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Abstract 

Nowadays polyurethanes are widely used in the coating and adhesive industry. Many 

different technologies exist to apply coatings and adhesives on substrates and 

technologies in which crosslinking or adhesion could be controlled are of greatest 

interest. Indeed, this would offer new possibilities for complex coating/adhesive 

systems. For this purpose, special reagents called blocked polyisocyanates have 

already been developed; they are derivatives of isocyanates which can only be 

activated via thermal trigger. In a similar approach, the encapsulation and controlled 

release of polyurethane formulation components would offer new perspectives 

toward enhanced technologies. First, the nanoencapsulation of metal-based catalysts 

into polycaprolactone nanocapsules was successfully performed by emulsion-solvent 

diffusion and nanoprecipitation. An improved encapsulation efficiency was obtained 

when the nanocapsules were loaded with a mixture of the catalyst and glyceryl 

trioctanoate, as well as when the nanocapsules were synthesized with charged outer 

surfaces. The implementation of these nanocapsules into polyurethane coatings 

showed that they are suitable for the preparation of thermoresponsive coatings. Then, 

the encapsulation of aliphatic polyisocyanates was successfully achieved, either in 

polyurea microcapsules by interfacial polycondensation, or in polycaprolactone 

nanocapsules by nanoprecipitation. The encapsulation process and the long-term 

stability of the microcapsules was greatly improved by working on the polyurea shell 

properties, however, the microcapsules still remain fragile over time and could not be 

used industrially. The nanoencapsulation of polyisocyanates showed the isocyanate-

water side-reaction is particularly challenging to prevent and it suggested that water-

free encapsulation techniques, such as spray congealing, should be investigated.   
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Chapter 1.  General Introduction 
 

1.1. From isocyanates to polyisocyanates 

1.1.1. The isocyanate functional group 

Organic compounds that contain the functional group R-N=C=O (NCO) are referred 

to as isocyanates. Compounds containing two or more NCO groups are respectively 

called diisocyanates or polyisocyanates. Such compounds are involved in a broad 

range of reactions due to the intrinsic reactivity of the functional group, which can be 

hinted from its resonance form (Fig. 1.1). The electrophilic carbon is able to react 

rapidly with various species containing hydrogen atoms. The reactivity of these 

compounds is also modified by the nature of the R group (mesomeric effect); 

therefore aromatic isocyanates are significantly more reactive than aliphatic 

isocyanates.  

 

Figure 1.1. Isocyanate resonance 

The first synthesis of aliphatic isocyanates was published by Wurtz in 1849 through 

a reaction between organic sulfates and cyanates[1]. The following year, Hofmann 

published a process to synthesize aromatic isocyanates by pyrolysis of symmetrical 

diphenyl oxamide[2]. In 1884, Hentschel discovered the synthesis process which is 

still used nowadays for the synthesis of isocyanates[3]. They are obtained by 

phosgenation of the corresponding primary amines (Fig. 1.2). The synthesis of 

diisocyanates/polyisocyanates is following the same path and using the 

corresponding polyamines as reagents.  
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Figure 1.2. Synthesis of isocyanates by phosgenation of amines 

Polyisocyanates are mostly used for the preparation of polyurethanes and polyureas 

by reaction with polyols and polyamines, respectively. Isocyanate compounds are 

defined by properties particularly employed in polyurethane chemistry: 

 NCO content (%) defines the isocyanate content in the compound, as the 

weight percentage of isocyanate groups in the material. This value is mostly 

measured following the standard test method ASTM D2572-97. The 

isocyanate compound is allowed to react with an excess of N-dibutylamine. 

After the reaction has occurred, the remaining N-dibutylamine is determined 

by back titration with hydrochloric acid.  

 Average functionality represents the average number of isocyanate groups 

per molecule. 

 Viscosity (𝑚𝑃𝑎 ∙ 𝑠) 

 Equivalent weight (𝑔) corresponds to the mass of the compound for one 

equivalent of functional group (here the isocyanate group). In polyurethane 

chemistry, this value is mostly determined as the average molecular weight 

divided by the average functionality. The equivalent weight is linked to the 

NCO content via equation 1.1: 

𝐸𝑊௜௦௢௖௬௔௡௔௧௘ =
ସଶ

% ே஼ை
× 100 (1.1) 
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A large number of polyisocyanates have been developed throughout the years. 

However, the standard commercial polyisocyanates of the polyurethane industry are 

all based on just few diisocyanates (Table 1.1). 

These diisocyanates can be sorted into two categories based on their chemical 

structure: aromatic and aliphatic diisocyanates, the former being much more reactive 

than the latter. For that reason, MDI and TDI are extensively used in the polyurethane 

industry. In 2000, more than 95% of isocyanates sold were either MDI or TDI[4]. 

Table 1.1. Most common industrial diisocyanates 

Aromatic diisocyanates 

4,4' or 2,4’ 

Methylene diphenyl diisocyanate  

MDI 

 

2,4- or 2,6- 

Toluene diisocyanate 

TDI 
 

  

Aliphatic diisocyanates 

Hexamethylene 

diisocyanate 

HDI 

 

 

Isophorone  

diisocyanate  

IPDI 

 

Bis-(4-isocyanato-

cyclohexyl) methane  

H12MDI 
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Aromatic diisocyanates are frequently used for the preparation of polyurethane foams 

by reaction with polyols in the presence of a catalyst and a blowing agent. Depending 

on the formulation, rigid foams can be prepared for construction or insulation of 

buildings, as well as flexible foams for furniture, mattresses or automotive seats.  

Despite their high reactivity, aromatic diisocyanates cannot be used for all 

applications as they undergo an oxidative degradation under UV radiation[5]. This 

leads to a yellowing of the polyurethane and can also reduce its lifetime. For these 

reasons, aromatic diisocyanates are not usable for other applications, such as most 

coatings. In this case, aliphatic isocyanates (HDI and IPDI) are preferred because they 

are offering a long-term stability as well as UV resistance.  

Even though most of the commercial polyisocyanates are the ones previously 

described, other diisocyanates are still in development. One of the most recent ones 

being the pentamethylene diisocyanate (Table 1.2).  

Table 1.2. Other types of diisocyanates 

Pentamethylene 

diisocyanate 

 

 

 

 

m-xylene  

diisocyanate  
 

 

Tetramethylxylene 

diisocyanate  

 

In 2015, Covestro AG has developed a polyurethane coating crosslinker based on 

pentamethylene diisocyanate, of which 70% of its carbon content is derived from 

biomass[6]. This material is able to exhibit the same properties as usual diisocyanates 

or even slightly better. Xylene diisocyanate and tetramethylxylene diisocyanate are 

also of great interest because they are combining properties of aromatic and aliphatic 

diisocyanates[6, 7].  
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1.1.2. The isocyanate chemistry 

Isocyanates are able to react with many nucleophilic species, but the most important 

reactions are those leading to the formation of urethane and urea by reaction with 

alcohols and amines, respectively. Table 1.3 gives an overview of the basic reactions 

of the isocyanate group. The reaction with water produces an unstable carbamic acid 

which is converted in an amine via the release of carbon dioxide. The produced amine 

reacts rapidly with an isocyanate function yielding to the corresponding urea. 

Table 1.3. Main reaction of isocyanates 

Reaction with alcohol: formation of urethane 

 

Reaction with amine: formation of urea 

 

Reaction with water: formation of urea 

 

 

Reaction with urethane: formation of allophanate 

 

Reaction with urea: formation of biuret 
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Even though the synthesis of compounds such as biurets or allophanates is possible, 

the kinetic of their reaction is significantly lower compared to initial reagents (amines 

and alcohols). The type of alcohol or amine (primary, secondary) and their chemical 

structure play an important role in the urethane/urea formation rate. Table 1.4 shows 

the relative uncatalyzed reaction rate of isocyanates with varying reaction partners, 

pointing out that the formation of urea with aliphatic amines is faster than any other 

reaction previously described. It is possible to observe a decrease of reactivity for 

more substituted amines or alcohols due to steric influence. Moreover, the reaction 

rate of primary alcohols are similar to the one of water, hence the reaction process 

and the solvent need to be carefully investigated to avoid, if necessary, the side 

reaction with water during the preparation of urethanes. This wide variation of kinetic 

rates and the large numbers of amines and alcohols offer a broad range of products 

based on urethanes and ureas, as well as a perfect control of the synthesis process. 

Table 1.4. Relative reaction rates of isocyanates with varying reaction partners 
 

Active H compound Structure Relative uncatalyzed  
reaction rate at 25°C 

 
 

 
Primary aliphatic amine R-NH2 100,000 

Secondary amine R2-NH 20,000-50,000 

Primary aromatic amine Ar-NH2 200-300 

Primary hydroxyl R-CH2-OH 100 

Water H2O 100 

Carboxylic acid R-COOH 40 

Secondary Hydroxyl R2CHOH 30 

Urea R-NH-CO-NH-R 15 

Tertiary alcohol R3COH 0.5 

Urethane R-NH-COOR 0.3 

Amide R-CO-NH2 0.1 

Reprinted with permission from [8]. Copyright © 2015 by John Wiley & Sons, Inc. 
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1.1.2.1. Polyisocyanates 

Isocyanates are also able to react with each other as described in Table 1.5 with the 

help of a catalyst[9]. These reactions are gaining strong industrial significance if 

applied to diisocyanates since the synthesis of polyisocyanates becomes possible. 

Uretdione and isocyanurate polyisocyanates (based on HDI) are used since more than 

50 years in the polyurethane industry, especially for coatings. Iminooxadiazinediones 

are more recent but still used since almost 20 years[10]. The conversion of 

diisocyanates into polyisocyanates via cyclopolymerization allows to obtain 

compounds with a higher isocyanate functionality, which are desirable for the 

preparation of cross-linked polyurethane. The reactivity of such compounds is, as 

before, influenced by the electronic effect, the steric effect and the nature of the 

carbon atom bearing the NCO group. 

Table 1.5. Main cyclopolymerization of isocyanates 

Synthesis of uretdione (dimer); applied to diisocyanates 

  

 

 

Synthesis of isocyanurate (trimer); applied to diisocyanates 

 

 

 . 

Synthesis of iminooxadiazinedione (asymmetric trimer); applied to 
diisocyanates 
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1.1.2.2. Prepolymer 

The term “prepolymer” refers to monomer which has been reacted to prepare a 

targeted compound with intermediate molecular weight. Typically, two or three 

molecules of monomer are reacting with one or two binding molecules. Prepolymers 

play a key role since they have been introduced in the polyurethane industry in 

1947[11]. They are intermediates which can be both NCO-functional and OH-

functional depending on their purpose. The most common prepolymer is made by 

reaction between three TDI molecules and one molecule of trimethylolpropane[10, 

11] (Fig. 1.3). 

 

Figure 1.3. Synthesis of TDI prepolymer with trimethylolpropane (idealized 
structure) 

 

1.1.2.3. Hydrophilically-modified polyisocyanates 

In polyurethane coatings, some two-phase systems have been developed in which 

polyisocyanates are dispersed in an aqueous polyol solution. Most of the 

polyisocyanates are hydrophobic, which means another compound must be used to 

incorporate the polyisocyanate in the aqueous phase, such as a suitable organic co-

solvent or an external emulsifier. However, the development of hydrophilically-

modified polyisocyanates enables the preparation of a homogenous co-solvent-free 

mixture by a simple manual stirring. The reaction between aliphatic polyisocyanates, 

such as HDI, and a monofunctional polyethylene oxide polyether alcohol allows the 

synthesis of polyisocyanates bearing a hydrophilic polyether group. The mixture 

behaves like a non-ionic emulsifier and forms micelles when mixed with water (Table. 

1.6. (a),(b))[12-14].  

UNIVERSITAT ROVIRA I VIRGILI 
ENCAPSULATION OF REACTIVE COMPONENTS IN POLYURETHANE SYSTEMS. 
Quentin Bouvier 



 
35 

These types of molecules are standard NCO crosslinkers for waterborne coating and 

adhesive polyurethanes. The main difference between (a) and (b) is the final average 

functionality, which is directly correlated to the cross-linking density of the coating. 

The average functionality is lower than in the urethane (b) in comparison to the 

allophanate (a) which gives the latter an improved water and chemical resistance. 

Table 1.6. Example of hydrophilically-modified polyisocyanate structures 

 

(a) Polyether Allophanate Hydrophilic Modification 

 

 

(b) Polyether Urethane Hydrophilic Modification 

 

 

(c) Ionic Sulfonate Hydrophilic Modification 
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Even though polyether-modified polyisocyanates are used in many applications, they 

still have some disadvantages. The emulsion prepared needs to have a long pot-life, 

and the coating prepared will be moisture-sensitive due to the hydrophilic polyether 

segments incorporated. To overcome these disadvantages, polyisocyanates 

hydrophilically modified with 3-(cyclohexylamino)-1-propane sulfonic acid (Fig. 1.4) 

were developed (Table 1.6, (c))[15]. Ionically modified-polyisocyanates are today the 

best hydrophilically modified polyisocyanates for use in two-component waterborne 

systems[5].  

 

Figure 1.4. Structure of 3-(cyclohexylamino)-1-propane sulfonic acid 

 

1.1.3. Health risks 

Isocyanates such as diisocyanates are hazardous products that need to be manipulated 

with extreme care. Due to their vapor pressure and volatility, most of the common 

low molecular weight isocyanates are strongly irritating for eyes, intestines and 

respiratory tracts. A short term exposure to diisocyanates may cause sensitization 

(asthma, pulmonary malfunction), which can even lead to pulmonary failure in worst 

cases[16]. The toxicity of isocyanates has been studied for a long time, but even more 

intensively after the Bhopal (India) accident in 1984, when more than 3000 people 

died because of a large methylisocyanate leakage. Their death has been directly 

linked to the methylisocyanate toxicity[17]. Among diisocyanates, MDI has been 

proved to have the lower toxicity thanks to its very low vapor pressure. Despite this, 

MDI still remains a sensitizer and an allergen, exactly as other diisocyanates (TDI, 

HDI). To achieve a lower volatility and overcome hazards of diisocyanates, they are 

transformed into polyisocyanates with higher molecular weights. Polyisocyanates, 

prepolymers and hydrophilically-modified polyisocyanates previously introduced 

become highly relevant, especially for use in polyurethane coatings or adhesives, 

where normal diisocyanates cannot be used for obvious occupational health reasons. 
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1.2. Introduction to polyurethane 

1.2.1. Historical and chemical aspect 

Polyurethanes were discovered in 1937 by Heinrich Rinke and the development of 

the polyaddition process was made by Otto Bayer[11] in the early 1940s that resulted 

in the synthesis of many different polyurethanes and of the creation of the 

polyurethane industry. Then, fifty years ago, Otto Bayer and his team developed the 

first polyurethane coatings based on the combination between low molecular weight 

polyisocyanates (mainly TDI and HDI) called “Desmodur” and polyols called 

“Desmophen”. Their outstanding properties (good chemical, corrosion and abrasion 

resistance, toughness, good mechanical strength) led to the replacement of alkyd 

coatings by polyurethane coatings through the next 30 years in all types of application: 

wood coating, corrosion protection, automotive, textile coating. Meanwhile, in 1951, 

the first polyurethane adhesive was produced to bond elastomers and metals[18], and 

in 1954, the production of polyurethane flexible foam started. Since then, 

polyurethanes success is unstoppable and their versatility offers new applications 

every year.  

Nowadays, polyurethanes (PU) are very common polymeric materials that can be 

used in a broad range of fields via different forms, and be incorporated in various 

products[19, 20]: 

 Polyurethane flexible foam is most common type of polyurethane. In addition 

of being extremely versatile, these foams are used in many applications such 

as furniture, carpet cushion, mattress, automotive seat and interior, packaging 

or textile fiber. 

 Polyurethane rigid foam is the most common insulation material. It is today 

the best material for buildings and constructions in terms of energy efficiency 

and savings, due to very low heat-transfer properties, and also in terms of 

sound insulation.  
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 Coatings, adhesives, sealants and elastomers can be grouped as one type of 

polyurethane and are used in a broad of applications themselves. 

Polyurethane elastomers are rubber-like materials which can provide 

resistance to abrasion, temperature, aging, and many others depending on the 

expected use: valves, factory fixtures, wheels for shopping carts or 

skateboards and others. 

 Thermoplastic polyurethanes are usually flexible and resistant to impact, 

abrasion and weather. Moreover, they offer a large combination of physical 

properties and processing applications. They are used in hundreds of products, 

e.g. sporting shoe soles, drive belts, medical tubing, and fire hose liner. 

 Polyurethane binders provide a permanent bonding between different types 

of surfaces and fibers. Their main areas of use are wood panels, rubber or 

elastomeric flooring surfaces and sand casting for the foundry industry. 

 Polyurethane dispersions consist of polyurethane/polyurea polymer particles 

suspended in water. They are used as starting material for different type of 

polyurethanes described before, such as adhesive or coating. They have the 

advantage of being ecologically friendly. 

Polyurethanes are synthesized by reaction between a polyfunctional isocyanate and 

polyfunctional hydroxyl compound (Fig. 1.5). The main repeating unit is a urethane 

group but polyurethanes are also made of polyester, polyether or aromatic group for 

example, depending on the nature of the reagents. The structure of polyurethanes can 

be easily tailored due to different types of isocyanates, as previously described, but 

also due to a large number of hydroxyl compounds with different structures, 

molecular weights and functionalities. 

 

 

Figure 1.5. General route for the synthesis of polyurethane 
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The microscopic structure of the polyol (or polyamine, in case of polyurea) has a 

direct impact on the macroscopic properties of the polyurethane e.g., long and flexible 

polyols with low functionality (2-3) will lead to a soft elastic polyurethane. On the 

other hand, a short and rigid polyol with high functionality (3-8) will form a hard 

polyurethane due to a higher cross-linking in the material. The most important classes 

of polyols are polymers containing hydroxyl groups such as polyethers, polyesters or 

polyacrylates (Fig. 1.6). These polyols are widely used in coating and adhesive 

polyurethanes, which are the main areas of interest of this thesis.  

 

 

Polyether polyol 

 

Polyester polyol 

 

Polycarbonate polyol 

 

Polycaprolactone polyol 

 

 

Polyacrylate polyol 

Figure 1.6. General formula of commonly used polyols 

 

  

UNIVERSITAT ROVIRA I VIRGILI 
ENCAPSULATION OF REACTIVE COMPONENTS IN POLYURETHANE SYSTEMS. 
Quentin Bouvier 



 
40 

1.2.2. Polyurethane coatings 

Coating material refers to as liquid, pasty or powdery materials which are deposited 

on another material surface to protect it from the outside environment: corrosion, 

oxidation, wear and tear, and others. A coating formulation consists of many 

components, the most important ones being binders, pigments, colorants, fillers and 

solvents. An example of a coating formulation is shown in Table 1.7. In polyurethane 

coatings, the bond is made by reaction between polyols (in the example below, 

polyacrylate) and polyisocyanates. Colorants are all the color-bearing substances. 

Pigments can also influence the color (titanium dioxide pigment) or the physical 

properties of the coating. Fillers are also used to modify some physical properties, as 

well as increasing the volume (and therefore lowering the price). Many 

environmentally friendly and economical polyurethane coatings are available due to 

their overall performances that outpace others technologies without affecting the 

coated material. Polyurethane coatings are well-known for their efficiency in 

application: a short overall process which can be performed even at low 

temperatures[5]. Polyurethane coatings can be separated regarding different criterion: 

the nature of the system, its composition and its curing conditions. 
 

Table 1.7. Solvent-borne two-component polyurethane formulation example 

Component A Part by weight 
Polyols 33.80 
Rheology modifiers  

6.79 
Thickener, Defoamer 

Fillers 
22.52 

Silica-based, Calcium carbonate, Barium sulfate 

Pigments 
19.33 

Titanium dioxide, Iron dioxide 

Solvents 8.00 
Catalysts 0.78 
Component B   
Polyisocyanates 8.78 
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Nature of the system 

Polyurethanes can be sorted depending on the solvent used in their formulation. They 

can be solvent-free, no solvent are used in the formulation, water-borne, water is used 

as solvent in the formulation, or finally solvent-borne, which regroups all formulation 

including an organic solvent. 

One- and two-component formulations 

One-component polyurethane coatings (usually called 1K formulation; K stands for 

Komponente, which is the German for “component”) often refers to as moisture-

curing coatings. They can be divided into two groups depending on the curing 

temperature. They consist of isocyanate prepolymers which are able to react with 

moisture coming from the outside environment. This formulation has obvious 

advantages (one component, react with air) but they are counterbalanced by the fact 

that each component needs to be carefully dried to avoid internal moisture, which 

would lead the formulation to react by itself at any moment. This issue does not 

concern two-component polyurethane formulations (usually called 2K formulation). 

They are extensively used for many applications and also have the advantage to be 

bubble-free even at high film thickness. Two-component polyurethane coatings 

(example in Table 1.7) are made of a component A, containing polyols and additives, 

and a component B, the polyisocyanate(s). The reaction between these two 

components forms the polyurethane coating film. However, as the reaction rate is 

very high, two-component systems have a relatively short pot-life. The mixture 

becomes useless when its viscosity has doubled, which occurred in between 4 to 6 

hours. 

Curing conditions 

Generally, the preparation of coatings involves two curing mechanisms that are 

overlapping: solvent removal, either by heating or at room temperature, followed by 

chemical cross-linking, offering to the coating hardness and other desired mechanical 

properties. All two-component formulations follow this path, but other curing 

processes also exist for one-component system: 
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 Physical drying can be solely used for some 1K-component coatings. It 

consists of polyurethane or polyurethane-urea chains (up to 150,000 g/mol) 

dissolved in an organic solvent. After solvent removal, no cross-linking is 

happening and the coating is creating by interactions between molecular 

chains. 

 Chemical curing involves, as its name suggests, a chemical reaction which 

can happen at different temperatures. 

o Cross-linking at room temperature: the so-called moisture curing 

polyurethane coatings are polyisocyanate prepolymers able to react 

with the ambient humidity. The reaction with water produces amines, 

and then an urea network. This type of system is strongly dependent 

of the weather conditions (humidity) directly linked to the drying rate. 

o Cross-linking at higher temperature: stable unreactive systems 

(thermally reactive blocked-polyisocyanates[21, 22], solid-form 

powder coatings) containing both polyols and polyisocyanates are 

prepared and the cross-linking occurs as a consequence of the heating 

process. These systems are still considered as one-component 

formulations. 

 Air-drying curing is using oxygen to cross-link the polyurethane with the 

help of catalysts, which can be done by introducing fatty acids or fatty 

alcohols in the polymer backbone. 

 The curing can also be done by using UV-radiation as starting mechanism to 

engage a curing process, as previously described. This technology is strongly 

studied[23-25] because it offers several advantages, especially because even 

the areas not reachable by the UV-radiation device can be chemically cross-

linked.  
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1.2.3. Polyurethane adhesives 

Bonding is the surface-to-surface joining of similar or dissimilar materials using a 

substance which adheres to the surfaces of the two adherents to be joined, transferring 

the forces from one adherent to the other[26]. Adhesive bonding is one of many 

joining techniques, as well as screwing or welding. An adhesive is a non-metallic 

component that uses internal strength (cohesion) and surface bonding (adhesion) to 

join materials. This technique is offering several advantages: no holes need to be done 

in the material (screwing), the material is not damaged by stress (welding) and 

adhesives allow the repartition of the strength all along the material.  

Polyurethane is one of the polymers used as adhesive for bonding, as well as epoxy 

resins, silicones, acrylic based polymers and others. Similarly to polyurethane 

coatings, polyurethane adhesives can be sorted in various forms in view of their 

formulation (1K or 2K adhesives), their joining technique (physical setting, chemical 

curing) and their solvent system (solvent-borne, water-borne and solvent-free). They 

are either containing urethane groups in their polymer backbone or these urethane 

groups are synthesized during curing. Polyurethane adhesives are able to adhere 

properly to many surfaces, not only because of their strong physical bonding force, 

but also because of polar affinity between the polymer and the nature of the 

surface[26]. Moreover, isocyanates are able to react with moisture present on the 

surface, purposely or not, which also increases the joining strength. 

Polyurethane coatings and adhesives are very similar in terms of chemistry, 

manufacture and technology, however they differ heavily on one main point: their 

optical properties. Polyurethane coatings have strong limitations on their optical 

properties as it modifies directly the aspect of the product. Any changes in the coating 

formulation can affect its quality. On the other side, optical properties are only 

secondary preoccupation because most of the adhesives are not meant to be viewed 

in the final product. 
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1.2.4. Polyurethane catalysis 

In the polyurethane industry, it is well-known that the reaction between aliphatic 

polyisocyanates and nucleophilic species is slower in comparison to aromatic 

polyisocyanates systems, thus it is necessary to use catalysts in aliphatic systems. To 

be effective, polyurethane catalysts have to satisfy a wide range of characteristics: 

high reactivity at low concentration, high selectivity towards the urethane reaction 

against the side reactions, low toxicity and good availability at low cost[5]. Two main 

classes of catalysts exist for polyurethane formulations: tertiary amines and Lewis 

acidic metal-based catalysts[27-29] (Table 1.8). 
 

Table 1.8. Most common polyurethane polymerization catalysts 

Tertiary amines 
1,4-diazacyclo-
[2.2.2]octane 

DABCO 

 

1,8-diazabicyclo-
[5.4.0]undec-7-ene 

DBU 

 

N,N-dimethyl-
cyclohexylamine 

DMCHA 

 
Lewis acidic metals 

Dibutyl tin laurate 
DBTL 

 

Bismuth tri(2-
ethylhexanoate) 

 

Zinc bis(2-
ethylhexanoate) 

 

 
 

Dibutyl tin dilaurate (DBTL) is the most widespread metal-based catalyst due to its 

outstanding catalytic properties[30, 31], however, it has been classified as 

reproductively toxic by the European Commission in 2017. Since then, and despite 

being known for more than 30 years[32, 33], zinc and bismuth carboxylates, among 

many others[5, 29, 34-37], keep on gaining interest as DBTL-alternatives. Indeed, 

they have replaced DBTL in many formulations and will therefore be actively used 

in this thesis.  
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1.3. Encapsulation 

1.3.1. Definition and general purpose 

Encapsulation is a process in which a material (or a mixture of materials) is 

surrounded and protected by a thin protective film of other materials, temporarily or 

permanently. The encapsulated material might be tiny solid particles, liquid droplets 

or gas bubbles and can be referred to as various names such as core material, payload, 

actives, fill, inner or internal phase. The protective material can be made of a wide 

range of materials, for instance, metals, ceramics, lipids[38], as well as polymers, and 

can be referred to as wall, membrane, coating, shell or carrier[39]. In this work, only 

polymers will be investigated as encapsulating material.  

They are two main types of encapsulation that are distinguished by the size of the 

synthesized particles: micro- and nano-encapsulation. The former leads to 

microparticles which are between 1 to 1000𝜇𝑚 in size, whereas the latter forms 

nanoparticles which are between 1 to 1000𝑛𝑚  in size. The microencapsulation 

process is attributed to Bungen Burg de Jon and Kanin 1931 and their idea has been 

adapted for many applications in different areas such as food industry[40-42], 

medical and pharmaceutical[43-45], agricultural[46, 47] or textiles[48]. Thanks to the 

technological progress, some nanoencapsulation techniques were developed based on 

existing microencapsulation techniques, and since 20 years, nanoencapsulation is 

increasingly studied. Most of the nanoencapsulation research is performed for the 

food industry[49, 50] or the pharmaceutic industry (drug delivery systems)[51, 52]. 

The purposes of all those particles are directly linked to their application, but they 

can be sum up as following[53, 54]: 

 Separation or mixture of incompatible components 

 Modification of the physical character of a material (use of liquids as solids) 

 Protection of the immediate environment (degradation reaction, oxidation, 

dehydration for example) and/or increase of the stability 

 Masking of odor, taste and activity of core materials 

 Controlled and/or targeted release of core materials 

 Safe and convenient handle of toxic material  
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The morphology of the synthesized particles depends on the core material but more 

particularly on the shell material, as well as the encapsulation technique selected. 

Some of the different structures obtained during the synthesis are presented in Fig. 

1.7. One of the most frequent structure is the core-shell structure (a) in which the core 

material is perfectly surrounded by the shell material, such structure are called 

capsules. But the particles can also have several shells and therefore be called multi-

shell particles (b).  

These first two structures are mononuclear, i.e. they contain only one core. However, 

it is also possible to prepare particles with several cores, which are referred to as 

polynuclear particles, such as matrix particles (frequently called spheres, c), in which 

the core material is homogeneously distributed in a matrix of the shell material. Multi-

core particles (d) and irregular particles (e) are rarer, but are also possible outcomes 

of the encapsulation process.  

 

 

 
Figure 1.7. Types of particle structures: (a) core-shell; (b) multi-shell; (c) matrix; 
(d) multi-core; (e) irregular 
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The particles are also distinguished via their release mechanisms which depend on 

the physical and chemical properties of the shell material. The permeability of the 

shell especially plays an important role and leads to three main release mechanisms 

of the core: diffusion, shell rupture or shell dissolution (Fig 1.8). If the shell is 

permeable to the liquid in which microcapsules are immersed, the solvent is able to 

go in and out of the shell inducing a slow diffusion of the core in the media. The 

release rate can be controlled by modifying the physical and chemical properties of 

the wall. For example, aspirin is a well-known medicine against fever, inflammation 

and arthritis, but a direct ingestion of aspirin can provoke secondary effects, such as 

peptic ulcers and bleeding[55]. The microencapsulation of aspirin in semi-permeable 

cellulose shells prevents the secondary effects just mentioned[56, 57]. To be perfectly 

effective, the core release of micro- and nanoparticles must occur at the appropriate 

time and place. It is possible to achieve such performance especially with shell 

dissolution or rupture core-release process. The particle shells can be prepared in 

order to answer to an external stimulus such as temperature[58], pH[59], pressure[60] 

or UV light[61]. 

 

Figure 1.8. Main release mechanisms[62] 
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1.3.2. Review of polymeric encapsulation techniques 

Many encapsulation techniques have been developed throughout the years and some 

of them will be described here. Encapsulation knowledge and methods are at the 

intersection of several fields: colloid chemistry, physical chemistry, polymer 

chemistry, biochemistry, physics, and biotechnology and material science[63]. 

Moreover, the preferred micro/nanoparticles with desired properties can only be 

prepared while using the suitable technique (Table 1.9) in view of the core material 

physical state, the particle size range, the payload and the capsule morphology. 

Studying extensively many reaction parameters such as core-to-shell ratio, capsule 

size, shell thickness or shell permeability is also important to obtained the desired 

particles. Some techniques are based on chemical reactions, while, on the other side, 

some are based on physical principles. Therefore, they are usually divided in three 

categories: chemical, physico-chemical and physico-mechanical techniques.  

Table 1.9. Process parameters of common microencapsulation techniques 

 
Adapted with permission from [64]. Copyright © 2016 by Taylor & Francis Group, LLC 

Air Suspension Microparticle Medium, High Core-shell

Centrifugal Extrusion Microparticle Medium, High Core-shell, Matrix

Pan Coating Microparticle Medium, High Core-shell

Spinning Disk Microparticle Low, Medium, High Core-shell, Matrix

Spray Congealing Micro- and Nanoparticle Low, Medium, High Matrix

Spray Drying Micro- and Nanoparticle Low, Medium, High Matrix

Physico-chemical processes
Coacervation Micro- and Nanoparticle Medium, High Core-shell, Matrix

Emulsion-Solvent Diffusion Nanoparticle High Core-shell, Matrix

Ionotropic Gelation Micro- and Nanoparticle Medium, High Core-shell, Matrix

Layer-by-Layer Absorption Micro- and Nanoparticle High Core-shell

Nanoprecipitation Micro- and Nanoparticle High Core-shell, Matrix

Salting Out Nanoparticle High Core-shell, Matrix

Solvent Evaporation Micro- and Nanoparticle Low, Medium, High Core-shell, Matrix

Suprecritical Fluid Precipitation Micro- and Nanoparticle Low, Medium, High Core-shell, Matrix

Chemical processes
Dispersion Polymerization Micro- and Nanoparticle High Core-shell

Emulsion Cross-Linking Micro- and Nanoparticle High Core-shell, Matrix

Emulsion Polymerization Micro- and Nanoparticle Low, Medium, High Core-shell

In-situ Polymerization Micro- and Nanoparticle High Core-shell

Interfacial Polycondensation Micro- and Nanoparticle High Core-shell

Suspension Polymerization Micro- and Nanoparticle High Core-shell, Matrix

Type of particle Payload Particle structure
Physico-mechanical processes
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It is important to note that many other microencapsulation techniques exist, such as 

annular jet process or vacuum encapsulation[40, 54, 55, 64-69], and they cannot all 

be described here. 

The encapsulation techniques based on physico-mechanical properties are often 

restricted to the synthesis of microparticles due to the instruments limitations. 

However, thanks to the technological progress, these encapsulation techniques 

become more and more adaptable for the synthesis of nanoparticles, spray drying 

being the most relevant example. Many of the physico-chemical and chemical 

encapsulation methods are based on the formation of an emulsion or a dispersion. As 

the size of emulsion droplets or dispersion particles can be easily controlled, those 

methods are easily adaptable for the synthesis of both micro- and nanoparticles. 

 

1.3.2.1. Physico-mechanical techniques 

Air suspension  

The air suspension process is also called fluidized-bed coating. This is one of the most 

efficient techniques for microencapsulation of solids for food and pharmaceutical 

applications because it offers a good control of the microparticle properties. In a 

coating chamber (Fig. 1.9), a controlled air stream goes upward through a perforated 

plate and creates a suspension of particles. The shell material is sprayed on the 

suspended particles, either from the top or the bottom (or eventually from the side). 

Then, the particles settle down and go again through the same path several times until 

the desired thickness is achieved. Usually, the shell material is a polymer solution 

and the solvent evaporates by using a hot air stream. This process generally prepares 

particles from few micrometers to 250𝜇𝑚 but it can eventually be modified to reach 

few millimeters. The obtained particles have a narrow size distribution[55]. 
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Reprinted with permission from [70]. Copyright © 2006 Elsevier B.V. 

Figure 1.9. Scheme of air suspension encapsulation process: bottom spray (left) and 
top spray (right)  

 

Centrifugal Extrusion 

The centrifugal extrusion is one among many other extrusion techniques, such as melt 

injection or melt intrusion, and uses a rotating extrusion head containing concentric 

nozzles. The process is described in Figure 1.10 (top) and is mostly employed to 

encapsulate flavor oils. The core material is pumped through the inner orifice and a 

liquid shell material through the outer orifice forming a coextruded rod of core 

material surrounded by shell material. As the device rotates, the extruded rod breaks 

into droplets[67]. The shell material can be hardened by cooling during the time 

droplets are in flight or by using a melt material as shell. Droplets can also be 

immerged into a solvent to cool them down faster or a dryer can be used to evaporate 

the solvent in which the shell material is dissolved.  

Finally, the centrifugal extrusion can be used in combination with other encapsulation 

techniques such as ionic gelation[39]. The particles frequently have a size range from 

100 to 2000𝜇𝑚 and can be filled with up to 80% of core material. 
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Spinning Disk 

This technique, also called centrifugal suspension separation, is simple, rapid and cost 

effective, as well as very similar to the centrifugal extrusion described above. Core 

particles are suspended in the liquid shell material, and the mixture is then poured on 

the rotating disk (Fig. 1.10, bottom). Due to rotations and the centrifugal forces, the 

mixture is thrown out of the disk as droplets. These droplets have a range size of 1𝜇𝑚 

to 2𝑚𝑚 and are solidified most of the time by cooling, even though other techniques 

can be performed, similarly to the centrifugal extrusion[64].  

  
Reprinted with permission from [39]. Copyright © 1995 American Chemical Society 

 
Reprinted with permission from [71]. Copyright © 2012 Woodhead Publishing Limited 

Figure 1.10. Scheme of centrifugal extrusion process (top) and picture of a spinning 
disk (bottom)   
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Pan coating 

This process is one of the oldest encapsulation methods as it has been developed in 

the 1880s. The microparticles obtained via pan coating are referred to as pellets[72]. 

The scheme of the process is shown in Figure 1.11. The particles are tumbled in a pan 

while the coating material is applied. The coating material is made of a shell material 

dissolved in a solvent. To remove this solvent, warm air is going through the pellets. 

Particles from few micrometers to few millimeters can be coated with this process, 

however, the coating is considered efficient only for a particle size greater than 

600𝜇𝑚. This technique is mostly applied to the preparation of controlled-release 

medical drugs. 

 
Reprinted with permission from [73]. Copyright © American Association of Pharmaceutical Scientists 2006 

Figure 1.11. Scheme of pan coating encapsulation 

Spray Drying 

This is the most common microencapsulation technique because it offers several 

advantages such as low-cost and simple process, broad range of shell material and 

easy equipment availability. This process is still extensively studied and reviews on 

this single technique have already been published[74]. Lots of compounds are 

encapsulated by spray drying since decades, e.g., flavors, drugs and many others. This 

technique is based on the preparation of a solution, emulsion or suspension of the 

encapsulated material in a polymer solution, followed by the atomization (also called 

nebulization) of the mixture as small droplets. These droplets go through a drying 

chamber where a hot gas (usually air) stream is circulating. The solvent evaporates 

which leads to the formation of dried microparticles. A scheme of spray drying 

process is shown below in Figure 1.12.  

UNIVERSITAT ROVIRA I VIRGILI 
ENCAPSULATION OF REACTIVE COMPONENTS IN POLYURETHANE SYSTEMS. 
Quentin Bouvier 



 
53 

 
Reprinted with permission from [74]. Copyright © 2015 Elsevier B.V. 

Figure 1.12. Scheme of the spray drying process 

The size of the synthesized microparticles varies from a few micrometers to a few 

millimeters. Thanks to the technological progress, nanoparticles of a few hundred 

nanometers can nowadays be obtained[75]. The required time to encapsulate a single 

particle is very short, from millisecond to few seconds, therefore the encapsulation of 

heat non-resistant material can even be considered. Spray drying still has some 

disadvantages: low yield due to material lost on the drying chamber walls, non-

uniformity of particle sizes and relatively porous shell due to quick solvent 

evaporation. 

Spray Congealing 

This versatile technique is also referred to as spray cooling and spray chilling in the 

literature. The principle is very similar to spray drying i.e. the same spraying device 

can be used. The core material is mixed with a melt material to obtain a solution, an 

emulsion or a suspension. Then the mixture is atomized and goes through the drying 

chamber. Cool gas stream circulates in the drying chamber to solidify the droplets. 

The particles are then collected at room temperature. The shell material must be solid 

at room temperature to avoid unwanted release of the core material. Spray congealing 

is a process even cheaper than spray drying as it only uses cold air. Moreover, spray 

cooling offers a precise control of the particle size which can be very useful for solid 

dosage of drugs[76]. This technique can also be used for food applications, such as 

the encapsulation of vitamins, minerals or acidulants[39].  
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1.3.2.2. Physico-Chemical techniques 

Coacervation 

This technique is based on the desolvation of one or several polymers in a solution 

leading to a phase separation. Polymers end up coating the material due to lower 

solubility. If only one polymer is used, the process is called simple coacervation but 

if more than one polymer are involved in the wall preparation, it is referred to as 

complex coacervation. For both processes, the core material has to be dispersed in a 

solvent in which its solubility is very low (typically no more than 2%). In simple 

coacervation, the polymer is generally dissolved in an aqueous solution and the phase 

separation can be induced by several methods: 

 Addition of a water-miscible non-solvent, such as acetone or ethanol. 

 Addition of inorganics salts, such as sodium sulfate, to salt-out the polymer 

 Decrease of the temperature to lower the polymer solubility 

 

 

Figure 1.13. Scheme of complex coacervation process[62] 
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Complex coacervation is more developed compare to simple coacervation and its 

process is described in Fig. 1.13. At first, two ionic water-soluble polymers bearing 

different charges are introduced into the dispersed solution of core material. Typical 

polymers for such applications are gelatin (positively charged when the pH is lower 

than 7) and gum Arabic (always negatively charged). Then, the pH is adjusted in sort 

of having both polymers as ionic form, able to interact with each other. This 

interaction leads to a lower solubility and to a phase separation.  

Therefore, there is a deposition of the polymers at the surface of the droplet leading 

to its encapsulation. The obtained capsule shell is highly water-swollen and possibly 

heat-dissoluble, which is not desired. To overcome this problem, the shell is 

covalently cross-linked with chemicals such as formaldehyde. Microcapsules 

produced by coacervation have a size range from 2𝜇𝑚 to 1200𝜇𝑚 and can have a 

payload up to 95%. The coacervation pH zone might be hard to find and the used 

salts must be completely removed. Also, coacervation encapsulation can be tricky for 

the encapsulation of pH sensitive material[64]. Complex coacervation is a very 

common method to prepare nanoparticles from 100 to 1000𝑛𝑚 as well[77]. 

Layer-by-layer adsorption 

Also referred to as layer-by-layer deposition, this technique is based on the successive 

addition of shell materials (layers) until the desired thickness is reached. Particle sizes 

are easily controllable with this process, as well as properties because the shell can 

be easily functionalized. The layers are made of compounds with affinity toward each 

other: positively and negatively charged polyelectrolyte solutions or proteins and 

polyphenols[78]. 

  

UNIVERSITAT ROVIRA I VIRGILI 
ENCAPSULATION OF REACTIVE COMPONENTS IN POLYURETHANE SYSTEMS. 
Quentin Bouvier 



 
56 

Supercritical fluid precipitation 

This technique is based on the properties of supercritical fluids. Hardly compressed 

gasses behave both as liquids and gasses when they reach their supercritical fluid state 

(Fig. 1.14). Carbon dioxide (CO2) and nitrogen dioxide (NO2) are good candidates 

because they can reach their supercritical fluid state with moderate temperatures and 

pressures (for CO2, 𝑇𝑐 = 304.2 𝐾 and 𝑃𝑐 =  7.38 𝑀𝑃𝑎)[66].  

 

Figure 1.14. Pressure-Temperature phase diagram of CO2[79] 

With supercritical fluids, and especially carbon dioxide, several precipitation 

processes are available which depend on the role played by the supercritical CO2: as 

solvent, in the rapid expansion of supercritical solutions process, as antisolvent, in 

the supercritical antisolvent process, or as solute, in the gas antisolvent process[64]. 

As solvent, the supercritical fluid, containing both core and shell materials, is released 

through a small nozzle at atmospheric temperature. Due to the fast pressure drop in 

the droplets, a desolvation of the shell material is occurring around the core material, 

and is forming a coating layer.  

As antisolvent, core and shell material are mixed together and dispersed in an organic 

liquid. CO2 has a large solubility in organic solvents but a very low solubility in high 

molecular weight substrates. The liquid mixture is saturated with CO2; the solubility 

of the materials in the organic solvent is decreased, which causes supersaturation 

quickly followed by precipitation and formation of microcapsules. 
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As solute, CO2 is dissolved in a melted solid, and the mixture is expanded through a 

nozzle to form small droplets. The expansion causes the vaporization of the dissolved 

CO2, which has an intense cooling effect on the liquid droplets and they turn quickly 

into solid particles. Supercritical fluid precipitation has several advantages such as no 

toxicity, no flammability, possibility to encapsulate heat-sensitive compounds. 

However, the core and shell material must be soluble in one of the available 

supercritical fluids. This process is convenient for the preparation of both 

microparticles and nanoparticles[80]. 

Solvent evaporation 

The polymeric shell material is dissolved in a volatile organic solvent. The core is 

subsequently dissolved, dispersed or eventually emulsified in the same solution. This 

solution is itself dispersed or emulsified in a second solution, most frequently a water 

solution. The mixture (dispersion, emulsion or double-emulsion) is heated to 

evaporate the volatile organic solvent and solid particles are formed. Many types of 

particles can be obtained depending on the formulation. The particles are obtained as 

a suspension or as a powder, after washing and drying. This technique is very easily 

performed and is therefore widely investigated for the preparation of 

nanoparticles[81]. This is also a very common technique for the synthesis of 

microparticles[67]. 

Ionotropic gelation 

Also referred to as ionic gelation, this is one the easiest encapsulation method and 

frequently used in molecular gastronomy with a higher particle size (up to few 

centimeters). Ionotropic gelation, also called ionic gelation, consists in preparing 

polymer spheres containing the core ingredient. Calcium alginate is the most famous 

example. The alginate polymer is dissolved in an aqueous solution, and the core is 

put in suspension in this same solution. Through an extruding device, such as a 

spraying nozzle, or even simply a syringe, size-controlled droplets are prepared and 

dropped into an ionic solution.  
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These droplets are hardened by cross-linking of the wall material or polymer chain 

by using di- or multivalent metal ion (such as calcium chloride) aqueous solutions. 

Reversibly, micro/nanospheres can also be made by mixing the metal ion solution 

with the core ingredient and dropping the spheres into an alginate solution[64, 82]. 

This technique is adaptable to other natural polymers such as chitosan or 

polysaccharides and suitable for both microparticles and nanoparticles (Fig. 1.15)[83, 

84]. 

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

Figure 1.15. Scheme of the synthesis of chitosan nanoparticles by ionic gelation 

Emulsion-Solvent Diffusion 

As its name suggests, the emulsion-solvent diffusion consists in two steps. The 

polymer and the material to encapsulate are dissolved in water-partially soluble 

solvent, such as ethyl acetate or propylene carbonate. Beforehand, the organic solvent 

is saturated with water and reversely, the aqueous phase, which can contain a 

surfactant, is saturated with the organic solvent. Therefore, the oil-in-water emulsion 

prepared with these solutions is stable and solvent exchanges from one phase to 

another are not permitted. The thermodynamic equilibrium between the two phases 

is disrupted by addition of a large amount of non-saturated water. This causes the 

organic phase to diffuse into the aqueous phase, the polymer precipitates and a 

nanoparticle suspension is obtained[51]. Microparticles are very rarely prepared via 

this method.  
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Salting-out 

The salting-out procedure is an adaptation of the emulsion-solvent diffusion method. 

Instead of being saturated with an organic solvent, the aqueous phase is saturating 

with electrolytes, such as magnesium chloride or calcium chloride. Due to this 

saturation, the water-miscible, or partially miscible, solvent is separated from the 

aqueous phase. After preparation of a stable oil-in-water emulsion, the addition of 

non-saturated water modifies the equilibrium (Fig. 1.16). The solvent diffuses into 

the aqueous phase, the polymer precipitates and nanoparticles are formed. More 

solvents are usable for this procedure than for the emulsion-solvent diffusion, 

however, more efforts to purify the nanoparticles are required[51, 86]. As for the 

emulsion-solvent diffusion method, this technique is almost exclusively employed 

for the synthesis of nanoparticles. 

 

 

Figure 1.16. Scheme of the salting-out encapsulation procedure[87] 
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Nanoprecipitation 

This method has many names and is also referred to as solvent displacement method, 

anti-solvent precipitation or solvent shifting method. This technique produces is 

mainly used to prepare nanoparticles, even though a few microparticles have been 

synthesized as well[88]. The polymer and the core material are dissolved into a water-

soluble solvent, such as acetone or ethanol. This mixture is added dropwise to water 

solution or directly injected in the solution as shown in Figure 1.17.  

Due to the fast diffusion of the organic solvent in the water, the polymer precipitates 

at the water-organic solvent interface and nanoparticles are formed. The nanoparticles 

can have different structures depending on the synthesis formulation. Synthetic 

preformed polymers are most commonly employed, such as poly(lactic acid)[51, 89]. 

 

Figure 1.17. Scheme of the nanoprecipitation method[87] 
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1.3.2.3. Chemical techniques 

Chemical microencapsulation techniques are mostly based on polymerization and can 

be divided in five types: dispersion polymerization, suspension polymerization, in-

situ polymerization, emulsion polymerization and interfacial polycondensation, 

depending on where the polymerization reaction occurs and on the shell arrangement. 

The particles prepared via these polymerization techniques can have a lot of different 

sizes as they are directly related to the emulsion/dispersion preparation (mixing rate, 

droplet material). All the chemical techniques presented here can synthesize both 

micro- and nano-particles 

Dispersion polymerization  

This encapsulation consists in the polymerization of a monomer at the surface of 

particles dispersed in an organic solvent. The prepared polymer is, however, not 

soluble in the continuous phase. Some functional groups grafted on the polymer 

backbone, or on the particle surface, allow the insoluble polymer to position itself 

around the particles and form a protective shell (Fig. 1.18). This technique frequently 

encapsulates inorganic compounds and could be seen as a standard dispersion 

polymerization in which flocculation is avoided and micro/nanoparticles are created 

instead. 

 

 
Adapted with permission from [90]. Copyright © The Royal Society of Chemistry 2014 

Figure 1.18. Scheme of dispersion polymerization encapsulation 
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Suspension polymerization  

This encapsulation is based on the dispersion of an organic solvent containing the 

monomers, the initiator and eventually a small amount of suspending agent. This 

dispersion is obtained and maintained by a high and constant shearing. At a certain 

temperature, the initiators are starting the polymerization reaction which occurs 

inside the droplets. The formed polymer precipitates in the organic solvent and forms 

the micro/nanoparticle shell (Fig. 1.19).  

 
Reprinted with permission from [91]. Copyright © 2015 Elsevier Ltd. 

Figure 1.19. Scheme of suspension polymerization encapsulation 

 

Emulsion polymerization  

This encapsulation leads more frequently to the preparation of nanoparticles from 10 

to 1000𝑛𝑚. Different types of emulsions are prepared (water-in-oil (w/o), oil-in-

water (o/w), double emulsion (w/o/w or o/w/o)) containing a mixture of monomer 

and core material. Contrarily to the in-situ polymerization (see after), the 

polymerization occurs within the emulsion droplet to create the particles. The size of 

the emulsion droplets has a direct impact on the size of the particles, which means all 

the parameters influencing the emulsion are of high importance (surfactant 

concentration, water to oil ratio). Polyacrylate and polycyanoacrylate are the two 

main classes of nanoparticles obtained via this technique[51]. 
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In-situ polymerization  

It consists in a formation of a wall as described in Figure 1.20. A mixture of monomer 

is dissolved in the continuous phase (generally water) leading to a pre-crosslinking. 

Then, the oil phase (core material) is added and an emulsion is created by stirring. 

The pre-crosslinked polymer is deposed on the surface of the droplet and complete 

polymerization is achieved by heating or changing the pH. In this technique, the 

polymerization occurs exclusively in the continuous phase.  

 
Adapted with permission from [55]. Copyright © 2015 Institute of Food Technologists® 

Figure 1.20. Scheme of in-situ polymerization encapsulation 

 

Emulsion cross-linking 

The emulsion cross-linking method consists in the preparation of a water-in-oil 

emulsion. The aqueous phase contains the polymer as well as the material to 

encapsulate and is emulsified in the organic phase made of an immiscible organic 

solvent and a surfactant. The droplets are converted into micro/nanoparticles via 

covalent cross-linking of the polymer, which can occur thermally (over 500°𝐶) or 

using a cross-linking agent. This technique is most frequently used for natural 

polymers, for example, glutaraldehyde is famous for cross-linking chitosan 

particles[83, 92]. 
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Interfacial polycondensation 

Polycondensation is a type of polymerization, more precisely a polyaddition, which 

releases small molecules during the synthesis (such as water or hydrochloric acid). 

This technique is very similar in its preparation to the in-situ polymerization and the 

emulsion polymerization, except the two monomers are not soluble in the same phase. 

Two solutions are prepared: one contains the core material and a monomer dissolved 

in a solvent; the other one is generally a water solution containing a surfactant. Both 

solutions are mixed to obtain an emulsion. The second monomer (water-soluble) is 

then added to the mixture. It reacts quickly with the first monomer at the interface of 

the droplets, which forms a strong polymer surrounding the core material[93] (Fig. 

1.21).  

 

Figure 1.21. Scheme of interfacial polycondensation encapsulation 
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1.4. Aim and outline of the thesis 

Nowadays polyurethanes are widely used in the coating and adhesive industry. Many 

different technologies exist to apply coatings and adhesives on substrates, and 

technologies in which crosslinking or adhesion could be controlled are of greatest 

interest. This would offer new possibilities for complex coating/adhesive system. 

Indeed, it would improve their pot-life which is the main drawback of polyurethane 

formulations. For this purpose, so-called blocked isocyanates have already been 

developed; they are derivatives of isocyanates which can only be activated via 

thermal trigger. In a similar approach, the encapsulation and controlled release of 

catalysts or reactive polyisocyanates would offer new perspectives toward enhanced 

technologies. Therefore, the work presented in this thesis focuses on the 

encapsulation of polyurethane formulation components, especially for application in 

coatings and adhesives, with the objective to develop new products gathering both 

triggered activation and long-term stability. 

In the first part, the nanoencapsulation of polyurethane polymerization catalysts, 

namely zinc bis(2-ethylhexanoate) and bismuth tri(2-ethylhexanoate), will be 

discussed. The syntheses of catalyst-loaded polycaprolactone nanoparticles will be 

studied via two different synthesis methods: emulsion-solvent diffusion and 

nanoprecipitation (Chapter 2), followed by a thorough optimization up to the early 

steps of the implementation of nanoparticles into an existing polyurethane coating 

formulation (Chapter 3). In the second part, the encapsulation of polyisocyanates to 

be utilized as cross-linkers will be investigated through two different approaches. The 

microencapsulation of polyisocyanates in a polyurea and/or a polyurethane shell – 

obtained by interfacial polycondensation – will be examined (Chapter 4). Afterwards, 

the knowledge acquired from the previous studies will be used to briefly explore the 

nanoencapsulation of polyisocyanates into a polycaprolactone shell by 

nanoprecipitation (Chapter 5).  

Lastly, the general conclusion will summarize the obtained results and the learnt 

concepts. It will also discuss the future of catalyst-loaded nanoparticles and will 

debate the possibilities regarding the encapsulation of polyisocyanates (Chapter 6). 
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Part 1. Encapsulation of 

polyurethane polymerization 

catalysts 
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Chapter 2.  Synthesis of catalyst-loaded 

nanoparticles  
 

2.1. Introduction 

Two-component (2K) formulations represent most of the polyurethane coatings 

nowadays. Despite their excellent properties, 2K formulations still have one main 

disadvantage: their pot-life. The pot-life, also called gel time, refers to as the time in 

which the coating formulation is applicable. Indeed, the polyisocyanates and the 

polyols react with each other as soon as they are mixed, until they reach a too high 

viscosity to be processed. By general agreement, 2K polyurethane coatings become 

useless after they double their viscosity, typically within 4 to 6 hours[1].  

To remedy this problem, photolatent[2] and thermolatent[3] catalysts have been 

developed. The polymerization reaction of the formulations remains uncatalyzed 

until light or heat are applied as external trigger to activate the catalyst release. In a 

similar approach, the use of catalyst-loaded thermoresponsive nanoparticles would 

significantly improve the formulation pot-lifes and offer new possibilities in the 

preparation of polyurethane coatings.  

Nanoparticles can display different morphologies as described in Chapter 1. However, 

the two most common structural types are nanocapsules and nanospheres. The former 

consists in an encapsulated core surrounded by a polymer shell, while the latter 

possesses a polymer matrix in which the encapsulated material is dispersed, as 

illustrated in Figure 2.1. Such nanoparticles can be synthesized either by the 

polymerization of monomers, or obtained directly from a preformed polymer – the 

second approach has the advantage to avoid the use of toxic compounds (monomers, 

organic solvents) and to be simple in terms of production[4] (Table 2.1). 
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Figure 2.1. Structure of nanospheres and nanocapsules 

Alginate and chitosan are naturally occurring polymers which are very commonly 

used for the synthesis of nanoparticles[5-7]. These polymers however contain polar 

groups which are involved in ionic interactions and due to the ionic nature of the 

compound to be encapsulated in this work – carboxylic metal salts – the use of non-

ionizable (neutral but polar) synthetic polymers was preferred for the synthesis of the 

shell and the matrix of the nanoparticles.  

The synthetic polymers more frequently used include polylactic acid (PLA), 

polyethylene glycol (PEG), poly(lactic-co-glycolic acid) (PLGA) and 

polycaprolactone (PCL)[4, 8, 9]. Moreover, encapsulations with a combination of the 

aforementioned polymers are also regularly performed, for example, PLA-PGLA[10], 

PCL-PEG-PCL or PGLA-PEG[11]. They all are biodegradable and biocompatible 

polymers which make them usable for plenty of applications.  

As the investigated thermoresponsive nanoparticles are intended to be used in 

polyurethane coatings, PCL has been determined as the most appropriate polymer 

due to its melting point of 60°𝐶. As polyurethane coatings are typically cured between 

80 and 120°𝐶[1], PCL-based nanoparticles are, by their nature, very convenient for 

the thermally triggered catalysts’ release. To synthesize such nanoparticles, four 

techniques are described in the literature[4, 8]. Namely, solvent evaporation, 

emulsion-solvent diffusion (ESD), salting out and nanoprecipitation. Table 2.1. has 

been adapted from a table available in the nanoencapsulation review of C. Pinto Reis 

and coworkers[4]. 
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Table 2.1. Advantages and drawbacks of common nanoencapsulation methods 

 

a: depending on the emulsion; b: NR= non referenced; c: depending on the polymer 

Adapted with permission from [4]. Copyright © 2006 Elsevier Inc. 

It summarizes the advantages and drawbacks of each technique. The solvent 

evaporation method is not suitable for this project, as even today, its scale-up remains 

challenging. The ESD and the salting out technique are very similar, however the 

latter involves the use of electrolytes that could adversely affect the encapsulation of 

ionic species. Thus, the aim of this part is to synthesize and characterize 

polycaprolactone nanoparticles containing zinc or bismuth salts – via 

nanoprecipitation and ESD – aiming at the obtention of new polyurethane 

formulations. 

 

  

Emulsion Polymerization Low to Higha High High Low to Higha Low to Mediuma

Interfacial Polymerization Low High Medium High Low

Solvent Evaporation High Low Low Medium Medium

Nanoprecipitation High NRb NRb High Medium

Emulsion-Solvent Diffusion Medium Medium High High Medium

Salting Out High High High High Low

Ionotropic Gelation Medium to Highc Medium to Highc High Medium to Highc Low to Highc

Coacervation NRb High NRb Low Low

Simplicity of 
procedure

Need for 
purification

Facility Scaling-
Up

Encapsulation 
Efficiency

Safety of 
Compounds

Method
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2.2. Materials & Methods 

2.2.1. Materials 

Several types of material are involved in the synthesis of nanoparticles. First, the 

synthetic polymer poly(ε-caprolactone) (PCL) with different molecular weights (Mn= 

10 𝑘𝐷𝑎  (PCL-10), 45 𝑘𝐷𝑎  (PCL-45), 80 𝑘𝐷𝑎  (PCL-80)) was supplied by Sigma 

Aldrich. PCL is a polyester (Fig. 2.2) which, thanks to its biocompatibility and its 

biodegradability, is approved by the US Food and Drug Administration. Therefore, 

PCL is very frequently used for biomedical applications[12] such as polymeric 

nanoparticles. 

 

Figure 2.2. Polycaprolactone structure 

The surfactants play a key role in the synthesis of nanoparticles, as they prevent the 

nanoparticles to agglomerate. The non-ionic surfactants Pluronic F-68 (triblock 

copolymer poly(ethylene glycol)-poly(propylene glycol)-poly(ethylene glycol); 

Mw=8.4 𝑘𝐷𝑎 ), Pluronic L-35 (triblock copolymer poly(ethylene glycol)-

poly(propylene glycol)-poly(ethylene glycol); Mw= 1.9𝑘𝐷𝑎 ), poly(vinyl alcohol) 

(PVA; Mw=31𝑘𝐷𝑎) and Tween 80 (Polysorbate 80) were supplied by Sigma Aldrich 

(Table 2.2). Pluronic F-68 and Pluronic L-35 have the same general structure but they 

differ in terms of molecular weight and poly(ethylene glycol) (PEG) part, as they are 

made of 80% and 50% of PEG respectively. All those non-ionic surfactants stabilize 

the emulsions and/or the nanoparticle dispersions by steric repulsion. The catalyst 

Borchi Kat 22 (BK22) (zinc bis(2-ethylhexanoate); 21.8 – 22.6 % zinc content) was 

kindly donated by Borchers and previously described (Table 1.8). Water was purified 

with a 0.22𝜇𝑚 Milipak® membrane filter. All other solvents and reagents were of 

analytical grade. All chemicals and materials were used as received. 
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Table 2.2. Surfactant structures 

Pluronic F-68 & Pluronic L-35 

 

Poly(vinyl alcohol) 

PVA 

 

Tween 80 

 

 

2.2.2. Synthesis methods 

2.2.2.1. Emulsion Solvent-Diffusion 

Nanoparticles containing BK22 (zinc-based catalyst) were synthesized via emulsion-

solvent diffusion (ESD), firstly described by Quintanar-Guerrero and coworkers[13, 

14] (Fig. 2.3). This method is based on the partial solubility of organic solvents in 

water. Therefore, water and ethyl acetate (EA) or methyl ethyl ketone (MEK) were 

mixed in large amounts to prepare saturated solutions: organic solvent-saturated with 

water (EAs-water and MEKs-water) and water-saturated with the organic solvent 

(Ws-EA and Ws-MEK). At 20°𝐶, water is saturated with 8.7% and 24.0% of EA and 

MEK respectively. In turn, EA and MEK are saturated with 3.3% and 10.0% of water 

respectively. 
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Figure 2.3. Nanoencapsulation of catalyst via emulsion-solvent diffusion technique 
(adapted from [15]) 

The PCL (100-400𝑚𝑔) was dissolved in the Ws-organic solvent (10𝑚𝐿) at 50°C and 

the zinc-based catalyst (100-800𝑚𝑔) was added subsequently. The resulting organic 

solution was added to an aqueous phase (40𝑚𝐿) containing different surfactants, as 

well as at different concentrations of the surfactant (0.1 to 2w/w%). The mixture was 

emulsified using a high-speed mixer (Ultra-Turrax T25, IKA) rotating at 10,000𝑟𝑝𝑚 

during 10 minutes. The resulting emulsion is stable and no solvent exchange is 

possible from one phase to another due to their respective saturation. A large amount 

of pure water was added at once to the emulsion to displace the equilibrium and 

induce the precipitation of the PCL nanoparticles. The amount of added water needs 

to be sufficiently large to extract entirely the solvent outside of the emulsion droplets, 

i.e. 200𝑚𝐿 and 100𝑚𝐿 when EA and MEK were used respectively. The nanoparticle 

suspension was mixed under moderate stirring for 30 minutes, followed by removal 

of the solvent and part of the water under vacuum. 
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2.2.2.2. Nanoprecipitation 

Nanoparticles containing BK22 (zinc-based catalyst) were synthesized via 

nanoprecipitation as firstly described by Fessi and coworkers[16] (Figure 1.17). First, 

the polycaprolactone (50-150𝑚𝑔) was dissolved in acetone (10𝑚𝐿) at 50°𝐶 under 

moderate stirring and the catalyst (15-200𝑚𝑔) was added subsequently. This mixture 

was slowly added with a syringe pump (NE-1000, New Era Pump Systems Inc) to a 

water solution, containing a surfactant (0.1 to 2w/w%), under magnetic stirring. After 

the addition was completed, the nanoparticle suspension was stirred 10 more minutes 

and filtered.  

 

2.2.3. Characterization 

2.2.3.1. Particle size analysis 

The particle size was measured by Dynamic Light Scattering (DLS) using a Zetasizer 

Nano ZS (Malvern Instruments). All samples were diluted (1:10, v/v) in water and 

analyzed in triplicate at 25 °𝐶 . Particle size measurements were conducted in 

disposable polystyrene cells and the scattered light was collected at 173°. All data 

were analyzed with the Zetasizer software. 

2.2.3.2. Morphology 

Transmission Electron Microscopy (TEM; JEM-1011, Jeol) was used to study the 

morphology of the nanoparticles in suspension. One drop of sample was placed on a 

copper grid and the excess was removed with filter paper. The grid was dried 

overnight at room temperature. Field Emission Scanning Electron Microscopy 

(FESEM; Scios2, Thermo Fischer Scientific) was also used to observe the 

nanoparticles suspension. One drop of liquid sample was placed on an aluminum or 

silica support and dried overnight at room temperature. Samples were observed at an 

accelerated voltage of 5𝑘𝑉.  
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FESEM differs from the more common Scanning Electron Microscopy (SEM) by its 

electron emission source. SEMs are usually equipped with thermionic emitters, which 

means the material filament, typically made of tungsten or lanthanum hexaboride, is 

heated to create the electron beam. The FESEM uses a pointed emitter (FEG) of a 

few nanometers (Fig. 2.4), which, when heated, provides a much narrower electron 

beam, and therefore, a significantly better resolution can be obtained. FESEM also 

has the advantage to not require to coat the material for the analysis. 

 
Reprinted with permission from [17]. Copyright © 2017 Elsevier Inc. 

Figure 2.4. Electron sources for electron microscopy 

 

2.2.3.3. X-Ray microanalysis 

Field Emission Scanning Electron Microscopy with Energy Dispersive X-Ray 

(FESEM-EDX; Scios2, Thermo Fischer Scientific) was used to qualitatively detect 

metals inside the nanoparticles and in solution, in order to estimate the encapsulation 

efficiency. Samples were placed on an aluminum or a silica support as previously 

described. X-Ray microanalyses were performed at an accelerated voltage of 15𝑘𝑉. 

Peaks were automatically assigned by the Pathfinder X-Ray Microanalysis Software 

(Thermo Fischer Scientific). No peak assignments were deleted, added or modified, 

unless told otherwise. All samples were analyzed in duplicate and at two different 

spots within the same sample. 
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2.3. Results and Discussion 

The present chapter investigates the nanoencapsulation of polyurethane 

polymerization catalysts for uses in polyurethane coatings. For a proper efficiency of 

such system, the catalyst needs to be homogenously dispersed in the coating. This 

can be achieved by using nanoparticles of reduced size as it would allow a better 

dispersion in the formulation. The key parameters affecting the size of nanoparticles 

are known to be the surfactant nature and concentration, as well as the polymer, but 

process parameters can also make a significant difference. 

2.3.1. Emulsion-Solvent Diffusion Encapsulation (ESD) 

Parameters influencing the particle size 

Not many organic solvents were suitable for the ESD encapsulation, as they needed 

to be partially soluble in water and to solubilize the PCL. Only two common solvents 

seemed appropriate: ethyl acetate (EA) and methyl ethyl ketone (MEK). Among those, 

EA is a largely and cheaply available and a smaller amount of EA than MEK is 

needed to perform the synthesis (due to higher solubility of MEK in water). Therefore, 

EA has been selected as the organic solvent for the ESD encapsulation. It is also 

important to precise that all ESD encapsulations were performed with PCL-80. 

PVA and Pluronic-F68 are two of the most common types of surfactant used in ESD, 

in order to stabilize the emulsion during the first step of the synthesis[14, 18, 19]. 

Firstly, PVA (1w/w%) was investigated as surfactant for the encapsulation of metal 

salts, however, it led to formation of large white aggregates after the high speed 

mixing. PVA protected nanoparticles are known to have a negative zeta potential (-

20𝑚𝑉 to -25𝑚𝑉)[20, 21], therefore this aggregation might be explained by an ionic 

interaction between the encapsulated metal salts and the PVA surfactant[22]. On the 

other side, nanoparticles stabilized with Pluronic F-68 were successfully synthesized. 

The influence of the concentration of surfactant has been investigated (Fig. 2.5). The 

amount of surfactant impacts the size of the emulsion droplets, thus the size of the 

nanoparticles in solution. 
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Figure 2.5. Effect of the surfactant concentration on the nanoparticle size (ESD) 

Less surfactant can only stabilize a smaller surface, hence larger nanoparticles are 

normally formed, and this is what have been observed when increasing the surfactant 

concentration from 0.5 to 1.0w/w%. On the opposite side, high concentrations of 

surfactant (>1.0w/w%) led to a slightly higher particle size. These phenomenon have 

also been reported in other works, as the results of a higher viscosity in the aqueous 

phase, meaning a lower solvent diffusion rate[14, 18]. In addition, the effect of the 

concentration of PCL on the particle size was studied. It has been observed that an 

increase of the PCL concentration implies an increase of the particle size (Fig. 2.6).  

 

Figure 2.6. Effect of the polymer concentration on the nanoparticle size (ESD) 
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With a similar approach, an increase of the metal salt (BK22; zinc-based catalyst) 

concentration in the emulsion droplets should lead to a larger particle size, which is 

indeed what has been detected (Fig. 2.7). A larger BK22 ratio in the nanoparticle 

would be relevant, but this advantage is compensated by an increase in particle size, 

and, at too high concentrations of catalyst (>150𝑚𝑔/𝑚𝐿 ), small aggregates are 

formed in the solution and the non-aggregated particles were bigger than 1𝜇𝑚, which 

is not suitable for uses in polyurethane coatings.  

 

Figure 2.7. Effect of the catalyst concentration on the nanoparticle size (ESD) 

Those first investigations have shown that the formulation parameters are important 

to control the size of the nanoparticles synthesized via ESD. However, it is well 

known that the process parameters can impact the size of the nanoparticles, especially 

those affecting the size of the emulsion droplets, such as the mixing time and 

speed[23-25].  

Nanoparticles obtained from smaller emulsion droplets would logically be smaller as 

well. Therefore, it can be hypothesized that an increase of the mixing time or of the 

mixing speed should provide a decrease of the particle size. Firstly, the mixing time 

has been investigated at constant stirring (10,000𝑟𝑝𝑚) during 5 to 20 minutes and the 

results are presented in Figure 2.8.  
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Figure 2.8. Effect of the mixing time (minutes) on the nanoparticle size (ESD) 

As expected, the particle size clearly decreases proportionally to the increase of the 

mixing time. In the same way, Figure 2.9 illustrates that the increase of the mixing 

rate at constant time (10 min.) causes a decrease of the particle size, thus confirming 

the previously made assumption. Those observations are notable, as it means that the 

particle size is tunable by simply varying the mixing time and speed. It is worth 

mentioning that a high mixing rate during a prolonged period of time will lead to an 

increase of temperature of the solution, which could cause problems with the organic 

solvent and the emulsion stability. 

 

Figure 2.9. Effect of the mixing speed on the nanoparticle size (ESD) 
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One last process parameter was studied: the purified-water addition. The amount of 

added water was varied between 150𝑚𝐿 and 250𝑚𝐿, however a very small decrease 

was observed on the particle size of the nanoparticles, from 174𝑛𝑚  to 156𝑛𝑚 , 

respectively. The volume of added water needs logically to be sufficient to extract 

entirely the EA from the emulsion droplet (about 111𝑚𝐿 of water theoretically). This 

was expected, as with a larger amount of water, the diffusion rate of the EA into the 

water increases, therefore the particles should be smaller. 

Lastly, EA was replaced by MEK in a few syntheses to evaluate the impact of the 

solvent on the particle size. For the same formulation, EA and MEK led to 

nanoparticles of 191𝑛𝑚 and 142𝑛𝑚 respectively. This significant difference remains 

so far unexplained but it could be due to the difference of solubility of water in the 

solvents or to a difference of affinity between the solvent and the surfactant. Studying 

more solvents would be necessary to draw conclusions, however, as mentioned earlier, 

suitable surfactants are rare.  

Nevertheless, due to the boiling point of MEK (99.0°𝐶) being close to the one of 

water, MEK cannot be fully removed by evaporation under vacuum. Therefore, 

MEK-based nanoparticles are not appropriate samples for the next purification step, 

lyophilization (Chapter 3), in which only water can be removed. On the other side, 

this is not an issue for EA-based nanoparticles, as the boiling point of EA is lower 

(77.1°𝐶) and it can be properly removed under vacuum. 
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Reproducibility of the experiment 

Nanoparticles were successfully obtained with a variety of formulations, however, 

the synthesis needs to be reproducible in order to confirm the previously drawn 

conclusions. To study this parameter, the exact same synthesis was performed five 

times. The nanoparticle size of each sample was measured three times and compared 

in Table 2.3 below. It is interesting to see that all the experiments are within a less 

than 20𝑛𝑚 range. The experiment averages are all within about ± 5% from the total 

average, which is a good reproducibility in terms of particle size. Moreover, the 

polydispersity index (PDI) was studied during these reproducibility experiments.  

The PDI is used to define the particle size distribution within a single sample. Usually, 

a PDI below 0.1 is considered as a highly monodispersed system[26] and it can be 

seen in Table 2.3 that the average PDI of the five experiments is actually of 0.100. 

Those results indicate that the ESD technique has a very good reproducibility. 

Table 2.3. Study of the reproducibility of the ESD nanoencapsulation 

 

  

Measurements
Experiment 

average
Total 

average

Maximum 
difference to 

average
Measurements

Experiment 
average

Total 
average

Maximum 
difference to 

average

171.1 0.103
171.0 0.119
169.0 0.097
168.7 0.111
165.3 0.120
163.4 0.128
174.9 0.111
173.8 0.090
174.4 0.099
185.2 0.104
183.6 0.087
183.9 0.113
179.4 0.103
180.6 0.063
178.9 0.058

Polydispersity Index

170.4

165.8

174.4

184.2

179.6

174.9 0.100 ± 0.025± 9.2

Experiment 
number

Particle size (nm)

0.120

0.100

0.101

0.106

0.075

1

2

3

4

5
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Microscopy 

The nanoparticle solutions were observed by Transmission Electron Microscopy 

(TEM) (Fig. 2.10) and by Field Emission Scanning Electron Microscopy (FESEM) 

(Fig. 2.11). The synthesized nanoparticles seem to be nanospheres (Fig. 2.1), as 

nanospheres are made of a polymer matrix (light gray area) in which the metal salt is 

dispersed (darker area).  

  

Figure 2.10. TEM pictures of nanoparticle suspensions at x20k (left) and x50k (right) 
(ESD) 

Moreover, standard ESD encapsulations generally form nanospheres[8, 27]. 

Nanosphere sizes observed by TEM are in accordance with the DLS measurements, 

as well as the sizes observed by FESEM. FESEM pictures show white spherical 

nanospheres with a smooth external surface. High resolution pictures are difficult to 

obtain as the polymer material can easily melt. 

  

Figure 2.11. FESEM pictures of nanoparticle suspensions: ~x11k (left) and ~x48k 
(right) (ESD) 
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The FESEM device is equipped with an EDX (Energy Dispersive X-Ray) which 

allows to perform X-Ray microanalyses on the sample. The X-Ray microanalysis can 

even be focused on a selected spot, as shown in Figure 2.12 below (orange spot). It 

is then possible to get an idea of the chemical composition on a certain point of the 

sample. The results presented here show that the synthesized particles contain carbon, 

oxygen and zinc, which is the central element of the catalyst. The detected silica is in 

fact the support on which the sample is observed. Therefore, with the TEM pictures, 

the FESEM pictures and the X-Ray microanalysis, it can be confirmed that the 

nanoencapsulation of catalyst into PCL is successful via the emulsion-solvent 

diffusion technique. 

 

Figure 2.12. X-Ray microanalysis of ESD nanospheres 
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2.3.2. Nanoprecipitation encapsulation 

Parameters influencing the particle size 

PVA and Pluronic F-68 are also some of the most common surfactants for 

nanoprecipitation[28-31]. Tween 80 is, as well, used very often[30, 32, 33]. Even 

some surfactant-free nanoprecipitations are also described[34, 35] which is what have 

been firstly investigated in this work. Nanoprecipitation without surfactant led to 

stable nanoparticles only for a short amount of time. After the addition of half of the 

organic phase, the aggregation started and, by the end of the addition, the polymeric 

material had aggregated entirely. It shows that the addition of a surfactant in the 

aqueous phase is necessary towards the synthesis of BK22-loaded nanoparticles. 

 

Figure 2.13. Effect of the surfactant on the nanoparticle size (nanoprecipitation) 

It has been evaluated that PVA as a surfactant would not be suitable, as the same 

aggregates as for the ESD method were observed. Stable nanoparticles were 

successfully synthesized with Pluronic F-68 at different concentrations (from 0.1w/w% 

to 2.0w/w%). The results of the particle size measurements are shown in Figure 2.13. 

It can observed that a decrease of the particle size is detected when the surfactant 

concentration increases.  
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Above 1.0w/w% of Pluronic F-68, the particle size is slightly increasing, as the increase 

of viscosity in the aqueous phase slows down the diffusion of the acetone into the 

water[36], but this could also be due to the deposition of extra surfactant at the surface 

of the nanoparticles[37]. In addition, Pluronic L-35 was tested. It is triblock 

copolymer just as Pluronic F-68, but with a lower molecular weight and slightly more 

hydrophobic. Syntheses of nanoparticles using Pluronic L-35 were attempted, 

however, the results were similar to the surfactant-free experiments yielding to an 

agglomeration of the nanoparticles. Lastly, nanoparticles stabilized with Tween 80 

were synthesized. Although stable nanoparticles were properly produced, their sizes 

were too large. Nanoparticles of 578𝑛𝑚 and 922𝑛𝑚 were obtained with 1.0w/w% and 

2.0w/w% Tween 80 solution respectively. Tween 80 is more frequently used in 

combination with a second surfactant[30, 32, 33], which might explain such a 

difference in terms of particle size. After that, the effect of the catalyst concentration 

was studied (Fig. 2.14). At low concentrations, it seems that the catalyst concentration 

does not affect the particle size[30, 38]. An increase in the particle size is observed 

when reaching relatively high catalyst concentration. It is therefore possible to 

increase the catalyst concentration in the nanoparticles up to 10-15𝑚𝑔/𝑚𝐿 without 

negatively impacting the particle size.  

 

Figure 2.14. Effect of the catalyst concentration of the nanoparticle size 
(nanoprecipitation) 
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The effects of the PCL concentration and molecular weight on the size of particles 

were investigated (Fig. 2.15). The increase of the polymer concentration led to an 

increase of the particle size, as observed for the ESD method and in other works[32, 

39, 40]. On the other side, the impact of the PCL molecular weight on the nanoparticle 

size has been rarely studied. The results shows that PCL-80 nanoparticles are larger 

than PCL-45 and PCL-10 nanoparticles whereas PCL-45 and PCL-10 nanoparticles 

are very similar in size. It is here important to consider the hydrodynamic volume of 

the PCL. The hydrodynamic volume of a polymer is the volume it occupies in 

solution. This volume increases when the polymer molecular weight increases, which 

explains why larger nanoparticles were obtained when using PCL-80. The 

hydrodynamic volume is also affected by the affinity between the polymer and the 

solvent; a good affinity will lead to a higher hydrodynamic volume. PCL happens to 

bear hydroxy groups at the end of its backbone. Those hydroxy groups are negligeable 

in PCL-80 and PCL-45, which are highly hydrophobic. However, PCL-10 bears 

significantly more hydroxy groups, which makes it slightly more hydrophilic. PCL-

10 hydrodynamic volume is therefore slightly increased and this could explain why, 

in water, no size differences were measured between PCL-45 and PCL-10 

nanoparticles. 

 

 PCL-80𝑘𝐷𝑎,  PCL-45𝑘𝐷𝑎,  PCL-10𝑘𝐷𝑎 

Figure 2.15. Effect of the PCL concentration on the particle size (nanoprecipitation) 
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Both the PCL concentration and its molecular weight have an impact on the particle 

size, but they affect much more the amount of aggregates formed. During the 

syntheses of nanoparticles via nanoprecipitation, a small amount of aggregates was 

always formed, which was subsequently removed by filtration.  

Figure 2.16 shows the amount of weighted aggregates as a function of the PCL 

concentration and molecular weight. The amount of aggregates increases as the 

polymer concentration increases, for all molecular weights[41]. This is explained by 

the fact that nanoprecipitation depends on the quick transfer of acetone into to the 

aqueous phase. A higher PCL concentration and/or molecular weight is slowing down 

the diffusion of the acetone, generating aggregates[40]. PCL-80 nanoparticles 

produce therefore bigger particles and much more aggregates than PCL-45 and PCL-

10 nanoparticles. Those results led to the selection of PCL-45 as polymer material for 

the next experiments. 

 

 

 PCL-80kDa,  PCL-45kDa,  PCL-10kDa 

Figure 2.16. Effect of the PCL concentration on the amount of formed aggregates 
(nanoprecipitation) 
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Similarly to the previous method, the process parameters were studied to evaluate 

their impact on the particle size of the nanoparticles prepared via nanoprecipitation. 

The first investigated parameter was the addition speed, controlled with the syringe 

pump from 0.5𝑚𝐿/𝑚𝑖𝑛 to 4𝑚𝐿/𝑚𝑖𝑛. However, no clear tendency was observed 

(Annex A.1) and the addition speed was kept as it was, i.e. 0.5𝑚𝐿/𝑚𝑖𝑛. Badri and 

coworkers[37] studied the same parameter and showed that the particle size decreases 

proportionally to the increase of the addition speed, but this decrease is minor as a 

less than 5% difference was noticed between the slowest (1.67𝑚𝐿/𝑚𝑖𝑛.) and the 

fastest addition (3.67𝑚𝐿/𝑚𝑖𝑛.). Then, the impact of the mixing speed on the particle 

size was determined. As for the ESD method and foreseeably, the increase of the 

mixing speed shows a decrease of the particle size (Fig. 2.17). 

 

Figure 2.17. Effect of the mixing speed on the particle size (nanoprecipitation) 

Finally, the influence of the aqueous phase to organic phase ratio was controlled. The 

increase of this ratio means that the organic phase is added in a larger amount to the 

aqueous phase (water and surfactant), which, at first glance, seems that it should not 

impact the particle size. However, the data show that a larger aqueous phase creates 

slightly larger nanoparticles (Fig. 2.18). This might be due to the mixing speed just 

described before. An aqueous phase of 150 𝑚𝐿  magnetically stirred (600 𝑟𝑝𝑚 ) 

behaves differently of a 20𝑚𝐿-aqueous phase. This difference of mixing efficiency 

could lead to this slight increase of the nanoparticle size. 
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Figure 2.18. Effect of the Aqueous:Organic Phase ratio on the particle size 
(nanoprecipitation) 

 

Reproducibility 

The reproducibility of the nanoprecipitation encapsulation has been tested by 

preparing three times the exact same experiment. The particle size and PDI of each 

sample was measured three times by DLS and the results are compared in Table 2.4 

below. It can be seen that the experiment has a very good reproducibility as the 

particle size did not vary of more than 3% overall and the PDI remains relatively low. 

Table 2.4. Study of the reproducibility of the nanoprecipitation encapsulation 

 

 

Measurements
Experiment 

average
Total 

average

Maximum 
difference to 

average
Measurements

Experiment 
average

Total 
average

Maximum 
difference to 

average

194.6 0.115

197.1 0.129
195.0 0.097

190.9 0.123

191.7 0.120
191.3 0.118

193.1 0.164

193.2 0.120
194.0 0.129

0.138

Experiment 
number

Particle size (nm) Polydispersity Index

1 195.6

193.4 ± 2.2

0.114

0.124 ± 0.0142 191.3 0.120

3 193.4
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Microscopy 

  

Figure 2.19. TEM pictures of nanoparticle suspensions at x12k (left) and x120k 
(right) (nanoprecipitation) 

The nanoparticle suspensions were analyzed by TEM (Fig. 2.19) and FESEM (Fig. 

2.20). According to the TEM pictures, the nanoparticles seem to be nanocapsules, but 

the darker core could also be due to the higher thickness of the particle in the center. 

Nevertheless, the TEM pictures look very similar to nanocapsules obtained in other 

projects[37, 42]. Nanocapsules sizes are overall consistent with the DLS 

measurements.  

FESEM pictures are showing white spherical nanocapsules, which are very similar to 

the nanospheres obtained by ESD. It is worth mentioning that the nanoparticle are 

melting at high magnifications due to the electron beam (Fig. 2.20, right). 

  

Figure 2.20. FESEM pictures of nanoparticle suspensions at x15k (left) and x50k 
(right) (nanoprecipitation) 
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Lastly, the nanoparticles were analyzed by FESEM-EDX to determine if the zinc-

based catalyst could be detected inside the nanoparticles. To be able to perform the 

microanalysis, the electric current and voltage need to be increase. This results in, 

most of the time, a poor image quality as seen in Figure 2.21, in which it can also be 

observed that zinc was indeed detected inside the capsule. This confirms the 

successful encapsulation of BK22 catalyst into PCL nanoparticles via the 

nanoprecipitation technique. 

 

Figure 2.21. X-Ray microanalysis of nanocapsules obtained by nanoprecipitation 
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2.4. Conclusion 

Both ESD and nanoprecipitation produced stable nanoparticles with high 

reproducibility. They respond similarly to a lot of parameters, such as the catalyst, 

surfactant and polymer concentration or the mixing speed. Smaller nanoparticles 

could be more homogenously dispersed in a polyurethane coating, ensuring an even 

distribution of the catalyst and ESD-nanoparticles are tunable in terms of sizes, as the 

mixing speed and time allow to tailor easily the droplet sizes, whereas the 

nanoparticles prepared by nanoprecipitation are more dependent on the formulation, 

especially the polymer concentration. On the other side, the nanoparticles obtained 

via nanoprecipitation are much easier to synthesize in terms of process and, at the end 

of the synthesis, concentrated nanoparticle suspensions are obtained in about 20𝑚𝐿 

of water whereas ESD-nanoparticles are obtained in an aqueous phase of about 

240𝑚𝐿. This makes the next step, lyophilization, significantly faster.  

However, the main difference between the two synthesis methods is the structure of 

the nanoparticles. As a hydrophobic liquid molecule (BK22) is encapsulated, it could 

be hypothesized that either nanocapsules or nanospheres would be formed, depending 

on the catalyst-polymer affinity, but it was also expected that the same type of 

particles would be obtained, regardless of the synthesis methods, as suggested in other 

works comparing these techniques[43, 44]. Why nanospheres and nanocapsules were 

obtained remains unclear so far, but the work of C. Mora-Huertas and coworkers[44] 

can help to give a tentative answer. They showed that nanoparticles with different 

zeta-potentials were obtained depending on the technique, and more generally, 

depending on the solvent. They explained this difference by the orientation of the 

PCL molecules in the droplets, which could indeed play a role on the location of the 

catalyst when the polymer precipitates, and therefore to the final structure of the 

nanoparticles. This could be investigated in future work by performing the syntheses 

with different solvents. Finally, nanocapsules are preferred over nanospheres because 

they have a higher loading capacity[45]. This, in addition to a much easier process, 

led to the selection of nanoprecipitation as the most convenient method for the 

synthesis of catalyst-loaded nanoparticles and will be the main focus of Chapter 3. 
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Chapter 3.  Improvement of the encapsulation 

efficiency of catalyst-loaded nanocapsules 
 d 

3.1. Introduction 

Nanospheres and nanocapsules were successfully synthesized via the emulsion-

solvent diffusion encapsulation technique and the nanoprecipitation technique 

respectively. Both techniques showed interesting results but the nanoprecipitation has 

been selected as the most convenient due to a much easier process and to its ability 

to form nanocapsules. The obtained nanocapsules contain a common polyurethane 

polymerization catalyst, namely Borchi Kat 22 (BK22). However, BK22-loaded 

nanocapsules suspended in an aqueous solution cannot be used directly in a 

polyurethane coating, as BK22, and metal catalysts in general, are mainly employed 

in solvent-borne coatings, in which water is to be avoided[1]. Therefore the 

synthesized nanocapsules need to be isolated. This has been intended by 

ultracentrifugation (Avanti J-26 XPI, Beckmann Coulter) at speeds varying from 

10,000 to 18,000𝑟𝑝𝑚 during 15 to 60 minutes. This method is commonly used for 

the isolation of polymeric nanoparticles[2-4], however, all attempts of this work led 

to the formation of non-soluble aggregates of polymer at the bottom of the 

centrifugation tubes, making the ultracentrifugation not suitable. 

It has therefore been decided to directly lyophilize the nanoparticle suspension, 

without further purification. The presence of Pluronic F-68 is not particularly 

problematic, as this surfactant sometimes plays the role of cryoprotectant in other 

applications[5, 6], but this will obviously impact the size of the lyophilized 

nanocapsules. In any case, the key parameter becomes the encapsulation efficiency 

(EE), as any non-encapsulated catalyst can be expected to be located at the surface of 

the nanocapsules after lyophilization, which would give a non-desired catalytic effect 

to the nanocapsules. Thus, this aim of this chapter is to maximize the EE of the 

nanoencapsulation process and to evaluate the usability of the nanocapsules as 

catalyst in an existing polyurethane coating formulation.  
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3.2. Materials & Methods 

3.2.1. Materials 

As described in the previous chapter, polycaprolactone (PCL) was used as the shell 

material. In this chapter, all the syntheses performed by nanoprecipitation were made 

with PCL-45𝑘𝐷𝑎. In addition to the non-ionic surfactants Pluronic F-68 and Tween 

80 previously introduced (Table 2.2), the ionic surfactants cetyltrimethylammonium 

bromide (CTAB, ≥98%) and sodium dodecyl sulfate (SDS, ≥99%), cationic and 

anionic respectively, were employed (Table 3.1). Their stabilizing properties are 

based on electrostatic repulsion and they were obtained from Sigma Aldrich.  

Table 3.1. Ionic surfactant structures 

Cetyltrimethylammonium bromide 

CTAB 

 

Sodium dodecyl sulfate 

SDS 

 

Glyceryl trioctanoate (GTO, ≥99%) and n-dodecane (≥99%) were supplied by Sigma 

Aldrich and dodecanal (≥95%) was obtained from Alfa Aesar. These products are 

highly hydrophobic compounds, hereinafter referred to as hydrophobic oils, with 

different structures and relative polarities (Table 3.2). 
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Table 3.2. Structure of the hydrophobic oils 

Glyceryl trioctanoate 

GTO 

 

Water solubility: 0.4𝑚𝑔/𝐿 at 37°𝐶[7] 

n-dodecane 

 

Water solubility: 3.7 × 10ିଷ𝑚𝑔/𝐿 at 25°𝐶[8] 

Dodecanal 

 

Water solubility: 4.7𝑚𝑔/𝐿 at 25°𝐶[9] 

The catalysts Borchi Kat 22 (BK22) and Borchi Kat 24 (BK24) (bismuth tri(2-

ethylhexanoate); 23 – 25% bismuth content) were kindly donated by Borchers and 

previously described (Table 1.8). The nanocapsules were used in a coating 

formulation, which involved Setalux D A 665 BA (acrylic polyol; OH-content: 4.6%), 

obtained from Allnex, BYK 355 (polyacrylate-based surface additive), purchased 

from BYK, and Desmodur N 3300 (HDI trimer; NCO-content: 21.8%), directly 

provided by Covestro AG. Water was purified with a 0.22𝜇𝑚 Milipak® membrane 

filter. All other solvents and reagents were of analytical grade. All chemicals and 

materials were used as received.   
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3.2.2. Synthesis method 

3.2.2.1. Nanoprecipitation 

Nanocapsules encapsulating metal salt catalysts (Borchi Kat 22 or Borchi Kat 24) 

were synthesized via nanoprecipitation[10] with improved parameters as described 

in the previous chapter. Quickly, the PCL (45𝑘𝐷𝑎, 50𝑚𝑔) was dissolved in acetone 

(10𝑚𝐿 ) at 50°𝐶  under moderate stirring, the catalyst (50𝑚𝑔 ) and eventually a 

hydrophobic oil (glyceryl trioctanoate, n-dodecane or dodecanal, 25-100𝑚𝑔) were 

added subsequently. This mixture was slowly added with a syringe pump to a water 

solution (20𝑚𝐿), containing one or two surfactants (0.1 to 2w/w%), under magnetic 

stirring (1200 𝑟𝑝𝑚 ). The obtained nanocapsule suspension was stirred 10 more 

minutes after the addition was completed, filtered and kept overnight at room 

temperature to allow the evaporation of the remaining acetone. Finally, the 

suspension was freeze-dried (LyoAlpha, Telstar) for 3 days without further 

purification. 

 

3.2.3. Characterization 

3.2.3.1. Particle size analysis and zeta-potential 

measurements 

The particle size was measured by Dynamic Light Scattering (DLS) as described in 

Chapter 2. The zeta-potential was measured by Electrophoretic Light Scattering using 

the Zetasizer Nano ZS (Malvern Instruments). All samples were diluted (1:10, v/v) 

in water and analyzed in triplicate at 25°𝐶. The zeta-potential measurements were 

performed in glass cells with a dip cell instrument (Zen 1002, Malvern Panalytical) 

made of palladium electrodes. All data were analyzed with the Zetasizer software. 
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3.2.3.2. Morphology and X-Ray microanalysis 

Field Emission Scanning Electron Microscopy was used to observe the nanoparticles 

suspension, as well as the dried nanoparticles after freeze-drying; FESEM with 

Energy Dispersive X-Ray was used to qualitatively detect metals inside the 

nanoparticles and in solution, exactly as described in Chapter 2. In order to perform 

X-Ray microanalyses, the accelerated voltage was increased from 5𝑘𝑉  to 15𝑘𝑉 , 

leading to low image quality. Most of the pictures associated with the measurements 

were of poor quality, as illustrated in Figure 3.1 and 3.2. Even though some pictures 

were of decent quality (Fig. 3.3), the microscopy pictures will not be shown unless 

they bring useful information.    

3.2.3.3. Thermal analyses 

The thermal properties of dried nanoparticles were observed by Differential Scanning 

Calorimetry (DSC; DSC821e, Mettler Toledo). Samples of approximately 3mg were 

weighed directly in an pierced aluminum pan on an analytical balance. The pan was 

heated under nitrogen atmosphere from 30°𝐶 to 200°𝐶 at a 10°𝐶/𝑚𝑖𝑛 rate for DSC 

measurements. 

3.2.3.4. Dynamic Mechanical Analysis 

Dynamic Mechanical Analysis (DMA; Dynamic Mechanical Analyzer Model Q800, 

TA Instruments-Waters LLC) was performed to determine the cross-linking speed 

and behavior of 2K-coating formulations. Component A (polyol, solvent and 

eventually a catalyst) and component B (polyisocyanate) were added in a 8mL glass 

vial. The vial was mixed during two minutes with a IKA® VORTEX Shaker Genius 

3 at maximum power. A thin film of the coating mixture was deposited on a glass 

support cloth (TA-Number 980228.902). The storage modulus was automatically 

calculated as a function of time or temperature. Three different analyses were 

performed: isotherm-DMA at 20°𝐶 or at 65°𝐶 during 120 minutes and a standard 

DMA analysis from 20°𝐶 to 250°𝐶 at a 10°𝐶/𝑚𝑖𝑛 rate. 
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3.3. Results and Discussion 

3.3.1. Improvement of the catalyst entrapment with 

hydrophobic oils 

In this work, encapsulation efficiency (EE) defines the ratio of encapsulated catalyst 

to the total amount of catalyst used in the synthesis, and it is essential that the EE is 

maximized. In the literature, nanoprecipitation is known to synthesize nanoparticles 

with high encapsulation efficiency[11, 12], from more than 70% up to 99%[13]. Most 

of the encapsulated materials are hydrophobic, so only small amounts can be lost in 

the aqueous phase during the synthesis. The EE can be investigated by qualitatively 

estimating the amount of non-encapsulated catalyst, which can be done with a 

FESEM-EDX microscope. BK22 is a zinc-based catalyst and the presence of zinc 

inside the nanocapsules and in the aqueous phase (dried), where the non-encapsulated 

catalyst is located, can be investigated by X-Ray microanalysis. The FESEM-EDX 

allows to focus the microanalysis on a precise area of the sample as described in 

chapter 2. It is important to note that the amount of zinc detected inside the 

nanocapsules is not comparable from one experiment to another, as the amount of 

zinc in each measurement is directly related to the size of the nanocapsule. On the 

other side, the non-encapsulated zinc can be roughly compared in different 

experiments, as the non-encapsulated catalyst is evenly dissolved in the aqueous 

solution. 

Figure 3.1 shows the X-ray microanalysis of nanocapsules synthesized in the previous 

chapter, i.e. nanocapsules containing pure catalyst. It confirms what has already been 

observed, that some catalyst is encapsulated in the polymer nanocapsules (Fig. 3.1; 

Pt. 1). However, the catalyst is also detected outside of the nanoparticles (Fig. 3.1; Pt. 

2) where the aqueous phase has dried. This means some catalyst was not encapsulated 

and that the encapsulation is perfectible.  
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Figure 3.1. BK22-loaded nanocapsules: FESEM picture at ~x55k (left), X-ray 
microanalysis on a nanocapsule (point 1; top) and on the dried solution area (point 
2; bottom) 

It has been shown that the addition of an hydrophobic oil in the organic phase 

improves the EE[14, 15]. This phenomena is directly related to the affinity between 

the oil and the encapsulated material, regardless of the encapsulation method. The 

most common hydrophobic oils for nanoprecipitation are mixtures of fatty acids 

and/or triglycerides[15], hence, in this part, glyceryl trioctanoate (GTO) has been 

tested alongside dodecanal and n-dodecane for the encapsulation of metal salt catalyst 

(Table 3.3). 

Table 3.3. Effect of the hydrophobic oil on the particle size and polydispersity index 
(PDI) 

 

Oil concentration 
(mg/mL)

Type of oil
Particle size 

(nm)
- - 202

GTO 225

dodecanal 206

n-dodecane 228

GTO 267

dodecanal 230

n-dodecane 182

5.0

10.0
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The addition of hydrophobic oils in the formulation firstly impacted the particle size 

of the nanocapsules. The particle size increases proportionally to the amount of oil 

and more significantly when 10𝑚𝑔/𝑚𝐿 of oil was used in the formulation. This 

observation is consistent with the increase of particle size observed in the previous 

chapter for high concentrations of BK22 (Fig. 2.15). It can also be seen in the table 

that a higher amount of n-dodecane led to an unexpected decrease of the particle size, 

which remains unexplained so far. This experiment was reproduced two more times, 

leading to an average particle size of 262 ± 80𝑛𝑚. Due to the high error on the particle 

size, it has been decided to not continue working with n-dodecane. 

Figure 3.2 and 3.3 show the X-ray microanalyses of BK22/GTO-loaded and 

BK22/dodecanal-loaded nanocapsules respectively. In both cases, the amount of zinc 

detected outside of the nanocapsules seems lower than in Figure 3.1, when pure 

catalyst was encapsulated. In the case of the experiment with dodecanal (Fig. 3.3), no 

zinc peak was automatically shown, however, the software mentioned the presence 

of zinc as possible. The zinc peak was then manually added, as traces of zinc were 

supposedly detected. These observations seems to indicate that the EE was improved 

by addition of a hydrophobic oil.  

The aluminum peak in Figure 3.3 has been observed in many other analyses even 

though no aluminum was added during the synthesis process. This could be explained 

by the fact that the EDX collimator is made of aluminum and the large peak of silica 

(support) can have a tendency to increase the nearby peaks[16]. Other unwanted 

peaks were sometimes detected, such as sulfur, potassium or calcium. They are 

believed to be impurities as no consistent observation could be made.  
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Figure 3.2. BK22/GTO-loaded nanocapsules: FESEM picture at ~x50k (left), X-ray 
microanalysis on a nanocapsule (point 1; top) and on the dried solution area (point 
2; bottom) 

 

Figure 3.3. BK22/dodecanal-loaded nanocapsules: FESEM picture at ~x55k (left), 
X-ray microanalysis on the dried solution area (point 1; top) and on a nanocapsule 
aggregate (point 2; bottom) 
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3.3.2. Investigation of nanocapsules with charged outer 

surfaces 

BK22 is a metal salt, therefore it has been hypothesized that charged nanocapsules 

could possibly increase the EE. A charged surface could stabilize the catalyst inside 

the nanocapsules via electrostatic repulsion. Both positively and negatively charged 

nanoparticles were successfully synthesized using as surfactant CTAB and SDS 

respectively.  

The replacement of the surfactant deeply impacted the particle size of the 

nanocapsules. In order to be comparable with the particle sizes measured in the 

previous chapter, the nanoparticle sizes measured in Figure 3.4 were exceptionally 

synthesized with PCL-80𝑘𝐷𝑎. This figure shows that both surfactants could properly 

stabilize the nanocapsules. Moreover, no modifications of the particle size were 

detected when the surfactant concentration was increased. This means the 

nanocapsules can be stabilized with a very low amount of surfactant which is very 

convenient for the lyophilization step. 

 

 

 Pluronic F-68,  CTAB,  SDS 

Figure 3.4. Effect of the surfactant type and concentration of the particle size of 
nanocapsules 
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Due to the PCL being hydrophobic, SDS and CTAB are adsorbed onto the PCL with 

their ionic head facing toward the aqueous phase[17]. So SDS-nanocapsules have 

shown negative zeta-potentials whereas CTAB-nanocapsules have shown positive 

zeta-potentials. Values near zero were detected for the Pluronic F-68 nanocapsules, 

which was expected as Pluronic F-68 is a neutral polymer whose surfactant properties 

are based on steric hindrance. It is commonly accepted that particles charged with a 

zeta-potential of ±30𝑚𝑉 are perfectly stable.  

The measured zeta-potentials are displayed in Figure 3.5 in absolute value to facilitate 

the reading. SDS and CTAB as surfactants for polymeric nanoparticles were rarely 

studied, but it is mentioned in some works that the zeta-potential is independent from 

the surfactant concentration[15, 18]. This is exactly what was observed here for 

CTAB-stabilized nanocapsules. On the other hand, the SDS concentration showed 

direct influence on the zeta potential, which suggests favorable interactions between 

the surfactant and the polymer. Overall, nanocapsules with good stability were 

synthesized with only 0.1w/w% of ionic surfactants.  

 

 

 Pluronic F-68,  CTAB,  SDS 

Figure 3.5. Effect of the surfactant type and concentration of the | zeta potential | of 
nanocapsules 
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Charged nanocapsules can also be obtained indirectly from non-ionic surfactants 

when they have high amount of charged groups as for example Tween 80. This 

surfactant bears a high number of hydroxyl groups, which, in water, can bring a 

negative charge to the polymer surface of the nanoparticles. However, it has been 

mentioned in Chapter 2 that Tween 80 as single surfactant would not be suitable for 

the synthesis of nanoparticles. This is why a combination of Pluronic F-68 and Tween 

80, 1w/w% and 0.5w/w% respectively, was used to synthesize new nanoparticles. The 

obtained nanocapsules do not show remarkable results in terms of particle size 

(317𝑛𝑚 , PDI=0.202) but the nanocapsules have an interesting zeta-potential of 

−21𝑚𝑉.  

All three systems (CTAB, SDS, Pluronic F-68+Tween 80) were analyzed by FESEM-

EDX in order to study their EE. The CTAB-stabilized nanocapsules X-ray 

microanalyses showed that no zinc was detected outside of the nanoparticles (Fig. 

3.6). However, several crystal-like solids of different sizes were observed (Fig. 3.7, 

(a), (b)). The microanalysis of these solids revealed that, besides carbon and oxygen, 

it is essentially composed of zinc and bromine. Therefore, it has been hypothesized 

that the non-encapsulated zinc cations crystallize with the bromine anions from the 

surfactant during the drying process. Consequently, no conclusion can be drawn 

about the EE of this system. No problem of crystallization can occur with the SDS-

stabilized system, as no anion is available in the nanocapsule suspension. However, 

the X-ray microanalyses of SDS-stabilized nanocapsules exposed another issue (Fig. 

3.7, (c), (d)). 

 

Figure 3.6. Cristal observed in a CTAB-stabilized nanocapsules formulation at ~x5k 
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Figure 3.7. CTAB-stabilized BK22-loaded nanocapsules: X-ray microanalysis on a 
nanocapsule (a) and on the dried area (b); SDS-stabilized BK22-loaded 
nanocapsules: X-ray microanalysis on a nanocapsule (c) and on the dried area (d) 
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The zinc peak and the sodium peak, from the surfactant, are merged into one single 

peak due to very similar energies (1.01 and 1.04 𝑘𝑒𝑉  respectively). It is then 

impossible to determine which atom causes the peak observed at about 1𝑘𝑒𝑉 in both 

spectra. This issue is easily solved by replacing the zinc catalyst with its bismuth 

alternative (BK24). SDS-stabilized BK24-loaded nanocapsules have been 

synthesized and analyzed by FESEM-EDX. The X-ray analyses (Fig. 3.8) show that 

the nanocapsules are loaded with BK24, and a (very) small amount of BK24 was 

detected outside of the nanocapsules. In fact, the bismuth was not automatically 

detected and was manually added afterwards due to the small peak at 2.4𝑘𝑒𝑉. The 

bismuth peak has the advantage to be in an area with less background noise and its 

measurement is more precise but no other experiments were previously performed 

with BK24 and it is complicated to conclude about the efficiency of charged surfaces 

with this experiment. 

 

Figure 3.8. SDS-stabilized BK24-loaded nanocapsules: X-ray microanalysis on a 
nanocapsule (top) and on the dried area (bottom)  
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The most valuable comparison was finally obtained by doing the X-ray microanalyses 

of the Pluronic-Tween system. The only difference with the first experiment (Fig. 

3.1) is that by using Tween 80, a charged surface has been obtained. Figure 3.9 

displays the results of the X-ray microanalyses of this system. The catalyst is detected 

in large amount in the nanocapsules whereas close to no zinc is detected outside of 

the nanocapsules. The zinc peak detected where the aqueous solution has dried was 

first attributed to sodium and has been manually modified, as no sodium is supposed 

to be in the formulation. This result suggests that the encapsulation is improved by a 

charged surface of the nanoparticles, but the EE is still not high enough for 

applications in coatings. 

 

 

Figure 3.9. BK22-loaded nanocapsules stabilized with a mixture of Pluronic F-68 
and Tween 80: X-ray microanalysis on a nanocapsule (top) and on the dried area 
(bottom) 
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3.3.3. Combination of hydrophobic oils and charged surfaces 

To further improve the EE, additional syntheses were performed, combining 

hydrophobic oils and charged surfaces. Firstly, the concentration of GTO in the 

organic phase was incremented up to 10.0 𝑚𝑔/𝑚𝐿  into a CTAB-stabilized 

formulation (0.1w/w%). The particle size was logically affected and increased 

proportionally to the increase of GTO reaching more than 300𝑛𝑚 (Fig. 3.10) 

 

Figure 3.10. Effect of the amount of GTO on the particle size of CTAB-stabilized 
nanocapsules 

All these different formulations were analyzed by FESEM-EDX. The results for the 

formulation with 2.5𝑚𝑔/𝑚𝐿 of GTO are shown in Figure 3.11. In the FESEM picture 

of this figure (and of Fig. 3.12 as well), the darker area corresponds to agglomeration 

of nanocapsules whereas light grey areas are the silica support.  

Similarly to the formulation without any GTO studied in the previous part, several 

crystal-like solids were also observed. The X-ray microanalysis of one of these 

crystals (Fig. 3.11, top) revealed that it is made of very high amounts of zinc and 

bromine, as well as many impurities (sulfur, chlorine, potassium). This reinforces the 

hypothesis of formation of zinc-bromine crystals during the drying process.  
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Then, the presence of zinc was detected inside the nanocapsules (Fig. 3.12, bottom) 

and its absence was observed outside of the nanocapsules (Fig. 3.12, middle). Overall, 

this formulation showed the exact same results as the formulation without any GTO. 

 

Figure 3.11. BK22/GTO2.5-loaded nanocapsules: FESEM picture at ~x7k (left), X-
ray microanalysis on a crystal (point 1; top), on the dried solution area (point 2; 
middle) and on a nanocapsule aggregate (point 3; bottom) 

The increase of GTO in the formulation to 5.0𝑚𝑔/𝑚𝐿 led to a different observation 

on the FESEM picture (Fig. 3.12, left). Crystals were still observed, however in much 

smaller amount, and for concentrations of GTO of 7.5𝑚𝑔/𝑚𝐿 and higher (Fig. 3.12, 

right), no crystals were spotted on the sample. In these formulations, the 

concentration of BK22 in the organic phase was kept constant at 5.0𝑚𝑔/𝑚𝐿, and, due 

to GTO and BK22 having a similar density, 0.96𝑔/𝑚𝐿 and 1.07𝑔/𝑚𝐿 respectively, 

the volume of GTO and BK22 can be compared using their concentration.  
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This previous observation could be due to the volume ratio between the GTO and the 

catalyst. Indeed, if the volume of GTO is lower than the volume of the catalyst, then 

the system has barely changed. The catalyst is still present in large amounts at the 

droplet interface and the GTO does not play any role in the encapsulation of the 

catalyst. This explains why no differences were observed between the formulations 

with no GTO and 2.5𝑚𝑔/𝑚𝐿 of GTO. On the other hand, at high concentration of 

GTO (>7.5𝑚𝑔/𝑚𝐿), the catalyst is mixed in the GTO. This improves the catalyst 

retention into the nanocapsules, as a limited amount of catalyst is at the droplet 

interface. Therefore the losses are limited and close to no catalyst is available outside 

of the nanocapsules to make crystals. Lastly, when the concentrations are identical 

(5.0𝑚𝑔/𝑚𝐿), the local concentration from one capsule to another can change and a 

few crystals are observed.  

 

Figure 3.12. FESEM pictures of CTAB-stabilized nanocapsules with 5.0mg/mL 
(~x12k, left) and 7.5mg/mL (~x20k, right) of GTO 

No non-encapsulated catalyst was detected neither in the formulation with 5.0 and 

7.5𝑚𝑔/𝑚𝐿 of GTO (Annex A.2 and A.3 respectively), nor with 10.0𝑚𝑔/𝑚𝐿 of GTO 

as displayed in Figure 3.13 (a) and (b). This indicates that nanoparticles with a 

charged surface increases the EE and that an even higher EE can be reached by using 

both a hydrophobic oil and an ionic surfactant. This statement veracity is confirmed 

by Figure 3.13 (c) and (d), which illustrates the X-ray microanalyses of a SDS-

stabilized BK24/GTO-loaded nanoparticle system, in which bismuth was not 

detected outside of the nanocapsules.  
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Figure 3.13. CTAB-stabilized BK22/GTO10.0-loaded nanocapsules microanalysis 
on a nanocapsule (a) and on the dried area (b). SDS-stabilized BK24/GTO-loaded 
nanocapsules microanalysis on a nanocapsule (c) and on the dried area (d) 
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The same experiment was performed with the Pluronic-F68/Tween80 system. 

However, no nanoparticles could be synthesized by using Tween 80 and GTO 

simultaneously. Tween 80 and GTO are perfectly miscible with each other and it is 

supposed that this high affinity causes the complete aggregation of the polymer. This 

issue has been overcome by replacing the GTO by dodecanal and nanocapsules were 

obtained. The X-ray microanalysis of this formulation was performed and can be 

found in Figure 3.14. The results are the same as with the ionic surfactants which 

confirms that it is the charges on the nanocapsule surface that favorizes its 

encapsulation. Finally, neither zinc nor bismuth were detected outside of the 

nanocapsules in any of the optimized formulations combining charges on the particle 

surface and hydrophobic oils. This indicates that the EE has been greatly improved, 

as the EDX allow trace measurements with concentrations of 0.001 weight fraction, 

up to eventually 0.0001 weight fraction[16, 19]. 

 

Figure 3.14. BK22/dodecanal-loaded nanocapsules stabilized with a mixture of 
Pluronic F-68 and Tween 80: X-ray microanalysis on a nanocapsule (top) and on the 
dried area (bottom) 
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3.3.4. Implementation in a coating formulation 

The nanocapsule suspensions were lyophilized for 3 days in order to obtain 

nanocapsule powders. It could be observed that the formulations containing only 

0.1w/w% of ionic surfactant were not perfectly stable. Therefore, 0.5w/w% of Pluronic 

F-68 was added to the formulation to play the role of cryoprotectant. This allowed 

the formation of stable nanocapsules in solid state. Figure 3.15 below shows FESEM 

pictures of the nanocapsule suspension and the lyophilized nanocapsules.  

  

Figure 3.15. FESEM Pictures: nanocapsule suspension, x35k (left) and lyophilized 
nanocapsules, x8k (right) 

The lyophilized nanocapsules were then analyzed by DSC to determine their melting 

point. At first, the pure polymeric materials Pluronic F-68 and PCL-45𝑘𝐷𝑎 were 

analyzed (Fig. 3.16).  

 

Figure 3.16. DSC thermograms: Pluronic F-68 (left) and PCL-45 (right) 
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Due to their range of molecular weights, the peak of energy is usually considered as 

the melting temperature of the polymers[20]. Therefore, it has been measured that 

Pluronic F-68 and PCL-45 𝑘𝐷𝑎  have a melting point of 55.9 °𝐶  and 69.7 °𝐶 

respectively, which are slightly higher than their theoretical melting point, 52°𝐶 and 

60°𝐶 respectively.  

For the dried nanocapsules, two different DSC thermograms were obtained 

depending of the formulation. The nanocapsule formulations, which only contain 

PCL as polymer material, displayed a DSC with one peak as shown in Figure 3.17 

(left). In these nanocapsules, the PCL melting point was measured between 54°𝐶 and 

58°𝐶, slightly lower than the pure PCL. Nanocapsule formulations containing PCL 

and Pluronic F-68 as polymer materials exposed two peaks (Fig. 3.17, right). The first 

peak corresponds to the melting of the Pluronic F-68, which happened between 52°𝐶 

and 55°𝐶, and the second peak is the melting of the PCL in the range from 55°𝐶 to 

58°𝐶. The melting points of nanocapsules are lower than those of the pure polymers, 

however they remain into a good range of temperature for the assumed application. 

In both cases, the nanocapsules are completely melted above 60°𝐶, which means the 

catalyst is released for temperatures higher than 60°𝐶. 

 

Figure 3.17. DSC thermograms of nanocapsules containing PCL (left) or containing 
PCL and Pluronic F-68 (right) 
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One nanocapsule sample could be entirely investigated in a coating formulation. The 

selected nanocapsule sample was loaded with BK22 (zinc-based catalyst) and GTO 

(10.0𝑚𝑔/𝑚𝐿) and was stabilized with Pluronic F-68 (0.5w/w%) and CTAB (0.1w/w%). 

Three different coating formulations were tested on DMA: the normally catalyzed 

system, the non-catalyzed system and the nanoparticle system, in which the catalyst 

is replaced by nanocapsules of catalyst. The formulations are described in Table 3.4. 

Table 3.4. Formulations for DMA analysis 

 
BA: butyl acetate; MPA: methoxopropyl acetate 

The cross-linking speed of the coating formulations was observed at 20°𝐶 and at 65°𝐶 

for two hours. At the lowest temperature, the nanoparticle system is supposed to 

behave like the non-catalyzed system, whereas at 65°𝐶 , the nanoparticle system 

should resemble the catalyzed system. It can be seen in Figure 3.18 that the 

nanoparticle formulation cross-links much slower than the catalyzed system, however 

not as slow as the non-catalyzed system. The cross-linking speeds can be read in 

Table 3.5. The slight catalytic effects of the nanoparticle system could be explained 

by a small amount of catalyst deposited at the surface of the nanocapsules, by a 

possible slow diffusion of the catalyst from inside to outside of the nanocapsules, or 

due to a stability issue, as the nanocapsules were used more than a month after their 

syntheses. Further investigations are needed to understand the behavior of the 

nanocapsules at room temperature. The same experiment was then performed at 65°𝐶 

and the results are presented in Figure 3.19. It can be seen that the nanoparticle system 

behaves exactly like the catalyzed system. This means that, at this temperature and 

higher, the nanoparticle system is perfectly suitable to replaces the normal catalyst. 

This is also confirmed by the cross-linking speeds in Table 3.5.  

Catalyzed 
system

Nanoparticle 
system

Non-catalyzed 
system

Setalux D A 665 BA 3.04 3.04 3.04

BYK 355 52% 0.012 0.012 0.012

Solvent mixture MPA:BA 1:1 1.52 1.52 1.52

Borchi Kat 22, 10% in MPA 0.06 - -

Nanoparticles - 0.04 -

Component B Desmodur N 3300 MPA 1.02 1.02 1.02

Component A

Coating formulation
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 Catalyzed system,  Nanoparticle system,  Non-catalyzed system 

Figure 3.18. Evaluation of the cross-linking speed by DMA at 20°𝑪 

Table 3.5. Data extracted from the DMA measurements 

 

 

 Catalyzed system,  Nanoparticle system,  Non-catalyzed system 

Figure 3.19. Evaluation of the cross-linking speed by DMA at 65°𝑪 

Catalyzed 
system

Nanoparticle 
system

Non-catalyzed 
system

at 20°C 28.7 10.5 5.1

at 65°C 348.9 378.1 183.1

Cross-linking 
Temperature (°C)

at 10°C/min. 57.3 58.4 73.9

DMA measurements

Cross-linking Speed 
(MPa/min.)
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Finally, the coatings were tested in a standard DMA from 20°𝐶  to 250°𝐶  at a 

10°𝐶/𝑚𝑖𝑛. rate to compare their behavior. The curves can be found in Annex A.4. 

The temperatures at which the cross-linking starts could be measured (Table 3.5). As 

expected from the two previous experiments, the catalyzed system and the 

nanoparticle start cross-linking at similar temperatures, whereas the non-catalyzed 

system requires a higher temperature to start cross-linking. 

In summary these experiments showed that PCL-nanoparticles are suitable candidates 

for the replacement of the catalyst in coating formulation, and therefore the increase 

of the pot-life, however, a deep investigation of several parameters that can impact 

the catalyst release must be done, such as the polycaprolactone shell thickness or the 

amount of Pluronic F-68 used as cryoprotectant. 
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3.4. Conclusion 

It has been demonstrated that the addition of a hydrophobic oil in the formulation 

improves the retention of the catalyst within the nanocapsule, leading to an increase 

of the EE. In that purpose, glyceryl trioctanoate was shown to be particularly effective. 

The increase of the EE was also demonstrated in nanocapsules with charged outer 

surfaces, whether they were obtained by the intermediate of ionic surfactants or by 

smart uses of non-ionic surfactants having a large amount of charged groups. The 

addition of a hydrophobic oil inside the nanocapsules coupled with the increase of 

the nanocapsule zeta-potential led to nanocapsules with maximized EE, as no metal 

catalyst was detected outside of the nanoparticles. After lyophilization of the 

nanocapsule suspensions using Pluronic F-68 as cryoprotectant, the melting point of 

the dried nanocapsules was recorded between 50°𝐶 and 60°𝐶, as desired. Primary 

experiments of the implementation of the nanocapsules into a coating formulation 

were performed, in order to determine if the nanocapsules could be a suitable 

replacement of the catalyst. The first results demonstrated that polymeric 

nanocapsules are appropriate to be used in coating formulations. However, it will 

require further investigations to make such a system reliable.  

This synthesis of nanocapsules could be applied to a wide range of polyurethane 

polymerization catalyst, as long as they are hydrophobic. Even solid-state catalysts, 

such as zinc neodecanoate, can be considered as they can be dissolved in the 

hydrophobic oil. The information learnt in this chapter could also be applied to the 

nanoencapsulation by emulsion-solvent diffusion, as it would have the advantage to 

synthesize size-tunable nanoparticles. It would also be very interesting to adapt this 

encapsulation technique for the encapsulation of hydrophilic substances. The 

synthesis of nanoparticles loaded with catalysts for water-borne polyurethane 

formulation, such as the very common DBU, would of great interest. This could be 

intended by inverting the organic phase and the aqueous phase, or by working with 

double emulsions, but it would in any case be complicated, as the encapsulation of 

hydrophilic substances remains challenging in many fields.   
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Part 2 – Encapsulation of 

polyurethane polymerization 

cross-linkers 
 

 

 

 
 
 
 
 
 
 
 
 
Adapted with permission from [1]. © 2019 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim 
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Chapter 4.  Microencapsulation of aliphatic 

polyisocyanates by interfacial poly-

condensation  
 

4.1. Introduction 

Isocyanates are extensively used since decades for the preparation of all types of 

polyurethanes (foams, coatings, adhesives and so on). Despite that isocyanates have 

been studied for the preparation of polyurethane/polyurea shell since the 1990s, the 

microencapsulation of the isocyanates themselves is relatively new, as the first papers 

were published at the beginning of the 2000s. Since then, microencapsulation of 

isocyanates has been further developed, focusing almost exclusively on one 

application, namely self-healing materials.  

In 2008, Rawlins and coworkers[2] filed a patent on the nanoencapsulation of blocked 

isocyanates in aqueous media. The same year, the same team published the first paper 

on microencapsulation of isocyanates (Yang and coworkers)[3]. They prepared 

polyurethane microcapsules containing reactive isophorone diisocyanate (IPDI) for 

use in self-healing polymers via the interfacial polycondensation method. A toluene 

diisocyanate (TDI) prepolymer solution and IPDI were mixed and emulsified in a 

gum Arabic (surfactant) solution in water. The mixture was heated to 70°𝐶 with slow 

addition of 1,4-butanediol when the temperature reached 50°𝐶 , which led to the 

formation of a polyurethane shell at the interface. The polyurethane shell is obtained 

through a reaction between the polyol crosslinker and the TDI prepolymer. These 

capsules were filled with up to 70% of liquid core-content, determined by TGA 

analysis. 

  

UNIVERSITAT ROVIRA I VIRGILI 
ENCAPSULATION OF REACTIVE COMPONENTS IN POLYURETHANE SYSTEMS. 
Quentin Bouvier 



 
136 

In 2010, Sondari and coworkers[4] choose to encapsulate IPDI with glycerol as a 

polyol crosslinker. In 2011, Huang and Yang[5] encapsulated successfully 

hexamethylene diisocyanate (HDI) as self-healing agent within a polyurethane shell 

made of methyl diphenyl diisocyanate (MDI) prepolymer and 1,4-butanediol. 

Microcapsules size range and core content showed similar results to Yang and 

coworkers’ microcapsules. Two years later, Di Credico and coworkers[6] prepared 

microcapsules containing IPDI with different types of polymeric shells: polyurethane, 

poly(urea-formaldehyde) and double layer polyurethane/poly(urea-formaldehyde) 

for self-repairing coatings. Their capsules showed increased properties due to 

urethane/urea-formaldehyde shell. In 2014, Nguyen and coworkers[7] prepared 

polyurea microcapsules whose shells were functionalized with hydrophobic 

monoamines, such as 2-ethylhexylamine. They showed an increase of the lifetime 

during immersion in water while increasing the shell hydrophobicity.  

Kardar and coworkers[8] studied the influence of the polyol crosslinker for the 

preparation of isocyanate-filled microcapsules in 2015. The same work with 

increased number of crosslinkers was published by Attaei and coworkers[9] in 2018. 

Their work resulted in optimized impermeable microcapsules of IPDI made of 

polyurea/polyurethane-silica hybrid shell obtained In 2017, He and coworkers[10] 

synthesized microcapsules containing IPDI and obtained through a reaction between 

diethylenetriamine (DETA) and polymethylene polyphenylene isocyanate (PAPI). 

They used polyvinyl alcohol as surfactant to stabilize the emulsion, as well as a 

crosslinker for the microcapsule. The prepared microcapsules are constituted of an 

inner polyurea shell and an outer polyurethane shell.  

What all these works commonly show is that the chemical composition of the shell 

surrounding the isocyanates is vital to obtain stable microcapsules. Most of these 

microcapsules were synthesized by interfacial polycondensation with polyurethane 

or polyurea as shell material, but the shell composition differs in the isocyanate or in 

the alcohol/amine employed. Hence, the objective of this chapter is to encapsulate 

aliphatic polyisocyanates, by interfacial polycondensation of polyurethane or 

polyurea, for a new application: cross-linkers in polyurethane adhesive formulations.  
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4.2. Materials & Methods 

4.2.1. Materials 

The microcapsules were loaded with Desmodur N 3600 (DN36; HDI trimer, solvent 

free, NCO-content: 23.0%), whose shells were made of different types of 

polyisocyanates: Desmodur L 75 (TDI prepolymer, 75% solution in ethyl acetate, 

NCO-content: 13.3%), Desmodur IL EA (TDI trimer, 51% solution in ethyl acetate, 

NCO-content: 8.0%), Desmodur RE (triphenylmethane-4,4’,4’’-triisocyanate, 27% 

solution in ethyl acetate, NCO-content: 7.2%) and Desmodur VL R 20 (Polymeric 

MDI, solvent free, NCO-content: 31.5%). They were all directly provided by 

Covestro AG. To form the shell of the microcapsules, the polyisocyanates were cross-

linked with different polyamines. Diethylenetriamine (DETA), 

tetraethylenepentamine (TEPA), 2,4,6-triaminopyrimidine (TAP), melamine, 

polyethylene imine (PEI, Mw=800Da) were purchased from Sigma-Aldrich while 

Jeffamine T-403 (J403; polyoxypropylenetriamine) was obtained from Huntsman. 

 

  

Figure 4.1. Structure of Desmodur N 3600 (idealized structure) 

Several surfactants were used to stabilize the emulsion during the synthesis process: 

gum Arabic from acacia tree (GA), gelatin type A strength 300, poly(vinyl alcohol) 

(PVA; Mw=31kDa), and sodium dodecyl sulfate (SDS, ≥99%) were bought from 

Sigma-Aldrich. Deionized water was used for the synthesis of microcapsules. All 

other solvents and reagents were of analytical grade. All chemicals and materials 

were used as received. 
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4.2.2. Synthesis methods 

4.2.2.1. Synthesis of hydrophilically-modified 

polyisocyanates 

Hydrophilically-modified Desmodur N 3600 (HD36) was successfully synthesized 

following a literature known method[11]. First, DN36 (435.0𝑔) was put in a round 

bottom flask and heated to 90°C. Methoxypolyethylene glycol-500 (MPEG, 65.0𝑔) 

was added to the isocyanate solution in 30 minutes under mechanical stirring 

(300𝑟𝑝𝑚). The reaction was followed by measurements of the NCO-content every 

ten minutes until the NCO-content reached 18.7±0.1%, which corresponds to the 

completion of the reaction. NCO titrations were performed in triplicate 24 hours after 

the end of the reaction in order to confirm the final NCO-content of the newly 

synthesized hydrophilically-modified polyisocyanate (18.7%), in which roughly 10% 

of NCO groups are turned into urethane bonds bearing hydrophilic chains. 

The particularity of this isocyanate is its ability to behave as a surfactant (Fig. 4.2). 

Indeed, the isocyanate now possesses both a hydrophobic and a hydrophilic part. Such 

isocyanates are used in water-borne formulations, in which the isocyanate is turned 

into micelles, and its pot-life within the water-based formulation is increased. HD36 

is used in this work precisely for its surfactant-like behavior.  

 

Figure 4.2. Structure of hydrophilically-modified Desmodur N3600 (idealized 
structure) 
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4.2.2.2. Interfacial Polycondensation 

DN36-loaded and HD36-loaded microcapsules were synthesized by interfacial 

polycondensation (Fig. 1.21) as described by Nguyen and coworkers[7]. This method 

involves the polymerization of two monomers at the oil/water interface of an 

emulsion. Firstly, the core material (20.0𝑔) was mixed with an aromatic isocyanate 

(20-50% NCO-equivalents to the amount of core material) during 3 minutes at 

3500𝑟𝑝𝑚 in a high-speed homogenizer (DAC 150.1 FVZ, SpeedMixer). The mixture 

was slowly added to a water solution containing a surfactant (1 to 13w/w%). A stable 

emulsion was formed with a high-speed mixer at 3600𝑟𝑝𝑚 during 10 minutes (Ultra-

Turrax T25, IKA). A polyamine (50 to 100% equivalent of aromatic isocyanates) was 

dissolved in water and added dropwise to the emulsion. The polyamine reacts almost 

exclusively with the aromatic isocyanate, as it is much more reactive than the 

aliphatic isocyanate. The polyurea cross-linking is completed by heating the mixture 

up to 75°𝐶 during 20 minutes to 2 hours. The obtained suspension was filtered under 

vacuum and washed three times with water. The solid was dried at room temperature 

for 24 hours before further analysis. 

 

4.2.3. Characterization 

4.2.3.1. NCO-content measurement 

The NCO-content was determined by back titration according to the standard test 

method ASTM D2572-97. The sample is put in acetone with a known excess of N-

dibutylamine (NDBA). The isocyanates react quickly with the amines and the 

remaining NDBA is titrated with hydrochloric acid. The NCO-content is obtained via 

the following equation: 

𝑁𝐶𝑂 𝑐𝑜𝑛𝑡𝑒𝑛𝑡(%) =
൫஼ಿವಳಲ×௏ಿವಳಲି஼ಹ಴೗×௏೐೜ೠ೔ೡೌ೗೐೙೟൯×ସ.ଶ

௠ೞೌ೘೛೗೐
  (4.1)  
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4.2.3.2. Core-content measurement 

The microcapsules core-content was obtained using Fourier-Transform Infrared 

Spectroscopy (FT-IR, Spectrum Two, Perkin Elmer)[7]. Beforehand, a calibration 

curve (Fig. 4.3) was made by measuring the maximum absorbance of the NCO groups 

at 2270cm-1 of DN36 and HN36 solutions in dimethylformamide (DMF), with 

concentrations from 0.01 to 0.20 weight fraction (Fig. 4.3 and Annex B.1, 

respectively). A known amount of microcapsules was sonicated with a known amount 

of DMF and the maximum absorbance at ~2270cm-1 was measured. The isocyanate 

concentration was obtained thanks to the calibration curve, and the core-content was 

calculated with Equation 4.2: 

𝐶𝑜𝑟𝑒 𝑐𝑜𝑛𝑡𝑒𝑛𝑡(%) =

಴ವಿయల×೘ವಾಷ
భష಴ವಿయల

௠ೞೌ೘೛೗೐
× 100    (4.2) 

 

Figure 4.3. Calibration curve of Desmodur N 3600 absorbance at 2270cm-1 in DMF 

4.2.3.3. Morphology 

The microcapsules morphology was observed by optical microscopy 

(Digitalmikroskop VHX-600, Keyence). The sample was mixed with a small amount 

of water using a IKA® VORTEX Shaker Genius 3 at moderate power. The 

microcapsule suspension was observed in between glass supports. Solid samples were 

observed directly on the glass support. Scanning Electron Microscopy (SEM) was 

also used but independently performed by a Covestro AG specific department. 
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4.3. Results and Discussion 

4.3.1. Synthesis of HD36-loaded microcapsules 

As the polymerization occurs at the oil/water interface of each emulsion droplets, the 

synthesized microparticles are exclusively microcapsules. The core material is the 

aliphatic isocyanate, DN36 or its hydrophilically-modified version HD36, which is 

encapsulated in a polyurea shell, obtained by a reaction between an aromatic 

isocyanate and a polyamine. Firstly, HD36 was encapsulated in microcapsules, while 

playing simultaneously the role of core material and surfactant. Pictures of the 

successfully obtained microcapsules are displayed in Figure 4.4 and show sizes from 

1 to 100𝜇𝑚, which is in accordance the microcapsule size of other works. It can be 

seen in the picture of dried microcapsules that both white and transparent spherical 

microcapsules were obtained. This observation remains unclear, but it is assumed that 

the reaction was incomplete and some microcapsules were not fully formed.  

  

Figure 4.4. Digital microscope pictures of a suspension of HD36-loaded 
microcapsules at x20 (left) and of dried HD36-loaded microcapsules at x150 (right) 

The encapsulation of isocyanate inside these microcapsules was confirmed by 

crushing some microcapsules on the FTIR device. The crushed microcapsules were 

compared with pure HD36 and the spectra are presented in Figure 4.5. The typical 

NCO bond of the isocyanates at 2270cm-1 can be observed in the crushed 

microcapsules, as well as the C-N bond (~1200cm-1) and the C-O-C (~1600cm-1) 

group of the polyurea network.  
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Figure 4.5. FTIR spectra: HD36 (top) and crushed microcapsules (bottom) 

The NCO-content and the core-content of these microcapsules were measured. It 

revealed that the core-content was only of 30% and the NCO-content was below 6%, 

while up to 70% and 13% of core-content and NCO-content could be expected, 

respectively. The microcapsules also showed a poor stability, as no isocyanate was 

detected inside the microcapsules after 7 days. Even by optimization of this system, 

the core-content barely reached 50%, whereas on the other hand, the 

microencapsulation of DN36 using a surfactant easily exceeded these 50% core-

content with a better stability. Therefore, it was concluded that the surfactant 

properties of HD36 are insufficient to synthesize efficiently microcapsules, and that 

focusing on the development DN36-loaded microcapsules would be more relevant.  
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4.3.2. Synthesis and optimization of DN36-loaded 

microcapsules 

Microcapsules containing DN36 were successfully obtained via the interfacial 

polycondensation technique with a higher core-content and NCO-content (>12%) 

than the HD36-loaded microcapsules previously synthesized. However, they also 

showed a very limited stability, as the microcapsules were NCO-free after 14 days. 

Therefore, several parameters are here investigated in order to improve the long-term 

stability of the microcapsules, which is followed by measuring their core-content over 

time.  

As the syntheses are performed in water, the reaction time is a crucial parameter to 

form stable microcapsules. The isocyanates are very reactive toward water, therefore, 

the reaction time needs to be kept short, but long enough to allow the good formation 

of the polyurea shell. Any reaction time below 20 minutes led to the formation of one 

large aggregate during the purification step. On the other side, after 30 minutes of 

reaction, bubbles started appearing in the flask. They suggest that the isocyanates 

started reacting with water, as this reaction releases CO2 before quickly forming 

polyurea. The measurements of the DN36 core-content over time for microcapsules 

synthesized during 20 to 120 minutes are displayed in Figure 4.6. 

 
20min.; 25min.; 30min.; 45min.; 60min.; 120min. 

Figure 4.6. Stability of the core-content over time for different reaction times 
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The core-content measurements at 𝑡 = 1 𝑑𝑎𝑦 show that the increase of the reaction 

time above 30 minutes leads to an important decrease of the core-content, and the 

microcapsules contain close to no isocyanates after 2 hours of reaction. This confirms 

that, for long reaction times, the aliphatic isocyanate can react with water, which is 

not desired. On the other side, it can be seen that the initial core-content for reactions 

lasting 20 to 30 minutes remains constant, however, the long term stability improves 

as a function of the reaction time and reaches its maximum at 30 minutes. This also 

confirms the previous observations, as the efficiency of the shell is improved with a 

longer reaction time. All further experiments were performed with a reaction of 30 

minutes. 

Most the papers describing the encapsulation of isocyanates use prepolymers as shell 

material, which can be based on MDI[5-7, 9] or TDI[3, 12]. It has also be mentioned 

that high NCO-content prepolymers are preferred to obtain stable and robust 

microcapsules[3]. This is why the effect of the isocyanate wall was studied and the 

stability of the core-content over time is shown in Figure 4.7.  

 
Desmodur L 75.; Desmodur IL EA.; Desmodur RE.; Desmodur VL R20 

Figure 4.7. Stability of the core-content over time for different isocyanates 

  

UNIVERSITAT ROVIRA I VIRGILI 
ENCAPSULATION OF REACTIVE COMPONENTS IN POLYURETHANE SYSTEMS. 
Quentin Bouvier 



 
145 

The results show that the type of isocyanate used to make the polyurea wall has a 

large impact on the core-content. However, the core-content at day 1 is not entirely 

proportional to the NCO-content of these isocyanates, which are summarized in Table 

4.1. The microcapsules made with Desmodur RE show better results than those made 

with Desmodur L 75, despite a higher NCO-content for the latter. This difference is 

believed to come from the structure of these isocyanates. Due to its very hydrophobic 

structure, Desmodur RE is able to make a more hydrophobic and tighter polyurea, 

which increases the entrapment of the core inside the microcapsules and prevents the 

side-reaction with water. In any case, the highest core-content was obtained when 

using Desmodur VL R 20, which is highly hydrophobic and also solvent-free.  

Desmodur VL R 20 is also the only aromatic polyisocyanates of this work with a 

solid-content of a 100%, which means that the isocyanate is not dissolved in any 

solvent. For example, Desmodur L 75 has a solid-content of approximatively 75%, 

the other 25% being ethyl acetate. The presence of ethyl acetate in the emulsion 

droplets could have an impact on the stability of the microcapsules, as this solvent is 

partially soluble in water and could disrupt the emulsion stability by diffusing to the 

aqueous phase. However, no stability issue were observed, as Desmodur RE has a 

solid-content of only 27% and showed better results than Desmodur IL EA (51% 

solid-content).  
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Table 4.1. Aromatic isocyanate structures and NCO-contents 

Isocyanate Structure Properties 

Desmodur L 75 

 

NCO-content (%) 

13.3 ± 0.4 

Solid-content (%) 

75.0 ± 2.0 

Desmodur IL EA 

 

NCO-content (%) 

8.0 ± 0.2  

Solid-content (%) 

51.0 ± 2.0 

Desmodur RE 

 

NCO-content (%) 

9.3 ± 0.2 

Solid-content (%) 

~27 

Desmodur VL R 20 

 

NCO-content (%) 

31.5 ± 0.1 

Solid-content (%) 

100 
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Several surfactants can be used for the synthesis of polyisocyanate microcapsules. 

The most common are GA and PVA which were used in this work, but they were also 

compared with other common surfactants: Gel and SDS. The microcapsules which 

were internally stabilized with HD36 are also presented in Figure 4.8 for comparison 

with the experiments using a surfactant. The effect of the surfactant was firstly 

investigated respectfully to their concentration used in the literature: 13w/w% for GA[3, 

7, 13] and 5w/w% for PVA[10, 14]. SDS[15] and Gel are employed with a wide range 

of concentrations for other applications, and were investigated with a 1w/w% 

concentration. 

 

GA 13w/w%; PVA 5w/w%; Gel 1w/w%;  SDS 1w/w%; HD36 

Figure 4.8. Stability of the core-content over time for different surfactants 
(Desmodur VL R 20) 

The data in Figure 4.8 clearly demonstrates that HD36, as both the surfactant and the 

encapsulated material, is not a suitable option for the encapsulation of isocyanates, as 

previously stated. The initial core-content of microcapsules stabilized by SDS is also 

significantly lower and overall, SDS-stabilized syntheses did not show consistent 

results. It can also be seen that the initial core-content and its stability over time is 

similar for the microcapsules stabilized with GA, PVA and Gel. This is not surprising, 

as all three surfactants have a similar structure, i.e. long chains with large amount of 

hydroxyl groups.  
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The same study was conducted with the other type of isocyanates and can be found 

in Annex (B.2, B.3 and B.4). The combination of PVA as surfactant and any other 

type of isocyanates did not allow the formation of stable microcapsules. The viscosity 

of the aqueous phase is particularly high when PVA is used as surfactant, which could 

explain why microcapsules were difficulty obtained, unless the NCO-content is 

particularly high.  

A lower viscosity is more convenient for the purification of the microcapsules, 

therefore, the effect of the concentration of the surfactant has been studied for GA 

and Gel. Figure 4.9 shows that the impact of the surfactant concentration on the core-

content and the long-term stability is limited, but a difference of about 15% of core-

content after 28 days can still be observed between the GA at 1w/w% and 13w/w%. This 

indicates that a solution of GA with a concentration higher than 10w/w% is preferred.  

 

 

GA 1w/w%;  GA 5w/w%;  GA 10w/w%;  GA 13w/w%; 

Figure 4.9. Stability of the core-content over time for different concentration of GA 
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Gel 1w/w%;  Gel 5w/w%;  Gel 10w/w% 

Figure 4.10. Stability of the core-content over time for different concentration of Gel 

On the other side, Figure 4.10 demonstrates that the concentration of Gel has close to 

no influence on the core-content and the long-term stability of the microcapsules. 

This means the synthesis can be properly performed with a smaller, and more 

appropriate, amount of surfactant. The concentration of surfactant is an important 

parameter, not only because of the purification step, but also because of the reaction 

than can occur between the surfactant and the isocyanates. These surfactants possess 

a very high number of hydroxyl groups and/or amine groups (Table 4.2) which are 

able to react with the isocyanates at the droplet interface, especially with the aromatic 

isocyanate. It is very likely that a thin layer of polyurethane and/or polyurea is 

obtained during the emulsification step. A lower concentration of surfactant will 

reduce its interaction with the isocyanates and, therefore, a better control of the 

encapsulation can be expected. Moreover, some surfactant will remain after 

purification, either because it has reacted with the isocyanates or because it is trapped 

in the polyurea network. These hydroxyl groups will be able to react with the 

isocyanates upon release, thus decreasing the surfactant concentration could also help 

to reduce this side reaction. Gel 1w/w% has been selected as surfactant for future 

experiments. 
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Table 4.2. Gum Arabic and Gelatin type A main structures 

Gum Arabic (main backbone) 

GA 

 

Gelatin type A (main backbone) 

Gel 

 

 

Another important parameter for the long-term stability of microcapsules is the shell 

thickness. Therefore, different amounts of shell materials were investigated. The 

amount of shell material was measured as NCO-equivalents relatively to the 

encapsulated material, which was kept constant. In the previous experiments, the 

aromatic isocyanate was used as 40% of NCO-equivalents. The increase of this 

amount means that the shell around the microcapsule is larger. Figure 4.11 illustrates 

the results obtained for different shell thickness.  

With 20% of NCO-equivalents, no stable microcapsules were produced and one large 

polyurea aggregate was obtained. The synthesis with 30% of NCO-equivalents has a 

higher initial core-content, whereas the synthesis with 50% of NCO-equivalents has 

a lower core-content. This is consistent with the formulation of those microcapsules, 

as a thicker (thinner) polyurea wall means the core-content decreases (increases).  
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Figure 4.11 also shows that the long-term stability worsen with a thinner shell, 

however it does not improve with a thicker shell. This means the maximum stability 

that the capsule can provide is already reached with 40% of NCO-equivalents.  

 

 

NCO-equivalents of shell material: 30%;  40%;  50% 

Figure 4.11. Stability of the core-content over time for different NCO-equivalents of 
wall material in Gel 1w/w% 

As mentioned earlier, the polyisocyanates can react with water and with the surfactant 

as side-reactions of the shell formation. Therefore, it has been intended to purposely 

involve the water and/or the surfactant in the microcapsule synthesis, similarly to the 

work of He and coworkers[10].  

The syntheses were so far accomplished with a 1:1 equivalent ratio of aromatic 

isocyanates to amines. The amount of amines was decreased and the excess of 

isocyanates reacted with the surfactant or water to form a hybrid 

polyurea/polyurethane shell. The effect of this parameter is illustrated in Figure 4.12. 

It can be observed that no consistent evolution was detected when the amount of 

amine was decreased, but all formulations showed a reduced long-term stability in 

comparison to the 1:1 equivalent ratio, which is therefore preferred.  
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Ratio isocyanate:amine  1:1  1:0.875  1:0.75  1:0.625   1:0.5 

Figure 4.12. Stability of the core-content over time for different isocyanate to amine 
ratio in Gel 1w/w% 

Finally, the influence of the amine functionality and structures was investigated with 

the optimized formulation. Three types of amines were examined: aliphatic 

polyamines (DETA and TEPA), aromatic polyamines (TAP and melamine) and high 

functionality polyamines (JT-403 and PEI). Their structures are shown in Table 4.3. 

Table 4.3. Polyamine structures 

DETA 

 

TEPA 

 

TAP 

 

Melamine 

 

JT-403 

 

PEI 
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Microcapsules were successfully synthesized with all the polyamines just mentioned. 

The stability over time of these microcapsules can be found in Figure 4.13. As 

expected, DETA and TEPA led to similar microcapsules, as TEPA is just a longer 

version of DETA, which might explain why TEPA has a slightly better core-content 

after 40 days.  

Aromatic polyamines are more hydrophobic and should allow the formation of more 

hydrophobic polyurea microcapsules. This is what can be observed with TAP, but not 

in the case of melamine. In the synthesis with melamine, a white solid was deposited 

on the flask, which is believed to be some recrystallized melamine, as it has a very 

poor solubility in water. This means that the shell was not properly formed and a poor 

stability is observed.  

The high-functionality polyamines are more hydrophilic than the other amines 

presented here, however, it was hypothesized that a tighter shell could be made due 

to their high-functionality. The results indicate that the hydrophobicity of the shell 

has more impact than the cross-linking network.  

 

DETA; TEPA; TAP;  MEL; PEI; JT-403. 

Figure 4.13. Stability of the core-content over time for different amines in Gel 1w/w% 
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The microcapsules were observed with a digital microscope and the pictures can be 

seen in Figure 4.14. The microcapsules are spherical and their sizes, between 1 and 

100𝜇𝑚, are consistent with other works[3, 5, 7]. 

  

Figure 4.14. Digital microscope pictures of microcapsules stabilized with GA 13w/w% 
at x10 (left) and with Gel 1w/w% at x20 (right) 

Figure 4.15 and 4.16 show SEM pictures of GA-stabilized and Gel-stabilized 

microcapsules respectively. They show spherical microcapsules with a relatively 

smooth outer surface. In fact, the GA-stabilized microcapsules have a smoother 

surface whereas the surface of Gel-stabilized is a bit more wrinkled. GA-stabilized 

are visually yellowish, which is due to some GA remaining at the surface (GA is 

naturally orange), and Gel-stabilized are simply white. The different concentration of 

surfactant could also explain the difference between the surfaces. 

  

Figure 4.15. SEM pictures of microcapsule stabilized with GA 13w/w% at x100 (left) 
and at x1k (right) 
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Figure 4.16. SEM picture of microcapsules stabilized with Gel 1w/w% at x100 (left) 
and at x500 (right) 
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4.4. Conclusion 

A wide range of microcapsules were successfully synthesized by interfacial 

polycondensation. The synthesis process was shown to have a large impact on the 

microcapsules core-content and NCO-content. In particular, the materials used to 

prepare the microcapsule shell were of high importance; aromatic isocyanates and 

amines with high hydrophobicity showed improved core-content and long-term 

stability. Overall, the microcapsules were enhanced from 50% to close to 70% core-

content, which corresponds to more than 15% of NCO-content. The core-content 

would decrease of 10% within the first month, which is similar to some other 

polyisocyanate-loaded microcapsules[5], but relatively far from the 10% loss in 6 

months of other works[3, 6], despite using comparable set-up.  

These microcapsules could possibly be used for self-healing materials, but they are 

however not suitable as cross-linkers for adhesive polyurethane formulations. The 

primary implementation of these microcapsules in an adhesive formulation did not 

show more than a hardly noticeable cross-linking at 120°𝐶. This supports the idea 

that the isocyanates can react with the surfactant before and after being released. It 

also suggest that this approach, i.e. interfacial polycondensation, is probably not the 

best approach to synthesize polyisocyanate-loaded microcapsules for this type of 

applications. One other approach will be experimented in the next chapter, and some 

other possibilities will also be discussed. 

In any case, the encapsulation of materials into polyurethane/polyurea remains very 

effective, as close to the maximum core-content was obtained, as well as high yields. 

This technique can be applied to encapsulate a variety of other materials, preventing 

that they are not reactive toward isocyanates.  
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Chapter 5.  Nanoencapsulation of aliphatic 

polyisocyanates by nanoprecipitation 
 

5.1. Introduction 

The work performed in Chapter 4 has illustrated that the microencapsulation of 

polyisocyanates could be performed, but that, despite improvements, stability issues 

remain due to unwanted side-reactions. To be used as cross-linkers, isocyanate-

loaded microcapsules would be preferred over nanocapsules, as the latter would mean 

that a high amount of polymer will be introduced in the formulation. However, it is 

believed that the study of nanoencapsulation of isocyanates could give important 

information toward a more successful microencapsulation. 

The nanoencapsulation of polyisocyanates was rarely performed in the literature, with 

the only mention being the work of Rawlins, Yang and coworkers[1, 2]. They filed a 

patent and published a paper on the nanoencapsulation of blocked isocyanates in 

aqueous media. Such isocyanates are unreactive, as they are protected with different 

types of blocking groups, such as butanone oxime or dimethylpyrazole[3]. Therefore, 

they could encapsulate the isocyanates in emulsion polymerization techniques 

(similar to Chapter 4) without being concerned about the reactivity of the isocyanates. 

This is why their work cannot be directly applied to the encapsulation of reactive 

isocyanates, and, thanks to the knowledge acquired in Part 1, polyisocyanate-loaded 

nanocapsules made of PCL will be synthesized by nanoprecipitation in this chapter. 
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5.2. Materials & Methods 

5.2.1. Materials 

Desmodur N 3600 (DN36, NCO-content: 23.0%) and hydrophilically-modified 

Desmodur N 3600 (HD36, NCO-content: 18.7%, synthesis described in Chapter 3) 

were encapsulated in polycaprolactone (PCL, 45𝑘𝐷𝑎). If necessary, the nanocapsules 

were stabilized with Pluronic F-68. Water was purified with a 0.22𝜇𝑚  Milipak® 

membrane filter. All other solvents and reagents were of analytical grade. All 

chemicals and materials were used as received. 

5.2.2. Nanoparticle synthesis 

Nanocapsules encapsulating polyisocyanates (were synthesized via 

nanoprecipitation[4] as described in Chapter 3. Briefly, the PCL (50-100𝑚𝑔) was 

dissolved in acetone (10𝑚𝐿) at 50°𝐶 under moderate stirring and the isocyanate (50-

200𝑚𝑔) was added subsequently at room temperature. This mixture was slowly 

added with a syringe pump to a water solution (20𝑚𝐿) under magnetic stirring 

(1200𝑟𝑝𝑚), containing no surfactant or Pluronic F-68 (0.5w/w%), when HD36 and 

DN36 were used respectively. The suspension was then freeze-dried (LyoAlpha, 

Telstar) for 3 days without further purification. 

5.2.3. Characterization 

The nanoparticle sizes and polydispersity index (PDI) were measured with Dynamic 

Light Scattering (DLS) and their morphologies were observed by Field Emission 

Scanning Electron Microscopy (FESEM), as described in Chapter 2. The nanoparticle 

thermal properties were studied by Differential Scanning Calorimetry (DSC), as 

previously presented in Chapter 3. Finally, the core-content of the nanoparticles was 

measured using Fourier Transform Infrared Spectroscopy (FTIR) exactly as 

explained in Chapter 4, except that the calibration and measurements were performed 

in xylene, that is able to dissolve PCL. The calibration curve can be found in Annex 

B.5. 
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5.3. Results and Discussion 

Synthesis of nanocapsules 

Nanoparticles containing DN36 and HD36 were successfully synthesized by 

nanoprecipitation. Due to limited interactions between the PCL and the isocyanates, 

the nanoparticles are necessarily nanocapsules: the isocyanates are surrounded by the 

PCL shell.  

The effect of the PCL concentration on the nanocapsule sizes was studied, and similar 

results were obtained depending on the encapsulated isocyanates. This effect on the 

encapsulation of DN36 can be found in Figure 5.1. 

  

 Particle size  PDI 

Figure 5.1. Effect of the PCL concentration on the particle size of DN36-loaded 
nanocapsules 

It can be seen that the average particle remains overall constant when the PCL 

concentration increases. This is similar to what was observed for catalyst 

nanocapsules in Chapter 2, in which the use of PCL 45kDa led to a very small increase 

of the particle size. The PDI also remains in the same range, from 0.1 to 0.2. 
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The nanocapsules loaded with HD36 show an increase of the particle size, and of the 

PDI, proportionally to the increase of the PCL concentration (Fig. 5.2). This is also 

slightly different to what was observed in Chapter 2 and 3. The increase of the 

polymer means that diffusion rate of the acetone into water is reduced, which 

therefore leads to larger particles. However, this was not observed previously for PCL 

with lower molecular weights (Fig. 2.15).  

The simultaneous increase of the PDI and the particle size indicates that the stability 

of the nanocapsules is reduced for higher concentrations of PCL. This could be 

explained by the difference of surfactant. This formulation is internally stabilized by 

HD36 but its surfactant capabilities are limited. For high amounts of PCL, the 

nanoparticle system needs to decrease its overall surface in order for the surfactant to 

work efficiently, therefore the particle size increases. This can also lead to the 

formation of more aggregates and to a higher PDI. 

 

 

Particle size  PDI 

Figure 5.2. Effect of the PCL concentration on the particle size of HD36-loaded 
nanocapsules 
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The influence of the isocyanate concentration on the particle size was then studied; 

the PCL concentration was kept constant at 5.0𝑚𝑔/𝑚𝐿. Both nanocapsule systems 

showed a similar trend (Fig. 5.3). It can be observed that the particle size increases as 

a function of the isocyanate concentration. This was expected, as a higher 

concentration of isocyanates in each droplets means that each particle will be larger. 

It is also interesting to note that the system stabilized internally by HN36 leads to 

smaller nanocapsules. This is due to the outer layer made of Pluronic F-68 around 

DN36-loaded nanocapsules, whereas the HN36 stabilizes the system from inside the 

droplets. 

 

DN36-loaded nanocapsules  HN36-loaded nanocapsules 

Figure 5.3. Effect of the isocyanate concentration on the particle size 

In any case, the nanoparticle size is not an important parameter for the synthesis of 

polyisocyanate capsules. In fact, larger particles can have a higher core to shell ratio 

and would therefore be more suitable for applications in which they are used as cross-

linkers. The study of the particle size was made in order to gain understanding of the 

nanocapsule synthesis. It revealed that both systems behave differently, probably 

because of the ability of the isocyanate to react with water, but they are both suitable 

for the encapsulation of polyisocyanates in terms of process. 
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The nanocapsule were then observed by FESEM, either as a suspension (Fig. 5.4) or 

lyophilized (Fig. 5.5). In the nanocapsule suspension, spherical nanocapsules can be 

observed in the same size range as measured by DLS, i.e. 200-400𝑛𝑚. 

 

Figure 5.4. FESEM picture of a HD36-loaded nanocapsule suspension at ~x33k 

The pictures of the lyophilized nanocapsules could not be of high quality. DN36-

loaded nanocapsules melted very quickly when placed under the electron beam. This 

melting seems to be due to the Pluronic F-68 layer, as HD36-loaded nanocapsules 

were relatively stable. However, the HD36-loaded nanocapsule aggregates were 

compact, but it is still possible to guess the shape of each nanocapsule in the aggregate.  

  

Figure 5.5. FESEM pictures of lyophilized DN36-loaded (left, x20k) and HD36-
loaded nanocapsules (right, ~x33k) 

The thermal behavior of the nanocapsules was investigated by DSC. Figure 5.6 

illustrates the DSC thermograms of HD36-loaded nanocapsules at different 

concentrations of PCL and HD36. They all show that the polycaprolactone shells melt 

at about 60°C, close to the PCL melting point as anticipated[5], but another 

unexpected peak was detected between 100 and 150°C.  
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It can be seen that the peak intensity increases while the PCL concentration decreases 

and while the HD36 concentration increases. This peak is endothermic, which 

suggests the melting or the glass transition of another polymer, and corresponds 

probably to polyurea. Polyurea can be obtained by reaction between the isocyanates 

and water and this reaction is favorized at high isocyanate concentrations and also at 

low concentration of PCL, as the polymer is thinner. Shahabudin and coworkers 

reported that polyurea-formaldehyde microcapsules showed a melting point between 

130 and 155°C[6] which matches the observation of this work. However, polyurea 

can have a wide range of melting temperature and glass transition temperature, 

therefore the nature of this endothermic peak could not be determined. 

 

Figure 5.6. DSC thermograms of HD36-loaded nanocapsules 
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DN36-loaded nanocapsules were also analyzed by DSC. It was expected that the DSC 

thermograms would expose two peaks for Pluronic F-68 and the PCL, similar to what 

was seen in Chapter 3 (Fig. 3.19). This is indeed what can be viewed in Figure 5.7, 

but it is not the case for all thermograms. The intensity of the PCL peak logically 

reduces as the PCL concentration decreases, but it seems that the PCL and Pluronic 

F-68 peaks merge into one single peak at high concentrations of DN36.  

 

Figure 5.7. DSC thermograms of DN36-loaded nanocapsules 
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Some polyurea is also detected but only for high concentrations of DN36 and the 

peaks are less intense than for the previous nanocapsules. This can be explained by a 

better protection of the core material, thanks to Pluronic F-68 surfactant properties, 

which confirms what was observed earlier with the particle size. Moreover, HD36 

behaves as a surfactant and its hydrophilic parts are located near the droplet interface, 

therefore some NCO-groups are also located near to the droplet interface in 

comparison to the nanocapsules stabilized with Pluronic F-68. This explains why 

more polyurea can be formed in the self-stabilized system.  

These thermal analyses show that the ratio polymer to isocyanate is extremely 

important in order to limit the isocyanate-water side reaction. Therefore, an efficient 

encapsulation of polyisocyanates can be done at low concentrations of isocyanates or 

high concentrations of PCL. In both cases, it considerably limits the core-content of 

the nanocapsules. 

 

Evaluation of the core-content and stability 

The core-content of several nanocapsule formulations was measured by FTIR, 7 days 

after their synthesis (Table 5.1). Due to the relatively large amount of sample 

necessary to perform the analysis and the small amount obtained from each synthesis, 

the measurement could be performed only once, and the obtained core-content values 

could also be under-estimated.  

Table 5.1. Core-content measured after 7 days for 6 formulations 

 

  

PCL 
concentration 

(mg/mL)
Isocyanate

Isocyanate 
concentration 

(mg/mL)

Maximum 
Core-content 

(%)

Experimental 
Core-content 

(%)

Process 
efficiency (%)

5.0 DN36 5.0 25.0 19.4 77.6

5.0 DN36 10.0 40.0 31.3 78.3

10.0 DN36 10.0 33.3 27.6 82.9

5.0 HD36 5.0 50.0 32.7 65.4

5.0 HD36 10.0 66.7 34.8 52.2

10.0 HD36 10.0 50.0 37.4 74.8
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Table 5.1 shows that HD36-loaded nanocapsules can in theory have a higher core-

content than DN36-loaded nanocapsules, because they are not using any surfactant. 

Despite that, a higher process efficiency is obtained for the Pluronic F-68-stabilized 

nanocapsules. It can also be observed that the increase of the PCL concentration leads 

to slightly better process efficiency, which is consistent with the observations made 

from the thermal analyses.  

The sample leftovers were kept for 2 months at room temperature. They were then 

crushed and analyzed by FTIR spectroscopy, which revealed that none of these 

nanocapsules had NCO remaining. This confirms that the encapsulated isocyanates 

can still react slowly with moisture. Therefore, in future works, the core-content could 

be measured over time, and especially in a dry environment, which could give to these 

nanocapsules a long-term stability. That would also allow to observe if  the 

isocyanates are reacting with the surfactant or the PCL itself, as it has hydroxyl as 

ending groups. This lead to the conclusion that the nanoprecipitation is a reliable 

technique to perform the encapsulation of isocyanates, however, and similarly to 

Chapter 4, the long-term stability remains an issue, because of the water involved in 

the synthesis as well as the other materials isocyanates can potentially react with. 
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5.4. Conclusion 

Nanocapsules loaded with aliphatic isocyanates were successfully synthesized. It was 

shown that the polymer to isocyanate ratio is a key parameter for this synthesis, as 

low concentrations of PCL or high concentrations of isocyanates led to the formation 

of undesired polyurea. These results can also be used to improve the encapsulation of 

catalysts, as it can be assumed that the encapsulation can be even greater at higher 

concentrations of PCL. It has been shown in this chapter that the encapsulation of 

polyisocyanates is challenging, mainly because of the high reactivity of isocyanates 

toward a lot of species. Therefore, new approaches of polyisocyanates should focus 

on limiting these possible side-reactions. Some chemical or physico-chemical 

encapsulation techniques could be considered, especially those adaptable with double 

emulsion. Such systems would avoid direct contact with water and could largely 

improve the long-term stability.  

Nevertheless, encapsulation techniques based on physico-mechanical concepts might 

be even more adapted. Any extrusion techniques, such as centrifugal extrusion (Fig. 

1.10), can be used to prepare microparticles with a polymer dissolved in a solvent, or 

even directly from a melt polymer such as in spray congealing. This technique would 

probably be the most relevant to explore, as the isocyanates could simply be mixed 

in a polymer with a low melting point, such as poly(ethylene adipate) (𝑇௠ = 52°𝐶)[7], 

PCL (𝑇௠ = 60°𝐶)[5] or high molecular weight poly(ethylene oxide) (𝑇௠ > 60°𝐶)[8] 

and transformed into microparticles via atomization and cooling. This would have the 

advantage to be water-free, as well as very simple in terms of process. 
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Chapter 6.  General conclusion 
 

Polyurethane is one of the most common material for the preparation of coatings and 

adhesives, thanks to its excellent mechanical and chemical properties. However, they 

have a limited pot-life due to the high reactivity of the polyisocyanates. Therefore, 

smart systems in which the polyurethane formation can be triggered by external 

stimulus are highly valuable and this thesis investigated the preparation of such 

systems via the encapsulation of polyurethane formulation components. 

The microencapsulation of polyisocyanates is a process which was already known for 

the preparation of self-healing materials and was applied in this work to the 

preparation of thermoresponsive adhesives. Polyisocyanates-loaded microcapsules 

were successfully obtained but, and despite great improvements, these microcapsules 

are not suitable to be used in polyurethane adhesives due to their limited long-term 

stability. Nanocapsules containing polyisocyanates were also successfully obtained 

and their thermal analyses also exposed a limited stability, due to the reaction of the 

encapsulating material with water. This suggests that new water-free approaches to 

encapsulate polyisocyanates should be considered, such as the spray-congealing 

encapsulation technique which stands out, as it would solely involve the 

polyisocyanates and the polymer material.  

On the other hand, the encapsulation of polyurethane polymerization catalysts was a 

completely new approach for the preparation of thermoresponsive polyurethane 

systems. Catalyst-loaded nanocapsules were efficiently synthesized and their 

implementation in polyurethane coatings revealed the great usefulness of such 

formulations. The entrapment of the catalyst in nanocapsules reduces the 

polymerization reaction rate to a minimum, providing a significantly longer pot-lifes 

to polyurethane formulations, which is a direct improvement of their main drawback. 

Moreover, the controlled release of the catalyst by thermal activation at low 

temperatures offers a wide range of applications, including the coating of 

thermosensitive materials.  

UNIVERSITAT ROVIRA I VIRGILI 
ENCAPSULATION OF REACTIVE COMPONENTS IN POLYURETHANE SYSTEMS. 
Quentin Bouvier 



 
172 

  

UNIVERSITAT ROVIRA I VIRGILI 
ENCAPSULATION OF REACTIVE COMPONENTS IN POLYURETHANE SYSTEMS. 
Quentin Bouvier 



 
173 

Annex A – Supporting information for Part 1 
Annex A.1. Effect of the addition on the particle size (nanoprecipitation) 

 

 

Annex A.2. CTAB-stabilized BK22/GTO5.0-loaded nanocapsules X-ray 
microanalysis on a nanocapsule (top) and on the dried area (bottom) 
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Annex A.3. CTAB-stabilized BK22/GTO7.5-loaded nanocapsules X-ray 
microanalysis on a nanocapsule (top) and on the dried area (bottom) 

 

 

Annex A.4. Evaluation of the cross-linking temperature by DMA 

 

 Catalyzed system,  Nanoparticle system,  Non-catalyzed system 
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Annex B – Supporting information for Part 2 
  

Annex B.1. Calibration curve of HD36 in DMF 

 

 

Annex B.2. Stability of the core-content over time for different surfactants 
(Desmodur IL EA) 

 

Gum Arabic 13w/w%; Gel 1w/w%;  SDS 1w/w%; HD36 
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Annex B.3. Stability of the core-content over time for different surfactants 
(Desmodur RE) 

 

Gum Arabic 13w/w%; Gel 1w/w%;  SDS 1w/w%; HD36 

 

Annex B.4. Stability of the core-content over time for different surfactants 
(Desmodur L75) 

 

Gum Arabic 13w/w%; Gel 1w/w%;  SDS 1w/w%; HD36 
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Annex B.5. Calibration curve of DN36 absorbance at 2270cm-1 in xylene 
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