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Summary 

Pressure Sensitive Adhesives (PSA) need to integrate viscous and elastic properties to ensure 

tackiness and resistance to strain in the application. The use of physical interactions as crosslink 

points has been proposed as a molecular design strategy to solve these apparently contradictory 

requirements. In this context, this PhD Thesis proposes synthesis routes to obtain PSA 

formulations with physical crosslinks based on oppositely charged moieties. The derived materials 

present improved adhesion performance based on stress dissipation by the remodeling of the 

ionic bonds during deformation. 

In a first approach, the emulsion polymerization of n-butylacrylate (n-BA) and styrene with ionic 

comonomers methacrylic acid and 2-(Methacryloyloxy)ethyl trimethylammonium chloride 

(MAETAC) was studied. The hydrophilicity of the cationic monomer led to homopolymerization in 

the water phase and hindered the formulation of adhesive mixtures. In a second alternative, the 

synthesis of acrylate-based polyampholytes was attempted by polymerization of n-BA, Methyl 

methacrylate, MAETAC and 2-hydroxyethyl methacrylate ester phosphoric acid using isopropanol 

as solvent. Adhesive formulations with tunable adhesion performance depending on the content, 

the stoichiometry and the nature of ionic monomers were obtained. Finally, secondary  

water-borne dispersions were developed from these copolymers in order to avoid the presence 

of organic solvent in the final product. The polymer networks showed high adhesion-cohesion 

balance and compete with commercialized products. 
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Zusammenfassung 

Haftklebstoffe müssen Viskosität und Elastizität in die gleiche Formulierung integrieren, um 

Klebrigkeit und Beständigkeit gegen Dehnung in den Anwendungen zu gewährleisten.  

Die Verwendung physikalischer Wechselwirkungen als Vernetzungspunkte wurde als molekulare 

Entwurfsstrategie vorgeschlagen, um diese widersprüchlichen Anforderungen zu lösen. In diesem 

Zusammenhang schlägt diese Doktorarbeit vor, Synthesewege zu finden, um Haftklebemassen 

Formulierungen mit physikalischen Vernetzungen auf der Basis von entgegengesetzt geladenen 

Einheiten zu erhalten. Die abgeleiteten Materialien weisen verbessertes Adhäsionsverhalten auf, 

das auf dem Spannungsabbau durch das Umordnen der Ionenbindungen während der 

Verformung beruhen. 

Zunächst wurde die Emulsionspolymerisation von n-Butylacrylat (n-BA) und Styrol mit ionische 

Comonomere Methacrylsäure und 2-(Methacryloyloxy)ethyltrimethylammoniumchlorid (MAETAC) 

untersucht. Durch hohe Hydrophilie, neigte das kationische Monomer allerdings zu einer 

Homopolymerisation und führte nicht zur gewünschten ionischen Vernetzung und verbesserten 

Klebstoffeigenschaften. Daraufhin wurden Polyampholyte auf Acrylatbasis durch die 

Polymerisation von n-BA, Methylmethacrylat, MAETAC und Phosphorsäure 2-hydroxyethyl 

Methacrylester in Isopropanol hergestellt. Das Adhäsionsverhalten der Polymere konnte durch 

Änderung des Gehalts, der Stöchiometrie und der Art der ionischen Monomere eingestellt werden. 

Schließlich wurden aus diesen Copolymeren sekundäre Dispersionen auf Wasserbasis entwickelt, 

um die Anwesenheit von organischem Lösungsmittel im Endprodukt zu vermeiden. Es wurde ein 

gutes Adhäsions-Kohäsions Verhältnis gefunden, sogar konkurrenzfähig zu bestehenden 

kommerziellen Produkten. 
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Abbreviations and acronyms 

 

ε Strain 

εB Strain/elongation at break 

εmax Strain/elongation at maximum stress 

ηflow Flowing viscosity 

ω Angular frequency 

ωBonding Angular frequency at bonding frequency 

ωc Angular frequency at cross-over 

ωDebonding Angular frequency at debonding frequency 

ϒ Shear amplitude 

σB Stress at break 

σmax Maximal stress 

σpeak Stress at peak 

σplateau Stress at plateau 

σY Stress at yield 

ν Conformation factor 

aT Horizontal shift factor 

A Adhesive failure 

bT Vertical shift factor 

AFM Atomic Force Microscopy 

ATR-IR Attenuated total reflection infrared spectroscopy 

AUC Analytic Ultracentrifuge 

CTA Chain transfer agent 
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Cs Chain transfer constant 

D Dispersed state 

D10% Average particle diameter for 10% of the population 

D50% Average particle diameter for 50% of the population 

D90% Average particle diameter for 90% of the population 

DMAEMA Dimethylaminoethyl methacrylate 

DTMACl Dodecyl trimethylammonium chloride 

DMSO Dimethylsulfoxide 

DP Degree of polymerization 

DPn Number average degree of polymerization 

DSC Differential scanning calorimetry 

E Young’s modulus 

EDX Energy dispersive X-ray spectroscopy 

eq Molar equivalent 

EtOH Ethanol 

F Filmic failure 

Fe2(SO4)3 Iron II trisulfate heptahydrate 

Fmean Mean peel force 

G Glassy failure 

G’ Shear storage/Elastic modulus 

G’’ Shear loss modulus 

Gc Shear elastic modulus at cross-over 

GC Gas chromatography 

Gel% Gel content 

HDC Hydrodynamic chromatography 
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HFIP Hexafluoroisopropanol 

HPLC High performance liquid chromatography 

H2O2 Hydrogen peroxide 

ionicX Ionic comonomers weight fraction 

iPrOH Isopropanol 

IR Infrared spectroscopy 

K Cohesive failure 

KOH Potassium hydroxide 

M Molar mass 

MAA Methacrylic acid 

MAETAC 
(2-(Methacryloyloxy)ethyl) 

trimethylammonium chloride solution 

MAEEOAMS 
(2-(2-(2-meyhylprop-2-enoyloxy)ethoxy)ethyl) 

trimethylammonium methylsulfate 

MALLS Multi-angle light scattering 

MAMPTAC 3-(methacryloylamino)propyl) trimethylammonium chloride 

MAPTAMS 
(3-(2-methylprop-2-enoyloxy)propyl)trimethylammonium 

methylsulfate 

Mc Molecular weight between crosslinks 

Me Molecular weight between entanglements 

MEK Methyl ethyl ketone 

MMA Methyl methacrylate 

Mn Number average molecular weight 

Mw Weight average molecular weight 

NaPS Sodium persulfate 
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n-BA n-butyl acrylate 

NH3 Ammonia 

NMR Nuclear magnetic resonance spectroscopy 

PDI Polydispersity index 

PE Polyethylene 

PET Polyethylene terephthalate 

Polystep® Phosphoric acid 2-hydroxyethyl methacrylate ester 

PP Polypropylene 

pphm Party per hundred monomers 

PSA Pressure-sensitive adhesive 

PUD Polyurethane dispersions 

PVC Polyvinylchloride 

RAFT Reversible addition-fragmentation chain transfer 

RI Refractive index 

ri Reactivity ratio 

Rg Radius of gyration 

Rongalit C Sodium formaldehyde sulfoxylate 

S Solution state 

S+KOH Solution with added KOH state 

SEC Size-exclusion chromatography 

SPP Single particle preparation 

St Styrene 

T Temperature 

t1/2 Half-life time 

tan δ  Shear tan modulus 
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t-BHP tert-butyl hydroperoxide 

t-BPPVT tert-Butyl peroxypivalate 

t-BP2EH tert-Butyl peroxy-2-ethylhexanoat 

tc Contact time 

t-DMK Tert-dodecyl mercaptan 

TEM Transmission electron microscopy 

Tg Glass transition temperature 

TTS Time-temperature superposition 

UV Ultraviolet 

vdeb Debonding velocity 

VOC Volatile organic compound 

Wdeb Work of debonding 

Z Zippy failure 
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I.1. ADHESIVES AND ADHESION 

A. History of adhesives 

While adhesion might appear as a very common and trivial process nowadays, the use  

of adhesives during Prehistory was a proof of advanced cognitive state. The first evidence found 

of adhesives goes back to the Middle Stone Age approx. 200 000 years ago[1] (Middle 

Pleistocene). During that period, adhesives were formulated from plant resins and were used to 

assemble tools such as knives and arrows. Many studies refer to birch bark gums as adhesives 

for making of tools. The bark was distilled into pitch and then chewed to make it malleable. 

Recently, scientists were able to recover DNA from the adhesive gum[2, 3] and could propose  

a visual appearance and diet of the individuals living during the Mesolithic period in Scandinavia; 

making also adhesives important archeologic aid. In Ancient Egypt (~3000 BC), adhesives[4] 

were prepared from honey, starch and beeswax for constructions, paints and papyrus. Later on, 

latex from caoutchouc trees was imported in Europe during the conquest of America in the 16th 

century. It was then widely used in industries, allowing the invention of rubbers and development 

of many other products of our era. 

Nowadays, adhesives are also widely used in direct consumer applications such as office or 

masking tapes; these last even became decorative items in the last 15 years. Silicon joints or hot 

glue guns for private use are also very common. From a Business to Business perspective, 

adhesives also find many applications in construction (e.g. binders in mortars, joints in plumbing, 

tapes for electrical wires…), in furniture, electronics, automotive, aviation, pharmaceuticals and 

the food industry[5]. Adhesives in automotive and aviation raise currently high interest because 

they lower weight and surface roughness when applied to external structures; thus, minimizing 

drag of air or water in comparison to mechanical binding (screws, etc…). They also enlarge 

bonding area and lower stress concentration for longer life-time of products. 

 



Chapter I – Adhesion & pressure-sensitive adhesives 

 

22 

Most of adhesives are not used as such but are the results of thorough research on syntheses 

and formulations. Additives such as wetting agents, tackifiers, starch or thickeners can be used 

to improve the different features of adhesive products. Surface treatments can also be realized 

to attain this goal; they can consist of changing the chemistry of the substrates (phosphate, 

chrome conversions…), their physical properties with plasma and corona or their topography with 

cleaning and abrasion. 

The strong dependence of adhesion on surface interactions represents the major disadvantage 

of adhesive bonding. Surfaces might need intense, costly and time-consuming preparation to 

reach an acceptable performance. Adhesives must be formulated for each type of application,  

as the adhesion properties are surface specific. Adhesives are thus advanced technology and 

tailor-made solutions need to be found for each final application. Their ubiquity and versatility 

make them relevant materials throughout the centuries, yet current environmental challenges 

push the economy to a circular approach which encourages reuse, refurbishment, 

remanufacturing and recycling of various products. In many cases, adhesives are used to join 

two parts together without targeting a possible disassembly which might be an ambush to those 

circular processes. It thus appears the sustainability of products and their design need to be 

considered already upfront in their chemistry. The prospects for adhesives are therefore strongly 

related to recyclability; in cardboards and in laminated packaging or even labeling.  

The future of adhesives should also be in the aerospace and aeronautic fields. 

Lighter, high performing adhesives which sustain extreme environmental conditions are always 

required; not only for costs saving but also for reducing oil consumption and pollution. Stimuli-

responsive adhesives are also getting more and more interest for medical applications especially 

transdermal drug delivery. New methods for wound dressing (external or transdermal) aim for 

the procedures to be less invasive, improve the healing rate and the patient’s recovery. 

Finally, conductive adhesives are becoming of high interests for electronics, solar panels and 

electrical batteries, and should become one of the biggest trends in the special purpose segment. 
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This thesis falls within the scope of finding high performance pressure-sensitive adhesives by 

using a new crosslinking chemistry, first for standard application like labels, tapes and packaging. 

Once sufficient knowledge will be gathered, the technology could be developed for specific 

purposes in different fields. 
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B. How does glue stick 

In 2019, adhesion is still a phenomenon that stimulates many interrogations. Different adhesion 

mechanisms have been proposed in the last decades. The key theories are outlined in  

the following paragraphs[6-10]. Each individual mechanism is not necessarily universal but can 

contribute to some extent to the adhesive performance of a glue. Some illustration schemes are 

given in Figure 1. 

• Mechanical interlocking[11]: 

The mechanical interlocking refers to adhesion resulting from anchoring to a substrate by filling 

the empty cavities created by surface roughness. This adhesion mechanism is only effective if  

the surface is clean and that no impurity is filling the rough topography of the substrate. 

The rheological properties of the adhesive are important: the adhesive should have 

a Newtonian-type behavior to be able to flow in the small cavities and increase the contact area 

between the two adherents. However, adhesives are typically viscoelastic materials and do not 

act as Newtonian fluids. Plus, the theory doesn’t provide an explanation for successful adhesion 

on smooth surfaces. 

• Adhesion by diffusion[12]: 

Diffusion theory suggests that the molecules of the adhesive and the substrate intermingle at  

the surface in the range of 1 to 100 nm so that no physical discontinuity is observed between 

them. For this mechanism to apply, both adherends should be composed of long polymer chains 

with high mobility and that the solubility between both materials is high. This theory is applicable 

for adhesion between soft surfaces, for elastomers and structural adhesives.  
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• Adhesion based on electrostatic interactions[13, 14]: 

Electrostatic interactions apply to the cases where two surfaces with uneven electron distribution 

are brought into contact, electrons are exchanged to favor a lower energetical state; this results 

in the formation of an electrical double layer at the interface and strong interaction. Yet, it has 

been demonstrated that this phenomenon is not of high contribution[10] in the case of strong 

adhesion of soft polymers (as studied in this thesis). 

• Adhesion by intermolecular forces[15]: 

This theory suggests intermolecular forces are formed across the interface of the two adherends. 

Hydrogen, van der Walls, dipole-dipole and London dispersion interactions contribute and improve 

the bond between two adherends. The theory is applicable to a very wide range of materials, 

but all these types of interactions necessitate a very close contact between adherends when 

considering their scale of actions. 

• Adhesion by wetting[16, 17]: 

Wetting refers to the ability of a liquid or material to form an interfacial contact with a surface. 

Wetting theory therefore proposes that adhesion between the two adherends result from intimate 

continuous contact. However, such contact requires that the adhesive owns a lower surface 

tension (critical surface energy) than the substrate. Adhesion will be defective in the case of 

incomplete wetting (interfacial defects) and for low energy substrate (usually plastics like 

polyethylene, polypropylene…). For the latter case, surface treatments were developed  

to increase the surface energy and polarity and improve adhesion. 
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• Rheological theory for adhesion[18-21]: 

Most previous theories report adhesion mostly as an interfacial phenomenon while it was recently 

suggested that adhesion is a property of the entire system adhesive-substrate-interface 

chemistry; and that the bulk properties of the adhesive play an important role. 

The rheological properties of an adhesive determine its capacity to flow under an applied stress. 

Yet, various stresses (compressive, shear…) are applied onto an adhesive system, which should 

thus be restrained to prevent fracture of the adhesive bond. It was demonstrated that pure 

adherence (interfacial chemistry) had a lower impact on the strength of this bond while  

the capacity for deformation (rheological properties) was determinant; further details will be given 

in I.2.F.  

 

 

 

 

 

 

 

 

Figure 1. Schematic illustration of adhesion mechanisms: a) mechanical interlocking, b) diffusion, 

c) electrostatic interactions, d) chemical interactions and e) wetting 
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good wetting 
 



Chapter I – Adhesion & pressure-sensitive adhesives 

 

27 

I.2. PRESSURE-SENSITIVE ADHESIVES 

Pressure-sensitive adhesives (PSA) are a class of adhesives for which high adhesion should not 

require a pressure exciding the one given by a finger or a hand. They are viscoelastic polymers 

and should readily form contact with the substrate (stickiness or tackiness feature) preferably 

within the application time and temperature. They are composed of an adhesive layer coated on 

a backing that can be made of various materials such as paper, polyethylene terephthalate (PET), 

polypropylene (PP), polyvinyl chloride (PVC), etc. They are widely used products and many studies 

have been aiming to understand their adhesion mechanism and link to their mechanical 

properties. 

A. PSA in industry 

Pressure-sensitive adhesives (PSA) are the largest end use for adhesives in the world before 

Packaging and Woodworking (market segments are displayed in Figure 2). They represented 

about 27% of the sales volume in 2014[22] and are still on top of the adhesive market in 2019. 

PSAs market segments include food & beverage, construction, electronics, automotive and 

healthcare. Growing demand of speciality tapes especially for automotive and healthcare, highly 

contribute to the PSAs global sales. 

In Europe, the PSA market was worth around 840 million € in 2018 and is expected to worth 

around 860 million € this year 2019 (internal numbers). Italy is the first regional manufacturer of 

PSA in Western Europe but Germany has the largest market share (~23%)[22]. 

Globally, 49% of the market is led by the Asia pacific region, followed by North America and 

Europe[23, 24]. The world market was evaluated to 80 billion € (90 billion $) in 2016, by 2024 it 

is projected to reach 135 billion € (150 billion $) with an annual growth rate of 6.5%[25].  

The price of PSA products is mostly influenced by the raw materials & production energy costs. 

And on the other hand, trending PSA products trends are becoming more environmentally 

friendly: water-based and with paper backing and suggest an opening on this market segment.
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Figure 2. Market segments for adhesives 
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B. Chemistry of PSA and their influence on polymer properties 

PSA can be prepared as hot-melts, solvent or water-borne polymers, by radical or anionic 

polymerizations. Various types of monomers are usually used: acrylates, acrylamides, 

isocyanates, acetates, vinyls and divinyls.  Each monomer brings a certain functionality to  

the adhesive but functional monomers can be also added for preferable end-use features such as 

water-resistance, favoured stability or adhesion to specific substrate etc[26]. 

The mechanical properties of the adhesive films can be adjusted by the chemical design of  

the polymer. The main characteristics on which PSA can be tuned are the following: the molecular 

weight Mw and the molecular weight between entanglements Me, 

the glass transition temperature (Tg), the crosslinking density dc and the degree of chain 

branching. The molecular weight of the polymer plays a key role as it should be low enough for 

the chains to follow viscous flow but high enough so that the entanglements provide inner 

cohesion to the polymer. The Mw and its distribution can be tuned in different ways, the amount 

of initiator can be adjusted, different process techniques can be used, chain-transfer agents (CTA) 

can also be added to control the polydispersity[27]. The Tg corresponds to the temperature above 

which the polymer is amorphous, and the polymer chains answer only to reptation i.e. viscous 

flow. The latter is important to achieve good tack of a PSA, the qualitative tackiness corresponds 

to the ability of the PSA to quickly stick to a surface, i.e. quickly optimize contact area. 

The Tg of a PSA is adjusted with different combinations of monomers[27, 28].  

The polymer chain architecture affects the mechanics and adhesion. Slight branching can slightly 

increase the stiffness of the polymer and provide inner-strength to the adhesive without losing 

much substrate binding. Chain branching can be induced deliberately in the prepolymer structure, 

though in most adhesive formulations, the presence of branched chains results from transfer 

reactions of the growing polymer chains.  
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The crosslinking density also has a strong influence on the viscoelasticity of the polymer and thus 

the adhesion properties. Usual crosslinks are covalent, they can be introduced during  

the polymerization with a crosslinking agent or after application, this is the case for UV 

crosslinkers in acrylic formulations[29]. These PSAs have the advantage that they can be applied 

in their non-crosslinked state, so viscous and still very tacky. The covalent crosslinks are then 

triggered by UV light and provide high cohesion to the system while the two adherends are 

already bonded. Non-permanent crosslinks are technologies being developed to improve 

adhesives performance (especially underwater or in wet environment) and will be discussed in 

the next paragraph I.2.C. 

The challenge of PSA chemistry thus lies in the delicate balance between the linearity of polymer 

chains, required for good flowing and bond formation, and the rigidity of a polymer network, 

to provide mechanical resistance. Although both properties are antagonists, they are at the same 

time interconnected; adhesion is a measurement of both features at the same time. 

This limitation is actually also an advantage as it allows us to design PSA products for specific 

applications. However, in order to always obtain better performing PSAs, both properties need to 

be improved at the same time. 
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C. New types of chemistries for PSAs 

The exploitation of reversible interactions (i.e. dynamic bonds that can break and reform) for 

mechanical reinforcement of crosslinked networks, has been investigated in different fields.  

Non covalent bonds for self-healing coatings[30-36] and medical hydrogels[37-39] and for drug 

delivery polymers[40-44] have been reported. Adhesives are no exception. 

Current inspiration for new developments in adhesive design comes from materials designs in 

living organisms: animals[45-47], insects[48, 49] or even plants[50-53] have develop their own 

adhesives to survive within harsh environments, protect from predators or catch prays.  

One of the most studied organisms which can produce adhesives with outstanding performance 

underwater are mussels and sandcastle worms. The two adhesives are based on non-covalent 

interactions: ionic, hydrogen bonds and metal coordination. These interactions intervene in  

the setting mechanism and/or the interfacial interactions and/or the cohesive strength 

(crosslinking). They have inspired various work on new synthetic adhesives and PSAs and showed 

strong potential in stimuli-responsiveness, wet adhesion and tuning rheological/mechanical 

properties.  

i. Metal coordination and hydrogen bonding 

• The adhesive composition of mussel adhesive proteins 

Mussels are marine animals that adhere to a variety of surfaces underwater. Anchoring of mussels 

occurs by secretion of mussel foot adhesive proteins (mfps), which interact with the surfaces of 

the rocks[54-58]. More than nine different proteins take part in the adhesion and coating of  

the mussel byssus, the most important ones were illustrated by Wei et al.[59] in Figure 3.  

The threads are made of the mussel foot protein mfp-1 which contain around 10-15 mol%  

of hydroxylated tyrosine residues into 3,4-dihyroxyphenyl-ʟ-alanine (dopa). mfp-2, mfp-4 and 

mfp-6 proteins are the core of the byssal foot and insure the cohesion between the adhesive 

plaque and the byssal threads. 
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The cohesive strength of mussel adhesive relies on complexation between Fe3+ ions and 

catecholate groups (from dopa)[59]. Other reversible interactions like electrostatic interactions 

between phosphate and quaternary ammonium groups, cation-π interactions and hydrogen 

bonding contribute as well. Covalent bonds formed between dopa-quinone after oxidation  

of catechol also participate. 

It was recognized that mfp-3 and mfp-5 are the proteins providing adhesion to the surfaces and 

are so called “adhesion primers”. They contain the highest amount of dopa which was thus 

recognized as the main provider of adhesion through surface interactions. Mfp-3 are mainly 

composed of 10-20 mol% of dopa and hydroxylated arginine (R) and Mfp-5 of phosphoserine 

plus 30 mol% of dopa residues. 

 

 

 

 

 

 

Figure 3. “Byssal plaque proteins of Mytilus. A mussel (M. californianus, inset) is shown attached to a 

polymer plate. One of its plaques (shown in dotted yellow box) is enlarged as a schematic drawing to 

illustrate the approximate distribution of known proteins.” Reprinted with permission from 

Hydrophobic Enhancement of Dopa-Mediated Adhesion in a Mussel Foot Protein, W. Wei et al., 

Journal of the American Chemical Society, 2013, 135, 1, 377-383[59], Copyright © 2012  

American Chemical Society. 
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The adhesion of the three mussel foot proteins mfp-1, mfp-3 and mfp-5 was studied[60] with 

a surface force apparatus (SFA) and showed high dependence over the substrate nature and 

therefore interfacial properties. It was also shown that the contact time influenced adhesion as it 

followed the order of molecular flexibility mfp-3 > mfp-5 > mfp-1. But in general, the main 

adhesion promoter of the mussel foot is the bidentate hydrogen bonding between the byssus and 

the substrate. However, it can be suppressed in neutral and high pH conditions. Wei et al.[59] 

have studied the other mechanisms involved in adhesion in the mfp-3 when the hydrogen bonding 

is abolished (neutral pH). 

Adhesion of mfp-3 slow to mica, the self-interactions of mfp-3 and the interactions of mfp-3 with 

other proteins were tested thanks to a SFA[59]. The trend of the adhesion of mfp-3 slow on mica 

decreasing with highering the pH was demonstrated. At pH 7.5, mfp-3 slow still showed significant 

adhesion, and suggested the dopa groups may be differentially prone to oxidation than in mfp-3 

fast. Moreover, the adhesion of mfp-3 slow at pH 3, 5.5 and 7.5 was dependent of the contact 

time. For longer contact time, adhesion was much higher at pH 5.5 and 7.5 than at pH 3.  

The authors suggested that when the pH increases to 7.5, the dopa-mediated interactions are 

lowered, the pI of the protein is reached, and the proteins are almost neutralized. 

This results in a more packed structure of the proteins, favoring inter-residue H-bonding 

(dopa/dopa, dopa/other amino acid residue) and hydrophobic interactions.  

• Dopa coordination and ionic bonding in bioinspired adhesives 

Based on the dopa chemistry, several mussel-mimicking adhesives[61-66] and 

metal-coordination crosslinking for polymers[35, 61, 67-69] were proposed. By combining both 

ionic interactions and the chemistry of dopa, Kim, Hwang et al.[63] have disclosed the preparation 

of a very efficient adhesive sealant for urinary fistula. A “water-immiscible mussel protein-based 

bioadhesive” (WIMBA) was prepared by mixing the recombinant mussel adhesive protein (rMAP) 

fp-151 and hyaluronic acid (HA), as illustrated in Figure 4.  
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rMAP was prepared by E. coli expression hosting and the tyrosine residues were modified  

post-synthesis to dopa, by mushroom tyrosinase[63]. Overall, rMAP contained around 18 mol% 

of dopa residue. To form the coacervate adhesive (polyelectrolyte dense phase) by interpolymer 

electrostatic interactions, rMAP was mixed with HA with a weight ratio of 6:4 and pH>5.5. 

As in the mussel foot, curing and cross-linking of the adhesive was realized by dopa oxidation. 

To ensure fast curing, sodium periodate (NaIO4) was added as catechol oxidant. Lap-shear tests 

were carried out underwater to measure the adhesive cohesive strength.  

Concentrations of 100mM of NaIO4 and curing time above 6 h were necessary to obtain sufficient 

bulk cohesion of the adhesive. 

Adhesion of the coacervate to aluminium was good (G=0.88 MPa) and was the highest to porcine 

skin (0.12 MPa) and rat bladder (0.14 MPa) in comparison to the 2-octyl cyanoacrylate and fibrin 

glue. The authors recognized that the dopa residues not only improved the adhesion to biological 

tissues through hydrogen bonding but also through covalent bonding with nucleophilic groups 

such as -NH2, -SH, -OH and -COOH[63]. Finally, ex-vivo experiments showed that the developed 

WIMBA could seal punctured bladder and withstand intravesical pressure. 
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Figure 4. “Schematic representation of WIMBA, rMAP-based water-immiscible fluid bioadhesive, employed 

by the chemistries of dopa and complex coacervation for urinary fistula sealing.” Reprinted with 

permission from [63]. Copyright © 2015 Elsevier Ltd. 

• Other metal-coordination bonds as reversible crosslinkers 

The combination of metal-coordination and hydrogen bonding [70-72] has also been proposed to 

build metallosupramolecular polymers with interesting adhesive properties [73-79]. On example 

was obtained by introducing 2.6-bis(1’-methylbenzimidazolyl)-pyridine (Mebip) ligands in 

telechelic poly(ethylene-co-butylene) (PEB) and mixing with zinc (II) bistriflimide (Zn(NTf2)2) 

metal ions. The metallo polymer [Znx(Mebip-PEB-Mebip)(NTf2)2x was compared with the same 

PEB modified with ureidopyrimidinone (Upy) motifs; which provide intermolecular hydrogen 

bonding for the final polymer (Upy-PEB-UPy) (illustration given in Figure 5[70]).  

Optimum coordination with the divalent zinc ion was obtained by mixing 0.8 mol of Zn(NTf2)2 and 

gave the polymer [Zn0.8(Mebip-PEB-Mebip)(NTf2)1.6 [70].  
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Both metal-ligand and urea motifs acted as crosslinks for the rubbery PEB but at 25°C, 

[Zn0.8(Mebip-PEB-Mebip)(NTf2)1.6] was much stiffer (higher tensile storage modulus) than  

Upy-PEB-UPy as the interactions are stronger. As the metal-ligands absorb UV light, it is 

transformed in heat and induce dissociation of the motif. Under exposure to UV light, the polymer 

can thus regain its flowing character. The reversible adhesion of [Zn0.8(Mebip-PEB-

Mebip)(NTf2)1.6] and Upy-PEB-UPy was thus measured by lap shear between quartz substrates. 

Bonding and debonding were enabled both by exposure to UV light and heat[70].  

For [Zn0.8(Mebip-PEB-Mebip)(NTf2)1.6], 2 min irradiation with 900 mW.cm-2 and 2 min at 200°C, 

were sufficient to obtain a shear strength ~2 MPa. A UV-light absorber (Tinuvin 326) was added 

to Upy-PEB-UPy to make it UV-light sensitive. In this case, 2 min irradiation with 900mW.cm-2 

and 5 min at 80°C, resulted in a shear strength ~1 MPa. So, in comparison to metal-coordination, 

hydrogen bonding provided weaker cohesive strength but, in both cases, debonding was possible 

in a few seconds using UV-light or heating. 

 

 

 

 

 

 

Figure 5. “Chemical structures for the components of the [Zn0.8(Mebip-PEB-Mebip)(NTf2)1.6] and Upy-

PEB-UPy supramolecular polymers, and the UV absorber (Tinuvin 326). Also shown are schematic 

representations of the stimuli-responsive assembly and disassembly of supramolecular polymers using 

light or heat.” Reprinted with permission of the ACS[70], further permissions related to the material 

excerpted should be directed to the ACS, https://pubs.acs.org/doi/10.1021/am405302z. 

https://pubs.acs.org/doi/10.1021/am405302z
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Further studies report the use of urea groups for crosslinking via hydrogen interactions [71, 72, 

80-83]. Another publication by Weder’s group proposes reversible interactions by modification 

with urea groups[72]. Macromonomers containing Upy groups were synthesized by first 

functionalizing 2-hydroxyethyl methacrylate (HEMA) with Upy but with 

hexamethylenediisocyanate (HMDI) as spacer. Varying amount of Upy-HMDI-HEMA monomers 

were copolymerized with hexyl methacrylate or butyl methacrylate to give poly(Upy-HMDI-HEMA-

co-hexyl-MA) and poly(Upy-HMDI-HEMA-co-butyl-MA) polymers with different amount of 

crosslinker (0, 2.5, 5 and 10 mol%) as illustrated in Figure 6[72].  

 

 

 

 

 

 

Figure 6. “Schematic representation of the heat or UV-light triggered disassembly of methacrylic 

copolymers functionalized with UPy side-chains from a crosslinked to a linear state (top). Chemical 

structure of the (co)polymers investigated in this study (bottom)” Reprinted with permission from 

Supramolecular Cross-Links in Poly(alkyl methacrylate) Copolymers and Their Impact on the 

Mechanical and Reversible Adhesive Properties, C. Heinzmann et al., ACS Applied Materials and 

Interfaces, 2015, 7, 24, 13395-13404[72]. Copyright © 2015 American Chemical Society 

With Dynamic Mechanical Analysis (DMA), butyl-MA polymers were seen more rigid but both 

butyl-MA and hexyl-MA polymers showed dissociation of crosslinker at ~100°C. The increase of 

Upy-HMDI-HEMA content increased the Tg and the polymers became glassy and the toughness 

increased; it was even more pronounced for butyl-MA polymers.  
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To investigate the reversible adhesion of the materials, lap shear tests were realized at different 

temperatures[72]. The shear resistance of poly(Upy-HMDI-HEMA-co-hexyl-MA) increased linearly 

with Upy molar fraction and the trend was kept at higher temperature. For 10 mol% of Upy, 

the resistance to shear was improved with increasing temperature. The results obtained for 

poly(Upy-HMDI-HEMA-co-butyl-MA) were mainly influenced by its glassy behaviour.  

The polymer with 0 mol% of crosslinker showed the best shear resistance as with higher content 

of Upy, the contact between the polymer and the substrate may be weaker. The lap shear tests 

did not fail from poor cohesive strength but rather from poor adhesive contact due to high 

stiffness and it was seen by adhesive failure of the tests. However, the values of shear 

resistance were still high and were maintained at for 40 and 60°C. At 60°C, the polymer itself was 

more viscous and the improvement of shear resistance with Upy content was seen. 

Finally, both poly(Upy-HMDI-HEMA-co-hexyl-MA) and poly(Upy-HMDI-HEMA-co-butyl-MA) 

showed debonding by heating above 80°C and could rebind to the substrate. The adhesion  

of the polymers crosslinked with Upy was fully recovered.  

Another example of hydrogen bonding by urea was reported for acrylic PSA by Callies et al.[81]. 

bis-urea center-functionnalized poly(butyl acrylate) (PnBAX) were prepared by atom transfer 

radical polymerization. Two polymers were prepared with different number average molecular 

weight: PnBAX5 (Mn=5.4 kg.mol-1) and PnBAX8 (Mn=7.5 kg.mol-1). It was seen that the centred 

supramolecular motifs self-assemble to modify the viscoelastic properties of the polymers[80, 

84]. In Callies’s study[81], both hydrogen bonds and covalent crosslinks were introduced to 

balance viscoelasticity and favour energy dissipation for high adhesion. Copolymers of butyl 

acrylate and glycidyl methacrylate poly(butyl acrylate-co-glycidyl methacrylate) were synthesized;  

1,5-amino-2-methylpentane was used as crosslinker to form covalent bonds by opening of the 

epoxy rings of glycidyl methacrylate moieties.   
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The ratio of epoxy groups was changed to increase the covalent crosslinking density: E4-PnBAX 

(3.5 epoxy groups per chain) and E7-PnBAX (7.1 epoxy groups per chain).  

A random poly(butyl acrylate-co-glycidyl methacrylate) E8-PnBA (not urea functionalized) was 

taken as comparison to observe the effect of supramolecular and covalent interactions on  

the mechanical and adhesive properties. Frequency sweeps measured in linear rheology showed 

that E7-PnBAX, E4-PnBAX and PnBAX5 exhibited viscoelastic behaviours with rubbery region 

G’>G’’ and transition to flowing at low frequencies. PnBAX8 and E8-PnBA were more viscous and 

no rubbery region was observed. The work of adhesion Wadh of the materials were tested by  

probe-tack with a steel probe. Without addition of diamine, E4-PnBAX and E7-PnBAX showed 

already higher Wadh than PnBAX5 and PnBAX8 (~90 J.m-2 for ~30 J.m-2), suggesting that  

the presence of glycidyl methacrylate monomer increased the stability of extended fibrils[81].  

The role of diamine concentration over the adhesive behaviour was then studied and showed that 

when no supramolecular interactions were present (i.e. in E8-PnBA), the work of adhesion 

increased with diamine content as the polymer could sustain higher stresses. However, for urea 

containing polymers E4-PnBAX and E7-PnBAX, the addition of covalent crosslinks decreased  

the adhesion as they became too stiff[81]. The trend was even more pronounced for the longer 

acrylate chains E7-PnBAX. Observations of the contact area between the adhesive layer and  

the probe have shown the debonding mechanism goes from bulk cavitation to interfacial cracks. 

The dynamics of supramolecular bonds are interesting for adhesion and can be implemented with 

covalent cross-linking; but it should be well balanced so that the mobility of the polymer chains 

still dominate the viscoelastic properties.  
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ii. Ionic interactions in adhesive systems 

• The sandcastle worm’s glue 

Sandcastle worms are marine polychaete worms forming the Sabellariidae family. They mostly 

live in warm coastal regions of oceans on the shores. They assemble sand beads to obtain tube 

structures in which they live as seen in Figure 7[85]. The castles sustain the forces of the waves 

during high and low tides. Due to their architectural skills, the sandcastle worms have been widely 

studied and scientists have managed to identify the key elements of the worm’s cement. 

 

Figure 7. “Reef-building sabellariid tubeworms. (A) Lowtide. Dome-shaped colonies of S. alveolota 

(foreground) fuse into a tabular surface covering the beach. Photo courtesy of, (B) Close up view of a 

P. californica colony. Each tube was built by an individual worm. (C) A worm glues zirconium oxide 

beads onto the anterior end of its natural tube in a lab aquarium” 

Reprinted with permission from [85]. Copyright © 2016 Elsevier B.V. 

The worm secretes a glue thanks to a gland and can assemble the sand grains with a building 

organ. The secreting gland is formed of two types of cell producing two types of granules which 

are kept separated until secretion. Both homogenous and heterogenous granules are composed 

of densely charged macromolecules but the proteins involved differ[86-88].  
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Homogenous granules are made of sulphated polysaccharides, polybasic proteins (Pc2 and Pc5) 

and catechol oxidase. Heterogenous granules are more complex and are a formulation of 

polyphosphate proteins (Pc3B), polyampholyte proteins (Pc3A), polybasic proteins (Pc1, Pc4), 

Mg2+ and catechol oxidase. 

The polybasic proteins Pc1, Pc2, Pc4 and Pc5 are mainly based on lysine (K), histidine (H), glycine 

(G) and tyrosine (Y) residues. For which the tyrosine residues are hydroxylated into dopa. Pc3B 

is composed mainly of phosphorylated serine (S) and dopa hydroxylated tyrosine residues,  

while Pc3A is formed from S, K, Y and arginine (R) residues[86-88].  

While the glue is secreted in seawater of high ionic strength and pH>8, it undergoes coacervation 

[85, 89]. It is a phase separation mechanism of polyelectrolyte solutions; resulting in a dense 

polymer phase and a dilute phase. The two phases state is usually reversible and equilibrium can 

be found back at the right conditions (of pH and ionic strength).  In the case of the sandcastle 

worm, coacervation is triggered by complexation of the phosphorylated residues with Mg2+ and 

Ca2+. The setting of the glue between sand beads is reached within less than a minute but further 

curing of the adhesive is allowed by covalent crosslinking between quinones catalysed by  

the catechol oxidase enzymes[90, 91]. 

• Ionic interactions for setting and cohesive strength underwater 

The stiffness and efficiency of the sandcastle worm glue has inspired synthetic mimicking systems 

to design underwater adhesives based on the key feature of complex coacervation. 

The polymers involved in the phase-separation are usually water-soluble but the coacervate is 

not but remain processable for application. 

An applicable water-borne adhesive was obtained by synthesizing polymers mimicking  

the interacting proteins of the sandcastle worm glue[92-95]. On one hand, a statistical copolymer 

of 88.4 mol% monoacryloxyethyl phosphate (MAEP), 9.7 mol% dopamine methacrylate (DMA) 

and 1.9 mol% acrylamide (Aam) was obtained as the polyacid Pc3B.  
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The polybase Pc1 was replaced by a copolymer based on Aam with various molar fraction of  

N-(3-aminopropyl)methacrylamide hydrochloride (APMA)[92]. Mixing the two polyelectrolytes 

with a stoichiometric ratio between phosphate and amine side-chains resulted in a pH dependent 

phase behaviour.  

At pH below 5, the mixture formed a solution of colloidal polyelectrolyte complexes (PECs),  

phase separation was observed for 5.1<pH<9.5 but cohesive coacervate phase were recognized 

only at pH=7.2 and 8.3. At pH=10, a liquid-phase was observed but it simultaneously formed  

a hydrogel by crosslinking through dopaquinone and primary amines. Complex coacervation was 

also obtained by introducing Mg2+ and Ca2+ divalent cations in the solutions; but was highly 

dependent on their concentration. 

Coacervates were obtained for respectively high/intermediate amine to phosphate ratios and 

low/high cations to phosphate ratios[92]. The more stable coacervate phases were used to glue 

wet bones. The bond strength measured by the fracture stress in pure shear and underwater,  

was above 50 kPa and increased with the divalent ions fraction to 100 kPa. It was suspected  

by the authors that adhesion was improved by the interactions of dopa with the bone through 

electrostatic interactions and quinone-mediated covalent coupling; while cohesive strength  

was obtained by covalent crosslinking of dopa residues with the amine side-chains.  

To optimize the properties of the coacervate adhesive, a second network of polyethylene glycol-

diacrylate (PEG-dA) was introduced and the research was reported in another publication[96]; 

the adhesive bonds were strengthened and the viscosity at high shear rate was lowered,  

making possible the application of such system through thine tubes like catheters.  

Even stronger adhesive bonds were reported for coacervates prepared from mixing poly(MAEP)-

co-dopamide with a poly-aminated collagen hydrolysate[95]. 
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Another mechanism of coacervation was investigated by Zhao, Lee et al. through solvent 

exchange[97]. They mixed in DMSO a cationic polyelectrolyte, a quaternized chitosan ion-paired 

with bis(trifluoromethane-sulphony)imide (Tf2N-) (QCS-TF2N), and a polyanion, 

a poly(acrylic acid) modified with catechols (30% mol, PAAcat). 

In view of the dielectric constant of DMSO, the ionization of the polyanion is suppressed,  

thus allowing the mixing of both polycation and polyanion. They successfully deposited  

the mixture under water (Figure 8). As the water replaced the DMSO, the poly(acrylic acid) was 

ionized and allowed the coacervation to proceed to result in a fluidic complex. It was proven that 

the mixing of QCS and unmodified PAA resulted in poor adhesion, thus catechol groups played  

a role in the adhesion on the glass surface.  

After a minimum setting time ts≈1.5 min, the adhesion force obtained was Fadh ≈ 200 mN but 

after ts > 1h, poor or no adhesion was found. The complex was stable under water, withstood 

water blasts depending on the setting time and re-immersion in DMSO, but could be removed by 

the rubber gloves. 

 

 

 

 

 

Figure 8. “Wet adhesion mediated by solvent exchange: from left to right: QCS-Tf2N and PAAcat were 

dissolved in DMSO and the mixture was extruded onto a glass slide immersed in water. 

After setting 25 s in water (20°C, no applied pressure), adhesion to substrate withstood water blasting 

(2 bar, 15 s)” Reprinted by permission from Springer Nature: Nature Materials[97].  

Copyright © 2016 Springer Nature. 
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Coacervation of an underwater adhesive can also be thermally induced as proposed by a recent 

publication[98]. Thermo-responsiveness was introduced by grafting of poly(N-isopropyl 

acrylamide) (PNIPAM) on poly(acrylic acid) (PAA) and poly(dimethyl aminopropylacrylamide) 

(PDMAPAA) chains; with a ratio between backbone and PNIPAM of 70:30.  PNIPAM is known to 

collapse via physical interactions upon a certain lower critical solution temperature (LCST). 

The two oppositely charged polyelectrolytes were mixed in a 0.75 M solution of NaCl to control 

the coacervation induced by interactions of ionic charges. 

Yet, phase transition was obtained by bringing the solution to temperatures above 35°C (above 

PNIPAM LCST) as displayed in Figure 9; the liquid and transparent solution stiffened and gave 

 a white solid-like material. No transition was seen by mixing the homopolymers of PAA and 

PDMAPAA. 

Rheological experiments have helped asses that the PNIPAM grafted coacervated heated  

at T>26°C, turned indeed into an elastic-like material as the cross-over frequency was decreased 

and both elastic and loss moduli increased. The underwater adhesion of coacervate prepared 

from the homo- and grafted polymers was tested using a probe-tack. At 20°C, both systems 

showed no resistance to strain due to their fluid-like behaviours and no adhesion could be 

measured. The same was observed at 50°C for the homopolymer coacervate; however,  

the PNIPAM grafted material could sustain higher stress and elongation thanks to the collapsed 

PNIPAM clusters. The work of adhesion Wadh thus reached ~1.7 J.m-2 with both anionic and 

cationic probe surfaces. High adhesion (Wadh~3.5 J.m-2) was also obtained on glass and 

poly(tetrafluoroethylene) surfaces.  
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Figure 9. “Composition and temperature responsiveness of the complex coacervate phase. A) Molecular 

structure of PAA-g-PNIPAM and PDMAPAA-g-PNIPAM. B) Picture and schematic representation of the 

complex coacervate structure below the LCST. C) Picture and schematic representation of the 

solidification triggered by increasing the temperature above PNIPAM LCST.”  

Reprinted with permission from Open Access of [98]. Copyright © 2019 Wiley-VCH. 

The adaptability and performance of the PAA-g-PNIPAM/PDMAPAA-g-PNIPAM coacervate makes 

it a promising material for injectable adhesive. Thanks to the inspiration given by the sandcastle 

worm, adhesives for medical applications such as embolitic agent[99], suture of foetal 

membrane[100] and healing of bone defects[101] have emerged. 

• Ionic interactions as physical crosslinks 

In most research, the use of ionic interactions for adhesives relate to underwater and biological 

adhesives. However, a few examples exist where ionic interactions have been used as physical 

crosslinkers for PSAs, as shown by Feldstein and his group[102-104]. They were the firsts  

to study the viscoelastic and adhesive properties of polyacid and polybase blends. The polybase 

was prepared from the tertiary amine N,N-dimethylaminoethyl methacrylate (DMAEMA),  

methyl methacrylate (MMA) and butyl methacrylate (BMA) with a 2:1:1 molar ratio, giving 

PDMAEMA-co-MMA-co-BMA. 
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The polyacid was synthesized from the copolymerization of methacrylic acid (MAA) and  

ethyl acrylate (EA), with a molar ratio 1:1 giving PMAA-co-EA. Triethyl acetate (TEC) was used 

as plasticizer. The structures of the 3 components can be found in Figure 10. The polybase and 

polyacid were individually liquid-like polymers and were blended to obtain interpolymer complexes 

from interactions between the oppositely charged ionic groups. 

PDMAEMA-co-MMA-co-BMA was considered as the film-forming polymer and PMAA-co-EA  

as the crosslinker. The crosslinked structure expected by the authors is given in Figure 11. 

Different phase behaviours were observed for compositions of the blends. Blending with  

a 1:1 concentration ratio gave separation of sol and gel fractions. Non-stoichiometric blends gave 

so-called “scrambled egg” structure and according to the authors, the best polymer conformation 

to optimize a ratio between free volume of the polymer chains and intermolecular cohesion.  

No adhesion was found for the stoichiometric blend and research was continued for the blends 

with polybase:polyacid ratios 20:1 and 10:1. 

 

 

 

 

 

Figure 10. Chemical structures of PDMAEMA-co-MMA-BMA, PMAA-co-EA and TEC. Reprinted and adapted 

with permission from [102]. Copyright © Wiley Periodicals, Inc. 
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Figure 11. Crosslinked structure of the polymer network via interpolymer complexation. Zone A represents 

non-covalent crosslinks consisting of sequences of hydrogen, electrostatic or ionic bonds. 

Zone B represents the entanglements points and zone C the loops of polymer segments. Reprinted by 

permission from Springer Nature: Polymer Science, Series A[102-104].  

Copyright © 2009, Pleiades Publishing, Ltd. 

Under uniaxial stress (tensile tests), the polybase alone showed liquid-like behaviour but  

the 10:1 blend (polybase:polyacid) with 25 wt% of TEC showed increased resistance to stress 

and a yield point suggesting the intermolecular cohesion was improved; PMAA-co-EA thus acted 

as a crosslinker due to local ionic complexations. By adding more plasticizer, the elasticity of  

the polymer was shielded as more free-volume was “created” in the network.  

The adhesive behaviour of the blends was analysed by probe-tack and a similar trend was 

observed. With 25 wt% TEC, the work of adhesion decreased inversely with PMAA-co-EA content 

as the polymer was strengthened and the elongation of fibrils lowered. Increasing TEC content 

to 35 wt% increased the work of debonding Wdeb by 5 for the 20:1 blend plus cohesive failure 

was seen, which signifies free volume was predominant. Wdeb increased by 10 for the 10:1 blend 

but adhesive failure was observed. 
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The best adhesive performance (i.e. optimization between free-volume and intermolecular 

strength) was measured for the 10:1 blend with 50 wt% plasticizer. 

Cohesive strength was further doped by causing ionization of the ionic groups by adding an acid 

(hydrochloric acid HCl) or a base (sodium hydroxide NaOH). According to the authors, 

improvement of the adhesive properties was seen as the crosslinker points (ionic complexes) 

were strengthened and “free” groups of the same charges were contributing to the free-volume 

via electrostatic repulsion of the polymer chains. 

Academic research has shown the high potential of using ionic interactions for their mechanical 

and adhesive properties in different applications: bio, electro-conducting and stimuli-responsive 

adhesives. This thesis aims to report methods of preparation of ionically crosslinked adhesives. 

This kind of PSA is fairly uncommon (except for studies realized by Feldstein and his group) and 

is, to the author’s knowledge, not available in the industry. Therefore, in this thesis, the ionic 

crosslink points are brought by introducing oppositely charged functional groups in a polymer,  

as proposed by Feldstein[102]; the crosslinks are then formed by electrostatic interactions during 

the film formation. Although, the blending of polyions has shown interesting features to balance 

the cohesive strength and “free-volume”, for this project it was chosen to introduce both anionic 

and cationic charges in the same polymer as a single product. Therefore, the link between 

polymer structure and mechanical properties of the adhesive films were investigated as well  

as their aptitude for an improved adhesion-cohesion balance. 
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D. Synthesis of PSAs  

Two types of chain-growth polymerization were used in this project and are hereby introduced; 

but as mentioned previously, very few literatures report the preparation of polyampholytes for 

PSAs. Although the functional monomers (ionic) used in this PhD are commercially available,  

they are usually used for other applications (cosmetics, stabilizers, flocculants, rust prevention…) 

and thus in other conditions. Also, the literature describing the syntheses of highly charged 

polyions may not be relevant as in this work, the weight content of charged group doesn’t exceed 

15 wt% of an acrylate-based polymer. Therefore, the specific systems described in this work 

cannot be theoretically introduced, the following paragraphs summarize general knowledge  

on free radical solution polymerization and emulsion polymerization. 

iii. Free radical polymerization 

Free-radical polymerization is one of the most used method to synthesize polymers[105]. 

In this technique, the addition of monomers to the polymer chains is carried out by opening  

of a double bond. The reaction can progress as with each addition of monomer, a new radical 

active site is produced. The mechanism of free-radical polymerization involves three steps: 

initiation, propagation and termination[105-108]. 

• Initiation: 

During initiation, radicals are produced by the decomposition of the initiator, with a decomposition 

rate kd as followed: 

𝐼    𝑘𝑑   →    2𝑅 ∙ (I.1) 
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The decomposition can be induced thermally or by red-ox reaction. The rate of the radical 

production can be calculated from: 

𝑑[𝑅∙]𝑑𝑡 = 2 𝑘𝑑[I] (I.2) 

The radicals formed then initiate a polymer chain by reacting with a monomer unit with  

an initiation rate ki; creating a new C-C bond and another active site: 

𝑀 +  𝑅 ∙    𝑘𝑖   →   𝑅 −𝑀 ∙ (I.3) 

The rate of initiation can thus be written: 

𝑅𝑖∙ = 2𝑓𝑘𝑑[I] (I.4) 

• Propagation: 

During propagation, the polymer chains grow by successive addition of monomer units with  

a constant rate kp and the rate of propagation is then given by Rp. 

𝑅 −𝑀(𝑛) ∙ +𝑀    𝑘𝑝   →     𝑅 − 𝑀(𝑛 + 1) ∙ (I.5) 

𝑅𝑝 = 𝑘𝑝[𝑀 ∙][𝑀] (I.6) 

[M·] represents the concentrations of radical chains in the reaction.  

Free polymerizations are in most cases not perfectly linear and transfer to polymer can occur 

anywhere in the chains if sites are available to radical formation:  

𝑅 −𝑀(𝑛) ∙ + 𝑅 − 𝑀(𝑚) − 𝑅         →    𝑅 −𝑀(𝑛) +  𝑅 −𝑀(𝑚) ∙ −𝑅  (I.7) 
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• Termination: 

Once all the monomers are converted, termination of polymer chain can either occur from 

coupling with a free radical from the initiator and/or by combination with another growing polymer 

chain: 

𝑅 −𝑀(𝑛) ∙ +𝑅 − 𝑀(𝑚) ∙     𝑘𝑡   →    𝑅 −𝑀(𝑛 + 𝑚) − 𝑅 (I.8) 

The termination rate constant is thus given by kt and the rate by Rt: 

𝑅𝑡 = 2𝑘𝑡[𝑀 ∙]2 (I.9) 

Termination and propagation can become competitive mechanisms, and if so, polymer chains of 

small molecular weight will be obtained. In regular cases, the average molecular weight can be 

adjusted by changing the reaction temperature and the amount of initiator. It can also be 

controlled by adding a chain transfer[109] agent (CTA, e.g. mercaptans) which terminates  

a growing chain and releases another radical: 

𝑅 −𝑀(𝑛) ∙  +𝑅 − 𝑆𝐻          →    𝑅 −𝑀(𝑛) − 𝑆𝐻 + 𝑅 ∙ (I.10) 

The number average degree of polymerization[110] indicates the number of monomer introduced 

in the polymerized chains. It is calculated from the ratio between monomer consumption rate and 

production of polymer chains: 

𝐷𝑃𝑛̅̅ ̅̅ ̅  =  − 𝑑[𝑀]𝑑𝑡 / 𝑑[𝑝𝑜𝑙𝑦𝑚𝑒𝑟]𝑑𝑡   (I.11) 

Copolymerization of monomers complicates the system. Each monomer has its own reactivity  

to the system[107, 111, 112]. The polymerization depends thus on the reactivity of each 

monomer towards themselves and to the comonomers. 
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The propagation in a two monomers system can thus be summarized as: 

𝑀(𝑛) −𝑀𝐴 ∙  + 𝑀𝐴    𝑘𝑝𝐴𝐴     →      𝑀(𝑛 + 1) −𝑀𝐴 ∙  (I.12) 

𝑀(𝑛) −𝑀𝐴 ∙  + 𝑀𝐵   𝑘𝑝𝐴𝐵→    𝑀(𝑛 + 1) − 𝑀𝐵 ∙  (I.13) 

𝑀(𝑛) −𝑀𝐵 ∙  + 𝑀𝐴   𝑘𝑝𝐵𝐴→    𝑀(𝑛 + 1) −𝑀𝐴 ∙  (I.14) 

𝑀(𝑛) −𝑀𝐵 ∙  + 𝑀𝐵   𝑘𝑝𝐵𝐵→    𝑀(𝑛 + 1) −𝑀𝐵 ∙  (I.15) 

The rate of copolymerization under a steady-state is then given by[112, 113]: 

𝑅 = (𝑟𝐴[𝑀(𝑛)𝑀𝐴∙]2+2[𝑀𝐴][𝑀𝐵]+𝑟𝐵[𝑀𝐵]2)𝑅𝑖1/2(𝑟𝐴2𝛿𝐴2 [𝑀𝐴]2+2ϕ𝛿𝐴𝛿𝐵𝑟𝐴𝑟𝐵[𝑀𝐴][𝑀𝐵]+𝑟𝐵2𝛿𝐵2 [𝑀𝐵]2)1/2 (I.16) 

By defining the reactivity ratios of a monomer as rii and termination ratio as δii: 

𝑟𝑖 = 𝑘𝑝𝑖𝑖𝑘𝑝𝑖𝑗 (I.17) and  𝛿𝑖 = 𝑘𝑡𝑖𝑖2𝑘𝑝𝑖𝑖 (I.18) 

The reactivity ratios are determinant for the conversion and composition of the final polymer. 

If the reactivity of one or both monomers is too high, it is likely that no statistical copolymer will 

be formed. 

Perfectly statistical co-polymers are obtained if each monomer propagates preferentially with  

the other than with itself. Random copolymers are produced if the reactivities of all monomers 

are close to 1 and the addition of one monomer to a chain is statistical. 
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iv. Emulsion polymerization 

Polymer dispersions have become nowadays important materials to prepare coatings, inks, 

primers, adhesives, flooring… and represent around 4% of the total polymer production[114]. 

Syntheses by emulsion polymerization have become popular as they are more environmentally 

friendly, can reach high conversions and can produce polymers of high molecular weight with  

an efficient energy input and low viscosity. It is also a versatile technique as many monomers 

can be used but also different particle sizes and morphologies[115, 116] can be obtained to vary 

the end-polymers properties. 

The polymerization follows the free-radical polymerization and the three main intervals of 

reaction[114, 117-119]. The initiator decomposes and initiate the reaction in the water phase.  

As the oligo-radicals become insoluble in water with increasing molar mass, they migrate inside 

the emulsifier micelles and polymer particles are formed. 

Diffusion of monomers through the water-phase from reserve droplets, allow further 

polymerization as illustrated in Figure 12.  

The polymerization requires that the monomer(s) are slightly soluble in water for the initiation 

step but also for the propagation.  

Although, the surfactant provides stabilization to the polymer particles [114, 117], either by steric 

hinderance or by electrostatic repulsion, a minimum amount should be used to reach micellization. 

This is known as the critical micelle concentration (cmc). With concentrations above cmc,  

the number of micelles increases and free surfactant might be available for adsorption on growing 

particles. However, the amount of available surfactant influences the particle size as the more 

amphoteric species there are, the higher can be the stabilized surface and the smaller can be  

the particles. To have even higher control of the particle size, a seeded polymerization can be 

carried out. The seed is added to the initial charge to have pre-formed particles of narrow size 

distribution. They constitute then the nucleation site of the polymerization.  
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Figure 12.  Scheme of emulsion polymerization inspired from Urban & Takamura[114].  

Adapted with permission. Copyright © 2003, Society of Chemical Industry 
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E. Testing adhesion of PSAs 

Several tests have been developed for measuring the adhesive performance of PSA, mainly by 

measuring the detachment force. The sample preparation, the relevant adhesion tests and  

the main adhesive failures are introduced in the following paragraphs. 

i. Sample preparation 

In Peel and Shear tests, the PSA is coated with a specific thickness (~hundreds µm) or grammage 

(~10-100 g.m-2), on backing materials (paper, PET, PP, PVC, non-woven textiles…).  

To obtain the desired thicknesses, coatings are made with doctor blades. The films are then 

cured with heat (oven) for a few minutes, a protective silicon sheet is applied, and the film is 

stored under controlled humidity and temperature. The final samples are typically cut into strips 

of 2.5 mm width and around 20 cm length.  

For probe-tack tests, the adhesives are coated on glass microscope slides with adaptable doctor 

blades; to thicknesses of around 50-200 µm. Curing is also carried out by heat in an oven and 

the coated glass slides are protected from dust deposition by storing in boxes or with protective 

silicon sheets. 

ii. Peel test 

Peel tests are realized by applying a sample strip on a clean substrate (steel, glass, polyethylene, 

rubber, PVC…). A certain application force is applied (Fc~ 2 kg) to ensure repeatable contact 

formation between the adherends. After a certain contact time tc (i.e. dwelling time), the strip  

is peeled off with a tensile machine, at a certain angle (90 or 180°) and cross-head velocity at  

a given strain rate ἐ, as illustrated in Figure 13. The peel force F is recorded by the load cell and 

represents the resistance of the adhesive bond towards debonding. 
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Figure 13. Illustration of Peel 180° 

The removal of the adhesive creates a peeling front and an uneven distribution of the normal 

stress in the adhesive layer as summarized in Figure 14. 

 

 

 

 

 

Figure 14. Illustration of peeling of PSA 

The maximum stress is recorded at the peel front, Kim et al.[120] also refer to this region as  

the boundary of the bond, because the debonding is localized in this area. 

However as the PSA backing is rather flexible and because the adhesive layer is dissipating 

energy, a compressive transition zone is observed (as seen in Figure 14). The dissipation of the 

energy starts by cavitation at the bond boundary, when the strain increases, and the compliance 

of the adhesive allows it, fibrils form and elongate under normal stress. This means that when 

measuring peel, we don’t only measure the adhesive resistance to debonding but also  

the resistance of the backing and the adhesive to deformation.  
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The adhesive fracture energy Gc can be described by[120]: 

𝐺𝑐 = 𝐺0 + 𝛹  (I.19) 

Where G0 is the energy required to propagate a crack and Ψ is the viscoelastic energy dissipated 

by the adhesive and the backing. When considering the dimensions of the peel measurement, 

the fracture energy G can be written as follows, with F the adhesion force, b the width of the PSA 

and θ the peel angle: 

𝐺𝑐 = 𝐹𝑏 (1 − cos 𝜃)  (I.20) 

The final value obtained from a measurement is usually given in N.inch-1 or N.25 mm-1. 

iii. Shear test 

Shear test measures the resistance of the PSA to a steady load and records the time needed to 

obtain fracture of the adhesive bond. It is a way to determine the creep behaviour of  

the polymeric material under shear stress. This information is crucial in applications where  

the adhesive joins two objects and one of them is loaded for an unlimited time during application, 

for example in construction. For these purposes, PSA can also be reinforced with structured fibres 

or filers like silica particles. 

To measure the shear strength (i.e. holding power, time needed to obtain bond fracture with  

a certain shear load), the PSA is applied over a specific area (usually 1 inch ≈ 2.5 cm) to connect 

two surfaces together. One surface is attached to an immobile bench, the other bears a load with 

a weight that is adaptable, as illustrated in Figure 15. 
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Figure 15. Illustration of the shear test with associated parameters 

During the measurement the weight applies a constant shear force F to the maximum adhesive 

area A0 which result in a displacement of a given point in the adhesive layer of Δl, and the shear 

strain ε is then given as followed with d the thickness of the adhesive[121]: 

𝜀 = 𝛥𝑙𝑑    (I.21) 

While shear stress σ is defined as[121]: 

𝜎 = 𝐹𝐴   (I.22) 

When the adhesive moves away from its original position l0, the area of contact changes as 

function of displacement Δl, giving a new contact area A[121]: 

𝐴 = 𝐴0(1 − ∆𝑙𝑙0)   (I.23) 

To obtain the evolution of the shear stress according to time, and observe the cold flow of  

the polymer, the displacement can be measured by a linear differential transducer as explained 

by Zosel[122] and σ is calculated with equation (I.22).  
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iv. Probe-tack 

Probe-tack measurements are not systematic in industry but present some advantages like 

removing the effect of backing and controlling the strain history of the sample. In a probe-tack 

test a cylindrical probe is brought into contact with a layer of adhesive coated on a microscope 

slide[123]. The surface of the probe is flat and the alignment between probe and adhesive 

surfaces is adjusted to optimize their maximal contact area Amax (cannot be higher than area of 

the probe). A certain compression force can be loaded onto the adhesive and after a certain 

contact time tC, the probe is detached at a constant debonding velocity Vdeb. The Force F needed 

to detach the probe and the displacement Δl are recorded. A stress-strain curve is obtained from 

calculating the nominal stress σN and the strain ε, as followed[124]: 

𝜎𝑁 = 𝐹𝐴𝑚𝑎𝑥  𝑎𝑛𝑑 𝜀 = ∆𝑙/𝑙0   (I.24) 

The final value of adhesion is extracted from the area under the curve and thus gives a work of 

debonding Wdeb[124]: 

𝑊𝑑𝑒𝑏 = ℎ0 ∫ 𝜎(𝜀)𝑑𝜀𝜀𝑚𝑎𝑥0    (I.25) 

Usually a camera is placed underneath the glass plate to first calculate the actual contact area 

between the adhesive and the probe but also to observe the macroscopic debonding mechanism. 

The microscopic understanding of the debonding process is given by the dependence of the stress 

on the strain. 

Three main behaviours can be recognized: viscous flowing, partially crosslinking and brittleness. 

The typical curves are displayed in Figure 16. The relevant parameters extracted from  

the stress-train curves can be found in Figure 17. 
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Figure 16. Typical probe-tack curves for brittle(1), partially crosslinked(2) and viscous(3) polymers. 

Reprinted with permission from [103]. Copyright © 2014 Elsevier Ltd. 

- Pure viscous materials exhibit a low peak stress written σpeak or σmax but is followed by  

a gradual decrease until the force recorded approaches zero with high elongation.  

- Brittle materials show only a stress at peak because they bear more load which is usually 

high and the stress sharply decreases to zero σpeak/max=0 Pa for low maximum 

elongation εmax. 

- For partially crosslinked materials, a stress peak is also observed but after the stress 

stabilizes to a plateau σplateau, elongation increases until fracture or detachment is 

obtained. 

For the 3 cases the values of Wdeb might be similar and it is why it is almost more important to 

take a look at the stress-strain curves in Probe-tack rather that the adhesive value obtained. 

The peak stress and plateau stress have been explained by observation of the adhesive layer 

during debonding.  
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Figure 17. Typical stress-strain curve obtained in probe-tack test and definition of the various parameters 

that can be extracted[123]. Copyright © IOP Publishing. Reproduced with permission. All rights 

reserved. https://iopscience.iop.org/article/10.1088/0034-4885/79/4/046601 

During the removal of the probe (as illustrated in Figure 18 and Figure 19), first cavitation  

is observed inside the adhesive layer (Figure 19 image C). On the stress-strain curve, this event 

corresponds to σpeak (σP). This last gives an indication of how compliant is the polymer  

to cavitation.  

The cavities can form from existing air pockets trapped in the surface roughness of the probe 

and between the adhesive layer but also in the bulk of the adhesive layer.  

In the case of PSA, their rather low elastic modulus G’ allow them to be deformed enough to 

undergo cavitation but the cavities growth is highly dependent on the polymer network.  

Indeed, with further pulling of the probe, the cavities deform, as explained by Creton and 

Shull[125], if the released elastic energy G is higher than the critical energy release rate Gc. 

When the Young’s modulus E and the elastic modulus G’ of the adhesive are low enough, the 

cavity will grow in the bulk and with further applied strain, fibrils will form from the cavity wall 

(Figure 19 image A). In another case where E is high, G’>Gc and that the local dissipation energy 

rate is too low, the cavities will grow at the interface between the two adherends and detachment 

will take place with cracks as seem in Figure 19 image B. 

https://iopscience.iop.org/article/10.1088/0034-4885/79/4/046601
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The cavitation and fibrillation mechanisms are thus dependent on the mechanical properties of 

the polymer and will be discussed in paragraph I.2.G. 

 

Figure 18. Illustration of the different stages of Probe-tack test 

 

 

 

 

 

 

 

Figure 19. Images of detachment of the probe from an adhesive layer (view below the adhesive). 

Reprinted with permission from Combined Effect of Chain Extension and Supramolecular Interactions 

on Rheological and Adhesive Properties of Acrylic Pressure-Sensitive Adhesives, ACS Applied Materials 

and Interfaces, 2016, 8, 48, 33307-33315[81]. Copyright © 2016 American Chemical Society. 
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v. Adhesion failures 

Failure modes give valuable information and are relevant in adhesive testing. 

The failure mechanism gives information on the limiting parameters of an adhesive and helps to 

optimize the formulations and/or chemistries. Three main failure modes can occur: Adhesive A, 

Cohesive K and Glassy G. An illustration of those is given in Figure 20. 

 

Figure 20. Illustration of adhesion failure modes 

 

Adhesive fracture A: Fracture between the interface of the two adherends suggests poor 

interfacial interaction and results in a so-called adhesive failure.  

Glassy fracture G: It takes place at the interface between adhesive and backing if the adhesive 

shows higher affinity with the substrate or if the polymer layer is too stiff and didn’t wet  

the backing properly during film formation. 

Cohesive fracture K: It occurs inside the adhesive layer. In that case, it is likely that proper contact 

with substrate and backing is reached but the adhesive exhibits poor structural solidarity. 

Zippy failure Z: It is observed in peel tests when extremely poor or at least very inhomogeneous 

interaction with the substrate takes place. 

Adhesive A Cohesive K 

  

Glassy G Zippy Z 
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F. Adhesion theory of PSAs 

The adhesion mechanisms described in I.1.B. suggest certain requirements for adherence to take 

place. Tackiness (i.e. stickiness) is not sufficient to describe the behaviour of PSAs[126-128]. 

PSAs are viscoelastic materials and while they can bear functional groups to influence interfacial 

interactions, the wettability and viscoelastic mechanism are the most relevant to describe 

adhesion of PSAs. 

Tackiness of the polymer is provided mainly by its glass transition temperature (Tg) and  

the polymer chain mobility. They are necessary to form fast and good contact with one substrate. 

However, materials owning high tack are usually very viscous and present no resistance to 

debonding. This compliance can be counteracted with a moderate elasticity; in this way the 

polymer can deform to higher elongation and dissipate higher levels of energy during 

debonding[128]. 

Better understanding of the viscoelastic parameters influencing the adhesion and obtain their 

direct relation, has been the goal of different studies throughout the years. Feldstein and his 

group have developed a model system[103, 104, 129] to understand the relation  

structure-properties of the PSAs viscoelasticity. They showed the direct linearity between the peel 

force and the work of deformation measured by uniaxial elongation; which gives[103,128]: 

𝑃 = 𝑘. 𝑏. 𝑙. ∫ 𝜎𝜀𝑏0 . 𝑑𝜀  (I.26) 

With b the width, l the thickness of the adhesive layer, σ the stress, ε the elongation and k the 

constant relative to the backing layer and which was approximated to 1. It thus appears the peel 

is a direct measurement of a stress over the strain. 

Furthermore, considering the linear elastic law, the peel force can be written as[128]: 

𝑃 = 𝑏.𝑙.𝜎𝑏24𝐸   (I.27) 
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With σb the stress measured at the point of fracture during debonding and E the Young’s modulus. 

This relation given by Feldstein[103, 104, 129] is similar to the one reported by Kaelble[130-

133]; who studied the mechanics involved in the peeling of a PSA. He recognized that different 

stresses were involved in the process: tensile, compressive and shear stresses. The tensile stress 

is usually predominant as fibrils undergo high elongation and the polymers can show high  

strain-hardening. He also showed that the peel force is dependent on the systems dimension. 

PSAs are viscoelastic materials and respond to the Maxwell law. This law predicts that the polymer 

can be considered as an installation in series of a pure viscous and a pure elastic polymer. 

From this law, the Young’s modulus can be written as a ratio between the viscosity η and  

the relaxation time τ[128]: 

𝐸 = 3. 𝜂𝜏 (I.28) 

But the viscosity of a reptating (i.e. flowing) polymer can directly be expressed with 

the self-diffusion coefficient D of one polymer chain following Brownian motion[128]: 

𝜂 = 𝑘𝑇𝐷.𝑎.𝑁 (I.29) 

With k the Boltzmann constant, T the temperature, N the number of monomer units in the chain 

and a their size. The peel force can thus be written as followed[128]: 

𝑃 = 𝑏. 𝑙. 𝑎.𝐷.𝜏3𝑘𝑇 . 𝜎𝑏2 (I.30) 

In equation (I.30), the dependence of the peel on the materials viscoelastic parameters is clear: 

the self-diffusion parameter D, the relaxation time τ and the elasticity measured by σb.  

The diffusion is a direct measure of the movement available to the polymer chains, and D can be 

written[134, 135]: 

𝐷 = 𝐴. 𝑒−𝐵/𝑓𝑣  (I.31) 



Chapter I – Adhesion & pressure-sensitive adhesives 

 

66 

With A and B constants and fv the free volume fraction, which represents the unoccupied (by the 

polymer chains) volume.   

Deducing from the relation in (I.31), a high peel would be favoured with high mobility of  

the polymer chains (i.e. high fv), as it would provide tackiness. A high peel would also require 

long τ and high σb which are given by restricting the polymer chain movements with crosslinking 

and are thus conflicting with the free volume. A delicate balance between these properties should 

thus be fulfilled to optimize the adhesion of a PSA. 

  



Chapter I – Adhesion & pressure-sensitive adhesives 

 

67 

G. Mechanical properties and viscoelastic behaviour of PSAs 

In this section, the connection between the adhesive and mechanical properties of a PSA is 

discussed. We hereby differentiate between bonding and debonding events. Bonding refers to 

the formation of the contact between adhesive and substrate, this stage involves a variety of 

characteristics (both chemical and mechanical) of the adhesive polymer. Debonding refers to  

the removal of the adhesive from the substrate. This step involves the viscoelasticity of the 

polymers, their deformability and dissipative features. 

• Bonding stage 

The formation of good contact between adhesive and substrate depends on interfacial 

interactions, contact time tc, contact force Fc, the roughness and viscoelastic properties of both 

adherends. In most cases, the substrate has an infinite toughness in comparison to the adhesive 

and is not considered, while dependence on tc, Fc and roughness actually derive from the 

mechanical properties of the adhesive.  

The deformations involved in a bonding process are small and fall within the linear viscoelastic 

regime of the polymer. For this reason, only the relationship between adhesion and linear 

rheology measurements in dependence of frequency is discussed. Zosel[136] has shown that the 

elasticity of the polymer network have a high influence on the bonding behaviour and thus on 

tack. If the shear modulus G is increased, the fracture energy (from tack measurement) is 

dependent of the surface roughness because the indentation depth is changed due to the low 

compliance (high G) of the polymer. For a softer polymer (lower G), the dependence of adhesion 

on roughness surface is not sharp but in both cases the contact time is crucial for better bonding. 

Zosel[136] has shown that the fracture energy Ga (i.e. energy required to separate the two 

adherends) is proportional to the relaxation modulus G-1 and that full contact should be attained 

with contact times superior to the relaxation time of polymer samples. The relaxation time τ in 

linear rheology corresponds to the time required by the adhesive to fully relax after application 

of a shear stress with a certain amplitude. 
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It is given by the inverse of the cross-over frequency ωc to flowing region (i.e. when storage G’ 

and loss G’’ moduli are equal). As τ= 1/ωc, the characteristic can be referred also as ωc.  

Another work of Zosel[137] has shown the same dependency with covalent crosslinking. 

If the crosslinking density is increased, the ability to come in contact with the adherend by viscous 

flow decreases and Ga is lowered.  

The ability of the adhesive to adapt to the substrate’s roughness has been given by Dahlquist 

with the Dahlquist criterion and can be related to the tackiness of the adhesive.  

The elastic plateau modulus G’ should be lower than 3.3x105 Pa. Above that value, the bonding 

cannot be optimum. This value only considers a certain contact time, the Dahlquist criterion 

should be fulfilled for the bonding frequency of 1 Hz, which refers to a time of contact of 1 s 

and at 25°C.  

vi. Debonding stage 

During the debonding stage, the constraints put on the material are mainly tensile strains, and 

resistance to those will be mainly governed by the mechanical features of the polymer both in 

linear and non-linear regimes.  

The viscoelasticity of PSAs was studied by Zosel[137]. The elastic and loss moduli (respectively 

G’ and G’’) were varied by crosslinking density and the effect on tack and peel strength was 

measured. For a starting soft PSA (non-crosslinked and low Tg for high tack) the sample showed 

a viscous behaviour in dependence of angular frequency ω with G’<G’’, G’ being proportional to 

~ω2 and G’’~ω1. Afterwards G’ increased gradually with the crosslinking density with the 

formation of a covalently bonded polymer network. At the gel point, G’≈G’’ as the storage of 

energy by the polymer is favoured thanks to the network. When the network becomes even 

tighter, the storage modulus G’ becomes independent of ω and the dissipative behaviour of  

the material becomes irrelevant in comparison its high elasticity G’>>G’’.  
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The peel strength was seen to increase and fail cohesively until the gel point, then be constant 

until G’’ was maximal. The optimum tack was obtained between those two points, until G’>>G’’ 

the stress-strain curves showed the plateau for fibrillation[137]. Yet until G’=G’’, we can consider 

that the material will relax in the time-frame of the contact time tc and that full/optimum contact 

between the two adherends is obtained. It thus suggests that the increased crosslinking density 

in that range influences the fibrillation in peel and tack to increase the adhesion. The optimum 

between storage and dissipation of energy is reached, the fibrils are slightly crosslinked to bear 

a higher stress but still dissipate enough energy to comply to strain during the debonding, which 

results in higher adhesion[137]. Once the crosslinking prevents the elongation of fibrils,  

brittle-like behaviour is seen in the curves, also low adhesion and adhesive failures are observed. 

The dependence of crosslinking density on the viscoelastic properties and thus the debonding 

mechanism of the adhesive i.e. cavitation and adhesion failure, was also discussed by Yamaguchi 

and co-authors[138], Poivet et al.[139] as they observed the morphologies of cavities and fibrils 

during removal of the PSA. The ability for fibril formation and the detachment mechanisms have 

also been connected to the rheological properties of the adhesive. As discussed in I.2.E.iv., 

the “crack-propagation” of cavities, leading either to detachment or fibrils formation, depends on 

the ratio between the critical energy release rate Gc and the elastic modulus G’ of the adhesive. 

Last but not least, it was also recognized that when fibrils are formed, each one undergoes similar 

high-strain deformation than the material in tensile test. In that way, the behaviour of the fibrils 

from the tensile measurements of the adhesive can be predicted. 
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vii. Window of PSA applications 

Studies on both bonding and debonding stages of an adhesive by linear rheology have shown 

that we can relate both stages to a frequency. The frequencies relate to the time scale of each 

event, by definition f=1/t or ω=2π/t. The stated bonding time between two adherends was given 

for ~15 s thus bonding frequency is considered as 10-2 rad.s-1; and debonding time was stated 

for ~1.5 ms meaning a debonding frequency of 102 rad.s-1. 

Depending on the mechanical response (elastic and loss modulus) at these frequencies, 

Chang[140] has developed a relative scheme that summarizes the windows of applications as 

seen in Figure 21; each end application is connected to a range of G’ and G’’ values, which  

the PSA should fulfil. 

 

 

 

 

 

 

 

Figure 21. Windows of PSA applications. Reprinted and adapted with permission from [140].  

Copyright © Taylor & Francis. 
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I.3. Thesis outline 

High performance PSAs should combine two opposite properties: tackiness and cohesive strength. 

Regular designs of PSA products involve low glass transition temperature Tg for polymer mobility 

and tackiness; in addition to covalent crosslinking of the chains to procure bulk cohesion. 

Yet, the permanent character of covalent bonds does not allow stress dissipation effectively 

during debonding. Reversible interactions are regarded as interesting alternative crosslink 

mechanism for designing adhesives with optimized tackiness and cohesion. 

This thesis aimed to find suitable formulation to obtain PSA polymers comprising ionic 

interactions. Inspiration of relevant ionic groups were taken from sandcastle’s worm glue.  

As additional challenge, the synthesis method should be relevant for industrial scale applications, 

and therefore based on one-pot systems and commercially available precursors.  

Three preparation techniques were investigated. Another objective was the characterization of 

the mechanical and adhesive properties of the formulations based on these polymers, in order  

to connect the polymers structure with the performance of the derived materials. 

This Thesis is organized as follows: 

In Chapter I, an introduction to adhesion and pressure-sensitives is given; the general adhesion 

theories and the challenges of pressure-sensitive adhesion were reviewed. The basic chemistry 

of PSA, the polymerization techniques and adhesive tests used for this thesis were discussed.  

The state-of-the-art on the application of reversible interactions for increasing adhesion 

performance of PSAs is described. 

Chapter II reports the polymerization of low Tg acrylates comprising quaternary ammonium 

groups and methacrylic acid as physical crosslinkers using emulsion polymerization. 

The parameters influencing the stability of the emulsions were studied. The content of functional 

(i.e. crosslinking) groups was varied and the consequences on the polymers’ mechanical and 

adhesive properties were discussed. 
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Chapter III is devoted to the use of solution polymerization to prepare acrylates with quaternary 

ammonium and phosphate side-groups. The number of crosslinker groups was altered, 

the stoichiometry between ionic moieties was changed and different ionic moieties were used 

(carboxylic acid and tertiary amine). The mechanical and adhesive properties as function of 

composition are analysed, and also compared with commercial adhesives. To improve  

the adhesive performance, a study for molecular weight optimization is described. 

Chapter IV describes the preparation of secondary dispersions from the polymers prepared by 

solution polymerization from Chapter III. The polymers were dispersed in water to avoid  

the presence of organic solvent in the final product. The characteristics of the dispersions are 

described. The mechanical and adhesive properties of the dispersed polymers are compared with 

those of the solutions and commercialized products. 

Chapter V summarizes the most relevant conclusions of this thesis. 

A detailed description of the materials, characterization method, additional graphs and figures 

are given in Appendixes.  
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II.1. INTRODUCTION 

The aim of this thesis was to find an efficient synthetic route to physical (reversible) polymer 

network, based on oppositely charged polyions to obtain PSA with improved adhesion properties. 

The ionic complexation in polymers is an effective crosslinking mechanism that can lead  

to improved material properties such as ultra-stretchability[1] or self-healing[2-6]. Adhesives 

containing interpolymer complexes are expected to show high shear resistance coupled with 

improved dissipative character during debonding[7, 8]. 

Emulsion polymerization is one of the most common techniques used in industry to prepare 

performance materials[9, 10]. It allows to produce polymers of high molar masses while keeping 

reasonable viscosity and good heat transfer. Water-based products are also safer to manufacture 

and for the environment[11, 12]. Yet, successful emulsion polymerization relies on achieving  

a stable dispersion of the particles in the supernatant, and on the homogenous diffusion of  

the monomers in these particles. The kinetics of the copolymerization depend also on  

the solubility of the monomers and on the different reactivity ratios[13, 14]. Furthermore, colloidal 

stabilization is insured by micellization of surfactant which can be non-ionic or ionic in nature[9]. 

As a result, emulsions are sensitive to addition of salts and to change in pH. The introduction of 

oppositely charged monomer groups in polymers using emulsion polymerization is therefore 

challenging. The functional groups should be chosen in accordance, not to disturb the steric 

and/or electrostatic stabilization, but to allow diffusion of the charged comonomers into  

the particles and copolymerization with the hydrophobic monomers. 

The emulsion copolymerization of styrene with ionic comonomers has been used in a few 

examples to prepare highly charged colloids for flocculant and paper industries[15-18]. 

Similar syntheses were disclosed with polymerizable ionic surfactants[19, 20]. These techniques 

give monodisperse particles, but the colloidal stabilization is only insured by the ionic 

comonomers, hence only the preparation of cationic or anionic latexes is permitted.  
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Amphoteric copolymers have been obtained using inverse emulsion polymerization  

(water-in-oil)[21-23] yet the oil supernatant makes this synthesis irrelevant for PSA applications 

(dried polymer films). Ionically crosslinked coatings from polyampholytes have been reported  

by Tiggelman and Hartmann[24]. Separate anionic and cationic dispersions were obtained  

by emulsion polymerization. Ionic crosslinking was obtained during film formation after blending 

the two complementary charged emulsions. However, the crosslinking took place at the interface 

of the polymer particles which decreased adhesion and water resistance.  

G. D. Rose et al.[25] studied the seeded copolymerization in emulsion of acrylates, methacrylic 

acid (MAA) and a cationic comonomer stabilized by a cationic surfactant. Although this work gives 

an insight to the introduction of both strong cationic and weak acid groups  

in the same dispersion, the aim was to induce particle-particle coacervation (polyelectrolyte  

phase-separation) by deprotonation of MAA. In other words, the goal of their study was  

to generate particle flocculation (particle destabilization) for water treatment, the effect of ionic 

crosslinking through complexation between the charged groups was never mentioned. 

In this chapter, the system proposed by G. D. Rose et al.[25] was further developed and  

the presence of ionic crosslinking in the final polymer was investigated. The polymers obtained 

should form an ionic network upon film formation from inter and intramolecular complexes. This 

requires increasing the pH over the pKa of the weak acid comonomer. To prevent the phase 

separation described in Rose’s work, it was hypothesized that an excess of cationic monomer 

would be required. The influence of the molar ratio between cationic and anionic groups on the 

stability of the emulsion at pH 2 and 8 was therefore studied. Towards understanding the 

adaptability and limits of the system, the impacts of surfactant, initiator and cationic monomer 

types on the emulsion stability were studied. Finally, polymers with increased content of ionic 

moieties, and by extension higher ionic crosslinking density were prepared and their mechanical 

and adhesive properties were compared depending on the pH.  
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II.2. RESULTS 

A polymer backbone of n-Butylacrylate (n-BA) and styrene (St) was copolymerized with oppositely 

charged ionic moieties: methacrylic acid (MAA) as the weak anionic moiety and  

2-(Methacryloyloxy)ethyl) trimethylammonium chloride (MAETAC) as strong cationic moiety. 

The structures of the monomers can be found in Figure 1. 

 

 

 

 

 

Figure 1. Chemical structures of the monomers used in this PhD thesis 

All samples were prepared at 2 L scale by seeded emulsion polymerization. 

After preliminary optimization experiments (described in sections from II.2.A. to II.2.E.),  

Dodecyltrimethyl ammonium chloride (DTMACl) was selected as surfactant and  

tert-Butyl Hydroperoxide (t-BHP)/Rongalit® C was selected as red-ox couple for the initiation  

of polymerization. To reduce the content of volatile organic compounds (VOCs) and to work  

in industrial conditions, the polymerization of residual monomers was performed with a second 

feed of initiator (chemical deodorization). After cooling, the latexes were filtered through  

a 125 µm mesh and the amount of coagulum (destabilized particles) obtained was measured. 

A scheme of the expected emulsion is given in Figure 2.  
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Figure 2. Expected emulsified system of a copolymer from n-BA/St/MAETAC/MAA 

A. Selection of surfactant 

In emulsion polymerization, the surfactant plays a key role for the colloidal stabilization and thus 

for the polymerization. In most cases, ionic stabilization (i.e. ionic surfactant) is preferred rather 

than steric stabilization (i.e. non-ionic surfactant or protective colloid) as it allows better control 

over the particle size and a fast particle nucleation[26]. The nature of the surfactant is also likely 

to impact the stability of the emulsion when copolymerizing a quaternary ammonium monomer. 

The influence of the nature and charge of surfactant on the stability of the emulsion was thus 

investigated. Latexes were prepared using different surfactants: three cationic ones with different 

length of alkyl groups (DTMACl, Stepanquat® BC 40, Petrostep® Q5018), a non-ionic one 

(Lutensol® AT18) and a mixture of anionic ones (Disponil® FES 77, Dowfax® 2A1). 

A summary of the experiments can be found in Table 1. 
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Table 1. Summary of used surfactants for emulsion stability trials; the particle size modi correspond 

to the mean particle sizes obtained for the different particle populations 

 

Stable emulsions were obtained using all three cationic surfactants, with particle sizes between 

150 and 500 nm. The emulsions with longer alkyl chains C16 or C18, showed larger particle size 

(c.a. 550 nm) and coagulum (small amount of particle precipitation) up to 10 g on an overall 

1 kg of emulsion meaning 1 wt%; which suggests a weaker stabilization than with the shorter 

(C12) surfactant DTMACl.  

The same was observed when a non-ionic surfactant was used; the emulsion was stable with 

1 wt% of residue recovered but collapsed as consequence of increasing the pH to 8 with 

ammonia. Therefore, in comparison to cationic, steric stabilization gave lower emulsion stability 

and control of particle size at pH 2; plus, it was insufficient to prevent particles aggregation 

at pH 8. The experiment using a mixture of anionic surfactants resulted in an unstable emulsion 

with polymer precipitation even when using an anionic seed and Sodium Persulfate (NaPS)  

as initiator. 

  

Surfactant 
Chemical 

nature 
Charge 

Amount 

(pphm) 

Particle size 

modi (nm) 
Result and remarks 

DTMACl 
C12 Alkyltrimethyl 

ammonium chloride 
+ 1 152, 228 + t* 

Stable emulsion with cationic 
seed & coagulum < 0.5 wt% 

Stepanquat® BC 40 
C16C18 Alkyldimethyl  
Benzyl ammonium 

chloride 

+ 1 157, 265 +t , 600 
Stable emulsion with cationic 

seed & 1 wt% coagulum 

Petrostep® Q 5018 
C18 Alkyltrimethyl 

ammonium chloride 
+ 1 150, 279 + t, 511 

Stable emulsion with cationic 
seed & 1 wt% coagulum 

Lutensol® AT 18 
C16C18-fatty alcohol 

+ 18 EO 
Non ionic 1 156, 275 + t, 594 

Stable emulsion with cationic 

seed & 1 wt% coagulum 

Disponil® FES 77  

/ Dowfax® 2 A1 

Fatty alcohol ether 
sulfate + 30 EO / 

Alkyldiphenyloxide 
disulfonate 

- 0.6/0.4 
- 

 

Unstable emulsion with 

cationic or anionic seed and 
with different initiator 

     *t=tailing 
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B. Selection of initiating system 

Water-soluble initiators used in emulsion polymerization carry frequently charged groups; 

therefore, charged initiators might disturb the stability of the emulsion and consequently  

the conversion of the reaction when polymerizing charged monomers. Ionic interactions 

(attractive or repulsive) between the initiator and MAETAC might be competitive towards  

the propagation of the polymerization. Therefore, different initiators were tested in preliminary 

experiments: neutral (t-BHP/Rongalit® C), anionic (Sodium Persulfate NaPS and t-BHP/Sodium 

Acetone Bisulphite) and cationic (Wako V50). The other reaction parameters were kept constant 

unless otherwise specified: DTMACl was used as surfactant and the amounts for MAA and 

MAETAC were 95 and 100 mmol respectively. The structures of the initiators investigated  

are found in Figure 3 and a summary of the experiments can be found in Table 2. 

 

 

 

 

Figure 3. Structures of the investigated initiators 

The combination of t-BHP/Rongalit® C for reaction feed and chemical deodorization (initiator feed 

for removal of residual monomer) was successful and resulted in stable emulsions only when 

using cationic seed and surfactant. The use of the anionic counterparts resulted in coagulation. 

The latex was also stable using a cationic initiator Wako V50 during the feed and 

t-BHP/Rongalit® C for the chemical deodorization. The experiment prepared in an anionic system 

(i.e. using anionic surfactant) showed high instability during polymerization. The same was 

observed in the case of NaPS/t-BHP-Sodium Acetone Bisulfite for both cationic and anionic 

surfactants. 
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These results suggest that ionic interactions between the initiator and MAETAC and/or DTMACl 

take place. In combination with the cationic surfactant DTMACl selected in II.2.A.,  

t-BHP/Rongalit® C was chosen as initiating system (feed and chemical deodorization) for the rest 

of the experiments. 

Table 2. Summary of the experiments ran with different initiating system 

 

 

 

 

 

C. Selection of cationic monomer 

The acrylate moiety of MAETAC is sensitive to hydrolysis. In order to provide an extended portfolio 

of viable monomers (i.e. stable and already available in industry from flocculants and cosmetics 

segments), the stability of the emulsion was tested and compared using the following 

comonomers: 3-(methacryloylamino)propyl) trimethylammonium chloride (MAMPTAC),  

(3-(2-methylprop-2-enoyloxy)propyl)trimethylammonium methylsulfate (MAPTAMS), and 

(2-(2-(2-meyhylprop-2-enoyloxy)ethoxy)ethyl)trimethylammonium methylsulfate (MAEEOAMS). 

In comparison to MAETAC, MAMPTAC contains an acrylamide group and a propyl chain, MAPTAMS 

contains a propyl chain and a methyl sulfate counter-ion and MAEEOAMS contains an ethoxy 

group between the acrylate and the ammonium plus a methyl sulfate counter-ion.  

The different structures are available in Table 3.  

 

Initiator Feed Chemical deodorization Result and remark 

t-BHP/Rongalit® C t-BHP/Rongalit® C 

Stable emulsion with cationic seed  

and surfactant 

Unstable with anionic seed and  
anionic surfactant 

Wako V50 t-BHP/Rongalit® C 

Stable with cationic surfactant 

5 wt% coagulum with non-ionic surfactant 
and anionic seed 

NaPS t-BHP/Sodium Acetone Bisulfite 
Unstable weither cationic/anionic seed 

and surfactant 
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All monomers were successfully polymerised, although an excess of coagulum  

(particle aggregation) ~ 3 wt% was observed for MAPTAMS and MAEEOAMS. Only a small 

instability (measured by the amount of coagulum) of the emulsion was seen when MeSO4
2- was 

present as a counter-ion. Overall, the emulsions were stable with the four monomers,  

though smaller amounts of coagulum were measured when using MAMPTAC. Being less prone  

to hydrolysis due to the acrylamide group (instead of acrylate), MAMPTAC would  

be an appropriate candidate to replace MAETAC. 

Table 3. Monomers structures and results of the experiments 

 

  

Monomer Structure 
Amount 

(mmol) 

Result and 

remark 

MAETAC 

 

100 

Stable and 
coagulum < 0.5 wt% 

MAMPTAC 

 

Stable and 

coagulum < 0.5 wt% 

MAPTAMS 

MeO
4
S-

 

Stable but 
coagulum > 3 wt% 

MAEEOAMS 

MeO
4
S-

 

Stable but 

coagulum > 3 wt% 
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D. Effect of the ionic monomer ratio on emulsion stability 

For the following sections, it was chosen to use DTMACl as surfactant, t-BHP/Rongalit® C  

as initiating system and MAETAC as cationic monomer as the combination showed good emulsion 

stability. In this case, the overall ionic charge of the dispersion is cationic. In consequence,  

the ionic crosslinks (from interactions of the oppositely charged monomers) should be triggerable 

by increasing the latex pH from 2 to 8 (over the pKa(MAA)= 4.65[27]). A higher pH, ionic 

interactions might destabilize the polymer particles. To prevent instabilities, it was hypothesised 

that an excess of the cationic monomer was required.  

The stability of latexes at pH 2 and 8 as function of MAA:MAETAC ratio was studied by preparing 

a set of samples with a fixed amount of MAA (95 mmol) and increasing amount of MAETAC from 

0 to 100 mmol. The pH was then increased to 8 by addition of NH3 (10wt%) under agitation. 

The stability of the latex was optically and qualitatively assessed (macro-aggregation of particles 

or precipitation). A description of the set is available in Table 4. 

Table 4. Summary of emulsion stability experiments with different MAA:MAETAC ratio 

 

 

 

 

 

 

 

 

Amount of 

MAA (mmol) 

Amount of 

MAETAC (mmol) 
pH Stable 

95 

0 
2 

N* 
8 

10 
2 Y 

8 N 

20 
2 Y 

8 N 

30 
2 Y 

8 N 

50 

2 Y 

8 N 

100 
2 

Y 
8 

   
 

*Y=Yes 
N=No 
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All latexes obtained were stable at pH 2 and the same particle size was found of around 100 nm 

with a tailing at ~230 nm, except for the procedure with 0 mmol of MAETAC. Upon increasing 

the pH of the products to pH 8, the latexes containing 10 to 50 mmol of MAETAC collapsed and 

only the sample with 100 mmol MAETAC showed stability to ammonia. It seems, the slight excess 

of cationic charges prevented particle coacervation at pH=8.  

Consequently, the excess of MAETAC was required to obtain stable dispersions with deprotonated 

acid groups and this configuration was required to form adhesive films.  

E. Effect of a chain transfer agent on the gel content 

The aim of this chapter was also to produce ionically crosslinked polymers, free of covalent 

crosslinks, to study the effects of the physical network on the adhesive properties of the dried 

latex films. However, covalent crosslinking can occur during radical polymerization due to grafting 

(or backbiting) reactions[28]. To control grafting reactions (i.e. secondary reactions from transfer 

to polymer chains), a chain-transfer agent (CTA) can be used[10]. A CTA reacts with  

a propagating chain for termination; this releases another radical that will preferably initiate  

a new growing chain instead of transferring to a polymer chain and produce grafting. 

To evaluate the amount of covalent crosslinking in the polymer, the gel content in the dried 

polymer film is determined[29]. The gel content is the percentage of the dried polymer film that 

is insoluble in a solvent and gives a measure of the formation of covalent crosslinks during 

polymerization. If the polymer chains are free of covalent crosslinks and can be solubilized in  

the solvent, no gel is measured.  On the other hand, fully crosslinked particles should cause a gel 

content of 100%. 

Two series of polymers were synthesized using DTMACl as surfactant, a cationic seed,  

t-BHP/Rongalit® C as initiating couple, a constant ratio n-BA/St, a constant amount of MAA  

(95 mmol) and 50 or 100 mmol of MAETAC. The first series was polymerised as described above, 

while in the second series, tert-dodecyl mercaptan (t-DMK) was used as CTA. The gel contents 

in Ethanol (EtOH) were measured and are shown in Table 5. 
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Table 5. Series of samples and measured gel contents 

 

 

 

 

 

It is worth mentioning that, the gel content can take into account the physical network formed 

from the ionic interactions if these are not soluble in the solvent. Therefore, all measurements 

were done with films from dispersions at acidic pH. 

The polymers synthesized in the absence of t-DMK gave gel contents of about 85%. 

However, for the polymers synthesized in the presence of the chain transfer agent t-DMK,  

the gel contents dropped to zero considering the error range (~5%). There results indicate that 

covalent crosslinks between polymer chains were formed during the polymerization reaction, most 

likely due to grafting with H abstraction on n-BA moieties on the backbone. Addition of a CTA 

could prevent the proton abstraction, and avoided the formation of a covalent network.  

The amount of MAETAC had no influence on the gel content in EtOH. 

  

Amount of 

MAA (mmol) 

Amount of 

MAETAC (mmol) 

Amount of 

t-DMK (mmol) 

Gel% in 

EtOH 

95 

50 

0 

84 

100 85 

50 
2 

0.5 

100 1 
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F. Effect of the amount of ionic comonomers and pH on the polymer 

structure and physical properties of the films 

i. Preparation and characterization of the emulsion polymers with increasing ionic 

content 

A set of dispersions, seen in Table 6, was prepared with increasing content of both ionic functional 

groups. The samples names are abbreviated to EP for Emulsion Polymer, the abbreviation  

of the monomer is used and followed by the amount of each in mmol (e.g. M stands for MAETAC, 

e.g. EP-MAA95M100 contains 95 mmol of MAA and 100 mmol of MAETAC). The amount of ionic 

crosslinker group in the polymer is referred to ionicX in wt%.  

To prevent instability of the emulsion, several conditions were kept constant: the n-BA/St ratio,  

the use of DTMACl surfactant to avoid attractive interactions with MAETAC, the red-ox couple  

of t-BHP and Rongalit® C because it showed the best stability, 2 mmol of t-DMK.  

The cationic monomer was always used in a small excess (~5 mmol) in respect to the acid to be 

able to increase the pH of the dispersion to 8.  

To characterize the obtained polymers, the particle size was measured by Hydrodynamic 

Chromatography (HDC) and the gel contents were measured by the method described  

in paragraph II.2.E. The molecular weight distributions were obtained by Size Exclusion 

Chromatography (SEC) with Refractive Index (RI) detector. The results are available in Table 7. 
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Table 6. Set of samples with increasing amount of MAETAC and MAA 

 

 

 

 

 

Samples with a weight average molecular weight Mw ≈ 220 000 g.mol-1, a number average 

molecular weight Mn ≈ 40 000 g.mol-1 and a polydispersity index PDI ≈ 6, were obtained.  

The particle size increased with pH and with the fraction of ionic moieties from 155 nm to 250 

nm with tailing (Table 7). The particle sizes of EP-MAA115M120 and EP-MAA195M200 at pH 8 are not 

available because larger than the filters pore size (1200 nm). These results suggest that  

the particles swell or aggregate with increasing ionicX and increasing pH and, therefore,  

larger hydrodynamic radii are obtained at those conditions. 

 

 

 

 

 

 

 

Experiment 
MAA 

(mmol) 

MAETAC 

(mmol) 

ionicX 

(wt%) 

EP-M100 0 100 0 

EP-MAA45M50 45 50 3.5 

EP-MAA95M100 95 100 5.9 

EP-MAA115M120 115 120 9.1 

EP-MAA195M200 195 200 12.4 
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Table 7. Molecular weights of the polymers measured by SEC and particle size modi of  

the dispersions measured by HDC  

 

 

 

 

 

 

 

 

 

ii. Gel content of the polymer films 

The gel content of the different polymer films was evaluated. Results are specified in Table 8  

(a summary of the physicochemical properties of the samples is given in Appendix 1).  

It is expected that swelling and crosslinking density correlate inversely. 

However, in low crosslinked polymers the immiscibility of charges might also contribute to 

swelling differences. Curiously, increasing the pH of the dispersions (i.e. triggering the formation 

of ionic crosslinks) did not have an influence on the gel fraction measured in MEK and EtOH.  

It suggests that either the ionically crosslinked network was not measured by the gel content 

method, or the ionic interactions did not form in the organic solvents. 

 

   SEC 

Experiment pH 
Particle size 

(nm) 
Mw (g.mol-1) Mn (g.mol-1) PDI 

EP-M100 

2 155 

206 000 44 200 4.7 
8 147 + t* 

EP-MAA45M50 

2 117, 198 

220 000 41 700 5.3 
8 175, 284 + t 

EP-MAA95M100 

2 152, 228 + t 

222 000 35 800 6.2 

8 258 + t 

EP-MAA115M120 

2 200 + t 

259 000 35 500 7.3 
8 n.a. 

EP-MAA195M200 

2 189 + t 

237 000 38 100 6.2 
8 n.a. 

    *t=tailing  

 



Chapter II – Adhesive polyampholyte particles prepared by emulsion polymerization 

 

99 

Table 8. Gel contents measured in MEK and EtOH for the series of sample at pH 2 and 8 

 

 

 

 

 

 

 

 

 

Higher swelling ratios were measured for EP-M100, EP-MAA45M50 and EP-MAA95M100 with respect 

to EP-MAA115M120 and EP-MAA195M200 in MEK, indicating that an increased ionicX decreased 

swelling in MEK. The gel content measured in a more polar solvent like EtOH (i.e. that might 

dissolve better the polyampholyte) also decreased from 81 % to 1 and 2 % for respectively  

EP-MAA45M50, EP-MAA115M120 and EP-MAA195M200. This suggests that EP-MAA115M120 and  

EP-MAA195M200 did not contain covalent crosslinks. The swelling ratios for EP-M100, EP-MAA45M50 

and EP-MAA95M100 in EtOH were respectively 83, 81 and 59 %, indicating formation of covalent 

networks in samples with low ionicX through secondary reactions. The architecture of the polymer 

chains might thus vary with the MAETAC and MAA molar fractions; and induce composition drifts 

in the reactions for high ionicX content. 

 

  

  Gel% 

Experiment pH in MEK in EtOH 

EP-M100 

2 52 83 

8 51 87 

EP-MAA45M50 

2 46 81 

8 47 84 

EP-MAA95M100 

2 36 59 

8 38 73 

EP-MAA115M120 

2 32 1 

8 35 2 

EP-MAA195M200 

2 28 2 

8 26 1 
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iii. Morphology of the polymer films 

Good film forming ability of latexes and dispersions is an important feature for coated applications 

and is crucial for high adhesive performance. In order to form a film, dispersions are coated or 

poured in a mould, water evaporates and the polymer particles stack on one another within  

the remaining solid film. If during drying the polymer chains contained in the core of the particles 

do not interpenetrate and form an entangled network, this can result in low cohesiveness  

(low resistance to shear) and/or polymer ordering and decrease of tackiness[30, 31]. 

To examine the homogeneity of the dispersion films, cross-cuts of films from the different latexes 

were imaged by Atomic Force Microscopy (AFM) in tapping mode. Latexes were disposed on 

droplet holders. The holders were positioned backwards during the drying of the film to form 

smooth polymer droplets. The dried droplets were cut with a diamond knife to obtain  

cross-sections. 

The AFM phase pictures obtained for EP-MAA95M100 and EP-MAA115M120 in tapping mode, can be 

seen in Figure 4. The samples showed a biphasic structure with areas of lower phase contrast 

(brown) representing a soft polymer matrix while yellow points were made of harder material.  

A possible reason for the appearance of this biphasic structure is polymer or particle  

phase-separation due to a difference in composition. The black areas are likely due  

to the migration of surfactant to the film surface. This hypothesis was confirmed by treating  

the samples with water, which washed off the dark areas (seen in Appendix 2).  
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Figure 4. AFM phase cross-cut pictures of EP-MAA95M100 and EP-MAA115M120 at pH 2 and pH 8 

To understand if these white dots come from phase-separation of polymer chains or from polymer 

particles, separation of the water phase (serum) and the particles (sediment) from the emulsion 

was carried out using an Analytical Ultracentrifuge (AUC) for EP-MAA95M100 and EP-MAA115M120. 

The Infrared (IR) spectra of the two collected phases were dried and measured with Diamond 

Attenuated Total Reflectance Spectrometer (ATR). The spectra were compared to those 

of MAETAC and are available in Appendix 3 to 6. Spectra of the serum phase of EP-MAA95M100  

at pH 2 and 8 are displayed in Figure 5.  

The serum phases at pH 2 and 8, showed the same absorptions characteristic of MAETAC:  

ν(C=O) at 1724 cm-1, ν(C-O) at 1148 cm-1 which corresponds to the carbonyl of the acrylate part, 

plus ν(C-N) at 1476 cm-1 for the ammonium, ν(C-H)=953, 1038 cm-1 of the ethyl and water  

is also present with a broad shoulder around 3400 cm-1. 
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In this region another shoulder is observed with four peaks 2858, 2960, 3016 and 3143 cm-1 

which could be an overlapping of ν(Csp3-H)=2800 cm-1 of the N-CH3 groups and the ν(O-H) of  

a carboxylic acid, here only Methacrylic acid is conceivable. The band for C=O and C-O would 

overlap with the one of the acrylate of MAETAC. No band for the alkene C=C of the monomer  

is found in the serum (ν(C=C)=1650 cm-1). At pH 8, an increase of the bands at 3132 and  

2959 cm-1 and new peaks at 1447 and 1407 cm-1 were observed. If considering that at this pH 

the MAA and MAETAC would interact, this could correspond respectively to the C-H and the C=O 

in the complex R(CH3)2N+-OOC-CH3[32]. 

The analysis of the sediment (at both pH) showed bands that correspond to the groups of 

acrylates of n-BA with ν(C=O)=1729 cm-1, ν(C-O)=1160 cm-1, ν(C-H)=1470-1420 cm-1 and 

aromatic of styrene ν(C=C)=1450 cm-1, δ(Csp2-H)=1250-900cm-1 and 

ν(Csp2-H)=3080-3010 cm-1. The band of MAA with ν(OH) around 2900 cm-1 should also overlap 

in this region, another indication for MAA is given by the peak at 1240 cm-1 for an additional C-O 

stretch.  

The IR analysis thus suggested that two distinct polymers were synthesized, and correlate with 

AFM images. It appears that n-BA-co-MMA-co-MAA (soft polymer, brown matrix) was formed 

inside the particles while MAETAC-co-MAA (hard polymer, yellow areas) was polymerized  

in the water phase; and that the polymers could not mix during film formation giving the biphasic 

structure. 
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Figure 5. IR spectra of the Serum phase of EP-MAA95M100 at a) pH 2 and b) pH 8 
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iv. Characterization of the thermal and mechanical properties of the polymer films 

The glass transition temperature (Tg) of the polymers was measured by Differential Scanning 

Calorimetry (DSC) and found to be around -20°C (available in Appendix 1). The fraction of ionic 

groups did not have any influence in the Tg of the polymers. 

The mechanical properties of the polymer films were measured by oscillatory rheology and 

uniaxial tensile tests. Dried films of thickness ~1.2 mm of the samples set, were analysed by 

linear rheology with a plate-to-plate geometry of 25 mm. Frequency sweep tests were carried out 

with an amplitude of 1%. The curves of the elastic G’ and loss G’’ modulus as function  

of the angular frequency ω for films prepared at pH 2 and 8 and measured at T=25°C,  

are available in Appendix 7. The loss tangent as function of ω are displayed in Figure 6.  

The rheological curves of all samples showed a rubbery plateau with G’>G’’ at high frequency 

(rubbery region) and G’ ~0.1-0.3 MPa, and a tan δ=G’’/G’ between 0.5 and 1, both at pH 2  

and 8. This rheological behaviour is characteristic of low crosslinked materials. At frequencies 

below 0.1 rad.s-1 the transition to the flowing regime (G’’>G’, tan δ>1) was observed  

in EP-MAA115M120 and EP-MAA195M200. Although these polymers contain a higher ionicX,  

the interactions between the chains seem to be weaker. 

The pH did not affect the shape of the rheological curves, indicating that the observed rheological 

response at the measured frequency range was not dominated by ionic interactions  

to a significant extent. Entanglements or non-ionic intermolecular interactions between  

the polymer chains would be responsible for the observed transitions. Only in the case  

of EP-MAA95M100, the values of tan δ are shifted between 0.75 and 0.5 (Figure 7) from pH 2 to 8. 

This suggests that the interactions between polymer chains in EP-MAA95M100 were reinforced upon  

the deprotonation of acid groups. 
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Figure 6. Loss tangent tan δ as function of angular frequency ω for a) pH 2 and b) pH 8 

 

 

 

 

 

 

 

Figure 7. Comparison of tan δ at pH 2 and 8 for EP-MAA95M100 

The behaviour of a polymer at low frequencies can be correlated to its behaviour at higher 

temperature on a shorter range of frequency. Time-Temperature Superposition measurements 

were realized for all samples with temperatures starting from 25 then 30 to 180°C, in 10°C steps, 

with an amplitude of 1% and a frequency range from 1 to 100 rad.s-1.  
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By compiling measurements on short range frequency at different temperature by shifting factors 

aT and bT, a master curve for G’ and G’’ for a larger frequency range can be obtained. The samples 

master curves for T=25°C are shown in Figure 8. 

A rubbery plateau is observed at high frequency, as expected for viscoelastic polymers. 

A cross-over of the G’ and G’’ curves was observed at 10-3<ω<10-1 rad.s-1 (i.e first transition,  

the cross-over frequency, ωc1). The cross-over was not followed by a classical flowing regime 

with G’’>>G’ (i.e. terminal relaxation). Instead, a transitive regime with G’≈G’’ was observed.  

At lower frequencies, ω<10-3 rad.s-1, a second cross-over point was seen (i.e. second transition 

for ωc2), which was followed by a second rubbery plateau with G’>G’’. This rubbery plateau  

is indicative of a loose network (i.e. high molecular weight between crosslinks Mc).  

It was observed in all samples, including those at pH 2 where no ionic crosslinks should be 

present, and therefore it should be associated to a covalent network. 

The nature of the molecular interactions responsible for the first rubbery plateau at high 

frequency was also observed in samples at pH 2 and 8. Therefore, it can be assumed that  

it is associated to entanglements and likely covalent crosslinks between chains, at least for  

EP-M100, EP-MAA45M50 and EP-MAA95M100 for which high gel contents were measured.  

This hypothesis would imply that the polymer films have complex architectures which can 

resemble to a double network: one network is rather dense (low molecular weight between 

crosslinks Mc), formed from a combination of different molecular interactions (entanglements 

and/or covalent crosslinks and/or branches); and can be seen with the first rubbery plateau  

at high frequency. The second network is loose, likely formed from covalent crosslinks and can 

be seen by the second elastic plateau at very low frequencies.  
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To further understand the impact of the concentration of ionic groups on the polymers responses; 

the cross-over frequencies ωc for the first (10-3<ωc1<10-1 rad.s-1) and second transition 

(ωc2<10-3 rad.s-1) are displayed as function of ionicX in Figure 9 and a table of data  

in Appendix 9. For the first transition ωc increased one degree of magnitude from ~2.10-3 

to 5.10-2 rad.s-1 with increasing ionicX from 0 to 12.4 wt%. This trend was observed at pH 2 and 

8. These results indicate that the samples with higher ionic co-monomer concentration contained 

less or weaker molecular interactions between polymer chains and could transit to flowing regime 

more easily (i.e. at higher frequency). However, the polymer with 5.9 wt% ionicX  

(i.e. EP-MAA95M100) was toughened by the increase of pH as ωc decreased 

to 2.10-3 rad.s-1, suggesting that ionic interpolymer interactions also affected this transition. 
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Figure 8. Master curves at T=25oC obtained for the set of samples with increasing ionicX; 

an enlargement of the master curves is given in Appendix 8 
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Figure 9. Evolution of cross-over frequency ωc as function of ionicX for the first and second transitions 

The influence of ionicX on ωc of the second transition was antagonist.  

From 0 to 12.4 wt% ionicX, ωc decreased by an order of magnitude to ~4.10-5 rad.s-1.  

At pH 8, ωc2 shifted to ~3.10-6 rad.s-1 for EP-MAA115M120 (i.e. 9.1 wt% ionicX) as the polymer 

gained in stiffness. Overall, the difference between ωc1 and ωc2 increased with ionicX, 

the transitive regime is thus longer for EP-MAA115M120 and EP-MAA195M200.  

Although two structures (i.e. networks) are recognized in the rheological measurements,  

it is difficult to connect the results with the film morphologies discussed in paragraph II.2.F.iii.  

One could assume that the inclusions of MAETAC-co-MAA inside the n-BA-co-MAA-co-MAA matrix 

act as fillers in the films, and the responsible for the observed second elastic plateau.  

However, in this case, an increase of stiffness would be expected with increasing ionicX (increased 

plateau modulus and high cross-over frequency ωc2). But the data show the inverse trend:  

ωc2 decreased with ionicX. Therefore, no conclusive molecular scenario can be associated  

to the molecular nature of the relaxations. 
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Tensile tests were carried out on the set of samples to study the behaviour of the polymers  

at large strains. The latexes films were carefully dried to obtain thicknesses of ~1.2 mm and cut 

to the dimensions of DIN-53504 S3A of 4 mm width and 16 mm measuring length.  

The stress-strain curves at pH 2 and at pH 8 are compared in Figure 10, individual curves  

are available in Appendix 10. The related values of stress at yield σY, maximum stress σmax and 

elongation εmax, stress σB and elongation εB at break can be found in Appendix 12.  

The dependence of σmax and εB as function of ionicX can be found in Figure 11. 

 

Figure 10. Stress-strain curves of all samples for a) pH 2 and b) pH 8 

The stress-strain curves obtained for EP-M100, EP-MAA45M50 and EP-MAA95M100 are consistent with 

the characteristics of crosslinked materials: first a shoulder was observed corresponding  

to the yield stress and the end of the elastic deformation of the polymer.  
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Then, strain-hardening was observed (sharp increase of stress); it is caused by the orientation  

of the polymer chains and resistance to the directional force by presence of branching, 

entanglements and crosslinks. Afterwards, the stress decreased and the sample broke.  

The trend of the stress-strain curves for EP-MAA115M120 and EP-MAA195M200 was similar,  

but no strain-hardening was seen and the stress at break σB was low (<20 kPa).  

This suggests the two polymers were only slightly crosslinked in comparison to EP-M100,  

EP-MAA45M50 and EP-MAA95M100 and that high ionicX decreases the number of branching and/or 

entanglements and/or crosslinks responsible for the strength of the polymer networks. 

Increasing the pH 8 only had an effect on EP-MAA95M100 and EP-MAA195M200. The strain-hardening 

increased further for EP-MAA95M100 and the stress-strain curve for EP-MAA195M200 only showed  

a large peak, characteristic of brittle polymers. 

At pH 2, for EP-M100, EP-MAA45M50 and EP-MAA95M100 σmax reached 200 kPa with strain-hardening 

for ε>1250%; while σmax reached 94 and 76 kPa for respectively EP-MAA115M120 and  

EP-MAA195M200. As σmax is a measure of the maximal force that can be sustained by the sample, 

it appears the mechanical resistance of EP-M100, EP-MAA45M50 and EP-MAA95M100 is higher than 

for EP-MAA115M120 and EP-MAA195M200, although they contain high ionicX. 

As seen in Figure 11, at pH 8 σmax remained unchanged for most samples but increased for  

EP-MAA95M100 and EP-MAA195M200. This indicates a higher crosslinking density in comparison  

to the same polymers at pH 2, by triggering the ionic interactions. But it also shows that σmax 

increased with ionicX as EP-MAA95M100 and EP-MAA195M200 became mechanically stronger than 

EP-M100 and EP-MAA45M50, apparently due to more ionic crosslinks. 
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Figure 11. Evolution of σmax and εB as function of ionicX measured by tensile test 

Although, EP-MAA95M100 exhibited stronger resistance to strain at pH 8, a similar elongation  

at break εB~2500 % was measured, suggesting the density of ionic crosslink points was still low 

so that the material was still dissipative (could dissipate the energy to deform with applied stress). 

On the other hand, from pH 2 to 8, εB decreased by a factor of 2 for EP-MAA195M200.  

In this case, the physical network was dense and more elastic due to high ionicX, which lowered 

its deformability. For low ionicX compounds, no significant change of εB was observed with  

the increase of pH.  

It is important to note that the increase of crosslinking density induced by higher amounts of 

ionic moieties and increase of pH was seen with 5.9 and 12.4 wt% of ionicX (i.e. EP-MAA95M100 

and EP-MAA195M200), but EP-MAA115M120 was unaffected by the pH. The sample cannot be 

considered, and its inconsistency will be discussed in the next section.  

The results given by the tensile tests are in accordance with the measurements of the gel contents 

in II.2.F.ii. The differences in the strain-hardening behaviours at pH 2 can be associated to a lack 

of covalent crosslinks for EP-MAA115M120 and EP-MAA195M200 and this correlates well with  

the absence of gel contents measured in EtOH. 
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To relate to the polymers compositions discussed in II.2.F.iii. the strain-hardening feature  

of the polymer films would be given by the n-BA-co-St-co-MAA as it is more likely to undergo  

side-reactions for grafting and crosslinking. On the other hand, the increase of σmax at pH 8  

is due to the formation of inter and intra-polymer (between MAETAC-co-MAA itself and with  

n-BA-co-St-co-MAA) ionic interactions that toughen the films. 

v. Adhesive properties of the polymer films 

The adhesive properties were first tested by probe-tack on films of thickness ~0.15 mm. 

The stress-strain curves obtained for the series of samples are available in Appendix 13 as well  

as the images taken of the detaching probe in Appendix 14. A comparison of all samples is given 

in Figure 12 at both pH and failure modes were recorded.  

As introduced in Chapter I paragraph 2.B.iii., the stress-strain curves are important to understand 

the debonding mechanism involved in the adhesive layers. The parameters σpeak, σmax, εmax and  

the work of debonding Wdeb extracted from the curves were used to compare the samples with 

increasing ionicX and are displayed in Figure 13; a summary of the data obtained from  

the measurements is shown in Appendix 16. 

At pH 2 the stress-strain curves of samples with low MAA and MAETAC content 

(EP-M100, EP-MAA45M50, EP-MAA95M100 and EP-MAA115M120) showed characteristics of low 

crosslinked materials: with increased strain, the stress first reached a sharp maximum σpeak, then 

decreased and stabilized to a plateau region with σplateau; after that, σ decreased slowly to σmax 

when the probe detached from the adhesive.  

The σpeak fall in the same range ~600-900 kPa for all samples, but the behaviour at higher strains 

differed among them. Samples with higher ionic monomer content, i.e. EP-M100, showed a short 

plateau, low εmax=4 and formation of fibrils (seen in Appendix 13) which detached via an adhesive 

failure mode (i.e. no adhesive residue left on the substrate).  
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EP-MAA45-M50 showed a plateau followed by a sharp decrease of σ, which can be associated  

to an entering of air in the cavities (i.e. equilibrium of pressure)[33]. Adhesive failure was 

obtained in this case, and no elongated fibrils were seen, suggesting that the polymer was too 

stiff (most likely crosslinked) for energy dissipation. 

EP-MAA95M100 showed a long plateau with σplateau=153 kPa, with stable fibrils observed on  

the camera (seen in Appendix 14) which sustained load to εmax=19, dissipating efficiently energy. 

 

Figure 12. Comparison of tack stress-strain curves of samples at a) pH 2 and b) pH 8 

While EP-MAA115M120 showed a plateau as well but full debonding at shorter strain εmax=4 

suggesting viscous polymer as cohesive failure was observed. EP-MAA195M200 showed a viscous 

behaviour as no fibrillation plateau and cohesive failure (failure in adhesive bulk) were observed.
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No clear influence of ionicX was seen on the probe-tack measurements at pH 2, as the two 

samples with the higher amount of ionicX (i.e. EP-MAA115M120 and EP-MAA195M200) showed 

 the weakest resistance to debonding by viscous dissipation and contained thus fewer crosslinks. 

 

Figure 13. Evolution of a) σpeak b) σplateau c) εmax and d) Wdeb as function of ionicX for pH 2 and 8 

At pH 8 similar trends were observed. The same curve was observed for EP-M100 plus stable fibrils 

and adhesive failure were obtained. No influence of pH was seen on the curve of EP-MAA45M50 

yet fibrils were observed and still resulted in adhesive detachment.   

The opposite was seen for EP-MAA95M100, the plateau stress had the same value as at pH 2,  

but εmax was divided by 3; no stable fibrils were observed but a depletive front at the surface  

of the probe, this change in failure can be seen in Figure 14. 
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Figure 14. Comparison of tack stress-strain curves at pH 2 and pH 8 for a) EP-MAA95M100 

and b) EP-MAA195M200 

On the other hand, EP-MAA115M120 showed no effect of a change of pH, εmax even increased  

to ~30 but the polymer was viscous as the observed fibrils were flowing and sustained low σ. 

On the contrary, the behaviour of EP-MAA195M200 switched from viscous to brittle-like with σpeak 

multiplied by 2 and εmax decreased to 0.2, no fibrils were observed, detachment took place without 

formation of defined cavities as seen in Figure 14. The density of ionic crosslinking was therefore 

high and made the polymer too elastic.   

The influence of increased ionicX and pH is unclear, the values of the work of debonding Wdeb 

illustrated in Figure 13 scattered and did not reflect the expected trend where adhesion measured 

with Wdeb should increase at intermediate ionicX (i.e. crosslinking density) due to more 

inter/intrapolymer interactions which improve energy dissipation. With higher ionicX, Wdeb should 

then decrease as the elastic character of the polymer chains prevail and favour energy storage.  

In connection to previous mechanical properties, the behaviours of the polymer films  

in probe-tack were similar to tensile tests. At pH 2 for EP-MAA115M120 and EP-MAA195M200, a lack 

of covalent crosslinks was reflected at large strains, as the samples showed characteristics  

of flowing polymers and no fibrillation plateaus were formed. 
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By increasing the pH to 8, the inter and intrapolymer interactions between n-BA-co-St-co-MAA 

and MAETAC-co-MAA stiffened the whole polymer films and cracks propagation were observed 

rather than fibrillation resulting in lower adhesion. 

The adhesive performance of the latexes was also measured by Peel tests on steel with dried 

films of grammage 20 g.m-2 (20 g of dried polymer per m2) coated on Polyethylene terephthalate 

(PET) backing. Films strips of 25 mm width were cut, and tests were carried out over a length of 

150 mm, at 180° angle and for different contact times of tc=2 min and tc=24 h. 

The Peel mean forces Fmean and the failure modes are shown in Figure 15 for pH 2 and 8 

as function of ionicX, the table of values is available in Appendix 17. 

For short contact times (tc=2 min) and pH 2, the ability of the polymers to wet the substrate  

(low strain behaviour) was not influenced by the concentration of ionic moieties as Fmean was 

constant ~ 8 N.25 mm-1 and adhesive failures modes were observed. However, at pH 8 the peel 

force was slightly decreased for 5.9 wt% ionicX (i.e. EP-MAA95M100) which could be due  

to the strengthening of the polymer network likely with ionic crosslinks. On the contrary, a higher 

pH increased Fmean for 12.4 wt% ionicX, but adhesive failure was also observed so the polymer  

was more resistant to debonding than at pH 2. 

A prolonged contact time favoured overall the adhesion at pH 2 and pH 8, but especially for 

EP-MAA95M100 and EP-MAA195M200 at pH 8. The wetting of the samples was improved by letting 

the polymer chains relax and optimize the penetration depth of the adhesive layer  

in the substrate. The same adhesive/filmic (A/F) detachment (thin residual layer left on the steel 

substrate) was observed for all samples which means that the crack propagation for debonding 

happened at the near interface between the adhesive layer and the steel substrate. 
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Figure 15. Comparison of Fmean at pH 2 and 8, for tc=2 min and 24 h as function of ionicX 

At higher pH, the peel forces increased respectively to 13 and 16 N.25 mm-1 for EP-MAA95M100 

and EP-MAA195M200. This suggested that the samples with higher ionicX content had stronger 

intermolecular interactions. 

Static shear test was carried out with a 1.5 kg weight, on contact area of 25 mm2 with steel plates 

and with a dwelling time of 10 minutes. The holding power (i.e. shear strength), recorded  

as the time needed for the adhesive joint to fail under shear load; is represented in Figure 16  

as function of ionicX.  
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Figure 16. Comparison of shear holding power at pH 2 and 8 as a function of ionicX 

Although shear strength is expected to increase at higher crosslinking density, the holding power 

increased to ~1000 min until ionicX=5.9 wt%. and dropped to ~300-500 min for higher content 

of ionic functionalities, suggesting that the polymers with 9.1 and 12.4 wt% ionicX, are more 

viscous materials.  

The effect of pH 8 was not obvious, differences are noticeable but can be considered in the error 

bar for a shear measurement.  
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II.3. DISCUSSION 

The aim of this chapter was to produce polyampholyte copolymers by emulsion polymerization. 

Several components in the polymerization mixture were changed to study how the molecular 

design affects the emulsion stability. Starting with the surfactant, the latexes obtained were stable 

using quaternary ammonium and a non-ionic surfactant. A slight excess of coagulum was seen 

for the cationic emulsifiers when the alkyl part of the emulsifier was higher than C12. This result 

suggests that longer hydrophobic tails may induce more steric hindrance inside the particles which 

increases their size and might lead to more emulsion instabilities. Latexes prepared with  

non-ionic surfactants were stable but collapsed at pH 8. This suggests the overall ionic charge of 

the dispersion should be cationic and that the isoelectric point should be higher than 8. 

Using an anionic surfactant resulted in strong destabilization due to attractive interactions 

between emulsifier and cationic monomer. It is therefore suggested that critical micelle 

concentration was not met, and the system could not be dispersed[9]. 

Different types (neutral, cationic and anionic) of initiators were also investigated. 

Polymerizations carried out with Wako V50, a cationic water-soluble azo initiator; 

and a reductive-oxidative system of tert-Butyl hydroperoxide/Rongalit® C gave stable dispersions. 

The latexes prepared with sodium persulfate collapsed. It has been reported[34] that the entry 

efficiency of an initiator (Potassium Persulfate and Wako V50) in polymer particles was 

independent of the charge of both initiator and surfactant (anionic and cationic). The strong 

sulfate ions of NaPS may therefore not interact with the surfactant but rather the cationic 

monomer and induce instability during the polymerization. 

Four cationic monomers were tested, all dispersions were stable and medium amounts  

3 wt% (~30 g for 1 L latex) of coagulum were found when using MAPTAMS and MAEEOAMS.  

It is believed that if the cationic monomer group of the polymer particles points towards 

the water-phase and MeSO4
- binds stronger to the ammonium as Cl-, it might slightly compress 

the electrical double layer and create emulsions instabilities[35, 36]. 
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Using a stable system with a cationic surfactant and t-BHP/Rongalit® C as initiator and a constant 

fraction of MAA (95 mmol) polymers with increasing MAETAC concentrations from 0 to 100 mmol 

were prepared. The experiment carried out without MAETAC was highly unstable, but increasing 

the amount of MAETAC to 10 mmol was sufficient to obtain stable latexes. Yet the emulsions 

obtained for fractions of MAETAC ranging from 10 to 50 mmol did not remain stable upon 

increasing pH. The slight excess of cationic monomers charges R1NMe3
+ over anionic charges 

R2COO- of MAA seems to play a key role to counter balance inter and intra molecular interactions 

upon deprotonation of acid moieties. 

To study the isolated effect of ionic crosslinks in the network on the adhesive properties of PSAs, 

it was necessary to assess that the polymers did not contain covalent crosslinking.  

Using t-DMK as CTA no gel content was obtained in the polymers, while a gel content of 80 % 

was measured without t-DMK. Covalent networks were thus formed during the polymerization 

due to secondary reactions[28, 37] but could be avoided by adding t-DMK as chain transfer agent. 

The influence of ionic monomer fraction ionicX and pH on the chemical, mechanical and adhesive 

properties of the final polymer was investigated. The polymer morphologies observed by AFM  

in (Figure 4) and the separation of serum and sediment by ultra-centrifugation evidenced that 

two polymers of different compositions were obtained during the syntheses. From our 

experimental design, we expected a polyampholyte copolymer containing n-BA, St, MAETAC and 

MAA to be buried inside the particles (Figure 2). Instead, we found that a copolymer of n-BA, St 

and eventually MAA was polymerized inside the particles, while a polymer of MAETAC and MAA 

was formed in the water phase to give a morphology presented Figure 17. This is attributed  

to the high affinity of the cationic monomer for the water-phase in comparison to particle 

diffusion.  Brouwer et al.[38] have reported that seeded polymerization of styrene and a cationic 

monomer led to migration of the hydrophobic monomer in the seed particles resulting in separate 

polymerization of the monomers. Regarding MAA, as the polymerizations were carried out  

at acidic pH, it was expected to be buried in the particles[39] but the presence of MAETAC  

in the water phase might have hindered its diffusion to the hydrophobic phase. 
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Due to the heterogeneous polymers partition illustrated in Figure 17, the particle size measured 

by HDC increased with ionicX and pH as seen in Table 7. This can be explained by a higher 

swelling of the outer layer of the particles (formed from the hydrophilic polymer) by increasing 

ionicX. The resulting increase of the hydrodynamic radius would result in a higher particle size. 

With the addition of ammonia at pH 8, the particle size increased with the increased swelling. 

The tailing was likely induced by instabilities of the emulsion.  

No covalent network was detected in the measurement of the gel content with increasing  

ionic X, i.e. for EP-MAA115M120 and EP-MAA195M200 (Table 8). Yet, with increased ionicX, 

the fraction of n-BA and St decreased. This would suggest that the CTA limits grafting/transfer 

reactions to polymer, but only acts on the n-BA/St/MAA (hydrophobic) fraction, probably due 

to its high hydrophobicity. Grafting or covalent crosslink points should increase the molecular 

weight Mw and the PDI measured by SEC. But in reality, only the molecular weight distribution  

of the polymer soluble part (low or un-crosslinked) is determined and justifies that no difference 

was seen for the series of samples (Table 7).  

 

 

 

 

 

 

 

Figure 17. Possible structure of the two polymers system observed 
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The disappearance of gel fraction with high content of ionic monomers is both in agreement and 

contradiction with the mechanical properties of the samples. Although the analysis of tan δ 

showed that EP-MAA115M120 and EP-MAA195M200 were dissipative materials, the master curves 

showed in all cases a second transition at low angular frequency ω<10-3 rad.s-1 where G’>G’’ and 

G’≈300 Pa (Figure 8), indicating the existence of an elastic polymer network with low Mc and 

stiffness. The origin of this network is unclear, since the film architectures are complex. 

Although all samples appeared slightly crosslinked in linear rheology, tensile tests pointed  

the lack of covalent crosslinking at larger deformation of EP-MAA115M120 and EP-MAA195M200. 

First in tensile tests at pH 2, by their lower tendency for strain-hardening but also in probe-tack 

as flowing fibrils and low adhesive bulk cohesion were seen (Appendix 14).  

Finally, their dissipative behaviour was also recognized by low shear resistance[30, 40] <500 min  

in comparison to EP-M100, EP-MAA45M50 and EP-MAA95M100. 

Given the poor linearity of the properties obtained for experiments with increasing fraction of 

ionic monomers, it would be complex to deduce the overall effect of ionicX on mechanical and 

adhesive properties. Only an assumption of the effect of pH 8 one the mechanical and adhesive 

properties excluding EP-MAA115M120 was clearly visible.  

At pH 8, with deprotonation of the acidic moieties, the interpolymer ionic complexes led to more 

elastic materials for samples containing higher amount of ionicX. This was first seen at low strains 

(i.e. in linear rheology) for EP-MAA95M100 by the decrease of the first cross-over (rubbery region) 

frequency ωc1 (Figure 9). But the effect of the pH was more pronounced at long elongations.  

In tensile tests, EP-MAA95M100 and EP-MAA195M200, showed stiffer behaviour with increased 

maximal stress σmax and decreased elongation at break εB (Figure 11). The impact of increased 

network density resulted in more resistant mechanisms to debonding in probe-tack. Comparing  

EP-MAA95M100 and EP-MAA195M200 at pH 8, ionicX is multiplied by 2 and by extension the ionic 

crosslink density, lower adhesion (determined by Wdeb in Figure 13) was measured due  

to stiffening of the adhesive.  This is not in accordance with the peel strength shown in Figure 15 

and the shear resistance in Figure 16. 
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However, the peel forces and holding power should be interpreted with caution because  

are highly influenced by the apparent lack of covalent crosslinking even at high pH. 

The dependency of the physical crosslinking only over high strains is similar to what was observed 

in different studies on percolating networks[41, 42] and nanostructured adhesives[43-45]. 

They reported similar results over which the dissipative mechanism during peeling was unchanged 

by the crosslinked network but that the shear resistance was improved.  

In this chapter, the presence of a complex polymeric structure (like a percolating network  

or double network formed by the two different polymers) on the shear properties was not seen 

and cannot be discussed due to the poor linearity of the films mechanical properties observed  

at high ionicX.  
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II.4. CONCLUSION 

The preparation by emulsion polymerization of polyampholyte particles of n-butylacrylate and 

styrene containing a strong base and a weak acid was challenging. The system was sensitive to 

emulsifiers, initiators and monomers. For a stable system using dodecyl trimethylammonium 

chloride as surfactant, tert-butyl hydroperoxide and Rongalit® C as initiating system and MAETAC 

as cationic monomer, the morphology of the films indicated that polymerization occurred  

in the two phases of the emulsion. A copolymer of MAETAC and MAA was found in the water-

phase while nBA-co-St-MAA was positioned in the particles. 

The results obtained for a varying ionicX were contrary to what was expected; the samples with 

higher ionicX content showed a more viscous behaviour by mechanical testing at higher strains. 

The overall effect of ionicX on the properties was difficult to understand, since the effect of pH 

i.e. the expected triggering of ionic interactions with increased ionization, was only noticed for 

the samples with ionicX= 5.9 and 12.4 wt%. The expected interpolymer complexes formed  

by increasing pH raised the mechanical resistance of the polymers at higher deformations.  

This effect was also noticed in probe-tack and tensile testing; but not in the peel tests. 

Physical crosslinks were likely obtained by introducing oppositely charged moieties in the polymer. 

However, studying their effect on the adhesion of PSAs requires homogeneous distribution of  

the ionic groups in the polymer. Attempts to obtain these systems are presented in the next 

Chapter.   
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III.1. INTRODUCTION 

In Chapter II, the preparation of polyampholytes by emulsion polymerization was described;  

yet the reaction products with increasing ionic monomer concentration showed compositional 

drifts due to different monomers solubilities. Free radical polymerization in homogenous phase 

would therefore be preferable. The homogenous phase (i.e. solvent) should be capable  

of dissolving both hydrophobic and hydrophilic monomers. Most importantly, it should be close 

to a theta solvent for the end polymers bearing hydrophobic and ionic species, to produce good 

polymer films with well distributed ionic moieties. The accomplishment of all these solubility 

conditions is challenging. Most reported synthesis of polyampholytes have been carried out  

in water[1-3], also in the case of polyampholyte block-copolymers [4-7]. However, water is not  

a good solvent for non-ionic acrylate copolymers. Moreover, complexation of the oppositely 

charged monomers might occur.  

To allow miscibility of all comonomers and avoid intramolecular interactions and the formation  

of macro-gel in solution, a solvent with high dielectric constant εr should be used[8, 9] (dependent 

on the monomer mixture, in this chapter εr>10). Zhao et al.[10] demonstrated that dimethyl 

sulfoxide (DMSO), being a solvent with high dielectric constant, could be used to produce 

synthetic underwater adhesives based on ionic complexes. A polybase (quaternized chitosan) and 

a polyanion (catechol functionalized polyacrylic acid) were mixed successfully in DMSO.  

They showed that equilibrium between the polyelectrolytes was brought by the solvent  

as complex coacervation (phase separation) was triggered by solvent exchange with water.  

For the polymers prepared by emulsion polymerization described in chapter II, the ionic feature 

was brought by a strong cationic moiety (MAETAC) in combination with a weak acid (MAA).  

Such strong/weak combination was necessary for the stability of the emulsion. In the case  

of solution polymerization, a strong base/strong acid combination of the ionic comonomers could 

be possible and would increase the strength of ionic interactions for potentially higher mechanical 

and adhesive performance. 
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Such system was introduced by Stewart’ group. Inspired by the coacervation of the charged 

proteins occurring in the glue secreted by the sandcastle worm[11-15], they developed synthetic 

systems based on the same principle [16-18]. The natural system is driven by the strong 

interactions between phosphorylated serine and lysine and histidine (quaternary ammonium 

groups) amino acids. The phosphate and quaternary ammonium interactions were reproduced in 

synthetic polymer mixtures and showed great adhesion performance in wet environments 

[11, 18-20], they were therefore chosen for the system studied hereby. 

This chapter describes the free radical copolymerization in isopropanol (high permittivity medium) 

of n-BA, methyl methacrylate (MMA), a phosphate ester methacrylate as strong anionic group, 

and MAETAC as cationic moiety. Based on this copolymer, the influence of several parameters on 

the mechanical and adhesive properties of the PSA was studied: concentration, stoichiometry and 

nature of the ionic comonomers. The most performant adhesives were compared to 

commercialized products.  Finally, an optimization of the molecular weight was carried out using 

a batch process to improve further the shear resistance.  
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III.2. RESULTS & DISCUSSION 

This chapter aimed at copolymerizing a polyampholyte by free radical polymerization in solution. 

This polyampholyte comprised an acrylate backbone of n-Butyl acrylate (n-BA), Methyl 

methacrylate (MMA) and charged functional groups. A strong acid moiety was introduced with 

2-hydroxyethyl methacrylate ester phosphoric acid (Polystep® HPE), as well as a strong base with 

2-(methacryloyloxy)ethyl trimethyl ammonium chloride (MAETAC). The structures of  

the monomers can be found in Figure 1. 

 

 

 

 

 

Figure 1. Structures of the copolymerized monomers 

The polymers were prepared in Isopropanol (iPrOH) as described in the experimental section  

in Appendix (Chapter VI). The reactions were carried out at 2 L scale and 70°C. After 3 hours in 

semi-batch polymerization with tert-butyl peroxypivalate (t-BPPV) as initiator, the temperature 

was increased to 90°C and a second feed of t-BPPV was added within 30 min to polymerize 

residual monomers. 

Four different series of polymers were synthesized. In the first series, the content of ionic 

comonomers was varied but their ratio kept constant, whereas in the second series  

the stoichiometry was changed. Different functional groups were introduced in the third series 

and the fourth series focuses on changing the process parameters. The characterization of  

the polymers and the resulting properties of their films will be described in the next paragraphs.    
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A. Variation of ionic crosslinking density of the polymers and the effects 

on the mechanical and adhesive properties of the resulting films 

i. Preparation of the polymers by solution polymerization 

In this first series of samples, the role of ionic species fraction, meaning ionic crosslinking density, 

on the mechanical and adhesive properties was studied. Polymers with an increasing amount of 

ionic comonomers (Polystep® and MAETAC) were synthesized. The concentrations of Polystep® 

and MAETAC was increased from 0 to 100 mmol while keeping a stoichiometric molar ratio 

between the ionic species. A summary is given in Table 1. The name of experiments was 

abbreviated to SP for Solution Polymer, P stands for Polystep®, M for MAETAC and each are 

followed by their amount used in mmol (e.g. SP-P22M22 contains 22 mmol of Polystep® and 

MAETAC). The amount of both monomers in the polymerization mixture is referred as ionicX in 

wt% for convenience (weight fraction of ionic crosslink points in the polymer). 

Table 1. Description of the series of samples 1 with increasing ionicX 

 

 

 

 

 

 

To trigger all sites for ionic interaction (i.e. ionic crosslink points) where available, the phosphate 

acid groups RPO4H2 of Polystep® were deprotonated to RPO4H- +K by addition of 1 equivalent 

(regarding acid moiety) of Potassium hydroxide (KOH). 

Series 

# 
Experiment 

Polystep® 

(mmol) 

MAETAC 

(mmol) 
ionicX (wt%) 

1 

SP-P0M0 0 0 0 

SP-P22M22 22 22 1.9 

SP-P44M44 44 44 3.8 

SP-P66M66 66 66 5.8 

SP-P88M88 88 88 7.6 

SP-P100M100 100 100 8.7 
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To avoid any gelation upon addition of KOH (also change in viscosity), the solutions were diluted 

to 30 wt% with isopropanol. In order to prepare polymer films, the solution was poured in moulds 

or coated with a doctor blade (for thin films). The ionic crosslinks were therefore formed during 

film formation with the evaporation of iPrOH by counter-ions exchange Cl- and K+. An illustration 

of the solutions and dried polymer films with and without KOH is given in Figure 2. 

 

  

Figure 2. Illustration of the polymer in isopropanol and the dried films with or without prior 

addition of 1 equivalent of KOH 

No KOH + 1 eq KOH 
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Theoretically, the maximal ionic crosslinking density should be reached after addition of KOH and 

relate directly to ionicX (i.e. total weight fraction of ionic comonomers).  

The polymers characteristics, mechanical and adhesive performance were compared before and 

after addition of KOH. 

ii. Physicochemical properties of the polymers 

The molecular weight distribution of the polymers was measured by Size Exclusion 

Chromatography (SEC) in hexafluoroisopropanol (HFIP) using refractive index (RI) and multi-

angle light scattering (MALLS) detectors, the values are given in Appendix 18. To ensure that  

the molecular structure and Mw were unaffected by the addition of KOH, SEC measurements of  

SP-P22M22 and SP-P100M100 before and after addition of KOH were performed (the different values 

are found in Appendix 18). No differences were found for Mn, PDI and Mw values in RI and MALLS 

before and after the addition of KOH. In both cases, the weight average molecular weight Mw 

and PDI increased by 2 from SP-P0M0 to SP-P100M100 while Mn remained constant. This implies 

that copolymerization at higher ionicX was less controlled and polymer chains with higher Mw and 

linear, grafted or branched geometries could be present. This was seen by a shoulder in high Mw 

region on the relative molar mass distributions obtained by RI in Appendix 19.  

Overall, Mw values obtained by RI were higher than ~ 40 000 g.mol-1. RI detection measures  

the hydrodynamic radius of the polymer coils using neutral Polymethyl methacrylate PMMA  

as standard. The higher Mw values obtained vs. MALLS detection could be due to the presence of 

charged moieties. It was proposed in the literature[21] that if a polymer coil presents a large 

hydrodynamic radius due to repulsion of ionic groups, the Mw could be overestimated when 

compared to an uncharged standard. In that way, the absolute Mw measured by MALLS might be 

more accurate. 
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The conformation factor can be extracted from MALLS data using the linear fitting of 

log(Rg)=f(log(M))[22].  The conformation of polymer chains is rod-like for ν=1, coil-like for ν=0.5 

and sphere-like for ν=0.33. The conformation factor was calculated for the series and  

was displayed as function of ionicX in Figure 3. The log(Rg)=f(log(M)) curves and fitting  

are available in Appendix 20.  

 

 

 

 

 

Figure 3. Conformation factor ν obtained by SEC-MALLS as function of ionicX 

The conformation of the polymers was highly dependent on the ionicX. At low content of ionic 

comonomers the polymer chains were rod-like and more linear, whereas above 1.9 wt% ionicX, 

the chains became coil-like. This was coupled with an increased PDI, indicating that grafting 

reactions could be taking place during polymerization and might be driven by one of the ionic 

monomers (i.e. MAETAC or Polystep®). 

iii. Physicochemical properties of the polymer films 

The gel content, Tg and morphology of the polymer films were measured as described  

in Chapter II.2.F. Results are given in Appendix 18. The gel content measured in 

Methylethylketone (MEK) and Ethanol (EtOH) were in the error range of zero, indicating that all 

polymer films were free of covalent crosslinks. After addition of KOH no gel was measured 

suggesting the polymer and ionic network could be dissolved by both solvents. 
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The glass transition temperature Tg (Appendix 18) was influenced by the fraction of ionic 

comonomers, but not by the addition of KOH. The Tg of pure n-BA/MMA was -29°C and increased 

to -25°C with 1.9 and 3.8 wt% ionicX, to -22°C with 5.8 and 7.6 wt% and to -18°C for 8.7 wt% 

ionicX. Although the Tg of MAETAC and Polystep® homopolymers are not yet referenced in  

the literature, they are expected to be higher than the Tg of the n-BA/MMA copolymer as  

the ionic moieties might reduce the polymer chain mobility. 

The presence of ionic units in an organic copolymer might affect the morphology of the polymer 

dried films and thus their mechanical properties, as ionic moieties tend to aggregate  

in clusters[23, 24]. The morphologies of the dried polymer films were thus examined by AFM 

phase imaging. Cross-cut images of SP-P66M66, SP-P88M88 and SP-P100M100 are shown in Figure 4. 

Images of SP-P88M88 and SP-P100M100 with addition of KOH are available in Appendix 21. 

The polymer films observed were homogeneous and no micro structures were seen. 

To confirm the homogeneity of the films, other imaging methods such as Transmission Electron 

Microscopy (TEM) with and without contrasting stain and Energy Dispersive X-ray Spectroscopy 

(EDX) specific for Nitrogen and Phosphor were carried out for SP-P100M100. The images  

are available in Figure 5. SP-P100M100 film showed high homogeneity and no micro-structures 

were observed with the different techniques. 
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Figure 4. AFM phase images in tapping mode at 20 µm scale with enlargement at 2 µm of a) SP-P66M66, 

b) SP-P88M88 and c) SP-P100M100 
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Figure 5. Images of SP-P100M100 obtained by a) TEM, b) TEM with Uranyl acetate stain, 

c) EDX-Nitrogen and d) EDX-Phosphor 
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iv. Mechanical behavior of the polymer films 

To study the effect of intra and interpolymer ionic interactions and their density on the mechanical 

properties of the materials, oscillatory rheology and tensile tests were performed on dried polymer 

films as described in Chapter II.2.F.  

A classical frequency sweep test was performed for SP-P0M0, as it showed characteristics of an 

uncrosslinked (viscous) polymer (loss modulus G’’~ω1 and storage modulus G’~ω2) over  

the angular frequency range of 0.01 to 100 rad.s-1. For the other samples, TTS measurements 

were performed using the same method described in Chapter II.2.F and in experimental section 

in Appendix. The master curves at T=25°C of elastic and loss moduli as function of angular 

frequency are given in Figure 6 and the tan δ in Figure 7. 

In the high frequency region ~100 rad.s-1, all samples containing ionic comonomers showed  

a rubbery-like behavior with G’>G’’, G’~105 Pa and tan δ<1, followed by a terminal relaxation 

(fully viscous/flowing polymer) at lower frequencies. Terminal relaxation indicates that  

the intermolecular forces/interactions (permanent and non-permanent crosslinks and 

entanglements) do not prevent the polymer chains to flow under strain. The tan δ=f(ω) curves 

were compared between samples containing increasing number of ionic comonomers  

(Appendix 22). A decrease in tan δ values with increasing ionicX was measured in the rubbery 

region for ω>1 rad.s-1, suggesting the polymers stiffened with increasing density of ionic 

interactions. Also, the transitions to viscous region with G’’>>G’ shifted to lower frequencies with 

ionicX. 

The influence of KOH addition, i.e. the triggering of the ionic network, can be seen with tan δ in 

Figure 7. For the samples containing KOH, the cross-over point (i.e. after which tan δ >1) shifted 

to lower frequencies, at low ionicX content (i.e. SP-P22M22 and SP-P44M44). The shift of the terminal 

transition to lower frequency with increasing ionicX is an indication for higher crosslinking of  

the sample as consequence of the electrostatic attraction between the opposite charged ionic 

groups in the chain.  
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Figure 6. Master curves at 25°C of the elastic G’ and Loss G’’ moduli as function of the angular frequency 

obtained by Time-Temperature Superposition measurements 
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Figure 7. Tan δ as function of the corrected angular frequency for the series of sample 1 
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The correlation between ion content, addition of KOH and polymer toughening was also reflected 

in the dependence of cross-over frequency and the flow viscosity, over ionicX given 

in Figure 8. The values are available in Appendix 23. The cross-over frequency range with 

increasing ionicX was found between 1 and 0.01 rad.s-1, while with the addition of KOH  

it was shifted to one degree of magnitude lower between 0.1 and 0.001 rad.s-1, even for low 

ionicX with SP-P22M22 and SP-P44M44; indicating further stiffening of the polymer network due  

to higher ionic crosslinking density. 

 

Figure 8. a) Cross-over frequency ωC and b) flow viscosity ηflow as function of ionicX for samples with and 

without added KOH 

The viscosity of the free-flowing polymer can be obtained from the value of G’ at low frequencies 

by the relation η=G’/ω. To calculate the flow viscosity ηflow, the lowest values of G’ and ω  

were taken. Already with no KOH, ηflow was directly increased with ionicX, suggesting that without 

triggering the ionic crosslinks, the ionizable monomers strengthen interactions between  

the polymer chains. The flow viscosity was further increased after triggering the ionic network  

by adding the base. 
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v. Predicting adhesion with data from linear rheology 

As introduced in Chapter I.2.C., the behavior of polymers in linear rheology can be used to predict 

their adhesive performance[25-29]. The two events that are crucial for PSA adhesion are bonding 

and debonding. During bonding stage, the PSA should deform fast and easily, to optimize  

its contact with the substrate (high penetration depth regarding substrate rugosity).   

During the debonding stage, the adhesive should sustain fibrillation but dissipate high amount of 

energy to postpone fracture/detachment. 

A time scale for the two stages was proposed in relation to frequencies in linear rheology with 

respectively bonding and debonding angular frequencies ωBonding=0.01 rad.s-1 and   

ωDebonding=100 rad.s-1. The elastic and loss moduli at these bonding and debonding frequencies 

are reported in Appendix 24 and are illustrated as function of ionicX in Figure 9.  

 

Figure 9. Dependence of ionicX on a) G’ at bonding frequency and b) G’’ at debonding frequency 

The elastic modulus at ω=0.01 rad.s-1 increased by 3 decades from SP-P0M0 to SP22M22  

i.e. 0 to 2 wt% ionicX and by another decade between SP-P22M22 and SP-P100M100 without addition 

of KOH. Triggering the ionic network (with KOH) increased the storage modulus over the whole 

ionicX range but had more influence at low ionicX 1.9-5.8 wt% for which G’ increased by 5 and 

by 3 for 7.6 and 8.7 wt% ionicX. 
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At the debonding frequency of ω=100 rad.s-1, the loss modulus remained almost constant with 

increasing ionicX around 105 Pa while the addition of KOH lowered G’’ for SP-P22M22 and SP-P44M44 

by almost 2 and its effect was weaker for higher ionicX. 

The calculation of tan δ=G’’/G’ gives information of the dissipation behavior of the polymer and 

might play a higher role than the value of the elastic modulus G’ on the ability of an adhesive to 

bond to a surface. Tan δ at ωBonding as function of ionicX is therefore displayed in Figure 10. 

It was seen that tan δ decreased drastically with ionicX until ionicX=3.8 wt%, from this point  

to 8.7 wt%, tan δ was kept between 2 and 1. The addition of KOH lowered the calculated tan δ 

and the effect was even more important for samples containing low ionicX.  

 

 

 

 

 

 

Figure 10. Evolution of tan δ measured at ωCBonding as function of ionicX with a reference line of tan δ=1 

The observations made on G’ and tan δ at bonding frequencies suggest that adhesion for short 

contact time will be decreased with ionicX and addition of KOH, most likely because of polymer 

stiffening with increased ionic comonomers content and ionic network density. 
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vi. Mechanical behavior of the polymer films in tensile testing 

The stress-strain curves obtained from tensile tests are available in Figure 11 and a table of 

the data can be found in Appendix 25. Single stress-strain curves of each sample are given  

in Appendix 26. No measurement could be done on SP-P0M0 as the film was too 

amorphous/viscous to be cut in a dog bone form and thus should be considered a fully flowing 

polymer. 

All three SP-P22M22, SP-P44M44 and SP-P66M66 exhibited a flowing behaviour with a peak for 

maximum stress and slow decrease of σ with ε; while semi-crosslinked characteristics were 

observed for SP-P88M88 and SP-P100M100, as they both showed a yield peak followed by an increase 

of σ as strain-hardening and large deformation. Increasing the number of ionic moieties in  

the polymers was followed by an increase of the yield stress of the films, by 10 from 2  

to 7.6 wt% ionicX, and made the materials more elastic. With SP-P88M88, increasing ionicX to 

7.6 wt% resulted in the appearance of a stress-hardening behaviour at higher elongation 

~1000% but the elongation at break of 3500% was maintained suggesting the material was still 

dissipative; whereas SP-P100M100 showed a greater strain-hardening attaining a maximal stress of 

234 kPa but a decreased elongation at break of 1943%. 
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Figure 11. Stress-strain curves of all samples for a) no added KOH and b) 1 equivalent of KOH 

Higher ionic crosslinking induced by the addition of KOH also stiffened the polymer films. 

At low ionicX, SP-P22M22 could sustain larger deformation and εB of was increased by 3  

(Figure 12). For 3.8 wt% ionicX (SP-P44M44), σY was increased by 2 and high elongation at break 

was maintained. SP-P66M66 showed slight strain-hardening and reduced εB suggesting already  

at 5.8 wt% ionicX with addition of KOH, the material starts storing more energy than dissipating 

under uniaxial stress. Over 7.6 wt% ionicX, SP-P88M88 and SP-P100M100 were densely crosslinked 

and showed brittle-like behaviors with σmax increased respectively to 362 and 600 kPa and εB 

decreased by half. 
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Figure 12. Evolution of a) yield stress σY, b) maximal stress σmax and c) elongation at break εB 

as function of ionicX 

The yield stress increases with the stiffness of the polymer film and delimitates the transition 

from elastic (linear) to plastic (non-linear) regime. σY should be proportional to the toughness of 

the films measured in linear rheology. The yield stress obtained by tensile test and the cross-over 

frequency measured by oscillatory rheology were compared and are displayed in Figure 13.  

σY increased with the toughness by increasing ionicX and adding KOH while ωc was lowered. 

The two methods correlated therefore very well. 
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Figure 13. Comparison of the yield stress σY obtained by tensile test and the cross-over frequency 

obtained by oscillatory rheology as function of ionicX 

vii. Adhesive properties of the polymer films 

Using the same experimental procedure as in Chapter II.2.F, the adhesive properties were 

measured by shear and peel tests on steel substrate. The failure modes were recorded and 

reported as A (adhesive) or K (cohesive). All values can be found in Appendix 27. 

Peel tests at 180° were realized for dwelling times of 2 minutes, 24 hours and 48 hours to ensure 

the adhesion could be measured after the polymer had fully relaxed during contact with  

the substrate. The dependence of each measurement on ionicX is illustrated in Figure 14.  

For 2 min contact time and SP-P22M22, the presence of ionic monomers increased the resistance 

to debonding by better energy dissipation in comparison to SP0M0 as both exhibited cohesive 

failures and the peel mean force Fmean increased first from 0 to 1.9 wt% ionicX from  

3 to 12 N.25 mm-1. With higher ionicX, the adhesives were too elastic to form good adhesion  

in short contact time and the mean force was decreased until Fmean~ 1 N.25 mm-1 for 8.7 wt% 

ionicX and the failures obtained were adhesive. The samples with added KOH followed the same 

trend and resulted in the same failure modes.  
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For longer contact time of 24 hours, cohesive failures were observed suggesting the adhesive 

was able to relax and optimize contact with the substrate and failure in the bulk was obtained.  

Fmean increased with the number of functional groups and was constant ~ 19 N.25 mm-1 for  

SP-P44M44, SP-P66M66 and SP-P88M88, but for SP-P100M100 the force was decreased by half and 

the sample was detached with an adhesive failure. The effect of KOH was negligible,  

and the same trend of results were obtained. 

Finally, after 48 hours all samples exhibited cohesive failures, peel force increased with ionicX 

from 0 to 3.8 wt% ionicX and reached Fmean≈19 N.25 mm-1. Fmean stayed constant with increasing 

the content of ionic comonomers, suggesting the samples were able to dissipate the same amount 

of energy during debonding. However, with the addition of KOH and ionicX> 7.8 wt%, the peel 

mean force was decreased to 12 N.25 mm-1 for SP-P88M88 (7.6 wt% ionicX) and 8 N.25 mm-1  

for SP-P100M100 (8.7 wt% ionicX). This is likely to be due to high ionic crosslinking density turning 

the material to low dissipative adhesive. The adhesive failures observed, also signified that  

the polymers were elastic and detached more easily from the steel substrate. 

Overall, the adhesive values were improved with longer dwelling time due to polymer relaxation. 

Yet, the peel forces for SP-P88M88 and SP-P100M100 were lowered after 48 h. In addition,  

failure mode of SP-P88M88 switched from cohesive to adhesive suggesting the same adhesive 

gained in stiffness over time. This might be due to migration of salts to the surface and reducing 

the adhesion or due to reorganization of the ionic interactions to the detriment of surface contact. 



 Chapter III – Adhesive polyampholyte polymers prepared by solution polymerization 

 

154 

 

Figure 14. Peel mean force Fmean as function of ionicX for a) 2 min, b) 24 h and c) 48 h dwelling times; 

and Fmean as function of ionicX for all dwelling times with d) no KOH and e) 1 eq of KOH 
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Static shear holding time/power obtained for the set of samples were displayed as function  

of ionicX in Figure 15. Holding time showed strong dependence on the content of ionic moieties; 

it increased up to 1000 min with 8.9 wt% ionicX. The dependence was even stronger with  

the addition of KOH, as ionicX was increased. Shear strength was increased by almost two with 

ionicX > 5.9 wt%. Overall, SP-P88M88 exhibits the best compromise between high adhesion (Fmean) 

and high cohesion (Holding power). 

 

Figure 15. Dependence of shear strength over ionicX for samples with and without added KOH and 

comparison with a) cross over frequency and b) flow viscosity 

The comparisons with cross-over frequency and the flow viscosity obtained in linear rheology are 

also displayed in Figure 15. Shear resistance (i.e. holding time) showed expected trends towards 

ωc and ηflow. It is inversely proportional to ωc as the cohesive strength increases with ionicX  

(and KOH) and cross-over frequencies are decreased. 

But shear holding power is directly related to ηflow (as seen in Figure 15 b) due to the high time 

scale of the static shear experiment. The polymer has time to rearrange and behaves as 

viscoelastic materials under low frequency shear stress. Therefore, the linear rheology and 

adhesive measurements correlate very well. 
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viii. Discussion 

This chapter describes the influence of the ionic crosslinking density, as function of  

the concentration of the charged monomer or the pH, on the mechanical and adhesive properties 

of the polymer films. Firstly, it is important to note that the synthesized polymers incorporated 

the ionic comonomers statistically in the chain and no phase separation into a microstructure was 

observed in the polymer films characterized by AFM, TEM and EDX (Figure 4 and Figure 5). 

Formation of ionic aggregates and multiplets in ionomers usually requires a minimum amount of 

ionic moieties [23, 30-32]. However, this is highly dependent on the polymer chain mobility and 

thus on the properties of the entire system such as Mw, Tg, comonomers, molecular weight 

between entanglements, grafted architectures… Therefore, no general rule can be defined 

[33, 34]. 

Toughening of the polymer was observed at higher ionic content of the polymer chains,  

even when the ionic groups were protonated. This was reflected in oscillatory rheology  

(Figure 6, Figure 7 and Figure 8) by the decrease of ωC with ionicX and the differences  

in dissipative behavior showed by tan δ>1. It was also reflected in the higher strain on  

the stress-strain curves obtained by tensile tests. Strain hardening appeared at high ionicX  

(Figure 11), and σY, σmax increased while εB decreased. Adhesive performance was also influenced 

by ionicX. The peel force at low contact time decreased and shear strength increased with high 

ionicX. Although, the polymers clearly showed sign of increased intermolecular interactions 

(crosslinking, higher Mw, branching) [26, 35, 36], as peel forces increased with time.   

These results could be explained by the model developed by Villey et al.[37]. They showed that 

the fracture energy (by extension the peel force) measured in peel is a direct quantification  

of the adhesive rheological parameters: average stress (i.e. relative to stiffness measured by σY 

and G’) and maximum extensibility (i.e. deformation, εB).  
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However, stiffness increased with ionicX while the maximum elongation (as seen in tensile test) 

was decreased. It is therefore possible that constant peel values were obtained as the increase 

of toughness and the loss of extensibility are counterbalancing each other, for SP-P44M44, 

SP-P66M66 and SP-P88M88 after 24h. And after optimization of the interfacial interactions between 

adhesive and substrate, the adhesive parameters (toughness and extensibility) of SP-P100M100 also 

equilibrate each other. 

As no gel content was measured and Mw was seen to increase with incorporation of ionic 

comonomers, the strengthening of polymer films can have several explanations.  

Firstly, Mw and PDI increased highly with ionicX and the polymers conformation changed to  

coil-like with ionicX; thus, stiffening might be due branching[38] introduced by Polystep®  

on growing polymer chains. Long polymer branches usually decrease the flexibility of polymer 

chains[39], thus increasing resistance to shear and the normal stress in tensile tests.  

Phosphoric acid esters monomers are usually provided not pure and contain a certain amount  

of dimer. 31P NMR given in Appendix 28, showed Polystep® contained a 50/50% ratio of mono- 

and dimer. The structure of the dimer is given in Figure 16. 

 

 

Figure 16. Structure proposed for the dimer contained in Polystep® HPE 

Secondly, ionic clustering can act as fillers in the polymer films and could have not been 

characterized by the methods used i.e. AFM and TEM. Even though, the polymers were most 

likely not linear, ionic complexation triggered with addition of KOH acted as regular 

covalent crosslinks[26, 35, 36] and further toughened the materials even for low ionicX. 

Cross-over frequencies seen in Figure 8, were further decreased and rubbery plateau  

were lengthened as crosslinking density increased. This is described in the Sticky Rouse 

model[40].  
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This phenomenon takes places for ionomers where the ionic moieties act as ‘sticky’ points and 

delay the relaxation of polymer chains. In this paragraph, it was illustrated by the delay of  

the cross-over between storage and loss moduli, with and without addition of KOH. 

As ωc decreased without addition of KOH, the ionic clusters acted as the ‘sticky’ points and after 

the addition of KOH, ωc was further decreased as the ionic clusters might have been bigger and 

stronger with ionic interactions.  

To summarize, three different phenomena could be at the origin of the increased stiffness of the 

polymers with ionicX and are illustrated in Figure 17. At first, the grafting density might  

be increased with the content of Polystep. Then, the ionic moieties are likely to aggregate during 

film formation and form ionic clusters acting as fillers. Also, with addition of KOH, the clusters get 

stronger and might coexist with additional ionic crosslinks between polymer chains  

(outside of the clusters). 

 

 

 

 

Figure 17. Illustration of the phenomena leading to increased film toughness: a) polymer grafting, 

b) ionic clustering and c) ionic clustering coupled with ionic interactions 

The toughening of the polymers was also observed at higher strains, the films got brittle-like for 

high amounts of ionic comonomers (ionicX>7.6 wt%). However, the peel resistance  

was unchanged which suggest the ionic interactions were not hindering the ability of the polymer 

to relax within that time scale and with these weight fractions. But after 48 h peel force decreased 

and led to adhesive failure. 

a) polymer grafting b) ionic clusters c) ionic clusters + interactions 

   

No KOH + 1 eq KOH 
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Yet resistance to static shear increased with ionic crosslinking as with covalent crosslinks[41, 42] 

in addition to polymer grafting with high amount of Polystep®; and increased further for samples 

containing high ionicX. 

The balance between mechanical resistance at low strain (shear strength), network mobility to 

insure good contact formation and optimum energy dissipation for high adhesion, has been 

reported for self-healing ionomers[43-45] and largely show the potential of ionic crosslinks for 

adhesive applications (e.g. repositionable labels). 

Finally, the values extracted form linear rheology measurements at bonding and debonding 

frequencies correlated well with the results obtained by peel. At bonding frequency  

i.e. short contact time, tan δ decreased while G’ increased with ionicX (Figure 9 and Figure 10) 

as the peel mean force and thus adhesion decreased. And no dependence of G’’ over ionicX was 

seen at debonding frequencies and could connotate with the constant peel force obtained for 

samples with different content of ionic moieties, even with added KOH. 
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B. The role of stoichiometry between ionic groups on the mechanical and 

adhesive properties of polymer films 

i. Preparation of the polymers by solution polymerization 

The weight fraction of ionic comonomers in the polymers described in the previous section was 

low (max. 9 wt% in the whole polymer). The probability for each ionic group to find its counterpart 

was therefore small. It was also disclosed in the literature that polycations and polyanions alone 

present improved mechanical properties due to ionic aggregation and not necessarily through 

complexation[46-48]. The importance of stoichiometry between ionic groups to obtain the same 

performance, was thus questionable and investigated in this paragraph. 

In comparison to SP-P100M100 containing 100 mmol of each ionic comonomer, two polymer 

variants were prepared: one with an excess of the cationic group and another one with an excess 

of anionic group. The description of the series of samples (set 2) is given in Table 2.  

The syntheses and the polymers characterization were carried out as described in III.2.A.  

An illustration of the 3 dried polymer films relevant in this paragraph can be found in Figure 18. 

Table 2. Summary of the series of samples 2 with corresponding amount of functional groups 

 

In this section, the chemical and physical properties of the polymers were also studied in 

comparison to the samples containing 1 equivalent of KOH. 

Series 

# 
Experiment 

Anionic monomer 

(mmol) 

Cationic monomer 

(mmol) 
-/+ ratio 

2 

SP-P100M100 Polystep® 100 MAETAC 100 1/1 

SP-P50M100 Polystep® 50 MAETAC 100 1/2 

SP-P100M50 Polystep® 100 MAETAC 50 2/1 
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Figure 18. Illustration of the dried films for the sample series 2 

ii. Characteristics of the polymers and their films 

The polymers characteristics were measured as reported in the previous paragraph and are given 

in Appendix 29.  

The molecular weight of SP-P100M50 was ~145 000 g.mol-1 as measured by RI and MALLS, and 

was in accordance with the value measured for SP-P100M100 (~145 000 g.mol-1).  

Yet, different values of Mw were found for SP-P50M100 using the two detection methods.  

With RI, Mw=138 000 g.mol-1 while Mw=90 000 g.mol-1 with MALLS. As mentioned in III.2.A.,  

this may be due to differences in hydrodynamic radius which thus appeared to be dependent on 

the content of Polystep®, due to polymer grafting. The conformations of the three polymers  

were determined by MALLS data treatment (described in III.2.A.ii.) and are given in Table 3 with 

the conformation factors, the linear fits are available in Appendix 30. 

Table 3. Conformation factor for series 2 obtained by SEC-MALLS and relative polymer conformation 

 

 

 

  

SP-P100M100 SP-P50M100 SP-P100M50 

Polystep®:MAETAC Polystep®:MAETAC Polystep®:MAETAC 

1:1 1:2 2:1 

   

 

Series 

# 
Experiment ν Conformation 

2 

SP-P100M100 0.50 coil 

SP-P50M100 0.69 coil/rod 

SP-P100M50 0.51 coil 
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SP-P50M100 conformation was found more rod-like than SP-P100M100 and SP-P100M50 and further 

supports the hypothesis that it had a lower grafting density. 

Gel contents of the polymers in MEK and EtOH were lower than 3.5%. They are thus considered 

gel free. The glass transition temperatures Tg measured by DSC, was similar for the whole series 

around -22°C. 

iii. Mechanical characterization of the polymer films 

The master curves obtained from TTS measurements are displayed in Figure 19, the cross-over 

frequencies extracted from the master curves are displayed in Figure 20 and the data is available 

in Appendix 31.  

Generally, the curves of SP-P100M50 and SP-P150M100 showed the same trend as for SP-P100M100 

with a rubbery region G’>G’’ at ω>1 rad.s-1. However, the cross-over to flowing region took place 

at higher frequencies for the non-stoichiometric samples, suggesting less interchain interactions 

in these samples.  

The cross-over frequencies ωc was lowered by 4 for SP-P100M50 and by one degree of magnitude 

for SP-P100M100 and SP-P50M100, it indicates the addition of KOH increased the density  

of interactions. Although SP-P50M100 contained less acidic moieties ωC was lower than for  

SP-P100M50 suggesting the polymer was more elastic.  
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Figure 19. Master curves at 25°C of the elastic G’ and Loss G’’ moduli as function of the angular frequency 

obtained by Time-Temperature Superposition measurements 
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Figure 20. Cross-over frequency ωC as function of the samples with and without added KOH 

Tan δ were calculated from the master curves and are displayed in Figure 21, the comparison 

between the three samples first without and secondly with addition of KOH are given.  

Without KOH, SP-P50M100 and SP-P100M50 behaved in a similar manner and were more dissipative 

at low frequency than SP-P100M100 as tan δ increased more rapidly. However, after KOH addition, 

SP-P100M50 and SP-P100M100 were toughened by the ionic interactions. This was seen especially  

at low frequencies ω<10-3 rad.s-1 where tan δ was constant, suggesting that the residual 

intermolecular frictions/interactions delayed slightly terminal relaxation and thus full dissipative 

behaviour. 
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Figure 21. Tan δ as function of the corrected angular frequency for the series of sample 2 with 

enlargement for 10-3<ω<102 

Tensile measurements were also carried out, the stress-strain curves obtained are shown  

in Figure 22, individual curves are available in Appendix 32. The relevant parameters from  

the stress-strain curves were extracted from the graphs and displayed in Figure 23 for  

the different samples, the values can be found in Appendix 33.  
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With no KOH, all 3 materials showed characteristics of crosslinked materials.   

Yet, SP-P100M100 exhibited a prominent strain-hardening with σmax=234 kPa and a lower elongation 

at break of εB=1943 %. Therefore, the number of intra/interpolymer interactions was likely to be 

much higher than for the non-stoichiometric polymers. This would be in accordance with the 

stoichiometry of the ionic groups as more ionic complexes can be formed. 

 

Figure 22. Stress-strain curves of all samples for a) no added KOH and b) 1 equivalent of KOH 

Concerning the non-stoichiometric polymers (i.e. containing a non-stoichiometric amount of ionic 

groups), SP-P50M100 appeared more crosslinked than SP-P100M50 as for the same εB=3500%, 

it obtained higher yield stress and showed a slight strain-hardening. It might be due to  

the presence of a higher number of ionic clusters with 100 mmol of MAETAC (permanently 

charged).  
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However, with the deprotonation of the acidic moieties, the trend inverted and SP-P100M50 showed 

more strength than SP-P50M100 with a strong strain-hardening with σmax=341 kPa and lower 

εB=1134%. SP-P100M100 was also strengthened by the addition of KOH as σmax was increased  

by almost 3 and εB was reduced by half, signifying the polymer lost its ability to elongate when 

triggering the ionic interactions, as they act as crosslinks. 

 

Figure 23. Evolution of a) maximal stress and c) elongation at break as function of the series 3 

 

iv. Adhesive performance of the polymer films 

The peel forces for different contact times tc (2 min, 24 and 48 h) are displayed in Figure 24 and 

the related data in Appendix 34. First of all, the peel mean forces Fmean for short tc and no KOH, 

were comparable ~3 N.25 mm-1, and all samples failed adhesively. The addition of KOH mainly 

lowered the peel strength of SP-P100M50. The samples had most likely a too high stiffness to create 

a good contact with the surface in this time scale.  

Overall after 24 hours, Fmean values increased; the non-stochiometric samples obtained higher 

peel forces ~15 N.25 mm-1 and cohesive detachments, in comparison to SP-P100M100; suggesting 

the intra and intermolecular interactions were weaker. Considering the error range, KOH had  

no influence on the adhesion.  
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At 48 hours of contact, Fmean reached ~17 N.25 mm-1 with cohesive failures. The addition of KOH 

influenced the adhesion of SP-P50M100 and SP-P100M100 (already reported in III.2.A). 

With 50 mmol of Polystep®, Fmean increased over 20 N.25 mm-1 and cohesive failure was still 

observed suggesting the fibrils strength was improved with more ionic interactions.  

On the other hand, the crosslinking density may be too high for SP-P100M100 so the peel force  

was decreased. But in general, adhesion was improved with dwelling time as the contact with  

the substrate was optimized.  

 

Figure 24. Peel mean force Fmean as function of ionicX for all dwelling times with d) no KOH 

and e) 1 eq of KOH 

The shear holding times are available in Appendix 34 and displayed in Figure 25.  

The holding times were high but SP-P100M100 showed overall better performance and no difference 

between the non-stoichiometric samples was found. However, the addition of KOH increased by 

more than 2 the static shear strength of SP-P100M100 (3336 min) and SP-P100M50 (2623 min). 

This indicates that high amount of deprotonated phosphate improved the resistance to flow  

for small deformations. The difference found for SP-P50M100 with KOH can be considered in the 

error range. 
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Figure 25. Dependence of shear holding time over sample series 2 with and without added KOH 

v. Discussion 

The objective of this section was to study the role of ionic comonomers stoichiometry on  

the mechanical and adhesive properties of the samples. The stoichiometric sample SP-P100M100 

contains the highest number of possible sites for ionic complexation. The samples SP-P50M100 and 

SP-P100M50, on the other hand, have a lower number of possibilities to form ionic crosslinks and 

ionic clusters. These two assemblies are expected to largely affect the mechanical and adhesive 

behavior of the films.  

As expected, SP-P100M100 showed more elastic characteristics. However, SP-P50M100 showed  

a higher stiffness than SP-P100M50 without KOH, in tensile tests (Figure 22). The stiffness  

of SP-P50M100 was further enhanced by KOH: lower cross-over frequency in linear rheology  

(Figure 20) and increased peel forces suggesting a better energy dissipation during debonding 

(Figure 24). The sample containing the excess of Polystep® i.e. SP-P100M50 was highly stiffened 

(in comparison to SP-P50M100) by the addition of KOH. This was unexpected as the two materials 

contained the same theoretical number of ionic crosslinks (defined by the molar fraction  

of the limiting monomer: 50 mmol for both samples). 
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The effect of KOH on SP-P100M50 was emphasized at high degree of deformation in tensile test 

were the material showed brittle fracture (Figure 22) and could be compared to SP-P100M100.  

It also outperformed the stoichiometric sample in shear strength. This could suggest that with 

the deprotonation of the phosphate groups, the sample with ionic comonomers stoichiometry  

(SP-P100M100) or the one with excess of Polystep® (SP-P100M50) reached about the same  

crosslinking density. This might be possible thanks to the excess of deprotonated phosphate 

groups which arrange to form complexes as proposed by Feldstein et al.[48, 49] and illustrated 

in Figure 26. 

 

 

 

Figure 26. Proposed interactions between phosphate groups in the case of an excess of Polystep® 

and deprotonation with KOH 

SP-P50M100 without KOH, seemed to have a lower grafting density (lower amount of Polystep®) 

but was still tougher than SP-P100M50. A larger number of ionic clusters could be at the origin  

of such observation. SP-P50M100 contained twice more MAETAC than SP-P100M50, and an excess  

of the cationic monomer (ionized even without KOH) may create more ionic clusters in the film. 

Upon addition of KOH, SP-P100M50 became more elastic than SP-P50M100 thanks to more physical 

crosslinks (from phosphate to phosphate) which thus prevailed on the stiffening by clustering in 

SP-P50M100. But it lowered slightly the adhesion (Fmean) for SP-P100M50. Therefore overall,  

SP-P50M100 showed the best balance of adhesive and cohesive performance. 
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C. Effect of the nature of ionic groups on the mechanical and adhesive 

properties of the polymer films 

The advantage of ionic complexes as crosslinker lies in the possibility to tune the bonding force 

by selecting ionic pairs with different dissociation constants; such groups are referred as weak 

acid/base groups or strong acid/base[50, 51]. In that way, polymers can be designed to answer 

to external triggers such as pH and ionic strength[52] or “permanent” ionic bonds can be obtained 

combining both strong base and acid moieties.  

In this section, different combinations of oppositely charged monomers were used to study  

the effect of the strength of ionic interactions on the adhesive performance. To do so, polymers 

containing ionic couples formed from weak acid/strong base, strong acid/weak base and weak 

acid/weak base were compared to the combination of strong acid/strong base 

(Polystep®/MAETAC) reported in paragraph III.2.A. Methacrylic acid (MAA) was chosen as weak 

acid and 2-(Dimethylamino)ethyl methacrylate (DMAEMA) as weak base.  

i. Preparation of the polymers by solution polymerization 

The structures of the different monomers are shown in Table 4. The polymers were prepared 

using the same procedure than in preceding paragraphs and the molar fraction of each monomer 

was fixed to 88 mmol. Table 5 summarizes the experiments (sample series #3) studied in  

this section while Table 6 summarises the expected ionic interactions before and after addition 

of KOH to deprotonate the acid groups and an illustration in the polymer films is given  

in Figure 27. 
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Table 4. Abbreviations and structures of the different ionic monomers studied in this section 

 

 

 

 

 

 

 

 

Table 5. Description of the ionic comonomers composition for the sample series 3 

 

 

 

 

 

 

 

 

Series 

# 
Experiment 

Anionic monomer 

(mmol) 

Cationic monomer 

(mmol) 

3 

SP-P88M88 Polystep® 88 MAETAC 88 

SP-P88D88 Polystep® 88 DMAEMA 88 

SP-MAA88M88 MAA 88 MAETAC 88 

SP-MAA88D88 MAA 88 DMAEMA 88 

 Name Structure 

Cationic 
monomers 

DMAEMA 

 

MAETAC 

 

Anionic 

monomers 

MAA 

 

Polystep® 
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Table 6. Summary of the expected ionic interacting groups with and without addition of KOH in the 

different samples of series 3 

 

 

Figure 27. Illustration of the interacting groups present in the polymer films studied in this section 

 

Experiment no KOH + 1 eq KOH 

SP-P88M88 

  

SP-P88D88 

  

SP-MAA88M88 

 
 

SP-MAA88D88 
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ii. Characterization of the polymers and the film properties 

The polymers and their films were characterized with the same techniques described  

in the previous paragraphs III.2.A. and B. The molecular weight distributions, gel contents and 

Tg can be found in Appendix 35, and the relative molar mass distributions in Appendix 19. 

Mw obtained by MALLS was higher in samples containing Polystep®, with Mw~105 000 g.mol-1  

vs. Mw~40 000 g.mol-1 for samples containing MAA. The same was observed in the value obtained 

by RI. The polydispersity index was reduced by half as Mw decreased and Mn increased slightly to 

~21 700 g.mol-1. This would suggest the polymerization was more controlled with MAA as anionic 

comonomer, possibly because no dimers (from Polystep®, as discussed in III.2.A.viii.) were 

introduced. 

The conformation factor for the four polymers are available in Table 7 and the log(Rg)=f(log(M)) 

curves are given in Appendix 36. The two polymers containing Polystep® had coil-like 

conformations, while MAA containing samples were more rod-like. This further implicates that the 

grafting of polymers with Polystep® occurs and change the polymers conformations and induce 

shifts in Mw measurements. Or that stronger attractive interactions between Polystep® and 

MAETAC (in comparison to MAA with MAETAC or DMAEMA) would make the polymer conformation 

more coil-like. 

Table 7. Conformation factor for series 3 obtained by SEC-MALLS and relative polymer conformation 

 

 

 

 

  

Series 
# 

Experiment ν Conformation 

3 

SP-P88M88 0.54 coil 

SP-P88D88 0.49 coil 

SP-MAA88M88 0.72 coil/rod 

SP-MAA88D88 0.97 rod 
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iii. Mechanical characteristics of the polymer films 

The master curve calculated for T=25°C of the different samples and obtained from linear 

oscillatory rheology, can be found in Figure 28. The cross-over frequencies extracted from  

the curves are displayed in Figure 29 and the values are available in Appendix 37.  

Tan δ were calculated from the master curves and are displayed in Figure 30, comparisons of the 

samples are given for samples containing no or 1 eq KOH separately. 

 

Figure 28. Master curves at 25°C of the elastic G’ and loss G’’ moduli as function of the angular frequency 

obtained by Time-Temperature Superposition measurements 
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SP-P88M88, SP-P88D88 and SP-MAA88M88 showed a behavior characteristic of weakly crosslinked 

samples. The samples containing Polystep® were less dissipative (i.e. more elastic) than MAA 

containing materials. Tan δ of SP-MAA88D88 was lower in comparison to SP-MAA88M88,  

but it showed a flowing behavior as tan δ≥1 over the range of frequency.  

After deprotonation of the acid groups, SP-P88M88 and SP-MAA88D88 were stiffened  

(most likely due to higher crosslinking density) as at ω>0.1 rad.s-1, tan δ was lowered and ωc 

decreased by one order of magnitude for SP-P88M88 and almost two for SP-MAA88D88 

(without KOH, ωc>100 rad.s-1).  

On the contrary, SP-P88D88 did not show strong change but SP-MAA88M88 seemed to be plasticized 

by the presence of salts; indeed, tan δ increased over 1 for the whole range of frequencies and 

ωc increased by on order of magnitude. 

 

 

 

 

 

 

 

Figure 29. Cross-over frequency ωC as function of the samples with and without 1 eq KOH  
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Figure 30. Tan δ as function of the corrected angular frequency for the series of sample 3 with 

enlargement for 10-3<ω<10-2 

SP-P88M88 and SP-P88D88 showed similar trends (slightly crosslinked polymers) without KOH; 

however, upon addition of the base ωc for SP88M88 was decreased and a longer rubbery plateau 

was observed while SP-P88D88 was unchanged. This would imply that ionic interactions were 

formed in SP-P88M88 between Polystep® and MAETAC and stiffened the polymer; but no attractive 

interactions took place between Polystep® and DMAEMA. 
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Comparing SP-MAA88M88 and SP-MAA88D88 differences were observed already without 

deprotonation of the acids. SP-MAA88D88 showed viscous characteristics (ωc>100 rad.s-1) when 

SP-MAA88M88 exhibited a viscoelastic behavior. Upon deprotonation with KOH, ωc increased for 

SP-MAA88M88 as it was plasticized by the presence of salts and ωc decreased to ~3.10-2 rad.s-1  

for SP-MAA88D88; a rubbery plateau also appeared on the master curve (Figure 28) and highlights 

the formation of attractive interactions between polymer chains. 

The responses of the materials at higher strains were measured by tensile tests, the resulting 

stress-strain curves can be observed in Figure 31, individual curves are given in Appendix 38. 

The most important parameters extracted from the graphs are displayed in Figure 32 and  

are available in Appendix 39.  SP-P88M88 exhibited a more elastic behavior than the three other 

samples, coupled with a doubled stress at yield while a high elongation at break was maintained 

εB≈3500 %. Its stiffness was enhanced by the deprotonation of the acid groups, a brittle-like 

stress-strain curve was obtained with KOH as σmax=362 kPa, σB=263 kPa and εB=1183 %. 

Prior addition of KOH, SP-P88D88 and SP-MAA88M88 were comparable, yet it seems SP-P88D88  

was highly crosslinked after deprotonation of the phosphate groups; σmax reached 270 kPa and 

polymer fracture was obtained for high σB=194 kPa and low εB=468 %. 

On the other hand, SP-MAA88M88 was softened by KOH as seen by decreased σY and εB. 

In comparison, SP-MAA88D88 was found to be more resistant to elongation with KOH as σY and εB 

were improved by a factor of 4. 

The differences between SP-P88M88 and SP-P88D88 were highlighted by tensile test. 

The stress-strain curve of SP-P88M88 showed a trend of semi-crosslinked material but the curve 

of SP-P88D88 exhibited the characteristics of a viscous material. But upon addition of KOH  

to activate the ionic network, SP-P88M88 was reinforced as its stress-strain curves showed strong 

strain-hardening; the stress-strain curve of SP-P88D88 indicated a brittle-like fracture suggesting 

SP-P88D88 was also strengthened by KOH. 
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Figure 31. Stress-strain curves of all samples for a) no added KOH and b) 1 equivalent of KOH 

Before the addition of KOH, SP-MAA88D88 exhibited a truly flowing behaviour with a small σY 

(7.3 kPa) and short εB (<500%). SP-MAA88M88 also showed the characteristics of a flowing 

polymer but with higher σY (61 kPa) and longer εB (~3500%). With the addition of Potassium 

hydroxide, σY dropped to 16 kPa and εB was decreased by half, SP-MAA88M88 film was  

thus plasticized by the salts and did not show resistance to uniaxial elongation. The stress at yield 

and elongation at break (σY=33 kPa and εB=1700 %) for SP-MAA88D88 on the other hand, 

were increased and signify the polymer was toughened by the addition of the base; most likely 

by formation of molecular interactions between the polymer chains. 
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Figure 32. Evolution of a) yield stress, b) maximal stress and c) elongation at break as function of series 3 

iv. Adhesive properties of the polymer films 

The adhesive performance of the materials was also compared, the peel mean forces Fmean  

are displayed in Figure 33 and the values in Appendix 40.  

At short contact time (tc=2 min), the adhesion measured by peel mean force Fmean was largely 

influenced by the stiffness of the polymers. The highest tackiness Fmean=19.6 N.25 mm-1  

was measured and cohesive failure was observed for the weak acid/weak base couple  

(SP-MAA88D88). Fmean~11 N.25 mm-1 with adhesive failure, was comparable for SP-P88D88 and  

SP-MAA88M88; low adhesion Fmean=1.8 N.25 mm-1 was found for SP-P88M88.  
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As observed in tensile tests, the addition of KOH resulted in different behaviours. Interactions 

of Polystep® or MAA with DMAEMA (i.e. SP-P88D88 and SP-MAA88D88) decreased the adhesion 

while most probably no complexation between MAA and MAETAC was obtained, SP-MAA88M88 was 

plasticized by the KOH salts instant peel force increased and cohesive failure was observed.  

After 24 and 48 hours of dwelling time, all samples showed high adhesion to the steel substrate 

and the cohesive failures suggest the contact to the substrate was optimized. The peel force was 

increased to Fmean~20 N.25 mm-1 for SP-P88M88, SP-P88D88 and SP-MAA88D88, and  

F=25.5 N.25 mm-1 for SP-MAA88D88. KOH slightly lowered Fmean, especially for SP-P88M88 after 

tc=48 h. Overall, the combination of weak acid and weak base MAA/DMAEMA showed the highest 

adhesion. 

Similar Fmean were measured for SP-P88M88 and SP-P88D88 except at tc of 2 min, at which  

the mean peel force was higher for SP-P88D88 thus suggesting that it was tackier  

than SP-P88M88 with and without addition of KOH.  

Between SP-MAA88M88 and SP-MAA88D88, Fmean was almost higher for SP-MAA88D88 suggesting  

it was more adhesive and probably a more viscous material. However, at tc=2 min, the addition 

of KOH decreased Fmean to ~10 N.25 mm-1 with triggering interpolymer interactions; but with 

longer dwelling time, the adhesion was recovered and Fmean doubled. 

As illustrated in Figure 34, the highest performance in static shear strength were obtained for the 

combination of strong Polystep®/MAETAC (i.e. SP-P88M88) and Polystep®/DMAEMA (SP-P88D88) 

with deprotonation of the phosphate. The shear resistance of SP-MAA88-M88 and SP-MAA88-D88 

were low and unchanged with triggering of the interactions suggesting poor cohesiveness of  

the polymer networks.  
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Figure 33. Peel mean force Fmean as function of ionicX for a) 2 min, b) 24 h and c) 48 h dwelling times; 

and Fmean as function of ionicX for all dwelling times with d) no KOH and e) 1 eq of KOH 
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Figure 34. Dependence of shear holding time over sample series 3 with and without added KOH 

v. Discussion 

The purpose of this section was to assess the possibility of tuning the mechanical and adhesive 

properties of the adhesives (based on ionic crosslinks) by changing the nature of the interacting 

groups. Overall, the sample containing the strong/strong combination of interactions with 

Polystep® and MAETAC was more elastic than the others. The presence of Polystep® and KOH  

in SP-P88M88 and SP-P88D88 was seen as they exhibited characteristics of highly crosslinked 

materials: brittle fractures were observed in tensile tests with strong strain-hardening and short 

elongation at break (Figure 31). It was also seen by a strong increase in shear resistance  

(Figure 34). Although SP-P88D88 with KOH, showed very high cohesion, the linear rheology was 

not influenced by the deprotonation of the phosphate groups. This is similar to what was observed 

in II.2.B. with SP-P100M50; interactions between deprotonated acids were proposed as crosslink 

points[48, 49] leading to improvement of strain and shear resistance. It could also come from 

high grafting density and ionic clustering produced by aggregation of the Polystep® groups  

in the film.  
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SP-P88M88 and SP-P88D88 contained the same amount of Polystep® (theoretically by extension, the 

same number of dimers introduced) but no ionic interactions should take place without addition 

of KOH. Then ionic clusters might form (discussed in III.2.A.) by aggregation of ionic groups  

in the n-BA/MMA matrix; and as MAETAC is ionized unlike DMAEMA, it would tend to form bigger 

and/or more clusters in SP-P88M88, making it tougher than SP-P88D88. 

Contrary to expectations, the combination between methacrylic acid and MAETAC  

(SP-MAA88M88) didn’t lead to ionic crosslinking after deprotonation. Although it showed 

characteristics of low crosslinked materials against small and high strains (Figures 28 and 31), 

the dissipative component increased highly with addition of KOH. The cross-over frequency  

in linear rheology was increased and tan δ was measured above or equal to 1 for the whole range 

of frequencies; cohesive failure was also obtained for short contact time in peel tests and holding 

power was lowered. The origin of such behaviour is blurry as such ionic couple should form ionic 

complexation upon acid deprotonation.  

For the weak acid/weak base combination SP-MAA88D88, the effect of KOH was strong for small 

strains as a rubbery plateau was observed and ωC decreased. For high strains, the polymer  

was slightly more crosslinked and could sustain longer deformation before breaking.  

Also, the ability of the adhesive to form fast contact with the substrate was slightly lowered as 

peel force after 2 min was lowered, and adhesive failure was observed. These suggest  

the deprotonation of MAA induced short range interactions that could resist to short deformation 

but didn’t influence the viscoelastic properties in the non-linear regime.  

The direct effect of changing the base from MAETAC to DMAEMA (i.e. comparing SP-MAA88M88 

and SP-MAA88D88), is difficult to assess as the polymers showed antagonist behaviors upon 

deprotonation of the methacrylic acid groups. Their mechanical properties differed but the overall 

adhesive performance was similar. A small difference of the peel mean force was recorded  

at short contact time; Fmean was higher for SP-MAA88D88 (19.6 N.25 mm-1 against 10.4 N.25 mm-

1 for SP-MAA88M88) and could be explained by the higher tackiness of the sample. 
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SP-MAA88M88 might be less tacky as it might form ionic clusters due to a high content of charged 

MAETAC groups as proposed in the above paragraph. 

Once again, the different properties of the polymer films were influenced by the polymer grafting 

for Polystep® containing samples and the ionic clustering which may not have similar organization 

(cluster size or even clustering minimal concentration) by changing the ionic groups. 

The comonomers could also be incorporated differently in the polymers according to their nature 

and their reactivity ratios with the other monomers. This could lead to composition drifts therefore 

differences in the polymer architectures and mechanical properties. 

It is also important to mention that the effect of grafting might anyway prevail on the effect of 

ionic clustering and have higher impact on the polymers mechanical properties rather than  

the ionic network.  
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D. Comparison of adhesive performance to commercialized products 

In order to comprehend the potential of the adhesives presented in the previous paragraphs, 

the best performers were compared to products commercialized by BASF.  

SP-P88M88, SP-P50M100 and SP-P88D88 were selected as they presented good adhesive and cohesive 

balance. Acronal® V 215 and Acronal® 3633 are widely used acrylic water-based dispersions  

for PSA. They show high adhesive performance, water resistance and can easily be formulated 

with tackifiers or wetting agents. Their characteristics can be found in Table 8.  

In these products, resistance to shear and deformation is obtained by a certain degree of covalent 

crosslinking (i.e. gel content) while high tack is provided by a low Tg ~40°C.   

Table 8. Characteristics of commercialized acrylic dispersions Acronal® 

 

The peel and shear properties on steel of the two Acronal® were measured using the same 

procedure previously introduced. The comparison of the Peel mean force Fmean for dwell times  

of 2 minutes and 24 hours are given in Figure 35, and the comparison of shear resistance  

for 1.5 kg in Figure 36. The values are given in Appendix 41. 

Acronal® 3633 showed the highest tackiness at low contact time and Fmean already reached 

18.3 N.25 mm-1 with cohesive failure. SP-P88D88 showed higher peel force 

(with Fmean=11.6 N.25 mm-1) than Acronal® V 215 and similar with added KOH.  

Although low adhesion was found for SP-P88M88 and SP-P50M100 for tc=2 min, after 24 h  

they reached the same performance, with and without KOH, as both Acronal®.  

SP-P88D88 also reached high peel forces and could compete with the commercial products. 

Product Application Tg (°C) Gel% in MEK Gel% in EtOH 

Acronal® V 215 Various (labels, tapes) - 43 65.6 85.2 

Acronal® 3633 Tapes & flooring adhesives - 35 52.0 79.5 

 



Chapter III – Adhesive polyampholyte polymers prepared by solution polymerization 

 

187 

 

Figure 35. Comparison of Peel mean force Fmean on steel for a) tc=2 min and b) tc=24 h 

Given the error range of the shear holding time (shear resistance), the solution polymers (SP) 

reached (SP-P88D88) or outperformed (SP-P88M88 & SP-P50M100) Acronal 3633 while Acronal V 215 

showed the highest shear resistance with 1170 min. However, with the addition of KOH,  

the shear holding time of all three SP was over 1200 min. 

 

 

 

 

 

 

Figure 36. Comparison of the shear holding time on steel with a 1.5 kg load 
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To evaluate the products with the best adhesion/cohesion balance, shear strength as function of 

the peel mean force for tc=24 h is given in Figure 37. 

 

 

 

 

 

 

 

Figure 37. Evolution of the shear strength as function of the 24 h Fmean  

In Figure 37, it was observed that triggering the ionic network of the SP by addition of KOH, 

improved further the adhesion/cohesion balance. The adhesion was not lost by the creation  

of ionic interactions (even increased in some cases) and shear resistance highly improved. 

Generally speaking, they performed therefore better than both Acronal®.  

It is also important to note that the glass transition temperatures of SP-P88M88, SP-P50M100 and 

SP-P88D88 are around 20°C higher which should highly lower their peel performance. 
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E. Optimization of the molecular weight using a batch process  

i. Synthesis and characteristics of the polymers 

The samples synthesized in the previous paragraphs are promising products and compete with 

commercialized products while having higher glass transition temperatures. To improve further 

the shear holding power of the samples while keeping high peel forces, the optimization of their 

molecular weight[41, 42] was investigated by changing the types of feeding process. A moderate 

Mw of ~ 400 000 - 500 000 g.mol-1 was targeted; a too high molecular weight 

(>700 000 g.mol-1) might turn the polymer unfavourable to substrate wetting (lowered chain 

mobility) and lower adhesion[42]. 

In free radical polymerization, the number-average degree of polymerization DPn indicates  

the average number of monomer units introduced per polymer chain[53, 54]. The number Mn 

and weight Mw average molecular weights are more likely to increase if DPn is high.  

Yet, DPn depends directly on the growing chains kinetics and correlates to the instantaneous 

concentration of monomers and is inversely proportional to the instantaneous concentration  

of radicals. In other words, DPn~[Monomers] but DPn~[I·]-1/2.  

Based on the synthesis of SP-P88M88 (described in III.2.A.), the molecular weight distribution was 

increased first using a batch process to increase [Monomers] and decrease [I·].  

In a second step, the instantaneous initiator concentration was also lowered by using  

tert-Butyl peroxy-2-ethylhexanoat (t-BP2EH) as initiator. t-BP2EH has a higher half-life 

temperature (73°C for t1/2=10 h) than tert-Butyl peroxypivalate (t-BPPVT used for the synthesis 

of SP-P88M88, 57°C for t1/2=10h). Used at the same reaction temperature T=70°C, the low 

decomposition rate of t-BP2EH further decreases [I·]. An illustration of the semi-batch and batch 

processes is available in Figure 38. The monomers (n-BA, MMA, Polystep® and MAETAC) 

conversions were followed during the polymerizations by High Performance Liquid 

Chromatography (HPLC) while the molecular distributions were measured by SEC-RI and MALLS. 
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To make sure the ionic comonomers would not induce compositions drifts due to higher or lower 

copolymerization rates, reference reactions were carried out with pure n-BA/MMA compositions 

(P0M0 i.e. 0 mmol of Polystep® nor MAETAC). A summary of the samples synthesised by  

semi-batch and batch using t-BPPVT and batch using t-BP2EH is given in Table 9.  

 

 

 

 

 

 

 

Figure 38. Illustration of Semi-batch and batch processes 

All detailed procedures are available in the experimental section in Chapter VI; yet, it is important 

to recall all reactions were carried out at 70°C. The reaction time of the 3 syntheses were adjusted  

to obtain the maximum conversion of monomers but the temperature in the reactors  

was increased to 90°C and a second feed of initiator (chemical deodorization) was added  

to remove all residual monomers. 

 

 

 

Semi-Batch Batch 

  

[Monomers]i in the reactor: Semi-batch << Batch 
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Table 9. Description of the samples series 4 using different processes to increase the polymer 

molecular weight 

 

 

 

 

 

 

 

The instantaneous conversion of the individual monomers, Ci, and the molecular weight Mw  

are displayed in Figures 39-41 as function of the reaction time for SP-Semi B, SP-B  

and SP-B-tBP2EH. All values can be found in Tables 10 to 16. The relative molar mass distributions 

obtained by RI signal for the different reaction times are available in Figure 42. 

As seen for SP-SemiB P88M88, Polystep® was converted faster than other monomers and total 

conversion almost was reached after 3 hours of reaction. MAETAC and MMA are converted more 

slowly but most importantly, a high increase of 20% in conversion was seen after the increase  

of reaction temperature to 90°C (indicated by the first straight black line) that would suggest fast 

incorporation of the two monomers. n-BA showed much slower conversion and almost 50%  

of it was unconverted before the temperature increase (prior second feed of initiator);  

total conversion was obtained after an hour of post-polymerization. 

The weight average molecular weight increased with conversion of the monomers until  

the chemical deodorization after which it decreased. 

Series 

# 
Experiment Feeding type Initiator Composition 

4 

SP-SemiB Semi Batch 

t-BHPV 

P88M88 

P0M0 

SP-B Batch 

P88M88 

P0M0 

SP-B-tBP2EH Batch t-BP2EH 

P88M88 

P0M0 
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As only the Mw of the sol part of the polymer is measured in SEC, this decrease in Mw should  

be an indication that during the second initiator feed many radicals were formed due to high 

amounts of residual monomers. Due to prior increase in temperature, the initiator decomposition 

was fast, and many radicals were created. Yet, the residual monomer concentration was low  

so small chains were formed. Moreover, due to slower chain propagation, some radicals  

or oligoradicals were grafted onto the polymer chains and led to covalent crosslinking.  

This is illustrated on the relative molar mass distributions in Figure 42, with the appearance of 

a shoulder of high Mw but a broadening at low Mw was also observed suggesting new chains were 

also formed.  

Similar monomers conversions were observed for the pure n-BA/MMA copolymer but the maximal 

Mw (from MALLS detection) reached ~ 40 000 g.mol-1 after 1 h and was stable until increasing 

reactor temperature to 90°C and the chemical deodorization where a broadening of Mw was seen 

in Figure 42 for low Mw; suggesting generations of new chains. 

 

Figure 39. Instant monomer conversion Ci and Mw over reaction time for SP-SemiB 

 



Chapter III – Adhesive polyampholyte polymers prepared by solution polymerization 

 

193 

Table 10. Table of molecular weights obtained by SEC as function of the reaction time for 

SP-SemiB P88M88 

 

 

 

 

 

 

 

Table 11. Table of molecular weights obtained by SEC as function of the reaction time for 

SP-SemiB P0M0 

 

 

 

 

 

 

 

Experiment Reaction time Mw (g.mol-1) Mn (g.mol-1) PDI Mw MALLS (g.mol-1) 

SP-SemiB 
P88M88 

1 h    80 600    25 900 3.1 40 000 

1 h 30    108 000    47 900 2.3 62 000 

2 h    138 000    47 700 2.9 85 000 

2 h 30    161 000    38 300 4.2 110 000 

3 h    169 000    53 300 3.2 125 000 

3 h 15    181 000    53 400 3.4 135 000 

3 h 45    161 000    36 500 4.4 120 000 

4 h 30    148 000    22 300 6.7 110 000 

5 h 30    145 000    16 900 8.6 110 000 

 

Experiment Reaction time Mw (g.mol-1) Mn (g.mol-1) PDI Mw MALLS (g.mol-1) 

SP-SemiB 
P0M0 

30 min    40 500    6 880 5.9 34 500 

1 h    50 700    12 000 4.2 43 600 

2 h    53 000    13 500 3.9 43 900 

2 h 30    52 000    15 800 3.3 43 900 

3 h    50 500    14 900 3.4 42 300 

3 h 15    45 100    11 500 3.9 38 000 

4 h 30     40 700    8 910 4.6 34 700 
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Looking at the conversions of SP-B P88M88 in Figure 40, the individual conversions of MMA, 

Polystep® and MAETAC were similar throughout the reaction. After 4h and before the final initiator 

feed conversions were complete, 15% of n-BA was left to polymerize. 

Mw increased sharply after 2 h (simultaneously with n-BA conversion) and increased during  

the reaction to reach ~900 000 g.mol-1. It was observed on the relative molar mass distributions 

obtained by RI signal (Figure 42), directly a broadening to Mw>107 g.mol-1 and after the chemical 

deodorization a broadening of low Mw. 

 

Figure 40. Instant monomer conversion Ci and Mw over reaction time for SP-B 
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Table 12. Table of molecular weights obtained by SEC as function of the reaction time 

for SP-B P88M88 

 

 

 

 

 

 

Table 13. Table of molecular weights obtained by SEC as function of the reaction time 

for SP-B P0M0 

 

 

 

 

 

Experiment Reaction time Mw (g.mol-1) Mn (g.mol-1) PDI Mw MALLS (g.mol-1) 

SP-B 
P0M0 

30 min    104 000    37 900 2.8 90 200 

1 h    87 400    22 500 3.9 74 800 

1 h 30    75 100    31 400 2.4 65 100 

2 h    65 500    21 900 3.0 53,900 

2 h 30    56 800    17 200 3.3 45 300 

3 h    52 800    14 300 3.7 43 600 

3 h 30    48 500    10 000 4.9 39 800 

4 h    45 500    7 660 5.9 37 100 

4 h 30    43 900    6 250 7.0 37 100 

Experiment Reaction time Mw (g.mol-1) Mn (g.mol-1) PDI Mw MALLS (g.mol-1) 

SP-B 
P88M88 

1 h    203 000    97 500 2.1 150 000 

2 h    398 000    63 400 6.3 530 000 

3 h    508 000    27 700 18.3 820 000 

4 h    449 000    15 100 29.7 810 000 

4 h 30    462 000    13 700 33.7 920 000 

5 h 30    448 000    12 700 35.3 880 000 
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For SP-B P0M0, n-BA was converted more slowly than MMA. After 2 h, ~80% of MMA  

was converted while only ~50% of n-BA was. The molecular weight increased sharply readily 

after 30 min to ~90 000 g.mol-1 and gradually decreased to ~37 000 g.mol-1.  

This, added to the gradual increase of the shoulder on the molar mass distribution (Figure 42) 

for Mw<104 g.mol-1, suggests that new and shorter chains of polymer were synthesised instead 

of adding monomer units to existing growing chains. 

Concerning SP-B t-BP2EH P88M88, the conversions of MMA, Polystep® and MAETAC were similar. 

Total conversions were reached after 6 hours before the chemical deodorization. 

After this reaction time, the conversion of n-BA was measured to be around 75 %.  

Mw increased sharply after 4 hours of polymerization. Mw reached 2 700 000 g.mol-1 after 6 hours 

and decreased afterwards until 1 800 000 g.mol-1. It is likely that the true Mw could not be 

measured by SEC, due to microgel formation from some covalent crosslinking.  

 

Figure 41. Instant monomer conversion and Mw over reaction time for SP-B-tBP2EH 

Regarding P0M0 sample, differences in conversion between MMA and n-BA were seen.  

The maximum Mw was found also directly after 1 hour of reaction and decreased sharply 

afterwards to ~40 000 g.mol-1. 
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It is most likely due to reactions competition between the initiation of new polymer chains and 

chain growth; and it is accentuated by the last initiator feed and the high amount of residual 

monomers. 

The final values of Mw for all samples are available in Table 17.  

For P88M88 samples, Mw increased by more than one degree of magnitude from 110 000 g.mol-1 

(SP-SemiB) to 880 000 and 1 800 000 g.mol-1 for respectively SP-B and SP-B t-BP2EH.  

Therefore, the molecular weight of SP-SemiB was successfully increased by using a batch process. 

However, Mw for the pure n-BA/MMA polymers were not increased using batch polymerization. 

Table 15. Table of molecular weights obtained by SEC as function of the reaction time for 

SP-B t-BP2EH P88M88 

 

 

  

Experiment Reaction time Mw (g.mol-1) Mn (g.mol-1) PDI Mw MALLS (g.mol-1) 

SP-B-tBP2EH 
P88M88 

1 h    104 000    9 240 11.3 135 000 

2 h    233 000    38 500 6.1 190 000 

3 h    353 000    66 900 5.3 380 000 

4 h    584 000    81 900 7.1 860 000 

5 h    695 000    26 800 25.9 1 700 000 

6 h    656 000    20 000 32.7 2 700 000 

7 h    658 000    21 100 31.1 2 300 000 

8 h    522 000    16 600 31.5 1 400 000 

24 h    592 000    13 200 44.7 1 800 000 
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Table 16. Table of molecular weights obtained by SEC as function of the reaction time for 

SP-B t-BP2EH P0M0 

 

 

 

 

 

 

 

 

Table 17. Final values of of molecular weights obtained by SEC-RI and MALLS for the sample series 4 

  

Experiment Reaction time Mw (g.mol-1) Mn (g.mol-1) PDI Mw MALLS (g.mol-1) 

SP-B-tBP2EH 

P0M0 

1 h    108 000    20 300 5.3 95 000 

2 h    97 400    26 200 3.7 83 400 

3 h    80 500    19 000 4.2 69 200 

4 h    72 100    17 600 4.1 59 400 

5 h    63 300    17 000 3.7 51 800 

6 h    55 100    12 300 4.5 43 000 

7 h    52 400    9 090 5.8 42 000 

8 h    49 900    8 140 6.1 40 900 

24 h    49 500    7 010 7.1 40 800 

 

Series 

# 
Experiment Composition 

Mw 

(g.mol-1) 

Mn 

(g.mol-1) 
PDI 

Mw with MALLS 

(g.mol-1) 

4 

SP-SemiB 

P88M88 148 000 23 000 6.5 110 000 

P0M0 69 100 14 900 4.6 34 700 

SP-B 

P88M88 448 000 12 700 35.3 880 000 

P0M0 73 100 14 200 5.1 37 100 

SP-B-tBP2EH 

P88M88 611 000 14 000 43.4 1 800 000 

P0M0 74 800 13 500 5.5 40 800 



Chapter III – Adhesive polyampholyte polymers prepared by solution polymerization 

 

199 

The polymer chains conformations indicated by ν and given in Table 18 (Rg vs M curves fitting 

given in Appendix 42), were much more linear (rod-like) for P0M0 samples due to the absence  

of Polystep® (for P88M88, coil-like). But no differences in polymer conformation were seen between 

the types of processes. 

Table 18. Conformation factor for series 4, obtained by SEC-MALLS and relative polymer conformation 

 

 

 

 

 

 

As in previous paragraphs, the gel contents and Tg of the final polymers were measured  

(available in Appendix 43). No gel was measured for all polymers (P88M88 and P0M0) in MEK  

and EtOH and thus should not contain covalent networks. The Tg (given in Appendix 43)  

of SP-B and SP-B t-BP2EH were slightly lower (-24.0 and -26.6°C) than for SP-SemiB, most likely 

due to higher polymer chains length. And as reported in III.2.A., the Tg n-BA/MMA copolymers 

were increased by adding ionic comonomers Polystep® and MAETAC. 

 

 

  

Series 

# 
Experiment ν Conformation 

4 

SP-SemiB 

P88M88 0.46 coil 

P0M0 1.42 rod 

SP-B 

P88M88 0.52 coil 

P0M0 1.49 rod 

SP-B-tBP2EH 

P88M88 0.46 coil 

P0M0 1.03 rod 
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Figure 42. Relative molar mass distributions throughout reaction time of sample series 4 
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ii. Morphology of the polymer films 

The AFM phase images of the three ionic copolymers (P88M88) films cross-sections are presented 

in Figure 43. As introduced in III.2.A., the polymerization in semi-batch results in a homogenous 

polymer film. But the images of the polymers prepared in batch (SP-B and SP-B t-BP2EH) 

witnessed the presence of two polymers. A polymer matrix of harder phase contrast was observed 

with darker areas (~ 200 nm of diameter) and suggest inclusions of a softer polymer. 

Images at 20 µm scale showed that this was not localized and spread over the whole polymer 

films. 
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Figure 43. AFM phase images in tapping mode at 20 µm scale with enlargement at 2 µm of a) SP-SemiB, 

b) SP-B and c) SP-B-tBP2EH  
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iii. Mechanical characteristics of the polymer films 

To compare the mechanical properties of the polymers prepared by the different processes,  

linear rheology was realized using TTS for the P88M88 polymer films, as described in the previous 

paragraphs. The master curves of G’ and G’’ calculated for T=25°C and tan δ are available  

in Figure 44. Standard Frequency sweep measurements were realized in the same conditions on 

the pure n-BA/MMA copolymers, the curves are available in Appendix 44.  

The cross-over frequencies were reported in Appendix 45 and are displayed as function of the 

samples in Figure 45. 

 

Figure 44. Master curves at 25°C of the elastic G’ and Loss G’’ moduli and tan δ as function of the angular 

frequency obtained by Time-Temperature Superposition measurements 
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All three samples exhibited the same behaviour of low crosslinked materials with a rubbery region 

at high frequency and flowing behaviour at lower ω. However, the samples prepared in batch  

do not show full terminal relaxation as SP-SemiB with G’~ω2 and G’’~ω. This indicated that more 

intermolecular interactions delayed the flowing of polymer chains, most likely due to high number 

of entanglements or polymer branches. It was also suggested by the decrease of cross-over 

frequencies with high Mw as seen in Figure 45; and the delayed increase of tan δ at low 

frequencies. The measurements of the pure n-BA/MMA copolymers (available in Appendix 44) 

showed that they were all behaving as liquid-like already at high frequencies suggesting low Mw 

polymers. 

 

 

 

 

 

Figure 45. Cross-over frequency ωC and weight average molecular weight Mw as function of the samples 

for P88M88 composition 

Th measurement of the mechanical properties for long deformation were carried out by tensile 

tests in the same conditions described in previous paragraphs. The stress-strain curves obtained 

for P88M88 samples are available in Figure 46; P0M0 series could not be measured. Data is available 

in Appendix 46. 
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SP-B and SP-B t-BP2EH showed brittle behaviour towards uniaxial deformation, this is caused  

by their high Mw a potentially high branching density. It was seen by a large strain hardening,  

a maximal stress reaching respectively 316 and 425 kPa and fracture at 1460 and 1250 %.  

This further confirmed that high number of entanglements, branching or crosslinking were 

present making the materials more resistant to strain. 

 

 

 

 

 

 

Figure 46. Comparison of the stress-strain curves for SP-SemiB, SP-B and SP-B-tBP2EH 

iv. Adhesive properties of the polymer films 

The adhesive performance of the sample series 4 were measured as reported in previous sections. 

The peel mean forces are displayed in Figure 47, static shear resistance in Figure 48 and the 

values are reported in Appendix 47. 

Generally, for the P88M88 compositions, Fmean was measured to be close to zero and adhesive/filmic 

failure modes were observed using the batch process; this implicates that Mw was increased  

to the high detriment of adhesion either for short or long contact times. SP-SemiB showed 

therefore higher peel performance.  

However, the contrary was found in the case of pure n-BA/MMA copolymers. Fmean, for SP-SemiB, 

was ~ 0 N.25 mm-1 for dwelling times of 2 min, 24 h and 48 h; but cohesive failures were seen, 

implying the adhesive was too tacky and viscous to resist to debonding so low peel forces were 

recorded. 
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In the case of SP-B and SP-B t-BP2EH P0M0, Fmean was measured ~ 5 N.25 mm-1 for all contact 

times and led to cohesive failure. Therefore, in comparison to SP-Semi B P0M0, they were more 

resistant to peeling thanks to the presence of more interactions between polymer chains.  

 

Figure 47. Peel mean force Fmean as function of the process for a) 2 min, b) 24 h and c) 48 h dwelling 

times; and comparison of Fmean for all dwelling times 

Concerning shear resistance displayed in Figure 48, SP-SemiB P88M88 showed the highest holding 

power of 929 min even with a lower Mw than SP-B and SP-B t-BP2EH. But these two failed 

adhesively meaning they failed in creating enough contact with the surface to measure their real 

shear strengths. Zero shear resistance was measured for pure acrylate compositions due  

to a lack of internal cohesion via entanglements (low Mw), branching or crosslinking. 
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Figure 48. Dependence of shear strength over sample series 4 for P88M88 and P0M0 compositions 

v. Discussion 

The target of this section was to increase the molecular weight of SP-P88M88 to ~ 400 000 

to 500 000 g.mol-1, in order to improve its shear resistance and further adhesion/cohesion 

balance. This was done by decreasing the ratio between monomer concentration and initiator 

radical, using a batch process and by using t-BP2EH as initiator which had a lower decomposition 

rate at 70°C than t-BPPVT.   

It was seen that for all processes, the comonomers and especially n-BA did not have the same 

reactivities, therefore much residual monomer was left before the chemical deodorization. 

The increase of temperature and the second feed of initiator, accelerated the conversion rate and 

thus led to branching (rather than covalent crosslinking because no gel was measured) but also 

to the polymerization of shorter chains; respectively observed by the increase in Mw and  

the relative molar mass distribution in Figure 42.  

Low reactivity or conversion rate of n-BA can be explained by chain transfer to isopropanol. 

Indeed, it was reported that the chain transfer constant of iPrOH for n-BA is Cs=14.12 at 80°C 

while Cs=0.47 in Methanol[55]. 
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Moreover, the reactivity ratios of n-BA and MMA copolymerization at 60°C gave rn-BA=0.2 for 

rMMA=1.74[56] which could further lower the consumption rate of n-BA. 

Two phases were observed in the polymer films of the batch polymerization and are a direct 

consequence of the composition drifts created (most probably) at the end of the reactions. 

It is likely that, one high Mw polymer was synthesized during the feed and short chains of low Mw 

were synthesized at the end. 

Due to high difference in Mw[57] and probably in chemical composition, the two polymers could 

not blend and led to phase-separation in the polymer film. The inhomogeneity of the polymer 

films and the very high Mw obtained in batch, was entirely detrimental to the adhesion as very 

low peel forces were measured. The shear strength could also not be determined as the PSA 

failed in adhesion to the substrate.  

In summary, the optimization of the molecular weight using batch processes and initiator and 

higher half-life temperature was successful. However, for future work, the solvent should be 

chosen in accordance (methanol or ethanol) with monomers to insure similar reactivities. 
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III.3. GENERAL CONCLUSION   

The present chapter provides a route to polyampholyte polymers for PSA prepared by free-radical 

solution polymerization and studies the parameters that influence the mechanical and adhesive 

properties of the final polymers. 

Using free-radical solution polymerization to produce statistical acrylate-based copolymers 

bearing oppositely charged ionic functionalities, was successful. Although the presence of dimers 

in the anionic comonomer (Polystep®) introduced branching in polymer chains, the effect of the 

ionic crosslinking density on the mechanical and adhesive properties was seen.  

Ionic networks made the polymers more resistant to small and large deformations which 

increased shear resistance under static load, but the balance between toughness and extensibility 

allowed the polymers to gain in adhesion (peel force) and cohesion (shear resistance).  

The mechanical response and adhesive performance could be tuned by changing the 

stoichiometry between ionic moieties and the nature of ionic interactions. 

Indeed, a stoichiometric amount of ionic comonomers in the polymer (SP-P100M100) increased the 

number of ionic crosslinks and therefore the stiffness of the material in comparison to  

SP-P50M100 and SP-P100M50. However, after the addition of KOH, SP-P100M50 showed a higher 

resistance to shear and performed as well as SP-P100M100, but contained twice less possible 

crosslinks formed from the interactions between Polystep® and MAETAC. It was suggested that 

the physical network of SP-P100M50 was reinforced by crosslinks occurring between phosphate 

groups. This implies that ionic crosslinking may not be necessarily between oppositely charged 

groups but can be done with acid moieties alone; and the crosslinking density could be tuned  

by different neutralization degrees. 

In III.2.D., it was seen that the PSA based on polyampholytes reached with no doubts the 

performances of commercialized products. But there is still room to increase their tackiness by 

lowering the Tg. This could be done by increasing the part of n-BA, yet it undergoes high chain 

transfer to solvent in isopropanol. 
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It would thus require using other solvents provided that they dissolve both acrylates and ionic 

comonomers. Another solution would be to replace n-BA by another ‘soft’ acrylate monomer but 

this risks to change the miscibility of the polymer chains and the viscoelastic properties  

of the films. 

To improve further the shear resistance of the ionomers, optimization of molecular weight  

was carried out using batch processes, but as mentioned, n-butyl acrylate undergoes chain 

transfer with isopropanol. This led to high compositions shift, which didn’t favour adhesion,  

and resulted in low shear resistance. 

Although the acrylate-based ionomers prepared in solution showed high potential for PSA 

applications, the use of an organic solvent is problematic for a product development in industry; 

therefore, the preparation of secondary water-borne dispersions from these polymers was studied 

in the next Chapter.   
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IV.1. INTRODUCTION 

In the previous chapters, ionic functional groups were introduced in acrylate polymers to obtain 

physically crosslinked networks using two classical free radical polymerization techniques: solution 

and emulsion polymerization. It was seen that the ionic interactions act as true crosslinkers and 

give a good balance between cohesion and adhesion, plus the adhesive performance could be 

tuned by changing the stoichiometry or the nature of ionic moieties. However, the two 

polymerization techniques used to prepare the adhesive polymers are not industrially viable as 

the emulsions gave inconclusive results and inhomogeneous mixtures, and current regulations on 

the use of Volatile Organic content (VOC) push industries to avoid solvent-borne products 

(Directive 2004/42/CE[1]). 

Apart from emulsion polymerization, self-assembly of block copolymers is an interesting strategy 

to prepare water-based dispersions from presynthesized polymers. Self-assembling di-block 

copolymers can be obtained by reversible addition-fragmentation chain transfer polymerization 

(RAFT)[2] among other controlled radical polymerization techniques like NMP, ATRP…[3]; 

the A and B blocks should have antagonist solvent miscibility to produce the self-induced 

assemblies[4, 5]. Various structures can be obtained using different degree of polymerization 

(DP) of each block and provide specific film morphologies and responsive features[6] (illustration 

given in Figure 1). However, RAFT polymerizations tend to be avoided on an industrial scale,  

as the rate of polymerization is usually slow, the process not very efficient and the use of thio 

compounds as RAFT agents should be avoided for price, odour and colour issues.   

Polymerizable surfactants called surfmers[7, 8] can also be used to prepare water-borne 

dispersions through self-assembly. Surfmers are included in the final polymers, but their reactivity 

needs to be controlled to avoid homopolymerization which can result in poor emulsion 

stabilization.  
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Colloidal assembly of polyampholytes by formation of complex coacervates has also been 

proposed for the encapsulation of ingredients, drugs and proteins[9-13]. 

This technique could be used to encapsulate a soft acrylate polymer with oppositely charged 

polyelectrolytes that would provide both colloidal stabilization and ionic crosslinking. 

However, these dispersions may not form good PSA films as the coacervate shell are usually hard 

and might not be coatable.  

Complex coacervate core-micelle dispersed in water have also been developed[14-18].  

Micelles form at ‘preferred micellar condition PMC’ i.e. stoichiometry between oppositely charged 

ionic groups; and the co-assembly depends also on the right conditions of pH, ionic strength. 

But this preparation mean requires the whole system to be hydrophilic and cannot be applied to 

acrylate-based copolymers. 

An industrially relevant example of surfactant-free polymer dispersions are polyurethanes 

dispersions (PUD).  Usually, the polyaddition of isocyanate, polyols and reactive dispersing agent 

(hydrophilic or ionic monomer) is  carried out in a solvent (e.g. acetone, methylethylketone, 

toluene…). As water is added to the mixture, a phase separation of the polyurethane occurs and 

results, after removal of the solvent, in a stable dispersion thanks to the hydrophilic and thus 

surface-active groups[19-23]. 

The ionic functional groups present in the polymers prepared in solution in Chapter III are 

hydrophilic; they are thus susceptible to stabilize an interface water/hydrophobic acrylate 

backbone (nBA/MMA) in the same way observed for PUDs. Therefore, the dispersibility in water 

of polymers prepared as described in the chapter III was studied in this chapter. The 

stoichiometry of the ionic moieties was varied to avoid complex coacervation and obtain dispersed 

polymer particles. In these cases, characterization of the polymers, measurement of their 

mechanical and adhesive properties was carried out and compared to those of the original 

solvent-borne polymers. 
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Figure 1. Techniques reported in the literature to prepare emulsifier-free water-based 

dispersions[2, 12, 16, 24, 25] 

  

a) Diblock self-assembly[2] 
 

 

b) Surfmers[23] 
 

 

c) Encapsulation by complex 
coacervation[11] 
 

 

d) Complex coacervate-core micelles[15] 
 

 

e) PUDs[24] 
 

 

 



Chapter IV – Secondary dispersions: from dissolved to dispersed 

 

220 

IV.2. RESULTS 

A. Synthesis of polyampholytes 

In primary dispersions, the polymer synthesis occurs in a pre-dispersed system (as in emulsion 

polymerization). In contrast, secondary dispersions are prepared by dispersing existing polymers 

in a solvent. This means that dispersing/stabilizing groups should be present in the polymer  

(ionic or hydrophilic groups if dispersion in water). A minimum amount of dispersing groups is 

needed to obtain stable secondary dispersions but it was shown that with PUDs this value varies 

with the monomers composition (content of hydrophobic and/or hydrophilic monomers)[22] and 

is therefore a property of each system. 

In this chapter, secondary dispersions were prepared from copolymers of n-BA, MMA, Polystep® 

and MAETAC, previously synthesized by solution polymerization as described in Chapter III.  

In this system, both anionic and/or cationic monomers, (i.e. Polystep® and/or MAETAC) are 

potential stabilizing species. However, as the two monomers are susceptible to interact together 

during the dispersive process; there should thus be an excess of one ionic group to provide an 

overall charge to the polymer. Polystep® was selected as the dispersive species for its diacidity. 

As the oppositely charged monomers might nonetheless interact (even with an excess of anions),  

the number of dispersive groups was calculated as nA=nPolystep-nMAETAC (n=moles of monomer) and 

was further referred to as available acid groups in mmol per kilo of dispersion. 

To study the required amount of free dispersing groups nA (in IV.2.B) copolymers of n-BA, MMA, 

Polystep® and MAETAC were prepared with varying content of Polystep® and MAETAC, 

as described in Table 1. 
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Table 1. Polymers prepared by solution polymerization and their composition 

 

 

 

 

 

B. Preparation and characterization of secondary dispersions 

To prepare the secondary dispersions, the polymers listed in Table 1, were diluted to 30 wt% in 

isopropyl alcohol (iPrOH) and 𝑥 equivalent of Potassium hydroxide (KOH) was added to 

deprotonate the phosphoric acid groups and produce charged anionic moieties. The boundaries 

of the dispersibility of the system in water were investigated. For this purpose, various degrees 

of acid neutralization were used (i.e. various 𝑥) and counter-examples containing few dispersive 

groups were used. 

A large excess of demineralized water was then used to dilute the system before evaporating 

isopropyl alcohol and concentrating the polymers in water. iPrOH and H2O are miscible and form 

a minimum-boiling azeotrope with a 87.4-87.7% weight fraction of iPrOH under atmospheric 

conditions which evaporates at 80.3-80.4°C[26]. For this reason, evaporating the organic solvent 

without overconcentrating the dispersion was challenging. Water was thus added after 

evaporating about 40% of the mixture iPrOH-H2O, and then slow removal of residual iPrOH was 

carried out. An illustration of the procedure is given in Figure 2. Pictures of failed experiments 

are given in Appendix 48 and successful in Appendix 49. 

Experiment 
Polystep® 

(mmol) 

MAETAC 

(mmol) 

nAA 

(mmol/kg) 

SD-P100M100 100 100 0 

SD-P100M50 100 50 53 

SD-P150M50 150 50 96 

SD-P200M50 200 50 138 

SD-P200M100 200 100 89 
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Figure 2. Illustration of the procedure for dispersing the solution polymers in water  
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Table 2 summarizes the results obtained for dispersibility.  Water-based dispersions were only 

obtained from copolymers comprising a minimum amount of 90 mmol/kg stabilizing groups. 

Within the set of experiments studied, dispersions were obtained only for SD-P150M50, SD-P200M50 

and SD-P200M100; the rest of the study was focused on these three samples. It was also necessary 

to add two equivalents of KOH, making phosphate groups anions with a 2- net charge.  

The large excess of Polystep® and the full neutralization of the phosphate groups are likely to 

insure the polymers overall anionic charge and thus dispersibility in water without coacervation 

or precipitation.  

Table 2. Description and dispersibility results of the sample series 

 

 

 

 

 

 

 

 

 

 

 

 

Experiment 
Equivalent of 

KOH 
Dispersibility 

SD-P100M100 

0 X 

0.5 X 

1 X 

2 X 

SD-P100M50 

0 X 

0.5 X 

1 X 

2 X 

SD-P150M50 

0 X 

0.5 X 

1 X 

2 √ 

SD-P200M50 

0 X 

0.5 X 

1 X 

2 √ 

SD-P200M100 

0 X 

0.5 X 

1 X 

2 √ 
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In this chapter, 2 levels of data were used for comparative studies. The first level concerns  

the different contents of functional groups (i.e. SD-P150M50, SD-P200M50 and SD-P200M100).  

The second refers to the “state”, meaning as in solution (S), in solution with added KOH (S+KOH) 

or dispersed in water (D). For each sample the S+KOH and D series are obtained from  

the “mother” sample in solution (S). 

The residual isopropanol contained in the dispersions was measured by Gas Chromatography 

(GC), the values are given in Table 3. Almost all isopropanol was removed, and the polymer 

dispersions could be considered water-based. The polymer particle sizes of the dispersions were 

determined by Analytical Ultracentrifugation (AUC), SD-P200M50 showed the smallest particle size 

with D90%≈110 nm. However, whilst SD-P200M100 was monomodal, SD-P150M50 was bimodal with 

D90%≈190 nm; this could have been induced when concentrating the dispersion by water 

evaporation. Too strong evaporation might have destabilized the dispersion and the particle size 

distribution was broadened. Detailed values are shown in Table 3 and the particle diameter weight 

distributions are given in Appendix 50. 

Table 3. Residual isopropanol measured in dispersions by GC and particle size of the dispersions 

obtained by AUC 

 

 

 

 

AFM studies confirmed that defined particles were obtained using Single Particle Preparation as 

seen in Figure 3. The samples were prepared by strongly diluting the dispersion in demineralized 

water and coating a thin layer on mica or a silicon wafer, so that one or several particles are 

isolated over the surface. 

 GC AUC 

Experiment 
Residual iPrOH 

(mg.100g-1) 
D10% (nm) D50% (nm) D90% (nm) 

SD-P150M50 4.0 51 103 203 

SD-P200M50 30.0 30 59 113 

SD-P200M100 2.5 50 111 191 
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Figure 3. AFM pictures of the dispersion of SD-P200M100 using Single Particle Preparation 

C. Physico-chemical properties of the polymers and their dried films 

The molecular weight distributions of SD-P150M50, SD-P200M50 and SD-P200M100 were measured by 

Size exclusion chromatography (SEC) using both refractive index (RI) and multi-angle light 

scattering (MALLS) detectors, the values are given in Appendix 51. Mw values of 185 000 g.mol-1 

with RI detection and higher than 400 000 g.mol-1 with MALLS were obtained. A significantly 

higher molecular weight was measured for SP-P200M50 (Mw=750 000 g.mol-1) which might be 

caused by high degree of branching introduced by Polystep® as discussed in III.2.A. It was seen 

with the wide relative molar mass distribution available in Appendix 52. 

The glass transition temperatures were obtained by DSC, values are available in Appendix 51. 

The Tg of all polymers was around -21°C, within the admissible range for PSA applications. 

No gel content was found in the S samples, neither in Methylethylketone (MEK) nor in Ethanol 

(EtOH), suggesting that covalent crosslinking did not occur during the polymerization reaction. 

However, S+KOH and D samples showed a gel content ~10% in MEK and no gel content in EtOH. 

This is most likely due to the strong ionic interactions triggered by the addition of KOH which 

cannot be destabilized in the apolar solvent. 



Chapter IV – Secondary dispersions: from dissolved to dispersed 

 

226 

As seen in Chapter II and III, the morphology of the adhesive films is crucial for adhesion. In the 

system described hereby, a pre-organised structure might form during film drying as ionic groups 

would point towards the water phase. As the supernatant evaporates, the particles will stick to 

one another, the ionic moieties might interact and form ion clusters and hinder the interdiffusion 

of the acrylate backbone in the core of the particles. This might result in hard-shell soft-core like 

pattern[27].  AFM phase images of dried films cross sections (Figure 4 and 

Appendix 53) demonstrated that S+KOH and D films had homogenous morphologies and no 

ordered structure was found in the dispersions. It is worthwhile mentioning that on images of 

scale 5 µm in Appendix 53, white dots (higher phase contrast areas) were seen and resemble to 

salt (in this case KCl) aggregates. These aggregates were washed off from the cut with water 

and were not observed afterwards. 

 

 

Figure 4. AFM phase images in tapping mode of SD-P200M100 cross-cuts as a) S+KOH and b) D 
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D. Mechanical properties of the polymer films 

The mechanical properties of the polymer films at small-strains (ε<100%) were measured using 

oscillatory rheology and Time-Temperature Superposition. Master curves were obtained for 

T=25°C and are available in Figure 5. 

 

Figure 5. Master curves at 25°C for S, S+KOH and D states with elastic G’ and Loss G’’ moduli as function 

of the angular frequency obtained by Time-Temperature Superposition measurements 
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The three solution polymers behaved as low crosslinked material, exhibiting a cross-over point 

between elastic and loss modulus at 10-2<ω<1 rad.s-1, followed by a flowing region (Figure 5). 

The cross-over point moved to lower frequencies as ionicX in the samples increased, presumably 

due to the stiffening of the polymer with higher density of ionic crosslinks ( ωc=1.3 10-1 rad.s-1 

for SD-P150M50, ωc=4.0 10-2 rad.s-1 for SD-P200M50 and ωc=7.5 10-3 rad.s-1 for SD-P200M100). 

It is important to note that the solution samples exhibited a very high modulus at high frequency 

G’>106 Pa, most likely due to high content of ionic comonomers; they might already aggregate 

as clusters and reinforce the films. 

S+KOH and D samples showed long rubbery plateaus with nearly constant values of G’ and G’’, 

and tan δ was decreased by more than 2 with ω<10 rad.s-1 as displayed in Figure 6. 

This indicates the polymers behaved as elastic solids and were highly crosslinked. The ionic 

interactions are expected to become stronger upon addition of KOH and stiffen the polymers. 

However, G’ decreased by around one degree of magnitude in the rubbery region and implying 

that the materials became softer at high frequency.  A possible explanation to this effect could 

be a charge shielding due to salts and/or to new polymer organisation in the films. 
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Figure 6. Comparison of tan δ as function of the corrected angular frequency for the three samples in 

S, S + KOH and D states and separate comparison of dispersions 

Furthermore, two ‘steps’ in the middle of the rubbery plateau (indicated by the black arrows) 

especially for SD-P150M50 and G’’ at 10-3<ω<10-1 rad.s-1, were observed (Figure 5). 

A potential hypothesis is the formation of two different structures or morphologies inside the 

polymer (either ionic clusters in a polymer matrix or two distinct polymers), which render the 

material stiffer. A closer look at the rheology curves (Figure 7) showed that there was no  

cross-over of the G and G’ curves between the rubbery plateau and the flowing region. 

Instead, a second elastic plateau could be seen for SD-P150M50. This suggests that for S+KOH and 

D, the effect ionic interactions are strong and remain effective at very low frequencies.  
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Figure 7. Enlargement of the curves of G’ and G’’ obtained by TTS over the transitions to flowing regions 

for S+KOH and D 

Differences between S+KOH and D states were not observed, except for SD-P200M100 where  

the curve of S+KOH was slightly shifted to lower modulus; but it attributed to an error of  

the measurement or to low reproducibility of the film drying. 

The master curves of the three dispersions SD-P150M50, SD-P200M50 and SD-P200M100 were 

compared to each other (displayed in Figure 8, image c). The rheological behaviour of the films 

was similar for the three tested compositions. 
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Figure 8. Master curves of a) solutions, b) solutions + KOH and d) dispersions at 25°C with the elastic G’ 

and Loss G’’ moduli as function of the angular frequency obtained by 

Time-Temperature Superposition measurements 
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Tensile measurements were carried out to study the effect of KOH on the materials properties at 

elongation ε>100%, stress-strain curves can be seen in Figure 9. A comparison of stress-strain 

curves of the three samples at each state is given in Figure 10. The values of stress and elongation 

at break are available in Appendix 54 and presented in Figure 11. The Young’s modulus E obtained 

from the stress-strain curves are reported in Appendix 56. 

In the solution state S, the polymers films showed different behaviours. SD-P150M50 exhibited  

a viscoelastic behaviour with σmax~ 175 kPa and εB~3000 % (Figure 11). The other two samples 

behaved as brittle materials with strong strain-hardening; it showed already that the polymers 

with 200 mmol of Polystep® were stiffer than with 150 mmol and this might be due to higher 

grafting density. Also, SD-P200M100 had a higher maximal stress and should be even tougher than 

SD-P200M50; as it contains more MAETAC, it could be explained by more ionic aggregation 

(clusters) or complexation (crosslinks).  

For the three samples, the stiffening of the polymer by increasing the crosslinking density 

(addition of KOH) was seen with lower compliance to high strains as the elongations at break 

were lowered by more than half. This effect was even more noticeable for SD-P150M50: εB was 

reduced by a factor of 5 while σB was multiplied more than 10 times going from ~60 to 850 kPa. 

SD-P200M50 did contain a similar content of theoretical crosslinks (determined by limiting monomer 

MAETAC in moles) but the effect on εB and σB were less significant given the high stiffness in S 

states (due to high content of ionic comonomers); the same applied to SD-P200M100.  

SD-P150M50 and SD-P200M100 exhibited similar trend while SD-P200M50 showed a lower εB ≈200 % 

and a σB of 400 kPa higher; such difference could be coming from a higher grafting density 

introduced by Polystep® (mentioned with the determination of the polymers molar masses). 

E moduli measured for the three samples in the three states, were almost similar (Appendix 56), 

except for the dispersions. This was not expected given the large decrease of the elastic moduli 

for S+KOH and D at a similar frequency of measurement seen in Figure 5; ~0.6 rad.s-1 for a test 

done at 200 mm.min-1 on a 35 mm sample length. 
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But this could be due to the film drying conditions given the different solvents but also the internal 

polymer distribution (considering the different grafting densities). 

 

 

Figure 9. Stress-strain curves of all samples for a) SD-P150M50, b) SD-P200M50 and 

c) SD-P200M100 in all S, S+KOH and D states 
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Figure 10. Comparison of the stress-strain curves of the three samples obtained by tensile test in the three 

different states a) S, b) S+KOH and c) D 

 

Figure 11. Evolution and comparison of a) maximal stress and c) elongation at break for the three samples 

at S, S+KOH and D states 
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E. Adhesive properties of the polymer films 

Concerning the adhesive properties, peel tests at 180° with contact time tc= 2min, 24 h and 48 h 

were carried out. The peel mean forces Fmean for the different tc are displayed in Figure 12 and 

Figure 13. Failure modes (Adhesive A, Cohesive K, Zippy Z) were reported on the graphs and the 

values are also given in Appendix 57. 

All samples at all states showed an increase in Fmean by at least 2 after 24 h of contact and 

stabilized after 48h, due to better surface wetting. At tc=2 min the peel force was slightly 

increased in S+KOH state but even more for the dispersions by at least 2 to 5 times.  

This was also true after 24 and 48 hours. The main trend observed was an increase of at least 

40% in Fmean when comparing (and considering the errors) the original solutions of polymers 

series to S+KOH and D, plus cohesive failures were observed. This suggests that in S+KOH and 

D, even though the polymers are highly crosslinked they were able to form better contact with 

the steel substrate and to dissipate much more efficiently the energy during peeling. 

An exception was found in the case of SD-P150M50 for which peel forces after 24 h were equal 

 to ~11 N.25 mm-1 for S, S+KOH and D. 

In terms of compositions, differences were seen for tc=2 min for S+ KOH and D and for tc=24 h 

with solution samples. Peel mean force after short contact time for S+KOH and D was decreased 

going from SD-P150M50 to SD-P200M100. Samples with high amounts of ionic moieties were most 

likely tougher and adhesion was lowered from poorer contact with the surface. Similar observation 

could be made after 24 h of dwelling and the solutions samples. 
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Figure 12. Comparison of the peel mean force Fmean between the three samples for S, S+KOH and D for  

a) tc= 2 min, b) tc=24 h and c) tc=48 h 
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Figure 13. Comparison of the peel mean force Fmean for their different states as function of contact time for 

a) SD-P150M50, b) SD-P200M50 and c) SD-P200M100 

Finally, the adhesive performance of the three dispersions were compared in Figure 14. 

SD-P200M100 showed overall and for all tc, lower adhesion but taking the errors into account,  

peel forces and failures were comparable for SD-P150M50 and SD-P200M50. 
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Figure 14. Comparison of the peel values between the three dispersions for the different contact times 

2 min, 24 h and 48 h 

The cohesion of the samples was also measured by static shear tests with 1.5 kg on steel,  

the results are displayed in Figure 15, values can be found in Appendix 57. When considering 

the series of solution samples, the shear holding power was multiplied by almost 3 from  

SD-P150M50 to SD-P200M50 and SD-P200M100. For the samples in S+KOH, SD-P150M50 and  

SD-P200M100 reached values ≥12000 min while the effect of KOH on SD-P200M50’s shear strength 

could not be seen. In general, shear properties were largely decreased for the dispersed samples  

in comparison to the S+KOH series. This could be induced by hydroplastification (residual water 

content plasticizing the polymer) and/or low interparticle connectivity. 
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Figure 15. Shear resistance for SP-P150M50, SP-P200M50 and SP-P200M100 at S, S+KOH and D states 

Karl-Fischer titrations were carried out to measure the residual water content in the dispersions 

using the ‘oven’ method, results are found in Table 4. Around 2 wt% of residual water was found 

for each sample. The shear tests were reproduced after drying the films 3 days in a desiccator 

(filled with silica gel) and were displayed, in comparison to the S+KOH and D films dried under 

normal conditions, in Figure 16. Values can be found in Appendix 58. 

Table 4. Residual water in the dried polymer films of the dispersion samples measured by  

Karl-Fischer oven method 

 

 

 

 

 

 

  

Dispersions 
dried films 

Residual H2O (wt%) 

SD-P150M50 1.7 

SD-P200M50 2.6 

SD-P200M100 2.7 
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Controlled drying didn’t show influence on the holding power with 1.5 kg for SD-P150M50 and 

SD-P200M50. However, the shear strength for SD-P200M100 increased over 12000 min and exhibited 

adhesive/cohesive failure. This might suggest the adhesive failed in contact rather than in bulk 

properties. Yet the results are scattered and suggest the polymers may not show good 

reproducibility. 

 

 

 

 

 

 

Figure 16. Comparison of the shear resistance of SD-P150M50, SD-P200M50 and SD-P200M100 at S+KOH, D and 

D after drying 3 days in a desiccator 

However, all cohesion (holding power) values were sufficient for product applications.  

In that way, the adhesive properties of the three samples were compared to those  

of commercialized products Acronal® V 215 and Acronal® 3633 described in III.2.D.  

The peel forces are displayed in Figure 17 and shear strengths in Figure 18. 

For short contact time, peel mean forces Fmean of the three secondary dispersions were lower 

than Acronal® 3633 but competed with Acronal® V 215 Fmean~6 N.25mm-1. After 24 h of contact, 

Fmean measured for SD-P200M50 was around 15 N.25mm-1, similar to Acronal® V 215 and close  

to Acronal® 3633. SD-P150M50 and SD-P200M100 were slightly less adhesive in peel. 
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Figure 17. Comparison of Peel mean force Fmean of the three dispersions with Acronal® V 215 and  

Acronal® 3633 for a) tc=2 min and b) tc=24 h 

 

 

 

 

 

 

 

Figure 18. Comparison of the shear resistance with a 1.5 kg load on steel of the three dispersions 

with Acronal® V 215 and Acronal® 3633 

The shear holding power for 1.5 kg on steel of the three dispersions were equal ~1200 min 

or higher than for the two Acronal®, especially for SD-P200M50 (3345 min). Considering the shear 

strength and the peel force for 24 h dwelling time, SD-P200M50 showed the highest balance 

between adhesion and cohesion in comparison to the commercialized adhesives. 
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IV.3. DISCUSSION 

This chapter investigates the possible formation of water-borne dispersions based on  

co-acrylate polyampholytes prepared by free-radical polymerization in solution and the properties 

of the derived PSA formulations. 

AFM phase pictures from SPP (Figure 3) and AUC measurements demonstrated that defined 

polymer particles were obtained from the successive addition of 2 eq of KOH and water, followed 

by the evaporation of iPrOH for polymers containing at least 90 mmol/kg of “available” phosphoric 

acid moieties. The polymers were composed of a hydrophobic acrylate backbone (min 86 wt%  

in polymer composition) and at least 8.9 wt% ionic functional groups from Polystep® and 

MAETAC. 

These specific conditions should be fulfilled because the hydrophobicity of the backbone does not 

make the miscibility of the polymers in water energetically favourable, thus the polymer 

precipitates upon addition of water as seen in Appendix 48. The ionic groups, hydrophilic by 

nature, can stabilize the system by migrating to the interface between water and the hydrophilic 

backbone to give dispersed particles but sufficient ionic units must be present to stabilize the 

particles surface[22]. Moreover, as the polymer chains contain oppositely charged groups, 

stoichiometry between ionic moieties should be avoided to prevent complex coacervation[28-33]. 

With addition of a strong base, the phosphate groups are deprotonated but also the salt 

concentration increases which hinders coacervation[34]. The phase-behaviour of polyelectrolytes 

with ionic strength is inherent to the whole system. In this chapter, stability was reached only 

with 2 equivalents of KOH. However, to form the dispersed particles, the polymer chains are likely 

to collapse into dense coils independently of the ionic strength. This can happen locally by ionic 

inter and/or intramolecular interactions[35] but given the salt concentration in the medium it 

should be driven only by favourable thermodynamics of the hydrophobic chain parts. Local coils 

or collapse might already be observed after the addition of KOH in iPrOH only (seen on pictures 

in Appendix 49) as the solution turns turbid with addition of the salt. 
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The mechanical properties of SD-P150M50, SD-P200M50 and SD-P200M100 in their 3 defined states 

solution (S), solution with added KOH (S+KOH) and dispersion (D) were studied. 

It was observed from linear rheology and tensile measurements, that the addition of KOH to  

the three samples resulted in the same behaviours observed in Chapter III: the appearance of  

a rubbery-plateau for small deformation and at high strain, a strong decrease in elongation  

at break plus a strong increase of the stress at break. These results suggest, as proposed in 

Chapter III, that the addition of KOH increased the number of crosslink points within the dried 

polymer due to the deprotonation of the phosphate RPO4H2 groups.  

In linear rheology, elastic moduli over 1 MPa were found for the solutions samples suggesting 

the polymers were already stiffened by the presence of high number of ionic 

comonomers through ionic aggregation (but not observed with AFM). After triggering the ionic 

interactions, in S+KOH and D, a rubbery plateau was measured over almost 6 decades of angular 

frequency delaying the terminal relaxation of the polymers. Such observation implies that 

reptation (i.e. viscous flow) was hindered by the molecular (ionic) interactions taking place 

between the polymer chains. This phenomenon is known as ‘sticky reptation’ in ionomers,  

where under shear, ionic crosslinks act as ‘sticky points’ that can break and recombine further 

one along the polymer chain until the entanglement length[36, 37]. Sticky reptation was further 

enhanced by the possibility of high branching[38-40] of the polymer chains with high amount  

of Polystep® (discussed in III.2.A.).  

Finally, the decrease in modulus over the rubbery plateau for S+KOH and D,  

and the non-relevance of Young’s modulus to G’ at 0.6 rad.s-1 could be due to different associative 

behaviour during polymer formation[41].   

Differences in the mechanical properties induced by various aggregation behaviours were also 

seen in Tensile test. In Figure 10, the stress-strain curves obtained are in accordance with  

the polymers compositions. SD-P200M100 showed the highest stiffness due to high number of ionic 

moieties and SD-P150M50 the lowest.  
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However, for S+KOH and D, the results are no longer linear regarding the composition. 

SD-P200M50 becomes tougher than SD-P200M100, which might be explained by the ionic clusters 

distributions, which in this case would be invisible in AFM. The following hypothesis is proposed 

and is supported by the AUC results: SD-P200M50 contains freer Polystep® groups (considering 

50 mmol will interact with 50 mmol of MAETAC) i.e. 150 mmol of free pendant diacid groups  

are available in comparison to 100 mmol in SD-P150M50 and SD-P200M100. The more acid groups 

are available, the bigger the total stabilized surface area of the particles and therefore smaller 

particles are formed. As the particles are smaller and contain these “punctual aggregates” formed 

from the ionic interactions of oppositely charged Polystep® and MAETAC; they may be better 

distributed over the entire sample during film formation and form less large ionic gatherings.  

This may provide in the end a more homogeneous repartition of the ionic interactions  

in the polymer film and provide a higher resistance to stresses.  

Concerning the adhesive performance, for all three samples, S+KOH and D series exhibited up  

to 6 times better adhesion in peel at short contact time in comparison to the solutions as seen  

in Figure 12 and Figure 13. Considering the high elastic moduli measured in linear rheology  

at high frequency (over 105 Pa), high instant peel forces can only be improved thanks to available 

RPO4
2- groups which favour adhesion to steel substrates[42]. Fmean was further increased for  

the dispersions as the phosphate groups should be more present at the adhesive interface with 

the substrate; but maybe also thanks to the wetting agent added to help the film formation. 

Moreover, when the time of contact is ≥24 h, the failure mode of SD-P200M50 becomes cohesive 

and the same is observed after 48h for SD-P200M100. This implies that the interactions between 

the phosphate groups and the steel predominate for cohesive failure, because the S series does 

not exhibit cohesive failures while it was seen (from linear rheology) that the transition of  

the polymers to viscous regime took place at higher frequencies in comparison to S+KOH and D. 

The shear strengths were improved by the addition of KOH and triggering of ionic complexation; 

as predicted by the delay of material flow in linear rheology by sticky flow and reptation. 

However, shear strength dropped for dispersions. 
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Although not so strong differences were seen in linear rheology and tensile tests between the 

mechanical resistance of S+KOH and D, the resistance under shear might be different.  

The connectivity/interpenetration of polymers inside the particles may be hindered by ionic 

aggregates that form at the particles interface. This might result in a hard-shell soft-core like film 

morphology[27, 43] non-observable in AFM. 

Nonetheless, holding power of the dispersions was mostly higher (Figure 18) than those of 

commercialized PSA dispersions Acronal® V 215 and Acronal® 3633.  

SD-P200M50 showed especially good balance between adhesion and cohesion and outperformed 

the Acronal®. 
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IV.4. CONCLUSION 

The dispersibility of acrylate polyelectrolytes prepared by solution polymerization in isopropanol 

was studied in this chapter. Several n-BA/MMA/Polystep®/MAETAC copolymers were prepared 

with varying Polystep® and MAETAC concentrations; but an excess of at least 90 mmol of anionic 

monomer per kilo of solution (in comparison to MAETAC) and 2 equivalents of KOH were 

necessary to obtain dispersibility in water. The obtained dispersions showed defined particles  

of around 200 nm in diameter. Linear rheological measurements have showed the dispersions 

films are rubbery-like materials due to sticky flowing and reptation and sustain higher normal 

stress than solution polymers. Although the samples contained a high number of ionic moieties 

i.e. crosslinkers, the adhesive values even at low contact time, were satisfactory thanks  

to available phosphate groups which highly favoured the adhesion to steel substrates.  

As conclusion, the secondary dispersions maintained the high adhesive performances  

of the original solution polymers, plus they are waterborne and easy to process; they have 

therefore high potential to be produced and used in industry.  

  



Chapter IV – Secondary dispersions: from dissolved to dispersed 

 

247 

IV.5. REFERENCES 

1. Directive 2004/42/CE of the European Parliament and of the Council of 21 April 2004 on the limitation 

of emissions of volatile organic compounds due to the use of organic solvents in certain paints and 

varnishes and vehicle refinishing products and amending Directive 1999/13/EC, in Official Journal of 

the European Union. 2004. 

2. Canning, S.L., G.N. Smith, and S.P. Armes, A critical appraisal of RAFT-mediated polymerization-

induced self-assembly. Macromolecules, 2016. 49: p. 1985−2001. 

3. Destarac, M., Controlled radical polymerization: industrial stakes, obstacles and achievements. 

Macromolecular Reaction Engineering, 2010. 4: p. 165-179. 

4. Newman, S., Note on colloidal dispersion from block copolymers. Journal of Applied Polymer 

Science, 1962. 6(21). 

5. Chen, Y., et al., Synthesis and self-assembly of amphiphilic gradient copolymer via RAFT emulsifier-

free emulsion polymerization. Journal of Colloid and Interface Science, 2012. 369: p. 46-51. 

6. Lowe, A.B., RAFT alcoholic dispersion polymerization with polymerization-induced self-assembly. 

Polymer, 2016. 106: p. 161-181. 

7. Kaczorowski, M. and G. Rokicki, Reactive surfactants – Chemistry and applications: part I 

polymerizable surfactants. Polimery, 2016. 61(11/12): p. 747-757. 

8. Guyot, A., et al., Reactive surfactants in heterophase polymerization. Acta Polymerica, 1999. 50: p. 

57-66. 

9. Arshady, R., Microspheres and microcapsules, a survey of manufacturing techniques Part II: 

Coacervation. Polymer Engineering and Science, 1990. 30: p. 905-914. 

10. Dong, W. and R. Bodmeier, Encapsulation of lipophilic drugs within enteric microparticles by a novel 

coacervation method. International Journal of Pharmaceutics, 2006. 326: p. 128-138. 

11. Burke, N.A.D., et al., Polyelectrolyte complexation between poly(methacrylic acid, sodium salt) and 

poly(diallyldimethylammonium chloride) or poly[2‐(methacryloyloxyethyl) trimethylammonium 

chloride]. Journal of Polymer Science Part A: Polymer Chemistry, 2007. 45: p. 4129-4143. 

12. Black, K.A., et al., Protein encapsulation via polypeptide complex coacervation. ACS Macro Letters, 

2014. 3(10): p. 1088-1091. 

13. Ach, D., et al., Formation of microcapsules by complex coacervation. The Canadian Journal of 

Chemical Engineering, 2015. 93(2): p. 183-191. 



Chapter IV – Secondary dispersions: from dissolved to dispersed 

 

248 

14. Voets, I.K., et al., Electrostatically driven coassembly of a diblock copolymer and an oppositely 

charged homopolymer in aqueous solutions. Macromolecules, 2007. 40: p. 8476-8482. 

15. Voets, I.K., A.d. Keizer, and M.A.C. Stuart, Complex coacervate core micelles. Advances in Colloid 

and Interface Science, 2009. 147-148: p. 300-318. 

16. Voets, I.K., A.d. Keizer, and M.A.C. Stuart, Core and corona structure of mixed polymeric micelles. 

Macromolecules, 2006. 39: p. 5952-5955. 

17. Burgh, S.v.d., A.d. Keizer, and M.A.C. Stuart, Complex coacervation core micelles. Colloidal stability 

and aggregation mechanism. Langmuir, 2004. 20: p. 1073-1084. 

18. van der Kooij, H.M., et al., On the stability and morphology of complex coacervate core micelles: from 

spherical to wormlike micelles. Langmuir, 2012. 28(40): p. 14180-91. 

19. Dieterich, D., Aqueous emulsions, dispersions and solutions of polyurethanes: synthesis and 

properties. Progress in Organic Coatings, 1981. 9: p. 281-340. 

20. Kim, B.K., Aqueous polyurethane dispersions. Colloid and Polymer Science, 1996. 274: p. 599-611. 

21. Lee, S.Y., J.S. Lee, and B.K. Kim, Preparation and properties of water-borne polyurethanes. Polymer 

International, 1997. 42: p. 67-76. 

22. Sardon, H., et al., Waterborne polyurethane dispersions obtained by the acetone process: a study of 

colloidal features. Journal of Applied Polymer Science, 2011. 120(4): p. 2054-2062. 

23. Mohaghegh, S.M.S., M. Barikani, and A.A. Entezami, Preparation and properties of aqueous 

polyurethane dispersions. Iranian Polymer Journal, 2005. 14: p. 163-167. 

24. Annual Report. 2015, University of Stuttgart, Institute of Interfacial Process Engineering and Plasma 

Technology. 

25. Alvarez, G.A., et al., Hybrid waterborne polyurethane/acrylate dispersion synthesized with bisphenol 

A-glicidylmethacrylate (Bis-GMA) grafting agent. Progress in Organic Coatings, 2018. 118: p. 30-39. 

26. Baelen, G.v., et al., Isopropyl alcohol recovery by heteroazeotropic batch distillation in European 

Meeting on Chemical industry & Environnment EMChiE. 2010: Mechelen, Belgium. 

27. Tiggelman, I. and P.C. Hartmann, Ionic autocrosslinking of water-based polymer latices: a new 

concept of acid–base interaction occurring upon film formation. Progress in Organic Coatings, 2010. 

67: p. 76-83. 

28. Spruijt, E., et al., Structure and dynamics of polyelectrolyte complex coacervates studied by scattering 

of neutrons, X-rays, and light. Macromolecules, 2013. 46: p. 4596-4605. 



Chapter IV – Secondary dispersions: from dissolved to dispersed 

 

249 

29. Spruijt, E., et al., Binodal compositions of polyelectrolyte complexes. Macromolecules, 2010. 43: p. 

6476-6484. 

30. van der Gucht, J., et al., Polyelectrolyte complexes: bulk phases and colloidal systems. J Colloid 

Interface Sci, 2011. 361(2): p. 407-22. 

31. Sing, C.E., Development of the modern theory of polymeric complex coacervation. Adv Colloid 

Interface Sci, 2017. 239: p. 2-16. 

32. Li, L., et al., Phase behavior and salt partitioning in polyelectrolyte complex coacervates. 

Macromolecules, 2018. 51(8): p. 2988-2995. 

33. Jha, P., et al., pH and salt effects on the associative phase separation of oppositely charged 

polyelectrolytes. Polymers, 2014. 6(5): p. 1414-1436. 

34. K.-I.Tainaka, Effect of counterions on complex coacervation. Biopolymers, 1980. 19: p. 1289-1298. 

35. Dobrynin, A.V. and M. Rubinstein, Cascade of transitions of polyelectrolytes in poor solvents. 

Macromolecules, 1996. 29: p. 2974-2979. 

36. Chen, Q., G.J. Tudryn, and R.H. Colby, Ionomer dynamics and the sticky Rouse model. Journal of 

Rheology, 2013. 57(5): p. 1441-1462. 

37. Colby, L.L.J.M.R.R.H., Dynamics of reversible networks. 1991. 24: p. 4701-4707. 

38. Ahmadi, M., et al., Time Marching Algorithm for Predicting the Linear Rheology of Monodisperse 

Comb Polymer Melts. Macromolecules, 2011. 44(3): p. 647-659. 

39. van Ruymbeke, E., R. Keunings, and C. Bailly, Prediction of linear viscoelastic properties for 

polydisperse mixtures of entangled star and linear polymers: Modified tube-based model and 

comparison with experimental results. Journal of Non-Newtonian Fluid Mechanics, 2005. 128(1): p. 

7-22. 

40. Ruymbeke, E.v., et al., A General Methodology to Predict the Linear Rheology of Branched Polymers. 

Macromolecules, 2006. 39: p. 6248-6259. 

41. Ahmadi, M., et al., Dynamics of Entangled Linear Supramolecular Chains with Sticky Side Groups: 

Influence of Hindered Fluctuations. Macromolecules, 2015. 48(19): p. 7300-7310. 

42. Vietti, D.E., J.J. Zupancic, and J. Barrus, Phosphate adhesion promoter. 2017. 

43. Gurney, R.S., et al., Mechanical properties of a waterborne pressure-sensitive adhesive with a 

percolating poly(acrylic acid)-based diblock copolymer network: Effect of pH. Journal of Colloid and 

Interface Science, 2015. 448: p. 8-16.





V. 

General conclusions 

 

 

 





Chapter V – General conclusions 

 

253 

The design of PSAs is challenging as they should combine antagonist properties:  

the polymer chains should be mobile (low Tg and moderate Mw) for a high tack and energy 

dissipation during deformation, but interpolymer interactions (chemical and/or physical 

crosslinking) should also be strong enough for strain and shear resistance. However, enhancing 

cohesive strength decreases polymer mobility and thus tackiness and dissipation mechanisms. 

The use of non-permanent (i.e. reversible and reconfigurable) molecular interactions as crosslinks 

in PSAs is an interesting strategy to overcome this challenge by providing cohesion and energy 

dissipation pathways without compromising polymer mobility. 

In this thesis, ionic crosslinks have been used to prepare high-performance PSAs. 

The objective of this thesis was to find a suitable synthetic way of preparing ionically crosslinked 

polyacrylate formulations for application as PSAs in the industry, that exhibit a convenient 

adhesion and cohesion balance. The aim was also to understand how their mechanical behaviour 

is related to the ionic composition and how it influences the adhesive performance. The following 

conclusions can be extracted from the performed work: 

1. The emulsion copolymerization of n-butyl acrylate (n-BA) and styrene with the ionic 

monomers methacrylic acid (MAA, anionic monomer) and [2-(methacryloyloxy)ethyl 

trimethylammonium chloride (MAETAC, cationic monomer) required the use of cationic 

or non-ionic surfactants in combination with neutral or cationic radical initiators in order 

to get stable emulsions. The ionic monomers polymerized preferentially in the serum 

(water) phase, outside the polymer particles. Consequently, the resulting polymers were 

poorly controlled, the derived adhesive films showed two different phases and there was 

no clear correlation between the mechanical/adhesive properties and the ionic content of 

the products. 
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2. Ionic interactions between MAETAC and MAA were pH dependent. This allowed external 

triggering of the formation of ionic crosslinks by addition of KOH to the emulsion. 

Increasing ionic crosslinking resulted in a stiffening of the film, and transformed a tacky 

and non-cohesive adhesive to a more elastic polymer (EP-MAA95M100).  

 

3. Random polyampholytes containing strong cationic (MAETAC) and anionic (Polystep®) 

moieties and hydrophobic n-BA and MMA comonomers in controllable ratios could be 

successfully obtained by solution polymerization in isopropanol. The stiffness of the 

resulting adhesive films correlated with the ionic comonomers content. Ionic clustering 

and polymer branching enabled stiffening of the film while maintaining viscosity for  

a good adhesion. 

 

4. PSA formulations with high concentration of ionic comonomers outperformed existing 

commercial products at 24 hours contact while retaining high resistance to shear. 

 

5. The stoichiometry and nature of ionic moieties influenced the performance of  

the formulations. Higher toughness was found when using a stoichiometric content of 

ionic groups and the peel forces were generally lowered. However, holding powers were 

mostly increased by the excess of deprotonated phosphate groups regardless of 

stoichiometry.  

 

6. The adhesion after short contact times was particularly influenced by the presence of 

Polystep®. Peel forces after 2 min of dwelling, decreased for stiffer materials obtained 

with Polystep®; whereas the shear strength was found higher than 1200 min after 

deprotonation of the acid groups. 
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7. The polymerization method affected the properties of the final material. The molecular 

weight was increased using batch processes, yet composition drifts were induced as the 

instant monomer consumption was low and as isopropanol acted as a chain-transfer 

agent for n-BA; it thus lowered its incorporation with comonomers. The inhomogeneity 

of polymer films coupled with their high Mw and grafting density, resulted in low adhesion 

and shear strength. 

 

8. Secondary dispersions in water could be obtained from the solution copolymers using the 

ionic moieties as stabilizing species. An overall anionic charge, by an excess of 90 mmol 

of anionic groups vs. cationic monomer per kilo of dispersion and by fully deprotonating 

the phosphate groups, was required. 

 

9. Ionic clustering in polymeric films from secondary dispersions led to stiff films with high 

elastic moduli. Additional interpolymer ionic complexation further stiffened the materials 

and made them highly resistant to uniaxial and shear deformations due to sticky 

reptation.  

 

10. Interfacial interactions between steel substrates and the phosphate groups highly 

favoured adhesion at short contact times. High resistance to shear and favourable 

adhesion on steel gave a good adhesion/cohesion balance to the PSAs prepared from the 

secondary dispersions. They also competed very well with commercialized PSAs 

dispersions and could thus be used as a final product. 
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VI.1. EXPERIMENTAL PART 

A. Materials 

n-Butylacrylate (n-BA), Styrene (St) and Methacrylic Acid (MAA), Methyl methacrylate (MMA), 

tert-Butyl hydroperoxide (10%), tert-Butyl peroxypivalate (t-BPPVT, 75 wt%),  

tert-Butyl peroxy-2-ethylhexanoat (t-BP2EH, 80wt%), sodium formaldehyde sulfoxylate 

(Rongalit® C), sodium Persulfate (NaPS), sodium acetone Bisulfite, tert-Dodecyl mercaptan  

(t-DMK), Iron II trisulfate heptahydrate (Fe2(SO4)3), Ethanol (EtOH), Isopropyl alcohol (iPrOH),  

Disponil® FES 77, Lutensol® AT 18 were purchased internally from BASF.  

(2-(Methacryloyloxy)ethyl)trimethylammonium chloride solution (MAETAC, 80%) and  

Potassium Hydroxide (KOH, ≥85 wt%) were purchased from Sigma-Aldrich.  

Dodecyl trimethylammonium chloride (DTMACl) was purchased from TIC. 

Dowfax® 2A1 was purchased from Dow. Wako V 50 was purchased from Wako Chemicals.  

Stepanquat® BC 40, Petrostep® Q 5018 and Phosphoric acid 2-hydroxyethyl methacrylate ester 

(Polystep® HPE) were kindly provided by Stepan.    

Ammonia (NH3, 10%) and Hydrogen Peroxide (H2O2, 30%) were purchased from Bernd Kraft 

GmbH. 

Tegopren® 5847 was purchased from Evonik.   

All chemicals were used as received. 
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B. Chapter II - Synthesis by emulsion polymerization 

i. Preparation of the cationic seed 

The cationic seed was prepared by radical emulsion polymerization in a 2 litres semi-automated 

glass reactor under nitrogen atmosphere. The typical seed recipe is found in Table 1.  

The initial charge was loaded in the reactor and heated up to 70ºC. The monomer and initiator 

feed were then continuously added over 3 hours. The seed was then used after checking the 

particle size by Hydrodynamic Chromatography (HDC) and the mean value found to be 35 nm.  

Table 1. Recipe for the cationic seed 

 

 

 

 

 

 

The ingredients amounts are expressed in mmol and as parties per hundred monomer (pphm). 

ii. Polymerization in emulsion 

All polymerizations were carried out in a semi-automated glass reactor of 2 liters under nitrogen 

atmosphere. The syntheses were prepared by seeded radical emulsion polymerization. 

The typical dispersion recipe is found in Table 2. The Monomer feed 1 was prepared by  

pre-emulsification of the monomers. 

Feed Ingredient mol pphm 

Initial charge 

Demineralized 
H2O 

- 210.0 

St 0.350 20.0 

DTMACl 0.140 20.0 

Fe2(SO4)3.H2O 0.001 0.2 

Monomer Feed St 1.380 80.0 

Initiator Feed 

Demineralized 
H2O 

- 150.0 

H2O2 0.180 3.3 
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C. Chapter III - Synthesis by free radical solution polymerization 

All polymers were synthesized by free radical polymerization in isopropyl alcohol (iPrOH).  

The reactions were carried out in a semi-automated glass reactor of 2 liters under flowing nitrogen 

atmosphere.  

i. Procedure for Semi-Batch process: 

The initial charge was directly loaded in the reactor and heated up to 70°C, 

5 wt% of the monomer feed was then added to the reactor in 2 minutes, followed  

by 5 wt% of the initiator feed. After a waiting time of 3 minutes, the monomers and initiator 

feeds were added continuously over 3 hours. 

After this time, the temperature of the reactor was increased to 90°C and the last initiator feed 

was added for 30 minutes to remove all residual monomers.  

The viscosity of the solution was carefully followed throughout the polymerization, to avoid  

gel-effect and reaction runaway. 

An additional waiting period of 30 minutes was given and finally the reactor was cooled down  

to room temperature, the solution was taken out of the reactor and the solid content was 

measured. The general recipe is found in the following Table 3. 

Table 3. General recipe of the free radical solution polymerization in Semi Batch 

 

 

 

 

 

 

Process Feed Ingredient mol pphm 

Semi Batch 

Initial charge iPrOH 2.5 – 3.3 25.0-40.0 

Monomer Feed 

iPrOH 1.7 20.0 

n-BA 2.8 – 3.7 71.9 – 78.8 

MMA 1 – 1.3 19.4 – 21.2 

Polystep® HPE 0– 0.1 0 – 4.6 

MAETAC 0 – 0.1 0 – 4.2 

Initiator Feed 1 
iPrOH 2.0 23.8 

t-BPPVT 0.008 0.3 

Initiator Feed 2 
iPrOH 1.0 12.5 

t-BPPVT 0.008 0.2 
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D. Chapter IV – Preparation of secondary dispersions 

i. Synthesis of polymers by solution polymerization 

All polymers were synthesized by free radical polymerization in isopropyl alcohol (iPrOH) 

in semi-batch. The reactions were carried out in a semi-automated glass reactor of 2 liters under 

flowing nitrogen atmosphere. The general recipe is found in the following Table 5. 

The initial charge was directly loaded in the reactor and heated up to 70°C, 

5 wt% of the monomer feed was then added to the reactor in 2 minutes, followed  

by 5 wt% of the initiator feed. After a waiting time of 3 minutes, the monomers and initiator 

feeds were added continuously over 3 hours. 

After this time, the temperature of the reactor was increased to 90°C and the last initiator feed 

was added for 30 minutes to remove all residual monomers.  

The viscosity of the solution was carefully followed throughout the polymerization, to avoid 

gel-effect and reactions runaway. 

An additional waiting period of 30 minutes was given and finally the reactor was cooled down  

to room temperature, the solution was taken out of the reactor and the solid content was 

measured. 

The original recipes were calculated in party per hundred monomers (pphm), the number  

of functional moieties were varied but the ratio between n-BA and MMA was kept constant. 

 

 

  





Chapter VI – Appendixes 

 

273 

E. Characterization of the polymers and their films 

i. Calculation of the gel content 

Polymer films were obtained from drying the solutions/dispersions in silicon-paper moulds for  

1 week at room temperature followed by another week at 50ºC.  

Known amounts of polymer films mi were diluted in Methylethylketone (MEK) or Ethanol (EtOH) 

to obtain 1 wt% mixtures.  

The films were let to dissolve without shaking for 48 hours. The insoluble parts were then 

recovered with filters (of weight mF and pore size 125 µm), which were dried overnight in  

the fume hood and finally for 2 hours in the oven at 50ºC. The dried filters were weighted mP and 

allowed the calculation of the gel content: 

Gel content (%)=mP-mF

mi
×100 

ii. Size-Exclusion Chromatography (SEC) 

All molecular weights were measured using Size Exclusion Chromatography (SEC) in a mixture  

of Hexafluoroisopropanol and 0,05% Trifluoro acetic acid calcium salt.   

The samples had a concentration of 1.5 mg/mL, were filtered on Millipore Millex FG  

(0. 2 µm) before being injected with a volume of 50 µL.  

The calibration was carried out with closely distributed polymethylmethacrylate (PMMA) standards 

with a range molecular weight from M = 800 to M = 2.200.000 g/mol. The values outside  

the elution range were then extrapolated. Refractive Index (RI) and Multi-Angle Laser Light 

Scattering (MALLS) were used as detection techniques. 
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VI.2. ADDITIONAL GRAPHS AND DATA TABLES 

A. Chapter II. Adhesive polyampholyte particles prepared by emulsion 

polymerization 

Appendix 1. Table of characteristics for the set of samples 
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Appendix 2. AFM pictures of EP-MAA95M100 at pH 2 before and after cleaning with water 
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Appendix 3. ATR-IR spectra of the sediment of EP-MAA95M100 at a) pH 2 and b) pH 8 

 

  



Chapter VI – Appendixes 

 

283 

Appendix 4. ATR-IR spectra of the sediment of EP-MAA115M120 at a) pH 2 and b) pH 8 
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Appendix 5. ATR-IR spectra of the serum of EP-MAA115M120 at a) pH 2 and b) pH 8 
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Appendix 6. ATR-IR spectra of the cationic monomer MAETAC 
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Appendix 7. Elastic G’ and loss G’’ modulus as function of angular frequency ω 
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Appendix 8. Transition zone observed on the master curve of EP-MAA45M50 
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Appendix 9. Cross-over frequencies of first and second transitions for the set of samples 

as function of ionicX 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  
First transition 

(ω>10-3 rad.s-1) 

Second transition  

(ω<10-3 rad.s-1) 

Experiment pH ωc1 (rad.s-1) ωc2 (rad.s-1) 

EP-M100 

2 3.3x10-3 2.6x10-4 

8 4.7x10-3 2.6x10-4 

EP-MAA45M50 

2 - 

8 - 

EP-MAA95M100 

2 1.9x10-2 4.7x10-4 

8 1.7x10-3 5.3x10-4 

EP-MAA115M120 

2 1.0x10-1 5.6x10-5 

8 3.0x10-2 3.4x10-6 

EP-MAA195M200 
2 5.0x10-2 4.0x10-5 

8 3.0x10-2 3.9x10-5 








































































































