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“A scientist in his laboratory is not a mere technician: he is also a child 

confronting natural phenomena that impress him as though they were 

fairy tales.” 

 

  Marie Curie (1867-1934) 
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ABSTRACT 
 

Polyoxometalate-based molecular and composite materials were investigated for eco-friendly 

sustainability concerns like acid corrosion protection and water purification. A comprehensive 

literature investigation on the classical and non-classical roles of counter-cations in 

polyoxometalate (POM) chemistry was also achieved.  

One principal project deals with the investigation of POM based ionic liquids (POM-ILs) as 

transparent and highly viscous coatings to prevent the corrosion of different typical mineral 

stones with different elemental composition and porosity. Corrosion caused by acid rain and 

biodeterioration from bacterial films are worldwide problems for building construction or 

preservation of cultural heritage objects such as statues and sculptures. The project 

demonstrates how typical building stones can be protected from weathering and biofilm 

formation by application of thin films of monolacunary Keggin POM {SiW11} -based water-

repellent ionic liquids (POM-ILs). Exposure of the stones samples to simulated acid rain 

showed negligible corrosion compared to the major deterioration of the uncoated samples and 

the biocidal properties of the POM-ILs inhibited the formation of microbial films on coated 

stone slabs. This class of bifunctional modular molecular materials could also be developed for 

usage in building construction, cultural heritage conservation and environmental protection. 

The acid-stable surface coating was observed to be mechanically stable and is not removed 

even under accelerated acid rain simulation (surface adherence). The rheological, physical and 

chemical properties of the POM-ILs can be tuned at the molecular level and the results elucidate 

that the modification of the cation affects both the anti-corrosive properties and the antibacterial 

activity.    

 

The literature review study encompasses the state-of-the-art and emerging perspectives of 

POM-cation interplay. This covers the classical (POM dissolution, precipitation and 

purification) and non-classical roles of counter-cations in the domain of POM-chemistry, with 

an overview of fundamental POM-cation interactions in solutions leading to the formation of 

solid-state molecules, and also the exclusive chemical properties resulting from such 

interactions. The combination of anionic POMs with a huge library of organic and inorganic 

cations is crucial to control the self-assembly, stabilization, solubility, and functional diversity 
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of polyoxometalates. Apart from considerably explored simple alkali metal or ammonium 

cations, a cation-pool of dendrimers, metal complexes, amphiphiles, alkaloids etc. offer a vast 

domain of targeted applications possibly achieved via molecular level tuning, i.e. cation 

modification.  The advanced definition of counter-cations coined in the review article includes 

surfactants, polycations, biomolecules, and even positively charged surfaces and matrices. The 

non-classical roles of POM counter-cations include framework construction, templating and 

stabilization of POMs supramolecular assembly, and regulating the reactivity and speciation. 

A deeper understanding of the roles of the counter-cations is emerging and expanding along 

with cutting-edge instrumentation and modern computational capacity, which would definitely 

enrich the scope of fundamental and applied POM research.   

The other major project presents an alternative water- purification approach to address the 

global scarcity of pure drinking water, reporting the first example of magnetic polyoxometalate 

supported ionic liquid phases (magPOM-SILPs) and their use in water purification. The 

magPOM-SILP composite was employed to remove organic, inorganic, bacterial and 

microplastic pollutants, some of the typical surface contaminants, from water. The 

monolacunary Keggin ion {SiW11}-based water-insoluble polyoxometalate ionic liquid (POM-

IL) having long-chain alkylammonium cations ((n-C7H15)4N
+) with established antimicrobial 

properties was adsorbed onto magnetic microporous core-shell Fe2O3/SiO2 nanoparticles, 

giving rise to a magnetic POM supported ionic liquid phase (magPOM-SILP). These lacunary 

Keggin polyoxometalate anions ([α-SiW11O39]
8-) feature pre-designed binding sites for uptake 

of toxic heavy metals such as lead, nickel, chromium etc. The pollutant removal efficiencies 

reported were quite high compared to the reference composite without the POM-ILs.  Initial 

insights into a new mode of often quantitative microplastics removal by surface binding of 

magnetic particles were also attained. The lipophilic POM-IL facilitated the adsorption of 

organic contaminants such as textile dyes, resulting in a multifunctional water purification 

system, with facile removal of the purifier particles using a permanent magnet. Efficient 

optimization of the individual components by molecular-level tuning can improve the overall 

capacity of the systems and their coupling to electromagnetic recovery systems can be 

investigated for use under realistic operating conditions and task-specific applications such as 

centralized and decentralized water purification systems.  

So, both the major projects have sustainability as the core driving concept and the targeted 

applications are achieved through the conceptual understanding and modular design approach 

of POM-ILs and POM-SILPs.   
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LIST OF ABBREVIATIONS 
 

In addition to the standard notations, the following abbreviations were used in this thesis: 

 

POM Polyoxometalate 

IL Ionic Liquid 

RTIL Room Temperature Ionic Liquid 

POM-IL Polyoxometalate (-based) Ionic Liquid 

EA Elemental Analysis 

ICP-AES Inductively Coupled Plasma Atomic Emission 

Spectroscopy 

DLS Dynamic Light Scattering  

wt-% Weight percent 

SILP  Supported Ionic Liquid Phase 

Å Ångström (1 Å = 10-10 m) 

e.g. exempli gratia (for example) 

UV-Vis Ultraviolet and Visible 

FT-IR Fourier Transform Infrared 

EDX Energy Dispersive X-ray 

SEM Scanning Electron Microscopy 

TEM Transmission Electron Microscopy 

XRD X-ray Diffraction 

etc. et cetera 

 

NOTATION 
 

The standard notation of POM clusters, using square brackets e.g. [SiW11O39Fe(H2O)]5-, results 

in rather long and awkward formulae, clouding the clarity of the text. For this, the complete 

formulae of cluster compounds are simplified by an abbreviated notation using curly brackets, 

enclosing only the type and number of metal centers of the POM cluster, e.g. {SiW11Fe}. Each 

abbreviated formula represents the cluster unit of the corresponding framework.  

 

Polyhedral subunits are generally denoted using the square bracket notation [MOx] (M = central 

transition metal, x = 4 – 6). An octahedral building unit with six oxygen ligands (O) coordinated 

to a central transition metal (M) will be indicated as [MO6]. Corresponding charge is not 

assigned to depict only the structural information of the polyhedra. 
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1. Introduction 

1.1 Towards advanced materials and nanocomposites 

Human beings, as one of the most curious and intellectually well-equipped creatures on earth, 

have always strived for a better and easier life. Scientists, particularly chemists, have the whole 

periodic table at their disposal to create sophisticated and advanced materials such as 

nanocomposites in the hope of improving the quality of life for all. From relatively 

straightforward materials like conductive polymers for lighter and cheaper wires or organic 

solar cells, and aerogels for improved insulation, to much more intricate and advanced 

materials like carbon nanotubes for space elevators, quantum dots for display technologies or 

optical data communication, aluminium-titanium superalloy for jet engines or graphene in 

highly efficient batteries or diagnostic sensors, we are literally living in an era of material 

science marvels.[1] Chemists have designed, and continue to design, methodologies to monitor 

and control the synthesis of targeted complex molecules.  This allows them to tune the 

physicochemical properties of molecules that can then be used as molecular components in 

advanced composite materials or systems. We can now access a diverse pool of chemical 

species with different thermal, chemical and mechanical stabilities, and reactivities.  We can 

choose combinations of components from this vast library to develop unique composite 

materials that can utilise synergistic effects to access novel functions.  

Advanced materials have two very crucial aspects apart from their effective application: 

sustainability and cost-effectiveness. In recent years there has been shift towards more 

sustainable/environmentally friendly/eco-friendly methods with a focus on green solvents[2] 

and green chemistry.[3] Also, the precursors of the composite should be affordable for an 

industrial-scale production.  

One of the most commonly used tools to achieve sophisticated molecular candidates is 

molecular self-assembly, which is defined as the spontaneous and reversible organization of 

multiple molecular units into ordered structures via non-covalent interactions or  in some cases, 

covalent coordinative interactions . Spontaneity is the key here and all the dynamic non-

covalent interactions like hydrogen bonding, hydrophobic forces, π-π interactions and van der 

Waals forces operate strictly at the local level only, giving rise to a number of self-assembled 

structural diversities like micelles,[4] vesicles,[5] Langmuir monolayers[6] or liquid crystals.[7]  
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Nanocomposites are made up of multiple molecular units differing in elemental composition, 

structural patterns, and chemical features. Such diversity of the building blocks gives rise to 

exceptional versatility in possible modes of combination and in the multifunctional nature of 

the target material offering a broad range of potential applications. Regarding this, molecular 

species named polyoxometalates (POMs, defined and discussed in detail in the following 

section) having modular structure and easy tunabilty at the molecular level, can be utilized as 

distinctly promising building blocks for novel nanocomposites because of their redox 

behaviour, chemical stability and functional tunabilty at the molecular level. These type of 

molecules are formed primarily via assembly of metal oxide fragments in solution, followed 

by a condensation reaction covalently binding the assembled units.[8] These molecular cluster 

formation is just a straightforward and synthetically facile one-pot reaction. Their sizes range 

from several Ångstrom to ~5 nm, depending on the number of metal centres.[9] These molecular 

metal oxides offer a considerably large range of structural and in turn functional tunabilty by 

modification of individual chemical properties and establish a whole new research domain of 

polyoxometalate based molecular/ composite functional materials.  

 

1.2 Polyoxometalates (POMs) 
 

1.2.1 Structural classification 

Polyoxometalates (POMs) are defined as inorganic metal-oxo anionic clusters of the generic 

formula [MxOy]
n- with multiple (≥2) high-valent transition metals (M, group 6/5) in their 

highest oxidation state [M= MoVI, WVI, VV, NbV, TaV; d0 or d1 systems], linked via bridging 

µ-oxo ligands. Such early transition metals are called addenda atoms in POM chemistry and 

they form oxoanions before getting incorporated in the polynuclear cluster. The whole cluster 

has polyhedral units such as [MOy] (y= 4-7) including the terminal oxo-ligands and bridging 

µ-oxo ligands. Polyoxometalate formation follows a simple and distinctive self-assembly of 

pre-formed precursors, linked efficiently by sharing corners, edges or (rarely) faces (Figure 1). 
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Figure 1. Illustration of the three common linking modes for octahedral [MO6] units. Proton-assisted condensation 

reactions form reactive polynuclear metal oxide fragments which subsequently assemble into stable 

polyoxometalates. Linkage of coordination polyhedra occurs either by sharing corners via one bridging μ2-oxo 

ligand (left), sharing edges via two bridging μ2-oxo ligands (middle) or more rarely by sharing faces via three μ2-

oxo ligands (right). Colour scheme: royal blue: addenda atom M (= e.g. MoVI, WVI), red: O.  

 

In 1826, Berzelius reported the first polyoxometalate, a phosphomolybdate [PMo12O40]
3-, 

obtained by treating ammonium molybdate (NH4)2MoO4 with an excess of phosphoric acid. [10] 

Alfred Werner, attempted to explain the structure of silicotungstic acid by suggesting ‘highly 

linked polyhedra’ based on his theory of coordination. [11] In 1929, Linus Pauling proposed a 

structure for α-Keggin anions consisting of a tetrahedral central ion, [XO4]
n−8, caged by twelve 

WO6 octahedra. In this proposed structure, three of the oxygens on each of 

the octahedra formed bonds with three neighbouring octahedra. As a result, 18 oxygen atoms 

were used as bridging atoms between the metal atoms.[12]  Finally in 1933, J. F. Keggin 

experimentally unravelled the mystery of structural isomerism and solved the α-isomer by 

using powder X-ray diffraction and this class of compound were henceforth known as 

α-Keggin structures.[13] The Keggin structure accounts for both the hydrated and dehydrated 

α-Keggin anions without the need for significant structural change. It self-assembles in acidic 

aqueous solution (e.g. between pH 5-6 for silicotungstates) and forms a very stable 

structure.[14,15] Nowadays an unparalleled number of other major structural types of POM 

clusters are known and experimentally reported to exist and function (Figure 2).[16]  
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Figure 2. Overview of the most prominent classes of POM structures. a Keggin, b Anderson–Evans, c Wells–

Dawson and d Lindqvist structure. The structures are shown in both octahedra (left) and ball and stick (right) 

mode. Colour code: dark blue, M; green, X; red, oxygen.[17] Reprinted with permission from Springer Nature, 

Bijelic, A., Rompel, A., Polyoxometalates: more than a phasing tool in protein crystallography. ChemTexts 4, 10 

(2018). Copyright (2018).  

 

 

Polyoxometalates can be synthesized in both organic and aqueous media following different 

synthetic methods, such as a simple conventional one-pot solution-based reaction, microwave 

synthesis, [18] advanced techniques like hydrothermal methods, [19] or under microfluidic 

flow.[20] 

Polyoxometalates can be classified into two main categories of isopolyoxometalates and 

heteropolyoxometalates based on their chemical constitution. [21]  

Isopolyoxometalates are exclusively based on addenda atoms having the general formula 

[MmOy]
n- with usual addenda atoms M= Mo, W, V, Nb, Ta. Formation of POM-clusters is only 

chemically feasible if the addenda atoms have empty d-orbitals.  This enables strong d-p             

π- back-bonding from the oxo- ligands and this restricts the number of possible transition metal 

candidates as addenda atoms, limiting to only high-valent early transition metals. Stable POM 
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framework formation is directed by two key bonding conditions: initially a primary 

coordinative bond is formed between the addenda atom M and the oxo ligand. Also, a strong 

metal-oxide π-bonding by the transition elements is imperative; enough electron density must 

be withdrawn from the terminal M=O ligands through back-bonding to lower the basicity and 

nucleophilicity of the addenda atoms in order to restrict the cluster growth. This lead to discrete 

molecular species instead of an infinite growth into solid-state metal oxides.[22]  

Heteropolyoxometalates are formed when POMs happen to include a variety of heteroatoms 

ranging from main-group metals (e.g. X= P, As, Si, Ge) to d-block elements (e.g. Cu, Fe, Ni,Co, 

Mn) and even lanthanides (e.g. Ce, La), introducing a huge structural and functional diversity. 

Heteropolyoxometalates have the general formula [XaMmOy]
n-, a≤m where X is the 

heteroatom(s) serving as the templating ion (e.g. Si in the established Keggin structure 

[SiW12O40]
4- or linker between different POM units to form supramolecular assembly like 

[Co4(H2O)2(PW9O34)2]
10-.[23] HeteroPOMs can also form novel pagoda-like layered 

architectures with building blocks [TenW6n+3O21n+12]
(6+2n)− (n=1, 2, 3), having a redox-active 

heteroatomic TeIV template. [24]  Lacunary POM clusters have vacant sites (e.g. [SiW11O39]
8-) 

and they can react as multidentate inorganic ligands coordinating heteroatoms as new reactive 

sites (e.g. [SiW11O39X(H2O)]n-; X= CrIII, MnII, FeIII, CoII, NiII, CuII etc.). In Figure 2, the 

structures a, b and c are all representative heteropolyoxomelates whereas the structure d 

represents a class of isopolyoxometaltes.   

 

Incorporation of a heteroelement into any POM framework can be used to tune the properties 

of the POM (e.g. redox potential, overall stability, basicity of protonation sites, spectral 

features) including the overall electronic charge of the cluster.   

 

The structural diversity of POMs has given rise to an immense variety of polyoxometalate-

based material chemistry over an interesting size scale, from nano- to the micrometre range, 

depending on the other constituents of the composite. POMs exhibit an enormous assortment 

of physicochemical properties like ionic conductivity,[25] electrochromism and 

photochromism,[26] magnetism,[27] superacidity[28], luminescence,[29] etc. Owing to these, over 

the last two decades POMs have drawn accelerated attention from the scientific community. 

POMs or POM-based novel materials have found diverse applications in oxidation catalysis, 

[30] energy-storage systems,[31] dye-degradation,[32] molecular medicine, [33] acid-corrosion 
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protection of metal discs[34] or natural limestones,[35] removal of multiple pollutants from 

drinking water[36] (including microplastics),[37] and drug-delivery[38] just to name a few.  

1.2.2 Polyoxometalate formation through self-assembly 

The ubiquitous process of self-assembly is continuously observed in nature where it plays 

several important roles in bottom-up molecular growth leading to the formation of a wide 

variety of complex biological structures. Materials scientists have always aspired to exploit 

nature's self-assembly principles to create functional materials (e.g. nanobiomaterials) with 

hierarchical structures and tailored properties.[39]  

Genesis of cell membranes through lipid bilayer formation, double helical DNA shaped 

through hydrogen bonding of the individual strands, or the assembly of proteins to form tertiary 

or quaternary structure: all are fascinating wonders of self-assembly. The structural hierarchy 

of protein synthesis actually involves several levels of molecular organization. From covalently 

linked array of amino acids into a linear sequence (primary structure) , the helical or sheet-like 

secondary structures and the spatially distributed, highly complex and robust tertiary or 

quaternary structure are formed by various non-covalent interactions like hydrogen bonding, 

hydrophobic forces etc. [40] 

Chemists try to fabricate complex molecular materials or compounds in the laboratory from 

much smaller precursors (compared to Mother Nature), often following a straightforward one-

pot recipe. The synthetic marvel of self-assembly allows highly ordered architectures 

polyoxometalate clusters to spontaneously emerge from smaller building blocks through self-

assembly (Figure 3). More often than not, the chemical and physical properties of such novel 

molecular candidates contrast those of their specifically selected precursor building blocks, or 

even exhibit new (synergistic) properties. [41] The conspicuous molecular complexity and 

functionality achieved through this simple and straightforward synthetic approach makes self-

assembled structures excitingly suitable candidates for materials science as well as overall 

modern inorganic chemistry research.  
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Figure 3. Illustration of the self-assembly of a biological system (top) and the self-assembly of a polyoxometalate 

cluster (bottom). Both systems are characterised by increasing structural complexity and novel physicochemical 

properties associated with their structural arrangement. The biological self-assembly is exemplified here by the 

structure of the enzyme urease (top);[42] the polyoxometalate cluster is a {Mo154} nanowheel (bottom).[43] The 

POM cluster image is reprinted with permission from Springer Nature, Liu, T., Diemann, E., Li, H. et al. Self-

assembly in aqueous solution of wheel-shaped Mo154 oxide clusters into vesicles. Nature 426, 59–62 (2003), 

Copyright (2003).  

 

 

The self-assembly process of polyoxometalate formation is described quite well,[21] and 

extensively analysed by in-situ 1H-, 17O-, 51V- and 138W- NMR spectroscopy, ESI-MS and    

UV-Vis spectroscopic techniques. However the exact reaction mechanism is still unknown.[44] 

Large cluster assemblies are strongly influenced by coordinative bonds. In case of the self-

assembly of polyoxometalates by the formation of coordinative bonds between the electron 

deficient high valent metal centre and nucleophilic oxoanion ligands. Such complexes extend 

into structurally complicated systems, driven by intra- and intermolecular interactions such as 

Coulombic interactions, hydrogen bonds etc. directing the self-assembly into complex systems 

thus enabling the formation of a pool of independent supramolecular structures. [45] 
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The aggregation leading up to cluster formation gets largely influenced by a plethora of primary 

parameters including proton concentration, reactant concentration, the relative molecular ratio 

of metal oxide precursors and heteroatoms and secondary reaction parameters such as the 

temperature, reaction time, solvent nature, pressure, the final pH value, presence of reducing 

agents or additional ligands, the nature of the counter ions and methodology, influence shape 

and size of the resulting cluster. [46,47] Further rigorous understanding of these parameters and 

their influence on the self-organization process has to be attained for a more specific 

experimental design. So far, designed synthesis of polyoxometalates resolutely depends on 

empirical knowledge and multiple screening experiments. [41,47]  

 

POM formation is systematically explained using the prototype Keggin anion [XM12O40]
n-, 

(X= B, Si, P ; M = Mo, W etc.). POMs in general, particularly the Keggin anion, are synthesized 

by acidifying an aqueous solution of a metal oxide precursor such as Na2MO4 (M = W, Mo). 

Acidification of the reaction mixture results in an expansion of the metal coordination shell of 

the precursor from a tetrahedral to an octahedral coordination sphere, causing an increased 

polarization of the M=O double bonds. Subsequently the oxo-ligands can easily be protonated, 

initiating the chain of consecutive condensation reactions between the octahedral [MO6] units 

which are linked by one or two bridging μ-oxo-ligands resulting in corner- and edge-sharing 

complexes (Scheme 1). More elaborate polynuclear building blocks are developed from 

reactive hydrated complexes such as O[MO(OH)4]2
3-. [48]  

  

 

Scheme 1. Exemplary condensation reaction of [MO6] octahedra via μ-oxo-linkage to form larger reactive 

fragments which further assemble to form stable polyoxometalate anions [MmOy]n- (with M = W, Mo, etc.). 

 

The unstable intermediates can instantaneously react further, forming aggregates of highly 

symmetric (C3v) edge-sharing triads [M3O13]. Fusion of the unstable hydrated polynuclear 

metal-oxide intermediates gives rise to the final cluster framework. So, the cluster growth is 

predominantly governed by empty d-orbitals of the high-valent metals which enable the 
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formation of strong π – bonds, thereby rendering the terminal M=O double bonds less 

nucleophilic. Thus, no further spontaneous condensation occurs and the cluster growth is 

ceased. As an infinite cluster growth is prevented, the finally formed cluster exists as a well-

defined molecular species.[49]  

So, the facile change of coordination numbers, ready exchange of water ligands at the addenda 

atoms, the distinctive M-O-M type bonds, and the presence of the terminal M=O groups 

preventing unlimited chain growth give rise to linkage of metal-oxide building blocks, builds 

up a huge library of  polyoxometalates. [22] 

 

1.2.3 The Keggin anion: a template-assisted prototype POM formation  

Due to structural and characteristic complexity, the early transition metal polyoxoanions 

impose a number of synthetic challenges. In the recent decades, mostly pragmatic synthetic 

approaches were developed and carried out by following systematic observations, altered 

reaction conditions and control experiments. 

 

One extensively studied POM cluster formation with controlled synthesis is that of the 

archetypal Keggin polyoxometalate [XM12O40]
n- (M = Mo, W; X = BIII, SiIV, PV [50] or BeII [51]). 

This prototype can be used to effectively illustrate the key principles of a template-driven self-

assembly process. 

 

Tetrahedral oxoanions XO4
n- such as silicate or phosphate act as templates to allow the 

controlled synthesis of Keggin polyoxoanions. The typical Keggin structure with Td symmetry 

is formed of four [M3O13] triad building blocks which are connected to each oxo-ligand of the 

XO4
n- template through a μ3-oxo-bridge. The formation of the α-Keggin-type [SiW12O40]

4- 

anion (Figure 4) exemplifies such self-assembly process where a tetrahedral PO4
3- anion acts 

as the template.  
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Figure 4. Self-assembly of the Keggin anion [α-SiW12O40]4-. (1) Oxometalate building blocks (e.g. {WO6}, 

{W3O13} are spontaneously formed in solution by acidification. (2) In the presence of tetrahedral templates (e.g. 

SiO4
4-), the building blocks assemble to give the Keggin anion [α-SiW12O40]4-. (3) Removal of one W centre leads 

to the formation of a lacunary species, [α-SiW11O39]8- (the structural vacancy is marked with an orange arrow). (4) 

Transition metal (M) incorporation into the structural vacancy leads to the formation of a TM-functionalized 

Keggin anion [α-SiW11O39M(H2O)]n-.[52] Colour scheme: W (black), O (red), Si (purple). Reprinted with 

permission from Springer Nature: New synthetic routes to polyoxometalate containing ionic liquids: an 

investigation of their properties by Sven Herrmann, Copyright (2015).  

 

 

Five distinct isomers of the Keggin anion are reported: designated by the prefixes α-, β-, γ-, δ- 

and ε-. (Figure 5) These isomers only differ in the orientation of the edge-sharing [Mo3O13] 

triads, by successive 60° rotations around the C3-axes. [14] The rotation eventually lowers the 

symmetry and stability of the overall structure; so essentially the α-Keggin anion represents 

the most stable form,[53] with its high stability rationalized by the aforementioned mode of 

linkage.[54]   
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Figure 5. Polyhedral structures of all Keggin isomers. Purple {M3O13} units represent the triads, which have been 

rotated by 60° with respect to the α-isomer to obtain the next isomer. Colour code: dark blue/purple, M; green, X; 

red, oxygen. [17] Reprinted with permission from Springer Nature, Bijelic, A., Rompel, A., Polyoxometalates: 

more than a phasing tool in protein crystallography. ChemTexts 4, 10 (2018). Copyright (2018).  

  

 

The controlled hydrolysis of the closed cluster shell allows the selective removal of up to three 

M=O units,  thereby generating mono-, di- or tri-vacant so-called lacunary species [XM11O39]
n- 

({M11}), [XM10O36]
n- ({M10}), [XM9O34]

n- ({M9}). This is a prevalent approach for the directed 

functionalization of Keggin architectures. Lacunary clusters feature one or multiple vacant 

binding sites within the cluster shell where reactive metal centers can be attached in an 

additional synthetic step. This way, the overall cluster charge and other properties can be 

deliberately altered to attain functional specifications for tailored molecular materials.  

 

The incorporation of a transition metal into the lacunary void of the {XW11} cluster framework 

is quite straightforward. The vacancy might accommodate cations of a widely varying size 

range: ionic radii ranging from 53 pm (AlIII) to 88 pm (TlIII) ionic radius have already been 
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proven to be achievable.[55] The lacuna preferentially bind as pentadentate ligands, the four 

outer oxo ligands bind to the incorporated d-element and one elongated bond is formed to the 

nearest oxygen of the templating [XO4] central unit.  

 

Integration of functional metals into these binding sites results in an overall increase of the 

negative charge and enhanced nucleophilicity of the lacunary clusters. The chemical, magnetic, 

and electrochemical characteristics of these TM-functionalized lacunary clusters substantially 

diverge from the original non-functionalized one, and also from each other depending on the 

size and electronic properties of the particular metal involved. So, lacunary clusters remains an 

immensely explorable domain for successfully designing tungstate-based molecular materials 

with tailored functionality. (Figure 4). Further modification of the cluster-anion is attainable 

by coordinating other ligands besides water to the transition metal in pH-dependant ligand 

substitution reaction, such as sulfito or hexacyanoferrate(II).[56] Structural diversity of different 

Keggin-based clusters based on their number of vacancies is observed in Figure 6.  

 

Transition metal containing lacunary clusters find diverse applications in photochemical water 

oxidation,[57] molecular magnetism,[58] heterogeneous or homogenous catalysis,[59] etc.  
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Figure 6. Illustration of the structural diversity of the Keggin-based anions highlighting the diverse coordination 

environments which are determined by the number of vacancies and by the type of isomer. Top left: the trilacunary 

vacancy of [SiW9O34] is filled up by a [Ni6O9(en)3] framework ; top right: [SiW10O38Al2]6- with one pyridine 

ligand bound at each Al3+ centre; bottom left: [PW11O39]7- bound over its lacunary site to hafnium chelated by a 

porphyrin-system; bottom right: [PW12O40]3- bridging two cobaltphenanthroline complexes. Colour scheme: 

cluster: light blue polyhedra, O: red, Si: light grey,P: pink, N: dark blue, C: grey, Al: lime, Ni: turquoise, Co: 

green, Hf: orange. [52] Reprinted with permission from Springer Nature: New synthetic 

routes to polyoxometalate containing ionic liquids: an investigation of their properties by Sven Herrmann, 

Copyright (2015).   
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1.3 Polyoxometalate-based ionic liquids (POM-ILs) 

1.3.1 Ionic liquids: chronicle and state-of-the-art 

Ionic liquids are salts in the liquid state typically having melting points below 100oC.[60]                    

In the last two decades ionic liquids (ILs) have emerged as an exciting class of compounds, 

especially because they are exceptionally promising candidates as unique ‘green’ solvents[61] 

and electrolytes.[62] Recent years have seen a surge of interest in ILs and supported ILs[63] and 

this prompted widespread scientific studies. Ionic liquids have found a plethora of direct or 

indirect applications in catalysis,[64] biocatalysis,[65] electrochemical devices,[66] or engineering 

fluids[67] amongst several others.  

 

In 1800 Humphrey Davy used the first electrical battery ‘voltaic pile’ to pass electricity through 

molten salts (with melting points above 100oC) of alkali metals in order to obtain sodium and 

potassium. Later he also managed to extract magnesium, calcium, barium and strontium under 

the influence of the electric field. This can be considered as the first-ever conceptual marvel in 

the history of ionic liquids. [68] More than a century later, in 1914 Paul Walden reported the 

synthesis and behaviour of the first ionic liquid according to modern definition, 

ethylammonium nitrate with a melting point of only 12 °C. He defined ionic liquids to be 

materials composed of cations and anions that melt around 100 °C or below as an arbitrary 

temperature limit, clearly differentiating them from an all-inclusive broader class henceforth 

known as molten salts that usually exhibit much higher melting points.[69]   

 

Initially ionic liquid research was mainly focused on organic compounds with asymmetric alkyl 

chains (prevented the formation of lattice structures). First generation ILs were easily 

hydrolysed due to their component such as the [AlCl4]
- anion. Interest in ionic liquids increased 

with the incorporation of more stable anions and the development of the second generation of 

ionic liquids.[70] Especially in the last two decades, ionic liquids have drawn a lot of academic 

attention because of their special features like low melting point, high viscosity, low vapour 

pressure, and molecular-level tunability. These properties (Table 1) make them fitting 

candidates for a large spectrum of applications from batteries or fuel cells, to even biology or 

biomimetics.[71,72] Consequently, ionic liquid research has experienced an exponential increase 

both in terms of journal publications and patents.   
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                                 Table 1. Key properties of modern organocation-based RTILs [73,74]  

 

Properties Standard values 

Melting point < 100 oC 

Liquidus range > 100- 200 oC 

Viscosity <100- 150 cP 

Thermal stability High 

Vapor pressure Negligible 

Dielectric constant < 20-40 

Specific conductivity < 10- 15 mS cm-1 

Electrochemical window upto 6 V 

 

 

 

Common synthetic practice to produce ionic liquids is the pairing of sterically demanding 

cations with different organic or inorganic anions. A library of contemporary ionic liquids can 

be built up using the combination of bulky organic cations such as alkylammonium, 

alkylphosphonium or imidazolium cations with a range of weakly interacting organic or 

inorganic anions such as Cl-, PF6
-, CF3SO3

2- etc.[49] The wide range of accessible properties like 

high thermal and chemical stability, low vapour pressure and interesting solvent properties; 

coupled with the degree of fine-tuning achievable by altering the constituent ions (thereby 

regulating the viscosity, melting point etc.) makes IL research one of the most exciting field of 

modern synthetic research. These unparalleled range of features has brought ionic liquids the 

glorified stature of designer solvents.[75] 

 

Room-temperature ionic liquids (RTILs) [73,74] constitute a very useful branch of the ionic liquid 

family-tree. Imidazolium-based ILs were one of the first RTILs to get reported. In the recent 

times, RTILs find innumerable applications in catalytic metathesis, [76] electrochemistry, [77] 

solvent extraction studies, [78] or even as drug reservoirs for controlled drug release. [79]  
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1.3.2 Cluster anions in ionic liquid: fabrication of POM-ILs 

There is a huge demand for molecular building blocks with controllable physicochemical 

properties to make advanced functional materials. For instance, in IL synthesis organic cations 

can be combined with (often) inorganic anions with different physicochemical properties to 

give ionic liquids with controlled/designed properties. Until recently, it was more common to 

synthetically alter the organic cations to change properties, while anionic functionalization was 

not much explored.  

Introducing POMs as anions that can be synthetically functionalised in ILs has opened up a 

new avenue of research in the branch of polyoxometalate-based ionic liquids (POM-ILs). 

Bulky organic cations used in combination with POM anionic clusters has given rise to a 

number of molecular or composite functional novel materials.  

The first proper POM-IL was reported in 2004.[80] Constituents of this POM-IL are the 

prototype phosphotungstate Keggin [PW12O40]
3- as the anion along with the large asymmetric 

polyethylene glycol (PEG)-based quaternary ammonium cation Ethoquad 18/25, 

[(CH3)(C18H37)N[(CH2CH2O)nH][(CH2CH2O)mH]+ (= Q+) (POM-IL 1 in Figure 7) 

Figure 7 shows some more examples of POM-ILs developed during the past decades.  
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Figure 7. Literature examples of some representative POM-ILs with varied cation-anion combinations.[52] 

Reprinted with permission from Springer Nature: New synthetic routes to polyoxometalate containing ionic 

liquids: an investigation of their properties by Sven Herrmann, Copyright (2015).   
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One crucial point needs special attention: POM-ILs need to be differentiated from cluster salts 

of POMs dissolved in ionic liquids. True POM-ILs can achieve much higher cluster loadings 

(as the POM cluster acts as the anionic component of the IL) compared to POM salts dissolved 

in ILs which generally face solubility constraints.[70] Besides, when POM salts are solvated in 

ionic liquids, two additional ionic species, cation of the POM salt and the anion of the IL are 

introduced into the solution, altering the physicochemical properties of the mixture. And 

especially at higher POM-loadings, this might hamper the desired functionalities as well.  So, 

care should be taken to design and explore efficient synthetic routes to access proper POM-

ILs.[70] 

 

1.3.3 Advances in POM-IL research 

Interesting research on soft polyoxometalate materials started at the end of the last decade and 

this domain flourished soon after, focusing on the development of functional materials 

combining hard POMs with diverse soft, mostly organic materials.[81] The physical, chemical 

and rheological properties of POMs and POM-ILs can be tuned to suit specific purposes by 

chemical design.[82] A few literature examples are provided in the current section for a lucid 

understanding of recent distinct marvels of POM-IL research along with insights regarding the 

properties that render POM-ILs one of the leading candidates for such wide-ranging 

applications.  

 

1.3.3.1 POM-IL as thermoregulated epoxidation catalyst 

A remarkable work has reported a novel polyoxometalate-based ionic liquid                                

[PEG-300-C12MIM][W2O11] for thermoregulated epoxidation of olefins. [83] The epoxidation 

of cyclooctene was chosen as the model reaction by using the catalyst in ethyl acetate medium 

with 30% aqueous H2O2 at 60 °C. The catalyst could be recovered conveniently by a 

thermoregulated-phased separation after the reaction and be efficiently recycled for 17 times 

without significant changes in the catalytic activity. TGA showed onset of the decomposition 

of the POM-IL catalyst at ~250oC and full decomposition at 580oC.  The conversion and 

selectivity to epoxide were both higher than 99% within 6 h in the first run. However, the 

reaction rate of the recovered catalyst became faster than the fresh one in the three recycles. 

Interestingly, the active species [{W=O(O2)2}2(μ-O)]2− could be decomposed partially in the 
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synthetic process then regenerated after interaction with the H2O2 under the reaction conditions 

(reaction-induced phase-separation system), or due to the increased number of active sites 

available in the recycled catalyst. This particular POM-IL exhibited the properties of 

thermoregulated phase-separable catalysis, which offers a convenient route to isolate the 

product.  

 

1.3.3.2 POM-ILs in industry 

A Keggin-based POM-IL with a N-propanesulfone pyridinium (PsPy+) cation has been used 

for the deep desulfurization of model diesel fuels.[84] (PsPy)3[PW12O40] (POM-IL 5 in Figure 

7) was utilized in a three-phase system consisting of the POM-IL as the bottom layer, aqueous 

H2O2 as the middle layer and the diesel oil as the top layer (Figure 8). It was shown that by 

using this Keggin POM-IL in combination with a standard IL, [omim]PF6, a model sulphur 

pollutant dibenzothiophene was almost completely removed oxidatively within 1 hour at 30 

oC. The system was also recycled with a negligible loss of activity.  

Another interesting work reports an established polyoxometalate, [PV2Mo10O40]
5-, in both 

acidic (acidic POM, H5[PV2Mo10O40]) and ionic liquid‐compatible form ([C2mim]POM, [1‐

ethyl‐3‐methylimidazolium]4H[PV2Mo10O40]) as an effective catalyst unit for the dissolution 

and delignification of wood in the ionic liquid (IL) 1‐ethyl‐3‐methylimidazolium acetate 

([C2mim]OAc).[85] These examples continue reinforcing the great industrial prospect of such 

POM-ILs as functional molecular materials. 
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Figure 8. Catalytic oxidation and extraction of sulfur content present in model oil: (A) before oxidation; (B) 

during oxidation; (C) after oxidation; (D) with extraction of oxidative production. [84] Reprinted with permission 

from American Chemical Society, Wangli Huang, Wenshuai Zhu, Huaming Li, Hua Shi, Guopeng Zhu, Hui Liu, 

and Guangying Chen, Industrial & Engineering Chemistry Research 2010 49 (19), 8998-9003.  

Copyright (2010) American Chemical Society. 

  

 

1.3.3.3 POM-ILs in photocatalytic water oxidation 

 

Transcending the aqueous phase of regular inorganic material chemistry, the ionic liquid 

medium can alter the reactivity of POMs. A pioneering example is the photochemical oxidation 

of water carried out at interfaces of water with protic (DEAS=diethanolaminehydrogen 

sulphate) and aprotic ([Bmim]X; Bmim = 1-butyl-3-methylimidazolium, X = BF4,PF6) ionic 

liquids.[86] In this bi-phasic system [P2W18O62]
6- is photochemically reduced in the ionic liquid 

with water serving as an electron donor. Such redox reactions are not observed with 

[P2W18O62]
6- dissolved in neat water or conventional organic solvents. This surprising 

phenomenon can only be rationalized if there is any difference in chemical nature of the IL-

confined water and the bulk. The rate of diffusion of photo-generated POM was dependent on 

the initial concentration of oxidized POM and the viscosity of the IL (or mixed phase system 

produced in cases in which the interface is thermodynamically unstable).  
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1.4 Supported ionic liquid phases (SILPs) 

As illustrated in the previous subsection, ionic liquids gained a widespread attention in the last 

two decades, especially in the fields of materials chemistry and homogeneous catalysis, or as 

solvents. Biphasic ionic liquid- (ionic liquid/water/gas) systems have found numerous 

applications in hydroformylation of alkenes,[87] hydroaminomethylation of alkenes,[88] 

photocatalytic CO2 reduction,[89] or even in whole-cell biotransformation.[90] However, due to 

the high viscosity of the ionic liquids, mass-transfer constraints put a limitation on the amount 

of expensive ionic liquid available for usage on the active site of catalysis. This requires lot 

more ionic liquid, making the whole process not exactly economically viable.  

To circumvent such challenges, the concept of a “heterogenised ionic liquid catalyst” system 

known as Supported Ionic Liquid Phase (SILP) catalysts were introduced.[63] In these SILP 

systems, immobilizing a thin film of IL on a solid support material (Figure 9) with high surface 

area (e.g. porous silica/ active carbon) facilitated the heterogenization of the IL compound. [91] 

SILP catalysts counteract the mass transfer drawbacks, as by maximizing the IL contact surface 

with the substrate they enable to involve all the available ionic liquid and catalyst in the 

catalysis. Furthermore, particular features of the SILPs can be modulated on a molecular level 

by controlling the ionic counterparts of the ionic liquid, and the surface area or pore volume of 

the support materials can be altered by using different porous materials.  

 

 

Figure 9. Schematic representation of ionic liquid film supported on a porous material. Representation adapted 

following the literature. [63] 
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As they are stable, solid, and powdery in most cases, SILPs are much easier to handle than 

highly viscous ionic liquids. SILPs can be used in continuous fixed-bed reactors with no need 

of additional separation or catalyst recycling methods.[92] The concept has been extensively 

implemented in functional membranes (ILs as liquid membrane phases)[93] and product 

extraction or separation technology on large scales.[92]  

Immobilization of the ionic liquid layer on the porous support material is imperative to prevent 

leaching of partially soluble IL into a reaction mixture.  This would be problematic for the 

widespread applications of SILPs. The fixation of the ionic liquid onto the support material can 

either be achieved by physisorption (non-covalent interactions like van der Waals or 

electrostatic forces) or chemisorption (covalent bonding of each IL fragment to the support). 

Irrespective of the fixation mode, generally the thickness of ionic liquid film is in the range of 

a few nm.[94]   

The chemical nature and the physicochemical properties such as pore structure or surface area 

control the fixation mode and the distribution of the IL on the support surface. Depending on 

the properties of the support material and the IL, supported ionic liquid materials can be 

classified in different categories (Figure 10):  

(i) Type A-SILP (Supported ionic liquid phase- multi-layered film of IL ions, IL governs the 

film behaviour) 

(ii) Type B- SCILL (Solid catalyst with ionic liquid layer- support material itself is catalytically 

active) 

(iii) Type C- SIL (Supported ionic liquid- covalently linked IL monolayer on support) 

 

 

Figure 10. Major types of supported ionic liquids. (Concept adopted from literature.[63]) 
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2. Counter-cations in polyoxometalate chemistry 
 

The interplay of intrinsically anionic POMs with organic and inorganic cations is important to 

monitor and control POM self-assembly, stabilization and function. Apart from simple alkali 

metals and ammonium, chemically diverse cations including dendrimers, metal complexes, 

amphiphiles, and alkaloids allow property tuning for targeted applications. A comprehensive 

review article [95] about cation-POM interactions, with an overview of fundamental POM– 

cation interactions in solution, the resulting solid-state compounds, and behaviour and 

properties that emerge from these POM–cation interaction, was published in the article:        

AM-2: “Beyond Charge Balance: Counter-Cations in Polyoxometalate Chemistry”, A. Misra, 

K. Kozma, C. Streb, M. Nyman, Angew. Chem. Int. Ed. 2020, 59, 596.  

This comprehensive review is a systematic conceptual research on its own. It elaborates the 

fundamentals of POM-cation interactions and the detailed structure-induced functions of 

inorganic cation-POM materials, also delving deep into supramolecular POM-cation 

aggregation and also the cutting-edge researches on different emerging areas based on POM-

cation interplay.  

 

2.1 Perspective on POM-cation interplay (AM-2): State-of-the-art 
 

This chapter contains the paper [AM-2] written by Archismita Misra+, Karoly Kozma+, Carsten 

Streb* and May Nyman* as a perspective article in Angewandte Chemie. The article has the 

title “Beyond Charge Balance: Counter-Cations in Polyoxometalate Chemistry”.  

This review articulates the non-classical roles (beyond charge balance) of counter-cations in 

polyoxometalates, citing evidences of cation-driven reactivity; template-dependent cluster 

growth and supramolecular assembly towards applied POM chemistry or functional POM 

architectures.   

+ These authors contributed equally to this work.  

DOI: 10.1002/anie.201905600 

Licensed under CC BY 4.0, https://creativecommons.org/licenses/by/4.0. 

 

https://creativecommons.org/licenses/by/4.0
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3. Objective 
 

A plethora of research has been done in the last few decades on the molecular POM clusters 

exhibiting a wide range of structures and diverse chemical reactivities. Different targeted 

properties of POMs have also been developed with novel synthetic routes to procure certain 

structure types. Chemical and thermal stability of POMs, high redox activity, charge storage 

capacities, magnetic properties etc. can be employed best if incorporated within composite 

materials where the additional compounds/ molecular species/ fragments influence the 

conductivity, electrochemical behaviour, catalytic properties etc. More often than not, 

composite materials are often easier to handle/process/use. POM research in general is already 

an established field of inorganic chemistry as these metal oxide clusters have given rise to an 

extensive library of molecular tools.  

These molecular tools have designed functionalities for specific application in almost all of the 

major domains of applied chemistry; e.g. energy storage materials, photo/ electrocatalysts, 

sensor systems, antibacterial agents etc. 

However, compared to the theoretical insights and experimental knowledge of POMs already 

investigated, the administration of POMs in molecular or nanocomposite materials chemistry 

has a lot of room for further exploration. But the extensive structural variation coupled with 

distinct archetypal properties of POMs actually make them remarkable candidates for advanced 

functional materials, where the properties can be fine-tuned at the molecular level.  

The principal objective of this work was to develop POM-based molecular or composite 

functional materials and employ them in solving environmentally relevant problems, 

specifically acid and bio-corrosion of buildings and architecture and global crisis of pure 

drinking water.  

Two major projects were addressed within this PhD tenure: 

A) POM-ILs as anticorrosion and antibacterial coatings for natural stones:  

POM-based ionic liquids with bulky alkylammonium or similar chains exhibit unique features 

like high viscosity, surface-hydrophobicity, low vapour pressure, etc. The ILs offer the 

advantage of a modular design in which cation and anion can be independently tuned, enabling 

the formation of multifunctional materials suitable for surface coatings. The main focus of this 
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project was to systematically synthesize Keggin-anion based different polyoxometalate ionic 

liquids (POM-ILs), and exploit their unique characteristics to make anticorrosive (and 

antibacterial) coatings on mineral stones because the corrosion of stones used in building 

construction due to acid rain (and bacterial biofilm formation) is a major global issue as a part 

of environmental protection and cultural heritage preservation.  

B) POM-SILPs for the removal of multiple pollutants from water: 

This project was focussed on another innovative application of POM-ILs in water purification 

from organic dye, heavy metals, and microplastics (also: bacterial, in collaboration) among 

other pollutants, employing the SILP-concept for increased surface-area and metal-absorbing 

properties of the support medium coupled with facile handling. Use of a magnetic silica-based 

support material resulted in production of magnetic POM-SILPs, making the way for easy   

post-purification magnetic removal of the material. The lipophilic nature of the POM-ILs helps 

in binding and removing organic molecules whereas the vacant positions of lacunary Keggin 

clusters are used to bind a wide range of heavy metals, along with a newly-established property 

of binding microplastics (one of the major CEC, Contaminants of Emerging Concern).  

 

Beside these experimental projects, a comprehensive literature review project was also 

completed within the scope of this PhD thesis.  This was a systematic study on the role of 

counter-cations in polyoxometalate chemistry. The interaction of anionic POMs with organic 

and inorganic cations is crucial to control self-assembly, stabilization, solubility, and overall 

function of the POM units. Chemically diverse cations including dendrimers, metal complexes, 

and alkaloids etc. allow tailoring properties for known and unknown applications. This review 

targeted to provide an overview of fundamental POM-cation interactions in solution, the 

resulting solid-state compounds, and resulting properties from these POM-cation interactions; 

exploring how application-inspired research utilized the cation-controlled design to discover 

new functional POM materials. This review also highlighted recent breakthroughs in chemical 

and materials science at large, broadening the horizon of the field to encompass new research 

prospects. 
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4. Results and Discussion 
 

4.1 POM-ILs in corrosion protection of natural stones: Exploiting 

high viscosity and surface hydrophobicity [AM-1]  

 

Keggin based POM-ILs are soluble in classical organic solvents like toluene, chloroform, 

acetone, acetonitrile, ethanol, methanol, acetonitrile, DMSO etc. However, even at higher 

temperature, the POM-ILs are immiscible in water, contrary to traditional ionic liquids many 

of which are water-soluble.[60,96] Based on the water-repellency, high viscosity and earlier 

research within the group that established metal-corrosion resistance properties of TM-

functionalized lacunary Keggin-based ionic liquids, [34] we decided to investigate whether 

Keggin-based POM-ILs can be suitable candidates as coating materials to prevent acid-

corrosion of mineral stones. 

 

Corrosion of building stones is a vital global issue, especially considering the loss of cultural 

heritage objects such as statues or ancient buildings. [97,98] Corrosion of stones can be caused 

by physical weathering (thermal and mechanical stress) or chemical weathering (several 

chemical factors). Acid rain due to the presence of  multiple  industrial pollutants (SOx, NOx 

emissions) contributes a lot in the overall corrosion scenario.[99] Furthermore, bacterial 

colonization also causes major aesthetic changes besides physical and chemical deterioration, 

thereby aggravating the need for conservation of stones.[100] Such formation of biofilms 

discolours the stone surface  and alters the stone porosity and this whole phenomenon is known 

as ‘biodeterioration’.[101] Stone artefacts, particularly the ones exposed to outdoor 

environments need continuous maintenance. It includes water repellents along with biocidal 

products to inhibit biofilm growth. To this end, protective coatings which either act as water 

repellents to prevent aqueous acid corrosion (e.g. alkoxysilanes, fluoropolymers, etc.) or as 

biocides to prevent biofilm formation on the surface have been fabricated.[102]                               

Metal oxide nanoparticles have proved to be potential antimicrobial agents,[102,103] as they 

feature higher environmental stability than organic antimicrobial agents, They also act against 

a broad range of microorganisms, reducing the development of antimicrobial resistance.[104] 

Recently, ionic liquids (ILs, i.e. salts with a melting point < 100 oC) [61] have been proposed as 

anti-corrosive agents[105] due to their remarkable performance in corrosion protection by 
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lubrication and coating formation.[106] ILs offer the edge of a modular design. Cation and anion 

can be tuned independently, and this enables the formation of multifunctional materials suitable 

for surface coatings. It was also shown that room-temperature TM-functionalized lacunary 

Keggin-based POM-ILs such as ((n-C7H15)4N)6[α-SiW11O39Cu(H2O)] are effective coatings 

that resist acid corrosion of metals.[34] The POM-ILs performed way better than commercially 

available ILs such as [hmim]Br and even solid POM coatings such as                                                     

((n-C4H9)4N)6[α-SiW11O39Cu(H2O)]), thus establishing the specific need for the unique 

properties of POM-ILs. Also different classes of POM-ILs were shown to possess potential 

antimicrobial properties due to the presence of alkylammonium cations. [107]  

This project [35] focussed on the design and development of hydrophobic and acid-stable POM-

ILs having potential antimicrobial properties as multifunctional corrosion protection coatings 

for natural carbonate stones which are typically used for construction of buildings or 

pavements. The current work demonstrates that long-chain quaternary alkylammonium cations  

combined with acid-stable polyoxotungstate anions can be used to access room-temperature 

POM-ILs which combine facile application and high surface adhesion on porous and non-

porous stone surfaces with high surface hydrophobicity, acid stability and biocidal features. 

Remarkably enhanced corrosion-resistance was achieved under harsh chemical                         

(and mechanical) conditions. The stone samples were even exposed to typical biofilm-forming 

microbes in order to establish the effective resistance of the POM-ILs against microbial growth.  

 

 

Figure 11. Illustration of the cations and anion used as components for POM-ILs 1 and 2. Colour scheme (right): 

grey polyhedra [WO6], red O. [35] Reprinted with permission from John Wiley and Sons, Copyright (2018).   

 

An established cation metathesis route[34,36,107] was utilized to integrate the acid-stable 

polytungstate anion [α-SiW11O39]
8-[108] with two different antimicrobial quarternary 
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alkylammonium cations,[109] symmetrical tetraheptylammonium (= (n-C7H15)4N
+) and 

asymmetric trihexyl tetradecyl ammonium (= (n-C6H13)3(C14H29)N
+), to give the respective 

POM-ILs (Figure 11):  

POM-IL 1: ((n-C7H15)4N)8[α -SiW11O39] 

POM-IL 2. ((n-C6H13)3(C14H29)N)8[α -SiW11O39]  

Both of these compounds are room temperature ILs (RTIL). These POM-ILs are immiscible in 

water but highly soluble in a wide range of classical organic solvents. One additional reasoning, 

apart for inherent water-repellence, for using these type of Keggin-based POM-ILs for 

corrosion protection were their observed adhesiveness to any surface. Keggin anion was chosen 

as the archetypal POM system because of their ease of synthesis and stability (particularly of 

α-isomers). [14] The original Keggin anion [α-SiW12O40]
4- does not form RTILs even in 

combination with bulky cations such as tetra-n-heptylammonium (m.p. ~ 170 °C). That is why 

the monolacunary Keggin anion [α -SiW11O39]
8- was employed.  

In order to prepare the POM-ILs, the precursor POM K8[α-SiW11O39]. 13H2O was synthesized 

from an aqueous solution of sodium tungstate (Na2WO4). The metal oxide solution was slowly 

acidified with 4 M aqueous HCl and combined with an aqueous solution of 1/11 equivalents of 

sodium metasilicate (Na2SiO3). The pH was maintained around 5 to 6 and the reaction solution 

was refluxed for 1h giving almost quantitative conversion (Scheme 2a). After that, phase 

transfer with alkylammonium (Q+) salts disolved in toluene using cation metathesis route 

[34,36,107] produced the required POM-ILs (Scheme 2b). As observed from elemental analysis, a 

marginal deficit of around -0.1 equivalents of the Q-X salt produced much cleaner reaction 

products. 

 

 

     

 

 

 

Scheme 2. (a) Chemical reaction equation for the formation of the POM precursor [α-SiW11O39]8- from an 

acidified solution; (b) Equation for the phase transfer of the POM obtained from reaction (a) into toluene using 

Q7-Br. (aq)-indices represent species dissolved in the aqueous phase, (tol)-indices represent species in the organic 

toluene phase of the biphasic reaction mixture. 
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For further details regarding the synthesis, extraction and charaterization of the POM-ILs, 

please refer to [AM-1] (chapter 7.1). 

 

The hydrophilicity/hydrophobicity of the POM-ILs were assessed by the sessile drop 

technique, giving values of 53.9o for 1 and 41.1o for 2 (discussed in more detail later this 

section).  

 

To estimate the performance of the POM-ILs as possible acid corrosion protection coatings, 

three typical limestones: Belgian Blue (BB), Romery (RO) and Dom (DO) stones used in the 

Northern part of France and in Belgium were selected. The used stone samples differ both in 

chemical composition and extent of porosity (detailed composition in the paper: chapter 7.1).   

Contact angles were measured using the sessile drop method using POM-IL 1 and POM-IL 2. 

The corresponding POM-IL solution was prepared in acetone and then brushed on glass 

microscopy slides and also on BB, RO and DO stone surfaces, air-dried for 24 h. The contact 

angle between the coated surface and a water droplet was then determined using the sessile 

drop method (Figure 12).  
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Figure 12. Sessile drop analysis of the contact angle between a water drop and the POM-IL 1 / 2 –coated stone 

(BB, RO and DO) or glass surface. [35] Reprinted with permission from John Wiley and Sons, Copyright (2018). 
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After the purity check and hydrophobicity estimations, the acid corrosion protection properties 

of the POM-ILs 1 and 2 were tested. For this, cubic samples of the stones                           

(dimension: 1.0 x 1.0 x 1.0 cm3, geometric surface area: 6 cm2) were brush-coated with a 

concentrated acetone solution of each type of POM-ILa ([POM-IL] = 200 mg/mL), giving a 

POM-IL loading of ~ 17 mg/cm2 or 100 mg per sample (see chapter 7.1 for details). Initial 

coating studies proved that brush coating resulted in much more effective and homogeneous 

surface coverage whereas the other methods employed (dip-coating, spray-coating) displayed 

less homogeneous distribution of the POM-ILs.  

 

 

 

Figure 13: Comparison of POM-IL coated and non-coated stone samples after the acid vapour test.[35]  

Reprinted with permission from John Wiley and Sons, Copyright (2018). 
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Stone corrosion by formation of acid vapor in a closed system was then explored by exposing 

the samples (as well as uncoated references) to acetic acid vapor inside a glass vial for 72 h. 

Acetic acid was chosen to be a model corrosive agent with environmental significance.[110]     

The stones were rinsed with water and acetone (to remove the POM-IL) post-exposure, oven-

dried (120 oC, 1 h) and the weight loss of each sample was calculated. Just bare visual 

inspection of the stones (Figure 13) indicates that the coated stone samples retain the original 

shape, surface-smoothness and sharp edges of the original one. On the other hand, the uncoated 

reference stones are significantly corroded, notable surface damage and visible weathering are 

observed. Notable, Dom stone, the most porous and acid-sensitive of the three limestones used, 

showed a complete structural disintegration after acid vapor exposure while washed with water. 

Conversely, the Dom samples coated with POM-IL 1 or 2 both show mere minor corrosion; 

the structural integrity of the stone samples is retained as well (Figure 13).  

Weight loss data observed for the acid vapor tests (Table 2) clearly manifest that both           

POM-ILs show significant amount of corrosion resistance compared to non-coated samples.          

POM-IL 1 shows somewhat better corrosion protection (lower weight loss) compared to POM-

IL 2. This reestablishes the fact that chemical tuning of the POM-IL performance by cation 

modification is attainable. Strikingly enough, experiments using only half of the POM-IL 

loading (i.e. ~50 mg POM-IL coating per sample) results in almost negligible increase in the 

amount of corrosion observed. So, better control over the film thickness and coating procedure 

can indeed achieve high acid corrosion resistance even at low POM-IL loading (Table 2). 

 

Table 2. Acid corrosion protection data for POM-ILs 1 and 2. [35] 

 

[a] For the details on coating procedure, see section 7.1.2.  
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The mechanical durability and integrity of the POM-IL coatings were also put to test.  This 

was experimentally achieved by exposing the coated stones to artificially simulated acid rain. 

The stone samples were sprayed continuously with aqueous acetic acid (20 % v/v) for three 

hours at a flow rate of ~60 mL min-1. Afterwards, the samples were rinsed with water and 

acetone, followed by oven-drying (120 oC for 1 h). The weight loss was determined (Table 2). 

The acid rain tests show similar pattern of corrosion protection effects similar as compared to 

vapor chamber study. Here, the overall corrosion is much higher due to the harsh mechanical 

and chemical treatment. However, both POM-ILs significantly reduce the extent of acid 

corrosion. Marginally better corrosion protection (lower weight loss) for POM-IL 1 compared 

with POM-IL 2 is observed. The acid rain simulator study exhibits the durability of the        

POM-ILs as they successfully retain structural integrity even under harsh conditions          

(Figure 14). 

 

 

 

Figure 14. Comparison of POM-IL coated and non-coated stone samples after the acid rain test. [35]  

Reprinted with permission from John Wiley and Sons, Copyright (2018). 
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Scanning electron Microscopy (SEM) and elemental mapping studies were performed on the 

stones to show the homogeneous distribution of the POM-ILs (best understood by observing 

W distribution). For these studies, the least porous Belgian Bluestone was the most rational 

choice. These experiments also showed that the homogenous distribution of the POM-IL 

coating on the stones does not undergo any change even after the acid-exposure treatments 

(Figure 15).  

 

 

 

Figure 15. SEM-EDX analysis of POM-IL 1 and 2 deposited on BB before and after acid vapour test. EDX 

elemental mapping shows that the homogeneous distribution of the ILs (best noted by monitoring W distribution). 

The homogeneous distribution does not change after the acid vapour exposure. [35] Reprinted with permission 

from John Wiley and Sons, Copyright (2018). 
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For investigating the bactericidal activity of POM-ILs 1 and 2, in vitro cell proliferation assays 

and colorimetric cell viability assays were employed to quantify bacterial growth over an 

incubation duration of 24 hours. Gram-positive Bacillus subtilis (B. subtilis) and Gram-

negative Escherichia coli (E. coli) were used as model bacterial strains. Both POM-IL 1 and 2 

showed potential antimicrobial activity (Figure 16) against B. subtilis at concentrations of 0.5 

µg/mL and 5 µg/mL, respectively. The bactericidal concentration of POM-IL 1 and 2 needed 

against more resistant E. coli was 50 µg/mL and 500 µg/mL, respectively. In summary, POM-

IL 1 was the most potent variant in vitro and B. subtilis was more susceptible to the POM-ILs 

(see chapter 7.1 for further details).  

 

Cell viability over the POM-IL coated stone samples was analysed by a LIVE/DEAD® 

fluorescence assay. The stone samples (5 x 5 x 1 cm) were brush-coated with solutions of 

POM-IL 1 or POM-IL 2 (10 mg/mL dissolved in acetone) followed by sterilization under UV 

for 20 minutes. Non-coated stone samples were used as controls. Glass slides were brush-

coated with POM-IL 1 or POM-IL 2 similarly to visualize the bacteria without the background 

effect of the stones.   

 

 

Figure 16. Environmental Scanning Transmission Electron Microscopy (ESTEM) images of E. coli and B. subtilis 

incubated over a BB stone coated with POM-IL 1 and 2, (and over a non-coated sample as a reference sample). 

Bacteria incubated over the non-treated BB stone present a normal and healthy morphology. POMIL 1 has clearly 

affected both E. coli and B. subtilis, while E. coli has released its intracellular content, B. subtilis has generated 

spores, an indicator of cell stress. Bacteria incubated over the BB sample coated with POM-IL 2 seem to be 

generating exopolysaccharides and creating an extracellular matrix. [35] Reprinted with permission from John 

Wiley and Sons, Copyright (2018). 
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In summary, this project presents multifunctional polyoxometalate ionic liquid (POM-IL) 

based transparent coatings for natural building stones. The coatings can easily be formed by 

brush coating POM-IL solutions onto various corrosion-sensitive surfaces. The POM-IL 

coating protects the stone surfaces from acid corrosion and biofilm formation by forming an 

acid-resistant and antimicrobial surface layer. The coating is durable and is not detached even 

under harsh mechanical and chemical conditions. Rheological, physical and chemical 

properties of the POM-ILs can be fine-tuned and the results also showcase that modification 

of the cation affects the anti-corrosive properties as well as the biocidal activity.  

 

Ongoing studies are exploring the long-term performance of POM-ILs as coating layers under 

real life conditions to prevent acid-corrosion or biodeterioration in outdoor buildings or cultural 

heritage items. Antifungal activity studies of the aforementioned POM-ILs are also under 

progress.  

 

These results were published in “Polyoxometalate-Ionic Liquids (POM-ILs) as Anticorrosion 

and Antibacterial Coatings for Natural Stones”, A. Misra, I. Franco Castillo, D. P. Müller, C. 

González, S. Eyssautier-Chuine, A. Ziegler, J. M. de la Fuente, S. G. Mitchell,                                 

C. Streb,  Angew. Chem. Int. Ed. 2018, 57, 14926. 

 

For more detailed information see chapter 7.1[AM-1].  

 

4.2 Magnetic POM-SILPs (magPOM-SILPs) for water purification 

and microplastic removal [AM-3] 

 

Clean drinking water is still a paramount global challenge. Water resources in several 

developing countries contain alarming concentrations of organic pollutants, heavy metals or 

microbial contaminants.[111–113] Moreover, microplastics have recently been identified as 

contaminants of emerging concern (CEC). These particles can enter the food chain upon uptake 

by marine organisms.[114,115] Microplastics can bind and concentrate persistent organic 

pollutants (POPs), which magnify their public health impact.[116] Water purification is mostly 

dependent on a series of operations including chemical coagulation, flocculation, 

sedimentation, filtration and disinfection in order to produce safe drinking water from 

contaminated surface or ground water.[117,118] 
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Conventionally multiple filters targeting specific pollutants are connected in line to achieve 

stepwise water purification. Porous adsorbents such as zeolites, minerals or active carbon are 

some of the representative filter materials.[119] Nevertheless, purifying large volumes of water 

or the arranging such setups in remote areas call for alternative easier techniques with least 

technological requirements and the ability to simultaneously remove multiple contaminants. 

In this regard, functional nanocomposites materials can be really promising because their target 

properties can be controlled by independent tuning of each component. Recently, some of us 

had explored the removal of water pollutants by fabricating so-called polyoxometalate 

supported ionic liquid phases (POM-SILPs).[36] The composite used was based on commercial 

porous silica particles, surface-functionalized with water-immiscible polyoxometalate ionic-

liquids (POM-ILs) which can bind organic and inorganic contaminants.[120] The POM-ILs[107] 

combined lacunary Keggin tungstate anions with heavy metal binding sites [47,82] with long-

chain quaternary alkylammonium cations [80,121] having bactericidal features. Employing such 

POM-SILP composites in small filter columns allowed the simultaneous removal of organic, 

inorganic and microbial contamination from water. However, filtration process the system 

required limits the usage to only small volumes of water, and overcoming this challenge 

requires either pressurized systems or simply a lot more filter materials, both of which are not 

really sustainable options.  

 

Figure 17. Removal of multiple pollutants from water using magnetic polyoxometalate supported ionic liquid 

phases (magPOM-SILPs). Color scheme (bottom right): teal polyhedra [WO6], gray C, red O, blue N, white H. 
[37] Reprinted from an open access article licensed under CC BY 4.0, https://creativecommons.org/licenses/by/4.0 

https://creativecommons.org/licenses/by/4.0
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In this project,[37] water purification by magnetic particles is proposed as a promising 

alternative to traditional filtration. Providing an extra edge over regular filtration methods, 

magnetic water purification could facilitate the treatment of large volumes of water  and would 

not need any sophisticated infrastructure if particle removal is possible using simple permanent 

magnets.[122] Interesting studies have already explored the removal of aqueous pollutants using 

magnetic particles, including heavy metal cation removal by amino acid-modified iron 

oxide,[123] organic pollutant removal by graphene oxide-functionalized magnetic particles,[124] 

separation of freshwater algae using silica-coated magnetic particles [125] etc.  The use of light-

driven magnetic microswimmers for the collection and removal of microplastics from            

water [126] have also been explored (Figure 17).  

Multi-pollutant removal was targeted here, based on core-shell particles composed of a 

superparamagnetic iron oxide (Fe2O3, hematite) core encased in a porous silica shell.[127,128]      

It was hypothesized that such architecture would enable magnetic removal alongwith 

successful and stable POM-IL surface-anchoring. It was demonstrated that the resulting 

magnetic       POM-SILP (magPOM-SILP) nanocomposite effectively binds organic, inorganic, 

microbial and microplastic pollutants from water, and could easily be recovered from the 

wastewater using permanent magnets. This also facilitates the treatment of large waterbodies.  

As this is the first-ever report of magnetic POM-SILPs (MagPOM-SILPs), the synthesis is 

described briefly (for details synthetic and analytical data, refer to AM-3, chapter 7.3).  The 

magnetic iron oxide / silica core-shell precursor particles were synthesized by an adapted 

reverse water-in-oil microemulsion method at elevated temperature with cyclohexane as the 

organic phase.[127] Reaction of the surfactant Brij 56 with aqueous Fe(III) solution and 

subsequently with Si(OEt)4 leads to spherical Fe2O3@SiO2 core-shell nanoparticles which 

were washed, dried and calcined (420 oC) to give the microporous Fe2O3@SiO2 composite 1. 

The average particle size of 1 was 16 nm, the BET specific surface area was ~270 m2 g-1 and 

the BJH pore volume was 0.97 cm3 g-1. Composite 1 was used as the non-modified reference 

compound throughout this study.  

The POM-IL was synthesized following modified literature procedure. [34–36,107] The 

components used are lacunary-Keggin cluster anion ([α-SiW11O39]
8-)[108] and the antimicrobial 

tetra-n-heptyl ammonium cation (Q7 (= (n-C7H15)4N
+)[109] (Figure 17). MagPOM-SILPs were 

fabricated by dispersing SiO2@Fe3O4 particles (4.0 g) in a POM-IL solution in acetone             



RESULTS AND DISCUSSION 
 

57 | P a g e  
 

(50 mL, [POM-IL] = 3.36 mM, m(POM-IL = 1.0 g) and subsequent vacuum drying, giving the 

composite magPOM-SILP 2 with a POM-IL loading of 20 wt-%.  

Partial filling of the pores in 2 with the POM-IL resulted in reduction of the BET specific 

surface area of 2 to ~100 m2 g-1 and the BJH pore volume to 0.70 cm3 g-1. Composite 2 was 

obtained as dry and free-flowing powder which offer facile handling in contrast to the highly 

viscous POM-IL precursor. So, nitrogen sorption studies suggest that upon POM-IL binding, 

the specific surface area and the pore volume of 1 gets decreased, implying that the POM-IL is 

bound on both the internal and external surface of the microporous core-shell particles.  

A series of water purification experiments were carried out using the magPOM-SILPs for 

removal of frequently occurring pollutants. Aqueous samples (5 mL) of the respective pollutant 

at health-relevant concentrations were prepared, and the magPOM-SILP 2 or the reference 

particles 1 (50 mg) were dispersed in the polluted sample and magnetically stirred. After 

stirring for 24 h, the magnetic particles were removed using a permanent magnet. No leaching 

of any components of composite 2 into the aqueous phase was observed after stirring for 24 h. 

This was monitored using inductively coupled plasma atomic emission spectroscopy             

(ICP-AES) and CHN elemental analysis.  

Heavy metal removal from water was investigated using a number of model metal ion 

pollutants [112] Pb2+, Ni2+, Cu2+, Co2+ and MnO4
- according to the aforementioned optimized 

procedure. The metal ion concentrations were specifically set to levels significantly above the 

permitted WHO guideline levels in order to test removal efficiency and replicate critical 

pollution scenarios (Table 3).[129] ICP-AES analyses of the solutioner SILP particle removal 

show metal removal efficiencies between 75–99 mol% for the magPOM-SILP 2, while the 

non-modified reference composite 1 showed conspicuously lower removal efficiencies in the 

range of  ~10-50 mol%- (Table 3 ).  
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Table 3. Pollutant removal performance of magPOM-SILP 2 and the non-modified reference 1.[a]  [37] 

 

 

 

 

Figure 18. Removal of the water-soluble aromatic model pollutant Patent Blue V (PBV) from water. Left: UV/Vis 

spectra before purification (blue), after purification using reference 1 (red) and after purification using magPOM-

SILP 2 (green). [PBV]0=32 µm. Adsorption time: 24 h. Inset: molecular structure of PBV. Right: photographs of 

the PBV solutions before and after purification (with 2).[37] Reprinted from an open access article licensed under 

CC BY 4.0, https://creativecommons.org/licenses/by/4.0.  

https://creativecommons.org/licenses/by/4.0
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The removal of organic pollutants from water was tested using the triphenylmethane (trityl) 

dye Patent Blue V (PBV, Figure 18) as a model for textile dye pollutants.[130] For this, aqueous 

solutions of PBV were stirred with magPOM-SILP 2 using the standard experimental 

procedure. Dye removal was quantified by UV-Vis spectroscopy (Figure 18) and it was 

observed that the magPOM-SILP 2 removes more than 99 % of the dye while the non-modified 

reference 1 showed only 6 % removal (Table 3). The increased dye removal by 2 can be 

assigned to the high affinity of the POM-IL to interact with organic species, due to the presence 

of hydrophobic and bulky Q7 cations.[120]  

It was hypothesized that the viscous POM-IL coating on the magnetic nanoparticle surface 

could be suitable for getting the magPOM-SILP particles attached to microplastics, and it 

would facilitate their magnetic recovery from water. Commercial colloidal solutions of 

spherical polystyrene (PS) beads (diameter 1 µm and 10 µm, PS bead concentration: 0.1 wt% 

(= 1g/L)) were chosen as models of environmentally persistent microplastics. PS particle 

removal was quantified using dynamic light scattering (DLS, see AM-3 for the detailed 

explanation). The removal experiments were carried as described before (Vsolution = 5 mL, tbinding 

= 24 h). The experiments showed quantitative removal of both the 1 µm and 10 µm PS beads 

using magPOM-SILP 2. However, the reference 1 showed no microplastics removal (Table 3, 

Figure 20). 

To understand the kinetics of the binding of 2 to the microplastic particles, the removal 

experiment was also performed at a reduced binding time of only 6 h. That also resulted in 

quantitative removal of PS beads. Microplastics removal capacity of 2 was examined by 

performing similar experiments, using higher volumes (20 mL and 50 mL) of PS bead solution. 

PS bead removal efficiencies > 90 % were observed based on DLS analyses (see 7.3.2). So that 

the magPOM-SILPs are proved to be capable of removing model microplastics from a large 

volume of water.  
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Figure 19. Microplastics removal by magPOM-SILP 2: a)–c): SEM and EDX elemental mapping micrographs 

showing 10 µm polystyrene beads covered with 2 (as indicated by the W and Si signals). d) high magnification 

micrograph of a 1 µm polystyrene sphere coated with a smaller loading of 2 (outlined in red). e), f) photographs 

of test solutions before and after microplastics removal. [37] Reprinted from an open access article licensed under 

CC BY 4.0, https://creativecommons.org/licenses/by/4.0. 

 

https://creativecommons.org/licenses/by/4.0


RESULTS AND DISCUSSION 
 

61 | P a g e  
 

 

Figure 20: DLS Intensity graphs before and after removal of the PS beads (1 µm, top, 10 µm, bottom) using 

magPOM-SILP 2.[37] Reprinted from an open access article licensed under CC BY 4.0, 

https://creativecommons.org/licenses/by/4.0 

 

It was also demonstrated that three consecutive recycling runs using the same batch of 2 are 

possible, all of which show quantitative removal of both the 1 µm and the 10 µm PS beads 

(Figure 21).  

 

 

 

 

https://creativecommons.org/licenses/by/4.0
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Figure 21. Recycling of the magPOM-SILP 2 after microplastics removal, showing quantitative removal of 1 µm 

and 10 µm PS beads in three consecutive runs using standard removal conditions described above. [37] Reprinted 

from an open access article licensed under CC BY 4.0, https://creativecommons.org/licenses/by/4.0.  

 

To rationalize the interactions between magPOM-SILP 2 and the PS beads, scanning electron 

microscopy / energy-dispersive X-ray spectroscopy (SEM/EDX) were performed of the 

magnetically recovered, dried samples (Figure 19). It shows that the significantly smaller 

particles of 2 cover large parts of the surface of the PS beads, making them susceptible for 

magnetic removal. Chemical intuition suggests that this surface attachment of 2 to the PS beads 

is due to hydrophobic interactions between the POM-IL coating and the PS surface (Figure 22). 

PS bead aggregation is observed as well, which could be induced by composite 2.  

 

 

 

 

 

 

 

https://creativecommons.org/licenses/by/4.0
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Figure 22. Proposed mechanism of microplastics removal by magPOM-SILP 2: upon adding 2 to the PS bead 

colloid, surface attachment of 2 on the larger PS bead occurs, see SEM image. This is suggested due to the 

hydrophobic interactions between the POM-IL on the SILP surface, and the PS bead surface. This renders the 

conglomerate magnetic, so that subsequent removal by a permanent magnet is possible.[37] Reprinted from an open 

access article licensed under CC BY 4.0, https://creativecommons.org/licenses/by/4.0.  

 

 

The bactericidal properties of such type of Keggin-based POM-ILs are already quite 

established,[35,36,107] and following those it was hypothesized that magPOM-SILP 2 could 

remove microbial contaminants from water. The antibacterial properties of the magPOM-

SILPs in water purification were examined against two model bacterial strains: gram-negative 

E. coli and gram-positive B. subtilis (Figure 23).[107]  
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Figure 23. A) bacteria removal efficiency of magPOM-SILP 2 (10 mgmL-1) over three consecutive cycles              

(50 min/cycle), where the initial concentration of the E. coli and B. subtilis inoculum was 106 CFU mL-1 (37 oC, 

pH 6); B) TEM images of E. coli and B. subtilis incubated with magPOM-SILP 2 at sub-bactericidal 

concentrations, including control bacterial cells without magPOM-SILP 2. [37] Reprinted from an open access 

article licensed under CC BY 4.0, https://creativecommons.org/licenses/by/4.0.  

https://creativecommons.org/licenses/by/4.0
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Aqueous solutions of the microporous magPOM-SILP 2 were inoculated with 106 CFU/mL of 

E. coli or B. subtilis, followed by incubation at 37 °C for 1h before removing the particles with 

a permanent magnet and quantifying the bacteria present in the supernatant. At a magPOM-

SILP 2 concentration of 1 mg/mL, the bacterial removal was 58% for E. coli and 100% for B. 

subtilis, while at a concentration of 10 mg/mL the bacterial removal efficiency was 100 % for 

both the bacterial strains. The antibacterial effect was confirmed and characterized using 

electron microscopies (Figure 23).  

The reusability of the magPOM-SLIP nanocomposites was assessed over three cycles of 

inoculation with E. coli or B. subtilis, particle separation, and washing with water followed by 

reuse with a fresh bacterial inoculum. The antimicrobial effect of composite 2 against B. 

subtilis remained unchanged even after three cycles, while the effect of the particles on E. coli 

was reduced after the second cycle (Figure 23), which is in accordance to with other works 

using magnetic nanoparticles for water purification.[131,132]  

In summary, the first example of magnetic polyoxometalate supported ionic liquid phases 

(magPOM-SILPs) and their application in water purification was reported. The magPOM-SILP 

composite is capable of removing organic, inorganic, microbial and microplastic pollutants 

from water using discrete target-specific removal modes. High removal efficiencies were 

reported alongwith initial insights into a novel mode of microplastic removal by      surface-

binding of magnetic particles. Optimization of the individual components can lead to 

improvement in the purification capacity and evaluate the effectiveness of such systems under 

naturalistic environmental conditions. 

These results were published in “Water Purification and Microplastics Removal Using 

Magnetic Polyoxometalate‐Supported Ionic Liquid Phases (magPOM‐SILPs)”, A. Misra, C. 

Zambrzycki, G. Kloker, A. Kotyrba, M. H. Anjass, I. Franco Castillo, S. G. Mitchell, R. Güttel, 

C. Streb, Angew. Chem. Int. Ed. 2020, 59, 1601. 

 

For further details, see chapter 7.3 [AM-3]. 
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5. Summary and Perspective 

 

Keggin POM based multifunctional molecular and composite materials were investigated in 

order to broaden the horizon of applied POM chemistry in environmental sustainability and 

public health sectors. Utilizing different concepts of POM-ILs or POM-SILPs, 

polyoxometalates were incorporated in fabricated chemical species or machinery. The 

synergistic action of the polyoxometalate anion and the other components develop advanced 

functional materials having customized properties to accomplish specific tasks. The current 

work has highlighted the modular nature of the POM-based molecular material or composites, 

tunability of those at the molecular level and a vast range of plausible applications. The entire 

work can be divided into two main projects and one comprehensive review study.  

 

5.1 POM-ILs in corrosion protection of natural stones 
 

This project focussed on the application of hydrophobic and acid-stable POM-ILs having 

potential antimicrobial properties as bifunctional corrosion (weathering and biodeterioration) 

protection coatings for natural carbonate stones typically used for construction of buildings or 

heritage object. It demonstrates that long-chain quaternary alkylammonium cations combined 

with acid-stable polyoxotungstate anions can be used to access room-temperature POM-ILs 

with high surface adherence on porous and non-porous stone surfaces. These POM-ILs have 

high surface hydrophobicity, acid stability and biocidal properties. Remarkably enhanced 

corrosion-resistance was achieved under harsh chemical (and mechanical) conditions. The 

stone samples were exposed to typical biofilm-forming microbes in order to establish the 

effective resistance of the POM-ILs against bacterial growth.  

Facile cation metathesis route was utilized to combine the acid-stable polytungstate anion [α-

SiW11O39]
8- with two  quarternary alkylammonium cations, symmetrical tetraheptylammonium 

(= (n-C7H15)4N
+) and asymmetric trihexyl tetradecyl ammonium (= (n-C6H13)3(C14H29)N

+), to 

give the respective POM-ILs: POM-IL 1 ((n-C7H15)4N)8[α -SiW11O39] and  POM-IL 2 ((n-

C6H13)3(C14H29)N)8[α -SiW11O39].   
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To estimate the performance of the POM-ILs as possible acid corrosion protection coatings, 

three typical limestones: Belgian Blue (BB), Romery (RO) and Dom (DO) stones differing 

both in chemical composition and extent of porosity were selected.  

Stone corrosion by formation of acid vapor in a closed system was tested by exposing the 

samples (and the uncoated reference stones) to acetic acid vapor inside a glass vial for 72 h. 

Acetic acid was chosen to be a model corrosive agent with environmental significance. After 

the exposure, the stones were rinsed with water and acetone, oven-dried (120 oC, 1 h) and the 

weight loss of each sample was calculated. Even bare visual inspection of the stones indicates 

that the coated stone samples retain the original shape, surface-smoothness and sharp edges of 

the original one. On the other hand, the uncoated reference stones are significantly corroded, 

notable surface damage and visible weathering are observed; particularly noticeable in case of 

Dom stones having maximum porosity.  

 

The mechanical durability and integrity of the POM-IL coatings were also experimentally 

verified by exposing the coated stones to artificially simulated acid rain (~60mL/ min). In this 

case, the overall corrosion was much higher due to the harsh mechanical and chemical 

treatment, but both POM-ILs significantly reduced the extent of acid corrosion. The acid rain 

simulator study exhibits the durability of the POM-ILs as they successfully retain structural 

integrity even under harsh conditions.  

 

For investigating the bactericidal activity of POM-ILs 1 and 2, in vitro cell proliferation assays 

and colorimetric cell viability assays were employed to quantify bacterial growth over an 

incubation duration of 24 hours. As an antimicrobial agent, POM-IL 1 fared better in vitro and 

B. subtilis was more affected by the POM-ILs.  

Ongoing studies are investigating the long-term performance of POM-ILs as coating layers 

under real life conditions over different seasons to prevent acid-corrosion or biodeterioration 

in outdoor buildings or cultural heritage objects. Antifungal activity studies of the 

aforementioned POM-ILs are also under progress (in collaboration).  
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5.2 Magnetic POM-SILPs (magPOM-SILPs) for water purification 

and microplastic removal 
 

Access to pure drinking water is still a major global challenge. Water resources in several 

developing countries contain alarming concentrations of organic pollutants, heavy metals or 

bacteria. Also, microplastics have recently been identified as contaminants of emerging 

concern (CEC). These particles can enter the food chain upon uptake by marine organisms. 

Microplastics can bind and concentrate persistent organic pollutants (POPs), which magnify 

their public health impact. Traditionally multiple filters targeting specific pollutants are 

connected in line to achieve stepwise water purification. Porous adsorbents such as zeolites, 

minerals or active carbon are some of the representative filter materials. Nevertheless, 

purifying large volumes of water or the arranging such setups in remote areas call for 

alternative easier techniques with least technological requirements and the ability to 

simultaneously remove multiple contaminants. 

 

In this project, water purification by magnetic particles was proposed as a promising alternative 

to traditional filtration because magnetic water purification could facilitate the treatment of 

large volumes of water and would not need any sophisticated infrastructure if particle removal 

is possible using simple permanent magnets.  

Multi-pollutant removal was targeted, based on core-shell particles composed of a 

superparamagnetic iron oxide (Fe2O3, hematite) core encased within a porous silica shell. It 

was hypothesized that such architecture would enable magnetic removal alongwith successful 

and stable POM-IL surface-anchoring. It was demonstrated that the resulting magnetic POM-

SILP (magPOM-SILP) nanocomposite effectively binds organic, inorganic, microbial and 

microplastic pollutants from water, and could easily be recovered from the wastewater using 

permanent magnets.  

The magnetic iron oxide / silica core-shell precursor particles were synthesized by an adapted 

reverse water-in-oil microemulsion method at elevated temperature with cyclohexane as the 

organic phase. Reaction of the surfactant Brij 56 with aqueous Fe(III) solution and 

subsequently with Si(OEt)4 leads to spherical Fe2O3@SiO2 core-shell nanoparticles which 
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were washed, dried and calcined (420 oC) to give the microporous Fe2O3@SiO2 composite 1. 

Composite 1 was used as the non-modified reference compound throughout this study.  

The components used in the POM-IL are lacunary-Keggin cluster anion ([α-SiW11O39]
8-) and 

the antimicrobial tetra-n-heptyl ammonium cation (Q7 (= (n-C7H15)4N
+) magPOM-SILPs were 

fabricated by dispersing SiO2@Fe3O4 particles (4.0 g) in a POM-IL solution in acetone             

(50 mL, [POM-IL] = 3.36 mM, m(POM-IL = 1.0 g) and subsequent vacuum drying, giving the 

composite magPOM-SILP 2 with a POM-IL loading of 20 wt-%.  

Composite 2 was obtained as dry and free-flowing powder which offer facile handling in 

contrast to the highly viscous POM-IL precursor. So, nitrogen sorption studies suggest that 

upon POM-IL binding, the specific surface area and the pore volume of 1 gets decreased, 

implying that the POM-IL is bound on both the internal and external surface of the microporous 

core-shell particles.  

A series of water purification experiments were carried out using the magPOM-SILPs for 

removal of frequently occurring pollutants. Aqueous samples (5 mL) of the respective pollutant 

at health-relevant concentrations were prepared, and the magPOM-SILP 2 or the reference 

particles 1 (50 mg) were dispersed in the polluted water sample and magnetically stirred. After 

stirring for 24 h, the magnetic particles were removed using a permanent magnet. Heavy metal 

removal from water was investigated using a number of model metal ion pollutants Pb2+, Ni2+, 

Cu2+, Co2+ and MnO4
-. ICP-AES analyses of the solutioner SILP particle removal show metal 

removal efficiencies between 75–99 mol % for the magPOM-SILP 2, while the non-modified 

reference composite 1 showed conspicuously lower removal efficiencies in the range of          

~10-50 mol%.  

The removal of organic pollutants from water was tested using the triphenylmethane (trityl) 

dye Patent Blue V as a model for textile dye pollutants. Dye removal was quantified by UV-

Vis spectroscopy and it was observed that the magPOM-SILP 2 removes more than 99 % of 

the dye while the non-modified reference 1 showed only 6 % removal The increased dye 

removal by 2 can be assigned to the high affinity of the POM-IL to interact with organic 

species, due to the presence of hydrophobic and bulky Q7 cations.  

It was hypothesized that the viscous POM-IL coating on the magnetic nanoparticle surface 

could be suitable for getting the magPOM-SILP particles attached to microplastics, and it 

would facilitate their magnetic recovery from water. Commercial colloidal solutions of 

spherical polystyrene (PS) beads (diameter 1 µm and 10 µm, PS bead concentration: 0.1 wt% 
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(= 1g/L)) were chosen as models of environmentally persistent microplastics. PS particle 

removal was quantified using dynamic light scattering (DLS). The experiments showed 

quantitative removal of both the 1 µm and 10 µm PS beads using magPOM-SILP 2 whereas 

the reference 1 showed no microplastics removal.  

Chemical intuition suggests that this surface attachment of 2 to the PS beads is due to 

hydrophobic interactions between the POM-IL coating and the PS surface 

The antibacterial properties of the magPOM-SILPs in water purification were examined against 

two model bacterial strains: gram-negative E. coli and gram-positive B. subtilis.  

So, this novel magPOM-SILP composite is capable of removing organic, inorganic, microbial 

and microplastic pollutants from water using discrete target-specific removal modes. 

Optimization of the individual components can improve the purification capacity and evaluate 

the effectiveness of such systems under natural environmental conditions. 

 

5.3 Counter-cations in polyoxometalate chemistry 

 

A comprehensive review article (chapter 7.2) about cation-POM interactions, with an overview 

of fundamental POM– cation interactions in solution, the resulting solid-state compounds, and 

behaviour and properties that emerge from these POM–cation interaction, was investigated in 

the article: AM-2: “Beyond Charge Balance: Counter-Cations in Polyoxometalate Chemistry”, 

A. Misra, K. Kozma, C. Streb, M. Nyman, Angew. Chem. Int. Ed. 2020, 59, 596.  

This perspective article has covered the classical (POM dissolution, precipitation and 

purification) and non-classical roles of counter-cations in the domain of POM-chemistry, with 

an overview of fundamental POM-cation interactions in solutions leading to the formation of 

solid-state molecules, and also the unique chemical properties resulting from such interactions. 

The combination of anionic POMs with a huge library of organic and inorganic cations is 

crucial to control the self-assembly, stabilization, solubility, and functional diversity of 

polyoxometalates. Apart from considerably explored simple alkali metal or ammonium cations, 

a cation-pool of dendrimers, metal complexes, amphiphiles, alkaloids etc. offer a wide range 

of targeted applications possibly achieved via molecular level tuning, i.e. cation modification.  

The advanced definition of counter-cations coined in the review article includes surfactants, 

polycations, biomolecules, and even positively charged surfaces and matrices. The non-
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classical roles of POM counter-cations include framework construction, templating and 

stabilization of POMs supramolecular assembly, and also regulating the reactivity and 

speciation.  

A deeper understanding of the roles of the counter-cations is emerging and expanding along 

with cutting-edge instrumentation and modern computational capacity, which would definitely 

enrich the scope of fundamental and applied POM research.   

 

 

5.4 Concluding summary 

 

In conclusion, the work titled Design and Environmental Applications of Polyoxometalate-

Ionic Liquid (POM-IL)-based Molecular and Composite Materials presents novel approaches 

for the application of polyoxometalate based materials in corrosion protection and cultural 

preservation of stones and purification of water to combat global scarcity of pure drinking 

water.  

Modular design approach allowed to create POM-based functional materials with targeted 

properties. POM-ILs are suitable candidates as corrosion protection layers due to their high 

viscosity, unique hydrophobicity, acid stability and surface-adherence. MagPOM-SILPs allow 

the facile removal of organic, inorganic, microbial and microplastic contaminants based on 

multiple functional modes of the composite material. The magnetic removal of the purifier 

particles also ideally solves the problem for treating large waterbodies. These realistic and 

environmentally sustainable ideas could potentially expand the horizon of applied POM-

research. Different microscopic and spectroscopic methods were employed to gain insight into 

the properties of each molecular components and predict the plausible modus operandi of the 

materials.  

This work has established novel avenues for polyoxometalate-based functional materials, 

based on a bottom-up approach of assembling molecular components into task-specific 

nanostructured composite materials.  
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In this section we present the parts of the thesis which are already published in the following 

journals. The electronic supplementary information of [AM-1 to AM-3] are also presented 

here. Introductory for each publication, the title, the journal, author list (+ indicating the authors 

with equal contributions; * indicating the corresponding authors), permission from the 

publisher and the individual contribution of the authors are depicted.  

 

7.1 [AM-1]: Polyoxometalate-Ionic Liquids (POM-ILs) as 
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Archismita Misra+, Isabel Franco Castillo+, Daniel P. Müller, Carolina González, 

Stéphanie Eyssautier‐Chuine, Andreas Ziegler, Jesús M. de la Fuente, Scott G. Mitchell,* and 

Carsten Streb* 

+ Authors contributed equally  

* Corresponding authors  

Published in: Angew. Chem. Int. Ed. 2018, 57, 14926 –14931 (Back Cover) 

Copyright: Reprinted from ‘Polyoxometalate-Ionic Liquids (POM-ILs) as Anticorrosion and 

Antibacterial Coatings for Natural Stones’: Archismita Misra+, Isabel Franco Castillo+, Daniel 

P. Müller, Carolina González, Stéphanie Eyssautier‐Chuine, Andreas Ziegler, Jesús M. de la 

Fuente, Scott G. Mitchell,* and Carsten Streb*,  Angew. Chem. Int. Ed. 2018, 57, 14926 –14931 

with permission from John Wiley and Sons.  

Author contributions: 

C.S., A.M., S.G.M. and I.F.C. conceived the experiments and discussed the results. A.M. 

synthesized the POM-ILs, performed acid corrosion tests and analysed the results; D.P.M. 

synthesized and characterized the POM-ILs and performed some initial corrosion tests; S.G.M., 

C.G. and I.F.C. synthesized POM-ILs and performed antimicrobial assays. A.Z. performed 

SEM-EDX analyses. All the authors co-wrote the manuscript.  
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7.2 [AM-2]: Beyond Charge Balance: Counter‐Cations in 

Polyoxometalate Chemistry 

 

Archismita Misra+, Karoly Kozma+, Carsten Streb,* and May Nyman* 

+ Authors contributed equally  

* Corresponding authors 

Published in: Angew. Chem. Int. Ed. 2020, 59, 596 – 612.  

Copyright: Reprinted from ‘Beyond Charge Balance: Counter‐Cations in Polyoxometalate 

Chemistry’: Archismita Misra+, Karoly Kozma+, Carsten Streb,* and May Nyman*,            

Angew. Chem. Int. Ed. 2020, 59, 596 – 612 (John Wiley and Sons). This is an open access 

article distributed under the terms of the Creative Commons CC BY 4.0 license, which 

permits unrestricted use, distribution, and reproduction in any medium, provided the original 

work is properly cited.  

Author contributions: 

A.M.:  Discussion on the structure-induced functions in inorganic cation-POM materials 

K.K.:   Discussion on the fundamental concepts of POM-cation interactions 

M.N.:  Discussion on the supramolecular POM-cation aggregation leading to soft matter 

C.S.:    Discussion on the emerging areas and perspectives 

 

All the authors: Paper discussion and revision.  
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Magnetic Polyoxometalate‐Supported Ionic Liquid Phases 

(magPOM‐SILPs) 

 

Archismita Misra, Christian Zambrzycki, Gabriele Kloker, Anika Kotyrba, Montaha H. Anjass, 

Isabel Franco Castillo, Scott G. Mitchell,* Robert Güttel,* and Carsten Streb* 

* Corresponding authors 

Published in: Angew. Chem. Int. Ed. 2020, 59, 1601 –1605.  

Copyright: Reprinted from ‘Water Purification and Microplastics Removal Using Magnetic 
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Castillo, Scott G. Mitchell,* Robert Güttel,* and Carsten Streb*, Angew. Chem. Int. Ed. 2020, 

59, 1601 –1605 (John Wiley and Sons). This is an open access article distributed under the 

terms of the Creative Commons CC BY 4.0 license, which permits unrestricted use, 

distribution, and reproduction in any medium, provided the original work is properly cited.  

 

Author contributions: 

A.M., C.S., R.G. and S.G.M. conceived the research and designed the experiments. A.M. and 

C.Z. performed materials synthesis and characterization. A.M., G.K. and A.K. performed 

pollutant removal experiments. A.M. analysed the pollutant removal studies and conducted the 

capacity and recycling experiments. C.Z. and R.G. performed porosity analyses. S.G.M. and 

I.F.C. performed the antibacterial assays. A.M. and M.H.A. performed SEM/EDX analyses.  
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