
 

High performance polyurethanes

Citation for published version (APA):
Guo, Y. (2023). High performance polyurethanes: Novel synthetic mechanisms and improved thermal properties.
[Phd Thesis 1 (Research TU/e / Graduation TU/e), Chemical Engineering and Chemistry]. Eindhoven University
of Technology.

Document status and date:
Published: 23/05/2023

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 08. Feb. 2024

https://research.tue.nl/en/publications/99447ed7-b272-4eda-ac53-50634e678d75


High performance polyurethanes:
Novel synthetic mechanisms 
and improved thermal properties

Yunfei Guo

High perform
ance polyurethanes: Novel synthetic m

echanism
s and im

proved therm
al properties 

Yunfei Guo
Idea: maybe like this, and could you please help to add spine and the title?

Chinese name character





 
 

 

 

High performance polyurethanes: 
Novel synthetic mechanisms and 

improved thermal properties 
  

 

  

 

PROEFSCHRIFT 

 

 
 

ter verkrijging van de graad van doctor aan de Technische Universiteit Eindhoven, 

 op gezag van de rector magnificus prof. dr. S.K. Lenaerts, 

 voor een commissie aangewezen door het College voor Promoties,   

  in het openbaar te verdedigen op dinsdag 23 mei 2023 om 13:30 uur 

 

door 

 

Yunfei Guo 
 

geboren te Shanghai, China 



 
 

Dit proefschrift is goedgekeurd door de promotoren en de samenstelling van de 
promotiecommissie is als volgt:  

 

 

    

 

Voorzitter: Prof. dr. A.P.H.J. Schenning 

Promotoren: Prof. dr. Ž. Tomović 

 Prof. dr. R.P. Sijbesma 

Promotiecommissieleden: Prof. dr. ir. A.R.A. Palmans 

 Prof. dr. B. Eling (Universität Hamburg) 

 Dr. ir. J.P.A. Heuts 

Adviseur: Dr. A.M. Cristadoro (BASF Polyurethanes GmbH) 

 

 

 

 

 

 

 

 

 

 
 

Het onderzoek dat in dit proefschrift wordt beschreven is uitgevoerd in 
overeenstemming met de TU/e Gedragscode Wetenschapsbeoefening. 



 
 

 

 

 

 

 

 

 

 

 

Dedicated to my family 

 

 



 
 

 

 

 

 
 

 

 

 

 
 

 

High performance polyurethanes: Novel synthetic mechanisms and improved thermal 
properties 

Yunfei Guo 

Eindhoven University of Technology, the Netherlands, 2023 

 

 

Copyright © Yunfei Guo 

Cover design cogenerated by artificial intelligence programs DALL∙E 2 (openai.com), 
adapted and recreated by Özgün Dağlar and ProefschriftMaken 

Printed by ProefschriftMaken 

 

 

A catalogue record is available from the Eindhoven University of Technology Library 

ISBN: 978-90-386-5732-5 

The work presented in this thesis was financially supported by BASF Polyurethanes 
GmbH, Germany



V 
 

CCoonntteennttss  
  

Chapter 1 Introduction 1 

1.1 Motivation 3 

1.2 Isocyanurate/polyisocyanurate (PIR) structures in PU 6 

1.3 Aromatic imide/polyimide (PI) structures in PU 11 

1.4 Scope and outline of the thesis 15 

1.5 References 16 

Chapter 2 Role of Acetate Anions in the Catalytic Formation of Isocyanurates from 
Aromatic Isocyanates 3 

2.1 Introduction 27 

2.2 Results and discussion 28 

2.3 Conclusion 37 

2.4 Experimental section 37 

2.5 References 41 

Chapter 3 Synthesis of Polyisocyanurate Prepolymer and the Resulting Flexible 
Elastomers with Tunable Mechanical Properties 45 

3.1 Introduction 47 

3.2 Results and discussion 48 

3.3 Conclusion 58 

3.4 Experimental section 58 

3.5 References 63 

Chapter 4 Flame Retardant Phosphorus-Containing Polyisocyanurate Elastomers for 
Flame Retardant Application 67 

4.1 Introduction 69 

4.2 Results and discussion 71 

4.3 Conclusion 82 

4.4 Experimental section 82 

4.5 References 86 

Chapter 5 A Mechanism of Amine Catalyzed Aromatic Imide Formation from the 
Reaction of Isocyanates with Anhydrides 89 

5.1 Introduction 91 

5.2 Results and discussion 92 



VI 
 

5.3 Conclusion 103 

5.4 Experimental section 104 

5.5 References 109 

Chapter 6 Solvent-Free Preparation of Thermally Stable Poly(Urethane-Imide) 
Elastomers 113 

6.1 Introduction 115 

6.2 Results and discussion 116 

6.3 Conclusion 125 

6.4 Experimental section 125 

6.5 References 128 

Chapter 7 Epilogue 131 

7.1 General discussion 133 

7.2 Future perspectives 136 

7.3 References 138 

Summary 141 

Curriculum Vitae 144 

List of Publications 145 

Acknowledgement 146 

 

 



 

CChhaapptteerr  11    

Introduction 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

     

 

 

 

 
 

 
 

 
 

 

 

 
 

 

 

Images of this figure are obtained from BASF website. 



C
h

ap
te

r 
1

3 
 

1.1 Motivation  

1.1.1 Polyurethane in our daily life 

Plastics are inseparable from our daily life. The annual world plastic production 
keeps increasing. From 2016 to 2020, the plastic production increased by 32 million 
tons in 5 years (Figure 1-1a).1 Zeroing in to data from 2019, 368 million tons of plastics 
were produced. Among these plastics, the mostly produced polymers are polyethylene 
(PE) and polypropylene (PP), followed by polyvinyl chloride (PVC), polyurethane (PU) 
and polyethylene terephthalate (PET) (Figure 1-1b).2 In 2019, the annual consumption 
of PUs was around 8% of the global plastics production, corresponding to 29 million 
tons. As the fourth mostly produced plastic, PUs are made into daily necessities such 
as artificial leathers, artificial sponges, mattresses, foam sealant and Elastane (Lycra). 
Moreover, PUs are applied in construction industry such as in rigid foams for thermal 
insulation, sealants, adhesives and in coatings; in consumer products such as shoe soles, 
packaging; in automotive applications such as seats, door panels, sound absorption and 
vibration dampening; in appliances such as insulation of refrigerators and freezers.3–6  

 
Figure 1-1. (a) Annual world plastic production from 2016-2020 and (b) plastics demand 
distribution in 2019 by polymer type.1,2 In 2019, around 29 million tons of PUs were produced in 
the world. 

After the invention of polyurethane by Bayer et al. in 1937, polyurethane chemistry 
has been developing prosperously for 85 years.7 With the fast development of material 
science and the material industry, the demands on high-performance PU materials are 
increasing. These properties include heat resistance and fire safety, mechanical 
properties, stimuli-responsive functions, biocompatibility, sustainability and 
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recyclability.3–6,8–13 Among these properties, flame retardancy is of special interests to 
the market as for construction and automotive applications. 

1.1.2 Flame retardant PU materials 

PU plays an important role in many applications, in which fire safety is a crucial topic. 
Every year, fire causes significant property loss, injuries and even death. However, 
most of the fire cases can be prevented or controlled. Scientists and engineers have 
not only been studying fire, but have also been seeking to provide fire protection in 
our daily life, to which the development of thermally stable and flame retardant 
plastics can contribute. The term fire retardancy means that when the material is 
exposed to a flame, it has the property to “either retard the growth and propagation 
of that flame, or retard (slow) the growth and propagation of any flames that may 
come from the material once it has been ignited”.14 In other words, if a fire starts by 
accident, a flame retardant material can be rapidly extinguished by itself, or be used 
to extinguish the fire before it expands, which can prevent loss of life and property 
damage. The improvement of flame retardancy of PUs is especially important because 
they are mostly used in construction, automotive and furniture applications.4,8  

From the aspect of the flame retardant mechanism, flame retardancy is generally 
achieved in either the gas phase or/and the condensed polymer phase during 
combustion (Figure 1-2a).15 In the gas phase, the flame retardation is realized (I) 
through the capture of reactive free radicals formed during combustion, or (II) through 
dilution of combustible or combustion-supporting gases. In the condensed phase, the 
flame retardation is realized via several methods such as heat absorption, heat 
dissipation and barrier protection.  

From the aspect of preparation methods, there are typically two ways to achieve 
flame retardancy and thermal stability in polymers, namely, “additive” and “reactive” 
types. Many flame retardants (e.g., halogen, phosphorous, boron, nitrogen-based 
compounds and inorganic compounds) have been reported as additives or fillers to 
improve the flame retardancy of PU materials (Figure 1-2b).14–19 However, these flame 
retardant additives may have poor compatibility with PUs, and they may leach out or 
migrate to the material surface, leading to deterioration in the mechanical properties 
of the materials. In addition, although halogen-based compounds are one of the most 
widely used conventional flame retardants in PUs, they have two clear disadvantages.20 
The halogen-based flame retardants are hazardous themselves, and more pressingly, 
they have the potential to release corrosive and toxic gases (hydrogen halides) during 
combustion. As a result, the use of halogen-based flame retardants in PUs is gradually 
being restricted by an increasing number of regulations.  
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In order to improve the environmental friendliness and compatibility of the flame 
retardants with the PU materials, many researchers have developed “reactive” type 
new flame retardants and introduced them into PUs via chemical (covalent) bonds 
(Figure 1-2c). Chemical motifs such as reactive phosphorous-containing or 
phosphorous-nitrogen containing alcohols, melamine-based compounds, isocyanurate 
and aromatic imide structures enhance the intrinsic thermal stability and flame 
retardancy of PU materials, which helps to reduce the use of conventional flame 
retardant additives.19,21–33  

 
Figure 1-2. (a) Illustration of burning process of the polymer material. Gas phase (free radicals, 
combustible gases) and condensed phase (polymer matrix) are involved in the burning process; 
(b) illustration of flame retardants as additives or fillers in the polymer; (c) illustration of flame 
retardants introduced in polymer via covalent bonds. Reproduced from ref. 15 Copyright (2022), 
with permission from Wiley-VCH GmbH. 

Motivated by these developments in “reactive” type flame retardants, this thesis 
focuses on the introduction of isocyanurate and imide motifs in PU elastomers as a 
potential approach to large-scale production of these materials. A more detailed 
explanation of the synthesis and applications of these chemical motifs is presented in 
the coming sections of this chapter.  
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1.2 Isocyanurate/polyisocyanurate (PIR) structures in PU 

Due to the outstanding thermal and mechanical properties, polyisocyanurate (PIR) is 
important for polyurethane industry. The synthesis of PIR and the underlying 
cyclotrimerization mechanism have been widely investigated and the PIR structures 
have been applied in various PU materials. 

1.2.1 Synthesis of isocyanurates 

Polyurethane chemistry includes six main isocyanate-based reactions (Scheme 1-1), 
leading to various structures such as urethane (carbamate), allophanate, urea, biuret, 
uretdione and isocyanurate. Isocyanurates are generally synthesized via 
cyclotrimerization of three isocyanate molecules, which is the main focus of this thesis. 
Whereas the reaction mechanisms of the other five structures are known, the 
cyclotrimerization mechanism of isocyanates is still under investigation. Typically, the 
reaction mechanism of the trimerization reaction is dependent on the catalyst that is 
used. Thus, in order to elucidate the underlying mechanism, the type of catalyst must 
be considered.  

 
Scheme 1-1. Common structures in PU chemistry. Urethane is formed from the reaction between 
isocyanate and alcohol; allophanate is formed from the reaction between isocyanate and 
urethane; urea is formed from the reaction between isocyanate and amine; biuret is formed from 
the reaction between isocyanate and urea; uretdione is obtained from dimerization of 
isocyanates; isocyanurate is obtained from trimerization of isocyanates. 

The cyclotrimerization catalysts can be divided into two categories: catalysts 
operating via Lewis base cyclotrimerization mechanism and metal-containing 
catalysts.34 

Catalysts that operate cyclotrimerization via a Lewis base mechanism are generally 
anions, zwitterions or other functional groups with lone electron pairs. The catalytic 

Urethane

Urea

Isocyanurate

Biuret

Allophanate

Uretdione
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mechanism of these bases has been extensively discussed in the literature (Scheme 1-
2): the reaction is considered to be initiated by straightforward nucleophilic addition 
of an anion or lone electron pair of the catalyst to the electrophilic isocyanate carbon 
forming an anionic intermediate (2).4,35–39  This intermediate reacts further with a 
second and third molecule of isocyanate in a stepwise manner, and forms isocyanurate 
(5) after ring closure and elimination of the catalyst. Among the Lewis basic catalysts, 
carboxylates are the most common cyclotrimerization catalysts used in industrial 
applications. In terms of the cyclotrimerization mechanism using carboxylate as a 
catalyst, the cyclotrimerization still follows an anionic pathway, while the actual 
catalytic species changes. A strongly nucleophilic and basic deprotonated amide 
species is formed irreversibly after the reaction between carboxylate anion and 
isocyanate, which serves as the actual catalyst.40–43 The detailed mechanism is 
explained in Chapter 2. 

 
Scheme 1-2. Generally proposed and accepted anionic cyclotrimerization mechanism. 

Formulations used for the synthesis of PU materials contain alcohols, which are 
known to have high reactivity towards isocyanates.4,6 The proton donors such as 
alcohols, carbamates or allophanates, after deprotonation by Lewis bases, can also 
accelerate the cyclotrimerization of isocyanates.44–47 The nucleophilic catalysts 
actively catalyze the reaction between alcohol and isocyanate, the formed carbamate 
not only reacts rapidly with isocyanate but it also deprotonates other protic groups 
such as urethane, allophanate, urea and biuret groups in the PU system, whose 
corresponding anions have been shown to be active PIR catalysts.42,43 Therefore, a 
mixture of catalytically active species is expected to be present during 
cyclotrimerization. On the other hand, because tertiary amines are Brønsted bases that 
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are not nucleophilic enough to directly catalyze the cyclotrimerization of isocyanates, 
proton donors are required in the reaction. The role of tertiary amine is to deprotonate 
the proton donors to generate a more nucleophilic catalyst, which in turn catalyze the 
cyclotrimerization of isocyanates. 

In addition to catalysts that operate via a Lewis base cyclotrimerization mechanism, 
many metal-containing catalysts have also been reported to catalyze 
cyclotrimerization of isocyanates. Most of them are coordination complexes, and 
others are heavy metal salts with an organic counterion. The cyclotrimerization 
mechanism of metal-containing catalysts varies. Some of the catalysts promote 
cyclotrimerization following an anionic catalytic pathway, while other catalysts 
operate via a Lewis acid pathway.48–51 Some special metal-containing species catalyze 
cyclotrimerization of isocyanates via coordination-insertion mechanism, starting from 
repeated insertion of isocyanates in the metal coordination bond, followed by 
elimination of isocyanurate and regeneration of catalyst.52–56   

As a general reminder, in the majority of the studies about cyclotrimerization 
catalysts and corresponding reaction mechanisms, model compounds such as phenyl 
isocyanate, tolyl isocyanate and hexyl isocyanate were used. As mentioned earlier, the 
presence of polyols and water, the bulk condition, the compatibility of catalysts, and 
the large-scale reaction can all influence the efficiency of the cyclotrimerization 
catalysts in real industrial PU systems and applications. Therefore, various factors 
should be considered when choosing the most suitable catalysts for these applications.  

1.2.2 PIR-containing materials 

Based on the isocyanate types, the isocyanurates can be divided into aliphatic and 
aromatic isocyanurates, which exhibit different chemical, physical and mechanical 
properties that suit various application demands. The literature has established that 
the isocyanurate exhibits higher thermal decomposition temperature compared to 
other isocyanate-derived structures such as urethane, urea and allophanate.4,6,19,57–60 
The decomposition temperature of aromatic PIR structures is higher than aliphatic PIR 
structures.58 As a result, the introduction of aromatic PIR structures can greatly 
improve the thermal stability and flame retardancy of PU materials. The aromatic PIR 
network is typically applied in rigid foams, which are widely manufactured in industry 
and are used as housing insulation (Figure 1-3).4,61–66 Elastomers with aromatic PIR 
structures also show good thermal stability as well as harder and stiffer mechanical 
properties.60,67,68 
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Figure 1-3. From the one-pot synthesis to construction applications of PIR-PU rigid foams. The 
isocyanates and polyols are reacted in molar ratio from 2:1 to 5:1 (index 200 to 500) with 
presence of trimerization catalysts, urethane catalysts, surfactants or other additives. After the 
foaming process, PIR rigid foams are obtained. These foams can be used in houses to provide 
good thermal insulation. Images obtained from BASF website. 

Most of these PIR-containing PU materials are prepared via either one of two 
pathways: by one-pot synthesis with isocyanates, polyols and chain extender reacting 
simultaneously in the presence of trimerization catalyst, or by trimerization of 
isocyanate prepolymers obtained from the reaction between excess of isocyanate and 
long chain polyols.22,68–72 However, the rigidity of the PIR network leads to fast increase 
of viscosity and poor catalyst diffusion during trimerization reactions in both cases, 
resulting in a relatively low PIR content in the PIR-containing PU materials. In order to 
increase the PIR content, cyclotrimerization of aromatic diisocyanates without alcohols 
has been studied.73,74 Whereas the decomposition temperature of the PIR materials 
increased due to the absence of carbamate bonds, it is difficult to achieve full 
conversion during trimerization of diisocyanates. The materials obtained are glassy and 
brittle due to the stiffness of aromatic PIR structures.  

To improve the processability and keep the high PIR content, co-trimerization of 
mono- and di-functional isocyanates has been reported in the literature as an 
alternative approach to generate a flexible PIR network. For instance, Moritsugu et al. 
co-trimerized 4,4’-methylene diphenyl diisocyanate (4,4’-MDI) with different mono-
functional aliphatic or aromatic isocyanates, providing flexible PIR films with 
decomposition temperature of 5% weight loss higher than 400 ºC (Figure 1-4).75,76 In 
their work, the utilization of mono-functional isocyanates with different feeding ratio 
allowed tuning of the flexibility while maintaining similar thermal stability of the PIR 
network. 
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Figure 1-4. Illustration of different PIR networks. The trimerization of neat diisocyanates leads 
to stiff and highly crosslinked PIR networks as well as incomplete reaction. The co-trimerization 
of mono- and diisocyanates leads to lower crosslink density as well as flexible PIR networks. The 
materials shown in this figure was adapted from ref. 76 Copyright (2011), with permission from 
Wiley Periodicals, Inc. 

In addition to aromatic isocyanurates, isocyanurates obtained from trimerization of 
aliphatic isocyanates have also been studied in great detail. They are typically used as 
crosslinkers for high-performance PU coatings with outstanding weatherability.69,77–81 
These aliphatic PIR networks are also made into hydrogels that show improved 
mechanical properties, good optical properties and biocompatibility, and low 
biofouling propensity.71,72 PU aerogels that contain aliphatic isocyanurates exhibit 
shape memory and elastic properties.82   

In addition, some commercially available isocyanurate moieties are not synthesized 
from cyclotrimerization of isocyanates (Figure 1-5).83–85 These moieties can not only 
be introduced in PU materials, but can also be used to improve the thermal stability 
or mechanical properties of other polymers such as PP, PVC, polylactide (PLA), 
acrylates, PET and collagen.86–95 However, these isocyanurate structures are outside of 
the scope of this thesis and will not be discussed in the later chapters. 

N
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Figure 1-5. Structures of commercially available, well-defined isocyanurate monomers: 1,3,5-
tris(2-hydroxyethyl)isocyanurate (THEIC), triallyl isocyanurate (TAIC) and triglycidyl isocyanurate 
(TGIC). 
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1.3 Aromatic imide/polyimide (PI) structures in PU 

In addition to the wide use of PIR structures in PU, polyimide also has a great 
prospect of improving the thermal and mechanical properties of PU. A straightforward 
synthetic way to introduce imide motifs in PU is via reaction between anhydrides and 
isocyanates. Whereas the underlying mechanism of this reaction has not yet been fully 
understood, some imide containing PU materials have been reported in literature.   

1.3.1 Synthesis of aromatic imides  

Imides are monoacyl derivatives of amides or lactams that can be divided into 
aliphatic imides and aromatic imides, among which aromatic polyimides present a class 
of well-known high-performance polymers with outstanding thermal, mechanical, and 
electrical properties.96–103 Due to the excellent combination of these properties, 
polyimides have been widely studied in both academic and industrial literatures. 

There are mainly two ways to synthesize imides. One of the synthetic pathways is 
via the reaction between aromatic anhydride and aromatic amine, which is the mostly 
adopted way to produce PIs or PI-containing polymers. It is generally accepted that the 
amine-anhydride reaction follows a two-step mechanism (Scheme 1-3).  First, the 
nucleophilic nitrogen atom of the amine attacks one of the carbonyl carbon atoms of 
the anhydride, followed by ring opening of anhydride and formation of an amic acid. 
Next, the imidization takes place, where the amic acid undergoes ring closure via the 
elimination of a water molecule, forming an imide structure. The imidization requires 
either high temperature, or acid anhydrides dehydrating agents (e.g., acetic anhydride 
and benzoic anhydride). The use of dehydrating agents demands dipolar aprotic 
solvents or tertiary amine catalysts such as N-methylmorpholine and trialkylamines.99–

101,104,105  

 
Scheme 1-3. Generally accepted imide formation from a two-step reaction between anhydride 
and amine. 

Whereas the mechanism of anhydride-amine reaction is known, another pathway to 
obtain imides is via the reaction between anhydride and isocyanate, of which the much 
more complicated mechanism is still under debate (Scheme 1-4). Two distinct 
mechanisms have been proposed for the formation of imides from reaction of aromatic 
isocyanates with anhydrides. One point of view is that an isocyanate reacts with an 
anhydride forming a seven-membered-ring, followed by imidization with elimination of 
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a carbon dioxide molecule.106–112 The other point of view is that the reaction requires 
catalyst such as water. The hydrolysis of two isocyanates leads to a urea molecule, 
which further reacts with anhydride, forming an imide.113,114 So far, there are no 
reliable kinetic or mechanistic studies that prove either of the proposals. In addition, 
there is a common feature of all the studies that the isocyanate-anhydride reactions 
were carried out in highly polar solvents such as NMP, DMAc, DMF. These solvents may 
not only ensure the solubility for reactants and products, but also inevitably contain 
water, which catalyzes the reaction.  

 
Scheme 1-4. Two proposed mechanisms of imide formation from reaction between anhydride 
and isocyanate.  

To address these gaps in the knowledge of imide formation mechanisms behind the 
reaction of anhydride and isocyanate, state-of-art experimental and computational 
methods were used. We proposed that the catalytic cycle is driven by the urea obtained 
from the hydrolysis of isocyanates. We also showed that with a secondary amine as a 
pre-catalyst and tertiary amine as a co-catalyst, the reaction proceeds fast without a 
need for additional solvent. More details of these exclusive findings are described in 
Chapter 5. 

1.3.2 Aromatic polyimide-containing materials 

Aromatic polyimides (PI) are well-known as high performance polymers that exhibit 
high thermal stability, chemical resistance to many solvents, high mechanical strength, 
good electrical and optical properties.97,99,101,102,115,116 The first commercially available 
aromatic PI (Kapton®) was manufactured by  Dupont, which was obtained from the 
reaction of pyromellitic dianhydride (PMDA) and 4,4’-oxydianiline. The Kapton® 
exhibits a high glass transition temperature (Tg = 390 ºC), outstanding thermal stability 
as well as mechanical properties.117 After that, polyimides are widely used in various 
applications such as films, coatings, gas separation membranes, filtration membranes, 
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3D printing materials and energy storage materials.101,102,104,118–120 However, due to the 
high rigidity and stability, PI has poor thermal and solvent processability, which leads 
to high production costs. In order to improve the solubility or thermoplasticity (melt 
processability) of PIs, a common way is to modify the amines with flexible spacers 
before imide reactions.121–125  

Another way to improve the processibility of PI is via co-polymerization with other 
polymers. Most of these co-polymerizations are realized via reaction between amines 
and anhydrides containing other functional groups. Examples of such copolymers are 
poly(ether imide)s, poly(ester imide)s and poly(amide imide)s (Figure 1-6a, 6b and 
6c).100,119,126–131 The aromatic polyimides in turn help to enhance the thermal and 
mechanical properties of such copolymers. On the other hand, PI has also been 
introduced into moieties such as benzimidazole and benzoxazole to improve their 
processability, leading to various poly (benzimidazole imide) and poly(benzoxazole 
imide) copolymers (Figure 1-6d and 6e).132–135 These copolymers exhibit superior 
mechanical and thermal properties.  

 

Figure 1-6. Examples of copolymer materials that contain (a) ether-co-imide; (b) ester-co-imide; 
(c) amide-co-imide; (d) benzimidazole-co-imide; (e) benzoxazole-co-imide; (f) urethane-co-imide 
repeating units.127,129,131,133,134,136 

In addition, PIs are introduced in PUs as building blocks, leading to poly(urethane 
imide) (PUI) materials with improved thermal stability and flame retardancy (Figure 1-
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6f). PUI containing thermoplastics,25,137–143 rigid foams24,113,144–147  and coatings 136,148–150 
have been reported to exhibit better physical properties than conventional PU 
materials without imide structures. Unlike the other copolymers, the imide structures 
can be introduced in PUs via either reaction of isocyanates and anhydrides, and/or 
reaction of amines and anhydrides.  

The most typical way to obtain PUI materials is via reaction of long-chain isocyanate 
terminated prepolymer with dianhydrides. For example, Meena et al. synthesized PUI 
films via two steps.136 An isocyanate-terminated prepolymer was first prepared by 
reacting excess diisocyanates and polyethylene glycol in bulk. Then the prepolymer 
was reacted with equimolar of PMDA in DMF, leading to PUI films (Figure 1-7). These 
films exhibit higher decomposition temperatures (Tmax1 ≈ 420 ºC), better flame 
retardancy, higher hydrophilicity and breathability compared to analogous PU, which 
can be potentially used as coating on a base fabric. In addition, it is also possible to 
first functionalize the isocyanate prepolymer before reacting with dianhydrides. Nair 
et al. synthesized PUI polymers by functionalizing the long-chain isocyanate 
prepolymer with diamines, followed by reacting the prepolymer with dianhydrides in 
DMAc.139 Gnanarajan et al. obtained PUI polymers by blocking the long-chain isocyanate 
prepolymer with N-methylaniline before reacting the prepolymer with dianhydrides in 
DMPU.141 

 

Figure 1-7. Illustration of preparation of PUI polymers by reacting long-chain isocyanate 
terminated prepolymer with dianhydrides. First the isocyanate prepolymer was synthesized via 
reaction of excess diisocyanates and polyol. Then the dianhydrides were reacted with prepolymer, 
forming PUI films. 

However, the common feature of these preparations of PUI materials is the use of 
strong polar aprotic solvents such as DMF, DMAc and DMPU that are hazardous and 
difficult to be removed after synthesis, which is not applicable for industrial 
production.151,152 Therefore, it is necessary to develop a new synthetic pathway to 
prepare PUI materials in solvent-free conditions. 

OHHO

Urethane 
reaction

O
O

O

Imide reaction

polyol

diisocyanate

NCONCO



C
h

ap
te

r 
1

15 
 

1.4 Scope and outline of the thesis 

The aim of this thesis is to investigate new synthetic pathways to incorporate 
aromatic isocyanurate or aromatic imide motifs in PU elastomers. We expect that the 
PU elastomers containing either of these chemical motifs intrinsically exhibit enhanced 
thermal stability, flame retardancy and mechanical property, which will meet the 
increasing need for high-performance PU materials. In addition, in order to pave a way 
from lab synthesis to industrial production, solvent-free synthetic pathway is required. 
To achieve these two targets, the mechanism behind the synthesis of isocyanurates 
and imides was first studied. Based on the mechanism studies, the isocyanurates or 
imides were introduced in PU elastomers and the chemical, thermal as well as 
mechanical properties of the materials were investigated. 

This thesis can be divided into two parts based on two chemical motifs. The first part 
of the thesis focuses on using aromatic isocyanurate/PIR as a chemical motif in PU 
materials. In Chapter 2, we studied the formation of isocyanurate via 
cyclotrimerization of aromatic isocyanates using acetate as an anion. Based on 
computational and experimental studies, we demonstrated that the acetate anion is 
only a pre-catalyst in the reaction. The reaction of an acetate anion with an excess of 
aromatic isocyanates leads to an irreversible formation of a deprotonated amide 
species with elimination of a carbon dioxide molecule. The deprotonated amide species 
serves as a new active catalyst and catalyzes the cyclotrimerization of aromatic 
isocyanates following an anionic mechanism. Moreover, analogue amide species were 
also found in cyclotrimerizations using other carboxylate anions as catalysts, from 
which we propose that the cyclotrimerization mechanism discovered is generally 
adopted for carboxylate catalysts.  

Furthermore, we developed PIR-containing PU elastomers in Chapter 3 and Chapter 
4. In order to reduce the brittleness of PIR network and increase the PIR content in the 
material, co-trimerization of mono- and di-functional isocyanate was used to generate 
a liquid PIR prepolymer containing a flexible PIR network. The mono-functional 
isocyanate was synthesized via reaction between 4,4’-methylene diphenyl diisocyanate 
(4,4’-MDI) and mono-functional alcohol, 2-ethyl-1-hexanol or diethyl(hydroxymethyl) 
phosphonate (DEHP). The liquid PIR prepolymer obtained was further used to prepare 
PIR elastomers in both solvent and solvent-free conditions. We found that the 
mechanical and thermal properties of the PIR elastomers varied with different mono-
functional alcohols. When 2-ethyl-1-hexanol was used, the PIR elastomers exhibited 
outstanding mechanical properties. On the other hand, the phosphorus atoms from 
DEHP, together with PIR network, provided a combined flame retardant effect that 
greatly enhanced the thermal properties of the PU elastomers.   
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The second part of this thesis focuses on introducing aromatic imide/PI motif in PU 
materials. A straightforward synthetic pathway to prepare the PUI materials is via 
reaction between isocyanate and anhydride. Before material preparation, a better 
understanding of the underlying mechanism behind isocyanate-anhydride reaction is 
crucial. In Chapter 5, we investigated this reaction mechanism in the presence of 
catalytic amounts of water. Our experimental and computational studies demonstrated 
that the preferred reaction pathway involves formation of urea as a hydrolysis product. 
When anhydride reacts with excess isocyanates, urea instead of water is the actual 
catalyst that drives the catalytic cycle. We also found that secondary amines are better 
pre-catalysts than water and that addition of a nucleophilic co-catalyst considerably 
reduces the reaction time. With such pre-catalyst and co-catalyst present, the 
isocyanate-anhydride reaction proceeds fast without a need of solvent.  

Using the knowledge from this mechanism study, we prepared imide-containing 
isocyanate-terminated prepolymers in Chapter 6 by reacting pyromellitic dianhydride 
(PMDA) with excess aromatic or aliphatic isocyanates in completely solvent-free 
condition. The subsequent PUI elastomers prepared from these prepolymers in bulk 
exhibited enhanced thermal stability and stiffness. Moreover, the PUI elastomer 
prepared from aromatic isocyanates showed improved flame retardancy in comparison 
to the PU elastomers without imide structures.  

This thesis reveals in depth the mechanisms behind cyclotrimerization of aromatic 
isocyanates and aromatic isocyanate-anhydride reaction. Our work also demonstrates 
that the introduction of aromatic isocyanurate or imide motifs improves the intrinsic 
thermal stability and flame retardancy of the PU elastomers, which could help to 
reduce the use of conventional flame retardant additives. Our contribution breaks the 
limitation of current synthesis routes, such as brittleness of the PIR network and the 
use of the solvents. Based on this modular research, we foresee the potential use of 
aromatic isocyanurate or imide motifs in real PU applications (e.g., rigid foams, 
compact elastomers, thermosets and adhesives), where thermal stability, flame 
retardancy and solvent-free synthesis are required.  
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Formation of isocyanurates via cyclotrimerization of aromatic isocyanates is 

widely used to enhance the physical properties of a variety of polyurethanes. The 

industrially most commonly used catalysts are carboxylates for which the exact 

catalytically active species have remained controversial. We investigated how 

acetate and other carboxylates react with aromatic isocyanates in a stepwise 

manner and identified that the carboxylates are only pre-catalysts in the reaction. 

Reaction of carboxylates with excess of aromatic isocyanates leads to irreversible 

formation of corresponding deprotonated amide species that are strongly 

nucleophilic and basic. As a result, they are active catalysts during the nucleophilic 

anionic trimerization, but can also deprotonate urethane and urea species present, 

which in turn catalyze the isocyanurate formation. The current study also shows how 

quantum chemical calculations can be used to direct spectroscopic identification of 

reactive intermediates formed during the active catalytic cycle with predictive 

accuracy. 
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2.1 Introduction   

Isocyanurates - heterocyclic structures of 1,3,5-triazine-2,4,6-trione - formed via 
cyclotrimerization of isocyanates are widely used to enhance the physical properties 
of a variety of polyurethanes.1–4 Whereas the controlled trimerization of aliphatic 
isocyanates is used for the preparation of isocyanurate cross-linkers for high-
performance polyurethane coatings,5–8 the cyclotrimerization of aromatic isocyanates 
into polyisocyanurate (PIR) structures is used to improve the thermal stability and 
flame retardancy of polyurethane rigid foams.9–17 The initial molar ratio of functional 
groups and especially the type of catalysts are the main factors influencing the 
formation of PIR structures. The most commonly used catalysts in industrial 
applications are based on carboxylates, such as potassium acetate, potassium 2-
ethylhexanoate, trimethyl hydroxypropyl ammonium formate, or phenolate such as 
2,4,6-tris(dimethylaminomethyl)phenol.6,18–25 The various industrial and commercial 
applications of isocyanurate-based polyurethane materials have attracted much 
attention in developing more effective catalysts for isocyanate trimerization. A number 
of catalysts for the trimerization of isocyanates have been extensively studied and 
reported in academic literature, including among others tetrabutylammonium fluoride 
(TBAF),26 2-phosphaethynolate anion (OCP-),27 sodium p-toluenesulfinate (p-
TolSO2Na)/tetrabutylammonium iodide (TBAI),28,29 tetrakis(dimethylamino)ethylene 
(TDAE),30 proazaphosphatrane,31–33 N-heterocyclic carbenes and olefins,34,35 etc. With 
more and more catalysts being reported, the exact nature of the cyclotrimerization 
mechanism has raised many interests. 

The generally accepted mechanism for the anionic trimerization of aromatic 
isocyanates is shown in Scheme 2-1. In this mechanism, nucleophilic anionic catalyst 
(1) adds to the isocyanate carbon forming a nucleophilic anionic intermediate 2, which 
reacts further in the presence of excess isocyanates to form the trimeric isocyanurates 
(6).26,28,32,34,36 In the case of industrially used acetate-based catalysts, however, the 
exact nature of the catalytic species is controversial. Most studies consider the 
catalytically active species to be the acetate anion itself,37,38 but on the other hand, 
Hoffman’s early experimental work indicated that acetate anions are quickly converted 
to acetanilide when reacting with aromatic isocyanates, which in turn could potentially 
act as the anionic catalysts in the active cycle.39 Further, as the acetanilide anion can 
be expected to deprotonate urethane, allophanate, urea and biuret groups in the PU 
matrix depending on their relative acidities, and their corresponding anions have been 
shown to be active PIR catalysts, the catalytically active species is expected to change 
several times during the polymerization.13,19,40 Recently, Siebert et al. also suggested 
that the catalytically active species originating from acetate anions changes several 
times during the cyclotrimerization of aliphatic isocyanates.41 The exact species that 
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catalyze cyclotrimerization of aromatic isocyanates, however, has not been explicitly 
characterized so far, which hampers the development of new PIR catalysts suitable for 
large-scale polyurethane production. 

 
Scheme 2-1. Generally accepted anionic trimerization mechanism of aromatic isocyanates. 

Here, we study the role of acetate anions in cyclotrimerization of aromatic 
isocyanates. Our study is based on first using the state-of-the-art quantum chemical 
methods to investigate how the acetate anion reacts with aromatic isocyanates in a 
stepwise manner to identify plausible mechanistic pathways. These are then used to 
guide spectroscopic identification of the catalytically active species to confirm the 
predicted mechanistic pathways.  

2.2 Results and discussion 

We studied the cyclotrimerization of aromatic isocyanates using phenyl and p-tolyl 
isocyanates as model substrates for identifying the species that are formed when 
acetate anion reacts with an excess of aromatic isocyanates (see Scheme 2-2). First, 
we calculated the relative free energies for several plausible mechanistic pathways for 
acetate anion-catalyzed cyclotrimerization of phenyl isocyanate in toluene and 
tetrahydrofuran (THF). Calculations were performed using accurate quantum chemical 
methods, i.e., all structures were optimized using dispersion-corrected density 
functional theory, namely the TPSS-D342,43 functional with triple-ζ def2-TZVP44,45 basis 
sets, and the final relative free energies were calculated using resolution-of-identity 
random phase approximation (RIRPA)46 with quadruple-ζ def2-QZVPP basis sets in 
toluene and THF as described in the methods section. The accuracy of the used 
methods has been recently discussed elsewhere and is thus not addressed here.47–49 
These data were then used to understand which intermediates are formed during the 
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active catalytic cycle for guiding their experimental identification directly from the 
reaction mixture using liquid chromatography-mass spectroscopy (LC-MS) and 1H-13C 
heteronuclear single quantum coherence (HSQC) nuclear magnetic resonance (NMR) 
spectroscopy. In the experiments in toluene and THF, catalyst loading of 10 mol% 
relative to isocyanate was used to ensure that the ionic intermediates are formed in 
high enough concentrations to be detected with the analytical methods used (see 
Section 2.4 for full details on computational and experimental methods). 

 
Scheme 2-2. Model reaction for studying the catalyzed trimerization of aromatic isocyanates. 

The calculated mechanistic pathways in THF and their corresponding relative free 
energies are shown in Figure 2-1 (for results in toluene, see Tables S2-1 and S2-2). In 
the generally accepted reaction mechanism, acetate anions react in a stepwise manner 
with 3 equiv of isocyanates to form isocyanurates (6) (see Figure 2-1a and 2b). The 
reaction is initiated by straightforward nucleophilic addition of an acetate anion (1) to 
aromatic isocyanate forming an acetate bound isocyanate complex 2. This nucleophilic 
intermediate can then react with the second isocyanate to form an allophanate acetate 
complex 3 that can reversibly cyclize intramolecularly to form 1,3-diphenyl-2,4-
uretidinedione (4) as the kinetic product or react with the third isocyanate to form 
intermediate 5, leading to the formation of isocyanurate 6 via its catalyst bound 
intermediate 6-cat as the thermodynamic product. Overall, the reaction is strongly 
exergonic and the calculated low activation free energies agree well with the 
experimentally observed fast reaction at room temperature, i.e., the rate limiting 
activation free energies are 65 and 67 kJ/mol in THF and toluene, respectively (1  
TS3-5). 

However, while the straightforward mechanism is energetically plausible, we do not 
consider this mechanism to be the active catalytic cycle, as the allophanate acetate 
intermediate 3 is predicted to react intramolecularly with lower activation free energy 
to form intermediate 3b via acetyl migration instead of reacting intermolecularly with 
isocyanate to form the intermediate 5. After elimination of CO2, the intramolecular 
pathway is calculated to form intermediate 2’ irreversibly, a product of deprotonated 
amide and isocyanate. The amide could also be formed directly from intermediate 2 
via a four-membered transition state TS2-2b: the free energy difference between 
transition states TS2-2b and TS2-3 is calculated to be only 12 kJ/mol, indicating that 
both pathways are plausible or can even coexist. 
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Figure 2-1. Reaction mechanism and the relative free energies (in kJ/mol) for the studied 
reaction mechanisms. All relative free energies are calculated in THF at 25 ºC (see Tables S2-1 
and S2-2 for numerical values). 

The formed deprotonated aromatic amide 1’ is nucleophilic and reacts with excess 
isocyanates to form isocyanurate 6 identically to the previously explained catalytic 
cycle as shown in Figure 2-1. Both catalytic cycles are also energetically very similar 
with activation free energies of 61 and 60 kJ/mol in THF and toluene, respectively (3’ 
 TS3’-5’). While in the catalytic cycle on the right, the active species cannot undergo 
similar catalyst migrations as previously, the allophanate-isocyanate intermediate 3’ 
is interestingly predicted to reversibly form the cyclized anion 3’’, which we consider 
to lead to the formation of electron-poor N-heterocyclic olefin 6’ in agreement with 
recent findings in the cyclotrimerization of aliphatic isocyanates.41 The total reaction 
yields one molar equivalent of hydroxyl anions, but we assume the reaction to proceed 
via first protonating 3’ by a trace amount of proton sources and then fragmenting 
water. Water and hydroxyl anions are well known to lead to formation of urea first by 
hydrolyzing isocyanate to carbamic acid and forming an aromatic amine after 

(b) 

 

(c) 
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fragmentation of CO2.50 The formed aromatic amine reacts with the second isocyanate 
equivalent to form urea, which under basic conditions can be deprotonated to form a 
new anionic catalyst similar to 1’. Therefore, forming olefin 6’ does not end the 
catalytic isocyanurate formation, but instead changes the catalytically active species 
from deprotonated amide to deprotonated urea in agreement with findings for 
aliphatic isocyanates.41 

Then, we studied the trimerization reaction experimentally in THF and toluene at 
room temperature to verify our mechanistic hypothesis. For experiments, we chose 
phenyl and p-tolyl isocyanates as model substrates and tetrabutylammonium acetate 
(TBAA) as catalyst because of their high solubility in both solvents. The reaction was 
monitored using Fourier-transform infrared spectroscopy (FT-IR) and once all 
isocyanates had reacted, the mixture was analyzed using liquid chromatography-mass 
spectrometry (LC-MS) to detect the reactive intermediates present in the solution (see 
Figure 2-2 and Table 2-1). The observed signals agree completely with the mechanism 
depicted in Figure 2-1a, being exclusively associated with the deprotonated amide 
cycle, product 6, olefinic product 6’, and urea (see Table 2-1). Results were 
independent of substrate (phenyl or p-tolyl isocyanate) or of the solvent (THF or 
toluene). Therefore, only results from experiments with phenyl isocyanate in THF are 
discussed below unless otherwise noted. Additional experimental data are found in the 
supplementary data. 

The calculated relative free energies of the reactive intermediates indicate that we 
should be able to detect intermediates 1’, 2’ and 3’ but not intermediate 5’ due to its 
higher relative free energy and fast cyclization to form product 6. The intermediates 
1’ and 2’ are observed in their protonated forms with signals m/z = 136.00, m/z = 
255.00, but at the same time intermediate 3’ in its protonated form at m/z = 374.15 
is too weak to be conclusively analyzed although it is predicted to be 
thermodynamically more stable than intermediate 2’ (see Figure 2-1c). The rationale 
for the absence of a peak at m/z = 374.15 is that intermediate 3’ is actually found at 
m/z = 396.00 as complex with one sodium cation. Intermediate 3’ was also detected 
as dimer coordinating to one sodium cation (m/z = 768.83). 
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Figure 2-2. LC-MS spectrum after reaction of phenyl isocyanate and 10 mol% TBAA in dry THF 
and evaporation of the solvent.  

Table 2-1. High abundance signals observed from the positive-ion mode of LC-MS analysis 
of the product after cyclotrimerization of phenyl isocyanate with TBAA in dry THF. 

m/z Abundance (%) Assignment m/z Abundance (%) Assignment 

136.00 2 
 

332.08 14 

 

213.08 9 
 

356.17 31 

 

242.25 100 
 

358.17 40 

 

255.00 7 
 

396.00 26 
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We observed two signals associated with the products: protonated triphenyl 
isocyanurate (6) was detected at m/z = 358.17 and the protonated “olefinic 
isocyanurate” 6’ was found at m/z = 356.17. The formation of 6’ was also confirmed 
by the presence of NMR signals of olefinic CH2 protons at 3.01 ppm and the associated 
sp2 carbon signal at 75.6 ppm in the 1H-13C-HSQC spectrum (see Figure 2-3). Detection 
of urea at m/z = 213.08 and biuret at m/z = 332.08 also supports the hypothesis that 
the eliminated water starts a new catalytic cycle with deprotonated urea as the 
catalytically active species although trace amounts of water could also have been 
present as impurities. 

 

Figure 2-3. 1H-13C HSQC spectrum in acetone-d6 after reaction of phenyl isocyanate and 10 mol% 
TBAA in dry THF and evaporation of the solvent. The peak at 1H-3.0 ppm, 13C-75.6 ppm is assigned 
to the terminal CH2 of the olefin structure. 

 When p-tolyl isocyanate was used as a trimerization starting material, the 
corresponding isocyanurate 6 was detected as a dimer with one sodium cation at m/z 
= 820.83 (Figure 2-4). This assignment was also confirmed by finding the same signal 
in a purified sample of tris-p-tolyl-isocyanurate 6 in LC-MS (Figure 2-5), which can be 
rationalized by the strong tendency of isocyanurate rings to form supramolecular 
dimers as simulated by Lenzi et al.51  
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Figure 2-4. LC-MS spectrum after reaction of p-tolyl isocyanate and 10 mol% TBAA in THF and 
evaporation of solvent. 
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Figure 2-5. LC-MS spectrum of purified tris-p-tolyl isocyanurate. 

Finally, to verify that deprotonated amides catalyze the reaction, we performed the 
same reaction using commercially available acetanilide as a catalyst deprotonated in 
situ by excess triethylamine. The reaction was significantly slower due to the 
unfavorable deprotonation of the amide in toluene and THF, but isocyanurate product 
6 was still observed in LC-MS despite the low conversion. Catalysis by deprotonated 
amides is also supported by early work done by Kogon, who reported the formation of 
aromatic isocyanate trimers in high yield at elevated temperatures when phenyl 
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isocyanates were trimerized in the presence of N-methylmorpholine and ethyl alcohol 
or ethyl carbanilate.13 

To understand how general the observed catalyst migration mechanism is when 
carboxylates are used as catalysts, we also performed trimerization of p-tolyl 
isocyanate using potassium 2-ethylhexanoate at room temperature and cesium pivalate 
at 60 ºC as the (pre)catalysts in THF (see Scheme 2-3). As expected, only intermediates 
related to the deprotonated amide cycle were found, indicating that the conversion of 
carboxylates into amides with aromatic isocyanates is general rather than restricted to 
only sterically small carboxylates such as acetate (Figure 2-6). For these two pre-
catalysts, 2-ethylhexanoate could, in principle, also form an olefinic isocyanurate 
structure similar to 6’ via deprotonation of the tertiary α-proton, but this was not 
observed in our experiment.  

 
Scheme 2-3. Identified catalytically active species for different carboxylate anions. 

 
Figure 2-6. LC-MS spectra after reaction of p-tolyl isocyanate and 10 mol% (a) potassium 2-
ethylhexanoate or (b) cesium pivalate in THF and evaporation of solvent. Nomenclature 1’ refers 
to 2-ethylhexane or pivalate functionalized amide, respectively. 

Finally, we considered the role of the deprotonated amide cycle in catalyzing the 
trimerization of aromatic isocyanates during the formation of real PU materials. In 
these cases, several functional groups, i.e., alcohols, water, urethanes, urea, 
allophanates and biurets, are present that are in deprotonation equilibrium with 
amide. To establish their roles, we calculated the reaction free energies for proton 
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transfers between acetate, amide, urethane and urea (see Scheme 2-4). The 
calculations were performed in toluene and THF to understand how the polarity of the 
reaction media affects the relative stability of the corresponding anions, and in water 
as a model for a polar protic environment. In all media, the aromatic amide anion is 
predicted to deprotonate aromatic urethane with exergonic free energies between -7 
and -13 kJ/mol, while deprotonation of urea is more dependent on the reaction media 
that is exergonic in toluene and THF (-23 and -15 kJ/mol, respectively), but endergonic 
in water (+3 kJ/mol). As expected, acetate itself is calculated to be much less basic 
than deprotonated amide and direct deprotonation of urethane by acetate is 
calculated to be endergonic by 20 - 67 kJ/mol depending on the solvent. Therefore, 
acetate anions form amides and CO2 with isocyanates, independent of the reaction 
media, but the amide anion may in turn deprotonate urethanes, urea, allophanates or 
biurets present, forming new catalytically active anions that are expected to catalyze 
trimerization in a cycle, which is similar to that of the deprotonated amide. This is 
supported also by a kinetic study by Schwetlick and Noack,40 who measured 
trimerization kinetics of phenyl isocyanate in acetonitrile at 50 ºC using 
tetramethylammonium octanoate as a catalyst in the presence of several X-H active 
additives such as alcohols, carbamates, phenols and amides. The measured kinetics 
showed that additives change the rate of isocyanurate formation significantly, 
confirming our hypothesis that the role of carboxylate pre-catalyst is twofold: first, it 
generates a strong base out of a weak base by reacting with aromatic isocyanate to 
generate a deprotonated amide, a reaction that is thermodynamically facilitated by 
the favorable entropy of the decarboxylation reaction. Second, the amide anion can 
then catalyze the PIR formation via the nucleophilic mechanism of Scheme 2-1, but 
the basic deprotonated amide can also deprotonate functional groups such as urethane 
and urea groups, which in turn will catalyze the anionic trimerization. 

 
Scheme 2-4. Calculated free energies for proton transfers between deprotonated amide, 
acetate, urethane and urea species in toluene, THF and water. All free energies are in kJ/mol 
and calculated for species with Ar = Ph, R1 = R2 = Me. 
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2.3 Conclusion 

We investigated the role of acetate anions in the trimerization of aromatic 
isocyanates by the state-of-the-art experimental and computational methods. Our 
study reveals that during the anionic cyclotrimerization, the actual catalytically active 
species changes at least once with the acetate anion only serving as a pre-catalyst. 
The reaction of acetate anion with an excess of aromatic isocyanates leads eventually 
to irreversible formation of deprotonated amide species that are formed after 
intramolecular rearrangement and decarboxylation. The deprotonated amide is the 
new active catalyst that forms isocyanurate via a nucleophilic anionic mechanism. The 
deprotonated amides are much more basic than the acetate pre-catalyst and, 
therefore, are capable of deprotonating other protic groups in the system such as 
urethane and urea groups, which in turn catalyze isocyanurate formation. Carboxylate 
migration to amide anions is expected to take place regardless of the size of the 
carboxylate because migration was observed for acetate, 2-ethylhexanoate, and 
pivalate alike. Acetate, on the other hand, can also lead to the formation of an 
electron-poor N-heterocyclic olefin and water, which can further lead to a catalytic 
cycle where deprotonated urea is the active catalytic species. We demonstrated that 
the qualitative mechanism is independent of the solvent polarity. However, the effect 
that changes in acid-base equilibrium in protic solvents may have on the mechanism is 
the subject of further studies. The current study also highlights that mechanistic 
investigations can greatly be accelerated when using a combination of the state-of-
the-art computational and experimental analytic techniques, and importantly discover 
details that may not be analyzed by either of the methods alone. 

2.4 Experimental section  

Materials 

Phenyl isocyanate (≥98%), p-tolyl isocyanate (≥99%) and cesium pivalate (≥98%) were 
purchased from Sigma-Aldrich, tetrabutylammonium acetate (>90%), triethylamine 
(>99%) and potassium 2-ethylhexanoate (>95%) were purchased from TCI. All of the 
reagents above were used directly without treatment. THF (without stabilizer BHT) 
was directly obtained from dry solvent system; toluene was dried by mol-sieves before 
use; and pentane was directly used without treatment. 

Synthesis 

Study of cyclotrimerization mechanism of phenyl and p-tolyl isocyanates using 
carboxylates (TBAA, potassium 2-ethylhexanoate or cesium pivalate) as catalysts. 
Phenyl isocyanate (0.53 g, 4.44 mmol) or p-tolyl isocyanate (0.52 g, 3.92 mmol) was 
dissolved in THF or toluene (5.0 mL) in a dry flask. The catalyst solution was prepared 
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by dissolving catalyst (10 mol% to NCO groups) in THF or toluene (5.5 mL) in a separate 
dry flask and then added to the isocyanate solution (concentration of phenyl 
isocyanate: 0.5 g/10 mL solvent). The reaction was carried out at room temperature 
for all catalysts except that a temperature of 60 ºC in an oil bath was used for cesium 
pivalate (due to its poor solubility). All reactions were performed under an Ar 
atmosphere until the disappearance of NCO stretching vibration at 2270 cm-1 as 
observed by FT-IR spectroscopy. After that, most of the solvent was evaporated in an 
Ar flow. The so formed sample was diluted in water/acetonitrile (1:1) solution with a 
concentration of 1 mg/mL for LC-MS measurement and dissolved in acetone-d6 for NMR 
spectroscopy measurement. 

Study of cyclotrimerization mechanism of phenyl isocyanates using deprotonated 
acetanilide as a catalyst. Phenyl isocyanate (0.58 g, 4.85 mmol) was dissolved in THF 
or toluene (5.0 mL) in a dry flask. The catalyst solution was prepared by dissolving 
acetanilide (10 mol% to NCO groups) and triethylamine (30 mol% to NCO groups) in THF 
(6.6 mL) in a separate dry flask and then added to the isocyanate solution 
(concentration of phenyl isocyanate: 0.5 g/10mL solvent). The reaction was carried 
out at room temperature under an Ar atmosphere overnight. After that, most of the 
solvent was blown by an Ar flow and wet precipitates were obtained. The sample was 
diluted in water/acetonitrile (1:1) solution with a concentration of 1mg/mL for LC-MS 
measurement.  

Synthesis and purification of tris-p-tolyl isocyanurate using potassium 2-
ethylhexanoate as a catalyst. p-Tolyl isocyanate (1.15 g, 8.67 mmol) was dissolved in 
THF (3.0 mL) in a dry flask. The catalyst solution was prepared by dissolving potassium 
2-ethylhexanoate (1 mol% to NCO groups) in THF (2.6 mL) in a separate dry flask and 
then added to the isocyanate solution. The reaction was carried out in a 40 ºC oil bath 
under an Ar atmosphere until the disappearance of NCO stretching vibration at 2270 
cm-1 as observed by FT-IR spectroscopy. After the reaction, 10 mL of THF was added 
to dissolve all the precipitates at 40 ºC. Then the tris-p-tolyl isocyanurate was 
precipitated by direct pouring the warm solution in cooled pentane. The precipitate 
was immediately filtered and dried in vacuum oven at 60 ºC overnight, giving tris-p-
tolyl isocyanurate as a white powder (0.96 g, 2.40 mmol, yield: 83%). 1H NMR (400 MHz, 
acetone-d6): δ 7.29 (t, J = 6.1 Hz, 12H), 2.36 (s, 9H) ppm; 13C{1H} NMR (100 MHz, 
acetone-d6): δ 205.3, 129.4, 128.7, 20.3 ppm.52 

Characterization 

Fourier-transform infrared spectroscopy (FT-IR). FT-IR spectroscopy was carried out 
in the Attenurated Reflection mode on a Spectrum One (Perkin Elmer) spectrometer at 
room temperature. Eight scans were performed from 4000 – 450 cm-1. 
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 Liquid chromatography-mass spectrometry (LC-MS). LC-MS measurements were 
carried out on a LCQ Fleet ESI-MS (Thermo Fisher Scientific) with H2O (0.1% formic acid) 
as eluents. As the intermediates are negatively charged, a negative-positive mode LC-
MS was adapted, and water and formic acid eluent were used to protonate the 
intermediates, which provided clear signals in the positive spectrum. The reaction 
mixtures were further analyzed identically for reactions done with phenyl and p-tolyl 
isocyanates to assist identification of different intermediates in LC-MS spectra by 
indicating the number of aromatic groups present.  

Nuclear magnetic resonance (NMR) spectroscopy. NMR spectroscopy for 
characterization of the compounds and identification of double bonds were performed 
using either Bruker UltraShield 400 MHz or Varian Mercury 400 MHz spectrometer at 
room temperature using acetone-d6 as solvent. 

Computational details 

All computations were performed using Turbomole 7.3 program package.53 Structures 
were optimized using dispersion corrected TPSS-D342,43 density functional with def2-
TZVP44,45 basis sets and by employing multipole-accelerated resolution-of-the-identity 
approximation for Coulomb term (MARI-J)54 with the corresponding auxiliary basis sets 
to speed up the computations.55 The final energy of each structure was calculated using 
resolution-of-identity random phase approximation (RIRPA)46 with def2-QZVPP basis 
sets and with corresponding auxiliary basis sets.56,57 RPA calculations were performed 
using gas-phase TPSS orbitals and the core orbitals were kept frozen for computing the 
RPA correlation energy. Default settings and convergence criteria of Turbomole were 
used in all optimizations except a finer integration grid of m4 was used. In RPA 
calculations, grid m5 and a higher threshold for energy convergence (scfconv 7) were 
used for calculating the TPSS orbitals. Harmonic vibrational frequencies were 
calculated numerically at the level of optimization for all optimized structures. 

Solvation effects were accounted for during structure optimizations using the COSMO 
solvation model with a dielectric constant of infinity.58,59 Final solvation free energies 
were calculated for each structure at 25 ºC using the COSMO-RS60 model in 
COSMOTherm (version 2018) with the parameter file BP_TZVP_18.ctd based on 
BP8661/def-TZVP level. The Gibbs free energies in solution were then calculated from 
a thermodynamic cycle G = E + c.p. + Gsolv, where E is the gas-phase energy of the 
system at the RPA level, c.p. is the chemical potential based on standard rigid-rotor 
harmonic oscillator approximation at 25 ºC, and Gsolv is the free energy of solvation 
obtained from COSMO-RS. The thermodynamic reference state of the so-obtained free 
energies refers to a hypothetic mole fraction of 1 for all species, which were converted 
into a reference state of 1 mol/L using solvent molarities (c) of 9.41 and 12.3 mol/L 
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for toluene and tetrahydrofuran, respectively, by adding a term RTln(c) to the free 
energy of all species.  

Initial structures that were used for structure optimizations correspond to the lowest 
energy conformer of each structure obtained from extensive conformational searches 
performed with respect to all rotatable bonds at the level of optimization without D3 
correction. In the case of transition states, the forming and breaking bonds were 
constrained during the conformer search according to their initial guess structures, 
which were obtained using the single-ended growing string method.62–64 Pictures of the 
computed structures were generated using Cylview.65  

Supplementary data 

Table S2-1. Relative free energies for all minima and transition states in tetrahydrofuran and in 
toluene for acetate ion catalyzed trimerization of phenyl isocyanate (used to make Figure 2-1b). 
All free energies are in kJ/mol and relative to intermediate 1 (solvated acetate anion). 

 In tetrahydrofuran In toluene 

Acetate ion catalyzed general catalytic cycle 

1 0.0 0.0 
2 4.2 6.6 
3 8.4 11.0 
4 9.0 8.5 
5 23.2 25.6 

6-cat -2.1 -1.1 
6 -94.9 -92.4 

TS1-2 53.9 55.0 
TS2-3 41.2 43.5 
TS3-4 52.5 55.2 
TS3-5 64.5 66.6 
TS5-6 44.9 46.4 

Catalyst migration 
2b -39.1 -38.2 
3b -37.4 -36.2 
1' -39.6 -37.4 
2' -69.8 -67.5 

TS2-2b 53.1 55.2 
TS3-3b 26.8 29.2 
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Table S2-2. Relative free energies for all minima and transition states in tetrahydrofuran and in 
toluene for amide anion catalyzed trimerization of phenyl isocyanate (used to make Figure 2-1c). 
All free energies are in kJ/mol and relative to intermediate 1’ (solvated acetanilide anion). 

 In tetrahydrofuran In toluene 

1' 0.0 0.0 
2' -30.2 -30.1 
3' -32.8 -33.0 
3'' -21.3 -22.6 
4 9.0 8.5 
5' -12.8 -13.0 

6-cat’ -26.0 -27.5 
6 -94.9 -92.4 

TS1'-2' 55.3 55.2 
TS2'-3' 2.9 2.6 
TS3'-3'' -3.2 -3.8 
TS3'-4 22.5 21.9 
TS3'-5' 28.4 27.3 
TS5'-6' 3.4 2.1 
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Polyurethane (PU) is used in a wide range of applications due to its diverse 

chemical and physical properties. To meet the increasing demands on thermal and 

mechanical properties of PU materials, polyisocyanurates (PIRs) have been 

introduced in PU materials as crosslinkers and due to their high decomposition 

temperature. We prepared a liquid PIR prepolymer with high PIR content by co-

trimerization of 4,4’-methylene diphenyl diisocyanate (4,4’-MDI) and mono-

isocyanates. The mono-isocyanate was synthesized via reaction between a 4,4’-MDI 

and a 2-ethyl-1-hexanol. The PIR prepolymer obtained was further reacted with long 

chain polyols and chain extenders in both solvent and solvent-free conditions, 

leading to PIR elastomers that exhibited good thermal stability with high char 

formation, and improved mechanical properties with much higher Young’s modulus. 

This work demonstrates that the liquid PIR prepolymer can potentially be used in 

various large-scale industrial applications. 
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3.1 Introduction 

Polyurethane (PU) is one of the most common polymers used to provide a wide range 
of materials, such as soft cushioning foams, rigid thermal insulation foams, elastomers, 
coatings and adhesives.1–5 In terms of chemical structures, polyurethanes include 
various isocyanate-based bonds such as urethane, urea, uretdione, biuret, allophanate 
and isocyanurate, among which the isocyanurate structure exhibits a higher thermal 
decomposition temperature.6–14 Therefore, the thermal stability of PU materials can be 
greatly enhanced by introducing isocyanurate or polyisocyanurate (PIR) structures, 
which is especially important for rigid thermal insulation foams.  

In addition to PU rigid foams, researchers have been developing PIR elastomers via 
trimerization of isocyanate prepolymers obtained from the reaction between excess of 
isocyanate and long chain polyols, or via in situ synthesis with isocyanates, polyols and 
chain extender reacting in the presence of a trimerization catalyst.15–20 However, the 
resulting PU materials in both cases have a relatively low PIR content due to the fast 
increase of viscosity and poor catalyst diffusion during trimerization reaction. 

An alternative approach to obtain a PIR network with high concentration of 
isocyanurate structures is via direct trimerization of di- or polyisocyanate monomers, 
leading to a multi-functional PIR-containing isocyanate prepolymer.21–26 However, high 
crosslink density as well as rigid isocyanurate structures lead to brittle solid PIR 
networks. To improve the processability and reduce the brittleness of the materials, 
co-trimerization of mono- and di-functional isocyanates has been reported to generate 
a flexible PIR network. For instance, di-functional isocyanate hexamethylene 
diisocyanate (HDI) was co-trimerized with mono-functional isocyanates such as butyl 
isocyanate or phenyl isocyanate.22,27 By changing the ratio between HDI and mono-
functional isocyanate, the mechanical properties of the polymer as well as the reaction 
kinetics can be adjusted. 4,4’-Methylene diphenyl diisocyanate (4,4’-MDI) was also co-
trimerized with different mono-functional aliphatic or aromatic isocyanates, providing 
flexible PIR films with good thermal stability (Td5 > 400 ºC).28,29 These studies provide 
a good way to prepare liquid PIR-containing isocyanate prepolymers containing 
controllable isocyanurate content and such prepolymer can be used to prepare PIR-PU 
elastomers in both solvent and solvent-free conditions. However, commercially 
available mono-functional isocyanates, such as phenyl and butyl isocyanates, are not 
suitable for industrial applications due to high toxicity caused by high vapor pressure. 

In this chapter, an alternative strategy for synthesis of non-volatile mono-functional 
isocyanate is explored. The reaction between diisocyanate and mono-functional 
alcohol is used for the preparation of a mixture containing di- and mono-isocyanates 
that can be used to prepare flexible PIR prepolymers (Scheme 3-1). In this work, a 
mixture of mono- and di-functional isocyanates was synthesized by reacting excess of 
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4,4’-MDI with 2-ethyl-1-hexanol in a 1:0.25 molar ratio. The mixture was then co-
trimerized and quenched by diethylene glycol bis-chloroformate (DGBCF) before 
solidification in order to get a liquid PIR prepolymer (Scheme 3-2). The PIR prepolymer 
was further used to prepare PIR elastomers by reacting the prepolymer with long chain 
polyol and chain extender in both solvent and bulk conditions. The elastomers obtained 
exhibit superior mechanical properties in addition to good thermal stability. The 
preparation of a liquid PIR prepolymer with high PIR content is a promising approach 
for the large-scale, solvent free production of thermally stable and mechanically strong 
PU materials, which is important for various real industrial applications.  

 
Scheme 3-1. PIR prepolymer obtained via co-cyclotrimerization of di- and mono-functional 
isocyanates. 

3.2 Results and discussion 

3.2.1 Synthesis of PIR prepolymer 

 
Scheme 3-2. Synthesis of PIR prepolymer. 

Statistically, the reaction between 4,4’-MDI with 2-ethyl-1-hexanol leads to the 
formation of di-urethanes besides mono-urethanes. To minimize formation of di-
urethanes, the selectivity of the reaction was studied. 4,4’-MDI was reacted with 2-
ethyl-1-hexanol in various molar ratios and the reaction was performed by slowly 
dropping the alcohol into the isocyanate at the relatively low temperature of 50 ºC. 

= NCO group

=

Trimerization of 
NCO groups
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The chemical composition of the obtained mixture was determined by gel permeation 
chromatography (GPC) (Figure 3-1). 

With more mono-functional alcohol, the number of di-urethane structures increased. 
In order to minimize the formation of di-urethanes which do not contribute to the 
network, and maximize the mono-functional isocyanate content which helps to 
maintain a flexible PIR network in a final product, the optimized isocyanate-to-alcohol 
molar ratio of 1:0.25 was chosen, resulting in a mixture containing around 75 mol% di-
functional isocyanate and 25 mol% mono-functional isocyanate. 

 
Figure 3-1. Product compositions of reaction mixtures obtained at various 4,4’-MDI to 2-ethyl-1-
hexanol molar ratio. The reaction was carried out at 50 ºC with 2-ethyl-1-hexanol being added 
dropwise to 4,4’-MDI. The ratio of different products was determined by GPC measurement. 

The mixture obtained was further trimerized using a selection of common 
trimerization catalysts, mainly based on tertiary amines and Lewis basic salts with 
nucleophilic anions (Scheme 3-3). Various reaction conditions, such as reaction 
temperature and catalyst concentration, were investigated. 2,4,6-
Tris(dimethylaminomethyl)phenol (TDMAMP)6,31 was found to be the most suitable 
trimerization catalyst for PIR prepolymer preparation in terms of mildness of reaction 
conditions, and product processability and solubility. While some catalysts, for 
example, tetrabutylammonium acetate  (TBAA),32,33 potassium 2-ethylhexanoate34–37 
and 2-{[2-(dimethylamino)ethyl]methylamino}ethanol (DMAEMAE)38 were too active to 
be controlled, others, such as sodium p-toluenesulfinate  (p-TolSO2Na)39 and potassium 
acetate40,41 had poor solubility in either solvents or isocyanate. N,N’,N”-tris(3-
dimethylaminopropyl)hexahydro-1,3,5-triazine (TDMAPHT)7,42,43 provided more 
allophanate and less isocyanurate than TDMAMP (Figure S3-1 and S3-2), and 
[HTBD][OAc]30 (a conjugate between 1, 5, 7-triazabicyclo [4.4.0] dec-5-ene and acetic 
acid), which catalyzes cyclotrimerization of isocyanates via synergistic hydrogen 
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bonding functional catalytic mechanism, was deactivated most probably due to the 
presence of urethane groups in the mixture. 

 
Scheme 3-3. Structures of various cyclotrimerization catalysts. 

The isocyanate trimerization mechanism using TDMAMP as a catalyst was further 
studied by cyclotrimerization of p-tolyl isocyanate in the presence of one equivalent 
2-ethylhexyl p-tolylcarbamate in deuterated acetone at 50 ºC. In agreement with the 
mechanism proposed by Nabulsi and Schwetlick, the NMR spectroscopy studies show 
that in the presence of carbamate, the cyclotrimerization follows an allophanate 
pathway (Scheme 3-4 and Figure 3-2).41,42 In this mechanism, the isocyanate first 
reacts with carbamate to form allophanate as a key intermediate. Next, the 
allophanate decomposes to anionic species B or C by elimination of carbamate or 
alcohol, finally followed by ring closure to form isocyanurate. However, in the model 
reaction, around 10 mol% of allophanate was still present after 34 h reaction due to 
the limited catalytic activity of the TDMAMP in highly diluted solution.  

 
Scheme 3-4. Proposed cyclotrimerization mechanism of isocyanates via allophanate and anionic 
pathways. 
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Figure 3-2. (a) 1H NMR spectra (400 MHz, acetone-d6) and (b) 13C NMR spectra (100 MHz, acetone-
d6) of reaction between p-tolyl isocyanate and 2-ethylhexyl p-tolylcarbamate in 1:1 molar ratio 
at 50 ºC using 5 mol% TDMAMP as catalyst. The reaction was carried out in an NMR tube in 
deuterated acetone and monitored by (a) peaks between 2.2 and 2.4 ppm (methyl group protons), 
and (b) peaks between 148 and 158 ppm (carbonyl carbons). ISO (p-tolyl isocyanate); U 
(carbamate); A (allophanate); ISR (isocyanurate). 

Based on the catalyst screening, the trimerization of mono- and di-functional 
isocyanate mixture was carried out at 50 ºC in bulk with TDMAMP as the catalyst; the 
PIR reaction was quenched with DGBCF before solidification could take place (Figure 
3-3a and 3b). The resulting PIR prepolymer was further characterized by quantitative 
13C NMR spectroscopy to quantify the molar ratio of urethane (U), allophanate (A) and 
isocyanurate (ISR) with the help of chromium (III) acetylacetonate (Cr(acac)3) as 
relaxation agent.44–46 Carbonyl carbon peaks were assigned to the urethane, 
allophanate  and isocyanurate carbonyl atoms and integrated to give a ratio of U:A:ISR 
of 1:0.5:1.0 (Figure 3-3c).26,47 In addition, NCO content was determined as 16.0 wt% 
by back-titration, and the average molar mass of the PIR prepolymer, 660 g/mol, was 
determined by GPC measurement (Figure 3-3d), from which the functionality fn of the 
PIR prepolymer was calculated to be 2.5 via the following equation: 

𝑓𝑓� =
𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑁 𝑁𝑁���������� × 𝑀𝑀����������

𝑛𝑛���������� × 𝑀𝑀��� × 100 𝑤𝑤𝑤𝑤𝑤  

= 16 𝑤𝑤𝑤𝑤𝑤 𝑤𝑤𝑤𝑤𝑤 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤
42 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔   = 2.5 

where 𝑛𝑛���������� is the mole amount of prepolymer, 𝑀𝑀��� is the molecular weight of 

NCO group, 𝑀𝑀���������� is the number average molecular weight of prepolymer.  
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Figure 3-3. (a) 13C NMR spectra (100 MHz, acetone-d6) of the co-trimerization of mono- and di-
functional isocyanates. U (carbamate); A (allophanate); ISR (isocyanurate). (b) FT-IR spectra of 
PIR prepolymer. (c) Quantitative 13C NMR spectrum (125 MHz, acetone-d6) of the PIR prepolymer. 
The ratio of U:A:ISR was determined by integrals of the carbonyl carbon peaks. (d) GPC trace of 
the PIR-DEHP prepolymer, obtained Mn = 710 g/mol. 

3.2.2 Preparation of PIR elastomers in solution 

PIR elastomers were prepared by the reaction of a PIR prepolymer with two 
commercially available polyether polyol or polyester polyol with molecular weight of 
2000 g/mol, PolyTHF® 2000 (PTHF) and Lupraphen® 6601/2 (Lupraphen), using different 
amounts of 1,4-butanediol (BDO) as chain extender (0, 5 wt%, 10 wt%, 15 wt% of the 
polyol component). The molar ratio of NCO:OH was kept constant at 1.05 (index 105), 
which was typically used in industrial applications,48,49 and the elastomers were cast 
from THF solution (Table 3-1). All elastomers were transparent.  

In addition, a commercially available polymeric MDI with functionality of 2.7, 
Lupranate® M20 (M20), was used to compare with PIR prepolymer due to the similar 
average functionality. Using the same procedure and conditions, M20 elastomers were 
prepared by reacting M20 and PTHF or Lupraphen with either 0 or 15 wt% BDO. Classical 
linear 4,4’-MDI-based elastomers are synthesized from reaction of 4,4’-MDI, polyol and 
BDO without trimerization. 
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Table 3-1. Recipes (by weight percentage) of solution-cast elastomers (Index 105). 

 PIR elastomers M20 elastomers 
4,4’-MDI based 

elastomer 
BDO in polyol 

component (wt%) 
0 5 10 15 0 15 15 

PIR prepolymer 21.7 36.3 46.3 53.6 -- -- -- 
4,4’-MDI -- -- -- -- -- -- 35.4 

M20 -- -- -- -- 12.3 36.9 -- 
PTHF/Lupraphen 78.3 60.5 48.3 39.4 87.7 53.6 54.9 

BDO -- 3.2 5.4 7.0 -- 9.5 9.7 
 

The thermal stability of the PIR elastomers was measured with thermogravimetric 
analysis (TGA), the results of which are shown in Table 3-2 and Figure 3-4. With a 
higher BDO content, the decomposition temperatures of PIR elastomers at 5% weight 
loss (Td5) and 10% weight loss (Td10) slightly decreased due to the presence of more 
urethane bonds in the material. However, as the amount of PIR structures and the 
aromatic content also increased, higher char formation was obtained at 596 ºC. The 
decomposition temperatures and char formation of M20-based elastomers were slightly 
higher than PIR elastomers, which may be due to a higher crosslink density. On the 
other hand, all PIR elastomers showed better thermal stability than classical 4,4’-MDI-
based elastomers (Figure 3-4e and 4f).  

Table 3-2. TGA results of PIR and M20 elastomers with PTHF or Lupraphen polyol, and different 
amount of BDO. 

BDO 
content 
(wt%) 

Aromatic 
contenta 

(wt%) 

PTHF Lupraphen 

Td5 (ºC) Td10 (ºC) 
Char 

formation 
(%) 

Td5 (ºC) Td10 (ºC) 
Char 

formation 
(%) 

PIR elastomers 
0 19 297.8 329.0 7.2 290.8 311.4 7.3 
5 32 277.7 306.6 10.4 284.1 302.2 10.6 
10 41 270.0 296.2 14.0 275.1 291.5 7.2 
15 47 270.1 294.2 15.2 268.5 286.2 14.9 

M20 elastomers 
0 12 321.8 345.1 7.8 312.4 336.2 7.5 
15 37 294.3 311.0 16.9 289.1 306.5 16.6 

4,4’-MDI-based elastomers 
15 35 272.7 285.2 9.3 278.5 294.5 13.0 

a The aromatic content is calculated based on the weight percentage of aromatic isocyanate in the 
elastomers (see experimental section). 
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Figure 3-4. TGA curves of (a) PTHF-containing and (b) Lupraphen-containing PIR elastomers with 
different amount of BDO; (c) PTHF-containing and (d) Lupraphen-containing PIR and M20 
elastomers with 0 and 15 wt% BDO; (e) PTHF-containing and (f) Lupraphen-containing PIR and 
4,4’-MDI-based elastomers with 15 wt% BDO. 

A significant difference in mechanical properties was found between PIR elastomers 
and M20 elastomers (Figure 3-5 and Table 3-3).  Compared to M20 elastomers with 
the same amount of BDO in polyol component (purple curve), the tensile strength and 
Young’s modulus of PIR elastomer (black curve) was much higher due to a higher 
aromatic content and the presence of PIR structures. In addition, with alkyl chains that 
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improved flexibility of the PIR network, the elongation at break of the PIR elastomers 
was also higher than in the corresponding M20 elastomers. The only exception is that 
the PIR elastomer containing PTHF and 15 wt% BDO has a slightly lower elongation at 
break than M20 elastomer with PTHF and with the same amount of BDO in polyol 
component. The higher Young’s modulus leads to lower elongation at break as shown 
in Table 3-3. Although the elastomer based on PIR prepolymer has around 12 times 
higher Young’s modulus relative to M20 based elastomer, the elongation at break is 
still very high due to the presence of flexible alkyl chains. The same trend is also visible 
for the Lupraphen-containing elastomers. The obtained absolute values are the result 
of a complex interplay of different parameters, such as polarity or compatibility of 
PTHF with hard phase, glass transition temperature (Tg) of elastomers and hard phase 
content in the PIR prepolymer. 

 

Figure 3-5. Tensile test of PIR and M20 elastomers based on (a) PTHF and (b) Lupraphen, and 
different amounts of BDO. The inserts show the slopes of the curves which are correlated to 
Young’s modulus of the elastomers. 

Table 3-3. Tensile test results of PIR and M20 elastomers with PTHF or Lupraphen polyol, and 
different amounts of BDO. 

BDO content 
(wt%) 

PTHF Lupraphen 
Tensile 
strength 
(MPa) 

Elongation 
at break 

(%) 

Young’s 
modulus 
(MPa)a 

Tensile 
strength 

(MPa) 

Elongation 
at break 

(%) 

Young’s 
modulus 
(MPa)a 

PIR elastomers 
0 2.5 1000 0.3 2.6 1190 0.3 
5 13.5 845 2.9 6.6 703 1.1 
10 26.8 453 47.9 28.2 500 8.3 
15 36.3 310 173.9 28.7 314 81.1 

M20 elastomers 
0 5.4 807 0.9 2.7 288 1.9 
15 15.4 329 14.7 20.1 208 12.2 

a The Young’s modulus is calculated by the initial linear slope of the tensile curve. 
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Dynamic mechanical analysis (DMA) measurements were performed on the polymers 
and the maximum in the loss tangent tan(δ) was used to determine Tg. The results are 
shown in Figure 3-6 and Table 3-4. The PIR structures and aromatic content increased 
with BDO content, and the resulting Tg as well as the storage modulus at rubbery 
plateau of the PIR elastomers increased. The PIR elastomer based on PTHF without BDO 
had a narrow tan(δ) peak (green curve in Figure 3-6a) with a maximum at -49 ºC, which 
is strongly influenced by the Tg of PTHF polyol. When there was no BDO in the elastomer, 
cold crystallization with subsequent melting of PTHF was found between -30 to 30 ºC.50  
The presence of BDO limited the crystallization tendency of PTHF, thus no cold 
crystallization peaks were found in the curves of elastomers containing BDO.  The broad 
tan(δ) peaks of PIR elastomers containing PTHF and BDO indicate that there might be 
phase separation between PTHF and hard segments in the elastomers. On the other 
hand, due to the good compatibility of the PIR prepolymer and the polyester polyol 
Lupraphen, only one narrow tan(δ) peak was observed in each Lupraphen-containing 
elastomer which increased with higher PIR and aromatic content. In comparison to PIR 
elastomers, M20 elastomers have lower Tg, which was caused by the absence of PIR 
structures and lower aromatic content.  

 
Figure 3-6. DMA results of (a) PTHF-containing and (b) Lupraphen-containing PIR elastomers with 
different amount of BDO; (c) PTHF-containing and (d) Lupraphen-containing PIR and M20 
elastomers with 0 and 15 wt% BDO. Solid line: storage modulus, dash line: tan(δ).  
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Table 3-4. DMA data of PIR and M20 elastomers with PTHF or Lupraphen polyol, and different 

amounts of BDO. 

 

3.2.3 Preparation of PIR elastomers in bulk 

PIR elastomers were also prepared by reacting a PIR prepolymer with Lupraphen 
without solvent (Table 3-5). A PIR prepolymer with NCO content of 16.5 wt% for bulk 
casting of elastomers was synthesized via the same procedure as that for solution 
casting of elastomers. The PIR prepolymer and the polyol component (Lupraphen, BDO 
and urethane catalyst) were mixed and the elastomers were prepared at 80 ºC in bulk. 
The trend of increasing char formation and Tg with increasing PIR and aromatic content 
observed in solvent-cast elastomers was also observed in bulk-cast elastomer (Figure 
3-7).  Similar trends were observed in mechanical properties of elastomers using either 
of the two preparation methods. When BDO content was increased from 10 wt% to 15 
wt%, the Young’s modulus of PIR elastomers increased from 2.6 MPa to 116.7 MPa 
respectively, while the bulk-cast M20 elastomers with Lupraphen and 15 wt% BDO had 
Young’s modulus of only 20.6 MPa. Despite the same trend of mechanical properties, 
the bulk-cast PIR elastomers with 15 wt% BDO prepared from bulk has higher Young’s 
modulus compared to that prepared from solution (116.7 MPa vs. 81.1 MPa).51 

Table 3-5. Recipes (by weight percentage) of bulk-cast elastomers (Index 105). 
 PIR elastomers M20 

BDO in polyol component (wt%) 5 10 15 15 

PIR prepolymer 35.5 45.5 52.8 -- 

M20 -- -- -- 36.9 

Lupraphen 61.3 49.1 40.1 53.6 

BDO 3.2 5.4 7.1 9.5 
 

PTHF Lupraphen 
PIR elastomers 

BDO content (wt%) Tg (ºC) BDO content (wt%) Tg (ºC) 
0 -49 0 -22 
5 -55, -20 5 7 
10 -54, 74 10 32 
15 -52, 95 15 51 

M20 elastomers 
0 -61 0 -35 
15 43 15 30 
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Figure 3-7. (a) TGA and (b) DMA results of the PIR elastomers cast in bulk with Lupraphen as a 
polyol and different amount of BDO. Solid line: storage modulus, dash line: tan(δ). 

3.3 Conclusion 

In this work, PIR prepolymers were synthesized from co-trimerization of mono- and 
di-isocyanates, and isocyanurate containing elastomers were prepared from PIR 
prepolymers. TDMAMP turned out to be the most suitable catalyst for the preparation 
of prepolymers due to high isocyanurate content after isocyanate trimerization, mild 
reaction conditions and the possibility to be quenched after a certain reaction time. In 
the final products, the PIR elastomers, char formation at 596 ºC, Tg as well as Young’s 
modulus increased with increasing PIR and aromatic content. In addition, the 
mechanical properties of PIR elastomers (stress at break, elongation and Young’s 
moduli) are much better than the elastomers cast from commercially available 
polymeric MDI.  

This study provides an elegant synthetic pathway to obtain liquid, flexible elastomer 
networks with high PIR content and good thermal stability as well as superior 
mechanical properties. It is expected that by substituting 2-ethyl-1-hexanol with other 
mono-functional alcohols, or by adjusting the molar ratio of mono- and di-functional 
isocyanates, the chemical, physical and mechanical properties, such as polarity, 
rigidity and thermal stability of the PIR prepolymer can be tuned. The PIR prepolymer 
with versatile properties will be suitable for diverse large-scale industrial applications. 

3.4 Experimental section  

Materials 

2-Ethyl-1-hexanol (≥99.6%), p-tolyl isocyanate (99%), 2,4,6-
tris(dimethylaminomethyl)phenol (TDMAMP) (>95%), tetrabutylammonium acetate 
(97%), sodium p-toluenesulfinate (p-TolSO2Na) (95%), potassium acetate (≥99%), 2-{[2-
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(dimethylamino)ethyl]methylamino}ethanol (DMAEMAE) (98%), chromium (III) 
acetylacetonate (Cr(acac)3) (99.99% trace metals basis), 1,4-butanediol (BDO) (99%) 
and dibutyltin dilaurate (DBTL) (95%) were purchased from Sigma-Aldrich. Potassium 
2-ethylhexanoate (>95%) was purchased from TCI. [HTBD][OAc] was synthesized 
following a literature procedure.30 1,4-Butanediol was dried over mol-sieves, all other 
reagents were used directly without treatment. 4,4’-Methylene diphenyl diisocyanate 
(4,4’-MDI), polymeric MDI Lupranate® M20 (M20), N,N’,N”-tris(3-
dimethylaminopropyl)hexahydro-1,3,5-triazine (TDMAPHT), diethylene glycol bis-
chloroformate (DGBCF), 1,4-diazabicyclo[2.2.2]octane (DABCO)-based urethane gel 
catalyst Lupragen® N202, PolyTHF® 2000 with molecular weight of 2000 g/mol (OHv = 
56 mg KOH/g), and Lupraphen® 6601/2 with molecular weight of 2000 g/mol (polyester 
polyol synthesized from adipic acid, 1,4-butanediol and mono ethylene glycol, OHv = 
56 mg KOH/g) were kindly provided by BASF Polyurethanes GmbH. Polyols were dried 
at 80 ºC under vacuum for 2 h before use. THF (containing BHT as stabilizer) and 
toluene were purchased from Biosolve, and THF was dried over mol-sieves overnight 
before use.  

Synthesis 

Synthesis of PIR prepolymer. 4,4’-MDI (184.0 g, 0.74 mol) in a dry 3-neck flask 
equipped with a dropping funnel was stirred under an Ar flow at 50 ºC in an oil bath. 
2-Ethyl-1-hexanol (24.0 g, 0.18 mol) was added in the dropping funnel and dropped 
into the flask at a speed of 1 drop every 10 s with the internal temperature kept under 
55 ºC. The reaction was immediately completed after addition of the alcohol and the 
mixture was calculated to have average molecular weight of 282.6 g/mol with fn of 
1.75. 

The isocyanate mixture (169.9 g, 0.60 mol) was added to a dry beaker under an Ar 
flow. Trimerization catalyst TDMAMP (0.1 g, 0.53 mmol) was dissolved in 6 mL THF and 
was quickly injected into the isocyanate mixture. The mixture was stirred at 50 ºC in 
an oil bath with an anchor-shape stirrer and the internal temperature as well as the 
torque were monitored by the mechanical stirrer. After 200 min, the co-trimerization 
was quenched with DGBCF (0.1 g, 0.53 mmol) in 2 mL THF. The reaction was monitored 
with 13C NMR spectroscopy and the product was characterized with FT-IR spectroscopy. 
After that, the NCO content of the PIR prepolymer was titrated and the prepolymer 
was used for casting elastomers in solution. For bulk-cast elastomers, the same 
procedure was used except that the catalyst amount was 0.1 mol%. 

Synthesis of 2-ethylhexyl-p-tolylcarbamate. p-Tolyl isocyanate (1.6 g, 12.18 mmol), 
2-ethyl-1-hexanol (1.8 g, 13.39 mmol) and toluene (5 mL) were added in a 3-neck flask 
equipped with a condenser under an Ar atmosphere. The mixture was stirred and 
heated to 50 ºC until the NCO stretching band at 2270 cm−1 disappeared according to 
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FT-IR spectroscopy. After that, solvent was evaporated, the mixture was purified by 
column chromatography and transparent liquid was obtained. 1H NMR (400 MHz, 
acetone-d6): δ 8.49 (s, 1H), 7.44 (d, J = 8.2 Hz, 2H), 7.09 (d, 2H), 4.21 – 3.89 (m, 2H), 
2.26 (s, 3H), 1.59 (hept, 1H), 1.51 – 1.17 (m, 8H), 1.00 – 0.81 (m, 6H) ppm; 13C NMR 
(400 MHz, acetone-d6): δ 153.8, 136.9, 131.6, 129.1, 118.2, 66.4, 39.1, 30.2, 23.5, 
22.8, 19.9, 13.5, 10.5 ppm.  

Preparation of PIR elastomers in solution. The preparation of PIR elastomer with 
PolyTHF® 2000 and 15 wt% BDO is used as an example to illustrate the synthetic route: 
The PIR prepolymer (2.9 g, NCO content = 16.0 wt%) was dissolved in 15 mL dry THF in 
a dry 1-neck flask at room temperature. The polyol component solution was prepared 
by dissolving PolyTHF® 2000 (2.1 g, 1.07 mmol), BDO (0.4 g, 4.18 mmol) and DBTL (7.0 
mg, 0.01 mmol, 0.1 mol% to the NCO groups) in 5 mL dry THF in another dry 1-neck 
flask at room temperature. Then the polyol solution was added into the prepolymer 
solution and the mixture obtained was stirred for 1 min under an Ar atmosphere. The 
solution was poured on a metal lid which was preheated at 50 ºC in a N2 oven and the 
elastomer was cured overnight. After that, the elastomer was dried at 80 ºC vacuum 
oven for one day to remove solvent. The same procedures and the same conditions 
were used for the preparation of PIR elastomers, 4,4’-MDI based classical elastomers, 
and M20 based elastomers in solution.  

Calculation of aromatic content. As the PIR prepolymer is trimerized from a mixture 
containing 184 g 4,4’-MDI and 24 g 2-ethyl-1-hexanol, which means that there is 88.5 
wt% isocyanate contained in PIR prepolymer. The aromatic content of PIR elastomers 
with 15% BDO, for example, can be calculated as: 53.6% × 88.5% = 47%. The aromatic 
content of 4,4’-MDI based elastomer and M20 elastomers is the amount of isocyanate 
that was used. 

Preparation of elastomers in bulk. The preparation of PIR elastomer with Lupraphen® 
6601/2 and 15 wt% BDO is used as an example to illustrate the synthetic route: The PIR 
prepolymer was kept in a vacuum oven overnight at 50 ºC. The polyol component that 
consisted of Lupraphen® 6601/2 (64.2 g, 0.03 mol), BDO (11.4 g, 0.13 mol) and 
Lupragen® N202 (0.1 g) was added in a sealed polypropylene cup and stirred at 1000 
rpm under vacuum in a speedmixer for 10 min at 50 ºC. PIR prepolymer (84.5 g, NCO 
content = 16.5 wt%) was added and the mixture was mixed in a speedmixer for 30 s 
under vacuum. After that, the mixture was poured on a preheated metal mold at 80 
ºC. The elastomers were further cured in an 80 ºC oven overnight. The same procedure 
and conditions were used for the preparation of PIR and M20 elastomers in bulk. 
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Characterization 

Fourier-transform infrared spectroscopy (FT-IR). FT-IR spectroscopy was carried out 
in attenuated total reflection mode on a Spectrum Two (Perkin Elmer) spectrometer 
at room temperature. 8 scans were performed from 4000 - 450 cm-1.  

Nuclear magnetic resonance (NMR) spectroscopy. 1H NMR spectroscopy was 
performed using a Bruker UltraShield 400 MHz or Varian Mercury 400 MHz spectrometer 
at room temperature using acetone-d6 as solvent with TMS as internal standard with a 
delay time of 1s and 32 scans per spectrum. 13C NMR spectroscopy for monitoring the 
PIR reaction were performed using either Bruker UltraShield 400 MHz or Varian Mercury 
400 MHz spectrometer at room temperature using acetone-d6 as solvent with TMS as 
internal standard with a delay time of 2 s and 256 scans per spectrum. Quantitative 13C 
NMR spectroscopy for determining the urethane, allophanate and isocyanurate ratio 
were performed on a Varian Unit Inova 500 MHz spectrometer using acetone-d6 as 
solvent with TMS as internal standard at room temperature with a delay time of 12 s, 
2048 scans per spectrum and Cr(acac)3 (20 mg/mL) as a relaxation agent.  

Determination of isocyanate content. The titration of NCO groups was performed on 
a 916 Ti-Touch titration machine (Metrohm) equipped with an electrode using 
tetraethylammonium bromide (0.4 mol/L in ethylene glycol) as electrolyte. The 
isocyanate was quenched with excess of dibutylamine and unreacted dibutylamine was 
titrated with 1M HCl as the titrant. After getting the volume (V1) at the end of titration 
of sample as well as the volume (V0) of the blank titration at the same condition, the 
NCO content was calculated by the titration machine using the following equation: 

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑁 �����������������
�������

. 

Gel permeation chromatography (GPC). The average molecular weight of the PIR 
prepolymer was measured on a GPC system comprising a series of columns (one PSS-
SDV 500 Å (5μm) and three Agilent PL-Gel 500 Å (5μm) columns) and a UV detector.  
THF was used as the eluent with a flow rate of 1 mL/min and toluene was used as 
internal standard. Calibration was done with monodisperse PMMA and Lupranate® M20 
samples. GPC for studying selectivity of 4,4’-MDI and 2-ethyl-1-hexanol reaction was 
performed on a series of columns including four Agilent PL-Gel-Columns (1 × 50 Å - 3 × 
100 Å) equipped with a UV detector and a differential refractometer.  THF was used 
as the eluent with a flow rate of 0.5 mL/min. The system was calibrated by Basonat® 

HI 100 NH with molecular weight range 2200 – 168 g/mol. 

Thermogravimetric analysis (TGA). TGA measurement was performed on a TA Q500 
or TA Q550 (TA Instruments) under N2 atmosphere. Samples (around 10 mg) were 
heated from 28 to 600 ºC at a rate of 10 ºC/min.  
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Tensile testing. Tensile testing was performed on a EZ20 (Lloyd instrument) with a 
500 N load cell. The tensile bars used had an effective length of 12 mm, width of 2 mm 
and thickness of 0.6 mm. The elongation rate used was 50 mm/min. 

Dynamic mechanical analysis (DMA). DMA measurement was measured on a DMA Q850 
(TA Instruments) with a film tension setup. The test bars had a width of 5.3 mm, 
thickness of 0.6 mm and effective length of around 20 mm. For each measurement, a 
temperature ramp from -80 to 180 ºC was programmed with a heating rate of 3 ºC/min 
at a frequency of 1.0 Hz. A preload force of 0.01 N, an amplitude of 100 μm and a force 
track of 115% were used. The storage and loss modulus were recorded as a function of 
temperature. The glass transition temperature (Tg) was determined from the peak 
maximum of the tan(δ). 

Supplementary data 

 
Figure S3-1. 13C NMR spectra (100MHz, acetone-d6) of synthesized PIR prepolymer using TDMAMP 
or TDMAPHT as trimerization catalyst. The molar ratio of allophanate to isocyanurate was 0.6:1 
and 1.4:1 respectively. 

 
Figure S3-2. FT-IR spectra of PIR prepolymer using TDMAMP or TDMAPHT as trimerization catalyst. 
After normalization based on the area of C-H stretching (3110-2770 cm-1) of TDMAMP curve, the 
area of isocyanurate C-N stretching (1474-1338cm-1) was 16.8 and 14.8 respectively, which means 
that more isocyanurate was formed when TDMAMP was used as trimerization catalyst. 

TDMAMP TDMAPHT

U:A:I=1:0.5:0.8 U:A:I=1:2.7:1.9
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Polyurethanes (PUs) are one of the most common and versatile polymers in many 

applications, especially in construction and automotive industry, where the 

improvement of thermal stability and flame retardancy is crucial. As 

polyisocyanaurate (PIR) is well known to have high decomposition temperature and 

phosphorus motifs are usually used as flame retardants in polymers, the introduction 

of PIR and phosphorus motifs in polyurethanes can lead to PUs with high thermal 

stability and flame retardancy. We investigated a synthesis pathway to introduce 

polyisocyanurate (PIR) and phosphorus motifs in polyurethanes via co-trimerization 

of 4,4’-methylene diphenyl diisocyanate (4,4’-MDI) and mono-isocyanate which was 

synthesized from the reaction between diethyl(hydroxymethyl)phosphonate (DEHP) 

and 4,4’-MDI. The resulting PIR-DEHP prepolymer was used to prepare PIR-DEHP 

elastomers in both solvent and solvent-free conditions. The elastomer with polyester 

polyol and 15 wt% 1,4-butanediol in polyol component showed high char formation 

(25.5 wt%) and 55% reductions in the total heat release (THR) relative to the 

reference elastomer without PIR and phosphorus content. It is expected that the use 

of PIR-DEHP prepolymer can be extended to other applications, such as rigid PU 

foams and compact thermosets where the flame retardancy and bulk reaction 

conditions are required. 

 

 

 



C
h

ap
te

r 
4

69 
 

4.1 Introduction 

Polyurethane (PU) is one of the most versatile polymers and it is used to provide 
materials with a wide range of chemical, thermal and mechanical properties.1–5 
Although many different PU materials are available, further improvement of the 
physical properties, especially thermal stability and flame retardancy, will make them 
suitable for an increased number of applications and meet the new market demands. 
The introduction of PIR and phosphorus motifs in polyurethanes can lead to PUs with 
better thermal properties, as polyisocyanaurate (PIR) is well known to have a high 
decomposition temperature and phosphorus motifs are usually used as flame retardants 
in polymers.6–10 However, the brittleness of PIR networks, and the limited compatibility 
of phosphorus motifs with the PUs are challenges that need to be improved. 

PIRs are widely applied in PU elastomers in order to improve their thermal stability 
and flame retardant properties.6,7 These elastomers are generally obtained via one of 

the two most common synthesis routes.11–16 They can be prepared by trimerization of 
an isocyanate prepolymer that is obtained from the reaction of excess isocyanates and 
polyols (Scheme 4-1a), or via the in-situ reaction of isocyanates, polyols, and chain 
extenders in the presence of a trimerization catalyst (Scheme 4-1b). However, both 
of the synthesis routes lead to PU materials with relatively low PIR content, due to 
rapid increase of network density and viscosity, and restricted catalyst diffusion in the 
reaction mixture.  

 
Scheme 4-1. The two most common synthesis pathways to prepare PIR elastomers and the 
preparation of PIR elastomer in this work: (a) trimerization of isocyanate prepolymer obtained 
from the reaction between excess of isocyanates and long chain polyols; (b) in-situ reaction of 
isocyanate, polyols and chain extenders in presence of trimerization catalyst; (c) urethane 
reaction of PIR prepolymer with polyols and chain extenders. 
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A more elegant way to develop a flexible network with high concentration of PIR 
structures is to synthesize a PIR-containing isocyanate prepolymer (Scheme 4-1c), 
which has been already discussed in Chapter 3. In order to control the crosslink density 
of the PIR prepolymer and to reduce the brittleness of the network, co-trimerization 

of mono- and di-functional isocyanates is used to create a flexible PIR network.17–20  
However, the commercially available mono-functional isocyanates, such as butyl and 
phenyl isocyanates, are too volatile and toxic to be used in large scale industrial 
applications. As an alternative approach, mono-functional isocyanates can be 
synthesized in situ by reacting mono-functional alcohols with diisocyanates and used 
in subsequent co-trimerization with diisocyanates to form PIR networks, as shown in 
Chapter 3. 

Although phosphorus containing compounds are well known as flame retardants 
which are typically added in polyurethanes as fillers or additives,21–28  they may leach 
out or migrate to the sample surface, leading to deterioration of the mechanical 
properties of the materials. In order to improve the compatibility of phosphorus 
compounds, phosphorus-containing polyols have been synthesized and introduced into 
PU materials via covalent bonds.22,29–34 The flame retardancy can be realized via 
condensed- and gas-phase mechanisms, and many phosphorus containing compounds 
utilize both.22,24,35,36 In the condensed-phase, many phosphorus flame retardants 
mediate the formation of char, which reduces the release of volatiles. Some 
phosphorus flame retardants also give intumescence, which produces a protective layer 
and slows down heat transfer to the underlying material. In parallel with condensed-
phase mechanisms, phosphorus compounds also act as flame retardants in the gas-
phase, which significantly improves the flame retardancy of the materials. It is 
generally accepted that PO∙ radicals formed from phosphorus-containing compounds 
play an important role to provide flame retardancy. During combustion, OH∙ radicals 
are replaced by PO∙ radicals which are formed from the decomposition of phosphorus 
flame retardants. The PO∙ radicals are less reactive, thus slow down or interrupt the 
oxidation of hydrocarbons. Therefore, the addition of phosphorus-containing motifs 
can be used to inhibit flames and reduce the heat production upon combustion, which 
enhances the flame retardancy of the material. 

This work aims to combine both PIR and phosphorus motifs in PU elastomers in order 
to greatly enhance the intrinsic thermal stability and flame retardancy of these 
materials. Firstly, a mono-functional phosphonate alcohol, diethyl(hydroxymethyl) 
phosphonate (DEHP), was synthesized and introduced into a PIR matrix by reacting with 
4,4’-methylene diphenyl diisocyanate (4,4’-MDI) in 0.25:1 molar ratio to produce a 
mixture containing both mono- and di-isocyanates. Then, the mixture was trimerized 
and quenched by acid before solidification in order to get liquid PIR-DEHP prepolymer 
(Scheme 4-2). Finally, PIR-DEHP elastomers were prepared by reacting the PIR-DEHP 
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prepolymer and long chain polyols with different amount of 1,4-butanediol as a chain 
extender in both solution and bulk conditions. Initial cone calorimetry tests were 
performed and the PIR-DEHP elastomer exhibited enhanced flame retardancy, which 
promises the potential use of PIR-DEHP network in various polyurethane applications 
such as rigid foams, compact elastomers, thermosets and adhesives, where flame 
retardancy is required. Our approach helps to improve the intrinsic flame retardancy 
of PU materials and to reduce the use of classical flame retardant additives.  

4.2 Results and discussion 

4.2.1 Preparation of PIR-DEHP prepolymer 

 
Scheme 4-2. Synthesis of DEHP (I) and PIR-DEHP prepolymer (II). 

Mono-functional phosphonate alcohol, diethyl(hydroxymethyl)phosphonate (DEHP) 
was synthesized from diethyl phosphite and paraformaldehyde with triethylamine as a 
catalyst.37 After the reaction, pure DEHP was obtained by evaporation of the 
triethylamine under reduced pressure. 

To maximize the phosphorus content and to keep the viscosity low enough to perform 
trimerization in bulk afterwards, 4,4’-MDI and DEHP were reacted in a molar ratio of 
1:0.25 resulting in an isocyanate mixture with 75 mol% di-functional isocyanate and 25 
mol% mono-functional isocyanate, as shown in Chapter 3.  

The trimerization of di- and mono-functional isocyanate mixture was carried out in 
bulk at 50 ºC using 2,4,6-tris(dimethylaminomethyl)phenol (TDMAMP) as the 
trimerization catalyst. As soon as the viscosity increased strongly, the reaction was 
quenched by diethylene glycol bis-chloroformate (DGBCF). The formation of 
isocyanurate was monitored with both 13C NMR spectroscopy at 150.2 ppm (carbonyl 
carbon),38,39 and with FT-IR spectroscopy at 1704 cm-1 (C=O stretching) and 1410 cm-1 
(C-N stretching) (Figure 4-1a and 1b).40 After reaction, the urethane (U), allophanate 
(A) and isocyanurate (ISR) ratio in the PIR-DEHP prepolymer was further determined by 
13C NMR spectroscopy. In order to allow quantitative integration of the carbonyl peaks, 
25 s of relaxation delay was required and chromium (III) acetylacetonate (Cr(acac)3) 
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was used as relaxation agent.41–43 In the quantitative 13C NMR spectrum shown in Figure 
4-1c, the peaks at 153.6, 151.6, 156.0 and 150.2 ppm were assigned to carbonyl carbon 
atoms of urethane, allophanate (2 peaks) and isocyanurate respectively.38,39 The molar 
ratio of urethane: allophanate: isocyanurate (U:A:ISR) was calculated as 1:0.9:1.5 
based on the integrals of carbonyl carbon peaks. In addition, an NCO content of 14.5 
wt% was determined by back-titration and the average molar mass of the PIR-DEHP 
prepolymer, 710 g/mol, was determined with GPC (Figure 4-1d), from which the 
average functionality of the PIR-DEHP prepolymer was calculated to be 2.5 via the 
following equation: 

𝑓𝑓� = ��� ������� ������������
�������� ��� = ��.� ������� �����

�� ��������� ��� = 2.5, 

where 𝑛𝑛���������� is the mole amount of prepolymer, 𝑀𝑀��� is the molecular weight of 
NCO group, 𝑀𝑀���������� is the number average molecular weight of prepolymer. 

 

 
Figure 4-1. (a) 13C NMR spectra (100 MHz, acetone-d6) and (b) FT-IR spectra of co-trimerization 
of mono- and di-functional isocyanates. (c) Quantitative 13C NMR spectrum (125 MHz, acetone-
d6) of the PIR-DEHP prepolymer. The ratio of U:A:ISR was determined by integrals of the carbonyl 
carbon peaks. U (carbamate); A (allophanate); ISR (isocyanurate). (d) GPC trace of the PIR-DEHP 
prepolymer, obtained Mn = 710 g/mol. 
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4.2.2 Preparation and characterization of solution cast PIR-DEHP elastomers  

The PIR-DEHP elastomers were prepared by the reaction of PIR-DEHP prepolymer 
with commercially available polyether polyol or polyester polyol with average 
molecular weight of 2000 g/mol such as PolyTHF® 2000 (PTHF) and Lupraphen® 6601/2 
(Lupraphen), and various amounts of 1,4-butanediol (BDO) as a chain extender (0, 5 
wt%, 10 wt%, or 15 wt% of the polyol component). The molar ratio of NCO:OH was kept 
constant at 1.05 (index 105),44,45 and the elastomers were solution-cast from THF 
(Table 4-1). The PIR-DEHP elastomers prepared with PTHF were white turbid and those 
with Lupraphen were transparent. Commercially available polymeric MDI, Lupranate® 
M20 (M20), which has a slightly higher functionality of 2.7, was also used to prepare 
M20-based elastomers as reference materials. M20 was reacted with either PTHF or 
Lupraphen polyol and 15 wt% BDO under the same casting condition used for PIR 
elastomers. 

Table 4-1. Recipes (by weight) of solution cast elastomers (Index 105). 

 PIR-DEHP elastomers 
M20 

elastomer 
4,4’-MDI based 

elastomer 
BDO in polyol 

component (wt%) 
0 5 10 15 15 15 

PIR-DEHP prepolymer 23.6 38.8 48.9 56.4 -- -- 
4,4’-MDI -- -- -- -- -- 35.4 

M20 -- -- -- -- 36.9 -- 
PTHF/Lupraphen 76.4 58.2 46.0 37.1 53.6 54.9 

BDO -- 3.1 5.1 6.5 9.5 9.7 
 

Dynamic mechanical analysis (DMA) of the elastomers was shown in Figure 4-2 and 
Table 4-2. Together with the turbidity of the PTHF containing PIR-DEHP elastomers, 
phase separation is confirmed by the presence of two glass transition temperatures 
(Tg’s) in the elastomers. The lower Tg at around -60 ºC is strongly influenced by the Tg 
of PTHF polyol and the higher Tg at around 120 ºC is influenced by the Tg of PIR 
structures. When there was no BDO in the elastomer, cold crystallization with 
subsequent melting of PTHF was found between -29 to 35 ºC (green curve).46 The 
addition of BDO limited the crystallization tendency of PTHF, thus no cold 
crystallization peaks were found in the curves of elastomers containing BDO. For the 
Lupraphen-containing PIR-DEHP elastomers, only one narrow tan(δ) peak was 
observed, which indicates that the PIR structures have good compatibility with 
polyester polyol. The Tg of the elastomers increased with increasing amount of PIR 
structure as well as aromatic content. Compared to the M20 elastomers, PIR-DEHP 
elastomers had higher Tg as they contained PIR structures and have a higher aromatic 
content. 
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Figure 4-2. DMA curves of (a) PTHF-containing and (b) Lupraphen-containing PIR-DEHP and M20 
elastomers with different amount of BDO. Solid line: storage modulus; dash line: tan(δ). 

Table 4-2. DMA measurement data of PIR-DEHP and M20 elastomers with different polyols 
and different amount of BDO. 

PTHF Lupraphen 

PIR elastomers 

BDO content 
(wt%) 

Aromatic 
contenta (%) 

Tg (ºC) 
BDO content 

(wt%) 
Aromatic 

contenta (%) 
Tg (ºC) 

0 20 -59 0 20 -16 
5 33 -56, 120 5 33 12 
10 42 -61, 119 10 42 33 
15 48 -69, 123 15 48 46 

M20 elastomers 
15 37 34 15 37 18 

a The aromatic content is calculated based on the weight percentage of aromatic isocyanate in the 
elastomers (see experimental section). 

The mechanical properties of the PIR-DEHP elastomers with different amounts of 
BDO as well as M20 elastomer containing 15 wt% BDO were measured by tensile test 
(Figure 4-3 and Table 4-3). The PIR-DEHP elastomers became stiffer with higher 
isocyanurate content. As a result, the stress at break and the Young’s modulus 
increased while the elongation at break decreased. The M20 elastomers, which contain 
no isocyanurate, had lower stress at break and lower Young’s modulus. This could also 
be explained by the lower Tg of M20 elastomers with either PTHF or Lupraphen polyol 
and 15 wt% BDO, which was around room temperature (34 and 18 ºC respectively), thus 
the material was more rubbery and easier to break than the isocyanurate containing 
materials. 
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Figure 4-3. Tensile test of (a) PTHF-containing and (b) Lupraphen-containing PIR-DEHP and M20 
elastomers with different amount of BDO. 

Table 4-3. Tensile test results of PIR-DEHP and M20 elastomers with PTHF or Lupraphen polyol, 
and different amount of BDO. 

BDO content (wt%) 
PTHF Lupraphen 

Tensile strength 
(MPa) 

Elongation at 
break (%) 

Tensile strength 
(MPa) 

Elongation at 
break (%) 

PIR elastomers 
0 4.0 976 5.9 766 
5 10.5 234 15.4 517 
10 23.5 190 14.9 296 
15 33.0 167 11.5 226 

M20 elastomers 
15 11.2 358 6.0 264 

 

Finally, thermogravimetric analysis (TGA) of these elastomers was measured (Figure 
4-4). The decomposition temperature at 5% weight loss (Td5), 10% weight loss (Td10) and 
char formation at 596 ºC are shown in Table 4-4. The Td5 and Td10 are mainly dependent 
on the decomposition of urethane bonds and decrease with higher BDO content. For 
PTHF-containing PIR-DEHP elastomers, with more BDO, the amount of isocyanurate 
structures as well as aromatic content increased, leading to higher char formation. The 
char formation of Lupraphen-containing elastomers was higher than PTHF-containing 
elastomers, but it did not significantly change with the amount of BDO. Nevertheless, 
all PIR-DEHP elastomers showed higher char formation than classical 4,4’-MDI-based 
elastomers which were synthesized from 4,4’-MDI, polyol and BDO without 
trimerization (Figure 4-4c and 4d). With PTHF and 15 wt% of BDO, M20 elastomers had 
slightly higher char formation than PIR-DEHP elastomers. However, with Lupraphen and 
the same amount of BDO (15 wt%) in polyol component, the char formation of PIR-DEHP 
elastomers was much higher than M20 elastomers.  
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Figure 4-4. TGA curves of (a) PTHF-containing and (b) Lupraphen-containing PIR-DEHP and M20 
elastomers with different amount of BDO; (c) PTHF-containing and (d) Lupraphen-containing PIR-
DEHP and 4,4’-MDI-based elastomers with 15 wt% BDO. 

Table 4-4. TGA measurement data of PTHF-containing and Lupraphen-containing PIR-DEHP and 
M20 elastomers with different amount of BDO. 

BDO 
content 
(wt%) 

Aromatic 
contenta 

(wt%) 

PTHF Lupraphen 

Td5 (ºC) Td10 (ºC) 
Char 

formation 
(%) 

Td5 (ºC) Td10 (ºC) 
Char 

formation 
(%) 

PIR elastomers 
0 20 279.5 307.5 6.2 281.2 313.7 14.7 
5 33 266.3 283.8 10.1 264.5 284.5 24.0 
10 42 259.3 275.3 13.1 234.9 268.1 26.4 
15 48 256.1 272.5 15.3 201.8 248.6 25.5 

M20 elastomer 
15 37 283.7 306.2 17.0 218.2 284.3 16.3 

4,4’-MDI-based elastomer 
15 35 272.7 285.2 9.3 278.5 294.5 13.0 

a The aromatic content is calculated based on the weight percentage of aromatic isocyanate in the 
elastomers. 
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4.2.3 Flame retardancy of PIR-DEHP elastomers 

As PIR-DEHP prepolymer is still a liquid, it is also possible to use this prepolymer to 
cast elastomers without solvent, which is advantageous for industrial applications. To 
study the flame retardancy of the elastomers, three samples were prepared using 
Lupraphen as the polyol due to the high char formation as shown in Figure 4-4. First, 
PIR-DEHP elastomer was prepared by reacting PIR-DEHP prepolymer with Lupraphen 
and 15 wt% BDO in solvent-free condition. The used PIR-DEHP prepolymer had NCO 
content = 18.1 wt%, Mn = 590 g/mol, calculated fn = 2.5 and molar ratio of U:A:ISR was 
1:0.5:0.8 (Figure 4-5).  

 
Figure 4-5. (a) Quantitative 13C NMR spectrum (125 MHz, acetone-d6) of PIR-DEHP prepolymer 
used for casting cone calorimetry specimens. The ratio of urethane, allophanate and isocyanurate 
is determined by integrals as 1:0.5:0.8. (b) GPC trace of the PIR-DEHP prepolymer used for casting 
cone calorimetry specimens, obtained Mn = 590 g/mol. 

In order to compare the thermal stability of PIR structures with polymeric MDI 
regardless of the effects of phosphorus content, M20-DEHP prepolymer was prepared 
by reacting M20 with the same amount of DEHP as in the PIR-DEHP prepolymer. After 
that, the M20-DEHP elastomer was prepared by reacting M20-DEHP prepolymer with 
Lupraphen and 15 wt% BDO in polyol component. Another M20 elastomer was prepared 
by reacting M20 with Lupraphen and 15 wt% BDO in polyol component. Both of the 
elastomers were cast using the same procedure as PIR-DEHP elastomer in bulk condition 
(Table 4-5).   
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Table 4-5. Recipes (by weight) of PIR-DEHP, M20-DEHP and M20 elastomers for cone calorimetry 
measurement. 

PIR-DEHP elastomer M20-DEHP elastomer M20 elastomer 

PIR-DEHP prepolymer 50.4 M20 38.0 M20 36.9 

[DEHP content]a 7.2 DEHP 7.2 -- -- 

Lupraphen 42.2 Lupraphen 46.5 Lupraphen 53.6 

BDO 7.4 BDO 8.2 BDO 9.5 
a The amount of DEHP contained in PIR-DEHP prepolymer. 

The TGA and DMA results of three elastomers are shown in Figure 4-6. With the same 
amount of DEHP as well as similar amount of aromatic content, polyol and BDO, the 
PIR-DEHP and M20-DEHP elastomers had similar Td5 ≈ 265 ºC, char formation ≈ 23% and 
Tg ≈ 40 ºC. However, without DEHP and PIR, M20 elastomer showed a lower char 
formation of only 16%. 

 
Figure 4-6. (a) TGA and (b) DMA curves of PIR-DEHP, M20-DEHP and M20 elastomers. Solid line: 
storage modulus; dash line: tan(δ). 

The combustion behavior of the PIR-DEHP, M20-DEHP and M20 elastomers was 
initially evaluated by cone calorimetry and the time to ignition (TTI, s), peak of heat 
release rate (PHRR, kW/m2), time to PHRR (tp, s), total heat release (THR, MJ/m2), 
average effective heat of combustion (AEHC, MJ/kg), maximum average rate of heat 
emission (MARHE, kW/m2), total smoke production (TSP, m2), time to extinguishment 
(te) and mass residue (wt%) are shown in Table 4-6 and Figure 4-7.  
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Table 4-6. Cone calorimetry results of PIR-DEHP, M20-DEHP and M20 elastomers measured under 
a heat flux of 35 kW/m2. 

Sample TTI 
(s) 

PHRRa 

(kW/m2) 
tp 

(s) 
THR 

(MJ/m2) 
AEHC 

(MJ/kg) 
MARHE 

(kW/m2) 
TSP 
(m2) 

te 
(s) 

Residue 
(wt%) 

PIR-DEHP 48 320.6 56 39.2 19.0 137 7.8 1185 17 

M20-DEHP 62 234.4 182 72.8 19.0 153 14.1 782 26 

M20 72 361.1 98 86.9 19.8 191 15.0 930 13 
a The highest PHRR is shown. 

 
Figure 4-7. (a) HRR and (b) THR curves of PIR-DEHP, M20-DEHP and M20 elastomers measured by 
cone colorimeter under a heat flux of 35 kW/m2. 

From Figure 4-7a, it is noted that the HRR curves of all the elastomers show two 
peaks associated with two-step decomposition, which is also evident from the TGA 
curves in Figure 4-6. Typically, the first decomposition step corresponds to the 
decomposition of urethane bonds in PU and the second step is caused by the 
decomposition of the soft segment.26,28,47 The higher first PHRR peak of PIR-DEHP 
elastomer compared to that of M20-DEHP elastomer may be due to the additional 
rupture of allophanate bonds. The endothermic decomposition of the PIR structures 
and the effect of phosphorus content are attributed to a fast decrease of HRR after 
reaching the PHRR, leading to a reduction of 55% in THR compared to M20 elastomer.48–

50 The decomposition of PIR structures also leads to lower char residue compared to 
M20-DEHP elastomer.51,52 On the other hand, the M20-DEHP elastomer has the lowest 
PHRR and a shortest combustion time, leading to a high char residue, whereas the 
broad HRR curve results in higher THR in comparison to PIR-DEHP elastomer. In 
addition, an important factor to show the activity of flame retardants in the gas phase 
is EHC, which means the combustion extent of volatile in gas phase.28,34,53 Despite the 
differences in HRR and char residue, the PIR-DEHP and M20-DEHP elastomers have 
similar average EHC, slightly reduced relative to M20 elastomer, indicating that the 
phosphorus content has minor effect in the gas phase. Finally, PIR-DEHP elastomer 



| Phosphorus-Containing Polyisocyanurate Elastomers  

80 
 

showed the lowest TSP compared to the other two elastomers. As the smoke production 
is one of the major hazards of fire, lowering the TSP helps to improve the fire safety 
of the material. The PIR structures, in combination with phosphorus content, help to 
reduce the TSP during the combustion. 

The scanning electron microscopy (SEM) images of the char residues after cone 
calorimetry measurements are shown in Figure 4-8. The porous char of both PIR-DEHP 
and M20-DEHP elastomers might be the result of decomposition of the elastomers and 
the release of volatiles. It is also notable that the surface and inside char images of 
PIR-DEHP elastomer are similar, but that they differ a lot for M20-DEHP elastomer. 
According to the char residue images (Figure 4-9), the PIR-DEHP elastomer had no 
expansion, resulting in a more even morphology of the char residue. However, the 
expansion of the M20-DEHP elastomer led to a different morphology with higher 
concentration of pores on the surface. Although the interior of the elastomer sample 
cracked to smaller pieces due to expansion, less pores were observed. M20 elastomer 
was combusted to a great extent with a lot of ashes and dense char observed. 

 

 
Figure 4-8. SEM images (100μm, 780×, 10kV) of elastomer char residues obtained from (a) PIR-
DEHP elastomer surface, (b) PIR-DEHP elastomer interior, (c) M20-DEHP elastomer surface, (d) 
M20-DEHP elastomer interior, (e) M20 elastomer surface and (f) M20 elastomer interior. 
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Figure 4-9. Photos of char residues after cone calorimetry measurement (a) PIR-DEHP elastomer, 
(b) M20-DEHP elastomer, (c) M20 elastomer. 

The char residues of the elastomers were further studied with Raman spectrometry 
as shown in Figure 4-10. Two strong, overlapping peaks were observed at 1348 and 
1586 cm-1, which are attributed to D band (amorphous structure) and G band (graphitic 
structure) of C=C bonds, respectively. The integral ratio of D band to G band is often 
used as characteristic parameter for the graphitization degree of the char residues.31,54  
A lower value of ID/IG, indicates a higher degree of graphitization that reduces the 
release of polymer volatiles from the char. After peak deconvolution, the integrals of 
D band and G band were obtained and the ratio of ID/IG was calculated. The ID/IG ratio 
of PIR-DEHP, M20-DEHP and M20 elastomers are 1.90, 2.31 and 1.95, respectively. This 
indicates that the combination of phosphorus and PIR content in the PIR-DEHP 
elastomer helps to promote amorphous char into a graphitic structure, leading to low 
ID/IG ratios.  

 
Figure 4-10. Raman spectra of PIR-DEHP, M20-DEHP, M20 elastomer char residues. The 
overlapping two peaks were deconvoluted by fitting to Gaussian peak shapes. 
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4.3 Conclusion 

We investigated a synthetic pathway to incorporate PIR and phosphorus motifs 
(DEHP) in PU elastomers via covalent bonds in order to improve their thermal stability 
as well as flame retardancy. The PIR-DEHP elastomers are stiff and exhibit a high Tg. 
Moreover, they show high char formation according to TGA measurement, and low THR 
and TSP according to initial cone calorimetry measurements.  

Our current study highlights the preparation of liquid PIR-DEHP prepolymer with a 
high concentration of isocyanurate structures via cyclotrimerization of mono- and di-
functional isocyanates. The use of a phosphorus-containing alcohol also creates a way 
to introduce covalently bound phosphorus atoms in PU materials instead of using 
phosphorus-containing additives. The combination effect of PIR and phosphorus motifs 
improves the char formation and flame retardancy of the PU materials. This effect 
could be further studied by additional fire behavior tests such as UL94, limiting oxygen 
index (LOI) and gas chromatography–mass spectrometry (GC-MS) measurement. 

The liquid PIR-DEHP prepolymer also offers prospects for the use of the PIR-DEHP 
prepolymer in other industrial applications such as rigid PU foams, compact thermosets 
and coatings where a solvent-free synthesis and flame retardancy are required. By 
improving the intrinsic flame retardancy of PU materials, the use of conventional flame 
retardant additives can be reduced. Moreover, it is expected that the physical 
properties, thermal stability and flame retardancy of the PU materials based on PIR 
prepolymers can be tuned by varying phosphorus compounds.  

4.4 Experimental section  

 Materials 

Diethyl phosphite (>98%), paraformaldehyde (>95%), triethylamine (≥99.5%), 2,4,6-
tris(dimethylaminomethyl)phenol (TDMAMP) (>95%), chromium (III) acetylacetonate 
(Cr(acac)3) (99.99% trace metals basis), 1,4-butanediol (BDO) (99%) and dibutyltin 
dilaurate (DBTL) (95%), 2-ethyl-1-hexanol (≥99.6%) were purchased from Sigma-
Aldrich. 1,4-Butanediol was dried over mol-sieves, all other reagents were used directly 
without treatment. 4,4’-Methylene diphenyl diisocyanate (4,4’-MDI), polymeric MDI 
Lupranate® M20 (NCO content = 31.5 wt%, fn = 2.7), diethylene glycol bis-chloroformate 
(DGBCF), 1,4-diazabicyclo[2.2.2]octane (DABCO)-based urethane gel catalyst 
Lupragen® N202, PolyTHF® 2000 with molecular weight 2000 g/mol (OHv = 56 mg 
KOH/g), and Lupraphen® 6601/2  with molecular weight 2000 g/mol (OHv = 56 mg 
KOH/g, polyester polyol synthesized from adipic acid, 1,4-butanediol and mono 
ethylene glycol) were kindly provided by BASF Polyurethanes GmbH. Polyols were dried 
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at 80 ºC under vacuum for 2 h before use. Tetrahydrofuran (THF) (containing stabilizer 
BHT) was purchased from Biosolve and dried over mol-sieves before use.  

Synthesis 

Synthesis of diethyl(hydroxymethyl)phosphonate (DEHP). Diethyl phosphite (250.5g, 
1.81 mol) and paraformaldehyde (54.5 g, 1.81mol) were added in a dry 3-neck flask 
equipped with a condenser. Then triethylamine (9.2 g, 0.09 mol) was added in the 
flask. The reaction was carried out at 50 ºC in an oil bath under Ar flow. After stirring 
for 20 min, the temperature increased dramatically to 156 ºC for a few seconds and 
the suspension mixture became transparent when temperature reached around 100 ºC. 
After the heat release, the solution was stirred for another 1 h at 50 ºC. DEHP was 
obtained as a transparent liquid after evaporation of triethylamine under reduced 
pressure at 50 ºC. 1H NMR (400 MHz, chloroform-d): δ 4.88 (s, 1H), 4.26 - 4.09 (m, 4H), 
3.91 (d, J = 6.0 Hz, 2H), 1.35 (t, J = 7.1 Hz, 6H) ppm; 31P NMR (162 MHz, chloroform-
d): δ 24.5 ppm. 

Synthesis of PIR-DEHP prepolymer. 4,4’-MDI (188.3 g, 0.75 mol) in a dry 3-neck flask 
equipped with a dropping funnel was stirred under Ar flow at 50 ºC in an oil bath. DEHP 
(31.6 g, 0.19 mol) was added in the dropping funnel and dropped into the flask at a 
speed of 1 drop every 10 s with the internal temperature kept under 55 ºC. The reaction 
was immediately completed after addition of the alcohol and the mixture was 
calculated to have average molecular weight of 292.2 g/mol with fn of 1.75. 

The isocyanate mixture (186.4 g, 0.64 mol) was added to a dry beaker under Ar flow. 
Trimerization catalyst TDMAMP (1.5 g, 5.58 mmol) was dissolved in 6 mL THF and was 
quickly injected into the isocyanate mixture. The mixture was stirred at 50 ºC in an oil 
bath with an anchor-shape stirrer and the internal temperature as well as the torque 
were monitored by the mechanical stirrer. After 70 min, the co-trimerization was 
quenched with DGBCF (1.3 g, 5.58 mmol) in 2 mL THF. The reaction was monitored 
with 13C NMR spectroscopy and FT-IR spectroscopy.  After that, the NCO content of the 
PIR prepolymer was titrated and the prepolymer was used for casting elastomers in 
solution. For PIR prepolymer that was used for bulk-cast elastomers, the same 
procedure was used except that the co-trimerization was quenched earlier to obtain 
prepolymer with lower viscosity. 

Preparation of elastomers in solution. The preparation of PIR-DEHP elastomer with 
Lupraphen® 6601/2 and 15 wt% BDO is used as an example to illustrate the general 
synthetic route: the PIR-DEHP prepolymer (6.0 g, NCO content = 14.5 wt%) was 
dissolved in 25 mL dry THF in a dry 1-neck flask at room temperature. The polyol 
component solution was prepared by dissolving Lupraphen® 6601/2 (4.0 g, 2.00 mmol), 
BDO (0.7 g, 7.83 mmol) and DBTL (13.2 mg, 0.02 mmol, 0.1 mol% to the NCO groups) 
in 5 mL dry THF in another dry 1-neck flask at room temperature. Then the polyol 
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solution was added into the prepolymer solution and the mixture obtained was stirred 
for 1 min under Ar atmosphere. The solution was poured on a metal lid which was 
preheated at 50 ºC in N2 oven and the elastomer was cured overnight. After that, the 
obtained elastomer was dried at 80 ºC vacuum oven for one day to remove solvent. 
The same procedures and the same conditions were used for the preparation of 
solution-cast 4,4’-MDI-based classical elastomers, and M20-based elastomers. 

Aromatic content calculation. The PIR prepolymer is trimerized from a mixture 
containing 188.3 g 4,4’-MDI and 31.6 g DEHP, which means that there is 85.6 wt% 
isocyanate contained in PIR prepolymer. The aromatic content of PIR elastomers with 
15 wt% BDO, for example, can be calculated as: 56.4% × 85.6% = 48%. The aromatic 
content of 4,4’-MDI based elastomer and M20 elastomer is the amount of isocyanate 
that was used. 

Preparation of elastomers in bulk. The preparation of PIR-DEHP elastomer for cone 
calorimetry measurement is used as an example to illustrate the general synthetic 
route: the PIR-DEHP prepolymer was kept in a vacuum oven overnight at 50 ºC. The 
polyol component consisted of Lupraphen® 6601/2 (67.5 g, 0.03 mol), BDO (11.8 g, 0.13 
mol) and Lupragen® N202 (0.1 g) was added in a sealed polypropylene cup and stirred 
at 1000 rpm under vacuum in a speedmixer for 10 min at 50 ºC. PIR-DEHP prepolymer 
(80.6 g, NCO content = 18.1 wt%) was added and the mixture was mixed in a speedmixer 
for 30 s under vacuum. After that, the mixture was poured on a preheated metal mold 
at 80 ºC. The elastomers were further cured in an 80 ºC oven overnight. The same 
procedure and conditions were used for the preparation of M20-DEHP and M20 
elastomers cast in bulk. For M20-DEHP elastomer, the M20-DEHP prepolymer was pre-
synthesized by slowly dropping DEHP into Lupranate® M20 at 50 ºC.  

Characterization 

Fourier-transform infrared spectroscopy (FT-IR). FT-IR spectroscopy was carried out 
in attenuated total reflection mode on a Spectrum Two (Perkin Elmer) spectrometer 
at room temperature. 8 scans were performed from 4000 - 450 cm-1.  

Nuclear magnetic resonance (NMR) spectroscopy. 1H NMR and 31P NMR spectroscopy 
for measuring DEHP was performed using a Bruker UltraShield 400 MHz spectrometer 
at room temperature using chloroform-d as solvent with TMS as internal standard with 
a delay time of 1s and 32 scans per spectrum. 13C NMR spectroscopy for monitoring the 
PIR reaction were performed using a Bruker UltraShield 400 MHz or Varian Mercury 400 
MHz spectrometer at room temperature using acetone-d6 as solvent with TMS as 
internal standard with a delay time of 2 s and 256 scans per spectrum. Quantitative 13C 
NMR spectroscopy for determining the urethane, allophanate and isocyanurate ratio 
were performed in a Varian Unit Inova 500 MHz spectrometer using acetone-d6 as 
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solvent with TMS as internal standard at room temperature with a delay time of 25 s, 
2048 scans per spectrum and Cr(acac)3 (20 mg/mL) as a relaxation agent.  

Determination of isocyanate content. NCO titration was performed on a 916 Ti-Touch 
titration machine (Metrohm) equipped with an electrode using tetraethylammonium 
bromide (0.4 mol/L in ethylene glycol) as electrolyte. The isocyanate was quenched 
with excess of dibutylamine and the unreacted dibutylamine was titrated with 1M HCl 
as the titrant. After getting the volume (V1) at the end of titration of sample as well 
as the volume (V0) of the blank titration at the same condition, the NCO content was 
calculated by the titration machine using the following equation: 

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑁 �����������������
�������

. 

Gel permeation chromatography (GPC). The average molecular weight of the PIR 
prepolymer was measured by a GPC system comprising a series of columns (one PSS-
SDV 500 Å (5μm) and three Agilent PL-Gel 500 Å (5μm) packed columns) and a UV 
detector. THF was used as the eluent with a flow rate of 1 mL/min and toluene as 
internal standard. Calibration was done with monodisperse PMMA and Lupranate® M20 
samples.  

Thermogravimetric analysis (TGA). TGA measurement was performed on a TA Q500 
or TA Q550 (TA Instruments) under N2 atmosphere. Samples (around 10 mg) were 
heated from 28 to 600 ºC at a rate of 10 ºC/min. 

 Tensile testing. Tensile testing was performed on a EZ20 (Lloyd instrument) with a 
500 N load cell. The tensile bars used had an effective length of 12 mm, width of 2 mm 
and thickness of 1.2 mm. The elongation rate used was 50 mm/min.  

Dynamic mechanical analysis (DMA). DMA measurement was performed on a DMA 
Q850 (TA Instruments) with a film tension setup. The test bars had a width of 5.3 mm, 
thickness of 1.2 mm and effective length of around 20 mm. For each measurement, a 
temperature ramp from -80 to 150 ºC for soft samples, or from -80 to 180 ºC for hard 
samples was programmed with a heating rate of 3 ºC/min at a frequency of 1.0 Hz. A 
preload force of 0.01 N, an amplitude of 100 μm and a force track of 115 % were used. 
The storage and loss modulus were recorded as a function of temperature. The glass 
transition temperature (Tg) was determined from the peak maximum of the tan(δ).  

Cone calorimetry. Cone calorimetry measurement was performed on an iCone 
calorimeter (Fire Testing Technology Limited) under a heat flux of 35 kW/m2 according 
to ISO 5660-1:2015-03/Amd 1:2019-08 standard. The samples were cut into 100×100×3 
mm3 size and wrapped with aluminum foil for measurement. The obtained results are 
based on single measurements. 
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Scanning electron microscopy (SEM). SEM images were obtained using a Phenom ProX 
instrument with an acceleration of 10kV. Both surface and interior char residue were 
investigated with 100 μm scale.  

Raman spectroscopy. Raman spectroscopy measurement was performed on a 
Confocal Raman microscope WITec WMT 50 (WITEC) with a laser of 532.3 nm.   
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Poly(urethane imide)s (PUIs) with improved thermal properties and flame 

retardancy can be made in a direct way by the reaction of isocyanates with 

anhydrides to give aromatic imides. We investigated the mechanism of this reaction 

in the presence of water with experimental studies and quantum chemical 

calculations. The catalytic cycle is driven by the urea obtained from the hydrolysis 

of isocyanates. We show that with a secondary amine as a pre-catalyst and tertiary 

amine as a co-catalyst, the reaction proceeds fast without a need for additional 

solvent. The insights in the underlying mechanism provided by the computational 

study have guided the development of a solvent-free synthetic method that 

provides a pathway to produce PUIs on an industrial scale. 
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5.1 Introduction 

Polyurethanes (PUs) are among the most widely produced plastics worldwide.1 
Showing versatile properties, PUs are used for construction, consumer products, 
furniture and in the automotive industry.2–5 Although many different PU materials are 
available, further improvement of the physical properties of the materials will make 
them suitable for an increased number of applications, providing new market 
opportunities. Aromatic polyimides present a class of well-known high-performance 
polymers with outstanding thermal, mechanical, and electrical properties.6–13  They 
have been used to improve the properties of a variety of polymer matrixes (e.g., 
poly(ether imide)s, poly(ester imide)s, poly(amide imide)s).10,14–18 Especially the co-
polymerization of prepolymers containing aromatic polyimide structures with 
conventional PU raw materials results in significant improvements in thermal stability 
and flame retardancy and hence, poly(urethane imide)s are promising building blocks 
for the development of new thermoplastics,19–25 rigid foams26–30 and coatings.31–34 

Aromatic imides are usually introduced in poly(urethane-imide)s by the reaction of 
amines or isocyanates with anhydrides.9–11 It is generally accepted that the amine-
anhydride reaction follows a two-step mechanism. First, the nucleophilic amine attacks 
one of the carbonyl carbon atoms of the anhydride, forming an amic acid. Second, 
imidization of the amic acid leads to the release of a molecule of water.9,11,35 Whereas 
the mechanism of the reaction of anhydrides with amines is known, the much more 
complicated mechanism of imide formation from reaction of anhydrides with aromatic 
isocyanates is still under debate.11 

Two distinct mechanisms have been proposed for the formation of imides from 
reaction of aromatic isocyanates with anhydrides. Based on Fourier-transform infrared 
spectroscopy (FT-IR) studies, several groups proposed that the reaction between 
aromatic isocyanate and anhydride forms a seven-membered-ring, followed by 
imidization with elimination of a CO2 molecule (Scheme 5-1a).36–40 Later, these findings 
were challenged by Carleton et al. who postulated that the spectroscopic evidence 
points to a hydrolysis product rather than an intermediate with a seven-membered ring, 
because they discovered that the polymerization rate increased with water 
concentration.28,41 Accordingly, they proposed that the aromatic imide is obtained from 
the reaction of anhydride with a urea (Scheme 5-1b), accelerated by water and other 
nucleophiles. However, no reliable kinetic or mechanistic studies are currently 
available to give conclusive evidence for either proposed mechanism. 
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Scheme 5-1. Proposed mechanisms of aromatic isocyanate-anhydride reaction from literature: 
(a) 7-membered ring mechanism;36 (b) urea-dianhydride mechanism, where urea is formed from 
the intermediary amine hydrolysis product of isocyanate.41  

A better understanding of the mechanism of aromatic isocyanate-dianhydride 
reactions will allow further development of poly(urethane-imide) chemistry, by guiding 
optimization of the reaction conditions. Here, the reaction mechanism of imide 
formation from aromatic isocyanates and dianhydrides in the presence of catalytic 
amounts of water was investigated with nuclear magnetic resonance spectroscopy 
(NMR), liquid chromatography-mass spectrometry (LC-MS), and quantum mechanical 
(QM) computations. The results reveal (I) that the preferred pathway involves 
formation of urea as a hydrolysis product, and (II) in the reaction of excess isocyanate 
with anhydrides, urea instead of water is the actual catalyst in the reaction. 
Furthermore, we demonstrate that secondary amines are better pre-catalysts than 
water and that addition of a nucleophilic co-catalyst considerably reduces reaction 
time. These novel insights of the underlying mechanism will help to pave the way 
towards a completely solvent-free synthetic route to imides, which is important for 
developing poly(urethane-imide)s in industrial applications.  

5.2 Results and discussion 

5.2.1 Hydrolysis products in aromatic isocyanate-anhydride reactions 

The reaction between phthalic anhydride and phenyl isocyanate (this combination 
giving rise to a soluble imide) in the presence of water was used to determine the 
hydrolysis products (Scheme 5-2). First, model reaction 5-2 was carried out in an NMR 
tube in DMSO-d6. The reaction was monitored with NMR spectroscopy at room 
temperature and the formation of N-phenylphthalimide was observed. However, 
neither the proton nor the carbon NMR spectra showed evidence of an intermediate 
with a seven-membered-ring (see supplementary data). To shed some light on this 
mechanism, we also performed QM calculations for the seven-membered-ring pathway. 
The results given in the supplementary data (Scheme S5-1) show no indication of the 
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formation of such an intermediate, due to a high kinetic barrier resulting from a very 
high activation energy for its formation. 

 
Scheme 5-2. Formation of N-phenylphthalimide from reaction between phthalic anhydride and 
phenyl isocyanate.  

When water is present in the reaction mixture, isocyanate or anhydride can be 
hydrolyzed to urea or the diacid, respectively. To verify the formation of these 
hydrolysis products, model reaction 5-2 was further dissected by studying reactions 5-
3a and 3b, in which each one of the phthalic anhydride or phenyl isocyanate hydrolysis 
products was allowed to react with the other component in a 1:1 molar ratio (Scheme 
5-3).   

 
Scheme 5-3. Formation of N-phenylphthalimide from reaction between (a) 1,3-diphenylurea and 
phthalic anhydride; (b) phthalic acid and phenyl isocyanate. 

According to 13C NMR spectra (Figure 5-1a), full conversion to N-phenylphthalimide 
was achieved after reacting 1,3-diphenyl urea and phthalic anhydride (reaction 5-3a) 
in DMF at 140 ºC for 22 h, while no N-phenylphthalimide was obtained by carrying out 
the reaction at lower temperature (e.g., at 66 ºC in refluxing THF). Reaction of phthalic 
acid with phenyl isocyanate (reaction 5-3b) in refluxing THF only gave mono- and di-
amides. Interestingly, the formation of phthalic anhydride (carbonyl carbon at 164.0 
ppm) and 1,3-diphenylurea (carbonyl carbon at 153.5 ppm) were observed (Figure 5-
1b).42,43 In DMF at 140 ºC, phthalic anhydride and diphenylurea were formed within 15 
min, and a small amount of imide was produced. Comparison of reactions 5-3a and 5-
3b suggests that urea is more readily formed than diacid, and that the reaction 
between urea and anhydride requires high temperatures. 
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Figure 5-1. 13C NMR spectra (100 MHz, acetone-d6) of the product obtained from reaction 
between (a) 1,3-diphenylurea and phthalic anhydride in DMF at 140 ºC; (b) phthalic acid and 
phenyl isocyanate in THF reflux or DMF at 140 ºC.  

Nevertheless, the mechanism of the reaction between urea and anhydride needs 
further investigation because it is not clear how urea reacts with two molecules of 
anhydride under the release of one molecule of each CO2 and H2O. Therefore, LC-MS 
was used to identify the intermediates in the isocyanate-anhydride reaction in the 
presence of water. To speed up the reaction, a highly reactive anhydride, pyromellitic 
dianhydride (PMDA) was used, while the solubility of the imide product for LC-MS 
measurement was improved by using hexyl isocyanate. Model reaction 5-4 between 
PMDA and hexyl isocyanate was carried out in refluxing THF containing 1 mol% water 
(Scheme 5-4). After 21 h, new peaks in the 1H NMR spectrum between 3.65-3.80 ppm 
(Figure 5-2a) indicated formation of dihexylurea and imide. In LC-MS of the mixture 
obtained (Figure 5-2b and Table 5-1), a peak with a signal at m/z = 548.25 was 
observed, which was assigned to the ring-opened product of the reaction of PMDA with 
1,3-dihexylurea (VI and VII). This is a strong indication that a urea is involved as 
intermediate in the formation of imide from reaction of isocyanate with anhydride.  

 

 
Scheme 5-4. Model reaction of pyromellitic anhydride and hexyl isocyanate in the presence of 
catalytic amount of water. The reaction was used to identify the intermediate during the 
isocyanate-anhydride reaction. 
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Figure 5-2 (a) 1H NMR spectrum (400 MHz, acetone-d6) and (b) LC-MS spectrum of the 
intermediates obtained in model reaction 5-4. 

Table 5-1. LC-MS analysis of the intermediates obtained in the model reaction 5-4. 

 m/z Abundance (%) Assignment 

I 302.33 11 
 

II 320.25 12 

 

III 338.17 100 

 

IV 403.25 31 

 

V 421.25 35 

 

VI 548.25 21 
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VII 548.25 21 

 

VIII 674.75 41 

 

IX 757.83 27 

 

X 804.92 18 

XI 826.92 10 

 

XII 841.00 28 

 

 

5.2.2 Optimization of the aromatic isocyanate-anhydride reaction 

Based on the observation of a signal with m/z = 548.25 in LC-MS, we proposed that 
during the aromatic isocyanate-anhydride reaction, the urea is deprotonated and 
attacks the positively charged carbonyl carbon of PMDA, forming an amic acid. After 
the ring closure of the amic acid and formation of an imide, the urea is released. To 
accelerate this reaction, we systematically investigated different pre-catalysts, other 
than water in combination with additional co-catalysts. 

Reaction conditions were optimized with PMDA as a substrate. PMDA is one of the 
most reactive dianhydrides due to its high electron affinity,9,44 and thus, it is commonly 
used to react with excess of isocyanates to prepare isocyanate prepolymers that 
contain imides. The imide-containing prepolymer is used to prepare different 
polyurethane materials such as compact materials and rigid foams with enhanced 
thermal properties. In our optimization experiments, PMDA was reacted with polymeric 
methylene diphenyl diisocyanate (pMDI), Lupranate® M20 (NCO = 31.5 wt%, fn = 2.7) in 
a 1:19 weight ratio to investigate and optimize the pre-catalyst as well as co-catalyst 
(Scheme 5-5). The dosing amount of the pre-catalyst and co-catalyst was based on the 
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mole amount of pMDI. Model reaction 5-5 was carried out at 140 ºC in bulk with 10 vol% 
triethyl phosphate (TEP) as an additive to avoid sublimation of PMDA. The reaction was 
followed with 13C NMR spectroscopy, monitoring the carbonyl carbon peaks of 
anhydride and imide products. When an excess of isocyanate reacted with PMDA in the 
presence of water, we have demonstrated that urea was the only hydrolysis product 
(Figure S5-2). This also supports the proposal that urea is the real catalyst of the 
reaction, with water only acting as a pre-catalyst.  

 
Scheme 5-5. Model reaction between PMDA and pMDI in a 1:19 weight ratio. 

To generate different urea’s, various primary and secondary amines were used as 
pre-catalysts (Figure 5-3). The reaction time to achieve full conversion is listed in 
Table 5-2. It was found that dibutylamine, a secondary amine, was able to accelerate 
the reaction.  

 

 

Figure 5-3. 13C NMR spectra (100 MHz, acetone-d6) of model reaction 5-5 using (a) water or (b) 
dibutylamine as a catalyst. The reaction was monitored at the carbonyl carbon region. During 
the reaction, the PMDA carbonyl carbon peak at 162.0 ppm disappeared and the two carbonyl 
peaks of one-sided imide structure were found at 162.5 and 165.8 ppm, respectively. Further, 
when PMDA was fully converted to di-imide structure, only one carbonyl carbon peak at 166.3 
ppm was observed.  
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Table 5-2. Reaction time of model reaction 5-5 using different amines as pre-catalysts (dosing 
amount 2 mol%) without co-catalyst. 

Entry Pre-catalyst Reaction timea 

5-5-1 Water 24 h 

5-5-2 N-Butylamine >21 h 

5-5-3 Dibutylamine 16 h 
a The time when there was only di-imide carbonyl peak in 13C NMR spectra was defined as reaction time. 

Next, using dibutylamine as a pre-catalyst, basic or nucleophilic tertiary amines were 
used as co-catalysts to deprotonate urea (Table 5-3). With the help of co-catalysts, 
the reaction time was significantly reduced, particularly when co-catalysts with little 
steric hindrance were used. However, the more nucleophilic the co-catalyst was, the 
more likely it was to catalyze the cyclotrimerization of isocyanates after the 
isocyanate-dianhydride reaction (entries 5-5-8 to 5-5-10).45  

Table 5-3. Reaction time of model reaction 5-5 using 2 mol% dibutylamine as a pre-catalyst and 
different tertiary amine as co-catalysts (dosing amount 0.4 mol%). 

Entry Co-catalyst Reaction timea 

5-5-4 N,N-Diisopropylethylamine 8 h 

5-5-5 Tributylamine 8 h 

5-5-6 N,N-Dimethylcyclohexylamine 6 h 

5-5-7 4-Methylmorpholine >18 h 

5-5-8 4-(Dimethylamino)pyridine Isocyanurate formation 

5-5-9 1,4-Diazabicyclo[2.2.2]octane Isocyanurate formation 

5-5-10 1,5,7-Triazabicyclo[4.4.0]dec-5-en Isocyanurate formation 
a The time when there was only di-imide carbonyl peak in 13C NMR spectra was defined as reaction time. 

Based on results shown in Table 5-3, N,N-dimethylcyclohexylamine (DMCHA) was 
chosen as the optimal co-catalyst and various secondary amines were evaluated as a 
pre-catalyst (Table 5-4). N-methylaniline turned out to be a better secondary amine 
pre-catalyst than dibutylamine. When N-methylaniline was used as a pre-catalyst and 
DMCHA was used as a co-catalyst, the reaction time was greatly shortened from 24 h 
(entry 5-5-1) to 4 h (entry 5-5-11). 
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Table 5-4. Reaction time of model reaction 5-5 using 0.4 mol% DMCHA as a co-catalyst and 
different secondary amine as pre-catalysts (dosing amount 2 mol%). 

Entry Pre-catalyst Reaction timea 

5-5-11 N-methylaniline 4 h 

5-5-12 4-Methoxy-N-methylaniline 6 h 

5-5-13 N-Methyl-o-toluldine 7 h 

5-5-14 Imidazole 7 h 

5-5-15 Diphenylamine 6 h 

5-5-16 ε-Caprolactam 5 h 

5-5-17 Phthalimide 8 h 
a The time when there was only di-imide carbonyl peak in 13C NMR spectra was defined as reaction time. 

Based on these experimental findings, we conclude that water or amines function as 
pre-catalysts in the aromatic isocyanate-anhydride reaction, while the urea obtained 
out of it is the real catalyst. Additional experiments were performed by replacing 
secondary amines with urea as catalysts in model reaction 5-5; also here, imide 
structures were obtained in the end (see supplementary data). 

5.2.3 Computational studies of aromatic isocyanate-anhydride reaction with 
secondary amines as pre-catalysts 

To obtain further insights into the thermodynamics and kinetics of the isocyanate-
anhydride reaction, computer simulations were additionally applied. Quantum 
chemical calculations serve nowadays as an indispensable tool to reveal reaction 
mechanism at an atomic level. Therefore, in state-of-the-art computational workflows, 
efficient screening techniques are combined with highly accurate density functional 
theory (DFT) methods for postprocessing.46 In this work, we employ the widely used 
CREST algorithm combined with extended tight-binding QM methods (GFN2-xTB) to 
explore the low-energy conformational space.46 Conformational screening was followed 
by DFT re-optimization (TPSS-D3/def2-TZVP)47–50 and final single-point energies were 
computed with the M06-2x51 density functional approximation in a large def2-QZVP 
basis set. Bulk phenyl isocyanate was taken as the solvent and accounted for implicitly 
by COSMO-RS52,53 theory. For further computational details see Section 5.4. 

The free energy diagram of the imide-forming reaction is given in Figure 5-5 (black 
line). As an upstream process, N-methylaniline is added to phenyl isocyanate to form 
1-methyl-1,3-diphenyl-urea, or simply urea from now on. In the transition state TS0 
(see Figure 5-4a), water acts as a hydrogen shuttle and forms a six-membered ring. 
With secondary amines, the urea formation is 30 kJ/mol higher in energy, underlining 
the assumption that water is the pre-catalyst for fast urea generation. Urea is then 
deprotonated by DMCHA, yielding the effective catalyst of the imide-forming reaction 
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mechanism. Please note, from this point on, the reaction path occurs via charged 
species. In a nucleophilic addition, the urea anion ring-opens the anhydride A to form 
intermediate B. The reaction is facilitated by hydrogen-bonding between DMCHA+ and 
PMDA within the transition state TS1 (Figure 5-4b), showing an activation barrier (ΔG‡) 
of 9 kJ/mol. As none of the two nitrogen atoms within this intermediate are good 
nucleophiles, ring-closure at this stage of the reaction cycle is not possible. Instead, 
the carboxylate group of B adds one more equivalent of phenyl isocyanate to form the 
second intermediate C via TS2 (Figure 5-4c) with a ΔG‡ of 63 kJ/mol. In the rate 
determining step of the reaction, CO2 is released via TS3 that occurs via a four-
membered ring (Figure 5-4d). The activation barrier for the CO2 release amounts to 
52 kJ/mol. It is now the nucleophilic nitrogen atom in D that initializes the ring closure 
by formation of the tetrahedral intermediate E. Elimination of the catalytically acting 
urea anion finally yields the desired imide F.  

 

 
Figure 5-4. Refined transition state structures at the TPSS-D3/def2-TZVP level of theory within 
the reaction of PMDA and phenyl isocyanate to form the imide. 
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Figure 5-5.  Free energy diagram of the conversion of PMDA and phenyl isocyanate to form an 
(di)imide at the M06-2x/def2-QZVP+COSMO-RS(phenyl isocyanate)//TPSS-D3(COSMO(∞))/def2-
TZVP level of theory. All free energies are given in kJ/mol. 

Our quantum chemical computer simulations prove that water only acts as a pre-
catalyst, while urea, or to be more precise its deprotonated form, acts as the actual 
catalyst. All findings can be summarized in a single catalytic cycle shown in Scheme 
5-6 (black lines). 

Further theoretical insights were needed to explain a fast initial release of CO2 
(minutes) that was observed experimentally, followed by a slower release of CO2 over 
the next few hours. NMR spectroscopy studies suggested that the symmetric anhydride 
PMDA reacts in a two-step process via a one-sided imide to a di-imide (Figure 5-6). 
Therefore, the QM simulation of the reaction cycle of imide formation was repeated, 
starting from the half-imide-half-anhydride structure (Figure 5-5 and Scheme 5-6 red 
line). The change in the electronic structure caused by the half-imide formation leads 
to an upshift in energy of the reaction path compared to PMDA. Especially at the 
highest energy point (TS3), according to transition state theory,54 a relative increase of 
8 kJ/mol causes the reaction to last more than ten times longer (hours instead of 
minutes). This good agreement between computer simulations and experimental 
findings further establishes the correctness of the identified reaction mechanism. 
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Scheme 5-6. Catalytic cycle of the aromatic isocyanate-dianhydride reaction using N-
methylaniline as a pre-catalyst and DMCHA as a co-catalyst. The computed activation free 
energies (ΔG‡) for all transition states and reaction free energies (ΔG) are given in kJ/mol. 

 
Figure 5-6. 13C NMR spectra (100 MHz, acetone-d6) of model reaction 5-5 using N-methylaniline 
as a pre-catalyst and DMCHA as a co-catalyst. 
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There is a discrepancy between experimental observations and absolute 
theoretically computed activation barriers. With optimal catalysts (N-methylaniline, 
DMCHA) and additives (TEP) the reaction finishes within four hours, whereas it would 
take days to overcome the highest activation barrier (TS3) of 168 kJ/mol with respect 
to the catalytic resting state. It can be expected that the applied implicit COSMO(-RS) 
solvation model does not accurately describe the charge separation leading to free 
anions. Especially because of the high temperatures (140 ºC), the validity of the applied 
solvation model is questionable. Since the importance of additive TEP is experimentally 
known, yet the implicit incorporation of 10 vol% within COSMO-RS shows no significant 
energy lowering of the ionic species, we added an explicit TEP molecule for 
stabilization. Exemplary, the deprotonation of urea by DMCHA was explicitly solvated 
with TEP, lowering the free energy of the resulting complex by -10 kJ/mol. Since the 
explicit incorporation of TEP within the entire catalytic cycle is computationally too 
demanding, we assume that this energy lowering can be transferred to all ionic species 
along the reaction path. This simple example of explicit solvent addition already 
significantly reduces the divergence between experiment and theory. It highlights the 
importance of an accurate description of solvation effects and shows that in current 
solvent models there is still room for improvement if ionic species are concerned. 

5.3 Conclusion 

We investigated the reaction mechanism of aromatic isocyanates and dianhydrides 
in the presence of water to form imides. Our study revealed that during the reaction 
urea, formed as the hydrolysis product from isocyanate, acted as the actual catalyst in 
the reaction. Secondary amines, with the help of tertiary amine bases, were further 
discovered as better pre-catalysts (or, rather, co-catalysts) than water. The reaction 
time strongly decreased from 24 h with water as a pre-catalyst to 4 h with N-
methylaniline and N,N-dimethylcyclohexylamine as pre-catalyst and co-catalyst 
respectively. Further, the combination of experimental and computational results 
revealed exclusive insights in the reaction of aromatic isocyanates and dianhydrides, 
starting from the deprotonated urea, which ring-opens the anhydrides to form an amic 
acid intermediate. After this step, the carboxylate of the acid intermediate reacts with 
one more isocyanate molecule, followed by release of a CO2 molecule and ring closure, 
forming the imide structure.  

Our current study highlights how the combination of state-of-art experimental and 
computational techniques allows for unique mechanistic insights and is able to answer 
questions that have been open for debate for quite a while. These exclusive insights 
into the underlying mechanism demonstrate the possibility of producing poly(urethane-
imide)s under completely solvent-free conditions with a short reaction time. This is 
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especially important for industrial applications in terms of green chemistry and low 
costs. Our results provide convincing evidence that the revealed mechanism of 
aromatic imide formation can also be applied in the reaction between various aliphatic 
isocyanates and dianhydrides to form aliphatic imides. These aliphatic imides can 
potentially help to improve the thermal stability of materials that are synthesized from 
aliphatic isocyanates such as PU coatings, sealants, and adhesives. 

5.4 Experimental section  

Materials 

Phthalic anhydride (≥99%), phthalic acid (≥99.5%), phenyl isocyanate (≥98%), 1,3-
diphenylurea (98%), triethylamine (99.5%), pyromellitic dianhydride (97%), hexyl 
isocyanate (97%), triethyl phosphate (≥99.8%), N-butylamine (≥99.5%), dibutylamine 
(≥99.5%), N,N-diisopropylethylamine (≥99%), tributylamine (≥99.5%), N,N-
dimethylcyclohexylamine (99%), 4-methylmorpholine (≥99.5%), 4-
(dimethylamino)pyridine (≥99%), 1,4-diazabicyclo[2.2.2]octane (DABCO) (≥99%), 1,5,7-
triazabicyclo[4.4.0]dec-5-en (TBD) (98%), N-methylaniline (98%), 4-methoxy-N-
methylaniline (98%),  N-methyl-o-toluldine (≥95%), imidazole (99%), diphenylamine 
(99%), ε-caprolactam (for synthesis),  phthalimide (≥99%), p-tolyl isocyanate (99%) 
were purchased from Sigma-Aldrich and all the reagents were used directly without 
treatment. Polymeric MDI, Lupranate® M20 (NCO content = 31.5%, fn = 2.7) was kindly 
provided by BASF Polyurethanes GmbH. Dimethylformamide (DMF) and tetrahydrofuran 
(THF, without stabilizer BHT) were directly obtained from the dry solvent system. 
Triethyl phosphate (≥99.8%) was purchased from Sigma-Aldrich and dried with mol-
sieves before use.  

Synthesis 

Study of reaction between phthalic anhydride and phenyl isocyanate (5-2). Phthalic 
anhydride (28.0 mg, 0.19 mmol) and phenyl isocyanate (22.6 mg, 0.19 mmol) were 
dissolved by DMSO-d6 (ampule) in an NMR tube. The reaction was monitored with 1H 
and 13C NMR spectroscopy. 

Study of reaction between phthalic anhydride and 1,3-diphenyl urea (5-3a). Phthalic 
anhydride (0.6 g, 4.07 mmol) and 1,3-diphenyl urea (0.43 g, 2.03 mmol) were dissolved 
in 5.3 mL DMF in a dry 2-neck flask equipped with a condenser. The reaction was 
carried out at 140 ºC in an oil bath under an Ar atmosphere overnight and monitored 
with 13C NMR spectroscopy.  

Study of reaction between phthalic acid and phenyl isocyanate (5-3b). Phthalic acid 
(0.9 g, 5.23 mmol) and phenyl isocyanate (0.6 g, 5.23 mmol) were dissolved in 7.5 mL 
THF in a dry 2-neck flask equipped with a condenser. The reaction was carried out at 
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80 ºC in an oil bath in THF reflux under an Ar atmosphere for 5 h and then triethylamine 
(5 mg, 0.05 mmol) was added in the solution. The solution was stirred overnight and 
the reaction was monitored with 13C NMR spectroscopy.  

Study of reaction between pyromellitic dianhydride and hexyl isocyanate (5-4). 
Pyromellitic dianhydride (1.6 g, 7.45 mmol) and hexyl isocyanate (1.9 g, 14.90 mmol) 
were dissolved in 18 mL THF in a dry 2-neck flask equipped with a condenser. Then 
water (2.7 mg, 0.15 mmol) was added in the solution and the reaction was carried out 
at 80 ºC in an oil bath in THF reflux under an Ar atmosphere overnight. After that, most 
of the solvent was blown by an Ar flow. The reaction was monitored with 1H NMR 
spectroscopy and obtained product was analyzed using LC-MS measurement.  

Study of reaction between pyromellitic dianhydride and polymeric MDI (5-5). The 
reaction between pyromellitic dianhydride and polymeric MDI using N-methylaniline as 
a pre-catalyst and N,N-dimethylcyclohexylamine as a co-catalyst is used as an example 
to illustrate the general synthetic route: A mixture of pyromellitic dianhydride (1.1 g, 
4.83 mmol) and Lupranate® M20 (20.0 g) in a dry 2-neck flask and was heated to 100 ºC 
under an Ar atmosphere. A pre-catalyst solution was prepared by dissolving N-
methylaniline (0.1 g, 1.11 mmol) and N,N-dimethylcyclohexylamine (28.5 mg, 0.22 
mmol) in 2 mL triethyl phosphate. Then the pre-catalyst solution was added into the 
flask and the reaction was carried out at 140 ºC in an oil bath. The reaction was 
monitored with 13C NMR spectroscopy and the time when carbonyl peaks of anhydride 
and mono-imides could no longer be observed was defined as reaction time. Dark brown 
liquid was obtained at 140 ºC, which solidified over the time at room temperature. 

Synthesis of 1-methyl-1-phenyl-3-(p-tolyl) urea. N-Methylaniline (1.8 g, 17.12 mmol) 
and p-tolyl isocyanate (2.3 g, 17.12 mmol) were dissolved in 10 mL CHCl3 and the 
reaction was carried out at room temperature for 2 h. After that, CHCl3 was removed 
by vacuum and the obtained solid was dried at 80 ºC oven overnight. Slightly yellow 
solid was obtained (4.0 g, 16.66 mmol, yield 97%). 1H NMR (400 MHz, acetone-d6): δ 
7.51 - 7.41 (m, 2H), 7.41 - 7.34 (m, 2H), 7.34 - 7.27 (m, 3H), 7.16 (s, 1H), 7.00 (d, J = 
8.2 Hz, 2H), 3.28 (s, 3H), 2.22 (s, 3H) ppm; 13C NMR (100 MHz, acetone-d6): δ 154.35, 
143.91, 137.69, 131.15, 129.81, 128.76, 127.08, 126.75, 119.34, 36.79, 19.80 ppm. 

Synthesis of 1,1-dibutyl-3-(p-tolyl) urea. Dibutylamine (1.9 g, 14.70 mmol) and p-
tolyl isocyanate (2.0 g, 14.70 mmol) were dissolved in 10 mL CHCl3 and the reaction 
was carried out at room temperature for 1 h. After that, CHCl3 was removed by vacuum 
and the obtained solid was dried at 80 ºC oven overnight. White solid was obtained (3.7 
g, 14.11 mmol, 95% yield). 1H NMR (400 MHz, acetone-d6): δ 7.44 (s, 1H), 7.41 - 7.33 
(m, 2H), 7.01 (d, J = 8.0 Hz, 2H), 3.35 (t, J= 7.5 Hz, 4H), 2.23 (s, 3H), 1.66 – 1.49 (m, 
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4H), 1.36 (h, J = 7.5 Hz,  4H), 0.92 (t, J = 7.4 Hz, 6H) ppm; 13C NMR (100 MHz, acetone-
d6): δ 154.85, 138.38, 130.68, 128.63, 119.76, 46.55, 30.72, 19.84, 19.80, 13.35 ppm. 

Characterization 

Liquid chromatography-mass spectrometry (LC-MS). LC-MS measurement for 
identification of intermediates was carried out on a LCQ Fleet ESI-MS (Thermo Fisher 
Scientific) with H2O containing 0.1% formic acid as eluents.  Sample was diluted in 
water/acetonitrile (1:1) solution with a concentration of 1 mg/mL for LC-MS 
measurement. 

Nuclear magnetic resonance (NMR) spectroscopy. 1H NMR spectroscopy was 
performed using either Bruker UltraShield 400 MHz or Varian Mercury 400 MHz 
spectrometer at room temperature using acetone-d6 or DMSO-d6 as solvent with 32 
scans per spectrum. 13C NMR spectroscopy for monitoring the reactions was performed 
using either Bruker UltraShield 400 MHz or Varian Mercury 400 MHz spectrometer at 
room temperature using acetone-d6 or DMSO-d6 as solvent with 256 scans per spectrum. 
For characterization of compounds, a number of 1024 scans were used. 

Computational details 

DFT calculations were employed to compute the reaction free energies of the 
investigated species to decipher the underlying reaction mechanism and to rationalize 
the experimental observations. For the protocol, the input structures of all molecules 
were generated by applying the conformer-rotamer ensemble sampling tool (CREST)54 
at the GFN2-xTB55 and GFN-FF56 level of theory with the implicit GBSA(THF) solvation 
model.57 The energetically lowest-lying conformers were then determined out of both 
runs. These conformers (up to 200 structures) were further optimized using the DFT 
method TPSS with a def2-TZVP basis set.58 The D3 dispersion correction and the implicit 
COSMO solvation model (𝜀𝜀 𝜀 𝜀) were applied throughout.49,50 Free energies were 
calculated based on the optimized geometries by utilizing a multilevel approach. High 
level single-point energies were calculated with the hybrid density functional M06-2x51 
with a large def2-QZVP basis set. Solvation contributions to the free energy were 
calculated with COSMO-RS,52,53 also including the volume work to convert an ideal gas 
at 1 bar to a solution of 1 mol/L. All quantum mechanical calculations were performed 
with the TURBOMOLE 7.5.1 (DFT) and xtb 6.4.1 (GFN2-xTB, and GFN-FF) program 
packages.59,60 

For the COSMO-RS free energy, two single-point calculations with BP86/TZ, one in 
the gas phase and one in an ideal conductor, were performed. The output of these 
calculations was then processed by the COSMOtherm program. For the COSMO-RS free 
energy, the BP_TZVP_C30_1601 parameterization was used. Bulk phenyl isocyanate 
with 10 vol% of TEP was chosen as solvent. Thermostatistical contributions to the free 



C
h

ap
te

r 
5

107 
 

energy were calculated at the same level of theory as the geometry optimization (TPSS-
D3/def2-TZVP) applying the rigid-rotor-harmonic-oscillator scheme (RRHO). The 
temperature was set to 413.15 K. 

In the computational approach, total free energies were calculated as sum of the 
electronic gas phase binding energy ΔE (single-point energy), including the London 
dispersion contribution, thermostatistical (ΔGRHHO) and solvation (ΔδGsolv) contribution 
according to Equation below. The prefix Δ refers to the differences regarding the 
reaction from reactants to products. 

∆𝐺𝐺 𝐺 𝐺𝐺𝐺𝐺 𝐺𝐺𝐺𝐺𝐺���� + ∆𝛿𝛿𝛿𝛿���� 
Supplementary data 

Investigation of the 7-member ring mechanism. The model reaction between 
phthalic anhydride and phenyl isocyanate was monitored by 1H and 13C NMR 
spectroscopy in DMSO-d6 (ampule) at room temperature in order to capture the 
intermediate (Figure S5-1). No evidence of 7-member ring was found. The formation 
of N-phenylphthalimide may be due to the presence of catalytic amount of water in 
DMSO-d6. 

 
Figure S5-1. (a) 1H NMR spectra (400 MHz, DMSO-d6) and (b) 13C NMR spectra (100 MHz, DMSO-d6) 
of reaction between phthalic anhydride and phenyl isocyanate.  

 
Scheme S5-1. QM studies on the proposed seven-member ring reaction mechanism of aromatic 
isocyanate-anhydride reaction. All values are given in kJ/mol.  
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Hydrolysis product in model reaction 5-5. In order to confirm that urea is the only 
hydrolysis product in model reaction 5-5, pyromellitic acid instead of PMDA was used 
to react with pMDI in a 1:19 weight ratio. With excess of isocyanates, pyromellitic acid 
loses one H2O molecule and forms PMDA. The carbonyl peak of PMDA was not shown in 
the 13C NMR spectra due to its bad solubility in isocyanate, but the urea formed from 
the reaction between isocyanate and H2O was found (Figure S5-2a). Similar result was 
also observed by reacting phthalic acid with pMDI in a 1:19 weight ratio. With excess 
of isocyanates, phthalic acid loses one H2O molecule and forms phthalic anhydride 
(Figure S5-2b). 

Thus, if an excess of isocyanates reacts with pyromellitic dianhydride in the presence 
of water, the hydrolysis product can only be urea. This also supports our proposal that 
water only acts as a pre-catalyst for the formation of urea, which is the real catalyst 
of the reaction. 

 
Figure S5-2. (a)13C NMR spectrum (100 MHz, acetone-d6) of the reaction between pyromellitic 
acid and pMDI in 1:19 weight ratio at 50 ºC with 10 vol% TEP. (b)13C NMR spectrum (100 MHz, 
acetone-d6) of the reaction between phthalic acid and pMDI in a 1:19 weight ratio at 50 ºC with 
10 vol% TEP. In both cases, strong bubbling was observed after 15 min and only carbonyl peak for 
urea was found. 

Experimental verification of urea obtained from reaction between secondary amine 

and isocyanate as the real catalyst. N-methylaniline was reacted with p-tolyl 

isocyanate in 1:1 molar ratio to obtain 1-methyl-1-phenyl-3-(p-tolyl) urea (Figure S5-

3a). After that, the urea obtained was used as a catalyst instead of N-methylaniline in 

model reaction 5-5, entry 5-5-11. The reaction was completed in 8 h, which was slower 

than that using N-methylaniline as a catalyst. The slower reaction time may be due to 

different solubility of urea’s that are obtained from N-methylaniline reacted with 

different isocyanates (Figure S5-3b). Similarly, 1,1-dibutyl-3-(p-tolyl) urea obtained 
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from the reaction between dibutylamine and p-tolyl isocyanate in 1:1 molar ratio was 

also able to catalyze reaction 5-5; imide structures were obtained in the end (see 

Figure S5-3c and 3d).  

 
Figure S5-3. (a) 1H NMR spectrum (400MHz, acetone-d6) of 1-methyl-1-phenyl-3-(p-tolyl) urea 
obtained from the reaction between N-methylaniline and p-tolyl isocyanate. (b) 13C NMR spectra 
(100 MHz, acetone-d6) of model reaction 5-5 using 1-methyl-1-phenyl-3-(p-tolyl) urea as a 
catalyst. (c) 1H NMR spectrum (400MHz, acetone-d6) of 1,1-dibutyl-3-(p-tolyl) urea obtained from 
the reaction between dibutylamine and p-tolyl isocyanate. (d) 13C NMR spectra (100 MHz, 
acetone-d6) of model reaction 5-5 using 1,1-dibutyl-3-(p-tolyl) urea as a catalyst.  
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Polyurethanes (PUs) are widely used in many applications due to their versatile 

chemical and physical properties. To meet the increasing demands on PU with 

respect to intrinsic mechanical and thermal properties, they can be modified with 

thermally stable aromatic imide structures to form poly(urethane imide)s (PUIs). 

However, the preparation of PUI materials is limited by the need for strong polar 

solvents, which hinder their industrial scale development. In this chapter, we 

prepare imide containing isocyanate terminated prepolymers via reaction of 

polymeric aromatic or aliphatic isocyanates and pyromellitic dianhydride in 

completely solvent-free conditions. The subsequent PUI elastomers made from these 

prepolymers exhibit enhanced thermal stability and stiffness, among which the 

aromatic PUI elastomer shows improved flame retardancy. This work demonstrates 

the potential use of imide prepolymers in other PU applications where high thermal 

stability and flame retardancy is required. The solvent-free synthesis also paves a 

way for large-scale production of PUI materials. 
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6.1 Introduction 

Polyurethanes (PUs) are among the most versatile polymers and exhibit a wide range 
of chemical, thermal and mechanical properties.1–5 They are used in a variety of 
applications such as soft cushioning foams, rigid thermal insulation foams, 
thermoplastic elastomers, coatings and adhesives. With the fast development of the 
PU market, further improvement of the chemical and physical properties of PU 
materials will make them meet the increasing demands on high-performance materials 
and suit a rising number of applications. This can be achieved by the chemical 
modification of PU with thermally stable chemical motifs such as aromatic polyimides, 
which are one of the most remarkable structures in respect to their outstanding 
thermal, mechanical and electrical properties.6–12 As aromatic polyimides have been 
used to enhance the thermal properties of various polymer matrices such as poly(ether 
imide)s, poly(ester imide)s, poly(amide imide)s,9,13–19 the incorporation of aromatic 
polyimides in PU promises the development of new thermoplastics,20–26 rigid foams27–32 
and coatings33–36 with significantly enhanced thermal stability and flame retardancy, 
which is especially important for construction and automotive industry. 

Most imides are introduced in polymer matrices via the reaction between amine and 
anhydride.9,10 As isocyanates are used during PU synthesis, another more direct 
synthetic way to introduce imides is via the reaction between isocyanate and anhydride. 
Thus, the poly(urethane imide) (PUI) materials are typically prepared by reaction of 
long-chain isocyanate terminated prepolymers with dianhydrides.20,25,32,33,36–40 PUI 
preparations are also reported to be prepared from reaction of hydroxy functionalized 
imide oligomers and diisocyanates,41,42 or the reaction of amine functionalized 
isocyanate prepolymers with dianhydrides.23 However, a common feature of these 
preparations is the use of strong polar aprotic solvents such as DMF, NMP, DMAc that 
are hazardous and difficult to be removed, which limit the development of PUI 
materials in industrial scale production.43,44  

As discussed in Chapter 5, we have discovered that it is possible to perform the 
reaction of aromatic isocyanates and anhydrides in solvent-free condition with high 
conversion. The use of secondary amine as a pre-catalyst and tertiary amine as a co-
catalyst compensates the lack of catalytic effect from strong polar solvents and 
accelerates the reaction speed.45 We also discovered that during the imide formation 
from aromatic isocyanate and anhydride with secondary amine as a pre-catalyst, the 
urea that forms from the reaction of aromatic isocyanate and secondary amine is the 
actual active catalyst. With the help of a tertiary amine as a co-catalyst, the 
deprotonated urea opens the ring of an anhydride to form an amic acid intermediate. 
The carboxyl group of the intermediate reacts with one more isocyanate group, 
followed by imidization with release of CO2 and the urea catalyst. 
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Using the knowledge from this mechanism study, we prepared PUI elastomers with 
high thermal stability in completely solvent-free conditions in this work. As 
pyromellitic dianhydride (PMDA) is one of the most reactive dianhydrides due to the 
high electron deficiency of its anhydride groups, it was chosen to prepare imide-
containing isocyanate-terminated prepolymers.8,46 The imide prepolymer was first 
synthesized via the reaction of PMDA with aromatic or aliphatic polyisocyanates in a 
1:19 weight ratio using N-methylaniline (for aromatic isocyanates) or dibutylamine (for 
aliphatic isocyanates) as a pre-catalyst, and N,N-dimethylcyclohexylamine (DMCHA) as 
a co-catalyst. Then the PUI elastomers were prepared by reacting the imide-containing 
isocyanate prepolymer and polyester polyol with 1,4-butanediol as a chain extender in 
bulk conditions. Both PUI elastomers obtained from aromatic and aliphatic isocyanates 
exhibited enhanced thermal and mechanical properties. Moreover, initial cone 
calorimetry tests were performed and PUI elastomer synthesized from aromatic 
isocyanate also showed improved flame retardancy. Due to the concern of industrial 
production, this work paves a way for a completely solvent-free production of high-
performance PUI materials with inherent thermal stability and flame retardancy. In 
addition, the current work also helps to reduce the use of conventional flame 
retardance additives. 

6.2 Results and discussion 

6.2.1 PUI elastomers prepared from aromatic isocyanates 

The imide prepolymer based on an aromatic isocyanate (PI-1) was synthesized via 
reaction of PMDA and polymeric methylene diphenyl diisocyanate (pMDI) in a 1:19 
weight ratio at 140 ºC with 2 mol% N-methylaniline as a pre-catalyst, 1 mol% DMCHA as 
a co-catalyst and 1.5 vol% triethyl phosphate (TEP) as an additive to prevent the 
sublimation of PMDA at high temperature (Scheme 6-1). During the reaction, it was 
found that the PMDA reacted in a two-step process. One-side imides were formed in 
the first hour and di-imides were formed within the next 6 hours (Figure 6-1). The PI-
1 prepolymer obtained had an NCO content of 28.1 wt%, which was determined by 
back-titration method (see Section 6.4). 

 
Scheme 6-1. Synthesis of imide prepolymer PI-1 from aromatic isocyanate. 
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Figure 6-1. 13C NMR spectra (100 MHz, acetone-d6) of reaction between PMDA and pMDI in a 1:19 
weight ratio with N-methylaniline as a pre-catalyst, DMCHA as a co-catalyst and TEP as an 
additive. Full conversion was achieved after 7 h. 

PUI-1 elastomer was prepared by the reaction of PI-1 prepolymer and commercially 
available polyester polyol Lupraphen® 6601/2 (Lupraphen) with molecular weight of 
2000 g/mol, using 1,4-butanediol (BDO) as a chain extender (15 wt% of the polyol 
component) in bulk condition. The molar ratio of NCO:OH was 1.02 (index 102). As 
DMCHA remained in the prepolymer, it also served as a urethane catalyst. 0.03 wt% 
Diethylene glycol bis-chloroformate (DGBCF) was added to the imide-modified 
prepolymer to partially neutralize DMCHA, which slowed down the urethane formation 
reaction during the elastomer synthesis for easier handling. The synthesis recipe can 
be found in Table 6-1.  

Table 6-1. Recipes in weight percentage of PUI-1 and Reference 1 and 2 elastomers. 
 PUI-1 Reference 1 Reference 2 

PI-1 38.9 -- -- 

pMDI -- 37.0 36.0 

Lupraphen 51.9 51.7 53.9 

BDO 9.2 9.0 9.4 

BDM -- 1.7 -- 

DGBCF 0.03 -- -- 

Lupragen N202 -- 0.1 0.1 

TEP -- 0.5 0.5 
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As a reference, elastomer (Reference 1) was prepared in bulk by reacting pMDI with 
same amount of Lupraphen and BDO, and benzenedimethanol (BDM) as a replacement 
of PMDA (index 102).  As BDM has similar molecular weight (138.2 g/mol) as the 
effective molecular weight of PMDA (Meff = MPMDA - 2MCO2 = 218.1 g/mol - 44.0 g/mol × 2 
= 130.1 g/mol) in the PI-1 prepolymer, the aromatic content as well as the amount of 
polyol and BDO in the reference elastomer were almost the same as those in PUI-1 
elastomer, with the key difference that BDM does not form imide bonds. A second 
reference elastomer (Reference 2) was prepared by reacting pMDI with Lupraphen and 
15 wt% BDO using the same index in bulk. 

The elastomers were characterized by thermogravimetric analysis (TGA), tensile test 
and dynamic mechanical analysis (DMA) (Table 6-2 and Figure 6-2). With the similar 
aromatic content, the decomposition temperatures of PUI-1 elastomer at 5% weight 
loss (Td5) and 10% weight loss (Td10) were similar to reference elastomers. However, the 
PUI-1 elastomer showed significantly higher char formation at 800 ºC, which indicates 
the improvement of thermal stability due to the presence of imide structures. In 
addition, the rigid imide structures led to a stiffer PUI-1 elastomer with higher Young’s 
modulus and lower elongation at break. Due to the low aromatic content and absence 
of imide structures, the Young’s modulus of the Reference 2 elastomer was the lowest. 
The increase of the stiffness of PUI-1 elastomer can also be explained by phase 
separation, as shown in DMA result. Compared to the reference elastomers that had 
only one narrow tan(δ) peak around 32 ºC, the two tan(δ) peaks of PUI-1 elastomer 
indicate the occurrence of phase separation. The lower glass transition temperature 
(Tg) is dominated by soft segments, and the higher Tg is dominated by hard segments 
which are mainly based on imide structures. 

Table 6-2. TGA, tensile test and DMA results of PUI-1 elastomer and reference elastomers without 
imide structures.  

PUI-1 Reference 1 Reference 2 

Aromatic contenta (%) 39 39 36 

T
d5 

(ºC) 300 293 294 

T
d10 

(ºC) 316 309 311 

Char at 800 ºC (%) 16.9 10.9 12.4 

Young’s modulus (MPa) 55 ± 2 15 ± 2 10 ± 2 

Stress at break (MPa) 15 ± 1 25 ± 1 19 ± 1 

Elongation (%) 60 110 110 

T
g 
(ºC) -10, 48 34 31 

a The aromatic content is determined by the total weight percentage of aromatic compounds 
(isocyanates, imides and BDM) in the elastomers. 
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Figure 6-2. (a) TGA curves, (b) tensile test and (c) DMA curves (solid line: storage modulus; dash 
line: tan(δ)) of PUI-1 elastomer and reference elastomers without imide structures.  

6.2.2 PUI elastomers prepared from aliphatic isocyanates 

In addition to aromatic imide prepolymer, we found that imide prepolymers could 
also be prepared from the reaction between aliphatic isocyanates and dianhydride. 
Instead of N-methylaniline used in the synthesis of aromatic imide prepolymer, 
dibutylamine was used as a pre-catalyst for the synthesis of imide prepolymers from 
aliphatic isocyanates in terms of shorter reaction time. The aliphatic isocyanate-based 
imide prepolymer (PI-2) was synthesized via reaction of PMDA and hexamethylene 
diisocyanate (HDI) trimer in a 1:19 weight ratio at 140 ºC with 2 mol% dibutylamine as 
a pre-catalyst, 1 mol% DMCHA as a co-catalyst and 1.5 vol% TEP as an additive (Scheme 
6-2). The full conversion to the imide-containing prepolymer was achieved after 12 h 
(Figure 6-3). According to back-titration method, the PI-2 prepolymer had an NCO 
content of 18.0 wt%. 
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Scheme 6-2. Synthesis of imide prepolymer PI-2 from aliphatic isocyanate. 

 
Figure 6-3. 13C NMR spectra (100 MHz, acetone-d6) of reaction between PMDA and HDI trimer in 
a 1:19 weight ratio with dibutylamine as a pre-catalyst, DMCHA as a co-catalyst and TEP as an 
additive. 

The PUI elastomer based on aliphatic isocyanate (PUI-2) was prepared by reacting 
PI-2 prepolymer with Lupraphen polyol and BDO as a chain extender (15 wt% of the 
polyol component) in bulk condition (index 102). DGBCF (0.02 wt%) was also used to 
slow down the urethane reaction. As a reference, elastomer (Reference 3) was 
prepared by reacting HDI trimer with Lupraphen and 15 wt% BDO using the same index 
in bulk. The synthesis recipes can be found in Table 6-3. 

Table 6-3. Recipes in weight percentage of PUI-2 and Reference 3 elastomers. 
 PUI-2 Reference 3 

PI-2 50.0 -- 

HDI trimer -- 44.6 

Lupraphen 42.5 46.6 

BDO 7.5 8.2 

DGBCF 0.02 -- 

TEP -- 0.6 



C
h

ap
te

r 
6

121 
 

The TGA, tensile test and DMA results of the elastomers prepared from aliphatic 
isocyanates are shown in Figure 6-4 and Table 6-4. Compared to Reference 3, the 
elastomer with no imide structure but the same amount of BDO in polyol component, 
PUI-2 had similar decomposition temperature while the char formation was slightly 
higher. The rigid imide structures also led to higher Young’s modulus, stress at break 
as well as a higher Tg of PUI-2 elastomer than Reference 3 elastomer. Although only 
small improvement in the physical properties was observed due to the low imide 
amount (2.5 wt%), this still indicates that the imide structures can be potentially used 
to improve the mechanical properties of the aliphatic isocyanate-based elastomers.   

 
Figure 6-4. (a) TGA curves, (b) tensile test and (c) DMA curves (solid line: storage modulus; dash 
line: tan(δ)) of PUI-2 and Reference 3 elastomers. 

Table 6-4. TGA, tensile test and DMA results of the PUI-2 and Reference 3 elastomers. 
PUI-2 Reference 3 

T
d5 

(ºC) 322 320 

T
d10 

(ºC) 337 337 

Char at 600 ºC (%) 5.7 4.4 

Young’s modulus (MPa) 10 ± 0.6 8 ± 0.4 

Stress at break (MPa) 5 ± 0.6 4 ± 0.3 

Elongation (%) 61 70 

T
g 
(ºC) 25 12 
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6.2.3 Flame retardancy of PUI elastomers prepared from aromatic isocyanates 

Based on the TGA results of PUI-1 and PUI-2 elastomers, the PUI elastomer prepared 
from aromatic isocyanates exhibits better thermal stability and higher char formation 
at high temperature, which implies good combustion behavior. Therefore, the flame 
retardancy of PUI-1 elastomer as well as Reference 1 and 2 elastomers were 
preliminary evaluated by cone calorimetry measurement. The time to ignition (TTI, s), 
peak of heat release rate (PHRR, kW/m2), time to PHRR (tp, s), total heat release (THR, 
MJ/m2), total smoke production (TSP, m2), time to extinguishment (te) and mass 
residue (wt%) are shown in Figure 6-5 and Table 6-5. 

 
Figure 6-5. HRR (a) and THR (b) curves of PUI-1, Reference 1 and 2 elastomers measured by cone 
colorimeter under a heat flux of 25 kW/m2. 

Table 6-5. Cone calorimetry results of PUI-1, Reference 1 and 2 elastomers measured under a 
heat flux of 25 kW/m2. 

Sample TTI    

(s) 

PHRR 

(kW/m2) 

tp          

(s) 

THR 

(MJ/m2) 

TSP   

(m2) 

te        

(s) 

Mass residue 

(wt%) 

PUI-1 121 244.3 166 78.0 12.5 741 28.9 

Reference 1 140 257.6 170 91.2 15.7 852 28.9 

Reference 2 140 288.0 168 82.3 18.3 789 26.9 

 

In terms of the flame retardancy, the flame retardants generally contributes to 
either or both gas phase and condensed polymer phase during the combustion.47 The 
heterocyclic imides incorporated into the polymer main chains realize the flame 
retardation in the condensed phase. The lower PHRR of PUI-1 elastomer compared to 
reference elastomers was attributed to the imides that accelerated the formation a 
thick char layer on the material surface after ignition. The char layer insulated the 
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remaining material, retarding the pyrolysis and shielding the material surface from 
heat and oxidation.20 As a result, the effective combustion time of PUI-1 elastomer was 
575 s, while it took 682 s and 621 s for the Reference 1 and 2 elastomers to extinguish. 
The subsequent THR of PUI-1 elastomer was 78 MJ/m2, which was lower than the values 
of both reference elastomers, indicating the better flame retardancy of PUI-1 
elastomer even with only 2 wt% imide structures. In addition to lowering the THR, 
reducing the smoke production is another important target for the flame retardant 
materials, as the gas released during combustion is one of the fire hazards. The TSP of 
PUI-1 elastomer was much lower than the reference elastomers, which is due to the 
thick char layer that reduced the smoke production. 

The char residues of PUI-1, Reference 1 and Reference 2 elastomers obtained after 
cone calorimetry measurement (Figure 6-6) were further studied by scanning electron 
microscopy (SEM), as shown in Figure 6-7. Due to the accelerating effect of imides on 
char formation, a clear dense char layer was formed on the surface of PUI-1 elastomer 
(Figure 6-6a and Figure 6-7a), which provided an effective barrier protection from 
the flame. Without the imides, a less pronounced char layer was formed on the surface 
of reference elastomers. Thus, both surface and interior char residues of reference 
elastomers were more fragmented.  

 

 

Figure 6-6. Photos of char residues after cone calorimetry measurement. (a) PUI-1 elastomer, 
(b) Reference 1 elastomer, (c) Reference 2 elastomer. 
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Figure 6-7. SEM images (100 μm, 5kV) of elastomer char residues obtained from (a) PUI-1 
elastomer surface, (b) PUI-1 elastomer interior, (c) Reference 1 elastomer surface, (d) Reference 
1 elastomer interior, (e) Reference 2 elastomer surface and (f) Reference 2 elastomer interior. 

The char residue was also studied by Raman spectroscopy as shown in Figure 6-8. 
The two strong, overlapping peaks at 1348 and 1586 cm-1 are assigned to D band 
(amorphous structure) and G band (graphitic structure) of C=C bonds, respectively. 
After deconvoluted of the overlapping peaks by fitting to Gaussian peak shape, the 
integral ratio of D band to G band is used as a characteristic parameter to determine 
the graphitization degree of the char residues.48 The lower the value of ID/IG, the higher 
the degree of graphitization is, which indicates the better capability of the char to 
prevent polymer volatiles from external release. The ID/IG ratio of PUI-1, Reference 1 
and Reference 2 elastomers are 1.88, 1.94 and 2.06, respectively. The imides in the 
elastomers helped to promote char into a graphitic structure, leading to low ID/IG ratios.  

 

Figure 6-8. Raman spectra of char residues obtained from the surface of (a) PUI-1, (b) Reference 
1 and (c) Reference 2 elastomers.  
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6.3 Conclusion 

The combination of imides and polyurethanes leads to PUI materials with improved 
inherent thermal and mechanical properties. In the current work, we investigated a 
two-step, completely solvent-free synthetic way to introduce imides in PUs. Isocyanate 
terminated imide prepolymers were first prepared. The subsequent aromatic and 
aliphatic isocyanate-based PUI elastomers (PUI-1 and PUI-2) exhibited better thermal 
stability as well as higher stiffness compared to elastomers without imide structures. 
Moreover, the PUI-1 elastomer showed enhanced flame retardancy with lower PHRR, 
THR and TSP.  

The new solvent-free synthetic route of imide prepolymer removes current 
limitations caused by the use of organic solvents, and allows greener and more 
processable large-scale industrial production. The improved thermal stability, 
especially flame retardancy of the PU materials, demonstrates the potential use of 
aromatic imide prepolymers in other PU applications, such as rigid foams and compact 
thermosets, where thermal stability and flame retardancy are required. The thermal 
properties of PUI materials could be further improved by increasing the content of 
imide motifs in imide prepolymers. In addition, the use of imide motifs helps to improve 
the intrinsic thermal properties of PU materials and reduces the need of conventional 
flame retardant additives. Synergy with other flame retardant strategies like PIR 
formation or flame retardant additives may also be expected, and this is a relevant 
topic for future investigations. 

Despite the focus of this work on thermal stability, the PUI materials may also have 
other improved physical properties. As imide structures exhibit high surface energy, a 
low dielectric constant, low refractive index and low coefficient of thermal expansion, 
it is expected that the combination of imides and polyurethane will lead to PUI 
materials that can be used in, for instance, adhesive applications, electrical devices 
and as photoconductors.9,49,50 

6.4 Experimental section 

Materials  

Pyromellitic dianhydride (97%), triethyl phosphate (≥99.8%), N-methylaniline (98%), 
dibutylamine (≥99.5%), N,N-dimethylcyclohexylamine (99%) and 1,4-butanediol (BDO) 
(99%) were purchased from Sigma-Aldrich. 1,4-Benzenedimethanol (>99%) was 
purchased from TCI. 1,4-Butanediol was dried on mol-sieves, all other reagents were 
used directly without treatment. Polymeric methylene diphenyl diisocyanate 
Lupranate® M20 (pMDI, NCO content = 31.5 wt%), hexamethylene diisocyanate trimer 
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Basonat® HI 100 NG (HDI trimer, NCO content=22 wt%), diethylene glycol bis-
chloroformate (DGBCF), and Lupraphen® 6601/2 with molecular weight 2000 g/mol 
(OHv = 56, polyester polyol synthesized from adipic acid, 1,4-butanediol and mono 
ethylene glycol) were kindly provided by BASF Polyurethanes GmbH. The polyol was 
dried at 80 ºC under vacuum for 2 h before use. 

Synthesis 

Preparation of PI-1 prepolymer. Pyromellitic dianhydride (10.5 g, 48.26 mmol) and 
pMDI (200.0 g) were added in a dry 3-neck flask and the mixture was heated to 100 ºC 
under an Ar atmosphere. A catalyst solution was prepared by dissolving N-methylaniline 
(1.2 g, 11.11 mmol) and N,N-dimethylcyclohexylamine (0.7 g, 5.56 mmol) in 2.5 mL 
triethyl phosphate. Then the catalyst solution was added into the flask and the internal 
reaction temperature was kept at 140 ºC. The reaction was monitored by 13C NMR 
spectroscopy and the time when all dianhydride converted to di-imide structures was 
defined as reaction time. Dark brown liquid was obtained at 140 ºC, which solidified 
over the time at room temperature. After the reaction, the NCO content of prepolymer 
was titrated as 28.1 wt%. 

Preparation of PI-2 prepolymer. Pyromellitic dianhydride (10.5 g, 48.26 mmol) and 
HDI trimer (200.0 g) were added in a dry 3-neck flask and the mixture was heated to 
100 ºC under an Ar atmosphere. A catalyst solution was prepared by dissolving 
dibutylamine (1.4 g, 11.11 mmol) and N,N-dimethylcyclohexylamine (0.7 g, 5.56 mmol) 
in 2.5 mL triethyl phosphate. Then the catalyst solution was added into the flask and 
the internal reaction temperature was kept at 140 ºC. The reaction was monitored by 
13C NMR spectroscopy and the time when all dianhydride converted to di-imide 
structures was defined as reaction time. Dark brown liquid was obtained. After the 
reaction, the NCO content of prepolymer was titrated as 18.0 wt%. 

Preparation of elastomers. The preparation of PUI-1 elastomer is used as an example 
to illustrate the general synthetic route: The PI-1 prepolymer was added in sealed 
polypropylene cup and stirred at 800 rpm under vacuum in a speedmixer for 30 min at 
140 ºC before use. The polyol component that consisted of Lupraphen (106.8 g, 0.05 
mol), BDO (18.9 g, 0.21 mol) and DGBCF (0.06 g, 0.26 mmol) was added in a sealed 
polypropylene cup and stirred at 800 rpm under vacuum in a speedmixer for 20 min at 
80 ºC. PI-1 prepolymer (80.0 g, NCO content = 28.1 wt%) was added to the polyol 
component and the mixture was mixed in a speedmixer for 30 s under vacuum. After 
that, the mixture was poured on a metal mold which was pre-heated at 80 ºC. After 
the polymerization of the mixture, the material was further cured in 90 ºC oven 
overnight. The same procedure and conditions were used for the preparation of PUI-2 
and reference elastomers in bulk. 
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Characterization 

Nuclear magnetic resonance (NMR) spectroscopy. 13C NMR spectroscopy for 
monitoring the imide formation were performed using either a Bruker UltraShield 400 
MHz or Varian Mercury 400 MHz spectrometer at room temperature with a delay time 
of 2 s and 256 scans per spectrum, using acetone-d6 as solvent with TMS as internal 
standard.  

Determination of isocyanate content. The NCO titration was performed on a 916 Ti-
Touch titration machine (Metrohm) equipped with an electrode using 
tetraethylammonium bromide (0.4 mol/L in ethylene glycol) as electrolyte. The 
isocyanate was quenched with excess of dibutylamine and the unreacted dibutylamine 
was titrated with 1 M HCl as the titrant. After getting the volume (V1) at the end of 
titration of sample as well as the volume (V0) of the blank titration at the same 
condition, the NCO content was calculated by the titration machine using the following 
equation: 

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑁 �����������������
�������

. 

Thermogravimetric analysis (TGA). TGA measurement was performed on a TA Q550 
(TA Instruments) under N2 atmosphere. Samples (around 5 mg) were heated from 28 to 
800 ºC (or 600 ºC for aliphatic isocyanate-based elastomers) at a rate of 10 ºC/min.  

Tensile testing. Tensile testing was performed on a Z010 (Zwick/Roell) with a 500 N 
load cell using dumbbell-shaped specimens. The specimens had an effective length of 
33 mm, width of 6 mm and thickness of 2 mm. The elongation rate used was 20 mm/min. 

Dynamic mechanical analysis (DMA). DMA measurement was performed on a DMA 
Q850 (TA Instruments) with a film tension setup. The test bars had a width of 5.3 mm, 
thickness of 1.2 mm and effective length of around 15 mm. For each measurement, a 
temperature ramp from -80 to 180 ºC was programmed with a heating rate of 3 ºC/min 
at a frequency of 1.0 Hz. A preload force of 0.01 N, an amplitude of 100 μm and a force 
track of 115 % were used. The storage and loss modulus were recorded as a function of 
temperature. The glass transition temperature (Tg) was determined from the peak 
maximum of the tan(δ). 

Cone calorimetry. Cone calorimetry measurement was carried out in iCone 
calorimeter (Fire Testing Technology Limited) under a heat flux of 25 kW/m2 according 
to ISO 5660-1:2015-03/Amd 1:2019-08 standard. The samples were cut into 100×100×4 
mm3 size and wrapped with aluminum foil for measurement. The obtained results are 
based on single measurements. 
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Scanning electron microscopy (SEM). SEM images were obtained in a FEI Quanta 200 
3D instrument using an acceleration of 5 kV. Both surface and inside parts of char 
residue were investigated with 100 μm scale.  Before SEM observation, the samples 
were sputter-coated with gold. 

Raman spectroscopy. Raman spectroscopy was performed on a Confocal Raman 
microscope WITec WMT 50 (WITEC) with laser of 532.3 nm.   
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The work presented in this thesis describes the use of two chemical motifs, aromatic 
isocyanurate and aromatic imides, in polyurethane (PU) elastomers. Our modular study 
revealed the mechanism behind the cyclotrimerization of aromatic isocyanates using 
acetate anion as a catalyst, and a mechanism of imide formation from reaction 
between aromatic isocyanate and anhydride in the presence of water or amines. We 
also showed that the PU elastomers containing either of these two motifs exhibit 
enhanced thermal stability and flame retardancy. Our new synthetic pathways 
highlight the solvent-free reaction conditions, which paves the way from lab synthesis 
towards industrial applications.  

In addition to the novel PU elastomers that we have prepared, there are some 
limitations and unanswered questions arising from the previous chapters. To solve 
these problems, further investigations are required. Herein, we provide suggestions to 
gain deeper insights into the underlying reaction mechanisms, and propose future 
research directions to develop high-performance PU materials that harness the 
isocyanurate or imide motifs to a greater extent.  

7.1 General discussion     

7.1.1 Mechanism studies 

During the mechanism studies of cyclotrimerization and imide formation, our 
proposed mechanisms were consistent with the experimental results and were further 
supported by quantum chemical calculations. Despite these exclusive insights to the 
mechanisms, some questions still remain to be explored. 

In Chapter 2, we used phenyl and p-tolyl isocyanates as model substrates and 
tetrabutylammonium acetate as a catalyst to investigate the cyclotrimerization 
mechanism. However, in the industrial production of PU, the efficiency of the 
cyclotrimerization catalysts can be influenced by various factors (e.g., the presence of 
polyols and water, and the compatibility of catalysts). The presence of polyols and 
water leads to the formation of proton doners such as carbamate, allophanate, urea 
and biuret. As we discussed in Chapter 2, the deprotonated amide formed from the 
reaction between acetate anion and isocyanate may in turn deprotonate these proton 
donors, forming new catalytically active anions that are expected to catalyze the 
cyclotrimerization. Although the deprotonation is calculated to be possible (Scheme 
2-4), and is supported by a kinetic study from Schwetlick and Noack,1 more 
experimental verifications need to be done. Moreover, different carboxylate anions 
may vary the cyclotrimerization mechanisms. For instance, a benchmark 
cyclotrimerization catalyst, potassium acetate, needs to be dissolved in alcohols or 
water before use, which leads to the carbamate and urea formation. When 2-
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ethylhexanoate or pivalate anion was used as a catalyst, no olefinic isocyanurate 
structure was observed as shown in Figure 2-6. Therefore, detailed cyclotrimerization 
mechanisms need to be specified based on different catalysts, even though they all 
follow anionic cyclotrimerization pathway. 

In Chapter 5, we studied aromatic imide formation from reaction between 
isocyanates and anhydrides. As we discussed in Scheme 5-1, there are mainly two 
distinct mechanisms proposed for this reaction. Based on our investigations, we 
proposed that the urea, hydrolysis product of isocyanates, is the actual catalyst, which 
supports the opinion from Carleton et al.2,3 However, we did not manage to observe 
the seven-membered ring intermediate since we could not perform the reaction of 
isocyanates and anhydrides in completely dry conditions.  

In addition, we found that by using N-methylaniline as a pre-catalyst and N,N-
dimethylcyclohyxylamine (DMCHA) as a co-catalyst, the reaction time of model 
reaction 5-5 (Scheme 7-1) is shortened to 4 h. However, this initial investigation is 
based on pyromellitic dianhydride (PMDA), which has high reactivity towards 
nucleophiles, i.e., strong tendency to accept electrons.4,5 When 3,3’,4,4’-
benzophenonetetracarboxylic dianhydride (BPTDA) was used to replace PMDA in model 
reaction 5-5, di-imide was formed within 10 h with disappearance of the carbonyl 
carbon of the ketone (Figure 7-1). When 4,4-oxydiphthalic anhydride (OPDA) was used 
to replace PMDA in model reaction 5-5, no imide formation was observed. Both BPTDA 
and OPDA have lower electron affinity (Ea = 1.55 and 1.30 eV, respectively) in 
comparison to PMDA with Ea = 1.90 eV.5,6 Phthalic anhydride also cannot react readily 
with aromatic isocyanates. It is reported that temperature as high as 180 ºC, and long 
reaction time are required for the reaction between phthalic anhydride and phenyl 
isocyanate.7 Even with our optimized pre-catalyst and co-catalyst, only a small number 
of imides was formed after reaction at 160 ºC for 2 h, while the high temperature also 
promoted the cyclotrimerization of isocyanates. Therefore, in order to perform the 
reactions between aromatic isocyanates and anhydrides such as BPTDA, OPDA and 
phthalic anhydrides in bulk, more mechanism investigations are necessary and 
optimization of catalysts is required. 

 
Scheme 7-1. Model reaction 5-5 between PMDA and pMDI in a 1:19 weight ratio. 
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Figure 7-1. In situ 13C NMR spectra (100 MHz, acetone-d6) of the reaction between BPTDA and 
polymeric methylene diphenyl diisocyanate in a 1:19 weight ratio. The reaction was carried out 
at 140 ºC using 2 mol% dibuylamine as a pre-catalyst, 0.4 mol% DMCHA as a co-catalyst and 10 
vol% of TEP as an additive. 

7.1.2 Polyisocyanurate (PIR)-containing and polyimide (PI)-containing PU elasto-
mers 

In Chapter 3 and Chapter 4, we have prepared PIR-containing isocyanate 
prepolymers, which lead to PU elastomers with enhanced thermal stability and flame 
retardancy. While increasing the PIR content in the prepolymer will further improve 
the inherent thermal properties of PU materials, the increase of rigid isocyanurate 
structures also leads to high viscosity of subsequent isocyanate prepolymer, which 
remains challenging for the next-step synthesis. 

In addition, we prepared flexible PIR prepolymers by co-cyclotrimerization of mono- 
and di-functional isocyanates. In order to avoid the use of commercially available 
volatile mono isocyanates, the mono-functional isocyanates were synthesized by 
reacting di-isocyanates with mono-functional alcohols, resulting in mono-functional 
isocyanates containing carbamate structures. However, this leads to allophanate 
formation during co-cyclotrimerization, which has a relatively low dissociation 
temperature (106 ºC).8,9 Although optimization have been done in Chapter 3, 
allophanate was still present as shown in Figure 3-5 and Figure 4-1. The presence of 
allophanate inevitably decreases the thermal stability of the PIR prepolymer and the 
resulting PU elastomers. Compared to the work reported by Endo et al. who prepared 
flexible PIR film with decomposition temperature at 5% weigh loss (Td5) higher than 400 
ºC via co-trimerization of 4,4’-methylene diphenyl diisocyanate (4,4’-MDI) and mono-
functional isocyanates such as butyl or phenyl isocyanates, our synthetic pathway still 
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needs to be optimized in order to reduce allophanate formation during preparation of 
PIR prepolymer.10,11  

We also prepared aromatic PI-containing isocyanate prepolymers by reacting PMDA 
and polymeric aromatic isocyanates in Chapter 6, leading to PU elastomers with 
enhanced thermal properties. However, the viscosity of the prepolymer also 
dramatically increases with more imide structures present, which is due to the strong 
packing effect of aromatic imides. Therefore, maximum 5 wt% PMDA was used in the 
synthesis of imide-containing isocyanate prepolymer, leading to as low as 2 wt% imide 
structures in the final PU elastomer (PUI-1 in Chapter 6). Although this small number 
of imides did improve the flame retardancy of PU elastomer as shown in Figure 6-5, 
further studies could help to increase the imide content in order to get PU materials 
with even better flame retardancy. Additionally, we observed precipitation of imides 
during reaction between 4,4’-MDI and PMDA. On the other hand, the reaction between 
long-chain isocyanate-terminated prepolymer and PMDA avoids the precipitation of 
imides, but the reaction stops at the mono-imide formation. Overall, we have not yet 
found a way to prepare linear imide-containing PU polymers in bulk, which also needs 
to be further studied. 

7.2 Future perspectives 

7.2.1 Further directions of mechanism studies 

In addition to many peer-reviewed literatures, we reported a detailed 
cyclotrimerization mechanism of aromatic isocyanates using acetate anion as a catalyst. 
During our study, we demonstrated that the qualitative mechanism is independent of 
the solvent polarity. We also proposed that it is possible for the catalytically active 
anionic species to change several times during the polymerization (e.g., deprotonated 
amide, carbamate and urea). However, the effect that protic solvents may have on the 
relative stability of the corresponding anions needs to be further studied.  

On the other hand, the mechanism of reaction between isocyanates and anhydrides 
needs to be investigated more in depth. As we discussed in section 7.1.1, we only 
studied the reaction of aromatic isocyanates and PMDA, which is the most industrially 
relevant monomer. Whereas it will be interesting to check other commercially 
available anhydrides such as BPTDA, OPDA and phthalic anhydrides, the reaction of 
these anhydrides and aromatic isocyanates hardly worked out. Therefore, model 
reactions, such as reaction between anhydrides and phenyl isocyanates, or reaction 
between anhydrides and hexyl isocyanates can be carried out to study the mechanisms. 
In addition, we found that the triethyl phosphate (TEP) additive has remarkable effect 
on reducing the reaction time (Table 7-1), while the quantum chemical calculations 
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show no significant energy lowering of the ionic species. We proposed that the role of 
TEP is to stabilize the anion on the deprotonated urea, but an accurate description of 
the solvation effects of TEP needs to be given. The dielectric constant of TEP may also 
play a role in the reaction mechanism, which demands further experimental and 
computational studies. 

Table 7-1. Reaction time of model reaction 5-5 using 2 mol% N-methylaniline as a pre-catalyst, 
DMCHA as a co-catalyst and 10 vol% of different additives/solvents. 

Solvent bp (ºC) DMCHA amount (mol%) 
 

Reaction timea 

Triethyl phosphate 215 0.4 4 h 

Tetrahydrofuran 66 0.4 --- 

Cyclohexanone 156 0.4 4 h 

Propylene carbonate 242 0.4 14 h 

Propylene carbonate 242 1 8 h 
a The time when there was only di-imide carbonyl peak in 13C NMR spectra was defined as reaction time. 

Moreover, we also found that alcohols, malonates, acetoacetates and special 
secondary amines can potentially be used as pre-catalysts for the reaction between 
isocyanate and anhydrides (Table 7-2). Carleton et al. also reported that the presence 
of 10 mol% ethanol accelerates the reaction between phthalic anhydride and phenyl 
isocyanate in pyridine.2 This may be an interesting direction to explore better pre-
catalysts than N-methylaniline.  

Table 7-2. Reaction time of model reaction 5-5 using DMCHA as a co-catalyst and different pre-
catalysts (dosing amount 2 mol%). 

Pre-catalyst DMCHA amount (mol%) Reaction timea 

Phenol 0.4 5 h 

t-Butanol 0.4 4 h 

Dimethyl malonate 0.2  Isocyanurate formation 

Dimethyl malonate -- >20 h 

Ethyl acetoacetate 0.4 14 h 

Cyanuric acid 0.4 8 h 
a The time when there was only di-imide carbonyl peak in 13C NMR spectra was defined as reaction time. 

7.2.2 Further improvements of thermal stability and flame retardancy of PU 
materials 

In order to increase the PIR content and reduce the viscosity of the PIR prepolymer, 
the molar ratio of mono- and di-functional isocyanates for co-cyclotrimerization can 
be optimized. Moreover, co-cyclotrimerization of aromatic and aliphatic diisocyanates 
can be adopted. For instance, Endo et al. prepared flexible PIR networks with Td5 > 
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440 ºC via co-cyclotrimerization of 4,4’-MDI and hexamethylene diisocyanate (HDI).12 
Their work provides a solution for preparing flexible PIR prepolymer with higher 
thermal stability. We can also optimize our PIR network by changing some of the 4,4’-
MDI to HDI before co-cyclotrimerization with mono-functional isocyanates. 

According to Chapter 3 and Chapter 4, we also found that the mono-functional 
alcohol plays an important role in tuning the physical properties of the PU materials. 
For example, we found that by using 2-ethyl-1-hexanol or octanol, the water uptake 
of the subsequent PU materials significantly decreased compared to those using n-
butanol or t-butanol. This may be an interesting direction for preparing PU adhesives 
and aerogels. In Chapter 4, we showed that the use of diethyl(hydroxymethyl) 
phosphonate (DEHP) greatly improves the flame retardancy of the PU elastomers. 
Based on this modular study, various phosphorus-containing alcohols or polyols can be 
used in preparation of PIR prepolymers, which will further improve the flame 
retardancy of PU materials.13–16   

In order to prepare isocyanate prepolymer with high imide content, diisocyanates 
monomers can be used to reduce the viscosity of the prepolymer. However, as 
mentioned in previous section, the reaction between 4,4’-MDI and PMDA leads to 
precipitation. To solve this problem, 2,4’-methylene diphenyl diisocyanate (2,4’-MDI) 
can be used in the reaction with PMDA. However, when N-methylaniline and DMCHA 
were used as a catalyst and a co-catalyst, isocyanurate formation was always observed 
after imide formation and additional acid was required to quench the deprotonated 
urea. A combination of polymeric MDI and 2,4’-MDI may produce an isocyanate 
prepolymer with high imide content and the isocyanurate formation may be avoided. 
Additionally, dianhydrides with more flexible spacers, such as anhydride functionalized 
oligomers, may be used to reduce the packing effect of the imide structures and 
prepare prepolymers with lower viscosity.  
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Summary 

After the invention of polyurethane by Bayer in 1937, PU industry has developed 
rapidly. Due to their versatile chemical and physical properties, PUs are made into 
different types of materials (e.g., rigid or flexible foams, compact thermosets, 
coatings, elastomers and adhesives). These PU materials are used in various 
applications, especially in construction and automotive applications, where thermal 
stability and flame retardancy are required. With the increasing market demands, 
further improvement of the physical properties of PU materials becomes more and 
more crucial. 

Many efforts have been made to improve the thermal properties of the PU materials. 
A conventional way is to add flame retardant additives in PU materials, but they may 
lead to several problems such as poor compatibility, deterioration of mechanical 
properties and releases of toxic gas during combustion. An alternative way is to 
introduce reactive flame retardant motifs in PU materials via covalent bonds. As a 
result, the inherent thermal properties of the PU materials can be improved, and the 
use of conventional flame retardant additives can be reduced. This thesis focuses on 
incorporating aromatic isocyanurate or aromatic imide motifs in PU elastomers in order 
to enhance their thermal stability and flame retardancy.  

In the first part of this thesis, the introduction of aromatic PIR motifs in PU 
elastomers is discussed, which is typically achieved by cyclotrimerization of 
isocyanates. In Chapter 2, we study the cyclotrimerization mechanism of aromatic 
isocyanates in the presence of catalytic amount of acetate anions by state-of-the-art 
experimental and computational methods. The study reveals that, although the 
cyclotrimerization still follows an anionic mechanism, the actual catalytically active 
species changes and the acetate anion only serves as a pre-catalyst. During the 
cyclotrimerization of isocyanates, the reaction of acetate anion with excess of 
isocyanates first forms anhydride. After intramolecular rearrangement and 
decarboxylation of the anhydride, a deprotonated amide species is formed irreversibly. 
This newly formed deprotonated amide actively catalyzes the isocyanurate formation 
via an anionic mechanism. It is also capable of deprotonating other protic groups such 
as urethane and urea, which in turn catalyze the cyclotrimerization of aromatic 
isocyanates. In addition, the carboxylate migration of anhydrides to amide anions takes 
place regardless of the size of the carboxylate anions (e.g., acetate, 2-ethylhexanoate 
and pivalate). On the other hand, only when acetate anion was used as a 
cyclotrimerization catalyst, a side product, N-heterocyclic olefin, was formed with 
elimination of a water molecule.  
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Furthermore, PIR-containing PU elastomers were prepared applying an elegant 
synthetic pathway. In order to avoid the limitation of PIR content by rigidity of PIR 
structures, a liquid PIR-containing isocyanate prepolymer was first prepared via co-
trimerization of 4,4’-MDI and mono-isocyanates, as described in Chapter 3. The mono-
isocyanate was synthesized from reaction between 4,4’-MDI and 2-ethyl-1-hexanol. 
During the study of trimerization catalysts, TDMAMP turned out to be the most suitable 
catalyst for the preparation of prepolymers due to the high isocyanurate content after 
trimerization, mild reaction condition and more controllable trimerization process. 
After co-trimerization, the molar ratio of urethane, allophanate and isocyanurate in 
the PIR prepolymer was determined by quantitative 13C NMR spectroscopy and the 
average functionality of the PIR prepolymer was calculated from average molecular 
weight and NCO content. The prepolymer was further used to prepare PIR elastomers 
in both solvent and solvent-free conditions. These elastomers exhibit good thermal 
stability with high char formation, and improved mechanical properties with much 
higher Young’s modulus.  

Based on the insights gained in Chapter 3, we discover that the physical properties 
of PU elastomers can be tuned by varying the mono-functional alcohol linked to the 
PIR network, which is shown in Chapter 4. In order to further improve the thermal 
stability and flame retardancy of PU elastomers, a phosphorus-containing compound, 
DEHP, was used to replace 2-ethyl-1-hexanol during the synthesis of PIR prepolymer. 
The PIR-DEHP prepolymer obtained was used to prepare elastomers in solvent and 
solvent-free conditions. The subsequent PIR-DEHP elastomers have a high stiffness and 
a high Tg, which increase with PIR and aromatic content. Moreover, the elastomers 
show enhanced thermal stability and flame retardancy in comparison with the 
elastomers without PIR and phosphorus motifs.  

The second part of this thesis describes the incorporation of aromatic PI motifs in PU 
elastomers. A straightforward synthetic way to realize this is via reaction between 
isocyanate and anhydride. The underlying mechanism behind the reaction is reported 
in detail in Chapter 5. The reaction of isocyanate and anhydride in the presence of 
catalytic amount of water was first investigated. This study reveals that the actual 
catalyst in the reaction is urea, which is formed as the hydrolysis product from 
isocyanate. We further discovered that secondary amines, with the help of tertiary 
amine bases, are better pre-catalysts (or, rather, co-catalysts) than water. With N-
methylaniline and DMCHA as pre-catalyst and co-catalyst respectively, the reaction 
time of polymeric MDI and PMDA significantly decreased to 4 h, which was much shorter 
than that using water as a pre-catalyst (24 h). Furthermore, the combination of our 
experimental studies and quantum chemical calculations reveals exclusive insights in 
the reaction of aromatic isocyanates and dianhydrides. The reaction starts from a 
deprotonated urea ring-opening an anhydride, forming an intermediate containing a 
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carboxylate group. In the next step, the carboxylate of the acid intermediate reacts 
with one more isocyanate molecule, followed by release of a CO2 molecule and ring 
closure, resulting in an imide structure. 

Based on our mechanistic study, the preparation of PUI elastomers via a two-step 
synthesis is reported in Chapter 6. An imide-containing isocyanate prepolymer was 
first synthesized via reaction of aromatic (or aliphatic isocyanates) with PMDA. With 
N-methylaniline (or dibutylamine) as a pre-catalyst and DMCHA as a co-catalyst, this 
reaction could be carried out without solvent. The prepolymer was further used to 
prepare PUI elastomers in bulk. Both aromatic and aliphatic isocyanate-based 
elastomers exhibit enhanced thermal stability and stiffness in comparison with those 
without imide structures. Moreover, the aromatic PUI elastomer has lower total heat 
release and total smoke production, which indicates improved intrinsic thermal 
stability and flame retardancy.  

In conclusion, this thesis demonstrates that the use of PIR and PI containing 
isocyanate prepolymers is an exciting approach to introduce isocyanurate and imide 
motifs in PU. With these prepolymers, high-performance PU elastomers can be 
produced in a greener and more processable way, which holds great potential for other 
industrial applications, such as rigid foams, compact thermosets and adhesives.  
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