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Abstract

This study presents the development and characterization of novel hybrid non-
isocyanate polyurethanes (NIPUs) for structural adhesive applications. A one-pot
synthesis method at room temperature was developed, combining polyfunctional
cyclic carbonates, diethylenetriamine, and epoxy. Kinetic investigations revealed
significant differences between bi- and tricyclic carbonates, with tricyclic variants
demonstrating superior curing kinetics. The hybrid NIPUs exhibited remarkable lap-
shear strengths of 14-16 MPa on untreated aluminum and planed beech wood after
12 hours of room-temperature curing. The absence of isocyanates offers health and
safety advantages in various applications. The versatility of hybrid NIPUs was demon-
strated through their broad adhesion spectrum and adaptable mechanical properties,
positioning them as promising candidates for diverse industrial applications, includ-
ing battery component encapsulation and multi-material laminates. While challenges
remain, particularly in the availability of higher-functional cyclic carbonates, this
research opens new avenues for high-performance adhesive systems.

Keywords: polyurethanes, non-isocyanate polyurethanes, room-temperature curing,
structural, metal adhesion

1. Introduction

In 1937, Otto Bayer’s pioneering discovery of polyurethanes laid the foundation
for a polymer class now recognized for its exceptional versatility and applicability, as
characterized by the urethane bond in its structure [1]. The diversity of polyurethanes
is rooted in their modular synthesis, which allows the incorporation of a wide range
of different repeating units. This adaptability enables fine-tuning of the material’s
physical and chemical properties, ranging from thermoplastics to highly reactive
compounds. As a result, polyurethanes serve an expansive array of applications,
including but not limited to foams, coatings, textile fibers, and adhesives [2-4].
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Reaction equation of the polyaddition between polyol and isocyanate to form polyurethane.

The traditional synthesis of polyurethanes relies on a polyaddition reaction
between polyols and isocyanates, typically employing at least bi-functional precur-
sors (Figure 1). However, isocyanates pose health concerns, necessitating cautious
use and obligatory training. Recent regulatory developments in the European Union
[5] have catalyzed a quest for alternative synthetic pathways for polyurethanes. While
conventional polyurethanes have dominated the literature with over a million publi-
cations in the past two decades, the emerging field of non-isocyanate polyurethanes
(NIPUs) represents a niche, with approximately 4500 publications and 100 patents
during the same period (Figure 2).

Within the research landscape, four primary approaches for synthesizing NIPUs
have emerged [6, 7]:

1. Polyaddition of polyfunctional cyclic carbonates and amines: The advantage of this
synthetic route is that with each urethane group, an additional functional group,
a primary or secondary hydroxy group, is formed (Figure 3). Furthermore, no
condensation products are formed during the polyaddition, which can be carried
out at moderate temperatures (<120°C). An additional benefit of this synthesis is the
biodegradability, potential bioavailability, and low toxicity of the cyclic carbonates.

2. Polycondensation between polycarbonates and polyamines or polycarbamates
and polyols: The approach appears comparable to the previously described poly-
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Activities in filing patents and publishing articles on polyurethanes in the period from 2005 to 2023. Patents:
= isocyanate-free polyurethanes and wpolyurethanes. Articles: misocyanate-free polyurethanes and - polyurethanes.
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Figure 3.
Reaction equation of the polyaddition between amine and cyclic carbonate for the isocyanate-free formation of
poly (hydroxyurethane).

addition. These routes use polycarbonates and polyamines or polycarbamates

and polyols with functionalities of at least two. Figure 4 shows this is a polycon-
densation reaction where alcohol is produced as an undesired condensate, which
is either distilled off or remains in the product.

.Ring-opening polymerization of six- or seven-membered cyclic carbamates: This

method initially appears to be elegant and free of by-products. However, it often
requires very high temperatures, around 200°C, and catalysts such as sodium
hydride to shift the equilibrium in the desired direction (Figure 5). Additionally,

phosgene is typically used in the production of cyclic carbamates.

4.1In situ formation of isocyanate groups, e.g., via Lossen, Hofmann, or Curtius
rearrangement: In these complex synthetic pathways, the specified starting com-
pounds undergo a rearrangement to form in situ isocyanates, which react with
alcohol to produce urethanes (Figure 6). A disadvantage of this rearrangement
is that the process, strictly speaking, is not isocyanate-free, as isocyanates are
formed (albeit transiently) during the reaction.

Among these methods, the polyaddition of polyfunctional cyclic carbonates
and amines proves to be particularly promising. It leads to the formation of
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These polycondensation routes employ (a) polycarbonates with polyamines or (b) polycarbamates with polyols to
synthesize NIPU:.
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(a) Lossen, (b) Hoffmann, or (c) Curtius rearrangement: In these complex synthetic routes, the specified starting
compounds react through a rearrangement to form in situ genevated isocyanates.

poly(hydroxyurethane) (PHU), which reveals urethane bonds and primary or
secondary hydroxy groups (Figure 3). The motivation for this work lies not solely in
the research and development of isocyanate-free polyurethanes but also in optimizing
their properties for specific adhesive applications. In the course of this development,

a promising combination of epoxides, polyfunctional cyclic carbonates, and amines
was identified. These hybrid NIPUs can be tailored regarding their rigidity, flexibility,
and adhesion spectrum, making them pre-destined for applications in adhesives,
potting compounds, or impregnating resins. The scientific literature frequently
describes multi-step processes for producing these hybrid NIPUs. These methods
typically involve the initial synthesis of a prepolymer, followed by its further process-
ing in a second step. Such processes are often complex and time-consuming, requiring
multiple isolation and purification steps [8].
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In an alternative approach to circumvent these multi-step procedures, Ke et al.
developed a one-pot synthesis method [9]. In this method, all substances are com-
bined simultaneously. The procedure involves mixing an epoxy-containing compound
with a cyclic carbonate and an organocatalyst—in this case, 1,4-diazabicyclo[2.2.2]
octane (DABCO)—followed by a reaction with an amine-containing compound.
Although this method avoids multiple process steps, it requires heating the reaction
mixture, which may limit its applicability in commercial settings such as carpentry
workshops or construction sites.

In the following essay, a new generation of hybrid NIPUs are presented that can be
produced and processed via a one-pot synthesis at room temperature within 1 hour.
These NIPU adhesives are compared and evaluated in terms of viscosity range and
lap-shear strength with other structural adhesive classes.

2. Investigations on reaction kinetics

In our efforts to optimize NIPU formulations, we conducted extensive kinetic
studies to explore the interactions between formulation ingredients. We quantified
the time-dependent viscosity evolution of various formulations using plate-plate rhe-
ometry from Anton Paar at 20°C, with a shear rate of 100 s™! over a one-hour period.
This approach allowed us to uncover the optimal synergy between polyfunctional
cyclic carbonates and diethylenetriamine concerning their reaction kinetics.

Figure 7 provides a compelling visualization of the viscosity profiles for the NIPU
formulations under investigation, contrasting the effects of different catalysts on
bi- and tricyclic carbonates. Our analysis revealed significant differences in reac-
tion kinetics: formulations with bicyclic carbonates exhibited a moderate viscosity
increase from an initial range of 10-50 Pa-s to approximately 450 Pa-s within 1 hour.
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Viscosity increase of NIPU formulations with polyfunctional cyclic carbonates and diethylenetriamine. A
plate-plate vheometer was used at 20°C and a shear rate of 100 s*. Formulations with a bicyclic carbonate

(poly (propylene glycol) a,w-bis (cyclocarbonate), Mw = 480 g/mol): s uncatalyzed, ... Catalyst 1, DBU, and

<+« Catalyst 2, TBD. Formulations with a tricyclic carbonate (trimethylpropane-tri(cyclocarbonate), Mw = 435 g/
mol): —uncatalyzed, — Catalyst 1, DBU, and — Catalyst 2, TBD.
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In contrast, those containing tricyclic carbonates demonstrated a dramatic rise to
over 10,000 Pa:s in just 30 minutes. This pronounced increase in viscosity for tricyclic
carbonates indicates enhanced curing kinetics at ambient temperature, highlighting
their potential for rapid-curing NIPU systems.

The kinetic studies were conducted meticulously under controlled conditions,
utilizing two distinct catalysts—1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) and
1,8-diazabicyclo[5.4.0]undec-7-ene (DBU)—each at a 1% w/w concentration,
while maintaining a stoichiometric ratio of 1:1 between carbonate and amine
fractions.

This systematic approach not only facilitated a comprehensive evaluation of reac-
tion kinetics but also laid the groundwork for developing optimized NIPU formula-
tions with enhanced processing and performance characteristics. Future research
may focus on further refining catalyst systems and fine-tuning the carbonate-amine
stoichiometry to improve curing kinetics and achieve tailored properties for specific
applications. Such advancements could potentially revolutionize the field of non-
isocyanate polyurethanes, opening new avenues for their use in diverse industrial
sectors.

3. Initial hybrid formulations

For preliminary experiments with hybrid NIPU formulations (Table 1), polyfunc-
tional cyclic carbonates, diethylenetriamine, and epoxy were utilized.

The conversion of the carbonate with the amine to form C-N bonds was facilitated
through targeted catalysis using organocatalysts. This choice of catalyst eased the

Formulation A B Remark
Ingredients and composition % wiw % wiw —
Epoxy 533 29.7 —
Cyclic carbonate 327 48.8 A:bi-,

B: tricyclic carbonate
Catalyst 1.0 1.0 TBD catalyst
Amine 13.0 20.5 —
Properties A B Method
Initial viscosity/Pass 6.0 324.0 DIN EN ISO 10364
Pot life at 20°C/min 5.0 6.0 DIN EN ISO 10364
Lap-shear strength/MPa 6.0 9.8 A:DIN EN 12765 B: DIN EN 1465

A: planed beech wood
B: untreated aluminum

Storage modulus at 20°C/MPa 1200.0 1200.0 ASTM D5279

Tensile strength/MPa 364 46.6 DIN EN ISO 527-1:2019

Strain at break/% 6.2 9.0 DIN EN ISO 527-1:2019

Glass transition temperature Tg/°C 516 49.6 ASTM D5279
Table 1.

Initial hybrid NIPU adhesive formulations A and B with their compositions and specific properties such as start
viscosity, pot life at 20°C, lap-shear strength, stovage modulus, glass transition temperature, and tensile properties.
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desired crosslinking at room temperature, avoiding the need for curing at elevated
temperatures (typically up to 120°C for several hours), which often leads to unwanted
side reactions. Organocatalysts, such as tertiary amines and hydrogen-bond donors,
exemplified by TBD or thiourea, effectively activate the carbonyl groups of cyclic
carbonates at room temperatures [10]. The one-pot synthesis of the initial formula-
tions followed a six-step protocol:

1. Homogenization of the epoxy and the polyfunctional cyclic carbonate using a
speedmixer (2000 min! for 1 minute).

2. Integration of the catalyst followed by further homogenization (2500 min™* for
3 minutes).

3. Thermal treatment to dissolve the catalyst in the epoxy-carbonate mixture (80°C
for 40 minutes).

4.Cooling to room temperature and re-homogenization (2500 min™" for
3 minutes).

5. Incorporation of diethylenetriamine at room temperature (2000 min™" for
1 minute).

6.Immediate processing of the mass by casting or application for adhesive bonding
at room temperature.

Detailed information regarding the synthesis methodology is disclosed in the
patent application “Verfahren zur Herstellung eines hybriden nicht-isocyanathaltigen
Polyurethans” by Lutz and Odermatt [11]. For industrial scaling, these hybrid NIPUs
are designed as two-component adhesive systems, where Component A comprises
the mixture of epoxy, cyclic carbonate, and catalyst. At the same time, Component B
represents the amine component.

4. Isocyanate-free polyurethane hybrids for structural bonding

Based on preliminary findings, all subsequent formulations for hybrid NIPU
adhesives with structural properties were engineered using the tricyclic carbonate
trimethylpropane-tri(cyclocarbonate) with a molecular weight of 435 g/mol, select-
ing TBD as the catalyst due to its superior catalytic efficiency and an epoxy. Figures 8
and 9 illustrate the application domains of various structural adhesives, presenting
the relationship between lap-shear strength and initial viscosity. These two properties
were measured as follows:

1.Lap-shear strength tests were performed on planed beech wood referred to DIN
EN 12765 at durability class C1 (Figure 8) and untreated aluminum EN AW-5754
alloy according to DIN EN 1465 (Figure 9). All adhesives were prepared and
mixed under controlled conditions of 20°C and 65% relative humidity prior to
application. The substrates were used as received without pretreatment, with the
following dimensions (length x width x thickness):
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a.Beechwood: 80.0 mm x 20.0 mm x 5.0 mm, with a 10 mm overlap
b.Aluminum: 80.0 mm x 25.0 mm x 1.6 mm, with a 12.5 mm overlap

The lap-shear specimens were subjected to a pressure of 0.8 N/mm? for 12 hours
at 20°C. Subsequently, the specimens underwent a 7-day conditioning period in
a climate-controlled environment maintained at 20°C and 65% relative humid-
ity. Lap-shear tests were performed using a ZwickRoell universal testing machine
equipped with a 50 kN load cell and tested at a 10 mm/min crosshead speed.

2. Initial viscosity was measured using plate-plate rheometry from Anton Paar at
20°C with a shear rate of 100 s™' according to DIN EN ISO 10364.

On beech wood, 2 K epoxy adhesives, atypical for wood joints, exhibit good
lap-shear strengths of up to 13 MPa in the low viscosity range (200-4000 mPaes).
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Figure 8.
Lap-shear strength on planed beech wood versus initial viscosity (measured after mixing) of structural adhesives:
A 2 Kepoxy, ¢ 1 K PUR, and ® 2 K NIPU.
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Figure 9.
Lap-shear strength on untreated aluminum EN AW-5754 versus initial viscosity of structural adhesives: a 2 K
epoxy, m 2 K polyurea, + 1 K PUR, v 2K epoxy-silane, and « 2 K NIPU.
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Reactive one-part polyurethane (1 K PUR) systems achieve lap-shear strengths

of 12-13 MPa at typically higher initial viscosities >10,000 mPaes. Hybrid NIPUs
demonstrate the highest lap-shear strength of over 15 MPa across the broad viscos-
ity range, with wood failure occurring in more than 60% of cases, indicating their
versatility and effectiveness.

On untreated aluminum EN AW-5754, 1 K PUR and 2 K polyurea adhesives exhibit
predictably poor adhesion due to the lack of surface pretreatment. In contrast, 2 K
epoxy and 2 K epoxy-silane adhesives demonstrate superior performance, achieving
lap-shear strengths ranging from 10 to 14 MPa.

Notably, hybrid NIPUs attain comparable results to 2 K epoxy and 2 K silane-
modified adhesives on untreated aluminum, primarily exhibiting cohesive failure
while maintaining their characteristic polyurethane tensile properties, as illustrated
in Figure 10. This performance suggests that hybrid NIPUs may offer a promising
alternative for bonding untreated aluminum surfaces without compromising the
beneficial properties of polyurethane-based adhesives.

Stress-strain curves were generated in accordance with DIN EN ISO 527-1:2019.
Epoxy and hybrid NIPU samples were prepared and mixed under controlled condi-
tions of 20°C and 65% relative humidity before being injected into 5A tensile speci-
men molds. The specimens were then subjected to a 7-day conditioning period in
a climate-controlled environment maintained at 20°C and 65% relative humidity.
Tensile tests were conducted using an Instron universal testing machine equipped
with a 30 kN load cell and tested at a 10 mm/min crosshead speed.

The stress-strain diagram (Figure 10) shows that by increasing the NIPU content
in the epoxy, a transition from brittle to elastic behavior with strain-hardening
behavior can be achieved. Table 2 presents the corresponding lap-shear strengths.
At an epoxy: NIPU ratio of 78:22, the highest shear strengths on the planed beech
wood are achieved, with approximately 80% wood failure. On the aluminum alloy
EN AW-5754, the maximum shear strength of 15.9 + 1.0 MPa was obtained at an
epoxy: NIPU ratio of 55:45, exhibiting cohesive failure in the adhesive. This result is
remarkable for a polyurethane-based adhesive formulation on untreated aluminum.
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Figure 10.
The stress-strain diagram shows a transition from epoxy to a brittle and tough hybrid NIPU adhesive: Epoxy with
— 0% w/w, —22% w/w, —33% w/w, and — 45% w/w NIPU content.
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NIPU content in epoxy % w/w Lap-shear strength planed Lap-shear strength untreated
beech wood aluminum
MPa MPa
—-00 11.3+0.2 101+ 04
-22 133+04 10809
—-33 129+ 0.6 14105
—45 10.2£0.2 159+ 1.0
Table 2.

Lap-shear strength on planed beech wood and untreated aluminum EN AW-5754 of hybrid NIPU adhesives at
various epoxy:NIPU proportions.

The adhesive demonstrates high toughness, with the epoxy contributing to adhesion
on metals, supported by the additional hydroxy groups of the NIPU. This combina-
tion of properties opens new possibilities for developing high-performance, versatile
adhesive systems for diverse structural applications.

5. Challenges and opportunities

The development and application of hybrid NIPU adhesives face several signifi-
cant technical and economic challenges.

First, a fundamental issue lies in the generally low reactivity of cyclic car-
bonates, which impairs the efficiency of polyaddition reactions and leads to
extended reaction times. This kinetic limitation can be problematic in industrial
applications, negatively affecting processing speed and, consequently, process
economics. Developing suitable catalyst systems to accelerate the reaction remains
a central development goal.

Second, the current catalyst quantities are too high at 1% w/w. Therefore, opti-
mizing catalyst systems to accelerate the polyaddition reaction is already a central
research topic [12-14]. Advancements in this area could significantly increase pro-
cessing speed and thus improve industrial applicability.

Third, the long-term stability of hybrid NIPU adhesives under application condi-
tions has yet to be sufficiently researched. Comprehensive aging studies, including
alternating climate change and weathering tests, are necessary to generate reliable
data on the durability of bonded components.

Last, another challenge is the limited availability of higher-functional cyclic
carbonates. While monofunctional cyclic carbonates are commercially available
in large quantities, including from Huntsman or UBE Corporation, higher-
functional variants are produced only on a laboratory scale, such as by Specific
Polymers [15]. This limitation has significant implications for the scalability and
economic feasibility of NIPU technology. Nevertheless, various approaches to
producing cyclic carbonates from alternative sources are being explored in aca-
demia. Promising strategies include the use of polyether polyols from the fermen-
tation of polysaccharides or the utilization of lignin or glycerine with subsequent
cycloaddition of CO, as an abundant and cost-effective renewable raw material
source to produce cyclic carbonates [6, 16-18]. Further activities also exist in areas
where NIPU has carbonated soybean oil and a diamine comprising 100% renew-
able carbon content [19].
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6. Conclusions

Hybrid NIPUs demonstrate their potential in structural bonding. In this con-
text, initial formulations achieved remarkable lap-shear strengths of 14-16 MPa
on untreated aluminum and planed beech wood, underscoring their suitability for
demanding joints. The absence of isocyanates in these adhesive systems offers advan-
tages in terms of health protection, particularly in carpentry workshops and con-
struction sites, where exposure to potentially harmful substances can be minimized.

Of particular note are the surprising properties of hybrid NIPUs regarding their
adhesion spectrum on untreated metal surfaces and their structural performance.
Initial formulations achieved lap-shear strengths of nearly 16 MPa on untreated
aluminum with a pressing time of 12 hours under room temperature conditions.

Further investigations indicated that new hybrid NIPU formulations with even
higher lap-shear strengths in combination with increased toughness and reduced
pressing times are achievable. This discovery opens new application fields for poly-
urethane adhesives in areas where pronounced metal adhesion is critical. A promis-
ing application area is the encapsulation of battery components in electromobility.
Further, the expanded adhesion spectrum of hybrid NIPUs predestines them as
laminating resins in multi-material laminates, such as those used in ski construction.
This versatility in substrate compatibility and advantageous mechanical properties
position hybrid NIPUs as a potential novel solution for complex bonding tasks across
various industrial sectors.

Ultimately, the most significant limitation to the economic feasibility of this
technology is the availability of higher-functional cyclic carbonates.

Acknowledgements
The authors thank Nicole O’Brien for her support with the text and Collano
Technology and Business Development team for exciting and stimulating discussions

on the topic, as well as Dr. Vincent Lutz and Daniela Odermatt for laying the technical
foundation of isocyanate-free polyurethanes at Collano.

Author details

Bruno Traber, Heiko Jung and Raphael Schaller*
Collano AG, Neulandstrasse 1, Sempach Station, Switzerland

*Address all correspondence to: raphael.schaller@collano.com

IntechOpen

© 2025 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided

the original work is properly cited. L) NN

11



Adhesives — Properties, Modifications, Typical and Innovative Applications

References

[1] Bayer O. Das Di-Isocyanat-
Polyadditionsverfahren (polyurethane).
Angewandte Chemie. 1947;59:257-272.
DOI:10.1002/ange.19470590901

[2] Akindoyo JO, Beg MDH, Ghazali S,
Islam MR, Jeyaratham N, Yuvaraj AR.
Polyurethane types, synthesis and
applications — A review. RSC Advances.
2016;115:114453-114482. DOI: 10.1039/
C6RA14525F

[3] Market Data. Plastics Europe
Regularly Publishes Reports on Market
Data and on the Circularity of the
European Plastics Industry. 2024.
Available from: https://plasticseurope.
org/resources/market-data/ [Accessed:
December 11, 2024]

[4] Szycher M. Szycher’s Handbook of
Polyurethanes. 2nd ed. Boca Raton,
Florida, USA: CRC Press; 2012.

DOI: 10.1201/b12343

[5] Commission Regulation (EU). 2022.
2022/1149. 2022. Available from: https://
eur-lex.europa.eu/legal-content/EN/
TXT/PDF/?uri=CELEX:32020R1149
[Accessed: December 11, 2024]

[6] Btazek K, Datta J. Renewable natural
resources as green alternative substrates
to obtain bio-based non-isocyanate
polyurethanes — Review. Critical
Reviews in Environmental Science

and Technology. 2019;49:173-211.

DOI: 10.1080/10643389.2018.1537741

[7] Stachak P, Eukaszewska I, Hebda E,
Pielichowski K. Recent advances

in fabrication of non-isocyanate
polyurethane-based composite
materials. Materials. 2021;14:3497-3524.
DOI: 10.3390/ma14133497

(8] Cornille A, Auvergne R, Figovsky O,
Boutevin B, Caillol S. A perspective

12

approach to sustainable routes for
non-isocyanate polyurethanes. European
Polymer Journal. 2017;87:535-552.

DOI: 10.1016/j.eurpolymj.2016.11.027

[91 Ke ], Li X, Jiang S, Wang J, Knag M,

Li Q, et al. Critical transformation of
epoxy resin from brittleness to toughness
by incorporating CO,-sourced cyclic
carbonate. Journal of CO, Utilization.
2018;26:30-313. DOI: 10.1016/j.
jcou.2018.05.020

[10] Lutz V. Raumtemperaturhirtende
NIPU-Systeme (non-isocyanate
polyurethane). In: Proceedings
Winterthurer Klebstofftagung.
Winterthur: Ziircher Hochschule fiir
angewandte Wissenschaften; 2023

[11] Lutz V, Odermatt D. Verfahren

zur Herstellung eines hybriden nicht-
isocyanathaltigen Polyurethans. Patent
Application WO. 2024/165634 Al.2024.
pp. 27-32

[12] Carbajo-Gordillo Al, Benito E,
Galbis E, Grosso R, Iglesias N,
Valencia C, et al. Simultaneous
formation of polyhydroxyurethanes
and multicomponent semi-IPN
hydrogels. Polymers. 2024;16:880-901.
DOI: 10.3390/polym16070880

[13] Ochiai B, Kobayashi Y. Non-
isocyanate synthesis of aliphatic
polyurethane by BiCl;-catalyzed
transurethanization polycondensation.
Polymers. 2024;16:1136-1150.
DOI:10.3390/polym16081136

[14] Kietkiewicz D, Siewniak A, Gaida R,
Greif M, Chrobik A. Ionic liquid
catalysis in cyclic carbonate synthesis
for the development of soybean oil-
based non-isocyanate polyurethane



Isocyanate-Free, Room-Temperature Curing Polyurethanes for Structural Applications
DOI: http://dx.doi.org/10.5772/intechopen.1008852

foams. Molecules. 2024;29:3908-3926.
DOI: 10.3390/molecules29163908

[15] Poly (Ethylene Glycol), a,w-
Bis(Cyclocarbonate). 2024. Available
from: https://specificpolymers.
com/product/polyethylene-glycol-
%ce%b1%cf%89-biscyclocarbonate/
[Accessed: December 11, 2024]

[16] Chen Q, Gao K, Peng C, Xie H,
Zhao ZK, Bao M. Preparation of lignin/
glycerol-based bis(cyclic carbonates)
for the synthesis of polyurethanes.
Green Chemistry. 2015;9:4546-4551.
DOI: 10.1039/C5GC01340B

[17] Blazek K, Benes$ H, Walterova Z,
Abbrent S, Eceiza A, Calvo-Correas T,
et al. Synthesis and structural
characterization of bio-based bis(cyclic
carbonate)s for the preparation

of non-isocyanate polyurethanes.
Polymer Chemistry. 2021;12:1643-1652.
DOI:10.1039/DOPY01576H

[18] Rollin P, Soares LK, Barcellos AM,
Araujo DR, Lenardio EJ, Jacob RG,

et al. Five-membered cyclic carbonates:
Versatility for applications in organic
synthesis, pharmaceutical, and materials
sciences. Applied Sciences. 2021;11:5024-
5080. DOI: 10.3390/app11115024

[19] Catald ], Guerra I, Garcia-Vargas JM,
Ramos MJ, Garcia MT, Rodriguez JF.
Tailor-made bio-based non-isocyanate
polyurethanes (NIPUs). Polymers.
2022;15:1589-1609. DOI: 10.3390/
polym15061589

13



