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SUMMARY

Since the development of the reaction between alcohols and isocyanates in 1930s by
Otto Bayer and co-workers, the expansion of polyurethanes (PUs) has reached such a
point that modern life cannot be understood without them. In fact, the versatility of
this polymer family has allowed the use of PU in numerous fields and applications,
such as rigid and flexible foams for insulation or automotive industry, adhesives and
sealants, coatings, biomedical materials, etc. However, the use of finite and non-
renewable fossil-based feedstocks, and the increasing environmental and security
concerns has spurred the research in new synthetic alternatives to traditional PUs.
Consequently, alternative polyurethanes processes should take into consideration
factors such as circular economy, renewability, reliability, low emissions and
industrial feasibility. The design of a new class of polymers to substitute the current

PUs is one of the greatest challenges in polymer chemistry.

The growing interest in process development in line with Green Chemistry principles
has resulted in the research to use biomass as feedstock for PU synthesis. In this
context, vegetable oils have attracted the greatest interest due to their widespread
availability, non-toxicity, sustainability, inherent biodegradability, easy handling,
low cost and the well-defined chemical structure. The fact that vegetable oils are tri-
esters of glycerol with long-chain fatty acids, provides different active sites, which
can be modified for the obtention of both polyols and isocyanates as intermediates of
PUs. Nevertheless, the synthesis of a completely biomass-based PUs does not address

the major drawback of PUs: The toxicity of isocyanates and their precursors.

To tackle this problem, the scientific community has focused its efforts on the
replacement of isocyanates as chemical reagents, developing new chemical pathways
for polyurethane synthesis by non-isocyanate routes. Up to now, the best way for the
development of PUs aligned with non-isocyanate and Green Chemistry philosophy
is the polyaddition reaction between cyclic carbonates and amines. Indeed, this route
has allowed the synthesis of non-isocyanate polyurethanes (NIPUs) from carbonated

vegetable oils.
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In spite of the step forward in terms of sustainability, the synthesis of NIPUs from
vegetable oils through polyaddition reaction has several drawbacks. In relation to
carbonated precursor synthesis, the low CO: activity and the high steric hindrance of
the oil structure prevent a high yield of the desired bio-based carbonate product. This
leads to the need for high temperatures and pressures with long reaction times,
together with the use of efficient catalytic systems. Therefore, the synthesis of
carbonated vegetable oils requires reaction conditions that considerably increase the
cost of the products and make more difficult the industrial implementation of the
carbonated oils. To circumvent these drawbacks, in this thesis a series of economic
and easy to prepare and to isolate catalysts have been tested in the cycloaddition
reaction of CO2. On the other hand, most of the research on the synthesis of NIPUs
has been focused on factors to improve the reactivity between the cyclic carbonates
and the amines. However, few works have gone a step further and have tried to apply
these products in the industry or at least characterize the product according to
industrial standards. Therefore, in this thesis we have tried to make progress in this
area, with the implementation of soybean oil-based NIPUs in the coatings industry,
in addition to a comparison of the properties between NIPUs and PUs from vegetable

oils.

In order to bring CSBO-based NIPUs closer to an industrial application, the thesis is
structured in five chapters. Chapter 1 discusses the current status of petrochemical-
based polyurethanes and the possible solutions developed to obtain more sustainable
polyurethanes in accordance with the principles of Green Chemistry, with special
emphasis on the new generation of biomass based non-isocyanate polyurethanes.
Additionally, the challenges that need to be addressed for sustainability and to make
the process industrially viable are highlighted. Besides, the current situation of CO:
cycloaddition to epoxides from vegetable oil or derivates is described, as well as the

properties and applicability of NIPUs from carbonated oils.

In Chapter 2, the optimization of the carbonation of soybean oil through the
development of new catalysts is presented. Specifically, a series of economic and easy
to prepare and to isolate ionic liquids based in phosphonium cation and a halogen

anion have been designed, prepared, fully characterized and tested in the

Vi
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cycloaddition reaction of CO: to epoxidized soybean oil (ESBO). In order to find the
optimal reaction conditions, the influence of the cation and the anion on the
performance of the ionic liquid and several reaction parameters such as reaction
temperature, catalyst concentration, total pressure and reaction time have been

studied and are deeply discussed.

Chapter 3 deals with the synthesis and characterization of non-isocyanate
polyurethanes through the polyaddition reaction between carbonated soybean oil
and different amines and molar ratios. NIPUs synthesis was accompanied by a
detailed study of the properties of soybean oil-based NIPUs through a series of
characterization techniques to analyse the influence of these parameters in the final
properties and determine they versatility. Additionally, a comparison of the
properties obtained with those of traditional vegetable oil-based PUs has also been

carried out.

Chapter 4 focuses on the applicability of NIPUs from CSBO in the coatings industry
under industry-required conditions. For that goal, two different strategies have been
pursued. The first focuses on the development of NIPU coatings by combining
carbonated soybean oil and industrial amines directly in the formulation. The second
approach is based on the development of 2K hybrid NIPU-epoxy coatings via the
synthesis of CSBO-based amino hardeners. The obtained NIPU coatings were
characterized by means of complementary techniques used in the coating industry

and compared to commercial epoxy coating benchmarks.

Chapter 5 brings together the main conclusions obtained throughout this research, in
addition to possible future work to create more sustainable polyurethanes with

greater potential.

Vii
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Resumen

RESUMEN

Desde que en la década de 1930 Otto Bayer y sus colaboradores desarrollaron la
reaccién entre alcoholes e isocianatos, la expansidon de los poliuretanos (PUs) ha
llegado a tal punto que es incomprensible entender la vida moderna sin estos
materiales. De hecho, la versatilidad de esta familia de polimeros ha permitido el uso
de los PUs en numerosos campos y aplicaciones, como espumas rigidas y flexibles
para el aislamiento o la industria del automovil; adhesivos y selladores;
revestimientos; materiales biomédicos; etc. Sin embargo, el uso de materias primas
finitas y no renovables de origen fésil, junto con la creciente preocupacién por el
medio ambiente y la seguridad han impulsado la investigacion de nuevas alternativas
sintéticas a los PUs tradicionales. Por este motivo, el proceso para desarrollar PUs
alternativos debe tener en cuenta estos factores: economia circular, reciclabilidad,
seguridad, bajas emisiones y viabilidad industrial. El disefio de una nueva clase de
polimeros para sustituir a los actuales PUs es uno de los mayores retos en la quimica

de polimeros.

El creciente interés por el desarrollo de procesos afines a los principios de la Quimica
Verde ha impulsado a el uso de la biomasa como materia prima para la sintesis de
PUs. En este contexto, la disponibilidad, no toxicidad, sostenibilidad, inherente
biodegradabilidad, facil manejo, bajo coste y estructura quimica bien definida,
convierte a los aceites vegetales en una de las materias primas con mayor potencial
para el desarrollo de distintos productos. El hecho de que los aceites vegetales sean
triésteres de glicerol con acidos grasos de cadena larga, proporciona diferentes sitios
activos, que pueden ser modificados para la obtencion de polioles e isocianatos, como
intermedios de PUs. No obstante, la sintesis de un PUs completamente basado en la
biomasa no aborda el principal inconveniente de los PUs: La toxicidad de los

isocianatos y sus precursores.

Para afrontar este problema, la comunidad cientifica ha focalizado sus esfuerzos en la
sustitucion de los isocianatos como reactivos quimicos, desarrollando nuevas vias

quimicas para la sintesis de poliuretanos por rutas sin isocianatos. En la actualidad,

iX
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la reaccién de poliadicion entre carbonatos ciclicos y aminas es considerada la via de
mayor potencial para el desarrollo de PUs por estar acorde a la filosofia de evitar el
uso de los isocianatos y la Quimica Verde. De hecho, esta ruta ha permitido la sintesis

de poliuretanos sin isocianato (NIPUs) a partir de aceites vegetales carbonatados.

A pesar del paso adelante en términos de sostenibilidad, la sintesis de NIPUs a partir
de aceites vegetales por medio de la poliadicion presenta varios inconvenientes. En
primer lugar, la baja actividad del CO:y el alto impedimento estérico de la estructura
del aceite limita la reactividad y alto rendimiento del precursor carbonatado. Esto
implica el uso de altas temperaturas y presiones con largos tiempos de reacciéon. Por
esta razon, la sintesis de aceites vegetales carbonatados requiere unas condiciones de
reaccion que aumentan considerablemente el coste de los productos y dificultan su
implantacion industrial. Para sortear estos inconvenientes, en esta tesis se han
ensayado una serie de catalizadores economicos, faciles de preparar y aislar en la
reaccion de cicloadicion entre el CO2 y aceite de soja epoxidado (ESBO). En segundo
lugar, la mayor parte de la investigacion sobre la sintesis de NIPUs a partir de aceites
vegetales se ha centrado en factores para mejorar la reactividad entre los carbonatos
ciclicos y las aminas. Sin embargo, son pocos los trabajos que han ido un paso mas
alld y han tratado de aplicar estos productos en la industria o, al menos, caracterizar
el producto de acuerdo con los estandares industriales. Por ese motivo, uno de los
objetivos de esta tesis ha sido avanzar en la aplicabilidad de los NIPUs a base de aceite
de soja, empleando estos materiales en la industria de los recubrimientos. Asimismo,
se ha realizado una comparacion de las propiedades entre NIPUs y PUs de aceites
vegetales con la intenciéon de conocer la eficiencia de los NIPUs respecto a sus

analogos con isocianatos.

Con el fin de acercar los NIPU basados en aceite de soja carbonatado (CSBO) a una
aplicacién industrial, la tesis se estructura en cinco capitulos. En el Capitulo 1 se
discute el estado actual de los poliuretanos de base materias primas de origen
petroquimico y las posibles soluciones desarrolladas para obtener poliuretanos mas
sostenibles de acuerdo con los principios de la Quimica Verde, con especial énfasis en
la nueva generacién de poliuretanos sin isocianato basados en biomasa. Ademas, se

destacan los retos que hay que abordar para la sostenibilidad y para que el proceso

X
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sea viable industrialmente. Asimismo, se describe la situacion actual de la
cicloadicién de CO2 a epdxidos procedentes de aceites vegetales o derivados, asi como

las propiedades y aplicabilidad de los NIPUs procedentes de aceites carbonatados.

En el Capitulo 2 se realiza la optimizacién de sintesis del aceite de soja carbonatado
mediante el desarrollo de nuevos catalizadores. En concreto, se han disenado,
preparado, caracterizado y ensayado una serie de liquidos idénicos econdémicos
basados en un catién fosfonio y un anién halégeno en la reaccion de cicloadicion de
CO2 a ESBO. Con el fin de conocer las condiciones éptimas de reaccion, se ha
estudiado la influencia del catién y del anién en el rendimiento del liquido iénico,
ademas de varios parametros de reacciéon como la temperatura de reaccion, la

concentracion del catalizador, la presion total y el tiempo de reaccion.

El Capitulo 3 se presenta la sintesis y caracterizacién de poliuretanos sin isocianatos
mediante la reaccién de poliadicién entre CSBO y diferentes aminas y proporciones
molares. Ademas de, la sintesis de NIPUs, se ha realizado un estudio detallado de las
propiedades de los NIPUs basados en aceite de soja mediante una serie de técnicas de
caracterizacion para analizar la influencia de estos parametros en las propiedades
finales y determinar su versatilidad. También, se ha realizado una comparacién de las

propiedades obtenidas con las de los PUs tradicionales basados en aceites vegetales.

El Capitulo 4 se centra en la aplicabilidad de NIPUs de CSBO en la industria de los
recubrimientos. Para ello, se han seguido dos estrategias diferentes. La primera se
centra en el desarrollo de recubrimientos de NIPU mediante el uso directo de aceite
de soja en una formulacién compuesta por aminas de uso industrial y el aceite. La
segunda estrategia se enfoca en el desarrollo de recubrimientos hibridos NIPU-epoxi
mediante la sintesis de amino endurecedores a base de CSBO. Los recubrimientos de
NIPU obtenidos se caracterizaron mediante técnicas complementarias utilizadas en
la industria de los recubrimientos y se compararon con las referencias de los

recubrimientos epoxi comerciales.

Xi
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El Capitulo 5 agrupa las principales conclusiones obtenidas a lo largo de esta
investigacién, ademads de posibles trabajos futuros para crear poliuretanos mas

sostenibles y con mayor potencial.

APPLICATION

Graphical abstract 2. Thesis graphical abstract
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(7-carboxyheptyl)triphenylphosphonium bromide
Cetyltrimethylammonium bromide
Dodecyltripcyclohexylphosphonium bromide
Dodecyltriphenylphosphonium bromide
Eicosiltriphenylphosphonium bromide

Hydrogen ion-Acid compound
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1-butyl-4-(2-hydroxyphenyl)-3-phenyl-1H-imidazolium

[HPhBPhIm][Br] bromide

[HPhBPhImI[I] i1(;1(:;1(;171—4—(Z—hydroxyphenyl)—3—phenyl—1 H-imidazolium
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Tri-n-butyl-(2-hydroxyethyl)phosphonium chloride

Tri-n-butyl-(2-hydroxyethyl)phosphonium iodine
Tetra-n-butylphosphonium bromide
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xviii
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INTRODUCTION
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Chapter 1

1.1 Polyurethanes: Past, present, and future

1.1.1  Traditional polyurethanes

In the first decades of 20t century, the development of synthetic polymers prompted
the explosive growth of the polymer industry with the creation of polyvinyl chloride
(PVC), polyethylene, polyamides (nylon) or polyurethanes (PUs). The expansion has
reached such a point that many of these polymer families are currently an inseparable
part of modern life. PUs chemistry has not stopped growing since in the 1930s Otto
Bayer and co-workers developed the reaction between alcohols and isocyanates
(Scheme 1.1)! The growth of PUs technology in the next decades was attributed to
their potential use as substitutes of other materials and the development of a great
variety of polyols, which allowed the use of PU in numerous fields and applications:
Shoe soles, clothing fibbers, seat cushions, wall and ceiling insulation, paints and
coatings, bed mattresses, adhesives, etc (Figure 1.1).2 Furthermore, the continuous
expansion of the polyurethane industry in recent years has turned PUs into the fifth
most utilized type of polymer, with a market value of over $50 billion in 2021. This
market is forecast to register a compound annual growth rate (CAGR) of 5% during
the period 2022-2027.34

R1-0H + Rz*N:CZO —— R1* ,Rz

Scheme 1.1. Synthesis of an urethane compound.

Traditionally, PUs are formed by a polyaddition reaction between a diol (or polyol),
and a diisocyanate (or polyisocianate) (Scheme 1.2). It is important to emphasize that,
depending on the final application, the manufacturing process may undergo some
modifications.®> Variations on the type and proportion of diisocyanate, polyol, and
chain extender (if needed) offer a wide range of macromolecular structures, which
translates into diverse properties. These, in turn, make them suitable form any
different applications: rigid and flexible foams for insulation or automotive industry,

adhesives and sealants, coatings, biomedical materials, etc®”. Indeed, the diversity of



Introduction

isocyanates and polyols has made PUs one of the most versatile materials in modern

life.

F . - 0
ocn—‘nco + o/ \/\/\,on — NJLO--‘: YAVA -‘--OJLN——.
\J \, H \ \ \ H
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Scheme 1.2. PU from diisocyanate and diol.

PUs are usually classified as thermosets and thermoplastics. The functionality and
composition of the precursors determine whether a PU is a thermoset or a
thermoplastic, and hence their final application. Highly functionalized reagents (=3)
result in a PU with large degree of chemical cross-linking producing thermoset
materials, which are present in numerous applications within the foams field, as
flexible or rigid, and parts made by reaction injection moulding (RIM). These
materials are largely employed as insulators in the construction industry, or in
furniture and automotive businesses for seat cushioning. Additionally, thermoset
urethane polymers are also applied in numerous industrial and household articles,
such as shoes, helmets, sports equipment, floor mats, etc. PUs made from purely
difunctional components are thermoplastics. Unlike thermoset products, these are not
chemically cross-linked, and the behaviour is closely related to the physical cross-link
generated via phase separation and hard segment crystallization. Thermoplastic PU
resin (TPU), solvent-borne urethane solution (SBU) and waterborne PU dispersions
(PUD) are the categories possible in thermoplastic polyurethanes. As previously
mentioned, the diversity of chemistry and availability of many building blocks has
allowed the use of PUs in numerous fields. For instance, TPU are present in shoe-
soles, wire and cable jackets, skiing-shoes and rollers, protective films, catheters,
implants, automotive parts, etc. SBU and PUD are applied as coatings, adhesives, or
binders in many industries, such as automotive, aerospace, textile or furniture.
However, although the two categories are very well differentiated, it should be noted
that in some of the applications, such as coatings or adhesives, they may be used as a

combination of thermoplastic and thermoset.5?



Chapter 1
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Figure 1.1. Main applications of traditional polyurethanes.

Despite the usefulness of PUs in numerous industries, the course towards Green
Chemistry revealed two main drawbacks in PUs traditional synthesis. On the one
hand, the use of petroleum-based resources. Most of the polyols and polyisocyanates
are derived from petrochemicals'0'!. Therefore, the high environmental impact of the
consumption of non-renewable resources is pushing for more suitable polymers
derived from biomass-based monomers, also know as bio-based monomers.812-14 It is
important to highlight that, this last appellation is the one used during this work for
products developed from biomass. On the other hand, the evidenced toxicity of
isocyanates. Although polyurethanes are not toxic compounds, considering the life
cycle of isocyanate-based PUs there are several negative aspects. First, the industrial
synthesis of isocyanates is based on a phosphogenation process, using a lethal and
highly reactive gas, phosgene.'®> Secondly, the use of isocyanates raises severe health
issues. Even some of the most commonly used isocyanates (methylene diphenyl

diisocyanate (MDI) and toluene diisocyanate (TDI)) are classified as CMR
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(carcinogenic, mutagenic, and toxic to reproduction).'6-1® Moreover, at the end of PUs
life cycle, toxic substances are formed as a consequence of thermal degradation and
also by hydrolysis of PUs wastes.!® To be aware of the danger of the use of isocyanates
it is worth reminding the disaster that occurred in Bophal (India) at the end of 1984.
A methyl isocyanate leakage caused one of the deadliest industrial events, in which
at least 2000 thousand people died, and 200.000 resulted injured.? Thereby, in the last
decades, the use of highly toxic isocyanates is coming more restrictive through

European regulation.?!

Hence, the increasing environmental and security concerns have triggered both
academia and industrial research putting significant efforts into finding synthetic
alternatives to traditional PUs. The alternative process should consider factors such

as circular economy, renewability, reliability, and low emissions.

1.1.2 Biomass-based polyurethanes

As mentioned previously, most of the polyols and polyisocyanates used in the
synthesis of polyurethanes nowadays are manufactured from fossil-based feedstocks.
In fact, in order to avoid the use of petrochemical sources, the scientific community
has focused on bio-based alternatives from biomass for the development of more
suitable materials. Biomass is destined to be one of the sources of chemicals and
materials in the near future, since our planet has enormous amount of available
biomass, making it an almost unlimited source. This organic material comes from
vegetable oils and animals, including crops, forest residues, animal wastes, municipal
and industrial wastes, among others.”? The development of renewable bio-based
materials allows the manufacturing of products with a generally better environmental

footprint coming from the reduction of greenhouse gas emissions.

So far, obtaining a 100% bio-based formulation has been hampered by the fact that
most of the precursors are of petrochemical origin. However, in the last decades, there
has been a considerable progress in developing bio-based polyols and

polyisocyanates from diverse biomass sources. Indeed, both academic and industrial
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research has employed a variety of biomass raw materials, such as amino acids?,
sugars?, furans®, lignin?, cashew net shell liquid?” or algaes? in order to increase the
biobased content in PUs formulations. Even some of these bio-based monomers are
commercially available. For example, Covestro sells Desmodour eco N73008% (a bio-
based aliphatic polyisocyanate, pentamethylene diisocyanate (PDI)-trimer), derived
from sugars. Other examples of bio-based compounds that have been used directly
as a part of a formulation are mannitol,® a polyol derived from glucose, or lignin,

which was used in PUs formulations to increase rigidity of automotive parts.3!

Nevertheless, among the many renewable sources, vegetable oils have attracted the
most interest due to their widespread availability, non-toxicity, sustainability,
inherent biodegradability, easy handling, and low cost.?>3% In addition, the well-
defined chemical structure of vegetable oils is a distinctive feature compared to other
biomass sources, allowing the different active points to be modified into products of
high chemical, ecological and economic value.?” The main components of vegetable
oils are triglycerides, which are defined as esters of glycerol with three fatty acid (FA)
chains. The chain length of fatty acids can vary between C12 and C24 and the number
of unsaturations can vary between 0 and 3 per chain, providing different chemical
and physical properties depending on the composition. Figure 1.2 illustrates the
composition of soybean oil, which is one of the most widely available vegetable oils
in the world. Despite the fact that each type of vegetable oil has a certain percentage
of fatty acids, it differs slightly depending on the variety, geographical area, and

climatic conditions.3837
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Soybean oil structure

[0}

7o)kem{ 70)]\?-#/:\?-’,7/ 70)1\9.1;
Linoleic acid methyl ester Oleic acid methyl ester Palmitic acid methyl ester
(C18:2) (C18:1) (C16:0)
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o o
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Figure 1.2. Soybean oil chemical composition.

Through the chemical modification of double bonds, ester groups and allylic
positions presented in vegetable oils structure several bio-based monomers and
polymers, such as polyesters, polyethers, polyurethanes, etc. can be synthesized.323

The reactive sites present in the triglyceride structure are depicted in Figure 1.3.

AN TN Y “/\/\N
N N T N T e

NN N T T N N

Figure 1.3. Triglyceride structure composed by oleic (top), linoleic (middle) and
linolenic (bottom) acid methyl esters and reactive sites highlighted in orange.

The use of vegetable oil-based polyols is the most employed strategy to increase
renewable content in PUs.14442In fact, oleochemical-based polyols are employed in
the production of rigid and flexible foams for the automotive industry or in

applications, such as adhesives and glues.®** Depending on the vegetable oil type,



Chapter 1

two main alternatives are possible. On the one hand, PU formation reacting
isocyanates and vegetable oils without chemical modifications, enabled by the
presence of hydroxyl groups in fatty acid chains. This can only be brought employing
castor and lesquerella oils (Figure 1.4), which are mainly composed by ricinoleic and

lesquerolic hydroxylated fatty acids, respectively.46-5

Ricinoleic acid (C18:1)  Lesquerolic acid (C20:1)

Figure 1.4. Ricinoleic and lesquerolic acid chemical structure.

On the other hand, most of the oils do not have hydroxyl groups in its natural form
and need chemical transformations to create hydroxyl groups in the of fatty acid
chains backbone. Epoxidation and subsequent epoxide ring-opening, ozonolysis,
hydroformylation, thiol-ene coupling, transesterification and transamidation are the
most studied chemical synthetic pathways for the obtention of vegetable oil-based
polyols. Figure 1.5 illustrates the possible routes for the synthesis of polyols based on

vegetable oils.

Among the potential synthetic routes for the development of oleochemical polyols,
the epoxidation/ring-opening is the most studied one.5' This process consists of two
main steps. First, the transformation of the unsaturations present in fatty acid chains
into oxirane rings, and subsequently the formation of polyols through the epoxide
ring-opening (Figure 1.5-a). The last step is a key factor in the polyol production since
the type of ring-opening agent allows the optimization of polyol parameters, such as
amount of O-H functionalities, availability of functional group, structure, etc.3525
Despite these parameters can be controlled, the polyols obtained through epoxidation
have lower reactivity with isocyanates due to the formation of secondary O-H
groups. This limiting factor has boosted the development of new processes to produce

vegetable oil-based polyols.
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Figure 1.5. Main synthetic routes to form polyols from vegetable-oils.

Among the potential synthetic routes for the development of oleochemical polyols,

the epoxidation/ring-opening is the most studied one.>! This process consists of two

main steps. First, the transformation of the unsaturations present in fatty acid chains

into oxirane rings, and subsequently the formation of polyols through the epoxide

10
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ring-opening (Figure 1.5-a). The last step is a key factor in the polyol production since
the type of ring-opening agent allows the optimization of polyol parameters, such as
amount of O-H functionalities, availability of functional group, structure, etc.35253
Despite these parameters can be controlled, the polyols obtained through epoxidation
have lower reactivity with isocyanates due to the formation of secondary O-H
groups. This limiting factor has boosted the development of new processes to produce

vegetable oil-based polyols.

Ozonolysis is an alternative to the route that renders polyols with terminal primary
hydroxyl groups after reduction of the formed aldehyde.>*% This synthetic route
allows the introduction of primary hydroxyl groups in fatty acid chains through the
cleavage of the carbon-carbon double bond. As in the case of the epoxidation process,
the development of polyols is composed by two steps. First, the double bond
oxidation in the presence of ozone leads the formation of unstable ozonide ring, which
subsequently decomposes into an aldehyde. Afterward, the latter is reduced by
hydrogenation, achieving polyols with hydroxyl primary groups (Figure 1.5-b).
Despite reaching higher reactivity, this synthetic route has several drawbacks, such
us limited O—H groups, the extreme temperature and pressure required for the
process, and the use of toxic solvents.’® Hence, the application of the ozonolysis

mechanism is limited by process conditions.

Hydroformylation is another alternative that permits the synthesis of primary
hydroxyl polyols with primary hydroxyl functionalities distributed along the fatty
acid chain. In this approach, initially the reduction of the carbon-carbon double bond
using syngas (CO/Hz) forms an aldehyde group, which is immediately reduced to the
corresponding alcohol (Figure 1.5-c).” Notwithstanding achieving primary
functional groups, but the toxicity and flammability of the reactive gas mixture, as
well as the cost of the catalyst limit the use and commercialization of polyols

produced through hydroformylation process.

The last chemical process for the modification of the unsaturations present in fatty
acid chains is the thiol-ene coupling.’® This synthetic pathway produces polyols with
primary hydroxyl groups in only one step, via the addition of the thiol (5—H) group

11
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of a thioalcohol to the carbon-carbon double bond (Figure 1.5-d). It should also be
emphasised the high activity of the reaction at mild reaction conditions and the
versatility of the thiol-ene click reaction, since many multifunctional polyols have

been recently reported.>-6!

Although the modification of fatty acid chains has been focused on the carbon-carbon
double bond, hydroxyl groups could also be introduced through the ester group.
There are two main reaction pathways: (1) transesterification and (2) amidation
process (Figure 1.5-e). The main difference between these two synthetic routes is in
the nucleophilic reagent employed. In the transesterification, the nucleophile is a
multifunctional alcohol, while in the amidation amines are used for the development
of polyol-amides.®2¢> The unreacted fatty acid chains attached to the polyol are
considered the major limiting factor of these processes, resulting in poor thermal and

mechanical properties compared with petrochemical PUs.*

Although most efforts to increase the diversity of bio-based PUs, the main focus has
been on the synthesis of vegetable oil-based polyols. Few research groups have
explored the synthesis of isocyanates from triglycerides or derivates.
Multiisocyanates have been developed via the chemical modification of double
bonds, allylic positions, acid groups presented in fatty acids, etc.8? Even, Henkel
Corporation and General Mills achieved the commercialization of a fatty acid-based

diisocyanate.?

1.1.3 Non-isocyanate polyurethanes

The use of vegetable oil-based polyols and polyisocyanates leads to the obtention of
PUs with at least a bio-based content of 60-70% in weight, and it even allows the direct
use of existing industrial technologies and installations. Nevertheless, a completely
bio-based polymer does not mean that it is safe, either because the precursors used
are highly toxic, the synthesis route is hazardous, etc.® In particular, this is the major
drawback of PU chemistry. Even if they are of biomass-origin, isocyanates are still as

toxic as their fossil counterparts and, are also produced using the lethal phosgene.

12
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Hence, the next generation of environmentally friendly PUs must address also these
aspects. Among the arising strategies, several synthetic routes have been developed
to avoid the application of extremely toxic gaseous phosgene.®> Even if some of these
alternatives achieve the synthesis of isocyanates in a safer manner, the toxicity related
to this functional group is still present. For this reason, the scientific community has
focused its efforts on the replacement of isocyanates as chemical reagents developing
new chemical pathways for polyurethanes synthesis by non-isocyanate routes. The
PUs obtained via these processes are named non-isocyanate polyurethanes (NIPUs),

and the interest in them has only grown in the last few decades.66-%

Four main routes are known for the synthesis of non-isocyanate polyurethanes
(NIPUs): (1) polycondensation, (2) rearrangements, (3) ring-opening and (4)
polyaddition (Figure 1.6).775 Although in the three first synthetic pathways the
synthesis of NIPUs is obtained without using isocyanates directly, the employment
of toxic substances is necessary for the obtention of the monomers, which goes against
the Green Chemistry principles. The polycondensation mechanism allows NIPUs
production through different reactions. However, the use of phosgene or derivates is
necessary for the synthesis of precursors. Although, some of the precursors, such as
carbamates, can be synthesized avoiding the use of phosgene via the reaction between
a carbonate and an amine, the need to remove the side products formed during the
reaction (low molecular alcohols and/or acids) to shift the equilibrium, together with
the high temperatures and long reaction time have restricted the extension of
polycondensation for industrialization.’?’6?” In the synthesis of NIPUs by
rearrangement the employment of harmful reagents, such as acyl azides,
carboxamides and hydroxyformic acids becomes this route less preferable.®7677
Furthermore, the viability of a more secure route in the ring opening of cyclic
carbamates and aziridines is affected by the use of phosgene in cyclic carbamates

synthesis and the toxicity of aziridines.!7677
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Figure 1.6. Main routes known for the synthesis of non-isocyanate polyurethanes.

In this way, the polyaddition reaction between cyclic carbonates and amines has
gained much attention from both academic and industrial research.”®” The growing
interest is not only related to the ability to avoid toxic precursors, but to the various
functional benefits compared with the previously mentioned non-isocyanate routes
and even traditional PUs.196465881 Unlike polycondensation or ring-opening, the
reactivity between cyclic carbonates and amines allows the polymerization at
moderate temperatures and without a catalyst. Furthermore, the polyaddition
involves the ring-opening of a cyclic carbonate with an amine, which leads to
polymers named polyhydroxyurethanes (PHU) due to the presence of primary or
secondary hydroxyl groups located at the (3-carbon adjacent to the urethane group
(Scheme 1.3). The formation of this functional group results in a new range of
polyurethanes with different properties. In fact, the dangling hydroxyl groups
contribute to intra- and intermolecular hydrogen bonding with the urethane carbonyl

group, enhancing the chemical resistance to organic solvents compared to traditional
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PUs. In addition, it brings the possibility of further functionalization of the obtained

polymers.®
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Scheme 1.3. Synthesis of non-isocyanate polyurethanes via polyaddition of bis(cyclic
carbonate) to diamine.

Nevertheless, the great advantage is not only in the limited or null toxicity of cyclic
carbonates and the novel properties related to the formed polyhydroxyurethane
structure. Sustainability is the major potential of the polyaddition reaction. In fact,
this reaction process enables the use of biomass sources and a greenhouse gas, namely
carbon dioxide (CO2), as feedstocks to produce cyclic carbonates. Although several
routes are used to produce cyclic carbonates, their industrial production is based on
the cycloaddition reaction between CO2 and oxirane rings (Scheme 1.4).% As is well
known, climate change is related to the increase in CO: levels in the atmosphere,
which have been rising since the industrial revolution due to the combustion of
carbon sources. Therefore, the utilization of this greenhouse gas as chemical feedstock
helps reducing its environmental impact.®* As previously mentioned, one of the
possibilities is to use it for the cycloaddition reaction between CO2 and epoxides,
becoming this route one of the most attractive alternatives for the reduction of CO2
emissions and the achievement of a circular carbon economy .88 Additionally, a wide
range of biodegradable, renewable and sustainable resources can be converted into
the carbonated bio-based precursors necessary for this route from the corresponding
epoxide.9778788 As described before for bio-based polyols, the numerous advantages
related to vegetable oils structure have made triglycerides a reliable platform for the
development of non-isocyanate polyurethanes. However, when manufacturing
chemicals, along with the feasibility of the chemical process, the cost of the raw
material must be taken into account. In the case of rapeseed, linsed and soybean oil,
considered as the major oleo-based feedstocks the price did not exceed United States
Dollar (USD) 1000/ton, with a price of USD 900/ton, USD 880/ton and USD 750/ton,
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respectively. Moreover, the simple production of epoxidized oils through the
oxidation of double bonds, together with the usability of this bio-based product, have
resulted in the industrialization of the process.®’ In fact, the global epoxidized soybean
oil market is expected to reach USD 691.7 million in 2026 at a compound annual
growth rate of 10.7% during 2016-2026.%0 Therefore, soybean oil (and epoxidized
analogue) has economic advantages over other vegetable oils. This opens the door for
the production of vegetable oil-based NIPUs via two main step process. First, the CO:
cycloaddition to oxirane ring to produce five-membered cyclic carbonates, and
subsequently, the formation of NIPU networks reacting this carbonated oil with

different amines.%!

X
+ CO, P (o] )
~ o~
R Ro {
R1 Rz
Epoxide Cyclic carbonate

Scheme 1.4. General cycloaddition reaction of CO2 to an epoxide.

1.2 Carbonated vegetable oil synthesis: Catalytic systems for the
effective fixation of CO: into epoxidized vegetable oils and

derivates.

The cycloaddition of COz2to epoxidized vegetable oils was reported first by Tamami
et al. two decades ago.”' Due to the significant potential of carbonated oils in different
fields, this bio-based material has gained much attention. In fact, the possibility of
producing it from a greenhouse gas further increased the interest in this product.
However, owing to the low activity of CO2 and the high steric hindrance of oils
structure, effective catalytic systems are necessary in order to obtain the carbonated
0il.22% Thereby, to solve these issues, much effort and intensive research have been
devoted to the development of homogeneous and heterogenous catalytic systems to
circumvent both the low reactivity of the CO2molecule and the steric hindrance of the

epoxidized vegetable oil and its derivatives.
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This section is intended as a journey through the employed catalytic systems up to
today aimed to improve the conversion and selectivity to the desired bio-based
carbonated products of CO:2 chemical fixation by its cycloaddition to epoxidized

vegetable oils or derivatives.

1.2.1 Homogeneous catalytic systems

In a homogeneous catalytic system, the catalyst and the reactant are presented in the
same phase. These systems are usually more efficient than heterogenous catalysts,
achieving larger conversion and better selectivities at milder reaction conditions
(lower temperature, lower catalyst loading and reduced reaction time).** Indeed, a
wide variety of homogeneous catalytic systems with different compositions has been

developed for the reaction of CO: with epoxidized vegetable oils or derivatives.

lonic liquids as catalysts in CO2 cycloaddition reaction
a) Non-functionalized ionic liquids catalysts

Organic salts and ionic liquids have gained much attention in catalysis (both as
catalysts and as reaction solvents) due to their low toxicity, availability, and
affordability. The ones used as homogeneous catalysts in the CO: cycloaddition
reaction are typically organic halides acting as Lewis bases, e.g.,, ammonium or
phosphonium salts. In Scheme 1.5 is depicted the commonly accepted reaction
mechanism for the CO2 cycloaddition to an epoxide. First, an alkoxide intermediate
(B) is formed by the oxirane (A) opening with a nucleophile species (e.g., halide). Then
the alkoxide attacks the CO: molecule forming the corresponding alkyl carbonate
compound (C). Finally, the alkyl carbonate undergoes an intramolecular ring-closure
forming the cyclic carbonate (D). When these Lewis bases are employed as the only
catalyst, the nucleophilic attack of the halide anion to epoxide becomes the rate-

determining step.%>%7

17



Introduction

(o]
o)l\o ~ RyNX — o
R - " / Ry /L\\Rz
D A

Q - + _
-0 NRy RN O R,
0 R
R, X
Ry X
C B

CO,

Scheme 1.5. General three-step mechanism for the cycloaddition to an epoxide
catalyzed by a tetraalkylammonium ionic liquid.

In Figure 1.7. Non-functionalized ionic liquid catalyst used in CO2 cycloaddition to
epoxidized oleochemicals. are summarized selected non-functionalized ionic liquid-
based catalysts employed in the cycloaddition of CO:2 to epoxidized oleochemicals

collected from the scientific literature.

Among the different ionic liquids employed as catalysts for the cycloaddition of CO:
to oleochemicals to vyield the corresponding cyclic carbonates, tetra-n-
butylammonium bromide ([TBA][Br], 1) stands out as the most commonly used one.
Tamami et al. reported the first catalytic synthesis of carbonated soybean oil
employing the [TBA][Br] as a catalyst. Fully carbonated soybean oil was achieved
after 70h reaction at atmospheric pressure at 110 °C.?! In the last two decades, many
studies followed pioneer Tamami's work using [TBA][Br] as the catalyst for the CO:
cycloaddition to epoxides but modifying some reaction parameters e.g., temperature,
reaction time, pressure, etc. For instance, Doll et al. performed the synthesis of
carbonated soybean oil and carbonated methyl oleate under scCO2 conditions.* The
substantially increased CO2 amount due to the employment of scCO, reduced to one-
third the reaction time compared with Tamami's work. Several works studied the

influence of the nature of the halide anion of the tetrabutylammonium ionic liquid (1-
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4) or even the employment of a hydroxyl group (5) as a nucleophile.?-102 Despite the
differences in reaction conditions and vegetable oil derivates used, it was found that
the optimum balance between highest activity and highest selectivity was achieved
when bromide was used as the anion. The highest reactivity was due to a good
balance of the bromide anion between nucleophilicity (F-> Cl- > Br- > I) and leaving
group character (I > Br- > Cl- > F). In this regard, Alves et al. attributed the highest
catalytic activity showed by ionic liquids bearing a bromide anion compared to those
bearing an iodine anion to the smaller bromide size favouring its diffusion towards
internal epoxides in the linseed oil triglycerides.!® Doll et al. also performed the
reaction between CO2 and epoxidized soybean oil or epoxidized methyl oleate with a
non-halide catalyst, such as tetrabutylammonium hydroxide ([TBA][OH], 5). While
[TBA][Br] showed the total conversion of the epoxide substrate, the catalyst bearing
the hydroxide anion (5) exhibited null activity. This fact reveals the key role of halide
anion in the synthesis of carbonated oleochemicals.®® Moreover, Zheng et al. tested
[TBA][Br] catalytic system in the cycloaddition of COz2 to epoxidized cottonseed oil
methyl esters to the corresponding cyclic carbonated compounds using a microwave
irradiated continuous-flow recycle batch reactor. The effect of microwave irradiation
compared with conventional heating on the reaction kinetics was studied by the
authors in the temperature range of 100-120 °C and the pressure range of 2.5 bar to 6
bar. As could be expected, the authors found that the activation energy of the
carbonation reaction was slightly lower when MW irradiation was used as a heating
source, achieving slightly higher conversion at 120 °C, 6 bar, [TBA][Br] 4 wt.% and
950 rpm after 7h.'® Apart from tetrabutylammonium-based ionic liquids, other
ammonium-based ionic liquids were successfully tested as catalysts. dos Santos et al.
carried out a selection of the most suitable ionic liquids to be employed as catalysts in
the synthesis of oleochemical carbonates by quantitative structure-property
relationship (QSPR) modelling and exploratory analysis.'® This theoretical approach
allowed the authors the selection of 122 potential available catalysts for the target
reaction. The molecular targets via a virtual screening and the structure-property
relationship analysis, led to the selection of cetyltrimethylammonium bromide
([CTMA][Br], 6) as the most promising one based on its well-balanced properties such

as bulkiness, lipophilicity, and nucleophilic character. In addition, experimental
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results confirmed QSPR analysis, achieving with 5 wt% [CTMA][Br] high
conversions (= 98%) using several epoxidized vegetable oils (rice, soybean and canola
oil) as starting materials at 120 °C and 50 bar after 48hreaction. Langanke et al., tested
tetraheptylammonium bromide ([THA][Br], 7) as catalyst (5 mol%) in the synthesis of
a series of carbonated methyl esters showing slightly higher yield than the benchmark
catalyst [TBA][Br] (1) 99% vs. 96% after 24h reaction at 100 °C and 117 bar.%

Imidazolium-based ionic liquids have also been extensively explored as catalysts in
the cycloaddition reaction of CO: to epoxidized vegetable oils and derivatives. This
work was pioneered by Langanke et al. employing 1-n-tetradecyl-3-
methylimidazolium bromide ([TDMelm][Br], 8) as catalyst in the cycloaddition of
CO: to several oleo derivates achieving a yield comparable to the one obtained with
[TBA][Br] (1) 94% vs. 96% after 24h reaction at 100 °C and 117 bar.* Afterwards, Alves
et al. tested 1-m-octyl-3-methylimidazolium halides (9-11) as catalysts in the
cycloaddition reaction of CO: to epoxidized linseed oil (ELSO). Not surprisingly, also
in this case, bromine stood out as the best-suited anion. Indeed, [OMelm][Br] (10)
reached the same conversion (30%) than benchmark catalyst [TBA][Br] (1) after 5h at
100 °C and 100 bar.'® B. Schéffer and co-workers used 1-n-butyl-3-methyl
imidazolium chloride ([BMelm][Cl], 12) as a catalyst in the synthesis of carbonated
fatty acid esters from epoxidized methyl linoleate.” However, in contrast to the work
of J. Langake and M. Alves, the catalytic activity of [BMeIm][Cl] (12) was found to be
much lower than the benchmark catalysts [TBA][Br] (1) (25% vs. 68% vyield).
Phosphonium-based ionic liquids have also been tested as catalysts in the
cycloaddition of CO2 to epoxidized vegetable oils and their derivates. Tenhumberg et
al., studied the influence of the anion in the selected tetrabutylphosphonium-based
ionic liquids ([TBP][X], where X is an halide = [Cl] (13), [Br] (14) or [I] (15)), as catalysts
instead of the traditional [TBA][Br] (1) ionic liquid, in the cycloaddition reaction CO2
to an epoxidized methyl oleate.!% Concerning the halide anion influence, the authors
found the same trend as previously observed for [TBA][X] (1-4), confirming that the
ionic liquid formed with bromide as anion shows the best catalytic performance.
Indeed, in the presence of the bromide anion, 49% of epoxide was converted with 94%

of selectivity towards the desired product. On the other hand, the employment of
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chloride and iodine anions returned lower conversions 39% and 35%, with a
selectivity towards the target products of 99% and 71%, respectively. Moreover,
[TBP][Br] (14) showed superior activity than the benchmark [TBA][Br] (1) ionic liquid
in terms of conversion 49% vs. 39% and selectivity 94% vs. 82% towards the desired
carbonated methyl ester. On the other hand, [TBP][Br] (14) and [TBA][Br] (1) were
also tested as catalyst by Alves et al. for the synthesis of carbonated linseed oil (CLSO).
In contrast to N. Tenhumberg work, phosphonium-based catalyst (14) exhibited
similar epoxide conversion to those achieved by using [TBA][Br] (1) as catalyst 28%
vs. 30%, but selectivity was not reported in this work.!® Very few articles report the
use of triphenylphosphonium-based ionic liquids as catalysts for the synthesis of
carbonated oleochemicals by cycloaddition of CO: to the corresponding epoxidized
compound. Pefia Carrodeaguas et al. achieved the synthesis of carbonated methyl
ester at relatively mild reaction conditions (70 °C, 10 bar, 24h, 5 mol%) using
bis(triphenylphosphine)iminium chloride ([PPN][CI] (17)) as catalyst.!" In this work,
both [TBA][Br] (1) and [PPN][CI] (17) reached quantitative conversion in the synthesis
of carbonated methyl oleate. However, while the use of [PPN][CI] (17) provided high
chemo-selectivity and stereocontrol towards cis-isomer (96:4), [TBA][Br] (1)
significantly reduced this stereoselectivity (51:49). Therefore, the authors proved that
the use of [PPN][CI] (17) was beneficial to produce almost exclusively the cis-
configured carbonated methyl oleate. Other ionic liquids composed by different
cations (18-23) were scarcely investigated. Alves et al. tested triethylsulfonium iodide
([TES][I] (18)), 1-butyl-1-methylpyrrolidinium iodide ([BMPyr][I] (19)), 1-
butylpyridinium  ([BPy][I] (20)), 1-butyl-2,3,4,5,7,8,9,10-octahydropyrido[1,2-
a][1,3]diazepin-1-ium bromide ([BDBU][Br] (21)) and 1-butyl-3,4,6,7,8,9-hexahydro-
2H-pyrimido [1,2-a]pyrimidin-1-ium bromide ([BTBD][Br] (22)) as catalysts (1 mol%)
in the cycloaddition reaction of CO:2 to ELSO oil at 100 °C and 100 bar for 5h.1° [TES][I]
(18), [BMPyr][I] (19) and [BPy][I] (20) ionic liquids were less efficient evidenced by
the poor performance in terms on conversion to the CLSO, 0%, 19% and 12%,
respectively. The authors attributed their poor performance to the poor solubility of
these ionic liquids in the reaction media. However, [BDBU][Br] (21) and [BTBD][Br]
(22) exhibited much higher activity achieving conversions of 28% and 36%,
respectively, to the CLSO, improving the results achieved by the benchmark catalyst
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[TBA][Br] (1) that was found to be 30% to the CLSO. Schiffner et al. employed 1-butyl-
4-methyl pyridinium iodide ([BMePh][I], (23)) in the cycloaddition of CO: to
epoxidized methyl linoleate at 100 °C, 100 bar for 17h. The catalytic activity resulted
similar as the one of [TBA][Br] (1) in terms of conversion (65% vs. 69%, respectively)

and selectivity towards target product >99% with both ionic liquids.*
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Figure 1.7. Non-functionalized ionic liquid catalyst used in CO: cycloaddition to
epoxidized oleochemicals.
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In Table 1.1 are summarized the selected non-functionalized ionic liquids employed
as catalysts, the reaction conditions, the conversion, and the selectivity to target
products (when given) in the CO: cycloaddition to different vegetable oils or analogue

molecules.

Table 1.1. Non-functionalized ionic liquid catalysts used in carbonated oleochemicals
synthesis.

Reaction conditions

Catalyst Epoxidized . P Time Cat Conv. Select. Ref.
oleochemical (%) (%)b
(°C)  (bar) (b))  (mol%)
Soybean oil 110 1 70 5 100 - o1
Methyl oleate 100 >103 20 5 100 - %8
Soybean oil 100 >103 40 5 100 - %8
Methyl linoleate 100 100 17 52 69 99 9
Methyl oleate 100 117 24 5 97 >99 %
1 Linseed oil 100 100 5 1 30 - 100
Methyl oleate 100 50 16 2 39 82 105
Methyl oleate 70 10 24 5 >99 >99 101
Methyl oleate 100 5 24 5 83 87 102
Cottonseed oil
methyl ester 120 ° 7 ¥ > _ "
Methyl oleate 100 117 24 5 21 95 %
Linseed oil 100 100 5 1 17 - 100
? Methyl oleate 70 10 24 5 6 99 101
Methyl oleate 100 5 24 5 44 99 102
3 Methyl oleate 100 117 24 5 62 0 %
Methyl oleate 100 117 24 5 80 92 %
A Methyl linoleate 100 100 17 52 75 98 9
Methyl oleate 100 5 24 5 70 59 102
Linseed oil 100 100 5 1 26 - 100
5 Methyl oleate 100 >103 20 5 6 - %
Rice bran oil 98 -
6 Canola oil 120 50 48 52 >99 - 104
Soybean oil >99 -
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7 Methyl oleate 100 117 24 5 99 99 %
8 Methyl oleate 100 117 24 5 97 97 %
9 Linseed oil 100 100 5 1 20 - 100
10 Linseed oil 100 100 5 1 30 - 100
11 Linseed oil 100 100 5 1 25 - 100
12 Methyl linoleate 100 100 17 52 26 99 9
Linseed oil 100 100 5 1 19 - 100

13 Methyl oleate ~ 100 50 16 2 38 99 106
Methyl oleate 100 50 16 2 39 99 105

Linseed oil 100 100 5 1 28 - 100

14 Methyl oleate 100 50 16 2 38 99 106
Methyl oleate ~ 100 50 16 2 49 94 105

Linseed oil 100 100 5 1 21 - 100

15 Methyl oleate 100 50 16 2 35 72 106
Methyl oleate 100 50 16 2 35 71 105

17 Methyl oleate 70 10 24 5 53 99 101
18 Linseed oil 100 100 5 1 - - 100
19 Linseed oil 100 100 5 1 19 - 100
20 Linseed oil 100 100 5 1 12 - 100
21 Linseed oil 100 100 5 1 28 - 100
22 Linseed oil 100 100 5 1 36 - 100
23 Methyl linoleate 100 100 17 52 65 >99 »

acatalyst in wt.%; bselectivity to the cyclic carbonate product.

b) Functionalized (task-specific) ionic liquids

Functionalized ionic liquid refers to an ionic liquid that possesses a functional group

or extra functionality, generally on the cation. These ionic liquids are known as task-

specific ionic liquids, and their functionalization helps to enhance the performance of

the ionic liquid in a specific application e.g., as catalyst.171% In the cycloaddition

reaction of CO:z to low molecular weight epoxides, such as propylene oxide, butylene

oxide, etc., it is found that the use of task-specific ionic liquids bearing an -OH, -

COOH or -NH: functionalities (hydrogen donors) able to form hydrogen bonds

enhance the catalytic performance of the ionic liquid.'®-112 Indeed, reported works
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suggest that these functionalities able to donate hydrogen increased the rate of the
epoxide ring opening (rate-determining step on the catalytic cycle) due to a synergetic
effect between anion and hydrogen bond donor. As depicted in Scheme 1.6, the
hydrogen donor moiety is able to polarize the C—O bond in the epoxide ring (A),
making the carbon atom more electrophilic, thus facilitating the attack of the anion. It
results in an easier epoxide ring-opening (B), yielding the corresponding alkoxide (C).
Then the alkoxide attacks the CO: molecule forming the corresponding alkyl
carbonate compound (D). Finally, the alkyl carbonate undergoes an intramolecular
ring-closure forming the cyclic carbonate (E). In view of the promising results
obtained by using task-specific ionic liquids in the CO: cycloaddition to low
molecular weight epoxides, they were tested in the more challenging internal

epoxides present in epoxidized vegetable oils and derivates.
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Scheme 1.6. General mechanism of COz2 cycloaddition to an epoxide catalyzed by a
tetraalkylammonium halide salt with hydroxyl terminal group.

In Figure 1.8 and Table 1.2 are summarized selected task-specific ionic liquid-based

catalysts ionic liquids employed as catalysts, the reaction conditions, the conversion,
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and the selectivity to target products (when given) in the CO: cycloaddition to

different vegetable oils or analogue molecules.

Table 1.2. Task-specific (functionalized) ionic liquid catalysts used in carbonated
oleochemicals synthesis.

Reaction conditions

Catalyst Epoxidized T P ; Cat Conv. Select. Ref.
oleochemical (%) (%)?
(°C)  (bar) (h)  mol%
24 Methyl oleate 100 50 16 2 5 0 13
25 Methyl oleate 100 50 16 2 9 99 13
26 Methyl oleate 100 50 16 2 14 80 13
27 Methyl oleate 100 50 16 2 10 >99 13
28 Methyl oleate 100 50 16 2 22 97 13
29 Methyl oleate 100 50 16 2 24 98 13
Methyl oleate 100 25 16 5 99 98
30 Sunflower oil 99 80 s
Soybean oil 80 25 24 5 97 77
Linseed oil 99 88
Sunflower oil 97 98
Halzenut oil 98 93
Olive oil 98 98
34 Pistachio oil 100 20 16 1 99 94 14
Almond oil 98 97
Rapeseed oil 99 95
Pumpkin oil 97 95

aSelectivity to the cyclic carbonate product.

Biittner et al. tested several functionalized phosphonium-based ionic liquids (24-30)
in the cycloaddition of CO: to epoxidized oleochemicals.”® In this work,
triphenylphosphonium- (24-26) and tributylphosphonium-based (27-29) ionic liquids
lead to low conversion (5-24%) of methyl oleate epoxide in its cycloaddition with CO:

to form in the corresponding carbonated methyl oleate at 100 °C, 50 bar for 16h.
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Despite the low activity observed, the same authors prepared a series of
phosphonium ionic liquids derived from phenol. Among them, 2-
hydroxyphenyldiphenylpropyl phosphonium bromide ([HPhDPhP][Br] (30))
exhibited high potential in the synthesis of carbonated methyl oleate from the
corresponding epoxide yielding good results in terms of conversion (99%) and
selectivity (98%) at 100 °C and 25 bar after 16h. The authors attributed the catalytic
activity enhancement to different factors, the bromide anion, the presence of an -OH
group and its position (ortho) in the aromatic ring. In addition, due to its potential, the
same ionic liquid (30) was tested as well in the synthesis of other three carbonated oils
(high oleic sunflower oil, soybean oil, and linseed oil) with excellent reaction yields
(isolated) up to 88% after 24h reaction at 80 °C and 25 bar. Martinez et al. synthesized
waste oil-derived cyclic carbonates using as catalyst imidazolium-based task-specific
ionic liquid bearing a phenolic ring in position 5 and [Br] and [I] as anions (31-34),
achieving excellent conversion (= 97%) and selectivity (= 93%) to the target products
after 16h at 100 °C and 20 bar with catalyst 34.!'* The excellent catalytic performance
of catalysts 34 was attributed to the high solubility of the catalyst boosted with the
presence of butyl chains on nitrogen 1 instead of a phenyl ring compared to catalyst
33. Furthermore, unlike previous works, the catalyst containing the iodine anion (34)
showed higher activity than the analogue one containing the bromide anion (32),
achieving at 100 °C and 20 bar 97% and 75% conversion, respectively, after 16h of
reaction with 1 mol% of catalyst. These authors performed a recyclability test with
task-specific ionic liquids, being one of the scarce examples of recyclability of the
catalysts in the cycloaddition of CO: to vegetable oils epoxides. The ionic liquid 34
was reused for at least 5 cycles at different reaction times (2h, 5h and 16h) at 100 °C
and 20 bar with 1 mol% of catalyst without significant loss of its activity. In addition,
the catalyst can be recovered (up to 100%) from the reaction media by simple

precipitation with diethyl ether.
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Figure 1.8. Task-specific ionic liquid catalyst used in CO: cycloaddition to epoxidized
oleochemicals.

c) lonic liquid/Lewis acidic co-catalyst binary catalytic systems

As previously mentioned, nucleophilic ionic liquids such as [TBA][Br] (1) are often
used as catalysts in the synthesis of cyclic carbonated oils and derivatives from the
cycloaddition of COz to the corresponding epoxidized compounds. However, the
steric hindrance of the internal epoxide rings in the vegetable oil structure makes
difficult the epoxide ring-opening (generally the rate-determining step), hampering
the overall reaction rate as well as the selectivity to the target products. Therefore,
high temperatures (70-120 °C) and pressures (5-117 bar), as well as long reaction times
(>20h) are generally required to achieve reasonable conversions. These harsh
conditions can affect both the selectivity to the desired products and their industrial
implementation. In this regard, several research groups tried to improve the catalytic
performance in terms of conversion and selectivity towards desired products by
adding a Lewis acid metal complex as co-catalysts. The CO:z cycloaddition reaction
mechanism of the catalytic systems formed by these catalytic systems is similar to that
proposed for the task-specific ionic liquids (Scheme 1.6). In this case, the role of the
functional group (epoxide ring-opening facilitation) is played by the metal complex
that, due to its Lewis acid character, interacts with the oxygen atom making the
adjacent carbon more electron deficient, and prompt for a nucleophilic attack by the
anion of the employed ionic liquid."'> These catalytic systems formed by an ionic
liquid, mainly [TBA][Br] (1), and a Lewis acidic metal complex have been employed
by several authors. Li et al. used a catalytic system formed by 1 equivalent (3 mol%)
of [TBA][Br] (1) and 0.3 equivalents (1 mol%) of a Lewis acid co-catalysts to improve

the catalytic performance in the synthesis of carbonated soybean oil by cycloaddition
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of CO2 to the corresponding epoxidized soybean oil at 120 °C and 10 bar in 20h.'¢ The
addition of SnCls.5H20 (0.3 equiv.) as co-catalysts improved the catalytic performance
of the employed ionic liquid (1) (1 equiv.) by around 25%, increasing the conversion
from 71% to 89%. Under the optimized reaction conditions (140 °C and 15 bar), the
catalytic system afforded the full conversion of epoxidized soybean oil after 30h. The
same catalytic system but in different proportion, [TBA][Br] (1) 7.8 mol% (3.5 wt.%)
and SnCls.5H20 9 mol% (5 wt.%), was tested by Schéffner et al. in the obtention of
carbonated methyl linoleate via the COz2 cycloaddition to the corresponding epoxide
at 100 °C and 100 bar, achieving a conversion and selectivity of 64 % and 82 %,
respectively after 17h.* Nevertheless, in this case, the [TBA][Br] (1) ionic liquid
without the presence of the co-catalyst exhibited higher conversion (69% vs. 64%) and
better selectivity (>99% vs. 82%) towards the desired carbonated product than the
binary catalytic system. The authors justified the lower selectivity found to the strong
Lewis acid character of SnCl+.5H20 co-catalyst, which could promote the hydrolysis
of the epoxide methyl ester to the corresponding diol, thus decreasing the selectivity.
Langanke et al. promoted the reaction between CO: and epoxidized methyl oleate
using a catalytic system formed by 1 equivalent of [TBA][Br] (1) ionic liquid (2 mol%)
and 1 equivalent of THA-Cr-Si-POM (tetraheptylammonium silicotungstates
containing Cr (III), ((n-C7His)s- N)s[CrSiW11039]) (2 mol%).% After 6h at 100 °C and 125
bar the desired carbonate product was formed with high epoxide conversion (95%)
and selectivity (98%). This binary catalytic system substantially improved the
performance of [TBA][Br] (1) alone 11% wvs. 95% and 81% vs. 98% in terms of
conversion and selectivity, respectively. However, using epoxidized soybean oil as
starting material, the catalytic activity was reduced in terms of conversion (41 % vs.
47%) and selectivity (60% vs. 73%) with respect to [TBA][Br] (1) alone, even when
increasing the reaction time to 24h. The inferior catalytic performance achieved by the
binary system compared to the [TBA][Br] (1) when using an epoxidized soybean oil
as starting material, was attributed to the higher viscosity of the obtained carbonated
products compared to the carbonated methyl oleate and the strong Lewis acidity
character of the co-catalyst, thus hampering the reaction rate and favouring the
hydrolysis of the epoxide rings, decreasing both the conversion and the selectivity of

the studied reaction. Schéffner et al. tested a binary catalytic system formed by
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[TBA][Br] (1) ionic liquid (3.5 wt.%) and Al-Salen complex (5 wt.%) in the synthesis
of carbonated methyl linoleate from CO2 and the corresponding epoxide at 100 °C
and 100 bar.” The catalytic performance of the binary catalytic system was found to
be superior to the [TBA][Br] (1) ionic liquid as the sole catalyst in terms of yield (75%
vs. 65%) after 17h reaction. Farhadian et al. employed a catalytic system formed by 1
equivalent [TBA][Br] (1) ionic liquid (4 mol%) and 1 equivalent of Mn-based
porphyrins as Lewis acid co-catalyst (4 mol%) to achieve the synthesis of fully
carbonated sunflower oil (CSFO) (yield >99 %) from the cycloaddition of CO: to
epoxidized sunflower oil (ESFO) after 30h at mild reaction conditions, 100 °C and
atmospheric pressure.’”” A binary system formed with [TBA][Br] (1) ionic liquid (17
wt. %) and several Metal-Organic-Frameworks (MOFs) (10 wt.%) was tested by Cai
et al. in the preparation of carbonated o-acetyl methyl ricinoleate from the
cycloaddition of CO: to the corresponding epoxidized precursor.!’® Among the
different binary catalytic systems tested by the authors, the one formed by [TBA][Br]
(1) ionic liquid and UiO-66-NH2 MOF showed the best catalytic performance
achieving 94% conversion of the epoxidized precursor after 12h at 120 °C and 30 bar.
Tenhumberg et al., tested several binary catalytic systems formed by a combination
of 1 equivalent of [TBP][Br] (14) ionic liquid (2 mol%) with 1 equivalent of different
metals as Al, Ca, Mo and W (2 mol%) in the synthesis of carbonated methyl oleate
from CO:z and the corresponding epoxide at 100 °C and 50 bar for 16h.1% In all cases,
the yield to the desired cyclic carbonates was considerably increased with conversions
up to 99% by adding 2 mol% of a metal transition complex as co-catalyst compared
to the conversion (49%) obtained using [TBP][Br] (14) ionic liquid as the sole catalyst,
while the selectivity towards the desired carbonated product was comparable (93 %
vs. 94 %). The best catalytic performance was achieved with the binary system
containing MoOs as Lewis acidic co-catalyst, doubling the yield of the carbonated
product compared to the use of the [TBP][Br] (14) ionic liquid as the only catalyst (84%
vs. 46%). Under the optimized reaction conditions (100 °C and 50 bar), the catalytic
system composed of 1 equivalent of [TBP][Br] (14) ionic liquid and 0.125 equivalents
of MoO:s afforded the conversion of four epoxidized vegetable oils into the
corresponding carbonates with both conversions and selectivity towards the

carbonated compounds higher than 99% after 20h reaction. The same authors tested
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binary catalytic systems formed by [TBP][Br] (14) or [TOP][Br] (16) as the ionic liquids
and different iron salts FeFs, FeCls, FeCl»6H20, FeBrs, FeBrz, Fe(acac)s, Fe(OTf)s,
Fe(OAc)2, Fe(stearate)s, FeSO+7H20 and Fe(citrate)s-(aq) as the Lewis acidic co-
catalyst in the synthesis of carbonated methyl oleate from cycloaddition of CO:2 to
epoxidized methyl oleate at 100 °C and 50 bar lasting for 16h.1% Among the studied
binary catalytic systems, the most efficient at the studied conditions was found to be
the one formed by 1 equivalent of [TOP][Br] ionic liquid (2 mol%) and 0.125
equivalents of FeCls (0.25 mol%) as Lewis acid achieving yields of the target product
as high as 95%. The presence of an iron-based Lewis acid as co-catalysts enhanced 100
% the conversion compared to the employment of [TOP][Br] (16) (>99% vs. 49%). The
same catalytic system was tested in the optimized reaction conditions (100 °C and 50
bar), in the synthesis of four carbonated oil by CO: cycloaddition to the corresponding
epoxidized oils exhibiting excellent yields ranging from 88% to 94% after 24h reaction.
Pefia Carrodeaguas et al. developed a catalytic system formed by 1 equivalent
[PPN][CI] (25) ionic liquid (5 mol%) and 0.1 equivalents of
Aluminium(Ill)aminotriphenolate complex (0.5 mol%) as Lewis acidic co-catalyst in
the synthesis of carbonated fatty acids methyl esters from CO: cycloaddition to their
corresponding epoxidized compounds.!* The binary system, [PPN][C]] (17) and Al-
complex, afforded the production of carbonated methyl esters with excellent yields
(up to >99%) at relatively mild reaction conditions, 70 °C and 10 bar, after 24h. The
presence of Lewis acid as co-catalyst enhanced the conversion in a range of ca. 18—
150% compared to the catalytic system without metal complex, depending on the

epoxidized fatty acid employed as starting material.

In Table 1.3 are summarized selected ionic liquid/Lewis acidic co-catalysts binary
catalytic systems employed in the literature, the reaction conditions, the conversion,
and the selectivity to target products (when given) in the CO: cycloaddition to

different vegetable oils or analogue molecules.
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Table 1.3. Ionic liquid/Lewis acidic co-catalyst binary catalytic systems used in carbonated oleochemicals synthesis.

Catalyst Reaction conditions
. Co-catalyst (equiv.) Epoxidized oleochemical Conv. (%) Select. (%)* Ref.
(equiv.) T(°C) P (bar) t(h) Catmol%
1(1) SnCls-5H20 (0.3) Soybean oil 140 15 30 3 98.6 - 116
1(1) SnCls-5H20 (1.4) Methyl linoleate 100 100 17 3.52 64 82 9
Methyl oleate 100 125 6 2 95 98 %
1(1) (n-C7His)s- N)s[CrSiW11039] (1)

Soybean oil 100 130 24 2 41 60 %
1(1) Al-salen (1.4) Methyl linoleate 100 100 17 3.52 80 94 9
1(1) Mn-Porphyrin (1) Sunflower oil 100 1 30 4 100 99 17
1(1) UiO-66-NH: (0.6) Methyl recinoleate 120 30 12 172 94 - 18

Methyl oleate 100 50 16 2 95 91

High oleic sunflower oil >99 95
14 (1) MoO:s (0.125) Sunflower oil 99 98 105

100 50 20 2

Soybean oil 99 90

Linseed oil 97 79

Methyl oleate 100 50 16 2 >99 96

Linseed oil 99 90
16 (1) FeCls (0.125 eq) ) ) ) 106

High oleic sunflower oil 100 50 24 2 99 88

Soybean oil 99 94
17 (1) Al-complex (0.1) Fatty acid methyl ester 70 10 24 5 99 99 101

acatalyst in wt.%; bselectivity to the cyclic carbonate product
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d) Ionic liquid/hydrogen bond donor co-catalyst binary catalytic systems

These binary catalytic systems are similar to previous ones formed by an ionic liquid
and Lewis acidic co-catalysts, with a Hydrogen Bond Donor (HBD) compound
playing the role of the Lewis acidic co-catalysts, increasing the rate of epoxide ring-
opening, that is the rate-determining step in the catalytic cycle. In fact, the HBDs co-
catalyst has two roles in the catalytic cycle (similar to the one depicted in Scheme 1.6):
1) interaction with the oxygen atom of the epoxide ring, making more electrophilic
the adjacent carbon facilitating the ring-opening by the nucleophilic attack of the ionic
liquid anion; and 2) stabilization of the alkoxide formed after the ring-opening
through hydrogen bonds formation.!"> The HBD co-catalysts are a more sustainable
and cheaper alternative to Lewis acidic co-catalyst, because most of the Lewis acidic
ones contain a transition metal complex that could be considered as Critical Raw
Material (CRM) due the current global situation and geopolitical issues, and because
their extraction processes are far from being environmentally friendly.!® Despite that,
still very few research groups work in the design of binary catalytic systems formed
by an ionic liquid as the main catalyst and a HBD compound as co-catalyst in the
cycloaddition of CO: to epoxidized vegetable oils or derivates to obtain cycle
carbonated analogue compounds. In this context, Mazo et al. evaluated the
performance of a binary catalytic system formed by 1 equivalent of [TBA][Br] (1) ionic
liquid and 3 equivalents of water as HBD co-catalyst in the synthesis of carbonated
soybean oil (CSBO) form CO: and epoxidized soybean oil (ESBO) at 120 °C and
atmospheric pressure.’? They achieved good conversion of the ESBO (87%) but
moderate selectivity (89%) towards the CSBO after 70h. The designed binary catalytic
system improved the catalytic performance of [TBA][Br] (1) as the sole catalyst in
terms of reaction time thas was reduced ca. 30% to achieve similar conversion of the
epoxide group, proving the promoting effect of H20 as co-catalyst. Alves et al. tested
several binary catalytic systems formed by 1 equivalent of [TBA][Br] (1) ionic liquid
(1 mol%) and 1 equivalent of a HBD co-catalysts (1 mol%). In total they tested 17
different HBDs compounds (multiphenolic or fluoralcohols), in the production of
carbonated linseed oil from CO2 and corresponding epoxidized linseed oil at 100 °C,

100 bar and 5h reaction time.'® 14 out of the 17 HBDs co-catalysts tested improved
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the conversion by at least ca. 33 % compared to the use of [TBA][Br] (1) ionic liquid as
the sole catalyst (= 42% vs. 32%). Quantitative conversion of ELSO into CLSO was
achieved after 10h by employing a binary catalytic system formed by 1 equivalent of
[TBA][Br] (1) ionic liquid (2.2 mol%) and 1 equivalent of 2,2,2-trifuoro-tert-butanol
(TFtert-BOH) (2.2 mol%) as HBD co-catalyst at the optimized reaction conditions (120
°C and 50 bar). A binary catalytic system formed by [TBA[CI] (2) ionic liquid and
ascorbic acid (AsA) as HBD co-catalyst was designed and its catalytic performance
was evaluated by Natongchai et al. in the synthesis of carbonated vegetable oils and
fatty acids esters from CO:2 and the corresponding epoxidized compounds.’? This
binary catalytic system produced excellent results in the synthesis of targeted
oleochemicals reaching conversions and selectivities up to 99% after 48h at mild

reaction conditions, 80-100 °C and 5-10 bar.

In Table 1.4 are summarized selected ionic liquid/HBDs co-catalysts binary employed
as catalytic systems, the reaction conditions, the conversion and the selectivity to
target products (when given) in the CO:2 cycloaddition to different vegetable oils or

analogue substrates.

Table 1.4. Ionic liquid/HBD co-catalyst binary catalytic systems used in carbonated
oleochemicals synthesis.

Co- Reaction conditions
Catalyst Epoxidized Conv. Select.
. catalyst . T P t Cat Ref.
(equiv.) ; oleochemical (%) (%)2
(equiv.) (°C)  (bar) (h) mol%
1(1) H0 (3) Soybean oil 120 1 70 5 87 88 120
TFtert-
1(1) Soybean oil 120 50 10 2.2 99 - 100
BOH (1)
Methyl oleate 99 99
Olive oil 99 99
2(1) AsA (1) 100 5 48 5 102
Soybean oil 99 89
Canola oil 99 94

aselectivity to the cyclic carbonate product.
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Other catalytic systems based on ionic compounds

Abundant, inexpensive, and nontoxic catalysts based on Na, Li or K metal salts are
found as well to catalyze the cycloaddition reaction of CO: to low molecular weight
epoxides with excellent results. Indeed, the synthesis of ethylene carbonate at an
industrial scale is patented using alkali metal salts as a catalyst.8> Nevertheless, the
catalytic performance of this kind of metal salts in the preparation of carbonated
oleochemicals and derivates is generally negligible or poor. Doll et al. tested KBr and
LiBr (3 mol%) metal salts as catalysts under supercritical conditions in the
cycloaddition of CO: to epoxidized soybean oil achieving low conversion (<6%) after
40h of reaction.”® Schaffner et al., also observed poor conversions (2%) employing KI
(5 wt.%) as a catalyst in the synthesis of carbonate fatty acids methyl esters from CO2
and epoxidized fatty acid methyl esters at 100 °C and 100 bar for 17h.* As mentioned
in previous catalytic systems, the addition of a co-catalyst (Lewis acid or HBD) often
promotes the overall catalytic performance in terms of conversion and selectivity in
the cycloaddition of CO:2 to epoxidized oleochemical reaction. Consequently, some
authors designed catalytic systems containing a metal salt and an additive (co-
catalysts) such as crown ethers or glycols (Figure 1.9) to try to improve the catalytic
performance of the alkali metal salts in the synthesis of carbonated oleochemicals. The
role of the crown ether is to enable the in-situ formation of a complex containing the
metal (cation) and the halide (anion) of the alkali salt as depicted in Scheme 1.7. The
“in situ” formed complex allows the epoxide activation due to the Lewis acidic
character of the metal facilitating the nucleophilic ring opening by the halide anion in
the cycloaddition of CO: to epoxides.'21122 For the first time, Parzuchowski et al. tested
a catalytic system composed by an alkali metal salt and crown ether in the
cycloaddition of CO2 to epoxidized oleochemicals.’?® This catalytic system was
formed by KI (0.3 wt.%) and 18-crown-6 ether (0.2 wt.%) and tested in the synthesis
of carbonated soybean oil from CO: and epoxidized soybean oil, achieving a
conversion of 98.3% at 130 °C and 60 bar after 120h reaction. Schéffner et al. tested
several catalytic systems formed by 5 wt.% of an alkali metal salt (KBr, KI, Nal, Lil
and Csl) and 3.5 wt.% of a crown ether (18-crown-6, 15-crown-5 and 12-crown-4) in
the reaction of CO: with epoxidized methyl linoleate at 100 °C, 100 bar and 17h

reaction time.” The best results in terms of conversion (94%) were achieved with the
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catalytic system formed by Nal and 15-crown-5 while in terms of selectivity (89% vs.
97%) were obtained with the catalytic system formed by KI and 18-crown-6. In
general, the second catalytic system produced slightly better results in terms of yield
of the targeted carbonated product (84% wvs. 87%). All the other catalytic systems
formed by other alkali metal salts tested by the authors exhibited insufficient
conversions from 10% to 55%. The same authors, tested as well catalytic systems
formed by alkali metal salts (5 wt.%) and glycols (HBDs) (3.5 wt.%) as co-catalysts at
100 °C, 100 bar and 17h reaction time in the reaction of CO2 with epoxidized methyl
linoleate. The authors justified the used of glycols as co-catalyst based on both their
tuneable properties and low cost. Among the catalytic systems employed containing
a glycol, the one formed by KI and polyethylenglycol 400 (PEG400) showed the best
catalytic performance in terms of conversion (84%) and selectivity (99%) although the
catalytic system formed by KI and polyethyleneglycol 600 (PEG600) showed similar
conversion (83%) and selectivity (99%). In this work, the authors observed that the
epoxidized oleochemical conversion was reduced considerably when high molecular
weight glycols (= 1000 Mw) where employed in the catalytic systems due to the
limited solubility of the heavy glycols. Longwitz et al. developed catalytic systems
formed by 1 equivalent of Calz (5 mol%) 1 equivalent of a crown ether (5 mol%) to be
tested in the synthesis of carbonated methyl oleate from the epoxidized methyl oleate
and CO:2 at relatively mild reaction conditions, 60 °C and 20 bar.’* Among the
designed catalytic systems, the one containing 18-crown-6-ether showed the highest
activity in terms of conversion (>99%) and selectivity (>99%) to the targeted
carbonated compound after 24h. The authors attributed the excellent catalytic
performance of the catalytic system containing the 18-crown-6-ether to its higher
solubility in the reaction media. The authors tested the same catalytic system at milder
reaction conditions, 45 °C and 10 bar achieving a yield to the carbonated product of
24% after 24h of reaction time. To keep the milder reaction conditions (45 °C and 10
bar) and increase the overall reaction yield, the authors added 5 mol% of other
additives (co-catalysts) to the catalytic system such as DABCO, TBD, DBU, DMAP or
triphenylphosphine (TPP). Indeed, the presence of these co-catalysts improved the
overall yield at least in ca. 330% from 24% to 81%. Even in the case of TPP, the yield
increased by more than 400%, from 24% to 98%. The authors claimed the
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improvement was due to the additives (co-catalysts) acting as activators of the CO:
molecule. Taking into account these results, the authors proposed a mechanism in
four steps for a catalytic system formed by Calz,18-crown-6-ether and TPP as shown
in Scheme 1.7. Before the catalytic cycle starts must take place the “in situ” formation
of a calcium complex with the crown ether. After, upon addition of the epoxide the
Lewis acid character of the calcium makes easier the activation of the epoxide ring by
interacting with the oxygen atom (A). Then the epoxide undergoes nucleophilic attach
by the iodine anion yielding the corresponding alkoxide (B). After, the alkoxide
attacks the CO: molecule previously activated by the TPP yielding the carbonate

compound (C). Finally, the intramolecular ring closing takes place (D or E) liberating

the catalyst and yielding the desired cyclic carbonate.
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Scheme 1.7. Mechanism proposed by Longwitz et al. for the CO: cycloaddition to an
epoxide catalyzed by Cal2, 18-crown-6-ether and TPP catalytic system (Credit:
Longwitz et al.).!*
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Figure 1.9. Additives employed as co-catalyst to improve the catalytic performance

of alkali metal salts.

In Table 1.5 are summarized the selected alkali metal salts/co-catalyst binary

employed as catalytic systems, the reaction conditions, the conversion, and the

selectivity to target products (when given) in the CO: cycloaddition to different

vegetable oils or analogue substrates.
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Table 1.5. Alkali metal salts/co-catalyst binary catalytic systems used in carbonated oleochemicals synthesis.

Catalyst Reaction conditions Conv.
co-catalyst (equiv.) Epoxidized oleochemical Select. (%)® Ref.
(equiv.) T(°C)  P(bar) t(h)  Catmol% (%)
KBr - Soybean oil 100 >103 40 3 6 - %8
LiBr - Soybean oil 100 >103 40 3 0 - %8
KI - Fatty acid methyl ester 100 100 17 52 2 99 »
KI (1) 35 (0.7) Soybean oil 130 60 120 0.32 98 - 123
KBr (1) 35 (0.7) Methyl linoleate 100 100 17 50 55 97 %
KI(1) 35(0.7) Methyl linoleate 100 100 17 52 90 97 9
Nal (1) 36 (0.7) Methyl linoleate 100 100 17 50 94 89 %
Lil (1) 37 (0.7) Methyl linoleate 100 100 17 50 18 98 %
CsI (1) 35 (0.7) Methyl linoleate 100 100 17 50 10 99 %
KI (1) 38 PEG400 (0.7) Methyl linoleate 100 100 17 50 84 99 9
Fatty acid methyl ester >99 >99
Cal2 (1) 35 (1)/42 (1) Sunflower ol 45 5 24 5 ” % 124
Soybean oil 99 82
Linseed oil 80 65

acatalyst in wt.%,; bselectivity to the cyclic carbonate product.
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1.2.2 Heterogeneous catalytic systems

Homogenous catalytic systems are the most extensively studied in the cycloaddition
of CO:2 to epoxidized oils and/or derivates to yield the corresponding cyclic
carbonates. However, the relevance of an efficient and easy separation and
reutilisation of the catalyst, as well as the development of more sustainable processes
strongly push researchers to design easily recoverable and reusable heterogeneous
catalytic systems.!?> Despite this strong interest in the use of heterogeneous catalytic
systems due to their remarkable advantages, very few works (only 5 to the best of our
knowledge) reported their use in the synthesis of carbonated oleochemicals from CO:s.
In this regard, Bahr et al. compared the catalytic performance of the benchmark
[TBA][Br] (1) ionic liquid catalyst with a heterogenous catalysts in the CO2
cycloaddition to epoxidized linseed oil to yield the corresponding carbonated
compound to be employed in the non-isocyanate polyurethanes synthesis.'?6 The
catalyst was a silica-supported 4-pyrrolidinopyridinium iodide (5iO2-I). At 140 °C
and 30 bar, full conversion of the epoxidized linseed o0il was achieved with [TBA][Br]
(1) ionic liquid as catalyst after 20h reaction time, while 45h were needed to reach the
same conversion with the heterogeneous catalysts (SiOz-I). The authors attributed the
longer reaction time needed with the heterogeneous catalyst to the size of the silica
pores, which limited the approach of the bulky epoxidized linseed oil. In fact, the
authors suggest that as solution to improve the catalytic performance of SiOx-I
catalysts would be to increase the silica pore size, tailoring the pore compartments as
well as to increase the spacer length (linker) between the silica support and the alkyl
ammonium groups. Schéiffner et al. tested a heterogenized catalytic system prepared
by impregnation of the benchmark [TBA][Br] (1) ionic liquid homogeneous catalyst
on silica as support in the synthesis of carbonated methyl linoleate from CO: and
epoxidized methyl linoleate at 100 °C and 100 bar.® After 17h of reaction, the
conversion of the homogeneous system was found to be 4.6 times higher compared
to the heterogenized system (15% vs. 69%) but the selectivity with both systems was
similar >99% towards the carbonated product. The authors attributed the drop in
conversion of the heterogenized systems to well-known mass transfer limitations in

this kind of catalysts. With the objective of developing a kinetic model for the
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synthesis of carbonated oleo compounds at industrial scale, Cai et al. tested a
heterogeneous catalyst by supporting via a noncovalent linkage a task-specific ionic
liquid [HBIm][CI] (1-hydroxypropyl-3-n-butylimidazolium chloride) and NbCls on
protonated carboxymethyl cellulose (HCMC) as support. The heterogeneous catalytic
system ([HBIm][CI]-NbCls/HCMC) was tested in the synthesis of carbonated fatty
acid methyl esters obtained from cottonseed oil, and parameters such as temperature,
pressure, stirring rate, particle size, and catalyst loading were investigated.'?” The
optimal parameters to afford highly carbonatation of the epoxidized compounds
were found to be 170 °C, 30 bar, 500 r.p.m., 652 pm particle size and 0.71 mol/L catalyst
amount. Akhdar et al. prepared several heterogeneous catalytic systems by covalent
support of imidazolium-based ionic liquids with thermomorphic polyethylene
(TMPE)."”2 The catalytic performance of these prepared catalytic systems was
evaluated for the ring opening of epoxidized methyl oleate with CO2. Among the
heterogeneous catalytic systems tested, the one composed by bromide anion and N-
methylimidazole cation ([Melm][Br]-TMPE) produced the highest epoxide
conversion (>99%) with a selectivity of 93% towards carbonated methyl oleate after
20h at 100 °C, 20 bar and using 4 mol% catalyst. Comparable catalytic activity to
homogeneous [TBA][Br] (1) ionic liquid catalyst was achieved with this catalyst in
terms of conversion (>99% vs. 96%) and selectivity (93% vs. 97%) at the same reaction
conditions. However, while [TBA][Br] could not be recovered and reused, the
prepared heterogenous catalyst could be easily recovered and reused up to 10 times
without any significant loss of catalytic activity. Perez-Sena et al. evaluated the
performance of various organic salts supported on silica gel and SBA-15 in the
synthesis carbonated methyl oleate.’” Among the tested catalytic systems, the 4-
pyrrolidino pyridine supported on SBA-15 and doped with a molar ratio of 0.12 Zn/Si
(Zn-SBA-15(0.12)-4PPI) (7.4 wt.%) was found to be the most active, reaching a suitable
epoxide conversion (75%) and carbonate selectivity (91%) at 140 °C and 30 bar after
32h of reaction. The same catalytic system was used for the synthesis of carbonated
methyl esters from cottonseed oil and tall oil under similar reaction conditions (140
°C, 30 bar, 7.4 wt.% and 23h). Nevertheless, the catalytic activity was considerably
lower in terms of conversion (47% and 57%) and selectivity (85% and 60%) comparing

with using methyl oleate as precursor.
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In Table 1.6 are summarized the selected employed heterogeneous catalytic systems,
the reaction conditions, the conversion, and the selectivity to target products (when

given) in the CO:z cycloaddition to different vegetable oils or analogue substrates.

Table 1.6. Heterogeneous catalytic systems used in carbonated oleochemicals
synthesis.

Reaction conditions

Epoxidized Conv Select
Catalyst p t Cat Ref.
oleochemical T (°C) (%) (%)¢
(bar) (h) mol%
SiOe-1 Linseed oil 140 30 45 3 100 - 126
1 on SiO2 Methyl linoleate 100 100 17 2 15 99 9
HBimCl- Cottonseed oil
170 30 8§ 0712 >90 - 127
NbCls/HCMC methyl ester
[Melm][Br]-
Methyl oleate 100 20 20 4 >99 93 128
TMPE
Methyl oleate 140 30 32 7.4b 75 91
Zn-SBA- Cottonseed oil
140 30 23 74P 47 85 129
15(0.12)-4PPI methyl ester

Tall oil methyl ester 140 30 23 7.4 57 60

acatalyst in mol/L; bcatalyst in wt.%,; cselectivity to the cyclic carbonate product.

Nevertheless, among the emplyed catalytic system in the CO2 cycloaddition to
epoxidized oleochemical, it is difficult to extract conclusions about what is the best
catalytic system, if any, reported so far due to the vast and diverse conditions (catalyst
amount, temperature, pressure, reaction time, employed substrate etc.) employed in
the different scientific literature dealing with this topic. It seems clear that the
selection of the catalytic systems strongly depends on the nature of the selected bio-
based substrate. Even if some advances have been made in this topic (mainly in last
5-6 years) deep and extensive studies are still required to make CO: chemical fixation
into epoxidized bio-based compounds attractive for the synthesis of more sustainable

polymers industry. In particular, it is necessary to develop cost-effective catalysts to
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obtain carbonated oils with high yields under conditions that are attractive to the

industry: low P and T and short reaction time.

1.3 Carbonated soybean oil as precursor for non-isocyanate

polyurethanes

As previously mentioned, at the beginning of the 21t century, B. Tamami and co-
workers developed for the first-time non-isocyanate polyurethanes (NIPUs) using
carbonated soybean oil as a precursor.” As illustrates Scheme 1.8 the synthesis of
NIPUs from CO: and vegetable oils consists of three stages. First, the unsaturations
present in the fatty acid chains are oxidized to epoxy groups. Then CO:z is inserted
into the oxirane ring to produce five-membered cyclic carbonates. Finally, the
carbonated (soybean) oil reacts with amines to give the desired NIPU. The potential
of this route for the valorisation of CO: and vegetable oil has prompted the
publication of numerous papers in this field.* In many of these works, the influence
of several factors, such as the cyclic carbonate amine ratio, amine structure, carbonate
amount and oil type on the final polymer properties was studied. The resultant NIPUs
exhibit a wide range of properties, with a tensile strength ranging from 0.1-20 MPa,
elongation at break in the range of 3-477%, glass transition temperatures between -15
and 60 °C or decomposition temperatures (5 wt% weight loss) up to 386 °C. In view
of the potential of vegetable oil-based NIPUs, there have been efforts to apply these
materials in several fields, such as foams'131, adhesives'¥?, coatings!®-1% or tissue
engineering.’® The background related to the synthesis of NIPUs from vegetable oils,
as well as the numerous factors that affect their performance and enable a wide range

of properties are further detailed in the introduction of Chapter 3.

However, the reaction between amines and oleo-based cyclic carbonates presents
significant disadvantages for the industrial application of the resulting NIPUs. The
low reactivity of cyclic carbonates and amines aggravates the reaction conditions
compared to isocyanates and alcohols, which react at room temperature. Even when
using more severe reaction conditions (high temperature and long reaction times),

vegetable oil-based NIPUs do not reach the features of their isocyanate analogues.
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These less optimal operating conditions, along with the suboptimal properties of the
final product, are a barrier for the industrial implementation vegetable oil-based
NIPUs. It is important to note that in the Chapter 4 introduction, the current status of
carbonated vegetable oil-based NIPUs in the coatings industry has been detailed in

depth.

Soybean oil (SBO)
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Scheme 1.8. CSBO-based non-isocyanate polyurethanes synthesis process.

1.4 Aim and outline of the thesis

Epoxidized soybean oil is one of the few bio-based feedstock that contains epoxy
groups in its structure and is produced in tons. This makes ESBO oil a widely
available and low-cost precursor, making it an excellent candidate to be employed in
the development of the new alternative to polyurethanes: Non-isocyanate
polyurethanes. Although the polyaddition reaction is the most attractive route due to
the inherent toxicity, the harsh reaction conditions, (high pressure, high temperature
and long time) together with curing conditions far from what is required by the
industry, hampers the process industrialization and the possible commercialization

of both carbonated oils and vegetable oil-based NIPUs.

Hence the aim of the thesis has been to advance the introduction of carbonated
soybean oil as a monomer for the synthesis of (partially) biobased NIPU, a more
sustainable and safer altarnative to PU. First, a new family of catalysts was designed

and synthesized to improve the reaction conditions of CO: cycloaddition to
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epoxidized soybean oil. (Chapter 2) The goal was to find catalysts that could improve

the reaction conditions in the synthesis of carbonated monomer in terms of

temperature, pressure, time and yield. The carbonated soybean oil was reacted with

diamines to synthesize vegetable oil-based NIPUs, which were characterized and

compared with traditional PUs (Chapter 3). Finally, with the aim of bringing this

chemistry closer to industrial level, an investigation of the use of these products in

the field of coatings has been carried out, according to the specific synthesis and

characterization requirements of this industry (Chapter 4).
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Chapter 2

2.1 Background

The excessive use of petrochemical resources is considered one of the main concerns
of today’s society.! One of the major causes, among others, is the rise of carbon dioxide
(CO2) emissions linked mainly to the human consumption of finite petrochemicals to
produce energy, commodity and fine chemicals. Hence, scientists are focused on the
development of processes in accordance with the Green Chemistry principles.? To
achieve this ambitious goal, the finding of an abundant, largely available, renewable,
low cost and non-toxic feedstock has raised as an important worldwide challenge. In
this context, the storage and chemical utilization of CO2, a greenhouse gas with low
toxicity and anthropogenetic produced in large amounts, has attracted considerable
attention as a promising C1 building block source.’¢ In fact, some value-added
products are already produced using CO: as feedstock, e.g., methanol,”® urea,®
salicylic acid'® among others. Noteworthy, the obtention of cyclic carbonates by atom
economic cycloaddition reaction between CO:2 and epoxides is of great interest. As a
matter of fact, cyclic carbonates are key compounds in the synthesis of daily use
polymers such as non-isocyanate polyurethanes, polycarbonates etc.!12 Nevertheless,
still most of the epoxides employed in the preparation of cyclic carbonates are
obtained from non-renewable fossil sources.!>1” Therefore, to obtain fully renewable
cyclic carbonates from COz, biomass derived epoxides are needed. Among biomass-
derived epoxides, those from vegetable oils (VOs) are of special interest due to their
availability and easy preparation.’® In addition, the carbonated vegetable oils
produced by cycloaddition of CO:2 to epoxidized vegetable oils offer a range of
properties that makes them potentially applicable in several industries focused in the
generation of bio-based products.”” Among the possible applications of carbonated
vegetable oils several could be highlighted: monomers for polyesters, polycarbonates
and polyurethanes synthesis, industrial lubricants, fuel additives and
plasticizers.”202! One of the plausible applications of carbonated vegetable oils with
a major growth potential is their use as monomers in the synthesis of non-isocyanate
polyurethanes (NIPUs) by polyaddition or polycondensation reaction with
diamines.?>2* Indeed, the preparation of NIPUs using cyclic and/or linear carbonates

and diamines will avoid the use of the highly toxic isocyanate monomers which
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handling and use is becoming more restrictive through European regulation.?
Unfortunately, there are some drawbacks hampering the use of epoxidized vegetable
oils and CO:z2 as feedstocks to produce carbonated vegetable oils able to be employed
as monomers in the synthesis of NIPUs. These drawbacks are the low reactivity of
both the oxirane groups of the vegetable oil, mainly due to steric impediments, and
the CO2 molecule that due to its high stability is considered almost an inert molecule.
Therefore, the production of carbonated oils by cycloaddition reaction of CO2 with
epoxidized vegetable oils remains a challenge.?0?” These inherent problems associated
to the low reactivity of the feedstocks could potentially be overcome by designing the
appropriate catalytic systems or catalyst. In fact, several reports on the cycloaddition
reaction of CO2 to sterically hindered oleochemical internal epoxides have been
reported employing different catalytic systems under moderate reaction conditions,
such as combination of quaternary ammonium and phosphonium salts with metal
complexes®3 or hydrogen bond donors,®3% crown ether complexes?'¥73 jonic
liquids,?940 deep eutectic solvents*’ and organocatalysts.*> Among the catalysts
employed, probably the tetra-n-butylammonium bromide [TBA][Br] ionic liquid is
the most wildly investigated and studied one.’ However, with this catalyst high
temperatures (>100 °C), high CO: pressures (>25 bar), high amounts of catalyst (2-7
mol%) and long reaction times (typically >24h) are required in order to obtain good
conversion and selectivity towards the desired carbonated product. Consequently,
the research on new more effective, efficient, cheaper and more thermally robust

catalysts is highly demanded.

Ionic liquids (ILs) are a class of compounds formed exclusively by ions with multiple
applications, among them in catalysis, e.g. homogeneous, heterogenized
homogeneous catalysis, biphasic systems etc.##* ILs possess several inherent
properties that make them special, among other are noteworthy good thermal and
chemical stability, low toxicity, negligible vapor pressure, good solubility and easily
functionalization for a chosen application.*34 Nevertheless, their use as catalysts in
the cycloaddition reaction of CO2 with epoxidized vegetable oils is limited and has
not been widely reported with the exception of the above-mentioned IL
([TBA][Br]).2*
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The carbonation reaction mechanism proposed elsewhere in the scientific literature is
show in Scheme 2.1, in the first step the formation of an alkoxide intermediate takes
place by the oxirane opening by a nucleophile species. This is followed by the attack
of the alkoxide intermediate to the CO: molecule forming an alkyl carbonate
compound. Finally, the cyclic carbonate is obtained after an intramolecular ring-
closure.?? Considering the reaction mechanism, it is clear that the opening of the
epoxide is a key step in the cycloaddition reaction otherwise the reaction does not
take place. The opening of the epoxide can be achieved 1) by using a good nucleophile
species which could be also a good leaving group to allow the formation of the
carbonated product, 2) by using a hydrogen bond donor compound to increase the
electrophilicity of the carbons in the epoxide ring or 3) by the combination of 1 and 2.
In this regard, the bromide anion fulfils both conditions a good nucleophile and good-
moderate leaving group.# In addition, Br- nucleophilicity could be modified
depending on the steric hindrance and rigidity of the selected cation which allows or
not the Br- to be close to the electron deficient cation modifying the electrostatic

interaction between them.
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Scheme 2.1. General mechanism of CO:2 cycloaddition to an epoxidized oil, catalysed
by a tetralkylammonium halide salt.
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2.2 Objectives

The main objective of this chapter was to find a catalytic system that improves the
reaction conditions of cycloaddition reaction of CO:2 to epoxidized soybean oil (ESBO)
to obtain the corresponding carbonated soybean oil (CSBO) under conditions that

facilitate the industrial implementation of this reaction.

Due to previously described reasons and taking into account the reaction mechanism,
in this work a series of economic and easy to prepare and to isolate ionic liquids based
in phosphonium cation (triphenylphosphonium and tricyclohexylphosphonium) and
a halogen anion (bromide or iodide) were designed, prepared, fully characterized and
tested in the cycloaddition reaction of CO: to a reference ESBO to obtain CSBO
(Scheme 2.2). The influence of the cation and the anion on the performance of the
ionic liquid and several reaction parameters such as reaction temperature, catalyst
concentration, total pressure and reaction time were studied and are deeply
discussed. The results in terms of conversion and selectivity to the carbonated desired
product are compared with the most used and reference catalyst [TBA][Br] for the

studied reaction.
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Scheme 2.2. General cycloaddition reaction of CO2 to an epoxidized vegetable oil.

2.3 Experimental

2.3.1 Materials

All compounds were used as received unless otherwise stated. 1-bromobutane (99%),
1-bromooctane  (99%), 1-iodooctane (98%), 1-bromododecane (97%), 1-
bromohexadecane (97%) 1-bromoeicosane (297%) tetraphenylphosphonium bromide

(97%) and tricyclohexylphosphine (>98%) were purchased from Sigma-Aldrich. 4-
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bromobutyric acid (98%) and 3-bromopropanol were purchased from Fluorochem. 8-
bromooctanoic acid (>97%) was purchased from TCIL. Triphenylphosphine (99%) and
1-methylimidazole (99%) were purchased from Across Organics. Tetra-n-
butylammonium bromide (98 %) was purchased from Fluka. Toluene (EssentQ), n-
pentane (99%), diethyl ether (EssentQ), stabilized by BHT), hexane (EssentQ), fraction
from petroleum) and ethyl acetate (EssentQ)) were purchased from Scharlau.
Epoxidized soybean oil (ESBO) containing 4.19 mmol/g of oxirane was kindly
supplied by Hebron (Spain) and the CO: (Industrial grade, 99.8%) was purchased

from Nippon gases.

2.3.2 Synthesis and characterization of the prepared ionic liquids

Ionic liquids were synthesized following similar procedures to those already reported
in the scientific literature.*$* In a typical synthesis phosphonium based ionic liquids
were prepared as follows, in a 100 mL Fischer-Porter reactor under a positive nitrogen
pressure, triphenylphosphine (TPP) or tricyclohexylphosphine (TCP) (19 mmol; 1.1
equiv.) was dissolved in toluene (25 mL). Then, 1 equivalent of the selected haloalkane
(C < C8) compound was added dropwise and the mixture was heated at reflux
temperature for 24h. After, the excess of toluene was removed by decantation and the
crude product was washed with toluene (3 x 40 mL) to remove non-ionic residues,
and after was washed with n-pentane (2 x 40 mL). Finally, the solid residue was dried
overnight under reduced pressure. Ionic liquids based on long alkyl chains (C = C8)
were prepared likewise but reaction products were isolated by washing them with

diethyl ether (3 x 40 mL) instead of toluene and/or pentane (see Appendix Al).

All prepared ionic liquids were characterized by complementary techniques
described in Methods. The structural characterization of the ILs was determined by
means of 'H and ¥P{"H} nuclear magnetic resonance (NMR). Thermal stability was
evaluated by thermal gravimetric analysis (TGA). Melting points were measured
using capillary melting point technique or by differential scanning calorimetry (DSC)

analysis.
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2.3.3 Catalytic study

Catalytic experiments were carried out in a 100 mL stain-steel Autoclave. In a typical
experiment the reactor was loaded with epoxidized soybean oil (ESBO, 25 g
containing 104.7 mmol of oxirane) and the desired amount of the previously prepared
ionic liquids as catalyst (mol% referred to the oxirane mol). Afterwards, reaction
system was heated to the selected reaction temperature and subsequently purged
with COz. Then, the reactor was loaded with CO: to the desired pressure which was
considered as initial reaction time. After the selected reaction time, the reactor was

cooled down to room temperature and then the pressure was slowly released.

ESBO conversion into the carbonated soybean oil (CSBO) was determined by 'H NMR
spectroscopy. The conversion and selectivity values were calculated integrating the
peaks corresponding to the cyclic carbonates (5.1-4.4 ppm); epoxides (3.25-2.8 ppm)
and the unknown peak (2.4-2.3 ppm) and giving a total value to the area of 100% (see
Appendix A5). All the experiments were performed at least twice in order to check
their repeatability. The products (unreacted ESBO, carbonated oil CSBO and
unknown product) were isolated by flash chromatography on silica gel (5i02)
employing hexane/ethyl acetate as eluent mixture. The epoxide number of ESBO, was

determined by a potentiometric determination according to ASTM D 1652-04.

2.3.4 Solubility test of the employed catalysts

A solubility test of the employed catalysts was performed in the ESBO used as
reaction media. In a typical test, 5 mol % of the corresponding catalyst referred to the
oxirane mol was added to 25 g of ESBO containing 0.105 mol of oxirane in a round
bottom flask. The mixture was heated at 120 °C for 2h. Catalyst’s solubility in the

ESBO reaction media was visually inspected.
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2.4 Results and discussion

2.4.1 Synthesis and characterization of ionic liquids

Eleven phosphonium-based ionic liquids (Figure 2.1 (1-11)) were synthetized. The
prepared ILs were rationally designed and selected on the bases of the cycloaddition
mechanism described for [TBA][Br] ionic liquid (Scheme 2.1).2 Consequently, bulky
rigid aromatic cations such as triphenylphosphine (TPP) or bulky flexible aliphatic
cations such as tricyclohexylphosphine (TCP) and Br- and I as anions were selected.
The catalytic performance of the presence of functional groups such as hydroxyl (-
OH) and carboxyl (-COOH) and the length of the alkyl chain attached to the

phosphorus atoms was also evaluated in the studied reaction.

Q Br Q Br Q Br Q Br 9
+ + +

PP + OH
: P : P : P/VT : P f
[BTPP[Br] [HPTPP][Br] [CBTPPI[Br] [COTPP][Br]
1 2 3 4

[DTPP][Br] [HTPP][Br] [ETPPI[Br] [OTPPI[1]
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Figure 2.1. Prepared phosphonium-based ionic liquids (1-11) and the benchmark
ionic liquid (12) employed in this work as catalysts in the cycloaddition reaction of
CO2 to epoxidized soybean oil.
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All of the ILs were prepared from inexpensive starting materials in one step and
isolated and purified in a very simple way following slightly modified procedures
from those found in the scientific literature.®® The purity of the prepared ILs was
confirmed by 'H and 3'P{1H} NMR spectroscopy (see Appendix A2) and the thermal
properties (melting and stability) were measured by TGA, DSC and/or capillary
technique. Within the catalytic study the synthesized ILs were compared with a
commercially available IL (Figure 2.1 (12)) used as benchmark in the CO:
cycloaddition reaction with epoxidized vegetable oils to yield carbonated vegetable

oils.

The thermal stability of the prepared ionic liquids was determined by TGA.

Decomposition onset temperature as well as melting points are showed in Table 2.1.

Table 2.1. Decomposition temperature (Tonset) and melting temperature (Tm) of the
ionic liquids employed in this work.

Entry ionic liquid Tonset (°C) Tm (°C)
1 [BTPP][Br] 304 245-247
2 [HPTPP][Br] 329 237-239
3 [CBTPP][Br] 326 251-254
4 [COTPP][Br] 318 125-128
5 [DTPP][Br] 293 101-104
6 [HTPP][Br] 291 103-105
7 [ETPP][Br] 289 108-110
8 [OTPP][I] 304 73-76
9 [OTPP][Br] 294 32-34
10 [DTCP][Br] 337 4-6
11 [BTCP][Br] 341 150-153
12 [TBA][Br] 200 102-103

All prepared ILs possess high thermal stability within the range from 287 °C to 341
°C (see Appendix A3). Among them, the ILs bearing the tricyclohexylphosphine

moiety were found slightly more thermally stable than the ones bearing the
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triphenylphosphine moiety (entry 1 vs. entry 11 and entry 5 vs. entry 10, Table 2.1). It
is worth noticing that the benchmark IL (12) (entry 12, Table 2.1) shows lower thermal
stability ca. 200 °C compared to all prepared ILs (1-12). This is in line with what is
reported in the literature where phosphonium-based ILs are, in general, thermally

more stable than ammonium-based counterparts.5!

2.4.2 Catalytic study

ILs 1 to 11 were tested in the solvent-free synthesis of carbonated soybean oil by
cycloaddition of CO: to the corresponding epoxidized soybean oil at different reaction
conditions. Their performance in the investigated reaction was compared as well with
the widely employed in the cited reaction and commercially available ionic liquid

(12).
Influence of the employed ionic liquid in the studied reaction

Initially, a screening to the different “ad hoc” designed ILs was done in selected
standard conditions found elsewhere in the literature for the studied reaction, 20 bar
COz pressure, 120 °C, 5 mol% catalyst referred to oxirane mol and 2h reaction. The
obtained results are shown in Figure 2.2. As can be observed, 3 of the prepared ILs (1,
2 and 4) showed negligible or very low conversion (<2 %) at the studied reaction
conditions. On the other hand, 3 out of the 11 prepared ILs (5, 6 and 7) achieved higher
conversions that the reference catalyst (12). The highest conversion among the tested
ILs (45.6%) was obtained with the triphenyl phosphonium-based IL (5) bearing a 12-
carbon length alkyl chain and a Br- as anion. Slightly lower conversions 45.3% and
42.3% were also achieved with the ILs based on triphenyl phosphonium cation
bearing an alkyl chain of 16 and 20 carbons length respectively and a Br- as anion (6
and 7). Conversion closed to the benchmark catalyst (12), 37.9 % was achieved with
IL (9) bearing an alkyl chain of 8 carbons. On the other hand, the other tested IL (1)
based on the triphenyl phosphonium cation bearing a shorter alkyl chain (C4) showed
negligible conversion. The presence of a functional group, -OH or -COOH, in the alkyl
chain attached to the triphenyl phosphonium cation (2, 3 and 4) in the performance
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of the IL in the studied reaction was also investigated. It was expected, on the basis of
the reaction mechanism, that the presence of these functional groups could improve
the catalytic performance in terms of conversion because these groups could
contribute to make more electrophilic the carbon in the epoxide groups due to
interaction with the oxygen present in the epoxide ring and consequently facilitated
its opening. Nevertheless, unexpected negligible or low conversion, <10 %, was
obtained. From the experimental results, it looks that the solubility of the ILs in the
reaction media (epoxidized oil) is a key factor that strongly determines the
performance of the studied catalyst in the investigated reaction conditions at 2h
reaction time. The effect of the solubility was already evidenced in the work of dos
Santos et al. by quantitative structure-property relationships modelling and
exploratory analysis.*? It is evident that the reaction rate is strongly dependent on the
solubility of the catalyst. Considering previous statement, a study of the solubility of
the different tested ILs at 5 mol % in the ESBO, 120 °C and 2h was performed. It was
observed that the benchmark catalyst (12) was completely soluble in the reaction
media at the studied conditions while among the prepared catalysts only 5, 6, 7 and
10 were completely soluble under identical conditions. Therefore, only this set of
catalysts can be fairly compared to the benchmark catalyst 12. All the other prepared
ILs showed partial (3, 4, 8, 9 and 11) or no solubility (1 and 2) at all in the studied
reaction media and conditions. In fact, we do believe that the lack of solubility masks
other effects that were expected to improve the catalytic performance such us alkyl
length and/or the presence of -OH, -COOH functional groups in its catalytic
performance. In fact, the effect of the catalyst solubility is very well evidenced in the
catalytic performance if two similar ILs (1 and 11) are compared. The difference
between them is the nature of the substituents on the phosphonium cation (aromatic
vs. aliphatic). As shown in Figure 2.2, with the first one a negligible conversion is
obtained while with the second one the conversion increased up to 39.5 %. This
different behaviour is attributed to the by far higher solubility of the IL (11) with the
whole-aliphatic cation in a reaction media which has more affinity for aliphatic

molecules.
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As expected, it has been observed that increasing the length of the alkylic chain has a
beneficial effect on the solubility of the IL in the substrate. Therefore, the use of IL
with longer aliphatic chains (i.e. C12) in which the solubility is not compromised,
permitted us to study the effect of the nature of the phosphonium substituents on the
reaction rate. A comparison of catalysts 5 and 10 showed that triphenyl-substituted
salt outperformed the analogue tricyclohexyl phosphonium (45.6 % vs. 38.5 %).The
different reactivity can be attributed to the increased rigidity of the triphenyl
phosphonium fragment compared to the more flexible tricyclohexyl counterpart. The
more rigid cation keeps the anion (bromide and/or the alkoxide formed during the
catalytic reaction) far from the phosphorus atom weakening the electrostatic
interaction between anions and the cationic centre, increasing the nucleophilic
character of the anion and contributing to an easier and faster epoxide ring opening
in the case of the bromide anion or facilitating the attack of the formed alkoxide to the

CO:2 molecule to form the final cyclic carbonate.>

Concerning the selectivity to the carbonated product, with most of the ILs studied a
selectivity above 96 % was achieved. Only in the case of 4 and 8 the selectivity was
compromised, 64.8 % and 86.0 % respectively. If fact, 'H NMR analysis of the reaction
mixtures at the end of the reactions showed the formation of an “unidentified”
compound (see Appendix A5). Intrigued to identified this “unknow” product, a
flash-chromatography column was performed to isolated and characterized it. 'H
NMR signals between 2.3 and 2.4 ppm were ambiguously assigned to this new
“unidentified” product. Unfortunately, full characterization and the final
identification of the “unknown” product was not successful. Nevertheless,
considering the "H NMR spectra of the isolated “unknown” product (see Appendix
A5) and the group of signals between 4.0-4.6 ppm and between 5.2-5.4 ppm that are
common in ESBO, CSBO and the “unknown” product, we do believe that the
“unknown” product is not a decomposition one but most probably derives from
CSBO by reaction of the later with the alkoxide resulting from the epoxide ring
opening. In summary and taking into account all factors that contribute to the activity
and selectivity of the prepared ILs, the catalysts 5, 6 and 7 yielded the best results in

terms of conversion and selectivity outperforming the benchmark catalyst 12 at the
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same reaction conditions. Due to the slightly higher conversion achieved with catalyst
5, this IL was selected to further study of other reaction parameters such as
temperature, catalysts amount, pressure and time. The benchmark catalyst 12 was

also investigated at the same conditions for comparative purposes.
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Figure 2.2. Conversion and selectivity of ESBO to CSBO after cycloaddition with CO:
with the different ionic liquid tested as catalysts (1 to 12). Reaction conditions:
temperature: 120 °C, CO:z pressure: 20 bar, reaction time: 2h, 5 mol% of catalyst
referred to mol of oxirane.

Influence of the catalyst loading

The effect of the catalyst loading (in mol% related to oxirane groups) on the solvent-
free cycloaddition reaction of CO: to the ESBO was investigated with the selected
catalyst 5 and compared to the benchmark catalyst 12. The explored catalyst loadings

were 1, 2 and 5 mol%, respectively. The obtained results are depicted in Figure 2.3.

As can be seen, with both tested catalysts the conversion increases almost linearly
with the catalysts amount in the studied range of concentrations. On the other hand,
the selectivity towards the carbonated product was superior at 2 mol % (>99 %) with

IL 5. The prepared catalyst 5 showed in all cases better performance in terms of
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conversion than the benchmark catalyst 12. In fact, catalyst 5 increases the conversion
achieved by 12 in ca. 43.9%, 0.3% and 14% at 1 mol%, 2 mol% and 5 mol% of catalyst
respectively. The highest increment in conversion was obtained at 1 mol % (more than
43 % increment). The better performance of catalysts 5 could be attributed to an
increase of the nucleophilic character of the bromide anion due to the presence of the

more sterically hindered phosphonium cation and the weaker interaction between the
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Figure 2.3. Conversion and selectivity of ESBO to CSBO after solvent-free
cycloaddition with CO: at different mol % with catalysts 5 and the reference catalyst
12. Reaction conditions: temperature: 120 °C; COz pressure: 20 bar; reaction time: 2h;
mol % is referred to oxirane mol.

Influence of the temperature

Temperature is a key parameter in many catalytic reactions influencing both
conversion and selectivity to desired product. The influence of the temperature was

studied in the range 60-160 °C with 2 mol% of catalyst and at 2h reaction time.

As can be observed in Figure 2.4, the catalytic activity of 5 surpasses that of the
benchmark IL (12) at all the studied temperatures. In the case of catalyst 5 a
continuous increase on the activity with the raise of temperature was observed. On
the other hand, with the benchmark catalyst (12) the highest conversion was obtained
at 140 °C (38.8 %) while it decreased to 26.8 % at 160 °C.
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Figure 2.4. Conversion and selectivity of ESBO to CSBO after solvent-free
cycloaddition with COz at different temperatures with catalyst 5 and the reference
catalyst 12. Reaction conditions: catalyst amount: 2 mol % referred to oxirane mol;
CO: pressure: 20 bar; reaction time: 2h.

This result was somehow unexpected since the decomposition temperature of the
benchmark catalyst (12) is reported to be 190 °C.% Therefore, it was decided to check
the thermal stability of the two tested catalysts at the highest temperature studied by
performing an isotherm thermogravimetric analysis at 160 °C for 12h. As suspected,
the benchmark catalyst (12) starts degrading after less than 1h at 160 °C while the
prepared catalyst 5 shows negligible or no degradation after 12h at 160 °C (Figure
2.5). This finding ambiguously explains why the conversion with 12 decreases when
the temperature increases from 140 °C to 160 °C and constituted a clear advantage of
IL 5 compared to the benchmark catalyst (12) for scale-up processes at high

temperatures.

It is important to highlight that with both catalytic systems the selectivity towards
CSBO decreases significantly at temperatures 2140 °C, which indicates that the further

decomposition of CSBO towards an unidentified product is favoured.
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Figure 2.5. Catalysts 5 ((DTTP][Br]) and 12 ([TBA][Br]) isothermal thermogravimetric
analysis at 160 °C.

Influence of the pressure

The effect of CO2 pressure was investigated between atmospheric pressure and 40 bar

at 120 °C and 2h reaction time (Figure 2.6).
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Figure 2.6. Conversion and selectivity of ESBO to CSBO after solvent-free
cycloaddition with CO:z at different pressure of CO:2 with catalyst 5 and the reference
catalyst 12. Reaction conditions: catalyst amount: 2 mol % referred to oxirane mol;
temperature: 120 °C; reaction time: 2h.
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The results obtained showed that with both catalytic systems the activity increases
when rising the CO:2 pressure. This indicates a positive contribution of the CO: partial
pressure on the rate-equation law. This result is in agreement with the proposed
reaction mechanism and may indicate that attack of the alkoxide intermediate to CO:
could be involved in the rate-determining step of the process. Nevertheless, a change
in the rate determining step depending upon the total CO:2 pressure cannot be
discarded. Unexpectedly, an increase of the selectivity towards CSBO was also
observed at higher CO2 pressures with both catalytic systems. This effect could be due
to a stabilizing effect of CO2 avoiding further transformation of the carbonated
compounds. In general, catalyst 5 and the benchmark catalyst 12 showed similar
behaviour with the pressure achieving slightly higher conversion within the whole

range of CO: pressures studied when the prepared catalyst 5 was employed.

Influence of the reaction time

A study to follow the conversion of the ESBO and the selectivity towards the CSBO
product with time was done with the prepared catalyst 5 at the optimized reaction
conditions for this system (160 °C, 40 bar COz, 2 mol% catalyst with respect to oxirane
mol). The results obtained are shown in Figure 2.7. Under these conditions, full
conversion was achieved after 5h reaction although excellent conversions 90.5 % were
already obtained after 3h. On the other hand, an excellent selectivity (=84 %) was
observed along the whole process despite the high reaction temperature employed
that could contribute to further reaction of the carbonated product. These results
show the potential of catalyst 5 that yield among the highest conversion of ESBO to
CSBO reported in the literature so far, to the best of our knowledge. In summary, this
catalyst that can be readily obtained from commercially available cheap feedstocks
shows undoubtedly superior performance and stability in the solvent-free
cycloaddition of CO:z to ESBO reaction compared to the commercially available and

wildly used in this reaction benchmark catalyst 12.
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Figure 2.7. Conversion and selectivity of ESBO to CSBO after solvent-free
cycloaddition with CO: at different reaction times with catalyst 5. Reaction
conditions: catalyst amount: 2 mol % referred to oxirane mol; temperature: 160 °C;
CO: pressure: 40 bar.

2.5 Conclusions

In the present chapter, a series of eleven ILs were rationally designed and prepared
to be employed as catalyst in the obtention of CSBO by solvent-free cycloaddition
reaction of CO2 to ESBO. Most of the ILs were prepared in one step and isolated in a
straight-forward manner from economic and widely available feedstock materials,
triphenylphosphine and the corresponding haloalkane. Three out of the eleven
prepared ionic liquids showed better performance than the benchmark and widely
used catalysts (12) in this reaction. It was evidenced that the solubility of the
employed ionic liquid in the ESBO reaction media is a key factor in the catalyst
performance. Additionally, it was shown that the length of the alkylic chain suffices
to impart the desired solubility as long as it was of at least 8 carbon atoms-length. The
rigidity and the steric hindrance of the substituents on the phosphonium cation was
found to affect the nucleophilic character of the Br- anion and therefore the catalyst
performance that is improved in the case of the triphenylphosphonium (more rigid)
compared to tricyclohexylphosphonium (more flexible). Practically full conversion
>99 % and excellent selectivity toward the carbonated product 84 % was obtained
with 2 mol% of catalyst 5 at 160 °C, 40 bar CO2 and after 5h reaction while, at the same

reaction conditions, the benchmark catalyst 12 showed less than 27% conversion due
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to lack of thermal stability. In summary, at least three ionic liquids (5, 6 and 7) with

improved catalytic performance in terms of conversion and selectivity compared to

the benchmark catalyst 12 in the solvent-free CO:z cycloaddition to ESBO at moderated

reaction conditions, 5h, 40 bar and 160 °C were encountered. Furthermore, these

phosphonium-based ionic liquids were synthesized from commercially available and

low-cost feedstocks (triphenylphosphine and bromoalkanes) in one step process and

were easily isolated. The obtained CSBO can be employed as bio-based compounds

with huge application in the field of biopolymers such as polyurethanes and

polycarbonates.
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Chapter 3

3.1 Background

The current tendency in both academia and industry is to develop safer and
sustainable processes and products. One of the materials that has gained great interest
due to its close relationship with Green Chemistry is cyclic carbonates. In fact, the
most common and industrially established route for the manufacturing of these
products is the cycloaddition of carbon dioxide (CO2) to epoxide rings.! This route, in
addition to showing 100% atomic efficiency, allows the use of a renewable, non-toxic
and widely available reagent, CO2. Moreover, another feature that brings green
character to the process is the possibility of using epoxides from bio-based origin, thus
discarding/reducing the use of petrochemical raw materials.2 This has prompted the
scientific community to use cyclic carbonates in several fields. Indeed, cyclic
carbonates have demonstrated their usefulness in a wide range of applications.®”
Especially they have shown potential as starting reagent for the chemical synthesis of
"green polyurethanes", allowing to avoid toxic compounds such as phosgene or
isocyanates.?1® As already mentioned in Chapter 1, the reaction of cyclic carbonates
with amines generates non-isocyanate polyurethanes (NIPUs), providing a safe and
suitable route comparing with conventional synthesis of polyurethanes (PUs), which
is based on the reaction of toxic isocyanates and polyols. Hence, due to increasing
safety and environmental concerns, researchers have focused their efforts on the
development of NIPUs based on renewable sources and CO: by polyaddition of cyclic

carbonates and amines.

As stated in Chapter 1, the several types of vegetable oils (VOs) and their derivatives
make them one of the most widely used sources for the synthesis of bio-based
polymers, which also includes non-isocyanate polyurethanes. Since Tamami and his
co-workers first developed isocyanate-free polyurethanes from oils, the polyaddition
reaction between carbonated oils or derivates and amines has been studied in detail
to obtain vegetable oil-based NIPUs (Scheme 3.1)."2 In many of these works, the
influence of several elements, such as the amine structure, carbonate amount, cyclic

carbonate amine ratio, and oil type on the final polymer properties has been studied.
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Scheme 3.1. Route to NIPUs from vegetable oils.

The amine structure has an impact in numerous properties of the final PU. Amines
with a rigid structure (aromatic and cycloaliphatic) provide higher Young's modulus,
tensile strength and glass transition temperature (Ts) than aliphatic amines. In
contrast, NIPUs based on carbonated oils and flexible amines show higher elongation
at break than their cyclic analogues.’*'5'8 On the other hand, amine functionality is
also one of the factors that plays a role in carbonated oil-based NIPUs properties.
Increasing the number of functional groups enhances cross-linking density, which

results in a higher T and tensile strength comparing with bifunctional analogues.

Another factor that makes possible to obtain polymeric networks with very diverse
properties is the percentage of carbonate groups present in the oil. The use of a
monomer with a high carbonate content, provides polymeric networks with a higher
value of Young's modulus, tensile strength, glass transition temperature, hardness
and adhesion in relation to monomers with a lower percentage of carbonates.!3142629
This results from the fact that these properties are closely related with cross-linking
degree and hydroxyl groups concentration. Nevertheless, some properties related to
final product applicability, such as anticorrosion properties or capacity to be foamed,

are improved by using an oil with lower carbonate content.17.2¢

The amine/cyclic carbonate molar ratio has a significant effect on final product
properties. An excess of amine leads to side reaction, harming the crosslinking degree,
and therefore decreasing properties such as tensile strength or hardness. Below amine
equimolar ratios (excess of cyclic carbonate) amide formation is hardly noticeable.
However, not complete cyclic carbonate conversion is obtained, which results in low

tensile strength and hardness due to the low cross-linking degree.!!.12151830
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Another relevant aspect that determines properties of NIPUs is the type of vegetable
oil used as precursor. So far, soybean oil has been one of the most used oleochemicals
due to it low cost and abundancy. However, in recent year’s other oils such as linseed
or algae-derived triglycerides have been used for this goal. Dong et al. evidenced that
cyclic carbonate reactivity is one of the factors most influenced by oil type.? Indeed,
triglycerides with higher carbonate density show greater reactivity associated to the
cascading effect of neighbouring groups. Nonetheless, the greater reactivity
negatively affects formulation handling, since the gel formation happens before 1
minute, limiting the use of high iodine number oils (algae oil) under standard
laboratory conditions. Furthermore, just as high carbonate percentage oils,
triglycerides with great carbonate ring density show higher glass-transition

temperature and Young’'s modulus.'42

The influence of carbonate content, amine type or molar ratio in the polymer
properties evidence that the variation of these factors could facilitate the development
of a new NIPU family with a wide range of properties. This fact indicates that
vegetable oil-based NIPUs could be consider a material as versatile as the PUs
obtained from the conventional route. This opens the door to the use of vegetable oil-

based NIPUs in different fields and applications.

In spite of the potential of vegetable oil-based NIPUs to replace traditional isocyanate-
based PU, until now, the research has focused on their synthesis rather than assessing
their performance and comparing the NIPUs with vegetable oil-based PU. Not having
a direct comparative analysis of the NIPUs with the traditional PU makes difficult to

know their potential to substitute them.

3.2 Objectives

The main objective of this chapter was to obtain NIPUs with differing features using
previously synthesized carbonated soybean oil (CSBO) as a precursor, as well as to
determine whether these NIPUs have the potential to replace conventional vegetable

oil-based PUs.
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To simplify the process and facilitate the industrial implementation, one of the goals
of this chapter was to verify that CSBO can be used without purification. For that goal,
the influence of the ionic liquid catalyst was studied in a model reaction between
monofunctional cyclic carbonate and amine. The main objective of the chapter was to
perform a systematic study of the main factors influencing final NIPUs properties,
such as molar ratio and amine structure. The synthesis was accompanied by a detailed
study of the properties of soybean oil-based NIPUs through a series of
characterization techniques to analyse the influence of these parameters in the final
properties and determine the versatility of these bio-based NIPUs. A comparison of
the properties obtained with those of traditional vegetable oil-based PUs was also

carried out.

3.3 Experimental

3.3.1 Materials

All the compounds were used as received. 1l-bromododecane (97%), 4,4
methylenebis(cyclohexylamine) (MBCHA, 95%) and cyclohexylamine (CHA, 99%)
were purchased from Sigma-Aldrich. 1,8-diaminooctane (DAO, >98%) was purchased
from TCI. Propylene carbonate (PPC, 99.5%), n-dodecane (99%) and
triphenylphosphine (99%) were purchased from Across Organics. Priamine 1074 was
kindly supplied by Covestro. Diethyl ether (EssentQ, stabilized by BHT),
dichloromethane (EssentQ, stabilized with approx. 50 ppm of amylene), ethyl acetate
(EssentQQ) and tetrahydrofuran (THEF, 99%) were purchased from Scharlau.
Epoxidized soybean oil (ESBO) containing 4.19 mmol/g of oxirane was kindly
supplied by Hebron (Spain) and the CO: (Industrial grade, 99.8%) was purchased

from Nippon gases.
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3.3.2 Synthesis and characterization of CSBO

Carbonated soybean oil synthesis was performed based on the results obtained in
Chapter 2. For the preparation of the carbonated oil, a 300 mL stain-steel Parr reactor
was loaded with epoxidized soybean oil (ESBO, 150 g containing 628.6 mmol of
oxirane) and previously prepared dodecyltriphenylphosphonium bromide
([DTPP][Br]) as catalyst (2 mol% referred to oxirane). Afterward, the reaction system
was heated to 160 °C and subsequently purged with COz2 Then, the reactor was loaded
with 40 bar of CO2 which was kept constant during the synthesis process. The gas
loading time was considered as initial reaction time. After 5h, the reactor was cooled
down to room temperature and then the pressure was slowly released. ESBO
conversion and selectivity into the CSBO was determined by '"H NMR spectroscopy.
The peak presented in all triglyceride structures at 5.3 ppm (1H) was used as internal
standard and the peaks corresponding to the cyclic carbonates (5.1-4.4 ppm), epoxides
(3.25-2.8 ppm) and the unknown peak (2.4-2.3 ppm) were integrated and giving a total

value to the area of 100%.

Synthesized CSBO was characterized by complementary techniques described in
Methods. The structural characterization of the prepared CSBO was determined by
means of nuclear magnetic resonance (NMR) and Fourier Transform Infrared
Spectroscopy (FTIR) equipped with universal Attenuated Total Reflection (ATR)
sampling accessory. The epoxide number of ESBO, was determined by a

potentiometric determination according to ASTM D 1652-04.

3.3.3 Influence of [DTPP][Br] in the reaction between cyclic carbonate and

amine

The synthesis of a urethane compound from PPC and CHA was carried out in a 50
mL three neck glass steel reactor equipped with a mechanical stirrer, temperature
controller and water condenser. The reactor was loaded with PPC (20.4 g, 200 mmol)
and [DTTP][Br] (2 mol% referred to PPC) (in case where catalyst was added).

Afterwards the reaction system was heated to 70 °C and subsequently the amine (19.8
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g, 200 mmol) was added dropwise, end of addition is considered as initial reaction
time. FTIR and GC-MS characterization techniques were used to monitor the reaction
described in Methods. The changes in the chemical composition of monomers were
monitor by Fourier Transform Infrared Spectroscopy (FTIR) equipped with universal
Attenuated Total Reflection (ATR) sampling accessory. Gas Chromatography Mass
Spectrometry detector (GC-MS) was used for the monitorization of the PPC
conversion and unreacted monomer using n-dodecane as an internal standard

directly from the crude reaction mixture.

3.3.4 Synthesis and characterization of CSBO-based NIPUs

Before preparing CSBO-based NIPUs, in order to eliminate CO2 bubbles and avoid
their formation of it in final film it is necessary treat the carbonated soybean oil with
ultrasound process. The CSBO (150 g) product was dissolved in ethyl acetate (200 mL)
until a low viscosity solution was obtained. This was introduced in ultrasound bath

under stirring, at 40 °C for 3-4h. Finally, ethyl acetate was eliminated under vacuum.

To obtain NIPU networks, CSBO was mixed with the corresponding amine at
different molar ratios without using any solvent and catalyst. In a typical synthesis
CSBO-based NIPU networks were prepared as follows: In a 250 mL glass reactor,
CSBO (50 g; 171.8 C=O mmol) was mechanically stirred under vacuum at 60 °C until
no more bubbles were observed. This process was done to remove and avoid new
bubbles formation. Then, vacuum was removed, and amine (137.4-206.1 mmol) was
added little by little and mixed by five minutes. Afterwards, the prepared
formulations were poured into a Teflon mould (10 cm x 5 cm x 0.5 cm) and cured at
70 °C for 24h, and then for 6h at 100 °C. For coatings, the prepared formulations were
applied on degreased aluminium panels using a manual film applicator Model Baker
from Neurtek Instruments with a thickness of 100 um and cured at same conditions.

After curing, yellowish coatings and free films were obtained.

Synthesized isocyanate-free polyurethanes were characterized one week after the end

of the curing process, to ensure that complete curing. For this purpose, different

86



Chapter 3

complementary techniques described in Methods were used. The structural analysis
of the prepared CSBO-based NIPUs was performed by Fourier Transform Infrared
Spectroscopy (FTIR) equipped with universal Attenuated Total Reflection (ATR)
sampling accessory. The thermal analysis of the NIPUs was analysed by thermal
gravimetric analysis (TGA) and differential scanning calorimetry (DSC). The cross-
linking degree was determined by swelling index (SI) and gel-content (GC) in THEF.
The pencil hardness and impact resistance of the prepared CSBO-based NIPU
coatings were determined according to ASTM D 3363-20 and ISO 6272-1:2012,

respectively.

3.4 Results and discussion

3.4.1 Synthesis and characterization of CSBO

Carbonated soybean oil (CSBO) was prepared by CO: cycloaddition to epoxidized
soybean oil (ESBO) and according to the conditions previously established in Chapter
2.

Successful conversion of epoxide group (ESBO) into cyclic carbonate group (CSBO)
was confirmed by ATR-FTIR and 'H NMR. In Figure 3.1-a ATR-FTIR spectra
provided the evidence of the COz2 cycloaddition reaction to epoxide group. The total
disappearance of epoxide characteristic bands (840 and 820 cm™) confirmed the
complete conversion of ESBO. This is consistent with the formation band associated
to cyclic carbonate localized at 1800 cm and ascribed to C=O group stretching
vibration. Conversion of ESBO to CSBO was also confirmed by 'H NMR analysis
(Figure 3.2-b). The disappearance of peaks at 3.1-2.7 ppm corresponding to C—H in
a-position of epoxide ring, together with the formation of new peaks at 5.1-4.6 ppm
associated to C—H in a-position of cyclic carbonate corroborate the total conversion
of epoxide and the formation of CSBO. The results obtained suggested that highly
carbonated soybean oil (yield: 84%) was obtained at 160 °C, 40 bar and 5h, using
[DTPP][Br] as catalyst.
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Figure 3.1. Comparative ATR-FTIR (a) and 'H NMR spectra of the ESBO and CSBO.

3.4.2 Influence of [DTPP][Br] in the reaction between cyclic carbonate and

amine

After the synthesis of the CSBO and before polymerization, the carbonated oil was
not purified to simplify the process and facilitate the industrial implementation.
Normally, the separation process of these ionic liquids and carbonated oils is based
on a liquid-liquid extraction, which restricts their industrial use. Therefore, to
determine the influence of the presence of the catalyst ([DTTP][Br]) on the reaction
between cyclic carbonates and amines, propylene carbonate (PPC) and
cyclohexylamine (CHA) were chosen as model molecules for CSBO and
methylenebis(cyclohexylamine) (MBCHA), respectively. The model reaction between
PPC and CHA was carried out at 70 °C for 24h, with and without catalyst, and
monitored by FTIR and GC-MS.

Figure 3.2 shows the reaction monitoring by FTIR. In both cases (with and without
catalyst), the disappearance of the C=O stretching vibration band of the cyclic
carbonate (1800 cm), together with the formation of the O—H and N—H stretching
vibration band (3400-3300 cm™), urethane C=0 stretching vibration band (1690 cm)
and N—H bending vibration (1550 cm™) band, associated with hydroxyurethane
formation, verified the reaction between PPC and CHA. Moreover, the results
showed that at different times the influence of the catalyst was negligible (neither

positive nor negative).
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Figure 3.2. ATR-FTIR spectra of the reaction between PPC and CHA at different
reaction time in a wavelength range of a) 4000-400 cm™ and b) 1900-1450 cm-1.

Through GC-MS it was possible to determine the amount/concentration of PPC
throughout the reaction. Figure 3.3 shows the evolution of PPC conversion in the

reactions with and without catalyst.
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Figure 3.3. PPC conversion values at different reaction times, measured by GC-MS.

As can be seen, the conversion of PPC was very similar in the reactions with and
without catalyst. The main difference is observed in the first steps of the reaction (1h),
where the presence of [DTPP][Br] seems to positively influence the activity compared
to the reaction without catalyst (75% vs. 94%). However, after 4h of reaction the PPC
conversion in both reactions was practically the same until 24h of reaction. Therefore,
the FTIR and GC-MS analysis suggest that the presence of [DTPP][Br] does not affect
the reactivity between PPC and CHA, allowing to keep the catalyst used in the
synthesis of CSBO, in the polyaddition process.
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3.4.3 Synthesis and characterization of CSBO-based NIPUs

As pointed out above in this chapter, the PUs synthesized via traditional synthesis
are limited by process safety and the use of precursors that will not be able to comply
with the environmental concern. As previously mentioned in the previous sections,
NIPUs from carbonated oils may be a possible solution to develop more sustainable
materials. The properties of the prepared CSBO-based NIPUs are detailed in Table
3.1

Table 3.1. CSBO-based NIPUs experimental data from DSC, TGA and THF
absorption.

THF
DSC TGA
absortion
Formulations
T 57 Tsob Tstage 1° T'stage 2 Tstage 3° SI GC
(°C) (°C) (°C) (°C) (°C) (°C) (%) (%)
NIPU MBCHAs 21 273 411 335 390 465 897 46
NIPU DAOR 1 261 415 324 403 469 282 71
NIPU Priamine
08 -25 304 438 321 409 466 555 72
NIPU Priamine
L0 -18 304 449 321 -f 465 503 74
NIPU Priamine
1o -29 304 451 320 -f 466 604 37

aTemperature in which the NIPU loss 5 wt% of its initial mass; "Temperature in which the NIPU loss 50
wt% of its initial mass; ‘Temperature for maximum weight loss related with urethane group
decomposition; dTemperature for maximum weight loss related with ester group decomposition;
¢Temperature for maximum weight loss related with ether bonds and aliphatic hydrocarbon
decomposition;  The degradation stage maximum is not visible; sMBCHA: 44'-

methylenebis(cyclohexylamine); "DAO: 1,8-diaminoctane.
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Influence of molar ratio in CSBO-based NIPUs

In order to investigate de effect of amine/cyclic carbonate ratio on the resulting NIPU
performances, different molar ratios (0.8, 1.0 and 1.2) were employed to synthesize

CSBO-based NIPUs using bio-based priamine as amine precursor.

The structures of the prepared NIPU were confirmed by ATR-FTIR. Figure 3.4 shows
the ATR-FTIR of the starting CSBO and the prepared CSBO-based NIPUs at different

molar ratios.
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Figure 3.4. ATR-FTIR spectra of CSBO and the prepared CSBO-based NIPUs with
priamine at different amine/cyclic carbonate molar ratio: a) Wavenumber 400-4000
cm! and b) wavenumber 1500-2000 cm?

In the CSBO FTIR spectra, the C=0 stretching vibration band of the cyclic carbonate
at 1800 cm and the C=O stretching vibration band of the ester group present in
triglyceride structure at 1740 cm™ are clearly observed. After curing process, the
presence of a residual band at 1800 cm™ (cyclic carbonate C=O stretching vibration),
together with the presence of polyhydroxyurethanes (PHUs) characteristic bands at
3400-3300 cm? (O—H and N—H stretching vibration), 1700 ¢cm? (urethane C=O
stretching vibration) and 1545 cm™ (N—H bending vibration), confirmed carbonate
conversion and NIPU formation. The intensity of cyclic carbonate band in the
prepared formulation shows that the conversion increased proportionally with the
amount of amine used. In fact, at amine/cyclic carbonate molar ratio of 1.2, this band

is hardly distinguishable. However, the formation of a new band at 1650 cm! assigned
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to the amide C=0 vibration, suggest the presence of a side reaction. This fact was also
observed by other authors in the synthesis of vegetable oil-based NIPUs, which
associated the side band to the aminolysis of ester group present in triglyceride
structure (Scheme 3.2).12151828 The NIPUs prepared with an amine/cyclic carbonate
molar ratio of 0.8 and 1.0, showed a residual shoulder at this wavelength, suggesting
that the transesterification reaction is negligible. Additionally, at a molar ratio lower
to equimolar ratios (0.8), the ester band intensity was greater than urethane band.
Nevertheless, at an amine/cyclic carbonate ratio of 1.2, the amide absorption band is
clearly visible. This evidences that the excess of amine enhances amide formation

through transesterification side reaction.

Scheme 3.2. Amide formation via triglyceride ester group transesterification.

The influence of the molar ratio on the glass transition temperature (Tg) was
investigated by comparing the values obtained in NIPUs composed by Priamine at
different molar ratios. The T obtained by DSC analysis of the Priamine-containing
polymers at different molar ratios are represented in Figure 3.5 and given in Table
3.1. The data showed T between -29 °C and -18 °C, following this order: TgNipu Priamine
10> Tg NIPU Priamine 08 > Tg NIPU Priamine 1. 2. At amine/cyclic carbonate molar ratio of 0.8, in
which the control of the transesterification reaction was higher, the Ty increased with
the amount of amine. The enhancement of T; with increasing stoichiometric ratio may
be the result of a lower mobility of the chains as the density of the polymeric network
increased. This means that a higher degree of crosslinking was obtained with at high
stoichiometric ratio, which is in line with the FTIR results discussed above. However,
by increasing amine amount to 1.2 amine/cyclic carbonate molar ratio, the lowest T;
value was obtained. As mentioned in FTIR results, at amine excess ester group
aminolysis occurred to large extend, which led the cleavage of the polymeric network

decreasing cross-linking degree (Figure 3.8). Therefore, this behaviour may be the
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responsible of the lowest T observed using an excess of amine and demonstrated the

influence of the molar ratio in NIPUs thermal properties.
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Figure 3.5. Comparative DSC curves of the prepared CSBO-based NIPUs with
priamine at different amine/cyclic carbonate molar ratio.

As Table 3.1 shows, the thermal stability in terms of weight loss, was very similar at
different molar ratios, exceeding the 300 °C at 5 wt% loss (T5) and 440 °C at 50 wt%
loss (Ts0). Nevertheless, as can been seen in Figure 3.6, the degradation behaviour was
different for NIPUs developed at amine/cyclic carbonate molar ratio of 0.8 and those
prepared at a molar ratio equal or greater to equivalent ratios (1.0 and 1.2). It has been
reported that the thermal decomposition of NIPUs composed by urethanes and ester
groups is based in a triple weight loss trend. The first step is associated to urethane
group degradation, the second one with ester group degradation, and the last one,
with ether bonds and aliphatic hydrocarbon chains degradation.?3? The same
behaviour was observed at amine/cyclic carbonate molar ratio of 0.8, where the
second degradation step associated with the decomposition of the ester group was
well defined in contrast to molar ratio of 1.0 and 1.2. In these cases, the last two
degradation stages were merged (Figure 3.6-b). The absence of the maximum
corresponding to the ester degradation step can be explained by results obtained in
FTIR. As it has been mentioned in FTIR results, the excess of amine led to amide
formation via transesterification reaction (Scheme 3.2). As the concentration of ester
group is lower, the intensity of its degradation step is lower too. However, at

equivalent molar ratio the formation of amide was hardly noticeable by FTIR.
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Therefore, the absence of ester group at this molar ratio may be associated to another
factor rather than to the excess of amidation. One of the possible reasons could be that
the high molecular weight of the repeating unit leads to a low concentration of the

ester group, hindering a well-defined second degradation step.
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Figure 3.6. Comparative thermal profiles of the prepared CSBO-based NIPUs with
priamine at different amine/cyclic carbonate molar ratio: a) TG curves and b) dTG
curves.

Swelling index (SI) and gel-content (GC) measurements of NIPU materials were
performed to study the molar ratio influence in cross-linking degree of CSBO-based
NIPUs containing Priamine. Lowest SI and highest GC correspond to the maximum
cross-linking of polymer network.®® Generally, these measurements largely depend
on the (1) cross-linking density of the polymers, (2) interaction between polymer and
solvent, (3) and the type of amine. As can be observed in Figure 3.7, amine/cyclic

carbonate molar ratio influenced in SI and GC.
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Figure 3.7. Comparative Sl and GC of the prepared CSBO-based NIPUs with priamine
at different amine/cyclic carbonate molar ratio.
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The lowest SI and the highest GC was reached at stoichiometry balance. At not
stoichiometry amine/cyclic carbonate molar ratios (1.2 and 0.8), the swelling index
increased, and gel content decreased. As we concluded from the FTIR results, in the
NIPU synthesized with amine/cyclic carbonate molar ratio of 1.2, the amine excess
caused chain cleavage (Figure 3.8), leading to low crosslink density. Consequently,
the NIPU was more susceptible to solvent penetration, which result in the NIPU with
highest SI and lowest GC. On the other hand, at amine/cyclic carbonate molar ratio of
0.8 lower cyclic carbonate conversion was obtained, which led to lower cross-linking
degree and hence, solvent penetration was facilitated, increasing the SI. Nevertheless,
the GC was quite good, achieving a polymeric network with a superior cross-linking
of 70%. At amine/cyclic carbonate molar ratio of 1.0, high cyclic carbonate conversion,
together with moderate amide formation (polymer network cleavage), caused lower
solvent uptake (SI) and weight loss (GC). Hence, these findings revealed that the
NIPU synthesized at stoichiometric balance, reached the highest degree of
crosslinking due to its lower SI and higher GC. These results are in accordance with

the T values obtained for the polymeric network(Table 3.1).
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Figure 3.8. Thermoset CSBO-based NIPU network cleavage.

Influence of amine structure in CSBO-based NIPUs

With the aim of developing materials with different properties and learn about the

versatility of CSBO-based NIPUs, three formulations dependent of amine structure
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were prepared by step-growth melt polymerization between CSBO and three types
of amines: rigid petro-based cycloaliphatic methylenebis(cyclohexylamine) (MBCHA,
NIPU MBCHA), petro-based open-chain 1,8-diaminooctane (DAO, NIPU DAO) and
bio-based dimeric fatty Priamine 1074 (Priamine, NIPU Priamine). The amine/cyclic
carbonate molar ratio was fixed at 1.0 for all the formulations due to the good
conversion/cross-linking degree ratio. Figure 3.9 illustrates the structure of the amine

employed for the synthesis of CSBO-based NIPUs.

NH,
O/\Q HoN. o NH;
H,N NH, NHz

MBCHA HMDA Priamine 1074

Figure 3.9. Amine used for CSBO-based NIPUs synthesis.

ATR-FTIR was used to perform the structural characterization of PHU materials after
the curing process. Figure 3.10 shows the ATR-FTIR spectra of the prepared CSBO-
based NIPU materials. In all spectra, NIPU formation is evidenced due to the presence
of PHU characteristic bands localized at 3400-3300 cm!, 1700 cm-! and 1545 cm-! and
ascribed to O—H and N—H stretching vibration, urethane C=O stretching vibration
and N—H bending vibration, respectively. Indeed, the residual band corresponding
to cyclic carbonate C=0O at 1800 cm in NIPU DAO and NIPU Priamine indicates high
conversion. However, in both cases the formation of a new band at 1650 cm-! in the
spectra reveals amide formation via transesterification reaction (Scheme 3.2). On the
contrary, using a less active amine, such as MBCHA, the intensity of the band
corresponding to the C=O stretching vibration of the cyclic carbonate (1800 cm) is
higher, evidencing a lower conversion. Additionally, the presence of the side band at
1650 cm! is barely detectable using the cyclic amine. These findings indicated that
open-chain amines exhibited higher activity, which was expressed in higher cyclic
carbonate conversion and side reaction formation. It can therefore be said that two of

the prepared CSBO-based NIPU are composed by urethane, ester, and amide groups.
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Figure 3.10. ATR-FTIR spectra of CSBO and the prepared CSBO-based NIPUs with
different amines.

Thermal properties of the synthesized NIPUs were evaluated by DSC and TGA
techniques. It is expected that thermal properties of the obtained NIPUs differ from
each other due to the differences in molecular structure of the amines employed. In
fact, in the thermal analysis by DSC (Figure 3.11), the influence of amine nature is
obvious in the prepared CSBO-based NIPUs. MBCHA-containing NIPUs present T
values 20 °C and 39 °C higher than DAO- and Priamine-containing NIPUs,
respectively. The highest Tgis attributed to the lowest mobility of cyclic structures
regarding to linear structure.!> On the other hand, the long chain carbon linkages
present in DAO and Priamine would lead to more flexible components in polymeric
network resulting in lower Tg value, 1 °C and -18 °C respectively. Priamine based
NIPU exhibited lowest Tg owing to structure of the amine precursor, composed of a
hydrocarbon cycle with pendant aliphatic chains which generates a free volume and
increases the mobility of chains. Moreover, the absence of crystallization and melting
processes indicated that the formed NIPU networks do not have crystalline
structure.?3> These results show how amine structure considerably influenced NIPUs
thermal properties, allowing the development of polymer materials with Ty values in

the range superior to 35 °C (from -18 °C to 21 °C).
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Figure 3.11. Comparative DSC curves of the prepared CSBO-based NIPUs with
different amines.

The thermal stability of the NIPUs cured with DAO, MBCHA and Priamine was
measured with TGA. Figure 3.12 illustrates the thermal profile of the prepared
NIPUs. It is important to underline that TGA results show that in the temperature
range explored by DSC, CSBO-based NIPUs were not degraded. As can been seen in
Table 3.1 and Figure 3.12 the use of different amines has a significant influence on the
thermal stability of the final polymer. Indeed, NIPU-Priamine in comparison with
NIPU-MBCHA and NIPU-DAO, exhibited a thermal stability up to 43 °C at 5 wt%
loss of its initial mass (304 °C vs. 273 vs. 261 °C). The higher stability obtained by the
bio-based (oligo)amine material was also observed by other authors.?3 Duval et al.
suggested that PU thermal stability is closely related to the molecular weight of the
repeating unit. As the molecular weight of the repeating unit increases, the
concentration of the urethane group decreases (1%t degradation stage), resulting in
greater thermal stability.?” This is in line with the results obtained, because NIPU-
Priamine is formed by the repeating unit with the highest molecular weight. That may
be the reason why the polymer formed by this oligomeric amine reached the highest
Ts. On the other hand, the NIPUs based on lower molecular weight amines exhibited
similar thermal degradation behaviour. However, the NIPU composed by cyclic
structure (NIPU-MBCHA) achieved slightly higher thermal stability than open
aliphatic structure (NIPU-DAOQO). This was also observed by other authors, that
justified the higher thermal stability to the rigid structure of the cyclic amine as

compared to long chain carbon linkages present in the open-chain diamines.’8 It is
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important to underline that, unlike priamine, the drift of thermogravimetric curves of
NIPUs prepared with low molecular weight amines depicts a triple weight loss trend
(Figure 3.12-b) as it was reported in literature.3"® The obtained results show that
prepared CSBO-based NIPUs reached high thermal stability with temperatures up to
304 °C.
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Figure 3.12. Comparative thermal profiles of the prepared CSBO-based NIPUs with
different amines: a) TG curves and b) dTG curves.

SI and GC measurements of NIPU materials were performed to study amine structure
influence in cross-linking degree of CSBO-based NIPUs. As previously mentioned,
lowest SI and highest GC correspond to the maximum cross-linking of polymer
network.? As shown in Figure 3.13, the NIPU MBCHA had the highest SI and lowest
GC. This behaviour indicates that the lowest cross-linked material was obtained with
less reactive cycloaliphatic amine. These measurements are supported by FTIR
results, in which the highest intense cyclic carbonate C=O stretching vibration band
was obtained using MBCHA as amine. When comparing open-chain aliphatic amines,
the SI was clearly different, but the GC was almost equal. A similar GC value
suggested that the cross-linking degree was the same for NIPU-DAO and NIPU-
Priamine. Therefore, the remarkable difference in SI must be related to the amine
structure and not to the cross-linking degree. The reason was that the number of
carbon atoms between amine groups is superior in Priamine (>16C) comparing with
DAO (8C). Consequently, the distance between cross-linking nodes increased,
allowing the penetration of the solvent through cross-linked network, which led to
higher SI. In the case of NIPU MBCHA the GC did not exceed 50%, which confirmed
the low reactivity of the cyclic amine in the synthesis of CSBO-based NIPUs.
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However, in the most reactive case, the NIPU priamine the GC values did not reach
over 74%, which indicated that at least 26% uncross-linked material was left in CSBO-
based NIPU network. Therefore, the prepared CSBO-based NIPUs with open-chain
diamines exhibited suitable cross-linked networks with a GC superior to 70%, while
the CSBO-based NIPUs synthesized with cyclic amine, the GC did not exceed 50%,

indicating a low degree of cross-linked network.
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Figure 3.13. Comparative SI and GC of the prepared CSBO-based NIPUs with
different amines.

The preparation and characterization of CSBO-based NIPU coatings had also been
conducted with the aim of determine more specific properties. The coating properties
tested for prepared NIPUs included hardness and impact resistance, considered as
vital importance in coatings performance. Table 3.2 details the coating features of

NIPUs prepared from CSBO and different amines at same molar ratio.

Table 3.2. CSBO-based NIPUs hardness and impact resistance properties

Formulation DFT- Pencil hardness Impact d* (kg/cm)
NIPU MBCHA 84-97 6B >100
NIPU DAO 67-101 6B >100
NIPU Priamine 1.0 58-100 6B >100

aDry film thickness (DFT); PImpact d: Direct impact.

The hardness of the organic coatings was measured by pencil hardness, which ranges

from 8B (softest) to 9H (hardest). As shown in Table 3.2, soft pencils were able to cut

100



Chapter 3

the coated NIPU, indicating the low hardness of the material. Moreover, it is
important to note that the same value of pencil hardness was obtained for all three
coatings. This suggest that amine structure had no significant influence on the pencil
hardness of the CSBO-based NIPU coatings. On the other hand, MBCHA, DAO and
priamine based NIPU coatings had an excellent direct impact resistance. Like in pencil
hardness, amine structure has no influence in impact resistance of the CSBO-based
NIPU coatings. Therefore, the results obtained revealed that at studied conditions, the
triglyceride structure exhibited a greater influence on coating properties than amine
structure. This could be attributed to the higher wt% of CSBO present in NIPU
network. In fact, among the amines used, priamine is the only one that exceeds 30
wt% of the total mass. Hence, the low hardness and high impact resistance lies in the

triglyceride soft structure that increases the softness and flexibility to coatings.?

Comparative between CSBO-based NIPUs and traditional PUs from VOs

As mentioned previously, most works devoted to carbonated vegetable oil-based
NIPUs have concentrated in their synthesis leaving their performance unaddressed.
For this reason, a comparative study was carried out between the properties of PUs
synthesized via traditional route reported in the literature, and the properties of the
CSBO-based NIPUs synthesized in our work. To make the comparison as realistic as
possible, only the PU composed by vegetable oil-based polyols through different
synthetic routes (without modification, epoxidation/ring-opening, ozonolysis,
hydroformylation, thiol-ene coupling, transesterification and transamidation) have

been considered. The Figure 3.14 illustrates the structure of VO-based polyols.
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Figure 3.14. Vegetable oil-based polyols overall structure.

The comparison of the thermal properties is detailed in Figure 3.15. The acronym PU-
1 means that the PU is synthesized using polyol 1 (castor oil) as precursor. This
description also servers to the other PU acronyms. Figure 3.15-a illustrates the range
of Ty value for CSBO-based NIPUs and PUs synthesized from vegetable oil-based
polyols. In this comparison the most remarkable point is that NIPU materials
exhibited lower T; than the isocyanate analogues, with glass transition temperatures
around room temperature (-18 °C to 21 °C). This behaviour must be related to
different factors, such as the difference in structure between traditional PUs and
PHUs, the lower degree of crosslinking of non-isocyanate materials caused by the
lower activity of cyclic carbonates and amines compared to isocyanates and polyols,
etc. Figure 3.15-b shows the temperature ranges of Tsfor both vegetable oil-based PU
and NIPUs. Looking at NIPUs thermal stability, the maximum Ts value is similar in
NIPUs and traditional PUs, with no difference greater that 50 °C. However, the
minimum Ts value is clearly superior (up to 160 °C) to many of the traditional PU.
These results reveal a higher thermal stability of NIPUs in relation to vegetable-based
PUs. This behaviour is in accordance with the results reported in the literature
associated to not-oleochemical PUs and NIPUs. Many authors justify the
improvement in thermal stability to the absence of unstable biuret and allophanate
units present in traditional PUs, and the extra hydrogen bonds created with O—H

groups formed in the polyaddition reaction between cyclic carbonate and amine.%3940
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Figure 3.15. Comparison of thermal properties between CSBO-based NIPUs and VO-
based PUs: (a) DSC curve and b) TG curve.

The comparison of pencil hardness is detailed in Figure 3.16. It has been previously

mentioned that CSBO-based NIPU coatings exhibited poor pencil hardness. Indeed,

the comparison with vegetable oil-based PUs points to the superiority of traditional

PU route compared to NIPUs synthesized from cyclic carbonates and amines. The

better performance of PUs compared with CSBO-based NIPUs (2H-4H vs. 6B) may be

associated to the low reactivity of cyclic carbonates comparing with isocyanates.-4

This enables for a higher cross-linking degree, which is closely related to the hardness

of the coating. Therefore, the results obtained are still far from the values obtained

with traditional route.
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Figure 3.16. Comparison of pencil hardness between CSBO-based NIPUs and VO-

based PUs.
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Table 3.3 shows the impact resistance of CSBO-based NIPUs and PU synthesized
from vegetable oil polyols. It should be noted that very few works have determined
this property, only PU synthesized from polyols developed via epoxidation/ring-
opening (2) and transesterification (6) have been reported. This comparison reveals
the high impact resistance of both vegetable oil-based PUs and NIPUs. Hence, this
behaviour clearly reflects the positive influence of the triglyceride structure on impact

resistance.

Table 3.3. Comparison of direct impact resistance between CSBO-based NIPUs and
VO-based PUs.

NIPU PU-2 PU-6

Impact d@ (kg/cm) >100 >100 90

*Impact d: Direct impact.

3.5 Conclusions

The use of carbonated soybean oil as precursor for non-isocyanate polyurethanes
enabled the synthesis of products with a bio-based content between 73% and 100%.
In this chapter, the influence of amine ratio and amine type on the properties of CSBO-
based NIPUs has been studied. It was observed that an amine excess had a negative
influence due to polymer network cleavage through triglyceride ester group
transesterification. At an amine/cyclic carbonate molar ratio below stoichiometric
equilibrium, the effect was not negative in terms of NIPU properties, but the
conversion of cyclic carbonate was low. The amine/cyclic carbonate molar ratio of 1.0
enables the best cross-linking degree, high cyclic carbonate conversion and amide
formation control. The use of different amines had a marked effect on both activity
and final product properties. The employment of rigid amines allowed to achieve Tg
near to ambient temperature (21 °C), but due to their low activity, the cross-linking
degree obtained was poor. Open-chain amines lead to a Tj significantly inferior to
room temperature (21 °C), although the higher activity enabled superior cross-linking

degree. In addition, it is important to highlight that the use of higher molecular weight
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amines, such as priamine, increased the thermal stability of NIPU by more than 40 °C
with respect to lower molecular weight amines. Regarding the properties of the
coatings, the CSBO-based NIPUs showed poor pencil hardness, while the impact
resistance was excellent. Although the thermal stability of NIPUs has been shown to
be superior in many cases, the comparison between NIPUs synthesized in this work
from CSBO and PUs synthesized from VO polyols suggests that the potential of the
isocyanate free pathway is not yet sufficiently competitive in certain properties. In
fact, although NIPUs outperform many PUs synthesized from VO in thermal stability,
they lag behind in other properties (Tg, impact toughness).
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Chapter 4

4.1 Background

Polyurethanes (PUs) have been used for decades in the coating industry to impart
properties such as low temperature flexibility, toughness, resistance to abrasion,
corrosion, and chemical resistance. This has enabled the use of PU coatings in many
fields, from the automotive industry to those requiring high chemical resistance.! In
fact, the PU coatings market reached a value of over 18 billion United States Dollar
(USD) in 2020 with automotive and transportation being the industries with the
largest implementation.? Notwithstanding its excellent properties, PU production is
affected by the toxicity of the reagents used in their synthesis process. Conventional
PUs are synthesized by step-growth copolymerization of polyols and
polyisocyanates, The latter are considered as potential dangerous for human’s health.
In fact, the main effects of hazardous exposures are occupational asthma, irritation of
the eyes, nose throat, and skin.>® Additionally, the industrial production of
isocyanates is based on the use of phosgene, a highly toxic chemical that causes death
upon overcoming the lethal dose.5” In this context, the use of isocyanates has been

limited by the REACH regulation.®

For this reason and to improve safety in PU production, both academic and industrial
research have been focused on “greener” routes to avoid the use of isocyanates.>!!
The urge for new strategies is one of the biggest challenges for PU industry, since it
implies discarding a large-scale optimized synthesis pathway, specific equipment,
etc. PUs synthesized via non-isocyanate routes are termed non-isocyanate
polyurethanes (NIPUs). Among the developed routes, the 100% atom economy
polyaddition reaction between cyclic carbonates and amines has attracted major
interest in the scientific community, since the rest of the routes still use highly toxic
precursors, such as phosgene, acyl azides, carboxamides, aziridines, etc.!13 The
growing interest in this route is not only related to the ability to avoid toxic
precursors, but to the various benefits compared to other non-isocyanate routes and

even traditional PUs.

The NIPUs synthesized through the cyclic carbonate ring opening reaction are called
poly(hydroxyurethanes) (PHU) due to the formation hydroxyl dangling groups along

111



Application of carbonated soybean oil-based non-isocyanate polyurethanes in the coating industry

the polymer chain (Scheme 4.1). The presence of this functional groups provides
different properties compared to conventional PUs. The polyaddition reaction
between cyclic carbonates and amines allows the polymerization at moderate
temperatures and without catalyst.’3* Another relevant benefit is that a wide
repertoire of (poly)cyclic carbonates are commercially available or easily
synthesizable. Indeed, raw materials from bio-origin (i. e. vegetable oils, lignin, etc.)
can be used for the synthesis of the starting cyclic carbonates.!? In addition, the fact
that the most used reaction process to produce cyclic carbonates is the cycloaddition
of carbon dioxide (CO2) to epoxide rings offers a new opportunity to produce highly
sustainable and environmentally beneficial PUs.!> Moreover, in terms of
manipulation and long-term storage, the use of cyclic carbonates is beneficial due to
the low moisture sensitivity of these products.’s On the other hand, PU industry is
still relying on the use of petroleum-based resources for the synthesis of polyols and
polyisocianates. Hence, this polymer family is transitioning from non-suitable
feedstocks to more environmentally-friendly and sustainable ones in order to develop

an industry based on renewable resources.!17-20

o]
| o o R
O/LO + R'NH; —» Rj/\O/ELN’R' + RI\NJ\O)\/OH
/\R OH H H

Scheme 4.1. PHU synthesis via the cyclic carbonate ring opening by amine.

In this context, many research groups have synthesized non-isocyanate
polyurethanes from vegetable oils due to their availability and low cost.?*2 Moreover,
the use of these bio-based raw materials in NIPU coatings can bring beneficial
characteristics. Indeed, vegetable oils can help increasing the bio-based content of
coatings, contributing to the environmental sustainability, a big concern in today’s
society. Besides, the long fatty acid aliphatic chains provide flexibility, while the high
functionality helps increasing the cross-linking density, which results in an

improvement of coatings properties.*
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The first carbonated oil-based NIPU coatings were reported by Doley et al.?®
Formulations made of carbonated sunflower oil (CSFO) and 1,2-diaminoethane
(EDA), 2,2’-Diaminodiethylamine(DETA) or isophoronediamine (IPDA) were cured
for 48h at 90 °C followed by 1h at 140 °C. The presence of cyclic amine in NIPU
structure (for the IPDA derivatives) enhanced the hardness, gloss, and resistance
against chemicals (acids and water) in comparison with the open-chain analogues.
Moreover, potentiodynamic polarization studies and electrochemical impedance
spectroscopy revelated that IPDA based coatings exhibited the highest resistance and
lowest corrosion rate due to its rigid structure. As a result, the authors suggested the
use of these environmentally friendly materials for surface coatings. Yu et al.
investigated the influence of cooperative catalysis in thermal curing (120 °C, 3h) of
carbonated soybean oil (CSBO) with (tris(2-aminoethyl)amine) (TAEA) for NIPU
coatings.?? The formulation without catalyst provided excellent crosshatch adhesion
(5B), a pendulum hardness of 28 s and a methyl ethyl ketone (MEK) resistance to 65
double rubs. The addition of a cooperative catalyst system (DBU 1 mol % and LiOTF
1 mol %) induced the enhancement of coating hardness and MEK resistance to 51 s
and 346 double rubs, respectively. Besides, the synergistic effect between the
superbase and acid improved the curing process reducing time and temperature to
45 minutes and 80 °C, with minimal influence on coating properties. Recently, Pouladi
et al. carried out a systematic study on the curing procedure of carbonated linseed oil
(CLSO) and DETA for NIPU coatings.* The thermal curing of the CLSO composed
by different carbonate contents (45%, 75% and 100%) for 2h at 100 °C and followed by
2h at 180 °C, provided NIPU coatings with an appropriate resistance to impact, cross
hatch of 4B to 5B (excellent) and a pendulum hardness of 30 s to 43 s. These authors
observed that the improvement of adhesion and hardness properties was directly
connected to the increase in carbonate amount. However, the behaviour in
anticorrosion properties was different. While coatings cured with CLSO with 75% of
carbonate showed the better anticorrosion properties, systems cured with totally
carbonated oil were less resistant to corrosion. Actually, the results obtained with
partially carbonated samples showed anticorrosion properties comparable to PU-

based coated samples.
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In these preliminary reports towards the implementation of vegetable oil-based NIPU
coatings, many works synthesized NIPUs reacting cyclic carbonates with low
molecular weight amines. Nevertheless, the use of the latter restricted the
implementation in the industry due to limitations related to low molecular weight.
On the one hand, primary short alkyl chain length amines display higher toxicity than
long ones.***5 On the other hand, the low boiling point associated with low molecular
weight brings an increased risk of (toxic) gas formation, even at temperatures close to
ambient. Consequently, the handling (and security) of the formulation are
compromised. Additionally, in fields that require high temperatures, the
implementation is impeded because of the impossibility of performing thermal
curing. Thus, despite the use of renewable feedstocks for NIPU coatings synthesis,
the use of low molecular weight amines hinders the transition towards Green
Chemistry principles. The novelty of this project is the use of industrial amines, which

have not been previously reported in vegetable oil-based NIPU coatings.

4.2 Objectives

The main objective of the research explained in this chapter was to obtain CSBO-based

NIPU coatings relevant to industry requirements.

In order to achieve the main objective, two strategies were carried out. The first
consists in the direct use of CSBO for the synthesis of NIPU coatings through the
reaction between CSBO and industrially employed amino hardeners. The second
approach was based on the development of hybrid NIPU-epoxy coatings via the
synthesis of CSBO-based NIPU amino hardeners (CSBO-AHs).

The obtained NIPU-epoxy hybrid coatings were characterized by means of
complementary techniques used by the coating industry and compared to
commercial epoxy coating benchmarks. The ultimate goal was to establish the
potential of CSBO as a precursor for NIPU coatings for industrial implementation. In
fact, with the objective of bringing formulations composed of CSBO closer to

industrial formulations, pigmented coatings were also developed.
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4.3 Experimental

4.3.1 Materials

All the compounds were used as received. 1-bromododecane (97%) was purchased
from Sigma-Aldrich. Triphenylphosphine (99%) was purchased from Across
Organics. Ethyl acetate (EssentQ)) was purchased from Scharlau. Epoxidized soybean
oil (ESBO) containing 4.19 mmol/g of oxirane was kindly supplied by Hebron (Spain).
The CO:2 (Industrial grade, 99.8%) was purchased from Nippon gases. Commercially
available amino hardeners (AHs), AH-a (Polyamine adduct hardener), AH-b, AH-c
(Mannich base hardener), AH-d (Polyamidoamine hardener), m-xylenediamine (m-
XDA), triethylenetetramine (TETA), 1-methoxy-2-propanol, methyl ethyl ketone
(MEK) and type 1 epoxy resin (Epo-1) were kindly supplied by Allnex—The coating
Resins Company —. Due to intellectual property rights, we are unable to specify the
specific names of the resin and amino hardeners used. JEFFAMINE D-400
Polyetheramine (Jeff D400) was purchased Huntsman.

4.3.2 Synthesis and characterization of CSBO

The carbonated oil used for this study comes from the same batch used in Chapter 3.

4.3.3 Synthesis and characterization of NIPU coatings by direct use of CSBO

In order to develop CSBO-based NIPU coatings, the mentioned carbonated oil was
reacted (directly) with an amino hardener. Typically, formulations were prepared by
mixing carbonated soybean oil (CSBO, 5 g containing 16.8 mmol of C=0), the selected
industrial amino hardener (16.8 mmol NHz2) and 1-methoxy-2-propanol. The latter
was added in order to improve reactivity during the reaction and adjust the viscosity
to make it suitable for coating application*. The solid content of the solvent-based
NIPU coatings was kept to around 90 wt%. Afterwards, all formulations were applied
on aluminium plates using a manual film applicator Model 360 from Erichsen with a

thickness of 200 um. Finally, the coatings were cured at 100 °C for 4h.
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Different and complementary characterization techniques described in Methods,
were used for CSBO-based coatings characterization. The structural characterization
of the prepared NIPU coatings was determined by means of Fourier Transform
Infrared Spectroscopy (FTIR) equipped with universal Attenuated Total Reflection
(ATR) sampling accessory. The initial viscosity of the prepared formulations was
determined by dynamic viscosity measurements. The coating mixture drying was

evaluated by dust-free.

4.3.4 Synthesis and characterization of NIPU-epoxy hybrid coatings by modified
CSBO

Synthesis and characterization of CSBO-AHs

To develop CSBO-based NIPU amino hardeners (CSBO-AHs), carbonated oil
stepwise addition was performed over an excess of amine (Figure 4.1). In a typical
synthesis, amino hardeners (AHs) were prepared as follows: In a 500 mL three-neck
flask glass reactor equipped with a mechanical stirrer, temperature controller and
water condenser, amine (40.0 g; 547.14 NH2 mmol) and a quarter of the total CSBO
(16.25 g; 54.8 C=O mmol) amount were dissolved in 1-methoxy-2-propanol (30 wt%).
Then, reaction temperature was raised to 80 °C, considered the initial reaction time.
The reaction progress was monitored by FTIR. Once the added cyclic carbonate was
fully consumed, another batch of CSBO dissolved in 1-methoxy-2-propanol was
added (16.25 g; 54.8 C=O mmol; 70 wt%). This process was repeated until an excess
equivalent ratio of amine/cyclic carbonate of 2.5-3.3 equiv. was reached (34 or 4t step)
depending on the amine used. Finally, 1-methoxy-2-propanol was removed and MEK
was added dropwise at room temperature to improve the visual aspect and the

subsequent drying of the formulation.
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Figure 4.1. CSBO-based amino hardeners synthesis via CSBO stepwise addition.

Synthesized CSBO-AHs were characterized by complementary techniques described
in Methods. Attenuated Total Reflection Fourier Transform Infrared Spectroscopy
(ATR-FTIR) was used for the monitorization of the CSBO conversion and the
structural analysis the prepared amino hardeners. The structural characterization was
complemented by ®C nuclear magnetic resonance (NMR) in solution. The amine
value of prepared CSBO-AHs was determined by a potentiometric determination
according to DIN 53176. CSBO-AHs viscosity was determined by means of dynamic

viscosity value.

Synthesis and characterization of NIPU-epoxy hybrid coatings by modified CSBO

For clear coatings, amino hardeners were reacted with an epoxy resin. Typically,
formulations were prepared by mixing industrially used Epo-1 epoxy resin (75 g; 120
epoxy mmol), the selected amino hardener (90 H active mmol) and MEK (10 wt%).
The amine/epoxy molar ratio and solvent addition were selected due to the suitability
for anticorrosion properties and to adjust the appropriate viscosity for coating
application, respectively. Afterwards, all coatings were applied on glass, OC steel
degreased and sand blasted steel panels using a manual film applicator Model 360
from Erichsen with a thickness of 200 um for glass and OC steel degreased panels and
400 pum for sand blasted steel panels. Finally, coatings were cured at room

temperature for at least 7 days.

For pigmented coatings, similar process was carried out. First the addition of
pigments and additives to the binder (epoxy resin) of the formulation was done at a

binder to pigment ratio of 1 to 2 wt%. Aerosil R 202 and Crayvallac extra were added
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to the composition as rheology modifier. EWO and Winnofil were incorporated as
fillers. Tronox CR-828 and Heucophos ZPA were added as pigments. Finally, VXW
6208/60 was added as dispersing and wetting agent, and Plustalc HO5 was aggregated
as a functional extender. Then, to achieve a homogeneous binder, the mix was
dispersed for 30 minutes on pearl mill at 3000 rpm. Once the pigmented binder was

prepared, the same process described for clear coatings was followed.

The prepared NIPU-epoxy hybrid coatings from CSBO-AHs were fully characterized
by complementary techniques described in Methods. Formulation’s pot-life was
determined by means of dynamic viscosity value. Coating mixture drying was
evaluated by dust-free, tack-free, and drying rate according to ISO 9117-5. The
thickness of the coatings on the panels was measured with a dualscope MPO from
Fischer. General and mechanical coating properties were measured according to
standard methods including pendulum hardness (ISO 1522:2006), solvent resistance
(EN 13523-11), cross-cut test (ISO 2409:2013), cupping test (ISO 1520:2006) and impact
resistance (ASTM D2794). The resistance of pigmented coated samples against
corrosion was evaluated by salt spray test according to ISO 9227:2017.

4.4 Results and discussion

The strategies undertaken in order to discover the potential of CSBO as a precursor
for NIPU coatings for industrial implementation are summarized in Scheme 4.2. The
procedure illustrated in this scheme is detailed in the experimental section 4.3.3 and

4.34.
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Scheme 4.2. General scheme of synthesis of NIPU coatings from CSBO: a) Direct use
of CSBO and b) via CSBO-based AHs synthesis.

4.4.1 Synthesis and characterization of NIPU coatings by direct use of CSBO

As discussed earlier in this chapter, CSBO-based NIPU coatings are constrained by

curing conditions and curing agents. Therefore, in order to be as close as possible to
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industrial requirements, we focused on these two parameters. The curing conditions
in the coating industry can be divided in two general categories: (1) Long times (1-7
days) at room temperature and (2) short times (minutes or few hours) at high
temperatures. Hence, 100 °C and 4h were selected as curing conditions to simulate
industrial requirements. Regarding the second factor, the use of industrial curing
agents represents a major advantage over low molecular weight amines typically
used in academic research. As mentioned before, the low boiling point of these amines
limits their use at high temperatures, as they would form toxic fumes and reduce the
initial molar ratio. Therefore, the use of oligo-polymeric amines is widespread at the
industrial level. The higher thermal stability of the industrial amino hardeners makes
them more suitable for their use at high temperatures. Also, in our case, the use of
commercial amino hardeners can allow the development of products with structures
similar to the ones of current industrial coatings. For this reason, amino hardeners
used by Allnex—The coating Resins Company — were tested for CSBO-based NIPU
coatings preparation (Figure 4.2). The exact structure of amino hardeners AH-a and

AH-b is not disclosed for confidentiality.

HaN A NH; H H H H
VA HzNwNwNWNWNwNHz
Jeff D400 AH-a
OH
/@/H g i\ H\/@M
AH-b AH-c
Figure 4.2. Industrial amino hardeners used for CSBO-based NIPU coatings synthesis.

The synthesis of CSBO-based NIPU coatings from carbonated soybean oil and four
industrially employed amino hardeners and the main data of prepared formulations

are represented on Scheme 4.2-a and Table 4.1.
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Table 4.1. The main data of the prepared NIPU coatings formulations.

Amino hardener Carbonated resin Formulation
Jeff D400 NIPU D400
AH-a NIPU-a
CSBO
AH-b NIPU-b
AH-c NIPU-c

FTIR was used to monitor the changes in the chemical composition after the curing
process. Figure 4.3 shows the ATR-FTIR spectra of the prepared CSBO-based NIPU
coatings. The presence of shoulder bands at 3400-3300 cm, 1700 cm! and 1545 cm!
assigned to O—H and N—H stretching vibration, urethane C=0 stretching vibration
and N—H bending vibration, respectively, to some extent evidence the formation of
NIPU. Nevertheless, the intense band corresponding to the C=O stretching vibration
band of the cyclic carbonate at 1800 cm observed in all spectra of all the samples
points to low conversions. The results obtained indicate a low reactivity between

CSBO and industrial amino hardeners at the selected curing conditions.

a b
) CSBO )
\/\r 1800 co | 1740 et W—"
g [NIPUD400 Taia
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E NIPU AH-b
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Figure 4.3. Comparative ATR-FTIR spectra of CSBO, NIPU D400, NIPU AH-a, NIPU
AH-b and NIPU AH-c after curing process: a) Wavenumber 700-4000 cm and b)
wavenumber 1500-2000 cm.

Drying is of paramount relevance in the coating industry. The first step of drying is
measured via dust-free test, which is related to the physical drying of a coating

material. This test determines when dust will no longer stick to the surface. The
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drying time should be as short as possible to avoid dirt adhesion on the wet coating,
and thereby achieve a satisfactory surface coating. As it can been seen in Figure 4.4,
the CSBO-based NIPU composed with AH-c did not achieve a dry (dust-free) stage,
even after one week. The same behaviour was observed in other NIPU coatings. This
means that a significant part of the initial components remained unreacted, which is
in line with previously discussed FTIR results. As other research groups have
reported before, the low degree of cross-linking exhibited by these formulations could
be due to both the low intrinsic reactivity of cyclic carbonates and amines and the
high steric impediment of triglyceride structure.#*® This suggests that the direct use
of CSBO to produce NIPU coatings composed by industrial amino hardeners cured

at conditions close to industrial requirements is limited.

NIPUAH-c

Figure 4.4. Dust-free test after 7 days for NIPU AH-c coating.

4.4.2 Synthesis and characterization of NIPU-epoxy hybrid coatings by modified
CSBO

The poor performance of NIPU coatings synthesized by direct use of CSBO, impelled
us to take another approach for introducing CSBO-based NIPUs in coating industry
under requirements in line with this industry. For this reason, it was decided to test a
new process through the development of CSBO-based NIPU amino hardeners, with
the objective of improving the performance/dryness of the formulation to equal

industry requirements.
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Recent research has shown that the curing process and the material performance can
be synergistically enhanced through the combination of PHU with other chemical
components, such as epoxy, acrylic, siloxane, etc.#>> This strategy has been applied
even in some vegetable oil-based NIPUs.5"-* Among the hybrid chemistry, PHU-
epoxy has gained much attention due to the capacity of epoxy group to react rapidly
with amines, and thus accelerate the curing process. Thus, our strategy was the
development of CSBO-based NIPU amino hardeners via the reaction between CSBO
and amine excess, followed by the reaction between the latter and an industrial epoxy
resin, as is depicted in Scheme 4.2-b. The real potential of this approach is the
opportunity to obtain amino terminal NIPUs that cure at room temperature.
Furthermore, it allowed keeping the non-reacted amine with the synthesized amine-
terminated hardener, avoiding an extra purifying process, and hence simplifying
coating formulations preparative.#® Moreover, this method avoids the use of low

boiling point amines during the curing.

The development process for CSBO-based hybrid NIPU-epoxy coatings is divided
into three main stages. First, a preliminary study was carried out to determine the
most appropriate conditions to develop CSBO-based NIPU amino hardeners. Second,
under optimal reaction conditions and using different amines, CSBO-based NIPUs
with amino terminal groups were synthesized. Finally, clear, and pigmented coatings

were prepared.

Optimization of the reaction conditions for CSBO-AHs

The high reactivity between amines and epoxy makes it difficult to develop one-
component (1K) coatings, which makes this type of formulations into two-component
(2K) NIPU coatings. In the latter, to ensure that the properties are not compromised
in any way, it is important to avoid the presence of reactive groups that can react
intramolecularly within the same component. Therefore, in CSBO-AHs synthesis it is
fundamental to achieve a total conversion of the cyclic carbonate. However, the
polyfunctionality of the carbonated soybean oil can result in gel formation during the
hardener’s synthesis by cross-linking, which prevents total conversion and make

handling difficult. Consequently, the study of amine/cyclic carbonate ratio, together
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with the possibility of a CSBO stepwise addition process was done to know the most
suitable amine/cyclic carbonate molar ratio to avoid gel formation and achieve full

conversion of cyclic carbonate.

The CSBO-AHs synthesis was done at 80 °C because is considered suitable for the
amine addition to cyclic carbonate, and not high enough to facilitate the
transesterification of the triglyceride ester group. Additionally, 1-methoxy-2-
propanol (50 wt%) was used as reaction solvent, since in previous works it was
demonstrated that protic polar solvents can form H bonds with the PHU achieving
an adequate viscosity during the reaction.* The chemical composition changes during

the synthesis process were monitored by FTIR.

The results of the preliminary study for the synthesis of CSBO-based NIPU amino

hardener are shown in Table 4.2.

Table 4.2. Results of the preliminary study for the synthesis of CSBO-based NIPU
amino hardeners.

Gel formation CSBO 1t addition

Entry Amine MR? T (°C)
time (h) time (h)®
1 AH-a 1.1 80 1.5 Batche
2 AH-a 2.5 80 4 Batche
3 AH-a 10-2.5¢ 80 - 9
4 TETA 10-2.5¢ 80 - 15
5 AH-c 10-2.5¢ 80 - 1.5
6 AH-c 5-2.54 80 - 4
7 AH-c 10-2.5¢ 60 -

2Amine/cyclic carbonate molar ratio.; *The time of addition corresponds to 2" step (amine/cyclic carbonate
equiv.: 5); <CSBOstep by step addition with an initial molar ratio of amine/cyclic carbonate 10 to 2.5; 4CSBO
step by step addition with an initial molar ratio of amine/cyclic carbonate 5 to 2.5; The reaction was done

in batch and not by CSBO addition.

As it can be observed, at initial low molar ratios of amine/cyclic carbonate (equal or

less to 2.5, Table 4.2, entry 1 and 2) gel formation was observed at relatively short
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times. As mentioned above, it is desired to avoid gel formation to achieve full
conversion of cyclic carbonates present in carbonate oil molecule. At high amine
excess (amine/cyclic carbonate ratio 10) and CSBO stepwise addition until a molar
ratio amine/cyclic carbonate near to 2.5 (Table 4.2, entry 3-5) gel formation was not
observed, and the complete conversion of cyclic carbonate was achieved. Although
all tested amines at these conditions did not present gel formation, polymeric amine
(AH-a) showed low activity, while lower molecular weight amines (TETA and AH-c)
reacted much faster. This evidenced the negative impact of the polymeric structure,

and hance the use of AH-a was discarded.

In spite of avoiding gel formation by CSBO stepwise reaction (Table 4.2 entry 3-5),
the presence of a side band (1660-1650 cm!) was observed in the ATR-FTIR spectra
(Figure 4.5-top).
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Figure 4.5. FTIR-ATR spectra of the CSBO-based NIPU amino hardener's after 1h at
MR 10 and 80 °C (top), MR 5 and 80 °C (middle) and MR 10 and 60 °C (bottom): a)
Wavenumber 400-4000 cm™ and b) wavenumber 1500-2000 cm-.

In Chapter 3 it has been determined that the side band present in the wavelength
1660-1650 cm corresponds to the amide C=0O stretching vibration. However, in the
synthesis of CSBO-AHs, the amine excess was so excessively high that in addition to
driving the amide formation, it can enhance the formation of urea from
transurethanization side reaction. This fact was also observed by other authors.!55-6!

Scheme 4.3 despite the possible main reaction between CSBO and amines.
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Scheme 4.3. Main possible reactions between carbonated oil and amine: (a) cyclic
carbonate aminolysis, (b) ester group amidation and (c) urea formation by
transurethanization.

Therefore, it was decided to reduce initial amine/cyclic carbonate molar ratio and/or
temperature in order to prevent side product formation (Table 4.2, entry 6 and 7).
However, the Figure 4.5-top and middle and Table 4.2 not only reveals the side
group formation at milder conditions, but also more than twofold increase in time for
the second addition step in both cases. Therefore, decreasing the initial amine/cyclic
carbonate molar ratio and temperature, revealed null impact on selectivity, in
addition to the negative effect on the reactivity. Hence, it was stablished an initial
amine excess with an amine/cyclic carbonate molar ratio of 10, and CSBO addition
step by step at 80 °C, as suitable reaction conditions to avoid gel-formation, achieve

full conversion of cyclic carbonate and form CSBO-based NIPU amino hardener.

It is very common to add a solvent to both the binder and the hardener to achieve a
suitable viscosity and facilitate the mixing and application of the coating. Therefore,
the solvent used for components storage is another factor to be considered in coatings
formulations. Improper selection may negatively affect two fundamental factors
related with formulation application: amino hardener’'s homogeneity and
formulation’s drying time. Initially, when methoxy propanol was used as both
reaction and application solvent resulted in cloudy formulations (Figure 4.6), which

can lead the formation of two phases over time.
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CSBO AH

1-methoxy-2-
propanol
(30 wit%)

Figure 4.6. CSBO-based amino hardener in different solvents.

As for the second factor, high boiling point solvents result in longer formulation
drying time. Hence, solvents with lower boiling points are considered a better option.
For these reasons, it was concluded that the best option was to keep methoxy
propanol as reaction solvent and remove and replace it by the same amount of MEK
on a later stage. MEK could not be used also as reaction solvent as the condensation
reaction between amine and keto group in MEK would take place.®? To achieve a
suitable viscosity with the selected solvent, a 30 wt% was established as appropriate

MEK concentration, for both formulation application and amino hardeners synthesis.

Synthesis and characterization of CSBO-AHs

The CSBO-AHs were prepared according to the previously established procedure.
Scheme 4.4 illustrates the synthesis of three amino hardeners using carbonated
soybean oil and TETA, m-XDA or AH-c as starting materials. The diamine selection
was due to their use as precursors for commercially available amino hardeners. In
fact, the industrially used AH-c is synthesized through the chemical modification of
m-XDA. Consequently, the prepared amino hardeners can be divided in two families:
TETA-based amino hardeners (CSBO-AH 1) and m-XDA-based amino hardeners
(CSBO-AH 2 and CSBO-AH 3).
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Scheme 4.4. CSBO-based amino hardeners synthesis process.

In Table 4.3, are detailed the H equiv. weight and viscosity of the prepared CSBO-

AHs using different amine precursors.

Table 4.3. Properties of synthesized CSBO-based amino hardeners.

H equiv. weight

Name Amine precursor Final MR# Viscosity (mPa.s)
(g/mol)
CSBO-AH 1 TETA 2.5 92.0 16689
CSBO-AH 2 m-XDA 3.3 149.2 3345
CSBO-AH 3 AH-c 3.3 205.5 9549

2Amine/cyclic carbonate molar ratio.

The influence of amine reactivity on the final amine/cyclic carbonate molar ratio is
evident. As mentioned above, achieving a complete conversion of the cyclic carbonate
is required to ensure that the properties of the amino hardener components are not
compromised. In the m-XDA-based amines, the reaction had to be stopped at
amine/cyclic carbonate molar ratio 3.3 (3¢ step), since at lower molar ratios the

conversion of cyclic carbonate is limited. In TETA-based amino hardener the final
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amine/cyclic carbonate molar ratio was close to 2.5 (4t step). The results obtained
indicated that the reactivity of aromatic hardeners is lower for the preparation of
CSBO-based amino hardeners, which limited the CSBO addition to the 34 step

(amine/cyclic carbonate molar ratio close to 3.3).

ATR-FTIR was used to follow the reaction progress. In Figure 4.7 the ATR-FTIR
spectra of the CSBO-AH 2 is illustrated as an example of the reaction monitoring. The
ATR-FTIR spectra provided evidence of the reaction between cyclic carbonate and
amine. The progressive disappearance of the cyclic carbonate carbonyl characteristic
band (1800 cm™) confirmed the complete conversion of CSBO and determined the end
of the step or reaction. This is consistent with the simultaneous formation of bands
associated to PHU formation localized at 3400-3300 cm-!, 1700 cm-! and 1545 cm! and
ascribed to O—H and N—H stretching vibration, urethane C=O stretching vibration
and N—H bending vibration, respectively. Nevertheless, the formation of a new band
at 1660-1645 cm! was also observed. As mentioned in previous section, it is suspected
that the amine reacted with the triglyceride ester group for amide formation (Scheme
4.3-a) and/or with the formed urethane for urea formation (Scheme 4.3-c). As
mentioned before, these facts were also observed by other authors, which associated

the presence of these side reactions to the excess of amine used.11,2225285961
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Figure 4.7. ATR-FTIR spectra of the reaction between CSBO and m-XDA at different
reaction times.
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In order to identify the side functional group, and because '"H NMR spectra were not
conclusive, each of CSBO-AHs was analysed by *C NMR. In Figure 4.8 the °*C NMR
spectra of soybean oil, CSBO and CSBO-AH 2 are illustrated as a representative
example. The soybean oil spectrum showed the characteristic peaks of ester group
presented in vegetable oil structure at 172 ppm and 69-62 ppm assigned to the ester
carbonyl carbon and to the glycerol carbon atoms, respectively.t® The 3C NMR spectra
of CSBO, in addition to the related peaks characteristic of the ester and glycerol group,
confirms the formation of cyclic carbonate through the existence of peaks at 154-153
ppm (cyclic carbonate C=0) and 82 and 79.5 ppm (cyclic carbonate carbon atoms).26°
The CSBO-AH 2 spectrum, verified vegetable-oil NIPU formation by the emergence
of peaks at 157 ppm (urethane C=0) and 66-63 ppm (OH adjacent carbon).*6 In fact,
the absence of the peaks at 82 ppm and 79.5 ppm and the existence of low intensity
peaks at 154-153 ppm confirmed the high cyclic carbonate conversion. The analysis of
these results, together with FTIR spectra, suggested that the presence of cyclic
carbonate group was residual. Regarding the side reaction, the presence of peaks at
172 ppm and 69-62 ppm (ester group) and the formation of a new one at 168 ppm
(amide C=0), points to partial amidation of ester group.5®* Moreover, the absence of a
peak at 160 ppm (urea C=0) discards the hypothesis of urea formation during CSBO-
AHs synthesis.* Therefore, these results verified that the final CSBO-AHs were
mainly composed by urethane, amide, and amino terminal groups, and are consistent
with those obtained by FTIR. This means that, in addition to the cyclic carbonate ring-
opening reaction (Scheme 4.3-b), the transesterification reaction also occurs (Scheme
4.3-a). It is important to point out that the use of CSBO as a precursor allowed the

development of amino-hardeners with a bio-based content between 46% and 62%.
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Figure 4.8. Comparative 13C-NMR spectra of soybean oil, CSBO and CSBO-AH 2.

Characterization of NIPU-epoxy hybrid clear coatings by modified CSBO

The real potential of coatings must be evaluated through the main formulation,
composed only by a component A (epoxy resin) and component B (amino hardener),
and named as clear formulation. The NIPU-epoxy hybrid coatings were prepared
using CSBO-AHs and industrial epoxy resins as components. Two commercial epoxy
coatings were also formulated from commercial amine hardeners synthesized from
TETA (AH-d) and m-XDA (AH-c) and used as benchmark. It is important to
underline that for a more appropriate comparison, coatings developed from the same
amino precursor were compared. In Figure 4.9 the prepared NIPU-epoxy hybrid

formulations nomenclature and components are depicted.
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1. CSBO-based formulations: 1. NIPU-epoxy hybrid coatings:

+ S
A component (AHs): B component (Epoxy resin): a) NIPU-epoxy hybrid 1
a) CSBO-AH 1 EPO-1 b) NIPU-cpoxy hybrid 2
b) CSBO-AH 2 ¢) NIPU-epoxy hybrid 3
¢) CSBO-AH 3
2. Benchmark formulations: 2, Epoxy coatings:
A component (AHs): B component (Epoxy resin): a) Epo-AH-C
a) ATL-C LPO-1 b) Bpo-AH-D

b) AH-D

Figure 4.9. Preparative of CSBO-based hybrid NIPU-epoxy coatings.

a) Curing monitoring

In ambient curing coatings, it is important to know the development of hardness over
time after the application on the surface and before properties characterization and
thus, determine the end of the curing. This property was monitored in clear coatings
over a 28 days period, and the results are summarized in Figure 4.10. Monitoring the
pendulum hardness value provides relevant data related to the curing behaviour. As
can be seen in Figure 4.10-a, the TETA-based benchmark (Epo-AH-d) and the Hy-
NIPU-Epo 1 formulations showed totally different behaviour. The reference reached
a plateau much faster than the formulation composed of CSBO (Hy-NIPU-Epo 1),
which did not reach a clear plateau within the monitoring time. These results suggests
that the triglyceride structure has a negative effect on amine group reactivity,
delaying the complete curing time considerably. On the other hand, all m-XDA-based
formulations showed a similar trend in hardness development (Figure 4.10-b), where

for all prepared coatings a plateau was not reached within the 28 days. These results
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suggest that, in this case, the curing time is strongly determined by the aromatic
nature of the amino hardener. Nevertheless, it is to be stressed that even if a constant
value was not obtained, the slope of the curve decreased considerably after 7 days. It
is important to emphasize that a coating reaches its maximum potential when the
hardness value reaches a plateau (constant value). In CSBO-based formulations not
reaching a constant pendulum hardness value within the monitoring time suggests
that perhaps the real potential of the prepared amino hardeners (CSBO-AH 1-3) could

be obtained only at even longer curing times (>28 days).
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Figure 4.10. Pendulum hardness monitoring of prepared coatings (a) TETA-based
and (b) m-XDA based.

b)  Clear coatings properties

Coatings key properties, such as pot-life, drying, hardness and solvent resistance
were studied to determine the performance of CSBO-based NIPU-epoxy hybrid clear
formulations. After having monitored the curing process, 28 days was selected as
coating characterization time. As described before, the hardness value plateau or
nearly constant hardness was reached after 28 days of its application in panels.
Therefore, it was considered that that curing was complete after this period Figure

4.11 depicts the coating properties of each formulation.

Formulation's pot-life was defined as the time it takes for the viscosity of the coating
mixture to increase by twice its value from the time all the reagents are mixed. In

practical terms, it is important to know the pot-life value, as it determines the time
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limit of application on a surface due to viscosity increase. The pot-life value of the
prepared formulations was similar in both families. However, the benchmark
derivatives achieved slightly shorter pot-life than hybrid formulations. This
behaviour could be associated to the high steric hindrance of the triglyceride
structure, which leads to a decrease in amino groups reactivity. The fact that the pot-
life time are relatively long, allows the application of coating mixtures for a broader

period of time.

Drying is a property of great relevance in the coating industry. It is fundamental to
be as fast as possible to avoid the adhesion of polluting particles, to apply another
layer, etc. Coating mixture drying was evaluated by dust-free, tack-free, and drying
test according to ISO 9117-5:2012. The nature of the amino hardener used has no
influence in dust-free and tack-free times for both TETA-based and m-XDA-based
formulations. The physical drying (dust-free) was less than 1h, and the chemical
drying (tack-free) did not exceed 24h after application to the surface. The drying test
(ISO 9117-5:2012) specifies a method for the determining the drying stage of coatings,
in stages ranging from 1 (lowest drying stage) to 7 (maximum drying stage). In this
case, two of the three CSBO-based formulations failed to reach the stage of maximum
drying (7: maximum drying stage). Considering that the standard specifies that
elasto-plastic coatings hardly ever reach a maximum drying value, the lower value
obtained by CSBO-based formulations may be due to the softness of the triglyceride
structure. However, although, some of the CSBO-based formulations did not achieve
the highest drying stage, the potential of hybrid formulations is clear since the value
obtained was only 1 point lower than the maximum. Even, Hy-NIPU-Epo 2 achieved

the maximum drying stage after the selected characterization period.

The hardness of the prepared coatings was measured by Konig pendulum. In TETA-
based formulations, the hardness of the prepared coatings decreased significantly
when CSBO-AH was used. This behaviour can be explained by the possible greater
cross-linking degree that it is obtained using more active amino hardeners. In
contrast, m-XDA based formulations showed slightly lower differences. On the
contrary to TETA-based formulations, the lower hardness of formulations composed

by CSBO and mXDA could be caused by triglyceride structure. Indeed, the presence
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of long fatty acid chains provides a higher softness to the material, decreasing the
hardness value.®> On the other hand, the greater hardness of Hy-NIPU-Epo 2 (CSBO-
AH 2, H equiv.: 149.2 g/mol) in relation to Hy-NIPU-Epo 3 (CSBO-AH 3, H equiv.:
205.5 g/mol) may be due to the cross-linking density (See H equiv. values in Table
4.3). Atlow H equiv. value of the hardener, the distance between cross-linking nodes
is lower and therefore greater the cross-linking density and coating hardness.
Moreover, these results confirmed that hybrid chemistry enhanced coating
properties, increasing considerably the hardness compared to carbonated oil-based
NIPU coatings, where values did not exceed 51 s.32% This behaviour is in accordance
with those reported in the literature where the addition of epoxy resins improved

coatings properties.525566:66

The solvent resistance was examined by performing MEK rubbing test. TETA-based
formulations showed the same trend as previously explained properties, achieving
the benchmark formulation the greater solvent resistance. For coatings composed by
m-XDA, the highest value was obtained with Hy-NIPU-Epo 2, a CSBO-based
formulation. Due to the close relationship between the solvent resistance and cross-
linking degree, the results obtained suggested that Epo-AH-d and Hy-NIPU-Epo 2

got the highest cross-linking in their respective families.

Pot-life Pot-life
MEK resistance Dust-free MEK resistance Dust-free
Hardness Tadk-free Hardness Tack-free
Drying rate Drying rate
—Epo-AH-d —Hy-NIPU-Epo 1 —Epo-AH-c —Hy-NIPU-Epo2 —Hy-NIPU-Epo 3

Formulation DFT?  Potlife Dust-  Tack-free Drying Hardness MEK

(um) (h) free (h) (h) stage®< (s) resistance“d
Epo-AH-d 62-72 3 1 8-20 7 195 345
_HyNIPUEpol  SL6S 41 820 . T U3 B
Epo-AH-c 45-77 35 1 8-20 7 158 164
Hy-NIPU-Epo 2 57-74 5 1 8-20 7 131 214
Hy-NIPU-Epo 3 41-68 45 1 8-20 6 98 82

*Dry film thickness (DFT); "The drying rate unit is determined by ISO 9117-5:2012. 1 is the lowest value and 7 the
maximum; “These properties were meastired after 28 days; “The unit of MEK resistance is the number of MEK dotible
rubs.

Figure 4.11. Properties of the prepared clear coating formulations after 28 days.

135



Application of carbonated soybean oil-based non-isocyanate polyurethanes in the coating industry

Characterization of NIPU-epoxy hybrid pigmented coatings by modified CSBO

In order to take a step forward on the application of the CSBO-based formulations,
pigmented coatings based on a commercial formulation (Allnex —The coating Resins
Company—) were prepared (Figure 4.12). The principal difference between
pigmented and clear coatings is the addition of pigments, additives, etc. to the main
formulation composed by the binder (component A-Epoxy resin) and the AH

(component B-Amino hardener), also named as clear formulation.

Figure 4.12. Prepared pigmented coatings composed by CSBO-AH 2 and applied in
glass (left), OC (middle) and sand blasted steel panels (right).

Unlike clear coatings, characterization was done after 7 days, as this is the norm for
industrial epoxy resin formulations. In Figure 4.13 general pigmented coating
properties are depicted. A strong influence of additives and pigments was observed
compared to clear coatings, particularly in pot-life and MEK resistance. In all the
formulations prepared, the pot-life increased significantly to times higher than 20h.
This must be attributed to the presence of additives. Furthermore, the MEK resistance
decreased considerably, fivefold in most cases, compared with the clear coatings at
the same period of time (Table 4.4). The increase in pot-life time and reduction of
MEK resistance could be because the additives/pigments present in the formulation
can act as diluents within the polymeric network. Actually, the presence of these
additives in the formulation reduces the concentration of component A (binder) and
component B (AH) in the main formulation, which leads to a lower interaction

between both components.
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Table 4.4. MEK resistance of the prepared clear and pigmented coatings after 7 days.

Formulation Clear coating? Pigmented coating?
Epo-AH-d 109 39
HyNIPU-Epo 1 57 7
Epo-AH-c 73 24
HyNIPU-Epo 2 42 6
HyNIPU-Epo 3 51 17

aThe unit of MEK resistance is the number of MEK double rubs.

Another negative aspect of the presence of additives and pigments was observed in
HyNIPU-Epo 2 formulation. The best coatings properties were achieved with this
clear formulation. However, the addition of additives and pigments, considerably
affected final features, becoming the worst coating in hardness, drying rate and MEK
resistance. This indicates that the interaction between the hardener and
additives/pigments had a negative influence, suggesting that the additives or

pigments employed were not the most suitable ones for the CSBO-AH 2.

Pot-life Pot-life
MEK resistance Dust-free MEK resistance Dust-free
Hardness Tack-free Hardness Tack-free
Drying rate Drying rate
—Epo-AH-d —Hy-NIPU-Epo 1 —Epo-AH-¢  —Hy-NIPU-Epo2 —Hy-NIPU-Epo 3

DFT*  Pot-life Dust-  Tack-free Drying Hardness MEK

Formulation (um) (h) free (h) (h) stageb< (s) resistance<d
Epo-AH-d 33-51 22 1 8-20 7 109 39
_HyNIPUEpol 4365 22 1 820 6 57 7.
Epo-AH-c 49-76 >24 1 8-20 7 73 24
Hy-NIPU-Epo 2 35-62 >24 1 8-20 4 42 6
Hy-NIPU-Epo 3 55-73 >24 1 8-20 7 51 17

*Dry film thickness (DFT); *The drying rate unit is determined by ISO 9117-5:2012. 1 is the lowest value and 7 the
maximum; “These properties were measured after 7 days; “The unit of MEK resistance is the number of MEK double
rubs.

Figure 4.13. Properties of the prepared pigmented coating formulations.

The mechanical properties of the pigmented coatings were measured to obtain a

broader view of the features of the formulations, including crosshatch adhesion,
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cupping, and impact resistance. The mechanical properties obtained are summarized

in Table 4.5.

Table 4.5. Pigmented coating mechanical properties of NIPU-epoxy hybrid
formulations after 7 days.

Cuping test Impact d® Impact id¢
Formulation Cross-cut?
(mm) (kg/cm) (kg/cm)

Epo-AH-d 1 2.7 20 Null
HyNIPU-Epo 1 1 7.5 10 Null

Epo-AH-c 0-1 6.3 40 5
HyNIPU-Epo 2 0-1 5.3 10 10
HyNIPU-Epo 3 0 7.8 40 10

aThe cross-cut unit is determined by ISO 2409:2013; \Impact d: Direct impact; <Impact id: Indirect impact.

In TETA-based formulations, the difference in properties such us adhesion or impact
resistance was minimal. HyNIPU-Epo 1 achieved the same adhesion strength as that
of the commercial epoxy coating. Regarding impact resistance, both direct and
indirect impact resistances of the prepared coatings were low or null. In the case of
cupping test, which is a slow deformation measurement, better results were obtained
with CSBO-based formulation compared to the one based on the commercial epoxy
coating. In m-XDA-based formulations all CSBO-based showed excellent adhesion
properties, like the benchmark. In addition, the coating composed by HyNIPU-Epo 3
exhibited the highest slow deformation. The impact resistance results revealed a
similar value for HyNIPU-Epo 3 and Epo-AH-c, while the formulation composed by
HyNIPU-Epo 2 exhibited poorer properties. These results support the negative effect
of additives/pigments in HyNIPU-Epo 2 formulation since it became the coating with
inferior mechanical properties. Before the measurement of these properties, it was
expected an improvement of some of them compared to epoxy benchmarks, since it
was reported that the addition of PU/NIPU to an epoxy resin enhances the mechanical
properties.®® Hence, the similarity in many of the mechanical properties may be due
to the fact that a significant part of the formulation is composed by

pigments/additives (pigment/binder ratio: 2/1 wt%). This suggests that the influence
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of pigments/additives in prepared coatings is greater than the nature of the hardener

and binder.

The corrosion resistance was investigated by DIN EN ISO 9227 for coatings applied
in sand blasted steel panels that were exposed to 5% NaCl-solution for 6 weeks. Table
4.6 and Figure 4.14 show the mark length and the photographs from scratch reference
of selected samples after different time intervals of exposure to the salt spray test. As
can been seen for TETA-based formulations (Epo-AH-d and HyNIPU-Epo 1) the
corrosion monitoring was very similar until 28 days. Nevertheless, at the end, better
anticorrosion performance was obtained by the benchmark. On the other hand, the
samples based on m-XDA (Epo-AH-c, HyNIPU-Epo 2 and HyNIPU-Epo 3) exhibited
different behaviour. The HyNIPU-Epo 3 formulation showed the same anticorrosion
resistance as the commercial benchmark after 42 days. However, as in previously
studied properties, poor results were obtained with HyNIPU-Epo 2 due presumably
to the negative interaction between pigments/additives and the amino hardener. It
should be emphasized that two of the three prepared CSBO-based formulations
exhibited suitable anticorrosion properties since coatings remained stable after 42
days exposed to 5% NaCl-solution. Despite the high anticorrosion performance of
CSBO-based pigmented coatings, it is difficult to determine whether this is due to the

base formulation (binder + hardener) or the high concentration of additives/pigments.

Table 4.6. Salt spray results for prepared NIPU-Epoxy hybrid formulations applied
in sand blasted steel panels.

Time Epo-AH-d  HyNIPU-Epo | Epo-AH-c = HyNIPU-Epo HyNIPU-Epo
(days) (mm)? 1 (mm)? (mm)? 2 (mm)? 3 (mm)?

0 0 0 i 0 0 0

14 12 9 6 10 11

28 15 19 8 Null 9

42 15 24 10 Null 10

2Mark length from scratch reference.
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Time (days)  Epo-AH-d HyNIPU-Epo 1 Epo-AH-c HyNIPU-Epo 2 HyNIPU-Epo 3

14

28

Figure 4.14. Photographs of the prepared NIPU-epoxy hybrid formulations applied
in sand blasted steel panels after different exposure times to the salt spray test.

The salt spray test was also studied for coatings applied in OC plates (Table 4.7). In
this instance, similar behaviour as in sand blasted steel plate was observed. However,
the lower roughness of OC plates reduced the penetration of the formulation into the

plate, exhibiting poorer results for all formulations.

Table 4.7. Salt spray results for prepared NIPU-Epoxy hybrid formulations applied
in OC panels.

Time Epo-AH-d  HyNIPU-Epo : Epo-AH-c  HyNIPU-Epo = HyNIPU-Epo
(days) (mm)? 1 (mm)? (mm)? 2 (mm)? 3 (mm)?
0 0 0 0 0 0
14 22 21 6 Null Null
28 Null Null 9 Null Null
42 Null Null Null Null Null

aMark length from scratch reference.
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4.5 Conclusions

In this chapter, carbonated soybean oil-based non-isocyanate polyurethane coatings
have been explored under conditions required for industrial application, in terms of
temperature and time. It was observed that the NIPUs synthesized by the direct use
of CSBO hardly met the requirements for industrial implementation. However, the
synthesis of NIPU-Epoxy hybrid coatings from CSBO-based amino hardeners

allowed a curing process at room temperature and in a relatively short time.

The potential of the development of NIPU-epoxy hybrid formulations is derived from
two main factors 1) The possibility of developing CSBO-based amino hardeners at
high cyclic carbonate conversion, 2) The possibility of performing the curing of a

NIPU formulation under conditions required by the industry.

The reaction conditions for suitable synthesis of CSBO-based NIPU amino hardeners
were studied. It was noted that the initial amine/cyclic carbonate molar ratio
influenced considerably the gel-formation, and hence the cyclic carbonate conversion.
The best conditions to avoid gel formation and achieve complete conversion of cyclic
carbonate, were an amine/cyclic carbonate molar ratio of 10 and stepwise addition of
CSBO. Reducing the molar ration of amine/cyclic carbonate and temperature did not

prevent amide formation, while diminishing reactivity.

Based in CSBO stepwise process, two family of CSBO-AHs were synthesized using
TETA and m-XDA as precursor. It is worth mentioning that in both families complete
cyclic carbonate conversion was confirmed by FTIR and *C-NMR, which provide a
clear opportunity for the development of bio-based NIPU amino hardeners from

vegetable oils.

The CSBO amino hardeners were studied in coating application as component of clear
and pigmented formulations. The curing time of the prepared formulations was
significantly dependent on the presence of triglyceride and aromatic structures,
reaching complete curing after 28 days. The drying performance was found to be

negligibly dependent to CSBO presence and diamine precursor. However, the final
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hardness of the coatings was markedly influenced by the triglyceride structure, with
the softest coatings being achieved in the CSBO-based formulations. Moreover, a
comparison between commercially available epoxy coatings and hybrid NIPU-epoxy
synthesized by the present route suggests, that the potential of bio-based
formulations is not so far away from commercial ones. In the case of pigmented
formulations, it was observed that additives/pigments addition influenced
considerably the final properties. Indeed, in many of the mechanical properties and
anticorrosion performance, similar values were obtained for benchmarks and NIPU
coatings, probably due to the fact that a significant part of the formulation is

composed of pigments/additives (pigment/binder ratio: 2/1 wt%).

To the best of our knowledge, this work addresses for the first time the uses of CSBO-
based amino hardeners as a component of NIPU coating formulations. It should be
noted that the process carried out for the development of NIPU-epoxy hybrid
coatings can bring oil-based formulations closer to a real application since the
conditions are similar to those required by the coating industry. On the one hand, the
obtention of soybean oil-based NIPU amino hardeners via the stepwise addition of
CSBO, represents an alternative for the obtention of high CSBO conversion at
relatively short reaction times and mild conditions. In addition, it allows obtaining
hardeners with a bio-based content of more than 45%. On the other hand, the
synthesis of CSBO-based NIPU amino hardener and the subsequent addition of an
epoxy resin, allows room temperature curing carbonated oil-based NIPU coatings
due to the capacity of epoxy group to react rapidly with amines. In addition, it was
possible to develop pigmented CSBO formulations, which brought these bio-based
formulations closer to those used industrially, especially in terms of their visual
characteristics. However, the addition of the pigments and/or additives has not
improved the properties of the coatings, therefore in the future it would be necessary
to focus on the optimization of a pigmented formulations. Additionally, due to the
use of petrochemical-based epoxy resin, the final bio-based content in clear coatings
was inferior to 10%, which suggest that in order to enhance this percentage, the

employment of bio-based epoxy resins must be consider.
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Chapter 5

5.1 Conclusions

This thesis has been devoted to bringing carbonated soybean oil-based non-
isocyanate polyurethanes (CSBO-based NIPUs) closer to the industrial application
with the aim to lead to a more sustainable industry. On the one hand, new economical
catalysts have been developed to obtain cyclic carbonate precursors under mild
reaction conditions. On the other hand, CSBO-based NIPUs have been developed

with industrial application in mind, more specifically for the coating industry.

First, related to the synthesis of carbonated soybean oil, it has been possible to reduce
the reaction time, from more than 24h with [TBA][Br] (the most used catalyst for
carbonated vegetable oils synthesis) to only 5h of reaction with the self-developed
catalyst, [DTPP][Br]. These results bring the synthesis of CSBO closer to a possible
industrial implementation. Moreover, during this research, several factors with a
significant influence on the reaction performance have been identified. (1) The chain
length of the substituent attached to the triphenylphosphonium cation: The increase
of the number of C atoms allows to enhance the nucleophilicity of the anion and
solubility of the catalyst in the reaction medium. (2) The rigidity of the cation: A rigid
structure keeps the anion far from the phosphorus atom weakening the electrostatic
interaction between anion and the cationic centre, increasing the nucleophilic
character of the anion and contributing to an easier and faster epoxide ring opening
(considered the rate-determining step). (3) The higher thermal stability of [DTPP][Br]
compared with [TBA][Br], allows increasing temperature in the CSBO synthesis, thus
reducing the reaction time at least fivefold. Nevertheless, despite these promising
results, the still elevated temperature and pressure employed limit the economic
viability of the process. In my view, now that we know several factors that
considerably influence/improve the catalytic activity, reaction conditions should be
improved by reducing or eliminating the required pressure. Ideally, reactions would
run at atmospheric pressure. Furthermore, recovering and reusing the catalyst could
also mean a great advance in the sustainability of the process, since it would allow

using the same catalyst to produce a certain number of batches of CSBO.
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Secondly, related with the synthesis of CSBO-based NIPUs, polymers networks with
different characteristics were developed from previously synthesized CSBO using
different amines and molar ratios. The results obtained suggest that the versatility of
the NIPUs was quite similar to that of the isocyanate analogues, achieving very
different properties only by varying the amine structure and the molar ratio of the
reagents. However, the reaction conditions and the poor performance in relation to
traditional polyurethanes clearly shows that CSBO-based NIPUs industrial
implementation is still far. In fact, although NIPUs outperform many PUs synthesized
from VO in thermal stability, they lag behind in other properties (Tg, hardness, etc).
This means that the potential of the isocyanate free pathway is not yet sufficiently
competitive in certain properties, which limits the industrial use and

commercialization of these materials.

Finally, among the two strategies studied for applying CSBO-based NIPUs in the
coatings industry, unequal results have been achieved. On the one hand, the coatings
synthesized through the direct use of CSBO and industrial amino hardeners showed
insufficient performance. On the other hand, the development of hybrid NIPU-epoxy
coatings via the synthesis of CSBO-based NIPU amino hardeners (CSBO-AHs) shows
that this could be one of the solutions with greatest potential for implementing CSBO-
based NIPUs in coating industry. Indeed, this process allows a complete conversion
of CSBO at a moderate temperature and a short reaction time, in addition to a room
temperature curing of carbonated soybean oil-based NIPU formulations.
Furthermore, it was possible to develop pigmented CSBO formulations, which
brought these biomass-based formulations closer to those used industrially,
especially in terms of their visual characteristics. Although the addition of the
pigments did not perform as desired, it identifies the optimization of pigmented

formulations as future research.
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5.2 Future work

This thesis has delivered promising results and represents a step forward in the in the
applicability of NIPUs from carbonated soybean oil (CSBO). However, it is still
necessary to continue the research to obtain the final goal of reaching their industrial

application.

Regarding the synthesis of vegetable carbonated oils, most of the research is focused
on the obtention of bio-based cyclic carbonates from commercially available vegetable
oils. However, the majority of the available vegetable oils are edible and compete with
the food chain. Therefore, the employment of non-edible (e.g., used cocking vegetable
oil) should be investigated. To the best of our knowledge, there are no examples in
the scientific literature dealing with the carbonatation of epoxidized, used cooking
vegetable oil by CO:z chemical fixation. This remains a huge and exciting challenge.
On the other hand, in order to continue bringing this process closer to the industry
and develop more sustainable and economical process, it is necessary to research on
the recovery and reuse of the catalytic system. This recovery could be done by

developing biphasic or heterogenization methods.

In relation to the applicability of CSBO-based NIPUs in the coatings industry, their
performance can be extended/improved by two different strategies. On the one hand,
expanding the family of CSBO-based NIPU amino-hardeners (CSBO-AHs) by using
industrial-grade amines containing different structures to obtain CSBO-AHs with
different compositions and properties. On the other hand, by developing new NIPU-
epoxy hybrid formulations, using different industrially available epoxy resins.
Additionally, the final pigmented formulations need to be optimized to enhance the
properties and find the real potential of formulations composed by carbonated
vegetable oils. Another point to increase workplace safety and consumer health is to
avoid the use of organic solvents. This trend has not gone unnoticed by the coating
industry, which in the last decades has focused its efforts on the development of
waterborne formulations. Therefore, despite the hydrophobicity of the triglyceride
structure, the future research should study the development of waterborne CSBO-

based NIPU coatings to meet the environmental and health requirements that
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industry is asking for. Finally, once the optimization of one of the formulations has
been achieved, the evaluation of the possible fields in which CSBO-based NIPU
coatings can be introduced as an alternative to another petrochemical-based

formulation may be the first step towards the commercialization of the product.
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Methods

This section details the experimental procedure for the chemical and structural
characterization of synthesized ionic liquids catalyst, carbonated soybean oil (CSBO)
and CSBO-based non-isocyanate polyurethanes (CSBO-based NIPUs). In addition to,

the specific characterization of the developed NIPUs coatings.

Epoxide content determination

The epoxide content (O), defined as the weight percent of oxirane oxygen is a suitable
determination method to determine de epoxide content in epoxidized soybean oil
(ESBO). This was determined according to the ASTM D 1652-04 standard using 702
SM Titrino equipment from Metrohm. The experimental process was performed

according to the following procedure:

i.  Dissolve the sample (0.4 g) in CH2Cl2 (40 mL) under stirring.
ii. ~ When the ESBO is dissolved, add 10 mL of tetraethylammonium bromide
([TEA][Br]) keeping the stirring.
iii.  Place the beaker in the automatic titrator. Immerse the electrode and shake it
with a stir speed that is not too fast. Perform the titration with a standardized

perchloric acid (HClIOs) solution (1N solution in acetic acid).
The epoxide content (O) was calculated according to the following equation:

Nycios
sample weigth (g)

Weight porcent epoxide (E) = 4.3 X Vycio4 +

16
Weight porcent of oxirane (0) = 3 X E

Gas Chromatography Mass Spectrometry (GC-MS)

Gas Chromatograph with Mass Spectrometry (GC-MS) measurements were carried

out using a Gas Chromatograph Agilent GC 7890B, a MS detector 5977A and a HP5-
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ms column of 30 m, 0.25 mm and 0.25 mm. Analytical conditions: samples dissolved
in CH2Clz; injector temperature, 250 °C; detector temperature, 150 °C; split, 25:1;
injection volume, 1 pL; oven temperature was started at 40 °C (3 min), afterwards it
was increased at 12 °C min" up to 85 °C and then, it was increased at 30 °C min! up
to 250 °C and kept at this temperature for 4 min; injection mode: split; carrier gas:

helium at 1.2 mL min‘!; mass range: 33.0-550.0; running time, 16.25 min.

The determination of propylene carbonate (PPC) content in the samples was
determined by means of a calibration curve using PPC as the standard and n-
dodecane as the internal standard. The calibration curve was performed with 5 points,

in a range of concentrations between 400 and 4000mg /1 of PPC in CH2Cl.

Nuclear Magnetic Resonance spectroscopy (NMR)

1H, 13C and *P{1H} Nuclear Magnetic Resonance (NMR) in solution were recorded on
a Bruker 300 MHz spectrometer, using deuterated chloroform (CDCls), deuterated
dimethyl sulfoxide (DMSO) and deuterated acetone ((CDs3)2CO). The experimental
conditions were as follows: a) For 'TH NMR spectroscopy: 10 mg of sample; 0.5 mL of
solvent; 5.45 s acquisition time; 1 s delay time, 14 us pulse, spectral width 60009.61
Hz and 16 scans; b) for 3'P{1H} NMR spectroscopy: 10 mg of sample, 0.5 mL of solvent,
0.67 s acquisition time, 2 s delay time, 12 ps pulse, spectral width 4919.61 Hz and 512
scans; and for ¥C NMR spectroscopy: 100 mg of sample; 0.75 mL of solvent; 1.81 s
acquisition time; 2 s delay time, 10 us pulse, spectral width 18115.94 Hz and 4096-
16384 scans.

Thermogravimetric Analysis (TGA)

Thermal stability was evaluated by thermal gravimetric analysis (TGA) using either
Mettler Toledo TGA/DSC 1 STARe System calibrated with indium, aluminium, gold
and palladium standards. The experimental conditions were as follows: a) For ionic

liquids characterization, the sample (15-20 mg) was heated from room temperature to
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100 °C with a heating rate of 10 °C min, and keep in isothermal conditions (100 °C, 1
h) to eliminate moisture and/or residual solvent, if any. Then, the sample was heated
from 100 °C to 700 °C with at a rate of 10 °C min’'. Isothermal measurements were
performed at 160 °C, 180 °C and 200 °C by heating the sample (15-20 mg) from room
temperature to desired temperature at 10 °C min-!. Once the desired temperature was
reached it was kept for 12h. In all cases, the measurements were done under nitrogen
flow (50 mL min). b) For CSBO-based NIPUs in a typical experiment the sample (15-
20 mg) was heated from room temperature to 700 °C with a heating rate of 10 °C min-
T under nitrogen flow (50 mL min). All the measurements were performed at least

twice in order to check their repeatability.

Differential Scanning Calorimetry Analysis (DSC)

Differential scanning calorimetry (DSC) analysis were carried out using Mettler
Toledo DSC 2 STARe System calibrated with indium and zinc standars. The
experimental conditions were as follows: a) For ionic liquids melting points
characterization, DSC Scans cycles consisted of heating the sample (7-10 mg) up to
200 °C followed by a cooling ramp from 200 °C and -80 °C and a subsequent heating
ramp between -80 °C and 200 °C, both at 10 °C/min and under nitrogen atmosphere.
b) For CSBO-based NIPUs, DSC scans cycles consisted of heating the sample up to
150 °C followed by a cooling ramp from 150 °C and -80 °C and a subsequent heating
ramp between -80 °C and 150 °C, both at 10 °C/min and under nitrogen atmosphere.
This cycle was repeated by four times. To analyse the glass transition temperature (T5)
the data obtained in second heating ramp were used. All the measurements were

performed at least twice in order to check their repeatability.

Melting point determination

Melting points were measured using STUART SMP30 capillary melting point

apparatus. Samples were heated from room temperature until the solid phase
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changes to the liquid phase. All the measurements were performed at least twice in

order to check their repeatability.

Fourier Transform Infrared Spectroscopy (FTIR)

FTIR spectra were collected using an infrared spectrophotometer ALPHA-P from
Bruker Instrument or Spectrum 3 from PerkinElmer, both equipped with attenuated
total reflectance (ATR). The spectra were recorded in the range of 4000 to 400 cm at

a resolution of 4cm! with 24 registered scans.

Determination of the degree of cross-linking of the polymeric

network

Cross-linking of the final NIPUs was analyse by swelling index (SI) and gel-content
(GC). The process has been based on previously reported work!2. These tests were
carried out in THF as an appropriate solvent, since could dissolve the monomers and
oligomers, but not the cross-linked NIPU. The cured samples (= 0.5 g) were separately
put into THF (50:1) for 72h at room temperature. Before weighing, the sample was
dried with filter paper to absorb superficial solvent. The swelling index is given by
Eq (1), where mo and mu1 are the weight of samples before and after swelling,
respectively. After sweeling index measurement, the samples were dried in vacuum
oven at RT during 24h. The gel content is given by following equation (2), where muo
is initial mass of the sample, and m: is mass of the sample after drying. For each

sample, the SI and GC measurements were performed in quadruplicate.

L, m; —Mmy
(1) Swelling index (%) = — x 100
0

m
(2) Gel — content (%) = —2 %100
my
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Amine number determination

The amine number, defined as the number of milligrams of potassium hydroxide
(KOH) equivalent to one gram of epoxy hardener resin, is a suitable determination
method to determine de amine content in amine functional compounds. This was
determined according to the DIN 53176 standard using 799 GPT Titrino equipment
from Metrohm. The experimental process was performed according to an Allnex -The

coating Resin Company- internal procedure, following this procedure:

i.  Dissolve the reaction sample (0.6 g) in a propylene carbonate (4): acetic acid
(1) solution (28 mL) under stirring.

ii.  Once the amine functional compound is dissolved, place the beaker in the
automatic titrator. Immerse the electrode and shake it with a stir speed that
is not too fast. Perform the titration with a standardized perchloric acid

(HCIOs4) solution (0.1 M solution in acetic acid).
The amine number was calculated according to the following equation:

Nycioa
sample weigth (g)

. KOH mg
Amine number (T) =56.1 X Vycio4 +

Viscosity and formulations pot-life determination

Formulation’s pot life was determined by means of dynamic viscosity value. Viscosity
measurements were done at 23 °C, over a shear rate range of 25 s! using an 7Physica
MCR 101 from Anton Parr. In practice, the pot life of the formulation was defined as
the time it takes for the viscosity of the coating mixture to increase to twice its value
since all the reagents are mixed. In order to know the exact pot-life of each of the
formulations, the viscosity was measured every 30 minutes until it doubled its initial

value (to).
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Coating drying determination

Coating mixture drying was evaluated by dust-free, tack-free, and drying test

according to ISO 9117-5.

Dust-free time is considered when particles, dust, etc. do not remain adhered to the
coating. The experimental process to determine de dust-free time was performed
according to the following procedure: Glass particles were added to the coating at 30-
minute intervals. Once the particles were no longer adhered, this was defined as the

dust-free time of the formulation.

The tack-free time is the time at which the coating is properly adhered and capable of
providing maximum protection to a surface without being disrupted or damaged. In
test environments, tack-free time can simply be stated as the point at which a film
applied to a surface simply ceases to be tacky to the touch. The experimental process
to determine de tack-free time was performed according to the following procedure:
On a coating that had already reached the dust-free time, the surface was pressed

manually with a finger covered with cellulose paper every 30 minutes.

Once no paper remained adhered and no marks were observed on the coating, the

coating was considered to have reached the tack-free time.

The drying stage for each coating was determined according to ISO 9117-5 standard
and in triplicate. The experimental process was performed according to the following

procedure:

i.  Place a paper disc and top of that, a rubber disc on the test panel.
ii.  Place a weight (200 g, 2 kg and/or 20 kg) centrally on the rubber disc and keep
it for 60 seconds.
iii.  After that remove the weight and rubber disc and drop the test panel
vertically from a height. The adhesion or non-adhesion of the paper disk and

the weight used, determine the specific drying stage (Table M.1).

The following table indicates the coating requirements for each of the drying stages:
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Table M.1. Drying stages characteristics.
Drying

Type of test Test result
stage
1 Pouring ballotini on to The ballotini can be brushed away easily and
surface of coating completely with a soft brush.
2 Load with20 g The paper does not stick to the coating.
3 Load with 200 g The paper does not stick to the coating.
The paper does not stick to the coating.
4 Load with 2 kg In the area acted on by the load, the coating
surface shows visible changes.
The paper does not stick to the coating.
5 Load with 2 kg In the area acted on by the load, the coating
surface shows no visible changes.
The paper does not stick to the coating.
6 Load with 20 kg In the area acted on by the load, the coating
surface shows visible changes.
The paper does not stick to the coating.
7 Load with 20 kg In the area acted on by the load, the coating

surface shows no visible changes.

Coating hardness determination

The hardness of the coatings was evaluated by pendulum dumping test via the Konig
pendulum and according to ISO 1522:2006 standard. The tests were performed at (23
+ 2) °C and relative humidity of (50 + 5) %. The pendulum damping time was

determine on three different parts of the same test panel.
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The hardness of the coatings was also evaluated by pencil hardness test according to
ASTM D 3363-20 and in duplicate. The tests were performed at (23 +2) °C and relative
humidity of (50 + 5) %. The experimental process was performed according to the

following procedure:

i.  The coating thickness is measured.

ii.  Preparation of the grating pencil, removing 5 to 6 mm of wood without
damaging the lead, leaving a perfect cylinder. The pencil is then placed
vertically on the 400 grit or finer sandpaper and rubbed over it until a
perfectly circular and flat point is obtained.

iii. =~ Making the scratch. Starting with the hardest pencil, it is placed firmly on the
coating at approximately a 45° angle to the specimen. The pencil is moved
approximately 6.5 mm forward, exerting enough force on the specimen to
scratch or cut the coating or break the pencil tip.

iv.  The operation is repeated with successively softer pencils until the one that

does not cut the coating by at least 3 mm: is reached.

Determination of the resistance of coatings to separation from

substrate

The resistance of coatings to separation from substrate was determined by cross-cut
test according to ISO 2409:2013. This specifies a test method for evaluating the
resistance of paint coatings to separation from substrates when a right-angle grid
pattern is cut into the coating, penetrating the substrate. The experimental process

was performed according to the following procedure:

i.  Manually cut the coating using the multi-blade cutting tool and trying to
maintain a uniform pressure and speed.
ii.  Remove any loose paint from the area of cutting.
iii.  Place a piece of adhesive tape over the marked area, press and finally pull it
off.
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iv.  Carefully examine visually the area and determine the separation resistance

of the coating to the substrate (Table M.2).

The following table indicates the possible coating classification after cross-cut test:

Table M.2. Cross-cut test classification.

Appearance of
Classification Description surface of cross-cut

area

The edges of the cuts are completely smooth; none

of the squares of the lattice is detached.

Detachment of small flakes of the coating at the

1 intersections of the cuts. A cross-cut area not

greater than 5 % is affected.

The coating has flaked along the edges and/or at

the intersections of the cuts. A cross-cut area

greater than 5 %, but not greater than 15 %, is
affected.

The coating has flaked along the edges of the cuts

partly or wholly in large ribbons, and/or it has

3 flaked partly or wholly on different parts of the
squares. A cross-cut area greater than 15 %, but not 1

greater than 35 %, is affected.

The coating has flaked along the edges of the cuts in
large ribbons and/or some squares have detached
partly or wholly. A cross-cut area greater than 35 %,
but not greater than 65 %, is affected.

Any degree of flaking that cannot even be

classified by classification 4.
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Coating solvent resistance determination

The solvent resistance of the coatings was determined by performing methyl ethyl
ketone (MEK) rubbing test using a Werkstoff-priifgerédte from Hess according to EN
13523-11. The speed of the double rubs was defined as 1s. The test was finished once
the material underneath (glass plate) was observed, indicating the removal of the

coating.

Coating gradual deformation resistance determination

The resistance of coatings to gradual deformation was determined by cupping test
according to ISO 1520:2006. This Standard specifies an empirical method for assessing
the resistance of a coating to cracking and/or detachment from a metal substrate when
subjected to gradual deformation by indentation under standard conditions. The
experimental process was performed according to the following procedure and in

duplicate:

i.  Hold the test panel (with right dimensions) firmly without excessive pressure
between the retaining ring and the drawing die with the coating towards the
die and with the hemispherical end of the indenter just in contact with the
uncoated side of the test panel (zero position of the indenter). Adjust the
panel until the central axis of the indenter intersects the panel at least from
the edge.

ii. =~ The hemispherical end of the indenter is advanced into the test piece at a
constant speed.

iii.  Once a crack is first observed on the surface of the coating and/or the coating
begins to become detached from the substrate, the indenter is stopped, and

the depth of indentation is measured.
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Coating rapidly deformation resistance determination

The resistance of coatings to rapidly deformation was according to ASTM D2794 and

ISO 6272-1:2012. These equivalent standards specify an empirical method which has

been found to be useful in predicting the performance of organic coatings for their

ability to resist cracking caused by impacts. The experimental process was performed

according to the following procedure:

ii.

1ii.

iv.

vi.

Place the test panel in the apparatus with the coated side either up (direct
impact) or down (indirect impact)

Lightly place the weight on the indenter and adjust the guide tube so that the
lifting pin is at the zero mark and raise the weight (1 kg) up the tube to a
height where it is expected that no failure will occur.

Release the weight so that it drops on the indenter.

Remove the test panel from the apparatus and observe the impact area for
cracks in the coating. If no cracks are evident, repeat the procedure at a
greater height.

Once visible cracks are observed, repeat the test five times at each of three
heights; slightly above, slightly below, and at that determined in the first trial.

Examine the impacted areas for cracking by magnifier.

Coating corrosion resistance determination

The resistance of coated samples against corrosion was evaluated by salt spray test

introducing them in a Typ SC 1000 cabin from Weiss Technik GmbH at 35 °C and 47%

relative humidity, 5% NaCl-solution. Formulations applied in metal plates were

analysed for the corrosion resistance at different time intervals according to ISO
9227:2017.
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Appendix

CHAPTER 2

A1. Synthesis of ionic liquids

Butyltriphenylphosphonium bromide ([BTPPI[Br])(1): In a 100 mL Fischer Porter reactor,
under a positive nitrogen pressure, triphenylphosphine (1.1 equiv) was dissolved in
toluene (25 mL). Then, 1-bromobutane (1.0 equiv) was added dropwise and the
mixture was heated to reflux for 24h. The crude product first was washed with
toluene to remove non-ionic residues, and then with pentane. Finally, the white solid
was dried under reduced pressure at 55 °C overnight (Yield 56%). Melting point: 245-
247 °C. Onset temperature: 304 °C.

H NMR (DMSO-ds, TMS, 300MHz) 6/ppm: 0.90 (}] (HH) =7.0 Hz, t, 3H), 1.51 (m, 4H),
3.60 (m, 2H), 7.97-7.7 (m, 15H); 3'P{'H} NMR (DMSO-ds, TMS, 121 MHz) 6/ppm: 24.09.

(3-hidroxypropyl)triphenylphosphonium bromide ([HPTPP][Br])(2): In a 100 mL Fischer
Porter reactor, under a positive nitrogen pressure, triphenylphosphine (1.1 equiv)
was dissolved in toluene (25 mL). Then, 3-bromopropanol (1.0 equiv) was added
dropwise and the mixture was heated to reflux for 24h. The crude product first was
washed with toluene to remove non-ionic residues, and then with pentane. Finally,
the white solid was dried under reduced pressure at 55 °C overnight (Yield: 87%).
Melting point: 237-239 °C. Onset temperature: 329 °C.

H NMR (DMSO-ds, TMS, 300MHz) d/ppm: 1.68 (m, 2H), 1.22 (m, 16H), 3.67-3.47 (m,
4H), 4.86 (°}] (HH) = 5.1 Hz, t, 1H), 7.96-7.71 (m, 15H); 3'P{'H} NMR (DMSO-ds, TMS,
121 MHz) d/ppm: 24.54.

(3-carboxypropyl)triphenylphosphonium bromide ([CBTPPI[Br])(3): In a 100 mL Fischer
Porter reactor, under a positive nitrogen pressure, triphenylphosphine (1.1 equiv)
was dissolved in toluene (25 mL). Then, 4-bromobutyric acid (1.0 equiv) was added
dropwise and the mixture was heated to reflux for 24h. The crude product first was

washed with toluene to remove non-ionic residues, and then with pentane. Finally,
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the white solid was dried under reduced pressure at 55 °C overnight (Yield: 63%).
Melting point: 251-254 °C. Onset temperature: 326 °C.

"H NMR (DMSO-ds, TMS, 300MHz) d/ppm: 1.74 (m, 2H), 2.51 (m, 2H), 3.60 (m, 2H),
7.97-7.71 (m, 15H), 12.34 (s, 1H); 3'P{'H} NMR (DMSO-ds, TMS, 121 MHz) d/ppm:
23.77.

(7-carboxyheptyl)triphenylphosphonium bromide ([COTPP][Br])(4): In a 100 mL Fischer
Porter reactor, under a positive nitrogen pressure, triphenylphosphine (1.1 equiv)
was dissolved in toluene (25 mL). Then, 8-bromooctanoic acid (1.0 equiv) was added
and the mixture was heated to reflux for 24h. The crude product first was washed
with toluene to remove non-ionic residues, and then with pentane. Finally, the white
solid was dried under reduced pressure at 55 °C overnight (Yield: 78%). Melting
point: 125-128 °C. Onset temperature: 318 °C.

'H NMR (DMSO-ds, TMS, 300MHz) d/ppm: 1.24 (m, 4H), 1.45 (m, 6H), 2.17 (3] (HH) =
7.3 Hz, t, 2H), 3.59 (m, 2H), 7.95-7.71 (m, 15H), 11.95 (s, 1H); 3P{tH} NMR (DMSO-ds,
TMS, 121 MHz) d/ppm: 24.07.

Dodecyltriphenylphosphonium bromide ([DTPP][Br])(5): In a 100 mL Fischer Porter
reactor, under a positive nitrogen pressure, triphenylphosphine (1.1 equiv) was
dissolved in toluene (25 mL). Then, 1-bromododecane (1.0 equiv) was added
dropwise and the mixture was heated to reflux for 24h. Toluene was eliminated under
vacuum and the crude product was washed with ethyl ether under stirring three
times. Finally, the white solid was dried under reduced pressure at 55 °C overnight
(Yield: 65.3 %). Melting point: 101-104 °C). Onset temperature: 293 °C

H NMR (DMSO-ds, TMS, 300MHz) d/ppm: 0.87 (3] (HH) = 6.9 Hz, t, 3H), 1.24 (m,
16H), 1.48 (m, 4H), 3.57 (m, 2H), 7.96-7.73 (m, 15H); 3'P{'"H} NMR (DMSO-ds, TMS, 121
MHz) 6/ppm: 24.08.

Hexadecyltriphenylphosphonium bromide ([HTPPI[Br])(6): In a 100 mL Fischer Porter
reactor, under a positive nitrogen pressure, triphenylphosphine (1.1 equiv) was
dissolved in toluene (25 mL). Then, 1-bromohexadecane (1.0 equiv) was added
dropwise and the mixture was heated to reflux for 48h. Toluene was eliminated under

vacuum and the crude product was washed with ethyl ether under stirring three
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times. Finally, the white solid was dried under reduced pressure at 55 °C overnight
(Yield: 40%). Melting point: 104 °C. Onset temperature: 291 °C.

'H NMR (DMSO-ds, TMS, 300MHz) d/ppm: 0.87 (}] (HH) = 6.9 Hz, t, 3H), 1.25 (m,
24H), 1.48 (m, 4H), 3.57 (m, 2H), 7.97-7.74 (m, 15H); ¥'P{'H} NMR (DMSO-ds, TMS, 121
MHz) d/ppm: 24.06.

Eicosiltriphenylphosphonium bromide ([ETPP][Br])(7): In a 100 mL Fischer Porter
reactor, under a positive nitrogen pressure, triphenylphosphine (1.1 equiv) was
dissolved in toluene (25 mL). Then, 1-bromoeicosane (1.0 equiv) was added little by
little and the mixture was heated to reflux for 48h. Toluene was eliminated under
vacuum and the crude product was washed with ethyl ether under stirring three
times. Finally, the white solid was dried under reduced pressure at 55 °C overnight
(Yield: 55%). Melting point: 109 °C. Onset temperature: 289 °C.

H NMR (DMSO-ds, TMS, 300MHz) d/ppm: 0.87 (3] (HH) = 7.0 Hz, t, 3H), 1.25 (m,
32H), 1.49 (m, 4H), 3.57 (m, 2H), 7.96-7.73 (m, 15H); *'P{1H} NMR (DMSO-ds, TMS, 121
MHz) 5/ppm: 24.07.

Octyltriphenylphosphonium iodine ([OTPPI[I])(8): In a 100 mL Fischer Porter reactor,
under a positive nitrogen pressure, triphenylphosphine (1.1 equiv) was dissolved in
toluene (25 mL). Then, 1-iodooctane (1.0 equiv) was added dropwise and the mixture
was heated to reflux for 24h. Toluene was eliminated under vacuum and the crude
product was washed with ethyl ether under stirring three times. Finally, the yellowish
solid was dried under reduced pressure at 55 °C overnight (Yield: 37%). Melting
point: 73-77 °C. Onset temperature: 304 °C.

H NMR (DMSO-ds, TMS, 300MHz) d/ppm: 0.85 (}] (HH) = 6.9 Hz, t, 3H), 1.21 (m, 8H),
1.46 (m, 4H), 3.57 (m, 2H), 7.96-7.73 (m, 15H); 3'P{'H} NMR (DMSO-ds, TMS, 121 MHZz)
d/ppm: 24.07.

Octyltriphenylphosphonium bromide ((OTPP][Br])(9): In a 100 mL Fischer Porter reactor,
under a positive nitrogen pressure, triphenylphosphine (1.1 equiv) was dissolved in
toluene (25 mL). Then, 1-bromooctane (1.0 equiv) was added dropwise and the
mixture was heated to reflux for 24h. Toluene was eliminated under vacuum and the

crude product was washed with ethyl ether under stirring three times. Finally, the
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colourless viscous liquid was dried under reduced pressure at 55 °C overnight (Yield:
16.4%). Melting point: 33 °C. Onset temperature: 294 °C.

'H NMR (DMSO-ds, TMS, 300MHz) 6/ppm: 0.80 (}) (HH) = 6.9 Hz, t, 3H), 1.17 (m, 8H),
1.44 (m, 4H), 3.56 (m, 2H), 7.93-7.68 (m, 15H); 3'P{'"H} NMR (DMSO-ds, TMS, 121 MHz)
O/ppm: 24.10.

Dodecyltripcyclohexylphosphonium bromide ((DTCPI[Br])(10): In a 100 mL Fischer Porter
reactor, under a positive nitrogen pressure, tricyclohexylphosphine (1.1 equiv) was
dissolved in toluene (25 mL). Then, 1-bromododecane (1.0 equiv) was added
dropwise and the mixture was heated to reflux for 24h. Toluene was eliminated under
vacuum and the crude product was washed with ethyl ether under stirring three
times. Finally, the colourless viscous liquid was dried under reduced pressure at 55
°C overnight (Yield: 72%). Melting point: 5 °C. Onset temperature: 337 °C.

IH NMR (CDCls, TMS, 300MHz) d/ppm: 0.84 (3 (HH) = 6.2 Hz, t, 3H), 1.36-1.14 (m,
18H), 1.62-1.39 (m, 16H), 2.08-1.72 (m, 16H), 2.40 (m, 2H), 2.65 (m, 3H); 'P{1H} NMR
(CDCls, TMS, 121 MHz) 8/ppm: 31.67.

Butyltricyclohexylphosphonium bromide ([BTCPI[Br])(11): In a 100 mL Fischer Porter
reactor, under a positive nitrogen pressure, tricyclohexylphosphine (1.1 equiv) was
dissolved in toluene (25 mL). Then, 1-bromobutane (1.0 equiv) was added dropwise
and the mixture was heated to reflux for 24h. Toluene was eliminated under vacuum
and the crude product was washed with ethyl ether under stirring three times.
Finally, the white solid was dried under reduced pressure at 55 °C overnight (Yield:
88%). Melting point: 150-153 °C. Onset temperature: 341 °C.

H NMR (CDCls, TMS, 300MHz) d/ppm: 0.97 (}]] (HH) = 7.5 Hz, t, 3H), 1.31 (m, 4H),
1.64-1.39 (m, 16H), 2.17-1.82 (m, 14H), 2.49 (m, 2H), 2.67 (m, 3H); *'P{*H} NMR (CDCls,
TMS, 121 MHz) d/ppm: 31.68.
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A2."H and 3'P{"H} NMR spectra of the prepared ionic liquids
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A3. TG profiles of the prepared and benchmark ionic liquids
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AA4.TG isothermal profiles of the [TBA][Br] (12) and the prepared [DTPP][Br] (5)
ionic liquids: 180 °C (left) and 200 °C (right).
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Figure A.1. 'H NMR (CDCls, TMS, 300MHz) of products isolated by flash

chromatography purification: a) epoxidized soybean oil (ESBO), b) carbonated
soybean oil (CSBO) and ¢) unknown product.

199












