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ABSTRACT 

Metallo-supramolecular hydrogels have interesting dynamic properties for many 

applications. We report a simple method for synthesizing copper-based polymer 

hydrogels made from nontoxic poly(methyl vinyl ether-alt-maleic anhydride) (PVM-

alt-MA) in the absence or presence of added dicarboxylates, such as adipate and 

terephthalate. We utilize metal-polycarboxylate backbone and carboxylate spacer 

ligands between polymers strands engineered via non-covalent metal ion 

coordination. Rheological measurements revealed that the mechanical stability of 

the hydrogels was enhanced by the addition of supplementary dicarboxylate 

ligands. The optimal ratio of polymer to dicarboxylate to Cu2+ was 10:4:2.5. Our 

scanning electron microscope (SEM) and Cryo-SEM imaging and physical 

adsorption measurements revealed the formation of pores. The Brunauer–

Emmett–Teller (BET) surface area of the dried hydrogels increased from 177.96 

m2 g−1 in a dried hydrogel without added dicarboxylate to 646.90 and 536.44 m2 

g−1 with the addition of adipate and terephthalate, respectively. The pore volume 

increased as well.  

Separation of CO2 from post-combustion flue gases is important for environmental 

and economic sustainability. The PVM-alt-Na-MA:adipate:Cu2+ hydrogels are 

promising material for post-combustion CO2 separation. At normal conditions (298 

K and 1 bar), the PVM-alt-Na-MA:adipate:Cu2+ hydrogel samples with 10:4:2.5 

ratio, showed notable CO2/N2 selectivity of 78.46 and a high CO2/CH4 selectivity 
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reaching 26.09 at 1 bar. Additionally, we investigated in detail the effect of 

transition metal ion on the rigidity and structure of hydrogels using Al3+, Fe3+, Cu2+, 

Ni2+, Zn2+, and Co2+. We also studied the effect of using tricarboxylate spacer 

ligands such as nitrilotriacetic (NTA) and trisodium citrate or tetracarboxylate such 

as ethylenediaminetetraacetic acid (EDTA).  

It is important to mention that one of the main advantages of our facile 

synthesis method is being simple and can be scaled up for commercial 

applications. For scaling up the synthesis of hydrogels, we utilized a filling machine 

that is able to increase the amount of hydrogel aliquots with variable volume. 

Silver-based hydrogels showed significant antibacterial activity, due to the 

presence of silver nanoparticles. We utilized a filling machine for application of 

amorphous wound dressing. The optimization of the conditions of the filling 

enabled us to scale up the synthesis and the filling process.  
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CHAPTER 1 

Introduction 

“ Supramolecular chemistry, the designed chemistry of intermolecular bond, is 

rapidly expanding at the frontiers of molecular science with physical and biological 

phenomena.” 

Jean-Marie Lehn   

Nobel laureate in Chemistry 1987                                                                                      

1.1  Gels and hydrogels: Definition 

Gels are a famous class of materials that are encountered in everyday life. 

They are found applications in food products, cosmetics, medicinal gels, lubricating 

greases and many others. Hence, the jelly-like look and texture of these 

substances is quite familiar. Nonetheless, many definitions of gels and hydrogels 

have been described. It was described by Dorothy Jordan Loyd aptly as, "The 

colloidal condition, the gel, is one which is easier to recognize than to define." 

1According to Rogovina et al. "a gel is a solid composed of at least two 

components, one of which (the polymer) forms a three-dimensional network by 

virtue of covalent or non-covalent bonding (chemical and physical gels, 

respectively) in the medium of the other component (the liquid), wherein the 
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minimum amount of liquid is sufficient for ensuring the elastic properties of the gel, 

although it may exceed tens to hundreds of times the amount of the polymer."2 

The most comprehensive and one of the most important definitions of gels 

was introduced by Paul Flory in 1974, who defined a gel as a "two component 

colloidal dispersion, exhibiting a continuous microscopic structure with 

macroscopic dimensions, which is permanent on a time scale of analytic 

experiments, and that is solid-like in its rheology behaviour below a certain stress 

limit, despite being mostly liquid"3 There is often confusion when utilizing the two 

terms “gel” and “hydrogels” as synonyms. Despite their chemical similarity, gels 

are defined as polymeric networks, being already swollen to equilibrium. They are 

semi-solid, dispersed in a great amount of liquid matrix, yet are regarded as more 

solid-like than liquid like material. While hydrogels are hydrophillic polymers which 

are crosslinked either chemically or physically, they have tendency to absorb water 

and swell in aqueous media to give a hydrogel its 3D structures. Hence, the main 

difference in hydrogel formation is the inherent crosslinking. This main 

characteristic was highlighted by Rosiak et al. in which they attributed the hydrogel 

formation to the crosslinking between hydrophillic groups on the polymer 

backbone. In the presence of water, the 3D network is formed due to absorption 

of the water and the crosslinked structure keeps the water within.4 Depending on 

the type of interaction between these hydrophillic groups, hydrogels are generally 

characterized into chemical or physical gels i.e.covalent or supramolecular gels. 
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Figure 1.1: Schematic representation of (a) covalent crosslinking of functional 

polymer precursors to form static hydrogels and (b) supramolecular crosslinking of 

functional polymer precursors to form transiently crosslinked hydrogels.5 

1.2 Types of gels: covalent and physical gels 

One way to classify hydrogels is upon the type of interaction within the 

polymer matrix, which can be either covalent or non-covalent in nature.6  Figure 

1.1 showes a Schematic representation of covalent and non-covalent 

supramolecular gels. The covalent bonding result into “chemical hydrogels” which 

consist of polymer chains chemically interconnected by permanent non-reversible 

bonds.The chemical gels are easily broken, mostly opaque, and lack the ability to 

self heal if the network is damaged.7 These are indeed unfavorable characteristics 

due to the strong covalent bonds. The chemical gels are generally synthesized 

either through addition8-10, photopolymerization11,12 and enzyme-catalysed 

reactions.13-14 One advantage of chemical crosslinking is being a facile method to 
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appropriatly modify the mechanical properties of the target hydrogel. Hence this 

method is popular for synthesizing tough and stable hydrogels.15 However, the 

main disadvantage of chemical crosslinking is the utilisation of metal catalysts, 

photoinitiators, ultraviolet light to induce hydrogel formation, or the incomplete 

conversion of reactive functional groups.5, 16 Moreover, the obtained hydrogels are 

limited by their poorly defined structures, containing network defects and wide 

equilibrium volume swelling has also limited in vivo material performance. 

          On the other hand, physical gels which are also called ‘reversible’ gels are 

formed when the polymer networks are interconected by transient supra/molecular 

interactions, such as host-guest interactions, and / or secondary forces including 

ionic, hydrogen bonding, hydrophobic interactions, metal ion coordination. 

Physical hydrogels resist dissolution through these physical interactions occuring 

between different polymer chains17. All of the aforementioned interactions are 

reversible, and therefore can be interupted by altering the physical conditions or 

application of stress.4 One of the advantages of this class of hydrogels is their 

ability to be formed in aqueous media, through molecular self-assembly, without 

any additional crosslinking reagents. Furthermore, the physical hydrogels undergo 

the gelation i.e. transition from solution to gel, without a significant volume change. 

However, the strength of the bond in physical crosslinking, is often weaker than 

covalent bonding and consequently leads to weaker gels that are more vulnerable 

to shearing by mechanical forces. Nevertheless, this is not regarded as 
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disadvantage since the   dynamic nature of these physical hydrogels is an 

advantageous characteristic for many applications. Being dynamic gives the gel 

two important properties; shear-thinning and self-healing.18-20 The shear thinning 

determine the material’s viscous flow under a stress and self healing defines the 

time dependent recovery of the material upon relaxation.  

However, it is important to differentiate between two types of physical polymeric 

hydrogels based on the type of crosslinking: 

 The non-specific crosslinking such as biopolymers or polyelectrolytes. 

These types of hydrogels lack control over the  available diversity of their 

physical properties.  

 Specific and directional crosslinking leading to stimuli responsive hydrogels. 

This type shows a large margin of tunability and synthesis by design in 

which a particular bond can be broken and reformed under certain external 

stimuli such as pH, temperature, or mechanical stress. Depending on the 

type of binding groups, the strength of crosslinking between the polymer 

chains is modified. Consequently, the mechanical properties of these types 

of hydrogels can range between physical to chemical hydrogels or even 

combine the properties of both.   

Hence, the challenge ahead of these materials is that only very few specific 

and directional non-covalent systems can work in aqueous medium.5,21 The 

supramolecular binding motifs that have shown to operate in aqueous media 
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include  host–guest, multivalent ionic, metal–ligand and ‘biomimetic’ interactions, 

as well as hydrogen bonding and formation of stereocomplexes.5 These 

interactions will be discussed in detail to focus on supramolecular hydrogels. 

1.3 Supramolecular gels 

Supramolecular chemistry, which was introduced by the Nobel prize winner 

lehn in 1973,22-23 has become a significant field in chemical sciences.24-25 

Supramolecular chemistry was defined as ‘‘chemistry of molecular assemblies and 

intermolecular bonds’’23 or more popularly as ‘‘chemistry beyond the molecule’’.26-

27 Indeed, Supramolecular chemistry has gone beyond the classical molecular 

chemistry. It is based on molecular interactions, i.e. non-covalent associations of 

two or more chemical entities such as hydrogen bonding, host-guest interactions, 

hydrophobic and ionic interactions, and metal-ion  coordination.28-29 Figure 1.2 

shows an increasing scale of the strengths of these non-covalent interactions. The 

intermolecular secondary interactions are in most  of the cases weaker than 

covalent bonds, which makes them kinetically more reactive and dynamically more 

flexible.30-31 Having these characteristics, the supramolecular interactions create a 

continual binding equilibrium, hence leading to stimuli responsive properties to 

supramolecular assemblies.32-33 
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Figure 1.2: Comparison between interaction strengths of different non-covalent 

interactions including hydrogen bonding, Van Der Walls interactions pi-pi 

interactions, ionic interactions and metal coordination (smallest spacer for all 

Figures, etc) 

Research efforts have focused on supramolecular polymeric assemblies as 

a novel and exciting class of systems. Polymeric supramolecular hydrogels posses 

specific and dynamic non-covalent interactions. Their unique properties are a 

result of the non-covalent nature of crosslinks between polymer chains. They have 

surpassed their covalent polymeric counterparts with their high adaptability as well 

as having a highly reversible and tunable structure. Specificly in the field of stimuli-

responsive structures, supramolecular polymeric systems have opened the door 

to various new applications in the field of food, drug delivery, and other biomedical 

areas.  To investigate their potential and set up strategies for planning novel 

materials meeting current needs, a key comprehension of their extremely 

unpredictable and  differing multiscale supramolecular structure and dynamics is 

required. In the next section, we will describe briefly each type of supramolecular 

interaction in the light of recent advances in field of hydrogels. 
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1.3.1 Hydrogen bonding 

Hydrogen bonding is considered an essential factor for the formation of 

several assemblies of different molecules (or between two components of the 

same molecule). It is critical to a number of crucial biological and synthetic 

supramolecular systems most importantly three dimensional assembly of DNA and 

RNA.5 These so called ‘bonds’ have been considered popular in supramolecular 

chemistry. They are indeed relatively weaker than non-covalent interactions when 

considering their bond energies (10–65 kJ.mol-1).34 Single covalent bonds are too 

weak to form hydrogels alone. Nonetheless, hydrogen bonds are mainly 

characterized by their specificity and directionality makes it possible to form 

multiple hydrogen bonds simultaneously. Along with other interactions such as π-

π stacking and other hydrophobic groups, hydrogen bonding resulted in stable 

hydrogels shielded against water.5 This enables the facile design and synthesis of 

units capable of accepting or donating (or both) multiple hydrogen bonds at the 

same time, greatly enhancing overall association constants through multivalency.5 

It is important to mention that the strength of single H-bonds, is generally 

affected by various factors including the nature of the donors and acceptors, the 

angle between them, and whether the motif is aromatic or alkyl, the solvent and 

the arrangement of the donor–acceptor sites (DAAD vs. DADA) and indeed, the 

pH.5   
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Several examples of hydrogels having been reported using multiple 

multivalent hydrogen bonds such as in ureidopyrimidinone (UPy), which is often in 

combination with water shielding by hydrophobic groups, forming a strong 

network.35-38 Other examples were reported using PEG-b-bisurea while introducing 

hydrophobic linkers.39 Peptides and smaller polymers have also been reported.40-

41 In the case of biopolymers such as peptides or agarose, hydrogen bonding 

stabilizes the secondary structure that can induce hydrogel formation by stacking 

into fibrils or fibers.42 These hydrogels, exhibited in most of cases, self-healing 

properties. 

1.3.2  Hydrophobic interactions 

Hydrophobic interactions are particularly convenient to form hydrogels. 

Crosslinking hydrogels through hydrophobic groups is achieved upon physically 

crosslinking water-soluble polymers possessing non-water soluble end groups, 

side chains or monomers to form physical crosslinks.42 Depending on the 

concentration, micelles are usually formed with the hydrophobic core of the 

polymers. The polymers that form hydrogels with hydrophobic they are essentially 

an amphiphilic that has both a polar head and a nonpolar tail. They can act as 

surfactants. As shown in Figure 1.3, loops are formed from polymer segments at 

low concentrations, resulting in a micellar core containing all the hydrophobic 
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groups. At higher concentration, the hydrophobic polymer segments  will start to 

form bridges between micelles, resulting in a network.43  

 

Figure 1.3: Behavior of ABA-triblock copolymers with a hydrophopic-hydrophilic- 

hydrophopic structure in water at different concentrations.42 

Many factors affect the concentration at which the hydrogel formation 

occurs such as the length of the polymer chain, the amount and type of both 

hydrophillic and hydrophobic groups, and other species present in the water as 

well. Many hydrogels have been reported recently using hydrophobic interactions 

with telechelic polymers to increase viscosity of aqueous solutions.43-47 This is 

achieved by using triblock copolymers that possess hydrophobic –hydrophilic-

hydrophobic structure.42, 48 Recent studies showed the formation of hydrogels  and 

therefore bridging between the micelles is greatly affected by cationic or anionic 

surfactants.48 
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1.3.3 Ionic interactions 

 The main advantage of utilizing the charged groups, is their ability to form 

water-soluble and strong interactions at same time. These characteristics are 

crucial for hydrogel formation. There is a driving force to utilize ionic/electrostatic 

interactions to form strong, and at the same time, stimuli responsive hydrogels. 

This is achieved by utilizing blocks of ionic monomers that are able to form 

sophisticated colloidal clusters, which create supramolecular crosslinks when 

combined with non-ionic water soluble blocks. Several specific weak polyions can 

form hydrogels, when mixed in solutions in which only part of these polyions will 

be engaged in the crosslinking, whereas the remaining fraction is soluble in water. 

The key step of the formation of such hydrogels, is the incorporation of a neutral 

hydrophilic block to the polymer structure, to prevent the phase separation that 

normally occurs when mixing oppositely charged polyelectrolytes.49 

Using the triblock-based copolymers, Stuart et al. reported a novel family of 

multiresponsive and reversile gels. They are composed of two negatively charged 

end blocks linked with a positively charged homopolymer. Figure 1.4 shows a 

scheme of the concept of the synthesized hydrogels. The novel class of gel were 

shown to be responsive to external stimuli such as temperature, concentration, 

ionic strength, cationic–anionic composition and, if weak polyelectrolytes are used, 

pH value.50 
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Figure 1.4: a) Schematic representation of hydrogels prepared by Hawker et al. 

through functionalisation of ABA triblock copolymers with cationic and anionic 

groups. (b) Self-assembly of the triblock copolymers led to formation of coacervate 

domains connected by PEG chains.51 

Several other hydrogels have been reported utilizing electrostatic 

interactions such as the high water-content hydrogel reported by Aida et al. 

coworkers.52-53 They prepared the hydrogels starting with AZ with poly(sodium 

acrylate) (ASAP) treated clay nanosheets (Laponite XLG) and telechelic PEG 

polymers having multivalent guanidinium dendridic endgroups.5 These hydrogels 

exhibited a rapid crosslink between the cationic ‘binder’ materials with the anionic 

faces of the silicate based clay nano-sheets. The resultant hydrogels showed 

exceptional mechanical strength (G’ up to 106 Pa) and rapid self-healing.5 They 

were characterized by their facile ability to be mouldable into transparent, shape-
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persistent, free-standing objects. Eventually, all these properties rendered the gel 

materials promising for biological applications. A similar approach was reported by 

Hawker et al. resulting in distinct hydrogels by mixing ionic ABA triblock 

copolymers Figure 1.4.51 The rheological properties of these hydrogels are 

compelling. On one hand, their high storage modulus (G’ up to 104 Pa) reflected 

good elastic properties. Nonetheless on the other hand, due to their sensitivity to  

to the ionic strength  and alternation of pH, the hydrogel stucture may deteriorate 

in presence of salts such as sodium chloride which is manifested by an increase 

in storrage modulus G” and a corresponding decrease in G’.5 

1.3.4  Macrocyclic host–guest complexation 

Macrocyclic host–guest complexation is another very appealing non-

covalent interaction. It has attracted the attention of many research groups due to 

their unique properties of not only strong binding affinity, but also a fixed geometry 

and directionality, and often, responsiveness to pH54 or other stimuli.55 This 

renders them attractive for biomedical applications such as drug delivery.42 A huge 

library of macrocycles has been established in the last 30 years and the 

synthesized classes of compounds include crown ethers, cyclophanes, catenanes, 

cavitands (such as cyclodextrins, calix[n]arenes and cucurbit[n]urils), porphyrins, 

cryptophanes and carcerands.5, 34 The most famous category is the cavitands, 

which has the ability to create double interactions with the guest molecule and 
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solvents as well. In those cases, the ‘host’ usually has exterior 

hydrophilic functional groups that interact with solvent and at the same time it has 

inside the cavity, hydrophobic interactions that foster binding of a 

‘guest’ via either a specific form or a favorable environment. Examples of such 

binding is particularly vivid in cases where stronger binding occurs between a 

hydrophobic guest sequestered into the hydrophobic internal cavity of a 

bunch, together with cyclodextrins (α-, β- and ɣ -CD) or cucurbit[n] urils (CB[n], 

n=5–8 and 10), in water through beneficial solvophobic interactions. It forms 

inclusion complexes where a guest molecule is locked within the cavity of the host.5 

Several stimuli-responsive supramolecular hydrogels were formed by attaching 

both the CD and the guest molecule to water-soluble polymers. 

These motifs, as reported by Voorhaar, "CB[n] and CD hosts, are nontoxic 

and biocompatible, and are primarily useful in water." They provide an excellent 

platform for many biological applications. CD can also form host–guest complexes 

with many other guests, for which both α-CD and β-CD have been used. By 

attaching both the CD and the guest molecule to water-soluble polymers, stimuli-

responsive supramolecular hydrogels can be formed.42 The main characteristic of 

these highly specific and directional functionalities is their ability to possess a wide 

range and binding strengths. For instance, the binding strengths of cyclodextrins, 

and cucurbut[n]urils are shown in figure 1.5 and are compared to metal ligand 

coordination. It can be clearly seen that the binding strength of both hosts can be 

tuned, as for cyclodextrins, with different guests tuned over three orders of 
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magnitude, while for cucurbit[n]urils, the specific host–guest interactions can be 

tuned over an impressive 10 orders of magnitude.5 This highly beneficial reflecting 

potential design of various hydrogels, takes advantage of this dynamic and specific 

interactions provided by these groups.56 

Interestingly, they are commercially available and can be modified relatively 

easily.42 

 

Figure 1.5: Schematic representation of some selected examples of 

supramolecular binding motifs – cyclodextrin (left) and cucurbit[n]uril (middle) 

inclusion complexes together with catechol–iron complexes (right) – which have 

been utilised in the preparation of supramolecular polymeric hydrogels and the 

range of their typical equilibrium binding constants (AD = adamantane, FC = 

ferrocene).5 

Other hosts that have been used for gels are cucurbituril for hydrogels, and 

crown ether57-59 and pillarene for organogels.60 
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1.3.5 Metal ligand complexation 

Metal-containing polymer hydrogels have been regarded as an interesting 

family of materials, due to their unique properties such as biocompatibility, 

recoverability, self-healing, and/or redox activity.61 

Defining the terms ‘metallo-polymer’62-63 or ‘coordination polymer’64-65 is quite 

frequent in the field of supramolecular chemistry. These materials are referred to 

macromolecular entities constructed by a supramolecular approach through metal 

coordination.66 The metal-ligand coordination can be simply described by the 

“electron density donation” by the electron-rich ligand to the electron-poor metal 

center.  The main difference between a coordination bond and a traditional 

covalent bond is that one atom typically supplies electrons in coordination bond 

while in covalent bonding two atom shares electrons. Metal coordination resulting 

from Lewis acid–base interactions are stronger than most of the noncovalent 

interactions presented earlier, but still weaker than prototypical covalent bonding 

interactions. 

The electron density of the ligands may have different aspects, such as a 

negative charge on the ligand, electron density in the π-electron cloud of sp and 

sp2-hybridized bonds, and the electrons of lone pairs on a functional group 

containing atoms like O,N,S in organic molecules. A polymeric metal complex is a 

resultant of a reaction between the polymer bearing the coordinating ligand with 
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the metal ion. A chelate is formed upon coordination with multidentate ligand on 

the polymer chain. 

Figure 1.6 shows a simple scheme of the coordination of metal ions with polymer 

bearing multi-dentate functional groups along its main chain. 

 

Figure 1.6:  The scheme of crosslinking through metal ion coordination. 

1.4 Metallo-supramolecular polymer gels  

Focusing on metallo-supramolecular polymers (MSPs), they are classified as 

a subgroup of metal-containing polymers.67 They are specifically characterized by 

a reversible and dynamic metal–ligand coordination bond.63-65 The easiest way to 

synthesize MSPs, is through the self-assembly of ligand containing structures with 

metal ions.68-69 Although this type of physical interaction is generally dynamic, 

nonetheless it is crucial to remember that not all coordination polymers exhibit 

reversibility at the metal–ligand coordination site. The strength of the metal 

coordination bond varies from almost strong bonds to weak and labile interactions 
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that allow for reversible and dynamic binding.70 The strong bonds are regarded as 

irreversible or static binding of the metal in which the binding constants between 

ligands and metal ions are usually quite large, combined with a very slow exchange 

of ligands in solution at room temperature. On the other hand, dynamic and 

coordinative interactions result in an unavoidable sustained disruption and 

reformation of polymer chains until a steady state is reached. Therefore, the 

thermodynamic and kinetic stabilities of MSPs greatly depend on both the metal 

ion as well as the ligand combination. It was reported that gels that from first row 

transition metals are flexible in nature,66 however the strength and hardness of the 

gels increases with second and third row metals.56, 71 On the ligand side, the 

transition metal complexes utilize the chelate effect to enhance the binding when 

using organic polydentate ligands, like bipyridine, phenanthroline or terpyridine.66, 

72-75 

Therefore, MSPGs are defined as physical polymer networks,76 swollen in 

organic and/or non-organic solvents with a crosslinking that is based on reversible 

labile coordination bonds. Focusing on recent advances in hydrogels in our thesis, 

there are three main classes of MSP hydrogels:  

1) Crosslinked hydrogels through metal coordination 

2) Covalently crosslinked hydrogels containing metal ions 

3) Hybrid crosslinked hydrogels. 
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The first class involves the ion coordination bond between the metal ions and 

the coordinative bonds that are either on the polymeric backbone or as junctions 

between covalently linked units. Both cases combine labile metal–ligand bonds 

with/without other non-covalent interactions in the main-chain and therefore are 

considered as MSPGs. Contrarily, the second class is considered as chemical gels 

since it is based on complete covalently cross-linked gels with metal complexes 

on the side-chain.77-78 The third class is an intermediate between the first two 

categories which involves hybrid polymer gels, in which covalent cross-links create 

a permanent scaffold onto which reversible metal–ligand coordinative cross-links 

are added.78 It possesses the characteristics ranging between physical and 

chemical gels. In our work, we will focus on hydrogels prepared using the metal 

coordination crosslinks. 

1.4.1 Synthetic routes and strategies to MSPGs 

Several approaches have been considered in the design of MSPGs and 

involve both metal and ligand species in solution, under appropriated conditions. 

Depending on the nature of the polymeric ligand and the metal ion, three different 

categories are defined which are shown Figure 1.7. 
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Figure 1.7:  The scheme of metal ion coordination in hydrogels.79 

             The first category (Type 1) involves the combination of ditopic ligands and 

metal ions that can accommodate more than two ligands. The second type (Type 

II) involves multitopic ligands in combination of metal ions (Type II). In both cases, 

the gel network structure swells up increasing the degree of functionality of either 

the ligand or the metal. A final category of MSPGs (Type III) includes flexible metal-

ligand, coordination combined with other secondary interactions described earlier 

such as hydrogen bonding and hydrophobic interactions.79 While metal–ligand 

coordination plays a prominent role in MSPGs of type I, covalent cross-linking may 

contribute predominantly to the final mechanical properties in MSPGs of type II. It 

is important to mention that the rheological properties of these hydrogels are very 

crucial to optimize the performance of the gel in many potential applications. One 

should keep in mind that not all metal-ligand coordination based gels show 

dynamic characters on experimental time-scales. This is essentially attributed to 

the nature of the metal which may be inert, such as Ruthenium metal showing 

outstanding stability.80 Nonetheless, this property is still advantageous as it allows 

us to synthesize materials with comparable properties and strength to conventional 
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covalent crosslinked hydrogels, but with additional chemically responsive 

functional groups. Eventually, it is crucial to choose the metal ion and the ligand 

due to their enormous effect on the responsiveness of the hydrogels. It is worth 

mentioning that metal-polymer hydrogels have been synthesized for a long time 

with several hydrophilic polymers such as poly(acrylic acid), polyphosphazene, 

polysaccharide, and cellulose derivatives in the presence of a large number of 

ions, under specific environmental conditions. The most common metal ions used 

in metal-based supramolecular systems are Mn, Fe, Ru, Os, Co, Ir, Ni, Pt, Cu, Ag, 

Zn, Cd, and Hg and are generally used in low oxidation states.5, 81 In the next 

section we will focus on the recent advances in supramolecular hydrogels that are 

formed upon crosslinking of multitopic ligand and polymer with ligands on the back-

bone. 

1.4.2  Recent advancements in metallo supramolecular polymer hydrogels  

As described earlier, metal coordination has attracted attention to 

synthesize   linear supramolecular polymers in non-competing organic solvents 

creating high stability organogels.72, 82-83 In addition to that, combinations between 

metal ions and polymer chains for crosslinking and other secondary interactions 

have been reported such as π-π stacking and hydrophobic interactions, forming 

hybrid fibers. Metallo-supramolecular hydrogels are of particular importance due 

to their high stability and rates of formation, which makes them appealing for 
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several applications. They show attractive material properties such as triggered 

self-assembly, enhanced toughness, self-repair, biocompatibility and mechanical 

tenability, recoverability, and redox activity.84  

1.4.2.1 Natural systems inspired metal coordination. 

Nature has always inspired research advancements in many fields to mimic 

the well developed and sophisticated natural systems. In this section, recent 

advances in the field of nature-inspired hydrogels employing metal ion coordination 

have been reviewed. 

One approach was first reported by Messersmith and et.al. where they 

inspired the idea from mussels.85 Their strategy involved the incorporation of bis- 

and/or tris-catechol Fe(III) crosslinks, into a synthetic polyethylene glycol structure. 

This approach showed enhancement in the elastic moduli and self-healing 

properties approaching covalent crosslinking.5, 86 This is attributed to the tris- and 

bis-catechol Fe(III) complexes contained in the mussel structure, which are known 

to exhibit high stability constants of metal–ligand chelates (Keq up to 1040 M-1).5, 

87 
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Figure 1.8: Mussel-inspired Dopa-Fe3þ cross-linking. (A) The pH-dependent 

stoichiometry of Fe3þ-catechol complexes.86 

           Moreover, the stoichiometry of these complexes can be varied by pH. Three 

types of complexes are known: mono-complex, bis-complex and tris-complex. 

Each complex is stable at different pH value where bis- and tris-complexes 

stabilize over neutral and basic pHs. 

Inspired from this structure, the authors functionalized a 4-arm PEG star polymer 

with 3,4-dihydroxyphenylalanine (DOPA) moieties at the chain ends.85-86, 88 This 

resulted in a reversible aqueous polymeric network which is similar to Fe-catechol 

in the presence of Fe(III) cations. The Polymer: Fe3+ mixtures showed distinct 

mechanical properties using dynamic rheology as a function of pH .A purely 

viscous response was observed at a pH of 5 which was referred to as mono-

complex, which was a soluble aqueous complex. However, an elastic behavior 

was observed at pH>8 which was attributed to the formation bis- and tris-catechol–

Fe(III). Interestingly, these hydrogels showed a near covalent stiffness at high 

strain rates, which further confirms the role of Fe(III) coordinate bonds in 

enhancing the mechanical strengths of bulk materials.  
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Other research which involves dopa functionalization of polyallylamine 

resulted in hydrogels in presence of Fe(III).89 These hydrogels also showed pH 

dependency for the gel formation and optimum elastic properties were observed 

at pH 9. Latter, a similar combination of polyallylamine and Fe(III) was investigated 

but in the presence of tannic acid. This resulted in a complex formation at lower 

pH and covalent crosslinking between the tannic acid and polyallylamine above 

pH 8, via the Schiff base reaction and Michael addition.42, 90 

In addition to dopa, another mussel-inspired metal coordinating group that 

has attracted attention is histidine.91-92 Similar to the approach explained above, 

Messersmith studied the hydrogel formation of histidine end-functionalized four-

armed PEG with different divalent cations.93 Also, a pH dependency was 

observed for the histidine–metal interaction. A similar approach was recently 

reported by Wegner et al. in which they utilized 4-arm histidine-modified 

poly(ethylene glycol) (4A-PEG-His), crosslinked with  cobalt ions to form redox-

responsive hydrogel.94 Figure 1.9 shows a scheme for cross-linking of the 4A-

PEG-His with Co2+ or Co3+ resulted in hydrogels with very different physical 

properties and the effect of  different ratios of cobalt ions to histidine end-group 

ratios (1:2 and 1:3) on hydrogel connectivity. These hydrogels showed the ability 

to modify their physical state, from changed from self-healing viscoelastic liquids 

with low stability, to stable elastic solids through a simple oxidation step from 

Co2+ to Co3+. While Co2+ crosslinking resulted in hydrogels that are kinetically 

labile, Co3+ crosslinking yielded chemically inert hydrogels. Moreover, the 
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connectivity of the polymer network can be tuned by modifying different ratios of 

cobalt ions to histidine end-group (e.g., 1:2 and 1:3) 

 

Figure 1.9: Crosslinking of the 4A-PEG-His with Co2+ or Co3+ resulted in hydrogels 

with very different physical properties. B) the scheme of hydrogels with different 

Cobalt ions to histidine molar ratio and different connectivity.94 

         In addition to the aforementioned recent literature, many other natural 

systems have been reported to form hydrogels, such as self-assembled chitosan-

based hydrogels that can be formed at high pH,95 and other alginate-based 

hydrogels crosslinked by multivalent cations (e.g. Ca2+ and Ba2+).96 

1.4.2.2 Pyridine-based ligands 

Pyridine-based ligands such as pyridine, bipyridyl, and terpyridine are 

frequently used as functional groups on the polymer backbone, resulting in the 

synthesis of hydrogels. The polymer structure may vary and different hydrogel 

systems were reported in presence of metal ions using side-chain functional 
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polymers designed with terpyridine functional group97-98  or multi-arm star polymers 

having end group tripyridine units,99 or  small molecule trivalent bipyridine 

ligands.42, 100 Depending on the type of metal and strength on interaction, these 

hydrogels were reported to possess different thermal stabilities as well as different 

pH sensitivity.101 

Chujo et al reported one of the first examples for using side-chain bipyridyl-

functionalized poly(2-oxazoline)s crosslinked with Fe(II), Ru(II), Ni(II) or Co(III), 

which was reported to form coordination hydrogels.102-104 The degree of 

functionalization of the polymer  structure, directly affected the amount of swelling 

functionalization of the polymer, and the swelling ability of dried gels was restored 

when put again in water. The thermal stabilities of these hydrogels vary depending 

upon the metal used. While Fe (II) and Co(III) resulted in room temperature stable 

hydrogels that lose their stability at temperatures higher than 30 °C, Such as 

hydrogels with Ru(II) were very stable even in boiling water. Several 

thermoresponsive hydrogels were obtained upon functionalizing the polymer 

structure with terpyridine. Many examples involve functionalizing star-shaped 

PEG, have been reported where a covalent crosslink between the polymer arms 

is necessary to network formation, since metal-ligand interactions only allows the 

crosslinking between two polymer chains.42 Therefore three, four and eight armed 

PEG were reported. Eight-armed star polymers, containing a long PEG core block 

and short poly(L-lactide) end blocks, which are end-functionalized with pyridine 
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were reported to form thermoreversible gels hydrogels upon the addition of various 

metals such as Cu(II), Co(II) or Mn(II).105 

Another three-armed PEG end-functionalized with terpyridine was reported 

by Kikuchi and coworkers to form hydrogels upon crosslinking with cobalt ions.106 

Similar to the findings of Wegner et al., Co(II) resulted in viscous solutions and 

oxidation into Co3+ by exposure to air was necessary to form hydrogels.  

Seiffert and coworkers studied the effect of the strength on the crosslinking 

in  supramolecular network. For this aim, they utilized a four-armed PEG as model 

networks with terpyridine end groups and different transition metal ions in both 

organic solvents and water.42, 107 

Another interesting example by Gohy and coworkers, was where they used  

poly(triethyleneglycolmethylether methacrylate)-b-PSt (PmTEGMA-b-PSt) with 

terpyridine groups randomly distributed in the PmTEGMA block, to synthesize 

hybrid hydrogels.108  The hydrophobic interaction within the polymer resulted in 

self-assembled micelles which were crosslinked micelles in aqueous solution. 

These micelles were further crosslinked through ion coordination utilizing Ni (II) 

ions. The resultant hydrogels showed stronger mechanical properties emphasizing 

the importance of the additional crosslinking by the metal ion to micellar core in 

enhancing the properties of the hydrogel.  

Many other attempts have been directed to incorporate metal ions in 

covalently bonded functionalized polymer, such as PEG. One example of  Four-
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arm poly(ethylene glycol) (PEG) star polymers which w modified with 3-hydroxy-4-

pyridinone (HOPO) end groups, were shown to form transient, coordination 

networks upon the addition of trivalent cations In3+, Fe3+, and Al3+, where the  

incorporation of a small amount of high-affinity coordination complexes proved to 

create significant changes in mechanical properties in IPN hydrogels.109-110Another 

very interesting recent example utilizes 3,6-bis(2-pyridyl)-1,2,4,5- tetrazines (bptz) 

as a dual role ligand, to form supramolecular hydrogels via substoichiometric 

Diels−Alder functionalization of bptz ligands, bound to the ends of poly (ethylene 

glycol) (PEG) chains, followed by metal-coordination induced gelation in the 

presence of Ni2+ and Fe2+ salts.111   

1.4.2.3 Hydrogels with carboxylates functional group 

So far, we have reviewed hydrogels that are formed through functionalizing 

polymers by specific ligands and then crosslinked through metal ion coordination 

crosslinking. Nonetheless, many polymers can directly coordinate with metal ions 

without the need for a specific ligand, for example by carboxylic acid groups or 

amines on the polymer backbone. Various examples were reported using  

poly(acrylic acid)112-113, polyphosphazene114, polysaccharide115-118, and cellulose 

derivatives118. 

Polyacrylic acids (PAA) were widely used and one interesting example was 

reported by Tong and coworkers, in which they reported a light-switchable 
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hydrogel made from PAA complexed with Fe(III) ions.119 In this work, the authors 

highlight one of the main advantages of metal-based systems. Tong et al., they 

utilized the redox oxidation-reduction of Fe3+/ Fe2+ redox couples to form strong 

and reversible hydrogels, prepared by the simple addition of Fe(III) to the PAA 

solution. Under the effect of light, Fe (III) is reduced into Fe (II), which no longer 

binds the acid-functional polymer, thereby dissolving the hydrogel network.5, 119 

This could be reversed by oxidation from bubbling the solution with oxygen to allow 

the Fe (II) oxidation back to Fe(III) and the hydrogel reforms in a completely 

reversible process.  

Other various combinations of PAA and Fe (III) were reported by Xie et al., 

using silica nanoparticles grafted with PAA and mixed with Fe(III) to form 

nanocomposite hydrogels.120 Also shown was a graphene oxide–PAA 

nanocomposite hydrogel with Fe(III) as crosslinks.42, 121 In addition to that, mixing 

between covalent bonding in the polymer matrix, along with metal ion coordination 

between PAA and Fe3+, resulted in double networks of both physically and 

chemically cross-linked polymer hydrogel.122  

This synthesis method showed a facile approach to result in the self-healing 

properties of the hydrogel. These properties were attributed to the dynamic 

bonding of physical cross-linking and the migration of ferric ions. Figure 1.10 

shows a scheme of the obtained hydrogels showing the covalent crosslinking and 

metal-ion coordination with fe3+ ions. 
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Figure 1.10: Schematic illustration of the structure of the self-healing hydrogel.109 

A recent novel work reported a physical hydrogel which was synthesized 

upon crosslinking of ferric ion (Fe3+) and carboxyl groups of  poly(acrylamide-co-

acrylic acid) (P(AAm-co-AAc).61, 109 This gel showed interesting properties such as 

high stiffness and toughness, fatigue resistance, and stimuli-triggered healing 

along with shape memory and processing abilities.61 Novel responsive iron-

containing polymer hydrogels were synthesized by binding of between 

carboxylates in an amphiphilic diblock copolymer poly[(Nisopropylacryl- amide-co-

2-nitrobenzyl acrylate)-block-(N, N-dimethylacrylamide-co-acrylic acid)]110 and 

Fe3+. The obtained hydrogels have undergone sol-gel transition under the effect of 

UV irradiation, in presence of multidentate ligand (EDTA), and redox agent 

(Na2S2O4).61 

Other carboxylate based polymers have also attracted research attention, 

such as polysaccharides and specifically alginate, which is able to coordinate with 
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polyvalent metal ions through its carboxylate groups, resulting in hydrogels.123-126 

Several examples of hydrogels have been reported by mixing anionic alginate 

solutions  with metal cations (Fe3+, Ca2+, Sr2+, Ba2+) as crosslinking agents with 

the carboxylate groups of alginate, particularly with the glucuronic acid blocks 

within the alginate structure which is illustrated in figure 1.11 

  

Figure 1.11: Illustration of the structure of alginate matrix with metal ion.123 

Several groups have reported alginate based metal ion coordination 

hydrogels with interesting polymer properties for many applications. A 

biocompatible metal ion coordination hydrogel suitable for cell support, was 

synthesized by Machida-Sano et al. from ferric ion and alginate.123 In the field of 

biomedicine and tissue engineering, light-responsive hydrogels are appealing 

materials. Light-responsive hydrogels were reported by Ostrowski and co-workers, 

through the coordination of iron(III) and ionic polysaccharides.61 Due to the redox 

activity of polyvalent metal ions, these hydrogels showed the ability to modify their 

physical state under external light stimuli due.124, 127 Similarly, iron(III) cross-linked 

alginate hydrogels were also reported by Melman and co-workers.61, 125  
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In addition to that, Zhang and co-workers reported metal ion cross-linked 

alginate hydrogels that can as shapeable, and versatile templates for many 

coordination composites.128 Chitosan polymers crosslinked with variety of metal 

ions were reported by Zhang and Lu as multiresponsive hydrogels.129 It is 

important to mention that recent work also focuses on biopolymers and 

nucleosides to form highly elastic and self-healing gels such as chitosan.93-94, 130  

1.4.2.4 PolyMOCs (spacer ligands). 

One interesting approach that has been reported for metallo 

supramolecular gels involves the formation of highly tunable gel systems through 

the combination of polymer and metal ion coordination with auxiliary diatopic 

ligands. This was reported by Craig and coworkers, by crosslinking 

polyvinylpyridine in combination with bifunctional pincers and transition metal 

ions.131-132 
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Figure 1.12 Schematic representation of reversible cross-links between poly(4-

vinyl pyridine) through coordination with bifunctional metallo- pincer complexes.132 

Figure 1.12 The shows the scheme of the coordination between poly(4-

vinylpyridine) (P4VP) and bifunctional palladium(II) or platinum(II) pincer 

complexes. The resultant metallo-supramolecular organogels can swell in dimethyl 

sulfoxide (DMSO). Interestingly, studying the dynamic properties and dissociation 

rates of this organogel, the authors were able to tune the mechanical properties by 

controlling the dissociation rate of the transient cross-links, i.e. how frequently, and 

not for how long the coordinative bonds dissociate. It was found that the 

mechanical properties are strongly dependent on the choice of three factors which 

are the metal ion, the structure of the bifunctional spacer ligand and the structure 

of polymer chain. They suggested that tuning the dynamic properties is possible 

only when pertaining the binding constants between the three components in the 

gel. 

In a following study,133 the authors investigated the responsive behavior of 

the aforementioned MSPGs to external stimuli, such as pH or other competitive 

interacting additives.  The effect of crosslinker concentration was evaluated and a 

critical concentration is needed for optimum crosslinking. This was determined by 

measuring the sharp change in viscosity over a narrow cross-linker percentage, 

which marked the transition from a sol of discrete polymer aggregates to a 

percolated polymer network. By lowering the pH, the crosslinking was decreased 

by displacing pyridine on the polymer backbone and hence weakening the network 
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structure of the gel. However, this effect was reversed by the addition of a base. 

Other stimuli responsive behavior was observed upon the addition of enough 

amount of competitive binding additive, which complexes with the active 

crosslinking units and then the properties of the gel are controlled by the kinetically 

faster crosslinker. A novel family of hydrogels named “metal-organic cage-cross-

linked polymeric hydrogels” was recently resported by Nitschke et al., They were 

able to crosslink the PEG polymer to Fe2+ ion through an imine molecule. Figure 

1.13  shows a scheme of the synthesized cages. The formylpyridine functionalized 

PEG was achieved by self assembly and a covalent bond is established between 

the PEG and imine molecule.130  

  

Figure 1.13: Metal–organic cage cross-linked hydrogel formation: a) synthesis of 

cages 1–3 using aldehydes A–C, and b) a schematic view of the structure of cage-

cross-linked gel. c) A photograph showing an inverted vial containing a 15 wt % 

hydrogel formed by cage.130 

They successfully synthesized two types of cages within the material. 

Consequently, depending on the size and an the charge of the guest molcules, 

selective encapsulation was possible. This material is indeed attractive for 
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applications such as drug delivery and controlled release. They attributed the 

unique properties of these material to the crticial choice of imine molecule. Their 

crosslinking approach is universal as they claim that a large family of hydrogels 

could be obtained by choosing specific molecules that are able to form cages to 

design functional hydrophillic polymers. Owing to the strong and reversible 

interaction of the imine groups, hydrogels with rigid structure and responsive 

behaviour simultaneously could be formed.130 

Recently in 2016, a nature paper presented a new class of organoels assembled 

from polymeric ligands and metal–organic cages (MOCs) as junctions swollen in 

DMSO.134 The resulting ‘polyMOC’ gels are precisely tunable and may feature 

increased branch functionality.134 They show two examples of such polyMOCs: a 

gel with a low functionality based on a M2L4 paddlewheel cluster junction and a 

compositionally isomeric one of higher functionality based on a M12L24 cage.134 

1.5 Design considerations 

Specific, directional non-covalent moieties have attracted research attention 

in the last two decades.5 As we discussed earlier, hydrogen bonding, metal–ligand 

coordination, host–guest complexation and ionic interactions have resulted in a 

family of supramolecular materials.5 The binding mechanism of the non-covalent 

interactions in these systems greatly affects the design of supramolecular 

hydrogels. Particularly, crucial factors such as equilibrium association constants 
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(Keq), and binding dynamics, defined by the rate of association (ka) and dissociation 

(kd), need to be considered for choosing the non-covalent supramolecular 

functional groups.5 

Thermodynamics and kinetics are equally important for hydrogel design. The 

thermodynamics control the degree of association of the supramolecular moieties 

through the degree of association of the equilibrium constant directly.5 Another 

important parameter that affects the degree of association is the concentration of 

the functionality in question.5 However, the dynamic nature of the crosslinking 

between polymer chains is influenced by the kinetics of crosslinking. These 

parameters are not often separated but rather they are always in a complicated 

interplay within dynamically crosslinked materials. Never forgetting that 

parameters polymer molecular weight, crosslink density, and polymer 

concentration that normally affect the formation of covalent hydrogels, also affect 

the formation of supramolecular hydrogels.5 Eventually in order to develop a 

system taking full advantage of the specific non-covalent interactions used all 

these parameters described should be taken into consideration.5 

1.5.1 Binding mode 

Supramolecular polymeric hydrogels are generally modeled as side-chain 

functional polymers having supramolecular moieties which allow dynamic 

crosslinking of the polymer chains via ‘complementary’ binding moieties (Figure 
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1.14).5 Figure 1.14. Shows a scheme of the binding modes in supramolecular 

moeities described earlier. For the  hydrogen bonding interaction and π-π stacking, 

these can be regarded as self-complementary motifs which are bound through 

either  A:A or A:B motif with no need to external molecule as shown in Figure 

1.14a. Two other modes have been identified that are regarded as two-component 

binding through an A:B motif, such as metal ion coordination as shown in Figure 

1:14 bii. Three-component ABA Three-component A:B:A or ABC complementary 

binding interactions. The third  moiety is needed for association of the 

complementary binding motifs.5 

 

Figure 1.14: General modes of binding for directional supramolecularcmotifs. (a) 

Self-complementary motifs containing either (i) A:A or (ii) A:B interactions. (b) 

Complementary motifs formed from (i) A:B or (ii) or A:B:A systems. (c)5  

Focusing on metal ligand complexation, it can be regarded as a three-

component binding system in which two of the same functional groups such as 
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carboxylates on polymer back bone chain, are complexed by a single metal ion. 

The properties of the metallosupramolecular hydrogels are hence greatly affected 

by the choice of both the metal ion and the binding functional group as well. 

The type of crosslinking is greatly affected by the binding motifs. Interchain 

crosslinking can be observed when the complementary binding motifs bound to 

separate polymer chains, however, intrachain crosslinking occurs as a result of 

self-complementary binding motifs, resulting in an intrachain ring formation instead 

of a real  ‘active’ physical interchain crosslinks. Although this looks simple and 

applicable for linear supramolecular polymers, the role of the associative 

mechanism is more complicated in three-dimensional crosslinked networks.5 

Hence, the assembly mechanism of supramolecular crosslinks is crucial to 

determine the elasticity of the resulting networks as well as the strength of the 

specific supramolecular motif itself.5 

1.5.2 Equilibrium association constants.  

The concentration of supramolecular moieties and their equilibrium 

constant, are two important factors that must be taken into consideration when 

discussing the degree of association of supramolecular moieties.5 The degree of 

association is directly proportional to (𝐾𝑒𝑞. 𝑐)1/2.135 A specific “gelation transition” 

is defined at which the gelation of the particular hydrogel occurs. At this transition 

point, a continuous network is formed defining the critical concentration. Therefore 
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determining the Keq and concentration of supramolecular motifs gives control over 

the specific crosslink densities in supramolecular polymer hydrogels. This is quite 

advantageous over covalent hydrogels, were their crosslinking density can be 

sometimes determined after crosslinking through experimental methods. The 

importance of having complete thermodynamic data, is clear when correlating 

molecular dynamics with hydrogel network mechanics.5 Thermodynamic 

information enables understanding the driving forces for association and 

dissociation in the supramolecular hydrogel.5 

1.5.3 Binding dynamics.  

The rates of association and dissociation of the supramolecular moieties is 

a crucial characteristic in supramolecular polymers, in addition to the timescale 

upon which the supramolecular associations exist.5 The definition of dynamic 

supramolecular polymers is applied when these associations are reversible i.e. the 

breaking and recombining of these non-covalent interactions occur on 

experimental time scales. 



 
 

 

 

67 

 

Figure 1.15: Schematic illustration of the association reaction between two motifs 

demonstrating the relationship between the reaction kinetics and equilibrium 

association constant.5 

Figure 1:15 Shows a typical example of a two-component complementary binding 

motif and its corresponding reaction kinetics. Figure 1.14 bii shows the types of 

crosslinks in metal ion coordination in supramolecular networks. Two modes of 

crosslinks can be observed: active and inactive crosslinks. The former is attributed 

to an asociated complex while the later results in a dissociated complex.5 The 

properties and the structure of hydrogels are thus largely affected by the 

interchange between ‘active’ and ‘inactive’.136 

In a particular supramolecular complex, understanding the driving forces for 

association and dissociation of the crosslinks, as well as the thermodynamic 

parameters controlling these process, is fundamental to determine the behavior of 

the bulk hydrogel networks.5 The activation energies (Ea) for association and 

dissociation processes is greatly influencial. The Eyring theory relates the reaction 

rate (i.e. rate constant k) to the temperature and it is quite informative in giving the 
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idea about the relation between Gibbs free energy, enthalpy and entropy of 

activation it is written in equation (1.1).5 

𝑘 =
𝑘𝐵𝑇

ℎ
𝑒𝑥𝑝 (−

∆𝐺+

𝑅𝑇
)                                                                                          (1.1) 

Where ∆𝐺+is the Gibbs free energy of activation, kB is Boltzmann’s constant, and 

h is Plank’s.5 This equation can be rewritten in terms of enthalpy and entropy (1.2): 

𝑘 =
𝑘𝐵𝑇

ℎ
𝑒𝑥𝑝 (−

∆𝑆+

𝑅
) 𝑒𝑥𝑝 (−

∆𝐻+

𝑅𝑇
)                                                                        (1.2)   

where ∆𝑆+ and ∆𝐻+ are the enthalpy and entropy of activation, respectively. The 

Arrhenius relationship also relates reaction rates to temperature and is written in 

eqn. (1.3)5 

𝑘 = 𝐴 𝑒𝑥𝑝 (−
𝐸𝑎

𝑅𝑇
)                                                                                               (1.3)                                                                                                          

 where A represents the pre-exponential factor and R is the universal gas 

constant.5 

In summary, a deep understanding of the thermodynamic and kinetic behaviour of 

supramolecular moiety can be extremely powerful when designing supramolecular 

hydrogels to exhibit certain macroscopic properties for specific applications.5 
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1.6 Applications of supramolecular hydrogels 

Due to their similarity to soft biological tissues, hydrogels have attracted 

increasing attention for research in several applications such as academic 

research and more particularly in biomedical applications from drug delivery to 

tissue engineering.137-140 The number of publications investigating 

supramolecular hydrogels have increased exponentially over the past decades. 

This is attributed to their hydrophilic cross-linked structure, which exhibits the 

ability to hold a large amount of water via surface tension or capillary effect, in 

addition to their ability to be biocompatible.141-142 The primary preferred 

standpoint of supramolecular gels over the covalent gels, is their upgraded 

mechanical properties. Other factors include their reversibility, and being 

responsive to various environmental factors. Having these properties, they are 

attractive materials for functioning as smart carriers in drug delivery applications. 

Furthermore, they can also be used in tissue engineering to replace organs in the 

body. 

In addition to that they exceed the conventional chemical gels by their self-

healing ability, as well as mechanical properties which makes them attractive for 

many biological applications.143-147  The supramolecular cross-linking involves 

several noncovalent interactions which are explained above including hydrogen 

bonding, metal-ligand coordination, host-guest recognition, and electrostatic 

interaction that result in formation of 3D networks. Metal-ligand coordination 
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shows high potential for the design of tough and stiff supramolecular hydrogels 

while combining unique photoelectric properties in aqueous media, as well as 

huge margin for tenability at molecular level. 

 
 
Figure 1.16: Scheme of applications of supramolecular hydrogels.148 

Figure 1.16 shows the applications of supramolecular hydrogels. In this section 

we will focus on drug delivery, self-healing and tissue engineering, stimuli 

responsive, and gas storage applications which are particularly important for 

metallo-supramolecular hydrogels. 
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1.6.1 Drug delivery 

Drug delivery has emerged as an increasingly important application which 

is defined by the delivery of the therapeutic agents incorporating 

chemotherapeutic drugs, genes, and proteins into diseased target tissues 

through functional vehicle. Its main advantage is being safe for other normal cells 

and tissues, specifically targeting the diseased tissues and therefore achieving 

the targeted therapeutic effects.149-150 So far, supramolecular polymeric 

hydrogels emerged as potential candidates that have already been applied to 

therapeutic delivery applications.151-153  

Host-guest interactions and particularly cyclodextrins, have utilized 

numerous injectable and biodegradable host–guest hydrogels suitable for cancer 

therapy.154-157 This is explained by their excellent biocompatibility, weak 

immunogenicity, and selective inclusion capability which makes them long term 

drug delivery material. Supramolecular hydrogels have surpassed conventional 

polymeric carriers by their faster release rate at the pathological sites. This 

resulted in enhanced therapeutic efficacy and the reduction of drug resistance. 

Lately in the field of gene delivery, various classes of supramolecular hydrogel-

based gene delivery vehicles have been successfully designed and developed 

for gene delivery. These gels showed comparable or even higher transfection 

efficiency compared to covalent ones. Supramolecular nanohydrogels in 

particular have emerged as safe and efficient materials for gene delivery. This is 
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attributed to their controlled size, switchable structure and morphology, as well as 

the ease of surface functionalization.158 

1.6.2 Tissue engineering 

The main target of tissue engineering is to be able to achieve local 

regeneration of lost or malfunctioning tissues and organs. This is accomplished 

by culturing a patient’s own cells on a polymer matrix.159-160 Many factors affect 

the functioning of the implanted biomaterials but most importantly are the 

biological environment and cell–biomaterial interaction. Supramolecular 

hydrogels possess several advantages that make them excellent candidates as 

biocompatible tissue engineering materials. These properties include, but are not 

limited to, a combination of tunable mechanical properties with regulation of 

degradability, and also, they have the ability to provide excellent biological 

environments for encapsulating bioactive material. They have shown to be 

effective in tissue engineering for supporting, guiding, and stimulating the 

sustainable growth of tissues. Hydrogen bonding and host-guest interactions 

have been regarded as highly directional, reversible, non-covalent interactions 

resulting in promising supramolecular biocompatible hydrogel material for tissue 

engineering. 
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1.6.3 Selective gas adsorption and separation on MOFs 

The efficient separation of small molecule gases such as H2, N2, O2, CH4 

and CO2) is increasingly becoming a crucial application from several energetic, 

biological, and environmental perspectives. The research in the field of porous 

coordination polymers, more particularly MOFs, has been focused greatly on the 

selective adsorption and separation of small molecule gases. Many successful 

examples of MOFs have been examined, showing the selective adsorption 

behavior it has for small gas molecules. MOFs have shown to be promising 

candidates for highly efficient material from both experimental measurements 

and theoretical molecular. Nonetheless, these materials still show limited 

scalability on lab-scale researches, which hinders their application in practical 

applications.161-162 Hence, material with a facile synthesis method, tenability at 

molecular level and large scalability are targeted. 

1.6.4 Methane gas storage in porous coordination polymers  

Methane (CH4) is a very crucial gas, that is essentially the main 

component of natural gas and it shows potential to be used as a clean fuel for 

transportation.163 The most common storage method that is currently adopted for 

the storage of CH4 high-pressure is compressed gas storage. This method is not 

only costly but also requires safety measures. Interestingly, methane storage in 

adsorbents is regarded as an alternative. Nonetheless, so far  the conventional 
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adsorbents still show insufficient CH4 storage to be commercially applicable.164 

Despite the high specific surface areas of the activated carbon, they are not 

effective for CH4 adsorption due to the presence of a high percentage of 

mesopores and macropores in addition to the microporous structure.165 The 

presence of meso/ macropores limits the traping CH4 molecules, since they act 

as large cavities and hinder the storage of small molecules of gas. One additional 

requirement that needs to be thoroughly considered for effective storage, is that 

the energy density of adsorbed gas must be comparable to that of compressed 

natural gas used currently.165 Hence, micro pores of appropriate sizes need to be 

designed to achieve a higher adsorption capacity. These pores need to be 

chemically compatible to adsorb CH4 molecules and their distribution must be 

dense and uniform all over the surface. 

1.6.5 Wound dressing 

Wound care is an essential process in the medical field regardless of the 

nature of the wound.  Wound dressing is the key factor in the healing process 

whether it is a minor cut or a major cut. There is a main difference between the 

two terminologies bandage and dressing. The former is designed to be in contact 

with the wound, while the latter keeps the dressing in place. To allow proper 

healing of the wound it needs several factors such as proteinases, chemotactic, 

complement and growth factors. Hence, the wound needs to be covered to 
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preserve these structures. It is widely known, that in the Egyptian medical texts, 

that ‘closed wounds heal more quickly than open wound’. Wound dressings have 

taken several forms since the late 20th century, starting with occlusive dressings 

which enabled the protection and hydration of the wound. Woven absorbent 

cotton gauze was used in 1891.166 These dressings possess antibacterial 

properties to prevent infection.167-169Silver and iodine are the main components 

used in antibacterial hydrogels. 

1.6.6 Carbon dioxide gas storage in porous coordination polymers  

One of the main environmental issues that has concerned the global 

community is the increased level of CO2 emissions to the atmosphere and the 

consequent environmental problems such as the greenhouse effect and ozone 

depletion. Research has been oriented to minimize the emissions of carbon 

dioxide (CO2) from the exhaust of power plants, which has been in most cases 

achieved by two approaches. The first involves chilling and pressurizing the 

waste gas and the second involves passing the fumes through a fluidized bed of 

aqueous amine solution. Nonetheless, these approaches suffered from being 

inefficient and expensive.170 Other alternative solutions have been considered, 

such as the chemisorption of CO2 on oxide surfaces or adsorption within porous 

silicates, carbons, or membranes.171 These technologies are limited by their short 

term viability. Hence two main criteria needs to be present in the “effective 
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candidate material” that show feasibility for CO2 removal.172 First, a reversible 

capture and release of CO2 is needed and second, the material must be flexible, 

with a margin of chemical functionalization and tunability at molecular level to 

allow the control over the capacities. 

1.7 Novelty of our work 

Our focus is on the metal-ligand bond, because gels formed via coordination 

of polymeric ligands with metal atoms, metallogels and show unique dynamic 

mechanical properties. Metallogels have been reported to possess transient 

networks which are elastic at shorter time scales and viscous at longer time scales. 

As described in the literature review above, the metal-coordination hydrogels 

are indeed the “hot topic” in the area of gels, due to their various applications. Our 

work provides a novel “proof of concept” where we utilize an amorphous polymer-

metal network, using a new combination of poly(methyl vinyl ether-alt-maleic 

anhydride) and Cu2+ ion, in the presence of low molecular weight auxillary ligands. 

Utilizing these spacer ligands to form a linkage between the two metal ions, we 

enhanced the rheological properties as well as gas adsorption efficiencies in 

comparison to hydrogels synthesized with no spacer ligands.To the best of our 

knowledge, such a mode of coordination that we hypothesized, utilizing the Cu2+ 

and dicarboxylates in presence of carboxylate based polymer, has not been 

reported. Not only that carboxylates are more stable than amine based polymers 
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but also, it offer a large margin of tunablity of the hydrogels in terms of metal ion, 

spacer ligand nature (aromatic or aliphatic) and number of carboxylates. In this 

work, we prove that introducing dicarboxylate is indeed advantageous which is not 

the case for tri or tetracarboxylates. This emphasizes the importance of the 

structure of the spacer ligand itself for future enhancement of this system. 

In addition to this, we investigated the commercialization of these hydrogels. 

Using a filling machine, we successfully scaled up the synthesis of silver based 

hydrogels, which show antibacterial properties and are promising for wound 

dressing application. Utlizing the machine for scaling up the synthesis and filling of 

a large number of sample is indeed beneficial. 
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CHAPTER 2: Experimental 

2.1 Chemicals 

Poly(methyl vinyl ether-alt-maleic anhydride) (PVM-alt-MA) [CAS: 9011-16-9] 

(Mw: 1,080,000, Mn 311,000), disodium adipate (TCI, ≥98%), terephthalic acid 

(Aldrich, ≥98%), nitrilotriacetic acid trisodium salt (Sigma Aldrich, ≥ 98%) and 

trisodium citrate salt (Sigma Aldrich, ≥ 98%), respectively. Cu(NO3)2.3H2O 

(Sigma Aldrich, ≥ 98 %) and sodium hydroxide ((Sigma Aldrich, ≥ 98 %). 

2.2 Instrumentation  

2.2.1 Thermogravimetric analysis (TGA) 

The TGA measurements were performed on a NETZSCH STA 449 F3 Jupiter 

thermogravimetric analyzer using Al Pan under N2 flow (20 mL/min) with heating 

rate 20 K/min. The sample amount was ca. 10 mg. 

2.2.2 FTIR spectroscopy 

FTIR analysis was performed on a Nicolet iS10 infrared spectrometer (Thermo 

Electron Corporation, UK). The spectrometer has a KBr beam splitter and an 

EverGlo IR source. The spectrometer has a mercury cadmium telluride (MCT-B). 
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Attenuated Total Reflectance (ATR) mode was performed using Smart iTR 

accessory having a diamond crystal as a sample holder window.  The FTIR 

spectra were recorded with the nominal resolution of 4cm-1 over the range 525 – 

4000 cm-1 and each spectrum corresponded to an average of 64 individual 

scans.  

2.2.3 1H NMR and 13C NMR spectra 

1H NMR and 13C NMR spectra were recorded at 298 K on a Bruker 700 AVANAC 

III spectrometer equipped with a 5 mm Bruker TCI CryoProbe using D2O as 

solvent. 

2.2.4 Scanning electron microscope (SEM)  

Scanning electron microscopy (SEM) investigations were carried out in a FEI 

Quanta 3D scanning electron microscope operating at a 5 kV accelerating 

voltage. The hydrogel was dried by vacuum oven or CO2 critical point drier. A 10 

mm diameter aluminum pin (SEM holder) was used as a sample holder, and then 

a piece of double-side carbon tape was fixed to the aluminum SEM holder. The 

powder was fixed to the carbon tape using a spatula and excess powder was 

removed. The sample was transferred to a vacuum chamber of the electron 

microscope for measurement.  
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2.2.5  Cryo SEM 

Low temperature experiments were carried out using a Quorum PP2000T cryo-

transfer system (Qurorum Technologies, Newhaven, UK) that was fitted to an FEI 

Quanta 3DFEG SEM with a field emission electron source. To do cryo-SEM on 

the hydrogels, a small amount of sample was mounted in a 1.5 mm in diameter 

machined-hole on an aluminum stub that was secured on the specimen holder. 

The sample holder, attached to a transfer rod, was then rapidly plunged into 

liquid nitrogen slush and under vacuum transferred into the PP2000T preparation 

chamber, pre-cooled to -185°C and allowed to equilibrate for 2 minutes. The 

sample temperature was raised to -90°C for 2 minutes to sublime residual ice 

contamination on the surface of sample that happened during transfer to the 

preparation chamber. The temperature was then lowered to -150°C and the 

surface of frozen gel was sputter-coated with 5 nm thick platinum in an argon 

atmosphere.  The fractured surface of hydrogel was obtained by hitting the top of 

frozen gel kept at -150°C with a knife cooled to -185°C. The sample was then 

transferred to the SEM cryo-stage which was held at -130°C and the revealed 

fractured plane of frozen hydrogel was imaged. In order to remove the water from 

the fractured plane and reveal further surface details, samples were sublimed 

inside the SEM chamber at -90°C for up to 37 min and SEM images from the 

same areas were captured during the sublimation process. To avoid charging 

problems, the sample was transferred back to the preparation chamber and 



 
 

 

 

81 

sputter-coated with 3 nm thick platinum in an argon atmosphere at -150°C. The 

sample was then transferred back to the SEM cryo-stage, which was held at -

130°C and high quality SEM images were captured. In all cases, the imaging was 

performed using an accelerating voltage of 3-5 kV and a working distance of 7-10 

mm. 

2.2.6  CO2 Critical point drier 

The solvent-exchanged polymer hydrogel was supercritically dried with CO2 

using the Tousimis Autosamdri 815B. 

2.2.7  Physical adsorption analysis  

Low-pressure N2 gas sorption experiments at 77 K were carried out on a 

Micrometrics ASAP 2020 volumetric gas sorption instrument. The Brunauer–

Emmett–Teller (BET) specific surface area was calculated from the BET equation  

    
1

v[(
p0
p

)−1]
=

c−1

vmc
(

p

p0
) + 

1

vmc
                                                                                                         

(2.1) 

                                                 

where P   and P0 are the equilibrium and the saturation pressure of adsorbates at 

the temperature of adsorption, 𝑣 is the adsorbed gas quantity (for example, in 
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volume units), and 𝑣𝑚    is the monolayer adsorbed gas quantity.  c is the BET 

constant, 

The surface areas were calculated using the transform plot in the relative 

pressure range of 0.05 and 0.3. The pore size distribution profiles were obtained 

from BJH adsorption isotherm data reduction.  

Gas adsorption measurements were performed using Micrometrics ASAP 2050 

which was operated under both low pressure <1 bar and at high pressure up to 

reach 10 bar. Different gases were used to calculate the gas adsorption rates 

and selectivity including CO2 (99.99%), Methane gas (99.99%),  and Nitrogen 

gas(99.99%),. The temperature was varied between 263 K, 273 K and 298 K. 

Before any analysis, all samples ware outgassed at 70 oC on the ultrahigh 

vacuum degasing port of the instrument overnight.    

2.2.8 Rheology 

2.2.8.1 Introduction : Viscoelastic properties of soft materials 

Biomaterials, foods, and a range of industrial and personal products are all 

examples of everyday life complex fluids. These materials are often classified as 

soft materials and include gels, polymer solution, gels, emulsions, and colloidal 

suspensions 
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These materials are characterized by their ability to both store and 

dissipate energy when deformed by an external force. By definition, a solid 

behaves as a Hookean spring in a sense that it stores energy when applied to 

external stress. In solid mechanics, the solid is described by the term “elastic”. In 

these solids, the amount of deformation of the material is proportional to applied 

force or stress. On the other hand, simple liquid dissipates energy through 

viscous Newtonian mode173. They are considered as fluids and hence the 

deformation rate that is proportional to the force or stress. Soft materials such as 

hydrogels are so called “viscoelastic materials” exhibit some of both 

characteristics between solid and liquid. Their properties arise from the diffusion 

of molecules in an amorphous material. Their behavior generally depends on the 

time scale or frequency at which the sample is applied.174 Many examples of 

these soft materials are encountered in our everyday life including from toys, 

food, and other various material. One interesting example of a soft material is a 

toy for children named “Silly Putty” which is a silicone polymer. This material 

shows solid-like properties on short time scales and a liquid-like properties over 

long times175. When the material is allowed to lay on a mesh screen, it will 

behave as a liquid and therefore it will flow over the screen when kept for several 

hours. However, on a short time of few minutes it will keep its own shape 

showing elasticity similar to solid rubber balls175 . 

Therefore, regarding the time scale and stress applied, the solids will not 

flow, but will deform slightly upon applying moderate stresses instead. Under 
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larger stresses solids will deform irreversibly or break down. However, the 

viscous material such as liquids will always flow, even under small applied 

stresses. Nonetheless, the flow behavior of hydrogels regarded as complex fluid 

is not easy to define. Depending on the stress value, the nature of these 

materials changes. They behave like solids at medium stress value. However, 

under a specifc stress value, they will flow. The applied stress must go beyond a 

specific threshold value called ‘the yield stress’. This brings the definition of yield 

stress as being the minimum  non-zero stress need to be applied to drive the 

material to flow. To ensure a sustained flow, the applied stress must exceed the 

yield stress. 

Polymers are also soft materials with viscoelastic properties. They are 

processed in the fluid state, either molten or in solution to form solid products. 

These materials are mostly solids at short times and liquids at longer periods of 

time. The time required to undergo “Sol-gel “ transition varies greatly depend on 

the nature of intermolecular forces within the gel matrix. Polymeric gels which are 

our interest are frequently reported to move from solid-like to liquid-like when 

subjected to a minimum deformation173.  
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2.2.8.2  Principle of rheology 

Rheology is the most informative study of the viscoelastic of materials. It 

can be defined as the measurement and study of the relationship between the 

deformation (strain) of a material and the stress 173, 175.  

As described earlier, solids are in general are considered to behave according to 

hooke’s law which states that the applied shear-stress (𝜎) is proportional to the 

produced shear-strain (𝛾). 

𝜎 = 𝐺𝛾                                                                                                               (2.2) 

Shear - Stress (𝜎): is the shear force per unit area 

Shear - Strain (𝛾): is defined as the relative change in length 

Proportionality constant (𝐺)   : is called shear modulus and intrinsic property of 

an elastic solid. 

However, liquids follow Newton’s law of viscosity, where the shear stress (𝜏)     is 

proportional to the rate of strain or shear rate (𝛾)̇: 

𝜏 = 𝜂�̇�                                                                                                             (2.3) 

Proportionality constant (𝜂): is defined as the viscosity of the material.  

The rate of strain or shear rate (𝛾)̇ =  
𝑑𝛾

𝑑𝑡
 .                                                       (2.4) 
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For viscoelastic material, the relationship between the stress and the strain is not 

a pure elastic solid nor a pure liquid but rather an intermediate these two limiting 

cases.  

The main purpose of rheological methods is to determine the suitable equations, 

referred to as constitutive equations to adequately describe the behavior of 

specific viscoelastic materials such as hydrogels. 

A shear deformation is applied and then the resultant stress is measured as a 

function of the shear rate. The rheological behaviour of fluids is described by the  

rheological material functions. One routinely utilized experiment is the steady 

flow experiment. In this procedure a constant strain rate �̇� is applied to determine 

the material function. For a Newtonian fluid, the stress σ is constant and the 

material function is 

𝜂 =
𝜎

�̇� 
                                                                                                               (2.5) 

𝜂 is therefore also constant and independent of �̇� .  

On the other hand, for non-Newtonian fluids and hydrogels, the viscosity will be a 

function of shear rate, i.e., 𝜂 = (�̇�).  If η decreases with �̇�, the material is called 

shear thinning. If η increases with �̇�, in contrast, it is called shear thickening. 

 The  viscoelastic properties of soft materials are characterized by two other 

important equations or material functions. These equations describe the 
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visoleastic properties of hydrogels as well as their response to small amplitude 

oscillatory shear (SAOS). They are defined based on an imposed sinusoidal 

shear strain: 

𝛾 = 𝛾0 sin(𝜔𝑡)                                                                                                 (2.6) 

Where 𝜔 is the frequency of the oscillations and 𝛾0 is the strain amplitude. 

The resulting shear stress generated by oscillatory shear will again be sine wave 

but will be shifted by a phase angle 𝛿 with respect to the strain waveform where  

𝜎 = 𝜎0 sin(𝜔 𝑡 + 𝛿)                                                                                           (2.7) 

The stress waves can be decomposed into two components, one in phase with 

strain and the other out of phase by 90 degree. 

𝜎 = 𝜎0 cos 𝛿 sin(𝜔 𝑡) + 𝜎0 sin( 𝛿) cos 𝜔𝑡                                                           (2.8) 
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Where 𝛿 is the phase difference between the applied strain and the stress 

response. 

 

Figure 2.1: below shows (a) a schematic representation of the typical rheometry 

set up where the sample can be put between the two plates.(b) graphs showing 

the schematic stress response to oscillatory strain deformation of an elastic solid, 

a viscous fluid and viscoelastic materials. 

The strain rate is �̇�(𝑡) = �̇�0 cos 𝜔𝑡 where �̇�0 = 𝛾0 𝜔𝑡. We can rewrite the above 

expression in terms of two material function: 

𝜎 = 𝛿0[𝐺′sin (𝜔𝑡) + 𝐺" cos(𝜔𝑡)]                                                                    (2.9) 

One can derive expressions for the storage modulus G′(𝜔) and the loss G” (𝜔): 

 Elastic or storage modulus: 𝐺′ = (
𝜎0

𝛾0
) cos 𝛿                                                 (2.10) 

Viscous or loss modulus: 𝐺" = (
𝜎0

𝛾0
) sin 𝛿                                                      (2.11) 
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Elastic modulus (G’): which is related to the stress in phase with the imposed 

strain, provide information about elastic nature of material. 

Viscous modulus (G’’): is related to the stress component which is out of phase 

with the displacement. This parameter characterizes the viscous nature of the 

material.  

G’ is thus the amplitude of the component of the oscillatory stress that is in phase 

with the applied strain divided by the amplitude of the strain oscillation. G′′ is 

defined analogously as the amplitude of the stress component that is out of 

phase with the strain, divided by the amplitude of the strain.176 

We also define the complex shear modulus: 

𝐺∗ = 𝐺′ + 𝑖𝐺′′                                                                                                 (2.12) 

where |𝐺∗| = 𝜎0/𝛾0                                                                                        (2.13)   

As shown in figure 2.1, for a viscous fluid in SAOS, the stress response is 

completely out of phase with the strain (𝛿 = 90) , so 𝐺′ = 0 and 𝜂 =
 𝐴

�̇�
= 𝐺"

𝜔⁄ . 

For an elastic solid that follows Hooke's law, the shear-stress response in SAOS 

is completely in phase with the strain: (𝐺′ = 𝐺) and (𝐺 = 0)And for viscoelastic 

solid shows a response that ranges between both solid and liquid where 0  ̊𝐶 <

𝛿 < 90  ̊𝐶. 
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Transient rheological measurements are also frequently used. They involve 

stress relaxation measurements, in which a constant strain γ is applied for a 

certain time, then released, This enables a time-dependent relaxation modulus 

G(t) to be measured as G(t) = σ(t)/γ. Further detailed calculations can be found 

elsewhere.177 

2.2.8.3 Rheological behavior of polymer materials 

As discussed above, the rheological properties of soft materials can be 

characterized by experimentally determined material functions. Two main modes 

of measurements are frequently applied: 1) the amplitude sweep scan defined as 

an oscillatory test, in which the oscillation amplitude ɣ changes at a constant 

frequency ω. 2) the frequency sweep scan where the frequency of the oscillation 

(ω) changes. Most polymeric fluids show obvious viscoelastic behavior in a 

sense that their viscosity is not constant and they exhibit thinning and rate-

dependent rheology. On the microscopic level, this behavior is attributed to the 

ability of the long molecules to rearrange during flow. Figure 2.2 shows the 

viscosity η as a function of strain rate �̇� for a typical polymer solution. 
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Figure 2.2: Schematic plot of viscosity as a function of shear rate for a polymer 

solution. 

The viscosity falls from the zero-shear value η0 at a low shear rate to a 

reach a  lower value η∞ in the limit of infinite shear rate. The decrease of η is 

explained by the unfolding of polymer molecules and their rearrangement under 

shear. The difference between η0 and η∞ is different among various material and 

can be several orders of magnitude. 
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Figure 2.3: Schematic plot of the shear modulus of materials as a function of 

frequency.  

Under frequency sweep, solids, liquids and polymer material behave 

completely differently therefore frequency sweep measurements can be used to 

characterize these materials. Figure 2.3 shows the elastic and viscous moduli for 

both liquid  and solid materials. For liquid-like materials, G′′ is much higher than 

G′ and, at frequencies smaller than the shortest relaxation rate in the system, and 

they show a different relationship to the frequency of oscillation where G′′ ∝ ω 

and G′ ∝ ω2 173. On the other hand, solid-like materials such as G′ and G′′, exhibit 

a frequency-independent behavior due to the existence of structures that are 

unable to relax over the time scales being probed 173. G’ is constantly greater 

than the G’’ showing dominance of the elastic behavior. 
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Measurement of the rheological properties of the polymer material is 

performed under shear stress or under frequency scan and it is valid in the 

Linear viscoelastic (LVE) regime. As described above, the storage or elastic 

modulus G’ (Pa) is a measure of the energy stored by the material under shear 

stress. When the stress is removed, this energy is completely available for the 

material as a driving force to reform its original structure. Hence, G’ signifies the 

elastic behavior of the sample. However, the loss or viscous modulus G” (Pa) is a 

measure of the amount of lost energy used by the sample during the shearing 

process. Therefore, G” represents the viscous behavior of the sample. 

As shown above an ideal elastic solid will always show reversible 

deformation behavior manifested by G’>G” over the frequency range. Contrarily, 

the ideal liquid case shows an irreversible deformation where the loss modulus is 

consistently greater than the elastic modulus.  For gel, which is the intermediate 

case between the two extreme cases, G’ > G’’ signifying that the material 

possess both properties but with dominance of the elastic behavior over  viscous 

behavior.178 For stable gels, the elastic and viscous moduli  are contant over a 

limited strain range, meaning that the network structure is stable under these 

conditions. This strain range is called the linear viscoelastic regime. At the end of 

the LVE regime, G’ or G” begin to decrease as a function of increasing strain, is 

called the critical strain 𝛾0. At this point, the network structure has been 

irreversibly changed, or even has been completely broken 178.For applicability, 

the strain value is chosen at a value where G’ and G’’ has decreased to 90% of 



 
 

 

 

94 

its plateau value, as the critical strain. In most cases, the G’ function is 

considered for analysis. 

2.2.8.4 Shear rheometry 

For all the samples, rheological measurements were performed on Anton 

Parr, MCR 302 rheometer. We have utilized the parallel plate geometry with a 25 

mm diameter of the plates and keeping a constant tool gap of 1 mm. In all our 

experiments, we put the hydrogel sample on the lower pate and then we apply 

two sweeps; the frequency sweep and amplitude sweep experiments. The first 

experiment is performed at a constant frequency of 1 rad/s at 25 °C to obtain 

storage or elastic modulus, G′, and loss or viscous modulus, G″. However, using 

amplitude sweep a constant stress is applied in the linear viscoelastic range and 

similarly storage and loss moduli are measured. To obtain more accurate results  

the experiments were carried out 3 times and average values were plotted. 

Figure 2.4 shows a schematic diagram of the main instrument 

components. The head of rheometer contains two main components; a motor 

which rotates a spindle and an encoder which is able to locate the angular 

position of the spindle. In the typical experiment, the sample is positioned on the 

lower plate at the opposite end of the rheometer and covered by an upper 

removable plate, bound to the rotating spindle. The motion of the upper spindle is 

used to apply the deformation to the sample. Thus the angular speed of the 
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spindle is recorded. The parallel plate mode has been used in all our 

experiments. The sample is placed between two circular plates and the upper 

plate is rotated at a constant angular velocity Ω. 

 

 Figure 2.4: Scheme representing the different components of the rheometer used.  
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2.2.9 Antibacterial activity test of the polymer hydrogel poly- [methyl vinyl 

ether-alt-mono-sodium maleate].AgNO3 

Antibacterial activity assay: The Kirby-Bauer Zone of Inhibition test method was 

used to examine the antibacterial activity against the three bacterial strains:179 

E.coli (CGSC 5240), S. epidermidis (ATCC 12228), and P. aeruginosa (ATCC 

14885). Details of the antibacterial tests were as follows. LB agar broth was 

prepared by mixing of LB Broth (Lennox, 45 g), DifcoTM Agar Granulated (5.4 g) 

and deionized water (360 mL) and sterilized at 121°C for 20 minutes.The sterilized 

LB agar broth was cooled to 60oC and poured into aseptic Petri dishes to solidify. 

Then, 100 μL of the freshly grown bacteria (about 1 × 108 cfu/mL (cfu, 

colonyforming unit)) were dropped on the surface of the solidified LB broth and 

spread evenly on the surface. Small holes (inner diameter 2mm) were made on 

the surface of the solidified LB broth. The intact polymer hydrogel poly[methyl vinyl 

ether-alt-monosodiummaleate]∙AgNO3 (Ag(I) content was 1.1% by weight, 5 μL, 

and 10 μL ), Aqueous solution of poly (methyl vinyl ether-alt-maleic anhydride) (20 

mg/mL, 5 μL) and ampicillin (5 μg/ml, 5 μl) were injected carefully into the small 

holes. The plates were incubated at 37oC for 24 hours. Colonies were visualized 

and digital images were captured. 

Minimum inhibitory concentration (MIC) Testing: The MIC values of the 

polymer hydrogel poly[methyl vinyl ether-alt-mono-sodium maleate]∙AgNO3, 

AgNO3 and poly (methyl vinyl ether-alt-maleic anhydride) (PVM/MA) (CAS: 9011-
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16-9, 416320) were measured using a broth dilution method. First, solutions with 

various concentration gradients of the polymer hydrogel poly[methyl vinyl ether-

alt-mono-sodium maleate]∙AgNO3, AgNO3 and PVM/MA, were prepared with LB 

broth in the 15 mL of cultivation tubes. Then, 5 μL of the microorganism culture 

(about 1 × 106 cfu/mL) was added into each of the cultivation tube. The optical 

density values of microorganism cultures were measured after 72 hours of 

incubation at 37oC. The concentration at which no growth of microorganism was 

observed with the naked eyes and microplate reader (Tecan Infinite M200) was 

recorded as MIC. The tests were repeated three times. For PVM/MA, solutions of 

9,500 μg/mL, 6,500 μg /mL, 4,000 μg /mL, 3,500 μg /mL, 3,000 μg /mL and 2,500 

μg /mL polymer LB broth were prepared and tested. For polymer hydrogel 

poly[methyl vinyl ether-alt-mono-sodium maleate]∙AgNO3, solutions of 55 μg /mL, 

28 μg /mL, 11 μg /mL, 5.5 μg /mL, 5.0 μg /mL, 4.5 μg /mL, 4.0 μg /mL, 3.5 μg /mL, 

3.0 μg /mL and 2.5 μg /mL LB broth were prepared and tested. 

For AgNO3, solutions of 10.0 μg/mL, 9.0 μg /mL, 8.0 μg /mL, 7.0 μg/mL, 6.0 μg 

/mL, 5.5 μg /mL, 5.0 μg /mL, 4.5 μg /mL, 4.0 μg /mL, 3.5 μg /mL and 3.0 μg /mL 

LB broth were prepared and tested. 

Silver release: The silver release experiments were carried out in PBS solution. 

Briefly, 12.5 grams of polymer hydrogel poly[methyl vinyl ether-alt-mono-sodium 

maleate]∙AgNO3 (Ag(I) content was 1.1% by weight) were immersed in 200 mL 

PBS. The solution samples were taken out at different time, filtered and diluted 
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1,000 times before analysis. The concentration of silver was determined by 

Inductively Coupled Plasma (ICP) spectrophotometer (ICP-MS Elan DRC II) with 

the condition of Nebulizer gas flow: 0.92 L/min, Auxiliary gas flow: 1.2 L/min, 

Plasma gas flow: 15 L/min, ICP RF Power: 1300 watts and Lens Voltage: 7.5 volts. 

2.2.10 The filling machine 

The filling machine is manufactured by Rudolf Deckert GmbH & Co. KG 

model number DFM 403. It is used for filling containers one container per cycle 

with specific volume. Figure 2.5 shows a view of the dosing machine. The drive of 

the dosing machine is adjustable. The working speed can be changed at the 

geared motor.The working area is adjustable and is achieved by twisting a knurled 

screw. 
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Figure 2.5: A photograph of the filling machine. 

The main components of the machine are the hooper, the outlet valve, the 

center prism, the metering unit  and the control unit. Cleaning of the machine 

should be done thoroughly before use. 

2.3 Synthesis  

2.3.1 Preparation of 0.3 M poly(methyl vinyl ether-alt-monosodium 

maleate) (PVM-alt-Na-MA) stock solution. 

Poly (methyl vinyl ether-alt-maleic anhydride) (PVM-alt-MA, 12.0 g, containing 75 

mmol of polymer repeating units) and one equivalent of sodium hydroxide 

aqueous solution (50 mL, 1.5 mol/L, 75 mmol) were mixed in a 250 mL flask. The 

mixture was sonicated at ca. 30 °C till all the polymer dissolved to get a viscous 

solution of poly(methyl vinyl ether-alt-monosodium maleate) (PVM-alt-Na-MA). 

The solution was transferred into a 250-mL-volumetric flask and diluted to 

volume with deionized water. The diluted PVM-alt-Na-MA solution (254.62g) 

containing 0.3 M of the polymer [RU] was used as a stock solution. 



 
 

 

 

100 

2.3.2 Controlling the pH of 0.3 M poly(methyl vinyl ether-alt-monosodium 

maleate) (PVM-alt-Na-MA) stock solution. 

 The pH of the PVM-alt-MA solution was modified by changing the concentration 

of NaOH from 1.5 mol/L to reach 3 mol/L, thereby changing the PVM-alt-MA: 

NaOH ratio in the range between one equivalent to two equivalent.  

2.3.3 Preparation of 0.75 M copper nitrate (Cu(NO3)2) , iron (III) nitrate  

(Fe(NO3)3 stock solution, aluminium nitrate (Al(NO3)3), zinc nitrate 

(Zn(NO3)2 , nickel nitrate (Ni(NO3)2), cobalt (II) nitrate (Co(NO3)2), 

AgNO3 solution. 

To prepare 10 ml of Cu(NO3)2.3H2O stock solution of concentration of 0.75 M, we 

dissolved 1.81 g of Cu(NO3)2.3H2O in a 10 ml volumetric flask. The resultant 

solution is clear blue.  A similar approach was followed for all other metal with 

resultant molar concentration 0.75 M. For silver nitrate we used 1.09 g to prepare  

10 ml of AgNO3 solution of concentration of 0.64 mol.l-1. 

2.3.4 Preparation of dicarboxylate/tricarboxylate and tetracarboxylate 

stock solutions  

In a separate 10 mL volumetric flasks, 0.57 g, 1.14 g, 1.71 g, 2.28 g, and 2.85 g 

of disodium adipate or 0.63 g, 1.26 g, 1.89 g, 2.52 g, and 3.15 g of disodium 
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terephthalate were dissolved and made volume up to 10 mL to get 0.3 M, 0.6 M, 

0.9 M, 1.2 M and 1.5 M of dicarboxylate stock solutions, respectively. 

Similarly, the tricarboxylic spacer ligands such as the nitrilotriacetic acid 

trisodium (NTA) salt solutions with different concentrations were prepared in a 10 

ml volumetric flasks starting from 0.01, 0.23, 0.51, 0.77,1.03 , 1.28  and 1.54 g to 

obtain a 0.003, 0.09, 0.2, 0.3, 0.4, 0.5 and 0.6 M, stock solutions respectively. 

Similarly, for the trisodium citrate we started from  0.04, 0.07, 0.15, 0.23, 0.52 

and 0.77g  to prepare a 10 ml solution of trisodium citrate with concentrations 

0.015, 0.03, 0.06, 0.09, 0.2, and  0.3 M, stock solutions respectively. For tetra 

carboxylate spacer ligand ethylene diamine tetraacetic acid (EDTA), different 

concentrations were prepared in a 10 ml volumetric flasks starting from 0.13 g, 

0.44 g, 0.66 g, 0.88 g, 1.32g, 1.75 g to obtain solutions with concentrations of 

0.03, 0.1, 0.15, 0.2, 0.3, 0.4 M. respectively. 

2.4 Hydrogel preparation 

2.4.1 Hydrogel preparation with (M(NO3)x) 

Different volumes of the metal ion solutions, namely copper nitrate 

[Cu(NO3)2], iron nitrate [Fe(NO3)3], aluminium nitrate [Al(NO3)3], zinc nitrate 

[Zn(NO3)2], nickel nitrate [Ni(NO3)2], cobalt nitrate [Co(NO3)2] of 0.75 M were 

added to PVM-alt-Na-MA stock solution (10.0 mL, containing 2.5 mmol of sodium 
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carboxylate groups) in a scintillation vial and mixed well with a glass rod. The 

formation of hydrogels was initially judged by an inversion test of the vial. The 

PVM-alt-Na-MA:Cu2+ molar ratio was adjusted from 10:0.5 to 10:5 by varying the 

volume of copper between 0.25 and 2 mL, respectively. By a similar approach, 

the ratios of PVM/Na-MA:Fe3+ and PVM/Na-MA:Al3+ were modified between 

10:0.5 and 10:4.5 and 10:0.5 and 10:4, respectively. The ratios of all other 

metals, including PVM-alt-Na-MA:Ni2+, PVM-alt-Na-MA:Co2+, and PVM-alt-Na-

MA:Zn2+ were modified between 10:0.5 and 10:10 

However,for preparation of polymer hydrogel poly[methyl vinylether-alt-mono-

sodium maleate].AgNO3. The viscous PVM-alt-Na-MA stock solution (10.0 g, 

containing 2.5 mmol of sodium carboxylate groups) was poured into a scintillation 

vial. Silver nitrate aqueous solution (2.0 mL, 0.64 mol L-1, 1.28 mmol) was added 

to the PVM-alt-Na-MA solution and stirred. A colorless hydrogel formed within 5 

minutes. 

2.4.2 Hydrogel Preparation with dicarboxylate 

In different scintillation vials, to 10 mL PVM-alt-Na-MA) stock solution (0.3 

M), 1 mL of various concentrations (0, 0.3, 0.6, 0.9, 1.2, and 1.5 M) of different 

dicarboxylate (adipate or tetraphtalate) were added and stirred for 10 minutes to 

get the homogeneous solution. Then to each vial 1 mL of 0.75 M Cu(NO3)2 were 

added and stirred for 10 minutes to get the hydrogels containing the final ratio of 
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PVM-alt-Na-MA:dicarboxylates:Cu(NO3)2 as 10:0:2.5, 10:1:2.5, 10:2:2.5, 

10:3:2.5, 10:4:2.5 and 10:5:2.5, respectively.  

Similarly, for PVM-alt-Na-MA:adipate:Fe(NO3)3 1 ml of adipate of various 

concentrations was added 0.0025, 0.0075, 0.0175, 0.025, and 0.05 mol/L and 

stirred for 10 min to obtain a homogenous solution. Then 1 ml 0.75 M of 

Fe(NO3)3 was added and stirred for 10 minutes to obtain hydrogels with final ratio 

of PVM-alt-Na-MA:adipate:Fe(NO3)3 ranging between 10:0.1, 10:0.3, 10:0.7, 10: 

1 and 10:2, respectively. 

2.4.3 Hydrogel preparation with tricarboxylate 

 A similar procedure was followed for tricarboxylate ligands where 1 ml of 

different concentration (0.003, 0.09, 0.2, 0.3, 0.4, 0.5 and 0.6 M) of the NTA 

solution was added to to 10 mL PVM-alt-Na-MA stock solution (0.3 M) and 1 mL 

of 0.75 M Cu(NO3)2 to obtain samples with different ratios. The samples were 

named in the form of the polymer to ligand and copper ratios in form of PVM-alt-

Na-MA:tricarboxylates: Cu(NO3)2 for 10:0.01:2.5, 10:0.3:2.5,  10:0.7:2.5, 

10:1:2.5, 10:1.3:2.5, 10:1.6:2.5 and  10:2:2.5, respectively. Similarly for trisodium 

citrate we followed same procedure by adding 1ml of different concentrations 

(0.015, 0.03, 0.06,  0.09, 0.2 and 0.3 M) to prepare hydrogels with 

polymer:trisodium citrate: Cu(NO3)2 ratios of 10:0.05 :2.5, 10:0.1:2.5, 10:0.2:2.5, 

10:0.3:2.5, 10:0.7:2.5 and 10:1:2.5, respectively.  
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2.4.4 Hydrogel preparation with tetracarboxylate 

Similar procedure was followed for tetracarboxylate ligands (EDTA) where 1 ml 

of different concentration (0, 0.0025, 0.0083, 0.0125, 0.0166, 0.025 and 0.033M) 

of the EDTA solution was added to to 10 mL PVM-alt-Na-MA stock solution (0.3 

M) and 1 mL of 0.75 M Cu(NO3)2 to obtain samples with different ratios. The  

samples were named in the form of the polymer to ligand and copper ratios in  

form of PVM/Na-MA:tetracarboxylates:Cu(NO3)2 for 10:0:2.5, 10:0.1:2.5,  

10:0.3:2.5, 10:0.5:2.5 , 10:0.7:2.5, 10:1:2.5 and 10:1.3:2.5, respectively.  
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CHAPTER 3: Effect of metal ion on hydrogel formation1 

Introduction 

We studied the effect of the type of metal ions used in the crosslinking of 

hydrogel formation by considering three factors. The first factor was the nature of 

the metal ion. We analyzed several metal ions, including copper nitrate 

(Cu(NO3)2) , iron nitrate (Fe(NO3)3, aluminum nitrate (Al(NO3)3), zinc nitrate 

(Zn(NO3)2 , nickel nitrate (Ni(NO3)2), and cobalt nitrate (Co(NO3)2). The second 

factor was the polymer-to-metal molar ratio, which we varied for each metal to 

determine the optimal polymer-to-metal-ion ratio needed for hydrogel formation. 

The third factor was the effect of the pH of the solution on the crosslinking and 

hydrogel structure. We studied this effect by varying the pH of the starting 

polymer solution. The pH and amount of NaOH were previously found to affect 

the crosslinking density. 

 

 

 

 

 

 

 

1 This chapter was adapted from M. Al-Dossary*, et al. New J. Chem.,2018, 42, 18242 - 

18251 
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Results and discussion 

Our interest in coordination polymer hydrogels has developed from investigations 

of insertion reactions between organic anhydrides and late transition metal or 

main group metal salts. By moving from molecular organic anhydrides to 

polymeric anhydrides such as poly(methyl vinyl ether-alt-maleic anhydride) PVM-

alt-MA, it was planned to open the cyclic anhydride groups with sodium 

hydroxide and construct polymeric metal carboxylates. (Figure 3.1).  

 

Figure 3.1. The general scheme of the opening of the anhydride by NaOH aqueous 

solution and the addition of metal salts to form the polymeric metal carboxylates 

hydrogels. 

 Polymeric metal carboxylates are commonly synthesized by polymerization of 

unsaturated metal carboxylates. However, starting from a polyanhydride or 

polyacid, avoids interference of the metal ion during polymerization and allows 

diverse metal functionalization of the polymer and the study of resulting 

rheological and mechanical properties. As a starting material the commercially 
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available copolymer poly(methyl vinyl ether-alt-maleic anhydride) (PVM-alt-MA) 

was chosen because it has a defined amount of anhydride groups for 

stoichiometric reactions with metal salts and it is slightly soluble in water. 

Furthermore, PVM-alt-MA is non-toxic and has been used for various 

pharmaceutical purposes.180 A nucleophilic ring-opening reaction of the 

anhydride groups with 1 molar equivalent of NaOH followed by a metathesis 

reaction with an aqueous transition metal salt solution is a practical 

approach.The reaction scheme is outlined in Figure 3.1. 

3.1 Synthesis of the poly[methyl vinyl ether-alt-mono-sodium maleate] 

metal hydrogels 

The synthesis of different metal hydrogels was completed by two steps. The first  

is ring opening of the anhydride by NaOH  and then the addition of the metal ions 

salts for the preparation of poly[methyl vinyl ether-alt-mono-sodium maleate] 

metal salts. The hydrolysis/metathesis route (Figure 3.1) gave rise to a variety of 

novel metallo-supramolecular polymer hydrogels containing different metals. 

3.1.1 Synthesis of the poly[methyl vinyl ether-alt-mono-sodium maleate]∙ 

(Cu(NO3)2 hydrogel 

For the synthesis of the poly[methyl vinyl ether-alt-mono-sodium maleate] 

Cu(NO3)2 hydrogel. In the first reaction step (Figure 3.2), one equivalent of 
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sodium hydroxide was used to open the cycloanhydride of the polymer chain to 

give PVM-alt-Na-MA. 

  

Figure 3.2: Reaction of PVM-alt-Ma with NaOH resulting in the formation of 

poly(methyl vinyl ether-alt-monosodium maleate) PVM-alt-Na-MA (only one of the 

carboxylate/carboxyl isomers is shown) and synthesis of the copper hydrogel 

poly[methyl vinyl ether-alt-mono-sodium maleate]∙Cu(NO3)2. 

Copper nitrate aqueous solution with different volumes were added into 10 ml of 

PVM/Na-MA stock solution (10.0 g, containing 2.5 mmol of sodium carboxylate 

groups) and mixed in a scintillation vial. The blue hydrogel forms within 1 minute 

(Figure 3.3).  
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Figure 3.3: Left:  PVM-alt-MA aq. solution; middle: Cu(NO3)2 aq. solution; right: 

polymer hydrogel poly[methyl vinyl ether-alt-mono-sodium maleate]∙Cu(NO3)2 

The different Cu(NO3)2 volumes and the consequent molar ratios are 

summarized in table 3.1. 

Table 3.1 Investigation of the conditions of synthesis of PVM-alt-Na-MA:Cu2+ with 

different ratios with a PVM-alt-Na-MA solution of pH 5.5 

Amount of 

Polymer 

(0.3 M 

[RU]) in 

mL 

Amount of 

Cu(NO3)2 

0.75 M 

solution (mL) 

Molar ratio 

(maleate within 

PVM-alt-Na-

MA: Cu2+) 

Nature of 

sample 

10 0.25 10:0.5 Solution 

10 0.5 10:1.5 Partial Gel 

10 0.75 10:2 Gel 

10 1.0 10:2.5 Gel 

10 1.25 10:3 Gel 

10 1.5 10:4 Gel 

10 1.75 10 :4.5 Partial Gel 

10 2.0 10:5 Precipitate 
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3.1.1.1 Influence of Cu(NO3)2  content on hydrogel formation. 

Hydrogel formation conditions were listed in (Table 3.1). The effect of the amount 

of Cu(NO3)2 on the gel formation is tested to determine the optimum amount of 

Cu2+ ions required for the gel formation (Table 3.1). It was observed that when a 

volume of 0.25 ml of Cu(NO3)2 was added, no hydrogel formation and a solution 

is obtained. As the volume increases to 0.5 ml, which corresponds to a ratio of 

10:1.5, partial gelation starts to appear. This may be attributed to low amounts of 

copper ions and since it acts as a crosslinker then hydrogel will not form due to 

insufficient crosslinker. When the amount of copper increase in range between 

0.75, 1, 1.25 and 1.5 ml corresponding to ratios of 10:2, 10:2.5, 10:3, and 10:4 

clear homogenous hydrogels were observed. At higher ratios greater than 10:4 a 

partial gel is observed. Due to the formation of larger aggregates in the same 

matrix with respect to the increase of Cu2+ ions, the nature of gels turn from liquid 

to gel, and at a higher amount, it forms a precipitate.181-182 

Gelation took place at a pH between 5.5 and 7.5 (approximately 1 molar 

equivalent of NaOH) in all cases.   
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3.1.2 Synthesis of the poly[methyl vinyl ether-alt-mono-sodium maleate]∙ 

Fe(NO3)3  

The synthesis of a series of PVM-alt-Na-MA:Fe3+ based hydrogels was 

attempted starting from a PVM-alt-Na-MA solution of pH 5.5. This polymer 

solution was opened using 1.5 M NaOH solution. The NaOH solution was one 

equivalent with respect to the starting polymer solution. Table 3.2 shows the 

summary of the conditions used for hydrogel synthesis. The amount of Fe(NO3)3  

was modified between 0.5 and 2 ml and the resultant PVM-alt-Na-MA:Fe3+ ratio 

were in range between 10:1.25 and 10:5.  

Table 3.2 Investigation of the conditions of synthesis of PVM-alt-Na-MA with 

different ratios starting with a PVM-alt-Na-MA solution of pH 5.5 

Amount of 

Polymer 

(0.3 M 

[RU]) in 

mL 

(1.5M  

NaOH) 

Amount of 

(FeNO3)3 

0.75 M 

solution (mL) 

Molar ratio 

(maleate within 

PVM-alt-Na-

MA: Fe3+) 

Nature of 

sample 

pH 

10 0.5 10:1.25 Partial Gel 4 

10 0.6 10:1.5 Partial Gel 4 

10 0.7 10:1.75 Partial Gel 4 

10 0.85 10:2.13 Partial Gel 4 

10 0.9 10:2.25 Partial Gel 4 

10 1 10 :2.5 Partial Gel 3.5 

10 1.25 10 :3 Partial Gel 3 

10 1.75 10 :4 Partial Gel 2 

10 2.0 10:5 Partial Gel 2 
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Over this range, no gel formation was observed and only partial gel appeared in 

all the samples. The pH of the resultant partial gels was found to be between 2- 

4. The pH and amount of NaOH is known to affect the crosslinking density.86 The 

solubility of the metal ion in the solution is greatly affected by the pH according to 

the Proubaix diagram of each metal ion. The formation of a hydrated species or 

hydroxides may limit the ability of metal ion to coordinate with the polymer 

solution. Furthermore, the pH of the solution also affects the carboxylates free to 

act as ligands.  Specifically, Fe3+ hydrogels were reported to form stable gels only 

at a pH in the range of 5.6 – 8.86, 183-184 This high starting pH is required to 

deprotonate the carboxylate ligand184  and hence controls the stoichiometry 

between the Fe3+ ions. Fe3+ ions are known to form mono, bis and tris complexes 

with carboxylates.86, 185 Therefore we changed the concentration of the NaOH 

used to open the polymer anhydride from 1.8, 2 and 3 M resulting with a PVM-

alt-Na-MA solution with higher pH of 6.5, 7-7.5, and 10, respectively. 

Table 3.3 shows a summary of the synthesis of PVM-alt-Na-MA:Fe3+ starting 

from PVM-alt-Na-MA solution of pH 6.5. Again, no hydrogel formation was 

observed in molar ratio range between 10:1.5 and 10:5, and only inhomogenous 

gel is observed. At ratio of 10:5, a solution is obtained.This is because the pH 

range was still lower than 5.6 and is between 2 and 5. 
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Table 3.3 Investigation of the conditions of synthesis of PVM-alt-Na-MA:Fe3+ with 

different ratios with a PVM-alt-Na-MA solution of pH 6.5.  

Amount 

of 

Polymer 

(0.3 M 

[RU]) in 

mL(1.8 M  

NaOH) 

Amount of 

(FeNO3)3 

0.75 M 

solution (mL) 

Molar ratio 

(maleate within 

PVM-alt-Na-

MA:Fe3+) 

Nature of 

sample 

pH 

10 0.5 10:1.5 Solution 5 

10 1.0 10:2.5 Inhomogeneous 

gel 

4 

10 1.5 10:4 Inhomogeneous 

gel 

3 

10 2.0 10:5 Solution 2 

 

The pH of starting PVM-alt-Na-MA was further increased by opening polymer 

anhydride with 2M NaOH. Table 3.4 shows the conditions of synthesis of PVM-

alt-Na-MA:Fe3+. Hydrogel formation was observed only for the ratios of 10:2 and 

10:2.5 which has pH of 6 and 5.5, respectively. At lower pH, only partial gels are 

observed in the pH range of 2-4.5. This is consistent with the lack of crosslinking 

between Fe3+ and carboxylates and only the formation of Fe3+ bis complexes with 

the carboxylate at higher pH. Figure 3.4 shows an image of the PVM/Na-MA:Fe3+ 

hydrogels with ratios 10:2 (left) and (right) 10:2.5. It can be seen that the brown 

gels are clear and homogenous. 
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Figure 3.4 An image of the PVM-alt-Na-MA:Fe3+ hydrogels with ratios 10:2 (left) 

and (right) 10:2.5. 

 

Table 3.4 Investigation of the conditions of synthesis of PVM-alt-Na-MA:Fe3+ with 

different ratios with a PVM-alt-Na-MA solution of pH 7-7.5 

Amount of 

Polymer 

(0.3 M 

[RU]) in 

mL 

(2 M  

NaOH) 

Amount of 

(FeNO3)3 

0.75 M 

solution (mL) 

Molar ratio 

(maleate within 

PVM-alt-Na-

MA:Fe3+) 

Nature 

of 

sample 

pH 

10 0. 5 10:1.5 Partial Gel 6 

10 0.75 10:2 Gel 6 

10 1 10:2.5 Gel 5.5 

10 1.25 10:3 Partial Gel 4.5 

10 1.5 10:4 Partial Gel 3 

10 1.75 10:4.5 Partial Gel 2 
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The pH of starting PVM-alt-Na-MA solution was increased to reach a value of 10 

when the polymer anhydride was opened using 3 M NaOH as shown in Table 

3.5. In this case, no hydrogel formation was observed in all samples. Most of 

samples remained as solutions and with pH range 3 and 6.5. This may be 

attributed to the formation of Fe(OH)3 when starting from initial PVM-alt-Na-MA 

solution of pH 10 according to the probaix diagram of Fe3+ in water. 

Table 3.5 Investigation of the conditions of synthesis of PVM-alt-Na-MA:Fe3+ with 

different ratios with a PVM-alt-Na-MA solution of pH 10 

Amount of 

Polymer 

(0.3 M 

[RU]) in 

mL 

(3M  

NaOH) 

Amount of 

(FeNO3)3 

0.75 M 

solution (mL) 

Molar ratio 

(maleate within 

PVM-alt-Na-

MA:Fe3+) 

Nature 

of 

sample 

pH 

10 0.75 10:2 Solution 6.5 

10 1.0 10:2.5 Solution 6 

10 1.5 10:4 Partial Gel 6 

10 1.75 10:4.5 solution 6 

       10 

10 

        2.0 

2.5 

    10:5 

10:6.25 

      solution 

solution 

  5 

3 

 

3.1.3 Synthesis of the poly[methyl vinyl ether-alt-mono-sodium maleate]∙  

Al(NO3)3 

Similarly, the PVM-alt-Na-MA:Al3+ hydrogels were attempted to synthesize 

starting from PVM-alt-Na-MA solution of starting pH of 5.5 (1.5 M of NaOH) and 
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10 (3 M of NaOH). Tables 3.6 and 3.7 show the summary of the conditions 

investigated to attempt to synthesize aluminum hydrogels. 

Table 3.6 Investigation of the conditions of synthesis of PVM-alt-Na-MA:Al3+ with 

different ratios with a PVM-alt-Na-MA solution of pH 5.5 

Amount of 

Polymer 

(0.3 M 

[RU]) in 

mL 

(1.5M  

NaOH) 

Amount of 

(AlNO3)3 

0.75 M 

solution (mL) 

Molar ratio 

(maleate within 

PVM-alt-Na-

MA:Al3+) 

Nature of 

sample 

pH 

10 0.25 10:0.5 Partial Gel 5 

10 0.5 10:1.25 Partial Gel 4.5 

10 0.55 10:1.4  inhomogeneous 

gel 

4.5 

10 0.65 10:1.6  inhomogeneous 

gel 

4.5 

10 0.75 10:2  inhomogeneous 

gel 

4.5 

10 0.85 10:2.13  inhomogeneous 

gel 

4 

10 0.9 10:2.25  inhomogeneous 

gel 

4 

10 0.95 10:2.38 Partial Gel 4     
 

 

Similarly, we tried to synthesize PVM-alt-Na-MA:Al3+ hydrogels starting from 

PVM-alt-Na-MA solution at the initial pH of 5.5 (1.5 M of NaOH) and 10 (3 M of 

NaOH). At pH of 5.5, no clear hydrogel formation was observed with a PVM-alt-

Na-MA:Al3+ molar ratio between 10:0.5 and 10:2 (Table 3.6). Instead, 

inhomogeneous gels were obtained that contained white precipitate. We 
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attributed this white precipitate to the formation of aluminum oxide Al2O3.H2O, 

which is dominant at this pH. Figure 3.5 shows the proubaaix diagram of 

aluminum in water.186 

However, when a starting PVM-alt-Na-MA solution at pH of 10 was used with 

Al(NO3)3, clear hydrogels were obtained for ratios of 10:3 and 10:4 (Fig. 3.6). 

Table 3.7 summarizes the synthesis conditions for aluminum hydrogels starting 

from a polymer stock solution at pH of 10. A similar pH effect was reported earlier 

for the formation of aluminum-based hydrogels with a starting pH of greater than 

8.2.This is due to the solubility of aluminum oxides into aqueous AlO2
- observed 

at a pH of 10.86 187 

 

Figure 3.5 Proubaix diagram of aluminum in water. 
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Table 3.7 Investigation of the conditions of synthesis of PVM-alt-Na-MA:Al3+ with 

different ratios with a PVM-alt-Na-MA solution of pH 10 

Amount 

of 

Polymer 

(0.3 M 

[RU]) in 

mL 

(3 M  

NaOH) 

Amount of 

(AlNO3)3 

0.75 M 

solution (mL) 

Molar ratio 

(maleate within 

PVM-alt-Na-

MA:Al3+) 

Nature of 

sample 

pH 

10 0.75 10:2 Partial Gel 6.5 

10 1.0 10:2.5 Partial Gel 6.5 

10 1.25 10:3 Gel 6 

10 1.5 10:4 Gel 6 

10 1.75 10:4.5 Inhomogeneous 

solution 

6 

10 2.0 10:5 Inhomogeneous 

solution 

6 

 

Figure 3.6 shows an image for PVM-alt-Na-MA:Al3+ hydrogels prepared at ratios 

of 10:3 (left) and (10:4) right. 

It can be clearly seen that hydrogels are white and clear homogenous gels.
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Figure 3.6 Image for PVM/Na-MA:Al3+ hydrogels prepared at ratios of 10:3 (left) 

and (10:4) right. 

3.1.4 Synthesis of the poly[methyl vinyl ether-alt-mono-sodium maleate]∙  

Ni(NO3)2 

Attempts to synthesize PVM-alt-Na-MA:Ni2+ hydrogels were investigated by 

varying the PVM-alt-Na-MA:Ni2+ molar ratio. The molar ratio range was between 

10:0.5  and 10:10. Starting from PVM-alt-Na-MA solution whose intial pH is 5.5 

gelation did not occur and the resultant solutions have pH between 3 and 4. 

Table 3.8 shows the details for the samples prepared starting from PVM-alt-Na-

MA stock solution opened with 1.5 M NaOH. We then attempted to increase the 

pH to 6.5, 7-7.5, 10 by opening the polymer anhydride by NaOH with 

concentrations 1.8, 2, and 3 M, respectively. Tables 3.9, 3.10 and 3.11 show the 

details for the conditions of the synthesis of PVM-alt-Na-MA:Ni2+. The pH range 

of the resultant samples was between 3 and 9. Only partial gelation was 

observed in samples starting from pH in range of 7-7.5 with molar ratios 10:6.88, 

10:7.5, 10:8.75 and pH of 5, 5, and 4.5, respectively and samples which their 

starting PVM-alt-Na-MA solution has pH of 10 with ratios 10:4 and 10:5 and pH 7 

and 8, respectively. 

Table 3.8 Investigation of the conditions of synthesis of PVM-alt-Na-MA:Ni2+ with 

different ratios with a PVM-alt-Na-MA solution of pH 5.5 
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Amount of 

Polymer 

(0.3 M 

[RU]) in 

mL 

(1.5 M  

NaOH) 

Amount of 

(NiNO3)2 

0.75 M 

solution (mL) 

Molar ratio 

(maleate within 

PVM-alt-Na-

MA:Ni2+) 

Nature of 

sample 

pH 

10 0.25 10:0.5 Solution 4 

10 0.5 10:1.25 Solution 4 

10 0.75 10:2 Solution 4 

10 1.0 10:2.5 Solution 4 

10 1.25 10:3 Solution 4 

10 1.5 10:4 Solution 3.5 

10 1.75 10 :4.5 Solution 3.5 

10 

10 

10 

2.0 

3 

4 

10:5 

10:7.5 

10:10 

Solution 

Solution 

Solution 

           3.5 

  3 

3 

 

Table 3.9 Investigation of the conditions of synthesis of PVM-alt-Na-MA:Ni2+ with 

different ratios with a PVM-alt-Na-MA solution of pH 6.5 

Amount of 

Polymer 

(0.3 M 

[RU]) in 

mL(1.8 M  

NaOH) 

Amount of 

(NiNO3)2 

0.75 M 

solution (mL) 

Molar ratio 

(maleate within 

PVM-alt-Na-

MA:Ni2+) 

Nature of 

sample 

pH 

10 0.5 10:1.5 Solution 6 

10 1.0 10:2.5 Solution 6 

10 1.5 10:4 Solution 6 

       10   

10 

         2.0 

2.5 

      10:5 

 10:6.25 

Solution 

Solution 

5 

5 

10 3 10:7.5 Solution 4.5 

10 3.5 10:8.75 Solution 4 

10 4 10:10 Solution 3 
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Table 3.10 Investigation of the conditions of synthesis of PVM-alt-Na-MA:Ni2+ with 

different ratios with a PVM-alt-Na-MA solution of pH 7-7.5 

Amount of 

Polymer 

(0.3 M 

[RU]) in 

mL(2 M  

NaOH) 

Amount of 

(NiNO3)2 

0.75 M 

solution (mL) 

Molar ratio 

(maleate within 

PVM-alt-Na-

MA:Ni2+) 

Nature of 

sample 

pH 

10 0.75 10:2 Solution 6.5 

10 1.0 10:2.5 Solution 6 

10 1.25 10:3 Solution 6 

10 1.5 10:4 Solution 5 

      10 

10 

        2.0 

2.5 

     10:5  

10:6.25 

   Solution 

Solution 

           5.5 

5 

10 2.75 10:6.88 Partial Gel 5 

10 3 10:7.5 Partial Gel 5 

10 3.5 10:8.75 Partial Gel 4.5 

10 4 10:10 Solution 3.5 

 

Table 3.11 Investigation of the conditions of synthesis of PVM-alt-Na-MA:Ni2+ with 

different ratios with a PVM-alt-Na-MA solution of pH 10 

Amount of 

Polymer 

(0.3 M 

[RU]) in 

mL(3 M  

NaOH) 

Amount of 

(NiNO3)2 

0.75 M 

solution (mL) 

Molar ratio 

(maleate within 

PVM-alt-Na-MA: 

Ni2+) 

Nature 

of 

sample 

pH 

10 0.75 10:2 Solution 9 

10 1.0 10:2.5 Solution 9 

10 1.25 10:3 Solution 8.5 

10 1.5 10:4 Partial Gel 8 

       10 

10 

10 

         2.0 

2.25 

2.5 

     10:5 

10:5.6 

10:6.25 

 PartialGel 

Solution 

Solution 

  7 

7 

7 
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10 3 10:7.5 Solution 7 

10 3.5 10:8.75 Solution 6     
 

 

3.1.5 Synthesis of the poly[methyl vinyl ether-alt-mono-sodium maleate]∙  

Zn(NO3)2 

Similar approach was followed to synthesize PVM-alt-Na-MA:Zn2+ hydrogels 

were investigated by varying the PVM-alt-Na-MA:Zn2+ molar ratio. The molar 

ratio range was between 10:2 and 10:10. In all cases no gel was observed. The 

effect of pH on the crosslinking was investigated as explained above for nickel 

but no clear effect was detected and in all samples only solution was obtained. 

The details for the investigation conditions are summarized in tables 3.12, 3.13, 

3.14, 3.15. 

Table 3.12 Investigation of the conditions of synthesis of PVM-alt-Na-MA:Zn2+ with 

different ratios with a PVM-alt-Na-MA solution of pH 5.5 

Amount of 

Polymer 

(0.3 M 

[RU]) in 

mL(1.5 M  

NaOH) 

Amount of 

(ZnNO3)2  M 

solution (mL) 

Molar ratio 

(maleate within 

PVM-alt-Na-

MA:Zn2+ 

Nature 

of 

sample 

pH 

10 0.75 10:2 Solution 5 

10 1.0 10:2.5 Solution 5 

10 1.5 10:4 Solution 4 

10 1.75 10 :4.5 Solution 4 

        10 2 10:5 Solution 4 
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10 

10 

3 

4 

10:7.5 

10:10 

Solution 

Solution 

4 

3 

     

     

 

Table 3.13 Investigation of the conditions of synthesis of PVM-alt-Na-MA:Zn2+ with 

different ratios with a PVM-alt-Na-MA solution of pH 6.5 

Amount of 

Polymer 

(0.3 M 

[RU]) in 

mL(1.8 M  

NaOH) 

Amount of 

(ZnNO3)2 

0.75 M 

solution (mL) 

Molar ratio 

(maleate within 

PVM-alt-Na-

MA:Zn2+) 

Nature 

of 

sample 

pH 

10 0.5 10:2 Solution 6 

10 1.0 10:2.5 Solution 6 

10 1.5 10:4 Solution 6 

10 2.0 10:5 Solution 5 

10 3 10:7.5 Solution 4 

10 3.5 10:8.75 Solution 3.5 

10 4 10:10 White 

Solution 

4 

 

 

Table 3.14 Investigation of the conditions of synthesis of PVM-alt-Na-MA:Zn2+ with 

different ratios with a PVM-alt-Na-MA solution of pH 7-7.5 

Amount of 

Polymer 

(0.3 M 

[RU]) in 

mL(2 M  

NaOH) 

Amount of 

(ZnNO3)2 

0.75 M 

solution (mL) 

Molar ratio 

(maleate within 

PVM-alt-Na-

MA:Zn2+) 

Nature of 

sample 

pH 

10 0.75 10:2 Solution 6.5 

10 1.0 10:2.5 Solution 6.5 

10 1.25 10:3 Solution 5.5 
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10 1.5 10:4 Solution 5.5 

10 1.75 10 :4.5 Solution 5.5 

10 2.0 10 :5 solution 5.5 

10 2.5 10 :6.25 solution 5 

10 3 10 :7.5 solution 4.5 

 

Table 3.15 Investigation of the conditions of synthesis of PVM-alt-Na-MA:Zn2+ with 

different ratios with a PVM-alt-Na-MA solution of pH 10 

Amount of 

Polymer 

(0.3 M 

[RU]) in 

mL(3 M  

NaOH) 

Amount of 

(ZnNO3)2 

0.75 M 

solution (mL) 

Molar ratio 

(maleate within 

PVM-alt-Na-

MA: Zn2+) 

Nature of 

sample 

pH 

10 0.75 10:2 Solution 9.5 

10 1.0 10:2.5 Solution 9.5 

10 1.5 10:4 Solution 8 

10 2 10:5 Solution 7 

10 3 10:7.5 Solution 6 

3.1.6 Synthesis of the poly[methyl vinyl ether-alt-mono-sodium maleate]∙  

Co(NO3)2 

The effect of cobalt metal on the crosslinking of PVM-alt-Na-MA:Co2+ was 

investigated by the same approach. The PVM-alt-Na-MA:Co2+ molar ratio was 

modified between 10:0.5 and 10:10 and the obtained pH range is between 4 and 

9. In all samples no hydrogels were obtained and the samples remained as 

solutions. The details for the synthesis conditions of PVM-alt-Na-MA:Co2+ 

samples are summarized in tables 3.16, 3.17, 3.18, and 3.19. 
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Table 3.16 Investigation of the conditions of synthesis of PVM-alt-Na-MA:Co2+ with 

different ratios with a PVM-alt-Na-MA solution of pH 5.5. 

Amount of 

Polymer 

(0.3 M 

[RU]) in 

mL(1.5 M  

NaOH) 

Amount of 

Co(NO3)2 

0.75 M 

solution (mL) 

Molar ratio 

(maleate within 

PVM-alt-Na-

MA: Co2+) 

Nature of 

sample 

pH 

10 0.25 10:0.5 Solution 5 

10 0.5 10:1.25 Solution 5 

10 0.75 10:2 Solution 5 

10 1.0 10:2.5 Solution 5 

10 1.25 10:3 Solution 4,5 

10 1.5 10:4 Solution 4 

10 1.75 10 :4.5 Solution 4 

       10 

10 

2.0 

3 

     10:5 

10:7.5 

      Solution 

Solution 

  4 

4 

10 4 10:10 Solution 4 

 

Table 3.17 Investigation of the conditions of synthesis of PVM-alt-Na-MA:Co2+ with 

different ratios with a PVM-alt-Na-MA solution of pH 6.5 

Amount of 

Polymer 

(0.3 M 

[RU]) in 

mL(1.8 M  

NaOH) 

Amount of 

Co(NO3)2 

0.75 M 

solution (mL) 

Molar ratio 

(maleate within 

PVM-alt-Na-MA: 

Co2+) 

Nature of 

sample 

pH 

10 0.5 10:1.5 Solution 6 

10 1 10:2.5 Solution 6 

10 1.5 10:4 Solution 5 

10 2 10:4.5 Solution 5 

10 2.5 10:6.25 Solution 5 

10 3 10:7.5 Solution 4.5 

10 3.5 10:8.75 Solution 4 
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10 4 10:10 Solution 4 

     

 

Table 3.18 Investigation of the conditions of synthesis of PVM-alt-Na-MA:Co2+ with 

different ratios with a PVM-alt-Na-MA solution of pH 7-7.5 

Amount of 

Polymer 

(0.3 M 

[RU]) in 

mL(2 M  

NaOH) 

Amount of 

Co(NO3)2 

0.75 M 

solution (mL) 

Molar ratio 

(maleate within 

PVM-alt-Na-

MA:Co2+) 

Nature 

of 

sample 

pH 

10 0.5 10:1.5 Solution 6 

10 1.0 10:2.5 Solution 6 

10 1.5 10:4 Solution 6 

10 1.75 10 :4.5 Solution 6 

        10 

10 

        2.0 

2.5 

     10:5 

10:6.25 

     Solution 

Solution 

  6 

5 

10 3 10:7.5 Solution 5 

10 4 10:10 Solution 5 

 

Table 3.19 Investigation of the conditions of synthesis of PVM-alt-Na-MA:Co2+ with 

different ratios with a PVM-alt-Na-MA solution of pH 10 

Amount of 

Polymer 

(0.3 M 

[RU]) in 

mL(3 M  

NaOH) 

Amount of 

Co(NO3)2 

0.75 M 

solution (mL) 

Molar ratio 

(maleate within 

PVM-alt-Na-

MA:Co2+) 

Nature of 

sample 

pH 

10 0.75 10:2 Solution 9 

10 1.0 10:2.5 Solution 9 

10 1.5 10:4 Solution 8 

       10 

10 

        2.0 

2.20 

     10:5 

10:5.5 

     Solution 

Solution 

  7 

7 

10 2.5 10:6.25 Solution 7 

10 3 10:7.5 Solution 6.5 
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3.2 Discussion of the PVM-alt-Na-MA: Ni2+/Zn2+/Co2+ samples 

The factors that have been discussed earlier to affect the crosslinking in 

hydrogels are (1) the polymer to metal ion ratio, (2) the pH of the solution, and (3) 

the metal to carboxylate bond strength. As it was observed, earlier trivalent ions 

such as Fe3+ and Al3+ were capable of forming hydrogels in the suitable pH 

regions. This was reported earlier as trivalent ions has a stronger affinity for 

carboxylate group.187 For cobalt, nickel, and zinc, several hydrogels have been 

reported in pH ranges between 5.5 ~ 7. 129 In our study, we have studied the 

effect of pH and modified the pH of the metals to be in this range, but no 

hydrogels have been formed, hence the effect that the pH is not the detrimental 

factor. Also we have modified the polymer to metal ratio over a wide range with 

no obvious effect on crosslinking. Therefore, the final factor that may explain the 

inability to form hydrogels is the metal to carboxylate bond strength. The bond 

strength trend for carboxylates with divalent metals have been found in the order 

Co(II)< Ni(II) < Zn (II) < Cu (II)187 Hence, the interaction of Co (II), Ni (II), and Zn 

(II) with PVM/Na-MA is weaker than Cu(II) and therefore may explain the 

absence of gelation with PVM/Na-MA. For further characterization, we focus on 

the Cu(II), Fe(III), and Al(III) hydrogels. 
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3.3 Characterization of starting polymer poly (methyl vinyl ether-alt-maleic 

anhydride), poly(methyl vinyl ether-alt-mono-sodium maleate) and 

Poly[methyl vinyl ether-alt-mono-sodium maleate]∙Cu(NO3)2 

3.3.1 FT-IR spectroscopy 

The starting material PVM-alt-MA, the intermediate product PVM-alt-Na-MA and 

the polymer hydrogel poly[methyl vinyl ether-alt-mono-sodium maleate] 

∙Cu(NO3)2 vacuum dried powder were characterized by FT-IR (Figure 3.7). It can 

be observed that the C=O bond shows a sharp peak in the pure polymer, but the 

peak intensity decreases and shifts to right due to the breaking down of the cyclic 

anhydride and formation of carboxylate functional groups vacuum-dried powder 

showing the carbonyl shift upon ring-opening of the cyclic anhydride group. For 

PVM-alt-Na-MA, the absorption peak of 1705 cm-1 showed the C=O stretching of 

–COOH generated after one equivalent of sodium hydroxide was used to open 

the cyclic anhydride in the polymer chain; the broad absorption peak of 1579 cm-

1 showed the asymmetric vibration of C-O bond in _COO-.188 The addition of Cu2+ 

ions showed a further decrease of CO peak intensity. This confirms together with 

NMR results the opening of the anhydride ring into the carboxylate and 

carboxylic acid functional group. 
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Figure 3.7: FT-IR ATR of the starting material PVM-alt-MA, PVM-alt-Na-MA and of 

the polymer hydrogel poly[methyl vinyl ether-alt-mono-sodium maleate]∙Cu(NO3)2 

3.3.2 1HNMR of starting material and intermediate 

1HNMR of poly(methyl vinyl ether-alt-maleic anhydride) (PVM-alt-MA) [CAS: 

9011-16-9] (Mw: 1,080,000, Mn ~ 311,000)  and (PVM-alt-Na-MA) were 

measured and the images were shown in (Figure 3.8 and 3.9).  
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3.3.2.1 1HNMR of PVM-alt-Na-MA: 

 

 Figure 3.8: 1H NMR of PVM-alt-MA 1HNMR (D2O, 700 MHz) α ppm:  1.95 (S, 2H), 

2.83 2.92 (m, 1H), 3.08 (S, 1H), 3.25 3.31 (m, 3H), 3.54 3.65 (m, 1H). 

1H-NMR of the starting material-poly(methyl vinyl ether-alt-maleic anhydride) 

(PVM-alt-MA) is shown in (Figure 3.8). The peaks in the NMR spectrum can be 

assigned to the corresponding hydrogens bonded to the numbered carbons in 

the structure. The singlet peak at 1.95 ppm corresponds to the 2 hydrogen of 

CH2 on carbon 1. The multiplet at 2.83 2.92 corresponds to hydrogens 

connected to carbon number 4 where it partially overlaps the singlet at 3.08 ppm, 

which is coming from 1H bonded to carbon 3. It was observed that the methoxy 
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group (CH3 at carbon 7) showed a peak at 3.25 3.31 ppm. The hydrogen 

bonded to carbon 2 showed a multiplet at 3.54 3.65. 

3.3.2.2 1H NMR of PVM-alt-Na-MA 

 

 Figure 3.9: 1H NMR of PVM-alt-Na-MA 1 HNMR (D2O, 700 MHz) ppm: 1.74 

1.92 (m, 2H), 2.62 2.76 (m, 1H), 3.21 3.32 (s, 3H), 3.53 3.62 (m, 1H) 

The reaction system of PVM-alt-MA and NaOH was dried and analyzed by 1H-

NMR, which is shown in Figure 3.9. The peaks in the NMR spectrum can be 

assigned to the corresponding hydrogens bonded to the numbered carbons in 

the structure. The multiplet peak at 1.74 1.92 ppm corresponds to the 2 

hydrogen of CH2 on carbon 1, the multiplet at 2.62 2.76 corresponds to 

hydrogens connected to both carbon number 4 and carbon 3 where they 
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completely overlap, which indicates the opening of the ring. It was observed that 

the methoxy group the (CH3 at carbon 7) showed a peak at 3.21 3.32 ppm. The 

hydrogen bonded to carbon 2 showed a multiplet at 3.53 3.62.  

The comparison of NMR results of the starting material (Figure 3.8) shows 5 

groups of signals, however, that of the reaction system PVM-alt-MA and NaOH 

(Figure 3.9) shows only 4 groups of signals. This change indicated PVM-alt-MA 

has changed into another chemical compound after reacting with NaOH. In this 

process of PVM-alt-Na-MA modification the charge of molecule changes the 

chemical environment so that the chemical shift of the proton has changed. 

3.3.3 13C NMR of starting material and intermediate 

13C NMR of poly(methyl vinyl ether-alt-maleic anhydride) (PVM-alt-MA) [CAS: 

9011-16-9] (Mw: 1,080,000, Mn ~ 311,000)  and (PVM-alt-Na-MA) were 

measured and the images were shown in (Figure 3.10 and 3.11).  

13C NMR of PVM-alt-MA (D2O, 175 MHz)  ppm: 31.33, 32.21, 40.72, 41.34, 

42.17,48.80, 49.15, 49.89, 50.86, 51.48, 56.52, 57.23, 57.48, 58.54, 76.44, 

76.72, 77.71, 128.46, 175.37, 176.26, 177.50, 178.26.  
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3.3.3.1 13C NMR of PVM-alt-MA  

 

Figure 3.10: 13C NMR of PVM-alt-MA 

Before ring openings, the chemical shifts (J) of C1, C4, C3, C7, C2, C5, and C6 

where (31-32), (41-42), (49-51), (57-59), (76-78), (175-178) ppm respectively. 

(Fig. 3.10). However after the ring opening from 13C NMR, it was observed that 

all peaks where shifted from low field to higher frequencies due to the presence 

of additional oxygen atoms after the ring opening, which makes carbons more 

deshielded. This confirms the ring opening which affords the chemical shifts J 

(PVM-alt-Na-MA) corresponding to C1, C4, C3, C7, C2, C5, C6 are (33-35), (42-

43.5), (53-55), (57-58), (78.5-80), (178-180) respectively. (Fig. 3.11) 
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The NMR results together with IR data, confirm the ring opening of the cyclic 

anhydride. 

3.3.3.2  13C NMR of PVM-alt-Na-MA 

 

Figure 3.11: 13C NMR of PVM-alt-Na-MA 13C NMR of (PVM-alt-Na-MA) (D2O, 

175 MHz)   ppm: 33.07, 34.45, 34.74, 42.29, 42.78, 42.93, 43.06, 43.53, 53.00, 

53.31, 53.78, 54.19, 54.67, 56.89, 57.36, 58.07, 78.51, 79.21, 80.07, 178.02, 

178.33, 178.59, 178.96, 179.80, 180.26 
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3.3.4 Rheology measurement of poly[methyl vinyl ether-alt-mono-sodium 

maleate]∙Cu(NO3)2 

The mechanical properties of the copper hydrogels have been investigated by 

rheological measurements. Figure 3.12 a  shows the variation of storage 

modulus (G’) loss modulus (G”) by frequency sweep. It was observed that for all 

samples the G’ is greater than G”, which confirms that all the samples show gel 

elastic properties. It was found that as the molar ratio increases the G’, G”, and 

G’-G” increase in parallel reflecting the enhancement in elastic properties of the 

hydrogels which increases till an optimum value was obtained at a ratio of 

10:0.25 molar equivalent of Cu2+ salt with respect to PVM-alt-Na-MA. At higher 

values the G’ and G” start to decrease again which is due to excess Cu2+ in the 

matrix.181-182  

This is consistent with the observed trend in the damping factor (G”/G’) in   

Figure 3.12 ( b), where the lowest damping constant is obtained for the sample 

with 10:2.5 molar ratio for complex viscosity (*), lower damping factor (), 

suggesting an optimum cross-linked gel with higher mechanical strength.181 

Figure 3.12 ( c) shows the storage modulus (G’) loss modulus (G”) as a function 

of strain Figure 3.12 (d) storage modulus (G’) as a function of shear stress 

obtained from amplitude sweep rheology. A similar trend was observed for both 

G’ and G” confirming that the sample with 10:2.5 molar ratio shows the optimum 

mechanical properties. Table 3.20 shows a summary of G’-G” (Pa), Yield Stress 
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(σy) (Pa) Critical Strain (c), Critical Storage Modulus G’c (Pa), and the Cohesion 

Energy (Ec) (MJ/cm3).  

The yield stress is determined by the value beyond which the gel looses its 

elastic structure and gets destructured and this is manifested by a rapid decrease 

of G’ and sharp increase of G”. The yield stress increases from 437 Pa for 10:2 

sample to reach a maximum value of 487 Pa at ratio of 10:2.5 beyond which it 

falls to reach 230 Pa for 10:4. A similar trend was observed for critical strain 

value determined from an amplitude sweep. The maximum critical Strain (c) was 

observed again for 10:2.5 hydrogel with a value of 550 Pa. 
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 Figure 3.12: Variation of (a) storage modulus (G’) loss modulus (G”) and complex 

viscosity (*) (b) Damping factor of hydrogels, as a function of frequency 

(frequency sweep) (c) storage modulus (G’) loss modulus (G”) as a function of 

strain (d) storage modulus (G’) as a function of shear stress obtained from 

amplitude sweep rheology 

 The cohesion energy is defined by: 

𝐸𝑐 =  
1

2
 𝐺𝑐

′𝛾𝑐
2                                                                                                     (3.1) 

Where 𝑮𝒄
′  : the storage modulus  

The critical value, (c): is the critical strain  

The binding or cohesive energy of a substance is the energy required to break all 

the bonds associated with one of its constituent molecules.  

Table 3.20 Summary of the Nature, G’-G”, Critical strain, Critical storage modulus, 

and Cohesion energy Ec PVM-alt-Na-MA:Cu2+ hydrogels. 

Molar ratio 

(maleate 
within 
PVM-alt-
Na-MA: 
Cu) 

Nature G’-G” 
(Pa) 

Yield 
Stress 
(σy) 

(Pa) 

Critical 
Strain 

(c) 

Critical 
Storage 
Modulus 
G’c (Pa) 

Cohesion 
Energy (Ec) 

(MJ/cm
3
) 

10:0.5 Solution - - - - - 

10:1.5 Partial Gel - -   - - 

10:2 Gel 352.4 437 306 303 14.18 

10:2.5 Gel 557.2 487 550 370 55.96 

10:3 Gel 245.0 353 226 237 6.05 

10:4 Gel 171.8 230 175 122 1.86 

10 :4.5 Partial Gel - - - - - 

10:5 Precipitate - - - - - 
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The highest cohesion energy was also observed to be the highest in 10:2.5 

sample reaching 55.96 MJ/cm3. All these results confirm that the sample with 

10:2.5 molar ratio shows the highest mechanical properties. This ratio will be 

used throughout the study. 

3.4 Characterization of polymer poly (methyl vinyl ether-alt-maleic 

anhydride∙Fe3+ hydrogels with different ratios: Rheological properties 

The rheological properties of PVM-alt-Na-MA:Fe3+ hydrogels have been 

investigated. Figure 3.13 shows the variation of storage modulus G’ and loss 

modulus G” as a function of frequency during frequency sweep measurements. 

 



 
 

 

 

139 

Figure 3.13: Variation of (a) storage modulus (G’) loss modulus (G”) of PVM-alt-

Na-MA:Fe3+ with ratios 10:2 and 10:2.5 and PVM-Na/MA:Cu2+ with ratio of 10:2.5. 

Comparison between the two ratios obtained as hydrogels PVM-alt-Na-MA:Fe3+ 

of 10:2.5 and 10:2 shows that both hydrogels display an elastic behavior where 

G’ is greater than G”. The elastic modulus is frequency independent remaining 

constant over the frequency range, however G” shows a decrease further as 

frequency increases. The G’ of the sample with molar ratio 10:2.5 shows higher 

G’ and G” than 10:2 sample. This is consistent with the formation of complex 

between Fe3+ and carboxylates.86  

For comparison we prepared a sample of PVM-alt-Na-MA:Cu2+ with an optimum 

ratio 10:2.5 deduced earlier but the PVM-alt-Na-MA was opened with 2M NaOH. 

Comparison of the rheological properties of 10:2.5 PVM/Na-MA:Fe3+ sample 

shows lower G’ and G” than the Cu2+ based hydrogel. This confirms that the iron 

based hydrogels showed less rigidity and elastic properties in comparison to 

copper based hydrogels. 

3.5 Characterization of polymer poly (methyl vinyl ether-alt-maleic 

anhydride∙Al3+ hydrogels with different ratios: Rheological properties 

The rheological properties of PVM-alt-Na-MA:Al3+ hydrogels have been 

investigated. Figure 3.14 shows the variation of storage modulus G’ as a function 

of frequency during frequency sweep measurements. The comparison between 
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the two ratios obtained as hydrogels PVM-alt-Na-MA:Al3+ of 10:3 and 10:4 shows 

that both hydrogels show constant G’. The elastic modulus is frequency 

independent, remaining constant over the frequency range. The G’ of the sample 

with molar ratio 10:4 shows higher G’ than 10:3 sample. 

 

Figure 3.14: Variation of (a) storage modulus (G’) loss modulus (G”) of PVM-alt-

Na-MA: Al3+ with ratios 10:3 and 10:4 and PVM-alt-Na-MA:Cu2+ with ratio of 10:2.5. 

Figure 3.15 shows the variation of G’ and G” as a function of strain. In 

accordance to the frequency sweep, G’ and G”  as a function of strain for the 

PVM-alt-Na-MA sample with ratio of 10:4 is greater than that of 10:3 sample. 

Hence the optimum ratio is 10:4 and the coordination between Al3+ and the 

carboxylate groups on the polymer chains is in a ratio of 1:3 metal to polymer.  
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Figure 3.15: Variation of (a) storage modulus (G’) loss modulus (G”) of as a 

function of strain PVM-alt-Na-MA:Al3+ with ratios 10:3 and 10:4 and PVM-alt-Na-

MA:Cu2+ with ratio of 10:2.5. 

This has been reported for aluminum to form tris complexes with other functional 

groups such as catechol and dopa.183 One metal ion is bound to three polymer 

strands.  

However, comparing the PVM-alt-Na-MA:Cu2+ with an optimum ratio of 10:2.5 

shows that aluminum samples have lower elastic properties than copper 

hydrogels.  
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3.6 Physical adsorption analysis of Poly[methyl vinyl ether-alt-mono-

sodium maleate]∙Cu(NO3)2 

Microscopic studies of these hydrogel suggested the porous nature of these 

materials and the internal structure of poly[methyl vinyl ether-alt-mono-sodium 

maleate]∙Cu(NO3)2 hydrogel which may be useful for gas adsorption studies. The 

hydrogels were first solvent exchanged with ethanol and then dried by a critical 

point dryer with CO2, were tested for N2 gas sorption, and then the surface area 

and total pore volume have been analyzed for PVM-alt-Na-MA:Cu2+ sample with 

an optimum ratio of 10:2.5. Figure 3.16 shows the N2 adsorption isotherm of 

10:2.5 PVM-alt-Na-MA:Cu2+ hydrogels and the subsequent BET surface area 

measurements resulted in a material with 177.96 m2/g surface area as shown in 

(Figure 3.16). When treated with sc-CO2, the dry copper polycarboxylate 

structure shows an average pore volume of 1.71 cc/g. 
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Figure 3.16: N2 desorption isotherm of critically point dried polymer hydrogel 

poly[methyl vinyl ether-alt-mono-sodium maleate]∙Cu(NO3)2 powder.  

3.7 SEM and Cryo-SEM of poly[methyl vinyl ether-alt-mono-sodium 

maleate]∙Cu(NO3)2 

Morphology of the PVM/Na-MA:Cu2+ hydrogel of 10:2.5 ratio was examined by 

SEM (Figure 3.17 a), cryo-SEM (Figure 3.17 b) or the 3D cryo SEM images 

(Figure 3.17 c). Approximately, 1 cc of hydrogel were placed for the solvent 

exchange with ethanol and then dried super critically with CO2. It could be seen 

that the hydrogels have a channel-like surface with an extremely porous 

structure. 
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Figure 3.17:  a) SEM of the hydrogel after sc-CO2 drying; b) Cryo-SEM image of 

poly[methyl vinyl ether-alt-mono-sodium maleate]∙Cu(NO3)2 c) 3D cryo-SEM 

image of poly[methyl vinyl ether-alt-mono-sodium maleate]∙Cu(NO3)2 

The 10:2.5 hydrogel contains a small number of pores of diameter approximately 

1-2 μm suggesting the structures as macro porous structure. 
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Summary 

In this chapter, we have studied the synthesis of hydrogels with different 

transition metal ions. Divalent Cu2+, Ni2+, Zn2+, and Co2+ ions as well as trivalent 

Fe3+ and Al3+ ions were used and only hydrogels were formed between Cu2+,  

Fe3+ and Al3+ and PVM-alt-Na-MA.  

The effect of the PVM-alt-Na-MA:Mn+  molar ratio was studied for the three 

metals. The optimum molar ratio for PVM-alt-Na-MA:Cu2+ is found to be 10:2.5 

showing the highest elastic properties and a BET surface area of 177.96 m2/g. 

The optimum ratio for the PVM-alt-Na-MA:Fe3+ and PVM-alt-Na-MA:AL3+ were 

found to be 10:2.5 and 10:4, respectively. The PVM-alt-Na-MA:Cu2+ hydrogel 

showed better rheological properties than PVM-alt-Na-MA:Fe3+ and PVM-alt-Na-

MA:Al3+, therefore we focus on this optimized sample for further optimization in 

chapter 4. 
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Chapter 4 

The effect of the dicarboxylate spacer ligands on the structure of PVM-alt-

Na-MA:Cu2+ hydrogels1 

Introduction 

Porous material are important due to their ability to be utilized in several 

applications. Porous hydrogels are an interesting class of material. In order to 

obtain porous hydrogels, several conventional techniques such as phase 

separation,189 freeze drying190 and the emulsion template method191 have been 

utilized to prepare hydrogels. Nonetheless, although these porous hydrogels can 

swell several hundred times within a few minutes, they are mechanically unstable 

and difficult to handle without breaking.192 Porous hydrogels are still brittle and 

thus further improvement in their mechanical properties is necessary.One 

approach to enhance the mechanical stability of the hydrogel is through using the 

metal-ligand coordination for crosslinking. The metal-ligand coordination bond is 

highly directional193 hence gives access into a large variety of metal ions and 

large class of possible polymers and ligands.194  

 

1 This chapter was adapted from M. Al-Dossary*, et al. New J. Chem.,2018, 42, 18242 - 

18251 
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As described earlier in the introduction “Metallosupramolecular” polymer gels are 

more advantageous in terms of mechanical stability, in particular are interesting 

due to the presence of multiple functional groups (carboxylates, hydroxyl, or 

amino group) on the polymer backbone, leading to increased crosslinking.192, 195 

Recently, a novel family of hydrogels has been reported by Nitschke and 

coworkers where they start from polymer with imine functional groups on the 

polymer backbone, combined with Fe2+ metal ion and low weight molecular 

ligand acting as a spacer ligand.130 Inspired by the idea to use spacer ligands to 

enhance the mechanical properties of the gel, we attempted to use dicarboxylate 

molecules as spacer ligands. These dicarboxylates are expected to enhance 

metal-ligand connectivity and thus to enhance their crosslinking density. Due to 

their various conformational mode of connection,196-197 dicarboxylate 

concentration is expected to play an important role not only for providing more 

chelation to Cu2+ ions, but also increase hydrophilic units repulsion inside the gel 

matrix. To enhance the mechanical strength of the synthesized hydrogel, 

dicarboxylate crosslinking agents such as disodium adipate and disodium 

terephthalate were introduced during in-situ gel formation. Due to these effects, 

internal properties of hydrogel depending upon the adipate concentration can be 

tuned.198-199 To investigate these, different ratios of disodium adipate and 

terephtalate were introduced by keeping at optimum investigated PVM-alt-Na-MA 

to Cu2+ ratio i.e. 10:2.5 and the total amount of mixture constant to 12 mL to 

diminish the dilution effect on the gelation properties. 
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Results and discussion  

As described earlier, the opened cyclic anhydride (PVM-alt-Na-MA) was 

prepared by adding one equivalent of sodium hydroxide to the polymer chain. 

Then, the effect of the dicarboxylate amount to the PVM-alt-Na-MA was 

investigated by modifying the PVM-alt-Na-MA:dicarboxylate (adipate or 

tetraphtalate) molar ratio while keeping the PVM-alt-Na-MA:Cu2+ molar ratio at 

0.25 which was optimized earlier. Figure 4.1 shows a scheme of the synthesis of 

the hydrogels with disodium adipate and terephthalate structures. The resulting 

final molar ratios of PVM-alt-Na-MA:dicarboxylate:Cu(NO3)2 were represented by 

10:0:2.5, 10:1:2.5, 10:2:2.5, 10:3:2.5 10:4:2.5 and 10:5:2.5 with final 

dicarboxylates salts of concentrations 0, 0.025, 0.05, 0.075, 0.1, and 0.125M 

respectively (Table 4.1). Clear blue gels were obtained which are shown for both 

disodium adipate (figure 4.1 (I)) and disodium terephthalate (figure 4.1 (II)).  
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Figure 4.1 Formation of metallo-supramolecular polymer gels composed of 

poly(methyl vinyl ether-alt-maleate) (PVM-alt-Na-MA), Cu2+ ion in presence of 

adipate (I), terephthalate (II),  with PVM-alt-Na-MA:dicarboxylate:Cu(NO3)2 molar 

ratios 10:4:2.5. 

Using both disodium adipate and disodium terephthalate, as the PVM-alt-Na-MA 

to dicarboxylates molar ratio increases from 10:0 to 10:5, the gelation, as well as 

rigidity in the gel increases and at the ratio 10:5 the gel starts precipitating. This 

may be due to the formation of a more rigid structure which is unable to hold the 

solvents in the matrix. 

Table 4.1 Investigation of Cu2+ induced hydrogel formation PVM-alt-Na-MA with 

various concentrations of dicarboxylates (1 mL, concentration of dicarboxylate (M) 

at constant polymer amount (10 mL, 0.25 M), and Cu(NO3)2 (1 mL, 0.0625 M).  

Amount of 
(adipate  or 
terephthalate) 
(1.5M) 

Amount of 
water 
   (mL) 

Final 
Conc. of 
adipate  
 (M) 

Ratio between 
PVM-alt-Na-
MA: 
adipate or  
terepthalate 

Nature of 

sample 

Final ratio 

      

0 1 0 10:0 Gel 10:0:2.5 

0.2 0.8 0.025 10:1 Gel 10:1:2.5 

0.4 0.6 0.05 10:2 Gel 10:2:2.5 

0.6 0.4 0.075 10:3 Gel 10:3:2.5 

0.8 0.2 0.1 10:4 Gel 10:4:2.5 

1 0 0.125 10:5 Precipitate 10:5:2.5 
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4.1 Characterization of hydrogels synthesized with dicarboxylate ligands: 

PVM-alt-Na-MA:adipate:Cu(NO3)2, PVM-alt-Na-

MA:terephthalate:Cu(NO3)2, and PVM-alt-Na-MA:adiapte:Fe(NO3)3: 

Rheology measurements 

4.1.1 Rheology measurement of hydrogels PVM-alt-Na-

MA:adipate/tetraphthalate:Cu(NO3)2 

The mechanical strength of the hydrogels was investigated by dynamic rheology. 

For the dicarboxylates, both spacer ligands, i.e. adipate and terephthalate, show 

similar behavior. From the frequency sweep rheology (Figure 4.2a and 4.2c), it 

was observed that all gels show the storage modulus (G’) consistently greater 

than the loss modulus (G”) over the range of 0.01 to 100 rad/s frequency range 

which confirms their gel nature. These moduli also showed slight frequency 

dependence, with higher frequencies increasing the observed modulus. 

Furthermore, as the ratio of dicarboxylates increases, the rate of change in 

storage modulus, as well as loss modulus, decreases with an increase in the G’, 

G”, and G’-G”. All these data indicate first that gels are stable and they retain gel 

properties clearly showing an increase of viscoelastic gel rigidity upon the 

addition of dicarboxylates due to crosslinking enhancement.200 The optimal 

mechanical properties for hydrogels were obtained at a PVM-alt-Na-

MA:dicarboxylate:Cu2+ ratio of 10:4:2.5. At this ratio, the rate of change in both 

elastic and loss moduli which are lowest for both dicarboxylate ligands. Similar 
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results for enhancement of dynamic moduli by crosslinking agent have been 

reported in the literature.200-201 

Stress dependencies of storage and loss moduli at 1 rad/s obtained from 

amplitude sweep for all the cross-linked gels are shown in Figure 4.2b and 4.2d. 

It can be observed that above a critical stress value (σy), the storage modulus 

(G’) of all gels fall abruptly to a very low value, where the values depends on 

dicarboxylate concentration. It is noteworthy that as the dicarboxylate 

concentration increases, there is an enhancement of storage modulus (G’) as 

well as yield stress value (σy) of the gels, which is also an indication of formation 

of more rigid crosslinked gel formation.   

 

Figure 4.2 Variation of (a,c) storage modulus (G’) and loss modulus (G”) as a 
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function of frequency (frequency sweep) (b,d) storage modulus (G’) as a function 

of shear stress (amplitude sweep) of the PVM-alt-Na-MA:dicarboxylate:Cu2+ 

10:0:2.5 to 10:4:2.5 hydrogels. 

We propose in figure 4.3 a scheme of the structures of the obtained hydrogels. At 

a molecular level each dicarboxylate spacer ligand bridges between two metal 

ions which are already coordinated to carboxylate ligands on polymer backbone. 

 

Figure 4.3 Scheme of the structures of copper hydrogels without spacer ligands 

PVM-alt-Na-MA:Cu(NO3)2 ,with disodium adipate PVM-alt-NA-MA:adipate: 

Cu(NO3)2. 
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4.1.2 Effect of disodium adipate spacer ligand on PVM-alt-Na-MA:Fe3+ 

hydrogels 

In order to proof the effect of adipate spacer ligand on enhancing the mechanical 

properties of hydrogels, we attempted to synthesize PVM-alt-Na-

MA:adipate:Fe(NO3)3 hydrogels. Table 4.2 shows the summary of investigated 

conditions for hydrogel formation of PVM-alt-Na-MA with disodium 

adipate.Keeping the PVM-alt-Na-MA:Fe3+ optimum ratio of 10:2.5 which was 

confirmed in chapter 3, we modified the ratio of adipate between 10:0.1:2.5 to 

10:2:2.5. Hydrogels were obtained for the ratios 10:0.1:2.5, 10:0.3:2.5, and 

10:0.7:2.5. At higher ratio, partial gels were obtained as shown in Table 4.2  

Table 4.2: Investigation of Fe3+ induced hydrogel formation PVM-alt-Na-MA with 

various concentrations of dicarboxylates (1 mL, concentration of dicarboxylate (M)) 

at constant polymer amount (10 mL, 0.25 M), and Fe(NO3)3 (1 mL, 0.0625 M).  

Amount of 
(adipate ) 
(1.5M) 

Amount of 
water 
(mL) 

Final 
Conc. of 
adipate 
(M) 

Nature of 

sample 

Final ratio 

0.02 0.98 0.0025 Gel 10:0.1:2.5 

0.06 0.94 0.0075 Gel 10:0.3:2.5 

0.14 0.86 0.0175 Gel 10:0.7:2.5 

0.2 0.8 0.025 Partial Gel 10:1:2.5 

0.4 0.6 0.05 Partial Gel 10:2:2.5 

 

The mechanical properties of these hydrogels were investigated by dynamic 

rheology. Figure 4.4 shows the variation of storage modulus (G’) and loss 
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modulus (G”) as a function of frequency (frequency sweep) of the PVM-alt-Na-

MA: dicarboxylate:Fe3+ with ratios of 10:0.1:2.5, 10:0.3:2.5, and 10:0.7:2.5 

hydrogels. It can be clearly seen that as the ratio of the adipate increases, the G’, 

G” and G’-G” increases which reflects the increase in the rigidity in the gel to 

reach an optimum ratio of 10:0.7:2.5. This confirms the role of dicarboxylate 

spacer ligands in enhancing the crosslinking in the gel structure. However, the 

PVM-alt-Na-MA:adipate/terephthalate:Cu(NO3)2 hydrogels still show the highest 

rheological properties. Therefore we focus on the copper based samples for 

further characterization. 

 

Figure 4.4: Variation of storage modulus (G’) and loss modulus (G”) as a function 

of frequency (frequency sweep) of the PVM-alt-Na-MA:dicarboxylate:Fe3+ 

10:0.1:2.5, 10:0.3:2.5, and 10:0.7:2.5 hydrogels 
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4.2 Morpohological characterization: SEM of hydrogels PVM-alt-Na-

MA:adipate:Cu(NO3)2  with different ratio 

 

Figure 4.5 SEM images of (a) 10:0:2.5, (b) 10:1:2.5, (c) 10:2:2.5, (d) 10:3:2.5, and 

(e) 10:4:2.5, PVM-alt-Na-MA:adipate:Cu2+ hydrogels after critically point drying 

with CO2. 

The morphology of the hydrogels were examined by SEM and cryo-SEM (Figure 

4.5). For the SEM images, approximately 1 cc of hydrogel as placed with the 

solvent exchange with ethanol and then dried super critically with CO2. Figure 4.5 

shows the SEM images of samples of PVM-alt-Na-MA:adipate:Cu2+hydrogels 

with ratios of (a) 10:0:2.5, (b) 10:1:2.5, (c) 10:2:2.5, (d) 10:3:2.5, and (e) 10:4:2.5, 

hydrogels after critically point drying with CO2. It could be seen that the hydrogels 
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have a channel-like surface with an extremely porous structure (Figure 4.5). 

While the hydrogels have a similar surface appearance, the size of their pores 

are different. As the adipate concentration increased, pore size increased and 

many micro-protrusions began to appear on the surface of the original 

particles.These micro-protrusions formed branches. Finally, these branches 

evolved into the root-like building blocks and randomly joined together (Figure 

4.5 d and e). As an additional step to determine the effect of the adipate spacer 

ligand on relative pore size in hydrogel, we applied Cryo SEM on hydrogels (Fig. 

4.6). Approximately 3-mm3 samples of hydrogels were plunge frozen in a liquid-

nitrogen slush for imaging. Cryo SEM on hydrogel produce honeycomb 

macroporosity structure. This macroporosity formation are the result of thermally 

induced phase separation and it does not reflect the actual size of the pores in 

original wet hydrogel. Results of Cryo SEM on hydrogels showed that the relative 

macroporosity size observed in hydrogels increased with addition of adipate 

spacer ligand. The 10:0:2.5 hydrogel contained a large number of pores with 

diameters of approximately 1–2 μm (Fig. 4.6 a). The size of the macro pores 

increased as the adipate concentration increased (Fig. 4.6 b-e and 4.7 b-e). The 

fully swollen adipate-based hydrogels had porous structures with wall-separated 

macro pores with diameters of 1–5 μm (Fig. 4.6 b-e and 4.7 b-e). At highest 

dicarboxylate concentrations, the 10:4:2.5 hydrogel, pore sizes were larger than 

5 μm (Fig. 4.8 e and 4.8 f).  
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Figure 4.6: Cryo-SEM images of (a) 10:0:2.5, (b) 10:1:2.5, (c) 10:2:2.5, (d) 

10:3:2.5, and (e) 10:4:2.5, PVM-alt-Na-MA:adipate:Cu2+ intact hydrogels. 

 

 

Figure 4.7: 3D Cryo-SEM images of (a) 10:0:2.5, (b) 10:1:2.5, (c) 10:2:2.5, (d) 

10:3:2.5, and (e) 10:4:2.5, PVM-alt-Na-MA:adipate:Cu2+ intact hydrogels. 
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Such macropore formation in crosslinked networks has been previously reported 

and is attributed to the polymerisation phase of induced separation, when the 

solvent phase was separated out from the polymer phase as they become 

incompatible.202 This trend indicates the effects of disodium adipate and 

terephthalate length components on the network structure. 

 

Figure 4.8: SEM images of (a) 10:0:2.5, (b) 10:4:2.5 PVM-alt-Na-MA:adipate:Cu2+, 

(c) 10:4:2.5 PVM-alt-Na-MA:terephthalate:Cu2+, and (d-f) their corresponding Cryo 

SEM images. For measurement of SEM and Cryo-SEM, critical point dried 

hydrogels with CO2 and intact hydrogels were used, respectively. 
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4.3 Thermogravimetric analysis (TGA) 

The thermal properties of the hydrogel poly[methyl vinyl ether-alt-mono-sodium 

maleate]∙Cu(NO3)2 with different PVM-alt-Na-MA:adipate:Cu(NO3)2  ratios were 

investigated by thermogravimetric analysis (TGA). Figure 4.9 the TGA for 

samples with PVM/Na-MA:adipate:Cu(NO3)2 ratios between 10:0:2.5 and 

10:4:2.5. 

 All hydrogels show a weight loss of 5% at 120oC which is due to residual water 

content. The dry poly[methyl vinyl ether-alt-mono-sodium maleate]∙Cu(NO3)2 gel 

decomposes at  207 oC as shown in figure 4.9. In the presence of adipate spacer 

ligand, all dried hydrogel showed similar abrupt weight loss at a characteristic 

temperature around 207 oC which confirms the polymer decomposition. 
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Figure 4.9: Thermogravimetric analysis of the dried hydrogel poly[methyl vinyl 

ether-alt-mono-sodium maleate:adipate:Cu(NO3)2 in ratios between 10:0:2.5 and 

10:4:2.5 (20 mL/min N2-flow, heating rate 20 K/min, sealed punctured Al crucibles). 

Hence, based on the thermal stability of the hydrogels we used a temperature of 

70 oC to perform the degassing which will be discussed in the next section. 

4.4 BET of hydrogels PVM-alt-Na-MA:adipate:Cu(NO3)2 with different ratio 

Microscopic studies of these hydrogels suggested the porous nature of these 

materials, which may be useful for gas adsorption studies. The hydrogels were 

dried by critical point dryer with CO2 and were tested for N2 gas sorption, and at 

the same time, the surface area and total pore volume have been analyzed for all 

hydrogels. Figure 4.10 shows the Nitrogen adsorption-desorption isotherm of 

PVM-alt-Na-MA:adipate:Cu2+ (a) 10:1:2.5, (b) 10:2:2.5, (c) 10:3:2.5, and (d) 

10:4:2.5 hydrogels. All the hydrogels exhibited the sorption isotherm of type IV 

with H1 hysteresis loops typical of a primarily mesoporous system.203  This 

aggregation is also supported by SEM images. Figure 4.12 shows the Barrett–

Joynes–Halenda (BJH) plots of pore size distribution for PVM-alt-Na-

MA:adipate:Cu2+ (a) 10:0:2.5, (b) 10:1:2.5, (c) 10:2:2.5, (d) 10:3:2.5, and (e) 

10:4:2.5 hydrogels. All hydrogels show a broad ranges from 1.7 to 126 nm of 

pores, with an average pore diameter in the range of from 14.2 to 18.9 nm. It is 

obvious from the Brunauer–Emmett–Teller (BET) surface areas, that total pore 

volume and N2 gas uptake capacity increases with the increasing concentrations 
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of crosslinking agent disodium adipate. This may be attributed to the distorted 

structure and relatively low surface area at lower degrees of crosslinking which 

has been observed before.204 As crosslinking increases, the tendency for phase 

separation increases yielding water-swollen microgel particles that contains 

reactive groups on their surfaces.205-206 For instance, the hydrogel without any 

dicarboxylate i.e. 10:0:2.5 hydrogel, the total surface area of 171.96 m2/g has 

increased to 649.90 m2/g in case of optimum dicarboxylate concentration in 

10:4:2.5 hydrogel containing adipate. However figure 4.11 shows the Nitrogen 

adsorption-desorption isotherm of PVM-alt-Na-MA:terephthalate:Cu2+ of ratio 

10:4:2.5, hydrogel. Table: 4.3 shows the Surface area, Pore Volume, and N2 

uptake capacity of the copper-based hydrogels. 

The BET surface area for hydrogels with terephthalate spacer ligand in ratio 

10:4:2.5: was found to be 536.4 m2/g, which is lower than that of hydrogels 

containing adipate of ratio 10:4:2.5. Also the pore volume and N2 uptake were 

found to be 2.37 cc/g and 1536 cc/g, respectively. These values were also lower 

than PVM-alt-Na-MA:adipate:Cu2+ but higher than the PVM-alt-Na-MA:Cu2+ with 

no spacer ligands. 

Therefore, we choose the sample PVM-alt-Na-MA:adipate:Cu2+ with ratio 

10:4:2.5 for application of gas adsorption, since it has the best rheological 

properties and BET surface areas. ` 
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Figure 4.10: Nitrogen adsorption-desorption isotherm of PVM-alt-Na-MA:adipate: 

Cu2+ (a) 10:1:2.5, (b) 10:2:2.5, (c) 10:3:2.5, and (d) 10:4:2.5 hydrogels. 

 

Figure 4.11: Nitrogen adsorption-desorption isotherm of PVM-alt-Na-MA: 

terephthalate:Cu2+ hydrogel of ratio 10:4:2.5. 
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Figure 4.12:  Pore-size (V-D) distribution plot calculated from the adsorption 

isotherm by the BJH method for PVM-alt-Na-MA:adipate:Cu2+ (a) 10:0:2.5, (b) 

10:1:2.5, (c) 10:2:2.5, (d) 10:3:2.5, and (e) 10:4:2.5 hydrogels. 

Table: 4.3 Surface area, Pore Volume, and N2 uptake capacity of PVM-alt-Na-

MA:dicarboxylate:Cu(NO3)2
 hydrogels without spacer ligand (10:0:2.5) and 

optimum10:4:2.5 ratio for both adipate and terephthalate. 
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4.5 Gas adsorption studies of PVM-alt-Na-MA:adipate:Cu2+ with different 

gases CO2, N2, and CH4. 

 As we discussed above, the optimum mechanical and rheological properties 

were obtained for the PVM-alt-Na-MA:adipate:Cu2+ with a ratio of 10:4:2.5 

Therefore, the CO2, N2 and CH4 adsorption-desorption isotherms were 

investigated for PVM-alt-Na-MA:adipate:Cu2+ with optimum ratio of 10:4:2.5, as it 

has shown the highest surface area and pore volume, as well as N2 gas 

adsorption.  

The measurements were performed at high (up to 10 bar) and low pressures (0-1 

bar), and at different temperatures at 263, 273, and 298. At low pressures, only 

CO2 adsorption showed clear defined isotherm, however, non- smooth curves 

were obtained with nitrogen and methane gases. This behaviour was reported 

elsewhere.207 The effect of temperature on CO2 adsorption was studied by 

changing the temperature in a range between 263 and 298.  

Sample Surface Area  

(m2/g) 

Pore Volume 

(cc/g) 

N2 Uptake (cc/g) 

10:0:2.5 177.96 1.7 1112.3 

10:4:2.5 (adipate) 646.90 3.17 2051 

10:4:2.5 (terephthalate)  536.44 2.37 1536 
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Figure 4.13 shows the CO2 adsorption isotherms of PVM-alt-Na-MA:adipate:Cu2+ 

with a ratio of 10:4:2.5 in a low pressure range between 0 and 1 bar. It can be 

clearly seen that as the temperature increases, the CO2 adsorbed amount 

decreases from 0.25, to 0.225 to reach 0.15 for temperatures of 263, 273, and 

298, respectively. 

 

Figure 4.13 CO2 Gas adsorption isotherms at different temperatures of 263, 273 

and 298 K in a pressure range between 0 and 760 mmHg. 

This is explained by the exothermic nature of the adsorption (Table 4.4).208 The 

high selectivity of CO2 over N2 is one of the essential features hence we measure 

the gas adsoprtion of these gases at different temperature.207 
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Figure 4.14 The CO2, N2 and CH4 adsorption isotherms at higher pressures 

between 0 and 10 bar and a constant temperature of 298 K.  

The effect of temperature on the gas adsorption was studied for the three gases 

(CO2, N2 and CH4) at different temperatures of 298, 273, and 263 in figures 4.14, 

4.15  and 4.16, respectively.209  At higher pressures, it can be clearly observed 

that the CO2 adsorption is greatly larger than both N2 and CH4 adsorption at all 

temperatures. At temperature of 298 K (Figure 4.14) the CO2 adsorption reaches 

0.76 mmol/g at 7600 mmHg. The CH4 adsorption is found to be 0.09 mmol/g and 

0.04 mmol/g for N2 adsorption.  

At 273 K (Figure 4.15), the CO2, CH4 and N2 adsorbed quantities were 0.89, 0.15 

and 0.05  respectively. These results were higher than adsorbed amounts at a 

temperature of 298 K. Figure  4.16 shows the CO2, CH4 and N2 adsorption 
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isotherms of PVM-alt-Na-MA:adipate:Cu2+ of ratio 10:4:2.5 at 263 K. Lowering 

the temperature again to 263K, showed the same trend where the amount of 

adsorbed gases increases to reach 1, 0.2 and 0.1 for CO2, CH4 and N2, 

respectively. This suggests that these hydrogels show potential selectivity to 

CO2, which makes it promising for CO2 separation applications. 

 

Figure 4.15 The CO2, N2 and CH4 adsorption isotherms at higher pressures 

between 0 and 10 bar and a constant temperature of 273 K. 
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Figure 4.16: The CO2, N2 and CH4 adsorption isotherms at higher pressures 

between 0 and 10 bar and a constant temperature of 263 K. 

It is very important to determine the sorption profile at 298 K and 1 bar and 10 bar 

since it mimics the conditions used for post combustion CO2 capture.210 

Particularly, these conditions are required when discussing practical applications 

of the hydrogels.211 At 298 K and 10 bar, the CO2 adsorption is 0.76 mmol.g-1 which 

is more than 10 times greater than N2 (0.05 mmol.g-1) and CH4 (0.09 mmol.g-1) 

adsorption capacities (Table 4.4). This suggests that these hydrogels shows 

potential selectivity to CO2 which makes it promising for CO2  separation 

applications.  
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The high selectivity of CO2 over N2 is one of the essential features for a material 

to be used for post combustion CO2 capture. The critical concern in the field of the 

CO2/N2 gas separation is the tiny differences between in the properties of these 

gases in terms of diameters CO2 (3.30 Å) and N2 (3.64 Å).Nonetheless, these 

gases show difference in quadrupole moments and polarizabilities results in 

different chemical reactivity at molecular level resulting in strong interactions of the 

sorbent material with the surface of the pores and therefore increased 

selectivity.212 To evaluate the performance of hydrogels in CO2 separation from 

gas mixtures, Ideal Adsorbed Solution Theory (IAST) was used. For this purpose, 

CO2 and N2 single component isotherms were fitted by Langmuir dual sites or 

Langmuir single site models to calculate CO2/N2 selectivity by IAST method for 

CO2:N2 binary gas mixture containing 15% CO2 and 85% N2, and equimolar 

50%:50% CO2:CH4 a typical post-combustion flue gas composition. The PVM/Na-

Table 4.4 Summary of CO2, N2, and CH4 gas uptakes  at 1 bar and 10 bar for 

PVM-alt-Na-MA:adipate:Cu(NO3)2 hydrogel with optimum ratio 10:4:2.5. 

Temperature 
(K) 

CO2 uptake 
(mmol.g-1) 

N2 uptake 
(mmol.g-1) 

CH2 uptake 
(mmol.g-1) 

 
 

1 bar 10 bar 1 bar 10 bar 1 bar 10 bar 

263 0.23 

 

1.01 0.01 0.12 0.02 0.19 

273 0.21 0.91 0.21 0.89 0.015 0.16 

298 0.13 0.76 0.003 0.05 0.007 0.09 
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MA:adipate:Cu2+ sample shows relatively stable CO2/N2 and CO2/CH4 selectivity 

at different temperatures between 263 and 298 K (Fig. 4.17) while the highest 

selectivity is observed at 298 K.  

 

Figure 4.17 (a) CO2/N2 and (b) CO2/CH4 selectivity for PVM-alt-Na-

MA:adipate:Cu(NO3)2 hydrogel of ratio 10:4:2.5. calculated by IAST method for 

CO2:N2 and CO2:CH4 gas mixtures of 0.15:0.85 and 0.5:0.5, respectively at 

different temperatures 263, 273 and 298 K in a pressure range between 0 and 

7600 mmHg. 
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The selectivity showed also a decreasing pattern as pressure increases owing to 

the pressure-driven pore-filling mechanism. At 298 K, this hydrogel showed high 

CO2/N2 selectivity of 78.46 and 33.89 at 1 and 10 bar, respectively. Furthermore, 

it showed also high CO2/CH4 selectivity of 26.09 and 13.04 at 1 and 10 bar, 

respectively (Table 4.5).  

Table 4.5 Summary CO2/N2 and CO2/CH4 selectivity at 1 and 10 bar for hydrogel 

PVM-alt-Na-MA:adipate:Cu(NO3)2 with optimum ratio 10:4:2.5. 

 

This CO2/N2 selectivity is greater than many porous material reported in literature 

at these temperatures.209, 213-215 It is important to keep in mind that target materials 

need to show in addition to high CO2 adsorption, high CO2/N2 and CO2/CH4 

selectivity at 298 K despite some studies only investigate at 273 K.216 This 

selectivity can be attributed to the interaction between CO2 and the carboxylic acid 

functional groups present in the hydrogen networks.217 A strong Lewis acid-base 

interaction can occur between the oxygen of the carbonyl group in the carboxylic 

acid and the CO2. This interaction was reported where it was found that the 

presence of the acidic O-containing groups can enhance  CO2 absorbability.218 

Temperature (K) CO2/N2 selectivity CO2/CH4 selectivity 

 
 

1 bar 10 bar 1 bar 10 bar 

263 50.96 25.88 21.8 9.24 

273 53.80 29.29 22.7 1.01 

298 78.46 33.89 26.09 13.04 
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Furthermore, this interaction is manifested in the reasonable CO2 uptake and the 

high selective CO2/N2 and CO2/CH4. It was also reported that the mesoporosity 

might also be a beneficial factor to enhance the CO2/N2 and CO2/CH4 selectivity.219 

This confirms with the mesoporous nature of the adipate based hydrogel. 
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Summary 

In summary, the formation, characterization and properties of Cu2+ induced 

composite supramolecular polymer hydrogel comprising of the poly[methyl vinyl 

ether-alt-mono-sodium maleate] with or without additional chelating 

dicarboxylates was described. The total surface area, pore volume and rigidity of 

this hydrogel was increased by additional chelating dicarboxylates. Results 

indicated that dicarboxylate units help to increase the crosslinking by giving more 

chelation and also keeps a certain distance between them due to their length in 

the networked structure. Total surface area, pore size and the rigidity of polymer 

hydrogels can be tuned by Cu2+ ion, as well as carboxylate concentration. The 

highest total surface among these hydrogels was found to be 646.9 m2.g-1 with 

total pore volume 3.17 cc/g, and the highest N2 uptake of 2051 cc.g-1. This work 

proves the concept of enhancing the mechanical properties of hydrogels, BET 

surface areas and N2 adsorption properties. At 298 K, the hydrogels sample with 

adipate as a spacer ligand showed a notable CO2/N2 selectivity of 78.46 and 

33.89 at 1 and 10 bar, respectively and also CO2/CH4 selectivity reaching 26.09 

and 13.04 at 1 and 10 bar , respectively. These materials are promising for post-

combustion CO2 separation. This work proves the concept of creating interesting 

hydrogels with high mechanical stability, BET surface areas and selective CO2 

adsorption properties. 
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Chapter 5 

The effect of the tricarboxylate spacer ligands on the structure of PVM-alt-

Na-MA:Cu2+ hydrogels1 

Introduction 

Several factors affect the crosslinking density in hydrogels. So far, we have 

discussed the effect of metal ion, pH , molar ratios, as well as using dicarboxylate 

spacer ligands. However, using spacer ligands is not as simple as it may appear 

since factors of the geometry of the ligand, its binding affinity to metal ion, 

solubility in the solution and the structure and denticity have complex effects on 

the equilibrium dynamics of the hydrogels.132-133 .In attempts to understand the 

effect of the denticity (number of carboxylates) of the spacer ligand on the 

crosslinking degree of the hydrogel, we investigated the tricarboxylate spacer 

ligands such as nitrilotriacetic acid trisodium salt (NTA) and the trisodium citrate. 

We also investigated tetracarboxylate spacer ligand such as tetrasodium 

ethylenediaminetetraacetate (EDTA). 

 

 

1 This chapter was adapted from M. Al-Dossary*, et al. New J. Chem.,2018, 42, 18242 - 

18251 
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Results and discussion 

5.1 Synthesis of PVM-alt-Na-MA:tricarboxylate:Cu2+ hydrogels 

By a similar approach, the amount of the tricarboxylate to the PVM-alt-Na-MA 

was investigated by modifying the PVM-alt-Na-MA:tricarboxylate (NTA or 

trisodium citrate) molar ratio, while keeping the PVM-alt-Na-MA:Cu2+ molar ratio 

at 0.25 which was optimized earlier. Figure 5.1 shows a scheme for the synthesis 

approach using NTA and trisodium citrate and the resulting gels. 

 

Figure 5.1 Formation of metallo-supramolecular polymer gels composed of 

poly(methyl vinyl ether-alt-maleate) (PVM-alt-MA), Cu2+ ion in presence of NTA (I), 

trisodium citrate (II) with molar ratios of 10:0.01:2.5 and 10:0.05:2.5, respectively. 

The resulting final molar ratios of PVM-alt-Na-MA:tricarboxylate:Cu(NO3)2 were 

obtained. Table 5.1 shows the summary of the conditions used for the synthesis 
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of NTA based hydrogels. For the NTA, we obtained gels with ratios of 

10:0.01:2.5, 10:0.3:2.5, 10:0.7:2.5, 10:1:2.5 and 10:1.3:2.5 (Table 5.1). However, 

at ratios greater than 10:1.3:2.5 a partial gel was obtained which turns into 

solution at a ratio of 10:2:2.5. 

Table 5.1 Investigation of Cu2+ induced hydrogel formation PVM-alt-Na-MA with 

various ratio of tricarboxylate (NTA) (1 mL, concentration of NTA (M)) at constant 

polymer amount (10 mL, 0.25 M), and Cu(NO3)2 (1 mL, 0.0625 M). 

Amount of 0.5 
M NTA  
(mL) 

Amount of 
water 
(mL) 

Final Conc. 
of NTA 
(M) 

Nature of  

sample 

Final ratio 

     

0 1 0 Gel 10:0:2.5 

0.006 0.994 0.00025 Gel 10:0.01:2.5 

0.018 0.982 0.0075 Gel 10:0.3:2.5 

0.4 0.6 0.0175 Gel  10:0.7:2.5 

0.6 0.4 0.025 Gel 10:1:2.5 

0.8 0.2 0.0325 Gel 10:1.3:2.5 

1 0 0.04 Partially Gel 10:1.6:2.5 

1.2 0 0.05 Solution 10:2:2.5 

 

Table 5.2 shows the summary of the conditions used for the synthesis of 

hydrogels using the trisodium citrate. We obtained gels with ratios of 10:0.05:2.5, 

10:0.1:2.5, 10:0.2:2.5 and10:0.3:2.5 and a partial gel was obtained at ratios equal 

to 10:0.7:2.5 or higher. 
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Table 5.2 Investigation of Cu2+ induced hydrogel formation PVM-alt-Na-MA with 

various ratio of trisodium citrate (1 mL, concentration of trisodium citrate (M)) at 

constant polymer amount (10 mL, 0.25 M), and Cu(NO3)2 (1 mL, 0.0625 M).  

Amount of 0.75 
M trisodium 
citrate 
(mL) 

Amount of 
water 
(mL) 

Final Conc. 
of trisodium 
citrate 
(M) 

Nature of 

sample 

Final ratio 

     

0.02 0.98 0.0013 Gel 10:0.05:2.5 

0.04 0.96 0.0025 Gel 10:0.1:2.5 

0.08 0.92 0.005 Gel 10:0.2:2.5 

0.12 0.88 0.0075 Gel 10:0.3:2.5 

0.28 0.98 0.0175 Partially Gel 10:0.7:2.5 

0.4 0.6 0.025 Solution 10:1:2.5 

     

 

5.2 Characterization of of hydrogels PVM-alt-Na-MA:NTA:Cu(NO3)2  and  

PVM-alt-Na-MA:trisodium citrate:Cu(NO3)2   

5.2.1 Rheology measurements  

The mechanical strengths of the tricarboxylate-based hydrogel were studied as 

well using similar dynamic rheology. However in terms of the effect of molar ratio 

on both the storage modulus (G’) and the loss modulus (G’’), it was observed that 

the tricarboxylate based hydrogels, i.e. with NTA and citric acid, show an 

opposite trend to the dicarboxylate-based hydrogels. Fig. 5.2 shows the 
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frequency sweep rheology of the NTA (Figure 5.2 a) and citric acid (Figure 5.2 c) 

based hydrogels with different ratios of polymer:tricarboxylate:Cu(NO3)2.  

 

Figure 5.2  Variation of (a,c) storage modulus (G’) and loss modulus (G”) as a 

function of frequency (frequency sweep) (b,d) storage modulus (G’) as a function 

of shear stress (amplitude sweep) of the (a,b) PVM-alt-Na-MA:NTA:Cu2+ 10:0:2.5 

to 10:1.3:2.5 and (c,d) PVM-alt-Na-MA:trisodium citrate:Cu2+ 10:0:2.5 to 10:0.3:2.5 

hydrogels. 

On a frequency range between 0.1 and 100 rad/s, it can be seen that all the gels 

show similar behavior, i.e. the G’ is larger than the G’’ which indicates that all 
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gels possess the characteristic gel properties. Furthermore, similar to the 

dicarboxylates, both moduli show minimal frequency dependence that increases 

on higher frequency. On the other hand, it can be observed that as the molar 

ratio increases, the rate of change in both G’ and G’’ increases.  Furthermore, the 

G’, G”,  and the difference between both moduli (G’-G’’) decrease as the ratio 

increase. This interestingly is an opposite behaviour in comparison to the 

dicarboxylates. This indicates that the presence of tricarboxylates (NTA and 

sodium citrate) deteriorates the crosslinking in the gel stucture by comparison to 

hydrogels with no spacer ligands. For the NTA, even at minimal ratio of 

10:0.01:2.5, the rigidity is still lower than no spacer ligand. Hence, the NTA 

distrupts the crosslinking of the hydrogel. Similarly, the mechanical properties of 

citrate- based hydrogels deteriorated even at low 10:0.05:2.5. 

This result reflects the importance of the number of carboxylates in the spacer 

ligand. One expalanation is due to the presence of a nitrogen group in the NTA  

which may act as a donor to coordinate with the metal Cu2+ that disturbs the 

metal-carboxylate crosslinking and therefore decrease the rigidity. NTA is 

reported to act as a low molecular weight gelator where it has high affinity to form 

stable aqueous complexes with transition metals.220,221 Another reason is that  

metal ions in the presence of organic linkers suffer from a lack of functionality 

which makes the coordination around the metal ion flexible, with a lack of 

control.201, 222  The geometry of the  carboxylate moieties in the tridentate ligands 

hinders the ability of Cu2+ to form favourable geometries, such as square planar, 
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square pyramidal, and distorted octahedral geometry, which destabilizes the 

metal ligand complex and disturbs the crosslinking which consequently 

minimizes the rigidity of the hydrogel. 

 For the citric acid, the presence of a hydroxyl group creates hydrogen bonding 

between the citrate spacer ligand and the polymer backbone, which minimizes 

the interaction of the polymer carboxylate with the Cu2+ and hence decreases the 

crosslinking.223 Furthermore, it was reported in literature that the citrate tends to 

form dimers with copper solutions in intermediate pHs, while at low and high pH 

copper citrate exists as a chelate monomer.224  This dimer formation may be a 

more favorable interaction than that between the copper and metal, and hence 

decreases the cross linking with the polymer carboxylate, resulting in the 

decreased rigidity. 

By comparing between the structures of NTA and citric acid, the main difference 

is replacing the nitrogen atom with carbon and presence of the additional 

hydroxyl group. Still, the citric acid shows decreased rheological properties in 

comparison with gel without spacer ligand, even when the nitrogen atom is 

eliminated. This indicates that the geometry of tricarboxylic acid is problematic 

and decreases the crosslinking.  

Figures 5.2 b and d show the stress dependency of two moduli (G’ and G’’) at 1 

rad/s obtained from an amplitude sweep. It can be observed that all the gels are 

stable till reaching the critical stress value beyond which G’ decreases in all 
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cases. As the PVM-alt-Na-MA:tricarboxylate:Cu2+ ratio increases, and the critical 

stress value decreases, which further indicates the deterioration in the rigidity of 

the gel. 

5.2.2 SEM of hydrogels PVM-alt-Na-MA:nitrilotriacetic acid trisodium salt( 

NTA) with different ratio and PVM-alt-Na-MA:trisodium citrate with 

different ratio 

The morphology of the hydrogels with tricarboxylate ligands was examined by 

SEM. Figure 5.3 shows the SEM images for hydrogels using different PVM-alt-

Na-MA:NTA:Cu2+ ratios of 10:0.01:2.5, 10:1:2.5, and 10:1.3:2.5. Figure 5.4 

shows the SEM images of hydrogels with trisodium citrate with PVM-alt-Na-

MA:citrate:Cu2+ ratios of 10:0.05:2.5, 10:0.1:2.5 and 10:0.3:2.5. The resultant 

morphology shows that as the concentration of the spacer ligand increases the 

morphology of the gel changes from a homogenous structure with uniform 

distribution of the pores, into a more aggregated structure and the number of 

pore decreases. The structure becomes less porous and instead branch-like 

structures appear out of the surface and decrease in the pore size as the 

concentration of spacer ligand increases. It appears that the homogenous wide 

distribution of the pores that was shown without spacer ligand, loses its structure 

and turns to aggregate with very small pores at higher ratios.  
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Figure 5.3 The SEM images of PVM-alt-Na-MA:NTA:Cu(NO3)2  with ratios equal to 

(a) 10:0:2.5, (b)10:0.01:2.5, (c)10:1:2.5, (d) 10:1.3:2.5 

 Similar results were observed when comparing different concentrations of 

trisodium citrate spacer ligand (Figure 5.4 b-d). It can be clearly seen that as the 

trisodium citrate concentration increases, the pore size decreases at higher 

ratios. As the PVM-alt-Na-MA:citrate:Cu2+ ratio increases, less homogenous 

aggregated morphology was obtained. 
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Figure 5.4: The SEM images of PVM-alt-Na-MA:citrate:Cu(NO3)2  with ratios equal 

to (a) 10:0:2.5, (b)10:0.05:2.5, (c)10:0.1:2.5, (d) 10:0.3:2.5 

5.2.3 Surface characterization: N2 adsorption-desorption isotherms, BET 

surface area, and pore sizes 

Microscopic studies of these hydrogels suggested the porous nature of these 

materials. The hydrogels were dried by a critical point dryer with CO2 and were 

tested for N2 gas sorption, and at the same time, the surface area and total pore 

volume have been analyzed for all hydrogels. 
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Figure 5.5: Nitrogen adsorption-desorption isotherm of PVM-alt-Na-MA:NTA:Cu2+ 

(a) 10:0.01:2.5, (b) 10:0.7:2.5, (c) 10:1:2.5, and (d) 10:1.3:2.5 hydrogels. 

Figure 5.5 shows the Nitrogen adsorption-desorption isotherms of PVM-alt-Na-

MA: NTA:Cu2+ (a) 10:0.01:2.5, (b) 10:0.7:2.5, (c) 10:1:2.5, and (d) 10:1.3:2.5 

hydrogels.In all cases, the addition of NTA spacer ligand resulted in a decrease 

in the surface area of the hydrogels in comparison with hydrogel with no spacer 

ligand. The surface area decreases dramatically as the concentration of the 

spacer ligand increases. Even at low PVM-alt-Na-MA: NTA:Cu2+ ratio of 

10:0.01:2.5, the  surface area decreased to reach 44.47 m2/g.  
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Figure 5.6: Nitrogen adsorption-desorption isotherm of PVM-alt-Na-MA: 

citrate:Cu2+ (a) 10:0.05:2.5, (b) 10:0.1:2.5, and (c) 10: 0.3:2.5 hydrogels. 

Similarly, utilizing the trisodium citrate as a tricarboxylate spacer ligand, the 

surface area decreased as the concentration of citrate increases to reach values 
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of 116.94, 98.21, 95.93 m2/g for the ratios 10:0.05:2.5, 10:0.1:2.5, and 10:0.3:2.5, 

respectively. Figure 5.7 shows the Pore-size (V-D) distribution plot for samples 

with optimum ratios. It is calculated from the desorption isotherm by the BJH 

method for PVM-alt-Na-MA:tricarboxylate:Cu2+ (a) 10:0.01:2.5 (NTA), and (b) 

10:0.05:2.5 (trisodium citrate) hydrogels. 

It is worth to mention that the N2 gas uptake and total pore volume decrease as 

well.  

Table 5.3. Surface area, Pore Volume, and N2 uptake capacity for PVM-alt-Na-

MA: tricarboxylate:Cu(NO3)2
 hydrogels in comparison to hydrogel with no spacer 

ligand. 

 

 

 

 

 

 

The BJH plot for the PVM-alt-Na-MA:NTA:Cu2+
 
 with ratio of 10:0.01:2.5 is shown 

in figure 5.7 (a). Pore size distribution showed a broad range of pores in between 

1.75–140 nm, with an average pore diameter 34.31 nm and average pore volume 

of 0.46 cm3.g-1. Similar effect was observed using the citrate spacer ligand where 

Sample Surface 
Area (m2/g) 

Pore 
Volume (cc/g) 

N2 
Uptake (cc/g) 

10:0:2.5   177.96 1.7 1112.3 

10:0.01:2.5 (NTA)             44.47 0.46 303 

10:0.05:2.5(citrate
) 

    116.94 0.47 13.62 
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the pore size distribution showed a narrower range of pores reaching 1.7– 80 nm 

of pores,with a decreased average pore diameter around 15 nm. The pore size 

volume also decreased in comparison with hydrogel with no spacer ligand to 

reach 0.47 cm3.g-1. These results indicate a decrease in the porosity of the 

material which is attributed to the decreased crosslinking which along with the 

rheological and morphological properties confirm the deterioration of the gel 

structure in the presence of the NTA and trisodium citrate spacer ligand.  

 

Figure 5.7 Pore-size (V-D) distribution plot calculated from the desorption isotherm 

by the BJH method for PVM-alt-Na-MA: tricarboxylate: Cu2+ (a) 10:0.01:2.5 (NTA), 

and (b) 10:0.05:2.5 (citrate) hydrogels. 

5.3 Synthesis of the poly[methyl vinyl ether-alt-mono-sodium maleate]: 

ethylenediaminetetraacetic acid (EDTA):(Cu(NO3)2). hydrogels 

We further attempted to increase the denticity of the spacer ligand  by using 

tetracarboxylate salts of tetrasodium ethylenediaminetetraacetic acid (EDTA). 
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Figure 5.8 shows the scheme of the synthesis of the metallo-supramolecular 

polymer gels composed of poly(methyl vinyl ether-alt-maleate) (PVM-alt-MA), 

Cu2+ ion in presence of EDTA. 

 

Figure 5.8: Formation of metallo-supramolecular polymer gels composed of 

poly(methyl vinyl ether-alt-maleate) (PVM-alt-MA), Cu2+ ion in presence of EDTA. 

We attempted to vary the ratio of EDTA while keeping an optimum PVM-alt-Na-

MA: Cu2+, 10:2.5. Table 5.4 shows the conditions used to synthesize gels with  

different molar ratios. 

Table 5.4: Investigation of Cu2+ induced hydrogel formation PVM-alt-Na-MA with 

various ratio of tetracarboxylate (EDTA) (1 mL, concentration of EDTA (M) at 

constant polymer amount (10 mL, 0.25 M), and Cu(NO3)2 (1 mL, 0.0625 M). 

Amount of 
(EDTA ) 
(0.5M) 

Amount of 
water 
(mL) 

Final 
Conc. of 
EDTA 
(M) 

Nature of 

sample 

Final ratio 

0 1 0 Gel 10:0:2.5 

0.06 0.94 0.0025 Gel 10:0.1:2.5 

0.2 0.8 0.0083 Gel 10:0.3:2.5 

0.3 0.7 0.0125 Gel 10:0.5:2.5 

0.4 0.6 0.0166 Gel 10:0.7:2.5 

0.6 0.4 0.025 Gel 10:1:2.5 

0.8 0.22 0.033 Partially Gel 10.1.3:2.5 

     
 

    

Hydrogel 
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Hydrogels were obtained in ratios between10:0.1:2.5 and 10:1:2.5. At higher 

ratios the gel starts to lose its structure and become partially gel. 

5.4 Characterization of hydrogels poly[methyl vinyl ether-alt-mono-

sodium maleate]:ethylenediaminetetraacetic acid (EDTA):(Cu(NO3)2).  

5.4.1 Rheology measurements 
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Figure 5.9: (a) Variation of storage modulus (G’) and loss modulus (G”) as a 

function of frequency (frequency sweep) (b) storage modulus (G’) as a function of 

shear stress (amplitude sweep) PVM-alt-Na-MA:EDTA:Cu2+ 10:0:2.5 to 10:1:2.5. 

From the frequency sweep rheology 5.9 (a, it was observed that all gels show 

the storage modulus (G’) consistently greater than the loss modulus (G”) 

over the range of 0.01 to 100 rad/s frequency range. These moduli also 

showed slight frequency dependence, with higher frequencies increasing the 

observed modulus. Furthermore, as the ratio of EDTA increases, the rate of 

change in storage modulus as well as loss modulus, decreases with an 

decrease in the G’, G”, and G’-G”. All this data indicates that gels are stable 

and they retain gel properties clearly showing a decrease of viscoelastic gel 

rigidity upon addition of EDTA. This is due to the chelating effect of the EDTA 

where it binds to copper ions forming stable complexes and hereby 

decreasing the crosslinking density. The EDTA coordinate away the 

copper(II) which results in decrease in the rheological properties.110,225 This 

explains why at higher ratios than 10:1:2.5, the gel deteriorates and 

undergoes the sol-gel transition into partial gel. Furthermore, the geometry 

of EDTA may result in an aggregated bulk structure, rather than crosslinking 

within the gel. 

Stress dependencies of storage and loss moduli at 1 rad/s obtained from the 

amplitude sweep for all the cross-linked gels are shown in Figure 5.9 (b). It 

can be observed that above a critical stress value (σy), the storage modulus 
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(G’) of all gels fall abruptly to very low value, where the values depends on 

EDTA concentration. It is noteworthy that as the EDTA concentration 

increases, both storage modulus (G’), as well as yield stress value (σy) of 

the gels decrease which also confirms the decrease in the rigidity of the gels. 

5.4.2 N2 adsoprtion and desorption isotherms and BET surface area. 

Figure 5.10 shows the Nitrogen sorption isotherm of PVM-alt-Na-MA:EDTA:Cu2+ 

with a ratio of 10:1:2.5. The surface area decreased dramatically reaching 18.59 

m2/g, as well as the Nitrogen adsorption amount around 1.8 cm3/g. This further 

confirms the detrimental effect of the EDTA on the gel structure. 
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Figure 5.10: Nitrogen adsorption-desorption isotherm of PVM-alt-Na-

MA:EDTA:Cu2+ of ratio of 10:1:2.5 

Summary 

The effect of number of carboxylates of the spacer ligand on the crosslinking 

density was investigated using tricarboxylate salts (NTA and trisodium citrate) 

and tetracarboxylate (EDTA). In all cases, the rigidity decreases in the presence 

of tricarboxylate and tetracarboxylate. This was observed by rheological 

measurements where the storage modulus G’ and loss modulus G” were lower 

than the hydrogel without spacer ligands. This was confirmed by the SEM 

images where the structures become less porous and more aggregated. The 

BET surface areas and N2 adsorption-desorption isotherms show a dramatic 

decrease in the surface area in all cases, suggesting the decrease in the 

crosslinking upon the addition of the tri/tetracarboxylate. This was attributed to 

the higher affinity of these ligands towards the metal ion forming soluble metal 

coordination complexes and therefore decreasing the crosslinking with the 

hydrogel. 



 
 

 

 

193 

 

 

Figure 5.11: The scheme showing proposed structure of the PVM-alt-Na-

MA:tricarboxylate/tetracarboxylate:Cu2+ hydrogels and the formation of metal 

complexes. 

In figure 5.11, we show a proposed scheme for the action of the tricarboxylate 

and tetracarboxylate ligands where it binds to Cu2+ to elucidate its role in 

decreasing the crosslinking. 
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Chapter 6: Filling of silver based hydrogels with antimicrobial properties2 

6.1 Introduction 

       Wound dressings are among the hot research topics due to their importance 

in everyday life. Designing an effective dressing requires being familiar with the 

type of the wound, the necessary healing process and the effective materials that 

affect the wound.226 166, 227 Starting from the definition of a wound, it is a 

discontinuity or a flaw in the skin which results as a consequence of medical 

conditions such as surgery or physiological conditions such as skin burns, 

pressure, or diabetic foot ulcers.228  

       Three types of wounds have been defined depending on the number of skin 

layers affected and the area of the skin as well. A superficial wound is shallow 

where only the epidermis is affected. Partial thickness wounds penetrate beyond 

the epidermis reaching deeper skin layers. Chronic wounds refer to the full 

thickness damage to deep tissues.226 Several issues need to be carefully handled 

and prevented, such as bacterial colonization, trauma and edema.229 

Commercially, plain gauze is still the most popular wound dressing.  

 

2 Xu, F.; Padhy, H.; Al-Dossary, M.; Zhang, G.; Behzad, A. R.; Stingl, U.; Rothenberger, A. 

J. Mater. Chem. B 2014, 2, 6406-6411. 

 



 
 

 

 

195 

It is frequently used due to its low price, being widely available, and interesting 

physical and chemical properties.  

Nonetheless, novel hydrogel dressings need to be developed to treat deep and 

dangerous wounds. The perfect wound dressings must have the potential to 

sustain a moist environment between the dressing and the wound, protect the 

wound and isolate it from sources of infection, absorb excess secretions of the 

wound including toxins, keep it cool, shows significant gas permeability, and it 

should be practically applied and removed in a facile and sterile manner without 

causing any additional trauma to the wound.230-231 In addition to these properties, 

the target wound dressing needs to follow market indicators. Hence, it should be 

cost effective, have a long shelf life, and minimizes the rate of changing of the 

dressing.166 

Hydrogels are promising candidates due their ability to keep the  wound cool, in a  

moist environment, analgesic effect, antimicrobial properties, and enabling 

autocatalytic debriding.232 Hydrogels have been applied in various applications 

especially in medicinal field. This is due to the interesting biocompatibility between 

hydrogels and tissues of the body due to their high water contact. The key function 

of hydrogel dressings is their ability to prevent the drying of the wound surface 

through their hydrating effect.233 This is especially beneficial in tendons with 

exposed structures that are prone to dehydration and herefore infection. Another 

interesting property of hydrogels in wound dressings is their ‘moisture donor’ effect 

in dangerous wounds that require debriding. They enhance the autolytic 
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debridement due to their ability to increase the moisture content of the damaged 

tissue. In addition to that, hydrogels exhibit a cooling effect on the wound that lasts 

for six hours and consequently reduces the pain and inflammatory processes as 

well.234 Hence, hydrogel dressings show analgesic effect on wounds, therefore 

resulting in an almost instant reduction in pain in burns and partial-thickness 

wounds.232 Hydrogels help in skin regeneration and therefore present a novel 

approach to cure damaged skin tissue with high biocompatible and bioactive 

materials.235 

Three types of wound dressings have been commercialized; sheet hydrogels, 

impregnated sheets, and amorphous gels. 

The sheet hydrogels, are comprized of a thin mesh which contains the gel material. 

Due to their high moisture content, these sheets are advantageous for partial 

thickness and full thickness wounds. They will overlap with skin but without sticking 

to it, which makes it easy to remove without causing any complications to the 

wound, such as trauma. These sheets are found in variety of sizes and can be 

customized to the desired wound area as well. They are rigid enough to stand 

without secondary dressings, making them suitable for shallow and flat wounds. 

However, the most prominent advantage of this type of dressings is that they can 

be kept on the wound for four days without changing.  

The second type of hydrogel dressings is the impregnated hydrogels, which is 

simply formed by gauze pads strips, to which gel is added.233 This type of sheet 

can not be used alone and needs  to be covered by a secondary dressing to cover 
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the entire wound area. It can also be inserted into deep wounds. These dressings 

contain an active ingredient to protect and treat infected wounds. Several 

examples of impregnated gauze have been reported such as those with iodine and 

zinc oxide or zinc ions. Iodine showed enhanced antimicrobial activity and zinc 

oxide enabled wound cleaning.236-237 Nonetheless, these gauzes still suffered from 

removal problems, since it may lead to trauma and the removal of the newly grown 

epidermis.238 

The third type of hydrogel dressings are amorphous hydrogels. These dressings 

do not have a specific shape but rather, are flexible. These hydrogels can be filled 

in many products such as tubes, spray bottles, and foil boxes. They are simple and 

easy to apply, using cotton gauze pads and they can be customized for irregular 

wounds. 

This property is particularly important in infected wounds where sheet hydrogels 

are less favorable. They are also superior to sheet hydrogel in terms of frequency 

of changing the dressing. They can be applied 2-3 times per day, which enhances 

the wound healing rate in comparison to sheet hydrogels. They loosen slough and 

protect exposed structures from drying. These hydrogels are free flowing which 

makes their use more efficient in deep wounds where their viscous nature allows 

them to penetrate into deep wounds. They can not stand alone but need to be 

covered by a secondary dressing such as gauze, for example. The crosslinked 

polymers in the structure of amorphous hydrogels allow them to expand and 

absorb the contaminated secretions of the wound, and facilare autolytic 
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debridment.229 This leads to the capturing of the bacteria and other molecules 

inside the fluid. 

Considering the properties of ideal wound dressings explained earlier, amorphous 

hydrogels seem to be the most efficient and promising type of dressings. 

As explained earlier, the ideal wound dressings need to contain antimicrobial 

agents to prevent infection which delays the healing process. Silver metal is 

known to be useful for wide variety of pathogens including Pseudomonas 

aeruginosa and Staphylococcus aureus.239 These two species of bacteria are 

common in deep wounds.240 The multiplication of these bacteria which is called 

critical colonization, leads to an increase in pain and delayed healing through the 

formation of thick slough. Therefore, the bacteria levels should be reduced 

through the use of topical antimicrobial dressing.239 

In this chapter, we describe the synthesis and characterization of the 

antibacterial properties of polymer hydrogel: poly [methyl vinyl ether-alt-mono-

sodium maleate].AgNO3. We also describe the filling of these hydrogels in an 

amorphous hydrogel form using the filling machine. The optimization of the filling 

process leads to commercialization of the silver hydrogels. 
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6.2 Synthesis of poly(methyl vinyl ether-alt-monosodium maleate) PVM-

alt-Na-MA and poly[methyl vinyl ether-alt-mono-sodium 

maleate].AgNO3 

In the first reaction step, one equivalent of sodium hydroxide was used to open the 

cyclo anhydride in the polymer chain to give PVM-alt-Na-MA. Next Silver nitrate 

aqueous solution (2.0 mL, 0.64 mol L-1,1.28 mmol) was added into PVM-alt-Na-

MA stock solution (10.0 g, containing 2.5 mmol of sodium carboxylate groups) and 

mixed in a scintillation vial. The colorless hydrogel poly[methyl vinyl ether-alt-

monosodium maleate].AgNO3 formed within 5 minutes. (Figure 6.1) The hydrogel 

in figure is three days old and as the gel ages, a gradual color-change from 

colorless to yellow is observed. The change in color is caused by Ag-nanoparticle 

formation with the polymer backbone acting as the reducing agent.241  

 

Figure 6.1 Left: PVM-alt-MA aq. solution; middle: AgNO3 aq. solution; right freshly 

prepared polymer hydrogel poly[methyl vinyl ether-alt-monosodium 

maleate].AgNO3 



 
 

 

 

200 

The synthesis of the hydrogel proceeds under different conditions. A number of 

variations were investigated, e.g., the concentration and amount of AgNO3-solution 

used to form the polymer hydrogel. Conditions are summarized in tables 6.1 and 

6.2. 

Table 6.1 Investigation of hydrogel formation condition of PVM/Na-MA solution 

(10.0 g) with different amount of AgNO3 aq. solution (0.64 mol/L) 

Amount of 
AgNO3 

(mL) 

PVM-alt-Na-

MA:Ag+ 

Hydrogel 

formation 

Hydrogel Formation 

conditions 

1.0 3.9:1 No Colorless solution but no 

hydrogel formed 

1.5 2.6:1 Yes Colorless hydrogel formed in 

2 hours and changed into 

dark brown color in one 

month 

2.0 2.0:1 Yes Colorless hydrogel formed in 

5 minutes and changed into 

dark brown color in one 

month 

3.0 1.3:1 Yes Colorless hydrogel formed in 

5 minutes and changed into 

dark brown color in one 

month 

3.5 1.1:1 No No hydrogel formation 

3.9 1:1 No Some cloudy items but no 

hydrogel formation 

  

From table 6.1, it can be observed that hydrogel forms when the amount of Ag+ 

ions is 1.5, 2, and 3 ml which correspond to ratios 2.6:1, 2:1, and 1.3:1, 

respectively. Hence, for the synthesis of hydrogels we utilize 2 ml of AgNO3 since 
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it allows forming hydrogel with fastest rate (within 5 min). It is noteworthy that the 

PVM-alt-Na-MA:Ag+ ratio of 2:1 is consistent with the coordination number of Ag+ 

that is 2. The silver ion binds to two carboxylate groups resulting in the 

crosslinking of polymer strands and hence hydrogel formation. To investigate the 

effect of the amount of carboxylate ligands on polymer backbone, two 

equivalents of sodium hydroxide to the cyclo anhydride in the polymer chain were 

also used to open the cyclo-anhydride. It was found that poly(methyl vinyl ether-

alt-disodium maleate) (PVM-alt-2Na-MA) solution can also be used for hydrogel 

preparation with a ratio of 1:1 at 4 mL of AgNO3.(see Table 6.2)  

Table 6.2 Investigation of hydrogel formation condition of PVM-alt-2Na-MA stock 

solution (10.0 g) with different amount of AgNO3 aq. solution (0.64 mol/L) 

Amount of 
AgNO3 

(mL) 

PVM-alt-Na-

MA:Ag+ 

Hydrogel 

formation 

Hydrogel Formation conditions 

2.0 2.0:1 Yes Only 10% of the solution formed 

hydrogel 12 hours later, the 

solution remained. 

3.0 1.3:1 Yes Only 20% of the solution formed 

hydrogel 12 hours later, the 

solution remained. 

4.0 1:1 Yes Colorless hydrogel formed in 2 

hours and changed into dark 

yellow and black color in one 

week 

5.0 1:1.3 No No hydrogel formation 

 

  



 
 

 

 

202 

However, at this ratio, the hydrogel formation needs longer time (two hours) to 

form and it changes to dark brown within one month. Therefore, we choose the 

ratio of 2:1 at 2 mL of AgNO3 for the scaling up. 

When the reaction of PVM-alt-MA, NaOH and AgNO3 are carried out at lower Ag+ 

and polymer concentration, no hydrogel formation is observed but slow formation 

of silver nanoparticles.241-242  

6.3 Antibacterial activity test of polymer hydrogel poly [methyl vinyl ether-

alt-mono-sodium maleate].AgNO3 

The antibacterial properties of silver-containing hydrogels or entrapped Ag 

nanoparticles have been investigated extensively.243-249 An important aspect is the 

improved cytocompatibility recently found in the of coordination polymer hydrogel 

fabricated by self-assembly of silver(I)-glutathione.250 This study combines 

favorable properties of a potential new wound dressing, e.g., the fast, scalable 

synthesis of the hydrogel poly [methyl vinyl ether-alt-mono-sodium 

maleate].AgNO3 with a nontoxic polymer PVM-alt-MA that is widely used for 

pharmaceutical purposes.251 Mixing of PVM-alt-Na-MA and AgNO3-solutions could 

allow hydrogel formation when needed on the wound and it would solve the 

problem of unfavorable coloration due to nanoparticle formation in the ageing 

hydrogel or Ag+/polymer solutions. The synthesis and characterization of these 

hydrogels were reported elsewhere.252 
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The antibacterial tests were carried out using gram-negative E. coli, P. aeruginosa 

and gram-positive S. epidermidis, that are frequently found on burn wounds.253 In 

this study, the zone-of-inhibition test method was used to examine the antibacterial 

activity of silver(I) hydrogel against the above-mentioned three bacteria on Luria–

Bertani (LB) agar plates. Details are explained in experimental section. Briefly, 

Ampicillin 5 mg.mL-1 and aqueous solution of poly(methyl vinyl ether-alt-maleic 

anhydride) 20 mg.mL-1 were taken as positive and negative control, respectively. 

The average inhibition zones and standard deviations out of three replicates for 

each bacterium are listed in Table 6.4 and images are shown in Fig. 6.2.  

Table 6.3 Antibacterial activity and zone of inhibition against selected bacteria 

 Concentration 

(μg.ml-1) 

Average zone of inhibition (standard deviation 

in mm 

E. coli            S. epidermidis     P. aeruginosa 

     

PVM-alt-MAa 20 0 0 0 

Ag(I)-

Hydrogelb 

5 16 (1.63) 12.6 (0.47) 11 (0.81) 

 10 18 (1.63) 14.6 (0.94) 13.6 (1.69) 

Ampicillinc 5 19 (0.81) 17.3 (0.94) 20 (0.81) 

a Aqueous solution of poly(methyl vinyl ether-alt-maleic anhydride) as a negative 
control.b Polymer hydrogel poly[methyl vinyl ether-alt-mono sodium maleate]. 
AgNO3.c Aqueous solution of ampicillin 5(μg.ml-1) as positive control. 

 

 

The data presented in Table 6.3 confirm that antibacterial activity of the silver(I) 

hydrogel depends on the silver concentration. The antibacterial activity of the 
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prepared hydrogel is comparable to ampicillin. Minimum Inhibitory 

Concentrations (MIC) tests of poly- [methyl vinyl ether-alt-mono-sodium 

maleate].AgNO3, AgNO3 and PVM-alt-MA against E. coli, S. epidermidis and P. 

aeruginosa were carried out in LB broth in order to evaluate the antibacterial 

activities quantitatively.  
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Figure 6.2 Antibacterial activity of ampicillin 5 μg/ml (I), polymer hydrogel 

poly[methyl vinyl ether-alt-mono-sodium maleate]∙AgNO3 [10 μg/ml (II), 5 μg/ml 

(III)] and Aqueous solution of poly (methyl vinyl ether-alt-maleic anhydride) (IV) 

against (a) E. coli, (b) S. epidermidis, and (c) P. aeruginosa (three replicates for 

each) The photographs were taken after incubation at 37 °C overnight. 

MIC values of the polymer hydrogel poly[methyl vinyl ether-alt-mono-sodium 

maleate]. AgNO3, AgNO3 and PVM-alt-MA were summarized in Table 6.4. The 

data were taken as an average of three experiments. Average MIC values of 

silver(I) hydrogel against E. coli, S. epidermidis, and P. aeruginosa were 4.17, 4.0 

and 3.66 mg.mL-1, respectively. 

Table 6.4 Average MIC values with standard deviation against selected bacteria 

 Average MIC value (standard deviation) in μg.ml-1 

E. coli                     S. epidermidis            P. aeruginosa 

    

Ag(I)-hydrogela 4.17 (0.23) 

 

4.0 (0.41) 3.66 (0.23) 

AgNO3
b 5.83 (0.23) 6.0 (0.00) 5.33 (0.23) 

PVM/MAc 3833 (236) 3000 (0.00) 2667 (236) 

a Aqueous solution of poly[methyl vinyl ether-alt-mono sodium 
maleate].AgNO3, poly(methyl vinyl ether-alt-maleic anhydride) as a 
negative control.b Aqueous solution of AgNO3.c Aqueous solution of 
poly(methyl vinyl ether-alt-maleic anhydride) 

 

 

The MIC values were even lower than those of AgNO3 (5.83, 6.0 and 5.33 mg.mL-

1), rather than those of the PVM/MA (3833, 3000 and 2667 mg mL-1), which 

exhibited the effective antibacterial activity and property of the silver(I) hydrogel 
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poly [methyl vinyl ether-alt-mono-sodium maleate].AgNO3 and indicating that the 

antibacterial activity of the silver(I) hydrogel is mainly due to silver release from the 

hydrogel. The release rate of soluble silver species is important to inhibit bacteria 

that have a relative long growth period. The release rate of silver ion from the 

hydrogel in phosphate buffered saline (PBS) was measured by the inductively 

coupled plasma (ICP) method. The concentrations of the released silver species 

were 48.9 mg mL_1 and 70.4 mg mL_1 (from 8640 mg of Ag mL_1 hydrogel) after 

one hour and six hours, respectively, which were much higher than the MIC values 

against E. coli, S. epidermidis, and P. aeruginosa. (Figure 6.3)  

 
Figure 6.3 Amount of silver released from the intact polymer hydrogel poly[methyl 

vinyl ether-alt-mono-sodium maleate]∙AgNO3 in PBS solution as a function of 

immersion time. 

The sustained release of silver species in PBS solution is beneficial to maintain 

long-term antibacterial activity. The formation characterization of the antibacterial 

properties of the hydrogel poly[methyl vinyl ether-alt-mono-sodium 
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maleate].AgNO3 were described. The synthesis of poly[methyl vinyl ether-alt-

mono-sodium maleate].AgNO3 can be scaled up and medical applications of this 

hydrogel for example as burn wound dressing will be explained in the next section. 

6.4 Scaling up and commercialization of silver based hydrogels. 

Scaling up of the silver hydrogels was achieved using a filling machine. The filling 

machine is designed for filling one container per cycle and to process different 

volumes. The filling volume must be adapted to the respective containers to be 

processed. The drive of the dosing machine is adjustable. The working speed can 

be changed at the geared motor which is advantageous in terms of flexibility. The 

operation of the machine is simple. First it is set up and fixed. Once the electrical 

connection is established properly, it can be put into operation. The process is 

started by cleaning the machine, by passing water and running several cycles. The 

first fillings should not be used. The machine has a starting position which is set 

by rotating the zero cam. The zero-run cam ensures that the dosing machine stops 

in a defined initial position when it is switched off. The switching point of the zero-

run switch can be changed by rotating the cam disc. The basic setting of the zero-

run switch is indicated by a red marking which is located on the gear-wheel and on 

the cam disc. The machine is user friendly and it can be operated through simple 

steps as follows. First, the feed rate needs to be specified. This is achieved by 

removing the machine covers on the left and right then observing the parallel 
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position of the cranked link rod and the eccentric lever. After the dosing machine 

has been switched off the machine must move into this position. 

Next, the "Filling machine ON" button on the control panel is pressed to switch on 

the dosing machine and the light in the button must light up. Then the container 

is positioned on the installation plate and the filling process can be started by 

pressing the foot switch. When the filling process stops, another container is 

placed under the filling valve, otherwise the foot switch is switched off again. 

Switching off the foot switch stops the filling process. The filling machine stops in 

a defined initial position after switching off. That means the machine does not 

stop immediately but only after reaching the initial position which is specified. 

 The machine enables changing of the feeding rate. By turning the knurled screw 

clockwise the metering quantity is increased, by turning counterclockwise the 

dosage is reduced. 

The pointer attached to the dosing adjustment moves during the adjustment. It is 

thus possible to read off the actual dosage on the scale which has two readings 

(Figure 6.4). 
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Figure 6.4 The position of the pointer used for dosing adjustment. 

The dosage should be adjusted to the desired dosage volume. Then the crank 

pin is clamped by tightening the knurled nut M8 again. Finally the provided pin is 

inserted into the bore at the end of the piston rod and then the piston rod is 

pushed forward until the adjusting ring (Fig.6.4 Position. 2) rests against the rear 

guide bearing (Fig.6.4 Position.1). Finally, the key is removed. It should be noted 

that the clamping bearing attached to the piston rod must be kept as free of play 

as possible and it must not be moved. The adjusted dosing volume is checked by 

weighing and measuring the first five bottlings. The filling quantities are the same 

from sample three to five. However, enough amount of gel need to be present in 

the storage container, or sufficient product needs to be sucked in. Furthermore, 

air must not be sucked in, otherwise inaccurate dosing will occur. 



 
 

 

 

210 

The outlet valve can be modified as well. The selection of the outlet valve affects 

the dripping, the foaming and the filling capacity. The outlet valve (Figure 6.5) is 

generally adapted to your bottle size. To change the outlet valve, the supplied 

key is needed. 

 

Figure 6.5 An image of the outlet valve and the centering prism underneath. 

A centering prism is mounted so that the containers are located centrally under the 

outlet valve. The centering prism has to be adjusted according to the container 

size. 

Adjustment of driving speed 

The drive speed of the dosing machine can be changed by means of the hand 

wheel attached to the variable speed gearbox of the drive motor (Figure 6.6).  
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Figure 6.6 an image of the hand wheel used to change the driving speed. 

The machine guard is provided with markings on the drive adjustment side. These 

marks indicate the direction of rotation for the reduction (-) or increase (+) of the 

speed. Turning the hand wheel clockwise causes a speed increase. Turning the 

hand wheel counter clockwise causes a speed reduction. The drive direction is 

indicated by a red arrow on the adjustment mechanism.  

The filling machine was successfully utilized to fill large number of samples with 

10 ml volume. We utilized the 5 liter hooper as the reaction medium. We started 

by scaling up the synthesis by mixing 300 times the volume of the starting material 

to  obtain 3 liters of the silver hydrogel. For this we used the ratio obtained earlier 

PVM-alt-Na-MA:Ag+ of 2:1. The PVM-alt-Na-MA stock solution (3000.0 g, 

containing 0.75 mol of sodium carboxylate groups) was added into the hopper. 600 
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ml of silver nitrate aqueous solution (0.64 mol/L) was added into the hopper and 

stirred. Then the dosage volume was set to 10 ml.  

 

Figure 6.7 shows the photograph of the 10 ml samples filled by the machine.  

It can be seen that all samples were homogenous and consistent. This is indeed 

important when discussing the applications of the synthesized hydrogels. 
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Summary 

The formation, characterization and properties of the hydrogel poly[methyl vinyl 

ether-alt-mono-sodium maleate].AgNO3 were described. Antibacterial tests 

showed the hydrogel had effective antibacterial activity. Therefore, the synthesis 

of poly[methyl vinyl ether-alt-mono-sodium maleate].AgNO3 was scaled up using 

the filling machine. The filling machine allowed us to fill a large number of samples 

of different volumes per one synthesis. The machine has several properties such 

as flexible volume dosage and tunable driving speed. These silver based 

hydrogels are advantageous as burn wound dressings. 
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Chapter 7 

Conclusion and Outlooks 

 

In this dissertation, we have focused on the synthesis and characterization of 

Cu2+ induced composite supramolecular polymer hydrogel comprising of the 

poly[methyl vinyl ether-alt-mono-sodium maleate]·with or without additional 

chelating dicarboxylates.  

In Chapter 1, we have presented an introduction to the concept of hydrogels and 

the type of crosslinking, i.e. physical and chemical gels. Then we described the 

different types of interactions utilized in the synthesis of supramolecular 

hydrogels such as hydrogen bonding, host-guest complexation, hydrophobic 

interactions, ionic/electrostatic interactions, and metal-ligand coordination. Due to 

their interesting properties, we later focused on the metal-ligand coordination to 

form supramolecular polymer hydrogel. A recent literature review was provided 

highlighting the advancement in this field. Finally, the potential applications of 

these materials were presented. 

In Chapter 2, which is the experimental section, we have explained the different 

instrumentation used in our work. These techniques include FTIR, NMR, TGA, 
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BET surface area, SEM and cryo SEM, and we thoroughly explained the principles 

and important parameters in rheology. 

The synthesis of the polymer stock solution, the metal ion solution, the di/tri/tetra 

carboxylate spacer ligand solution were explained. The preparation of hydrogels 

and attempts to modify the pH were also explained. 

In Chapter 3, we have studied the effect of using different transition metals divalent 

Cu2+, Ni2+, Zn2+, and Co2+ ions as well as trivalent Fe3+  and Al3+  ions on hydrogel 

formation. Only hydrogels were formed between Cu2+, Fe3+ and Al3+ and PVM-alt-

Na-MA. The mechanical properties and rigidity were characterized by dynamic 

rheology using frequency sweep and amplitude sweep. The BET surface areas 

were measured using N2 sorption isotherms. The morphology of the gels were 

evaluated by SEM and Cryo SEM as well as 3D Cryo SEM. Two factors were 

evaluated such as the PVM-alt-Na-MA:Mn+ molar ratio, which was studied for the 

three metals and the pH of formation. The optimum molar ratio for PVM-alt-Na-

MA:Cu2+ is found to be 10:2.5 showing the highest elastic properties and a BET 

surface area of 177.96 m2/g. The optimum ratio for the PVM-alt-Na-MA: Fe3+ and 

PVM-alt-Na-MA:AL3+ were found to be 10:2.5 and 10:4, respectively. This allowed 

us to predict that Cu2+ and Fe3+ for biscomplex with the polymer chain, while 

aluminum binds in tricomplex. Nonetheless, The PVM-alt-Na-MA:Cu2+ hydrogel 

showed better rheological properties than PVM-alt-Na-MA:Fe3+ and PVM-alt-Na-
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MA:Al3+. Therefore we focused on these optimum hydrogel conditions for further 

optimization. 

 In Chapter 4, we studied the effect of using dicarboxylate spacer ligands on the 

crosslinking density and consequently the mechanical rigidity and stability of the 

gel. For this purpose, the total surface area, pore volume and rigidity of this 

hydrogel were measured in the presence of additional chelating dicarboxylates. 

Results indicated that dicarboxylate units help to increase the crosslinking by 

giving more chelation and also keeps a certain distance between them due to their 

length in the networked structure. Total surface area, pore size and the rigidity of 

polymer hydrogels can be tuned by Cu2+ ion as well as carboxylate concentration. 

The highest total surface among these hydrogels was found to be 646.9 m2/g with 

a total pore volume 3.17 cc/g and highest N2 uptake 2051 cc/g, shows the ability 

of these materials for preferential gas adsorption. We provided preliminary results 

of the gas selectivity for CO2 of the gels synthesized using adipate spacer ligands 

over N2 and CH4.  

This work proves the concept of a novel approach to enhance the mechanical 

stabilities and structure of hydrogels using metal ligand coordiantion. The 

structure, denticity, and functional groups of the spacer ligands can greatly affect 

the gel properties and hence there is a room for optimization of the gel properties 

by understanding the effect of these factors and optimizing the spacer ligands. 
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 In chapter 5, the effect of denticity of the spacer ligand on the crosslinking density 

was investigated using tricarboxylate salts (NTA and trisodium citrate) and 

tetracarboxylate (EDTA). In all cases, the rigidity decreases in the presence of tri 

and tetra carboxylate. This was observed by rheological measurements where the 

storage modulus G’ and loss modulus G” were lower than the hydrogel without 

spacer ligands. This was confirmed by the SEM images where the structures 

become less porous and more aggregated. The BET surface areas and N2 

adsorption-desorption isotherms show dramatic decrease in the surface area in all 

cases, suggesting the decrease in the crosslinking upon the addition of the tri/tetra 

carboxylate. This was attributed to the higher affinity of these ligands towards the 

metal ion forming soluble metal coordination complexes and therefore decreasing 

the crosslinking with the hydrogel. 

In Chapter 6 the formation, characterization and properties of the hydrogel 

poly[methyl vinyl ether-alt-mono-sodium maleate].AgNO3 were described. Silver-

based hydrogels have been chosen to be scaled up since show effective 

antibacterial activity. The medical applications of poly[methyl vinyl ether-alt-

mono-sodium maleate].AgNO3 were considered as an amorphous burn wound 

dressings. We investigated the commercialization of these hydrogels utilizing the 

filling machine for scaling up the synthesis and filling of large number of samples.  

Finally, this work shows the importance of carefully designing the supramolecular 

metallo hydrogels through the choice of the metal ion and spacer ligands. It opens 
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the door to a novel approach to enhance the properties of several hydrogels 

through the addition of spacer ligands. 
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