly of Fluorescent Micelles from Poly(ferrocenyldimethylsilane-b-2-vinylpyridine-b-
2,5-di(2′-ethylhexyloxy)-1,4-phenylvinylene) Triblock Copolymer. Macromolecules. 
2009;42:7953-60. 
[185] Schmidt BVKJ, Elbert J, Scheid D, Hawker CJ, Klinger D, Gallei M. Metallopolymer-
Based Shape Anisotropic Nanoparticles. ACS Macro Lett. 2015;4:731-5. 
[186] Jia L, Petretic A, Molev G, Guerin G, Manners I, Winnik MA. Hierarchical Polymer–
Carbon Nanotube Hybrid Mesostructures by Crystallization-Driven Self-Assembly. ACS 
Nano. 2015;9:10673-85. 
[187] Gould OEC, Qiu H, Lunn DJ, Rowden J, Harniman RL, Hudson ZM, Winnik MA, Miles 
MJ, Manners I. Transformation and patterning of supermicelles using dynamic holographic 
assembly. Nat Commun. 2015;6:10009/1-7. 
[188] Du VA, Qiu H, Winnik MA, Whittell GR, Manners I. Synthesis and Solution Self-
Assembly of Polyisoprene-block-poly(ferrocenylmethylsilane): A Diblock Copolymer with an 
Atactic but Semicrystalline Core-Forming Metalloblock. Macromol Chem Phys. 
2016;217:1671-82. 
[189] Jia L, Guerin G, Lu Y, Yu Q, Manners I, Winnik MA. Creating Biomorphic Barbed and 
Branched Mesostructures in Solution through Block Copolymer Crystallization. Angew Chem 
Int Ed. 2018;57:17205-10. 
[190] Rüttiger C, Hübner H, Schöttner S, Winter T, Cherkashinin G, Kuttich B, Stühn B, Gallei 
M. Metallopolymer-Based Block Copolymers for the Preparation of Porous and Redox-
Responsive Materials. ACS Appl Mater Interfaces. 2018;10:4018-30. 
[191] Gould OEC, Box SJ, Boott CE, Ward AD, Winnik MA, Miles MJ, Manners I. 
Manipulation and Deposition of Complex, Functional Block Copolymer Nanostructures Using 
Optical Tweezers. ACS Nano. 2019;13:3858-66. 
[192] Schacher FH, Elbert J, Patra SK, Mohd Yusoff SF, Winnik MA, Manners I. Responsive 
Vesicles from the Self-Assembly of Crystalline-Coil Polyferrocenylsilane-block-Poly(ethylene 
Oxide) Star-Block Copolymers. Chem Eur J. 2012;18:517-25. 
[193] Wang X-S, Winnik MA, Manners I. Synthesis and Aqueous Self-Assembly of a 
Polyferrocenylsilane-block-poly(aminoalkyl methacrylate) Diblock Copolymer. Macromol 
Rapid Commun. 2002;23:210-3. 
[194] McGrath N, Schacher FH, Qiu H, Mann S, Winnik MA, Manners I. Synthesis and 
crystallization-driven solution self-assembly of polyferrocenylsilane diblock copolymers with 
polymethacrylate corona-forming blocks. Polym Chem. 2014;5:1923-9. 
[195] Wang X, Winnik MA, Manners I. Synthesis and Self-Assembly of 
Poly(ferrocenyldimethylsilane-b-dimethylaminoethyl methacrylate):  Toward Water-Soluble 
Cylinders with an Organometallic Core. Macromolecules. 2005;38:1928-35. 
[196] Li X, Gao Y, Boott CE, Winnik MA, Manners I. Non-covalent synthesis of supermicelles 
with complex architectures using spatially confined hydrogen-bonding interactions. Nat 
Commun. 2015;6:8127/1-8. 



187 

[197] Rider DA, Chen JIL, Eloi J-C, Arsenault AC, Russell TP, Ozin GA, Manners I. 
Controlling the Morphologies of Organometallic Block Copolymers in the 3-Dimensional 
Spatial Confinement of Colloidal and Inverse Colloidal Crystals. Macromolecules. 
2008;41:2250-9. 
[198] Rudolph T, Nunns A, Schwenke AM, Schacher FH. Synthesis and self-assembly of 
poly(ferrocenyldimethylsilane)-block-poly(2-alkyl-2-oxazoline) block copolymers. Polym 
Chem. 2015;6:1604-12. 
[199] Raez J, Manners I, Winnik MA. Nanotubes from the Self-Assembly of Asymmetric 
Crystalline−Coil Poly(ferrocenylsilane−siloxane) Block Copolymers. J Am Chem Soc. 
2002;124:10381-95. 
[200] Massey JA, Temple K, Cao L, Rharbi Y, Raez J, Winnik MA, Manners I. Self-Assembly 
of Organometallic Block Copolymers:  The Role of Crystallinity of the Core-Forming 
Polyferrocene Block in the Micellar Morphologies Formed by Poly(ferrocenylsilane-b-
dimethylsiloxane) in n-Alkane Solvents. J Am Chem Soc. 2000;122:11577-84. 
[201] Resendes R, Massey JA, Temple K, Cao L, Power-Billard KN, Winnik MA, Manners I. 
Supramolecular Organometallic Polymer Chemistry: Multiple Morphologies and 
Superstructures from the Solution Self-Assembly of Polyferrocene-block-Polysiloxane-block-
Polyferrocene Triblock Copolymers. Chem Eur J. 2001;7:2414-24. 
[202] Finnegan JR, Lunn DJ, Gould OEC, Hudson ZM, Whittell GR, Winnik MA, Manners I. 
Gradient Crystallization-Driven Self-Assembly: Cylindrical Micelles with “Patchy” 
Segmented Coronas via the Coassembly of Linear and Brush Block Copolymers. J Am Chem 
Soc. 2014;136:13835-44. 
[203] Hudson ZM, Boott CE, Robinson ME, Rupar PA, Winnik MA, Manners I. Tailored 
hierarchical micelle architectures using living crystallization-driven self-assembly in two 
dimensions. Nat Chem. 2014;6:893-8. 
[204] Hudson ZM, Qian J, Boott CE, Winnik MA, Manners I. Fluorous Cylindrical Micelles of 
Controlled Length by Crystallization-Driven Self-Assembly of Block Copolymers in 
Fluorinated Media. ACS Macro Lett. 2015;4:187-91. 
[205] Dou H, Li M, Qiao Y, Harniman R, Li X, Boott CE, Mann S, Manners I. Higher-order 
assembly of crystalline cylindrical micelles into membrane-extendable colloidosomes. Nature 
Commun. 2017;8:426/1-8. 
[206] Cao L, Manners I, Winnik MA. Influence of the Interplay of Crystallization and Chain 
Stretching on Micellar Morphologies:  Solution Self-Assembly of Coil−Crystalline 
Poly(isoprene-block-ferrocenylsilane). Macromolecules. 2002;35:8258-60. 
[207] Cambridge G, Guerin G, Manners I, Winnik MA. Fiberlike Micelles Formed by Living 
Epitaxial Growth from Blends of Polyferrocenylsilane Block Copolymers. Macromol Rapid 
Commun. 2010;31:934-8. 
[208] Qiu H, Gao Y, Du VA, Harniman R, Winnik MA, Manners I. Branched Micelles by 
Living Crystallization-Driven Block Copolymer Self-Assembly under Kinetic Control. J Am 
Chem Soc. 2015;137:2375-85. 
[209] Hayward DW, Gilroy JB, Rupar PA, Chabanne L, Pizzey C, Winnik MA, Whittell GR, 
Manners I, Richardson RM. Liquid Crystalline Phase Behavior of Well-Defined Cylindrical 
Block Copolymer Micelles Using Synchrotron Small-Angle X-ray Scattering. 
Macromolecules. 2015;48:1579-91. 
[210] Hsiao M-S, Yusoff SFM, Winnik MA, Manners I. Crystallization-Driven Self-Assembly 
of Block Copolymers with a Short Crystallizable Core-Forming Segment: Controlling Micelle 
Morphology through the Influence of Molar Mass and Solvent Selectivity. Macromolecules. 
2014;47:2361-72. 
[211] Qi F, Guerin G, Cambridge G, Xu W, Manners I, Winnik MA. Influence of Solvent 
Polarity on the Self-Assembly of the Crystalline–Coil Diblock Copolymer 
Polyferrocenylsilane-b-polyisoprene. Macromolecules. 2011;44:6136-44. 



188 

[212] Mohd Yusoff SF, Hsiao M-S, Schacher FH, Winnik MA, Manners I. Formation of 
Lenticular Platelet Micelles via the Interplay of Crystallization and Chain Stretching: Solution 
Self-Assembly of Poly(ferrocenyldimethylsilane)-block-poly(2-vinylpyridine) with a 
Crystallizable Core-Forming Metalloblock. Macromolecules. 2012;45:3883-91. 
[213] Frankowski DJ, Raez J, Manners I, Winnik MA, Khan SA, Spontak RJ. Formation of 
Dispersed Nanostructures from Poly(ferrocenyldimethylsilane-b-dimethylsiloxane) Nanotubes 
upon Exposure to Supercritical Carbon Dioxide. Langmuir. 2004;20:9304-14. 
[214] Oliver AM, Gwyther J, Winnik MA, Manners I. Cylindrical Micelles with “Patchy” 
Coronas from the Crystallization-Driven Self-Assembly of ABC Triblock Terpolymers with a 
Crystallizable Central Polyferrocenyldimethylsilane Segment. Macromolecules. 2018;51:222-
31. 
[215] Oliver AM, Spontak RJ, Manners I. Solution self-assembly of ABC triblock terpolymers 
with a central crystallizable poly(ferrocenyldimethylsilane) core-forming segment. Polym 
Chem. 2019;10:2559-69. 
[216] Zhang Q, He Y, Oliver AM, Pearce S, Harniman RL, Whittell GR, Liu Y, Du S, Leng J, 
et al. Low length dispersity fiber-like micelles from an A–B–A triblock copolymer with 
terminal crystallizable poly(ferrocenyldimethylsilane) segments via living crystallization-
driven self-assembly. Polym Chem. 2019;10:3973-82. 
[217] Boott CE, Leitao EM, Hayward DW, Laine RF, Mahou P, Guerin G, Winnik MA, 
Richardson RM, Kaminski CF, et al. Probing the Growth Kinetics for the Formation of Uniform 
1D Block Copolymer Nanoparticles by Living Crystallization-Driven Self-Assembly. ACS 
Nano. 2018;12:8920-33. 
[218] Boott CE, Gwyther J, Harniman RL, Hayward DW, Manners I. Scalable and uniform 1D 
nanoparticles by synchronous polymerization, crystallization and self-assembly. Nat Chem. 
2017;9:785-92. 
[219] Oliver AM, Gwyther J, Boott CE, Davis S, Pearce S, Manners I. Scalable Fiber-like 
Micelles and Block Co-micelles by Polymerization-Induced Crystallization-Driven Self-
Assembly. J Am Chem Soc. 2018;140:18104-14. 
[220] Pearce S, He X, Hsiao M-S, Harniman RL, MacFarlane LR, Manners I. Uniform, High-
Aspect-Ratio, and Patchy 2D Platelets by Living Crystallization-Driven Self-Assembly of 
Crystallizable Poly(ferrocenyldimethylsilane)-Based Homopolymers with Hydrophilic 
Charged Termini. Macromolecules. 2019;52:6068-79. 
[221] Duvigneau J, Kutnyanszky E, Phang IY, Chung H-J, Wu H, Dos Ramos L, Gädt T, Yusoff 
SFM, Hempenius MA, et al. Raft crystals of poly(isoprene)-block-
poly(ferrocenyldimethylsilane) and their surface wetting behavior during melting as observed 
by AFM and NanoTA. Polymer. 2014;55:2716-24. 
[222] Guérin G, Wang H, Manners I, Winnik MA. Fragmentation of Fiberlike Structures: 
Sonication Studies of Cylindrical Block Copolymer Micelles and Behavioral Comparisons to 
Biological Fibrils. J Am Chem Soc. 2008;130:14763-71. 
[223] Gao Y, Qiu H, Zhou H, Li X, Harniman R, Winnik MA, Manners I. Crystallization-
Driven Solution Self-Assembly of Block Copolymers with a Photocleavable Junction. J Am 
Chem Soc. 2015;137:2203-6. 
[224] Zhou H, Lu Y, Qiu H, Guerin G, Manners I, Winnik MA. Photocleavage of the Corona 
Chains of Rigid-Rod Block Copolymer Micelles. Macromolecules. 2015;48:2254-62. 
[225] Jarrett-Wilkins CN, Musgrave RA, Hailes RLN, Harniman RL, Faul CFJ, Manners I. 
Linear and Branched Fiber-like Micelles from the Crystallization-Driven Self-Assembly of 
Heterobimetallic Block Copolymer Polyelectrolyte/Surfactant Complexes. Macromolecules. 
2019;52:7289-300. 
[226] Song S, Yu Q, Zhou H, Hicks G, Zhu H, Rastogi CK, Manners I, Winnik MA. Solvent 
effects leading to a variety of different 2D structures in the self-assembly of a crystalline-coil 
block copolymer with an amphiphilic corona-forming block. Chem Sci. 2020;11:4631-43. 



189 

[227] Rupar PA, Cambridge G, Winnik MA, Manners I. Reversible Cross-Linking of 
Polyisoprene Coronas in Micelles, Block Comicelles, and Hierarchical Micelle Architectures 
Using Pt(0)–Olefin Coordination. J Am Chem Soc. 2011;133:16947-57. 
[228] Wang X-S, Arsenault A, Ozin GA, Winnik MA, Manners I. Shell Cross-Linked Cylinders 
of Polyisoprene-b-ferrocenyldimethylsilane:  Formation of Magnetic Ceramic Replicas and 
Microfluidic Channel Alignment and Patterning. J Am Chem Soc. 2003;125:12686-7. 
[229] Wang X-S, Winnik MA, Manners I. Swellable, Redox-Active Shell-Crosslinked 
Organometallic Nanotubes. Angew Chem Int Ed. 2004;43:3703-7. 
[230] Cao L, Manners I, Winnik MA. Synthesis and Self-Assembly of the 
Organic−Organometallic Diblock Copolymer Poly(isoprene-b-ferrocenylphenylphosphine):  
Shell Cross-Linking and Coordination Chemistry of Nanospheres with a Polyferrocene Core. 
Macromolecules. 2001;34:3353-60. 
[231] Wang H, Wang X, Winnik MA, Manners I. Redox-Mediated Synthesis and Encapsulation 
of Inorganic Nanoparticles in Shell-Cross-Linked Cylindrical Polyferrocenylsilane Block 
Copolymer Micelles. J Am Chem Soc. 2008;130:12921-30. 
[232] Schöbel J, Karg M, Rosenbach D, Krauss G, Greiner A, Schmalz H. Patchy Wormlike 
Micelles with Tailored Functionality by Crystallization-Driven Self-Assembly: A Versatile 
Platform for Mesostructured Hybrid Materials. Macromolecules. 2016;49:2761-71. 
[233] Jin S-M, Kim I, Lim JA, Ahn H, Lee E. Interfacial Crystallization-Driven Assembly of 
Conjugated Polymers/Quantum Dots into Coaxial Hybrid Nanowires: Elucidation of 
Conjugated Polymer Arrangements by Electron Tomography. Adv Funct Mater. 2016;26:3226-
35. 
[234] Cha Y, Jarrett-Wilkins C, Rahman MA, Zhu T, Sha Y, Manners I, Tang C. 
Crystallization-Driven Self-Assembly of Metallo-Polyelectrolyte Block Copolymers with a 
Polycaprolactone Core-Forming Segment. ACS Macro Lett. 2019;8:835-40. 
[235] Pageni P, Yang P, Chen YP, Huang Y, Bam M, Zhu T, Nagarkatti M, Benicewicz BC, 
Decho AW, et al. Charged Metallopolymer-Grafted Silica Nanoparticles for Antimicrobial 
Applications. Biomacromolecules. 2018;19:417-25. 
[236] Cai J, Li C, Kong N, Lu Y, Lin G, Wang X, Yao Y, Manners I, Qiu H. Tailored 
multifunctional micellar brushes via crystallization-driven growth from a surface. Science. 
2019;366:1095-8. 
[237] Li JK, Zou S, Rider DA, Manners I, Walker GC. Differential Conductivity in Self-
Assembled Nanodomains of a Diblock Copolymer Using Polystyrene-block-
Poly(ferrocenylethylmethylsilane). Adv Mater. 2008;20:1989-93. 
[238] Leung SY-L, Wong KM-C, Yam VW-W. Self-assembly of alkynylplatinum(II) 
terpyridine amphiphiles into nanostructures via steric control and metal–metal interactions. 
Proc Natl Acad Sci. 2016;113:2845-50. 
[239] Fu HL-K, Po C, Leung SY-L, Yam VW-W. Self-Assembled Architectures of 
Alkynylplatinum(II) Amphiphiles and Their Structural Optimization: A Balance of the 
Interplay Among Pt···Pt, π–π Stacking, and Hydrophobic–Hydrophobic Interactions. ACS 
Appl Mater Interfaces. 2017;9:2786-95. 
[240] Cheng H-K, Yeung MC-L, Yam VW-W. Molecular Engineering of Platinum(II) 
Terpyridine Complexes with Tetraphenylethylene-Modified Alkynyl Ligands: Supramolecular 
Assembly via Pt···Pt and/or π–π Stacking Interactions and the Formation of Various 
Superstructures. ACS Appl Mater Interfaces. 2017;9:36220-8. 
[241] Leung SY-L, Evariste S, Lescop C, Hissler M, Yam VW-W. Supramolecular assembly 
of a phosphole-based moiety into nanostructures dictated by alkynylplatinum(ii) terpyridine 
complexes through non-covalent Pt⋯Pt and π–π stacking interactions: synthesis, 
characterization, photophysics and self-assembly behaviors. Chem Sci. 2017;8:4264-73. 



190 

[242] Leung SY-L, Yam VW-W. Hierarchical helices of helices directed by Pt⋯Pt and π–π 
stacking interactions: reciprocal association of multiple helices of dinuclear alkynylplatinum(ii) 
complex with luminescence enhancement behavior. Chem Sci. 2013;4:4228-34. 
[243] Au-Yeung H-L, Leung SY-L, Tam AY-Y, Yam VW-W. Transformable Nanostructures 
of Platinum-Containing Organosilane Hybrids: Non-covalent Self-Assembly of Polyhedral 
Oligomeric Silsesquioxanes Assisted by Pt···Pt and π–π Stacking Interactions of 
Alkynylplatinum(II) Terpyridine Moieties. J AmChem Soc. 2014;136:17910-3. 
[244] Tam AY-Y, Wong KM-C, Yam VW-W. Influence of Counteranion on the Chiral 
Supramolecular Assembly of Alkynylplatinum(II) Terpyridyl Metallogels That Are Stabilised 
by Pt⋅⋅⋅Pt and π–π Interactions. Chem Eur J. 2009;15:4775-8. 
[245] Wong VC-H, Po C, Leung SY-L, Chan AK-W, Yang S, Zhu B, Cui X, Yam VW-W. 
Formation of 1D Infinite Chains Directed by Metal–Metal and/or π–π Stacking Interactions of 
Water-Soluble Platinum(II) 2,6-Bis(benzimidazol-2′-yl)pyridine Double Complex Salts. J Am 
Chem Soc. 2018;140:657-66. 
[246] Po C, Tam AY-Y, Wong KM-C, Yam VW-W. Supramolecular Self-Assembly of 
Amphiphilic Anionic Platinum(II) Complexes: A Correlation between Spectroscopic and 
Morphological Properties. J Am Chem Soc. 2011;133:12136-43. 
[247] Che C-M, Chow C-F, Yuen M-Y, Roy VAL, Lu W, Chen Y, Chui SS-Y, Zhu N. Single 
microcrystals of organoplatinum(II) complexes with high charge-carrier mobility. Chem Sci. 
2011;2:216-20. 
[248] Po C, Tam AY-Y, Yam VW-W. Tuning of spectroscopic properties via variation of the 
alkyl chain length: a systematic study of molecular structural changes on self-assembly of 
amphiphilic sulfonate-pendant platinum(ii) bzimpy complexes in aqueous medium. Chem Sci. 
2014;5:2688-95. 
[249] Meng W, He Q, Yu M, Zhou Y, Wang C, Yu B, Zhang B, Bu W. Telechelic amphiphilic 
metallopolymers end-functionalized with platinum(ii) complexes: synthesis, luminescence 
enhancement, and their self-assembly into flowerlike vesicles and giant flowerlike vesicles. 
Polym Chem. 2019;10:4477-84. 
[250] Strassert CA, Chien C-H, Galvez Lopez MD, Kourkoulos D, Hertel D, Meerholz K, De 
Cola L. Switching On Luminescence by the Self-Assembly of a Platinum(II) Complex into 
Gelating Nanofibers and Electroluminescent Films. Angew Chem Int Ed. 2011;50:946-50. 
[251] Ikeda T, Takayama M, Kumar J, Kawai T, Haino T. Novel helical assembly of a Pt(ii) 
phenylbipyridine complex directed by metal–metal interaction and aggregation-induced 
circularly polarized emission. Dalton Trans. 2015;44:13156-62. 
[252] Lu W, Chui SS-Y, Ng K-M, Che C-M. A Submicrometer Wire-to-Wheel Metamorphism 
of Hybrid Tridentate Cyclometalated Platinum(II) Complexes. Angew Chem Int Ed. 
2008;47:4568-72. 
[253] Yuen M-Y, Roy VAL, Lu W, Kui SCF, Tong GSM, So M-H, Chui SS-Y, Muccini M, 
Ning JQ, et al. Semiconducting and Electroluminescent Nanowires Self-Assembled from 
Organoplatinum(II) Complexes. Angew Chem Int Ed. 2008;47:9895-9. 
[254] Sivchik VV, Grachova EV, Melnikov AS, Smirnov SN, Ivanov AY, Hirva P, Tunik SP, 
Koshevoy IO. Solid-State and Solution Metallophilic Aggregation of a Cationic [Pt(NCN)L]+ 
Cyclometalated Complex. Inorg Chem. 2016;55:3351-63. 
[255] Chen Y, Li K, Lu W, Chui SS-Y, Ma C-W, Che C-M. Photoresponsive Supramolecular 
Organometallic Nanosheets Induced by PtII⋅⋅⋅PtII and C⋅H⋅⋅⋅π Interactions. Angew Chem Int 
Ed. 2009;48:9909-13. 
[256] Krikorian M, Liu S, Swager TM. Columnar Liquid Crystallinity and Mechanochromism 
in Cationic Platinum(II) Complexes. J Am Chem Soc. 2014;136:2952-5. 
[257] Pasha SS, Das P, Rath NP, Bandyopadhyay D, Jana NR, Laskar IR. Water soluble 
luminescent cyclometalated platinum(II) complex — A suitable probe for bio-imaging 
applications. Inorg Chem Commun. 2016;67:107-11. 



191 

[258] Daws CA, Exstrom CL, Sowa JR, Mann KR. “Vapochromic” Compounds as 
Environmental Sensors. 2. Synthesis and Near-Infrared and Infrared Spectroscopy Studies of 
[Pt(arylisocyanide)4][Pt(CN)4] upon Exposure to Volatile Organic Compound Vapors. Chem 
Mater. 1997;9:363-8. 
[259] Magnus G. Ueber einige Verbindungen des Platinchlorürs. Pogg Ann. 1828;14:239-42. 
[260] Atoji M, Richardson JW, Rundle RE. On the Crystal Structures of the Magnus Salts, 
Pt(NH3)4PtCl4. J Am Chem Soc. 1957;79:3017-20. 
[261] Exstrom CL, Sowa JR, Jr., Daws CA, Janzen D, Mann KR, Moore GA, Stewart FF. 
Inclusion of Organic Vapors by Crystalline, Solvatochromic [Pt(aryl isonitrile)4][Pd(CN)4] 
Compounds. "Vapochromic" Environmental Sensors. Chem Mater. 1995;7:15-7. 
[262] Fang S, Leung SY-L, Li Y, Yam VW-W. Directional Self-Assembly and Photoinduced 
Polymerization of Diacetylene-Containing Platinum(II) Terpyridine Complexes. Chem Eur J. 
2018;24:15596-602. 
[263] Yam VW-W, Chan KH-Y, Wong KM-C, Chu BW-K. Luminescent Dinuclear 
Platinum(II) Terpyridine Complexes with a Flexible Bridge and “Sticky Ends”. Angew Chem 
Int Ed. 2006;45:6169-73. 
[264] Leung FC-M, Leung SY-L, Chung CY-S, Yam VW-W. Metal–Metal and π–π 
Interactions Directed End-to-End Assembly of Gold Nanorods. J Am Chem Soc. 
2016;138:2989-92. 
[265] Aliprandi A, Croisetu CM, Mauro M, Cola LD. Chiral Amplification by Self-Assembly 
of Neutral Luminescent Platinum(II) Complexes. Chem Eur J. 2017;23:5957-61. 
[266] Yu C, Wong KM-C, Chan KH-Y, Yam VW-W. Polymer-Induced Self-Assembly of 
Alkynylplatinum(II) Terpyridyl Complexes by Metal⋅⋅⋅Metal/π⋅⋅⋅π Interactions. Angew Chem 
Int Ed. 2005;44:791-4. 
[267] Robinson ME, Lunn DJ, Nazemi A, Whittell GR, De Cola L, Manners I. Length control 
of supramolecular polymeric nanofibers based on stacked planar platinum(ii) complexes by 
seeded-growth. Chem Commun. 2015;51:15921-4. 
[268] Zhang X, Ao L, Han Y, Gao Z, Wang F. Modulating Pt⋯Pt metal–metal interactions 
through conformationally switchable molecular tweezer/guest complexation. Chem Commun. 
2018;54:1754-7. 
[269] Gao Z, Li Z, Gao Z, Wang F. Supramolecular alternate donor–acceptor copolymers 
mediated by Pt⋯Pt metal–metal interactions and their photocatalytic applications. Nanoscale. 
2018;10:14005-11. 
[270] Allampally NK, Daniliuc C-G, Strassert CA, De Cola L. Tuning the Structural and 
Photophysical Properties of Cationic Pt(II) Complexes Bearing Neutral Bis(triazolyl)pyridine 
Ligands. Inorg Chem. 2015;54:1588-96. 
[271] Schulze B, Winter A, Friebe C, Birckner E, Schubert US. Soluble PtII-Containing 
Polymers Based on a 2,6-Bis(1H-1,2,3-triazol-4-yl)-4-ethynylpyridine Ligand. ACS Macro 
Lett. 2017;6:181-4. 
[272] Park G, Kim H, Yang H, Park KR, Song I, Oh JH, Kim C, You Y. Amplified circularly 
polarized phosphorescence from co-assemblies of platinum(ii) complexes. Chem Sci. 
2019;10:1294-301. 
[273] Wong Y-S, Leung FC-M, Ng M, Cheng H-K, Yam VW-W. Platinum(II)-Based 
Supramolecular Scaffold-Templated Side-by-Side Assembly of Gold Nanorods through Pt⋅⋅⋅Pt 
and π–π Interactions. Angew Chem Int Ed. 2018;57:15797-801. 
[274] Lee SW, Kumpfer JR, Lin PA, Li G, Gao XPA, Rowan SJ, Sankaran RM. In Situ 
Formation of Metal Nanoparticle Composites via “Soft” Plasma Electrochemical Reduction of 
Metallosupramolecular Polymer Films. Macromolecules. 2012;45:8201-10. 
[275] Lu W, Chan KT, Wu S-X, Chen Y, Che C-M. Quest for an intermolecular Au(iii)⋯Au(iii) 
interaction between cyclometalated gold(iii) cations. Chem Sci. 2012;3:752-5. 



192 

[276] Lintang HO, Kinbara K, Tanaka K, Yamashita T, Aida T. Self-Repair of a One-
Dimensional Molecular Assembly in Mesoporous Silica by a Nanoscopic Template Effect. 
Angew Chem Int Ed. 2010;49:4241-5. 
[277] Zhou N, Hailes R, Zhang Y, Chen Z, Manners I, He X. Controlling the supramolecular 
polymerization of dinuclear isocyanide gold(i) arylethynylene complexes through tuning the 
central π-conjugated moiety. Polym Chem. 2020;11:2700-7. 
[278] Mayoral MJ, Rest C, Stepanenko V, Schellheimer J, Albuquerque RQ, Fernández G. 
Cooperative Supramolecular Polymerization Driven by Metallophilic Pd···Pd Interactions. J 
Am Chem Soc. 2013;135:2148-51. 
[279] Zou C, Lin J, Suo S, Xie M, Chang X, Lu W. Palladium(ii) N-heterocyclic allenylidene 
complexes with extended intercationic Pd⋯Pd interactions and MMLCT phosphorescence. 
Chem Commun. 2018;54:5319-22. 
[280] Chen Y, Cheng G, Li K, Shelar DP, Lu W, Che C-M. Phosphorescent polymeric 
nanomaterials with metallophilic d10⋯d10 interactions self-assembled from [Au(NHC)2]+ and 
[M(CN)2]−. Chem Sci. 2014;5:1348-53. 
[281] Preston D, Findlay JA, Crowley JD. Recognition Properties and Self-assembly of Planar 
[M(2-pyridyl-1,2,3-triazole)2]2+ Metallo-ligands. Chem Asian J. 2019;14:1136-42. 
[282] Herbert KM, Schrettl S, Rowan SJ, Weder C. 50th Anniversary Perspective: Solid-State 
Multistimuli, Multiresponsive Polymeric Materials. Macromolecules. 2017;50:8845-70. 
[283] Wojtecki RJ, Meador MA, Rowan SJ. Using the dynamic bond to access macroscopically 
responsive structurally dynamic polymers. Nat Mater. 2011;10:14-27. 
[284] Ono T, Fujii S, Nobori T, Lehn J-M. Optodynamers: expression of color and fluorescence 
at the interface between two films of different dynamic polymers. Chem Commun. 2007:4360-
2. 
[285] Skene WG, Lehn J-MP. Dynamers: Polyacylhydrazone reversible covalent polymers, 
component exchange, and constitutional diversity. Proc Natl Acad Sci 2004;101:8270-5. 
[286] Lehn J-M. Dynamers: dynamic molecular and supramolecular polymers. Prog Polym Sci. 
2005;30:814-31. 
[287] Morimoto N, Qiu X-P, Winnik FM, Akiyoshi K. Dual Stimuli-Responsive Nanogels by 
Self-Assembly of Polysaccharides Lightly Grafted with Thiol-Terminated Poly(N-
isopropylacrylamide) Chains. Macromolecules. 2008;41:5985-7. 
[288] Roy D, Cambre JN, Sumerlin BS. Future perspectives and recent advances in stimuli-
responsive materials. Prog Polym Sci. 2010;35:278-301. 
[289] South CR, Burd C, Weck M. Modular and Dynamic Functionalization of Polymeric 
Scaffolds. Acc Chem Res. 2007;40:63-74. 
[290] Brunsveld L, Folmer BJB, Meijer EW, Sijbesma RP. Supramolecular Polymers. Chem 
Rev. 2001;101:4071-98. 
[291] Liu F, Urban MW. Recent advances and challenges in designing stimuli-responsive 
polymers. Prog Polym Sci. 2010;35:3-23. 
[292] Yerushalmi R, Scherz A, van der Boom ME, Kraatz H-B. Stimuli responsive materials: 
new avenues toward smart organic devices. J Mater Chem. 2005;15:4480-7. 
[293] González-Rodríguez D, Schenning APHJ. Hydrogen-bonded Supramolecular π-
Functional Materials. Chem Mater. 2011;23:310-25. 
[294] Kretschmann O, Choi SW, Miyauchi M, Tomatsu I, Harada A, Ritter H. Switchable 
Hydrogels Obtained by Supramolecular Cross-Linking of Adamantyl-Containing LCST 
Copolymers with Cyclodextrin Dimers. Angew Chem Int Ed. 2006;45:4361-5. 
[295] Zhou H, Chen M, Liu Y, Wu S. Stimuli-Responsive Ruthenium-Containing Polymers. 
Macromol Rapid Commun. 2018;39:1800372/1-13. 
[296] Weng W, Li Z, Jamieson AM, Rowan SJ. Effect of monomer structure on the gelation of 
a class of metallo-supramolecular polymers. Soft Matter. 2009;5:4647-57. 



193 

[297] Hofmeier H, Schubert US. Combination of orthogonal supramolecular interactions in 
polymeric architectures. Chem Commun. 2005:2423-32. 
[298] Stuart MAC, Huck WTS, Genzer J, Muller M, Ober C, Stamm M, Sukhorukov GB, 
Szleifer I, Tsukruk VV, et al. Emerging applications of stimuli-responsive polymer materials. 
Nat Mater. 2010;9:101-13. 
[299] Pietsch C, Schubert US, Hoogenboom R. Aqueous polymeric sensors based on 
temperature-induced polymer phase transitions and solvatochromic dyes. Chem Commun. 
2011;47:8750-65. 
[300] Heskins M, Guillet JE. Solution Properties of Poly(N-isopropylacrylamide). J Macromol 
Sci: Part A Chem. 1968;2:1441-55. 
[301] Weber C, Hoogenboom R, Schubert US. Temperature responsive bio-compatible 
polymers based on poly(ethylene oxide) and poly(2-oxazoline)s. Prog Polym Sci. 2012;37:686-
714. 
[302] Zhou G, Harruna II, Ingram CW. Ruthenium-centered thermosensitive polymers. 
Polymer. 2005;46:10672-7. 
[303] Chiper M, Fournier D, Hoogenboom R, Schubert US. Thermosensitive and Switchable 
Terpyridine-Functionalized Metallo-Supramolecular Poly(N-isopropylacrylamide). Macromol 
Rapid Commun. 2008;29:1640-7. 
[304] Pinaud F, Russo L, Pinet S, Gosse I, Ravaine V, Sojic N. Enhanced Electrogenerated 
Chemiluminescence in Thermoresponsive Microgels. J Am Chem Soc. 2013;135:5517-20. 
[305] Kumpfer JR, Jin J, Rowan SJ. Stimuli-responsive europium-containing metallo-
supramolecular polymers. J Mater Chem. 2010;20:145-51. 
[306] de Hatten X, Bell N, Yufa N, Christmann G, Nitschke JR. A Dynamic Covalent, 
Luminescent Metallopolymer that Undergoes Sol-to-Gel Transition on Temperature Rise. J Am 
Chem Soc. 2011;133:3158-64. 
[307] Hu Y, Chan KH-Y, Chung CY-S, Yam VW-W. Reversible thermo-responsive 
luminescent metallo-supramolecular triblock copolymers based on platinum(ii) terpyridyl 
chromophores with unusual aggregation behaviour and red-near-infrared (NIR) emission upon 
heating. Dalton Trans. 2011;40:12228-34. 
[308] Kim H-J, Lee E, Park H-s, Lee M. Dynamic Extension−Contraction Motion in 
Supramolecular Springs. J Am Chem Soc. 2007;129:10994-5. 
[309] Wu J-J, Cao M-L, Zhang J-Y, Ye B-H. A nanocomposite gel based on 1D coordination 
polymers and nanoclusters reversibly gelate water upon heating. RSC Adv. 2012;2:12718-23. 
[310] Abdul-Hassan WS, Roux D, Bucher C, Cobo S, Molton F, Saint-Aman E, Royal G. 
Redox-Triggered Folding of Self-Assembled Coordination Polymers incorporating Viologen 
Units. Chem Eur J. 2018;24:12961-9. 
[311] Miller AK, Li Z, Streletzky KA, Jamieson AM, Rowan SJ. Redox-induced 
polymerisation/depolymerisation of metallo-supramolecular polymers. Polym Chem. 
2012;3:3132-8. 
[312] Wei J, Ren L, Tang C, Su Z. Electric-stimulus-responsive multilayer films based on a 
cobaltocenium-containing polymer. Polym Chem. 2014;5:6480-8. 
[313] Peng F, Li G, Liu X, Wu S, Tong Z. Redox-Responsive Gel−Sol/Sol−Gel Transition in 
Poly(acrylic acid) Aqueous Solution Containing Fe(III) Ions Switched by Light. J Am Chem 
Soc. 2008;130:16166-7. 
[314] Harris RD, Auletta JT, Motlagh SAM, Lawless MJ, Perri NM, Saxena S, Weiland LM, 
Waldeck DH, Clark WW, et al. Chemical and Electrochemical Manipulation of Mechanical 
Properties in Stimuli-Responsive Copper-Cross-Linked Hydrogels. ACS Macro Lett. 
2013;2:1095-9. 
[315] Gasnier A, Bucher C, Moutet J-C, Royal G, Saint-Aman E, Terech P. Redox-Responsive 
Metallo-Supramolecular Polymers and Gels Containing bis-Terpyridine Appended Cyclam 
Ligand. Macromol Symp. 2011;304:87-92. 



194 

[316] Hempenius MA, Cirmi C, Savio FL, Song J, Vancso GJ. Poly(ferrocenylsilane) Gels and 
Hydrogels with Redox-Controlled Actuation. Macromol Rapid Commun. 2010;31:772-83. 
[317] Szillat F, Schmidt BVKJ, Hubert A, Barner-Kowollik C, Ritter H. Redox-Switchable 
Supramolecular Graft Polymer Formation via Ferrocene–Cyclodextrin Assembly. Macromol 
Rapid Commun. 2014;35:1293-300. 
[318] Scheid D, Lederle C, Vowinkel S, Schafer CG, Stuhn B, Gallei M. Redox- and mechano-
chromic response of metallopolymer-based elastomeric colloidal crystal films. J Mater Chem 
C. 2014;2:2583-90. 
[319] Ma Y, Dong W-F, Hempenius MA, Mohwald H, Julius Vancso G. Redox-controlled 
molecular permeability of composite-wall microcapsules. Nat Mater. 2006;5:724-9. 
[320] Auletta JT, LeDonne GJ, Gronborg KC, Ladd CD, Liu H, Clark WW, Meyer TY. Stimuli-
Responsive Iron-Cross-Linked Hydrogels That Undergo Redox-Driven Switching between 
Hard and Soft States. Macromolecules. 2015;48:1736-47. 
[321] Mu S, Ling Q, Liu X, Ruiz J, Astruc D, Gu H. Supramolecular redox-responsive substrate 
carrier activity of a ferrocenyl Janus device. J Inorg Biochem. 2019;193:31-41. 
[322] Ren L, Hardy CG, Tang C. Synthesis and Solution Self-Assembly of Side-Chain 
Cobaltocenium-Containing Block Copolymers. J Am Chem Soc. 2010;132:8874-5. 
[323] Ong W, Kaifer AE. Unusual Electrochemical Properties of the Inclusion Complexes of 
Ferrocenium and Cobaltocenium with Cucurbit[7]uril. Organometallics. 2003;22:4181-3. 
[324] Ren L, Hardy CG, Tang S, Doxie DB, Hamidi N, Tang C. Preparation of Side-Chain 18-
e Cobaltocenium-Containing Acrylate Monomers and Polymers. Macromolecules. 
2010;43:9304-10. 
[325] Ruttiger C, Pfeifer V, Rittscher V, Stock D, Scheid D, Vowinkel S, Roth F, Didzoleit H, 
Stuhn B, et al. One for all: cobalt-containing polymethacrylates for magnetic ceramics, block 
copolymerization, unexpected electrochemistry, and stimuli-responsiveness. Polym Chem. 
2016;7:1129-37. 
[326] Yoshida R, Ueki T. Evolution of self-oscillating polymer gels as autonomous polymer 
systems. NPG Asia Mater. 2014;6:e107/1-14. 
[327] Yoshida R. Design of Self-Oscillating Gels and Application to Biomimetic Actuators. 
Sensors. 2010;10:1810-22. 
[328] Yoshida R. Self-oscillating polymer gel as novel biomimetic materials exhibiting 
spatiotemporal structure. Colloid Polym Sci. 2011;289:475-87. 
[329] Yoshida R. Self-Oscillating Gels Driven by the Belousov–Zhabotinsky Reaction as Novel 
Smart Materials. Adv Mater. 2010;22:3463-83. 
[330] Yoshida R, Sakai T, Hara Y, Maeda S, Hashimoto S, Suzuki D, Murase Y. Self-oscillating 
gel as novel biomimetic materials. J Control Release. 2009;140:186-93. 
[331] Yoshida R, Murase Y. Self-oscillating surface of gel for autonomous mass transport. 
Colloids Surf B Biointerfaces. 2012;99:60-6. 
[332] Suzuki D, Sakai T, Yoshida R. Self-Flocculating/Self-Dispersing Oscillation of 
Microgels. Angew Chem Int Ed. 2008;47:917-20. 
[333] Taniguchi H, Suzuki D, Yoshida R. Characterization of Autonomously Oscillating 
Viscosity Induced by Swelling/Deswelling Oscillation of the Microgels. J Phys Chem B. 
2010;114:2405-10. 
[334] Shinohara S-i, Seki T, Sakai T, Yoshida R, Takeoka Y. Photoregulated Wormlike Motion 
of a Gel. Angew Chem Int Ed. 2008;47:9039-43. 
[335] Smith ML, Slone C, Heitfeld K, Vaia RA. Designed Autonomic Motion in Heterogeneous 
Belousov–Zhabotinsky (BZ)-Gelatin Composites by Synchronicity. Adv Funct Mater. 
2013;23:2835-42. 
[336] Hidaka M, Yoshida R. Self-oscillating gel composed of thermosensitive polymer 
exhibiting higher LCST. J Control Release. 2011;150:171-6. 



195 

[337] Yamamoto T, Yoshida R. Self-oscillation of polymer and photo-regulation by introducing 
photochromic site to induce LCST changes. React Funct Polym. 2013;73:945-50. 
[338] Courtois J, Wang B, Abdul-Hassan WS, Almásy L, Yan M, Royal G. Redox-Responsive 
Colloidal Particles Based on Coordination Polymers Incorporating Viologen Units. Inorg 
Chem. 2020;59:6100-9. 
[339] Karthikeyan S, Sijbesma RP. Mechanochemistry: Forcing a molecule's hand. Nat Chem. 
2010;2:436-7. 
[340] Caruso MM, Davis DA, Shen Q, Odom SA, Sottos NR, White SR, Moore JS. 
Mechanically-Induced Chemical Changes in Polymeric Materials. Chem Rev. 2009;109:5755-
98. 
[341] May PA, Moore JS. Polymer mechanochemistry: techniques to generate molecular force 
via elongational flows. Chem Soc Rev. 2013;42:7497-506. 
[342] Willis-Fox N, Rognin E, Aljohani TA, Daly R. Polymer Mechanochemistry: 
Manufacturing Is Now a Force to Be Reckoned With. Chem. 2018;4:2499-537. 
[343] Berkowski KL, Potisek SL, Hickenboth CR, Moore JS. Ultrasound-Induced Site-Specific 
Cleavage of Azo-Functionalized Poly(ethylene glycol). Macromolecules. 2005;38:8975-8. 
[344] Hickenboth CR, Moore JS, White SR, Sottos NR, Baudry J, Wilson SR. Biasing reaction 
pathways with mechanical force. Nature. 2007;446:423-7. 
[345] Kryger MJ, Munaretto AM, Moore JS. Structure–Mechanochemical Activity 
Relationships for Cyclobutane Mechanophores. J Am Chem Soc. 2011;133:18992-8. 
[346] Kryger MJ, Ong MT, Odom SA, Sottos NR, White SR, Martinez TJ, Moore JS. Masked 
Cyanoacrylates Unveiled by Mechanical Force. J Am Chem Soc. 2010;132:4558-9. 
[347] Celestine A-DN, Beiermann BA, May PA, Moore JS, Sottos NR, White SR. Fracture-
induced activation in mechanophore-linked, rubber toughened PMMA. Polymer. 
2014;55:4164-71. 
[348] Kim JW, Jung Y, Coates GW, Silberstein MN. Mechanoactivation of Spiropyran 
Covalently Linked PMMA: Effect of Temperature, Strain Rate, and Deformation Mode. 
Macromolecules. 2015;48:1335-42. 
[349] Lee CK, Beiermann BA, Silberstein MN, Wang J, Moore JS, Sottos NR, Braun PV. 
Exploiting Force Sensitive Spiropyrans as Molecular Level Probes. Macromolecules. 
2013;46:3746-52. 
[350] Paulusse JMJ, Sijbesma RP. Reversible Mechanochemistry of a PdII Coordination 
Polymer. Angew Chem Int Ed. 2004;43:4460-2. 
[351] Paulusse JMJ, van Beek DJM, Sijbesma RP. Reversible Switching of the Sol−Gel 
Transition with Ultrasound in Rhodium(I) and Iridium(I) Coordination Networks. J Am Chem 
Soc. 2007;129:2392-7. 
[352] Paulusse JMJ, Huijbers JPJ, Sijbesma RP. Quantification of Ultrasound-Induced Chain 
Scission in PdII–Phosphine Coordination Polymers. Chem Eur J. 2006;12:4928-34. 
[353] Paulusse JMJ, Sijbesma RP. Selectivity of mechanochemical chain scission in mixed 
palladium(ii) and platinum(ii) coordination polymers. Chem Commun. 2008:4416-8. 
[354] Groote R, Szyja BM, Pidko EA, Hensen EJM, Sijbesma RP. Unfolding and 
Mechanochemical Scission of Supramolecular Polymers Containing a Metal–Ligand 
Coordination Bond. Macromolecules. 2011;44:9187-95. 
[355] Karthikeyan S, Potisek SL, Piermattei A, Sijbesma RP. Highly Efficient 
Mechanochemical Scission of Silver-Carbene Coordination Polymers. J Am Chem Soc. 
2008;130:14968-9. 
[356] Rooze J, Groote R, Jakobs RTM, Sijbesma RP, van Iersel MM, Rebrov EV, Schouten JC, 
Keurentjes JTF. Mechanism of Ultrasound Scission of a Silver–Carbene Coordination Polymer. 
J Phys Chem B. 2011;115:11038-43. 
[357] Piermattei A, Karthikeyan S, Sijbesma RP. Activating catalysts with mechanical force. 
Nat Chem. 2009;1:133-7. 



196 

[358] Michael P, Binder WH. A Mechanochemically Triggered “Click” Catalyst. Angew Chem 
Int Ed. 2015;54:13918-22. 
[359] Michael P, Biewend M, Binder WH. Mechanochemical Activation of Fluorogenic 
CuAAC “Click” Reactions for Stress-Sensing Applications. Macromol Rapid Commun. 
2018;39:1800376/1-6. 
[360] Michael P, Sheidaee Mehr SK, Binder WH. Synthesis and characterization of polymer 
linked copper(I) bis(N-heterocyclic carbene) mechanocatalysts. J Polym Sci A Polym Chem. 
2017;55:3893-907. 
[361] Funtan S, Michael P, Binder WH. Synthesis and Mechanochemical Activity of Peptide-
Based Cu(I) Bis(N-heterocyclic carbene) Complexes. Biomimetics. 2019;4:24/1-18. 
[362] Balkenende DWR, Coulibaly S, Balog S, Simon YC, Fiore GL, Weder C. 
Mechanochemistry with Metallosupramolecular Polymers. J Am Chem Soc. 2014;136:10493-
8. 
[363] Simon YC, Fiore GL, Weder C. Mechanically Triggered Responses of 
Metallosupramolecular Polymers. Chimia. 2014;68:666-. 
[364] Hannewald N, Enke M, Nischang I, Zechel S, Hager MD, Schubert US. Mechanical 
Activation of Terpyridine Metal Complexes in Polymers. J Inorg Organomet P. 2020;30:230-
42. 
[365] Di Giannantonio M, Ayer MA, Verde-Sesto E, Lattuada M, Weder C, Fromm KM. 
Triggered Metal Ion Release and Oxidation: Ferrocene as a Mechanophore in Polymers. Angew 
Chem Int Ed. 2018;57:11445-50. 
[366] Wang Z, Wang Z, Xia H. Bioinspired ultrasound-responsive fluorescent metal–ligand 
cross-linked polymer assemblies. Polym Chem. 2017;8:2581-5. 
[367] Demirel M, Köytepe S, Gültek A, Seçkin T. Synthesis and stimuli-responsive properties 
of the phenanthroline based metallo-supramolecular polymers. J Polym Res. 2014;21:1-10. 
[368] McKenzie BM, Wojtecki RJ, Burke KA, Zhang C, Jákli A, Mather PT, Rowan SJ. 
Metallo-Responsive Liquid Crystalline Monomers and Polymers. Chem Mater. 2011;23:3525-
33. 
[369] Brombosz SM, Zucchero AJ, Phillips RL, Vazquez D, Wilson A, Bunz UHF. 
Terpyridine-Based Cruciform−Zn2+ Complexes as Anion-Responsive Fluorophores. Org Lett. 
2007;9:4519-22. 
[370] Zhang P, Behl M, Peng X, Balk M, Lendlein A. Chemoresponsive Shape-Memory Effect 
of Rhodium–Phosphine Coordination Polymer Networks. Chem Mater. 2019;31:5402-7. 
[371] Zhan J, Li Q, Hu Q, Wu Q, Li C, Qiu H, Zhang M, Yin S. A stimuli-responsive orthogonal 
supramolecular polymer network formed by metal-ligand and host-guest interactions. Chem 
Commun. 2014;50:722-4. 
[372] He L, Liang J, Cong Y, Chen X, Bu W. Concentration and acid-base controllable 
fluorescence of a metallosupramolecular polymer. Chem Commun. 2014;50:10841-4. 
[373] Wang B, Jacquet M, Wang K, Xiong K, Yan M, Courtois J, Royal G. pH-Induced 
fragmentation of colloids based on responsive self-assembled copper(ii) metallopolymers. New 
J Chem. 2018;42:7823-9. 
[374] Zheng H, Che S. Molecular design of coordination bonding architecture in mesoporous 
nanoparticles for rational pH-responsive delivery. Microporous Mesoporous Mater. 
2013;168:73-80. 
[375] Kaneko S, Masai H, Yokoyama T, Liu M, Tachibana Y, Fujihara T, Tsuji Y, Terao J. 
Complementary Color Tuning by HCl via Phosphorescence-to-Fluorescence Conversion on 
Insulated Metallopolymer Film and Its Light-Induced Acceleration. Polymers. 2020;12:244/1-
10. 
[376] Clarke AP, Vos JG, Bandey HL, Hillman AR. pH Dependent Mass Transfer Processes 
through Thin Films of [Ru(bipy)2(PVP)10(H2O)]2+. J Phys Chem. 1995;99:15973-80. 



197 

[377] Lu Z, Lin Q, Cai Y, Chen S, Chen J, Wu W, He X, Xia H. Cylindrical NIR-Responsive 
Metallopolymer Containing Möbius Metalla-aromatics. ACS Macro Lett. 2018;7:1034-8. 
[378] Lu Z, Cai Y, Wei Y, Lin Q, Chen J, He X, Li S, Wu W, Xia H. Photothermal Möbius 
aromatic metallapentalenofuran and its NIR-responsive copolymer. Polym Chem. 
2018;9:2092-100. 
[379] Borré E, Stumbé J-F, Bellemin-Laponnaz S, Mauro M. Control of the light-response in 
supramolecular metallopolymeric gels by tuning the coordination metal. Chem Commun. 
2017;53:8344-7. 
[380] Teasdale I, Theis S, Iturmendi A, Strobel M, Hild S, Jacak J, Mayrhofer P, Monkowius 
U. Dynamic Supramolecular Ruthenium-Based Gels Responsive to Visible/NIR Light and 
Heat. Chem Eur J. 2019;25:9851-5. 
[381] Theis S, Iturmendi A, Gorsche C, Orthofer M, Lunzer M, Baudis S, Ovsianikov A, Liska 
R, Monkowius U, et al. Metallo-Supramolecular Gels that are Photocleavable with Visible and 
Near-Infrared Irradiation. Angew Chem Int Ed. 2017;56:15857-60. 
[382] Liu J, Xie C, Kretzschmann A, Koynov K, Butt H-J, Wu S. Metallopolymer 
Organohydrogels with Photo-Controlled Coordination Crosslinks Work Properly Below 0 °C. 
Adv Mater. 2020;32:1908324/1-7. 
[383] Heinzmann C, Coulibaly S, Roulin A, Fiore GL, Weder C. Light-Induced Bonding and 
Debonding with Supramolecular Adhesives. ACS Appl Mater Interfaces. 2014;6:4713-9. 
[384] Mauro M. Dynamic Metal–Ligand Bonds as Scaffolds for Autonomously Healing Multi-
Responsive Materials. Eur J Inorg Chem. 2018;2018:2090-100. 
[385] Weng G, Thanneeru S, He J. Dynamic Coordination of Eu–Iminodiacetate to Control 
Fluorochromic Response of Polymer Hydrogels to Multistimuli. Adv Mater. 
2018;30:1706526/1-7. 
[386] García F, Pelss J, Zuilhof H, Smulders MMJ. Multi-responsive coordination polymers 
utilising metal-stabilised, dynamic covalent imine bonds. Chem Commun. 2016;52:9059-62. 
[387] Beck JB, Rowan SJ. Multistimuli, Multiresponsive Metallo-Supramolecular Polymers. J 
Am Chem Soc. 2003;125:13922-3. 
[388] Rowan SJ, Beck JB. Metal-ligand induced supramolecular polymerization: A route to 
responsive materials. Faraday Discuss. 2005;128:43-53. 
[389] Schmidt BVKJ, Elbert J, Barner-Kowollik C, Gallei M. Individually Addressable 
Thermo- and Redox-Responsive Block Copolymers by Combining Anionic Polymerization and 
RAFT Protocols. Macromol Rapid Commun. 2014;35:708-14. 
[390] Alkan A, Steinmetz C, Landfester K, Wurm FR. Triple-Stimuli-Responsive Ferrocene-
Containing PEGs in Water and on the Surface. ACS Appl Mater Interfaces. 2015;7:26137-44. 
[391] Chung CY-S, Yam VW-W. Dual pH- and Temperature-Responsive 
Metallosupramolecular Block Copolymers with Tunable Critical Micelle Temperature by 
Modulation of the Self-Assembly of NIR-Emissive Alkynylplatinum(II) Complexes Induced 
by Changes in Hydrophilicity and Electrostatic Effects. Chem Eur J. 2013;19:13182-92. 
[392] Chen P, Holten-Andersen N. Multistimuli-responsive White Luminescent Fluids Using 
Hybrid Lanthanide Metal–Coordinate Complex Probes. Adv Opt Mater. 2015;3:1041-6. 
[393] Chen P, Li Q, Grindy S, Holten-Andersen N. White-Light-Emitting Lanthanide 
Metallogels with Tunable Luminescence and Reversible Stimuli-Responsive Properties. J Am 
Chem Soc. 2015;137:11590-3. 
[394] Asil D, Foster JA, Patra A, de Hatten X, del Barrio J, Scherman OA, Nitschke JR, Friend 
RH. Temperature- and Voltage-Induced Ligand Rearrangement of a Dynamic 
Electroluminescent Metallopolymer. Angew Chem Int Ed. 2014;53:8388-91. 
[395] Coulibaly S, Heinzmann C, Beyer FL, Balog S, Weder C, Fiore GL. Supramolecular 
Polymers with Orthogonal Functionality. Macromolecules. 2014;47:8487-96. 
[396] Nair KP, Breedveld V, Weck M. Multiresponsive Reversible Polymer Networks Based 
on Hydrogen Bonding and Metal Coordination. Macromolecules. 2011;44:3346-57. 



198 

[397] Yan X, Cook TR, Pollock JB, Wei P, Zhang Y, Yu Y, Huang F, Stang PJ. Responsive 
Supramolecular Polymer Metallogel Constructed by Orthogonal Coordination-Driven Self-
Assembly and Host/Guest Interactions. J Am Chem Soc. 2014;136:4460-3. 
[398] Herzog N, Hübner H, Rüttiger C, Gallei M, Andrieu-Brunsen A. Functional Metalloblock 
Copolymers for the Preparation and In Situ Functionalization of Porous Silica Films. Langmuir. 
2020;36:4015-24. 
[399] Pereira CF, Olean-Oliveira A, David-Parra DN, Teixeira MFS. A chemiresistor sensor 
based on a cobalt(salen) metallopolymer for dissolved molecular oxygen. Talanta. 
2018;190:119-25. 
[400] Chaudhary P, Maurya DK, Sikarwar S, Yadav BC, Dzhardimalieva GI, Prakash R. 
Development of nanostructured nickel reinforced polyacrylamide via frontal polymerization for 
a reliable room temperature humidity sensor. Eur Polym J. 2019;112:161-9. 
[401] Fegley MEA, Pinnock SS, Malele CN, Jones Jr WE. Metal-containing conjugated 
polymers as fluorescent chemosensors in the detection of toxicants. Inorg Chim Acta. 
2012;381:78-84. 
[402] Sikarwar S, Kumar A, Yadav BC, Iskakovna DG, Danilovna GN. Nanostructured 
Spherical-Shaped Sc(III) Polyacrylate for Monitoring the Moisture Level. IEEE Sens J. 
2018;18:4384-91. 
[403] Burnworth M, Rowan SJ, Weder C. Fluorescent Sensors for the Detection of Chemical 
Warfare Agents. Chem Eur J. 2007;13:7828-36. 
[404] He S, Iacono ST, Budy SM, Dennis AE, Smith DW, Smith RC. Photoluminescence and 
ion sensing properties of a bipyridyl chromophore-modified semifluorinated polymer and its 
metallopolymer derivatives. J Mater Chem. 2008;18:1970-6. 
[405] Tennyson AG, Do L, Smith RC, Lippard SJ. Selective fluorescence detection of nitroxyl 
over nitric oxide in buffered aqueous solution using a conjugated metallopolymer. Polyhedron. 
2007;26:4625-30. 
[406] Hou Y, Li S, Zhang Z, Chen L, Zhang M. A fluorescent platinum(ii) metallacycle-cored 
supramolecular network formed by dynamic covalent bonds and its application in halogen ions 
and picric acid detection. Polym Chem. 2020;11:254-8. 
[407] Luo Q, Peng K, Zhang J, Xia J. Synthesis of Metal-Containing Poly(thiophene methines) 
via Solid- and Melt-State Polymerization and Their Related Applications as Highly Sensitive 
Ni2+ Chemosensors. Organometallics. 2019;38:647-53. 
[408] Forster RJ, Hogan CF. Electrochemiluminescent Metallopolymer Coatings:  Combined 
Light and Current Detection in Flow Injection Analysis. Anal Chem. 2000;72:5576-82. 
[409] Knapton D, Burnworth M, Rowan SJ, Weder C. Fluorescent Organometallic Sensors for 
the Detection of Chemical-Warfare-Agent Mimics. Angew Chem Int Ed. 2006;45:5825-9. 
[410] Zhang H, Hua X, Tuo X, Chen C, Wang X. Polystyrene microsphere-based lanthanide 
luminescent chemosensor for detection of organophosphate pesticides. J Rare Earths. 
2012;30:1203-7. 
[411] Naidji B, Husson J, Et Taouil A, Brunol E, Sanchez J-B, Berger F, Rauch J-Y, Guyard 
L. Terpyridine-based metallopolymer thin films as active layer in ammonia sensor device. 
Synth Met. 2016;221:214-9. 
[412] Wild A, Winter A, Hager MD, Schubert US. Fluorometric sensor based on bisterpyridine 
metallopolymer: detection of cyanide and phosphates in water. Analyst. 2012;137:2333-7. 
[413] Wild A, Winter A, Hager MD, Schubert US. Fluorometric, water-based sensors for the 
detection of nerve gas G mimics DMMP, DCP and DCNP. Chem Commun. 2012;48:964-6. 
[414] Cheng Q-X, Lan J-J, Chen Y-Q, Lin J, Chenna Krishna Reddy R, Lin X-M, Cai Y-P. 1D 
helical silver(I)-based coordination polymer containing pyridyl diimide ligand for Fe(III) ions 
detection. Inorg Chem Commun. 2018;96:30-3. 



199 

[415] Zhang Z, Chang H, Kang Y, Li X, Jiang H, Xue B, Wang Y, Lü X, Zhu X. Water soluble 
Ln(III)-based metallopolymer with AIE-active and ACQ-effect lanthanide behaviors for 
detection of nanomolar pyrophosphate. Sens Actuator B Chem. 2019;282:999-1007. 
[416] Zhou C, Zhao W-x, You F-t, Geng Z-x, Peng H-s. Highly Stable and Luminescent 
Oxygen Nanosensor Based on Ruthenium-Containing Metallopolymer for Real-Time Imaging 
of Intracellular Oxygenation. ACS Sens. 2019;4:984-91. 
[417] Bailey DC, Langer SH. Immobilized transition-metal carbonyls and related catalysts. 
Chem Rev. 1981;81:109-48. 
[418] Whittell GR, Manners I. Metallopolymers: New Multifunctional Materials. Adv Mater. 
2007;19:3439-68. 
[419] Gates BC. Supported Metal Clusters: Synthesis, Structure, and Catalysis. Chem Rev. 
1995;95:511-22. 
[420] Raynal M, Ballester P, Vidal-Ferran A, van Leeuwen PWNM. Supramolecular catalysis. 
Part 1: non-covalent interactions as a tool for building and modifying homogeneous catalysts. 
Chem Soc Rev. 2014;43:1660-733. 
[421] Kolb HC, Finn MG, Sharpless KB. Click Chemistry: Diverse Chemical Function from a 
Few Good Reactions. Angew Chem Int Ed. 2001;40:2004-21. 
[422] Lu J, Toy PH. Organic Polymer Supports for Synthesis and for Reagent and Catalyst 
Immobilization. Chem Rev. 2009;109:815-38. 
[423] Molnár Á. Efficient, Selective, and Recyclable Palladium Catalysts in Carbon−Carbon 
Coupling Reactions. Chem Rev. 2011;111:2251-320. 
[424] Hapiot F, Bricout H, Menuel S, Tilloy S, Monflier E. Recent breakthroughs in aqueous 
cyclodextrin-assisted supramolecular catalysis. Catal Sci Technol. 2014;4:1899-908. 
[425] Elmas S, Beelders W, Bradley SJ, Kroon R, Laufersky G, Andersson M, Nann T. 
Platinum Terpyridine Metallopolymer Electrode as Cost-Effective Replacement for Bulk 
Platinum Catalysts in Oxygen Reduction Reaction and Hydrogen Evolution Reaction. ACS 
Sustainable Chem Eng. 2017;5:10206-14. 
[426] Happ B, Kübel J, Pfeffer MG, Winter A, Hager MD, Dietzek B, Rau S, Schubert US. 
Towards Hydrogen Evolution Initiated by LED Light: 2-(1H-1,2,3-Triazol-4-yl)pyridine-
Containing Polymers as Photocatalyst. Macromol Rapid Commun. 2015;36:671-7. 
[427] Deraedt C, Melaet G, Ralston WT, Ye R, Somorjai GA. Platinum and Other Transition 
Metal Nanoclusters (Pd, Rh) Stabilized by PAMAM Dendrimer as Excellent Heterogeneous 
Catalysts: Application to the Methylcyclopentane (MCP) Hydrogenative Isomerization. Nano 
Lett. 2017;17:1853-62. 
[428] Qu P, Kuepfert M, Jockusch S, Weck M. Compartmentalized Nanoreactors for One-Pot 
Redox-Driven Transformations. ACS Catal. 2019;9:2701-6. 
[429] Deuss PJ, den Heeten R, Laan W, Kamer PCJ. Bioinspired Catalyst Design and Artificial 
Metalloenzymes. Chem Eur J. 2011;17:4680-98. 
[430] Yu F, Cangelosi VM, Zastrow ML, Tegoni M, Plegaria JS, Tebo AG, Mocny CS, 
Ruckthong L, Qayyum H, et al. Protein Design: Toward Functional Metalloenzymes. Chem 
Rev. 2014;114:3495-578. 
[431] Raynal M, Ballester P, Vidal-Ferran A, van Leeuwen PWNM. Supramolecular catalysis. 
Part 2: artificial enzyme mimics. Chem Soc Rev. 2014;43:1734-87. 
[432] Lewis JC. Artificial Metalloenzymes and Metallopeptide Catalysts for Organic Synthesis. 
ACS Catal. 2013;3:2954-75. 
[433] Reetz MT. Artificial Metalloenzymes as Catalysts in Stereoselective Diels–Alder 
Reactions. Chem Rec. 2012;12:391-406. 
[434] Ward TR. Artificial Metalloenzymes Based on the Biotin−Avidin Technology: 
Enantioselective Catalysis and Beyond. Acc Chem Res. 2011;44:47-57. 
[435] Steinreiber J, Ward TR. Artificial metalloenzymes as selective catalysts in aqueous 
media. Coord Chem Rev. 2008;252:751-66. 



200 

[436] Pordea A, Ward TR. Chemogenetic protein engineering: an efficient tool for the 
optimization of artificial metalloenzymes. Chem Commun. 2008:4239-49. 
[437] Ward TR. Artificial Metalloenzymes for Enantioselective Catalysis Based on the 
Noncovalent Incorporation of Organometallic Moieties in a Host Protein. Chem Eur J. 
2005;11:3798-804. 
[438] Lu Y, Yeung N, Sieracki N, Marshall NM. Design of functional metalloproteins. Nature. 
2009;460:855-62. 
[439] Ringenberg MR, Ward TR. Merging the best of two worlds: artificial metalloenzymes for 
enantioselective catalysis. Chem Commun. 2011;47:8470-6. 
[440] Sista P, Ghosh K, Martinez JS, Rocha RC. Metallo-Biopolymers: Conjugation Strategies 
and Applications. Polym Rev. 2014;54:627-76. 
[441] Baig RBN, Varma RS. Copper on chitosan: a recyclable heterogeneous catalyst for azide-
alkyne cycloaddition reactions in water. Green Chem. 2013;15:1839-43. 
[442] Martina K, Leonhardt SES, Ondruschka B, Curini M, Binello A, Cravotto G. In situ cross-
linked chitosan Cu(I) or Pd(II) complexes as a versatile, eco-friendly recyclable solid catalyst. 
J Mol Catal A: Chem. 2011;334:60-4. 
[443] Wu Q, Cheng H, Chang A, Bai X, Lu F, Wu W. Copper on responsive polymer microgels: 
a recyclable catalyst exhibiting tunable catalytic activity. Chem Commun. 2014;50:14217-20. 
[444] Jlalia I, Gallier F, Brodie-Linder N, Uziel J, Augé J, Lubin-Germain N. Copper(II) SBA-
15: A reusable catalyst for azide–alkyne cycloaddition. J Mol Catal A: Chem. 2014;393:56-61. 
[445] Cravotto G, Gaudino Emanuela C, Tagliapietra S, Carnaroglio D, Procopio A. A green 
approach to heterogeneous catalysis using ligand-free, metal-loaded cross-linked cyclodextrins. 
gps. 2012;1:269-73. 
[446] Guibal E. Heterogeneous catalysis on chitosan-based materials: a review. Prog Polym 
Sci. 2005;30:71-109. 
[447] Quignard F, Choplin A, Domard A. Chitosan:  A Natural Polymeric Support of Catalysts 
for the Synthesis of Fine Chemicals. Langmuir. 2000;16:9106-8. 
[448] Chetia M, Ali AA, Bhuyan D, Saikia L, Sarma D. Magnetically recoverable chitosan-
stabilised copper–iron oxide nanocomposite material as an efficient heterogeneous catalyst for 
azide–alkyne cycloaddition reactions. New J Chem. 2015;39:5902-7. 
[449] Mahdavinia GR, Soleymani M, Nikkhoo M, Farnia SMF, Amini M. Magnetic 
(chitosan/laponite)-immobilized copper(ii) ions: an efficient heterogeneous catalyst for azide–
alkyne cycloaddition. New J Chem. 2017;41:3821-8. 
[450] Anil Kumar BSP, Harsha Vardhan Reddy K, Karnakar K, Satish G, Nageswar YVD. 
Copper on chitosan: an efficient and easily recoverable heterogeneous catalyst for one pot 
synthesis of 1,2,3-triazoles from aryl boronic acids in water at room temperature. Tetrahedron 
Lett. 2015;56:1968-72. 
[451] Bahsis L, El Ayouchia HB, Anane H, Benhamou K, Kaddami H, Julve M, Stiriba S-E. 
Cellulose‑copper as bio-supported recyclable catalyst for the clickable azide-alkyne [3 + 2] 
cycloaddition reaction in water. Int J Biolog Macromol. 2018;119:849-56. 
[452] Yu W, Jiang L, Shen C, Xu W, Zhang P. A highly efficient synthesis of N-glycosyl-1,2,3-
triazoles using a recyclable cellulose-copper(0) catalyst in water. Cat Commun. 2016;79:11-6. 
[453] Mouradzadegun A, Alsadat Mostafavi M. Copper-loaded hypercrosslinked polymer 
decorated with pendant amine groups: a green and retrievable catalytic system for quick [3 + 
2] Huisgen cycloaddition in water. RSC Adv. 2016;6:42522-31. 
[454] Altava B, Burguete MI, Fraile JM, García JI, Luis SV, Mayoral JA, Vicent MJ. How 
Important is the Inert Matrix of Supported Enantiomeric Catalysts? Reversal of Topicity with 
Two Polystyrene Backbones. Angew Chem Int Ed. 2000;39:1503-6. 
[455] Irurre J, Fernández-Serrat A, Rosanas F. Polymer-supported chiral diol as ligand of Ti(IV) 
for enantioselective Diels-Alder reaction. Chirality. 1997;9:191-7. 



201 

[456] Kobayashi S, Kusakabe K-i, Ishitani H. Chiral Catalyst Optimization Using Both Solid-
Phase and Liquid-Phase Methods in Asymmetric Aza Diels−Alder Reactions. Org Lett. 
2000;2:1225-7. 
[457] Altava B, Burguete MI, Escuder B, Luis SV, Salvador RV, Fraile JM, Mayoral JA, Royo 
AJ. Polymer-Grafted Ti−TADDOL Complexes. Preparation and Use as Catalysts in 
Diels−Alder Reactions. J Org Chem. 1997;62:3126-34. 
[458] Altava B, Burguete MI, Garcı́a-Verdugo E, Luis SV, Miravet JF, Vicent MaJ. On the 
origin of changes in topicity observed in Diels–Alder reactions catalyzed by Ti–TADDOLates. 
Tetrahedron: Asymmetry. 2000;11:4885-93. 
[459] Doherty S, Knight JG, Ellison JR, Goodrich P, Hall L, Hardacre C, Muldoon MJ, Park S, 
Ribeiro A, et al. An efficient Cu(ii)-bis(oxazoline)-based polymer immobilised ionic liquid 
phase catalyst for asymmetric carbon-carbon bond formation. Green Chem. 2014;16:1470-9. 
[460] Larionov VA, Cruchter T, Mietke T, Meggers E. Polymer-Supported Chiral-at-Metal 
Lewis Acid Catalysts. Organometallics. 2017;36:1457-60. 
[461] Hajji C, Roller S, Beigi M, Liese A, Haag R. Polyglycerol-Supported Chromium-Salen 
as a High-Loading Dendritic Catalyst for Stereoselective Diels–Alder Reactions. Adv Synth 
Cat. 2006;348:1760-71. 
[462] Dou Z, Xu L, Zhi Y, Zhang Y, Xia H, Mu Y, Liu X. Metalloporphyrin-Based 
Hypercrosslinked Polymers Catalyze Hetero-Diels–Alder Reactions of Unactivated Aldehydes 
with Simple Dienes: A Fascinating Strategy for the Construction of Heterogeneous Catalysts. 
Chem Eur J. 2016;22:9919-22. 
[463] Islam SM, Mondal P, Tuhina K, Roy AS, Mondal S, Hossain D. A Reusable Polymer-
Anchored Palladium(II) Schiff Base Complex Catalyst for the Suzuki Cross-Coupling, Heck 
and Cyanation Reactions. J Inorg Organomet Polym Mater. 2010;20:264-77. 
[464] Zeng M, Yuan X, Yang Z, Qi C. Novel macroporous palladium cation crosslinked 
chitosan membranes for heterogeneous catalysis application. Int J Biol Macromolecules. 
2014;68:189-97. 
[465] Yu K, Sommer W, Weck M, Jones CW. Silica and polymer-tethered Pd–SCS-pincer 
complexes: evidence for precatalyst decomposition to form soluble catalytic species in 
Mizoroki–Heck chemistry. J Catal. 2004;226:101-10. 
[466] Islam M, Mondal P, Roy A, Tuhina K. Use of a recyclable poly(N-vinyl carbazole) 
palladium(II) complex catalyst: Heck cross-coupling reaction under phosphine-free and aerobic 
conditions. Transition Met Chem. 2010;35:491-9. 
[467] Uozumi Y, Kimura T. Heck reaction in water with amphiphilic resin-supported 
palladium-phosphine complexes. Synlett. 2002:2045-8. 
[468] Bergbreiter DE, Osburn PL, Frels JD. Nonpolar Polymers for Metal Sequestration and 
Ligand and Catalyst Recovery in Thermomorphic Systems. J Am Chem Soc. 2001;123:11105-
6. 
[469] Yao C, Li H, Wu H, Liu Y, Wu P. Mesostructured polymer-supported 
diphenylphosphine–palladium complex: An efficient and recyclable catalyst for Heck 
reactions. Catal Commun. 2009;10:1099-102. 
[470] Zeng M, Qi C, Yang J, Wang B, Zhang X-M. A Highly Efficient and Stable Palladium 
Catalyst Entrapped within the Cross-Linked Chitosan Membrane for Heck Reactions. Ind Eng 
Chem Res. 2014;53:10041-50. 
[471] Dell'Anna Maria M, Mastrorilli P, Muscio F, Nobile Cosimo F, Suranna Gian P. A 
Polymer-Supported β-Ketoesterate Complex of Palladium as an Efficient, Phosphane-Free, Air-
Stable, Recyclable Catalyst for the Heck Reaction. Eur J Inorg Chem. 2002;2002:1094-9. 
[472] Bergbreiter DE, Li J. Terminally functionalized polyisobutylene oligomers as soluble 
supports in catalysis. Chem Commun. 2004:42-3. 
[473] Bergbreiter DE, Furyk S. Microwave promoted Heck reactions using an oligo(ethylene 
glycol)-bound SCS palladacycle under thermomorphic conditions. Green Chem. 2004;6:280-5. 



202 

[474] Islam SM, Mondal P, Tuhina K, Roy AS. A highly efficient polymer-anchored 
palladium(II) complex catalyst for hydrogenation, Heck cross-coupling and cyanation 
reactions. J Chem Technol Biotechnol. 2010;85:999-1010. 
[475] Yamada YMA, Takeda K, Takahashi H, Ikegami S. An efficient heterogeneous Heck 
reaction promoted by a new assembled catalyst of palladium and non-cross-linked amphiphilic 
polymer. Tetrahedron Lett. 2003;44:2379-82. 
[476] Cui Y, Zhang L, Li Y. Synthesis of chitosan derivatives supported palladium complexes 
and their catalytic behavior in the Heck reaction. Polym Adv Technol. 2005;16:633-7. 
[477] Steel PG, Teasdale CWT. Polymer supported palladium N-heterocyclic carbene 
complexes: long lived recyclable catalysts for cross coupling reactions. Tetrahedron Lett. 
2004;45:8977-80. 
[478] Lin C-A, Luo F-T. Polystyrene-supported recyclable palladacycle catalyst for Heck, 
Suzuki and Sonogashira reactions. Tetrahedron Lett. 2003;44:7565-8. 
[479] Bergbreiter DE, Osburn PL, Wilson A, Sink EM. Palladium-Catalyzed C−C Coupling 
under Thermomorphic Conditions. J Am Chem Soc. 2000;122:9058-64. 
[480] Datta A, Ebert K, Plenio H. Nanofiltration for Homogeneous Catalysis Separation:  
Soluble Polymer-Supported Palladium Catalysts for Heck, Sonogashira, and Suzuki Coupling 
of Aryl Halides. Organometallics. 2003;22:4685-91. 
[481] Bao Y, Shao L, Xing G, Qi C. Cobalt, nickel and iron embedded chitosan microparticles 
as efficient and reusable catalysts for Heck cross-coupling reactions. Int J Biol Macromolecules. 
2019;130:203-12. 
[482] Li Y, Xu L, Xu B, Mao Z, Xu H, Zhong Y, Zhang L, Wang B, Sui X. Cellulose Sponge 
Supported Palladium Nanoparticles as Recyclable Cross-Coupling Catalysts. ACS Appl Mater 
Interfaces. 2017;9:17155-62. 
[483] Mahmoudi H, Valentini F, Ferlin F, Bivona LA, Anastasiou I, Fusaro L, Aprile C, 
Marrocchi A, Vaccaro L. A tailored polymeric cationic tag–anionic Pd(ii) complex as a catalyst 
for the low-leaching Heck–Mizoroki coupling in flow and in biomass-derived GVL. Green 
Chem. 2019;21:355-60. 
[484] Valentini F, Mahmoudi H, Bivona LA, Piermatti O, Bagherzadeh M, Fusaro L, Aprile C, 
Marrocchi A, Vaccaro L. Polymer-Supported Bis-1,2,4-triazolium Ionic Tag Framework for an 
Efficient Pd(0) Catalytic System in Biomass Derived γ-Valerolactone. ACS Sustainable Chem 
Eng. 2019;7:6939-46. 
[485] Sato T, Ohno A, Sarkar SM, Uozumi Y, Yamada YMA. A Convoluted Polymeric 
Imidazole Palladium Catalyst: Structural Elucidation and Investigation of the Driving Force for 
the Efficient Mizoroki–Heck Reaction. ChemCatChem. 2015;7:2141-8. 
[486] Liu X, Zhao X, Lu M. Novel polymer supported iminopyridylphosphine palladium (Ⅱ) 
complexes: An efficient catalyst for Suzuki–Miyaura and Heck cross-coupling reactions. J 
Organometal Chem. 2014;768:23-7. 
[487] You L, Zhu W, Wang S, Xiong G, Ding F, Ren B, Dragutan I, Dragutan V, Sun Y. High 
catalytic activity in aqueous heck and Suzuki–Miyaura reactions catalyzed by novel Pd/Ln 
coordination polymers based on 2,2′-bipyridine-4,4′-dicarboxylic acid as a heteroleptic ligand. 
Polyhedron. 2016;115:47-53. 
[488] Datta A, Plenio H. Nonpolar biphasic catalysis: Sonogashira and Suzuki coupling of aryl 
bromides and chlorides. Chem Commun. 2003:1504-5. 
[489] Islam M, Mondal PR, Anupam S, Tuhina K. Suzuki and Sonogashira Cross-
CouplingReactions in Water Medium with a Reusable Poly(N-vinylcarbazole)-
AnchoredPalladium(II) Complex. Synthesis. 2010;2010:2399-406. 
[490] an der Heiden M, Plenio H. Homogeneous Catalysts Supported on Soluble Polymers: 
Biphasic Suzuki–Miyaura Coupling of Aryl Chlorides Using Phase-Tagged Palladium–
Phosphine Catalysts. Chem Eur J. 2004;10:1789-97. 



203 

[491] Zhang S, Zeng X, Wei Z, Zhao D, Kang T, Zhang W, Yan M, Luo M. Desulfitative suzuki 
cross-couplings of arylsulfonyl chlorides and boronic acids catalyzed by a recyclable polymer-
supported &#925;-heterocyclic carbene-palladium complex catalyst. Synlett 2006;12:1891-4. 
[492] Yamada YMA, Takeda K, Takahashi H, Ikegami S. Highly Active Catalyst for the 
Heterogeneous Suzuki−Miyaura Reaction:  Assembled Complex of Palladium and Non-Cross-
Linked Amphiphilic Polymer. J Org Chem. 2003;68:7733-41. 
[493] Rosario-Amorin  D, Wang  X, Gaboyard M, Clérac  R, Nlate  S, Heuzé K. Dendron-
Functionalized Core–Shell Superparamagnetic Nanoparticles: Magnetically Recoverable and 
Reusable Catalysts for Suzuki CC Cross-Coupling Reactions. Chem Eur J. 2009;15:12636-
43. 
[494] Karimi B, Akhavan PF. Main-chain NHC-palladium polymer as a recyclable self-
supported catalyst in the Suzuki-Miyaura coupling of aryl chlorides in water. Chem Commun. 
2009:3750-2. 
[495] Lee D-H, Kim J-H, Jun B-H, Kang H, Park J, Lee Y-S. Macroporous Polystyrene-
Supported Palladium Catalyst Containing a Bulky N-Heterocyclic Carbene Ligand for Suzuki 
Reaction of Aryl Chlorides. Org Lett. 2008;10:1609-12. 
[496] Glegoła K, Framery E, Pietrusiewicz KM, Sinou D. Efficient Recycling in Suzuki–
Miyaura Reactions of Aryl Chlorides with Arylboronic Acids using Polymer-Supported 
Aryldicyclohexylphosphine. Adv Synth Catal. 2006;348:1728-33. 
[497] Liu Y, Feng X, Bao D, Li K, Bao M. A new method for the preparation of microcapsule-
supported palladium catalyst for Suzuki coupling reaction. J Mol Catal A: Chem. 2010;323:16-
22. 
[498] Worm-Leonhard K, Meldal M. Green Catalysts: Solid-Phase Peptide Carbene Ligands in 
Aqueous Transition-Metal Catalysis. Eur J Org Chem. 2008;2008:5244-53. 
[499] Wang X, Xu Y, Wang F, Wei Y. Functionalized cellulose-supported triphenylphosphine 
and its application in Suzuki cross-coupling reactions. J Appl Polym Sci. 2015;132:41427/1-8. 
[500] Dawood KM, Kirschning A. Combining enabling techniques in organic synthesis: solid-
phase-assisted catalysis under microwave conditions using a stable Pd(II)-precatalyst. 
Tetrahedron. 2005;61:12121-30. 
[501] Cho H-J, Jung S, Kong S, Park S-J, Lee S-M, Lee Y-S. Polymer-Supported Electron-
Rich Oxime Palladacycle as an Efficient Heterogeneous Catalyst for the Suzuki Coupling 
Reaction. Adv Synth Catal. 2014;356:1056-64. 
[502] Kanagaraj K, Pitchumani K. The Aminocyclodextrin/Pd(OAc)2 Complex as an Efficient 
Catalyst for the Mizoroki–Heck Cross-Coupling Reaction. Chem Eur J. 2013;19:14425-31. 
[503] Kim J-H, Kim J-W, Shokouhimehr M, Lee Y-S. Polymer-Supported N-Heterocyclic 
Carbene−Palladium Complex for Heterogeneous Suzuki Cross-Coupling Reaction. J Org 
Chem. 2005;70:6714-20. 
[504] Chen W, Li R, Wu Y, Ding LS, Chen YC. Self-Supported Thiourea-Palladium 
Complexes: Highly Air-Stable and Recyclable Catalysts for the Suzuki Reaction in Neat Water. 
Synthesis. 2006;18:3058-62. 
[505] Inada K, Miyaura N. The Cross-Coupling Reaction of Arylboronic Acids with 
Chloropyridines and Electron-Deficient Chloroarenes Catalyzed by a Polymer-Bound 
Palladium Complex. Tetrahedron. 2000;56:8661-4. 
[506] Kantam ML, Roy M, Roy S, Sreedhar B, Madhavendra SS, Choudary BM, De RL. 
Polyaniline supported palladium catalyzed Suzuki–Miyaura cross-coupling of bromo- and 
chloroarenes in water. Tetrahedron. 2007;63:8002-9. 
[507] Li J-H, Hu X-C, Xie Y-X. Polymer-supported DABCO–palladium complex as a stable 
and reusable catalyst for room temperature Suzuki–Miyaura cross-couplings of aryl bromides. 
Tetrahedron Lett. 2006;47:9239-43. 



204 

[508] Nan G, Ren F, Luo M. Suzuki–Miyaura cross-coupling reaction of 1-aryltriazenes with 
arylboronic acids catalyzed by a recyclable polymer-supported N-heterocyclic carbene–
palladium complex catalyst. Beilstein J Org Chem 2010;6:doi:10.3762/bjoc.6.70. 
[509] Bandini M, Pietrangelo A, Sinisi R, Umani-Ronchi A, Wolf MO. New Electrochemically 
Generated Polymeric Pd Complexes as Heterogeneous Catalysts for Suzuki Cross-Coupling 
Reactions. Eur J Org Chem. 2009;2009:3554-61. 
[510] Chen W, Zhong L, Peng X, Lin J, Sun R. Xylan-type hemicelluloses supported 
terpyridine–palladium(II) complex as an efficient and recyclable catalyst for Suzuki–Miyaura 
reaction. Cellulose. 2014;21:125-37. 
[511] Artner J, Bautz H, Fan F, Habicht W, Walter O, Döring M, Arnold U. Metal-doped epoxy 
resins: Easily accessible, durable, and highly versatile catalysts. J Catal. 2008;255:180-9. 
[512] Iwai T, Harada T, Hara K, Sawamura M. Threefold Cross-Linked Polystyrene–
Triphenylphosphane Hybrids: Mono-P-Ligating Behavior and Catalytic Applications for Aryl 
Chloride Cross-Coupling and C(sp3)·H Borylation. Angew Chem Int Ed. 2013;52:12322-6. 
[513] More S, Jadhav S, Salunkhe R, Kumbhar A. Palladium supported ionic liquid phase 
catalyst (Pd@SILP-PS) for room temperature Suzuki-Miyaura cross-coupling reaction. Mol 
Catal. 2017;442:126-32. 
[514] Vece V, Szeto KC, Charlin MO, Rouge P, De Mallmann A, Taam M, Dugas P-Y, 
Lansalot M, D'Agosto F, et al. Bis-N,N-aminophosphine (PNP) crosslinked poly(p-tert-butyl 
styrene) particles: A new support for heterogeneous palladium catalysts for Suzuki coupling 
reactions. Cat Commun. 2019;129:105715/1-5. 
[515] Iwai T, Harada T, Shimada H, Asano K, Sawamura M. A Polystyrene-Cross-Linking 
Bisphosphine: Controlled Metal Monochelation and Ligand-Enabled First-Row Transition 
Metal Catalysis. ACS Catal. 2017;7:1681-92. 
[516] Iwai T, Asano K, Harada T, Sawamura M. Polystyrene-Cross-Linking Ortho-Substituted 
Triphenylphosphines: Synthesis, Coordination Properties, and Application to Pd-Catalyzed 
Cross-Coupling of Aryl Chlorides. Bull Chem Soc Jpn. 2017;90:943-9. 
[517] Arashima J, Iwai T, Sawamura M. A Polystyrene-Cross-Linking 
Tricyclohexylphosphine: Synthesis, Characterization and Applications to Pd-Catalyzed Cross-
Coupling Reactions of Aryl Chlorides. Chem Asian J. 2019;14:411-5. 
[518] Balinge KR, Khiratkar AG, Bhagat PR. A highly recoverable polymer-supported ionic 
salen-palladium complex as a catalyst for the Suzuki-Miyaura cross coupling in neat water. J 
Organomet Chem. 2018;854:131-9. 
[519] Suzuka T, Nagamine T, Ogihara K, Higa M. Suzuki–Miyaura Cross-Coupling Reaction 
in Water with Polymer-Supported Terpyridine Palladium Complex Under Aerobic Conditions. 
Catal Lett. 2010;139:85-9. 
[520] Renuka MK, Gayathri V. Polymer supported palladium complex as a reusable catalyst 
for Suzuki coupling. J Organomet Chem. 2018;874:26-31. 
[521] Uozumi Y, Matsuura Y, Suzuka T, Arakawa T, Yamada YMA. Palladium-Catalyzed 
Asymmetric Suzuki–Miyaura Cross Coupling with Homochiral Phosphine Ligands Having 
Tetrahydro-1H-imidazo[1,5-a]indole Backbone. Synthesis. 2017;49:59-68. 
[522] Baran T, Menteş A. Highly efficient Suzuki cross-coupling reaction of biomaterial 
supported catalyst derived from glyoxal and chitosan. J Organometal Chem. 2016;803:30-8. 
[523] Baran T, Inanan T, Menteş A. Synthesis, characterization, and catalytic activity in Suzuki 
coupling and catalase-like reactions of new chitosan supported Pd catalyst. Carbohydr Polym. 
2016;145:20-9. 
[524] Baran T, Menteş A. Construction of new biopolymer (chitosan)-based pincer-type Pd(II) 
complex and its catalytic application in Suzuki cross coupling reactions. J Mol Struct. 
2017;1134:591-8. 



205 

[525] Xu S, Song K, Li T, Tan B. Palladium catalyst coordinated in knitting N-heterocyclic 
carbene porous polymers for efficient Suzuki–Miyaura coupling reactions. J Mater Chem A. 
2015;3:1272-8. 
[526] Wen Q, Zhou T-Y, Zhao Q-L, Fu J, Ma Z, Zhao X. A Triptycene-Based Microporous 
Organic Polymer Bearing Tridentate Ligands and Its Application in Suzuki–Miyaura Cross-
Coupling Reaction. Macromol Rapid Commun. 2015;36:413-8. 
[527] Ghazali-Esfahani S, Păunescu E, Bagherzadeh M, Fei Z, Laurenczy G, Dyson PJ. A 
simple catalyst for aqueous phase Suzuki reactions based on palladium nanoparticles 
immobilized on an ionic polymer. Sci China Chem. 2016;59:482-6. 
[528] Akai Y, Konnert L, Yamamoto T, Suginome M. Asymmetric Suzuki–Miyaura cross-
coupling of 1-bromo-2-naphthoates using the helically chiral polymer ligand PQXphos. Chem 
Commun. 2015;51:7211-4. 
[529] Yang X, Chen J, Hu L, Wei J, Shuai M, Huang D, Yue G, Astruc D, Zhao P. Palladium 
Separation by Pd-Catalyzed Gel Formation via Alkyne Coupling. Chem Mater. 2019;31:7386-
94. 
[530] Cintas P, Cravotto G, Gaudino EC, Orio L, Boffa L. Reticulated Pd(ii)/Cu(i) cyclodextrin 
complexes as recyclable green catalyst for Sonogashira alkynylation. Catal Sci Technol. 
2012;2:85-7. 
[531] Bakherad M, Keivanloo A, Samangooei S. Solvent-free Heck and copper-free 
Sonogashira cross-coupling reactions catalyzed by a polystyrene-anchored Pd(II) 
phenyldithiocarbazate complex. Tetrahedron Lett. 2012;53:5773-6. 
[532] Bakherad M, Keivanloo A, Samangooei S, Omidian M. A phenyldithiocarbazate-
functionalized polyvinyl chloride resin-supported Pd(II) complex as an effective catalyst for 
solvent- and copper-free Sonogashira reactions under aerobic conditions. J Organomet Chem. 
2013;740:78-82. 
[533] Mikhaylov VN, Sorokoumov VN, Korvinson KA, Novikov AS, Balova IA. Synthesis 
and Simple Immobilization of Palladium(II) Acyclic Diaminocarbene Complexes on 
Polystyrene Support as Efficient Catalysts for Sonogashira and Suzuki–Miyaura Cross-
Coupling. Organometallics. 2016;35:1684-97. 
[534] Monguchi Y, Wakayama F, Ueda S, Ito R, Takada H, Inoue H, Nakamura A, Sawama Y, 
Sajiki H. Amphipathic monolith-supported palladium catalysts for chemoselective 
hydrogenation and cross-coupling reactions. RSC Adv. 2017;7:1833-40. 
[535] Heravi MM, Hashemi E, Beheshtiha YS, Ahmadi S, Hosseinnejad T. PdCl2 on modified 
poly(styrene-co-maleic anhydride): A highly active and recyclable catalyst for the Suzuki–
Miyaura and Sonogashira reactions. J Mol Catal A Chem. 2014;394:74-82. 
[536] Bakherad M, Keivanloo A, Bahramian B, Jajarmi S. Suzuki, Heck, and copper-free 
Sonogashira reactions catalyzed by 4-amino-5-methyl-3-thio-1,2,4-triazole-functionalized 
polystyrene resin-supported Pd(II) under aerobic conditions in water. J Organomet Chem. 
2013;724:206-12. 
[537] Bakherad M, Keivanloo A, Hadi A, Siavoshi M. Copper-Free Sonogashira Coupling 
Reaction Catalyzed by PVC-Supported Triazine Palladium(II) Complex Under Aerobic 
Conditions. Asian J Org Chem 2014;3:1189-92. 
[538] Basavaprabhu, Samarasimhareddy M, Prabhu G, Sureshbabu VV. A simple and greener 
approach for the synthesis of PVC supported Pd (0): application to Heck and Sonogashira 
reactions in water. Tetrahedron Lett. 2014;55:2256-60. 
[539] Yang J, Zhang X, Yu W, Liu W, Bian F. Chelidamic acid functionalized stimuli-
responsive hydrogel supported-palladium catalyst for copper-free Sonogashira reaction in 
aqueous media. React Funct Polym. 2013;73:710-8. 
[540] Yi W-B, Shi X-L, Cai C, Zhang W. Polymer-supported Pd(0) catalyst for copper- and 
ligand-free Sonogashira reactions in aqueous media. Green Process Synth. 2012;1:175-80. 



206 

[541] Varray S, Lazaro R, Martinez J, Lamaty F. New Soluble-Polymer Bound Ruthenium 
Carbene Catalysts: Synthesis, Characterization, and Application to Ring-Closing Metathesis. 
Organometallics. 2003;22:2426-35. 
[542] Thengarai VS, Keilitz J, Haag R. Hyperbranched polyglycerol supported ruthenium 
catalysts for ring-closing metathesis. Inorg Chim Acta. 2014;409:179-84. 
[543] Zaman S, Abell AD. A robust and recyclable ruthenium catalyst immobilised on 
polyethylene glycol. Tetrahedron Lett. 2009;50:5340-3. 
[544] Michrowska A, Mennecke K, Kunz U, Kirschning A, Grela K. A New Concept for the 
Noncovalent Binding of a Ruthenium-Based Olefin Metathesis Catalyst to Polymeric Phases:  
Preparation of a Catalyst on Raschig Rings. J Am Chem Soc. 2006;128:13261-7. 
[545] Gmeiner J, Seibicke M, Lang C, Gärtner U, Trapp O. An Immobilised Grubbs 2nd 
Generation Catalyst for Application in Flow-Through Devices. Adv Synth Catal. 
2014;356:2081-7. 
[546] Kroll RM, Schuler N, Lubbad S, Buchmeiser MR. A ROMP-derived, polymer-supported 
chiral Schrock catalyst for enantioselective ring-closing olefin metathesis. Chem Commun. 
2003:2742-3. 
[547] Randl S, Buschmann N, Connon SJ, Blechert S. Highly Efficient and Recyclable 
Polymer-Bound Catalyst for Olefin 
Metathesis Reactions. Synlett. 2001;10:1547-50. 
[548] Pijnenburg NJM, Tomás-Mendivil E, Mayland KE, Kleijn H, Lutz M, Spek AL, van 
Koten G, Klein Gebbink RJM. Monomeric and dendritic second generation Grubbs- and 
Hoveyda–Grubbs-type catalysts for olefin metathesis. Inorg Chim Acta. 2014;409:163-73. 
[549] Yao Q, Rodriguez Motta A. Immobilization of the Grubbs second-generation ruthenium-
carbene complex on poly(ethylene glycol): a highly reactive and recyclable catalyst for ring-
closing and cross-metathesis. Tetrahedron Lett. 2004;45:2447-51. 
[550] Jafarpour L, Nolan SP. Simply Assembled and Recyclable Polymer-Supported Olefin 
Metathesis Catalysts. Org Lett. 2000;2:4075-8. 
[551] Schürer SC, Gessler S, Buschmann N, Blechert S. Synthesis and Application of a 
Permanently Immobilized Olefin-Metathesis Catalyst. Angew Chem Int Ed. 2000;39:3898-901. 
[552] Nieczypor P, Buchowicz W, Meester WJN, Rutjes FPJT, Mol JC. Synthesis and 
application of a new polystyrene-supported ruthenium carbene catalyst for alkene metathesis. 
Tetrahedron Lett. 2001;42:7103-5. 
[553] Zarka MT, Nuyken O, Weberskirch R. Polymer-Bound, Amphiphilic Hoveyda-Grubbs-
Type Catalyst for Ring-Closing Metathesis in Water. Macromol Rapid Commun. 2004;25:858-
62. 
[554] Dowden J, Savovic J. Olefin metathesis in non-degassed solvent using a recyclable, 
polymer supported alkylideneruthenium. Chem Commun. 2001:37-8. 
[555] Yao Q, Zhang Y. Poly(fluoroalkyl acrylate)-Bound Ruthenium Carbene Complex:  A 
Fluorous and Recyclable Catalyst for Ring-Closing Olefin Metathesis. J Am Chem Soc. 
2004;126:74-5. 
[556] Nguyen ST, Grubbs RH. The syntheses and activities of polystyrene-supported olefin 
metathesis catalysts based on Cl2(PR3)2Ru = CH−CH = CPh2. J Organomet Chem. 
1995;497:195-200. 
[557] Michalek F, Mädge D, Rühe J, Bannwarth W. Ring-Closure Metathesis in Supercritical 
Carbon Dioxide as Sole Solvent with Use of Covalently Immobilized Ruthenium Catalysts. Eur 
J Org Chem. 2006;2006:577-81. 
[558] Hultzsch KC, Jernelius JA, Hoveyda AH, Schrock RR. The First Polymer-Supported and 
Recyclable Chiral Catalyst for Enantioselective Olefin Metathesis. Angew Chem Int Ed. 
2002;41:589-93. 
[559] Chen S-W, Kim JH, Song CE, Lee S-g. Self-Supported Oligomeric Grubbs/Hoveyda-
Type Ru−Carbene Complexes for Ring-Closing Metathesis. Org Lett. 2007;9:3845-8. 



207 

[560] Jafarpour L, Heck M-P, Baylon C, Lee HM, Mioskowski C, Nolan SP. Preparation and 
Activity of Recyclable Polymer-Supported Ruthenium Olefin Metathesis Catalysts. 
Organometallics. 2002;21:671-9. 
[561] Yao Q. A Soluble Polymer-Bound Ruthenium Carbene Complex: A Robust and Reusable 
Catalyst for Ring-Closing Olefin Metathesis. Angew Chem Int Ed. 2000;39:3896-8. 
[562] Hongfa C, Tian J, Bazzi HS, Bergbreiter DE. Heptane-Soluble Ring-Closing Metathesis 
Catalysts. Organic Lett. 2007;9:3259-61. 
[563] Hongfa C, Su H-L, Bazzi HS, Bergbreiter DE. Polyisobutylene-Anchored N-Heterocyclic 
Carbene Ligands. Organic Lett. 2009;11:665-7. 
[564] Hobbs C, Yang Y-C, Ling J, Nicola S, Su H-L, Bazzi HS, Bergbreiter DE. 
Thermomorphic Polyethylene-Supported Olefin Metathesis Catalysts. Organic Lett. 
2011;13:3904-7. 
[565] Mennecke K, Grela K, Kunz U, Kirschning A. Immobilisation of the Grubbs III Olefin 
Metathesis Catalyst with Polyvinyl Pyridine (PVP). Synlett. 2005;19:2948-52. 
[566] Dolman SJ, Hultzsch KC, Pezet F, Teng X, Hoveyda AH, Schrock RR. Supported Chiral 
Mo-Based Complexes as Efficient Catalysts for Enantioselective Olefin Metathesis. J Am 
Chem Soc. 2004;126:10945-53. 
[567] Mayr M, Wang D, Kröll R, Schuler N, Prühs S, Fürstner A, Buchmeiser MR. Monolithic 
Disk-Supported Metathesis Catalysts for Use in Combinatorial Chemistry. Adv Synth Cat. 
2005;347:484-92. 
[568] Jähnert T, Häupler B, Janoschka T, Hager MD, Schubert US. Polymers Based on Stable 
Phenoxyl Radicals for the Use in Organic Radical Batteries. Macromol Rapid Commun. 
2014;35:882-7. 
[569] Hong SH, Grubbs RH. Highly Active Water-Soluble Olefin Metathesis Catalyst. J Am 
Chem Soc. 2006;128:3508-9. 
[570] Lapinte V, Montembault V, Houdayer A, Fontaine L. Surface initiated ring-opening 
metathesis polymerization of norbornene onto Wang and Merrifield resins. J Mol Catal A: 
Chem. 2007;276:219-25. 
[571] Gallivan JP, Jordan JP, Grubbs RH. A neutral, water-soluble olefin metathesis catalyst 
based on an N-heterocyclic carbene ligand. Tetrahedron Lett. 2005;46:2577-80. 
[572] Al-Hashimi M, Bakar MDA, Elsaid K, Bergbreiter DE, Bazzi HS. Ring-opening 
metathesis polymerization using polyisobutylene supported Grubbs second-generation catalyst. 
RSC Adv. 2014;4:43766-71. 
[573] Samanta D, Kratz K, Zhang X, Emrick T. A Synthesis of PEG- and Phosphorylcholine-
Substituted Pyridines To Afford Water-Soluble Ruthenium Benzylidene Metathesis Catalysts. 
Macromolecules. 2008;41:530-2. 
[574] Suriboot J, Hobbs CE, Guzman W, Bazzi HS, Bergbreiter DE. Polyethylene as a 
Cosolvent and Catalyst Support in Ring-Opening Metathesis Polymerization. Macromolecules. 
2015;48:5511-6. 
[575] Comina PJ, Beck AK, Seebach D. A Simple Batch Reactor for the Efficient Multiple Use 
of Polymer-Bound α,α,α‘,α‘-Tetraaryl-1,3-dioxolane-4,5-dimethanol Titanates in the 
Nucleophilic Addition of Dialkylzinc Reagents to Aldehydes. Org Proc Res Dev. 1998;2:18-
26. 
[576] Huang W-S, Hu Q-S, Pu L. From Highly Enantioselective Monomeric Catalysts to Highly 
Enantioselective Polymeric Catalysts:  Application of Rigid and Sterically Regular Chiral 
Binaphthyl Polymers to the Asymmetric Synthesis of Chiral Secondary Alcohols. J Org Chem. 
1999;64:7940-56. 
[577] Sellner H, Faber C, Rheiner PB, Seebach D. Immobilization of BINOL by Cross-Linking 
Copolymerization of Styryl Derivatives with Styrene, and Applications in Enantioselective Ti 
and Al Lewis Acid Mediated Additions of Et2Zn and Me3SiCN to Aldehydes and of Diphenyl 
Nitrone to Enol Ethers. Chem Eur J. 2000;6:3692-705. 



208 

[578] Yang X, Su W, Liu D, Wang H, Shen J, Da C, Wang R, Chan ASC. Preparation and 
Application of Polymer-Grafted Ti–BINOL Complexes as Chiral Catalysts in the 
Enantioselective Addition of Diethylzinc to Aldehydes. Tetrahedron. 2000;56:3511-6. 
[579] Yadav J, Stanton GR, Fan X, Robinson JR, Schelter EJ, Walsh PJ, Pericas MA. 
Asymmetric Allylation of Ketones and Subsequent Tandem Reactions Catalyzed by a Novel 
Polymer-Supported Titanium–BINOLate Complex. Chem Eur J. 2014;20:7122-7. 
[580] Rheiner PB, Sellner H, Seebach D. Dendritic styryl TADDOLs as novel polymer cross-
linkers: First application in an enantioselective Et2Zn addition mediated by a polymer-
incorporated titanate. Helv Chim Acta. 1997;80:2027-32. 
[581] Seebach D, Marti RE, Hintermann T. Polymer- and Dendrimer-Bound Ti-TADDOLates 
in Catalytic (and Stoichiometric) Enantioselective Reactions: Are pentacoordinate cationic Ti 
complexes the catalytically active species? Helv Chim Acta. 1996;79:1710-40. 
[582] Annis DA, Jacobsen EN. Polymer-Supported Chiral Co(Salen) Complexes:  Synthetic 
Applications and Mechanistic Investigations in the Hydrolytic Kinetic Resolution of Terminal 
Epoxides. J Am Chem Soc. 1999;121:4147-54. 
[583] Canali L, Cowan E, Deleuze H, Gibson CL, Sherrington DC. Remarkable matrix effect 
in polymer-supported Jacobsen's alkene epoxidation catalysts. Chem Commun. 1998:2561-2. 
[584] Reger TS, Janda KD. Polymer-Supported (Salen)Mn Catalysts for Asymmetric 
Epoxidation:  A Comparison between Soluble and Insoluble Matrices. J Am Chem Soc. 
2000;122:6929-34. 
[585] Minutolo F, Pini D, Salvadori P. Polymer-bound chiral (salen)Mn(III) complex as 
heterogeneous catalyst in rapid and clean enantioselective epoxidation of unfunctionalised 
olefins. Tetrahedron Lett. 1996;37:3375-8. 
[586] Canali L, Sherrington DC, Deleuze H. Synthesis of resins with pendently-bound chiral 
manganese–salen complexes and use as heterogeneous asymmetric alkene epoxidation 
catalysts. React Funct Polym. 1999;40:155-68. 
[587] Sherrington DC. Polymer-supported metal complex alkene epoxidation catalysts. Catal 
Today. 2000;57:87-104. 
[588] Sellner H, Karjalainen JK, Seebach D. Preparation of Dendritic and Non-Dendritic 
Styryl-Substituted Salens for Cross-Linking Suspension Copolymerization with Styrene and 
Multiple Use of the Corresponding Mn and Cr Complexes in Enantioselective Epoxidations 
and Hetero-Diels–Alder Reactions. Chem Eur J. 2001;7:2873-87. 
[589] De BB, Lohray BB, Sivaram S, Dhal PK. Enantioselective epoxidation of olefins 
catalyzed by polymer-bound optically active Mn(III)-salen complex. Tetrahedron: Asymmetry. 
1995;6:2105-8. 
[590] Kureshy RI, Khan NH, Abdi SHR, Iyer P. Synthesis of catalytically active polymer-
bound Mn(III) salen complexes for enantioselective epoxidation of styrene derivatives. React 
Funct Polym. 1997;34:153-60. 
[591] Angelino MD, Laibinis PE. Polymer-supported salen complexes for heterogeneous 
asymmetric synthesis: Stability and selectivity. J Polym Sci A Polym Chem. 1999;37:3888-98. 
[592] Minutolo F, Pini D, Petri A, Salvadori P. Heterogeneous asymmetric epoxidation of 
unfunctionalized olefins catalyzed by polymer-bound (salen)manganese complexes. 
Tetrahedron: Asymmetry. 1996;7:2293-302. 
[593] Song CE, Roh EJ, Yu BM, Chi DY, Kim SC, Lee K-J. Heterogeneous asymmetric 
epoxidation of alkenes catalysed by a polymer-bound (pyrrolidine salen)manganese(iii) 
complex. Chem Commun. 2000:615-6. 
[594] De BB, Lohray BB, Sivaram S, Dhal PK. Synthesis of Catalytically Active Polymer-
Bound Transition Metal Complexes for Selective Epoxidation of Olefins. Macromolecules. 
1994;27:1291-6. 



209 

[595] Miller MM, Sherrington DC. Alkene Epoxidations Catalyzed by Mo(VI) Supported on 
Imidazole-Containing Polymers: I. Synthesis, Characterization, and Activity of Catalysts in the 
Epoxidation of Cyclohexene. J Catal. 1995;152:368-76. 
[596] Smith K, Liu C-H. Asymmetric epoxidation using a singly-bound supported Katsuki-type 
(salen)Mn complex. Chem Commun. 2002:886-7. 
[597] De Decker J, Bogaerts T, Muylaert I, Delahaye S, Lynen F, Van Speybroeck V, 
Verberckmoes A, Van Der Voort P. Covalent immobilization of the Jacobsen catalyst on 
mesoporous phenolic polymer: A highly enantioselective and stable asymmetric epoxidation 
catalyst. Mater Chem Phys. 2013;141:967-72. 
[598] Leinonen S, Sherrington DC, Sneddon A, McLoughlin D, Corker J, Canevali C, 
Morazzoni F, Reedijk J, Spratt SBD. Molecular Structural and Morphological Characterization 
of Polymer-Supported Mo(VI) Alkene Epoxidation Catalysts. J Catal. 1999;183:251-66. 
[599] Karjalainen JK, Hormi OEO, Sherrington DC. Highly efficient heterogeneous polymer-
supported Sharpless alkene epoxidation catalysts. Tetrahedron: Asymmetry. 1998;9:1563-75. 
[600] Huang J, Luo Y, Cai J, Chen X. Asymmetric epoxidation of unfunctionalized olefins 
catalyzed by Jacobsen’s catalyst on alkoxyl-modified zirconium poly (styrene-
phenylvinylphosphonate)-phosphate (ZPS-PVPA). J Organomet Chem. 2016;819:20-6. 
[601] Ren W, Fu X, Bao H, Bai R, Ding P, Sui B. Enantioselective epoxidation of 
unfunctionalized olefins catalyzed by chiral salen Mn(III) catalyst immobilized on zirconium 
oligostyrenylphosphonate-phosphate. Catal Commun. 2009;10:788-93. 
[602] Zou X, Chen S, Ren Y, Shi K, Li J, Fu X. Recoverable MnIII(salen) supported on diamine 
modified zirconium poly(styrene-isopropenyl phosphonate)-phosphate as an efficient catalyst 
for epoxidation of unfunctionalized olefins. Sci China Chem. 2012;55:2396-406. 
[603] Zou X, Wang Y, Wang C, Shi K, Ren Y, Zhao X. Chiral Mn(III) (Salen) Immobilized on 
Organic Polymer/Inorganic Zirconium Hydrogen Phosphate Functionalized with 3-
Aminopropyltrimethoxysilane as an Efficient and Recyclable Catalyst for Enantioselective 
Epoxidation of Styrene. Polymers. 2019;11:212/1-16. 
[604] Roy T, Kureshy RI, Khan N-uH, Abdi SHR, Bajaj HC. Self-Supported Chiral Polymeric 
MnIII Salen Complexes as Highly Active and Recyclable Catalysts for Epoxidation of 
Nonfunctionalized Olefins. ChemPlusChem. 2015;80:1038-44. 
[605] Matsunaga S, Ohshima T, Shibasaki M. Immobilization of asymmetric multifunctional 
catalysts on an insoluble polymer. Tetrahedron Lett. 2000;41:8473-8. 
[606] Sundararajan G, Prabagaran N. A New Polymer-Anchored Chiral Catalyst for 
Asymmetric Michael Addition Reactions. Org Lett. 2001;3:389-92. 
[607] Mangala K, Sreekumar K. Synthesis and application of polycarbosilane supported 
manganese ions as catalyst in mannich reaction. J Appl Polym Sci. 2013;127:717-23. 
[608] Baig RBN, Nadagouda MN, Varma RS. Ruthenium on chitosan: a recyclable 
heterogeneous catalyst for aqueous hydration of nitriles to amides. Green Chem. 2014;16:2122-
7. 
[609] Hanafy AI, Lykourinou-Tibbs V, Bisht KS, Ming L-J. Effective heterogeneous hydrolysis 
of phosphodiester by pyridine-containing metallopolymers. Inorg Chim Acta. 2005;358:1247-
52. 
[610] Islam SM, Ghosh K, Singha Roy A, Molla RA. Polymer-anchored Ru(II) complex as an 
efficient catalyst for the synthesis of primary amides from nitriles and of secondary amides 
from alcohols and amines. Appl Organomet Chem. 2014;28:900-7. 
[611] Matsuoka A, Isogawa T, Morioka Y, Knappett BR, Wheatley AEH, Saito S, Naka H. 
Hydration of nitriles to amides by a chitin-supported ruthenium catalyst. RSC Adv. 
2015;5:12152-60. 
[612] Menger FM, Tsuno T. Organic reactions catalyzed by copper-loaded polymers. 
Reactivity vs polymer structure. J Am Chem Soc. 1989;111:4903-7. 



210 

[613] Bukowski MR, Hile BL, Figurelli A, Hotham I, Maurer MK. Insights into heterogeneous 
phosphodiester hydrolysis using a simple hydrogel-based copper(II)-imidazole catalyst. Inorg 
Chim Acta. 2011;370:405-10. 
[614] Lykourinou V, Hanafy AI, Bisht KS, Angerhofer A, Ming L-J. Iron(III) Complexes of 
Metal-Binding Copolymers as Proficient Catalysts for Acid Hydrolysis of Phosphodiesters and 
Oxidative DNA Cleavage – Insight into the Rational Design of Functional Metallopolymers. 
Eur J Inorg Chem. 2009;2009:1199-207. 
[615] Kempe K, Krieg A, Becer CR, Schubert US. "Clicking" on/with polymers: a rapidly 
expanding field for the straightforward preparation of novel macromolecular architectures. 
Chem Soc Rev. 2012;41:176-91. 
[616] Binder WH, Sachsenhofer R. ‘Click’ Chemistry in Polymer and Material Science: An 
Update. Macromol Rapid Commun. 2008;29:952-81. 
[617] Codelli JA, Baskin JM, Agard NJ, Bertozzi CR. Second-Generation Difluorinated 
Cyclooctynes for Copper-Free Click Chemistry. J Am Chem Soc. 2008;130:11486-93. 
[618] Baskin JM, Prescher JA, Laughlin ST, Agard NJ, Chang PV, Miller IA, Lo A, Codelli 
JA, Bertozzi CR. Copper-free click chemistry for dynamic in vivo imaging. Proc Natl Acad 
Sci. 2007;104:16793-7. 
[619] Kloss F, Köhn U, Jahn BO, Hager MD, Görls H, Schubert US. Metal-Free 1,5-
Regioselective Azide–Alkyne [3+2]-Cycloaddition. Chem Asian J. 2011;6:2816-24. 
[620] Sandmann B, Happ B, Vitz J, Paulus RM, Hager MD, Burtscher P, Moszner N, Schubert 
US. Metal-Free Cycloaddition of Internal Alkynes and Multifunctional Azides Under Solvent-
Free Conditions. Macromol Chem Phys. 2014;215:1603-8. 
[621] Rostovtsev VV, Green LG, Fokin VV, Sharpless KB. A Stepwise Huisgen Cycloaddition 
Process: Copper(I)-Catalyzed Regioselective “Ligation” of Azides and Terminal Alkynes. 
Angew Chem Int Ed. 2002;41:2596-9. 
[622] Gragert M, Schunack M, Binder WH. Azide/Alkyne-“Click”-Reactions of Encapsulated 
Reagents: Toward Self-Healing Materials. Macromol Rapid Commun. 2011;32:419-25. 
[623] Schunack M, Gragert M, Döhler D, Michael P, Binder WH. Low-Temperature Cu(I)-
Catalyzed “Click” Reactions for Self-Healing Polymers. Macromol Chem Phys. 2012;213:205-
14. 
[624] Albadi J, Keshavarz M, Shirini F, Vafaie-nezhad M. Copper iodide nanoparticles on 
poly(4-vinyl pyridine): A new and efficient catalyst for multicomponent click synthesis of 1,4-
disubstituted-1,2,3-triazoles in water. Cat Commun. 2012;27:17-20. 
[625] Yamada YMA, Sarkar SM, Uozumi Y. Amphiphilic Self-Assembled Polymeric Copper 
Catalyst to Parts per Million Levels: Click Chemistry. J Am Chem Soc. 2012;134:9285-90. 
[626] Sahu PK, Sahu PK, Gupta SK, Agarwal DD. Chitosan: An Efficient, Reusable, and 
Biodegradable Catalyst for Green Synthesis of Heterocycles. Ind Eng Chem Res. 
2014;53:2085-91. 
[627] Macquarrie DJ, Hardy JJE. Applications of Functionalized Chitosan in Catalysis. Ind Eng 
Chem Res. 2005;44:8499-520. 
[628] Nicolaou KC, Snyder SA, Montagnon T, Vassilikogiannakis G. The Diels–Alder 
Reaction in Total Synthesis. Angew Chem Int Ed. 2002;41:1668-98. 
[629] Seebach D, Beck AK, Heckel A. TADDOLs, Their Derivatives, and TADDOL 
Analogues: Versatile Chiral Auxiliaries. Angew Chem Int Ed. 2001;40:92-138. 
[630] Brunel JM. BINOL:  A Versatile Chiral Reagent. Chem Rev. 2005;105:857-98. 
[631] Chen Y, Yekta S, Yudin AK. Modified BINOL Ligands in Asymmetric Catalysis. Chem 
Rev. 2003;103:3155-212. 
[632] Wang H, Li N, Yan Z, Zhang J, Wan X. Synthesis and properties of a novel Cu(ii)–
pyridineoxazoline containing polymeric catalyst for asymmetric Diels–Alder reaction. RSC 
Adv. 2015;5:2882-90. 



211 

[633] Johansson Seechurn CCC, Kitching MO, Colacot TJ, Snieckus V. Palladium-Catalyzed 
Cross-Coupling: A Historical Contextual Perspective to the 2010 Nobel Prize. Angew Chem 
Int Ed. 2012;51:5062-85. 
[634] Suzuki A. Cross-Coupling Reactions Of Organoboranes: An Easy Way To Construct 
CC Bonds (Nobel Lecture). Angew Chem Int Ed. 2011;50:6722-37. 
[635] Negishi E-i. Magical Power of Transition Metals: Past, Present, and Future (Nobel 
Lecture). Angew Chem Int Ed. 2011;50:6738-64. 
[636] Cabri W, Candiani I. Recent Developments and New Perspectives in the Heck Reaction. 
Acc Chem Res. 1995;28:2-7. 
[637] Dounay AB, Overman LE. The Asymmetric Intramolecular Heck Reaction in Natural 
Product Total Synthesis. Chem Rev. 2003;103:2945-64. 
[638] Shibasaki M, Boden CDJ, Kojima A. The asymmetric Heck reaction. Tetrahedron. 
1997;53:7371-95. 
[639] Han F-S. Transition-metal-catalyzed Suzuki-Miyaura cross-coupling reactions: a 
remarkable advance from palladium to nickel catalysts. Chem Soc Rev. 2013;42:5270-98. 
[640] Miyaura N, Suzuki A. Palladium-Catalyzed Cross-Coupling Reactions of Organoboron 
Compounds. Chem Rev. 1995;95:2457-83. 
[641] Chinchilla R, Nájera C. The Sonogashira Reaction:  A Booming Methodology in 
Synthetic Organic Chemistry. Chem Rev. 2007;107:874-922. 
[642] Li H, Powell DR, Hayashi RK, West R. Poly((2,5-dialkoxy-p-phenylene)ethynylene-p-
phenyleneethynylene)s and Their Model Compounds. Macromolecules. 1998;31:52-8. 
[643] Bode S, Enke M, Gorls H, Hoeppener S, Weberskirch R, Hager MD, Schubert US. 
Blocked isocyanates: an efficient tool for post-polymerization modification of polymers. Polym 
Chem. 2014;5:2574-82. 
[644] Nesterov EE, Zhu Z, Swager TM. Conjugation Enhancement of Intramolecular Exciton 
Migration in Poly(p-phenylene ethynylene)s. J Am Chem Soc. 2005;127:10083-8. 
[645] Bunz UHF. Poly(aryleneethynylene)s:  Syntheses, Properties, Structures, and 
Applications. Chem Rev. 2000;100:1605-44. 
[646] Zhao X, Pinto MR, Hardison LM, Mwaura J, Müller J, Jiang H, Witker D, Kleiman VD, 
Reynolds JR, et al. Variable Band Gap Poly(arylene ethynylene) Conjugated Polyelectrolytes. 
Macromolecules. 2006;39:6355-66. 
[647] Yang BH, Buchwald SL. Palladium-catalyzed amination of aryl halides and sulfonates. J 
Organomet Chem. 1999;576:125-46. 
[648] Beletskaya IP, Cheprakov AV. Copper in cross-coupling reactions: The post-Ullmann 
chemistry. Coord Chem Rev. 2004;248:2337-64. 
[649] Islam M, Mondal P, Tuhina K, Roy AS, Mondal S, Hossain D. Highly efficient recyclable 
heterogeneous palladium catalyst for C–C coupling, amination and cyanation reactions. J 
Organomet Chem. 2010;695:2284-95. 
[650] Balogh J, Hlil AR, El-Zoghbi I, Rafique MG, Chouikhi D, Al-Hashimi M, Bazzi HS. 
Phase-Separable Polyisobutylene Palladium-PEPPSI Precatalysts: Synthesis and Application 
in Buchwald–Hartwig Amination. Macromol Rapid Commun. 2017;38:1700214/1-6. 
[651] Bodhak C, Kundu A, Pramanik A. An efficient and recyclable chitosan supported 
copper(II) heterogeneous catalyst for C–N cross coupling between aryl halides and aliphatic 
diamines. Tetrahedron Lett. 2015;56:419-24. 
[652] Yang B, Mao Z, Zhu X, Wan Y. Functionalised Chitosan as a Green, Recyclable, 
Supported Catalyst for the Copper-Catalysed Ullmann C-N Coupling Reaction in Water. Catal 
Commun. 2015;60:92-5. 
[653] Nowotny M, Hanefeld U, Koningsveld Hv, Maschmeyer T. Cyclopalladated imine 
catalysts in Heck arylation: search for the catalytic species. Chem Commun. 2000:1877-8. 
[654] Fürstner A. Olefin Metathesis and Beyond. Angew Chem Int Ed. 2000;39:3012-43. 



212 

[655] Chauvin Y. Olefin Metathesis: The Early Days (Nobel Lecture). Angew Chem Int Ed. 
2006;45:3740-7. 
[656] Grubbs RH. Olefin-Metathesis Catalysts for the Preparation of Molecules and Materials 
(Nobel Lecture). Angew Chem Int Ed. 2006;45:3760-5. 
[657] Schrock RR. Multiple Metal–Carbon Bonds for Catalytic Metathesis Reactions (Nobel 
Lecture). Angew Chem Int Ed. 2006;45:3748-59. 
[658] Nguyen ST, Johnson LK, Grubbs RH, Ziller JW. Ring-opening metathesis 
polymerization (ROMP) of norbornene by a Group VIII carbene complex in protic media. J Am 
Chem Soc. 1992;114:3974-5. 
[659] Wu Z, Nguyen ST, Grubbs RH, Ziller JW. Reactions of Ruthenium Carbenes of the Type 
(PPh3)2(X)2Ru:CH-CH:CPh2 (X = Cl and CF3COO) with Strained Acyclic Olefins and 
Functionalized Olefins. J Am Chem Soc. 1995;117:5503-11. 
[660] Schwab P, Grubbs RH, Ziller JW. Synthesis and Applications of RuCl2(CHR‘)(PR3)2:  
The Influence of the Alkylidene Moiety on Metathesis Activity. J Am Chem Soc. 
1996;118:100-10. 
[661] Nguyen ST, Grubbs RH, Ziller JW. Syntheses and activities of new single-component, 
ruthenium-based olefin metathesis catalysts. J Am Chem Soc. 1993;115:9858-9. 
[662] Feldman J, Murdzek JS, Davis WM, Schrock RR. Reaction of neopentylidene complexes 
of the type M(CH-t-Bu)(N-2,6-C6H3-i-Pr2)(OR)2 (M = W, Mo) with methyl acrylate and N,N-
dimethylacrylamide to give metallacyclobutane complexes. Organometallics. 1989;8:2260-5. 
[663] Schrock RR, Murdzek JS, Bazan GC, Robbins J, DiMare M, O'Regan M. Synthesis of 
molybdenum imido alkylidene complexes and some reactions involving acyclic olefins. J Am 
Chem Soc. 1990;112:3875-86. 
[664] Oskam JH, Fox HH, Yap KB, McConville DH, O`Dell R, Lichtenstein BJ, Schrock RR. 
Ligand variation in alkylidene complexes of the type Mo(CHR)(NR′)(OR″)2. J Organomet 
Chem. 1993;459:185-98. 
[665] Buchmeiser MR. Polymer-Supported Well-Defined Metathesis Catalysts. Chem Rev. 
2009;109:303-21. 
[666] Wang D, Kröll R, Mayr M, Wurst K, Buchmeiser MR. Polymer-Supported Chiral 
Schrock Catalysts Immobilized via the Arylimido Ligand. Adv Synth Catal. 2006;348:1567-
79. 
[667] Sukegawa T, Kai A, Oyaizu K, Nishide H. Synthesis of Pendant Nitronyl Nitroxide 
Radical-Containing Poly(norbornene)s as Ambipolar Electrode-Active Materials. 
Macromolecules. 2013;46:1361-7. 
[668] Suga T, Sakata M, Aoki K, Nishide H. Synthesis of Pendant Radical- and Ion-Containing 
Block Copolymers via Ring-Opening Metathesis Polymerization for Organic Resistive 
Memory. ACS Macro Lett. 2014;3:703-7. 
[669] Antony R, Theodore David S, Karuppasamy K, Sanjeev G, Balakumar S. Influence of 
electron beam irradiation on spectral, thermal, morphological and catalytic properties of Co(II) 
complex immobilized on chitosan’s Schiff base. Spectrochim Acta A: Mol Biomol Spectro. 
2014;124:178-86. 
[670] Antony R, Theodore David S, Saravanan K, Karuppasamy K, Balakumar S. Synthesis, 
spectrochemical characterisation and catalytic activity of transition metal complexes derived 
from Schiff base modified chitosan. Spectrochim Acta A: Mol Biomol Spectro. 2013;103:423-
30. 
[671] Antony R, Theodore David Manickam S, Saravanan K, Karuppasamy K, Balakumar S. 
Synthesis, spectroscopic and catalytic studies of Cu(II), Co(II) and Ni(II) complexes 
immobilized on Schiff base modified chitosan. J Mol Struct. 2013;1050:53-60. 
[672] Antony R, Suja Pon Mini PS, Theodore David Manickam S, Sanjeev G, Mitu L, 
Balakumar S. Changes in spectrochemical and catalytic properties of biopolymer anchored 



213 

Cu(II) and Ni(II) catalysts by electron beam irradiation. Spectrochim Acta A: Mol Biomol 
Spectro. 2015;149:550-7. 
[673] Maurya MR, Kumar N. Chloromethylated polystyrene cross-linked with divinylbenzene 
and grafted with vanadium(IV) and vanadium(V) complexes having ONO donor ligand for the 
catalytic activity. J Mol Catal A: Chem. 2014;383–384:172-81. 
[674] Maurya MR, Kumar N, Avecilla F. Polymer and non-polymer-grafted 
dioxidomolybdenum(VI) complexes having ONO donor ligand and their catalytic activities for 
the oxidative bromination of organic substrates. J Mol Catal A: Chem. 2014;392:50-60. 
[675] Lykourinou V, Ming L-J. Mechanistic Insights into Phenol Oxidation by a Copper(II) 
Complex of a Pyridine- and Amide-Containing Copolymer in an Aqueous Medium. Eur J Inorg 
Chem. 2015;2015:375-81. 
[676] Mohammadinezhad A, Nasseri MA, Salimi M. Cellulose as an efficient support for 
Mn(salen)Cl: application for catalytic oxidation of sulfides to sulfoxides. RSC Adv. 
2014;4:39870-4. 
[677] Jiang X, Li X, Wang J, Long D, Ling L, Qiao W. Three-dimensional Mn–Cu–Ce ternary 
mixed oxide networks prepared by polymer-assisted deposition for HCHO catalytic oxidation. 
Cat Sci Technol. 2018;8:2740-9. 
[678] Schüßler S, Blaubach N, Stolle A, Cravotto G, Ondruschka B. Application of a cross-
linked Pd–chitosan catalyst in liquid-phase-hydrogenation using molecular hydrogen. Appl 
Catal A: General. 2012;445–446:231-8. 
[679] Nomura K, Tanaka K, Fujita S. Use of Pyridine-Coated Star-Shaped ROMP Polymer As 
the Supporting Ligand for Ruthenium-Catalyzed Chemoselective Hydrogen Transfer 
Reduction of Ketones. Organometallics. 2012;31:5074-80. 
[680] Knapen JWJ, van der Made AW, de Wilde JC, van Leeuwen PWNM, Wijkens P, Grove 
DM, van Koten G. Homogeneous catalysts based on silane dendrimers functionalized with 
arylnickel(II) complexes. Nature. 1994;372:659-63. 
[681] Brüller S, Liang H-W, Kramm UI, Krumpfer JW, Feng X, Müllen K. Bimetallic porous 
porphyrin polymer-derived non-precious metal electrocatalysts for oxygen reduction reactions. 
J Mater Chem A. 2015;3:23799-808. 
[682] Liu X, Liu F, Astruc D, Lin W, Gu H. Highly-branched amphiphilic organometallic 
dendronized diblock copolymer: ROMP synthesis, self-assembly and long-term Au and Ag 
nanoparticle stabilizer for high-efficiency catalysis. Polymer. 2019;173:1-10. 
[683] Kirch M, Lehn J-M, Sauvage J-P. Hydrogen Generation by Visible Light Irradiation of 
Aqueous Solutions of Metal Complexes. An approach to the photochemical conversion and 
storage of solar energy. Helv Chim Acta. 1979;62:1345-84. 
[684] Kiwi J, Gratzel M. Hydrogen evolution from water induced by visible light mediated by 
redox catalysis. Nature. 1979;281:657-8. 
[685] Breul AM, Rabelo de Moraes I, Menzel R, Pfeffer M, Winter A, Hager MD, Rau S, 
Dietzek B, Beckert R, et al. Light-harvesting of polymerizable 4-hydroxy-1,3-thiazole 
monomers by energy transfer toward photoactive Os(ii) metal complexes in linear polymers. 
Polym Chem. 2014;5:2715-24. 
[686] Breul AM, Pietsch C, Menzel R, Schäfer J, Teichler A, Hager MD, Popp J, Dietzek B, 
Beckert R, et al. Blue emitting side-chain pendant 4-hydroxy-1,3-thiazoles in polystyrenes 
synthesized by RAFT polymerization. Eur Polym J. 2012;48:1339-47. 
[687] Breul AM, Schäfer J, Friebe C, Schlütter F, Paulus RM, Festag G, Hager MD, Winter A, 
Dietzek B, et al. Synthesis and Characterization of Poly(methyl methacrylate) Backbone 
Polymers Containing Side-Chain Pendant Ruthenium(II) Bis-Terpyridine Complexes With an 
Elongated Conjugated System. Macromol Chem Phys. 2012;213:808-19. 
[688] Breul A, Schäfer J, Altuntas E, Hager M, Winter A, Dietzek B, Popp J, Schubert U. 
Incorporation of Polymerizable Osmium(II) Bis-terpyridine Complexes into PMMA 
Backbones. J Inorg Organomet Polym Mater. 2013;23:74-80. 



214 

[689] Pietsch C, Schäfer J, Menzel R, Beckert R, Popp J, Dietzek B, Schubert US. Förster 
resonance energy transfer in poly(methyl methacrylates) copolymers bearing donor–acceptor 
1,3-thiazole dyes. J Polym Sci A Polym Chem. 2013;51:4765-73. 
[690] Breul AM, Hager MD, Schubert US. Fluorescent monomers as building blocks for dye 
labeled polymers: synthesis and application in energy conversion, biolabeling and sensors. 
Chem Soc Rev. 2013;42:5366-407. 
[691] Foerster T. Zwischenmolekulare energiewanderung und fluoreszenz. Ann Phys. 
1948;2:55-75. 
[692] Okeyoshi K, Suzuki D, Yoshida R. Effect of Nanointegration on Photoinduced 
Hydrogen-Generating Nanogel Systems. Langmuir. 2012;28:1539-44. 
[693] Okeyoshi K, Yoshida R. Hydrogen generating gel systems induced by visible light. Soft 
Matter. 2009;5:4118-23. 
[694] Okeyoshi K, Yoshida R. Role of copolymerized photosensitizer in hydrogen-generating 
gel systems for higher quantum efficiency. Chem Commun. 2011;47:1527-9. 
[695] Okeyoshi K, Yoshida R. Oxygen-Generating Gel Systems Induced by Visible Light. Adv 
Funct Mater. 2010;20:708-14. 
[696] Kap Z, Ülker E, Nune SVK, Karadas F. Electrocatalytic hydrogen evolution with cobalt–
poly(4-vinylpyridine) metallopolymers. J Appl Electrochem. 2018;48:201-9. 
[697] Elmas S, Macdonald TJ, Skinner W, Andersson M, Nann T. Copper Metallopolymer 
Catalyst for the Electrocatalytic Hydrogen Evolution Reaction (HER). Polymers. 
2019;11:110/1-11. 
[698] Gloaguen F, Rauchfuss TB. Small molecule mimics of hydrogenases: hydrides and redox. 
Chem Soc Rev. 2009;38:100-8. 
[699] Felton GAN, Mebi CA, Petro BJ, Vannucci AK, Evans DH, Glass RS, Lichtenberger DL. 
Review of electrochemical studies of complexes containing the Fe2S2 core characteristic of 
[FeFe]-hydrogenases including catalysis by these complexes of the reduction of acids to form 
dihydrogen. J Organomet Chem. 2009;694:2681-99. 
[700] Brezinski WP, Karayilan M, Clary KE, Pavlopoulos NG, Li S, Fu L, Matyjaszewski K, 
Evans DH, Glass RS, et al. [FeFe]-Hydrogenase Mimetic Metallopolymers with Enhanced 
Catalytic Activity for Hydrogen Production in Water. Angew Chem Int Ed. 2018;57:11898-
902. 
[701] Brezinski WP, Karayilan M, Clary KE, McCleary-Petersen KC, Fu L, Matyjaszewski K, 
Evans DH, Lichtenberger DL, Glass RS, et al. Macromolecular Engineering of the Outer 
Coordination Sphere of [2Fe-2S] Metallopolymers to Enhance Catalytic Activity for H2 
Production. ACS Macro Lett. 2018;7:1383-7. 
[702] Glass RS, Pyun J, Lichtenberger DL, Brezinski WP, Karayilan M, Clary KE, Pavlopoulos 
NG, Evans DH. Water-soluble and air-stable [2Fe-2S]-metallopolymers: A new class of 
electrocatalysts for H2 production via water splitting. Phosphorus Sulfur. 2019;194:701-6. 
[703] Karayilan M, McCleary-Petersen KC, Hamilton MOB, Fu L, Matyjaszewski K, Glass 
RS, Lichtenberger DL, Pyun J. Synthesis of Metallopolymers via Atom Transfer Radical 
Polymerization from a [2Fe-2S] Metalloinitiator: Molecular Weight Effects on Electrocatalytic 
Hydrogen Production. Macromol Rapid Commun. 2020;41:1900424/1-6. 
[704] Jian J-X, Liu Q, Li Z-J, Wang F, Li X-B, Li C-B, Liu B, Meng Q-Y, Chen B, et al. 
Chitosan confinement enhances hydrogen photogeneration from a mimic of the diiron subsite 
of [FeFe]-hydrogenase. Nat Commun. 2013;4:2695/1-9. 
[705] Wang F, Liang W-J, Jian J-X, Li C-B, Chen B, Tung C-H, Wu L-Z. Exceptional 
Poly(acrylic acid)-Based Artificial [FeFe]-Hydrogenases for Photocatalytic H2 Production in 
Water. Angew Chem Int Ed. 2013;52:8134-8. 
[706] Liang W-J, Wang F, Wen M, Jian J-X, Wang X-Z, Chen B, Tung C-H, Wu L-Z. Branched 
Polyethylenimine Improves Hydrogen Photoproduction from a CdSe Quantum Dot/[FeFe]-
Hydrogenase Mimic System in Neutral Aqueous Solutions. Chem Eur J. 2015;21:3187-92. 



215 

[707] Blaser H-U. Enantioselective catalysis in fine chemicals production. Chem Commun. 
2003:293-6. 
[708] Lee NH, Muci AR, Jacobsen EN. Enantiomerically Pure Epoxychromans via Asymmetric 
Catalysis. Tetrahedron Lett. 1991;32:5055-8. 
[709] Lee NH, Jacobsen EN. Enantioselective epoxidation of conjugated dienes and enynes. 
Trans-epoxides from cis-olefins. Tetrahedron Lett. 1991;32:6533-6. 
[710] Deng L, Jacobsen EN. A practical, highly enantioselective synthesis of the taxol side 
chain via asymmetric catalysis. J Org Chem. 1992;57:4320-3. 
[711] Jacobsen EN, Deng L, Furukawa Y, Martínez LE. Enantioselective catalytic epoxidation 
of cinnamate esters. Tetrahedron. 1994;50:4323-34. 
[712] Zhang W, Loebach JL, Wilson SR, Jacobsen EN. Enantioselective epoxidation of 
unfunctionalized olefins catalyzed by salen manganese complexes. J Am Chem Soc. 
1990;112:2801-3. 
[713] Chang S, Lee NH, Jacobsen EN. Regio- and enantioselective catalytic epoxidation of 
conjugated polyenes. Formal synthesis of LTA4 methyl ester. J Org Chem. 1993;58:6939-41. 
[714] Jacobsen EN, Zhang W, Muci AR, Ecker JR, Deng L. Highly enantioselective 
epoxidation catalysts derived from 1,2-diaminocyclohexane. J Am Chem Soc. 1991;113:7063-
4. 
[715] Larrow JF, Jacobsen EN, Gao Y, Hong Y, Nie X, Zepp CM. A Practical Method for the 
Large-Scale Preparation of [N,N'-Bis(3,5-di-tertbutylsalicylidene)-1,2-
cyclohexanediaminato(2-)]manganese(III) chloride, a Highly Enantioselective Epoxidation 
Catalyst. J Org Chem. 1994;59:1939-42. 
[716] Groote R, Jakobs RTM, Sijbesma RP. Mechanocatalysis: forcing latent catalysts into 
action. Polym Chem. 2013;4:4846-59. 
[717] Black AL, Lenhardt JM, Craig SL. From molecular mechanochemistry to stress-
responsive materials. J Mater Chem. 2011;21:1655-63. 
[718] Paulusse JMJ, Huijbers JPJ, Sijbesma RP. Reversible, High Molecular Weight Palladium 
and Platinum Coordination Polymers Based on Phosphorus Ligands. Macromolecules. 
2005;38:6290-8. 
[719] Jakobs RTM, Sijbesma RP. Mechanical Activation of a Latent Olefin Metathesis Catalyst 
and Persistence of its Active Species in ROMP. Organometallics. 2012;31:2476-81. 
[720] Jakobs RTM, Ma S, Sijbesma RP. Mechanocatalytic Polymerization and Cross-Linking 
in a Polymeric Matrix. ACS Macro Lett. 2013;2:613-6. 
[721] Stokes GG. On the change of refrangibility of light. Phil Trans. 1852;142:463-562. 
[722] Lakowicz JR. Introduction to Fluorescence. In: Lakowicz JR, editor. Principles of 
Fluorescence Spectroscopy. Boston, MA: Springer US; 2006. p. 1-26. 
[723] Lewis GN, Kasha M. Phosphorescence and the Triplet State. J Am Chem Soc. 
1944;66:2100-16. 
[724] Burroughes JH, Bradley DDC, Brown AR, Marks RN, Mackay K, Friend RH, Burns PL, 
Holmes AB. Light-emitting diodes based on conjugated polymers. Nature. 1990;347:539-41. 
[725] Takahashi S, Kariya M, Yatake T, Sonogashira K, Hagihara N. Studies of Poly-yne 
Polymers Containing Transition Metals in the Main Chain. 2. Synthesis of Poly[trans-bis(tri-n-
butylphosphine)platinum 1,4-butadiynediyl] and Evidence of a Rodlike Structure. 
Macromolecules. 1978;11:1063-6. 
[726] Takahashi S, Ohyama Y, Murata E, Sonogashira K, Hagihara N. Studies of poly-yne 
polymers containing transition metals in the main chain. 5. A design of metal arrangement in 
polymer backbone. J Polym Sci Polym Chem Ed. 1980;18:349-53. 
[727] Sonogashira K, Kataoka S, Takahashi S, Hagihara N. Studies of poly-yne polymers 
containing transition metals in the main chain: III. Synthesis and characterization of a poly-yne 
polymer containing mixed metals in the main chain. J Organomet Chem. 1978;160:319-27. 



216 

[728] Johnson BFG, Kakkar AK, Khan MS, Lewis J, Dray AE, Friend RH, Wittmann F. 
Synthesis and optical spectroscopy of platinum-metal-containing di- and tri-acetylenic 
polymers. J Mater Chem. 1991;1:485-6. 
[729] Wittmann HF, Friend RH, Khan MS, Lewis J. Optical spectroscopy of platinum and 
palladium containing poly‐ynes. J Chem Phys. 1994;101:2693-8. 
[730] Beljonne D, Wittmann HF, Köhler A, Graham S, Younus M, Lewis J, Raithby PR, Khan 
MS, Friend RH, et al. Spatial extent of the singlet and triplet excitons in transition metal‐
containing poly‐ynes. J Chem Phys. 1996;105:3868-77. 
[731] Chawdhury N, Köhler A, Friend RH, Younus M, Long NJ, Raithby PR, Lewis J. 
Synthesis and Electronic Structure of Platinum-Containing Poly-ynes with Aromatic and 
Heteroaromatic Rings. Macromolecules. 1998;31:722-7. 
[732] Chawdhury N, Köhler A, Friend RH, Wong W-Y, Lewis J, Younus M, Raithby PR, 
Corcoran TC, Al-Mandhary MRA, et al. Evolution of lowest singlet and triplet excited states 
with number of thienyl rings in platinum poly-ynes. J Chem Phys. 1999;110:4963-70. 
[733] Köhler A, dos Santos DA, Beljonne D, Shuai Z, Brédas JL, Holmes AB, Kraus A, Müllen 
K, Friend RH. Charge separation in localized and delocalized electronic states in polymeric 
semiconductors. Nature. 1998;392:903-6. 
[734] Khan MS, Al-Mandhary MRA, Al-Suti MK, Hisahm AK, Raithby PR, Ahrens B, Mahon 
MF, Male L, Marseglia EA, et al. Structural characterisation of a series of acetylide-
functionalised oligopyridines and the synthesis, characterisation and optical spectroscopy of 
platinum di-ynes and poly-ynes containing oligopyridyl linker groups in the backbone. J Chem 
Soc, Dalton Trans. 2002:1358-68. 
[735] Khan MS, Al-Mandhary MRA, Al-Suti MK, Feeder N, Nahar S, Köhler A, Friend RH, 
Wilson PJ, Raithby PR. Synthesis, characterisation and electronic properties of a series of 
platinum(ii) poly-ynes containing novel thienyl-pyridine linker groups. J Chem Soc, Dalton 
Trans. 2002:2441-8. 
[736] Wong W-Y, Zhou G-J, He Z, Cheung K-Y, Ng AM-C, Djurišić AB, Chan W-K. 
Organometallic Polymer Light-Emitting Diodes Derived from a Platinum(II) Polyyne 
Containing the Bithiazole Ring. Macromol Chem Phys. 2008;209:1319-32. 
[737] Smith T, Guild J. The C.I.E. colorimetric standards and their use. Trans Opt Soc. 
1931;33:73-134. 
[738] Khan MS, Al-Mandhary MRA, Al-Suti MK, Al-Battashi FR, Al-Saadi S, Ahrens B, 
Bjernemose JK, Mahon MF, Raithby PR, et al. Synthesis, characterisation and optical 
spectroscopy of platinum(ii) di-ynes and poly-ynes incorporating condensed aromatic spacers 
in the backbone. Dalton Trans. 2004:2377-85. 
[739] Zhao X, Cardolaccia T, Farley RT, Abboud KA, Schanze KS. A Platinum Acetylide 
Polymer with Sterically Demanding Substituents:  Effect of Aggregation on the Triplet Excited 
State. Inorg Chem. 2005;44:2619-27. 
[740] Wong W-Y, Lu G-L, Choi K-H, Shi J-X. Synthesis and Electronic Properties of New 
Photoluminescent Platinum-Containing Polyynes with 9,9-Dihexylfluorene and 9-
Butylcarbazole Units. Macromolecules. 2002;35:3506-13. 
[741] Khan MS, Al-Mandhary MRA, Al-Suti MK, Ahrens B, Mahon MF, Male L, Raithby PR, 
Boothby CE, Köhler A. Synthesis, characterisation and optical spectroscopy of diynes and poly-
ynes containing derivatised fluorenes in the backbone. Dalton Trans. 2003:74-84. 
[742] Wong W-Y, Choi K-H, Lu G-L, Shi J-X. Synthesis, Redox and Optical Properties of 
Low-Bandgap Platinum(II) Polyynes with 9-Dicyanomethylene-Substituted Fluorene 
Acceptors. Macromol Rapid Commun. 2001;22:461-5. 
[743] Liu L, Wong W-Y, Poon S-Y, Cheah K-W. Synthesis, Characterization and 
Optoelectronic Properties of Dimeric and Polymeric Metallaynes Derived from 3,6-Bis(buta-
1,3-diynyl)-9-butylcarbazole. J Inorg Organomet Polym Mater. 2005;15:555-67. 



217 

[744] Liu L, Wong W-Y, Shi J-X, Cheah K-W, Lee T-H, Leung LM. Synthesis, spectroscopy, 
structures and photophysics of metal alkynyl complexes and polymers containing 
functionalized carbazole spacers. J Organomet Chem. 2006;691:4028-41. 
[745] Wong W-Y, Wong W-K, R. Raithby P. Synthesis, characterisation and properties of 
platinum(II) acetylide complexes of ferrocenylfluorene: novel soluble donor–acceptor 
heterometallic materials J Chem Soc, Dalton Trans. 1998:2761-6. 
[746] Lewis J, Raithby PR, Wong W-Y. Synthesis of new bis(acetylide)-substituted fluorene 
derivatives and their bimetallic and polymeric complexes. J Organomet Chem. 1998;556:219-
28. 
[747] Zhang N, Hayer A, Al-Suti MK, Al-Belushi RA, Khan MS, Köhler A. The effect of 
delocalization on the exchange energy in meta- and para-linked Pt-containing carbazole 
polymers and monomers. J Chem Phys. 2006;124:244701/1-9. 
[748] Wilson JS, Köhler A, Friend RH, Al-Suti MK, Al-Mandhary MRA, Khan MS, Raithby 
PR. Triplet states in a series of Pt-containing ethynylenes. J Chem Phys. 2000;113:7627-34. 
[749] Younus M, Köhler A, Cron S, Chawdhury N, Al-Mandhary MRA, Khan MS, Lewis J, 
Long NJ, Friend RH, et al. Synthesis, Electrochemistry, and Spectroscopy of Blue Platinum(II) 
Polyynes and Diynes. Angew Chem Int Ed. 1998;37:3036-9. 
[750] Wong W-Y, Liu L, Shi J-X. Triplet Emission in Soluble Mercury(II) Polyyne Polymers. 
Angew Chem Int Ed. 2003;42:4064-8. 
[751] Zhou G-J, Wong W-Y, Ye C, Lin Z. Optical Power Limiters Based on Colorless Di-, 
Oligo-, and Polymetallaynes: Highly Transparent Materials for Eye Protection Devices. Adv 
Funct Mater. 2007;17:963-75. 
[752] Liao Y, Feng J-K, Yang L, Ren A-M, Zhang H-X. Theoretical Study on the Electronic 
Structure and Optical Properties of Mercury-Containing Diethynylfluorene Monomer, 
Oligomer, and Polymer. Organometallics. 2005;24:385-94. 
[753] Takahashi S, Morimoto H, Murata E, Kataoka S, Sonogashira K, Hagihara N. Studies on 
polyyne polymers containing transition metals in the main chain. VII. Synthesis and 
characterization of palladium-polyyne polymers. J Polym Sci Polym Chem Ed. 1982;20:565–
73. 
[754] Yang M, Li Y, Hiller M. Third-order optical nonlinearity of novel π-conjugated soluble 
palladium-polyyne polymers. J Mater Sci Lett. 2003;22:707-8. 
[755] Yang MJ, Ding K, Zhang LJ, Chen WG. Synthesis of new nonlinear optical polyyne 
polymers containing Pd or Ni in the main chain. Synth Met. 1995;71:1739-40. 
[756] Takahashi S, Morimoto H, Takai Y, Sonogashira K, Hagihara N. Lyotropic Liquid-
Crystalline Materials Containing Palladium and Nickel. Mol Cryst Liq Cryst. 1981;72:101-5. 
[757] Tanimoto H, Nagao T, Fujiwara T, Kakuta T, Tanaka K, Chujo Y, Kakiuchi K. 
Fluorescence and phosphorescence study of germanium–acetylene polymers and 
germa[N]pericyclynes. Polym Chem. 2015;6:7495-9. 
[758] Ho C-L, Poon S-Y, Liu K, Wong C-K, Lu G-L, Petrov S, Manners I, Wong W-Y. 
Synthesis, photophysics and pyrolytic ceramization of a platinum(II)-containing 
poly(germylacetylene) polymer. J Organometal Chem. 2013;744:165-71. 
[759] Tian Z, Yang X, Liu B, Zhong D, Zhou G, Wong W-Y. New heterobimetallic Au(i)–
Pt(ii) polyynes achieving a good trade-off between transparency and optical power limiting 
performance. J Mater Chem C. 2018;6:11416-26. 
[760] Aly SM, Ho C-L, Wong W-Y, Fortin D, Harvey PD. Intrachain Electron and Energy 
Transfers in Metal Diynes and Polyynes of Group 10−11 Transition Elements Containing 
Various Carbazole and Fluorene Hybrids. Macromolecules. 2009;42:6902-16. 
[761] Tian Z, Yang X, Liu B, Zhao J, Zhong D, Wu Y, Zhou G, Wong W-Y. Novel AuI 
polyynes and their high optical power limiting performances both in solution and in prototype 
devices. J Mater Chem C. 2018;6:6023-32. 



218 

[762] Jiang F-L, Fortin D, Harvey PD. Syntheses, Characterization, and Photophysical 
Properties of Conjugated Organometallic Pt-Acetylide/Zn(II) Porphyrin-Containing 
Oligomers. Inorg Chem. 2010;49:2614-23. 
[763] Liu L, Fortin D, Harvey PD. Nanometer Length-Dependent Triplet−Triplet Energy 
Transfers in Zinc(II)Porphyrin/trans-Bis(ethynylbenzene)Platinum(II) Oligomers. Inorg Chem. 
2009;48:5891-900. 
[764] Zhou G, He Y, Yao B, Dang J, Wong W-Y, Xie Z, Zhao X, Wang L. 
Electrophosphorescent Heterobimetallic Oligometallaynes and Their Applications in Solution-
Processed Organic Light-Emitting Devices. Chem Asian J. 2010;5:2405-14. 
[765] Lamansky S, Djurovich P, Murphy D, Abdel-Razzaq F, Lee H-E, Adachi C, Burrows PE, 
Forrest SR, Thompson ME. Highly Phosphorescent Bis-Cyclometalated Iridium Complexes:  
Synthesis, Photophysical Characterization, and Use in Organic Light Emitting Diodes. J Am 
Chem Soc. 2001;123:4304-12. 
[766] Soliman AM, Fortin D, Zysman-Colman E, Harvey PD. Photonics of a Conjugated 
Organometallic Pt–Ir Polymer and Its Model Compounds Exhibiting Hybrid CT Excited States. 
Macromol Rapid Commun. 2012;33:522-7. 
[767] Huang Z, Liu B, Zhao J, He Y, Yan X, Xu X, Zhou G, Yang X, Wu Z. Platinum(ii) 
polymetallayne-based phosphorescent polymers with enhanced triplet energy-transfer: 
synthesis, photophysical, electrochemistry, and electrophosphorescent investigation. RSC Adv. 
2015;5:36507-19. 
[768] Xu L, Shen X, Zhou Z, He T, Zhang J, Qiu H, Saha ML, Yin S, Stang PJ. Metallacycle-
Cored Supramolecular Polymers: Fluorescence Tuning by Variation of Substituents. J Am 
Chem Soc. 2018;140:16920–4. 
[769] Zhao J, Lian M, Yu Y, Yan X, Xu X, Yang X, Zhou G, Wu Z. Novel red phosphorescent 
polymers bearing both ambipolar and functionalized Ir(III) phosphorescent moieties for highly 
efficient organic light-emitting diodes. Macromol Rapid Commun. 2015;36:71–8. 
[770] Kin Chan W, King Ng P, Gong X, Hou S. Synthesis and electronic properties of 
conjugated polymers based on rhenium or ruthenium dipyridophenazine complexes. J Mater 
Chem. 1999;9:2103-8. 
[771] Lam LSM, Chan SH, Chan WK. A novel type of metal-containing polyimides based on 
tricarbonylrhenium(I) diimine complexes. Macromol Rapid Commun. 2000;21:1081-5. 
[772] Li L, Ho C-L, Wong W-Y. Versatile control of the optical bandgap in heterobimetallic 
polymers through complexation of bithiazole-containing polyplatinynes with ReCl(CO)5. J 
Organomet Chem. 2012;703:43-50. 
[773] Ng PK, Gong X, Chan SH, Lam LSM, Chan WK. The Role of Ruthenium and Rhenium 
Diimine Complexes in Conjugated Polymers That Exhibit Interesting Opto-Electronic 
Properties. Chem Eur J. 2001;7:4358-67. 
[774] Yu SC, Hou S, Chan WK. Synthesis, Metal Complex Formation, and Electronic 
Properties of a Novel Conjugate Polymer with a Tridentate 2,6-Bis(benzimidazol-2-yl)pyridine 
Ligand. Macromolecules. 1999;32:5251–6. 
[775] Zhu XJ, Holliday BJ. Electropolymerization of a Ruthenium(II) Bis(pyrazolyl)pyridine 
Complex to Form a Novel Ru-Containing Conducting Metallopolymer. Macromol Rapid 
Commun. 2010;31:904-9. 
[776] Keskin SG, Zhu X, Yang X, Cowley AH, Holliday BJ. Luminescent 
Electropolymerizable Ruthenium Complexes and Corresponding Conducting 
Metallopolymers. Macromolecules. 2018;51:8217-28. 
[777] Liu W, Pink M, Lee D. Conjugated Polymer Sensors Built on π-Extended Borasiloxane 
Cages. J Am Chem Soc. 2009;131:8703-7. 
[778] de Ruiter G, Wijsboom YH, Oded N, van der Boom ME. Polymeric Memory Elements 
and Logic Circuits that Store Multiple Bit States. ACS Appl Mater Interfaces. 2010;2:3578-85. 



219 

[779] Eliseeva SV, Bünzli J-CG. Lanthanide luminescence for functional materials and bio-
sciences. Chem Soc Rev. 2010;39:189-227. 
[780] Liu L, Pang M, Chen H, Fu G, Li B, Lü X, Wang L. Efficient and high colour-purity 
green-light polymer light-emitting diodes (PLEDs) based on a PVK-supported Tb3+-containing 
metallopolymer. J Mater Chem C. 2017;5:9021-7. 
[781] Fu G, Guan J, Li B, Liu L, He Y, Yu C, Zhang Z, Lü X. An efficient and weak efficiency-
roll-off near-infrared (NIR) polymer light-emitting diode (PLED) based on a PVK-supported 
Zn2+–Yb3+-containing metallopolymer. J Mater Chem C. 2018;6:4114-21. 
[782] Liu L, Li H, Su P, Zhang Z, Fu G, Li B, Lü X. Red to white polymer light-emitting diode 
(PLED) based on Eu3+–Zn2+–Gd3+-containing metallopolymer. J Mater Chem C. 
2017;5:4780-7. 
[783] Zhang Z, Chen Y, Chang H, Wang Y, Li X, Zhu X. Aggregation-induced white emission 
of lanthanide metallopolymer and its coating on cellulose nanopaper for white-light softening. 
J Mater Chem C. 2020;8:2205-10. 
[784] Zhang A, Xu W, Chen R, Wang Z, Yan Q, Miao Y, Jia H, Xu B, Wong W-Y. Program 
controlling the emission color of blend polymer phosphors containing Eu(III), Tb(III), Be(II) 
ions for WLEDs. Opt Mater. 2019;89:250-60. 
[785] Panunzi B, Diana R, Caruso U. A Highly Efficient White Luminescent Zinc (II) Based 
Metallopolymer by RGB Approach. Polymers. 2019;11:1712/1-14. 
[786] Ho C-L, Yu Z-Q, Wong W-Y. Multifunctional polymetallaynes: properties, functions and 
applications. Chem Soc Rev. 2016;45:5264-95. 
[787] Wong W-Y, Ho C-L. Organometallic Photovoltaics: A New and Versatile Approach for 
Harvesting Solar Energy Using Conjugated Polymetallaynes. Acc Chem Res. 2010;43:1246-
56. 
[788] Köhler A, Wittmann HF, Friend RH, Khan MS, Lewis J. The photovoltaic effect in a 
platinum poly-yne. Synth Met. 1994;67:245-9. 
[789] Köhler A, Wittmann HF, Friend RH, Khan MS, Lewis J. Enhanced photocurrent response 
in photocells made with platinum-poly-yne/C60 blends by photoinduced electron transfer. 
Synth Met. 1996;77:147-50. 
[790] Mei J, Ogawa K, Kim Y-G, Heston NC, Arenas DJ, Nasrollahi Z, McCarley TD, Tanner 
DB, Reynolds JR, et al. Low-band-gap platinum acetylide polymers as active materials for 
organic solar cells. ACS Appl Mater Interfaces. 2009;1:150–61. 
[791] Guo F, Kim Y-G, Reynolds JR, Schanze KS. Platinum-acetylide polymer based solar 
cells: involvement of the triplet state for energy conversion. Chem Commun. 2006:1887–9. 
[792] Wu P-T, Bull T, Kim FS, Luscombe CK, Jenekhe SA. Organometallic Donor−Acceptor 
Conjugated Polymer Semiconductors: Tunable Optical, Electrochemical, Charge Transport, 
and Photovoltaic Properties. Macromolecules. 2009;42:671–81. 
[793] Qin C, Fu Y, Chui C-H, Kan C-W, Xie Z, Wang L, Wong W-Y. Tuning the donor-
acceptor strength of low-bandgap platinum-acetylide polymers for near-infrared photovoltaic 
applications. Macromol Rapid Commun. 2011;32:1472–7. 
[794] Wong W-Y, Wang X-Z, He Z, Chan K-K, Djurisić AB, Cheung K-Y, Yip C-T, Ng AM-
C, Xi YY, et al. Tuning the absorption, charge transport properties, and solar cell efficiency 
with the number of thienyl rings in platinum-containing poly(aryleneethynylene)s. J Am Chem 
Soc. 2007;129:14372–80. 
[795] Wong W-Y, Chow W-C, Cheung K-Y, Fung M-K, Djurišić AB, Chan W-K. Harvesting 
solar energy using conjugated metallopolyyne donors containing electron-rich phenothiazine–
oligothiophene moieties. J Organomet Chem. 2009;694:2717–26. 
[796] Wang X-Z, Wang Q, Yan L, Wong W-Y, Cheung K-Y, Ng A, Djurišić AB, Chan W-K. 
Very-low-bandgap metallopolyynes of platinum with a cyclopentadithiophenone ring for 
organic solar cells absorbing down to the near-infrared spectral region. Macromol Rapid 
Commun. 2010;31:861–7. 



220 

[797] Wang Q, Wong W-Y. New low-bandgap polymetallaynes of platinum functionalized 
with a triphenylamine-benzothiadiazole donor–acceptor unit for solar cell applications. Polym 
Chem. 2011;2:432–40. 
[798] Zhan H, Liu Q, So S-K, Wong W-Y. Synthesis, characterization and photovoltaic 
properties of platinum-containing poly(aryleneethynylene) polymers with electron-deficient 
diketopyrrolopyrrole unit. J Organomet Chem. 2019;894:1-9. 
[799] Wang Q, He Z, Wild A, Wu H, Cao Y, S Schubert U, Chui C-H, Wong W-Y. Platinum-
acetylide polymers with higher dimensionality for organic solar cells. Chem Asian J. 
2011;6:1766–77. 
[800] Zhan H, Lamare S, Ng A, Kenny T, Guernon H, Chan W-K, Djurišić AB, Harvey PD, 
Wong W-Y. Synthesis and Photovoltaic Properties of New Metalloporphyrin-Containing 
Polyplatinyne Polymers. Macromolecules. 2011;44:5155–67. 
[801] Huang X, Zhu C, Zhang S, Li W, Guo Y, Zhan X, Liu Y, Bo Z. 
Porphyrin−Dithienothiophene π-Conjugated Copolymers: Synthesis and Their Applications in 
Field-Effect Transistors and Solar Cells. Macromolecules. 2008;41:6895–902. 
[802] Liu Y, Guo X, Xiang N, Zhao B, Huang H, Li H, Shen P, Tan S. Synthesis and 
photovoltaic properties of polythiophene stars with porphyrin core. J Mater Chem. 
2010;20:1140–6. 
[803] Liu Z, Huang Z, Chen Y, Xu T, Yu H, Guo X, Yan L, Zhang M, Wong W-Y, et al. 
Efficient Polymer Solar Cells Based on New Random Copolymers with Porphyrin-Incorporated 
Side Chains. Macromol Chem Phys. 2020;221:1900446/1-9. 
[804] Clem TA, Kavulak DFJ, Westling EJ, Fréchet JMJ. Cyclometalated Platinum Polymers: 
Synthesis, Photophysical Properties, and Photovoltaic Performance. Chem Mater. 
2010;22:1977–87. 
[805] Soci C, Hwang I-W, Moses d, Zhu Z, Waller d, Gaudiana R, Brabec CJ, Heeger AJ. 
Photoconductivity of a Low-Bandgap Conjugated Polymer. Adv Funct Mater. 2007;17:632–6. 
[806] Goswami S, Hernandez JL, Gish MK, Wang J, Kim B, Laudari AP, Guha S, Papanikolas 
JM, Reynolds JR, et al. Cyclometalated Platinum-Containing Diketopyrrolopyrrole Complexes 
and Polymers: Photophysics and Photovoltaic Applications. Chem Mater. 2017;29:8449–61. 
[807] Liao C-Y, Chen C-P, Chang C-C, Hwang G-W, Chou H-H, Cheng C-H. Synthesis of 
conjugated polymers bearing indacenodithiophene and cyclometalated platinum(II) units and 
their application in organic photovoltaics. Sol Energy Mater Sol Cells. 2013;109:111–9. 
[808] Xu X, Feng K, Bi Z, Ma W, Zhang G, Peng Q. Single-Junction Polymer Solar Cells with 
16.35% Efficiency Enabled by a Platinum(II) Complexation Strategy. Adv Mater. 
2019;31:1901872/1-7. 
[809] Schanze KS, Brent MacQueen d, Perkins TA, Cabana LA. Studies of intramolecular 
electron and energy transfer using the fac-(diimine)ReI(CO)3 chromophore. Coord Chem Rev. 
1993;122:63–89. 
[810] Chan WK, Hui CS, Man KYK, Cheng KW, Wong HL, Zhu N, Djurišić AB. Synthesis 
and photosensitizing properties of conjugated polymers that contain chlorotricarbonyl 
bis(phenylimino)acenaphthene rhenium(I) complexes. Coord Chem Rev. 2005;249:1351–9. 
[811] Ley KD, Schanze KS. Photophysics of metal-organic π-conjugated polymers. Coord 
Chem Rev. 1998;171:287–307. 
[812] Walters KA, Ley Kd, Cavalaheiro CSP, Miller SE, Gosztola D, Wasielewski MR, 
Bussandri AP, van Willigen H, Schanze KS. Photophysics of π-Conjugated Metal−Organic 
Oligomers: Aryleneethynylenes that Contain the (bpy)Re(CO) 3 Cl Chromophore. J Am Chem 
Soc. 2001;123:8329–42. 
[813] Tse CW, Man KYK, Cheng KW, Mak CSK, Chan WK, Yip CT, Liu ZT, Djurisić AB. 
Layer-by-layer deposition of rhenium-containing hyperbranched polymers and fabrication of 
photovoltaic cells. Chem Eur J. 2007;13:328–35. 



221 

[814] Mak CSK, Cheung WK, Leung QY, Chan WK. Conjugated copolymers containing low 
bandgap rhenium(i) complexes. Macromol Rapid Commun. 2010;31:875–82. 
[815] Mak CSK, Leung QY, Li CH, Chan WK. Tuning the electronic properties of conjugated 
polymer by tethering low-bandgap rhenium(I) complex on the main chain. J Polym Sci A Polym 
Chem. 2010;48:2311–9. 
[816] Maier A, Cheng K, Savych J, Tieke B. Double-Electrochromic Coordination Polymer 
Network Films. ACS Appl Mater Interfaces. 2011;3:2710-8. 
[817] Man KYK, Wong HL, Chan WK, Djurisić AB, Beach E, Rozeveld S. Use of a ruthenium-
containing conjugated polymer as a photosensitizer in photovoltaic devices fabricated by a 
layer-by-layer deposition process. Langmuir. 2006;22:3368–75. 
[818] Ng WY, Chan WK. Synthesis and photoconducting properties of poly(p-
phenylenevinylene)containing a bis(terpyridine)ruthenium(II) complex. Adv Mater. 
1997;9:716–9. 
[819] Cheng KW, Mak CSC, Chan WK, Ching Ng AM, Djurišić AB. Synthesis of conjugated 
polymers with pendant ruthenium terpyridine trithiocyanato complexes and their applications 
in heterojunction photovoltaic cells. J Polym Sci A Polym Chem. 2008;46:1305–17. 
[820] Padhy H, Sahu D, Chiang I-H, Patra D, Kekuda D, Chu C-W, Lin H-C. Synthesis and 
applications of main-chain Ru( ii ) metallo-polymers containing bis-terpyridyl ligands with 
various benzodiazole cores for solar cells. J Mater Chem. 2011;21:1196–205. 
[821] Padhy H, Ramesh M, Patra D, Satapathy R, Pola MK, Chu H-C, Chu C-W, Wei K-H, Lin 
H-C. Synthesis of main-chain metallo-copolymers containing donor and acceptor bis-terpyridyl 
ligands for photovoltaic applications. Macromol Rapid Commun. 2012;33:528–33. 
[822] Feng K, Shen X, Li Y, He Y, Huang D, Peng Q. Ruthenium(ii) containing supramolecular 
polymers with cyclopentadithiophene–benzothiazole conjugated bridges for photovoltaic 
applications. Polym Chem. 2013;4:5701-10. 
[823] Schulz GL, Holdcroft S. Conjugated Polymers Bearing Iridium Complexes for Triplet 
Photovoltaic Devices. Chem Mater. 2008;20:5351–5. 
[824] Qian M, Zhang R, Hao J, Zhang W, Zhang Q, Wang J, Tao Y, Chen S, Fang J, et al. 
Dramatic Enhancement of Power Conversion Efficiency in Polymer Solar Cells by Conjugating 
Very Low Ratio of Triplet Iridium Complexes to PTB7. Adv Mater. 2015;27:3546-52. 
[825] O'Regan B, Grätzel M. A low-cost, high-efficiency solar cell based on dye-sensitized 
colloidal TiO2 films. Nature. 1991;353:737–40. 
[826] Chandiran AK, Zakeeruddin SM, Humphry-Baker R, Nazeeruddin MK, Grätzel M, 
Sauvage F. Investigation on the Interface Modification of TiO2 Surfaces by Functional Co-
Adsorbents for High-Efficiency Dye-Sensitized Solar Cells. ChemPhysChem. 2017;18:2724-
31. 
[827] Nazeeruddin MK, Péchy P, Grätzel M. Efficient panchromatic sensitization of 
nanocrystalline TiO2 films by a black dye based on a trithiocyanato–ruthenium complex. Chem 
Commun. 1997:1705-6. 
[828] Buscaino R, Baiocchi C, Barolo C, Medana C, Grätzel M, Nazeeruddin MK, Viscardi G. 
A mass spectrometric analysis of sensitizer solution used for dye-sensitized solar cell. Inorg 
Chim Acta. 2008;361:798-805. 
[829] Cao Y, Bai Y, Yu Q, Cheng Y, Liu S, Shi D, Gao F, Wang P. Dye-Sensitized Solar Cells 
with a High Absorptivity Ruthenium Sensitizer Featuring a 2-(Hexylthio)thiophene Conjugated 
Bipyridine. J Phys Chem C. 2009;113:6290-7. 
[830] Chen C-Y, Wang M, Li J-Y, Pootrakulchote N, Alibabaei L, Ngoc-le C-h, Decoppet J-
D, Tsai J-H, Grätzel C, et al. Highly Efficient Light-Harvesting Ruthenium Sensitizer for Thin-
Film Dye-Sensitized Solar Cells. ACS Nano. 2009;3:3103-9. 
[831] Gopinath J, Canjeevaram Balasubramanyam RK, Santosh V, Swami SK, Kishore Kumar 
D, Gupta SK, Dutta V, Reddy KR, Sadhu V, et al. Novel anisotropic ordered polymeric 



222 

materials based on metallopolymer precursors as dye sensitized solar cells. Chem Eng J. 
2019;358:1166-75. 
[832] Tachibana Y, Haque SA, Mercer IP, Durrant JR, Klug DR. Electron Injection and 
Recombination in Dye Sensitized Nanocrystalline Titanium Dioxide Films: A Comparison of 
Ruthenium Bipyridyl and Porphyrin Sensitizer Dyes. J Phys Chem B. 2000;104:1198–205. 
[833] Yella A, Lee H-W, Tsao HN, Yi C, Chandiran AK, Nazeeruddin MK, Diau EW-G, Yeh 
C-Y, Zakeeruddin SM, et al. Porphyrin-Sensitized Solar Cells with Cobalt (II/III)–Based Redox 
Electrolyte Exceed 12 Percent Efficiency. Science. 2011;334:629-34. 
[834] Mathew S, Yella A, Gao P, Humphry-Baker R, Curchod BFE, Ashari-Astani N, 
Tavernelli I, Rothlisberger U, Nazeeruddin MK, et al. Dye-sensitized solar cells with 13% 
efficiency achieved through the molecular engineering of porphyrin sensitizers. Nat Chem. 
2014;6:242-7. 
[835] Zhang J-X, Wu Y, Liu J-C, Li R-Z. Bilayer structured supramolecular light harvesting 
arrays based on zinc porphyrin coordination polymers for enhanced photocurrent generation in 
dye sensitized solar cells. Dalton Trans. 2016;45:16283–9. 
[836] Deng J, Xiu Q, Guo L, Zhang L, Wen G, Zhong C. Branched chain polymeric metal 
complexes containing Co(II) or Ni(II) complexes with a donor–π–acceptor architecture: 
synthesis, characterization, and photovoltaic applications. J Mater Sci. 2012;47:3383–90. 
[837] Jin X, Yu X, Zhang W, Zhou J, Tang G, Zhong C. Synthesis and photovoltaic properties 
of main chain polymeric metal complexes containing 8-hydroxyquinoline metal complexes 
conjugating alkyl fluorene or alkoxy benzene by CN bridge for dye-sensitized solar cells. 
Polym Compos. 2013;34:1629–39. 
[838] Zhou J, Yu X, Jin X, Tang G, Zhang W, Hu J, Zhong C. Novel carbazole-based main 
chain polymeric metal complexes containing complexes of phenanthroline with Zn(II) or 
Cd(II): Synthesis, characterization and photovoltaic application in DSSCs. J Mol Struct. 
2014;1058:14–21. 
[839] Zhang W, Jin X, Yu X, Zhou J, Tang G, Peng D, Hu J, Zhong C. Novel dye sensitizers 
of main chain polymeric metal complexes based on complexes of diaminomaleonitrile with 
Cd(II), Ni(II): Synthesis, characterization, and photovoltaic performance for dye-sensitized 
solar cells. J Organometal Chem. 2014;749:26–33. 
[840] Shen Z, Chen J, Li X, Li X, Zhou Y, Yu Y, Ding H, Li J, Zhu L, et al. Synthesis and 
Photovoltaic Properties of Powerful Electron-Donating Indeno[1, 2- b ]thiophene-Based Green 
D–A−π–A Sensitizers for Dye-Sensitized Solar Cells. ACS Sustainable Chem Eng. 
2016;4:3518–25. 
[841] Wu Y, Zhu W-H, Zakeeruddin SM, Grätzel M. Insight into D-A-π-A Structured 
Sensitizers: A Promising Route to Highly Efficient and Stable Dye-Sensitized Solar Cells. ACS 
Appl Mater Interfaces. 2015;7:9307–18. 
[842] Chen X, Liao Y, Liu Y, Zhu C, Chen T, Zhong C. Dye sensitizers of polymer using the 
complex of Cd (II) or Cu (II) with imidazole as auxiliary electron acceptor for dye-sensitized 
solar cells. Dyes Pigment. 2017;139:420–30. 
[843] Wan T, Liu Y, Xia C, Xu Z, Wen G, Tang S, Wang K, Zhong C. Effect on photovoltaic 
performance of D–A–π–A motif polymer dye sensitizers by adopting the complex of metal with 
diamine as auxiliary electron acceptor. J Mater Sci Mater Electron. 2018;29:21170–9. 
[844] Neetu, Manar KK, Srivastava P, Singh N. Homoleptic d10 metal complexes containing 
ferrocenyl functionalized dithiocarbamates as sensitizers for TiO2 based dye-sensitized solar 
cells. Solar Energy. 2018;176:312–9. 
[845] Xiao L, Liu Y, Xiu Q, Zhang L, Guo L, Zhang H, Zhong C. Novel polymeric metal 
complexes as dye sensitizers for Dye-sensitized solar cells based on poly thiophene containing 
complexes of 8-hydroxyquinoline with Zn(II),Cu(II) and Eu(III) in the side chain. Tetrahedron. 
2010;66:2835–42. 



223 

[846] Zhou G-J, Wong W-Y. Organometallic acetylides of Pt(II), Au(I) and Hg(II) as new 
generation optical power limiting materials. Chem Soc Rev. 2011;40:2541–66. 
[847] Fisher MM, Veyret B, Weiss K. Non-linear absorption and photoionization in the pulsed 
laser photolysis of anthracene. Chem Phys Lett. 1974;28:60-5. 
[848] Giuliano C, Hess L. Nonlinear absorption of light: Optical saturation of electronic 
transitions in organic molecules with high intensity laser radiation. IEEE J Quantum Electron. 
1967;3:358-67. 
[849] Pawlicki M, Collins HA, Denning RG, Anderson HL. Zweiphotonenabsorption und das 
Design von Zweiphotonenfarbstoffen. Angew Chem. 2009;121:3292-316. 
[850] Hayat A, Nevet A, Ginzburg P, Orenstein M. Applications of two-photon processes in 
semiconductor photonic devices: invited review. Semicond Sci Technol. 2011;26:083001/1-18. 
[851] Frazier CC, Guha S, Porter PL, Cockerham PM, Chauchard EA. Nonlinear Optical 
Properties Of Transition Metal Poly-ynes. Polymer. 1987;28:553–5. 
[852] Guha S, Frazier CC, Porter PL, Kang K, Finberg SE. Measurement of the third-order 
hyperpolarizability of platinum poly-ynes. Opt Lett. 1989;14:952–4. 
[853] Nalwa HS. Organometallic materials for nonlinear optics. Appl Organomet Chem. 
1991;5:349–77. 
[854] Goswami S, Wicks G, Rebane A, Schanze KS. Photophysics and non-linear absorption 
of Au(I) and Pt(II) acetylide complexes of a thienyl-carbazole chromophore. Dalton Trans. 
2014;43:17721–8. 
[855] Goudreault T, He Z, Guo Y, Ho C-L, Zhan H, Wang Q, Ho KY-F, Wong K-L, Fortin D, 
et al. Synthesis, Light-Emitting, and Two-Photon Absorption Properties of Platinum-
Containing Poly(arylene-ethynylene)s Linked by 1,3,4-Oxadiazole Units. Macromolecules. 
2010;43:7936–49. 
[856] Zhou G-J, Wong W-Y, Cui D, Ye C. Large Optical-Limiting Response in Some Solution-
Processable Polyplatinaynes. Chem Mater. 2005;17:5209–17. 
[857] Zhou G-J, Wong W-Y, Lin Z, Ye C. White metallopolyynes for optical 
limiting/transparency trade-off optimization. Angew Chem Int Ed. 2006;45:6189–93. 
[858] Vestberg R, Westlund R, Eriksson A, Lopes C, Carlsson M, Eliasson B, Glimsdal E, 
Lindgren M, Malmström E. Dendron Decorated Platinum(II) Acetylides for Optical Power 
Limiting. Macromolecules. 2006;39:2238–46. 
[859] Parker CA. Transient effects in triplet-triplet annihilation. Trans Faraday Soc. 
1964;60:1998-2008. 
[860] Parker CA, Hatchard CG. Delayed fluorescence from solutions of anthracene and 
phenanthrene. Proc Chem Soc, London. 1962;269:386-7. 
[861] Simon YC, Weder C. Low-power photon upconversion through triplet–triplet 
annihilation in polymers. J Mater Chem. 2012;22:20817-30. 
[862] Islangulov RR, Lott J, Weder C, Castellano FN. Noncoherent Low-Power Upconversion 
in Solid Polymer Films. J Am Chem Soc. 2007;129:12652-3. 
[863] Simon YC, Bai S, Sing MK, Dietsch H, Achermann M, Weder C. Low-Power 
Upconversion in Dye-Doped Polymer Nanoparticles. Macromol Rapid Commun. 2012;33:498-
502. 
[864] Vadrucci R, Monguzzi A, Saenz F, Wilts BD, Simon YC, Weder C. Nanodroplet-
Containing Polymers for Efficient Low-Power Light Upconversion. Adv Mater. 
2017;29:1702992/1-8. 
[865] Lee SH, Ayer MA, Vadrucci R, Weder C, Simon YC. Light upconversion by triplet–
triplet annihilation in diphenylanthracene-based copolymers. Polym Chem. 2014;5:6898-904. 
[866] Lee SH, Thévenaz DC, Weder C, Simon YC. Glassy poly(methacrylate) terpolymers with 
covalently attached emitters and sensitizers for low-power light upconversion. J Polym Sci A 
Polym Chem. 2015;53:1629-39. 



224 

[867] Baluschev S, Jacob J, Avlasevich YS, Keivanidis PE, Miteva T, Yasuda A, Nelles G, 
Grimsdale AC, Müllen K, et al. Enhanced Operational Stability of the Up-Conversion 
Fluorescence in Films of Palladium–Porphyrin End-Capped Poly(pentaphenylene). 
ChemPhysChem. 2005;6:1250-3. 
[868] Hager MD, Greil P, Leyens C, van der Zwaag S, Schubert US. Self-Healing Materials. 
Adv Mater. 2010;22:5424-30. 
[869] Garcia SJ. Effect of polymer architecture on the intrinsic self-healing character of 
polymers. Eur Polym J. 2014;53:118-25. 
[870] Billiet S, Hillewaere XKD, Teixeira RFA, Du Prez FE. Chemistry of Crosslinking 
Processes for Self-Healing Polymers. Macromol Rapid Commun. 2013;34:290-309. 
[871] Enke M, Döhler D, Bode S, Binder WH, Hager MD, Schubert US. Intrinsic Self-Healing 
Polymers Based on Supramolecular Interactions: State of the Art and Future Directions. In: 
Hager MD, van der Zwaag S, Schubert US, editors. Self-healing Materials. Cham: Springer 
International Publishing; 2016. p. 59-112. 
[872] White SR, Sottos NR, Geubelle PH, Moore JS, Kessler MR, Sriram SR, Brown EN, 
Viswanathan S. Autonomic healing of polymer composites. Nature. 2001;409:794-7. 
[873] Cho SH, Andersson HM, White SR, Sottos NR, Braun PV. Polydimethylsiloxane-Based 
Self-Healing Materials. Adv Mater. 2006;18:997-1000. 
[874] Kamphaus JM, Rule JD, Moore JS, Sottos NR, White SR. A new self-healing epoxy with 
tungsten (VI) chloride catalyst. J R Soc Interface. 2008;5:95-103. 
[875] Toohey KS, Sottos NR, Lewis JA, Moore JS, White SR. Self-healing materials with 
microvascular networks. Nat Mater. 2007;6:581-5. 
[876] Williams HR, Trask RS, Knights AC, Williams ER, Bond IP. Biomimetic reliability 
strategies for self-healing vascular networks in engineering materials. J R Soc Interface. 
2008;5:735-47. 
[877] Yang Y, Urban MW. Self-healing polymeric materials. Chem Soc Rev. 2013;42:7446-
67. 
[878] Liu Y-L, Chuo T-W. Self-healing polymers based on thermally reversible Diels–Alder 
chemistry. Polym Chem. 2013;4:2194-205. 
[879] Chen X, Dam MA, Ono K, Mal A, Shen H, Nutt SR, Sheran K, Wudl F. A Thermally 
Re-mendable Cross-Linked Polymeric Material. Science. 2002;295:1698-702. 
[880] Chen X, Wudl F, Mal AK, Shen H, Nutt SR. New Thermally Remendable Highly Cross-
Linked Polymeric Materials. Macromolecules. 2003;36:1802-7. 
[881] Bose RK, Kötteritzsch J, Garcia SJ, Hager MD, Schubert US, van der Zwaag S. A 
rheological and spectroscopic study on the kinetics of self-healing in a single-component diels–
alder copolymer and its underlying chemical reaction. J Polym Sci A Polym Chem. 
2014;52:1669-75. 
[882] Kötteritzsch J, Stumpf S, Hoeppener S, Vitz J, Hager MD, Schubert US. One-Component 
Intrinsic Self-Healing Coatings Based on Reversible Crosslinking by Diels–Alder 
Cycloadditions. Macromol Chem Phys. 2013;214:1636-49. 
[883] Oehlenschlaeger KK, Mueller JO, Brandt J, Hilf S, Lederer A, Wilhelm M, Graf R, Coote 
ML, Schmidt FG, et al. Adaptable Hetero Diels–Alder Networks for Fast Self-Healing under 
Mild Conditions. Adv Mater. 2014;26:3561-6. 
[884] Reutenauer P, Buhler E, Boul PJ, Candau SJ, Lehn JM. Room Temperature Dynamic 
Polymers Based on Diels–Alder Chemistry. Chem Eur J. 2009;15:1893-900. 
[885] Kötteritzsch J, Bode S, Yildirim I, Weber C, Hager MD, Schubert US. Reversible 
oligomerization of 3-aryl-2-cyanothioacrylamides via [2s + 4s] cycloaddition to substituted 3,4-
dihydro-2H-thiopyrans. Des Monomers Polym. 2015;18:627-40. 
[886] Kötteritzsch J, Hager MD, Schubert US. Tuning the self-healing behavior of one-
component intrinsic polymers. Polymer. 2015;69:321-9. 



225 

[887] Dahlke J, Zechel S, Hager MD, Schubert US. How to Design a Self-Healing Polymer: 
General Concepts of Dynamic Covalent Bonds and Their Application for Intrinsic Healable 
Materials. Adv Mater Interfaces. 2018;5:1800051//1-14. 
[888] Lafont U, van Zeijl H, van der Zwaag S. Influence of Cross-linkers on the Cohesive and 
Adhesive Self-Healing Ability of Polysulfide-Based Thermosets. ACS Appl Mater Interfaces. 
2012;4:6280-8. 
[889] AbdolahZadeh M, C. Esteves AC, van der Zwaag S, Garcia SJ. Healable dual organic–
inorganic crosslinked sol–gel based polymers: Crosslinking density and tetrasulfide content 
effect. J Polym Sci A Polym Chem. 2014;52:1953-61. 
[890] Deng G, Tang C, Li F, Jiang H, Chen Y. Covalent Cross-Linked Polymer Gels with 
Reversible Sol−Gel Transition and Self-Healing Properties. Macromolecules. 2010;43:1191-4. 
[891] Capelot M, Montarnal D, Tournilhac F, Leibler L. Metal-Catalyzed Transesterification 
for Healing and Assembling of Thermosets. J Am Chem Soc. 2012;134:7664-7. 
[892] Amamoto Y, Otsuka H, Takahara A, Matyjaszewski K. Self-Healing of Covalently Cross-
Linked Polymers by Reshuffling Thiuram Disulfide Moieties in Air under Visible Light. Adv 
Mater. 2012;24:3975-80. 
[893] Kuhl N, Bode S, Bose RK, Vitz J, Seifert A, Hoeppener S, Garcia SJ, Spange S, van der 
Zwaag S, et al. Acylhydrazones as Reversible Covalent Crosslinkers for Self-Healing 
Polymers. Adv Funct Mater. 2015;25:3295-301. 
[894] Zechel S, Geitner R, Abend M, Siegmann M, Enke M, Kuhl N, Klein M, Vitz J, Gräfe S, 
et al. Intrinsic self-healing polymers with a high E-modulus based on dynamic reversible urea 
bonds. NPG Asia Mater. 2017;9:e420/1-8. 
[895] Denissen W, Winne JM, Du Prez FE. Vitrimers: permanent organic networks with glass-
like fluidity. Chem Sci. 2016;7:30-8. 
[896] Herbst F, Döhler D, Michael P, Binder WH. Self-Healing Polymers via Supramolecular 
Forces. Macromol Rapid Commun. 2013;34:203-20. 
[897] Rossow T, Seiffert S. Supramolecular Polymer Networks: Preparation, Properties, and 
Potential. Adv Polym Sci. 2015;268:1-46. 
[898] Cordier P, Tournilhac F, Soulie-Ziakovic C, Leibler L. Self-healing and thermoreversible 
rubber from supramolecular assembly. Nature. 2008;451:977-80. 
[899] Montarnal D, Cordier P, Soulié-Ziakovic C, Tournilhac F, Leibler L. Synthesis of self-
healing supramolecular rubbers from fatty acid derivatives, diethylene triamine, and urea. J 
Polym Sci A Polym Chem. 2008;46:7925-36. 
[900] Herbst F, Seiffert S, Binder WH. Dynamic supramolecular poly(isobutylene)s for self-
healing materials. Polym Chem. 2012;3:3084-92. 
[901] Chen Y, Kushner AM, Williams GA, Guan Z. Multiphase design of autonomic self-
healing thermoplastic elastomers. Nat Chem. 2012;4:467-72. 
[902] Chen S, Mahmood N, Beiner M, Binder WH. Self-Healing Materials from V- and H-
Shaped Supramolecular Architectures. Angew Chem Int Ed. 2015;54:10188-92. 
[903] Chen Y, Guan Z. Self-healing thermoplastic elastomer brush copolymers having a glassy 
polymethylmethacrylate backbone and rubbery polyacrylate-amide brushes. Polymer. 
2015;69:249-54. 
[904] Tepper R, Bode S, Geitner R, Jäger M, Görls H, Vitz J, Dietzek B, Schmitt M, Popp J, et 
al. Polymeric Halogen-Bond-Based Donor Systems Showing Self-Healing Behavior in Thin 
Films. Angew Chem Int Ed. 2017;56:4047-51. 
[905] Aida T, Meijer EW, Stupp SI. Functional Supramolecular Polymers. Science. 
2012;335:813-7. 
[906] Hoeben FJM, Jonkheijm P, Meijer EW, Schenning APHJ. About Supramolecular 
Assemblies of π-Conjugated Systems. Chem Rev. 2005;105:1491-546. 
[907] Burattini S, Colquhoun HM, Fox JD, Friedmann D, Greenland BW, Harris PJF, Hayes 
W, Mackay ME, Rowan SJ. A self-repairing, supramolecular polymer system: healability as a 



226 

consequence of donor-acceptor [small pi]-[small pi] stacking interactions. Chem Commun. 
2009:6717-9. 
[908] Burattini S, Colquhoun HM, Greenland BW, Hayes W. A novel self-healing 
supramolecular polymer system. Faraday Discuss. 2009;143:251-64. 
[909] Hart LR, Hunter JH, Nguyen NA, Harries JL, Greenland BW, Mackay ME, Colquhoun 
HM, Hayes W. Multivalency in healable supramolecular polymers: the effect of supramolecular 
cross-link density on the mechanical properties and healing of non-covalent polymer networks. 
Polym Chem. 2014;5:3680-8. 
[910] Hart LR, Nguyen NA, Harries JL, Mackay ME, Colquhoun HM, Hayes W. Perylene as 
an electron-rich moiety in healable, complementary π–π stacked, supramolecular polymer 
systems. Polymer. 2015;69:293-300. 
[911] Dzhardimalieva GI, Yadav BC, Singh S, Uflyand IE. Self-healing and shape memory 
metallopolymers: state-of-the-art and future perspectives. Dalton Trans. 2020;49:3042-87. 
[912] Cheng Z, Yan M, Cao L, Huang J, Cao X, Yuan D, Chen Y. Design of Nitrile Rubber 
with High Strength and Recycling Ability Based on Fe3+–Catechol Group Coordination. Ind 
Eng Chem Res. 2019;58:3912-20. 
[913] Zhang ZF, Liu XT, Yang K, Zhao SG. Design of Coordination-Crosslinked Nitrile 
Rubber with Self-Healing and Reprocessing Ability. Macromol Res. 2019;27:803-10. 
[914] Capek I. Nature and properties of ionomer assemblies. II. Adv Colloid Interface Sci. 
2005;118:73-112. 
[915] Moffitt M, Khougaz K, Eisenberg A. Micellization of Ionic Block Copolymers. Acc 
Chem Res. 1996;29:95-102. 
[916] Eisenberg A, Rinaudo M. Polyelectrolytes and ionomers. Polym Bull. 1990;24:671-. 
[917] Eisenberg A, Hird B, Moore RB. A new multiplet-cluster model for the morphology of 
random ionomers. Macromolecules. 1990;23:4098-107. 
[918] Han K, Williams HL. Ionomers: Two formation mechanisms and models. J Appl Polym 
Sci. 1991;42:1845-59. 
[919] Eisenberg A. Clustering of Ions in Organic Polymers. A Theoretical Approach. 
Macromolecules. 1970;3:147-54. 
[920] Neppel A, Butler IS, Eisenberg A. Vibrational Spectra of Polymers. 2. Variable-
Temperature Raman Spectroscopy as a Probe for Ion Clustering in Ionomers. Macromolecules. 
1979;12:948-52. 
[921] Ma X, Sauer JA, Hara M. Poly(methyl methacrylate) Based Ionomers. 1. Dynamic 
Mechanical Properties and Morphology. Macromolecules. 1995;28:3953-62. 
[922] Zhang L, Brostowitz NR, Cavicchi KA, Weiss RA. Perspective: Ionomer Research and 
Applications. Macromol React Eng. 2014;8:81-99. 
[923] Tadano K, Hirasawa E, Yamamoto H, Yano S. Order-disorder transition of ionic clusters 
in ionomers. Macromolecules. 1989;22:226-33. 
[924] Mordvinkin A, Suckow M, Böhme F, Colby RH, Creton C, Saalwächter K. Hierarchical 
Sticker and Sticky Chain Dynamics in Self-Healing Butyl Rubber Ionomers. Macromolecules. 
2019;52:4169-84. 
[925] Pestka KA, Buckley JD, Kalista SJ, Bowers NR. Elastic evolution of a self-healing 
ionomer observed via acoustic and ultrasonic resonant spectroscopy. Sci Rep. 2017;7:14417/1-
7. 
[926] Post W, Bose RK, García SJ, Van der Zwaag S. Healing of Early Stage Fatigue Damage 
in Ionomer/Fe3O4 Nanoparticle Composites. Polymers. 2016;8:436/1-15. 
[927] Kalista SJ, Ward TC. Thermal characteristics of the self-healing response in 
poly(ethylene-co-methacrylic acid) copolymers. J R Soc Interface. 2007;4:405-11. 
[928] Dahlke J, Bose RK, Zechel S, Garcia SJ, van der Zwaag S, Hager MD, Schubert US. A 
New Approach Toward Metal-Free Self-Healing Ionomers Based on Phosphate and 
Methacrylate Containing Copolymers. Macromol Chem Phys. 2017;218:1700340/1-9. 



227 

[929] Varley RJ, van der Zwaag S. Towards an understanding of thermally activated self-
healing of an ionomer system during ballistic penetration. Acta Mater. 2008;56:5737-50. 
[930] Varley RJ, van der Zwaag S. Autonomous damage initiated healing in a thermo-
responsive ionomer. Polym Int. 2010;59:1031-8. 
[931] Kalista SJ, Pflug JR, Varley RJ. Effect of ionic content on ballistic self-healing in EMAA 
copolymers and ionomers. Polym Chem. 2013;4:4910-26. 
[932] Bose RK, Hohlbein N, Garcia SJ, Schmidt AM, van der Zwaag S. Connecting 
supramolecular bond lifetime and network mobility for scratch healing in poly(butyl acrylate) 
ionomers containing sodium, zinc and cobalt. Phys Chem Chem Phys. 2015;17:1697-704. 
[933] Bose RK, Hohlbein N, Garcia SJ, Schmidt AM, van der Zwaag S. Relationship between 
the network dynamics, supramolecular relaxation time and healing kinetics of cobalt poly(butyl 
acrylate) ionomers. Polymer. 2015;69:228-32. 
[934] Varley RJ, Shen S, van der Zwaag S. The effect of cluster plasticisation on the self healing 
behaviour of ionomers. Polymer. 2010;51:679-86. 
[935] Varley RJ, van der Zwaag S. Development of a quasi-static test method to investigate the 
origin of self-healing in ionomers under ballistic conditions. Polym Test. 2008;27:11-9. 
[936] Haase T, Rohr I, Thoma K. Dynamic temperature measurements on a thermally activated 
self-healing ionomer. J Intel Mater Syst Struct. 2014;25:25-30. 
[937] Grande AM, Castelnovo L, Landro LD, Giacomuzzo C, Francesconi A, Rahman MA. 
Rate-dependent self-healing behavior of an ethylene-co-methacrylic acid ionomer under high-
energy impact conditions. J Appl Polym Sci. 2013;130:1949-58. 
[938] García-Huete N, Post W, Laza JM, Vilas JL, León LM, García SJ. Effect of the blend 
ratio on the shape memory and self-healing behaviour of ionomer-polycyclooctene crosslinked 
polymer blends. Eur Polym J. 2018;98:154-61. 
[939] Peng Y, Zhao L, Yang C, Yang Y, Song C, Wu Q, Huang G, Wu J. Super tough and 
strong self-healing elastomers based on polyampholytes. J Mater Chem A. 2018;6:19066-74. 
[940] Akbarzadeh J, Puchegger S, Stojanovic A, Kirchner HOK, Binder WH, Bernstorff S, 
Zioupos P, Peterlik H. Timescales of self-healing in human bone tissue and polymeric ionic 
liquids. Bioinspired Biomim Nanobiomat. 2014;3:123-30. 
[941] Xu C, Cao L, Lin B, Liang X, Chen Y. Design of Self-Healing Supramolecular Rubbers 
by Introducing Ionic Cross-Links into Natural Rubber via a Controlled Vulcanization. ACS 
Appl Mater Interfaces. 2016;8:17728-37. 
[942] Das A, Sallat A, Böhme F, Suckow M, Basu D, Wießner S, Stöckelhuber KW, Voit B, 
Heinrich G. Ionic Modification Turns Commercial Rubber into a Self-Healing Material. ACS 
Appl Mater Interfaces. 2015;7:20623-30. 
[943] Das A, Sallat A, Böhme F, Sarlin E, Vuorinen J, Vennemann N, Heinrich G, Stöckelhuber 
KW. Temperature Scanning Stress Relaxation of an Autonomous Self-Healing Elastomer 
Containing Non-Covalent Reversible Network Junctions. Polymers. 2018;10:94/1-10. 
[944] Le HH, Hait S, Das A, Wießner S, Stöckelhuber KW, Boehme F, Reuter U, Naskar K, 
Heinrich G, et al. Self-healing properties of carbon nanotube filled natural rubber/bromobutyl 
rubber blends. EXPRESS Polym Lett. 2017;11:230-42. 
[945] Hohlbein N, Shaaban A, Schmidt AM. Remote-controlled activation of self-healing 
behavior in magneto-responsive ionomeric composites. Polymer. 2015;69:301-9. 
[946] Pingkarawat K, Wang CH, Varley RJ, Mouritz AP. Self-healing of delamination fatigue 
cracks in carbon fibre–epoxy laminate using mendable thermoplastic. J Mater Sci. 
2012;47:4449-56. 
[947] Pingkarawat K, Wang CH, Varley RJ, Mouritz AP. Self-healing of delamination cracks 
in mendable epoxy matrix laminates using poly[ethylene-co-(methacrylic acid)] thermoplastic. 
Compos Part A Appl Sci Manuf. 2012;43:1301-7. 



228 

[948] James NK, Lafont U, Zwaag Svd, Groen WA. Piezoelectric and mechanical properties of 
fatigue resistant, self-healing PZT–ionomer composites. Smart Mater Struct. 
2014;23:055001/1-9. 
[949] Francesconi A, Giacomuzzo C, Grande AM, Mudric T, Zaccariotto M, Etemadi E, Di 
Landro L, Galvanetto U. Comparison of self-healing ionomer to aluminium-alloy bumpers for 
protecting spacecraft equipment from space debris impacts. Adv Space Res. 2013;51:930-40. 
[950] Hughes AE, Cole IS, Muster TH, Varley RJ. Designing green, self-healing coatings for 
metal protection. NPG Asia Mater. 2010;2:143-51. 
[951] Harrington MJ, Speck O, Speck T, Wagner S, Weinkamer R. Biological Archetypes for 
Self-Healing Materials. Adv Polym Sci. 2015:307-44. 
[952] Degtyar E, Harrington MJ, Politi Y, Fratzl P. The Mechanical Role of Metal Ions in 
Biogenic Protein-Based Materials. Angew Chem Int Ed. 2014;53:12026-44. 
[953] Hagenau A, Suhre MH, Scheibel TR. Nature as a blueprint for polymer material concepts: 
Protein fiber-reinforced composites as holdfasts of mussels. Prog Polym Sci. 2014;39:1564-83. 
[954] Waite JH, Broomell CC. Changing environments and structure–property relationships in 
marine biomaterials. J Exp Biol. 2012;215:873-83. 
[955] Waite JH, Qin X-X, Coyne KJ. The peculiar collagens of mussel byssus. Matrix Biol. 
1998;17:93-106. 
[956] Harrington MJ, Waite JH. How Nature Modulates a Fiber's Mechanical Properties: 
Mechanically Distinct Fibers Drawn from Natural Mesogenic Block Copolymer Variants. Adv 
Mater. 2009;21:440-4. 
[957] Harrington MJ, Waite JH. Holdfast heroics: comparing the molecular and mechanical 
properties of Mytilus californianus byssal threads. J Exp Biol. 2007;210:4307-18. 
[958] Harrington MJ, Gupta HS, Fratzl P, Waite JH. Collagen insulated from tensile damage 
by domains that unfold reversibly: In situ X-ray investigation of mechanical yield and damage 
repair in the mussel byssus. J Struct Biol. 2009;167:47-54. 
[959] Harrington MJ, Waite JH. pH-Dependent Locking of Giant Mesogens in Fibers Drawn 
from Mussel Byssal Collagens. Biomacromolecules. 2008;9:1480-6. 
[960] Reinecke A, Brezesinski G, Harrington MJ. pH-Responsive Self-Organization of Metal-
Binding Protein Motifs from Biomolecular Junctions in Mussel Byssus. Adv Mater Interfaces. 
2017;4:1600416/1-11. 
[961] Jehle F, Fratzl P, Harrington MJ. Metal-Tunable Self-Assembly of Hierarchical Structure 
in Mussel-Inspired Peptide Films. ACS Nano. 2018;12:2160-8. 
[962] Trapaidze A, D'Antuono M, Fratzl P, Harrington MJ. Exploring mussel byssus fabrication 
with peptide-polymer hybrids: Role of pH and metal coordination in self-assembly and 
mechanics of histidine-rich domains. Eur Polym J. 2018;109:229-36. 
[963] Vaccaro E, Waite JH. Yield and Post-Yield Behavior of Mussel Byssal Thread:  A Self-
Healing Biomolecular Material. Biomacromolecules. 2001;2:906-11. 
[964] Schmitt CNZ, Politi Y, Reinecke A, Harrington MJ. Role of Sacrificial Protein–Metal 
Bond Exchange in Mussel Byssal Thread Self-Healing. Biomacromolecules. 2015;16:2852-61. 
[965] Zechel S, Hager MD, Priemel T, Harrington MJ. Healing through Histidine: Bioinspired 
Pathways to Self-Healing Polymers via Imidazole–Metal Coordination. Biomimetics. 
2019;4:20/1-1. 
[966] Krauss S, Metzger TH, Fratzl P, Harrington MJ. Self-Repair of a Biological Fiber Guided 
by an Ordered Elastic Framework. Biomacromolecules. 2013;14:1520-8. 
[967] Harrington MJ, Masic A, Holten-Andersen N, Waite JH, Fratzl P. Iron-Clad Fibers: A 
Metal-Based Biological Strategy for Hard Flexible Coatings. Science. 2010;328:216-20. 
[968] Nabavi SS, Harrington MJ, Fratzl P, Hartmann MA. Influence of sacrificial bonds on the 
mechanical behaviour of polymer chains. Bioinspired Biomim Nanobiomat. 2014;3:139-45. 



229 

[969] Nabavi SS, Matthew JH, Oskar P, Peter F, Markus AH. The role of topology and thermal 
backbone fluctuations on sacrificial bond efficacy in mechanical metalloproteins. New J Phys. 
2014;16:013003/1-13. 
[970] Zeng H, Hwang DS, Israelachvili JN, Waite JH. Strong reversible Fe3+-mediated 
bridging between dopa-containing protein films in water. Proc Natl Acad Sci. 2010;107:12850-
3. 
[971] Schmidt S, Reinecke A, Wojcik F, Pussak D, Hartmann L, Harrington MJ. Metal-
Mediated Molecular Self-Healing in Histidine-Rich Mussel Peptides. Biomacromolecules. 
2014;15:1644-52. 
[972] Fullenkamp DE, He L, Barrett DG, Burghardt WR, Messersmith PB. Mussel-Inspired 
Histidine-Based Transient Network Metal Coordination Hydrogels. Macromolecules. 
2013;46:1167-74. 
[973] Krogsgaard M, Nue V, Birkedal H. Mussel-Inspired Materials: Self-Healing through 
Coordination Chemistry. Chem Eur J. 2016;22:844-57. 
[974] Kord Forooshani P, Lee BP. Recent approaches in designing bioadhesive materials 
inspired by mussel adhesive protein. J Polym Sci A Polym Chem. 2017;55:9-33. 
[975] Andersen A, Chen Y, Birkedal H. Bioinspired Metal–Polyphenol Materials: Self-Healing 
and Beyond. Biomimetics. 2019;4:30/1-19. 
[976] Balkenende DWR, Winkler SM, Messersmith PB. Marine-inspired polymers in medical 
adhesion. Eur Polym J. 2019;116:134-43. 
[977] Xia NN, Xiong XM, Wang J, Rong MZ, Zhang MQ. A seawater triggered dynamic 
coordinate bond and its application for underwater self-healing and reclaiming of lipophilic 
polymer. Chem Sci. 2016;7:2736-42. 
[978] Li J, Ejima H, Yoshie N. Seawater-Assisted Self-Healing of Catechol Polymers via 
Hydrogen Bonding and Coordination Interactions. ACS Appl Mater Interfaces. 2016;8:19047-
53. 
[979] Chen N, Qin L, Pan Q. Mussel-inspired healing of a strong and stiff polymer. J Mater 
Chem A. 2018;6:6667-74. 
[980] Jeong YK, Choi JW. Mussel-Inspired Self-Healing Metallopolymers for Silicon 
Nanoparticle Anodes. ACS Nano. 2019;13:8364-73. 
[981] Holten-Andersen N, Harrington MJ, Birkedal H, Lee BP, Messersmith PB, Lee KYC, 
Waite JH. pH-induced metal-ligand cross-links inspired by mussel yield self-healing polymer 
networks with near-covalent elastic moduli. Proc Natl Acad Sci. 2011;108:2651-5. 
[982] Holten-Andersen N, Jaishankar A, Harrington MJ, Fullenkamp DE, DiMarco G, He L, 
McKinley GH, Messersmith PB, Lee KYC. Metal-coordination: using one of nature's tricks to 
control soft material mechanics. J Mater Chem B. 2014;2:2467-72. 
[983] Menyo MS, Hawker CJ, Waite JH. Versatile tuning of supramolecular hydrogels through 
metal complexation of oxidation-resistant catechol-inspired ligands. Soft Matter. 
2013;9:10314-23. 
[984] Tunn I, Harrington MJ, Blank KG. Bioinspired Histidine–Zn2+ Coordination for Tuning 
the Mechanical Properties of Self-Healing Coiled Coil Cross-Linked Hydrogels. Biomimetics. 
2019;4:25/1-17. 
[985] Enke M, Bode S, Vitz J, Schacher FH, Harrington MJ, Hager MD, Schubert US. Self-
healing response in supramolecular polymers based on reversible zinc–histidine interactions. 
Polymer. 2015;69:274-82. 
[986] Enke M, Jehle F, Bode S, Vitz J, Harrington MJ, Hager MD, Schubert US. Histidine–
Zinc Interactions Investigated by Isothermal Titration Calorimetry (ITC) and their Application 
in Self-Healing Polymers. Macromol Chem Phys. 2017;218:1600458/1-15. 
[987] Enke M, Köps L, Zechel S, Brendel JC, Vitz J, Hager MD, Schubert US. Influence of 
Aspartate Moieties on the Self-Healing Behavior of Histidine-Rich Supramolecular Polymers. 
Macromol Rapid Commun. 2018;39:1700742/1-6. 



230 

[988] Ahner J, Pretzel D, Enke M, Geitner R, Zechel S, Popp J, Schubert US, Hager MD. 
Conjugated Oligomers as Fluorescence Marker for the Determination of the Self-Healing 
Efficiency in Mussel-Inspired Polymers. Chem Mater. 2018;30:2791-9. 
[989] Enke M, Bose RK, Bode S, Vitz J, Schacher FH, Garcia SJ, van der Zwaag S, Hager MD, 
Schubert US. A Metal Salt Dependent Self-Healing Response in Supramolecular Block 
Copolymers. Macromolecules. 2016;49:8418-29. 
[990] Bose RK, Enke M, Grande AM, Zechel S, Schacher FH, Hager MD, Garcia SJ, Schubert 
US, van der Zwaag S. Contributions of hard and soft blocks in the self-healing of metal-ligand-
containing block copolymers. Eur Polym J. 2017;93:417-27. 
[991] Enke M, Bose RK, Zechel S, Vitz J, Deubler R, Garcia SJ, van der Zwaag S, Schacher 
FH, Hager MD, et al. A translation of the structure of mussel byssal threads into synthetic 
materials by the utilization of histidine-rich block copolymers. Polym Chem. 2018;9:3543-51. 
[992] Harada A, Takashima Y, Nakahata M. Supramolecular Polymeric Materials via 
Cyclodextrin–Guest Interactions. Acc Chem Res. 2014;47:2128-40. 
[993] Schmidt BVKJ, Hetzer M, Ritter H, Barner-Kowollik C. Complex macromolecular 
architecture design via cyclodextrin host/guest complexes. Prog Polym Sci. 2014;39:235-49. 
[994] Yao X, Huang P, Nie Z. Cyclodextrin-based polymer materials: From controlled 
synthesis to applications. Prog Polym Sci. 2019;93:1-35. 
[995] Nakahata M, Takashima Y, Yamaguchi H, Harada A. Redox-responsive self-healing 
materials formed from host–guest polymers. Nat Commun. 2011;2:511/1-6. 
[996] Chuo T-W, Wei T-C, Liu Y-L. Electrically driven self-healing polymers based on 
reversible guest–host complexation of β-cyclodextrin and ferrocene. J Polym Sci A Polym 
Chem. 2013;51:3395-403. 
[997] Rossow T, Habicht A, Seiffert S. Relaxation and Dynamics in Transient Polymer Model 
Networks. Macromolecules. 2014;47:6473-82. 
[998] Rossow T, Seiffert S. Supramolecular polymer gels with potential model-network 
structure. Polym Chem. 2014;5:3018-29. 
[999] Jackson AC, Beyer FL, Price SC, Rinderspacher BC, Lambeth RH. Role of Metal–Ligand 
Bond Strength and Phase Separation on the Mechanical Properties of Metallopolymer Films. 
Macromolecules. 2013;46:5416-22. 
[1000] Varghese S, Lele A, Mashelkar R. Metal-ion-mediated healing of gels. J Polym Sci A 
Polym Chem. 2006;44:666-70. 
[1001] Phadke A, Zhang C, Arman B, Hsu C-C, Mashelkar RA, Lele AK, Tauber MJ, Arya G, 
Varghese S. Rapid self-healing hydrogels. Proc Natl Acad Sci. 2012;109:4383-8. 
[1002] Yuan J, Fang X, Zhang L, Hong G, Lin Y, Zheng Q, Xu Y, Ruan Y, Weng W, et al. 
Multi-responsive self-healing metallo-supramolecular gels based on "click" ligand. J Mater 
Chem. 2012;22:11515-22. 
[1003] Yang B, Zhang H, Peng H, Xu Y, Wu B, Weng W, Li L. Self-healing metallo-
supramolecular polymers from a ligand macromolecule synthesized via copper-catalyzed azide-
alkyne cycloaddition and thiol-ene double "click" reactions. Polym Chem. 2014;5:1945-53. 
[1004] Hong G, Zhang H, Lin Y, Chen Y, Xu Y, Weng W, Xia H. Mechanoresponsive Healable 
Metallosupramolecular Polymers. Macromolecules. 2013;46:8649-56. 
[1005] Burnworth M, Tang L, Kumpfer JR, Duncan AJ, Beyer FL, Fiore GL, Rowan SJ, Weder 
C. Optically healable supramolecular polymers. Nature. 2011;472:334-7. 
[1006] Fiore GL, Rowan SJ, Weder C. Optically healable polymers. Chem Soc Rev. 
2013;42:7278-88. 
[1007] Wang Z, Urban MW. Facile UV-healable polyethylenimine-copper (C2H5N-Cu) 
supramolecular polymer networks. Polym Chem. 2013;4:4897-901. 
[1008] Bode S, Zedler L, Schacher FH, Dietzek B, Schmitt M, Popp J, Hager MD, Schubert 
US. Self-Healing Polymer Coatings Based on Crosslinked Metallosupramolecular Copolymers. 
Adv Mater. 2013;25:1634-8. 



231 

[1009] Bode S, Bose RK, Matthes S, Ehrhardt M, Seifert A, Schacher FH, Paulus RM, Stumpf 
S, Sandmann B, et al. Self-healing metallopolymers based on cadmium bis(terpyridine) 
complex containing polymer networks. Polym Chem. 2013;4:4966-73. 
[1010] Kupfer S, Zedler L, Guthmuller J, Bode S, Hager MD, Schubert US, Popp J, Grafe S, 
Dietzek B. Self-healing mechanism of metallopolymers investigated by QM/MM simulations 
and Raman spectroscopy. Phys Chem Chem Phys. 2014;16:12422-32. 
[1011] Bode S, Enke M, Bose RK, Schacher FH, Garcia SJ, van der Zwaag S, Hager MD, 
Schubert US. Correlation between scratch healing and rheological behavior for terpyridine 
complex based metallopolymers. J Mater Chem A. 2015;3:22145-53. 
[1012] Abend M, Kunz C, Stumpf S, Gräf S, Zechel S, Müller FA, Hager MD, Schubert US. 
Femtosecond laser-induced scratch ablation as an efficient new method to evaluate the self-
healing behavior of supramolecular polymers. J Mater Chem A. 2019;7:2148-55. 
[1013] Götz S, Zechel S, Hager MD, Schubert US. Lanthanoids Goes Healing: Lanthanoidic 
Metallopolymers and Their Scratch Closure Behavior. Polymers. 2020;12:838/1-11. 
[1014] Sandmann B, Happ B, Kupfer S, Schacher FH, Hager MD, Schubert US. The Self-
Healing Potential of Triazole-Pyridine-Based Metallopolymers. Macromol Rapid Commun. 
2015;36:604-9. 
[1015] Götz S, Abend M, Zechel S, Hager MD, Schubert US. Platinum-terpyridine complexes 
in polymers: A novel approach for the synthesis of self-healing metallopolymers. J Appl Polym 
Sci. 2019;136:47064/1-8. 
[1016] Götz S, Geitner R, Abend M, Siegmann M, Zechel S, Vitz J, Gräfe S, Schmitt M, Popp 
J, et al. Palladium-SCS Pincer Complexes as Cross-Linking Moieties in Self-Healing 
Metallopolymers. Macromol Rapid Commun. 2018;39:1800495/1-7. 
[1017] Mozhdehi D, Ayala S, Cromwell OR, Guan Z. Self-Healing Multiphase Polymers via 
Dynamic Metal–Ligand Interactions. J Am Chem Soc. 2014;136:16128-31. 
[1018] Mozhdehi D, Neal JA, Grindy SC, Cordeau Y, Ayala S, Holten-Andersen N, Guan Z. 
Tuning Dynamic Mechanical Response in Metallopolymer Networks through Simultaneous 
Control of Structural and Temporal Properties of the Networks. Macromolecules. 
2016;49:6310-21. 
[1019] Li C-H, Wang C, Keplinger C, Zuo J-L, Jin L, Sun Y, Zheng P, Cao Y, Lissel F, et al. 
A highly stretchable autonomous self-healing elastomer. Nature Chem. 2016;8:618/1-7. 
[1020] Wang D-P, Lai J-C, Lai H-Y, Mo S-R, Zeng K-Y, Li C-H, Zuo J-L. Distinct Mechanical 
and Self-Healing Properties in Two Polydimethylsiloxane Coordination Polymers with Fine-
Tuned Bond Strength. Inorg Chem. 2018;57:3232-42. 
[1021] Rao Y-L, Chortos A, Pfattner R, Lissel F, Chiu Y-C, Feig V, Xu J, Kurosawa T, Gu X, 
et al. Stretchable Self-Healing Polymeric Dielectrics Cross-Linked Through Metal–Ligand 
Coordination. J Am Chem Soc. 2016;138:6020-7. 
[1022] Zhang Q, Niu S, Wang L, Lopez J, Chen S, Cai Y, Du R, Liu Y, Lai J-C, et al. An Elastic 
Autonomous Self-Healing Capacitive Sensor Based on a Dynamic Dual Crosslinked Chemical 
System. Adv Mater. 2018;30:1801435/1-8. 
[1023] Kolari K, Bulatov E, Tatikonda R, Bertula K, Kalenius E, Nonappa, Haukka M. Self-
healing, luminescent metallogelation driven by synergistic metallophilic and fluorine–fluorine 
interactions. Soft Matter. 2020;16:2795-802. 
[1024] Hu J, Zhu Y, Huang H, Lu J. Recent advances in shape–memory polymers: Structure, 
mechanism, functionality, modeling and applications. Prog Polym Sci. 2012;37:1720-63. 
[1025] Small IVW, Singhal P, Wilson TS, Maitland DJ. Biomedical applications of thermally 
activated shape memory polymers. J Mater Chem. 2010;20:3356-66. 
[1026] Lendlein A, Kelch S. Shape-Memory Polymers. Angew Chem Int Ed. 2002;41:2034-
57. 
[1027] Julich-Gruner KK, Löwenberg C, Neffe AT, Behl M, Lendlein A. Recent Trends in the 
Chemistry of Shape-Memory Polymers. Macromol Chem Phys. 2013;214:527-36. 



232 

[1028] Lendlein A, Gould OEC. Reprogrammable recovery and actuation behaviour of shape-
memory polymers. Nat Rev Mater. 2019;4:116-33. 
[1029] Raquez J-M, Vanderstappen S, Meyer F, Verge P, Alexandre M, Thomassin J-M, 
Jérôme C, Dubois P. Design of Cross-Linked Semicrystalline Poly(ε-caprolactone)-Based 
Networks with One-Way and Two-Way Shape-Memory Properties through Diels–Alder 
Reactions. Chem Eur J. 2011;17:10135-43. 
[1030] Zeng C, Seino H, Ren J, Hatanaka K, Yoshie N. Bio-Based Furan Polymers with Self-
Healing Ability. Macromolecules. 2013;46:1794-802. 
[1031] Jiang HY, Kelch S, Lendlein A. Polymers Move in Response to Light. Adv Mater. 
2006;18:1471-5. 
[1032] Lendlein A, Jiang H, Junger O, Langer R. Light-induced shape-memory polymers. 
Nature. 2005;434:879-82. 
[1033] Chen S, Yuan H, Chen S, Yang H, Ge Z, Zhuo H, Liu J. Development of supramolecular 
liquid-crystalline polyurethane complexes exhibiting triple-shape functionality using a one-step 
programming process. J Mater Chem A. 2014;2:10169-81. 
[1034] Ware T, Hearon K, Lonnecker A, Wooley KL, Maitland DJ, Voit W. Triple-Shape 
Memory Polymers Based on Self-Complementary Hydrogen Bonding. Macromolecules. 
2012;45:1062-9. 
[1035] Guo M, Pitet LM, Wyss HM, Vos M, Dankers PYW, Meijer EW. Tough Stimuli-
Responsive Supramolecular Hydrogels with Hydrogen-Bonding Network Junctions. J Am 
Chem Soc. 2014;136:6969-77. 
[1036] Cavicchi KA, Pantoja M, Cakmak M. Shape memory ionomers. J Polym Sci B Polym 
Phys. 2016;54:1389-96. 
[1037] Dong J, Weiss RA. Effect of Crosslinking on Shape-Memory Behavior of Zinc 
Stearate/Ionomer Compounds. Macromol Chem Phys. 2013;214:1238-46. 
[1038] Weiss RA, Izzo E, Mandelbaum S. New Design of Shape Memory Polymers: Mixtures 
of an Elastomeric Ionomer and Low Molar Mass Fatty Acids and Their Salts. Macromolecules. 
2008;41:2978-80. 
[1039] Dong J, Weiss RA. Shape Memory Behavior of Zinc Oleate-Filled Elastomeric 
Ionomers. Macromolecules. 2011;44:8871-9. 
[1040] Merline JD, Nair CPR, Gouri C, Shrisudha T, Ninan KN. Shape memory 
characterization of polytetra methylene oxide/poly (acrylic acid-co-acrylonitrile) complexed 
gel. J Mater Sci. 2007;42:5897-902. 
[1041] Han S-I, Gu BH, Nam KH, Im SJ, Kim SC, Im SS. Novel copolyester-based ionomer 
for a shape-memory biodegradable material. Polymer. 2007;48:1830-4. 
[1042] Guan Y, Cao Y, Peng Y, Xu J, Chen c ASC. Complex of polyelectrolyte network with 
surfactant as novel shape memory networks. Chem Commun. 2001:1694-5. 
[1043] Lu L, Li G. One-Way Multishape-Memory Effect and Tunable Two-Way Shape 
Memory Effect of Ionomer Poly(ethylene-co-methacrylic acid). ACS Appl Mater Interfaces. 
2016;8:14812-23. 
[1044] Bai Y, Zhang J, Tian R, Chen X. A water-responsive shape memory ionomer with 
permanent shape reconfiguration ability. Smart Mater Struct. 2018;27:045010/1-11. 
[1045] Lu H, Lu C, Min Huang W, Leng J. Chemo-responsive shape memory effect in shape 
memory polyurethane triggered by inductive release of mechanical energy storage undergoing 
copper (II) chloride migration. Smart Mater Struct. 2015;24:035018/1-7. 
[1046] Zou F, Chen H, Chen S, Zhuo H. Development of supramolecular shape-memory 
polyurethanes based on Cu(II)–pyridine coordination interactions. J Mater Sci. 2019;54:5136-
48. 
[1047] Kumpfer JR, Rowan SJ. Thermo-, Photo-, and Chemo-Responsive Shape-Memory 
Properties from Photo-Cross-Linked Metallo-Supramolecular Polymers. J Am Chem Soc. 
2011;133:12866-74. 



233 

[1048] Michal BT, McKenzie BM, Felder SE, Rowan SJ. Metallo-, Thermo-, and 
Photoresponsive Shape Memory and Actuating Liquid Crystalline Elastomers. 
Macromolecules. 2015;48:3239-46. 
[1049] Yang L, Zhang G, Zheng N, Zhao Q, Xie T. A Metallosupramolecular Shape-Memory 
Polymer with Gradient Thermal Plasticity. Angew Chem Int Ed. 2017;56:12599-602. 
[1050] Wang W, Wang F, Zhang C, Wang Z, Tang J, Zeng X, Wan X. Robust, Reprocessable, 
and Reconfigurable Cellulose-Based Multiple Shape Memory Polymer Enabled by Dynamic 
Metal–Ligand Bonds. ACS Appl Mater Interfaces. 2020;12:25233-42. 
[1051] Ma D-L, He H-Z, Leung K-H, Chan DS-H, Leung C-H. Bioactive Luminescent 
Transition-Metal Complexes for Biomedical Applications. Angew Chem Int Ed. 2013;52:7666-
82. 
[1052] Fowler JC, Solanki CK, Barber RW, Ballinger JR, Peters AM. Dual-isotope 
lymphoscintigraphy using albumin nanocolloid differentially labeled with 111In and 99mTc. 
Acta Oncol. 2007;46:105-10. 
[1053] Heinemann SH, Hoshi T, Westerhausen M, Schiller A. Carbon monoxide - physiology, 
detection and controlled release. Chem Commun. 2014;50:3644-60. 
[1054] Hassan EA, Hassan ML, Moorefield CN, Newkome GR. New supramolecular metallo-
terpyridine carboxymethyl cellulose derivatives with antimicrobial properties. Carbohydr 
Polym. 2015;116:2-8. 
[1055] Nagappan S, Park SS, Yu EJ, Cho HJ, Park JJ, Lee W-K, Ha C-S. A highly transparent, 
amphiphobic, stable and multi-purpose poly(vinyl chloride) metallopolymer for anti-fouling 
and anti-staining coatings. J Mater Chem A. 2013;1:12144-53. 
[1056] Vignesh G, Senthilkumar R, Paul P, Periasamy VS, Akbarsha MA, Arunachalam S. 
Protein binding and biological evaluation of a polymer-anchored cobalt(iii) complex containing 
a 2,2[prime or minute]-bipyridine ligand. RSC Adv. 2014;4:57483-92. 
[1057] Elassar A-ZA, Sughayer AHA, Sagheer FA. Synthesis of poly-N-(thiazol-2-
yl)methacrylamide: Characterization, complexation, and bioactivity. J Appl Polym Sci. 
2010;117:3679-86. 
[1058] Charnley M, Textor M, Acikgoz C. Designed polymer structures with antifouling–
antimicrobial properties. React Funct Polym. 2011;71:329-34. 
[1059] Zhang J, Chen YP, Miller KP, Ganewatta MS, Bam M, Yan Y, Nagarkatti M, Decho 
AW, Tang C. Antimicrobial Metallopolymers and Their Bioconjugates with Conventional 
Antibiotics against Multidrug-Resistant Bacteria. J Am Chem Soc. 2014;136:4873-6. 
[1060] Amoozgar Z, Yeo Y. Recent advances in stealth coating of nanoparticle drug delivery 
systems. WIREs: Nanomed Nanobiotechnol. 2012;4:219-33. 
[1061] Adams N, Schubert US. Poly(2-oxazolines) in biological and biomedical application 
contexts. Adv Drug Deliv Rev. 2007;59:1504-20. 
[1062] Bauer M, Lautenschlaeger C, Kempe K, Tauhardt L, Schubert US, Fischer D. Poly(2-
ethyl-2-oxazoline) as Alternative for the Stealth Polymer Poly(ethylene glycol): Comparison of 
in vitro Cytotoxicity and Hemocompatibility. Macromol Biosci. 2012;12:986-98. 
[1063] Knop K, Hoogenboom R, Fischer D, Schubert US. Poly(ethylene glycol) in Drug 
Delivery: Pros and Cons as Well as Potential Alternatives. Angew Chem Int Ed. 2010;49:6288-
308. 
[1064] Staff RH, Landfester K, Crespy D. Recent Advances in the Emulsion Solvent 
Evaporation Technique for the Preparation of Nanoparticles and Nanocapsules. Adv Polym Sci. 
2013;262:329-44. 
[1065] Crespy D, Landfester K, Schubert US, Schiller A. Potential photoactivated 
metallopharmaceuticals: from active molecules to supported drugs. Chem Commun. 
2010;46:6651-62. 
[1066] Monti S, Manet I. Supramolecular photochemistry of drugs in biomolecular 
environments. Chem Soc Rev. 2014;43:4051-67. 



234 

[1067] Maeda H, Bharate GY, Daruwalla J. Polymeric drugs for efficient tumor-targeted drug 
delivery based on EPR-effect. Eur J Pharm Biopharm. 2009;71:409-19. 
[1068] Delplace V, Couvreur P, Nicolas J. Recent trends in the design of anticancer polymer 
prodrug nanocarriers. Polym Chem. 2014;5:1529-44. 
[1069] Binauld S, Stenzel MH. Acid-degradable polymers for drug delivery: a decade of 
innovation. Chem Commun. 2013;49:2082-102. 
[1070] Callari M, Aldrich-Wright JR, de Souza PL, Stenzel MH. Polymers with platinum drugs 
and other macromolecular metal complexes for cancer treatment. Prog Polym Sci. 
2014;39:1614-43. 
[1071] Vicent MJ, Duncan R. Polymer conjugates: nanosized medicines for treating cancer. 
Trends Biotechnol. 2006;24:39-47. 
[1072] Palao-Suay R, Gómez-Mascaraque LG, Aguilar MR, Vázquez-Lasa B, Román JS. Self-
assembling polymer systems for advanced treatment of cancer and inflammation. Prog Polym 
Sci. 2016;53:207-48. 
[1073] Koukourakis MI, Giatromanolaki A, Pitiakoudis M, Kouklakis G, Tsoutsou P, 
Abatzoglou I, Panteliadou M, Sismanidou K, Sivridis E, et al. Concurrent Liposomal Cisplatin 
(Lipoplatin), 5-Fluorouracil and Radiotherapy for the Treatment of Locally Advanced Gastric 
Cancer: A Phase I/II Study. Int J Radiation Oncology Biol Phys. 2010;78:150-5. 
[1074] Burger KNJ, Staffhorst RWHM, de Vijlder HC, Velinova MJ, Bomans PH, Frederik 
PM, de Kruijff B. Nanocapsules: lipid-coated aggregates of cisplatin with 
high cytotoxicity. Nat Med. 2002;8:81-4. 
[1075] Jadhav VB, Jun YJ, Song JH, Park MK, Oh JH, Chae SW, Kim I-S, Choi S-J, Lee HJ, 
et al. A novel micelle-encapsulated platinum(II) anticancer agent. J Control Release. 
2010;147:144-50. 
[1076] Scarano W, de Souza P, Stenzel MH. Dual-drug delivery of curcumin and platinum 
drugs in polymeric micelles enhances the synergistic effects: a double act for the treatment of 
multidrug-resistant cancer. Biomater Sci. 2015;3:163-74. 
[1077] Kolishetti N, Dhar S, Valencia PM, Lin LQ, Karnik R, Lippard SJ, Langer R, Farokhzad 
OC. Engineering of self-assembled nanoparticle platform for precisely controlled combination 
drug therapy. Proc Natl Acad Sci. 2010;107:17939-44. 
[1078] Baba M, Matsumoto Y, Kashio A, Cabral H, Nishiyama N, Kataoka K, Yamasoba T. 
Micellization of cisplatin (NC-6004) reduces its ototoxicity in guinea pigs. J Control Release. 
2012;157:112-7. 
[1079] Dhar S, Gu FX, Langer R, Farokhzad OC, Lippard SJ. Targeted delivery of cisplatin to 
prostate cancer cells by aptamer functionalized Pt(IV) prodrug-PLGA–PEG nanoparticles. Proc 
Natl Acad Sci. 2008;105:17356-61. 
[1080] Jun YJ, Toti US, Kim HY, Yu JY, Jeong B, Jun MJ, Sohn YS. Thermoresponsive 
Micelles from Oligopeptide-Grafted Cyclotriphosphazenes. Angew Chem Int Ed. 
2006;45:6173-6. 
[1081] Toti US, Moon SH, Kim HY, Jun YJ, Kim BM, Park YM, Jeong B, Sohn YS. 
Thermosensitive and biocompatible cyclotriphosphazene micelles. J Control Release. 
2007;119:34-40. 
[1082] Kim J-H, Kim Y-S, Park K, Lee S, Nam HY, Min KH, Jo HG, Park JH, Choi K, et al. 
Antitumor efficacy of cisplatin-loaded glycol chitosan nanoparticles in tumor-bearing mice. J 
Control Release. 2008;127:41-9. 
[1083] Xing R, Wang X, Zhang C, Zhang Y, Wang Q, Yang Z, Guo Z. Characterization and 
cellular uptake of platinum anticancer drugs encapsulated in apoferritin. J Inorg Biochem. 
2009;103:1039-44. 
[1084] Sinha VR, Singla AK, Wadhawan S, Kaushik R, Kumria R, Bansal K, Dhawan S. 
Chitosan microspheres as a potential carrier for drugs. Int J Pharma. 2004;274:1-33. 



235 

[1085] Yang Z, Wang X, Diao H, Zhang J, Li H, Sun H, Guo Z. Encapsulation of platinum 
anticancer drugs by apoferritin. Chem Commun. 2007:3453-5. 
[1086] Oberoi HS, Nukolova NV, Kabanov AV, Bronich TK. Nanocarriers for delivery of 
platinum anticancer drugs. Adv Drug Deliver Rev. 2013;65:1667-85. 
[1087] Avgoustakis K, Beletsi A, Panagi Z, Klepetsanis P, Karydas AG, Ithakissios DS. 
PLGA–mPEG nanoparticles of cisplatin: in vitro nanoparticle degradation, in vitro drug release 
and in vivo drug residence in blood properties. J Control Release. 2002;79:123-35. 
[1088] Govender P, Therrien B, Smith GS. Bio-Metallodendrimers – Emerging Strategies in 
Metal-Based Drug Design. Eur J Inorg Chem. 2012;2012:2853-62. 
[1089] Adeli M, Ghiebi H. Supramolecular Anticancer Drug delivery Systems Based on Linear-
Dendritic Copolymers. Polym Chem. 2015;6:2580-615. 
[1090] Lloyd JR, Jayasekara PS, Jacobson KA. Characterization of polyamidoamino 
(PAMAM) dendrimers using in-line reversed phase LC electrospray ionization mass 
spectrometry. Analytical Methods. 2016;8:263-9. 
[1091] Kirkpatrick GJ, Plumb JA, Sutcliffe OB, Flint DJ, Wheate NJ. Evaluation of anionic 
half generation 3.5–6.5 poly(amidoamine) dendrimers as delivery vehicles for the active 
component of the anticancer drug cisplatin. J Inorg Biochem. 2011;105:1115-22. 
[1092] Kapp T, Dullin A, Gust R. Platinum(II)−Dendrimer Conjugates: Synthesis and 
Investigations on Cytotoxicity, Cellular Distribution, Platinum Release, DNA, and Protein 
Binding. Bioconjugate Chem. 2010;21:328-37. 
[1093] Yellepeddi V, Vangara K, Palakurthi S. Poly(amido)amine (PAMAM) dendrimer–
cisplatin complexes for chemotherapy of cisplatin-resistant ovarian cancer cells. J Nanopart 
Res. 2013;15:1-15. 
[1094] Pan D, she W, Guo C, Luo K, Yi Q, Gu Z. PEGylated dendritic diaminocyclohexyl-
platinum (II) conjugates as pH-responsive drug delivery vehicles with enhanced tumor 
accumulation and antitumor efficacy. Biomaterials. 2014;35:10080-92. 
[1095] Kim J, Yoon H-J, Kim S, Wang K, Ishii T, Kim Y-R, Jang W-D. Polymer-metal 
complex micelles for the combination of sustained drug releasing and photodynamic therapy. J 
Mater Chem. 2009;19:4627-31. 
[1096] Bellis E, Hajba L, Kovács B, Sándor K, Kollár L, Kokotos G. Three generations of α,γ-
diaminobutyric acid modified poly(propyleneimine) dendrimers and their cisplatin-type 
platinum complexes. J Biochem Biophys Methods. 2006;69:151-61. 
[1097] Osada K, Cabral H, Mochida Y, Lee S, Nagata K, Matsuura T, Yamamoto M, Anraku 
Y, Kishimura A, et al. Bioactive Polymeric Metallosomes Self-Assembled through Block 
Copolymer–Metal Complexation. J Am Chem Soc. 2012;134:13172-5. 
[1098] Cabral H, Nishiyama N, Okazaki S, Koyama H, Kataoka K. Preparation and biological 
properties of dichloro(1,2-diaminocyclohexane)platinum(II) (DACHPt)-loaded polymeric 
micelles. J Control Release. 2005;101:223-32. 
[1099] Uchino H, Matsumura Y, Negishi T, Koizumi F, Hayashi T, Honda T, Nishiyama N, 
Kataoka K, Naito S, et al. Cisplatin-incorporating polymeric micelles (NC-6004) can reduce 
nephrotoxicity and neurotoxicity of cisplatin in rats. Br J Cancer. 2005;93:678-87. 
[1100] Plummer R, Wilson RH, Calvert H, Boddy AV, Griffin M, Sludden J, Tilby MJ, Eatock 
M, Pearson DG, et al. A Phase I clinical study of cisplatin-incorporated polymeric micelles 
(NC-6004) in patients with solid tumours. Br J Cancer. 2011;104:593-8. 
[1101] Shen W-C, Beloussow K, Meirim M, Neuse E, Caldwell G. Antiproliferative Activity 
of Polymer-Bound, Monoamine-Coordinated Platinum Complexes Against LNCaP Human 
Metastatic Prostate Adenocarcinoma Cells. J Inorg Organomet Polym. 2000;10:51-60. 
[1102] Johnson M, Neuse E, van Rensburg CJ, Kreft E. Cell Growth-Inhibiting Properties of 
Selected Carrier-Bound, Monoamine-Coordinated Platinum(II) Compounds. J Inorg 
Organomet Polym. 2003;13:55-67. 



236 

[1103] Mizumura Y, Matsumura Y, Hamaguchi T, Nishiyama N, Kataoka K, Kawaguchi T, 
Hrushesky WJM, Moriyasu F, Kakizoe T. Cisplatin-incorporated Polymeric Micelles Eliminate 
Nephrotoxicity, While Maintaining Antitumor Activity. Jpn J Cancer Res. 2001;92:328-36. 
[1104] Duangjai A, Luo K, Zhou Y, Yang J, Kopeček J. Combination cytotoxicity of backbone 
degradable HPMA copolymer gemcitabine and platinum conjugates toward human ovarian 
carcinoma cells. Eur J Pharm Biopharm. 2014;87:187-96. 
[1105] Lin X, Zhang Q, Rice JR, Stewart DR, Nowotnik DP, Howell SB. Improved targeting 
of platinum chemotherapeutics: the antitumour activity of the HPMA copolymer platinum agent 
AP5280 in murine tumour models. Eur J Cancer. 2004;40:291-7. 
[1106] Rademaker-Lakhai JM, Terret C, Howell SB, Baud CM, de Boer RF, Pluim D, Beijnen 
JH, Schellens JHM, Droz J-P. A Phase I and Pharmacological Study of the Platinum Polymer 
AP5280 Given as an Intravenous Infusion Once Every 3 Weeks in Patients with Solid Tumors. 
Clin Cancer Res. 2004;10:3386-95. 
[1107] Gianasi E, Wasil M, Evagorou EG, Keddle A, Wilson G, Duncan R. HPMA copolymer 
platinates as novel antitumour agents: in vitro properties, pharmacokinetics and antitumour 
activity in vivo. Eur J Cancer. 1999;35:994-1002. 
[1108] Sood P, Thurmond KB, Jacob JE, Waller LK, Silva GO, Stewart DR, Nowotnik DP. 
Synthesis and Characterization of AP5346, a Novel Polymer-Linked Diaminocyclohexyl 
Platinum Chemotherapeutic Agent. Bioconjugate Chem. 2006;17:1270-9. 
[1109] Rice JR, Gerberich JL, Nowotnik DP, Howell SB. Preclinical Efficacy and 
Pharmacokinetics of AP5346, A Novel Diaminocyclohexane-Platinum Tumor-Targeting Drug 
Delivery System. Clin Cancer Res. 2006;12:2248-54. 
[1110] Huynh VT, Chen G, Souza Pd, Stenzel MH. Thiol–yne and Thiol–ene “Click” 
Chemistry as a Tool for a Variety of Platinum Drug Delivery Carriers, from Statistical 
Copolymers to Crosslinked Micelles. Biomacromolecules. 2011;12:1738-51. 
[1111] Huynh VT, de Souza P, Stenzel MH. Polymeric Micelles with Pendant Dicarboxylato 
Chelating Ligands Prepared via a Michael Addition for cis-Platinum Drug Delivery. 
Macromolecules. 2011;44:7888-900. 
[1112] Huynh VT, Quek JY, de Souza PL, Stenzel MH. Block Copolymer Micelles with 
Pendant Bifunctional Chelator for Platinum Drugs: Effect of Spacer Length on the Viability of 
Tumor Cells. Biomacromolecules. 2012;13:1010-23. 
[1113] Binauld S, Scarano W, Stenzel MH. pH-Triggered Release of Platinum Drugs 
Conjugated to Micelles via an Acid-Cleavable Linker. Macromolecules. 2012;45:6989-99. 
[1114] Becer CR, Hoogenboom R, Schubert US. Click Chemistry beyond Metal-Catalyzed 
Cycloaddition. Angew Chem Int Ed. 2009;48:4900-8. 
[1115] Becer CR, Babiuch K, Pilz D, Hornig S, Heinze T, Gottschaldt M, Schubert US. 
Clicking Pentafluorostyrene Copolymers: Synthesis, Nanoprecipitation, and Glycosylation. 
Macromolecules. 2009;42:2387-94. 
[1116] Wild A, Babiuch K, Konig M, Winter A, Hager MD, Gottschaldt M, Prokop A, Schubert 
US. Synthesis of a glycopolymeric PtII carrier and its induction of apoptosis in resistant cancer 
cells. Chem Commun. 2012;48:6357-9. 
[1117] Karim KJA, Utama RH, Lu H, Stenzel MH. Enhanced drug toxicity by conjugation of 
platinum drugs to polymers with guanidine containing zwitterionic functional groups that 
mimic cell-penetrating peptides. Polym Chem. 2014;5:6600-10. 
[1118] Tauhardt L, Pretzel D, Bode S, Czaplewska JA, Kempe K, Gottschaldt M, Schubert US. 
Synthesis and in vitro activity of platinum containing 2-oxazoline-based glycopolymers. J 
Polym Sci A Polym Chem. 2014;52:2703-14. 
[1119] Gress A, Völkel A, Schlaad H. Thio-Click Modification of Poly[2-(3-butenyl)-2-
oxazoline]. Macromolecules. 2007;40:7928-33. 



237 

[1120] Li J, Hu X, Liu M, Hou J, Xie Z, Huang Y, Jing X. Complex of cisplatin with 
biocompatible poly(ethylene glycol) with pendant carboxyl groups for the effective treatment 
of liver cancer. J Appl Polym Sci. 2014;131:40764-72. 
[1121] Rezaei SJT, Amani V, Nabid MR, Safari N, Niknejad H. Folate-decorated polymeric 
Pt(ii) prodrug micelles for targeted intracellular delivery and cytosolic glutathione-triggered 
release of platinum anticancer drugs. Polym Chem. 2015;6:2844-53. 
[1122] Dag A, Callari M, Lu H, Stenzel MH. Modulating the cellular uptake of platinum drugs 
with glycopolymers. Polym Chem. 2016;7:1031-6. 
[1123] Akram M, Wang L, Yu H, Amer WA, Khalid H, Abbasi NM, Chen Y, Zain ul A, Saleem 
M, et al. Polyphophazenes as anti-cancer drug carriers: From synthesis to application. Prog 
Polym Sci. 2014;39:1987-2009. 
[1124] Teasdale I, Brüggemann O. Polyphosphazenes: Multifunctional, Biodegradable 
Vehicles for Drug and Gene Delivery. Polymers. 2013;5:161-87. 
[1125] Sohn YS, Baek H, Ha Cho Y, Lee Y-A, Jung O-S, Ok Lee C, Soo Kim Y. Synthesis and 
antitumor activity of novel polyphosphazene-(diamine)platinum(II) conjugates. Int J Pharm. 
1997;153:79-91. 
[1126] Lee SB, Song S-C, Jin J-I, Sohn YS. Synthesis and Antitumor Activity of 
Polyphosphazene/Methoxy-Poly(ethylene glycol)/(Diamine)platinum(II) Conjugates. Polym J. 
1999;31:1247-52. 
[1127] Jun YJ, Kim JI, Jun MJ, Sohn YS. Selective tumor targeting by enhanced permeability 
and retention effect. Synthesis and antitumor activity of polyphosphazene–platinum (II) 
conjugates. J Inorg Biochem. 2005;99:1593-601. 
[1128] Song S-C, Soo Sohn Y. Synthesis and hydrolytic properties of 
polyphosphazene/(diamine)platinum/saccharide conjugates. J Control Release. 1998;55:161-
70. 
[1129] Song R, Joo Jun Y, Ik Kim J, Jin C, Sohn YS. Synthesis, characterization, and tumor 
selectivity of a polyphosphazene–platinum(II) conjugate. J Control Release. 2005;105:142-50. 
[1130] Dag A, Jiang Y, Karim KJA, Hart-Smith G, Scarano W, Stenzel MH. Polymer–Albumin 
Conjugate for the Facilitated Delivery of Macromolecular Platinum Drugs. Macromol Rapid 
Commun. 2015;36:890-7. 
[1131] Han X, Sun J, Wang Y, He Z. Recent Advances in Platinum (IV) Complex-Based 
Delivery Systems to Improve Platinum (II) Anticancer Therapy. Med Res Rev. 2015;35:1268-
99. 
[1132] Schilder RJ, LaCreta FP, Perez RP, Johnson SW, Brennan JM, Rogatko A, Nash S, 
McAleer C, Hamilton TC, et al. Phase I and Pharmacokinetic Study of Ormaplatin (Tetraplatin, 
NSC 363812) Administered on a Day 1 and Day 8 Schedule. Cancer Res. 1994;54:709-17. 
[1133] Trask C, Silverstone A, Ash CM, Earl H, Irwin C, Bakker A, Tobias JS, Souhami RL. 
A randomized trial of carboplatin versus iproplatin in untreated advanced ovarian cancer. J Clin 
Oncol. 1991;9:1131-7. 
[1134] Kelland LR, Abel G, McKeage MJ, Jones M, Goddard PM, Valenti M, Murrer BA, 
Harrap KR. Preclinical Antitumor Evaluation of Bis-acetato-ammine-dichloro-
cyclohexylamine Platinum(IV): an Orally Active Platinum Drug. Cancer Res. 1993;53:2581-6. 
[1135] Hall MD, Hambley TW. Platinum(IV) antitumour compounds: their bioinorganic 
chemistry. Coord Chem Rev. 2002;232:49-67. 
[1136] Shi T, Berglund J, I. Elding L. Reduction of trans-dichloro- and trans-dibromo-
tetracyanoplatinate(IV) by L-methionine. J Chem Soc, Dalton Trans. 1997:2073-8. 
[1137] Choi S, Filotto C, Bisanzo M, Delaney S, Lagasee D, Whitworth JL, Jusko A, Li C, 
Wood NA, et al. Reduction and Anticancer Activity of Platinum(IV) Complexes. Inorg Chem. 
1998;37:2500-4. 



238 

[1138] Song H, Xiao H, Zhang Y, Cai H, Wang R, Zheng Y, Huang Y, Li Y, Xie Z, et al. 
Multifunctional Pt(iv) pro-drug and its micellar platform: to kill two birds with one stone. J 
Mater Chem B. 2013;1:762-72. 
[1139] Xiao H, Yan L, Zhang Y, Qi R, Li W, Wang R, Liu S, Huang Y, Li Y, et al. A dual-
targeting hybrid platinum(iv) prodrug for enhancing efficacy. Chem Commun. 2012;48:10730-
2. 
[1140] Callari M, Thomas DS, Stenzel MH. The dual-role of Pt(iv) complexes as active drug 
and crosslinker for micelles based on β-cyclodextrin grafted polymer. J Mater Chem B. 
2016;4:2114-23. 
[1141] Duong HTT, Huynh VT, de Souza P, Stenzel MH. Core-Cross-Linked Micelles 
Synthesized by Clicking Bifunctional Pt(IV) Anticancer Drugs to Isocyanates. 
Biomacromolecules. 2010;11:2290-9. 
[1142] Chen S-Q, Song G, He C, Hou M, He W-D, Li H-J, Haleem A, Li Q-L, Hu R-F. Tumor 
extracellular pH-sensitive polymeric nanocarrier-grafted platinum(iv) prodrugs for improved 
intracellular delivery and cytosolic reductive-triggered release. Polym Chem. 2020;11:2212-
21. 
[1143] Scarano W, Duong HTT, Lu H, De Souza PL, Stenzel MH. Folate Conjugation to 
Polymeric Micelles via Boronic Acid Ester to Deliver Platinum Drugs to Ovarian Cancer Cell 
Lines. Biomacromolecules. 2013;14:962-75. 
[1144] Callari M, Wong S, Lu H, Aldrich-Wright J, de Souza P, Stenzel MH. Drug induced 
self-assembly of triblock copolymers into polymersomes for the synergistic dual-drug delivery 
of platinum drugs and paclitaxel. Polym Chem. 2017;8:6289-99. 
[1145] Shen W, Chen X, Luan J, Wang D, Yu L, Ding J. Sustained Codelivery of Cisplatin and 
Paclitaxel via an Injectable Prodrug Hydrogel for Ovarian Cancer Treatment. ACS Appl Mater 
Interfaces. 2017;9:40031-46. 
[1146] Yang J, Liu W, Sui M, Tang J, Shen Y. Platinum (IV)-coordinate polymers as 
intracellular reduction-responsive backbone-type conjugates for cancer drug delivery. 
Biomaterials. 2011;32:9136-43. 
[1147] Shen W, Luan J, Cao L, Sun J, Yu L, Ding J. Thermogelling Polymer–Platinum(IV) 
Conjugates for Long-Term Delivery of Cisplatin. Biomacromolecules. 2015;16:105-15. 
[1148] He L, Sun M, Cheng X, Xu Y, Lv X, Wang X, Tang R. pH/redox dual-sensitive platinum 
(IV)-based micelles with greatly enhanced antitumor effect for combination chemotherapy. J 
Col Int Sci. 2019;541:30-41. 
[1149] Wang W, Liang G, Zhang W, Xing D, Hu X. Cascade-Promoted Photo-Chemotherapy 
against Resistant Cancers by Enzyme-Responsive Polyprodrug Nanoplatforms. Chem Mater. 
2018;30:3486-98. 
[1150] Sun Y, Shi T, Zhou Y, Zhou L, Sun B. Folate-decorated and NIR-triggered nanoparticles 
loaded with platinum(IV)-prodrug plus 5-fluorouracil for targeted and chemo-photothermal 
combination therapy. J Drug Deliv Sci Technol. 2018;48:40-8. 
[1151] Yang Y, Xu L, Zhu W, Feng L, Liu J, Chen Q, Dong Z, Zhao J, Liu Z, et al. One-pot 
synthesis of pH-responsive charge-switchable PEGylated nanoscale coordination polymers for 
improved cancer therapy. Biomaterials. 2018;156:121-33. 
[1152] Rigobello MP, Folda A, Baldoin MC, Scutari G, Bindoli A. Effect of Auranofin on the 
mitochondrial generation of hydrogen peroxide. Role of thioredoxin reductase. Free Radical 
Res. 2005;39:687-95. 
[1153] Allardyce CS, Dyson PJ, Ellis DJ, Heath SL. [Ru([small eta]--cymene)Cl(pta)] (pta = 
1,3,5-triaza-7-phosphatricyclo- [3.3.1.1]decane): a water soluble compound that exhibits pH 
dependent DNA binding providing selectivity for diseased cells. Chem Commun. 2001:1396-
7. 
[1154] Murray BS, Babak MV, Hartinger CG, Dyson PJ. The development of RAPTA 
compounds for the treatment of tumors. Coord Chem Rev. 2016;306:86-114. 



239 

[1155] Antonarakis E, Emadi A. Ruthenium-based chemotherapeutics: are they ready for prime 
time? Cancer Chemother Pharmacol. 2010;66:1-9. 
[1156] Moreira T, Francisco R, Comsa E, Duban-Deweer S, Labas V, Teixeira-Gomes A-P, 
Combes-Soia L, Marques F, Matos A, et al. Polymer “ruthenium-cyclopentadienyl” conjugates 
- New emerging anti-cancer drugs. Eur J Med Chem. 2019;168:373-84. 
[1157] Villemin E, Ong YC, Thomas CM, Gasser G. Polymer encapsulation of ruthenium 
complexes for biological and medicinal applications. Nat Rev Chem. 2019;3:261-82. 
[1158] Valente A, Garcia MS. Syntheses of Macromolecular Ruthenium Compounds: A New 
Approach for the Search of Anticancer Drugs. Inorganics. 2014;2:96-114. 
[1159] Dyson PJ, Sava G. Metal-based antitumour drugs in the post genomic era. Dalton Trans. 
2006:1929-33. 
[1160] Blunden BM, Rawal A, Lu H, Stenzel MH. Superior Chemotherapeutic Benefits from 
the Ruthenium-Based Anti-Metastatic Drug NAMI-A through Conjugation to Polymeric 
Micelles. Macromolecules. 2014;47:1646-55. 
[1161] Blunden BM, Thomas DS, Stenzel MH. Macromolecular ruthenium complexes as anti-
cancer agents. Polym Chem. 2012;3:2964-75. 
[1162] Blunden BM, Lu H, Stenzel MH. Enhanced Delivery of the RAPTA-C Macromolecular 
Chemotherapeutic by Conjugation to Degradable Polymeric Micelles. Biomacromolecules. 
2013;14:4177-88. 
[1163] Lu H, Blunden BM, Scarano W, Lu M, Stenzel MH. Anti-metastatic effects of RAPTA-
C conjugated polymeric micelles on two-dimensional (2D) breast tumor cells and three-
dimensional (3D) multicellular tumor spheroids. Acta Biomater. 2016;32:68-76. 
[1164] Lu M, Chen F, Noy J-M, Lu H, Stenzel MH. Enhanced Antimetastatic Activity of the 
Ruthenium Anticancer Drug RAPTA-C Delivered in Fructose-Coated Micelles. Macromol 
Biosci. 2017;17:1600513/1-11. 
[1165] Lu M, Henry CE, Lai H, Khine YY, Ford CE, Stenzel MH. A new 3D organotypic model 
of ovarian cancer to help evaluate the antimetastatic activity of RAPTA-C conjugated micelles. 
Biomater Sci. 2019;7:1652-60. 
[1166] Ahmed M, Mamba S, Yang X-H, Darkwa J, Kumar P, Narain R. Synthesis and 
Evaluation of Polymeric Gold Glyco-Conjugates as Anti-Cancer Agents. Bioconjugate Chem. 
2013;24:979-86. 
[1167] Pearson S, Lu H, Stenzel MH. Glycopolymer Self-Assemblies with Gold(I) Complexed 
to the Core as a Delivery System for Auranofin. Macromolecules. 2015;48:1065-76. 
[1168] Pearson S, Scarano W, Stenzel MH. Micelles based on gold-glycopolymer complexes 
as new chemotherapy drug delivery agents. Chem Commun. 2012;48:4695-7. 
[1169] Harris A, Hinojosa B, Chavious M, Petros R. Beyond platinum: synthesis, 
characterization, and in vitro toxicity of Cu(II)-releasing polymer nanoparticles for potential 
use as a drug delivery vector. Nanoscale Res Lett. 2011;6:1-10. 
[1170] Neuse EW. Carrier-bound platinum and iron compounds with carcinostatic properties. 
Polym Adv Technol. 1998;9:786-93. 
[1171] Withey ABJ, Chen G, Nguyen TLU, Stenzel MH. Macromolecular Cobalt Carbonyl 
Complexes Encapsulated in a Click-Cross-Linked Micelle Structure as a Nanoparticle To 
Deliver Cobalt Pharmaceuticals. Biomacromolecules. 2009;10:3215-26. 
[1172] Lin S-P, Brown JJ. MR contrast agents: Physical and pharmacologic basics. J Magn 
Reson Imaging. 2007;25:884-99. 
[1173] Chan KW-Y, Wong W-T. Small molecular gadolinium(III) complexes as MRI contrast 
agents for diagnostic imaging. Coord Chem Rev. 2007;251:2428-51. 
[1174] Yan G-P, Robinson L, Hogg P. Magnetic resonance imaging contrast agents: Overview 
and perspectives. Radiography. 2007;13:e5-e19. 



240 

[1175] Villaraza AJL, Bumb A, Brechbiel MW. Macromolecules, Dendrimers, and 
Nanomaterials in Magnetic Resonance Imaging: The Interplay between Size, Function, and 
Pharmacokinetics. Chem Rev. 2010;110:2921-59. 
[1176] Vexler VS, Clément O, Schmitt-Willich H, Brasch RC. Effect of varying the molecular 
weight of the MR contrast agent Gd-DTPA-polylysine on blood pharmacokinetics and 
enhancement patterns. J Magn Reson Imaging. 1994;4:381-8. 
[1177] Oksendal AN, Hals P-A. Biodistribution and toxicity of MR imaging contrast media. J 
Magn Reson Imaging. 1993;3:157-65. 
[1178] Tang J, Sheng Y, Hu H, Shen Y. Macromolecular MRI contrast agents: Structures, 
properties and applications. Prog Polym Sci. 2013;38:462-502. 
[1179] Tan M, Ye Z, Jeong E-K, Wu X, Parker DL, Lu Z-R. Synthesis and Evaluation of 
Nanoglobular Macrocyclic Mn(II) Chelate Conjugates as Non-Gadolinium(III) MRI Contrast 
Agents. Bioconjugate Chem. 2011;22:931-7. 
[1180] Wu C, Li D, Yang L, Lin B, Zhang H, Xu Y, Cheng Z, Xia C, Gong Q, et al. Multivalent 
manganese complex decorated amphiphilic dextran micelles as sensitive MRI probes. J Mater 
Chem B. 2015;3:1470-3. 
[1181] Huang Y, Zhang X, Zhang Q, Dai X, Wu J. Evaluation of diethylenetriaminepentaacetic 
acid–manganese(II) complexes modified by narrow molecular weight distribution of chitosan 
oligosaccharides as potential magnetic resonance imaging contrast agents. Magn Reson 
Imaging. 2011;29:554-60. 
[1182] Qiao Z, Shi X. Dendrimer-based molecular imaging contrast agents. Prog Polym Sci. 
2015;44:1-27. 
[1183] Kobayashi H, Brechbiel MW. Dendrimer-based Macromolecular MRI Contrast Agents: 
Characteristics and Application. Mol Imaging. 2003;2:1-10. 
[1184] Misselwitz B, Schmitt-Willich H, Ebert W, Frenzel T, Weinmann H-J. 
Pharmacokinetics of Gadomer-17, a new dendritic magnetic resonance contrast agent. Magn 
Reson Mater Phys Biol Med. 2001;12:128-34. 
[1185] Dong Q, Hurst DR, Weinmann HJ, Chenevert TL, Londy FJ, Prince MR. Magnetic 
Resonance Angiography With Gadomer-17: An Animal Study. Invest Radiology. 1998;33:699-
708. 
[1186] Wiener E, Brechbiel MW, Brothers H, Magin RL, Gansow OA, Tomalia DA, Lauterbur 
PC. Dendrimer-based metal chelates: A new class of magnetic resonance imaging contrast 
agents. Magn Reson Med. 1994;31:1-8. 
[1187] Rudovský J, Botta M, Hermann P, Hardcastle KI, Lukeš I, Aime S. PAMAM 
Dendrimeric Conjugates with a Gd−DOTA Phosphinate Derivative and Their Adducts with 
Polyaminoacids:  The Interplay of Global Motion, Internal Rotation, and Fast Water Exchange. 
Bioconjugate Chem. 2006;17:975-87. 
[1188] Liu J, Xiong Z, Zhang J, Peng C, Klajnert-Maculewicz B, Shen M, Shi X. Zwitterionic 
Gadolinium(III)-Complexed Dendrimer-Entrapped Gold Nanoparticles for Enhanced 
Computed Tomography/Magnetic Resonance Imaging of Lung Cancer Metastasis. ACS Appl 
Mater Interfaces. 2019;11:15212-21. 
[1189] Chen W-T, Thirumalai D, Shih T-F, Chen R-C, Tu S-Y, Lin C-I, Yang P-C. Dynamic 
Contrast-Enhanced Folate-Receptor-Targeted MR Imaging Using a Gd-loaded PEG-
Dendrimer–Folate Conjugate in a Mouse Xenograft Tumor Model. Mol Imaging Biol. 
2010;12:145-54. 
[1190] Jászberényi Z, Moriggi L, Schmidt P, Weidensteiner C, Kneuer R, Merbach A, Helm L, 
Tóth É. Physicochemical and MRI characterization of Gd3+-loaded polyamidoamine and 
hyperbranched dendrimers. J Biol Inorg Chem. 2007;12:406-20. 
[1191] Zu G, Tong X, Zhang T, Cao Y, Kuang Y, Zhang K, Zhang Y, Luo L, Liu M, et al. 
PEGylated chitosan grafted with polyamidoamine-dendron as tumor-targeted magnetic 
resonance imaging contrast agent. New J Chem. 2017;41:7689-96. 



241 

[1192] Floyd WC, Klemm PJ, Smiles DE, Kohlgruber AC, Pierre VC, Mynar JL, Fréchet JMJ, 
Raymond KN. Conjugation Effects of Various Linkers on Gd(III) MRI Contrast Agents with 
Dendrimers: Optimizing the Hydroxypyridinonate (HOPO) Ligands with Nontoxic, 
Degradable Esteramide (EA) Dendrimers for High Relaxivity. J Am Chem Soc. 
2011;133:2390-3. 
[1193] Markowicz-Piasecka M, Sikora J, Szymaski P, Kozak O, Studniarek M, Mikiciuk-
Olasik E. PAMAM Dendrimers as Potential Carriers of Gadolinium Complexes of 
Iminodiacetic Acid Derivatives for Magnetic Resonance Imaging. J Nanomater. 
2015;2015:26/1-11. 
[1194] Fu Y, Raatschen H-J, Nitecki DE, Wendland MF, Novikov V, Fournier LS, Cyran C, 
Rogut V, Shames DM, et al. Cascade Polymeric MRI Contrast Media Derived from 
Poly(ethylene glycol) Cores:  Initial Syntheses and Characterizations. Biomacromolecules. 
2007;8:1519-29. 
[1195] Bryant LH, Brechbiel MW, Wu C, Bulte JWM, Herynek V, Frank JA. Synthesis and 
relaxometry of high-generation (G = 5, 7, 9, and 10) PAMAM dendrimer-DOTA-gadolinium 
chelates. J Magn Reson Imaging. 1999;9:348-52. 
[1196] Ali MM, Woods M, Caravan P, Opina ACL, Spiller M, Fettinger JC, Sherry AD. 
Synthesis and Relaxometric Studies of a Dendrimer-Based pH-Responsive MRI Contrast 
Agent. Chem Eur J. 2008;14:7250-8. 
[1197] Wang Q, Li J, An S, Chen Y, Jiang C, Wang X. Magnetic resonance-guided regional 
gene delivery strategy using a tumor stroma-permeable nanocarrier for pancreatic cancer. Int J 
Nanomedicine. 2015;10:4479-90. 
[1198] Lucas RL, Benjamin M, Reineke TM. Comparison of a Tartaric Acid Derived Polymeric 
MRI Contrast Agent to a Small Molecule Model Chelate. Bioconjugate Chem. 2008;19:24-7. 
[1199] Duarte MG, Gil MH, Peters JA, Colet JM, Elst LV, Muller RN, Geraldes CFGC. 
Synthesis, Characterization, and Relaxivity of Two Linear Gd(DTPA)−Polymer Conjugates. 
Bioconjugate Chem. 2001;12:170-7. 
[1200] Lu Z-R, Parker DL, Goodrich KC, Wang X, Dalle JG, Buswell HR. Extracellular 
biodegradable macromolecular gadolinium(III) complexes for MRI. Magn Reson Med. 
2004;51:27-34. 
[1201] Zong Y, Wang X, Goodrich KC, Mohs AM, Parker DL, Lu Z-R. Contrast-enhanced 
MRI with new biodegradable macromolecular Gd(III) complexes in tumor-bearing mice. Magn 
Reson Med. 2005;53:835-42. 
[1202] Zong Y, Guo J, Ke T, Mohs AM, Parker DL, Lu Z-R. Effect of size and charge on 
pharmacokinetics and in vivo MRI contrast enhancement of biodegradable polydisulfide 
Gd(III) complexes. J Control Release. 2006;112:350-6. 
[1203] Mohs AM, Wang X, Goodrich KC, Zong Y, Parker DL, Lu Z-R. PEG-g-poly(GdDTPA-
co-l-cystine):  A Biodegradable Macromolecular Blood Pool Contrast Agent for MR Imaging. 
Bioconjugate Chem. 2004;15:1424-30. 
[1204] Mohs AM, Zong Y, Guo J, Parker DL, Lu Z-R. PEG-g-poly(GdDTPA-co-l-cystine):  
Effect of PEG Chain Length on in Vivo Contrast Enhancement in MRI. Biomacromolecules. 
2005;6:2305-11. 
[1205] Schopf E, Sankaranarayanan J, Chan M, Mattrey R, Almutairi A. An Extracellular MRI 
Polymeric Contrast Agent That Degrades at Physiological pH. Mol Pharmaceutics. 
2012;9:1911-8. 
[1206] Sieving PF, Watson AD, Rocklage SM. Preparation and characterization of 
paramagnetic polychelates and their protein conjugates. Bioconjugate Chem. 1990;1:65-71. 
[1207] Mäurer J, Knollmann FD, Veuskens C, Ebert W, Bauer H, Felix R. Contrast enhanced 
high resolution MRI of cutaneous melanomas using Gd-DTPA and Gd-DTPA-polylysine: 
experimental results. Skin Res Technol. 1998;4:49-53. 



242 

[1208] Spanoghe M, Lanens D, Dommisse R, Van der Linden A, Alderweireldt F. Proton 
relaxation enhancement by means of serum albumin and poly-l-lysine labeled with DTPA-
Gd3+: Relaxivities as a function of molecular weight and conjugation efficiency. Magn Reson 
Imaging. 1992;10:913-7. 
[1209] Uzgiris EE, Cline H, Moasser B, Grimmond B, Amaratunga M, Smith JF, Goddard G. 
Conformation and Structure of Polymeric Contrast Agents for Medical Imaging. 
Biomacromolecules. 2004;5:54-61. 
[1210] Adam G, Neuerburg J, Spüntrup E, Mühler A, Scherer K, Günther RW. Dynamic 
contrast-enhanced MR imaging of the upper abdomen: Enhancement properties of gadobutrol, 
gadolinium-DTPA-polylysine, and gadolinium-DTPA-cascade-polymer. Magn Reson Med. 
1994;32:622-8. 
[1211] Cao Y, Liu M, Zhang K, Dong J, Zu G, Chen Y, Zhang T, Xiong D, Pei R. Preparation 
of linear poly(glycerol) as a T1 contrast agent for tumor-targeted magnetic resonance imaging. 
J Mater Chem B. 2016;4:6716-25. 
[1212] Huang Z, Chen Y, Liu D, Lu C, Shen Z, Zhong S, Shi G. Gadolinium-conjugated star-
block copolymer polylysine-modified polyethylenimine as high-performance T1 MR imaging 
blood pool contrast agents. RSC Adv. 2018;8:5005-12. 
[1213] Wen X, Jackson EF, Price RE, Kim EE, Wu Q, Wallace S, Charnsangavej C, Gelovani 
JG, Li C. Synthesis and Characterization of Poly(l-glutamic acid) Gadolinium Chelate:  A New 
Biodegradable MRI Contrast Agent. Bioconjugate Chem. 2004;15:1408-15. 
[1214] Ye F, Ke T, Jeong E-K, Wang X, Sun Y, Johnson M, Lu Z-R. Noninvasive Visualization 
of in Vivo Drug Delivery of Poly(l-glutamic acid) Using Contrast-Enhanced MRI. Mol 
Pharmaceutics. 2006;3:507-15. 
[1215] Lu Z-R, Wang X, Parker DL, Goodrich KC, Buswell HR. Poly(l-glutamic acid) Gd(III)-
DOTA Conjugate with a Degradable Spacer for Magnetic Resonance Imaging. Bioconjugate 
Chem. 2003;14:715-9. 
[1216] Liu Q, Chen S, Chen J, Du J. An Asymmetrical Polymer Vesicle Strategy for 
Significantly Improving T1 MRI Sensitivity and Cancer-Targeted Drug Delivery. 
Macromolecules. 2015;48:739-49. 
[1217] Aime S, Geninatti Crich S, Botta M, Giovenzana G, Palmisano G, Sisti M. A 
macromolecular Gd(III) complex as pH-responsive relaxometric probe for MRI applications. 
Chem Commun. 1999:1577-8. 
[1218] Aime S, Fedeli F, Sanino A, Terreno E. A R2/R1 Ratiometric Procedure for a 
Concentration-Independent, pH-Responsive, Gd(III)-Based MRI Agent. J Am Chem Soc. 
2006;128:11326-7. 
[1219] Zarabi B, Nan A, Zhuo J, Gullapalli R, Ghandehari H. Macrophage Targeted N-(2-
Hydroxypropyl)methacrylamide Conjugates for Magnetic Resonance Imaging. Mol 
Pharmaceutics. 2006;3:550-7. 
[1220] Wang Y, Ye F, Jeong E-K, Sun Y, Parker D, Lu Z-R. Noninvasive Visualization of 
Pharmacokinetics, Biodistribution and Tumor Targeting of Poly[N-(2-
hydroxypropyl)methacrylamide] in Mice Using Contrast Enhanced MRI. Pharma Res. 
2007;24:1208-16. 
[1221] Li X, Sun L, Wei X, Luo Q, Cai H, Xiao X, Zhu H, Luo K. Stimuli-responsive 
biodegradable and gadolinium-based poly[N-(2-hydroxypropyl) methacrylamide] copolymers: 
their potential as targeting and safe magnetic resonance imaging probes. J Mater Chem B. 
2017;5:2763-74. 
[1222] Zhu C, Liu L, Yang Q, Lv F, Wang S. Water-Soluble Conjugated Polymers for Imaging, 
Diagnosis, and Therapy. Chem Rev. 2012;112:4687-735. 
[1223] Xu Q, Zhu L, Yu M, Feng F, An L, Xing C, Wang S. Gadolinium(III) chelated 
conjugated polymer as a potential MRI contrast agent. Polymer. 2010;51:1336-40. 



243 

[1224] Atkins KM, Martínez FM, Nazemi A, Scholl TJ, Gillies ER. Poly(para-phenylene 
ethynylene)s functionalized with Gd(III) chelates as potential MRI contrast agents. Can J Chem. 
2010;89:47-56. 
[1225] Tong G, Fang Z, Huang G, Jing Y, Dai S, Jiang Q, Zhang C, Feng S-T, Li Z-P. 
Gadolinium/DOTA functionalized poly(ethylene glycol)-block-poly(acrylamide-co-
acrylonitrile) micelles with synergistically enhanced cellular uptake for cancer theranostics. 
RSC Adv. 2016;6:50534-42. 
[1226] Sun L, Li X, Wei X, Luo Q, Guan P, Wu M, Zhu H, Luo K, Gong Q. Stimuli-Responsive 
Biodegradable Hyperbranched Polymer–Gadolinium Conjugates as Efficient and 
Biocompatible Nanoscale Magnetic Resonance Imaging Contrast Agents. ACS Appl Mater 
Interfaces. 2016;8:10499-512. 
[1227] Lebdušková P, Kotek J, Hermann P, Vander Elst L, Muller RN, Lukeš I, Peters JA. A 
Gadolinium(III) Complex of a Carboxylic-Phosphorus Acid Derivative of Diethylenetriamine 
Covalently Bound to Inulin, a Potential Macromolecular MRI Contrast Agent. Bioconjugate 
Chem. 2004;15:881-9. 
[1228] Li Y, Qian Y, Liu T, Zhang G, Hu J, Liu S. Asymmetrically functionalized [small beta]-
cyclodextrin-based star copolymers for integrated gene delivery and magnetic resonance 
imaging contrast enhancement. Polym Chem. 2014;5:1743-50. 
[1229] Gianolio E, Cabella C, Colombo Serra S, Valbusa G, Arena F, Maiocchi A, Miragoli L, 
Tedoldi F, Uggeri F, et al. B25716/1: a novel albumin-binding Gd-AAZTA MRI contrast agent 
with improved properties in tumor imaging. J Biol Inorg Chem. 2014;19:715-26. 
[1230] Huang Y, Cao B, Yang X, Zhang Q, Han X, Guo Z. Gd complexes of 
diethylenetriaminepentaacetic acid conjugates of low-molecular-weight chitosan 
oligosaccharide as a new liver-specific MRI contrast agent. Magn Reson Imaging. 
2013;31:604-9. 
[1231] Li KCP, Quisling RG, Armitage FE, Richardson D, Mladinich C. In vivo MR evaluation 
of Gd-DTPA conjugated to dextran in normal rabbits. Magn Reson Imaging. 1992;10:439-44. 
[1232] Rebizak R, Schaefer M, Dellacherie É. Polymeric Conjugates of 
Gd3+−Diethylenetriaminepentaacetic Acid and Dextran. 2. Influence of Spacer Arm Length 
and Conjugate Molecular Mass on the Paramagnetic Properties and Some Biological 
Parameters. Bioconjugate Chem. 1998;9:94-9. 
[1233] Rebizak R, Schaefer M, Dellacherie É. Macromolecular contrast agents for magnetic 
resonance imaging: Influence of polymer content in ligand on the paramagnetic properties. Eur 
J Pharm Sci. 1999;7:243-8. 
[1234] Armitage FE, Richardson DE, Li KCP. Polymeric contrast agents for magnetic 
resonance imaging: synthesis and characterization of gadolinium diethylenetriaminepentaacetic 
acid conjugated to polysaccharides. Bioconjugate Chem. 1990;1:365-74. 
[1235] Rongved P, Fritzell TH, Strande P, Klaveness J. Polysaccharides as carriers for magnetic 
resonance imaging contrast agents: Synthesis and stability of a new amino acid linker 
derivative. Carbohydrate Res. 1996;287:77-89. 
[1236] Sun G, Feng J, Jing F, Pei F, Liu M. Synthesis and evaluation of novel polysaccharide-
Gd-DTPA compounds as contrast agent for MRI. J Magn Magn Mater. 2003;265:123-9. 
[1237] Du H-j, Shen Y-c, Liu Y-p, Han L, Zheng Y, Yan G-p, Tu Y-y, Wu J-y, Guo Q-z, et al. 
Dextran gadolinium complex containing folate groups as a potential magnetic resonance 
imaging contrast agent. Chinese J Polym Sci. 2015;33:1325-33. 
[1238] Russo M, Bevilacqua P, Netti PA, Torino E. A Microfluidic Platform to design 
crosslinked Hyaluronic Acid Nanoparticles (cHANPs) for enhanced MRI. Sci Rep. 
2016;6:37906/1-10. 
[1239] Hu X, Liu G, Li Y, Wang X, Liu S. Cell-Penetrating Hyperbranched Polyprodrug 
Amphiphiles for Synergistic Reductive Milieu-Triggered Drug Release and Enhanced 
Magnetic Resonance Signals. J Am Chem Soc. 2015;137:362-8. 



244 

[1240] Zhang G, Zhang R, Wen X, Li L, Li C. Micelles Based on Biodegradable Poly(l-
glutamic acid)-b-Polylactide with Paramagnetic Gd Ions Chelated to the Shell Layer as a 
Potential Nanoscale MRI−Visible Delivery System. Biomacromolecules. 2008;9:36-42. 
[1241] Porsio B, Lemaire L, El Habnouni S, Darcos V, Franconi F, Garric X, Coudane J, 
Nottelet B. MRI-visible nanoparticles from hydrophobic gadolinium poly(ε-caprolactone) 
conjugates. Polymer. 2015;56:135-40. 
[1242] Rowe MD, Chang C-C, Thamm DH, Kraft SL, Harmon JF, Vogt AP, Sumerlin BS, 
Boyes SG. Tuning the Magnetic Resonance Imaging Properties of Positive Contrast Agent 
Nanoparticles by Surface Modification with RAFT Polymers. Langmuir. 2009;25:9487-99. 
[1243] Mariani G, Bruselli L, Kuwert T, Kim E, Flotats A, Israel O, Dondi M, Watanabe N. A 
review on the clinical uses of SPECT/CT. Eur J Nucl Med Mol Imaging. 2010;37:1959-85. 
[1244] Saatchi K, Häfeli UO. Radiolabeling of Biodegradable Polymeric Microspheres with 
[99mTc(CO)3]+ and in Vivo Biodistribution Evaluation using MicroSPECT/CT Imaging. 
Bioconjugate Chem. 2009;20:1209-17. 
[1245] Harper PV, Lathrop KA, Jiminez F, Fink R, Gottschalk A. Technetium 99m as a 
Scanning Agent. Radiology. 1965;85:101-9. 
[1246] Czaplewska JA, Theil F, Altuntas E, Niksch T, Freesmeyer M, Happ B, Pretzel D, 
Schäfer H, Obata M, et al. Glycoconjugated Rhenium(I) and 99m-Technetium(I) Carbonyl 
Complexes from Pyridyltriazole Ligands Obtained by “Click Chemistry”. Eur J Inorg Chem. 
2014;2014:6290-7. 
[1247] Nakayama M, Terahara T, Ikeda R, Wada M, Koiso T, Kimura Y, Harada K, Sugii A, 
Tomiguchi S, et al. Characterization of insoluble macromolecular Sn(II) complex and its 
application to the 99mTc labeling of human serum albumin-bearing mercapto groups. Appl 
Radiat Isot. 1994;45:41-7. 
[1248] Tassano MR, Audicio PF, Gambini JP, Fernandez M, Damian JP, Moreno M, 
Chabalgoity JA, Alonso O, Benech JC, et al. Development of 99mTc(CO)3-dendrimer-FITC 
for cancer imaging. Bioorg Med Chem Lett. 2011;21:5598-601. 
[1249] Xu X, Zhang Y, Wang X, Guo X, Zhang X, Qi Y, Shen Y-M. Radiosynthesis, 
biodistribution and micro-SPECT imaging study of dendrimer–avidin conjugate. Bioorg Med 
Chem. 2011;19:1643-8. 
[1250] Zhang Y, Sun Y, Xu X, Zhang X, Zhu H, Huang L, Qi Y, Shen Y-M. Synthesis, 
Biodistribution, and Microsingle Photon Emission Computed Tomography (SPECT) Imaging 
Study of Technetium-99m Labeled PEGylated Dendrimer Poly(amidoamine) (PAMAM)−Folic 
Acid Conjugates. J Med Chem. 2010;53:3262-72. 
[1251] Agashe HB, Babbar AK, Jain S, Sharma RK, Mishra AK, Asthana A, Garg M, Dutta T, 
Jain NK. Investigations on biodistribution of technetium-99m-labeled carbohydrate-coated 
poly(propylene imine) dendrimers. Nanomed Nanotechnol Biol Med. 2007;3:120-7. 
[1252] Parrott MC, Benhabbour SR, Saab C, Lemon JA, Parker S, Valliant JF, Adronov A. 
Synthesis, Radiolabeling, and Bio-imaging of High-Generation Polyester Dendrimers. J Am 
Chem Soc. 2009;131:2906-16. 
[1253] Trubetskoy VS, Torchilin VP. Fast and Specific Labeling of Antibody Fragments with 
Multiple Atoms of Heavy Metal Radioisotopes. Anal Biochemistry. 1995;229:345-7. 
[1254] Häfeli UO, Saatchi K, Elischer P, Misri R, Bokharaei M, Labiris NR, Stoeber B. Lung 
Perfusion Imaging with Monosized Biodegradable Microspheres. Biomacromolecules. 
2010;11:561-7. 
[1255] Callahan RJ, Bogdanov A, Fischman AJ, Brady TJ, Weissleder R. Preclinical evaluation 
and phase I clinical trial of a 99mTc-labeled synthetic polymer used in blood pool imaging. Am 
J Roentgenol. 1998;171:137-43. 
[1256] Visentin R, Pasut G, Veronese FM, Mazzi U. Highly Efficient Technetium-99m 
Labeling Procedure Based on the Conjugation of N-[N-(3-



245 

Diphenylphosphinopropionyl)glycyl]cysteine Ligand with Poly(ethylene glycol). Bioconjugate 
Chem. 2004;15:1046-54. 
[1257] Meléndez-Alafort L, Nadali A, Pasut G, Zangoni E, De Caro R, Cariolato L, Giron MC, 
Castagliuolo I, Veronese FM, et al. Detection of sites of infection in mice using 99mTc-labeled 
PN2S-PEG conjugated to UBI and 99mTc-UBI: a comparative biodistribution study. Nucl Med 
Biol. 2009;36:57-64. 
[1258] Kunz PC, Brückmann NE, Spingler B. Towards Polymer Diagnostic Agents ― 
Copolymers of N-(2-Hydroxypropyl)methacrylamide and Bis(2-pyridylmethyl)-4-
vinylbenzylamine: Synthesis, Characterisation and Re(CO)3-Labelling. Eur J Inorg Chem. 
2007;2007:394-9. 
[1259] Morais M, Subramanian S, Pandey U, Samuel G, Venkatesh M, Martins M, Pereira S, 
Correia JDG, Santos I. Mannosylated Dextran Derivatives Labeled with fac-[M(CO)3]+ (M = 
99mTc, Re) for Specific Targeting of Sentinel Lymph Node. Mol Pharmaceutics. 2011;8:609-
20. 
[1260] He Z, Zhang X, Huang J, Wu Y, Huang X, Chen J, Xia J, Jiang H, Ma J, et al. Immune 
activity and biodistribution of polypeptide K237 and folic acid conjugated amphiphilic PEG-
PLGA copolymer nanoparticles radiolabeled with 99mTc. Oncotarget. 2016;7:76635-46. 
[1261] Yi X, Xu M, Zhou H, Xiong S, Qian R, Chai Z, Zhao L, Yang K. Ultrasmall 
Hyperbranched Semiconducting Polymer Nanoparticles with Different Radioisotopes Labeling 
for Cancer Theranostics. ACS Nano. 2018;12:9142-51. 
[1262] Ogbomo SM, Shi W, Wagh NK, Zhou Z, Brusnahan SK, Garrison JC. 177Lu-labeled 
HPMA copolymers utilizing cathepsin B and S cleavable linkers: Synthesis, characterization 
and preliminary in vivo investigation in a pancreatic cancer model. Nucl Med Biol. 
2013;40:606-17. 
[1263] Kobayashi H, Wu C, Kim M-K, Paik CH, Carrasquillo JA, Brechbiel MW. Evaluation 
of the in Vivo Biodistribution of Indium-111 and Yttrium-88 Labeled Dendrimer-1B4M-DTPA 
and Its Conjugation with Anti-Tac Monoclonal Antibody. Bioconjugate Chem. 1999;10:103-
11. 
[1264] Hruby M, Skodova M, Mackova H, Skopal J, Tomes M, Kropacek M, Zimova J, Kucka 
J. Lutetium-177 and iodine-131 loaded chelating polymer microparticles intended for 
radioembolization of liver malignancies. React Funct Polym. 2011;71:1155-9. 
[1265] Shi W, Ogbomo SM, Wagh NK, Zhou Z, Jia Y, Brusnahan SK, Garrison JC. The 
influence of linker length on the properties of cathepsin S cleavable 177Lu-labeled HPMA 
copolymers for pancreatic cancer imaging. Biomater. 2014;35:5760-70. 
[1266] Laznickova A, Biricova V, Laznicek M, Hermann P. Mono(pyridine-N-oxide) DOTA 
analog and its G1/G4-PAMAM dendrimer conjugates labeled with 177Lu: Radiolabeling and 
biodistribution studies. Appl Radiat Isot. 2014;84:70-7. 
[1267] Liu S-J, Chen Y, Xu W-J, Zhao Q, Huang W. New Trends in the Optical and Electronic 
Applications of Polymers Containing Transition-Metal Complexes. Macromol Rapid Commun. 
2012;33:461-80. 
[1268] Zhao Q, Li F, Huang C. Phosphorescent chemosensors based on heavy-metal 
complexes. Chem Soc Rev. 2010;39:3007-30. 
[1269] Kikkeri R, Grünstein D, Seeberger PH. Lectin Biosensing Using Digital Analysis of 
Ru(II)-Glycodendrimers. J Am Chem Soc. 2010;132:10230-2. 
[1270] Grünstein D, Maglinao M, Kikkeri R, Collot M, Barylyuk K, Lepenies B, Kamena F, 
Zenobi R, Seeberger PH. Hexameric Supramolecular Scaffold Orients Carbohydrates To Sense 
Bacteria. J Am Chem Soc. 2011;133:13957-66. 
[1271] Sankaran NB, Rys AZ, Nassif R, Nayak MK, Metera K, Chen B, Bazzi HS, Sleiman 
HF. Ring-Opening Metathesis Polymers for Biodetection and Signal Amplification: Synthesis 
and Self-Assembly. Macromolecules. 2010;43:5530-7. 



246 

[1272] Metera KL, Hänni KD, Zhou G, Nayak MK, Bazzi HS, Juncker D, Sleiman HF. 
Luminescent Iridium(III)-Containing Block Copolymers: Self-Assembly into Biotin-Labeled 
Micelles for Biodetection Assays. ACS Macro Lett. 2012;1:954-9. 
[1273] Zhou C, Ma L, Ping J-t, Guo L-y, Qin J-l, Yuan M, Geng Z-x, You F-t, Peng H-s. 
Luminescent ruthenium(II)-containing metallopolymers with different ligands: synthesis and 
application as oxygen nanosensor for hypoxia imaging. Anal Bioanal Chem. 2020;412:2579-
87. 
[1274] Zhao W-x, Zhou C, Peng H-s. Ratiometric Luminescent Nanoprobes Based on 
Ruthenium and Terbium-Containing Metallopolymers for Intracellular Oxygen Sensing. 
Polymers. 2019;11:1290/1-9. 
[1275] Lv Z, Zou L, Wei H, Liu S, Huang W, Zhao Q. Phosphorescent Starburst Pt(II) 
Porphyrins as Bifunctional Therapeutic Agents for Tumor Hypoxia Imaging and Photodynamic 
Therapy. ACS Appl Mater Interfaces. 2018;10:19523-33. 
[1276] Li Y, Yu H, Qian Y, Hu J, Liu S. Amphiphilic Star Copolymer-Based Bimodal 
Fluorogenic/Magnetic Resonance Probes for Concomitant Bacteria Detection and Inhibition. 
Adv Mater. 2014;26:6734-41. 
[1277] Su F, Agarwal S, Pan T, Qiao Y, Zhang L, Shi Z, Kong X, Day K, Chen M, et al. 
Multifunctional PHPMA-Derived Polymer for Ratiometric pH Sensing, Fluorescence Imaging, 
and Magnetic Resonance Imaging. ACS Appl Mater Interfaces. 2018;10:1556-65. 
[1278] Rusling JF. Sensors for toxicity of chemicals and oxidative stress based on 
electrochemical catalytic DNA oxidation. Biosens Bioelectron. 2004;20:1022-8. 
[1279] Mugweru A, Wang B, Rusling J. Voltammetric Sensor for Oxidized DNA Using 
Ultrathin Films of Osmium and Ruthenium Metallopolymers. Anal Chem. 2004;76:5557-63. 
[1280] Zhang S, Ding Y, Wei H. Ruthenium Polypyridine Complexes Combined with 
Oligonucleotides for Bioanalysis: A Review. Molecules. 2014;19:11933-87. 
[1281] Rusling JF, Hvastkovs EG, Hull DO, Schenkman JB. Biochemical applications of 
ultrathin films of enzymes, polyions and DNA. Chem Commun. 2008:141-54. 
[1282] Mugweru A, Rusling JF. Catalytic square-wave voltammetric detection of DNA with 
reversible metallopolymer-coated electrodes. Electrochem Commun. 2001;3:406-9. 
[1283] Mugweru A, Yang J, Rusling JF. Comparison of Hemoglobin and Myoglobin for In Situ 
Metabolite Generation in Chemical Toxicity Sensors Using a Metallopolymer Catalyst for 
DNA Damage Detection. Electroanal. 2004;16:1132-8. 
[1284] Dennany L, Forster RJ, Rusling JF. Simultaneous Direct Electrochemiluminescence and 
Catalytic Voltammetry Detection of DNA in Ultrathin Films. J Am Chem Soc. 2003;125:5213-
8. 
[1285] So M, Hvastkovs EG, Schenkman JB, Rusling JF. 
Electrochemiluminescent/voltammetric toxicity screening sensor using enzyme-generated 
DNA damage. Biosens Bioelectron. 2007;23:492-8. 
[1286] Wang B, Rusling JF. Voltammetric Sensor for Chemical Toxicity Using 
[Ru(bpy)2poly(4-vinylpyridine)10Cl)]+ as Catalyst in Ultrathin Films. DNA Damage from 
Methylating Agents and an Enzyme-Generated Epoxide. Anal Chem. 2003;75:4229-35. 
[1287] Mugweru A, Rusling J. Studies of DNA Damage Inhibition by Dietary Antioxidants 
Using Metallopolyion/DNA Sensors. Electroanal. 2006;18:327-32. 
[1288] Dennany L, Forster RJ, White B, Smyth M, Rusling JF. Direct 
Electrochemiluminescence Detection of Oxidized DNA in Ultrathin Films Containing 
[Os(bpy)2(PVP)10]2+. J Am Chem Soc. 2004;126:8835-41. 
[1289] Wasalathanthri DP, Li D, Song D, Zheng Z, Choudhary D, Jansson I, Lu X, Schenkman 
JB, Rusling JF. Elucidating organ-specific metabolic toxicity chemistry from 
electrochemiluminescent enzyme/DNA arrays and bioreactor bead-LC-MS/MS. Chem Sci. 
2015;6:2457-68. 



247 

[1290] Bist I, Bhakta S, Jiang D, Keyes TE, Martin A, Forster RJ, Rusling JF. Evaluating 
Metabolite-Related DNA Oxidation and Adduct Damage from Aryl Amines Using a 
Microfluidic ECL Array. Anal Chem. 2017;89:12441-9. 
[1291] García-Gallego S, Bernardes GJL. Carbon-Monoxide-Releasing Molecules for the 
Delivery of Therapeutic CO In Vivo. Angew Chem Int Ed. 2014;53:9712-21. 
[1292] Mann BE. CO-Releasing Molecules: A Personal View. Organometallics. 2012;31:5728-
35. 
[1293] Romao CC, Blattler WA, Seixas JD, Bernardes GJL. Developing drug molecules for 
therapy with carbon monoxide. Chem Soc Rev. 2012;41:3571-83. 
[1294] Motterlini R, Otterbein LE. The therapeutic potential of carbon monoxide. Nat Rev Drug 
Disc. 2010;9:728/1-16. 
[1295] Rodriguez Andres I, Gangopadhyay A, Kelley Eric E, Pagano Patrick J, Zuckerbraun 
Brian S, Bauer Philip M. HO-1 and CO Decrease Platelet-Derived Growth Factor-Induced 
Vascular Smooth Muscle Cell Migration Via Inhibition of Nox1. Arter Thromb Vasc Biol. 
2010;30:98-104. 
[1296] Zuckerbraun BS, Chin BY, Bilban M, d’Avila JdC, Rao J, Billiar TR, Otterbein LE. 
Carbon monoxide signals via inhibition of cytochrome c oxidase and generation of 
mitochondrial reactive oxygen species. FASEB J. 2007;21:1099-106. 
[1297] Chin BY, Jiang G, Wegiel B, Wang HJ, MacDonald T, Zhang XC, Gallo D, Cszimadia 
E, Bach FH, et al. Hypoxia-inducible factor 1α stabilization by carbon monoxide results in 
cytoprotective preconditioning. Proc Nat Acad Sci. 2007;104:5109-14. 
[1298] Desmard M, Boczkowski J, Poderoso J, Motterlini R. Mitochondrial and Cellular Heme-
Dependent Proteins as Targets for the Bioactive Function of the Heme Oxygenase/Carbon 
Monoxide System. Antioxid Redox Signal. 2007;9:2139-56. 
[1299] Otterbein LE, Bach FH, Alam J, Soares M, Tao Lu H, Wysk M, Davis RJ, Flavell RA, 
Choi AMK. Carbon monoxide has anti-inflammatory effects involving the mitogen-activated 
protein kinase pathway. Nature Med. 2000;6:422-8. 
[1300] Sawle P, Foresti R, Mann BE, Johnson TR, Green CJ, Motterlini R. Carbon monoxide-
releasing molecules (CO-RMs) attenuate the inflammatory response elicited by 
lipopolysaccharide in RAW264.7 murine macrophages. Br J Pharmacol. 2005;145:800-10. 
[1301] Tsoyi K, Ha YM, Kim YM, Lee YS, Kim HJ, Kim HJ, Seo HG, Lee JH, Chang KC. 
Activation of PPAR-γ by Carbon Monoxide from CORM-2 Leads to the Inhibition of iNOS but 
not COX-2 Expression in LPS-Stimulated Macrophages. Inflammation. 2009;32:364-71. 
[1302] Kim Ki M, Pae H-O, Zheng M, Park R, Kim Y-M, Chung H-T. Carbon Monoxide 
Induces Heme Oxygenase-1 via Activation of Protein Kinase R–Like Endoplasmic Reticulum 
Kinase and Inhibits Endothelial Cell Apoptosis Triggered by Endoplasmic Reticulum Stress. 
Circ Res. 2007;101:919-27. 
[1303] Foresti R, Hammad J, Clark JE, Johnson TR, Mann BE, Friebe A, Green CJ, Motterlini 
R. Vasoactive properties of CORM-3, a novel water-soluble carbon monoxide-releasing 
molecule. Br J Pharmacol. 2004;142:453-60. 
[1304] Dioum EM, Rutter J, Tuckerman JR, Gonzalez G, Gilles-Gonzalez M-A, McKnight SL. 
NPAS2: A Gas-Responsive Transcription Factor. Science. 2002;298:2385-7. 
[1305] Wang R, Wu L. The Chemical Modification of KCa Channels by Carbon Monoxide in 
Vascular Smooth Muscle Cells. J Biol Chem. 1997;272:8222-6. 
[1306] Sarady JK, Zuckerbraun BS, Bilban M, Wagner O, Usheva A, Liu F, Ifedigbo E, Zamora 
R, Choi AMK, et al. Carbon monoxide protection against endotoxic shock involves reciprocal 
effects on iNOS in the lung and liver. FASEB J. 2004;18:854-6. 
[1307] Rimmer RD, Pierri AE, Ford PC. Photochemically activated carbon monoxide release 
for biological targets. Toward developing air-stable photoCORMs labilized by visible light. 
Coord Chem Rev. 2012;256:1509-19. 



248 

[1308] Schatzschneider U. PhotoCORMs: Light-triggered release of carbon monoxide from the 
coordination sphere of transition metal complexes for biological applications. Inorg Chim Acta. 
2011;374:19-23. 
[1309] Rudolf P, Kanal F, Knorr J, Nagel C, Niesel J, Brixner T, Schatzschneider U, 
Nuernberger P. Ultrafast Photochemistry of a Manganese-Tricarbonyl CO-Releasing Molecule 
(CORM) in Aqueous Solution. J Phys Chem Lett. 2013;4:596-602. 
[1310] Brückmann NE, Wahl M, Reiß GJ, Kohns M, Wätjen W, Kunz PC. Polymer Conjugates 
of Photoinducible CO-Releasing Molecules. Eur J Inorg Chem. 2011;2011:4571-7. 
[1311] Govender P, Pai S, Schatzschneider U, Smith GS. Next Generation PhotoCORMs: 
Polynuclear Tricarbonylmanganese(I)-Functionalized Polypyridyl Metallodendrimers. Inorg 
Chem. 2013;52:5470-8. 
[1312] Nguyen D, Nguyen T-K, Rice SA, Boyer C. CO-Releasing Polymers Exert 
Antimicrobial Activity. Biomacromolecules. 2015;16:2776-86. 
[1313] Roveda Jr AC, Franco DW. Nitric oxide releasing-dendrimers: an overview. Braz J 
Pharm Sci. 2013;49:1-14. 
[1314] Seabra AB, Duran N. Nitric oxide-releasing vehicles for biomedical applications. J 
Mater Chem. 2010;20:1624-37. 
[1315] Stasko NA, Schoenfisch MH. Dendrimers as a Scaffold for Nitric Oxide Release. J Am 
Chem Soc. 2006;128:8265-71. 
[1316] Mase JD, Razgoniaev AO, Tschirhart MK, Ostrowski AD. Light-controlled release of 
nitric oxide from solid polymer composite materials using visible and near infra-red light. 
Photochem Photobiol Sci. 2015;14:775-85. 
[1317] Bohlender C, Wolfram M, Goerls H, Imhof W, Menzel R, Baumgaertel A, Schubert US, 
Mueller U, Frigge M, et al. Light-triggered NO release from a nanofibrous non-woven. J Mater 
Chem. 2012;22:8785-92. 
[1318] Bohlender C, Landfester K, Crespy D, Schiller A. Unconventional Non-Aqueous 
Emulsions for the Encapsulation of a Phototriggerable NO-Donor Complex in Polymer 
Nanoparticles. Part Part Syst Charact. 2013;30:138-42. 
[1319] Benini PGZ, McGarvey BR, Franco DW. Functionalization of PAMAM dendrimers 
with [RuIII(edta)(H2O)]−. Nitric Oxide. 2008;19:245-51. 
[1320] Roveda Jr AC, Papa TBR, Castellano EE, Franco DW. PAMAM dendrimers 
functionalized with ruthenium nitrosyl as nitric oxide carriers. Inorg Chim Acta. 2014;409:147-
55. 
[1321] Kim C, Diring S, Furukawa S, Kitagawa S. Light-induced nitric oxide release from 
physiologically stable porous coordination polymers. Dalton Trans. 2015;44:15324-33. 
[1322] Banerjee S, Nabae Y. Ferric porphyrin–based polymers for electrochemical oxygen 
reduction. Catal Today. 2019;332:109-14. 
[1323] Luo Y, Que W, Yang C, Tian Y, Yang Y, Yin X. Nitrogen-doped graphene/multiphase 
nickel sulfides obtained by Ni-C3N3S3 (metallopolymer) assisted synthesis for high-
performance hybrid supercapacitors. Electrochim Acta. 2019;301:332-41. 
[1324] Irina S, Oleksandra B, Olena T, Yaroslav F, Sergiy S, Nataliya R. Monomer and 
metallopolymer compounds of Tb(III) as precursors for OLEDs. Appl Nanosci. 2019;9:787-93. 
[1325] Clayman NE, Manumpil MA, Matson BD, Wang S, Slavney AH, Sarangi R, Karunadasa 
HI, Waymouth RM. Reactivity of NO2 with Porous and Conductive Copper Azobispyridine 
Metallopolymers. Inorg Chem. 2019;58:10856-60. 
[1326] Torres-Werlé M, Heinrich B, Maisse-François A, Bellemin-Laponnaz S. Synthesis of 
alternating metallocopolymers by chiral recognition. Chirality. 2019;31:903-9. 
[1327] Lai L, Luo D, Liu T, Zheng W, Chen T, Li D. Self-Assembly of Copper Polypyridyl 
Supramolecular Metallopolymers to Achieve Enhanced Anticancer Efficacy. ChemistryOpen. 
2019;8:434-7. 



249 

 

 



 

 
 

  



 

 
 

 

 

 

 

 

Publication Pub2 

 

“Hydrogel-embedded model photocatalytic system investigated by Raman and IR 

spectroscopy assisted by density functional theory calculations and two-dimensional 

correlation analysis” 
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ABSTRACT: The presented study reports the synthesis and
the vibrational spectroscopic characterization of different
matrix-embedded model photocatalysts. The goal of the study
is to investigate the interaction of a polymer matrix with
photosensitizing dyes and metal complexes for potential future
photocatalytic applications. The synthesis focuses on a new
rhodamine B derivate and a Pt(II) terpyridine complex, which
both contain a polymerizable methacrylate moiety and an acid
labile acylhydrazone group. The methacrylate moieties are
afterward utilized to synthesize functional model hydrogels
mainly consisting of poly(ethylene glycol) methacrylate units.
The pH-dependent and temperature-dependent behavior of the
hydrogels is investigated by means of Raman and IR
spectroscopy assisted by density functional theory calculations and two-dimensional correlation spectroscopy. The spectroscopic
results reveal that the Pt(II) terpyridine complex can be released from the polymer matrix by cleaving the CN bond in an acid
environment. The same behavior could not be observed in the case of the rhodamine B dye although it features a comparable
CN bond. The temperature-dependent study shows that the water evaporation has a significant influence neither on the
molecular structure of the hydrogel nor on the model photocatalytic moieties.

1. INTRODUCTION

Photocatalysis represents an established research field focusing
on the use of light to drive catalytic processes.1,2 Example
applications include water splitting3−5 or the decomposition of
harmful molecules.6,7 The first step in a photocatalytic process
is the absorption of a photon by a photosensitizer. Via this
process, the photocatalytic system is able to convert the energy
of the absorbed photon into an excited molecular state which,
in turn, can lead to other reactions. One possible reaction
pathway is that the photosensitizer transfers an electron,
hydrogen, or energy to a catalyst system, which uses the
transferred energy to catalyze a chemical reaction.8−11 An
alternative, but often undesired reaction pathway, is that the
photosensitizer itself undergoes follow-up reactions like
isomerization or the formation of radicals.12

The light absorption, energy transfer, and the catalyzed
chemical reaction are determined by the molecular structures of
the photosensitizer and of the photocatalyst as well as their
spatial arrangement. Thus, the catalytic process can be
controlled by structurally modifying these compounds, i.e.,
changing their local molecular environment or controlling their
natural orientation vs each other. In this context, polymer
matrix-embedded photocatalytic compounds can provide
control over more parameters than just the molecular structures
of the photosensitizer or the catalyst.13,14 The polymer matrix
may act as buffer to the environmental conditions by, e.g.,
providing constant local pH value levels or defined molecular
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structures. Conversely, the matrix material can support the
catalytic process by acting as an active part of the photocatalytic
system.15

However, the polymer matrix renders the characterization
process more complicated, because the sample is more complex
and not all common characterization techniques such as NMR
spectroscopy or mass spectrometry can be applied to solid
polymer samples. Here, the use of vibrational spectroscopic
techniques, namely, Raman and infrared (IR) absorption
spectroscopy, can be very beneficial, as they enable a
noninvasive molecular characterization of complex functional
polymer samples with sufficient temporal resolution.16,17

In this study, we investigate a model matrix-embedded
photocatalytic system based on a hydrogel polymer matrix and
rhodamine B dye as well as a Pt(II) complex by means of
vibrational spectroscopy in combination with 2D correlation
analysis. In doing so, we were particularly interested in (i) the
design, synthesis and pH-triggered release from the polymer
matrix of the functional monomer compounds, and (ii) in the
spectroscopic accessibility of the studied soft matter system
using Raman and IR spectroscopy to evaluate the influence of
water evaporation at elevated temperatures on the catalytic
material. Both monomer compounds featured an acid labile
acylhydrazone bond, which can be utilized to release the
functional dye and the metal complex moieties into the
polymer matrix, thus, altering their molecular structure and
local environment. This feature could in the future be used to
design a repair mechanism for degraded/depleted photo-
catalytic systems. We performed pH-dependent as well as
temperature-dependent vibrational spectroscopic measure-
ments on these systems. The spectroscopic data were analyzed
via two-dimensional (2D) correlation spectroscopy combined
with density functional theory (DFT) calculations.18,19

2. MATERIALS AND METHODS
2.1. Polymerization. The synthesis of the functional

monomers 4 and 7 is described in the Supporting Information.
The hydrazides 4 and 7 were copolymerized with polyethylene
glycol methacrylate (PEGMA500, Mn = 500 g/mol) and
triethylene glycol dimethacrylate (TEGDMA) as cross-linker.
The hydrogels HG1 (PEGMA500 + TEGDMA), HG2
(PEGMA500 + TEGDMA + 4), and HG3 (PEGMA500 +
TEGDMA + 7) were prepared by free radical polymerization
using 4,4′-azobis(4-cyanovaleric acid) (ACVA) as initiator
(n(monomers):n(ACVA) = 150:1; for utilized masses and
amounts of 4 and 7 in HG2 and HG3, Table 1). The initiator
was added from a stock solution in dimethylformamide. A 0.5
M solution was prepared by dissolving the monomers in DMF.
The solutions were purged with nitrogen for 45 min and
afterward stirred at 85 °C for 20 h while a gel formation was
observed. After polymerization, the gels were washed with
chloroform (3 × 10 mL) to extract unreacted monomers.
Afterward, the gels were dried under a vacuum.

Furthermore, the water content of the hydrogels was
analyzed using thermogravimetric analysis (TGA). The water
content was quite similar in all cases, although HG2 had slightly
lower water content (Table 2). Thus, the introduction of the
functional units has only a very small effect on the hydrogel
formation and properties.

2.2. Raman Studies. FT-Raman spectra were recorded up
to 3600 cm−1 with a spectral resolution of 4 cm−1 using a
Bruker MultiSpec spectrometer. The Raman excitation light at
1064 nm was provided by a Nd:YAG laser (DeniCAFC-LC-3/
40, Klastech-Karpushko Laser Technologies). The Raman
spectra were recorded using the software package OPUS 6.5.
All spectra of 2−7 as well as of HG1−HG3 consist of 512

single scans recorded with laser powers ranging between 250
and 1000 mW.
The pH-dependent measurements on HG2 and HG3 were

performed as follows: First a 0.1 mol/L stock solution of HCl
was diluted four times with deionized H2O in a ratio of 1:10.
The resulting five solutions with pH values ranging from 1 to 5
were used to adjust the pH value of the studied hydrogels. The
studied hydrogel was placed in a 0.2 mm quartz cuvette and
equilibrated with deionized H2O, which had a pH of 6.5. After
the swelling of the hydrogel had stopped, a Raman spectrum
consisting of 512 single scans was recorded. Afterward, the
liquid phase was removed from the cuvette and replaced by the
HCl solution with the next lower pH value. The hydrogel was
washed multiple times with the solution inside the cuvette to
ensure a homogeneous pH distribution. Following the washing
step, a new Raman spectrum also consisting of 512 single scans
was recorded. This procedure was repeated for each HCl
solution, resulting in six different Raman spectra per hydrogel.
The sample temperature was adjusted via a Linkam stage

LTS 350. The temperature-dependent Raman spectra of HG2
and HG3 were collected as follows: First, five spectra were
recorded at 25 °C. Afterward, the samples were heated to 100
°C with a constant rate of +1 °C/min. During the heating as
well as at 25 and 100 °C, Raman spectra consisting of 32 single
scans were recorded roughly every minute. In total 100 spectra
were recorded per hydrogel sample for the heating process.

2.3. IR Studies. Attenuated total reflection (ATR) measure-
ments were performed using a Bruker (Ettlingen, Germany)
Vertex 70 Fourier transform infrared (FT-IR) spectrometer
equipped with a liquid nitrogen cooled mercury cadmium
telluride (MCT) detector. As an ATR accessory, a temperature-

Table 1. Amounts of the Utilized Monomers of the Polymerization of the Terpyridine−Pt−Hydrogel and Rhodamine−
Hydrogel

terpyridine−Pt−hydrogel (HG2) rhodamine−hydrogel (HG3)

n [mmol] mol % m [mg] n [mmol] mol % m [mg]

hydrazide 5.84 × 10−2 (of 4) 5 (of 4) 40 (of 4) 5.56 × 10−2 (of 7) 9 (of 7) 34 (of 7)
PEGMA 0.8 71 403 0.53 88 263
TEGDMA 0.27 24 77 1.94 × 10−2 3 10
ACVA 7.11 × 10−3 0.007 1.99 3.79 × 10−3 0.007 1.06

Table 2. Water Content and Swelling Degree of the Three
Different Hydrogels

polymer hydrogel water content (%) swelling degree (%)

HG1 10.6 11.9
HG2 8.1 8.8
HG3 10.2 11.4
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controlled Harrick (Pleasentville, New York, USA) BioATR II
cell equipped with a multireflection silicon waveguide as
described elsewhere20,21 was used. All experiments, except the
temperature-controlled ones, were performed at room temper-
ature (20 ± 2 °C), and data were recorded in the spectral range
600−4000 cm−1 with a spectral resolution of 4 cm−1 and 64
scans averaged. For each measurement, a reference spectrum
also comprising 64 single scans was recorded and used to
calculate the IR absorbance of the sample. For the measure-
ments, the respective hydrogel was pressed onto the waveguide
using a glass rod to ensure a maximized area of contact and thus
a higher coverage within the evanescent field.
The pH-dependent IR measurements on HG2 and HG3

were performed similarly as the Raman measurements
described in section 2.2 with the only difference being that
the hydrogels were directly washed on the ATR unit. Here, 64
single spectra were recorded per data point and a reference
spectrum (64 single scans) of deionized H2O was recorded at
the beginning of the experiment.
For the temperature-dependent IR experiments on HG2 and

HG3 the temperature was controlled and ramped with a Huber
(Offenburg) Pilot one water heating system. At the beginning,
one spectrum at 20 °C (HG2) or 25 °C (HG3) was recorded.
Afterward, the temperature was increased to 80 °C at a
constant rate. A FT-IR spectrum averaged over 64 single scans
was recorded roughly every 20 s during the experiment. The
temperature reached 80 °C after 70 (HG2) or 63 (HG3)
measurements, respectively.
2.4. Data Preprocessing. The raw spectra were

preprocessed using R (3.4.1).22 The Raman spectra were
restricted to the wavenumber region of interest, i.e., the region
between 180 and 3300 cm−1 for 2−7 or 180 and 1800 cm−1 for
HG1−HG3. Subsequently, the Raman data were background
corrected using a SNIP algorithm (iterations = 100, order = 2,
smoothing window = 3).23,24 Finally, the Raman spectra were
vector normalized.
The IR spectra were restricted to the wavenumber region of

interest, i.e., the region between 630 and 3500 cm−1 for 2−7 or
630 and 1800 cm−1 for HG1−HG3. The FT-IR spectra of
HG1−HG3 were also vector normalized.
For the pH-dependent Raman measurements, the spectra

were restricted to the region between 180 and 1800 cm−1,
background corrected using a SNIP algorithm (iterations = 100,
order = 2, smoothing window = 3), and normalized in such a
way that the signal between 1460 and 1500 cm−1 had an
intensity of 1.
For the pH-dependent IR measurements, the spectra were

first background corrected by subtracting the reference
spectrum of deionized H2O. This step is necessary as otherwise
the IR spectra are dominated by the intense water IR
absorption bands. Afterward, the difference spectra were
restricted to the region between 1000 and 1800 cm−1 and
normalized in such a way that the CO signal between 1689
and 1755 cm−1 has an intensity of 1.
The temperature-dependent Raman data were treated in the

following way: First, the spectra were restricted to the region
between 180 and 1800 cm−1; then the spectra were background
corrected using a SNIP algorithm (iterations = 100, order = 2,
smoothing window = 3). Finally, the spectra were normalized
to the band between 1439 and 1480 cm−1. This Raman peak
area can be assigned to CH-deformation vibrations, which
mostly stem from the polymer backbone. It is reasonable to

assume that the heating does not influence the intensity of
these CH-deformation vibrations.
The temperature-dependent IR spectra were restricted to the

region between 630 and 1800 cm−1; then the spectra were
background corrected using a SNIP algorithm (iterations = 200,
order = 2, smoothing window = 3). Finally, the spectra were
normalized to the band between 1700 and 1780 cm−1. This IR
peak area can be assigned to CO stretching vibrations, which
mostly stem from the polymerized methacrylate units of the
polymer backbone. It is reasonable to assume that the heating
does not influence the intensity of these vibrations.
The 2D correlation analysis of the temperature-dependent

vibrational spectra was done using the R package corr2D.25 The
spectrum recorded at the starting temperature was used as
reference spectrum in all cases.

2.5. DFT Calculations. To further investigate the molecular
structure of the functional monomers and to help with the band
assignment, DFT calculations were performed. The structures
and frequencies of 2−7 were calculated. All quantum chemical
calculations were performed with the global hybrid functional
B3LYP26,27 and the 6-31G(d) double-ζ basis set28,29 (expect for
the Pt atom in 4) implemented in the Gaussian 09 program
package.30 The Pt atom in 4 was described by the
pseudopotential MWB60.31 The fully relaxed equilibrium
structures of the different molecules were obtained, and
subsequent vibrational analyses determined minima of the
3N−6-dimensional potential energy (hyper-)surfaces as well as
vibrational frequencies and Raman intensities. To account for
the anharmonicity and a lack of electronic correlation, the
frequencies were scaled by a factor of 0.960.32,33 To obtain
Raman intensities from the calculated Raman activities, the
following equation was used:34
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where Ri, Si, νi, ν0, T, h, c, and k are the Raman intensity, the
Raman activity, and the vibrational frequency of the ith band as
well as the exciting laser frequency (here 1064 nm or 2.82 ×
1014 Hz), the temperature (here 25 °C or 298.15 K), Planck’s
constant, the speed of light in a vacuum, and Boltzmann’s
constant, respectively. To obtain the calculated vibrational
spectra shown in Figures S16 and S17 from the calculated IR
and Raman intensities, the intensities were fitted with Voigt
functions (full width at half-maximum (fwhm): 18 cm−1). To
achieve this, the R packages gsubfn35 and RcppFaddeeva36 were
used. RcppFaddeeva uses the real part of the Faddeeva function
to calculate the Voigt function. It was assumed that the
Gaussian and Lorentzian parts contribute equally to the Voigt
function. Thus, both convoluted functions featured a fwhm of
11 cm−1, which leads to the described fwhm of 18 cm−1 for the
Voigt function.37

3. RESULTS AND DISCUSSION
3.1. Hydrogel Synthesis. The aim of the study is the

investigation of a model system, which resembles a matrix-
embedded photocatalytic system containing a photosensitizer
and a photocatalytic metal complex with respect to its (i)
synthesis and (ii) its spectroscopic characterization. As
discussed in the Introduction, a matrix-embedded photo-
catalytic system has the advantage that additional parameters
like orientation of the active compounds to each other or local
pH values can be controlled. On the contrary, the embedding

The Journal of Physical Chemistry A Article

DOI: 10.1021/acs.jpca.7b12648
J. Phys. Chem. A 2018, 122, 2677−2687

2679

http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.7b12648/suppl_file/jp7b12648_si_001.pdf
http://dx.doi.org/10.1021/acs.jpca.7b12648


of a photocatalytic system into a soft matter matrix makes the
molecular characterization much more challenging as many
techniques cannot analyze the complex sample within its native
state. To overcome this challenge, vibrational spectroscopic
techniques can be utilized to investigate the molecular structure
of the embedded photosensitizers and photocatalysts as well as
to later on investigate the catalytic performance of the material
in relation to external parameters like pH value or temperature.
With this in mind, the monomers 4 and 7 (Figure 1) were

designed and synthesized. 4 is a Pt(II) terpyridine complex, a
structure element showing catalytic activity in other studies.38,39

Although the catalytic activity of the system was not evaluated
in the present study, the Pt(II) terpyridine complex 4 features
the same molecular structure as previously investigated Pt(II)

terpyridine complexes utilized in the literature for this purpose.
Therefore, it can be expected that 4 and the corresponding
polymer matrices featuring 4 also show photocatalytic
activity.39 7, however, is based on the molecular structure of
rhodamine B, a dye that shows excellent absorption properties
in the visible region.40,41 The metal complex as well as the dye
are linked via an acylhydrazone bonded to a polymerizable unit
based on methacrylic acid. This design enables a pH-triggered
release of both fragments from the polymer matrix, which in
turn alters their local molecular structure and, thus (poten-
tially), their catalytic performance. Furthermore, this pH-
triggered release of specific molecular fragments can be used to
replenish catalytic activity inside the polymeric material by
exchanging degraded dyes and catalysts with new ones.42

Figure 1. Schematic representation of the synthesis of different functional monomers. (a) Two-step synthesis of 4′-(4-formylphenyl)-2,2′:6′,2″-
terpyridine (2). b) Synthesis of the terpyridine Pt(II) containing monomer (4), which is later used to synthesize the functional hydrogel HG2. (c)
Synthesis of the rhodamine B containing monomer (7), which is later used to synthesize the functional hydrogel HG3.

Figure 2. Schematic representation of the hydrogel synthesis. PEGMA500 is polymerized and cross-linked with TEGDMA. To receive the hydrogels
HG2 and HG3, the two compounds are polymerized together with the functional monomers 4 and 7, respectively.
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After finding a suitable synthesis route for 4′-(4-formyl-
phenyl)-2,2′:6′,2″-terpyridine and the subsequent synthesis of
functional monomers 4 and 7 (Figure 1 and the Supporting
Information), the corresponding hydrogels were synthesized
(Figure 2). The main compound of all three hydrogels is
poly(ethylene glycol) methacrylate (Mn = 500 g/mol;
PEGMA500). PEGMA500 consists of a polymerizable
methacrylate unit and a hydrophilic polyethylene glycol chain
leading to high water affinity of the resulting gel. To improve
the mechanical properties of the gel, the p(PEGMA500) chains
are cross-linked with triethylene glycol dimethacrylate
(TEGDMA). HG1 consists solely of PEGMA500 and
TEGDMA and can be seen as a reference sample to identify
the polymerized functional monomers 4 and 7 inside the
hydrogel matrix of HG2 and HG3, which also mainly consist of
PEGMA500 but also contain 10 mol % of 4 or 7, respectively.
The incorporation of these functional monomers into the
polymer structure leads to a color change of the hydrogel:
whereas HG1 is colorless, HG2 is yellow, and HG3 is violet.
Unfortunately, it was not possible to determine the exact
polymer structure in detail because the synthesis results in a
network formation disabling us to determine potential triad
signals from solution NMR. However, the way of synthesis, i.e.,
free radical polymerization, leads to the assumption that we will
have a random distribution of all monomers in the
corresponding hydrogels without any predefined molecular
order of the different molecular motifs.
3.2. Structural and Molecular Characterization of the

Hydrogels via Vibrational Spectroscopies. To characterize
the hydrogel synthesis and the resulting molecular structure of
the hydrogels in their original solid/swollen state, Raman and
IR spectroscopy were used. As discussed in the Introduction,
alternative techniques such as NMR spectroscopy or mass
spectrometry have difficulties analyzing functional polymer
samples in their original state as they have to be dissolved or
broken down into smaller ionized fragments. Here, the use of
noninvasive in situ vibrational spectroscopic techniques is
advantageous to study molecular structures and changes of
dyes, as well as of photocatalysts embedded within a polymer
matrix.
A first comparison of the hydrogel vibrational spectra shown

in Figure 3 reveals that the incorporation of 4 into the hydrogel
HG2 was successful. The Raman spectrum of HG2 shows a
very intense band at 1604 cm−1, which can be assigned to the

CC and CN stretching vibration of the phenyl and pyridyl
ring systems present in 4. Other signals that distinguish HG2
from the other two hydrogels are the sharp signals at 1445,
1364, 1181, and 999 cm−1, which all can be linked to the phenyl
and pyridyl ring systems (see also the Raman spectra of
2,2′:6′,2″-terpyridine, 2, 3 and 4 in shown in Figures S7−S10).
In comparison to the spectra of HG2, the vibrational spectra of
HG3 do not show any major deviations from the reference
spectra of HG1 although 7 also shows intense CC stretching
vibrations at 1616 cm−1 (Figure S13). Thus, it can be
concluded that only a minor amount of 7 was polymerized
into HG3.
The CN imine stretching vibration is important to follow

the pH-triggered release of the Pt complex or the rhodamine B
dye. DFT calculations on 4 and 7 (Figures S18, S21, S24, and
S27) reveal that the CN imine vibration at 1612 or 1629
cm−1 overlaps with the aromatic CC stretching vibration.
Thus, it is impossible to unambiguously assign the CN imine
vibration in the recorded Raman as well as IR spectra.
However, the CN imine vibration couples with the aromatic
CC vibrations in 4. Therefore, a cleavage of the CN bond
should influence the structure of the band at around 1610 cm−1

in 4. Unfortunately, this is not the case for 7 making it more
difficult to detect the release of the rhodamine B dye.
Furthermore, the vibrational spectra of all three hydrogels

(Figure 3) show that no free CC stretching vibrations from
nonpolymerized methacrylate groups are present in the
hydrogels. The Raman spectra of 3, 4, 6, and 7 (Figures S8,
S9, S12, and S13) all feature intense CC stretching vibrations
at 1636 cm−1, which are typical for methacrylate moieties. This
assignment is confirmed by DFT calculations (Figures S23,
S24, S26, and S27). As the CC bond is consumed during the
polymerization process, the band at 1636 cm−1 can be used to
follow the polymerization of (functionalized) methacrylate
molecules.43,17

All Raman as well as IR spectra of the hydrogels show the
CO stretching vibrations of the poly(methacrylate) back-
bone at around 1727 cm−1. Other bands that can be found in all
three hydrogels are the CH deformation vibrations at 1452
cm−1 and a broad IR signal at 1097 cm−1, which can be assigned
to COC asymmetric ether stretching vibrations of the
poly(ethylene glycol) chains.44,45 In combination with the
broad band at 1097 cm−1 the broad Raman signal at 836 cm−1

can be assigned to the symmetric ether stretching vibration.44

Figure 3. Vibrational spectra of the studied hydrogels. (a) Background-corrected and vector-normalized FT-Raman spectra of HG1, HG2, and HG3
(black, red, and blue lines, respectively). The intense CC vibrations of the Pt(II)−terpyridine moiety is clearly visible. (b) Vector-normalized FT-
IR spectra of HG1, HG2, and HG3 (black, red, and blue lines, respectively). The intense CN imine vibrations of the Pt(II)−terpyridine moiety is
clearly visible.
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This band assignment is used in the following to monitor the
pH-dependent release of the Pt complex and the rhodamine B
dye in HG2 and HG3.
3.3. pH-Dependent Release of Functional Fragments.

The pH-dependent vibrational spectra of HG2 and HG3 can
be seen in Figure 4. Figure 4b reveals that changing the pH-
value does not lead to any major changes in the Raman spectra
of HG2. In contrast to the Raman spectra, the pH-dependent
IR spectra of HG2 (Figure 4c) show a clear intensity decrease
of the band at 1654 cm−1 relative to the band at 1720 cm−1 due
to a change in the aromatic ring structure of the Pt complex
fragment. As discussed above, the most likely explanation is the
cleavage of the CN bond as it is acid sensitive and heavily
influences the vibrations of the aromatic framework of the Pt
complex. This hypothesis is strengthened by the associated
DFT calculations. The DFT calculations on 2 as well as on 3
and 4 reveal that the cleavage of the CN bond leads to a
strong IR intensity decrease for the aromatic CC stretching
vibrations (Figures S16−S18). Therefore, it can be concluded
that a decreasing pH value leads to a release of the terpyridine
Pt complex into the polymer matrix. Furthermore, the pH-
dependent Raman spectra of HG2 reveal that the molecular
structure of the Pt complex fragment is unaffected by the

release into the polymer matrix. The previously identified
marker bands for the terpyridine moiety at 1445, 1364, 1181,
and 999 cm−1 do not show any changes after the release from
the polymer backbone. A schematic representation of the
results for the pH triggered release of the photocatalyst from
the polymer matrix is shown in Figure 4a.
Overall, the pH-dependent vibrational spectra of HG2

indicate that the presented molecular structure has the potential
to serve as a pH-dependent switch to activate the photocatalytic
activity of a matrix-embedded metal complex. Ideally, the
molecular structure of the ligand should be altered in such a
way that the release from the polymer matrix leads to a stronger
change in the molecular structure of the metal complex, which
then enables a pH-triggered photocatalytic process.
In contrast to the spectra of HG2 the pH-dependent

vibrational spectra of HG3 show no pH-induced changes. A
hypothesis for this observation is that the imine bond in the
rhodamine B fragment is stable enough to withstand the
influence of the diluted HCl. However, the evaluation of the
polymerization process discussed in 3.2 revealed that only a
small amount of 7 was built into HG3. Thus, it is difficult to
detect pH-induced changes inside HG3 as the signals stemming
from the interesting rhodamine B fragment are very weak in

Figure 4. pH-dependent vibrational spectra of HG2 (middle panels) and HG3 (bottom panels). (a) Schematic representation of the pH-triggered
release of the photocatalyst into the polymer matrix. The shape and size of the red balls representing the photocatalysts do not change, indicating
that the molecular structure of the photocatalyst is unaffected by the release from the matrix. (b) pH-dependent, background-corrected, and area-
normalized FT-Raman spectra of HG2. (c) pH-dependent, baseline-corrected, and area-normalized FT-IR spectra of HG2. (d) pH-dependent,
background-corrected, and area-normalized FT-Raman spectra of HG3. (e) pH-dependent, baseline-corrected, and area-normalized FT-IR spectra of
HG3.
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both vibrational spectra. Zhou et al.46 investigated a rhodamine
B derivate similar to 7 and showed that the five-membered ring
of the rhodamine system containing the acylhydrazone is
opening at lower pH levels and not the CN bond. To change
this fact, the molecular structure should be altered to not
include basic groups like the two diethylamine groups as these
groups promote the opening of the five-membered ring in
rhodamine B as well as the aromatization of the 9-phenyl-
xanthene system.
3.4. Temperature Stability. After the evaluation of the

pH-triggered release of the model photocatalyst and the model
photosensitizer, the temperature stability of the functional
hydrogels was investigated. For a potential application in
photocatalysis, the matrix material as well as the active catalytic
compounds should be resilient to temperature changes as an
elevated temperature can be used to accelerate the photo-
catalytic process and an illumination of the material will lead to
a (local) temperature increase.
To study the temperature stability and potential associated

molecular structure changes of HG2 and HG3, Raman as well
as IR spectra were recorded while the samples were heated to
100 (Raman) or 80 °C (IR), respectively. The temperature
controller at the IR spectrometer only allowed a maximum

temperature of 80 °C. Parts a and c of Figure 5 show
temperature-dependent spectra for HG2 whereas in Figure 6a,c
temperature-dependent spectra for HG3 are displayed. These
temperature-dependent spectra do not reveal any major
spectral changes due to heating. To identify subtle changes
induced by increasing the temperature, it is useful to apply a 2D
correlation analysis. Parts b and d of Figure 5 show the result of
a 2D correlation analysis in form of synchronous 2D Raman
and IR spectra for HG2. Synchronous 2D correlation spectra
highlight simultaneous changes inside the data set. When
looking at the synchronous 2D IR spectrum of HG2, one can
identify strong autopeaks at 1682, 1659, and 1125 cm−1.
According to the Noda rules for the interpretation of 2D
correlation spectra47 a strong autopeak indicates a strong
change at that wavenumber position. Furthermore, the 2D IR
spectrum displays a positive crosspeak at 1152/1682 cm−1 and
negative crosspeaks at 1152/1659 cm−1 and 1659/1682 cm−1.
The autopeaks and crosspeaks for the bands at 1659 and 1682
cm−1 can also be found in the 2D Raman spectrum. Following
the Noda rules, synchronous crosspeaks indicate that the
intensities at the two correlated wavenumber positions are
changing at the same temperature. A positive crosspeak
indicates that the correlated bands are changing in the same

Figure 5. (a) Temperature-dependent, background-corrected, and area-normalized FT-Raman spectra of HG2. (b) Temperature-dependent
synchronous 2D Raman correlation spectrum of HG2 between 180 and 1800 cm−1. (c) Temperature-dependent and area-normalized FT-IR spectra
of HG2. (d) Temperature-dependent synchronous 2D IR correlation spectrum of HG2 between 630 and 1800 cm−1. For both 2D correlation
spectra, the spectra plotted at the top and the left are the respective reference spectra at 25 °C (Raman) or 20 °C (IR). Red color indicates positive
peaks, while blue shows negative ones.
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direction (i.e., either increasing or decreasing together),
whereas a negative peak means the bands are changing in
opposite directions. The observed correlation pattern can be
explained by an evaporation of water from HG2 during the
heating process. This evaporation leads to a shift of the band at
1672 cm−1 as the band overlaps with the broad symmetric H2O
stretching vibration at 1643 cm−1.48 Furthermore, the water
evaporation induces a shift in the COC ether vibrations at 1097
cm−1 as these groups feature large dipole moments and are,
thus, strongly affected by the reduced water content inside the
hydrogel. The discussed results for the identified water
evaporation are summarized in Figure 7. Overall, the
temperature-dependent measurements on HG2 reveal an
expectable evaporation of water but no other changes. It can
be concluded that HG2 is stable at least until up to 100 °C and
that the molecular structure of the hydrogel and the
incorporated Pt complex are not strongly affected by the
water content of the hydrogel.
The situation is different for HG3, where the synchronous

2D IR spectrum (Figure 6d) shows an autopeak for the band at
1152 cm−1 but also intense autopeaks for signals at lower
wavenumbers, e.g., at 806 cm−1. A negative crosspeak between
the signals at 1152/1645 cm−1 is also visible, which is
comparable to the 2D IR spectrum of HG2. The 2D Raman

spectrum of HG3 (Figure 6b) shows very broad correlation
patterns that point toward noise dominating the 2D correlation
Raman spectra.49 A possible explanation for the 2D correlation
spectra of HG3 might be also the evaporation of water from the
gel, as was the case for HG2. The 2D IR correlation signals
around 806 cm−1 might stem from a shifting baseline in that
region that could not be fully eliminated by the SNIP
algorithm. However, the interpretation and evaluation of the
temperature-dependent vibrational spectra of HG3 is not as
clear as for HG2.

4. CONCLUSIONS

The present study discusses the synthesis of hydrogels based on
a PEGMA backbone functionalized with photosensitizers and
metal complexes. A new route to 4′-(4-formylphenyl)-
2,2′:6′,2″-terpyridine was established, which served as a starting
point for the synthesis of a polymerizable Pt(II) terpyridine
complex. Furthermore, a new rhodamine B derivate bearing a
methacrylate moiety was also presented. Afterward, the Pt
complex as well as the rhodamine B derivate were used to
synthesize different hydrogels, which can serve as models for
matrix-integrated photocatalytic compounds.
An in-depth spectroscopic study based on Raman and IR

spectroscopy as well as on DFT calculations and 2D correlation

Figure 6. (a) Temperature-dependent, background-corrected, and area-normalized FT-Raman spectra of HG3. (b) Temperature-dependent
synchronous 2D Raman correlation spectrum of HG3 between 180 and 1800 cm−1. (c) Temperature-dependent and area-normalized FT-IR spectra
of HG3. (d) Temperature-dependent synchronous 2D IR correlation spectrum of HG3 between 630 and 1800 cm−1. For both 2D correlation
spectra, the spectra plotted at the top and the left are the respective reference spectra at 25 °C. Red color indicates positive peaks, while blue shows
negative ones.
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spectroscopy revealed several properties of the polymerization
process and the hydrogels themselves. The spectroscopic
analysis indicated that the Pt complex was polymerized in
sufficient yields, whereas only a small amount of the rhodamine
dye was built into the hydrogels. Furthermore, pH-dependent
vibrational spectra were used to investigate the pH-triggered
cleavage of the CN bond and the associated release of the
functional fragments into the polymer matrix. Here, the spectra
revealed that the Pt complex is indeed released into the
polymer matrix at lower pH levels whereas it was found that the
acylhydrazone unit of the rhodamine B dye is too stable to be
cleaved by diluted HCl solutions. A final temperature-
dependent investigation of both hydrogels showed that water
is evaporating from the gels at elevated temperatures, yet that
this evaporation does not significantly influence the molecular
structure of the hydrogels and the functional molecule
fragments. Overall, the study is an excellent starting point for
designing soft-matter photocatalytic materials with adaptable
molecular structures. The study also illustrated how different
aspects of soft-matter photocatalytic materials may be non-
invasively investigated using vibrational spectroscopy techni-
ques, i.e., Raman and IR spectroscopy coupled with theoretical
DFT calculation and 2D correlation approaches.
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Abstract: Metallopolymers represent an interesting combination of inorganic metal complexes and
polymers resulting in a variety of outstanding properties and applications. One field of interest
are stimuli-responsive materials and, in particular, self-healing polymers. These systems could be
achieved by the incorporation of terpyridine–lanthanoid complexes of Eu (III), Tb (III), and Dy (III) in
the side chains of well-defined copolymers, which were prepared applying the reversible addition
fragmentation chain-transfer (RAFT)-polymerization technique. The metal complexes crosslink the
polymer chains in order to form reversible supramolecular networks. These dynamics enable the
self-healing behavior. The information on composition, reversibility, and stability of the complexes
was obtained by isothermal titration calorimetry (ITC). Moreover, self-healing experiments were
performed by using 3D-microscopy and indentation.

Keywords: metallopolymers; self-healing; lanthanoids; supramolecular polymers

1. Introduction

As a special class of polymers, metallopolymers are an important representative of materials in
polymer science. The incorporation of metal complexes into polymeric structures results in beneficial
combinations of both classes (inorganic complexes and polymers) and leads to unique properties of the
resulting materials [1]. Consequently, a wide range of innovative applications were already achieved,
ranging from catalysis [2], over medical applications like polymeric drug delivery systems [3], to organic
light-emitting diodes (OLEDs) based on polymers [4]. By adjusting the structure of the metal–ligand
interaction further properties can be generated. Thus, stimuli-responsive [5] and self-assembling
polymers could be generated [6,7]. In particular, stimuli-responsiveness on several stimuli like heat or
light enables shape-memory polymers [8–10] as well as materials featuring self-healing ability [11,12].

The current study focuses on metallopolymers featuring the ability of self-healing. This kind
of materials was firstly described in 2011, in which light irradiation was utilized in addressing
the metal–ligand interaction enabling scratch closure behavior [13]. However, due to the light,
a heating of the material up to 220 ◦C was achieved that generates the required mobility for healing of
damages. For this purpose, 2,6-bis(1’-methylbenzimidazolyl)pyridine ligands were α,ω-functionalized
on poly(ethylene-co-butylene) copolymers. The subsequent complexation with either zinc (II) or
europium (III) ions resulted in reversible, photo-responsive bonds. Next to light as external trigger,
several studies focused on the temperature-responsive self-healing of metallopolymers. Therefore, the
incorporation of terpyridine into polymers was a promising strategy. In literature, several examples
of polymers with terpyridine complexes of metals like cadmium (II) [14], manganese (II) [15], or
platinum (II) [16] have been reported. The healing behavior could be further enhanced through weak
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coordinating counter ions like acetate [14,15], chloride [14,15], or pyridine derivates [16]. These weak
ligands improved the self-healing ability resulting in self-healing temperatures below 100 ◦C [15].
The necessity of the incorporation of the supramolecular binding moiety, i.e., metal complexes, could
also be proven by preparing an irreversible covalent polymer network, which only differs by the
crosslinking unit—irreversible covalent vs. reversible metal–ligand interaction [15]. In this case, it
could be shown that the covalent network is unable to heal mechanical damage and that the reversible
binding motif is required for enabling healing. Furthermore, metallopolymers were studied regarding
their thermal behavior using Raman spectroscopy [10]. In this case, no significant structural changes
could be observed leading to the assumption that the mechanism is based on exchange reactions.

In the present study, we aim to expand the variety of self-healing metallopolymers based on
terpyridine complexes by the coordination of the different lanthanoid ions, namely europium (III),
terbium (III), as well as dysprosium (III). It is well known that complexes of these metals have
luminescent properties [17–20]. Furthermore, Chen et al. have shown that terpyridine complexes of Eu
(III) and Tb (III) also feature stimuli-responsiveness due to the dynamic metal ligand coordination [21].
Consequently, self-healing ability can also be expected, which will be investigated in the current study
by utilizing isothermal titration calorimetry (ITC), microscopy, indentation and NMR spectroscopy.
Consequently, the study will provide more information on the self-healing ability of metallopolymers
based on terpyridine complexes and will presumably enable functional self-healing materials later on.

2. Experimental Section

2.1. Materials and Methods

All chemicals were purchased from Acros Organics (Geel, Belgium), Aldrich (Darmstadt,
Germany), Alfa Aesar (Kandel, Germany), Fluka (Darmstadt, Germany), HetCat (Basel, Switzerland),
Biosolve (Dieuze, France), Merck (Darmstadt, Germany) and TCI (Eschborn, Germany) and were used
without further purification unless otherwise specified. Triethylamine was dried over calcium chloride
and kept under nitrogen using standard Schlenk techniques. Butyl methacrylate (BMA) was passed
over a short neutral aluminum oxide plug. Chromatographic separations were performed either with
silica gel 50 from Merck or with neutral aluminum oxide from Molekula. The reaction process was
monitored by thin layer chromatography (TLC) using aluminum sheets precoated with silica gel 60
F254 or aluminum oxide 60 F254.

1H and 13C NMR spectra were recorded on a Bruker AC 250 (250 MHz) (Bruker, Billerica, MA,
USA), on a Bruker AC 300 (300 MHz) spectrometer (Bruker, Billerica, MA, USA), at 298 K and chemical
shifts are reported in parts per million (ppm, δ scale) relative to the signal of the applied solvent.
Coupling constants are given in Hz. Elemental analysis was performed on a Vario El III (Elementar,
Langenselbold, Germany) and an Euro EA EKATech elemental analyzer (HEKAtech GmbH, Wegberg,
Germany) as well as halogen analysis on a TLapha20 (supplier SI Analytics, Weilheim, Germany) titrator.
Size exclusion chromatography (SEC) measurements were performed on a Shimadzu system SCL-10A
VP (system controller), DGU-14A (degasser), LC-10AD VP (pump), SIL-10AD VP (auto sampler),
Techlab (oven), SPD-10AD VP (UV detector), RID-10A (RI detector) and two PSS SDV guard/linear S
(5 µm particle size) columns in series (eluent: chloroform/isopropanol/trimethylamine [94/2/4]; flow
rate of 1 mL/min at 40 ◦C) using linear poly(methyl methacrylate) standards. The differential scanning
calorimetry (DSC) measurements were performed on a DSC 204 F1 Phoenix from Netzsch under a
nitrogen atmosphere with a heating rate of 20 K min−1. The thermal gravimetric analysis (TGA) was
carried under nitrogen using a Netzsch TG 209 F1 (Selb, Germany). All isothermal titration calorimetry
(ITC) experiments were performed using a standard volume Nano ITC (TA Instruments, Hüllhorst,
Germany) at 303 K. Solutions was prepared prior utilization by dissolving 2,2’:6’,2”-terpyridine (cell)
and the metal salts (syringe) in a mixture of the dry solvents methanol and chloroform (2:1). Blank
titrations in the dry solvent were performed and subtracted from the corresponding titration to remove
the effect of dilution. The fitting of the measured data was performed NanoAnalyze program from TA
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instruments (model: independent, TA Instruments, Hüllhorst, Germany). The self-healing scratch
tests were performed on an Anton Paar Micro scratch tester MST3 (Graz, Austria) on a STeP 4 platform.
The instrument was equipped with 10 µm and 50 µm Rockwell C indenters and the optical images
were taken with the lenses MPlan N 5×/0.10/FN22 and MPlan N 20×/0.40/FN22. The same set-up was
utilized for the Vickers hardness using a Vickers diamond indenter V-K 93 (Anton Paar, Graz, Austria).

The grinding of the samples was performed on a Presi Minitech 250 SP1 (Hagen, Germany)
with REFLEX NAC TYPE M 250mm P2500, P1200, and P600, as well as REFLEX PAD-MAG 250 mm
TFR and RAM with diamond suspension gel polycrystalline 1 µ and 3 µ, respectively. The Polymer
samples were embedded in epoxy resin consisting of Epoxy Resin L and Hardener CL from R&G
Faserverbundstoffe GmbH (Waldenbuch, Germany).

2.2. Synthesis of the Monomer and Copolymer

2.2.1. Synthesis of 6-(2,2′:6′,2′’-terpyridin-4′-yloxy)-hexan-1-ol (1)

According to literature [16], 3.92 g KOH (69.86 mmol) were suspended in 100 mL dry DMSO.
The obtained mixture was heated to 40 ◦C and 17.66 g 1,6-hexanediol (149.43 mmol) was added. Then
4.00 g 4’-chloro-(2,2’:6’,2′’-terpyridine) (14.97 mmol) was added after 30 min at 40 ◦C. Subsequently,
the mixture was stirred for 4 h at 40 ◦C. Afterwards, the solution was poured into 650 mL deionized
water and filtrated. The resulting crude white product was washed with deionized water and dried in
vacuo (4.99 g, 95%).

Melting point: 95 ◦C; 1H NMR (300 MHz, CDCl3): δ = 8.69 (d, J = 7.5 Hz, 2H), 8.60 (d, J = 8.0 Hz,
2H), 8.01 (s, 2H), 7.84 (td, J = 7.7, 1.8 Hz, 2H), 7.33 (dd, J = 7.5, 1.1 Hz, 2H), 4.24 (t, J = 6.1 Hz, 2H), 3.67
(t, J = 6.4 Hz), 1.45 – 1.88 (m, 9H) ppm; 13C NMR (75 MHz, CDCl3): δ = 167.3, 157.1, 156.2, 149.0, 136.8,
123.8, 121.3 107.4, 68.1, 62.9, 32.7, 28.9, 25.8, 25.4 ppm; EA (C21H23N3O3): Anal. calculated: C: 71.62, H:
6.31, N. 12.53; found: C: 71.58, H: 6.26, N: 11.85.

2.2.2. Synthesis of 6-(2,2’:6’,2′’-terpyridin-4′-yloxy)-hexyl methacrylate (2)

According to literature [16], 1 (1.5 g, 4.3 mmol) was dissolved dichloromethane (50 mL) under
nitrogen atmosphere at 0 ◦C. Afterwards, triethylamine (2 mL, 14.2 mmol) was added and the solution
was cooled for a further 30 min. Subsequently, 0.63 mL methacryloyl chloride (6.5 mmol) was slowly
added. The mixture was cooled for 2 h at 0 ◦C. Afterwards, the solution was stirred for 21 h at
room temperature. The solvents were removed in vacuo and the residue was dissolved in chloroform.
The organic phase was washed with deionized water (3 × 100 mL) and was dried using Na2SO4.
The raw product was purified by silica gel chromatography (CHCl3) and a white solid was obtained
(1.39 g, 77%).

Melting point: 95 ◦C; 1H NMR (300 MHz, CDCl3): δ = 8.72 – 8.68 (m, 2H), 8.65 (d, J = 8.0, 2H),
8.05 (s, 2H), 7.89 (td, J = 7.8, 1.8, 2H), 7.37 (ddd, J = 7.5, 4.8, 1.1, 2H), 6.10 (s, 1H), 5.57 (s, 1H), 4.26 (t,
J = 6.5, 1H), 4.18 (t, J = 6.6, 1H), 1.97 – 1.85 (m, 5H), 1.81 – 1.67 (m, 2H), 1.64 – 1.48 (m, 4H) ppm; 13C
NMR (75 MHz, CDCl3): δ = 167.6, 167.4, 156.9, 156.0, 148.9, 137.0, 136.5, 125.3, 123.9, 121.5, 107.5, 68.1,
64.7, 28.9, 28.6, 25.8, 25.7, 18.4 ppm; EA (C25H273N3O3): Anal. calculated: C: 71.92, H: 6.52, N. 10.06;
found: C: 71.91, H: 6.64, N: 9.99.

2.2.3. Synthesis of Poly-BMA-stat-tpyMA (P1)

According to typical RAFT procedure [15] in a 20 mL microwave vial, a 2 M solution was prepared
by dissolving 2 (1.174 g, 2.813 mmol, 10 mol%) and 4.00 g of butyl methacrylate (28.13 mmol) in
13.371 mL dry N,N-dimethylformamide (DMF). Afterwards, the exact volumes of the stock solution
of the RAFT agent 2-cyano-2-propyl benzodithioate (CPDB; stock solution: 46.66 mg in 2 mL DMF;
1.351 mL were added) and the initiator azo-bis(isobutyronitrile) (AIBN; stock solution: 8.469 mg
in 1 mL DMF; 0.749 mL were used) were added. The [M]:[CPDB] ratio was 150:1 and the ratio of
[CPDB]:[AIBN] was 4:1. After purging with nitrogen for 60 min, the reaction was performed at 70 ◦C
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for 17 h. After cooling to room temperature, the solution was precipitated into 500 mL of cold methanol
twice. After drying in vacuo, a pink solid was obtained (3.942 g).

1H NMR (300 MHz, CDCl3): δ = 8.68 (d, J = 4.3 Hz, 2H), 8.61 (d, J = 7.8 Hz, 2H), 8.00 (s, 2H),
7.84 (t, J = 7.2, 1.8 Hz, 2H), 7.37–7.28 (m, 2H), 4.22 (t, J = 6.1 Hz, 2H), 3.93 (bs, 24 Hz), 2.09–0.70 (m,
152H) ppm; SEC (chloroform: isopropanol: trimethylamine; standard: poly(methyl methacrylate)):
Mn = 20,000 g mol−1, Mw = 24,000 g mol−1, Ð = 1.13; TGA: Td = 290 ◦C; DSC: Tg = 22 ◦C.

2.3. Synthesis of the Metallopolymers

2.3.1. General Procedure of the Synthesis of the Metallopolymers

The polymer P1 (0.5 g) was dissolved in 5 mL chloroform. The metal salts (one molar third for
each terpyridine moiety) were dissolved in 2 mL methanol and added to the polymeric solution. After
stirring the combined mixture at room temperature for 1 h the solvents were evaporated and the
residual metallopolymer was dried under reduced pressure.

2.3.2. Synthesis of Poly-BMA-stat-tpyMA[Eu]0.33 (P2)

A solution of 41 mg Eu(NO3)3·5H2O (0.096 mmol) in 2 mL methanol was added to the polymeric
solution, consisting of P1 (0.5 g) and 5 mL chloroform. After stirring and drying pink solid was
obtained (470 mg).

1H NMR (300 MHz, CDCl3): δ = 8.67 (s, 2H), 8.60 (d, J = 7.6 Hz, 2H), 8.00 (s, 2H), 7.84 (t, J = 7.0 Hz,
2H), 7.35 – 7.28 (m, 2H), 4.17 (s, 4H), 3.93 (bs, 46H), 2.05 – 0.77 (m, 168H); SEC (chloroform: isopropanol:
trimethylamine; standard: poly(methyl methacrylate)): Mn = 22,000 g mol−1, Mw = 24,600 g mol−1,
Ð = 1.12; TGA: Td = 280 ◦C; DSC: Tg = 43 ◦C.

2.3.3. Synthesis of Poly-BMA-stat-tpyMA[Tb]0.33 (P3)

A solution of 42 mg Tb(NO3)3·5H2O (0.096 mmol) in 2 mL methanol was added to the polymeric
solution, consisting of P1 (0.5 g) and 5 mL chloroform. After stirring and drying pink solid was
obtained (525 mg).

1H NMR (300 MHz, CDCl3): δ = 8.66 (m, 4H), 8.02 (s, 2H), 7.84 (s, 2H), 7.31 (s, 2H), 4.23 (s,
4H), 3.90 (bs, 36H), 1.99 – 0.73 (m, 185H); SEC (chloroform: isopropanol: trimethylamine; standard:
poly(methyl methacrylate)): Mn = 22,900 g mol−1, Mw = 24,000 g mol−1, Ð = 1.05; TGA: Td = 284 ◦C;
DSC: Tg = 64 ◦C.

2.3.4. Synthesis of Poly-BMA-stat-tpyMA[Dy]0.33 (P4)

A solution of 41 mg Dy(NO3)3·nH2O (0.096 mmol) in 2 mL methanol was added to the polymeric
solution, consisting of P1 (0.5 g) and 5 mL chloroform. After stirring and drying pink solid was
obtained (470 mg).

1H NMR (300 MHz, CDCl3): δ = 8.71 (s, 4H), 8.02 (s, 2H), 7.86 (s, 3H), 7.30 (d, 2H), 4.23 (bs, 4H),
3.90 (bs, 68H), 1.64 (m, 190 H); SEC (chloroform: isopropanol: trimethylamine; standard: poly(methyl
methacrylate)): Mn = 22,400 g mol−1, Mw = 24,200 g mol−1, Ð = 1.08; TGA: Td = 277 ◦C; DSC: Tg = 45 ◦C.

2.4. Preparation of Samples for Microscopy and Mechanical Investigation

In order to achieve homogeneous samples, 250 mg of each metallopolymer was heated to 100 ◦C
for 1 h. Afterwards, each polymer was directly hot pressed in small cylinders with diameters of
8 mm and heights of about 2 to 3 mm. These were embedded on a surface of an epoxy resin that was
utilized as the sample holder. A planar surface was achieved through grinding and polishing the
sample cylinder.
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3. Results and Discussion

This study focuses on the self-healing ability of reversible metal–ligand interactions in polymers.
The metallopolymers based on terpyridine complexes with the lanthanoides europium (III), terbium
(III), and dysprosium (III) in the side chain of a poly(butyl methacrylate) backbone.

The synthesis of the metallopolymers is presented in Scheme 1 and was performed according to
Bode et al. [22] The first step was an ether synthesis of 4′-chloro-2,2′:6′,2′′-terpyridine and 1,6-hexanediol
to 1 (yield 79%) followed by esterification resulting in a terpyridine methacrylate 2 (yield 87%).
The monomer 2 was copolymerized with butyl methacrylate (BMA) applying the reversible addition
fragmentation chain-transfer (RAFT) polymerization in a ratio of 1:10. The controlled polymerization
technique yielded a molar mass Mn of 20,000 g mol−1 and a dispersity (Ð) of 1.10 (see Table 1). The ratio
of the monomers BMA to 2 in copolymer P1 was found to be 12:1. Afterwards, P1 was converted
with lanthanoidic metal ions europium (III), terbium (III), or dysprosium (III), respectively, by stirring
both compounds in a mixture of chloroform and methanol. As a counter ion, nitrate was chosen in
all cases in order to exclude the effect of the counter ion and to study the effect of the metal center.
Nitrate was previous found to not complex metal ions in metallopolymers and can, therefore, be
neglected as an impact on the healing [15]. After the addition of the metal salts, the metallopolymers
were also investigated by size exclusion chromatography (SEC) and showed an increased Mn. The Eu
(III)-containing P2 features a Mn of 22,000 g mol−1, P3 (Tb (III) based) a Mn of 22,900 g mol−1 and the
Dy (III)-containing polymer (P4) has a molar mass (Mn) of 22,400 g mol−1 (see Table 1). The dispersity
indices are relatively low. The condition of the size exclusion chromatography presumably results in a
partial decomplexation and a breaking of the network structure. Therefore, it is assumed that only
some metals are incorporated into the polymeric structure leading to such low values of the dispersity.
Similar phenomena are known in literature [23].

Scheme 1. Schematic representation of the synthesis of the metallopolymers P2 to P4.
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Table 1. Summary of the properties of the polymer P1 to P4 measured in size exclusion chromatography
(SEC) (chloroform: isopropanol: trimethylamine; standard: poly(methyl methacrylate), differential
scanning calorimetry (DSC) and thermal gravimetric analysis (TGA).

Polymer Mn [g mol−1] Mw [g mol−1] Ð Tg [◦C] Td [◦C]

P1 20,000 24,000 1.13 22 290
P2 22,000 24,600 1.12 43 280
P3 22,900 24,000 1.05 64 284
P4 22,400 23,900 1.09 45 277

Besides NMR spectroscopy, the polymers were characterized by measuring the glass transition
temperatures (Tg) (for DSC-curves see Supporting Information – Figures S1–S3)). Thus, the crosslinking
of the polymers by the metal ions increased the glass transition temperature (Tg) of P1 that is found
to be 22 ◦C. The Tg of P2 is increased to 43 ◦C, while the Tg of P4 is slightly higher with 45 ◦C (see
Table 1). On the other hand, P3 shows a much higher signal at 61 ◦C in the third heating cycle as well
as small peak at 68 ◦C in the second heating cycle. The absence in the later heating cycle could be
a hint that some impurity in the sample is combusted. Nevertheless, P3 revealed the highest glass
transition temperature among the investigated polymers, which can be due to more stable metal ligand
interactions within this metallopolymer compared to complexes of europium (III) or dysprosium (III).
Furthermore, all metallopolymers featured an increased Tg-value compared to the ligand-containing
copolymer P1 indicating a successful crosslinking by metal–ligand interactions. Additionally, the
polymers were investigated through TGA whereupon it was found that the polymer P1 is stable up
to 290 ◦C and the Td of the metallopolymers decreases to around 280 ◦C (see Table 1 and Supporting
Information for TGA-curves – Figures S4–S6).

In order to investigate the different complexation strengths of the metal complexes of the respective
polymers, isothermal titration calorimetry (ITC) was applied. All utilized lanthanoid ions feature
nine coordinating positions and, thus, should enable the complexation of three 2,2’:6’,2”-terpyridine
moieties. This complexation ratio could be verified by ITC. The results are presented in Figure 1 and
summarized in Table 2. In case of Tb(NO3)3·5 H2O as well as Dy(NO3)3·nH2O a 20 mM solution
was prepared, whereas the concentration of Eu(NO3)3·5H2O was increased to 50 mM due to too low
intensity during the measurement. The concentration of the ligand 2,2’:6’,2”-terpyridine was one tenth
of the concentration of the associated salt solutions. After dissolving, the metal salts were titrated
from a syringe into a solution of 2,2’:6’,2”-terpyridine in the measurement cell. The ITC experiment
confirmed the ratio of about 0.33 to 1 of the metal ion to the ligand and, thus, the expected complexation
configuration. Furthermore, the association (Ka) and dissociation (Kd) constants in solution could be
determined which are also important factors for self-healing systems. Terbium (III) features the lowest
dissociation constant Kd (0.0057 M) while those of Eu (III) (0.01023 M) and Dy (III) (0.01249 M) are quite
similar. The same trends could be calculated for the association constants Ka due to their equation (Kd

= 1/Ka). In particular, Dy (III) features a Ka of 80.06 M−1, followed by Eu (III) (97.77 M−1) and Tb (III)
revealed the highest Ka (175.50 M−1). Consequently, the terpyridine complex with Tb (III) is the most
stable one, which can be correlated with the high Tg-value of P3. Thus, the high stability of the metal
complexes results in a better network stability of the polymer, a lower mobility and, consequently, in a
higher Tg-value. The highest Kd of the terpyridine Dy (III) complex makes this metal ligand interaction
most labile among these three system. Next to the complexation constants further thermodynamic
values such as the changes of enthalpy (∆H) as well as entropy (∆S) could be determined which are
listed in Table 2.
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Figure 1. Isothermal titration calorimetry (ITC) curves of the titration of (a) Eu(NO3)3·5H2O, (b)
Tb(NO3)3·5H2O or (c) Dy(NO3)3·nH2O, respectively, in the syringe to 2,2’:6’,2”-terpyridine in the cell.

Table 2. Summary of the complexation values after isothermal titration calorimetry of Eu(NO3)3·5H2O,
Tb(NO3)3·5H2O, as well as Dy(NO3)3·nH2O to 2,2’:6’,2”-terpyridine.

Variable Eu(NO3)3·5 H2O Tb(NO3)3·5 H2O Dy(NO3)3·n H2O

csyringe [mM] 51.17 21.62 20.61
ccell [mM] 5.429 2.046 2.046

Kd [M] 0.0102 0.0057 0.0125
Ka [1/M] 97.77 175.50 80.06

N 0.330 0.308 0.331
∆H [kJ/mol] −59.8 −128.3 −184.3
∆S [J/mol·K] −159.0 −380.1 −571.6

Those results were measured in solution in a low concentration, which provides useful hints on
the complexation behavior, however, the self-healing ability of the metallopolymers has to be studied
in detail due to further effects in the solid state.

For this purpose, cylindrical homogeneous samples of the metallopolymers were prepared by hot
pressing, embedding into an epoxy resin and polishing of the surface. These samples were utilized to
determine the Vickers hardness of the metallopolymers. The metallopolymer P2 features the highest
Vickers hardness with 7.34 (see Table 3), while P4 shows the lowest Vickers hardness of 6.84. Thus,
the weakest complexation in solution also results in the lowest hardness of the polymer network.
Nevertheless, this correlation is not generally suitable, since the most stable complexes (Tb (III)) did
not result in the hardest metallopolymer.

Table 3. Summary of Vickers hardnesses of metallopolymers P2 to P4.

Metallopolymer HV d1 d2

P2 7.34 49.276 52.224
P3 6.97 51.496 51.566
P4 6.84 52.274 51.470

Furthermore, these samples were also utilized to investigate the self-healing ability of the
metallopolymers. The self-healing experiments were performed with an indenter that enables defined
scratches in length and width by applying a precise force of 3000 mN. The applied length of the
scratches was 2000 µm and the depth depended on the hardness of the metallopolymers. Pictures of
the scratches are shown in Figure 2. The scratched samples were annealed at 100 ◦C. After 24 h, the
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metallopolymer P2 was not healed completely and, thus, it was annealed for a further 96 h after which
an almost complete healing was achieved. P3 and P4 featured better healing properties, which can be
seen in Figure 2. P3 is healed completely after 20 h and at P4 revealed only some small defects.

Figure 2. Healing experiments of the metallopolymers P2 (a), P3 (b), and P4 (c); microscopic pictures
of the scratch before and after the annealing are presented.

Afterwards, height profiles of the scratches, those of the healed metallopolymers as well as the
partial healing in case of P2 after 24 h were measured using a Vickers indenter with an applied force of
3 mN. The profiles were measured every 20 µm. The height profiles were combined in order to convert
them into a surface profile. Figure 3 shows these three-dimensional presentations of the scratch as well
as of the healed surface of P4 (P2 and P3 are presented in the Supporting Information, Figures S7 and
S8). All three scratched surfaces show pushed edges along the scratches and the scratches features
deeper cracked segments along their valleys. This could be caused by the relatively high hardness and
stiffness of the metallopolymers, which results in the emergence of cracked plates. However, after the
healing period of 20 h at 100 ◦C P4 shows a more or less flat surface with some defects and little raised
segments, which can be attributed to decreased viscosity at higher temperatures resulting in a more
inhomogeneous surface compared to the polished surfaces before. In the case of P2, the scratch was
healed, however, some humps along the previous scratch can be detected, which can be assigned as
“scars”. On the other hand, P3 features an uneven surface after the healing. However, the crack cannot
be detected anymore.

Consequently, the surfaces from the combined height profiles supported the analyzation of
the scratch healing and identified more or less complete healing of all samples. Furthermore, this
method demonstrated the changes on the surface of the samples that become more uneven during the
healing process.

Regarding the metallopolymers of this work, P2 (Eu (III)-based) features the worst healing ability,
which may be attributed to the highest Vickers hardness among these three polymers. The best
healing was observed for P3 (Tb (III)-based) and P4 (Dy (III)-based), which both are not as hard as P2.
Nevertheless, this finding is contrary to the ITC-measurements in which the terpyridine–terbium (III)
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complex was found to have the lowest Kd, which is approximately half of the others. Accordingly,
the Ka of this complex is the highest among the investigated complexes and, thus, the metal complex
should be the most stable one. Consequently, it can be assumed that the complex stability seems to
not be the most important factor for the self-healing behavior and other effects are also important.
Thus, a better correlation to the hardness of the materials can be drawn. Nevertheless, these influences
of the metal–ligand interaction on the solid state properties should be studied further, since a good
correlation to the thermal properties (Tg-values) could be revealed.

Figure 3. Surface profile of (a) the scratch and (b) after 20 h healing at 100 ◦C of metallopolymer P4.

By comparing the metallopolymers of this work with similar polymers based terpyridine platinum
(II) complexes, which feature more stable complexes, a slightly decreased healing efficiency is observed
resulting in longer healing times [16]. Furthermore, the metallopolymers P2–P4 exhibit a higher “local”
crosslinking density due to the metal to ligand ratio of 1 to 3 and, thus, steric hindrance may play a
more important role in the self-healing efficiency compared to other systems with d-metals.

4. Conclusions and Outlook

Within the current study, we synthesized metallopolymers based on terpyridine complexes with
the lanthanide ions europium (III), terbium (III), and dysprosium (III) in order to show their self-healing
ability. For this purpose, a well-known copolymer was utilized featuring butyl methacrylate as well
as a terpyridine-containing methacrylate as monomers. The later ones enable a crosslinking of three
tridentate ligands through one metal ion. ITC investigations confirmed this ratio as well as revealed
thermodynamic and kinetic properties of the metal–ligand interaction. According to these results, the
terpyridine complex of terbium (III) is the most stable followed by europium (III) and dysprosium
(III). Based on these properties in solution, solid samples of the metallopolymers were prepared
that were utilized for measurements of Vickers hardness, in which P2 showed the highest hardness
and the Dy(III)-containing P4 the lowest. In the end, the self-healing ability was investigated, in
which next-to-scratch tests also surface calculations based on height profiles that were performed.
In conclusion, P2 revealed the worst self-healing ability, which can be attributed to the highest hardness
of the metallopolymer. However, P3 and P4 showed similar self-healing abilities, which can also be
correlated to their similar hardness values. Nevertheless, there seems to be no concrete correlation
between the complex stability in solution and the healing behavior in the solid state.

These metallopolymers show the potential for further investigations. In particular, the
photoluminescence can be utilized to gain a deeper understanding on the molecular scale of the
self-healing process through fluorescence spectroscopy. Therefore, the metal complexes can be utilized
as sensor systems for healing as described previously for other systems [24].

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4360/12/4/838/s1.
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interaction can be designed in such a 
manner that it is addressable by several 
stimuli. This stimuli-responsiveness is a 
prerequisite for applications like shape-
memory polymers[5] and self-healing poly-
mers,[6] which have been already described 
in the literature. Both application areas 
have developed rapidly during the last few 
years and several examples are already 
known in literature.[7]

The present study will focus on self-
healing metallopolymers, which were 
first described in 2011 by the groups of 
Rowan and Weder, who described opti-
cally healable metallopolymers.[8] How-
ever, the illumination with light resulted 
in heating it up to 220 °C and, thus, a 
sufficient mobility generation for crack 
closure. More recent examples focused 

on the utilization of temperature as a trigger for the healing, 
and it could be revealed that the introduction of weak coordi-
nating counter ions can enhance the self-healing ability. Thus, 
terpyridine-containing copolymers cross-linked by either cad-
mium (II) acetate[9] or manganese (II) chloride[10] feature crack 
closure behavior at temperatures below 100 °C. Nevertheless, a 
first approach to selectively insert a weak coordination bond by 
the utilization of terpyridine-platinum complexes with a weak 
fourth binding structure did not result in a further improve-
ment of the healing ability.[11]

In the present study, we aim at further understanding 
and improving the self-healing ability in metallopolymers. 
For this purpose, another square planar metal complex is 
introduced into the side chain of the metal complexes.[12]

Palladium(II) coordinates with SCS pincer ligands in a 
manner offering the opportunity to construct cross-linked 
networks by the utilization of a bridging ligand containing 
four binding sites, which is bonded very weakly,[12] enabling 
polymeric structures based on palladium-pyridine coordina-
tion.[13] This metal–ligand system is well investigated in the 
field of self-assembling dendritic structures,[14] catalysis,[15]

and sensors.[16] In the current investigation, the binding 
properties of the palladium(II)-SCS pincer complexes to pyri-
dine derivative ligands were studied using isothermal titra-
tion calorimetry (ITC) and infrared (IR) as well as Raman 
spectroscopy. These experimental methods were supported 
by density functional theory (DFT) calculations. The knowl-
edge gained from these studies and preliminary work 
were converted to the design of palladium-based polymer 

Self-Healing Polymers

Metallopolymers combine properties of metal complexes and polymers and 
are thus interesting materials for a wide field of different applications. One 
current major field is the utilization as self-healing polymers, and for this 
purpose, palladium-SCS pincer complexes are synthesized. Well-defined 
copolymers featuring those metal complexes in the side chain are obtained 
using the reversible addition–fragmentation chain-transfer polymerization 
technique. By the addition of a tetravalent pyridine cross-linkers, reversible 
cross-linked supramolecular networks are prepared, enabling self-healing 
properties. By utilizing density functional theory calculations, IR, and Raman 
spectroscopy, as well as isothermal titration calorimetry, the complex forma-
tion, reversibility, and stability are studied. The information of these experi-
ments also enables further optimizations for the design of similar reversible 
systems in the future.

Metallopolymers represent an important class of materials in 
modern polymer science. These materials consist of metal com-
plexes incorporated into a polymeric structure leading to a ben-
eficial combination of both subunits.[1] This highly promising 
design principle goes hand in hand with numerous potential 
applications, which ranges from drug delivery systems[2] over 
catalysis[3] to OLED devices.[4] Furthermore, the metal–ligand 
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networks, which were also studied with respect to their 
healing properties.[11]

In order to investigate the self-healing ability as well as the 
binding behavior of the square planar SCS pincer-palladium 
complex with a reversible ligand containing four pyridines, 
a monomer as well as a model system were synthesized 
(Scheme 1). Targeting these two derivates, the synthesis was ). Targeting these two derivates, the synthesis was ). T
inspired by literature.[17]

The compounds 1, 2, and 4 were synthesized according to 
Huck et al.[17]; however, synthesis of 3 differed from litera-
ture due to the preparation of a dibromide using nucleophilic 
substitution of the two benzylic hydroxyl groups with bro-
mides.[18] An undecan-11-ol moiety was introduced through a 
stable ether function in order to enlarge the spacer between 
the polymer backbone and the ligand moiety.[19] Subsequently, 
intermediate 5 was esterificated by using either methacryloyl 
chloride for the monomer synthesis (6)[20] or acetyl chloride 
for the preparation of the model compound 7. The pallada-
tion was performed according to a literature procedure for 
both the model system and the monomer, resulting in SCS 
pincer-palladium complexes 8 and 9 featuring acetonitrile as 
the fourth ligand.[17]

The structures of the metal complexes could be proven by 
NMR spectroscopy as well as ESI MS (Figure S25, Supporting 
Information). In the ESI MS of 8 a mass of 681.17 m/z was 
detected, which corresponds to the metal complex without a 
fourth ligand. NMR spectra of the metal complexes (8 and 9) 
revealed a complete conversion through the disappearance of 
the single proton signal in para-position to the phenylic ether 
function at 6.85 ppm (Figure S24, Supporting Information).

Subsequently, monomer 8 was copolymerized by revers-
ible addition–fragmentation chain-transfer (RAFT) poly-
merization, which is a controlled radical polymerization tech-
nique allowing the synthesis of well-defined polymers with 
low dispersities.[21] 2-Cyano-2-propyl benzodithioate (CPDB) 
was utilized as RAFT-agent, azobis(isobutyronitrile) (AIBN) 
initiated the reaction, and butyl methacrylate (BMA) was 
used as comonomer resulting in copolymer P1. The obtained 
polymer was purified by dialysis in N,N-dimethylformamide 
resulting in narrow mass distributions (Figure S25, Sup-
porting Information). Despite the controlled polymerization 
technique, a molar mass of Mn = 23 000 g mol−1 with a dis-
persity Ð of 1.67 was obtained. The partial loss of control 
can be explained by the presence of the metal complex that 
increases the polydispersity. In contrast, the group of Weck 
was able to prepare Pd-containing copolymers using the ring-
opening metathesis polymerization (ROMP) with low dis-
persity, which seems to be more stable compared to radical 
polymerizations.[19] The ratio of butyl methacrylate to palla-
dium complex was 12.5:1, which was determined by NMR 
spectroscopy by comparing the O-CH2-signals of the BMA 
with the signals of the pincer ligand. Furthermore, the met-
allopolymer was investigated by thermal analysis. The TGA 
measurement offered a stable polymer up to 280 °C. The
investigation by DSC revealed a TgTgT  of 42 °C. In addition to 
P1 another copolymer was synthesized by RAFT polymeriza-
tion using a BMA and the unmetallated ligand 6 as comon-
omer, which was prepared for later vibrational investiga-
tions. P2 was also studied by SEC (Figure S26, Supporting 

Information) and thermal analysis revealing a molar mass of 
25300 g mol−1, a dispersity Ð of 1.25, a TgTgT  of 7 °C, and a 
thermal stability up to 277 °C.

Furthermore, a multivalent cross-linker was synthesized that 
was able to cross-link the metal centers due to the coordination 
to the palladium centers. For this purpose, a molecule featuring 
four independent pyridyl moieties was prepared. According to 
a literature procedure,[22] pentaerythritol and 4-bromopyridine 
hydrochloride were utilized to synthesize the tetrafunctional 
cross-linker 10.

After synthesizing the required materials, the binding 
behavior of the metal complexes 9 and P1 was investigated by 
ITC revealing the strength of the complexation of pyridine as 
a fourth ligand. In the experimental setup, pyridine was dis-
solved in dimethyl sulfoxide, and the solution was titrated to 
the solutions of the acetonitrile-coordinated palladium-pincer 
complexes in dimethyl sulfoxide (the general procedure of the 
ITC investigation and the ITC curves can be found in Figures 
S28 and S29, Supporting Information). The strong noncovalent 
pincer-palladium coordination is regarded as irreversible in less 
polar solvents, but the polar dimethyl sulfoxide reduces this 
complexation strength due to its coordinating and competitive 
character as a ligand.[12] Under these conditions, the more labile 
acetonitrile ligand was easily and quantitatively substituted with 
the more stable pyridine derivate.[14,16]

The results (Table S1, Supporting Information) show that 
the coordination of pyridine to the model system 9 is quan-
titative with a stoichiometry of n = 1.005. The copolymer P1
on the other hand was not completely coordinated with pyri-
dine during the experiment (n = 0.65), which can be explained
by incomplete accessibility of all palladium complexes in the 
polymer structure due to potential coiling. Furthermore, the 
complexation constants were determined. The formation con-
stant for the model system was 4.393 × 102 M−1 and, thus, 
higher than that of the polymer with KaKaK = 1.243 × 101 M−1, 
which can be a result of the non-complete conversion with 
pyridine. Gerhardt and Weck detected an association con-
stant of 3.82 × 102 M−1 for the coordination and, thus, similar 
results.[12] Nevertheless, these values represent a weak interac-
tion for both the polymer and the model system. Consequently, 
the obtained equilibria constants are beneficial for self-healing 
behavior.

In addition to the ITC investigation, non-invasive in situ 
vibrational spectroscopy and DFT calculations were utilized 
for the investigation of the complexation behavior of the model 
system as well as for the polymer in the solid state. For these 
measurements, the acetonitrile-metal pincer complexes 9 and 
P1 were converted to the chloride complexes due to the more 
stable coordination and the less detected signals of acetonitrile 
in the spectra. The ligands were substituted according to a lit-
erature-known procedure.[17] Furthermore, the model system 9
and P1 were cross-linked with 10 in order to create 11 and P3
for the investigation of the binding behavior of the cross-linked 
centers.

Raman and IR spectroscopy (spectra in Supporting Informa-
tion) revealed a shift of the phenyl band of the centered ring to 
lower values after the metalation for both systems (Figure 1c). 
This shift can provide information about the binding behavior This shift can provide information about the binding behavior This shif
of the metal–ligand interaction. The Raman spectrum shows 
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Scheme 1. Schematic representation of the syntheses of the palladium-pincer complexes 8 and 9; the reversible addition–fragmentation chain-transfer 
(RAFT) polymerization of 8 with butyl methacrylate using 2-cyano-2propyl benzodithioate (CPDB) as RAFT-agent and the synthesis of cross-linker 10.
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for the pincer model (7) a medium intensive band at 1584 cm−1, 
which shifts to 1580 cm−1 for the palladated complex (9) and 
also for the cross-linked model system 11. The same results 
were observed for the polymer system. In the spectrum of the 
unmetallated polymer (P2), a band at 1584 cm−1 was detected, 
which shifted in P1 to 1580 cm−1 and in the cross-linked net-
work (P3) to 1581 cm−1, respectively. This vibrational fre-
quency decrease caused by the palladation process confirms 
the binding of the Pd ion into the SCS pincer as the formation 
of the Pd-C bond weakens the CC bonds inside the phenyl 
group. The bound Pd ion slightly drains electron density from 
the phenyl ring (inductive effect), thus, weakening the CC 
bonds and decreasing their vibrational frequency. The shift is 
not affected by the fourth ligand, whether it is an acetonitrile or 
a chloride ion.

The investigation of the cross-linker 10 revealed two inten-
sive bands at 1594 cm−1 and 1571 cm−1, which can be assigned 
to the CC and CN stretching vibration of the pyridyl ring 
systems. These bands are responsible for the shoulders, 
detected in the spectra of the cross-linked systems 11 and P3, 
which are not visible for the uncross-linked species 9 and P1. 
Similar results were obtained from IR spectroscopy (Figure 1c, 
Figures S33 and S36, Supporting Information).

DFT calculations were performed for simplified structures 
shown in Figure S47, Supporting Information, ranging from 
the unmetallated ligand to palladium-pincer complex without a 
fourth ligand and complexed by either acetonitrile, chloride, or 
pyridine. To reduce the computational demand, the dodecanyl 
chain was substituted with a methoxy group. The calculated IR 
and Raman spectra confirmed the experimentally observable 

Macromol. Rapid Commun. 2018, 39, 1800495

Figure 1. a) Temperature-dependent synchronous 2D Raman correlation spectrum of 9 between 900 and 1800 cm−1; b) temperature-dependent syn-
chronous 2D Raman correlation spectrum of the DFT simulated Raman spectra of 9; c) comparison of the detected phenyl stretching vibration bands 
at vibrational spectroscopy experiments. (IR of the polymer derivates was not measured). The plotted spectra at the top and left of the 2D correlation 
spectra are the respective reference spectra at 25 °C (9). The red color indicates positive cross-peaks, while blue corresponds to negative ones.
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shift of the central phenyl ring vibrations to lower wavenum-
bers after metalation (Figures S48–S63, Table S2, Supporting 
Information).

The temperature dependency of the coordination of the 
metal complexes was further investigated by Raman spectros-
copy. The temperature was increased stepwise up to 100 °C 
starting from 25 °C (9) or 30 °C (P1), respectively (Figures S44 
and S46, Supporting Information). The signal intensities of 
the bands in the temperature-dependent spectra shifted only 
marginally. In order to highlight these changes, 2D correlation 
analysis in the form of synchronous 2D Raman spectra was 
applied to identify these subtle changes (Figure 1a, Figure S46, 
Supporting Information). 2D correlation analysis is a technique 
to highlight spectral changes induced by an external perturba-
tion like an elevated temperature. This analysis technique was 
already applied for self-healing polymers.[23] The result of a 2D 
correlation analysis is the so-called synchronous and asynchro-
nous 2D correlation spectra. The resulting correlation peaks 
can be analyzed following the Noda rules.[24]

Unfortunately, the interpretation of the experimental syn-
chronous 2D correlation Raman spectrum shown in Figure 1a 
is very difficult and it is not possible to unambiguously assign is very difficult and it is not possible to unambiguously assign is very dif
all auto- and cross-peaks.

To overcome this challenge, the spectral changes induced 
by the expected temperature-dependent decomplexation of 
the pyridine ligand from the Pd pincer fragment was simu-
lated by using thermodynamic equations and the DFT cal-
culated Raman spectra. The procedure is described in detail 
in the Supporting Information. In short, the experimentally 
measured association constant Ka was used to calculate tem-
perature-dependent equilibrium constants and, furthermore, 
temperature-dependent molar fractions for the complexed and 
decomplexed pyridinium complex. Afterwards, these simulated 
temperature-dependent molar fractions were used to sum up 
the DFT calculated Raman spectra of each species to obtain 
access to a simulated temperature-dependent Raman dataset. 
Finally, these simulated temperature-dependent Raman spectra 
were also 2D correlated yielding the simulated synchronous 2D 
correlation spectrum shown in Figure 1b.

The experimental and simulated 2D correlation spectra show 
a reasonably good qualitative match. In both 2D spectra, intense 
correlations between signals at around 1000, 1100, 1350, and 
1600 cm−1 are visible. This is remarkable as the molecular 
structures put into the DFT calculations were simplified. Fur-structures put into the DFT calculations were simplified. Fur-structures put into the DFT calculations were simplified. Fur
thermore, the thermodynamic calculations used to simulate 
the temperature dependency also featured some assumptions. 
Thus, minor deviations of the correlations peaks in the simu-
lated 2D spectrum from the ones in the experimental 2D spec-
trum can be attributed to the required assumptions and sim-
plifications made by the DFT calculations and the following 
simulation procedure.

As both 2D spectra agree quite well it can be assumed that 
the decomplexation of the pyridine ligand from the Pd pincer 
complex at elevated temperatures used in the simulation pro-
cess is also the main reason for the experimentally observed 
2D correlation pattern. Therefore, it can be concluded that the 
employed combination of Raman spectroscopy, 2D correlation 
analysis, and theoretical DFT calculations proves that the weak 
Pd-N bound is opening at elevated temperatures and that, thus, 

the intended molecular rearrangement inside the self-healing 
polymer is possible.

The gathered knowledge from the binding behavior was uti-
lized to perform self-healing experiments. For this purpose, the 
polymer network P3 was synthesized starting from copolymer 
P1 and cross-linker 10. The tetravalent cross-linker can coordi-
nate to the palladium complexes. The ITC experiment revealed 
an incomplete complexation behavior of P1, which should lead 
to more flexibility in the network and ensure an improved self-
healing ability. A polymer film of P3 was generated by drop-
casting and utilized for the investigation of self-healing behavior 
by scratch tests. Afterward, controlled scratches were cut by 
a scalpel, the film was annealed for a defined period of time, 
and analyzed by microscopy analysis (Figure 2). The polymer 
network P3 was able to heal scratches at 100 °C in 3 h. How-
ever, the polymer film revealed no self-healing with decreased 
time or temperature. It could be shown that scratches were not 
healed at 100 °C in 2 h as well as at 80 °C in 24 h. The film 
showed some scars after the annealing (Figureshowed some scars after the annealing (Figureshowed some scars af 2e). Thus, the 
scratches were investigated by 3D microscopy and revealed a 
complete healing after measuring the height profile of the 
scratch before and after the annealing (Figure S64, Supporting 
Information). The scratch had extents of 14.9 µm depth and 
30.4 µm width and was completely flattened after the healing m width and was completely flattened after the healing m width and was completely flattened af
period of 3 h at 100 °C.

In comparison to cross-linked metallopolymers by multi-
functional cross-linkers, the palladium-pincer system revealed 
a better self-healing behavior than the similar platinum terpy-
ridine system due to the weaker metal–pyridine coordination 
of the palladium system.[11] The weak metal–ligand interac-
tion was confirmed by ITC investigation as well as vibrational 
spectroscopy and is beneficial for reorganization as well as 
an increased flexibility within the network and enables self-
healing ability to polymers. Nevertheless, there are further 
cross-linked metallopolymers described in literature, featuring 
an even better self-healing ability.[10] The decreased self-healing 
ability can be a result of the relative small amount of metal 
complexes in the polymer chain that was determined by NMR 
spectroscopy and the relatively hard polymer matrix of P3. In 
order to improve the Pd pincer approach, further investigations 
are required and the high local cross-linking density has to be 
decreased to lower the steric hindrance.

Furthermore, mechanical properties of the metallopolymers 
P1 and P3 were investigated by nanoindentation and revealed 
an increase of the hardness of the cross-linked polymer P3 from 
0.036 GPa (P1) to 0.067 GPa (P3). Also the reduced modulus ErErE
as well as the indentation modulus EiEiE  were increased after the 
cross-linking (Table S3, Supporting Information). These results 
prove the formation of a cross-linked network, which lead to 
the demonstrated self-healing ability of P3. Nevertheless, this 
can also affect the self-healing ability and be responsible for the 
higher required self-healing temperature compared to systems 
based on much softer polymeric materials, for example, polydi-
methylsiloxanes containing cyclometallated platinum(II) com-
plexes that are able to heal without external stimuli.[25]

In this study, the literature-known SCS pincer-palladium 
complex was converted into a metallopolymer featuring 
self-healing ability through a tetravalent cross-linker. In par-
ticular, the metal complex was prepared as a model system 

Macromol. Rapid Commun. 2018, 39, 1800495
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in order to investigate the binding behavior of the metal 
complex itself and the coordination properties regarding 
the fourth ligand of the square planar complex. The gained 
knowledge from ITC, Raman, and IR spectroscopy proved 
the weak interaction of the fourth ligand and a stable pincer-
palladium binding. This knowledge was transferred into a 
polymeric structure by generating a cross-linked network 
through multivalent pyridine cross-linker. Raman and IR 
spectroscopy revealed the influence of the cross-linker in the 
network and an elongation of the σ-bond from the phenyl 
ring to the palladium. Nevertheless, examples in literature 
also based on metal–ligand interaction demonstrate a supe-
rior self-healing behavior. Thus, a further improvement will 
be performed in the future.

Within this study, ITC and vibrational spectroscopy were 
helpful tools for understanding the relationship of structure, 
property, and mechanism of solid-state metallopolymers and 
should facilitate the design of highly functional new materials. 
Further mechanistic studies are still required to gain knowl-
edge about the self-healing process. Nevertheless, this study 
was another step in this direction.
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from the author.
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Figure 2. Self-healing behavior of polymer network P3: a) Undamaged surface; b) 1st scratch; c) healed surface after 24 h at 100 °C; d) 2nd scratch; 
e) healed surface after 3 h at 100 °C; f) 3rd scratch; g) 3rd scratch not healed completely after 2 h at 100 °C; h) 4th scratch; and i) 4th scratch not 
healed after 24 h at 80 °C.
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