
1 

 

 

UNIVERSIDAD NACIONAL AUTÓNOMA DE MEXICO 
 

POSGRADO EN CIENCIAS E INGENIERÍA DE MATERIALES 

CENTRO DE FÍSICA APLICADA Y TECNOLOGÍA AVANZADA 

 
STUDY OF THE RING-OPENING POLYMERIZATION OF NON-IONIC EUTECTIC 

MIXTURES FOR THE SYNTHESIS OF MACROPOROUS POLYESTERS BY EMULSION 

TEMPLATING  
 

TESIS 

PARA OPTAR POR EL GRADO DE 

 

DOCTOR EN CIENCIA E INGENIERÍA DE MATERIALES 

 

PRESENTA: 

M. en C. MARTÍN CASTILLO SANTILLAN 

 

 

TUTORES PRINCIPALES 

DR. JOSUÉ DAVID MOTA MORALES  

CENTRO DE FÍSICA APLICADA Y TECNOLOGÍA AVANZADA 

UNIVERSIDAD NACIONAL AUTÓNOMA DE MÉXICO 

 

PROF. KATJA LOOS 

ZERNIKE INSTITUTE FOR ADVANCE MATERIALS 

UNIVERSITY OF GRONINGEN 

 

MIEMBROS DEL COMITÉ TUTOR 

 

DRA. LARISSA ALEXANDROVA 

INSTITUTO DE INVESTIGACIONES EN MATERIALES 

UNIVERSIDAD NACIONAL AUTÓNOMA DE MÉXICO 

 

DR. JORGE HERRERA ORDOÑEZ 

CENTRO DE FÍSICA APLICADA Y TECNOLOGÍA AVANZADA 

UNIVERSIDAD NACIONAL AUTÓNOMA DE MÉXICO 

 

 

 

CIUDAD DE MÉXICO. AGOSTO DEL 2023. 

 



 

UNAM – Dirección General de Bibliotecas 

Tesis Digitales 

Restricciones de uso 
  

DERECHOS RESERVADOS © 

PROHIBIDA SU REPRODUCCIÓN TOTAL O PARCIAL 
  

Todo el material contenido en esta tesis esta protegido por la Ley Federal 
del Derecho de Autor (LFDA) de los Estados Unidos Mexicanos (México). 

El uso de imágenes, fragmentos de videos, y demás material que sea 
objeto de protección de los derechos de autor, será exclusivamente para 
fines educativos e informativos y deberá citar la fuente donde la obtuvo 
mencionando el autor o autores. Cualquier uso distinto como el lucro, 
reproducción, edición o modificación, será perseguido y sancionado por el 
respectivo titular de los Derechos de Autor. 

 

  

 



2 

 

 

 

 

Ring-Opening Polymerization of non-ionic 

eutectic mixtures for the synthesis of macroporous 

polyesters by emulsion templating 

 

 

 

 

Castillo Santillan Martín 

 

 

 

 

 

 



3 

 

 

 

Study of the Ring-Opening Polymerization of non-ionic eutectic mixtures for the synthesis of 

macroporous polyesters by emulsion templating  

 

Castillo Santillan Martín  

PhD Thesis 

University of Groningen 

The Netherlands 

Zernike Institute PhD thesis 

 

 

 

 

 

The work described in this thesis is a bilateral collaboration between The University of 

Groningen and Universidad Nacional Autónoma de México for obtaining a double degree. The 

research activities were performed at Macromolecular Chemistry and New Polymeric 

Materials Group, part of the Zernike Institute for Advance Materials (Groningen, The 

Netherlands), and at the Centro de Física Aplicada y Tecnología Avanzada (Querétaro, 

México). This work was founded by CONAHCYT, UNAM, the Faculty of Science and 

Engineering (RUG), and the Executive Board of the University of Groningen.  

 

Cover: design by Dra. Maria Priscila Quiñonez Angulo, Lic. Kaori Sanchez, and M.Sc. Saúl Carrasco Saveedra.  

Interior page layout by Martín Castillo Santillán 

Printed by:  Zernike Institute for Advanced Materials PhD-thesis series 2023. 

 

Copyright © 2023. Martín Castillo Santillan. All rights are reserved. Save exceptions stated by the law, no part of 
this publication may be reproduced in any form, by print photocopying, or otherwise, without prior written permission 
from the author. 

 
 

 



4 

 

Supervisors 
Dr. Josué David Mota Morales     /UNAM 
Prof. Katja Ursula Loos                 /Zernike 
 

Co-supervisors 
Dr. Dina Maniar                               /Zernike 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



5 

 

UNAM –Dirección General de Bibliotecas 
Tesis Digitales 
Restricciones de uso 
 
DERECHOS RESERVADOS © 
PROHIBIDA SU REPRODUCCIÓN TOTAL O PARCIAL 
 
Todo el material contenido en esta tesis está protegido por la Ley 
Federal del Derecho de Autor (LFDA) de los Estados Unidos 
Mexicanos (México). 
 
El uso de imágenes, fragmentos de videos, y demás material que 
sea objeto de protección de los derechos de autor, será 
exclusivamente para fines educativos e informativos y deberá citar 
la fuente donde la obtuvo mencionando el autor o autores. Cualquier 
uso distinto como el lucro, reproducción, edición o modificación, será 
perseguido y sancionado por el respectivo titular de los Derechos de 
Autor. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



6 

 

JURADO DE GRADO ASIGNADO 

 

Dr. Ricardo Vera Graciano 

Presidente 

 

Dr. Josué David Mota Morales 

Primer Vocal 

 

Dr. José Román Torres Lubián 

Segundo Vocal 

 

Dra. Lilian Irais Olvera Garza 

Tercer Vocal 

 

Dr. Gonzalo Ramírez García 

Secretario 

 

 

 

 

 

 

 

 

 



7 

 

 

Thesis cover (printed version) will be used for the defense at the 
University of Groningen. 

 
"The front displays the outer cover used for the printed version of the 
thesis by the University of Groningen." 
 

 
 
The design of the outer cover for the printed book was created by Dr. 
María Priscila Quiñonez Angulo, Lic. Kaori Sánchez, and M.Sc. Saúl 
Carrasco Saavedra. The image depicts eutectic blends comprised of 
lactones and lactides, which, under suitable conditions, can be 
employed for the synthesis of intrinsically biodegradable polyesters. 
 
 

 

 



8 

 

 

 

 

 

 

 

 

 

 

 

To my beloved wife and my wonderful children 

With sincere gratitude, I dedicate this thesis to you.  

You are my loves, my life, and my guides. 

 

 

 

 

 

 

 

 

 



9 

 

Objectives of the thesis 

To study the ring-opening polymerization (ROP) of non-ionic deep-eutectic solvent (DES) 

monomers composed of different lactones and stereoisomers of lactide, to propose synthetic 

conditions for fine-tuning polyesters’ properties such as molecular weight, architecture, and 

crystallinity. 

 

To synthesize hierarchical porous polyesters by the ROP of DES monomers composed of 

lactide and lactones, comprising the continuous phase of nonaqueous high internal phase 

emulsions, and to study the obtained macroporous interconnected scaffolds’ degradation 

profiles and mechanical properties. 

 

 

 

 

The specific objectives were: 
 

To describe the physicochemical properties of the lactide/lactone non-ionic DES monomers. 

 

To study the impact of different lactide isomers and lactones on their solventless ROP using 

different organocatalysts. 

 

To modify the polyesters’ properties resulting from the ROP of the corresponding DES 

monomers (lactide isomers or lactones) by adding suitable macroinitiators. 

 

To design stable oil-in-DES, high internal phase emulsions (HIPEs) and to study the conditions 

for the ROP of the continuous phase. 

 

To synthesize pHIPEs via ROP of DES (lactide and lactone), to modify the molecular weights 

crystallinity, and architecture of the final 3D polyesters, and to obtain scaffolds with tunable 

degradation profiles and physicochemical properties. 
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Propositions 

 

Accompanying the dissertation 

 

Study of the ring-opening polymerization of non-ionic eutectic mixtures for the 

synthesis of macroporous polyesters by emulsion templating. 

 

 

Castillo Santillan Martín 

 

 

1. DES monomers composed of lactones and lactides can be polymerized using 

organocatalysts at low temperature and a solventless route.  

-Chapters 2-4 of this thesis 

 

 

2. The production of copolymer and homopolymer blends composed of polylactides and 

polylactones is achieved through a greener route. 

-Chapters 2-4 of this thesis 

 

 

3. The final properties of poly-L-lactide and poly-ε-caprolactone can be tuned by 

modifying parameters in the ring-opening polymerization (ROP) of L-lactide and ε-

caprolactone DES monomers. 

-Chapter 2 of this thesis 

 

 

4. The compositional versatility of non-ionic DES monomers enables the production of 

copolymers and homopolymers by changing the lactone in the systems. 

-Chapter 3 of this thesis 

 

 

5. The ROP of non-ionic DES monomers and functional macroinitiators allow obtaining 

polyesters with controlled molecular weight, crystallinity, molecular architecture, and 

degradability. 

-Chapter 4 of this thesis 

 

 

6. Biodegradable macroporous scaffolds can be obtained from the ring-opening 

polymerization (ROP) of nonaqueous high internal phase emulsions (HIPEs) 

containing DES monomers. 

 

-Chapter 4 of this thesis 
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CHAPTER 1 

Facile and green alternative route to obtain 

polylactides and polylactones by the ROP of eutectic 

mixtures composed of lactide/lactones. 

 

This section provides the state-of-the-art for understanding the experimental work done in this 

thesis. The chapter started with an introduction to polymers and a variety of their applications, 

including their production around the world, as well as the environmental and health issues that 

are driving the present situation. Subsequently, the introduction of polylactides and 

polylactones, which are biodegradable polyesters, are described. The current production of 

polylactides and polylactones in industry, e.g., by bulk and by ring-opening polymerization 

(ROP), is also described. This process excludes the use of solvents, albeit it depends on the use 

of metal catalysts. In this chapter, an understanding of eutectic blends, and previous research 

on polyester production and applications of DESm are summarized. Finally, the challenges of 

synthesizing these polyesters using DESm are discussed. 
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1.1 Polymers and plastics sustainability 

 

Polymers are macromolecules formed by the union of many smaller molecules called 

monomers. The reaction by which polymers are obtained is called polymerization. A single 

polymer can be composed of hundreds or thousands of monomers. Polymers are generally used 

as plastics, rubber, fibers, coatings, adhesives, foams, and films and have been widely used in 

all aspects of our society.1,2 Today, polymers have been designed with high quality and 

versatility, which has given us comfort and well-being.3 In addition, due to the ease of 

production and the enabled properties, such as durability, strength, and light weight, they have 

been applied in areas that have been limiting for other materials.4  

 

The words plastics and polymers are often used interchangeably. The word ‘Plastics’ comes 

from Latin or Greek words suggesting ‘able to be molded’. In practice, the word ‘plastics’ tends 

to be used only in the plural by people in the industry to avoid confusion with the adjective 

‘plastic’ used to describe permanent changes of shape or ‘plastic deformation’ that can occur 

in any material. Additionally, ‘plastics’ commonly refer to commercial materials containing 

not only polymer macromolecules but also additives such as colorants, stabilizers, flow 

modifiers and other chemicals needed to produce stable commercial materials.5  

 

In parallel with petrochemical industry growth and progress in technological development, the 

demand for polymers is enormous, reaching 368 million metric tons in 2019, and is expected 

to grow to a total of 1.1 billion metric tons by 2050.6 In 2017 it was reported that there are 

60,000 different plastic formulations and that just six polymer groups account for 90% of total 

plastic production: polypropylene (PP), high-density and low-density polyethylene (PE), 

polyethylene terephthalate (PET), polyvinyl chloride (PVC), polystyrene (PS), and 

polyurethanes (PU).7 The majority of these plastics are obtained from petroleum-based 

resources and are also single-use, i.e., once they have fulfilled their purpose, they are disposed 

of, and this represents losses of 95% of the materials, which are valued at between 80,000 and 

120,000 million dollars annually. The increasing consumption of crude oil has an impact on its 

market price, which is also another issue that has generated considerable concern.4  
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Fossil resources will be rapidly depleted within several hundred years; in parallel to their use 

as energy, their consumption in the polymer industry poses serious environmental concerns.4,8 

Moreover, environmental concerns in polymer production are increasing, e.g., the use of toxic 

chemicals, such as metal catalysts and additives.4,9,10 Organic solvents are also typically used 

as auxiliaries in polymer production; they account for an estimated 80% of the total chemicals 

used in polymer synthesis, the vast majority of which are volatile and toxic.11  

 

The durability characteristics are intrinsic properties of polymers; most of them have a long 

period of degradation or decomposition. In 2003, plastics represented a large part of domestic 

and industrial waste (10-30%).12 Numerous forms of plastic waste have been found in the 

ecosystem, including their microscale fragments (microplastics). In addition to environmental 

pollution, microplastic waste is also known to have a negative impact on human health.8,13 The 

handling of plastic waste disposal has not been properly managed for many decades, and there 

are no appropriate end-of-life strategies for plastics.14,15 In a substantial majority of countries, 

the prevalent method of plastic disposal involves depositing plastic waste in landfills, leading 

to significant adverse environmental impact, and oftentimes, their capacity is insufficient to 

handle the increasing waste;3 and their capacity is insufficient. As a result, plastic waste is 

found in freshwater reservoirs, representing 57% of the total debris.15 Global plastic production 

exhibits a recycling rate of only 9%, while approximately 12% of the produced plastic 

undergoes incineration.16 Adverse health and environmental effects caused by the current 

production model of commercial polymers have triggered the demand for more 

environmentally friendly alternatives and formulations.17 Therefore, in recent decades, many 

efforts and studies have been performed on biodegradable, biobased polymers and greener 

polymer production.18 

 

1.2 Biodegradable polymers    

Biobased polymers are those obtained from renewable resources or biomass. It is worth noting 

that not all plastics obtained from natural resources are biodegradable. Plastics themselves can 

be split into two categories: petroleum-derived and biobased plastics. However, a limited 

number of them are biodegradable. (See Figure 1).19  
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Bioplastics, as defined by the official European Bioplastics industry association, encompass 

plastics that are either biobased, biodegradable, or both. Biobased plastics are derived from 

renewable biomass sources, while biodegradable plastics have the ability to break down 

through microbial action under specific conditions. Categorizing bioplastics based on their 

biobased or biodegradable properties is crucial for understanding their characteristics and 

environmental impact.6  

 

Bioplastics are a promising alternative to petroleum-derived plastics, possessing comparable 

properties that have the potential to reduce environmental impact by diverting challenging-to-

degrade single-use plastic waste. However, the biodegradability of bioplastics, while beneficial 

for addressing plastic pollution, introduces complexities. Variability in biodegradation 

efficiency and uniformity across diverse environments may lead to incomplete degradation and 

the release of harmful byproducts. Therefore, maximizing the environmental benefits of 

biodegradable bioplastics requires meticulous consideration of their inherent characteristics 

and appropriate disposal strategies. Currently, bioplastics only account for 1% of the 370 

million tons of total plastics generated.21 By 2025, however, annual growth rates of bioplastics 

are expected to be approximately 30%.8,17 

 

 

Figure 1. General classification of plastics (petroleum and biobased plastics).20 Polyethylene 

terephthalate (PET), polyethylene (PE), polypropylene (PP), polystyrene (PS), polycaprolactone 

(PCL), polybutylene succinate (PBS), polylactide (PLA). 

Biodegradable
Petroleum-based Plastics Bio-based Plastics

PET

PE

PS

PP

PCL

PBS

PLA*
*compostable

Cellulose

Starch

Bio-PET
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Some bioplastics, as well biodegradable or compostable polymers, have the ability to degrade 

in CO2, water, or biomass due to the action of microorganisms, whereas a specific amount of 

mass loss needs to be observed in a specific short-term and under specific conditions.22 Efforts 

have been made to enhance the production of biodegradable and compostable polymers in order 

to mitigate the environmental impact of plastic materials, and some of them are in growing 

demand as alternatives and have reached a stage of development where they offer nearly the 

same technical properties as plastics of fossil origin.20 However, despite its advantages, there 

are still some drawbacks associated with this material. One of the main concerns is its limited 

mechanical strength, which can make it less suitable for certain applications. Additionally, the 

use of non-degradable additives to enhance its properties is also a point of concern, as it can 

contribute to environmental issues.  

 

Hence, the applications of biodegradable polymers still have limitations in being implemented 

for widespread use.20,23 In addition, biodegradable polymers have not yet been widely enhanced 

because of the lack of large-scale manufacturing and, in some cases, the high production cost 

compared to the production of fossil-based plastics. Moreover, technical limitations in their 

manufacturing often cause low production yields.24,25 Nevertheless, there are continuous efforts 

by academia and industry to overcome these shortcomings. Most biodegradable polymers 

comprise urethanes, orthoesters, carbonates, anhydrides, amides, and polyesters, as detailed 

below. The degradation mechanisms of polyesters, for example, are due to the susceptibility to 

hydrolyze the ester bond.26  

1.3 Polyesters  

Polyesters are considered alternative to certain plastics since some of them are biodegradable 

or compostable.27,28 In addition, some polyesters are recyclable; thus, they offer a sustainability 

advantage in terms of low environmental impact after their disposal.29 The annual polyester 

production was estimated at 57.1 million tons in 2020, 30 and is classified into two major groups 

according to their source of origin: natural and synthetic.31 Polyesters can also be classified as 

thermoplastics and thermosetting resins,31 and based on their monomer structure, polyesters 

can be classified as either aliphatic, aromatic, or semi-aromatic. The versatility of the properties 

presented in polyesters depends upon the type of monomers used in their synthesis.31  
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Aliphatic polyesters have a linear chain structure and, for example, are mostly readily 

biodegradable and have poor mechanical properties. Furthermore, some aliphatic polyesters 

can be produced from biobased monomers, such as polylactic acid.32 In comparison to aliphatic 

polyesters, aromatic polyesters usually possess better mechanical and thermal properties. The 

incorporation of aromatic structures can improve mechanical properties but also impact their 

biodegradability.27 The general structure and example of polyesters are depicted in Figure 2. 

Some examples of polyesters are polyethylene terephthalate, polylactides, and polylactones, 

which account for 60% of the overall plastic demand in Europe.27 

 

In general, there are two polymerization methods to synthesize them: polycondensation and 

ring-opening polymerization (ROP).33 Polycondensation is a common method used in 

industries; however, extreme conditions such as high temperatures above 150 °C, low 

pressures, long polymerization times, and metallic catalysts are often needed. Other drawbacks 

are the reaction's reversibility, which can reduce the yield, and the possibility of monomer 

evaporation.33 ROP is preferable due to the greater control obtained in the distribution and 

molecular weight of the product, fast polymerization time with fewer presence of byproducts. 

ROP synthesis is typically performed in several steps with metallic catalysts and generated 

cyclic oligomers as side reactions. Polylactides and polycaprolactone are polyesters that can be 

synthesized by ROP.34 

 

 

Figure 2. (Left) General chemical structures of aliphatic and aromatic polyesters. (Right) Chemical 

structure of lactide isomers and lactones. 

 

Polyester

Aliphatic polyesters

Aromatic polyesters     

Lactide isomers

L,L-lactide L,D-lactide D,D-lactide

ε-caprolactone δ-valerolactone γ-valerolactone

Lactones



21 

 

1.3.1 Polylactides 

Polylactide is a biobased, biocompatible, and compostable plastic that has been widely 

studied.35,36 Polylactic acid (PLA) use in direct contact with food has been approved by the 

U.S. Food and Drug Administration (FDA). Their properties, such as innocuity and 

biocompatibility, enable it to be used in biomedical applications.28,37 PLA is the most 

extensively produced biopolymer and is mostly used for packaging, as well as other 

applications such as toys, automotive, construction, electronics, and agriculture.4 PLA’s 

properties can be similar to those of commercial petroleum-based polymers such as 

polyethylene terephthalate (PET) and polystyrene (PS).36 In addition to its versatile properties, 

PLA is widely used due to its lower price compared to other biodegradable polymers.28 

However, despite their wide use in modern society, PLA still has some shortcomings to be used 

as materials, such as brittleness and fragility, and the price is high compared with traditional 

commodity plastics.20  

 

PLA holds a 13.9% share of the bioplastic market, which is projected to increase in production. 

In 2019, PLA production was reported at approximately 290,000 tons, while in 2024, it is 

expected to increase to 317,000 tons.20 PLA is produced from lactic acid, which is obtained 

through the fermentation of renewable feedstock such as rice, corn, and potato .19 PLA can be 

generally produced by two polymerization mechanisms: polycondensation and ring-opening 

polymerization (ROP). Although polycondensation is a simple and low-cost method, the yields 

and molecular weights are usually low and require extensive removal of water due to the 

occurrence of a reversible reaction. Conversely, the production of PLA by ROP has better 

processing control, and the molecular weights of the product obtained are higher in comparison 

to polycondensation, although it requires additional reaction steps, catalyst and higher 

temperatures.28,38 PLAs are typically produced from the ROP of lactide, of which there are 

three distinct optical isomers: L-, D- and meso-lactide (L-LA, D-LA and meso-LA, 

respectively) (See Figure 2). Hence, distinct homopolymer and copolymer structures of PLA 

can be obtained, such as poly(L-lactide) [PLLA], poly(D-lactide) [PDLA], or poly(L-co-D-

lactide) [PLDLA]. The thermal, mechanical, processing and degradation properties of the 

resulting PLA also rely on the stereochemical sequence in their chains.39  
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1.3.2 Polylactones  

Polycaprolactone (PCL) is a hydrophobic and biodegradable polymer with adequate 

mechanical strength and flexibility for many applications related to the biomedical field. PCL 

can be obtained from the polymerization of ε-caprolactone (ε-CL), a cyclic monomer (See 

Figure 2). PCL is a biocompatible polymer, and it has been widely used for some medical 

applications, as certified by the (FDA) and marked by the European Community.40 The 

viscoelastic and mechanical properties of PCL make it a perfect candidate for use in packaging, 

coatings, adhesives, textiles, and other areas.41 PCL degradation occurs through to the ester 

bonds that can be cleaved by hydrolysis under physiological temperature.42 The biodegradable 

features of PCL have drawn attention, and over the last decades, their fields of application have 

diversified.43 For example, combining PCL with other biopolymers is a way to improve the 

properties and enhance the sustainability features, providing that the biocompatibility and 

biodegradability are maintained;40 PCL blendings with PLA, for example, improve their 

toughness .35,40 Copolymerization of ε-caprolactone (ε-CL) with different lactide isomers 

allows polymers with different crystallinities, mechanical properties, and degradability profiles 

to be obtained.35 PCL is typically synthesized via bulk ROP of ε-CL using ionic and metal 

catalysts,44 where the mechanism of ROP proceeds depending upon the initiator/catalyst 

employed.45 Secondary reactions usually occur during syntheses by ROP, such as 

transesterification, loss of reaction control, and polydispersity.45 Such reactions are avoided by 

using tin 46 or alminium47 metal-based catalysts, which are widely employed in the industry to 

produce PCL. 

 

Other cyclic monomers, such as hexadecalactone, δ-valerolactone (see Figure 2), and ω-

pentadecalactone, can be polymerized to obtain polylactones, which exhibit similar behavior 

and mechanical properties to low-density polyethylene glycol.48 Poly-(δ-valerolactone) [PVL], 

a member of the lactone family, is a biodegradable polymer that, similar to PCL, has also been 

used in biomedical applications. 48,49 PVL possesses low mechanical strength, reduced gas 

permeability, solvent resistance, and degradation profile, which could be useful in other areas 

similar than PCL 49 or in packaging applications.50 PVL is obtained from the lactone monomer 

with 5 methyl groups, namely, δ-valerolactone, via ROP.49  
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1.4 Industrial production of PLLA, PCL, and PVL 

1.4.1 Industrial production of PLLA 

There are two mechanisms by which PLLA is produced in the industry: polycondensation and 

ROP. Although polycondensation appears to be the simplest, the throughput is relatively low, 

the mechanical properties are weak, and its application is limited. Another problem with 

polycondensation is the high cost of purification.28 ROP of lactide is the route preferred by the 

industry since it provides better control in the molecular weight dispersion of PLA and results 

in high molecular weights. ROP catalyzed by sulfonic acid compounds generally offers high 

reactivity and selectivity and low product racemization.51 ROP of lactide is also carried out 

using anionic and cationic catalysts, and the reaction is generally carried out under solution 

conditions. However, there are some drawbacks, such as the toxicity of the catalysts as well as 

the reaction sensitivity to the presence of impurities.51 Tin-based catalysts are the most 

common catalyst type used for ROP of lactide in the industry.38,52 This reaction typically yields 

a high molecular weight PLA with conversions of approximately 90% and low racemization. 

ROP of lactide can also be carried out at temperatures below 100 °C using tin octoate as an 

organocatalyst and tetrahydrofuran (THF) as the solvent.46 Tin octoate is approved for food 

and medical applications by the FDA; however, its presence in trace amounts could 

compromise the corresponding bio-related applications. Therefore, their complete removal is 

necessary, or at least the concentration in the final product should be less than 10 ppm. For this 

purpose, they are usually deactivated and extracted from molten polyesters by using aggressive 

chemicals such as phosphoric acid or acetic anhydride.28  

 

1.4.2 Industrial production of PCL and PVL 

Similar to PLLA, lactones polymerization via ring-opening polymerization (ROP) are favored 

over polycondensation polymerization due to offer better control, which yields products with 

narrow polydispersity and high molecular weight. Typically, this can be achieved by tuning the 

molar ratio of the monomer and the initiator.33,53 The initiator and catalyst are the drivers that 

lead the mechanism of the reaction, either via coordination-insertion or complexation-

monomer mechanisms.33,44  
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In industry, polylactones are usually produced in a solvent-free process, with metal catalysts at 

temperatures between 120-200 °C.33,54,55 Tin derivatives and aluminum alkoxides are two of 

the most commonly used catalysts for this reaction. 33,53 Tin-based catalysts are known to 

perform very well in controlling and obtaining high molecular weight polylactones.44 

 

Twin-screw extruders have also been used in the industry to produce polylactones, and ROP 

can be performed through the appropriate selection of monomers and temperatures. The 

synthesis of polymers and their extrusion is carried out in a continuous process, which shortens 

costs and polymerization time and provides high conversions.56 Nevertheless, in some cases, 

high temperatures cause secondary reactions such as transesterifications. The most widely used 

metal catalysts are aluminum alkoxides56 and titanium alkoxides,33 which are capable of 

polymerizing ε-CL. However, tin octoate does not allow reaching a PCLwith high molecular 

weight due to the longer polymerization time required in the extruder.33,57 Alternatively, 

polymerization of ε-CL has been carried out at lower temperatures using aluminum-based 

catalysts in tetrahydrofuran at 80 °C .33  

 

1.5 Organocatalysts in polyester synthesis 

Aluminum alkoxide or tin-based metal catalysts are typically used in ROP of polylactones and 

polylactides, these catalysts have excellent thermal stability and offer good control of the 

dispersion or molecular weight of the final products.58 Tin-based catalysts allow the reaction 

to proceed in a relatively short time with high yields. 59 However, the use of these metal-based 

catalysts has raised some environmental and health concerns, and removal of the metal residues 

in the final products is challenging.38,60 Also, the complexity of removing the remaining 

catalyst increase the cost of processing,61,62 In addition, the use of metal catalysts can 

compromise the polymer’s applicability and create new environmental problems at the end of 

the polymer’s lifetime.38 The toxicity of metals or organometallic catalyst residues also remains 

a concern for a certain specialized polymeric products, for example, in medical or electrical 

applications.62,63  
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Additionally, concerns have emerged in the polymer industry due to the forthcoming 

regulations that limit the use of tin-based catalysts.38,64 The restrictions to the use of metal 

catalysts have stimulated the exploration of other (nontoxic) alternative catalysts.37,65 

Considerable research emphasis is being focused on the use of green catalysts, such as enzymes 

and organocatalysts. Enzymes and organocatalysts have been reported to catalyze ROP, 

providing metal-free routes for polyester synthesis.60,62,66–68 However, to date, enzyme catalysis 

still has some disadvantages, such as a slow polymerization rate, high cost, and less control of 

the final polymer properties.53,61 Organocatalysts, on the other hand, have become a powerful 

method for diverse polymerization routes due to their versatility and easy recovery .52,69,70 

 

Organocatalysts have several attractive properties, such as good control and high selectivity in 

polymerizations, accessibility, and compatibility with several functional groups and monomer 

structures. Organocatalysts are small organic molecules whose activity can be electrophilic or 

nucleophilic.62 Polymer syntheses using organocatalysts include those obtained via ROP, step-

growth polymerization, and controlled radical polymerization.71 Henrick and Waymounth 

pioneered the organocatalyzed ROP of lactones using N-heterocyclic carbenes.72 In addition, 

acids have been studied as organocatalysts; for instance, trifluoromethanesulfonic acids proved 

highly effective in polymerizing lactides via ROP, which was faster and more controlled .73 

Hoashi, Y. et al. reported a dual organocatalyst combination of amines with thiourea for 

obtaining polylactides.74 In general, the organocatalysts used in ROP are classified into two 

main groups: organic bases and organic acids. Phosphazenes, N-heterocyclic carbenes, 

pyridines, thioureas/amines, guanidines, and amidines are included in the organic bases 

category. For example, 1,8-diazobicyclo[5.4.0]undec-7-ene (DBU) is an amidine 

organocatalyst that is able to catalyze L-lactide polymerization.60 Sulfonic acids, 

trifluoromethanesulfonic acid, benzoic acid, and phosphonic acid are examples of acid 

organocatalysts. Herein, methanesulfonic acid was reported to have excellent control in the 

ROP of ε-CL.53 
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Despite the advantages that organocatalysts offer, their use in industry is still limited, this is 

because the typical industrial synthesis of polymers such as PET, polyamides, polyurethane, or 

polyurethanes is normally conducted in the temperature range of 100-300 °C.52 While most 

organocatalysts are quite volatile and subject to thermal decomposition.  

 

Organocatalyst poor thermal stability leads to their degradation during bulk polymerization and 

remains as an attractive issue to be addressed for future research (see Figure 3).52 Recently, it 

was reported that acid and basic organocatalyst combinations retain their catalytic performance 

and are capable of enduring the high temperature of polymerization.38 Acids such as 

phosphonic and sulfonic acid, act as proton carriers for basic oxygen atoms while bases, such 

as pyridines and guanidine, play the role of a hydrogen bond acceptor. This dual catalyst system 

has been demonstrated to be stable at temperatures above 400 °C,38 due to the hydrogen-bond.60 

 

Examples of bifunctional organocatalyst systems include sparteine/thiourea, N,N(-

dimethylamino)/pyridine, diphenyl phosphate/4-dimethylaminopyridine, 

imidazole/trifluoroacetic acid, 4-dimethylaminopyridine, and methanesulfonic acid, which 

have been reported as catalysts for the ROP of lactide.75–78 It is noteworthy that the latter 

allowed the polymerization of ε-CL with high control in the absence of side reactions.38 

Similarly, the ROP of ε-CL was also reported by using a combination of sulfonic acids and 

their conjugated bases, urea, and thiourea, or guanidine-methanesulfonic acid .53,60,79 

 

 These dual acid-base system organocatalysts proved to be efficient systems with reasonable 

control and, in some cases, prevent side reactions. However, they still have some drawbacks 

for industrial applications, such as their commercial availability (e.g., alkyl urea) and high cost, 

which prevents their potential scale-up.60,80 
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Figure 3. General synthesis temperatures of bulk polymers in the industry.52 

The efficiency and versatility of the organocatalysts, together with their facile elimination from 

the final products, aid in enhancing the green character of the synthesis of biodegradable and 

biocompatible polymers. To prevent organocatalysts thermal degradation during 

polymerization, it is recommended to develop a dual-system organocatalysts. Another 

alternative approach is using organocatalysts at low reaction temperatures and in the presence 

of organic solvents. For example, ROP of L-lactide (LLA) was catalyzed by 

triazabicyclodecene,81 or phosphazene-thiourea/urea at room temperature in CH2Cl2.
82 

However, the use of chlorinated organic solvents is known to causing an environmental 

problem. Thus, the development of new alternatives for producing polyesters via 

environmentally friendly routes remains a crucial challenge to be addressed. Therefore, the 

search for alternatives to volatile organic solvents, high temperatures, and the use of metal-

base catalysts in the ROP to produce polyesters will be addressed in this work with the aid of 

deep eutectic system (DESs). 

 

1.6 Family of green solvents as alternative for polymerizations 

1.6.1 Deep eutectic solvent (DES) 

Many of the most useful organic solvents in chemical laboratories and industries are volatile, 

flammable, toxic, and hazardous. They are associated with potentially serious health problems 

and concerns regarding the safety of handling them and the appropriate use of these chemicals. 

Volatile organic solvents are derived from petroleum feedstock and are widely used in chemical 

synthesis processes such as extraction, purification, and cleaning.  
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In addition, there is a potentially serious environmental impact on polymer production due to 

the organic solvents used in synthesis and processing, which are primarily responsible for the 

largest generation of waste in the polymer industry.83 Thus, there is an increased awareness 

from academia as well as industry to pursue new routes for more sustainable solvent 

alternatives, for example, water, glycerol, ionic liquids (ILs), low‐transition temperature 

mixtures, CO2 tunable solvents, bioderived lignin solvents from oil, and 

dihydrolevoglucosenone (CyreneTM).83,84 However, some of these alternatives have certain 

limitations in terms of solute dissolution or processes that require a vacuum and temperatures 

above 100 °C, toxicity in the long term, and price. 

 

In this context, systems known as "deep eutectic solvents" (DESs),  more generally deep 

eutectic systems, have emerged as a new family of green solvents as potential alternatives for 

replacing traditional organic solvents in biotechnology, chemical, and materials sciences.83 

DES are promising candidates for the substitution of the approximately 600 existing volatile 

organic compounds (VOCs).85 A DES is defined as a mixture of different compounds with no 

reaction between them, which results in a decrease in the freezing point of the final system in 

comparison with the melting points of the pure compounds. Usually, the compounds are in the 

solid state, but this is not necessary; the final system is in the liquid phase under operating 

temperatures.86–88 DESs were first reported by Abbott et al., who first coined the term to refer 

to binary mixtures of crystalline urea [(Tm ≈ 133 °C, acting as hydrogen bond donor (HBD)], 

and choline chloride salt [Tm ≈ 302 °C, acting as a hydrogen acceptor, (HBA)], at a 2:1 molar 

ratio composition, which possessed a freezing point of 12 °C.87 As mentioned before, the 

resulting DES mixture has a lower melting point in comparison with the melting point of the 

constituents.90 The decrease in the melting point is due to the self-associative intermolecular 

interactions between the components, likely driven by the entropy, van der Waals interactions, 

hydrogen bonding, and ionic bonding interactions.87,91 DES are typically clear viscous liquids 

with varying colors from white to amber to cloudy,89 they are usually in the liquid phase at 

room temperature, and their melting point is generally below 100 °C.92 Properties such as low 

to negligible vapor pressure, good chemical and thermal stability, and ionic conductivity (when 

composed of salts) are characteristics of DESs. 93 
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Contrary to ionic liquids (ILs), DESs are relatively cheaper and therefore more viable for 

application on a larger production scale. Another advantage of DESs over ILs is that they tend 

to be easier to prepare, i.e., the most common method is by simple stirring and heating. The 

preparation of DES is dependent on several factors, including the equipment's limitations and 

the water content. Alternative methods of DES synthesis include grinding and mixing until a 

clear liquid is obtained,93 evaporation94 and freeze-drying of solutions with DES counterparts.95  

 

The starting materials for DESs are typically inexpensive and ubiquitous, but more 

sophisticated HBDs and HBAs are growing for new applications. Furthermore, their synthesis 

is sustainable, and nearly 100% atom economy can be achieved in most cases.4,83 Purity of DES 

often only depends on the purity of the starting components, i.e., generally, there are no 

byproducts. DES can be recycled, from which the respective solvent components can be 

recovered.96 They can be considered nontoxic since many of their constituent precursors are 

nontoxic,97 although recent concerns have arisen about toxic effects due to acidification and 

eutrophication of wastewater. To date, the choline/urea combination is the most studied DES. 

Choline chloride (ChCl) is a component of vitamin B and is currently produced on a scale of 

megatons per year as a livestock feed supplement, while urea is commonly used in 

fertilizers.83,92,98 Even though the constituent components are considered safe, DES 

cytotoxicity still needs to be further evaluated.99 Since the initial reports on the principle behind 

eutectic mixture formation, the research area has broadened, now involving a wide range of 

novel components. The large diversity of the constituents to produce DES systems is estimated 

in the range from 106 to 108 possible binary combinations.88 Currently, DES systems exhibit 

an unusually large solvation capacity, and because of their tunable composition, they may 

include either ionic or nonionic compounds.84,88  

 

In general, depending on their compositions, DES can be classified as types I, II, III and IV.92 

Types I and II combine relevant Lewis acids, such as quaternary ammonium base, 

phosphonium, or sulfonium salts, with their counterparts Lewis bases, such as a metal chloride 

and a hydrated metal chloride, respectively. Whereas type III encompasses the most 

extensively studied DESs, they consist of a quaternary ammonium salt and its counterpart, a 

hydrogen bond donor (HBD), such as alcohols, amines, amides, and carboxylic acids.  



30 

 

Type IV DES comprises a hydrate metal chloride and HBD.100 Recently, a new class named 

type V was reported and consists of nonionic components. Hydrogen bonds are particularly 

predominant in all types of DESs (See Figure 4).101 The composition of DESs has expanded to 

include mixtures such as natural deep eutectic solvents (NADES),102,103 whose components 

include derivatives of renewable and/or biological raw materials, low-transition-temperature 

mixtures (LTTM),89 or even aqueous dilutions of DES.84 

 

Figure 4. Classification of Deep Eutectic Solvents 

DES are typically chemically and thermally stable, however some undesirable reactions during 

their preparation were reported in literatures, like thermal degradation,104 or certain reactivity 

between their constituents such as the formation of ester groups when the DES are mixtures of 

carboxylic acids and bases or alcohols.105 Furthermore, DES typically possesses a very high 

viscosity compared to traditional solvents, up to 100 times higher.106 This may be considered a 

significant drawback in regard to handling or dissolution, but pose interesting properties for 

gels and other topics.106  

 

High viscosity results in reduced mobility of molecules and thus hinders the dissolution of 

compounds, but water addition has solved these problems while also enhancing the ionic 

conductivity. DESs are in general hydrophilic, therefore the presence of water may be helpful 

or hampering the applications where viscosity or conductivity is important.107  
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DES has been applied in various fields, with much ongoing investigation in areas such as 

nanoparticle synthesis,106 metallurgy and electrodeposition,107 gas separation and capture,108 

metallic carbon dioxide fixation,109 energy systems, and battery technologies,110 biocatalysts 

and organic chemistry,109 biomass processing,111 genomics,112 and production of polymers 

which is the focus of the next section. 

 

1.7 Polymerization in DES 

DESs can be used in polymer synthesis and may replace conventional organic solvents as well 

as enables reaction conditions that may not be possible in organic solvents e.g., reaction with 

vacuum and temperatures above 100 °C, electrochemical deposition, catalysis, or dissolution 

of resilient biomass.113 The first polymerization using a eutectic mixture was reported in 1985, 

where the electrochemical synthesis of polyanilines was obtained by oxidation of aniline in a 

eutectic mixture with NH4F in different acid or salt solutions.114 DES applications go beyond 

being mere alternative solvent substitutes for reactions. Where typically DES acts as an inert 

solvent, not participating in polymerization. For instance, in addition to the reaction medium, 

DESs can enhance the solvation of monomers and initiators, providing an optimized medium 

and chemical environment for the reactions to proceed.115 Most DES systems are polar, but 

hydrophobic DESs have the capability to solubilize aliphatic, aromatic, and nonpolar 

monomers, e.g., methacrylate and styrene. Polymerization by free radical polymerization of 

such monomers is beneficial when polymerization is performed in hydrophobic DESs, in which 

additional co-solvents are required in polar DESs. 83,84 

 

Other benefits of using DES are the improvement of reaction kinetics to obtain polymeric 

materials with better thermal and/or mechanical properties.83 In this regard, Fazende et al. 

reported that the polymerization rate of methacrylic and methyl methacrylic acid improved 

five-fold in eutectic mixtures that contained choline chloride when diphenyl (2,4,6-

trimethylbenzoyl) phosphine oxide was used as a photoinitiator. They demonstrated that the 

viscosity and polarity of the mixture were responsible for these results.83 It is noteworthy that 

the role of DES in this polymer synthesis is, besides the reaction medium, the precursors or 

monomers that form the final polymer products. 
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1.8 Polymers obtained from Deep Eutectic Solvent monomers. 

Whenever single or various components comprising a DES system are capable of being 

polymerized, they are referred to as "polymerizable eutectics mixtures" or "deep eutectic 

solvent monomers" (DESm).84 Given suitable conditions, including the appropriate triggering 

of the initiator of the polymerization, the monomer that forms DESs then polymerizes, creating 

a unique situation in which the monomer has the dual role of being part of the medium and a 

reagent at the same time.84  

 

Hence, DESs can perform different functions, including solvents, monomers, and templating 

agents. Cooper et al. reported that if one of the constituents of DESs undergoes a chemical 

transformation, its counterpart can play the role of a final directing agent of the final material´s 

structure,116 A similar scenario occurs in the polymerization of a DESm: the monomer that is 

part of the DES then polymerizes, whereas its counterpart remains embedded in the resulting 

output product. Notably, the inert counterpart determines the overall spatial composition of the 

finished product, such as porosity. Important aspects that are relevant to polymerizable eutectic 

mixtures and the final spatial composition are the relation between the reaction rate, the 

separation rate of the DES system components, and its overall viscosity evolution during the 

reaction.117  

 

DES monomers are particularly attractive as sustainable systems because some of their 

components, which are solid in their original form, are liquid when forming the eutectic 

mixture, therefore enabling reactions under mild and solvent-free conditions.83,118 121Another 

advantage of eutectic polymerizable mixtures is that the often its gives high yields or atomic 

economy of ca. 100%, allowing synthesis to be performed at conditions that are impossible in 

traditional solvents.83 They also allow for an enhanced rate of polymerization ,119 and provides 

better control in the reactions.120 DESm polymerizations have been reported through several 

mechanisms of polymerization, such as free radicals, polycondensation, and ring opening, 83 

including another methods such as, atom transfer radicals polymerization,85 and 

electrochemical.118. 
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1.8.1 Free-radical polymerization of eutectic mixtures monomers  

The polymerization of vinyl acrylate monomers forming DESm systems has been studied 

mainly by the free-radical polymerization (FRP) mechanism. For example, Mota-Morales et 

al.120 reported the polymerization of DESm comprising acrylic or methacrylic acid with choline 

chloride. The polymerization was carried out in a column in the presence of benzoyl peroxide 

as an initiator and ethylene glycol dimethacrylate as a crosslinker. Due to their hydrogen-

bonding nature, acrylic monomers play the role of HBD in DES. The high viscosity of DESm 

stabilizes the polymerization reaction, while ChCl catalyzes the polymerization.120  

 

Polymerization of other acrylates, such as acrylamide and N-isopropylacrylamide, which were 

part of DESm, was also performed by the FRP mechanism.121 Sánchez-Leija et al. synthesized 

a polymer-lidocaine complex that was produced from a DESm composed of lidocaine 

hydrochloride (as ammonium salt) and acrylic acid. The synthesis of polyacrylic acid was 

carried out by the FRP mechanism, allowing the final polymer to be applied as a drug delivery 

system.122 Bednarz et al. reported the copolymerization of a DESm from itaconic acid, ChCl 

and bisacrylamide.123 A macroporous polymer composite (carbon nanomaterials or nitrogen-

carbon nanotubes, with conversions of approximately 76%) was successfully obtained from 

FRP of DESm composed of acrylic acid/ChCl.124,125  

 

Free-radical enzymatic polymerizations of acrylamide in the ChCl DES system have also been 

reported. The reaction was conducted at 50 °C using horseradish peroxidase (HRP) enzyme, 

hydrogen peroxide, and 2,4-pentanedione.126 Furthermore, the FRP mechanism of DESm, 

which includes photoinitiators, has been extensively studied in recent years. Fazende et al.,127  

reported the polymerization of DESm composed of acrylic acid, methacrylic acid and ChCl, 

and the photoinitiator used was diphenyl (2,4,6-trimethylbenzoyl) phosphine oxide. It was 

observed that the rate of polymerization of acrylates was enhanced by the polarity of its 

counterpart ChCl in DES and the viscosity of the mixture.127 Similarly, Mecerreyes et al.,119 

reported the photopolymerization of DESs consisting of 2-cholinium bromide methacrylate and 

citric acid or amidoxime. The reaction was carried out at room temperature with UV light using 

2-hydroxy-2-methylpropiophenone as an initiator, and resulted in poly(ionic) liquids that were 

applied for CO2 capture.119  
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In addition, Li Ren'ai et al.,128 also photopolymerized acrylic acid/ChCl DES using 2-hydroxy-

4-(2-hydroxyethoxy)-2-methylpropiophenone (Irgacure 2959®) as a photoinitiator and 

ethylene glycol diacrylate as a crosslinker. The final product obtained from the polymerization 

of DESm, poly(DES), was used as inks and deposited on paper via screen-printing into various 

forms and shapes, enabling the fabrication of origami paper circuits.128 Similar works were 

reported by the same groups and applied as conductive paper and strain sensors.129  

 

1.8.2 Polycondensation of eutectic mixtures monomers 

In addition to other polymerization techniques, polycondensation reactions are also utilized as 

polymerization methods for deep eutectic mixture monomers. For example, Serrano et al. 

reported the synthesis of an elastomer polyester obtained from 1,8-octanediol/lidocaine DES 

and citric acid via polycondensation at 90 °C. Lidocaine degradation occurs at approximately 

100°C, and it was prevented by the use of DES, allowing polycondensation at temperatures 

below 100°C.130 An example of this is the production of a similar DESm using a combination 

of 1,8-octanediol and other salts such as tetraethylammonium bromide, 

hexadecyltrimethylammonium bromide, or methyl triphenylphosphonium bromide. The 

resulting elastomers possess antibacterial properties due to the presence of nonpolymerizable 

ammonium or phosphonium salts in the DESm.131 Moreover, polycondensation of DESm 

composed of ammonium salts mixed with citric acid, terephthalic acid, or amidoxide has been 

reported without the need for a catalyst .119 Del Monte et al. developed carbon monoliths with 

mesoporosity, narrow pore size distribution, and large surface area through the 

polycondensation of DESm composed of resorcinol/ChCl or ChCl/urea DES with 

formaldehyde, followed by carbonization.124 The same DES system was further explored by 

adding polymerizable ternary eutectic mixtures, i.e., resorcinol/3-hydroxypyridine/ChCl;132,133 

3-hydroxypyridine/tetraethylammonium bromide;134 and, 4-hexylresorcinol/ 

tetraethylammonium bromide.135 The advantages of the synthesis of such materials were high 

yields, low cost, and exclusion of additives. The carbon surface was functionalized with 

nitrogen to enhance the adsorption of carbon dioxide,134,136 or included iron acetate,134 to 

provide electrical conductivity. Finally, a phosphorus-doped carbon composite was obtained 

from polycondensation of triethyl phosphate/p-toluene sulfonic acid/furfural alcohol DES and 

carbon nanotubes.137  
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1.8.3 Ring--opening polymerization (ROP) of eutectic mixtures monomers 

More recently, DES monomers composed of lactides, carbonates, and lactones were studied as 

alternatives to traditional ROP in bulk or solution. Under suitable conditions, it is possible to 

polymerize these DESm to produce polyesters under mild temperature conditions and through 

a simple and overall sustainable route, i.e., it allows them to be produced in a solvent-free 

method.  

 

Coulembier et al.138 carried out a pioneering study in which they prepared a nonionic DESm 

consisting of an equimolar combination of L-lactide (LLA) and trimethylene carbonate (TMC). 

They performed ring-opening polymerization (ROP) in this nonionic DES at 23 °C using 1,8-

diazabicyclo [5.4.0]undec-7-ene (DBU) as the organocatalyst and benzyl alcohol as the 

initiator. LLA was able to polymerize first due to its liquid phase at room temperature, and the 

selectivity of DBU, allowing mild temperature conditions and the absence of organic solvents. 

Subsequent polymerization of TMC onto the blend led to a final poly(LLA-g-TMC) copolymer 

with a gradient composition.138 Similarly, Pérez-García et al. produced a eutectic mixture 

composed of L-lactide (LLA) and ε-caprolactone (CL) in a molar ratio of 3:7, respectively. The 

melting point of the mixture was -19 °C, which is below the melting point of the constituents. 

Taking advantage of the liquid nature of LLA, polymerization was possible under mild 

temperature conditions (37°C) through sequential ROP, resulting in a blend of poly(L-lactide) 

and polycaprolactone homopolymers with high crystallinity.139 

 

1.9 Polymers from the eutectic mixture and their applications 

Utilizing DES monomers presents an attractive approach to replace volatile organic solvents, 

achieve high yields, or enhance the rate of polymerization when synthesizing various polymers. 

As previously discussed, polymers can be produced by different mechanisms from DESm with 

several advantages over conventional systems. Furthermore, the benefits of implementing DES 

monomers are not restricted to polymer synthesis applications; they can also be employed to 

create diverse materials, including supramolecular hydrogels, porous monoliths, and molecular 

imprinted polymers.  
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Bernardz et al. reported the production of a poly(itaconic acid-co-N,N'-

methylenebisacrylamide (BIS) hydrogel obtained from DESm consisting of itaconic acid and 

ChCl.123 Wu et al. produced a deep eutectic supramolecular polymer gel from 

cyclodextrin/natural acids DES.140 Li et al. mixed glycerol with urea to prepare acrylamide 

polymers for molecular printing.129 Ndizeye et al., used non-ionic DESs as a porogen in the 

synthesis of porous polymer monoliths.141  

 

Porous polymers have garnered significant interest due to their potential applications in fields 

like biomedicine, separation processes, and energy storage. The morphology, size, and 

connectivity of the pores in these polymers are directly linked to their intended use. To achieve 

these properties, various pore-generation methodologies have been developed, including 

macromolecular design, self-assembly, phase separation, solid-liquid melt, sol-gel, and foam 

formation. 142  

 

Recently, emulsion templates have become a popular choice for developing porous materials, 

and they can be further extended to fabricate interconnected macroporous polymeric monoliths 

by utilizing a high internal phase emulsion (HIPE) as a template, where a DES monomer 

comprises the continuous phase.122 HIPE is a packed emulsion that has a higher internal phase 

of 74% v/v and is stabilized by surfactants. The closed-pack emulsion droplets provide the 

template where the subsequent polymerization of the continuous phase followed by the 

elimination of the internal phase gives rise to a macroporous polymer with interconnected 

pores. Pérez García et al. exploited the liquid nature of the mixture of L-lactide and ε-

caprolactone monomers at room temperature, which otherwise are separately solid and liquid, 

respectively. To prepare the HIPE, the eutectic mixture of L-lactide and ε-caprolactone, liquid 

at RT, was mixed with nonpolar solvents and stabilized with nonionic surfactants. 

Polymerization of the DESm in the continuous phase was performed at 37 °C, and the resulting 

polyHIPE (pHIPE) was reported to possess pores with a diameter close to 20 μm.139 pHIPES 

has found numerous applications in biomedical applications, separations, or catalyst supports.83  
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The polymerization of DESm and eutectic systems has flourished over the last decade with 

exciting results that have translated into new materials and applications. Nevertheless, in the 

case of other methods of polymerization, apart from free radicals, the literature is scarce, with 

only a handful of works published concerning polycondensation and ROP, for instance. Hence, 

this work aims to fill the gap in understanding and exploring the ROP of eutectic mixtures 

composed of lactones for the synthesis of biodegradable polyesters through a sustainable 

approach. The synthesis of porous polyesters with properties that can be tailored to adjust their 

biodegradability is one of the expected results. Such materials will add to the existing toolbox 

for applications in areas such as biomedicine and separation processes. 

 

1.10 Scope and Outline of the Thesis 

Chapter 2 provides a fundamental study on the Ring Opening Polymerization (ROP) of deep 

eutectic solvent monomers (DESm) composed of L-lactide and ε-caprolactone, leading to the 

synthesis of polymer blends and a block copolymer. The Chapter discusses the influence of 

various parameters in producing polyesters with tunable number average-molecular weight (in 

the range of 2000 to 6900 g/mol-1), crystallinity (from 37% to 70 %), and polymer architectures 

with controlled degradation profiles. The outcome strongly depends on the selection of 

organocatalysts, including 1,5-Diazabicyclo (4.3.0) non-5-ene (DBN), a new catalyst for the 

ROP of L-lactide/ε-caprolactone DESm. The use of this organocatalyst not only allows an 

increase in the polymerization temperature (up. to 92 °C) but also facilitates the formation of a 

block copolymer P(LLA-b-CL) for the first time using this methodology. Additionally, the 

Chapter discusses the influence of the stereoisomer D-lactide in the DESm and water content 

(ca. 0.2 wt.%) during the ROP process.  

 

Chapter 3 introduces new DESm capable of undergoing ROP to produce biodegradable 

polyesters by mixing various lactones with L-lactide. These lactones encompass a range of 

molecular weights and structures, including 𝛿-valerolactone and 𝛿-decalactone. The Chapter 

provides fundamental insights into ROP kinetics and explores the impact of different 

organocatalysts, benzyl alcohol initiator concentration, and reaction temperatures (37 and 

60°C).  
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These factors significantly influence the achieved number average molecular weight (in the 

range of 2400 to 8700 g/mol-1), crystallinity, and polymer architectures of the resulting 

polyesters, including blends and block copolymers. 

 

Chapter 4 investigates the incorporation of multifunctional macroinitiators in the ROP of a 

DESm composed of L-lactide and ε-caprolactone to enhance the properties of the resulting 

polyesters. These macroinitiators include polycaprolactone triol (PCL segments of 900 g/mol-

1) and polyethylene glycol (6000 g/mol-1), both OH-terminated. The thorough understanding 

of the ROP kinetics of the DESm, considering factors such as hydrophobicity and molecular 

weight of the final bulk polyesters (from Mn 2400 to 9500 g/mol-1), serves as the basis for the 

synthetic conditions applicable to the design and synthesis of high internal phase emulsions 

(HIPEs).  

 

These HIPEs consist of highly viscous emulsions of tetradecane-in-DESm, which are stabilized 

by Pluronic F-127 surfactant, and acts as a template for the ROP of the continuous (external) 

phase. The macroinitiators enable precise control over the hydrophilic characteristics of the 

polyesters, whether in bulk or polyHIPEs, providing control over the degradability, average-

molecular weight, and polymer architectures of the resulting polymers. Notably, the 

macroporous polyHIPEs (with pores in the range of 33 to 42 μm) exhibit excellent crude oil 

sorption capabilities, with a competitive sorption capacity of 2 grams of oil per gram of sorbent.  

 

These chapters provide a comprehensive exploration of a solventless ROP process at low 

temperatures (e.g., 37°C), using organocatalysts to synthesize biodegradable polyesters with 

tailored properties. The research contributes to the development of alternative protocols in 

polymer synthesis and offers valuable insights for sustainable development. The solvent-free 

ROP of lactide and lactones in the form of DESm, conducted under mild temperature 

conditions without metal catalysts and volatile organic solvents, demonstrates a versatile 

process for polyester synthesis with rapid degradability and controllable properties. The use of 

mild temperatures and organocatalysts in preparing polyesters with programmable degradation 

profiles represents important environmentally friendly features for the development of new 

materials.  
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These findings are expected to have significant implications for biomaterials science and 

polymer chemistry, enabling the exploration of sustainable materials engineering or degradable 

biomaterials. Such materials, with controllable degradation profiles, hold potential applications 

in separation processes, cell culture scaffolds, and drug delivery. Overall, this research lays the 

foundation for an alternative, greener methodology for polyester production, opening new 

avenues for sustainable materials development in the field of biomaterials and beyond. 
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CHAPTER 2 
 

From polymer blends to a block copolymer: ring-

opening polymerization of L-lactide/ε-caprolactone 

eutectic system 

 

 

In this work, we provide new insights into the ring-opening polymerization (ROP) of eutectic 

mixtures of L-lactide and ε-caprolactone that lead to the synthesis of polymer blends and a 

block copolymer. The influence of a set of parameters is studied to produce polyesters with 

tunable average-molecular weight, crystallinity, and polymer architectures with controlled 

degradation profiles. The outcome depends on the selection of organocatalysts, including 1,5-

diazabicyclo (4.3.0) non-5-ene (DBN), a new catalyst for the L-lactide/ε-caprolactone eutectic 

mixture ROP that enabled increasing the polymerization temperature. The mild polymerization 

temperatures and solventless conditions stand as green features of the ROP here described to 

prepare resorbable biomaterials with programmable degradation profiles. 

 

 

 

 

 

 

 

 

This Chapter was published in Polymer, 2022, 262, 125432. 
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2.1 Introduction 

Poly(L-lactide) (PLLA) and poly(ε-caprolactone) (PCL) represent two of the most important 

biodegradable and biocompatible commercial polyesters, being critical components in 

materials applied in areas such as packaging, biomedicine, and 3D printing.1 These polyesters 

are obtained by the catalytic ring-opening polymerization (ROP) of their respective monomers, 

L-lactide (LLA) and ε-caprolactone (CL). 2 

 

PLLA and PCL synthesis via ROP mechanism is preferred over other mechanisms such as 

polycondensation due to better control on the molecular weight and polydispersity of the 

resulting polymers.3 Although these two polymers represent biodegradable alternatives to other 

synthetic polymers, their production typically requires high temperatures, in bulk or in solution, 

and avoiding undesired side reactions in these conditions is challenging. Industrial synthesis of 

these polyesters are typically carried out by melting (150-200ºC) due to lower environmental 

impact and cost.4–6 It also includes the use of metal-based catalysts which are reported to be 

the most efficient in their production,7,8 e.g., tin-based catalysts allow obtaining polyesters with 

high molecular weights,5 and is approved by the FDA.8 However, it demands an additional 

purification step, which may generate environmental issues and compromises some 

applications.9 In addition, some upcoming regulations will be limiting their use.4,5,8 Thus, the 

search for catalytic alternatives to produce PLLA and PCL, excluding the use of toxic solvents, 

is a current challenge. 

 

Greener routes for PLLA and PCL synthesis also mean new possibilities to apply them in 

diverse areas in simple manners, for instance, without demanding purification steps post-

synthesis while expanding their properties. The use of organocatalysts has been proposed as a 

greener alternative to produce PLLA and PCL. Compared to metal catalysts, some advantages 

of organocatalysts include their environmentally friendly character, less toxicity, and ease of 

removal with greener solvents  (e.g., ethanol).2,5,10,11 In this line, the amidine organocatalysts 

such as [1,8-diazabicyclo 5.4.0] undec-7-ene (DBU), which is a strong base, has been used in 

the ROP of LLA due to its high selectivity.12  
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As for the ROP of CL, acid organocatalysts such as methanesulfonic acid (MSA) are commonly 

used to provide faster reactions and excellent control in the ROP.11 The type of organocatalyst 

and their structure determines the mechanism by which the ROP operates, for instance, by a 

nucleophilic attack 12 or monomer activated chain pathway 11, in the case of DBU and MSA, 

respectively. The ROP of LLA and CL using organocatalysts can be performed in bulk and in 

solution. The use of organocatalysts presents some drawbacks, such as high costs and low 

operational temperatures resulting in low molecular weights. 2,3,6,12 However, low molecular 

weight polymers can lead to programmable degradation profiles in resorbable biomaterials.  

 

Substantial efforts have been made to reduce the use of volatile organic solvents in polymer 

production, especially those regarded as toxic. In this context, the deep eutectic solvents (DESs) 

have emerged as a new family of designer solvents, many of them with notable green features. 

DESs comprised combinations of two or more components capable of self-associating through 

hydrogen bond interactions, with a resulting melting point lower than their individual 

components.13,14 DESs implementation in polymer science goes beyond its functioning as inert 

solvents; they can also play the role of monomers that can polymerize in bulk for instance. 

These types of DESs are known as DES monomers (DESm), which exhibit greener features, 

meaning polymerizations are possible in solventless conditions and with a 100% atom 

economy. 15 

 

Coulembier et al. first reported the ROP at 23 °C of a non-ionic DESm composed of an 

equimolar mixture of LLA and trimethylene carbonate using DBU organocatalyst and benzyl 

alcohol (BnOH) as initiator. The sequential polymerization of the eutectic mixture yielded a 

copolymer with a gradient composition.16 Later, our group demonstrated the ROP at 37 °C of 

a eutectic mixture composed of LLA and CL in a 3:7 molar ratio, respectively, using DBU and 

MSA organocatalysts, and BnOH as initiator. A blend of homopolymers with high crystallinity 

and high conversion in solventless conditions was obtained. It should be noted that a sequential 

polymerization took place, the homopolymerization of LLA catalyzed by DBU using BnOH 

as initiator first, followed by the addition of MSA for the ROP of CL.17  
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Taking advantage of this approach, it was possible to functionalized hierarchical macroporous 

polyesters composed of PLLA and PCL applied for hydrocarbon separation processes. The 

synthesis was carried out by using high internal phase emulsions (HIPEs) as templates, where 

polymerization of the continuous phase composed of LLA/CL (3:7 molar ratio respectively) 

affords macroporous polymers.17 In the same line, it was possible to functionalized the internal 

walls of macroporous polyesters with non-functionalized nanohydroxyapatite, by 

polymerization of the continuous phase of a HIPE, to obtain polyester-hydroxyapatite 

composites with prospect applications in tissue engineering.18 

 

Polyesters are limited in some applications due to their mechanical properties, for instance, 

PLLA and PCL exhibit poor elasticity and toughness, respectively.2 These properties can be 

improved by increasing their molecular weight and modifying their crystallinity. Strategies 

such as blending, synthesis of copolymers, stereocomplexation, or incorporation of nanofillers, 

are some alternatives.19,20  

 

Herein, we present advances in obtaining a series of blends and copolymers of PLLA and PCL 

through a sustainable synthetic protocol in solventless conditions and without metal-based 

catalysts. This approach is based on the eutectic composition of LLA and CL monomers 

mixture, which upon ROP at various temperatures and with the aid of strong bases (e.g., 

amidines) and an acid organocatalyst, resulted in a series of polyesters with tunable molecular 

weight, crystallinity, and molecular architecture. For this purpose, we took advantage of using 

a DESm, thus excluding organic solvents in the ROP and substituting metal-based catalysts 

with organocatalysts such as DBU and MSA at similar concentrations as reported on literature. 

8,12,21,22 Additionally, we propose using 1,5-diazabicyclo (4.3.0) non-5-ene (DBN) as a suitable 

organocatalyst towards the ROP of LLA in the DESm for the first time. DBN is a strong base 

12 employed in the synthesis of carbolines or acylation of pyrroles and indoles. 23 Altogether, 

these green features open the possibility of exploring new applications for PLLA and PCL 

blends and copolymers in areas such as biomaterials with programmable biodegradability. 

 



53 

 

 2.2 Experimental section  

2.2.1 Materials  

ε-Caprolactone (CL, 97%), L-lactide (LLA, 98%), 1,8-diazabicyclo [5.4.0] undec-7-ene (DBU, 

98%), 1,5-diazabicyclo (4.3.0) non-5-ene (DBN, 99%), methanesulfonic acid (MSA, 99.5%), 

and benzyl alcohol (BnOH, 99%) were obtained from Sigma-Aldrich. 

 

2.2.2 Synthesis  

The DES monomer was obtained by mixing LLA and CL with a 3:7 molar ratio at 90 °C until 

a clear homogeneous liquid was observed; the mixture remained liquid upon cooling to room 

temperature. It is important to mention that LLA and CL did not require further purification.  

 

Next, the sequential ROP of the DESm (LLA/CL, 3:7 molar ratio, respectively) was carried 

out by adding a mixture of DBU or DBN, 2.92 wt.%, (organocatalyst) and BnOH, 2.08 wt.%, 

as the initiator (1:1 molar ratio, organocatalyst: initiator), both accounting 5 wt.% with respect 

to the eutectic mixture, at different temperatures (37, 60, 80 and 92 °C). Subsequently, a second 

organocatalyst, MSA, was added to the reaction mixture (3 wt.% to the eutectic mixture). The 

synthesized polyesters were named according to the first organocatalyst used (BU for DBU 

and BN for DBN), followed by the polymerization temperature. 

 

The reaction was maintained for 12 hours to ensure that the polymerization reached high 

conversions. This duration was proposed based on a previous report that indicated that the ROP 

of DES LLA/CL at 37ºC, with DBU and MSA as organocatalysts, and BnOH as initiator were 

carried out within 6 hours.17 Thus, after 12 hours it was ensured that the polymerization reached 

high conversions. Then, the samples were washed with ethanol to remove the organocatalysts 

and all residual monomers and oligomers, considering that in future applications in tissue 

engineering, the release of acidic oligomers may trigger the accelerated hydrolysis of the 

polyesters and cause toxic effects. Experimental conversions were determined by gravimetry, 

i.e., the ratio between the final polymer’s mass and the initial mass of monomers. The 

experimental conversions in all the samples were ca. 88%. 
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The eutectic mixture composed of an isomer of lactide, and CL, were prepared similarly to the 

DESm of LLA/CL but in different molar ratios 20:80; 25:75, 30:70 (lactide in the eutectic 

mixture possesses the same proportion of D-LA and L-LA). Although these new eutectic 

mixtures were unstable compared with DES composed of LLA and CL, it was possible to 

stabilize them by heating the eutectic mixture at 60 ºC and mixing at 2500 rpm for 1 minute, 

previously to the polymerizations at temperatures of 37 and 60 ºC. 

 

2.2.3 Characterizations 

1H (400 MHz), NMR spectra were obtained at room temperature with a 400 MHz Bruker 

Avance III HD 400N spectrometer (with a 5 mm multinuclear BBI-decoupling probe with Z 

grad). Chemical shifts (ppm) are relative to the remaining non-deuterated chloroform signal 

(from CDCl3) and used as an internal reference for 1H NMR spectroscopy. 

 

Differential scanning calorimetry (DSC) measurements were carried out using a Mettler Toledo 

calorimeter model DSC3+ previously calibrated with indium. Scans were carried out at 10 ºC 

min-1 under nitrogen flow. First, the samples were cooled from room temperature to −20 °C, 

then the temperature was maintained at −20 °C for 10 min, after the temperature were raised to 

140 °C, and finally decreased from 140 °C to room temperature.  

 

The X-ray diffraction patterns were obtained using a diffractometer Rigaku (Ultima IV model, 

Texas-USA), with a detector D/tex ultra (35 kV and 15 mA) and using a CuKα radiation 

wavelength (λ = 0.15406 nm).  

 

DOSY (Diffusion Order Spectroscopy) data were acquired using the pulse program ledbpgp2s 

installed in the topspin 3.6.2 software from Bruker with 95 gradient levels with a linear increase 

from 2% to 95% using a gradient of strengths up to 54 G/cm and 8 transients. The diffusion 

delay (Δ) was 150 ms, and the length of the square diffusion encoding gradient pulse (δ) was 

0.6 ms. Laplace transformations for generating the diffusion dimensions were obtained with 

the Bruker Biospin Dynamics Center using a least-squares fitting routine with Monte Carlo 

error estimation analysis. 
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Size exclusion chromatography (SEC). The molecular weight characteristics of polymers were 

determined by SEC using a Hewlett-Packard instrument (HPLC series 1100) equipped with 

UV light and refractive index detectors. A PLGel mixed column was used (1-PL Gel 10 6Aｰ 

400,000-40,000,000; 2-PL Gel mixed C 200-3,000,000), with refractive index at 40 °C. 

Calibration was carried out with polystyrene standards and THF (HPLC grade) was used as 

eluent at a flow rate of 1 mL/min. 

 

The PLLA/PCL blends and copolymers were also analyzed by matrix-assisted laser 

desorption/ionization time-of-flight mass spectrometry (MALDI/TOF-MS). MALDI/TOF-MS 

measurements were performed on a BRUKER ULTRAFLEX III (MALDI-TOF/TOF) mass 

spectrometer equipped with a pulsed NdYAG laser (λ = 355 nm) and a delayed extraction ion 

source. Mass spectra were obtained over the m/z range of 500−10000 Da in the reflector 

positive ion mode. External mass calibration was applied. Trans-2-[3-(4-tert-butylphenyl)-2-

methyl-2-propenylidene] malononitrile (DCTB) at 8 mg mL−1 in dichloromethane (DCM) was 

used as the matrix. Samples were dissolved at a concentration of 2 mg mL-1 in DCM, being 5 

mL mixed with the matrix at a ratio of 1:4 (v/v) and 0.5 μL of sodium iodide (2 mg mL-1). 

Then, 0.5 μL of this solution was spotted onto a flat stainless-steel sample plate and dried in 

air. 

 

The optical transmittance measurements were carried out with a UV–Vis Hitachi U-1800 

spectrophotometer using a 1 cm path length quartz cell, in a wavelength range from 300 to 800 

nm at 20 °C. 

2.3 Results and discussion  

2.3.1 Synthesis of homopolymers and copolymer 

The sequential ROP of the LLA/CL DESm is described in Scheme 1. First, the nucleophilic 

organocatalysts (DBU or DBN) allow the selective ROP of LLA using the BnOH as initiator 

at temperatures ranging from 37 to 92 °C, depending upon the use of DBU or DBN. At this 

point, the composition of the medium comprises PLLA chains dispersed in the liquid CL, which 

was released from the liquid eutectic composition as LLA was consumed.  
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Scheme 1. Sequential Ring-Opening Polymerization of the DESm composed of LLA/CL (3:7 molar 

ratio) at different temperatures. DBU and DBN organocatalyst were used for the selective ROP of LLA 

in the first step, and they were added together with the initiator BnOH (1:1, molar ratio). MSA was used 

as a second organocatalyst to start the ROP of CL in the presence of the already formed PLLA. 

 

Under these temperature conditions, pure LLA is solid (melting point of LLA is ca 98.3 °C) 

and thus not available to polymerize. Subsequently, MSA (second organocatalyst) was added 

to the reaction mixture promoting the ROP of CL. In this second ROP, the hydroxyl groups 

from either lactidyl previously formed or the residual water played the role of initiator,17 

depending on the temperature and organocatalyst. As a result, PLLA/PCL blends, or a P(LLA-

b-CL) copolymer were obtained.  

 

It is worthy of mentioning two critical aspects of the new nucleophilic organocatalyst proposed 

for the LLA/CL DESm ROP: 1) the DBN was able to selectively polymerize the LLA present 

in the eutectic mixture, similarly to DBU, and 2) it was possible to carry out the ROP at higher 

temperatures (e.g., 80 and 92 °C), temperatures at which DBU readily degrades, 8 thus 

expanding the polymerization conditions for this type of polymerization. The general 

procedure is described in detail in the experimental section. 
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2.3.2 Characterization of PLLA, PCL and p(LLA-b-CL) 

The ROP of LLA and CL was confirmed by 1H NMR spectroscopy, where typical peaks for 

PLLA were found at 1.60 ppm and 5.19 ppm assigned to (-CH3) and (-CH-) groups, 

respectively in all samples. The appearance of the terminal peak at 4.39 ppm was related to the 

methine end group (-CH3CHOH). The ROP of CL was confirmed by the presence of the peak 

at 3.68 ppm assigned to the terminal methylene group -CH2OH: note the very low intensity of 

the peak in the copolymer at 4.39 ppm (BN37) in Figure 1, inset b), which will be further 

discussed below. The average molecular weight (Mn) was calculated by 1H NMR spectroscopy.  

 

The Mn of PLLA was obtained by the integration ratio of peaks that correspond to the repeating 

methine groups (δ= 5.19 ppm) and the terminal aromatic group from BnOH (δ= 7.34 ppm).16 

The aromatic terminal group from BnOH alcohol initiation could be presented in both the 

PLLA homopolymer and the PLLA block in the copolymer, so it is possible to calculate the 

PLLA Mn in both cases.  

 

The same process was applied to determine the Mn of PCL. In this case, the signals were 

attributed to the repeating ε-methylene groups at δ= 4.08 ppm and the terminal methylene group 

at δ= 3.67 ppm.17 The absence of peaks at 3.0 and 3.2 ppm which corresponded to the 

methylene and methyl groups for MSA and DBU, respectively, ensured that they were removed 

during the purification process. 

 

The Mn of PLLA ranged from 1736 g mol-1 at 80 ºC to 2182 g mol-1 at 60 ºC (Table 1). As 

mentioned before, LLA polymerized in a first step in the eutectic mixture of LLA/CL17 (having 

a constant molar ratio of CL of 0.7). Thus, the polymerization temperatures and type of 

organocatalyst (DBU or DBN) did not strongly affect its molecular weight. It is important to 

mention that DBU and DBN belong to the amidine family. However, while DBU has been 

widely reported in the synthesis of PLLA, 12 there is no information about DBN use as an 

organocatalyst for similar ROP of LLA as in this work.  
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We propose using DBN in the ROP of the eutectic mixture LLA/CL to expand the 

polymerization temperatures for the first time. The DBN organocatalyst possesses selectivity 

for the LLA in the eutectic mixtures similarly to DBU but exhibits a higher operating 

temperature range. Thus, the ROP was possible above 79 °C (DBU degrades at 79 °C 8). On 

the other hand, by increasing the temperature above 60 ºC in the sequential ROP, i.e., just above 

the melting point of PCL, PCL formation takes place in unreacted CL and the molten polymer 

containing PLLA. Here, the viscosity of the medium decreased as compared with ROP at 37 

°C, promoting the diffusion of CL available for the ROP, similarly to the ROP of trimethylene 

carbonate-based DESm.16 Therefore, the Mn of PCL in the resulting polyesters increased from 

4013 at 37 °C to ca. 6988 g mol-1 at 92 °C, see Table 1. 

 

 

 

Figure 1. 1H NMR spectra of synthesized polyesters: BU37 (black), BU60 (red), BN37 (blue), BN60 

(green), BN80 (orange), and BN92 (purple). (Insets, zoom of the signals for a) δ= 7.34 ppm and b) 4.39 

ppm of PLLA, and c) δ= 3.68 ppm of PCL). 
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Table 1. Summary of the ROP of LLA/CL DESm. ROP temperature, experimental conversion, 

experimental PLLA/PCL molar ratio, number-average molecular weight (Mn), melting point 

(Tm), crystallinity (Xc), and architecture of polyesters resulted from the ROP of DESm 

composed of LLA/CL (3:7 molar ratio) at the indicated conditions. 

Samplea ROP 

Temp 

(ºC) 

Conv 

(%)b 

PLLA/PCLc Mn,NMR 

PLLA
d 

(g mol-1) 

Mn,NMR 

PCL
d 

(g mol-1) 

Tm,PLLA
e 

(ºC) 

Xc,PLLA
e 

(%) 

Tm,PCL
e 

(ºC) 

Xc,PCL
e 

(%) 

Polymer 

architecturef 

BU37 

 

37 

 

89 

 

38 : 62 

 

1964 

 

4013 

 

116.5 30 60 69 Blend 

BU60 

 

60 

 

88 39 : 61 

 

2182 

 

5444 116.6 30 58 62 Blend 

 

BN37 37 88 38 : 62 

 

1835 4490 105.3 37 60 73 Copolymer 

BN60 

 

60 

 

88 40 : 60 

 

1867 

 

5746 116.7 30 58 60 Blend 

 

BN80 

 

80 

 

88 35 : 65 

 

1736 

 

5918 105.3 20 60 63 ND g 

 

BN92 92 86 33 : 67 1962 6988 94.2 13 50 44 ND g 

           

a Organocatalysts:initiator, DBU:BnOH:MSA or DBN:BnOH:MSA, used for the ROP of LLA. The 

molar ratio of catalyst (DBU or DBN): initiator (BnOH) was [1:1], respectively, and they represented 

5 wt.% with respect to the eutectic mixture. The weight of MSA was 3 wt.% with respect to the eutectic 

mixture. The polymerization temperature was added to the second column,  

b experimental conversions obtained by gravimetry, c molar ratio and d number-average molecular 

weight obtained by 1H NMR, e thermal properties calculated by DSC, f obtained by 1H NMR diffusion-

ordered spectroscopy, g ND not determined.  

 

The thermal properties of the synthesized polyesters were analyzed by DSC. Figure 2-A shows 

the corresponding thermograms, where two endothermic peaks were observed. The first one 

corresponds to the melting point of PCL identified from 58 to 60 ºC (peak a), and the second 

small one corresponds to the melting point of PLLA identified from 94.2 to 116.7 ºC (peak 

b).17 The samples’ crystallinity was determined considering the ratio of the melting enthalpy 

of each compound obtained by DSC (PLLA or PCL), with respect to the compound reference 

with 100% crystallinity (106 J g−1 for PLLA, and 135 J g−1 for PCL, see details in equation 

1).24,25  
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A closer analysis of the DSC traces reveals that, as the temperature of polymerization increases 

from 60 to 92 °C, using DBN as organocatalyst for LLA ROP, the Tm of PLLA decreased, as 

shown in Table 1. A possible scenario is that PLLA Tm decrease results from PLLA domains 

being in a glassy state when the ROP of CL started (the PLLA glass transition temperature is 

around 50 °C).26 At these temperatures, PLLA reorganization in a molten media could be 

restrained, as reported by Lv et al. during the annealing of PLLA/PCL blends, causing the 

reduction of their Tm and crystallinity.27 

Equation 1. Degree of crystallization equation 

 

 

Figure 2-A. DSC scans of polyesters. Figure 2-B. XRD scans of polyesters of BU37 (black), BU60 

(red), BN37 (blue), BN60 (green), BN80 (orange), and BN92. 

 

On the other hand, it was reported that the rate of polymerization of racemic lactide in the 

absence of an initiator in CH2Cl2 or THF/ CH2Cl2 at room temperature is lower with DBN than 

DBU.28  



61 

 

Thus, it is possible that the lower polymerization rates (e.g., at 37 ºC) enable PLLA chains to 

organize, improving their crystallinity, mainly in the solventless polymerization conditions like 

in this work. This effect was observed in sample BN37 which showed a higher crystallinity 

(37%) than sample BU37 (30%) obtained under the same conditions. Han et al. reported that 

when the ratio of PLLA exceeded 0.57 in a P(LLA-b-CL) copolymer, the PLLA exhibited a 

melting point depression and an enhanced crystallinity.29 These PLLA characteristics were 

observed in sample BN37, suggesting a copolymer formation. Conversely, the PCL exhibited 

a high crystallinity compared with PLLA in all cases regardless of the polymerization 

temperature. However, PCL in BU37 and BN37 samples presented the highest crystallinity 

with 69% and 73%, respectively. The high crystallinity of PCL at 37 ºC resulted from the ROP 

carried out below its melting point, as discussed by Pérez-García et al.17 The semicrystalline 

character of all polyesters was further demonstrated by X-ray diffraction showing the PCL and 

PLLA characteristic peaks (XRD; Figure 2-B).  

 

The PLLA/PCL ratio was determined by 1H NMR spectroscopy by dividing the integral of the 

signal assigned to the repeating groups in the synthesized polyesters. In the case of PLLA, the 

methine group at δ= 5.19 ppm was used, while for PCL, the ε-methylene group at δ= 3.67 ppm. 

The differences in the composition between the original ratio (3:7 LLA/CL) and the final 

PLLA/PCL ratios (Table 1) were associated with the loss of PCL oligomers during the washing 

process with ethanol, which also reflects the polydispersity of PCL likely due to CL diffusion 

constrained at high conversion in the second step of ROP, as the whole reaction mixture 

solidifies into polymers in the case of low temperatures, and the high viscosity of the medium 

even at higher temperatures. The purification of sample BU37 was followed by 1H NMR, 

including the analysis of the washing ethanol solution Figure 3. Peaks found at 3.1-3.6 and 2.0-

2.3 ppm in the sample before the purification step and in the ethanol solution, are associated to 

the organocatalyst and residual unreacted monomers. The additional peaks in the ethanol 

solution at 4.1, 3.7, 2.3 and 1.4-1.7 ppm were associated to the PCL oligomers, see Figure 3-

C. 
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Figure 3. 1H NMR spectra of synthesized polyesters of A) sample BU37 (black) without purification 

process, B) sample BU37 after were washing with ethanol (red), and C) Ethanol solution (blue) used in 

purification step for sample BU37. 

 

To get deeper insights into the architecture of the final polyesters, selected samples were 

analyzed by 1H NMR diffusion-ordered spectroscopy (DOSY). Polyesters BU37 and BN37 

were selected owing to their high crystallinity and thermal properties. Samples BU60 and 

BN60 were also included for comparison. DOSY spectrum of polyester BU37 (Figure 4-A) 

shows two different diffusion coefficients (DM), DM BU37 = 9 .17 x10-9 m2/s and DM’ BU37 = 

9.12 x10-9 m2/s, consistent with the Mn of PCL and PLLA, respectively, calculated in Table 1. 

The signals of each species were compared with the upper axis representing the corresponding 

1H NMR spectra. It is confirmed that the sample contains a blend of homopolymers, the higher 

diffusion coefficient corresponding to heavier species, which was associated with PCL. In 

contrast, the low diffusion coefficient corresponds to PLLA. These results corroborated that 

Mn of PCL was higher than PLLA as determined by 1H NMR and in accord with previous 

MALDI-TOF results reported by our group.17 
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In the case of sample BN37 (Figure 4-B), only one diffusion coefficient was observed, DM 

BN37 = 8.83 x10-9 m2/s, consistent with the presence of P(LLA-b-CL) copolymer, resulting 

from the sequential ROP of the DESm. The DOSY spectrum presented both signals in the upper 

axis associated with PLLA and PCL. These results revealed the successful formation of a block 

copolymer P(LLA-b-CL) from the ROP of LLA/CL DESm. As mentioned before, the 

polymerization rate of LLA using DBN is lower than DBU in solution.28 In this scenario, it is 

possible that PLLA formed in the LLA/CL DESm presents available hydroxyl groups at the 

end chain, which then played the role of macroinitiator in the subsequent ROP of CL.  

 

 

 

 

 

 

 

 

 

Figure 4. DOSY spectra in deuterated chloroform of A) BU37 and B) BN37; the ROPs were carried out 

at 37ºC; C) BU60 and D) BN60 the ROP was carried out at 60 ºC. The DOSY signals were associated 

with 1H NMR spectra. The diffusion coefficient DM (in m2/s) is indicated for each component. 

 

To determine the difference in the thermal stability of the polyesters after the purification step 

(all oligomers and organocatalyst, which are readily soluble in ethanol, were removed in this 

process, see Figure 3), their thermal decomposition was measured by TGA. PLLA has been 

reported to have low thermal stability compared to PCL.30 Sample BN37 composed of P(LLA-

b-CL) copolymer showed higher thermal stability, e.g., at 307.1 °C the weight loss was about 

5%, while for sample BU37 that contained a blend of PLLA and PCL, the 5 % weight loss 

occurred at 212 °C.  
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In the case of the polymer blend, the degradation of PLLA at 320.6 °C corresponded to ca. 

23.7% of weight loss, which is close to the PLLA content in the blend as observed in Figure 5-

A.  

 

Figure 5. A) TGA thermograms of BU37 and BN37. B) Spectra of transmittance for samples BU37 and 

BN37 at 2.7 wt. % in toluene, the test was carried out in a wavelength from 300 to 800 nm. 

 

In addition, a solubility test of both samples BU37 and BN37 was performed in toluene at RT. 

The insolubility of PLLA in toluene was greatly improved by the PCL counterpart presented 

in the copolymer as can be observed in Figure 6, in which turbidity was lower compared to the 

sample containing the blend of homopolymers (BU37). Differences in transmittance were 

observed when measured with a spectrometer in the range from 300 nm to 800 nm. The 

copolymer whose solution was less turbid showed a slight reduction in transmittance of about 

20% in the whole range of the spectrum. Otherwise, turbidity was observed by the insolubility 

of PLLA in the blend solution, so the transmittance is reduced up to 80% in the same range. 

See Figure 5-B.  

 

Figure 6. Photographs of BN37 (left) and BU37 (right) solutions in toluene. 
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The solubility test was performed by adding 40 mg of BU37 or BN37 in 1500 mL toluene. 

Sample BU37 (right) contains PLLA/PCL blend; PLLA in cold conditions tends to precipitate 

due to its low solubility. PCL present in copolymer BN37 (left) increased the solubility of 

PLLA. 

 

BN37 and BU37 were further analyzed by the matrix-assisted laser desorption/ ionization time-

of-flight (MALDI-TOF MS) and two main distributions were observed in both samples 

between 1000 and 8000 m/z, see Figure 7-A and 7-B, respectively. In BN37, the first 

population in the region between 1000 and 3000 m /z corresponded to the presence of PLLA 

with a separation of 72 units and initiated by BnOH. The most intense peaks were found at 

1715-1900 m/z; this value matched the Mn determined by 1H NMR spectroscopy. Some traces 

from another PLLA species were also found between 1481-2027 m/z, in which water played 

the role of initiator. In the region from 1600 to 3000 m/z the presence of a fraction of block 

copolymer was observed, constituted between 9-11 lactidyl units initiated by benzyl alcohol 

(BnOH), followed by caproyl units between 12 and 20; the same species were also reported by 

Pérez-García et al.17, See Fig. 7-A. Finally, in 2200 to 3000 m/z region, signals from PCL 

initiated by residual water, and a P(LLA-b-CL) block copolymer appeared, which will be 

explained in more detail below. 

 

In the second distribution between 3000 and 8000 m/z, PCL homopolymers were found 

between 4000 and 6500 m/z, where the mass of 114 between adjacent peaks corresponded to 

CL repeating units, and residual water controlled the polymerization. See Figure 8-B. From the 

second population, copolymers composed of PLLA and PCL were identified, corroborating 

previous results from 1H NMR, DOSY, and thermal analyses. Lactidyl units initiated these 

copolymers, and water controlled the polymerization once the BnOH was consumed by LLA, 

followed by the ROP of CL monomers due to terminal hydroxyl groups in PLLA playing the 

role of macroinitiator.  
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It is important to mention that the PLLA block in sample BN37 previously identified by 1H 

NMR, Mn = 1835 g/mol, was calculated considering that BnOH initiated the ROP. From 

MALDI-TOF it was observed that there exist copolymers initiated by both residual water (red 

star in Fig. 8A) and BnOH (orange arrow in Fig. 8A).  

 

 

Figure 7. MALDI-ToF MS spectrum of the ROP of DES LLA/CL at 3:7 mol. ratio. The synthesis was 

carried out at 37°C, and BnOH as initiator. A) Sample BN37 in which DBN and MSA were used as 

organocatalysts; B) Sample BU37 which DBU and MSA were used as organocatalysts. 
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Thus, it is possible that the PLLA block determined by 1H NMR corresponded to a PLLA 

homopolymer (ca. 1860 m/z, blue triangle in Fig. 8A). Overall, the copolymers identified 

between 3500 and 6500 m/z were composed of a small fraction of LLA units followed by 18 

to 46 CL units (Figure 8-B). It is noteworthy that MALDI-TOF was able to identify 

homopolymers and copolymers in the sample, but not their ratio in the mixture.  

 

 

 

Figure 8. MALDI-TOF MS spectrum of BN37 A) from ranging 1000 to 3000 m/z B) from 3000 to 7000 

m/z. 

(    ) Poly(L-lactide-b-ε-CL) copopolymer: Lactic acid(n) (Mw = 72 g/mol−1) + ε-Caprolactone(n) (Mw = 

114 g/mol−1) + H (Mw = 1 g/mol−1) + BnOH (Mw = 108 g/mol−1) + Na+ (Mw = 23 g/mol−1)  

(    ) PCL copolymer: Lactic acid(n) (Mw = 72 g/mol −1) + ε-Caprolactone(m) (Mw = 114 g/mol−1) + H (Mw 

= 1 g/mol−1) + OH (Mw = 17 g/mol−1) + Na+ (Mw = 23 g/mol−1) 

(    ) PLLA homopolymer: Lactic acid(n) (Mw = 72 g/mol−1) + BnOH (Mw = 108 g/mol−1) + Na+ (Mw = 

23 g/mol−1) 

(   ) PLLA homopolymer: Lactic acid(n) (Mw = 72 g/ mol−1) + H (Mw = 1 g/mol−1) + OH (Mw = 17 

g/mol−1) + Na+ (Mw = 23 g/mol−1) 

(   ) PCL homopolymer: ε-Caprolactone(n) (Mw = 114 g/mol−1) + H (Mw = 1 g/mol−1) + OH (Mw = 17 

g/mol−1) + Na+ (Mw = 23 g/mol−1) 
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For example, in the first region that exhibited peaks associated with the presence of PLLA 

(Figure 7), its relatively high intensity in the mixture was not consistent with the molar ratio of 

LLA which was lower than CL (3:7 molar ratio LLA/CL, respectively), although it indicated 

that PLLA ionized better than the PCL.31 On the contrary, with the original large molar ratio 

of CL in the DES, it was expected that the PCL homopolymer and the P(LLA-b-CL) copolymer 

peaks would have relatively higher intensities, but this was not observed in the spectra, meaning 

that their ionization capacity was lower for PLLA. 

 

Thus, it is clear, that the single diffusion signal observed in the DOSY (Figure 4-B) can be 

ascribed mainly to the presence of copolymers in sample BN37 ultimately functioning as a 

compatibilizer of fractions of PCL and PLLA homopolymers, which gave rise to the enhanced 

thermal stability (Figure 5-A) and improved the toluene solvation capacity of the final products 

(Figure 6). A further opportunity for future work will be to find the conditions to increase the 

PLLA content in the copolymer beyond the 3:7 molar ratio of the eutectic composition of 

LLA/CL, respectively. For the samples BU60 (Figure 4-C) and BN60 (Figure 4-D), no changes 

were observed by using either DBU or DBN organocatalysts in the ROP of the PLLA/PCL 

DESm at 60 ºC; DOSY spectra for BU60 and BN60 resulted similarly. Their DOSY spectra 

were associated with the corresponding 1H NMR spectra and two diffusion coefficients were 

observed for each sample, where both diffusion coefficients corresponded to a blend of 

homopolyesters (PCL/PLLA). BU60 exhibited the first diffusion coefficient DM BU60 = 9.51 

x10-9 m2/s and the second one DM’ BU60 = 9.38 x10-9 m2/s, while BN60 showed the first 

diffusion coefficient DM BN60 = 9.58 x10-9 m2/s and the second one DM’ BN60 = 9.33 x10-9 

m2/s.  

 

The higher diffusion coefficient corresponds to the PCL, whereas the lower diffusion 

coefficient corresponds to PLLA. These results are in line with 1H NMR, as the Mn of PLLA 

was slightly higher in the ROP catalyzed by DBU (Table 1).  
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Therefore, while the slower rate of LLA ROP at 37 ºC in the presence of DBN resulted in 

copolymer formation, increasing the temperature from 37 to 60 ºC counteracted this effect. 

This could be attributed to the higher polymerization rate at 60 ºC, leading to the formation of 

homopolymer blends regardless of whether DBN or BDU was used. Finally, size-exclusion 

chromatography (SEC) was performed on BU37, BU60, and BN37. SEC traces in samples 

BU37 and BU60 were similar due to the presence of homopolymers blend (PLLA/PCL). 

However, BN37 presented a different trace due to the copolymer presence P(LLA-b-CL) 

(Figure 9).  

 

Figure 9. SEC traces for polyesters BU37 and BU60 that contain PLLA/PCL blend, and sample BN37 

that was composed of copolymer P(LLA-b-CL). 

 

2.3.3 Effect of benzyl alcohol (BnOH) as initiator on the molecular weight of PLLA 

The average molecular weight of PCL in the ROP of the LLA/ CL eutectic mixture was 

modified in the range of ca. 4000-7000 g mol-1 by the appropriate selection of catalysts 

(DBU/DBN and MSA) and the temperature of polymerization (Table 1). However, as 

previously noted, the ROP is a sequential reaction where LLA polymerizes first within 

minutes,17 and after the LLA monomer is depleted, it is not possible to increase the PLLA Mn 

despite raising the temperature of polymerization. Thus, lower concentrations of the initiator 

BnOH (2.0, 1.0, and 0.5 wt.%, with respect to the monomers) were employed to increase the 

molecular weight of PLLA homopolymer, keeping the same conditions described before for 

the ROP catalyzed by DBU at 37°C (Table 2). 
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Table 2. Properties of polyesters obtained by ROP of LLA/CL with different initiator (BnOH) 

concentration. 

 

Sample 

 

ROP 

Temp 

(ºC) 

 

Initiator 

Conc. 

(wt. %) 

 

Conv 

(%)b 

 

PLLA/PCLc 

 

Mn, NMR 

PLLA
d 

(g mol-1) 

 

Mn, NMR 

PCL
d 

(g mol-1) 

 

Xc,PLLA
e 

(ºC) 

 

Xc,PCL
e 

(ºC) 

BU37-2i 37 2.0 89 41 : 59 1746  4477  34 68 

BU37-1i 37 1.0 87 40 : 60 3372 4730 31 64 

BU37-0i 37 0.5 88 39 : 61 4048  4869 29 66 

BU37-2i, BU37-1i and BU37-0i correspond to the polyesters obtained by the ROP of LLA/CL eutectic 

mixture, 3:7 mol ratio, respectively. 2.92 wt.% of DBU, varied concentrations of BnOH, 2.0, 1.0, and 

0.5 wt.%, and 3 wt.% of MSA, all with respect to the eutectic mixture were used. b Experimental 

conversions were obtained by gravimetry. c Molar ratio and d number-average molecular weight were 

obtained by 1H NMR. e Thermal properties were calculated by DSC. 

 

The average molecular weight of PLLA increased from 1746 to 4048 mol g-1 as the initiator 

decreased from 2 wt.% to 0.5 wt.%, as expected, i.e., less initiator with a fixed concentration 

of monomer means more monomer available for the polymer chain growth. It was also 

observed a decrease of PLLA crystallinity from 34% to 29% as the average molecular weight 

increases (Table 2), pointing to unfavorable conditions to assemble larger chains into 

crystalline domains. Thus, the selectivity of the organocatalyst DBU for the ROP of LLA 

together with the different concentrations of BnOH effectively modified the molecular weight 

of PLLA. On the other hand, because the specific catalytic activity of MSA towards the ROP 

of CL and the role of water presented in the media as initiator in the second ROP, the molecular 

weight of PCL yielded similar values between 4477 and 4869 mol g-1. The samples also were 

analyzed by SEC (Figure 10). Interestingly, the trace of sample BU37-0i showed a narrower 

peak due to the close elution time of PLLA and PCL (Fig. 10-C), meaning similar molecular 

weight, which is consistent with the closer value of their Mn calculated from 1H NMR, 4048 

and 4869 mol g-1, respectively. In contrast, samples BU37-1i and BU37-2i showed similar 

bimodal peaks (Fig. 10 A and B) as the PLLA/PCL blend in sample BU37 (Fig. 9). Based on 

these results, it is easy to envisage the design of block copolymers with the PLLA block of 

tunable length. 
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Figure 10. SEC traces for polyesters obtained by the ROP of LLA/CL at 37 mol. ratio, and at 37 ºC, 

DBU, and MSA were used as organocatalyst at 2.92 wt% and 3 wt.% respect with the eutectic mixture, 

respectively. The ratio of benzyl alcohol, which was used as initiator, was A) 2.0 wt.%, B) 1.0 wt.% 

and C) 0.5 wt.% all of them were respect to the mixture LLA/CL. Red arrows represented the low 

elution time in each sample which were associated to PLLA homopolymers. 

 

2.3.4 Effect of water  

The content of residual water in the LLA/CL in the molar ratio of 3:7 is a parameter that 

modified the conversion, the degree of crystallinity, and the molecular weight in the 

polymerization. Pérez-García et al. reported that residual water in the LLA/CL DESm plays 

the role of initiator in the sequential ROP of CL, at 37 ºC when the polymerization occurred in 

the presence of DBU and MSA organocatalysts and BnOH as initiator.17 The ROP of CL is 

highly sensitive to water content. To study the role of water in the ROP of DESm of LLA and 

CL, the eutectic mixtures of LLA/CL were prepared, and 0.4 and 0.8 wt. % of water were 

added. Then, the ROP was carried out under the same conditions as mentioned before. The 

content of water in sample BU37, obtained by Karl Fisher titration, was 0.207 wt.% in LLA/CL 

DES. As water content increased in the eutectic mixture, the Mn of PCL and the crystallinity 

of PLLA, both decreased. The rapid ROP of LLA with DBU initiated by BnOH occurred in ca. 

1 min, as reported by Perez-García.17  
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Residual water in the system served as initiator for remaining LLA monomer and mostly 

initiated the ROP of CL, aided by the second organocatalyst MSA, as MALDI TOF revealed 

that OH is found in some chain ends.  

 

However, the molecular weight of PCL was more significantly affected than PLLA, despite 

water can react acid-base with the DBU organocatalysts for the LLA ROP and promote the 

presence of acid species that can deactivate the polymerization and hydrolyze the polyesters.8,12 

Either of these possible scenarios was conducted to a reduction of the final conversion, mainly 

due to water serving as initiator of CL producing PCL with lower molecular weight oligomers 

that were lost during the purification process (see Table 3 and Figure 3).  

Table 3. Properties of polyesters obtained by ROP of LLA/CL and water. 

 

Sample 

 

ROP 

Temp 

(ºC) 

 

H2O 

Conc. 

(%) 

 

Conv 

(%)b 

 

PLLA/PCLc 

 

Mn, NMR 

PLLA
d 

(g mol-1) 

 

Mn, NMR 

PCL
d 

(g mol-1) 

 

Xc,PLLA
e 

(ºC) 

 

Xc,PCL
e 

(ºC) 

BU 37 37 0 89 38 : 62 1964 4013 30 69 

BU37-4 37 0.4 85 36 : 64 1651 3433 19 62 

BU37-8 37 0.8 81 33 : 67 1765 3171 14 67 

BU37, BU37-4 and BU37-8 correspond to polyesters obtained by ROP of LLA/CL with 0, 0.4 and 0.8 

wt.% additional water, respectively.  

b Experimental conversions obtained by gravimetry, c Molar ratio and d number-average molecular 

weight obtained by 1H NMR. e Thermal properties calculated by DSC.  

 

Thus, the water content in the DES plays a major role, and water above 0.2 % is a critical 

threshold for achieving high conversions. These results provide new insights into the ROP of 

L-lactide/ε-caprolactone eutectic mixture that are relevant for synthetic conditions translatable 

to polymerization of HIPEs and preparation of hierarchical 3D scaffolds with programmable 

degradability. 17,18 These includes unsophisticated atmospheres and the presence of remaining 

water from environmental conditions. 
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2.3.5 Effect of stereochemistry of lactide 

Another parameter studied was the stereochemistry of lactide. In solution, a secondary 

reactions typically occur during the ROP of LLA and cause loss of stereoregularity or tacticity 

in PLLA chains.6 A powerful method to identify these changes is 1H NMR, where the typical 

signal for methine repeating groups in the PLLA is found from 5.17 ppm to 5.20 ppm as a well-

defined quadruplet.17 The appearance of asymmetrically substituted methyl groups in the 

polymer chains modifies the quadruple signal into a multiplet. 6 Figure 11 shows the 1H NMR 

spectra of samples in the region from 5.17 to 5.20 ppm, where the quadruplet signal is well 

defined in all samples (e.g., black arrow in BU37). To study the effect of the stereochemistry 

of the lactide in the DESm, D isomer of lactide (DLA) was incorporated into the LLA/CL 

eutectic mixture as a racemic mixture. The new eutectic mixtures contained both isomers of 

lactide. As a result, the signal of the methine repeating group in polylactide was a multiplet 

instead of a well-defined quadruplet, identified in Figure 11, with red arrows. The final 

polyesters PLA/PCL, which contain polylactides (PLA) with disrupted stereoregularity, were 

atactic, completely amorphous, fragile, and presented a high rate of degradation. For instance, 

the samples crumble in less than 24 hours, at 37 ºC in phosphate-buffered saline PBS, pH = 

7.4. Thus, the presence of D-lactide in a blend of PLLA/PCL prepared by the ROP of the 

eutectic mixture causes a reduction of the overall properties as reported to occur for traditional 

PLA synthesized in solution.3 

 

 

 

 

 

 

 

Figure 11. 1H NMR spectra of methine group signals of A) PLLA in samples BU37 (black), BU60 (red), 

BN37 (blue), BN60 (green), BN80 (orange), and BN92 (purple). B) Polylactide (PLA), including the 

lactide isomer (DLA) in the polymerization obtained by the ROP of DES, contained isomer of lactide 

and CL at 37ºC and 60ºC. 
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2.3.6 Degradability test  

Overall, the remarkable green features implemented in the present work, excluding organic 

solvents and metallic catalysts in the synthesis of PLLA and PCL polyesters open the 

possibility to apply these biodegradable polymers in tissue engineering and biodegradable 

materials fields. From this perspective, polymers were subjected to degradation profile assays. 

The samples were incubated at 37 ºC in phosphate-buffered saline (PBS, pH = 7.4) with orbital 

mixing (at 140 rpm for 14 days), then removed from the medium and rinsed with ethanol to 

remove any residue. Finally, samples were dried at room temperature. The final pH of the 

medium was measured, and the relative mass loss was calculated gravimetrically. It has been 

reported that the mass loss in polyesters is caused by the hydrolytic scission and surface 

erosion, which accelerates the hydrolysis by the autocatalytic effect of their acidic 

byproducts.32,33 

 

Figure 12-A shows the mass loss profile degradation for the synthesized polyesters. The 

samples obtained above 60 ºC, showed larger degradations, with mass losses between 7.5 to 

11.1 wt.% after 14 days. Conversely, when the ROP was carried out at 37 ºC the mass loss was 

ca. 4 wt.%. Furthermore, as degradation increased, the pH value of medium acidified with a 

pH value dropped to 5, as expected. The lower degradation profile caused the pH of the medium 

remaining close to neutral (ca. 6.4) (see Figure 12-B).  

 

Samples BU37 and BN37 exhibited the highest crystallinity and, consequently, lower mass 

loss compared with the rest of the samples (Table 1, and Figure 12-A). These results indicate 

that the high crystallinity restricted the diffusion of the medium inside the matrix of the samples 

endowing the samples with a lower hydrolysis rate.32,33 For the samples, the surface 

degradation or erosion was assessed by the reduction of the diameter after the degradation test, 

as observed in sample BU37 (Figure 13). 
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Figure 12. A) Mass loss (wt.%) profile degradation of the samples after 14 days at 37 ºC. B) pH values 

of final PBS solution (initial pH=7.4). 

 

Figure 13. The degradation test was performed by exposing the samples for 14 days in PBS, pH = 7.4, 

at 37 ºC. This Figure represents the running test for BU37. A) Mass loss (wt. %) profile degradation of 

the samples after 14 days at 37 ºC. B) pH values of final PBS solution (initial pH=7.4). 

 

2.4 Conclusions 

In summary, we demonstrated the successful synthesis of a series of PLLA and PCL polyesters 

in the form of blends (PLLA/PCL) and copolymer P(LLA-b-CL) through a sustainable and 

alternative route, excluding the use of volatile organic solvents by taking advantage of using a 

non-ionic DES monomer, and substituting metallic catalyst by organocatalysts such as DBU 

and MSA that were readily extracted from the final polymers. Furthermore, it was 

demonstrated for the first time the use of DBN as a suitable organocatalyst for the ROP of 

LLA/CL DESm, whose reaction rate enabled the formation of a block copolymer. These green 

features, e.g., solventless conditions and mild temperatures of polymerization, open the 

possibility of applying the LLA/CL DESm ROP for the synthesis of biomaterials with tunable 

mechanical properties, programmable biodegradability, and enhanced biocompatibility for 

tissue engineering and drug delivery purposes. 
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CHAPTER 3 
 

Low-temperature and solventless ring-opening 

polymerization of eutectic mixtures of L-lactide and 

lactones for the production of biodegradable 

polyesters 

 

Biodegradability is one of the key features for reducing the negative environmental impact of 

plastic waste disposal, which becomes critical in designing biocompatible polymeric 

biomaterials with programmable lifecycles. Herein, deep eutectic solvent monomers (DESm) 

composed of L-lactide and various lactones of different molecular weights were formulated to 

obtain polyesters at low temperatures with the aid of organocatalysts and in solventless 

conditions. The introduced DESm expand the eutectic mixtures capable of undergoing ring-

opening polymerization (ROP) to mixtures of L-lactide (LLA) with δ-valerolactone (VAL) and 

δ-hexalactone (HEXL). Extending the toolbox for DESm preparation will allow for the design 

of polyesters with tailored molecular weight and crystallinity, which are conducive to 

programmable degradability. ROP of DESm carried out at low temperatures and in solventless 

conditions holds promise for a sustainable framework in preparing biodegradable polymers for 

biomedical applications. 
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3.1 Introduction 

Poly(L-lactide) (PLLA) has been extensively studied in recent years due to its wide range of 

applications as the main component of polymeric materials in packing, pharmaceutical, and 

medical fields.1 PLLA can be produced from renewable resources and stands out as a greener 

alternative to replace conventional petroleum-based polymers because of its biocompatibility 

and biodegradability. However, one of its main drawbacks is its brittleness, which limits its 

applications in areas where further processing and flexibility are needed. One strategy to 

improve its mechanical properties is to blend or copolymerize it with polyesters such as 

polylactones.2–4 

 

Polylactones are biodegradable and biocompatible polyesters used in biomedicine and are 

usually obtained from monomers such as ε-caprolactone (CL), δ-valerolactone (VAL), δ-

decalactone (DCL) and dodecalactone (DOCL).2–4 Strategies for coupling the properties of 

PLLA with polycaprolactone (PCL) are currently the subject of intense research.5,6 For 

instance, blending or copolymerizing PCL with PLLA to improve the strength and elongation 

properties of the resulting polymers without losing biodegradability has been previously 

reported.7 

 

PLLA and polylactones are predominantly synthesized through ring-opening polymerization 

(ROP) of lactide and lactones, respectively. Compared to other methods of polymerization, 

ROP allows higher molecular weights and lower dispersity of the polymers, which are essential 

characteristics that define their performance for specific applications. In addition to controlling 

its molecular weight, the degradation of PLLA can be tuned by modifying the aggregate 

structure, crystallinity, and external factors in the media, such as the pH or the use of enzymes.8 

PLLA and polylactones are industrially produced at high temperatures,9–11 and organic solvents 

are used occasionally,1 although polymerization in bulk is preferred for its economy and 

sustainability.11 The use of organic solvents has aroused deep concern about their toxicity and 

negative environmental effects due to the volatility of many of them.1,12 
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Similarly, tin metal catalysts approved by the FDA are typically used in PLLA and polylactone 

polymerization at high temperatures (above 120 °C),10 offering an excellent control in 

designing complex architectures. However, recent regulations are limiting the use of metal-

based catalysts, and because the purification of polymers can be arduous and can compromise 

the polymer performance in some areas, the use of organocatalysts stands as a viable 

alternative.9,12,13 

 

In 2003, Abbott et al. reported a new family of solvents called deep eutectic solvents (DESs), 

comprised of mixtures of organic molecules and salts with hydrogen bond-forming capabilities 

at eutectic compositions, e.g., choline chloride and urea in a 1:2 molar ratio.14 DESs have also 

attracted attention in polymer chemistry. For instance, taking advantage of their compositional 

plasticity, they can be used as solvents for polymerization as well as monomers that are part of 

the DES.15 The term DES monomer (DESm) was introduced for systems where the eutectic 

mixture contains monomers that can undergo polymerization reactions and form polymers.16 

Thus, DESm are a new type of eutectic mixtures with polymerizable units.5,17 In a pioneering 

work, Coulembier et al. reported the ROP of DESm based on mixtures of LLA and 

trimethylene carbonate (TMC) rendering poly(PLLA-g-TMC) gradient copolymers.17 

Similarly, a DESm based on LLA and CL was employed for producing blends of PLLA and 

PCL homopolymers.5 The ROP in these two studies was carried out in the absence of organic 

solvents and using amidine-based organocatalysts.5,12 

 

Utilizing a DESm as an all-in-one system (solvent and monomers) has proven to be a versatile 

and greener approach for polyester production at low temperature and in solventless conditions, 

either as homopolymer blends or copolymers. In this work, we studied the thermal behavior of 

three novel eutectic mixtures composed of LLA and different lactones such as δ-valerolactone 

(VAL), δ-hexalactone (HEXL), and δ-decalactone (DCL) at different molar ratios. The 

sequential ROP of the resulting DESm was studied using various organocatalysts such as 1,8-

diazabicyclo [5.4.0] undec-7-ene (DBU), 5-diazabicyclo (4.3.0) non-5-ene (DBN), and 

methanesulfonic acid (MSA), and also benzyl alcohol (BnOH) as the initiator. Of the three 

DESm, only that formed by LLA-VAL yielded polyesters with high molecular weights.  
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The obtained final product was PLLA and poly(δ-valerolactone) (PVAL) polymer blends, 

whose properties depended on the selection of the organocatalyst for LLA and the 

polymerization temperatures, including the controlled degradability under physiological 

conditions. 

3.2 Experimental section  

 

3.2.1 Materials  

δ-Valerolactone (VAL, ≥ 97.5%), L-lactide (LLA, 98%), 1,8-diazabicyclo [5.4.0] undec-7-ene 

(DBU, 98%), 1,5-diazabicyclo (4.3.0) non-5-ene (DBN, 99%), methanesulfonic acid (MSA, 

99.5%), benzyl alcohol (BnOH, 99%), δ-decalactone (DCL, ≥ 99%), and deuterated chloroform 

(CDCl3, 99.8 atom%) were obtained from Sigma‒Aldrich. ε-Caprolactone (CL, 97%) was 

obtained from Thermo Fisher Scientific. δ-hexalactone (HEXL, > 99.0%) was acquired from 

TCI Europe N.V. Absolute ethanol (EtOH, AR), methanol (MeOH, AR), and chloroform 

(CHCl3, > 98%) were purchased from Biosolve Chemicals. All materials were used without 

further purification. 

 

3.2.2 Eutectic mixture synthesis  

The eutectic mixtures (DESm) were prepared by mixing LLA with CL, VAL, HEXL, or DCL 

at different molar ratios (i.e., 20:80, 30:70, 40:60, and 50:50, LLA-lactone, respectively). The 

mixtures were heated at 90 °C until a clear homogeneous liquid was obtained. To refer to LLA-

lactone molar ratios, a subscript in each of the systems under study will be used, e.g., LLA30-

CL70 for a DESm composed of 30 mol ratio LLA and 70 mol ratio CL. 

The LLA30-CL70 eutectic mixture was subjected to 1H nuclear magnetic resonance (NMR) 

spectroscopy analysis Varian VXR Spectrometer at RT spectrometer, using a capillary tube 

with deuterium chloroform serving as an external reference, in order to characterize its 

properties. 
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3.2.3 Ring-Opening Polymerizations (ROP) of Eutectic Mixture 

The synthesis of polyesters was carried out by sequential ROP at 37 °C in bulk of DESm 

composed of LLA-CL, LLA-VAL and LLA-HEXL at a 30:70 molar ratio.  

 

A solution of DBU or DBN (organocatalyst, [CAT] = 2.9 wt%) and BnOH (initiator, [In] = 2.1 

wt with respect to DESm, in a proportion [CAT:In] = [1:1] mol%), both liquids at room 

temperature, was added to the DESm mixture with constant stirring. Subsequently, 3 wt% of 

MSA (co-organocatalyst) was added one minute after starting the reaction.  

 

The obtained polyesters were named PLLACAT-PY, where CAT = U for DBU or N for DBN 

was assigned to the organocatalyst used for the LLA ROP, and Y corresponded to CL or VAL, 

(see Table 1). Once the polymerization reached high conversions after 24 h, the polyesters 

obtained were purified by adding an ethanol excess at room temperature and washing 6 to 8 

times for each sample to completely remove the residual monomers and oligomers. The 

recovered solids were dried at room temperature (RT) for 24 h.  The overall conversion (Xoverall) 

was determined by gravimetry and 1H NMR. For the kinetics studies of DESm based on LLA-

CL and LLA-VAL, the samples were prepared in individual vials and were terminated at 

different times, and the Xoveral was calculated by gravimetry. The general procedure was the 

same as described above. The final products were dissolved in chloroform and subsequently 

precipitated in cold methanol (-4 °C). The solution was then centrifuged at 4 500 rpm for 10 

min. Finally, the precipitated product was separated by decantation. 

 

3.2.4 Characterization of DESm and polyesters  

1H NMR spectra were recorded at 600 MHz with a Varian VXR Spectrometer at RT using 

deuterium chloroform (CDCl3). 

 

Attenuated total reflection Fourier (ATR-FTIR) spectra were recorded on a Bruker VERTEX 

70 spectrometer equipped with a platinum-ATR diamond single reflection accessory. The 

measurement resolution was 1 cm-1, and spectra were collected in the range of 4 000 - 400 cm-

1. 
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Differential scanning calorimetry (DSC) measurements were carried out on a TA Instruments 

Q1000 DSC. The analysis method for DESm and polyesters obtained was performed on dry 

samples and with heating-cooling cycles.  

 

Scans for any DESm consisted of initial cooling from RT to -70 °C at a scan rate of 10 ºC min-

1, keeping it at that temperature for 5 min, afterwards the temperature was increased to 90 °C, 

and finally decreased again to RT at the same scan rate. The data was collected during the 

heating run and the first scan. For the thermal properties of the polyesters, the analysis consisted 

of a similar initial cooling from RT to -70 °C, again at a scan rate of 10 ºC min-1, holding them 

at that temperature for 5 min, then increasing the temperature to 220 °C, and finally cooling to 

RT at the same scan rate. 

 

The thermal stability and degradation behavior of the different samples were studied using 

thermogravimetric analysis (TGA) on a TA Instruments Discovery TGA 5500 by using an 

aluminum pan. Thermograms were recorded in the temperature range of 30 °C to 700 °C at a 

heating rate of 10 °C min−1 under a nitrogen atmosphere. 

 

The X-ray diffraction patterns (XRD) of powdered samples was carried out in a Bruker D8 

Advance diffractometer with Cu K radiation (λ = 0.1542 nm) in the angular range of 5 – 40° 

(2) at RT. 

 

The molecular weight distributions (Mw/Mn) were determined by size exclusion 

chromatography (SEC) equipped with a triple detector: Viscotek Ralls detector, Viscotek 

Viscosimeter model H502 and Schambeck RI2912 refractive index detector. The separation 

was carried out by two PLgel 5m MIXED-C and 300 mm columns from Agilent Technologies 

at 35 °C in THF (99% extra pure) stabilized with BHT as the eluent at a flow rate of 1.0 mL 

min-1. The data acquisition was processed by using Viscotek Omnisec software version 5.0. 
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DOSY (Diffusion Order Spectroscopy) data were acquired using the pulse program ledbpgp2s 

installed in the topspin 3.6.2 software from Bruker with 95 gradient levels with a linear increase 

from 2% to 95% using a gradient of strengths up to 54 G/cm and 8 transients. The diffusion 

delay (Δ) was 150 ms, and the length of the square diffusion encoding gradient pulse (δ) was 

0.6 ms. Laplace transformations for generating the diffusion dimensions were obtained with 

the Bruker Biospin Dynamics Center using a least-squares fitting routine with Monte Carlo 

error estimation analysis. 

 

The contact angle was recorded by OCA20 (Data physics). The measurements were performed 

on films prepared by solvent casting. The obtained polyesters were dispersed in CHCl3 and 

poured onto a glass plate, allowing the solvent to evaporate. 

 

3.3 Results and discussions  

3.3.1 DESm Synthesis and characterization of LLA-lactone DESm 

Polymerizable eutectic mixtures (DESm) composed of mixtures of LLA and lactones, namely, 

VAL, HEXL, DCL and CL (Figure 1), were prepared in different molar ratios, 20:80, 30:70, 

40:60, and 50:50 LLA-lactone, respectively, by heating the mixtures to 90 °C until transparent 

and homogeneous mixtures were obtained. The mixtures LLA30-VAL70, LLA30-HEXL70 and 

LLA30-CL70 remained liquid upon cooling to RT. The rest of the samples with different molar 

ratios presented crystallization or were not homogeneous (Figure 1 (a-c)). The thermal 

properties of the mixtures that remained stable and liquid at RT were further studied by 

differential scanning calorimetry (DSC). It is worth highlighting that the stability of these 

mixtures played a crucial role in obtaining the thermograms. 

 

DSC scans of DESm composed of LLA and VAL (Figure 2a) show Tm = -28.6 °C and Tm = -

29.1 °C for LLA30-VAL70 and LLA20-VAL80, respectively. The observed melting points were 

lower than those of their pure constituents (Tm = -13 °C and Tm = 98 °C for VAL and LLA, 

respectively). However, in the 20:80 molar ratio, an additional melting point at T =-25.7 °C 

was observed, which indicates a different component or phase out of the eutectic composition, 

as reported for other mixtures near the eutectic point.5,18 
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Figure 1. Chemical structures of LLA and lactones (upper panel) and their mixtures (DESm) used in 

this study: (a) LLA-VAL, (b) LLA-HEXL, and (c) LLA-DCL at different molar ratios.  

 

 

Figure 2. DSC scans for mixtures of a) LLA-VAL and b) LLA-HEXL at 20:80 and 30:70 molar ratios, 

respectively. 
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DSC results of LLA-HEXL mixtures are shown in Figure 2b, where a decrease in the melting 

point was observed for the LLA-HEXL DESm compared to the pure components. For the 

LLA30-HEXL70 mixture, only one melting point at Tm = -1.4 °C was detected, while for LLA20-

HEXL80, two endothermic peaks appeared at T = -10.45 and -4.05 °C. These melting points are 

below the ones of their original constituents (HEXL Tm = 31 °C, and LLA Tm = 98.3 °C), which 

again indicates the DESm formation. However, the presence of two thermal events in the 20:80 

mixture suggests that this mixture is not completely homogeneous and that other phases or 

components are present in excess.5,18  

 

From the DSC scan of the LLA and DCL mixture, no thermal transition could be observed due 

to the absence of any melting point under the conditions assayed (Figure 3). This can be 

explained by the steric hindrance and branching effects presented in the aliphatic moieties of 

DCL.  

 

Figure 3. DSC scans for mixtures of LLA30-DCL70 DESm 

The LLA30-VAL70 DESm was also analyzed by 1H NMR spectroscopy once the presence of a 

single melting point was verified by DSC. The spectrum in Figure 4a, revealed that the peaks 

assigned to Ha (δ = 5.05 ppm) and Hb (δ = 1.70 ppm) corresponding to the methine proton [–

CH–] and methyl group [–CH3] of pure LLA shifted to 5.11 and 1.55 ppm, respectively, in the 

formed eutectic mixture of LLA30-VAL70. Similarly, shifts in the signals were observed in the 

mixture LLA30- HEXL70 (Figure 4e). These shifts confirm the formation of the desired eutectic 

mixtures, as previously reported by Pérez-García et al., where similar peak shifts behavior of 

LLA30-CL70 DESm were observed.5  
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For instance, the methylene proton [–CH2–] (Hc) of pure VAL shifted from 4.36 to 4.27 ppm 

(Figure 4b), the methine proton [–CH–] (Hl) and methyl group [–CH2–] (Hi) of pure HEXL 

shifted from 4.46 to 4.36 ppm and 2.58 to 2.48 ppm, respectively (Figure 4d). 

 

 

Figure 4. 1H NMR spectra of pure components (a) LLA, (b)VAL, (d) HEXL and (c) LLA30-VAL70 and 

(e) LLA30-HEXL70 DESm.  

 

The LLA30-VAL70 and LLA20-VAL80 mixtures were also compared and studied by 1H NMR 

analysis (Figure 5a). A larger shift in the signals of groups [–CH–] (Ha) and [–CH3] (Hb) of 

LLA was observed in the 1H NMR spectra of the mixture at a 30:70 molar ratio because it 

establishes stronger interactions with VAL in comparison to the 20:80 molar composition. This 

is further supported by the DSC results, where a single melting point was observed for the 

mixture with 30:70 molar ratio, corresponding to the formation of the eutectic mixture (Figure 

2a). However, for the corresponding LLA-DCL mixture, only the LLA methine at 

approximately 5.05 ppm slightly shifted (see Figure 5b). 
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Figure 5. (a) 
1
H NMR spectra of pure LLA, VAL, and LLA20-VAL80 and LLA30-VAL70 DESm. (b) 

1
H 

NMR spectra of pure LLA, DCL, and LLA30-DCL70 DESm.  

To gain more understanding of the interactions between LLA and lactones, mixtures at a 30:70 

molar ratio that presented a single melting point by DSC were studied by ATR-FTIR.  
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These included mixtures of LLA-VAL, LLA-HEXL and the mixture of LLA-CL for 

comparison. In Figure 6, the ATR-FTIR spectrum of LLA30-VAL70 shows that the ester group 

peak of LLA shifted from 1756 to 1764 cm-1, and for VAL, it shifted from 1722 to 1724 cm-1 

and the relative intensity of the carboxylic group [–COO–] increased in the DESm form. This 

behavior suggests the establishment of hydrogen bond interactions between the [–COO–] 

group of VAL and the protons of [–CH– and –CH3] groups from LLA, which also support the 

shifts observed by 1H NMR. 

 

Figure 6. Normalized ATR-FTIR spectra for LLA30-VAL70 and LLA30-HEXL70 DESm  

The ATR-FTIR spectroscopy results of the other eutectic mixtures LLA30- HEXL70 and LLA30- 

DCL70 were also studied. In Figure 6, it is observed that the [–COO–] group of LLA shifted 

from 1756 cm-1 to 1765 cm-1 when mixed with HEXL, and from 1751 cm-1 to 1767 cm-1 when 

mixed with DCL (Figure 7a).  
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However, the [–COO–] groups of HEXL and DCL at 1723 and 1728 cm-1, respectively, did 

not show any shift in the mixtures, which points to weaker interactions with LLA in these 

mixtures. On the other hand, by comparing the relative intensity of the carbonyl group in HEXL 

and VAL when mixed with LLA in a 30:70 molar ratio, the increasing intensity when forming 

DESm was higher in VAL (Figure 7b).  

 

Figure 7. ATR-FTIR spectra from pure LLA (blue), (a) pure DCL (green), and LLA30-DCL70 DESm 

(pink). (b) Pure CL (yellow) and LLA30-CL70 DESm (red) (c) Relative intensity observed by ATR-FTIR 

spectra of LLA30-VAL70 and LLA30-HEXL70 DESm. 

 

The change in the carbonyl vibrations of the DESm constituents confirms hydrogen bonding 

as the origin of the interactions that formed them, which in turn caused the depression in the 

melting points of DESm compared with the melting temperature of their individual 

components.5 
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3.3.2 Ring opening polymerization of LLA- DESm 

LLA30-VAL70 and LLA30-HEXL70 eutectic mixtures were selected as DESm for 

polymerization. We followed the methodology described in our previous work with the DESm 

of LLA-CL at the same molar ratio.6 The overall reaction is depicted in Scheme 1. To ensure 

high conversions, the reaction was carried out for 24 h. Once the polymerization was 

completed, the purified products were studied by 1H NMR spectroscopy.  

 

The Xoverall was determined gravimetrically by dividing the final mass of polymers by the 

theoretical mass expected from the complete polymerization of the corresponding monomers. 

For LLA-VAL DESm, the conversion was approximately 84%, and for LLA-HEXL mixture, 

the conversion obtained was ca. 30%. See Table 1. 

 

Scheme 1. Sequential Ring-Opening Polymerization of the DESm composed of LLA and lactones (i.e., 

LLA30-VAL70 and LLA30-CL70) at 37 °C.  

The ROP of LLA in LLA-VAL DESm is selectively carried out when using DBU or DBN as 

the catalysts through a possible activation of both the alcohol and the monomer. Consequently, 

at the end of this stage, the PLLA chains were dispersed in the lactone, i.e., VAL was released 

from the liquid DESm as the LLA was consumed during ROP. Subsequently, MSA, as the 

second organocatalyst, was added to the reaction mixture and catalyzed the ROP of the 

remaining VAL.  

DESm LLA-Y

ROP at 37  C

[CAT + BnOH] 5% wt 
+

ROP at 37  C

[MSA] 3% wt 

Y = VAL (δ-Valerolactone)

Y = HEXL (δ-Hexalactone)

Y = CL (ε-Caprolactone)

Poly(PLLA)

Poly(PY)

+

INITIATOR CATALYST

DBN: 1,5-Diazabicyclo(4.3.0)non-5-eneDBU: 1,8-Diazabicyclo(5.4.0)undec-7-ene

MSA: Methanesulfonic acid

BnOH: Benzyl alcohol
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In this second step, the hydroxyl groups of the previously formed lactidyl or residual water 

acted as initiators. Finally, PLLA-PVAL was obtained as the product. The rate of 

polymerization depended on the first catalyst used: DBU or DBN, as will be explained later. 

Figure 8 shows a comparative 1H NMR spectra of the LLA30-VAL70 DESm and the polymers 

resulting from their ROP at 37 °C. The signals Ha (δ = 5.11 ppm) and Hb (δ = 1.55 ppm) 

corresponding to the methine [–CH–] and methyl group [–CH3] of the LLA monomer in the 

DESm shifted in the 1H NMR spectra of PLLA-PVAL (i.e., δHa’= 5.2 ppm and δHb’= 1.60 ppm), 

and Hh and Hf denote the terminal aromatic group of BnOH (δ = 7.34 ppm) and the terminal 

methine (δ = 4.37 ppm), respectively, of PLLA. This confirms that the catalysts (DBU and 

DBN) selectively polymerized LLA in the DESm (Figure 8a and b).  

 

Figure 8. 1H NMR spectra of the final product of the ROP of LLA30-VAL70 at 37 °C using (a) DBU and 

(b) DBN as the organocatalysts of PLLA, (c) LLA30-VAL70 DES mixture and the monomers (d) LLA, 

(e) VAL. 
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As shown in Figure 8(a-b), the ROP of LLA30-VAL70 using DBU and DBN as catalysts of 

PLLA was confirmed by 1H NMR analysis. However, different molecular weights calculated 

by NMR resulted from varying the initiator, being comparable to those reported in the 

literature.19 Additionally, in accordance with Perez-García,19 their molecular weights (Mn) of 

PLLA and PVAL were calculated as reported by Perez-García, using Equations (1) and (2), 

where MWLLA and MWVAL are the molecular weights of LLA and VAL, respectively. Mn and 

Xoverall are listed in Table 1. 

 

 

                                        (1) 

  

           (2) 

 

Table 1. The overall conversion (Xoverall) of PLLA-PY (Y = CL or VAL) and molecular weight 

(Mn) of the polyester obtained from ROP of LLA30-CL70 and LLA30-VAL70. 

 

Samplea CAT 
Temp. 

(o C) 

[CAT:In] 

(mol. ratio) 

Xoverall
 b 

(%)c 

Mn, PLLA
c 

(g mol-1) 

Mn, PY
c
 

(g mol-1) 

PLLAU-PCL DBU 37 1:1  91 2 001 3 402 

PLLAN-PCL DBN 37 1:1 90 1 879 3 332 

PLLAU-PVAL-60 

DBU 

60 1:1 91 2 257 5 810 

PLLAU-PVAL 37 1:1 85 1 850 3 181 

PLLAU-PVAL-1 37 1:0.5 91 3 848 4 788 

PLLAU-PVAL-0 37 1:0.25 91 4 951 4 152 

PLLAN-PVAL DBN 37 1:1 84 1 757 3 242 

a ROP of LLA30-VAL70 or LLA30-CL70 DESm was carried out using MSA as the second organocatalyst 

and BnOH as the initiator (In). The molar ratio of [CAT:In] and [MSA] represented 5 and 3 wt% to 

DESm, respectively. In all the entries ROP was performed at 37 ºC except for sample PLLAU-PVAL-

60.   

b Overall conversion was obtained by gravimetry.  c Mn obtained by 1H NMR. 
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Furthermore, as a result of MSA catalyzing the second ROP of VAL, the peaks of Hc (δ = 4.26 

ppm), Hd (δ = 2.56 ppm) and He (δ = 1.89 ppm) assigned to the [–CH2–] groups in the 1H NMR 

spectrum of VAL in the DESm also shifted in the 1H NMR spectra of the final product (i.e.,  

δHc’= 4.10 ppm, δHd’= 2.36 ppm and δHe’= 1.70 ppm). This confirms that MSA is a suitable 

organocatalyst for VAL ROP in the DESm (Figure 8). On the other hand, LLA-HEXL 

polymerization was carried out under the same conditions, but the signals corresponding to 

polymers were of very low intensity, corresponding to the low conversion obtained by 

gravimetry. Therefore, it was decided not to continue with the study of LLA-HEXL ROP 

(Figure 9). This indicates that the ROP of HEXL is not efficiently catalyzed by MSA and could 

be explained by the steric effects of the methyl moiety in the HEXL structure compared with 

VAL. Hence, we will focus on the ROP of the LLA30-VAL70 system, and a comparative study 

will be made with the previously reported LLA30-CL70 system.6 

 

Figure 9. 1H NMR spectra of LLA, HEXL, DESm and the ROP of LLA30-HEXL70 DESm at 37 °C 

using DBU/MSA as the catalyst and BnOH as the initiator. 
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3.3.3 Kinetics studies of LLA-CL and LLA-VAL by ROP at 37 °C varying the catalyst. 

To better understand the sequential ROP of the LLA-forming DESm with VAL and CL, the 

ROP kinetics of LLA30-VAL70 and LLA30-CL70 were comparatively studied. The Mn and 

Xoverall of PLLA and PCL were calculated as described above.6 The relationship between the 

conversion of LLA30-CL70 DESm and the polymerization time is shown in Figure 10a, where 

it is observed that Xoverall is close to 90%, being slightly higher when DBU is used as a catalyst. 

 

 

Figure 10. (a) Evolution of the conversion profiles, (b) linear fitting of Equation (3) and dependence 

of Mn versus Xoverall using (c) DBU and (d) DBN as organocatalysts of PLLA for the sequential ROP of 

LLA30-CL70 DESm at 37 °C. (Dashed lines denote tendencies, and solid lines are the linear regressions). 
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Figure 10b exhibits the semilogarithmic plot, ln([M]0/[M]) versus time, where [M]0 and [M] 

are the concentration of monomers at the initial time (t = 0) and at any time, respectively, 

showing that the polymerization of LLA30-CL70 follows three-stage kinetics, accounting for 

sequential polymerization. The first stage is observed almost instantaneously, reaching an 

Xoverall up to 25% in just one minute of reaction, which is attributed to the rapid and complete 

polymerization of PLLA (30% molar ratio of the LLA-CL DESm) catalyzed by DBU or DBN, 

as previously reported.20,21  

 

The second stage encompassing the ROP of CL becomes slower, following first-order kinetics 

in an interval of 10 to 200 min, associated with the slope of the curve corresponding to the 

initiation rate constant (kp,CL1
app). This stage can be considered an induction period, 

representing the existence of structural rearrangement processes due to the initiator forming 

the active sites in a system having PLLA chains in the media after the addition of MSA, 

suggesting that rearrangement of the reacting species is required (e.g., CL and MSA catalysts) 

before polymerization begins. Here, monomer molecules can access the active species without 

competition, which increases the rate of polymerization.22 

 

In the third stage, the increase in viscosity in the reaction medium induces an abrupt increase 

in Xoverall in the system, where the propagation and termination steps become diffusion 

controlled. This scenario is consistent with what has already been reported in the literature and 

results in a change in the slope of the last stage corresponding to the propagation velocity 

constant (kp,CL2
app) of the PCL.23,24  

 

The values kp,CL1
app and kp,CL2

app can be determined with the other parameters associated with 

Equation (3), where kp,Yi
app  (Y = CL or VAL, i = 1 or 2) corresponds to the term kp[I]0. Notably, 

no segregation of the final polymers is observed. The results are shown in Table 2. In the third 

stage, the increase in viscosity in the reaction medium induces an abrupt increase.  

 

(3) 
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Table 2. Estimation of kp,Y1
app  and kp,Y2

app for DESm of LLA30-CL70 and LLA30-VAL70 by 

ROP at 37 °C in bulk with a molar ratio [CAT]0:[In]0 = [1:1] and MSA as co-catalyst.a 

a The weight of MSA was 3 wt% with respect to the DESm. 

In the induction period of the second stage, it is evident that there is no significant difference 

in the value of kp,CL1
app  using either DBU or DBN, as these catalysts affect only the ROP of 

LLA, which formed rapidly during the first stage. However, the difference becomes present in 

the final stage of the CL propagation, since the value kp,CL2
app increases up to 4.5 times for the 

ROP where the previous LLA polymerization is catalyzed by DBU compared with the reaction 

catalyzed by DBN. However, it is worth mentioning that these polymerizations were carried 

out under the same conditions of [DESm]0:[CAT]0:[In]0, only changing the nature of the 

catalyst for LLA (DBU or DBN) and adding to both MSA as the catalyst for the ROP of CL. 

Therefore, the increase in kp,CL2
app  when DBU is used with respect to DBN is likely due to the 

type of polymers obtained at the end, a blend of homopolymers or a block copolymer, as 

follows. 

 

It was reported that the choice of organocatalyst for the ROP of the LLA30-CL70 DESm at 37 

°C is decisive to obtain a blend of PLLA and PCL homopolymers in the case of DBU or a 

PLLA-PCL block copolymer in the case of DBN.6 In the former case, PCL chains initiate with 

residual water and propagate independently of PLLA already formed, producing a blend of 

PLLA and PCL homopolymers. Conversely, in the latter case, PLLA chains serve as the 

macroinitiator of CL, yielding block copolymers with slower kinetics. Figure 10 (c-d) depicts 

the evolution of Mn versus Xoverall in LLA30-CL70 polymerization. As mentioned above, it is 

evident that the polymerization of PLLA in the first reaction times is faster, almost immediately 

reaching Mn ≈ 2 000 g mol-1 with an Xoverall = 25% and remaining constant throughout the 

reaction when DBU is used as catalyst.  

 LLA30-CL70 LLA30-VAL70 

[CAT] kp, CL1
app 

(s-1) 

kp, CL2
app 

(s-1) 
kp, VAL1

app 

 (s-1) 

kp, VAL2
app 

 (s-1) 

DBU 2.23 × 10-5 1.58 × 10-4 1.82 × 10-4 1.62 × 10-6 

DBN 1.50 × 10-5 8.70 × 10-5 2.12 × 10-4 9.30 × 10-7 
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When using DBN, the Xoverall of PLLA increases discreetly linearly between 20 and 25% of Mn 

until reaching 2 000 g mol-1, remaining constant throughout the conversion profile (Figure 

10d).  The Mn of PCL increases with respect to Xoverall of the system, indicating the growth of 

the polymer chain, continuously forming PCL and reaching a Mn ≈ 3 000 g mol-1, irrespective 

of the organocatalyst employed for the ROP of LLA. However, some kinetics differences are 

noticed in both cases, attributed to the formation of blends of homopolymers or block 

copolymers, as discussed above. Kinetic studies of the ROP of LLA30-VAL70 were also carried 

out under the same conditions as LLA30-CL70. The Xoverall of monomers was monitored by 

gravimetry, and Figure 11a shows that the conversion reached approximately 80%, however, 

showing no significant difference in their behavior when using DBU or DBN as the catalyst.  

 

Figure 11. (a) Evolution of the conversion profiles, (b) linear fitting of Equation (3) and dependence 

of Mn versus Xoverall using (c) DBU and (d) DBN as organocatalysts of PLLA for the sequential ROP 

of LLA30-VAL70 DESm at 37 °C. (Dashed lines denote tendencies, and solid lines are the linear 

regressions). 
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Table 2 shows the values of kp,VAL1
app and kp,VAL2

app during the sequential ROP of LLA30-

VAL70. These were obtained by adjusting the first-order kinetic data according to Equation 

(3) in an interval of 10 to 150 min (kp,VAL1
app) , i.e., after the first ROP of LLA is completed. 

Figure 11a shows that the polymerization is inhibited during the rest of the reaction after 150 

min, since the evolution of the polymerization rate presents a constant behavior and the 

estimated values for kp,VAL2
app are extremely small, irrespective of using DBU or DBN as the 

catalyst (on the order of 10-6 s-1); the opposite behavior is observed when performing the ROP 

of LLA30-CL70 under the same conditions. In addition, the comparative of Figures 11b and 

10b confirms that the polymerization of LLA30-VAL70 is much faster than that of LLA30-CL70. 

This is in agreement with results reported in the literature about these ROP in solution.13,25–27 

 

In Figures 11 (c-d), the evolution of Mn in the LLA30-VAL70 conversion was followed, varying 

the type of catalyst for the ROP of LLA, observing that in both systems, LLA reached Xoverall 

= 30%, generating initial PLLA chains embedded in liquid VAL. However, VAL, unlike CL, 

begins to add in low proportions under a linear behavior in conversions from 30 to 80%, when 

DBU is used as the catalyst, and up to 60% when DBN is used. At conversions higher than 

60%, the viscosity of the medium increases, thus favoring the polymerization of VAL, reaching 

Mn ≈ 3 000 g mol-1. 

 

3.3.4 Thermal properties and crystallinity of PLLA-PCL and PLLA-PVAL 

The mole fraction of monomers (FPLLA:FY, Y = CL or VAL) in the polymers resulting from the 

ROP of LLA30-CL70 and LLA30-VAL70 was determined from 1H NMR spectra after removal 

of oligomers and residual monomers by the purification step. The mole fraction (FPLLA:FY) of 

homopolymer composition of PLLA-PCL and PLLA-PVAL at the end of the polymerization, 

47:53 and 45:55, respectively, differed with respect to the initial molar composition (fLLA:fY), 

30:70 LLA-lactone. This means that oligomers of PVAL or PCL and residual monomers of 

VAL and CL were removed from the final product during the purification process. Figure 12 

shows the SEC results and the elution of the PLLAU-PCL sample before and after the 

purification step.  
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Figure 12. SEC traces of the sample PLLAU-PCL before (dark blue) and after (light blue) the 

purification step. 

 

The first bimodal peak at low retention volume corresponds to the PCL and PLLA blend, while 

the peak at higher retention volume corresponded to PCL oligomers. The decreased intensity 

of the oligomer peak after purification indicates the successful removal of oligomers. The 

thermal properties of the obtained polyesters were studied by DSC. Figure 13 shows the 

thermograms for the samples listed in Table 3. The first endothermic peaks at 61 °C and 57 °C 

correspond to the melting point (Tm) of PCL (Tm = 62 °C)28 and PVAL (Tm = 58 °C),29 and the 

second endothermal peaks corresponded to the Tm of PLLA, which was found between 122.2 

and 133.5 °C. The crystallinity (Xc) of the final polyester was calculated by Equation (4). 

 

0

100
a

m
c a

H
X

x H

 
=  

 
 (4) 

 

where Xc and xa denote the degree of crystallinity and mass fraction of component a, 

respectively, in the eutectic mixture. ΔHm
a and ΔH0 correspond to the experimental melting 

enthalpy of component a (obtained by DSC) and the theoretical value with 100% crystallinity 

(ΔH0,PVAL=182 g mol-1, ΔH0,PCL=135.44 g mol-1, ΔH0,PLLA=106 g mol-1,respectively).5,30 

 

Elution time (min)
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Figure 13. DSC scans of the final product of the ROP of LLA30-CL70 and LLA30-VAL70 at 37 °C using 

DBN (for PLLAN-PCL and PLLAN-PVAL) and DBU (for PLLAU-PCL and PLLAU-PVAL) as the 

organocatalysts of PLLA.  

Table 3. Mole fraction of polymers (Fi, i = PLLA, PCL or PVAL and thermal properties of the 

polyester obtained from the ROP of LLA30-CL70 and LLA30-VAL70. 

Samplea 
[CAT:In] 

(mol ratio) 

FPLLA:FY b  

(mol %) 

Tm, PLLA
 c 

(ºC) 

Tm, Y  c 

(ºC) 

Xc, PLLA  c 

(%) 

Xc, Y
 c 

(%) 

PLLAU-PCL 1:1  45:55 133 61 35 73 

PLLAN-PCL 1:1 45:55 125 61 38 73 

PLLAU-PVAL-60 1:1 46:54 127 56 36 35 

PLLAU-PVAL 1:1 47:53 131 57 34 69 

PLLAU-PVAL-1 1:0.5 47:53 121 56 39 47 

PLLAU-PVAL-0 1:0.25 47:53 128 60 36 50 

PLLAN-PVAL 1:1 47:53 122 56 44 70 

a ROP of LLA30-VAL70 or LLA30-CL70 DESm was carried out using MSA as the second organocatalyst 

and BnOH as the initiator. The molar ratio of [CAT:In] and [MSA represented 5 and 3 wt% to the 

DESm, respectively. In all the entries ROP was performed at 37 ºC except for sample PLLAU-PVAL-

60. b The mole fraction of monomers (FPLLA;FY) was obtained by 1H NMR.c Thermal properties 

calculated by DSC. 
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The Tm and Xc of the PLLA-PVAL and PLLA-PCL in the polymer varying the DBU or DBN 

as catalyst are shown in Figure 14. Figure 14a shows that the crystallinity of the resulting 

PLLA is slightly favored when using DBN for the ROP of LLA30-CL70, being greater for the 

ROP of LLA30-VAL70. 

 

It is important to mention that regardless of the type of catalyst used, DBU or DBN, there is no 

significant difference when comparing the Tm values for the final polyesters (Figure 14 blue 

and purple solid and dotted bars). 

 

 

Figure 14. Melting point (Tm, blue and purple bars) and crystallinity (Xc, green and orange bars) of (a) 

PLLA-PCL and (b) PLLA-PVAL in the polymer blends varying the use of DBU (solid line bars) or 

DBN (dashed lines bars) as the catalyst. 

 

As discussed previously, although the polymerization of LLA in both systems (PLLAU-PCL 

and PLLAN-PCL) reached complete conversions within minutes, slightly lower kinetics in the 

case of DBN may have allowed the rearrangement of PLLA chains and thus increased its 

crystallinity (see Figure 10d). PCL and PVAL exhibit higher crystallinity than PLLA. 

Furthermore, the lower rate of polymerization of CL compared to VAL in the mixtures with 

LLA did not significantly affect the crystallinity of the corresponding PCL and PVAL (Xc ≈ 

73% and Xc = 70%, respectively). 
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The Tm of PLLA of all samples are significantly lower than the Tm of PLLA synthesized via 

conventional methods (Tm ≈ 176 °C);32 this could be associated with a diluent effect of PVAL 

or PCL embedded in the crystalline regions of PLLA, either as blends or forming block 

copolymers, thus resulting in materials with lower Tm. In general, PVAL has a lower melting 

point than PCL, and as expected, PVAL polymerized in the presence of PLLA also exhibits a 

lower Tm than PCL polymerized under similar conditions.33 Similarly, PLLA synthesized using 

DBN as the organocatalyst and PLLAN-PCL or PLLAN-PVAL possess a lower Tm compared 

with those obtained with DBU. 

 

These obtained polyesters presented semicrystalline behavior by X-ray diffraction, showing 

the characteristic peaks of PLLA at 2θ values of 16 and 19°, PCL at 21.4 and 23.8°, and PVAL 

at 21.7 and 24.11° (Figure 15).31 

 

 

Figure 15. XRD scans of the final product of the ROP of LLA30-CL70 and LLA30-VAL70 at 37 °C using 

(c) DBN and (d) DBU as the organocatalysts of PLLA. 
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The effect of the variation in the molar ratio of BnOH and the reaction temperature on thermal 

properties and crystallinity of final products, are shown in Figure 16. The Tm of PLLAU and 

PVAL remained nearly unchanged when decreasing the molar ratio of initiator (1 to 0.25) 

(Figure 16a), being ca. 130 and 57 °C, respectively. However, the molar ratio of BnOH with 

respect to DBU has a direct impact on the Xc of PVAL, for instance, reaching a maximum of 

69% at higher concentrations. This corresponds to the fact that Mn of PLLA is ca. of 1 850 g 

mol-1 with a higher proportion of initiator, which allows the polymeric chains with low Mn to 

form crystalline domains more easily. 

 

 

Figure 16. Thermal properties of PLLAU-PVAL in the polymer blend varying (a) molar ratio of BnOH 

in [DBU:BnOH]=[1: BnOH] and (b) temperature. (Tm, blue and purple bars) and crystallinity (Xc, red 

and pink bars). 
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On the other hand, Figure 16b, shows that the increasing of the reaction temperature from 37 

to 60 °C, do not have a noticeable effect on the Tm and Xc of PLLAU remaining both unchanged 

(Tm = 128 °C and Xc = 35), while for PVAL, the Xc is higher when the ROP is carried out at 37 

°C. These results agree with the Mn values of polyesters obtained at the same temperatures 

(Figure 17), being lower at 60 ºC than at 37 ºC, since lower temperature allows the polymeric 

chains to better reorganize into highly crystalline domains. 

 

 

Figure 17. Mn of PLLAU-PVAL in the polymer blends varying (a) molar ratio of BnOH in 

[DBU:BnOH]=[1: BnOH] and (b) temperature of the ROP. 

 

3.3.5 Polymers architecture 

To obtain deeper insights into the final product composition, PLLAU-PVAL and PLLAN-PVAL 

were analyzed by 1H NMR diffusion-ordered spectroscopy (DOSY). Figure 18a shows a broad 

distribution of coefficients in the DOSY spectrum of polyester PLLAU-PVAL. The higher 

diffusion coefficient corresponded to heavier species, consistent with PVAL, and the lower 

diffusion coefficient corresponded to PLLA.  
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The signals of each species were compared with the upper axis representing the corresponding 

1H NMR spectrum. These results show that the Mn of PVAL was higher than that of PLLA, as 

observed by the Mn calculation obtained from 1H NMR (see Table 1 and Figure 18). 

Additionally, the signals of terminal OH-containing groups [–CH–] (Hf) and [–CH2–] (Hg) 

identified in the 1H NMR spectra of PLLACAT-PVAL, do not show any changes in their 

chemical shift neither their intensity along the ROP (Figure 8), which confirmed that both 

PLLA and PVAL exist as independent homopolymers in a polymer blend. 

 

Figure 18. DOSY spectra of (a) PLLAU-PVAL and (b) PLLAN-PVAL in CDCl3. The diffusion 

coefficient DM (m 2/s) is indicated for each component. 
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Conversely, in the case of sample PLLAN-PVAL (Figure 18b), a narrower set of diffusion 

coefficients were observed, which can be mainly attributed to the presence of a block 

copolymer of poly(PLLAN-b-PVAL), but other species cannot be ruled out. These results 

suggest the successful synthesis of poly(PLLA-b-PVAL) from the ROP of VAL based DESm, 

where the initial hydroxyl-terminated PLLA homopolymer acts as the macroinitiator for the 

subsequent ROP of VAL catalyzed by MSA. Nevertheless, compared with the results of 

poly(PLLA-b-PCL)6, here, the distribution of the diffusion coefficients in Figure 18b is broad 

and presents a small shoulder. This is consistent with a polymer mixture of block copolymers 

and homopolymers, as the presence of the terminal Hf in the 1H NMR of PLLA suggests in 

Figure 8. 

 

Size-exclusion chromatography (SEC) measurements were conducted to analyze the polyesters 

listed in Table 1. Figure 19 shows bimodal peaks at low elution times (13-16 min) 

corresponding to PCL with higher molecular weight, and PLLA with lower molecular weight, 

in PLLAU-PCL and PLLAN-PCL. Similarly, peaks of PVAL and PLLA are observed in 

PLLAU-PVAL and PLLAN-PVAL. These results are in line with the Mn obtained by 1H NMR 

spectroscopy (Table 1). It is important to mention that the distribution of peaks is independent 

of the polymer architecture (homopolymers and block copolymers), and the differences 

between Mn and Mw were attributed to the change in the hydrodynamic volume. 

 

 

Figure 19. SEC scans of final product of the ROP of LLA30-CL70 and LLA30-VAL70 at 37 °C using DBN 

and DBU as the organocatalysts of PLLA. 
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To demonstrate differences in samples mainly composed of homopolymers or block 

copolymers, a solubility test of the polyesters PLLAU-PVAL and PLLAN-PVAL was 

performed in THF at -4 °C, with a concentration of the polyesters of 0.55 g mL-1. The 

insolubility of PLLA in THF under cold conditions was considerably improved with the PVAL 

counterpart presented in sample PLLAN-PVAL, which contains block-copolymers. Therefore, 

a stable and clear solution was observed. Conversely, the scant solubility of PLLAU in PLLAU-

PVAL led to gelled solutions in THF at -4 °C (see Figure 20), as direct consequence of the 

presence of individual homopolymers (i.e., PLLA and PVAL) in the polyester, forming a 

heterogeneous mixture. 

 

Figure 20. Photographs of PLLAN-PVAL (left) and PLLAU-PVAL (right) solutions in tetrahydrofuran 

at -4 °C. 

 

3.3.6 Thermal stability 

 

The thermal stability and thermal degradation of the polyesters were studied by TGA. The 

PLLAU-PCL and PLLAU-PVAL samples, mainly composed of homopolymer blends, showed 

two thermal degradation (Td) steps. The first degradation occurred at Td ≈ 327 °C and Td ≈ 307 

°C with mass losses of approximately ca. 22% and 37%, for the polymers containing PCL and 

PVAL, respectively. They were attributed to PLLA degradation (with a previously reported Td 

of about 365 °C),34 being PLLA approximately 30 mol% of the final composition of the 

polymer blend), The second step of degradation occurred between Td ≈ 395 - 425 °C, 

temperatures at which decomposition of PVAL and PCL occur in accordance with the values 

reported, Td ≈ 410 and 520 °C, respectively 29,34.  
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This evidence indicates that PLLAU-PVAL and PLLAU-PCL were composed of blends of 

homopolymers. Conversely, the samples polymerized with DBN (PLLAN-PCL and PLLAN-

PVAL) showed one main step of degradation denoting higher thermostability. At temperatures 

of approximately 330 °C, mass losses of 7 and 10% occurred in PLLAN-PCL and PLLAN-

PVAL, respectively, which are lower than those in the PLLAU-PCL and PLLAU-PVAL 

samples due to the presence of block copolymers (Figure 21). 

 

Figure 21. TGA curves of final product of the ROP of LLA30-CL70 and LLA30-VAL70 at 37 °C using 

DBN and DBU as the organocatalysts of PLLA.  

 

3.3.7 Degradability test and contact angle. 

The design of polyesters with rapid and controllable degradation can benefit from polyesters 

with low Mn, between 2 000 and 3 000 g mol-1, such as those in this work obtained from the 

ROP of DESm at 37 °C. These polymerizations were carried out at a low temperature, 

excluding metal catalysts and organic solvents, which opens the possibility for applications in 

biomedical areas exploiting the green credential of the synthesis. Degradation of polyesters 

such as PLLA and PVAL occurs through two stages by surface or bulk degradation 

mechanisms and is autocatalyzed by acidic byproducts that are produced by chain hydrolytic 

incision.35 
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Parameters such as crystallinity, molecular weight and molecular architecture all play 

important roles in the degradation performance, where water diffusion is restricted in highly 

crystalline polyesters, thus decreasing the degradation rate.35 Figure 22a shows the mass loss 

degradation profile for PLLAU-PVAL and PLLAN-PVAL in phosphate buffer solution (PBS) 

solution with pH = 7.4 at 37 °C, being the mass losses after 28 days of ca. 50 and 55%, 

respectively. The higher crystallinity of PLLAU-PVAL resulted in a lower mass loss.  

 

Figure 22. (a) Mass loss (wt%) profile degradation of the samples after 28 days at 37 °C and (b) water 

contact angle of final product of the ROP of LLA30-CL70 and LLA30-VAL70 at 37 °C using DBN and 

DBU as the organocatalysts of PLLA. 

 

Early degradation was reported to take place on the surface,35 as could be observed in the 

PLLAN-PVAL sample in Figure 23, where after 28 days, the diameter decreased as well as the 

pH of the solution from 7.4 to 2.8 due to the acidic nature of the released byproducts of 

degradation. The degradation characteristics of polyesters could be applied in areas that require 

short-term degradation profiles in acidic media, such as drug delivery systems or the release of 

special cargos in the agroindustry.31,33,36–39  

 

Figure 22b shows the water contact angle of the polyesters obtained from ROP of LLA30-

VAL70 at 37 °C using DBN and DBU compared with their counterparts having PCL (LLA30-

CL70). The contact angle was approximately 70° in all the samples, i.e., slightly hydrophobic, 

as expected.38,40–42 The water contact angle obtained for the PLLAU-PCL sample was 71°, and 

for PLLAU-PVAL, it was 68°.  
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A slightly decreased contact angle indicates reduced hydrophobicity, in agreement with data 

reported for PVAL, being comparatively less hydrophobic than PLLA-PCL.37 In general, 

hydrophobicity decreases the water permeability in both polycaprolactone and 

polyvalerolactone, which reduces degradation by erosion. 

 

Figure 23. Profile degradation of PLLAN-PVAL and PLLAU-PVAL after 28 days at 37 ºC (a) sample 

before and (b) after degradation test. At pH values (2.8) of final PBS solution (initial pH=7.4). 

3.4 Conclusions 

 

In this work, we successfully obtained binary DESm composed of LLA with lactones, such as 

δ-valerolactone and δ-hexalactone, at a 30:70 molar ratio. Sequential ROP of the DESm at low 

temperatures in solventless conditions involved two steps. In the first step, the organocatalys 

(DBU or DBN) allowed the ROP of LLA contained in the DESm, with BnOH as the initiator. 

In the second step, lactone ROP (VAL or HEXL) was carried out by adding a second 

organocatalyst (MSA). Notably, a high conversion (ca. 80%) was only reached in the ROP of 

the LLA and VAL mixture, resulting in homopolymers and copolymer blends composed of 

PLLA and PVAL with high crystallinity. 



113 

 

The kinetics of the ROP of the LLA30-VAL70 DESm comprise three stages; the first stage is 

attributed to the almost instantaneous polymerization of LLA, while the second and third stages 

include the induction and propagation periods of VAL. Contrary to the polymerization rate of 

LLA in CL, different amidine organocatalysts (DBU or DBN) did not affect the VAL rate in 

the LLA30-VAL70 DESm, and both reached similar rates Mn. Nevertheless, properties such as 

thermal stability, diffusion coefficients of the polymeric species (by DOSY NMR) or solubility 

differed in the final polyesters, which reflects the different architectures achieved, e.g., mainly 

block copolymers in the case of PLLAN-PVAL or homopolymer blends in PLLAU-PVAL. 

These results point to a major effect of the organocatalyst employed for LLA polymerization, 

proving decisive for the final architecture of subsequent ROP of VAL, either PLLA functioning 

as a macroinitiator for PVAL blocks or as a mere spectator of the VAL ROP. 

 

Thermal properties and crystallinity of the PLLAN-PVAL and PLLAU-PVAL are in accord 

with their overall architecture, being the PLLAN Tm higher than PLLAU, and in the case of 

PVAL, the Mn and Xc remain constant, either when there is PLLAN or PLLAU in the second 

stage of polymerization. The effect of the initiator concentration on the Mn of PLLA was as 

expected in the LLA30-VAL70 DESm, i.e., the lower the initiator the higher the Mn. On the 

other hand, the increase of the ROP temperature led to lower crystallinity on PVAL and higher 

Mn in both PLLA and PVAL.  

 

In summary, the ROP of DESm composed of LLA and VAL was carried out excluding metal 

catalysts and organic solvents under mild temperature conditions and unsophisticated 

atmospheres, thereby underscoring the green credentials of the processes. These findings pave 

the way for the design of polyesters with rapid and controllable degradation, potentially 

applicable to biomedical devices. 
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CHAPTER 4 

Ring-opening polymerization of emulsion-templated 

deep-eutectic system monomers for macroporous 

polyesters with controlled degradability as crude oils 

sorbents 

Macroporous, interconnected, and biodegradable polyesters, such as poly(L-lactide) (PLLA) 

and poly(ε-caprolactone) (PCL) have become central materials in tissue engineering and 

separation fields. This study introduces functional macroinitiators, namely polycaprolactone 

triol (PCLT) and polyethylene glycol (PEG), in the ring-opening polymerization (ROP) of a 

deep eutectic system monomer (DESm) composed of LLA and CL at a 30:70 molar ratio. The 

macroinitiators selectively initiate the ROP of LLA in the first step of polymerization and 

modify the PLLA architecture, resulting in branched PCLT-b-PLLA or a linear copolymer 

depending on the macroinitiator PCLT and PEG, respectively. Subsequently, the CL 

counterpart in the DESm undergoes polymerization to produce PCL, which is then blended 

with the previously obtained products from the first step. The insights gained into the PLLA 

architecture during the first stage of the DESm ROP, along with the overall molecular weight 

and hydrophobicity of the resulting PLLA and PCL blends in bulk, were used advantageously 

to design polymerizable high internal phase emulsions (HIPEs) oil-in-DESm. The liquid nature 

of the DESm and macroinitiators (PCLT or PEG) enabled the formulation of stable HIPEs that 

sustained the efficient organocatalyzed ROP of the continuous phase at 37 °C with high 

conversions. The resulting macroporous and interconnected polymer replicas of the HIPEs 

were subjected to a degradation assay in PBS at pH 7.4 and 37 °C and remained mechanically 

stable for at least 30 days. Interestingly, they demonstrate the ability to sorb crude oil in an 

adsorption proof-of concept, with a rate of 2 g g-1. The interconnected and macroporous 

structures of the polyHIPEs, combined with their inherent degradation properties, render them 

suitable degradable polymeric sorbents for the efficient separation of hydrophobic fluids from 

water. 

 

This Chapter was submitted.  
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4.1 Introduction 

 

Crude oil spills have detrimental effects on numerous ecosystems.1–3 When an oil spill occurs 

in the ocean, wind and currents cause it to spread, resulting in an expanded affected area. The 

damage includes accumulation and sedimentation of the oil, leading to severe environmental 

and health consequences.4–6. Removing the crude oil from the water poses a significant 

challenge, prompting the proposal of various physical, mechanical, chemical, and 

microbiological methods to address the problem.6–10  

 

The complexity of oil spills means complete elimination unachievable through a single method 

or technology, as each approach has inherent limitations in terms of its effectiveness. Often, a 

combination of several methods is employed to tackle the overall issues of oil spills.6,10 The 

development of non-toxic and biodegradable materials with advantageous shape-size and 

mechanical properties is crucial for effective oil spill treatment. These materials serve as 

alternatives for environmentally sustainable oil disposal, addressing the key challenge of 

finding suitable solutions.6  

 

Recently, materials such as aerogels, permeable foams, or bio-based fibrous materials have 

been proposed as effective sorbent for removing oil from water.6,11 While some of these 

materials are biodegradable and non-toxic, there are still limitations regarding their production 

cost and scalability. In most cases, functionalization of their large surface area is necessary to 

achieve satisfactory performance.6,12 Therefore, research efforts have focused on engineering 

the large surface area and interconnected pores in these materials, as oil molecules are absorbed 

through capillarity, diffuse into the pores, and accumulate and attach to the sorbent surface. 

This sorption phenomenon is attributed to non-covalent and van der Waals interactions.11,13 

Porous polymers with a high surface represent a suitable option for separation processes, 

particularly if they are biodegradable.6,14 In the broader context of oil spills, biodegradable 

porous polymers offer a solution to the issue of secondary contamination caused by sorbents. 

The surface area, interconnections, morphologies, and pore sizes of these materials can be 

modified depending on the chosen preparation methods.15,16  
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One such method for producing porous polymer materials is emulsion templating, which offer 

the advantage of designing specific surface areas and controlling the interconnectivity of the 

pores.15 Common approaches to producing these materials involve designing high internal 

phase emulsion (HIPEs), which are subsequently polymerized. HIPEs consist of densely 

packed droplets of an internal phase that act as a template, stabilized by surfactants, and 

separated by a thin layer of continuous phase containing monomers.14,16,17 Polyesters, such as 

polycaprolactone (PCL) and poly(L-lactide) (PLLA), are widely recognized as important 

polymers due to their cleavable bonds through hydrolysis.18,19 However, synthesizing 

biodegradable porous polyesters in the form of polyHIPEs through ring opening 

polymerization (ROP) under mild conditions presents challenges. The conventional synthesis 

methods for these polyesters typically require high temperatures and low pressures.18 To 

address this, recent studies have focused on introducing deep eutectic systems monomers 

(DESm) composed of L-lactide and ε-caprolactone as the polymerizable continuous phase of 

non-aqueous HIPEs. The main challenge lies in controlling the properties of the polyesters to 

achieve polyHIPEs with tunable biodegradability, morphology, and mechanical properties. 

 

In this study, we investigate the incorporation of macroinitiators in the ROP of a DESm 

composed of L-lactide and -caprolactone to improve the properties of the resulting polyesters, 

which can be translated into the preparation of polyHIPEs. The macroinitiators selectively 

initiate the ROP of LLA in the first polymerization stage, yielding branched PCLT-b-PLLA or 

a linear PEG-b-PLLA copolymers, depending on the macroinitiator used (PCLT and PEG, 

respectively). Blending the PCL, which were produced in the second stage of the ROP, with 

the branched PCLT-b-PLLA or linear PEG-b-PLLA copolymers, allows for the fine tuning of 

hydrophobicity and thermal properties both in bulk and in polyHIPE, thereby improving the 

overall performance of PLLA/PCL polyHIPEs as crude oil sorbent. The resulting polyesters, 

which contain branched PCLT-b-PLLA or linear PEG-b-PLLA copolymers and PCL, exhibit 

structural stability in PBS solution at pH 7.4 and 37 °C for 30 days and effectively sorb crude 

oil without collapsing. Due to their high macroporosity, interconnected morphology, 

compostability, absence of metal-based catalyst, and low polymerization temperature during 

their preparation, polyester-based polyHIPEs represent a promising class of biodegradable 

macroporous materials for separation processes in crude oil spill treatments.6  
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 4.2 Experimental section  

4.2.1 Materials  

L-lactide (LLA, 98%), 1,8-diazabicyclo [5.4.0] undec-7-ene (DBU, 98%), Polyethylene Glycol 

Diol (PEG, Mn = 6 000 g mol-1), methanesulfonic acid (MSA, 99.5%), Polycaprolactone triol 

(PCLT, Mn ≈ 900 g mol-1) and Pluronic® F-127 [poly(ethylene oxide)-b-poly(propylene oxide)-

b-polyethylene oxide) triblock copolymer, Mn ≈ 12 600 g mol-1] were obtained from Sigma-

Aldrich. ε-Caprolactone (CL, 97%) was obtained from Thermo Fisher Scientific. Tetradecane 

(> 99.0 %) was acquired from TCI Europe N.V. Absolute ethanol (EtOH, AR), Methanol 

(MeOH, AR), and Chloroform (CHCl3, > 98%) were purchased from Biosolve Chemicals. n-

Hexane (> 99.0 %) was obtained from Macron Fine Chemicals. All materials were used without 

further purification. Sweet crude oil (< 0,5% sulfur) of the Rotterdam field was provided by 

Nederlandse Aardolie Maatschappij (NAM). 

  

4.2.2 Methods 

4.2.2.1 Deep eutectic system monomer (DESm) synthesis 

The deep eutectic system monomer (DESm) was prepared by mixing LLA with CL at 30:70 

molar ratio at 90 °C to obtain a clear and homogeneous liquid, following the methodology 

reported in literature.18 To refer to DESm composed of 30:70 mol% LLA-CL, respectively, 

will be use the nomenclature LLA30-CL70. 

  

4.2.2.2 Synthesis of PLLA and PCL polymers blend 

PLLA and PCL blends were obtained by the sequential ROP at 37 °C in bulk of the DESm 

LLA30-CL70, using DBU and MSA as organocatalysts and benzyl alcohol (BnOH) as initiator.18 

The final polyesters were named PLLA/PCL. The same method was used to obtain PLLA 

homopolymer by terminating the reaction at one minute.19 After that, the samples were 

dissolved in chloroform and immediately precipitated in cold methanol. In the next step, the 

sample was centrifuged at 4 500 rpm for 10 min, and the precipitate was dried. Finally, the 

resulting product was labeled as PLLA, with an approximate molecular weight of 1 800 g mol-

1. 
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4.2.2.3 Synthesis of polyesters of PLLA and PCL varying the macroinitiator 

The synthesis of polyesters was carried out by sequential ROP at 37 °C in bulk of LLA30-CL70 

DESm using two macroinitiators: polycaprolactone triol (PCLT) and polyethylene glycol 

(PEG). Then following the methodology reported in literature,18 LLA30-CL70 DEsm was heated 

at 60 °C with constant stirring by mixing for 10 min, which contained the macroinitiator, then 

the first organocatalyst (DBU) was added (1.0 wt% and 2.92 wt% with respect to the DESm, 

respectively). Subsequently, after 1 min, MSA (second organocatalyst, 3 wt% with respect to 

the DESm) was added to start the ROP of PCL. When PCLT was used as the macroinitiator, 

the resulting polyesters were designated as branched PCLT-b-PLLA/PCL, whereas the use of 

PEG as the macroinitiator led to the formation of linear PEG-b-PLLA/PCL polyesters. 

 

After 24 h. of polymerization, the polyesters obtained were purified with an excess of ethanol 

3 to 5 times for each sample to remove all residual monomers and oligomers. The solid 

polyesters were dried at room temperature (RT) for 24 h. The experimental conversion (Xexp) 

was determined by gravimetry, that is, the ratio between the final mass of the polymer and the 

initial mass of monomers.  

 

Kinetics studies of branched PCLT-b-PLLA/PCL and linear PEG-b-PLLA/PCL were prepared 

in individual vials and were terminated at different times to analyze the time-dependent 

polymerization. 

 

4.2.2.4 Preparation of High-Internal-Phase-Emulsions (HIPEs) 

The continuous phase of HIPEs was prepared by adding PCLT or PEG at 1 wt% with respect 

to LLA30-CL70 DESm and heated to 60 °C for 10 min and cooled down to RT. Afterwards, the 

surfactant Pluronic F-127 was added at 10 wt% with respect to HIPEs.  

 

The HIPEs were prepared by gradually adding tetradecane dropwise to the dispersed phase 

with stirring, which accounted for 80 vol% of the solution consisting of a mixture of DESm-

initiator-Pluronic® F-127, (the continuous phase was 20 %vol) in a 10 ml glass vial at 25 °C 

with constant agitation at 2 500 rpm until a white homogeneous emulsion was obtained. 
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4.2.2.5 Production of macroporous polyesters (polyHIPES) 

The monoliths were synthesized by the ROP of the HIPE continuous phase with DBU (2.92 

wt% respect to the DESm) as organocatalyst. The solution was kept under constant stirring for 

one minute, and the second catalyst MSA (3 wt% with respect to the DESm) was added. HIPEs 

were homogenized by vortexing for 2 min. ROP was carried out for 24 hours at 37 °C. After 

polymerization, polyHIPEs (pHIPES) were purified with an excess of n-hexane, for 12 h to 

remove the oil phase (tetradecane), and with ethanol for another 3 days by orbital mixing to 

remove oligomers, residual monomers, and surfactant. The purification process was performed 

following the procedure reported by Perez-García.19 Finally, monoliths were dried at RT until 

constant weight was reached. 

 

4.2.2.6 Production of self-assembly particles 

To produce the self-assembled particles of linear PEG-b-PLLA/PCL, 30 mg of the sample was 

added to 200 ml of THF, and then water (ca. 2 ml) was added dropwise to the clear solution 

while stirring until a steady change to white was observed. THF was removed by evaporation 

while the medium was stirred for 24 h. Finally, a milky solution was obtained. It is noteworthy 

that the same methodology was followed for the PCLT-b-PLLA/PCL sample, however, the 

polymer precipitated in water due to the absence of hydrophilic segments. 

 

4.2.2.7 Degradation test 

Porous polyesters were subjected to degradation profile assays. The samples were incubated at 

37 °C in phosphate-buffered saline (PBS) pH=7.4, and the degradation test was conducted for 

14 and 30 days. Then, the polyesters were removed from the medium and rinsed with ethanol 

to remove any PBS residues. Finally, the samples were dried at RT. The pH of the medium was 

measured, and the remaining mass of the samples was calculated by gravimetry. 

 

4.2.2.8 Crude oil sorption test 

The absorption capacities of monoliths (Q) were carried out in crude oil at RT. The monoliths 

were immersed in excess of crude oil until the equilibrium mass of crude oil was taken up.  
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The Q was determined by the equation Q = (W-W0)/W0, where W0 and W are the weight of the 

monoliths before and after the absorption, respectively, and it was expressed in terms of the 

mass of crude oil per gram of dry monolith, and from now on, it will be represented as (g g-1). 

The experiment was realized three times for each sample. 

 

4.2.3 Polyesters Characterizations 

The final polyesters were analyzed by 1H and 13C NMR (600 MHz) spectra were recorded on 

a Bruker Advance NEO 600 at 64 scans, and samples were prepared by dissolving in deuterium 

chloroform (CDCl3) as an internal reference. 

 

Equations. The mole fraction of monomers (Fi, were i = PLLA or PCL) was obtained by 1H 

NMR. 

 

           (1) 
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Where ꞷ is the number of hydrogens assigned to (-CH2-) group (Hb) corresponding at the three 

arms units of PCLT with Mn ≈ 900 g mol-1, ꞷ = 48. The Equation (1) was used only when the 
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           (6) 

 

Where ꞷ is the number of hydrogens assigned to (-CH2-) group (Hb) corresponding at the three 

arms units of PCLT with Mn ≈ 900 g mol-1, ꞷ = 48. The Equation (5) was used only when the 

macroinitiator was PCLT. 

 

DOSY (Diffusion Order Spectroscopy) data were acquired using the pulse program ledbpgp2s 

installed in the topspin 3.6.2 software from Bruker with 95 gradient levels with a linear increase 

from 2 to 95% using a gradient of strengths up to 54 G/cm and 8 transients. The diffusion delay 

(Δ) was 150 ms, and the length of the square diffusion encoding gradient pulse (δ) was 0.6 ms. 

Laplace transformations for generating the diffusion dimensions were obtained with the Bruker 

Biospin Dynamics Center using a least-squares fitting routine with Monte Carlo error 

estimation analysis. 

 

Attenuated total reflection Fourier (ATR-FTIR) spectra were recorded on a Bruker VERTEX 

70 spectrometer equipped with a platinum-ATR diamond single reflection accessory. The 

measurement resolution was 1 cm-1, and spectra were collected in the range of 4 000 - 400 cm-

1. 

Differential scanning calorimetry (DSC) measurements were carried out on a TA Instruments 

Q1000 DSC. The analysis method for polyesters was performed on dry samples and with 

heating-cooling cycles. The analysis consisted of an initial cooling from RT to -70 °C, at a scan 

rate of 10 ºC min-1, keeping it at that temperature for 5 min, then increasing the temperature to 

220 °C, and finally cooling to RT at the same scan rate. 

 

The thermal stability and degradation behavior of the different samples were studied using 

thermogravimetric analysis (TGA) on a TA Instruments Discovery TGA 5 500 using an 

aluminum pan. Thermograms were recorded in the temperature range of 30 °C to 700 °C at 

heating rate of 10 °C min−1 under a nitrogen atmosphere. 

𝑀𝑛 ,𝑃𝐶𝐿
(𝑔𝑚𝑜𝑙−1) =

∫ 𝐻𝑏

∫ 𝐻𝑐

 𝑀𝑊𝐶𝐿  
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The X-ray diffraction patterns (XRD) of powdered samples was carried out in a Bruker D8 

Advance diffractometer with Cu K radiation (λ = 0.1542 nm) in the angular range of 5–40° 

(2) at RT. 

 

The molecular weight distributions (Đ) were determined by size exclusion chromatography 

(SEC) equipped with a triple detector: Viscotek Ralls detector, Viscotek Viscosimeter model 

H502 and Schambeck RI2912 refractive index detector. The separation was carried out by two 

PLgel 5m MIXED-C and 300 mm columns from Agilent Technologies at 35 °C in THF (99% 

extra pure) stabilized with BHT as the eluent at a flow rate of 1.0 ml min-1. The data acquisition 

was processed by using Viscotek Omnisec software version 5.0. 

 

The contact angle was recorded by OCA20 (Data physics). The measurements were performed 

on films prepared by solvent casting. The obtained polyesters were dispersed in CHCl3 and 

poured onto a glass plate, allowing the solvent to evaporate. 

 

The surface morphology was examined by scanning electron microscopy (SEM, Hitachi S-

4700). The macroporous structure of the monoliths was observed by scanning electron 

microscopy (SEM, Fei NovaNanoSEM 650) at an accelerating voltage of 5 kV. All samples 

were gold coated at 20 nanometers. The diameters of the pores were calculated by ImageJ 

analysis software as the average of 100 image readings. These values were used to estimate the 

degree of openness of porous polyesters by the application of the equation proposed by Pulko 

and Krajnc.20 

 

Equations. PolyHIPE openness were estimated using by equation proposed by Pulko and 

Krajnc.20  

𝑂 =
 𝑂𝑝𝑒𝑛 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑜𝑓 𝑝𝑜𝑟𝑒𝑠

𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑜𝑓 𝑝𝑜𝑟𝑒
= 

𝑆𝑂

𝑆𝐶
  (7) 

𝑆𝑂 = 𝑁𝜋 (
𝑑2

2
) (8) 
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𝑆𝐶 = 𝜋𝐷2 (9) 

𝑁 =
4 𝑛

√3
 (10) 

Where: 

O = polyHIPES openness 

N = number of interconnecting pores 

n = average number of visible pores 

d = average interconnecting pore diameter 

D = average pore diameter 

 

Dynamic light scattering (DLS) measurements were conducted on a Malvern Panalytical 

Zetasizer Ultra system equipped with a helium-neon laser (λ = 633 nm) and an avalanche 

photodiode detector. 

 

TEM imaging was performed on a Philips CM120 transmission electron microscope equipped 

with a lanthanum hexaboride filament and operated at an accelerating voltage of 120 kV. 

Images were acquired using a Gatan slow-scan 4K CCD camera. 

 

AFM imaging was conducted in standard tapping mode in air using a Bruker Dimension 3100 

system equipped with VTESPA-300 tapping mode cantilevers from Bruker. 

 

The polyHIPEs density (δB) was estimated by measuring the volume of monoliths with regular 

shapes. The total pore volume (VT) was estimated at 1/δB–1/δW, where δW is the wall density 

that corresponded to the bulk polyesters, PCLT-b-PLLA/PCL and linear PEG-b-PLLA/PCL 

blend density, ca. 0.9253 and 1.032 g ml-1, respectively. 

 



127 

 

4.3 Results and discussion  

4.3.1 Ring opening polymerization of LLA30-CL70 DESm 

The sequential ROP of the LLA30-CL70 DESm at 37 °C in bulk yielded two polyesters blends, 

branched PCLT-b-PLLA/PCL and linear PEG-b-PLLA/PCL, depending on the macroinitiator 

used (PCLT or PEG, respectively). The macroinitiators accounted for 1 wt% with respect to 

DESm. The overall reaction is described in Scheme 1.  

 

 

Scheme 1. Sequential Ring-Opening Polymerization of the LLA30-CL70 DESm at 37 °C, varying the 

type of macroinitiator, PCLT or PEG. 

 

In the first step, DBU organocatalyst (2.92 wt% with respect to the DESm), was added to the 

reaction mixture. DBU selectively rapidly polymerized LLA in the DESm through the 

activation of both the alcohol and the monomer,21 where either PCLT or PEG served as 

macroinitiators via the -OH moieties. As reported in literature, DBU, has shown specificity in 

polymerizing LLA when it forms a DESm with CL. It is worth highlighting that the ROP of 

LLA can be successfully accomplished within a minute.18,19 At this stage of the ROP, the 

average composition comprised PLLA blocks initiated by PCLT or PEG, i.e., branched PCLT-

b-PLLA or linear PEG-b-PLLA dispersed in liquid CL, which was released from the liquid 

eutectic composition as the LLA ROP proceeded. Additionally, as reported by Castillo-

Santillan et. al., the occurrence of residual water-initiated the ROP of LLA or CL in the 

presence of DBU is highly limited or present in negligible concentrations.18 
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It is noteworthy that PCLT has a Mn = 900 g mol-1 whereas PEG has a Mn = 6 000 g mol-1, and 

both generated liquid solutions in DES at the polymerization temperature, thus, the whole 

reaction mixture is liquid at RT making all components readily available to polymerize. In the 

second step, MSA (second organocatalyst) was added to the reaction mixture promoting the 

ROP of CL, where residual water played the role of initiator as has been demonstrated in 

previous works.18,19 Thus, blends of PCL whit branched PCLT-b-PLLA or linear PEG-b-PLLA 

were obtained depending upon the initiator used in the ROP, yielding polyesters with 

interesting properties as it will be discussed in the next sections. Branched PCLT-b-PLLA/PCL 

and linear PEG-b-PLLA/PCL polyesters were first studied in bulk. The presence of PLLA 

blocks in branched PCLT-b-PLLA and linear PEG-b-PLLA were confirmed by 1H NMR. 

Repeated group signals were identified as H followed by a letter assigned in the Figure 1,  

where the peaks at He= 5.17 and Hd= 1.66 ppm were assigned to the methine (-OCHCH3-)n and 

methyl (-CHCH3)n.
22 Similarly, the presence of peaks at Hb= 4.09 ppm and Ha= 2.33 ppm were 

identified as the typical repeating methylene groups of PCL blocks (Figure 1).19  

 

Additionally, the PLLA block in the sample branched PCLT-b-PLLA/PCL and linear PEG-b-

PLLA/PCL was confirmed by the terminal peaks assigned Hf= 4.38 ppm to the methine group 

(–CH(CH3)–OH), Figure 1.19 Similarly,  terminal peaks in PCL blocks presented in samples 

PCLT-b-PLLA/PCL were confirmed by the peak Hc= 3.67 ppm (Figure 1b) and linear PEG-b-

PLLA/PCL with the peak Hc= 3.77 ppm (Figure 1d), which is displaced to low field by the 

abundant presence of methylene groups corresponding to the repetitive units of ethylene glycol 

present in the polymer blend. 

 

The formation of PLLA and PCL in the polyesters were corroborated by 13C NMR 

spectroscopy. Figure 2a, shows the carbon peak at C8 = 169 and C7 = 64 ppm corresponding 

to the carbonyl (COO-) and the repeated groups of methine (–CH(CH3))n of PLLA, 

respectively, and the carbonyl (COO-) of PCL at C1 = 173 ppm were identified.19  
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Figure 1. 1H NMR spectra of the final product of the ROP of LLA30-CL70 DESm at 37 °C varying (a) 

PCLT or (c) PEG as the macroinitiator of polyesters: (b) branched PCLT-b-PLLA/PCL, and (d) linear 

PEG-b-PLLA/PCL. 

 

Furthermore, the presence of initiators, PCLT and PEG, in branched PCLT-b-PLLA/PCL and 

linear PEG-b-PLLA/PCL polyesters was confirmed by 1H NMR. Specifically, PCLT was 

identified by the signal Hg = 0.90 ppm attributed to the methyl terminal group (CH3CH2-), 

Figure 1b,23 and the signal Hh = 3.66 ppm was assigned to the methylene groups (–CH2CH2O-

)n of PEG.24 Figure 2b shows the 13C NMR spectra of linear PEG-b-PLLA/PCL, where the 

carbon peaks at C7 = 64 ppm and C2 = 69 corresponding to repeated groups of methine (–

CH(CH3))n and methylene (-CH2O-)n, from PLLA and PCL, respectively, are observed.19 The 

presence of PEG in the polyesters was identified by the peak at 70 ppm which corresponds to 

the methylene group (–CH2O–)n.
25 
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Figure 2. 13C NMR spectra of the final product of the ROP of LLA30-CL70 DESm at 37 °C varying PCLT 

or PEG as the macroinitiators in the synthesis of polyesters: (a) branched PCLT-b-PLLA/PCL, and (b) 

linear PEG-b-PLLA/PCL. 

 

Altogether, the 1H NMR and 13C NMR spectra of branched PCLT-b-PLLA/PCL and linear 

PEG-b-PLLA/PCL polyesters confirmed the role of PCLT and PEG as macroinitiators in the 

ROP of LLA30-CL70. DESm experimental conversion (Xexp) were determined gravimetrically. 

The experimental conversion of branched PCLT-b-PLLA/PCL was ca. 95% in 24 h, and for 

linear PEG-b-PLLA/PCL it was ca. 90% in 12 h.  

 

Due to the presence of PLLA blocks in branched PCLT-b-PLLA and linear PEG-b-PLLA, it 

was possible to determine the molecular weight (Mn) of PLLA blocks by following the method 

reported in the literature.19,22 Similarly, the PCL homopolymer in the polyesters blends resulted 

from the ROP of the CL in the DESm, and the Mn was obtained using the same methodology 

for the PCL homopolymers. The molecular weights of PLLA and PCL in the polyesters were 

determined by SEC and 1H NMR (Table 1). Equations 4 and 5 are directly associated with 

using PCLT as an initiator, while Equations 4 and 6 should be directly associated with using 

PEG as an initiator. 
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Table 1. Chemical, thermal properties and contact angle of the polyesters obtained by the ROP 

of LLA30-CL70 DESm at 37 °C in bulk, varying using PCLT or PEG as macroinitiator. 

Samplea 

 

FPLLA:FPCL
b 

 

Mn, PLLA
c 

(g mol-1) 

Mn, PCL
c 

(g mol-1) 

Mn 
d
 

(g mol-1) 

Đ d 

 

Tm, PLLA
e 

(ºC) 

Tm, PCL
e 

(ºC) 

Contact 

Angle 

(°) 

Branched PCLT-

b-PLLA/PCL 
40:60 2 402 4 394 9 585 1.69 133 58.7 71 

Linear PEG-b-

PLLA/PCL 
40:60 1 601 8 732 6 220 4.09 122 60.2 56 

a The ROP LLA30-CL70 DESm, was carried out using DBU and MSA as organocatalysts. The molar 

ratio of catalyst DBU and the initiator was 2.92 and 1 wt%, respectively, and the MSA was 3 wt% all 

of them were respect to the DESm. 

b The mole fraction of monomers (Fi, were i = PLLA or PCL) was obtained by 1H NMR using the 

Equation (1-3). 

c Mn obtained by 1H NMR using the Equation (4-6).d Mn for the blend of polymers were obtained by 

SEC in THF. 

e Thermal properties measured by DSC. 

 

The estimation of the mole fraction of monomers (Fi, were i = PLLA or PCL) was obtained by 

1H NMR in the samples of branched PCLT-b-PLLA/PCL and linear PEG-b-PLLA/PCL. The 

data give differences in the composition between the expected molar ratio of LLA30-CL70 

DESm and the final polyesters (Table 1), due to loss of PCL oligomers during the purification 

process with ethanol as it has been observed in the ROP of DESm initiated with BnOH.26 

 

Size exclusion chromatography (SEC) was performed on the polyesters, and the traces are 

presented in Figure 3, and the Mn of the branched PCLT-b-PLLA/PCL and linear PEG-b-

PLLA/PCL samples are summarized in Table 1. Assuming that the result of the synthesis is a 

blend, the Mn taken from a blend is the combination of two separate molecular weight 

distributions, and Mn of PCL and PLLA values obtained by 1H NMR spectroscopy were lower 

than those obtained by SEC. The differences arise from samples having different hydrodynamic 

volumes due to their different architectures, and the additional interactions with the PCL 

homopolymers in the blends.  
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Thus, the final polyesters blends eluted as broad distributions thanks to the high compatibility 

between the polymers composing the blends. This result was compared with a blend of 

homopolymers of PLLA and PCL and was discussed later in Figure 10. This behavior also 

observed in the peak distributions of branched PCLT-b-PLLA/PCL and linear PEG-b-

PLLA/PCL analyzed by 1H NMR diffusion-ordered spectroscopy (DOSY). Figure 4 shows 

the DOSY spectra of the polyester blends. 

 

Figure 3. SEC profile of the branched PCLT -b-PLLA/PCL and linear PEG-b-PLLA/PCL polyesters 

for analysis of the molar mass distribution. 

 

The branched PCLT-b-PLLA/PCL and linear PLLA-b-PEG/PCL polyesters were analyzed by 

DOSY spectroscopy. Figure 4a shows the DOSY spectra of the branched polyester blends 

PCLT-b-PLLA/PCL. The diffusion coefficient distributions of the polymer species were made 

with the upper axis representing the corresponding 1H NMR spectra. A narrower diffusion 

coefficient was observed for PCLT-b-PLLA/PCL than linear PEG-b-PLLA/PCL, indicating a 

significant influence of the polymer architecture attributed to the PCLT macroinitiator played 

the role as compatibility in the blend. The presence of blocks of PLLA with smaller Mn 

attached to the PCLT macroinitiator led to the larger coefficient distribution in the same figure. 

These findings provide additional support to the discussion on thermal analysis. 
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The shoulder in the diffusion coefficient distribution of linear PEG-b-PLLA/PCL can be 

considered an effect of PCL homopolymer being less compatible with the more hydrophilic 

linear PEG-b-PLLA/PCL block compared with the branched PCLT-b-PLLA/PCL. Although 

PEG has been reported to have better compatibility with PLLA than PCL,27 the incorporation 

of a PEG block could still acted as a plasticizer28 that enhances the overall compatibility 

between the PLLA and PCL blends, as no polymer segregation occurred. These findings point 

to PLLA copolymers polymerized in the first ROP and entangled with the PCL homopolymer 

from the second ROP.  

 

 

Figure 4. DOSY spectra of (a) branched PCLT-b-PLLA/PCL and (b) linear PEG-b-PLLA/PCL in 

CDCl3. The diffusion coefficient DM (cm2 s-1) is indicated for each component. 
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Ultimately, blending of PCL with branched PCLT-b-PLLA or linear PEG-b-PLLA copolymers 

can be used to tune the hydrophobicity of the final materials. The blend that contained linear 

PEG-b-PLLA copolymer and PCL homopolymer had two different molecular weights, which 

resulted in different diffusion coefficients. This difference was confirmed by the broad Mn 

distribution obtained from SEC analysis, which has a dispersity index (Đ) of 4.09 (Table 1). 

As mentioned earlier, the PEG block in the copolymer played a critical role as a compatibilizer, 

determining the interactions between PLLA and PCL.  

 

The thermal properties of the obtained polyesters were studied by DSC during the first heating 

run, listed in Table 1. Figure 5a shows the DSC thermograms during the first heating cycle of 

branched PCLT-b-PLLA/PCL and linear PEG-b-PLLA/PCL. The first peak at around 60 °C 

corresponds to the melting point (Tm) of PCL (reported at around 62 °C),29 and the second peak 

corresponds to the Tm of PLLA (122-133 °C) embedded in PCL.30 Two endothermic peaks of 

PLLA in sample PCLT-b-PLLA/PCL were observed at 128 °C and 133 °C, suggesting the 

presence of PLLA chains of different Mn  in a single PCLT, or different Mn amongst other PCLT 

molecules.31 Alternatively, it is possible that hydroxyl groups of PCLT were not able to initiate 

the ROP of LLA; although hydroxyl groups in both PCLT-b-PLLA/PCL and linear PEG-b-

PLLA/PCL by ATR-FTIR (Figure 6) are negligible meaning remaining hydroxyl from PCLT 

is not detected.  

 

On the other hand, in the case of linear PEG-b-PLLA/PCL, it was observed that the melting 

point of PLLA was at around 122 °C (Figure 5a). This can be attributed to PEG presented in 

the copolymer, whose segments were trapped in the crystalline regions of PLLA domains and 

acted as a diluent, ultimately depressing its Tm. This is in line with the findings of Weiqiang, 

H. et al.,32 regarding the effect of the PCL block in copolymers with PLLA. The melting point 

of PCL was not affected by the presence of PEG block (Tm = 60 °C)23 due to its higher affinity 

for PLLA,28 nor was it affected by the presence of PCLT. The glass transition temperature (Tg) 

of PLLA was observed both in PCLT-b-PLLA/PCL and linear PEG-b-PLLA/PCL as a small 

shoulder at around 55 °C (Figure 5a), which corresponded to the PLLA amorphous phase.33 
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Figure 5. Thermal properties of branched PCLT-b-PLLA/PCL (blue), and linear-PEG-b-PLLA (yellow) 

polyesters. (a) DSC thermograms during the first heating cycle, (b) TGA (solid lines) and DTGA (dotted 

lines) curves under nitrogen atmosphere. 

 

The thermal stability of both products was studied by TGA. PCLT-b-PLLA/PCL shows the first 

degradation at 293 °C with a mass loss of around 7.6%. The second decomposition temperature 

was observed at 362 °C with a mass loss of 30%. This decomposition is attributed to the PLLA 

degradation in the blend, which is higher than those reported for neat PLLA (321 °C).28 The 

presence of PLLA blocks in the branched PCLT-b-PLLA/PCL sample allowed for 

entanglement with the linear PCL homopolymer. This, in turn, increased the thermal stability 

of the copolymer. Linear PLLA, degraded at 321 °C,28 and the thermal degradation of PCL 

occurs at approximately 400 °C. Conversely, block PEG, in sample linear PEG-b-PLLA/PCL, 

was observed at 184 °C, as reported in the literature.28 Followed by the total decomposition of 

PLLA at 351 °C, the proportion of PLLA in the blend corresponded with ca. 30%, and finally 

the PCL degradation was at ca. 408 ºC. The degradation temperature of PLLA increased ca. 30 

ºC compared with neat PLLA, thus the presence of PEG increased the compatibility of PLLA 

with PCL (Figure 5b).  
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Figure 6. ATR-FTIR spectra of pure monomers LLA and CL, LLA30-CL70 DESm and the branched 

PCLT-b-PLLA/PCL and linear PEG-b-PLLA/PCL polyesters. 

 

FTIR measurements were conducted on branched PCLT-b-PLLA/PCL or linear PEG-b-

PLLA/PCL to confirm the presence of PLLA and PCL. Figure 6 shows the peaks at 2943 and 

2864 cm-1 associated with (-CH3) and (-CH2-) groups present in PLLA and PCL.28The peak at 

1757 cm-1 which is attributed to the (C=O) vibration in PLLA.33 

 

The intensity of this peak is decreased in linear PEG-b-PLLA/PCL, suggesting the interaction 

of PEG counterpart of the block polymers with PLLA. While C=O peak attributed to PCL was 

observed at 1720 cm-1.34 Peak at 1474 cm-1 is attributed to the C-H stretching of PEG.35 The 

peaks of -C-O- and -COO- that correspond to the presence of PLLA and PCL34,36 in both 

PCLT-b-PLLA/PCL or linear PEG-b-PLLA/PCL. 
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The crystalline character of PCLT-b-PLLA/PCL and linear PEG-b-PLLA/PCL was further 

analyzed by X-ray diffraction (XRD). The spectra show semi-crystalline characteristics, with 

observed PLLA peaks at 2θ = 16.8° and 19.1°, and PCL peaks at 21.4 and 23.8°. XRD 

diffractogram of linear PEG-b-PLLA/PCL shows a characteristic peak of PEG at 19.3 and 

23.3°. However, the first peak at 19.3° overlaps with PLLA peaks (Figure 7).28,30,35 

 

Figure 7. XRD scans of branched PCLT-b-PLLA/PCL(blue) and linear PEG-b-PLLA/PCL (green) 

polyesters. 

4.3.2 Kinetics study of the ROP LLA30-CL70 DESm at 37 °C varying PCLT or PEG as the 

macroinitiator of polyesters 

The ROP kinetics of LLA30-CL70 DESm varying the macroinitiator (PCLT or PEG) were 

comparatively studied which the methodology and formulations that was previously reported26 

which was initiated by BnOH, pointing to the rapid polymerization of LLA during the first 

polymerization stage (1 min) followed by a steady polymerization of CL. This second stage 

follows a first-order kinetics associated with the slope of the curve corresponding to the 

initiation rate constant (kp,CL1
app) (Table 2), showing that the polymerization presents the same 

behavior of the sequential ROP of LLA30-CL70 DESm initiated by BnOH.  
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The relationship between the conversion of LLA30-CL70 DESm and the polymerization time 

follows the same increasing trend regardless of the macroinitiator used, reaching up to 90% at 

24 h. The synthesis of branched PCLT-b-PLLA/PCL or linear PEG-b-PLLA/PCL polyesters 

was followed over time (after 6, 8, 12, 24, and 48 h) and the conversion was calculated by 

gravimetry. Figure 8 shows the conversion of the PCLT-b-PLLA/PCL sample. Within the first 

6 h, the conversion reached around 80%, and full conversion was reached in 24 h. PLLA is 

formed rapidly in the first stage of the ROP. As the ROP continued, due to the conversion of 

CL into PCL, the viscosity increased.  

 

 

Figure 8. Evolution of the conversion profiles of branched PCLT-b-PLLA/PCL and linear PEG-b-

PLLA/PCL polyesters at 37 °C (Dashed lines denote tendencies, and solid lines are the linear 

regressions). 

 

The reaction temperature (37 °C) was lower than the melting point of PCL in the macroinitiator 

and the subsequently formed PCL (60 °C); thus, the mobility of the CL monomer was 

constrained, and the polymerization rate decreased. Conversely, the polymerization of the 

linear PEG-b-PLLA/PCL sample was slower than PCLT-b-PLLA/PCL; the conversion only 

reaches 60% after 6 h of reaction and finally reach maximum conversion after 12 h. Altogether, 

the conversion of both branched PCLT-b-PLLA/PCL or linear PEG-b-PLLA/PCL reached 

similar values (ca. 80 %) at 12 h.  
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The total polymerization time was longer in comparison to the polyester synthesis reported by 

Perez-Garcia et al.,19 which took only 6 h. While a similar DESm and organocatalysts were 

used, the difference was that BnOH was used as the initiator in Perez-García study. The 

macroinitiators used in this work, PCLT and PEG, possessed higher molecular weights than 

BnOH, and the availability of hydroxyl groups, necessary for carrying out the ROP, was 

constrained. The resulting polyesters in this work possess higher molecular weights than those 

initiated by BnOH, thus, the viscosity of the reaction mixture was increased and limited the 

mobility of the monomers during the polymerization. 

 

Table 2. Estimation of kp,CL1
app for LLA30-CL70 DESm at 37 °C in bulk varying PCLT or PEG 

as the macroinitiator of polyesters. 

 

To study the role of initiators in PCLT-b-PLLA/PCL and linear PEG-b-PLLA/PCL 

polymerization, the reaction was followed by 1H NMR spectroscopy (6, 12, 24 and 48 h). 

Figure 9a shows the ROP of the DESm initiated by PCLT, where PLLA presence was 

confirmed by the appearance of the repeating unit peaks at 5.17 and 1.60 ppm, and the methine 

end group peak at 4.38 ppm. This was observed within the first minute, as reported in 

literature.19 The peak at 0.892 ppm corresponds to the methyl-methylene terminal group of 

PCLT. While the peaks at 4.18 and 2.32 ppm are attributed to the PCL repeating methylene 

group, the polymerization was confirmed at 6 h, the polymerization was confirmed at 6 h, as 

reported in the literature.19 The terminal methylene group of PCL at 3.66 ppm overlapped with 

the same terminal methylene groups presented in the PCLT-b-PLLA/PCL used as 

macroinitiator. 

Sample Macroinitiator  1, 

app

p CLk  (s-1) Ref.7 

PLLA/PCL BnOH 2.23 × 10-5 Chapter 2 

PCLT-b-PLLA/PCL PCLT 3.70 × 10-5 This work 

linear PEG-b-PLLA/PCL PEG 3.90 × 10-5 This work 
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Figure 9. 1H NMR spectra of the sequential ROP of (a) branched PCLT-b-PLLA/PCL and (b) linear 

PEG-b-PLLA/PCL. 

 

Figure 9b shows similar signals corresponding to PLLA and PCL. Additionally, the signal of 

PEG, that played the role of macroinitiator, at 3.67 ppm overlapped with the PCL end group. 

The presence of branched PLLA or PEG copolymers in blends with PLLA was reported to 

improve their properties, such as flow behavior or tensile strength, respectively.31,37  
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We compared the chromatographic profile of branched PCLT-b-PLLA/PCL and linear PEG-b-

PLLA/PCL with PLLA/PCL homopolymer blends and pure PLLA homopolymer by SEC. 

PLLA/PCL and PLLA were obtained from the method reported by Perez Garcia et al.19 Size 

exclusion chromatography (SEC) was performed on PLLA, PLLA/PCL, branched PCLT-b-

PLLA/PCL and linear PEG-b-PLLA/PCL. Figure 10 shows the unimodal SEC traces of PLLA. 

PCL and PLLA homopolymer mixtures show a bimodal curve representing PCL and PLLA.  

 

Figure 10. Comparative study of the SEC distribution for PLLA, PLLA/PCL blend, branched PCLT-b-

PLLA/PCL and linear PEG-b-PLLA/PCL polyesters. 

 

The SEC of the branched PCLT-b-PLLA/PCL and linear PEG-b-PLLA/PCL shows a unimodal 

peak at a lower retention volume compared to the PLLA/PCL linear blend. No peak was 

observed at the same elution time of neat PLLA, which suggested that PLLA obtained in 

branched PCLT-b-PLLA/PCL and linear PEG-b-PLLA/PCL have higher molecular weight due 

to PCLT and PEG-initiated ROP and are associated with the other polyesters (including the 

macroinitiators) as discussed in the 1H NMR and DOSY results.  



142 

 

4.3.3 Linear PEG-b-PLLA/PCL amphiphilic properties 

Linear PEG-b-PLLA/PCL exhibited amphiphilic properties due to the presence of hydrophilic 

PEG and more hydrophobic PLLA and PCL in the polymer blend. This amphiphilicity usually 

results in the self-assembly polymers into stable particles in aqueous media composed of a 

hydrophobic core covered by a hydrophilic shell, observed as a cloudy dispersion in the right 

side of (Figure 11a).38
  

 

 

Figure 11. (a) PCLT-b-PLLA/PCL precipitated (left vial) and linear PEG-b-PLLA/PCL (right vial) in 

water. (b) TEM images of uranyl acetate-stained self-assembly spheres of linear PEG-b-PLLA/PCL. 

(c) DLS histogram plot and cumulative function (solid line). (d) AFM height images of the self-

assembled particles deposited on a freshly cleaved mica disk (AFM z-scale is ± 10 nm). 

The morphology of the self-assembled structures resulting from linear PEG-b-PLLA/PCL in 

aqueous solution was studied by TEM and AFM. Figure 11b and d confirmed the presence of 

spherical structures of self-assembled linear PEG-b-PLLA/PCL in the range of ca. 100 nm. 

Furthermore, the polyester suspension (15 mg mL-1) was studied by dynamic light scattering 

(DLS), revealing that the spherical structures possessed a hydrodynamic radius of 201 nm 

(Figure 11c). 

Dh = 201.0   0.5 nm

500 nm

1 μm

a) b)

c) d)

100 nm

500 nm
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To measure hydrophilicity/hydrophobicity properties of branched PCLT-b-PLLA/PCL and 

linear PEG-b-PLLA/PCL, the water contact angle was conducted on films obtained from the 

casting of polymer monoliths. The contact angle value of water obtained is listed in Table 1. 

The contact angle of water of PLLA/PCL blends (BnOH-initiated) is 71°,26 while for PEG-b-

PLLA/PCL sample, the presence of PEG provides hydrophilic properties, as evidenced by a 

slightly lower contact angle value of 56° (Inset Figure 12c and 12d respectively).  

 

 

Figure 12. Optical micrographs of HIPEs containing different macroinitiators for the ROP of the 

continuous phase: (a) PCLT and (b) PEG. SEM micrographs of polyHIPEs after extraction of the 

internal phase: (c) PH(branched PCLT-b-PLLA/PCL), and (d) PH(linear PEG-b-PLLA/PCL); inset 

upper left side shows the water contact angle on polyHIPEs, and inset upper right side shows images 

of monoliths after purification. SEM micrographs at higher magnification of (e) PH(branched PCLT-

b-PLLA/PCL), and (f) PH(linear PEG-b-PLLA/PCL). 
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Conversely, the presence of PCLT in the PCLT-b-PLLA/PCL results in a more hydrophobic 

material because of the inherent properties of PCL, with a contact angle value of 71° (Inset 

Figure 12c). These results indicate that the macroinitiators can be utilized for tuning the 

hydrophilic characteristics of the polyesters either in bulk or as part of polyHIPEs as will be 

discussed in the next sections.  

 

4.3.4 Synthesis of macroporous polyesters 

PLLA and PCL polyesters are hydrophobic materials, which makes them suitable sorbents for 

the efficient separation of hydrophobic fluids from water, providing a porous structure is 

attained.36,37 In this regard, Perez Garcia et al.,19 reported the synthesis of degradable and 

macroporous 3D polymers by taking advantage of the liquid nature of LLA30-CL70 DESm to 

formulate nonaqueous oil-in-DESm HIPEs. The ROP of the continuous phase and subsequent 

removal of the internal phase allows the preparation of degradable and macroporous 3D 

polymer replicas. In the same line, the synthesis of macroporous nanocomposites by 

incorporating non-functionalized nanohydroxyapatite exposed on their inner surface was 

reported.39 

 

Herein, HIPEs were formulated with the LLA30-CL70 DESm, containing PEG and PCLT as 

macroinitiators, and Pluronic® F127 as surfactant to stabilized the oil-in-DESm emulsion, all 

composing the continuous phase, 20 vol% of the total emulsion.19 The final product after n-

hexane/ethanol purification and removal of the internal phase (tetradecane) and surfactant, 

appeared as white solids monoliths with a diameter of 12mm, and height of 7mm. (top right 

insets Figure 12c and d) and were named as PH(branched PCLT-b-PLLA/PCL) and PH(linear 

PEG-b-PLLA/PCL), referring to the macroinitiator used in the ROP (PCLT or PEG).  

 

The morphology of the obtained HIPEs consists of polyhedral and polydisperse close-packed 

droplets (30 ± 2m), separated by a characteristic thin film of continuous phase which 

macroscopically behave as highly viscous emulsions that do not flow upon inversion of the 

containing vials. Optical microscopy images of the obtained HIPEs are shown in Figure 12a 

and b. 
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The basic insights into the ROP of LLA30-CL70 DESm using macroinitiators such as 

hydrophobicity, diffusion, or molecular weight of the final polyesters studied previously in 

bulk, served as the basis for the synthetic conditions translatable to polymerization of HIPEs. 

Therefore, the sequential ROP of the DESm catalyzed by DBU and MSA was followed for the 

ROP of the HIPEs, yielding high conversions of ca. 95 and 96% for PH(PCLT-b-PLLA/PCL) 

and PH(linear PEG-b-PLLA/PCL), respectively, which is similar to the conversions achieved 

with the same DESm-based HIPEs but initiated with BnOH (94%).19 Figure 12c, d e, and f, 

show the SEM images of the internal morphology of fractured monoliths after gold sputtering. 

The macroporous structure of the PH(branched PCLT-b-PLLA/PCL) and PH(linear PEG-b-

PLLA/PCL) consists of an interconnected pore network (33 - 42 ± 2 m), similar in size to the 

droplet diameter of the parent emulsion, in the case of PH(linear PEG-b-PLLA/PCL), see in 

Table 3.  

 

Table 3. Structural morphologies of PH(branched PCLT-b-PLLA/PCL) and PH(linear PEG-b-

PLLA/PCL). 

Sample 
Droplet diameter 

(μm) 

Pore diameter  

(μm) 

Pore 

throat  

(μm) 

PH(branched PCLT-b-PLLA /PCL) 30 ± 2 42 ± 2 12.0 

PH(linear PEG-b-PLLA /PCL) 30 ± 2 33 ± 2 7.9 

 

The HIPEs exhibited satisfactory shelf-life stability before the polymerization, allowing for the 

successful execution of the process. Both emulsions demonstrated adequate stability, enabling 

the ROP. Herein, ROP of the HIPEs led in a larger pore size in the case of PH(PCLT-b-

PLLA/PCL) (Table 4). In contrast, PH(linear PEG-b-PLLA/PCL) exhibited better emulsion 

stability and less degree of openness. The presence of PEG block in the copolymer improved 

emulsion stability during polymerization thanks to its amphiphilic and self-assembling 

properties demonstrated above, which effectively prevented the emulsion from collapsing. 

Finally, the resulting b and VT values were similar for PH(branched PCLT-b-PLLA/PCL) and 

PH(linear PEG-b-PLLA/PCL) consistent with other porous polyesters reported in the 

literature.19,40 
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1H NMR spectra of PH(branched PCLT-b-PLLA/PCL and PH(linear PEG-b-PLLA/PCL) is 

shown in Figure 13, and similar signals to the polyesters resulting from the ROP in bulk (PCLT-

b-PLLA/PCL and linear PEG-b-PLLA/PCL) were identified. The presence of PLLA blocks in 

branched PLLA or linear PEG-b-PLLA copolymers, and PCL homopolymer, was confirmed 

by the appearance of the characteristic peak at He, Hd for PLLA, Ha and Hb for PCL, as 

mentioned in section 4.3.1.  

 

Interestingly, the surfactant Pluronic® F-127 remained in PH(PCLT-b-PLLA/PCL and 

PH(linear PEG-b-PLLA/PCL), as confirmed by the peak at 3.66 ppm (-CH2-). Its presence was 

likely caused by the chains entangled in the branched PLLA and promoted by their affinity for 

the PEG, which was present in the linear PEG-b-PLLA copolymer.  

 

 

Figure 13. 1H NMR spectra of polyHIPEs for (a) PH(branched PCLT-b-PLLA/PCL), and (b) PH(linear 

PEG-b-PLLA/PCL). 
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13C NMR spectra of PH(PCLT-b-PLLA/PCL and PH(linear PEG-b-PLLA/PCL) also confirm 

PCL and PLLA ester groups corresponding to the carbon peaks C1 =173 and C8 = 169 ppm, 

respectively, and the peak at 70 ppm corresponding to (-CH2-) group of the surfactant Pluronic® 

F-127 (Figure 14).  

 

Figure 14. 13C NMR spectra (a) PH(branched PCLT-b-PLLA/PCL) and (b) PH(linear PEG-b-

PLLA/PCL). 

 

The mol fraction (Fi) of PLLA and PCL blocks in PH(branched PCLT-b-PLLA/PCL and 

PH(linear PEG-b-PLLA/PCL), was calculated by 1H NMR spectroscopy (Table 4, Equations 

(1-3) which also correspond to Fi of polyesters obtained in bulk.  

 

The thermal behavior of the PH(branched PCLT-b-PLLA/PCL) and PH(linear PEG-b-

PLLA/PCL) were recorded during the first heating run (Figure 15 and Table 4). The Tm of 

PLLA is higher in PH(linear PEG-b-PLLA/PCL) than that of linear PEG-b-PLLA/PCL 

obtained in bulk. The residual surfactant within the polyHIPE contributes to the increment in 

the melting point due to a favorable interaction with PLLA. In this regard, Athanasoulia et al.37 

observed an improvement in the melting point of PLLA in the presence of PEG at different 

ratios. 
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Table 4. Structural morphologies, molecular weight (Mn), and melting point (Tm) of 

PH(branched PCLT-b-PLLA/PCL) and PH(linear PEG-b-PLLA/PCL). 

Sample FPLLA:FPCL
a 

Degree of 

Opennessb 

(%) 

b
c 

(g cm-3) 

VT
d 

(cm-3 g) 

Mn (g mol-1)e Tm (ºC)f 

PLLA PCL PLLA PCL 

PH(branched 

PCLT-b-

PLLA/PCL) 

38:62 14 0.290 3.4 2 059 7 716 131 59 

PH(linear 

PEG-b-

PLLA/PCL) 

42:58 10 0.281 3.6 2 059 7 904 133 60 

a Mole fraction of monomers (Fi, were i = PLLA or PCL) was obtained by 1H NMR by the Equation 

(1-3). 

b Degree of openness was estimated using the Equation (7-10) proposed by Pulko and Krajnc.20 

c b, monolith density 

d VT, total pore volume. 

e Mn obtained by 1H NMR. 

f Thermal properties calculated by DSC. 

Equations. PolyHIPE openness were estimated using by equation proposed by Pulko and Krajnc.20  

 

In the sample PH (linear PEG-b-PLLA/PCL), the endothermic peaks were barely perceptible. 

However, the higher peak is attributed to the melting point of the PLLA blocks, which, in our 

case, was 133 °C, higher than the bulk counterpart. These results were obtained from the 

collective effect of PEG in the macroinitiator and the additional surfactant.  However, the Tm 

of the surfactant (ca. 56 °C) in Figure 15a is not visible, suggesting that the surfactant chains 

were embedded in the polyester matrix thus overlapping with the thermal events of the 

polyesters.  

 

Figure 15b displays the XRD patterns, where the PEG peaks may overlap with the PLLA and 

PCL patterns confirming a possible entanglement with the polyester´s chains. SEC traces of 

PH(branched PCLT-b-PLLA/PCL) and PH(linear PEG-b-PLLA/PCL) were both observed as 

broad peaks with an additional peak at low elution times, consistent with the surfactant 

Pluronic® F-127 in the samples (Figure 16). 
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Figure 15. (a) DSC thermograms during the first heating cycle and (b) XRD pattern of PH(branched 

PCLT-b-PLLA/PCL) [red]; and PH(linear PEG-b-PLLA/PCL) [blue] polyHIPES. 

 

Figure 16. SEC scans of PH(branched PCLT-b-PLLA/PCL) [blue]; PH(linear PEG-b-PLLA/PCL) 

[yellow]; and Pluronic® F-127 [orange]. 

 

4.3.5 Degradability test 

 

We successfully obtained PH(branched PCLT-b-PLLA/PCL) and PH(linear PEG-b-

PLLA/PCL) macroporous polyesters, which were primarily composed of a blend of PCL 

homopolymer with their corresponding branched PCLT-b-PLLA or linear PEG-b-PLLA, 

respectively.  
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These materials possess desirable properties such as biodegradability and biocompatibility due 

to the constituent polymers PCL, PLLA, and PEG blocks, along with the eco-friendly synthesis 

routes utilized. To assess the degradability of PH(branched PCLT-b-PLLA/PCL and PH(linear 

PEG-b-PLLA/PCL), in vitro degradation profile tests were performed. The degradation assay 

of PH(branched PCLT-b-PLLA/PCL) and PH(linear PEG-b-PLLA/PCL) was performed in 

parallel with the porous polyester composed by PLLA and PCL homopolymer blends, namely 

PH(PLLA/PCL).  

 

Figure 17. (a) Mass loss (wt%) and (b) pH values of PBS solution profiles degradations of the samples 

for 14 and 30 days at 37 °C of PH(PCL-PLLA), PH(branched PCLT-b-PLLA/PCL) and PH(linear PEG-

b-PLLA/PCL) polyHIPES. (c) Photographs of crude oil absorption (monolith before and after the test, 

left and right inset, respectively) (d) Oil absorption capacity using PH(branched PCLT-b-PLLA/PCL) 

and PH(linear PEG-b-PLLA/PCL).  
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Degradation in polyesters in aqueous media can be caused by physical erosion or by cleavage 

of hydrolytic labile ester bonds. The latter shows an autocatalytic effect due to the hydrolysis 

of their acidic byproducts, which further accelerates the degradation process. Figure 17a 

illustrates the mass loss of the porous polyesters PH(branched PCLT-b-PLLA/PCL), PH(linear 

PEG-b-PLLA/PCL) and PH(PLLA/PCL) after 14 and 30 days of the degradation assay. The 

degradation profile showed that the mass loss for all samples at 14 days and 30 days is 10% 

and 50% for PH(PLLA/PCL), respectively. While for PH(branched PCLT-b-PLLA/PCL), 

PH(linear PEG-b-PLLA/PCL), the mass loss is 30% after 30 days. 

 

Polyester mass loss is primarily due to physical erosion, and factors such as polymer 

architecture, molecular weight, hydrophobicity can alter the degradation profile. Therefore, the 

presence of branched PCLT-b-PLLA or linear PEG-b-PLLA copolymer in PH(PCLT-b-

PLLA/PCL) and PH(linear PEG-b-PLLA/PCL), respectively, reduced erosion by improving 

the compatibility of the blends constituents.41 The mass loss in polyesters was also 

accompanied by hydrolytic degradation due to acidification of the medium (initial pH of 7.4) 

causing a decrease of the pH to 4.5 as expected. PH(PCLT-b-PLLA/PCL) and PH(linear PEG-

b-PLLA/PCL) presented lower mass loss than sample PH(PLLA/PCL) after 30 days (Figure 

17b). The presence of branched PCLT-b-PLLA or the PEG block in the porous materials 

provided a higher compatibility among the polyester constituents confined within the thin 

layers of the porous structure, which was a replica of the high internal phase emulsion (HIPE). 

Consequently, the degradation rate of PCL and PEG is lower than that of PLLA. Therefore, the 

increase in the PCL content and the addition of PEG would retard degradation, resulting in 

decreased pH and exhibited lower mass loss, compared to PH(PLLA/PCL). Additionally, we 

also observed that PH(branched PCLT-b-PLLA/PCL) and PH(linear PEG-b-PLLA/PCL) 

monoliths were able to maintain their structures after 30 days of the degradation test, whereas 

PH(PLLA/PCL) structure collapsed at the end of the test (Figure 18). 
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Figure 18. (a) PH(branched PCLT-b-PLLA/PCL), PH(PLLA/PCL) and PH(linear PEG-b-PLLA/PCL) 

samples, respectively, placed in PBS solution first day. (b) Dried samples after 30 days of degradation 

test. 

 

4.3.6 Oil adsorption 

Macroporous polyesters, such as PH(PLLA/PCL), have been previously reported for removing 

hydrocarbons from water.19 Other porous materials have also been utilized to remove various 

contaminants from water, such as oil spills.15 However, addressing oil spill issues is complex 

and requires different methods for different scenarios, each with its own cost and time 

requirements, including environmental impact assessment. Although different materials have 

been used for crude oil removal, it is necessary to have different alternatives that preferably 

can be combined to improve their performance. In contrast to toxic and non-biodegradable 

materials currently being used, the importance of developing non-toxic and biodegradable 

materials for oil spill treatment cannot be overstated.6,42  

 

Additionally, the vast majority of sorbents have some drawbacks in terms of lack of 

degradability; after fulfilling their function, they become another source of waste.19 Thus, the 

development of degradable sorbents is current need, PH(branched PCLT-b-PLLA/PCL) and 

PH(linear PEG-b-PLLA/PCL) porous polyesters, and synthesized without metal catalysts and 

at low temperature, represent a suitable class of sorbent materials for crude oil. Although some 

other porous polymers have been reported in the literature, the majority are not degradable;40 

for this reason, the porous polyesters suggested in this project constitutes a greener alternative. 

a) b)

PH(PCLT-b-PLLA/PCL) PH(PEG-b-PLLA/PCL) PH(PLLA/PCL) 
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The crude oil sorption test was performed as shown in Figure 17c. The capacities of crude oil 

sorption (Q), of PH(branched PCLT-b-PLLA/PCL) and PH(linear PEG-b-PLLA/PCL), (Q, 

which represents the mass of crude oil after sorption per gram of dry monolith) were observed 

to be 1.86 ± 0.075 and 2.03 ± 0.071 g g-1 after 30 min and 1 440 min. (Figure 17d), respectively. 

Previous values were close as reported from chitosan aerogels or leaves residues which were 

apply as adsorbents for oily water.11 The sorption process is the accumulation of sorbate on the 

internal surface and occurs through two phenomena: i) the internal diffusion onto the surface 

and ii) the retention of the oil molecules by capillarity.  

 

PH(branched PCLT-b-PLLA/PCL) sample had a higher degree of openness (Table 4), and the 

diffusion rate and retention capacity were higher in comparison to PH(linear PEG-b-

PLLA/PCL). It is evident from the results that these materials, with their hydrophobic 

characteristics and significant surface area, have the capability to rapidly absorb crude oil, 

achieving a minimum absorption of 1 g g-1 within 5 minutes and potentially reaching up to 2 g 

g-1 in 24 hours. Nonetheless, further investigations into the absorption kinetics would provide 

valuable insights for a more comprehensive understanding of this rapid process. PH(branched 

PCLT-b-PLLA/PCL) and PH(linear PEG-b-PLLA/PCL) an absorption capacity for crude oil, 

with a performance comparable to that of other biodegradable materials already reported in the 

literature such as Kapok fibers, lignin, cellulose foam, cotton, etc.6 As previously discussed, 

the intrinsic biodegradability and high porosity of these materials, make them promising for 

potential applications in oil spills. They have been observed to degrade with a mass loss of 

approximately 30% in 30 days, indicating their prospective full compostability. Lastly, once 

they have fulfilled their function of absorbing oil, no additional steps would be necessary for 

their separation, and their components could become part of the final oil products. 

 

4.4 Conclusions 

In this study, multifunctional macroinitiators, specifically polycaprolactone triol (PCLT) and 

polyethylene glycol (PEG), were successfully utilized in the ROP of the LLA30-CL70 DESm to 

produce polyesters of diverse macromolecular architectures. The syntheses were performed at 

37 °C through a sustainable approach employing organocatalysts such as DBU and MSA.  
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The resulting polyesters comprised blends of PCL homopolymer with branched PCLT-b-PLLA 

or linear PEG-b-PLLA block copolymers, depending on the macroinitiator that selectively 

initiated the LLA in the DESm. These polymers exhibited different diffusion, hydrophobicity, 

and molecular weights, which are conducive to controlled degradability. The incorporation of 

macroinitiators in the ROP of LLA30-CL70 DESm significantly improved the properties of the 

resulting polyesters, enabling the preparation of macroporous polyesters through emulsion 

templating.  

 

Stable HIPEs oil-in-DESm sustained the efficient organocatalyzed ROP of the polymerizable 

continuous phase at low temperatures, achieving high conversions and yielding macroporous 

and interconnected polyesters replicas of the emulsions. The obtained macroporous polyesters 

are degradable while maintaining their macroporous structure for at least 30 days in the in vitro 

degradation test. Additionally, these macroporous materials demonstrated their ability to sorb 

crude oil, exhibiting competitive sorption capacity figures of 2 g g-1. The bulk polyesters and 

their corresponding macroporous polyesters obtained through emulsion templating, 

synthesized using greener ROP under mild temperature conditions, represent alternative 

materials with promising applications in separation processes, scaffolds for cell culture, and 

drug delivery. 
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Summary 
Polymers have played an essential role in advancing humankind in areas such as agriculture, 

food, medicine, and telecommunications, mainly due to the versatility of compositions that 

translate to a wide gamut of properties. Polymers’ technological progress has made it possible 

to improve specific properties such as resistance, durability, and lightness, enabling them to 

enter various areas that were previously restricted, such as aerospace and the automotive 

industries. Nevertheless, the poor management of their waste, coupled with their intrinsic 

properties of long-term degradation as well as the presence of additives, has caused polymers 

to be one of the primary sources of environmental pollution and health problems. One 

alternative to solve these issues is substituting current petroleum-based polymers with 

degradable ones. Examples of degradable and compostable polymers are polyesters such as 

polylactides and polylactones, whose biocompatibility enables their application in medicine. 

Due to the higher molecular weights obtained, the preferred mechanism to synthesize 

polylactides and polylactones is via ring opening-polymerization (ROP). Such a process can 

be performed in solution or in bulk. In Chapter 1, the environmental and health issues generated 

by polymers are described, as well as the world production of the main groups of polymers. In 

the same chapter, the properties, and applications of biodegradable polyesters, mainly 

polylactides and polylactones, are explained in more detail. Their main synthesis routes, 

advantages, and disadvantages are also underscored. 

 

The production of polylactides and polylactones is generally performed in the industry by bulk 

ROP using metal catalysts. Usually, the ROP is effective and moderately sustainable by these 

routes, although the current trend pursues the replacement of metal catalysts. Organocatalysts 

are among the alternatives used to replace metal catalysts in some syntheses. However, 

organocatalysts' disadvantages include their poor thermal stability compared with the current 

tin-based catalysts. Some polymers have also been synthesized using organocatalysts at mild 

temperature conditions; nevertheless, they require organic solvents. Thus, ROP involving 

organocatalysts seeks improvements for their wide implementation. An ideal alternative for 

polyester synthesis is to produce them in the absence of metal catalysts, at mild temperature 

conditions, and excluding solvents with null or low toxicity.  
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Within this context, deep eutectic solvents (DESs) have been reported as a designer family of 

solvents that can be used for polymer synthesis. In chapter 1, different types of organocatalysts 

and DESs are discussed, including their classification, properties, advantages and drawbacks, 

and overall properties. In addition, this section also describes various polymerizations that can 

be performed using DESs as the reaction media. The application of DES in polymer science 

extends beyond their function as solvents for polymer synthesis. DES monomers (DESm), 

whose constituents can play the role of both inert solvent and monomer units, are able to 

polymerize by different mechanisms aided by catalysts and initiators. As an exciting subset of 

biodegradable polymers, some polyesters prepared via ROP are no exception, such as 

polylactide or polylactones.  

 

In this regard, some polyesters can be produced by the ROP of their respective DESm. For 

instance, the copolymer of poly(L-lactide-g-trimethylene carbonate) was obtained by ROP of 

a DESm composed of L-lactide/trimethylene carbonate, while a homopolymers blend 

composed of poly(L-lactide) (PLLA) and poly(ε-caprolactone) (PCL) was produced by ROP 

of DESm comprising LLA/CL. In both cases, it can be highlighted that polymerization was 

carried out in the absence of solvents and metal catalysts. Furthermore, high conversion rates 

were obtained at low temperatures and in simple atmospheres. Thus, these works pose DESm 

as a sustainable alternative for producing biodegradable polyesters. 

 

In chapter 1 we describe the synthesis of different DESm as reported in the literature, using 

polymerization mechanisms such as free radicals, polycondensation, and ROP. This part 

emphasizes the synthesis of the well-known PLLA and PCL, which are two biodegradable and 

biocompatible polyesters. State-of-the-art highlights the advantages of producing them by the 

ROP from their respective monomers in the form of a DESm. There are many challenges ahead 

with respect to the ROP of DESm. Examples include the generality of lactones and lactides 

transformation into DESm, the structure-properties relationships in these DESm, and the 

particular reaction conditions that allow for their ROP and application as biodegradable 

building blocks of biomaterials. With the general aim of filling these gaps, this thesis focuses 

on exploring the properties of a series of polyesters obtained from the ROP of DESm composed 

of lactides and lactones.  
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In the following chapters, details on new DESm rationally designed and their specific 

conditions for their ROP are presented. These DESm take the LLA/CL DESm as starting point 

and include stereoisomers of lactide and various lactones. Finally, the general kinetics of these 

ROP and a thorough characterization of their physicochemical properties like molecular 

weight, molecular architecture, crystallinity, thermal behavior, wettability, and 

biodegradability resulted from different organocatalysts and temperatures of polymerization 

are discussed. 

 

The results presented in Chapter 2 revolve around two organocatalysts used for the sequential 

ROP of LLA/CL DESm. These included 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) and 1,5-

diazabicyclo[4.3.0]non-5-ene (DBN) for LLA, and methanesulfonic acid (MSA) for CL, and 

benzyl alcohol as initiator. Through the adequate selection of these organocatalysts and mild 

temperatures, it was possible to modify the properties of PLLA and PCL, such as crystallinity, 

and molecular weight and architecture, either in the form of homopolymers or block 

copolymer. Thanks to the adequate selection of the amidine organocatalysts, the ROP of the 

eutectic mixture composed of LLA/CL could be carried out in a range temperature from 37 ºC 

to 92 ºC. This chapter also reports the modification of the stereochemistry of PLLA or the 

molecular weight of PCL by the incorporation of a lactide isomer and the controlled initiation 

taking advantage of the environmental water in the eutectic mixture, respectively. 

 

The scope of DESm, able to undergo ROP, was then extended by exploring other lactones. In 

chapter 3, several DESm were produced by mixing LLA with lactones such as δ-valerolactone, 

δ-hexalactone, and δ-decalactone, providing DESm with different chemical structures. 

Furthermore, it was shown that the interaction between the DESm counterparts is through the 

protons of methine in L-lactide with the carbonyl groups of the lactones. Out of the DESm 

assayed, only LLA/δ-valerolactone (VAL) DESm produced polyesters with high conversions 

under the proposed conditions. Polymerization was carried out using DBU, DBN and MSA as 

organocatalysts and benzyl alcohol as initiator.  
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The final polyesters comprising mixtures of PLLA and poly-δ-valerolactone (PVAL) 

homopolymers exhibited properties such as hydrophobicity, crystallinity, and molecular 

weights that differed from the PLLA-PCL polyesters mentioned in chapter 2, thus expanding 

the palette of polyesters obtained through ROP of DESm. To enhance the final properties of 

PLLA/PCL, like the molecular weight and molecular architecture, in chapter 4, we introduced 

multifunctional macroinitiators, namely polyethylene glycol (PEG) and polycaprolactone triol 

(PCL-triol) in place of benzyl alcohol previously studied. PEG and PCL-triol served as efficient 

initiators of the LLA, yielding block copolymers in the case of PEG of 6000 gmol-1, and 

branched copolymers in the case of PCL-triol with average Mn 900 gmol-1. The resulting final 

polyesters comprised either a PLLA/PEG block copolymer or a poly(L-lactide) branched with 

the PCL-triol, which were blended with PCL coming from the ROP of CL counterpart of LLA 

in the DESm precursor. The two PLLA systems in the form of copolymer or branched PLLA 

together with PCL presented different properties, such as hydrophobicity and molecular 

weight, a consequence of the macroinitiators (PEG or PCL-triol) integrated into the PLLA 

chain. 

 

The knowledge generated on the DESm and their ROP to produce polyesters with controlled 

molecular weight, crystallinity, polymer architecture, hydrophobicity, and degradability, was 

used to formulate stable high internal phase emulsions (HIPEs), oil-in-DESm, with the aid of 

a surfactant. The ROP of the continuous phase comprising the LLA/CL DESm and 

macroinitiators (PEG or PCL-triol), and subsequent removal of the internal phase, gave rise to 

macroporous and interconnected 3D self-standing polyesters (polyHIPEs). In addition, these 

porous materials showed mechanical stability for at least 30 days in a degradation assay in PBS 

solution under simulated physiological conditions, at pH 7.4 and 37 °C, and is estimated to 

fully degrade. Interestingly, thanks to their hydrophobicity and suitable surface area throughout 

the interconnected macroporosity, the polyHIPEs showed excellent performance in absorbing 

crude oil with a rate of 2 g g-1 at room temperature.  

 

In summary, in this thesis, we demonstrate that it is feasible to modify the properties of 

polyesters obtained from the ROP of different DESm composed of lactides and lactones, which 

have not been reported in the literature.  
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The properties of the polyesters obtained by the ROP of DESm result from the interplay of the 

fine selection of the monomers composing the DESm, including macroinitiators and 

organocatalysts, and synthetic conditions, such as temperature and water content. ROP of 

DESm stands out as a sustainable alternative to obtain polyesters since metallic catalysts and 

volatile organic solvents are excluded.  

 

In addition, a variety of polyester architectures can be obtained at mild temperature conditions, 

where the final products do not require complicated purification steps to remove the 

organocatalysts. Finally, the viscosity and polarity of eutectic mixtures of lactones and lactides 

are exploited to prepare macroporous, interconnected, and polyesters by emulsion templating 

via nonaqueous HIPEs. These findings are a significant advance in the path of the development 

of greener protocols for the creation of membranes or scaffolds composed of polyesters. The 

ROP of DESm carried out at low temperatures and in solventless conditions holds promise for 

a sustainable framework in preparing polymers which could be applied in some biomedical 

applications and separation technologies. 
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Resumen 
Los polímeros han desempeñado un papel esencial en el avance de la humanidad en áreas como 

la agricultura, la alimentación, la medicina y las telecomunicaciones, y esto se debe 

principalmente a la versatilidad de sus propiedades, que se trasladan a una amplia gama de 

propiedades. El avance de la tecnología en los polímeros ha permitido mejorar propiedades 

específicas como resistencia, durabilidad y ligereza, lo que les ha permitido entrar en diversas 

áreas que antes estaban restringidas, como en la industria aeroespacial y automotriz. Sin 

embargo, la escasa gestión de sus residuos, junto con la propiedad intrínsecas de procesos de 

degradación a largo plazo, y la presencia de aditivos, ha provocado que los polímeros sean una 

de las principales fuentes de contaminación ambiental y de problemas de salud. Una alternativa 

para resolver estos problemas es mediante la sustitución de los polímeros actuales que son 

derivados del petróleo por otros biodegradables, actualmente estos representan el 1% de la 

producción total de polímeros. Ejemplos de polímeros biodegradables son los poliésteres, como 

las polilactidas y las polilactonas, cuya biocompatibilidad permite su aplicación en medicina. 

El mecanismo preferido para sintetizar polilactidas y polilactonas es la mediante la 

polimerización por apertura de anillo (ROP, ring-opening polymerization por sus siglas en 

inglés), debido a que se obtienen mayores pesos moleculares. Este proceso puede realizarse en 

solución o en bulto. En el Capítulo 1, se describen los problemas medioambientales y de salud 

generados por los polímeros, así como la producción mundial de los principales grupos de 

polímeros. En el mismo capítulo, se explican con más detalle las propiedades y aplicaciones 

de los poliésteres biodegradables, principalmente polilactidas y polilactonas. También se 

mencionan las principales rutas de síntesis, así como sus ventajas y desventajas. 

 

La producción de polilactidas y polilactonas se realiza generalmente en la industria mediante 

ROP en bulto y mediante el uso de catalizadores metálicos. En general, la ROP es un 

mecanismo eficaz y moderadamente sostenible, aunque la tendencia actual busca la sustitución 

de los catalizadores metálicos. Los organocatalizadores se encuentran como alternativas para 

sustituir a los catalizadores metálicos en algunas síntesis. Sin embargo, una desventaja de los 

organocatalizadores se encuentra su baja estabilidad térmica en comparación con los 

catalizadores actuales con los derivados de estaño.  
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También se han sintetizado algunos polímeros utilizando organocatalizadores en temperaturas 

ambientales; sin embargo, requieren disolventes. Así pues, la ruta de la ROP con 

organocatalizadores busca ampliar sus aplicaciones. Una alternativa sostenible para la síntesis 

de poliésteres es producirlos sin catalizadores metálicos, en condiciones de temperatura suaves 

y utilizando disolventes de nula o escasa toxicidad. 

 

En este contexto, las mezclas eutécticas profundas (DES, por sus siglas en inglés deep eutectic 

solvents) se han considerado una familia de disolventes que pueden utilizarse para la síntesis 

de polímeros. En el capítulo 1, se analizan distintos tipos de organocatalizadores y DES, 

incluyendo su clasificación, propiedades, ventajas e inconvenientes y así como sus propiedades 

generales. Además, en esta sección también se describen diversas polimerizaciones que pueden 

realizarse utilizando DES cuando funge como medio de reacción. La aplicación de los DES en 

la ciencia de los polímeros va más allá funcionar como disolventes para la síntesis de polímeros. 

Los llamados DES monómeros (DESm), cuyos constituyentes pueden desempeñar el papel 

tanto de disolvente inerte como monómeros, y son capaces de polimerizar mediante diferentes 

mecanismos ayudados por catalizadores e iniciadores. Los poliésteres preparados mediante la 

ROP constituyen un interesante subconjunto de polímeros biodegradables. En este sentido, 

algunos poliésteres pueden producirse mediante la ROP de sus respectivos DESm. Por ejemplo, 

el copolímero de poli(L-lactida-g-trimetilencarbonato) se obtuvo por la ROP de un DESm 

compuesto de L-lactida y trimetilencarbonato, así mismo se obtuvo la mezcla de 

homopolímeros compuesta de poli(L-lactida) (PLLA) y poli(ε-caprolactona) (PCL) mediante 

la ROP del DESm compuesto por LLA/CL (L-lactida y ε-caprolactona, respectivamente). En 

ambos casos, es importante destacar que la polimerización se llevó a cabo en ausencia de 

disolventes y de catalizadores metálicos. Además, se obtuvieron altas tasas de conversión a 

bajas temperaturas y en atmósferas sencillas. Así, estos trabajos plantean a los DESm como 

una alternativa sostenible para producir poliésteres biodegradables. En la primera sección se 

describe la síntesis de diferentes DESm (también se conocen como mezclas eutécticas 

polimerizables) descritos en la bibliografía, mediante mecanismos de polimerización por 

radicales libres, policondensación y por ROP. Esta parte hace hincapié en la síntesis de los 

poliésteres muy estudiados, polilactida (PLA) y policaprolactona (PCL), que además son 

biodegradables y biocompatibles.  
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El estado del arte resalta las ventajas de producirlos mediante ROP a partir de sus respectivos 

monómeros cuando forman parte de DESm. Hay muchos desafíos con respecto a la ROP de 

los DESm. Por ejemplo, las diferentes combinaciones de lactonas y lactidas para producir un 

DESm, estudiar las relaciones entre estructura y propiedades en estos DESm, así como las 

condiciones específicas de reacción que permitan su ROP e incluido su aplicación en el diseño 

de bloques para la construcción biomateriales biodegradables. Con el objetivo general de cubrir 

estas brechas, esta Tesis se centra en explorar las propiedades de una serie de poliésteres 

obtenidos a partir de la ROP de DESm compuestos por lactidas y lactonas. En los capítulos 

siguientes, se presentan detalles de nuevos DESm diseñados racionalmente, incluido sus 

condiciones para su ROP. Estos DESm se basan en el DESm de LLA/CL también se incluyen 

estereoisómeros de lactida con diversas lactonas. Por último, se analiza sus cinéticas de cada 

una de su ROP, así como su caracterización de sus propiedades fisicoquímicas como el peso 

molecular, la arquitectura molecular, la cristalinidad, el comportamiento térmico, la 

hidroafinidad y la biodegradabilidad resultante de diferentes organocatalizadores y 

temperaturas de polimerización. 

 

Los resultados en el Capítulo 2 se enfocan a dos organocatalizadores utilizados para la ROP 

secuencial de LLA/CL DESm. Estos incluían 1,8-diazobiciclo[5.4.0]undec-7-eno (DBU) y 1,5-

diazobiciclo[4.3.0]non-5-eno (DBN) para LLA, ácido metanosulfónico (MSA) para la CL, y 

alcohol bencílico como iniciador. Mediante la adecuada selección de estos organocatalizadores 

y a bajas temperaturas, fue posible modificar las propiedades de la poli(L-lactida) PLLA y el 

PCL, como la cristalinidad, peso y arquitectura molecular, ya sea en forma de homopolímeros 

o de copolímeros en bloque. También debido a la adecuada selección de los 

organocatalizadores (amidina), la ROP de la mezcla eutéctica compuesta por LLA/CL pudo 

llevarse a cabo en un rango de temperaturas de 37 ºC a 92 ºC.  

 

En este capítulo también se incluye la modificación de la estereoquímica de la PLLA o el peso 

molecular de la PCL mediante la incorporación de isómeros de lactida y la iniciación controlada 

aprovechando el agua ambiental de la mezcla eutéctica, respectivamente. Más adelante, se 

amplió el alcance de los DESm, en los que puede realizarse la ROP, mediante la incorporación 

de otras lactonas.  



168 

 

En el capítulo 3, se produjeron varios DESm mezclando LLA con lactonas como δ-

valerolactona, δ-hexalactona y δ-decalactona, obteniendo DESm con diferentes estructuras 

químicas. Además, se demostró que la interacción entre los DESm homólogos se produce a 

través de los protones del metil en la L-lacttida con los grupos carbonilo de las lactonas. De los 

DESm ensayados, sólo el DESm LLA/δ-valerolactona (VAL) produjo poliésteres con altas 

conversiones en las condiciones propuestas. La polimerización se llevó a cabo utilizando DBU, 

DBN y MSA como organocatalizadores y alcohol bencílico como iniciador. Los poliésteres 

finales, compuestos por mezclas de homopolímeros de PLLA y poli-δ-valerolactona (PVAL), 

presentaban propiedades tales como hidrofobicidad, cristalinidad y pesos moleculares 

diferentes a los poliésteres de PLLA-PCL mencionados en el capítulo 2, ampliando así la serie 

de poliésteres obtenidos mediante ROP de DESm. 

 

Para optimizar las propiedades de PLLA/PCL, como el peso y la arquitectura molecular, en el 

capítulo 4 incluimos macroiniciadores multifuncionales, concretamente polietilenglicol (PEG) 

y policaprolactona triol (PCL-triol) en lugar del alcohol bencílico estudiado anteriormente. El 

PEG y el PCL-triol sirvieron como iniciadores eficientes de la LLA, dando lugar a copolímeros 

en bloque en el caso del PEG de 6000 g mol-1, y a copolímeros ramificados en el caso del PCL-

triol promedio de Mn 900. Los poliésteres finales resultantes comprendían un copolímero en 

bloque PLLA/PEG o un poli(L-lactida) ramificada con el PCL-triol, que se mezclaron con la 

PCL procedente del ROP de la CL contraparte de la LLA en el DESm precursor. Los dos 

sistemas de PLLA en forma de copolímero o PLLA ramificado junto con PCL presentaron 

propiedades diferentes, como la hidrofobicidad y el peso molecular, consecuencia de los 

macroiniciadores (PEG o PCL-triol) integrados en la cadena de la PLLA. 

 

Los conocimientos generados sobre los DESm y su ROP para obtener poliésteres con peso 

molecular, cristalinidad, arquitectura polimérica, hidrofobicidad y degradabilidad controlados, 

se utilizaron para formular emulsiones alta mente concentradas estables (HIPE, high internal 

phase emulision por sus siglas en inglés), aceite-en-DESm, con la ayuda de un tensioactivo. La 

ROP de la fase continúa compuesta por LLA/CL DESm junto con los macroiniciadores (PEG 

o PCL-triol), y la posterior eliminación de la fase interna, dieron lugar a poliésteres 

macroporosos en 3D y con porosidad interconectados (poliHIPEs).  
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Además, estos materiales porosos mostraron estabilidad mecánica durante al menos 30 días en 

un ensayo de degradación en solución PBS (phosphate buffer solution por sus siglas en inglés) 

en condiciones fisiológicas simuladas, a pH 7,4 y 37 °C, y se estima que se degradan 

completamente en 14 semanas. Importante es que gracias a su hidrofobicidad y su adecuada 

superficie en toda la macroporosidad interna, los poliHIPEs mostraron un excelente 

rendimiento en la absorción de petróleo crudo con una. tasa de 2 g g-1 a temperatura ambiente. 

 

En resumen, en esta Tesis, demostramos que es factible modificar las propiedades de los 

poliésteres obtenidos a partir de la ROP de diferentes DESm compuestos por lactidas y 

lactonas, que no han sido reportados en la literatura. Las propiedades de los poliésteres 

obtenidos por ROP de DESm resultan de la interacción de la adecuada selección de los 

monómeros que componen el DESm, incluyendo macroiniciadores y organocatalizadores, y 

las condiciones de síntesis, como temperatura y el contenido de agua. La ROP de DESm 

destaca como una alternativa sostenible para obtener poliésteres biodegradables, ya que se 

excluyen los catalizadores metálicos y los solventes orgánicos volátiles. Además, se puede 

obtener una variedad de arquitecturas de poliésteres en condiciones a bajas temperaturas, 

además los productos finales no requieren adicionales etapas de purificación específicos para 

eliminar los organocatalizadores. Por último, se aprovechan la viscosidad y la polaridad de las 

mezclas eutécticas de lactonas y lactidas para preparar poliésteres macroporosos, 

interconectados y biodegradables mediante las emulsiones concentradas no acuosas utilizadas 

como molde HIPEs. Estos hallazgos suponen un avance significativo en el camino del 

desarrollo de protocolos más sustentables para la creación de membranas o andamios 

compuestos por poliésteres. Así, la ROP de DESm llevada a cabo a bajas temperaturas y en 

ausencia de solventes orgánicos, lo que hace prometedora como marco sostenible en la 

preparación de polímeros biodegradables para aplicaciones biomédicas y tecnologías de 

separación. 
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