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1.1 General Introduction 
 

2019 has been pronounced the International Year of the Periodic Table, a 

milestone year in chemistry in which we celebrate the 150th anniversary of 

Dimitri Mendeleev’s discovery of the periodic table of the elements.1 Not 

only did his ordering of the elements known at the time based on their 

atomic weights and general properties lead him to (correctly!) predict which 

ones were missing, it also paved the way for the creation of an international, 

unified chemical language. This concept was formalized 50 years later when 

the International Union of Pure and Applied Chemistry (IUPAC, celebrating 

its 100th birthday in 2019) came to life. “A neutral and objective scientific 

organization, IUPAC was established in 1919 by academic and industrial 

chemists who shared a common goal – to unite a fragmented, global 

chemistry community for the advancement of the chemical sciences via 

collaboration and the free exchange of scientific information. Throughout its 

long history, IUPAC has fulfilled that goal through the creation of a common 

language and the standardization of processes and procedures.”2 

 

Today, 150 years after Mendeleev first published his ordering of the 

elements and 100 years after chemists worldwide united behind a shared 

cause, this mission is as relevant as ever. The challenges in the field of 

chemistry have obviously changed over time and presently include subjects 

like climate change, the depletion of the earth’s natural reserves and the 

upcoming of new scientific fields for which the ethical guidelines have not 

been written yet.3 Relevant chemical topics are explicitly taken up in the 

United Nations’ Sustainable Development Goals for 2030 and include the 

responsible use of resources and the sustainable development and 

production of materials (nrs. 9 and 12).4 Clearly, the present-day global 

chemistry community formally created in 1919 will play an important role in 

dealing with these issues. But where the challenges have changed over time, 

the solution has not. As before, international collaboration, a free exchange 

of scientific information and a common language are the key to realizing our 

ambitions. 
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The Marie Curie ITN project “TheLink” is an EU-funded international, 

interdisciplinary research project which aims to contribute to this ideal. As 

part of this project, the work presented in this thesis was performed in the 

labs of Covestro Deutschland AG (formerly Bayer MaterialScience) and was 

scientifically coordinated by the University of Twente. With this approach, 

we mean to illustrate the possibilities for synergetic collaboration between 

industrial and academic research partners. Facilitating the free exchange of 

scientific information, all research output presented in this thesis has been 

(or will be) published Open Access. Finally, by bringing together researchers 

with different nationalities, native tongues and cultural backgrounds, we 

mean to contribute to the (further) development of an international, 

common language in chemistry and material science. 

 

 

1.2 Scope, Aims and Outline of this Thesis 
 

Scope and Aims 

Throughout this thesis, a recurring aim is to generate a link between 

conventionally separated research communities. This may concern a 

separation in the research objective (industrial / academic), the research 

approach (computational / experimental) or the research discipline 

(chemistry / physics / biology). We aim to establish this by performing 

fundamental, scientific research based on industrially relevant chemical 

processes and materials. Also, different scientific approaches and/or 

disciplines are combined in each of the studies presented in this thesis. 

The main subject of this work is the investigation and development 

of poly(urethane-isocyanurate) (PUI) polymer networks for biomedical 

applications. In the first part of this thesis, the viscosity of liquid aliphatic 

isocyanurates is investigated. These compounds are important industrial 

precursors in the conventional 2-component synthesis of PUI networks.5 By 

isolating series of isocyanate-functional and non-functional model 

compounds in high purity, the molecular interactions that dictate the 

viscosity of these compounds are investigated. The experimental results are 

complemented by a detailed computational study on the same series of 
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model compounds. Using this combined experimental and theoretical 

approach, we aim to provide a first framework of the molecular interactions 

that dictate the viscosity of liquid aliphatic isocyanurates. 

 In the second part of this thesis, focus is gradually shifted from raw 

materials towards products. Network formation and the molecular network 

structure of PUI type polymer networks are investigated. We develop a new 

synthesis method for PUI type polymer networks, aiming to address some 

of the drawbacks that are typically associated with the conventional 2-

component synthesis of these materials. Also here, we aim to provide 

fundamental scientific understanding of industrially relevant materials and 

make a correlation between the molecular structure of the PUI networks 

and the physical and biological properties observed macroscopically. 

 In the third part of this thesis, we explore the possibilities and limits 

of the new synthesis method in terms of resulting material properties and 

potential applications. Specifically, new PUI type networks are synthesized, 

whereby we target useful (combinations of) material properties for 

biomedical applications. Relevant properties on which we report include 

water uptake, crystallinity, elastic modulus, tensile strength and toughness. 

These properties are investigated both in the dry state and in the water-

swollen state. Continuously, we aim to relate the observed macroscopic 

material properties to the molecular polymer network structure. Finally, the 

potential application of several new PUI networks as contact lens materials 

is explored. 

 

Outline 

A general introduction to isocyanate- and polyurethane chemistry is 

provided in Chapter 2. Emphasis is put on aliphatic poly(urethane-

isocyanurate) (PUI) networks, including their synthesis, general material 

properties and typical applications. Conventional and newly developed 

synthesis strategies are reviewed. The trimerization reaction of isocyanates 

is shown to play a key role throughout these processes. 

 In Chapters 3 and 4, the viscosity of liquid isocyanate-functional 

aliphatic isocyanurates is investigated. These compounds are important 

precursors in the conventional 2-component synthesis of PUI networks. 
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Using a combined computational and experimental approach, model 

compounds are used to investigate which molecular interactions play a role 

in the observed macroscopic trends. 

 In Chapter 5, a new synthesis method is presented for synthesizing 

well-defined PUI networks based on the trimerization of isocyanate-

functionalized prepolymers. The molecular network structure is investigated 

and compared to PUI polymer networks synthesized by conventional 

synthesis methods. 

In Chapter 6, combinatorial PUI networks, synthesized by the 

trimerization of mixtures of isocyanate-functionalized prepolymers in 

solution, are investigated aiming to achieve unique material properties.6 Of 

specific interest is the polymerization of mixtures of hydrophilic and 

hydrophobic network components into the same combinatorial network.7 

The mechanical and thermal properties of the resulting networks are 

investigated both in the dry state and in the water-swollen state. Specific 

relevant material properties for biomedical applications, such as toughness 

in the hydrated state, are assessed. 

In Chapter 7, a structure-property-relations study is presented for 

the combinatorial PUI hydrogel materials. By varying the crystallizable 

hydrophobic content of the combinatorial PUI networks, the degree of 

crystallinity of the hydrogel in the hydrated state is correlated to the 

toughness of the hydrogel in the hydrated state. 

As poly(ethylene glycol) (PEG) is a hydrophilic and low-biofouling 

polymer, PUI networks based on PEG are expected to be suitable materials 

for contact lens applications.8 In Chapter 8, a series of these PEG PUI type 

hydrogels is synthesized and characterized. Material properties relevant for 

contact lens applications are investigated, such as transparency, elastic 

modulus and toughness in the water-swollen state, refractive index, 

biocompatibility and protein adsorption. 
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2.1 Introduction 
 

“A world without polyurethanes is hard to imagine these days. Polyurethane 

chemistry has become an established technology worldwide in various 

industrial applications. For innovative coatings, adhesives and sealants, it 

plays a significant role and has been in many cases the key to new technology 

implementation. Polyurethanes enable innovation and technological 

advancement and help to develop products that meet market needs, 

devising efficient and environmentally friendly manufacturing processes and 

asserting a position in the global competitive environment.” 

 

From the foreword of Polyurethanes – Coatings, Adhesives and Sealants (U. 

Meier-Westhues et al.)1  

 

 

2.2 Isocyanate- and Polyurethane Chemistry 
 

Synthesis, structure and reactivity of the isocyanate group 

As one of the oldest known functional groups in organic chemistry, the 

isocyanate functional group has been studied extensively.2–4 Many different 

synthesis routes have been described over the years for obtaining 

isocyanates, as well as reactions involving them. Conventionally, the 

industrial production of isocyanates is performed via the phosgenation of 

the corresponding amines. The phosgenation reaction is sketched in Scheme 

2.1. Although alternative production pathways of isocyanates are 

increasingly investigated, these are generally limited to use in the academic 

field. The most commonly adopted alternative synthesis pathways (i.e. not 

involving phosgene) are by the Curtius, Hofmann and Lossen 

rearrangements, which all involve carbonyl nitrene intermediates.5 
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Scheme 2.1. Synthesis of isocyanates by phosgenation. 

 

Although the isocyanate functional group has been known for over 

170 years, still new details are being discovered on a regular basis regarding 

its chemical structure and reactivity. With two adjacent double bonds 

connecting a nitrogen-, carbon- and oxygen atom, the isocyanate group falls 

in the class of heterocumulenes. Resulting from the high electronegativity 

of the adjacent heteroatoms, illustrated by the resonance structures shown 

in Scheme 2.2, the central carbon atom possesses a relatively large positive 

charge. Consequently, this carbon atom is a strong electrophile. In fact, the 

high electrophilicity of the central carbon atom is the main rationalization 

that isocyanates are employed so widely. 

 

 
Scheme 2.2. Resonance structures of the isocyanate functional group. 

Adapted from Delebecq et al.6 

 

Surprisingly, despite extensive studies, still an active debate is 

ongoing regarding the exact molecular structure of the isocyanate functional  

group.6,7 For example, Sacher demonstrated that the isocyanate group of 

phenyl isocyanate is positioned perpendicular to the benzene ring plane and 

demonstrates distinctive cis/trans conformational isomerism (shown in 

Scheme 2.3).8 Borisov et al. on the other hand described a completely planar 

structure for the phenyl isocyanate molecule.9 
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Scheme 2.3. Perpendicular conformation and cis/trans conformational 

isomerism of phenyl isocyanate reported by Sacher et al. Adapted from 

Delebecq et al.6 

 

These structural differences are significant, since they influence both the 

spatial availability of the carbon centre as well as the electronic structure of 

the functional group. The latter is a result of the (lack of) possible 

interactions between the nitrogen lone-pair and the connecting moiety (e.g. 

the aromatic ring system). Thereby, both the relative reactivities of the two 

double bonds (the N=C and C=O double bond, respectively) as well as the 

absolute reactivity of the functional group as a whole depend on the specific 

electronic and spatial structure of the isocyanate group. 

Aside from the specific structure of the isocyanate group itself, the 

reactivity of isocyanates is strongly dependent on the moiety to which the 

group is attached. Generally speaking, electron-withdrawing groups reduce 

the electron density on the carbon atom and thereby enhance the reactivity 

of the isocyanate group. This results in the following trend in reactivity: 

ClSO2NCO > RSO2NCO (R = alkyl, aryl) > O=P(NCO)3 > aryl-NCO (p-NO2C6H4− 

> p-ClC6H4− > p-CH3C6H4− > p-CH3OC6H4−) > alkyl-NCO.6,10 Most relevant in 

this regard is the differentiation between aromatic and aliphatic 

isocyanates, of which aromatic isocyanates are generally the more reactive 

species. The higher reactivity of aromatic isocyanates can be considered 

both an advantage (in terms of reaction rate and conversion) and a 

disadvantage (in terms of selectivity and reduced control over (un)desired 

side reactions). As a result, aromatic and aliphatic isocyanates are typically 

used in different application fields and are rarely interchangeable. An 
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overview of commonly used industrial isocyanates is shown in Scheme 2.4: 

methylenediphenyl diisocyanate (MDI) and toluene diisocyanate (TDI) are 

the most common aromatic diisocyanates, while hexamethylene 

diisocyanate (HDI) and isophorone diisocyanate (IPDI) are the most common 

aliphatic diisocyanates. 

 

 
Scheme 2.4. Examples of commonly used industrial aromatic and aliphatic 

isocyanates: methylenediphenyl diisocyanate (MDI); toluene diisocyanate 

(TDI); hexamethylene diisocyanate (HDI) and isophorone diisocyanate (IPDI). 

 

Reactions of isocyanates with active hydrogen containing compounds: 

formation of urethanes, ureas and equivalents 

As mentioned previously, the electrophilicity of the central carbon atom is 

one of the reasons that isocyanates are so useful. However, ultimately, the 

combination of the electrophilic carbon atom with the adjacent nucleophilic 

nitrogen atom is what makes isocyanates unique. It is owing to this specific 

structure that isocyanates readily react with active hydrogen containing 

compounds.6 The exploitation of this reactivity has led to the birth of what 

would become a major class of industrial materials today: 

polyurethanes.11,12 

The most widely-adopted organic active hydrogen containing 

reaction partners of isocyanates are alcohols and amines. Thiols and 

carboxylic acids are used as well, but to a lesser extent. Besides organic 

reaction partners, the reaction of isocyanates with water is also widely 

adopted, especially in the production of foam materials. The chemical 

equations of the most common isocyanate reactions with active hydrogen 

containing compounds are shown in Table 2.1. 
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Table 2.1. Common active hydrogen containing reaction partners of 

isocyanates and the resulting reaction products. 

Reaction 
Partner / 
Product 

Chemical Equation 

Alcohol / 
Urethane 

 

Amine / 
Urea 

 

Thiol / Thio-
urethane 

 

Carboxylic 
Acid / 
Amide 

 

Water / 
Urea 

 

Urethane / 
Allophanat

e 

 

Urea / 
Biuret 
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The resulting carbonyl compounds are generally thermodynamically 

stable compounds, owing to their resonance-stabilized structure analogous 

to the carboxamide structure.13 Common examples of isocyanate reaction 

products are carbamate esters (generally referred to as urethanes) in the 

case of reaction with an alcohol and ureas in the case of reaction with an 

amine. Reactions of isocyanates with thiols or carboxylic acids result in the 

formation of thiourethanes or amides, respectively. The reaction of an 

isocyanate with water results in the formation of the unstable carbamic acid 

moiety. After release of CO2 a free amine is formed, which typically instantly 

reacts with a second isocyanate group to form the stable urea moiety. 

Some of the reaction products of isocyanates still contain active 

hydrogens. Also these can react with a second isocyanate moiety. These 

reactions tend to occur less readily and generally require elevated 

temperatures and/or specific catalysts. The most common such reactions 

are the addition of an isocynate to a urethane group resulting in an 

allophanate moiety and the addition of an isocyanate to a urea group 

resulting in a biuret moiety. 

Owing to the huge versatility of isocyanate reaction products, 

catalysis plays a very important role in isocyanate chemistry. In this regard, 

a high selectivity for a specific reaction product is often a more important 

property of a catalyst than a reduction in reaction time. For the reactions of 

isocyanates with active hydrogen containing compounds, two types of 

catalysts are commonly employed. These are (organic) tertiary amines14,15 

and organometallic salts (e.g. organo-lead16, -tin17, -zirconium18,19, -

magnesium20, or -iron21,22 compounds).6 Of these, dibutyltin dilaureate 

(typically abbreviated DBTL or DBTDL) is historically the most widely 

adopted catalyst for the urethanization reaction and is still often used as a 

benchmark catalyst. In the case of DBTL, the combination of a high 

selectivity for the urethanization reaction with a high catalyst activity is 

considered attractive.23 Due to its high toxicity, the industrial use of DBTL is 

more and more being reduced though. Thus far, no substitute catalyst with 

the same level of selectivity and activity has been reported. 
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Reactions exclusively involving isocyanates: formation of uretdiones 

(dimers), isocyanurates (trimers) and equivalents 

Another important class of isocyanate reactions is comprised by reactions 

exclusively involving isocyanates (in other words, isocyanates reacting with 

themselves). The formation of cyclic dimers (uretdiones) and trimers 

(isocyanurate or iminooxadiazinedione) are industrially the most important 

examples. When reactions involving the addition or release of CO2 are also 

taken into account, even more species become available. These include the 

formation of carbodiimid, uretonimin and oxadiazinetrione. Finally, 

isocyanates can polymerize to form linear polymeric or cyclooligomeric 

structures, typically referred to as 1-nylons or α-nylons.24 The most common 

reactions and reactions products exclusively involving isocyanates are 

shown in Table 2.2. 

Of these, the most widely-used reaction is the trimerization 

reaction, which results in the formation of a trifunctional isocyanurate ring. 

Owing to the symmetrical ring structure and the hyperconjugated π-system 

parallel to the ring plane, isocyanurates are thermodynamically highly stable 

compounds.25,26 On top of that, or arguably because of that, isocyanurates 

form relatively easily, especially considering that three independent reacting 

moieties are required in the formation. The trifunctional ring-structure and 

relative ease of formation make isocyanurates ideal structures for the 

synthesis of polyurethane networks. Because of the high thermodynamic 

stability of these compounds, isocyanurates are especially attractive for 

applications where chemical and/or thermal resistance are required. 

Examples include flame-retardant construction panels (mostly aromatic 

isocyanurates), industrial coatings and biomedical applications (mostly 

aliphatic isocyanurates), which will be discussed in section 2.4. 
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Table 2.2. Common reactions and reaction products exclusively involving 

isocyanate groups. 

Formation of Reaction Equation 

Uretdione 

(dimer)27 

 

Isocyanurate 

(symmetrical 

trimer)28 

 

Iminooxadiazine

-dione 

(asymmetrical 

trimer)2930 
 

Carbodiimid31 
 

Uretonimin31 

 

Oxadiazine-

trione32 

 

Linear polymer 

(α-nylon)24 
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 Because of the wide variety of possible reaction products starting 

from a single chemical moiety, catalysis and the choice of reaction 

conditions plays an even more important role in reactions exclusively 

involving isocyanates than in the reactions with active hydrogen containing 

compounds discussed previously. Generally, nucleophilic, typically anionic 

catalysts are used for reactions exclusively involving isocyanates. For 

example, catalysts commonly used for the trimerization of isocyanates 

include (alkali) metal alkoxides3, metal carboxylates33, (hetero)carbenes34, 

trialkyl phosphines35 and rare-earth metal complexes33. Several examples of 

commonly used isocyanate trimerization catalysts are shown in Scheme 2.5. 

 

 
Scheme 2.5. Examples of commonly used isocyanate trimerization catalysts: 

a) potassium methoxide3; b) potassium acetate33; c) tin octoate33; d) (CO2-

protected) N-carbene34; e) trialkyl phosphines35 

 

 

2.3 Network Formation and Polyurethane Materials 
 

The combination of the high reactivity of the starting material and the 

thermodynamic stability of the reaction products makes isocyanates ideal 

reactants for the production of polymeric materials. Especially the reaction 

of (poly)isocyanates with poly(alcohols), resulting in polyurethane (PU) type 

polymers has been of major industrial significance during the past 80 

years.11,12 Many synthesis strategies have been developed over the years for 

the production of PU materials. These generally involve the formation of a 

3-dimensional polymer network of some sort. A main distinction can be 

made between physical PU networks (also referred to as phase segregating 

thermoplastic polyurethanes (TPUs)) on the one hand and chemically 

crosslinked (covalent) PU networks on the other hand. 
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In TPU materials, a 3-dimensional physical polymer network is 

formed based on the phase-segregation of urethane-group-containing hard 

segments.36,37 Owing to the linear nature of the polymer chains, these 

materials can be (re)processed at elevated temperatures. The durability of 

these materials tends to be less than that of covalent PU networks though. 

Since this thesis focusses on covalent PU networks, the reader is redirected 

to the literature for a more detailed discussion on TPU materials.6,36–39 

 Covalent PU networks (or simply, PU networks) are widely adopted 

materials owing to their generally excellent mechanical, optical, thermal and 

chemical properties. Multiple approaches exist to effectively synthesize PU 

networks, each having its advantages and disadvantages. The most common 

PU network synthesis strategies, their benefits and limitations, as well as the 

material properties of the resulting PU materials will be discussed below. 

 

Two-component mixing of (poly)isocyanates and (poly)alcohols 

Historically, the most widely adopted way of synthesizing PU networks is by 

a 2-component mixing approach (also referred to as a 2K approach, 

abbreviated from the German “2-Komponent”). In this approach, an 

isocyanate-containing component is mixed with an alcohol containing 

component upon application of the PU network. Once mixed, the free 

isocyanate and alcohol groups react to form urethane groups. When both 

components have an average functionality ≥2 and at least one of the 

components has an average functionality ≥3, an infinte 3-dimensional 

covalent PU network is formed.40,41 The synthesis of a PU network by a 2-

component mixing approach is schematically sketched in Scheme 2.6. 

 In 2K PU formulations, the (typically aliphatic) (poly)isocyanate is 

often the component with a functionality ≥3. The reason for this is that high-

functionality aliphatic (poly)isocyanate oligomers are readily synthesized 

based on the isocyanate addition reactions discussed previously in section 

2.2.27 Specifically the trimerization of aliphatic diisocyanates such as HDI or 

IPDI has been of great industrial significance during the past decades.29 The 

resulting isocyanate-functional isocyanurates are broadly applied as PU 

crosslinking components. 
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Scheme 2.6. Schematic representation of the synthesis of  a PU network by a 

2-component mixing approach. 

 

The advantages of a 2-component approach are mostly the 

relatively straightforward synthesis of the precursors with good control over 

the precursor properties. As a result, 2K formulations are often the most 

economic formulations. Also, because the reactive components are kept 

physically separated until application, 2K formulations generally display a 

beneficial combination of long shelf-life and short curing times. 

The main disadvantage of a 2K approach is the requirement of 

mixing of the two components upon application. Although this may seem 

trivial, it has several important implications. Firstly, the final material 

properties strongly depend on the mixing of components in the correct 

stoichiometry. This requires a certain level of understanding of the 

technology and/or clear instructions for the person applying the 

formulation. As application is typically not performed by the manufacturer 

but rather by an (industrial or private) consumer, 2K PU formulations are 

generally not considered the most end-user-friendly approach. 

Secondly, on a more fundamental level, a 2K approach requires the 

two components to be readily miscible. This limits the scope of possible 

combinations of precursors and thereby the range of accessible material 

properties. More importantly though, adequate mixing requires the two 

components to be of comparable and preferably low viscosity. However, the 

synthesis of (poly)isocyanate oligomeric precursors is generally associated 

with a strong increase in viscosity. For example, at room temperature the 

viscosity of an industrial hexamethylene diisocyanate (HDI) trimer mixture is 

on the order of 1000-3000 mPa·s while monomeric HDI has a viscosity of 

only 2 mPa·s.29,42 As a result, a search for low-viscosity high-functionality (≥3) 

aliphatic (poly)isocyanates has been going on for decades.42–45 A 
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fundamental understanding of the mechanisms dictating the viscosity of 

aliphatic (poly)isocyanate precursors is lacking though. A framework for the 

intermolecular interactions dictating the viscosity of aliphatic isocyanurates 

is presented in Chapter 3 and 4 of this thesis.46,47 

Thirdly, the PU networks resulting from a 2-component crosslinking 

mechanism are typically poorly defined on a molecularl level. In an industrial 

setting, this is generally not considered a problem. On an acdemic level 

though, accurate structure-property relations studies require molecularly 

well-defined polymer networks. The development of a method for 

synthsizing well-defined poly(urethane-isocyanurate) networks is presented 

in Chapter 5 of this thesis.48  

 

Alternative crosslinking mechanisms: 1- or 1.5-component formulations, 

blocked isocyanates and polyaddition reactions 

During the past decades, several alternative PU crosslinking methods have 

been developed to improve on or replace the 2-component crosslinking 

approach. The first strategy is by the use of so-called blocked isocyanates.49 

In this case, the reactive isocyanate groups of a (poly)isocyanate mixture are 

reacted with a monofunctional active hydrogen containing compound called 

a blocking agent. The resulting compounds are thermodynamically stable at 

low temperature, and can be mixed with conventional OH-functional 

components and/or additives without crosslinking. At elevated 

temperatures, the blocking reaction is reversed, whereby the small-

molecular blocking agent is released and the reactive isocyanate group is 

regenerated in-situ. The isocyanate groups subsequently react with the OH-

functional reaction partner in the conventional manner, resulting in a 3-

dimensional covalent PU network. The blocking agent typically evaporates 

from the formulation. The general synthetic approach and several common 

blocking agents are shown in Scheme 2.7. 
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Scheme 2.7. Blocked isocyanates are adopted to realize 1-component PU 

fomulations; a) blocking and deblocking reactions using a blocking agent (H-

Bl). The reactive isocyanate group is generated in-situ by heating and 

subsequent release of the blocking agent; b) examples of common blocking 

agents. 

 

The main advantage of this technique is the possibility for 1-component PU 

formulations. This means that PU raw material manufacturers can control a 

larger part of the production and application process, such as the correct 

mixing of components. The resulting 1-component PU systems are more 

enduser-friendly as adequate application relies less on the chemical 

expertise of the applier. Also, because the final formulation does not contain 

any free isocyanate groups, blocked isocyanate precursors are typically 

more friendly to natural environments. 

There are several disadvantages associated with blocked isocyanate 

technologies though. Firstly, blocked isocyanate systems are more difficult 

to cure than 2K systems. They require elevated temperatures to achieve a 

full curing of the PU network, which limits the scope of application. Also, the 

curing times of blocked isocyanate systems are typically longer compared to 

their 2K equivalents. Secondly, the release of the blocking agent upon curing 

is considered a disadvantage. This can potentially have a negative impact on 

the final material properties (e.g. in terms of blistering or color change). 
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Also, the amount of volatile organic compounds (VOCs) that are released 

upon application is increased, which has a negative environmental impact 

and potentially introduces health and safety risks. Thirdly, because of the 

extra blocking step and specialty chemicals involved, blocked isocyanate 

systems are typically more expensive than their 2K equivalents. 

 

Another alternative crosslinking mechanism increasingly used in industry is 

crosslinking by trimerization.50 In this case, the trimerization reaction of 

isocyanates is employed for the final crosslinking step instead of for the 

synthesis of (poly)isocyanate-functional oligomer precursors.51,52 The 

incorporation of conventional OH-functional components is either 

performed beforehand (Scheme 2.8a) or is omitted (Scheme 2.8b). 

 

 

 
 

 

Scheme 2.8. Increasingly, isocyanate addition reactions (e.g. trimerization) 

are being used as the crosslinking reaction instead of for the synthesis of 

isocyanate-functional oligomeric precursors; a) synthesis of an NCO-

functional prepolymer and subsequent crosslinking by trimerization; b) 

synthesis and crosslinking of an isocyanate-functional precursor by 

trimerization, resulting in a dense polyisocyanurate network known as 

TrimTrim. No OH-functional component is incorporated in this case, so the 

final network does not contain any urethane-bonds. 
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There are many advantages associated with this type of crosslinking 

mechanism. Firstly, the technology allows the formulation of 1-component 

PU systems. More often though, formulations are prepared to which only a 

suitable catalyst has to be added.48 These are also referred to as 1.5-

component systems. What makes crosslinking by trimerization unique, is 

that no (further) addition or release of chemicals is required to achieve 

network formation. This is a clear advantage over the other technologies 

described previously, which all rely on either the addition or  release of 

chemical compounds in stoichiometric amounts. Secondly, owing to the 1-

component nature of the precursor, reaction mixtures are typically 

homogeneous in every stage of the reaction. The miscibility issues that are 

sometimes encountered for 2K formulations are thus less frequent when 

crosslinking by trimerization. Thirdly, because the molecular weight of the 

precursors (e.g. an NCO-functional prepolymer) is typically higher than those 

of oligomeric (poly)isocyanate precursors, the concentration of free 

isocyanate groups is relatively low. 

 The disadvantages to crosslinking by trimerization are two-fold. 

Firstly, when incorporating an OH-functional component, urethane groups 

are present in the 1(.5)-component precursor. Since viscosity strongly 

increases with the presence and increasing relative content of urethane 

groups, the viscosity of the 1(.5)-component precursors is typically high.53 

Secondly, the relatively low concentration of free isocyanate groups reduces 

activity. As a result, curing times are typically significantly longer than for 2K 

PU equivalents. Also, the trimerization reaction typically requires elevated 

temperatures, which limits the scope of application. 

 

Some of the disadvantages of the various crosslinking mechanisms discussed 

above can be adressed by the use of a so-called dual cure system, as shown 

in Scheme 2.9. In this case, PU crosslinking chemistry (e.g. crosslinking by 

the trimerization of isozyanates) is combined with a second, complementary 

type of crosslinking chemistry (e.g. the free radical crosslinking of 

(meth)acrylates under UV-exposure).54 Precursors for such dual cure 

systems contain both types of functional groups (e.g. isocyanates and 
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(meth)acrylates). The two complementary crosslinking mechanisms can be 

activated either simultaneously or sequentially. 

 

 
 

Scheme 2.9. A dual cure mechanisms can be adopted to achieve fast initial 

crosslinking whilst still obtaining the good material properties associated 

with PU chemistry in a post-curing step (top). Alternatively, a dual cure 

mechanism can be used to the increase the network density of a PU network 

after crosslinking (bottom). 

 

The main advantage of using a dual cure system is the possibility to optimize 

between curing time and final material properties. This is possible because 

the crosslinking reaction of acrylates typically occurs faster than the 

crosslinking reactions used in PU chemistry (e.g. trimerization). 

Consequently, a covalent polymer network can be formed in the early stages 

of application (i.e. on a timescale of seconds or minutes, which is difficult to 

realize when relying only on the trimerization of isocyanates). The slower 

trimerization reaction can then be used as a post-curing step to enhance the 

material properties. Alternatively, crosslinking by trimerization can be 

performed first, after which the crosslinking of (meth)acrylates can be used 

as a post-curing step to increase network density. 
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Overall, many PU crosslinking mechanisms have been developed over the 

years, each having their specific advantages and disadvantages. Novel PU 

crosslinking technologies are still actively investigated though. One such 

novel PU crosslinking technique, which is based on the trimerization of NCO-

functionalized prepolymers with a narrow molecular weight distribution, is 

presented in Chapter 5 of this thesis.48 

 

Material properties of polyurethane networks 

Owing to the broad range of possible starting materials and reaction 

products, PU materials are largely characterized by versatility. Generally 

speaking, PUs are considered high-performance materials, well-known for 

their excellent mechanical, optical, chemical and biomedical properties.55 

These include high ultimate tensile strengths and high toughness values56, 

high transparency and low coloration, high chemical and thermal resistance 

and good biocompatibility57. Compared to other types of polymer networks 

(e.g. UV-cured (meth)acrylate networks), PU networks are generally 

considered tougher and more durable.55,58 

PU materials containing isocyanurate rings as the crosslinking unit 

(poly(urethane-isocyanurate)s or PUIs) especially demonstrate excellent 

material properties, most notably in terms of thermal stability, optical 

quality, durability and toughness.59–61 The high performance of such PUI type 

materials is generally attributed to the thermodynamic stability of the 

isocyanurate ring structure, as discussed previously in section 2.2.25,26 As a 

result, PUI networks typically demonstrate improved chemcial and thermal 

resistance compared to PU networks containing other types of crosslinking 

units.33 The syntheses and material properties of novel PUI networks are 

presented in Chapters 5, 6, 7 and 8 of this thesis.48,62–64 

To illustrate the high resilience of materials crosslinked by 

isocyanurate rings, the glass transition temperatures of various dense 

polyisocyanurate networks are shown in Scheme 2.10 and compared to an 

analogous 2K PU network that does not contain isocyanurate rings. 
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Scheme 2.10. The thermal properties such as the glasss transition 

temperature (Tg) of dense isocyanurate networks (TrimTrim) can easily be 

tailored over a broad range of values by combining different types of 

isocyanate-functional precursors. In this example, the relative content of 

IPDI-trimer in an HDI-trimer/IPDI-trimer mixture is varied. These are 

compared to a conventional 2K PU network based on mixing an industrial 

HDI-trimer with an industrial polyacrylate polyol. 

 

 

2.4 Applications of Polyurethane Materials 

 

Owing to the wide versatility and widely varying material properties, PU 

materials are found in a broad range of applications. PU application fields 

are generally characterized by a high demand on mechanical, optical and/or 

biological properties, which is where PU materials are distinctive from other 

material types. Since this thesis focusses on the use of aliphatic PU networks, 

the most important application fields of aliphatic PU networks will be 

discussed below. For an overview of the use of other types of PU materials, 

such as TPUs or networks based on aromatic PUs, the reader is directed to 

the literature.39,65 

 

Coatings, adhesives and sealants 

Historically, the largest application field of aliphatic PU networks is the 

coatings, adhesives and sealants industry. Of these, the coatings field is by 

far the largest, with an annual global production of PU resins of  
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approximately 1.600 kilotons.66 This compares to an annual global 

production of PU resins for the combined adhesives and sealants industries 

of approximately 0.8 kilotons.66 

 The use of PU resins for coatings is widespread and includes wood 

coating, metal coating (e.g. coil coating, can coating and protective marine 

coating), automotive (re)finish and transportation coating, plastic coating, 

glass coating, textile and leather coating, paper coating and coating of 

construction materials (e.g. walls and floors). The distribution (per volume) 

of coating materials over the various application fields in 2017 is shown in 

Scheme 2.11. 

 

 
Scheme 2.11. Formulated coating volumes per application in 2017 (industrial 

and architectural). Adapted from U. Meier-Westhues et al.66 

 

Compared to other coating technologies, PU coatings are generally 

appreciated for their high versatility and performance. Especially the high 

toughness, high chemical, thermal and mechanical resistance, high 

durability and good optical appearance associated with PU networks are 

attractive properties for coatings applications. In Scheme 2.12, the results of 

a benchmark study on the performance of various industrial clear coat 
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systems for automotive applications are shown.67 Clearly, the PU-based 

technologies are superior compared to the other coating technologies in the 

market. 

 

 
Scheme 2.12. Clear coat benchmark study showing the performance levels of 

various industrial clear coat systems with regard to scratch and acid 

resistance: two-component high-solid polyurethane (2K PU), one-component 

PU modified thermosetting acrylics (1K PU), one-component carbamate-

modified thermosetting acrylics (1K carbamate TSA), one-component acid 

epoxy (1K Acid-Epoxy), one-component silane-modified thermosetting 

acrylics (1K Si-TSA) and one-component thermosetting acrylics (1K TSA) 

systems were tested. 2K PU systems are the overall best-performing 

materials on the marktet. Adapted from U. Meier-Westhues et al.67  

 

 High-performance coatings based on PU technologies are found 

across many application fields with completely different demands on 

material properties. In Scheme 2.13, several examples of PU-based coating 

applicaitions are shown, illustrating the broad versatility of PUs. These 

include industrial soft-feel plastic coatings, marine protective metal coatings 

and decorative glass coatings. The common denominator is the high demand 

on durability and optical appearance. 
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Scheme 2.13. Examples of PU coating applications include, but are not 

limited to: a) industrial soft-feel plastic coatings; b) marine protective 

coatings; c) decorative glass coatings. Adapted from U. Meier-Westhues et 

al 67  

 

 

Polyurethanes for biomedical applications 

An important application field for PU materials is the field of biomedical 

materials and devices.55,68 Also in this field, PU materials are recognized for 

their mechanical properties and durability, this time combined with their 

generally good biocompatibility.69–71 As a result, PUs are increasingly used as 

biomaterials, with applications including: artificial heart valves, vascular 

protheses, pericardial patches, artificial blood pumps, vascular intra-aortic 

balloons, catheter and cannula coating, sutures, artificial ligaments, wound 

dressings, shock absorbing elements and pacemakers.72 The high toughness 

of PU materials has even made it possible to replace some conventional 

load-bearing materials, such as metal (alloy)s and ceramics.73 A recently 

developed aliphatic PU-based wound dressing is shown in Scheme 2.14. 
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Scheme 2.14. Schematic view and application of an aliphatic PU-based 

wound dressing. Adapted from U. Meier-Westhues et al.74  

 

 In Chapter 8 of this thesis, a novel potential biomedical application 

for PUI networks is explored.64 Making use of the beneficial combination of 

high toughness, excellent optical properties and good biocompatibility, the 

potential application of PUI network hydrogels as contact lens materials is 

investigated. 

 

 

2.5 Conclusions 
The isocyanate group has a unique chemical structure, containing both an 

electrophilic and nucleophilic reaction centre. The presence of a carbonyl 

structure adjacent to a nitrogen heteroatom results in the useful 

combination of high reactivity towards active hydrogen containing 

compounds and thermodynamic (resonance-)stability of the resulting 

carbonyl reaction products. The most important examples are the reactions 

with alcohols and amines, resulting in urethane- and urea moieties, 

respectively. Additionally, many reactions are possible that exclusively 

involve isocyanates. The most important one of these is the symmetrical 

trimerization of isocyanates, yielding the thermodynamically highly stable 

trifunctional isocyanurate ring structure. 

Owing to the high reactivity of the starting material and the 

thermodynamic stability of the resulting structures, isocyanates are ideal 

reactants for the production of polymer materials. Crosslinked aliphatic 

polyurethane (PU) networks comprise an industrially significant class of 

materials and many strategies exist to synthesize them. A 2-component (2K) 
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mixing approach, in which high-functionality (poly)isocyanate- and 

(poly)alcohol components are mixed upon application, is the most widely-

adopted. This approach offers the easiest synthesis of starting materials and 

is often the most economic. The largest disadvantage is the need to mix the 

two components upon application. This makes the technique less end-user-

friendly and requires the two components to be of comparable and 

preferably low viscosity. Several alternative crosslinking techniques 

presently exist, the most promising of which is crosslinking by the 

trimerization of isocyanates. 

As PU materials are characterized by their versatility, so are their 

application fields. For crosslinked aliphatic PU materials, the industrially 

most significant application field is the coatings, adhesives and sealants 

industry. The high toughness and thermodynamic stability typically 

associated with PU materials result in a superior durability and thermal, 

mechanical and chemical resistance compared to other coating techniques. 

The superior properties of PU materials are also recognized in emerging 

application fields. An example of a more recently developed area of 

application is the use of PUs as biomedical materials. Also in this relatively 

new field of application, PU materials are considered high-performing and 

durable compared to existing techniques. 
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Abstract 

 
The production, processing and 

application of aliphatic isocyanate 

(NCO) based thermosets such as 

polyurethane coatings and 

adhesives are generally limited by 

the surprisingly high viscosity of tri- 

and higher-functionality 

isocyanurates. These compounds 

are essential crosslinking additives 

for network formation. However, the mechanism by which these high 

viscosities are caused is not yet understood. 

In this work, model aliphatic isocyanurates were synthesized and 

isolated in high purity (>99%) and their viscosities were accurately 

determined. It was shown that the presence of the NCO group has a strong 

influence on the viscosity of the system. From density functional theory 

(DFT) calculations a novel and significant bimolecular binding potential of -

8.7 kJ/mol was identified between NCO groups and isocyanurate rings, 

confirming the important role of the NCO group. This NCO-to-ring 

interaction was proposed to be the root cause for the high viscosities 

observed for NCO-functional isocyanurate systems. MD simulations carried 

out to further confirm this influence also suggest that the NCO-to-ring 

interaction causes a significant additional contribution to viscosity. Finally, 

model functional isocyanurates were further reacted into densely 

crosslinked polyisocyanurate networks which showed interesting material 

properties. 
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3.1 Introduction 
The current work is aimed at better understanding the viscosity 

characteristics of isocyanate (NCO) based crosslinkers, an essential 

parameter in their production and processing. Isocyanates, as primary 

ingredients of polyurethanes, have been of wide interest in both industry 

and academia ever since polyurethanes were invented.1-4 Aliphatic 

diisocyanates such as 1,6-hexamethylenediisocyanate (HDI) and its 

derivatives are produced on a large scale worldwide. They are well-known 

for their high performance regarding UV resistance, as well as their excellent 

mechanical, chemical, optical and thermal properties in polyurethane 

coatings and adhesives. Of particular significance in the performance of 

these materials are the higher-functionality trimerized isocyanurate forms 

of the diisocyanates, key additives as cross-linking units for network 

formation. The chemical and physical stability of these cross-linking units, 

resulting from the deep thermodynamic minimum of the isocyanurate ring 

structure5,6, is key in the high performance of modern polyurethane coatings 

and adhesives. Furthermore, the possibility of trimerizing such trifunctional 

isocyanurate additives in a pure form has been investigated. This results in 

the formation of highly stable densely crosslinked polyisocyanurate 

networks, which show interesting material properties. In particular the good 

optical properties and high chemical and thermal stability of these materials 

are attractive qualities.7-10 

 Given that the same basic starting materials are used in the 

preparation of many isocyanate-based thermosets, including well-

established polyurethane coatings, adhesives and densely crosslinked 

polyisocyanurate networks, a good understanding of the physical behavior 

of these precursors would be beneficial. However, a major problem 

encountered in the use of aliphatic functional isocyanurates is their 

relatively high viscosity, which complicates their production, processing and 

application. Consequently, the search for low-viscosity high-functionality 

(≥3) aliphatic isocyanates has been a topic of continuous interest for the past 

decades.11-13 Surprisingly, however, very little is known about the 

fundamental causes of the increase of viscosity in such systems, and the 

underlying chemistry is hardly understood. Although surprisingly high 
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viscosity values have been observed and reported for aliphatic 

isocyanurates (e.g., 1000-3000 mPa∙s at room temperature for industrial 

HDI-based isocyanurates, compared to 2 mPa∙s for monomeric HDI13,14), a 

chemical explanation for the cause of such high values has not yet been 

presented. Combining the need for a better understanding of the physical 

behavior of these precursors with a further investigation of the 

polyisocyanurate networks made from them, we set out with three main 

objectives: 

 

1. to quantify accurately the viscosity increase upon trimerization of 

aliphatic diisocyanates into NCO-functional aliphatic isocyanurates; 

essential precursors for many isocyanate-based thermosets; 

2. to investigate the underlying chemistry to explain the unexpectedly 

high viscosities observed for NCO-functional aliphatic isocyanurates; 

and 

3. to further react model isocyanurates into densely crosslinked 

polyisocyanurate networks and characterize the physical and 

thermal properties of the resulting materials. 

 

To investigate the viscosity characteristics of functional (network-forming) 

isocyanurates, a series of model diisocyanates with varying carbon chain 

lengths based on and including HDI was prepared. Also, a similar series of 

monofunctional isocyanates, yielding non-functional (non-network-

forming) isocyanurates, was included as a reference. The relevant structures 

and general synthetic approach are presented in Scheme 3.1. 

 

 

 
 

Scheme 3.1. Structure and general synthesis of model isocyanurates. 
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3.2 Experimental Details 
 

Materials and methods 

α-ω-Linear diisocyanates were taken from internal industrial production 

(Covestro Deutschland AG) and vacuum distilled before use. n-

Butylisocyanate and n-hexylisocyanate were purchased at Aldrich and 

distilled before use. n-Pentylisocyanate and n-heptylisocyanate were 

synthesized by reaction of corresponding amines (Sigma-Aldrich) with 1,6-

hexamethylenediisocyanate. Dodecylbenzene sulfonic acid was supplied by 

Sigma-Aldrich and used as received, as were all other chemicals described. 

Viscosity measurements were performed at RT on an Anton-Paar MCR501 

rheometer using either a 50 mm cone-plate setup (CP50-2, d = 0.214 mm) 

or a CC27 beaker-cup setup, in rotational mode at increasing shear rate from 

0.1-100 s-1 (0.1-1000 s-1 for beaker-cup). DSC measurements were 

performed under nitrogen on 10 mg samples on a Perkin-Elmer Kalorimeter 

DSC-7 in 2 heating runs from -20°C-200°C by 20°C/min. TGA measurements 

were performed under nitrogen on 4 mg samples on a Perkin-Elmer 

Mikrothermowaage TGA-7 from RT to 600°C by 20°C/min. NMR-spectra 

were collected on a Bruker Avance III - 700. FTIR-spectra were recorded on 

a Bruker FT-IR Spektrometer Tensor II with Platinum-ATR-unit with 

diamondcrystal. 

 

Synthesis of n-pentylisocyanate and n-heptylisocyanate 

In a typical experiment: in a 1000 mL 2-neck round-bottom flask with 

distillation bridge, 15,45 g of n-alkylamine was dripped into 412,7 g of pure 

HDI at 80 °C under formation of white deposit. The mixture was heated to 

170°C and pressure was gradually reduced to 50 mbar. After 4 h distillation 

was complete. The distillate fraction was redistilled at 175°C under 

atmospheric pressure, collecting the pure products as transparent liquid, 

analyzed by 1H-NMR and FTIR. 

 

Synthesis of functional isocyanurates 

In a typical experiment: in a cylindrical flask equipped with a continuous 

Near InfraRed (NIR) probe-head (Bruker NIR Vector 22/N), 150 g of α-ω-
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linear diisocyanate was heated to 60°C and 0.15 wt% of catalyst solution (1 

wt% of N,N-methyl-butyl-pyrrolidiniumhydroxide in isopropanol) was 

added, until trimerization started, followed by continuous NIR and 

temperature (for 1,4-butyldiisocyanate, N,N-dimethyltrimethylsilylamine 

was used as catalyst, at 120°C). After 5-20% reduction of NCO absorption-

intensity in NIR (30-90 min), an equimolar amount, compared to active 

catalyst, of dodecylbenzene sulfonic acid was added to quench the reaction 

(1,4-butanediol for the reaction of 1,4-butyldiisocyanate). The mixture was 

transferred to a dripping funnel and evaporated using a thin-film short-path 

evaporator at 150 °C and 1∙10-1 mbar, collecting the resin as highly viscous 

brown oil. Reusing the distillate as starting material and supplementing with 

freshly distilled diisocyanate, this procedure was repeated 6 times, 

combining all resins. The combined resin-fraction was then distilled in a thin-

film short-path evaporator at 220°C and <10-7 mbar, collecting the distillate 

as a very slightly greenish transparent viscous oil. The distillate was 

evaporated using a thin-film short-path evaporator at 160 °C and <10-7 mbar, 

collecting the pure product as resin as a very slightly greenish transparent 

viscous oil, characterized by (numbers for HDI-trimer): 1H-NMR (700 MHz, 

C6D6): δ = 3.78 (2H, t), 2.54 (2H, t), 1.53 (2H, quin), 1.03-0.92 (6H, m) ppm; 
13C-NMR (700 MHz, C6D6): δ = 149.01, 122.92, 42.78, 42.60, 31.07, 27.99, 

26.17, 26.16 ppm and gel permeation chromatography (GPC). 

 

Synthesis of non-functional isocyanurates 

In a typical experiment: in a 100 mL round-bottom flask, 34,63 g of n-alkyl 

isocyanate was heated to 60°C. Dropwise, 2,46 g of catalyst solution (1 wt% 

of N,N-methyl-butyl-pyrrolidiniumhydroxide in isopropanol) was added, 

until trimerisation started, followed by FTIR and temperature. In 2-4 h the 

reaction was run to completion, followed by disappearance of the 2275 cm-

1 NCO-band in FTIR. The mixture was trap-to-trap distilled under reduced 

pressure (<10-7 mbar) at 200°C and products were isolated as intermediate 

distillate fraction as transparent oils, analyzed by (numbers for n-

hexylisocyanate trimer): 1H-NMR (700 MHz, C6D6): δ = 3.82 (2H, t), 1.63 (2H, 

quin), 1.22-1.14 (6H, m), 0.82 (3H, t) ppm; 13C-NMR (700 MHz, C6D6): δ = 
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149.06, 42.98, 31.73, 28.26, 26.72, 22.91, 14.19 ppm and gel permeation 

chromatography (GPC). 

 

Synthesis of polyisocyanurate networks 

In a typical experiment: for the trifunctional isocyanurate, to 100 g of 

isocyanurate precursor, 3.140 g of catalyst solution (0.148 g KOAc, 0.396 g 

18-crown-6-ether, 2.596 g diethyleneglycol) was added and mixed in a 

Hauschild Engineering DAC 150.1 FVZ Speemixer at 2000 rpm for 60 sec. The 

mixture was poured out into 6.3 cm aluminium lids in 4, 8 or 16 g samples 

and kept at 180°C for 15min. Materials were collected as rigid transparent 

thermosets, showing slight yellowing and in some cases formation of a few 

small bubbles. For difunctional isocyanates, mixtures were allowed to react 

in a glass vial under nitrogen for 1-2 h before similar pouring and annealing. 

Caution: Because of the strongly exothermic character of the trimerization 

reaction, care should be taken with dissipation of heat, especially during the 

pretrimerisation of difunctional diisocyanates. 

 

Quantum calculations details  

All DFT calculations were performed with Gaussian ‘09 software15 using a 

B3-LYP hybrid functional and the 6-31+g(d,p) basis set, and have been 

carried out using the ultrafine integration grid. The accuracy of the 

calculations was improved considering empirical dispersion corrections, as 

prescribed by the Grimme’s D3 scheme16 with the Becke-Johnson 

damping.17 For all molecules, stable geometries were obtained and 

characterized in terms of the relevant geometrical parameters (bonds, 

angles, dihedrals and impropers).  

  

Free energy calculations 

The free energy of binding was calculated as follows: 

 

∆𝐺𝑏𝑖𝑛𝑑𝑖𝑛𝑔 = 𝐺𝑑𝑖𝑚𝑒𝑟 − 𝐺𝑖𝑠𝑜𝑙𝑎𝑡𝑒𝑑 
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where 𝐺𝑑𝑖𝑚𝑒𝑟 is the Gibbs free energy of a bimolecular complex and 

𝐺𝑖𝑠𝑜𝑙𝑎𝑡𝑒𝑑 is twice the Gibbs free energy of an isolated molecule in its lowest 

energy configuration. The exact formula for 𝐺 is:  

 

𝐺 =  𝐸0 + 𝐸𝑍𝑃𝐸 + 𝐸𝑣𝑖𝑏 + 𝐸𝑟𝑜𝑡 + 𝑘𝑏𝑇 − 𝑇𝑆 

 

where the different contributions are from electronic energy 𝐸0, the zero-

point energy correction 𝐸𝑍𝑃𝐸 , the vibrational and rotational energies 𝐸𝑣𝑖𝑏 

and 𝐸𝑟𝑜𝑡, the thermal contribution 𝑘𝑏𝑇 and the entropic term 𝑇𝑆. All of 

these terms were calculated explicitly using frequency calculations. For the 

bimolecular complexes, the Basis Set Superposition Error contribution has 

been calculated and removed from the final free energy.   

 

 Molecular Dynamics Simulations 

1) Force field parametrization:  A fully flexible all-atom representation of the 

molecules was adopted and the GAFF18 force field was used and 

parametrized using the data from the quantum calculations. In particular, 

bond angles and lengths at equilibrium were slightly tuned to match the 

results from DFT. Partial charges on each atom were obtained using the RESP 

method.19 To account for charge screening effects, all the coulomb 

interactions were scaled by a factor of 2. To check the validity of the force 

field, the interaction energies calculated by molecular mechanics were 

compared to those calculated by DFT for various configurations of the 

bimolecular complexes along a specified reaction coordinate, reported in 

Figure S1 (Supporting Information). There is a slight underestimation of the 

well depth by molecular mechanics, but the long-range part of the 

interaction energy is very well described. As further validation, the 

equilibrium density obtained for the HDI trimer liquid at 300 K and 1 Atm, 

using molecular dynamics simulations, has been compared to the 

experimental density at 300 K and 1 atm. An agreement of up to 1% was 

found.  

2) MD calculations Setup: MD simulations were performed using the 

LAMMPS20 software package. The Velocity Verlet integration method has 

been used. A timestep of 1 femtosecond has been used, along with the 



58 
 

RESPA algorithm21, using an inner timestep of 0.125 fs to keep the energy 

drift under control. A general cut-off of 13 Angstroms for pair forces 

calculations was considered. Above that cut-off, long range electrostatic 

interactions have been evaluated using the Ewald Particle Mesh (PPPM) 

method.22 For each molecular liquid six independent runs were performed. 

Preparation of the system consisted of a high temperature (480 K) run of 1 

ns to randomize the initial conditions, followed by an equilibration step 

towards the target temperature. This was done under constant temperature 

and pressure conditions, implemented by the Nosé-Hoover23 thermostat 

and Parrinello-Rahman24 barostat. Input files for data production runs were 

chosen to match both the equilibrium density and the target temperature. 

Production runs consisted of 5 ns runs (5 million steps) under NVE (constant 

energy, no thermo- and barostatting) conditions. 

 

Calculation of Viscosity 

From the production runs stress tensor components were stored every 10 

steps and further post-processed to give the viscosity. Using the Green-

Kubo25 formalism, viscosities were obtained through integration of the 

stress autocorrelation function:  

 

𝜂 =
𝑉

10𝑘𝑇
∫ 𝑑𝑡〈𝑃𝑥𝑦(𝑡)𝑃𝑥𝑦(0)〉

𝜏

0

 

 

where angle brackets denote an ensemble average. To calculate the integral, 

a time window of length 𝜏 was defined and different time origins were used 

to minimize the integration error.26 To improve accuracy, averages from 

different pressure tensor components were considered and averages over 6 

independent runs were performed.  
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3.3 Results and Discussion 
 

Synthesis of Isocyanurates 

All syntheses were performed based on previously described methods27,28, 

using an N,N-methyl-butyl-pyrrolidiniumhydroxide catalyst, as summarized 

in Scheme 3.1. Because even small amounts of impurities can cause 

deviations in viscosity measurements, extreme care was taken throughout 

with the purification and isolation of isocyanurate products. On top of the 

already high sensitivity of isocyanates to undergo various side reactions, 

difunctional isocyanates (R = NCO) will inevitably form higher molecular 

weight oligomers, because of the similar reactivities of the starting material 

and product. The optimal conditions for isolating the functionalized trimers 

in pure form were hence obtained by early quenching of the reaction. 

Specifically, at about 10% conversion of the NCO groups (determined by 

continuous near-infraRed (NIR) spectroscopy) the catalyst was quenched by 

addition of an equimolar amount of a suitable catalyst poison. Because 

isocyanates tend to exhibit reactivity toward most column-chromatography 

media, the generally preferred purification technique is distillation. 

Therefore, despite the high molecular weights of the products, workup of 

the reaction products was done by means of a multiple-step thin-film 

distillation process under very low pressures (<10-7 mbar) using a short-path 

evaporator, as described below. In a typical experiment, first all unreacted 

monomer was removed by thin-film evaporation at 150 °C and 10-1 mbar. 

Then, the targeted trimers were separated from higher molecular weight 

oligomers by thin-film distillation at 220 °C and <10-7 mbar, thereby giving 

the products as the distillate. Finally, from this distillate, any reformed 

monomer and other low-boiling impurities formed during the purification 

process were removed by similar thin-film evaporation at 160 °C and <10-7 

mbar, yielding the product in pure form as the residue.  

During trimerization of the monofunctional isocyanates (R = H) of 

the reference series, oligomerization does not occur, so the reactions could 

be carried out to completion (as determined followed by the disappearance 

of the 2275 cm-1 NCO band in the FTIR spectrum). Subsequently, the reaction 

products were purified in a fashion to that described previously, in a 
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multistep trap-to-trap distillation process under very low pressures (<10-7 

mbar). The products were collected as the intermediate distillate fractions. 

All products were isolated in >99% purity with the exception of the sample 

with n = 4 and R = NCO (>98%), as confirmed by 700-MHz 1H NMR and 13C 

NMR spectroscopies and gel permeation chromatography (GPC), in most 

cases limited only by the detection level of the equipment (data not shown). 

Because of the strong emphasis on purity, no yields were determined. 

 

Quantification of the Viscosities of Isocyanurates 

For the isolated trimers, viscosities were measured on an Anton Paar 

MCR501 rheometer using a 50 mm cone-plate (CP50-2) setup. For 

validation, several samples were also measured using a more consuming but 

more precise CC27 beaker-cup setup, yielding similar results. The measured 

viscosity values are depicted in Figure 3.1 as a function of the carbon chain 

length of the isocyanate reactants. 

 

 

 
Figure 3.1. Viscosities of model isocyanurates. 
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As can be clearly seen from the figure, the viscosities of all functionalized 

samples (R = NCO) were significantly higher than those of the non-

functionalized samples (R = H), while also increasing for higher NCO and 

isocyanurate contents (i.e. lower value of n). Within the present series, the 

side chains are assumed to be too short to show any macromolecular 

behavior and no significant contribution to viscosity is expected from 

entanglements. Because the molecular shapes of the two series are 

practically identical, differing only in the fact that the linear NCO groups are 

slightly more rigid than alkyl chain ends, no significant effects are expected 

based on molecular shape either. Hence, any difference between the two 

series can be attributed entirely to the presence/absence of the NCO group 

or, more specifically, to electronic/chemical interactions involving the NCO 

group. However, it should be noted that in monomeric (di)isocyanates such 

as HDI, NCO groups are abundantly present as well, although here this does 

not lead to increased viscosities. The specific chemical mechanism by which 

the presence of the NCO group influences viscosity in these mixtures seems 

to be somewhat complicated. To investigate this influence in more detail, 

density functional theory (DFT) calculations were performed on the same 

series of model compounds. 

 

DFT Calculations of Bimolecular Interaction Potentials 

To investigate the underlying mechanism causing the unexpectedly high 

viscosities of functional aliphatic isocyanurates, quantum mechanical 

calculations and viscosity simulations were carried out. To study the 

molecular binding between NCO groups and the carbonyls of adjacent 

isocyanurate rings, as well as between adjacent NCO groups, several model 

bimolecular assembly systems were simulated using density functional 

theory (DFT). For the NCO-to-ring interaction (Figure 3.2a), surprisingly, a 

stable configuration was found. A significant free energy of binding of -8.7 

kJ/mol was calculated for the NCO-to-ring interaction under standard 

conditions (298 K, 1 atm). This is clearly above the thermal energy threshold. 

However, the free energy of binding of the NCO-NCO bimolecular complex 

(Figure 3.2b) was found to be positive (+23.1 kJ/mol), clearly suggesting the 

absence of any relevant interaction between NCO groups themselves. 
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Figure 3.2. Bimolecular complexes used in the free energy calculations. (a) 

The NCO-to-ring interaction (b) the NCO-NCO interaction. Possible 

intermolecular binding sites involving Oxygen (large spheres) and Hydrogen 

(small spheres) atoms are highlighted. Corresponding distances in (a) are: a 

= 2.51 Å, b = 2.55 Å, c = 2.54 Å, d = 2.38 Å. 

 

To verify the influence of these bimolecular interactions on the viscosity of 

the system, MD simulations were carried out for both model series using the 

Green-Kubo25 formalism. All calculated viscosity values were in agreement 

with experimental results, showing the same trends. From the MD 

simulations, it was found that, indeed, the additional electronic interaction 

potential between NCO groups and isocyanurate rings gives rise to an 

increase in the final viscosity.  

Based on the combined experimental and computational results, it 

is proposed that the newly identified bimolecular NCO-to-ring interaction 

potential is the main cause of the high viscosities observed in functional 

aliphatic isocyanurate systems. As a result, increased viscosities should be 

expected only when NCO groups and isocyanurate rings are simultaneously 

present. This is perfectly supported by the experimental data. Furthermore, 

viscosity is expected to increase with increasing relative contents of NCO 
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groups and isocyanurate rings. This was also effectively demonstrated 

experimentally. Due to the lack of interaction between adjacent NCO 

groups, as indicated by the binding free energy calculations, no additional 

contribution to viscosity is expected in systems containing only NCO groups. 

This was also indeed observed, noting the very low viscosities of monomeric 

(di)isocyanates such as HDI. Given that these interactions involve only the 

functional groups, it is expected that the proposed mechanism will be 

applicable to a much wider range of materials than just these model systems 

based on linear aliphatic diisocyanates. In fact, in any system where both 

NCO groups and isocyanurate rings are simultaneously present, this 

interaction should be considered. 

 

Synthesis and Characterization of Densely Crosslinked Isocyanurate 

Networks 

For the most common functional model precursor (HDI, n = 6) initial 

attempts to prepare densely crosslinked networks by complete 

trimerization were carried out. The resulting thermosets were investigated 

in terms of mechanical and thermal properties. A comparison was made 

between the use of two different catalysts (potassium acetate (KOAc) and 

tin(II) 2-ethylhexanoate (SnOct)) and the difference between using the 

difunctional diisocyanate or the trifunctional isocyanurate as the starting 

material was investigated. The physical properties of the obtained materials 

are reported in Table 3.1. All samples were collected as rigid transparent 

thermosets, exhibiting slight yellowing, and in some cases, the formation of 

a few small bubbles, depending on the conditions and catalyst (see Picture 

3.1).  
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Picture 3.1. Photograph of HDI-based densely crosslinked polyisocyanurate 

samples. 

 

For these preliminary results it is noted that the glass transition 

temperatures Tg are somewhat lower than those reported in the literature 

(140 °C7,8), and that they exhibit some slight variation between samples. 

Based on both the literature and our own findings, the differences in 

physical properties can most likely be attributed to the degree and quality 

of network formation. Because the network density increases rapidly during 

the reaction, the probability of trimerizing three NCO groups quickly 

decreases and complete network formation is difficult to achieve. 

Furthermore, diffusion of the catalyst quickly becomes restricted, limiting 

the rate of reaction even further. Based on these preliminary results, 

thermosets prepared from NCO-functional isocyanurates as the starting 

material seem to show better physical properties than those prepared from 

the linear diisocyanates. Future work will be needed to find optimized 

processing conditions. 
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Table 3.1. Physical properties of densely cross-linked isocyanurate networks 

 Onset of 

mass loss 

[°C] 

Decom-

position 

[°C] 

Mass loss 

[%] 

Tg
a 

[°C] 

E-mod 

[GPa] 

σb 

[MPa] 

εb 

[%] 

150 

°C 

250 

°C 

HDI 

trimerb 

275 440 0.1 0.5 118 2.1c 60c 5.5c 

HDIb 95 285 0.6 1.7 108 – – – 

HDId 95 280 1.4 2.6 122 – – – 

aGlass transition temperature. 
bCatalyst: potassium acetate (KOAc) in diethylene glycol (DEG). 
cCovestro internal report. 
dCatalyst: tin(II) 2-ethylhexanoate (SnOct). 

 

 

3.4 Conclusions 
Model aliphatic isocyanurates of varying carbon chain length were 

synthesized and isolated in high purities (>99%). The viscosities of these 

model systems were accurately quantified, and viscosities were found to be 

significantly higher for NCO-functional isocyanurates than for non-

functional isocyanurates. Viscosities also increased with increasing relative 

contents of NCO groups and isocyanurate rings. Through DFT calculations, a 

newly identified strong intermolecular binding potential was found to be 

present between the NCO groups and the isocyanurate-ring carbonyl 

groups. Also a less significant interaction between the NCO groups 

themselves was identified. At standard conditions (298 K, 1 atm), a binding 

free energy of -8.7 kJ/mol was calculated for the NCO-to-ring interaction. 

This value is clearly above the thermal energy threshold. Molecular 

dynamics simulations further confirmed the influence of this NCO-to-ring 

interaction as a contributor to the viscosity of the system.  

Based on the combined experimental and computational results, it 

is proposed that this NCO-to-ring interaction is the main cause of the high 

viscosities generally observed in functional aliphatic isocyanurate systems. 
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Consequently, the presence and relative content of the combination of NCO 

groups and isocyanurate rings has a significant effect on increasing the 

viscosity of such systems.  

Finally, densely crosslinked HDI-based isocyanurate networks were 

synthesized. These were found to exhibit interesting but varying mechanical 

and thermal properties depending on catalyst use and the degree of 

crosslinking achieved. 
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Abstract 
For the production, processing and application of aliphatic isocyanate (NCO) 

based materials such as polyurethane coatings and adhesives, the viscosity 

of NCO precursors is a key property. However, despite this importance, 

surprisingly little is known about the underlying intermolecular interactions 

influencing the viscosity these materials. In this work, a combined 

experimental and theoretical study is presented investigating the various 

intermolecular interactions present in aliphatic polyisocyanates and their 

influence on viscosity. 

By the use of ultrahigh-vacuum (<10-7mbar) short-path thin-film 

distillation, series of functional and non-functional isocyanurate model 

compounds were isolated in very high purity. The viscosities of these model 

compounds were accurately determined and reported. It was shown that 

intermolecular electronic effects involving the NCO group have a significant 

influence on the viscosity of the liquid. In consequence, three different 

intermolecular interactions involving NCO groups and isocyanurate rings 

were proposed: NCO-NCO interactions, Ring-Ring interactions, and NCO-

Ring interactions.  

To investigate these intermolecular interactions in more detail, ab 

initio calculations were performed on representative small molecular model 

compounds. Based on the results of the ab initio calculations, larger scale 

molecular dynamics simulations could then be performed. From these 

simulations, the contribution of each of the intermolecular interactions to 

the viscosity of the liquid could be identified. It was shown that multiple 

cooperative NCO-Ring interactions lead to the highest intermolecular 

interaction energies, and consequently also to the highest viscosities. 

Finally, using the Green-Kubo formalism and the recently developed GAFF-

IC forcefield, the viscosities of the model compounds used in the 

experimental study were computationally predicted and turned out to be in 

excellent agreement with the experimental data. Thereby, a complete 

model is provided, explaining the previously poorly understood trends 

regarding the viscosity of isocyanurate-based polyisocyanates.  
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4.1 Introduction 
Here we present a summary of the recent advancements in the study of the 

viscosity of aliphatic polyisocyanates, as well as the various underlying 

intermolecular interactions affecting it. A combined theoretical and 

experimental approach is taken, investigating in detail the structure-

property relations of aliphatic polyisocyanates. Aliphatic polyisocyanates 

form an important class of raw materials for the coatings, adhesives and 

sealants industry, with a total annual production of ca. 242.000 tons.1,2 For 

the production, the processing and especially the application of aliphatic 

polyisocyanates, the viscosity of the liquid precursors is a key parameter.3–5 

Surprisingly, however, very little is known about the underlying chemical 

principles that dictate the viscosity of aliphatic polyisocyanate liquids. 

Although some (mostly empirical) know-how exists within the industry, little 

is reported in the scientific literature on the chemical principles and specific 

(inter)molecular interactions playing a role.6 One of the things that is 

specifically poorly understood, is why isocyanurate-based polyisocyanates 

(also referred to as “trimers”) systematically seem to have a significantly 

higher viscosity than similar oligomeric polyisocyanates based on other 

NCO-derivatives, such as uretdione, allophanate and/or 

iminooxadiazinedione (the latter also being referred to as “asymmetrical 

trimer”).7 However, from a materials point of view, particularly the trimer-

based oligomers are of high interest and generally provide the best material 

properties when it comes to e.g. heat-resistance, chemical resistance and/or 

mechanical resistance of the cured coating or adhesive.8 Therefore, a more 

fundamental understanding of the intermolecular interactions found in 

aliphatic polyisocyanates in general, and in trimer-based polyisocyanates 

specifically, and how these affect the viscosity of the liquid, would be very 

useful. 

 

Various intermolecular interactions in aliphatic polyisocyanates have been 

identified and investigated in detail, together with their influence on 

viscosity.9,10 For this purpose, a series of isocyanurate model compounds 

with varying carbon chain lengths was designed, based on and including the 

NCO-functional hexamethylenediisocyanate (HDI) trimer. To allow for 
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quantitative comparison within and between series, the model compounds 

only concern the pure trimer fractions, i.e. the structures for which m = 1 as 

drawn in Figure 4.1.  

 

 
 

Figure 4.1, top. The trimerization of diisocyanates under the formation of one 

or more isocyanurate ring(s). 

Figure 4.1, bottom. A sketch representing the composition of a hypothetical 

crude polyisocyanate reaction mixture. The trimerization reaction is 

terminated prematurely by neutralizing the trimerization catalyst, after 

which the unreacted monomer fraction is completely removed by thin-film 

short-path evaporation. The specific composition of the resulting 

“Polyisocyanate Mixture” depends on the conversion and is typically 

reported as the average NCO% of the mixture. A.u. stands for arbitrary unit. 

 

As a comparison, the equivalent series of non-functional tris(n-

alkyl)isocyanurates (i.e. the trimers of the respective monoisocyanates), as 

well as the monomeric mono- and diisocyanates, were also included in the 

study. In this way it was possible to isolate and investigate separately all the 
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relevant intermolecular interactions. A distinction was made between 

isocyanate-isocyanate (NCO-NCO) interactions (present in the monomeric 

mono- and diisocyanates), isocyanurate-isocyanurate (Ring-Ring) 

interactions (present in the non-functional tris(n-alkyl)isocyanurates), and 

isocyanate-isocyanurate (NCO-Ring) interactions (together with the first 

two, present in the NCO-functional isocyanurates). 

 

The first challenge, experimentally, is to isolate the model compounds in 

high purity. This is particularly difficult for the functional isocyanurate model 

compounds, for reasons sketched out in the bottom part of Figure 4.1. 

Because during the trimerization reaction both the starting material and the 

reaction product(s) contain equally reactive NCO groups, inevitably a 

distribution is formed of trimers and increasing amounts of higher order 

oligomers. Therefore, the reaction needs to be terminated prematurely by 

neutralizing the trimerization catalyst, after which the unreacted monomer 

fraction can be distilled off by thin-film short-path evaporation. The resulting 

“Polyisocyanate Mixture” consists of a distribution of oligomers, the specific 

composition depending on the degree of conversion during trimerization. In 

order to isolate the pure trimer fractions from these mixtures of oligomers, 

ultrahigh-vacuum thin-film short-path distillation was used to distil off each 

trimer fraction as the distillate, followed by further purification.6 Using the 

pure trimer fractions, the viscosities of the model compounds were 

accurately determined. By comparing the viscosities of the functional 

isocyanurates to those of the respective non-functional isocyanurates and 

monomeric isocyanates, it was possible to obtain an estimation of the 

contribution of each specific intermolecular interaction to viscosity. 

To quantify more accurately the contribution of each of the various 

intermolecular interactions, Density Functional Theory (DFT) and Symmetry-

Adapted Perturbation Theory (SAPT) calculations were performed. To keep 

computational costs reasonable and isolate the bare interactions, smaller 

representative model compounds were chosen for this part of the study. 

Using the results from the quantum mechanical calculations as a starting 

point, larger scale Molecular Dynamics (MD) simulations could then be 

performed on the original series of model compounds, using the recently 
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developed GAFF-IC forcefield.10 Thereby, a complete overview is provided of 

the various intermolecular interactions at play. Finally, the viscosities of the 

model compounds were predicted using the Green-Kubo formalism and 

compared to viscosities that were experimentally obtained. 

 

 

4.2 Experimental Details 

All experimental and computational details regarding this work are 

described in the literature. For the details regarding the synthesis, 

purification and characterization of the model compounds, the reader is 

directed here.6 For the computational details regarding the DFT and ab initio 

interaction energy calculations, the liquid state potential of mean force 

(PMF) calculations and the pair correlation functions, the reader is directed 

here.9 For the computational details regarding the modified GAFF forcefield, 

GAFF-IC, and the resulting predictions of macroscopic physical properties, 

including viscosity, the reader is directed here.10 
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4.3 Results and Discussion 
 

Synthesis, Purification and Characterization of Isocyanate / Isocyanurate 

Model Compounds 

As previously described, we recently succeeded in isolating a series of pure 

NCO-functional isocyanurate model compounds in high purity.6 First, 

polyisocyanate mixtures of varying carbon chain lengths were synthesized 

by the partial trimerization of the respective diisocyanate, followed by 

removal of the unreacted monomer fraction by thin-film short-path 

evaporation. Next, by using an ultrahigh-vacuum (<10-7mbar) thin-film 

short-path evaporator operated at 220°C as the key step, it was possible to 

distill off the pure trimer fractions from the respective polyisocyanate 

mixtures as the distillate. Any reformed monomer or other low molecular 

species that may have formed during the harsh conditions of the distillation 

process were subsequently removed under <10-7mbar and at 160°C, yielding 

the pure NCO-functional trimer fractions. As a comparison, the 

corresponding non-functional tris(n-alkyl)isocyanurates (i.e. the trimers of 

the corresponding monoisocyanates) were also synthesized and isolated. 

Although no higher order oligomers are formed during the trimerization of 

monoisocyanates, the isolation process was performed under the same 

conditions as for the functional isocyanurates. All model compounds were 

isolated in >99% purity (with the exception of the functional isocyanurate 

with n=4 (>98%)), as confirmed by 1H-NMR, 13C-NMR and Size Exclusion 

Chromatography (SEC), in most cases limited only by the detection level of 

the equipment. 
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Figure 4.2. The viscosities at 23°C of the high-purity functional (R=NCO) and 

non-functional (R=H) isocyanurate model compounds (i.e. the pure trimers), 

with carbon chain lengths varying from 4 to 7. The R=NCO; n=6 point 

corresponds to the HDI trimer.6 

 

Next, the viscosities of all model compounds were accurately determined 

using an Anton Paar MCR501 rheometer and a 50mm cone-plate setup. The 

measured viscosities of all model compounds are reported in Figure 4.2. As 

can be clearly seen from the figure, the viscosities of the functional 

isocyanurates are systematically higher than those of the non-functional 

isocyanurates. Considering that all molecules in this study are of comparable 

molecular weight, it is not expected that differences in molecular weight 

(alone) are the cause for such large differences in viscosity. Furthermore, 

counter-intuitively, the viscosity increases with decreasing molecular weight 

within the functional isocyanurate series. Likely, intermolecular non-

covalent effects are playing a role as well, apparently dictated by the 

presence or absence of NCO groups. However, in the case of the monomeric 

isocyanates, very low viscosities are found despite the abundant presence 

of NCO groups. In order to gain more insight into the specific non-covalent 

interactions involving the NCO groups and isocyanurate rings, quantum 
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mechanical calculations on NCO group- and isocyanurate-ring-containing 

model compounds were performed. 

 

 

Interaction Energy Calculations of Various Dimer Complexes of Isocyanate 

/ Isocyanurate Model Compounds 

In order to identify and quantify the various intermolecular interactions 

existing between NCO groups and isocyanurate rings, a series of simple, 

small molecular model compounds containing at least one NCO group, 

isocyanurate ring, or both, was evaluated. The molecules used in this 

computational study were methyl isocyanate (MIC), ethyl isocyanate (EIC), 

ethylene diisocyanate (EDI), propyl isocyanate (PIC), propylene diisocyanate 

(GDI; the acronym chosen with regard to the glutaryl backbone), hexyl 

isocyanate (HIC), hexamethylene diisocyanate (HDI), trimethyl isocyanurate 

(3MIC), trimethyl iminooxadiazinedione (A3MIC; the “asymmetrical trimer” 

of methyl isocyanate), triethyl isocyanurate (3EIC) and tris(3-

isocyanatopropyl) isocyanurate (3GDI; the symmetrical trimer of GDI). To 

analyze separately the different types of intermolecular interactions, various 

bimolecular (dimer) complexes of these model compounds were formed. 

The composition of the various dimer complexes, together with their 

calculated intermolecular interaction energies by two computational 

methods are reported in Table 4.1.9 The dimer complexes are organized into 

three categories, based on the type of intermolecular interaction that is 

present: NCO-NCO, NCO-Ring or Ring-Ring. 
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Table 4.1: Interaction energies of model dimer complexes, calculated at the 

B3LYP-D3BJ level of theory and SAPT2+ methods.9 In some cases, more than 

one stable configuration is possible. Three representative dimer complexes 

(underlined in the first column) are shown on the right for each category. 

 

 

Dimer 
ID 

# 

Interaction 

type 

EDFT 

[kcal/mol] 

ESAPT2+ 

[kcal/mol] 

Representative 

Dimer Complex 

MIC-

MIC 
1 NCO-NCO −5.81 −5.89 

 

EIC-EIC 2  −6.06 −6.47 

EDI-EDI 3  −6.68 −7.17 

PIC-PIC 4  −6.26 −6.78 

PIC-GDI 5  −7.18 −7.61 

GDI-GDI 6  −7.85 −8.21 

HIC-HIC 7  −6.37 −6.98 

HIC-HDI 8  −6.68 −5.84 

HDI-HDI 9  −6.92 −7.45 

MIC-

3MIC 
10 NCO-Ring −7.08 −7.55 

 

3MIC-

EIC 
11  −7.38 −8.11 

3MIC-

PIC 
12  −7.71 −8.46 

EIC-

3EIC 
13  −7.02 −7.91 

3GDI-

3GDI (a) 
14  −13.49 n/a 

3GDI-

3GDI (b) 
15  −17.58 n/a 
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Dimer 
ID 

# 

Interaction 

type 

EDFT 

[kcal/mol] 

ESAPT2+ 

[kcal/mol] 

Representative 

Dimer Complex 

3MIC-

3MIC 
16 Ring-Ring −13.75 −14.18 

 

A3MIC-

A3MIC 

(a) 

17  −11.64 −13.13 

A3MIC-

A3MIC 

(b) 

18  −12.36 −13.60 

A3MIC-

3MIC 
19  −13.16 −14.40 

3EIC-

3EIC (a) 
20  −12.13 −13.72 

3EIC-

3EIC (b) 
21  −13.08 −15.31 

3EIC-

3EIC (c) 
22  −10.02 −10.84 

 

It was found that the intermolecular interaction energies are the weakest 

for NCO-NCO interactions, ranging from -5.81 kcal/mol to -7.85 kcal/mol. 

The various Ring-Ring interactions are clearly stronger, showing significant 

interaction energies of up to -13.75 kcal/mol. As a comparison, this is ca. 

three times higher than the calculated intermolecular interaction energy of 

a hydrogen bond between two water molecules in vacuum.11 The NCO-Ring 

interactions are more elusive in nature. Interaction energies in the range of 

-7 to -8 kcal/mol were found when a single interaction is present, i.e. on the 

same order of magnitude as the NCO-NCO interactions. However, 

interaction energies increasing up to -17.58 kcal/mol were found when 

multiple, cooperative NCO-Ring interactions are possible, such as between 

a pair of (functional) GDI-trimers: 3GDI-3GDI. Although it was not possible 

to obtain SAPT results for this specific dimer complex, based on DFT 

calculations it was possible to quantify the cooperative effect of the multiple 
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NCO-Ring interactions more accurately. As shown in Figure 4.3, a 3GDI-3GDI 

dimer complex was modified by sequentially replacing NCO groups with 

hydrogen atoms, whose positions were then relaxed while keeping all other 

atoms fixed. As reported in Figure 4.3, the removal of an NCO group taking 

part in an NCO-Ring binding (i.e. NCO groups labeled 1 and 3) leads to a 

drastic reduction in the total interaction energy of 6.46 kcal/mol and 5.72 

kcal/mol, respectively. The removal of a more distant NCO group on the 

other hand, such as the one labeled 2 in Figure 4.3, reduces the total 

interaction energy by only 1.52 kcal/mol. Finally, to confirm that the NCO-

Ring interactions are indeed the main cause for the high total interaction 

energies, the case is shown in which the three outermost NCO groups, 

labeled 3* in Figure 4.3, are replaced by hydrogen atoms. In this case, the 

total interaction energy is only reduced by a mere 1.07 kcal/mol. This clearly 

shows that the NCO groups taking part in NCO-Ring interactions are 

responsible for the high interaction energies. 

 

 
 

Figure 4.3. Interaction energies of a 3GDI-3GDI dimer complex as a function 

of the replacement of specific NCO groups by hydrogen atoms. Full (red) 

circles highlight potential NCO-Ring interactions, while dashed (black) circles 

indicate the peripheral NCO groups. On the left, a representation of the 

dimer complex is shown, along with the NCO groups being substituted. The 

3* point represents the dimer complex in which only the three outermost 

NCO groups, labelled 3*, are substituted.9 
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Towards the Liquid State: Molecular Dynamics (MD) Simulations of 

Isocyanate / Isocyanurate Molecular Liquids 

To make the step from model compounds in the vacuum to more realistic 

conditions in which isocyanates are commonly processed, i.e. the liquid 

state, larger scale molecular dynamics simulations were performed. For this, 

the recently developed modified GAFF forcefield, GAFF-IC, was used, 

optimized for accurately predicting macroscopic physical properties of 

aliphatic (poly)isocyanates.10 To obtain estimates of the binding free 

energies in the liquid state, the Potential of Mean Force (PMF) curves of 

three selected dimer complexes, representative of the three types of 

interactions, were calculated and are shown in Figure 4.4.8 

Methylisocyanate (MIC) was chosen as the solvent in this case. In agreement 

with the results obtained in vacuum, the NCO-NCO and single NCO-Ring free 

energies are the smallest, with local minima less than -0.2 kcal/mol. The 

3MIC-3MIC dimer complex on the other hand, capable of forming the 

stronger Ring-Ring interactions, shows a strong free energy profile. The most 

important features are a deep minimum around 3.6 Å of -0.81 kcal/mol, and 

two shallower local minima at 5.4 Å and 8.2 Å of −0.22 kcal/mol and −0.18 

kcal/mol, respectively. In other words, systems containing isocyanurate 

rings can form strongly bound pairs at short intermolecular distances, but 

only moderately bound pairs at longer intermolecular distances. 

Unfortunately, due to the high conformational complexity, it was not 

possible to obtain PMF curves for the 3GDI-3GDI dimer complex to 

investigate the effect of multiple, cooperative NCO-Ring interactions. 
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Figure 4.4: PMF curves obtained at 298 K and 1 atm, in a pure MIC liquid 

solution, for three different model compound dimer complexes, representing 

the three possible contact types: MIC-MIC representing NCO-NCO 

interactions, MIC-3MIC representing single NCO-Ring interactions and 3MIC-

3MIC representing Ring-Ring interactions.9 Due to the high conformational 

complexity, it was not possible to obtain PMF curves for the 3GDI-3GDI dimer 

complex. 

 

Extending the model one step further towards more realistic liquid 

(poly)isocyanate systems, the next step was to perform molecular dynamics 

simulations on the larger functional and non-functional isocyanurate model 

compounds representing real (poly)isocyanate liquids. Now, the same series 

of model isocyanurates as presented in the experimental study were used. 

First, the intermolecular ring-ring pair correlation functions g(r) were 

calculated both for the functional and non-functional isocyanurates, which 

are reported in Figure 4.5. It is seen that for the non-functional isocyanurate 

liquids, only capable of forming Ring-Ring interactions, the pair correlation 

functions approximately reflect the PMF curve of the 3MIC-3MIC dimer 
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complex reported in Figure 4.4. The most important features are the two 

maxima around 4Å and 6Å, corresponding to molecular pairs involved in 

direct Ring-Ring interactions. However, for the functional isocyanurates, the 

pair correlation functions look very different, with a significant reduction of 

the g(r) at short distances. This means that when NCO groups are present, 

direct Ring-Ring contacts are less frequent. Based on the data shown 

previously in Table 4.1 and Figure 4.3, it is expected that this reduction in 

Ring-Ring interactions can be attributed to NCO groups undergoing NCO-

Ring interactions, thereby hindering the rings for further contacts. 

 Next, the ring-ring pair correlation functions were decomposed for 

two representative isocyanurates (the functional and non-functional 

isocyanurates for which n=5) by calculating, for each molecular pair, the 

relative tilt angle of the two rings. The angular decomposition is shown in 

the bottom part of Figure 4.5. For the non-functional isocyanurate, it was 

found that the rings have a tendency to orient in a parallel fashion, especially 

at short intermolecular distances, optimizing the orientation for direct Ring-

Ring interactions. The functional isocyanurate on the other hand, has a much 

less pronounced orientation profile, with fewer rings found in a parallel 

orientation. The chain length of the alkylene side-chains does not seem to 

have a very significant effect on the pair correlation functions. 
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Figure 4.5. Intermolecular ring-ring pair correlation functions g(r) and an 

angular decomposition g(r,θ) for the case of n=5 as a function of the ring-

ring pair distance r and tilt angle θ for non-functional (left) and functional 

(right) isocyanurates.9 
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Testing the Model: Predicting the Viscosities of Isocyanate / Isocyanurate 

Model Compounds 

Using the recently developed modified GAFF forcefield, GAFF-IC, optimized 

for accurately predicting macroscopic physical properties of aliphatic 

(poly)isocyanates,10 the effect of multiple, cooperative NCO-Ring 

interactions on viscosity was investigated. Due to the observed high 

viscosities at 23 ºC, which prevent any meaningful calculation with the 

Green-Kubo formula, the MD simulations and respective experimental 

measurements were performed at 85°C in this case. The resulting predicted 

viscosities are reported in Figure 4.6, together with the respective 

experimentally obtained values. As seen in the figure, the newly developed 

model was perfectly capable of reproducing the experimentally found data 

of the model compounds. The key trends, such as the large difference 

between functional and non-functional isocyanurates and increasing 

viscosity for decreasing molecular weight functional isocyanurates were 

confirmed. 

Furthermore, the effects of the various intermolecular interactions 

described in the previous sections are clearly visible, providing an 

explanation for the observed trends. Firstly, in systems only capable of 

forming NCO-NCO interactions (i.e. isocyanate monomers), the lowest 

intermolecular interaction energies were found, and consequently the 

lowest viscosities are expected (data not shown in the figure). Second, in 

systems only capable of forming Ring-Ring interactions (i.e. the non-

functional isocyanurates), slightly higher interaction energies were found, 

and thus slightly higher viscosities are expected. However, since the Ring-

Ring interactions were shown to not be capable of forming strong 

intermolecular interactions over large distances, the contribution of this 

type of binding to viscosity is expected to be only moderate. Finally, in 

systems capable of forming multiple, cooperative NCO-Ring interactions (i.e. 

the functional isocyanurates), the highest interaction energies were found, 

and consequently the highest viscosities are expected. Moreover, because 

of its cooperative nature, the presence of the NCO-Ring binding is expected 

to have the highest contribution to viscosity. 
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Figure 4.6. The viscosities of isocyanurate model compounds. The solid 

markers represent the experimentally measured viscosities6, while the open 

markers represent the calculated viscosities using the Green-Kubo formalism 

and the modified GAFF-IC force field.10 

 

When comparing these expected trends with the actual viscosity values 

(both calculated and experimentally measured), it is seen that these are 

exactly supported. Even the initially counter-intuitive trend of increasing 

viscosity with decreasing molecular weight within the functional 

isocyanurate series can be explained by the proposed model of multiple, 

cooperative NCO-Ring interactions, being more concentrated in the shorter-

chain isocyanurate liquids. Thereby, a first overview is provided of the 

relevant intermolecular interactions in aliphatic polyisocyanates, and how 

these affect the viscosity of the liquid. 
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4.4 Conclusions 
For the investigation of the viscosity of aliphatic isocyanurate-based 

polyisocyanates, a combined experimental and theoretical study was 

performed. For this purpose, series of functional and non-functional 

isocyanurate model compounds were designed. These model compounds 

were synthesized and by the use of ultrahigh-vacuum (<10-7mbar) short-

path thin-film distillation were isolated in very high purity.6 The viscosities 

of these model compounds were accurately determined and reported. It 

was shown that intermolecular non-covalent effects involving the NCO 

group have a significant influence on the viscosity of the liquid. 

Subsequently, three different intermolecular interactions involving NCO 

groups and isocyanurate rings were proposed: NCO-NCO interactions, Ring-

Ring interactions, and NCO-Ring interactions. 

To investigate these intermolecular interactions in more detail, ab 

initio and DFT calculations were performed on representative small 

molecular model compounds. It was shown that NCO-NCO interactions are 

the weakest, ranging from -5.81 to -7.85 kcal/mol. Ring-Ring interactions are 

stronger, showing significant interaction energies of up to -13.75 kcal/mol.  

Finally, NCO-Ring interactions were shown to be less predictable in nature, 

with interaction energies between -7 to -8 kcal/mol for single interactions, 

but with interaction energies increasing up to -17.58 kcal/mol when 

multiple, cooperative interactions are possible. 

Based on the results of the ab initio and DFT calculations, larger 

scale molecular dynamics simulations were performed. From these 

simulations, the contribution of each of the intermolecular interactions to 

the viscosity of the liquid was identified. Using the Green-Kubo formalism 

and the recently developed GAFF-IC force field, the viscosities of the model 

compounds used in the experimental study were computationally predicted 

and turned out to be in excellent agreement with the experimental data. 

Thereby, a first overview is provided of the relevant intermolecular 

interactions found in aliphatic polyisocyanates, by which the previously 

poorly understood trends regarding the viscosity of isocyanurate-based 

polyisocyanates could be explained. 
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Abstract 

 
For the study of polymer networks, 

having access to polymer networks 

with a controlled and well-defined 

microscopic network structure is of 

great importance. However, typically, 

such networks are difficult to 

synthesize. In this work, a simple, 

effective and widely-applicable 

method is presented for synthesizing 

polymer networks with a well-defined network structure. This is done by the 

functionalization of polymeric diols using a diisocyanate, and their 

subsequent trimerization.  

Using hexamethylene diisocyanate and hydroxyl-group-terminated 

poly(ε-caprolactone) and poly(ethylene glycol), it was shown that both 

hydrophobic and hydrophilic poly(urethane-isocyanurate) networks with a 

well-defined network structure can readily be synthesized. By using in-situ 

ATR-FTIR, it was shown that the trimerization of isocyanate endgroups is 

clearly the predominant reaction pathway of network formation, supporting 

the proposed mechanism and network structure. The resulting networks 

possessed excellent mechanical properties, in both the dry and in the wet 

state. 

  



94 
 

5.1 Introduction 
In modern materials chemistry, chemically crosslinked polymer networks 

play a significant role. To understand and control the physical properties of 

these materials, the relation between the microscopic, molecular structure 

of the polymer network and the macroscopic material properties is key. 

Therefore the study of these structure-property relations has received much 

attention over the years.[1-3] For an accurate study, it is essential to have 

access to well-defined polymer networks with a variable network structure 

that can be prepared in a controlled manner. However, most of the common 

synthesis methods for polymer networks lead to random network structures 

which, at a molecular level, are poorly defined.[4,5] Consequently, methods 

for synthesizing microscopically well-defined polymer networks are of 

special interest,[6-8] but typically involve complex synthesis and/or are 

limited to specific systems only.[9,10] Therefore, a simple and widely 

applicable method for synthesizing well-defined polymer networks would be 

of great use. 

 

 
Scheme 5.1. The isocyanate reactions discussed: a) reaction with an alcohol 

under formation of a urethane bond (in this case uncatalyzed), b) the 

trimerization of isocyanates resulting in the formation of an isocyanurate-

ring, c) the mechanism of the trimerization reaction catalyzed by a 

nucleophile (Nu-).[12] 

 

In polyurethane chemistry, a well-known means of network formation is by 

the trimerization reaction of isocyanates.[11] In this reaction, shown in 



95 
 

Schemes 5.1b and 5.1c, three isocyanate-groups undergo a step-wise 

addition reaction forming an isocyanurate-ring, typically catalyzed by a 

potent nucleophile (Nu-).[12] Since the trimerization of isocyanates occurs 

readily and controllably, forming well-defined trifunctional isocyanurate-

rings, this reaction is an ideal candidate for the synthesis of well-defined 

polymer networks. Surprisingly, the full potential of this reaction towards 

this end has not been exploited yet.  

 

 
Scheme 5.2. Simplified graphical representation of the discussed synthesis 

methods for poly(urethane-isocyanurate) networks: a) trimerization 

during/after step-growth polyurethanization (also referred to as the 

“prepolymer two-stage technique”, see reference 13) leads to a broad 

distribution in molecular weight between crosslinks (Mc); b) 2-Component 

polyurethane network formation leads to a poorly defined functionality of 

the crosslinking units, as well as to stoichiometry issues; whereas c) the 

trimerization of NCO-functionalized prepolymers leads to a narrow 

distribution of molecular weight between crosslinks as well as a well-defined 

functionality of the crosslinking units of exactly 3. 
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Currently, there are two methods that are commonly adopted to 

prepare polyurethane networks on the basis of isocyanate trimerization. In 

the first method, shown in Scheme 5.2a, the trimerization reaction is 

introduced as an intended side-reaction during polyurethanization.[13] In this 

case, a (typically oligomeric) difunctional alcohol is reacted with a slight 

molar excess of monomeric diisocyanate (typical molar ratios for NCO:OH lie 

between 1.1:1 and 2:1). The remaining isocyanates are then trimerized 

(either simultaneously or afterwards), resulting in a poly(urethane-

isocyanurate) network.[14 In such a network, the crosslinking units are well-

defined and trifunctional. However, as a result of the step-growth-character 

of the polyurethanization reaction, the molecular weight between crosslinks 

(Mc) has a broad molecular-weight-distribution with a dispersity index (Đ = 

𝑀𝑤/𝑀𝑛) approaching a value of 2 and is therefore poorly-defined.[15] 

In the second method, shown in Scheme 5.2b, a monomeric 

diisocyanate is trimerized in advance into a functional polyisocyanate 

mixture (sometimes referred to as “trimer” or “hardener”). During this 

reaction, both the reactants and the reaction-products contain (equally) 

reactive isocyanate-groups. Therefore, this reaction can only be carried out 

to low conversion. After removal of the unreacted monomer fraction, the 

resulting polyisocyanate mixture consists of a distribution of trimers and 

higher-order oligomers, with a corresponding distribution in functionality 

that is on average larger than 3.[16] To form the poly(urethane-isocyanurate) 

network, this polyisocyanate mixture is reacted with a polymeric diol as a 2-

component system. In the resulting network, the molecular weight between 

crosslinks is well-defined by the characteristics of the polymeric diol used. 

However, in this case the functionality of the crosslinking units is poorly-

defined, due to the distribution in functionality of the polyisocyanate 

mixture. Also, the 2-component character of the network formation step 

often leads to stoichiometry issues. In this light, it is worth noting that other 

2-component approaches for synthesizing well-defined polyurethane 

networks have been described as well.[17,18] These are typically based on 

reacting a macromolecular di-/polyol with a multifunctional isocyanate, or a 

macromolecular polyisocyanate with a multifunctional alcohol or amine. 

Since these networks do not contain isocyanurate-rings, and hence are not 
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poly(uretahane-isocyanurate) networks, further details will not be discussed 

in this paper. 

Here we propose a new method for poly(urethane-isocyanurate) 

network formation that combines the benefits of the two previously 

described techniques, see Scheme 5.2c. First, a polymeric diol (with a narrow 

molecular-weight-distribution) is functionalized using a large excess of 

monomeric diisocyanate. After removal of the unreacted excess of 

monomeric diisocyanate, an NCO-functionalized prepolymer with a narrow 

molecular-weight-distribution is obtained. This functionalized prepolymer is 

then trimerized to form the poly(urethane-isocyanurate) network. In this 

case, the molecular weight between crosslinks is expected to be well-

defined (i.e. displaying a narrow molecular-weight-distribution), while at the 

same time all the crosslinking units are well-defined and trifunctional. 

Furthermore, since the network formation step is based on a single-

component reactive system, no stoichiometry issues arise. A simple and 

effective method with a wide applicability (i.e. to any polymeric diol) for 

synthesizing well-defined polymer networks is thus provided. It is worth 

noting that we chose the term “well-defined” networks deliberately here, as 

the terms “model” or “ideal/perfect” networks which are also found in the 

literature include addressing the potential formation of trapped 

entanglements and/or macrocycles. 

In this paper, two well-known polymeric diols (poly(ε-caprolactone) 

(PCL) and poly(ethylene glycol) (PEG)) of different molecular weights were 

functionalized using hexamethylene diisocyanate (HDI), and used to 

respectively prepare well-defined hydrophobic and hydrophilic polymer 

networks. 
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5.2 Experimental Details 
 

Materials and methods 

Poly(ethylene glycol) (𝑀𝑛 4 and 10 kg/mol) were purchased from Sigma-

Aldrich. Poly(ε-caprolactone) (𝑀𝑛 4 and 8 kg/mol) were kindly supplied by 

Perstorp Chemicals GmbH. Hexamethylene diisocyanate was supplied by 

Covestro Deutschland AG. All other chemicals were purchased from Sigma-

Aldrich. 

All chemical reactions were conducted under a nitrogen 

atmosphere using standard Schlenck-line techniques. Differential scanning 

calorimetry (DSC) measurements were performed under nitrogen on ca. 

10mg samples on a Perkin-Elmer Calorimeter DSC-7 in 2 heating runs from -

100°C to +150°C with a heating rate of 20 K/min. and a cooling rate of 20 

K/min. NMR spectra were collected on a Bruker Advance III-700 in C6D6. 

FTIR-spectra were recorded on a Bruker FTIR Spectrometer Tensor II with 

Platinum-ATR-unit with diamond crystal. Size exclusion chromatography 

(SEC) was performed according to DIN 55672-1:2016-03, on 4 PSS SDV 

Analytical columns (2x 100Å, 5µm; 2x 1000Å, 5µm) using an Agilent 1100 

Series pump and an Agilent 1200 Series UV Detector (230 nm) with 

tetrahydrofuran as the elution solvent at 40°C and 1.00 mL/min. Residual 

monomeric diisocyanate contents were determined by gas chromatography 

(GC) according to DIN EN ISO 10283 on an Agilent Technologies 6890N 

system using a 15.0m DB17 column and tetradecane as an internal standard. 

Tensile tests were performed in triplicate at room temperature using a Zwick 

Z0.5 tensile tester equipped with a 500N load cell at 200mm/min. with a 

grip-to-grip separation of 35mm on strips of ca 60 x 4 x 0.5mm cut from a 

cured film. 

For swelling and solvent uptake measurements, three samples 

measuring approximately 10 x 20 x 0.5mm were cut from a cured film and 

weighed (denoted 𝑚𝑖). Each sample was then extracted with chloroform for 

24h while periodically refreshing the solvent. Next, the sample was dried, 

initially in air and subsequently under vacuum until constant weight 

(denoted 𝑚𝑒). The gel content was then quantified using: 
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𝑔𝑒𝑙 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 =
𝑚𝑒

𝑚𝑖
× 100% 

 

Each sample was then swollen in excess chloroform or water for at least 24h, 

blotted dry and weighed. Chloroform and water uptake was defined as: 

 

𝑠𝑜𝑙𝑣𝑒𝑛𝑡 𝑢𝑝𝑡𝑎𝑘𝑒 =
𝑚𝑠 − 𝑚𝑒

𝑚𝑒
× 100% 

 

where 𝑚𝑠 is the weight of an extracted specimen after swelling in the 

specified solvent. 

 

Synthesis of NCO-functionalized prepolymers 

All polymeric diols were dried prior to use by azeotropic distillation in 

toluene, which was subsequently removed under reduced pressure. In a 

typical experiment, 0.25g of dibutyl phosphate was added to 100 g of dried 

polymeric diol (kept in the melt using a heat gun). This mixture was added 

dropwise to HDI at 100°C, using a molar ratio of NCO:OH of 15:1, and 

subsequently kept at 100°C for 3h. The resulting mixture was then 

transferred to a short-path thin-film evaporator, which was operated at a 

reduced pressure of 1∙10-2mbar at 140°C. The functionalized prepolymers 

were collected as clear, colorless, viscous resins that crystallized upon 

cooling. Products were analyzed by SEC, GC and 1H-NMR (600 MHz, C6D6, 

representative data for PEG-4k): δ = 4.60 (2H, brs), 4.26 (4H, t), 3.50 (410H, 

m), 2.97 (4H, q), 2.57 (4H, t), 1.12 (4H, t), 1.02 (4H, t), 0.88 (8H, m) ppm. 

 

Synthesis of poly(urethane-isocyanurate) networks by the trimerization of 

NCO-functionalized prepolymers 

In a typical experiment, 12 droplets of Sn(II)Oct2 (corresponding to ca. 

0.75wt% relative to the polymer) were added to 8g of NCO-functionalized 

prepolymer at 90°C. After mixing for 30 seconds in a Hauschild Speedmixer 

DAC150FVZ, the mixture was brought into a mold consisting of a 0.5mm-

thick polycarbonate frame clamped between two silanized glass plates and 

kept at 90°C for 24h. Cured samples were collected as flexible transparent 

films, of which PCL-8k-, PEG-4k- and PEG-10k-based films slowly turned 
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opaque upon cooling. The films were analyzed by extraction, swelling, 

tensile testing and DSC experiments. From the DSC measurements, melting 

enthalpy values were obtained from the area under the melting peak. The 

degree of crystallinity was then defined as: 

 

𝑑𝑒𝑔𝑟𝑒𝑒 𝑜𝑓 𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑖𝑡𝑦 =
∆𝐻𝑓

∆𝐻𝑓,𝑐𝑟𝑦𝑠
× 100% 

 

where ∆𝐻𝑓 is the melting enthalpy of the sample and ∆𝐻𝑓,𝑐𝑟𝑦𝑠 is the melting 

enthalpy of a 100%-crystalline sample, for which values were taken from the 

literature as 139.5 J/g for PCL[19] and 197 J/g for PEG[20], respectively. For 

ATR-FTIR measurements, the catalyst was added to a 50wt%-solution of 

functionalized prepolymer in dichloromethane, after which the solvent was 

allowed to evaporate at RT overnight. A small sample was then placed 

directly onto the ATR-crystal and kept at 80°C for 3h. 
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5.3 Results and Discussion 
 

Synthesis of NCO-functionalized prepolymers 

Since commercial polymeric diols may contain traces of base as received, a 

small amount of dibutyl phosphate was always added prior to reaction to 

neutralize the reaction mixture. Based on 1H-NMR, it was shown that the 

functionalization of the polymeric PCL and PEG diols with HDI succeeded 

selectively and quantitatively. Specifically, no allophanate formation was 

observed. From the 1H-NMR-spectra, the average molecular weight of the 

functional prepolymers could also be calculated. In order to synthesize 

functionalized prepolymers with a minimally affected polydispersity index Đ 

with respect to the polymeric diol, a large molar excess of diisocyanate of 

15:1 was used. Using SEC, it was shown that during the functionalization 

with HDI, the polydispersity index Đ of the polymers typically only increased 

by about 0.05 compared to the respective polymeric diol. This shows that 

the synthesis of functionalized prepolymers with a narrow molecular-

weight-distribution close to 1 is possible; where the final polydispersity is 

mostly dependent on the quality of the starting material. The resulting 

polydispersity indices of the prepolymers after functionalization are 

reported in Table 5.1. Finally, it was shown by GC that the unreacted excess 

of monomeric diisocyanate, as well as any traces of unreacted dibutyl 

phosphate, were effectively removed by short-path thin-film distillation, 

resulting in functionalized prepolymers with a residual HDI content lower 

than 0.2wt% in all cases. The characteristics of all functionalized 

prepolymers are reported in Table 5.1. 

 

Formation of poly(urethane-isocyanurate) networks by the trimerization 

of NCO-functionalized prepolymers 

To investigate the proposed mechanism of network formation, the 

trimerization reaction was monitored in-situ over time using ATR-FTIR. In 

Figure 5.1, the FTIR-spectra of the formation of a PEG-4k network are shown 

as an example. It is seen that the absorption peak at 2270cm-1, which can be 

attributed to the NCO-stretching vibration, gradually disappears over time 

until completely absent. More importantly, an absorption peak 
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simultaneously appears at 1690cm-1. This peak can be attributed to the 

absorption of the carbonyl group of the isocyanurate ring. Noting that in 

isocyanate chemistry, typically, no free carbonyl absorptions other than that 

of the isocyanurate ring appear at wave numbers lower than 1700cm-1, 

trimerization of isocyanates is clearly taking place.[21] Furthermore, it should 

be noted that the rest of the spectrum remains essentially unchanged 

throughout the course of the reaction with regard to the shape and intensity 

of the peaks. This also includes the urethane-carbonyl peak at 1721 cm-1. 

Although potential side-reactions such as allophanate and/or uretdione 

(dimer) formation cannot be completely ruled out, the trimerization of the 

isocyanate endgroups is clearly the predominant reaction pathway of 

network formation. Based on the proposed mechanism, this results in fully 

crosslinked networks with well-defined trifunctional crosslinking units, as 

sketched in Scheme 5.2c. It should be noted that the formation of trapped 

entanglements (and to a very small extent macrocycle formation) cannot be 

ruled out though. 

 

 
Figure 5.1. ATR-FTIR spectra of the formation of a PEG-4k network by 

trimerization. "Start. Mat." shows the spectrum of the NCO-functionalized 

prepolymer without catalyst, whereas "x min." shows the spectrum of the 

reaction mixture after addition of the catalyst, evaporation of the solvent 

and curing at 80°C for x minutes. 

 

  



 
 

Table 5.1. Characterization of the NCO-functionalized prepolymers and their corresponding networks (numbers in parentheses 
are standard deviations). 

Polymer 
NCO-Functionalized 

Prepolymer 
Network 

 Mn 
[kg/ 
mol] 

Đ 
[-] 

HDI 
Content 

[wt%] 

Gel 
Content 
[wt%] 

CHCl3 
Uptake 
[wt%] 

Water 
Uptake 
[wt%] 

Tg 

[°C] 

Tm,p 

[°C] 

Emod,dry 
[MPa] 

σb,dry 

[MPa] 

εb,dry 

[%] 

Emod,wet 
[MPa] 

σb,wet 

[MPa] 

εb,wet 

[%] 

PCL-4k 3.8 1.29 0.05 
99.2 
(0.2) 

408.1 
(17.7) 

2.0 
(0.7) 

-53.0 +27.6 
6.6 

(0.8) 
4.1 

(0.4) 
109 
(13) 

6.8 
(0.5) 

2.7 
(0.2) 

62 
(7) 

PCL-8k 7.7 1.43 0.17 
98.9 
(0.3) 

507.4 
(2.2) 

1.0 
(0.2) 

-55.7 +40.6 
136.6 
(9.5) 

20.9 
(4.5) 

224 
(30) 

142.9 
(-)a 

22.9 
(-)a 

225 
(-)a 

PEG-4k 4.0 1.15 0.03 
100 
(0.0) 

598.4 
(7.6) 

219.7 
(0.5) 

-47.6 +40.6 
187.7 
(14.4) 

13.6 
(2.4) 

184 
(63) 

3.8 
(0.1)b 

0.9 
(0.1)b 

32 
(3)b 

PEG-10k 10.1 1.08 0.05 
96.6 
(1.5) 

1265.9 
(155.5) 

508.0 
(74.3) 

-49.4 +55.7 
165.2 
(0.4)b 

30.9 
(3.1)b 

700 
(10)b 

1.0 
(0.3) 

0.6 
(0.1) 

106 
(10) 

an=1 
bn=2 
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Material properties of well-defined poly(urethane-isocyanurate) networks 

The material properties of the synthesized networks are also reported in 

Table 5.1. For all networks, high gel contents close to 100% were 

determined. Together with the FTIR results discussed before, this shows that 

the trimerization reaction was completed to a high degree of conversion, 

with fully crosslinked networks as a result. As shown by the presence of a 

peak melting temperature (Tm,p) in the DSC experiments, all networks were 

semi-crystalline upon cooling. The cured PCL-4k and PCL-8k networks 

possessed degrees of crystallinity of 24.9% and 29.4%, respectively, while 

the PEG-4k and PEG-10k networks possessed degrees of crystallinity of 

39.3% and 54.4%, respectively. It was seen that the peak melting 

temperatures and degrees of crystallinity decreased upon functionalization 

with HDI, as well as upon crosslinking.[18] This can be attributed to the 

introduction of HDI moieties upon functionalization and to a decrease in 

freedom of movement of the polymer chains upon covalent crosslinking. 

Despite that, the degrees of crystallinity of the networks were still relatively 

high, suggesting both a homogeneous network structure and a certain 

remaining degree of freedom of movement of the polymer chains and/or of 

the crosslinking units within that structure. These suggestions are both 

supported by the proposed network structure. As a result of the crystallinity 

and high degree of crosslinking, the networks showed excellent mechanical 

properties. The PCL-4k and PCL-8k networks possessed E-moduli of 6.6 and 

136.6 MPa, stress-at-break values (σb,dry) of 4.1 and 20.9 MPa and strain-at-

break values (εb,dry) of 109% and 224%, respectively (see Table 5.1). The PEG-

4k and PEG-10k networks possessed E-moduli of 187.7 and 165.2 MPa, 

stress-at-break values of 13.6 and 30.9 MPa and strain-at-break values of 

184% and 700%, respectively. 

The water uptake of the networks differed significantly. The 

networks based on the hydrophobic PCL polymers barely swelled in water, 

whereas the hydrophilic PEG networks strongly swelled in water and can be 

classified as hydrogels. The mechanical properties of the PCL networks in the 

wet state did not differ much from those in the dry state, due to the low 

water uptake of these networks. In the wet state, the PCL-4k and PCL-8k 

networks possessed E-moduli of 6.8 and 142.9 MPa, stress-at-break values 
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(σb,wet) of 2.7 and 22.9 MPa and strain-at-break values (εb,wet) of 62% and 

225%, respectively. The mechanical properties of the PEG networks on the 

other hand were clearly affected by equilibration in water, leading to high 

water uptakes of 219.7% for PEG-4k and 508.0% for PEG-10k. Nevertheless, 

the tensile properties of the PEG networks could be determined without 

difficulty even in the water-swollen state. In the wet state, the PEG-4k and 

PEG-10k networks possessed E-moduli of 3.8 and 1.0 MPa, stress-at-break 

values of 0.9 and 0.6 MPa and strain-at-break values of 32% and 106%, 

respectively. Both in the dry state and in the wet state, the toughness of all 

the networks was significantly higher than those of comparable non-

poly(urethane-isocyanurate) based networks, e.g. obtained by a 

functionalization with acrylates and subsequent crosslinking under UV 

radiation.[22] Likely the improved mechanical properties can be attributed to 

the introduction of the urethane groups and/or isocyanurate rings. Also, the 

more homogeneous network structure could contribute to improved 

mechanical properties. Based on the combination of the high water uptake 

and high toughness in the wet state, the hydrophilic materials could find 

application in a variety of fields, including tissue engineering, biomedical 

devices and/or drug delivery. 

 

5.4 Conclusions 
A simple, effective and widely-applicable method was developed for 

synthesizing polymer networks with a well-defined network structure. Upon 

functionalization of hydroxyl-group-terminated PCL and PEG polymers with 

hexamethylene diisocyanate, it was shown that well-defined hydrophobic 

and hydrophilic networks can readily be synthesized by trimerization of the 

prepolymers. The proposed mechanism for network formation was 

supported by in-situ ATR-FTIR, extraction and thermal measurements. It was 

shown that the resulting networks possessed excellent mechanical 

properties in terms of elongation-at-break, stress-at-break and toughness, 

in both the dry and in the wet state. 
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Abstract 
The development of tough hydrogels 

is an essential but challenging topic in 

biomaterials research that has 

received much attention over the 

past years. By the combinatorial 

synthesis of polymer networks and 

hydrogels based on prepolymers with 

different properties, new materials 

with widely varying characteristics 

and unexpected properties may be identified. In this paper, we report on 

the properties of combinatorial poly(urethane-isocyanurate) (PUI) type 

polymer networks that were synthesized by the trimerization of mixtures of 

NCO-functionalized poly(ethylene glycol) (PEG), poly(propylene gylcol) 

(PPG), poly(ε-caprolactone) (PCL) and poly(trimethylene carbonate) (PTMC) 

prepolymers in solution. The resulting polymer networks showed widely 

varying material properties. 

Combinatorial PUI networks containing at least one hydrophilic PEG 

component showed high water uptakes of >100wt%. The resulting hydrogels 

demonstrated elastic moduli of up to 10.1 MPa, ultimate tensile strengths 

of up to 9.8 MPa, elongation at break values of up to 624.0% and toughness 

values of up to 53.4 MJ·m-3. These values are exceptionally high and show 

that combinatorial PUI hydrogels are among the toughest hydrogels 

reported in the literature. Also, the simple two-step synthesis and wide 

range of suitable starting materials make this synthesis method more 

versatile and widely applicable than the existing methods for synthesizing 

tough hydrogels. 

Finally, it is shown that the presence of a hydrophobic network 

component significantly enhances the toughness and tensile strength of a 

combinatorial PUI hydrogel in the hydrated state. This enhancement is the 

largest when the hydrophobic network component is crystallizable in 

nature. It is shown that the PUI hydrogels containing a crystallizable 

hydrophobic network component are semi-crystalline in the water-swollen 

state.  
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6.1 Introduction 
During the past decades, hydrogels have played an increasingly important 

role in the development of biomaterials.1 The interesting material properties 

of hydrogels, including a high water uptake (>100wt%), typical 

biocompatibility and physical properties resembling the natural extracellular 

matrix, have been exploited in a wide range of biomedical applications, such 

as drug-delivery, tissue engineering, injectable fillers and many more.2 

However, the poor toughness typically associated with hydrogel materials is 

still a drawback and has limited the exploitation of the full potential of 

hydrogel materials so far. As a result, promising applications as load-bearing 

biomaterials largely remain out of reach. Consequently, the development of 

tough hydrogels has received much attention over the past years.3–5 

Presently, several approaches exist for synthesizing tough 

hydrogels, which include (interpenetrating) double network (DN) 

hydrogels3,6,7, combinatorial hydrogels8–10, thermoplastic polyurethane 

(TPU) hydrogels11,12, (nano)composite hydrogels13–15, rotaxane-based 

hydrogels16 and physical interaction enhanced hydrogels17,18. Of these, the 

interpenetrating double network (DN) approach, schematically sketched in 

Scheme 6.1a, is presently the most widely-studied technique leading to the 

best-performing materials.7,19–25 Although the double network approach has 

its advantages in terms of mechanical performance, there are still some 

drawbacks associated with the technique. These are mostly found in terms 

of practicality and applicability. For example, typically a multi-step 

sequential crosslinking-swelling-crosslinking procedure is needed to obtain 

the interpenetrating double network structure that is required to achieve 

the desired material properties.26 In general, in terms of type and molecular 

weight of possible starting materials and the resulting control over the final 

material properties, the range of possibilities is considered limited in a DN 

approach. 
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Scheme 6.1. Schematic representation of the discussed synthesis methods 

used for obtaining tough hydrogels: a) interpenetrating Double Network 

(DN) formation by repeated photocrosslinking and swelling steps; b) the 

combinatorial photocrosslinking of mixtures of (meth)acrylate-

functionalized prepolymers; c) the combinatorial trimerization of mixtures of 

NCO-functionalized prepolymers. 

 

A promising alternative approach for synthesizing tough hydrogels is based 

on the combinatorial (photo)crosslinking of mixtures of hydrophobic and 

hydrophilic (meth)acrylate-functionalized prepolymers, as sketched in 

Scheme 6.1b.8–10 Although these combinatorial hydrogels did not yet 

demonstrate the same level of toughness or tensile strength as the best-

performing DN hydrogels, they did match those of various biological 

materials, most notably cartilage.10 Meanwhile, the relative simplicity of the 

synthesis method, the wide range of possible starting materials and the 

range and control over the final material properties are a clear advantage of 

a combinatorial synthesis approach.27 
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We recently developed a method to synthesize well-defined 

poly(urethane-isocyanurate) (PUI) type polymer networks, that is based on 

the trimerization of NCO-functionalized prepolymers.28 Similarly to 

photocrosslinked combinatorial networks, it was shown that these PUI type 

polymer networks are readily synthesized as well. Also, the synthetic 

approach allows for the use of a wide range of starting materials (i.e. any di- 

or polyol) and allows for a wide range and control over final material 

properties. Interestingly, it was found that the hydrophilic single-network 

PUI materials based on poly(ethylene glycol) (PEG) prepolymers already 

demonstrated unexpectedly high mechanical strength and toughness in the 

hydrated state.28 Therefore, we set out to investigate the properties of 

combinatorial PUI networks and hydrogels, synthesized by the trimerization 

of mixtures of NCO-prepolymers as illustrated in Scheme 6.1c. 

In this paper, the synthesis and characterization of a variety of 

combinatorial PUI polymer networks and hydrogels is investigated, using 

combinations of several hydrophilic and hydrophobic polymeric diols that 

are often used in biomaterials research of different molecular weight as the 

starting materials: i.e. poly(ethylene glycol) (PEG), poly(propylene gylcol) 

(PPG), poly(ε-caprolactone) (PCL), and poly(trimethylene carbonate) 

(PTMC). In the molecular weight range used, PEG is a crystallizable 

hydrophilic polymer with a glass transition temperature (Tg) between -24°C 

and -37°C and a peak melting temperature (Tm) between 58°C and 66°C.29,30 

PCL is a crystallizable hydrophobic polymer with a Tg and Tm of approximately 

-60°C and 59°C, respectively, while PPG and PTMC are amorphous 

hydrophobic polymers with Tgs of approximately -60°C and -15°C, 

respectively.31–33 
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6.2 Experimental Details 
 

Materials and methods 

Poly(ethylene glycol)s (𝑀𝑛 4 and 10 kg/mol), stannous octoate (Sn(II)Oct2), 

1,6-hexanediol and propylene carbonate were purchased from Sigma-

Aldrich. Poly(ε-caprolactone)s (𝑀𝑛 4 and 8 kg/mol) were kindly supplied by 

Perstorp Chemicals GmbH. Trimethylene carbonate (TMC) was kindly 

supplied by ForYou Medical Devices Co Ltd. Hexamethylene diisocyanate 

(HDI) and poly(propylene glycols) (𝑀𝑛 4 and 8 kg/mol) were supplied by 

Covestro Deutschland AG. All other chemicals were purchased from Sigma-

Aldrich. 

All reactions were conducted under a nitrogen atmosphere using 

standard Schlenck-line techniques. Differential scanning calorimetry (DSC) 

measurements were performed under nitrogen on ca. 10 mg samples on a 

Perkin-Elmer Calorimeter DSC-7. Samples in the dry state were measured in 

2 heating runs from -100°C to +150°C with a heating rate of 20 °C/min and a 

cooling rate of 20 °C/min. Samples in the hydrated state were measured in 

a high-pressure DSC-pan in 1 heating run from +5°C to +80°C with a heating 

rate of 20 °C/min. The glass transition temperature(s) (Tg), peak melting 

temperature(s) (Tm,p) and melting enthalpy value(s) (∆𝐻𝑚, obtained from 

the area under the melting peak) were determined based on the last heating 

run. NMR-spectra were collected on a Bruker Advance III-700 in the specified 

solvent. FTIR-spectra were recorded on a Bruker FTIR Spectrometer Tensor 

II with Platinum-ATR-unit with diamond crystal. Size exclusion 

chromatography (SEC) was performed according to DIN 55672-1:2016-03, 

on 4 PSS SDV Analytical columns (2x 100Å, 5µm; 2x 1000Å, 5µm) using an 

Agilent 1100 Series pump and an Agilent 1200 Series UV Detector (230 nm) 

with tetrahydrofuran as the elution solvent at 40°C and 1.00 mL/min. 

Residual monomeric diisocyanate contents were determined by gas 

chromatography (GC) according to DIN EN ISO 10283 on an Agilent 

Technologies 6890N system using a 15.0m DB17 column and tetradecane as 

an internal standard. Tensile tests were performed in triplicate at room 

temperature using a Zwick Z0.5 tensile tester equipped with a 500N load cell 

at 200mm/min. with a grip-to-grip separation of 35mm on strips of 
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approximately 60 x 4 x 0.5mm cut from a cured film. Elastic moduli and strain 

values were derived from the initial grip-to-grip separation and are 

therefore indicative only. The toughness values of the materials were 

calculated from the work at break value, normalized for the dimensions of 

the specimen. 

For swelling measurements, three samples measuring 

approximately 10 x 20 x 0.5mm were cut from a cured, extracted and dried 

film and weighed (denoted 𝑚𝑖). Each sample was then swollen in excess 

water for at least 24h, blotted dry and weighed again in the hydrated state 

(denoted 𝑚𝑠). The water uptake was defined as: 

 

𝑤𝑎𝑡𝑒𝑟 𝑢𝑝𝑡𝑎𝑘𝑒 =
𝑚𝑠 − 𝑚𝑖

𝑚𝑖
× 100% 

 

Synthesis of an OH-functional PTMC polymeric diol 

A PTMC polymeric diol was synthesized by the previously reported ring-

opening polymerization of trimethylene carbonate, using 1,6-hexandiol as 

the initiator and Sn(II)Oct2 as the catalyst.8 Under dry conditions, 101.1g 

(0.99 mol) of trimethylene carbonate was weighed into a dried and nitrogen-

secured 250mL 3-neck flask. Next, 2.93g (24.8 mmol) of 1,6-hexanediol was 

added and the mixture was heated to 130°C. Next, 55mg of Sn(II)Oct2 was 

added and the mixture was kept at 130°C for 40h. The resulting product was 

collected as a viscous, transparent, colorless resin and analyzed by SEC and 
1H-NMR (600 MHz, CDCl3,): δ = 4.00 (160H, brs), 3.39 (4H, brs), 1.64 (80H, 

brs), 1.35 (4H, brs), 1.04 (4H, brs) ppm. 

 

Synthesis of NCO-functionalized prepolymers 

All polymeric diols were dried prior to use by azeotropic distillation in 

toluene, which was subsequently removed under reduced pressure. In a 

typical experiment, 0.25 g of dibutylphosphate was added to 100 g of dried 

polymeric diol, which was kept in the melt using a heat gun where 

applicable. This mixture was added dropwise to HDI kept at 100°C, using a 

molar ratio of NCO:OH of 15:1, and the resulting mixture was subsequently 

kept at 100°C for 3h. In the case of PPG polymeric diols, the procedure was 

performed at 120°C and kept at 120°C for 6h. The resulting mixture was then 
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transferred dropwise into a cylindrical glass short-path thin-film evaporator 

equipped with Teflon wipers with a volume of approximately 500mL, which 

was operated at a reduced pressure of 1∙10-2 mbar at 140°C. All 

functionalized prepolymers were collected as clear, colorless, viscous resins, 

of which the PEG- and PCL-based resins crystallized upon cooling to room 

temperature. Products were analyzed by SEC, GC and 1H-NMR (700 MHz, 

C6D6, representative data for PEG-4k): δ = 4.60 (2H, brs), 4.26 (4H, t), 3.50 

(410H, m), 2.97 (4H, q), 2.56 (4H, t), 1.12 (4H, t), 1.02 (4H, t), 0.88 (8H, m) 

ppm. 

 

Synthesis of combinatorial poly(urethane-isocyanurate) networks by the 

trimerization of mixtures of NCO-functionalized prepolymers in solution 

Combinatorial poly(urethane-isocyanurate) networks were synthesized in 

analogy to a previously reported procedure,28 with slight modifications. In a 

typical experiment, 4g of propylene carbonate was weighed into a 

polypropylene cup. Next, the respective NCO-prepolymers were added in 

the melt in the reported weight ratios, always totaling 4g. The mixture was 

then kept under nitrogen under continuous stirring, until a macroscopically 

homogenous solution was formed. Whenever crystallization was observed, 

the mixture was gently heated to 50-60°C until the mixture was liquid again. 

The mixture was subsequently degassed by gently applying a reduced 

pressure of ca. 1-10mbar until no more bubbles were observed, whereby it 

was observed that no residue was built up in the cooling trap of the vacuum 

pump. Next, ca. 60 mg of Sn(II)Oct2 (corresponding to ca. 0.75wt% relative 

to the solution) was added. After mixing for 15 seconds in a Hauschild 

Speedmixer DAC150FVZ, the mixture was brought into a mold consisting of 

a 0.5mm-thick polycarbonate frame clamped between two silanized glass 

plates measuring 20 x 10cm and kept at 90°C for 48h. Unless reported 

otherwise, all reaction mixtures were optically transparent within 15min 

after heating to 90°C. Cured samples were collected as flexible, non-sticky 

films, which were macroscopically homogeneous, unless reported 

otherwise. The films were subsequently extracted by swelling in an excess 

of acetone for 12-24h while periodically refreshing the solvent. Typically, 6-

8 films were extracted simultaneously using 3x 500mL acetone. Next, 5L of 
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n-hexane was slowly dripped into the 500mL of acetone over the course of 

24h which was allowed to overflow, thereby slowly exchanging the acetone 

with n-hexane. During this process, the films slowly contracted. The 

resulting films were then dried, first in air and subsequently in vacuum, and 

analyzed by FTIR, swelling, tensile testing and DSC experiments as described. 

The remainder of each film was then swollen in an excess of water for at 

least 24h, and analyzed in the water-swollen state by tensile testing and DSC 

experiments. 
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6.3 Results and Discussion 
 

Synthesis of NCO-functionalized prepolymers 

All polymeric diols were functionalized using hexamethylene diisocyanate 

(HDI), in a procedure analogous to the one described before.28 In the case of 

the PPG polymeric diols, the reaction temperature and time were increased 

to 120°C and 6h, respectively. This was done because the uncatalyzed 

urethanization reaction typically occurs less readily for secondary alcohols 

than for primary alcohols. Since as-received commercial polymeric diols may 

contain traces of base, working under slightly acidic conditions was always 

ensured by adding a small amount of dibutyl phosphate (DBP) to the 

reaction mixture prior to reaction. This was done in order to prevent any 

undesired side-reactions involving the isocyanates, such as isocyanurate 

(trimer), uretdione (dimer) or allophanate formation. 

Based on 1H-NMR, it was confirmed that the functionalization of all 

polymeric diols with HDI succeeded selectively and quantitatively. No side 

products were observed in the 1H-NMR spectra. From the 1H-NMR-spectra, 

the average molecular weights of the functionalized prepolymers were 

calculated. In order to synthesize functionalized prepolymers with a narrow 

molecular weight distribution, a large molar excess of HDI of 15:1 was used. 

Using SEC, it was shown that the polydispersity index (Đ = 𝑀𝑤/𝑀𝑛) of the 

prepolymers after functionalization was relatively low and was always <1.5. 

Finally, it was confirmed by GC that the unreacted excess of monomeric 

diisocyanate was effectively removed by short-path thin-film evaporation. 

This resulted in functionalized prepolymers with a residual HDI content 

lower than 1wt% in all cases. The characteristics of all functionalized 

prepolymers are reported in Table 6.1. 
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Table 6.1. Characterization of the NCO-functionalized prepolymers. Mn 

represents the molecular weight of the NCO-functionalized prepolymer as 

calculated from the respective 1H-NMR spectrum; Đ represents the 

polydispersity index of the NCO-functionalized prepolymer; and Residual HDI 

Content represents the mass percentage of residual free (unreacted) HDI in 

the NCO-functionalized prepolymer after thin-film evaporation. 

 

NCO-Functionalized 

Prepolymer 

Mn 

[kg/ mol] 

Đ 

[-] 

Residual HDI 

Content 

[wt%] 

PEG-4k-diNCO 3.9 1.17 <0.01 

PEG-10k-diNCO 9.4 1.20 0.09 

PCL-4k-diNCO 3.9 1.30 0.21 

PCL-8k-diNCO 7.8 1.43 0.17 

PPG-4k-diNCO 4.1 1.30 0.02 

PPG-8k-diNCO 8.0 1.13 <0.01 

PTMC-4k-diNCO 4.1 1.44 0.98 

 

 

Synthesis of combinatorial poly(urethane-isocyanurate) networks by the 

trimerization of mixtures of NCO-functionalized prepolymers in solution 

Various combinatorial poly(urethane-isocyanurate) (PUI) polymer networks 

were synthesized by the trimerization of mixtures of NCO-functionalized 

prepolymers. The synthesis approach was similar to the one reported 

previously for single-network PUIs, with the main difference that here the 

crosslinking reaction was performed in solution instead of in bulk.28 This was 

done because typically NCO-prepolymers of different nature are not 

homogeneously miscible as such. Propylene carbonate was selected as a 

high-boiling aprotic inert solvent in which the combinatorial trimerization 

reactions could be carried out at a concentration of 50wt%. In most cases, 

the 50wt% solutions of combined NCO-functionalized prepolymers in 

propylene carbonate were stable, homogeneous and transparent at room 

temperature. In some cases, the prepolymer mixture was slightly turbid at 

room temperature, indicating a certain degree of phase separation. 
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Typically, these prepolymer solutions turned transparent and homogeneous 

within 15min after addition of the catalyst and heating to 90°C and remained 

transparent throughout the trimerization reaction. In a few cases involving 

PPG prepolymers, macroscopic phase separation into domains with a size of 

ca. 0.1 – 1mm was observed during the trimerization reaction. The resulting 

polymer films were heterogeneous after crosslinking. These films were not 

characterized. Whenever this was the case, it is indicated in the table(s) 

where the material properties are reported. 

To obtain the networks in the dry state after the trimerization 

reaction was completed, the high boiling propylene carbonate was extracted 

from the polymer networks using acetone. In order to subsequently de-swell 

the polymer films in a controlled manner, the acetone was slowly exchanged 

for n-hexane over the course of 24h. Since n-hexane is a non-solvent for all 

the network components used in this study, this solvent-exchange-process 

resulted in the contraction of the networks. Typically, the films also turned 

opaque during this process. This indicates that (micro)phase separation of 

the different network components took place within the polymer networks 

upon de-swelling.  

After drying, the completion of the trimerization reaction was 

confirmed in all cases by FTIR. This was done by confirming the 

disappearance of the absorption peak in the range of 2270cm-1 associated 

with the NCO groups. Simultaneously, the appearance of an extra carbonyl 

peak in the range of 1690cm-1 associated with the aliphatic isocyanurate 

(trimer) was confirmed, in analogy to what was reported previously.28 It was 

observed that the polymer films remained opaque upon drying, indicating 

phase separation. 

 

Material properties of combinatorial poly(urethane-isocyanurate) 

networks in the dry state 

The thermal and tensile material properties of the polymer networks in the 

dry state are reported in Table 6.2. In the tensile tests, the networks 

displayed widely varying mechanical properties, ranging from relatively stiff 

to more flexible and ductile elastomeric behavior. A selection of tensile 

stress-strain diagrams is shown in Figure 6.1a. The wide range of mechanical   



 
 

Table 6.2. Characterization of combinatorial PUI networks in the dry state. The prepolymers present in the networks (indicated 

by a grey box) are present in equal weight percentages. Numbers in parentheses represent standard deviations. 
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Tm,p,dry 

[°C] 

ΔHm 

[J·g-1] 

Emod,dry 

[MPa] 

σb,dry 

[MPa] 

εb,dry 

[%] 

Wtensile,dry 

[MJ·m-3] 

1        -49.9 55.6 103.6 
73.6 

(-)a 

17.5 

(-)a 

864.5 

(-)a 

72.79 

(-)a 

2        -58.8 39.5 62.4 
65.0 

(-)a 

23.8 

(-)a 

1305 

(-)a 

150.4 

(-)a 

3        -58.4 
1) 46.2 

2) 50.6 

1) 13.2 

2) 57.3 

184.7 

(19.4) 

19.5 

(0.5) 

871.2 

(26.9) 

103.0 

(3.2) 

4b        -b -b -b -b -b -b -b 

5b        -b -b -b -b -b -b -b 

6        -c - c - c 
3.2 

(0.8) 

1.5 

(0.2) 

107.2 

(23.9) 

1.06 

(0.28) 

7        -55.3 54.5 76.4 
124.9 

(30.4) 

20.1 

(1.3) 

1025 

(40.5) 

112.7 

(3.3) 

8        -58.4 54.6 81.6 
221.1 

(46.7)d 

16.0 

(0.7)d 

555.4 

(22.7)d 

60.8 

(0.3)d 

9b        -b -b -b -b -b -b -b 

10b        -b -b -b -b -b -b -b 



 
 

11        -45.7 42.6 50.2 
34.6 

(7.4) 

4.1 

(0.6) 

255.8 

(65.0) 

8.65 

(1.91) 

12        -57.8 53.5 53.6 
105.4 

(29.2) 

25.1 

(8.5) 

586.5 

(108.5) 

78.2 

(24.6) 

13b        -b -b -b -b -b -b -b 

14        -67.1 36.2 24.2 
15.6 

(2.2) 

5.2 

(0.1) 

339.9 

(13.9) 

11.03 

(0.70) 

15        -19.7 37 34 
43.7 

(2.1) 

5.6 

(0.4) 

198.5 

(18.4) 

6.95 

(0.65) 

16        -64.3 41 26.7 
21.6 

(1.2) 

4.7 

(0.3) 

170.9 

(24.1) 

5.84 

(0.86) 

17        -64.7 50.4 35 
42.3 

(1.8) 

13.0 

(0.8) 

520.3 

(36.9) 

36.91 

(3.23) 

18        
1) -56.1 

2) -18.1 
47.3 27.8 

16.4 

(0.8) 

3.2 

(0.1) 

47.2 

(2.6) 

1.01 

(0.08) 

19b        -b -b -b -b -b -b -b 

20        
1) -63.9 

2) -19.5 
- c - c 

1.5 

(0.2) 

0.5 

(0.1) 

67.5 

(12.8) 

0.24 

(0.06) 
an=1 
bmacroscopic phase separation observed during crosslinking, resulting in a heterogeneous polymer film 
cnot observed 

dn=2 
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properties is best indicated by the elastic moduli measured in the dry state 

(Emod,dry), which covered a range of values from 1.5 MPa to 221.1 MPa. Also 

the ultimate tensile strengths (σb,dry) and elongation at break values (εb,dry) 

varied widely and ranged from 0.5 MPa to 25.1 MPa and from 47.2% to 

1305%, respectively. Starting from only 4 different types of common 

polymeric diols, this shows that the synthesis method allows for the 

production of a wide variety of materials. The toughness values of the 

networks (Wtensile,dry) were calculated from the work at break values and are 

reported in Table 6.2 as well. They cover a range from a few MJ·m-3 for the 

weaker networks up to 150 MJ·m-3 for the toughest network. 

Analogous to the single-network PUIs reported previously, the 

thermal properties of the combinatorial networks (reported in Table 6.2) are 

dictated by the thermal properties of the respective polymer network 

components present in the network. It was found that whenever a 

crystallizable prepolymer was present in the combinatorial PUI network, a 

corresponding crystallization peak was observed in the DSC curve of the 

network. In fact, in the cases where two crystallizable prepolymer 

components of a different nature were present in one combinatorial 

network (networks 2, 3, 7 and 8), an overlapping double melting peak was 

observed in the DSC measurements of the network. In the case of network 

3, of which the DSC curves are shown as an example in Figure 6.1b, even two 

separate melting- and crystallization peaks were observed. At this point it is 

worthwhile to note that all solutions containing PEG and PCL prepolymers 

were optically transparent and homogeneous throughout the crosslinking 

reaction. It is therefore expected that the prepolymers were 

homogeneously mixed at the molecular level during crosslinking. The fact 

that separate melting peaks are then observed for the covalently crosslinked 

combinatorial polymer network in the dry state is noteworthy. This indicates 

that the two separate crystallizable network components of different nature 

were able to crystallize within the same combinatorial polymer network. 



125 
 

 
Figure 6.1. Physical characterization of selected combinatorial 

poly(urethane-isocyanurate) networks in the dry state: a) tensile stress-

strain curves of several PUI networks in the dry state. The numbers 

correspond to the network numbers reported in Table 6.2. To illustrate the 

wide range of elastic moduli, the initial part of the stress-strain diagrams is 

shown in the inset; b) DSC curves of network 3 (a PEG-4k/PCL-8k 

combinatorial PUI network) in the dry state, showing a double melting peak 

and a double crystallization peak in both heating runs and in the cooling run, 

respectively.  
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Mechanical properties of combinatorial poly(urethane-isocyanurate) 

networks in the hydrated state 

All combinatorial PUI networks were characterized by swelling in water. The 

resulting water uptake values of the materials are reported in Table 6.3. As 

expected, all networks containing at least one hydrophilic PEG component 

(samples 1W-11W, marked in blue in Table 6.3) strongly swelled in water 

and can therefore be classified as hydrogels. These materials all 

demonstrated water uptakes >100wt%. Samples that did not contain any 

hydrophilic PEG component (samples 12W-20W) were hydrophobic in 

nature and therefore barely swelled in water. These networks all 

demonstrated water uptakes <2.5wt% and are not considered hydrogels. 

Generally, it was found that water uptake of the networks was dictated by 

the molecular weight and nature of the prepolymers present in the network. 

Networks based on lower molecular weight prepolymers, having a denser 

network structure, typically demonstrated lower water uptake values than 

their higher molecular weight counterparts. 

The mechanical properties of all combinatorial networks in the 

hydrated state are reported in Table 6.3. The mechanical properties of the 

hydrophobic networks (networks 12W-20W) did not change considerably 

compared to the dry state and will not be further discussed. The mechanical 

properties of the networks classified as hydrogels (networks 1W-11W) on 

the other hand changed considerably compared to the dry state. These 

hydrogels demonstrated elastic moduli in the hydrated state (Emod,wet) 

ranging from 0.5 MPa to 10.1 MPa. The ultimate tensile strengths of the 

hydrogels in the hydrated state (σb,wet) ranged from 0.03 MPa to 7.7 MPa, 

increasing up to 9.8 MPa for the best-performing sample of network 2W. 

The elongation at break values in the hydrated state (εb,wet) ranged from 

82.2% to 624%. The toughness values of the hydrogels in the hydrated state 

(Wtensile,wet) were calculated from the work at break values and ranged from 

0.02 MJ·m-3 to 33.2 MJ·m-3, increasing up to 53.4 MJ·m-3 for the best-

performing sample of network 2W. These are considered excellent 

mechanical properties for hydrogels in the hydrated state for the given 

amounts of water content. The tensile stress-strain diagrams of several PUI 

hydrogels in the hydrated state are shown in Figure 6.2a. 
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Figure 6.2. Physical characterization of selected combinatorial PUI hydrogels 

in the hydrated state; a) tensile stress-strain diagrams of several hydrogels 

in the hydrated state. The numbers correspond to the network numbers 

reported in Table 6.3. In the inset, a more detailed plot is shown of the curves 

of hydrogels 3W, 6W, 8W and 11W; b) The DSC heating curve of hydrogel 

2W (a PEG-4k/PCL-4k combinatorial PUI hydrogel) in the hydrated state, 

showing a clear melting peak around 42.6°C; c) schematic representation of 

the intermolecular interactions present within the hydrophobic phase of a 

combinatorial hydrogel. These intermolecular interactions can be semi-

crystalline in nature (e.g. for hydrogel 2W, on the left) or amorphous in 

nature (e.g. for hydrogel 6W, on the right). 

 

Notably, ultimate tensile strength values of several MPa and 

toughness values in the range of several tens of MJ·m-3 are comparable to 

the toughest double network (DN) hydrogels that are well-known from the 

literature.20,22,25,34,35 For comparison, the mechanical characteristics of a 

selection of tough hydrogels reported in the literature are reported in Table 

6.4. Both double network (DN) type hydrogels and combinatorial 

photocrosslinked (CP) type hydrogels are included. The highest ultimate 

tensile strengths and toughness values of the new PUI hydrogels lie in the   



 
 

Table 6.3. Characterization of combinatorial PUI networks in the hydrated state. The prepolymers present in the networks 

(indicated by a grey box) are present in equal weight percentages. Numbers in parentheses represent standard deviations. 

Networks demonstrating a water uptake (WU) >100% are defined as hydrogels and are marked in blue. 

# Network Components Swelling Thermal Tensile 

N
et

w
. n

r.
 

P
EG

-4
k 

P
EG

-1
0

k 

P
LC

-4
k 

P
C

L-
8

k 

P
P

G
-4

k 

P
P

G
-8

k 

P
TM

C
-4

k 

WU 

[wt%] 

Tg,wet 

[°C] 

Tm,p,wet 

[°C] 

ΔHm 

[J·g-1] 

Emod,wet 

[MPa] 

σb,wet 

[MPa] 

εb,wet 

[%] 

Wtensile,wet 

[MJ·m-3] 

1W        
1799.0 

(128.4) 
-a -a -a 

0.5 

(0.3) 

0.03 

(0.01) 

87.8 

(32.0) 

0.02 

(0.01) 

2W        
107.5 

(0.4) 
-a 42.6 14.0 

10.1 

(1.9) 

7.7 

(1.9) 

624.0 

(250.7) 

33.2 

(14.3) 

3W        
166.3 

(1.3) 
-a 57.0 14.5 

3.5 

(0.01) 

1.0 

(0.1) 

122.0 

(32.5) 

1.02 

(0.28) 

4Wb        -b -b -b -b -b -b -b -b 

5Wb        -b -b -b -b -b -b -b -b 

6W        
109.4 

(0.9) 
-a -a -a 

2.9 

(0.4) 

1.1 

(0.2) 

82.2 

(23.6) 

0.58 

(0.22) 

7W        
154.0 

(4.4) 
-a 44.5 16.9 

3.7 

(1.7) 

4.1 

(0.5) 

305.5 

(51.6) 

8.89 

(2.23) 

8W        
287.9 

(2.4) 
-a 56.7 10.8 

0.6 

(0.4) 

0.6 

(0.05) 

208.1 

(35.6) 

0.96 

(0.19) 

9Wb        -b -b -b -b -b -b -b -b 



 
 

10Wb        -b -b -b -b -b -b -b -b 

11W        
138.4 

(8.8) 
-a -a -a 

2.7 

(0.1)d 

0.9 

(0.2)d 

135.5 

(49.9)d 

0.86 

(0.45) 

12W        
0.9 

(0.3) 
-a 58.6 87.8 

140.1 

(113.2)d 

25.8 

(5.2)d 

510.5 

(82.3)d 

76.3 

(13.5) 

13Wb        -b -b -b -b -b -b -b -b 

14W        
1.1 

(0.1) 
-a 49.9 32.8 

37.9 

(2.2) 

7.2 

(0.4) 

295.4 

(54.7) 

14.7 

(2.34) 

15W        
1.3 

(0.1) 
-a 44.6 36.5 

56.9 

(2.1) 

5.3 

(0.3) 

190.8 

(19.0) 

8.11 

(0.81) 

16W        
1.3 

(0.1) 
-a 55.1 36.2 

38.2 

(2.7) 

5.9 

(0.6) 

162.9 

(28.2) 

7.57 

(1.44) 

17W        
1.7 

(0.4) 
-a 54.4 42.2 

44.6 

(5.4) 

12.9 

(0.6) 

428.1 

(19.5) 

32.1 

(1.58) 

18W        
1.6 

(0.1) 
-a 54.2 35.3 

19.5 

(1.8) 

3.7 

(0.3) 

55.9 

(9.6) 

1.42 

(0.30) 

19Wb        -b -b -b -b -b -b -b -b 

20W        
2.4 

(1.1) 
-a -a -a 

1.6 

(0.6)d 

0.8 

(0.1)d 

134.7 

(40.5)d 

0.71 

(0.25) 
anot observed 
bmacroscopic phase separation observed during crosslinking, resulting in a heterogeneous polymer film 
cn=1 ; dn=2 



130 
 

same range as the PUU-hydrogels reported by Yang et al, which are 

presently the toughest hydrogels reported in the literature.12 Considering 

the relative simplicity and especially the versatility of the synthesis method 

reported here, combinatorial PUI hydrogels are considered a promising 

candidate for the future development of tough hydrogels and related 

biomaterials. 

To investigate the effect of the swelling in water on the thermal 

properties of the combinatorial PUI hydrogels, we also performed DSC 

experiments in the water-swollen state (see Table 6.3). Interestingly, for all 

combinatorial hydrogels containing a crystallizable PCL prepolymer as the 

hydrophobic component (hydrogels 2W, 3W, 7W and 8W) a melting peak 

was observed in the hydrated state. The melting peaks were all found in the 

range of 42°C to 57°C, which corresponds to the typical melting range of PCL 

domains within a PUI polymer network.28 Significant melting enthalpies of 

10-20 J/g were measured for these hydrogels. As an example, the DSC 

heating curve of hydrogel 2W in the hydrated state is shown in Figure 6.2b, 

showing a clear semi-crystalline melting peak around 42.6°C. 

The observed melting peaks suggest that the segregated 

hydrophobic domains observed in the dry state remain intact when the 

combinatorial network is swollen in water. The presence of such segregated 

hydrophobic domains within a swollen hydrogel network has been reported 

in the literature before and has been correlated to a significant 

enhancement of the mechanical performance of a hydrogel.17,18,37 The high 

toughness values and generally good mechanical properties of the 

combinatorial PUI hydrogels in the hydrated state can likely be attributed to 

this effect. 
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Table 6.4. Characteristics of several tough hydrogel materials reported in the 

literature. Numbers in parentheses represent standard deviations. 

Hydrogel Material 

Swelling Tensile 

Water Uptake 

[wt%] 

Emod,wet 

[MPa] 

σb,wet 

[MPa] 

εb,wet 

[%] 

Wtensile,wet 

[MJ·m-3] 

PDLLA-PCL-PEG CPa 
132 

(59) 

0.43 

(0.04) 

1.08 

(0.47) 

320 

(78) 

1.46b 

(0.71) 

PTMC-PDLLA-PCL-

PEG CPc 

181 

(2) 

1.49 

(0.38) 

1.81 

(0.31) 

283 

(60) 
-d 

PAMPS-PAAm DNe 900f -d 0.68 75 -d 

PDMAEA-Q/PNaSS 

DNg 

73.9f 

(7.4) 

7.9 

(0.6) 

5.1 

(0.6) 

750 

(80) 

18.8 

(1.9) 

Alginate-PAAm DNh 614f 0.029 0.156 2200 -d 

SA/PAMAAc JDNi 567f -d 
1.8 

(0.03) 

655.7 

(26.7) 
-d 

PUU3-12j 186f 2.5 8.5 1000 45 

Cartilagek 400 2.5 1.5 100 -d 

aData on a PDLLA-10k/PCL-4k/PEG-10k combinatorial photocrosslinked 

network (PDLLA-PCL-PEG CP)10 
bRecalculated (and corrected) from original data 
cData on a PTMC-4k/PDLLA-4k/PCL-4k/PEG-4k combinatorial 

photocrosslinked network (PTMC-PDLLA-PCL-PEG CP)9 
dData not reported 
eData on a poly(2-acrylamido-2-methylpropanesulfonic acid)-

poly(acrylamide) double network (PAMPS-PAAm)22 
fRecalculated from original data 
gData on an acryloyloxethyltrimethylammonium chloride-sodium p-

styrenesulfonate (PDMAEA-Q/PNaSS) double network25 
hData on a calcium alginate/poly(acrylamide-acrylic acid) double network 

(Alginate-PAAm DN)35 
iData on a sodium alginate/poly(acrylamide-acrylic acid) joint double 

network (SA/PAMAAc JDN)20 
jData on a PEG-2k/IPDI Polyurethane-urea physical network (PUU3-12)12 
kData on patella cartilage36 
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In the literature, hydrophobic phase segregation within swollen hydrogel 

networks has mainly been limited to amorphous materials. In such cases, 

the intermolecular interactions between the hydrophobic network 

components are random and non-specific in nature, as sketched in Figure 

6.2c on the right side. The current PUI hydrogels containing an amorphous 

PPG- or PTMC prepolymer as the hydrophobic component (hydrogels 4W, 

5W, 6W, 9W, 10W and 11W) are also examples of such hydrogels. The 

mechanical performance of these hydrogels is better than that of single-

network hydrogels, but is not exceptional. 

In the combinatorial PUI hydrogels containing a crystallizable PCL 

prepolymer as the hydrophobic network component however, the 

segregated hydrophobic domains are semi-crystalline in nature. In these 

hydrogels (2W, 3W, 7W and 8W), the intermolecular interactions between 

the hydrophobic network components are well-ordered and cooperative, as 

sketched in Figure 6.2c on the left side. The presence of such crystalline 

domains is generally associated with a strong increase in the toughness of a 

material.38 In fact, the combinatorial hydrogels containing a semi-crystalline 

PCL phase demonstrate the highest toughness values in the hydrated state 

of all combinatorial PUI hydrogels studied. The high toughness values are 

likely attributable to the semi-crystalline nature of the hydrophobic domains 

of these hydrogels. 
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6.4 Conclusions 
Combinatorial poly(urethane-isocyanurate) (PUI) polymer networks can be 

effectively synthesized by the trimerization of mixtures of NCO-

functionalized PEG-, PCL-, PPG- and PTMC prepolymers. The resulting 

polymer networks demonstrate widely varying material properties in the dry 

state, highlighting the wide applicability and versatility of the synthesis 

method. Combinatorial networks consisting of two different crystallizable 

prepolymers demonstrate a double melting peak in the DSC experiments in 

the dry state, showing that two different network components are able to 

crystallize simultaneously within one combinatorial PUI network. 

 Combinatorial PUI networks containing at least one hydrophilic PEG 

component demonstrate high water uptake values of >100wt%. The 

resulting combinatorial PUI hydrogels exhibit excellent mechanical 

characteristics in the water-swollen state. This is indicated by elastic moduli, 

ultimate tensile strengths, elongation at break values and toughness values 

of up to 10.1 MPa, 9.8 MPa, 624.0% and 53.4 MJ·m-3, respectively. These 

values are considered very high and show that combinatorial PUI hydrogels 

are among the toughest hydrogels reported in the literature so far. 

The presence of a hydrophobic network component in combinatorial PUI 

hydrogel networks is shown to enhance the toughness and tensile strength 

of the hydrogel in the hydrated state. This increase is the largest when the 

hydrophobic network component is crystallizable in nature. The 

combinatorial PUI hydrogels containing a crystallizable hydrophobic 

network component were semi-crystalline in the water-swollen state. 
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Abstract 

 
The development of tough hydrogel 

materials for load-bearing 

biomedical applications is a 

challenging topic that has received 

much attention over the past years. 

For polymer materials in the dry 

state, a correlation between 

toughness and crystallinity of the 

material is well-known. However, 

such a correlation has not been 

extensively studied for hydrogel materials in the water-swollen state. 

In this work, we aim to get better insights into the relationship 

between the crystallinity and toughness of poly(urethane-isocyanurate) 

(PUI) hydrogels in the water-swollen state. For this, series of model 

combinatorial PUI hydrogels with increasing crystallizable and amorphous 

hydrophobic content are synthesized and characterized. 

Using melting enthalpy as a measure for crystallinity, it is shown that 

the toughness of combinatorial PUI hydrogels in the water-swollen state 

strongly increases with increasing crystallinity of the hydrogel in the water-

swollen state. This correlation is an important structure-property-

relationship for the future development of tough hydrogel materials for 

load-bearing biomedical applications. 
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7.1 Introduction 
The development of tough, mechanically resilient hydrogels for load-bearing 

biomedical applications has received much attention over the past years.1–3 

At present, the most widely adopted strategy for synthesizing tough 

hydrogels is by an (interpenetrating) double network (DN) approach, as 

sketched in Scheme 7.1a.1,4,5 Although DN hydrogels typically demonstrate 

good mechanical performance in the water-swollen state, the ease and 

versatility of their synthesis is limited. A cumbersome synthesis procedure is 

needed to obtain the interpenetrating double network structure required to 

achieve the desired material properties.6 A simpler and more widely 

applicable synthesis method for hydrogels with a comparable or better 

mechanical performance in the water-swollen state would be of great use. 

 

 
 

Scheme 7.1. Methods for synthesizing tough hydrogels; a) a sequential 

crosslinking-swelling-crosslinking approach used to synthesize an 

interpenetrating double network structure; b) the combinatorial 

trimerization of mixtures of NCO-functionalized prepolymers. 
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Recently, a synthesis method was developed by our group to 

synthesize combinatorial poly(urethane-isocyanurate) (PUI) type polymer 

networks and hydrogels by the trimerization of mixtures of NCO-

functionalized prepolymers in solution (Scheme 7.1b).7 It was shown that 

these combinatorial PUI type hydrogels demonstrate excellent mechanical 

performance in the water-swollen state, as illustrated by high ultimate 

tensile strengths of up to 9.8 MPa and high toughness values of up to 53.4 

MJ·m-3. Also, the simple two-step synthesis is applicable to a wide range of 

suitable starting materials and it is more versatile than the DN approach 

typically used to obtain tough hydrogels. 

 Our previous work showed that the presence of a hydrophobic 

network component in a combinatorial PUI hydrogel significantly increases 

the toughness of the hydrogel in the water-swollen state. It was shown that 

this increase in toughness is the largest when the hydrophobic network 

component is crystallizable in nature. In fact, the toughest PUI hydrogels 

were shown to be semi-crystalline in the water-swollen state at room 

temperature, suggesting a correlation between the crystallinity and 

toughness of the hydrogel in the water-swollen state. Such a correlation is 

well-known for polymer materials in the dry state,8 but has not been 

extensively studied for hydrogel materials in the water-swollen state. 

In this work, we aim to get better insights into the relationship 

between crystallinity and toughness of PUI hydrogels in the water-swollen 

state. For this, two series of combinatorial PUI hydrogels with increasing 

hydrophobic contents are synthesized. In one series, the hydrophobic 

component is crystallizable in nature, while in the other series the 

hydrophobic component is amorphous in nature. The resulting hydrogels 

are characterized for their thermal and mechanical properties, both in the 

dry state and in the water-swollen state. The melting enthalpy, obtained 

from dynamic scanning calorimetry (DSC) measurements, is used as a 

measure for the crystallinity of the hydrogel and is correlated to the 

toughness of the hydrogel in the hydrated state. 

Poly(ethylene glycol) (PEG), poly(ε-caprolactone) (PCL) and 

poly(propylene gylcol) (PPG) with number-average molecular weights (𝑀𝑛) 

of 4 kg/mol are used as the polymeric diols. In the molecular weight used, 



142 
 

PEG is a crystallizable hydrophilic polymer with a glass transition 

temperature (Tg) between -24°C and -37°C and a peak melting temperature 

(Tm) between 58°C and 66°C,9,10 PCL is a crystallizable hydrophobic polymer 

with a Tg and Tm of approximately -60°C and 59°C, respectively,11 and PPG is 

an amorphous hydrophobic polymer with a Tg of approximately -60°C.12  
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7.2 Experimental Details 
 

Materials and methods 

Poly(ethylene glycol) (𝑀𝑛 4 kg/mol), stannous octoate (Sn(II)Oct2), 

propylene carbonate and toluene were purchased from Sigma-Aldrich. 

Poly(ε-caprolactone) (𝑀𝑛 4 kg/mol) was kindly supplied by Perstorp 

Chemicals GmbH. Hexamethylene diisocyanate (HDI) and poly(propylene 

glycol) (𝑀𝑛 4 kg/mol) were supplied by Covestro Deutschland AG. All other 

chemicals were purchased from Sigma-Aldrich. 

Differential scanning calorimetry (DSC) measurements were 

performed under nitrogen on ca. 10 mg samples on a Perkin-Elmer 

Calorimeter DSC-7. Samples in the dry state were measured in 2 heating runs 

from -100°C to +150°C with a heating rate of 20 °C/min and a cooling rate of 

20 °C/min. Samples in the hydrated state were measured in a high-pressure 

DSC-pan in 1 heating run from +5°C to +80°C with a heating rate of 20 

°C/min. The glass transition temperature(s) (Tg), peak melting 

temperature(s) (Tm,p) and melting enthalpy value(s) (∆𝐻𝑚, obtained from 

the area under the melting peak) were determined based on the last heating 

run.  

Tensile tests were performed in triplicate at room temperature 

using a Zwick Z0.5 tensile tester equipped with a 500N load cell at 

200mm/min. with a grip-to-grip separation of 35mm on strips of 

approximately 60 x 4 x 0.5mm cut from a cured film. Elastic moduli and strain 

values were derived from the initial grip-to-grip separation and are 

therefore indicative only. The toughness values of the materials (Wb) were 

calculated from the work at break value, normalized for the dimensions of 

the specimen. 

For swelling measurements, three samples measuring 

approximately 10 x 20 x 0.5mm were cut from a cured, extracted and dried 

film and weighed (denoted 𝑚𝑖). Each sample was then swollen in excess 

water for at least 24h, blotted dry and weighed again in the hydrated state 

(denoted 𝑚𝑠). The water uptake (WU) was defined as: 
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𝑤𝑎𝑡𝑒𝑟 𝑢𝑝𝑡𝑎𝑘𝑒 (𝑊𝑈) =
𝑚𝑠 − 𝑚𝑖

𝑚𝑖
× 100% 

 

 

Synthesis of NCO-functionalized prepolymers 

All reactions were conducted under a nitrogen atmosphere using standard 

Schlenck-line techniques. All polymeric diols were dried prior to use by 

azeotropic distillation in toluene, which was subsequently removed under 

reduced pressure. In a typical experiment, 0.25 g of dibutylphosphate was 

added to 100 g of dried polymeric diol, which was kept in the melt using a 

heat gun where applicable. This mixture was added dropwise to HDI kept at 

100°C, using a molar ratio of NCO:OH of 15:1, and the resulting mixture was 

subsequently kept at 100°C for 3h. In the case of PPG polymeric diols, the 

procedure was performed at 120°C and kept at 120°C for 6h. The resulting 

mixture was then transferred dropwise into a cylindrical glass short-path 

thin-film evaporator equipped with Teflon wipers with a volume of 

approximately 500mL, which was operated at a reduced pressure of 1∙10-2 

mbar at 140°C. All functionalized prepolymers were collected as clear, 

colorless, viscous resins, of which the PEG- and PCL-based resins crystallized 

upon cooling to room temperature. Products were analyzed by SEC, GC and 
1H-NMR (700 MHz, C6D6, representative data for PEG-4k): δ = 4.60 (2H, brs), 

4.26 (4H, t), 3.50 (410H, m), 2.97 (4H, q), 2.56 (4H, t), 1.12 (4H, t), 1.02 (4H, 

t), 0.88 (8H, m) ppm. 

 

Synthesis of combinatorial poly(urethane-isocyanurate) networks by the 

trimerization of mixtures of NCO-functionalized prepolymers in solution 

Combinatorial poly(urethane-isocyanurate) networks were synthesized 

according to a previously reported procedure.7 In a typical experiment, 4g of 

solvent (propylene carbonate in the case of PEG/PCL mixtures and toluene 

in the case of PEG/PPG mixtures) was weighed into a polypropylene cup. 

Next, the respective NCO-prepolymers were added in the melt in the 

reported weight ratios, always totaling 4g. The mixture was then kept under 

nitrogen under continuous stirring, until a macroscopically homogenous 

solution was formed. Whenever crystallization was observed, the mixture 

was gently heated to 50-60°C until the mixture was liquid again. The mixture 
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was subsequently degassed by gently applying a reduced pressure of 

approx. 10 to 100mbar until no more bubbles were observed, whereby it 

was observed that no residue was built up in the cooling trap of the vacuum 

pump. Next, ca. 60 mg of Sn(II)Oct2 (corresponding to ca. 0.75wt% relative 

to the solution) was added. After mixing for 15 seconds in a Hauschild 

Speedmixer DAC150FVZ, the mixture was brought into a mold consisting of 

a 0.5mm-thick polycarbonate frame clamped between two silanized glass 

plates measuring 20 x 10cm and kept at 90°C for 48h. All reaction mixtures 

were optically transparent within 15min after heating to 90°C. Cured 

samples were collected as flexible, non-sticky films, which were 

macroscopically homogeneous. The films were subsequently extracted by 

swelling in an excess of acetone for 12-24h while periodically refreshing the 

solvent. Typically, 6-8 films were extracted simultaneously using 3x 500mL 

acetone. Next, 5L of n-hexane was slowly dripped into the 500mL of acetone 

over the course of 24h which was allowed to overflow, thereby slowly 

exchanging the acetone with n-hexane. During this process, the films slowly 

contracted. The resulting films were then dried, first in air and subsequently 

in vacuum, and analyzed by attenuated total reflection Fourier-transformed 

infrared spectroscopy (ATR-FTIR), swelling, tensile testing and DSC 

experiments as described. The remainder of each film was then swollen in 

an excess of water for at least 24h, and analyzed in the water-swollen state 

by tensile testing and DSC experiments. 
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7.3 Results and Discussion 
 

Synthesis of NCO-functionalized prepolymers and PUI networks by the 

selective trimerization of NCO-functionalized prepolymers 

Polymeric diols were functionalized using hexamethylene diisocyanate (HDI) 

and subsequently trimerized as reported previously.7 It was confirmed that 

the functionalization of all polymeric diols with HDI succeeded selectively 

and quantitatively in all cases. The characteristics of all functionalized 

prepolymers are reported previously.7  

Combinatorial poly(urethane-isocyanurate) (PUI) polymer networks 

were synthesized by the trimerization of mixture of the NCO-functionalized 

prepolymers in solution. In this case, to prevent phase separation, toluene 

was used as the inert solvent for the PPG-containing prepolymer mixtures 

instead of propylene carbonate. All reaction mixtures were transparent and 

homogeneous throughout the trimerization reaction. The completion of the 

trimerization reaction was confirmed using attenuated total reflection 

Fourier-transformed infrared spectroscopy (ATR-FTIR) as reported 

previously (data not shown).7 

 

Material properties of combinatorial PUI networks in the dry state 

The thermal and tensile mechanical properties of the PUI networks in the 

dry state are reported in Table 7.1. Similar to the PUI networks on which we 

reported previously, the mechanical properties varied based on the 

molecular weight and nature of the prepolymers present in the network.7 

The tensile stress-strain diagrams of all PUI networks in the dry state are 

shown in Figure 7.1. In the case of PEG/PCL combinatorial PUI networks, all 

networks were semi-crystalline in nature. These networks were generally 

tough materials, which is consistent with the literature.8 In the case of 

PEG/PPG combinatorial networks, a melting peak was only observed in the 

dry state for the networks containing PEG. In these networks, a decreasing 

melting enthalpy is observed for decreasing PEG content.  



 
 

Table 7.1. Mechanical and thermal properties in the dry state of combinatorial PUI networks with increasing hydrophobic 

content (HC). On the left, the hydrophobic component is crystallizable in nature (PEG/PCL), on the right, the hydrophobic 

component is amorphous in nature (PEG/PPG). 

PEG/ 

PCL 
Tensile Thermal 

PEG/ 

PPG 
Tensile Thermal 

HC 

[wt%] 

Emod,dry 

[MPa] 

σb,dry 

[MPa] 

εb,dry 

[%] 

Wb,dry 

[MJ·m-3] 

Tg 

[°C] 

Tm 

[°C] 

ΔHm 

[J·g-1] 

HC 

[wt%] 

Emod,dry 

[MPa] 

σb,dry 

[MPa] 

εb,dry 

[%] 

Wb,dry 

[MJ·m-3] 

Tg 

[°C] 

Tm 

[°C] 

ΔHm 

[J·g-1] 

0 
208.9 

(42.3) 

15.4 

(3.1) 

403.8 

(62.0) 

42.34 

(9.53) 
-50.3 46.7 98.4 0 

208.9 

(42.3) 

15.4 

(3.1) 

403.8 

(62.0) 

42.34 

(9.53) 
-50.3 46.7 98.4 

20 
85.8 

(26.2) 

10.4 

(1.5) 

401.4 

(78.2) 

28.33 

(5.16) 
-54.7 42.9 76.8 20 

83.8 

(-)b 

11.8 

(-)b 

291.0 

(-)b 

26.55 

(-)b 
-50 44.9 90.3 

40 
55.7 

(8.5) 

7.5 

(0.6) 

322.6 

(41.9) 

16.34 

(1.45) 
-56.6 35.3 62.7 40 

19.5 

(5.4)a 

3.8 

(0.6)a 

32.0 

(3.3)a 

0.78 

(0.05) 

1) -62.5 

2) -0.3 
42.4 55.1 

60 
37.4 

(9.4) 

7.8 

(1.3) 

327.2 

(68.3) 

15.00 

(2.98) 
-58.1 30.5 58.0 60 

6.2 

(2.0) 

2.2 

(0.5) 

54.0 

(7.7) 

0.71 

(0.19) 

1) -61.7 

2) -22.5 
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80 
66.0 

(3.5) 

11.4 

(1.0) 

318.2 

(22.2) 

23.01 

(1.69) 
-57.4 35.3 60.2 80 

4.1 

(0.2) 

0.9 

(0.2) 

33.4 

(5.6) 

0.18 

(0.06) 

1) -61.7 

2) -3.2 
42 15 

100 
111.1 

(1.0)a 

12.5 

(1.6)a 

221.4 

(11.2)a 

16.42 

(1.40) 
-53.40 33.6 42.9 100 

3.6 

(0.4) 

0.7 

(0.04) 

21.6 

(2.0) 

0.09 

(0.01) 
-61.7 -c -c 

an=2 
bn=1 
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Figure 7.1. Tensile stress-strain diagrams in the dry state of combinatorial 

PUI networks with increasing hydrophobic content (HC); a) the hydrophobic 

component is crystallizable in nature (PCL); b) the hydrophobic component is 

amorphous in nature (PPG). 
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Material properties of combinatorial PUI networks in the water-swollen 

state 

The swelling properties of the combinatorial PUI networks and their thermal 

and tensile mechanical properties in the water-swollen state are reported in 

Table 7.2. The tensile stress-strain diagrams in the water-swollen state are 

shown in Figure 7.2. Both for the crystallizable and amorphous PUI 

hydrogels, the water uptake (WU) decreased with increasing hydrophobic 

content. The water uptake values ranged from 380 wt% for a completely 

hydrophilic PEG PUI network to <2wt% for both of the completely 

hydrophobic networks. 

The tensile mechanical properties of the PUI hydrogels in the water-

swollen state vary and strongly depend on the nature of the hydrophobic 

network component. The crystallizable PEG/PCL combinatorial hydrogels 

were generally tough and demonstrated ultimate tensile strengths and 

toughness values of up to 335 MPa and 23.8 MJ·m-3, respectively. The 

amorphous PEG/PPG hydrogels on the other hand were mechanically very 

poor and demonstrated ultimate tensile strengths and toughness values <1 

MPa and <0.3 MJ·m-3, respectively. 

As reported in Table 7.2, the PEG/PCL combinatorial hydrogels 

containing more than 40wt% of PCL were semi-crystalline in the water-

swollen state. This is in accordance with what we reported previously.7 The 

combinatorial PEG/PCL hydrogels demonstrated increasing melting 

enthalpies for increasing PCL content, reaching up to approximately 25 J·g-1 

for a 100 wt% PCL network. Melting enthalpy values were generally lower 

than the ones we reported previously: the PUI hydrogel containing 60 wt% 

PCL demonstrated a melting enthalpy of approximately 2 J·g-1 whereas the 

PUI hydrogel containing 50 wt% PCL on which we reported previously 

demonstrated a melting enthalpy of approximately 14 J·g-1.7 Finally, it was 

found that all hydrogels containing an amorphous hydrophobic network 

component were amorphous in the water-swollen state. In other words, no 

crystalline phase attributable to PEG domains was observed in any of the 

hydrogels in the water-swollen state. 



 
 

Table 7.2. Mechanical properties in the water-swollen state of semi-crystalline and amorphous combinatorial networks with an 

increasing hydrophobic content (HC). On the left, the hydrophobic component is crystallizable in nature (PCL-4k), on the right, 

the hydrophobic component is amorphous in nature (PPG-4k). 

PEG/ 

PCL 
Swelling Tensile Thermal 

PEG/ 

PPG 
Swelling Tensile Thermal 

HC 

[wt%] 

WU 

[wt%] 

Emod,wet 

[MPa] 

σb,wet 

[MPa] 

εb,wet 

[%] 

Wb,wet 
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Tg 

[°C] 

Tm 
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εb,wet 

[%] 

Wb,wet 

[MJ·m-3] 

Tg 

[°C] 
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Figure 7.2. Tensile stress-strain diagrams in the water-swollen state of 

combinatorial PUI networks with an increasing hydrophobic content (HC). 

The water uptake (WU) of each network is reported next to the respective 

curve; a) the hydrophobic component is crystallizable in nature (PEG/PCL); b) 

the hydrophobic component is amorphous in nature (PEG/PPG). The 100wt% 

PCL film (HC:100%, top) failed prematurely. 
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Of high interest are the combined mechanical and thermal 

properties of the combinatorial PUI hydrogels. Most importantly, a 

considerable increase in the toughness of PUI hydrogels is shown with 

increasing melting enthalpy values. As mentioned previously, such a 

correlation between crystallinity and toughness has been reported for 

polymer materials in the dry state.8 The results presented here form a strong 

indication that the same correlation is applicable to hydrogel materials in 

the water-swollen state. In other words, the toughness of hydrogel materials 

can be increased considerably by increasing the crystallinity of the 

hydrophobic component of the hydrogel in the water-swollen state. This is 

considered an important structure-property-relationship in the future 

development of tough hydrogel materials. As shown here, an effective 

method to incorporate crystallinity into hydrogel materials is by the 

combinatorial trimerization of mixtures of NCO-functionalized prepolymers. 

 

 

7.4 Conclusions 

The combinatorial trimerization of mixtures of NCO-functionalized 

prepolymers is an effective method for synthesizing tough hydrogels. For 

semi-crystalline combinatorial PUI hydrogels, it is shown that he toughness 

of the hydrogel in the water-swollen state increases significantly with 

increasing melting enthalpy. This correlation between melting enthalpy and 

toughness of the hydrogel in the water-swollen state is an important 

structure-property-relationship for the future development of tough 

hydrogels for load-bearing biomedical applications. 
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Abstract 

 
Over the past decades, the global 

use and market of contact lenses 

has expanded steadily. Due to the 

many demands on material 

properties (e.g. mechanical, 

optical and biological) the 

development of novel contact lens 

materials is challenging. 

Specifically, the ideal combination 

of high equilibrium water content (EWC), high toughness in the hydrated 

state and low protein adsorption is difficult to realize. 

In this work, poly(ethylene glycol) poly(urethane-isocyanurate) (PEG 

PUI) type hydrogels that combine the above important properties are 

presented as a new class of materials for contact lens applications. It is 

shown that these PEG PUI hydrogels demonstrate high toughness values in 

the hydrated state ranging from 98 to 226 kJ·m-3 and elastic moduli ranging 

from 0.8 to 17.2 MPa for networks with equilibrium water contents ranging 

from 76.3 to 16.1wt%. These hydrogels also demonstrate transmittance 

values >90% across the visible spectrum, clarities close to 100% in most 

cases and refractive indices ranging from 1.48 to 1.36. Importantly, these 

hydrogels are non-cytotoxic and demonstrate lower bovine serum albumin 

adsorption values than several commercial contact lenses of 0.24 to 0.65 

mg/g compared to 0.55 to 1.38 mg/g after 24h, respectively. 

This combination of high EWC, high toughness in the hydrated state 

and low protein adsorption is exceptional. These properties can be 

attributed to the PEG PUI network structure: the use of a PEG polymeric 

backbone provides hydrophilicity and chemical inertness while the PUI type 

crosslinking units provide high toughness in the hydrated state. 
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8.1 Introduction 
Since the introduction of soft contact lenses in the 1960s, the development 

of contact lens materials has received much attention over the years and is 

still an actively discussed topic today.1,2 At present, the market for soft 

contact lenses is estimated to exceed $8.5billion globally, with an estimated 

150 million users of contact lenses worldwide in 2019.3,4 Historically, the 

market for soft contact lenses is dominated by 2 main classes of materials: 

poly(2-hydroxyethyl methacrylate) (pHEMA) type hydrogels and silicone 

type hydrogels.1 An overview of common contact lens materials and their 

general physical properties is shown in Table 8.1.2 

Despite the long history of the field, novel (classes of) soft contact 

lens materials are still actively sought after and reported on today.5 The 

development of new contact lens materials is considered a challenging field 

though. This is easily appreciated when looking at the impressive list of 

requirements a material has to fulfil before being considered for contact lens 

applications (see Table 8.2).2,5,6 

Typically, modification of the various material characteristics is not 

complementary and improving one property often deteriorates another. A 

specifically challenging combination of contradictory material properties is 

high hydrophilicity, high toughness and low biofouling.7,8 One of the reasons 

for this is that the hydrophilicity of contact lens materials is generally 

realized by the introduction of hydrogen-bonding moieties (e.g. -OH, -NH2 

or -COOH groups) into the polymeric backbone. However, the presence of 

such hydrogen bonding moieties has been shown to play a key role in the 

biofouling process of hydrogel materials.9 By facilitating biofouling, contact 

lenses can hold microbes in prolonged contact with the cornea of the eye, 

leading to ocular infections and complications.8 In fact, even with good 

contact lens care practice, up to 80% of contact lenses and contact lens cases 

were found to harbor disease-causing microbes.10 This shows that there is 

still need for a low-biofouling hydrophilic hydrogel material for contact lens 

applications.6,8,11–13 
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Table 8.1. General properties of some common contact lens materials. 

Adapted from Musgrave et al.2 

Material 
EWC 

[%] 

Emod 

[MPa] 

O2-

perm.a 

[Dk] 

Wear 

timeb 

[days] 

Polymer structure 

PMMA 0 1000 0 <1 

 

PMMA-

Silicone 
0 -c 15 -c 

 

Silicone-

HEMA (rigid) 
0 10 10-100 -c 

 

pHEMA 

Hydrogel 

30-

80 
0.2-2 10-50 1-7 

 

Silicone 

(PDMS) 

Hydrogel 

20-

55 
0.2-2 60-200 ~7-28 

 

PVA 
60-

70 
-c 10-30 <1 

 
aOxygen permeability, typically reported in Dk-units (ml O2/[ml⋅mmHg]) 

brecommended maximum wear time before lens disposal 

cdata not reported 
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Table 8.2. List of typical requirements for contact lens materials. 

 

Material Property Requirement / Comment 

 

Physical and 

Chemical 

 

Hydrophilicity As high as possible. Typically indicated by the 

equilibrium water content (EWC) 

Oxygen permeability As high as possible 

Mechanical 

properties in the 

hydrated state 

Need to be suitable. Most notably, a suitable 

elastic modulus and high toughness 

Chemical stability Sufficient. With respect to both shelf-life and 

common sterilization techniques such as UV-

exposure or autoclaving 

 

Optical 

 

Transmittance As high as possible across the visible spectrum 

Clarity As high as possible. Clarity is typically considered 

a measure for the see-through quality of the 

material 

Refractive index Needs to be suitable 

 

Biological 

 

Biocompatibility Required. Typically indicated by non-cytotoxicity 

Biofouling As low as possible. Specifically, low protein 

adsorption 
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In this context, poly(ethylene glycol) (PEG) is considered a promising 

material.2,5 Specifically the combination of high hydrophilicity with chemical 

inertness is attractive. The main drawback associated with PEG hydrogel 

materials however, is the poor mechanical performance (i.e. the poor 

toughness) in the hydrated state that is typically associated with crosslinked 

PEG hydrogels.14–16 Consequently, the use of PEG has thus far been limited 

to surface modification procedures of existing contact lens materials.8,11,17 

Hydrogels based on crosslinked PEG have not been reported in this context. 

 

 

 

 
 

Scheme 8.1. Schematic representation of the synthesis of a PEG PUI polymer 

network. First, a PEG polymeric diol is functionalized using hexamethylene 

diisocyanate (HDI); next the PUI network is formed by the selective 

trimerization of the NCO-functionalized PEG prepolymer. 

 



160 
 

In this work, we investigate the use of a recently developed new 

class of PEG-based poly(urethane-isocyanurate) (PUI) type polymer 

networks for contact lens applications.18 The synthesis of these networks is 

based on the functionalization and subsequent trimerization of PEG 

polymeric diols using hexamethylene diisocyanate (HDI), as shown in 

Scheme 8.1. The resulting PEG PUI networks were shown to exhibit high 

water uptakes of up to 508wt% combined with high toughness in the 

hydrated state.18 Since both PEG and PUI type polymer networks are also 

known for their excellent optical properties19,20, high refractive indices21–23 

and biocompatibility24,25, we hypothesize that these PEG PUI type hydrogels 

would be a promising class of materials for contact lens applications. PEG 

PUI hydrogels of varying crosslinking density are synthesized and 

characterized for properties relevant to contact lens applications (see Table 

8.2) and compared to commercially available contact lenses. 
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8.2 Experimental Details 
 

Materials and methods 

 

Materials 

Poly(ethylene glycol)s (𝑀𝑛 = 0.4, 0.6, 1, 2, 4 and 10 kg/mol), stannous 

octoate (Sn(II)Oct2) and resazurin sodium salt were purchased from Sigma-

Aldrich. Hexamethylene diisocyanate (HDI) was supplied by Covestro 

Deutschland AG. A human retinal pigment epithelium cell line (Arpe-19) and 

Dulbecco's Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/f12) with 

10% fetal bovine serum (FBS) cell culture medium were purchased from 

ATCC. Commercial contact lenses (Midafilcon A day lenses manufactured by 

Menicon and Riofilcon A day lenses, Comfilcon A month lenses and 

Somofilcon A month lenses manufactured by Cooper Vision) were kindly 

supplied by a local optometrist. A DC Protein Assay kit was purchased from 

Bio-Rad. All other chemicals were purchased from Sigma-Aldrich. 

 

Hydrogel synthesis and characterization 

All chemical reactions were conducted under a nitrogen atmosphere using 

standard Schlenck-line techniques. NMR-spectra were collected on a Bruker 

Advance III-700 in C6D6. Size exclusion chromatography (SEC) was performed 

according to DIN 55672-1:2016-03, on 4 PSS SDV Analytical columns (2x 

100Å, 5µm; 2x 1000Å, 5µm) using an Agilent 1100 Series pump and an 

Agilent 1200 Series UV Detector (230 nm) with tetrahydrofuran as the 

elution solvent at 40°C and 1.00 mL/min. Residual monomeric diisocyanate 

contents were determined by gas chromatography (GC) according to DIN EN 

ISO 10283 on an Agilent Technologies 6890N system using a 15.0m DB17 

column and tetradecane as an internal standard. Attenuated total reflection 

Fourier-transformed infrared (ATR-FTIR) spectra were recorded on a Bruker 

FTIR Spectrometer Tensor II with a Platinum-ATR-unit with diamond crystal.  

 

Physical properties 

Differential scanning calorimetry (DSC) measurements were performed 

under nitrogen on ca. 10 mg samples on a Perkin-Elmer Calorimeter DSC-7 
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in 2 heating runs from -100°C to +150°C with a heating rate of 20 K/min and 

a cooling rate of 20 K/min. The glass transition temperature (Tg) and peak 

melting temperature (Tm,p) were determined based on the second heating 

run. Tensile tests were performed in triplicate at room temperature using a 

Zwick Z0.5 tensile tester equipped with a 500N load cell at 200mm/min. with 

a grip-to-grip separation of 35mm on strips of ca 60 x 4 x 0.5mm cut from a 

cured film. Elastic moduli and strain values were derived from the initial grip-

to-grip separation and are indicative. The toughness values of the materials 

were calculated from the work at break value, normalized for the 

dimensions of the specimen. 

For swelling measurements, three samples measuring 

approximately 10 x 20 x 0.5mm were cut from a cured film and weighed in 

the dry state (values denoted 𝑚𝑑). Each sample was then swollen in excess 

water for at least 24h, blotted dry and weighed again in the hydrated state 

(values denoted 𝑚𝑤). The water uptake of the material was then estimated 

as: 

 

 

𝑤𝑎𝑡𝑒𝑟 𝑢𝑝𝑡𝑎𝑘𝑒 =
𝑚𝑤−𝑚𝑑

𝑚𝑑
× 100%   (eq. 1) 

 

 

The equilibrium water content (EWC) was estimated as: 

 

 

𝐸𝑊𝐶 =
𝑚𝑤−𝑚𝑑

𝑚𝑤
× 100%  (eq. 2) 

 

 

Oxygen permeabilities were estimated according to the model proposed by 

Morgan and Efron26 using the equation:  

 

 

𝐷𝑘 = 1.67𝑒0.0397𝐸𝑊𝐶   (eq. 3) 
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where Dk is the oxygen permeability of the material in Dk-units (ml 

O2/[ml⋅mmHg]) and EWC is the equilibrium water content.  

 

Optical properties 

Wavelength-dependent transmission experiments were performed using a 

Konica Minolta CM-5 spectrophotometer. Scattering experiments were 

performed using a BYK-Gardner Haze-Gard Plus haze meter after norm 

ASTM D 1003_11. Scattering characteristics are divided into three 

parameters: transmittance (T), haze (H) and clarity (C). Of these, 

transmittance is defined as the ratio of transmitted light compared to the 

incident light. Haze indicates the amount of light diffused under wide angle 

(>2.5°) scattering. Clarity indicates the amount of light diffused under 

narrow angle (<2.5°) scattering. Refractive index measurements were 

performed at 20.0°C using a Rudolph Research J357 automatic 

refractometer equipped with a temperature-controlled sample presser for 

gels. Six independent measurements were taken for each sample, of which 

the average value is reported. 

 

Biological properties 

Sterilization by UV-exposure was performed for 1h under four 9 Watt UV-

lamps at 365 nm and approx. 6 mW/cm2. Sterilization by autoclaving was 

performed for 20min at 120°C in a PBI International pressure cooker from 

Salm and Kipp BV. Fluorescence measurements were performed on a Perkin 

Elmer Wallac Victor3 spectrophotometer. 

 

Synthesis and characterization of NCO-functionalized PEG prepolymers 

All polymeric diols were dried prior to use by azeotropic distillation in 

toluene, which was subsequently removed under reduced pressure. In a 

typical experiment, 0.25 g of dibutylphosphate was added to 100 g of dried 

polymeric diol (where necessary, kept in the melt using a heat gun). This 

mixture was added dropwise to HDI at 100°C, using a molar ratio of NCO:OH 

of 15:1, and subsequently kept at 100°C for 3h. The resulting mixture was 

then transferred dropwise into a short-path thin-film evaporator, which was 

operated at a reduced pressure of 1∙10-2 mbar and 140°C. Products were 
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collected as transparent, colorless, viscous resins, of which the PEG-1k-, 

PEG-2k-, PEG-4k- and PEG-10k-based resins crystallized upon cooling to 

room temperature. Products were analyzed by SEC, GC and 1H-NMR (700 

MHz, C6D6, representative data for PEG-4k): δ = 4.60 (2H, brs), 4.26 (4H, t), 

3.50 (410H, m), 2.97 (4H, q), 2.56 (4H, t), 1.12 (4H, t), 1.02 (4H, t), 0.88 (8H, 

m) ppm. 

 

Synthesis and characterization of PEG PUI polymer networks by the 

selective trimerization of NCO-functionalized PEG prepolymers 

Poly(urethane-isocyanurate) (PUI) polymer networks were synthesized in 

analogy to a previously reported procedure, with slight modifications.18 In a 

typical experiment, 8g of NCO-prepolymer was weighed into a 

polypropylene cup, heated to 90°C and subsequently degassed by gently 

applying reduced pressure until no more gas formation was observed. Next, 

ca. 60 mg of Sn(II)Oct2 (corresponding to ca. 0.75wt% relative to the 

prepolymer) was added at 90°C. After mixing for 15 seconds in a Hauschild 

Speedmixer DAC150FVZ, the reaction mixture was brought into a mold 

consisting of a 0.5mm-thick polycarbonate frame clamped between two 

silanized glass plates measuring approximately 20 x 10cm and kept at 90°C 

for 24h. Products were collected as flexible transparent homogeneous films, 

of which the films based on PEG-4k and PEG-10k prepolymers slowly turned 

opaque upon cooling to room temperature. The films were analyzed in the 

dry state by ATR-FTIR, water swelling measurements, tensile testing and DSC 

experiments and subsequently swollen in excess water for at least 24h. 

Finally, the films were analyzed in the hydrated state for physical properties 

(tensile testing and mass-loss after sterilization by UV-exposure or 

autoclaving), optical experiments (transmittance, scattering and refractive 

index) and biological experiments (cytotoxicity and protein adsorption, 

described below). 
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Indirect cytotoxicity measurements of PEG PUI hydrogels and commercial 

contact lenses 

Cytotoxicity measurements were performed on the PEG PUI hydrogels and 

several commercial contact lenses as described previously, with minor 

modifications.27 In short, PEG PUI hydrogels were swollen in milliQ water, 

cut in discs with a diameter of 12mm (n=3), blotted dry and weighed. Next 

the hydrogels were transferred to a phosphate buffered saline (PBS) solution 

and autoclaved for 20min at 120℃ in a pressure cooker. The PEG PUI 

hydrogels and the commercial contact lenses (n=3) were then incubated in 

DMEM/f12 with 10% FBS (0.1 g/mL) at 37℃ in a humidified incubator 

containing 5% CO2. Meanwhile, Arpe-19 cells were seeded on a polystyrene 

tissue culture well plate with a concentration of 12.5·104cells/mL and left for 

24h at 37℃ in a humidified incubator containing 5% CO2. After 24h, the 

medium was removed from the Arpe-19 cells and replaced with conditioned 

medium from the PEG PUI hydrogels or commercial contact lenses, 

respectively. A control cell culture was kept in which the medium was 

replaced with fresh medium that had not been in contact with hydrogel 

materials. After 48h the cell viability was measured using an Alamar blue 

solution (440µM resazurin sodium salt in phosphate buffered saline (PBS)) 

and normalized with respect to the control cell-culture. To measure the cell 

viability, a 10:1 (v/v) mixture of cell-medium and Alamar blue solution was 

added to the cells. After incubating for 2h at 37℃, the fluorescence emission 

of the solution at 590nm was measured using an excitation wavelength of 

560nm. 

 

Protein adsorption measurements of PEG PUI hydrogels and commercial 

contact lenses 

Protein adsorption measurements were performed on the PEG PUI hydrogel 

films and several commercial contact lenses as described previously, with 

minor modifications.6 In short, the PEG PUI hydrogels were swollen in milliQ 

water and cut in discs with a diameter of 12mm (n=3).  Commercial contact 

lenses were used as supplied. All samples were incubated for 24h in 2mL 

PBS, containing 1.5mg bovine serum albumin (BSA) per mL PBS, under gentle 

shaking at 37°C. Afterwards, the samples were extracted three times with 
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neat PBS for at least 1.5h per extraction step and subsequently dried. The 

dry samples were then swollen in PBS containing 1% (v/v) sodium dodecyl 

sulfate (SDS) and kept at 37°C under gentle shaking for three days. The 

concentration of BSA in the supernatant was then determined using a Bio-

Rad DC Protein Assay kit according to the supplier’s instructions.  
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8.3 Results and Discussion 
 

Synthesis of NCO-functionalized PEG prepolymers and PEG PUI polymer 

networks by the selective trimerization of NCO-functionalized PEG 

prepolymers 

Poly(ethylene glycol) (PEG) polymeric diols were functionalized using 

hexamethylene diisocyanate (HDI) and subsequently trimerized as reported 

previously.18 Using 1H-NMR, SEC and GC, it was confirmed that the 

functionalization of all PEG polymeric diols with HDI succeeded selectively 

and quantitatively. The characteristics of all functionalized PEG prepolymers 

are reported in the supporting information in Table S1. Next, the NCO-

functionalized prepolymers were crosslinked by the selective trimerization 

of the terminal NCO groups. This resulted in the formation of PEG 

poly(urethane-isocyanurate) (PUI) type polymer networks. The completion 

of the trimerization reaction was confirmed using attenuated total reflection 

Fourier-transformed infrared spectroscopy (ATR-FTIR) (supporting 

information, Figure S1). 

 

 

Physical properties of PEG PUI networks and hydrogels: equilibrium water 

content, oxygen permeability, mechanical properties and stability 

 

Water uptake, EWC and oxygen permeability 

Due to the hydrophilicity of PEG, the water uptake and resulting equilibrium 

water content of the PEG PUI networks were generally high. The shortest-

chain PEG PUI network, synthesized from a 0.4 kg/mol PEG prepolymer, 

demonstrated a water uptake of 19.2wt%. This corresponds to an EWC of 

16.1wt% in the hydrated state. The longest-chain PEG PUI hydrogel on the 

other hand, synthesized from a 10 kg/mol PEG prepolymer, demonstrated a 

water uptake of 321.6wt%, corresponding to an EWC of 76.3wt%. All water 

uptakes and EWCs are reported in Table 8.3. Owing to the well-defined 

network structure on which we reported previously, the water uptakes and 

EWCs of the hydrogels could easily be controlled over a wide range.18 

Notably, the range of EWCs measured for the PEG PUI hydrogels 
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encompasses almost the entire range of EWCs typically reported for contact 

lens hydrogels (i.e. approx. 20 to 80wt%, see Table 8.1).2 This includes both 

soft and rigid contact lens hydrogels. 

 From the EWCs, the oxygen permeabilities of the PEG PUI hydrogels 

were approximated using the model proposed by Morgan and Efron (eq. 3) 

and are reported in Table 8.3.26 This semi-empirical model correlates oxygen 

permeability (the product of oxygen diffusivity and solubility, typically 

referred to as “Dk” in contact lens literature) to EWC and is used for 

conventional, non-silicon hydrogels.28 The model assumes that oxygen 

transport only takes place through the water phase of the hydrogel while no 

oxygen transport takes place through the solid phase of the hydrogel. 

Consequently, the oxygen permeability values estimated using this model 

should be considered as minimal values rather than the actual oxygen 

permeability values. The difference between the predicted and actual 

oxygen permeability values evidently depends on the specific oxygen 

transport properties of the hydrogel´s solid phase. In this respect, it is 

worthwhile to note that PEG polymer networks have been shown to exhibit 

a non-zero oxygen permeability in the dry state and actually demonstrate a 

certain level of oxygen affinity.29 Therefore, we expect that the PEG PUI 

hydrogels have higher actual oxygen permeability values than the 

approximated values reported in Table 8.3. However, an experimental 

assessment will be needed to determine the exact oxygen permeabilities of 

the PEG PUI hydrogels. 

 

  



 
 

Table 8.3. Physical properties of the PEG PUI networks and hydrogels in the dry state and in the hydrated state. WU stands for 

water uptake. Numbers in parentheses are standard deviations. 

PEG PUI Hydrogel 

Prepolymer 

WU 

[%] 

EWC 

[%] 

Tg 

[°C] 

Tm,p 

[°C] 

Emod,dry 

[MPa] 

σb,dry 

[MPa] 

εb,dry 

[%] 

Emod,wet 

[MPa] 

σb,wet 

[MPa] 

εb,wet 

[%] 

Wb,wet 

[kJ·m-3] 

O2-perm.c 

[Dk] 

PEG-0.4k-diNCO 
19.2 

(0.1) 

16.1 

(0.1) 
-20.2 - a 

17.1 

(2.4) 

2.7 

(0.8) 

13.9 

(2.6) 

17.0 

(0.8) 

2.0 

(0.4) 

9.8 

(2.3) 

110 

(40) 
3.2 

PEG-0.6k-diNCO 
26.1 

(0.3) 

20.7 

(0.2) 
-23.2 - a 

18.7 

(1.3) 

2.8 

(0.4) 

13.6 

(1.6) 

17.2 

(0.5) 

2.0 

(0.3) 

9.4 

(1.6) 

99 

(27) 
3.8 

PEG-1k-diNCO 
87.1 

(0.6) 

46.5 

(0.2) 
-47.2 - a 

10.9 

(0.6) 

1.4 

(0.2) 

11.5 

(2.1) 

9.6 

(0.3) 

1.6 

(0.8) 

14.1 

(8.5) 

142 

(123) 
10.6 

PEG-2k-diNCO 
150.6 

(0.7) 

60.1 

(0.1) 
-42.9 21.6 

6.6 

(1.1) 

1.6 

(0.4) 

25.1 

(10.1) 

5.9 

(0.4) 

1.1 

(0.1) 

17.0 

(2.8) 

98 

(20) 
18.2 

PEG-4k-diNCO 
222.6 

(0.7) 

69.0 

(0.1) 
-49.5 39.3 

171.5 

(6.1) 

19.3 

(0.5) 

250.7 

(26.2) 

4.0 

(0.2)b 

0.8 

(0.1)b 

21.7 

(1.0)b 

104 

(5)b 
25.9 

PEG-10k-diNCO 
321.6 

(4.2) 

76.3 

(0.2) 
-49.4 53.8 

309.2 

(30.0) 

26.4 

(2.7) 

517.0 

(40.9) 

0.8 

(0.3) 

0.4 

(0.1) 

88.9 

(23.8) 

226 

(94) 
34.5 

anot observed 
bn=2 
capproximated value calculated from the EWC assuming zero transport of oxygen through the solid phase of the hydrogel. Reported in Dk-

units (ml O2/[ml⋅mmHg]) 
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Mechanical properties in the dry state and in the hydrated state 

The mechanical properties of all polymer networks were assessed both in 

the dry state and in the hydrated state and are reported in Table 8.3. It was 

found that the dry polymer networks were generally tough materials, with 

varying mechanical properties dependent on network density and 

crystallinity. In the dry state, the elastic moduli (Emod,dry) of the networks 

ranged from 6.6 to 309.2 MPa, while the stress at break (σb,dry) and 

elongation at break (εb,dry) values ranged from 1.4 MPa to 26.4 MPa and from 

11.5% to 517.0%, respectively. The PUI networks synthesized from PEG 

prepolymers with a molecular weight of 2kg/mol and higher were semi-

crystalline in nature in the dry state, displaying melting peaks in the range of 

20-60°C. 

Table 8.3 also reports the mechanical properties of the hydrogels in 

the hydrated state, which are important for their application as contact 

lenses. The PEG PUI hydrogels were generally tough in the hydrated state, 

covering a wide range of material properties. In the hydrated state, the 

elastic moduli of the materials (Emod,wet) ranged from 0.8 to 17.2 MPa, the 

stress at break (σb,wet) values ranged from 0.4 to 2.0 MPa and the elongation 

at break (εb,dry) values ranged from 9.4% to 88.9%. The hydrogels 

demonstrated toughness (Wb,wet) values in the hydrated state ranging from 

98 to 226 kJ·m-3. 

The tensile stress-strain diagrams of the PUI hydrogels in the 

hydrated state are shown in Figure 8.1a, illustrating the high toughness of 

the gels. Importantly, the stress at break values were >400 kPa for all 

hydrogels and the toughness values were approximately 100 kJ·m-3 or more. 

This illustrates the high mechanical resilience of these hydrogels in the 

water-swollen state. In practice, it was observed that in the water-swollen 

state all hydrogels could easily be handled without fracture or rupture. It 

should be noted that this is non-trivial for crosslinked PEG hydrogels. As far 

as we know, these PEG PUI hydrogels are the toughest crosslinked PEG 

hydrogels reported in the literature, clearly outperforming other typical 

crosslinked PEG hydrogels.14–16 The high toughness of the PEG PUI type 

hydrogels can likely be attributed to the poly(urethane-isocyanurate) type  

network structure on which we reported previously.18 
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To illustrate the wide range of mechanical properties accessible by 

the synthesis method used, the tensile elastic moduli of the hydrogels are 

plotted together with the EWCs in Figure 8.1b. The measured range of elastic 

moduli covers most of the range of elastic moduli typically reported for soft 

contact lens materials (0.2-2MPa) and also includes typical values reported 

for rigid contact lens materials (ca. 10 MPa) (see Table 8.1).2 It should be 

noted that the current span of elastic moduli is obtained simply by varying 

the molecular weight of the starting material. Other strategies typically used 

to manipulate the mechanical properties of hydrogel materials may also be 

considered, such as the incorporation of mono-functional prepolymers 

and/or prepolymers with a different chemical nature. 

 

Hydrogel stability during sterilization 

A first assessment of the stability of the PEG PUI hydrogels was done by 

exposing the hydrogels to two common sterilization procedures. The 

hydrogels were analyzed gravimetrically to detect any changes in mass and 

visually by inspecting each sample for changes in color, size and/or opacity. 

No mass loss was determined for any of the hydrogels after 1h of UV-

exposure nor after autoclaving at 120°C for 20min. Also, no changes in 

color, size or opacity of the hydrogels were observed. Although changes in 

other material properties, such as mechanical properties, degree of 

swelling or optical properties, have not been investigated, these results 

indicate that the PEG PUI hydrogels are stable under the sterilization 

procedures used.  



 
 

Figure 8.1. Mechanical properties of PEG PUI hydrogels in the water-swollen state; a) tensile stress-strain diagrams of PEG PUI 

hydrogels in the hydrated state. The molecular weights of the respective prepolymers as well as the equilibrium water contents 

are reported next to the curves; b) tensile elastic moduli (Emod; black squares; approximated as the tangent of the linear regime 

of the tensile stress-strain dependence) and equilibrium water content (EWC; blue circles) of the PEG PUI hydrogels as a function 

of the number average molecular weight between crosslinks Mc of the polymer network, approximated by the number average 

molecular weight of the respective prepolymer Mn.  
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Optical properties of PEG PUI hydrogels: transmittance, haze, clarity and 

refractive index 

 

Transmittance, Haze and Clarity 

The transparency of the PEG PUI hydrogels was investigated by two 

methods. Firstly, the transmittance of the hydrogels was determined as a 

function of wavelength. The transmission spectra of all hydrogels are shown 

in Figure 8.2a. Typically, an average transmittance of 90% is considered a 

minimum requirement for contact lens applications,2,30 although minimum 

values of 95% are also reported.5 As seen in the spectra, the transmittance 

of the hydrogels was generally >90% throughout the visible spectrum and 

on average around 95% for most hydrogels. It should be noted that these 

measurements were performed on hydrogel films with a thickness of 0.5-

1mm, whereas the typical center-point-thickness of a contact lens is around 

50-250µm.31 In other words, even in non-optimized form the PEG PUI 

hydrogels already meet the general transmittance requirements for contact 

lens applications. 

Secondly, the scattering characteristics of the transmitted light were 

investigated (see results in Table 8.4). All hydrogels demonstrated high 

transmittance values of >90%, with the PEG-1k, PEG-2k and PEG-4k 

hydrogels demonstrating transmittance values of around 95%. This is 

consistent with the wavelength dependent measurements discussed 

previously. More importantly, the PEG PUI hydrogels generally showed very 

high clarities, in most cases with values close to 100%. Clarity is also referred 

to as the “see-through quality” of the material and describes how well fine 

details and sharp images can be perceived when looking through the 

material.32 Finally, the haze values, considered as a measure for the loss of 

contrast32, were in most cases generally low and in the range of 1-4%. 

  



 
 

 
Figure 8.2. Optical properties of PEG PUI hydrogels; a) wavelength-dependent transmission spectra of the PEG PUI hydrogels in 

the UV-visible spectrum. A dotted grey line is included at the 90%-transmittance threshold as a guide for the eye; b) refractive 

indices (nD20) and equilibrium water contents (EWC) of the PEG PUI hydrogels as a function of the molecular weight between 

crosslinks of the PEG PUI networks. Marked by grey lines is the range of refractive indices described by Caló et al. as “ideal 

hydrogels should have a refractive index value matching the range 1.372–1.381”.5 
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Table 8.4. Scattering characteristics (transmittance, haze and clarity) and 

refractive indices (nD20) of PEG PUI hydrogels. 

PEG PUI 

Hydrogel 

Prepolymer 

Transmittance 

[%] 

Haze 

[%] 

Clarity 

[%] 

Refractive 

Index (nD20) 

[-] 

PEG-0.4k-diNCO 93.1 3.4 96.2 1.4796 

PEG-0.6k-diNCO 93.1 1.8 99.5 1.4707 

PEG-1k-diNCO 95.2 1.9 99.4 1.4010 

PEG-2k-diNCO 95.1 3.0 99.4 1.3768 

PEG-4k-diNCO 95.7 2.2 98.7 1.3611 

PEG-10k-diNCO 90.5 22.8 86.3 1.3562 

 

Refractive index 

The refractive indices of the PEG PUI hydrogels in the hydrated state 

are reported in Table 8.4 and plotted in Figure 8.2b together with their 

EWCs. The refractive indices ranged from ca. 1.48 for the shortest-chain 

(PEG-0.4k) hydrogel to ca. 1.36 for the longest-chain (PEG-10k) hydrogel. 

Indicated by the trends shown in Figure 8.2b, the refractive index seems to 

be mostly dependent on the EWC of the hydrogel. This is consistent with 

what is reported in the literature.33 

The literature regarding the preferred value of the refractive index 

of contact lens materials is inconsistent. On the one hand, it is reported that 

the refractive index value of a contact lens material should preferably be as 

high as possible, in order to allow the manufacture of the thinnest possible 

contact lenses.34,35 On the other hand, it is also reported that the refractive 

index of a contact lens material should preferably match that of the human 

cornea as closely as possible, values ideally lying between 1.372 and 

1.381.5,36 Typical values reported in the literature for commercial and novel 

scientific contact lens materials range from approximately 1.38 to 1.45.33–35 

The PEG PUI hydrogels span a wide range of refractive index values,  

encompassing all values mentioned in the literature. In this regard, it is safe 

to say that the range of refractive index values of the PEG PUI hydrogels is 
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suitable for contact lens applications. The intrinsically high refractive indices 

of the materials comprising the hydrogel networks are considered beneficial 

in this context. For example, a refractive index value of 1.48 is reported for 

a pure HDI polyisocyanurate network22 and a value of 1.47 is provided by the 

manufacturer for a liquid PEG-0.6k polymeric diol. Furthermore, the 

refractive index of PEG polymeric diols has been shown to increase for 

increasing molecular weight PEG.21 These high values allow for hydrogel 

formulations with a higher EWC and/or thinner contact lenses, both of which 

are associated with improved wearing comfort.34 Also the broad range and 

easy control over the refractive index of the PEG PUI hydrogel materials is 

considered beneficial for further optimization. 

 

 

Biological properties of PEG PUI hydrogels: biocompatibility and protein 

adsorption 

 

Biocompatibility 

The biocompatibility of the prepared and extracted PEG PUI hydrogels was 

investigated in an indirect cytotoxicity study in analogy to a procedure 

reported previously.27 A human retinal pigment epithelium cell line (Arpe-

19) was used as a model cell line for this. The viabilities of the cells after 48h 

is reported in Table 8.5. As can be seen, all PEG PUI hydrogels were non-

cytotoxic under these conditions, indicating good biocompatibility. This is in 

line with our expectations, considering that all the chemical moieties 

present in the hydrogel network are known to be biocompatible.24,25 In most 

cases, PEG PUI hydrogels had a slight stimulating effect on cell growth, 

indicated by cell viabilities >100% compared to the control cell culture. 

 

  



 
 

Table 8.5. Biological properties of the PEG PUI hydrogels and a selection of commercial contact lenses. Numbers in parentheses 

are standard deviations. 

PEG PUI Hydrogel 

Prepolymer 

EWC 

[%] 

Cell viability 

after 48h 

[%] 

Adsorbed BSA 

after 24ha 

[mg/g] 

Contact Lens Material 

(manufacturer, wear time) 

EWC 

 

[%] 

Cell 

viability 

after 48h 

[%] 

Adsorbed 

BSA after 

24ha 

[mg/g] 

PEG-0.4k-diNCO 
16.1 

(0.1) 

111 

(3) 

0.24 

(0.09)b 

Midafilcon A 

(Menicon, day) 
56c 

99 

(4) 

0.85 

(0.07)b 

PEG-0.6k-diNCO 
20.7 

(0.2) 

110 

(3) 

0.45 

(0.05) 

Riofilcon A 

(Cooper Vision, day) 
58c 

92 

(3) 

1.38 

(0.33) 

PEG-1k-diNCO 
46.5 

(0.2) 

109 

(2) 

0.39 

(0.18) 

Comfilcon A 

(Cooper Vision, month) 
48c -d 

0.55 

(-)e 

PEG-2k-diNCO 
60.1 

(0.1) 

106 

(1) 

0.64 

(0.19) 

Somofilcon A 

(Cooper Vision, month) 
-f -d 

0.71 

(-)e 

PEG-4k-diNCO 
69.0 

(0.1) 

102 

(1) 

0.65 

(0.08) 
    

PEG-10k-diNCO 
76.3 

(0.2) 

104 

(3) 

0.64 

(0.14) 
    

aquantified as the total mass of adsorbed BSA in 24h, normalized for the dry weight of the hydrogel sample; 
bn=2; cas provided by the manufacturer; dnot determined; en=1; fnot provided 
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Protein Adsorption 

To investigate the biofouling properties of the PEG PUI hydrogels, a protein 

adsorption study was performed in analogy to a procedure reported 

previously.6 Bovine serum albumin (BSA) was used as a model protein. The 

amounts of adsorbed BSA after 24h, normalized for the dry weight of the 

hydrogel, are reported in Table 8.5 for all PEG PUI hydrogels and several 

commercial contact lenses. The PEG PUI hydrogels demonstrated BSA 

adsorption values ranging from 0.24 mg/g to 0.65 mg/g. These values are 

significantly lower than those of the commercial contact lenses tested, 

which ranged from 0.55 mg/g to 1.38 mg/g. Especially the disposable 

contact lenses intended for single-day use demonstrated high BSA 

adsorption values of 0.85 mg/g and 1.38mg/g. This indicates that PEG PUI 

hydrogels are suitable for the production of contact lenses with a wear time 

of ≥1 month, at least as far as biofouling properties are concerned. 

The low biofouling properties of the PEG PUI hydrogels can likely be 

attributed to the inert chemical structure of the PEG PUI hydrogel networks. 

The new PEG PUI hydrogels are unique in this context, in the sense that they 

are hydrophilic but do not contain any free -OH, -NH2, -COOH or charged 

moieties. This results in the desirable combination of high EWC hydrogels 

with low biofouling properties, which is challenging to achieve using the 

currently used contact lens materials. This is considered a significant 

improvement, since biofouling is at present one of the main issues 

associated with contact lens materials.6,8,11–13 In combination with the high 

toughness in the hydrated state discussed previously, this makes PEG PUI 

hydrogels an attractive new class of materials for contact lens applications. 
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8.4 Conclusions 
PEG PUI hydrogels comprise an attractive novel class of hydrogel materials 

for contact lens applications, meeting all requirements on material 

properties reported for the application (see Table 8.2). Owing to the specific 

PEG PUI network structure, a desirable combination of high EWC, high 

toughness in the hydrated state, excellent optical properties, good 

biocompatibility and low biofouling properties is achieved. Also the oxygen 

permeability and the chemical stability with respect to common sterilization 

techniques of the PEG PUI hydrogels are suitable for the application in mind. 

This particular combination of properties can be attributed to the 

PEG PUI polymer network structure comprising the hydrogel networks. The 

use of a PEG polymeric backbone provides the unusual combination of 

hydrophilicity and chemical inertness. As a result, high EWC hydrogels that 

demonstrate a low protein adsorption are obtained. The PUI type 

crosslinking units provide the high toughness needed for contact lens 

applications, which conventional crosslinked PEG hydrogels typically lack. 
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Summary 
 

This thesis describes our research on aliphatic poly(urethane-isocyanurate) 

(PUI) networks, their synthesis, material properties and applications. 

Generally speaking, PUI networks are considered promising materials for 

biomedical applications. Specifically, the high toughness (both in the dry 

state and in the water-swollen state), excellent optical properties and good 

biocompatibility are highly attractive characteristics for biomedical 

applications. In this thesis, first the viscosity characteristics of liquid aliphatic 

isocyanurates are investigated. These are important industrial precursors for 

the production of PUI networks. Next, a novel synthesis method for the 

formation of well-defined PUI networks is presented. Using the newly-

developed synthesis method, various single and combinatorial PUI networks 

are synthesized and characterized, demonstrating promising material 

properties for biomedical use. Finally, the potential use of a specific type of 

PUI networks based on poly(ethylene glycol) is explored for contact lens 

applications. 

 

Chapter 1 provides a brief description of the perspective in which the work 

was performed. The scope, aims and outline of this thesis are presented. 

In Chapter 2, a general introduction to isocyanate (NCO) and 

polyurethane chemistry is provided. The unique reactivity of the isocyanate 

functional group is discussed, as well as common reaction partners and 

products. Next, various synthesis methods for the production of PUI 

networks are reviewed. A general distinction can be made between the 

conventional 2-component mixing approach and more recently-developed 

1- and 1.5-component techniques. Finally, the general material properties 

and typical applications of aliphatic PUI networks are discussed. It is shown 

that PUI networks are generally appreciated for their versatility and high 

toughness and durability. Owing to these properties, the largest application 

field of aliphatic PUI networks is the coatings, adhesives and sealants 

industry. At present, PUI networks are increasingly used for biomedical 

applications and devices as well. 
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Isocyanate-functional aliphatic isocyanurates are important 

industrial precursors for the 2-component synthesis of PUI networks. The 

viscosity of these compounds is an important property for their production, 

processing and application, but the underlying chemical interactions 

dictating the viscosity of these liquids are poorly understood. In Chapter 3, 

we report on the high-purity synthesis and isolation (>99%) of aliphatic 

isocyanurate model compounds. The viscosities of these model compounds 

are accurately quantified. By varying the carbon chain-length and comparing 

isocyanate-functional isocyanurates to non-functional isocyanurates, the 

effect of their molecular structure on viscosity is investigated. It is shown 

that the viscosity of the liquid is significantly higher when NCO groups and 

rings are simultaneously present and that viscosity increases for increasing 

relative NCO- and ring content. Using density functional theory (DFT), the 

presence of a strong bimolecular binding potential between the NCO group 

and the isocyanurate-ring is identified for the first time. Using molecular 

dynamics (MD) simulations, the viscosities of the model compounds were 

accurately predicted, providing a more complete picture of the structure-

property-relations that dictate the viscosity of these liquids. The presence of 

the newly-identified NCO-Ring interaction is shown to give rise to a strong 

increase in viscosity. 

In Chapter 4, we investigate the intermolecular interactions in 

aliphatic isocyanurate liquids in more detail. We provide a first framework 

of which specific intermolecular interactions are present in these liquids and 

how they affect viscosity. Using DFT, we identify and quantify several 

bimolecular interaction potentials involving NCO groups and isocyanurate 

rings. It is shown that NCO-NCO interactions are relatively weak, with 

interaction energies ranging from 5.8 to 7.9 kcal/mol. Ring-Ring interactions 

are stronger, showing significant interaction energies of up to 13.8 kcal/mol. 

NCO-Ring interactions are less predictable: interaction energies between 7 

and 8 kcal/mol are found for single interactions while high interaction 

energies increasing up to 17.6 kcal/mol are found when multiple, 

cooperative interactions are possible. Using MD simulations, we show that 

these multiple, cooperative NCO-Ring interactions have a strong increasing 

effect on the viscosity of the liquid state. Thereby we provide a first 
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explanation for why the viscosity of aliphatic isocyanate-functional 

isocyanurates is typically higher than that of non-functional isocyanurates or 

other types of (poly)isocyanate oligomers. 

In Chapter 5, a new synthesis method is presented for synthesizing 

both hydrophilic and hydrophobic PUI polymer networks with a well-defined 

network structure. The newly-developed synthesis method is based on the 

functionalization of common polymeric diols using hexamethylene 

diisocyanate (HDI) and their subsequent trimerization. It is shown that by 

trimerizing NCO-functionalized prepolymers with a narrow molecular 

weight distribution, PUI networks with a well-defined network structure can 

be obtained. In contrast to conventional PUI networks, our PUI networks 

demonstrate both a well-defined molecular weight between crosslinks (Mc) 

and a well-defined functionality of the crosslinking units of exactly 3. These 

PUI networks were shown to be flexible, tough materials both in the dry 

state and in the water-swollen state. 

In Chapter 6, we report on the synthesis of various combinatorial 

PUI networks by the trimerization of mixtures of NCO-functionalized 

prepolymers in solution. We show that combinatorial PUI networks 

containing at least one hydrophilic PEG component show high water uptakes 

of >100wt%. After swelling in water, the resulting hydrogels have elastic 

moduli of up to 10.1 MPa, ultimate tensile strengths of up to 9.8 MPa, 

elongation at break values of up to 624.0% and toughness values of up to 

53.4 MJ·m-3. These values are exceptionally high and show that 

combinatorial PUI hydrogels are among the toughest hydrogels reported in 

the literature. Next, we show that the presence of a hydrophobic network 

component significantly enhances the toughness and tensile strength of a 

combinatorial PUI hydrogel in the hydrated state. This enhancement is the 

largest when the hydrophobic network component is crystallizable in 

nature. Finally, using dynamic scanning calorimetry, we show that PUI 

hydrogels containing a crystallizable hydrophobic network component are 

in fact semi-crystalline in the water-swollen state. 

In Chapter 7, structure-property relations in semi-crystalline 

combinatorial PUI hydrogels are investigated. Model combinatorial PUI 

hydrogel networks, containing varying amounts of a crystallizable 
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hydrophobic network components, are synthesized and characterized. 

These are compared to model combinatorial PUI hydrogel networks 

containing varying amounts of an amorphous hydrophobic network 

component. It is shown that the toughness of combinatorial PUI hydrogels 

in the water-swollen state strongly increases with an increasing degree of 

crystallinity of the hydrogel in the water-swollen state. 

In Chapter 8, PUI networks based on poly(ethylene glycol) (PEG) are 

presented as a new class of materials for contact lens applications. After 

swelling in water, the PEG PUI hydrogels demonstrate high toughness values 

ranging from 98 to 226 kJ·m-3 and elastic moduli ranging from 0.8 to 17.2 

MPa for networks with equilibrium water contents (EWCs) ranging from 76.3 

to 16.1wt%. The hydrogels demonstrate transmittance values >90% across 

the visible spectrum, clarities close to 100% in most cases and refractive 

indices ranging from 1.48 to 1.36. We show that these hydrogels are non-

cytotoxic, indicating good biocompatibility. Using bovine serum albumin as 

a model protein, we show that PEG PUI hydrogel films demonstrate low 

protein adsorption values, ranging from 0.24 mg/g to 0.65 mg/g after 24h. 

These values are significantly lower than those of several commercial 

contact lenses tested, which ranged from 0.55 mg/g to 1.38 mg/g after 24h. 

The reported combination and range of material properties is considered 

highly attractive for contact lens applications. Specifically, the contradictory 

combination of high EWC, high toughness in the hydrated state and low 

protein adsorption is exceptional and beneficial. These properties are 

attributable to the PEG PUI network structure: the use of a PEG polymeric 

backbone provides hydrophilicity and chemical inertness while the PUI type 

crosslinking units provide high toughness in the hydrated state. 

 

 

Outlook 
 

Aliphatic PUI networks comprise a promising class of materials for 

biomedical applications. The high toughness in both the dry state and the 

water-swollen state associated with these materials is attractive for their 

potential use as load-bearing biomaterials. Also, in combination with their 
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excellent optical properties, good biocompatibility and anti-biofouling 

properties, PUI hydrogels are a promising class of materials for contact lens 

applications. Before these materials can be applied in a biomedical context 

though, further investigation and development is needed. This concerns 

both industrial PUI precursors such as liquid aliphatic isocyanurates and PUI 

networks and hydrogels in their final form. 

 

 

Viscosity of liquid aliphatic isocyanurates 

For a complete understanding of the structure-property-relations that 

dictate the viscosity of liquid aliphatic isocyanurates a more detailed 

experimental study is needed. Using specifically designed model 

compounds, the molecular interactions and bimolecular complexes 

proposed in Chapters 3 and 4 of this thesis could be experimentally 

identified. For example, a detailed nuclear magnetic resonance (NMR) study 

on high-purity model compounds can be considered to identify and quantify 

the proposed NCO-NCO, NCO-Ring and Ring-Ring interactions 

experimentally. Also, an X-ray diffraction study on crystalline small-

molecular NCO-Ring compounds can be considered to quantify the 

intermolecular distances between the chemical moieties. 

 Regarding the computational part, the scope of the study could be 

extended to include more (types of) (poly)isocyanates. Other industrially 

relevant (poly)isocyanates such as methylenediphenyl diisocyanate (MDI), 

toluene diisocyanate (TDI) and isophorone diisocyanate (IPDI) were not yet 

included in this study and can be considered a good starting point. The 

including of various other structure types is of high interest as well. For 

example, allophanate, uretdione and iminooxadiazinedione type structures 

are known to have significantly lower viscosities than the equivalent 

isocyanurate type structures.12 A complete overview of all the relevant 

intermolecular interactions present in these structures and their relative 

strengths would  be of great significance for the development of industrial 

low-viscosity polyurethane precursors. 
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Network formation in aliphatic PUI networks 

For an accurate study of PUI materials, having access to molecularly well-

defined PUI networks is important. Using the newly-developed synthesis 

method reported in Chapter 5 of this thesis, the synthesis of PUI networks 

with a variable, well-defined network structure is now possible. As this 

synthesis method primarily provides a means for performing more accurate 

structure-property-relations studies on PUI networks, an obvious next step 

is to perform these studies. 

 An interesting example would be to investigate and quantify to what 

extent the isocyanurate type crosslinking unit contributes to the mechanical 

performance of PUI type networks.3 By comparing well-defined PUI 

networks to PU networks containing other types of crosslinking units, the 

specific contribution of the isocyanurate ring to the mechanical 

performance of PUI networks can be targeted. 

 

 

Aliphatic PUI networks for biomedical applications 

At present, we consider biomedical materials and devices the most 

promising novel application field for aliphatic PUI networks. Before these 

materials can be applied in a biomedical context though, further 

investigation and development of the materials is needed. In Chapter 8 of 

this thesis, we already reported that a good biocompatibility of these 

materials is indicated based on an indirect cytotoxicity test. This study can 

be expanded to a more detailed cytotoxicity study using varying model cell-

lines and circumstances. Also, the biodegradation products should be 

considered in such an experiment. Ultimately, the biocompatibility of these 

materials should be investigated using an in-vivo assessment. 

 In Chapters 6 and 7 of this thesis, we have shown that the synthesis 

of combinatorial PUI networks based on the trimerization of mixtures of 

NCO-prepolymers can be used to produce exceptionally tough hydrogels 

demonstrating toughness values in the range of several tens of kJ·m-3. Such 

hydrogels can be applied as load-bearing biomaterials. For example, the use 

of PUI type hydrogels for tissue engineering, artificial cartilage or artificial 

implants can be considered. Before application in this context is possible, a 
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more detailed investigation of the physical properties of these combinatorial 

PUI hydrogels is needed. An investigation of the compressive stress-strain 

behaviour and the (repeated) load-bearing characteristics of these materials 

can be considered. Also, the biodegradation process and rate of aliphatic PUI 

networks is presently unknown, as are the biodegradation products and 

their biocompatibility. A thorough in-vitro study, potentially followed by an 

in-vivo and/or clinical study, should be performed before these materials 

can be applied inside the human body. 

Making use of the expertise and knowledge of PUI networks present 

within the industrial coatings, adhesives and sealants industry, synergy can 

be found with the field of biomedical materials and devices. For example, 

PUI type materials can be optimized for use as (lubricious) coatings for 

biomedical devices such as catheters and cannulas. The material properties 

of the PUI networks reported in Chapters 6, 7 and 8 of this thesis are 

promising characteristics in this respect. These include controllable water 

uptake values, high toughness values (both in the dry state and in the 

hydrated state), good biocompatibility, low biofouling and high stability with 

respect to common sterilization techniques. 

 Finally, in Chapter 8 of this thesis we have demonstrated that PEG 

PUI type hydrogels comprise a promising class of materials for contact lens 

applications. Before commercialization in this context is possible though, the 

detailed formulation of PEG PUI hydrogels should be optimized for this 

specific application. This includes the optimization of the elastic modulus of 

the hydrogel, optimization of the equilibrium water content and 

optimization of the industrial production. Methods that are typically used to 

manipulate the material properties of hydrogels may be considered, such as 

the incorporation of mono-functional prepolymers and/or prepolymers with 

a different chemical nature. 
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