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Abstract:  Polyurethane foams (PUFs) constitute a major class of polymeric materials, widely 
appreciated for their excellent mechanical strength, chemical resistance, and physical versatility. 
They are used in a wide variety of applications, such as insulation, cushioning, coatings, and 
structural parts. Traditionally, PUFs are prepared through polyaddition reactions involving 
polyols, diisocyanates, and water, where the in-situ generated CO₂ in the reaction mixture serves 
as the blowing agent. However, there are significant concerns with the use of isocyanates as they 
are toxic, classified respiratory sensitizers, and contribute to environmental pollution. These 
issues have directed both researchers and industry experts to search for safer and more 
sustainable alternative feedstocks. 
The polyaddition reaction between cyclic carbonates (CCs) and polyfunctional amines has been 
one promising alternative. The reaction leads to the formation of non-isocyanate polyurethanes 
(NIPUs), specifically polyhydroxyurethane foams (PHUFs). Foaming is achieved by using 
external chemical blowing agents or through self-blowing reactions, where gases are generated 
directly in the system. The generated   foam cells – the structures that give foams their unique 
properties – depends largely on the gas-forming reactions. 
This review focuses on the different blowing agents used in NIPUF synthesis, such as 
poly(methylhydrogensiloxane) (PHMS) and liquid fluorohydrocarbons. It also looks at recent 
advances in self-blowing techniques, which eliminate the need for external agents and make the 
process more sustainable. Special emphasis is placed on NIPUFs derived from renewable 
feedstocks, as these align with global trend towards green chemistry and circular materials. The 
review provides an overview of both externally blown and self-blown biobased NIPUFs, 
detailing their synthesis, performance, and potential industrial applications. Keywords:  nuclear 
power station, cooling systems,  patents. 
Keywords: biobased polyurethane, blowing agent, non-isocyanate polyurethane, polymeric 
foams, polyurethane foams, self-blowing. 
 

 
Table 1. List of abbreviations used in this review 

 Abbreviation  Full term 

CCs cyclic carbonates 

DABCO 1,4-diazabicyclo [2.2.2] octane 

DSTDL dibutyltin dilaurate 

DBU  1,8-Diazabicyclo[5.4.0]undec-7-en 

EC ethylene carbonate 
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Abbreviation  Full term 

GC Glycerol Carbonate 

LDI L-Lysine ethyl ester diisocyanate 

MOF metal-organic framework 

NIPUFs non-isocyanate polyurethane foams 

NIPUs non-isocyanate polyurethanes 

PC propylene carbonate 

PHMS poly(methylhydrogensiloxane) 

PHUFs polyhydroxyurethane foams 

PHUs polyhydroxyurethanes 

PUs polyurethanes 

PUFs polyurethane foams 

ROP ring-Opening Polymerization 

SDGs sustainable Development Goals 

SOC spiro-orthocarbonate 

TBD triazabicyclodecene 

VOCs volatile organic compounds 

 

7. Catalysts for Urethane Formation in NIPU Synthesis 

This section focuses on catalysts used in the reaction between cyclic 

carbonates and amines to form urethane linkages during the synthesis of non-

isocyanate polyurethanes. Catalysts are crucial because they help speed up the 

reaction, improve selectivity, lower energy consumption, and support the 

development of more sustainable materials. 

7.1 Overview of Recent Advances 

Recent research has explored upcycling biobased polyurethane foams into 

thermoset networks. This approach helps promote sustainability by contributing to 

circular economy strategies. These foams are made from biobased polyols and 
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polyisocyanates and can contain up to 93% renewable carbon. Using dibutyltin 

dilaurate (DBTDL) as a catalyst, transcarbamoylation reactions allow reshaping 

PUFs into thermoset networks, making them recyclable [85,86]. 

Catalysts like DBTDL are key for enabling urethane bond exchange 

reactions, which create dynamic covalent networks. These networks show 

properties like stress relaxation and reprocessability, which are critical for 

developing recyclable thermosets from already-cured PUFs. 

Biobased polyols such as Pripol® 2033 and diglycerol, when combined with 

L-Lysine ethyl ester diisocyanate (LDI) and Tolonate™ X FLO 100, have been 

used to make lightweight, high-performance foams with good thermal and 

mechanical stability [87]. 

Several patents illustrate the progress in this area: 

● A bifunctional urethane acrylate monomer modified with organosilicon 

fragments was developed to improve coating properties such as flexibility, 

smoothness, and hydrophobicity. The presence of a non-isocyanate polyurethane 

backbone and reactive acrylate terminals enables fast drying, better adhesion, and 

reduced internal stress during curing. The monomer can be used in UV-curable and 

thermally curable systems. The synthesis is solvent-free and environmentally 

friendly [88]. 

● A polyurethane coating based on bisphenol AF and fluorinated 

cyclocarbonates was developed using CO₂ and perfluoro-epoxy compounds under 

high-pressure synthesis. The resulting nonisocyanate system exhibits excellent 

lyophobic and oleophobic behavior, combined with superior hardness, chemical 

durability, and anti-corrosion properties, offering potential as a high-performance 

alternative to conventional polyurethane films [89]. 

● This patent outlines the preparation of a gallic acid-based nonisocyanate 

polyurethane modified with siloxane segments. The process involves 

copolymerization of gallic acid-derived and organosilicon cyclic carbonates with 
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amine curing agents. The final polymer displays enhanced thermomechanical 

strength while being synthesized under mild and eco-friendly conditions without 

hazardous reagents [90]. 

● A nonisocyanate polyurethane coating was developed from sorbitol-based 

cyclic carbonates obtained via CO₂ cycloaddition to sorbitol epoxides. After 

blending with diamines or polyamines, the coating formulation demonstrated high 

hardness, impact resistance, and biodegradability. This material provides an 

environmentally safe coating option, suitable for replacing traditional isocyanate-

based systems [91]. 

● A hybrid material combining nonisocyanate polyurethane and epoxy resin 

was developed through a crosslinking process. The resulting coating demonstrates 

strong adhesion, good mechanical strength, and chemical resistance – particularly 

against water, gasoline, and salt spray – making it suitable for protective painting 

applications [92].  

● This Korean patent discloses a hybrid network polymer composed of 

cyclocarbonate- and epoxy-functionalized oligomers crosslinked with amine-

terminated oligomers. The resulting polymer network shows a high gel content and 

structural uniformity. It is intended for use in composite matrices with controlled 

reactivity and multifunctional performance [93].  

● A method for synthesizing nonisocyanate polyurethane is presented, using a 

novel catalyst system composed of metal salts and ionic liquids. The process 

allows for the formation of polycyclic carbonates, which are then reacted with 

amines. The technique offers high catalytic activity, selectivity, and process 

simplicity under mild reaction conditions [94]. 

● This invention outlines a two-step route to nonisocyanate polyurethane using 

renewable feedstock – epoxidized soybean oil and CO₂. The process yields cyclic 

carbonates that are further reacted with amines to produce environmentally 
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friendly NIPUs. It emphasizes low environmental impact, simplicity, and 

suitability for scaling up with bio-based resources [95]. 

7.3 Types of Catalysts 

Catalysts play a key role in enabling the urethane-formation reaction 

between cyclic carbonates and amines during the synthesis of non-isocyanate 

polyurethanes. These reactions typically involve aminolysis, where nucleophilic 

amines open the cyclic carbonate rings to create hydroxyurethane linkages. The 

type of catalyst used can have a big impact on how quickly the reaction proceeds, 

how selective it is, and how sustainable the process can be overall. 

Here’s an overview of the main types of catalysts used in NIPU synthesis: 

 1) Organobases (like DBU, DABCO): These are effective at promoting 

ring-opening reactions under mild conditions, with good selectivity. 

 2) Organometallic catalysts (such as tin and zinc complexes): These can 

work well but raise concerns about toxicity. 

 3) Ionic liquids (especially imidazole-based compounds): Act both as 

solvents and catalysts, helping to improve reaction rates and selectivity. 

 4) Enzymatic catalysts: Offer a green alternative for urethane synthesis, 

operating under mild, bio-friendly conditions [96,97] 

 5) Thiol-based systems: Can act as both nucleophiles and catalysts, 

supporting decarboxylation reactions and urethane bond formation [97]. 

Table 7.1 

 Comparative Table of Catalysts for Urethane Bond Formation. 

Catalyst Type Examples Reaction 

Conditions 

Remarks 

Organobases DBU, DABCO 60–120°C, 

solvent-free 

Low toxicity, 

fast, selective 
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Organometallic DBTDL, Zn (II), 

Sn (IV) 

80–150°C Efficient, 

industrial use, 

moderate toxicity 

Ionic Liquids [BMIm][BF₄], 

[EMIm][Cl] 

70–130°C Catalysis + 

solubilization 

Enzymatic Lipase, urease <60°C, aqueous Low toxicity, 

still in 

development 

Thiol-based Di-/Trifunctional 

thiols 

Varied Foam-specific, 

dual function 

Catalytic systems for urethane formation in NIPUs are moving towards 

greener solutions that offer better recyclability and lower toxicity. Organocatalysts 

and thiol-based systems in particular show great potential for creating dynamic, 

reprocessable, and environmentally friendly polyurethane materials. 

8. Types of NIPUF Foams and Blowing Agent Technologies 

Non-isocyanate polyurethane foams can be classified based on their 

characteristics, such as density and thermal stability. A study by Monie et al. 

explores different types of foams, from microcellular to rigid foams, each designed 

for specific uses like thermal insulation or impact cushioning. One of the key 

features of these foams is their ability to self-blow – they generate CO₂ during the 

reaction between amines and thiols, which creates the foam structure. This process 

helps produce foams with good mechanical properties and stable cell structures 

[14,98]. 

The research also focuses on biobased self-blowing polyhydroxyurethane 

foams, which are classified as high-resilience flexible foams. What makes these 

foams special is that they generate CO₂ during synthesis, so there’s no need for 

external chemical blowing agents. 
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Recent studies have focused on biobased self‑blowing polyhydroxyurethane 

foams classified as high‑resilience flexible foams. Adjusting the thiol functionality 

enables tuning of compressive strength and glass transition temperature (Tg). 

Moreover, these foams demonstrate reprocessability, making them recyclable 

without compromising performance [85]. 

Generally, NIPU foams are categorized as rigid, semi‑rigid, or flexible based 

on formulation and processing. Since no isocyanates are used, foaming relies on in 

situ CO₂ generation during polymerization, eliminating the need for external 

blowing agents [71]. 

Other variations of NIPU foams, such as POSS-modified or flame-retardant 

foams, help expand their applications beyond typical uses – reaching areas like 

construction and even aerospace. Adding materials like Laponite or PDMS can 

further improve the foam morphology and cell structure, leading to better overall 

performance [99]. 

Table 8.1  

Classification of NIPU Foams. 

Foam Type Properties Applications Blowing 

Mechanism 

Rigid High 

compressive 

strength, low 

flexibility 

Insulation, panels Self-blowing 

(CO₂ release) 

Semi-rigid Balance of 

strength and 

elasticity 

Cushioning, 

structural foam 

CO₂ + crosslink 

density control 

Flexible Low density, 

high elasticity 

Furniture, 

packaging 

In situ CO₂ 

generation 
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POSS-modified Thermal and 

mechanical 

stability 

High-

performance 

insulation 

Modified 

carbonate 

foaming 

Flame-retardant Enhanced fire 

resistance 

Construction, 

automotive 

CO₂ + inorganic 

fillers 

8.1 Foaming Agents for Non-Isocyanate Polyurethane Foams (NIPUFs) 

Foam formation in NIPUs generally relies on either physical blowing agents 

(such as supercritical CO₂) or chemical agents that release gas during the reaction. 

Bourguignon et al. [80] demonstrated a water-induced self-blowing approach, 

where the hydrolysis of carbonates generates CO₂ in situ, eliminating the need for 

external blowing agents. 

There is increasing research interest in soybean oil-based NIPU formulations 

as a sustainable alternative to conventional isocyanate-based foams [100]. Another 

common method is reactive foaming, where amines react with cyclic carbonates in 

the presence of catalysts to produce foams with well-controlled pore structures, as 

reported by Monie et al. [71]. 

Hybrid non-isocyanate polyurethane foams can be further improved by 

incorporating synthetic nanoclays as inorganic fillers. As shown by Chaib et al., 

the addition of such clays into self-blowing NIPU formulations enhances the cell 

morphology and mechanical performance of the foams, while also contributing to 

improved flame retardancy [101]. In another study, Kojić et al. demonstrated that 

increasing the fraction of spiro-orthocarbonate in photopolymerized aliphatic 

polycarbonate networks reduces the internal mechanical stress, as confirmed by a 

measurable decrease in birefringence [102]. 

To confirm that CO₂ was the primary foaming agent, Monie et al. [71] 

replaced water with heptane; no foaming occurred, verifying the essential role of 

CO₂. In another experiment, the gas released during the reaction was bubbled 
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through a calcium hydroxide solution, resulting in CaCO₃ formation and further 

confirming CO₂ generation. 

In [101], the formation of PHU foams was achieved by mixing a diamine, a 

dithiol, and a tricyclic carbonate, resulting in stable foams. Raman spectroscopy 

confirmed the presence of thioether and urethane bonds. 

Hybrid NIPU foam systems that incorporate synthetic nanoclays (such as 

Laponite) show improved cell morphology, enhanced stiffness, and better flame 

retardancy [101]. In a separate study, Valette et al. demonstrated that introducing 

amino-telechelic PDMS as a soft segment into bio-based NIPU formulations, 

combined with foaming using water and/or ethanol, enabled precise control over 

the foam structure. The resulting samples exhibited cell diameters ranging from 

130 to 3090 µm and densities from 0.055 to 0.95 g cm⁻³, with the PDMS content 

significantly influencing hysteresis, recovery, and firmness [103]. 

Table 8.2 

Foaming Methods and Agents in NIPU Systems. 

Foaming 

Method 

Blowing Agent (Specific 

Chemical Name) 

Advantages References 

Self-blowing 

(thiol-based) 

Poly(methylhydrogensiloxane)  

+ glycerol carbonate → CO₂ in 

situ 

No external 

blowing 

agents; 

dynamic 

bonding 

[80] 

Reactive 

foaming 

Glycerol carbonate + 

hexamethylenediamine 

(HMDA) → CO₂ 

Good cell 

structure 

control 

[71] 

Hybrid 

foaming with 

Glycerol carbonate + HMDA + 

inorganic fillers (Laponite clay, 

Enhanced 

mechanical 

[101] 
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fillers CaCO₃) and fire 

resistance 

Photoinitiate

d foaming 

Spiro[5.5]undecane-2,8-dione 

(Spiro-orthocarbonate, SOC) 

Reduces 

internal 

stress 

[102] 

 

9. Applications of Non-Isocyanate Polyurethane Foams 

NIPUFs are already used – and continue to be developed – for a wide range 

of applications across different industries. These include: 

1. Construction and Building Materials 

2. Automotive Components 

3. Furniture and Bedding 

4. Packaging and Consumer Goods 

5. Biomedical Applications 

6. Coatings and Adhesives 

7. Environmental Remediation 

8. Electronics and Functional Materials 

Construction and Building Materials. In the construction sector, NIPUFs 

are widely applied in thermal and acoustic insulation panels, sealants, and gap 

fillers. Their combination of low thermal conductivity, minimal water uptake, and 

high dimensional stability makes them especially suitable for building envelopes 

and HVAC systems [18]. Bourguignon et al. [80] further demonstrated a water-

induced self-blowing approach that produces NIPU foams with stable morphology 

and good insulating properties under ambient conditions, reinforcing their potential 

as eco-friendly building materials. 

Automotive Components. In automotive manufacturing, NIPUFs are used 

for seat cushions, dashboard insulation, noise-damping materials, and lightweight 

interior panels. These foams maintain good mechanical strength and thermal 
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stability, and they withstand repeated heating–cooling cycles without significant 

degradation. Their potential for mechanical recycling also fits with current trends 

toward circular manufacturing [104]. 

Furniture and Bedding. NIPUFs are also used in furniture and bedding 

products, where they can be tailored for varying rigidity, softness, and flexibility. 

Their non-toxic nature is particularly important in household environments such as 

mattresses and upholstered furniture. When produced from renewable feedstocks 

like castor oil or soybean oil, these foams contribute to the environmental 

sustainability of consumer products [103]. 

Packaging and Consumer Goods. Protective packaging and certain 

disposable consumer products are emerging markets for NIPUFs. Biodegradable 

and compostable NIPU variants have the potential to significantly reduce plastic 

waste. NIPU-based coatings for paper packaging offer a sustainable alternative to 

polyethylene films, maintaining barrier properties while being more 

environmentally friendly. 

Biomedical Applications. Wang et al. developed a photosensitive non-

isocyanate polyurethane acrylate (NIPUA) resin specifically for 3D printing 

customized orthopedic surgical guides, demonstrating high tensile and flexural 

strengths, good thermal stability, low hemolysis rates, and cytocompatibility with 

MC3T3-E1 and C2C12 cells, as well as minimal inflammatory response in vivo—

supporting its suitability for patient-specific surgical tools [105]. 

Coatings and Adhesives. NIPUs are employed in corrosion-resistant 

coatings with low VOC emissions. Waterborne and UV-curable NIPU coatings 

have been successfully applied to metals, ceramics, and wood, offering high 

hardness, weather resistance, and chemical durability – making them suitable for 

industrial environments [106]. NIPU adhesives derived from tannin or rosin 

derivatives are used in wood composites, automotive parts, and eco-friendly 

packaging [107]. 
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Environmental Remediation. NIPU-based nanocomposite coatings 

incorporating surface-treated ZnO nanoparticles have demonstrated enhanced 

anticorrosive performance, likely due to the nanoparticles' ability to block 

microdefects and improve barrier properties. These coatings also show potential 

for antimicrobial activity, making them promising candidates for protective and 

filtration applications in contaminated environments [108]. 

Electronics and Functional Materials. Electronics and Functional 

Materials. Emerging applications of NIPU foams include lightweight 

electromagnetic interference (EMI) shielding and components for smart devices. 

Recent work demonstrates self-blown NIPU foams that, when loaded with 

conductive and magnetic fillers, achieve strong EMI-shielding performance while 

maintaining dimensional stability and mechanical resilience – highlighting their 

potential in flexible and wearable electronics [109]. 

Table 9.1 

Applications of NIPUFs by Sector. 

Sector Application Example Key Advantages 

Construction Insulation panels, 

sealants 

Thermal stability, low 

water uptake, eco-

friendly 

Automotive Seat foams, dashboards Lightweight, recyclable, 

thermal durability 

Furniture Mattresses, cushions Softness, non-toxicity, 

renewable-based 

Packaging Biodegradable 

packaging foams 

Eco-friendly, 

compostable 

Biomedical Scaffolds, wound 

dressings 

Biocompatible, non-

toxic 
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Coatings Industrial anticorrosive 

layers 

UV-resistance, low 

VOC, waterborne 

Adhesives Furniture & panel 

bonding 

Renewable, strong 

adhesion 

Remediation ZnO nanocomposites 

for filters 

Antimicrobial, pollutant 

degradation 

 Conclusion 

This review highlights the growing potential of non-isocyanate polyurethane 

foams as a safer and more sustainable alternative to conventional polyurethane 

materials. The analysis brings together current research on synthetic strategies, the 

use of cyclic carbonates, the role of various catalysts and amines, and the 

innovative approaches to foaming and material design. The relevance of this field 

is driven by the urgent need to replace hazardous isocyanates and transition to 

greener materials that align with global sustainability goals. NIPUFs offer unique 

advantages, including the use of CO₂ as a raw material, the integration of bio-based 

feedstocks, and the ability to develop recyclable and reprocessable foams with 

tailored properties. Despite the significant progress, challenges remain in scaling 

up these technologies, optimizing reaction conditions, and ensuring consistent 

material performance. However, the continued development of NIPUFs – 

supported by innovations in catalysis, polymer design, and foaming techniques – 

demonstrates their real potential to transform industries ranging from construction 

and automotive to biomedical and electronics. This review emphasizes that 

NIPUFs are more than just an academic curiosity: they represent a critical step 

toward safer, more sustainable polymer materials. The future of polyurethane 

chemistry will likely be shaped by these non-isocyanate systems, and further 

research will play a key role in unlocking their full potential. 
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Historical and Industrial Milestones 

It’s important to acknowledge the remarkable historical milestones in the 

development of non-isocyanate polyurethanes. The first industrial production of 

NIPUs was launched back in 1978 at the Sverdlov Plant in Dzerzhinsk, USSR. 

This achievement was based on the pioneering work of O.L. Figovsky and 

colleagues, documented in Soviet Author’s Certificate SU 707258. It marked a key 

step forward in the global effort to create safer, greener polyurethane materials. 

Decades later, this early innovation inspired further breakthroughs. In 2012, 

Eurotech Ltd. (USA) scaled up production under the scientific leadership of Dr. 

Oleg Figovsky, establishing two plants dedicated to manufacturing 

environmentally friendly NIPU-based products. This milestone was internationally 

recognized with the 2015 Presidential Green Chemistry Challenge Award from the 

U.S. Environmental Protection Agency, celebrating their significant contribution to 

sustainable chemistry [109]. 

These achievements show that NIPUs are not just a theoretical concept – 

they are a practical, industrially viable solution that bridges early scientific 

discovery with modern green chemistry innovation. They prove that it’s possible to 

combine technical performance with environmental responsibility, aligning with 

global circular economy goals. 

 

References 

1. Kathalewar M.S., Joshi P.B., Sabnis A.S., Malshe V.C., Non-isocyanate 

polyurethanes: From chemistry to applications, RSC Adv 3 (2013) 4110–4129. 

https://doi.org/10.1039/c2ra21938g. 

2. Jiang R., Zheng X., Zhu S., Li W., Zhang H., Liu Z., Zhou X., Recent 

Advances in Functional Polyurethane Chemistry: From Structural Design to 

Applications, ChemistrySelect 8 (2023). https://doi.org/10.1002/slct.202204132. 



Инженерный вестник Дона, №11 (2025) 
ivdon.ru/ru/magazine/archive/n11y2025/10502  
 

 

 

© Электронный научный журнал «Инженерный вестник Дона», 2007–2025 

3. Balla E., Bikiaris D.N., Pardalis N., Bikiaris N.D., Toward Sustainable 

Polyurethane Alternatives: A Review of the Synthesis, Applications, and Lifecycle 

of Non-Isocyanate Polyurethanes (NIPUs), Polymers (Basel) 17 (2025) 1364. 

https://doi.org/10.3390/polym17101364. 

4. Chen X., Li L., Jin K., Torkelson J.M., Reprocessable polyhydroxyurethane 

networks exhibiting full property recovery and concurrent associative and 

dissociative dynamic chemistry via transcarbamoylation and reversible cyclic 

carbonate aminolysis, Polym. Chem. 8 (2017) 6349–6355. 

https://doi.org/10.1039/C7PY01160A. 

5. Chaib M., Thakur S., Ben Youcef H., Lahcini M., Verdejo R., Achieving 

rapid foaming in self-blown non-isocyanate polyurethane foams via controlled 

epoxy functionality in cyclic carbonates, Eur Polym J 229 (2025). 

https://doi.org/10.1016/j.eurpolymj.2025.113843. 

6. Ozimek J., Pielichowski K., Sustainability of Nonisocyanate Polyurethanes 

(NIPUs), Sustainability 16 (2024) 9911. https://doi.org/10.3390/su16229911. 

7. Rayung M., Ghani N.A., Hasanudin N., A review on vegetable oil-based non 

isocyanate polyurethane: towards a greener and sustainable production route, RSC 

Adv 14 (2024) 9273–9299. https://doi.org/10.1039/d3ra08684d. 

8. Guifeng L., Zhenwu K., Guomin W., Jian C., Shuping H., Can J., POSS 

modified rosin nonisocyanate polyurethane and preparation method of 

nonisocyanate polyurethane, CN105504272 (A), n.d. 

https://patents.google.com/patent/CN105504272A/en?oq=CN105504272+(A) 

(accessed January 22, 2016). 

9. Bizet B., Grau E., Cramail H., Asua J.M., Crosslinked isocyanate-free 

poly(hydroxy urethane)s – Poly(butyl methacrylate) hybrid latexes, Eur Polym J 

146 (2021) 110254. https://doi.org/10.1016/j.eurpolymj.2020.110254. 

10. Khezraji S. El, Gonzalez Tomé S., Thakur S., Ablouh E.H., Ben Youcef H., 

Raihane M., Lopez-Manchado M.A., Verdejo R., Lahcini M., Fast synthesis of 



Инженерный вестник Дона, №11 (2025) 
ivdon.ru/ru/magazine/archive/n11y2025/10502  
 

 

 

© Электронный научный журнал «Инженерный вестник Дона», 2007–2025 

crosslinked self-blowing poly(β-hydroxythioether) foams by decarboxylative-

alkylation of thiols at room temperature, Eur Polym J 189 (2023) 111960. 

https://doi.org/10.1016/J.EURPOLYMJ.2023.111960. 

11. Monie F., Grignard B.,  Thomassin J.M., Mereau R., Tassaing T., Jerome C., 

Detrembleur C., Chemo- and Regioselective Additions of Nucleophiles to Cyclic 

Carbonates for the Preparation of Self-Blowing Non-Isocyanate Polyurethane 

Foams, Angewandte Chemie - International Edition 59 (2020) 17033–17041. 

https://doi.org/10.1002/anie.202006267. 

12. Booysen J., Marx S., Muller L., Vermeulen U., Grobler A., Synthesis of 

Novel Non-Isocyanate Polyhydroxyurethane from L-Lysine and Its Application, 

in: 7th International Conference on Latest Trends in Engineering and Technology 

(ICLTET’2015) Nov. 26-27, 2015 Irene, Pretoria (South Africa), International 

Institute of Engineers, 2015. https://doi.org/10.15242/IIE.E1115053. 

13. Acosta Ortiz R., Duarte M.L.B., Gómez A.G.S., Sangermano M., García 

Valdez A.E., Novel diol spiro orthocarbonates derived from glycerol as 

anti‐shrinkage additives for the cationic photopolymerization of epoxy monomers, 

Polym Int 59 (2010) 680–685. https://doi.org/10.1002/pi.2755. 

14. Orabona F., Recupido F., Lama G.C., Polaczek K., Taddeo F., Salmi T., Di 

Serio M., Verdolotti L., Russo V., Cutting-edge development of non-isocyanate 

polyurethane (NIPU) foams: from sustainable precursors to environmental impact 

evaluation, Green Chemistry 27 (2025) 7403–7444. 

https://doi.org/10.1039/D4GC05796A. 

15. Furtwengler P., Avérous L., Renewable polyols for advanced polyurethane 

foams from diverse biomass resources, Polym Chem 9 (2018) 4258–4287. 

https://doi.org/10.1039/c8py00827b. 

16. Liu Y., Liu H., Qin G., Gui Z., Yang Z., Liu J., Study of novel nonlinear 

optical material based on Poly(aryl ether ketone) and its application in SHG 



Инженерный вестник Дона, №11 (2025) 
ivdon.ru/ru/magazine/archive/n11y2025/10502  
 

 

 

© Электронный научный журнал «Инженерный вестник Дона», 2007–2025 

imaging, Opt Mater (Amst) 72 (2017) 392–396. 

https://doi.org/10.1016/j.optmat.2017.06.032. 

17. Clark J.H., Farmer T.J., Ingram I.D. V., Lie Y., North M., Renewable 

Self‐Blowing Non‐Isocyanate Polyurethane Foams from Lysine and Sorbitol, 

European J Org Chem 2018 (2018) 4265–4271. 

https://doi.org/10.1002/ejoc.201800665. 

18. El Khezraji S., Ben youcef H., Belachemi L., Lopez Manchado M.A., 

Verdejo R., Lahcini M., Recent Progress of Non-Isocyanate Polyurethane Foam 

and Their Challenges, Polymers (Basel) 15 (2023) 254. 

https://doi.org/10.3390/polym15020254. 

19. Steblyanko A., Choi W., Sanda F., Endo T., Addition of five-membered 

cyclic carbonate with amine and its application to polymer synthesis, J Polym Sci 

A Polym Chem 38 (2000) 2375–2380. https://doi.org/10.1002/1099-0518 

(20000701)38:13<2375::AID-POLA100>3.0.CO;2-U. 

20. Liu G., Kong Z., Wu G., Chen J., Huo S., Jin C., POSS modified rosin 

nonisocyanate polyurethane and preparation method of nonisocyanate 

polyurethane, CN105504272A, 2016. 

21. Zhao J., Wang G., Zhang J., Yang W., Method for preparing biodegradable 

thermoplastic polyurethane with benzene ring structure through nonisocyanate 

method, CN106317406A, 2015. 

22. Bähr M., Bitto A., Mülhaupt R., Cyclic limonene dicarbonate as a new 

monomer for non-isocyanate oligo- and polyurethanes (NIPU) based upon 

terpenes, Green Chemistry 14 (2012) 1447. https://doi.org/10.1039/c2gc35099h. 

23. Hong H., Li Z., Wu H., Wang D., Liu L., Luo W., Yang T., Yang K., Yao J., 

Polyphenol lignin derived non-isocyanate polyurethane with mechanically robust 

and photothermal conversion performances, Int J Biol Macromol 310 (2025) 

143259. https://doi.org/10.1016/j.ijbiomac.2025.143259. 



Инженерный вестник Дона, №11 (2025) 
ivdon.ru/ru/magazine/archive/n11y2025/10502  
 

 

 

© Электронный научный журнал «Инженерный вестник Дона», 2007–2025 

24. Yokawa K., Higashihara T., Recent progress in nonstoichiometric step-

growth polymerization, Polym Chem 16 (2025) 11–26. 

https://doi.org/10.1039/D4PY01091D. 

25. Bhattacharjee S., Chongdar S., Modak A., Bhanja P., Jena B.K., Bhaumik 

A., Synthesis of isocyanate-free polyurethane concocting multiple cyclic 

carbonates catalysed by a new microporous zinc phosphonate via CO 2 fixation, 

Green Chemistry 24 (2022) 8853–8862. https://doi.org/10.1039/D2GC02959F. 

26. Tran C.-H., Lee M.-W., Lee S.-J., Choi J.-H., Lee E.-G., Choi H.-K., Kim I., 

Highly Active Heterogeneous Double Metal Cyanide Catalysts for Ring-Opening 

Polymerization of Cyclic Monomers, Polymers (Basel) 14 (2022) 2507. 

https://doi.org/10.3390/polym14122507. 

27. Storey R.F., Mullen B.D., Desai, G.S.,  Sherman J.W., Tang C.N., Soluble 

tin(II) macroinitiator adducts for the controlled ring‐opening polymerization of 

lactones and cyclic carbonates, J Polym Sci A Polym Chem 40 (2002) 3434–3442. 

https://doi.org/10.1002/pola.10448. 

28. Datta J., Włoch M., Progress in non-isocyanate polyurethanes synthesized 

from cyclic carbonate intermediates and di- or polyamines in the context of 

structure–properties relationship and from an environmental point of view, 

Polymer Bulletin (2015). https://doi.org/10.1007/s00289-015-1546-6. 

29. Wang T., Deng H., Li N., Xie F., Shi H., Wu M., Zhang C., Mechanically 

strong non-isocyanate polyurethane thermosets from cyclic carbonate linseed oil, 

Green Chemistry 24 (2022) 8355–8366. https://doi.org/10.1039/D2GC02910C. 

30. Qiao C., Shi W., Brandolese A., Benet‐Buchholz J., Escudero‐Adán E.C., 

Kleij A.W., A Novel Catalytic Route to Polymerizable Bicyclic Cyclic Carbonate 

Monomers from Carbon Dioxide, Angewandte Chemie International Edition 61 

(2022). https://doi.org/10.1002/anie.202205053. 



Инженерный вестник Дона, №11 (2025) 
ivdon.ru/ru/magazine/archive/n11y2025/10502  
 

 

 

© Электронный научный журнал «Инженерный вестник Дона», 2007–2025 

31. Rokicki G., Piotrowska A., A new route to polyurethanes from ethylene 

carbonate, diamines and diols, Polymer (Guildf) 43 (2002) 2927–2935. 

https://doi.org/10.1016/S0032-3861(02)00071-X. 

32. Gregory G.L., Ulmann M., Buchard A., Synthesis of 6-membered cyclic 

carbonates from 1,3-diols and low CO 2 pressure: a novel mild strategy to replace 

phosgene reagents, RSC Adv 5 (2015) 39404–39408. 

https://doi.org/10.1039/C5RA07290E. 

33. Lambeth R.H., Progress in hybrid non‐isocyanate polyurethanes, Polym Int 

70 (2021) 696–700. https://doi.org/10.1002/pi.6078. 

34. Ecochard Y., Leroux J., Boutevin B., Auvergne R., Caillol S., From multi-

functional siloxane-based cyclic carbonates to hybrid polyhydroxyurethane 

thermosets, Eur Polym J 120 (2019) 109280. 

https://doi.org/10.1016/j.eurpolymj.2019.109280. 

35. Liu W., Hang G., Mei H., Li L., Zheng S., Nanocomposites of 

Polyhydroxyurethane with POSS Microdomains: Synthesis via Non-Isocyanate 

Approach, Morphologies and Reprocessing Properties, Polymers (Basel) 14 (2022) 

1331. https://doi.org/10.3390/polym14071331. 

36. Krutskikh D. V., Shapagin A. V., Plyusnina I.O., Budylin N.Yu., Shcherbina 

A.A., Soldatov M.A., Modification of Epoxy Coatings with Fluorocontaining 

Organosilicon Copolymers, Polymers (Basel) 16 (2024) 1571. 

https://doi.org/10.3390/polym16111571. 

37. Alves M., Grignard B., Gennen S., Detrembleur C., Jerome C., Tassaing T., 

Organocatalytic synthesis of bio-based cyclic carbonates from CO 2 and vegetable 

oils, RSC Adv 5 (2015) 53629–53636. https://doi.org/10.1039/C5RA10190E. 

38. Gamal Mohamed M., Tsai M.-Y., Wang C.-F., Huang C.-F., Danko M., Dai 

L., Chen T., Kuo S.-W., Multifunctional Polyhedral Oligomeric Silsesquioxane 

(POSS) Based Hybrid Porous Materials for CO2 Uptake and Iodine Adsorption, 

Polymers (Basel) 13 (2021) 221. https://doi.org/10.3390/polym13020221. 



Инженерный вестник Дона, №11 (2025) 
ivdon.ru/ru/magazine/archive/n11y2025/10502  
 

 

 

© Электронный научный журнал «Инженерный вестник Дона», 2007–2025 

39. Stansbury J.W., Synthesis and Evaluation of New Oxaspiro Monomers for 

Double Ring-opening Polymerization, J Dent Res 71 (1992) 1408–1412. 

https://doi.org/10.1177/00220345920710070901. 

40. Hedrick J.L., Piunova V., Park N.H., Erdmann T., Arrechea P.L., Simple 

and Efficient Synthesis of Functionalized Cyclic Carbonate Monomers Using 

Carbon Dioxide, ACS Macro Lett 11 (2022) 368–375. 

https://doi.org/10.1021/acsmacrolett.2c00060. 

41. Song J., Zhang Z., Hu S., Wu T., Jiang T., Han B., MOF-5/n-Bu4NBr: an 

efficient catalyst system for the synthesis of cyclic carbonates from epoxides and 

CO2 under mild conditions, Green Chemistry 11 (2009) 1031. 

https://doi.org/10.1039/b902550b. 

42. Singh Dhankhar S., Ugale B., Nagaraja C.M., Co‐Catalyst‐Free Chemical 

Fixation of CO 2 into Cyclic Carbonates by using Metal‐Organic Frameworks as 

Efficient Heterogeneous Catalysts, Chem Asian J 15 (2020) 2403–2427. 

https://doi.org/10.1002/asia.202000424. 

43. Yu L., Zheng X., Jia K., Han C., Huang L., A kind of organic-silicon-

modified bifunctionality urethane acrylate monomer and the preparation method 

and application thereof, CN109762008A, 2018. 

44. Werner T., Tenhumberg N., Synthesis of cyclic carbonates from epoxides 

and CO2 catalyzed by potassium iodide and amino alcohols, Journal of CO2 

Utilization 7 (2014) 39–45. https://doi.org/10.1016/j.jcou.2014.04.002. 

45. Kaneko S., Shirakawa S., Potassium Iodide–Tetraethylene Glycol Complex 

as a Practical Catalyst for CO 2 Fixation Reactions with Epoxides under Mild 

Conditions, ACS Sustain Chem Eng 5 (2017) 2836–2840. 

https://doi.org/10.1021/acssuschemeng.7b00324. 

46. Peng J., Wang S., Yang H.-J., Ban B., Wei Z., Wang L., Bo L., Chemical 

fixation of CO2 to cyclic carbonate catalyzed by new environmental- friendly 



Инженерный вестник Дона, №11 (2025) 
ivdon.ru/ru/magazine/archive/n11y2025/10502  
 

 

 

© Электронный научный журнал «Инженерный вестник Дона», 2007–2025 

bifunctional bis-β-cyclodextrin derivatives, Catal Today 330 (2019) 76–84. 

https://doi.org/10.1016/j.cattod.2018.06.020. 

47. Doley S., Bora A., Saikia P., Ahmed S., Dolui S.K., Blending of cyclic 

carbonate based on soybean oil and glycerol: a non-isocyanate approach towards 

the synthesis of polyurethane with high performance, Journal of Polymer Research 

28 (2021) 146. https://doi.org/10.1007/s10965-021-02485-2. 

48. Liu M., Liu B., Shi L., Wang F., Liang L., Sun J., Melamine–ZnI 2 as 

heterogeneous catalysts for efficient chemical fixation of carbon dioxide to cyclic 

carbonates, RSC Adv 5 (2015) 960–966. https://doi.org/10.1039/C4RA11460D. 

49. Hirose T., Qu S., Kodama K., Wang X., Organocatalyst system for 

disubstituted carbonates from cycloaddition between CO2 and internal epoxides, 

Journal of CO2 Utilization 24 (2018) 261–265. 

https://doi.org/10.1016/j.jcou.2018.01.016. 

50. Huh S., Direct Catalytic Conversion of CO2 to Cyclic Organic Carbonates 

under Mild Reaction Conditions by Metal—Organic Frameworks, Catalysts 9 

(2019) 34. https://doi.org/10.3390/catal9010034. 

51. Brege A., Grignard B., Méreau R., Detrembleur C., Jerome C., Tassaing T., 

En Route to CO2-Based (a)Cyclic Carbonates and Polycarbonates from Alcohols 

Substrates by Direct and Indirect Approaches, Catalysts 12 (2022) 124. 

https://doi.org/10.3390/catal12020124. 

52. Tomishige K., Gu Y., Nakagawa Y., Tamura M., Reaction of CO2 With 

Alcohols to Linear-, Cyclic-, and Poly-Carbonates Using CeO2-Based Catalysts, 

Front Energy Res 8 (2020). https://doi.org/10.3389/fenrg.2020.00117. 

53. Sun J., Wang L., Zhang S., Li Z., Zhang X., Dai W., Mori R., 

ZnCl2/phosphonium halide: An efficient Lewis acid/base catalyst for the synthesis 

of cyclic carbonate, J Mol Catal A Chem 256 (2006) 295–300. 

https://doi.org/10.1016/j.molcata.2006.05.004. 



Инженерный вестник Дона, №11 (2025) 
ivdon.ru/ru/magazine/archive/n11y2025/10502  
 

 

 

© Электронный научный журнал «Инженерный вестник Дона», 2007–2025 

54. Honda M., Tamura M., Nakao K., Suzuki K., Nakagawa Y., Tomishige K., 

Direct Cyclic Carbonate Synthesis from CO 2 and Diol over 

Carboxylation/Hydration Cascade Catalyst of CeO 2 with 2-Cyanopyridine, ACS 

Catal 4 (2014) 1893–1896. https://doi.org/10.1021/cs500301d. 

55. He Q., O’Brien J.W., Kitselman K.A., Tompkins L.E., Curtis G.C.T.,  

Kerton F.M., Synthesis of cyclic carbonates from CO 2 and epoxides using ionic 

liquids and related catalysts including choline chloride–metal halide mixtures, 

Catal. Sci. Technol. 4 (2014) 1513–1528. https://doi.org/10.1039/C3CY00998J. 

56. Martínez-Ferraté O., Chacón G., Bernardi F., Grehl T., Brüner P., Dupont J., 

Cycloaddition of carbon dioxide to epoxides catalysed by supported ionic liquids, 

Catal Sci Technol 8 (2018) 3081–3089. https://doi.org/10.1039/C8CY00749G. 

57. Ge Y., Liu W., Zou Y., Cheng G., Ke H., A solid Zn complex catalyst for 

efficient transformation of CO2 to cyclic carbonates at mild conditions, 

Tetrahedron 119 (2022) 132857. https://doi.org/10.1016/j.tet.2022.132857. 

58. Bousquet B., Martinez A., Dufaud V., Zinc–Azatrane Complexes as 

Efficient Catalysts for the Conversion of Carbon Dioxide into Cyclic Carbonates, 

ChemCatChem 10 (2018) 843–848. https://doi.org/10.1002/cctc.201701481. 

59. Appaturi J.N., Ramalingam Rajabathar. J., Gnanamani M.K., Periyasami G., 

Arunachalam P., Adnan R., Adam F., Wasmiah M.D., Al-Lohedan H.A., Review 

on Carbon Dioxide Utilization for Cycloaddition of Epoxides by Ionic Liquid-

Modified Hybrid Catalysts: Effect of Influential Parameters and Mechanisms 

Insight, Catalysts 11 (2020) 4. https://doi.org/10.3390/catal11010004. 

60. Kessaratikoon T., Theerathanagorn T., Crespy D., D’Elia V., 

Organocatalytic Polymers from Affordable and Readily Available Building Blocks 

for the Cycloaddition of CO 2 to Epoxides, J Org Chem 88 (2023) 4894–4924. 

https://doi.org/10.1021/acs.joc.2c02447. 

61. Natongchai W., Posada-Pérez S., Phungpanya C., Luque-Urrutia J.A., Solà 

M., D’Elia V., Poater A., Enhancing the Catalytic Performance of Group I, II 



Инженерный вестник Дона, №11 (2025) 
ivdon.ru/ru/magazine/archive/n11y2025/10502  
 

 

 

© Электронный научный журнал «Инженерный вестник Дона», 2007–2025 

Metal Halides in the Cycloaddition of CO 2 to Epoxides under Atmospheric 

Conditions by Cooperation with Homogeneous and Heterogeneous Highly 

Nucleophilic Aminopyridines: Experimental and Theoretical Study, J Org Chem 

87 (2022) 2873–2886. https://doi.org/10.1021/acs.joc.1c02770. 

62. Detrembleur C., Thomassin J.-M., Grignard B., Monie F., Jerome C., Self-

blowing isocyanate-free polyurethane foams, WO2021004993A1, 2019. 

63. Mańka D., Siewniak A., Deep Eutectic Solvents as Catalysts for Cyclic 

Carbonates Synthesis from CO2 and Epoxides, Molecules 27 (2022) 9006. 

https://doi.org/10.3390/molecules27249006. 

64. Diakoumakos C.D., Lubomirov Kotzev D., Non-Isocyanate-Based 

Polyurethane and Hybrid Polyurethane-Epoxy Nanocomposite Polymer 

Compositions, US20120149842A1, n.d. 

https://patents.google.com/patent/US20120149842A1/en (accessed February 15, 

2012). 

65. Benedito A., Acarreta E., Giménez E., Highly Efficient MOF Catalyst 

Systems for CO2 Conversion to Bis-Cyclic Carbonates as Building Blocks for 

NIPHUs (Non-Isocyanate Polyhydroxyurethanes) Synthesis, Catalysts 11 (2021) 

628. https://doi.org/10.3390/catal11050628. 

66. He X., Wu G., Xu L., Yan J., Yan Y., Lipase-Catalyzed Synthesis, 

Properties Characterization, and Application of Bio-Based Dimer Acid 

Cyclocarbonate, Polymers (Basel) 10 (2018) 262. 

https://doi.org/10.3390/polym10030262. 

67. Monmagnon A., Bayle P.-A., Flaig F., Carpe C., Harfi J. El, Demadrille R., 

Rolere, Insights on the polymerization kinetics of non-isocyanate polyurethanes 

(NIPU) using in situ NMR spectroscopy, Polym Test 140 (2024) 108615. 

https://doi.org/10.1016/j.polymertesting.2024.108615. 

68. Huang H., Qui X., Wang C., Qiu B., Wei D., Liu S., Wu Y., Water-induced 

self-foaming polyhydroxy polyurethane foam and preparation method and 



Инженерный вестник Дона, №11 (2025) 
ivdon.ru/ru/magazine/archive/n11y2025/10502  
 

 

 

© Электронный научный журнал «Инженерный вестник Дона», 2007–2025 

application thereof, CN119529362A, n.d. 

https://patents.google.com/patent/CN119529362A/en?oq=CN119529362+(A) 

(accessed December 18, 2024). 

69. Yu L., Jia K., Zheg X., Han C., Huang, L.  A kind of organic-silicon-

modified single functionality polyurethane acrylic ester monomer and the 

preparation method and application thereof, CN109762008A, n.d. 

https://patents.google.com/patent/CN109762008A/en?oq=CN109762008A 

(accessed December 28, 2018). 

70. de la Cruz-Martínez F., Castro-Osma J.A., Lara-Sánchez A., Catalytic 

synthesis of bio-sourced organic carbonates and sustainable hybrid materials from 

CO2, in: 2022: pp. 189–236. https://doi.org/10.1016/bs.acat.2022.07.003. 

71. Monie F., Grignard B., Thomassin J., Mereau R., Tassaing T., Jerome C., 

Detrembleur C., Chemo‐ and Regioselective Additions of Nucleophiles to Cyclic 

Carbonates for the Preparation of Self‐Blowing Non‐Isocyanate Polyurethane 

Foams, Angewandte Chemie 132 (2020) 17181–17189. 

https://doi.org/10.1002/ange.202006267. 

72. Catalá J., Guerra I., García-Vargas J.M., Ramos M.J., García M.T., 

Rodríguez J.F., Tailor-Made Bio-Based Non-Isocyanate Polyurethanes (NIPUs), 

Polymers (Basel) 15 (2023) 1589. https://doi.org/10.3390/polym15061589. 

73. Matsumoto K., Kokai A., Endo T., Synthesis and properties of novel 

poly(hydroxyurethane) from difunctional alicyclic carbonate and m-

xylylenediamine and its possibility as gas barrier materials, Polymer Bulletin 73 

(2016) 677–686. https://doi.org/10.1007/s00289-015-1513-2. 

74. Mhatre S. V., Mahajan J.S., Epps T.H., Korley L.T.J., Lignin-derivable 

alternatives to petroleum-derived non-isocyanate polyurethane thermosets with 

enhanced toughness, Mater Adv 4 (2023) 110–121. 

https://doi.org/10.1039/D2MA00895E. 



Инженерный вестник Дона, №11 (2025) 
ivdon.ru/ru/magazine/archive/n11y2025/10502  
 

 

 

© Электронный научный журнал «Инженерный вестник Дона», 2007–2025 

75. Figovsky O., Hybrid nonisocyanate polyurethane network polymers and 

composites formed therefrom, KR20010071470A, 2001. 

https://patents.google.com/patent/KR20010071470A/en?oq=KR20010071470 

(accessed July 28, 2001). 

76. Leykin A., Beilin D., Birukova O., Figovsky O., Shapovalov L., 

Nonisocyanate Polyurethanes Based on Cyclic Carbonates: Chemistry and 

Application. Review, Journal "Scientific Israel-Technological Advantages 9 (2009) 

159–189. 

https://www.researchgate.net/publication/261362367_Nonisocyanate_Polyurethan

es_Based_on_Cyclic_Carbonates_Chemistry_and_Application_Review (accessed 

August 18, 2025). 

77. Ke J., Li X., Wang F., Jiang S., Kang M., Wang J., Li Q., Wang Z., Non-

isocyanate polyurethane/epoxy hybrid materials with different and controlled 

architectures prepared from a CO 2 -sourced monomer and epoxy via an 

environmentally-friendly route, RSC Adv 7 (2017) 28841–28852. 

https://doi.org/10.1039/C7RA04215A. 

78. Wazarkar K., Kathalewar M., Sabnis A., Development of epoxy-urethane 

hybrid coatings via non-isocyanate route, Eur Polym J 84 (2016) 812–827. 

https://doi.org/10.1016/j.eurpolymj.2016.10.021. 

79. Asemani H., Zareanshahraki F., Mannari V., Design of hybrid nonisocyanate 

polyurethane coatings for advanced ambient temperature curing applications, 

47266 (2018) 1–10. https://doi.org/10.1002/app.47266. 

80. Bourguignon M., Grignard B., Detrembleur C., Water‐Induced Self‐Blown 

Non‐Isocyanate Polyurethane Foams, Angewandte Chemie International Edition 

61 (2022). https://doi.org/10.1002/anie.202213422. 

81. He H., Sun Q., Gao W., Perman J.A., Sun F., Zhu G., Aguila B., Forrest K., 

Space B., Ma S., A Stable Metal–Organic Framework Featuring a Local Buffer 



Инженерный вестник Дона, №11 (2025) 
ivdon.ru/ru/magazine/archive/n11y2025/10502  
 

 

 

© Электронный научный журнал «Инженерный вестник Дона», 2007–2025 

Environment for Carbon Dioxide Fixation, Angewandte Chemie - International 

Edition 57 (2018) 4657–4662. https://doi.org/10.1002/anie.201801122. 

82. Kotanen S., Poikelispää M., Efimov A., Harjunalanen T., Mills C., 

Laaksonen T., Sarlin E., Hydrolytic stability of polyurethane/polyhydroxyurethane 

hybrid adhesives, Int J Adhes Adhes 110 (2021) 102950. 

https://doi.org/10.1016/j.ijadhadh.2021.102950. 

83. Wołosz D., Parzuchowski P.G., Biobased non-isocyanate poly (carbonate-

urethane)s of exceptional strength and flexibility, Polymer (Guildf) 254 (2022). 

https://doi.org/10.1016/j.polymer.2022.125026. 

84. Delavarde A., Savin G., Derkenne P., Boursier M., Morales-Cerrada R., 

Nottelet B., Pinaud J., Caillol S., Sustainable polyurethanes: toward new cutting-

edge opportunities, Prog Polym Sci 151 (2024) 101805. 

https://doi.org/10.1016/j.progpolymsci.2024.101805. 

Дата поступления: 10.09.2025 

Дата публикации: 25.10.2025 

 


