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1.1 Main motivation and objectives 

In recent years, instability of petroleum prices, consumer demands, environmental 

concerns and strict regulations about greenhouse gas emissions (particularly CO2) have 

pushed up our society towards the development of sustainable and environmentally friendly 

materials. The raw material sources together with “green technologies” and the end-of-life 

management of the final product have become in main objects of attention. In this context, 

there is an interest for replacing current petroleum-based materials by renewable feedstocks 

aiming to reduce the carbon footprint but also to ensure a circular economy1. This strategy 

is being implemented more and more in daily consumer goods such as adhesives and 

coatings, this is, polymers having a prominent area of interest for industry and academia, 

which look for new renewable building blocks for their formulations2.  

Small molecules coming from biomass can be easily collected from fermentation of 

carbohydrates, chemical transformation of natural polymers (e.g. starch, lignin) and 

extraction from natural resources, attaining mostly plant oils and terpenes3. Thereafter, these 

molecules may be functionalized to obtain suitable monomers for the polymerization 

process. Since the petroleum price is still low and the market value of sectors such as 

packaging and paints is large, renewable monomers must guarantee not only the bio-

economy concept, but also offer additional functionalities. Thus, it is hoped that the 

performance of the biobased material overcomes or competes with the ones coming from 

petroleum-based counterparts by providing extra benefits4. Among the most demanded 

features are: UV-tunability, thermo-responsive behavior, degradability and recyclability.  

Since emulsion polymerization allows the large production of high-quality materials 

in a consistent, safe and environmentally way, it is forecast that the global market for 

waterborne dispersions will increase its value from US$ 7.6 billion (2019) to US$ 11.8 billion 
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(2027)5. In addition, paints & coatings and adhesives & sealants represent more than 60% 

of the total amount of polymeric dispersions5. In this scenario, monomers coming from 

renewable sources begin to gain importance in the manufacturing of environmentally-friendly 

materials. Regarding this, monomers derived from vegetable oils, terpenes, lignin and 

carbohydrates are the main precursors in the development of such kind of products6. Figure 

1.1 shows the main precursor molecules used for the preparation of biobased monomers 

suitable for emulsion polymerization and related techniques (usually miniemulsion).  

 

Figure 1.1. Chemical structures of precursor molecules used in the preparation of renewable 

monomers suitable for emulsion polymerization and related techniques. Starting materials 

coming from nature are categorized by their type or origin, including terpenes, 

carbohydrates, vegetable oils, proteins and lignin (modified and upgraded from reference 3). 

This work has been focused in the combination of both functional and non-functional 

biobased monomers together with emulsion polymerization as “green technology” for 

obtaining high bio-content waterborne pressure sensitive adhesives (PSAs) and coatings 
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with competitive performance. For this purpose, both commercial and non-commercial 

biobased monomers have been employed. Therefore, the main objective has been the 

replacement of petroleum-based monomers by commercial renewable ones, achieving high 

solids content stable copolymer latexes for adhesive and coating applications. A parallel, but 

not less important objective, has been the synthesis of new biobased functional monomers 

and their incorporation into adhesive and coating formulations pursuing the synthesis of 

valuable materials with special features. Following this line, potential industrial applications 

have been evaluated and improved, giving an overview of the performance of the obtained 

environmentally friendly PSAs and coatings. 

In what follows, a brief review about waterborne polymeric dispersions and two of the 

main application fields, pressure sensitive adhesives (PSAs) and coatings will be presented. 

1.2 Waterborne polymeric dispersions  

Waterborne polymeric dispersions (or latexes) are colloidal dispersions of polymer 

particles with sizes ranging from 50 nm to 1000 nm in an aqueous medium (i.e., the 

continuous phase). They are defined as environmentally friendly polymeric materials due to 

the use of water as solvent and the presence of low to zero volatile organic compounds 

(VOCs) and hazardous air pollutants (HAP) emissions. In most applications, the water is 

evaporated from the dispersions giving rise to the formation of a polymer film or powder 

depending on the composition and/or processing temperature. Thus, the properties of the 

final material are influenced by the chemical composition of the copolymers, the molar mass 

and its distribution, particle size distribution, the particle morphology and the morphology of 

the polymer film7–9. 

Among the different types of polymer dispersions, acrylic dispersions represent the 

most versatile family with regards to large number of applications. The large variety of both 
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methacrylic and acrylic esters allows fine tuning the hydrophobicity/hydrophilicity of the final 

material, as well as the glass transition temperature (Tg). The molar mass and crosslinking 

degree can be easily adjusted by the use of chain transfer agents (CTA) as well as by the 

incorporation of di(meth)acrylate units into the formulation (crosslinkers). In addition, acrylic 

monomers tend to form branched and crosslinked polymer structures since the α-hydrogen 

atom is susceptible to be abstracted and termination of growing radical chains is mainly by 

combination. In contrast, methacrylic monomers yield in not crosslinked polymer chains, 

which usually terminate by disproportionation reactions. As main advantages, acrylic 

compositions are resistant against water, air oxidation and degradation by light. These 

remarkable features make possible that acrylic dispersions are widely used in the adhesives 

& sealants and paints & coatings industrial sector. 

It is worth pointing out that polymer dispersions containing elevated amounts of 

(meth)acrylic acid can be used as thickeners, but also as polymeric stabilizers when pH is 

increased (conventionally called alkali soluble resins). They provide electrosteric 

stabilization, minimizing the use of conventional emulsifiers and increasing mechanical 

properties among others. 

1.2.1 Waterborne Pressure Sensitive Adhesives 

Pressure sensitive adhesives (PSAs) are viscoelastic materials that can firmly adhere 

to a wide range of surfaces by the application of a light pressure for a short contact time10,11. 

The global demand of pressure sensitive adhesives was estimated to be 1.6 million metric 

tons in 2019 and its market size was valued at US$ 11.11 billion in 2018. Moreover, it is 

expected to register a CAGR (Compound Annual Growth Rate) of 4.3% from 2019 to 2025, 

reaching 2.1 million metric tons by 202512. 
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PSAs must be permanently tacky at room temperature13–15; that is why a perfect 

balance between viscous and elastic properties is needed and, for that, the final material has 

to present a low glass transition temperature (typically lower than -15ºC). Viscous behavior 

is required to generate tack (adhesion), which is mostly related with the polymer chain 

mobility (e.g., molar mass) and their capability to dissipate energy for the (de)bonding 

process, whereas elasticity is needed to enable clean removal from the surface. Moreover, 

strong intermolecular forces (cohesion) are necessary to sustain loads10,11,15. The degree of 

crosslinking controls the balance between cohesive and adhesion forces. Insoluble fractions 

(related to the degree of crosslinking) in the 50-70% range have been reported as optimal 

for a good performance in waterborne adhesives16–21. 

Tack, peel strength and shear strength are the three general adhesive properties that 

determine PSA performance. Tack is related to the bond formed when another surface (e.g. 

the thumb) is pressed against the adhesive surface for a brief period of time. Peel strength 

is measured as a force required to remove a standard PSA strip from a specified test surface 

(substrate) under a standard test angle (e.g., 90º or 180º) and standard conditions. Lastly, 

shear strength is the internal or cohesive strength of the adhesive mass. Usually, it is 

determined as the time it takes for a standard strip of PSA to fall from a test panel after 

application of a load. A PSA is the result of a fine balance between these three major, 

interrelated properties. The balance is usually tailored according to the end use of the PSA22. 

One of the most advantageous measuring methods in comparison to the standard 

adhesive test (peel, shear and loop tack) is the probe tack test. This technique provides 

information about the separation of the deformation mechanism during the debonding 

process as a function of time23. A disc or hemisphere of a standard material (a stainless steel 

ball probe was used in this work) is brought into contact with the adhesive surface. As a 
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consequence, the raw data obtained, i.e., a force-displacement curve can be converted into 

a stress-strain curve, which is nothing more than the force normalized by the initial contact 

area plotted against the increase in the thickness of the film normalized by its initial 

thickness. In such a test, it is important to accurately control the following variables: probe 

material, probe diameter and shape, load, thickness of the adhesive, dwell time, rate of 

debonding of the probe from adhesive and test temperature. 

Figure 1.2 presents a typical stress vs. strain curve where different stages can be 

clearly appreciated. First, the adhesive layer is homogeneously deformed, and then some 

cavities nucleate at the interface between the probe and the adhesive layer (cavitation 

process). They grow until the stress reaches a well-defined maximum (σmax). This peak is 

followed either by a sharp decrease or by a stabilization of the stress at a nearly constant 

value. In the case of the sharp decrease, the adhesive layer debonds rapidly from the probe 

and the adhesion energy (Wadh) is low. On the contrary, a stabilization of the stress (plateau) 

is a signature of the creation of a fibrillating structure where the fibrils are the walls of the 

preexisting cavities (fibrillation process). In that case, adhesion energy can reach very high 

values especially when the material is highly deformable.  

 

Figure 1.2. Typical probe tack curve (modified from reference 26). 
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Since the microstructure of the PSA play an important role during the (de)bonding 

process, different types of strain-stress curves have been observed (Figure 1.3) 24–26. 

 

Figure 1.3. Different stress-strain curves. I) Brittle failure, II.a) adhesive debonding, II.b) 

adhesive debonding with hardening, III) cohesive debonding liquid-like behavior (modified 

from reference 26). 

 

I) Brittle or interfacial failure. This type of failure is characterized by a sharp maximum 

at quite low strains and a very small area under the curve. Cavities nucleate at the probe-

adhesive interface and expand in the bulk of the adhesive layer. Then, the cavities expand 

laterally at the interface with very small deformation and finally the adhesive detaches from 

the probe without leaving any residue on the surface. This performance is typical for PSAs 

with a remarkable solid-like behavior, which is favored at high glass transition temperatures 

and high crosslinking degrees and/or molar masses. 

II) Adhesive debonding. After cavitation, walls of the cavities deform vertically until 

the final detachment from the probe. In the case of II.b) the material strain hardens just 

before the final detachment. At the end, there is no adhesive residue in the probe. This kind 

of curves belong to PSAs with a well-balanced viscoelastic properties, namely, adhesive 

fibrils elastic enough to be elongated and  dissipate energy. 
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III) Liquid-like or cohesive failure. The adhesive joint breaks by cohesive fracture 

within the adhesive and the debonding process is dictated by the viscous flow. At the 

beginning of the test the structure is made of more or less round cavities. Then the air 

penetrates to the center due to the movement of the fingers at the edges. At the end there 

are no cavities, only fingers. These fibrils may finally break (cohesive failure) or to stay 

attached to the probe. This behavior occurs in PSAs with a high viscous component and lack 

of cohesion, usually because of the low Tg of the system and/or the low crosslinking degree.   

An important family of polymers for PSA applications belongs to acrylic copolymers, 

which are mainly composed by a low Tg acrylate (e.g. n-butyl acrylate or 2-ethylhexyl 

acrylate), which provides softness and tackiness, and a low percentage of a hard monomer 

(e.g. methyl methacrylate) in order to improve cohesiveness of the system, together with an 

unsaturated carboxylic acid that imparts wettability and enhances both peel and shear 

strength11,27,28. Those commercial PSAs are mostly based on petroleum resources and 

traditionally have been synthesized by solution polymerization29. Acrylic PSAs are generally 

used on paper and polar surfaces like steel, glass, aluminum, zinc, polycarbonate, tin, and 

polyvinyl chloride (PVC). Figure 1.4 shows the global adhesives market share, by adhesive 

chemistry, in 200812. As it can be appreciated acrylics dominate the sector followed by 

rubber-based PSAs (extensively utilized on non-polar, low-energy surfaces) and silicone-

based PSAs (characterized by extreme weather resistance and long durability). 
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Figure 1.4. Global adhesives market share, by adhesive chemistry, in 2008 (%)12. 

While solvent-based adhesives have been in use since the 19th century, emulsion-

based PSAs only started to be widely employed since the 1970s as a result of increased 

health and environmental concerns. From then, several studies have been carried out aiming 

to improve the final adhesive performance. Monomers such as butadiene, styrene, 

acrylonitrile, ethylene, vinyl chloride, vinyl acetate, vinylidene chloride, (meth)acrylic acid and 

its alkyl esters have been extensively used in the manufacturing of waterborne PSAs30. 

Concerning this, Brooks identified the key factors influencing the properties and PSA 

performance of acrylic emulsion polymers by working with a butyl acrylate/vinyl 

acetate/methacrylic acid model terpolymer system31. Mohsen et al. investigated the optimal 

comonomer ratio in the production of latexes containing butyl acrylate (BA) and styrene (St) 

for wood applications32, whereas the company Wacker developed waterborne PSAs 

incorporating vinyl acetate and ethylene in their composition33. Moreover, the influence of 

the acid comonomer level, the crosslinking and chain transfer agent, as well as the type of 

stabilizer on the adhesive properties has been deeply analyzed. In this context, Garrett and 

coworkers34 studied the impact of the amount of acrylic acid (AA) on the shell of two types 

of core-shell PSA dispersions, one with a soft core composed by poly(butyl acrylate) (PBA) 

and another with a hard core composed by poly(methyl methacrylate-co-allyl methacrylate) 
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(PMMA/ALMA). They found a counteracting effect between peel strength and shear 

resistance depending on the nature of the core, as well as a reduction of these properties as 

the amount of acrylic acid increased (32-49 mol%) on the PBA/AA shell. Czech35 

investigated cross-linking agents from seven different commercially available groups and 

their influence on the adhesive properties of 2-EHA/BA/VAc/Sty/AA emulsion-based PSAs. 

On the other hand, Plessis et al.36 explored the effect of dodecane-1-thiol, as chain transfer 

agent, on the kinetics, gel fraction, level of branching, and sol molecular weight distribution 

in seeded semibatch emulsion polymerization of BA. In regards to surfactants, it was shown 

that sodium dodecyl sulfate (SDS) forms a relatively thick stabilizer layer at the adhesive-

substrate interface where the rupture of the adhesive bond will easily propagate37–40. The 

thicker the layer, the easier the propagation. Aguirreurreta and coworkers19,41,42 deeply 

explored the use of polymerizable surfactants for improving adhesion properties and water 

sensibility in high solids content waterborne PSAs.  Among other stabilizers, hydroxyethyl 

cellulose and poly(vinyl alcohol) (PVOH) are common polymeric stabilizers used in PSA 

formulations for paper industry43. It is worth to mention that PVOH stabilized latexes exhibit 

Newtonian flow even at high shear rates, which makes them suitable for the high speed 

applicators used in the adhesive industry44. 

As it was discussed above, the adhesive industry has been affected by the increase 

on environmental constraints and, consequently, several efforts in this area have been 

carried out aiming to reduce the carbon footprint. The global bioadhesives market size is 

expected to grow from US$ 5.6 billion in 2019 to US$ 9.1 billion by 2024 at a CAGR of 10.0%, 

where paper & packaging, woodworking, personal care, and medical are the major 

applications45. One of the main factors driving this growth is the stringent regulations for 

conventional adhesives in the United States. On the other hand, Europe dominates such 

market and is expected to witness the highest market share during the forecast period, in 
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which companies such as Henkel AG & Co. KGaA, Arkema Group (Bostik SA), H.B. Fuller, 

Ashland and 3M are the key players. Among the different raw materials, rosin, starch, lignin, 

soy and vegetable oils are considered the most promising candidates for the development 

of environmentally-friendly adhesives. 

Over the past few years, extensive research in the field of biobased pressure 

sensitive adhesives has been carried out. Concerning this, Vendamme and coworkers 

provided a nice overview of the recent developments in the field of PSAs derived from 

renewable building blocks46. However, it is worth noting that the number of studies combining 

both polymerization in dispersed media and biobased monomers as building blocks for PSA 

applications are scarcely reported in the open literature. Among them, Bunker et al.47,48 

designed waterborne PSA copolymers with biobased acrylated methyl oleate together with 

oil-based methyl methacrylate (MMA) and ethylene glycol dimethacrylate (EGDMA). Pu et 

al.49 reported the synthesis of a biobased macromonomer coming from HEMA, lactide and 

ɛ-caprolactone and its copolymerization together n-butyl acrylate to produce PSAs with 34% 

biomass content. Moreno et al.50,51 carried out the polymerization of the methacrylated oleic 

acid (MOA) monomer and its copolymerization with α-methylen-γ-butyrolactone to produce 

waterborne dispersions with potential uses in the PSAs field. More recently, Noppalit et al.52 

synthesized and copolymerized tetrahydrogeraniol acrylate (THGA) and cyclademol acrylate 

(CDMA), but not optimal adhesive performance was reached. In those cases, miniemulsion 

polymerization was used to incorporate the hydrophobic monomers into the polymer 

particles. Miniemulsion polymerization is an energy intensive polymerization technique. 

Roberge and Dubé53 incorporated up to 30% of renewable conjugated linoleic acid into 

terpolymer PSA formulation by batch emulsion polymerization. Sugar-based acrylate 

macromonomers have been also copolymerized with conventional acrylates in emulsion 

process to obtain repulpable PSAs54. Waterborne PSAs in which more sustainable 
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components such as surfactants55 or chain transfer agents based on renewable resources56 

have been added to the formulation have also been described. 

Despite the efforts that have been devoted in academia and industry to incorporate 

renewable resource building blocks in adhesives there is still plenty of room to improve the 

incorporation by emulsion polymerization and by enhancing performance of the adhesives 

by providing special features. The fine tuning of the adhesive microstructure by physical 

stimuli (temperature, electricity or UV-light) or the easy debonding/degradation under mild 

conditions are key factors for the industrial applications. 

1.2.2 Waterborne Coatings 

Coatings (such as paints, varnishes and inks) are essential daily consumer goods in 

modern society, as nearly every surface needs to be coated for several reasons. In this 

context, the main purpose of applying a coating may be a decorative finish, a protection of 

the surface or both57. The global paints and coatings market was valued at US$ 178.9 billion 

in 2019 and it is hoped a CAGR of 4.1% over the next five years, reaching US$ 218.3 billion 

in 202558. Nonetheless, from the economic point of view, protective coatings are the most 

important ones, since they extend the lifetime of the products and machinery (generally 

employed on wood and steel surfaces). On the other hand, decorative coatings improve the 

appeal of products to customers, being decorative paints the most relevant group in this 

category. 

The basic formulation of a coating mainly consists on a binder, fillers, pigments and 

additives. The binder is the polymer that forms the matrix of the coating and provides 

mechanical and barrier properties (the gloss of the coating). Whereas fillers (or extenders) 

are inorganic particles which improve the mechanical strength and reduce the cost, pigments 

(organic or inorganic particles) are the most expensive components and ensure opacity and 
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color of the coating. Finally, additives are added in small quantities to modify the properties 

of the coating (e.g. biocides and corrosion inhibitors). 

As PSAs, coatings have been traditionally synthesized in organic solvent solution59. 

However, waterborne coatings present additional advantages such as faster drying times, 

easy application, minimal odor, easier clean-up and higher economy viability in comparison 

with the solventborne ones60,61. As result, the global demand for waterborne coatings was 

estimated to be more than 25 million tonnes in 2018 and its market size was valued at US$ 

53.32 billion in 2017. In addition, a CAGR of 5.7 % from 2017 to 2025 is estimated62. Figure 

1.5 shows the expected evolution of the U.S. paints & coatings market by product, during 

the period 2014-202563. 

 

Figure 1.5. Expected evolution of the U.S. paints & coatings market during the period 2014-

2025. Note that US$ makes reference to billions. 

Most of the waterborne coating compositions involve the use of copolymers based 

on vinyl acetate with acrylate esters, acrylate-methacrylate, and styrene-acrylate/butadiene 

copolymers64. Regarding this, about 20% of the total production of emulsion polymers are 

vinyl acetate (VAc) homo and copolymers. Its copolymerization together with hydrophobic 
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and soft comonomers such as n-butyl acrylate (BA), ethylene or VeoVa10 (a vinyl ester of 

versatic acid) improves film forming ability and resistance to water, making it a cheap 

alternative as decorative coating (paints)65. Styrene (S) containing copolymers offer a higher 

hydrophobicity (thus higher water resistance) that the vinyl acetate based coatings. As vinyl 

acetate, styrene homopolymer is too hard to allow film formation and, consequently, its 

copolymerization with butadiene provides softer coatings, which are widely used in paper 

coating industry. For decorative indoor paint applications styrene-acrylate (typically butyl 

acrylate in a 50-50 weight ratio) copolymers are more common. Styrene copolymers are not 

useful for exterior paint applications, since the aromatic rings of styrene units absorb UV-

light leading to the degradation of the coating by the sunlight. The last important polymer 

family are the fully acrylic copolymers. The great variety of acrylic esters, as well as the 

combinations among them, allows the fine tuning of the glass transition temperature and the 

hydrophobicity of the copolymer. Acrylic copolymers have excellent UV-light and water 

resistance, making them a better alternative for exterior applications, but at the cost of the 

price of the raw materials (MMA is more expensive than VAc or S). Thus, among the most 

demanded applications are their use as protective and industrial coatings (e.g. coatings for 

industrial structures, machinery, metal containers, wood furniture, marine coatings or traffic 

marking coatings).  

It is worth pointing out that, in last years, the demand of biobased paints and coating 

systems has constantly increased, finding its own market niche66. In this scenario, high bio-

content formulations represent a total volume of around 10 %, being the equivalent in value 

to a EUR 14.2 billion67. Recent approaches in polymerization dispersion media include 

monomers coming from vegetable oils and terpenes as well as modified cellulose esters, 

biobased polyols and isocyanates and the extended use of itaconic acid60,61,68. As a 

commercial example, Decovery®, which is a family of waterborne paint resins having a bio-
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content above 30%, has been developed by DSM for indoor and outdoor coating 

applications69 

Among the most relevant research, Moreno et al.70,71 synthesized latexes by 

miniemulsion polymerization from methacrylated oleic acid (MOA), methacrylate linoleic acid 

(MLA) and α-methylene-γ-butyrolactone (MBL). Copolymers of MOA, MLA, MBL and MMA 

were reported and used in paint formulations. Properties such as hardness, gloss, 

rheological behaviour and open time were measured and compared with those of 

commercial samples. Sainz et al.72 reported a two-step modification of terpenes to form 

acrylate and methacrylate, followed by free radical polymerization to prepare the final 

polymer, suitable for coating application. Another approach has been the synthesis of 

methacrylated monomers using galactose and fructose-protected molecules and their 

copolymerization with butyl acrylate to produce 45 wt% solids content latexes, which could 

be used for paint applications73,74.  

Möller and Glittenberg reported the emulsion copolymerization of styrene–butadiene 

in the presence of corn starches75. The final hybrid latexes contained 50 pphm (parts per 

hundred monomer) of starch exhibiting improved performances in paper coating 

applications. More recently, De Bruin et al. synthesized polymer latexes stabilized with 

amylopectin and having a high proportion of high molecular weight starch grafted to the latex 

particles76,77. On the other hand, it was reported the use of carboxymethylcellulose acetate 

butyrate for improving flow and levelling, reducing cratering, picture framing and other 

defects in water-based automotive paints78. 

Poussard et al.79 developed biobased waterborne polyurethanes coming from fully 

renewable polyols for coating applications. They observed that the nature of the polyols 

strongly affected the final properties of the materials, reaching values of strain at break 
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superior to 600%. Itaconic acid (IA) has been incorporated in styrene-based copolymers, 

providing an improvement of the resistance to wear, corrosion and thermal degradation80. 

Furthermore, paints prepared with latexes containing low proportion of IA resulted to be more 

resistant to abrasion than those ones having (meth)acrylic acid81. Lastly, Picchio et al. have 

deeply investigated the emulsion polymerization of acrylic monomers in presence of casein, 

and in absence of emulsifier82–84. The use of the obtained hybrid latexes as coatings resulted 

in an improvement of anti-blocking property, film hardness, resistance to organic solvent and 

degradability. 

1.3 Emulsion polymerization 

The most industrially employed polymerization process for the development of 

waterborne polymeric dispersions is emulsion polymerization. This technique accounts more 

than 25 million tones/year of the waterborne dispersions worldwide production8. Furthermore 

emulsion polymerization presents several advantages in comparison with processes carried 

out in bulk or in organic solvents. First of all, the use of water, as continuous phase, not only 

ensure the environmental friendliness, but also the safety because the high heat capacity 

and low viscosity of water. Free radical polymerizations are very exothermic reactions and 

heat removal is one of the key points for the safety and control during the process. Secondly, 

due to its compartmentalization nature, emulsion polymerization enables to reach high molar 

masses (with high monomer conversions) and high polymerization rates at the same time. 

This aspect makes unique this technique, being one of the responsible for its industrial 

implementation and extensive development. Moreover, the viscosity of the final latex does 

not depend on the molar mass of the polymer so very high molar masses can be obtained 

(>106 g/mol). Finally, the final product, a latex, is easier to handle than products coming from 

bulk or solution polymerization. 
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It is important to mention that the continuous addition of monomers during the 

reaction allow to control the microstructure of the polymer and the dispersion characteristics 

of the latex (e.g., copolymer composition, molar mass distribution and particle size) in an 

efficient way. This remarkable asset promotes the production of high quality materials that 

are adapted to consumer demands. 

Since the understanding of the emulsion polymerization process is a mandatory 

requisite for the design of new polymer microstructures, a brief description of a batch 

emulsion polymerization process is presented in the following section. 

1.3.1 Description of the batch emulsion polymerization process 

A batch emulsion polymerization process consist, mainly, in three different stages, 

typically called intervals9,85–88. 

System before initiation  

At the initial stage, the reaction medium in a batch reactor contains water (forming 

the continuous phase), monomer and surfactant (emulsifier).  The monomer is distributed 

between 3 phases: As monomer droplets, having a diameter above 1μm, stabilized by the 

surfactant molecules absorbed at the droplet/water interphase; in the aqueous phase, small 

amounts of monomer and free surfactant molecules are dissolved at saturation conditions; 

in micelles (diameter ≈ 1-10 nm), swollen by monomer, formed by self-assembly of surfactant 

molecules if the surfactant concentration exceeds the critical micellar concentration (CMC). 

This is the concentration above which is possible to cover the droplets and saturate the 

aqueous phase. Figure 1.6 shows a representative view of the emulsion polymerization 

system before the initiation. 
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Note that surfactants (or polymeric stabilizers) are needed in order to suppress 

coagulation and phase separation of colloidal dispersions, which are thermodynamically 

unstable. 

 

Figure 1.6. Representative view of the emulsion polymerization system before the initiation. 

Interval I. Particle nucleation 

The first interval of the emulsion polymerization process starts when the initiator is 

added to the reaction media. Figure 1.7 shows a schematic representation of interval I. 

Normally, water-soluble initiators are employed in emulsion polymerization generating 

radicals by thermal dissociation. These radicals are usually too hydrophilic to be able to enter 

into the micelles so they propagate in the aqueous phase by adding monomer units to form 

oligoradicals, which become more a more hydrophobic as they grow. 

When the oligoradicals reach a certain chain-length (by the continuous addition of 

monomer units), they are hydrophobic enough to be surface active and, hence, to enter in 

the micelles producing polymer particles. It is admitted that particle nucleation occurs when 
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the surfactant concentration is much higher than the CMC. In addition, because the surface 

area of the micelles is about 3 orders of magnitude larger than the monomer droplets one, 

the entry into the droplets is negligible. Once the oligoradical enters into the micelle, it 

immediately propagates forming a polymer particle. This mechanism to form new particles 

is known as micellar or heterogeneous nucleation and takes place for monomers having a 

low solubility in water (e.g. 2-Ethylhexyl acrylate or styrene). 

 

Figure 1.7. Representative view of interval I of the emulsion polymerization process. 

Nevertheless, if the monomer is relatively water-soluble (such as 2-Hydroxyehyl 

methacrylate or methyl methacrylate) its concentration in water will be higher and, thereby, 

the polymerization rate in the aqueous phase will be higher too. Thus, if the oligoradical 

reaches a certain critical size, it might become insoluble in water before entering to the 

micelle. When this happens, the growing chain precipitates and the emulsifier in the water 

phase will be adsorbed stabilizing the new surface, creating a particle. This mechanism, 

called homogeneous nucleation, takes place not only when the solubility of the monomers 

in water is relatively high but also when the surfactant concentration is below the CMC. 
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Independently of the nucleation mechanism, since the growth rate of the surface area 

of the particles is higher than the absorption rate of the surfactant molecules, the new 

particles are very small and unstable. Therefore, species formed by both heterogeneous and 

homogeneous nucleation may be regarded as unstable precursor particles which are 

susceptible to coagulate, forming “mature” particles. These larger particles are stable and 

will become the main locus of the polymerization. This combined process is called 

coagulative nucleation. 

To sum up, during the first interval of an emulsion polymerization process particle 

nucleation takes place. This step is featured by an increase of the number of particles and 

an increase of the polymerization rate and ends once the number of particles reaches a 

plateau (disappearance of micelles).  

Interval II. Particle growth 

During the second interval, consisting in the polymer particles growth, the system is 

composed of monomer droplets and polymer particles, as represented in Figure 1.8. 

Monomer droplets behave as reservoirs, constantly replacing the monomer consumed in the 

polymer particles by monomer that diffuses from the monomer droplets through the aqueous 

phase. In the presence of monomer droplets, the concentration of monomer in the polymer 

particles remains relatively constant. For this reason, the polymerization rate (Rp, as defined 

in equation 1.1) is constant during this interval. 

 RP =  kP[M]Pn̅
NP

NA
                                            (Eq.1.1) 

Where RP is the polymerization rate, kP is the propagation rate coefficient, [M]P is the 

monomer concentration in polymer particles, n̅ is the average number of radicals per particle 
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(which is equal to 0.5 for the ideal emulsion polymerization), NP is the number of particles 

per unit volume and NA is Avogadro’s number. 

 Morton et al. established the following equation to calculate the equilibrium 

concentration of monomer in the particles during that stage: 

2Vm𝛾 𝑅T𝑟P⁄ = −[ln (1 − ΦP) + (1 − 1/Xn) ΦP + 𝜇ΦP
2        (Eq. 1.2) 

Where Vm is the partial molar volume of the monomer, ΦP the volume fraction of 

polymer in the particle, γ the polymer/water interfacial tension at swelling equilibrium, R the 

ideal gas constant, T the absolute temperature, Xn the number average degree of 

polymerization and μ the Flory-Huggins interaction parameter. 

 

Figure 1.8. Representative view of interval II of the emulsion polymerization process. 

As the number of polymer particles and the monomer concentration in polymer 

particles are constant (assuming complete colloidal stability), the polymerization rate is 

roughly constant (some variation of the average number of radicals per particle may occur) 
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along the particles growth until the complete consumption of monomer droplets that marks 

the end of this stage. The transition from interval II to interval III occurs about 15-40% 

conversion depending on the monomer nature. In general, the higher the water solubility of 

the monomer the higher the maximum swelling of the polymer particles and the lower the 

conversion at which interval II ends. 

Interval III. End of polymerization 

The final stage of an emulsion polymerization process is characterized by a reduction 

of the polymerization rate due to a progressive decrease of the monomer concentration 

inside the polymer particles. On one hand, the polymerization rate is reduced if the monomer 

concentration in the particles decreases (see Equation 1.1). On the other hand, if the polymer 

concentration inside the particles increases the viscosity do as well, decreasing the effective 

termination rate and accelerating the polymerization rate (gel effect). Interval III is 

represented in Figure 1.9. 

 

Figure 1.9. Representative view of interval III of the emulsion polymerization process. 
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1.3.2 Semibatch emulsion polymerization process 

Contrary to batch process, semibatch (also known as semi-continuous) emulsion 

polymerization process is industrially more relevant and is the tool to produce high quality 

materials with a controlled microstructure. In this context, a semibatch process provides a 

higher process-flexibility which can be controlled by the feeding streams of the reactants 

(generally monomers, surfactant, initiator and water). In addition, it is a safer process since 

monomers are continuously fed under starved conditions, namely, at high instantaneous 

conversions avoiding potential undesired thermal runaway scenarios. 

In a typical semibatch emulsion process the reactor contains a “seed” as initial 

charge, this is a waterborne dispersion with small particle size and low solids content. During 

the process, monomers, surfactant, initiator and water are fed into the reactor. Under these 

circumstances (interval III), newly fed monomer droplets are present in the reactor, and their 

life-time is short because the monomers diffuse to the polymer particles where they are 

consumed. In this context and, in order to avoid the accumulation of unreacted monomer 

and ensure the safety of the process, the feeding rate must not exceed the polymerization 

rate (starved conditions requisite). In addition, slow monomer addition in systems containing 

monomers with different reactivity ratios can avoid the composition drift in the copolymer 

structure that happens in the batch processes. 

The feeding control of the surfactant is also important and it has a remarkable effect 

in the particle size distribution. Regarding this, monomodal particle size distributions are 

obtained if the surfactant feeding rate is low enough to avoid secondary nucleation. On the 

contrary, the excess of surfactant leads to the formation of micelles and, hence, to new 

particle nucleation (heterogeneous nucleation). Nonetheless, for some high solids content 
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applications multimodal particle size distributions are desired since the viscosity of the latex 

decreases. 

1.4 Thesis outline 

The content of this thesis is divided in seven chapters, whose description is given 

below. 

Chapter 1 provides a general introduction, motivation and main objectives about this 

work. The current necessity of replacing petroleum-based components by renewable 

counterparts in daily consumer goods is overviewed. State of the art and market situation of 

waterborne PSAs and coatings, and the recent approaches in biobased formulations are 

presented together with general aspects of emulsion polymerization, which is the main 

polymerization technique used to produce waterborne polymer dispersions. 

In Chapter 2, the incorporation of the commercial biobased monomers 2-Octyl 

acrylate (2OA) and isobornyl methacrylate (IBOMA), via emulsion polymerization, to produce 

high bio-content waterborne PSAs is explored. The effect of the polymer microstructure in 

the adhesive properties is investigated, and the performance compared to traditional oil-

based counterparts. 

Chapter 3 is focused on the synthesis and incorporation of the biobased monomer, 

with dual functionality, piperonyl methacrylate (PIPEMA) aiming to fulfill the conflict between 

bio-content degree and adhesive performance. The effect of the UV-light irradiation time on 

the evolution of the crosslinking degree as well as on the adhesive properties is assessed.  

In Chapter 4 the synthesis of a new functional isosorbide methacrylate derivatives 

(ISOMAraw and ISOMA) is deeply investigated and their incorporation in emulsion 

polymerization to produce easily-removable waterborne PSAs is evaluated. The effect of low 
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percentages of these isosorbide derivative monomers on polymer microstructure, adhesive 

performance and water removability is explored. 

In chapter 5, biobased alkali soluble resins are synthesized and used as 

electrosterically stabilizers for the production of high performance PSAs with the ability to be 

removable in basic media. The effect of the nature of the resin on the polymer microstructure 

is studied and the role of supramolecular interactions on the adhesive performance deeply 

investigated from the rheological point of view. 

Chapter 6, focuses on the characterization of the commercial sugar based vinyl 

monomer Ecomer® and its incorporation in emulsion polymerization for the development of 

partially biodegradable waterborne coatings. The impact of the caramelization process on 

the free Ecomer® incorporation, as well as on the coating properties and on the 

biodegradability of the films is assessed. This chapter was carried out at DSM Coating resins 

(R&D acrylics team) in The Netherlands as part of the internship of this thesis. 

Finally, in Chapter 7 the most relevant conclusions of this thesis are summarized. 
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2.1 Introduction 

Vegetable oils and terpenes are considered one of the most promising renewable 

feedstock for the synthesis of sustainable monomers because of their abundance, low cost, 

and ease of separation.  

The production volume of vegetable oils for 2019 exceeded 200 million metric tons 

worldwide, being palm oil, soybean oil and rapeseed oil the most demanded ones. In 

addition, the global vegetable oil market is projected to grow at a CAGR of 5.14% during the 

forecast period 2020-20251. Vegetable oils are composed of triglycerides, i.e., saturated and 

unsaturated fatty acid esters of glycerol, in which the chain length of the fatty acid as well as 

the number and position of the double bonds strongly affect the oil properties2. It is well 

known that fatty acids are obtained by hydrolysis of the triglyceride with caustic solution 

(sodium hydroxide). The direct polymerization of fatty acids is considered difficult since the 

double bonds are not reactive enough to undergo free radical polymerization. Therefore, 

these molecules can be modified through the carboxylic acid group in order to promote their 

reactivity and incorporation3. In addition, the length of the aliphatic chain results of special 

importance since it influences to the viscous behavior in adhesive materials. Industrial 

production of monomers coming from fatty acids mostly involves the hydrogenation of the 

carboxylic acid, which yields in the primary alcohol, followed by (trans)esterification reactions 

(e.g. stearyl (meth)acrylate synthesis). 

Terpenes, terpenoids and rosin comprise the largest single group of natural products 

and their remarkable structural diversity offers versatile functionalization possibilities4–6. 

These hydrocarbon-based molecules derived from isoprene (2-Methyl-1,3-butadiene) are 

particularly important for fine chemistry and fragrance industry. In this context, the worldwide 

market for terpenes is expected to grow at a CAGR of roughly 6.3% over the next five years, 
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reaching 730 million US$ in 2024 (from 510 million US$ in 2019)7. Due to the presence of 

double bonds, α-pinene, β-pinene, limonene and myrcene have been extensively 

investigated as starting building blocks for the synthesis of polymers8.  Early attempts were 

carried out by cationic polymerization but limitations to achieve high monomer conversion 

and low molar masses have been the main issues9. In order to overcome these inconvenient, 

the synthesis of (meth)acrylate-based monomers (via oxidation and subsequent 

esterification of the hydroxyl groups) represent a more convenient approach, which can be 

directed towards the emulsion polymerization 10–12. It is worth to mention that the cyclic and 

bulky structure of some terpenes could be useful for providing cohesiveness and ensure the 

elastic component in adhesives 

The strategies mentioned above are getting more and more the attention of the 

industry and their implementation may provide suitable building blocks for the synthesis of 

environmentally friendly waterborne PSAs.   

2-Octyl acrylate (2OA) and isobornyl methacrylate (IBOMA) are commercially 

available biobased monomers with a bio-content of 73% and 71% and whose homopolymers 

have a Tg of -44 ºC and 150 ºC, respectively. The glass transition temperatures of their 

homopolymers convert these monomers in potential candidates for the manufacturing of 

pressure sensitive adhesives since 2OA can act as soft monomer imparting flowability to the 

system, whereas IBOMA can be used as hard monomer providing rigidity.  

The production of 2OA and IBOMA is industrially implanted and it implies 

(trans)esterification reactions of 2-Octanol and camphene/isoborneol acetate, respectively, 

with (meth)acrylic acid or derivative esters13–17. Figures 2.1 and 2.2 show the conversion 

steps to produce 2-Octyl acrylate and isobornyl methacrylate. 2-Octanol is produced through 

a cracking process of ricinoleic acid (the major component of castor oil attached to glycerol) 
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obtaining sebacic acid as side product, which is a diacid commonly employed in the Nylon 

industry18. On the other hand, camphene is obtained by catalytic isomerization of alpha-

pinene, one of the main components of pine resin19. Camphene can be reacted with 

(meth)acrylic acid in the presence of aqueous sulfuric acid to yield in isobornyl methacrylate 

or can be treated with acetic acid resulting in isobornyl acetate, a flavoring and scenting 

agent which transesterification allows the production of the methacrylic ester. There are 

several industrial patents using 2-Octyl acrylate as main monomer for PSA formulations20–24 

and 3M has recently commercialized the Post-it® Greener Note and the Scotch® Magic™ 

Greener Tape based on plant derived adhesives (e.g. 2-Octyl acrylate).The introduction of 

IBOMA on PSA waterborne formulations to directly increase the binding strength between 

adhesive layer and adherent has also been reported25. However, there are no studies 

involving 2-Octyl acrylate together with isobornyl (meth)acrylate for the preparation of 

waterborne pressure sensitive adhesives. 

 

Figure 2.1. Conversion steps to produce 2-Octyl acrylate from castor oil. 
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Figure 2.2. Conversion steps to produce isobornyl methacrylate from α-Pinene. 

In this chapter, we explore the combination of these biobased monomers aiming to 

produce PSAs with high bio-content and interesting adhesive properties. Thus, latexes 

containing 2OA and IBOMA monomers (Scheme 2.1) were synthesized by seeded 

semibatch free radical emulsion polymerization and the adhesive properties were evaluated. 

The ratio soft/hard comonomer and the concentration of chain transfer agent (CTA) were 

tuned to achieve the best performance at the highest biobased content for the selected 

comonomer system. In addition, and with the aim of determining the proper balance between 

biobased content and adhesion performance, the effect of substituting partially the soft 

biobased monomer (2OA) by a typical soft oil-based monomer (2-Ethylhexyl acrylate) on the 

PSA properties was assessed. 

Scheme 2.1. Commercial biobased monomers used in this chapter and their bio-content 

value, where the green part belongs to the carbon structure coming from the nature. 

 

 

2-Octyl acrylate

2OA (73%)

Isobornyl methacrylate
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Isobornyl acrylate

IBOA (77%)
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2.2 Experimental 

Biobased 2-Octyl acrylate (2OA) was kindly supplied by Arkema (France), and both 

isobornyl methacrylate (Visiomer® Terra IBOMA) and isobornyl acrylate (Visiomer® Terra 

IBOA) were kindly supplied by Evonik Industries (Essen, Germany). Acrylic and methacrylic 

acid (AA, MAA), 2-Ethylhexyl thioglycolate (2EHTG) and potassium persulfate (KPS) were 

purchased from Sigma-Aldrich (Saint-Louis, MO, USA). 2-Ethylhexyl acrylate (2EHA) was 

purchased from Quimidroga (Barcelona, Spain) and Dowfax2A1 (Alkyldiphenyloxide 

Disulfonate) was kindly supplied by Dow Chemical (Midland, Michigan, USA). All reagents 

were used without further purification. 

2.2.1 Emulsion polymerization 

50 wt% (weight percent) solids content acrylic latexes were synthesized by seeded 

semibatch emulsion polymerization. For the preparation of the seed, a coarse emulsion 

containing the monomers 2OA, IBOA and AA, in a relation of 88:10:2 (wt%) , emulsifier 

Dowfax 2A1 (2 wt% based on mononers) and deionized water (80 wt%) was created by 

stirring during 30 minutes at 1000 rpm at room temperature. The emulsion polymerization 

was carried out in a 2L glass reactor equipped with a reflux condenser, sampling device, 

nitrogen inlet, and a stainless steel anchor-type stirrer. 

The seed was synthesized in batch. The coarse emulsion was transferred into the 

reactor, purged with nitrogen and heated to the reaction temperature (70ºC). Then, the 

initiator (KPS, 0.25 wt% based on monomers), previously dissolved in water, was added as 

a shot and the polymerization was carried out for 2 h at 200 rpm to obtain finally a latex with 

20 % solids content and a particle size of 121 nm. 
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The synthesis of the desired latex was performed by seeded semibatch free radical 

emulsion polymerization. For that purpose, a fraction of the seed previously synthesized was 

charged, together with 1 wt% of monomers belonging the pre-emulsion, in a 250 mL glass 

reactor equipped with a reflux condenser, sampling device, nitrogen inlet, a dosing system, 

and a stainless steel anchor-type stirrer. This seed was purged with nitrogen and heated to 

the reaction temperature (70ºC). Then, an aqueous solution of KPS (0.25 wt% based on 

monomers) was added as a shot and a pre-emulsion containing the desired monomers, 

deionized water and Dowfax 2A1 (1 wt% based on monomers) was fed along 3 hours. 

Finally, a post-polymerization was carried out for 1 hour. The final solids content in all 

synthesized latexes was 50 wt% and the particle size was between 230 and 250 nm. Table 

2.1 summarizes the formulations. 

 

 

 

Table 2.1. Materials and percentages employed in the synthesis of the latexes. 
 

Materials wbm %* Amount (g)  

Seed 2OA/IBOA/AA  24.10 

Low Tg monomers 2OA 
2EHA 

10-88 
20-74 

4.64-40.82 
9.28-34.32 

High Tg monomer IBOMA 5-15 2.32-6.96 

Functional monomer MAA 1 0.46 

Chain transfer agent  2EHTG 0.025-0.1 0.0116-0.0464 

Emulsifier Dowfax2A1 1 1.031 

Initiator KPS 0.25 0.116 

Continuous phase Water  28.60 

*weight % based on total monomer content  
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2.2.2 Characterization 

Particle size was analyzed by dynamic light scattering (DLS) and capillary 

hydrodynamic fractionation (CHDF) and conversion was determined gravimetrically. For 

more detailed information refer to Appendix 1. 

The gel fraction was measured by Soxhlet extraction, using THF as solvent. The 

extraction was carried out for 24 h under reflux conditions (about 70°C). The fraction of gel 

was calculated as the ratio between the non-extracted polymer and the initial amount of dry 

polymer. 

The molar mass distribution of the soluble fraction in THF was determined by size 

exclusion chromatography (SEC) at 35°C. The samples taken out from the soxhlet were first 

dried, then redissolved in THF to achieve a concentration of about 0.005 g/mL and finally 

filtered (polyamide filter, pore size = 0.45 µm,) before injection into the SEC instrument The 

SEC instrument consisted of an autosampler (Waters 717 plus), a pump (LC-20, Shimadzu), 

three columns in series (Styragel HR2, HR4, and HR6 with a pore size from 102 to 106 Å), 

and a differential refractometer (Waters 2410) as detector. The flow rate of THF through the 

columns was 1 mL min-1. The reported molar masses are referred to polystyrene standards. 

The glass transition temperature (Tg) was determined by differential scanning 

calorimetry (DSC, Q1000, TA Instruments) of dry polymers from the final latexes using 

hermetic pans. The scanning cycles consisted of first cooling to -80 °C at 20 °C/min, and 

then heating to 150 °C at a rate of 20 °C/min, cooling again from 150 °C to -80 °C at 20 

°C/min, and then heating to 150 °C at 20 °C/min under nitrogen flow. 
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2.2.3 Film preparation 

The adhesive films were prepared by casting the latex over a flame-treated 

polyethylene terephthalate (PET) sheet (29 µm thick) using a gap applicator with reservoir. 

A gap of 30 µm was used in order to obtain films of approximately 15 µm thickness. For 

probe tack tests the latex films (final thickness of 100 µm to avoid the substrate effect) were 

directly casted on the glass plate. Films were dried at 23 °C and 50% humidity for 6h, 

protected from dust. For dynamic mechanical analysis, silicone templates (54cm x 26cm) 

were employed to form adhesive films of around 500 µm thickness (Films were dried for 7 

days at the same drying conditions). 

2.2.4 Evaluation as pressure sensitive adhesives 

Tests were performed at 23ºC and 50% humidity. Four samples were tested for each 

formulation and the average values were reported. The peel, loop tack and probe tack tests 

were performed with a TA.HDPlus Texture Analyzer (Texture Technologies, Hamilton, MA, 

USA), whereas shear and SAFT test were carried out using SAFT equipment (Sneep 

Industries). Further information about both the tests and the conditions employed are 

referred in Appendix 1. 

2.2.5 Dynamic Mechanical properties of PSAs 

The linear viscoelastic properties of the adhesives were characterized with a 

rheometer Anton Paar using parallel plate geometry. Frequency sweeps (0.3-120 rad s-1) 

with an applied strain between 0.5% and 2% were made on 500 μm thick samples of 8 mm 

as diameter at 23 ºC. The adhesive films were dried under controlled condition (23ºC and 

55 % relative humidity). 
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2.3 Emulsion polymerization of commercial biobased monomers 

Table 2.2 summarizes the latexes synthesized in this section as well as their main 

properties including gel content, the sol weight-average molar mass (Mw) and the intensity-

average particle size (dp). 

In all polymerizations of this chapter, stable latexes without coagulum were obtained 

using relatively low surfactant concentrations. Due to the starved monomer feeding 

conditions used, in all reactions instantaneous conversion was higher than 90 % during the 

polymerization time and hence the instantaneous copolymer composition was very close to 

that used in the feeding stream producing homogeneous copolymer chains along the 

reaction and single phase particles. Full conversion was reached after a post-polymerization 

process of 1 hour. Figure 2.3 shows a representative evolution of both instantaneous and 

overall conversion as well as the particle size evolution. It can be observed that the 

Table 2.2. Summary and characteristics of the synthesized PSA latexes. 

PSA 
Composition 

(%wt monomers) 
dp 

(nm) 
Gel 
 (%) 

Mw  
(kDa) 

Đ 
Tg 

(°C) 
Bio 
(%) 

2A 
2OA:MAA   

(99:1) 
232 81 ± 0.5  220 ± 15  3.5  -43 72 

2B 
2OA:IBOMA:MAA  

(94:5:1) 
250 80 ± 0.2 220 ± 6  3.4  -39  72 

2C 
2OA:IBOMA:MAA  

(84:15:1) 
245 75 ± 0.1 226 ± 4  3.4  -26  72 

2B.1 
2OA:IBOMA:MAA+CTA* 

(94:5:1 + 0.025*) 
236 69 ± 0.4 250 ± 4 2.9 -39 72 

2B.2 
2OA:IBOMA:MAA+CTA* 

(94:5:1 + 0.05*) 
237 52 ± 2 300 ± 1 3.5 -39 72 

2B.3 
2OA:IBOMA:MAA+CTA* 

(94:5:1 + 0.1*) 
246 18 ± 0.5 320 ± 7 4.1 -40 72 

2C.1 
2OA:IBOMA:MAA + CTA*   

(84:15:1 + 0.025*) 
230 59 ± 0.4 313 ± 4 3.7 -26 72 

2C.2 
2OA:IBOMA:MAA + CTA*   

(84:15:1 + 0.05*) 
231 42 ± 2 375 ± 6 4.0 -26 72 

2C.3 
2OA:IBOMA:MAA + CTA*   

(84:15:1 + 0.1*) 
242 19 ± 3  289 ± 9 4.0 -27 72 

CTA*: Weight percent based on monomer. 
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experimental particle size evolution followed in a properly way the theoretical one, which is 

indicative that secondary nucleation was not taken place.  

 

Figure 2.3. Representative evolution of (a) instantaneous and overall conversion, during the 

synthesis of latex 2D, and (b) average particle size evolution measured by DLS together with 

the theoretical evolution. 

This fact was corroborated by measuring the evolution of the particle size distribution 

along the reaction time. Figure 2.4 presents the CHDF chromatogram, confirming that 

secondary nucleation was not important. A small “tail” sited in the range of the seed particles 

size can be appreciated for the particle size distribution of the final latex. This small “tail” 

belongs to those few particles of the seed smaller than 100 nm, which have grown along the 

reaction. 
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Figure 2.4. Evolution of particle size distribution along the reaction time measured by CHDF 

during the synthesis of latex 2D. 

2.4 Effect of the amount of isobornyl methacrylate (IBOMA) 

The effect of the quantity of IBOMA, as hard monomer, on both microstructural and 

adhesion properties (formulations 2B and 2C) was compared with formulation 2A used as 

reference. As expected, the incorporation of isobornyl methacrylate increased the glass 

transition temperature of the final polymer, reaching a value of -26 ºC for the formulation 

containing 15 wt% of IBOMA (2C, Table 2.2). The gel content was reduced when the IBOMA 

amount increased because of the significantly lower activity for hydrogen abstraction of the 

methacrylic units in the polymer chain26. In addition, IBOMA radicals terminate by 

disproportionation, which also reduces the probability of gel formation. On the other hand, 

similar sol molar masses were obtained. 

The adhesive properties of formulations with different amounts of IBOMA are 
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Figure 2.5 shows probe tack measurements for those formulations. An increase of 

IBOMA (formulation 2C: 2OA:IBOMA:MA (84:15:1)) leads to a longer and higher plateau in 

comparison with formulation 2B (2OA:IBOMA:MA (94:5:1)) which exhibits a much more 

solid-like behaviour, which is related with a higher crosslinked polymer structure. The higher 

amount of IBOMA in formulation 2C together with its slightly lower gel content makes the 

fibrils to be stiff enough and flexible as to detach under a greater strain; namely, the stress 

needed to deform fibrils is smaller than the adhesive force to the substrate. Nonetheless, all 

the curves present a very low adhesive energy likely because of the high amount of gel 

polymer content. It is worth mentioning that all PSA formulations exhibit adhesive failure, 

which is an indication of large cohesive forces.  

 

Figure 2.5. Probe tack curves for formulations containing different amounts of IBOMA.  
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Table 2.3. Properties of PSA tapes with different amounts of IBOMA. 

PSA 
Composition 

2OA:IBOMA:MAA 
Peel 

(N/25mm) 
Loop Tack 
(N/25mm) 

WA 
(J/m2) 

Shear 
(min) 

SAFT 
(°C) 

2A 99:0:1 5.9 ± 0.3 4.8 ± 0.2 81 ± 3 8500 106 ± 10 

2B 94:5:1 5.4 ± 0.2 4 ± 0.3 82 ± 12 >10080 90 ± 10 

2C 84:15:1 6 ± 0.9 5 ± 0.5 107 ± 13 >10080 105 ± 8 
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2.5 Effect of the amount of 2-Ethylhexyl thioglycolate (2EHTG)  

Chain transfer agents (CTAs) are widely employed in the adhesives field since they 

allow adjusting the crosslinking density of the polymer, and help controlling the sol molar 

mass providing good initial adhesion. These parameters allow modifying the strain hardening 

and control fibril extension and, therefore, the peel force. Thus, different amounts of 2-

Ethylhexyl thioglycolate (2EHTG) as chain transfer agent were employed in both formulation 

2B (2OA:IBOMA:MAA (94:5:1)) and formulation 2C (2OA:IBOMA:MAA (84:15:1)). 

Figure 2.6.a shows that the higher the CTA the lower the gel content of the latex is 

for both series. As the amount of CTA increased, higher sol average molar masses for series 

2B were obtained (Figure 2.6.b). However, the sol molar mass evolved with a different trend 

for the series 2C, reaching a maximum of 375 kDa with 0.05 wbm% of CTA. Indeed, the 

molar mass evolution is affected by two counteracting effects27. Small amounts of CTA are 

enough to substantially reduce the chain transfer to polymer and hence gel formation, 

leading to a decrease of the gel content and to an increase of the average molar mass.  The 

effect on the decrease of the kinetic chain length is compensated by the polymer that is not 

transferred to gel (formulations 2C.1 and 2C.2). At higher CTA concentrations the kinetic 

chain length decreases further and the average molar mass of the sol polymer decreases 

as well (formulation 2C.3). The counteracting effects commented above are clearly illustrated 

in Figure 2.7, which shows the MMD of the latex synthesized with different amounts of CTA 

for the series 2C. It is worth to point out that such phenomenon can also be appreciated for 

formulation 2B.3 since the highest amount of CTA resulted in a smaller increase of the sol 

molar mass in comparison with the tendency observed up to 0.05 wbm% CTA.  
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Figure 2.6. Evolution of (a) gel content and (b) sol molar mass with the amount of 2EHTG 

for series 2B (2OA:IBOMA:MAA (94:5:1)) (blue marks) and 2C (2OA:IBOMA:MAA (84:15:1)) 

(green marks). 

 

 

Figure 2.7. Evolution of sol molar mass distribution with the amount of 2EHTG for 

formulations containing 2OA:IBOMA:MAA (84:15:1). In the legend of the Figure, wbm% 

indicates the quantity of CTA. 
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2.5.1 Rheological investigations of waterborne PSAs containing 2-

Ethylhexyl thioglycolate (2EHTG) 

Dynamic rheological experiments are a useful tool for correlating the microstructure 

of an adhesive with its viscoelastic behaviour28. In view of this, linear viscoelasticity 

properties were determined aiming to gain insights about how 2EHTG affects to the adhesive 

nature. Figure 2.8 shows the variation with frequency of storage and loss modulus (G´ and 

G´´, respectively) and tanδ at 23 ºC for both series containing different amounts of CTA. It 

can be seen that there is a trend to decrease the storage modulus and to increase the loss 

modulus with the CTA content, indicating that the reduction on gel content decreases the 

stiffness of the PSA fibrils, namely the solid-like behaviour. Nonetheless, this tendency is not 

observed in the case of formulation 2C.2 because of the higher sol molar mass, which affects 

the viscoelastic behaviour. It is worth pointing out that series 2B presented both lower G´ 

and G´´ values. This is due to the combination of a lower Tg together with a higher insoluble 

fraction (see Table 2.2), which influences the flowability of the polymer chains and, thereby, 

the viscoelastic nature of the adhesive. 

According to Dahlquist criterion, high tack is achieved when G´ is smaller than 0.1 

MPa meaning that a certain softness of the adhesive is needed in order to form a good 

contact in a short contact time29. The debonding process is then governed by the coupling 

of bulk and interfacial properties of the material. Regarding this criterion, at the relevant 

debonding frequency (1 Hz) all the formulations present lower values than 0.1 MPa being 

appropriate for their application as pressure sensitive adhesives with remarkable work of 

adhesion values  in the tack experiments. 

On the other hand, the ratio tanδ/G´ is related to the energy dissipation at the interface 

of adhesive-substrate, meaning that the resistance to detachment increases as the viscous 
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modulus to elastic modulus ratio increases. A value of tanδ/G´ > 5 MPa-1 has been 

recommended for steel substrates30. 

 

Figure 2.8. Storage modulus (G´), loss modulus (G´´) and dynamic modulus (Tanδ) for 

series 2B (2OA:IBOMA:MAA (94:5:1)) (blue marks) and 2C (2OA:IBOMA:MAA (84:15:1)) 

(green marks) with different amount of CTA. Measurements made at 23 ºC and 1 Hz. 

Figure 2.9 presents the effect of the CTA content on tanδ/G´ for the formulations 

described in this section. It can be seen that the ratio increased with CTA content (the 
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more accused in the case of formulation 2B.3 because of its higher liquid-like behaviour, 

which is related with the low gel content together with the low Tg. However, all the 

formulations containing any amount of CTA presented a value of tanδ/G´ > 5 MPa-1 

accompanied by adhesive failure, being suitable for their application as removable pressure 

sensitive adhesives. 

 

Figure 2.9. Tanδ/G´ for series 2B (2OA:IBOMA:MAA (94:5:1)) (blue marks) and 2C 

(2OA:IBOMA:MAA (84:15:1)) (green marks) with different amount of CTA. Measurements 

made at 23 ºC and 1 Hz. 

2.5.2 Adhesive properties of waterborne PSAs containing 2-Ethylhexyl 

thioglycolate (2EHTG) 

The adhesive properties of the latexes synthesized using different amounts of 2-

Ethylhexyl thioglycolate in the formulation are plotted in Figure 2.10 as a function of the gel 

content. 
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creep resistance) which decreases with the increase of the chain mobility. In addition, 

tackiness and work of adhesion increased because of the increase of the polymer fluidity 

that led to an improvement of the dissipation energy during deformation, which is the 

response of the highly viscous liquid behavior of the adhesive. However, in series 2C, similar 

results of loop tack and work of adhesion are observed in formulations in which 0.025 and 

0.05 wbm% of CTA have been employed (formulations 2C.1 and 2C.2 respectively) because 

of the still high intermolecular forces and low chain mobility for the initial adhesion, which is 

more pronounced for high molar masses. This situation is completely different for series 2B 

since there was a remarkable change in the mobility of the polymer chains when 0.05 wbm% 

of CTA was used (formulation 2B.2), increasing loop tack value in 1.5 N/25 mm and work of 

adhesion in almost 40 J/m2. The use of 0.025 wbm% of CTA in this series (formulation 2B.1) 

did not produce the same substantial improvement of loop tack and work of adhesion than 

in formulation 2C.1 due to the greater molecular motion restrictions, namely the higher 

insoluble fraction. 

Peel strength increases with decreasing gel contents, which could be attributed to the 

good relationship between the critical energy-release rate (which is the energy needed to 

propagate the crack between the adhesive and the substrate) and the Young´s modulus of 

the adhesive. Even with 0.1 wbm% of CTA (2C.3), adhesive failure was observed; a good 

indication that intermolecular forces are strong enough to allow the adhesive failure which is 

the one desired for the industrial application. Although formulation 2B.3 showed both the 

same failure and gel content, the lower Tg reduced the elastic component, not observing 

such good enhancement of the peel strength. Similar effects of the gel content have been 

reported in the literature for other waterborne PSAs26,27,31,32. 
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Figure 2.10. Effect of CTA percentage on the (a) SAFT tests, (b) peel strength, (c) loop tack, 

and (d) work of adhesion for series 2B (2OA:IBOMA:MAA (94:5:1)) (blue marks) and 2C 

(2OA:IBOMA:MAA (84:15:1)) (green marks). Note that the notation 2X.1, 2X.2 and 2X.3 

make reference to 0.025, 0.05 and 0.1 wbm% of CTA respectively. 

Figure 2.11 shows probe tack curves of these two series. It is worth pointing out that 

as gel content was reduced, a decrease of the stress at relatively low strain followed by low 

values of the stress until higher strain was observed. This behavior corresponds to liquid-

like materials where fibrils are formed33,34. Formulation 2C.1 presents the highest stress 

value in these series. The addition of higher amounts of CTA led to weaker adhesives. This 
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composition, which allows better mobility of the polymer chains. Therefore, the cohesion of 

the fibrils was lower and both lower and longer plateaus were obtained. Note that formulation 

2B.1 did not show the formation of a fibrillation plateau as consequence of the high solid-like 

behaviour, yielding in brittle fibrils and affecting to the initial adhesion as well. On the other 

hand, formulation 2B.3 showed a long and narrow fibrillation plateau as consequence of the 

higher liquid-like behaviour. These results are in agreement with the rheological 

investigations discussed above. 

 

Figure 2.11. Effect of the CTA percentage on the probe tack test for series 2B 

(2OA:IBOMA:MAA (94:5:1)) (blue) and 2C (2OA:IBOMA:MAA (84:15:1)) (green). 
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2EHA in the formulation. Moreover, data from a typical non-biobased commercial formulation 

containing 2EHA, MMA and AA (84:15:1) are included in order to compare its adhesion 

properties with the biobased content formulations35. The addition of 2EHA reduced the glass 

transition temperature because of the lower Tg of poly2EHA (Tg = -65 ºC). The 

microstructure of the latexes with increasing amounts of 2EHA is similar; gel contents and 

average molar masses are in the range of 50-60wt% and 300-390 kDa, respectively. The 

pure oil-based latex (100% of soft monomer being 2EHA) presents similar gel content (52%), 

but lower average molar mass (172 kDa). 

2.6.1 Adhesive properties of waterborne PSAs containing 2-Ethylhexyl 

acrylate (2EHA) 

As shown in Table 2.5, partially replacing 2OA by 2EHA provided similar or poorer adhesion 

properties when it was incorporated in a 20 wt% and 49 wt% (formulation 2D and 2E 

respectively), with a reduction of the holding temperature due to the lower Tg. Only when 74 

wt% of 2OA was replaced by 2EHA (formulation 2F) both loop tack and work of adhesion 

values improved. This improvement is closely related with a decrease in the glass transition 

Table 2.4. Summary and characteristics of the synthesized PSA latexes containing 

different 2EHA contents. 

PSA Composition 
dp 

(nm) 
Gel 
 (%) 

Mw  
(kDa) 

Đ 
Tg 

(°C) 
Bio 
(%) 

 2OA:2EHA: 
IBOMA:MAA* 

      

2C.1  84:0:15:1  230 59 ± 0.4 313 ± 4 3.7 -26 72 

2D 64:20:15:1 242 50 ± 1 387 ± 3 3.9 -32 60 

2E 35:49:15:1  236 60 ± 0.5 298 ± 2 3.7 -37 40 

2F 10:74:15:1 233 60 ± 1 303 ± 2 3.8 -43 25 

 2EHA:MMA:AA       

2Ref** 84:15:1 294 52 ± 0.1  178  3.1  -49 0 

* makes reference to 0.025 wbm% of 2EHTG. 

Ref**: non-biobased formulation. From ref.35 
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temperature and a better chain mobility. However, in the case of formulation 2Ref, lower 

loop tack and shear strength (SAFT and shear resistance) values were obtained. This is 

likely related with the smaller molar mass of latex 2Ref and the higher cohesion provided by 

the bulky IBOMA monomer as compared with MMA25. 

Probe tack curves, in Figure 2.12 (left), show that the addition of this oil-based 

monomer led, in a general way, to a decrease of the stress peak at low strain values and to 

longer fibrillation plateaus. This trend is in good agreement with the rheological 

measurements (Figure 2.12 right), since higher tanδ/G´ values but longer plateaus in 

comparison with formulation 2C.1 are observed for increasing amounts of 2EHA. This 

indicates that the detachment is produced during the fibril elongation process. It is important 

to note that both storage modulus and loss modulus were highly reduced when the quantity 

of 2EHA was above 49 wt% due to the reduction of the glass transition temperature at similar 

gel content and sol molar masses. Formulation 2F, which is the one that contains the highest 

amount of 2EHA, presented the best probe tack curve breaking their fibrils at 350% of strain 

Table 2.5. Properties of PSAs containing different 2EHA contents. 

PSA Composition 
Peel 

(N/25mm) 
Loop tack 
(N/25mm) 

WA 
(J/m2) 

Shear 
resistance 

(min) 

SAFT 
 (°C) 

 2OA:2EHA: 
IBOMA:MAA* 

     

2C.1  84:0:15:1  6.7 ± 0.7 7.7 ± 0.3 139 ± 14 9000 133 ± 1 

2D 64:20:15:1 6.9 ± 0.5 6.5 ± 0.2 132 ± 3 8750 110± 3 

2E 35:49:15:1  6.5 ± 0.3 6 ± 0.2 101 ± 5 >10080 117 ± 1 

2F 10:74:15:1 6.5 ± 0.5 8.5 ± 0.5 164 ± 15 >10080 116 ± 1 

 2EHA:MMA:AA      

2Ref** 84:15:1 7.1 ± 0.3 4.2 ± 0.2 115 ± 15 200 70± 2 

* makes reference to 0.025 wbm% of 2EHTG. 

Ref**: non-biobased formulation. From ref.35 
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with the same stress values than formulation 2C.1 and without leaving adhesive residue in 

the substrate. This implies that liquid-like behaviour was improved by the increase in chain 

mobility without any change in the intermolecular forces. Nonetheless, the maximum holding 

temperature of this PSA is circa 20ºC lower than formulation 2C.1. Finally, if we compare 

these results with those obtained from a typical oil-based commercial formulation 

(formulation 2Ref) a substantial decrease of the stress peak at low strain values followed by 

a longer fibrillation plateau at lower stress is observed, because of the low glass transition 

temperature (-49 ºC) together with the gel content (52%) that led to a better fluidity of the 

polymer chains. However, these fibrils did not present cohesion forces as strong as those 

adhesives containing IBOMA in their formulation, translating into a decrease in the stiffness 

of the fibrils and, hence, a lower plateau. 

 

Figure 2.12. The effect of 2EHA percentage on the probe tack tests (left) and tanδ/G´ (right) 

for 2OA:IBOMA:MAA + CTA (84:15:1 + 0.025 wbm %) formulation and its comparison with 

a typical commercial formulation 2EHA:MMA:AA (84:15:1). Measurements carried out at 23 

ºC and 1 Hz. 

2.7 Conclusions 

In this chapter, the incorporation of monomers with high biobased content like 2-Octyl 

acrylate (2OA, 73%) and isobornyl methacrylate (IBOMA, 71%), via emulsion 

polymerization, to produce high bio-content waterborne pressure sensitive adhesives was 
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assessed and their adhesive performance compared to traditional oil-based counterpart. The 

direct substitution of the oil-based monomers by the equivalent biobased monomers did not 

provide the same performance, namely because of the different microstructure. Thus, it was 

necessary to optimize the formulation of the new high biobased content waterborne PSAs to 

achieve a microstructure that yield similar adhesive performances. This was done by fine 

tuning the amount of the hard bio-based monomer, IBOMA, and the chain transfer agent. It 

was found that a formulation containing 15 wt% of IBOMA and gel content around 60% 

yielded the copolymer microstructure with similar peel resistance and loop tack, substantially 

better SAFT (135ºC vs 70ºC) and 45 times higher shear strength than the pure oil-based 

adhesive. Finally, the reduction of the bio-content as well as the glass transition temperature 

by the incorporation of different amounts of 2EHA provided PSAs with better liquid-like 

behavior, but keeping the rigidity of the adhesive fibrils because of the presence of IBOMA. 
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3.1 Introduction 

In chapter 2 the incorporation of the commercial biobased monomers 2-Octyl acrylate 

and isobornyl (meth)acrylate, by emulsion polymerization, to produce waterborne PSAs with 

high bio-content was reported. The PSA formulation was optimized by fine-tuning the 

comonomer ratio and the concentration of chain transfer agent in order to achieve the best 

performance at 72% of bio-content. However, aiming to obtain a more similar fibrillation 

behavior to the petroleum-based formulation, it was necessary to use 2-Ethylhexyl acrylate 

for reducing the Tg. In other words, the partial reduction of the bio-content was “the 

necessary evil” to provide an adhesive formulation capable to compete with those ones 

coming from petroleum resource.  

Aiming to solve the conflict between the bio-content degree and the final performance 

required for adhesive applications, monomers coming from renewable sources but having 

dual functionality are needed. In this context, benzodioxole derivatives have attracted the 

attention during the last years in UV-light mediated radical polymerization. Since dioxole-like 

structures have the ability to act as hydrogen donors, they have the potential to be functional 

building blocks for adhesive resins manufacturing1–3. One of the most abundant 

benzodioxole structure in the nature is piperonal. Piperonal also known as heliotropin is an 

aromatic aldehyde, present in fragrances and flavors, which can be obtained naturally by the 

oxidation of piperine, the major alkaloid present in black pepper (up to 9%)4,5. Traditionally, 

piperonal has been produced in large scale by isomerization and subsequent oxidation of 

safrole, which is the main constituent of sassafras oil (70-80%, Ocotea tree)6–9. The average 

annual production during the 2007-2012 period amounted to 1759 tons of piperonal and its 

reduction to yield piperonyl alcohol can be easily performed by the use of sodium 

borohydride, metal catalysts or even reductase enzymes10–14. In addition, primary alcohol 

offers a wide range of possibilities for its functionalization towards suitable monomers for 



UV-tunable biobased waterborne PSAs containing piperonyl methacrylate 

 72 

emulsion polymerization. Scheme 3.1 shows the most relevant synthetic pathways to 

produce piperonal and, hence, piperonyl alcohol from natural sources. 

 
Scheme 3.1. Synthetic pathways to produce piperonal and piperonyl alcohol from natural 

sources. 

 

Therefore, the present chapter will be centered in the development of waterborne 

PSAs having the capability to be tuned under UV-light exposition. For this purpose, piperonyl 

methacrylate (PIPEMA) in which the piperonyl moiety comes from piperonal was 

synthesized. Consequently, its incorporation as hard monomer on the biobased PSA 

formulation was analyzed and compared in terms of polymer microstructure and adhesion 

properties. Finally, post-curing by UV-light was evaluated by measuring crosslinking 

evolution at different irradiation times and those tunable features were correlated with 

adhesion performance of PSAs. 
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3.2 Experimental 

Biobased 2-Octyl acrylate (2OA) was kindly supplied by Arkema (France), and both 

isobornyl methacrylate (Visiomer® Terra IBOMA) and isobornyl acrylate (Visiomer® Terra 

IBOA) were kindly supplied by Evonik Industries (Essen, Germany). Acrylic and methacrylic 

acid (AA, MAA), 2-Ethylhexyl thioglycolate (2EHTG) and potassium persulfate (KPS) were 

purchased from Sigma-Aldrich (Saint-Louis, MO, USA). 2,2′-Azobis(2-methylpropionitrile) 

(AIBN, initiator), methacrylic anhydride (MAAn, 94% inhibitor 2000 ppm of topanol A), 4-

(Dimethylamino)pyridine (DMAP, 99%), magnesium sulfate (MgSO4) and sodium 

bicarbonate (NaHCO3) were purchased from Sigma-Aldrich (Saint-Louis, MO, USA). 

Piperonyl alcohol (98%), toluene and dichloromethane (99+%) were purchased from Fisher 

Scientific. Dowfax2A1 (Alkyldiphenyloxide Disulfonate) was kindly supplied by Dow 

Chemical (Midland, Michigan, USA). All reagents were used without further purification. 

3.2.1 Synthesis of pyperonyl methacrylate (PIPEMA) 

Piperonyl alcohol (30 g, 0.197 mol) and DMAP (2.4g, 0.02 mol) were dissolved in 250 

mL of dichloromethane in a 500 mL round bottom flask equipped with stirrer and dropping 

funnel. The mixture was stirred at room temperature at a rate of 500 rpm for 20 min. Then it 

was cooled down to 0ºC (ice-bath) and MAAn (36.3 g, 0.236 mol) was added dropwise for 1 

hour. The mixture was stirred overnight. The yellowish solution was quenched with NaHCO3 

solution (1M, 100 mL) and then extracted with NaHCO3 solution (1M, 2 x 50 mL), distilled 

water (3 x 50 mL) and washed with brine (3 x 50 mL). The combined organic layers were 

dried over MgSO4, filtered and evaporated under reduced pressure yielding a yellowish oil. 

The product was further purified by column chromatography (SiO2) using as eluent 

hexane/ethyl acetate (8:2 v/v) and yielded a colorless product. The yield for the isolated 

product was 89%. 
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3.2.2 Solution homopolymerization of piperonyl methacrylate (PIPEMA) 

(Poly)piperonyl methacrylate (PolyPIPEMA) was obtained by solution polymerization 

for the purposes of determining the Tg of the homopolymer. For its preparation 1g of 

monomer was dissolved in 4g of toluene in a 25 mL volume round bottom flask equipped 

with a magnetic bar. The reaction was carried out at 70ºC along 5 hours under nitrogen 

atmosphere using AIBN (1 wbm %) as initiator. PolyPIPEMA was obtained by solvent 

removing under vacuum, yielding a white solid. 

3.2.3 Emulsion polymerization 

 All the latexes were produced via starved-feed seeded semibatch emulsion 

polymerization using the same procedure than in chapter 2. The polymerization process 

included the loading of the seed and a small amount of monomers in the reactor, feeding of 

a pre-emulsion of monomer during 3 h and a final post-polymerization step of 1 h to fully 

react the remaining monomers. Reactions were performed at 70ºC and 200 rpm, being 50 

wt% the final solids content. The general polymerization formulation is shown in Table 3.1. 

 

Table 3.1. Materials and percentages employed in the synthesis of the latexes. 
 

Materials wbm %* Amount (g)  

Seed 2OA/IBOA/AA  24.10 

Low Tg monomers 2OA 84-94 38.93-43.60 

High Tg monomer IBOMA 
PIPEMA 

5-15 2.32-6.96 

Functional monomer MAA 1 0.46 

Chain transfer agent  2EHTG 0.025 0.0116 

Emulsifier Dowfax2A1 1 1.031 

Initiator KPS 0.25 0.116 

Continuous phase Water  28.60 

*weight % based on total monomer content 
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3.2.4 Characterization 

 Particle size was analyzed by dynamic light scattering (DLS) and conversion was 

determined gravimetrically. Gel fraction (or insoluble fraction of the copolymer in THF) was 

measured by Soxhlet extraction 

The molar mass distribution of the polymer dispersion was determined by asymmetric 

flow field-flow-fractionation (AF4) (Eclipse 3) in combination with a multiangle light scattering 

(MALS, Dawn Heleos II) and a refractive index detector (RI, Optilab Rex). AF4 flow was 

controlled by Eclipse 3 AF4 Separation System controller (the whole setup from Wyatt 

Technology). A constant detector-flow (DF) of 1 mL/min was used. The cross-flow (XF) was 

linearly decreased from 3 mL/min to 0.05 mL/min during 15 min and, then, was kept constant 

at 0.05 mL/min for 40 min. Swelling was calculated from the weight average of the high molar 

mass peak and the z-average radius of gyration. 

The glass transition temperature (Tg) was determined by differential scanning 

calorimetry (DSC, Q1000, TA Instruments) using the same conditions than in chapter 2. 

The UV-vis absorption measurements were performed using a Shimadzu 

spectrophotometer (model UV-2550, 230V) at a wavelength ranging from 200 nm to 500 nm. 

Measurements were carried out in 1 cm cuvette at 25 ºC, background absorption was 

subtracted with deionized water and hexane. 

The film preparation, the evaluation as PSA and the dynamic mechanical analysis 

(DMA) were performed using the same conditions and procedures than in chapter 2.  

UV-light curing of the PSA films was performed by a UV-light source (Compact 4-

Watt UV Lamp, 6W tube lamp of shortwave 254 nm) at room temperature in a dark chamber 

with a distance of 10 cm between the irradiation source and the film. 
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Liquid-state Proton Nuclear Magnetic Resonance (1H NMR) was recorded on a 

Bruker 400 MHz equipment. Relaxation time experiments of the PSA films were carried out 

by solid-state 13C NMR on a Bruker Avance III 400MHz at 310 K with a frequency of 100.6338 

MHz and spinning rate of 5000 Hz. The magnetic pulse was a 90º pulse each 3.5 μs with a 

recycling delay of 12 s. The relaxation parameter (T1) was calculated by fitting the decay of 

the intensity of the -CH2- carbons to the equation: 

I[t]=I[0](1-exp(-t/T1))                                                          (Eq.3.1) 

where t is the experiment time, I[t] is the signal intensity at that time, I[0] is the signal intensity 

after the decay and T1 is the relaxation parameter associated at such intensity decay. 

The swelling degree evolution of the polymer films at different UV-irradiation times 

was measured using tetrahydrofuran (THF) as solvent. After the irradiation, the polymer film 

was submerged in a closed vial containing THF for 24 h. Then, the swollen film was carefully 

dried from the THF excess and weighted. The swelling degree was calculated as follows: 

Swelling degree =
ws−wp

wp
                                                 (Eq.3.2) 

where ws is the weight of the swollen polymer sample (polymer + solvent) and wp is the 

weight of the dry polymer sample (polymer film before the immersion). 

3.3 Synthesis of piperonyl methacrylate (PIPEMA) 

There are several potential ways to synthesize a methacrylate monomer coming from 

its corresponding alcohol, including the use of methacrylic acid, derivative esters and even 

boron esters 15–17. However, in the case of piperonyl alcohol few efforts have been carried 

out to synthesize the methacrylate derivative. The synthesis of the benzodioxole derivative 

monomer was carried out following the procedure described by Shi et al18 (Scheme 3.2, 
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Route 1), but changing the methacryloyl chloride reactant (very toxic, and flammable) by a 

safer and less toxic methacrylic anhydride (Scheme 3.2, Route 2). This common catalytic 

method offers a more sustainable pathway, in which 4-(Dimethylamino)pyridine catalyzes 

the reaction between methacrylic anhydride and piperonyl alcohol without affecting the final 

yield. 

Scheme 3.2. Different pathways for the synthesis of PIPEMA; by method 1, using 

methacryloil chloride, and by method 2, using methacrylic anhydride. 

 

Figure 3.1 shows the 1H NMR spectra and signal assignment with its corresponding 

integration in chloroform-d1 of the pure pyperonyl methacrylate (PIPEMA), confirming the 

synthesis of this monomer. The signals between 6.74 and 6.88 ppm correspond to the three 

protons of the aromatic ring (4), whereas the signal at 5.95 ppm belongs to the two protons 

of the methylene group –O-CH2-O– (5). The signals at 6.12 and 5.57 ppm correspond to the 

two protons of the methacrylic double bond (1’, 1) and the signal at 5.08 ppm corresponds 

to the protons of the ester linkage (3). Finally, the signal belonging to the methyl group of the 

methacrylic group appears at 1.95 ppm   
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Figure 3.1. 1H NMR spectra in chloroform-d1 of piperonyl methacrylate (PIPEMA). 

Thus, piperonyl methacrylate has two different functional groups: a methacrylate 

group, to polymerize via free radical polymerization, and 1,3-Benzodioxole moiety, which 

may further react by application of UV-light (see Scheme 3.3). 

 

Scheme 3.3. Synthetic biobased monomer used in this chapter and its bio-content, where 

the green part belongs to the carbon structure coming from the nature. 
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 3.4 Solution homopolymerization of piperonyl methacrylate 

(PIPEMA) 

Aiming to determine the glass transition temperature of the homopolymer of piperonyl 

methacrylate (polyPIPEMA), solution polymerization was carried out using toluene as 

solvent and AIBN as thermal initiator. The subsequent solvent evaporation allowed obtaining 

polyPIPEMA as a white solid with a yield higher than 99% (calculated by 1H NMR 

integration). Figure 3.2 shows the 1H NMR spectrum as well as the signal assignment 

assignation of polyPIPEMA in chloroform-d1.  

 

Figure 3.2. 1H NMR spectrum in chloroform-d1 of (Poly)piperonyl methacrylate 

(PolyPIPEMA). 

The glass transition temperature of the homopolymer was determined by DSC and 

its corresponding curve is shown in Figure 3.3. It is worth noting that unlike isobornyl 

methacrylate (IBOMA, Tg = 150 ºC), PIPEMA presents a benzyl group contributing to rigidity 

but also allowing rotation and, hence, an increasing of the free volume when is polymerized. 

This results in a Tg of 70 ºC, which enables the use of PIPEMA as hard monomer for 

pressure sensitive adhesive formulations, but providing a better control on their viscoelastic 

behavior.  
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Figure 3.3. DSC curve of polyPIPEMA at a heating rate of 20 ºC/min. 

3.5 Effect of the hard monomer 

One of the goals of this chapter was to investigate if the incorporation of a 

multifunctional biobased monomer with a UV-tunable group could improve the performance 

of the waterborne 2OA:IBOMA biobased PSAs synthesized in chapter 219. For this purpose, 

and because of the high Tg of IBOMA homopolymer, IBOMA was substituted by PIPEMA in 

the formulations 2B.1 and 2C.1 of the previous chapter. Table 3.2 summarizes the latexes 

synthesized as well as their main properties including average particle size (dp), gel content 

(measured by soxhlet extraction), swelling of the gel polymer, glass transition temperature 

and the biobased content. 

Figure 3.4 presents the molar mass distributions determined using AF4/MALS/RI for 

the four latexes. The molar mass distributions were bimodal with the low molar mass peak 

in the range 105-106 g/mol (note that likely polymer chains in the range 104-105 g/mol were 

not analyzed because of the lack of light scattering signal) and a high molar mass peak in 

the range of 109 g/mol. Both systems (using IBOMA or PIPEMA as methacrylate comonomer 

in the formulation) presented the same trend in the MMD when varying the amount of this 

methacrylate monomer. Thus, the high molar mass peak appeared at higher masses and 
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the low molar mass peak showed lower molar masses for the lower amount of the 

methacrylate monomer (formulations with 5 wt% IBOMA/PIPEMA). This is in good 

agreement with the fact that increasing the amount of methacrylate monomer has an effect 

on the development of the molar mass distribution of acrylate monomer polymerizations20,21. 

The high molar mass mode, the gel polymer, is formed in the emulsion polymerization 

of acrylates by means of intermolecular chain transfer to polymer combined with bimolecular 

termination by combination22–26. This combined mechanism favors the incorporation of the 

largest chains to the gel polymer leading to bimodal molar mass distributions as shown in 

Figure 3.4. The addition of methacrylate comonomers reduces substantially the 

intermolecular chain transfer to polymer because methacrylates do not bear a labile 

hydrogen atom in their structure20. Furthermore, since the reactivity ratio of the methacrylate 

monomers is higher than that of acrylates (i.e. rMMA = 2.12 and rBA = 0.414)27 and the tertiary 

Table 3.2. Properties of the PSA latexes. 

PSA 
Composition 

(%wt monomers) 
dp 

(nm) 
Gel (%)† Swelling†† 

Tg 
(°C) 

Bio 
(%) 

2B.1 
2OA:IBOMA:MAA + CTA*   

(94:5:1 + 0.025*) 
236 69 ± 1 42.9 -36 72 

2C.1 
2OA:IBOMA:MAA + CTA*   

(84:15:1 + 0.025*) 
230 59 ± 0.4 95.1 -26 72 

3A.1 
2OA:PIPEMA:MAA + CTA*   

(94:5:1 + 0.025*) 
233 62 ± 1 45.9 -40 72 

3B.1 
2OA:PIPEMA:MAA + CTA*   

(84:15:1 + 0.025*) 
231 53 ± 2 117 -38 71 

* Weight percent of 2EHTG based on monomer. 

† The fraction of the copolymer that does not dissolve in THF after 24 h of soxhlet 
extraction. 

†† Swelling was calculated for the polymer chains in the high molar mass peak 
measured in the AF4/MALS/RI analysis. Swelling was calculated from the weight 

average molar mass and the z-average radius of gyration using 𝑆𝑤 =
4

3
𝜋𝑅𝑍

3𝜌𝑃𝑜𝑙𝑁𝐴/

𝑀̅𝑊; 𝜌𝑃𝑜𝑙 = 1.1 g/cm3, 𝑁𝐴: Avogadro’s number. The relative error of the Mw and RZ 
measurements used to calculate Swelling is between 13% and 33% and between 5 
and 15%, respectively. 
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methacrylate radical is more stable than the secondary acrylate radical the overall rate of 

intermolecular chain transfer to polymer is reduced substantially as the amount of 

methacrylate monomer is increased. In addition, methacrylate radicals tend to terminate by 

disproportionation reactions,28 and hence, the linking of branched chains producing polymer 

network decreases too. 

Figure 3.4. Molar mass distributions measured by AF4/MALS/RI for the four latexes of this 

chapter. 

The gel contents and the swelling values (for the gel polymer) reported in Table 3.2 

agree with the mechanistic changes occurring when either PIPEMA or IBOMA 

concentrations increase in the formulations. In other words, increasing the amount of 

PIPEMA/IBOMA decreased the amount of gel polymer, and gel polymer was less crosslinked 

(swelling is higher). No noticeable differences were found otherwise in the microstructure of 

the latexes produced with IBOMA and PIPEMA. However, the glass transition temperatures 

were lower when PIPEMA was used instead of IBOMA. The lower Tg of the PIPEMA 

homopolymer explains the differences measured in the Tg´s of the copolymer latexes. 
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3.5.1 Rheological investigations of waterborne PSAs containing 

different hard monomer 

Dynamic rheological experiments were carried out in order to know the effect of the 

hard monomer on the viscoelastic nature of the PSAs of this chapter and its correlation with 

the microstructure discussed above 29–31.  

Figure 3.5 shows the variation of storage and loss modulus (G´ and G´´, respectively) 

and tanδ with frequency at 23 ºC. As can be observed there is not much differences among 

formulations 2B.1, 3A.1 and 3B.1 about G´ and/or G´´, mainly due to their close glass 

transition temperatures (Table 3.2). However, formulation 2C.1 presents the highest value 

of both moduli. The greater Tg provided by IBOMA reinforces the polymer matrix structure 

and the elastic nature, affecting to both the storage and loss modulus32,33. Its solid-like 

behaviour (G´) is clearly influenced by the higher Tg, whereas the viscous part (G´´) is 

additionally influenced by the high soluble molar mass which controls the dissipation of 

energy during the debonding process. A good relationship between the elastic and the 

viscous component can be noted in the dynamic modulus plot (tanδ). In this sense 

formulation 3B.1 (15 wt% of PIPEMA) exhibits a greater dampening effect, because the 

viscous component of the dynamic modulus dominates the material behaviour. This liquid-

like behaviour is promoted as consequence of the low Tg together with a lower insoluble 

molar mass (Figure 3.4), resulting in an improvement of the loss energy. Despite of the lower 

Tg of formulation 3A.1, the higher soluble molar mass of formulation 2C.1 influences on the 

loss modulus, meaning a slightly greater tanδ value. Finally 5 wt% of IBOMA (formulation 

2B.1) led to the lowest tanδ value due to the high contribution of the elastic part. 
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Figure 3.5. (a) Storage modulus (G´), (b) loss modulus (G´´), (c) dynamic modulus (tanδ) 

and (d) tanδ/G´ for 2OA:IBOMA (red marks) and 2OA: PIPEMA (green marks) formulations. 

Measurements made at 23 ºC and 1 Hz. 

Figure 3.5.d shows the ratio tanδ/G´ as a function of the hard monomer percentage 

for each series of formulations. As can be noted 5 wt% of both PIPEMA and IBOMA present 

almost the same tanδ/G´ value because formulation 3A.1 presents a slightly greater value 

of G´ than formulation 2B.1 at the debonding frequency. A decrease of this ratio was 

produced for the formulation 2C.1 because its high contribution of G´ in comparison with G´´. 

On the other hand, the use of 15 wt% of PIPEMA (formulation 3B.1) led to the greatest 

tanδ/G´ value, 23.1 MPa-1, because its high polymer chain mobility allowed a better 

dissipation of the energy along the detachment process; namely, the viscous modulus had 

a higher contribution than the elastic part of the adhesive. 
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Figure 3.6 shows the corresponding viscoelastic window, according with the work of 

Chang34,35, for this set of formulations. In this viscoelastic analysis, no PSA materials can be 

found in quadrant 1 because the high elastic nature of the material and low dissipation ability. 

Quadrant 2 relates to PSAs that exhibit high shear behaviour due to the high storage and 

loss modulus, which are compensated, resulting in a high cohesion. Quadrant 3 belongs to 

easily removable PSA’s usually showing low peel values, whereas quadrant 4 applies to 

very-quick PSA’s, since the low modulus/high dissipation allows a very efficient bonding at 

low temperatures or short contact times. Finally, the central area corresponds to the general 

purpose PSAs where storage and loss modulus present medium values and they are well 

balanced. As it can be observed, all the formulations are located in the area corresponding 

to perform as a well-balanced pressure sensitive adhesive. However, it is worth to mention 

that formulation 2C.1 is a little bit shifted towards the Q2, namely towards a high shear 

behaviour PSA. This fact is attributed to the high Tg of the final polymer which influences 

both the storage and loss modulus as it was discussed above. 

 

Figure 3.6. Viscoelastic window of the latexes of this chapter in the range of frequencies 

from 10-2 rad/s to 102 rad/s at 23 ºC.  
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3.5.2 Adhesive properties of waterborne PSAs containing different hard 

monomer 

The adhesive properties of the latexes of this chapter are presented in Figure 3.7 as 

a function of the hard monomer percentage. As it can be observed the direct substitution of 

IBOMA by PIPEMA led to an increase in tackiness and peel strength together with a high 

reduction of both the holding temperature and the shear resistance (from 6 days for 

formulations 2B.1 and 2C.1 to 58 and 90 min for formulations 3A.1 and 3B.1 respectively). 

The explanation for such behavior is the lower glass transition temperature provided by the 

use of PIPEMA as hard monomer instead of IBOMA. This reduction enhanced the polymer 

chains mobility improving the instantaneous adhesion as well as the dissipation of energy 

during the deformation process, increasing tackiness and work of adhesion 

respectively31,36,37. In addition the MMD´s measured by AF4/MALS/RI as well as the swelling 

degrees suggest that formulations with PIPEMA were slightly less crosslinked than those 

produced with IBOMA and hence the PSA´s were less cohesive. On the other hand, in 

latexes with the same composition but higher concentration of the hard monomer (either 

IBOMA or PIPEMA) the changes in the microstructure (molar mass and crosslinking density) 

together with the glass transition temperature have counteracting effects. For instance, when 

IBOMA is increased from 5 wt% to 15 wt% the gel content decreases around 10% improving 

chain mobility, but also the glass transition temperature increases in 10 °C reinforcing 

cohesion. This fact yields in a complex coupling system in which the glass transition 

temperature has a more remarkable effect. It is worth pointing out that no rest of adhesive 

was observed on the substrate surface in any of the formulations produced, indicating 

adhesive failure, which is the desired one for most of applications. 
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Figure 3.7. The effect of hard monomer type and percentage on the (a) SAFT tests, (b)  peel  

strength, (c) loop tack and (d) work of adhesion of the PSA tapes for 2OA:IBOMA (red marks) 

and 2OA:PIPEMA formulations (green marks). 

Figure 3.8 shows probe tack curves for these formulations. The incorporation of 

PIPEMA improves substantially the flexibility of the fibers formed during the fibrillation 

process maintaining enough rigidity, which means that they break at higher strain values38. 

The incorporation of 5 wt% of PIPEMA provided longer fibrillation in comparison with 

formulations 2B.1 (IBOMA 5 wt%) and 2C.1 (IBOMA 15 wt%). This proofs that the PIPEMA 

monomer contributes to a good balance between Tg and crosslinking degree, controlling the 

fluidity and hardness of the molecular chains. Moreover intermolecular forces should not be 

discarded during the fibrillation process when PIPEMA is used, since similar values of the 
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stress in the plateau were observed for different glass transition temperatures (formulations 

2C.1 and 3A.1). In this sense, π-π stacking of the benzyl group could contribute to the 

stiffness of the fibers and grants flexibility to the polymer chains39. A more liquid-like behavior 

is noted for formulation 3B.1 (PIPEMA 15 wt%) because of the lower gel content, leading to 

a decrease of the stress peak at low strain values, in comparison with formulation 2C.1, and 

to longer fibrillation plateau without affecting to the fibers cohesiveness. 

 

Figure 3.8. Probe tack tests for 2OA:IBOMA (red lines) and 2OA: PIPEMA (green lines) 

formulations. 

These results are in agreement with the rheological investigations presented above. 

Furthermore, a good relationship between the shape of the probe tack curve and the 

dynamic modulus and the ratio tanδ/G´ can be stablished.  
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3.6 Effect of the UV-light irradiation time 

Benzodioxole derivatives are widely used as coinitiators in radical polymerizations 

via UV-light through hydrogen donation1–3. Moreover, it is also well known that the active 

hydrogen between two alkoxyl groups in cyclic acetals can be abstracted as a radical under 

photolytic conditions40–42. Those cyclic acetal radicals generated are rearranged rapidly by 

β-scission forming the corresponding ester radicals, which are able to initiate the 

polymerization of vinyl compounds as well as to react each other. Scheme 3.4 shows the 

photochemical rearrangement mechanism, proposed by Elad and Youssefyeh, for 1,3-

Dioxolane compounds43.  

Scheme 3.4. Photochemical rearrangement mechanism of 1,3-Dioxolane compounds, 

proposed by Elad and Youssefyeh, and their corresponding reactions  

 

Therefore, it could be assumed that in the copolymers containing piperonyl 

derivatives, a crosslinking reaction may be promoted after UV treatment as shown in 

Scheme 3.5. 
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Scheme 3.5. Proposed photoreaction mechanism for adhesive films containing PIPEMA 

 

To corroborate this hypothesis, first, the UV absorption spectra of both PIPEMA and 

latex with formulation 3B.1 (containing 15 wt% of PIPEMA) were analyzed, confirming that 

the latex absorbed UV in the same range than PIPEMA, at about 254 nm. Figure 3.9 presents 

the absorption spectra of pure PIPEMA monomer and the absorption of formulation 3B.1. 

Next, adhesive films were irradiated with UV-light at 254 nm over time, and the ability to 

crosslink the PSA film was determined by swelling measurements. Figure 3.10 shows that 

swelling decreased as irradiation time increased for formulation 3B.1, whereas it was 

maintained constant when formulation 2C.1 (without PIPEMA) was irradiated. This clearly 

indicates the formation of a more crosslinked polymer film.  
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Figure 3.9. UV spectra of PIPEMA (5 x 10-5 g/L, dashed line) and latex 3B.1 (4 x 10-6 g/L, 

continuous line) in hexane and water, respectively. 

 

Figure 3.10. Evolution of swelling ratio (measured in THF) for formulation 3B.1 

(2OA:PIPEMA 84:15; green circles) and formulation 2C.1 (2OA:IBOMA 84:15; red squares) 

cured at different irradiation times using a UV-light at 254 nm of wavelength. 

To shed light on the crosslinking process, solid state 13C NMR measurements of the 

cured samples were performed. Figure 3.11 shows, as representative example, the 13C NMR 

spectra of the PSA film (formulation 3B.1) at irradiation times of 30, 60 and 120 minutes. As 
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it can be seen, increasing the irradiation time the intensity of the peak at about 173 ppm 

(corresponding to the carbonyl of the ester produced after the β-scission; see Scheme 3.4) 

increased. Note that the reference peak around 70 ppm corresponds to the -O-CH2- group 

of the alkyl chains. This observation of the changes on the chemical structure together with 

the decrease of the swelling of the films (increasing crosslinking density) proofs the 

crosslinking reactions occurring in the film under UV irradiation as proposed in Scheme 3.5. 

 

Figure 3.11. Solid state 13C NMR spectra of formulation 3B.1 (2OA:PIPEMA 84:15) at 

different UV exposure times: a) no exposure, b) 30 min, c) 60 min and d) 120 min. 

Measurements were carried out at 310K. 

a) Formulation 3B.1

b) Formulation 3B.1 + 30min UV

c) Formulation 3B.1 + 60min UV

d) Formulation 3B.1 + 120min UV

+

+
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The creation of covalent crosslinking points among molecular chains can also be 

detected by the NMR spin-lattice relaxation measurements, T1. In this regard, the evolution 

of T1 for the carbons corresponding to the backbone chain (CH2) was monitored by solid 

state 13C NMR. Figure 3.12 shows the evolution of T1, for formulation 3B.1 cured at different 

irradiation times. The higher T1 values with increasing irradiation indicated the formation of 

more crosslinked structures that reduced the motion of the polymer chains. This result further 

proofs the mechanism proposed in Scheme 3.5. 

 

Figure 3.12. 13C NMR T1 relaxation parameter as a function of the irradiation time for 

formulation 3B.1 (2OA:PIPEMA 84:15). T1 was calculated by fitting the decay of the intensity 

of the -CH2- carbons to I[t]=I[0](1-exp(-t/T1)). 

3.6.1 Rheological investigations of UV-tunable waterborne PSA 

containing PIPEMA 

Once the ability of the PIPEMA containing PSA films to cure under UV-light was 

demonstrated, linear rheological measurements of films of latex 3B.1 irradiated at 254 nm 

during 15, 30, 60 and 120 min were performed. It is worthy pointing out that, above 60 min 

of irradiation, films become yellowish likely due to the high generation of conjugate structures 

between the phenolic rings during the photoreaction process44. 
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The augmentation of the crosslinking degree via UV-light led to an increase of the 

storage modulus (G´), which enhanced the elastic part of the adhesive and reduced its 

energy dissipation capability45. Figure 3.14 shows the evolution of both the storage modulus 

and tanδ/G´ value at the debonding frequency during the irradiation time. There was a slight 

increase of G´ for those films cured at 15 and 30 min, not showing relevant differences 

between them due to the short period of irradiation. As consequence, the energy dissipation 

at the interface suffered a small decrease. However, for those films cured at 60 and 120 min 

the storage modulus stepped up in a more accused way, which yielded a more constrained 

polymer network as it was previously observed in the evolution of the swelling ratio (Figure 

3.10) and the T1 (Figure 3.12). This promoted the capability to absorb energy, namely the 

solid-like behavior of the adhesive and, hence, the reduction of the tanδ/G´ value.  

 

Figure 3.14. Evolution of (a) storage modulus (G´) and (b) tanδ/G´ value and for formulation 

3B.1 (2OA:PIPEMA 88:15) cured at different irradiation times using 254 nm of wavelength. 

3.6.2 Adhesive properties of UV-tunable waterborne PSA containing 

PIPEMA   

Table 3.3 summarizes the adhesion properties of those films at different irradiation 
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resistance and SAFT increased substantially, which can be considered as a typical 

behaviour of a PSA when the crosslinking density increases.  However, it is important to 

remark that 15 min of curing did not noticeable reduce peel and loop tack, but it was enough 

to increase more than 50 times the shear resistance and around 40 ºC the holding 

temperature. 

 

More information about the evolution of the adhesive performance with irradiation 

time is given by the probe tack curves (Figure 3.15). Only 15 min of UV-light promoted a 

major resistance of the polymer fibers, yielding a higher fibrillation plateau, but also a broader 

stress peak at low strain values. This behavior in which both the stress of the plateau and 

the strain before breaking the fibrils increased corresponds to an increased degree of 

crosslinking of the polymer chains that enhanced cohesiveness of the polymer fibrils 

(stiffness). 30 min of irradiation time did not produce changes in the length of the fibrillation 

plateau, but led to an increase of the broadness of the stress peak as well as its maximum 

value in comparison with the untreated film. The increase of the rigidity of the formed fibers 

after the cavitation process is closely related with the observed reduction of tackiness and, 

furthermore, the improved shear resistance. By irradiating for longer times, the fibrillation 

Table 3. Properties of PSA tapes with the formulation 3B.1 (2OA:PIPEMA 88:15) cured 

at different irradiation times at 254 nm of wavelength. 

PSA 
Peel 

(N/25mm) 
Loop tack 
(N/25mm) 

WA 
(J/m2) 

Shear resistance 
(min) 

SAFT 
(°C) 

3B.1 7.9 ± 0.7 10 ± 1 197 ± 32 90 ± 10 64 ± 5 

3B.1+15minUV 6.9 ± 0.2 10.4 ± 0.4 156 ± 19 5000 ± 200 105 ± 6 

3B.1+30minUV 5.8 ± 0.4 7.1 ± 0.5 125 ± 9 29000 ± 500 136 ± 3 

3B.1+60minUV 4.5 ± 0.5 4.5 ± 0.4 72 ± 9 > 35000 140 ± 5 

3B.1+120minUV 4.6 ± 0.9 3.9 ± 0.7 67 ± 15 > 35000 145 ± 3 
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plateau decreased substantially as a consequence of the higher crosslinked network, which 

is in agreement with the rheological results presented in Figure 3.14. 

  

Figure 3.15. Probe tack tests for formulation 3B.1 (2OA:PIPEMA 88:15) cured at different 

irradiation times using 254 nm of wavelength. 

3.7 Comparison of microstructure and adhesive performance with an 

oil-based waterborne PSA. 

 Keeping in mind the conflict of interest of this chapter and considering the potential 

viscoelastic properties of the biobased composition containing the highest amount of 

PIPEMA (formulation 3B.1), a comparison with the oil-based waterborne PSA (2Ref), which 

was showed in the previous chapter, was carried out. As shown in Table 3.4, the pure oil-

based latex provided a lower glass transition temperature because of the presence of 2-

Ethylhexyl acrylate (2EHA) but similar gel content than formulation 3B.1.  

The adhesive properties of the biobased PSA 3B.1 irradiated during 15 min, which 

showed a well-balanced viscoelastic behaviour, were compared with the pure oil-based 

PSA. As it can be observed both compositions showed similar 180º peel strength values 
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(Figure 3.16.a). Nevertheless, the biobased PSA presented two times higher initial adhesion 

and a greater work of adhesion, likely because benzodioxole units allow the separation 

among polymer chains and, thereby, an increasing of the dissipation energy along the 

debonding process. In addition, the creation of few conjugated structures due to the  short 

UV-light irradiation time made possible to overcome in 35ºC the holding temperature and 

reaching a 25 times higher shear resistance value in comparison with petroleum-based 

formulation (Figure 3.16.b). 

 

Figure 3.16. Comparison of (a) 180º Peel strength and loop tack and (b) Shear resistance 

and holding temperature between formulation 3B.1+15minUV (in green) and formulation 

2Ref (in black). 
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Table 3.4. Characteristics of the latexes synthesized with oil-based monomers (2Ref)46 

and that obtained by substitution of the oil-based monomers by the biobased monomers 

of this chapter (3B.1). 

PSA Composition  dp (nm)  Gel (%)  Tg (°C)  Bio (%)  

2Ref** 2EHA:MMA:AA   (84:15:1)  294  52 ± 0.1  -49  0  

3B.1 
2OA:PIPEMA:MAA + CTA*   

(84:15:1 + 0.025*) 
231  53 ± 2  -38 72  

CTA*: Weight percent based on monomer. 

Ref**: non-biobased formulation. From ref.46 
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Probe tack curves revealed that the use of 2EHA in the commercial tape (2Ref) 

provided a higher viscous behavior as it is showed in Figure 3.17.a. Nonetheless, its fibrils 

support less stress than those belonging to the biobased formulation (3B.1+15minUV). In 

this context, the use of benzodioxole moieties together with a slightly crosslinked polymer 

network promoted the energy storage of the material, but also ensured its good release, 

which is an indication of flexible and enough stiff adhesive fibers. Proof of this, is the energy 

dissipation at the interface adhesive-substrate (tanδ/G´), which was two times higher for the 

PSA with 71% of bio-content polymer (Figure 3.17.b). 

 

Figure 3.17. Comparison of (a) probe tack curves and (b) tanδ/G´ values between 

formulation 3B.1+15minUV (green line and circle) and formulation 2Ref (black line and 

circle). 
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adhesive performance. It was found that the incorporation of PIPEMA, specifically 15 wt%, 
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provided a better viscous behavior of the adhesive fibers, maintaining enough stiffness and 

yielding the maximum dissipation energy value. Furthermore, the benzodioxol structures 

present in the piperonyl functionality allowed tuning the adhesive performance (increasing 

shear resistance and SAFT without substantially damaging adhesion) when the adhesives 

are UV irradiated. Both rheological studies and nuclear magnetic resonance studies 

corroborated the photocrosslinking reaction mechanism proposed and, hence, the formation 

of a crosslinked network via generation of conjugated structures. Notably, 15 min of UV-light 

curing provided the best balance of adhesive properties, overcoming the performance of a 

pure oil-based PSA and, therefore, solving the conflict between bio-content degree and 

adhesive efficiency.  
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4.1 Introduction 

In Chapter 1, waterborne pressure sensitive adhesives (PSAs) were introduced as 

materials forming part of our daily consuming goods such as tapes, note pads and labels for 

paper derivative products, stainless steel, glass, PP and PET bottles or even skin1,2. However, 

due to the growing environmental concerns, recycling processes of those materials containing 

even small amounts of this kind of adhesives is becoming more and more important3. In this 

context, the development of pressure-sensitive adhesives that would easily remove under 

mild conditions when applied in recyclable substrates (e.g., glass bottles) would make this 

process more sustainable than the current technologies that required high temperatures, 

aggressive solutions and in some applications solvents or harsh reagents4–6.  This need has 

made academia and industry to seek for clean adhesion-switching-off technologies, while 

ensuring a good performance of the waterborne PSA.  

A commonly employed chemical strategy is the use of water/alkali-soluble tackifiers. 

They are low molar mass polymers mainly composed by ethoxylated alkyl phenols and linear 

glycols or (meth)acrylate copolymers containing elevated amounts of carboxyl groups. These 

resins are added to the adhesive formulation making it removable under water (cold or hot) 

and/or alkali conditions7–14. However, large amounts (20-70 wt%) are needed and, under high 

humidity conditions, tackifier is able to migrate from the adhesive to the adjacent substrate15. 

Among the different kind of resins, a synthetic hygroscopic family based on 

Polyethyloxazoline has been commercialized with the name of Aquazol16. When between 50 

wt% and 70 wt% of this type of resin is incorporated in adhesive formulations for paper 

applications a quick removability has been claimed17. 

Another alternative to alkali soluble resins (tackifiers) is the use of water-soluble 

polymers such as polyvinyl alcohol, polyvinyl methyl ether, polyethyleneamine, 

polyethyleneimine, polyvinyl pirrolidone, polyacrylamide derivatives, hydroxyl ethyl cellulose 
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or carboxymethyl cellulose derivatives18–23. These polymers act as stabilizers during the 

emulsion polymerization process, using at different quantities depending on the ratio 

performance/water sensitivity desired. As example, polyvinyl methyl ether has been used in 

the range 0.5% to 95%, or carboxymethyl cellulose from about 0.1% to 30%. It is worth to 

mention that cellulose derivatives has been mostly employed on skin adhesive applications 

because of their chemical affinity as well as their biocompatibility. 

In the context of solventborne PSAs, 3M Company has patented water-soluble 

pressure sensitive adhesives containing N-Vinyl caprolactam homopolymers (NVC), N-Vinyl 

pyrrolidone copolymers (NVP) and mixtures thereof for their application in skin bandages24,25. 

Water-removable PSAs have been also produced by the use of hydrophilic macromonomers 

based on hydroxyalkyl structures (e.g., HEMA derivatives), but it requires a minimum of 15 

wt% of these macromonomers and the presence of solvents such as ethyl acetate or isopropyl 

alcohol for the polymerization process15,26. 

In the previous chapters, the production of biobased waterborne PSAs using both 

commercial and synthetic monomers was explored, assessed and modified aiming to ensure 

a good performance at the maximum bio-content degree. Nevertheless, considering the 

recyclability issues, renewable building blocks having the potential to increase both 

performance and removability in the final formulation are needed in order to provide products 

capable to be industrially implemented.   

One of the most promising renewable building blocks because of its simple structure 

and easy functionalization is isosorbide (1,4:3,6-Dianhydrohexitol). Isosorbide is a chiral 

renewable diol industrially produced from de double dehydratation of D-Sorbitol, which comes 

from the catalytic hydrogenation of D-Glucose (Scheme 4.1). It is noteworthy that glucose is 

an easily accessible starting material mostly obtained from the hydrolysis of starch, as 

feedstock source27. The global isosorbide market is expected to reach USD 703.1 million by 

2025, exhibiting a compound annual growth rate (CAGR) of 8.5% over the forecast period 
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(2014-2025)28. In this context, Roquette is the largest producer of isosorbide, which is present 

across the value chain and is engaged in the production of starch, isosorbide, as well as 

biopolymers (Polysorb®). This V-shaped bicyclic structure presenting two non-equivalent 

secondary hydroxyl groups has been widely used and modified as building block in the last 

few years for thermoset29–31, thermoplastic32, adhesive33–35 or dental restorative36 

applications. 

Accordingly, the present chapter will be focused in the development of high 

performance adhesives with the capability to be removed in water at short times. To reach 

this goal, a non-explored synthetic pathway for the production of a mixture of isosorbide 

methacrylate derivatives and its purification is presented. Next the analysis of its 

homopolymer is studied. Furthermore, its use as hard monomer in waterborne PSAs was 

evaluated in terms of microstructure, adhesion properties and removability by water 

treatment. Finally, its incorporation in small amounts (1 wt%) as (un)purified monomer on two 

biobased PSA systems was deeply investigated as well as their adhesion switching-off (or 

easy removability) in water. 
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Scheme 4.1. Main synthetic pathway for the isosorbide production and its polymer 

derivatives. 
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4.2 Experimental 

Biobased 2-Octyl acrylate (2OA) was kindly supplied by Arkema (France), and both 

isobornyl methacrylate (Visiomer® Terra IBOMA) and isobornyl acrylate (Visiomer® Terra 

IBOA) were kindly supplied by Evonik Industries (Essen, Germany). Acrylic and methacrylic 

acid (AA, MAA), 2-Ethylhexyl thioglycolate (2EHTG), 1-Butanethiol (1BuSH) and potassium 

persulfate (KPS) were purchased from Sigma-Aldrich (Saint-Louis, MO, USA). 2,2´-Azobis(2-

methylpropionitrile) (AIBN,initiator), methacrylic anhydride (MAAn, 94% inhibitor 2000 ppm of 

topanol A), 4-(Dimethylamino)pyridine (DMAP, 99%), magnesium sulfate (MgSO4) and 

sodium bicarbonate (NaHCO3) were purchased from Sigma-Aldrich (Saint-Louis, MO, USA). 

Isosorbide (98%), toluene, dichloromethane, hexane and ethyl acetate (99+%) were 

purchased from Fisher Scientific. Dowfax2A1 (Alkyldiphenyloxide Disulfonate) was kindly 

provided by Dow Chemical (Midland, Michigan, USA). All reagents were used without further 

purification. 

4.2.1 Synthesis of isosorbide methacrylate derivatives (ISOMAraw) and 

its purification (ISOMA) 

Isosorbide (30 g, 0.205 mol) and DMAP (2.51g, 0.021 mol) were partially dissolved in 

250 mL of dichloromethane in a 500 mL round bottom flask equipped with stirrer and dropping 

funnel. The mixture was stirred at room temperature at a rate of 500 rpm for 20 min. Then it 

was cooled down to 0ºC (ice-bath) and MAAn (21.1 g, 0.137 mol) was added dropwise for 1 

hour. The mixture was stirred overnight. The yellowish solution was quenched with NaHCO3 

solution (1M, 100 mL) and then extracted with NaHCO3 solution (1M, 2 x 50 mL), distilled 

water (3 x 50 mL) and washed with brine (3 x 50 mL). The combined organic layers were 

dried over MgSO4, filtered and evaporated under reduced pressure yielding in a yellowish oil 

(ISOMAraw). ISOMAraw is the mixture of both monomethacrylic and dimethacrylic isosorbide 
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in a molar ratio 4:1. The further purification by column chromatography (SiO2) using as eluent 

hexane/ethyl acetate (6:4 v/v) allows the isolation of the monomethacrylic monomer (ISOMA) 

as a colorless oil. The yields were 56% (ISOMAraw) and 35% (ISOMA), respectively. 

4.2.2 Solution homopolymerization of isosorbide 5-methacrylate 

(ISOMA) 

(Poly)isosorbide methacrylate (PolyISOMA) was obtained by solution polymerization. 

For its preparation, 1g of monomer was dissolved in 4g of toluene in a 25 mL volume round 

bottom flask equipped with a magnetic bar. The reaction was carried out at 70ºC along 5 

hours under nitrogen atmosphere using AIBN (1 wbm %) as initiator. Along the reaction, a 

white insoluble solid in toluene was obtained. The solid was filtered off, washed with toluene 

and dried under reduced pressure. 

4.2.3 Emulsion polymerization 

All the latexes were produced via starved-feed seeded semibatch emulsion 

polymerization using the same procedure than in chapter 2. The polymerization process 

included the loading of the seed and a small amount of monomers in the reactor, feeding of 

a pre-emulsion of monomer during 3 h and a final post-polymerization step of 1 h to fully react 

the remaining monomers. Reactions were performed at 70ºC and 200 rpm, being 50 wt% the 

final solids content. The general polymerization formulation is shown in Table 4.1. 
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4.2.3 Characterization 

 Particle size was analyzed by dynamic light scattering (DLS) and conversion was 

determined gravimetrically. Gel fraction (or insoluble fraction of the copolymer in THF) was 

measured by Soxhlet extraction. 

The molar mass distribution of the soluble fraction in THF was determined by both size 

exclusion chromatography (SEC) at 35°C and asymmetric flow field-flow-fractionation (AF4) 

(Eclipse 3) in combination with a multiangle light scattering (MALS, Dawn Heleos II) and a 

refractive index detector (RI, Optilab Rex). AF4 flow was controlled by Eclipse 3 AF4 

Separation System controller (the whole setup from Wyatt Technology). During the separation 

along the channel in the AF4, the detector-flow was kept constant at 1 mL/min. On the other 

hand the cross-flow was exponentially decreased from 3 mL/min to 0.05 mL/min except for 

the Latex 2C.1 where the cross-flow was decreased in a linear mode from 3 mL/min to 0.05 

mL/min  

Table 4.1. Materials and percentages employed in the synthesis of the latexes. 

Materials wbm %* Amount (g)  

Seed 2OA/IBOA/AA  24.10 

Low Tg monomer 2OA 84 38.96 

High Tg monomers 
IBOMA 

PIPEMA 
ISOMAraw 

14-15 6.50-6.96 

Functional monomers 
MAA 

ISOMAraw 
ISOMA 

1 0.46 

Chain transfer agent  2EHTG 
1BuSH 

0.025-0.05 
0.075 

0.0116-0.0232 
0.0348 

Emulsifier Dowfax2A1 1 1.031 

Initiator KPS 0.25 0.116 

Continuous phase Water  28.60 

*weight % based on total monomer content.  
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The glass transition temperature (Tg) was determined by differential scanning 

calorimetry (DSC, Q1000, TA Instruments) using the same conditions than in chapter 2. 

The film preparation, the evaluation as PSA and the dynamic mechanical analysis 

(DMA) were performed using the same conditions and procedures than in chapter 2.  

Liquid-state Proton Nuclear Magnetic Resonance (1H NMR) was recorded on a Bruker 

400 MHz equipment.  

4.2.4 Removability studies 

The removability studies were performed at room temperature and at 65 ºC in water. 

For that purpose, peel test was carried out using glass as substrate. The adhesive tapes were 

attached to the substrate and they were submerged into water. Four samples were tested for 

each formulation and the average values were reported before and after being submerged in 

water. 

4.3 Synthesis of isosorbide methacrylate derivatives (ISOMAraw) and 

its purification (ISOMA) 

Isosorbide is a chiral bicyclic structure presenting two secondary hydroxyl groups at 

C2 and C5 sites, usually called exo and endo positions, respectively37,38. This chirality 

together with the V-shaped like structure gives reactivity differences depending on the 

material used for its functionalization, since endo-OH and exo-OH have different molecular 

environments29,31,39,40. Although endo-OH is more sterically hindered due to the bicyclic 

conformation, it is also more nucleophilic because of the intramolecular hydrogen bonding 

with the oxygen of the opposite tetrahydrofuran ring (Figure 4.1). In addition, numerous 

studies have been carried out about the reactivity of this alcohol, which can be promoted with 

the use of catalysts30,32,35,36. There are only few works describing the monomethacrylation of 
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isosorbide in the endo position. In the open literature, both a five-step method and an 

enzymatic method for the synthesis of isosorbide 5-methacrylate have been reported41,42, 

while there are patents in which regioisomeric mixtures of monomethacrylates have been 

synthesized43,44. 

 

Figure 4.1. Structure of isosorbide. 

For the synthesis of isosorbide 5-methacrylate, methacrylic anhydride together with 

small amounts of a nucleophilic catalyst were used in order to promote the electrophilicity of 

the carbonyl group of the anhydride and thus the attack by the endo-alcohol. The use of 

dichloromethane as solvent could prevent the undesired cleavage of the anhydride yielding 

methacrylic acid31. Scheme 4.2 shows the reaction pathway to produce isosorbide 5-

methacrylate (ISOMA). 

Scheme 4.2. Synthesis of ISOMAraw and ISOMA from isosorbide and MAAn. 

 

As described in the experimental section, 1.5 equivalents of this sugar were used in 

order to minimize the dimethacrylate counterpart, which is produced in the later stage of the 
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reaction by the alcohol at C2 position (exo-OH). After this first stage a yellowish oil 

(ISOMAraw) was obtained with a yield of 56%, being the mixture of both monomethacrylate 

and dimethacrylate isosorbide in a molar relation 4:1, calculated by 1H NMR. This product can 

be used as raw material in adhesive formulations or could be purified by column 

chromatography using a mixture of hexane and ethyl acetate (6:4) as eluent. Figure 4.2 (a) 

shows the 1H NMR spectrum of ISOMAraw in chloroform-d1, observing the monomethacrylate 

isosorbide as major product. Proof of this is the multiplet at 4.3 ppm corresponding to the 

proton at the position C2 of the bicyclic, this is the one next to the free OH group. 

Figure 4.2. 1H NMR spectra in chloroform-d1 of (a) ISOMAraw, (b) isosorbide dimethacrylate 

and (c) isosorbide 5-methacrylate. Note that the spectra are showed in order of the 

chromatographic column elution time. 
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The subsequent purification allowed to separate the dimethacrylate product (Figure 

4.2.b) and then the monomethacrylate one (Figure 4.2.c) as a colorless oil (ISOMA) with a 

final yield of 35% and a bio-content of 60%. However, small signals were detected around 5.7 

and 6.3 ppm in both fractions, corresponding to the (meth)acrylic units chemical shift. This is 

indicative of the formation, in a small quantity, of the exo-methacrylate (Isosorbide 2-

methacrylate) which has a lower presence (<1%) in the final product. 

The monomer mixture based on mono and dimethacrylate isosorbide has two different 

functional groups: a methacrylic group, susceptible to be polymerized via free radical and a 

hydroxyl group giving cohesion and water-affinity (Scheme 4.3). 

Scheme 4.3. Synthetic biobased monomer mixture used in this chapter and its bio-content, 

where the green part belongs to the carbon structure coming from the nature. 
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methacrylate was performed using toluene as solvent and AIBN as thermal initiator. A white 
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99% (calculated by 1H NMR integration). 
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Figure 4.3. 1H NMR spectra in DMSO-d6 of (Poly)isosorbide 5-methacrylate (PolyISOMA). 

Differential scanning calorimetry provided the thermal transition of polyISOMA (Figure 

4.4), which presents a glass transition temperature around 80 ºC because of the pendant 

hetero-bicyclic structure, being able to play the role of hard monomer in PSA formulations. It 

is worthy to mention that a Tg of 140 ºC has been reported for the homopolymer of isosorbide 

dimethacrylate31. This value is related with both the absence of flexibility of the molecule and 

the high crosslinking density limiting the molecular motions45.  

 

Figure 4.4. DSC curve of polyISOMA at a heating rate of 20 ºC/min. 
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4.5 Waterborne PSAs using ISOMAraw and ISOMA as hard monomer: 

Comparison with IBOMA and PIPEMA 

Aiming to investigate the effect of the hard monomer nature on the performance of the 

waterborne biobased PSAs, a comparison study of PSAs produced from latex formulations 

having IBOMA ( 2C.1 from Chapter 2), PIPEMA (3B.1 from Chapter 3) and ISOMAraw was 

carried out. Table 4.2 summarizes the compositions of the latexes synthesized as well as 

their main properties including average particle size (dp), gel content, the soluble weight 

average molar mass (Mw), dispersity index (Đ) and Tg of the copolymer. 

It is worth to mention that a formulation with 15 wt% of ISOMA (isosorbide 5-

methacrylate) was also attempted, but the system started to be unstable at 30-60 min of 

reaction (aggregation of particles) yielding a large amount of coagulum at the end of the 

process. Figure 4.5 shows the average particle size evolution during the synthesis of the 

latexes containing ISOMA or ISOMAraw in their formulation. The higher water solubility of 

ISOMA led to the formation of aqueous soluble polymer chains at the beginning of the feeding 

process. Those species, in addition to increasing the viscosity of the aqueous phase, promote 

inter particle interactions (by hydrogen bonding) leading to bridging flocculation and 

coagulation46–50. This scenario was not observed for ISOMAraw since the presence of 

dimethacrylate units provide enough hydrophobicity to avoid water-soluble polymer species 

Table 4.2. Summary and characteristic of PSA latexes containing different kind of hard 

monomer. 

PSA 
Composition 

(%wt monomers) 
Dp 

(nm) 
Gel 
 (%) 

Mw  
(kDa) 

Đ 
Tg 

(°C) 
Bio 
(%) 

2C.1 
2OA:IBOMA:MAA + CTA*   

(84:15:1 + 0.025*) 
230 59 ± 0.4 313 ± 4 3.7 -26 72 

3B.1 
2OA:PIPEMA:MAA + CTA*   

(84:15:1 + 0.025*) 
231 53 ± 2 300 ± 1 3.9 -38 71 

4A.1 
2OA:ISOMAraw:MAA + CTA*   

(84:15:1 + 0.025*) 
230 83 ± 0.1 191 ± 1 4 -34 71 

*Weight percent of 2EHTG based on monomer. 
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and, hence, the coagulation. A remarkable difference in the microstructure of the formulation 

4A.1 (with ISOMAraw) is the substantially higher gel content produced (83% vs 53-59%). This 

was expected because of the presence of around 3 wt% (with respect to the whole monomer 

in the formulation) of the dimethacrylate species in the ISOMAraw. 

 

Figure 4.5. Theoretical and experimental average particle size evolution measured by DLS 

in the synthesis of latexes contaning 15 wt% of either ISOMA (red diamonds) or ISOMAraw 

(green circles) as hard monomer. 

The adhesive properties of these formulations are presented in Table 4.3. As it was 

described in the previous chapter, when PIPEMA was used in the formulation a lower gel 

content copolymer with a lower glass transition temperature was produced, which enhanced 

the polymer fluidity and thus increased tackiness and peel strength and reduced both shear 

resistance and holding temperature. The use of ISOMAraw in formulation 4A.1 led to a 

material with poor tack presenting very low values of both peel strength and loop tack. The 

explanation for such elastic behavior is the high crosslinking density, which reduced the 

polymer chain motion, affecting the work of adhesion and increasing both the holding 

temperature (200 ºC) and shear resistance (>7 days). 
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The lack of tackiness of formulation 4A.1 is well reflected in the probe tack curve shape 

presented in Figure 4.6, which corresponds to a material with a remarkable solid-like behavior. 

This highly crosslinked polymer network led to an increase of the stress peak at low strain 

values followed by a fast breakage without the observation of fibrillation process, yielding in 

a “brittle” fracture51–53. On the other hand, the increase of the viscous behavior because of 

the gel content reduction in formulations 2C.1 and 3B.1 promoted the fibrils formation and, 

hence, the release of energy through them during the debonding process. This was deeply 

discussed in the previous chapters. 

 

Figure 4.6. Probe tack curves for formulations containing different kind of hard monomer. 
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Table 4.3.  Adhesive properties of PSA tapes with the formulation 2OA: Hard monomer: 

MAA + CTA* (84:15:1 + 0.025 wbm%). 

PSA 
Peel 

(N/25mm) 
Loop tack 
(N/25mm) 

WA 
 (J/m2) 

Shear 
resistance 

(min) 

SAFT 
(°C) 

2C.1 (IBOMA) 6.7 ± 0.7 7.7 ± 0.3 139 ± 14 8640 133 ± 1 

3B.1 (PIPEMA) 7.9 ± 0.7 10 ± 1     197 ± 32 90 ± 10 64 ± 5 

4A.1 (ISOMAraw) 3 ± 1 0.6 ± 0.2 8 ± 2 >10080 200 

CTA*: 2EHTG 
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4.6 Removability studies in water 

It is well known that the hydrophilicity of a monomer can promote its incorporation on 

the surface of the polymer particles in emulsion polymerization processes54,55. Concerning 

this, the free hydroxyl group of the isosorbide derivative monomer could allow its incorporation 

on the surface of the growing particles. This strategy could improve the adhesion properties 

of the tape on glass substrates as well as its removability in water. 

Scheme 4.4 illustrates this process, in which part of the OH groups of the particle 

would be directed towards the outside (air-adhesive interlayer) after the drying process, 

during the film formation. Those free hydroxyl groups may interact with silanol groups via 

hydrogen bonding improving mechanical properties, but it could also increase the sensitivity 

to water (interaction with water could lead to this non-covalent bond breakage). In order to 

proof this, 180º peel strength measurements on glass substrates before and after water 

treatment were performed. For that, the attached adhesive tapes were submerged into water 

at room temperature and the force needed to detach them was measured at different 

immersion times. 

Scheme 4.4. Disposition of the OH groups of the particles surface after the drying process 

and their interaction with the glass substrate. 

 

Figure 4.7 shows the peel test results for the formulations of this section. As it can be 

observed the adhesion properties of those tapes containing IBOMA or PIPEMA in their 

formulation did not suffer a relevant change after 1 hour of water treatment, but the peel 
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resistance substantially reduced after 3 hours of immersion. In addition, formulation 2C.1 

displays higher force values than formulation 3B.1 on glass substrates, which was not the 

case on stainless steel (Table 4.3). These results are related with the hydrophilic/hydrophobic 

nature of the adhesive but also with the differences in the surface energy between the 

adhesive layer and the substrate and how polymer chains can be adapted to the surface 

imperfections (cracks and holes)1,56. On one hand, it is well know that the pendant isobornyl 

group of IBOMA increases the space among the polymer chains leading to an increase of 

their flexibility, enhancing the penetration through the cracks and holes and, thus, improving 

the adhesion57, which is more pronounced for glass because of its higher surface energy. On 

the other hand, aromatic interactions of PIPEMA (formulation 3B.1) would have a great effect 

for stainless steel substrates, due to the chemical affinity in hydrophobic systems58, but not 

on glass surfaces, where polar moieties such as carboxylic, hydroxyl, or amino groups would 

be needed. This situation was observed for formulation 4A.1, that showed a remarkable 

increase of peel strength (from 3 ± 1 in steel to 7.6 ± 0.2 N/25 mm in glass). The free hydroxyl 

groups of ISOMA interact via hydrogen bonding with the silanol groups of the glass (Scheme 

4.4) enhancing the adhesiveness and, therefore, the force needed for the detachment. 

Moreover, the hydrophilicity of this adhesive film promoted its removability in water, reducing 

the peel strength in almost three times after 10 min and getting a complete removal in 20 min. 
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Figure 4.7. Evaluation of 180º peel strength at different times of water treatment at room 

temperature on glass of PSA tapes with the formulation 2OA: Hard monomer: MAA + CTA* 

(84:15:1 + 0.025 wbm%). 

4.7 Incorporation of ISOMAraw/ISOMA as functional monomer in 

waterborne PSAs with IBOMA as hard monomer 

In view of the effects of ISOMA (monomethacrylate) and ISOMAraw (mixture of mono 

and dimethacrylate) on the polymerization and the performance of the adhesives and its 

removability in water, it was considered to use them in the formulation of waterborne 

adhesives at lower percentages, namely, as functional monomer rather than as hard 

monomer. Thus, ISOMAraw or ISOMA monomers were incorporated in compositions 2C.1 

and 3B.1 (see below) with the goal to enhance both the removability of the adhesive tapes 

and their performance. 

Table 4.4 summarizes the latexes synthesized for this purpose as well as their main 

properties including particle size (dp), gel content (measured by soxhlet extraction), swelling 

of the gel polymer (measured from the AF4/MALS/RI analysis) and the glass transition 

temperature. 
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Figure 4.8 presents the molar mass distributions determined using AF4/MALS/RI. As 

in the previous chapter, bimodal molar mass distributions were obtained with the high molar 

mass peak centred at around 109 Da and the low molar peak at around 105-106 Da. The 

incorporation of ISOMAraw in formulation 4C.1, using the same amount of CTA than the 

reference formulation 2C.1, increased the insoluble polymer fraction (gel polymer) and this 

was more crosslinked as reflected in the MMD that showed a slight shift of the high molar 

mass mode. At the same time the low molar mass mode shifts to lower masses because of 

the preferential incorporation of the high molar masses to the gel polymer (the high molar 

mass mode). When the CTA amount was increased (formulation 4C.2) the gel content 

decreased and the high molar mass peak slightly shifted to lower values, indicating a less 

crosslinked polymer network due to the reduced efficiency of the isosorbide dimethacrylate 

crosslinker at higher chain transfer agent concentrations. Furthermore, the low molar mass 

mode was shifted to even lower values than formulation 4C.1 due to the combined effect of 

less crosslinking reactions and shorter kinetic chain lengths. 

Table 4.4. Properties of the PSA latexes containing 2OA:IBOMA as main formulation, 

and ISOMA and ISOMAraw as functional monomer. 

PSA 
Composition 

(%wt monomers) 
dp (nm) Gel (%)† Tg (°C) Bio (%) 

 2OA:IBOMA: 
ISOMAraw:MAA 

    

2C.1*  84:15:0:1  230 59 ± 0.4 -26 72 

4C.1* 84:14:1:1 236 65 ± 0.5 -27 72 

4C.2** 84:14:1:1  235 55 ± 1 -27 72 

 
2OA:IBOMA: 
ISOMA:MAA 

    

4C.3** 84:14:1:1 235 50 ± 1 -29 72 

* and ** make reference to 0.025 wbm% and 0.05 wbm% of 2EHTG, respectively. 

† The fraction of the copolymer that does not dissolve in THF after 24 h of soxhlet 

extraction. 
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Figure 4.8. Molar mass distributions measured by AF4/MALS/RI for the latexes containing 

2OA:IBOMA as main formulation and ISOMA or ISOMAraw as functional monomer.  

The substitution of ISOMAraw by ISOMA, namely, the elimination of isosorbide 

dimethacrylate in formulation 4C.3 led to the lowest gel content (measured by soxhlet 

extraction). Both, the high molar mass and low molar mass modes of the MMD distribution 

were shifted to lower molar masses in good agreement with the lack of dimethacrylate 

monomer and the highest concentration of CTA used. 

In conclusion, all the formulations of the 2OA/IBOMA system presented bimodal molar 

mass distributions and the incorporation of ISOMAraw (1 wt%) slightly increased the molar 

mass and the crosslinking density of the high molar mass mode. The addition of further CTA 

was necessary to maintain the insoluble polymer fraction below 60%. 
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4.7.1 Rheological investigations of waterborne PSAs containing IBOMA 

as hard monomer and ISOMAraw/ISOMA as functional monomer  

Dynamic rheological experiments were carried out aiming to correlate the 

microstructure of the adhesives together with their viscoelastic properties. Figure 4.9 shows 

the variation of storage and loss modulus and the damping factor with the frequency at 23 ºC. 

All formulations presented storage modulus values below 0.1 MPa and a value of tanδ/G´ > 

5 MPa-1, forming a good contact in a short time59,60. 

It can be observed that formulation 4C.1 showed the lowest value of both G´ and G´´ 

at the debonding frequency (1 Hz). The result for the loss modulus was because of the higher 

gel content (higher crosslinking density of the high molar mass fraction), which reduced the 

viscous behavior of the material. Nonetheless, the elastic component of the material (related 

with G´) is not consistent with this microstructure. This could be related with the presence of 

molecular chains with lower molar masses (see Figure 4.8, green line), which reduced the 

capability for storing energy but increased the dissipation of energy. Higher moduli (G’ and 

G’’) values were observed for formulations 4C.2 and 4C.3, not showing relevant differences 

regarding the viscous component. At this point, it seems that the enhancement of the chain 

mobility, because of the higher amount of CTA, promotes supramolecular interactions 

(hydrogen bonding between isosorbide moieties), which contribute to the absorption (elastic 

component), but also to the dissipation (viscous component) of energy. The increase in the 

solid-like behavior was also reflected in the energy dissipation capability at the interphase 

adhesive-substrate (tanδ/G´), whose value fell off. 
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Figure 4.9. (a) Storage modulus (G´), (b) loss modulus (G´´), c) dynamic modulus (tanδ) and 

(d) tanδ/G´ for 2OA:IBOMA formulations containing ISOMA or ISOMAraw as functional 

monomer. Measurements made at 23 ºC and 1 Hz. 

4.7.2 Adhesive properties of waterborne PSAs containing IBOMA as 

hard monomer and ISOMAraw/ISOMA as functional monomer  

The adhesive properties of these four latexes are shown in Table 4.5. The presence 
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mass peak shifted to lower values and gel content decreased. This was translated into an 

increase of the instantaneous adhesion as well as the work of adhesion. However, due to 

reduction in the cohesiveness both peel strength and shear resistance were decreased. It is 

noteworthy that an adhesive failure was observed for all the formulations.  

Figure 4.10 shows the probe tack curves for these formulations. At first view, the 

incorporation of ISOMAraw provided stronger but also more flexible adhesive fibrils. 

Regarding this, the presence of a substantial fraction of the polymer (the high molar mass 

mode) forming a covalent crosslinked network enhanced the solid-like behaviour, but the low 

molar mass fraction also promoted the motion of the polymer chains, yielding stiff and flexible 

fibers. As consequence, a broader stress peak at lower strain values followed by a longer 

fibrillation plateau at higher stress was observed for formulation 4C.1. There is a reduction of 

the rate at which the cracks, formed by the cavitation process, propagate to the interface 

resulting in a greater elongation of the fibrils formed61. Formulation 4C.2 showed even a 

longer elongation at break with a little reduction of the plateau height because of the greater 

Table 4.5. Adhesive properties of the PSA tapes containing 2OA:IBOMA as main 

formulation. 

PSA Composition 
Peel 

(N/25mm) 
Loop tack 
(N/25mm) 

WA 
(J/m2) 

Shear 
resistance 

(min) 

SAFT 
 (°C) 

 2OA:IBOMA: 
ISOMAraw:MAA 

     

2C.1*  84:15:0:1  6.7 ± 0.7 7.7 ± 0.3 139 ± 14 8640 133 ± 1 

4C.1* 84:14:1:1 5.5 ± 0.4 7.2 ± 0.2 128 ± 10 1530 ± 60 157 ± 5 

4C.2** 84:14:1:1  8.9 ± 0.5 8.3 ± 0.3 144 ± 10 1110 ± 60 130 ± 5 

 
2OA:IBOMA: 
ISOMA:MAA 

     

4C.3** 84:14:1:1 7.2 ± 0.6 9.4 ± 0.5 176 ± 20 510 ± 3 120 ± 2 

* and ** makes reference to 0.025 wbm% and 0.05 wbm% of 2EHTG, respectively. 
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viscous behaviour. The decrease in tanδ/G´ value is in agreement with the broader initial 

stress peak in the probe tack curve, which is related with a greater contribution of G´. 

 The use of ISOMA in formulation 4C.3 yielded an interesting shape of the probe tack 

curve obtained. The stress plateau suggests a reinforcement of the adhesive fibrils during the 

dissipation of energy, showing a slight shoulder which breaks around 420% of strain. This 

reinforcement could be attributed to supramolecular interactions (hydrogen bonding 

interactions) which promote the ability for storing energy during the elongation and releasing 

it in a sharply way. In this context, there is an interfacial contribution of supramolecular bonds 

among the polymer chains, namely, the motions within the walls of the cavities62,63. Moreover, 

the less-constricted polymeric structure provides a greater movement promoting the hydrogen 

bonding and hence the alignment of the polymer chains. 

 

Figure 4.10. Probe tack tests for 2OA:IBOMA formulations. 

The form of the probe tack curve of the formulation containing ISOMA (4C.3) is in 

accordance with the rheological results, since the hydrogen bonding interactions benefit the 

solid-like behavior, namely, the storage modulus (G´), affecting to the tanδ/G´ value. 
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4.7.3 Removability studies of waterborne PSAs containing IBOMA as 

hard monomer and ISOMAraw/ISOMA as functional monomer 

In order to know the impact of small fractions of this sugar derivative monomer in the 

water sensitivity of the adhesive tapes, removability studies were performed. The peel 

strength of adhesive films adhered on glass and immersed in water (at room temperature as 

well as at 65 ºC). The results are shown in Figure 4.11. The incorporation of only 1 wt% of 

ISOMAraw in the case of the formulations 4C.1 and 4C.2 promoted their complete 

detachment after 40 min without letting any noticeable adhesive residue on the glass surface. 

On the other hand, the use of ISOMA in formulation 4C.3 increased the peel strength on the 

glass surface before the water treatment and promoted even faster the posterior detachment, 

reaching the complete removal in almost 30 min. Finally, Figure 4.11.b shows that the water 

treatment at 65 ºC sped up the process, achieving complete removal of the adhesive tapes 

in 10 min for those formulations containing the isosorbide derivative monomer. 

 

Figure 4.11. Evaluation of 180º peel strength at different times of water treatment at room 

temperature (a) and at 65 ºC (b) on glass for PSA tapes containing 2OA:IBOMA as main 

formulation and ISOMA or ISOMAraw as functional monomer. 

0

2

4

6

8

10

12

0 30 60 90 120 150 180

F
o

rc
e

 (
N

/2
5

m
m

)

Time (min)

0

2

4

6

8

10

12

0 10 20 30 40 50 60

F
o

rc
e

 (
N

/2
5

m
m

)

Time (min)

2C.1: 2OA:IBOMA:MAA* (84:15:1)

4C.1: Form. 2C.1* + 1 wt% ISOMAraw

4C.2: Form. 2C.1** + 1 wt% ISOMAraw

4C.3: Form. 2C.1** + 1 wt% ISOMA

a) b)



Removable biobased waterborne PSAs containing mixtures of  isosorbide methacrylate monomers 

 134 

4.8 Incorporation of ISOMAraw/ISOMA as functional monomer in 

waterborne PSAs with PIPEMA as hard monomer 

Following the line of the last section, 1 wt% of ISOMAraw/ISOMA was incorporated in 

formulation 3B.1. Table 4.6 summarizes the latexes synthesized together with their main 

properties. 

Figure 4.12 shows the molar mass distributions determined using AF4/MALS/RI. As 

shown in Chapter 3 the molar mass distribution for the 2OA/PIPEMA formulations were also 

bimodal, the high molar mass peak in the range 108-109 Da (although lower values than for 

the 2OA/IBOMA system) and the low molar mass peak between 104-106 Da. The addition of 

ISOMAraw (at two different concentrations of CTA, formulation 4B.1 and 4B.2) and of ISOMA 

(formulation 4B.3) affected the MMD in a similar manner than for 2OA/IBOMA formulations. 

Adding ISOMAraw at the same CTA concentration clearly shifted the high molar mass peak 

at higher values (green line) decreasing the molar mass of the low mode at the same time. 

The gel content, in agreement with this trend, increased to 58%. The increase of CTA for the 

Table 4.6. Properties of the PSA latexes containing 2OA:PIPEMA as main formulation. 

PSA 
Composition 

(%wt monomers) 
dp (nm) Gel (%)† Tg (°C) Bio (%) 

 2OA:PIPEMA: 
ISOMAraw:MAA 

    

3B.1*  84:15:0:1  231 53 ± 2 -38 71 

4B.1* 84:14:1:1 234 58 ± 0.1 -36 71 

4B.2** 84:14:1:1  232 50 ± 1 -36 71 

 
2OA:PIPEMA: 
ISOMA:MAA 

    

4B.3** 84:14:1:1 231 32 ± 0.5 -36 71 

* and ** make reference to 0.025 wbm% and 0.075 wbm% of 2EHTG and 1BuSH, 

respectively. 

† The fraction of the copolymer that does not dissolve in THF after 24 h of soxhlet 

extraction. 
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same concentration decreased the molar mass of the high molar mass mode (making it 

smaller than for the pure 2OA/PIPEMA) and the low molar mass mode also shifted to slightly 

lower values.  

The addition of ISOMA affected the MMD of the latex in a similar manner, both, the 

high molar mass mode and the low molar mass mode shifted to lower molar masses in 

agreement with the substantially lower insoluble polymer measured in the soxhlet (30% as 

compared with values above 50% for the other formulations). The low molar mass mode also 

shifted to lower masses. These effects were not as pronounced for the 2OA/IBOMA 

formulations. 

 

Figure 4.12. Molar mass distributions measured by AF4/MALS/RI for the latexes containing 

2OA:PIPEMA as main formulation. 
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4.8.1 Rheological investigations of waterborne PSAs containing 

PIPEMA as hard monomer and ISOMAraw/ISOMA as functional monomer  

Concerning the dynamic viscoelastic measurements, all formulations of 4B series 

presented higher values of both G´ and G´´ than those ones for formulation 3B.1 (Figure 

4.13). Nevertheless, this formulation showed the best relationship between elastic and 

viscous behavior, yielding the best energy dissipation. The storage modulus was especially 

high in formulation 4B.1 because of the high molar mass of the insoluble fraction (see Figure 

4.12, green line), which affected to the motion of the polymer chains and, therefore, to the 

energy dissipation. The solid-like behavior of the adhesive decreased in formulation 4B.2, 

providing a lower value for the storage modulus and, consequently, higher tanδ/G´. Although 

similar values of storage modulus (G´), in the whole range of frequencies, were obtained for 

formulations 4B.2 and 4B.3, the damping factor (Tanδ) was higher for the later. This might be 

related with the presence of several low molar mass polymer chains (Figure 4.12, range 

4x104-106 Da, blue line) promoting the liquid-like behavior. However, similar values of tanδ/G´ 

at the debonding frequency were obtained for these formulations (Figure 4.13.d) because of 

the compensation between G´´ and G´. It is worth to mention that formulations containing 

PIPEMA present a higher dissipation of energy at the interface adhesive-substrate than those 

ones containing IBOMA. This is due to the greater viscous behavior that piperonyl 

methacrylate comonomer provides to the polymer network, as it was discussed in Chapter 3. 
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Figure 4.13. (a) Storage modulus (G´), (b) loss modulus (G´´), (c) dynamic modulus (tanδ) 

and (d) tanδ/G´2OA:PIPEMA formulations containing ISOMA or ISOMAraw as functional 

monomer. Measurements made at 23 ºC and 1 Hz. 

4.8.2 Adhesive properties of waterborne PSAs containing PIPEMA as 

hard monomer and ISOMAraw/ISOMA as functional monomer  

Table 4.7 shows the adhesive properties of these formulations observing a similar 

effect as those seen for the 2OA/IBOMA system. It is worth to remind that, as it was discussed 

in Chapter 3, the 2OA/PIPEMA system showed better adhesiveness (peel strength and work 

of adhesion), but substantially worst cohesiveness (shear resistance and SAFT) than the 

2OA/IBOMA system (3B.1 vs 2C.1). 

The presence of ISOMAraw in formulation 4B.1 reduced the peel strength but 

increased loop tack and work of adhesion because of the lower mass of the low molar mass 

peak. In formulation 4B.2, the peel force increased to 8.8 N/25mm as consequence of the 
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good balance between the chains motion and the cohesion among them, keeping good values 

of both loop tack and work of adhesion. Formulation 4B.3 (with only ISOMA monomer) led to 

a remarkable increase of the tackiness as well as the work of adhesion, reaching a value of 

282 J/m2 without leading rest of adhesive on the substrate surface. Peel strength also 

increased, getting a force value close to 10 N/25mm, which means that cohesiveness among 

the polymer entanglements is still enough during the debonding process, getting a similar 

holding temperature but affecting shear resistance64.  

 

The probe tack curves in Figure 4.14 show that ISOMAraw provided a similar behavior 

than the one of the previous section, namely, adhesive fibers with higher elongation at break 

capable to hold greater stress in comparison with formulation 3B.1. As it was expected, the 

lower Tg of this system did not lead to fibrillation plateaus as high as those ones coming from 

formulations containing IBOMA. Moreover, the viscous component remarkably increased 

when 1 wt% of ISOMA was used. The changes observed in the molar mass distribution in 

Figure 4.12 are responsible for this behavior. The decrease in the molar mass of the high 

Table 4.7. Adhesive properties of the PSA tapes containing 2OA:PIPEMA as main 

formulation. 

 
PSA Composition 

Peel 
(N/25mm) 

Loop tack 
(N/25mm) 

WA 
(J/m2) 

Shear 
resistance 

(min) 

SAFT 
 (°C) 

 2OA:PIPEMA: 
ISOMAraw:MAA 

     

3B.1*  84:15:0:1  7.9 ± 0.7 10 ± 0.1 197 ± 32 90 ± 10 64 ± 5 

4B.1* 84:14:1:1 6 ± 0.8 11.8 ± 1.4 222 ± 23 75 ± 15 88 ± 1 

4B.2** 84:14:1:1  8.8 ± 0.2 10.9 ± 1.3 202 ± 24 150 ± 30 52 ± 1 

 
2OA:PIPEMA: 
ISOMA:MAA 

     

4B.3** 84:14:1:1 9.6 ± 1 15.4 ± 2 282 ± 29 35 ± 5 48 ± 1 

* and ** makes reference to 0.025 wbm% and 0.075 wbm% of 2EHTG and 1BuSH, 
respectively. 
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molar mass peak as well as the fraction of this polymer (gel content) favor the high reduction 

of the polymeric network cohesiveness that did not allow the alignment of the polymer chains, 

resulting in a progressive diminution of the stress supporting by the fibers along the strain. 

 

Figure 4.14. Probe tack tests for 2OA:PIPEMA formulations. 

4.8.3 Removability studies of waterborne PSAs containing PIPEMA as 

hard monomer and ISOMAraw/ISOMA as functional monomer  

Figure 4.15 shows the removability studies in water for this set of formulations 

containing PIPEMA as hard monomer. As the previous section, 1 wt% of ISOMAraw/ISOMA 

allowed the complete detachment of the adhesive tape from the glass in less than 40 min at 

room temperature and around 10 min at 65 ºC. Furthermore, formulations 4B.2 and 4B.3 

showed the highest values of peel strength with a similar removability rate in water without 

letting residues on the substrate surface. 
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Figure 4.15. Evaluation of 180º peel strength at different times of water treatment at room 

temperature (a) and at 65 ºC (b) on glass for PSA tapes containing 2OA:PIPEMA as main 

formulation. 

4.9 Conclusions 

In this chapter, the synthesis of a dual functional monomer derived from isosorbide, 

more specifically isosorbide dimethacrylate, isosorbide 5-methacrylate and mixtures thereof, 

and its incorporation into the biobased PSA formulations of Chapter 2 and Chapter 3 was 

investigated. The nature of the monomer mixture ISOMAraw was assessed and compared as 

hard component in the PSA formulation. Regarding this, the polymer microstructure resulted 

in a highly crosslinked net that affected the adhesive performance, but getting a removability 

in water at 20 min. Nevertheless, it was found that the incorporation of 1 wt% of 

ISOMAraw/ISOMA in PSA formulations, containing either IBOMA or PIPEMA, enhanced both 

the flexibility and the cohesiveness of the adhesive fibrils. In addition, the low percentage of 

this sugar derivative monomer promoted the removability in water of the PSA tapes in less 

than 40 min at room temperature, and it was increased in almost 4 times at 65 ºC. It is worthy 

pointing out that the molar relation 4:1 of monomethacrylate:dimethacrylate isosorbide 

obtained in the synthesis of ISOMAraw may be modified, but this ratio results in a good 

commitment of crosslinker incorporation into the formulation. 
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5.1 Introduction 

It has been shown in chapter 4, that the incorporation of small amounts of an 

isosorbide derivative monomer in waterborne biobased PSA formulations enhanced the 

performance of the adhesive material as well as its removability in water at short times. 

These isosorbide based PSAs provide an environmentally friendly and economical method 

that could be implemented in materials using tapes and labels (for example, glass bottles or 

in packaging), in which the adhesion-switching-off constitute an important step during the 

recycling process. Nevertheless, from an industrial point of view, excellent adhesion 

properties at the minimum film thickness are desired for PSA tapes. To address this 

challenging requirements, different types of alkali soluble resins (ASRs) have been 

employed over the past 60 years, replacing conventional surfactants in emulsion 

polymerization1,2. 

ASRs are a special type of polymeric emulsifiers, specifically, hydrophobically 

modified anionic polyelectrolytes, which can improve the stability of colloidal dispersions3–5. 

They are random copolymers containing a large amount of carboxylic groups and having a 

molecular weight usually ranging between 500 and 20000 Da4. Above the pKa of the 

carboxylic groups, the polymer chains become negatively charged and, thereby, soluble in 

water, being able to  provide electrosteric stabilization6. These amphiphilic random 

copolymers have the ability to self-organize in aggregates in water as consequence of the 

intermolecular and/or intramolecular hydrophobic interactions7–9. The particle nucleation 

mechanism in emulsion polymerization using ASRs as polymeric stabilizers has been 

described as micellar-like, where the aggregates of ASRs behaves similar to micelles of 

conventional surfactants. Once the particles have been formed the mechanisms about 

radical entry and exit are expected to be similar in both processes8,10,11.  
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Scheme 5.1. Mechanism for emulsion polymerization by ASRs-stabilized systems. 

 

It is worthy to mention that there is a reduction of the radical entry as a consequence 

of the high density of negative charges provided by the polymeric hairy layer of the resin 

once it is absorbed on the particle surface. In this context, three mechanisms have been 

proposed to justify the decrease of the radical entry rate12: (1) The hairy layer offers a 

resistance to the diffusion of the entering oligoradicals13. (2) The anionic oligoradicals are 

repelled by the negative charges in the hairy layer11. (3) The entering oligoradical is able to 

abstract hydrogens from the ASR monomer units leading to tertiary radicals14. These tertiary 

radicals have low reactivity (low propagation rate), the monomer concentration is also very 

low and, hence, the probability of termination between them is high in the hairy layer that 

can be considered a radical sink15,16. In addition, the tertiary radicals might suffer β-scission 

reactions yielding unsaturated water-soluble species. 

As advantages, ASR-fortified emulsion polymers impart Newtonian-like rheological 

properties, excellent pigment dispersity, wetting and mechanical properties and freeze-thaw 

stabilities15,16. Furthermore, their solubility in alkali solution facilitates the PSA tape/label 

separation during the recycling process17. There are few works in both open and patent 

literature about the synthesis of biobased alkali soluble resins making use of monomers 

coming from renewable sources18–20. However, there are not studies that report the 

synthesis of waterborne PSAs presenting competitive commercial performances and having 

both high bio-content and solids content using biobased ASRs as stabilizers. Among the 
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main disadvantages, the resin may be able to migrate from the adhesive to the adjacent 

substrate under high humidity conditions, affecting the final properties21. In order to avoid 

these kind of problems, as well as those ones coming during storage, the resin must be 

sufficiently grafted to the final polymer. 

 

Figure 5.1. General mechanisms for the decreasing of the radical entry in polymerization by 

ASRs-stabilized systems.  

Therefore, this chapter will be focused on the one-pot approach synthesis of high 

solids content waterborne pressure sensitive adhesives having bio-contents (up to 71%) 

stabilized with ASR-type electrosteric stabilizers with excellent adhesive performance and 

removable properties. For this purpose, the already studied biobased monomers 2-Octyl 

acrylate (2OA, Arkema) and isobornyl methacrylate (IBOMA, Evonik) together with the 

isosorbide mixture and the isosorbide 5-methacrylate (ISOMAraw/ISOMA) synthesized in 

this work (Chapter 4) will be employed.  

In the present chapter, two ASRs with similar acid value (AV), but with different 

renewable methacrylic monomer were synthesized and used as stabilizers in the synthesis 

of PSA formulations. The study aimed to know how the resin nature affects to the adhesive 
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microstructure and its properties. For that, rheological investigations were carried out to shed 

light about the relationship between the adhesive behavior and supramolecular interactions, 

which were confirmed by VT-FTIR. Finally, removability studies of the PSA tapes in alkaline 

medium were also assessed. 

5.2 Experimental 

Biobased 2-Octyl acrylate (2OA) was kindly supplied by Arkema (France), isobornyl 

methacrylate (Visiomer® Terra IBOMA) was kindly supplied by Evonik Industries (Essen, 

Germany). The isosorbide monomer mixture (ISOMAraw) formed by isosorbide 

dimethacrylate: isosorbide 5-methacrylate (4:1) was synthesized and further purified to 

obtain ISOMA (isosorbide 5-methacrylate) following the procedure of Chapter 4. Methacrylic 

acid (MAA), 2-Ethylhexyl thioglycolate (2EHTG), isopropanol, sodium persulfate (NaPS), 

sodium dodecyl sulfate (SDS) and sodium hydroxide (NaOH) were purchased from Sigma-

Aldrich. Ammonium hydroxide solution (25%) was purchased from Fisher Scientific. All 

reagents were used without further purification. 

5.2.1 Synthesis of biobased alkali soluble resins ASRs 

Biobased ASRs were produced using 2EHTG as chain transfer agent to get a weight-

average molar mass around 10000 Da, following a formulation previously reported in our 

group16. Table 5.1 presents the composition of these two resins as well as their bio-content.  

Table 5.1. Formulations used for the synthesis of the ASRs. 

RESIN 
2OA  

(% w/w) 

IBOMA  

(% w/w) 

ISOMAraw  

(% w/w) 

MAA  

(% w/w) 
Bio-content (%) 

R1 75 10 - 15 62 

R2 75 - 10 15 61 
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The reactions were carried out in a 250 mL jacketed glass reactor equipped with 

reflux condenser, nitrogen and feeding inlet, sample outlet and anchor type stainless steel 

stirrer at 200 rpm. For the synthesis of the resin, the reactor was charged with the initial 

charge (see Table 5.2). The system was purged and the temperature increased to 80 ºC. 

Once the temperature was reached an aqueous solution of initiator was added as a shot and 

the feeding of the comonomer pre-emulsion was started and completed in 40 min. After the 

feeding process, a post polymerization process was carried out for 30 min. The general resin 

formulation is shown in Table 5.2 and a representative scheme of the process is presented 

in Figure 5.2. 

 

 

Figure 5.2. Scheme of reaction for the synthesis of the ASRs. 

Polymeric particles of

ASR dispersed in water

Water, Monomers, 

CTA, Surfactant

Initiator shot

Initial charge

40 min 

30 min 

Table 5.2. Materials and percentages employed in the synthesis of the ASRs. 

  Amount (g) 

Initial charge 
Water 

SDS solution 15 wt% 

85 

1.33 

Initiator solution  
(1.7 wbm%*) 

Water 

NaPS 

6.64 

0.5 

Pre-emulsion 

Water 

SDS  solution 15 wt% 

Monomers 

2EHTG 

20 

1.13 

30 

1.1 
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5.2.2 Synthesis of biobased waterborne PSAs stabilized with biobased 

ASRs 

For the synthesis of waterborne PSAs, a known quantity of the obtained resin was 

charged in the reactor. The temperature was raised to 80 ºC under moderate nitrogen flux. 

After that, a shot of ammonia was added, followed by other 10 min of agitation at 200 rpm. 

Then, a shot of initiator solution was added and the pre-emulsion of comonomers (second-

stage) was fed over 120 min. A post-polymerization process was performed for additional 60 

min at 80 ºC before cooling to room temperature. The ratio ASR:monomer was set to 20:80 

and the final solids content of the dispersions was 50 wt%. An example of the formulation is 

given in Table 5.3 and a representative scheme of the process is presented in Figure 5.3. In 

addition, Table 5.4 summarizes the monomers employed in the pre-emulsion for the 

synthesis of waterborne PSAs as well as the ASRs used as stabilizers. 

Table 5.3. Representative formulation used for the synthesis of waterborne 

PSAs by semibatch emulsion polymerizations stabilized by biobased ASRs. 

  Amount (g) 

Initial charge ASR 28.6 

Base Ammonia solution 25 wt% 0.77 

Initiator solution  
(0.05 wbm%*) 

Water 

NaPS 

3 

0.226 

Second stage 
 Pre-emulsion 

Water 

SDS solution 15 wt% 

Monomers 

23.86 

1.02 

45.14 
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Figure 5.3. Scheme of reaction for the synthesis of waterborne PSAs stabilized with 

biobased ASRs. 

Table 5.4. Comonomer composition of the pre-emulsions used for the 

synthesis of the waterborne PSAs stabilized with biobased ASRs. 

PSA run 
2OA  

(% w/w) 

IBOMA  

(% w/w) 

ISOMA  

(% w/w) 

2EHTG  

(wbm %) 

R1.1 100 - - - 

R1.2 85 15 - - 

R1.3 85 15 - 0.025 

R2.1 85 15 - - 

R2.2 85 15 - 0.025 

R2.3 85 10 5 0.025 

 

5.2.3 Characterization 

 Particle size was analyzed by dynamic light scattering (DLS) and conversion was 

determined gravimetrically. Gel fraction (or insoluble fraction of the copolymer in THF) was 

measured by Soxhlet extraction. 

The acid value was measured by conductometric titration to determine the amount of 

free-carboxylic acid groups in the resin. The resin was dissolved in isopropanol and the 

Polymeric particles

stabilized with ASR

2) Initiator shot

60 min 

1) Ammonia

shot

Water, 

Monomers, 
CTA, 

Surfactant

120 min 

Polymeric particles of

ASR dispersed in water

10 min 

Neutralization process

Aggregates in water
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solution was then titrated with NaOH solution (1.0 M). The amount of acidic groups is given 

by the acid number: 

𝐴𝑉 =
𝑚𝑔 𝐾𝑂𝐻

𝑔 𝐴𝑆𝑅
                                                                        (Eq.5.1) 

Where AV is the amount in milligrams of potassium hydroxide that is required to 

neutralize one gram of ASR. The theoretical acid value of the ASRs was 98 mg KOH/g ASR. 

Due the insolubility of the polymer dispersion in both THF and DMF, the whole molar 

mass distribution could not be analyzed by AF4. Therefore, the molar mass distribution of 

the soluble fraction in THF was determined by size exclusion chromatography (SEC/RI) at 

35°C using the same conditions and procedure than in chapter 2. The glass transition 

temperature (Tg) was determined by differential scanning calorimetry (DSC, Q1000, TA 

Instruments) using the same conditions than in chapter 2. Thermogravimetric analysis were 

performed with a ramp of 10 ºC/min from 40 ºC to 600 ºC under nitrogen atmosphere (TGA, 

Q500 device, TA analysis). 

The film preparation and the evaluation of the PSA performance was carried out using 

the same conditions and procedures than in chapters 2-4. Dynamic mechanical analysis 

(DMA) was performed in a rheometer Anton Paar using parallel plate geometry. Frequency 

sweeps (0.3-120 rad s-1) with an applied strain between 0.5% and 2% were made on 500 

μm round thick samples of 8 mm of diameter at a temperature range from -20 ºC to 90 ºC 

23 ºC.  

Variable temperature Fourier-transform infrared spectroscopy (VT-FTIR) was 

performed in a spectrometer Nicolet 6700 FTIR (transmission mode) using a heating cell 

Specac. For the sample preparation, few drops of latex were dried over a KBr tablet at room 

temperature. 
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Liquid-state Proton Nuclear Magnetic Resonance (1H NMR) was recorded on a 

Bruker 400 MHz equipment.  

5.2.4 Removability studies 

The studies were performed at room temperature in aqueous basic media, using an 

ammonium hydroxide solution. For that purpose peel tests were carried out using glass as 

substrate. The adhesive tape was attached to the substrate and it was submerged into water 

at pH 10. Four samples were tested for each formulation and the average values were 

reported before and after being submerged in basic media. 

5.3 Synthesis of ASRs 

The two synthesized biobased ASRs were obtained as stable dispersions with full 

conversion and solids content around 25% and similar particle size (100-125 nm). Table 5.5 

shows the two resin compositions together with their main properties including intensity-

average particle size (dp), molar mass (Mw), dispersity index (Đ), glass transition 

temperature (Tg) and experimental acid value (AV). Both formulations had similar molar 

masses and circa the targeted value of 10000 Da, which is in agreement with the 

formulations reported by Bandiera et al.16 that were used as reference to adjust the CTA 

amount (2-Ethylhexylthioglycolate).  As it was expected the use of ISOMAraw yielded lower 

Tg in comparison with the formulation containing IBOMA. 

Table 5.5. Summary and characteristics of the synthesized biobased alkali soluble resins. 

Note that ISOMAraw is the mixture of both monomethacrylate and dimethacrylate 

isosorbide in a molar ratio 4:1. 

ASR Composition (%wt monomers) 
Dp 

(nm) 
Mw 

(kDa) 
Đ 

Tg 
(°C) 

AV 
(mg/g)  

R1 2OA:IBOMA:MAA  (75:10:15) 125 9.3 ± 0.2  1.9 -30 88 

R2 2OA:ISOMAraw:MAA  (75:10:15) 104 9.5 ± 0.2  2 -40 89 
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It is worth to point out that the presence 2 wt% of isosorbide dimethacrylate in the 

formulation R2 provided pendant double bonds in the polymer structure. Figure 5.4 shows 

the selected region of the 1H NMR spectra in CDCl3 of this resin, in which those peaks 

belonging to the pendant methacrylic groups can be clearly appreciated. 

Figure 5.4. 1H NMR spectra in chloroform-d1 of the resin R2 (2OA:ISOMAraw:MAA  

(75:10:15)). 

5.4 Biobased waterborne PSAs using ASRs as polymeric stabilizers 

The ASRs presented above were used as polymeric stabilizers in the synthesis of biobased 

latexes with final solids content of 50% and particle sizes between 210 and 230 nm via 

semicontinuous emulsion polymerization. The main properties of these latexes are 

summarized in Table 5.6. Starved-feed conditions (i.e., instantaneous conversions close to 

100% were achieved) were reached for all the formulations using both resins. All latexes 

were stable. A representative example of the evolution of instantaneous and overall 

conversion is shown in Figure 5.5 for ASR R1  

CDCl3
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Figure 5.5. Instantaneous (blue circles) and overall (red circles) conversions for the 

emulsion copolymerization of 2OA and IBOMA using ASR R1 (R1.2). 

The soluble molar mass distributions of the synthesized latexes using the ASR R1 as 

polymeric stabilizer is showed in Figure 5.6. As it can be observed the use of R1 as stabilizer 

led to distributions in which the resin contributed in an important way to the soluble molar 

mass, particularly in the region between 103 to 5*104 Da. This contribution was notable for 
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Table 5.6. Summary and characteristics of the synthesized PSA latexes using R1 and 

R2 as polymeric stabilizers.  

 

PSA 
Compostion 

 (%wt monomers) 
Dp 

(nm) 
Gel 
(%) 

Mw 
(kDa) 

Đ 
Tg 

(°C) 
Bio 
(%) 

R1.1 2OA (100) 230 66 ± 1 63± 5 4.1 -43 71 

R1.2 2OA:IBOMA (85:15) 229 61.5 ± 0.2 89± 0.3 6.2 -28 71 

R1.3 2OA:IBOMA+CTA* (85:15) 210 50.3 ± 0.2 111± 0.3 5.9 -28 71 

R2.1 2OA:IBOMA (85:15) 215 56.2 ± 0.2 104± 1.3 6.2 -28 70 

R2.2 2OA:IBOMA+CTA* (85:15) 210 51.3 ± 1 122± 19.6 8.2 -28 70 

R2.3 
2OA:IBOMA:ISOMA+CTA* 

(85:10:5) 
220 47 ± 2 151± 4.3 9.6 -29 70 

CTA*: 0.025 weight percent of 2EHTG based on monomer composition. 
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the formulation R1.1 and it was reduced when 15 wt% of IBOMA was used (formulation 

R1.2). The incorporation of this methacrylate monomer led to a decreasing of the gel 

content22 and, hence, to an increase of the average molar mass (see Table 5.6). This 

resulted in a lower contribution of the resin to the whole soluble molar mass because a higher 

amount of longer soluble polymer chains with a molar mass between 5*104 and 106 Da were 

present in the sol fraction. Logically, this contribution was even lower when a chain transfer 

agent was used (formulation R1.3) due to the lower gel content and, thus, the higher amount 

of soluble polymer chains.  

 

Figure 5.6. Soluble molar mass distributions for the PSA latexes synthesized using ASR R1. 

Nevertheless, when the resin R2 was employed, formulations with similar breath of 

the soluble molar mass distributions and lower resin contribution were obtained (see Figure 

5.7). This is because of the presence of pendant double bonds, coming from the isosorbide 

dimethacrylate, in ASR R2, which are able to promote grafting reactions between the resin 

and the polymer chains produced in the semibatch stage.  

The grafting in the ASR pendant double bonds resulted in a lower fraction of the free 

ASR in the soluble polymer, that is, a smaller area under the curve in the corresponding 
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region of the resin molar mass. It is worthy pointing out that there was an increasing of both 

the sol molar mass and the dispersity index for those formulations coming from R2, likely 

because of this grafting process. 

 

Figure 5.7. Soluble molar mass distributions for the PSA latexes synthesized using ASR R2. 

Figure 5.8 shows the deconvoluted molar mass distributions (assuming two 

populations of chains; one corresponding to the pure ASR resin and the other due to 

copolymer formed in the second stage) of the PSA latexes with the same composition of the 

comonomers but different ASR resin (R1.2 vs R2.1 and R1.3 vs R2.2). The amount of non-

grafted ASR resin was lower in both comonomer compositions for ASR R2, likely due to the 

pendant double bonds in its structure that favor the incorporation of the ASR resin in the 

polymer particle.  
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Figure 5.8. Deconvolution analysis of the MMD´s of formulations R1.2 (a), R2.1 (b), R1.3 (c) 

and R2.2 (d), and percentage of resin contributing to the sol molar mass. 

5.5 Rheological analysis of PSA films containing ASRs as stabilizers 

Dynamic rheological experiments shed light about the viscoelastic properties of the 

PSA films as well as their correlation with the chemical composition and the microstructure. 

At this point it is important to note that the composition ASR R2 contains, aside the 

methacrylic acid, free OH groups coming from ISOMA, which can interact among them 

and/or with the acid groups by hydrogen bonding. Figures 5.9 and 5.10 present the variation 

of storage (G´) and loss modulus (G´´) over a range of frequencies at 23 ºC for the PSA 

formulations synthesized with ASR R1 and ASR R2, respectively. For all adhesive films, G´ 
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remained higher than G´´, which means a rheological response as a soft elastic solid before 

the transition regime (G´~ G´´).  

For the adhesives synthesized with ASR R1, the highest storage modulus 

corresponded to formulation R1.2, since its microstructure (harder polymer with a substantial 

fraction of gel) promoted the solid-like behavior and, thus, the enhancement of the energy 

storage. Formulations R1.1 and R1.3 have smaller G´ and G´´ than R1.2. Formulation R1.3 

that only differs in the gel fraction (lower due to the CTA added in the reaction) have lower 

G´ and G´´ at low frequencies, but at high frequencies they behaved very similar (R1.2 vs 

R1.3). On the contrary, formulation R1.1 is governed by the softness of the 2OA polymer 

and presents two times smaller G´ and G´´ values than the other two formulations despite of 

having larger gel fraction. 

 

Figure 5.9. Linear rheology curves at 23 ºC for PSA series films with ASR R1. The storage 

modulus G´ is represented by solid markers while the loss modulus G´´ is represented by 

hollow markers. 

For the adhesive formulations synthesized with ASR R2, differences in the G´ and 

G´´ are not as pronounced as for series with ASR R1, likely because the composition of the 

three formulations contain IBOMA monomer. Nevertheless, slightly higher values of G´ (and 
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more clearly higher values for G´´) were measured for the formulation containing ISOMA 

monomer (R2.3). This can be linked to the formation of hydrogen bonding interactions, which 

reinforce the viscoelastic character of the polymer network improving elasticity, but also 

energy dissipation. 

 

Figure 5.10. Linear rheology curves at 23 ºC for PSA series films with ASR R2. The storage 

modulus G´ is represented by solid markers while the loss modulus G´´ is represented by 

hollow markers. 

It is worth to mention that the greater the hydrogen bonding density, the more the 

elastic nature prevails over the viscous one. Complex viscosity (η*) is defined as a 

frequency-dependent viscosity, specifically as the difference between the dynamic viscosity 

and the imaginary out-of-phase viscosity23. This rheological property represents the material 

resistance to flow, which increases as the supramolecular interactions do24. In order to clarify 

whether the presence of supramolecular interactions were acting over the viscoelastic nature 

of the PSAs, complex viscosity was measured.  

Figure 5.11 shows the variation of η* over a broader range of frequencies at 23 ºC 

for both series of PSA formulations. An increase of η* from formulation R2.1 to formulation 

R2.2 was observed despite the gel content reduction in the later (see Figure 5.11.b). 
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Concerning this, the increase in the chain mobility promoted the hydrogen bonding 

interaction and, thereby, the resistance of the material to flow. When ISOMA monomer was 

used in formulation R2.3 (yielding similar gel contents as controlled by the CTA 

concentration) η* increased as consequence of the higher hydrogen bonding density, 

enhancing the elastic nature. A different situation was observed for the series with ASR R1 

(see Figure 5.11.a), in which first an increase of the complex viscosity was detected when 

IBOMA was used (R1.1 vs R1.2). However, η* decreased when the gel content was reduced 

in formulation R1.3 because of the enhancement of the liquid-like behavior together with the 

lack of supramolecular interactions. 

 

Figure 5.11. Complex viscosity (η*) at 23 ºC for PSA series films with ASR R1 (a) and with 

ASR R2 (b). 

Hydrogen bonding formation among polymer chains can also explain the lower 

differences found between G´ and G´´ for series with ASR R2. Regarding this, intermolecular 

interactions provide a better stability of the polymer structure, namely, a better equilibrium 

between the solid-like and the liquid-like behavior of the PSA25. Those differences are 

specially noticed at frequencies below the transition regime (G´~ G´´), becoming more 

pronounced in the solid regime (G´ >> G´´) and having small differences along the dissipative 
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regime (G´ < G´´). The construction of master curves using the time-temperature 

superposition (TTS) principle provides an effective vision of the PSA viscoelasticity over a 

wide range of frequencies. Figure 5.12 shows the master curves for the PSA compositions 

of this chapter at the reference temperature (23 ºC) as well as the value of the frequency at 

which G´ and G´´ cross each other (ωe). 

Formulations coming from resin R1 led to different master curves to each other with 

a higher separation between G´ and G´´ at the beginning of the solid regime. Those 

differences in the shape of TTS master curves are attributed to the change in the viscoelastic 

behavior when IBOMA is incorporated. Nonetheless, superposed-like master curves having 

similar shape were obtained for those PSAs containing the resin R2. Moreover, slightly 

closer moduli values were observed when ISOMA was incorporated (R2.3). 
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Figure 5.12. G´ and G´´ master curves for PSA series films with ASR R1 (a) and with ASR 

R2 (b) at Tref = 23 ºC, and frequency ωe for each composition. The color of the markers 

indicates the temperature at which the frequency sweeps were performed.  

The ωe value sheds light about the correlation between the resin nature and the 

composition and its influence in the final viscoelasticity. The cross-over frequency occurs at 

lower frequencies (more elastic behavior) when IBOMA was incorporated in R1 series. The 

slight increase in the cross-point, ωe (from 173 to 204 Hz) for R1.3 (as compared to R1.2) 

was likely because of the lower gel content that enhanced polymer fluidity, which is in 

agreement with a more viscous-like material. Despite of the similarities in the TTS master 
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curves of R2 series, a progressive reduction of ωe was detected corroborating that 

supramolecular interactions influence the relaxation of molecular chains towards a more 

solid-like behavior. However, aside of this elastic component improvement, the dissipative 

properties of formulations R2.2 and R2.3 resulted especially interesting for its application as 

high performance PSAs. 

The damping factor (Tan δ) of these PSAs (R2.2 and R2.3) was greater than 0.7 over 

four decades until it reached the specific frequency ωe. This corroborates that hydrogen 

bonding interactions improved the adhesive dissipative behavior, but also extended the 

frequency range of these supramolecular interactions24 (see Figure 5.13.b). Furthermore, 

Tan δ values nearly unit over broad frequency ranges are an indicative proof of a good 

balance of the polymer network viscoelasticity26. 

 

Figure 5.13.  Tan δ master curves for PSA series films with ASR R1 (a) and with ASR R2 

(b) at Tref = 23 ºC. The arrows indicate the frequency ωe for the different compositions and 

the purple window shows the Tan δ range from 0.7 to 1.3. 
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5.6 Adhesive properties of PSAs containing ASRs as stabilizers 

The adhesive properties of the synthesized PSAs containing ASRs as stabilizers are 

presented in Table 5.7. Independently of the type of ASR used, the incorporation of IBOMA 

was necessary in order to enhance the cohesiveness among the polymer chains during the 

(de)bonding process as well as to ensure the adhesive failure kind27. The high liquid-like 

behavior of formulation R1.1 (Tg = -43 ºC), mainly composed by 2OA, together with the too 

high gel content resulted in poor adhesive properties.  

As can be observed, the ASR resin composition played an important role in the 

polymer microstructure and, thereby, in the material adhesion performance. In order to 

understand the role of the ASR resin, PSAs with the same comonomer composition, but 

having different ASRs as stabilizers have to be compared (R1.2 vs R2.1 and R1.3 s R2.2). 

For the first pair, although formulation R1.2 tripled the shear resistance value of 

formulation R2.1 because its higher gel content, it also showed greater adhesiveness, 

namely higher loop tack and work of adhesion. This can be explained by the higher amount 

of free ASR resin present in formulation R1.2 than in R2.1 (see MMD in Figure 5.6 and 

discussion above) that favored instantaneous adhesion28.  

Table 5.7. Properties of the synthesized PSA measured on stainless steel. 

PSA 
Composition 

(%wt monomers) 
Peel 

(N/25mm) 
Loop tack 
(N/25mm) 

WA 
(J/m2) 

Shear 
resistance 

(min) 

SAFT 
(°C) 

R1.1 2OA (100) 3.5 ± 0.8 3.1 ± 0.6 43 ± 6 393 ± 35 70 ± 1 

R1.2 2OA:IBOMA (85:15) 6.6 ± 0.4 6.6 ± 0.1 132 ± 8 15047 ± 439 94 ± 1 

R1.3 
2OA:IBOMA+CTA* 

(85:15) 
7.3 ± 0.8 6.2 ± 0.5 119 ± 15 1659 ± 73 82 ± 1 

R2.1 2OA:IBOMA (85:15) 6 ± 0.5 5.1 ± 0.4 79 ± 2 5273 ± 40 100 ± 1 

R2.2 
2OA:IBOMA+CTA* 

(85:15) 
6.9 ± 0.5 10 ± 1 179 ± 24 2137 ± 130 90 ± 1 

R2.3 
2OA:IBOMA:ISOMA+

CTA* (85:10:5) 
5.8 ± 0.4 5.4 ± 0.4 102 ± 5 4334 ± 180 85 ± 1 

CTA*: 0.025 weight percent of 2EHTG based on monomer composition 
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For the second pair of PSAs (R1.3 vs R2.2), the addition of CTA controlled the 

formation of the gel polymer and, therefore, similar soluble molar masses were obtained 

(Table 5.6). Nonetheless, greater values of loop tack, work of adhesion, shear resistance 

and SAFT were detected for the last one. The explanation for such material behavior was 

the formation of OH···OH and C=O···HO hydrogen bonds among the polymer chains which 

had a better mobility to interact each other because of the reduction of the crosslinking 

density. These supramolecular interactions formed a reversible physical network which 

reinforces the polymer matrix but also allows molecular motion and, thus, improves the 

adhesion strength29,30. The dynamic network enhances the initial adhesion and the energy 

release during the detachment process as well as the solid-like behavior of the material, 

which augments when the hydrogen bonds density is higher25. This is the case of formulation 

R2.3, in which the incorporation of 5 wt% of ISOMA provided a two times greater shear 

resistance value than for formulation R2.2 because of the increase of the adhesive elasticity, 

which also reduced peel strength and loop tack. 

The efficiency of the hydrogen bond interactions commented above in formulations 

R2.1 and R2.2 comes from the grafting capability of the ASR resin. This covalent 

incorporation leads to polymer chains with pendant carboxylic and hydroxyl groups suitable 

for the adhesion and cohesion, being the last property more remarkable in formulation R2.3. 

Probe tack test is a useful tool to further understand how supramolecular interactions 

and viscoelastic nature of a PSA link each other, and hence, their effect in the final 

performance30. Figure 5.14 shows the stress-strain curves for the synthesized PSA series 

using ASR R1 (left) and ASR R2 (right) as stabilizers. As it was discussed above, IBOMA 

strengthens the cohesion of the adhesive. This was reflected during the cavitation process 

of formulation R1.2, showing a broad stress peak above 1.7 MPa followed by a lower 

propagation rate of the cracks along the fibrillation process, which yielded a higher 
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elongation at break than formulation R1.1. When the gel content was reduced in formulation 

R1.3, longer but weaker adhesive fibrils were observed as consequence of the enhancement 

of the viscous component.  

On the other hand, it is remarkable the shapes of the stress-strain curves obtained 

for compositions containing ASR resin R2. A constant increase of the stress during the 

fibrillation (after the relaxation process) up to large strain values are observed which can be 

considered as a reinforcement of the material fibers. This behavior is more prominent when 

the concentration of ISOMA moieties increases in the adhesive formulation (formulation 

R2.3). It also increases when the viscoelasticity of the adhesive increases for the same 

concentration of ISOMA moieties (R2.2 vs R2.1). This kind of behavior is due to the 

interfacial contributions of supramolecular bonds among the molecular chains, particularly 

to those interactions within the cavity walls31,32. 

 

Figure 5.14. Probe tack curves for the PSA formulations coming from both resin R1 (a) and 

resin R2 (b). 

Finally, a sharp decrease of the nominal stress at the maximum strain value was 

observed for formulations R2.1 and R2.2 indicating a total breakage of the adhesive fibrils 

and, hence, a fast energy release. Nevertheless, in formulation R2.3 the stress decreased 

progressively from 700% to 800% strain, dropping to 0.35 MPa and reaching later a larger 
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strain value without letting any noticeable adhesive residue in the probe. In this case there 

was not a total breakage of the fibrils, but those residual ones continued to stretch. 

These results are in agreement with the rheological analysis discussed in section 5.5. 

The promotion of hydrogen bonding formation improved both storage and dissipative energy 

properties (enhancement of G´ and G´´ and η*), being reflected in higher and longer 

shoulder-like shapes in the probe tack curves.    

5.7 Variable temperature Fourier-transform infrared spectroscopy (VT-

FTIR) 

VT-FTIR is a useful technique to investigate the hydrogen bonding and debonding in 

a physical polymer network as a function of the temperature33–36. Figure 5.15 displays the 

FTIR absorbance spectra of composition R2.3, which contains the highest hydrogen bonding 

density, over a broad temperature range (23 ºC - 180 ºC). It is important to mention that very 

low intensity O-H stretching band near 3500 cm-1 was detected, not observing any noticeable 

shift towards high frequencies as the temperature was increased. Moreover, the 

wavenumber of the C=O stretching vibration band remained constant at 1730 cm-1 meaning 

that the most carbonyl groups did not suffer hydrogen bond association and, therefore,  the 

band did not shift toward the blue region. However, the absorption band at 1082 cm-1 

corresponding to the C-O stretching of secondary alcohol shifted to 1090 cm-1, showing the 

appearance of a shoulder above 120 ºC due to the C-O bond reinforcement after the 

hydrogen debonding. This absorption band was not observed in FTIR absorbance spectra 

of composition R1.3 because of the absence of alcohol groups (Figure 5.14.b, black dashed 

line). Although slight differences were found among the VT-FTIR spectra, isosorbide 

moieties provided those secondary alcohols and, therefore, contributed to a greater extent 

to hydrogen bond formation. At this point, it could be hypothesized that those hydroxyl 
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groups mainly interact with the carbonyl groups, which did not show any noticeable shift 

because of the high free number of this carbonyl species. 

 

Figure 5.15. VT-FTIR spectra of formulation R2.3 in the 1800-1000 cm-1 region (a) and in 

the 1300-1000 cm-1 region (b) at varying temperatures. Note that the dashed line 

corresponds to FTIR spectrum at 23 ºC of formulation R1.3.  

5.8 Removability studies of PSAs containing ASRs as stabilizers 

In order to study the potential removability for industrial applications, the synthesized 

PSAs using ASRs as polymeric stabilizers were subjected to basic conditions. For that 

purpose, the adhesive tapes were attached to glass substrates (mimicking glass bottles) and 

then they were submerged into an ammonium hydroxide solution adjusted at pH 10 (Scheme 

5.2). The force needed to detach the adhesive tape from the substrate was measured at 

different soaking times. The test was carried out at room temperature using a static soaking 

procedure. 
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Scheme 5.2. Separation mechanism of PSAs in alkali solution 

 

PSA compositions contain a large number of carboxylic acid groups (both ASRs 

contain acid groups) that allow their reaction with NH4
+ ion in alkali solution and form the 

corresponding salt. As result of this reaction the adhesion of the tape to the substrate is 

weakened and hence the adhesive tape easily detached. Figure 5.16 shows the removability 

results obtained for the two PSAs series. All compositions showed a similar trend, getting a 

complete separation before 20 min not letting any rest of adhesive on the glass surface. 

Surprisingly, composition R2.3 showed a higher peel strength value than the rest of 

formulations at 10 min of soaking. This was attributed to the greater quantity of ISOMA in 

the formulation, which provided a stronger interaction with the glass and, hence, reinforced 

the adhesive strength. 
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Figure 5.16. Evaluation of 180º peel strength in glass at different soaking times for PSA 

series films with ASR R1 (a) and with ASR R2 (b) at room temperature. 

5.9 Conclusions 

In this chapter, the synthesis of biobased alkali soluble resins (ASRs) and its use as 

stabilizers in emulsion polymerization aiming to obtain high performance and easy 

removable PSA formulations was investigated. The influence of the resin nature was 

evaluated and compared in terms of polymer microstructure and adhesive properties. It was 

found that the use of ISOMAraw in the resin composition provided pendant double bonds to 

the structure and, thereby, allowed the grafting of the resin to the polymer. This resulted in 

lower free ASR resin in the PSA latex that notably influenced in the viscoelasticity of the 

adhesive tapes. In addition, supramolecular interactions associated with the isosorbide 

groups enhanced the mechanical properties of the PSA tapes, which increased as the 

hydrogen bonding density did. This adhesive behavior was supported by a deep rheological 

assessment of the PSA films and by VT-FTIR studies, which allowed to link the hydrogen 

bonds formation with the viscoelastic behavior. In this context, the grafting capability of the 

resin containing ISOMAraw together with the existence of a physical crosslinking provided a 

good relationship between adhesion and cohesion, namely, a good balance of the polymer 
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network viscoelasticity. Finally, removability studies in alkali solution of the PSA tapes 

promoted their complete detachment in less than 20 min. These results provide high 

performance adhesive formulations ready to be industrially implemented in consumer goods 

and suitable for their subsequent recycling process. 
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6.1 Introduction 

So far, all the chapters have been focused in the development of sustainable 

waterborne PSAs with high bio-content as potential consumer goods for future applications. 

Nonetheless, waterborne coating compositions coming from renewable feedstock represent 

a growing and promising market for the paint & coating industry. Among the most important 

renewable sources, carbohydrates-derived products are attracting more and more interest 

since they represent 75% of the annually renewable biomass, i.e. 200 billion tons1. The main 

research in the emulsion polymerization field has been focused on the synthesis and 

incorporation of vinyl starch macromonomers, (un)protected monosaccharide derived 

(meth)acrylates or even modified starch nanoparticles for their application as biodegradable 

coatings, resins, inks or paints2–9. However, the hydrophilic nature of such kind of monomers 

induce colloidal stability problems above a certain concentration, being necessary to attach 

a hydrophobic group to the carbohydrate skeleton to produce stable latexes10,11. In this 

regard, a sugar-based monomer has been developed by Ecosynthetix with the name of 

Ecomer®, an alkyl polyglucoside (APG) maleic acid ester coming mainly from dextrose with 

an average oligomerization degree between 1.3 and 2 and having a hydrophobic tail 

(Scheme 6.1)12. Few patents have reported recently the use of this kind of macromonomer 

to produce repulpable and biodegradable pressure sensitive adhesives13–15. Nevertheless, 

there are no studies involving this APG derived monomer together with other monomers 

coming from renewable sources for the preparation of waterborne coatings. 

Accordingly, this chapter will be focused in the development of waterborne coatings 

by the combination of Ecomer® together with the already studied commercial biobased 

monomers 2-Octyl acrylate (2OA) and isobornyl methacrylate (IBOMA). For this purpose, 

Ecomer® was firstly characterized to better know its composition (degree of oligomerization 

and substitution degree) and hence its potential impact in the emulsion polymerization. 
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Secondly, its copolymerization with different hard monomers was studied aiming to 

understand its incorporation in the preformed polymer particles. Then, biobased waterborne 

coatings containing 2OA and IBOMA as main comonomers were developed and fully 

characterized. The caramelization process allowed to incorporate the free Ecomer® content 

as well as to improve both mechanical and coating properties. IR, TGA and DMTA analysis 

shed light about this process and its correlation with the final properties. Finally, 

biodegradability studies of the coatings films were carried out. 

This work was carried out during the internship in the R&D department (Acrylics team) 

of DSM Coating Resins (Netherlands). 

Scheme 6.1. Commercial biobased monomer used in this chapter and its bio-content, where 

the green part belongs to the carbon structure coming from the nature. 

 

6.2 Experimental 

Biobased monomer isobornyl methacrylate (IBOMA, 71% bio-content) was 

purchased from Evonik Industries (Germany), while 2-Octyl acrylate (2OA, 73% bio-content) 

was purchased from Arkema (France). Ecomer® was supplied from Ecosynthetix (Ontario, 

Canada) as a mixture Ecomer:Butyl acrylate 50 wt:50 wt. Styrene (ST) was purchased from 

BASF (Germany), whereas methyl methacrylate, (MMA) and methacrylic acid (MAA) were 

purchased from Lucite International (Germany). Calcium bicarbonate (CaCO3) was acquired 

Ecomer® (100%)

n = 1.3-2 ; m = 2-7

Radical reactive group
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from Brenntag (Germany), whereas potassium persulfate (KPS), ascorbic acid (AsA) and 

methylethyl ketone (MEK) were purchased from Nexeo Solutions (Germany) and tert-butyl 

hydroperoxide (TBHP) was purchased from AkzoNobel (Netherlands). Dowfax2A1 

(Alkyldiphenyloxide Disulfonate, emulsifier) was purchased from Dow Chemical (Midland, 

Michigan, USA), ammonium hydroxide solution (25 wt%) was purchased from sigma Aldrich 

(Germany) and the biocide Proxel Ultra 10 was purchased from Vink Chemicals (Germany). 

Butyl diglycol (BDG) and N-Methyl-2-pyrrolidone (NMP) together with deuterated solvents 

such as chloroform (CDCl3) and dimethyl sulfoxide (DMSO-d6) were purchased from VWR 

International (Netherlands). Deuterated pyridine (C5D5N) was acquired from Merck 

(Netherlands). BYK 346 (wetting agent) was kindly supplied by BYK Additives & Instruments 

(Abelstrasse, Germany). All reagents were used without further purification. 

6.2.1 Emulsion polymerization  

All the latexes were synthesized via starved-feed seeded semibatch emulsion 

polymerization, being 45 wt% the final solids content. The polymerization process included 

the loading of the seed in the reactor and the feeding of an Ecomer containing pre-emulsion 

of monomer during 210 min. Upon finishing the pre-emulsion feeding, the reactor content 

was post-polymerized for 1 h. After the post-polymerization process, a biocide solution was 

added and the final pH adjusted to 7 with an ammonium hydroxide solution. Emulsion 

polymerizations were performed at 80ºC and 150 rpm in a 2L glass reactor equipped with a 

reflux condenser, sampling device, nitrogen inlet and a stainless steel anchor-type stirrer. 

Table 6.1 summarizes the formulations. 
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The seed was synthesized in semibatch having a solids content 15 wt% and a 

composition BA/MMA/MAA:49.5/49.5/1 by weight (see Table 6.1). A pre-charge formed by 

deionized water, Dowfax 2A1, and calcium bicarbonate was introduced into a reactor. The 

mixture was srirred at 175 rpm for 30 min under nitrogen and the temperature was increased 

to 75°C. Then, a shot of KPS (0.5 wbm%) was added and the monomers mixture was fed 

along 2 h. When the feeding process was completed a post-polymerization process was 

carried out for 1h at 175 rpm and 75°C. After the post-polymerization step a killing process 

was performed at 60 °C using a redox pair Ascorbic acid/TBHP (0.1 wbm%/0.1 wbm%). 

6.2.2 Characterization 

 Particle size was analyzed by dynamic light scattering (DLS) and conversion was 

determined gravimetrically. The gel fraction (or insoluble fraction of the copolymer in MEK) 

was measured by static extraction. 

Table 6.1. Materials and percentages employed in the synthesis of the latexes 

 Materials wbm %* Amount (g)  

Seed BA/MMA/MAA 
(49.5/49.5/1) 

 294.04 

Second stage pre-

emulsion 
   

Low Tg monomers 2OA 
BA 

0-27 
15-42 

0-110.17 
61.21-171.38 

High Tg monomers 
IBOMA 

ST 
MMA 

42 171.38 

Functional monomers MAA 
Ecomer® 

1 
15 

4 
61.21 

Emulsifier Dowfax2A1 1 9.06 

Initiator KPS 0.5 2.04 

Continuous phase Water  292.52 

*weight % based on total monomer content fed 



Chapter 6 

 189 

The molar mass distribution of the soluble fraction as well as Ecomer® conversion 

were determined by size exclusion chromatography (SEC) at 70°C, using N-

Methylpyrrolidone (NMP)/ methylethylketone (MEK) (80/20) and 10 mmol lithiumbromide 

(LiBr) as eluent and referred to polystyrene standards. 

Ecomer® conversion was corroborated by thermogravimetric analysis of the 

supernatant of the binder after the centrifugation process at 20 ºC for 24 h with a relative 

centrifugal force (RCF) of 20000 x g (Sigma 3-30KS). 

Ecomer® characterization was carried out by high pressure liquid chromatography 

(HPLC) using gradient elution of H2O/acetonitrile/THF and PDA/ELSD/ESI-TOF-MS 

(Photodiode Array/Evaporative Light Scattering Detector/Electrospray Ionization-Time Of 

Flight-Mass Spectrometry) detection. Nuclear magnetic resonance (NMR) spectra were 

recorded on a Bruker 400 MHz equipment.  

The glass transition temperature (Tg) was determined by differential scanning 

calorimetry (DSC250, TA Instruments) of dry polymers from the final latexes using hermetic 

pans. The scanning cycles consisted of first cooling to -85 °C at 20 °C/min, and then heating 

to 160 °C at a rate of 10 °C/min, cooling again from 160 °C to -85 °C at 20 °C/min, and then 

heating to 160 °C at 10 °C/min. Isotherm thermogravimetric analysis (TGA) were performed 

at 120 ºC under oxygen atmosphere using a Q500 device (TA analysis). The minimum film 

formation temperature (MFFT) was determined by a MFFT-60 equipment (Rhopoint 

instrument) using a gap applicator of 100 μm under air conditions. Dynamic-Mechanical 

Thermal Analysis (DMTA) were carried out using a dynamic mechanical thermal analyzer 

(Triton 2000 DMA, Triton Technology, Ltd) with single cantilever tension geometry. 
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Fourier transform infrared spectroscopy (FTIR) was used in order to follow the 

condensation reaction of hydroxyl groups during the caramelization process. The IR spectra 

was obtained using Alpha FT-IR spectrometer Platinum ATR operated with OPUS software. 

6.2.3 Film preparation and coating properties 

Water uptake. The coating films were prepared by the addition of a known quantity 

of latex into a silicone template in order to obtain films of approximately 500 µm thickness.  

The films were dried at 22 ºC and 50 % humidity for 4h and then at 50 ºC overnight. 2 dry 

films of 2 cm2 area per formulation were weighted (mo) and submerged into 25 mL of 

deionized water for 24h and then were carefully dried and weighted again (mt). 

𝑊𝑎𝑡𝑒𝑟 𝑢𝑝𝑡𝑎𝑘𝑒 =  
𝑚𝑡−𝑚𝑜

𝑚𝑜
 × 100                                    (Eq.6.1) 

In what follows, for the film preparation, wetting agent (0.5 wt%) was used in all 

formulations and BDG for the formulations: 6Ref, 6A, (2 wt%) and 6B (4 wt%). 

Hardness. The coating films were prepared by casting the latex over a glass panel 

(10 cm x 20 cm) using a gap applicator of 100 µm in order to obtain films of approximately 

45 µm thickness. The films were dried at 22 ºC and 50 % humidity for 4h and then at 50 ºC 

overnight. The hardness of the coating films was measured by Persoz pendulum hardness 

at 22 ºC and 50 %. At least three measurements of each film were performed, and the results 

were averaged. 

Blocking. Films were cast on black and white sealed chart from Leneta (form 8B) 

using a roll applicator of 100 µm. The films were dried at 22 ºC and 50 % humidity for 24 h. 

Then the Leneta chart was cut in strips (3.3 cm x 9.7 cm) and stacked in a cross-like way. 

The stacked strips were subjected to 1 kg of pressure for 4h at 50 ºC. The visual evaluation 
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was carried out following the standard method ASTM D4946. Grades were attributed to each 

coating ranging from 0 for a bad film separation (adhesion, film damages) to 5 for an easy 

and damage-free separation of the strips. 

Contact angle. Water contact angles were measured in a OCA 20 Instrument 

(Dataphysics). The coating films were prepared by casting the latex over glass substrates 

using a gap applicator of 100 µm in order to obtain films of approximately 45 µm thickness 

The films were dried for two days at 23⁰C and 55% relative humidity. The measurement of 

the contact angle was done by placing 10 μl droplets of distilled water on the surface of the 

films. The values given are an average of twenty measurements per film. 

Tensile test. The coating films were prepared by casting the latex over a release 

paper using a gap applicator of 425 μm. Films were dried under the same conditions than 

the hardness test ones. Afterwards, films were cut in order to obtain probes with 

approximately 190 µm thickness, 4 mm width and 30 mm of effective length. Tensile tests 

were performed at 22 ºC and 50 % humidity in a Zwick Roell Z010 10kN tensile testing 

machine applying a crosshead speed of 100 mm/min. At least five specimens of each film 

were tested, and the results were averaged. 

Chemical resistance. Waterborne dispersions were applied on sanded melamine 

panels by a roll applicator, obtaining a final coating thickness of 45 µm and 54 µm, 

respectively (the films were dried at 22 ºC and 50 % humidity for 4h and then at 50 ºC 

overnight). Chemical resistance to coffee, ethanol (48%), red wine, mustard and water was 

evaluated by “spot test”. Circular filter papers (25 mm diameter) were submerged into the 

substance for 30 seconds and then placed on the coating during a period of time, covering 

the testing area with a small glass vessel. The filter paper was placed during 1 hour for coffee 

and ethanol, 6 hours for mustard and wine and 16 hours for water and coffee. After these 
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given times, liquid spots were carefully wiped off with absorbent paper. After 24 hours, the 

dry spots were cleaned up with soap using a sponge and films damage was evaluated 

visually, grading from 0 (extremely damaged) to 5 (intact films). 

6.2.4 Caramelization process 

Caramelization reaction of the final coatings was perfomed at 120 ºC. For that 

purpose glass panels, melamine panels and leneta chart, which contained the coating as 

well as tensile test probes, were introduced in the oven overnight. Thereafter, mechanical 

and coating properties such as tensile test, hardness, blocking, and chemical resistance 

were evaluated.   

6.2.5 Biodegradability assessment 

Biodegradability of dry polymer materials was evaluated in agreement with OECD 

301 (biodegradation in water/activated sludge) by measuring the Biochemical Oxygen 

Demand (BOD) in a closed system, i.e. the amount of O2 consumed by the decomposition 

of organic matter in a biochemical process, for 29 days at 25 ºC. Where TOD is the 

Theoretical Oxygen Demand 

𝐵𝑖𝑜𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 =  
𝐵𝑂𝐷 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑

𝑇𝑂𝐷
 × 100                                 (Eq.6.2) 

The TOD (Theoretical Oxygen Demand) of a substance CcHhClclNnNanaOoPpSs of 

molecular weight MW is calculated as: 

𝑇𝑂𝐷 (
𝑚𝑔 𝑂2

𝑚𝑔 𝑡𝑒𝑠𝑡 𝑠𝑢𝑏𝑠𝑡𝑎𝑛𝑐𝑒
) =  

16[2𝑐+0.5(ℎ−𝑐𝑙−3𝑛)+3𝑠+2.5𝑝+0.5𝑛𝑎−𝑜]

𝑀𝑊
           (Eq. 6.3) 

This calculation implies that C is mineralized to CO2, H to H2O, P to P2O5 and Na to Na2O. 

Halogen is eliminated as hydrogen halide and nitrogen as NH3. 
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6.3 Ecomer® characterization 

Ecomer® is a family of alkyl polyglucoside (APG) maleic acid esters coming mainly 

from dextrose (α-D-Glucose) and having an average oligomerization degree ranging from 

1.3 to 2. In addition, the hydrophobic tail length, which is composed by an aliphatic chain, 

can range from 1 to 30 carbons or a mixture thereof, being more preferably a C3 to C8 alkyl 

chain as it was described in the patent literature13. The Ecomer® used in this chapter was 

fully characterized before its incorporation to emulsion polymerization formulations.  

Figure 6.1 shows both 1H NMR (up) and 13C NMR (down) spectra of Ecomer® in 

dimethyl sulfoxide-d6. As it can be observed, the 1H NMR spectra shows the alkyl chain 

protons about 0.7-1.7 ppm. The C-H groups signals from the glucose ring appear between 

3.0 and 5.5 ppm intercalated with the signals corresponding to the O-CH2 group of the 

aliphatic chain (3.33-3.38 ppm), while a broad variety of the H-C=C-H signals are placed 

between 6.0 and 6.5 ppm. In addition, traces of p-toluene sulfonic acid were detected (less 

than 1 mol%) likely because is used as catalyst in the first step of the synthetic pathway of 

Ecomer®. 13C NMR allowed to identify all the significant signals that confirm the length of the 

alkyl group, concluding that Ecomer® was a hexyl polyglucoside maleic acid ester. Regarding 

this, five signals corresponding to the alkyl chain are placed between 10 and 35 ppm, while 

the O-CH2 group of the chain together the sugar CH groups are between 60 and 80 ppm. 

The C=C group from the maleic anhydride moiety is in the region between 110 and 130 ppm 

and the C=O bonds from the ester groups appear around 165 ppm. Furthermore, the 1H 

NMR signals integration revealed that each glucose unit contained 0.52-0.6 of hexyl and 

0.58-0.66 of maleic ester substituents (lowest number for a polymer and the highest number 

based upon one glucose unit).  
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Figure 6.1. 1H NMR (a) and 13C NMR (b) spectra of Ecomer® in dimethyl sulfoxide-d6. 

The mass spectroscopy analysis of Ecomer® (Figure 6.2) revealed several peaks 

corresponding to different glucose derivative species. The base peak at m/z = 385.15 is 

associated with the presence of a single charge sodium adduct of a glucose ring containing 

a maleic anhydride skeleton and a hexyl chain tail, whereas the peak at m/z = 483.15 

corresponds to a triple charged sodium and dilithium adduct of the hexyl monoglucoside 

disubstituted maleic acid ester. Moreover, other ions with diglucose groups, which arise from 

the first step of the reaction pathway, were also detected. The peaks at m/z 547.20 and 
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747.30 correspond to a singly charged sodium adduct diglucose maleic acid ester and a 

doubly charged sodium and ammonium adduct diglucose dimaleic acid ester, respectively. 

However, a single charged sodium adduct of hexyl diglucoside not containing polymerizable 

double bonds was also observed (m/z 449.20). This non-polymerizable species could come 

from the breakage of the maleic anhydride moiety during the ionization process or, most 

likely, being a side product of the synthetic route to produce Ecomer®. 

 

Figure 6.2. HPLC-ESI-TOF mass spectrum of Ecomer®. 

Ecomer® was also characterized using DSC analysis (see Figure 6.3.a) detecting a 

glass transition temperature of -3 ºC in the first heating cycling. Nevertheless, as the number 

of heating cycles increased the glass transition temperature did too, reaching a value around 

34 ºC in the last one because its homopolymerization or even caramelization reactions. 

Finally, SEC analysis (see Figure 6.3.b) revealed a broad molecular weight distribution for 

this sugar based vinyl monomer (SBV) having an average molar mass (Mw) of 737 g/mol 

and a polydispersity index (PDI) of 1.24.  
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Figure 6.3. DSC curves of Ecomer® at a heating rate of 10 ºC/min (a) and selected molecular 

weight distribution from the GPC chromatogram (b). Note that in the case of DSC analysis 4 

heating cycles were performed. 

6.4 Effect of the hard monomer in the copolymerization of Ecomer® 

One of the goals of this work was to investigate the incorporation of Ecomer® in 

coating compositions containing different kind of hard monomer. It is worth noting that above 

15 wt% of Ecomer® in the composition caused the coagulation of the latexes, likely because 

of the high amount of water soluble species formed. Therefore, latexes with the composition: 

BA:Hard monomer:SBV:MAA (42:42:15:1) were explored. 

For this purpose, methyl methacrylate (MMA), isobornyl methacrylate (IBOMA) and 

styrene (ST) were used as hard monomers. It was found that the nature of the hard monomer 

influenced the quantity of Ecomer® incorporated into the polymer particles, namely the SBV 

monomer content copolymerized. Figure 6.4 shows the 1H NMR spectra in chloroform-d1 of 

the binder composition: BA:MMA:SBV:MAA (42:42:15:1), observing free double bonds in the 

region between 6.0 and 6.5 ppm coming from the non-incorporated SBV. In addition, 

Ecomer® species not containing polymerizable double bonds contribute to the low 

incorporation of Ecomer® (peak at m/z = 449.19 in the mass spectrum). 
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Figure 6.4. 1H NMR spectra in chloroform-d1 of the latex composition BA:MMA:SBV:MAA 

(42:42:15:1). Tetramethyl silane was used as internal standard. 

SEC analysis revealed that the free Ecomer® content remaining in the water phase 

per kg of binder was around 20-23 g for MMA, 17-18g for IBOMA and between 9.7 and 14g 

when ST was used (Scheme 6.2). These values were corroborated by measuring the solids 

content of the latex supernatant after the centrifugation process. This limited incorporation 

is likely due to the lower reactivity ratio of the maleic double bonds of the Ecomer monomer 

with respect to the (meth)acrylate ones used in the formulation and the high water solubility 

of Ecomer that favors its partition to the aqueous phase and hence its difficulty to be 

incorporated into the copolymer in the polymer particles16,17. 

Scheme 6.2. Ecomer incorporation yield and free content as a function of the kind of hard 

monomer used. 
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In what follows only the latexes synthesized with IBOMA as hard monomer are 

discussed (those synthesized with MMA and ST can be found in the Appendix 2) since this 

monomer yields the latexes with the higher bio-content. 

6.5 Synthesis of acrylic latexes containing IBOMA/Ecomer® 

 Table 6.2 summarizes the latexes synthesized as well as their main properties 

including gel content, sol weight-average molar mass (Mw), glass transition temperature 

(Tg), Minimum Film Formation Temperature (MFFT), bio-content and the free Ecomer® 

content (SBV). Figure 6.5 shows a representative evolution of both instantaneous and overall 

conversion as well as the particle size evolution along the reaction time. In all reactions 

instantaneous conversions higher than 90% were achieved because of the starved monomer 

feeding conditions, reaching full conversion (measured by gravimetry) after a post-

polymerization process of one hour. In addition, the experimental particle size evolution was 

similar to the predicted one meaning that either secondary nucleation or coagulations were 

minimized during the process.  

As it can be observed, the incorporation of Ecomer® in composition 6A reduced the 

glass transition temperature and increased the insoluble fraction (gel content) due to the 

existence of sugar based divinyl species acting as crosslinkers. As a consequence, the 

diffusion of the polymer chains across the particle interface was affected yielding higher 

Table 6.2. Summary and characteristics of the synthesized latexes by two-stage process. 

COMP 
2nd Stage  

(%wt monomers) 
Gel 
 (%) 

Mw  
(kDa) 

Tg 
(°C) 

MFFT 
(°C) 

Bio 
(%) 

SBV 
(g/kg)* 

6Ref 
BA:IBOMA:MAA  

(49.5:49.5:1) 
52 ± 0.1  301  33 19.5 33 - 

6A 
BA:IBOMA:SBV:MAA  

(42:42:15:1) 
65 ± 1 112  29.3  21  41 17 

6B 
2OA:BA:IBOMA:SBV:MAA 

(27:15:42:15:1) 
67 ± 0.1 89.9 34.5 25 63 18 

* Makes reference to the quantity of free Ecomer® in 1 kg of binder. 
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MFFT values. When a fraction of butyl acrylate was substituted by 2-Octyl acrylate in 

composition 6B, the Tg of the final polymer increased around 5 ºC, which also affected to 

the MFFT value without observing any relevant change in the soluble molar mass and gel 

content.   

 

Figure 6.5. Representative evolution of (a) the instantaneous and overall conversion, during 

the synthesis of latex 6A, and (b) average particle size evolution measured by DLS together 

with the theoretical evolution. 
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compounds, being this last one the case of the Maillard reaction21,22. In general terms, the 

caramelization reaction is preceded by sugar isomerization and degradation reactions (most 

of them dehydration processes) producing mostly organic acids such as formic, acetic, lactic 

or glycolic acid and other furan compounds like 2-Hydroxyacetylfurane (HAF), with special 
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preponderance to the thermodynamically stable 5-Hydroxymethylfurfural (HMF), which is 

one of the main responsibles of the brownish colour and flavor in the caramel23–26. These 

degradation reactions are accelerated at temperatures above 120 ºC and are catalyzed by 

acids and bases27.  

On the other hand, glucose oligomerization by condensation reactions forms strongly 

colored nonvolatile components of relatively high molar mass, which are classified into three 

classes: caramelans, tetramers of hexoses (C24H36O18); caramelens, hexamers of glucose 

(C36H50O25); and caramelins, polymers of glucose (C125H188O80)28. It is worth to point out that 

the molecular formula of these structures depends on the type of carbohydrate used and, 

furthermore, intermediate products composed by dimers or trimers are also formed29. 

Moreover, as the caramelization time increases, and hence dehydration reactions, the 

formed furan compounds HMF, furfural and HAF may act as precursors of coloring polymeric 

products19.  

Keeping in mind this oligomerization process and in order to reduce the free Ecomer® 

content in the final product caramelization reactions of the final coatings were performed 

aiming to incorporate the remaining Ecomer® by condensation reactions. In order to minimize 

degradation reactions the caramelization process was carried out overnight at 120 ºC22. 

Figure 6.6 shows a coating film containing Ecomer® before and after the caramelization 

process together with a schematic view about the hypothetical chemical structure of the 

polymer. It can be noted the brownish color of the film after the caramelization due to the 

presence of furan derivative moieties and to the condensation reactions, which increased 

both the hardness and brittleness of the final coating. 
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Figure 6.6. Coating films containing Ecomer® with schematic view about the hypothetical 

chemical structure of the polymer before and after caramelization process. 

Figure 6.7 shows the evolution of the soluble molar mass distribution for compositions 

6A and 6B as well as the gel content before and after the caramelization. As it can be 

observed the oligomerization process allowed to incorporate the remaining SBV molecules, 

observing the disappearance of the peak close to 103 g/mol, which corresponds to the free 

Ecomer®. In addition, sol molar masses were shifted towards lower masses because of the 

formation of both intra and intermolecular glycosidic linkages as well as the possibility of 

interconnected furan derivative structures, which increased the insoluble fraction. 

Concerning this, the gel content shifted from 65% to 72% for composition 6A and from 67% 

to 75% in the case of composition 6B.  

120 ºC

Overnight
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Figure 6.7. Soluble molar mass distribution of compositions 6A (a) and 6B (b); and gel 

content evolution (c) before (green circles) and after (red circles) caramelization process. 

Infrared spectroscopy (see Figure 6.8) confirmed the condensation reactions due to 

reduction of the O-H stretching vibration band at 3240 cm-1 together with a strong diminution 

of the band at 616 cm-1, which is associated to the out-of-plane O-H bending vibration (O-H 

δ oop). Furthermore, the in-plane O-H bending vibration band appearing around 1450 cm-1 

shifted towards lower wavelengths, unfolding into two bands, which is typical for acetals and 

ketals. The HC-OH stretching band at 1112 cm-1 shifted towards higher wavelengths, 

concretely to 1160 cm-1, which is the stretching vibration for the ether linkage (HC-O-CH) 

corroborating the glycosidic bond formation. 
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Figure 6.8. Infrared spectra before (green continuous line) and after (red dashed line) 

caramelization process. 

Isothermal thermogravimetric analysis was carried out emulating the caramelization 

conditions to determine the percentage weight loss during the process. For that, polymers 

from compositions 6A and 6B were subjected at 120 ºC for 14 h under oxygen atmosphere. 

Figure 6.9 shows the isothermal TGA curves of the corresponding compositions. It was found 

a loss of 0.85 wt% and 0.65 wt% for compositions 6A and 6B, respectively before reaching 

110 ºC, which belongs to the loss of water absorbed by the material. An effective weight loss 

of 2.79% and 3.14% was detected during the caramelization time meaning that not only 

carbohydrate oligocondensation products were formed, but also dehydration products 

coming from the glucose itself, which is able to lose up to three molecules of water, yielding 

furan derivative compounds. Despite of the low caramelization temperature, the generation 

of unexpected volatile molecules should not be discarded.   
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Figure 6.9. Isothermal TGA curves at 120 ºC of compositions 6A and 6B under oxygen 

atmosphere for 840 min. 

6.7 DMTA analysis of acrylic dispersions containing IBOMA/Ecomer® 

In order to understand how the solid-like behavior of the materials is affected by the 

caramelization process, the coatings cast at ambient temperature were analyzed using 

dynamical thermal analysis (DMTA). Figure 6.10 shows the storage modulus (G’) and tanδ 

vs temperature curves before (green) and after (red) the caramelization for the compositions 

6A and 6B together with the reference one.  

As it can be observed, the use of Ecomer® decreased the storage modulus in the 

final coating due to the increasing of the space among the polymeric chains and, hence, the 

mobility of them. In addition, the incorporation of Ecomer® in composition 6A led to a lower 

glass transition temperature than the one corresponding to the reference composition. The 

use of 2OA in composition 6B counteracted the effect produced by Ecomer®, resulting in a 

higher Tg in comparison with the reference one. All the coatings (the reference and the 

coatings containing Ecomer monomer before and after caramelization) presented a liquid-

like behavior at temperatures above 80ºC (G’ decreases sharply), which is an indication of 

lightly or non-crosslinked polymers. After the caramelization process, a similar tanδ transition 

change was detected for both compositions, indicating a reinforcement of the polymer 
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network. Nevertheless, composition 6A presented more clear differences of G´ (before and 

after the caramelization) than composition 6B, which means a small enhancement of the 

crosslinking density. Surprisingly, above 80 ºC, G´ for the caramelized polymers decreased 

faster than for non-caramelized polymers, without observing any rubbery plateau. This 

suggests changes in the solid-like behavior which are appreciated at room temperature, but 

not in the solid regime because the high liquid-like behavior of the caramelized system. 

 

Figure 6.10. Dynamic mechanical thermal analysis of the coatings of the compositions 6A 

(a) and 6B (b) before (green) and after (red) the caramelization together with the reference 

composition (black). 
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6.8 Evaluation of the performance of acrylic dispersions containing 

IBOMA/Ecomer® for melamine coating application 

Mechanical properties 

Table 6.3 summarizes the mechanical properties obtained in the tensile test for both 

the caramelized and non-caramelized coatings, whereas figure 6.11 shows the 

corresponding stress-strain curves. Overall, the coating films containing Ecomer® (green 

lines) were softer in comparison with the reference composition, showing a lower Young’s 

modulus (slope of the elastic region), yield stress (stress at the beginning of the plastic 

region) and ultimate strength (stress at break). This mechanical performance is in agreement 

with the results obtained in the DMTA analysis, since Ecomer® reduces the solid-like 

behavior and, thereby, the stiffness of the final coating. 

The elongation at break was increased in composition 6A because of the lower glass 

transition temperature and, thus, the increasing in the material plasticity. On the other hand, 

the incorporation of 2-Octyl acrylate in composition 6B reduced the extensibility of the probe, 

reaching a similar value than the reference one, which is attributed to the minor Tg 

differences among them. The small increment of the crosslinking degree, after the 

caramelization process, promoted both the elastic behavior and the brittleness of the coating, 

showing an increase of the strength and stiffness together with a great reduction of the 

elongation at break (red lines), which was more pronounced in the case of composition 6B.  
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Table 6.3. Mechanical properties of the coatings cast at ambient temperature before and 

after the caramelization process. 

COMP 
2nd Stage  

(%wt monomers) 

Young’s 
Modulus 

(MPa) 

Yield 
Stress 
(MPa) 

Elongation 
at break 
(%/100) 

Ultimate 
Strength 

(MPa) 

6Ref 
BA:IBOMA:MAA  

(49.5:49.5:1) 
154.3 ± 7.9  10.6 ± 0.6   3.2 ± 0.1 11.8 ± 1.7 

6A 
BA:IBOMA:SBV:MAA  

(42:42:15:1) 

15.5 ± 1.9  3.2 ± 0.4   4.7 ± 0.02 6.6 ± 0.2 

6A-caram. 750.3 ± 70.7 20.4 ± 1.1 0.5 ± 0.1 21.3 ± 1.3 

6B 2OA:BA:IBOMA:SBV:MAA 
(27:15:42:15:1) 

62.5 ± 22.44 5.9 ± 1.1 2.7 ± 0.4 6.1 ± 0.9 

6B-caram. 784.5 ± 30.2 22.9 ± 1.3 0.09 ± 0.01 23.3 ± 0.5 

 

 

Figure 6.11. Stress-strain curves of compositions 6A (green line) and 6B (blue line) before 

(solid line) and after (dashed line) the caramelization together with the reference composition 

(black solid line). 

In view of the mechanical behavior, the non-caramelized coatings could be useful for 

their application as architectural coatings (wall and trim paints). As representative example, 

polyurethane dispersions (with low crosslinking density) showing a yield stress: 2-15 MPa; 

ultimate strength: 4-20 MPa and elongation at break: 200-1100% have been described30. On 

the other hand, the harder caramelized coatings could find their place as protective coating 
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for industrial applications (furniture, joinery) since they present high crosslinking density. In 

this concern, industrial UV cured coatings presenting a yield stress: 2-4 MPa; ultimate 

strength: 5-8 MPa and elongation at break: 5-50% have been reported31. 

Water uptake 

The water uptake of the caramelized and non-caramelized polymer films is shown in 

Figure 6.12. The incorporation of the sugar based vinyl monomer in composition 6A and, 

thereby, the existence of hydrophilic glucose rings provided higher water uptake in 

comparison with the reference composition. However, the addition of 2OA in composition 6B 

had a strong effect in the hydrophobicity of the coating that was below 10% after 21 days 

and reached the plateau from the seventh day. A decrease of water uptake was caused by 

the increasing of the crosslinking density after the caramelization process, which also 

reduced the number of hydroxyl groups.   

 

Figure 6.12. Water uptake measurement of compositions 6A (green line) and 6B (blue line) 

before (solid line) and after (dashed line) the caramelization together with the reference 

composition (black solid line) 
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Hardness and blocking resistance 

Hardness and blocking resistance are important properties for waterborne decorative 

coatings, which evaluate the resistance of a coating to a mechanical force (such as pressure, 

rubbing or scratching) and the adhesion between two coating surfaces, respectively. Figure 

6.13 presents the pendulum hardness as well as the blocking resistances of the coating films 

before (blue bars) and after (red bars) the caramelization process. As it can be appreciated, 

the hardness of the coatings (Figure 6.13.a) displayed the same trend than the previously 

discussed mechanical properties, correlating a higher Young’s modulus with a higher 

hardness, as it was proposed by Sato32. An increase in the pendulum hardness after the 

caramelization was attributed to a more crosslinked polymer network, which reduced the 

molecular motions and, thus, reinforced the elastic part of the coating film. 

Concerning the resistance of the coating to blocking (Figure 6.13.b), a slight 

improvement was observed after the Ecomer® incorporation since the higher gel content 

reduced tackiness, counteracting the glass transition temperature effect and, thereby, 

increasing the antiblocking ability. This adhesion reduction raised after the caramelization. It 

is worthy pointing out that, unexpectedly, the blocking resistance of reference composition 

(which is zero before caramelization indicating the worse blocking) increased as well after 

the caramelization process. A possible explanation for such behavior could be related with 

a reorganization of the polymer chains after the treatment at 120 ºC. This reorganization 

could oriented the IBOMA groups towards the coating-air interface, reducing the surface free 

energy and leading to poorer inter-coating adhesion, namely, a better anti-blocking.  

In order to corroborate this, contact angle measurements of the reference 

composition were carried out before and after the caramelization process. It was observed 

an increase of the contact angle, which shifted from 81.5 º to 88 º, after the treatment at 120 
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ºC, being indicative of an increasing of the coating hydrophobicity and, hence, a 

reorganization of the methacrylate groups within the polymer chains (see Figure 6.14). 

 

Figure 6.13. Pendulum hardness (a) and blocking resistance (b) for the coating films before 

(blue bars) and after (red bars) the caramelization process. 

 

Figure 6.14. Contact for reference composition before (a) and after (b) the caramelization 

process. 
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Figure 6.15. As general observation, the introduction of Ecomer® in composition 6A reduced 

the chemical resistance against coffee, ethanol and water due to the incorporation of polar 

moieties such as hydroxyl groups coming from the glucose rings, which increase the 

chemical affinity to polar substances and, therefore, cause the damage of the coating. A 

slight resistance improvement was observed in composition 6B when a percentage of butyl 

acrylate was substituted by 2-Octyl acrylate, which raised the hydrophobicity of the film.  

The caramelization of the melamine-wood panel containing the coating with the 

composition 6A provided the same chemical resistance values than those ones observed 

for the reference composition. This is because of the glycosidic bond formation and the 

increasing of the crosslinking degree, which decreased the hydrophilicity of the coating and 

the permeation speed as well as enhanced its rigidity33–35. A better impact of the 

caramelization can be appreciated in composition 6B, overcoming the reference values, 

except for ethanol and mustard, and not observing any kind of visual remark for water and 

coffee on the panel. 

 

Figure 6.15. Chemical resistance of the coatings cast on melamine-wood substrate before 

(green) and after (red) the caramelization. 5 = no visible change, 1 = strong marks visible. 
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Figure 6.16. The coated melamine substrate with the coatings before (left) and after (right) 

the caramelization process. 

6.9 Biodegradability assessment 

Biodegradation of polymers involves the attachment of microorganism to the surface 

of the material followed by their growth employing the polymer as carbon source. This 

process occurs either under aerobic or anaerobic conditions, generating CO2, H2O or CH4 

as end products36. Moreover, the closer the similarity of a polymeric structure to a natural 

one, the easier its degradation by microorganisms37.  

Taking advantage of the existence of glucose derivative moieties in the coating 

compositions, biodegradation studies in activated sludge were monitored by measuring the 

biochemical oxygen demand (BOD) along the time. Figure 6.17 presents the biodegradation 

profile of the polymer film having the composition 6A before and after the caramelization 

treatment. It was observed a 7.4% of biodegradation of the polymer film, which is almost the 

complete conversion of every glucose ring into CO2. However, a final biodegradation around 

4.6% was found for the caramelized film. This is because the increasing in the crosslinking 

density constrains the polymer network, namely minimizes the network voids, resulting in a 

Non-caramelized Caramelized
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reduction of the water absorption and, hence, in the efficiency of the biodegradation38,39. As 

it was expected, no relevant changes in the biochemical oxygen demand for the reference 

composition were observed. 

 

Figure 6.17. Changes of biochemical oxygen demand (BOD) in an activated sludge as a 

function of the degradation time of dry polymer films of composition 6A before (green) and 

after (red) the caramelization process together with the reference composition (black). 

6.10 Conclusions 

In this chapter, the incorporation of the commercial functional monomer Ecomer® into 

waterborne coating compositions containing 2OA and IBOMA as main comonomers was 

explored.  

The characterization of the commercial sugar based vinyl monomer revealed that it 

was a mixture of hexyl polyglucoside maleic acid esters with an oligomerization degree 

between 1.3 and 2. Ecomer® incorporated better in compositions that use styrene as hard 

monomer than methacrylates, likely to closer reactivity ratios of the comonomers. It was 

found that caramelization reactions of the final coatings helped to incorporate the remaining 

glucose based vinyl molecules, which resulted in stiffer materials with improved mechanical 
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and coating properties. The impact of the caramelization on the final properties was studied 

by DMTA analysis and the process itself was corroborated by IR spectroscopy, changes in 

both the molar mass and gel content and TGA. In addition, the partial biodegradation degree 

of the coating was affected by the caramelization, resulting in a lower CO2 production as 

consequence of the greater crosslinked network.  

These results provide the first insights about the incorporation of a commercial 

glucose-derivative monomer for the development of partially biodegradable waterborne 

coatings with a bio-content ranging from 30% to 63%. 
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The main objective of this thesis was to develop high bio-content waterborne 

polymeric dispersions with competitive performance for their application as pressure 

sensitive adhesives (PSAs) and coatings. For this purpose, both commercial and non-

commercial biobased monomers having special features were employed. 

As first attempt, 72% bio-content waterborne PSAs containing the commercial 

biobased monomers 2-Octyl acrylate (2OA, coming from castor oil) and isorbornyl 

methacrylate (IBOMA, coming from pine tree resin) were produced. It was observed that the 

direct substitution of the oil-based monomers by the renewable counterparts did not provide 

the same adhesive performance. Consequently, the fine tuning of the microstructure by 

adjusting the amount of hard biobased monomer (IBOMA at 15 wt%) and gel content (~60%) 

yielded a copolymer with similar peel resistance and loop tack, better SAFT (135ºC vs 70ºC) 

and 45 times higher shear strength than the pure oil-based PSA. The reduction of the bio-

content as well as the glass transition temperature by the incorporation of different amounts 

of 2-Ethylhexyl acrylate (2EHA) was the necessary evil for extending the elongation at break 

of the adhesive fibrils.  

Aiming to solve the conflict between the bio-content degree and the final performance 

required for adhesive applications, piperonyl methacrylate (PIPEMA, coming from sassafras 

oil and black pepper) was synthesized and incorporated by emulsion polymerization in PSA 

compositions, replacing hard comonomer IBOMA. It was found that 15 wt% of PIPEMA 

provided a better viscous behavior of the adhesive fibrils, maintaining enough stiffness and 

yielding the maximum dissipation energy value. In addition, benzodioxol structures present 

in the piperonyl functionality allowed tuning the adhesive performance (increasing cohesion 

without substantially damaging adhesion) when the adhesive was irradiated with UV-light. 

Solid state 13C NMR and rheological studies confirmed the formation of a crosslinked 

network via generation of conjugated structures that increased the solid-like behavior. It was 
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found that 15 min of UV-light curing provided the best balance of adhesives properties, 

overcoming the performance of an oil-based PSA and keeping a bio-content of 71%. 

In an attempt to improve the adhesion and promote the removability of the adhesive 

tape in water, an isosorbide based methacrylate mixture (ISOMAraw, coming from glucose) 

was synthesized and incorporated into the already studied biobased PSA formulations. The 

monomer mixture consisted in isosorbide dimethacrylate and isosorbide 5-methacrylate 

(ISOMA)in a 4/1 ratio.The later one can be isolated by purification of the mixture. It was 

found that low percentages (1 wt%) of ISOMAraw/ISOMA enhanced both the flexibility and 

the cohesiveness of the adhesive fibrils because of the presence of crosslinking species and 

supramolecular interactions (hydrogen bonding). Furthermore, the low percentage of this 

sugar derivative monomer promoted the removability in water of the adhesive tapes in less 

than 40 min at room temperature, reducing this time in almost 4 times if temperature is 

increased to 65 ºC. 

In view of the results provided by the isosorbide derivative monomers, and aiming to 

obtain an excellent adhesion and switching-off at the minimum film thickness, biobased alkali 

soluble resins (ASRs) were synthesized and used as electrosteric stabilizers for the 

production of high solids content waterborne PSAs. The use of ISOMAraw in the resin 

composition not only allowed the grafting to the polymer chains in the polymer particle, but 

also the enhancement of the mechanical properties as the hydrogen bonding density 

increased. Regarding this, the existence of a dynamic physical crosslinking provided a good 

balance of the polymer network viscoelasticity, which was deeply studied by rheological 

analysis. The nature of the ASR-fortified waterborne PSAs promoted the complete 

detachment of the adhesive tapes from the glass substrate in basic media in less than 20 

min at room temperature. 
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Figure 7.1. Most relevant probe tack curves of biobased waterborne PSA formulations 

together with the one coming from petroleum-based composition (2Ref). Note that * and ** 

make reference to 0.025 wbm% and 0.05 wbm% of 2EHTG, respectively. 

Finally, the development of waterborne coatings by the combination of the 

commercial glucose-derivative monomer Ecomer® (an alkyl polyglucoside maleic acid ester 

coming from glucose) together with the already studied 2OA and IBOMA was explored. 

Ecomer® was incorporated better in compositions that use styrene as hard monomer than 

methacrylates, likely because of the closer reactivity ratios of the comonomers. Nonetheless, 

it was found that caramelization reaction of the final coating helped to incorporate the 

remaining Ecomer®, yielding stiffer materials with improved mechanical and coating 

properties. Moreover, the presence of glucose moieties in the polymer network promoted 

the partial biodegradation of the coating, being lower when it was caramelized. 
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Figure 7.2. Representative scheme of Chapter 6: Development of biobased waterborne 

coatings containing Ecomer® monomer. 

As future perspectives of this thesis, the synthesis of potential monomers coming 

from fatty acids and lignin, and their incorporation by (mini)emulsion polymerization could be 

further explored. The production of waterborne PSAs and coatings containing these new 

components could bring a broader variety of features and performances. In this context, we 

explored the use of the commercial biobased monomer Visiomer C13, which is composed 

by a mixture of methacrylate monomers having an alkyl length chain ranging from 14 to 16 

carbon atoms. However, reproducibility problems because of the varied nature of different 

batches did not allow to produce reliable neither competitive PSAs compositions. 

As alternative, tetradecanol, which comes from the hydrogenation of myristic acid, 

could be a promising candidate for the production of a methacrylate monomer with a long 

alkyl chain. This non-exploited biobased monomer (myristyl methacrylate) could be useful 

as soft monomer in waterborne PSA formulations produced by miniemulsion polymerization. 

Because of its long aliphatic chain, small amounts of this monomer would increase the liquid-

like behavior of the adhesive, promoting its fibrillation. 

Biobased coating

IBOMA

Pine resin

2-OA

Castor oil

ECOMER®

Sugar

120 ºC

Caramelization

Caramelized biobased coating

Mechanical

properties

Hardness Chemical

resistance

Water

uptake

R: H or hexyl



Chapter 7 

 227 

Lignin fragmentation can also provide interesting and versatile molecules such as 

eugenol or vanillin. Eugenol is a phenol which can be easily transformed into a methacrylate 

monomer by direct esterification reaction. Its incorporation by emulsion polymerization could 

promote the elastic behavior in adhesives and coating formulations, enhancing cohesion and 

hardness. Furthermore, demethylation reaction of eugenol leads to a catechol group, which 

results on special interest for the creation of water-resistant adhesives. Nevertheless, it is 

well known that catechol groups may act as radical scavengers, reducing the polymerization 

rate and, hence, the incorporation by means of free radical polymerization might be 

challenging. As solution, the remaining double bond of this catechol-based molecule could 

be epoxidized for allowing its fast incorporation in the shell of polymer particles by reaction 

with hydroxyl groups. This post-functionalization reaction would lead to the production of 

biobased pressure sensitive adhesives suitable for its use under water. 

 

Figure 7.3. Chemical structures of renewable molecules for the preparation of future 

potential biobased monomers suitable for (mini)emulsion polymerization. 
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I.1 Polymer characterization 

Monomer conversion. Monomer conversion was determined by gravimetry. The 

instantaneous conversion, XInst, was defined as the amount of polymer in the reactor divided 

by the total amount of monomer and polymer in the reactor. The overall conversion, XGlob, 

was the amount of polymer in the reactor divided by the amount of monomer plus the amount 

of polymer in the formulation.  

Particle size and particle size distribution. Particle size was measured by dynamic 

light scattering (DLS) using a Zetasizer Nano Z (Malvern Instruments), whereas particle size 

distribution was determined by capillary hydrodynamic fractionation (CHDF 3000, Matec 

instruments). The samples were prepared by dilution of the latex in distilled water. CHDF 

measurements were carried with samples at 1 % of solid content using a flow rate of 1.4 

mL/min and a wavelength of 220 nm for the detection. Polystyrene particles between 86 and 

790 nm were used as calibration patterns. 

The theoretical evolution of the particle size (dp) was calculated assuming that the 

number of particles of the seed is maintained constant during the reaction, through the 

following equation: 

𝑑𝑝 = √
6∗⌊𝑚𝑠𝑒𝑒𝑑+𝑥𝑖𝑛𝑠𝐹𝑀𝑡 ⌋

𝜋𝑁𝑝𝜌𝑝𝑜𝑙

3
∗ 107(nm)                         (Eq.I1) 

where mseed (g) is the mass of polymer in the seed, xinst is the instantaneous monomer 

conversion, FM is the monomer feeding rate (g/min), t is the feeding time (min),  ρpol is the 

polymer density (g cm-3) and Np is the number of particles (-) of the seed. 

Gel fraction and swelling degree. The gel fraction is defined as the fraction of the 

polymer that is not soluble in a good solvent (tetrahydrofuran, THF, in this case). The gel 
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fraction was measured by Soxhlet extraction, using THF as solvent. A glass fiber squad pad 

was impregnated with latex (a few drops) and dried overnight (wp). The extraction was 

carried out for 24 h under reflux conditions (about 70°C). The gel remained in the glass fiber 

and it was dried in the oven at 60°C (wg), whereas the sol polymer was recovered from the 

THF solution. The swelling degree was calculated as the ratio between the weight of the 

swollen gel after 24 hours extraction (ws) and the weight of dried gel (wg). 

Gel Content (%) =
wg

wp
× 100                             (Eq. I2) 

Swelling (%) =
ws

wg
× 100                                   (Eq. I3) 

Where wg is the weight of insoluble fraction of sample (dried sample), ws is the weight of the 

swollen gel and wp is the weight of whole polymer sample. 

Sol molar masses. The molar mass distribution of the soluble fraction in THF was 

determined by size exclusion chromatography (SEC) at 35°C. The samples taken out from 

the soxhlet were first dried, then redissolved in THF to achieve a concentration of about 

0.005 g/mL and finally filtered (polyamide filter, pore size = 0.45 µm,) before injection into 

the SEC instrument The SEC instrument consisted of an autosampler (Waters 717 plus), a 

pump (LC-20, Shimadzu), three columns in series (Styragel HR2, HR4, and HR6 with a pore 

size from 102 to 106 Å), and a differential refractometer (Waters 2410) as detector. The flow 

rate of THF through the columns was 1 mL.min-1. The reported molar masses are referred 

to polystyrene standards. 
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I.2 Adhesion properties 

180° Peel strength. The 180° peel strength test was performed on both stainless 

steel and glass panels in accordance with ASTM-D3330. PSA tape specimens with a width 

of 25 mm were applied to the panel with the adhesive contacting the panel and pressed 4 

times with a 2kg rubber-coated roller. The tapes applied were allowed to dwell for 10 min. 

The tapes were then peeled off at a crosshead speed of 5 mm/s. The average value of peel 

strength in newtons per centimeter was obtained for peeling 6 cm of the tape specimens. 

Loop tack. Loop tack test was performed on a 25 mm wide stainless steel plate in 

accordance with ASTM-D6195. 10 cm long PSA tape specimens with a width of 25 mm were 

attached in as loop to the upper grip of the equipment. The loop was allowed to move 

downward at a speed of 0.1 mm/s until it was brought in full contact with the plate (25 mm x 

25 mm). It was left 0.1 s in contact before moving upward at 0.055 mm/s. The force required 

to peel off the loop was measured in N/25mm and the average was reported. The area under 

the curve represents the work of adhesion of the loop (WA) and was reported in J/m2. 

Probe tack. The probe tack tests were performed on glass plates. Latex films (final 

thickness of 100 µm to avoid the substrate effect) were directly casted on the glass plate and 

dried for 6 hours before carrying the test. Then a stainless steel ball probe was allowed to 

move downward at a speed of 0.1 mm/s until it was brought into contact to the adhesive test 

panel surface with a compressive force of 4.5 N. Immediately after the contact (1 s), the 

crosshead was allowed to move upward at a speed of 0.055 mm/s until the probe was 

completely separated from the adhesive.  

Shear resistance and SAFT. Shear tests were performed on stainless steel panels 

using SAFT equipment (Sneep Industries) in accordance with ASTM-D3654. The PSA tape 
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specimens were applied to the panel with a contact area of 25 mm × 25 mm and pressed 4 

times with a 1kg rubber-coated roller. After the tapes applied were dwelled for 10 min, the 

free ends of the tapes were attached to a mass of 1000 g. The test panel (and the tapes 

applied) was held by the test stand at an angle of about 1° relative to the vertical. The time 

to failure, i.e., the time from the attachment of the mass until the complete separation of the 

tape from the test panel, was recorded and used as an indication of the shear strength of 

the PSA tapes. The test was performed at room temperature (23°C). SAFT test was 

prepared similarly as shear test in accordance with ASTM-D4498. Once the weights placed, 

the temperature was increased from 23°C to 200°C at 1°C/min rate. For this test, the 

temperature of failure is reported. 
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II.1 Acrylic latexes containing MMA/Ecomer® 

Table II.1 summarizes the latexes synthesized containing MMA/Ecomer® in their 

formulation, as well as their main properties including gel content, sol weight-average molar 

mass (Mw), glass transition temperature (Tg), Minimum Film Formation Temperature 

(MFFT), bio-content and the free Ecomer® content (SBV). 

Figure II.1 shows the evolution of the gel content for compositions 6Ref.2, 6C and 6D 

before and after the caramelization. 

 

Figure II.1. Gel content evolution of compositions, 6C and 6D together with the reference 

composition 6Ref.2 before (green circles) and after (red circles) caramelization process. 
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Table II.1. Summary and characteristics of the synthesized latexes containing MMA by 

two-stage process. 

COMP 
2nd Stage  

(%wt monomers) 
Gel 
 (%) 

Mw  
(kDa) 

Tg 
(°C) 

MFFT 
(°C) 

Bio 
(%) 

SBV 
(g/kg)* 

6Ref.2 
BA:MMA:MAA  
(49.5:49.5:1) 

35 ± 0.5  350  18.2 10 0 - 

6C 
BA:MMA:SBV:MAA  

(42:42:15:1) 
57 ± 1 184 11.7  7.5  14 20 

6D 
2OA:BA:MMA:SBV:MAA 

(27:15:42:15:1) 
53 ± 0.2 208 17 8.5 33 23 

* Makes reference to the quantity of free Ecomer® in 1 kg of binder. 
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Evaluation of the performance of acrylic dispersions containing 

MMA/Ecomer® for melamine coating application 

Table II.2 summarizes the mechanical properties obtained in the tensile test for both 

the caramelized and non-caramelized coatings, whereas Figure II.2 shows the 

corresponding stress-strain curves. 

Table II.2. Mechanical properties of the coatings cast at ambient temperature before and 

after the caramelization process. 

COMP 
2nd Stage  

(%wt monomers) 

Young’s 
Modulus 

(MPa) 

Yield 
Stress 
(MPa) 

Elongation 
at break 
(%/100) 

Ultimate 
Strength 

(MPa) 

6Ref.2 
BA:MMA:MAA  
(49.5:49.5:1) 

6.3 ± 0.1  1.9 ± 0.1   6.4 ± 0.8 10.9 ± 1.6 

6C BA:MMA:SBV:MAA  
(42:42:15:1) 

1.5 ± 1  0.9 ± 0.1   9.3 ± 0.7 7.5 ± 0.3 

6C-caram. 9.7 ± 0.4 1.5 ± 0.1 8.1 ± 0.4 9 ± 0.3 

6D 2OA:BA:MMA:SBV:MAA 
(27:15:42:15:1) 

4.8 ± 0.3 1.5 ± 0.1 5.6 ± 0.6 5 ± 0.5 

6D-caram. 13.6 ± 4 2.9 ± 0.1 6.3 ± 0.5 9.5 ± 1 

 

 

Figure II.2. Stress-strain curves of compositions 6C (green line) and 6D (blue line) before 

(solid line) and after (dashed line) the caramelization together with the reference composition 

6Ref.2 (black solid line). 
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Figure II.3 presents the pendulum hardness as well as the blocking resistances of the 

coating films before (blue bars) and after (red bars) the caramelization process. 

 

Figure II.3. Pendulum hardness (a) and blocking resistance (b) for the coating films before 

(blue bars) and after (red bars) the caramelization process. 

The chemical resistance of the coatings cast on melamine manufactured-wood 

substrates, either before or after the caramelization process, against common chemicals is 

showed in Figure II.4. 

 

Figure II.4. Chemical resistance of the coatings cast on melamine-wood substrate before 

(green) and after (red) the caramelization. 5 = no visible change, 1 = strong marks visible.
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II.2 Acrylic latexes containing ST/Ecomer® 

Table II.3 summarizes the latexes synthesized containing ST/Ecomer® in their 

formulation, as well as their main properties including gel content, sol weight-average molar 

mass (Mw), glass transition temperature (Tg), Minimum Film Formation Temperature 

(MFFT), bio-content and the free Ecomer® content (SBV). 

Figure II.5 shows the evolution of the gel content for compositions 6Ref.3, 6E and 6F 

before and after the caramelization. 

 

Figure II.5. Gel content evolution of compositions 6E and 6F together with the reference 

6Ref.3 before (green circles) and after (red circles) caramelization process. 

0

20

40

60

80

6Ref.3 6E 6F

G
e

l 
c

o
n

te
n

t 
(%

)

Composition

Table II.3. Summary and characteristics of the synthesized latexes containing ST by two-

stage process. 

COMP 
2nd Stage  

(%wt monomers) 
Gel 
 (%) 

Mw  
(kDa) 

Tg 
(°C) 

MFFT 
(°C) 

Bio 
(%) 

SBV 
(g/kg)* 

6Ref.3 
BA:ST:MAA  
(49.5:49.5:1) 

2 ± 0.1  517 9 17 0 - 

6E 
BA:ST:SBV:MAA  

(42:42:15:1) 
57 ± 1 175  8 15  14 20 

6F 
2OA:BA:ST:SBV:MAA 

(27:15:42:15:1) 
62 ± 0.1 188 23.4 12 33 9.7 

* Makes reference to the quantity of free Ecomer® in 1 kg of binder. 
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Evaluation of the performance of acrylic dispersions containing 

ST/Ecomer® for melamine coating application 

Table II.4 summarizes the mechanical properties obtained in the tensile test for both 

the caramelized and non-caramelized coatings, whereas Figure II.6 shows the 

corresponding stress-strain curves. 

Table II.4. Mechanical properties of the coatings cast at ambient temperature before and 

after the caramelization process. 

COMP 
2nd Stage  

(%wt monomers) 

Young’s 
Modulus 

(MPa) 

Yield 
Stress 
(MPa) 

Elongation 
at break 
(%/100) 

Ultimate 
Strength 

(MPa) 

6Ref.3 
BA:ST:MAA  
(49.5:49.5:1) 

13.2 ± 2.6  3.9 ± 0.5   6.9 ± 0.8 8 ± 0.3 

6E BA:ST:SBV:MAA  
(42:42:15:1) 

8.8 ± 0.4  2.9 ± 0.4   6.4 ± 0.4 6.1 ± 1 

6E-caram. 128.3 ± 6.7 10.8 ± 1.1 3.8 ± 0.5 12.2 ± 0.3 

6F 2OA:BA:ST:SBV:MAA 
(27:15:42:15:1) 

11.1 ± 1.4 3.5 ± 0.5 5.1 ± 0.1 5.8 ± 1.4 

6F-caram. 66.5 ± 10.2 9.1 ± 0.1 4.3 ± 1 10.3 ± 2.2 

 

 

Figure II.6. Stress-strain curves of compositions 6E (green line) and 6F(blue line) before 

(solid line) and after (dashed line) the caramelization together with the reference composition 

6Ref.3 (black solid line). 
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Figure II.7 presents the pendulum hardness as well as the blocking resistances of the 

coating films before (blue bars) and after (red bars) the caramelization process. 

 

Figure II.7. Pendulum hardness (a) and blocking resistance (b) for the coating films before 

(blue bars) and after (red bars) the caramelization process. 

The chemical resistance of the coatings cast on melamine manufactured-wood 

substrates, either before or after the caramelization process, against common chemicals is 

showed in Figure II.8. 

 

Figure II.8. Chemical resistance of the coatings cast on melamine-wood substrate before 

(green) and after (red) the caramelization. 5 = no visible change, 1 = strong marks visible.  
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Appendix III  

List of acronyms and abbreviations 

 

[M]p                   Monomer concentration in the particles 

PSA                   Pressure sensitive adhesive 

AA                     Acrylic acid 

AsA                   Ascorbic acid 

AF4                   Asymmetric flow-field-flow fractionation 

AIBN                 2,2'-Azobisisobutyronitrile 

ASR                  Alkali soluble resin 

APG                  Alkyl polyglucoside 

AV                     Acid Value 

BA                     Butyl acrylate 

BDG                  Butyl diglycol 

BOD                  Biochemical oxygen demand 

1BuSH              1-Butanethiol 
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CAGR               Compound annual growth rate 

CDMA               Cyclademol acrylate 

CHDF                Capillary hydrodynamic fractionation 

CMC                  Critical micellar concentration 

CTA                   Chain transfer agent 

13C NMR            Carbon nuclear magnetic resonance 

Đ                        Polydispersity 

Dp                      Particle size 

DF                      Detector flow 

DLS                    Dynamic light scattering 

DMA                   Dynamic mechanical analysis 

DMAP                 4-(Dimethylamino)pyridine 

DMSO                Dimethyl sulfoxide 

DMTA                Dynamic mechanical thermal analysis 

EGDMA             Ethylene glycol dimethacrylate 

2EHA                 2-Ethylhexyl acrylate 

2EHTG              2-Ethylhexyl thioglycolate 

ELSD                 Evaporative light scattering detector 

EtOAc                Ethyl acetate 
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ESI-TOF-MS      Electrospray ionization - time of flight – mass spectrometry 

G´                      Storage modulus 

G´´                     Loss modulus 

Hx                     Hexane 

HAD                  Hazardous air pollutant 

HAF                   2-Hydroxy acetyl furane 

HEMA                Hydroxyethyl methacrylate 

HMF                  5-Hydroxymethyl furfural 

HPLC                High pressure liquid chromatography 

1H NMR             Proton nuclear magnetic resonance 

IBOA                 Isorbornyl acrylate 

IBOMA              Isorbonyl methacrylate 

ISOMA              Isosorbide 5-methacrylate 

kp                      Propagation rate constant 

KPS                   Potassium persulfate 

Mw                     Weight-average molar mass 

MAA                  Methacrylic acid 

MAAn                Methacrylic anhydride 

MALS                Multiangle light scattering 
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MEK                  Methylethyl ketone 

MFFT                 Minimum film formation temperature 

MMA                  Methyl methacrylate 

MMD                  Molar mass distribution 

MOA                  Methacrylate oleic acid 

NA                      Avogadro's number 

Np                      Number of particles 

NaPS                 Sodium persulfate 

NMP                  N-Methyl-2-pyrrolidone 

NVC                  N-Vinyl caprolactam 

NVP                  N-Vinyl pyrrolidone 

𝐧̅                     Average number of radicals per particle 

2OA                  2-Octyl acrylate 

PDI                    Polydispersity index 

PDA                  Photodiode array 

PET                   Polyethylene terephthalate 

PIPEMA            Piperonyl methacrylate 

PP                     Polypropylene 
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PVC                  Polyvinyl chloride 

R                        Ideal gas constant 

Rp                      Rate of polymerization 

Rx                      Reactivity ratio of monomer X 

Rz                      z-Average radius of gyration 

RCF                   Relative centrifugal force 

RI                       Refractive index 

SAFT                 Shear adhesion failure time 

SBV                   Sugar based vinyl monomer 

SDS                   Sodium dodecyl sulfate 

SEC                   Size exclusion chromatography 

ST                      Styrene 

T1                       Relaxation parameter 

Tg                      Glass transition temperature 

Tanδ                  Damping factor 

TBHP                Terc-butyl hydroperoxide 

TGA                  Thermogravimetric analysis 

THF                  Tetrahydrofuran 

THGA               Tetrahydrogeraniol acrylate 
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TOD                  Theoretical oxygen demand 

TTS                   Time temperature superposition 

UV                     Ultraviolet 

Vm                     Partial molar volume of the monomer 

VOC                  Volatile organic compound 

VT-FTIR            Variable temperature-Fourier transform infrared 

WA                    Work of adhesion 

wt%                  Weight percent 

wbm%              Weight percent based on monomer 

Xn                      Number average degree of polymerization 

XF                     Cross flow 

Greek symbols 

γ                        Polymer/water interfacial tension 

η*                      Complex viscosity 

μ                       Flory-Huggins interaction parameter 

ρ                       Density 

ΦP                     Volume fraction of polymer in the particle 

ωe                     Cross frequency 
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Durante los últimos años, las preocupaciones medioambientales junto con las 

demandas de los consumidores y las estrictas regulaciones acerca de la emisión de gases 

de efecto invernadero (particularmente CO2) han propiciado el desarrollo de materiales 

sostenibles y/o respetuosos con el medio ambiente. El interés en reducir el impacto de la 

huella de carbono en materiales poliméricos de uso diario, tales como adhesivos o 

recubrimientos, ha llevado a la búsqueda de componentes procedentes de fuentes 

renovables, monómeros, capaces de reemplazar a aquellos provenientes de la industria 

petroquímica. Sin embargo, debido al bajo coste del petróleo y a la gran demanda de los 

sectores de adhesivos, recubrimientos y pinturas, estos monómeros, procedentes de la 

naturaleza, necesitan ofrecer mejores prestaciones mecánicas y/o ventajas adicionales. En 

este escenario, los monómeros derivados de aceites vegetales, lignina, terpenos, proteínas 

o carbohidratos se encuentran entre los principales precursores para el desarrollo de este 

tipo de productos. 

La polimerización en emulsión, que usa agua como fase continua, garantiza la 

producción de materiales de alta calidad de una forma consistente, segura y respetuosa con 

el medio ambiente. Se espera que el mercado global de las dispersiones poliméricas 

aumente su valor de 7,6 billones de dólares, en 2019, a 11,8 billones de dólares, en 2027, 

y se estima que más del 60% de las dispersiones son utilizadas en su aplicación como 

adhesivos y recubrimientos, siendo las formulaciones acrílicas aquellas más versátiles. En 

este sentido, los poliacrilatos ofrecen altas prestaciones, así como la posibilidad de controlar 

la temperatura de transición vítrea (Tg) y la hidrofobicidad del material, gracias a la amplia 

gama de ésteres acrílicos y combinaciones existentes. 

Dentro de la gran familia de los adhesivos, los adhesivos sensibles a la presión (del 

inglés Pressure Sensitive Adhesives, PSAs) resultan de especial interés para aplicación 

tanto permanente como removible. Ejemplos incluyen etiquetas de seguridad para equipos 
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de energía, películas de amortiguación de sonido/vibración, cintas adhesivas, notas 

adhesivas, materiales gráficos y vendajes y electrodos para su contacto con la piel entre 

otros. La formulación típica de un PSA acrílico consiste mayoritariamente en un monómero 

“blando”, de baja Tg, capaz de otorgar fluidez y pegajosidad al sistema, pequeños 

porcentajes de un monómero “duro”, de alta Tg, cuya finalidad en proporcionar cohesión y 

comportamiento elástico, junto con monómeros derivados de ácidos carboxílicos capaces 

de impartir humectabilidad y aumentar la resistencia al pelado. 

Por otro lado, los recubrimientos tales como barnices, tintas y pinturas son 

considerados materiales necesarios en nuestra sociedad, puesto que toda superficie 

necesita ser protegida y/o decorada por algún motivo. Así como los recubrimientos 

decorativos tienen como finalidad mejorar el aspecto del producto final de cara al 

consumidor, los recubrimientos protectores son económicamente más importantes, ya que 

su objetivo consiste en alargar el ciclo de vida útil de productos y maquinaria (generalmente 

empleados en superficies de acero y madera). La formulación básica de un recubrimiento 

consiste principalmente en un aglutinante, rellenos, pigmentos y aditivos. El aglutinante es 

el polímero que forma la matriz del recubrimiento y proporciona propiedades mecánicas y 

de barrera (el brillo del recubrimiento). Mientras que los rellenos (o extensores) son 

partículas inorgánicas que mejoran la resistencia mecánica y reducen el costo, los 

pigmentos (partículas orgánicas o inorgánicas) son los componentes más caros y aseguran 

la opacidad y el color del recubrimiento. Finalmente, se agregan aditivos en pequeñas 

cantidades para modificar las propiedades del recubrimiento (por ejemplo, biocidas e 

inhibidores de corrosión). Los recubrimientos que presentan monómeros acrílicos en su 

formulación son utilizados en gran medida para su aplicación en exteriores gracias a su 

excelente resistencia al agua y a la luz ultravioleta. 
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Tanto los adhesivos sensibles a la presión como los recubrimientos están 

experimentando un aumento creciente de su producción en emulsión, asegurando así la 

obtención de un material de fácil aplicación, inodoro y sin disolventes tóxicos. No obstante, 

el aumento en la demanda de formulaciones sostenibles hace necesario un estudio 

profundo acerca de la incorporación de nuevos monómeros renovables y su desempeño en 

las prestaciones del material final. Así, el principal objetivo de esta tesis ha sido el desarrollo 

de dispersiones poliméricas con alto contenido biológico y prestaciones competitivas para 

su aplicación como PSAs y recubrimientos en base agua. Para ello se han empleado tanto 

monómeros comerciales como nuevos monómeros procedentes de fuentes renovables con 

características especiales. 

El primer paso fue producir PSAs en base agua con un contenido biológico del 72% 

que intentaran mimetizar a aquellas formulaciones procedentes del petróleo. Para este 

propósito se emplearon los monómeros renovables comercial acrilato de 2-Octilo (2OA, 

procedente del aceite de castor y cuyo homopolímero presenta una Tg = -44ºC) y 

metacrilato de isobornilo (IBOMA, procedente de la resina de pino y cuyo homopolímero 

presenta una Tg = 150 ºC). Se observó que la sustitución directa de los monómeros 

procedentes del petróleo por sus análogos de base biológica resultó en peores prestaciones 

adhesivas. Consecuentemente, la microestructura del adhesivo tuvo que ser modificada 

mediante el ajuste de la cantidad de monómero duro, IBOMA (15% en peso), y el contenido 

en gel (alrededor de un 60%). De esta forma se consiguieron valores similares en la 

pegajosidad y resistencia al pelado, mejor SAFT (135ºC vs 70ºC) y 45 veces mayor 

resistencia al corte que la formulación PSA procedente del petróleo. La incorporación de 

diferentes porcentajes de acrilato de 2-Etilhexilo fue el “mal necesario” para mejorar la 

elongación de las fibras del adhesivo a costa de reducir su contenido biológico.  
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En aras de resolver el conflicto entre la sostenibilidad de la formulación y las 

prestaciones adhesivas requeridas, se sintetizó e incorporó metacrilato de piperonilo 

(PIPEMA, procedente del aceite de sassafras y la pimienta negra, y cuyo homopolímero 

presenta una Tg= 70ºC) en las composiciones PSA, reemplazando a IBOMA. Se observó 

que un 15% en peso de PIPEMA mejoraba el comportamiento viscoso de las fibras 

adhesivas, manteniendo suficiente rigidez y proveyendo una alta disipación de energía. 

Además, el grupo benzodioxol, presente en PIPEMA, permitía el modulado de las 

prestaciones adhesivas (aumentando la cohesión sin dañar sustancialmente la adhesión) 

cuando el adhesivo era irradiado con luz ultravioleta. La espectroscopía magnética nuclear 

en estado sólido de 13C junto con estudios reológicos confirmaron la creación de una red 

reticulada mediante la formación de estructuras conjugadas que aumentaban el 

comportamiento elástico del material. Se observó que 15 minutos de curado de luz 

ultravioleta proporcionaban el mejor balance en las propiedades adhesivas, superando a 

aquellas de la formulación PSA procedente del petróleo y manteniendo un contenido 

biológico del 71%. 

En un intento por mejorar la adhesión de las formulaciones estudiadas y promover 

la removabilidad de las cintas adhesivas en agua, se sintetizó e incorporó una mezcla de 

monómeros metacrílicos derivado de isosorbida (ISOMAraw, procedente de la glucosa). La 

mezcla consistía en dimetacrilato de isosorbida y metacrilato de 5-isosorbida, el cual se 

obtuvo tras posterior purificación (ISOMA). La incorporación de pequeños porcentajes (1% 

en peso) de ISOMAraw/ISOMA mejoró tanto la flexibilidad como la cohesión de las fibras 

adhesivas. Ello fue posible debido a la presencia de especies reticulantes en la formulación 

y a la existencia de interacciones supramoleculares (puentes de hidrógeno). Además, se 

observó que un pequeño porcentaje de este monómero era más que suficiente para 
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promover la removabilidad de las cintas en agua en menos de 40 minutos, a temperatura 

ambiente, y en alrededor de 10 minutos a 65ºC. 

En vista de los resultados obtenidos con los monómeros derivados de isosorbida, se 

sintetizaron resinas solubles en alkali (ASRs) renovables y se usaron como estabilizantes 

electrostéricos en la producción de PSAs. El objetivo era lograr una excelente adhesión y 

desunión al mínimo espesor de película adhesiva. El uso de ISOMAraw en la composición 

de la resina permitió su anclaje a la partícula de polímero y aumentó las propiedades 

mecánicas a medida que aumentaba la densidad de puentes de hidrógeno. La existencia 

de un entrecruzamiento físico proporcionó un buen equilibrio de la viscoelasticidad de la red 

polimérica, lo cual se confirmó mediante estudios reológicos. La naturaleza de las ASRs 

promovió la completa desunión de las cintas adhesivas en medio básico (pH=10) en menos 

de 20 minutos. 

Finalmente, se llevó a cabo el desarrollo de recubrimientos en base agua mediante 

la combinación del monómero comercial procedente de la glucosa Ecomer® (una familia de 

ésteres de alquil poliglucósidos del ácido maleico) junto con los ya explorados 2OA y 

IBOMA. Se observó que Ecomer® se incorporaba mejor en aquellas formulaciones que 

usaban estireno como monómero duro en vez de metacrilatos, probablemente debido a las 

próximas relaciones de reactividad de los comonómeros. No obstante, el proceso de 

caramelización del recubrimiento final fomentó la incorporación de Ecomer® libre, dando 

lugar a un material más duro con propiedades mecánicas y de recubrimiento mejoradas. Así 

mismo, la presencia de grupos derivados de glucosa en la estructura del polímero fomentó 

la biodegradación parcial del recubrimiento, siendo menos acusada para aquellos 

caramelizados.  

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 


