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1. Introduction 

Parts of this chapter have been published in P7) A. Nabiyan, J. B. Max, F. H. Schacher, Double 

Hydrophilic Copolymers – Synthetic Approaches, Architectural Variety, and Application Fields, 

Chem. Soc. Rev., 2022, DOI: 10.1039/D1CS00086A. 

Today, we encounter polymers in almost every part of our daily life. They provide solutions to 

the emerging issues in ou1. Introductionr modern society such as nutrition, energy or health.1, 2 

Functional polymers, in particular polyelectrolytes, are receiving growing interest in modern 

and more advanced applications in aqueous environments.3 Polyelectrolytes, which cover 

polyampholytes and polyzwitterions, are macromolecules bearing ionizable groups in each 

repeat unit.4-6 Due to their charges, these materials are not only responsive towards external 

stimuli such as ionic strength or pH,7 but also interact with oppositely charged ions or small 

molecules,8, 9 surfaces,10, 11 or other polymeric materials.12, 13  

Polyelectrolytes are of great importance in a wide range of applications where they act as 

flocculants and coagulants,14, 15 super absorbers,16 or dispersing agents. Consequently, 

polyelectrolytes are found in many materials and processes that are relevant to industry and our 

daily lives.3, 5 They are used in pharmaceutics, cosmetics, biomedicine, waste-water treatment, 

biomedicine, and in the food and paper industry.13, 15 Beyond this, polyelectrolytes are also 

applied in more specialty or advanced applications including surface coatings,17, 18 as selective 

layers in membranes,19, 20 antimicrobial active materials.21, metal ion sensing,8, 22 in the 

recycling and separation of proteins and/or metal ions from different media,23-26 as well as in 

drug delivery and tissue engineering27 or catalysis.28 Especially in these relatively modern 

fields, the demand for tailor-made and multifunctional polyelectrolyte based materials is 

steadily increasing. In this respect, different approaches allow the design and preparation of 

well-defined polymeric substances that meet the requirements of a desired application precisely. 

One such approach is the synthesis and polymerization of novel monomers that afford polymers 

with unique properties owing to their specific functional groups such as common anionic or 

cationic moieties, e.g. sodium styrene sulfonate, acrylic acid, diallyl dimethyl ammonium 

chloride and 2-(dimethylamino)ethyl methacrylate,29 or well-known zwitterionic monomers, 

e.g. (acryl amido) ammonium sulfonates.30 By carefully selecting the right monomer(s), it is 

possible to introduce a variety of functional groups to control the properties of the polymer for 

a desired application. Such novel charged polymers can be accessed through controlled 

polymerization and using appropriate protecting groups.31-35 In this manner, amphiphilic 

charge-bearing fragments can also be prepared providing a straight-forward approach to so 
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called hydrophobic polyelectrolytes or polysoaps.36, 37 There is even more potential to fine-tune 

the properties of a material for a specific application by the preparation of copolymers, such 

that even contrary properties and ‘philicities/phobicities’ may be combined. This provides us 

with an ample, which is furthered by the development of controlled polymerization and post-

polymerization modification techniques. Therefore, the linkage of a multitude of functional 

segments is possible with various architectures, from linear, block, graft to star copolymers.38 

Concerning polyelectrolytes, particularly double hydrophilic block copolymers (DHBCs), 

exhibiting two water-soluble segments, and amphiphilic copolymers consisting of a 

hydrophobic and a hydrophilic entity, play an important role in advanced applications, due to 

their diverse properties, self-assembly or stimuli-responsive behavior.36, 39-41 Nevertheless, the 

direct copolymerization of distinct monomers can also give tailored random polyelectrolytes, 

although they might be less defined.42 Beyond the structural and architectural design of 

polyelectrolytes towards desired properties and functions, these macromolecules may be further 

combined with inorganic compounds to obtain high performance hybrid materials. 

Organic/inorganic hybrid materials are a very old class of materials, also found in nature, which 

combine the distinct characteristics of each material. In this way, it is possible to merge the 

magnetic or electrochemical properties of inorganic materials with the hydrophilic/hydrophobic 

balance or chemical properties of an organic compound. It is for this reason that the preparation 

of organic/inorganic hybrid materials remains an emerging field. Tuning the composition and 

interaction between the individual components on a molecular level lends tailor-made materials 

that often show synergistic effects. 43-46 Within these materials, polyelectrolytes fulfill the role 

of dispersants,9, 11, 12, 47 stabilizers,48, 49 templates and matrices.50, 51 Such materials are very 

attractive and promising candidates in a wide range of applications in various fields including 

biomedicine or catalysis, due to their biocompatibility, improved stability, water solubility and 

complexing ability.51-54 

Considering the above-mentioned aspects, the design of well-defined polyelectrolyte materials 

for special applications remains of fundamental research interest. However, these synthetic 

demands can be tackled using our broad toolbox encompassing organic synthesis, controlled 

polymerization techniques,55 and novel strategies to prepare inorganic/organic hybrid materials 

on a nanoscale. Construction of the desired materials starts with the choice of suitable 

monomers and their polymerization,56, 57 followed potentially by post-polymerization 

modification,58 and the incorporation of inorganic compounds from molecular precursors or 

readily prepared building blocks.59,60 Here, polyzwitterions and polyampholytes are gaining 

increasing research interest since they often mimick biomacromolecules, and are highly 
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hydrophilic and tolerant towards increasing ionic strength, when compared to simple 

polyanions or polycations.30, 56, 61 Moreover, a pH-dependent overall charge is observed for 

many monomers, and the oppositely charged moieties can interact with both positively- and 

negatively-charged compounds.30, 56, 61 The synthesis, properties and application of 

polyampholytes will be outlined in the following chapter. 

1.1 Polyampholytes – definition, properties and synthesis 

Definition and concepts 

Polyelectrolytes are polymers bearing either positive (polycations) or negative charges 

(polyanions), and are typically water-soluble.4-6 Polyampholytes, as a subclass of 

polyelectrolytes, exhibit oppositely charged moieties or ionizable groups (randomly) within the 

polymer backbone or in the side-chain. Polyzwitterions, on the other hand, feature both groups 

within the same monomer unit with varying charge distribution possible.4-6, 56 A crucial 

difference between polyampholytes and polyzwitterions is that polyampholytes predominantly 

bear an overall net-charge and behave like a polyzwitterion within a narrow pH window. In 

contrast, polyzwitterions usually consist of permanently charged monomer units and therefore 

possess an overall neutral charge. In contrast, typical polyelectrolytes feature only one type of 

charge and as depicted in Figure 1.4-6, 56 Polyelectrolytes can be further classified as strong or 

weak. Strong polyelectrolytes are characterized by a constant charge, while the overall charge 

of weak polyelectrolytes varies due to protonation or deprotonation of the corresponding 

functional groups.29 Here, the elucidation of polyampholytes will also include its related 

subclass polyzwitterions. 
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Figure 1. Schematic depiction of polyelectrolytes according to class: polyanions (A) and polycations (B), 
polyampholytes (C), which is further divided into polyzwitterions with an overall neutral charge (D) and block 
polyampholytes (E). Polyzwitterions contain two opposite charges within the same monomer unit, realized by 
different structural entities (F). Weak polyzwitterions / polyampholytes can be reversibly transformed into either 
a polyanion or polycation by changing the pH value.29, 56, 62 

Regarding different anionic and cationic monomers and their distribution within the polymer, 

polyampholytes can be referred to as ‘annealed’ if they contain ionizable moieties, ‘quenched’ 

if the charge is constant independent of the pH value and ‘zwitterionic’ if the number of 

monomers with opposing charge is equal.62, 63 The number of charged moieties and their 

distribution plays a crucial role concerning the polymers’ properties. For example, block 

polyampholytes, also referred to zwitterionic diblock copolymers, exhibit distinct properties, 

such as the formation of micelles at a certain pH value.64-66 Some polymers are at the interface 

between polyampholytes and polyzwitterions. They exhibit ‘zwitterionic behavior’ only in a 

certain pH window. Due to protonation/deprotonation of weak acidic or basic groups within the 

same monomer unit, a charge equilibrium is found and both charges are not necessarily found 

at the same time.32, 67 An example is poly(dehydroalanine) (PDha), featuring amino and 

carboxylic acid groups in each monomer unit leading to a zwitterionic window between a pH 

of 10.5 and 6.5.32 

Solution behavior 

The outstanding properties of polyampholytes arise from their (tunable) charged moieties, 

determining the chemical and physical properties. In general, the solubility of polyampholytes 

is affected by the pH, as well as the ionic strength, which affect the intra- and intermolecular 

interactions. When polyampholytes have an excess of either positive or negative charges, i.e., 
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when they are not at the point of charge neutrality, their so-called isoelectric point (IEP), they 

behave like polyelectrolytes. For some polymers, this leads to strong intramolecular forces and 

a loss of water-solubility. On the other hand, these interactions can be disrupted by the addition 

of salts, that interact with the oppositely charged functional groups. This is contrary to the 

behavior of polyelectrolytes, and this behavior is called the ‘anti-polyelectrolyte effect’.57, 63, 68 

These modes of attraction and repulsion were studied by E. A. Bekturov et al., using an 

exemplarily polyampholyte, nearly equimolar poly(methacry1ic acid)-block-poly(l-methyl-4-

vinylpyridinium chloride) (PMAA-b-4VPCl). The dissolution and precipitation behavior in 

dependence of the pH value and ionic strength is illustrated in Figure 2.57, 69 

 

Figure 2. Illustration of the intermolecular attraction and repulsion of PMAA-b-4VPCl in response of the pH and 
ionic strength. Here, the moieties exhibit the following colours: cationic = red, anionic = blue, neutralized = grey, 
yellow and purple = K+ / Cl-. Reproduced from Chem Soc Rev, 2019, 48, 757, with permission of the Royal Society 
of Chemistry.57 

In addition, the behavior of polyampholytes in the presence of charged surfaces, proteins, 

polyelectrolytes and metal cations is of particular interest regarding theoretical studies, as well 

as for applications (Figure 3).70, 71 Hereby, the interaction of polyampholytes with 

polyelectrolytes or proteins could be seen as a special case of interpolyelectrolyte complexes 

(IPEC) being the result of electrostatic attraction between a polyanion and a polycation.29, 62 

Adsorption processes of polyampholytes onto surfaces play a key role in many technological 

applications, e.g. as stabilizers or modifiers. Thus, theoretical calculations support the 

understanding of the corresponding mechanisms.72-74 In general, three absorption regimes have 

been uncovered, where the polymer chain adopt different conformations. First, a Gaussian 

conformation could be assumed where the chains move freely in the solution. In the second 
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regime, the chain size decreases with increasing surface charge density and they stretch along 

the surface. In the so-called pancake regime, moieties that are oppositely charged to the surface 

stay close to the surface within a certain length, while residues with the same charge as the 

surface form loops and dangle into solution.57, 70, 73 It is worth noting that many modified 

polyampholytes exist, each revealing unique properties by ccombining the above described 

characteristics with the corresponding properties of the modifier. Hydrophobically modified 

polyzwitterions or polysoaps are a good example; they self-assemble in solution due to the 

interplay of hydrophobic and ionic interactions.75 

 

Figure 3. Illustration of the interaction of a polyampholyte with a polycation or a positively charged surfaces with 
their potential applications. IPEC of a polyampholyte and a polycation and its disruption close to the IEP by 
changing the pH-value (A). Polyampholytes can additionally interact with oppositely charged surfaces (B).57, 70, 76 

Synthesis and application 

The versatile applications of polyampholytes rely on their above-described properties and 

solution behavior: high water-solubility, response to stimuli and their reversible interaction with 

many different compounds and surfaces.7, 70 Furthermore, the diversity of available 

polyampholytes is vast, and the preparation of tailor-made materials for each specific 

application is conceivable. Corresponding design aspects are summarized in Table 1 and 

Figure 4 shows some typical structures of polyampholytes. 
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Table 1. Possible design aspects for the preparation of tailor-made polyampholytes and the options to realize this. 

Design aspects Options 

Molecular composition62 
Choice of monomers (weak or strong acid / base; zwitterionic) 

Monomer ratio 

Molecular structure7, 56 

Charge distribution (alternating, gradient, random, block) 

Location of charge (e.g. side-chain, backbone) 

Polymer architectures (linear, graft, block, star, 3D) 

Non-ionic building blocks75 
Hydrophobic: amphiphilic copolymer; hydrophilic: double hydrophilic 

Corresponding moieties in side-chain, segmented, backbone, … 

 

In respect of charged moieties, the binding of metal ions could be exploited in metal recovery, 

desalination or catalysis and the interaction with proteins in protein purification or separation 

as outlined by S. E. Kudaibergenov and A. Ciferri.70 Moreover, synthetic or natural 

polyampholytes act as effective dispersants, stabilizers, flocculants or antifouling coatings,54, 

77-79 and are also found in sensors,80-82 or smart catalysis.83, 84 However, biotechnology and 

biomedicine are one of the most emerging fields of applications for polyampholytes with a 

special emphasis on hydrogels. Their most recent and future role is particularly seen in tissue 

engineering and delivery systems.63, 85, 86  

 
Figure 4. Typical polyampholyte structures, including block polyampholytes (A: PMAA-b-4VPCl,69 B: poly(2-
(dimethylamino)ethyl methacrylate)-b-poly(acrylic acid) (PDMAEMA-b-PAA)87, homopolymers (C: poly(N,N-
diallylglutamate)88, D: PDha),32 and random copolymers (E: poly(styrene sulfonic acid-co-4-vinylpyridine),89 F: 
poly(2-acrylamido-2-methyl-1-propanesulfonic acid-co-[3-(methacryloylamino)propyl]trimethylammonium 
chloride),90 G: poly(acrylic acid)-co-(2-(4-(4′-methyl-2,2′-bipyridyl) ethylacrylate)).91 
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In general, polyampholytes are designed by combining monomers that are also used in 

polyanions or polycations. The choice of monomers is as diverse as the possible distribution of 

the charged moieties and various copolymers, which benefits from a huge progress in synthetic 

strategies. Further, tailored polyampholytes can be synthesized, such as amphiphilic or double 

hydrophilic (segmented copolymers). Different polymerization techniques (typically ionic or 

radical) and post-polymerization modifications can be used, and in case of functional 

monomers, which may not be compatible with polymerization conditions, often the use of 

protected precursors is necessary.57 Typical examples of polyampholytes include random 

copolymers, derived from free radical polymerization such as poly(styrene sulfonic acid-co-

vinyl pyridine),89 and block polyampholytes, e.g. poly(sodium methacrylate)-b-poly(dimethyl 

amino ethyl) methacrylate) synthesized via sequential anionic living polymerization,92 poly(2-

(1-imidazolyl)ethyl methacrylate)-block-poly(tetrahydro pyranyl methacrylate) via group 

transfer polymerization93 and poly(4‐vinylbenzyl (trimethylphosphonium) chloride)-block-

poly(4‐vinylbenzoic acid) obtained through controlled reversible addition‐fragmentation chain-

transfer (RAFT) polymerization.94 In addition to the above mentioned techniques,57 

zwitterionic polymers may also be prepared via step growth polymerization,95 ring opening 

metathesis polymerization,96-99 polyaddition/polycondensation,100, 101 as well as coupling 

reactions.102 Since significant advancements in controlled radical polymerization techniques 

marked by the advent of atom transfer radical polymerization (ATRP) by M. Sawamoto and J.-

S. Wang and K. Matyjaszewski in 1995,103, 104 nitroxide-mediated polymerization (NMP) first 

described in a patent in 1985,105 and RAFT by E. Rizzardo in 1998,106 it is now possible to 

polymerize a large number of vinyl monomers. In contrast to convenient radical polymerization, 

corresponding polymers are characterized by low molecular weight distributions and defined 

molar masses. Besides the construction of complex polymer architectures, e.g. star, block, graft, 

branched or dendritic (co)polymers, it is also feasible to perform end-functionalization.107 

These strategies achieve control by reducing the concentration of active radical species [P•], 

which are prone to irreversible transfer and termination reactions, allowing a linear increase in 

the degree of polymerization with conversion. This could be realized by the addition of a stable 

radical X•, which reversibly couples with the growing chain P• (‘active species’) to a labile or 

‘dormant’ P-X species. During the polymerization process the stable radical will be released in 

multiple steps and P• can again react with monomers M, which don’t initiate with X• itself.3, 55 

The corresponding process, which is similar for conventional NMP and ATRP, is schematically 

depicted in Figure 5. By introducing a second monomer, e.g. M2 to M1, block copolymers are 

formed. 
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In ATRP, a catalytic system is used based on a transition metal (Mt
m) halide complex (Figure 

5 B) with an alkyl halide initiator. During the polymerization process the oxidation state of Mt
m 

is reversibly changing, shifting between the dormant Pn-X and the active Pn· /X-Mt
m/L species.55, 

107, 108 Since the invention of traditional ATRP, various ATRP-type processes have arisen to 

further improve this method, e.g. Activator ReGenerated by Electron Transfer (ARGET) and 

activators generated by electron transfer (AGET) allow the use of Cu(II) species and to reduce 

the amount of catalyst, or single-electron-transfer living polymerization (SET-LRP) using 

Cu(0) for a more stable handling of reagents.108, 109 The versatility of ATRP gives access to 

many different polyampholytes (or their precursors) and architectures, such as poly(2-

(dimethylamino)ethyl methacrylate)-block-poly(acrylic acid) di-block copolymers,87 

poly(methacrylic acid-co-N,N-diethylaminoethyl methacrylate) brushes,110 poly(2‐

vinylpyridine‐co‐acrylic acid) statistical copolymers,111 and poly(2-(2-

bromoisobutyryloxy)ethyl methacrylate)-graft-poly((methacrylic acid)-stat-(2-

(dimethylamino)ethyl methacrylate) densely graft copolymers.112 Further, zwitterionic 

monomers were polymerized with a defined endgroup,113 and amphiphilic or double 

hydrophilic copolymers with a polyampholytic segment could be synthesized.34, 114 

NMP was originally performed at high temperatures (>125 °C) and relatively long reaction 

times (24-72 h) using nitroxides as control agents, e.g. one of the earliest examples 2,2,6,6-

tetramethyl-1-piperidinyloxy (TEMPO, Figure 5 C) However, great breakthroughs have since 

been made with the development of novel nitroxide reagents, enabling reaction temperatures as 

low as 70 °C and the polymerization of more demanding monomers. Unimolecular initiators, 

such as BlocBuilder® have also been developed that release both an nitroxide controlling group 

and an alkyl radical initiator upon heating, combining two functionalities in a single reagent. 

Besides, the transfer of nitroxide end groups into other functional groups are thoroughly 

studied.115-117 The mechanism of NMP is mainly based on the ‘persistent radical effect’, which 

describes the preferred coupling of a reactive radical with a stable radical, instead of the 

coupling of two reactive radicals.116 Since NMP reveals control over a broad spectrum of 

monomers and is tolerant to many functional moieties, including amines, alcohols or ionic ones 

(sulfonic acid, ammonium, carboxylic acid), a lot of homopolymers and block copolymers can 

be accessed via this route.115, 116 In this manner, precursors of polyampholytic poly(styrene)-

block-poly((acrylic acid)-co-(2-(4-(4′-methyl-2,2′-bipyridyl))-ethylacrylate)) or PDha were 

successfully synthesized via NMP in a well-controlled way.32, 91  



1. Introduction 

10 

 
Figure 5. General schematic depiction of controlled radical polymerization processes and possible formation of a 
linear block copolymer after adding a second monomer (A). The mechanism of ATRP is based on the utilization 
of a transition metal complex (Mt

m = metal cation, L = ligand) and halides (B). Common nitroxides in NMP are 
2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO, 1), 2,2,5-trimethyl-4-phenyl-3-azahexane-N-oxyl (TIPNO, 2) and 
4-(diethoxyphosphinyl)-2,2,5,5-tetramethyl-3-azahexane-N-oxyl (SG1, 3). An unimolecular NMP system, such as 
BlocBuilder® (4), forms both the initiator and the stable nitroxide upon heating.3, 55, 108, 116 

In addition to advanced polymerization techniques, post-polymerization modification reactions 

are an important tool to prepare tailor-made polymeric materials. Subsequent modification of a 

polymer allows its properties to be fine-tuned and provides access to copolymers or to 

polyampholytes from protected precursors. One possible route is the conversion of monomers 

bearing suitable reactive handles that can undergo a number of chemical transformations, e.g., 

addition, substitution, elimination and isomerization.58, 118 Amino moieties, which are found in 

many polyelectrolytes are especially useful reactive handles and have been exploited in aza-

Michael addition and the ring-opening of epoxides, as exemplarily shown in Figure 6. In this 

respect, for example side-chain amino acids have been functionalized with various acryl amides 

and acrylic acids as Michael-acceptors.119 In another example, poly(ethylene imine) (PEI) has 

been used for the post-polymerization modification with acrylic acid and epoxyalkanes to 

obtain amphoteric polymeric surfactants.120, 121 Further polyzwitterions can be obtained from a 

prepared polymer by the addition of zwitterionic modifiers,122 or protection chemistry can be 

applied. Here, monomers with protected functional groups may be chosen, which are stable to 

polymerization conditions, when their deprotected and more reactive groups would not be 

suitable. For example, amines can be protected with a tert-butyloxy carbonyl group (boc) or 

carboxylic acids with esters, to enable (controlled) radical polymerizations.34, 123 Further, the 

post-polymerization modification of the endgroups, e.g. click chemistry, is a substantial way to 

obtain block copolymers and other advanced architectures in general.124 In this way, a number 
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of novel materials can be accessed: polyampholyte-based hydrogels,125 or polyzwitterions 

featuring a functional endgroup that can be also chemically grafted onto surfaces for an efficient 

immobilization.126 

 
Figure 6. Schematic representation of the subsequent post-polymerization reaction of an amino group containing 
polymer with an epoxide and a Michael acceptor (acrylic acid methyl ester) reported by H. Hidaka and M. 
Moriya.120, 121 

The above described possibility to prepare and tune polyelectrolytes, e.g. by controlled radical 

polymerization (CRP) or post-polymerization modification techniques gives well-defined 

polymer materials for desired applications. Due to their responsive behavior and the interaction 

with various compounds, polyelectrolytes are important for the preparation of polymeric 

‘smart’ materials. These materials are particularly interesting due to their potential applications, 

e.g., as coating materials, to solve recent issues in the field of sensing, catalysis, surface 

engineering or biomedicine.127 The ‘smart’ or stimuli-responsive polymers with emphasis of 

polyelectrolyte building blocks will now be discussed. 

1.2 Smart, double hydrophilic polymers 

Macromolecules showing a certain physical effect or function in solution are defined as 

functional polymers. As a special case, smart polymers are stimuli-responsive and react to their 

environment by undergoing conformational or chemical changes, which lead to a variation in 

their physical properties. This response can even be detected on a macroscopic scale and is 

further translated to a given function, such as the release of a cargo or the generation of a 
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signal.3, 127, 128 External stimuli could be light,129 pH value,130 temperature,131 the presence of 

ions or the ionic strength,132, 133 a magnetic field,134 or mechanical stress,135 as depicted in 

Figure 7. Moreover, multi stimuli-responses may be found within one polymer by the 

combination of the corresponding monomers, e.g. a thermo-, pH- and metal ion-responsive 

copolymer.136 Accomplishing various functions and exhibiting an efficient transduction 

mechanisms, this material class is promising for a growing number of important applications, 

e.g. sensors, smart coatings, catalysis or drug-delivery.127 

Smart polymeric segments are often found in double hydrophilic block copolymers (DHBCs), 

which are polymers that consist of two water-soluble blocks. One segment is usually 

responsible for maintaining water-solubility, while the other one reveals smart properties, 

leading to interesting aggregation behaviors.41, 137 The solvating block is often poly(ethylene 

oxide) (PEO), poly(vinyl alcohol) (PVA), or poly(2-ethyl-2-oxazoline) (PEtOx) while the 

functional block is often carries stimuli-responsive moieties that respond to temperature,138-140 

pH value,141, 142 ionic strength,143, 144 irradiation with light145 or the presence of redox-active 

compounds.146 Defined nanostructures are formed by either self-assembly upon exposure to 

these triggers by the aggregation of the functional segment,137, 147 or due to the different 

hydrophilicities of each block in pure water.148, 149 It is even possible to link two stimuli-

responsive segments. One segment may aggregate preferentially in solution while the other one 

is still promoting the overall solubility depending on the trigger applied.150 In this respect, a 

terpolymer consisting of poly(oligo(ethylene glycol) methacrylate) as the thermo-sensitive 

block and a statistical, polyampholytic poly((diethylamino)ethyl methacrylate)-co-(methacrylic 

acid)) segment, shows reverse micellar formation. The individual segments shift between being 

the core or the corona dependent on the surrounding pH and temperature.150 
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Figure 7. Depiction of a smart polymer and possible functional moieties that can be incorporated to enable a 
response to different external stimuli: light, pH, temperature, metal ions and a magnetic field.129-132, 134 As a result, 
the solution properties change upon exposure to a specific stimuli to fulfill a certain function.127 

DHBCs based on a pH- and metal ion responsive poly(2-acrylamido glycolic acid) (PAGA) 

linked to a solvating poly(N-acryloyl morpholine) or PEO segment are a good example for the 

exceptional solution and aggregation behavior of this polymer class. Such polymers form 

defined nanoobjects upon the addition of divalent metal cations due to the complexation with 

the PAGA block. Furthermore, the size and shape were dependent on the amount and type of 

cation added. Besides, block copolymers with poly(2-iso-propyl-2-oxazoline) (PiPrOx) 

additionally exhibit a thermo-response and the ability to crystallize. Hereby, it was possible to 

tune the cloud point temperature (TCP) between 30 and 68°C through either changing the 

copolymer composition or by the complexation of metal ions. However, heating at 65°C for 6 

h lead to crystallization of the PiPrOx segment. This enables advanced nano-structures to be 

accessed, such as spherical micelles, worms or fibers (Figure 8).143, 151 PiPrOx-b-PAGA 

assemblies were also investigated as suitable nanoreactor for the formation of CdS 

nanoparticles (NPs) for hydrogen evolution.51 The formation of micellar structures can be 

achieved by such unimolecular systems, but also by polyion complexes of a pair of oppositely 

charged double hydrophilic copolymers (DHCs).152, 153 This may be realized by the utilization 

of PEO-b-poly(L-lysine) and PEO-b-poly(α, β-aspartic acid), forming micelles with a IPEC 

core and a hydrophilic PEO shell, which could be applied in drug-delivery systems.39 
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Figure 8. Structure of smart, double hydrophilic PiPrOx-b-PAGA and the formation of nano-assemblies through 
the addition of metal cations or heating. Reprinted from Macromolecules, 2020, 53, 5056-5067. Copyright 2020 
of American Chemical Society.151 

Although most examples of DHCs focus on linear block copolymers, other architectures 

including graft, hyperbranched, toothbrush- or star-like polymers have also been reported. They 

differ in their synthetic complexity and solution properties, but are also often less defined, 

reveal more complex aggregation behavior and chain-end effects.36, 147, 154, 155 Regarding these 

topologies, star-like macromolecules may already form unimolecular 3D structures,156 or the 

unimolecular core-shell structures of multiarm hyperbranched polymers reveal a higher 

stability compared to the assemblies of linear block copolymers.157 In the case of densely 

grafted comb-like copolymers the self-organization may be potentiated and could render them 

as outstanding templates.158 Stars, especially, exhibit lower solution viscosities and stronger 

stimuli-response and interactions due to a higher density of functional groups.159 Star-like 

double hydrophilic block copolymers have been successfully synthesized via cationic ring-

opening polymerization, click reactions, ATRP and SET-LRP.160-164 For poly(4-vinyl 

pyridine)-b-PAA multi-arm DHCs, a pH-dependent morphology and hydrodynamic radii have 

been observed.162 A three-armed star-shaped terpolymer consisting of poly(N-

isopropylacrylamide) PNIPAAm (thermo-responsive), PDMAEMA (thermo- and pH-

responsive) and poly(N-vinylpyrrolidone) (biocompatible) segments, displays pH- and 

temperature-dependent assembly in solution.160 Moreover, double hydrophilic block 

copolymers containing a hyperbranched segment have also been reported. PEO-

hyperbranched-poly(glycerol) (PEO-hb-PG) was successfully synthesized and the modified 

polymers prepared by S. Lee et al. were used for pH-controlled drug release. Hereby, the 

branched segment features a high water-solubility and density of functional endgroups 
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increasing potential loading capacities.165, 166 In another approach hyperbranched DHCs based 

on a positively charged hyperbranched poly(amidoamine) (HPAMAM) core (by a Michael 

addition reaction) and poly(ethylene glycol) (PEG) monomethyl ether (MPEG) arms linked by 

acylhydrazone bonds (HPAMAM-g-MPEG), were prepared to use as nanoreactors for the 

formation of CdS quantum dots.157 Exhibiting a rather uncommon architecture, toothbrush-like 

DHCs consisting of PNIPAAm-block-poly(oligo(ethylene glycol) monomethyl ether 

methacrylate) (PNIPAAm-b-POEGMA) with pendant ethylene oxide side-chains have been 

synthesized via RAFT, self-assembling into vesicles and micelles.167 Concerning graft 

copolymers, there exist three general synthetic pathways: grafting-through, grafting-onto and 

grafting-from.155 Graft-copolymers show interesting properties due to their compact and 

confined structure, strong chain-end effects and complex aggregation behaviors, e.g. the 

formation of worm-like micelles.154, 155, 168, 169 Double hydrophilic graft copolymers were 

synthesized using a grafting-onto approach via amidation to obtain polyacetal-graft-PEG 

copolymers,170 or PAA-g-PEG using PEG-NH2 as a reactive handle.171 In a similar way 

PNIPAAm-g-PEG was synthesized from a functionalized backbone,172 while the polymer can 

be also be derived  via a grafting through method from PEG macromonomers and NIPAAm.173 

Furthermore, the controlled radical polymerization techniques and/or their (sequential) 

combinations provide access to double hydrophilic graft copolymers via grafting-from, which 

is the most common method reported in the literature.154, 168, 169, 174-176 In this respect, for 

example a double zwitterionic graft copolymer has been synthesized, starting from carboxylated 

poly(L-lysin), which was transferred into a macro chain transfer agent and been chain extended 

with a sulfobetaine. The corresponding macromolecules were used to suppress protein 

aggregation and for protein release.176 In addition, graft copolymers were found to be suitable 

templates for inorganic nanomaterials, and such materials are referred to hybrid materials.169, 

177 The combination of polymers and inorganic compounds has become an important research 

field since the last decades, where new and interesting properties and functions can be obtained 

that otherwise can’t be reached using any single component.59 

1.3 Organic/inorganic hybrid materials 

Hybrid materials are defined as a mixture of two or more different components in a small 

dimension complementing each other to obtain a single entity with new or enhanced properties. 

The dimension can be > 1 m for composites or < 1 nm for molecular composites, nanomaterials 

(1-100 nm) also belong to this material class.178, 179 Although organic/inorganic hybrid materials 

were already being used thousands of years ago in ancient Greece or China, as well as in the 

Maya culture in the form of hybrid clays or pigments, research in this field is developing rapidly 
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as it can be seen in the number of patents and publications in the last few years.45, 60, 179, 180 Since 

the extensive interfacial interaction between the corresponding components plays a crucial role 

in the resulting material properties, this may be seen as one of the main challenges in the design 

of hybrid materials. In this respect, hybrid materials may be further divided into two classes: 

Class 1 covers hybrids with relatively weak interactions including van der Waals forces, 

hydrogen bonds, ionic bonds or π-π stacking. These physical interactions mainly arise from the 

functional groups present. Class 2 encompasses covalent or ionocovalent bonds, and the 

utilization of compatibilizers is often necessary to achieve this strong chemical interaction.43, 

181 

Regarding the versatility of inorganic or organic components, almost endless combinations of 

materials are possible. Therefore, in case of a suitable interaction and synergistic behavior, new 

or often unknown properties and multifunctional materials might be obtained and the 

modulation of the materials characteristics can be achieved by an intelligent construction.182, 183 

Common organic and inorganic components and their beneficial properties are summarized in 

Table 2. Organic materials are often used as the matrix being rather soft and flexible. While 

the inorganic compounds are often used as fillers and add, e.g., enhanced stability, thermal, 

magnetic or electrical properties, to the resulting hybrid material.45, 46 Although most examples 

consider these typical organic and inorganic compounds, carbon nanomaterials, e.g. carbon 

nanotubes or fibers, are extensively used in hybrid materials due to their electrical, thermal, 

sorptive, mechanical and catalytic properties.184  

Table 2. List of organic and inorganic components and their beneficial properties, summarized by S. H. Mir et al. 
and M. S. Saveleva et al..45, 46 

Component Examples Beneficial properties 

Organic 

Polymers (e.g., hydrogels, copolymers, 
particles), synthetic molecules, organic 

biological compounds (e.g., lipids, 
enzymes, proteins, microorganisms, 

bacteria) 

Flexibility, elasticity, hydrophilic/hydrophobic 
balance, reactivity, suitable and processable 

matrices or network modifier 

Inorganic Minerals, clays, metals, semiconductors, 

carbon, ceramics 

High electrical and thermal conductivity, 
enhanced absorption, thermal stability, 
mechanical strength, magnetic or redox 

properties 
 

Regarding the diversity of individual components and their properties, the appropriate choice 

of components and their interplay could be seen as the decisive challenge in this research field. 

In general, the preparation of hybrid materials could be seen as a ‘LEGO © approach’ starting 

from relatively simple building blocks.182 However, different kinds of actions must be 

considered upon mixing the property or function of the compounds when designing desired 
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systems. Hereby, the averaging, supplementation, addition, collaboration and creation of 

functions may occur.178 The construction of hybrid materials can be divided into three synthetic 

pathways: the in situ formation from molecular precursors (A), a building block approach (B), 

and a template-assisted synthesis (C).60 

Route A is mainly based on sol-gel, hydro- or solvothermal methods or the use of bridged 

precursors resulting in three-dimensional organic/inorganic networks. Therefore, organically 

functionalized metal alkoxides or halides, as well as organosilanes, are used as typical 

precursors.60, 179 In this respect, polymeric networks containing inorganic clusters can be 

obtained.185 

In route B, readily prepared building blocks are mixed together. An obvious advantage of this 

route is that the corresponding components can be synthesized in a controlled way and 

characterized separately before mixing. Besides, no significant structural change will occur 

during hybrid material formation and prediction of the resulting properties is easier. Blending 

of the material components can be realized in the melt, powder or in solution state.43, 182 In 

solution, the organic compound is dissolved in a suitable solvent and inorganic compound 

dispersed via ultrasonication in it. In this way, for example polymer-coated metal oxide 

nanoparticles were prepared.54  

Route C could be seen as an interplay between route A and B, when one of the components is 

formed within a defined template.60, 179 This especially supports the formation of hierarchical 

or macroporous structures which is often realized by organic matrices such as synthetic 

polymers, surfactants or biomaterials.186 Self-assembling block copolymers are particularly 

suitable templates,187 and in this case, the above discussed double hydrophilic copolymers are 

used in the controlled formation of inorganic nanoparticles from metal salts or in 

biomineralization.51, 188 

In the last decades, an increasing number of hybrid materials are being found in our daily lives 

and are indispensable for many commercial applications, as depicted in Figure 9. This is not 

surprising regarding recent advances in synthetic strategies and the possibility to obtain tailor-

made functions and properties by this material class. These innovative materials are found for 

example in micro-optics and -electronics, batteries, membranes, construction, insulation, 

coatings, packaging, cosmetics, and medicine as outlined in reviews from C. Sanchez and 

coworkers.60, 180, 181 Among the mentioned applications of hybrid materials, sensing and 

photocatalytic hydrogen evolution are gaining great interest, facing current medical189 and 

environmental issues.51, 190 Synthetic polymers, including functional polyelectrolytes and 
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polyampholytes, are suitable in this context as soft and hard matrices as outlined in the 

following chapter. 

 

Figure 9. Commercial applications of hybrid materials in our modern society. Reprinted from Adv. Funct. Mater. 
2018, 28, 1704158, with permission of WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.180 

1.3.1 Polymeric hybrid materials 

With their diverse functional groups, tailor-made structures and properties, structure-directing 

synthetic polymers are suitable building blocks in the construction of hybrid materials. The 

macromolecules can both support the preparation of nanostructured inorganic composites, such 

as NPs ore mesoporous structures or act as stabilizers to embed inorganic moieties in coatings, 

or matrices. The polymeric templates can either be preserved to enclose the synthesized 

inorganic compound in films and solutions, or be removed by thermal or chemical extraction 

processes in order to obtain the pure inorganic materials.59, 186, 191, 192 For example ‘hard’ hybrid 

materials are often prepared using polymeric templates, for example mesoporous structures of 

alumosilicates, titanium and niobium oxides with high crystallinity can be obtained by the use 

of block copolymers, e.g. amphiphilic poly(isoprene)-block-PEO (PI-b-PEO), where the 

inorganic compounds were enriched in the hydrophilic segment.193, 194 Moreover, covalent 

attachment by grafting the polymer to the surface of an inorganic NP facilitates the construction 

of well-defined superstructures such as films with hexagonally ordered silica cores. As an 

example, the surface of silica NPs was modified with an ATRP initiator in order to grow 

poly(styrene) (PS) chains from the surface to form a well-defined organic matrix.195  

‘Soft’ hybrid materials, on the other hand, are generally found under aqueous conditions. 

Consequently, water-soluble polymers and hydrogels are the main focus in this research field. 

Especially the ionic interaction of polyelectrolyte based materials with oppositely charged 
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metal salts,8 or nanoparticle surfaces11 renders them ideal templates for the growth and/or 

stabilization of inorganic compounds by the formation of strong polyion-complexes.177, 188, 196 

The inorganic materials can be either entrapped in 3D networks, like for hydrogels, in polymer 

membranes, within nano-assemblies, e.g., micelles, polymer monolayers or multilayers. In this 

respect, well-defined metal NPs can be prepared within polyzwitterionic hydrogels for 

application in catalysis, as reported by J. Song et al.197 Membranes consisting of amphiphilic 

block copolymers were prepared and used in the immobilization of polyoxymethylates 

exploiting the electrostatic interaction with the hydrophilic segment.198 Poly(acrylamide) has 

been used as a polymeric coating for the controlled growth of Au, Ag and their alloy 

nanoparticles from the corresponding ions in solution.199 Further, polymer multilayers from a 

polycation and a polyanion have been used as nanoreactors for the synthesis of either Au or Ag 

NPs.200, 201 Regarding the field of DHBCs, the mechanism of metal ion complexation and 

subsequent reduction is of special interest, since the core is stabilized by the hydrophilic shell 

leading to the formation of uniform and controlled inorganic NPs.51, 202, 203 Hereby, the 

organized DHBCs fulfill also the role of nanoreactors.51, 164, 204 This mechanism and its 

advantage over the use of small ligands or molecules is shown in Figure 10 for PEO-b-PAA 

for the formation of stable Au NPs.205 B. P. Bastakoti et al. went a step further and used both 

segments to interact with inorganic moieties. They attached silica in a sol-gel process within 

the shell around the Ag nanoparticle/polymer hybrid in the core and obtained Ag@SiO2 

nanoparticles after calcination at 500 °C.202 

 
Figure 10. Double hydrophilic block copolymer templated synthesis of Au NPs in comparison to the utilization 
of small molecules. Reproduced from Polym. Chem. 2017, 8, 4528–4537, with permission of the Royal Society 
of Chemistry.205  

1.3.2 Polyelectrolyte-based hybrid materials in catalytic hydrogen evolution 

The production, storage and distribution of hydrogen is key to promote sustainable and clean 

energy in the 21st century,206 and photocatalytic water-splitting exploiting solar-energy is a 
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substantial part of it.207 Regarding photocatalytic hydrogen evolution, embedding catalysts in a 

polymer matrix was found to promote photocatalytic hydrogen evolution. This approach 

additionally benefits from a molecular tuneability and the variety of polymeric building 

blocks.51, 208, 209 Moreover, the efficiency of photocatalytic systems may be further enhanced 

using multi-component hybrid materials that contain a catalyst (e.g., metal or metal oxide 

NPs)210 as well as a photosensitizer,211 co-catalysts211 or electron relays.212 Hereby, the use of 

a suitable framework is crucial to connect, direct, assemble or stabilize each component and 

this can be realized by tailor-made polymers.51, 209, 213 Regarding catalysis in general, polymer 

nanoreactors, e.g. micelles, stars, hydrophobic pockets or capsules, are gaining more and more 

attention for creating stable conditions, defined (pseudohomogenous) environments and 

preventing side-reactions.156, 214 However, until now, only a few examples have focussed on 

polyelectrolyte-based systems in catalytic hydrogen evolution, although they perform in 

aqueous environments and are able to interact with different catalysts or sensitizers through 

electrostatic interactions. Numerous approaches have been reported in the literature providing 

different types of polyelectrolytes, forming covalent or physical assemblies, as depicted in 

Figure 11. A. M. Beiler et al. grafted poly(vinyl pyridine) covalently to a visible-light 

absorbing gallium phosphide semiconductor, which they then used to assemble cobalt centers 

of porphyrins to this polymeric coating. Afterwards, this hybrid material was used for the 

photoelectrosynthetic hydrogen evolution under solar illumination.215 I. Romanenko et al. 

prepared nanoporous membranes by the self-assembly of amphiphilic poly(styrene-co-

isoprene)-block-PDMAEMA (P(S-co-I)-b-PDMAEMA) as a soft matter matrix. In the next 

step, a molecular inorganic catalyst [Mo3S13]2- and photosensitizer [Ru(bpy)3]2+ were 

immobilized onto the electrolytic block and the visible light-driven hydrogen evolution was 

tested.209 Polyelectrolytic hydrogels, as covalently linked 3D scaffolds, were also used as 

templates by A. S. Weingarten et al. (a supramolecular hydrogel),216 and H. Sai et al. (a 

covalently crosslinked hydrogel).217 Both molecular inorganic catalysts, as well as perylene 

monoimide chromophores, as supramolecular light harvesting assemblies, were entrapped and 

the efficient production of hydrogen was proven. A. Nabiyan et al. constructed micellar 

nanoreactors from a DHBC exhibiting a PAGA segment for an enhanced photocatalytic 

hydrogen evolution. First, Cd2+ cations were complexed within a metal chelating core and 

afterwards reacted to CdS nanocrystals. These hybrid materials clearly outperformed pristine 

CdS in solution with respect to photocatalytic water splitting.51 Recently, highly water-soluble 

conjugated polyelectrolytes, as water-soluble organic semiconductors, have been applied as 

hybrid materials for efficient photocatalytic hydrogen evolution. Their design is versatile (side-
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chains, counter ions, backbone…), and in addition to excellent interface modification and light-

harvesting capabilities, solubility they can interact with co-catalysts.218, 219 Z. Hu et al. used 

cationic and anionic modified conjugated polymers to synthesize Pt NPs and they appliede this 

hybrid materials in hydrogen evolution.218 Although not considered photocatalytically active, a 

layer-by-layer assembly was used as a simple and cheap approach to construct polyelectrolyte 

based hybrid materials for the hydrogen evolution reaction (HER). Therefore, Pt NPs capped 

with poly(diallyl dimethyl ammonium chloride) were alternately deposited with poly(styrene 

sulfonate) or PEI to obtain films with a high level of electrochemical connection among the Pt 

nanoparticles allowing electrocatalytic hydrogen evolution dependent on the number of 

layers.220 As outlined in this chapter, polyelectrolyte-based hybrid materials have great potential 

in photocatalytic hydrogen evolution. However, the facile design and preparation of stable 

matrices to combine multifunctional compounds remains challenging. Besides, the utilization 

of polyampholytes featuring both positively and negatively charged moieties could be 

advantageous compared to ‘simple’ polyelectrolytes. 

Figure 11. Hybrid materials used for catalytic hydrogen evolution based on polyelectrolytes, where the polymers 
form different soft matrices: A = nanoporous membranes,209 B = micelles,51 C = hydrogels,216, 217 D = nano-
assemblies, 218 E = covalently grafted coatings,215 F = layer-by-layer.220 Blue and red: polyelectrolytic building 
block; green: polymeric non-ionic building block; black: inorganic, molecular or nanosized catalyst; yellow: 
photosensitizer, chromophore, semiconducting material. 

1.3.3 Polyelectrolyte-based hybrid materials in sensing applications 

Another emerging application field for polymeric hybrid materials are chemical or biological 

sensors promoted by great advances in nanotechnology. Here, the stimuli-responsive polymers 
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described in the previous chapter are particularly interesting candidates, creating readout signals 

in response to external triggers. 221-224  Similar to the polymers in HER, the polymers usually 

fulfill the role of functional templates, linkers, or act as the sensing element. The synergistic 

effects attained in such responsive hybrid materials have been comprehensively detailed in 

several reviews.221-224 As an example, a fluorochromic sensor based on dynamic Eu–

iminodiacetate coordination within a poly(N,N‐dimethylacrylamide) hydrogel was prepared, 

responding to five different stimuli: pH, temperature, metal ions, sonication, and force (Figure 

12). Hereby, the dissociation and formation of the complex is visualized as a fluorescent 

ON/OFF switch and the corresponding, multi-stimuli responsive hybrid material shows great 

promise as a biological sensor.225 

 

Figure 12. Fluorescent sensor based on a polymer/Eu3+ hybrid material responding to pH, temperature, sonication, 
force or metal ions. Reprinted from Advanced Materials, 2018, 30, 1706526, with permission of WILEY-VCH 
Verlag GmbH & Co. KGaA, Weinheim.225 

Again, the use of systems based on polyelectrolyte and their copolymers may be beneficial due 

to their water-solubility, multi-response and favorable interactions with many inorganic 

materials and various analytes, such as biomolecules or ions.70 With respect to the soft polymer 

matrices these systems can be further categorized in 3D networks, (e.g., (micro)gels or 

hydrogels) or polymer modified surfaces, including coatings and core-shell materials. The 

versatility of the building blocks that can be used, as well as the types of sensors that have been 

prepared are outlined in Table 3 and divided into cross linked polymeric scaffolds and polymer-

modified surfaces (coatings). 
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Table 3. Selected polyelectrolyte-based hybrid materials found in sensing applications. 

Polyelectrolytic building block Inorganic 

component1 

Sensing of… Reference 

Polyelectrolyte-based 3D scaffolds 

Crosslinked poly(methacrylic acid) 
Au NP and 

[Ru(bpy)3]2+ 
melamine J. Cai et al.226 

Poly[(N-isopropyl acrylamide)-co-(acrylic acid)] 
micro gel 

Ag NP 
H2O2 
Cr6+ 

T. Shu et al.227  

X. Shen et al.228 

Alginate gels 
Cu nanoclusters 

and CaCO3 
glucose S. Gou et al.229 

Acrylic acid copolymers hydrogels Al2O3 NP 
pH, mechanical 

stress 
W. Lu et al.230 

Poly(4-vinylphenylboronic acid-co-2-
(dimethylamino)ethyl acrylate) gel 

Ag NP glucose W. Wu et al.231 

polyelectrolyte-modified surfaces 

Poly(N-(3-amidino)-aniline) coating Au NP CO2 Y. Ma et al.232 

Poly(aniline) Au nanorods 
electrical 
potential 

pH 

J.-W. Jeon et 

al.233 

poly(methyl acrylate) coating CdTe quantum 
dot 

cysteine M.-R. Chao et 

al.234 
2-

Methacryloyloxy)ethyl]dimethylpropylammonium 
bromide copolymers 

silica humidity 
C.-W. Lee et 

al.235, 236 

PDMAEMA brushes 
mesoporous 

silica pH and T F. Chen et al.237 

Polysulfonate 
silica surfaces 

Eur3+ 
tetracyclines 

A. Motorina et 

al.238 
PAA 

Poly(2-vinylpyridine) 
graphene oxide 
quantum dots 

pH K. Paek et al.239 

Poly(diallyldimethyl ammonium chloride) coating graphene, Au NP H2O2 Y. Fang et al.240 

Conjugated polyelectrolytes carbon nanotubes glucose 
X. Pang et al.241, 

242 

Poly(butadiene)- 
b-PDMAEMA dispersan 

multi-walled 
carbon nanotube 

(MWCNT) 
drugs 

Shumyantseva et 

al.52 

Poly(n-butylmethacrylate)-b-PDMAEMA MWCNT DNA 
L. Sigolaeva et 

al.53 

Poly(butadiene)- 
b-PDMAEMA dispersant 

MWCNT myoglobin 
V. V. 

Shumyantseva et 

al.243 

Carboxy and ammonium modified cellulose Au NP cysteine, Hg2+ J. You et al.82 
1including carbon nanomaterials 

The applied hybrid materials translate the triggers and analytes into optical or electrical signals 

that are measured via well-known analytical techniques such as fluorescence,231 ultraviolet-

visible (UV-vis) spectroscopy,232 luminescence,226 amperometry, 226 or cyclic voltammetry.
243 

In this respect, small inorganic or organic molecules,226, 229
 metal ions,228 humidity,235, 236 

physical sizes,230 and biomolecules53 can be detected. Especially in the last case, carbon 

nanomaterials are an emerging class of sensing materials due to their beneficial electrical and 

electrochemical properties, in addition to the great potential of polyelectrolyte/graphene-based 
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hybrid materials for biosensing as summarized in a review by D. Priftis.244 Being highly 

hydrophobic materials, e.g., carbon nanotubes (CNTs), amphiphilic polyelectrolytes were 

found to be suitable dispersants. In this case, the hydrophobic segment physically interacts with 

the hydrophobic carbon nanomaterial while the polyelectrolyte segment ensures water 

solubility and can further interact with various analytes.52, 53, 243  

The discussed examples in Table 3 focus almost exclusively either on polyanionic or 

polycationic building blocks and the utilization of polyampholytic hybrid materials i in sensing 

applications remains scarce. Nevertheless, use of polyampholytes in sensing applicationscould 

be beneficial due to the existence of both positive and negative charges, enabling the interaction 

with more than one analyte, their pH-sensitivity, high water-solubility and salt-stability.82  
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1.4 Objective of this thesis 

The application of functional polymers in water, probably presenting important medium on 

earth, is an emerging field that has become an important part of our daily life, such as their use 

as super-absorbents or as additives in detergents or paper coatings.3, 245 Within this polymer 

class, polyampholytes, polyzwitterions and stimuli-responsive (double hydrophilic) 

macromolecules are receiving the most research attention due to their functions, versatility and 

performance in aqueous environments.41, 57, 70, 127 As a result, polyampholytes are seeing a broad 

field of application from dispersants, stabilizers, flocculants or antifouling coatings,54, 77-79 and 

are also found in sensors,80-82 or smart catalysis.83, 84 Going one step further, the design of hybrid 

materials by mixing organic (e.g. synthetic polymers) and inorganic compounds together profits 

from synergistic effects, enabling contrary characteristics to be coupled into one material with 

unprecedented properties for novel (industrial) applications. They promise access to high 

performance systems, with the control over their chemical and physical properties.43, 46, 246 The 

significant progress in the field of nanotechnology over the past decades, including advanced 

preparation techniques and analytics, enabled the design and construction of hybrid materials. 

This led to a tremendous increase in hybrid material research. Using a building block and 

template-assisted approach, it is relatively simple to design and construct tailor-made hybrid 

materials for specific applications.60, 181, 246 The design starts with choosing suitable monomers 

and polymerization techniques as highlighted for polyampholytes and polyzwitterions in Table 

1, Chapter 1.1,56, 57 and potentially followed by post-polymerization modification reactions.58 

Afterwards inorganic compounds can be added, where the polymers predominantly act as a 

matrix.59, 186 As a result, the combination of polyelectrolytes, especially polyampholytes, with 

inorganic nanomaterials will give access to unprecedented hybrids (Chapter 1.3). Applications 

that demand multi-functional materials will be targeted, such as photocatalysis,51 or sensing,82 

to face the energy,190 environmental and medical189, 247 issues of the 21st century. Until now, 

most systems are based on a multitude of individual polyelectrolytes and material combinations, 

as exemplarily outlined in Table 3 for sensing applications. Therefore, it is challenging to 

simply reproduce, compare, and assess these hybrid materials. From this perspective, the 

introduction of a universal library based on a single, multifunctional polyelectrolyte seems to 

be beneficial and corresponding approaches will be presented within this work. 

PDha featuring both amino and carboxylic moieties is a promising polyampholyte, which has 

been almost exclusively investigated in the working group of F. H. Schacher over the last 

decade (Figure 13).9, 32, 34, 54, 76, 114, 123, 248-250 It is characterized by a very high charge density, 

which makes charge-dependent effects very strong. Owing to the presence of weakly basic and 
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acidic groups, the overall charge can be tuned by changing the environmental pH value, to 

obtain a polyanion or polycation, while the polymer behaves like a polyzwitterion in a moderate 

pH range (pH between 10.5 and 6.5).32 This renders PDha an interesting material for tailor-

made (and reversible) interactions as already shown with polyelectrolytes, model dyes, or 

bovine serum albumin or nanoparticles. Other benefits of PDha are its biocompatibility, its dual 

pH- and ion-responsive behavior, and the presence of reactive groups that can be modified if 

desired. Hence, its introduction in polyelectrolyte-based hybrid materials, as well as the 

application in biomedicine, detergents, waste-water treatment or catalysis is foreseen. PDha is 

synthesized in two steps, starting from the polymerization of tert-

butoxycarbonylaminomethylacrylate and subsequent deprotection of the of tert-

butoxycarbonyl (boc) group and methyl ester. So far free radical, ATRP and NMP techniques 

have proven to be suitable for this demanding and highly reactive monomer. Until now, the 

number of PDha copolymers (PDha-b-PS and PDha-b-PAA)114 and hybrid materials 

(PDha@iron oxide)54 reported remains limited. This may, in part, be due to its strong intra- and 

intermolecular interactions at a pH < 7, limiting its solubility range and applicability. 

 

Figure 13. Chemical structure of PDha and its possible charged states depending on the pH (left). Its structure-
property relationships lead to a dual-stimuli responsive behavior and allows reversible interactions with polymers, 
dyes, proteins, and NPs. 

In this respect, the aim of this thesis is to fine-tune PDha by the establishment of a diverse 

copolymer library, which is necessary to overcome this obstacle and to design tailor-made 

polyampholytes with defined properties based on an extremely promising macromolecule 

(Figure 14). As previously outlined, the combination of corresponding polymers with inorganic 

or carbon nanomaterials is the key to functional materials exploiting each individual 
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characteristic and synergistic effects, which may event exhibit even unpredictable properties. 

As it is well-known that polymers are highly suitable matrix materials for hybrid materials,59, 

179, 186 the use of PDha as a template will be uncovered in Chapter 3. Therefore, it may be 

combined with future nanomaterials, such as CNTs, Ag or Au NPs, TiO2 etc., as a functional 

coating or stabilizer allowing their application in sensing, catalysis and more. 

To achieve these goals, novel PDha copolymers were first prepared, as it will be discussed in 

Chapter 2. While ATRP and NMP appear to be suitable polymerization techniques, they had 

to be optimized to obtain well-defined PDha homopolymers.32, 34 ATRP was then used to 

synthesize novel dual-responsive PDha-b-PEG linear block copolymers via block extension of 

end-functionalized PEG macroinitiators, and compared to an alternative synthetic route using 

click-chemistry, which has yet to be reported for PDha. These polymers are potentially dual-

responsive to pH and ions and form core-shell micelles in solution. Moreover, a novel approach 

was developed exploiting amino moieties as reactive handles for post-polymerization 

modification reactions. Among others, Michael addition reactions and the ring-opening of 

epoxides were discussed as versatile tools to modify reactive polymer backbones, resulting in 

tailor-made functional polymers.58, 118 These reactions can be exploited to introduce a broad 

variety of side-chains to PDha via a facile reaction in water. Therefore, a wide choice of 

potential Michael-acceptors and epoxides, which are mostly commercially available, were 

introduced in a ‘lego-like’ approach. Each modifier as a building block may add desired 

properties to PDha depending on the planned application, in particular the following features: 

lipophilicity (alkyl, fluoro alkyl, aromatic side-chains), hydrophilicity /dual charge (PEG, ionic 

side-chains), stimuli-response (NIPAAm). 

After characterization of their structure, solution properties and stimuli-responsive behavior, 

these polyampholytes are combined with nanomaterials either by a building-block approach 

using ultrasonication or by exploiting the polymer as a smart template for the defined growth 

of NPs, as it is shown in Chapter 3. The focus is especially on metal and metal oxide NPs, such 

as Au / Ag NPs or TiO2 nanoparticles due to their electrical, optical and catalytic properties,251-

253 as well as CNTs254 revealing, e.g., outstanding conductivity and stability. Hence, these 

materials are important building blocks in many applications if combined with a suitable matrix. 

The synthesized polymers are then applied in sensing and in photocatalytic HER, which is 

highlighted in Chapter 3.3 and 3.4. While the potential of polyelectrolyte based hybrid 

materials has been shown to be promising in the sensing of a many different analytes (Table 3, 

Chapter 1.3.3) their sensitivity as well as applicability, must still be improved in order to 

expand their use in commercial applications. So far, there are limited examples where 
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polyelectrolytes have been applied in photocatalytic HER, as outlined in Chapter 1.3.2, despite 

their high water-solubility, charge, and their ability interact with a multitude of compounds, 

which may be advantageous in catalytic systems.84 However, examples focus predominantly on 

polycations or polyanions, and polyampholyte-based materials have not been thoroughly 

developed. Hence, PDha-based copolymers should be tested as suitable matrices for 

photocatalytic systems. 

 
Figure 14. Routes towards a PDha-based copolymer library and hybrid materials with tailor-made properties and 
functions.   
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2. Synthetic routes towards PDha-based copolymers 

PDha is a pH-responsive polyampholyte displaying an interesting solution behavior with a 

tunable charge and aggregation behavior due its carboxylic and amino moieties. It was found 

to be a promising candidate for water-based hybrid materials with reversible release 

mechanisms and potential applications in biomedicine or waste-water treatment.9, 32, 47, 76, 248 

However, modifications of PDha could overcome its current limitations and further improve its 

properties. First, it reveals limited solubility at pH < 7,32 or upon the addition of metal cations. 

Second, tailored interactions, e.g., hydrophobic or covalent ones, are needed in order to prepare 

hybrid materials with carbon nanomaterials or inorganic compounds. By modifying PDha, 

either through the synthesis of block copolymers or post-polymerization reactions, tailor-made 

polyampholytic building blocks will be obtained. Here, special attention is given to suitable 

controlled polymerization techniques. Until now, there exist two PDha-based block 

copolymers: amphiphilic PS-b-PDha and double hydrophilic PAA-b-PDha, which form self-

assemblies in solution.34, 114 This could be extended by a DHBC containing a non-ionic 

segment, for example PEO, which is well known for its biocompatibility and high 

hydrophilicity.255 Moreover, alternative architectures based on PDha copolymers should be 

explored, which can further influence the properties and function of the polymer.256  

2.1 Novel routes towards double hydrophilic PEG-b-PDha block copolymers 

Parts of this chapter have been published in P2) Johannes B. Max, Peter J. Mons, Jessica C. 

Tom, and Felix H. Schacher, Macromol. Chem. Phys., 2020, 221, 1900383. 

Over the last decades DHBCs have become an emerging polymer class, due to their wide field 

of applications ranging from catalysis,51, 257, 258 magnetic resonance imaging (MRI) contrast 

agents,259 capillary coatings,260 sensors261 drug-delivery or gene transfer systems,142, 262, 263 to 

biomineralization.188, 264 DHBCs, consisting of a solubility promoting segment and a functional 

one reveal unique solution properties in water.40, 41 Upon experiencing a response to external 

stimuli, e.g., temperature,151 pH265 or metal ions,143 one of the segments aggregates while the 

other one stabilizes the resulting nanostructured object. Polyelectrolytes, including 

polyampholytes and -zwitterions, exhibit outstanding characteristics, including the interaction 

with metal ions proteins or other oppositely charged moieties.29, 70 From this perspective, they 

are promising candidates for the charged segments in DHBCs.39 In this respect, utilization of 

biocompatible PDha,54 which exhibits a pH-dependent charge for catch and release mechanisms 

and interacts with various compounds,9, 54, 76, 248 could be highly sophisticated materials for the 

applications from catalysis to drug-delivery systems. The PDha homopolymer is derived 

starting from the polymerization of captodative tert-butoxy carbonylaminomethyl acrylate 
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(tBAMA). For this, free radical polymerization (FRP), NMP and ATRP have been explored. 

NMP and ATRP in particular, provide some polymerization control over the highly reactive 

monomer (Đ < 1.2 possible). Afterwards, the orthogonal methyl ester and boc groups were 

cleaved under basic (LiOH, 21-45 eq per monomer unit) and acidic conditions (trifluoracetic 

acid (TFA), 10-26 eq per monomer unit) to yield the -NH2 and -COOH moieties.32, 34 Similarly, 

PAA-b-PDha was synthesized in multiple steps. First, a poly(n-butyl acrylate) (PnBA) 

macroinitiator was chain extended with tBAMA via ATRP to obtain the protected PnBA-b-

PtBAMA block copolymers. Afterwards, the protecting groups were removed as described 

above.34, 114 Although the corresponding PEO-b-PtBAMA was also obtained via ATRP,34 a 

major drawback of this route was the harsh reaction conditions required needed to obtain PEO-

b-PDha. As a result, PEO-b-PDha connected by a hydrolysable ester linkage, could not be 

obtained via this route. Hence, alternative approaches (Figure 15) were investigated to obtain 

this promising DHBC based on more stable amide moieties. Nevertheless, compared to the 

typically used ester-based initiators, the corresponding amides suffer from abundant 

termination reactions as well as lower initiation efficiencies compared to corresponding 

esters.266-268 Route A, depicted in Figure 15, is the copper-catalyzed azide-alkyne cycloaddition 

(CuAAC), linking azide functionalized PEO and alkyne-functionalized PtBAMA, obtained 

from a unimolecular amide initiator.124 Route B starts from an amide end-functionalized PEO 

macroinitiator, and is followed by chain-extension via ‘advanced’ ATRP techniques (aqueous 

solvent mixtures and single-electron transfer living radical polymerization (SET-LRP)). 

 
Figure 15. Synthetic pathways to PEO-b-PtBAMA as precursor to PEO-b-PDha. Route A: CuAAC, Route B: 
Chain extension via ATRP / SET-LRP. Reprinted from Macromol. Chem. Phys., 2020, 221, 1900383, with 
permission of WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 
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After comparison of both routes, the block copolymers were deprotected and the obtained PEO-

b-PDha investigated in respect of its solution properties, which will be discussed in the 

following section. 

Route A: PEO-b-PtBAMA synthesized by the click reaction of end-functionalized blocks 

CuAAC is used to covalently link two polymeric segments, one containing an alkyne moiety, 

and the other an azide.124 In this respect, PEO-N3 was synthesized as described in the literature 

from commercially available PEO-OH (44 or 113 repeat units),269 while PtBAMA-alkyne was 

synthesized via ATRP. As discussed above, an amide-based initiator exhibiting an alkyne 

moiety (2-bromo-2-methylpropionamide, (BMP)) was used. It should be noted that ATRP 

techniques are rather challenging for the CRP of tBAMA as a result of copper complexation by 

the nitrogen species, its high reactivity and steric effects and especially higher molecular 

weights were not achieved in a controlled way, yet.34 The previously described ATRP of 

tBAMA employed methyl α-bromoisobutyrate (MeBib) as initiator, however it was not possible 

to directly transfer the reaction conditions to BMP. This highlights the general drawbacks of 

amide-based initiators such as abundant termination reactions and low initiation efficiency,266-

268 and the polymerization was found to proceed faster. However, after adjusting various 

reaction parameters (T, amount of solvent, CuX species (CuBr vs CuCl), reaction time) suitable 

conditions were found. The results are summarized in Table 4. For the subsequent preparation 

of block copolymers via click chemistry, PtBAMA-alkyne with an Mn of 12700 g/mol and Đ = 

1.45 (CuBr/dNbpy catalytic system, 2.0 h, THF SEC), corresponding to approximately 85 

repeat units, was chosen. CuAAC was performed in accordance to literature procedures,270 and 

a clear shift of the SEC traces towards lower elution volumes proved the successful click 

reaction. Besides, 1H- and 13C nuclear magnetic resonance (NMR) spectroscopy further 

supported the successful click reaction, showing signals originating from both blocks (Figure 

16). Hereby, PEO44-b-PtBAMA85 and PEO113-b-PtBAMA85 exhibiting different PEO chain 

lengths have been obtained (Table 4). However, the significant differences in the apparent Mn 

of 22,000 and 32,000 g/mol may be ascribed to the removal of low molecular weight block 

copolymers during the washing step and/or different hydrodynamic radii for each individual 

block and the linked copolymer measured by SEC. The tailing observed in the SEC traces could 

also hint to the presence of small amounts of unreacted PtBAMA-alkyne. 
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Figure 16. Characterization of the PtBAMA-b-PEG block copolymers obtained via click chemistry: 1H- (A) and 
13C-NMR spectra in CDCl3 (B), as well as the corresponding SEC traces in CHCl3 (C). Adapted from Macromol. 
Chem. Phys., 2020, 221, 1900383, with permission of WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 

Route B: Block extension of an amide end-functionalized PEO macroinitiator (PEO113-

amide) 

Route B may be considered a more straight-forward approach starting from a macroinitiator 

instead of two separately prepared polymer blocks. Here, a PEO113-amide macroinitiator was 

used, instead of the already describe ester based one. Similarly to the above described 

PtBAMA-alkyne, the reported ATRP reaction conditions were hardly transferable, and the 

degree of polymerization (DP) was limited to 15 monomer units of tBAMA.34 Hence, 

‘advanced’ ATRP techniques were tested. Although SET-LRP has not yet been tested for 

tBAMA, SET-LRP is known to be more tolerant towards oxygen, inhibitors, polar and non-

polar solvents, promotes fast reaction times and is conducted under ambient temperature.271 On 
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the other hand, aqueous ATRP may be favorable for the hydrophilic PEO113-amide, as PEO has 

been block extended with DMAEMA in a water/iso-propanol (iPrOH) solvent mixture.272 The 

optimized reaction conditions and characterized by SEC of the obtained block copolymers are 

summarized in Table 4. Both techniques gave PEO-b-PtBAMA with narrow molecular weight 

distributions of Đ = 1.03 to 1.42. SET-LRP was performed at relatively low temperatures 

(35 °C) and the attachment of up to 46 monomer units was possible (Mn = 13,900 g/mol, Đ = 

1.42). Targeting lower molecular weights (8,200 g/mol) by using a shorter copper(0) wire, gave 

significantly lower Đ of 1.06. Here, the monomer conversion was relatively low (18 % after 24 

h) and a plateau was found after a linear increase in the DP, as commonly observed for a 

controlled polymerization (Figure 17). The low conversion hints towards reaching an 

equilibrium favoring the dormant species and the low Đ indicates the existence of living chain 

ends rather than termination reactions.  

Table 4: Summary of the reaction conditions used to synthesize PtBAMA-alkyne and PEO-b-PtBAMA, and the 
corresponding SEC characterization. Adapted from Macromol. Chem. Phys., 2020, 221, 1900383, with permission 
of WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 

Route A  Cu(I)X (eq.) 
Solvent 

(wt%) 

T 

[°C] 

t 

[h] 

M
n 

[g/mol] 
Đ 

PtBAMA-alkyne50
a CuBr (1) toluene (10) 

50 1.5 
10,000d 1.45 

PtBAMA-alkyne44
a
 CuCl (2) toluene (10) 8,800d 1.38 

PEO113-b-PtBAMA85 - THF (90) 
80 
21 

1 
18 

32,000f 1.42 
PEO44-b-PtBAMA85 - THF (90) 22,200f 1.55 
Route B       

PEO113-b-PtBAMA46
b Cu(0) (5 cm) DMF (33) 

35 24 
13,900e 1.42 

PEO113-b-PtBAMA23
b Cu(0) (2.5 cm) DMF (33) 8,200e 1.06 

PEO113-b-PtBAMA10
c CuBr (1.5) H2O/DMF (1/1) (80) 

50 24 
5,200e 1.03 

PEO113-b-PtBAMA39
c CuBr (1.5) H2O/iPrOH (1/1) (80) 5,800e 1.10 

[M]:[I]:[ligand (L)] = a100:1:1, L = dNbpy; b100:1:1.5, L = N,N,N′,N′′,N′′-Pentamethyldiethylene triamine 
(PMDETA); c100:1.5:1.5, L = dNbpy; THF SEC (dPS/ ePMMA calibration), fCHCl3/triethylamine/iso-propanol 
[94/2/4], PS calibration. 
 

Aqueous ATRP was tested for the PEO113-amide, presuming a high solubility of the 

macroinitiator in water. Hereby, both water/N,N-dimethylformamide (DMF) and water/iPrOH 

(1/1, v/v) mixtures were tested, using a dNbpy/CuBr catalytic system. For both solvent mixtures 

tested low Đ of 1.03 (water/DMF) and 1.10 (water/iPrOH) were found after a reaction time of 

24 h, respectively and the addition of up to 39 monomer units. SEC traces revealed a shift in 

the elution volume as expected, and a small shoulder visible for PEO113-b-PtBAMA39 could be 
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the result of chain-chain coupling or the formation of loose aggregates of the amphiphilic 

polymer. 

 
Figure 17. Investigation of the formation of PEO-b-PtBAMA by block extension (Route B). SET-LRP kinetic 
studies (A and B) (tBAMA:ligand:macroinitiator = 100:0.1:1, copper(0) wire length = 2.5 cm, [M]0 = 0.0248 mmol 
in 1.25 mL, T = 35 °C). SEC traces of the aqueous ATRPs in water/DMF (C) after different time intervals, and in 
water/iso-propanol (D). The conversion was determined from 1H-NMR spectroscopy and the Mn obtained by SEC. 
SEC traces were measured in THF (PMMA calibration). Adapted from Macromol. Chem. Phys., 2020, 221, 
1900383, with permission of WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 

In direct comparison, Route B benefits from one reaction step less than Route A and results in 

narrow dispersities <1.10 were reached. However, the main limitation of Route B is the 

relatively low conversions obtained, which results in short PtBAMA segments with a maximum 

of 46 repeat units under the described conditions. On the other hand, the click reaction allows 

the incorporation of longer PtBAMA segments, up to 85 repeating units, but with broader 

dispersities (Đ = 1.45). Besides, Route A also allows the characterization of each individually 

synthesized polymer and an upscaling (~1 g) was feasible. From these results, the use of CuAAc 

was chosen as the best route to prepare the desired DHBCs from PEO113-b-PtBAMA85 and 

PEO44-b-PtBAMA85. 
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Deprotection of PtBAMA homo- and copolymers is achieved under successive basic and acidic 

conditions to completely remove the boc and methyl ester moieties.32, 114 For the deprotection 

of the PEO-b-PtBAMA block copolymers, the protocol for the preparation of PS-b-PDha and 

PAA-b-PDha was adjusted (Figure 18),114 and the reaction time dramatically reduced to 15 min 

for each step in order to conserve the amide junction between both segments. 

 
Figure 18. The deprotection of PEO-b-PtBAMA to prepare PEO-b-P(tBAA0.75-co-Dha0.25) under basic conditions, 
PEO-b-P(AMA0.27-co-PDha0.73) by the utilization of TFA, and PEO-b-PDha by successive basic and acidic 
deprotection. Adapted from Macromol. Chem. Phys., 2020, 221, 1900383, with permission of WILEY-VCH 
Verlag GmbH & Co. KGaA, Weinheim. 

Each individual step resulted in the simultaneous removal of the orthogonal protecting group 

with 75 % remaining boc and 27 % remaining methyl ester, respectively, as determined by 1H-

NMR spectroscopy. However, treating PEO-b-PtBAMA first with basic and then acidic 

conditions yielded the PEO44-b-PDha85 and PEO113-b-PDha85 double hydrophilic copolymers, 

as proven by 1H-NMR spectroscopy (Figure 19 A), where only the PDha -CH2- backbone 

signals and the protons of the PEO segment were visible. It should be noted that the block 

copolymer containing the shorter PEO block, could also be completely deprotected in a single 

step, if the reaction time under basic conditions was increased to 5 h, without cleavage of the 

amide linkage. The DHBCs were then investigated via SEC in dimethylsulfoxide (DMSO) and 

water (Figure 19 B, C and D). A monomodal distribution was observed in case of PEO44-b-

PDha85. However, a small shoulder at higher elution in the water SEC was observed for PEO113-

b-PDha85, close to the solvent signal, without any evidence of cleaved PEO segments. A second 

distribution was observed for PEO113-b-PDha85, which may result from the formation of loose 
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aggregates from the assembly of the zwitterionic PDha blocks in aqueous solution, as a bimodal 

distribution was not found by SEC in DMSO. 

 
Figure 19. Analytics for deprotected PEO-b-PtBAMA. A: SEC elution traces of PEO44-b-PDha85 and PEO44-N3 
in water. B: 1H-NMR spectra (D2O, 300 MHz) PEO-b-P(tBAA0.75-co-Dha0.25) after basic deprotection, PEO-b-
P/AMA0.27-co-PDha0.73) after acidic conditions and PEO-b-PDha by successive basic and acidic deprotection. C: 
SEC elution traces of PEO113-b-PDha85 and PEO113-N3 in water and in DMSO (D). Adapted from Macromol. 
Chem. Phys., 2020, 221, 1900383, with permission of WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 

The solution behavior under aqueous conditions was exemplarily studied using PEO113-b-

PDha85. As compared to the PDha homopolymer, which is insoluble under acidic conditions,32 

the solubility was enhanced as the DHBC was soluble over a broader pH range (4-14). This 

may result from the PEO segment, which is well known to enhance the hydrophilicity.255 

Further, the ζ-potential was measured in order to determine the overall charge of the DHBC 

(Figure 20 A). PDha is found to be polyzwitterionic in a pH range of 10.5 to 6.5,32 revealing a 

tunable charge dependent on the pH. PEO113-b-PDha85 behaves like a polyanion at a pH ≥ 5 

due to the deprotonated carboxylic groups. The IEP occurs at a pH of approximately 5 (0 mV), 

before becoming positively charged at pH < 4 (+ 1 mV), where the polymer exhibits an overall 

positive charge due to the protonation of the amino moieties and -COOH groups. In order to 
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investigate the potential pH- and metal ion responsive behavior, the hydrodynamic radii (RH) 

of PEO113-b-PDha85 where measured at different pH values and after the addition of Cu2+ ions 

via dynamic light scattering (DLS) (Figure 20 B and C). While at a basic pH of 9, unimers 

were found (RH = 4), under neutral and acidic conditions the RH increased to a maximum of 

23 nm at pH 4. This observation can be explained by the aggregation of carboxylate moieties 

after protonation, leading to strong interactions due to the formation of hydrogen bonds. Similar 

self-assembly behavior at pH < 4.5 has been described in the literature for DHBCs containing 

a PAA segment.138, 273 In addition, polyelectrolytic segments can aggregate by the chelation of 

metal cations to form micellar structures in solution.143, 151 Accordingly, after the addition of 

CuSO4 to a PEO113-b-PDha85 at pH = 9, a main distribution with a hydrodynamic radius of 

40 nm was found. This could be the result of the successful Cu2+ complexation by the 

polyampholytic PDha segment, leading to the formation of nanoobjects comprising a PDha/ 

Cu2+ core and a PEO corona. 

 
Figure 14. Investigation of the solution properties of PEO113-b-PDha85 measuring its ζ-potential in dependence of 
the pH (A) and its hydrodynamic radii from DLS at different pH-values and upon the addition of Cu2+ (B). 
Depiction of the potential pH- and metal ion induced formation of micellar nanostructures by DHBCs (C), where 
either complexation of cations or hydrogen bonding at low pH induce the self-assembly of the polyelectrolytic 
segments.138, 143 Adapted from Macromol. Chem. Phys., 2020, 221, 1900383, with permission of WILEY-VCH 
Verlag GmbH & Co. KGaA, Weinheim. 
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In summary, novel double hydrophilic PEO-b-PDha block copolymers were successfully 

prepared and characterized. PEO-b-PtBAMA, featuring an amide junction, is more stable 

towards hydrolysis compared to its ester counterpart,34 which was synthesized via two novel 

synthetic routes in a controlled manner: the coupling of two segments by CuAAC, and the block 

extension via SET-LRP and aqueous ATRP. These methods could be further applied in the 

synthesis of other well-defined PtBAMA homopolymers or copolymers. Afterwards, the 

PtBAMA block was deprotected to give PDha, without cleavage of the linked PtBAMA and 

PEO segments under the harsh acidic and basic conditions due to the more stable amide linkage. 

The solution properties of the obtained PEO-b-PDha was first investigated and in addition to a 

pH dependent charge, a pH- and metal ion- responsive aggregation behavior was observed. The 

self-assembly behavior can be explained by the formation of hydrogen bonds and the 

complexation of cations by the PDha segment as compared to literature.138, 143 Hence, future 

work will focus on the herein described PEO-b-PDha as a promising candidate the application 

in catalysis, cargo-carrying systems, biomineralization, or nanoreactors. 

2.2 PDha-based graft copolymers – preparation and solution properties 

Parts of this chapter have been published in P1) J. B. Max, D. V. Pergushov, L. Sigolaeva, and 

F. H. Schacher, Polym. Chem., 2019, 10, 3006, P3) J. B. Max, K. Kowalczuk, M. Köhler, C. 

Neumann, F. Pielenz, L. V. Sigolaeva, D. V. Pergushov, A. Turchanin, F. Langenhorst, and F. 

H. Schacher, Macromolecules., 2020, 53, 4511-4523, P4) Johannes B. Max, Afshin Nabiyan, 

Jonas Eichhorn, and Felix H. Schacher, Macromol. Rapid Commun., 2021, 42, 2000671, P5) 

Afshin Nabiyan, Johannes B. Max, Christof Neumann, Magdalena Heiland, Andrey Turchanin, 

Carsten Streb, and F. H. Schacher, Chem. Eur. J., 2021, 27, 1-7, P6) A. Nabiyan, J. B. Max, M. 

Micheel, J. Eichhorn, M. Wächtler, M. Schulz, C. Neumann, B. Dietzek, A. Turchanin and F. 

H. Schacher, Polyampholytic graft copolymers: A platform to combine sensitizers and 

catalysts, in preparation, P7) A. Nabiyan, J. B. Max, F. H. Schacher, Double Hydrophilic 

Copolymers – Synthetic Approaches, Architectural Variety, and Application Fields, Chem. Soc. 

Rev., 2022, DOI: 10.1039/D1CS00086A. 

Dual-responsive PDha-based copolymers are foreseen to be interesting candidates for many 

potential applications. The amphiphilic and double hydrophilic block copolymers were 

synthesized from PtBAMA precursors, which were in turn obtained via ATRP techniques or 

the combination of ATRP and click chemistry as described in the previous chapter.34, 114 

Although these pathways yield well-defined copolymers, their synthesis is still challenging: 

inert reaction conditions, scalability, limited degrees of polymerization as well as solubility 

issues of the resulting PDha-based block copolymers under strong acidic conditions (pH < 4). 
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For this, it is necessary to find alternative strategies to overcome these challenges and to obtain 

tailor-made PDha-based materials. Alternative polymer topologies apart from block 

copolymers should also be explored, e.g., star shaped, branched or graft, since the polymer 

architecture significantly determines the polymer properties.256 Graft copolymers, combine the 

characteristics of the backbone and side-chains, and are distinguished by their compact and 

confined structure, dominant chain-end effects and rather complex self-assembly behavior.154, 

155, 168, 169 In general, they are derived via three grafting approaches: grafting-from, grafting-

through and grafting-onto.155 The grafting-onto approach can be considered a post-

polymerization modification and is a versatile platform for the functionalization of previously 

prepared reactive macromolecules.58 In this way, the polymer properties can be tuned by 

controlling the density and type of the modifier and even ‘contrary’ philicities can be combined 

in a single material.36, 38 Among others, nucleophilic amino moieties are found to be suitable 

reactive handles that can undergo, for example, aza-Michael additions or the ring-opening of 

epoxides, allowing the attachment of short side-chains to adjust the polarity or functionality.120, 

121 There exist a number of highly reactive modifiers that are commercially available. 

In this respect, PDha is a promising polyampholytic backbone for the creation of a graft 

copolymer library, with tailor-made solution properties, as schematically shown in Figure 21. 

Depending on the nature of the side-chain, different applications can be envisioned from 

sensing, photocatalysis, templates and dispersants. This straight-forward route promises easy 

access to a wide range of graft copolymers based on the same backbone without loss of its 

functionality or properties via a simple reaction in aqueous conditions. The synthesis and 

characterization of the graft copolymers will be described in this chapter. 
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Figure 21. Preparation of PDha-based graft copolymers via post-polymerization modifications (ring opening of 
epoxides or aza-Michael additions). The side-chains can be of hydrophobic, hydrophilic, charged or stimuli-
responsive in nature, expanding the possible range of applications that can be accessed. 

Synthesis and characterization of PDha-based graft copolymers 

PDha homopolymer was used for the preparation of the polyampholytic graft copolymers by 

the attachment of various side-chains in post-polymerization modification reactions. The 

reactive backbone was first obtained in two steps: the synthesis of PtBAMA from tBAMA and 

the subsequent deprotection to poly(aminomethylacrylate-co-Dha) (P(AMA-co-Dha)). 

Therefore, PtBAMA was synthesized via free and controlled radical polymerization techniques, 

similar to earlier reports (Figure 22).32, 34, 54 In general, an Mn between 10,000 and 15,000 g/mol 

or between 50 and 75 repeating units, was targeted. For the free radical polymerization 

trimethylbenzoyl diphenylphosphine oxide (TPO) was used as thew UV-photoinitiator and the 

reaction was performed in 1,4-dioxane (50 wt.%) to yield PtBAMA with an Mn of 14,400 g/mol 

and a Đ of 5.66. Although this polymerization method gives a high yield of up to 88 % from 

the amount of monomer used within 10 min, the molecular weight distribution is broad and not 

reproducible. Since ATRP is synthetically demanding and residual copper salts need to be 

removed from the final product, NMP was explored as an alternative CRP method. The reaction 

conditions were investigated regarding temperature, solvent and monomer concentration. In 

addition to BlocBuilder as an unimolecular initiator and nitroxide, an excess of the nitroxide 

radical itself (SG1) was added, enhancing the control over the polymerization by shifting the 

equilibrium to the dormant species. The most promising conditions were found to be 
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[monomer]:[BlocBuilder]:[SG1] = [40]:[1]:[0.65], 66 wt% dioxane, T = 80 °C, and a reaction 

time of 15 min. These conditions resulted in a number average molecular weight of 

11,100 g/mol and a relatively narrow distribution of 1.89. Afterwards, the boc protective groups 

of the so obtained PtBAMA homopolymers were removed using 40 eq. of TFA per repeating 

unit (1 h, 50 °C). While under these conditions 80 – 91 % of the methyl ester group were 

cleaved, and the remaining portion was removed during the post-polymerization modification 

reactions under basic conditions towards the polyampholytic PDha backbone. 

 

Figure 22. Synthesis of P(AMA-co-Dha) starting from tBAMA as the precursor for PDha-based graft copolymers. 

For the post-polymerization of P(AMA-co-Dha) containing free, nucleophilic amino moieties, 

two convenient routes were explored. The first one is the Michael addition reaction of 

electrophilic vinyl compounds,119 and the other one the ring opening of epoxides.274, 275 Both 

polar and non-polar modifiers featuring an epoxide or a Michael acceptor functional group were 

chosen, in order to cover a broad range of resulting polymer properties. The side-chains should 

render different philicities,38 such as fluorophilic, lipophilic or hydrophilic to cover a broad 

range of properties and functionalities. In this respect, rather hydrophobic modifiers feature 

alkyl (epoxyoctane, EOct; PEG glycidyl lauryl ether, PEG LGE), aromatic (benzyl glycidyl 

ether, BGE) or fluoro-alkyl moieties (nonafluoropentaoxriane, NFPO). The resulting graft 

copolymers are amphiphilic and may be related to polysoaps being interesting candidates for 

surfactants, emulsifier or catalysis.36 On the other hand, the hydrophilic entities consist of 

ionic/ionizable (2-acryl amido-2-methylpropane sulfonic acid, AMPS; carboxylic acid, COOH; 

N-butyl-N-(2-phosphonoethyl)acrylamide (N-propyl phosphonic acid acryl amide), PhA) PEG 

or low molecular weight, polar moieties (acrylonitrile, ACN; NIPAAm). As ionic and/or 

ionizable grafts, especially phosphonic acid and sulfonic acid can enhance the solubility 

significantly and can facilitate proton transfer, they are potentially advantageous in 

photocatalytic hydrogen evolution.276, 277 Furthermore, phosphonic acid groups are well-known 

to be strong ligand groups.278, 279 Double hydrophilic graft copolymers (DHGC) based on PEG 

can reveal a high solubility, while the functional backbone can interact with metal ions or NPs. 

Hence, such materials have great potential, and may be suitable as templates and 



2. Synthetic routes towards PDha-based copolymers 

42 

nanoreactors.177, 203, 280 While PNIPAAm is a famous example for a thermo-responsive 

polymer,281 to the best of our knowledge molecular NIPAAm as side-chain has not been 

investigated in respect of a thermo-response, yet. By combining NIPAAm with the pH- and 

metal ion-responsive PDha backbone, the resulting triple-responsive graft copolymers could 

potentially be implemented as sensors.136 In general, all the utilized modifiers are commercially 

available, except for PhA, which was synthesized according to a literature protocol.282 

A general synthetic strategy was developed for the corresponding modifiers, which may be 

slightly adjusted depending on the solubility and reactivity of the modifier (Figure 23). Since 

P(AMA-co-Dha) is insoluble in common organic solvents except dimethyl sulfoxide (DMSO), 

the reactions were carried out in basic water at 60 or 70 °C. A pH value of 13 was chosen, to 

increase the nucleophilicity of the amino moieties, and a relatively low polymer concentration 

(6.66 g/L) was found to be suitable to prevent precipitation during reaction. For non-polar, 

water-insoluble modifiers, methanol (MeOH) or DMSO in different ratios was added, to obtain 

homogenous reaction mixtures. Usually, an excess of the epoxide or Michael acceptor was used 

for two reasons: to promote high conversions, and to prevent the consumption of these reactants 

by potential side-reactions under basic conditions, e.g., the ring opening of epoxides. Still, the 

unreacted low-molecular weight substances can be easily removed via dialysis or washing 

steps. It should be noted that there exist limitations in the choice of modifier regarding the 

reaction conditions. First, any functional groups present should survive harsh basic conditions 

(pH 13), which are necessary to modify the P(AMA-co-Dha), and hence, the attachment of 

isocyanates as reactive handles, for example, can be excluded. Therefore, more stable acryl 

amides were used instead of hydrolysable acryl esters. Finally, the reactivity of the modifiers 

must be considered under the relatively low reaction temperatures used. For examples, 

(meth)acrylamides were found to be less reactive compared to acrylamides due to their higher 

electron density and steric hindrance. In this respect, PAA, a di-substituted amide, was also 

found to be less reactive than the other Michael acceptors due to a reduced electron withdrawing 

effect. The synthesized copolymers are denoted PDha-g-MY where M is the added modifier, 

and Y is the determined degree of functionalization (DoF). The abbreviations are also shown 

in Figure 23. The successful modification and presence of the introduced side-chains were then 

confirmed via SEC, fourier-transform infrared FT-IR and NMR spectroscopy (1H, 13C, 19F, 31P), 

as well as by elemental analysis. The resulting graft copolymer library is shown in Figure 23 

and the polymers and their solubility in different solvents summarized in Table 5. It should be 

noted, that PDha-g-ACN was not stable under the described conditions, and partially 
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hydrolyzed in situ (~80 %) to the corresponding PDha-g-CA, as confirmed via potentiometric 

titration and FT-IR spectroscopy.  

 
Figure 23. Graft copolymer library based on PDha obtained by the post-polymerization modification of P(AMA-
co-Dha) with either hydrophobic (red) or hydrophilic (blue) side-chains. 

Regarding the complementary polar and non-polar modifiers, both the reaction conditions as 

well as the resulting solubility differed significantly. For the non-polar grafts, choosing a 

suitable solvent mixture was crucial, and the utilization of an organic co-solvent was necessary. 

The polar grafts were attached in pure water, except for PhA, which seems to be rather 

amphiphilic. The chemical composition of the graft copolymers weas elucidated via NMR and 

IR-spectroscopy, as exemplarily shown for PDha-g-NIPAAm (Figure 24 A and B). Here, both 

the side-chains and the backbone were visible, while the presence of any remaining modifier 
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was excluded. Furthermore, SEC measurements (Figure 24 C) proved that the synthesis was 

successful, as the graft copolymers reveal a monomodal molecular weight distribution and a 

clear shift in the elution volume. This indicates that no significant side reactions occurred, and 

that the uniform functionalization of the PDha chains was realized.  

 

Figure 24. Characterization of the prepared PDha-g-NIPAAm via 1H-NMR spectroscopy (A), FT-IR spectroscopy 
(B) and SEC (in DMSO) (C) of the synthesized graft copolymers with different DoF. Kinetic investigation via 1H-
NMR spectroscopy revealed a linear increase of the DoF with reaction time (D). Adapted from Macromol. Rapid 
Commun., 2021, 42, 2000671, with permission of WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 

The DoF, which correlates with the grafting density, was found to be an important parameter 

determining the resulting polymer properties and was determined via 1H-NMR spectroscopy, 

whereby the -CH2- protons of the repeating units were integrated and compared to the integral 

of the new side-chain protons. However, in case of water-insoluble graft copolymers (PDha-g-

NFPO and PDha-g-PEG-LGE), elemental analysis (EA) was also used for the calculation of 

the DoF, where a change in the ratio between nitrogen and carbon is observed in comparison to 

PDha to the addition of alkyl chains. The DoF itself was tuned by the concentration of the 

modifier and the reaction time. In respect of PDha-g-NIPAAm, the grafting process showed a 

linear increase in the DoF with time (Figure 24 D). Hence, the number of side-chains can be 
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precisely adjusted. The maximum DoF attained for the different modifiers in this work are 

shown in Table 5. This was achieved by extending the reaction time up to 10 d and using 20 

eq modifier per monomer unit. The values vary between 33 and 135 %, which means that the 

amino moieties may in principle react two-fold. While short side-chains result in rather high 

DoF, due to the steric hindrance, the DoF of bulky or long side-chains is significantly lower, 

e.g., BGE or PEG, and not all of the amino groups were accessible.  

Table 5: Summary of the synthesized PDha-based graft copolymers in this work. 

Modifier 
Co-

solvent 

Maximum 

DoFa [%] 

Solubilityc 

DMF         DMSO          H
2
Oc         MeOH 

Structural 

characterization 

-  0 - + pH > 7d 
- 1H-, 13C-NMR, FT-IR 

EOct MeOH 70 + + pH > 7 d - 1H-, 13C-NMR, SEC 

NFPO MeOH 65b + + - - 
1H-, 19F-NMR, solid 
state 13C- NMR, FT-

IR, SEC, EA 

BGE MeOH 50 + + pH > 7 d - 1
H-, 

13
C-NMR, SEC 

PEG-
LGE 

none 33b + +/- - - 

1H-NMR, solid state 
13C-NMR, FT-IR, 

SEC, EA 

PEG 
1,000 g/mol 

none 50 + + + + 

1H-NMR, solid state 
13C-NMR, FT-IR, 

SEC 

PhA DMSO 66 + + + +/- 
1H-, 13C-NMR, 31P-
NMR, FT-IR, SEC 

AMPS none 65 + + + - 
1H-, 13C-NMR, FT-IR 

EA, SEC 

NIPAAm none 95 + + + + 
1H-, 13C-NMR, FT-IR, 

SEC 

ACN none 135 + + pH > 4 d - 
1H-, 13C-NMR, 

FT-IR, SEC 

COOH none 135 + + pH > 4 d - 
1H-, 13C-NMR, 

FT-IR, SEC 

Reaction conditions: water (pH 13, KOH), Treaction = 60 °C (except for PhA 70 °C), trct 48 h to 10 d. a Calculated 
from 1H-NMR spectroscopy; b calculated from EA; c as a function of the DoF and the employed modifier: + ≙ well 
soluble, clear solution; +/- ≙ poor soluble (by heating), turbid solution, partial precipitation after time, - ≙ 
insoluble (also upon heating); d dissolution at pH 12, before slowly titrating with HCl (0.1 M). 

The solubility in different solvents of the prepared polymers was investigated (Table 5). It 

turned out, that the solubility of the graft copolymers is not only influenced by the type of 

modifier but also strongly depends on the DoF. While P(AMA-co-Dha) dissolves exclusively 

in water (pH > 7) or DMSO, the graft copolymers showed a different behavior. The graft 

copolymers were additionally soluble in DMF and a clear difference between the polar and non-

polar side-chains was observed. For example, PDha-g-NFPO and PDha-g-PEG-LGE, with 

highly hydrophobic side-chains even became water insoluble. On the other hand, the 

hydrophilic and ionic side-chains enhanced the water solubility being well-soluble over the 

entire pH range. As expected, a high DoF (> 50 % in the case of NIPAAm) or long side chains 
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(PEG) even enable even dissolution in MeOH. Experiments regarding PDha-g-PEG showed 

that low a low DoF resembles the solubility of pristine PDha, while higher grafting densities 

are soluble in DMF and over the entire pH range. By attaching PEG with a molecular weight 

of 1,000 instead of 400 g/mol, it became soluble in MeOH and even partly in CHCl3 (slightly 

turbid solutions). 

Solution properties of selected graft copolymers 

Solubility tests already indicate substantial differences in the graft copolymer characteristics. 

Therefore, after the introduction of a broad range of side-chains featuring a different polarity 

and charge, the solution properties of some selected graft copolymers were investigated. 

Exhibiting a polyampholytic backbone their protonation/deprotonation state (potentiometric 

titration) and overall charge (ζ-potential) is of special interest, determining their interaction with 

oppositely charged compounds. Besides, for both amphiphilic and DHGCs the aggregation 

behavior was examined (DLS, UV-Vis spectroscopy and transmission electron microscopy 

(TEM)).  

Amphiphilic PDha-based graft copolymers 

Non-polar side-chains were attached to PDha in order to obtain amphiphilic copolymers. As a 

clear sign of their hydrophobic nature, PDha-g-PEG-LGE35 and PDha-g-NFPO65 became 

completely insoluble in water after the reaction. The solution properties PDha-g-EOct, bearing 

a short alkyl chain, were exemplarily studied. While PDha-g-EOct8 with a DoF < 10 reveals 

clear solutions, when a DoF of 70 % is reached slightly turbid solutions are obtained in aqueous 

solution (pH 12). As the self-assembly in aqueous solution of amphiphilic block copolymers is 

well-known, e.g., for the previously described PS-b-PDha,114 it is also observed for amphiphilic 

graft copolymers, where hydrophobic side-chains aggregate to form the core, are stabilized by 

the hydrophilic backbone in the medium.283, 284 Therefore, after the attachment of the 

hydrophobic side-chains to PDha, self-assembly can also be expected for this amphiphilic graft 

copolymer. In the case of PDha-g-EOct70, the alkyl side-chains can induce aggregation to form 

hydrophobic domains, stabilized by the ampholytic PDha backbone. These assumptions and the 

formation of nano-objects were confirmed via DLS and TEM (Figure 25 A and B). According 

to DLS, the nano-objects were characterized by a hydrodynamic radius of 16 nm. This is 

noticeably larger than an individual graft copolymer unimer with only several nm. This 

observation was further supported by TEM, where loosely defined aggregates with a diameter 

of 30 nm were visible in the micrographs recorded. The self-assembly of the amphiphilic graft 

copolymers seems to be rather complex, related to the micellization of polysoaps. Here, three 
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models exist, and the formation of local, regional and molecular micelles is possible including 

both intra- and intermolecular interactions of the hydrophobic moieties leading to the 

aggregation.36 In order to determine the overall charge of the nano-assemblies, the pH 

dependent ζ-potential was measured (Figure 25 C). Therefore, PDha-g-EOct70 was first 

dissolved at pH 13 before being acidified using aqueous HCl. The aggregates present were 

negatively charged (-15 mV), which was almost constant up until pH 5 as a result of 

deprotonated carboxylate moieties. Upon further increasing the pH, the dependent ζ-potential 

approaches zero, before positive values were observed at pH 2, where all amino and carboxylate 

groups were fully protonated. Hence, the surface charge of the aggregates can be inverted, 

making these materials interesting candidates for catch and release systems or the encapsulation 

of hydrophobic guest molecules. Further studies should focus on PDha-g-NFPO, exhibiting 

even more lipophilic fluoro-alkyl entities. Therefore, it is necessary to develop suitable DoF 

values, or utilize alternative fluoro-alkyl modifiers, since the PDha-g-NFPO65 described in this 

work was completely water-insoluble. However, fluorine-containing amphiphilic copolymers 

reveal an interesting self-assembly behavior and a high surface activity, and corresponding 

materials may for example be applied as stabilizers in dispersion polymerization.285 

 
Figure 25. TEM micrographs (A) and DLS CONTIN plot (B) of amphiphilic PDha-g-EOct70 in water (pH = 12, 
c = 0.5 g/L). The formed nano-objects that are schematically depicted (B), reveal a hydrophobic core and a PDha 
corona. The pH-dependent ζ-potential reveals charge neutrality above a pH-value of 2. Adapted from Polym. 
Chem., 2019, 10, 3006, with permission of The Royal Society of Chemistry. 
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Double hydrophilic graft copolymers 

By the attachment of polar modifiers onto the PDha backbone, DHGCs were obtained with an 

enhanced solubility compared to pristine PDha, preventing pH- or metal ion-induced 

precipitation. As an architectural subclass of linear DHBCs, the graft copolymers usually 

contain a solubility-promoting and a functional, stimuli-responsive building block. Such 

macromolecules are gaining research interest due to their versatile solution properties and 

applications.170, 176, 286, 287, 288 However, their self-assembly appears more complex and less 

studied compared to linear block copolymers, showing tunable collapsing of either the 

backbone or the side-chains or low aggregation numbers of ~ 2.289 In this work ionic/ionizable, 

PEG and low molecular weight, polar moieties were attached to a polyampholytic backbone 

leading to distinct solution properties and potential application fields. This research on the 

PDha-based DHGCs will not only be a guideline to develop corresponding materials for 

specific applications, it will also grant a better fundamental understanding of this polymer class. 

Double acidic graft copolymers 

Three graft copolymers were prepared featuring additional acidic moieties. This resulted in an 

excess negative charge compared to unmodified PDha. Being polyanions overall, the anionic 

charge improves the water solubility while keeping the ampholytic backbone. While PDha-g-

PAA and PDha-g-AMPS are functionalized with strongly acidic side-chains (phosphonic and 

sulfonic acid), PDha-g-COOH contains rather weak carboxylic acid groups, as schematically 

depicted in Figure 26 A. This leads to differences in their solubility, whereby the strong acidic 

grafts permit solubility at pH ≤ 1 due to the deprotonated strong acidic groups that facilitate 

dissolution, e.g., by electrostatic repulsion. On the other hand, the weak carboxylic groups are 

protonated under acidic conditions, leading to the slow precipitation of PDha-g-COOH, as 

previously reported for another graft copolymer with carboxylic groups along the side-chain.280 

These observations were supported by ζ-potential measurements. While the ζ-potential of 

PDha-g-AMPS25 remains negative independent of the pH-value (-50 mV to -13 mV), it is 

positive for PDha-g-COOH130 at pH 2 due to complete protonation of both the carboxylate 

moieties. Besides, the titration curve of PDha-g-AMPS reveals only two steps at pH 8.1 and 4.3 

corresponding to the amino and carboxylic moieties within the backbone, which means that the 

sulfonic acid is fully deprotonated under the investigated conditions. The potentiometric 

titration of an alkaline solution (pH 12) of PDha-g-COOH130 with 0.1 M HCl was further 

examined and compared to PDha, derived via the same preparation and at similar concentrations 

(1.5 g/L) (Figure 26 B). While the titration curve of unmodified PDha only reveals three steps 

(corresponding to the protonation of an excess NaOH, the amino moieties and the carboxylic 
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groups),32 PDha-g-COOH130 undergoes four steps. Here, the inflection points can be ascribed 

to an excess of NaOH, amino moieties and indeed two kinds of carboxylic acids present in the 

graft copolymer. At first, the titrant is consumed by the excess base, before the amino moieties 

are protonated. This corresponds to a pKa of 9.8 (αNH2 = 0.5), which is in line with the value for 

the PDha homopolymer reported in literature.32 Starting from a pH of 8.3, the first population 

of carboxylate moieties with a rather low acidity is protonated to form -COOH (pKa,COOH1 = 

6.7, αCOOH1 = 0.5) differing remarkably from the second population of highly acidic groups 

(pKa,COOH2 = 4.5, αCOOH2 = 0.5). Interestingly, the highly acidic groups were not shown for the 

unmodified PDha revealing only one population with a pKa,COOH1 = 6.2, (αCOOH1 = 0.5). 32 

However, it is not possible to ascribe the two pKa values of PDha-g-COOH130 directly to the 

backbone or the side-chain carboxylate moieties, since both of their titration volumes do not fit 

exactly to the amount of amino moieties. Presumably, the different types of carboxylic groups 

influence their individual protonation behavior, that could be explained the presence of 

inductive effects and/or the formation of intramolecular hydrogen bonds. 

 
Figure 26. Structure of the PDha-g-COOH and PDha-g-AMPS graft copolymers rendering weak or strong acidic 
side-chains, respectively (A). The potentiometric titration curve of PDha-g-COOH130 presents three steps 
corresponding to the amino and carboxylic moieties of the PDha backbone and the carboxylic acid grafts (B). 
Adapted from Polym. Chem., 2019, 10, 3006, with permission of The Royal Society of Chemistry. 

The potentiometric titration was further used to determine the amount of pendant carboxylic 

acids by comparing the volume of titrant consumed for the amino groups and the carboxylic 



2. Synthetic routes towards PDha-based copolymers 

50 

acid groups (1.0151 mL vs 2.163 mL). From this, 1.05 carboxylic groups per repeat unit was 

found (DoF = 105 %), showing that there exists a small amount of di-substituted monomer units 

within the graft copolymer. Comparing this value to the original DoF of its precursor PDha-g-

ACN130 calculated from 1H-NMR spectroscopy, it may be assumed that around 80 % of the 

formerly nitrile groups were hydrolyzed.  

Introducing acidic side-chains offers the possibility to tune the overall charge of PDha while 

maintaining the functionality of the backbone. This changes the overall solubility of the material 

and could additionally influence its interaction with oppositely charged compounds or surfaces. 

PDha-g-COOH130 bears a high density of ligands and is therefore interesting as a nanoreactor 

for the synthesis of inorganic nanoparticles or in biomineralization.143, 177, 188 Apart from that, 

the phosphonic acid groups of PDha-g-PhA are strong anchoring sites, which could enable a 

strong interaction with inorganic compounds, being an interesting material for the construction 

of hybrid materials.278, 279 Further, PDha-g-PhA and PDha-g-AMPS may be applied as soft 

matrixes in the photocatalysis due to their solution stability, functional groups and their 

potential to facilitate proton transfer.276, 277 Further research should focus on fine-tuning of the 

DoF, or on the post-polymerization modification with cationic side-chains, e.g., N-[2-

(dimethylamino)ethyl]acrylamide, presenting a complementary overall charge (polycationic). 

Non-ionic, double hydrophilic graft copolymers 

By the attachment of PEG to the polyampholytic backbone, non-ionic, DHGCs, PDha-g-PEG, 

were obtained. Hereby, two different molecular weights of PEG (400 and 1,000 g/mol, which 

is denoted as PEG400 and PEG1,000, respectively) were introduced, and a DoF between 10 and 

50 % tested, influencing the solubility as a function of the PEG content. PEG is known for its 

biocompatibility and high hydrophilicity,255 and hence, long PEG grafts lead to a better solution 

stability of the synthesized graft copolymers. The solution behavior was exemplarily 

investigated for PDha-g-PEG1,000,28 (PEG1,000 side-chain, DoF = 28 %) assuming pH-dependent 

changes in conformation and size, since the overall charge and charge density along the 

backbone are altered, as it is schematically shown in Figure 27 A. To get a first hint, 1H-NMR 

spectra were measured at acidic, neutral and basic pH values (Figure 27 B). While the signal 

originating from the backbone (-CH2-C-, 2.90 – 2.30 ppm) is almost completely suppressed at 

a pH of 2, it is rather broad and shifted at pH 7. This may be the result of a collapsed PDha 

backbone at lower pH-values, which is stabilized by the PEG side-chains leading to a 

decreasing intensity of the corresponding proton signals.174, 290-292 These observations were 

further supported by DLS experiments (Figure 27 C), presenting distinct apparent RH 
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depending on the solution pH. At pH 10 and 9, the largest RH were measured of 4.5 to 5.5 nm, 

ascribed to a fully stretched backbone due to electrostatic repulsion of the negatively charged 

carboxylate groups. In contrast, at pH = 2 a significantly lower RH of 3 nm was observed, where 

the carboxylic groups are expected to be fully protonated and the polymer is a polycation. A 

possible reason for this observation is that under these conditions the intramolecular hydrogen 

bonds, e.g., between ethylene glycol and carboxylic moieties are pronounced and counteract 

the electrostatic repulsion. This explanation is supported by the work of J. Hao et al., describing 

the association of PAA-g-PEG graft copolymers by interchain hydrogen bonding. When the 

carboxylic acid groups are protonated at low pH values, the size of the formed complexes 

decreases due to formation of hydrogen bonds between the carboxylic groups in the PAA 

backbone and the PEG chains.171 However, for the polyampholytic PDha-g-PEG1,000,28, the 

lowest RH was found at a pH of around 5. Further research could better elucidate these pH-

dependent conformational changes, e.g., via small angle X-ray scattering or small angle neutron 

scattering. 

 

Figure 27. pH-dependent 1H-NMR spectroscopy (A) and DLS experiments of a PDha-g-PEG1,000,28 aqueous 
solution. The assumed conformational changes are schematically shown (C), with a collapsed backbone at pH 2, 
partial aggregation at pH 7 and a fully stretched backbone at pH 13. Adapted from Macromolecules., 2020, 53, 
4511-4523. Copyright American Chemical Society. 

In summary, the pH-responsive PDha backbone is strongly affected by the environmental pH 

value and reveals changes in its conformation modulated by charge, as also described for other 
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DHGCs.171 While the PDha backbone presents functional groups with a tunable charge and the 

PEG grafts prevent macroscopic aggregation, these materials may be applied in delivery 

systems,286 or as templates for the preparation of inorganic NPs.280 

Triple-responsive, double hydrophilic graft copolymers 

Thermoresponsive DHGCs display an interesting aggregation behavior and are mostly based 

on PNIPAAm, which is found either in the backbone,172, 173, 287 or the side-chains.147 However, 

thermo-responsive behavior of monomeric NIPAAm is rather unexplored until now. By 

attaching NIPAAm as a Michael-acceptor onto the PDha backbone, triple-responsive (pH, 

metal ion and temperature) DHGCs were designed, as shown in Figure 28 A. At first, the 

influence of the DoF on the solution behavior in an aqueous environment was tested, as outlined 

in Table 6. Solubility in water over the entire pH range was achieved starting from DoF = 30 %, 

and even the dissolution in organic solvents such as methanol and DMF was possible at DoF 

≥ 50%. This DoF was also found to be the turning point where a thermo-induced cloud point 

became visible, which was not observed for lower DoF ≤ 50 %, presumably due to an 

insufficient NIPAAm content. 

Table 6: Summary of the synthesized PDha-g-NIPAAm graft copolymers, 
their solubility in aqueous solution and the observation of a thermo-induced  

cloud point.  
Reproduced from Macromol. Rapid Commun., 2021, 42, 2000671,  

with permission of WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 
 NIPAAm Solubility Thermo-response 

PDha-g-… [wt%] in water ? 

-  pH > 7 none 

NIPAAm10 9 pH ≥ 7 none 

NIPAAm30 24 pH ≥ 6b none 

NIPAAm50 36 pH = 1 - 14 at pH < 7 

NIPAAm95 55 pH = 1 - 14 at pH ≤ 7 

a ≥ 2 g/L, - ≙ insoluble, + ≙ clear solution, + −⁄  slightly turbid;  
b soluble under acidic condition by slow titration starting from pH 7. 

Both PDha-g-NIPAAm50 and PDha-g-NIPAAm95 were investigated in respect to their thermo-

responsive properties (Figure 28 B-D). These graft copolymers differ significantly from 

PNIPAAm, because the NIPAAm side-chains exhibit different local environments and are in 

the case of PDha-g-NIPAAm50, are also locally separated. In addition, they are connected to a 

polyampholytic backbone, with a pH-dependent net charge and distinct water solubility. Hence, 

the cloud point temperatures (TCP) are also expected to vary from PNIPAAm homopolymers. 

As a result, PDha-g-NIPAAm50 (36 wt% NIPAAm) does not show any cloud point at a pH ≥ 7, 



2. Synthetic routes towards PDha-based copolymers 

53 

which may be ascribed to the electrostatic repulsion of the negatively charged carboxylate 

moieties. In contrast, at pH 7, PDha-g-NIPAAm95 (55 wt%) already shows a TCP of 37 °C, 

which is only slightly affected by changes in the pH and is similar to the cloud point of the 

PNIPAAm homopolymer with a TCP of 30 –35 °C.281 However, upon acidification to pH 6, a 

cloud point also became visible for PDha-g-NIPAAm50, which further decreased from 43 to 

28 °C governed by the partial protonation of the carboxylic groups in accordance with 

potentiometric titration. Hereby, charge neutrality could induce strong electrostatic attraction, 

which could explain the lowest TCP at pH 5. By further protonation to -COOH the formation of 

hydrogen bonds and aggregation is facilitated. After complete protonation at pH 1, a polycation 

may be present and the formation of hydrogen bonds predominate. The corresponding 

observations were supported by ζ-potential measurements (Figure 28 B), revealing an overall 

negative charge until pH ≈ 3, before becoming positive at pH 2.  

 

Figure 28. Illustration of the triple-responsive PDha-based graft copolymers featuring pH- and metal ion-
responsive carboxylic acid and amino moieties, as well as thermo-responsive NIPAAm side-chains. Cloud points 
determined from UV-vis measurements of PDha-g-NIPAAm95 and PDha-g-NIPAAm50 (B-D) at different pH 
values (c = 1 mg/mL, rate 0.2 °C/min) and diagram of TCP vs pH value and ζ-potential of PDha-g-NIPAAm95. 
Reproduced from Macromol. Rapid Commun., 2021, 42, 2000671, with permission of WILEY-VCH Verlag 
GmbH & Co. KGaA, Weinheim. 
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The reversible aggregation behavior has been exemplarily studied using PDha-g-NIPAAm95 

via temperature-dependent 1H-NMR spectroscopy and DLS experiments at pH 1 (Figure 29 A 

and B). Starting from 35 °C, the 1H-NMR spectra show a decreasing intensity of the -CH2- 

backbone at 2.17-2.84 ppm and (-CH3)2 NIPAAm protons (0.84-1.14 ppm), due to the collapse 

of the graft copolymer – both the backbone and side-chains. Cooling the system leads to a 

stepwise increase in intensity hinting towards swelling, disruption of the aggregates and the 

unimers are present again. DLS experiments support these observersation, since unimeric 

polymer chains were detected at the beginning and aggregates began forming from 27 °C 

aggregates with a RH of 310 nm. Their radius further increased up to 820 nm at 50 °C. 

 

Figure 29: Temperature-induced aggregation behavior of PDha-g-NIPAAm95 elucidated via temperature 
dependent 1H-NMR spectroscopy (A) and DLS experiments (B) at pH 1. Adapted from Macromol. Rapid 
Commun., 2021, 42, 2000671, with permission of WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 

The PDha backbone features carboxylic and amino moieties that are strong binding sites for 

metal ions. While it has not been reported to-date, metal ion-responsive behavior can be 

expected. Hereby, double hydrophilic copolymers are of special interest, since the NIPAAm 

side-chains mediate the solubility upon the formation of complexes. Therefore, the chelation 

ability of PDha-g-NIPAAm50 and PDha-g-NIPAAm95 were investigated in the presence of Cu2+ 

or Pb2+ (0.01 mmol/ml). After the addition of a certain volume of the metal ion solution, the 

graft copolymer solutions (pH 7) became slightly opaque. This is a sign of chelation and 

aggregation, which was further supported by TEM micrographs and DLS measurements that 

reveal spherical aggregates with RH = 11 - 60 nm (Figure 30). Differences were observed in 

the sensitivity as well as the shape and size of the aggregates depending on the type of heavy 
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metal cation in accordance with literature.143, 151 Further, the DoF also appears to have an impact 

on the aggregation behavior. Upon the addition of Cu2+, aggregation was already apparent at a 

Cu2+/COOH ratio of 1 : 230, while in case of Pb2+ a higher amount of metal ions was needed to 

induce the observable formation of aggregates of 1 : 34. This may be explained by different 

coordination behaviors of the individual metal ions.143 Regarding the morphology, PDha-g-

NIPAAm forms rather uniform spherical objects in the presence of Pb2+ ions independent on 

the PDha/NIPAAm and M2+/PDha ratios. Therefore, the coordination behavior of Pb2+ might 

be the main driving force. In the presence of Cu2+, the morphology depends on the 

PDha/NIPAAm ratio. Hereby, the formation of polymer aggregates at already low 

concentrations and the observed secondary aggregation could be explained by multiple bridging 

of Cu2+ carboxylates.293 

Within this work novel triple-responsive graft copolymers have been described, which 

demonstrate a high tunability by adjusting the DoF. Also, alternative thermo-responsive 

acrylamide modifiers could be introduced via this straight-forward approach as an additional 

strategy to fine-tune their thermo-responsive properties.294 The method of attaching molecular 

NIPAAm side-chains could even be transferred to other amino group containing polymeric 

backbones. The stimuli-responsive behavior of the PDha-g-NIPAAm graft copolymers has 

been investigated, rendering them as potential sensing systems, e.g., for the detection of heavy 

metal ions.136 
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Figure 30: TEM micrographs and DLS CONTIN plots of aggregates formed after addition of Cu2+ and Pb2+ to the 
graft copolymer solutions (pH 7). Adapted from Macromol. Rapid Commun., 2021, 42, 2000671, with permission 
of WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 

Within this chapter, the preparation of a polyampholytic PDha-based graft copolymer library 

has been described (Table 7). A straight-forward post-polymerization modification approach 

was developed, grafting epoxides and Michael acceptors onto the PDha backbone, to tune its 

properties. This synthetic route could be further transferred to other modifiers or reactive 

backbones. The DoF, which can reach up to 135 %, was found to be an additional parameter 

determining the resulting characteristics and might be easily adjusted by changing the reaction 

time or concentration of the modifier. A broad variety of side-chains were introduced, both 

hydrophobic or hydrophilic in nature, and the solution properties tested. The non-polar grafts 

led to amphiphilic graft copolymers, belonging to the class of polysoaps,36 with a tunable charge 

and polarity. Their self-assembly in solution was exemplarily tested for PDha-g-EOct, revealing 

nanosized objects. The application of these materials as surfactants will be examined in the 

following chapter. On the other DHGCs were obtained presenting an enhanced solution stability 

over the entire pH range compared to unmodified PDha. PDha-g-PEG containing polymeric 

side-chains, was investigated with respect to their pH-dependent conformational changes and 

charge. Further research should be conducted to elucidate the nature of this behavior, e.g., via 

scattering methods. However, the pH-dependent charge in combination with the solubility 
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promoting PEG side-chains makes this polymer a promising candidate as a nanoreactor for the 

preparation of inorganic NPs.177, 280 By the attachment of ionic and ionizable side-chains in the 

form of weak or strong acids, the overall charge was tuned and additional binding sites 

introduced. The corresponding materials will be implemented as soft matrixes in photocatalytic 

hydrogen evolution. Finally, polar monomeric NIPAAm moieties were grafted onto PDha and 

its triple response to pH, T and metal ions was investigated. A specific interaction with 

individual metal cations was observed and hence, PDha-g-NIPAAm will be applied as a metal 

sensors, as described for similar ampholytic systems in the literature.136 The implementation of 

the graft copolymers in hybrid materials and their utilization in the mentioned applications will 

be described in the following chapter. 

Table 7: PDha-based graft copolymers prepared in this work, and their corresponding features. 
Functional 

backbone 
Modification Type of modifier Type of graft copolymer Feature 

  
alkyl  

(EOct, PEG-LGE) 
 

surfactants 
with tunable charge 

 hydrophobic 
fluoro alkyl 

(NFPO) 
amphiphilic tunable philicity 

PDha-g-..  aromatic (BGE)  self-assembly in solution 

  
polymeric polar 

(PEG) 
double hydrophilic 

pH induced 
conformational changes 

solution stability 

 hydrophilic 
ionic/ionizable 

(COOH, AMPS, 
PhA) 

double acidic 
tunable charge 

additional binding sites 
solution stability 

  
monomeric polar 

(NIPAAm) 
triple-responsive additional stimuli-response 

solution stability 
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3. PDha-based graft copolymer based hybrid materials and applications 

Parts of this chapter have been published in P1) J. B. Max, D. V. Pergushov, L. Sigolaeva, and 

F. H. Schacher, Polym. Chem., 2019, 10, 3006, P3) J. B. Max, K. Kowalczuk, M. Köhler, C. 

Neumann, F. Pielenz, L. V. Sigolaeva, D. V. Pergushov, A. Turchanin, F. Langenhorst, and F. 

H. Schacher, Macromolecules., 2020, 53, 4511-4523, P4) Johannes B. Max, Afshin Nabiyan, 

Jonas Eichhorn, and Felix H. Schacher, Macromol. Rapid Commun., 2021, 42, 2000671, P5) 

Afshin Nabiyan, Johannes B. Max, Christof Neumann, Magdalena Heiland, Andrey Turchanin, 

Carsten Streb, and F. H. Schacher, Chem. Eur. J., 2021, 27, 1-7, P6) A. Nabiyan, J. B. Max, M. 

Micheel, J. Eichhorn, M. Wächtler, M. Schulz, C. Neumann, B. Dietzek, A. Turchanin and F. 

H. Schacher, Polyampholytic graft copolymers: A platform to combine sensitizers and 

catalysts, in preparation, P7) A. Nabiyan, J. B. Max, F. H. Schacher, Double Hydrophilic 

Copolymers – Synthetic Approaches, Architectural Variety, and Application Fields, Chem. Soc. 

Rev., 2022, DOI: 10.1039/D1CS00086A. 

Hybrid materials promise high tunability and performance by combining distinct characteristics 

with often synergistic effects. By controlling the composition and interactions between 

components, hybrid materials have already been tailor-made for industrial applications, going 

beyond fundamental research.43-46, 60, 179, 181 While inorganic materials are known to tune the 

stability, thermal, magnetic or electrical properties, the organic component often tune the 

hydrophilic/hydrophobic balance or acts as a matrix.45, 46 In this respect, polyelectrolytes are 

often used in water-based hybrid materials acting as dispersants,9, 11, 12, 47 stabilizers,48, 49 

templates and matrices,50, 51 and are found in biomedical or catalytic applications.51-53 The 

above described polyampholytic graft copolymers will be introduced in unprecedented hybrid 

materials. In a ‘lego-like’ building block approach,182 the tailor-made macromolecules will be 

combined with molecular and nanosized inorganic compounds. They will be further exploited 

for the template assisted synthesis of defined NPs. Both the physical and chemical linkage will 

be discussed, and their potential applications revealed. 

3.1 Smart amphiphilic dispersants 

Carbon nanomaterials, e.g. CNTs or graphene, exhibit beneficial electrical and electrochemical 

properties,244 and their combination with amphiphilic polyelectrolytes gives promising hybrid 

materials for utilization in biosensors.243 Hydrophobic segments can often attach non-

covalently to the aromatic surface of CNTs via π-π or π-CH interactions,295 while the 

electrolytic block ensures solubility and acts as a host matrix for rather polar biomolecules. By 

employing such polymers, stable dispersions in water can be obtained, e.g., phenoxy-

functionalized dextrans are used for the solubilization of single walled CNTs.296 Since 
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amphiphilic PDha-g-EOct70 already displayed self-assembly due to the presence of non-polar 

alkyl chains, this polymer appears to be a suitable dispersant for hydrophobic CNTs in water. 

For this, dispersions were prepared by mixing an equivalent volume of PDha-g-EOct70 aqueous 

solution (5 g/L, pH = 12) and MWCNTs (1 g/L, water, pH = 12) via sonication, as illustrated 

in Figure 31 A. While MWCNTs quickly settle in water, stable dispersions were obtained by 

this process as shown in the corresponding photographs (Figure 31 B). TEM micrographs 

(Figure 31 C) further visualize the successful dispersion, showing individual MWCNTs with 

a length of several hundreds of nm, which are presumably coated by PDha-g-EOct70. Since the 

graft copolymer behaves like a polyanion at pH 12, the negative ζ-potential of the dispersed 

particles (- 22.5 ± 1.8 mV) indicates the coverage of the MWCNTs. The presence of the 

polymer was further proven via thermogravimetric analysis (TGA), allowing the amount of 

organic matter existing in the hybrid materials to be determined, as shown in Figure 31 D.  

 
Figure 31: Preparation of PDha-g-EOct70@MWCNT hybrid materials by sonication (A). Photographs (B) show 
the stable dispersions, even after 28 d of storage compared to pristine MWCNTs in water. TEM micrographs reveal 
individual MWCNTs (D) and from TGA measurements (D) the presence of the graft copolymer was proven. 
Adapted from Polym. Chem., 2019, 10, 3006, with permission of The Royal Society of Chemistry. 

The PDha-g-EOct70@MWCNT dispersion was compared with the pristine graft copolymer as 

well as the pure MWCNTs and all measurements were performed under a nitrogen atmosphere. 

Before the TGA measurement, the dispersion was treated in two different ways to remove any 
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salts and to evaluate the amount of unbound polymer. To remove any salt impurities present, 

the dispersion was precipitated by the addition of 0.5 M HCl and washed several times with 

Milli-Q water. In another approach, the stable dispersion was centrifuged until precipitation 

occurred, before also being washed. Afterwards, the resulting materials were freeze-dried. The 

pristine MWCNTs are thermally stable and the remaining mass stays constant upon heating up 

to a temperature of 700 °C. For the graft copolymer and the hybrid material, two decomposition 

steps are observed. The first one, up to 100 °C, can be explained by the evaporation of 

remaining water, while the second one at around 250 °C corresponds to the decomposition of 

PDha-g-EOct70 itself. Comparing the weight loss between 250 and 700 °C gives clues about the 

total mass of the polymer present in the hybrid material, being 52 wt% for PDha-g-EOct70, 

46 wt% for precipitated PDha-g-EOct70@MWCNT, and 41 wt% for the one that was 

centrifuged. The difference in the remaining mass of the two distinctly purified PDha-g-

EOct70@MWCNT samples indicates that there is unbound graft copolymer in the solution being 

removed through centrifugation. Here, a composition of 80 wt% polymer and 20 wt% 

MWCNTs was calculated for PDha-g-EOct70@MWCNT (centrifuged). Since the initial ratio 

was 5:1 (m/m), this further suggests the presence of some remaining free polymer in solution. 

Since, the graft copolymer features pH-dependent aggregation behavior with a high solubility 

under basic conditions and precipitation in an acidic environment due to strong hydrogen 

bonding,32 the ability to reversibly disperse CNTs, an example for hydrophobic components, 

was tested (Figure 32). Therefore, a PDha-g-EOct70@MWCNT solution (pH 12) was slowly 

acidified using aqueous HCl. At a pH of 4 the spontaneous precipitation of the MWCNTs was 

clearly visible. However, by subsequent addition of NaOH (0.1 M) adjusting again to a pH of 

12, it was possible to re-disperse the MWCNTs with brief sonication (5 min). In general, this 

method could be an interesting way to the purify and/or separate carbon nanomaterials by the 

utilization of amphiphilic PDha graft copolymers. All in all, PDha-g-EOct70 was found to be a 

promising dispersant for hydrophobic CNTs in water and the corresponding hybrid materials 

have been examined. In the future, these hybrids could be implemented in biosensors. 
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Figure 32: Photographs showing the reversible precipitation / dispersion of PDha-g-EOct70@MWCNT solution 
by changing the pH-value. Adapted from Polym. Chem., 2019, 10, 3006, with permission of The Royal Society of 
Chemistry. 

3.2 pH-controlled synthesis of AgAu nanoalloys 

The synthesis of well-defined, nanometer sized inorganic composites is often supported by the 

utilization of structure-directing polymers as templates. 59, 186, 191, 192 In aqueous environments, 

this is realized by water-soluble polymers and hydrogels featuring defined and stable micellar 

or three-dimensional surroundings, e.g., by the formation of poly-ion complexes. This allows 

controlled growth with simultaneous stabilization, due to the interaction of these materials with 

the metal ions, before they are, for example, reduced to NPs.41, 196, 297, 298 In this respect, metal 

NPs, such as Ni, Au, Ag or AuAg alloys have been prepared within hydrogel networks or double 

hydrophilic block or graft copolymers as templates via complexation/reduction approaches.169, 

196, 197, 202, 203, 298 Among these metal NPs, Au is gaining interest, in particular because of its 

outstanding physiochemical properties, the ease of surface functionalization and high chemical 

stability.251, 299 Besides Au NPs, Ag NPs are found in various applications including 

biomedicine, nanosensors, catalysis and cosmetics.300 The development of alloys of Au and Ag 

is promoted by complete miscibility due to almost identical lattice constants and allows the 

fine-tuning of optical and electronic properties.301-303 As a consequence, alloys could 

outperform pure noble NPs, as it has been exemplarily shown in catalysis.304  

The above described PDha-g-PEG graft copolymer presents a tunable charge and high density 

of functional groups alongside a high solution stability. Therefore, it is seen as a suitable 

template for the preparation of noble metal NPs in accordance with other graft copolymers.169, 

203, 280 The formation of Au and Ag NPs in water is significantly influenced by the pH value 

and temperature,305-310 while the composition of alloys is, to the best of our knowledge, can 

only be adjusted by the initial ratio of Au and Ag ions. Ag+ are well-known to be complexed 

by either carboxylates,200, 311 or amino moieties. However, the usually utilized [AuCl4]- 
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preferentially interacts with positively charged ammonium groups.305, 306, 310, 312 Since the PDha 

backbone presents both an amino as well as a carboxylic group in each monomer unit, the 

simultaneous interaction with oppositely charged Ag+ and [AuCl4]- is possible. Hence, 

polyampholytic PDha-g-PEG could be exploited as a smart template for the synthesis of 

nanoalloys with a pHcontrolled composition at a constant Au:Ag ratio. The hypothesized 

mechanism is illustrated in Figure 33. The metal salts will be reduced via different approaches 

and the obtained NPs characterized via TEM, UV-vis spectroscopy, X-ray photoelectron 

spectroscopy (XPS), energy-dispersive X-ray emission spectroscopy (EDX) and TGA to probe 

their size, shape, composition and optical properties. For the corresponding experiments, PDha-

g-PEG1,000,28 with a high solubility over the entire pH range has been used; the PEG side-chains 

are characterized by an Mn = 1,000 g/mol. 

 

Figure 33: Synthesis of Ag and Au NPs, as well as their bimetallic alloys exploiting polyampholytic PDha-g-PEG 
as a template. Different reduction methods were applied: irradiation with UV light, heat or the use of a reducing 
agent. Adapted from Macromolecules., 2020, 53, 4511-4523. Copyright American Chemical Society. 

As a starting point, the preparation of pure Ag and Au NPs was carried out to find suitable 

reaction conditions, especially considering the environmental pH. The pH value is an important 

parameter determining both the size and shape of the resulting NPs. It influences not only the 

association of [AuCl4]- along the polymer chain and the accessibility of functional groups by 

conformational changes,305, 306, 310 but also the initial state of the reagents – reductant and noble-
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metal containing ion complex.307, 308 A ratio of repeat units to metal ion of 15:1 has been 

chosen,312 and at first NaBH4 in aqueous solution was used as the reducing agent (one 

equivalent per metal ion). After addition of the reductant, the clear and colorless graft 

copolymer/metal ion solutions become yellow or red, respectively, as a sign of NP formation. 

Different pH values of 10, 7, 4 and 2 were investigated and indeed, a pH-dependence was 

observed. It turned out that Au NPs are preferably formed under neutral and acidic conditions, 

exhibiting characteristic absorption maxima of the localized surface plasmon resonance (LSPR) 

peak between 535 and 515 nm from UV-vis, while Ag NPs are successfully synthesized under 

neutral and basic conditions with absorption maxima at  = 400 and 420 nm. It should be noted 

that the wave length is affected by the shape and size of the NPs, as well as on their ligand 

environment and polymer structure.199, 310, 313 Next, alternative reduction approaches and the 

preparation of bimetallic AgAu NPs were tested using UV-vis as a meaningful characterization 

method (Figure 34).  

 

Figure 34: UV-vis measurements of Ag, Au and AgAu NPs prepared via different reduction approaches: 
utilization of chemical reduction agents (NaBH4 (A), ascorbic acid (B)), irradiation with UV light for1 h (C) and 
heating at 140 °C for 1 h (D). Reprinted from Macromolecules., 2020, 53, 4511-4523. Copyright American 
Chemical Society. 
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Although differences in the absorbance profile were observed, all methods yield the 

corresponding NPs showing the characteristic absorbance maxima. Revealing a single 

maximum of the LSPR peak, the successful synthesis of alloys can be assumed, since the 

physical mixing of individual Ag and Au NP dispersions leads to a bimodal distribution.314 

Hereby, the absorption maximum of the AgAu NPs is located between the pure NPs, being 

slightly shifted depending on the preparation approach. This hints to a favored incorporation of 

Ag using NaBH4, while thermal reduction leads to a slight excess of Au atoms. However, 

synthesis using ascorbic acid or light gives nanoalloys with absorption maxima close to the 

average values of the corresponding Ag and Au NPs.  

From these findings, the controlled preparation of AgAu nanoalloys in the presence of a 

polyampholyte was achieved, and the composition could be controlled by adjusting the pH at a 

constant 1:1 molar ratio of Ag and Au ions.  First, the Ag and Au-containing salts were 

dissolved in the graft copolymer solution. The pH of the solution was then adjusted by titration 

with 0.1 M NaOH or HCl to prepare the AgAu nanoalloys. Thermal reduction (Toil bath = 140 °C, 

1 h) was applied in order to avoid any influence of a reducing agent. Differences in the solution 

color were already visible by eye directly after the synthesis, and are shown in the photographs 

in Figure 35 A. As expected, the colors change from yellow and orange to rather pink with the 

pH is decreased. These observations were supported by the corresponding UV-vis spectra 

(Figure 35 B), where a clear shift of the LSPR peak to higher wavelengths was detected with 

decreasing pH and the maximum changes from 460 nm at pH 12 to 540 nm at pH 4. This likely 

occurs as a result of an increasing incorporation of Au under acidic conditions and Ag under 

basic conditions. A rather stoichiometric mixture was found at pH 8, showing a maximum 

closest to the theoretical value of 475 nm. 
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Figure 35: Photographs (A) and UV-vis spectra (B) of the Ag, Au and AgAu NP dispersions obtained at pH values 
between 4 and 12 at 140 °C. Adapted from Macromolecules., 2020, 53, 4511-4523. Copyright American Chemical 
Society. 

While the color and absorbance in the UV-vis spectra hints towards the actual nanoalloy 

composition, the shape, size and ligand environment of the formed NPs can also influence the 

color and absorbance.199, 310, 313 Consequently, XPS was used to quantitatively determine the 

Ag/Au ratio of purified dispersions, where the expected Ag and Au signals are visible. The 

high-resolution Au 4f and Ag 3d spectra, which were used to calculate the Ag/Au ratio for all 

pH values, are exemplarily shown in Figure 36 A. The above-mentioned trends are reflected in 

the XPS data (Figure 36 B and Table 8), showing the pH dependent nanoalloy composition. 

The incorporation of Au into the alloys is preferred at pH 4 and 6 (70 at%) and also under 

neutral condition (pH 7) with 59 at %. Assuming the graft copolymer behaves like a 

polyampholyte with an excess cationic charge under these pH values (4 and 6), this would 

explain the favored complexation of negatively charged [AuCl4]-.201 This corresponds to the 

potentiometric titration, which reveals an apparent isoelectric point at pH ≈ 8.05. At this point 

an almost equal composition is found with 48 at% Au, before the Ag increases. Consequently, 

at pH > 8 the graft copolymer resembles a polyanion enhancing the complexation of Ag+, and 

hence, XPS reveals a Ag content of 67 at% at pH 10 and 12. Seemingly, the pH.dependent 

composition is not a linear function, but rather two plateaus are reached at pH 6 and 10. 
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Figure 36: The composition of the NPs as determined from XPS and the absorption maxima of the LSPR as a 
function of the pH (A). High resolution of the Au 4f and Ag 3d signals from XPS for an AgAu nanoalloy prepared 
at pH 8 (B). Adapted from Macromolecules., 2020, 53, 4511-4523. Copyright American Chemical Society. 

The formation of bimetallic AgAu nanoalloys was further proven by EDX measurements 

(Table 8), performed on the TEM of individual NPs. The results do, in general, reveal the same 

trend in the compositions, although slightly different values are found, which can be explained 

by distinct scales of measurement and sample preparation. In addition, the shape and size of the 

respective NPs was investigated via TEM micrographs (Table 8). Here, moderately dispersed 

NPs with a diameter between 3 and 10 nm were observed. The nanoalloys feature mostly 

spherical NPs, but prisms and cubes as well as larger aggregates (30 – 50 nm) were also visible. 

However, no pH-dependent tendency was observed.  
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Table 8: Summary of the composition and size of the synthesized hybrid materials obtained via thermal 
reduction. Reprinted from Macromolecules., 2020, 53, 4511-4523. Copyright American Chemical Society. 

Sample / pH 
Diameter da

  

[nm] 
Appearance 

Composition 

Au / Ag [at%] 

(± 1 at%)b 

        XPS               EDX 

Au NPs / 7 7 ± 6 
mostly spherical, some prisms as well as 

diffuse aggregates (d = 50 nm) 
100 / 0 100 

AgAu NPs/ 4 10 ± 3 spherical 72 / 28 80 / 20 

AgAu NPs/ 6 10 ± 5 
mostly spherical, some prisms/cubes and 

larger aggregates (d = 30 nm) 
71 / 29 75 / 25 

AgAu NPs/ 7 5 ± 2 spherical 59 / 41 - 

AgAu NPs/ 8 3 ± 1 
spherical, few larger aggregates 

(d = 40 nm) 
48 / 52 55 / 45 

AgAu NPs/ 10 6 ± 4 
mostly spherical, few larger aggregates  

(d = 50 nm) 
33 / 67 37 / 63 

AgAu NPs/ 12 7 ± 4 spherical 33 / 67 2 / 98 

Ag NPs / 7 9 ± 4 spherical 0 / 100 - 

acalculated from TEM images (at least 50 particles), bobtained from XPS measurements. 

HR-TEM allowed a detailed look at the isometric NPs (Figure 37), presenting almost perfect, 

sometimes rounded nanocrystals displaying cube and octahedral faces ((100) and (111)). The 

cubic close packed structures show only minor growth defects, such as stacking faults and 

microtwins parallel to (111). The amount of graft copolymer shell absorbed onto the NPs was 

calculated from TGA, as mentioned in the previous chapter for the PDha-g-EOct@MWCNT 

hybrid materials. A content of 40 wt% polymer material was found for an exemplarily 

nanoalloy derived at pH 7, hinting towards the presence of unbound polymer in the 

corresponding dispersions. 
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Figure 37: HR-TEM micrographs of AgAu nanoalloys obtained at pH 4, 6, 8 and 10. Reprinted from 
Macromolecules., 2020, 53, 4511-4523. Copyright American Chemical Society. 

In summary, in Chapter 2.2 the structure-property relationship of polyampholytic PDha-g-

PEG was first described, which was then applied as template for the synthesis of defined Ag, 

Au and their bimetallic alloy NPs. Therefore, the synthetic route could also be extended to other 

inorganic (alloy) NPs. Since the functional groups of the PDha backbone feature a tunable net 

charge and charge density, the DHGC is able to mediate a pH-controlled synthesis of AgAu 

nanoalloys. Until now, the composition could only be determined by the initial ratio of Au and 

Ag salts. This behavior corresponds to the overall charge of the polyampholytic backbone at 

different pH values, which affects the amount and ratio of the Ag+ and [AuCl4]- complexation. 

As a result, the incorporation of Ag atoms is favored under basic conditions, while formation 

of Au is favored under acidic conditions. The composition of the alloys was qualitatively 

characterized via UV-vis measurements, and analysis via XPS and EDX was used to obtain 

quantitative results. From TEM, typical diameters of 3 to 10 nm were observed for the NPs. 

The herein described NP dispersions are highly stable and their synthesis shows a great 
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tunability with respect to their composition and consequently they could be further introduced 

in catalysis or biosensors. 

3.3 Triple-responsive smart sensors 

Sensing systems are often based on smart polymers, translating an external stimulus into 

detectable (macroscopic) changes in the chemical or physical properties.315-317 In aqueous 

environment, polyelectrolytes and their hybrid materials are gaining growing research interest 

in this field due to their high functionality, as outlined in Table 3. They were recently used for 

sensing molecular analytes,229, 238 or even environmental parameters, such as pH.231 In this 

respect, the triple-responsive PDha-g-NIPAAm reported here also belongs in this class of smart, 

functional polymers. The interplay between its pH and temperature response described above 

could be exploited to detect minor local changes in the environmental pH by the ON/OFF 

switching of an apparent TCP. Adjusting the DoF to 50 %, the resulting PDha-g-NIPAAm50 

graft copolymer did not show any TCP at pH values above 6, but slightly shifting the pH to 

below 6, a temperature induced aggregation became visible (Figure 38 A). To investigate this 

behavior, PDha-g-NIPAAm50 was first dissolved at pH 7, and heated to 45 C, where no TCP 

was observed. However, after acidification to pH ≤ 6 by the addition 0.1 M HCl the solution 

became turbid. This hints towards a lower critical solution temperature (LCST). However, upon 

cooling the solution to 21 °C, the solution became clear again. This behavior is clearly 

reversible, as the TCP disappears again after the addition of 0.1 M NaOH. Since its reversible 

response to pH changes is present within a narrow and biologically relevant range, PDha-g-

NIPAAm50 is a promising material for carrier systems in biomedicine.318 This phenomenon can 

be explained by the partial protonation of the carboxylate moieties. While temperature-induced 

aggregation of NIPAAm was prevented by electrostatic repulsion of the backbone, hydrogen 

bonding could favor its collapse. Similar behavior was observed for PDha-g-NIPAAm50 upon 

the addition of metal cations at pH 7 (Figure 38 B). Also in the absence of metal cations no TCP 

was visible. However, after the addition of a certain amount of metal salts a clouding was 

observed. In this case, the repulsive forces could be overcome by the chelation of the cations 

through the backbone and a certain blocking of the negatively charged carboxylate groups. As 

described in Chapter 2.2, the sensitivity, as well as the shape and size of the aggregates depends 

on the type of heavy metal cation, presumably due to different coordination behavior 

influencing the inter- and intramolecular interactions within the polymer chains.143, 151 

Exhibiting a high density of functional groups together with a high solubility in water, the 

PDha-g-NIPAAm50 was investigated as a potential metal ion sensor. Therefore, changes in the 

hydrodynamic size and/or the TCP should be exploited to signal changes in the presence of metal 
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ions at low concentrations. The quantitative and qualitative sensing of heavy metal ions is vital 

from both a health and environmental standpoint.247 This can be realized by the utilization of 

smart polymers containing specific binding sites for the chelation of metal ions. In response to 

the addition of metal ions, a change in the optical properties (e.g., absorbance, fluorescence and 

luminescence),132, 319-322 the solution behaviour (e.g., LCST)136, 323 or simply the hydrodynamic 

size324 will be detected. As an example, J. Cheng et al. applied a ampholytic poly(NIPAAm-

co-maleic acid-co-vinylimidazole) terpolymer with a rather high NIPAAm content 

(> 90 mol %) for the recognition of different metal ions through measuring phase transition 

temperatures.136  

 

Figure 38: Illustration of the ON/OFF switching of the thermo-responsive behavior of PDha-g-NIPAAm50 by 
narrow changes in the pH value (A) and by the addition of metal cations (B). The TCP as a function of different 
concentrations of Cu2+, Co2+ and Pb2+ (C) was investigated. Adapted from Macromol. Rapid Commun., 2021, 42, 
2000671, with permission of WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 

The cloud point was investigated after the addition of different equivalents of Cu2+, Pb2+ or 

Co2+ (COO-/Me2+) to a solution of PDha-g-NIPAAm50 at pH 7, as summarized in Figure 38 C. 

Indeed, distinct TCPs were found, that decrease as the metal concentration increases, except for 

Pb2+. This may be explained by an increasing blocking of the negatively charged carboxylates 



3. PDha-based graft copolymer based hybrid materials and applications 

71 

that prevented the aggregation. For Cu2+, revealing the highest sensitivity, the TCP decreases 

from 43 °C at a ratio 358: 1 (COO- : Me2+, eq : eq) to 25 °C at a ratio of 28 : 1. The detection 

limits were found to be 0.02 mmol/L, 0.15 mmol/L and 0.1 mmol/L for Cu2+, Pb2+ or Co2+, 

respectively. Further research should focus on lowering these limits, e.g. by changing the DoF 

or the pH of the graft copolymer solutions, and the recognition of further metal ions could be 

tested. In Chapter 3.2 the utilization of PDha-based graft copolymers as a template for the 

synthesis of noble metal NPs was discussed. These exhibit strong surface plasmon resonance 

(SPR) peaks making them applicable as optical sensors, where the corresponding core-shell 

hybrid materials respond to changes in the temperature, pH and the presence of metal ions 

(Figure 39 A). In this respect, an alternative readout signal to the TCP could be developed. 

Therefore, Ag NPs (RH = 2.5 nm from DLS) were synthesized in the presence of PDha-g-

NIPAAm50 and the response of PDha-g-NIPAAm50@AgNP towards these stimuli investigated. 

First, Cu2+ or Pb2+ were exemplarily added and TEM micrographs showed the entrapment of 

the AgNPs within the above-described polymer/metal ion aggregates (Figure 39 B). M. 

Annadhasan et al. describe two processes, which can occur after the addition of metal cations 

to amino acid-functionalized Au and Ag NPs: one is the aggregation of the NPs by the 

complexation of the functional groups with the added metal ions and the other is the decoration 

of the functional groups on the surface with the respective cations. These processes lead either 

to a blue or a red shift in the SPR.325 As expected, a clear shift in the SPR peak was observed 

for PDha-g-NIPAAm50@AgNP upon the complexation of previous described metal ions 

(Figure 39 C), revealing a blue shift in case of Cu2+ (Δ( ) of up to 24 nm) and a red shift for 

Pb2+ and Co2+. The detection limits were independent on the divalent cations, with a 

concentration of 0.05 mmol/L. Being covered by a triple-responsive shell, the SPR of the 

AgNPs is further affected by the solution pH and temperature. Upon changing the pH value, 

the peak shifts in general either to higher (acidic conditions) or lower (basic conditions) 

wavelengths. By heating, the SPR maximum decreases or even vanishes completely at pH 5 

and lower, due to aggregation. 

The potential of triple-responsive PDha-g-NIPAAm50 as a sensor of pH and metal cations with 

a tunable output was investigated. The graft copolymer solution reveals changes of the 

hydrodynamic size and/or measurable TCP, which were exploited as easily detectable signals. 

This works for the sensing of narrow changes in the pH as well as the type and concentration 

of exemplarily metal ions (Cu2+, Pb2+ or Co2+) added. Hereby, rather low detection limits of up 

to 0.02 mmol/L were found. The concept was further extended to PDha-g-NIPAAm50@AgNP 

core-shell hybrid materials, exhibiting a strong SPR, that was exploited in optical sensing of 
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pH, the respective metal ions and temperature. The sensing could be extended to other metal 

cations or real-life samples, e.g., natural water sources. Furthermore, the corresponding graft 

copolymers have great potential in temperature controlled catalytic applications.326 

 
Figure 39: Schematic illustration of the construction of a PDha-g-NIPAAm50@AgNP core-shell hybrids for the 
sensing of metal ions, pH and changes in temperature by changes of the SPR (A). TEM micrographs show three-
component nanomaterials upon the complexation of Cu2+ and Pb2+ (B). The maximum of the SPR peak shifts 
depending on the type of metal ion and concentration (C), and is completely quenched when heated at a pH of 5 
(D). Adapted from Macromol. Rapid Commun., 2021, 42, 2000671, with permission of WILEY-VCH Verlag 
GmbH & Co. KGaA, Weinheim. 
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3.4 Soft matrices in light-driven hydrogen evolution 

Sustainable clean energy is a crucial aspect to overcome global challenges, such as climate 

change and overconsumption. Hydrogen is a promising secondary and carbon-free energy 

carrier and therefore growing research interest is being focused on its production, storage and 

delivery.190, 327, 328 In this context, light-driven catalytic hydrogen evolution is a beneficial 

carbon-neutral method, based on water and harnessing solar energy.207 The first example of 

light-induced water splitting was described by A. Fujishima and K. Honda in 1972, using a 

TiO2 electrode under UV-light irradiation.329 From then on, great developments have been made 

to improve these systems, e.g. approaching the harvesting of visible-light, through bandgap 

engineering,330 the utilization of photosensitizers,331 the introduction of co-catalysts,211 electron 

relays,212 or the use of novel semi-conduction materials.332 The efficiency of multi-component 

hybrid materials relies on the immobilization of the individual components within a suitable 

matrix, typically based on solid substrates including carbon nanomaterials,333-335 metal 

oxides,336, 337 or semiconductors.338 Although water-soluble and presenting potential binding 

sites for diverse components, the utilization of polyelectrolyte-based soft matrices has remained 

rather unexplored.51, 209, 216-218 In this respect, the two novel double acidic graft copolymers, 

PDha-g-PhA65 and PDha-g-AMPS25, prepared in this work, were tailor-made matrices for light-

driven hydrogen evolution, and are as shown in Figure 40. The side-chains were chosen in 

order to promote a high solubility in an aqueous environment and to potentially facilitate a 

proton transfer.276, 277 Furthermore, the phosphonic acid moieties are strong ligand groups,278, 

279 outperforming carboxylic ones,339 and can therefore form stable core-shell hybrid materials 

in combination with photocatalytically active TiO2 NPs. While the utilization of PDha-g-PhA65 

will be discussed in the context of multi-component core-shell materials for the visible-light-

driven HER, PDha-g-AMPS25 will be introduced as a universal soft matrix for a multitude of 

photocatalytically-relevant components resulting in a highly efficient HER. 

 
Figure 40. Structures of PDha-g-PhA (A) and PDha-g-AMPS (B) and the proposed features of the corresponding 
functional groups of the graft copolymers. 
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Multi-component core-shell hybrid materials for visible light-driven HER 

TiO2 was the first material applied in light-driven water splitting,329 and is still attracting 

tremendous interest in this field, being chemically stable, non-toxic and low in cost.340-342 

However, its utilization was limited earlier due to the use of UV light and the light harvesting 

of a broader solar energy spectrum is desired. Considering the above-mentioned possibilities to 

enhance the light-driven hydrogen evolution, TiO2 can be tuned in order to use visible light by 

the careful selection of cocatalysts and sensitizers. Recently, the combination of TiO2 and 

molybdenum sulfide was found to be a promising composite system.342-345 Thiomolybdates, 

e.g., [Mo3S13]2- or [Mo2S12]2-, typically carry a high number of active sites allowing 

homogenous hydrogen evolution, where already high turnover numbers (>41,000) were 

found.346-348 Polyampholytic PDha-g-PhA65 will be introduced to combine the these two low-

cost catalysts, as well as Eosin Y (EY) as a dye sensitizer into an unprecedented 

multicomponent core-shell hybrid materials. The phosphonic acid side-chains will act as a 

strong anchoring group for TiO2 to obtain highly stable dispersion,338 while the amino moieties of 

the PDha backbone physically interact with the negatively charged EY and [Mo3S13]2- on the shell. 

This is a promising and versatile system for visible light-driven catalysis improving the 

interaction between catalyst, cocatalyst and sensitizer. Although TiO2 was already combined 

with EY, the drawbacks of insulation, quenching and stability issues could be solved by a 

suitable way of interaction.327, 349-351 Similarly, EY as a photosensitizer was applied together with 

MoS2,352 but experiments with [Mo3S13]2- failed as a possible result of rather weak interaction.348 

At first, the pristine graft copolymer/TiO2 based core-shell hybrid materials were prepared and 

characterized. Therefore, commercially available TiO2 NPs were coated with PDha-g-PhA65 by 

ultrasonication and two different ratios have been tested: 5:1 and 15:1 (polymer: TiO2, m/m). 

The presence and amount of the organic shell material was investigated via TGA measurements 

under air (Figure 41 A). After removal of any free polymers in the PDha-g-PhA@TiO2 

dispersion through centrifugation and washing steps, the remaining material was compared with 

the pristine polymer and NPs. Rather high polymer contents of 29 and 66 wt% were determined 

for the 5:1 and 15:1 PDha-g-Pha@TiO2 hybrids, respectivel.y TEM and DLS (Figure 41 B and 

C) verified the presence of the graft copolymer shell. The TEM micrographs show individual 

TiO2 with an average radius approximately 11 nm surrounded by an organic layer with a 

thickness of several nm. DLS also revealed an increase in the RH from 11 to 38 nm after the 

attachment of the polymer. A correspondingly large increase in size could be explained by the 

formation of multilayers or chain expansion of PDha-g-PhA65. 
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Figure 42. TGA thermograms of PDha-g-PhA, TiO2 and PDha-g-PhA@TiO2 with an initial ratio of 5:1 and 15:1 
(PDha-g-PhA to TiO2, m/m) (A) and corresponding RH from DLS (B). TEM micrographs show PDha-g-
PhA@TiO2 hybrid materials with an initial ratio of 5:1 (PDha-g-PhA to TiO2, m/m) (C). Adapted from Chem. Eur. 
J., 2021, 27, 1-7, with permission of WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 
 

In order to overcome the recombination of photoexcited carriers, molecular [Mo3S13]2- clusters 

were introduced as a cocatalyst, in accordance with previous work,209 on the shell of PDha-g-

PAA@TiO2 (Figure 42 A). The graft copolymers should act as a linker between both catalysts, 

both solubilizing the negatively charged thiomolybdate and anchoring on the TiO2 NP surface, 

resulting in stable dispersions. This assumption was confirmed by TEM of the solubilized 

[Mo3S13]2- and [Mo3S13]2-@PDha-g-PAA@TiO2 three-component hybrid materials (Figure 42 

B-D). The corresponding micrographs show the presence of dark spots, presumably presenting 

[Mo3S13]2- clusters, with a distinct contrast within the shell of the above described PDha-g-

PAA@TiO2. The materials were further characterized via ζ-potential measurements to further 

ascertain whether the attachment was successful by regarding the overall charge. TiO2 NPs 

reveal a slightly negative charge of -8 ± 2 mV, decreasing to -20 ± 1 after the addition of the 

graft copolymer, which could be explained by the negatively charged carboxylic acid and 

phosphonic acid groups. After decoration of the core-shell material with anionic [Mo3S13]2-, the 

ζ-potential further decreases to -32 ± 1 mV and finally to -37 ± 1 mVafter the attachment of 

EY, indicating the successive incorporation of the different components was successful. 

Although electrostatic repulsion of the negatively charged compounds may be expected, the 
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polyampholytic PDha backbone still contains positively charged -NH3
+ at the respective pH of 

7-8.32 This would in turn favor the binding of the individual compounds by electrostatic 

attraction. As described in Chapter 3.2, XPS was used as a powerful characterization technique 

to determine the composition and interaction of the individual materials. Figure 42 E-G 

presents some exemplarily C 1s, P 2p, Mo 3d, N 1s, and O 1s spectra of PDha-g-PAA, PDha-

g-PAA@TiO2, and [Mo3S13]2-@PDha-g-PAA@TiO2. In the Ti 2p spectra, the doublet was 

assigned to TiO2, with Ti 2p3/2 at a binding energy of ~459 eV and Ti 2p1/2 at a binding energy 

of ~464.5 eV. The binding energy difference of 5.5 eV between those two peaks of TiO2 fits 

well to values found in literature (ΔE from 5.5 to 5.8 eV).278, 279 After the grafting of PDha-g-

Pha onto the TiO2 NPs, no significant changes are observed in the Ti 2p spectrum, but a P 2p 

signal was detected, which was not observed for the TiO2 reference particles. This confirms the 

presence of the phosphonic acids on the modified TiO2 particles and interestingly, the binding 

energy of phosphonic acid is shifted towards lower binding energies upon coating onto TiO2 

from 133.8 eV for free PDha-g-PAA to 132.9 and 133.4 eV for PDha-g-PAA@TiO2 and 

[Mo3S13]2-@PDha-g-PAA@TiO2, respectively. The observed downshift is another indication 

for the successful grafting using phosphonic acid as an anchoring group.278, 279 

 
Figure 42. Synthetic route towards [Mo3S13]2-@PDha-g-PhA@TiO2 (A), TEM micrographs of [Mo3S13]2-@PDha-
g-PhA (B), and [Mo3S13]2-@PDha-g-PhA@TiO2 (C and D) and XPS spectra of P 2p of PhA in PDha-g-PhA (E), 
PDha-g-PhA@TiO2 (F), and (G) [Mo3S13]2-@PDha-g-PhA@TiO2. Adapted from Chem. Eur. J., 2021, 27, 1-7, 
with permission of WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 
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After careful construction of the hybrid material, its performance in light-driven hydrogen 

evolution was investigated using triethanolamine (TEOA) under LED light irradiation (530 ± 

50 nm). The outcome using this novel system in terms of the hydrogen product rate and turnover 

number (TON) as a function of time is depicted in Figure 43 A and B, respectively. In general, 

TiO2 is inactive under visible light and its combination of EY suffers from a poor interaction 

and loading capacity.353 The physically absorbed dye may even desorb into solution during the 

irradiation resulting in a quick degradation because of the formation of unstable anionic EY-·  

radicals. As expected, both the bare TiO2, as well as the mixture of TiO2 with EY, shows no to 

only trace amounts of H2 evolution activity under visible light, while it was significantly 

enhanced upon coating with the graft copolymer. Hereby, average rates of 0.301 and 0.276 

mmol g-1 h−1 for the ratios of 5:1 and 15:1 PDha-g-PAA to TiO2 (m/m) were found, respectively, 

as a possible result of a more effective EY loading through the polyampholytic shell. Even 

though the material already showed great potential in visible light-driven hydrogen evolution, 

the efficiency was further improved by the addition of the [Mo3S13]2- clusters. As a control 

experiment, the physical mixture of EY/TiO2/[Mo3S13]2- was tested, and no hydrogen evolution 

was observed. However, the TON as the ratio of [H2]/[[Mo3S13]2- reached a value of over 500 

for the (EY/ [Mo3S13]2−)@PDha-g-PAA@TiO2 four-component hybrid material with a 

continuous hydrogen production over 20 h irradiation. Through the co-catalyst, this is 

significantly higher than compared to the system without the [Mo3S13]2- (~79 times higher). In 

accordance with literature,168 the catalytic activity was even further enhanced by the utilization 

of MeoH/water solvent mixture under otherwise unchanged conditions, where the active 

catalytic species may be more stable. 

 
Figure 43. Hydrogen evolution rates for (A): TiO2, TiO2/EY, and EY@PDha-g-PhA@TiO2 with different initial 
weight ratios (15:1 and 5: 1, m/m) of PDha-g-PhA to TiO2 in water and (B): Hydrogen evolution rates and the 
TON, is defined as moles of H2 produced to moles of [Mo3S13]2−) of (EY/ [Mo3S13]2−)@PDha-g-PhA@TiO2 with 
an initial ratio of 5:1 (PDha-g-PhA to TiO2, m/m) in water and mixture of water/methanol under visible-light 
irradiation (  > 520 nm), with TEOA (0.5 M) as sacrificial donor. Reproduced from Chem. Eur. J., 2021, 27, 1-7, 
with permission of WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 
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The polyampholytic graft copolymer, PDha-g-PhA, was applied as a tailor-made coating matrix 

for the construction of novel multi-component core-shell hybrid material and was used in 

visible light-driven hydrogen evolution. The main role of the graft copolymer featuring three 

distinct functional moieties, is to provide close proximity and the potential to interact for all 

individual elements. In this respect, a catalytically active TiO2 core was successfully 

interconnected with a [Mo3S13]2- co-catalyst and EY as photosensitizer. The underlying 

approach overcomes the necessity of covalent linking and enables hydrogen evolution under 

visible light irradiation, reaching TON > 500 under optimized conditions. Further, this versatile 

soft matrix could also be transferred to other or alternative relevant compounds in the field of 

water splitting for hydrogen evolution. 

An universal polyampholyte-based soft matrix to combine catalysts, sensitizers and 

electron relays 

As already mentioned above, photocatalytic systems for hydrogen production typically consist 

of multiple components, including photosensitizers, an electron relay mediator, a sacrificial 

electron donor, and a heterogeneous or homogeneous catalyst.212 One of the main challenges 

that must be addressed is that these systems should exhibit a certain stability in water combined 

with a high efficiency. Regarding most of the catalysts, the materials suffer from limited 

aqueous solubility requiring the use of organic solvents and extra organic acids to provide 

protons. Hence, for the application in water, modifications are necessary, which is challenging 

from both a design and synthesis point of view. This becomes even more significant for the 

application of highly hydrophobic carbon nanomaterials, such as graphene, CNT or fullerenes 

(C60) that are exceptionally stable and efficient, but are insoluble in water.354 While the 

enhancement of their solubility through covalent functionalization is manipulating the intrinsic 

properties, non-covalent approaches seem to be benificial.295 Considering these aspects, 

polyampholytic PDha-g-AMPS25, with a high functionality and solution stability will be 

introduced as an universal soft matrix to combine numerous photocatalytically active 

components exhibiting different properties. This is an unprecedented approach giving access to 

diverse combinations of catalysts and sensitizers and their stable dispersions. After the 

characterization of the hybrid materials, their performance in hydrogen evolution will be 

examined and the role of the polymer discussed. 

The utilization of multifunctional PDha-g-AMPS25 as an effective template and stabilizer for 

several catalytically relevant moieties, which are basically water insoluble and not stable was 

investigated. Both the template assisted synthesis and a building block approach of readily 
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prepared precursors is described for the preparation of stable hybrid material dispersions 

through non-covalent interactions, e.g., electrostatic. The corresponding materials and their 

synthesis are summarized in Table 9.  

Table 9. Summary of the PDha-g-AMPS based hybrid material dispersions. 

Dispersed components Synthesis of the hybrid 

materials 

Characterization Size dimension 

Au NP 

template assisted reduction 
from respective metal ions 

XPS, UV-vis, TEM 
spherical shape, average 
diameters 2-4 nm (from 

TEM) 

Ag NP 

Pd NP 

Pt NP 

CdS 
1. literature synthesis51 

2. sonication 
XPS, UV-vis, TEM, 

DLS 
RH = 18-20 nm (DLS) 
R = 15-25 nm (TEM) 

[Mo3S13]2− 
1. literature synthesis346 

2. sonication 
TEM, DLS 

RH 5 nm (DLS) 
 

Pt3Co 
1. literature synthesis355 

2. sonication 
XPS, TEM, DLS, TGA 

RH = 15 nm (DLS) 
R = 15-25 nm (TEM) 

MWCNT 
commercially available 

sonication 

TEM, TGA > 100 nm length 

C60 TEM 
‘small dots’ 
several nm 

 

The noble metal NP catalysts were synthesized from the corresponding metal ions at pH 7 using 

NaBH4 as a reducing agent as described in Chapter 3.2, using PDha-g-AMPS as a template. 

The successful synthesis was proven via XPS and UV-vis measurements revealing the 

characteristic binding energies and SPR absorbances, respectively. Further, TEM micrographs 

show relatively narrow dispersed NPs with average diameters of 2 to 4 nm, and this is further 

supported by photographs that show rather clear dispersions (Figure 44 A-D). CdS is one of 

the most promising semiconductors applied in photocatalytic hydrogen evolution due to its high 

efficiency and low bandgap energy (2.4 eV).356 Therefore it was synthesized in two steps 

according to literature, where it was synthesized in the presence of a DHBC as a nanoreactor.51 

First Cd2+ was successfully complexed by the graft copolymer, with DLS revealing an increase 

in size from RH = 1-2 nm of the pure polymer to an RH = 8-10 nm after the addition of the metal 

ion. Afterwards, Na2S was added and the formation of the nanoaggregates was further indicated 

by a resulting RH of 18-20 nm from DLS and the presence of spherical aggregates with radii of 

15-25 nm was observed by TEM micrographs (Figure 44 E). Moreover, both XPS and UV-vis 

measurements confirm the successful formation of the CdS nanoparticles, which were stable 

over weeks. 
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Thiomolybdates, e.g. molecular [Mo3S13]2−,346-348 and Pt3Co alloy NPs,355 were found to be 

promising (co)-catalysts for hydrogen evolution in water, although being insoluble in general. 

However, after their preparation in accordance with literature,346, 355 by mixing with PDha-g-

AMPS stable dispersions were formed through sonication for 30 min. Similar to the above-

mentioned hybrid materials, DLS and TEM revealed the presence of the resulting aggregates. 

In case of Pt3Co the RH increased from 10 nm for the pristine nanoalloys to 15 nm after mixing 

with the polymer, hinting towards the formation of an organic shell, which was also visible by 

TEM (Figure 43 C). 

 
Figure 44. TEM micrographs of PDha-g-AMPS based hybrid materials containing inorganic catalysts: Pt NPs 
(A), Au NPs (B), Pd NPs (C), Ag NPs (D) and [Mo3S13]2− clusters (E). A representative photograph of a stable 
noble metal NP dispersion (Pd NPs) is shown in (F). The UV-vis spectra show the characteristic absorbance of the 
noble metal NPs (G). Adapted from P6 (manuscript in preparation). 
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Due to their outstanding electrical properties CNTs are promising support materials for 

electrocatalysts.295 Besides CNTs, C60 is also known to enhance the adsorptivity, the 

absorption capability in the visible light region, and the life span of photoexcp ited electron–

hole pairs in photocatalytic systems.357 Hence, in addition to the described inorganic NPs and 

molecular cluster, commercially available hydrophobic carbon nanomaterials, i.e., MWCNTs 

and C60, were dispersed with the assistance of PDha-g-AMPS. The successful dispersion was 

visualized by TEM, as exemplarily shown for CNT/PDha-g-AMPS (Figure 45 A), where well-

separated MWCNTs were visible. Further, no precipitation was observed after several days. 

The amount of organic content was determined from TGA measurements under air of the 

pristine MWCNTs, the graft copolymer, the corresponding unmodified PDha, and the hybrid 

material (Figure 45 B) as described in Chapter 3.1. After removal of any free polymer through 

centrifugation and washing steps, a composition of 21 wt% graft copolymer and 79 wt% 

MWCNTs was found. Seemingly, PDha-g-AMPS is not only an effective dispersant for noble 

metal NPs but also for hydrophobic carbon nanomaterials, which are in general well known to 

enhance photocatalysis.357, 358 Therefore, three-component hybrid materials were constructed 

by mixing the graft copolymer, PtCo3 NPs and MWCNTs and subsequent sonication, in order 

to obtain high performance catalytic systems for hydrogen evolution. The structure of the 

corresponding hybrids was investigated via TEM (Figure 44 D), and indicates that the 

individual components are connected through the polymer. A shell around the MWCNTs is 

visible that also contains rather dark spots being PtCo3 NPs. In this respect, the materials are 

brought in close proximity by the polymer, which could facilitate mass and electron transfer to 

promote catalysis. 
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Figure 45. Investigation of three-component hybrid materials, showing the TEM micrographs of MWCNT/PDha-
g-AMPS (B), PDha-g-AMPS/Pt3Co (C) and MWCNT/PDha-g-AMPS/ Pt3Co-based hybrid materials. TGA 
measurements reveal the presence of the individual components within the material. Adapted from P6 (manuscript 
in preparation). 

The described catalysts and three-component hybrid materials were investigated in the presence 

and absence of PDha-g-AMPS. Therefore, the hydrogen production activity, as the TON value, 

was evaluated under LED light (  = 470 nm, power output 5 mW/cm2) irradiation at room 

temperature for 24 h. TEOA was used as a sacrificial donor and EY as a dye sensitizer 

(Figure 46), similar to the above-described system. First, an exemplarily system based on a 

Pt3Co catalyst was examined in detail. As depicted in Figure 46 A, the TON was significantly 

enhanced by a factor of 7.6 after addition of the polymer (EY/Pt3Co/PDha-g-AMPS), likely due 

the efficient interaction between Pt3Co and EY, which are both immobilized on the graft 

copolymer. By the addition of MWCNTs, the TON was further increased, resulting in a TON 

of >8,000 for the polymer-containing system. This indicates that PDha-g-AMPS was again able 

to act as a suitable matrix for hydrophilic EY, Pt3Co, as well as the hydrophobic MWCNTs. 

Since the PDha backbone features a pH-responsive polyampholyte, the influence of the pH 

value was also investigated. Both strongly basic and acidic conditions seem to be 

disadvantageous, while the highest TON was found at a pH of 8-9, revealing a significant 

influence of the environmental pH on the photocatalytic activity. This behavior may be 
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explained by the possible interaction of the graft copolymer and EY influenced by the 

protonation state of the two components at different pH values. Under harsh acidic conditions, 

both the carboxyl and amino moieties are protonated (-COOH and -NH3
+) and will desorb EY 

(also -COO). On the other hand, under strong basic conditions both the carboxyl and amino 

moieties will be deprotonated (-COO- and -NH2) and the dye (also -COO-) will not be absorbed. 

Hence, an intermediate pH, where the PDha backbone behaves like a zwitterion,32 is favored. 

However, the exited state of the electron donor agent (TEOA) and the solubility of EY itself 

strongly depend on the pH value. While the electron donating ability may be reduced after the 

protonation of TEOA, EY shows a decreased solubility under acidic conditions. Another 

parameter determining the hydrogen production efficiency is the loading of each individual 

component, and this will be further investigated. 

In the next step, a variety of catalysts, which are summarized in Table 9, were evaluated under 

the optimized conditions (Figure 46 B). In all cases, the polymer enhances the TON 

remarkably, which can be ascribed to the stability of the dispersions and the close connectivity 

of the components through the support of PDha-g-AMPS. The second highest value was hereby 

achieved using Au NPs as the catalyst, with a 4-fold increase in the TON from 206 to 826 by 

the utilization of the polymer. Furthermore, C60 was tested as an alternative carbon 

nanomaterial to MWCNTs. Although with a TON of 3722, which is lower than for the 

EY/Pt3Co/PDha-g-AMPS/MWCNT system, it is again higher when compared to 

EY/Pt3Co/PDha-g-AMPS, supporting the assumption that carbon nanomaterials play a 

significant role in photocatalysis.357 
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Figure 46. The photocatalytic hydrogen evolution of EY/Pt3Co, EY/P3Co/MWCNT, and EY/Pt3Co/PDha-
g-AMPS/MWCNT (A) and alternative catalysts (B). The photographs show bubbles indicating the 
evolution of hydrogen after irradiation of a photocatalytic system. The TON is defined as (moles of 
hydrogen produced)/(moles of catalyst) after irradiation for 24 hour. Adapted from P6 (manuscript in 

preparation). 
 
In summary, PDha-g-AMPS25 was introduced as a platform for the construction of stable 

photocatalytically active hybrid systems. Hereby, the graft copolymer featuring a 

polyampholytic backbone shows great potential as a soft matrix to connect each individual 

components for improved catalysis, and further permits the combination of otherwise 

incompatible and unexplored components. After the preparation of hybrid materials, their 

ability in light-driven hydrogen evolution was evaluated and the results clearly show a 

significant enhancement by the utilization of the polymer. Besides, the efficient interaction 

between a dye sensitizer (EY), Pt3Co catalyst and carbon nanomaterials have been proven. 

Compared to other photocatalytic state-of-the-art systems working with EY sensitizers, the 
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PDha-g-AMPS-based hybrid materials can compete with and even outperform their hydrogen 

evolution performance (Table 10). Further research will elaborate the role of the polymer, e.g., 

by theoretical calculations, and additional efforts should focus on additional material 

combinations as well as the optimization of other parameters (e.g., irradiation time, 

concentration and ratio of the components). 

Table 10. Photocatalytic systems based on EY as a photosensitizer described in state-of-the-art literature reports. 
Adapted from P6 (manuscript in preparation). 

Photocatalytic systemRef 
Sacrificial donor / 

Wave length of light irradiation [nm] 

TON /  

Irradiation time [h] 

Pt3Co/ PDha-g-AMPS/MWCNT TEOA /  ≥ 470 8025 / 24 

mpg1-C3N4/Pt359 TEOA / > 420 275 / 44 

[AlSiW11(H2O)O39]5-
 / H2PtCl6

360 TEOA / >420 473 / 20 

[Co(dmbp2)3]Cl2
361 TEA3 /  > 420 249.2 / 2 

[Co(dmgH4)2py5Cl]2+ 362 TEOA /  > 420 900 / 14 

RGO6- Co(bpy7)3
2+ 363 TEA / 505 185 / 2.5 

[FeFe]-hydrogenase364 TEOA / 530 60 / 4 

Fe2N365 TEOA / 300 W 57.8 / 1 

Pt / TS-1 zeolite366 TEA /  ≥ 420 100 / 10 

1mesoporous graphitic (mpg), 24,4’‐dimethyl‐2,2’‐bipyridyl (dmbp), 3triethyl amine (TEA), 4dimethylglyoximate 
(dmgh), 5pyridine (py), 6reduced graphene oxide (RGO), 7bipyridyl (bpy). 
 

In Chapter 3, the tailor-made PDha-based graft copolymers were introduced into various 

hybrid materials, each profiting from both the backbone and individual side-chain features. 

Hereby, the organic/inorganic hybrids were derived from either a building block or a template-

assisted approach giving access to outstanding materials and advanced applications. The pH-

responsive behavior of the polyampholytic backbone, controlling the aggregation behavior and 

overall charge, was exploited for amphiphilic PDha-g-EOct as a smart dispersant for 

hydrophobic MWCNTs. In case of double hydrophilic PDha-g-PEG as an intelligent template 

determining the composition of AgAu nanoalloys. Moreover, triple-responsive PDha-g-

NIPAAm was found to be a potential heavy metal ion sensor, as the stimuli gives a measurable 

output. Last, PDha-g-PAA an PDha-g-AMPS present an exceptionally high solubility and 

charge density, rendering them suitable soft matrices in photocatalytic hydrogen evolution. The 

graft copolymers not only grant a high stability to the individual components, but also 

significantly boosts the hydrogen evolution rate, which can be explained by the successful 

interconnection of the catalysts and sensitizer.  
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4. Summary 

Water-based polymers and their hybrid materials offer solutions for global challenges in the 

energy,190 environmental and medical189, 247 sectors from highly efficient photocatalysts,51 

sensors,82 to drug delivery systems.141 In the last decades, this field of research has seen 

dramatic growth, particularly in the implementation of polyampholytes and stimuli-responsive 

polymers due to their beneficial functions, versatility and performance in aqueous 

environments.41, 57, 70, 127 Within the class of polyampholytes, PDha distinguishes itself by its 

exceptionally high charge density, tunable charge, a dual pH- and metal ion-response, 

biocompatibility and reactive handles. Moreover, interacts with other polyelectrolytes, model 

dyes, proteins or NP surfaces.9, 32, 34, 54, 76, 114, 123, 248-250 These characteristics render PDha a 

highly interesting smart polymer for the construction of unprecedented hybrid materials for 

applications where a stimuli-response, a multifunctional matrix or (reversible) interactions are 

demanded.51, 165, 225 Still, the utilization of PDha is limited due to its limited solubility under 

acidic conditions, and its copolymers with more defined tailor-made properties are rather 

unexplored, due to the synthetic challenge to access such macromolecules and problematic 

scaling.32, 34, 114 From this perspective, the further development of synthetic protocols, 

modifications, hybridization and application of PDha is the core of this work. The overall 

approach renders the smart design of water-based multifunctional (hybrid) materials starting 

from a promising, but rather unexplored, polymer - not only to outcompete existing solutions, 

but also to add more functionality or different responses.  

In Chapter 2, PDha-based copolymers were prepared via innovative strategies, to obtain both 

amphiphilic and double hydrophilic materials. The first route involved the preparation of 

PtBAMA-based block copolymers prior to deprotection, and the second involved the grafting 

of modifiers onto a readily prepared PDha backbone (Figure 47). In this context, double 

hydrophilic PDha-b-PEO block copolymers were prepared containing highly hydrophilic and 

biocompatible PEO,255 and a multifunctional PDha segment. Its synthesis was not successful 

before due to the necessary deprotection of its precursor PtBAMA-b-PEO resulted in the 

cleavage of the hydrolytically unstable ester junction. Therefore, a more stable amide junction 

was introduced despite being synthetically more demanding compared to their ester 

counterparts.266-268 Alternative synthetic approaches were also explored, including click 

reactions and advanced ATRP techniques (aqueous and SET-LRP), to overcome the limited 

DPs of PtBAMA and reproducibility. Indeed, the amide junction survives the harsh 

deprotection conditions and PEO-b-PDha was successfully obtained for the first time. As 

expected, preliminary experiments revealed its pH- and metal ion-responsive behavior through 
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the formation of nanoaggregates in an aqueous environment. Future research will examine the 

influence of the PEO / PDha chain lengths on the resulting solution properties and the DHBC 

will be tested as a highly promising material in biomedical applications,259, 39 or as 

nanoreactor,51 exhibiting the beneficial features of the polyampholytic PDha segment. 

 
Figure 48. Strategies towards PDha-based copolymers described in this work: (i) synthesis of block copolymers 
obtained via either CuAAc click reaction of functional precursors (Route A) or the chain-extension of a 
macroinitator (Route B), depicted in blue; and (ii) post-polymerization modification of a readily prepared PDha 
precursor in a ‘grafting onto’ approach. 

An alternative approach was further developed based on the post-polymerization modification 

of the PDha backbone, which is a versatile platform for the functionalization of readily prepared 

reactive macromolecules.58 From this, a broad library of PDha-based graft copolymers was 

prepared, representing the entire potential of a single polyampholyte by fine-tuning the 

hydrophobic/hydrophilic balance, the overall charge, potential binding sites and the stimuli-

response using the modifiers as distinct molecular building blocks (Table 11). Exploiting the 

amino moieties as reactive handles, the aza Michael addition and the ring-opening of epoxides 

were found to be suitable,58, 118 and the corresponding post-polymerization modifications were 

thoroughly investigated. The herein described route stands out being a rather simple reaction in 

water, without the need for inert reaction conditions, and could be transferred to many more 

modifiers or even their combinations. After characterizing the chemical composition of the graft 

copolymers, the solution behavior of representative graft copolymers was examined and the 

expected features were revealed (Table 11). The attachment of hydrophobic side-chains gave 

amphiphilic PDha-g-EOct, which self-assembles in water into nano-sized objects. Still, it 

presents a pH-dependent overall charge due to the PDha backbone and is foreseen to be a 

promising surfactant.  
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Table 11: Graft copolymer library prepared within this work. The structure of the corresponding side-chains is 
shown, each tuning the properties of PDha with respect to the polarity, charge, binding sites and stimuli-response. 
Functional 

backbone 
Modification Type of modifier / Abbreviation1 Resulting 

characteristic 
Revealed features 

 

hydrophobic 

 
EOct, BGE, NFPO, PEG-LGE 

amphiphilic 
‘polysoaps’36 

 
 
 
• reduced solubility in 
water 

 

• self-assembly in 
aqueous solution 

PDha-g-.. 

 

hydrophilic 
 

PEG 

double 
hydrophilic 

• enhanced solubility  
(even in MeOH) 
• pH dependent 
conformational changes 

 

ionic/ionizable 

 
COOH, AMPS, PhA 

double acidic 

• enhanced solubility in 
water 
• additional pKa 

(COOH2) 

• overall negative charge 

independent of pH  

(strong acid) 

 
monomeric, 

polar  
NIPAAm  

triple-
responsive 

• enhanced solubility 
(even in MeOH) 
• thermo-responsive 

1 1,2-epoxy octane (EOct), benzyl glycidyl ether (BGE), nonafluoropentyloxiran (NFPO), Poly(ethylene glycol) 
(PEG) glycidyl lauryl ether (PEG-LGE), PEG glycidyl ether (PEG), carboxylic acid (COOH), 2-acrylamido-2-
methyl propan sulfonic acid (AMPS), N-propyl phosphonic acid acrylamide (PhA), N-isopropylacrylamide 
(NIPAAm). 

On the other hand, double hydrophilic graft copolymers were obtained, a rather unexplored but 

emerging subclass of linear double hydrophilic copolymers, making (fundamental) research in 

this field even more interesting.154, 155, 168, 169, 289 PDha-g-PEG contains highly hydrophilic PEG 

grafts, resulting in a high solution stability over the entire pH-range, as well as revealing a pH-

dependent conformational changes. These characteristics along with potential biocompatibility 

renders this graft copolymer a promising nanoreactor for the preparation of inorganic NPs177, 

280 or as a drug-delivery system.176 The attachment of ionic/ionizable modifiers allowed the 

overall charge to be tuned. Besides, PDha-g-PhA presents strong anchoring groups, which 

interact exceptionally strongly with metal oxides, outperforming carboxylic moieties.278, 279, 339 

These novel double-acidic graft copolymers show great potential in the chelation of metal 

cations and as soft matrices, due to their high charge density. NIPAAm moieties were also 
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attached to introduce an additional stimulus response. For the first time, a thermo-responsive 

behavior of monomeric NIPAAm side-chains was investigated within this work. The prepared 

PDha-g-NIPAAm graft copolymer showed a triple-responsive behavior towards the presence 

of metal ions, as well as changes in the pH and temperature. 

In Chapter 3, the implementation of the graft copolymers in different hybrid materials and their 

applications were elaborated (Figure 48), serving as suitable templates, stabilizers, and 

matrices. Amphiphilic PDha-g-EOct70 was found to be an efficient dispersant for hydrophobic 

MWCNTs in water without the need of chemical modifications (3.1).295 Exploiting the pH-

induced aggregation/disaggregation of the PDha backbone, it was possible to reversibly 

precipitate and re-disperse the CNTs. This smart mechanism could be used for the purification 

of CNTs and the obtained dispersions are foreseen to be promising candidates in the sensing of 

drugs and biomolecules.52, 53, 243 Double hydrophilic PDha-g-PEG was applied in the template-

assisted synthesis of Ag, Au and bimetallic AgAu NPs via the complexation of the 

corresponding metal ions and subsequent reduction (3.2). Due to its tunable charge, the pH 

governed the final composition of the synthesized AgAu nanoalloys after reduction at a constant 

initial ratio of Ag+ and [AuCl4]-. This is an unprecedented approach to prepare and tune the 

composition of metallic alloy NPs, which could even be transferred to other metals.  

The quantitative and qualitative sensing of heavy metal ions is vital from a health and 

environmental standpoint and may be realized by exploiting stimuli-responsive polymers.127, 

128, 136, 247 In this respect, triple-responsive PDha-g-NIPAAm50 allows not only changes in the 

solution pH to be detected, but also the type and concentration of divalent metal ions (Cu2+, 

Pb2+ or Co2+) (3.3). While the pristine graft copolymer solution undergoes changes in the TCP 

upon exposure to these triggers, hybrid materials containing Ag NPs (PDha-g-

NIPAAm50@AgNP) also provide an optical output. Low detection limits of up to 0.02 mmol/L 

were found, which may even be tuned by adjusting the polymer concentration or structure. 

Moreover, future work could test PDha-g-NIPAAm as an interesting candidate for temperature-

controlled catalysis.326 

Hydrogen production, especially through photocatalytic water-splitting, became an important 

issue of the 21st century.206, 207 In order to enhance the efficiency and stability of the 

photocatalytic system, the selection of a suitable matrix is crucial.51, 208, 209, 213 Therefore, PDha-

based graft copolymers containing acidic side-chains (AMPS and PhA) were designed as 

multifunctional matrices for photocatalytic hydrogen evolution (3.4). In one approach, PDha-

g-PhA was grafted onto TiO2 NPs through the phosphonic acid groups. These core-shell hybrid 

materials were further decorated with a [Mo3S13]2- co-catalyst and EY photosensitizer. The 
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successful interconnection of the individual components by the polyampholytic shell enabled 

visible light-driven hydrogen evolution. PDha-g-AMPS was introduced as a versatile matrix 

for various photocatalytically active species and their combinations, including several inorganic 

catalysts (Au, Ag, Pt, Pd, [Mo3S13]2−
, Pt3Co), photosensitizers (EY and CdS), as well as carbon 

nanomaterials (MWCNTs and C60). For each catalyst, a huge boost in the hydrogen evolution 

efficiency was observed in the presence of PDha-g-AMPS, and the materials were even 

outperforming comparable photocatalytic systems found in literature (Table 10). Future 

research should further elucidate the role of the polymer in the hydrogen evolution process and 

other catalysts should be tested, e.g., superparamagnetic NPs as a recyclable system.54, 367, 368 

 
Figure 50. Utilization of the individual graft copolymers as smart dispersants and templates, versatile matrices for 
photocatalytic HER and pH and metal ion sensors. Parts have been adapted from Macromol. Rapid Commun., 
2021, 42, 2000671, with permission of WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 

In summary, the present work describes the development of PDha-based polyampholytic block 

copolymers or graft copolymers. This allowed the molecular fine-tuning of the properties, 

before the corresponding tailor-made copolymers were used for the construction of hybrid 

materials. In particular, the development of the post-polymerization modification gave access 

to a multitude of graft copolymers, acting as smart dispersants and templates, and were further 

applicable as sensors or matrixes for light-driven hydrogen evolution revealing a high 

performance. The herein examined straight-forward pathway could be seen as a general 

guideline for the construction and application of hybrid materials, where the individual building 

blocks may be exchanged.  
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5. Zusammenfassung 

Wasserlösliche Polymere und deren Hybridmaterialien bieten durch ihren Einsatz in 

hochentwickelten Photokatalysatoren,51 Sensoren82 und drug-delivery Systemen141 Lösungen 

für globale Herausforderungen im Bereich von Energie190 sowie Umwelt und Medizin.189, 247 In 

den letzten Jahrzehnten nahm die Forschung in diesem Gebiet insbesondere durch die 

Verwendung von Polyampholyten, und stimuli-responsiven Polymeren aufgrund ihrer 

vorteilhaften Funktionen, ihrer Vielseitigkeit und Leistung im wässrigen Milieu drastisch zu.41, 

57, 70, 127 Poly(dehydroalanin) (PDha) tritt innerhalb der Klasse der Polyampholyte durch eine 

außerordentliche Ladungsdichte hervor. Es weist nicht nur eine regelbare Ladung, ein pH und 

Metallion responsives Verhalten, Biokompatibilität und reaktive Gruppen auf, sondern 

interagiert außerdem mit Polyelektrolyten, Modelfarbstoffen, Proteinen, Nanopartikeln (NP) 

und Oberflächen.9, 32, 34, 54, 76, 114, 123, 248-250 Durch diese Eigenschaften ist PDha ein 

aussichtsreiches, intelligentes Polymer, das für den Aufbau von einzigartigen 

Hybridmaterialien und deren Anwendungen genutzt werden kann, wo ein stimuli-response, 

eine multifunktionale Matrix oder eine (reversible) Interaktion benötigt wird.51, 165, 225 Durch 

die limitierte Löslichkeit unter sauren Bedingungen ist die Anwendung von PDha begrenzt und 

zusätzlich sind PDha basierte Copolymere mit maßgeschneiderten Eigenschaften aufgrund der 

anspruchsvollen Synthese und mäßigen Skalierbarkeit relativ unbekannt.32, 34, 114 Daher ist die 

Entwicklung von Synthesen, Modifikationen, Hybridisierung sowie die Anwendung von PDha 

der Kern der vorliegenden Arbeit. Ein besonderes Augenmerk wurde auf das intelligente 

Design von multifunktionalen (Hybrid)materialien ausgehend von einem eher unerforschten 

Polymer gelegt – nicht nur um existierende Lösungen zu übertreffen, sondern auch um 

zusätzliche Funktionalität oder unterschiedliche responses hinzuzufügen. 

In Kapitel 2 wurde die Herstellung PDha basierter Copolymere durch innovative Methoden 

beschrieben, um sowohl amphiphile als auch doppelt hydrophile Materialien zu erhalten. Die 

erste Strategie umfasst die Synthese von Poly(tert-butoxycarbonylaminomethylacrylat) 

(PtBAMA) basierten Blockcopolymeren und deren Entschützung und die andere Strategie 

beschreibt das propfen von Modifikatoren auf ein zuvor hergestelltes PDha Rückgrat 

(Abbildung 1). In diesem Zusammenhang wurde PDha-block-Polyethylenoxid (PDha-b-PEO) 

hergestellt, bestehend aus einem hydrophilen und biokompatiblen PEO255 und einem 

multifunktionalen PDha Block. Bis dato war die Synthese nicht erfolgreich, aufgrund der 

notwendige Entschützung des Vorgängerpolymers PtBAMA-b-PEO, wobei die hydrolyse-

empfindliche Estergruppe gespalten wurde. Daher wurde eine stabileres Amid-basierte 

Verknüpfung eingeführt, auch wenn dies im Vergleich zum entsprechenden Ester synthetisch 
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anspruchsvoller ist.266-268 Außerdem wurden alternative Vorgehensweisen erforscht um die 

bisher begrenzten Polymerisationsgrade von PtBAMA zu erhöhen und die Reproduzierbarkeit 

zu verbessern: die ‘Click’ Reaktion und fortschrittliche atom transfer radical polymerization 

(ATRP) Techniken (ATRP in wässrigem Medium und single electron transfer radical 

polymerization (SET-LRP)). Durch das Vorhandensein der Amid-basierten Verknüpfung 

konnte PEO-b-PDha nach der Entschützung unter den harschen Bedingungen erhalten werden. 

Wie erwartet wurde ein pH und Metallionen responsives Verhalten aufgedeckt, welches zur 

Bildung von Nanoaggregaten im Wässrigen führte. Zukünftige Forschung könnte den Einfluss 

der PEO bzw. PDha Kettenlänge auf die erhaltenen Lösungseigenschaften untersuchen, und das 

doppelt hydrophile Blockcopolymer (DHBC) mit den Eigenschaften des polyampholytischen 

PDha Segments in biomedizinischen Anwendungen,39, 259 oder als Nanoreaktor51 testen. 

 
Abbildung 1. Strategien zur Synthese von PDha basierten Copolymeren, die in dieser Arbeit beschrieben wurden: 
(i) die Synthese von Blockcopolymeren durch eine CuAAc ‚Click‘-Reaktion von funktionellen Makromolekülen 
(Route A) und die Kettenverlängerung eines Makroinitiators (Route B), oder die Synthese von Propfcopolymeren 
über die polymeranaloge Modifikation von hergestelltem PDha durch propfen (ii). 

Außerdem wurde ein alternativer Ansatz, die polymeranaloge Umsetzung des PDha Rückgrats, 

entwickelt, welcher eine vielseitige Plattform für die Funktionalisierung von reaktiven 

Makromolekülen darstellt.58 Auf diese Weise konnte eine weitreichende Bibliothek an PDha-

basierten Propfcopolymeren hergestellt werden, die das ganze Potential eines einzigen 

Polyampholyts abdeckt. Hierbei wurde die die hydrophile/hydrophobe Balance, die Ladung, 

etwaige Bindungsstellen und der stimuli-response durch eine einfache Route und dabei 

Verwendung von Modifikatoren als unterschiedliche molekulare Bausteine abgestimmt. Die 

Aminogruppen wurden als reaktive Gruppen für die passende aza-Michael Addition bzw. die 

Ringöffnung von Epoxiden genutzt,58, 118 und die polymeranalogen Modifikationen genau 
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untersucht. Die hier beschriebene Syntheseroute zeichnet sich durch eine recht einfache 

Durchführbarkeit in Wasser aus, wodurch keine inerten Reaktionsbedingungen nötig sind und 

kann auf etliche weitere Modifikatoren oder deren Kombinationen übertragen werden. Nach 

der Strukturaufklärung der Profpcopolymere wurden deren Lösungseigenschaften untersucht 

und die Besonderheiten aufgedeckt (Tabelle 1). Durch das Anbringen von hydrophoben 

Seitenketten wurde amphiphles PDha-g-EOct erhalten, welches sich in Wasser in Nanoobjekte 

selbst organisiert. Das PDha Rückgrat zeigte nach wie vor eine pH-abhängige Ladung, daher 

könnte das Propfcopolymer ein interessantes Tensid darstellen. 

Tabelle 1: In dieser Arbeit hergestellte Bibliothek an Propfcopolymeren. Die jeweiligen Strukturen der 
Seitenketten sind dargestellt, welche die Eigenschaften des PDha Rückgrats, im Hinblick auf die 
lipophile/hydrophile Balance, die Ladung, Bindungsstellen und stimuli-response beeinflussen. 
Funktionales 

Rückgrat 
Modifikation 

Art des Modifikators / 

Abkürzung1 

Resultierende 

Eigenschaften 

Festgestellte 

Besonderheit 

 

hydrophob 

 
EOct, BGE, NFPO, PEG-LGE 

amphiphil 
‘Polyseifen’36 

 
 
 
• reduzierte Löslichkeit in 
Wasser 

 

• Selbstorganisation in 
Lösung 

PDha-g-.. 

 

hydrophili  
PEG 

doppelt 
hydrophil 

• verbesserte Löslichkeit 
in Wasser (und MeOH) 
• pH abhängige 
Konformationsänderungen 

 

ionisch/ 
ionisierbar 

 
COOH, AMPS, PhA 

doppelt sauer 

• verbesserte Löslichkeit 
in Wasser 
• zusätzlicher pKa 

(COOH2) 

• negative Gesamtladung 

unabhängig vom pH  

(starke Säure) 

 
molekular, 

polar  
NIPAAm  

dreifach-
responsiv 

verbesserte Löslichkeit in 
Wasser (und MeOH) 
• Temperatur-responsiv 

1 1,2-Epoxyoktan (EOct), Benzylglycidylether (BGE), Nonafluoropentyloxiran (NFPO), Poly(ethylen glycol) 
(PEG) glycidyl lauryl ether (PEG-LGE), PEG glycidyl ether (PEG), Carbonsäure (COOH), 2-Acrylamido-2-
methylpropansulfonsäure (AMPS), N-Propylphosphonsäureacrylamid (PhA), N-isopropylacrylamid (NIPAAm). 
 

Im Gegensatz dazu wurden doppelt hydrophile Propfcopolymere synthetisiert, als eine relativ 

unerforschte Unterklasse von linearen DHBC.154, 155, 168, 169, 289 PDha-g-PEG trägt hydrophile 

PEG Seitenketten, was zu einer erhöhten Stabilität in Lösung und pH-abhängiger 
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Gesamtladung und Konformationsänderungen führt. Durch diese Charakteristika zusammen 

mit einer potentiellen Biokompatibilität ist das Propfcopolymer vielversprechend als 

Nanoreaktoren zur Herstellung von anorganischen NP,177, 280 oder als drug-delivery Systeme.176 

Durch das Propfen von ionischen/ionisierbaren Modifikatoren wurde die Gesamtladung 

abgestimmt. Darüber hinaus besitzt PDha-g-PhA starke Ankergruppen, welche noch stärker als 

Carbonsäuren mit Metalloxiden interagieren können.278, 279, 339 Durch die hohe Ladungsdichte 

zeigen diese neuartigen, doppelt sauren Propfcopolymere großes Potential für die 

Chelatisierung von Metallkationen und als weiche Matrizen. NIPAAm Gruppen wurden als 

Seitenketten eingeführt, um einen zusätzlichen stimuli-response im resultierenden Polymer zu 

erhalten. In dieser Arbeit zum ersten Mal das temperatur-responsive Verhalten von monomeren 

NIPAAm Einheiten beschrieben. Das dreifach-responsive PDha-g-NIPAAm reagiert auf das 

Vorhandensein von Metallionen sowie Veränderungen der Temperatur und des pH-Wertes.  

In Kapitel 3 wurde die Verwendung der Propfcopolymere in Hybridmaterialien und deren 

Anwendungen erforscht, wobei die Polymere als passende Template, Stabilisatoren und 

Matrizen dienten (Abbildung 2). Amphiphiles PDha-g-EOct70 stellt ein hervorragendes 

Dispergiermittel für hydrophobe mehrwändige (multi-walled) carbon nanotubes (CNT) in 

Wasser dar, ohne deren chemische Modifikation (3.1).295 Die pH-induzierte 

Aggregation/Disaggregation des PDha Rückgrats konnte zudem genutzt werden um die CNTs 

reversibel auszufällen und zu re-dispergieren. Dieser intelligente Mechanismus könnte für die 

Aufreinigung von CNTs genutzt werden und die erhaltenen Dispersionen sind aussichtsreiche 

Materialien für Anwendungen in der Detektion von Medikamenten oder Biomolekülen.52, 53, 243 

Doppelt hydrophiles PDha-g-PEG wurde für die Templat-unterstütze Synthese von Ag, Au und 

bimetallischen AgAu NP durch die Komplexierung der entsprechenden Metallionen und deren 

nachfolgender Reduktion verwendet (3.2). Aufgrund der abstimmbaren Ladung bestimmt der 

pH-Wert die finale Zusammensetzung von synthetisierten AgAu Nanolegierungen bei einem 

gleichbleibenden Verhältnis der ursprünglich eingesetzten Ag+ und [AuCl4]- Ionen. Dies ist ein 

neuartiger Ansatz zur Synthese und Einstellung der Zusammensetzung metallischer NP 

Legierungen, der auf weitere Metalle übertragen werden könnte. Die quantitative und 

qualitative Detektion von Schwermetall Ionen verwendet ist aus gesundheitlichen und 

umwelttechnischen Aspekten essentiell und kann durch die Verwendung von stimuli-

reponsiven Polymeren realisiert werden.127, 128, 136, 247 Das hergestellte PDha-g-NIPAAm50 

(Funktionalisierungsgrad = 50 %) erlaubte es nicht nur Änderungen des pH einer Lösung zu 

detektieren, sondern auch die Art und Konzentration von zweiwertigen Metallionen (Cu2+, Pb2+ 

or Co2+) (3.3). Während in der Propfcopolymer Lösung Änderungen der hydrodynamischen 
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Größe oder des TCP durch diese Trigger hervorgerufen wurden, zeigten Hybridmaterialien, die 

Ag NP beinhalteten (PDha-g-NIPAAm50@AgNP) zusätzlich ein optisches Signal. Insgesamt 

konnte ein Detektionslimit von 0.02 mmol/L erreicht werden, welches weiterhin durch die 

Einstellung der Polymerkonzentration oder -struktur (Funktionalisierungsgrad und Seitenkette) 

angepasst werden könnte. Nicht zuletzt könnte PDha-g-NIPAAm als Material für die 

temperatur-kontrollierte Katalyse untersucht werden.326 Die Wasserstoffentwicklung, 

insbesondere die photokatalytische Wasserspaltung, stellt eine der wichtigsten Aufgaben des 

21. Jahrhunderts dar.206, 207 Hierbei ist die Verwendung einer geeigneten Matrix entscheidend 

um die Effizienz und Stabilität des photokatalytischen Systems zu steigern.51, 208, 209, 213 Dazu 

wurden die PDha-basierten Propfcopolymere mit Säuren in der Seitenkette (AMPS und PhA) 

wurden als multifunktionale Matrizen für die photokatalytische Wasserstoffproduktion 

hergestellt (3.4). Im ersten Ansatz wurde PDha-g-PhA mit Hilfe der Phosphonsäuregruppen auf 

TiO2 NP gepfropft und die Kern-Schale Hybridmaterialien mit [Mo3S13]2- als Co-Katalysator 

und Eosin Y (EY) als Photosensibilisator bedeckt. Durch die Verknüpfung der einzelnen 

Komponenten durch die polyampholytische Schale wurde die durch sichtbares Licht getriebene 

Wasserstoffentwicklung ermöglicht. In einer anderen Strategie wurde PDha-g-AMPS als eine 

universelle Plattform für eine Vielzahl an photokatalyitsch relevanten Substanzen und deren 

Kombinationen genutzt: anorganischer Katalysatoren (Au, Ag, Pt, Pd, [Mo3S13]2−
, Pt3Co), 

Photosensibilisatoren (EY and CdS) und Kohlenstoffnanomaterialien (MWCNTS und C60). 

Für jeden einzelnen Katalysator wurde durch die Verwendung des PDha-g-AMPS eine 

signifikante Erhöhung der katalytischen Leistung beobachtet und die Materialien können 

mitunter literaturbekannte, vergleichbare photokatalytische Systeme übertreffen (Table 10). 

Zukünftige Forschung könnte die Rolle des Polymers im katalytischen Prozess weiter 

durchleuchten und andere Katalysatoren könnten getestet werden, etwa superparamagnetische 

NP, für recyclebare katalytische Systeme.54, 367, 368 

Zusammenfassend beschreibt diese Arbeit die Synthese von PDha-basierten 

polyampholytischen Block- und Propfcopolymeren. Dies ermöglichte die molekulare 

Abstimmung der Eigenschaften, bevor die entsprechenden maßgeschneiderten Copolymere für 

den Aufbau von Hybridmaterialien genutzt wurden. Insbesondere die Erforschung von 

polymeranalogen Modifikationen öffnete den Zugang zu einzigartigen Propfcopolymeren, 

welche als intelligente Dispergiermittel und Template dienten und als hochleistende Sensoren 

und Matrizen für die lichtgetriebene Wasserstoffentwicklung verwendet wurden. Die in dieser 

Arbeit beschriebene Strategie kann außerdem als ein Leitfaden für den Aufbau und die 
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Anwendung von Hybridmaterialien verstanden werden, der weiterhin auf andere Polymere und 

Materialkombinationen übertragen werden kann. 

 
Abbildung 2. Verwendung der Propfcopolymere als intelligente Dispergiermittel und Template, als vielseitige 
Matrizen für photokatalysische Wasserstoffsynthese und pH- und Metallionen-Sensoren. Ein Teil aus Macromol. 
Rapid Commun., 2021, 42, 2000671, mit Erlaubnis von WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 
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Polyampholytic graft copolymers based on
polydehydroalanine (PDha) – synthesis, solution
behavior and application as dispersants for carbon
nanotubes†

J. B. Max, a,b,c D. V. Pergushov,d L. V. Sigolaeva d and F. H. Schacher *a,b,c

We herein introduce a versatile platform of graft copolymers featuring a polyampholytic backbone and

side chains of varying length and polarity using post-polymerization modification of polydehydroalanine

(PDha). Nucleophilic substitution of the amino group with various modifiers in water allows the attach-

ment of alkyl, fluoro alkyl, and aryl epoxides as well as a Michael acceptor (acrylonitrile), whereby the

overall degree of functionalization (DoF) can be controlled by adjusting both concentration and reaction

time. The synthesized graft copolymers were characterized by spectroscopic techniques (1H-NMR,
13C-NMR, solid state 13C-NMR, FT-IR), elemental analysis, and size exclusion chromatography (SEC) to

prove successful grafting. By introduction of various side-chains, both the overall polarity and charge/

charge density of the underlying PDha backbone changes, which is directly reflected in the solution be-

havior of the graft copolymers. We therefore investigated two examples by potentiometric titrations and

ζ-potential measurements. As one example, modification with epoxyoctane led to amphiphilic graft

copolymers which formed micelles in aqueous solution as revealed by dynamic light scattering (DLS) and

transmission electron microscopy (TEM). Even more, we could show that these materials are promising

dispersants for carbon nanomaterials (MWCNTs) and even pH-dependent reversible dispersion formation

was possible. In general, the presented synthetic strategy opens up a wide range of novel surfactants with

precisely tunable composition, polarity, and functionality.

Introduction

Polyelectrolytes are macromolecules bearing either positive

(polycations) or negative charges (polyanions), an equal

amount of counterions, and are typically water-soluble. As a

subclass, polyampholytes and polyzwitterions feature oppo-

sitely charged moieties or ionizable groups either within the

polymer backbone or in the side-chain. In case of polyzwitter-

ions, both groups are even located within the same monomer

unit.1–3 Such materials are not only responsive towards various

external triggers such as ionic strength, pH, and temperature

but can also interact with oppositely charged interfaces, sur-

faces, or polymeric materials.4–6 Consequently, this class of

polymers is of great interest for a wide range of applications;

not only in industrially relevant processes such as flocculants,

super absorbers, or dispersing agents,2,7 but also in surface

coatings,8,9 as selective layers in membranes,10,11 for the re-

cycling and separation of proteins and/or metal ions from

different media,12–15 and in biomedical applications including

drug delivery and tissue engineering.16 In particular, polyzwit-

terions are receiving increasing research interest due to their

high hydrophilicity, as well as their tolerance to increasing

ionic strength, in contrast to simple polyanions or cations. In

addition, many polyzwitterions are structurally analogous to

biomacromolecules, and offer the potential to be used as bio-

compatible materials.17

The repeat units of such polyzwitterions commonly include

cationic ammonium groups, as well as anionic sulfonates, car-

boxylates, phosphates, phosphonates, or phosphinates.5,18–22

The respective polymers can be synthesized either through

direct polymerization of zwitterionic monomers, or by the

post-polymerization modification of suitable precursor struc-

tures; each strategy exhibits inherent advantages and draw-
†Electronic supplementary information (ESI) available. See DOI: 10.1039/

c8py01390j

aInstitute of Organic Chemistry and Macromolecular Chemistry (IOMC),

Friedrich-Schiller-University Jena, Lessingstraße 8, D-07743 Jena, Germany.

E-mail: felix.schacher@uni-jena.de
bJena Center for Soft Matter (JCSM), Friedrich-Schiller-University Jena,

Philosophenweg 7, D-07743 Jena, Germany
cCenter for Energy and Environmental Chemistry (CEEC),

Friedrich-Schiller-University Jena, Philosophenweg 7a, D-07743 Jena, Germany
dDepartment of Chemistry, M.V. Lomonosov Moscow State University,

Leninskie Gory 1/3, 119991 Moscow, Russia
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backs.23 In general, different synthetic methods can be applied

for the synthesis of polyzwitterions including controlled/free

radical polymerization or ring-opening metathesis polymeriz-

ation (ROMP) of various vinyl monomers,24–27 step growth

polymerizations (e.g., ROP of cyclic esters),28 polyaddition/poly-

condensation reactions,29,30 as well as coupling reactions.31

However, many of the available synthetic pathways are challen-

ging and have limitations such as poor solubility of the poly-

zwitterions in most solvents except water, high melting points,

and the presence of ionic groups during the polymerization.17

An alternative and more promising route is the polymeriz-

ation of protected monomers, and subsequent deprotection to

yield the respective polyzwitterions. Following this route,

materials such as polydehydroalanine (PDha) or poly(imida-

zoyl acrylic acid) (PImAA) with a very high charge density and

pH-dependent charge characteristics can be obtained.32–34 In

case of PDha, the corresponding precursors are typically syn-

thesized via radical polymerization of the protected capto-

dative dehydroalanine derivatives – most often, the amino

group is protected by a alkyl amide or using a tert-butoxy car-

bonyl (boc) group, while the carboxylic acid is provided by a

methyl ester.32,33,35–41 PDha was found to exist as polyzwitter-

ion in the pH-range of 6.5 to 10.5, and has already been

applied as a coating for magnetic nanoparticles.32,42–44 In

addition, double hydrophilic or amphiphilic PDha-based block

copolymers can be synthesized starting from the corres-

ponding polystyrene- (PS-b-PtBAMA) or poly(n-butyl methacry-

late)-based (PnBA-b-PtBAMA) precursors. The subsequent de-

protection results in the formation of amphiphilic or double

hydrophilic block copolymers with interesting solution pro-

perties. In particular PS-b-PDha was shown to form core–

corona micelles in aqueous solution.40,41

Solution self-assembly is not limited to amphiphilic block

copolymers, and has also been observed for other polymeric

architectures where the hydrophilic polymer backbones are

modified with hydrophobic groups so that hydrophobic inter-

actions compete with ionic interactions in solution.23,45

Common architectures apart from block copolymers include

star-shaped or graft copolymers, dendrimers, segmented block

copolymers or polysoaps, where in the latter case, different

structures can also be realized depending on the position of

the ionic groups.45–47 The multitude of different combinations

can also lead to so-called “polyphilicity” as outlined in a recent

review.48 It is not always possible to access such polymeric

architectures via a facile or straightforward approach, and this

is one reason why more and more interest is being directed

towards amphiphilic graft copolymers containing short side-

chains. These examples can be easily synthesized via various

polymerization methods, subsequent post-polymerization modi-

fication of the functionalized precursors with hydrophobic enti-

ties, or by the copolymerization of hydrophobic and hydrophilic

monomers. Nevertheless, the choice of a suitable solvent can be

difficult in case of the last route.23,46,49 Known examples

include the radical copolymerization of acrylic acid with

different alkyl amine comonomers, fluorinated acrylates50 with

added N-isopropylacrylamide,51 or an alternating copolymeriza-

tion of maleic anhydride and octyl vinyl ether, followed by the

subsequent hydrolysis of the anhydride groups.52 Notably, the

polymerization starting from reactive surfactant molecules is

basically also possible, but often requires a multi-step synthesis

of the respective monomers.53–55

As an alternative, the field of polymer-analogous reactions

offers a great variety of possible modifications via different

mechanisms including addition, substitution, elimination and

isomerization reactions.56 Hence, the grafting of hydrophobic

side-chains onto a hydrophilic backbone or vice versa, is a ver-

satile alternative to the direct copolymerization of functional

monomers and enables further fine-tuning of the properties

by controlling the type and density of grafted moieties.46 In

this context, amino- and carboxylic acid groups have already

been explicitly used, e.g. to form hydrophobically modified

poly(acids) by amidation or esterification, ring-opening reac-

tions of poly(maleic anhydride),57–59 or catalyzed transamida-

tion reactions of poly(acrylic acid).60 In addition, polymers

containing amino moieties can be modified by reacting with

haloalkanes or esters to form various side-chains.61–64 Ring-

opening reactions are also known; for example, poly(ethylene

imine) has been used for subsequent functionalization with

epoxyalkanes, as well as acrylic acid via a Michael-addition,

and the resulting amphoteric polymeric surfactants were pH-

responsive and zwitterionic between pH 4 and 10.65,66

We herein present a facile and straightforward route to syn-

thesize graft copolymers of different functionality and polarity

using PDha as a polyampholytic backbone. After synthesis and

deprotection, the amino groups of PDha were then further

functionalized either by ring-opening of various epoxides or by

Michael-addition using acrylonitrile. These post-polymeriz-

ation strategies resulted in the generation of pendants with

varying polarity and length with simultaneous control over the

grafting density. So far, C8 and C12, as well as fluorinated alkyl

chains, benzyl, nitrile and carboxylic groups have been attached

to the PDha backbone. Materials combining the properties of

the polyzwitterion PDha with various hydrophobic side-chains

are interesting candidates as pH-responsive dispersants or

emulsifiers.23 Therefore, we also highlight the application of

such PDha-based graft copolymers for the solubilization of

multi-walled carbon nanotubes (MWCNTs), as previous reports

indicate that comparable hybrid materials can show excellent

properties in the preparation of advanced biosensors.67

Results and discussion
Synthesis and characterization of PDha-based graft

copolymers

Post-polymerization modifications allow the preparation of a

variety of functional polymers starting from a single precur-

sor.56 We have recently introduced PDha as a versatile poly-

ampholyte, and the synthesis was realized using either free or

controlled radical polymerization.32,40,41 We also demonstrated

that such materials are interesting as coatings for magnetic

iron oxide nanoparticles and, depending on the solution pH,
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allow reversible electrostatic adsorption of various polyelectro-

lytes, BSA, and methylene blue.44,68 Herein, we introduce a

facile strategy where PDha is employed as the backbone for

graft copolymers of varying composition, solubility, charge and

charge density. The synthesis was carried out in three steps

(Scheme 1), starting with the free radical polymerization of tert-

butoxycarbonylaminomethylacrylate (tBAMA), subsequent

partial deprotection of poly(tert-butoxycarbonylaminomethyl-

acrylate) (PtBAMA) to poly(aminomethylacrylate) (PAMA), before

modification and simultaneous deprotection was performed to

result in a range of polyzwitterionic graft copolymers.

The synthesis of PtBAMA (Fig. 1A) was carried out via free

radical polymerization using trimethylbenzoyl diphenyl-

phosphine oxide (TPO) as UV-photoinitiator under dilute con-

ditions as described previously.42 The polymer exhibiting a Mn

of 14 400 g mol−1 and a Đ of 5.66 was obtained with a yield of

88% after precipitation in n-hexane. The boc protective group

was subsequently removed under acidic conditions using 40

eq. of trifluoroacetic acid. After 1 h at 50 °C, the polymer was

collected by precipitation in an excess methanol (MeOH) to

obtain PAMA (Mn = 7100 g mol−1, Đ = 2.82, 60% yield). Please

note that under these conditions a significant amount of the

Scheme 1 Schematic depiction of the synthesis of amphiphilic PDha-based graft copolymers.

Fig. 1 Synthetic route towards functionalized PDha-based polyampholytic graft copolymers using different modifiers (A) and the corresponding

SEC traces of the synthesized polymers and graft copolymers (B).
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methyl ester (∼80%) is also cleaved simultaneously;32 but the

presence of carboxylic acid groups will not affect the following

modification reactions, where a complete deprotection

towards a polyampholytic PDha backbone will be carried out.

The corresponding 1H-NMR spectra and SEC traces are shown

in the ESI (Fig. S1†). Regarding further modification of PAMA,

two convenient routes based on the presence of nucleophilic

amino groups can be identified. The first possibility is a

Michael-addition reaction of electrophilic vinyl compounds as

described by Narayanan, Maiti, and De.69 The second is the

nucleophilic ring-opening of epoxides, which has already been

used for the modification of poly(ethylene imine) and poly

(glycidyl methacrylate).70,71 A great advantage of both strategies

is that the respective modifiers are often commercially available;

hence, a large variety of different side chains can be intro-

duced directly. Since PAMA is insoluble in common organic

solvents except DMSO, the following post-polymerization

modifications were carried out in water under basic con-

ditions. Due to the moderate solubility of PAMA, the polymer

was dissolved at a relatively low concentration (6.66 g L−1) over-

night. A pH of 13 was chosen to increase the nucleophilicity of

the amino groups and to better solubilize PAMA. Next, the

different modifiers were added at varying ratios with respect to

the amino groups and the resulting reaction mixtures were

stirred for several days at 60 °C. The non-polar and water-in-

soluble epoxides were added in methanol (3/1 v/v H2O/metha-

nol) to adjust the solvent polarity and improve mixing of all

reactants. The following electrophiles were used: benzyl glyci-

dyl ether (BGE), 1,2-epoxy octane (EOct), nonafluoropentyl-

oxirane (NFPO), poly(ethylene glycol)glycidyl laury ether

(PEO-LGE), and acrylonitrile (ACN).

After the reaction, the crude products were precipitated in

0.5 M aqueous HCl, and the obtained graft copolymers were

washed thoroughly with different solvents to remove unreacted

modifier and other impurities. The resulting copolymers are

denoted as PDhaXY where X is the added modifier and Y is the

determined degree of functionalization (DoF). The successful

modifications and presence of introduced side-chains were

then confirmed via SEC (Fig. 1B and Table 2), FT-IR, and NMR

spectroscopy (1H and 13C).

Characterization of PDhaEOct and PDhaBGE. NMR spectra

were measured in basic D2O (pH = 13); both the polymer back-

bone and pendant signals are visible, which is exemplarily

shown for PDhaEOct8 and PDhaBGE50, as well as for the corres-

ponding epoxides. In the 1H-NMR spectrum of PDhaEOct
(Fig. 2A and Fig. S2†), the backbone protons are visible between

2.80 and 1.90 ppm in accordance with the spectrum of non-

functionalized PDha (Fig. S3†), which is overlaid by the –N–

CH2– protons of the side-chain. The signals of the alkyl protons

are visible between 1.45 and 1.10 (–CH2–) and 0.85 and 0.65

(–CH3) ppm. In case of PDhaBGE (Fig. S4†), the backbone signals

are again visible, and the aromatic protons are observed between

7.50 and 7.00 ppm, which indicates a successful addition of the

benzyl glycidyl ether to the amino group. While the 13C-NMR spec-

trum of PDha (Fig. S5†) shows three signals at 180, 65 and 47 ppm

corresponding to the carbonyl and backbone carbon atoms, the

PDhaBGE50 spectrum (Fig. 2B) shows additional signals at 138, 128

and 127 ppm, which correspond to the aromatic carbons. For

PDhaEOct (Fig. S6†), the alkyl chain carbons appear between 35

and 10 ppm. Besides, the signals of the used epoxide disappear.

The DoF was determined from 1H-NMR spectra whereby

the –CH2– protons of the repeating units were integrated and

compared to the integral of the new side-chain protons. For

PDhaEOct, the –CH3 group was chosen to compare to the inten-

sity of the backbone signal. For PDhaBGE, the signals of the

five aromatic protons were integrated and compared to the

backbone proton. It was found that the DoF can be varied by

changing the concentration of the modifier and reaction time

(Table 1). For PDhaEOct, the DoF is 8% when 1.5 equivalents of

EOct are used, increasing to 70% by increasing the amount of

Fig. 2 1H-NMR spectrum of EOct (bottom, in MeOD) and PDhaEOct8 (top, in D2O + NaOD) (A) and 13C-NMR spectrum of BGE (bottom) and

PDhaBGE50 (top) in DMSO-d6 (B).
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epoxide to 10 equivalents. This means that excess modifier is

necessary to achieve high degrees of functionalization, which

can be attributed to non-ideal mixing and possible epoxide

ring-opening under basic conditions. For PDhaBGE, the DoF

increases from 20 to 50% by doubling the reaction time and

the amount of epoxide from 10 to 20 equivalents relative to

PDhaBGE. However, for all graft copolymers irrespective of the

excess modifier used, the possible DoF that can be achieved is

limited, which we ascribe to steric hindrance.

Characterization of PDhaNFPO and PDhaPEO-LGE. In addition

to the above mentioned modifiers, lauryl glycidyl ether (LGE)

was also investigated. However, no significant grafting was

observed by NMR, which can be ascribed to phase separation

occurring during the reaction due to the poor solubility of LGE

in water. Hence, PEO-LGE was used, where the glycidyl ether is

linked to a hydrophilic PEO segment (DP = 16), which should

facilitate the reaction between the amino groups of PDha and

the epoxide. As both PDhaPEO-LGE and PDhaNFPO exhibit low

solubility in water after post-polymerization modification due

to their hydrophobic pendants, it was necessary to measure

the NMR spectra in DMSO-d6. For this reason, the protons of

the PDha backbone are no longer visible as they overlap with

the solvent signal (Fig. S7 and S8†). However, the side-chain

signals remain visible for PDhaPEO-LGE at 3.5 ppm for the PEO

segment and between 1.64 and 0.71 for the alkyl chain. It

should be noted that the graft copolymers also present limited

solubility in DMSO, resulting in rather low quality 13C-NMR

spectra. Hence, solid-state 13C-NMR was performed, where the

carbon atoms of the side-chains and the polymer backbone

could be detected (Fig. 3 and 4A). The 13C-NMR spectrum of

PDhaPEO-LGE presents signals between 35 and 10 ppm as well

as at 70 ppm that originate from the PEO segment in agree-

ment with the NMR spectrum of the corresponding epoxide.

The epoxide signals at 52 and 45 ppm disappear, whilst the

CvO peak of the PDha backbone at 172 ppm appears.

In the 13C-NMR spectrum of PDhaNFPO65 (Fig. 4A), the

signals of the C–F carbon atoms are visible between 120 and

105 ppm in accordance with the spectrum of NFPO. The
19F-NMR spectrum for this graft copolymer (Fig. 4B) demon-

strates the successful side-chain addition by the presence of

fluorine atoms. Here, four signals are observed for fluorine

attached to different carbons at −80, −113, −124, and

−125 ppm, which are in agreement with the spectrum of the

pristine fluorinated epoxide.

For PDhaNFPO and PDhaPEO-LGE, it was not possible to deter-

mine the DoF using 1H-NMR spectroscopy due to the overlap-

ping solvent signal. Therefore, elemental analysis was per-

formed, where a change in the ratio of nitrogen to carbon in

comparison with PDha is observed due to the addition of alkyl

chains (ESI eqn (1) and Table 1†). By elemental analysis, a DoF

of 65% was determined for the functionalization of PAMA with

NFPO using 10 equivalents of the epoxide. This corresponds to

the value obtained for PDhaEOct70, where the functionalization

was performed under similar reaction conditions, and in our

opinion corresponds to the maximum DoF achievable. When

PEO-LGE was used, the DoF achieved reached only 33%, which

Table 1 Summary of analytics, characteristics and solubility of the synthesized PDha-based graft copolymers

Entry Modifier
Eq. per
monomer unit

Degree of
functionalizationa [%]

Solubilitye

CharacterizationDMF DMSO H2O
c

0 — 0 0 − + + 1H-, 13C-NMR, IR
1 EOct 1.5 8 + + + 1H-, 13C-NMR
2 EOct 10 70 + + +/− 1H-, 13C-NMR, DLS, TEM
3 BGE 10 20 + + + 1H-, 13C-NMR
4 LGE 10 — No reaction
5 ACN 10 130 + + + 1H-, 13C-NMR, IR
6 EOct 20d 70 + + +/− 1H-NMR
7 BGE 20d 50 + + + 1H-NMR
8 LGE 20d — No reaction
9 ACN 20d 135 + + + 1H-NMR, IR
10 PEO-LGE 2 33b + +/− − 1H-NMR, solid state 13C-NMR, IR
11 NFPO 10 65b + +/− − 1H-, 19F-NMR, solid state 13C-NMR, IR

a Calculated from 1H-NMR spectroscopy. b Calculated from elemental analysis. c pH = 12. d trct = 10 d. e As a function of the DoF and the employed
modifier: + ≙ well soluble, clear solution; +/− ≙ poorly soluble (by heating), turbid solution, partly precipitation after time, − ≙ insoluble (also
after heating).

Fig. 3 13C-NMR spectrum of PEO-LGE (bottom, D2O) and

PDhaPEO-LGE33 (top, solid state).
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we attribute to the rather large side chain being introduced,

which is accompanied by increased steric hindrance.

Characterization of PDhaACN. In the 13C-NMR spectrum of

PDhaACN130 (Fig. S9†), the CvO signals at 175 ppm and nitrile

at 119 ppm are seen, whilst the vinyl signals associated with

the modifier are not visible. In addition, the 1H-NMR spectrum

clearly shows the presence of the –N–CH2– group with signals

between 4.08 and 3.12 ppm (Fig. S10†) next to the backbone

signals. The successful addition of acetonitrile was further

confirmed via FT-IR spectroscopy, where the CN vibration is

visible at 2250 cm−1 (Fig. 5B). The DoF was determined as

described above for PDhaEOct and PDhaBGE from the ratio of

the –CH2– backbone protons to the –N–CH2– protons of the

side-chain. From the library of the copolymers described here,

PDhaACN130 exhibits the highest DoF of 130%, which implies

that the amino groups are in principle capable of reacting

twofold with acetonitrile.

The solubility of the modified PDhas in different solvents is

expected to depend on the nature (polarity) of the pendants

attached to the backbone. Hence, a coarse solubility profile of

the as-synthesized graft copolymers in different solvents was

examined and the results are presented in Table 1.

Similar to the PDha backbone, the synthesized graft copoly-

mers are insoluble in common organic solvents including

Fig. 4 13C-NMR spectrum of NFPO (bottom, in DMSO-d6) and PDhaNFPO (top, solid state) (A), and the corresponding 19F-NMR spectra in DMSO-d6 (B).

Fig. 5 Schematic structure of PDhaACN130 before and after hydrolysis (A), comparison of the FT-IR spectra before and after modification of PDha

(B), and the corresponding potentiometric titration curve of PDhaACN130 (C).
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methanol, ethyl acetate, dioxane, chloroform, and anisole.

However, PDha is well-soluble in DMSO or water at elevated

pH, and the synthesized graft copolymers are additionally

soluble in DMF. Exceptions are PDhaNFPO65 and PDhaPEO-LGE33,

which are insoluble in water because of the highly hydrophobic

side-chains. As apparent from PDhaEOct, the DoF can also affect

the solubility of the prepared graft copolymers. While PDhaEOct8
is well-soluble in water, at a DoF of 70% the solution is slightly

turbid, presumably due to aggregation and the formation of

micellar structures.

The graft copolymers were further investigated with respect

to their molecular weight and dispersity using size exclusion

chromatography (SEC) in DMSO. Upon comparing the SEC

traces of the various graft copolymers with their precursor

PAMA and the corresponding PDha backbone, a clear shift in

the elution volume is observed (Fig. 1B and Table 2). In

addition, all samples display monomodal molecular weight

distributions, which indicates that there are no significant

side reactions occurring, and a uniform functionalization of

the PDha chains is achieved. An exception is PDhaNFPO65
(Fig. S11†), which is characterized by a very broad molecular

weight distribution, likely due to its poor solubility in DMSO

and/or potential interactions with the SEC column material.

Solution behavior of selected graft copolymers

As we can introduce a range of side-chains featuring different

polarity and charge, we also investigated the solution pro-

perties of some selected graft copolymers in dependence of

the attached side chain (hydrophilic vs. hydrophobic).

We first carried out potentiometric titrations for

PDhaACN130, where most of the nitrile groups were hydrolyzed

to the respective carboxylic acid groups during the reaction

under basic conditions and the subsequent acidic work-up

(Fig. 5A). The occurring hydrolysis is proven by FT-IR spec-

troscopy (Fig. 5B), where a shoulder at approximately

1620 cm−1 appears (CvO vibration), which is not visible for

the unmodified PDha. The results of a potentiometric titration

of an alkaline solution (pH 12) also supports the transform-

ation of nitrile groups into carboxylic acid moieties. Therefore,

PDhaACN130 and PDha featuring a comparable degree of

polymerization derived via the same synthetic route and at

comparable concentrations (15 g L−1) were titrated with 0.1 M

HCl (Fig. 5C). The titration curve of PDhaACN130 (black curve)

shows clearly four steps, whereas the titration curve of

PDha (red curve) only reveals three.32 The inflection points can

be ascribed to the excess of NaOH, amino groups and appar-

ently two kinds of carboxylic groups present in the graft copo-

lymer. First the titrant is consumed for removal of the excess

base, followed by the protonation of all amino groups exhibit-

ing a pKa of 9.8 (αNH2
= 0.5). This is in line with the value for

unmodified PDha reported in our earlier work.32 Starting from

a pH of 8.3, the first kind of carboxylate groups with a low

acidity begin to be protonated to form –COOH. Their pKa-value

(αCOOH,1 = 0.5) differs for about two units from the highly

acidic carboxylic groups (αCOOH,2 = 0.5): pKa, COOH,1 = 6.7 and

pKa, COOH,2 = 4.5. Remarkably, the unmodified PDha does not

show the presence of highly acidic carboxylic acid groups

while only ones with a pKa of about 6.2 (αCOOH = 0.5) are

found. For PDhaACN130, it is not possible to ascribe these

values directly to the backbone or pendant carboxylate groups,

since both their respective titration volumes do not exactly fit

to the amount of the amino groups. It is more likely, that the

different kinds of carboxylic groups influence each other to

change their protonation behavior, e.g., by forming intra-

molecular hydrogen bonds. If this occurs between protonated

and deprotonated groups, this could lead to a distinctly higher

acidity. Comparing the amount of titrant consumed for the

protonation of all amino groups (1.051 mL) and carboxylate

groups (2.163 mL) the number of side-chain carboxylic groups

per repeat unit was determined to be 1.05. Thus, the potentio-

metric titration confirms that a small amount of di-substituted

monomer units are present in the polymer. However, this varies

from the DoF of 130% calculated from 1H-NMR, indicating that

not all of the nitrile groups were hydrolyzed so far, which is

also seen in the corresponding FT-IR spectrum. The ζ-potential

of the graft copolymers in aqueous solution (Fig. S12†) is nega-

tive and stays between −20 and −10 mV within a pH range of

10–4 due to the presence of deprotonated carboxylic groups, the

latter exist in PDhaACN130 in considerable excess compared to

the amino moieties. Starting from a pH of 3, the values of the

ζ-potential increase, becoming positive when a pH of 2 is

reached due to full protonation of both the carboxylate and the

amino groups. In our opinion, such ampholytic graft copoly-

mers with tunable net charge and charge density are very inter-

esting candidates for the reversible complexation of metal ions.

In contrast to the rather hydrophilic graft copolymer

PDhaACN130, PDhaEOct70 formed turbid solutions upon dis-

solution in water at a pH of 12. Indeed, after attachment of

hydrophobic side-chains, self-assembly of the resulting amphi-

philic materials can be expected, in slight analogy to our pre-

vious work that describes the self-assembly of the amphiphilic

block copolymer PS-b-PDha.40 In case of PDhaEOct70, the hydro-

phobic side-chains induce self-assembly, forming hydrophobic

domains, while the ampholytic PDha backbone stabilizes the

formed aggregates in aqueous media (Fig. 6). These obser-

vations were confirmed using dynamic light scattering (DLS,

Fig. 6C), where a hydrodynamic radius (Rh) of 16 nm was

Table 2 Molecular weight and dispersity of PDha-based graft copoly-

mers and corresponding precursors

Polymer Mn [g mol−1] Mw [g mol−1] Đ

PtBAMAa 14 400 82 700 5.77
PAMAb 7100 20 000 2.82
PDhab 12 300 34 700 2.82
PDhaEOct70

b 12 300 40 100 3.25
PDhaBGE50

b 16 900 51 500 3.05
PDhaACN130

b 14 000 37 600 2.68
PDhaNFPO65

b 3200 64 500 20.03
PDhaPEO-LGE33

b 23 800 45 300 1.95

a SEC in CHCl3/iso-propanol/NEt3, PMMA calibration. b SEC in DMSO +
0.5% LiBr, PUN calibration.
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found, and this is markedly larger than expected for a single

graft copolymer chain. Additional transmission electron

microscopy (TEM) experiments also supported these obser-

vations as aggregates with an approximate diameter of 30 nm

(Fig. 6B) were observed. At the same time, self-assembly of

amphiphilic graft copolymers is rather complex, resembling

the micellization of polysoaps. Here, three models exist,

including the formation of local, regional, and molecular

micelles that include both intra- and intermolecular aggrega-

tion of the hydrophobic groups.46 The ζ-potential of the aggre-

gates present (Fig. 6A) is negative and nearly constant

(−15 mV) within a pH-range of 5–13 due to the presence of car-

boxylate groups. Upon further acidification, the values of the

ζ-potential approach zero before becoming positive below a pH

of 2, presumably due to the almost complete protonation of

the carboxylate and amino moieties. The corresponding titra-

tion curve (Fig. S13†) displays two steps at pH-values of

approximately 9 and 6.3 as a result of the protonation of the

amino and carboxylate groups.

Ampholytic graft copolymers as dispersants for multi-walled

carbon nanotubes

Nanocomposites based on amphiphilic polyelectrolytes and

carbon nanomaterials, e.g., carbon nanotubes (CNTs), possess

promising properties for use in biosensors.67 Basically, the

amphiphilic polyelectrolyte can act as both a dispersant for

the hydrophobic CNTs and a host matrix for rather polar bio-

molecules. Quite often non-covalent interactions with the aro-

matic surface of CNTs using π–π or π–CH interactions of a

hydrophobic segment, the polymeric backbone or the side-

chain, are exploited to prepare stable dispersions.72 One

example are phenoxy-functionalized dextranes employed for

the solubilization of single walled CNTs (SWCNTs) in water.73

Our previous investigation regarding the solution behavior

of amphiphilic PDhaEOct70 strongly suggests that this polymer

should be capable of dispersing CNTs in water due to its

hydrophobic C8 alkyl-chains attached to the polyampholytic

backbone (Fig. 7). Hence, we prepared dispersions by mixing a

solution of PDhaEOct70 (5 g L−1, H2O, pH = 12) and multi

walled CNTs (MWCNTs) (1 g L−1, H2O, pH = 12) with a ratio of

1/1 (v/v), followed by sonication. The corresponding photo-

graphs (Fig. 7A and B) show the formation of a stable dis-

persion and the ζ-potential of the dispersed particles was

−22.5 ± 1.8 mV. While the MWCNTs quickly settle in water, no

precipitation within more than four months is observed when

the dispersion is assisted by PDhaEOct70. Since PDha itself

forms secondary aggregates under acidic conditions due to

strong hydrogen bonding,32 we slowly added aqueous HCl to

Fig. 6 pH-Dependent ζ-potential of PDhaEOct70 reveals charge neutrality above a pH-value of 2 (A); TEM micrographs (B) and number-averaged

DLS CONTIN plot (C) of PDhaEOct70 in water (pH = 12) at a concentration of 0.5 g L−1.
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adjust the pH to 4 and immediately observed pronounced pre-

cipitation of the MWCNTs (Fig. 7D). Furthermore, the MWCNTs

can be re-dispersed by adding 0.1 M NaOH to (again) adjust the

pH to 12. After a short sonication for 5 min a stable dispersion

is obtained again; and, in our opinion, this renders PDha-based

graft copolymers interesting materials for the purification and/

or separation of CNTs – in addition to their general capability to

disperse such materials in aqueous environment and further

transfer them into potential biosensor coatings.

The fact that MWCNTs can be well dispersed in aqueous

media by using PDhaEOct70 suggests that carbon nanomaterials

are shielded from water by the adsorbed polymer, which pre-

vents their aggregation and ultimate precipitation. Hence, we

examined the surface coverage of the MWCNTs by PDhaEOct70,

or in other words, the actual amount of the copolymer necess-

ary for the formation of stable dispersions. Therefore, the

MWCNTs were dispersed as described above in aqueous solu-

tions of the graft copolymer with different starting concen-

trations ranging from 0.5 to 6.0 g L−1, while the amount of

added carbon nanomaterial was kept constant. A starting

polymer concentration of 5 g L−1 led to the most efficient solu-

bilization of the MWCNTs. In all other cases, the formation of

aggregates and partial precipitation occurred with material

clearly being visible at the bottom of the vials after several

days. These observations were further supported by UV-Vis

spectroscopy comparing the absorbance at a wavelength of

500 nm in accordance with literature. Since CNTs only absorb

light when they are well dispersed, high absorbance values cor-

relate with an efficient dispersion in PDhaEOct70 solutions.74,75

For this reason, the prepared dispersions were diluted by a

factor of 40 and analyzed by UV-Vis spectroscopy, where the

spectrum of the respective graft copolymer solution was used

as a baseline (Fig. S14†). Again, the highest absorbance was

found PDhaEoct70 initial concentration of 5 g L−1.

Thermogravimetry (TGA) is a straightforward and facile

method to determine the amount of organic matter present in

hybrid materials. Therefore, TGA measurements of the most

stable dispersion that contained 5 g L−1 initial concentration of

the graft copolymer were performed under a nitrogen atmo-

sphere and the results were compared to those for the

pristine graft copolymer and the pure MWCNTs (Fig. 8). The

dispersion was precipitated using 0.5 M HCl, the resultant pre-

cipitate was washed several times with Milli-Q water to remove

any salts, and then freeze-dried. In another approach, the stable

dispersion was centrifuged until precipitation before being washed

with Milli-Q water to remove any unbound polymer. While pure

MWCNTs are relatively stable and no significant weight loss is

observed up to a temperature of 700 °C, there are two decompo-

sition steps visible for the graft copolymer and the hybrid material

upon heating. The first can be ascribed to the loss of water when

heating up to a temperature of 100 °C, and the second at approxi-

mately 250 °C corresponds to the decomposition of the graft copo-

lymer itself. Hence, the weight loss of the samples was compared

between 250 and 700 °C. The pure graft copolymer exhibits a

weight loss of 52 wt% in this region in the absence of MWCNTs,

whilst the hybrid materials show weight losses of 46 wt% and

41 wt% for the PDhaEOct70@MWCNTs purified via precipitation

and centrifugation, respectively. This indicates that there is free

graft copolymer in the dispersion that is removed through centrifu-

gation or precipitation. By comparing the remaining mass of

PDhaEOct70@MWCNTcentrifuged with that of the polymer sample

without MWCNTs and the mass of MWCNTs itself, a compo-

sition of the hybrid material of 80 wt% polymer and 20 wt%

MWCNTs can be determined. Since the overall composition of

the dispersion after preparation was 5 g L−1 (polymer) to 1 g L−1

Fig. 7 Photographs of PDhaEOct70 (5 g L−1, H2O, pH = 12), pristine

MWCNTs (1 g L−1, H2O, pH = 12) and a mixture of both after sonication

and storage for one week (A); the same dispersion after storage for four

weeks (B); schematic depiction of a MWCNT after coating with

PDhaEOct70 (C); and the pH-dependent precipitation and re-dispersion

of PDhaEOct70@MWCNTs (D).

Fig. 8 Thermograms of MWCNTs (red trace), PDhaEOct70 (black trace),

PDhaEOct70@MWCNTs (green trace) and PDhaEOct70@MWCNTs after

centrifugation (blue trace).
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(MWCNTs), that is 5 : 1 (wt/wt), the presence of some unbound

PDhaEOct70 could be assumed. FT-IR analysis of the freeze-dried

supernatant liquid further confirmed these findings.

To further visualize the successful dispersion of the carbon

nanomaterial toward individual MWCNTs, TEM micrographs

were taken for the formed PDhaEOct70@MWCNT dispersion

after seven days (Fig. 9A and B). Here, the presence of individ-

ual well-separated MWCNTs with lengths of several hundreds

of nm could be observed, which are presumably covered by

PDhaEOct70 graft copolymers.

According to the results presented above, our strategy

towards PDha-based graft copolymers not only provides access

to a library of polymers with tailored charge and hydrophilic–

hydrophobic balance, but also allows for rather facile prepa-

ration of well-defined and long-term stable aqueous disper-

sions of carbon nanomaterials such as CNTs. We expect, that

such hybrid materials could be used for the fabrication of

electrochemical biosensors, in particular those where direct

electron transfer is exploited.

Conclusion

We have described a synthetic route to prepare zwitterionic

PDha-based graft copolymers via post-polymerization modifi-

cation and their characterization. The amine groups along the

polymer backbone are convenient reactive handles that allow

the addition of various side-chains. In this way, the addition of

a second hydrophilic carboxylic group or various hydrophobic

groups can be realized, allowing the polarity and charge of

PDha to be adjusted by combining the properties of the poly-

ampholyte and the modifier. This resulted in tunable pro-

perties of the so-formed graft copolymers, in particular the

self-assembly of amphiphilic graft copolymers bearing C8 side-

chains, as evidenced by TEM and DLS measurements. Finally,

PDhaEOct70 was shown to efficiently solubilize MWCNTs as a

promising pH-responsive dispersant, where the corresponding

pH-change allows for reversible precipitation of the dispersed

carbon nanomaterial. Further research will focus on the intro-

duction of additional modifiers and the application of such

new polymeric materials for modification of various surfaces.

Experimental
Chemicals

Benzyl glycidyl ether (>97%), lauryl glycidyl ether (>97%),

2,2,3,3,4,4,5,5,5-nonafluoropentyloxirane (>98%) and poly-

ethylene glycol glycidyl lauryl ether were purchased from TCI.

1,2-Epoxy octane (96%), acrylonitrile (≥99%) and methanesul-

fonyl chloride (≥99.7%) were purchased from Sigma-Aldrich.

TFA (≥99.9%) was purchased from Roth, triethyl amine

(≥99.0%) from CHEMSOLUTE® and N-(tert-butoxycarbonyl)-L-

serinmethylester (98%) from Carbolution Chemicals. Lucirin

TPO was kindly supplied by BASF. MWCNTs with an outer dia-

meter of 10–15 nm, an inner diameter of 2–6 nm, and length

of 0.1–10 µm were obtained from Sigma-Aldrich. All Chemicals

were used as received.

Analytical methods
Nuclear magnetic resonance (NMR) spectroscopy

1H- and 13C-NMR spectroscopy were performed on a Bruker AC

300 MHz spectrometer using CDCl3, DMSO-d6 and D2O/NaOD

as solvents at a temperature of 298 K. The spectra were

referenced to the residual deuterated solvent signal.
19F-NMR spectra were measured on a Bruker Avance III

400 MHz spectrometer using DMSO-d6 as solvent at a tempera-

ture of 298 K. CCl3F was used as an external standard.
13C solid-state magic angle spinning (ssMAS) NMR spectra

were measured using cross polarization with a contact time of

2 ms and a spinning frequency of 14 kHz on a Bruker Avance

III HD 400 MHz spectrometer. The sample temperature was

set to 298 K, and the carbon chemical shifts were referenced

externally, setting the high-frequency (methylene) signal of

adamantane to 38.5 ppm.76

Fig. 9 TEM micrographs of MWCNTs after the non-covalent attachment of PDhaEOct70. Samples were taken from stable dispersions at a concen-

tration of the polymer of 5 g L−1.
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Size exclusion chromatography (SEC)

SEC traces in CHCl3 were measured using a Shimadzu system

equipped with a CBM-20 A system controller, an LC-10 VP

pump, an RID-10A refractive index detector, and a PSS SDV

guard/linear S column. A mixture of chloroform/triethylamine/

iso-propanol [94/2/4] (v/v/v) was used as eluent, and measure-

ments were recorded at a flow rate of 1 mL min−1 and 40 °C.

SEC measurements in DMSO were performed on a Jasco

instrument using DMSO + 0.5% LiBr as eluent at a flow rate of

0.5 mL min−1 at 65 °C and a Pullulan calibration (Polymer

Standards Service GmbH, Germany). The instrument was

equipped with PSS NOVEMA 3000 Angsröm/300 Angström

columns, an RI-930 detector, as well as a PU-980 pump.

Dynamic light scattering (DLS)

DLS measurements were performed using an ALV laser CGS3

goniometer equipped with a 633 nm HeNe laser (ALV GmbH,

Langen, Germany) at 25 °C at a detection angle of 90°. The

CONTIN analysis of the obtained correlation functions was

performed using the ALV 7002 FAST Correlator Software.

Transmission electron microscopy (TEM)

TEM images were acquired with a 200 kV FEI Tecnai G2 20

instrument equipped with a 4k × 4k Eagle HS CCD, and a 1k ×

1k Olympus MegaView camera for overview images.

Fourier transform infrared spectroscopy (FT-IR)

Infrared spectra were measured on a Perkin Elmer Frontier

FT-IR/NIR spectrometer equipped with a Golden Gate ATR unit

from Specac. Spectra were recorded between 4000 and 400 cm−1.

Potentiometric titration

Potentiometric titrations were performed with a TitroLine®

7000 titrator equipped with a WA 20 exchangeable unit, mag-

netic stirrer TM 235, and a ScienceLine pH combination elec-

trodes with temperature sensor A162 from SI Analytics GmbH.

The polymers were dissolved in 0.1 M NaOH and titrated

against 0.1 M HCl via an automatic dynamic pH-titration

method.

ζ-Potential measurements

ζ-Potentials were measured on a ZetaSizer Nano ZS from

Malvern via M3-PALS technique with a 633 nm laser. The

detection angle was 13°. The samples were prepared by titra-

tion of the polymer in 0.1 M NaOH (0.2 g L−1) with 0.1 M HCl,

and 1 mL of the solution was taken at the desired pH-values.

The titration and pH-detection was performed on a Metrohm

765 Dosimat titrator with a Greisinger electronic GMH3539

digital pH-/mV-electrode equipped with a thermometer.

Thermogravimetric analysis (TGA)

TGA measurements were carried out under nitrogen flow in a

Perkin Elmer TGA800 device by heating from 30 °C to 850 °C

with a heating rate of 10 K min−1.

Elemental analysis (EA)

Elemental analysis was performed on a Vario El III (Elementar)

elemental analyzer.

Ultrasonication (ultrasonication finger)

Ultrasonification was carried out using a Sonic VibraCellVC505

500 Watt Ultrasonic Processor. To reduce high sound, a Sound

Abating Enclosure was used.

Synthesis

Synthesis of tBAMA. N-(tert-Butoxycarbonyl)-L-serine methyl

ester (10.0 g, 45.6 mmol, 1.0 eq.) was dissolved in dichloro-

methane (DCM) (200 mL) before MsCl (6 mL, 77.5 mmol,

1.7 eq.) was added. After cooling in an ice bath, NEt3 (23 mL,

165.9 mmol, 3.6 eq.) was slowly added dropwise, and the reac-

tion mixture stirred for 1 h at 0 °C. The reaction mixture was

then stirred for additional 2 h at room temperature before

being washed with potassium bisulfate (1%) to neutrality. The

organic phase was dried over Na2SO4 before the solvent was

removed under reduced pressure. The crude product was

further purified via column chromatography with silica gel

using an ethyl acetate/n-hexane mixture of 1/4 (v/v) as eluent.

The solvent was removed under reduced pressure to yield the

pure product as a colorless oil (8.6 g, 94% yield).
1H-NMR (300 MHz, CDCl3, δ): 7.01 (s, 1 H, –NH), 6.16 (s,

1 H, –CvCH–), 5.73 (s, 1 H, –CvCH–), 3.83 (s, 3 H, –O–CH3),

1.48 (s, 9 H, –COO–C(CH3)3) ppm.

Synthesis of PtBAMA. The monomer tBAMA and TPO were

dissolved in dioxane (50 wt%) before purging the mixture with

Ar for 10 min. The reaction vessel was then placed in a UV-

cube (100 W) for 10 min before the polymerization was termi-

nated by the addition of methanol. The viscous liquid was

diluted with acetone and precipitated into excess n-hexane

(−25 °C). The product was collected by filtration, and the

residue washed three times with n-hexane. After drying under

vacuum for several hours, the product was obtained as a white

powder with a yield of 88%.
1H-NMR (300 MHz, CDCl3, δ): 6.00–5.00 (m, –NH),

4.08–3.37 (m, –O–CH3), 3.32–2.02 (m, –C–CH2–), 1.75–1.16 (m,

–COO–C(CH3)3) ppm.

SEC (CHCl3/i-PrOH/NEt3): Mn = 14 000 g mol−1, Mw =

79 200 g mol−1, Đ = 5.66.

Deprotection of PtBAMA to yield PAMA. PtBAMA was dis-

solved in TFA (∼20 eq.) and heated to 50 °C. The reaction was

stopped after 1 h and the product precipitated into an excess of

cold methanol. After filtering and washing with methanol, de-

ionized water and diethyl ether several times, the product was

dried under vacuum to give a yellow powder with a yield of 60%.
1H-NMR (300 MHz, D2O + NaOD, δ): 3.32 (s, –COO–CH3),

2.78–1.90 (m, –C–CH2–) ppm.

Post-polymerization modification of PAMA with epoxides

A concentrated KOH solution was added dropwise to water

(15 mL) to adjust the solution pH to 13. After dissolving PAMA

(100 mg) overnight, the epoxide (10 eq. per monomer unit) in
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MeOH (5 mL) was added. The reaction mixture was then

stirred for 5 d at 60 °C before being neutralized using aqueous

HCl (0.5 M). The precipitated polymer was filtered off and

washed several times with aqueous HCl (0.5 M), deionized

water, diethyl ether, methanol or acetone. The isolated white

powder was then dried in vacuo to give the target polymer.

In the case of NFPO, less MeOH was used (1 mL); and for

PEO-LGE, no methanol was added.

EOct. 1H-NMR (300 MHz, D2O + NaOD, δ): 7.66–7.36 (m, –N–

H), 3.99–3.74 (m, –CH–OH), 2.83–1.77 (m, –C–CH2–, –N–CH2–),

1.77–1.51 (m, –C–CH2–), 0.75 (m, –C–CH3) ppm. 13C-NMR

(75 MHz, DMSO-d6, δ): 176.09 (–COO–), 71.07 (–C–OH),

65.99 (–C–NH–), 59.68 (–C–CH2), 34.59 (–CH2–CH2–), 33.41

(–CH2–CH2–), 31.31 (–CH2–CH2–), 28.74 (–CH2–CH2–), 25.10

(–CH2–CH2–), 22.05 (–CH2–CH2–), 13.93 (–CH2–CH3) ppm.

Degree of functionalization: 70%.

BGE. 1H-NMR (300 MHz, D2O + NaOD, δ): 7.51–7.06 (m,

Ar–H), 4.60–4.39 (Ar–CH2–O–), 3.99–3.74 (m, –O–CH2–C–OH,

–CH–OH), 2.92–1.93 (m, –C–CH2–, –N–CH2) ppm.
13C-NMR (75 MHz, DMSO-d6, δ): 175.21 (–COO–), 138.42

(–Ar–C–), 128.20 (–Ar–C–), 127.48 (–Ar–C–), 72.26 (–CH–OH,

–CH2–O–, –NH–CH2–), 59.71 (–NH–C–CH2) ppm.

Degree of functionalization: 20%.

NFPO. 19F-NMR (400 MHz, DMSO-d6, δ): −79.47 to −82.99

(–CF3), −109.55 to −115.52 (–C–CF2–), –123.13 to −125.26

(–C–CF2–), −125.27 to −127.75 (–C–CF2–) ppm.

Solid state 13C-NMR (75 δ): 172.07 (–COOH), 119.96–101.68

(–CFx–), 65.30–47.86 (–C–OH, –NH–CH2–, –CH2–C–), 40.58

(–C–CH2–C), 30.48 (–CH2–CF2–) ppm.

Degree of functionalization: 65%.

PEO-LGE. 1H-NMR (300 MHz, DMSO-d6, δ): 5.16–4.66 (m,

N–H), 3.80–3.21 (m, –O–CH2–C–OH, –CH–OH, –O–CH2–CH2,

–N–CH2), 2.78–2.04 (m, –C–CH2–), 1.46 (m, –CH2–CH2–), 1.23

(m, –CH2–CH2–), 0.85 (m, –CH2–CH3) ppm.

Solid state 13C-NMR (75 MHz, δ): 172.10 (–COOH),

71.88–0.51 (–CH–OH, –CH2–O–, –NH–CH2) 54.54 (–C–CH2),

54.54 (–CH2–C–), 25.75 (–CH2–CH2–), 22.26 (–CH3–CH2–) ppm.

Degree of functionalization: 35%.

Post-polymerization modification of PAMA with acrylonitrile

A concentrated KOH solution was added dropwise to water

(15 mL) to adjust the pH to 13. After dissolving the PAMA

(100 mg) overnight, acrylonitrile (400 mg, 7.63 mmol, 10 eq.

per monomer unit) was added. The reaction mixture was then

stirred for 3 d at 60 °C before being neutralized using aqueous

HCl (0.5 M). The precipitated polymer was filtered off and

washed with aqueous HCl (0.5 M), deionized water and diethyl

ether. The isolated white powder was then dried in vacuo.
1H-NMR (300 MHz, D2O + NaOD, δ): 3.92–3.10 (m, –CH2–

NH–), 3.06–1.93 (m, –C–CH2–, –CH2–CN) ppm.
13C-NMR (75 MHz, D2O + NaOD, δ): 175.75 (–COO–), 119.22

(–CN), 65.51 (–C–NH–), 36.86 (–CH2–NH–), 32.91 (–CH2–C–),

15.79 (–CH2–CN) ppm.

FT-IR: 3670–3060 (O–H, N–H), 3300–2800 (C–H), 2250

(CuN), 1700 (CvO) cm−1.

Degree of functionalization: 130%.

Preparation of CNT dispersions

MWCNTs were placed in a vial at a concentration of 1 g L−1

(0.1 M NaOH). Afterwards the polymer solution (0.1 M NaOH)

with different concentrations was added and the mixture

placed in an ice bath. Dispersions were then formed by using

an ultrasonic finger (20% power, 30 min, pulsed: 59 s on and

30 s off ).
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nNH2OO a bc
nHN OO OObacdFigure S1: 1H-NMR spectra of PtBAMA (bottom, in CDCl3) and PAMA (top, in D2O+NaOD) with the corresponding SEC traces of PAMA (DMSO with 0.5 % LiBr) and PtBAMA (CHCl3/iPrOH/NEt3).

Figure S2: 1H-NMR spectrum of PDhaEOct70 in D2O+NaOD.
nNHOHO aHO mNH2OHObcd je- i



Figure S3: 1H-NMR spectrum of PDha in D2O+NaOD.
. Figure S4: 1H-NMR spectrum of PDhaBGE20 in D2O+NaOD.
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Figure S5: 13C-NMR spectrum of PDha in D2O + NaOD.

Figure S6: 13C-NMR spectrum of PDhaEOct70 in DMSO-d6.
nNHOHO cHO mNH2OHObae kf - jd

mNH2OHO ab c



Figure S7: 1H-NMR spectrum of PEO-LGE (bottom, in D2O) and PDhaPEO-LGE33 (top, in DMSO-d6).
Figure S8: 1H-NMR spectrum of PDhaNFPO65 in DMSO-d6.
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Figure S9: 13C-NMR spectrum of PDhaACN130 in D2O+NaOD.
Figure S10: 1H-NMR spectrum of PDhaACN130 in D2O+NaOD.
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Figure S11: SEC traces of PDhaNFPO65 measured in DMSO+0.5 % LiBr (Pullulan calibration).
Figure S12: ζ-potential of PDhaACN130 at different pH-values revealing charge neutrality above a pH of 2.



Figure S13: Titration curve of PDhaEOct70.
Figure S14: UV-Vis absorbance at a wavelength of 500 nm of the MWCNT (1 mg/mL) dispersions with increasing surfactant (PDhaEOct70) starting concentrations.



Equation S1: Calculation of the DF of PDhaNFPO and PDhaPEO-LGE
𝐷𝑜𝐹 [%] =  𝑛 (𝐶 𝑝𝑒𝑟 𝑁 𝑓𝑜𝑢𝑛𝑑 𝑏𝑦 𝑒𝑙𝑒𝑚𝑒𝑛𝑡𝑎𝑙 𝑎𝑛𝑎𝑙𝑦𝑠𝑖𝑠) ‒  𝑛 (𝐶 𝑃𝐷ℎ𝑎)𝑛 (𝐶𝑚𝑜𝑑𝑖𝑓𝑖𝑒𝑟)

𝑛 (𝐶 𝑝𝑒𝑟 𝑁 𝑓𝑜𝑢𝑛𝑑 𝑏𝑦 𝑒𝑙𝑒𝑚𝑒𝑛𝑡𝑎𝑙 𝑎𝑛𝑎𝑙𝑦𝑠𝑖𝑠) =  𝑤𝑡% (𝐶)𝑀 (𝐶)𝑤𝑡% (𝑁)𝑀 (𝑁)Table S1: Results of elemental analysis.composition[%] PAMA PDha PDhaNFPO PDhaPEO-LGEC 41.79 42.76 34.47 55.53H 5.54 5.23 2.2 8.84N 15.03 15.9 4.97 3.49remaining 37.64 36.11 58.36 32.14



Publication P2 

 

“Double Hydrophilic Poly(ethylene oxide)-block-Poly(dehydroalanine) Block Copolymers: 

Comparison of Two Different Synthetic Routes” 

 

 

Johannes B. Max, Peter J. Mons, Jessica C. Tom, and Felix H. Schacher 

 

Macromol. Chem. Phys., 2020, 221, 1900383 

  



www.mcp-journal.de

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1900383 (1 of 9)

FULL PAPER

Double Hydrophilic Poly(ethylene oxide)-block-Poly 
(dehydroalanine) Block Copolymers: Comparison  
of Two Different Synthetic Routes

Johannes B. Max, Peter J. Mons, Jessica C. Tom, and Felix H. Schacher*

J. B. Max, P. J. Mons, Dr. J. C. Tom, Prof. F. H. Schacher
Institute of Organic Chemistry and Macromolecular Chemistry (IOMC)
Friedrich-Schiller-University Jena
Lessingstraße 8, D-07743 Jena, Germany
E-mail: felix.schacher@uni-jena.de
J. B. Max, P. J. Mons, Dr. J. C. Tom, Prof. F. H. Schacher
Jena Center for Soft Matter (JCSM)
Friedrich-Schiller-University Jena
Philosophenweg 7, D-07743 Jena, Germany
J. B. Max, P. J. Mons, Dr. J. C. Tom, Prof. F. H. Schacher
Center for Energy and Environmental Chemistry (CEEC)
Friedrich-Schiller-University Jena
Philosophenweg 7, D-07743 Jena, Germany

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/macp.201900383.

DOI: 10.1002/macp.201900383

due to their diverse applications and unique 
solution properties in aqueous media.[1] 
They typically feature one (functional) 
block that responds to an external stimulus 
such as pH, temperature, or ion compl-
exation, to undergo self-assembly into 
discrete nanostructures.[1–4] Such mate-
rials have thus far been used for the com-
plexation of metal ions or nano particles 
for biomineralization or catalysis,[5–7] 
as drug delivery systems in biomedi-
cine,[8–10] and as surface coatings.[11–14] 
DHBCs may consist of an uncharged 
(e.g., poly(ethylene oxide) or poly(2-
methyl-2-oxazoline))[3] or (pH-dependent) 
charged segment (e.g., poly(L-lysine), 
poly(2-vinylpyridine), and poly(ethylene 
imine) or poly(2-(dimethylamino)ethyl 
methacrylate)).[6,9,10,14] In that regard, 
charged segments, that is, polyelectrolytes 
and polyampholytes or polyzwitterions 
as subclasses, are of particular interest 
as their corresponding homopolymers 
already exhibit interesting properties and 

hence, widespread industrial application.[15,16] Here, one recent 
example containing two polyelectrolyte blocks is poly(acrylic 
acid)-block-poly(dehydroalanine) (PAA-b-PDha), where pH-
dependent solubility and aggregation into loosely defined 
micelles was shown.[17] PDha, as a polyampholyte segment, 
exhibits a high charge density and furthermore offers the pos-
sibility to perform post-polymerization modifications. To date, 
PDha has been used as a coating material for magnetic nano-
particles, and pH-dependent charge inversion could be used 
to reversibly adsorb polyelectrolytes, proteins, and dyes onto 
such hybrid materials.[17–23] PDha is typically synthesized from 
poly(tert-butoxycarbonylaminomethylacrylate) (PtBAMA), which 
is accessed via free or controlled radical polymerization tech-
niques such as atom transfer radical polymerization (ATRP). 
Hence, block copolymers have also been realized. Afterward, 
PDha is obtained by the removal of the methyl ester and tert-
butoxycarbonyl protecting groups using excess LiOH and TFA. 
These rather harsh deprotection conditions have prevented the 
preparation of poly(ethylene oxide)-block-poly(dehydroalanine) 
(PEO-b-PDha) block copolymers via ATRP, where both segments 
are typically linked by a vulnerable ester moiety that would also 
be hydrolyzed under these deprotection conditions. We there-
fore introduce two strategies here to access such materials. 
First, an amide linker that is hydrolytically more stable is used 
in sequential ATRP experiments. However, it is well-known that 

Two different synthetic pathways give access to the amphiphilic block 

copolymer poly(ethylene oxide)-block-poly(tert-butoxycarbonylaminomethy-

lacrylate). In the first approach, two end-functionalized segments are linked 

via click chemistry; and in the second approach, a poly(ethylene oxide) (PEO) 

based macroinitiator is chain extended via atom transfer radical polymeriza-

tion (ATRP). In both cases the linking unit consists of an amide group, which 

is necessary to effectively deprotect the corresponding polymer precursor 

without cleavage of both segments. For this, amide-containing ATRP initiators 

are employed and successful synthesis by nuclear magnetic resonance (NMR) 

and size exclusion chromatography (SEC) analyses before comparing both 

pathways is demonstrated. After deprotection, a novel double hydrophilic 

block copolymer, poly(ethylene oxide)-block-poly(dehydroalanine), is obtained, 

which is investigated using SEC (aqueous and DMSO) and 1H-NMR spectros-

copy. Containing a potentially zwitterionic PDha segment and a high density 

of both amino and carboxylic groups, pH-dependent aggregation of the block 

copolymer is expected and is studied using dynamic light scattering, revealing 

interesting solution properties. The corresponding polymers are applied in 

various areas including drug delivery systems or in biomineralization.

1. Introduction

Double hydrophilic block copolymers (DHBCs) are a class of 
water-soluble macromolecules that have gained growing interest 
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amide-based macroinitiators are prone to excessive termination 
reactions and poor initiation efficiency compared to their ester-
based counterparts.[24–26] As an alternative approach, we also 
prepared PEO-b-PDha via copper-catalyzed azide-alkyne cycload-
dition (CuAAC) to link suitably functionalized segments.[27] The 
corresponding poly(ethylene oxide)-block-poly(tert-butoxycar-
bonylaminomethylacrylate) (PEO-b-PtBAMA) block copolymers 
were then deprotected in two steps to obtain the desired PEO-b-
PDha materials. First experiments showed pH-dependent self-
assembly in aqueous media, with the potential to complex metal 
ions for application in water purification, biomineralization, or 
as templates for the formation of metal nanoparticles. Moreover, 
utilization in drug delivery systems may also be possible due to 
the pH-dependent self-assembly behavior of our system.

2. Results and Discussion

2.1. Synthesis and Characterization of PEO-b-PtBAMA Block 
Copolymers

PDha is a polyampholyte that exhibits a net positive charge 
at low pH, a broad zwitterionic regime around its isoelectric 
point, and is negatively charged at high pH values.[21] There-
fore, a double hydrophilic PEO-b-PDha block copolymer is an 
interesting candidate for reversible self-assembly into discrete 
nanostructures upon changes in pH or for metal ion complexa-
tion. Here, both the amino and carboxyl groups along the PDha 
backbone are an ideal platform for coordinating metal ions 
whilst PEO ensures solubility. Although the general synthesis 
of PEO-b-PtBAMA has been reported previously via ATRP, 

due to the ester linkage, deprotection to the desired PDha also 
resulted in the cleavage of both segments at the block junc-
tion.[19] Nevertheless, it was not possible to directly transfer 
the conditions used in our earlier work to the corresponding 
amide-based ATRP initiators, which we expected to be a chemi-
cally more stable linkage between both blocks. Applying “con-
ventional” ATRP for block extension reactions under similar 
conditions was not successful and, therefore, we explored 
alternative approaches with ATRP in aqueous solvent mixtures 
or single-electron transfer living radical polymerization (SET-
LRP), as well as a CuAAC click reaction. In this contribution, 
both pathways are compared with regard to the access to double 
hydrophilic PEO-b-PDha block copolymers (Scheme 1).

In general, both approaches permitted the synthesis of novel 
well-defined block copolymers, which are summarized in Table 1.

2.2. Synthesis of PEO-b-PtBAMA via Click Chemistry

CuAAC is a powerful tool to covalently link two polymer seg-
ments.[27] In this way, we synthesized the corresponding PEO-
b-PtBAMA block copolymer by linking alkyne-functionalized 
PtBAMA with azide-functionalized PEO. Not only does click 
chemistry allow the conjugation of two readily synthesized and 
(moderately) well-defined polymers, it also permits the incor-
poration of higher molecular weight PtBAMA, as the molar 
mass was found to be limited under ATRP conditions reported 
earlier.[19] In general, the controlled radical polymerization of 
tBAMA by ATRP-based techniques remains quite challenging 
due to the presence of a nitrogen in each monomer unit that can 
complex the copper species, its high reactivity, and steric effects. 

Macromol. Chem.  Phys. 2020, 221, 1900383

Scheme 1. Synthetic routes toward PEO-b-PtBAMA block copolymers.
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Synthesis of PEO-N3 was achieved in accordance with the litera-
ture protocols in two steps starting from PEO-OH with either 
44 or 113 repeat units.[28] To obtain PtBAMA-alkyne, an alkyne-
containing ATRP initiator, 2-bromo-2-methylpropionamide 
(BMP), was first synthesized according to literature protocols.[29] 
Up until now, only methyl α-bromoisobutyrate (MeBib) has 
been shown to effectively polymerize tBAMA via ATRP. Here, 
the most promising catalytic system (CuBr/dNbpy) resulted in 
an Mn below 6500 g mol−1 with a moderately narrow dispersity 
(Ð) of 1.35 after 24 h. However, attempts to achieve higher mole-
cular weights resulted in poorer control over the reaction.[19] Fur-
ther efforts to improve the polymerization control of this reactive 
monomer were attempted using a different initiator (BMP), and 
are summarized in Table S1, Supporting Information.

The first experiment (Table 1) using BMP as initiator was 
performed under similar conditions as for the polymerization 
initiated using MeBib. However, it should be noted that the 
use of amide-based initiators is generally more demanding as 
a result of increased termination reactions and lower initiation 
efficiency.[24–26] The reaction using the amide initiator BMP pro-
ceeds significantly faster; and after only 1.5 h, an already higher 
Mn of 10 000 g mol−1 with a corresponding dispersity of 1.45 
was found. Lower reaction temperatures of 20/30 °C resulted in 
higher Mn and broader dispersities, presumably due to slower 
and incomplete initiation of BMP. Higher concentrations 
employing only 10 wt. % toluene resulted in highly viscous reac-
tion mixtures after 1 h of polymerization, whilst more dilute 
systems (33 wt. % toluene) led to a lower Mn of 5 600 g mol−1, 
with only a slightly lower Ð of 1.41. Upon further dilution, no 
polymerization was observed. Furthermore, the addition of a 
reversible deactivator, CuBr2 (0.1 eq. with respect to the initi-
ator), to improve polymerization control proved unsuccessful. 
Presumably the presence of the deactivating species shifted the 
equilibrium to the dormant species, which severely lowered the 
polymerization speed and resulted in no observable polymer 
formation after a reaction time of 1.5 h. While CuCl has proven 
unsuccessful in the polymerization of tBAMA from MeBib in 
preliminary experiments, the use of CuCl-based systems using 
BMP as initiator were promising. Here, an Mn of 8 800 g mol−1 
and a corresponding Ð of 1.38 could be achieved when 2 eq. 

of CuCl relative to BMP was used. As expected, lowering the 
amount of CuCl further resulted in lower molecular weight 
polymers with an Mn of 3 800 g mol−1 after 4.5 h due to slower 
initiation, which could be of interest to access lower molecular 
weight polymers. However, for further experiments, PtBAMA 
was synthesized using a CuBr/dNbpy catalytic system with 
a polymerization time of 2.0 h, resulting in ≈85 repeat units 
(12 700 g mol−1, Ð of 1.45, THF SEC).

Afterward, PtBAMA85-alkyne was combined with PEO44-N3 
and PEO113-N3 via a CuAAC reaction in accordance with ear-
lier studies.[30] The azide (1.5 eq.) was used in excess to ensure 
maximum functionalization of the alkyne moiety. Size exclusion 
chromatography (SEC) traces reveal a clear shift toward lower 
elution volumes (Figure 1A), and the unreacted PEG-N3 was 
successfully removed by washing the crude product thoroughly 
with water. Hence, the block copolymers PEO44-b-PtBAMA85 
and PEO113-b-PtBAMA85 could be successfully prepared with an 
Mn of 22 200 and 32 000 g mol−1 and a Ð of 1.42 and 1.55 (CHCl3 
SEC), respectively. By further optimizing the homopolymeriza-
tion of tBAMA, which is so far limited in its control via ATRP, 
it should be possible to obtain more narrowly distributed block 
copolymers. The Mn values are higher than expected, which 
may be explained by two possible reasons: 1) the low molecular 
weight fraction containing a short PtBAMA-alkyne segment 
may be removed during the washing steps; and 2) the hydro-
dynamic volume of the block copolymer may vary compared to 
the single individual blocks. However, since the SEC traces are 
overlapping, the presence of residual unreacted PtBAMA-alkyne 
cannot be excluded, although the integral ratio of both blocks by 
1H-NMR fits quite well. The 1H-NMR spectroscopy results are 
provided in Figure S1, Supporting Information.

2.3. Synthesis of PEO-b-PtBAMA via Block Extension

Block extension of a suitable macroinitiator typically is syntheti-
cally less demanding and more straightforward if compared 
to polymer–polymer ligation approaches. As an alternative to 
the established ester-based ATRP macroinitiators,[19] PEO113-
amide-Br was used under similar conditions for the ATRP 
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Table 1. Summary of the reaction conditions used to synthesize PtBAMA-alkyne and PEO-b-PtBAMA, and the corresponding SEC characterization data.

Cu(I)X [eq.] Solvent [wt.%] T [°C] t [h] Mn [g mol−1] Ð

Route A

PtBAMA-alkyne50
a) CuBr (1) Toluene (10) 50 1.5 10 000d) 1.45

PtBAMA-alkyne44
a) CuCl (2) Toluene (10) 8 800d) 1.38

PEO113-b-PtBAMA85 – THF (90) 80 1 32 000f) 1.42

PEO44-b-PtBAMA85 – THF (90) 21 18 22 200f) 1.55

Route B

PEO113-b-PtBAMA46
b) Cu(0) (5 cm) DMF (33) 60 24 13 900e) 1.42

PEO113-b-PtBAMA23
b) Cu(0) (2.5 cm) DMF (33) 8 200e) 1.06

PEO113-b-PtBAMA10
c) CuBr (1.5) H2O/DMF (1/1) (80) 24 24 5 200e) 1.03

PEO113-b-PtBAMA39
c) CuBr (1.5) H2O/iPrOH (1/1) (80) 5 800e) 1.10

[M]:[I]:[ligand] = a)100:1:1, L = dNbpy; b)100:1:1.5, L = PMDETA; c)100:1.5:1.5, L = dNbpy; THF SEC (d)PS/e)PMMA calibration), f)CHCl3/triethylamine/iso-propanol [94/2/4], 
PS calibration.
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of tBAMA. However, the amide initiator suffered from poor 
reproducibility, and only a maximum of 15 tBAMA repeat units 
could be achieved. Hence, alternative approaches to conven-
tional ATRP were tested, namely SET-LRP and aqueous ATRP. 
SET-LRP is less sensitive toward oxygen, proceeds faster, and 
at lower reaction temperatures than conventional ATRP tech-
niques; while aqueous ATRP is more amenable with the water-
soluble PEG macroinitiator.

2.4. SET-LRP

DMF was chosen as solvent as it is well suited for controlled 
SET-LRP.[31] The polymerizations were carried out at 35 °C, 

and the reaction kinetics investigated using varying lengths 
of copper wire (2.5 and 5 cm). Starting with a copper(0) wire 
length of 5 cm, an Mn of 13 900 g mol−1 was achieved with a 
corresponding Ð of 1.42 (Table 1). This corresponds to the 
addition of 46 monomer units, which is higher than previously 
achieved using ATRP. The reaction proceeded more slowly in 
the presence of less Cu(0) wire, and this behavior was further 
investigated (Figure 1B,C). While previous conversions of up 
to 60% were possible after 24 h, the chain growth plateaus 
after less than 20% monomer conversion is reached when 
lower amounts of copper wire are used. However, while the 
conversion reached is significantly lower under these condi-
tions, the reaction proceeds in a more controlled manner with 
a Ð of 1.06 achieved after 24 h at a monomer conversion of 

Macromol. Chem.  Phys. 2020, 221, 1900383

Figure 1. A) SEC traces of PEO-N3 and PtBAMA85-alkyne before and after CuAAC reaction in CHCl3; B,C) kinetics of the single-electron transfer living 
radical polymerization (SET-LRP) block extension (tBAMA:ligand:macroinitiator = 100:0.1:1, copper(0) wire length = 2.5 cm, [M]0 = 0.0248 mmol per 
1.25 mL, T = 35 °C) and SEC traces of aqueous ATRPs in a D) DMF and E) iso-propanol solvent mixture. The Mn was obtained by SEC (eluent: THF, 
PMMA calibration) and conversion determined via 1H-NMR spectroscopy.
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18%. Further decreasing the Cu(0) wire length did not result 
in any further improvements. While the reaction proceeds in 
a controlled manner within the first 300 min using a reduced 
amount of copper wire, the decreasing semilogarithmic plot, 
which eventually plateaus after 24 h, indicates that the number 
of active radicals decreases over the course of the polymeriza-
tion, which may be due to termination reactions occurring. 
This ultimately limits the conversion, and hence the reachable 
molecular weight. The relatively low dispersity of 1.06 indi-
cates, however, that this arises predominantly due to the equi-
librium rather than the formation of dead chains, and hence 
we can expect the chains to have living character. Since this is 
the first report of SET-LRP as suitable candidate to polymerize 
tBAMA in a controlled fashion, future work will focus on fur-
ther optimizing SET-LRP to synthesize well-defined PtBAMA 
homopolymers with a targeted molecular weight and low 
dispersity.

2.5. Aqueous ATRP

Block extension via ATRP can be performed under aqueous 
conditions, which is favorable for the solubility of the PEO-
based macroinitiator. Cordeiro et al. block extended PEO with 
DMAEMA using ATRP in water/iso-propanol mixtures, yielding 
dispersities below 1.4. We further tested water/DMF (1:1 v/v) 
mixtures for comparison. A monomer/CuBr/dNbpy/initiator 
ratio of 100:1.5:1.5:1 was used, and the polymerization per-
formed at a temperature of 60 °C. The chain extension in the 
DMF/water mixture was monitored via SEC, and samples taken 
after 1, 2, and 24 h (Figure 1D). With increasing polymerization 
time, the SEC traces shift toward lower elution volumes. After 
24 h, an Mn of 5 200 g mol−1 and Ð of 1.03 is achieved. 1H-NMR 
spectroscopy also clearly shows the signals of both blocks, and a 
degree of polymerization (DP) of 10 monomer units was deter-
mined. Water/iso-propanol mixtures were also explored, and 
this system permitted the addition of 39 tBAMA units with a 
clear shift in the elution volume observed after 24 h by SEC 
(Figure 1E). However, a small tailing toward higher elution 
volume was observed as a possible result of incomplete reinitia-
tion of the macroinitiator chains.

Route B, that is, block extension, was initially considered 
a more desirable synthetic approach to prepare such block 
copolymers. Block extension of a PEO macroinitiator requires 
only one synthetic step and typically results in narrower dis-
persities of 1.03 compared to 1.42 for conjugation, which is 
the result of the combination of two already moderately dis-
persed building blocks. However, Route A (CuAAC) appears 
more promising for the synthesis of PEO-b-PtBAMA. Block 
extension suffers from limited conversion, with a maximum 
of 46 repeat units added under the applied conditions, and 
hence results in the synthesis of shorter PtBAMA segments. 
In comparison, the pre-synthesis of the PtBAMA-alkyne 
homopolymers results in higher DPs with more predictable 
molar masses between 3 200 and 35 000 g mol−1 depending on 
the reaction time and the copper salt used as shown in Table 
S1, Supporting Information. However, it should be noted that 
the main drawback compared to Route B is a broader Ð as a 
result of the combination of two polymers where the PtBAMA-

alkyne homopolymer is already characterized by a relatively 
high dispersity (Ð = 1.45).

2.6. Deprotection of PEO-b-PtBAMA to PEO-b-PDha

After the successful preparation of PEO-b-PtBAMA block 
copoly mers, we tested the deprotection of the PtBAMA seg-
ment, analogous to earlier reports for PS-b-PtBAMA and 
PnBMA-b-PtBAMA.[17] We tested both acidic and basic proto-
cols to determine the best conditions to successfully deprotect 
the PtBAMA segment, and they are depicted in Figure 2A as 
Routes A and B. Unfortunately, these protocols did not permit 
the orthogonal deprotection of the PtBAMA segment. How-
ever, the corresponding PDha-based block copolymers were 
obtained after subsequent deprotection steps. The same was 
observed for PEO-b-PtBAMA, with the exception that long 
reaction times via Path A exceeding 5 h resulted in complete 
deprotection in one step. Interestingly, in the case of PEO44-
b-PtBAMA85, no cleavage of the block junction was observed 
according to aqueous SEC (Figure 2C), whereas partial cleavage 
was found for PEO113-b-PtBAMA85 (Figure S3, Supporting 
Information). We tentatively explain this by slight differences 
in block copolymer solubility due to the dissimilar PEO chain 
lengths. Hence, the accessibility of the amide linking group 
might differ and as a result, PEO44-b-PDha85 may be more 
stable under the respective conditions. However, since the 
amide is apparently not stable under such harsh conditions, 
the deprotection protocol was significantly reduced to 15 min 
for each step, and a two-step protocol applied (first Route A 
and then Route B), which allowed quantitative deprotection of 
PtBAMA to PDha. SEC traces of PEO113-b-PDha85 in water did 
not indicate the presence of cleaved PEO chains, with only a 
small shoulder visible at higher elution volumes close to the 
solvent signal (Figure 2B). The distribution at higher elution 
volumes may result from the formation of aggregates in water, 
possibly due to attractive interactions between the zwitterionic 
segments. Dynamic light scattering (DLS) of such samples 
also showed the presence of some ill-defined larger aggregates. 
However, SEC traces in DMSO (Figure 2D) show a monomodal 
distribution, hinting to the presence of intact PEO-b-PDha 
block copolymer.

Since PEO113-b-PDha85 dissolves over a broad pH range 
(4–14) in water, its solution properties were further inves-
tigated via DLS and ζ-potential measurements for compar-
ison.[21] Therefore, the block copolymer was dissolved at pH 7 
and measurements performed after titration to pH = 4 and 9 
(Figure 2E). A hydrodynamic radius (RH) of 4, 16, and 23 nm 
was found under basic, neutral, and acidic conditions, respec-
tively. These results indicate that aggregation is particularly 
favored under acidic conditions, where hydrogen bonds lead to 
strong interactions between different block copolymer unimers. 
In addition, the chelating ability of these systems for metal ions 
was investigated by the addition of Cu2+ ions.[5] At pH 7, no 
significant aggregation was observed in the presence of Cu2+, 
and the RH also decreased. This observation suggests the suc-
cessful complexation of Cu2+ by PDha, and a certain collapse 
of the block. At pH 9, an increased RH of 40 nm is observed 
in the presence of Cu2+, presumably due to higher amounts of 

Macromol. Chem.  Phys. 2020, 221, 1900383
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metal being complexed and the formation of micelles featuring 
a PDha/Cu2+ core and a PEO corona.

The ζ-potential of the PEO113-b-PDha85 block copolymer was 
investigated (Figure S4, Supporting Information) in order to 
determine the overall charge of the polyampholytic segment. 
Therefore, it was dissolved at pH 12 (c = 0.2 mg mL−1) and 
titrated with 0.5 M HCl to carry out measurements in pH steps 
of 2. PDha behaves like a polyzwitterion in the pH range from 
10.5 and 6.5[21] and, as expected at pH 12 and 10 it reveals nega-
tive values around −40 mV due to deprotonated carboxylate 
moieties. Afterward, the values are slightly increasing until pH 
6 (−20 mV) due to partial protonation of the amino groups as 
well as partial formation of COOH groups. At a pH of around 

5 the isoelectric point is reached and at pH 4 a value close to 
neutral of +1 mV was found.

3. Conclusion

The successful synthesis of an amphiphilic block copolymer, 
PEO-b-PtBAMA, linked by an amide junction was described 
via two synthetic strategies: CuAAC and controlled radical 
polymerization. Both pathways led to well-defined block copoly-
mers with moderately narrow molecular weight distributions 
according to nuclear magnetic resonance (NMR) and SEC 
analysis, but differing in the level of control obtained in terms 

Macromol. Chem.  Phys. 2020, 221, 1900383

Figure 2. A) Synthetic route toward PEO-b-PDha block copolymers via basic and/or acidic deprotection, as well as the corresponding SEC traces of the 
completely deprotected block copolymers: B) PEO113-b-PDha85 and C) PEO44-b-PDha85 in H2O; D) PEO113-b-PDha85 in DMSO. E) DLS measurements 
of PEO113-b-PDha85 at different pH values and upon the addition of Cu2+ salt.
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of dispersity and molecular weight. While block extension of 
a PEO-amide-Br initiator via SET-LRP and ATRP is syntheti-
cally straightforward and results in narrowly distributed block 
copolymers (Ð ≥ 1.03), click chemistry affords higher and more 
controllable molecular weight for the PtBAMA segment. Using 
experimentally demanding amide-containing initiators, it was 
possible to link the corresponding polymer segments by a 
rather stable junction, which permitted the subsequent depro-
tection under basic and acidic conditions. SEC confirms no 
cleavage of both segments occurs in contrast to the previously 
synthesized ester-based ATRP macroinitiators.[19] This enabled 
the preparation of double hydrophilic PEO-b-PDha block copol-
ymers. First experiments on the solubility and self-assembly in 
aqueous solution revealed pH-dependent overall charge (nega-
tive until pH ≈5), as well as aggregation and possible compl-
exation of Cu2+ ions. In this regard, the prepared polymers are 
interesting candidates as templates for metal nanoparticles, 
cargo carrying systems, or for use in biomineralization. Their 
potential for use in such applications will be investigated in 
future studies.

4. Experimental Section

Chemicals: Methanesulfonyl chloride (≥99.7%) NaN3 (>99.5%), 
propargylamine (98%), 4,4′-di-5-nonyl-2,2′-bipyridine (97%), alpha-
bromoisobutyryl bromide (98%), copper(I) chloride (≥99.995 %), 
Cu(I) bromide (99.999%,) and Cu(II) bromide (99%) were purchased 
from Sigma-Aldrich. TFA (≥99.9%) was purchased from Roth, triethyl 
amine (≥99.0 %) from CHEMSOLUTE, and N-(tert-butoxycarbonyl)-L-
serinmethylester (98%) from Carbolution Chemicals, LiOH monohydrate 
(56% LiOH) from Acros Organics, pentamethyldiethylenetriamine 
(98%) from abcr, mPEG113-NH2 from Rapp Polymere, mPEG113-OH 
from JenKem Technology, mPEG44-OH from Fluka. Cu(0) wire (≥99.9 
%, 1 mm diameter) was purchased from Sigma-Aldrich and purified as 
follows: Copper(0)-wire was wrapped around a magnetic stirrer bar and 
placed into a flask containing 6 mL HCl (37%) for 6 min under ambient 
conditions. After which, the acid was removed from the reaction vessel 
by syringe, and the wire was washed with acetone (10 mL) before being 
dried under an argon stream for a further 10 min.

Analytical Methods: Nuclear Magnetic Resonance Spectroscopy: 1H- and 
13C-NMR spectra were performed on a Bruker AC 300 MHz using CDCl3 
and D2O/NaOD as solvents at a temperature of 298 K. The spectra were 
referenced by using the residual signal of the deuterated solvent.

Size Exclusion Chromatography: SEC traces were measured using a 
Shimadzu system equipped with a CBM-20 A system controller, a LC-10 
VP Pump, a RID-10A refraction index detector, and a PSS SDV guard/
linear S column. As eluent a mixture of chloroform/triethylamine/iso-
propanol [94/2/4] v/v/v was used and measurements were recorded with 
a flow rate of 1 mL min−1 and 40 °C.

SEC measurements in DMSO were measured on a Jasco instrument 
using DMSO + 0.5% LiBr as solvent at a flow rate of 0.5 mL min−1 
at 65 °C and Pullulan calibration. It contains PSS NOVEMA 3000 
Angström/300 Angström columns, a RI-930 detector as well as a PU-980 
pump.

Aqueous SEC was measured on a Jasco system equipped with a 
DG-2080-53 degasser, PU-980 pump, and a RI-2031 Plus refractive index 
detector (Jasco Deutschland Labor- und Datentechnik GmbH, Groß-
Umstadt, Germany) with 0.1 M Na2HPO4/0.05% NaN3 pH 9 as eluent 
and at a flow rate of 1 mL min−1 on a column set of PSS SUPREMA 1000 
Å and 30 Å (10 µm) at 30 °C (PSS, Mainz, Germany). PEO was used as 
calibration.

Dynamic Light Scattering: DLS measurements were performed using 
an ALV laser CGS3 Goniometer equipped with a 633 nm HeNe laser 

(ALV GmbH, Langen, Germany) at 25 °C and at a detection angle of 
90°. The CONTIN analysis of the obtained correlation functions was 
performed using the ALV 7002 FAST Correlator Software.

ξ-Potential: Zeta-potentials were measured on a ZetaSizer Nano ZS 
from Malvern via M3-PALS technique with a laser beam at 633 nm. 
The detection angle was 13°. The samples were prepared by titration 
of the polymer in 0.1 M NaOH (0.2 g/L) with 0.1 M HCl and 1 mL 
of the solution was taken at the desired pH values. The titration and 
pH detection was performed on a Metrohm 765 Dosimat titrator with 
a Greisinger electronic GMH3539 digital pH-/mV-electrode with a 
thermometer.

Synthesis: Synthesis of tBAMA Boc-Ser-OMe (10.0 g; 45.6 mmol; 
1.0 eq.) was dissolved in DCM (200 mL) and MsCl (6 mL; 77.5 mmol; 
1.7 eq.) was added. After cooling in an ice bath NEt3 (23 mL; 165.9 mmol; 
3.6 eq.) was slowly added dropwise and die reaction mixture stirred for 
1 h at 0 °C. Then it was stirred for additional 2 h at room temperature 
and afterward washed with potassium bisulfate (1%) to neutrality. The 
organic phase was dried with Na2SO4 and the solvent removed under 
reduced pressure. The crude product was further purified via column 
chromatography with silica gel (ethyl acetate/n-hexane v/v 1/4). After 
removal of the solvent under reduced pressure, the product was yielded 
as a colorless oil (8.6 g, 94%).

1H-NMR (300 MHz, CDCl3, δ): 7.01 (s, 1 H, -NH), 6.16 (s, 1 H, C 
CH), 5.73 (s, 1 H, CCH), 3.83 (s, 3 H, OCH3), 1.48 (s, 9 H, 
COOC(CH3)3) ppm.

Synthesis of BMP: Propargylamine (1.00 g, 1 eq.) and NEt3 (4.6 g, 
2.5 eq.) were dissolved in diethylether (20 mL) at 0 °C. Afterward 
α-bromoisobutyrylbromide (8.3 g, 2 eq.) was added dropwise and the 
reaction mixture stirred for 12 h at room temperature. The solution 
was washed with HCl (0.5 M), NaHCO3 (3%) and distilled water (1×) 
until a pH of 1 was reached. The solution was dried over MgSO4 and 
the solvent removed under reduced pressure. The crude product was 
recrystallized in n-hexane/toluene at 0 °C and obtained as white crystals.

1H-NMR (300 MHz, CDCl3, δ): 7.00–6.75 (NHCO), 4.08 (CCH2 
NHCO), 2.30 (m, HCCH2), 1.99 (s, C(CH3)2) ppm.

Synthesis of PtBAMA-alkyne: The monomer tBAMA was degassed via 
four freeze–pump–thaw cycles and afterward added to BMP, Cu(I)Br, 
and dNbpy under Ar ([100]/[1]/[1]/[1]). Then the reaction mixture was 
placed in an oil bath at 50 °C and stirred under Ar for 1.5 h. The reaction 
was terminated by cooling to room temperature and after removal of the 
Cu-catalyst through an AlOx column, the crude product was precipitated 
in excess n-hexane. The product was filtered off, dried under vacuo, and 
obtained as a white powder.

1H-NMR (300 MHz, CDCl3, δ): 6.00–5.00 (m, NH), 4.08–3.37 (m, 
OCH3), 3.32–2.02 (m, CCH2), 1.75–1.16 (m, COOC(CH3)3) 
ppm.

SEC (PS calibration, CHCl3/i-PrOH/NEt3): Mn = 17 000 g mol−1, Mw = 
30 100 g mol−1, Ð = 1.77.

Synthesis of PEO-azide: PEO-OH (Mn ≈5000 g mol−1, 10.00 g, 1.0 
eq.) and NEt3 (0.51 g, 2.5 eq.) were dissolved in DCM (50 mL) 0 °C. 
Afterward MsCl (0.0.46, 2 eq.) was added dropwise and the reaction 
mixture stirred additional 18 h at room temperature. The reaction 
mixture was filtered off and precipitated in excess diethyl ether two times 
before drying under vacuum.

PEO-OMs was dissolved in DMF (50 mL) and NaN3 (1.3 g, 5 eq.) 
was added. The turbid reaction mixture was stirred for 24 h at room 
temperature and then filtered off. DMF was removed in an azeotropic 
distillation with toluene. The residue was redissolved in DCM before 
washing with dest. Water (2×) and NaCl (saturated, 1×). The solution 
was dried over MgSO4 and precipitated in excess diethyl ether. The 
product was filtered off, dried under vacuo, and obtained as a white 
powder (yield: 70%).

1H-NMR (300 MHz, CDCl3, δ): 3.68–3.59 (m, CCH2N3, m, 
OCCH2), 3.38 (s, OCH3) ppm.

SEC (PEO calibration, CHCl3/i-PrOH/NEt3): Mn = 5700 g mol−1, Mw = 
6300 g mol−1, Ð = 1.10.

SEC (PEO calibration, CHCl3/i-PrOH/NEt3): Mn = 2100 g mol−1, Mw = 
2300 g mol−1, Ð = 1.08.

Macromol. Chem.  Phys. 2020, 221, 1900383
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Synthesis of PEO-b-PtBAMA via CuCAAC Click Reaction: PEO-azide 
(10 mg, 1.0 eq.), PtBAMA-alkyne (20 mg, 1.0 eq.), and PMDETA (0.4 mg, 
1.2 eq.) were dissolved in THF (0.2 mL) and the solution degassed via 
freeze–pump–thaw. Then the mixture was added to CuBr (0.3 g, 1.2 eq.) 
under Ar. The reaction mixture was stirred at 80 °C for 1 h and after 
switching off heating for additional 24 h at room temperature. Copper 
was removed via an AlOx column before the solvent was removed. The 
crude product was dispersed in water under vigorous stirring for 2 h and 
the polymer obtained via centrifugation. The polymer was obtained as a 
white powder after freeze drying.

Synthesis of PEO-amide-Br: PEO-NH2 (Mn ≈5000 g mol−1, 1.00 g, 
0.2 mmol) and NEt3 (0.08 g, 0.8 mmol, 4 eq.) were dissolved in THF 
(20 mL) at 60 °C. Afterward α-bromoisobutyrylbromide (0.27 g, 
1.2 mmol, 6 eq.) was added dropwise and the reaction mixture stirred 
for 9 h. The solvent of the turbid reaction mixture was removed and the 
residue redissolved in DCM before washing with Na2CO3 (saturated 
solution, 2×), HCl (0.5 M, 2×) and dest. Water (2×). The solution was 
dried over MgSO4 and precipitated in excess diethyl ether. The product 
was filtered off, dried under vacuo, and obtained as a white powder 
(yield: 63%).

1H-NMR (300 MHz, CDCl3, δ): 3.68–3.59 (m, CCH2NHCO, m, 
OCCH2), 3.38 (s, OCH3), 1.95 (s, C(CH3)2) ppm.

SEC (PEO calibration, CHCl3/i-PrOH/NEt3): Mn = 4800 g mol−1, Mw = 
5400 g mol−1, Ð = 1.12

Synthesis of PEO-b-PtBAMA via ATRP: For the synthesis of PEO113-b-
PtBAMAx, tBAMA, CuBr, ligand, and PEO113−amide Br were dissolved 
in the corresponding solvent and deoxygenated using four consecutive 
freeze−pump−thaw cycles. The polymerization was carried out at 50 °C 
for 24 h. The reaction was then terminated by cooling in liquid nitrogen 
followed by the addition of methanol. After removal of the residual 
copper using an AlOx column, the block copolymer was precipitated into 
cold n-hexane. The desired block copolymer was isolated by removal of 
the solvent under reduced pressure.

1H-NMR (300 MHz, CDCl3, δ): 6.31–4.84 (m, NH), 4.06–3.47 (m, 
OCCH2 and s, OCH3), 3.37 (s, OCH3), 3.30–2.00 (m, 
CCH2), 1.78–1.04 (m, COOC(CH3)3) ppm.

Synthesis of PEO-b-PtBAMA via SET-LRP: For the synthesis of PEO113-
b-PtBAMAx, tBAMA, Cu(0)-wire, PMDETA, and PEO113−amide-Br were 
dissolved in DMF (1.25 mL), and the mixture deoxygenated by four 
consecutive freeze−pump−thaw cycles. The polymerization was carried 
out at 35 °C for 24 h. The reaction was then terminated by cooling in 
liquid nitrogen followed by the addition of methanol. After removal of 
copper by an AlOx column, the block copolymer was precipitated into 
cold n-hexane. The desired block copolymer was isolated by removal of 
the solvent under reduced pressure.

Synthesis of PEO-b-PDha: PEO-b-PtBAMA (50 mg) was dissolved 
in 1,4-dioxane (3 mL) and a saturated aqueous LiOH solution (3 mL, 
≈45 eq. LiOH per monomer unit) was added. The reaction mixture 
was stirred for 15 min at 100 °C and afterward conc. HCl was added 
until neutrality of the solution was reached. Afterwards, the polymer 
was dialyzed against water (6–8 kDa) for 24 h and then the solvent was 
removed via freeze drying. The polymer was obtained as a white powder 
(yield: 40%).

1H-NMR (300 MHz, D2O, δ): 3.67 (m, OCCH2), 3.34 (s, 
OCH3), 2.95–2.00 (m, CCH2), 1.28 (m, C(CH3)3) ppm.

PEO-b-PtBAA-co-PDha (50 mg) was dissolved in TFA (20 eq.) and 
stirred for 15 min at room temperature. Then the reaction mixture was 
precipitated in diethylether, filtered of, and washed with diethylether. The 
polymer was obtained as a yellowish powder (yield: 50%).

1H-NMR (300 MHz, D2O, δ): 3.67 (m, OCCH2), 3.34 (s, 
OCH3), 2.95–2.00 (m, CCH2) ppm.

Supporting Information

Supporting Information is available from the Wiley Online Library or 
from the author.
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Table S1: Synthesis of PtBAMA-alkyne under varying reaction conditions.  

polymer Cu(I)X [y] 
toluene 
[wt.%] 

T [°C] t [h] M
n
 [g/mol] PDI 

1 CuBr 1 10 50 1.5 10 000 1.45 

2 CuBr 1 10 50 2 12 700 1.45 

3 CuBr 1 10 30 1 17 000 1.50 

4 CuBr 1 10 20 
1.5 
18 

- 
35 000 

- 
2.07 

5 CuBr 1 33 50 1.5 5 600 1.41 

6 CuBr 1 66 50 1.5 - - 

7 
CuBr 0.5 + 
CuBr

2
 0.1 10 50 1.5 - - 

8 CuCl 1 10 50 2 8 800 1.50 

9 CuCl 0.5 33 50 
1.5 
4.5 

3 200 
3 800 

1.82 
1.64 

10 CuCl 2 10 50 1.5 8 800 1.38 

11 CuCl 2 25 50 1.5 7 800 1.46 

[M]: [I]: [dNbpy] = 100 :1: 1, THF SEC (PS calibration) 

 

mailto:felix.schacher@uni-jena.de


 
Figure S1: 

1
H-NMR (A) and 

13
C-NMR (B) spectrum of PEG113-b-PtBAMA85 block copolymer derived from the 

CuAAC click-reaction. 

 

 
Figure S2: 

1
H-NMR spectra of deprotected PEG-b-PtBAMA block copolymers: PEG-b-PAMA after stirring at 

rt for 15 min in TFA (black), PEG-b-PtBAA after stirring at 100°C in water/dioxane with addition of LiOH for 

15 min (red), PEG-b-PDha after stirring at 100 °C in water/dioxane with addition of LiOH for 7 h (blue) and 

PEG-b-PDha after stirring for 15 min in water/dioxane (45 eq. LiOH) at 100 °C and 10 min in TFA at rt (green). 
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Figure S3: SEC-traces (eluent: water, 0.1 M Na2HPO4/0.05% NaN3 pH 9) of the PEG113-N3 precursor and 

PEG113-b-PDha after the deprotection under various conditions. 
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Figure S4: ζ-Potential measurement of PEO113-b-PDha85 at different pH values between 12 and 2. 
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ABSTRACT: Polymer templates are a facile way to control the formation, size, and shape
of different inorganic nanomaterials by tuning solution behavior, morphology, or density
and the type of functional groups. As a novel class of such templates, we herein introduce
polyampholytic graft copolymers, more specifically, poly(dehydroalanine)-graft-poly-
(ethylene glycol) (PDha-g-PEG), which feature a polyampholytic backbone with varying
net charge and charge densities at different pH values and PEG graf ts, providing molecular
solubility over the entire pH range. As the PDha backbone features both amino and
carboxylic acid groups in each repeat unit, selective interaction with [AuCl4]

- and Ag+ salts is possible, and this permits a
straightforward synthesis of Ag, Au, and AgAu alloy nanoparticles. In this regard, we used different approaches: light-induced,
thermal, and chemical reduction. As a unique feature, PDha-g-PEG enables control over AgAu nanoalloy composition via the pH
value, as this directly affects the charge ratio (−NH3

+/−COO−) along the polymeric backbone. The obtained hybrid materials were
investigated with respect to structure, shape, composition, and optical properties of nanoparticles via transmission electron
microscopy, X-ray photoelectron spectroscopy, energy-dispersive X-ray spectroscopy, thermogravimetric analysis, and UV−vis
spectroscopy. In our opinion, this is a facile way to control nanoalloy composition and this can be extended to other mono- or
bimetallic nanoparticle examples.

■ INTRODUCTION

The synthesis of tailor-made, nanostructured inorganic
composites such as nanoparticles (NPs) or mesoporous
materials can be readily realized by the utilization of
structure-directing polymers as templates. Hereby, the organic
compounds can be retained as the matrix or stabilizing agent in
solution or films or also be removed by thermal decomposition
or extraction, giving access to pure inorganic materials
afterward.1−4 In this regard, inorganic materials with complex
and defined structures were synthesized in the presence of
block copolymer nanostructures, polymer NPs, or other
polymeric matrices and have potential application in catalysis,
energy storage, as sensors, in optics, and biomedicines.5−9 In
case of mesoporous structures, for instance, a poly(isoprene)-
block-poly(ethylene oxide) block copolymer was used as the
template for aluminosilicates10 or titanium and niobium oxides,
where a highly crystalline material was obtained after heating.7

Alternatively, covalently linked inorganic/organic hybrid
materials can be obtained by controlled radical polymerization,
for example, by the utilization of surface-immobilized
initiators.11 In an aqueous environment, water-soluble
polymers or hydrogels are ideal templates to obtain NPs
within a defined surrounding or to support biomineraliza-
tion.12,13 Typically, the interaction of such materials with metal
salts leads to the formation of polymer−ion complexes, for
example, within a three-dimensional network or micelles. In
this way, controlled growth alongside with stabilization of the

resulting inorganic materials upon reduction is enabled.12−15

As one example, Ni, Au, Ag, or AuAg alloy NPs could be
prepared within a hydrogel network and applied for
catalysis.13,14,16 Similarly, Ag nanocapsules were prepared
using a thermo-responsive hydrogel core17 or a complex-
ation/reduction approach, employing double hydrophilic
copolymers as templates.18,19

Among all types of metal NPs, Au received tremendous
interest over the last decades because of unique physicochem-
ical properties (conductivity and optical properties), excellent
chemical stability, and a broad variety of surface functionaliza-
tions being possible, for example, using thiolated com-
pounds.20,21 In a similar manner, Ag NPs are of interest in
biomedical applications such as cancer therapy or photo-
imaging, as nanosensors, in cosmetics, catalysis, or, as
antimicrobial additives.22 Alloys consisting of both Au and
Ag, which are completely miscible because of almost identical
lattice constants, reveal synergism and allow for fine-tuning
both optical and electronic properties.23−25 Exemplarily, Ag
NPs exhibit a higher refractive index sensitivity but are
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typically more prone to oxidation and less biocompatible, if
compared to Au.26 Also, in catalysis, alloy NPs can outperform
pure noble-metal NPs.27 As the composition affects spectro-
scopic properties, shifts in the optical absorbance of the surface
plasmon resonance peak can often be directly correlated with
the composition of bimetallic particles,24,28,29 and this
phenomenon was recently exploited in the multicolor tracking
of single biomolecules.25 Other examples of bimetallic NPs
include Ni, Pt, Pd, Fe, and Cu, as outlined by Sharma et al.30

The synthesis of AgAu NPs can be performed by coreduction
of the corresponding metal salts, most often AgNO3 and
H[AuCl4] in different ratios.29,31−39 Stabilization of these
nanoalloys is usually achieved by the addition of surfactants,
either monomeric, such as sodium dodecyl sulfate,34 or
dodecanethiol,40 as well as water-soluble polymers, for
example, poly(acryl amide),31 poly(N-vinyl pyrrolidone),37

starch,41 poly(vinyl alcohol),36 poly(diallyldimethylammonium
chloride),27 dendrimers,42 or double hydrophilic block
copolymers.15 Besides these examples, polyelectrolyte multi-
layers, interpolyelectrolyte complexes, or hydrogels also can
serve as host matrices,14,43 and during the reduction step, both
temperature and pH value play an important role.44−49

Although energy-dispersive X-ray (EDX),39 atomic absorption
spectroscopy,50 and X-ray photoelectron spectroscopy (XPS)38

permit absolute determination of the alloy composition, cyclic
voltammetry37 and UV−vis spectroscopy51 give qualitative
evidence and are typically used to analyze the electrochemical
and optical properties.
Double hydrophilic block copolymers are interesting

templates asbesides good solubility in aqueous media
they can feature additional stimuli-responsive properties,
rendering both the aggregation state and solution properties
dependent on temperature,52−54 pH value,55−57 ionic
strength,58,59 irradiation with light,60 or the presence of
redox-active compounds.61 In many cases, reversible self-
assembly into defined nanostructures upon triggering a suitable
stimulus has been reported.62,63 This, in turn, with often
reported biocompatibility, has led to an increasing interest in
such materials,12,64 and besides generation of multiresponsive
examples,65 also aggregation in pure water as a result of
different hydrophilicities has been reported.66,67 Instead of
linear examples, double hydrophilic graft copolymers are
another interesting class of materials with regard to
templates.68 Here, only few reports are available,63 and also,
solution behavior is sometimes more complicated, if compared
to linear block copolymers.69,70 In general, the synthesis can be
achieved via three strategies: grafting-through, grafting-onto,
and grafting-from.71 Controlled radical polymerization techni-
ques and their (sequential) combinations provide access to
advanced polymer architectures and are hence mainly
used.19,70,72−75 Besides direct and sequential access, post-
polymerization modifications allow the attachment of various
side chains to a polymer backbone, as, for instance, realized via
amidation reactions toward double hydrophilic polyacetal-
graft-PEO copolymers76 or Michael addition with subsequent
hydrolysis to obtain poly(dehydroalanine)-based (PDha) graft
copolymers. Similar to linear block copolymers, double
hydrophilic graft copolymers were already applied as templates
for nanomaterials,19,77 for example, in the preparation of well-
defined superparamagnetic Fe3O4 NPs, where the side chains
form the outer shell while the functional groups along the
backbone attach to the iron oxide core.68 Moreover, Au NPs
were prepared using a PNIPAM-b-PEA-g-PDEAEMA graft

copolymer, where the amino groups of PDEAEMA allowed the
reduction of Au3+, and PNIPAM formed the corona.19

Although both temperature and pH value impact the Au and
Ag NP formation in water,44−49 to the best of our knowledge,
the composition of such alloys is so far only adjusted by the
initial ratio of Au and Ag salts. Therefore, we, herein, present a
polyampholytic graft copolymer as smart template, allowing
control over the nanoalloy composition by varying the pH
value at constant Ag/Au ratios. Double hydrophilic graft
copolymers based on PDha were synthesized using a
combination of radical polymerization and subsequent side-
chain modification, and we investigated their solution
properties with respect to overall charge, protonation/
deprotonation, and self-assembly in aqueous solution. As
each repeat unit of the polyampholytic backbone features both
an amino as well as a carboxylic acid group, simultaneous
interaction with Ag+ and [AuCl4]

− is possible, followed by
reduction via chemical, photo-induced, or thermal treatment.
The as-prepared alloys were characterized via transmission
electron microscopy (TEM), UV−vis spectroscopy, XPS, and
thermogravimetric analysis (TGA). We believe that the herein
presented approach will allow for a straightforward access to
bimetallic NPs and will enable unprecedented control over
composition and, with this, alloy properties.

■ RESULTS AND DISCUSSION

Synthesis of PDha-g-PEG Graft-Copolymers. We
recently described the synthesis of polyampholytic PDha-
based graft copolymers using PDha as polyfunctional reactive
backbone.78 PDha is accessible using either free or controlled
radical polymerization anddepending on the pH value
presents a polycation, polyzwitterion, or polyanion.79−84 By
subsequent postpolymerization modification, both epoxides
and Michael acceptors could be attached to the polymer
backbone, exploiting the amino moieties as reactive handles
and resulting in amphiphilic and double hydrophilic graft
copolymers. Although the solution behavior in water changed
after addition of the side chains, solubility at lower pH values
was still challenging. Hence, we decided to change to PEG
mono glycidyl ethers with 10 and 22 repeat units as modifiers,
hoping that this would improve aqueous solubility while
maintaining backbone properties and functionality.78,79,82,85

The resulting polyampholytic and double hydrophilic graft
copolymers will then be utilized as templates for Ag and Au
NPs and for the corresponding nanoalloys.
The synthesis of the corresponding graft copolymers is

carried out in three steps: first, radical polymerization of
tBAMA to PtBAMA, followed by acidic deprotection to
remove the boc group, and in the last step, a polymer−
analogous reaction with the modifier (Figure 1A). Until now,
PtBAMA was mainly obtained via free radical polymerization
or atom-transfer radical polymerization, but regarding scale-up
and reproducibility, we decided to also explore the possibility
of using nitroxide-mediated polymerization.80,81 Therefore,
temperature, solvent, monomer concentration, and addition of
the nitroxide radical SG1 were varied, and the most promising
conditions, targeting an apparent Mn of 10,000 g/mol and a
monomodal, relatively narrow dispersity, were [monomer]/
[BlocBuilder]/[SG1] ratios of [40]:[1]:[0.65], T = 80 °C and
a reaction time of 15 min (Mn = 11,100 g/mol, D̵ = 1.89). This
corresponds to around 50 repeat units. The boc group was
removed afterward using trifluoroacetic acid (TFA), following
a protocol published earlier,78 additionally leading to the
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cleavage of 91% of the methyl ester. The remaining ester
groups were removed during the subsequent postpolymeriza-
tion modification. PEG glycidyl ethers were synthesized,
according to literature reports,86 and were well-soluble in
water. Hence, all grafting reactions were performed without
addition of methanol, as reported earlier for less-polar epoxides
at a pH of 13.
Kinetic studies revealed that a maximum degree of

functionalization (DoF, defined as the amount of function-
alized repeat units in %) of ∼45% can be reached after about
48 h, when 0.5 equiv of PEG1000 was used, which corresponds
to nearly quantitative conversion. Increasing the amount of
glydidyl ether to 1 eq did however not lead to higher DoF
values, which we explain by steric hindrance. Regarding the
kinetic study for PEG400 (Figure 1B), after only 3 h, a DoF of
∼23% was reached, but the maximum DoF was only 36%. The
polymers were characterized via 1H- and solid-state 13C NMR
spectroscopy (Figure S1B), which revealed both the signals of
the PDha backbone as well as the PEG side chains. Besides,
size exclusion chromatography (SEC) traces of the graft
copolymers poly(dehydroalanine)-graft-PEG (PDha-g-
PEG400,25) (with 400 g/mol being the molecular weight of
the PEG graft and 25% being the degree of grafting) and
PDha-g-PEG1000,28 revealed a shift to lower elution volumes
compared to the precursor poly(aminomethylacrylate)

(PAMA) because of the successful addition of PEG graft
(Figure S1A).

Solution Properties of PDha-g-PEG Graft Copoly-
mers. The solution properties of the herein synthesized graft
copolymers were investigated with respect to solubility in
different solvents, pH-dependent charge, and conformation
(Table 1). Five graft copolymers were synthesized having
different DoFs, and solubility in water (pH 1 to 14), dimethyl
sulfoxide (DMSO), dimethylformamide (DMF), methanol,
and chloroform was investigated. Although lower DoF, in case
of PDha-g-PEG400,10, rather resembles the solubility of pristine
PDha, higher grafting densities like for PDha-g-PEG400,25 are
also soluble in DMF and over the entire pH range. Further
increasing the PEG content allows dissolution in methanol and
partly in CHCl3 (slightly turbid solution).
We were further interested in the pH-dependent solution

behavior and, therefore, investigated PDha-g-PEG1000,28 via
dynamic light scattering (DLS), laser microelectrophoresis,
electrophoretic nuclear magnetic resonance (eNMR), and
potentiometric titration. For the latter, PDha-g-PEG1000,28 was
dissolved in aqueous NaOH (pH 12, ccopolymer = 2.5 g/L) and
titrated with 0.1 M HCl. The titration curve (Figure 2C)
shows two stages, which we attribute to titration of amino
(stage 1) and carboxylate (stage 2) moieties. After the excess
base is consumed, the titration of amino groups takes place
(stage 1). It is worth noting that there is only one point of
inflection in this region, therefore we cannot distinguish the
difference between the titration of primary and secondary
amino groups, which are formed during the grafting step. The
apparent pKa of 9.24 (α(NH2+NH) = 0.5) is in good agreement

with the value for pristine PDha reported earlier.81 The next
step seems to be the titration of carboxylate groups (stage 2),
and here, an apparent pKa value of 6.43 (αCOOH = 0.5) is
found. Please note that the volumes of titrant spent for the
titration of both groups are similar (181 μL for amino groups
and 140 μL for the carboxylate groups), and the difference
might be explained by the accuracy of the assignment of the
first inflection point (i.e., the value of V1). This allows us to
assume that under these conditions, pH = 8.05 corresponds to
an apparent isoelectric point of the PDha-g-PEG1000,28 graft
copolymer.
We further assumed that the graft copolymer undergoes

changes in conformation and size upon pH variation, as net
charge and charge density along the backbone are altered. A
first hint was observed by 1H NMR spectroscopy, where the
signal of the backbone (2.90−2.30 ppm) is suppressed at pH 2.
At pH 7, the signal is rather broad and shifted, as a possible
result of a collapsed PDha backbone, which is shielded by the
PEG graft. However, after addition of NaOD and reaching a

Figure 1. Synthetic route toward PDha-g-PEG double hydrophilic
graft copolymers (A) and kinetic investigation of the grafting process
for PDha-g-PEG400 (B).

Table 1. Summary of the Synthesized PDha-g-PEG Copolymers and Their Solubility in Different Environments

solubilityb

PDha-g-... PEG content [wt %]a water DMSO DMF methanol CHCl3

− − pH > 7 + − − −

PEG400,10 28 pH > 7 + − − −

PEG400,25
c 54 pH = 1−14 + + − −

PEG1000,11 52 pH = 1−14 + + + −

PEG1000,28
d 74 pH = 1−14 + + + −

PEG1000,50 85 pH = 1−14 + + + ±

aCalculated from DoF. b≥ 2 g/L, −≙ insoluble, +≙ clear solution, ± ≙ slightly turbid; SEC in DMSO. cMn = 10,400 g/mol,Mw = 36 100 g/mol, D̵
= 3.48. dMn = 10,700 g/mol, Mw = 39,800 g/mol, D̵ = 3.71; PAMA: Mn = 7,700 g/mol, Mw = 26,100 g/mol, D̵ = 3.38.
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pH value of 13, the signal can be clearly seen, which can be
explained by stretching of the polyampholyte because of
electrostatic repulsion. Changes in the nuclear magnetic
resonance (NMR) spectra in our opinion can be correlated
to at least partial compactization of the PDha backbone at
lower pH values and, with this, to a decreasing intensity of the
corresponding proton signals.72,87−89 This was further
supported by DLS experiments (Figures 2A and S2), where
different apparent hydrodynamic radii (RH) dependent on the
solution pH were found. At pH 10 and 9, the largest RH with
around 4.5−5.5 nm was observed, which we attribute to fully
stretched backbone chains because of electrostatic repulsion of
the negatively charged carboxylate groups. In contrast to this,
at pH = 2, where the polymer is assumed to be a polycation,
the RH is significantly lower (3 nm). One possible explanation
is that under these conditions, intramolecular hydrogen bonds,
for example, between PEG and carboxylic moieties, are
pronounced and counteract electrostatic repulsion. The lowest
RH was found at pH of about 5. In summary, the PDha
backbone is strongly affected by the surrounding pH value and
experiences changes in conformation modulated by charge
density.
In addition, the electrophoretic mobility (μel) was measured

at different pH values using both zetasizer and eNMR
measurements. To enable a direct comparison, both measure-
ments were performed in D2O (ccopolymer = 0.2 g/L) for only
one set of samples. Here, PDha-g-PEG1000,11 as the model
polyampholyte was used, as it is already soluble in water over
the entire pH range but contains a moderately low amount of
PEG, which might influence the measurements. Therefore, a
solution of PDha-g-PEG1000,11 was adjusted to pH 9.2 with
NaOD and subsequently titrated to pH 2.1 using DCl. The

electrophoretic mobility μel describes the motion of charged
molecules in an electric field and is used to determine the ζ-
potential, applying the Helmholtz−Smoluchowski equation for
electrophoresis. However, some assumptions involved hold
only true for ideal, nonporous, and rigid (spherical) particles
and, hence, this is just a very rough approximation for coil-
shaped polymers in solution.90−93 On the other hand, eNMR,
as a complementary method, is part of the pulsed-field gradient
NMR (PFG NMR) that enables to measure the motion of
nuclei (mostly protons) because of the setup of a magnetic
field gradient, which cause a reduced signal intensity,
depending on the self-diffusion coefficient of the protons.94

In case of eNMR measurements, the application of an electric
field leads to an additional directed motion of polyelectrolytes,
resulting in a phase shift of the signal in dependence of its
effective charge.95 Both laser microelectrophoresis and eNMR
were used for the calculation of μel (Figure 2D), revealing the
same trend within the samples. μel is negative at pH 9 and stays
nearly constant until pH 7 because of deprotonated carboxylic
acid groups. Decreasing the pH below 7 leads to an increase of
μel by successive protonation of the carboxylate moieties, and
the graft copolymer behavior in this context resembles that of a
polyzwitterion. Further addition of DCl yields a point of
apparent charge neutrality at around 2.5−2.75 and positive
values for μel at pH 2. The apparent discrepancy to the
isoelectric point determined via potentiometric titration might
originate from (1) the fact that the graft copolymers do not
behave as hard spherical particles, (2) associated counterions
influence electrophoretic mobility of the graft copolymers, and
(3) a certain effect of the PEG graft, as it has been reported by
different groups that PEG exhibits a negative zeta potential in
aqueous media.96 The obtained values for μel show a similar

Figure 2. Characterization of PDha-g-PEG1000,28 in aqueous solution: DLS measurements at different pH values (A), 1H NMR spectra at pH 2, 7,
and 13 in D2O/NaOD (B), potentiometric titration using 0.1 M aqueous HCl (C). Comparison of the electrophoretic mobility derived from the
zetasizer, and eNMR measurements at pH values between 10 and 2 for PDha-g-PEG1000,11(D).
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trend but differ in one order of magnitude, although
comparable concentrations have been used. μel calculated
from laser microelectrophoresis measurements is in the range
of 10−8 m2/Vs, the results from eNMR show values in the
order of 10−9 m2/Vs. In our opinion, the results from zetasizer
measurements should be treated with caution.
Application of the Graft Copolymers as Templates

for Noble-Metal NPs. We hypothesized that the described
polyampholytic graft copolymers resemble versatile templates
for the synthesis of metal NPs as well as the corresponding
alloys (Figure 3). It is well known that Ag+ ions can be

complexed both by carboxylates97,98 as well as amino groups
while [AuCl4]

− ions typically interact with positively charged
ammonium groups.44−46,99 In our case, the polyampholytic
nature of PDha-g-PEG features both functionalities in each
repeat unit and, in addition, offers the possibility to tune
charge density and net charge via pH. Besides this, we also
wanted to explore whether temperature and irradiation with
light are feasible alternatives to NP synthesis using reducing
agents.

Synthesis of Ag and Au NPs under Various
Conditions. For the NP preparation, PDha-g-PEG1000,28 was
chosen, which revealed good solubility and stability over the
entire pH range. Typically, a ratio of functional groups to
metal-containing ions of 15:1 was chosen, as also often
described elsewhere,99 and at first, NaBH4 (one equivalent in
respect to metal-containing ions) was used as the reducing
agent. Although the solutions appeared clear and colorless after
the addition of the noble metal-containing salts, they turned
red and yellow after the respective reduction process. It is
known that in case of weak polyelectrolytes such as
PDMAEMA, the pH value plays an important role and affects
both size and shape of the resulting NPs. This stems from a
combination of association of [AuCl4]

− alongside the
polymeric chain and conformational changes, affecting the
accessibility of any functional group.44−46 Even more, the
initial state of the reagents (reductant and noble metal-
containing ion complex) is also influenced by pH.47,48 Hence,
we decided to first perform the synthesis at different pH values,
and UV−vis measurements revealed typical surface plasmon
resonance peaks for Au NPs at pH values before reduction of
10, 7, 4, and 2 (Figure 4A). However, under neutral and basic
conditions, this absorbance is less distinct, hinting toward a
preferred synthesis of Au NPs under acidic conditions.
Absorption maxima were observed between 535 and 515 nm

Figure 3. Preparation of NPs and bimetallic alloys in the presence of
PDha-g-PEG graft copolymers by reduction of metal-containing salts
using a reducing agent, heat, or UV-light.

Figure 4. UV−vis spectra of Au NPs (A) and Ag NPs (B) synthesized at pH 2, 4, 7, and 10 using NaBH4 as the reducing agent. (C,D) show the
corresponding TEM micrographs of the Au NPs (C) and Ag NPs (D) prepared at pH 7.
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because the wavelength is strongly depending on the size and
the shape of the NPs as well as on their ligand environment
(chemical nature of the stabilizing polymer) and the polymer
structure.31,44,100 At pH 7, an average diameter of 6 ± 4 nm
(Au) was found from TEM micrographs (Figure 4C), and
mostly the spherical shape was observed. The synthesized
particles are, hence, in a size range, where quantum size effects
can be expected. Next, Ag NPs were prepared under
comparable conditions, and also here, a dependence on the
pH value was observable. According to subsequent UV−vis

spectra of the dispersions, synthesis was successful under
neutral or basic conditions with absorption maxima at λ = 400
and 420 nm and an average NP diameter of 11 ± 4 nm (Figure
4D). As an alternative to NaBH4, we also explored reduction
using ascorbic acid, heating, or irradiation with light at neutral
pH and, besides Ag or Au NPs, we also prepared AgAu alloy
NPs at a molar ratio of 1:1.101

In all cases, NP synthesis in the presence of the
polyampholytic graft copolymer was successful, resulting in
stable dispersions of Ag, Au, and AgAu NPs (Figure 5).

Figure 5. UV−vis spectra of Au NPs, Ag NPs, and AgAu NP alloys prepared at pH 7 via four synthetic routes: using NaBH4 (A) and ascorbic acid
(B) as reducing agents, applying UV-light for 1 h (C), and heating to 140 °C for 1 h (D).

Figure 6. UV-vis spectra of Au NPs, Ag NPs, and AgAu nanoalloys prepared at different pHs from 12 to 4 at 140 °C (A) and images of the NP
dispersions (C). The composition of the NPs as determined from XPS as a function of the pH (B) and the Au 4f and Ag 3d signals from XPS for an
AgAu nanoalloy prepared at pH 8 (D).
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Although Ag NPs and Au NPs in all cases revealed their
characteristic absorbance maxima at 415−420 and 525−550
nm, respectively, in case of the resulting alloys, this was found
at 440−490 nm, indicating the formation of an alloy instead of
both noble-metal NPs individually, because a physical mixture
of both individual NPs would result in a bimodal distribution,
as shown in Figure S6.34 The peak is shifted to lower or higher
wavelengths, leading to the assumption that the amount of Ag
or Au atoms incorporated depends strongly on the method
used for reduction. Along these lines, NaBH4 as the reducing
agent results in an excess of Ag (440 nm), whereas ascorbic
acid and light induced preparation yield nanoalloys with
absorption maxima close to the theoretical value (470 and 475
nm). Thermal reduction, however, gave a maximum at 490 nm,
hinting to a slightly preferred incorporation of Au.
pH-dependent Preparation of AgAu Nanoalloys. As

shown for both Ag and Au NPs using NaBH4 as the reducing
agent, the pH value has a significant influence on NP synthesis
in the presence of polyampholytic graft copolymers. Hence, we
investigated whether the composition of AgAu nanoalloys at a
constant molar ratio (1:1) changes by varying the pH value. To
avoid any influence of the reducing agent, thermal reduction
was chosen. Both the Ag and the Au precursor salt were
dissolved in the graft copolymer solution, and afterward, the
pH value was adjusted by titration with aqueous 0.1 M NaOH
or HCl, before placing the mixture in an oil bath (140 °C) for
1 h. Afterward, the resulting nanoalloys were investigated via
UV−vis spectroscopy, conventional and high-resolution trans-
mission electron microscopy (HR-TEM), and XPS to
determine their size, structure, and composition. In the UV−
vis spectra (Figure 6A), a clear shift of the plasmon resonance
peak to higher wavelengths with decreasing pH is visible as the
maximum changes from 460 nm at pH 12 to 540 at pH 4,
likely as a result of increasing incorporation of Au. At pH 8, the
maximum is closest to the theoretical value of 475 nm for a
stoichiometric mixture while more basic conditions favor the
incorporation of Ag. This can also be seen visually as the
respective solutions change in color from yellow and orange
(high pH value) to rather pink at a lower pH value (Figure
6C). Note that, although the color and absorbance in the UV−
vis spectra give hints about the actual nanoalloy composition,
this is also influenced by both size, shape, and ligand
environment of the NPs. Hence, XPS was used for further
quantitative analysis of the Ag/Au ratio. Therefore, the
dispersions were thoroughly purified by centrifugation and
washed with MilliQ water several times. Afterward, the
solution was drop-casted onto SiO2 substrates and dried
under ambient conditions. Figure S7 shows the overview
spectrum of a sample prepared at pH 8, where the expected Ag
and Au signals are visible. In addition, the measured C, N, O,
and Si signals can be ascribed to the graft copolymer template
and the substrate. The result confirms, furthermore, the
successful purification, as no Na and Cl signals could be
detected. Figure 6D displays high-resolution (HR) XPS data
with Au 4f and Ag 3d signals, which were used to calculate the
Ag/Au ratio for all pH values.
According to XPS data (Table 2 and Figure 6B), a clear

trend in nanoalloy composition with the pH value can be
observed: under acidic conditions, the incorporation of Au is
favored, as at pH 4 and 6, about 70 at % Au is found, and also
at neutral pH (7), Au is dominant with 59 at %. In our opinion,
under acidic conditions, the graft copolymer backbone
resembles a polyampholyte with an excess cationic charge

(according to potentiometric titration of PDha-g-PEG, the
apparent isoelectric point is at a pH of about 8.05) and, with
this, favors complexation of [AuCl4]

−.102 Upon reaching pH 8,
an almost stoichiometric composition is found with 48 at % of
Au. Upon further increasing the pH to 10 and above, the graft
copolymer behaves as a polyanion, and mainly Ag+ is
complexed, resulting in 67 at % at pH 10 and 12. These
values are in good agreement with the data obtained from
UV−vis spectra, confirming that the herein described
polyampholytic templates are a facile way to control nanoalloy
composition via the pH value. However, note that, although we
report data from pH 4 to 12, the composition is not a linear
function of the pH, but rather two compositional plateaus are
reached at pH 6 and 10. Furthermore, from XPS, an increased
stability of Ag, typically being rather sensitive toward oxidation,
in the alloys is observed. Although the Ag 3d5/2 peak of pure
Ag NPs is broadened because of oxidized Agx+ species (full
width at half-maximum 1.1 eV), it is narrower when Ag is
incorporated into the alloys (full width at half-maximum 0.8−
0.9 eV). Hence, the presence within an alloy containing Au
leads to improved stability. In addition to XPS, EDX
measurements were performed on the TEM on individual
NPs, confirming the formation of mixed AgAu nanoalloys. In
the pH range from 4 to 10, the EDX quantification yields Au-
to-Ag ratios that are slightly higher than those obtained by
XPS, which can be explained by the different scales of
measurements. TEM observations reveal that besides the
above-described alloy NPs, few larger structures (30−50 nm)
are also found, partially being pure Ag NPs. A considerably
larger difference in the Au-to-Ag ratio is observed for the
sample synthesized at pH 12, which we ascribe to a
heterogeneous distribution of the NPs that could not be
statistically conceived by the EDX measurements. Here, we
speculate that formation of Ag NPs without the presence of the
graft copolymer template might occur as side reaction. As a
result, pure Ag NPs were found via EDX, but note that, these

Table 2. Summary of the Composition and Size of the
Synthesized Hybrid Materials Obtained via Thermal
Reduction

composition Au/
Ag [at %]
(± 1 at %)b

sample/
pH da [nm] appearance XPS EDX

Au
NPs/7

7 ± 6 mostly spherical, some prisms,
and diffuse aggregates
(d = 50 nm)

100/0 100

AgAu
NPs/4

10 ± 3 spherical 72/28 80/20

AgAu
NPs/6

10 ± 5 mostly spherical, some prisms/
cubes, and larger aggregates
(d = 30 nm)

71/29 75/25

AgAu
NPs/7

5 ± 2 Spherical 59/41 −

AgAu
NPs/8

3 ± 1 spherical, few larger aggregates
(d = 40 nm)

48/52 55/45

AgAu
NPs/10

6 ± 4 mostly spherical, few larger
aggregates (d = 50 nm)

33/67 37/63

AgAu
NPs/12

7 ± 4 Spherical 33/67 2/98

Ag
NPs/7

9 ± 4 Spherical 0/100 −

aCalculated from TEM micrographs (at least 50 particles). bObtained
from XPS measurements.
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might not be present in case of XPS measurements because of
slightly different sample preparation. As UV−vis spectroscopy
did not show a bimodal distribution, we expect no slow
subsequent formation of Ag NPs taking place.
From TEM micrographs (Figures S3−S5), we extracted also

information on both shape and size of the NPs. The NP size is
moderately disperse, and particles of around 10 nm in diameter
are found for either pure Au or Ag while alloy NPs feature
diameters between 3 and 10 nm. Although the smallest
nanoalloys were obtained at pH 8 with almost stoichiometric
composition, no significant trend over the assessed pH range
can be deduced. A detailed look at the isometric NPs using
HR-TEM (Figures 7 and S8) shows that they are almost

perfect, sometimes rounded nanocrystals, displaying cube and
octahedra faces [(100) and (111)]. Only rarely, we observe
typical growth defects for closely packed cubic structures, that
is, stacking faults and microtwins parallel to (111).
TGA was used to quantify the amount of graft copolymer,

which forms the organic shell on the nanoalloy surface for the
sample prepared at pH 7. After centrifugation and washing
with MilliQ water to remove ions and free graft copolymer, the
sample was freeze-dried and measured under air in the range of
0 to 850 °C (10 °C/min heating rate, Figure S9). Although the
pristine graft copolymer for comparison is burned in two steps
at 200 and 470 °C, for the hybrid material, ∼60 wt %
remaining mass was observed at ∼600 °C. This plateau is
ascribed to the inorganic metal NPs, having a stable weight
upon heating, and from this value, it can be assumed that the
graft copolymer shell represents about 40 wt %. Because the
initial ratio of PDha-g-PEG1000,28 to inorganic material was 95:5
(wt %/wt %), the dispersions supposedly contain free polymer.
The remaining graft copolymer content could be reduced,
when an initial polymer concentration of 1 g/L was used. Here,
the sample contained only around 15 wt % graft copolymer.
However, reducing the amount of stabilizing organic material
might influence the dispersion stability in general.

■ CONCLUSIONS

We herein described the synthesis of a novel polyampholytic
double hydrophilic graft copolymer based on PDha, which

besides featuring interesting solution properties could be used
as a template for the preparation of Au, Ag, and AgAu alloy
NPs. Although several reduction pathways (UV-light, chemical
reduction, and heating) yielded comparable results, the graft
copolymer itself was able to determine AgAu nanoalloy
composition by the solution pH. We ascribe this to the pH-
dependent variation in net charge and charge density, and this
directly affects the amount and ratio of Ag+ and [AuCl4]

−

complexation upon mixing. As a result, the incorporation of Ag
into the nanoalloy is favored under basic conditions, whereas
Au is overrepresented in acidic media. Although this is, in our
opinion, the first example of nanoalloy composition control
using a smart template, we think that these results can also be
transferred to other metals/alloys including Cu, Pd, or Pt. In
this way, template-mediated access to different mono- or
bimetallic NPs with application in catalysis or biosensing
would be possible.

■ EXPERIMENTAL PART

Chemicals. Methanesulfonyl chloride (≥ 99.7%), epichlorhydrin
(≥ 99%), L-ascorbic acid (99%), NaH (60% dispersion in mineral
oil), and AgNO3 (≥ 99.0%) were purchased from Sigma-Aldrich (St.
Louis, USA). TFA (≥ 99.9%) and NaOH (0.1 N) were purchased
from Roth (Karlsruhe, Germany), triethyl amine (≥ 99.0%) was
purchased from CHEMSOLUTE (Renningen, Germany), and N-
(tert-butoxycarbonyl)-L-serin methylester (98%) was purchased from
Carbolution Chemicals (St. Ingbert, Germany). NaBH4 (> 98%) was
obtained from Acros Organics (Schwerte, Germany), and PEG mono
methyl ether (1000 and 400 g/mol) was purchased from TCI
chemicals (Tokyo, Japan). HAuCl4 × 3 H2O (99.99%) was purchased
from Alfa Aesar (Haverhill, USA), and HCl (37% solution) was
purchased from Fischer Scientific (Hampton, USA). Blocbuilder and
SG1 were synthesized according to literature.103,104

Analytical Methods. NMR Spectroscopy. 1H- and 13C NMR
spectroscopies were performed on Bruker AC 300 MHz, using
CDCl3, DMSO-d6, and D2O/NaOD as solvents at a temperature of
298 K. The spectra were referenced by using the residual signal of the
deuterated solvent.

13C solid-state magic-angle spinning NMR spectra were measured
by using cross-polarization with a contact time of 2 ms and a spinning
frequency of 14 kHz on a Bruker AVANCE III HD 400 MHz
spectrometer. Sample temperature was set to 298 K, and the carbon
chemical shifts were referenced externally, setting the high-frequency
(methylene) signal of adamantane to 38.5 ppm.105

For the eNMR measurements, a Bruker 400 MHz spectrometer
with an Avance III panel and a 5 mm BBFO probe head with z-
gradient (Gmax = 0.5 T/m) was used. The determination of the
electrophoretic mobility was carried out with a setup of P&L Scientific
(Sweden), working with the Pd electrode (Umax = 1 kV).

Size Exclusion Chromatography. SEC traces were measured using
a Shimadzu system equipped with a CBM-20 A system controller, a
LC-10 VP Pump, a RID-10A refraction index detector, and a PSS
SDV guard/linear S column. As an eluent, a mixture of chloroform/
triethylamine/iso-propanol [94/2/4] (v/v/v) was used, and measure-
ments were recorded with a flow rate of 1 ml/min and 40 °C.

SEC measurements in DMSO were performed on a Jasco
instrument, using DMSO +0.5% LiBr as the solvent at a flow rate
of 0.5 mL/min at 65 °C and Pullulan calibration. It was equipped with
PSS NOVEMA 3000 Angsröm/300 Angström columns, a RI-930
detector, and a PU-980 pump.

Dynamic Light Scattering. DLS measurements were performed
using an ALV laser CGS3 Goniometer equipped with a 633 nm HeNe
laser (ALV GmbH, Langen, Germany) at 25 °C and at a detection
angle of 90°. The CONTIN analysis of the obtained correlation
functions was performed using the ALV 7002 FAST Correlator
Software.

Figure 7. Exemplarily HR-TEM micrographs of AgAu nanoalloys
synthesized at pH 4, 6, 8, and 10.
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Transmission Electron Microscopy. TEM images were acquired
with 200 kV FEI Tecnai G2 20 equipped with 4k × 4k Eagle HS CCD
and a 1k × 1k Olympus MegaView camera for overview images.
Laser Microelectrophoresis. Electrophoretic mobilities were

measured on ZetaSizer Nano ZS from Malvern via M3-PALS
technique with a laser beam at 633 nm. The detection angle was
13°. The samples were prepared by titration of the polymer in 0.1 M
NaOH (0.2 g/L) with 0.1 M HCl, and 1 mL of the solution was taken
at the desired pH values. The titration and pH detection were
performed on a Metrohm 765 Dosimat titrator with a Greisinger
electronic GMH3539 digital pH-/mV-electrode with a thermometer.
Potentiometric Titration. Potentiometric titration was performed

using a digital pH meter (Orion), equipped with a combined glass/
reference electrode, and calibrated with standard buffer solutions of
pH 4.0, 7.0, and 10.0 (Oacton, Orion). The polymer was dissolved in
0.1 M NaOH at a concentration of 2.5 g/L. HCl (0.1 M) was used as
the titrant, which was added by 10 μl portions to a 3 mL of polymer
solution at a constant temperature (25 °C) and under intensive
stirring. pH readings were registered after establishing the equilibrium
state, when the pH reached a constant value after each step of titrant
addition. For the calculation of the pKa values, the Henderson−
Hasselbalch equation was used.
X-ray Photoelectron Spectroscopy. The AgAu NP solutions were

drop-casted on silicon substrates with native oxide and dried under
ambient conditions. The silicon substrates were precleaned by O2

plasma and dipping in ethanol.
XPS was performed using a UHV multiprobe system (Scienta

Omicron) with a monochromatic X-ray source (Al Kα) and an
electron analyzer (Argus CU) with a 0.6 eV spectral energy resolution.
The spectra were fitted using Voigt functions after background
subtraction. The spectra were calibrated using the Si 2p peak (Si, 99.4
eV). For quantitative analysis, the relative sensitivity factors of the Au
4f (17.1) and Ag 3d (18) peaks were used.
HR-TEM and Energy-Dispersive X-ray Emission Spectroscopy.

For TEM observations, we used FEI Technai G2FEG TEM, equipped
with a 2K CCD camera (Gatan Ultrascan), a HAADF STEM detector
(Fischione), and an X-Maxn80 T SDD EDX system (Oxford
Instruments) for chemical measurements. The TEM was operated
at 200 kV, and images were obtained in conventional bright-field and
HR modes. Diffraction data were obtained by the selected area
electron diffraction technique.
UV−Vis. UV−vis measurements were performed on an Agilent

Cary 60 spectrometer in a Hellma quartz glass cuvette with a path
length of 10 mm at room temperature in the solvent. The absorbance
was measured in a range from 200 to 800 nm in 5 nm steps.
UV Cube. UV irradiations were carried out using Hoehnle

UVACUBE 100 equipped with a 100 W lamp.
Thermogravimetric Analysis. TGA measurements were carried

out under air flow in a PerkinElmer TGA800 device by heating from
30 to 850 °C with a heating rate of 10 K/min.
Synthesis. Synthesis of tBAMA. Boc-Ser-OMe (10.0 g, 45.6

mmol; 1.0 equiv) was dissolved in dichloromethane (200 mL), and
MsCl (6 mL; 77.5 mmol; 1.7 equiv) was added. After cooling in an ice
bath, triethylamine (23 ml; 165.9 mmol; 3.6 equiv) was slowly added
dropwise, and the reaction mixture was stirred for 1 h at 0 °C. After
additional 2 h at room temperature, the mixture was afterward washed
with potassium bisulfate (1%) to neutrality. The organic phase was
dried with Na2SO4, and the solvent was removed under reduced
pressure. The crude product was further purified via column
chromatography with silica gel (ethyl acetate/n-hexane v/v 1/4).
After removal of the solvent under reduced pressure, the product was
yielded as a colorless oil (8.6 g, 94%).

1H NMR (300 MHz, CDCl3, δ): 7.01 (s, 1 H, −NH), 6.16 (s, 1 H,
−CCH−), 5.73 (s, 1 H, −CCH−), 3.83 (s, 3 H, −O−CH3),
1.48 (s, 9 H, −COO−C(CH3)3) ppm.
Synthesis of PtBAMA. tBAMA, BlocBuilder and SG1 ([40]/[1]/

[0.65]) were dissolved in 1,4-dioxane (66 wt %). The reaction
mixture was degassed via four freeze−pump−thaw circles and stirred
for 15 min at 80 °C under Ar. Afterward, the crude product was

precipitated in cold n-hexane, washed three times with hexane, and
dried under vacuum. The product was obtained as a white powder.

1H NMR (300 MHz, CDCl3, δ): 6.00−5.00 (m, −NH), 4.08−3.37
(m, −O−CH3), 3.32−2.02 (m, −C−CH2−), 1.75−1.16 (m,
−COO−C(CH3)3) ppm.

SEC (CHCl3/i-PrOH/NEt3, PS calibration): Mn = 11,000 g/mol,
Mw = 20,790 g/mol, D̵ = 1.89.

Deprotection of PtBAMA to PAMA. PtBAMA was dissolved in
TFA (∼ 40 equiv per monomer unit) and heated to 50 °C. The
reaction was stopped after 1 h, and the product was precipitated in
cold methanol. After filtering and washing with methanol and diethyl
ether several times, the product was dried under vacuum and obtained
as a yellow powder. Yield: 60%

1H NMR (300 MHz, D2O + NaOD, δ): 3.32 (s, −COO−CH3),
2.78−1.90 (m, −C−CH2−) ppm.

Synthesis of PEG-GE (400 and 1000 g/mol). Epichlorohydrin (1.6
mL; 0.02 mol) and NaH (60% in mineral oil; 0.8 g; 0.02 mmol) were
dissolved in THF (200 mL) under argon and heated to 40 °C. Then,
mPEG-OH (1000 g/mol, 10 g; 0.01 mmol) was added, and the
reaction mixture was stirred for 2 h at 40 °C. After cooling to room
temperature, the crude reaction mixture was filtered, and the solvent
was evaporated. The remaining product was redissolved in dichloro-
methane and, afterward, precipitated in cold diethylether. After
filtration, the product was dried in vacuo and obtained as a white
powder (3.8 g; 38%).

1H NMR (300 MHz, CDCl3, δ) 3.70−3.60 (m, −O−CH2−
CH2−), 3.37 (s, −O−CH3), 3.16 (m, −O−CH−CH2−), 2.79 (m,
−O−CH−CH2−), 2.61 (m, −O−CH2−CH) ppm.

In case of PEG-GE with Mn = 400 g/mol, the work-up was slightly
different. After the reaction, the solution was filtered off, the solvent
was removed, and the remaining viscous oil was redissolved in water.
The product was obtained after extraction with dichloromethane
(3×) as a slightly yellowish oil (8.9 g, 89%).

Postpolymerization Modification of PAMA with PEG-GE. A
concentrated KOH solution was dropwise added to water (15 mL) to
adjust a pH value of 13. Afterward, PAMA (100 mg) was dissolved
overnight, and the epoxide (0.5 equiv per monomer unit) was added.
The reaction mixture was stirred for a certain time at 60 °C and then
it was neutralized using aqueous HCl (0.5 M). The crude product was
dialyzed against deionized water (MWCO = 3.5 kDa) for 1−3 days
and, afterward, freeze-dried to obtain a colorless polymer powder.

1H NMR (300 MHz, D2O, δ) 3.87−3.30 (m, −O−CH2−CH2−),
3.26 (m, −O−CH3−), 3.01−2.07 (m, −C−CH2) ppm.

Solid-state 13C NMR (75 MHz, δ): 177.30 (−COO−), 70.72
(−O−CH2−CH2−, −C−OH, −CH2−NH, −CH2−O−), 61.36
(−C−NH−), 53.92−37.11 (−CH2−C−) ppm.

Preparation of Noble-Metal NPs. PDha-g-PEG28,1000 was dissolved
in MilliQ water (5 g/L, 15 equiv), and a solution of AgNO3 and/or
H[AuCl4] (10 mM, 1 equiv) was added. Afterward, the pH was
adjusted by addition of 0.1 M NaOH or 0.1 M HCl, and the solution
was stirred for 30 min for appropriate mixing. Then, the reduction
agent, NaBH4 or ascorbic acid (10 mM, 1 equiv), was added at once
under constant stirring, and the reaction mixture turned colored
immediately. In case of thermal reduction, the reaction mixture was
diluted (50 v %), placed in a microwave vial, and stirred at 140 °C for
1 h. Light-induced reduction was performed in an UV cube under
stirring for 1.5 h.
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(85) von der Lühe, M.; Günther, U.; Weidner, A.; Grafe, C.;
Clement, J. H.; Dutz, S.; Schacher, F. H. SPION@polydehydroalanine
hybrid particles. RSC Adv. 2015, 5, 31920−31929.
(86) Sung, S.-J.; Min, S. H.; Cho, K. Y.; Lee, S.; Min, Y.-J.; Yeom, Y.
I.; Park, J.-K. Effect of Polyethylene Glycol on Gene Delivery of
Polyethylenimine. Biol. Pharm. Bull. 2003, 26, 492−500.
(87) Akbarzadeh, M. M. Nano-micellar Zn(Cys)2 complex mimics
the chloroperoxidase active site. RSC Adv. 2016, 6, 12081−12083.
(88) Cerichelli, G.; Mancinit, G. NMR techniques applied to
micellar systems. Curr. Opin. Colloid Interface Sci. 1997, 2, 641−648.
(89) Sun, X.; Zhou, Y.; Yan, D. Drug release property of a pH-
responsive double-hydrophilic hyperbranched graft copolymer. Sci.
China, Ser. B: Chem. 2009, 52, 1703−1710.
(90) Lowry, G. V.; Hill, R. J.; Harper, S.; Rawle, A. F.; Hendren, C.
O.; Klaessig, F.; Nobbmann, U.; Sayre, P.; Rumble, J. Guidance to
improve the scientific value of zeta-potential measurements in
nanoEHS. Environ. Sci.: Nano 2016, 3, 953−965.
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Figure S1: Exemplarily SEC traces before and after the post-polymerization modification of PDha-g-PEG400, 25 and PDha-g-PEG1000, 28 (A, measured in DMSO) and solid-state 13C-NMR spectrum of PDha-
g-PEG1000, 28 (B).
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 pH 2.0 pH 2.9 pH 3.4 pH 4.9 pH 6.7 pH 7.6 pH 9.0 pH 10.0Figure S2: DLS measurements PDha-g-PEG1000,28 in aqueous solution at different pH values.



Figure S3: TEM micrographs of PDha-g-PEG1000,28 @Ag and Au NPs in aqueous solution derived at 140 °C at pH 7, including an enlarged inset.

Figure S4: TEM micrographs of PDha-g-PEG1000,28 @AgAu NPs in aqueous solution derived at 140 °C at different pH values, including an enlarged inset. 



Figure S5: TEM micrographs of PDha-g-PEG1000,28 @AgAu NPs in aqueous solution derived at 140 °C at different pH values, including an enlarged inset.
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Figure S6: UV-Vis spectrum of a physical mixture of Ag and Au NPs derived thermally at pH 7.
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Figure S7: XP overview spectrum of the AgAu NPs prepared at pH 8 after drop-casting the solution onto Si substrates with native oxide.
Figure S8: HR-TEM micrographs of PDha50-g-PEG1000,28 @AgAu NPs from aqueous solutions derived at 140 °C at different pH values. 
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Figure S9: Thermograms of pristine Au NPs, PDha50-g-PEG1000,28 @AgAu NPs and PDha50-g-PEG1000,28 measured under air with a heating rate of 10 K/min.
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strongly depends on coordination behavior 
and concentration of the respective metal 
ion, affecting inter- and intramolecular 
interactions within polymer chains.[13,14]

Polyelectrolytes exhibit ionizable groups 
in each repeat unit[15] and, therefore, are 
an interesting polymer class for metal ion 
sensing,[16,17] but also for separation and 
flocculation processes,[18,19] catalysis,[20] 
or as antimicrobially active materials.[21] 
Further tuning of material properties 
can be achieved by combining ionic and 
hydrophobic monomers,[22] different 
polymerization techniques,[23,24] or postpo-

lymerization modification reactions. Of particular interest are 
examples, which maintain solubility in water even after metal 
complexation, as shown for double hydrophilic co-polyelectro-
lytes[13,14,25] or multistimuli-responsive copoly mers.[26,27] Going 
even further, the combination of different stimuli within one 
material opens up a wide space of sensing applications, as shown 
for chitosan-g-poly(N-isopropylacrylamide) (PNIPAAm) graft 
copolymers featuring a pH-responsive polyelectrolyte backbone 
and thermoresponsive side chains.[27]

Poly(dehydroalanine) (PDha), a polyampholyte featuring 
high charge density and both amine and carboxylate moieties 
in every repeat unit,[28] was introduced recently as a versatile 
platform to obtain tailor-made copolymers with defined hydro-
philicity,[29,30] as a building block in double hydrophilic block 
copolymers,[31] or as a template for the pH-controlled formation 
of Au/Ag alloy nanoparticles.[32] Hereby, the polyampholytic 
PDha backbone offers pH-dependent net charge and a high 
density of functional groups as anchoring points for grafts or 
as binding sites for metal ions.[31,32] We now introduce ther-
moresponsive PDha-based graft copolymers by grafting one 
single NIPAAm unit. While PNIPAAm is probably the most 
studied LCST polymer overall,[33] this effect has so far not been 
shown for short side chains. However, high NIPAAm contents 
(>90  mol%) in poly(N-isopropylacrylamide-co-maleic acid-co-
1-vinylimidazole) terpolymers were shown to be of interest for 
metal ion recognition.[11] In our case, we combine thermore-
sponse of NIPAAm grafts with pH-dependent charge and metal 
ion complexation of the PDha backbone, resulting in triple-
responsive graft copolymers. These materials are highly sensi-
tive sensors, where even the output can be tuned.

We have shown recently that grafting different side chains 
to PDha backbones allows us to tune solubility and surface 
affinity.[30,32] We now performed aza-Michael additions under 
basic aqueous conditions to attach NIPAAm side chains and, 
with that, create triple-responsive graft copolymers (Scheme 1). 
PDha with an apparent molecular weight of Mn = 10 000 g mol−1 
was used,[32] and successful synthesis was proven via 1H- and 

Three triggers result in two measurable outputs from polymeric sensors: mul-

tiresponsive polyampholytic graft copolymers respond to pH-value and tem-

perature, as well as the type and concentration of metal cations and therefore, 

allow the transformation of external triggers into simply measurable outputs 

(cloud point temperature (TCP) and surface plasmon resonance (SPR) of encap-

sulated silver nanoparticles). The synthesis relies on poly(dehydroalanine) 

(PDha) as the reactive backbone and gives straightforward access to materials 

with tunable composition and output. In particular, a rather high sensitivity 

toward the presence of Cu2+, Co2+, and Pb2+ metal cations is found.

From health and environmental perspectives, heavy metal 
sensing is of special interest for quantitative and qualitative 
analyses of aqueous systems.[1] Among others, promising mate-
rials for corresponding sensors are smart polymers, which can 
translate external stimuli such as light, temperature, pH, or the 
presence of metal ions into a physical or chemical readout.[2–4] If 
such materials contain specific binding sites for different metal 
ions, the optical properties such as absorbance, fluorescence, and 
luminescence[5–9] or the solution behavior, e.g., the lower critical 
solution temperature (LCST)[10,11] or simply the hydrodynamic 
size,[12] of a responsive polymer will significantly change upon 
metal chelation. Hereby, recent progress in the poly merization 
of functional monomers allows us to incorporate strong ligands 
such as bipyridine units,[9] crown ethers,[10] carboxylates, or imi-
dazoles.[11] However, as recently shown for materials featuring 
both carboxylate and hydroxyl moieties, complexation also 

© 2020 The Authors. Macromolecular Rapid Communications published 
by Wiley-VCH GmbH. This is an open access article under the terms of 
the Creative Commons Attribution-NonCommercial-NoDerivs License, 
which permits use and distribution in any medium, provided the original 
work is properly cited, the use is non-commercial and no modifications 
or adaptations are made.
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13C-NMR spectroscopy, as well as fourier transformation infrared 
spectroscopy (FT-IR spectroscopy) and size exclusion chromatog-
raphy (SEC) measurements (Figure S1, Supporting Information).

Kinetic investigations (Figure S2, Supporting Information) of 
the grafting process revealed a linear increase of the degree of 
functionalization (DoF) with time and a maximum of 95% grafting 
density upon use of 20 equivalents of the Michael acceptor. Thus, 
the amount of NIPAAm side chains can be precisely adjusted, 
and it strongly influenced the solubility of the resulting PDha-
g-NIPAAm graft copolymers. Solubility in water even under acidic 
conditions, where PDha is typically insoluble, could be achieved 
starting from DoF = 30% and the dissolution in organic sol-
vents such as methanol and N,N-dimethyl formamide DMF at 
DoF ≥ 50% (Table S1, Supporting Information) was possible. The 
ζ-potential and titration curve (Figure S3, Supporting Information) 
of PDha-g-NIPAAm95 (where the subscript represents the DoF) 
still resemble the parent ampholytic PDha homopolymer, showing 
pH-dependent charge through protonation/deprotonation of 

carboxylic and amino groups.[32,34] By exploiting the PDha back-
bone as a reactive handle, also other acryl amides can be used, 
broadening the range of accessible graft copolymers.[35]

Since both PDha-g-NIPAAm50 and PDha-g-NIPAAm95 were 
soluble over the entire pH range, these graft copolymers were 
chosen for the investigation of their thermoresponsive properties 
(Figure  1). In comparison to PNIPAAm, monomeric NIPAAm 
side chains exhibit a different local environment and are, espe-
cially in case of PDha-g-NIPAAm50, also locally separated. 
Besides, the polyampholytic backbone exhibits pH-dependent 
net charge and solubility. As a result, no cloud points could 
be detected at pH 7 and above for PDha-g-NIPAAm50, which 
we ascribe to electrostatic repulsion of the negatively charged 
carboxylates along the PDha backbone. However, in case of 
PDha-g-NIPAAm95 at pH  7, a cloud point temperature (TCP) of 
37 °C can be observed. Upon decreasing the pH to 6, a cloud 
point became apparent for PDha-g-NIPAAm50, which decreases 
from 43 to 28 °C at pH 5 as a result of partial protonation of the 
carboxylic groups in accordance with potentiometric titrations 
(Figure S3, Supporting Information). Charge neutrality could 
lead to strong electrostatic attraction as a possible explanation for 
the lowest TCP at pH 5. Further protonation of carboxylic groups 
enables the formation of hydrogen bonds and aggregation is 
facilitated. At pH 1 all carboxylic groups would be protonated and 
the hydrogen bonds predominate the behavior of the polycation. 
These observations were further proven by ζ-potential measure-
ments (Figure  1D), revealing an overall negative charge until a 
pH of around 3, before positive values are obtained at pH 2.

While a clear increase of the TCP from 28 to 40 °C from pH 
5 to 1 is observed for PDha-g-NIPAAm50 (36  wt% NIPAAm, 
Figure  1D), in case of PDha-g-NIPAAm95 (55  wt% NIPAAm), 

Macromol. Rapid Commun. 2020, 2000671

Scheme 1. Synthetic route toward the synthesis of a triple-responsive 
graft copolymer based on PDha.

Figure 1. A,B) Cloud points determined from UV–vis measurements of PDha-g-NIPAAm95 and PDha-g-NIPAAm50 at different pH values (c = 1 mg mL−1, 
rate 0.2 °C min−1). C) Schematic illustration of the on/off switching of the thermoresponsive behavior of PDha-g-NIPAAm50 by changes in pH value. 
D) Diagram of TCP versus pH value and ζ-potential of PDha-g-NIPAAm95.
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less variation is observed and the observed TCP values are 
closer to those reported for the PNIPAAm homopolymer with 
a TCP of 30–35 °C.[33] Exemplarily, at pH 1 we investigated the 
reversible aggregation of PDha-g-NIPAAm95 by temperature-
dependent 1H-NMR spectroscopy and dynamic light scattering 
(DLS) measurements (Figure S4, Supporting Information). 
Regarding 1H-NMR, the integrals of the CH2 backbone at 
2.17–2.84 ppm and (CH3)2 NIPAAm protons (0.84–1.14 ppm) 
decrease in intensity starting from 35 °C, as a result of the col-
lapse of the graft copolymer. Upon cooling, a stepwise increase 
in intensity hints toward swelling and dissolving of the aggre-
gates being formed. These observations were supported by DLS 
measurements (Figure S4B, Supporting Information), where 
first individual polymer chains were detected, and starting from 
27 °C, aggregates with a hydrodynamic radius (RH) of 310 nm 
were found, further increasing in size up to 820 nm at 50 °C.

As a first and simple example of sensing, the TCP can be 
used to monitor changes in local pH, as it is schematically 
shown in Figure  1C. At first, a solution of PDha-g-NIPAAm50 
(pH ≈ 7) was heated to 45 °C, where no TCP was observed. After 

addition of 0.1 m HCl so that a pH of ≤6 was reached, the solu-
tion became turbid, indicating LCST behavior. Upon returning 
to 21 °C the solution became clear again, and increasing the pH 
by addition of 0.1 m NaOH led to similar behavior as observed 
initially. This reversible response to changes in pH within a 
moderately narrow and biologically relevant window renders 
such graft copolymers interesting materials for biomedical 
applications, e.g., in carrier systems.[36]

The PDha backbone offers strong binding sites for metal 
ions and can act as a template for the formation of noble 
metal nanoparticles.[32] Simultaneously, solubility is mediated 
by remaining backbone and NIPAAm side-chain function-
alities, and we therefore used both PDha-g-NIPAAm50 and 
PDha-g-NIPAAm95 for the chelation of metal ions. Cu2+ or 
Pb2+ (0.01  mmol mL−1) was added until the graft copolymer 
solutions (pH  7) became slightly opaque, indicating chelation 
and aggregation. Independent of the DoF, spherical aggregates 
were formed (Figure 2) with a size of RH = 11–60 nm according 
to DLS (Figure S5, Supporting Information) and this was 
confirmed by transmission electron microscopy (TEM).

Macromol. Rapid Commun. 2020, 2000671

Figure 2. TEM micrographs of aggregates formed after addition of Cu2+ and Pb2+ to the graft copolymer solutions and AgNP dispersions.
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We observed a high sensitivity toward the addition of Cu2+, 
as already at a ratio of 1:230 (Cu2+/COO-) visible aggregation 
occurred, while in case of Pb2+ ions, a higher amount of metal 
ions was necessary to induce the formation of aggregates (1:34). 
We tentatively ascribe this to different coordination behavior, in 
line with earlier studies on the complexation of different metal 
ions with poly(acrylamidoglycolic acid) (PAGA).[14] In addition, 
our results indicate that size and shape of the aggregates seem to 
depend on the type of metal ion and concentration, in accordance 
with literature examples,[13,14] as well as the DoF of NIPAAm side 
chains. We found that the morphology of PDha-g-NIPAAm in 
the presence of Pb2+ ions remains regularly spherical even though 
we vary both the PDha/NIPAAm and M2+/PDha ratios. As these 
parameters show no significant influence on aggregate mor-
phology, we hypothesize that the main driving force is the coordi-
nation behavior of Pb2+. In the presence of Cu2+, we have observed 
a morphological dependence mainly on the PDha/NIPAAm ratio. 
Multiple bridging of Cu2+ carboxylates is well known,[37] and this 
could lead to the formation of polymer aggregates and secondary 
aggregation at already low metal concentrations.

However, this, in our opinion, renders these graft copoly-
mers even more applicable in sensing, using the hydrodynamic 
size and or measurable TCP as signals for changes in pH or the 
presence of (traces of) metal ions. Complexation of the metal 
ions correlates also with inter- and intramolecular interactions 
and blocking of functional groups. As a result, thermoresponse 
was found for PDha-g-NIPAAm50 even at pH  7, where previ-
ously aggregation was prevented by repulsive forces of the 
ionized moieties. We investigated the cloud points after Cu2+, 
Pb2+, or Co2+ addition for different concentrations (Figure 3B) 

and found distinct TCPs. Except for Pb2+, TCP is decreasing with 
higher metal concentrations that we attribute to an increased 
blocking of functional groups. Hereby, we found detection 
limits of 0.02, 0.15, and 0.1 mmol L−1 for Cu2+, Pb2+, and Co2+, 
respectively. It is worth noting that these limits could be fur-
ther adjusted by varying polymer concentration, DoF, or the pH 
value of the solution. Besides, other transition and main group 
metals could be recognized using the graft copolymer.

As an alternative readout signal, we exploited the ability of 
PDha-based materials to act as a template for the formation of 
noble metal nanoparticles and introduced silver nano particles 
(AgNPs) (Figure  3A), thereby imparting a strong surface 
plasmon resonance (SPR) signal within these hybrid materials. 
The SPR can then be used as an optical sensor responding to 
temperature, pH, and the presence of metal ions.[32,38,39] We 
were able to obtain AgNPs (RH = 2.5 nm from DLS) in the pres-
ence of PDha-g-NIPAAm50 using NaBH4 as the reducing agent 
(Figure S6, Supporting Information). After addition of either 
Cu2+ or Pb2+, the AgNPs were entrapped in the above-described 
aggregates, forming three-component nanomaterials as can 
be seen in TEM micrographs (Figure  2) and DLS (Figure S5, 
Supporting Information). As anticipated, a clear shift of the SPR 
peak was observed for PDha-g-NIPAAm50@AgNP core–shell 
nanomaterials upon complexation of metal ions (Figure  3C), 
resulting in a blueshift in case of Cu2+ (∆(λ) of up to 24 nm) and 
a redshift for Pb2+ and Co2+. This process could be explained 
by either aggregation of AgNPs or decoration of the functional 
groups on the surface with the corresponding cations,[40] and 
this is also dependent on the metal concentration. Here, the 
detection limit was found to be 0.05 mmol L−1 for each metal 

Macromol. Rapid Commun. 2020, 2000671

Figure 3. A) Formation of PDha-g-NIPAAm50 and AgNP hybrid materials being responsive to metal cations, pH, and temperature changes. B) TCP 
as a function of metals and their concentration after addition to PDha-g-NIPAAm50. C) Shift of the SPR wavelength maximum in presence of PDha-
g-NIPAAm50 as a function of metals and their concentration. D) The SPR is quenched when heated at pH 5 or lower.
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tested. Being covered by a thermo- and pH-responsive shell, 
SPR of the AgNPs is further affected by the solution pH and 
temperature (Figures S7 and S8, Supporting Information). 
While the maximum SPR peak shifts by changing the pH 
value, it vanishes completely by heating due to aggregation at 
pH 5 and lower (Figure 3D; Figure S8 and Table S2, Supporting 
Information), further proving the concept of a multiresponsive 
graft copolymer and a sensitive detector for changes in pH, 
temperature, or the presence of metal ions.

In summary, we describe a facile strategy to obtain poly-
ampholytic PDha-based triple-responsive graft copolymers. The 
materials feature tuneable output in terms of solubility or the 
SPR of immobilized AgNPs. Thereby, the measured output 
again depends on the amount of metal ion being present, 
the overall concentration, and the pH value of the medium. 
Although shown for AgNPs as a well-studied model system, 
the concept of using this graft copolymer as a template could 
be transferred to other metal NPs. In this regard, PDha-g- 
NIPAAm in our opinion is also an interesting starting point for 
soft-matter-based temperature-controlled catalysis.[41]

Supporting Information

Supporting Information is available from the Wiley Online Library or 
from the author.
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Experimental Part 

Chemicals 

N-Isopropylacrylamide was purchased from TCI chemicals (>98 %). CoCl2 (≥98.0 %), CuCl2 

(99 %) and PbCl2 (98%) were purchased from Sigma-Aldrich. All chemicals were used as 

received. PDha0.80-stat-PAMA0.20 was synthesized as described in our earlier work starting 

from PtBAMA (Mn = 10 000 g/mol, Đ = 2.46).
[1]

 

 

Analytical methods 

Nuclear magnetic resonance (NMR) spectroscopy  

1
H- and 

13
C-NMR spectra were performed on a Bruker AC 300 MHz using CDCl3, DMSO-d6 

and D2O/NaOD as solvents at a temperature of 298 K. The spectra were referenced by using 

the residual signal of the deuterated solvent. 

Size exclusion chromatography (SEC)  

An Agilent 1260 Infinity System, equipped with a 1260 IsoPump (G1310B), an 1260 ALS 

(G1310B) autosampler and three consecutive PSS SDV, 5 μm, 8x300mm columns was used 

for SEC measurements in THF. The flow rate was 1 ml/min and the columns were heated to 

mailto:felix.schacher@uni-jena.de


at 30 °C. The signals were collected using a 1260 DAD VL (GG1329B) and a 1260 RID 

(G1315D) detector. 

SEC measurements in DMSO were performed on a Jasco instrument using DMSO + 0.5 % 

LiBr as solvent at a flow rate of 0.5 ml/min at 65 °C and Pullulan calibration. It was equipped 

with PSS NOVEMA 3000 Angsröm / 300 Angström columns, a RI-930 detector as well as a 

PU-980 pump.  

Dynamic Light Scattering (DLS) 

DLS measurements were performed using an ALV laser CGS3 Goniometer equipped with a 

633 nm HeNe laser (ALV GmbH, Langen, Germany) at 25 °C and at a detection angle of 90°. 

The CONTIN analysis of the obtained correlation functions was performed using the ALV 

7002 FAST Correlator Software. 

Transmission Electron Microscopy (TEM) 

TEM images were acquired with a 200 kV FEI Tecnai G2 20 equipped with a 4k x 4k Eagle 

HS CCD and a 1k x 1k Olympus MegaView camera for overview images. 

ξ-Potential 

Zeta-potentials were measured on a ZetaSizer Nano ZS from Malvern via M3-PALS 

technique with a laser beam at 633 nm. The detection angle was 13°. The samples were 

prepared by titration of the polymer in 0.1 M NaOH (0.2 g/L) with 0.1 M HCl and 1 mL of 

the solution was taken at the desired pH values. The titration and pH detection was performed 

on a Metrohm 765 Dosimat titrator with a Greisinger electronic GMH3539 digital pH-/mV-

electrode with a thermometer.  

Potentiometric titration 

Potentiometric titrations were performed with a TitroLine® 7000 titrator equipped with a WA 

20 exchangeable unit, magnetic stirrer TM 235, and a ScienceLine pH combination electrodes 

with temperature sensor A162 from SI Analytics GmbH. The polymers were dissolved in 

0.1 M NaOH at a concentration of 1.5 g/L and titrated against 0.1 M HCl via an automatic 

dynamic pH-titration method.  

UV-Vis 

UV/Vis measurements were performed on a Agilent Cary 60 in a Hellma quarz glass cuvette 

with a pathlength of 10 mm at room temperature in solvent. The absorbance was measured in 

a range from 200 nm to 800 nm in 5 nm steps. 

  



Synthesis 

Post-polymerization modification of PDha-stat-PAMA with NIPAM 

PDha0.80-stat-PAMA0.20 (100 mg) and NIPAAm (10 eq per monomer unit) were dissolved in 

water (5 ml each, pH 13, KOH). Afterwards the clear solutions were mixed and placed in an 

oil bath at 60 °C for constant stirring. The reaction was terminated after 48 h, by adding 

aqueous HCl (0.5 M) until a pH of 7 was reached. Then, the crude product was dialyzed 

against deionized water (MWCO = 3.5 kDa) for 2 days and afterwards freeze-dried to obtain a 

colorless polymer powder. 

1
H-NMR (300 MHz, D2O, δ) = 3.93 – 3.70 (m, -CH), 3.70 – 3.07 (m, -C(=O)-CH2-), 2.99 – 

1.92 (m, -C-CH2-, and -NH-CH2-), 1.22 – 0.95 (m, -CH-(CH3)2) ppm. 

13
C-NMR (75 MHz, D2O δ): 175.29 (-COOH), 171.50 (-CONH-), 65.78 (-HN-C-COOH), 

41.81 (-C-CH2-, and -CH), 34.19 and 38.72 (-CH2-CH2-) ,21.51 (-(CH3)2 ) ppm. 

Complexation of metal ions 

PDha-g-NIPAAm was dissolved in deionized water (1 mg/ml) and a solution of the 

corresponding metal (0.01 mmol/ml) was added dropwise under continuous stirring. 

Increasing the amount of metal led to slightly turbid solutions. 

Complexation of metal ions 

To a solution of PDha-g-NIPAAm50 (1 mg/ml), aqueous AgNO3 (0.01 mmol/ml, 17 eq per 

monomer unit) was added. After stirring for 15 min NaBH4 (0.01 mmol/mol, 1 eq per silver 

ion) was added dropwise and the color turned orange. 

  



Figures and Tables 

 

Figure S1: Characterization of PDha-g-NIPAAm95 double hydrophilic graft copolymer via 
1
H-NMR (A) and 

13
C-NMR spectroscopy (B) and FT-IR spectroscopy (C). SEC traces (in DMSO) of the synthesized graft 

copolymers with different DoF. 
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Figure S2: Kinetic study of the post-polymerization modification of PDha with NIPAAm derived from 
1
H-NMR 

spectroscopy. 

 

 

Table S1: Summary of the synthesized PDha-g-NIPAAm graft copolymers and their solubility in different 

environments. 

 NIPAAm solubility
a
 

PDha-g-… [wt%] water DMSO DMF methanol 

-  pH > 7 + - - 

NIPAAm10  9 pH ≥ 7 + - - 

NIPAAm30 24 pH ≥ 6b
 + - - 

NIPAAm50 36 pH = 1 - 14 + + + 

NIPAAm95 55 pH = 1 - 14 + + + 

a
 ≥ 2 g/L, - ≙ insoluble, + ≙ clear solution,   ⁄  slightly turbid; 

b
 soluble under acidic condition  

by slow titration starting from pH 7. 

 

 

 

 

 

 

 

 



 
Figure S3: Potentiometric titration (A) and ζ-potential measured with a zetasizer (B) of PDha-g-NIPAAm95. 

 

 

 

Figure S4: Investigation of the thermoresponsive behaviour of PDha-g-NIPAAm95 via temperature dependent 
1
H-NMR spectroscopy (A) and DLS measurements (B) at pH 1. 

 

 

 

 

 

 

 



 

 
Figure S5: DLS measurements of PDha-g-NIPAAm solutions after metal addition. 

 

 

 
Figure S6: TEM micrographs of PDha-g-NIPAAm50@Ag NPs. 
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Figure S7: pH dependend absorption maximum of the surface plasmon resonance peak of PDha-g-

NIPAAm50@Ag NPs. 

 

 

 

 

 



 
Figure S8: Temperature dependend absorption maxima of the surface plasmon resonance peak of PDha-g-

NIPAAm50@Ag NPs at pH 7 (A), 3 (B), and 1 (C). 

 

 

 

Table S2: Summary of cloud points temperatures of PDha-g-NIPAAm50@Ag NP and temperature, where the 

surface plasmon resonance peak is fully quenched. 

pH TCP [°C] Tquenching [°C] 

7 none none 

5 34 40 

3 32 29 

1 36 22    [1] J. B. Max, K. Kowalczuk, M. Köhler, C. Neumann, F. Pielenz, L. V. Sigolaeva, D. V. Pergushov, A. Turchanin, F. Langenhorst, F. H. Schacher, Macromolecules 2020, 53, 4511.  
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Polyampholytic Graft Copolymers as Matrix for TiO2/Eosin
Y/[Mo3S13]

2� Hybrid Materials and Light-Driven Catalysis
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Abstract: An effective strategy to enhance the performance

of inorganic semiconductors is moving towards organic-inor-

ganic hybrid materials. Here, we report the design of core–

shell hybrid materials based on a TiO2 core functionalized

with a polyampholytic (poly(dehydroalanine)-graft-(n-propyl

phosphonic acid acrylamide) shell (PDha-g-PAA@TiO2). The

PDha-g-PAA shell facilitates the efficient immobilization of

the photosensitizer Eosin Y (EY) and enables electronic inter-

actions between EY and the TiO2 core. This resulted in high

visible-light-driven H2 generation. The enhanced light-driven

catalytic activity is attributed to the unique core–shell

design with the graft copolymer acting as bridge and facili-

tating electron and proton transfer, thereby also preventing

the degradation of EY. Further catalytic enhancement of

PDha-g-PAA@TiO2 was possible by introducing [Mo3S13]
2�

cluster anions as hydrogen-evolution cocatalyst. This novel

design approach is an example for a multi-component

system in which reactivity can in future be independently

tuned by selection of the desired molecular or polymeric

species.

Introduction

Global challenges such as climate change and overconsump-

tion urgently require the supply of sustainable clean energy.

This could be tackled by the utilization of hydrogen as a sec-

ondary, carbon-free energy carrier. Therefore, tremendous ef-

forts have been invested in the direction of production, stor-

age, and delivery of hydrogen.[1] Light-driven catalytic hydro-

gen evolution is a favourable carbon-neutral method, exploit-

ing solar energy.[2] The first example of light-induced water

splitting was described in 1972 by utilisation of a TiO2 elec-

trode, though it was limited to irradiation with UV light.[3] Al-

though being chemically stable, non-toxic, and a low cost ma-

terial, light harvesting using a broader solar energy spectrum is

desirable.[4] Recent approaches towards hydrogen evolution

are therefore targeting visible-light harvesting through band

gap engineering,[5] utilization of photosensitizers,[6] introduc-

tion of co-catalysts,[7] electron relays such as polyoxometa-

lates,[8] or the use of novel semi-conducting materials.[9] In this

context, TiO2 as potential candidate can be tuned for visible-

light-driven hydrogen evolution by the addition of different

cocatalysts and sensitizers. Recently, combining TiO2 and mo-

lybdenum sulfide was identified as a promising composite sys-

tem.[4c, 10]

Molybdenum sulfides (MoSx) as (co)catalysts are gaining con-

siderable interest due to low cost, long-term stability, and

earth-abundance. In that regard both, 2D structured MoS2+x as

well as molecular molybdenum sulfides (thiomolybdates), for

example, [Mo3S13]
2� or [Mo2S12]

2� have been investigated in

combination with different sensitizers and (co)catalysts.[4b,11]

Thiomolybdates typically carry a high number of active sites

and allow homogenous hydrogen evolution with high turn-

over numbers (>41000).[11b,c, 12]

With respect to multi-component hybrid materials, immobili-

zation of different compounds within suitable matrices plays a
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key role in connecting individual elements of light-driven cata-

lytic systems and has been realized on solid substrates such as

carbon nanomaterials,[13] metal oxides[14] or semiconductors

such as p-Si.[15] Although being well soluble in aqueous envi-

ronment and exhibiting potential binding sites for both differ-

ent catalysts and sensitizers, only few examples focus on soft

matrices based on polyelectrolytes. Romanenko et al. described

the preparation of block copolymer membranes, where the

molecular catalyst [Mo3S13]
2� and photosensitizer [Ru(bpy)3]

2+

were immobilized using positively charged groups along the

poly(N,N-dimethylaminoethyl methacrylate) (PDMAEMA) seg-

ment.[16] Besides, polyelectrolyte-based hydrogels are promis-

ing scaffolds and in this regard Weingarten et al.[17] and H. Sai

et al.[18] attached perylene monoimide as well as suitable cata-

lysts for efficient hydrogen production. Also ‘free’ polymers

could molecularly interact with catalysts as it has been shown

by Hu et al. , exploiting conjugated polyelectrolytes for the in-

teraction with Pt catalysts in hydrogen evolution reactions,[19]

or double-hydrophilic block copolymers as templates for CdS

nanoparticles.[20]

Polyampholytic polydehydroalanine (PDha) is a suitable tem-

plate featuring a high density of functional (charged) groups

and strongly interacting with metal oxides, metal nanoparticles

and dyes in water, which led us to the assumption that this is

a promising matrix for light-driven catalysis.[21] PDha exhibits

both positively charged amino groups as well as negatively

charged carboxylic acid moieties for the specific interaction

with various compounds. Furthermore, it was found to be a

platform for modification reactions to obtain materials with

tailored solubility, for example, as sensors, smart dispersants,

or templates.[21c,22] Besides this, PDha-g-PEG was already suc-

cessfully used as dispersant for a water-insoluble perylene-

based photosensitizer.[23] In this regard, we prepared tailor-

made PDha graft copolymers for the application in visible-light

driven hydrogen evolution. We herein introduce a novel cata-

lytic system consisting of promising and low cost catalysts TiO2

and [Mo3S13]
2�, as well as Eosin Y (EY) as dye sensitizer in the

presence of the sacrificial agent triethanol amine (TEOA), re-

vealing >800 fold increased activity compared to bare EY/TiO2

hybrids. This is realized by the attachment of phosphonic acid

side-chains for increased solution stability against sedimenta-

tion and as strong anchor groups for TiO2.
[15] The overall com-

bination not only leads to visible light-driven catalysis, but also

enables the physical combination of materials, which has not

been possible before. The mere combination of TiO2 and EY

has already been reported, but efficient hydrogen evolution

strongly depends on the way of interaction due to insulating,

quenching and stability issues.[1c, 24] On the other hand, while

EY was successfully used as a photosensitizer together with

MoS2,
[25] it failed in case of [Mo3S13]

2� presumably due to rather

weak interactions with the catalyst.[11b]

Results and Discussion

Synthesis of phosphonic acid modified graft copolymers

In our earlier work we have shown that post-polymerization

modification of PDha by grafting is a powerful synthetic route

to fine-tune solution properties and functionality.[21c,22a] To de-

velop the applicability of PDha as a coating for TiO2 NPs, both

increasing its water solubility at pH values <7 and the attach-

ment of an additional, strong anchor group was desired.

Therefore, PDha with an average of 60 repeat units was used

as a reactive backbone, obtained from deprotection of

PtBAMA (Mn=13 200, �=2.55), and n-propyl phosphonic acid

acrylamide (PAA) was successfully grafted via an aza-Michael

addition (Figure 1 A).

The modifier was synthesized in accordance with the proto-

col of Hu et al.[26] Hereby, 66% of the monomer units were

functionalized when 5 equivalents of the acryl amide were

used. The degree of functionalization was determined from
1H NMR spectroscopy in accordance with our previous

work.[22a] As expected, the obtained graft copolymer was solu-

ble over the entire pH-range as well as in methanol. NMR (31P,
1H and 13C) spectroscopy (Figure 1A, B; Figure S2) shows the

presence of both the PDha backbone as well as phosphonic

acid side groups and SEC traces reveal a narrowing of the elu-

tion traces in comparison to the pristine polymer, while still

maintaining a monomodal distribution. Regarding the multiple

peaks in the 31P NMR spectrum being in close proximity, we

assume a random distribution of the side-chains along the

backbone leading to different chemical environments of the

phosphonic acid groups. Besides that, protonation might also

play a role.

Formation of TiO2 based core–shell hybrids

The amino and carboxylic acid moieties of PDha are exception-

ally strong ligands for inorganic NPs as already proven for

stable dispersions with iron oxide, gold, silver, or Ag/Au nano-

Figure 1. Synthesis of PDha-g-PAA graft copolymers (A) and corresponding
1H-NMR (B) and 31P-NMR (C) spectra.
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alloy particles.[21a, c, 27] However, the readily grafted phosphonic

acid side-chains are additional strong ligands for TiO2 surfaces

and besides that they implement pH solution stability as well

as additional negative charges, the latter possibly facilitating

proton transfer processes.[28] Therefore, we utilized PDha-g-PAA

as coating for TiO2 NPs using simple ultra-sonication (Fig-

ure 2A) and the successful formation of core–shell hybrid ma-

terials was proven by thermogravimetric analysis (TGA), trans-

mission electron microscopy (TEM), X-ray photoelectron spec-

troscopy (XPS) and dynamic light scattering (DLS) (Figures S3–

S6).

To determine the amount of organic shell material, TGA was

measured under air for the pristine TiO2, PDha-g-PAA and the

hybrid materials with different polymer to TiO2 ratios (5:1 and

15:1 (w/w) polymer/TiO2, Figure S3). Any free polymer was re-

moved by dialysis and three washing steps after centrifugation

of the solid material. For the TiO2 NPs a weight loss of around

17 wt% was observed between 30 8C and 450 8C, which is

mainly assigned to the loss of water. In case of PDha-g-PAA

three weight-loss steps were observed, the first step between

rt and 140 8C as a result of loss of residual water, and two fur-

ther steps at 290 and 470 8C as a result of polymer decomposi-

tion. No further weight loss is observed at T>600 8C (residual

mass: 20 wt%). Regarding the hybrid material, similar decom-

position steps were observed between 290 and 600 8C, provid-

ing evidence for the presence of the polymer shell. High poly-

mer contents of 29 wt% and 66 wt% were calculated, respec-

tively. To confirm these results, TEM images of PDha-g-

PAA@TiO2 (Figure 2 and Figures S4 and S5) show individual

TiO2 NPs with an average radius of around 11 nm and an or-

ganic layer with a thickness of several nm is clearly visible. Ad-

ditionally, in DLS an increase of the hydrodynamic radius (RH)

from 11 to 38 nm was observed after shell formation (Fig-

ure S3). We attribute this significant increase in size to multilay-

er formation and chain expansion of the grafted polymers.

[Mo3S13]
2� as cocatalyst modification

To further overcome the recombination of photoexcited carri-

ers, cocatalyst modification was explored for the PDha-g-

PAA@TiO2 core–shell hybrid system. Thereby, as a co-catalyst

we used [Mo3S13]
2� clusters in accordance with our earlier

work.[16] Hereby, PDha-g-PAA on one hand solubilizes negative-

ly charged molybdenum sulfide, and on the other hand is

anchored on the surface of the TiO2 nanoparticles (Figure 3A),

therefore bringing both building blocks in close proximity

while at the same time mediating solubility.

The resulting [Mo3S13]
2�@PDha-g-PAA and [Mo3S13]

2�@PDha-

g-PAA@TiO2 hybrid materials were characterized via DLS and

TEM (Figure 3 and Figure S3, S4). TEM data indicates small ag-

gregates with the size of only a few nm for [Mo3S13]
2�@PDha-

g-PAA (Figure 3B). After successful solubilisation of [Mo3S13]
2�

,

TiO2 NPs were added before further sonication and the result-

ing three-component hybrid material ([Mo3S13]
2�@PDha-g-

PAA15@TiO2) was subjected to TEM investigations (Figure 3C, D

and Figure S9), where in addition to the above-described core–

shell nanoobjects additional dark spots with different contrast

could be found. We ascribe these likely to the presence of the

co-catalyst as schematically shown in Figure 3A and Figure S8.

However, DLS reveals a significant increase of the RH of the

three-component hybrid material compared to PDha-g-

PAA@TiO2 (15 w/w) from 38 to 82 nm, which could be the

result of multilayer formation, chain expansion, and some sec-

ondary aggregation taking place.

In addition, z-potential measurements were carried out and

while the overall charge of the TiO2 NP was found to be slight-

ly negative with �8�2 mV, it decreased to �20�1 after addi-

tion of the graft copolymer. We ascribe this to the negatively

charged carboxylic acid and phosphonic acid groups. After

decoration of the core–shell material with anionic [Mo3S13]
2�

the z-potential became �32 � and finally �37�1 after attach-

ment of EY, indicating successive incorporation of the different

compounds. This is noteworthy as electrostatic repulsion

might also be expected—nevertheless, additional (attractive)

interactions, for example, with exposed -NH3
+ functional

groups from the PDha backbone or of hydrophobic nature

seem to favor binding of the individual components. Indeed,

the amine groups of the polyampholytic backbone should be

protonated at the corresponding pH of 7–8, although an over-

all negative charge is observed.[21c,22a,29]

In order to further investigate the interactions between

PDha-g-PAA with [Mo3S13]
2� and TiO2, X-ray photoelectron

spectroscopy (XPS) was used. The C 1s, P 2p, Mo 3d, Ti 2p,

N 1s, and O 1s spectra obtained by XPS for different samples

are shown in Figure 3E–G and Figures S5, S6. In the Ti 2p spec-

tra, the doublet was assigned to TiO2, with Ti 2p3/2 at a binding

energy of �459 eV and Ti 2p1/2 at a binding energy of

�464.5 eV. The binding energy difference of 5.5 eV between

those two peaks of TiO2 corresponds well to literature values

(DE from 5.5 to 5.8 eV).[30] Following grafting of PDha-g-PAA,

no significant changes are observed in the Ti 2p spectrum.

After grafting of the polymer, a P 2p signal was detected,

which was not observed for the TiO2 reference particles. This

Figure 2. Preparation of PDha-g-PAA@TiO2 core–shell hybrid materials (A),

TEM images of TiO2 (B) and PDha-g-PAA@TiO2 with 15:1 (w/w, polymer/TiO2)

as initial ratio of PDha-g-PAA/TiO2.
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confirms the presence of the phosphonic acids on the modi-

fied TiO2 particles. Interestingly, the binding energy of phos-

phonic acid is shifted towards lower binding energies upon

grafting onto TiO2 from 133.8 eV for free PDha-g-PAA to 132.9

and 133.4 eV for PDha-g-PAA@TiO2 and [Mo3S13]
2�@PDha-g-

PAA@TiO2, respectively (Figure 3E–G). The observed downshift

is another indication for successful grafting using phosphonic

acid as anchoring group.[30a,31]

Visible-light driven hydrogen evolution

Light-driven catalytic H2 evolution performances of the sam-

ples were evaluated in the presence of TEOA (0.5m) as sacrifi-

cial reagent under LED light irradiation (530 nm (with �50 nm;

281 mW; 330 mA; 3.1 V) in a 3D-printed irradiation reactor with

a fan (Figure S1). To investigate the effect of each compound

of our system different tests were made. Figure 4A shows the

time courses of H2 production for TiO2, TiO2/EY, and EY/PDha-g-

PAA/TiO2 with different weight percent (wt%) of polymer. TiO2

without EY and physical mixtures of TiO2 with EY show no or

trace H2 evolution activity under these conditions. We could

explain this by inactivity of TiO2 under visible light irradiation

and the lack of firmly bound EY to the TiO2 surface.
[32] Besides

low loading of TiO2 via a weak ester-like linkage, physically ad-

sorbed dyes tend to desorb into the solution during irradia-

tion, leading to quick degradation due to the formation of un-

stable anion radicals (EY�C), and decreasing efficiency in H2 evo-

lution catalysis. In sharp contrast, coating TiO2 with PDha-g-

PAA significantly increased the H2 production under visible

light. Overall, during irradiation, EY/PDha-g-PAA/TiO2 with 5:1

and 15:1 of PDha-g-PAA to TiO2 (w/w) exhibits high stability

for hydrogen production with average rates of 0.301 and

0.276 mmolg�1h�1, respectively.

The enhanced activity of EY/PDha-g-PAA/TiO2 is attributed to

an effective EY loading by PDha-g-PAA and stable fixation of

EY within the polyampholyte shell. The maximum loading

amount of EY by PDha-g-PAA and TiO2 NPs was evaluated by a

UV/Vis study (Figure S7 and Table S1). Our data revealed ca-

pacity values of 151 mgmg�1 for TiO2, and 102 and 76 mgmg�1

for EY/PDha-g-PAA/TiO2 with 5:1 and 15:1 (w/w) of graft copo-

Figure 3. (A): Preparation route of [Mo3S13]
2�@PDha-g-PAA@TiO2, TEM images of [Mo3S13]

2�@PDha-g-PAA (B), and (C and D): [Mo3S13]
2�@PDha-g-PAA@TiO2

,and

(E–G): XP spectra of P 2p of PAA in PDha-g-PAA (E), PDha-g-PAA@TiO2 (F), and (G) [Mo3S13]
2�@PDha-g-PAA@TiO2.
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lymer, respectively. The maximum loading capacity for the EY/

PDha-g-PAA/TiO2 coating material resembled the capacity of

PDha-g-PAA as well, whereas it was slightly lower compared to

pristine TiO2, probably due to the rather high surface area of

TiO2. Nevertheless, this might also enhance the fast decompo-

sition of dye during irradiation, leading to lower hydrogen

evaluation rates. On the other hand, although PDha-g-PAA/TiO2

shows lower capacity for EY adsorption, it is seemingly enough

adsorbed and stable to inject the electron though the graft co-

polymer shell to the TiO2 core.

For improving the performance of PDha-g-PAA/TiO2 core–

shell hybrids, additional loading with thiomolybdate [Mo3S13]
2�

nanoclusters as a molecular mimic of MoS2 edge sites was in-

vestigated. Hereby, PDha-g-PAA was used first to solubilize

[Mo3S13]
2� and afterwards PDha-g-PAA/[Mo3S13]

2� was grafted

onto TiO2 NPs as described above (Figure 3A). However, EY/

TiO2/[Mo3S13]
2� were also physically mixed as control experi-

ment and here no hydrogen evolution could be observed

under the conditions reported. In contrast, under optimum re-

action conditions for the EY/PDha-g-PAA/(TiO2/[Mo3S13]
2�)

system, the H2 production under visible light irradiation was

continuous during 20 h of reaction time. The H2 evolution turn-

over number (TON= [H2]/[Mo3S13]
2�]) reaches >500 within 20 h

of irradiation. As we can see from H2 production data, the ac-

tivities of H2 production from EY/PDha-g-PAA/(TiO2/[Mo3S13]
2�)

system are significantly improved compared to the system

without [Mo3S13]
2� (e.g. EY/PDha-g-PAA/TiO2), and average hy-

drogen production rates increased from 0.301 mmolg�1h�1

(EY/PDha-g-PAA/TiO2) to 23.9 mmolg�1h�1 (EY/PDha-g-PAA/

(TiO2/[Mo3S13]
2�). The high catalytic activity of EY/PDha-g-PAA/

(TiO2/[Mo3S13]
2�) system (increase by a factor of �79) is as-

signed to the high activity of the molecular co-catalyst

[Mo3S13]
2� when compared with the rather low hydrogen evo-

lution performance of pure TiO2. Catalyst accessibility and sur-

face effects might further contribute to the observed increase

and will be studied in more detail.

Finally, previous studies by Streb et al.[11c] indicated that

[Mo3S13]
2� shows higher catalytic activity in methanol/water

mixtures compared to pure water. Therefore, we also investi-

gated our EY/PDha-g-PAA/(TiO2/[Mo3S13]
2� system in a metha-

nol/water (1:1) mixture under otherwise unchanged conditions.

As shown in Figure 4B, we observe increased H2 evolution

rates in methanol-water as well as higher apparent stability

(i.e. prolonged reactivity compared to the system in water as

exclusive solvent). This is in line with previous studies, which

suggested that ligand exchange on [Mo3S13]
2� in water is a

major deactivation pathway.[11c] Indeed, our data indicates that

[Mo3S13]
2� in water shows promising activity but fast catalyst

deactivation because of complete exchange of the terminal di-

sulfides resulting in decreased catalytic activity. In contrast, in

methanol-water mixtures, significantly higher reactivity is ach-

ieved by stabilizing highly active catalytic species. We could at-

tribute this enhancement to partial exchange of one or two

terminal disulfides with aqua ligands which leads to the forma-

tion of more active species. Compared to earlier studies where

EY was covalently or electrostatically grafted to the surface of

TiO2, this work demonstrates that PDha-based polyampholytic

graft copolymers are a simple, tunable, and effective method

to achieve stable EY sensitization on TiO2 with enhanced activi-

ty and stability for light-driven H2 evolution.

Conclusion

In summary, we report the successful grafting of a tailor-made

polyampholytic graft copolymer to TiO2 nanoparticles, which

enabled the binding of EY photosensitizer and [Mo3S13]
2� hy-

drogen evolution cocatalysts. Our results reveal that this is a

straightforward approach for the preparation of a tunable and

versatile soft matter matrix which can effectively co-integrate

several molecular components relevant for light-driven cataly-

sis. The main role of the graft copolymer is to provide close

proximity and the potential to interact for all individual com-

Figure 4. Hydrogen evolution rates for (A): TiO2 (300.0 mmolL�1), TiO2/EY (20.0 mmol), and EY/PDha-g-PAA/TiO2 with different initial weight percent (5 and

15 w/w) of PDha-g-PAA to TiO2 in water and (B): Hydrogen evolution rates and the turnover number (TON, is defined as moles of hydrogen produced to

moles of [Mo3S13]
2� (3 mmolL�1)) of EY/PDha-g-PAA/(TiO2/[Mo3S13]

2�) with 5:1 w/w initial weight (PDha-g-PAA to TiO2) in water and mixture of water/methanol

under visible-light irradiation (l>520 nm), with TEOA (0.5m) as sacrificial donor.
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ponents. Specifically, we find that the obvious improvement of

the light-driven catalytic activity for hydrogen production was

found by immobilizing [Mo3S13]
2� clusters, reaching TONs>

500. Our strategy indicates that we can use polyampholytic

graft copolymers to improve and regulate different molecular

catalytic systems by immobilization on TiO2. This strategy intro-

duces a system, which could be valuable for other molecular

catalysts, dyes or semiconducting sensitizers.
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Experimental Part 

Chemicals 

Diethyl vinylphosphonate (>98 %) was purchased from TCI Chemicals and acryloyl chloride 

(96 %) from Alfa Aesar, ammonium polysulfide solution from Fisher ChemicalTM and triethyl amine 

(≥ 99.0 %) from CHEMSOLUTE®. Triethanolamine (98 %), titanium (IV) oxide (≥99.5 %, 21 nm 
primary particle size (TEM)), bromotrimethylsilan (97%) and propylamine (98 %), Eosin Y 

disodium salt (≥85 %) and (NH4)6Mo7O24*4H2O (99.98 %) were purchased from Sigma-Aldrich. All 

chemicals were used as received. 

PDha0.90-stat-PAMA0.10 was synthesized as described earlier starting from PtBAMA with a 

molecular weight of Mn = 13 200 g/mol and Đ = 2.55 (THF SEC, PS calibration).1 

Analytical methods 

Nuclear magnetic resonance (NMR) spectroscopy  

1H- and 13C-NMR spectra were performed on a Bruker AC 300 MHz using CDCl3, MeOD-d4 and 

D2O/NaOD as solvents at a temperature of 298 K. The spectra were referenced by using the 

residual signal of the deuterated solvent. 

Size exclusion chromatography (SEC)  

Size exclusion chromatography (SEC) measurements were made on a Shimadzu system 

equipped with a G1330B pump, a G1362A refractive index detector, a DAD G1315D UV-vis 

detector and a Polymer Standards Service GmbH (Mainz, Germany) SDV 

guard/100/1000/100 000 °A, 5 mm column (8 x 300 mm). As eluent THF was used with a flow rate 

of 1 mL/min. The temperature of the column oven was set to 30 °C and a calibration with low 

dispersity PS standards was used (Mn ranging from 474 to 2 520 000 g/mol). 

SEC measurements in DMSO were performed on a Jasco instrument using DMSO + 0.5 % LiBr 

as solvent at a flow rate of 0.5 ml/min at 65 °C and Pullulan calibration. It was equipped with PSS 

NOVEMA 3000 Angsröm / 300 Angström columns, a RI-930 detector as well as a PU-980 pump.  

Dynamic Light Scattering (DLS) 

DLS measurements were performed using an ALV laser CGS3 Goniometer equipped with a 633 

nm HeNe laser (ALV GmbH, Langen, Germany) at 25 °C and at a detection angle of 90°. The 

CONTIN analysis of the obtained correlation functions was performed using the ALV 7002 FAST 

Correlator Software. 

Transmission Electron Microscopy (TEM) 

TEM images were acquired with a 200 kV FEI Tecnai G2 20 equipped with a 4k x 4k Eagle HS 

CCD and a 1k x 1k Olympus MegaView camera for overview images. 

Laser Microelectrophoresis (Zeta-potential measurements) 

Electrophoretic mobilities were measured on a ZetaSizer Nano ZS from Malvern via M3-PALS 

technique with a laser beam at 633 nm. The detection angle was 13°. The samples were prepared 

by titration of the polymer in 0.1 M NaOH (0.2 g/L) with 0.1 M HCl and 1 mL of the solution was 

taken at the desired pH values. The titration and pH detection was performed on a Metrohm 765 



Dosimat titrator with a Greisinger electronic GMH3539 digital pH-/mV-electrode with a 

thermometer.  

Adsorption and Desorption Studies 

An aqueous Eosin Y solution ( 0.01 mmol/mL) was added to 2 mg/mL of TiO2 or PDha-g-

PAA@TiO2. The resulting suspension was shaken intensively and kept overnight. The following 

day the particles were removed by centrifugation (14000 RPM), and the supernatant was 

investigated by UV–vis spectroscopy. In case of solutions with too high concentration, a 10-fold 

dilution was carried out. The particles were then washed at least 3 times with 1 mL of solution per 

washing step to remove unbound dye.  

X-ray Photoelectron Spectroscopy (XPS) 

XPS was performed using a UHV multiprobe system (Scienta Omicron) with a monochromatic X-

ray source (Al Kα) and an electron analyzer (Argus CU) with a 0.6 eV spectral energy resolution. 

For individual samples, charge compensation during data acquisition was realized by an electron 

flood gun (NEK150, Staib, Germany) at 6 eV and 50 A. The spectra were fitted using Voigt 
functions after background subtraction. The spectra were calibrated using the Si 2p peak at 103.5 

eV (SiO2) and the C 1s peak (C-C, 285.5 eV), respectively. 

UV-vis spectroscopy 

UV-vis measurements were performed on an Agilent Cary 60 spectrometer in a Hellma quartz 

glass cuvette with a pathlength of 10 mm at room temperature in solvent. The absorbance was 

measured in a range from 200 nm to 800 nm in 5 nm steps.  

Thermogravimetric analysis (TGA) 

TGA measurements were carried out under air flow in a Perkin Elmer TGA800 device by heating 

from 30 °C to 850 °C with a heating rate of 10 K/min. 

Ultrasonication (Ultrasonication Finger) 
Ultrasonification was carried out using a Sonic VibraCellVC505 500 Watt Ultrasonic Processor. 
To reduce high sound, a Sound Abating Enclosure was used. 

Light-driven catalysis 

The light-driven catalytic hydrogen evolution experiments were performed in a 5 or 10 mL Pyrex 

flask, the openings of which were sealed with a silicone rubber septum, at ambient temperature 

and atmospheric pressure. A LED light (with max  = 530 nm (with ± 50 nm; 281 mW; 330 mA; 
3.1 V) in a 3D-printed irradiation reactor with a fan) was used as a visible light source to trigger 

the catalytic reaction and was positioned 2 cm away from the reactor. In a typical light-driven 

catalytic experiment, the desirable amount of catalyst was dissolved in 2 mL of a mixed aqueous 

solution containing 0.5 TEOA, and the system was then bubbled with nitrogen for 20 min to remove 

the dissolved oxygen and create anaerobic conditions. A 0.2 mL sample of the generated gas was 

collected intermittently through the septum, and the hydrogen content was analyzed by gas 

chromatography with a thermal conductivity detector (TCD). The turnover number (TON) is 

determined as moles of hydrogen produced to initial moles of [Mo3S13]2- (C: 3.0 µmol/mL as initial 

amount that was used in formation of [Mo3S13]2-@PDha-g-PAA@TiO2).  



 

Figure S1: Setup for the light-driven catalytic hydrogen production experiments 

 

Synthesis 

Synthesis of PAA in accordance with a literature protocol2 

N-propyl amine (1.00 g; 17 mmol, 1 eq) and water (20% v.%) were put in an oil bath at 45 °C and 

afterwards diethyl vinyl phosphate (2.36 g, 14 mmol, 0.85 eq) was added dropwise. The solution 

was stirred for 18 h before dichloromethane (DCM, ~ 20 ml) was added. Afterwards the reaction 

mixture was dried with Na2SO4, filtrated and the solvent evaporated under vacuum.  

The reaction product (1.5 g, 7 mmol, 1 eq) and NEt3 (1.0 g, 10 mmol, 1.5 eq) were dissolved in 

distilled DCM (20 ml) and cooled in an ice bath. Acrolyl chloride (0.8 g, 9 mmol, 1.3 eq) was added 

dropwise and the ice bath removed afterwards. The reaction mixture was stirred for 18 h before it 

was diluted with more DCM (30 ml). It was washed with 0.1 M NaOH (3 x 30 ml), 0.2 M HCl (2 x 

30 ml) and water (2 x 30 mL), dried over Na2SO4 and the solvent evaporated under vacuum. The 

product (1) was obtained as an orange, viscous oil (85 %). 

1H NMR (300 MHz, CDCl3, δ) = 6.69 – 6.44 (m, CH2=CH-), 6.41 – 6.21 (m, -CH=CH2), 5.70 – 5.58 

(m, -CH=CH2), 4.26 – 3.98 (P-O-CH2-), 3.76-3.50 (m, -N-CH2), 3.42 – 3.23 (m, -N-CH2), 2.25 – 

1.89 (m, -CH2-CH2-CH3), 1.76 – 1.52 (m, -CH2-P=O), 1.45 – 1.19 (m, -CH2-CH3), 1.03- 0.80 (m, -

CH2-CH3) ppm. 

Afterwards, the ethyl ester was cleaved. Therefore 1 was dissolved in anhydrous DCM under Ar 

atmosphere and TMSBr added through a syringe. The reaction mixture was stirred at 21 °C for 24 

h. Remaining TMSBr and DCM were removed via evaporation and methanol was added. Then 



the reaction mixture was stirred at 21°C for another 24 h. After drying under vacuum for several 

hours the product was obtained as an orange, waxy solid (90%). 

1H NMR (300 MHz, MeOD, δ) = 6.76 – 6.56 (m, CH2=CH-), 6.23 – 5.96 (m, -CH=CH2), 5.82 – 5.54 

(m, -CH=CH2), 3.35 - 3.20 (m, -N-CH2), 3.39 – 3.19 (m, -N-CH2), 1.96 – 1.72 (m, -CH2-CH2-CH3), 

1.60 – 1.33 (m, -CH2-P=O), 0-94 - 0.70 (m, -CH2-CH3) ppm. 

Post-polymerization modification of PDha-co-PAMA with PAA 

PDha0.85-stat-PAMA0.15 (100 mg) and PAA (10 eq per monomer unit) were dissolved in water (5 

ml each, pH 13, KOH). Afterwards the clear solutions were mixed and placed in an oil bath at 60 

°C for constant stirring. The reaction was terminated after 48 h, by adding aqueous HCl (0.5 M) 

until a pH of 7 was reached. Then, the crude product was dialyzed against deionized water 

(MWCO = 3.5 kDa) for 2 days and afterwards freeze-dried to obtain a colorless polymer powder. 

PDha-co-PAMA (50 mg) was dissolved in water (10 ml, pH 13 KOH-solution) and PAA (5 eq per 

monomer units) was in DMSO (10 ml). The reaction mixture was stirred for 72 h at 70 °C and then 

it was neutralized using aqueous HCl (0.5 M). For purification, the crude product was dialyzed 

against deionized water (MWCO = 3.5 kDa) for 48 h and afterwards freeze-dried to obtain a slightly 

orange powder. 

1H-NMR (300 MHz, D2O, δ) = 3.64 – 3.02 (-CH2-N-C=O- and (-CH2-N-C=O-) 2.94 – 2.08 (-C-CH2-

, -NH-CH2-, -CH2-CON-) 2.07 – 1.32 (-CH2-CH3 and -CH2-PO3H2) 1.29 – 1.07 (-NH- or -NH2), 1.00 

- 0.49 (-CH3) ppm. 

13C-NMR (75 MHz, D2O δ): 177.59 (-COOH), 171.94 (-CONH-), 62.53 - 60.25 (-HN-C-COOH), 

49.81, 30.74, 27.28, 26.23, 21.37, 20.28 (side-chain: (-CH2-NH, -CH2- PO3H2, -CH2-N-C=O, -

CH2-N-C=O, -CH2-CON-, -CH2-CH3), 45.50 – 42.20 (-C-CH2-), 10.50 (-CH3) ppm. 

Adsorption study of Eosin Y 

An aqueous Eosin Y solution (0.01 mmol/mL) was added to 1 mg/mL of TiO2 or its compositions 

that were separated by centrifugation from solution. The resulting supernatant was investigated 

by UV–vis spectroscopy. In case of solutions that were too concentrated, a 10-fold dilution was 

carried out. The particles were then washed at least 3 times with 1 mL of solution per washing 

step to remove unbound dye.  

(NH4)2[Mo3S13]*2H2O was synthesized according to the literature.3 Briefly, to a solution of 

(NH4)6Mo7O24*4H2O (4.0 g, 3.2 mmol in 20 mL water) a ammonium polysulfide solution (120 ml, 

25 wt%) was added. The reaction mixture was covered and heated to 96°C without stirring for five 

days. Dark red crystals were isolated by filtration, washed with water, ethanol, carbon disulfide 

and ether before air drying. Yield: 5.6 g, dark red crystals (97.9% based on Mo). 

Preparation of PDha-g-PAA@TiO2 

The desired amount of polymer was added to the target concentration of TiO2 in water. Afterwards 

the mixture was placed in an ice bath. Dispersions were then formed by using an ultrasonic finger 

(20% power, 60 min, pulsed: 60 s on and 30 s off). For purification, the obtained core-shell hybrid 

solutions were dialyzed against deionized water (MWCO = 14 kDa) for 48 h.  

 

 



Preparation and loading of [Mo3S13]2-in PDha-g-PAA@TiO2 

0.5 mg [Mo3S13]2- were first dispersed with aqueous PDha-g-PAA solution (1 mg/mL) with 

assistance of sonication (1 hour). Afterwards, the stabilized [Mo3S13]2-/PDha-g-PAA dispersion 

was grafted on TiO2 nanoparticles (2 mg.mL). The grafting process was carried out by 1-hour 

additional sonication. For purification, the obtained hybrid solutions were dialyzed against 

deionized water (MWCO = 14 kDa) for 24 h.  

XPS analysis 

The different preparation steps were characterized using XPS. Besides the Ti 2p spectra 

discussed in the main paper, the TiO2 particles show a characteristic feature at a binding energy 

of ~530.3 eV in the O 1s spectra, which is not present for PDha-g-PAA alone (Figure S6). After 

grafting of PDha-g-PAA on TiO2, the characteristic groups of the polymer are visible in the C 1s 

spectra as shoulders at binding energies of ~286.6 eV (C-N, C-P) and ~ 288.5 eV (COOH, N-

C=O) confirming the presence of PDha-g-PAA (Figure S7). Furthermore, P 2p (Figure 3) and N 

1s (Figure S7) signals were detected, which were not present on the pure TiO2 particles before. 

Finally, the structure of the co-catalyst Mo3S13 was characterized. The Mo 3d signal shows mainly 

a doublet assigned to Mo3S13 together with a small second doublet ascribed to oxidized Mo. The 

S 2p signal shows the typical structure for Mo3S13 with two species assigned to bridge/apical and 

terminal S, respectively. This is in agreement with previously published results.4 

  



 

Figure S2: Synthesis of the PAA monomer (A); corresponding SEC trace of PDha-co-PAMA and 

PDha-g-PAA (B); 13C NMR spectra of PDha-g-PAA (C). 

 



 

Figure S3: (A): DLS CONTIN plots of TiO2, PDha-g-PAA, PDha-g-PAA@ TiO2, [Mo3S13]2-@PDha-

g-PAA@TiO2, and [Mo3S13]2-@PDha-g-PAA and (A) and (B): Thermograms of TiO2, PDha-g-PAA, 

PDha-g-PAA@TiO2 with different ratios of added graft copolymer. 

 

 

Figure S4: TEM micrographs of PDha-g-PAA@TiO2 with ratio of 5:1 m/m (PDha-g-PAA : TiO2). 

 

 

 

 



 

 

Figure S5: XP spectra of O 1s and Ti 2p of PDha-g-PAA, PDha-g-PAA@TiO2 (5:1) and [Mo3S13]2-

@PDha-g-PAA @TiO2. 

 

 

 

 

 



 

 

Figure S6: XP spectra of C 1s N 1s, Mo 3d, and S 2p of [Mo3S13]2-@PDha-g-PAA and [Mo3S13]2-

@PDha-g-PAA@TiO2. 
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Figure S7: Calibration curves for concentration calculation of EY. 

 

Table S1: Amount of EY absorbed on the different hybrid materials. 

sample Abs 
515 nm 

aμg EYa μg EY/mg TiO
2
 

TiO
2
 0.2572 7.53 151 

PDha-g-PAA@TiO
2 

(1:5) 0.1708 5.12 102 

PDha-g-PAA@TiO
2 

(1:15) 0.1237 3.8 76 

a Calculated after washing the samples with water for 3 times and then re-dispersing by 10 minutes ultra-sonication.  



 

Figure S8: Schematic illustration of proposed (attractive) interactions between PDha-g-PAA and 

TiO2, Eosin Y, and [Mo3S13]2-. 



 

Figure S9: TEM micrographs of [Mo3S13]2-@PDha-g-PAA@TiO2. 
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Received 00th January 20xx, Accepted 00th January 20xx DOI: 10.1039/x0xx00000x  Polyampholytic graft copolymers: A platform to combine sensitizers and catalysts Afshin Nabiyan a, Johannes B. Max a, Mathias Micheel,c,e Jonas Eichhorn, a Christof Neumann,b,c,d Maria Wächtler c,e, Martin Schulz, c,e Benjamin Dietzek,c,d,e Andrey Turchanin,b,c,d and Felix H. Schacher a,b,d * Inorganic–organic hybrid systems offer unique opportunities in functional materials for tailor-made properties and enhanced energy conversion efficiency. We herein introduce a novel polyampholytic graft copolymer, poly(dehydroalanine)-graft-(2-acrylamido-2-methyl propane sulfonic acid) (PDha-g-AMPS), with tunable charge, that not only serves as a platform for formation and stabilization of nanoparticles and carbon nanomaterials known to be effective in catalysis, but also exhibits a significant role in the enhancement of hydrogen production from water. Hereby, we imobolized a series of photocatalytic systems including various catalyst/sensitizer/electron mediator combinations (such as Eosin Y (EY)/Pt, Au, Pd, and Ag, EY/Pt3Co, EY/Pt3Co/carbon nanotubes (CNT), EY/Pt3Co/fullerene (C60), and CdS) in environments of PDha-g-AMPS and we investigate their photocatlytic activity. With assistance of our polymer, high hydrogen production efficiency was achieved in neutral aqueous media with a turnover number >8000. Our observations show that PDha-g-AMPS acts as immobilizing platform for multi-component materials and we proof this by catalytic and optical studies. In our opinion, this is a general and novel approach towards the effective combination of different photocatalysis components using polyelectrolytes and this can be also extended to many other catalytic reactions.Introduction A great example of the harnessing the solar energy is photocatalytic hydrogen production which is nowadays a considerable target in sustainable and clean energy. Utilizing soft matrix in such photocatalytic reaction draw great attention due to versatility and providing toolbox of organic chemistry for tailoring and tuning the functions. 1–3 Although soft materials illustrate great developments, integrating the light-harvesting with charge-transport and catalytic functions to produce solar fuels is still a great challenge.3  Polymers provide unique opportunities in the development of hybrid structures by assembling soft materials onto solid supports. Typically, the polymer matrix was introduced as microenvironment, which can facilitate the charge transfer to redox-active sites, manage the delivery of chemical substrates, improve the product specificity during catalytic transformations, and lend the chemical protection to 
underpinning solid-state supports as well as embedding the components.4 Among various organic polymers, polyelectrolytes have attracted extensive attention by possessing many ionizable groups.5,6 The combination of polymeric and electrolyte behaviour gives them a number of unique abilities such as changing drastically the fluid properties of aqueous solutions and suspensions, interacting with neutral particles, small ions and oppositely charged macromolecules.5,6 Polyelectrolytes are defined as polymers containing either positive (polycations) or negative charges (polyanions), an equal amount of counterions, and are typically water-soluble. As a subclass for polyelectrolytes, there are polyampholytes and polyzwitterions. These types of polyelectrolytes feature oppositely charged moieties or ionizable groups either within the polymer backbone or in the side-chain.7 In case of polyzwitterions, both groups are even located within the same monomer unit. The typical repeat units of polyzwitterions commonly include cationic ammonium groups, as well as anionic sulfonates, carboxylates, phosphates, phosphonates, or phosphinates.8,9  Polyelectrolytes have a wide variety of applications that include ion exchange, chelation to bind trace metals, sewage treatment, soil conditioning, paper reinforcement, pigment retention, and formulation in shampoos and hair conditioners.8,10,11 Recently they are emerged as substrate for photocatalysis. This fascinating materials have been highlighted by several research groups as promising scaffolds for facile photocatalytic water reduction. For example, Wasielewski et.al report the light-driven production of hydrogen inside a hydrogel a. Institute of Organic Chemistry and Macromolecular Chemistry (IOMC), Friedrich-Schiller University Jena, Lessingstraße 8, D-07743 Jena, Germany. b. Jena Center for Soft Matter (JCSM), Friedrich Schiller University Jena, Philosophenweg 7, D-07743 Jena, Germany.. c. Institute of Physical Chemistry and Abbe Center of Photonics, Friedrich Schiller University Jena, Helmholtzweg 4, 07743 Jena, Germany. d. Center for Energy and Environmental Chemistry Jena (CEEC Jena), Philosophenweg 7a, 07743 Jena, Germany. e. Department Functional Interfaces, Leibniz Institute of Photonic Technology (IPHT), Albert-Einstein-Strasse 9, 07745 Jena, Germany. 
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scaffold built by a polyelectrolyte from poly(diallyl dimethyl ammonium) chloride.3 Besides Stupp et.al indicate photocatalytic hydrogen production by assistance of chromophore from polyelectrolytic hydrogels.12 In general, based on our understanding of polyelectrolytic ability and potential of them, although they exhibited a great potential in catalysis, they are not well applied and studied in alien of catalytic reactions. Indeed, the application of them in catalysis is still poor and their improvement and utilization are highly desirable.  Photocatalytic systems for H2 production typically consist of a photosensitizer, an electron relay, a sacrificial electron donor, and either a heterogeneous or a homogeneous catalyst. Recently, considerable efforts have conducted to the identification and modification of various metal complexes, carbon nanomaterials, dyes and photosensitizers for hydrogen production catalysts. However, most of the catalysts have limited aqueous solubility and require the use of organic solvents and extra organic acids to provide protons. For those 
ater‐solu le atalysts, syste i  odifi atio  of ole ular structures is challenging from both design and synthesis points of view, making further activity improvements very difficult. This dilemma is increasing significantly for carbon nanomaterials such as graphene, carbon nanotubes (CNT) and fullerene (C60). For instance, CNTs have a lack of solubility and the difficult manipulation in solvent have imposed great limitations on the usage of CNTs. Indeed, freshly synthesized CNTs are insoluble and poorly usable in all organic solvents and aqueous solutions. Many researcher, to cope of solubility issues of the CNT introduced o ale t surfa e odifi atio  of CNT. Although the covalent approach is efficient in functionalizing and stabilizing CNTs, the covalent bonding inevitably disrupts the long range П conjugation of CNTs, leading to decrease electrical properties.13 On the other hand, non-covalent approach can avoid the destruction of the chemical structure, and retain the electric properties of CNTs. Recently, our group introduced a novel polyampholyte based on Poly(dehydroalanine) (PDha) as dispersants for CNTs.13 Now, our aim is to show that not only our elaborate polyampholytes can solve the problem of CNT dispersing and boosting the hydrogen production, but also it can be used as universal platform to combine many other catalysis and photosensitizer, which were not before well combinable for the photocatalysis. PDha exhibits amino and carboxylic moieties in each repeat unit and therefore, it offers a high density of functional groups and charge. These groups allow pH-dependent changes of the overall charge and provide strong ligands. These properties were already exploited for the controlled nanoparticle formation and stabilization, but so far different nano-materials were not combined and hydrogen production not yet tested.13–15 We herein report the design and characterizations of polyampholytes copolymer as meeting point in platform for localizing and effectively combining the different catalyst, sensitizer, and electron relay mediator. The resulting catalytic hybrid materials were shown to be highly active in photocatalytic H2 production with assistance of polyampholytes 

platform. To understand why a higher efficiency of hydrogen production could be achieved by polyampholytes platform, we performed comprehensive studies on interaction of polymer with catalyst, sensitizer, and electron relay mediator by studying catalytic performance and optical properties. Our results indicate that the electron transfer can be improve significantly by polymer from sensitizer to catalyst and electron acceptor. This work, we illustrate the fact that instead of revising molecular structures that is difficult from design and synthesis points of view, we can use polyampholytes to improve, combine and regulate catalyst features. Results and discussion The following sections are divided into three parts: (i) synthesis and characterization of PDha-g-AMPS by aza-Michael addition and then formation, stabilization and investigation of different inorganic nanoparticles and carbon nanomaterials, (ii): investigation of hydrogen production of system with Eosin Y (EY) as a photosensitizer, CNT as an electron relay mediator for efficiently accepting and transporting electrons, and Pt3Co nanoparticles works as catalyst, which were localized in PDha-g-AMPS polyampholytic graft copolymer. Furthermore, the function of PDha-g-AMPS in enhancement of photosensitized hydrogen production activity and the probable mechanism were also discussed and (iii) extending the hypothesis of polymer role for enhancement of hydrogen production activity were tested for alternative systems including C60, CdS, Au, Ag, Pt, Pd, and [Mo3S13]2-. Preparation of hybrid materials Tailor-made PDha based graft copolymer as dispersant for metal catalysts:  Synthesis of PDha-g-AMPS: Post-polymerization modification of PDha allows the synthesis of tailor-made polyampholytes with tuneable charge as well as strong binding sites for ions, metal nanoparticles and carbon nanomaterials.16 Through the grafting reactions, different functional side-chains were attached by the reaction of the amino moieties with epoxides or Michael acceptors.14,16 For our purpose, we were interested in a PDha based graft copolymer with a high water-solubility and charge density as well as the possibility to disperse simultaneously carbon nanomaterials, metal nanoparticles and dyes. Therefore, we chose the attachment of 2-Acrylamido-2-methyl propane sulfonic acid (AMPS) fulfilling these demands. Further, sulfonic acid groups were meant to be suitable moieties for an efficient proton transfer, which could facilitate the hydrogen production reaction.17 PDha-stat-PAMA with roughly 65 repeat units was used as a precursor and reacted with AMPS in an aza-Michael addition (Figure 1A). A reaction time of 72 h resulted in 0.25 AMPS side-chains per repeat unit and the successful synthesis was proven by 13C-NMR (Figure 1B) and 1H-NMR spectroscopy (Figure S1B), where signals of the PDha backbone as well as AMPS were found. SEC revealed a clear shift of the elution volume as a result of grafting and an 
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increase in the molecular weight of the polymer (Figure 1C). Besides, FT-IR spectroscopy analysis proof the presence of the sulfonic acid groups (Figure S1A). While the other PDha based polymers exhibit an overall positive 
harge at a pH <  as fou d fro  ζ-potential measurements, PDha-g-AMPS carries a constant negative charge independent of the pH value due to the deprotonated sulfonic acid groups (Figure S1C). Nevertheless, the ionizable carboxylic and amino moieties of the backbone can be protonated and deprotonated by changing the pH-value as the potentiometric titration shows pKa values of 8.1 and 4.3, respectively (Figure S1D).    

 Dispersion of metal catalyst: Enormous efforts in the immobilization of catalysts onto solid supports is currently being carried out.18 This general method has shown drawbacks such as additional functionalization of the catalyst ligand and solid surface, and changes in chemical reactivity.19 As an alternative noncovalent interactions, e.g. electrostatic attraction, are emerging as a powerful tool that gives rise to supported catalysts without chemical modification of the catalysts.20 Here, we aimed to effectively disperse and stabilize the metal catalyst such as Pt3Co or [Mo3S13]2- by the support of the polyampholytic PDha-g-AMPS under mild reaction conditions. We are interested to these catalysts since [Mo3S13]2- nanoclusters and Pt3Co alloys exhibit higher activity in many reaction especially in water splitting with different dyes and semiconductors.21,22 Despite these success stories, the use of Pt alloys and molybdenum clusters for photocatalytic hydrogen production with Eosin Y has not been reported. The formed hybrids were studied in respect of stabilization, size and morphology by the dynamic light scattering (DLS) and transmission electron microscopy (TEM) respectively.  Pt3Co or [Mo3S13]2- as our exemplary catalyst for hydrogen production have poor solubility in water, featuring an overall rather positive and negative charge, respectively. Simultaneously, our polymer backbone behaves like a polyzwitterion at pH 7 leading to electrostatic attraction of either the amino or carboxylic moieties. This combination of functional groups makes the materials amenable for catalyst deposition. To introduce our soft matter matrix for the catalyst 

immobilization, we mixed directly Pt3Co or [Mo3S13]2- with our graft copolymer via ultrasonication. After 30 min, both catalyst in PDha-g-AMPS solution mixture became a homogeneous dispersion without any sign of precipitation for even weeks. This observation is the results of the anchoring and stabilization of the catalyst by the polymer. The size of the hybrids materials was controlled by DLS. PDha-g-AMPS/[Mo3S13]2 hybrids have a Rh below 5 nm in radii and TEM micrograph (Figure 4, E) show the nanoaggregates with average size of 2 nm in radii that are randomly distributed in the organic phase (Figure 4, E). We assume an electrostatic attraction of the negatively charged catalyst and positively charged amino moieties. We also investigated the size of Pt3Co nanoparticles before and after stabilization by PDha-g-AMPS. DLS measurement of PDha-g-AMPS/Pt3Co showed an increased radius of 15 nm compared to 10 nm for the pristine Pt3Co (Figure S2). Increasing of the average particle size of ~5  nm is in reasonable agreement with forming a shell around the nanoparticles. Corresponding TEM micrographs contain information about the aggregation behavior as well as the shell thickness. TEM micrographs do not necessarily represent the state of the particles in dispersion because of drying artifacts and possible melting of the organic matter as a result of the electron beam. In PDha-g-AMPS/Pt3Co, again both aggregates and single core–shell particles can be seen (see also TEM micrographs at lower magnification in Figures S3). Furthermore, a shell of organic material can be observed around the particles, proofing our concept of the formation of hybrid particles and 

Figure 1: Synthetic route towards the synthesis of a template graft copolymer based on PDha (A), characterization of PDha-g-AMPS double hydrophilic graft copolymer via 13C-NMR (B) and 13C-NMR spectroscopy (C) SEC (DMSO) trace of PAMA-g-AMPS and PDha-g-AMPS.
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the adsorption of organic material, as observed in DLS measurements. The thickness of the organic shell was qualitatively determined via gray-scale analysis of different particles to be approximately 5 nm. This is in good accordance with the calculated values from the DLS results. To sum it up, our polymer is an exceptionally efficient dispersant for inorganic catalysts and also other ones, with different surfaces charges could be tested. This effective interaction and coating can be explained by the interactions between particles and functional groups of the polymer. Indeed, the polyampholytic backbone of PDha containing amino and carboxylic groups, is suitable for electrostatic binding of either anionic or metal catalyst, that could be extended to a great variety of other nanoparticles Dispersing of carbon nanomaterials: Lack of solubility as a result of strong aggregation and hydrophobicity has imposed great limitations on the usage of carbon nanomaterials. In order to overcome solubility issues, we utilized a non-covalent approach for stabilization to obtain well dispersed CNT and C60, as exemplarily carbon nanomaterials with different shapes and size. However, in this approach, we would avoid the destruction of the chemical structure, and retain the electric and mechanical properties of carbon nanomaterials which afterwards show significant impact on photocatalytic performance of our hybrids.23 Here, PDha with polyampholytic nature was used to provide electrostatic interaction with CNT and C60 to stabilize them in aqueous solution. As exemplary stabilization test, a polymer solution (1 mg mL-1, pH 7) was added to CNTs or C60 (1.0 mg), and treated with ultra-

sonication for 60 min. Afterwards, stable dispersions with the appearance of black or brownish inks, respectively, were formed.  Thermogravimetry (TGA) was used to determine the amount of organic matter present in hybrid materials. Therefore, TGA measurements of CNT dispersion as our exemplary case that contained 1 g L−1 initial concentration of the graft copolymer were performed under an air and nitrogen atmosphere and the results were compared to those for the pristine graft copolymer and the pure CNTs (Figure. S4, B). The dispersion was precipitated by high-speed centrifugation and the resultant precipitate was washed several times with Milli-Q water to remove any free polymer, and then freeze-dried. While pure CNTs are relatively stable and no significant weight loss is observed up to a temperature of 500 °C, there are two decomposition steps visible for the graft copolymer and the hybrid material upon heating. The first can be ascribed to the loss of water when heating up to a temperature of 100 °C, and the second at approximately 250 °C corresponds to the decomposition of the graft copolymer itself. Hence, the weight loss of the samples was compared between 250 and 5000 °C. The pure graft copolymer exhibits a weight loss of 74 wt% in this region in the absence of CNTs, whilst the hybrid materials show weight losses of 16 wt% for the PDha-g-AMPS/CNTs purified via centrifugation. By comparing the remaining mass of PDha-g-AMPS/CNTs with that of the polymer sample without CNTs and the mass of CNTs itself, a composition of the hybrid material of 21 wt% polymer and 79 wt% CNTs can be determined.  
 For further visualizing the successful dispersion of the carbon nanomaterial toward individual CNTs and C60, TEM micrographs were taken for the formed PDha-g-AMPS/CNTs and C60 dispersion after several days (Figure S4, A and Figure S5). Here, the presence of individual well-separated CNTs with lengths of several hundred nm and small polymeric shell as well Figure 2: (A): TEM micrographs of Pt3Co, (B): PDha-g-AMPS at Pt3Co, (C-D): PDha-g-AMPS/Pt3Co/CNT and (D): schematic formation of PDha-g-AMPS/Pt3Co/CNT hybrids.
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as small dots of C60 distributed at organic phase could be observed, which are presumably covered by PDha-g-AMPS graft copolymers. As we have shown, PDha-g-AMPS is able to disperse either hydrophobic carbon nanomaterials or metal NPs. We were now interested into stabilizing the both nano-materials simultaneously. Thus, Pt3Co was coated with PDha-g-AMPS and this hybrid directly was used for stabilization of the CNT or C60. The obtained hybrids were investigated for the visualizing the interactions and amount of organic shell by TEM and TGA respectively.  Figure S4 shows the TGA curves of the PDha-g-AMPS, PDha-g-AMPS/CNT and PDha-g-AMPS/CNT/Pt3Co as our case of study. As weigh loss comparison of all of samples shows, comparing the remaining mass of PDha-g-AMPS/CNTs and PDha-g-AMPS/CNT/Pt3Co, a composition of the hybrid material of xx wt% polymer, xx wt% CNTs and Pt3Co can be determined. To visualize the interaction behavior of PDha-g-AMPS/Pt3Co with CNT, the hybrid structures from the well dispersion inks were investigated by drop-casting the solution onto TEM grids and corresponding images of PDha-g-AMPS/CNT/Pt3Co hybrids are illustrated in Figure 2 (D-E) and Figure S4, D. TEM results shows well dispersed CNTs with high aspect ratio. At higher magnification, polymeric shell around of the CNT particles is visible, is also shared between several CNTs. Further, the linkage of Pt3Co nanoparticles to the CNT by the polymer was observed as dark spots with a size of several nanometers. This linking could facilitate mass and electron transfer and promote catalysis. Template for the synthesis of CdS: In addition to using PDha-g-AMPS as an effective dispersant, we were interested in template supported synthesis of inorganic catalysts. Our recent investigations have revealed that the double-hydrophilic block copolymers, which consist of one hydrophilic block interacting strongly with appropriate inorganic materials and another hydrophilic block mainly promoting solubilization in water, can be used as template for CdS crystals formation.24 CdS has high visible light-driven photoactivity for H2 production and low bandgap energy (2.4 eV), and therefore is acknowledged as one of the most attractive semiconductor photocatalysts.25 Here, we were now interest to show that our double-hydrophilic graft copolymer can also facially form and stabilize CdS nanocrystals in aqueous solution at room temperature. Thereby, CdS nanoparticles were synthesized with a two-step approach. First, PDha-g-AMPS was used as template for chelation of Cd2+ ions presumably by -COO- functional groups. In the next step, these immobilized ions will serve as nucleation point for the formation of CdS nanoparticles by addition of Na2S (1 equivalent to Cd2+). Immediately, the color of the solution changed from colorless to yellow (Figure 3, A) and the mixture was stirred under argon for 24 hours. During that time, the rather high concentration of Cd2+ in the polymer backbones reacts with S2- and forms CdS which afterwards were investigated regarding size, morphology, and optical properties.  Size of forming aggregates was studied by DLS. Figure 3, B illustrate the size of the PDha-g-AMPS after addition of Cd2+ ions and afterwards forming the CdS nanoparticles. While PDha-g-

AMPS is unimeric in solution with hydrodynamic radii of 1–2 nm, after adding desirable equivalents of Cd2+ ions due to complexation our hybrids exhibit a Rh of 8-10 nm. The dispersions of these aggregates shows clear appearance without no precipitation or sedimentation within 1 week after preparation as a result of effective interaction between the polymer and Cd2+ ions in water. After addition of Na2S DLS indicates the forming of nanoaggregates with average size of 18-20 nm. The stability of formed aggregates was controlled for one weeks and our visual observation indicate a stable colloidal solution.  PDha-g-AMPS/CdS sample were further characterized using TEM to obtain further insight into the aggregate morphology. The micrographs in Figure 3, (B-C) reveal spherical structures of 15–25 nm in radii. Both the inorganic (multi)core and the organic shell are visible. However, spherical structures are formed seemingly from several cluster of CdS which are appear as black spot in the center of the spherical aggregates. The sizes of the formed aggregates observed by TEM are significantly smaller than those found in DLS experiments. Some of the micrographs additionally reveal a larger superstructure (several multi core) apparently consisting of several of the smaller aggregates that is formed by secondary aggregation.  UV/Vis spectroscopy was used to analyze the optical properties of PDha-g-AMPS, PDha-g-AMPS/Cd2+ and PDha-g-AMPS/CdS solutions (Figure 3, A). PDha-g-AMPS and PDha-g-AMPS/Cd2+ shows only one weak characteristic absorption band centered at ~260 nm and upon formation of CdS a new absorption shoulder appears from 530 nm, which we attribute to quantum confinement effects of CdS. In principle, the position of the band edge absorption with either a distinct shoulder or a band edge from quantum confinement can be used to calculate particle sizes and size distributions. Fro  the shoulder λsh  a d the a d edge λe) positions of the absorption spectrum of CdS (Figure 3, A), we calculated a CdS crystal diameter (Table 1). Here, the average size of CdS crystals was deter i ed usi g He glei ’s empirical model, which relates the diameter of the CdS crystals to the onset of their light absorption (equation S1 and Table 1).26 CdS crystals show an average of 5.3 to 9.8 nm in diameter and this average size is smaller than what we observed from TEM and DLS, which indicates that the nanoaggregates in TEM results are clearly loaded with more than one CdS crystal. Table 1: Parameters obtained from the analysis of the absorption spectra of PDha-g-AMPS/CdS. sample a λ sh  a λe  bD λsh bD λe  PDha-g-AMPS/CdS 545 490 9.8 5.3 a A sorptio  shoulder a d edge features λsh a d λe  ere o tai ed fro  the intersection of the sharply decreasing region of the spectra with the baseline. The 
al ulatio  of the ea  a erage dia eters of D CdS λsh  a d D CdS λe  a  e found in the Supporting Information. b diameter of the CdS crystals (nm) which are stabilized by PDha-g-AMPS. To gain further insight into the synthesis of CdS by our double hydrophilic copolymer system (PDha-g-AMPS/CdS), we used X-
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Ray photoelectron spectroscopy (XPS) for analysis of PDha-g-AMPS/CdS (Figure S6). Our investigation revel signals connected to the copolymer backbone such as C 1s, N 1s and S 2p. The high-resolution C 1s XP spectrum can be assigned to C-C, C-S, and C-N (red ~ 286 eV), C-O (green, 287–288 eV), and C=O and COOH (blue, 289.5 eV) bonds for the PDha-g-AMPS backbone. The N 1s component at 400–410 eV is assigned to N-C bonds, whereas protonated N can be found at 402 eV. The XPS peaks for S 2p appear as a broad sulfur signal with low intensity which could be attributed to the AMPS functional groups. After background subtraction different contributions according to SO4- (~167–168 eV) and SO3- (168–170 eV) become visible. After the formation of CdS, PDha-g-AMPS/CdS exhibited signals for Cd 3d and S 2p. As Figure S6 presents the deconvolution peaks of Cd 3d5/2 and Cd 3d3/2 located at ~406 and 413 eV with splitting energy of ~8 eV according to the spin-orbit coupling. The presence of sulfur of CdS is confirmed by S 2p, where signals are found at 164.7 and 165.9 eV and can be allocated to S 2p3/2 and S 2p1/2 in CdS (Figure S6).  

 Synthesis of noble-metal nanoparticles: The properties of metal nanoparticles are strongly dependent on their size, shape, solid or hollow interiors, and composition. Moreover, in the case of multicomponent nanostructures, properties also depend on the elemental distribution within the particle. By tuning and controlling these physical and chemical parameters, one can, therefore, alter and optimize the desired property for a target application.27,28 For instance, in the case of catalysis, it is expected that the surface area, size, surface composition, and the nature of exposed facets (shape) should strongly affect catalytic activities and selectivity (geometric and electronic effects).29,30 Here, we aimed to show our platform not only can produce the different noble metal catalysts, but it can also control small size and increase the particle distribution, which are lately influenced on the photocatalytic performance. We hypothesized that the described polyampholytic graft 
Figure 3 (A): UV/Vis absorption spectra of PDha-g-AMPS, PDha-g-AMPS/Cd2+, and PDha-g-AMPS/CdS in water (ration of CdS to PDha is X equivalents), (B): DLS CONTIN plot for PDha-g-AMPS, PDha-g-AMPS/Cd2+, and PDha-g-AMPS/CdS in water, and (B-D): TEM images of PDha-g-AMPS/CdS with different magnification scale.
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copolymers resembles as template for the synthesis of metal nanoparticles. Thereby, in order to grow noble metal nanocrystal in polymer matrix, firstly, PDha-g-AMPS solution was mixed with desirable amount of the Ag+, Au3+, Pt2+, and Pd2+ ions. It is well known that Ag+, Au3+, Pt2+, and Pd2+ ions can be complexed by carboxylates as well as amino groups. In our case, the polyampholytic nature of PDha-g-AMPS features both functionalities in each repeat unit. Besides AMPS side-chains ensure high solubility over the entire pH range and prevent precipitation after metal ion addition. After the complexion of the respective ions, the nanoparticles are formed by reduction agent. NaBH4 was used as reducing agent (one equivalent in respect to metal-containing ions) performing the synthesis at pH 7.We decided to use a selection of different noble metals, that show catalytic activity. The obtained different nanoparticles are investigated by UV–Vis, TEM, and XPS.    

 Figure (4, F) and Figure (S7) show UV/Vis spectrua of Ag+, Au3+, Pt2+, and Pd2+ /PDha-g-AMPS before and after reduction. UV–vis measurements revealed typical surface plasmon resonance peaks for Au and Ag nanoparticles (Figure 4, F). The palladium nanoparticle formation has been reviled by comparison of 
UV− isi le spe tra of palladium species before and after reduction by NaBH4. Pd ions shows absorption bands, attributed to the absorption of palladium (II) species in the starting Figure 4: (A-E) TEM images of PDha-g-AMPS/Pt, Au, Pd, Ag and [Mo3S13]2- nanoparticles respectively and (F) UV/Vis spectrum of PDha-g-AMPS/ Pt, Au, Pd, and Ag nanoparticles.
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solution. After reduction, the peaks vanished, this absence of the absorption peaks above 355 nm shows the full reduction of the initial Pd (II) ions.31 Our data indicate that due to the ligand-to-metal charge transfer transition of the Pt ions before reduction, we can observe peak at 370 nm in its UV/Vis spectrum as shown in Figure S7. During the reduction with NaBH4 solution, the color of the solution gradually changed to nearly color less. The peak at 370 nm disappeared after the reaction as shown in Figure 4, a, indicating that the Pt ions were completely reduced. The Pt nanoparticles had absorption in all ranges of the UV/Vis spectrum and the absorption increased with the decrease of wavelength. To achieve a further insight into the formation of nanoparticles, X-ray photoelectron spectroscopy was applied to obtained hybrids. Figure S8 illustrate the clear signatures of Pt, Au, Ag and Pd nanoparticles. Pt nanoparticles shows the Pt 4 f7/2 and 4 f5/2 doublet with the binding energies of 71.4 and 74.8 eV (Figure S8, A). These are typical values for Pt0, indicating the formation of Pt nanoparticles. The XPS results also identified binding energies of 533.2 and 553 eV, were attributed to 3p 3/2 and 3p 1/2 incarcerated Pd0 respectively. Figure S8 also depicts 3d spectral region of Ag showing two peaks at 368.04 eV and 373.54 eV respectively corresponding to Ag 3d 5/2 and Ag 3d 3/2 The 4f spectral region of Au is depicting in Figure S8 showing two main peaks at 83.3 eV and 87.0 eV corresponding to Au 4f7/2 and Au 4f 5/2 respectively.  From TEM investigation (Figure 4, A-D), we extracted also information on both shape and size of the nanoparticles. Our TEM observation indicate that nanoparticles are clearly immobilized and distributed at organic surface. All of nanoparticles (e.g. Ag, Au, Pd, and Pt) were spherical in shape with a narrow size distribution. The average diameter of the spherical particles is2-4 nm. Further investigations could focus on alternative reduction routes or the utilization of additional metals or even alloys. Photocatalytical Proton Reduction Most of catalysts, carbon nanomaterials, dye-sensitizer, or semiconductor which nowadays are popular for utilization in H2 production, have limitation such as aqueous solubility, requiring of organic solvents, low solution stability, high tendency for agglomeration, decomposition, low-separation efficiency of electron–hole pairs, secondary aggregation and etc.32–34 As solution for those obstacles, a systemic modification of molecular structures is suggested but it is challenging from both design and synthesis points of view, making further activity improvements very difficult.34 Here, we aimed to show how we can overcome to some of these drawbacks such as agglomeration, electron transfer, solution stabilization, and etc., by implementing our polyampholytic platform as a meeting point for effectively combining different catalysis with different dye-sensitizers or semiconductors. Therefore, we designed several different system based on various catalysts, carbon nanomaterials, dye-sensitizer, and semiconductor and conducted a systematic investigation for them. We started by investigating H2 production of the simple catalytic combination 

of the Eosin Y (EY) as dye-sensitizer with Pt3Co catalyst in presence and absent of PDha-g-AMPS. Our results shows significant enhancement can be achieved in presence our polyampholytic network. Afterwards, we developed our model by introducing the CNT. We evaluate carefully the probable mechanism and role of each element with details for photocatalytic H2 production. The results are summarized in Figure 5 and 6. However, to further highlighting our boosting the H2 production by immobilizing with polyampholytic approaches, we investigated some other alternative catalytic systems including C60, CdS, instead of CNT, EY respectively and Au, Ag, Pt, Pd, and [Mo3S13]2- instead of Pt3Co. However, the photocatalytic activities of all systems for H2 evolution were evaluated under LED light λ = 7  , po er output 5 mW/cm2) at room temperature using TEOA as sacrificial donor. Control experiments indicated that in the absence of either sacrificial agents and light or both and photosensitizer (EY or CdS) the photocatalyst was practically inactive, indicating that the photocatalytic process, hole scavenger and photosensitizers are necessary for H2 production.  EY has been shown a successful photocatalytic H2 production because of  high quantum yield of triplet formation, long excited-state lifetime, and proper redox properties of its excited states.35,36 The hydrogen production turnover number (TON) of catalyst systems including EY with Pt3Co, P3Co/CNT, and Pt3Co/PDha-g-AMPS/CNT are obtained and shown in Figure 5, A. These photocatalytic activity was obtained after considering the optimization effects of CNT, TEOA, and PDha-g-AMPS loading amounts, pH values of TEOA aqueous solution, and weight ratios of EY to Pt3Co (Figure S10-S12). When the photocatalysis conditions were fixed (i.e. EY, PDha-g-AMPS and CNT with concentrations of 0.5 µM, 0.5 mg mL-1, and 0.1 mg mL-1 respectively; 0.5 M TEOA solution; pH = 8-9), we indicate H2 production turnover number (TON) based on amount of evolved H2 and used Pt3Co in mole. Our observation indicate that EY/Pt3Co could produce hydrogen from water reduction, but the hydrogen production TON was only 377 after 24 hours irradiation. After introduction of appropriate amount of polymer and CNT, the highest H2 production TON based on EY/Pt3Co/PDha-g-AMPS and EY/Pt3Co/PDha-g-AMPS/CNT were 2889 and 8025, respectively. As can be seen, the introduction of CNT and polymer in the presence of EY and Pt3Co is crucial for improving the photocatalytic activity of this photosensitized system.  The photocatalytic activity of the EY/Pt3Co/PDha-g-AMPS is obviously enhanced as compared to EY/Pt3Co system. This value exceeds that of the EY/Pt3Co/PDha-g-AMPS system by a factor of 7.6. Most likely, this is due to an efficient interaction between the Pt3Co and the host photosensitizer (EY) immobilized in the confined backbone of the PDha-g-AMPS. To describe this hypothesis, we illustrate Figure S9. As you can see, we can consider PDha backbone as meeting point of the Pt3Co and EY. Our TEM investigation indicate that Pt3Co can strongly interact with functional groups of the PDha-g-AMPS and this resulted an organic layer which coat the Pt3Co nanoparticles (Figure 2, B). However, in our last investigation we indicated the PDha backbone has great interaction for the adsorption of the organic 
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dyes.15 Thus here, counting on above described interaction, considering the PDha-g-AMPS as meeting point of the sensitizer and catalyst is key factor to explaining the effects of PDha-g-AMPS in enhancement of the H2 production activity.   

 Observation of TON 736 for EY/Pt3Co/CNT reveals that CNT can further improve the TON of H2 production (1.9 times higher). This enhancement is due to the efficient transfer of the electrons photogenerated from the excited dye to the Pt3Co catalyst through CNT matrix. This enhancement of the activity becomes remarkably (21.2 times better) when CNTs are coated and dispersed by PDha-g-AMPS/Pt3Co. We could explain this by the interaction of the EY with CNT. Generally, non-functionalized CNTs are highly hydrophobic and the adsorption EY at surface of CNT is low. This shed light on the fact that EY and Pt3Co have neglectable interaction and adsorption on the surface of non-functionalized and high hydrophobic CNT. On the other hands, according to our TEM and TGA observation, PDha-g-AMPS/Pt3Co can cote and disperse the CNT. As our hydrogen production data indicate that CNT can act effectively as electron traps and charge separation, when polyampholytic 
PDha-g-AMPS is stabilized and coated the non-factionalized CNT. Consequently, PDha-g-AMPS play again role of the meeting point to connecting the electron relay mediator (CNT), catalyst (Pt3Co) and dye-sensitizer (EY). The time courses of H2 evolution of EY/Pt3Co/PDha-g-AMPS/CNT is shown in Figure 5, B. In this system, the initial rate for H2 evolution is lower. This rate has been maintained for ∼10-15 h before significantly increasing with increasing irradiation time. This behavior is due to probably forming stronger interaction between elements of the catalytic system after illumination for certain time. In this regards, during the light irradiation, the charge gradually can accumulate in hybrid system. CNT is popular candidate in this area and it can accept and store electrons.37 On the other side, PDha-g-AMPS/Pt3Co/EY has great affinity for interaction with charged materials. Thus, this two combination can make stronger 

Figure 5: (A): Photocatalytic hydrogen production performance for EY/Pt3Co, EY/P3Co/CNT, and EY/Pt3Co/PDha-g-AMPS/CNT, where the turnover number (TON) is defined as (moles of hydrogen produced)/(moles of catalyst) after illumination for 24 hour, (B) The time courses of hydrogen evolution over EY/Pt3Co/PDha-g-AMPS/CNT photocatalysts (Reaction conditions: EY, PDha-g-AMPS and CNT with concentrations of 100 mmol L-1, 0.5 mg mL-1, and 75 µg mL-1 respectively; 0.5 M TEOA solution; pH = 8-9), (C): hydrogen production rate of CdS and PDha-g-AMPS/CdS obtained after 24 h of irradiation (Reaction conditions: TEOA (0.5 M), PDha-g-AMPS with concertation of 0.5 mg mL-1 at room temperature and (D): Effect of pH value on photocatalytic activity for hydrogen generation over EY/Pt3Co/PDha-g-AMPS/CNT (Reaction conditions: EY, PDha-g-AMPS and CNT with concentrations of 0.5 µM, 0.5 mg mL-1, and 0.1 mg mL-1 respectively; 0.5 M TEOA solution). 
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interaction which be later increase hydrogen production activity after certain time. PDha-g-AMPS copolymer is a pH responsive polyampholyte and the pH value often has a remarkable effect on a photocatalytic reaction. As shown in (Figure 5, D) the best photocatalytic activity was obtained at pH 8-9. The average of hydrogen generation TON was 8025. It is known that a strong basic or acidic environment which our hybrids shows low TON, is disadvantageous to hydrogen production. These results can be speculated as several factors. First, the pH values can influence the adsorption between EY and PDha-g-AMPS. In the acidic solution, functional groups of PDha su h as −COOH a d –NH2 were protonated by proton ions, so the EY can be release effectively. However, the EY has also low solubility in low pH. In the strong basic solution, the carboxyl groups of EY were deprotonated and the amino groups of PDha deprotonated, so the dye could not adsorb on PDha effectively because of less electrostatic force between PDha and EY functional groups. Moreover, the pH values can also influence the existing state of the electron donor reagent. TEOA was protonated in acidic solution, so its ability of donating electrons would be weakened, which might influence the regeneration of oxidized dye molecules. Thus our hybrids showed low hydrogen production activity.  Optimization of the Photocatalytic Reaction: The photocatalytic activity for hydrogen evolution over the EY/Pt3Co/PDha-g-AMPS/CNT photocatalyst was optimized by considering the effects of PDha-g-AMPS, EY, and CNT loading amounts (Figure S10-S12).  Our early investigations show that the PDha-g-AMPS content is essential factor for H2 production activity and the photocatalytic activity of EY/Pt3Co/PDha-g-AMPS/CNT is found to be strongly dependent on the amount of PDha-g-AMPS loaded. To evaluate the influence of the PDha-g-AMPS on TON of H2 production, we change the polymer content systematically from 0 to 8.0 mg mL-1 and we collect the hydrogen production activity for system containing CNT with concentrations of 75 µg mL-1, EY with concentration of 0.1 mg mL-1, 0.5 M TEOA solution and pH = 8-9 respectively as reaction condition. As our data shows in Figure S10, the amount of hydrogen production increases with increasing PDha-g-AMPS loading amount to a maximum at 0.5 mg mL-1, beyond which it decreases again. The mean reason for this behaviour is probably decreasing the connection between EY and Pt3Co with accessible surface of the CNT. When the amounts of PDha-g-AMPS content is increasing, it can result a thicker coating layer on CNT. Consequently, this thickness of coating can significantly reduce probably the access to surface of the CNT for catalyst and dye as an effect of insulation. The concentration of EY plays also a key role in the number of excited electrons. Figure S11 is illustrate the effect of the concentration of EY on the photocatalytic activity of EY/Pt3Co/PDha-g-AMPS/CNT system containing: (PDha-g-AMPS, CNT and TEOA solution with concentrations of 1 mg mL-1and 1 µg mL-1 and 0.5 M respectively at pH = 8-9). As can been seen from Figure S11, the activity increases with the increase of EY, arrives at a maximum number when EY = 0.1 mmol L-1, and afterwards gradually show decreases. We can attribute this 

variation to the adsorption of EY. The adsorption amount of EY increases as the increase of EY concentration in solution and in surface local of the PDha-g-AMPS/CNT, and reaches saturation at approximately EY = 0.1 mmol L-1. The highest photocatalytic activity obtained at this concentration can be interpreted as the 
follo i g:  he  EY concentration is low, most of the dyes produce the electrons which is used for hydrogen production increase. When the adsorption of EY to PDha-g-AMPS/CNT approaches the saturation level, it is disadvantageous to photocatalytic activity if EY increases further. This is because the free dye molecules in solution cannot participate anymore in electron transfer. In sharp contrast, they absorb a part of illuminated light and lead to loss of the effective portion of the incident light for hydrogen production. Then the photocatalytic activity declines accordingly. CNT functions as a strong electron acceptor and transporter because of excellent electron conductivity. Our investigation indicate that, by even a small amount of CNT, we can noticeably increase H2 production activity. Thus, the H2 production activity is also dependent of amount of the CNT and we evaluate this effect on EY/Pt3Co/PDha-g-AMPS/CNT system containing: (PDha-g-AMPS, EY and TEOA solution with concentrations of 0.5 mg mL-1and 75 mol L-1 and 0.5 M respectively at pH = 8-9). Figure S12 display photocatalytic activity of EY/Pt3Co/PDha-g-AMPS/CNT catalyst in present different amount of CNT. In the presence of a small amount of CNT (2.5 to 25 µg mL-1), the TON of sample EY/Pt3Co/PDha-g-AMPS/CNT was slightly enhanced from 3310 to 3874, perhaps because the amount of CNT was not enough to efficiently to adsorb EY.  When the CNT content was (75 µg mL-1), the H2-production rate reached the highest TON of 6093 (Figure S12). In this regard, the photocatalytic activity of sample EY/Pt3Co/PDha-g-AMPS/CNT exceeds that of EY/Pt3Co/PDha-g-AMPS by a factor of 2.1. However, a further increase in the CNT content led to a deterioration of the catalytic performance. In particular, at the CNT content of (100 µg mL-1), the photocatalytic activity gradually decreased, with an H2-production TON 5623. It is reasonable because the introduction of a large percentage of black CNT led to rapidly decreased the intensity of light through the depth of the reaction solution, which could be called a 
shieldi g effe t .38,39 As a consequence, a suitable content of CNT is crucial for optimizing the photocatalytic activity of EY/Pt3Co/PDha-g-AMPS/CNT hybrid system. Stability of EY/Pt3Co/PDha-g-AMPS/CNT: The stability of EY/Pt3Co/PDha-g-AMPS/CNT catalyst at the optimum experimental conditions is listed in Figure S13, where the reaction condition was: EY, PDha-g-AMPS and CNT with concentrations of 100 mmol L-1, 0.5 mg mL-1, and 75 µg mL-1 respectively; 0.5 M TEOA solution; pH = 8-9. The stability performance of EY/Pt3Co/PDha-g-AMPS/CNT was tested over three cycles. The TON of hydrogen production was reached to 105 in the first run, without renewing the TEOA and EY, the hydrogen-production performance was measured in the next cycle. After two more cyclic of irradiation and measurement, samples then reached the maximum TON at the third run (684), and then declined slightly in the consecutive runs. The slight decrease in 
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the consecutive runs was probably caused by the consumption of electron donor (TEOA) and the partial decomposition of EY dye. However, when another fresh portion of EY and TEOA were added to the system after reaction, the photocatalytic activity was recovered. Mechanism: When the EY molecules are directly adsorbed on CNT by Pt3Co/PDha-g-AMPS and excited with visible light irradiation, a large energy band offset form between EY* and CNT, and then the excited electrons most likely transfer to the Pt3Co/PDha-g-AMPS/CNT hybrids (Figure 6). To justify this hypothesis, the UV/Vis and photoluminescence spectra of EY in present of PDha-g-AMPS/CNT and Pt3Co/PDha-g-AMPS/CNT were investigated and shown in Figure 6.    

 UV–vis spectroscopy was used to study the ground-state interaction between different components of hybrid system including: EY with PDha-g-AMPS, PDha-g-AMPS/CNT and Pt3Co/PDha-g-AMPS/CNT. Hereby, the absorption spectra of EY is shown in Figure 6. This spectrum is also recorded with adding different amount of PDha-g-AMPS and certain amount of PDha-g-AMPS/CNT and Pt3Co/PDha-g-AMPS/CNT. During the measurements, the concentration of EY in water was kept constant, and PDha-g-AMPS was varied in the concentration. Our observation indicates, that at first sight, absorption of EY solution slightly decreased in the presence of PDha-g-AMPS. These spectral results proof EY interaction with PDha-g-AMPS in the ground state. Nevertheless, this interaction is weak and the dye always exists in an equilibrium between the free EY and EY adsorbed on the PDha-g-AMPS. However, in the next step, when we add PDha-g-AMPS/CNT to same concentration of the EY solution, we observed more pronounced decreasing in the absorption spectrum of EY/PDha-g-AMPS/CNT. Surprisingly, 
with incorporation of the Pt3Co, EY solution indicate a remarkable decreasing in absorption in present of Pt3Co/PDha-g-AMPS/CNT. This decrease in the absorbance represents a trapped electrons are transferred to Pt3Co/PDha-g-AMPS/CNT hybrids strongly. For deeper understanding the electron transferring, photoluminescence and quantum yields (QY) of EY solution was again controlled in presents of PDha-g-AMPS, PDha-g-AMPS/CNT and Pt3Co/PDha-g-AMPS/CNT and the results are shown in Figure 6. The excitation wavelength of the light source was 460 nm. EY solution shows an intensive emission peak centred at XXX nm with a strong fluorescence intensity of about xxx and QY of xxx because of its conjugated xanthene structure and strong recombination of excited charge pairs upon visible light excitation. As PDha-g-AMPS, PDha-g-AMPS/CNT and Pt3Co/PDha-g-AMPS/CNT are introduced into the EY solution, a considerable fluorescence quenching is observed and the fluorescence intensity of EY decreases to XXX along with the 

Figure 6: (A-E) Absorption and fluorescence spectra of EY in presents of PDha-g-AMPS, PDha-g-AMPS/CNT and Pt3Co/PDha-g-AMPS/CNT and (F): Schematic illustration of the charge separation and transfer in the Pt3Co/PDha-g-AMPS/CNT system under visible light.
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slight blue shift of emission peak (XXX nm). This small blue shift in emission band could be the result of the o o ale t π–π stacking interaction between aromatic regions of the PDha-g-AMPS/CNT and EY. Surprisingly, this quenching is significantly remark for Pt3Co/PDha-g-AMPS/CNT. Accordingly, we could suggest the electron transfer from the excited state of EY to Pt3Co/PDha-g-AMPS/CNT which is similar to the previous reports on a dye-sensitize functionalized CNT and GO. PDha-g-AMPS as Support for Other Photocatalytic System  Hydrogen production with assistance of PDha-g-AMPS is extraordinary high for the described system. Our results indicate that the PDha-g-AMPS has significant role for the activity of this reaction. However, our data was competitive with the performance of other catalysts reported in the literature (Table S1). We were interested in highlighting the effective supporting and multifunctionality of our system, that could be transferred to a series of catalyst include: Ag, Au, Pd, Pt, [Mo3S13]2- and CdS nanoparticles are produced or grafted with/without PDha-g-AMPS platform. Afterwards, they are evaluated for hydrogen production in presence and absence of PDha-g-AMPS.  CdS nanoparticles which were characterized above, were evaluated for hydrogen production. Figure 5, C shows the comparison of the activities of CdS produced with PDha-g-AMPS and CdS formed without assistance of the polymer. The photocatalytic H2 production rate of CdS without polymer is 68 µmol/h.g. This rate is close to what literature reported and also we observed in our previous study.24 This performance of the CdS free nanoparticles is low because of the rapid recombination of photoexcited electrons and holes. However, the Figure 5, C illustrate the hydrogen production rate of the CdS nanoparticles produced and immobilized with assistance of PDha-g-AMPS double hydrophilic copolymer. As expected, PDha-g-AMPS/CdS activity is greatly enhanced to 497 µmol/h.g in the presence of 1 PDha-g-AMPS, probably because of immobilization of crystals by polymer, better solution stability and preventing the CdS for forming the aggregation and secondary aggregation by PDha-g-AMPS polyelectrolyte. Noble metal cocatalysts such as Pt, Pd, Ag, and Au can function as efficient H2 productin catalyst or cocatalyst. For photocatalysts such as EY, these metals are believed to be the efficient catalyst due to its high work function and low overpotential for H2 evolution. Hereby, we produced these series of metal catalyst with assistance of the PDha-g-AMPS. Afterwards, EY/noble metal catalyst were carried out for the hydrogen production activity in presents (Pt, Pd, Ag, and Au/PDha-g-AMPS/EY) and absent (Pt, Pd, Ag, and Au/EY) of PDha-g-AMPS graft copolymer. Our results indicate that PDha-g-AMPS has again great influence in enhancing the 

photocatalytic hydrogen production activity. Figure 7 shows the comparison of the photocatalytic hydrogen production TON of Pt, Pd, Ag, and Au/EY and Pt, Pd, Ag, and Au/PDha-g-AMPS/EY. For catalyst without polymeric support (e.g. Pt, Pd, Ag, and Au/EY, a hydrogen production TON 50, 20, 70, 260 can be achieved for Pt, Pd, Ag, and Au respectively. When we loaded the (1.0 mg/mL) PDha-g-AMPS with corresponding noble metal catalyst (i.e. Pt, Pd, Ag, and Au/PDha-g-AMPS/EY), all different Pt, Pd, Ag, and Au/PDha-g-AMPS/EY shows a great enhancement of hydrogen production activity. For example, the TON of Au increased from 206 to 826, which was 4-fold enhancement. These results suggested that the PDha-g-AMPS could easily and effectively immobilize dye sensitizer with other catalyst. The system based PDha-g-AMPS competes favourably with other state of the art photocatalysts in terms of hydrogen production ability (Table S1). As shown in Figure 7 and Figure 5, the system generates bubbles that are clearly observed in a matter of min under LED irradiation or even sun light. It is worth noting, that these systems could be further improved as we did for the above described system in respect of concentration and composition Pristine fullerene (C60) is a semiconductor and possesses a similar electrical conductivity in accepting and transporting electrons to its analogies such as CNTs and graphene.40,41 We showed that C60 can also be stabilized with PDha-g-AMPS graft copolymer. We are now interest to activity of C60 in our catalytic system. Hereby, Pt3Co/PDha-g-AMPS with concentration of 0.5 mg mL-1 was used for coating and stabilizing the C60 (0.5 mg mL-1). Afterwards, the obtained hybrid structures (Pt3Co/PDha-g-AMPS/C60) was added to solution of EY with concentration of 0.1 mmol L-1 and the hydrogen production TON was calculated after 24 hours irradiation under blue LED light. Figure 7 illustrate the TON of Pt3Co/PDha-g-AMPS/EY and Pt3Co/PDha-g-AMPS/C60/EY. As we can see, the TON was increased from 377 to 3722 after loading the PDha-g-AMPS/C60. Most likely, this enhancement is due to a forming strong interaction by PDha-g-AMPS between the C60 and EY. Then C60 can operate effectively as electron mediator for hydrogen evolution.  Thiomolybdate [Mo3S13] − nanoclusters, as a molecular mimic of MoS2 edge sites, showed high efficiency in photochemical H2 production.42 We introduce [Mo3S13] − as negative charged and non-noble metal catalyst which can interact with PDha-g-AMPS catalytic system. Hereby, the poor water soluble [Mo3S13] − salts are evaluated for hydrogen production in presence of 0.5 M TEOA and 100 mmol L-1 EY in water. Figure 7 display the TON of [Mo3S13] − which are evaluated in absent and presents of PDha-g-AMPS platform. As our data shows, when [Mo3S13] − are stabilized with PDha-g-AMPS polyampholyitc network, the TON of hydrogen production was increase from 10 to 134 after 24 hours irradiation. Most probably, this 13.4 times enhancement is due to a strong interaction between the [Mo3S13] − and the EY by polyampholytic scaffold. 
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 Conclusions In conclusion, we report a novel polyampholyitc copolymer as a multifunctional platform for effectively combining different catalysts, electron mediators and sensitizers for photocatalytic hydrogen production. We have also demonstrated PDha-g-AMPS as a template for the preparation and stabilization of different metal nanoparticles and carbon nanomaterial.  Our results reveal, that we could facially achieve the enhancement of the photocatalytic hydrogen production by adding the polymer as a matrix for variety of system including dye or semiconductor sensitizer, alloy, noble metals and non-noble metal catalyst, and carbon nanomaterials as electron mediator. The role of the graft copolymers in enhancement of the photocatalytic reaction was carefully tested by varying the concentration as well as the types of sensitizer, catalyst and 

electron mediator. Specifically, we find that the obvious improvement of the photocatalytic activity for hydrogen production was found by immobilizing non-functionalized CNT with PDha-g-AMPS. Pt3Co/PDha-g-AMPS/CNT shows the best activity (TON>8000). Our strategy indicates, that instead of revising molecular structures, which is challenging from both design and synthesis points of view, we can use the polyampholyite copolymers to improve and regulate different molecular catalytic systems by immobilization. This strategy introduce a systems could be valuable for other molecular catalysts. Optimization of H2 production and introducing the alternative catalyst, and dye or semiconductor sensitizer such as perylene and BiOVO4 for these systems will be the subject of further investigations. Conflicts of interest 
Figure 7: Photocatalytic hydrogen production performance for different photocatalyst system in present and absent of PDha-g-AMPS, where the turnover number (TON) is defined as (moles of hydrogen produced)/(moles of catalyst) after illumination for 24 hour , (Reaction conditions: EY and PDha-g-AMPS with concentrations of 0.1 mmol L-1 and 0.5 mg mL-1respectively; 0.5 M TEOA solution; pH = 8-9). 
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Experimental 

General 

I) chloride (99%), 2-Acrylamido-2-
methylpropane sulfonic acid, and AgNO3 
purchased from Sigma-
(Karlsruhe, Germany), 
and N-(tert-butoxycarbonyl)-L-serin methylester (98%) was purchased from Carbolution Chemicals (St. 
Ingbert, Germany). NaBH4 (> 98%) was obtained from Acros Organics (Schwerte, Germany) was purchased 
from TCI chemicals (Tokyo, Japan). HAuCl4 × 3 H2O (99.99%) was purchased from Alfa Aesar (Haverhill, 
USA), and HCl (37% solution) was purchased from Fischer Scientific (Hampton, USA). We synthesized the 
blocbuilder and SG1 according to literature.[1,2] 

Instrumentation 

Nuclear magnetic resonance (NMR) spectroscopy  
1H- and 13C-NMR spectra were performed on a Bruker AC 300 MHz using CDCl3, DMSO-d6 and D2O/NaOD 
as solvents at a temperature of 298 K. The spectra were referenced by using the residual signal of the 
deuterated solvent. 

Gas chromatography 

Hydrogen was quantified by manual injection of a 200 µL sample from the headspace of the sealed cell 
into an Agilent 7820A gas chromatograph equipped with a Hayesep Q pre-column and a mol. sieve 5A 
separation column and a thermal conductivity detector (TCD). Nitrogen was used as carrier gas under 
isothermal conditions (130°C). The concentration of hydrogen was determined by a calibration curve 
obtained from known concentrations of H2. 

Size exclusion chromatography (SEC)  

An Agilent 1260 Infinity System, equipped with a 1260 IsoPump (G1310B), an 1260 ALS (G1310B) 
autosampler and three consecutive PSS SDV, 5 columns was used for SEC measurements in 
THF. The flow rate was 1 ml/min and the columns were heated to at 30 °C. The signals were collected using 
a 1260 DAD VL (GG1329B) and a 1260 RID (G1315D) detector. 

SEC measurements in DMSO were performed on a Jasco instrument using DMSO + 0.5 % LiBr as solvent at 
a flow rate of 0.5 ml/min at 65 °C and Pullulan calibration. It was equipped with PSS NOVEMA 3000 
Angsröm / 300 Angström columns, a RI-930 detector as well as a PU-980 pump.  

Dynamic Light Scattering (DLS) 

DLS measurements were performed using an ALV laser CGS3 Goniometer equipped with a 633 nm HeNe 
laser (ALV GmbH, Langen, Germany) at 25 °C and at a detection angle of 90°. The CONTIN analysis of the 
obtained correlation functions was performed using the ALV 7002 FAST Correlator Software. 

Transmission Electron Microscopy (TEM) 

TEM images were acquired with a 200 kV FEI Tecnai G2 20 equipped with a 4k x 4k Eagle HS CCD and a 1k 
x 1k Olympus MegaView camera for overview images. 



-Potential 

Zeta-potentials were measured on a ZetaSizer Nano ZS from Malvern via M3-PALS technique with a laser 
beam at 633 nm. The detection angle was 13°. The samples were prepared by titration of the polymer in 
0.1 M NaOH (0.2 g/L) with 0.1 M HCl and 1 mL of the solution was taken at the desired pH values. The 
titration and pH detection was performed on a Metrohm 765 Dosimat titrator with a Greisinger electronic 
GMH3539 digital pH-/mV-electrode with a thermometer.  

Potentiometric titration 

Potentiometric titrations were performed with a TitroLine® 7000 titrator equipped with a WA 20 
exchangeable unit, magnetic stirrer TM 235, and a ScienceLine pH combination electrodes with 
temperature sensor A162 from SI Analytics GmbH. The polymers were dissolved in 0.1 M NaOH at a 
concentration of 1.5 g/L and titrated against 0.1 M HCl via an automatic dynamic pH-titration method.  

UV-Vis 

UV/Vis measurements were performed on a Agilent Cary 60 in a Hellma quarz glass cuvette with a 
pathlength of 10 mm at room temperature in solvent. The absorbance was measured in a range from 
200 nm to 800 nm in 5 nm steps. 

Synthesis 

Synthesis of tBAMA 

Boc-Ser-OMe (10.0 g, 45.6 mmol; 1.0 equiv) was dissolved in dichloromethane (200 mL), and MsCl (6 mL; 
77.5 mmol; 1.7 equiv) was added. After cooling in an ice bath, triethylamine (23 ml; 165.9 mmol; 3.6 equiv) 
was slowly added dropwise, and the reaction mixture was stirred for 1 h at 0 °C. After additional 2 h at 
room temperature, the mixture was afterward washed with potassium bisulfate (1%) to neutrality. The 
organic phase was dried with Na2SO4, and the solvent was removed under reduced pressure. The crude 
product was further purified via column chromatography with silica gel (ethyl acetate/n-hexane v/v 1/4). 
After removal of the solvent under reduced pressure, the product was yielded as a colorless oil (8.6 g, 
94%). 

1H NMR (300 MHz, CDCl3, 
O CH3 C(CH3)3) ppm. 

Synthesis of PtBAMA 

tBAMA, BlocBuilder and SG1 ([40]/[1]/[0.65]) were dissolved in 1,4-dioxane (66 wt %). The reaction 
mixture was degassed via four freeze pump thaw circles and stirred for 15 min at 80 °C under Ar. 
Afterward, the crude product was precipitated in cold n-hexane, washed three times with hexane, and 
dried under vacuum. The product was obtained as a white powder. 

1H NMR (300 MHz, CDCl3, ): 6.00 CH3), 3.32 CH2 ), 1.75
C(CH3)3) ppm. 

SEC (CHCl3/i-PrOH/NEt3, PS calibration): Mn = 11,000 g/mol, Mw = 20,790 g/mol,  = 1.89. 

Deprotection of PtBAMA to PAMA 



PtBAMA was dissolved in TFA (  40 equiv per monomer unit) and heated to 50 °C. The reaction was 
stopped after 1 h, and the product was precipitated in cold methanol. After filtering and washing with 
methanol and diethyl ether several times, the product was dried under vacuum and obtained as a yellow 
powder. Yield: 60% 

1H NMR (300 MHz, D2O + NaOD, CH3), 2.78 CH2 ) ppm. 

Post-polymerization modification of PDha-stat-PAMA with AMPS  

PDha0.85-stat-PAMA0.15 (100 mg) and AMPS (10 eq per monomer unit) were dissolved in water (5 ml each, 
pH 13, KOH). Afterwards the clear solutions were mixed and placed in an oil bath at 60 °C for constant 
stirring. The reaction was terminated after 48 h, by adding aqueous HCl (0.5 M) until a pH of 7 was reached. 
Then, the crude product was dialyzed against deionized water (MWCO = 3.5 kDa) for 2 days and afterwards 
freeze-dried to obtain a colorless polymer powder. 

Carbon nanomaterials dispersion 

Desirable amount of polymer was added to target concertation of MWCNTs or C60 in water. Afterwards 
the mixture placed in an ice bath. Dispersions were then formed by using an ultrasonic finger (20% power, 
30 min, pulsed: 60 second on and 30 s off). 

Catalysis fabrication and immobilization 

Nobel metal fabrication: PDha-g-AMPS was dissolved in distilled water (1 mg.mL-1), and a solution of 
AgNO3, K2PdCl4, K2PtCl4 and/or H[AuCl4] (0.01 mmol. mL-1) was added. Afterward, the solution was stirred 
for 20 min for appropriate mixing. Then, the reduction agent, NaBH4 (0.01 mmol. mL-1), was added at once 
under constant stirring, and the reaction mixture turned colored dispersion immediately.  

Pt3Co was prepared by a modification of the synthesis reported Yu et al by reduction of Pt and Co salts 
together in ethylene glycol.[3] Briefly, 5.72 mg H2PtCl6 (corresponding to 2.7 mg Pt) and 0.66 mg CoCl2 
(corresponding to 0.3 mg Co) were dissolved in 20 mL ethylene glycol (pH was adjusted to 11 by NaOH) to 
form a homogeneous and light green solution. The solution was then transferred to a 100 mL Schlenk flask 
with Teflon septum and heated at 200 °C for 15 h. The black precipitate was then filtered and washed with 
deionized water, acetone and absolute alcohol to remove soluble species before being dried in a vacuum 
oven at 70 °C overnight.  

(NH4)2[Mo3S13].2H2O was synthesized according to the literature. [4]  Briefly, to a solution of 
(NH4)6Mo7O24*4H2O (4.0 g, 3.2 mmol) was added ammonium polysulfide solution (120 ml, 25 wt%). The 
reaction mixture was covered and heated to 96°C without stirring for five days. Dark red crystals were 
isolated by filtration, washed with water, ethanol, carbon disulfide and ether before air drying. Yield: 5.6 
g, dark red crystals (97.9% based on Mo).  

CdS fabrication: To induce formation of CdS, the desirable amount of CdCl2 with concentration of 0.01 mol 
L 1 was added to 1 mg.mL-1 solution of PDha-g-AMPS during of string under Argon. After 1 hours, 1 similar 
equivalences of Na2S with concentration of 0.01 M was added slowly to polymer solution and the color of 
the dispersion changed immediately to yellow. The dispersion was then kept at 25 °C overnight with 
magnetic stirring. The mixture was protected from light by wrapping the reaction vial in aluminum foil to 
prevent photo bleaching in 5 °C. 

 



Photocatalysis 

The photocatalytic hydrogen production experiments were performed in a 5 or 10 mL Pyrex flask, the 
openings of which were sealed with a silicone rubber septum, at ambient temperature and atmospheric 
pressure. A LED lamp with max max =470 nm) was used as a visible light source to trigger the 
photocatalytic reaction and was positioned 2 cm away from the reactor. In a typical photocatalytic 
experiment, 1 mg of the prepared desire hybrids nanomaterials was dissolved in 2 mL of a mixed aqueous 
solution containing 0.5 TEOA, and the system was then bubbled with nitrogen for 20 min to remove the 
dissolved oxygen and create an anaerobic condition. A 0.2 mL sample of the generated gas was collected 
intermittently through the septum, and hydrogen content was analyzed by gas chromatography with a 
thermal conductivity detector (TCD). 

 

 

Figure S1: Characterization of PDha-g-AMPS double hydrophilic graft copolymer via (A): FT-IR 
spectroscopy, (B): 1H-NMR and (C): -potential measured with a zetasizer and (D): Potentiometric titration. 

  



 

 

Figure S2: DLS CONTIN plot for PDha-g-AMPS, Pt3Co, and PDha-g-AMPS/ Pt3Co in water. 

 

 

 

Figure S3: (A-B): TEM micrographs of PDha-g-AMPS/Pt3Co with different magnification. 
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Figure S4: (A): TEM micrographs of PDha-g-AMPS/CNT with different magnification, (B): Thermograms of 
PDha, PDha-g-AMPS, PDha-g-AMPS/CNT and CNT, (C-D): TEM micrographs of CNT/PDha-g-AMPS/ Pt3Co .  

 

Figure S5: (A): TEM micrographs of PDha-g-AMPS/C60 with different magnification 

 



 

The average sizes of CdS nanoparticles were determined using Hengleins [5,6] empirical model, 

which relates the diameter of the CdS nanoparticle (2R) to the exciton absorption, shoulder, and 

edge in the UV vis spectra according to Equation S1. 

 

 

    (1) 
 

 

Figure S6: XPS deconvolution of PDha-g-AMPS/CdS. 

 

 



 

Figure S7: UV/Vis spectrum of PDha-g-AMPS/ Pt2+, Au3+, Pd2+, and Ag+ ions before reduction with NaBH4. 

 

Figure S8: XPS of PDha-g-AMPS/ Pt, Au, Pd, and Ag nanoparticles. 
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Figure S9: schematic for PDha backbone as meeting point of CNTs, Pt3Co and EY. 

 

Figure S10: Photocatalytic hydrogen production performance (TON) for EY/Pt3Co/PDha-g-AMPS/CNT with 
different amount of PDha-g-AMPS, after illumination for 24 hour (Reaction conditions: EY, and CNT with 
concentrations of 1mmol L-1, 0.5 mg mL-1, and 75 µg mL-1 respectively; 0.5 M TEOA solution; pH = 8-9). 

 



 

Figure S11: Photocatalytic hydrogen production performance (TON) for EY/Pt3Co/PDha-g-AMPS/CNT with 
different amount of EY, after illumination for 24 hour (Reaction conditions: PDha-g-AMPS, and CNT with 
concentrations of, 1 mg mL-1, and 1 µg mL-1 respectively; 0.5 M TEOA solution; pH = 8-9). 

 

Figure S12: Photocatalytic hydrogen production performance (TON) for EY/Pt3Co/PDha-g-AMPS/CNT with 
different amount of CNT, after illumination for 24 hour (Reaction conditions: PDha-g-AMPS, and EY with 
concentrations of, 1 mg mL-1, and 0.75 mmol L-1 respectively; 0.5 M TEOA solution; pH = 8-9). 

 

  



 

 

Figure S13: LED light -driven photocatalytic hydrogen production over EY/Pt3Co/PDha-g-AMPS/CNT with 
during 6 h with measuring the amount of H2 (TON) every 1h (Reaction conditions: PDha-g-AMPS, EY, and 
EY with concentrations of, 1 mg mL-1, 0.1 mmol/L, and 0.75 mmol L-1 respectively; 0.5 M TEOA solution; 
pH = 8-9). 

  



Table S1: Brief survey of CdS and EY photocatalysts reported in literature. 

photocatalyst sacrificial reagent/h  
TON activity  

(mmol /h.g) 
Ref. 

CdS 

CdS TEOA  LED,   470 nm  0.068 This work 

PDha-g-AMPS/CdS TEOA  LED,   470 nm  0. 497 This work 

CdS Na2S Na2SO3, 420 nm  0.17 [7] 

CdS Na2S Na2SO3 

nm, 
 0.001 [8] 

CdS   0.035 [9] 

CdS Na2S Na2SO3,   0.0073 [10] 

CdS Na2S Na2SO3,   0.029 [11] 

CdS   0.23 [12] 

EY 

Pt3Co/ PDha-g-
AMPS/CNT 

TEOA, LED,   470 nm 8025, 24h - This work 

mpg-C3N4/Pt TEOA  > 420 nm 275, in 44h - [13] 

AlSiW11-H2PtCl6 TEOA  >420 nm 473, 20h  [14] 

[Co(dmbp)3]Cl2 TEA  249.2, 2h  [15] 

[Co(dmgH)2pyCl]2+ TEOA,  > 420 nm 900, 14h  [16] 

RGO- Co(bpy)3
2+ TEA, LED with 505 nm 185, 2.5h  [17] 

[FeFe]-hydrogenase TEOA, 530 nm LED 60, 4h  [18] 

Fe2N TEOA, 300 W xenon lamp 57.8, 1h  [19] 

Pt- TS-1 zeolite TEA,  100, 10h  [20] 
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Solubility and functionality of polymeric materials are essential properties determining their role in any

application. In that regard, double hydrophilic copolymers (DHC) are typically constructed from two

chemically dissimilar but water-soluble building blocks. During the past decades, these materials have

been intensely developed and utilised as, e.g., matrices for the design of multifunctional hybrid materials,

in drug carriers and gene delivery, as nanoreactors, or as sensors. This is predominantly due to almost

unlimited possibilities to precisely tune DHC composition and topology, their solution behavior,

e.g., stimuli-response, and potential interactions with small molecules, ions and (nanoparticle) surfaces.

In this contribution we want to highlight that this class of polymers has experienced tremendous

progress regarding synthesis, architectural variety, and the possibility to combine response to different

stimuli within one material. Especially the implementation of DHCs as versatile building blocks in hybrid

materials expanded the range of water-based applications during the last two decades, which now

includes also photocatalysis, sensing, and 3D inkjet printing of hydrogels, definitely going beyond already

well-established utilisation in biomedicine or as templates.

Introduction

Copolymers are composed of two or more chemically distinct

polymer segments or monomer units that are covalently

linked.1–3 The design and the preparation of copolymers allows

us to access polymeric materials with additional degrees of
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freedom and properties compared to homopolymers.1–3 Among

the copolymer families, water-soluble double hydrophilic copo-

lymers (DHCs), consisting of two distinct hydrophilic blocks

or monomers, have recently gained scientific attention due to

their interesting solution properties and the growing number

of water-based applications.4 Moreover, a large number of

copolymer architectures derived from different preparation

strategies, ranging from linear block and random copolymers

to stars, brushes and macrocycles, have been reported.5–8

Among them, linear double hydrophilic block copolymers

(DHBCs) are the most familiar and oldest subclass of DHCs,

consisting of at least two different water-soluble blocks. Since

their discovery almost 50 years ago,9 the field of DHBC research

has continued to develop, not only because of synthetic devel-

opments in the field of macromolecular science, but also

because of their interesting structure–property relationships,

their potential functionality in solution, and their potential

application in important sectors of modern life.10,11

Today, DHBCs are important building blocks at the interface

of multidisciplinary research including chemistry, biomedicine,

material science and nanotechnology. They offer tailormade

solutions, e.g., matrices for photocatalytic hydrogen evolution

as a sustainable energy source,12 the sensing of heavy metal

ions or biological analytes,13–16 enabling the 3D printing of

hydrogels,14 or the delivery of anti-cancer drugs.4,17,18

Typically, DHBCs consist of one solubility promoting seg-

ment, as well as a second hydrophilic and functional segment.

Hence, the number of reported individual polymers is vast, as

there exists an almost uncountable number of possible combi-

nations of rather common, e.g. ethylene oxide,16 acrylic acid,19

and vinyl pyridine,20 or less frequently reported hydrophilic

monomer units, e.g. featuring charges.21,22 From this perspective,

there is an almost endless potential to tune both composition and

the resulting characteristics of such materials.

The main characteristics of DHBCs arise from the interplay

between the constituting segments. Self-assembly in different

environments is mostly driven by one segment turning water-

insoluble either through an external stimulus such as pH,23

temperature,24 light,25 or the presence of metal ions,26 or the

interaction with molecular,27 or nano-sized compounds28 and

surfaces,29 while the second block maintains its solubility in

water. This provides access to exceptional assemblies in water,

but self-assembly is sometimes even observed in pure water

without any additional trigger.30 In that regard, there are also

several examples of permanently double hydrophilic copolymers.31

The role of each segment is not always strictly defined. For

example, if both of the segments are functional, both of them

may switch from hydrophilic to non-hydrophilic nature upon

exposure to a certain trigger, resulting in a ‘schizophrenic’

(micellisation) behaviour.32,33 A single block may even exhibit

multiple roles; for example, poly(ethylene glycol) PEG repre-

sents both a high hydrophilicity along with biocompatibility.34

Indeed, recently multi hydrophilic block copolymers (MHBCs)

were also introduced exhibiting an indefinite number of seg-

ment combinations.35 Besides, the diverse topologies found

in macromolecular chemistry are more frequently exhibiting

double hydrophilic nature. The choice of a suitable topology

can be seen as an additional parameter defining the material

properties.36 Therefore, the corresponding architectures presenting

solely hydrophilic segments, e.g., star,37 graft, hyperbranched38

or macrocyclic,8 are closely related to the class of linear DHBCs.

Regarding the synthesis of DHBCs, access is often realised

in a similar way compared to common linear block copolymers,

making use of controlled polymerisation techniques for the

successive addition of different monomers, or by exploiting

click chemistry to link readily prepared segments.21,39 However,

especially the synthesis of nonlinear DHBCs is rather advanced

and usually either multi-site initiators40–42 or bi-functional

monomers43 are required, as well as multiple steps.16,44 Further,

often different controlled radical polymerisation (CRP) methods

are combined, such as atom transfer radical polymerisation

(ATRP) and reversible addition–fragmentation chain-transfer poly-

merisation (RAFT).45 ‘Alternative’ approaches have also been

reported, which could be seen as an additional advantage having

access to an even broader preparative toolbox, such as grafting-

onto reactions to obtain double hydrophilic graft copolymers.46

Liu et al.47 concisely describe the self-assembly and stimulus-

responsive behavior of some non-linear amphiphilic and double-

hydrophilic copolymer architectures. Herein, the tunable self-

assembly using non-linear architectures is emphasized. From this

perspective, the classical concept of linear DHBCs will be

extended in this review, highlighting the different double hydro-

philic copolymer (DHC) architectures that are accessible, includ-

ing crosslinked 3D structures. They will be divided first into their

subclasses: (a) graft, (b) star and miktoarm, (c) toothbrush and

centipede-like, (d) hyperbranched and dendritic, (e) macrocyclic

and (f) crosslinked; and before their synthesis is discussed,

individual features and solution behaviour are examined.
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The properties of DHCs are often superior compared to their

linear DHBC counterparts, and are already foreseen to be pro-

mising materials in different application fields, e.g., sensing,15

catalysis12,48 or as drug delivery systems.17 Together with the

concept of multi-hydrophilicity, the topology can be seen as an

additional parameter to tune the DHC properties to tailor-make

water-soluble polymeric materials. In addition to these DHBCs,

double hydrophilic random copolymers that reveal interesting

solution properties and applications will also be considered,

even though their chemical structure is less defined.

Major developments are also observed in the application of

DHCs. Earlier work from Helmut Cölfen in 2001 emphasised

the application of DHBCs as surfactants, stabilisers and struc-

ture directing materials, e.g., to control crystallisation processes

and as templates, in addition to their utilisation in drug

delivery.11 In another perspective review, Nottelet et al.49 focus

mostly on DHBCs that combine a biocompatible non-ionic

block with a degradable functional block such as polysacchar-

ides, polypeptides, polyesters or similar. In this context, the

described DHBCs are promising candidates for biomedical

applications. However, the application field of DHCs expanded

rapidly, and this polymer class is recently used in biomedical

applications, as nanocarriers and imaging/contrast agents, in

catalysis, sensing, or within hybrid materials and this is also

highlighted here.12,15,33,44,48–50 Their water-solubility, together

with their potential binding sites, renders DHBCs suitable

organic components for hybrid materials in aqueous environ-

ments, and their combination with various inorganic materials

was found to yield high performance materials.33,51

In general, hybrid materials are one of the most emerging

material classes due to the possibility to tune the physical and

chemical properties, often profiting from synergistic effects.

While the polymers are mainly acting as stabilisers or tem-

plates, the inorganic materials contribute advantageous stabi-

lity, as well as optical and electrical properties.52–54 For this, the

rather novel applications of DHCs will be outlined with a

special focus on hybrid materials. Since their utilisation is

often based on their response to external stimuli, further

progress in this field will be discussed as well. Besides giving

a broad overview of recent literature in the field of DHCs, this

review also covers general trends used in polymer chemistry

towards this class of materials. However, within this review, the

functions of the DHCs will be unveiled (Fig. 1) and through

understanding their structure–property relationship versatile

applications were accessed, that are described in the last

section of the review.

Three general functions may be identified: (A) interaction

and encapsulation of metal ions or molecules, forming nano-

reactors and nanocarriers. Corresponding assemblies are often

used as templates. These properties are often required in the

construction of defined hybrid nanomaterials, catalysis, or

delivery systems. (B) DHCs as stabilizing or dispersing agents,

being attached to (nanoparticle) surfaces, granting their stabi-

lity in aqueous environment and often tuning their properties.

This function is found, where inorganic nanoparticles are

applied in solution. (C) Responding to the exposure to an

external stimulus (pH, temperature, light, ions,. . .) stimuli-

responsive DHCs give a response or an output, e.g., through

changing the physical properties of the surrounding solution.

Especially sensing applications rely on this mechanism.

Synthetic approaches towards a variety of architectures

Today, researchers in polymer science have access to a wide

range of controlled/living polymerization techniques, such as

anionic/cationic or controlled radical polymerization. One con-

sequence of those techniques being readily available was the

preparation of polymers with various architectures. Among

them, linear block copolymers (both amphiphilic and double

hydrophilic examples) have been the focus of a very large

number of studies. Those typically contain a straightforward

synthetic approach, defined structures, and self-assembly studies

in the bulk and in selective solvents, rendering such materials

interesting for a broad range of applications. Their self-assembly

has been intensively investigated, and in solution, this is particu-

larly affected by the block copolymer composition, concentration,

solvent, or the presence of additives.2,47,55–57 Linear double hydro-

philic block copolymers as one interesting subgroup drew also

considerable attention. Quite often, this category of linear block

copolymers can reversibly switch between micellar and unimer

states upon the application of external stimuli. For this reason,

many excellent reports can be found in the literature that have

been focused on the synthesis of new double hydrophilic linear

block copolymers.2,47,55–57

Recently, non-linear copolymers have also attracted the

attention of many researchers. In this regard, a broad variety

of possible topologies (architectures) exists, each influencing

the properties and function of a given macromolecule.36 Hence,

the general concept of block copolymers is extended to non-

linear architectures, such as graft, star, miktoarm, centipede, or

cyclic, which is supported by recent synthetic advances

(Fig. 1).2,57 The supramolecular self-assembly of some repre-

sentative non-linear copolymers was described by Liu et al.47

Herein, the high potential to tune self-assembly by adjusting

the topology is highlighted.

For double-hydrophilic copolymers, the architecture also

significantly affects the solution properties, such as the solu-

bility or viscosity.17,31,37,41 This can be considered an additional

design element in the preparation of defined materials offering

tailor-made solutions for a given dilemma. Moreover, the

micellization behaviour of non-linear copolymers differs

significantly from that of linear counterparts,58,59 as chain-

end effects play a more important role,43 and the functionality

itself, as well as the local density of functional groups, differs as

well.37,38 As compared to traditional DHBCs, the utilisation of

an alternative architecture may often be advantageous, e.g.,

branched versus block as templates.60 Hence, quite complex

materials can be obtained considering both the inherent fea-

ture of a specific architecture and the molecular composition,

e.g., charge, polarity, segment length and density of side-chains

in a double hydrophilic material.12,15,33,48,61

However, in many cases, the preparation of non-linear

topologies is more demanding. It is often necessary to use
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multi-functional initiators, or to combine polymerisation tech-

niques and post-polymerisation modifications. In addition,

they often reveal more complex and rather unexplored self-

assembly.7,31,41,62 The resulting morphologies may be less

defined due to more complicated structures, and this renders

characterisation more challenging.21,46,63 From this point of

view, the development and utilisation of diverse DHC architec-

tures still bear a lot of potentials. The corresponding copoly-

mers are promising materials for future applications in 3D

inkjet printing,13 catalysis,48 sensing15 and biomedicine.17 The

distinct topologies that are found in the literature (star and

miktoarm, graft, crosslinked and others) will be highlighted in

this section (Fig. 2). Crosslinked DHCs, forming chemically

linked 3D nano-objects, will also be discussed.64–66 Furthermore,

multi-hydrophilic block copolymers (MHBCs) will be introduced,

combining even more functionalities.67

In general, DHCs are prepared in a similar way compared

to other segmented polymers usually following two different

strategies. Here, especially controlled/living polymerization

techniques, either ionic or radical, allow the construction of

well-defined polymers by the sequential addition of monomers.

As an alternative, two readily synthesized blocks with active

end-groups are linked, e.g., via click chemistry.57 Also, other

post-polymerization modification techniques exploiting a

reactive polymer backbone give access to defined copolymers,

such as graft copolymers.68 However, regarding DHCs some

Fig. 1 General functions of DHCs, being divided in their interaction with metal ions or molecules (A), nanoparticles (NPs) and surfaces (B), and the

response to an external trigger (C).

Fig. 2 Schematic depiction of representative DHC architectures, with

the individual segments in blue and red: star,39 miktoarm star,37 AB4

miktoarm,59 graft,46 hyperbranched,38 and macrocyclic.8 Multi-hydro-

philic copolymers (MHCs) containing additional hydrophilic segments,

depicted in green and yellow, for ABC miktoarm,98 A2(BC)2 miktoarm,67

and centipede-shaped copolymers.62
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challenges may be identified. The choice of solvent is often

limited, since most of the monomers are polar, ionizable, or

even bear permanent charge.26,33,61 Thus, some limitations

with regard to the choice of polymerization technique can be

faced.26,33,61 DHCs usually contain functional moieties, e.g.,

acids and bases, and hence, initiators and ligands have to be

compatible with the corresponding monomers.26,33 Finally,

some of the repeat units could not be introduced via a simple

polymerization making the use of protective group chemistry

necessary.21,42,69 Indeed, great attention should be taken to

properly select suitable reaction conditions when designing a

specific system. In polymer science, the ultimate goal is mostly

to introduce inexpensive, biocompatible, multifunctional, and

ideally non-toxic polymers.4,70 At the same time, the methods

that are used to polymerize novel hydrophilic (co)polymers may

be harmful because of the toxicity and other incompatibilities

associated with either catalyst or certain additives.4,70–72

Regarding non-linear architectures, the synthetic approaches

become even more complex such as the necessity to use multi-

functional initiators. Challenges may also arise from the sub-

sequent characterization both in terms of absolute molar mass

as well as the architecture itself, e.g., the number of arms or

grafts. For instance, in the case of hydrophilic miktoarm star

(co)polymers, it is challenging to construct well-defined struc-

tures with multiple precisely designed arms as a consequence

of the strict requirements of the complicated preparation and

purification procedures.72,73

Graft copolymers (DHGC)

Graft copolymers feature a polymer backbone and chemically

different side-chains. They typically present a compact and

confined structure, strong chain-end effects and complex self-

assembly, e.g., the formation of worm-like micelles, even unim-

olecular aggregation, as well as lower aggregation numbers

compared to linear structures have been reported.7,43,68,74,75

In addition to the choice of various potential backbone or side-

chain moieties, e.g., ionic or non-ionic,15,46,76 DHGCs differ in

the density and length of side-chains, strongly influencing the

resulting characteristics, and allowing broad tuneability.46,77,78

However, while the backbone is generally one of the hydro-

philic segments, two distinct hydrophilic blocks can also be

linked to the same backbone.79,80

In general, graft copolymers can be synthesised via three

approaches, which are also found in the field of double-

hydrophilic graft copolymers: grafting-through, grafting-onto

and grafting-from.68 Following this, the existing DHGCs were

divided into these synthetic routes, and their unique features

and potential applications are summarised in Table 1. The

pathway selected strongly depends on the desired monomer,

each of those three approaches reveals unique advantages and

challenges. The grafting-to strategy is based on connecting

specific side chains to a linear hydrophilic backbone using a

suitable coupling reaction. As the linear backbone and side

chains are constructed separately, they could be prepared using

appropriate polymerization methods and their chain lengths

can be precisely tuned. In case of grafting-through, graft

copolymers could be prepared via the polymerization of hydro-

philic macromonomers and here, the grafting density and

the length of side chains can be tuned as well during macro-

monomer synthesis. Finally, the grafting-from requires a

macroinitiator which already carries the respective initiation

sites. This macromolecule can be prepared directly from the

initiation-group-containing monomer or by the introduction of

initiating functional groups to a specific precursor.68

The grafting-onto and grafting-through methods often benefit

from a one-pot synthesis, sometimes even performed in water,

starting from readily prepared functional precursors. This enables

the characterisation of each individual building block, and a

single reactive backbone can be used for functionalisation with

various modifiers. However, a rather random distribution of the

side-chains can be assumed and often the adjustment to a certain

degree of functionalisation (DoF) is crucial to control structure–

property relationships.15,46,63,81

In this respect, Max et al.15,61,63 prepared a library of graft

copolymers starting from a pH- and ion-responsive poly-

(dehydroalanine) (PDha) backbone bearing amino moieties

in each repeat unit as reactive handles (Fig. 3). By slightly

changing the reaction conditions, various modifiers such as

PEG, phosphonic acid, acrylic acid, or N-isopropyl acrylamide

(NIPAAm) were grafted via either an aza-Michael addition or the

ring-opening of epoxides to obtain tailor-made materials.

Hereby, it was found that the DoF and the chain-length

significantly influence the solubility, as shown for PEG side-

chains.15,46,48,61,63

Controlled polymerisation techniques typically provide good

control over the side-chain length and Ð.43,45,48,79,80,82,83 Sun

and Cui43 prepared DHGCs with a hydrophilic poly(2-hydroxy

ethyl acrylate) (PHEA) backbone and poly(N-isopropyl acryl-

amide) (PNIPAAm) or poly(2-(dimethyl amino) ethyl meth-

acrylate) (PDMAEMA) side-chains. They started with a single-

electron transfer-living radical polymerization (SET-LRP)

initiator-containing monomer (2-hydroxyethyl2-((2-chloropro-

panoyloxy)methyl)acrylate), which was first polymerised via

RAFT (Fig. 4). Afterwards, the second monomer was grafted

via SET-LRP to obtain graft copolymers with a narrow molecular

weight distribution and grafts, as well as hydroxyl groups in

each repeat unit.43,45

In another pathway, Gu et al.79,80 synthesised DHGCs based

on a poly[poly(ethylene glycol)methyl ether acrylate] (PPEGMA)

backbone grafted with both PDMAEMA and PMAA side-chains.

In the first step, PEGMA was polymerised via ATRP before

functionalising the backbone with an ATRP initiator using lithium

diisopropylamide and 2-bromopropionylchloride (DoF = 75%).

In the third step, the second monomer was grafted by another

ATRP reaction. To obtain poly(methacrylic acid) (PMAA), subse-

quent hydrolysis of the protected precursor was carried out.

As in the case of linear DHBCs, the graft copolymers usually

contain a solubility promoting block and a functional, stimuli-

responsive building block. However, self-assembly is more

complex and has not been exhaustively studied yet. In this

respect, the side-chains may stabilise the graft copolymer after

the DHGC becomes amphiphilic upon exposure to a stimulus,
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as shown for PEG-g-NIPAAm. Here, the PEG side chains can

stabilise core–shell nanostructures at temperatures above the

lower critical solution temperature (LCST), while some of them

still interact with PNIPAAm in the core.77,78,81

Gu et al. described the synthesis of PPEGMEA-g-PMAA

and PPEGMEA-graft-poly(2-(diethylamino)ethyl methacrylate)

(PDEAEMA) graft copolymers. While the carboxylic acid groups

containing graft copolymer was a suitable stabiliser and tem-

plate for Fe3O4 NPs through ionic interactions, the pH- and salt

response of PPEGMEA-g-PDEAEMA was studied. For this DHGC,

the reversible formation of micelles depends on both the pH and

the NaCl concentration, where the PDEAEMA chains collapse

within the core. T. Jiang et al.75 also described the tuneable self-

assembly of poly(sulfobetainemethacrylate)-graft-poly[oligo(ethylene-

glycol)methyl ether methacrylate)-co-di(ethylene glycol)methyl ether

methacrylate] (PSBM-g-P(OEGMA-co-DEGMA)), containing a zwitter-

ionic backbone.

The aggregation strongly depends on the temperature, salt

concentration, and the polymer structure itself (longer or

shorter side-chains). This allows the formation of distinct

nano-objects, where either the backbone or the grafts collapse

within the core. However, in case of longer side-chains, low

aggregation numbers of around 2 were found for the micelles.75

Due to their versatile solution behaviour and efficient inter-

action with inorganic nanoparticles,15,79 ions,15 proteins,82

or drugs, DHGCs are already found in various applications

such as sensing,15 catalysis,12,48 suppression of protein

aggregation,82 or cancer treatment.18 Further utilisation in

carrier systems, nanoelectronics, oil recovery, and as disper-

sants is foreseen.46,83,84

Table 1 Synthesis, properties and utilisation of double hydrophilic graft copolymers found in the literature

DHGC Synthesis Feature/suggested application Ref.

Grafting onto
PDha-g-PEG Grafting of epoxides and Michael-acceptors Multi-responsive application as a template,

dispersant, in photocatalysis and sensing
15, 46, 48,
61 and 63PDha-g-NIPAAm

PDha-g-PAA
Gelatine-g-PEG Grafting of activated PEG Formation of nanogels with curcumin drug delivery

in cancer treatment
18

poly(acetal)hydrolysed-g-
PEG

Grafting of mPEG-NH2 on poly(acetal), subsequent
hydrolysis

Interaction with inorganic crystals 76

PNIPAAm-g-PEG Grafting of PEG-NH2 onto P(NIPAAm-co-glycidyl
methacrylate) or P(NIPAAm-co-N-
acryloylsuccinimide)

Stable spherical aggregates above LCST 77 and 78

PAA-g-PEO Grafting of mPEG-NH2 (using ETC/HOBt) Encapsulating and delivering cationic or hydrogen-
accepting agrochemicals or drugs

84

P(AMPSNa-co-ANa)-g-
PNIPAAm

Grafting of PNIPAAm-NH2/PDMAM-NH2 Complexation of surfactants, tunable aggregation
behavior

85

P(AMPSNa-co-ANa)-g-
PNIPAAm-g-PDMAM

Grafting from
P(L-Lysine)-g-
P(sulfobetaine)

(1) Grafting a RAFT CTA onto the backbone Suppression of protein aggregation and protein
release

82
(2) RAFT polymerisation of the sulfobetaine

PSBM-g-P(OEGMA-co-
DEGMA)

(1) FRP of SBM and BIHPM (ATRP initiator
containing monomer)

Zwitterionic backbone temperature and salt
response tunable self-assembly

75

(2) ATRP copolymerisation of OGMA and DEGMA
PHEA-g-PDMAEA Initiator functionalised monomer Self-catalysed hydrolysis of PDMAEA; micelle

formation in the organic phase
43

(1) RAFT
(2) SET-LRP
(3) Quaternisation

PHEA-g-PNIPAAm Sequential RAFT and SET-LRP starting from
trifunctional HECPMA

Thermo-response 45

PEO-g-PDMAEMA (1) Functionalisation of P(EO-co-glycidol) with the
initiator

Brush-like structure nanoelectronics, sensing,
enhanced oil recovery, and drug and gene delivery
systems

83

(2) ATRP of DMAEMA
PPEGMEA-g-PMAA and
PPEGMEA-g-PDEAEMA

(1) ATRP Biomedicine, e.g., drug carrier 79 and 80
(2) Functionalisation with an initiator
(3) ATRP
(4) Hydrolysis

PMA-g-PEG/PDMA Initiator-functionalised monomer Coating material protein resistant 86
(1) RAFT
(2) ATRP

Grafting through
PNIPAAm-g-PEO FRP of PNIPAAm and PEO macromonomers Aggregation above the LCST 81

Abbreviations: P(AMPSNa-co-ANa)-g-PNIPAAm-g-PDMAM: poly(sodium-2-acrylamido-2-methylpropanesulfonate-co-sodium acrylate)-graft-poly(N-
isopropyl acrylamide)-graft-poly(N,N-dimethylacrylamide) PSBM-g-P(OEGMA-co-DEGMA): poly(sulfobetaine methacrylate)-graft-poly[oligo-
(ethyleneglycol) methyl ether methacrylate)-co-di(ethylene glycol) methyl ether methacrylate]; PHEA-g-PDMAEA: poly(2-hydroxyethyl acrylate)-g-
poly(2-dimethylamino ethylacrylate); PPEGMEA-g-PMAA: poly[poly(ethylene glycol) methyl ether acrylate]-graft-poly(methacrylic acid); PPEGMEA-g-
PDEAEMA: poly[poly(ethylene glycol) methyl ether acrylate]-graft-poly(2-(diethylamino)ethyl methacrylate).
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Stars and miktoarm star copolymers

Star-shaped double-hydrophilic copolymers benefit from a

higher density of functional groups compared to linear block

copolymers with both internal and peripheral functional

moieites. This is leading to higher loading capacities and lower

aggregation numbers as well as often micellar structures

with increased stability. Besides, they exhibit a lower solution

viscosity due to less entanglements being formed.37,87

The structural diversity in the field of segmented, double-

hydrophilic star and miktoarm copolymers is broad. They differ

in arm number (3, 4, 8, 21 and more), and their arrangement:

block copolymers, or individual blocks (arms) linked through

the core. In this respect, different types of miktoarm star exist:

star block copolymers, miktoarm stars and AxBy-type non-linear

block copolymers, and the variety of these topologies and the

hydrophilic segments are depicted in Table 2. Regarding the

synthetic access, in any case, the utilisation of multi-site

initiators or crosslinking points is necessary, besides the smart

combination of controlled polymerisation techniques and end-

group modifications.

The arm-first approach is based on the utilisation of reactive

arms as macromonomers. Rudolph et al.39 synthesised poly-

(ethylene oxide)-block-poly(2-ethyl-2-oxazoline)8 (PEO-b-PEtOx)8
starting from star-shaped (PEO)8 with azide end-groups. After-

wards, alkyne-functionalised PEtOx were linked to the PEO

precursor via a copper-catalysed azide–alkyne cycloaddition

click reaction (CuAAc). Alternatively, the star block copolymer

was obtained by the CROP of EtOx from a [PEO-Ts]8 macro-

initiator. In a similar approach, Skandalis et al.37,88 synthesised

(PDMAEMAnPOEGMAm)p miktoarm star polymers with 24 arms

each. First, the PDMAEMA homopolymer was synthesised via

RAFT and then crosslinked with ethylene glycol dimethacrylate

(EGDM), a difunctional monomer, to obtain a crosslinked core.

Hereby, the chain transfer agent (CTA) was transferred to the

core and chain-extended with OEGMA to graft the POEGMA

arms. On the other hand, (PDMAEMA-b-POEGMA)n star block

copolymers were synthesised via a core first approach. After the

EGDM core containing the CTA was synthesised, DMAEMA

and OEGMA were polymerised sequentially. In both strategies,

the star–star coupling cannot be excluded, but the core-first

approach provides improved control and straightforward pur-

ification, i.e., the removal of the remaining monomer or homo

star polymers.

The PDMAEMA segments or arms were further quaternised

to tune the hydrophilicity.37 An alternative architecture was

realised by Taghavi-Kahagh et al.,89 preparing polyampholytic

PDMAEMA-star-PMAA DHCs, containing hydrophilic PDMAEMA

arms and a hydrophilic PMAA core. Therefore, the arms were

synthesised first via RAFT, such that they possessed functional

CTA end-groups. Afterwards, MAA and dual-functional N,N0-

methylenebis(acrylamide) were added in a distillation-

preparation technique to form the core. Changing the arm

length (i.e., their molecular weight) and/or arm number is then

straightforward to further tune the solution properties.89

The core first approach is more often exploited in the

synthesis of star block copolymers, starting from multifunc-

tional initiator cores and followed by CRP. For this, cyclodextrin

(21 arms),42,69,90 dendritic polyesters (nine arms)13,91 and gly-

cerol ethoxylate (3 arms)92 were used for the defined synthesis

of the block copolymer. For the polymerisation of the corres-

ponding block copolymers, in addition to conventional ATRP,

SET-LRP and photo ATRP were applied to precisely control the

segment length. It should be noted that for the synthesis of

poly(acrylic acid) (PAA)-containing star block copolymers,

deprotection of the protected PtBAA segment is necessary.42,90

The use of a dual-functional, four-arm ATRP/RAFT initiator, as

shown in Fig. 5, was used to synthesise non-linear miktoarm

block copolymers (AB3, A2B2) by combining both CRP techniques.40

This pathway also gives access to multi-hydrophilic DHCs, A2(BC)2
and (AB)2C2, by the sequential addition of monomers.67,93–95

However, Cai and Armes31,41,99 applied another trifunctional

initiator, 2-(diethanolamino)acetyloxyethyl 2-bromoisobutyrate,

to construct Y-shaped (AB2) and zwitterionic DHCs using only

ATRP. After the polymerisation of PDEA, the hydroxyl groups of

Fig. 3 PDha-based graft copolymers derived via an aza-Michael addition

and the ring-opening of epoxides in a grafting-onto approach. The amino

moieties (red) were exploited as reactive handles.15,46,48,61,63

Fig. 4 Synthesis of PHAEA-g-PDMAEA and PPEGMA-g-PDMAEMA via

the grafting-onto approach and the smart combination of monomer or

polymer modification and controlled polymerisation techniques (RAFT,

SET-LRP and ATRP), corresponding to literature reports.43,80
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Table 2 Schematic structure of star and miktoarm-shaped DHCs and the corresponding polymers

Schematic depiction Polymers Ref.

PNIPAAm-b-PDMA or PHEAm (3 arms)

13, 37, 39, 42, 69 and 90–92

PEO-b-PEtOx (8 arms)
P(OEGA)-b-PAA (9 arms)
PAA-b-P(MEA-co-OEGA480) (21 arms)
P4VP-b-PAA (21 arms)
PNIPAAm-b-PAA (21 arms)
(PDMAEMA-b-POEGMA)n (n arms)

(PDMAEMA)n(POEGMAm)m (n and m = 24) 37

PDMAEMA-star-PMAA (34, 35, 38 arms) 89

PDEA4-b-poly(propylene oxide)-b-PDEA4 58

PNIPAAm-b-PDEA4 59

PNIPAAm-b-PAA3 93
PAA-b-PNIPAAm3

PDEA-b-PSEMA2
31, 41 and 96PPO/PEO (Jeffamine)-b-. . .P GMA, HEMA, HEA,

MEMA, MPC, DEA, DMA
PZLL-b-(PBLG)2

(PNIPAAm)2-(PAA)2 93
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the initiator were esterified to obtain a dual-functional ATRP

macroinitiator for subsequent polymerisation.41

Other miktoarm DHCs were synthesised starting from an

end-group functionalised segment, where either commercially

available31,58 or readily synthesised examples38 containing

amino moieties were used. These were transformed into multi-

functional ATRP initiators by Michael-addition reactions or the

ring opening of epoxides and subsequent esterification.31,38,58

In this respect, AB2, AB4, A2BA2 and A4BA4 miktoarm DHCs

were synthesised after polymerisation of the second monomer.

Liu et al. describe the preparation of ABC miktoarm star

terpolymers in a multi-step approach including the synthesis

of a trifunctional initiator, ATRP, CuAAC click reactions, and a

deprotection step.97,98

Although the synthetic access to the above-described archi-

tectures is not always straightforward, star and miktoarm

DHCs exhibit interesting solution self-assembly. One might

expect that while more than two sorts of polymer segments

are arranged in a non-linear DHBC, their solution self-assembly

could be more complex and attractive. In general, the self-

assembly of miktoarm and stars copolymer is less studied since

this architecture class is generally less studied and most

experimental works involve linear block copolymers.97,100,101

So far from literature reports we could realize that they often

show more complex self-assembly patterns if compared to

linear block copolymers.15,31,41,58,59,67,93 The micellisation

behaviour could differ, e.g., with respect to the unimer-to-

micelle transition kinetics, the stability of the resulting aggre-

gates, or the dimension and one decisive factor clearly is that

junction points of more than two chemically distinct segments

exist.31,41,58,59,67,87,93

Due to their unique properties, star-shaped DHCc show

great potential in biomedical applications and even in 3D inkjet

printing for the preparation of hydrogels. For this, hydrogels

were constructed using the individual arms of P(OEGA)-b-PAA

as dynamic physical crosslinking points complexing different

metal cations.13,91 The exciting micellisation behaviour is

shown in the case of PDEA4-block-poly(propylene oxide)-block-

PDEA4 (A4BA4) copolymers, where both unimolecular or flower-

like micelles were found depending on the temperature and pH

value.58 For star block copolymers, unimolecular micelles were

also found for 21 arm, dual pH-responsive P4VP-b-PAA (Fig. 6A).

Under basic conditions, the PAA segment is stretched, and

the P4VP blocks collapse to form the core. On the other hand,

in an acidic environment, inverse unimolecular micelles are

formed with P4VP extending into the solution. However, at

intermediate pH values, aggregation between the star block

copolymers was observed, resulting from apparent zero net

charge and polyelectrolyte complex formation (Fig. 6A).42

Fig. 5 Four-arm initiator-containing sites for ATRP and RAFT poly-

merisation (left). It can contain one or three of each moiety, and allows

the combination of both methods.40 Trifunctional initiators allow for the

post-polymerisation modification of the hydroxyl groups for additional

ATRPs.41

Table 2 (continued )

Schematic depiction Polymers Ref.

PEG(-b-PMAA)-b-PDEA 97 and 98
PEG(-b-PDEA)-b-PNIPAAm

(PNIPAAm)2-(PNVP-b-PAA)2 67
(PNIPAAm-b-PAA)2-(PNVP)2

(PNIPAM-b-PAA)2-(PVP)2 93–95
(PNIPAM)2-(PVP-b-PAA)2

Abbreviations: PDMA: poly(N,N-dimethylacrylamide); PEO-b-PEtOx: poly(ethylene oxide)-block-poly(2-ethyl-2-oxazoline); PAA-b-P(MEA-co-OEGA480):
PAA-b-poly[(2-methoxyethyl acrylate)-co-(oligo(ethylene glycol) acrylate)]; P4VP: poly(4-vinyl pyridine); POEGMAm: poly(oligo(ethylene glycol)
methacrylate); PSEMA: poly(succinyloxyethyl methacrylate)]; PPO/PEO (Jeffamine)-b-. . .GMA, HEMA, HEA, MEMA, MPC, DEA, DMA: poly-
(alkylene oxides)-block-. . .glycerol monomethacrylate, 2-hydroxyethyl methacrylate, 2-hydroxyethyl acrylate, 2-(N-morpholino ethyl methacrylate,
2-methacryloyloxyethyl phosphorylcholine, 2-(diethylamino)ethyl methacrylate; 2-(dimethylamino)ethyl methacrylate; PZLL-b-(PBLG)2: poly(e-
benzyloxycarbonyl-L-lysine)-block-poly(g-benzyl-L-glutamate).
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However, aggregation in pure water was also observed without

any stimulus, and this phenomenon was ascribed to the

different hydrophilicity of the constituting segments.37,39

Within this architectural class, MHBCs can introduce addi-

tional complexity by including multiple functionalities – thereby

further tuning eventual phase transitions, water-solubility, or

biocompatibility.67,93 The zwitterionic ABC miktoarm star terpo-

lymers (PEG(-b-PMAA)-b-PDEA) from Liu et al., for example, con-

sist of an anionic and a cationic segment, as well as a non-ionic

PEG block. This enables multiple phase-transitions by changing

the pH-value, giving polyion, hydrogen-bonded, or even hydro-

phobic cores.98 Sun et al. describes the cooperative self-assembly

and crystallisation of miktoarm (PNIPAAm-b-PAA)2-(PVP)2 in an

alkaline solution, as shown in Fig. 6B. The investigated nano-

hybrids of the DHC and the alkali salts form well-defined micro-

sized objects (needles and dendritic patterns). Each segment has

its own function: the PAA interacts with the metal cations acting

as a scaffold, PVP forms hydrogen bonds with the PNIPAAm

segment, and PNIPAAm reveals self-concentration and inter-

molecular association. The obtained materials are interesting

candidates for use, e.g., in sensors or microprinting.93

Toothbrush and centipede-like architectures

Toothbrush and centipede-like architectures have also been

reported for DHGCs, which exhibit a linear block and a

segment containing grafts with different lengths, revealing

exceptional self-assembly.6,7,43,45,62,79,80,83,84,102 A centipede-

shaped brush even exhibits two chemically distinct chains

connected to each grafting point.62 In this context, switching

between different morphologies, e.g., vesicles to micelles or

worm-like assemblies to micelles, as well as the formation of

schizophrenic micelles has been described. An advantage of

this architecture is, that the high density of chains in a brush-

like segment can increase the colloidal stability of the formed

aggregates, if compared to linear segments.51 The corres-

ponding materials show interesting thermo or pH-induced

micellisation in water to form unimolecular or spherical

micelles and vesicles.102 While Sun et al. prepared PNIPAAm-

b-POEGMA via sequential RAFT of NIPAAm and OEGMA with

three or eight OEGMA units as brushes,102 C. Feng et al.

synthesised such DHCs in a grafting-from approach, using

either ATRP or SET-LRP. First, the linear segment was synthe-

sised in a controlled manner before it was chain-extended with

hydroxyethyl acrylate (HEA). Afterwards, the hydroxyl groups

were converted into ATRP initiators and the third monomer

was polymerised to obtain PNIPAAm-b-(PEA-g-P2VP) and PNI-

PAAm-b-(PEA-g-PDEAEMA).5–7 PNIPAAm-b-(PEA-g-PDEAEMA)

the latter was found to be a suitable stabiliser and template

for the preparation of AuNPs in water,74 and other applications

are foreseen in biomedicine,102 as biological vectors or protec-

tive shells for sensitive enzymes.6,7

PEO-b-[PGMA-g-(PDEA)(PMEO2MA)] is a special case of

MHBC. It is a centipede-like MHBC, which was prepared using

two ATRP steps, post-polymerisation modification reactions,

as well as CuAAc chemistry. Nevertheless, the dual-responsive

polymer exhibits a ‘schizophrenic’ micellisation behaviour,

switching between worm-like unimers and two different types

of micellar objects.62 Jeong et al. investigated the influence of

the molecular geometry on the colloidal properties and the

controlled drug release by comparing a typical PAA-b-PEG block

copolymer with brush-like PAA-b-PEGMA. Hereby, micellar

structures containing the bulky brush-like chains in the shell

Fig. 6 (A) Schematic depiction of the self-assembly of a dual pH-responsive P4VP-b-PAA star block copolymer at different pH-values. Adopted with

permission from ref. 42. Copyrightr 2020 American Chemical Society. (B) Cooperative self-assembly of (PNIPAAm-b-PAA)2-(PVP)2 in NaOH solution.

Here, dendritic fractal patterns were formed. Adapted from ref. 93. with permission of Royal Society of Chemistry.
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exhibit fundamentally different self-association kinetics com-

pared to the linear chains in the shell, and significantly

influenced the release of cisplatin complexed in the PAA core

(Fig. 7A). This is an interesting example of how the core/corona

structures can be synthetically tuned and how this affects

potential application scenarios.51 Regarding the above-mentioned

examples, toothbrush shaped DHCs reveal great potential to be

applied as templates,74 protective shells6,7 and for the controlled

delivery of drugs.51

Hyperbranched and dendritic architectures

In general, there exist two types of hyperbranched and dendritic

DHCs. One consists of a linear PEG linked to a hyperbranched

segment, and the other is based on polyamidoamine dendri-

mers (HPAMAM) containing PEG or poly(lysin) grafts (Fig. 7B).

Hyperbranched linear DHCs feature an enhanced water solu-

bility, a high density of the polymer itself, polyfunctionality,

and a high local concentration of functional end-groups.17,38,60

This results in increased loading capacities, and more effective

chelation of metal ions compared to linear DHCs as investi-

gated by Qi et al.,60 rendering them suitable for drug-delivery

and catalytic systems or templates.17,38,60 PEG-b-poly(glycerol)

was synthesised starting from PEG-OH in four steps. First, it

was chain-extended with ethoxyethyl glycidol ether, and the

hydroxyl group deprotected and deprotonated before branches

were introduced using glycidol.60 Lee et al. exploited the poly-

functional hydroxyl groups for the attachment of the anticancer

drug doxorubicin via hydrazon-based bonds. The obtained

micelles were successfully tested as drug delivery systems.17

On the other hand, PEG-b-PEI were found to be suitable

nanoreactors for the synthesis and stabilisation of CdS and

Pd, Cu, Rh and Pt NPs. The amino moieties allow a strong

interaction with the NP surface, and the corresponding

systems are interesting candidates for catalysis in water or

biomineralisation.60,108

Multi-arm dendritic polymers form highly stable (uni-

molecular) micelles and feature a functional interior, rendering

these materials useful nanocapsules and nanoreactors to

be applied in the template-assisted synthesis of nanoparticles

and drug-delivery systems.103–107 The hydrophilic PEG or

poly(lysine) side-chains, respectively, hereby promote the for-

mation of core–shell structures,103 increase transfection effi-

ciency and reduce cytotoxicity.104,107 The HPAMAM core is

prepared from an AB monomer (methyl acrylate) and a C4

monomer (ethylene diamine) by Michael-addition reactions

followed by amidation.103,105 In a grafting-onto approach, the

peripheral amine groups were converted with activated PEGs

containing an N-hydroxysuccinimide (NHS) ester105 or succini-

mide carbonate moiety.104 Also, the HPAMAM end-groups can

be activated before grafting PEG, which was already realised for

hydrazones,103 oligoamines, and alkynes.106 The grafting-from

approach is also possible for this topology class, as already

studied by Pan et al. They polymerised modified lysine from the

dendrimers before a subsequent deprotection step. The

obtained polymers form nanoplexes with DNA and were found

to be effective gene vectors.107

Macrocyclic DHCs

Until now, cyclic- or ring-shaped polymers remained relatively

unexplored as a consequence of the complex synthetic proce-

dures required. However, they exhibit unique properties due to

their lack of end-groups or reduced hydrodynamic radii, and

developments in their synthesis have led to increased interest

in these architectures.109,110 Z. Ge et al. synthesised linear

a,o-heterodifunctional poly(2-(2-methoxy-ethoxy)-ethyl metha-

crylate)-block-poly(oligo(ethylene glycol)methyl ether methacrylate),

Fig. 7 (A) Schematic depiction of the influence of the micellar geometry on the self-association and drug release of DHCs. Reprinted with permission

from ref. 51. Copyright r 2018 American Chemical Society and (B) schematic depiction of linear, branched, and dendritic DHCs, and the structural

elements of the corresponding segments. Linear hyperbranched DHCs typically consist of a PEG segment and hyperbranched glycerol17,38 or PEI.60

Dendritic DHCs usually consist of a HPAMAM core and either PEG103–106 or PLL side-chains.107
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alkenyl-PMEO2MA-b-POEGMA-N3 block copolymers via successive

ATRP and end-group functionalisation, which form micelles at

40 1C in water. This leads to the spatial separation of the

alkenyl and azide moieties, and under suitable conditions for

click chemistry only released unimers will react intramolecularly.

This procedure allows the reaction of relatively high concentra-

tions of linear precursors, which is unusual for the synthesis of

macrocycles and the corresponding cyclic- PMEO2MA-b-POEGMA

were able to form flower-like micelles. Using the same procedure,

pH-responsive cyclic-PDMA-b-PDEA was synthesised and com-

pared to the linear precursors. Their self-assembly differs result-

ing in higher critical micelle concentrations (CMC), more

compact hydrodynamic radii, and lower aggregation numbers.8

There appears to be a lot of potential in the design of ring-

shaped DHCs and even novel architectures, e.g., multicycles or

tadpoles could be implemented.

Crosslinking of DHCs

Crosslinked nanostructures consisting of DHBCs could be

considered a separate architectural subclass, which forms 3D

structures where at least one part is crosslinked. While assem-

blies from linear DHBCs may dissociate under dilute condi-

tions such as within body fluids, crosslinked nano-objects

benefit from higher stability and longer lifetime.64,65,111 Hence,

they are promising candidates as drug delivery systems, e.g., in

cancer treatment loading doxorubicin or cisplatin in the

core,111,112 which justifies additional steps in the synthetic

protocol. In the literature, three morphologies exist: core cross-

linked micelles,111–114 vesicles,64–66 and nanogels.115 The cross-

linking of preformed 3D objects was, for example, achieved

starting from polymerisation-induced self-assembly (PISA),

complexation with metal ions, or even from DHBC aggregates

in pure water. The crosslinking can be viewed as an additional

design element, by determining the density or the type of

linker, e.g., resulting in degradable or non-degradable junction

points.

In general, PISA is an emerging technique for the prepara-

tion of block copolymer nanostructures via various controlled

polymerisation methods. Hereby, well-soluble segments are

chain-extended with a solvophobic monomer, decreasing solu-

bility and inducing aggregation at a certain degree of poly-

merisation, resulting in the formation of nano-objects.116,117

PISA was exploited for the preparation of crosslinked poly-

(ethylene glycol) methyl ether methacrylate-block-poly(glycerol

methacrylate-co-bis(2-methacryloyl)oxyethyl disulfide)) PPEGMA-b-

(PGLMA/PBMOD) vesicles. At first, PPEGMA macroinitiators were

synthesised via reversible complexation mediated polymerisation

before polymerising the second segment consisting of hydro-

phobic solketal methacrylate and bis(2-methacryloyl)oxyethyl dis-

ulfide as crosslinker. The obtained crosslinked amphiphilic ABC

vesicles were then hydrolysed to obtain double hydrophilic

PPEGMA-b-(PGLMA/PBMOD) vesicles with hydrodynamic dia-

meters of 190 nm, as shown in Fig. 8A.66

Upon employing a disulfide-based crosslinking strategy, the

corresponding nano-objects could be cleaved in the presence

of glutathione, which is found in tumour cells, leading to the

dissolution of the nanostructures and rendering these materials

highly interesting nanocarriers.66 Qu et al.114 synthesised cross-

linked poly[poly(ethylene glycol)methyl ether methacrylate-block-

N,N0-di(methyl amino)ethyl methacrylate-block-methacrylic acid]

PPEGMEMA-b-PDMAEMA-b-PMAAmicelles starting frommicellar

PPEGMEMA-b-PDMAEMA-b-poly(tert butyl methacrylate) (PtBMA)

Fig. 8 (A) DLS measurements (a) and TEM micrographs (b) of the crosslinked double hydrophilic vesicles described by Sarkar et al.66 Adapted from ref.

66. with permission of Royal Society of Chemistry. (B) Preparation of a nanogel by the photo-induced crosslinking of the coumarin containing core.118

Reprinted with permission from ref. 118. Copyright r 2009 American Chemical Society.
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triblock terpolymers. In this case, hydrophobic PtBMA segments,

bearing reactive end-groups, self-assemble within the core. Then,

the addition of a bifunctional crosslinker stabilises the structures

before the tert-butyl groups are cleaved to obtain hydrophilic

PMAA. Each segment exhibits its own function in this system:

PPEGMA acts as a stabiliser in the corona and increases biocom-

patibility, PDMAEMA induces pH-dependent charge, PtBMA pro-

motes the self-assembly and its product PMAA acts as a proton

sponge.114

Willersinn et al. described the self-assembly of PEO-b-

poly(N-vinyl pyrrolidone)-co-(N-vinyl imidazole)) and pullulan-

block-poly(N-vinyl pyrrolidone) in water, without an external

stimulus, forming vesicles. This behaviour is not fully under-

stood yet, but probably results from the different hydrophilicity

of each segment, differences in chain rigidity, and the volume

fraction may also be a contributing factor.64,65

While the vinyl imidazole-containing polymer was cross-

linked with a dihalide,64 in case of pullulan segments this

was realised by cysteamine dihydrochloride, yielding stable

vesicles with a diameter of 700 nm.65 Upon using this cross-

linking agent, the pH- or redox-induced disassembly is possi-

ble, leading to an increased amount of unimer species.

Bronich et al.,113 Kim et al.,111 and Bontha et al.112 exploited

the polyion-metal complex formation of PMA and Ca2+ (Ba2+

and Sr2+ are also possible) to induce micellisation. Here,

commercially available PEO-b-PMA was complexed by adding

CaCl2 and the resulting physically crosslinked micelles were

converted with 1-(3-dimethyl amino propyl)-3-ethylcarbodi-

imide hydrochloride and 1,2-ethylenediamine to obtain further

crosslinks. The obtained micelles were purified by dialysis and

revealed diameters of around 170 nm, which were constant

even upon 100-fold dilution. The core-crosslinked micelles were

further tested as nanocarriers by loading doxorubicin and

cisplatin.111–113 A similar approach was applied for graft-comb

Pluronic-PAA copolymers, leading to stable nano-gels with

pH-dependent swelling.112

In addition to the well-defined nano-sized micelles and

vesicles described above, covalently crosslinked double hydro-

philic nanogels and hydrogels must be mentioned in the

context of 3D architectures, although a concise distinction is

difficult. The synthesis of nanogels by various approaches has

been reviewed by Khoee and Asadi.119 Herein, the preparation

from polymer precursors or monomers is described via differ-

ent crosslinking reactions. The corresponding materials exhibit

high water uptake, biocompatibility, and promising mechanical

properties. Among others, for example, photo-crosslinkable

PEG-b-P(DMAEMA-co-2-cinnamoyloxyethyl acrylate),120 or PEO-

b-P(MEOMA-co-4-methyl-[7-(methacryloyl)oxyethyloxy]coumarin]

nanogels were examined and the thermo and light-responsive

behaviour is depicted in Fig. 8B.118 Although not mentioned

in this review, another interesting example is a core–shell PSB-b-

PNIPAAm nanogel, revealing a dual-thermo response with

both upper critical solution temperature (UCST) and LCST

behaviour.121 It is also noteworthy that PEG-PEI nanogels, which

were first introduced in 1999, are promising drug delivery

systems.122–124

Stimuli-responsive polymers

The last decades have witnessed tremendous progress in the

field of stimuli-responsive polymers. This is predominantly

owed to the new strategies available for the polymerisation of

‘‘functional’’ monomers and the active development of post-

polymerisation modifications.125–133 During the revolutionary

stage of developing stimuli-responsive polymeric systems, DHC

have also emerged as a subclass in this family, adding notable

contributions to possible compositions and applications. The

stimuli-responsive behaviour is indeed an important concept

within DHCs, in general, since most of them also exhibit at

least one type of response, and this then significantly governs

the solution behaviour. As a result, their response to triggers is

exploited for self-assembly, to interact with metal ions, catch-

and-release mechanisms, or for translation into a measurable

readout.15,32,33,133–135 This expands the range of applications of

DHCs to include e.g., sensors, which will be described later.

In general, most of the above described DHCs with different

topologies also exhibit a stimuli-responsive in one way or

another. So far, Ge et al.10 discussed several stimuli responsive

hydrophilic copolymers for drug delivery and enhanced ima-

ging, summarising some interesting combinations. Herein, we

will focus on combinations of different monomers, yielding

DHCs which contain at least one stimuli-responsive building

block. As many excellent systems have been developed, we will

highlight some pioneering work in several categories including

double and multi-stimuli responsive hydrophilic copolymers

(DHCs and multi hydrophilic copolymers (MHCs)). A general

understanding of stimuli-responsive DHCs could help tailor

their properties for their implementation to fulfil certain tasks.

In the following section, stimuli-responsive DHCs are presented.

The DHCs were categorised as follows: stimuli-responsive

DHCs reacting towards the exposure of one or more triggers,

and MHCs exhibiting at least one stimuli-response with more

than two segments.

Stimuli-responsive DHCs

Thermo-responsive polymers. In addition to amphiphilic

thermo-responsive polymers, DHCs have been studied inten-

sively. The majority of these DHCs described involve a combi-

nation of thermo-responsive moieties with either non-ionic

or ionic (i.e., polyelectrolyte) segments to control the morpho-

logy and complexation,26,33 self-assembly,33,136,137 hydrogel

formation,138–140 or tuning of the LCST/UCST points.24,141–143

Some thermo-responsive DHCs with ionic and non-ionic seg-

ments are summarised in Table 3, with some of the interesting

and representative works highlighted below. It is worth noting,

that most of the thermo-responsive DHCs contain PNIPAAm

segments, being also one of the most studied thermo-

responsive homopolymers.

One of the first examples of ionic segments was reported by

Laschewsky in 2002 (Fig. 9A). They reported a ‘‘schizophrenic’’

thermo-responsive DHC, which was constructed from non-ionic

NIPAAm and the zwitterionic monomer 3-[N-(3-methacryl amido

propyl)-N,N-dimethyl] ammonium propane sulfonate (SPP) by
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Table 3 Selected examples of thermo-responsive DHCs, showing their structure and potential features. In addition to their thermo-response, the

materials are responsive towards pH and metal ions

(Co)polymer structures Special features Ref.

(Co)polymers containing PNIPAAm units

Room temperature synthesis of PNIPAAm 138, 153 and 154
Temperature-induced self-assembly
Nanostructured hydrogels
Dual thermo-responsive

Formation of polyplex micelles
Thermo- and pH-responsive

137 and 155

Thermo- and pH-responsive 156

Coil-to-helix transitions based on polypeptide
Thermo- and pH-responsive

157

Gold nanoparticle incorporated core and shell
Thermo- and pH-responsive

158

Schizophrenic micelles
Dual thermo-responsive

24

‘‘Schizophrenic’’ self-assembly: from
micelles to vesicles
Thermo- and pH-responsive

159

Co-assembly of double-hydrophilic block
copolymer and interpolyelectrolyte complex
Thermo- and pH-responsive

88
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Table 3 (continued )

(Co)polymer structures Special features Ref.

Triple hydrophilic UCST–LCST block Copolymers
Thermo- and pH-responsive

141

Formation of circular micelles with
a sunflower-like structure
Dual thermo-responsive

160

Tunable morphology
Thermo- and pH-responsive

161

Controlled drug delivery
Thermo- and pH-responsive

162

Preparation and stabilisation of AuNPs
Thermo- and pH-responsive

163

Stimuli-responsive microgels and their
assembly through metal–ligand interactions
Thermo- and metal ion-responsive

164

Polyampholytic graft copolymers
Self-assembly in solution
Triple thermo-, pH- and metal ion-responsive

15

(Co)polymers based on other thermoresponsive units

Self-assembly in solution
Thermo- and metal ion-responsive

33
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Table 3 (continued )

(Co)polymer structures Special features Ref.

Step-wise self-assembly 165
Thermo-responsive

Functionalisation of quantum dots 166
Thermo-responsive

Non-linear thermoresponsive (co)polymers

Non-linear multi-responsive, multi-hydrophilic
block copolymers

67 and 94

Thermo- and pH-responsive

Multi-hydrophilic block copolymers

9

3 and 95
Thermo- and pH-responsive

Pentablock star-shaped polymers 92
Thermo-responsive
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RAFT polymerisation (Fig. 9A). This block copolymer showed

double thermo-responsive behaviour in water. Both segments of

these DHC dissolve in aqueous solution at intermediate tempera-

tures, while at high temperatures, the NIPAAm segment collapses

due to the LCST. At lower temperature the SPP chains collapse

due to UCST behaviour.

In another interesting example, Müller et al.144 also reported

PNIPAAm-b-PAA by RAFT polymerisation (Fig. 9B), where the

formation of larger aggregates at pH 4.5 and temperatures

above the LCST point was reported. However, their study also

confirmed that the solution behaviour is strongly dependent on

hydrogen bonding interactions between the acrylic acid and

NIPAAm segments.33 Indeed, they were also able to tune the

cloud point of PNIPAAm from Tc = 32 1C to 35 1C by adjusting

the pH value. This is due to the fact that acrylic acid segments

are highly charged at pH 5–7 and thereby increase the cloud

point temperature. However, below pH 4.5 charge density

decreases, which has an adverse effect. In another key example,

Max et al.,15 presented a triple-responsive graft copolymer

based on PDha featuring monomeric NIPAAm side chains

(PDha-g-NIPAAm), which after being used as a template for

the preparation of AgNPs could be used as a sensor for pH,

temperature, as well as the presence of multivalent metal ions.

Thermo-responsive DHC-containing non-ionic segments

mostly feature PEG, and as one interesting and early work,

Zhang et al.145 reported thermo-responsive micellisation of

poly(ethylene glycol)-block-poly(N-isopropylacrylamide) (PEG-b-

PNIPAAm) in aqueous solution. Their observation indicated the

formation of micellar structures, which could be tuned by the

block copolymer concentration and composition.

Poly(2-alkyl-2-oxazoline)s, e.g., featuring methyl, ethyl, pro-

pyl, or isopropyl side chains, have also received great attention

for constructing DHCs.146–148 Two representative recent exam-

ples are DHC of poly(2-methyl-2-oxazoline)-block-poly(2-ethyl-2-

oxazoline) (PMeOx-b-PEtOx) and poly(2-isopropyl-2-oxazoline)-

block-poly(2-methyl-2-oxazoline) (PiPrOx-b-PMeOx) reported

by Guégan et al.149 They show a pathway to obtain DHBCs in

a two-step procedure, with an inside cationic part and a

hydrophilic and neutral outer part that are very promising for

polyplex formation towards non-viral gene delivery. In another

key work for poly(2-alkyl-2-oxazoline)s, Takahashi et al.148 com-

bined poly(2-isopropyl-2-oxazoline) and poly(N-isopropylacryl-

amide) (PiPrOx-b-PNIPAAm), and they reported that the dehy-

dration of each block does not occur independently. However,

non-ionic blocks like PEG were also attached to thermo-

responsive units such as PNIPAAm and poly(2-oxazoline)s for

different applications, one example being hydrogel formation.150,151

Sanson et al.150 reportedmicrogels fromNIPAAm in the presence

of poly(ethylene glycol)methacrylate (PEG) as amacro-comonomer

and methylene bisacrylamide (MBA) as crosslinker.

Pullulan, another non-ionic block, was also combined with

thermo-responsive PiPrOx. Here, Morimoto et al.152 reported

the preparation of polymeric biphasic, gel/crystal nanocompo-

sites using simple heat treatment in water. According to their

observations, an appropriate selection of the length of the

PiPrOx can lead to reversibly thermo-responsive nano-gels

and permanently fixed crystalline/amorphous nano-assemblies.

pH-Responsive DHCs

In the previous section, we showed that the properties of

thermo-responsive DHCs can be tuned by adding pH-

responsive segments. Now, we will show that pH-responsive

materials are influenced by the incorporation of either thermo-

responsive or other non-ionic segments.

The concept of ‘‘pH-responsive polymers’’ predominantly

describes polymers with ionisable acidic or basic functional

groups where the overall charge varies with the solution pH.

These groups can either accept or release protons upon

changes in local pH, and this topic has seen a tremendous

amount of contributions already.129,130,167 In this direction,

DHCs containing pH-responsive functional groups have also

become increasingly popular during the past few years.

In general, DHCs with pH-responsive segments commonly

can either exhibit reversible changes in solubility or conformational

Fig. 9 (A) Simplified model of the self-assembly of PNIPAAm-b-PSPP block copolymers with temperature.24 Reprinted with permission from ref. 24.

Copyrightr 2002 American Chemical Society and (B) illustration of the aggregate formation for PNIPAAm-b-PAA in aqueous solution in dependence of

pH and temperature. Reprinted with permission from ref. 144. Copyright r 2002 American Chemical Society.
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properties as a function of pH. Functional groups are mostly ionic

moieties that can dissociate into charged groups or form ionic

groups upon protonation. In response to changes in solution pH,

one of the segments becomes less hydrophilic, which usually leads

to aggregation. The respective DHCs contain a range of suitable

comonomers, and are summarised in Table 4. Their solution

behaviour is mainly based on ionic interactions, which lead to

variations in the chain stretching due to electrostatic repulsions,

rendering such materials of interest for different applications as

stabilisers, templates for NP formation, drug and gene delivery,

as surfactants, dispersants, sensors, in catalysis, or as surface

modifiers, complexants, or building blocks for the formation of

hydrogels.15,46,91,168–170

Structures of pH-responsive DHCs vary in architecture and,

similar to stimuli-responsive polymers in general, typical exam-

ples of pH-responsive groups are carboxyl, pyridine, sulfonic

acids, phosphates, or tertiary amines. However, polyampholytic

or polyzwitterionic segments bear both basic and acidic groups,

sometimes even within the same monomer unit.15,24,63,171,172

In addition, the combination of ionic groups can be chosen

depending on any desired application or targeted composition.

A well-known combination is poly(ethylene oxide)-block-

poly(methacrylic acid) which was reported by Murata et al.173

in 2002. They reported nanoaggregate formation upon metal

ion chelation in water.173 Later in 2005, Bronich et al.113 devel-

oped PEO-b-PAA/Ca2+ by crosslinking the core (Fig. 10A).

Almost simultaneously, Tjandra et al.174 reported the use of

PEO-b-PMAA, which was prepared by ATRP, as a template for

the formation of hydroxyapatite.

PEO-b-PMAA was further investigated for understanding the

solution behaviour in the presence of Ca2+ ions by Sondjaja

et al.176 They observed that the aggregates not only depend on

the Ca2+/block copolymer ratio, but that structural rearrange-

ments of the resulting Ca2+/PEO-b-PMAA complex were also

triggered by changes of the water activity itself. In 2008,

Gérardin et al.175 reported another innovative strategy to con-

struct mesoporous materials at room temperature in aqueous

medium using PEO-b-PAA (Fig. 10B). Later, Ra Schin et al.23

reported vesicle formation of PEO-b-PAA by self-assembly and

degradation in response to the pH value (Fig. 10C). In another

example, Hao et al.84 investigated the solution behaviour of

PAA-g-PEO, and their results indicated the formation of large

inter-chain complexes, which also depended on the pH value

and salt concentration.

The complexation between DHCs presenting oppositely

charged ionic segments has also been of great interest for the

construction of well-defined nano-objects.44,177,178 This is also

known as polyion complexation (PIC) or interpolyelectrolyte

complex formation (IPEC), and pioneering work in this field

has been described by Kataoka and Harada, focusing on the

application of these systems as potential nanocarrier systems.44

In this review, they indicate that extensive studies have been

carried out on polyion complex micelles from DHC systems. As

an interesting example, we should highlight the research by

Yusa et al.178 Here, they described the RAFT polymerisation of

diblock copolymers consisting of a hydrophilic poly(2-(methacryl

oyloxy)ethyl phosphoryl choline) (PMPC) block and either a

cationic or anionic block was prepared from (3-(methacryl

amido)propyl)trimethyl ammonium chloride (MAPTAC) or

sodium 2-(acrylamido)-2-methylpropanesulfonate (AMPS) (Fig. 11A).

Polyion complex vesicles were afterwards formed upon mixing

and stoichiometric charge neutralisation.

Another interesting subclass of pH-responsive DHCs are

materials featuring polypeptide/amino acid units (amino acids,

Tables 3 and 4). Prominent examples are poly(L-glutamic acid)

(PLGA), poly(dehydroalanine) (PDha), poly(histidine) (PHIS), or

poly(aspartic acid) (PASA).15,126,162,167,179–181 Some of these

polymers are inherently biocompatible and even degradable.126,167

Aside from being biocompatible, such examples are able to

synergistically combine features from synthetic and natural

polymers, such as their design, synthetic access and bio-

mimicking properties.126 Selected examples include the work

of Kataoka et al.,182–184 or Rodrı́guez-Hernández et al.177 In the

latter case, the reversible self-assembly of schizophrenic vesicles

for zwitterionic diblock copolymers from poly(L-glutamic acid)-

block-poly(L-lysine) (PGA-b-PLys) has been demonstrated (Fig. 11B).

They also described the mechanism by neutralisation of the

polypeptide block, which then changes from a random coil

conformation into a neutral and compact a-helical structure.

Another recent example in the category of polypeptides is

cationic poly(L-arginine) for constructing double hydrophilic

block copolypeptides. The cationic segment can penetrate cells,

and was already used in supra-amphiphile-based polymers.

Furthermore, Praveen et al.185 described the synthesis of a

pH-responsive supra-amphiphilic DHBC based on PEG-b-PLys)

(Fig. 11C). Encapsulation of the hydrophobic model dye Nile red,

and subsequent co-localisation studies, showed the successful

uptake of encapsulation of the dye.

Light-responsive DHCs

Light-responsive materials are receiving more andmore attention,

mainly because the ‘‘activation’’ can be controlled both spatially

and temporally.210 Consequently, light-responsive polymers have

been the subject of several recent reviews.125,210–212

While temperature- and pH-responsive DHCs have been

reported frequently, the world of light-responsive DHCs is

rather unexplored compared to that. One reason for this,

presumably, is that many of the chromophores employed are

rather hydrophobic.

In general, photochromic dyes are used to construct light-

responsive polymers. These dyes usually undergo absorption or

excitation and a reversible or irreversible isomerisation upon

irradiation. This behaviour is typically associated with a change

in polarity, as well as a corresponding colour change. Such

processes are observed in hydrophobic compounds like azo-

benzene, spiropyran, salicylideneaniline, spyrooxazine, coumarin,

etc.125,213–217 Although these moieties are rather hydrophobic,

some light-responsive DHCs have appeared recently (Table 5).

They can be divided into two main categories: (i) the light-

responsive units are comonomers and chromophores simulta-

neously, or (ii) the chromophore is introduced as an end-group

(label).
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Table 4 Examples of pH-responsive DHCs, showing their structure and potential features and applications. In addition to their pH-response, the

materials are responsive towards: temperature and metal ions

(Co)polymer structures Special feature/application Ref.

pH-Responsive DHCs carrying carboxylic acid units
Self-assembly/disassembly of giant vesicles at
biologically-relevant pH, ion complexation, templates

23, 176 and 186–188

Photocontrolled self-assembly of supramolecular
polymer nanocontainers
Oxidation-responsive micelles based on a
selenium-containing polymeric superamphiphiles
pH- and metal ion-responsive
Tunable self-assembly 189
pH-Responsive

Encapsulation and release of metalloporphyrins 27 and 168
Dispersion of TiO2

Dual pH-responsive

Hydration-dependent hierarchical structures 190
pH-Responsive

Coating of iron oxide NPs to provide colloidal stability 191 and 192
Template for Zinc Oxide/Magnetite iron oxide nanoparticles
pH-Responsive

Dispersant for coal 193 and 194
Template for magnetite iron oxide nanoparticles
pH-Responsive

Application in oil recovery 195
Multi-acidic
pH-Responsive

Well-defined AB2 Y-shaped miktoarm star polypeptide 96
Dual pH-Responsive superamphiphiles
pH-Responsive
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Table 4 (continued )

(Co)polymer structures Special feature/application Ref.

Voltage-responsive superamphiphiles
pH-Responsive

196

Platform to construct tunable and functional
super-amphiphilic aggregates

197

pH-Responsive

pH-Responsive DHCs carrying non-carboxylic acid units
Micellisation induced by porphyrin 198–202
Template
pH-Responsive

Template for superparamagnetic iron oxide
nanoparticles

201 and 202

pH-Responsive

Polyphosphoester-based responsive DHBC 203
pH-Responsive

Iminoboronate-based dual-responsive micelles 204
pH-Responsive

Mixed polyplex micelles 137
Dual pH-responsive

Multi-responsive hydrogels 205
Glucose and pH-responsive
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As an example for the attachment of a hydrophilic chromo-

phore to a DHC backbone, we must highlight the work of

Boussiron et al.218 and Gota et al.219 The former reported

light-responsive core–shell particles were accessed by RAFT

polymerisation of acrylic acid with 2-Rose Bengal ethyl acrylate.

Self-assembly occurs once the hydrophilic macromolecular

Table 4 (continued )

(Co)polymer structures Special feature/application Ref.

Spectrophotometric determination of fluoride 206
pH-Responsive

Formation of polyion complex vesicles 207
pH-Responsive

Polyelectrolyte–surfactant complexes 208 and 209
Solubilisation of hydrophobic compounds (pyrene)
pH-Responsive

Fig. 10 (A) Polymeric micelle with crosslinked ionic core. Reprinted with permission from ref. 113. Copyright r 2005 American Chemical Society.

(B) Schematic formation and degradation of vesicles formed from PEO-b-PAA. Adapted with permission from ref. 23. Copyright 2018, Royal Society of

Chemistry, and (C) schematic illustration for structuring silica using induced micelles of DHCs. Reprinted with permission from ref. 175. Copyright r

2008 John Wiley & Sons, Inc.
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chain transfer agent is extended with hydrophobic n-butyl

acrylate leading to PISA. (Fig. 12). This then allowed the prepara-

tion of light-responsive polymeric films.

In this direction, Hu et al.220 also reported the fabrication of

highly sensitive fluorescent probes for pH value and tempera-

ture based on a DHC of NIPAAm and oligo(ethylene glycol)

monomethyl ether methacrylate (OEGMA). In this case, both

blocks were copolymerised with rhodamine B-ethylene diamine

(RhBAM) and fluorescein isothiocyanate (FITC) to prepare

P(NIPAAm-co-FITC)-b-P(OEGMA-co-RhBAM). Upon heating, the

collapse of the PNIPAAm leads to micelles enabling effective

fluorescence resonance energy transfer between the FITC and

RhBAM units.

Regarding the aforementioned labelling approach, most

DHC examples were prepared by attachment of one or several

chromophores to a polymer backbone (Table 5). Notably, even

one light-responsive unit can be sufficient to induce significant

property changes or to enable tracking of the resulting DHC,

allowing the use of these samples as florescence probes,220

labelling reagents for drug delivery,221,226,227 in fluorometric

techniques,228 as polymeric pH sensors, chemosensors and

biosensors,229–231 or as temperature probes.232 As another

interesting case, Romão et al.221 labelled poly(N,N-dimethyl

acrylamide)-block-poly(N,N-diethyl acrylamide) with rhodamine

B and used the resulting DHC to monitor phase separation and

interactions in mixed monolayers of dipalmitoyl phosphati-

dylglycerol.

Stimuli-responsive MHCs

Nowadays, a relatively new trend in stimuli-responsive poly-

meric materials is the combination of several functional

moieties within one polymer that can respond to different

stimuli. As a result, multi-stimuli responsive polymers appeared

(response to 42 triggers), which can be regarded as a starting

point for complex sensing or versatile theranostic approaches.130

These materials are often synthetically more challenging, but in

return offer broad applicability.233,234 Ideally, the combination of

different and orthogonal stimuli can enhance the degree of

precision of a given sensor and in addition changes the condi-

tions necessary for a certain response.130

DHCs have also been developed in that direction, with the

predominant focus on sensing applications.15,229,235,236

We have already presented different examples regarding the

synthesis of DHCs, including the introduction of different

stimuli-responsive units. Often, also here one building block

represents a temperature-responsive polymer segment, and

prominent examples are listed in Table 6. Hereby, additional

thermo-, pH-, or light-responsive building blocks were intro-

duced. As already mentioned, variation of the pH value can

directly influence the LCST of a given system. For instance,

Jinag et al.237 reported the preparation of multi-responsive

DHCs that combine pH-responsive segments with thermo-

responsive poly(N-isopropyl acrylamide) (Fig. 13A).

As an example, an ABC triblock terpolymer, poly(2-(diethyl

amino)ethyl methacrylate)-block-poly(2-(dimethyl amino)ethyl

methacrylate)-block-poly(N-isopropylacrylamide) (PDEA-b-PDMA-

b-PNIPAM) was synthesised by RAFT polymerisation. They

reported on ‘‘schizophrenic’’ micellisation in aqueous solution.

However, three-layered micelles were also observed.

In another approach to construct multi-responsive DHCs,

thermo-responsive blocks can be combined with light-responsive

segments. He et al.238 reported on the preparation of nanogels

Fig. 11 (A) Schematic illustration of polyion complex vesicle formation from charged diblock copolymers. Adapted with permission from ref. 178.

Copyright 2017, Molecular Diversity Preservation International, (B) schematic representation of the self-assembly into vesicles of the diblock copolymer

PGA-b-PLys.177 Reprinted with permission from ref. 177. Copyrightr 2005 American Chemical Society, and (C) supramolecular self-assembly between

double hydrophilic PEG-b-poly(L-homoarginine) and carboxylate-containing amphiphiles leading to nanoparticle formation.185 Reprinted with permis-

sion from ref. 185. Copyright r 2019 American Chemical Society.
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Table 5 Examples of light-responsive DHCs, showing their structure and potential features and applications. In addition to their light-response the

materials are responsive towards: temperature, pH, and metal ions

Copolymer Special feature/application Ref.

Light-responsive DHCs with chromophores as end-group
Schizophrenic behaviour 221 and 222
Dye end-group
Light signal and thermo-responsive

Dye end-group 223
Light- and thermo-responsive

Multi-responsive microgels 164
Light-, metal ion- and thermo-responsive

Light-responsive DHCs with chromophores as separate comonomer
Temperature-dependent fluorescence lifetime 219
Light- and thermo-responsive

Shell material for photoactive latex particles
through polymerisation-induced self-assembly

218

Production of singlet oxygen
Light- and pH-Responsive

Probes for ratiometric fluorescent and chiroptical
F� sensors

224

Light-responsive

Sensor for sensitive detection and bioimaging
of Zn2+ and Pb2+

225

Light-, metal ion- and thermo-responsive
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from poly[N,N-dimethyl acrylamide-co-4-methyl-[7-(methacryloyl)

oxyethyloxy] coumarin]-block-poly[N-isopropylacrylamide-co-

4-methyl-[7-(methacryloyl) oxyethyloxy]coumarin] (P(DMA-co-

CMA)-b-P(NIPAM-co-CMA)) by RAFT polymerisation (Fig. 13B).

In this work, they incorporated coumarin as photo-crosslinkers

randomly into the two constituting blocks, after crosslinking,

the prepared nanostructures were both light- and temperature-

responsive.

In another DHC system reported by Yu et al.,239 a thermo-

and pH-responsive block was prepared by the copolymerisation

of N-hydroxymethyl acrylamide (NHMA) and NIPAAm, which

was then grafted with 2-diazo-1,2-naphthoquinone to generate

a triple-responsive DHC, albeit the light response was irrever-

sible in this case.

In case of PEG, a non-ionic segment, in combination with

another responsive block often enables self-assembly on demand

(trigger), whereby PEG grants the overall solubility of the formed

nanostructure. As one example, Wei et al.240 reported triple

hydrophilic block copolymers with dual LCST from PEG-b-

PNIPAAm-b-P(NIPAAm-co-HEAAm) by ATRP (Fig. 13C). This

led to a two-stage morphological transition, starting from

unimers to micelles, and finally to vesicles.

In another interesting example, Banerjee et al.241 investi-

gated a series of triblock terpolymers from poly(ethylene glycol)-

block-poly(N-isopropyl acrylamide)-block-poly(tert-butyl acrylate)

and poly(ethylene glycol)-block-poly(N-isopropyl acrylamide)-

block-poly(glycidyl methacrylate). In addition, different morpho-

logical transitions in water could be demonstrated here.

As outlined above, the properties and functions of DHCs can

not only be tuned by the choice of the topology but also the

smart combination of stimuli-responses. This adds more func-

tionality, and the interplay of different responses gives inter-

esting solution properties, e.g., schizophrenic micellisation,

the possibility of crosslinking or different readout signals.

Considering these design aspects, certain applications may be

targeted, as described in the following section.

Applications

Water-soluble polymers are very attractive materials, and they

find applications in various fields from cosmetics, detergents,

water treatment, or coatings.5,221–225 This is mostly due to favour-

able interactions with other materials, e.g., complex formation or

even stabilising effects to improve solubility.48,170,251–254 Examples

would be the coating,29 stabilisation,12,48 or functionalization of

inorganic nanoparticles in aqueous media.15,33,249 DHCs play a

significant role here, and are employed in drug and gene delivery,

as surfactants, or to support crystallisation. Their application has

already been addressed in several review articles.11,44,49,255 How-

ever, during the last twenty years, new applications for DHCs have

appeared.11,44,49,255 These will be outlined here and discussed for

different DHCs in the following sections. First, we will focus on

hybrid materials based on DHCs, which currently represent one of

the most vibrant areas of nanoscience research. We will also show

that DHCs offer intriguing properties for the design of hybrid

materials and how additional functionality can be implemented.

We will then discuss some of their interesting applications in

catalysis and sensing, which address some of the current society

demands, e.g. the efficient hydrogen production or the sensing of

heavy metal ions.15,61

Hybrid materials based on DHCs

Organic–inorganic hybrid materials have been widely utilised –

even in industrial applications.52,256–258 The integration of both

organic and inorganic components into one material is desired

to improve the overall features, to tune the physical and

chemical properties and obtain additional functionalities in

the resulting hybrid materials.257

More specific, hybrid materials based on polymers have

attracted great attention, and show outstanding potential to

combine different properties in one material and open new

windows towards catalysis, sensing, adsorption, separation, gas

storage, or optical devices.258–261

DHCs, typically the organic component of such a hybrid

material, generally act as templates, stabilisers and matrices

for the inorganic building blocks. Multifunctional stimuli-

responsive polymers have become an indispensable component

of organic–inorganic hybrid materials, and many reviews have

addressed both stimuli-responsive polymers129,130,227 and

hybrid materials.52,256–258 Yet, a comprehensive review sum-

marising the current progress in hybrid materials based on

stimuli-responsive DHCs is not available. Consequently, this

part of the review will elucidate hybrid materials based solely

on DHCs as the organic component, focusing on new applica-

tions for these hybrid systems.

Commonly, DHCs are used as modifiers, shell coating, tem-

plates, stabilisers, embedding environment and synthetic reactors

for inorganic materials such as metal ions, noble metal nano-

particles, (semiconducting) metal oxides and silicon oxide nano-

particles. The tunability of DHCs and their functional groups allows

almost perfect control over the properties of the hybrid system.

This can be observed e.g. for control over the size distribution of

semiconducting, magnetic, and noble metal NPs.12,61

Fig. 12 Schematic illustration for the synthesis of photoactive latex par-

ticles and films.218 Reprinted with permission from ref. 218.r 2018 Wiley-

VCH Verlag GmbH & Co.
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Table 6 Examples of stimuli-responsive MHCs, being responsive to light, temperature, pH, and metal ions

Copolymers Stimuli-response/feature Ref.

Thermo-responsive 242
Statistical, diblock and triblock copolymers
Tunable aggregation behavior

Temperature-dependent self-assembly 243
Crosslinking possible
Thermo-responsive

Multi-arm star-shaped glycopolymers 244
Sugars as binding sites
Thermo-responsive

Triple hydrophilic block copolymer with dual
LCST and temperature-induced self-assembly

240

Thermo-responsive

Tunable self-assembly 241
Thermo-responsive

Sono-RAFT polymerisation-induced self-assembly 245
thermo-responsive

Sequence-controlled multi-block copolymerization 35
Dual thermo-responsive

BAB triblock copolymer 171
Tunable aggregation behavior
Thermo-responsive

Dual pH- and thermo-responsive 246

Complexation of a cationic surfactant 85
pH- and thermo-responsive
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Table 6 (continued )

Copolymers Stimuli-response/feature Ref.

pH- and thermo-responsive 247

pH- and thermo-responsive 237

pH- and thermo-responsive 248

Hg2+-Reactive probes 229
Light-, metal ion- and thermo-responsive

Ratiometric fluorescent detection of Hg2+ ions 235
Crosslinking possible
Light-, metal ion- and thermo-responsive

Fluorescence chemosensor 249
Metal ion and thermo-responsive

Dynamic hydrogel 140
Metal ion- and thermo-responsive

Detection of Hg2+ ions modulated by morphological changes 250
Metal ion- and thermo-responsive

Review Article Chem Soc Rev

P
u
b
li

sh
ed

 o
n
 1

0
 J

an
u
ar

y
 2

0
2
2
. 
D

o
w

n
lo

ad
ed

 b
y
 T

h
u
er

in
g
er

 U
n
iv

er
si

ta
ts

 L
an

d
es

b
ib

li
o
th

ek
 J

en
a 

o
n
 1

/1
0
/2

0
2
2
 2

:1
9
:2

7
 P

M
. 

View Article Online



This journal is © The Royal Society of Chemistry 2022 Chem. Soc. Rev.

DHCs with functional segments bearing ligand groups in

each monomer unit enable the interaction with metal ions,

inducing the formation of polyion complexes. In that regard

carboxylic acids, amino moieties, dopamine, and phosphonic

acid were found to be suitable binding sites.46,48,61,262 The

second block may either be ionic (positively or negatively

charged) or non-ionic in nature. These materials exhibit well-

defined micellar structures, stabilised by the second, solubility-

promoting block.33 For this, the choice of the DHC composition

and architecture determines the strength and type of interaction.

Mostly the interaction of the DHCs and the corresponding

component (metal ion, surface or NP) is physically, but also the

chemical linkage between the building blocks was observed.61,263

The hybrid materials introduced are either based on metal

cations (I), noble metal NPs (II), or semiconducting or metal

oxide NPs (III). In addition to the more common physical

interactions between components, a covalent approach will

be detailed as well (IV). These nanocomposites are high-

performing materials, and after elucidating the underlying role

of the DHCs and potential uses, we focus on their application

in catalysis and sensing.

Chelation of metal cations – concept and applications

Loading micellar structures with metal ions draws great atten-

tion because of their ability to use them as reservoirs of

inorganic ions in nanoreactors and catalytic reactions such as

inorganic polycondensation.264–266 Metal ions by themselves

often reveal interesting characteristics and may be incorporated

in DHC nanocontainers to increase their stability, or to deliver

them to a certain target. Here, the complexation of Mn2+, Gd2+

and Pt2+ is particularly relevant for biomedical applications.

Mn2+ has attracted particular attention due to its paramag-

netic properties arising from its 5 unpaired electrons and its

high coordination number.267,268 Mn2+ ions were also intro-

duced to DHC to induce self-assembly and to form magnetic

nano-objects by several research groups.26 Notably, complexa-

tion of Mn2+ ions does not always lead to self-assembly due to

the relatively high aqueous solubility of coordinated Mn2+ ions.

In this context, Shin et al.269 reported a more successful system

based on poly(ethylene glycol)-block-poly(acrylic acid) (PEG-b-

PAA) for direct conjugation of Mn2+ ions inside sterically

stabilised polymer assemblies (Fig. 14A). Moreover, PEG-b-

PAA was end-functionalised with the fluorophore pyrene. Their

observation indicates the ability of the hybrid system to form a

crosslinked gel-like scaffold with moderate hydrophilicity at the

Mn2+ ions-chelated interior, allowing efficient water permea-

tion for an enhanced magnetic resonance contrasting effect.

Magnetic Resonance Imaging (MRI) is a valuable medical

imaging technique that can be used for imaging and analysis of

biological tissue.270 In this technique, gadolinium ions are

employed as agents to provide contrast between different tissue

types.268,271 Immobilisation of Gd-complexes within macromo-

lecules is one way to slow down the rotational motion and

provide more efficient relaxation.268,271,272 Recently, DHCs were

also utilised to immobilise Gd-complexes through the for-

mation of hybrid polymeric NPs. In this area, Frangville

et al.19 reported a PEO-b-PAA DHBC complexing gadolinium

ions (Fig. 14B). The polymeric NPs formed through the chela-

tion of the gadolinium ions by the PAA units are stable against

dilution, pH, and ionic strength, and had an average diameter

near 20 nm. However, their observations regarding the mag-

netic properties of Gd ions proposed high magnetic relaxivities

and in vivo magnetic resonance potential for polymeric NPs.

Cisplatin, a platinum(II)-based anticancer drug, is a well-known

metal complex that exhibits high antitumor activity.273,274

However, its clinical toxicity can cause major problems.274,275

Fig. 13 (A) Schizophrenic micellisation of a PDEA-b-PDMA-b-PNIPAM triblock terpolymer in aqueous solution.237 Adapted with permission from ref.

237. Copyright r 2007 American Chemical Society. (B) Schematic illustration of the preparation of both core- and shell-crosslinked nanogel particles

and their thermal transitions in aqueous solution.238 Adopted with permission from ref. 238. Copyright r 2011 American Chemical Society, and (C)

schematic illustration of micelles and vesicles formed from PEG-b-PNIPAAm-b-P(NIPAAm-co-HEAAm) triblock copolymer,240 reprinted from ref. 240

with permission of Royal Society of Chemistry.
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To moderate this, many strategies to encapsulate this cytotoxic

drug inside versatile delivery pockets such as lipid vesicles and

polymeric micelles have been carried out. A straightforward

strategy to enhance the delivery efficiency whilst alleviating its

toxicity is through encapsulation by DHCs containing a metal-

coordinating ligand block. So far, numerous attempts have

been made to encapsulate this cytotoxic agent inside different

DHC architectures.51,263,276,277 For instance, Jeong et al.51

reported a facile regulation strategy for the drug-release of a

PtII-encapsulated delivery system based a PAA block and a

solubilising mPEG-grafted poly(methacrylate) segment (poly-

(PEGMA)) (Fig. 14C). In addition to the relative ratio between

the PtII-binding residues (PAA) and the hydrophilic block

(mPEG/PEGMA), their results indicated that the different copo-

lymers exhibited significantly different kinetic regimes for the

PtII-mediated unimer association.

Another interesting DHC system for loading cisplatin was

reported by Huynh et al. in 2011 (Fig. 14D).263 They first

synthesised a polymerisable monomer to coordinate with the

Pt complex (i.e., 1,1-di-tert-butyl 3-(2-(methacryloyloxy)ethyl)bu-

tane-1,1,3-tricarboxylate) by Michael addition. The obtained

monomer was used for block extension of poly[oligo(ethylene

glycol)methyl ether methacrylate] (POEGMEMA), a macro-RAFT

agent, to form block copolymers carrying bidentate carboxylate

ligands with varying block lengths (Fig. 14B). The length of the

core block significantly contributed to micellar size and the

overall toxicity of the platinum drug. Their observations for

toxicity with A549, a lung cancer cell, indicates that while a

shorter PMAETC block led to higher platinum drug loading, it

also can provide a better and faster drug release.

Polyelectrolyte-based DHCs were also used to form micellar

structures loaded with metal ions.264–266 In this context,

Schacher et al.12,26,33 reported different compositions of DHCs

based on poly(2-acrylamidoglycolic acid) (PAGA) for chelating

metal ions and forming a variety of nanostructures. For

instance, in one study they described the chain-extension of

a poly(2-iso-propyl-2-oxazoline) macroinitiator with PAGA to

obtain (poly(2-iso-propyl-2-oxazoline)-block-poly(2-acrylamido-

glycolic acid) PiPrOx-b-PAGA) (Fig. 15). Their observations

indicate that PiPrOx-b-PAGA can encapsulate metal ions due

to chelation by the PAGA segment (i.e., Cu2+, Co2+, or Ni2+).

Their investigation also revealed that the DHC formed different

micellar nanostructures, and their morphology was influenced

both by the type of metal ion, as well as the weight fraction of

PAGA within the block copolymer. This was also reported for

other block copolymer compositions containing PAGA segments

such as poly(N-acryloylmorpholine)-block-PAGA (PNAM-b-PAGA)

or poly(ethylene oxide)-block-PAGA (PEO-b-PAGA).26

Fig. 14 (A) Construction of paramagnetic manganese-chelated polymeric nanoparticles using a pyrene-end-modified double hydrophilic block

copolymer. Reprinted with permission from ref. 269. Copyright r 2019 American Chemical Society.269 (B) Self-assembly of double hydrophilic block

copolymers triggered by the presence of gadolinium ions. Reprinted with permission from ref. 19. Copyright r 2016 American Chemical Society.19

(C) Schematic illustration of the self-assembly process for the formation of PtII-polymeric NPs. Reprinted with permission from ref. 51. Copyrightr 2018

American Chemical Society.,51 and (D) conjugation of Pt drugs and the formation of micelles, and the release of platinum from polymeric platinum

micelles. Reprinted with permission from ref. 263. Copyright r 2011 American Chemical Society.263
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Layrac et al.265 also reported that a system containing

neutral poly(acrylamide) and ionisable poly(vinylphosphonic

acid) (PAM-b-PVPA) was synthesised by quantitative chain

extension of a polyacrylamide macroxanthate with vinylpho-

sphonic acid. They also indicated the formation of micellar

structures in the presence of metal ions such as Ni2+, Co2+,

Mn2+, Cu2+, and Zn2+. Similar approaches were also reported for

polyion complex micelles by Sanson et al.266 In this study, block

copolymers are designed based on poly(acrylic acid)-block-

poly(acrylamide) (PAA-b-PAM) or poly(acrylic acid)-block-poly-

(2-hydroxyethylacrylate) (PAA-b-PHEA). These DHCs also con-

sist of an ionisable complexing block (PAA, PAM) and a neutral

stabilising block (PHEA), and they were mixed with solutions of

metal ions such as Al3+ and La3+.266

Templates for the preparation of noble metal NPs – DHC-

assisted complexation and reduction of metal ions

Noble metal NPs, especially Au and Ag, are currently receiving

tremendous research interest due to their physicochemical

properties, chemical stability, and their wide range of

applications.278–280 Therefore, it is not surprising that tailor-

made DHCs were developed for their synthesis and stabilisa-

tion – being advantageous compared to low-molecular weight

compounds, especially by granting enhanced stability.281 The

template-assisted synthesis gives control over the physical and

chemical properties of crystals determining their shape and

composition. A common strategy to synthesise crystals using

DHCs is utilising the polyelectrolyte segment via a complexa-

tion/reduction approach.15,46,158 In this strategy, the DHC acts

as a reducing/stabilising agent. For instance, Max et al.46

introduced a pH-responsive polyampholytic graft copolymer

templates as a simple way to control the formation, size,

and shape of Au and AgNPs by tuning the overall charge of

the DHC. To achieve this, they used poly(dehydroalanine)-graft-

poly(ethylene glycol) (PDha-g-PEG), which is based on a

polyampholytic backbone with varying net charge and charge

density depending on pH (Fig. 16A). They indicate that the

PDha backbone with both amino and carboxylic acid groups in

each repeat unit can selectively interact with [AuCl4]
� and Ag+

salts in solution, and this permits a straightforward synthesis

of Ag, Au, and AgAu alloy NPs, where the composition of the

alloys was even determined by the environmental pH.

Another key example of synthesising noble metal NPs and

utilizing them as antimicrobial coating was reported by

Falentin-Daudré et al.282,283 Here, AgNPs were prepared using

polyelectrolyte micelles, which were exploited as an antimicro-

bial coating on stainless steel. This interesting polyelectrolyte

micelle was constructed by electrostatic interactions between

the polycation based on a DHC from 3,4-dihydroxyphenyl-

alanine (DOPA) and polyanion based (poly(styrene sulfonate),

PSS) (Fig. 16B). Their observations indicated that the DOPA

units anchor to the stainless steel and form and stabilize bio-

cidal AgNP. In a similar manner, Liu et al.284 reported a micellar

nanoreactor consisting of poly[(ethylene oxide)-block-glycerol

monomethacrylate-block-2-(diethyl amino)ethyl methacrylate]

(PEO-MA-DEA) and poly[(ethylene oxide)-block-2-hydroxyethyl

methacrylate-block-2-(diethylamino)ethyl methacrylate] (PEO-

EMA-DEA) triblock terpolymers for the synthesis of AuNPs

within the core. In this report, the basic DEA residues in the

core of the crosslinked shell micelles were first protonated

using HAuCl4, and then the electrostatically bound AuCl4
�

anions were reduced to NPs of elemental gold using NaBH4 at

neutral pH. The gold-loaded crosslinked micellar structures

exhibited excellent long-term colloidal stability.

The stability of AuNPs is often limited in various biological

environments, that may be improved using DHCs. In this

context, Seo et al.281 reported a highly stable system based on

DHCs to stabilize the AuNPs against cyanide etching. They

introduced PEO-b-PAA as a template to form AuNPs from

etching (Fig. 16D). They observed that the stability of the NPs

in the solution can be tuned by adjusting the molecular weight

of the different copolymer blocks.

Silica nanostructures decorated with metal NP are of interest

in the context of catalysis or diagnostics.285–288 Especially here,

multifunctional DHCs can fulfill several roles, e.g. by connecting

both towards the SiO2 and potential noble metal NPs.

As an interesting representative work, Bastakoti et al.285

reported a simple approach to synthesise Ag@SiO2 core–shell

NPs using poly[3-(methacryloyl amino)propyl trimethyl ammonium

chloride]-block poly[2-(dimethyl amino)ethyl methacrylate] (PMAP-

TAC-b-PDMAEMA) as a structure-directing template (Fig. 16D).

However, after synthesising the core–shell hybrid structures,

and tuning the size by adjusting the block copolymer length,

the Ag@SiO2 core–shell NPs were used as a nano-catalyst to

reduce p-nitrophenol. These core–shell hybrids prepared using

DHC materials exhibited excellent catalytic properties.

Preparation and stabilisation of semiconducting and metal

oxide NPs

Semiconducting and metal oxide NPs are important inorganic

compounds found in many applications such as catalysis and

Fig. 15 Schematic depiction of the aggregation of PiPrOx-b-PAGA by the

addition of metal ions (A), hydrodynamic radii for different PiPrOx-b-PAGA

(1.0 mg mL�1) block copolymers after the addition of varying amounts

of Cu2+ (B), and Rh for the aggregates formed by PiPrOx80-b-PAGA117

(1.0 mg mL�1) and various metal ions at different ratios (C).33 Reprinted with

permission from ref. 33. Copyrightr 2020 American Chemical Society.
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waste-water treatment.289,290 Similarly to the above described

metal chelation and noble metal NP preparation, DHCs were

designed as suitable nanoreactors and stabilisers.12,291–293

Semiconducting NPs have drawn much interest during the

past decades owing to their application in catalysis,12,61

sensors,15 light emitting diodes and transistors.294 They have

unique size-dependent chemical and physical properties, which

may be tuned by the DHCs.60,295–298

For instance, Cölfen et al.60 synthesised stable CdS NPs

using a poly(ethylene glycol)-block-poly(ethylene imine) double

hydrophilic BCP. In another case, Nabiyan et al.12 demon-

strated the use of a DHC based on poly(2-iso-propyl-2-oxazoline)-

block-poly(2-acrylamido glycolic acid) (PiPrOx-b-PAGA) for the

preparation of photocatalytically-active organic/inorganic

hybrid micelles.

ZnS, a wide-bandgap semiconductor, is also highly interest-

ing owing to its light-emitting, UV sensing and photocatalytic

properties.299–301 Furthermore, ZnS is used exhaustively as a

capping material for quantum dots based on toxic CdS and

CdSe due to its low toxicity, as these materials are designed for

biomedical applications.299 Recently, DHCs were also used to

prepare Zn NPs, as shown by Tarasov et al.301 (Fig. 17A). They

exploited poly(acrylic acid)-block-polyacrylamide (PAA-b-PAM)

of various molecular weights for the formation of polyion

micelles loaded with precursor hybrid. In this micellar struc-

ture, the anionic PAA core was composed of Zn2+ ions, while the

PAM corona stabilised the core–corona system. Their observa-

tion indicated the formation of ZnS NP with a diameter of

3–4 nm. In this respect, their investigation revealed that the

size of ZnS NP is weakly dependent on the copolymer block

length, while the size distribution correlates with the copoly-

mer asymmetry degree in such a way that a higher MPAM/MPAA

ratio yields particles with a narrower size distribution.

On the other hand, closely related ZnO is an environmen-

tally friendly and inexpensive luminescent semiconductor,

which renders this material very attractive for biological appli-

cations. Many studies have been performed to control the size

and shape of the ZnO inorganic core and/or to choose the

Fig. 16 (A) Preparation of NPs and bimetallic alloys in the presence of PDha-g-PEG graft copolymers by the reduction of metal-containing salts using a

reducing agent, heat, or UV-light. Adapted with permission from ref. 46. Copyrightr 2020 American Chemical Society. (B) Strategy for the formation of

positively charged micelles (PSS/P(mDOPA)-co-P(DMAEMA+)) and positively charged silver-loaded micelles (PSS/P(mDOPA)-co-P(DMAEMA+)/Ag0/

AgCl).282 Adopted with permission from ref. 282. Copyright r 2012 American Chemical Society. (C) Schematic representation of AuNP formation via

DHBC templates.281 Adapted from ref. 281 with permission from Royal Society of Chemistry, and (D) schematic diagram of the synthesis of Ag@SiO2

core–shell nanoparticles.285 Adapted from ref. 285 with permission from Royal Society of Chemistry.
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chemical structure of the stabilising ligand shell.302–305 Differ-

ent families of polymeric ligands with different architectures

(branched, block, etc.) and compositions have been shown to

favour ligand exchange on preformed ZnONPs. As we are

focussing on DHCs, we direct you to the work by Zheng

et al.,302 who introduced low molar mass poly(ethylene glycol)-

block-poly(acrylic acid) (PEG-b-PAA) and poly(ethylene glycol)-

block-poly(vinylphosphonic acid) (PEG-b-PVPA) to form a stable

colloidal solution of ZnO NPs in both organic solvents and water.

In general, amine and carboxyl groups promote the luminescent

properties and ensure good anchoring to the surface of the ZnO

NPs.306 However, phosphonic acid groups also demonstrate a

high affinity to metal oxide-based NPs.307 Nevertheless, they

selected PAA as a first interacting block to promote the replace-

ment of amine ligands present on the surface of ZnO NPs. Their

optical observations indicate, that while luminescence remains

constant for pristine ZnO NPs, an increase in luminescence is

observed for ZnO NPsmodified by the two types of polymers. They

also discussed the advantages and drawbacks of phosphonic acid

groups over carboxylic acid groups.

CdSe semiconductors reveal a tunable band gap between

1.7 eV for the bulk material to 2.4 eV by decreasing the particle

size to 2 nm.297,308 Therefore, CdSe quantum dots can cover a

wide domain of the visible spectrum, which is suitable for

applications in sensing and solar cells.308,310,311 Notably, for

any application employing CdSe quantum dots, it is essential

that no cadmium is released to the environment. This is

particularly important if applying these quantum dots for cell

labelling due to their cytotoxicity. Therefore, such quantum

dots are ideally highly photostable, synthesised directly in

water, and protected by ideal capping agents. As an example,

Cölfen et al.308 reported a DHC consisting of a PEG block and a

poly(ethylene imine) segment via a straightforward approach to

obtain CdSe quantum dots in an aqueous solution with a

controllable size (Fig. 17B). They determined that the particle

size can be controlled simply by adjusting the polymer concen-

tration during synthesis.

Nowadays, supercapacitors are important in the field of

electrochemical energy storage and conversion devices due to

their satisfactory performance with respect to secondary bat-

teries and fuel cells.312,313 Among the various electrode materials

used to fabricate supercapacitors, materials based on ruthenium

oxide (RuO2) are particularly noteworthy. The main reason is that

RuO2 features a high theoretical specific capacitance (1400–

2000 F g�1), but high production costs and agglomeration effects

currently prevent market usage.314–316 However, the relatively low

electronic conductivity of hydrous RuO2�xH2O (89 S cm�1) is still a

problem, which prevents the balancing of the electronic and

proton conduction channels needed to achieve a high power

supercapacitor electrode.309 Furthermore, the high capacitance

of RuO2 remains, with good proton permeation and electronic

conduction simultaneously. In order to address these issues, Seo

et al.309 suggest using a DHC as a nanoreactor, which then also

acts as an ionic and electronic conduction layer for ruthenium

oxide NPs. In their reports, they used a DHC based on PEO-b-PAA

to form micellar nanostructures. Upon the addition of the ruthe-

nium precursor, RuCl3�xH2O, and a reducing agent, RuO2 NPs

were successfully formed within the DHC micelles (Fig. 17C).

Fig. 17 (A) Scheme showing the formation of ZnS nanoparticles with the use of a copolymer PAA-b-PAM.301 Adapted from ref. 301 with permission of

Royal Society of Chemistry. (B) Scheme of CdSe quantum dots stabilised by a DHBC.308 (C) Schematic illustration of the synthesis of RuO2 nanoparticles

using a double hydrophilic block copolymer as a template.309 Adapted from ref. 309 with permission of Royal Society of Chemistry, and (D) schematic

representation of the synthesis of magnetite nanoparticles stabilised with the diblock copolymer PMAA23-b-PStSNa200, and their occlusion within calcite

single crystals.194 Adapted from ref. 194. with permission of Royal Society of Chemistry.
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NPs with strong magnetic properties may be exploited for a

wide range of applications: the magnetic separation of bio-

chemical materials289,317 and cells,318 magnetic guidance of

particle systems for site-specific drug delivery,317–320 contrast

agents for magnetic resonance imaging (MRI),321,322 diag-

nosis,323 or tissue repair.324 The size and charge of magnetic

particles strongly affects their biodistribution.319,325 Another

crucial point is that the magnetic properties and solution

behaviour rely significantly on the surface chemistry of the

particles.319,326 Indeed, in this context, due to the fact that the

bare iron oxide particles are likely to agglomerate, it is neces-

sary to tailor the NP surface chemistry appropriately.

Usually, surface tailoring should establish a high colloidal

stability, biocompatibility, and specific bio-recognition of the

particle surface.327 Polymers can play a significant role in

stabilising magnetic NPs, and can offer enhanced colloidal

stability. For example, in our previous review, we described

polyzwitterions as a subclass of polyelectrolytes and their use as

coating materials for magnetic particles.327 Focusing on DHCs,

we will also discuss the synthesis of this class of polymers-

based hybrid materials and the use of DHCs in stabilising

magnetic particles. Graft and block copolymers containing

acidic groups were found to be strong ligands, but also catechol

(dopamine) moieties can attach to metal oxide surfaces.262,328

In 2014, Nguyen et al.329 summarised some conventional

DHBCs, that were used as templates to prepare iron oxide

NPs. The iron oxide particles were typically prepared by a

coprecipitation approach in the presence of the DHBCs. Some

examples are highlighted in Table 7, including selected cases

reported by Nguyen et al.

As an interesting example, Kulak et al.194 report a facile

strategy for the crystal growth of Fe3O4 with the assistance of a

DHBC, poly(sodium 4-styrenesulphonate)-block-poly(methacrylic

acid) [PNaStS-b-PMAA] (Fig. 17D).

Kulak et al.194 they observed that the PMAA acted as the

anchoring block and physically adsorbed onto the inorganic

NP. Moreover, they noted that the PNaStS units behaved as

electrostatic stabilisers, guaranteeing the colloidal stability of

the formed nanoparticles in solution. Furthermore, these

strong acidic units enhanced the binding ability towards both

the NP and the host crystal. In a similar approach, Sondjaja

et al.176,330 also used a double hydrophilic block copolymer,

PEO-b-PAA, to prepare magnetic NPs. They showed that PEO-b-

PAA can control the particle growth, as well as act as a stabiliser

and clustering agent. They also indicated that the iron-to-

polymer ratio can be used to tune the particle size up to

100 nm. Graft copolymers have also been used to prepare and

stabilise iron oxide NPs. In one example, Gu et al.79 synthesised

a well-defined densely grafted double hydrophilic copolymer by

ATRP, poly[poly(ethylene glycol)methyl ether acrylate]-graft-

poly(methoxymethyl methacrylate), which was used in the

preparation and stabilisation of iron oxide NPs with a narrow

size distribution (Fig. 18A).

The nature of the anchoring groups is a crucial parameter

for the strong attachment of the polymer to the iron oxide

NP surface. Alkoxysilyl, dopamine, and carboxylic groups are

among the most commonly used surface anchoring moieties.329

However, some restrictions of the mentioned anchoring groups

have been described in a review and publications by Boyer

and coworkers.272,331–333 In this context, while dopamine and

carboxylic acid groups form mostly unstable bonds, phospho-

nates are strong binding groups due to the formation of Fe–O–P

bonds.331,334–336

DHCs were also developed for anchoring through the phos-

phonate functional group. To achieve this, Markiewicz et al.307

prepared poly(vinyl phosphonic acid)-based double hydrophilic

block copolymers for a one-step in situ preparation of water-

dispersible iron oxide NPs with well-defined and controllable

size and high colloidal stability (Fig. 18B-2).

Poly(ethylene glycol)-block-poly(vinylphosphonic acid) block

copolymers (PEG-b-PVPA, Fig. 18B-1) were obtained using RAFT

polymerisation. Hemocompatibility tests demonstrated that

the haemolysis rates with phosphonated copolymers were

much lower than for their carboxylated analogues. In another

key example, Linot et al.346 reported a high-density core–shell

magnetofluorescent hybrid material. The DHC shell was tai-

lored by varying the composition and architecture of the PEG,

PMAA, and (2-methylacryloyl) oxy methyl phosphonic acid

(MAPA) units. The ability of DHCs for constructing the hybrid

materials provides a great opportunity to construct magneto-

fluorescent architectures of superparamagnetic iron oxide NPs.346

In a similar approach, Armes et al.347 reported the use of poly[2-

(methacryl oyloxy)ethyl phosphoryl choline]-block-(glycerol mono-

methacrylate) in the synthesis of colloidally stable ultrafine

magnetite sols (Fig. 18B-1). In this work, paramagnetic sols were

synthesised in the aqueous solution by chemical coprecipitation

of ferric and ferrous salts in the presence of the block copolymer.

They claim that the sol strategy implemented improves the

colloidal stability with respect to long-term storage and pH

variation.

Covalent attachment of DHCs on surfaces

The above-described examples mainly describe the physical

interactions between the polymer and the inorganic material,

e.g., via electrostatic attraction. Although this approach is quite

straightforward and already leads to highly stable composites,

the covalent linking of hydrophilic copolymers by chemical

linkage was investigated and will be outlined in this section.

The most common strategy to chemically link the organic

and inorganic components in a nanocomposite is through

grafting. This can be further divided into ‘‘grafting-from’’,

‘‘grafting-to’’, and a one-pot ‘‘grafting-through’’ approach.

Here, we focus on recent developments of DHCs within the

mentioned categories, highlighting some of these concepts

with selected literature reports.

In the ‘‘grafting-to’’ method, as-synthesised polymers are

grafted onto the surface through a chemical reaction or a ligand

exchange. Polymers used for this purpose must contain one or

more functional groups that can be immobilised either directly

to the surface or to the original capping ligands on the surface.

Double hydrophilic block copolymers were also used for the

‘‘grafting-to’’ approach. In this context, Luo et al.348 reported
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Table 7 Double hydrophilic block copolymers used for preparation of magnetic iron oxide particles by coprecipitation

DHC composition Ref.

337

338

330 and 339

340

341

333

342

343

344
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the synthesis of a three-layer microstructure with a gold core,

poly(2-(dimethyl amino)ethyl methacrylate) (PDMA) inner shell,

and poly(ethylene oxide) (PEO) outer corona (Fig. 19A-1). PEO-b-

PDMA, a double hydrophilic block copolymer, was prepared by

RAFT polymerisation and grafted to the AuNPs via the thiol

end-groups. The inner shell was afterwards crosslinked by 1,2-

bis(2-iodoethoxy)ethane and their results indicate that core–

shell AuNPs before and after shell crosslinking both exhibit

reversible swelling upon varying the solution pH. Compared to

the non-crosslinked core–shell AuNPs, the shell crosslinking of

the hybrid gold NPs leads to a permanent core–shell nano-

structure with increased colloidal stability.

In another example of ‘‘grafting-to’’, Eckardt et al.349 intro-

duced a method to tune the charge of SiO2 NPs by well-defined

poly(2-ethyl-2-oxazoline-stat-ethylene imine) P(EtOx-stat-EI)

(Fig. 19B). In this study, PEtOx was first polymerised by cationic

ring-opening polymerisation before being grafted onto the

surface of the SiO2 NPs by the triethoxysilyl linker. They further

introduced positive charges onto the SiO2 NPs by the acidic

hydrolysis of PEtOx to produce P(EtOx-stat-EI).

The ‘‘grafting-from’’ method usually uses surface-initiated

controlled/‘‘living’’ polymerization to grow polymers from the

NP surface. The resulting hybrid polymers feature high grafting

densities due to the lower steric hindrance and the higher

diffusivity of the initiators/monomers if compared to the poly-

mers. However, to obtain high-quality hybrid polymers, several

possible problems need to be solved, including NP stability

during polymerisation and crosslinking of the growing poly-

mers. Li et al.350 reported a binary thermo-responsive DHC of

poly(N-isopropylacrylamide) and poly(methoxy-oligo(ethylene

glycol)methacrylate) that are grafted from AuNPs through a

consecutive ATRP strategy (Fig. 19A-2). They proposed from

their observations that the core–shell hybrid NPs are well-

defined with cloud points at around 33 and 55 1C in water.

They attribute the two cloud points to the inner PNIPAAM

homopolymer layer and the outer PMOEGMA-containing

copolymer layer, respectively.

In the ‘‘grafting-through’’ approach, usually, the polymeri-

sable groups are anchored onto the surface of the NP. Accord-

ingly, the polymerization can be started in a solution that often

contains initiator, monomers, and modified NP. However, the

NP can act as a crosslinking agent during polymerization.

Hereby, by entering to the propagation stage, the pre-attached

polymerisable moiety will be integrated into the growing poly-

mer chains.352,353 So far, quite a few examples of the ‘‘grafting-

through’’ approach have been reported for NPs such as Fe3O4,

silica and gold NPs.352,354,355 For example, in the case of silica,

Biggs et al.355 reported a two-step route to prepare anionic ATRP

Table 7 (continued )

DHC composition Ref.

345

Fig. 18 (A) Superparamagnetic Fe3O4/polymer nanocomposites with PPEGMEA-g-PMAA densely grafted double hydrophilic copolymers via the

grafting-through strategy. Adapted from ref. 79. with permission of Royal Society of Chemistry and (B) (1) poly(vinyl phosphonic acid)-based double

hydrophilic block copolymers for the stabilisation of iron oxide nanoparticles. Adapted with permission from ref. 347. Copyright r 2019 American

Chemical Society.347 (2) Synthesis of biocompatible poly[2-(methacryloyloxy)ethyl phosphorylcholine]-coated magnetite NPs.307 Adapted from ref. 307

with permission of Royal Society of Chemistry.
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macroinitiators from poly(2-hydroxyethyl methacrylate) precur-

sors. The macroinitiator was electrostatically adsorbed onto

ultrafine cationic Ludox CL silica sols. The obtained hybrid was

surface polymerised with various hydrophilic monomers in

aqueous solution. Their results indicate a range of polymer-

grafted ultrafine silica sols.

Beyond core–shell materials based on NPs, modification of

rather flat surfaces using polymer coatings can provide and

protect functionality, durability, and reliability of a wide range

of compounds that have been utilised in corrosion and wear

protection, medical implants, drug delivery systems, and bio-

sensors.328 Compared to other polymers, DHCs exhibit excel-

lent performance within this field. This type of modification

also follows the ‘‘grafting-from’’ and ‘‘grafting-to’’ techniques.

For instance, Textor et al.262,328 reported a DHC with dendritic

architecture and copolymers based on ethylene glycol and a

catechol segment (Fig. 19C). This dendron was molecularly

assembled in an aqueous buffer onto titanium oxide surfaces.

In this study, they evaluated the resistance of the mono-

molecular layers against nonspecific protein adsorption in

contact with full blood serum. They also reported the adsorp-

tion kinetics and resulting surface coverage.

Stainless steel is utilised in a wide variety of applications

from the food industry to medical care. The surface of steel has

great potential to adsorb different compounds such as proteins

and bacteria, eventually leading to biofouling. One main strategy

used to overcome these issues and establish antifouling surfaces

is the introduction of polymers.356–359

Among the different polymers examined for this purpose,

DHCs showed excellent antifouling effects.357,360–362 As one

example, Kousar et al.351 reported a nano-coating for a stainless

steel substrate. In this work, they used copolymers based on

poly(ethylene glycol) methyl ether methacrylate and 2-(meth

acryloyloxy)ethyl phosphate (poly(PEGMA-co-MEP)), that was

Fig. 19 (A) (1) Synthesis of shell crosslinked core–shell gold nanoparticles with a gold core, a crosslinked PDMA inner shell, and a PEO outer corona.348

Adopted with permission from ref. 348. Copyright r 2005 American Chemical Society. (2) Schematic illustration for the fabrication of Au@copolymer

nanostructures.350 (B) SiO2@P(EtOx-stat-EI) core–shell hybrid NPs and (B) cryo-TEM image of SiO2@P(EtOx-stat-EI)20 after the in situ generation of

AuNPs.349 Adapted with permission from ref. 349. Copyright 2015. Wiley-VCH. (C) Chemical structure of the ethylene glycol dendrons covalently

coupled to surface-active oligo-catechol anchors.262,328 Adopted with permission from ref. 328 and 262. Copyright r 2005 and 2011 American

Chemical Society. (D) Schematic illustration of protein-resistant behaviour of poly(ethylene glycol)-containing phosphonate/phosphate units on stainless

steel surfaces.351 Reprinted with permission from ref. 351. Copyright r 2021 American Chemical Society.
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used also as an antifouling coating for covering steel surface

(Fig. 19D). Their observations indicated that the copolymer

barrier exhibited a resistance to protein absorption of over

99% compared to a bare surface. In another key report by

Giamblanco et al.,361 they compared the protein adsorption on

iron oxide NPs (sub-10 nm) and flat substrates functionalised

using a grafting-to approach. The polymer coating was con-

structed of an alternating polymer from poly(ethylene glycol

methacrylate-co-dimethyl(methacryoyloxy) methyl phosphonic

acid) and poly(poly(ethylene glycol) methacrylate-co-methacrylic

acid) (poly(PEGMA-co-MAA)). Here, they achieved different protein

resistance values ranging typically from 65 to 99% depending

on polymer composition, acid–base conditions, the molecular

weight of copolymers, and nature of the grafting agent and

layer extension.

Stimuli-responsive copolymers have also been grafted onto

various surfaces to form brushes. These smart polymeric sur-

faces have been used for various applications such as drug

delivery systems and antireflection coatings. Kumar et al.363

introduced a general approach to graft stimuli-responsive DHC

brushes onto the surface of silicon wafers and quartz glass by

ATRP. The polymer brush was obtained by grafting poly(N,N0-

dimethylacrylamide)-block-poly(N-isopropylacrylamide) (PDMA-

b-PNIPAM) onto the surface. They achieved a thermosensitive

release of dyes and switched between swollen and collapsed

PNIPAM chains. However, this switching was used to control

the release kinetics of the entrapped guest molecules such as

model dye molecules.

DHCs for catalysis and sensing

The above-described strategies towards DHC-based hybrid

materials can be carefully chosen for each individual inorganic

compound to determine the resulting properties. Now we want

to highlight the transfer of these materials to catalysis and

sensing, as two emerging applications. While catalysts often

rely on hybrid materials, sensors rely on the function of the

polymer itself. Depending on the application, the distribution

of the hydrophilic monomer units may be segmented or even

random, since sometimes only the effect of both distinct

entities in the resulting materials is important. In the case of

micellar structures, segmented DHCs are beneficial, while

molecular catalysts may also be carried by random or graft

copolymers.15,364,365

Catalysis

Catalysis is one of the most important processes in nature.

These types of reactions typically occur in aqueous environments.

To prevent the deactivation of catalysts in water or protection of

the main reaction from unwanted cross-reactions, catalysts are

often separately protected by specific compartments. These

concepts have inspired the design of a range of synthetic

nanoreactors. Polymers with the capability of forming nanor-

eactors were already introduced as successful and prominent

examples,366–371 and in this context different advantages were

found, including control over-reactivity and composition of

active sites, enhanced stability, and defined 3D environments

for catalysis (Fig. 20).367,370,371 This development was supported

by milestones in controlled/‘‘living’’ polymerisation techni-

ques, and in the meantime, the self-assembly of (co)polymers

was found to be a versatile strategy to prepare a broad range of

functional materials in a controlled manner with different

ordered structures.372 In that regard, many examples for

polymer-supported catalysis have been developed, and their

structure and properties have been discussed in multiple

reviews.366,370–372

Regarding DHCs, the catalytically active moieties are typi-

cally embedded, and the examples can be divided into three

categories: (i) incorporation in the DHC as an separate organic

segment; (ii) covalent grafting/complexation of metals or

organic functional groups to the DHC segments; (iii) catalyti-

cally active molecules or NPs were attached to the core or the

shell of DHC micellar structures.

We will first highlight some examples where catalytically

active moieties were incorporated into DHCs as a separate

segment. In this regard, Liu et al.373 first reported DHCmicelles

containing a catalytic segment that was able to catalyse the

hydrolysis of esters. They reported that poly(N-isopropyl-

acrylamide)-block-poly(N-vinyl imidazole) (PNIPAAm-b-PVim)

was successfully prepared by RAFT polymerisation (Fig. 20A).

Herein, the PVim segment was able to catalyse ester hydrolysis

and above the phase transition temperature of PNIPAM or in a

suitable mixture of methanol/water (cononsolvency), the PNI-

PAAm block becomes hydrophobic and stable micelles were

formed with a dense core consisting of a hydrophobic PNI-

PAAm block and a polar PVim shell. The catalytic activity of

the PNIPAAm-b-PVim toward the hydrolysis of p-nitrophenyl

acetate (NPA) could be tuned by the external temperature or

solvent composition.

Micellar structures could become more attractive when they

are switchable. Yu et al.375,376 reported a thermo-responsive block

containing azlactone moieties used for the post-polymerisation

attachment of an amino-functionalised organocatalyst based on

L-prolinamide. For this, they synthesised a thermo-responsive

DHC based on poly(N-isopropylacrylamide-co-vinyl-4,4-dimethyl-

azlactone) attached to different blocks such as poly(ethylene

glycol), poly(N,N-dimethylacrylamide), and poly(2,3-dihydroxy-

propyl acrylate). They showed by dynamic light scattering that

temperature-induced self-assembly of the functionalised block

copolymers led to the formation of nanoreactors with the

hydrophobic substrates in the core and the immobilised organo-

catalyst at the hydrophilic/hydrophobic interface. The functio-

nalised DHCs were subjected to an aldol reaction between p-nitro

benzaldehyde and cyclohexanone in water. Upon temperature-

induced aggregation, an increase in conversion was observed. The

enantioselectivity of the polymer-bound organocatalyst hereby

improved with an increasing hydrophilic/hydrophobic interface

as a result of the different stability of the polymer aggregates.

Mimicking enzymes that contain the catalytically active site

has always inspired polymer chemists to create functional

chains able to ‘‘fold’’ into unimolecular or single-chain polymer

nanoparticles. Over the years, many researchers have intro-

duced the catalytic site within a single-chain polymer.377 In this
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context, the catalytic sites are distributed randomly within a

segment or as an entire block, while water-soluble segments

stabilise the single chain polymer nanoparticles in aqueous

environments.366,377 Accordingly, DHCs that contain catalytic

sites in a random or ordered fashion within a segment, were

reported to enhance the catalytic efficiency.

For example, Thanneeru et al.364 reported the use of syn-

thetic polymers to assist Cu-based dioxygen activation. In their

work, a series of linear random copolymers of poly(N,N0-dimethyl-

acrylamide)-co-2-hydroxy-3-(dipicolylamino) propyl methacrylate

(P(DMA-co-GMADPA)) were introduced to incorporate type-3 Cu

sites through Cu-dipicolylamine (DPA) coordination (Fig. 20B).

The random copolymers of P(DMA-co-GMADPA) were synthesised

using RAFT polymerisation and a small library of copolymers with

different mole fractions of GMADPA was prepared by varying the

feed ratios of DMA and GMADPA monomers. These bioinspired

catalytic hybrids were used to enhance the catalytic activity in

oxygen activation. For this purpose, the enzyme-like activity of

these Cu-based polymers using O2 for the oxidation of ascorbic

acid (AA) and 3,5-di-tert-butylcatechol (DTBC) was studied. Their

investigation indicates that a 6–8-fold activity enhancement may

be reached, compared to the molecular complex of Cu with an

identical coordination site.

A single DHC chain can also directly host the organo-

catalysts, as shown by Moore et al.378 for the incorporation of

the MacMillan catalyst. This organocatalyst is capable of cata-

lysing a variety of organic reactions such as Diels–Alder

reactions,379 1,3-dipolar cycloadditions,380 and Friedel–Crafts

alkylations.381 They successfully378 synthesised a monomer

containing the MacMillan catalytic functionality and afterwards

a variety of copolymers with the comonomer diethylene glycol

methyl ether methacrylate (DEGMA) by RAFT polymerisation.

These polymers showed lower critical solution temperature

(LCST) behaviour where the cloud point was found to be

dependent on the degree of catalyst incorporation. The catalytic

activity of the functional copolymers was demonstrated by the

Diels–Alder reaction between cyclopentadiene and trans-hexen-1-

al and shows enantioselectivity close to those previously reported

by MacMillan. Catalytic activity of the copolymers could be

demonstrated with high yields and selectivities. Interestingly, a

DHC system was also used as a nanoreactor for polymerisation.

As a representative example, Sebakhy et al.374 successfully poly-

merised styrene by RAFT using poly(N-isopropylacrylamide-block-

dimethyl acrylamide) as a nanoreactor (Fig. 20C).374

Whereas, the previously discussed DHCs typically rely on the

covalent attachment of organic or inorganic catalysts to the

Fig. 20 (A) Schematic illustration of the catalysis mechanism using PNIPAM-b-PVim micelles as catalytic nanoreactors.373 Reprinted from ref. 373.

Copyright r 2007, American Chemical Society. (B) Synthesis illustration of P(DMA-co-GMADPA) and the corresponding oxidation reactions used in

catalysis.364 (C) Designer thermo-responsive nanoreactors for the templated control radical polymerization of styrene to obtain monodisperse

nanoparticles with independent control over particle size and molecular weight.374 Reprinted from ref. 374. Copyright r 2010, American Chemical

Society, and (D) photocatalytically-active block copolymer hybrid micelles from PiPrOx-b-PAGA.12 Reprinted with permission from ref. 12, r 2020

Elsevier.
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polymers, it is effectively possible to load the catalytic com-

pounds into DHC nanoreactors by co-assembly or encapsula-

tion. The corresponding nanocontainers may even be loaded

with more than one catalytic moiety. In this regard, Costabel

et al.48 presented a new self-assembly strategy based on DHCs

to activate the fourfold-substituted perylene monoimide (PMI)

photosensitisers for visible light-driven hydrogen evolution.

They showed that PDha-g-PEG can solubilise PMI and [Mo3S13]
2�

clusters simultaneously, and this solubilization resulted in hybrid

materials for enhanced visible light-driven hydrogen evolution

reaction (HER).

Metal and metal oxide NPs are already well-known as unique

catalytically active materials.382 However, due to their high

specific surface area, they commonly need efficient immobili-

sation and stabilisation while maintaining their catalytic

activity.366 Dealing with this issue, DHCs are often used as

templates to form and immobilise the catalytically active metal

NPs. Here, we will highlight several such examples involving DHCs.

Nabiyan et al.12 prepared photocatalytically active DHCs by

immobilising CdS nanoparticles for photocatalytic water split-

ting within well-defined poly(2-iso-propyl-2-oxazoline)-block-

poly(2-acrylamido glycolic acid) (PiPrOx-b-PAGA) block copoly-

mers (Fig. 20D). A spherical inorganic–organic micellar system

was attained containing ultra-small CdS nanoparticles within

the core. These particles maintained their photoactivity, and

were applied in photocatalytic H2 production with an 18-fold

increase in H2 production compared to bare CdS nanoparticles

under similar conditions. They attributed this enhancement in

photocatalytic activity to several factors: the 3D confinement

within the DHC micellar nanostructures, the presence of ultra-

small CdS nanoparticles, and the improved stability of the CdS

nanoparticles within the micellar core.

In another example, Duan et al.383 reported a nanohybrid

catalytic system consisting of ultrafine palladium NPs sup-

ported on reduced graphene oxide modified with a thermo-

responsive polymer for heterogeneous catalysis. The polymer

system was grafted by a catechol-terminated thermo-responsive

double-hydrophilic diblock copolymer, poly(poly(ethylene glycol)-

methyl ether methacrylate-co-2,3-epithiopropyl methacrylate)-

block-poly-(N-isopropylacrylamide) (P(PEGMA-co-ETMA)-b-PNIPAM)

using RAFT polymerisation from a catechol-containing chain

transfer agent (Fig. 21A).

In this system, the PETMA segments behaved as ligands in

the block copolymer, which can interact with the Pd atoms and

stabilise the PdNPs in aqueous solution. Besides, the obtained

block copolymer can be easily adhered to graphene oxide

via mussel-inspired chemistry, as a powerful way of surface

adhesion. The catalytic activity of the nanohybrid system was

Fig. 21 (A) Schematic depiction of the preparation and catalytic application of the PdNPs@BPrGO nanocatalyst.383 Reprinted from ref. 383 with

permission from Royal Society of Chemistry. (B) In situ synthesis and thermo-responsiveness of PNIPAM-capped AuNPs in the absence of free linear

PNIPAM chains.90 Reprinted with permission from ref. 90. Copyright 2019. Wiley-VCH, (C) structure depiction of PMPC-b-PDMA-b-PHPMA and

corresponding spheres, worms, jellyfish, and vesicles that can be directly prepared, depending on either the total solids concentration or the mean

degree of polymerisation of the PHPMA block and reduction of p-NP to p-AP. Adapted with permission from ref. 384. Copyright r 2018 American

Chemical Society and (D) schematic illustration of polyampholytic graft copolymer@TiO2 as matrix for hydrogen production. Adopted with permission

from ref. 61. Copyright 2020. Wiley-VCH.
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studied in detail using the model reduction reaction of methy-

lene blue (MB) and nitrophenols in the presence of NaBH4 with

high catalytic activity. In a similar approach, Chen et al.90

reported a hybrid nanoreactor based on star-like thermo-

responsive PAA-b-PNIPAAm (Fig. 21B). The unimolecular star-

like DHCs were used as a nanoreactor to form Au-NPs and the

resulting hybrid material was able to tune the optical properties

by its thermo-response and the hydrogenation of 4-nitrophenol,

a model reaction, was evaluated with respect to the temperature-

dependent catalytic activation.

Towards the hybrid nanoreactor, a biomimetic template

based on DHCs was also introduced by Sugihara et al.384 with

a triple-hydrophilic ABC triblock copolymers of poly[2-(meth

acryloyloxy) ethyl phosphoryl choline]-block-poly[2-(dimethyl

amino) ethyl methacrylate]-block-poly(2-hydroxy propyl metha-

crylate) (PMPC-b-PDMA-b-PHPMA) (Fig. 21C). The polymer

template was used to embed Ag+ ions to form Ag-NPs in situ.

The final morphology could be tuned by the degree of poly-

merisation of HPMA and the solid concentration in the poly-

merisation mixture. The resulting Ag-NPs loaded in the

assemblies exhibited excellent stability, dispersibility, and

catalytic activity for the reduction of p-nitrophenol. The order

of rate constants for the reduction using Ag-NPs loaded in the

assemblies is worms 4 vesicles 4 spheres.

Tailored core–shell hybrid NPs have attracted extensive

attention as a result of their tunable properties.385,386 With a

special emphasis on this material class, Nabiyan et al.61

reported a core–shell hybrid system based on polyampholytic

graft copolymers to enhance the performance of TiO2 NPs for

hydrogen evolution. Here, they coated the TiO2 core with a

polyampholytic (poly(dehydroalanine)-graft-(n-propyl phospho-

nic acid acrylamide) shell (PDha-g-PAA@TiO2, Fig. 21D). The

multifunctional PDha-g-PAA shell facilitates the efficient immo-

bilisation of the negatively charged photosensitiser Eosin Y (EY)

and enables electronic interactions between EY, the TiO2 core,

and [Mo3S13]
2� clusters as cocatalyst. This is an important

example showing how DHCs can be systematically designed

and act as versatile matrices to combine various compounds in

close proximity.

Sensors

Over the past two decades, also polymeric sensors have received

growing attention. In this area, stimuli-responsive (co)polymers

that can respond to specific analytes or environmental para-

meters have found many uses in the development of sensory

devices. There are several reviews that highlight polymers as

important materials for the construction of sensors with various

applications such as the sensing of heavy metals, analysts or

environmental conditions.387–390

In polymer-based sensing systems, a wide range of stimuli,

such as pH, temperature, ionic strength, light, specific analytes

or external additives (ions, bioactive molecules, etc.), have been

exploited, inducing changes in chain conformation, solubility,

and the self-assembly of responsive polymers.387

As we outlined above, a tremendous amount of (multi)-

stimuli-responsive DHCs have been prepared. Hence, DHC-based

sensors have shown great success, based on the function of

the DHC itself. They have been designed mostly in two

research directions: (i) the integration of molecules and func-

tional groups with sensing ability directly into the DHC

structure; and (ii) the introduction of novel detection mechan-

isms and concepts into responsive polymer-based sensors,

e.g., through hybridisation. Here, we focus on the recent

developments in DHC-based sensors, highlighting some of

these concepts and mechanisms.

The intrinsic properties of DHCs (such as pH- or

temperature-response) can be combined with a fluorescence

signal, which emanates from covalently incorporated sensitive

fluorescent moieties. In this approach, DHCs can undergo

chain collapse or aggregation in an aqueous solution upon

changing the pH or temperature, accompanied by changes in

chain conformations and the formation of hydrophobic/hydro-

philic domains. In the meantime, pH and temperature variations

can be converted into considerable changes in fluorescence

output intensities by changes in the microenvironment hydro-

philicity/hydrophobicity which the respective chromophore

experiences.30,49

Thermo-responsive DHCs in aqueous solution commonly

generate aggregates with reduced polarity above their LCST

temperature, and in combination with fluorescent dyes, the

DHCs become promising thermometers. Uchiyama et al. reported

several DHC systems based on a thermo-responsive polymer and

fluorescent comonomers.219,228,365,391,392 In a typical example,228

they copolymerised 4-N-(2-acryloyl oxyethyl)-N-methylamino-7-

(N,N-dimethylamino)sulfonyl-2,1,3-benzoxadiazole (DBD-AE) with

N,N-dimethyl aminopropyl acrylamide (DMAPAM) and N-tert-

butylacrylamide (NTBAM) (poly(DBD-AE-co-DMAPAM-co-NTBAM)).

They observed a dramatic increase in fluorescence emission

intensity at temperatures above the LCST (Fig. 22A). They also

determined that the thermal phase transition leads to the

collapse and aggregation of polymer chains, and this renders

the microenvironment of DBD dyes to transform from being

hydrophilic to hydrophobic, accompanied by a considerable

increase in quantum yields of the covalently embedded DBDAE

dyes. Other fluorescent dyes such as rhodamine,25,222,229,232,393,394

and Eosin395 were also covalently attached to thermo-responsive

units to construct polymer-based thermometers.

Measuring and exploiting variations in pH value is crucial in

the diagnosis of different types of cancer.128,398 pH sensors

based on DHCs have been constructed, using similar principles

for temperature sensing. In this respect, pH changes above or

below the pKa resulted in either protonation or deprotonation,

which is typically accompanied by a significant variation in

aqueous solubility.128,399,400

Sun et al.401 reported the copolymerisation of acrylamide

and methylenebis(acrylamide) with a pH-sensitive dye como-

nomer (a fluoresceinamine derivative) and a pH-insensitive

reference dye (a rhodamine B derivative). Their approach by

micro-emulsion led to NPs with a mean diameter of 50 nm.

These sensors were capable of detecting the pH in the physio-

logically relevant range from pH 5.8 to 7.2. In another interest-

ing study, Wu et al.399 incorporated Calcon dye covalently into a
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semisoft pH-sensitive polymer matrix microgel of poly(N-

isopropylacrylamide-co-acrylic acid-co-acrylamide) (P(NIPAM-

co-AA-co-AM)) to fabricate nanoparticle-based pH sensors.

Sensors for heavy metal ions (chemosensors) have attracted

great interest in recent years because of their environmental

and biological relevance. The mechanism of these types of

sensors mostly relies on the communication between the

supramolecular recognition and fluorescent reporter units.

The combination of specific supramolecular recognition with

fluorescent systems has allowed the construction of on/off

switchable molecular logic gates. In this category, Weng et al.169,396

reported Eu-containing DHC hydrogels that exhibit fast self-

healing and tuneable fluorochromic properties in response to

several different stimuli: pH, temperature, metal ions, sonication,

moisture and force (Fig. 22B). The DHC hydrogels are constructed

using Eu–iminodiacetate (IDA) coordination in a hydrophilic

poly(N,N-dimethyl acrylamide)matrix. Dynamicmetal–ligand coor-

dination allows reversible formation and disruption of hydrogel

networks under various stimuli.

In another recent example of sensors for heavy metal ions,

polyampholytic graft copolymers have been utilised to con-

struct a detection system with tuneable sensitivity.15 In this

research a metal-chelating and pH-responsive polymer was

combined with thermo-responsive monomers and Ag NPs due

to their optical properties. Max et al.15 showed that three

triggers result in two measurable outputs from polymeric

sensors (Fig. 22C). They first designed a multi-responsive

polyampholytic graft copolymer of poly(dehydroalanine)-graft-

NIPAAm, (PDha-g-NIPAAm). They then investigated its response

to changes in pH and temperature, as well as the type and

concentration of metal cations. The interplay of these

responses allowed these changes to be detected by the trans-

formation of external triggers into simple measurable outputs,

e.g., the cloud point temperature. In the case of Ag-NP-based

hybrid materials, changes in the surface plasmon resonance

(SPR) of the encapsulated NPs was also detected as an addi-

tional output.

Another notable example is the sensing of mercury(II) ions,

which was carried out using an oxime-containing polymeric

probe. Kim et al.397 reported a DHC of 2-(dimethylamino)ethyl

methacrylate (DMAEMA) and (E)-2-((4-((4-formylphenyl)di-

azenyl)phenyl)(methyl)-amino)ethyl acrylate (FPDEA), which

were copolymerised from a poly(ethylene oxide) (PEO) macro-

initiator using ATRP (Fig. 22D). The synthesised DHC detected

mercury(II) ions by a temperature-dependent morphological

transition between unimers and micellar aggregates.

A key example of sensors based on supramolecular recogni-

tion and DHCs, microgels and nanogels were utilised by many

research groups to construct detection systems with tuneable

sensitivity.236,402–406 For instance, Liu et al. reported several

DHC microgel sensor systems based on NIPAAm.236,402–404 In

most of the cases, a metal-chelating and fluorescence reporting

comonomer was copolymerised with a thermo-responsive

monomer such as NIPAAm. Liu et al.402 in their investigation

Fig. 22 (A) Thermo-responsive P(DMAPAM-co-NTBAM-co-DBDAE) copolymer in aqueous solution serves as a fluorescent molecular thermometer.

(1) Fluorescence intensity changes upon heating and cooling cycles. Inset: Fluorescence spectra. (2) Visual and fluorescent images at temperatures

below and above the LCST. Adapted from ref. 228. Copyright r 2004, American Chemical Society. (B) Scheme showing the chemical structures of

P(DMA290-co-IDHPMA96) and Eu3+ ions, and the corresponding illustration of fluorescence ON/OFF and sol–gel transition driven by dynamic metal–

ligand coordination.169,396 (C) Triple-responsive graft copolymer based on PDha-g-NIPAAm,15 and (D) colorimetric detection of mercury(II) ions via the

formation of the strongly electron-withdrawing cyanide groups promoted by mercury(II) ions.397 Reprinted from ref. 397 with permission of Royal Society

of Chemistry.
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also indicate the microgel system based on dansyl aminoethyl-

acrylamide (DAEAM): fluorescence reporter, N-(2-(2-oxo-2-

(pyridine-2-ylmethylamino)ethylamino) ethyl) acrylamide (PyAM):

metal-chelating, and NIPAAm: thermo-responsive monomer

(P(NIPAAm-co-PyAM-co-DAEAM), (Fig. 23A).

They utilised the thermo-responsive collapse/swelling of

microgels to construct detection systems with tuneable sensi-

tivity in the detection of Cu2+ ions. Their data revealed that the

binding of metal ions to metal-chelating units leads to the

fluorescence quenching of the fluorescence reporter. However,

they also confirmed that the detection sensitivity of P(NIPAAm-

co-PyAM-co-DAEAM) microgels can be dramatically enhanced

via thermo-induced microgel collapse at elevated temperatures.

Systems that are responsive to endogenous gas transmitter

molecules (i.e., nitric oxide, hydrogen sulfide, and carbon

monoxide) are becoming an interesting research topic within

the sensor community. Here, DHCs are also used for detecting

nitric oxide. In the exemplary research by Hu et al.,407 and for

the first time, N-(4-aminophenyl) methacryl amide (p-NAPMA),

which is responsive to nitric oxide, was polymerised with

poly(ethylene glycol)-b-(N-isopropylacrylamide-co-p-NAPMA) (PEG-

b-P(NIPAM-co-NAPMA)) (Fig. 23B). Indeed, PEG-b-P(NIPAM-co-p-

NAPMA) was rendered with unique NO- and UV-responsive

characteristics. They also observed a relationship between UV

irradiation and the LCST transition.

Conclusions

The field of DHCs has seen huge progress during the last

decade, both with respect to synthetic approaches, architec-

tural variety as well as design and application – rendering these

materials an important class of water-soluble polymers. As

outlined above, DHCs profit from a high tunability considering

topology and, with that, the density of functional groups, self-

assembly in different environments, solubility, viscosity, and

(backbone) conformation. Besides, the combination of differ-

ent (stimuli-responsive) monomers and their sequence, e.g.,

block vs. random copolymers gives access to truly tailor-made

materials. Hereby, modern synthetic tools including end-group

functionalization, the use of multi-functional initiators, or

post-polymerization modifications also gave access to multi-

hydrophilic copolymers (MHCs).

Self-assembly of DHCs has been thoroughly studied relying

both on inter- and intrachain interactions. In this regard,

crosslinking of micelles, worms, and nanogels has led to an

increased stability in water. In general, micelle formation often

is controlled by the response to a suitable external stimulus and

novel DHCs might allow the use of several such triggers, leading

to programmable materials, e.g., through ‘schizophrenic’ beha-

viour. We herein described the combination of the most impor-

tant and frequently used stimuli (pH, temperature, light, or the

presence of metal ions), including several examples for triple-

responsive polymers. Understanding their structure–property rela-

tionship and functions in water enables the DHCs to be exploited

in various application fields, one of the most promising being

hybrid materials. DHCs mainly act as nanoreactors, nanocarriers,

templates, matrices, stabilizers, and dispersants via both attrac-

tive physical and chemical interactions.

Within this review different hybrid materials have been

highlighted and divided into the combination of DHCs with

metal ions, NPs, or other surfaces. It is noteworthy that in many

cases the individual building blocks might be exchanged and

due to this, the number of such examples is expected to grow

further. For example, DHCs were exploited for the efficient

complexation of metal cations such as Mn2+ or Gd3+, leading to

the formation of micellar structures. Similar assemblies were

also used as templates for the preparation of stable and well-

defined noble metal, semiconducting, and magnetic NPs.

Moreover, DHCs may be used as coatings for a wide range of

surfaces such as stainless steel. It can be said that whereas

earlier utilisation of DHCs took place predominantly in bio-

medicine and biomineralization, the field in our opinion is

moving more towards efficient platforms for sensing or the

combination/immobilization of different compounds in close

proximity, e.g., in (photo)catalysis. Regarding the latter, photo-

catalytic hydrogen evolution can be seen as a key example, and

several cases report on a significant boost of catalytic activity in

DHC-based hybrid materials.

In summary, the field of DHCs shows tremendous further

potential and room for synthetic innovations. We are quite sure

that this will lead to more examples of high-performance

Fig. 23 (A) Synthetic scheme depicting the preparation of Cu2+-sensing P(NIPAM-co-PyAM-co-DAEAM) microgels. Adapted with permission from

ref. 402. Copyrightr 2009 American Chemical Society. (B) Schematic representation of the chemical structure transitions of a thermo-responsive PEG-

b-P(NIPAM-co-p-NAPMA) diblock copolymer in the presence of NO followed by UV irradiation.407
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polymeric materials to be applied in interdisciplinary research

fields, in so far unexplored organic/inorganic hybrid materials,

or sensing and/or separation approaches in water. However,

DHCs in our opinion can also build bridges between hydro-

philic and hydrophobic materials, thereby promising greener

approaches for the transfer of different systems to aqueous

media or for the use of surface-active compounds in general.

We expect that such materials also have a bright future in terms

of heterogeneous catalysis, allowing hierarchical structuring

of functional materials and hybrid materials, or assisting in

structure formation in general. Likewise, constructing eco-

friendly DHCs will undoubtedly continue to be an attractive

research topic. In addition, although we described a variety of

applications for DHCs, the exploration of them in other areas,

such as photonics, energy storage, or solar energy conversion is

still in its infancy. We hope that this review will promote the

further integration of DHCs in other related disciplines.
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3 T. Rudolph, M. von der Lühe, M. Hartlieb, S. Norsic, U. S.

Schubert, C. Boisson, F. D’Agosto and F. H. Schacher, ACS

Nano, 2015, 9, 10085–10098.

4 V. G. Kadajji and G. V. Betageri, Polymers, 2011, 3,

1972–2009.

5 C. Feng, Z. Shen, Y. Li, L. Gu, Y. Zhang, G. Lu and

X. Huang, J. Polym. Sci., Part A: Polym. Chem., 2009, 47,

1811–1824.

6 C. Feng, Y. Li, D. Yang, Y. Li, J. Hu, S. Zhai, G. Lu and

X. Huang, J. Polym. Sci., Part A: Polym. Chem., 2010, 48,

15–23.

7 C. Feng, Z. Shen, L. Gu, S. Zhang, L. Li, G. Lu and

X. Huang, J. Polym. Sci., Part A: Polym. Chem., 2008, 46,

5638–5651.

8 Z. Ge, Y. Zhou, J. Xu, H. Liu, D. Chen and S. Liu, J. Am.

Chem. Soc., 2009, 131, 1628–1629.

9 M. Kamachi, M. Kurihara and J. K. Stille, Macromolecules,

1972, 5, 161–167.

10 Z. Ge and S. Liu, Chem. Soc. Rev., 2013, 42, 7289–7325.

11 H. Cölfen, Macromol. Rapid Commun., 2001, 22, 219–252.

12 A. Nabiyan, M. Schulz, C. Neumann, B. Dietzek,

A. Turchanin and F. H. Schacher, Eur. Polym. J., 2020, 140,

110037.

13 Y. Nakagawa, S. Ohta, M. Nakamura and T. Ito, RSC Adv.,

2017, 7, 55571–55576.

14 C. Kilic Bektas, T. Dursun Usal, N. Hasirci and V. Hasirci,

Biol. Soft Matter Fundam. Prop. Appl., 2021, 89–114.

15 J. B. Max, A. Nabiyan, J. Eichhorn and F. H. Schacher,

Macromol. Rapid Commun., 2021, 2000671.

16 N. V. Semagina, A. V. Bykov, E. M. Sulman, V. G. Matveeva,

S. N. Sidorov, L. V. Dubrovina, P. M. Valetsky, O. I.

Kiselyova, A. R. Khokhlov and B. Stein, J. Mol. Catal. A:

Chem., 2004, 208, 273–284.

17 S. Lee, K. Saito, H.-R. Lee, M. J. Lee, Y. Shibasaki, Y. Oishi

and B.-S. Kim, Biomacromolecules, 2012, 13, 1190–1196.

18 N. T. T. Le, T. N. Q. Nguyen, V. Du Cao, D. T. Hoang,

V. C. Ngo and T. T. Hoang Thi, Pharmaceutics, 2019, 11,

591.

19 C. Frangville, Y. Li, C. Billotey, D. R. Talham, J. Taleb,

P. Roux, J.-D. Marty and C. Mingotaud, Nano Lett., 2016, 16,

4069–4073.

20 B. Mahltig, J.-F. Gohy, S. Antoun, R. Jérôme and M. Stamm,
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29 K. Lipponen, S. Tähkä, M. Kostiainen and M. Riekkola,

Electrophoresis, 2014, 35, 1106–1113.

30 B. V. K. J. Schmidt, Macromol. Chem. Phys., 2018, 219,

1700494.

31 Y. Cai, Y. Tang and S. P. Armes, Macromolecules, 2004, 37,

9728–9737.

32 M. Khimani, S. Yusa, V. K. Aswal and P. Bahadur, J. Mol.

Liq., 2019, 276, 47–56.

Review Article Chem Soc Rev

P
u
b
li

sh
ed

 o
n
 1

0
 J

an
u
ar

y
 2

0
2
2
. 
D

o
w

n
lo

ad
ed

 b
y
 T

h
u
er

in
g
er

 U
n
iv

er
si

ta
ts

 L
an

d
es

b
ib

li
o
th

ek
 J

en
a 

o
n
 1

/1
0
/2

0
2
2
 2

:1
9
:2

7
 P

M
. 

View Article Online



This journal is © The Royal Society of Chemistry 2022 Chem. Soc. Rev.

33 A. Nabiyan, P. Biehl and F. H. Schacher, Macromolecules,

2020, 53, 5056–5067.

34 S. Khan, J. McCabe, K. Hill and P. A. Beales, J. Colloid

Interface Sci., 2020, 562, 418–428.

35 F. Alsubaie, A. Anastasaki, P. Wilson and D. M. Haddleton,

Polym. Chem., 2014, 6, 406–417.

36 Y. Tezuka and H. Oike, J. Am. Chem. Soc., 2001, 123,

11570–11576.

37 A. Skandalis and S. Pispas, J. Polym. Sci., Part A: Polym.

Chem., 2019, 57, 1771–1783.

38 F. Wurm, J. Nieberle and H. Frey,Macromolecules, 2008, 41,

1184–1188.

39 T. Rudolph, S. Crotty, M. Von der Lühe, D. Pretzel,

U. S. Schubert and F. H. Schacher, Polymers, 2013, 5,

1081–1101.

40 Y. Qiu, W. Zhang, Y. Yan, J. Zhu, Z. Zhang and X. Zhu,

J. Polym. Sci., Part A: Polym. Chem., 2010, 48, 5180–5188.

41 Y. Cai and S. P. Armes, Macromolecules, 2005, 38, 271–279.

42 Y.-W. Harn, Y. He, Z. Wang, Y. Chen, S. Liang, Z. Li, Q. Li,

L. Zhu and Z. Lin, Macromolecules, 2020, 53, 8286–8295.

43 F. Sun, C. Feng, H. Liu and X. Huang, Polym. Chem., 2016,

7, 6973–6979.

44 A. Harada and K. Kataoka, Polym. J., 2018, 50, 95–100.

45 Y. Cui, X. Jiang, C. Feng, G. Gu, J. Xu and X. Huang, Polym.

Chem., 2016, 7, 3156–3164.

46 J. B. Max, K. Kowalczuk, M. Köhler, C. Neumann,
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C. Jérôme, C. Van De Weerdt, J. Martial, A.-S. Duwez and

C. Detrembleur, Langmuir, 2012, 28, 7233–7241.
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Polymers, 2020, 12, 2190.

367 D. E. Bergbreiter, J. Tian and C. Hongfa, Chem. Rev., 2009,

109, 530–582.

368 G. I. Dzhardimalieva, A. K. Zharmagambetova, S. E.

Kudaibergenov and I. E. Uflyand, Kinet. Catal., 2020, 61,

198–223.

369 V. S. Vyas, V. W. Lau and B. V. Lotsch, Chem. Mater., 2016,

28, 5191–5204.

370 Z. B. Shifrina, V. G. Matveeva and L. M. Bronstein, Chem.

Rev., 2020, 1350–1396.

371 B. L. Wadsworth, D. Khusnutdinova and G. F. Moore,

J. Mater. Chem. A, 2018, 6, 21654–21665.

372 C. Li, Q. Li, Y. V. Kaneti, D. Hou, Y. Yamauchi and Y. Mai,

Chem. Soc. Rev., 2020, 49, 4681–4736.

373 Z. Ge, D. Xie, D. Chen, X. Jiang, Y. Zhang, H. Liu and S. Liu,

Macromolecules, 2007, 40, 3538–3546.

374 K. O. Sebakhy, S. Kessel and M. J. Monteiro, Macromole-

cules, 2010, 43, 9598.

375 X. Yu, A. Herberg and D. Kuckling, Eur. Polym. J., 2019,

120, 109207.

376 X. Yu, A. Herberg and D. Kuckling, Polymers, 2020, 12, 2265.

377 I. Perez-Baena, F. Barroso-Bujans, U. Gasser, A. Arbe,

A. J. Moreno, J. Colmenero and J. A. Pomposo, ACS Macro

Lett., 2013, 2, 775–779.

378 B. L. Moore, A. Lu, D. A. Longbottom and R. K. O’Reilly,

Polym. Chem., 2013, 4, 2304–2312.

379 K. A. Ahrendt, C. J. Borths and D. W. C. MacMillan, J. Am.

Chem. Soc., 2000, 122, 4243–4244.

380 W. S. Jen, J. J. M. Wiener and D. W. C. MacMillan, J. Am.

Chem. Soc., 2000, 122, 9874–9875.

381 J. F. Austin and D. W. C. MacMillan, J. Am. Chem. Soc.,

2002, 124, 1172–1173.

382 L. Liu and A. Corma, Chem. Rev., 2018, 118, 4981–5079.
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