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OUTLINE 

 

The aim of this work is to highlight the green chemistry in polymers’ synthesis 

(especially for polyesters) in a flow system. To this purpose, we used a tubular reactor 

made of fluorinated ethylene propylene (FEP), where kinetic studies were developed in 

order to show improvements in polymerization compared to the case in batch reactors 

already present. 

Chapter 1 introduces the different polymers synthetic pathways and microflow 

technology; explaining how this latter evolves the progress of polymerization.  

Chapter 2 focuses on the enzymatic ring opening polymerization (e-ROP) of lactones. 

These reactions were catalyzed by immobilized lipase Novozyme 435
®
 after being 

introduced into the tubular reactor.  

Chapter 3 presents a second catalytic route for ROP of lactones, in which we used 

phosphazene superbases (PBs) instead of the lipase. The effect of the catalyst’s basicity 

on the progress of lactones ROP is as well further detailed.  

Chapter 4 develops the polycondensation of diacids or diesters with diols in batch using 

organo-based catalysts that present hydrophobic parts in their structures. 

Chapter 5 provides controlled photopolymerization of methyl methacrylate in flow using 

the organocatalyst Eosin Y and green LEDs. 

Chapter 6 resumes the main conclusions of the previous chapters. 

Chapter 7 describes the experimental parts of the work as well as the characterization of 

synthetized polymers by Mass Spectrometry (MS), Nuclear Magnetic Resonance (NMR) 

and Gel Permeation Chromatography (GPC).   
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Abstract 

Green chemistry is an attractive field which has evolved over the past twenty years and 

aims to develop products that do not harm the environment using eco-responsible 

syntheses. This work focuses on the green synthesis of polyesters which are considered as 

important synthetic polymers due to their biocompatibility and biodegradability. 

Polyesters are obtained by two main routes: polymerization by polycondensation of 

diacids with diols which is the most widely used route, and polymerization by ring 

opening of lactones, lactides or cyclic carbonate (Ring Opening Polymerization, ROP). 

Polycondensation requires harsh reaction conditions to promote the condensation reaction 

by removing a water molecule between the acid and alcohol functional groups in order to 

achieve high conversions. Recently, flow synthesis techniques have allowed better 

control of organic synthesis and polymerization reactions. We have studied the enzymatic 

ring-opening polymerization (e-ROP) of lactones using Novozym® 435 lipase as a 

catalyst immobilized on porous beads in flow to develop controlled polymerization that 

respects the principles of green chemistry. The porous beads were introduced into a 

tubular reactor made of fluorinated ethylene propylene (FEP) with an internal diameter = 

1.55 mm. We were able to polymerize ε-caprolactone (ε-CL) with a 100 % conversion 

rate (conv)  and a dispersity (Đ) of 1.3 and δ-valerolactone (δ-VL) (conv = 93%, Đ = 

1.27). Copolymers have also been synthesized. We have also studied the catalysis of ring-

opening polymerization by phosphazenes which are organic superbases. The basicity of 

phosphazene governs the reaction: the highest basicity lead to the highest yield in spite of 

poorer dispersity. The best yields were obtained using t- P4Bu (pK = 41.9) as catalyst for 

polymerizing ε-CL and δ-VL at room temperature, with values of 96% and 93% 

respectively. When t-BuP2 (pK = 33.5) was used, a lower conversion of 45% was 

obtained but with a very good dispersity Đ = 1.08. We also worked on polycondensation 

using new organic catalysts with hydrophobic parts in their structures allowing the 

elimination of water or alcohol co-products which limit the course of the reaction. Thus 

we have studied the polycondensation between diols and diacids or diesters catalyzed by 

diphenylammonium triflate (DPAT) or pentafluorophenylammonium triflate (PFPAT) in 

batch. We obtained polymers by polyesterification between succinic acid and butanediol 

using DPAT or PFPAT as catalysts with conversions of 76% and 92% respectively. 
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Finally, we investigated photo-induced atomic transfer radical polymerization (ATRP) in 

a flow system using Eosin Y, an inexpensive organic compound that absorbs in the green 

(530 nm) to catalyze the polymerization of methyl methacrylate (MMA) which can be 

synthesized with a 91% conversion rate and a dispersity Đ of 1.42. The lively appearance 

of these polymers has been demonstrated by the success of subsequent 

copolymerizations. In conclusion, we have shown that flow chemistry allows polymer 

synthesis with better control of polymerization compared to flask synthesis. This better 

control makes it possible to obtain polymers with high yield, low dispersity and a molar 

mass close to the theoretical value.  
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Résumé 

La chimie verte est un domaine attractif qui s’est développé depuis une vingtaine d’année 

et qui vise à la mise au point de produits ne nuisant pas à l'environnement à l’aide de 

synthèses écoresponsables. Ce travail est centré sur la synthèse verte de polyesters qui 

sont des polymères synthétiques importants en raison de leur biocompatibilité et de leur 

biodégradabilité. Les polyesters sont obtenus par deux voies principales de synthèse : la 

polymérisation par polycondensation de diacides avec des diols constituant est la voie la 

plus couramment utilisée, et la polymérisation par ouverture de cycle de lactones, lactides 

ou carbonate cyclique (Ring Opening Polymerisation, ROP). Les polycondensations 

exigent des conditions réactionnelles dures pour favoriser la réaction de condensation en 

éliminant une molécule d’eau entre acide et alcool afin d'atteindre des conversions 

élevées. Récemment les techniques de synthèse en flux ont permis un meilleur contrôle 

des réactions de synthèse organique et de polymerisation. Nous avons étudié la 

polymérisation enzymatique par ouverture de cycle (e-ROP) de lactones en utilisant 

comme catalyseur la lipase Novozym® 435 immobilisée sur des billes poreuses en flux 

pour développer des polymérisations contrôlées et respectueuses des principes de la 

chimie verte. Les billes poreuses ont été introduites dans un réacteur tubulaire en éthylène 

propylène fluoré (FEP) de diamètre interne = 1,55 mm. Nous avons pu polymériser la ε-

caprolactone (ε-CL) avec une conversion de 100% et une dispersité de Đ = 1,3 et la δ-

valérolactone (δ-VL) (conv = 93%, Đ = 1,27 respectivement). Des copolymères ont 

également été synthétisés. Nous avons également étudié la catalyse de la polymérisation 

par ouverture de cycle par les phosphazènes qui sont des superbases organiques. La 

basicité du phosphazène gouverne la réaction : les plus basiques conduisent au rendement 

le plus élevé mais au dépit de la dispersité. Les meilleurs rendements ont été obtenus en 

utilisant le t-BuP4 (pK = 41,9) comme catalyseur pour polymériser les ε-CL et δ-VL à 

température ambiante, avec des rendements de 96% et 93% respectivement. Avec le t-

BuP2 (pK = 33,5), une conversion plus faible de 45% a été obtenue mais avec une très 

bonne dispersité Đ = 1,08. Nous avons également travaillé sur la polycondensation en 

utilisant de nouveaux catalyseurs organiques qui présentent dans leurs structures des 

parties hydrophobes permettant de favoriser l’élimination des coproduits eau ou alcool 

qui limitent l’avancement de la réaction. Ainsi nous avons étudié la polycondensation 
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entre les diols et les diacides ou les diesters catalysée par le triflate de 

diphénylammonium (DPAT) ou le triflate de pentafluorophénylammonium (PFPAT) en 

batch. Nous avons obtenu des polymères par polyesterification entre l'acide succinique et 

le butanediol en utilisant DPAT ou PFPAT comme catalyseurs avec des conversions de 

76% et 67% respectivement. Enfin, nous avons étudié la polymérisation radicalaire par 

transfert atomique (ATRP) photo-induite dans un système en flux en utilisant l'Eosine Y, 

un composé organique peu coûteux absorbant dans le vert (530 nm) pour catalyser la 

polymérisation du méthacrylate de méthyle (MMA) qui peut être synthétisé avec une 

conversion de 91% et une dispersité Đ de 1,42. L’aspect vivant de ces polymères a été 

démontré par le succès des copolymérisations ultérieures. En conclusion, nous avons 

montré que la chimie en flux permet une synthèse de polymères avec un meilleur contrôle 

de la polymérisation comparée à la synthèse en ballon. Ce meilleur contrôle permet 

d’obtenir des polymères avec un rendement élevé, une faible dispersité et une masse 

molaire proche de la valeur théorique. 
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0. INTRODUCTION 

The importance of polyesters comes from their wide applications in our daily life. Due to 

their non-toxicity and biocompatibility, they are employed in sophisticated causes such as 

medical and pharmaceutical areas.
1
 Ring Opening Polymerization (ROP) is mainly adopted to 

produce poly(esters) and many other polymers from corresponding cyclic monomers.
2,3

  

Many metal based catalysts were utilized in polyesters synthesis like aluminium, tin and zinc, 

and the most used was tin (II) octanoate catalyst. However metal based catalysts still 

represent an inconvenient in catalyzing the synthesis of biodegradable polyesters destined for 

biomedical uses.
4
 

Green chemistry is actually a very attractive field; it represents a new chemistry approach 

regarding the benefit from different green products that respect the environment during 

synthesis including: catalysts, starting materials, solvents… as well as  many other implicated 

factors which are employed without damaging the environment.
5
 In our case we are focused 

on the synthesis of green macromolecules.  

As green catalysts, enzymes proceed clean reactions with no side products providing a high 

selectivity with respect to enantio-, regio- and chemo-selectivities.
6–8

. They are also 

considered as nontoxic, renewable, natural and free metal compounds. Furthermore, enzymes 

are recyclable and can be reused for many times. Finally, they allow the polymerization to 

undergo in green solvents such as water or supercritical carbon dioxide and not necessarily in 

organic solvents.
9,10

 All these advantages cannot be offered usually by conventional catalytic 

systems. 

One of the most used enzymes in the enzymatic polymerization field according to literature is 

Lipase which belongs to the family of hydrolase enzymes.
4,5,7,8

 Novozym 435
®
 is an 

extensively studied and widely used lipase in polymer synthesis. It’s also readily and 

commercially available. 

A second nontoxic and efficient catalyst was applied and it is organic based. In the last 

decade, more efforts have been made to develop this kind of catalytic systems. Actually, a 

wide range of organic molecules tolerate an appropriate catalyst for each specific synthetic 

task.
11

 In term of green polymer synthesis, we are also interested in this type of catalyst. 
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More specifically, phosphazenes bases (PBs) catalysts have been our choice for ROP of 

lactones. These catalysts are characterized by a strong basicity compared to nucleophilic 

ones, good solubility in many organic solvents and high thermal stability, all making them a 

good choice as  organic catalysts.
12,13

  

On the other hand, the classical method used in esterification is the direct condensation of 

carboxylic acids with alcohols in the presence of small amounts of catalyst. However, this 

method is limited by several difficulties preventing our interest to reach high yields. Those 

latter include the need to remove water, to add an excess amount of one of the reagents and to 

optimize reaction conditions, in addition to the catalyst contamination problem. To overcome 

these problems, chemists started to use organo-catalysts in order to promote esterification. 

These catalysts offer many advantages such as self-separation from the reaction mixture, mild 

reaction conditions and the use of equimolar reagents’ amounts. Besides, due to the catalyst 

structure containing hydrophobic parts, the reaction can progress in presence of water, which 

makes the reaction system less complicated. Thereafter, organo-catalysts such as 

diphenylammonium triflate (DPAT)
14

 and pentafluorophenylammonium triflate (PFPAT)
15

 

are the catalysts to be investigated in polycondensation reactions. 

On the other hand, we studied the photo-induced atom transfer radical polymerizations 

(ATRP) of MMA (methylmethacrylate) as well as its copolymerization in a flow system. 

Photo-induced controlled radical polymerization was observed while carrying out a Cu 

mediated living radical polymerization of methyl acrylate (MA) in a flow system, whereby 

this experiment, a slow but effective polymerization was obtained.
16

  

In order to determine the optimal wavelength, many light sources were tested covering the 

UV-VIS spectrum. The best results were recorded under a UV lamp with λmax ≈ 360 nm.
17

  

In fact, metal contamination was a drawback in atom transfer radical polymerization.
18,19

 To 

overcome this drawback, a significant focus has been directed toward lowering catalyst 

loading
20

 and/or working on nullifying residual metals present in the mixture.
21,22

 Although 

these established methods minimizing the quantity of metal are encouraging, they are still not 

practical and ambitious enough. So, a much more viable solution was suggested: the 

development of a metal free catalyst system for ATRP .
23

  

Recently, a combination between the organic syntheses and microscale technology in flow 

was established to reach high performances. Many advantages are provided in using such 



Introduction 

3 

system including high surface to volume ratio of microreators and the short diffusion paths. 

This statement allows a more efficient heat and mass transfer compared to conventional 

platforms.
24–27

 In continuous microreator, the simple variation of the flow rate of reagents 

solution or the micro-channel length, contributes to adjust the reaction time. As an example, 

we cite the pioneer work employing immobilized enzyme in continuous flow system 

achieved by Gross et al to polymerize ε-caprolactone.
28

 In comparison to batch system, they 

yielded higher number-average molecular weight (Mn) of polycaprolactone (PCL) in less 

reaction time. In addition, “saturated water” conditions did not affect the conversion or the 

end group fidelity.
29

 Afterwards, several applications to the polylactones synthesis were 

developed in microflow system.
30–32

 The end fidelity was well tested also via enzymatic ring 

opening polymerization of δ –Valerolactone in flow mode as well as its copolymerization 

with interesting results compared to the batch.
33

  

As summary, in order to improve the polymer green chemistry, we should combine the 

advantages of micro-flow system, green catalysts and synthetic polymers pathways. Herein, 

the first aim of our work is the synthesis of polyesters via ring opening polymerization or 

polycondensation, as well as their copolymers using microflow devices. All these syntheses 

cited above will be carried out in micro-flow devices with different dimensions of tubular 

reactors, in which the reactions will progress due to the action of green catalysts such as 

immobilized enzymes like Novozym 435 (CALB N435, lipase B from Candida Antarctica), 

and organic based catalysts like phosphazenes bases for the ring opening polymerizations. In 

addition, diphenylammonium triflate (DPAT) and pentafluorophenylammonium triflate 

(PFPAT) are the catalysts chosen for polycondensations in batch and for their attempts in 

flow system.  

The second aim is to carry out a photo-induced atom transfer radical polymerizations (ATRP) 

in a flow system as well as the atom transfer radical copolymerization, using an organic-

based photoredox catalyst in a lab designed tubular microreator (L = 3.37 m; i.e. = 800 μm) 

placed in direct contact with green LEDs. The focus will be on the synthesis of poly-

methylmethacrylate (PMMA) using EosinY as a metal free catalyst that absorbs in the green 

region (530 nm) in addition to its copolymerization with Styrene and Butylacrylate (BA).  

A large study of each reaction’s different parameters will be fulfilled, including: reaction 

time, solvents, temperature, initiators… etc. In addition, kinetic studies were performed. To 

characterize the formed polymers, we will use various analytical methods like 
1
H nuclear 
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magnetic resonance spectroscopy (NMR), mass spectrometry (MS) and gel permeation 

chromatography (GPC).  
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1. CHAPTER ONE: STATE OF THE ART 

1.1. Living polymerization 

By definition, living polymerization is a polymerization reaction where no undesired side 

reactions such as transfer or termination occur, and where all polymer chains are 

simultaneously initiated.
34

 Thus, the growing ends of polymer chains are active indefinitely 

for further polymerization. Consequently, the term of living/controlled polymerization is 

applied to reactions where termination and chain transfer are negligible compared to the 

propagation step and where molecular weight distributions are narrow. In theory, the 

production of polymers with polydipersity index (PDI) of 1.0 performs the ideal living 

polymerization system. In reality, no such reactions have been found, nevertheless this goal is 

not so far to attain following the development of some systems, where a PDI as small as 1.05 

was reported.
35,36

  

A living polymerization has the following features.
37

  

 The kinetics of the reaction are first order with respect to the monomer. 

 The percentage of conversion is directly proportional to the monomer to initiator ratio 

(known by the degree of polymerization (DP)). 

 Narrowly dispersed polymers are obtained. 

 The formed polymers continue to be reactivated for further polymerization. 

Living polymerizations have opened up a whole new world of possibilities concerning the 

design of new polymeric architectures and compositions, which explains their interest from 

both a scientific and an industrial point of view. The main types of living polymerization will 

be presented in the following subsections.  

 

1.1.1. Ionic Polymerization  

1.1.1.1. Anionic Polymerization  

The oldest living polymerization method was the living anionic polymerization discovered in 

1956 by M. Szwarc.
38

 In this reaction, the active intermediate that initiates the polymerization 

should be negatively charged. Classical initiators used include sodium in liquid ammonia, 
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Grignard reagents and triphenylmethyl sodium [(C6H5)3C-Na]. However, the common 

initiator used is the alkyl lithium reagents such as butyl lithium that gives after its 

decomposition a positively charged lithium ion Li
+
 and a negatively charged carbanion. This 

active carbanion will attack a carbon of the monomer’s C=C group.  This will allow the 

movement of the "π" electrons and settlement on a carbon out of the C=C carbons, thus 

forming the initiator of the anionic polymerization which is a carbanion (Figure  1-1). This 

form of polymerization is favored with monomers having an anion-stabilizing group like 

nitrile (–CN) or chloride (-Cl), which stabilize the carbanion formed throughout the 

polymerization. Examples of these monomers: acrylonitrile [CH2=C(CN)], vinyl chloride 

[CH2=C(Cl] and methyl methacrylate [CH2=C(CH3)COOCH3].
39

 Narrow dispersed polymers 

(<1.1) are obtained using this technique mainly adapted by industry for thermoplastic 

elastomers’ production.
40
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Figure 1-1 Initiation of Anionic Polymerization 
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1.1.1.2. Cationic polymerization  

After the discovery of anionic polymerization, it was obvious to work on cationic 

polymerization development. Effectively, living cationic system has succeeded in 

polymerizing isobutyl vinyl ether as detailed by T. Higashimura and co-workers in 1984.
41

 In 

cationic polymerization, an electron deficient compound is used as active species in the 

initiation step. This compound will be attacked by the π electrons of the monomer’s C=C 

bond, forming the cationic intermediate (Figure  1-2), and generates the initiation. In the 

propagation step, another monomer reacts with the cationic active species which produces 

another carbocation but with an additional monomer, and the same process is repeated along 

with the increase in the polymer’s chain size. Termination arises after losing a proton H
+
 or 

reacting with an anion. The common initiators used in cationic polymerization are aqueous 

aluminum chloride or borontrifluoride. An efficient reaction occurs with monomers that 

stabilize the cationic reactive site like methyl propylene and phenyl styrene.
42

  

 

 

Figure 1-2 Initiation of cationic polymerization, A
+ 

is the active species 

  



State of art 

8 

1.1.2. Radical polymerization 

Although controlled ionic polymerization presents a powerful way for polymers design, it 

shows some limitations in terms of monomers’ choice and reaction conditions, as well as the 

apparition of side reactions in presence of protic solvents or polar functional groups. These 

limitations oriented the development of radical polymerization which consists in the 

formation of a radical as an active site for the initiation.
43

  

Polymer science was enhanced by controlled/living radical polymerization (CRP); it enables 

the polymer synthesis with definite molar masses, low distributions, diverse compositions 

and architectures.
44

 A wide variety of functional groups can be incorporated into polymers 

using this type of polymerization. In this way, polymers acquired new properties rendering 

their usage in new applications such as nanotechnology, biomedicine, energy and defense. 

Radical polymerization is considered one of the most attractive industrial polymerization 

technologies. By estimation, this method produces about 40-45% of all synthetic polymers.
45

 

This is due to the advantages of the radical polymerization which can progress with wide 

range of monomers with polar functional groups and polar solvents including water, in 

addition to the high reactivity of the radical.
46

  

The formation of the radical initiator can be induced thermally or photochemically.  

The emerging radical will form a bond on the monomer’s C=C . This will allow the transfer 

of "π" electrons and the settlement on a carbon out of the C=C carbons. The formed radical 

compound containing the initiator and a monomer motif is considered the active radical 

intermediate. 

The major problem in radical polymerization is the high reactivity of radicals, which 

facilitates termination reactions between two active chains by coupling/disproportionation. In 

this case, polydisperse macromolecules with a broad PDI are probably obtained due to the 

difficulty in controlling these properties. In contrast, this is not the case in ionic 

polymerization where electrostatic repulsion prevents a reaction between two cations or two 

anions. However, by using conventional RP, no pure block co-polymers nor polymers with 

controlled architecture can be produced.
43

 Controlled/living radical polymerization methods 

have been developed to overcome these difficulties. The strategy for the above-mentioned 

termination reactions elimination has been addressed to ensure that only a fraction of the 

polymer in question is activated at a short time. This can be done by the presence of the least 
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amount possible of active radical chains in progress, while the majority of macromolecules 

are in a dormant/inactivated state. The existing of such equilibrium guarantees the uniform 

growing of polymers. Thus, the short activated period will eliminate unwanted reactions as 

transfer and termination, one of the most important reasons leading to broad molecular 

weight distributions, and control obtainement over the polymerization.
35,47

  

Three main controlled radical polymerization systems have been widely investigated 

consisting of : nitroxide-mediated radical polymerization (NMP),
48,49

 atom-transfer radical 

polymerization (ATRP),
35,47,50,51

 and reversible addition-fragmentation chain transfer radical 

polymerization (RAFT).
52–54
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1.2. Synthesis of polyesters: ROP and polycondensation 

Polyesters is the fourth mostly found family in nature after the three biomacromolecules of 

nucleic acids (DNA and RNA), proteins (polypeptides), and polysaccharides.
1
  The 

importance of polyesters comes from their wide applications in our daily life, and their non-

toxicity and biocompatibility, making them suitable for sophisticated causes such as medical 

and pharmaceutical areas. We can cite as examples of polyesters: poly(ethylene terephthalate) 

(PET) as an aromatic polyester, poly(butylene succinate) (PBS), poly(ε-caprolactone) (PCL), 

and poly(lactic acid) (PLA) as aliphatic polyesters. The two first are produced in industry via 

condensation polymerization (polycondensation) (Scheme  1-1 (B)) and the two remaining 

others via ring opening polymerization (Scheme  1-1(A)). 

In 1930s, and after his invention of nylon66, Carothers achieved the synthesis of aliphatic 

polyesters via condensation polymerization between dicarboxylic acid and glycol. But 

unfortunately these polymers had low molecular weight and melting point which made their 

commercialization difficult.
55

 However, the aromatic polyester PET was successfully 

produced and it has been widely considered as an excellent polymer material for that period. 

The commercial production of aliphatic polyesters was developed. Owing to environmental 

considerations, scientists focused on avoiding the usage of fossil resources and they were 

more interested to explore materials based on renewable resources, in addition to the 

development of new production processes using non-toxic substances for the catalysis. This 

is the response to “green chemistry”.
56

  

The enzymatic polymerization for the production of polysaccharides, polyesters, 

poly(aromatic)s and so on, is well known in the literature.
57–64

 Lipase-catalyzed polyester 

synthesis was mainly studied by different groups in order to emphasize “green polymer 

chemistry”.
57,60,63,64
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Scheme 1-1 Main reaction modes of lipase-catalyzed polyester synthesis.
7
  

  



State of art 

12 

In general, the ester molecule is obtained from four fundamental esterification or 

transesterification reactions (Scheme  1-2). All these reactions are reversible, that’s why an 

intervention action is mandatory to shift the equilibrium to the product side and to accelerate 

the reaction. To this end, small molecules produced, like water or alcohol should be 

eliminated from the reaction media or reduced.
63

  

 

 

Scheme 1-2 Esterification and transesterifications for ester synthesis. 
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1.3. Ring opening polymerization of lactones 

Based on the process nomenclature, ring opening polymerization consists in an opening of a 

cyclic monomer followed by its polymerization. A large number of cyclic monomers have 

been polymerized especially by enzyme catalysts. Figure  1-3 shows some examples of 

monomers that can be divided into two classes: cyclic esters (Lactones) and other cyclic 

monomers.
1
 We will present in this report two catalytic systems that promote ROP which are 

the enzymatic ring opening polymerization (e-ROP) (chapter  2)  and organo ring opening 

polymerization (o-ROP) ( 3). 

 

Figure 1-3 Typical examples of cyclic monomers for enzyme-catalyzed ring-opening polymerizations (ROP). 
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1.4. Enzymatic ring opening polymerization  

1.4.1. e-ROP: Enzymes and enzymatic catalysis  

Enzymes are found in living cells where they play a very important role by catalyzing 

metabolic reactions in vivo to give biomacromolecules that maintain the living system. This 

enzymatic catalytic function was attractive and got much interest in research. The first type of 

enzymes was found by A. Payen and J. F. Persoz in 1833,
65

 which was the diastase 

(amylase). After this work, the most attractive and investigated topics in literature of science 

were related to the catalytic aspect of enzymes, so that a new field of enzymology has 

emerged. A good effort of research was focused on enzymatic functions and more than 

thousand types of enzymes were found.
66

 Enzymes are used in polymer synthesis and even 

more for its modification, and this can be performed with selective reactions that give access 

to new functionalities in polymer chains. 

There are six classes of enzymes (Table  1-1). Many of them are used for the industrial 

production implicated in a wide range of fields like: food, pharmacology, medicine and 

textile industries etc. Table  1-1 presents the classes of enzymes that are typically used for the 

enzymatic polymerization as well as for polymers modification.  

 

 

Table 1-1 Classification of typical enzymes and macromolecules examples synthesized by enzymatic polymerization 

as well as modified by enzymatic reaction.
9
 

 

To explain the enzymatic catalysis, there are two issues to be referred. The first one was 

proposed by E. Fischer in 1894 under the term of “key and lock” theory, in which enzyme 

and substrate present specific relationships.
67

 These relationships are based on recognition of 

the substrate molecules by the enzyme. For example, in the case of in vivo reactions (cycle A, 

Figure  1-4), an enzyme-substrate complex is formed once the enzyme recognizes specifically 
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the desired substrate that fits. A supramolecular interaction permits the formation of a 

complex and makes the substrate active to undergo the reaction with high selectivity. The 

recognition of substrate with “key and lock” relationship followed by the complex formation 

is a must for the reaction to be realized. On the other hand, this process is simulated in vitro 

(cycle B, Figure  1-4), in which an artificial substrate can be recognized by the enzyme to 

form the artificial substrate-enzyme complex followed by the substrate activation required for 

the reaction  occurrence, giving access to the desired product with high selectivity. The key 

step for a successful reaction is based on the optimization of substrate design to be 

recognized by the enzyme.  

 

 

Figure 1-4 Schematic expression for “key and lock” theory for in vivo enzymatic reactions via biosynthetic pathway 

(cycle A) and for in vitro enzymatic reactions via non-biosynthetic pathway (cycle B).
9  

 

Second, the explanation for enzymes ability to catalyze reactions under mild conditions, like 

in living cells, was suggested in 1946 by L. Pauling.
68,69

 A complex (ES) is formed by key 

and lock interaction between an enzyme (E) and a substrate (S), thus activating the substrate 

and generating a transition state [(ES
‡
]) for the reaction to occur. Following this route, the 

activation energy (ΔGenz
‡
) is reduced by the action of the enzyme giving a more stable state in 

comparison to that obtained (ΔGno
‡
) passing through a transition state [S

‡
] of a reaction in 

absence of the enzyme action (Scheme  1-3). 
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Scheme 1-3 Energy diagram for a chemical reaction. Comparison between an enzyme-catalyzed reaction and a 

reaction without enzyme.
63

 copyright 2009 American Chemical Society.  

 

Normally, enzymes lead an acceleration rate from 10
6
 up to 10

12
 fold. Even a 10

20
 fold was 

previously reported.
70

  

In vitro, enzymatic catalysis was first developed by a polish chemist in 1930s using esterase 

as a catalyst and an organic solvent for ester synthesis and it didn’t take much interest.
71

 Later 

on during 1980s, the production of aliphatic esters was extensively studied via enzymatic 

esterifications or transesterification. 

These previous reactions indicate that the relationship given by the key and lock theory 

between the enzyme and the substrate is not totally strict but it presents flexibility to some 

extent. And this is the reason why enzymes have the ability to catalyze reactions in vitro. 

Once the substrate is recognized by the enzyme, the reaction can be performed. It is 

important to mention that supramolecular chemistry performs very well during the enzymatic 

reaction steps, especially in the transition states. These arguments are proved to be valid for 

all macromolecules synthesis catalyzed by enzymes.
9
  

1.4.2. Mechanism: lipase catalyzed lactones polymerization 

The e-ROP of lactones proceeds via several steps including the passage by the intermediate 

form of an acyl-enzyme.
58,60,63,72
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It’s well known that the lipase Ser-His-Asp triad contains the active catalytic site which is the 

–CH2OH group of Ser residue. The key step of the reaction between lactone and lipase 

catalyst is the acylation of the latter, it proceeds by two steps; the formation of an enzyme-

lactone complex followed by the ring-opening of lactone, thus the formation of acyl-enzyme 

intermediate (enzyme activated monomer, EM). Then, the nucleophile which is the initiator 

will attack the intermediate acyl carbon, and that corresponds to the initiation step that 

produces the shortest propagating species (ω-hydroxycarboxylic acid (n = 1)). In the 

propagation, the terminal hydroxyl group of the propagating chain will nucleophilically attack 

the EM to elongate the polymer chain for one more monomer unit. The two steps of init iation 

and propagation have the same behaviour and correspond to a deacylation of the enzyme. So, 

the mechanism of this polymerization proceeds via an “activated monomer”.  

The above mechanism is proved by in-depth studies based on organic chemistry, in addition 

to the 3D X-Ray crystallographic analysis done in the 1990s to determine the lipase 

structure.
73,74

  

Several studies were realized on the ROP polymerizability of lactone monomers.
1,71

 It was 

suggested that the reactivity of lactones ring opening is managed primarily by the ring strain, 

which was similarly observed in organic reactions, for example: alkaline hydrolysis and the 

polymerization of lactones via anionic ROP. Nevertheless, the reactivity of enzymatic ring 

opening polymerization of lactones is totally different. The polarity of monomers is indicated 

by their dipole moment value. This latter is taken also as a measurement of monomers’ ring 

strain. The dipole moment value of CL is higher than that of macrolides which are close to an 

acyclic fatty acid ester (butyl caproate), propounding smaller ring strain of the latter. 

Actually, with macrolides, alkaline hydrolysis and anionic polymerization using NaOMe 

initiator exhibit smaller rate constants than those of CL. Consequentially, macrolides are 

considered less reactive and less polymerizable than CL via anionic ring opening 

polymerization.  

In 1997, the kinetic of lipase catalysed ring opening polymerization of CL and 12-dodecano-

lide (DDL) was studied for the first time based on Michaelis–Menten equation. It was found 

that DDL is more reactive than CL by 1.9 times.
75,76

 Based on these results, it was suggested 

that the rate of the overall reaction is determined by the formation of an acyl intermediate 

(EM in Scheme  1-4), because the intermediate reactivity should be high and accordingly the 

following steps are rapid.  
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Scheme 1-4 Plausible mechanism of lipase-catalyzed ROP of lactone. 

Km, Vmax and Vmax/Km (S
-1

) are the michaelis-Menten parameters that reflect the overall rate 

of e-ROP and are presented in Table  1-2.
75–83

 With lipase PF catalyst, the larger is the 

lactone size, the larger the polymerization rate is in one order magnitude difference. That 

high rate in the formation of EM is the reason of the higher polymerizability of macrolides. 

The values of Michaelis–Menten constant Km (Km = [(K-1+Kcat)/K+1 mol.l
-1

]) are close to 

each other and variate between 0.61 and 1.1. However, it is the opposite for Vmax (Vmax = 

(Kcat [E]0, mol.l
-1

.s
-1

)) values, where the range is 0.66 to 7.2.
75

 At the end, it can be 

considered that PDL (16-membered) is more reactive than CL (7-membered) by 7.4 times 

using Lipase PF (column A,)
75

 and by 6.7 times using CALB (Novozym 435) (column 

B,Table  1-2).
83

 Based on these results, it was suggested that the polymerization rate is 

governed greatly by the larger values of Vmax. So, the key step in the lipase-catalyzed ROP is 

the intermediate EM formation from the lipase lactone complex (Scheme  1-4). However, the 

reactivity of lactones is totally opposite in Zn-catalyzed anionic polymerization. In this case, 

macrolides have similar reactivity, which is way lower than VL and CL for 2500 and 330 

times respectively (Table  1-2) In conclusion here, the polymerizability is conducted by the 

ring strain. In the propagation step, the rate is determined by the SN2 reaction; the 
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propagating Zn-alkoxide species will undergo a nucleophilic attack at its carbonyl carbon 

followed by the scission of the acyl-oxygen bond to form another time the alkoxide species 

(Scheme  1-4).
77

 

 

Table 1-2 Dipole moment values and ROP rate data of unsubstituted lactones of different ring size.
7
 

  Rate constant Relative rate of polymerization 

Lactone  

(ring size) 

Dipole 

moment  

(C.m) 

Alkaline 

hydrolysisa  

(L mol-1s-1 , ×104) 

Propagationb  

(s-1 , ×103) 

Enzymatic  

Polymerization 

 Ac Bd 

Zn-catalyzed 

polymerizatione 
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aWith alkaline of NaOH in 1,4-dioxane/water at 0°C  
bAnionic ROP by NaOMe catalyst in THF at 0°C  
cLipase PF as catalyst in diisopropyl ether at 60°C; the relative rate is given by normalizing the Vmax/Km 

values with respect to HDL  
dCALB as catalyst in toluene at 45°C; the relative rate is given by normalizing the Vmax/Km values with 

respect to PDL 
eZn(Oct)2 initiator in bulk polymerization at 100°C; the relative rate is given by normalizing the initial rate 

constants with respect to HDL 

VL (6) 4.22 55,000  0.10 0.07 2500 

CL(7) 4.45 2550 120 0.10 0.15 330 

HL (8) 3.70 3530  3.8  

OL (9) 2.25 116  0.45 21 

NL (10) 2.01 0.22  0.04  

DL (11) 1.88 0.53  0.02  

UDL (12) 1.86 3.3 2.2 0.13 0.06 0.9 

DDL (13) 1.86 6.0 15 0.19 0.37 1.0 

PDL (16) 1.86 6.5  0.74 1.0 0.9 

HDL (17)    1.0 1.0 

Butyl caproate 1.75 8.4    



State of art 

21 

1.4.3. End functional polyester synthesis 

Lipase can be used to catalyze the synthesis of end-functionalized polymers, macromonomers 

and telechelics, which are important actors in macromolecular chemistry. A good control of 

the polymers’ terminal structure is required in such syntheses. End-functionalized polyesters 

are well produced by lipase catalysis and well validated by single-step synthesis.
7
  

1.4.3.1. Initiator method 

The initiation of lactones ROP catalyzed by lipase needs a nucleophile species like water or 

alcohol. ROP of CL and DDL was catalyzed by lipase CC in the presence of functional 

alcohol following the initiator method.
84

 (meth) acryroyl- polyester macro-monomers were 

synthesized using alcohols like 2-hydroxyethyl methacrylate (HEMA), 5-hexen1-ol and 5-

hexyn-1-ol (Scheme  1-5.a) as initiators. The production of graft co-polymers or comb 

polymers can be readily done by radical or homo-polymerization of the obtained macro-

monomers.  

1.4.3.2. Terminator method 

The polymerization of DDL catalyzed by Lipase was implemented to give end-functionalized 

polyesters by a single step in the presence of vinyl esters.
85–87

 During the polymerization, a 

termination action occurs between a hydroxyl group and the vinyl ester; where this latter is 

considered as terminator. The introduction of (meth)acryloyl group was quantitatively carried 

out using vinyl (meth)acrylate as terminator and gives a macromonomer which is the 

(meth)acryloyl polyester with Mn 2000–4000 Da and functionality > 0.95. ω-alkenyl 

macromonomer was obtained using the vinyl 10-undecanoate as terminator (Scheme  1-5.b). 

The addition of divinyl sebacate to the system, gives access to telechelics with carboxylic 

acid extremities and characterized by Mn 2900 and functionality of 1.95 (Scheme  1-5.c).
86
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Scheme 1-5 Initiator and terminator methods to afford various macromonomers and telechelics 
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1.4.4. Chemoselective polymerization  

In contrast of anionic and radical polymerization, Lipase catalyzed chemoselectively the ring 

opening polymerization of 2-methylene-4-oxa-12-dodecanolide to give a polymer chain with 

maintaining the exo-methylene group (Scheme  1-6). Different groups exist in the structure of 

α-methylene-macrolides like aromatic, ether or amine groups. The polymerization of such 

macrolides was performed via enzymatic, anionic and radical polymerization. The selectivity 

towards lactones was afforded by lipase catalyst. On the other hand, the two other ways 

induce the polymerization of vinyl group. In addition, the produced polyester was a good 

target to undergo a radical crosslink through its methylene group.
85,88

  

 

 

Scheme 1-6 Chemoselective ROP of α-methylene-macrolide 

 

1.4.5. Enantioselective polymerization  

Lipase PC catalyzed enantio-selectively the ROP of 3-methyl-4-oxa-6-hexanolide (MOHEL) 

in bulk at 60 °C (Scheme  1-7).
80

 A powerful enantioselective polymerization occurred 

towards the racemic monomer (MOHEL), where the reaction rate of (S)-isomer was larger 

than the second isomer by seven times. The enantio-selectivity was also proved for 

copolymerization reactions catalyzed by Lipase CC to copolymerize β-butyrolactone (β-BL) 

with DDL,
78

 and δ-VL with achiral lactones.
79

 In addition, further studies were performed to 

describe the use of Lipase catalyst promoting regio-selective polymerizations to give specific 

polyesters.  
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Scheme 1-7 Enantioselective ROP of MOHEL. 

 

1.4.6. e-ROP: Green aspects of enzymatic polyester synthesis  

Our work is considered to be involved under the headtitle of green polymer chemistry. So it’s 

important to present the different green aspects of the enzymatic route for polymer synthesis. 

The green character of enzymatic catalysis in polymer synthesis was widely developed in 

literature.
1,57,60,63,64,72,89

 The purpose of such development is to realize and maintain a green 

sustainable society. Polyesters syntheses were well proved using Lipase as a catalyst, in 

which, the characteristics of green polymer synthesis are addressed, such as: clean-process, 

energy saving natural resources problems, carbon dioxide emission, etc. The advantages of 

green chemistry will be applied to mitigate our environmental problems.  

 

1.4.6.1. Reagents and products 

Biobased chemicals are used as starting materials. They are obtained from the fermentation 

and/or further treatments of various biobased sources such as: corn, sugar cane, cassava, etc. 

The feedstocks that are needed for the production of polyesters include: lactic acid, itaconic 

acid and anhydride, succinic anhydride, 1,4-butanediol, sorbitol, sebacic acid, glycerol, etc.  

The majority of produced polyesters are biodegradable non accumulated in the nature. 

Specific designed and functionalized polyesters can be applied in sophisticated biomedical 

and pharmaceutical areas..
7
  

1.4.6.2. Nature of catalyst 

Lipase is the most used enzyme to catalyze polyester synthesis. It presents attractive features; 

it is a non-toxic compound, cost effective compared to other enzymes and it gives access to 

high molecular weight polyesters. Lipase is available in immobilized form, which permits its 

recycling and reusing. Lipase can be combined with another type of catalyst opening a 

chemo-enzymatic catalytic process.
7
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1.4.6.3. Reaction features  

The polymerization catalysed by lipase can be performed under mild conditions in term of 

low temperature, neutral pH and atmospheric pressure. And due to the high enantio-, regio- 

and chemo- selectivities of lipase, the production of by-products is prevented or negligible. 

These important and attractive features are not given by the classical catalytic systems used 

for polyester synthesis.
7
  

1.4.6.4. Solvents 

A wide range of solvents can be used with lipase catalyst; they are not limited to organic 

ones, but also water, supercritical carbon dioxide, ionic liquids and others are considered as 

green solvents. These expand the practical route of polyesters production.
7
  

1.4.6.5. Recycle of polyester 

The formation of ester bonding is easy; and so is the reversible breaking action. Polyesters 

are chemically recycled by the reversible process offered by lipase catalysis,
90–92

 where the 

latter is selective for ester function like acid. So actually, we are in front of high ability of 

reversible action during ROP of lactones, where linear polymers are able to be transformed to 

cyclic oligomers, and this can be limited by finding optimum reaction conditions. 
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1.4.7. Degradation of polylactones by enzymes 

Biodegradation is defined as a process by which organic substances such as polymers are 

decomposed into smaller compounds by living microorganisms’ involvement like: fungi, 

bacteria and algae. These transformations are made through metabolic processes.
93,94

 

Biochemical processes take place into the micro-organisms cells. However, polymers are 

unable to penetrate the cell walls due to their macromolecular structure and water 

insolubility; thus, during polymers biodegradation, enzymes are produced by microorganisms 

to reduce the molar mass of polymers, so they can be transported through their cells, 

introduced into the metabolic pathway and consequently employed as carbon and energy 

sources. It’s well known that polyesters require the presence of ester hydrolysis to produce 

water soluble products. Therefore, the biodegradation of polyesters can be applied by 

microorganisms producing hydrolyses.
95

  

Polymers are largely recycled for efficient uses. In the case of polyesters, lipases can catalyze 

the formation of ester bond as well as its cleavage. So, polyesters can be recycled by this 

depolymerization process resulting in cyclic oligomers. The degradability of polymers is 

useful to prevent or minimize environmental pollution, due to the ability of polymer waste to 

be recycled or reused.
94

  

Lipase B from yeast Candida antartica (CALB) can degrade polyesters in organic and 

aqueous solvents (Scheme  1-8).  

 

Scheme 1-8 Enzymatic degradation of polyesters in organic solvent (path a) or in aqueous solution (path b) by CALB 

lipase.
94

  

The formation of cycle oligomers is concerned in the first pathway of Scheme  1-8, path a, 

and they are used in further polymerization reactions. The recycling of polymer chains was 

well performed in the presence of N435:we can cite as examples the degradation of PLA,
96

 

PBA, PBS,
97

 PCL,
90,98

 PHB,
99

 and PTCL.
100
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The degradation of PHB
99

 and PCL
90

 to give cyclic oligomers with Mn less than 500 g mol
-1

 

was applied in the presence of toluene at temperature below 100 °C. These two polymers 

cited above were also depolymerized under continuous flow conditions in the presence of 

toluene and through N435 packed column.
98,101

 At 40 °C, depending on the polymer 

concentration and the flow rate, the yield of cyclic oligomers obtained ranged between 87% 

and 99%.  

The recycling of PTMC contributed in majority to the formation of TMC monomer while 

linear and cyclic oligomers were negligible.
102

 The reaction was carried out in acetonitrile 

and catalyzed by N435 for 148 h to reach a yield of 80%. The monomer obtained was then 

successfully repolymerized through ring opening polymerization and catalyzed by N435, 

which gave a conversion of 60% after 80 h.   

As mentioned before, N435 can catalyze the degradation of polyester films in buffer solution 

(Scheme  1-8, path b). The ability of N435 to depolymerize homopolymer PTMC was 

demonstrated with 98% broken mass after 9 days
103

 and a decrease of molar mass from 117 

kg mol
-1 

(Ð = 1.8) to 6.90 kg mol
-1 

(Ð = 16.7) was recorded after 5 days. However, the 

degradation of copolymer formed by TMC and GL did not behave similarly, where the loss 

of mass did not pass the 5.8%.  

An interesting method for PCL films degradation was suggested in 2009 by Gross et al.
104

 

CALB was solubilized in toluene in the presence of surfactant pairing with sodium bis(2-

ethylhexyl)sulfosuccinate and then mixed with PCL-toluene and flip into films. With 1.6% of 

catalyst concentration in the polymer matrix and after 19 days, a total film degradation was 

reached. The biodegradation rate was accelerated almost 17 times, when they increased four 

times the catalyst concentration, in addition, after 20 h of the process, the molar mass of PCL 

decreased from 120 to 24.7 kg mol
-1

. In 2012, experiments were repeated by the same group 

but this time in continuous flow conditions.
105

 The biodegradation rate was increased about 

six times as the autocatalysis caused by acidic degradation products accumulated in the films 

external media was avoided. On the other hand, the degradation rate of PCL can be improved 

by a copolymerization with other lactones
106

 so that the copolymers of CL including VL and 

DL-lactide as second monomers performed higher hydrolysis rates.
107
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1.5. Atom Transfer Radical Polymerization (ATRP)  

1.5.1. Similarities and differences between RP and CRP. 

Basically, conventional RP and CRP progress via similar radical mechanism, exposed to the 

same chemo-, regio- and stereo-selectivities, and are feasible with the same range of 

monomers. However, a lot of differences between RP and CRP subsist  highlighting the 

importance of the latter.
43

  

1. The lifetime of radical chains in CRP is protracted to more than 1 h due to the 

participation of dormant species and intermittent reversible activation, in contrast it is 

in the range of 1 s in RP. 

2. In conventional RP the free radical initiator is often left unconsumed at the end 

because of slow initiation, which is the opposite case in CRP, where near 

instantaneous growth of all chains can be achieved due to the fast initiation ensuring 

the control over chain architecture.  

3. Almost all chains are dead in RP, whereas in CRP activated chains count more than 

90%.  

4. Basically, polymerization takes more time in CRP than in RP. However, the rates 

could be equivalent in certain cases (e.g., when the MW intended to obtain in CRP is 

relatively low)  

5. In the two systems a steady state radical concentration is established, but reached by 

different mechanisms. In RP this state is based on the comparable rates of initiation 

and termination, whereas in CRP it is based on establishing a balance between the 

rates of activation/deactivation.  

6. Termination usually occurs between long chains and new chains permanently 

generated in RP. In CRP systems based on PRE, all chains own a comparable length 

from the beginning till the end of polymerization. 

The three most used CRP systems will be detailed in the following: 
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1.5.2. Nitroxide mediated CRP  

In 1980, nitroxides -stable free radicals- were used in the free radical polymerization in order 

to control.
108

 In such polymerization, an interaction between transient radicals and persistent 

(stable) radicals is established. Following this combination, dormant adducts will be 

produced. In the dormant state, the two radicals exist in a trapped form and unable to interact 

with other radicals. However, the recurrence of both radical species is feasible by the 

controlled dissociation of dormant adducts. The transient radical will form an active radical 

intermediate after being combined to one of the monomers. This is followed by successive 

addition of monomers to the growing transient radical obtained during this step. When the 

concentration of nitroxide radical is high, the equilibrium will be shifted to the deactivation 

of transient radical, a result of the recombination of both radical components. During this 

phase, the polymer is considered as a dormant species where the concentration of the 

transient one is in decline, which leads to the reduction of termination reaction. In this case, 

we can talk about controlled living free radical polymerization.
48

  

Using nitroxide engaged system eliminates the demand for catalyst since it can be active as 

initiator without any auxiliary. 2,2,6,6- tetramethylpiperidinyl-1-oxy (TEMPO) based are the 

most commonly used.
9,32

 A thermal decomposition at the C-O bond generates two radicals 

(Figure  1-5). The nitroxide is the stable (persistent) one, while the other vinylic is highly 

reactive making it the transient radical. The latter can react with monomers like styrenes, 

acrylamides and methacrylates and contribute to the propagation step. The control of the 

process is explained by the maintenance of alternation of dissociation and capping between 

the two form of persistent radical and transient radicals at the polymer’s end. And as it is 

expected, molecular weights of low dispersity are obtained.
48,49

 In addition, based on this 

technique, an efficient co-polymerization producing block copolymers was reported.
109

  

 

Figure 1-5 Nitroxide Mediated CRP 
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1.5.3. Reversible Addition-Fragmentation Transfer Polymerization 

(RAFT)/ Macromolecular Design via the Interchange of Xanthates 

(MADIX) 

 

RAFT was introduced in 1998 by E. Rizzardo and G. Moad.
52

 In parallel, MADIX was 

developed by Zard’s group.
110

 Both of RAFT and MADIX progress following the same 

mechanism. However, MADIX is limited by using exclusively xanthates, whereas RAFT 

covers thiocarbonyl thio compounds in general (Figure  1-6).
111

  

 

Figure 1-6 RAFT and MADIX Agents 

During the reaction, a radical propagating species is produced through an interaction between 

a radical – that resulted from decomposition of radical initiator (like AIBN) and the 

monomer. The latter could be carboxylic acids, amides and tertiary amines. The 

RAFT/MADIX agent will be added to this species to form a RAFT/MADIX radical adduct. 

This adduct will decompose into a new active radical and a dormant polymer-thiocarbonyl 

thio species (Figure  1-7). Depending on the released active species nature, we can envisage 

two possibilities: the onset of new polymer chain with R•, or the continuation of growing 

polymer chain with Pn•. It is of great importance to guarantee a rapid transfer of the 

RAFT/MADIX agent between different dormant and active radical species on which is based 

the homogeneous growth of the polymers.
35,38,54

 Fundamentally, we should have a much 

faster exchange reaction than the propagation one, and this is affected by the choice of the 

RAFT/MADIX agent (X) which must be perfectly chosen. The formation of polymers of well 

controlled masses and dispersity is favored under best conditions where the optimum initiator 

and RAFT/MADIX agent are used.
52,54,112

  

 

Figure 1-7 RAFT/MADIX polymerization 
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1.5.4. Atom Transfer Radical Polymerization (ATRP) 

ATRP, one of the topics of our work, has emerged as the most widely applied CRP with more 

than 11,000 publications from1995 to 2011
35

 . This is due to readily available reagents use, 

robust implementation, and functional group tolerance.
113

  

The ATRP system started by carrying out reactions using metal catalyst in combination with 

aromatic ligands yielding well-controlled structures and narrow molecular weight 

distributions. This work was developed during the same period in 1995 by two research 

groups headed by K. Matyjaszewski who coined the name atom transfer radical 

polymerization,
114

 and M. Sawamoto who termed it Metal Catalyzed Living Radical 

Polymerization.
115

  

ATRP has been successfully mediated by a variety of metals, including those from Groups 4 

(Ti),
116

 6 (Mo),
117,118

 7 (Re),
119

 8 (Fe,
120,121

 Ru,
51,122

 Os
123

), 9 (Rh,
124

 Co
125

), 10 (Ni,
126,127

  

Pd
128

), and 11 (Cu).
47,129

 Cu complexes were considered the most effective catalysts in ATRP 

for a wide range of monomers in various media.
43

  

In ATRP system, the control of polymerization is based on strict regulation of equilibrium 

between a dormant alkyl halide and an active propagating radical species. Such regulation 

ensures the minimization of radical concentration in order with the undesirable bimolecular 

termination reactions.
130

 The transition metal ligand complex undergoes an oxidation and a 

single electron will be offered to the alkyl halide (dormant species) forming a highly reactive 

organic radical (transient species). The latter, undergoes the propagation step with the 

unsaturated monomer used. The metal fails to keep the combination with the halide which 

will be abstracted by the polymer transient radical, thus forming a dormant polymer and 

leading to the control of polymer’s length.
47

  

 

 

Figure 1-8 ATRP mechanism in the presence of metal catalyst 
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The general mechanism is shown in (Figure  1-8).
57,90,124

 In such a mechanism, the control is 

achieved by metal catalyzed activation/deactivation cycle, in the presence of alkyl halide as 

initiator or dormant species. An alkyl radical –produced by homolytic cleavage- and an 

oxidized transition metal/ligand (deactivator) are generated after an interaction between the 

transition metal/Ligand of low oxidation state (activator) and the alkyl halide. This process 

takes place with a rate constant kact which is by far less than that of deactivation process kdeact. 

The small amount of active radical species present in the reactor undergoes the propagation 

step following the classical addition to the unsaturated polymer already known in 

conventional radical polymerization with rate constant kP. the cycle returns to reform the 

dormant alkyl halide and the activator, and this is after the deactivation of alkyl radical by the 

high oxidation state metal complex. Despite maintaining control over the system, termination 

reactions are not totally eliminated, and can occur with rate constant Kt by coupling or 

disproportion. But these reactions are immediately prevented by the increase of metal/ligand 

quantities leading to shifting towards the deactivation process. The repetition of 

activation/deactivation cycles for all dormant species allows the uniform growth of all 

polymer chains. As a result, an auto-regulation system is obtained which guarantees the 

living nature of ATRP. 

The key reaction behind ATRP is known to be the atom (halogen) transfer responsible of the 

homogeneous growth of polymer chains. This requires a fast initiation and a rapid 

deactivation process. At the end, a linear relationship is provided between the degree of 

conversion and the mass of the obtained polymer.  
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1.5.5. ATRP components  

 

As a multicomponent system, ATRP comprises a monomer, an initiator with a transferable 

halogen and a catalyst which is composed of a metallic species and a suitable ligand. For a 

successful ATRP, other factors, such as temperature / light source (depending on induction 

method) or the solvent should be taken into consideration.   

1.5.5.1. Monomer  

A wide range of monomers have been successfully polymerized using ATRP technique. 

Typical monomers used contain substituents stabilizing propagating radicals like: styrenes, 

(meth)acrylates, (meth)acrylamides, and acrylonitrile (Figure  1-9). Note that under the same 

conditions using the same catalyst, each monomer performs with its own equilibrium kact and 

kdeact constants.
37,47

  

 

 

Figure 1-9 Structures of common ATRP monomers 

1.5.5.2. Initiators  

 

The mass of polymer to be obtained is strongly affected by the initiator. ATRP is 

characterized by a fast initiation, where the number of growing chains is equal to the 

initiator’s initial concentration with negligible termination reactions. Thus, an elevated 

concentration of initiator contributes to decrease the degree of polymerization and 

subsequently decrease  the theoretical molecular weight as the Equation  1-1 shows below:
47

  

𝐷𝑃 =  
[𝑀]0

[𝑖𝑛𝑖𝑡𝑖𝑎𝑡𝑜𝑟]0
 ×  𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 

Equation 1-1 

Typical initiators used in ATRP are alkyl halides (Figure  1-10) (RX), where the alkyl halide 

group migrates between the metal complex and the growing radical during the activation and 
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deactivation processes. In general, the presence of activating substituents such as aryl, 

carbonyl, or allyl groups, on the α-carbon of any alkyl halide, allows to use it as ATRP 

initiator. Thus far, the best molecular weight control is obtained when X is either bromine or 

chlorine.
47

 In copper-mediated ATRP, Iodine works well for acrylate polymerizations,
131

 and 

for styrene polymerization in ruthenium- and rhenium-based ATRP.
119,131,132

 Fluorine is not 

used as initiator, Since the C-F bond is too strong, it is difficult to achieve its homolytic 

cleavage. In addition, successful polymerization of acrylates and styrenes was reported using 

pseudohalogens, such as thiocyanates.
47

  

 

Figure 1-10 Activities of various alkyl halide initiators used in ATRP
133

 

1.5.5.3. Catalysts 

One of the most important component in ATRP system is the catalyst as it determines the 

position of the atom transfer equilibrium and the dynamics of exchange between the dormant 

and active radical states. An efficient catalyst should meet several prerequisites:
35,47,134

  

 All the chains should start the polymerization at the same time, and the initiation 

should be more rapid than the propagation.  

 In order to prevent the excess of active radical species leading to termination, the 

equilibrium between the dormant and the active radical states should be strongly 

shifted toward the dormant side.  
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 The homogeneity of polymers’ growth rate should be ensured by the rapid process of 

deactivation by which the halogen is transferred to the active radical deactivating it.  

 Any side reactions like oxidation, reduction or H abstraction of the radical should be 

limited. 

So the choice of the metal based complex is important, and it should meet the following 

considerations: 

 The metal center should have at least two oxidation states separated by one electron. 

 The coordination sphere around the metal should be expandable upon oxidation in 

order to ensure the accessibility of the halogen into it. 

 A strong interaction should be exhibited between the halogen and the metal. 

 The metal should have an affinity towards halogens. 

The choice of the complex ligands is also of great importance. The role of the ligand is to 

solubilize the metal catalyst in the reaction mixture in addition to its involvement in 

regulating the redox potential of the catalyst.
47,135

 

1.5.5.4. Solvent  

The solubility of PMMA was studied by Evchuk and al using a temperature ranging from 30 

to 70 ᵒC in 12 different organic solvents: benzene, toluene, o-xylene, m-xylene, 

trichloromethane, trichloroethylene, 1, 4-dioxane, cyclohexanone, acetophenone, ethyl 

acetate, pentyl acetate, and dimethyl formamide. As a result, trichloroethylene was found to 

be the best solvent for PMMA, while trichloromethane was the poorest. Acetate and 

cyclohexanone as polar solvents were found to be good for PMMA, but the more polar 

dimethylformamide solvent -that we used- dissolved slowly this polymer. Practically, 

tetrahydrofuran (THF) dissolve PMMA at room temperature faster than most of the 12 

organic solvents mentioned in this study. Note that the tacticity of PMMA was not taken into 

consideration.
136

  

1.5.6. Copolymerization 

Not so far after ATRP discovery, the development was directed towards the synthesis of 

block copolymers while taking advantage of the variety of monomers, conservation of end 

groups, and control over molecular weights and polydispersities. The synthesis of polymethyl 

acrylate-b-polystyrene and polystyrene-b-polymethylacrylate was the first example 

reported.
129,137
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Indeed, a halogen group exists at the produced polymer chain’s end, which allows its 

utilization to initiate a subsequent polymerization. This presents an efficient tool for the 

preparation of a wide range of copolymers, such as block, gradient, and hyperbranched 

polymers.
138

  

Block copolymer can be synthesized using ATRP following two ways.
139,140

 The first method 

is based on adding a second monomer to the reaction mixture after the near termination of the 

first polymerization. The second one consists of the utilization of the formed polymer as a 

macro-initiator after its isolation and purification. The first method is easy to operate, but the 

second resulting block is usually not pure.
141

  

Many articles mentioned the synthesis of block copolymers using acrylic monomers such as 

n-butyl acrylate (BA) and methyl methacrylate (MMA) using ATRP.
139,141,142

 A 

copolymerization of poly- (methyl methacrylate)-block-poly(n-butyl methacrylate) (PMMA-

b-PBMA) by ATRP was also reported.
138

  

1.5.7. Limitations of ATRP 

Monomers with ionic or carboxylic acid groups alter the equilibrium of ATRP by reacting 

with the catalyst, thus they are not suitable for this system. Vinyl acetate and halogenated 

alkenes are also not favored in ATRP and this is due to their corresponding unstable radical 

formed.
143

  

Traditionally, the equilibrium of ATRP system is mediated by transition metal catalyst, which 

ultimately contaminates the polymer product and restricts its potential application, especially 

in electronic applications,
113

 and in bio-applications where even ppm levels of transition 

metal residues might be detrimental.
144,145

 However, the current drawback is the absence of 

an efficient method to remove or recycle the catalyst.
21

  

Significant progress makes possible the use of lower levels of transition metal catalysts
146,147

 

and increased capability of polymer purification.
21,148

 Different removal methods were 

achieved using alumina columns, precipitation of polymer to a non-solvent, or precipitation 

of the Cu complex with NaOH or Na2S. Although these methods are efficient, the use of 

alumina column to purify a viscous polymer mixture presents a limitation especially on large 

scale (>10 g). Additionally, significant amounts of solvent are required for repeated 

precipitations.
21

 Also, after immobilizing the catalyst on a solid support, it can be potentially 

recycled,
149,150

 but the polymerization process control can be limited.
151
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Recently a more ambitious and viable approach has arisen to entirely eliminate metal 

contamination of the polymer product. It is the organocatalyzed ATRP (O-ATRP).
152,153
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1.6. Characterization of Polymers  

1.6.1. Degree of Conversion 

The degree of conversion is an important factor indicating the amount of monomers that have 

effectively undergone ATRP. This factor can be determined by 
1
H NMR or gravimetrically. 

Polymer chemists aim to have a high % of conversion within small reaction times in order to 

save energy and time.  

1.6.2. Molecular Weight 

The molecular weight is another important factor for polymers. The increase of degree of 

polymerization induces the linear increase of Mn of the formed polymers: 

Mn = Mmonomer × conversion × DP
47

  

Equation 1-2 

This factor is linked to many physical properties like transition temperatures of different 

stages (liquid, wax, rubber & solid) and mechanical properties like strength, viscosity, 

viscoelasticity.
154

 From many types of molecular weight, number average molecular weight 

Mn and mass average molecular weight Mw are the two parameters that can give an indication 

about the polymer’s dispersity.  

1.6.3. Number average molecular weight Mn 

Under the conventional definition of average value, Mn is the ratio of the total weight of the 

polymer to the number of polymer molecules. Mi denotes the possible molecular masses of 

the polymers. Ni is the number of these different macromolecules whose masses are Mi. So 

the total mass will be designed by Ni×Mi.  

Thus the number average molecular weight Mn is presented as in Equation  1-3 

𝑀𝑛 =
 ∑ 𝑁𝑖 × 𝑀𝑖

∞
𝑖=1

∑ 𝑁𝑖
∞
𝑖=1

=
𝑇𝑜𝑡𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑜𝑙𝑦𝑚𝑒𝑟𝑠
 

Equation 1-3 

1.6.4. Weight average molecular weight Mw 

Weight average molecular weight depends on the mass or the size of the polymers along with 

their number (Equation  1-4). in this equation the weight of a polymer chain is wi = 

Ni×Mi.
155,156
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Mw, is strongly affected by the large molecules that greatly contribute to its value because of 

the square function in its formula. So the Mw is sensitive to changes in the number of large 

molecules more than that of small molecules. Nevertheless, low mass polymers contribute 

greatly to Mn because for small molecules, a certain mass includes a large number of 

molecules.  

𝑀𝑤 =
 ∑ 𝑁𝑖 × 𝑀𝑖

2∞
𝑖=1

∑ 𝑁𝑖
∞
𝑖=1  × 𝑀𝑖

 

Equation 1-4 

To mention that the conversion of monomers and the molar mass of the polymer values can 

be calculated by 
1
H NMR, which is detailed in section  7.2. 

1.6.5. Polydispersity index (PDI) 

Chemists are permanently working on yielding polymers that include molecules of similar 

and ideally identical mass values. This can be represented by the weight distribution plot. A 

broad plot indicates the presence of dispersed polymer. So to reach the desired objective, this 

plot should be the subtlest possible. In ATRP case, the values of average molecular weights 

Mn and Mw are almost identical and this is due to the fact of simultaneous initiation of all 

polymers with the same rate, thus, the distribution is too steep.  

The value of polydispersity index is used to indicate homogeneity of the synthesized 

polymers. It is the ratio of the weight average molecular weight over the number average 

molecular weight (Equation  1-5). In the ideal case, the two components of this equation are 

identical, which gives a PDI of 1.0. the smallest PDI reported was 1.05 which presents a 

continuous progress in this field.
35,36

  

Gel Permeation Chromatography is used to determine the values of Mn, Mw and PDI. A 

calibration by standard polymers of known molecular weight is required using this method. A 

comparison between the the polymer retention time and that of standards should be realized 

in order to determine the Mn, Mw and PDI.
157

 Dosy NMR is also used to determine Mn and 

PDI
158

 whereas 1H NMR allows to determine Mn.
159

 

𝑃𝐷𝐼 =
𝑀𝑤

𝑀𝑛
 

Equation 1-5 



State of art 

40 

1.7. Microreactor technology 

For high performance manufacturing technology, as a key green engineering method, a 

combination between bio-catalysis and microscale technology in flow was established for 

production processes. Many advantages are provided in using such a system including high 

surface to volume ratio of microreactors and the short diffusion paths. This allows a more 

efficient heat and mass transfer compared to conventional platforms.
24–27

 In continuous 

microreactor, the simple variation of the flow rate of reaction mixture or the micro-channel 

length contributes to adjust the reaction time.
28

  

Microreactor technology started to gain interest among chemists during the past two decades 

following the work effectuated by Ley
160,161

 that showed the possibility of using this 

technology for complex organic molecules synthesis. Nowadays, it is believed that almost all 

the ordinary batch reactions can be carried out in flow reactors.
162

  

A microreactor is characterized by its miniaturized confined space where a reaction takes 

place. Generally, it is made of a tubular system with microscale dimentions.
163

 The operation 

consists of a continuous feeding of reagents and recovery of products in highly controlled 

way. Microreators exist in a wide range of volumes. And they are called mesoscale reactors 

when their volume is above 5 ml.
164

  

1.7.1. Continuous Flow system 

The flow system should be composed of two or three main parts: the flow reactor, an 

injection system and for photochemical reaction a light source. In some cases, additional 

parts can be found such as: mixer and online analytical or purification 

systems.(Scheme  1-9).
165

  

 

Scheme 1-9 Set-up of a microreactor assembly 
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1.7.1.1. Injection system 

The continuous flow control is provided by injection systems based on mechanical or non-

mechanical pumps. The first type is commonly used in form of syringe pumps, peristaltic 

pumps and High Performance-Liquid Chromatography (HPLC) pumps (Figure  1-11). 

The reaction mixture is stored within syringes. With peristaltic pumps, flexible tubes are used 

to host the reaction media. The mixture is expelled out of the tube by the compressing force 

applied by the rotation of the rotor.
166

 For HPLC pumps, there is a piston inside that forces 

the liquid to flow through tubular reactors at specific flow rates. 

  

Figure 1-11 Mechanical pumps: (a) syringe pump; (b) peristaltic pump; (c) HPLC pump
167

  

Non-mechanical pumps comprise those that function based on electricity such as the electro-

hydrodynamic pump. This kind of pumps own electrodes to provide the generation of an 

electric field that accelerates charged molecules and consequently form a flow.
167

  

To insure the connection of the different parts in a continuous flow system assembly, tubing, 

fittings, connectors and sleeves are used.
165

  

1.7.1.2. Mixing systems 

The scale-up of microreactors varies according to the processes in the microreactors, their 

compatibility with chemicals and the products economics. To design a reaction in a batch 

system, the reactor design and scale-up challenges should be overcome to meet industrial 

requirements. One of the most important advantage of microreactors is their ability to 

perform complex reactions with higher control in term of kinetics and product properties due 

to the enhanced synthetic conditions. In general, these complex reactions involve multiple 

phases that are immiscible. They can be aqueous-organic liquids
168,169

 and gas-liquid 

reactions.
170

 However, mixing takes place by advection and employs laminar flow. The 

efficiency of mixing in microreactors can be improved by different designs. Depending on 

the presence of mechanical agitation and external forces, mixers are divided in two categories 

either active or passive. In active micromixers, a perturbation energy is involved in form of 

electrokinetic, dielectrophoretic, acoustic/ultrasound, and magnetohydrodynamic (MHD) 
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energy; nevertheless; their fabrication called for special techniques.
171–173

 In passif 

micromixers, a lamination of multiple fluid streams is created that increases the interfacial 

area for diffusion.
172–174

 Although the good efficiency of multi-lamination, high pressure 

drops can be created by the narrow micro-channels. In general, passive mixing is the one 

used in multiphase flow systems to prevent any foul after extended operation. Figure  1-12 

presents the simple continuous flow and the system with passive mixing forms. Furthermore, 

the flow in microreactors can be also categorized as continuous or segmented flow. In 

addition, the segmented one, can be classified into two categories:gas-liquid or liquid-liquid 

segmented flow (Figure  1-12).
175

  

 

 

Figure 1-12 Comparison of  different microreactor flow systems.
176

  

 

Compared to batch reactors, simple continuous flow without passive mixing permits an easy 

change of experimental conditions and gives better homogenous solution during the synthetic 

process. Usually, the mixing is obtained by molecular diffusion of the species within the 

laminar region.
176

  

1.7.1.3. Types of microreactors 

Reactors with microscale dimensions can be fabricated based on a wide range of materials: 

polymers, silicon, metals, stainless steel, glass, and ceramics. Microreactors can be fabricated 

as microcapillaries and chips (presented in Figure  1-13) through simple methodologies 
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improved in microfluidics technology. Microcapillary reactors are fabricated from suitable 

tubing of determined length and material, whereas chip-based reactors engage glass, silicon 

or plastics that are fabricated by several methods such as micromachining, wet etching, and 

soft lithography techniques.
177,178

  

 

Figure 1-13 (A) Schematic of a capillary-type microreactor for the synthesis of CdSe nanocrystals
179

 and (B) chip-

type multiprocess microreactor capable of mixing, extraction, and phase separation
180

  

In principle, microcapillary reactors are used for chemical reactions in order to reach high 

yields and conversions.
181,182

 In addition, microreactors employ better heat and mass transfer 

during the reaction. Yen et al. prepared CdSe colloidal nanocrystals using a flow capillary 

microreactor presented in Figure  1-13-A, which comprises a convective mixer and a heated 

glass reaction channel in the form of a capillary.
179

  

Regarding the chip type of microreactor, it employs easy microfluidics control and it is well 

integrated with many processes into one device. Using this type of microreactors, series of 

miniature channels can be connected in a specific geometry in order to control the special and 

temporal alteration of small volume of fluid. Thus, the synthesis of compounds by multistep 

process is feasible now on the miniaturized reaction networks fabricated onto a chip.
183,184

 

Kralj et al. developed a device able to mix and separate organic-aqueous and fluorous-

aqueous liquid –liquid system (Figure  1-13-B).
180

  

1.7.2. Materials for microreactors fabrication 

A wide range of materials are used for the fabrication of microreactors like: glass, ceramics, 

perfluoroalkoxy (PFA), silicone, polymers and steel.
185–189

 Table  1-3 shows the advantages 

and disadvantages of typical materials used for microreactor fabrication. Several points 

should be addressed to select the appropriate material, aong of which we cite: operating 

conditions (pressure and temperature), physical properties of reaction mixture (pH, viscosity, 

phase and reactivity), cost, mass production capacity and fabrication simplicity. Silicone is 
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widely available and this is one of the most used materials for microreactors. Numerous 

industrially liquid-gas phase reactions can be performed in silicon microreactors.
190–192

 

Nowadays, microreactors based on polymer material attract much attention. Polymeric 

microreactors offer many advantages like adjustable properties, elastic flexibility, effective 

cost, easy to fabricate and they have a good availability. Polymers. Polymeric material can be 

divided into broad categories: polydimethylsiloxane (PDMS) and its modified versions and 

thermoplastic polymers such as polyvinyl chloride (PVC), polystyrene (PS), polycarbonate 

(PC), poly(methyl methacrylate) (PMMA), polyimide (PI), and olefin-based polymers.
193–197

 

Although that glass microreactors are difficult to handle, they are considered as a popular 

choice for organic syntheses since they allow electroosmotic flow with the most used polar 

solvents.
198

  

 

Table 1-3 Advantages and disadvantages of typical materials used for microreactors fabrication
198

  

 

1.7.3. Photomicroreactors  

Limited are the choices of materials for photo-reactors fabrication, since they should be 

transparent to the desired irradiation wavelength. Therefore, just certain types of polymers, 

glass, silicon and ceramics can be suitable materials for photo-reactors.
165

 The cheapest and 

easiest reactors to be fabricated are those polymers-based ones. Polymethyl methacrylate 

(PMMA), polydimethylsiloxane (PDMS), perfluoroalkoxyalkane (PFA), and fluorinated 

ethylene propylene (FEP) polymers are used for photomicroreactors due to their high light 

transmissions. However, PMMA and PDMS are swollen by organic solvents, thus their usage 

is limited to aqueous reactions. In contrast, FEP and PFA are inert towards most reagents and 

solvents even under extremely acidic or alkaline conditions. They have great flexibility and 

transparency to UV and visible light making them a favorite choice for tubing used as photo-

reactors.
199
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Many types of glass are used in the fabrication of photomicroreactors because of their light 

transparency, such as: Quartz (cut off < 170 nm), Pyrex (< 275 nm), Corex (< 260 nm) and 

Vycor (< 220 nm). In addition, they can filter the undesired wavelength emitted from a 

polychromatic light source. They present the best inert properties compared to other 

materials, but they are difficult to be fabricated and to handle. Ceramic behaves similarly. 

Silicone is not compatible with alkaline conditions and expensive.
199

  

1.7.4. Light sources 

Typical Hg lamps are used for photochemical reactions in microfluidic systems. They are 

perfectly suited when tubular reactors are coiled around them. these lamps should be placed 

outside reactors since their dimensions are larger than those of the reactors.
165

  

Recently, light emitting diodes (LEDs) are gaining much attention in continuous flow 

photochemistry field. The LEDs can produce narrow emission spectra (20 nm) and by using 

them, side reactions are reduced compared to other types of light sources that are broadband 

emitters. In addition, the photon flux efficiency and the reaction’s yield are improved using 

the LEDs, since they can be matched to the maximum absorption wavelength of the 

chromophore. Furthermore, they don’t require a high power input and they manifest minimal 

heat loss, which makes the system cooling very easy to provide. They are also low cost light 

source and their relative small dimensions makes them suitable to be placed on the 

microreactor.
200,201

  

High power LEDs are good alternative for mercury lamps for applications requiring more 

power, they are characterized by their stable power, fast warm up time, long life (over 10,000 

hours) and precise adjustment. However, the very low optical power (few μW.cm-2) of 

developed UVB LEDs (315 – 280 nm) makes their use limited in photochemistry. The use of 

LEDs in UV photochemistry is focused on the near UVA LEDs range (365-400 nm) for which 

suitable high power LEDs (up to 12 W.cm-2) are developed.202–206  

1.7.5. Biocatalysts in flow reactors 

Biocatalysis is considered to be a reliable tool aiming to develop green and intensified 

chemistry, since proper reactors are well designed. Usually biocatalysis is used in batch 

reactors with good flexibility and simplicity. On the other hand, it has been found that in 

continuous flow reactors, biocatalysis can be performed in a more productive, controlled and 

environmentally sustainable process.
186,207
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The switch from batch to continuous flow in micro- and meso-reactors implies two key 

concepts which are: green chemistry and process intensification.
208

 In a flow process, 

biotransformations are accelerated due to an improved mass transfer, and give an economic 

large scale production using smaller equipment. Besides a significant decrease of reaction 

time is provided, from hours to few minutes. The reaction parameters are more easily 

controlled enhancing thus yields and productivities.
209

 With a good control of the reaction, 

the reaction waste generation will be reduced. The scale up in flow system is provided by 

adding flow reactors in series and/or in parallel.  

Biocatalysts were used in their free form in flow reactors as shown in Figure  1-14-1. 

However, a combination of immobilized biocatalysts with flow reactors was an interesting 

approach considering its importance to facilitate biocatalyst reuse and the addition of extra 

processes downstream. This latter approach has been well reviewed and detailed.
210

 

Figure  1-14 shows the different ways to combine flow reactors with enzymes:  

1- The immobilization of biocatalyst on beads packed in the reactor - as applied in our 

study - which allows high enzyme load but with attention paid to excessive back-

pressure  (Figure  1-14-2).
211

  

2- The immobilization of biocatalyst on the inner surface of the reactor (kind of coating) 

(Figure  1-14-3).
212

  

3- The immobilization of biocatalyst on a monolith contained in the reactor to reduce the 

limitation of the previous two forms 2 and 3  (Figure  1-14-4).
213

  

4- The immobilization of biocatalyst on a membrane (Figure  1-14-5).
214,215

  

 

Figure 1-14 (1) Free biocatalyst. (2) biocatalyst immobilized in a packed bed reactor. (3) Biocatalyst immobilized on 

the inner surface of the channel. (4) Biocatalyst immobilized on a monolith. (5) Biocatalyst immobilized on a 
membrane.

210
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1.7.6. Batch vs flow in scaling up 

The application of flow processes on a large scale is an important issue to discuss. For 

reactions carried out in batch, the scale affects the efficiency of the mass and heat transfer 

within the system, which imposes the necessity to re-optimize reaction conditions. 

Apparently, the scale-up of microreactors seems simple, but the cost of a given type of 

individual microreactor and the challenge of pumping the reaction mixture throughout the 

channel can be considered as a limitation for this approach. The use of mesoreactors was the 

way to overcome these limitations and turn into production from g/h to tons/year. And this 

allowed the scale-up of different types of reactors like: chip microreactors, single tubular 

reactors or parallel capillary reactors.
25,216–218

 For given flow rates and reactor volumes, the 

amount of generated product can be determined by the duration over which the entire flow 

process is operated.  

1.7.7. Solvent constraints  

When using microreactors, additional attention should be paid to solvent choice. In such a 

system, the reagents should be totally dissolved to avoid any solid precipitation within the 

microfluidic system. Otherwise, the device will be clogged.
164

  

1.7.8. Purification apparatus and analytical systems 

Microfluidic technology offers a very important option, which is the ability to adjust an 

online purification and monitoring systems to the assembly. Tools that can be added 

downstream the microreactor are the following: microextractor,180 a porous membrane that 

selectively wets an organic solvent,219 distillation apparatus,220 purification column180 and another 

reactor for scaling up. 

Several analytical systems can be integrated too, providing the possibility for reactions’ rapid 

screening. This system can be an automotive measurement of tempretaure and pressure, 

HPLC, IR, UV, spectrometer, etc.
221,222

  

1.7.9. Why to use photochemistry in flow 

1.7.9.1. Photon flux 

The photon flux is defined as the number of photons yielded to the reaction mixture in a 

process per unit of time. It might be used to determine the quantum yield of a reaction.
164

 

Chemical actinometry can be used to determine the photon flux.
165

 In fact, several factors 

may engender a reduction of photons’ transmitted amount delivered by the irradiation system 
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to the reaction, such as refraction and incompatibility between the reactor’s dimensions and 

geometries and the light source. 

Since the photon flux affects greatly reaction kinetics, Loubière and co-workers compared the 

photon flux received by a batch reactor and a flow reactor.
223

 The photon flux received was 

4.44 × 10
-4

 Einstein.min
-1 

in batch reactor compared to 2.46 × 10
-4

 Einstein.min
-1

. 

When dividing the photon flux value to the reactor volume, we obtain the photon flux 

density. In that case, the corresponding value obtained for the microreactor was 301 

Einstein.m-3.min-1 vs 1.98 Einstein.m-3.min-1 for the batch reactor, indicating that the amount of 

photons received by the microreactor is 150 times higher than that received by the batch reactor. 

And this explains the fact that reaction kinetics in flow reactors are accelerated.164,223  

1.7.9.2. Photonic efficiency 

Photonic efficiency is another factor that can characterize a photochemical reaction. As a 

definition, it is the ratio of reaction rate to the photon flux Q (Equation  1-6).164  

ξ =  
𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒

𝑄
 

Equation 1-6 

It was reported that this value in batch reactor varies between 0.0086 and 0.0042.
224

 On the 

other hand, Noël and co-workers showed that in microscale irradiation, this value can be 

enhanced up to 0.66.225  

1.7.10. Examples of Polymerization reactions in microflow reactors 

Microreactor technology is starting to gain interest in polymer science. Even though flow 

polymerizations are previously reported, the development in this field is still ongoing. The 

major improvements and developments in flow polymer synthesis are resumed in several 

reviews.
30,226,227

  

Numerous controlled radical polymerization strategies have been performed under 

continuous flow conditions in microreactor scale systems or larger reactors tubing. As an 

example, reversible addition−fragmentation transfer (RAFT) polymerizations were carried 

out in flow and showed a good efficiency in producing homopolymers with narrow 

dispersities and desired molar mass.
228,229

 Junkers and co-workers developed the photo-

induced controlled polymerization of MMA in tubular reactor which gave polymers with low 

dipersities and controlled molar masses. Second, the produced polymer was used as a macro-
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initiator to initiate a subsequent copolymerization.
230

 Even more, thermoplastic elastomers 

composed of styrene and isoprene monomers were synthesized by ultrafast photo-RAFT in 

flow system.
231

  

Zhenping Cheng and Lifen Zhang have described the extension of polymer chain by RAFT 

polymerization in continuous flow mode, where block polymers of 3- sulfopropyl 

methacrylate potassium salt and poly(ethylene glycol) methyl ether methacrylate were 

produced without need to isolate the first synthesized polymer.
232

 In addition, block and 

multiblock copolymers in single stream continuous microreactor were successfully produced, 

and the efficiency of flow system has been proved for such preparations.
233,234

 Light mediated 

RAFT polymerizations were also so efficient in flow mode and ensured homogeneous 

reaction conditions.
235

 It was successfully scaled up for 10 m tubular reactor to give a reactor 

volume around 8.7 ml.
236

  

The preparation of poly (n-butyl acrylate)-block- poly(styrene) copolymers synthesis by 

nitroxide-mediated radical polymerization (NMRP) was accomplished in two serial 

continuous microtubular reactors.
237

 The tubular reactors were coupled to a multi- lamination 

micromixer that improved the control of copolymerization reaction generating polymers with 

narrowest molecular weight distributions.  

Photoredox organic ATRP (O-ATRP) was carried out in continuous flow mode to produced 

homo and copolymers.
113

 One of the first reports that described the controlled radical 

polymerization by ATRP in continuous production was set by Beers and co-workers.
238

 This 

pioneer work translated CRP from batch to flow using metal-based either metal free 

catalysts.
239,240

  

And recently, our group managed to implement O-ATRP catalyzed by metal free catalyst in 

continuous flow tubular reactor , a work intended to be discussed further in this report.
241

  

Lately, the ROP of lactones started to be investigated in continuous flow mode. A typical 

metal-based catalyst, Sn(OTf)2 was used in flow mode ROP using PTFE tubing, showing a 

better control of ε-caprolactone polymerization.
242,243

 Kai Guo and co-workers have studied 

the copolymerization of poly(δ-valerolactone) (PVL) and poly(ε-caprolactone) (PCL) 

catalyzed by organo-based catalysts.
244

 The pioneer work of emloying immobilized enzyme 

in continuous flow system was achieved by Gross et al in order to polymerize ε-

caprolactone.
28

 In comparison with batch system, they yielded higher number-average 
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molecular weight (Mn) of PCL in less reaction time. In addition, “saturated water” conditions 

did not affect the conversion or the end group fidelity.
29

 Following these studies, several 

applications to polylactones synthesis were developed in microflow system aiming to 

produce homo and block polyleactones using enzymatic catalysis, organic catalysis or the 

combination of these two catalytic systems. A wide range of monomers was used in 

copolymerization reactions and it covered lactone monomers, including D,L-lactide (LA) and 

cyclic carbonates.
30–32

 The end fidelity was well tested also via enzymatic ring opening 

polymerization of δ –Valerolactone in flow mode as well as its copolymerization with 

interesting results compared to the batch.
33

 Through the organo-ring opening polymerization 

1,5,7- triazabicycloĳ4.4.0]dec-5-ene (TBD) has been a good catalyst that promoted 

valerolactone polymerization in flow mode.
245

  

The recycling character of enzymes allowing its reuse was enhanced using microreactor 

technology and in presence of green solvent like water and supercritical carbon dioxide, 

without necessarily organic ones.
9,10

  

Furthermore, it was found that the profile of the fluid flowing into a tubular reactor has an 

effect on the produced polymer structure, molar mass, composition and dispersity.
246

 The 

relationships between polymer residence time distribution (RTD) and its structure were 

established.
247,248

 RTD is the residence time taken by the fluid to fully pass through the 

tubular reactor.  
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2. CHAPTER TWO: ENZYMATIC RING OPENING 

POLYMERIZATION (e-ROP) OF LACTONES IN 

FLOW SYSTEM 

2.1. Lipase B from Candida Antarctica  

Enzymatic ring opening polymerization is a way to obtain biodegradable polyesters. This 

clean process can be managed by different lipases derived from different microorganisms 

like: bacteria (Pseudomonas fluorescens,
249

 Burkholderia cepacia),
250,251

 yeast species 

(Yarrowia lipolytica),
252

 lipases of animal origin (porcine pancreas),
253

 as well as 

thermophilic lipase/esterase family enzyme from the archaeon Archaeoglobus fulgidus.
254,255

 

Even so, the most studied enzyme for this purpose was lipase B from the yeast Candida 

antartica (CALB).
94

  

The molecular weight of CALB is 33 KDa, with a pI of 6.0. CALB belongs to α/β protein and 

owns almost the same features of other lipases. The structure of CALB involves a Ser-His-

Asp triad, which includes the catalytic active site with a very small cover which cannot close 

totally the active center.
74,256

 This small cover doesn’t affect the ability of CALB to be 

adsorbed on hydrophobic surfaces, thus, it remains as an interfacial enzyme. That is why, 

CALB is still considered a true lipase, even that its closed form is not totally similar to other 

lipases.
257,258

 But this fact makes its handling simpler compared to other lipases, as it doesn’t 

present the same high tendency to form dimeric aggregates like other lipases. 

CALB is considered as the most stable lipase in its commercial form,
259,260

 that has been 

widely used in a broad range of reactions, and it is almost the most used lipase.
73,261,262

 It was 

investigated in almost all areas suitable to lipases’ uses like: the production of polymers and 

biodiesel, the modification of polymers and triglycerides in addition to many other 

reactions.
263

  

2.2. Immobilized Lipases  

Enzymes are preferable to be in immobilized form for the most of industrial uses especially 

those requiring high temperatures. Immobilization of enzymes can improve their features, 

making them reusable, more active and efficient biocatalysts. Through immobilization, all 



e-ROP of lactones in flow 

52 

 

these features can be applied to lipases.
263

 Moreover, free lipases have less storage stability 

than the immobilized counterparts. In fact, immobilized lipases own a full activity over a long 

time, exhibiting an excellent stability of biocatalyst. Following this concept, the overall costs 

with that of immobilization process can be requite. Actually, we are not interested in 

immobilization methods and  procedures, because the lipase used in our study is already 

commercially available.
264

  

But it is of interest to mention some important points to be considered for immobilized 

lipases. First, after immobilization on porous supports, the enzyme will not be exposed to 

external interfaces anymore. This fact presents an advantage and a limitation. The first 

concerns enzymes’ inactivation that cannot occur with these interfaces. However, interfacial 

activation will be impossible if the enzyme is inside the porous support, except when using 

anhydrous media able to enter to the porous system. Second, as mentioned before, Lipases 

have the tendency to form dimeric aggregates which contain two lipase molecules. And so 

on, the immobilization can occur for the dimeric enzyme instead of the monomeric one; and 

if it is the case, the dimeric lipase will be an undesired form that presents altered properties 

and lower activity than the monomeric lipase form. but this problem-and some others- was 

well resolved by using detergent during immobilization process blocking dimers 

formation.
263

  

The ability of lipases to be adsorbed on hydrophobic surfaces, makes their immobilization on 

these latter the best strategy to apply. The advantages of such a strategy are the following: 1- 

immobilization, purification and stabilization are merged in one-step process. the enzyme 

stabilization is engendered by its open and adsorbed form, 2- Lipase remains in its open and 

monomeric form, (Figure  2-1) , 3- finally, immobilized lipases are more resistant to reaction 

conditions because there is no conformational equilibrium to be adapted. Lipases 

immobilized by interfacial adsorption maintain their activity even under ionic strength. On 

the other hand, the conventionally immobilized enzymes don’t resist these conditions and 

their active center will be closed. However, this method presents some problems that could be 

overcome. Thus, the immobilization of lipases via interfacial activation is considered the 

most used process.
263
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Figure 2-1 Immobilization of lipases on hydrophobic supports at low ionic strength via interfacial activation: 

immobilization of monomeric and open forms of lipases
263

 

 

2.3. Novozym 435 

Novozym 435 (N435) is the immobilized form of CALB provided by Novozymes
TM

. The 

first use of N435 was reported in 1992. CALB was supported on Lewatit VP OC 1600 via 

interfacial activation, which is a macroporous acrylic polymer resin. The N435 support, 

Lewatit VP OC 1600, is composed of spherical beads morphology which forms a 

macroporous matrix. This organic carrier is based on poly(methyl methacrylate) crosslinked 

with divinylbenzene, and commercially known by Lewatit VP OC 1600. The synthesis of 

Lewatit support was not detailed. But it is presumed that the copolymer (the polymethacrylate 

divinylbenzene) is obtained via condensation polymerization or addition between methacrylic 

esters and divinylbenzene. This kind of support is suitable for enzyme immobilization, 

especially for lipase, due to its relative hydrophobicity.
263

  

Many advantages are offered by the use of N435 as a catalyst, as:
263

 

1- The selectivity with multifunctional substrates,  

2- Its great performance under anhydrous conditions as well with moisture sensitive 

substrates,  

3- Its activity in a mild range of temperatures (20-110 °C),  

4- Its suitability for the two reaction systems: batch and continuous reactors,  

5- Its recycling (up to 10 times) depending on reaction conditions, 
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6- Its intensive use for industrial production. 

2.4. Enzymatic ring opening polymerization of lactones: lipase 

catalyzed ROP of lactones 

In the 1980s, the first in vitro enzymatic synthesis of polyesters via condensation 

polymerization was noted using lipase as a catalyst to produce oligomers.
265

 However, the 

enzymatic polyesters synthesis really began in 1993, when two independent groups 

developed the ring opening polymerization (ROP) of lactones (cyclic esters) using lipase as a 

catalyst.
266–268

  

Lipase catalyzed ROP of ε-caprolactone (CL), a seven membered cyclic ester, in bulk at 75°C 

for ten days of reaction and yielded 92% of poly-ε-caprolactone with Mn = 7700 Da and 

polydispersity index of PDI = Mw/Mn = 2.4 (Scheme  2-1 (a)). Similarly, δ-valerolactone (δ-

VL), a six membered cyclic ester was produced at 60°C with Mn = 1900 Da and PDI = 3.0.
268

 

These polyesters have two terminal structures on each extremity, one is a carboxylic acid 

group and the other is a hydroxyl group. So, the initiation and termination steps were 

suggested to be achieved by water molecules present in the reaction medium. ε-CL was then 

polymerized using methanol as an initiator in hexane for more than 26 days to reach total 

conversion of monomer giving PCL and dilactone as a by-product.
266

 Furthermore, lipase 

catalyzed ring opening copolymerization (ROCP) between ε-CL and δ-VL and produced a 

random copolyester structure of Mn = 3700 and PDI = 2.9 (Scheme  2-1 (b)). In addition, the 

copolymerization was applied between CL and two lactones which are 15-

pentadecanolactone (PDL) and D-lactide.
267

 

 

Scheme 2-1 Lipase-catalyzed ROP of Caprolactone (a), and ROCP between Caprolactone and valerolactone (b) 
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These results encouraged the studies of enzymatic polyesters synthesis, where the 

polymerizations or copolymerizations of wide range of lactones ring-size, substituted or not, 

were developed using lipases of different origin as a catalyst.
58,63,72,265–271

  

In Scheme  2-2, 4 to 17 membered cyclic lactone monomers are presented.
76,80,82,83,272,273

 They 

are susceptible to be polymerized or copolymerized by lipase catalysis to give good yielded 

polyesters. 

In 1996, lipase successfully catalyzed the ROP and ROCP of the four membered β-

propiolactone (β-PL) and its substituted form in Bulk and gave linear polyester with Mn up to 

2×10
4
.
273

 

γ-butyrolactone (γ-BL), a five membered lactone, was well known as a non-polymerizable 

monomer because of its low strain energy.
274–277

 But it was found that it can be 

copolymerized by lipase catalyst
278

 or by metal based catalysts to give oligomers and 

copolymers.
279,280

 However, it was showed that ROP can proceed the conversion of this 

monomer by choosing the suitable catalyst. Thus, at atmospheric pressure and temperature of 

-40 °C, a high conversion of 90 % was successfully reached for polymers with more than 30 

kg mol
-1

 of molecular weight, controlled linear or cyclic topologies, and presenting a good 

recyclability.
281

 The use of amino compounds to promote the ROP was more efficient than 

the metal based catalysts, and it was able to polymerize γ-valerolactone -a substituted form of 

γ-butyrolactone(BL)- also known as a difficult monomer to be polymerized for the same 

reason of the former.
282

 

δ-valerolactone (δ-VL), a six membered cyclic ester was polymerized first,
266–268

 and α-

methyl-VL was catalyzed by lipase CA (Candida cylindracea) and gave polyester with 

Mn=8400 and a yield of 93%.
283

 Copolyester with Mn=1900 was produced from 

copolymerization between VL and 16 membered cyclic ester pentadecalactone (PDL). 

The seven membered cyclic lactone is the most one studied in the literature among others. 

Many articles were reported on the ROP or ROCP of this monomer using different types of 

lipases as a catalyst.
76,80,83,91,266,267,272,283–286

 A wide range of lipase was examined as catalyst 

for the polymerization of lactones. Candida antarctica (lipase CA or CA lipase B (CALB)) 

was found the most effective lipase for the ROP of lactones. It is an immobilized lipase on an 

acrylic resin, commercially available as Novozym 435.
287

 An important evolution was 

observed using Novozym 435 compared to other lipases, where it contributed to decrease 
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reaction time from 10 days to less than 10 hours in bulk at 60 °C with a reduction of 

catalyst’s quantity from 50% to 1%. A molecular weight of 25000 of polyesters was reached 

in toluene at 70°C. The high catalytic activity of Novozym 435 remains with macrolactones 

12 and 13-membered (UDL and DDL, respectively). α-methyl-CL was polymerized using 

lipase CA as a catalyst in bulk at 60°C for 24 hours, and yielded a polyester (74%) with  Mn = 

11400 and PDI=1.9.
273

 For unsubstituted α-, γ-, and ω-methyl-CL monomers, low 

polymerizability was observed using lipase catalysis.
284

  

Novozym 435 catalyzed the ring opening polymerization of the eight membered lactone, HL, 

at 45 °C to produce the corresponding polyester with Mn = 23600 and PDI=2.8.
83

 With the 

nine membered lactone, OL, it gave polyester with Mn = 16000 at 75°C. Note that the 

copolymerization of the later was also examined.
288

  

In addition, Novozym 435 catalyzed the polymerization of 10 and 11-membered lactones, NL 

and DL, to give respectively polyesters with Mn=16000 and 20000 withPDI =2.1 and 3.2.
83

  

Furthermore, macrolides which are bigger ring size lactones: 12, 13, 16 and 17 membered 

lactones respectively UDL, DDAL, PDAL and HDL (Scheme  2-2) were successfully 

polymerized with lipase catalyst.
76,80,82,266,287–291

 By using lipase PF as a catalyst, poly(UDL) 

of Mn = 23000 and PDI=2.6 was quantitatively obtained in bulk at 75°C, and by using the 

lipase CC (Candida cylindracea) the same monomer gave a polyester of Mn = 25000 and 

PDI=2.2 with a yield of 95%. These results present a higher polymerizability of the 

macrolides than that of CL. By using cutinase (HiC) as a catalyst, PDL was polymerized and 

gave quantitatively the corresponding polyester with Mn = 44600 and PDI =.7 in toluene at 

70°C.
292
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Scheme 2-2 Unsubstituted lactone monomers for lipase-catalyzed ROP.
7
  

The largest unsubstituted ring size lactone was the 17 membered one (HDL). Various lipases 

were used to catalyze the ring opening polymerization of HDL at 45-75°C in bulk for 5 days. 

With high yields, the corresponding polyester was obtained and reach Mn of 5800 and a PDI 

of 2.0.
289

 The 16 and 17 membered di-ester monomers were well polymerized by lipase CA 

catalysis and polyesters of  Mn up to 4100 (PDI 2.2) were obtained in high yields.
293

 PDL (16 

membered) was randomly copolymerized with four lactones monomers of different ring sizes 

(4, 5 ,10 and 11 membered) and this reaction was carried out in bulk at 60 °C and was 

catalyzed by lipase PF or lipase PC to give polymers with Mn of 1200-6300, which are  

nonrandom structured polymers (Scheme  2-3). 

 

 

Scheme 2-3 Ring-opening copolymerization (ROCP) of PDL with four lactones of different ring sizes.
7
  

Green chemistry is actually a very attractive field presenting a new point of view of 

chemistry regarding the usage of different green products inclunding: catalysts, starting 

materials, solvents… and many other factors which are used without damaging our 

environment.
5
 In our case, we concentrated on macromolecules green synthesis.   
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2.5. Results and discussion 

2.5.1. Poly-(ε-caprolactone) synthesis 

To the best of our knowledge, e-ROP of lactones is not widely investigated in flow mode, but 

it is in active progress. The pioneer work concerning the e-ROP of ε-CL in microreactor was 

accomplished by Gross et al.
28,29

 They used aluminium microchannel reactor covered with 

kapton film, in which the polymerization took place. With this system, they proved the 

advantages of using N435 in a microreactor to catalyze the ROP of ε-CL. Based on this work, 

we aimed to perform the e-ROP of lactones in flow mode but in FEP tubing as mentioned in 

the experimental part (section  7.4.3). 

First, we studied the e-ROP of ε-CL. To this end, we showed the variation of yield 

percentage (Scheme  2-4) in function of the residence time for the e-ROP of ε-CL using the 

equivalents 20/1/40 respectively for ε-CL, 3-phenyl-1-propanol ((PP) the initiator) and 

toluene (solvent). 100 mg of N435
®
 were immobilized into the tubular reactor, which is 

equivalent to 10% of the monomer mass. 

 

Scheme 2-4 Enzymatic ring opening polymerization of ε-caprolactone 

First, we performed this study at RT. As Table  2-1 shows, the conversion of ε-CL increased 

from 15% to 94% with the increase of the residence time from 0.5 min to 8 min, and above 8 

min the conversion remains at 94% (Figure  2-2). The polymerization follows a first-order 

kinetics during the whole course of the reaction with an equation of y = 0.2494x for 

ln([M]0/[M]t) vs. irradiation time (min). The rate constant is 0.2494 min
−1

 (Figure  2-3). The 

linear shape of the kinetic plot presented in Figure  2-3 shows the good control of the 

polymerization and indicates that during the propagation step the concentration of active 

centers is not altered and that no termination reactions occurred.
294

 The Matrix assisted laser 

desorption ionization-time of flight (MALDI-TOF) spectrum (Figure  2-4) presented a well-

regulated shape reflecting a good dispersity of the polymer chains initiated by PP and proved 

by the dispersity (Ð) calculated obtained through GPC (Ð = 1.35) A negligible quantity of 

macrocycles was detected. The e-ROP of ε-CL was performed at 60 °C in flow mode using 

PTFE tubing with internal diameter i.d.= 3.8 mm, in which N435 beads were introduced.
32

 In 
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our case, we aimed to miniaturize the reactor and we used a FEP tubing with i.d. = 1.55 mm. 

Such a system was efficient to give narrow polymer chains with the estimated molar masses 

as the results showed even at RT, so with energy saving. 

Table 2-1 Conversion and molar mass of poly(ε-caprolactone) produced by e-ROP in flow versus the residence time 

(min) at room temperature. 

a Determined by 1H NMR 

 

Figure 2-2 Yield percentage (%) of poly-ε-caprolactone in function of residence time (min) at room temperature. 

 

 

Figure 2-3 Kinetic plot of ε-caprolactone polymerization in flow: Ln[M0]/[M]t in function of residence time (min) at 

room temperature 
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Figure 2-4 MALDI-TOF spectrum of poly-ε-caprolactone produced following 10 min of residence time via e-ROP in 

flow at RT. Green curve: chains initiated by the initiator (PP) M = (Mmonomer × number of repetition) + Mphenylpropanol 

+ M Na
+
, Red curve: Macrocycles M = (Mmonomer × number of repetition) + M Na

+
. The difference between the peaks is 

the molecular mass of ε-caprolactone = 114.06. 

Second, we repeated the same study but at 70 °C. As indicated in Table  2-2 , the conversion 

of ε-CL increased from 30% to 100% with the increase of residence time from 15 s to 240 s, 

and above 240 s the yield percentage remains at 100% (Figure  2-5). So, in this reaction 

system, a low residence time was enough to reach the highest conversion. The linear shape of 

the kinetic plot presented in (Figure  2-6) showed the well-controlled character of the 

polymerization. The regulated shape of MALDI-TOF spectrum (Figure  2-7) showed the 

presence of well dispersed polymer chains and this was proved further by the GPC analysis 

(Ð = 1.3). Two other species of ε-PCLs were detected: macrocycles and chains with H2O 

extremity, but the overwhelming majority remains for PP end chains (Figure  2-8). 

Table 2-2 Conversion and molar mass of poly(ε-caprolactone) produced by e-ROP in flow versus the residence time 

at 70°C. 

Residence time (s) 15 30 60 90 150 210 240 360 600 

Conv (%)
a
 30 37 51 62 79 81 100 100 100 

Mn × 10
-3

 (g/mol)
a 

- - 2.8 2.4 2.5 2.3 3.0 2.3 2.2 

a Determined by 1H NMR. 
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Figure 2-5 Variation of conversion (%) of poly(ε-caprolactone) in function of residence time (s) at 70 °C. 

 

 

Figure 2-6 Kinetic plot of ε-caprolactone polymerization: Ln[M0]/[M]t in function of residence time (s) at 70°C. 
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Figure 2-7 MALDI-TOF spectrum of poly-ε-caprolactone produced following 240 s of residence time via e-ROP in 

flow at 70 °C. Green curve: chains initiated by the initiator (phenylpropanol) M = (Mmonomer × number of repetition) 

+ Mphenylpropanol + M Na
+
, Red curve: Macrocycles M = (Mmonomer × number of repetition) + M Na

+
, Blue curve: water 

end chain M = (Mmonomer × number of repetition) + Mwater+ M Na
+

. The difference between the peaks is the molecular 

mass of ε-caprolactone = 114.06. 

 

 

Figure 2-8 Poly-ε-caprolactones with different end chains. 
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2.5.2. Poly-(δ-valerolactone) synthesis.  

The same study realized previously with ε-caprolactone was repeated using another cyclic 

monomer which is six membered lactone; the δ-valerolactone (δ-VL) (Scheme  2-5), a more 

difficult monomer to be polymerized compared to ε-CL. This time, we followed the variation 

of the yield percentage in function of residence time at 60°C using 200 mg of N435
®
 which is 

equivalent to 22 % of the monomer mass. The reagent mixture followed the equivalents 

20/1/40 respectively for ε-CL, PP (initiator) and toluene (solvent). As observed in Table  2-3 , 

the conversion of δ-VL polymerization increased from 12% to 93% with the increase of 

residence time from 20 s to 214 s (Figure  2-9). It is important to mention here that the use of 

tubular reactor of i.d.=1.55 mm improved the progress of this reaction, since in literature they 

used a PTFE tubular reactor of i.d = 3.8 mm and a higher residence time was needed to reach 

the highest conversion: 12 and 20 min of residence time were required for a mixture of [δ-

VL]/[initiator] = 10 and 30 respectively.
295

 In contrast, 214 s (3.5 min) was enough in our 

case ([δ-VL]/[initiator] = 20) to reach the highest conversion. 

 

 

Scheme 2-5 Enzymatic ring opening polymerization of δ-caprolactone. 

 

Table 2-3 Conversion and molar mass of poly(δ-valerolactone) produced by e-ROP in flow versus the residence time 

at 60 °C. 

Residence time (s) 20 40 85 214 330 420 

Conv (%)
a
 12 30 48 93 86 95 

Mn, × 10
-3

 (g/mol)
a
 0.3 0.6 2.0 2.2 1.7 1.5 

a Determined by 1H NMR. 
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Figure 2-9 Variation of Yield percentage (%) of poly(δ-valerolactone) in function of residence time (s) at 60 °C. 

After 214 s, the molar mass decreased and this can be explained by the apparition of 

transesterification side reactions at this stage. The linear shape of the kinetic plot presented in 

(Figure  2-10) shows the well-controlled progress of the polymerization. The MALDI-TOF 

spectrum (Figure  2-11) demonstrates a good dispersity of the polymer chains from its 

regulated shape and this is proved also by GPC analysis (Ð = 1.27). Two other species of 

poly--valerolactone were detected by MALDI-TOF spectrum: Macrocycles and chains with 

water extremity. But the overwhelming majority remains again for PP end chains. 

 

 

Figure 2-10 Kinetic plot of δ-valerolactone polymerization: Ln[M0]/[M]t in function of residence time (s) at 60°C. 

Moreover, we carried out the polymerization of δ-valerolactone at RT (Table  2-4). Always 

with 200 mg of N435
®
, we tried to find here the residence time needed to obtain the highest 

conversion. In 10 min, we were able to have 100% of conversion (Table  2-4, Run 2), which 

was not reachable at high temperature. And the MALDI-TOF spectrum of this product 
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presents a good Gaussian shape that indicates a very good dispersity of the polymer chains 

(Figure  2-12), and interestingly a Ð of 1.28 was recorded by GPC. Thus, we can see that at 

high and at room temperatures we had the same control of δ-VL polymerization (Ð = 1.27 

and 1.28 respectively). This result showed the ability of polymerizing δ-VL with saving 

energy by decreasing the temperature from 60 °C to the room temperature (23 °C) but with 

increasing the residence time from 2.4 min to 10 min. Hence, a compromise between the 

residence time and the temperature should be established to conserve the same result.  

 

 

Figure 2-11 MALDI-TOF spectrum of poly--valerolactone produced following 214 s of residence time via e-ROP in 

flow at 60 °C. Green curve: chains initiated by the initiator (phenylpropanol) M = (Mmonomer × number of repetition) 

+ Mphenylpropanol + M Na
+
, Red curve: Macrocycles M = (Mmonomer × number of repetition) + M Na

+
, Blue curve: water 

end chain M = (Mmonomer × number of repetition) + Mwater+ M Na
+

. The difference between the peaks is the molecular 

mass of δ-valerolactone = 100.05. 

 

Table 2-4 Conversion and molar mass of δ-valerolactone in flow at room temperature. 

Run Residence time (min) Mn,theo × 10
-3

 (g/mol)
a
 Mn, × 10

-3
 (g/mol)

b
 Conv (%)

b
 

1 8 1.9 2.5 97 

2 10 2.3 2.0 100 

a
 Calculated from ([M]/[I]) Conv.× MW(VL)+MW(PP). 

b Determined by 1H NMR 
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Figure 2-12 MALDI-TOF spectrum of poly--valerolactone produced following 10 min of residence time via e-ROP 

in flow. Green curve: chains initiated by the initiator (phenylpropanol) M = (Mmonomer × number of repetition) + 
Mphenylpropanol + M Na

+
. The difference between the peaks is the molecular mass of δ-valerolactone = 100.05. 

 

2.5.3. Effect of initiators on enzymatic ring opening polymerization (e-

ROP) 

A second study was performed, where different alcoholic initiators were used to polymerize 

ε-CL and δ-VL as shown by Table  2-5. The effect of these initiators on polymers molar mass 

as well as on their polydispersity index was detected. All reactions were carried out following 

the same equivalents: 20/1/40 respectively for ε-CL or δ-VL/initiator/toluene within 4 min of 

residence time. 

When using the secondary alcohol (4-phenyl-2-butanol) as an initiator to polymerize ε-CL, 

the presence of two species of macrocycles and chains initiated by the initiator was detected 

by MALDI-TOF analysis (Figure  2-14.a). In addition, the use of cholesterol (secondary 

alcohol) contributed just to the formation of macrocycles (Figure  2-14.b) where polymers in 

form of cotton were obtained (Figure  2-13) reflecting the high molecular mass of the product 

proved by GPC (Table  2-5). And after testing the polymerization of δ-VL using cholesterol as 

an initiator, only macrocycles formation was recorded again (Figure  2-14.c). For the rest of 

initiators used, MALDI-TOF spectra behave almost similarly and reveal the presence of two 

major species: chains with initiator extremity and macrocycles (Figure  2-15 to Figure  2-19), 

where the former is much more abundant. So, we can conclude that primary alcohols are 
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more efficient to initiate the ring opening polymerization of lactones than the secondary 

alcohols. 

In term of Ð (Table  2-5), 1.6 was the highest value recorded using cholesterol (secondary 

alcohol) for ε-CL polymerization. The rest of values vary in a range between 1.23 and 

maximum 1.44 when using pyrenebutanol which is a bulky primary alcohol. These results 

indicate the good control of the e-ROP performed in a flow system.  

In addition, the e-ROP of ε-CL and δ-VL initiated by PP but at RT required an increase of 

residence time from 4 min to 10 min to reach high conversions. The Ð remains almost the 

same compared with those of polymerizations done at high temperature using the same 

initiator, which means that these polymerizations can be performed with energy save but with 

few minutes’ increase of residence time.  

 

Figure 2-13 ε-PCL obtained from e-ROP in flow by using cholesterol as an initiator  
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Table 2-5 Enzymatic ring opening polymerization of ε-caprolactone (CL)
a
 and δ-valerolactone (VL)

b
 with different 

alcohols as initiators in a flow system
c
. 

Initiator Monomer Mn× 10
-3

 (g/mol)
d
 Mw× 10

-3
 (g/mol)

d
  Ð

d
 Conv (%)

e
 

1-octanol CL 5.2 6.5 1.28 95 

1-propanol CL 5.1 6.3 1.24 88 

3-methyl-1-butanol CL 3.7 5.2 1.40 - 

4-phenyl-2-butanol CL 5.7 7.0 1.24 90 

3-phenyl-1-propanol CL 5.1 6.6 1.30 100 

3-phenyl-1-propanol
f
 CL 3.4 4.6 1.34 94 

3-phenyl-1-propanol VL 4.1 5.2 1.27 93 

3-phenyl-1-propanol
f
 VL 3.7 4.8 1.28 100 

Pyrenebutanol CL 3.3 4.8 1.44 96 

Pyrenebutanol VL 3.7 3.8 1.39 90 

Cholesterol CL 19 23.4 1.23 91 

Cholesterol VL 6.3 10.1 1.60 78 

a Reaction temperature is 70 °C, in toluene, [M]/[I](mol) = 20, 100 mg of N435 
b Reaction temperature is 60 °C, in toluene, [M]/[I](mol) = 20, 200 mg of N435 
c Reactions in flow system with residence time of 4 min 
d Determined by GPC 
e Determined by 1H NMR 
f Reactions at room temperature 
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Figure 2-14 MALDI-TOF spectra of (a) poly- ε-caprolactone and (b) poly-δ-valerolactone produced through e-ROP 

in flow using cholesterol as an initiator and (c) 4-phenyl-2-butanol as an initiator. Green curve: chains initiated by the 

initiator M = (Mmonomer × number of repetition) + Minitiator + M Na
+
, Red curve: Macrocycles M = (Mmonomer × number 

of repetition) + M Na
+
, Blue curve: water end chain M = (Mmonomer × number of repetition) + Mwater+ MNa

+
. The 

difference between the peaks is the molecular mass of the used monomer δ-valerolactone = 100.05 or ε-caprolactone = 
114.06. 
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Figure 2-15 MALDI-TOF spectrum of poly-ε-caprolactone produced through e-ROP using 1-octanol as an initiator 

in flow. Green curve: chains initiated by the initiator (1-octanol) M = (Mmonomer × number of repetition) + Moctanol + M 

Na
+
, Red curve: Macrocycles M = (Mmonomer × number of repetition) + M Na

+
, Blue curve: water end chain M = 

(Mmonomer × number of repetition) + Mwater+ M Na
+

. The difference between the peaks is the molecular mass of ε-

caprolactone = 114.06. 

 

Figure 2-16 MALDI-TOF spectrum of poly-ε-caprolactone produced through e-ROP using 1-propanol as an initiator 

in flow. Green curve: chains initiated by the initiator (1-propanol) M = (Mmonomer × number of repetition) + Mpropanol+ 

M Na
+
, Red curve: Macrocycles M = (Mmonomer × number of repetition) + M Na

+
, Blue curve: water end chain M = 

(Mmonomer × number of repetition) + Mwater+ M Na
+

. The difference between the peaks is the molecular mass of ε-
caprolactone = 114.06. 
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Figure 2-17 MALDI-TOF spectrum of poly-ε-caprolactone produced through e-ROP using 3-methyl-1-butanol as an 

initiator in flow. Green curve: chains initiated by the initiator (3-methyl-1-butanol) M = (Mmonomer × number of 

repetition) + Mmethylbutanol+ M Na
+
, Red curve: Macrocycles M = (Mmonomer × number of repetition) + M Na

+
, Blue curve: 

water end chain M = (Mmonomer × number of repetition) + Mwater+ M Na
+

. The difference between the peaks is the 
molecular mass of ε-caprolactone = 114.06. 

 

 

Figure 2-18 MALDI-TOF spectrum of poly-ε-caprolactone produced through e-ROP using pyrenebutanol as an 

initiator in flow. Green curve: chains initiated by the initiator (pyrenebutanol) M = (Mmonomer × number of repetition) 

+ M pyrenebutanol + M Na
+
, Red curve: Macrocycles M = (Mmonomer × number of repetition) + M Na

+
, Blue curve: 

water end chain M = (Mmonomer × number of repetition) + Mwater+ M Na
+

. The difference between the peaks is the 
molecular mass of ε-caprolactone = 114.06. 
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Figure 2-19 MALDI-TOF spectrum of poly-δ-valerolactone produced through e-ROP using pyrenebutanol as an 

initiator in flow. Green curve: chains initiated by the initiator (pyrenebutanol) M = (Mmonomer × number of repetition) 

+ M pyrenebutanol + M Na
+
, Red curve: Macrocycles M = (Mmonomer × number of repetition) + M Na

+
, Blue curve: 

water end chain M = (Mmonomer × number of repetition) + Mwater+ M Na
+

. The difference between the peaks is the 
molecular mass of ε-caprolactone = 100.05. 
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Then, we carried out the e-ROP of ε-CL at 70°C in the absence of initiator or enzyme. As 

shown in Table  2-6 , without initiator, we successfully polymerized ε-CL using 100 mg of 

N435
® 

within 2 and 4 min of residence time (Runs 1 and 2) with 100% of conversion. Similar 

conversion was obtained after increasing the quantity of N435
® 

to 200 mg (Run 3). With 

these previous polymerizations wide disperse polymers were obtained [Ð = 1.99-2.68]. The 

increase of residence time from 2 min to 4 min contributed to an increase of Ð from 1.99 to 

2.68 (Runs 1 and 2). On the other hand, the increase of the enzyme quantity decreased Ð 

values from 2.68 to 2.03 when remaining at 4 min as the residence time (Runs 2 and 3). The 

same experiment was done for the e-ROP of δ-VL in the absence of initiator. 100 % of 

conversion was obtained using 200 mg of N435
® 

within 3.5 min of residence time at 60°C 

(Run 4). The MALDI-TOF spectra of these previous products indicate that the 

polymerization without initiator yielded just macrocycles (example of MALDI-TOF 

spectrum in Figure  2-20). The apparition of macrocycles is consequentially related to the 

enzyme action, that could explain the high Ð values obtained due to the week control of this 

action. In addition, these four previous reactions result into polymers in form of cotton 

exactly like those obtained when using cholesterol as an initiator. So here, we can conclude 

that the cholesterol did not play its role to initiate the polymerization, and the action of 

N435
® 

was way stronger. Moreover, when using the secondary alcohol 3-phenyl-2-butanol, 

the presence of high percentage of macrocycles with the chains ended by the alcohol 

component, can be explained now by the high competition between the secondary alcohol 

(initiator) and the enzyme action. In addition, 44% of ε-CL conversion was obtained within 4 

min of residence time at RT without initiator (Run 5), thus even at RT the enzyme has an 

effect and can initiate by itself the polymerization. Finally, there is no polymerization in the 

absence of the enzyme N435
® 

at RT nor at 70 °C (Runs 6 and 7), which proves that the 

polymerization is immediately quenched once the reaction media is recovered out of the 

enzyme.  
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Table 2-6 Enzymatic ring opening polymerization of ε-caprolactone in flow in the absence of initiator (3-phenyl-1-

propanol (PP)) or enzyme. 

Run Initiator N435® 

(mg) 

Residence 

time (min) 

Temperature 

(°C) 

Mn,GPC× 

10
-3

 

(g/mol)
a
 

Mw,GPC× 

10
-3

 

(g/mol)
a
 

Ð
a
 Conv

b
 

(%) 

1 - 100 2.0 70 2.6 5.1 1.99 100 

2 - 100 4.0 70 1.6 1.6 2.68 100 

3 - 200 4.0 70 2.1 4.3 2.03 100 

4
c
 - 200 3.5 60 - - - 100 

5 - 100 4.0 RT - - - 44 

6 PP - 4.0 RT - - - - 

7 PP - 4.0 70 - - - - 

a Determined by GPC 
b Determined by 1H NMR 
c δ-valerolactone is used instead of ε-caprolactone as a monomer 

 

 

Figure 2-20 MALDI-TOF spectrum of polycaprolactone yielded without initiator using 100 mg of N435®, residence 

time = 4 min at 70 °C. Macrocycles M = (Mmonomer × number of repetition) + MNa
+
. The difference between the 

peaks is the molecular mass of ε-caprolactone = 114.06. 
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As it mentioned in Figure  2-21, the mechanism steps of e-ROP of lactones, in principle, it’s 

about a key step which is an acyl enzyme intermediate. It’s well known that –CH2OH group 

of a serine-residue in the triad Ser-His-Asp is the active catalytic site of lipase.  First, it is the 

reaction of lactone with lipase and the formation of enzyme-lactone complex (Figure  2-21, 

1), followed by a ring opening of lactone giving the acyl-enzyme intermediate (enzyme-

activated monomer, EM) (Figure  2-21, 2). Second, the initiation step which is an attack of a 

nucleophile (water, alcohol…) at the acyl carbon of the EM intermediate to produce the 

shortest propagating species containing an end hydroxyl function. Then, the propagation step 

continues by the action of the hydroxyl end group at the EM to elongate the number of the 

polymer units (Figure  2-21, 3-a). 

On the other hand, without presence of initiator, the final step of the mechanism will be 

different. So the propagation takes place and the addition of monomers continues. But, the 

de-acylation will be done by an intramolecular attack which yields macrocycles (Figure  2-21, 

3-a). 

 

Figure 2-21 Suggested mechanism for the enzymatic ring opening polymerization of lactones. 1: first step of 

acylation, 2: second step of ring opening of lactones, 3, a: third step in presence of initiator, 3, b: third step without 
presence of initiator. 
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2.5.4. Enzymatic ring opening copolymerization (e-ROCP) of lactones 

producing di-block copolymer in integrated microreator system by 

sequential addition 

We present here four co-polymerizations of ε-CL and δ-VL by sequential addition of 

monomers (Figure  2-22), which are carried out under the same conditions with the difference 

of monomer’s equivalents (Table  2-7). Based on the fact that δ-VL is a more difficult 

monomer to be polymerized compared to ε-CL, we can explain the least conversion of 88% 

obtained when using 20/40 equivalents respectively for ε-CL and δ-VL but which gives the 

best control (Ð = 1.24) (Table  2-7, Run 1). So, in term of control, this result agrees the first 

ones obtained in section (II.1) [Ð of PVL = 1.27 better than Ð of PCL = 1.3] where δ-PVL is 

more controlled than ε-PCL. And when using the reverse 40/20 equivalents for CL and VL, 

the highest conversion was obtained 97% with losing a little of control (Ð = 1.32) (Table  2-7, 

Run 2). Thus, the excess of ε-CL increases the conversion and the excess of δ-VL increases 

the control. Finally, using the same equivalents of the two monomers 20/20 or 40/40 almost 

the same conversion and Ð were obtained respectively: conversion = 95% and 93%, Ð = 1.27 

and 1.26 (Table  2-7, Runs 3 and 4). In addition, the experimental molar masses were 

relatively close to the theoretical previewed ones. Hence, the copolymerization was 

successfully progressed using the first polymer (the ε-PCL) as a macro-initiator in order to 

initiate the copolymerization. This result proves the living aspect of the polymer produced in 

the first step and its efficiency as a macro-initiator. 

 

Figure 2-22 Immobilized enzymes in two FEP tubing for enzymatic ring opening copolymerization (e-ROCP) via 

sequential addition of monomers. 

Ru Monom Monom Equivalen Residenc Residenc Mn,theo Mn,NMR Ð
c
 Con
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Table 2-7 Enzymatic ring opening copolymerization of ε-caprolactone (CL) and δ-valerolactone (VL) with different 

equivalents in a flow system. 

a Calculated from (([M1]+[M2]/[I])×Conv).(MW(CL)+ MW(VL))+MW(PP). 
b Determined by 1H NMR 
c Determined by GPC 

2.5.5. Degradation of poly-lactones by the action of N435
®
 

We passed ε-PCL or δ-PVL (in toluene) over a tubular reactor (FEP) containing 300 mg of 

N435
®

 with different residence times. 

We analyzed the product at three stages: 1- the initial polylactone in its dried form; 2- the 

solution recovered after passing the initial polylactone through the tubular reactor filled of 

N435
®

, so before its purification; 3- the final product recovered after purification of the later 

solution (precipitation, filtration and drying). As shown in Table  2-8, we performed the 

degradation of δ-PVL by the action of N435
®
. First, we tested the injection of different initial 

masses of δ-PVL into the tubular reactor respecting the same residence times: 0.5 or 1 g of δ-

PVL that passed through the reactor containing enzyme within 0.5 or 1 min. Second, we 

tested the degradation of 0.5 g of ε-PCL within residence times ranging from 0.5 to 4 min. 

After all these experiments cited above, we recovered around 30s percent of the initial masses 

of injected polymers. These results proved that polylactones are 70% degraded by the enzyme 

and they lost their molar mass to give smaller chains that are not able to be recovered. And 

this is a known action of enzyme towards polylactones, but here we can see that the 

n er (1) er (2) ts e time 

(1) 

(min) 

e time 

(2) 

(min) 

× 10
-3

 

(g/mol

)
a
 

× 10
-3

 

(g/mol

)
b
 

v 

(%)
a
 

1 CL VL 20/40/1 4 8 5.8 6.1 1.2

4 

88 

2 CL VL 40/20/1 4 7.4 6.4 5.7 1.3

2 

97 

3 CL VL 20/20/1 4 8 5.4 6.9 1.2

7 

95 

4 CL VL 40/40/1 4 7.4 8.1 5.8 1.2

6 

93 
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degradation occurred in few minutes in flow instead of much hours needed with other 

reaction systems already reported.
94

 The polymers are characterized by Matrix-assisted laser 

desorption/ionization Fourier transform ion cyclotron resonance mass spectrometry (MALDI-

FTICR-MS) in each stage to detect the variation of their mass as well as their chains’ 

structure. First at 60 °C, we saw the effect of the initial mass of δ-PVL injected on the 

degradation process with remaining at the same residence time of 1 min. So, after the 

injection of 1 g of δ-PVL, we recovered 30% of the polymer and 36% of it after injecting 0.5 

g. Thus, the initial quantity doesn’t greatly affect the enzyme degradation efficiency. 

MALDI-FTICR spectra presented in Figure  2-23, showed that the majority of the initial PVL 

peaks (red spectrum) ranges in 1200-2300 mass range. Otherwise, after degradation (spectra 

blue and green) the dominant peaks are shifted to smaller masses around 800. If we zoom the 

spectrum (Figure  2-23), we detect the presence of three species of polymer structure: 1- 

polymer chains with initiator extremity, which are the dominant structure in the initial PVL, 

2- Macrocycles, which become at high intensity after degradation and finally 3- chains with 

H2O extremity, which are at lower intensity before and after degradation. Same results were 

obtained, when fixing the injected mass to 0.5 g of PVL and applying different residence time 

of 0.5 and 1 min (Figure  2-24). Finally, we analyzed by MALDI-FTICR all δ-PVL obtained 

after their degradation and purification and we compared them with the initial δ-PVL 

spectrum (Figure  2-25). All spectra behave similarly, with the presence of the three species 

cited above, which proves that only non-degraded PVL are recovered at the end. 

The same study was repeated with ε-PCL at 70 °C, this time, we injected 0.5 g of PCL and 

we changed the residence time in the range of 0.5-4 min. Same analyses of MALDI-FTICR 

were performed with the same interpretations (Figure  2-26 and Figure  2-27). 
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Table 2-8 The degradation of poly(ε-caprolactone) and poly(δ-valerolactone) by the enzyme (N435) in a flow system. 

Polylactones Temperature 

(°C) 

Initial mass 

introduced (g) 

Residence time 

(min) 

Mass of final 

product obtained (g) 

PVL 60 0.5 

0.5 0.18 

1.0 0.15 

PVL 60 1.0 

0.5 0.44 

1.0 0.36 

PCL 70 0.5 

0.5 0.16 

1.0 0.18 

2.0 0.15 

3.0 0.19 

4.0 0.17 
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Figure 2-23 MALDI-FTICR spectra of poly-δ-valerolactone at 60 °C at stages 1 and 2 within 1 min of residence time. 

Stage 1: the initial PVL injected PVL0; stage 2: PVL obtained after degradation and before purification. “x” g/ “y” 

min: the quantity of PVL injected/the residence time. Green frame: chains initiated by the initiator (phenylpropanol) 

M = (Mmonomer × number of repetition) + M phenylpropanol + NNa+, Red frame: Macrocycles M = M = (Mmonomer × number 

of repetition) + NNa+, Blue frame: water end chain M = (Mmonomer × number of repetition) + M water + NNa+. Black 
frame: Zoom. The difference between the peaks is the molecular mass of δ-VL = 100.05. 
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Figure 2-24 MALDI-FTICR spectra of poly-δ-valerolactone at 60 °C at stages 1 and 2 using 0.5 g of PVL. Stage 1: the 

initial PVL0 injected; stage 2: PVL obtained after degradation and before purification. x g/ y min:  the quantity of 

PVL injected/the residence time. Green frame: chains initiated by the initiator (phenylpropanol) M = (Mmonomer × 

number of repetition) + Mphenylpropanol + MNa
+
, Red frame: Macrocycles M = (Mmonomer × number of repetition) + MNa

+
, 

Blue frame: water end chain M = (Mmonomer × number of repetition) + Mwater+ MNa
+

. Black frame: Zoom. The 

difference between the peaks is the molecular mass of δ-VL = 100.05. 

 

  

1123.55991 1141.57005

1159.59548
1+

1223.61070

1241.62146

1259.64722
1+

230620_0_G6_000001.d: +MS

1123.56049
1+

1141.57056

1159.59668
1+

1223.61170

1241.62333

1259.64763
1+

230620_0_I9_000001.d: +MS

1123.55849
1+

1141.56860

1159.59434
1+

1223.60958
1+ 1259.64521

1+

230620_0_I10_000001.d: +MS

0

1

2

3

4

5

7x10

Intens.

0

1

2

3

4

5

6

7x10

0

1

2

3

4

7x10

1100 1125 1150 1175 1200 1225 1250 1275 1300 m/z

475.11467
1+

699.16077
1+

859.44201
1+

1059.54454
1+

1159.59548
1+

1259.64722
1+

1359.69799
1+

1659.85059
1+

1759.89922
1+

1961.00521
1+

2061.05181
1+

2161.10210
1+

2261.15065
1+

2361.20608
1+

2461.25676
1+

2561.30390

230620_0_G6_000001.d: +MS

523.25064
1+

723.35426
1+ 823.40587

1+

923.45766
1+

1023.50889
1+

1159.59668
1+

1259.64763
1+

1359.69998
1+

1459.75059
1+

1559.80034
1+

1859.95400
1+

1961.00560
1+

2061.05324
1+

230620_0_I9_000001.d: +MS

423.19833
1+

523.25022
1+

623.30203
1+

723.35358
1+

823.40514
1+

923.45632
1+

1159.59434
1+

1359.69617
1+

1659.84719
1+

1860.95093
1+

2061.04938
1+

2261.14796
1+

2361.19744
1+

230620_0_I10_000001.d: +MS

0

1

2

3

4

5

7x10

Intens.

0

2

4

6

7x10

0

1

2

3

4

5

6

7x10

500 750 1000 1250 1500 1750 2000 2250 2500 2750 m/z

100.05 

 
100.05  

100.05 

 

 

PVL stage 1 

PVL Stage 2 
0.5 g/0.5 min 

PVL Stage 2  

0.5 g/1 min 

PVL stage 1 

PVL Stage 2  

0.5 g/0.5 min 

PVL Stage 2  

0.5 g/1 min 



e-ROP of lactones in flow 

82 

 

 

 

 

Figure 2-25 MALDI-FTICR spectra of poly-δ-valerolactone at 60 °C at stages 1 and 3. Stage 1: the initial PVL0 

injected; stage 3: PVL obtained after degradation and purification. x g/ y min:  the quantity of PVL injected/the 

residence time. Green frame: chains initiated by the initiator (phenylpropanol) M = (Mmonomer × number of repetition) 

+ Mphenylpropanol + MNa
+
, Red frame: Macrocycles M = (Mmonomer × number of repetition) + MNa

+
, Blue frame: water 

end chain M = (Mmonomer × number of repetition) + Mwater+ MNa
+
Black frame: Zoom. The difference between the 

peaks is the molecular mass of δ-VL = 100.05. 
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Figure 2-26 MALDI-FTICR spectra of poly-ε-caprolactone at 70 °C at stages 1 and 2. Stage 1: the initial PCL 

injected; stage 2: PCL obtained after degradation and before purification. x min: the residence time. Green frame: 

chains initiated by the initiator (phenylpropanol) M = (Mmonomer × number of repetition) + Mphenylpropanol + MNa
+
, Red 

frame: Macrocycles M = (Mmonomer × number of repetition) + MNa
+
, Blue frame: water end chain M = (Mmonomer × 

number of repetition) + Mwater+ MNa
+

. Black frame: Zoom. The difference between the peaks is the molecular mass of 
ε-CL = 114.06.  
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Figure 2-27 MALDI-FTICR spectra of poly-ε-caprolactone at 70 °C at stages 1 and 3. Stage 1: the initial PCL 

injected; stage 3: PCL obtained after degradation and purification. x min: the residence time. Green frame: chains 

initiated by the initiator (phenylpropanol) M = (Mmonomer × number of repetition) + Mphenylpropanol + MNa
+
, Red frame: 

Macrocycles M = (Mmonomer × number of repetition) + MNa
+
, Blue frame: water end chain M = (Mmonomer × number of 

repetition) + Mwater+ MNa
+

. Black frame: Zoom. The difference between the peaks is the molecular mass of ε-CL = 
114.06.  
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2.5.6. Recycling of N435
®
 

As N435
®
 was immobilized into the tubular reactor; it was reused many times in ring opening 

polymerization of ε-CL under identical conditions (residence time = 4 min and T = 70 °C). 

This study proved the efficiency of enzyme reusing in flow system without need for any extra 

step to recover the catalyst after each reaction. As Table  2-9 shows, until reaction number 8 

the conversion was constantly upper than 96%. Practically after reaction 18 the conversion 

decreased below 90% and reached 77% on reaction number 21. So, the high conversion 

conserved during these reactions proves that N435
® 

can be reused for at least eight times with 

conserving its very high efficiency. And we can greatly consider N435
® 

as a green and an 

economic catalyst.  

Table 2-9 The reuse of enzyme as a catalyst for ε-caprolactone polymerization in a flow mode
a 

Run Conv (%)
b
 

1 98 

2 97 

3 98 

4 97 

5 93 

6 98 

7 98 

8 99 

9 86 

10 93 

11 96 

12 90 

13 91 

14 --- 

15 93 

16 85 

17 89 

18 90 

19 87 

20 85 

21 77 

a Reaction temperature is 70 °C, in toluene, [M]/[I](mol) = 20, 100 mg of N435®, residence time = 4 min 
b Determined by 1H NMR  
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2.6. Conclusions 

In conclusion, we successfully produced ε-PCL [(at 70 °C, conversion = 100%, Ð = 1.3, 

residence time = 240 s), (at RT, conversion = 94%, residence time = 10 min, Ð = 1.34)] and 

δ-PVL [(at 60°C, conversion = 100%, Ð = 1.27, residence time = 214 s) (at RT, conversion = 

100%, residence time = 10 min, Ð = 1.28)] via enzymatic ring opening polymerization in 

flow, so these polymerizations can be performed with energy save. As initiators, we found 

that primary alcohols are more efficient for the initiation than the secondary alcohols. A 

strong competition exists between the secondary alcohols and the enzyme, where the latter is 

responsible of the production of macrocycles and this is being proved by the polymerizations 

achieved without presence of initiator. Wide dispersed polymers were obtained by the single 

action of enzyme [Ð = 1.99-2.68], while the increase of residence time caused the increase of 

Ð, in contrast the increase of enzyme quantity had the opposite effect on Ð. In addition, no 

conversion was detected in the absence of N435
® 

at RT nor at 70 °C, which proves that the 

polymerization is immediately quenched once the reaction media is recovered out of the 

enzyme.  On the other hand, Successful co-polymerizations in flow were done via sequential 

addition yielded copolymers of Ð max = 1.27 and conversions of more than 88%. We proved 

also the enzyme capability to break down polylactones in flow mode at the same time with its 

effectiveness in polymerizing lactones. Finally, we proved the advantage of reusing N435
®

 

with a very good efficiency for more than ten times. 
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3. CHAPTER THREE: PHOSPHAZENE BASES (PBs) 

CATALYZED THE RING OPENING 

POLYMERIZATION OF LACTONES IN FLOW 

SYSTEM 

3.1. Phosphazene bases (PBs) 

A new class of catalysts has been generated in order to develop controlled polymer 

materials.
296–298

 The usual demands of catalysts for small molecule reactions like efficiency 

and selectivity are added to other requirements for polymerization reactions catalysts such as: 

tolerance to functional monomers, molecular weights control, polymers mass distributions, 

number and nature of chain end groups, macromolecules topologies, and the sequence of 

different monomers in the polymer chain.
299

 It’s well known that organometallic catalysts 

have gained a large interest in the field of polymerization catalysis with unlimited 

combinations of ligands and metals.
300–302

 However, in response to environmental 

requirements for metal-free polymers as well as for biomedical
303

 and microelectronic 

applications,
304

 advances in organocatalyzed polymerizations were recorded during almost 

the past decade.
305

  

Phosphazene bases (PBs) are quite strong, uncharged Brønsted bases that do not exhibit a 

nucleophilic character. In the beginning of 1970s, the first PB was synthesized that includes 

phosphorus atom P(V) bounded by one imine and three amine groups (Figure  3-1).
306–309

 

Until the late 1980s, few reports have appeared concerning this compound and its application 

when Schwesinger and co-workers restored the dynamic of this work.
12,13,310,311

 They 

developed a general synthetic methodology by which a series of PBs have been generated 

(Figure  3-2). 
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Figure 3-1 The first-reported phosphazene base, MeP1. 

 

 

Figure 3-2 Branched, linear, and cyclic phosphazene bases used in polymer synthesis. pKa values measured in MeCN 

are shown in parenthesis.
310,312

  

PBs are characterized by their quite basicity and non-nucleophilic nature. Thus, they are able 

to deprotonate or activate protic weak nucleophiles and turn them into nucleophilic initiating 

species that can further initiate rapid and controlled ROPs. The efficient protic initiators in 

the presence of PBs were found to be alcohols,
313

 thiols
314

 and amides,
315

 among which 

alcohols are the most used due to their diversity and availability. An alternative way of 

initiator’s activation was provided by using complexation/coordination of PB with lithium 

cation.
316
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The molecular structure and the basicity of PBs affect highly their catalytic properties. It was 

found that high basicity can accelerate polymerization rates and lead to undesirable reactions, 

like chain transfer reactions and transesterifications, which make broader the Mw of the 

produced polymer chains.
312

 Therefore, a correct choice of the PBs with the suitable basicity 

towards a specific monomer is important to perform a fast and controlled polymerization.
317

  

3.2. Phosphazene bases features 

3.2.1. Structural features of PBs  

Based on Schwesinger’s research, the (R2N)2-P = N part of the compound (Figure  3-1, the 

structure part in the frame) was taken as a standard part and considered as a “basicity battery 

cell”.
310

 So, by homologation, a series of neutral superbases were produced (Figure  3-2). The 

electronic and steric properties of the battery cells can be tuned by different dialkylated 

amino groups and the control of basicity and nucleophilicity of PBs can be greatly affected 

by the choice of =alkyl groups, and this is shown by the different pKa values mentioned in 

Figure  3-2. Based on this concept, branched or linear phosphazene can be obtained and 

simply named as Pn, where n is the number of “battery cells”. PBs presented in Figure  3-2 are 

of high importance for polymer synthesis.
305

 Always based on “battery cell” concept, but this 

time using a cyclic starting material, hexachlorocyclotriphosphazene, Zhibo Li and co-

workers have developed a new type of phosphazene base (CTPB).
312

  

3.2.2. Basicity of PBs 

Theoretically, the basicity of a wide range of PBs has been studied
318

 and the values were 

experimentally measured in the gas phase
319

 as well as in solution, such as THF,
320

 MeCN
321

  

and DMSO.
310

 The PBs shown in Figure  3-2 present pK values in the range of 27 to 45 pKa 

units in MeCN. The pKa values change similarly in the two solvents MeCN and DMSO. 

However, because of proton affinity difference between these two solvents, for a given PB, 

the pKa value is larger in MeCN than that in DMSO. The structure of PBs is the main 

parameter that affects the basicity of them. First of all, it is related to the number of “battery 

cells”, and an increase of it is recorded from p1 to p5 with the charge on the conjugated 

phosphazenium cation. However, a decrease of basicity is observed with larger system for 

each additional “battery cell”, because of the resonance saturation of the cation. In fact, t-

BuP7 and t-BuP5.have both the same basicity (pKa = 45.3 in MeCN Figure  3-2).
310,311

 In 

addition, the presence of different substituents on amino and imino groups is able also to 

https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Li%2C+Zhibo
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affect the basicity. For example, the use of pyrrolidine groups instead of dimethylamino 

groups in the P4 series contributes to basicity increase by 1.3 pK units (t-BuP4 and PyP4 in 

Figure  3-2). Finally, the topology tuned the basicity of PBs.In addition, the branched PBs 

present more basicity than the linear ones for those owning the same number of “battery 

cells” (examples: P3 and P5 in Figure  3-2). CTPB exhibits surprisingly a lower basicity 

compared to t-BuP4 (33.3 and 44.0 respectively, Figure  3-2).
313

  

3.2.3. Stability and solubility of PBs 

PBs exhibit good thermal stability, in addition to the high stability towards oxygen and 

moisture.
310,311

 They resist greatly to hydrolysis, even in highly basic solution. The most used 

PB which is t-BuP4 remains stable in 1 M aqueous solution at 160 °C for 20 h.
13

 On the other 

hand, these bases are strongly hydrophilic and lipophilic, and they are in a liquid form at 

room temperature, in the two air and hexane vapor. Even more, no smooth –or efficient 

enough- “physical” method was found in order to dry wet samples, and this task become 

more and more difficult with PBs beyond P3 stage which are extremely basic. That is why; it 

is required to store PBs under dry nitrogen protection.  

Another interesting feature of PBs is their good solubility in the most used organic solvents 

like: hexane, toluene, THF, MeCN and DMSO, which makes them easy to manipulate and a 

suitable choice for polymerization in solution. However, the high basicity of PBs could 

promote reactions between them and the solvent, like MeCN and DMSO. A self-

condensation of acetonitrile resulting the quite acidic 4-amino-2,6-dimethylpyrimidine, can 

be catalyzed by the P3, P4 or even P2 basic catalysts.
310

 It was found that two isomers of 

commercial t-BuP4 in hexane solution are detected by NMR, proving the possibility of 

decomposition/isomerization process of t-BuP4 in solution to occur.
322

 In the case of cyclic 

PBs, CTPB showed a good stability in hexane, toluene and THF over days, and no 

decomposition was observed. On the other hand, the two topologies of PBs branched and 

cyclic ones-including t-BuP4 and CTPB- are instable in dichloromethane even at room 

temperature. t-BuP4 in dichloromethane results directly in a brown solution.
323

 Consequently, 

apolar or moderately solvents like hexane, toluene and THF are used commercially to prepare 

the PBs in solution under inert atmosphere  
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3.3. General mechanism for ROP of cyclic esters by PBs  

Related to the nature of ROP components which are: the catalyst, the initiator and the 

monomer; three types of mechanisms for organocatalyzed ROP are mentioned and known as: 

monomer activation mechanism, initiator/chain-end activation mechanism, and dual 

activation mechanism.
324

 As superbases, PBs can initiate directly a polymerization reaction 

by simple abstraction of the monomer’s relative acidic proton, without initiator interference. 

However, this route application was limited to polymerization of non-cyclic monomers, like 

methyl methacrylate (MMA), α-methylene-γ-butyrolactone, and their analogs, so without 

ring opening.
325,326

 This way of initiation wasn’t enough efficient for the polymerization of 

cyclic esters.
313,323

 Therefore, conventionally, ROP of cyclic esters is catalyzed by PBs in 

combination with initiators following the initiator/chain-end activation catalytic mechanism 

(Scheme  3-1). Typically, the first step is the activation of the initiator or the polymer chain 

end by PBs through deprotonation or formation of hydrogen bond, resulting in the activation 

of initiating/chain propagating species under relative mild conditions compared to metal 

catalysts harder conditions requirements.
327–331

 The activated species containing an alkoxide 

function (oxygen with negative charge) will make a nucleophilic attack on the electrophilic 

carbonyl group of the monomer, leading to the ring opening of the cyclic ester. 

 

Scheme 3-1 ROP of lactide by PB in the presence of alcohol as the initiator with the initiator/chain-end activation 

mechanism.
305

 

In addition, PBs can combine H-bond donors species to form a dual catalytic system which 

implies their cooperation to activate and promote the ROP under the dual activation 

mechanism (Scheme  3-2). In this mechanism, as strong bases, PBs activate the initiator/chain 

end by proton abstraction and the electrophiles presented by the H-bond donors activate the 

monomer.
332

 Due to the amplified activity and selectivity of such dual catalytic systems, they 

have gained recently much interest. 
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Scheme 3-2 Representation of dual activation of a monomer and growing polymer chain by a bifunctional 

iminophosphorane organocatalyst. R, aryl group; EWG, electron-withdrawing group. Reproduced with permission
332

 
Copyright 2014, American Chemical Society. 

 

3.4. Phosphazene bases (PBs) catalysed the homo- and 

copolymerization of lactones.  

BEMP, t-BuP1 and t-BuP2 are phosphazenes with relatively low basicity, and they 

successfully catalysed the ROP of cyclic esters like: L-lactide (L-LA), rac-latide (rac-LA), δ-

VL and ε-CL.
333,334

 Following this synthetic route, MW of polymers produced can be 

predicted and they possess low dispersity indexes (PDIs) and high end-group fidelity. 

However, the rate of ROP catalyzed by these weak PBs is relatively low and it could take 

about hours or days to reach high conversions. On the other hand, with more strong PB such 

as t-BuP4, an active ROP can be performed but with loss of reaction control manifested by a 

broad distributions of polymer chains, due to the apparition of transesterification side 

reactions.
312

 Here appears the importance of the right choice of PB for a given monomer. 

3.4.1. O-ROP of VL and CL 

BEMP has been studied in ROP of VL promotion using either 1-pyrene butanol or benzyl 

alcohol as initiator, in bulk and at room temperature.
333

 However, the same reaction but with 

LA monomer was done with faster polymerization rate under the same conditions. In 

addition, with CL, the less strained monomer, only 14% of conversion was reached after ten 

days at room temperature.
333

 On the other hand, the catalytic system was improved by 

changing it to a dual catalytic system involving BEMP and triclocarban (TCC) as an H-bond 

donor, and full conversion of VL was reached after 3 min.
335

  

Furthermore, t-BuP2 was investigated to catalyze the ROP of ε-CL under different conditions 

such as: initiators, solvents, catalyst and monomer concentrations.
336

 Overall, controlled ROP 

of ε-CL proceeded with expected MW and good polydipersity index. The polymerization rates 
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variate according to the solvent used in the following order: DCM > toluene > 1,4-dioxane > 

THF. The best solvent was the DCM in which 98% of conversion was reached within 1h, 

while in THF, only 39% was reached after 8 h. Although the highest conversion was obtained 

in DCM, a high degree of transesterification side reaction was recorded that contributed to 

broad polymer chains (PDI=1.42). The use of amide and macromolecular initiators were good 

for polymerization initiation but with lower rates.
336

 The cyclic phosphazene (CTPB) was 

able to catalyze CL ROP and without presence of initiator, but with low efficiency. therefore, 

different alcohols were used as an initiator like: BnOH, diphenylmethanol, 3-phenyl-1-

propanol (PP), and trimethylol propane, PCLs with different end groups and topologies were 

able to be prepared as shown in Scheme  3-3.
313

  

 

Scheme 3-3 Preparation of linear and three-arm star PCLs by CTPB with different initiators.
313

 

In addition, the selectivity of phosphazene superbases towards lactone monomers was 

investigated.
337

 Based on the ring sizes of lactones, they defined small lactones (SLs) (SLs ≤ 

8 membered rings) and macrolactones (MLs) (ring size >8). The selectivity was showed to be 

as: t-BuP4 for MLs and t-BuP2 for SLs. So, by switching these two catalysts, controlled 

copolymers of PMLs-b-PSLs can be obtained.  

3.4.2. O-ROP of γ-Butyrolactone 

γ-Butyrolactone (γ-BL) is a promisingrenewable monomer and biobased compound derived 

from succinic acid.
338

 Normally this cyclic ester is considered as a “non-polymerizable” 

monomer due to the low strain energy of the five-membered ring.
275

 However, it was 

polymerized by enzymatic catalysis but with extreme conditions and low MW were obtained. 

Later, Chen and coworkers developed the ROP of γ-BL using earth metal complexes at -

40°C.
281

 And the same group continued their work and investigated the use of t-BuP4 to 

polymerize γ-BL in the absence of initiator.
313

 Besides, when adding the alcohol as an 

initiator to the system, a more efficient polymerization were performed with high conversion 

of 90% and Mn up to 36.7 KDa within 4 h. Moreover, a good investigation of t-BuP4 to 



PBs catalyzed the ROP of lactones in flow 

94 

catalyze the ROP of γ-BL was done with the presence of various electron-donation groups 

substituted (thio) ureas to form a dual organo-catalytic system. In a such system, the 

polymerization of γ-BL was conducted with high activity and selectivity to give linear PγBLs 

with high MW.
339

 Even more, the copolymerizations of γ-BL with CL or VL using t-BuP4 as a 

catalyst were effective.
340
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3.5. Results and discussion  

3.5.1. Organo ring opening polymerization of ε-CL in microreator system 

catalyzed by phosphazene superbases in flow system. 

In organo ring opening polymerization (O-ROP) we used as a catalyst four phosphazene 

bases (PBs), which are ordered from the strongest one to the weakest one as following: t-

OctP4, t-BuP4, t-BuP2, P1-t-Bu-tris(tetramethylene) (BTPP) with pKBH
+ 

in MeCN 

respectively 42.7, 41.9, 33.5, 28.4 (Figure  3-3). 

 

 
Figure 3-3 Different phosphazene superbases. 

 

 

Figure 3-4 phosphazene superbases catalyzed rimg opening polymerization of ε- caprolactone. 

 

Working on the ε-CL organo ring opening polymerization (Figure  3-4), we tried to find the 

best phosphazene superbase to use as a catalyst under the optimum conditions of temperature, 

residence time and reagents quantity (Table  3-1).  
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Table 3-1 Organo ring opening polymerization of ε-caprolactone in microflow system with double entries using 

phozphazene superbases as catalysts in toluene. M/I/cat: Monomer/Initiotor/Catalyst 

a Determined by 1H NMR  

b Calculated from (([M]/[I])×Conv) × M(monomer))+MW(initiator). 
c Determined by GPC  

 

Using the strongest phosphazene t-OctP4 as a catalyst with 50/1/1 of equivalents respectively 

for the monomer, initiator (PP) and the catalyst, 100% of conversion and Ð of 1.59 were 

obtained at 5 °C within 30 min of residence time (Table  3-1, Run 1). Under the same 

conditions, but, with residence time of 20 min we obtained 92% of conversion and Ð of 1.43 

Run M/I/Cat Eq Residence 

time 

(min) 

T °C Conv

a 

Mn
b 

(theo)
 

Mn
a 

(NMR) 

Mn
c 

(GPC) 

Ðc 

1 ε-CL/PP/ t-OctP4 50/1/1 30 5 100 5843 5100 7718 1.59 

2 ε-CL/PP/ t-OctP4 50/1/0.5 30 5 90 5272 5923 ---- ---- 

3 ε-CL/PP/ t-OctP4 50/1/0.16 30 5 68 3240 3523 4250 1.32 

4 ε-CL/PP/ t-OctP4 50/1/1 20 5 92 5386 4800 8790 1.43 

5 ε-CL/ BnOH/ t-BuP4 100/1/1 60 50 95 11522 10950 9738 1.87 

6 ε-CL/ BnOH/ t-BuP4 100/2/1 60 50 96 5815 5586 9836 1.96 

7 ε-CL/PP/ t-BuP4 100/1/1 60 50 92 10637 4600 7649 1.64 

8 ε-CL/PP/ t-BuP4 100/2/1 60 50 95 5558 4700 8101 1.71 

9 ε-CL/PP/ t-BuP4 100/4/1 60 50 97 2904 3500 6435 1.50 

10 ε-CL/PP/ t-BuP4 100/1/1 60 23 96 11093 4360 11764 2.11 

11 ε-CL/PP/ t-BuP4 100/2/1 60 23 94 5500 4130 9779 2.09 

12 ε-CL/Chol/ t-BuP4 100/1/1 60 50 78 11800 ---- 8027 1.70 

13 ε-CL/PP/  t-BuP2 50/1/1 30 5 41 2476 ---- 3539 1.08 

14 ε-CL/PP/ BTPP 40/1/1 60 70 0 ---- ---- ---- ---- 

15 ε-CL/PP/ BTPP 40/1/1 360 70 0 ---- ---- ---- ---- 

16 ε-CL/PP/ BTPP 100/1/1 360 70 0 ---- ---- ---- ---- 

17 ε-CL/PP/ BTPP 150/1/1 600 90 0 ---- ---- ---- ---- 
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(Table  3-1, Run 4). Compared to Run 1, the conversion decreased to 90% and 68% (Ð=1.3) 

with the decrease of the catalyst equivalent respectively to 0.5 and 0.16 (Table  3-1, Runs 2 

and 3). So according to Ð values, when increasing the yield, we lost a little bit of control. 

And in these three runs the molecular weights obtained were close to the theoretical ones 

predicted by 
1
H NMR.  

Second, we used t-BuP4 as a catalyst to promote the O-ROP of ε-CL, wich is less basic than 

the t-OctP4. First the initiation was done using BnOH as an initiator. We carried out the 

reaction with equimolar amounts of initiator and catalyst within 60 min at 50 °C (Table  3-1, 

Run 5). The polyesters result from 95% of monomers conversion. Interestingly, the 

theoretical Mn calculated by 
1
H NMR is in accordance with the two experimental values 

obtained by 
1
H NMR and GPC; however, the Ð is of 1.87. When we increased the amount of 

the initiator to 2 equivalents (Table  3-1, Run 6), theoretical and experimental values of Mn 

calculated by 
1
H NMR were correlated but with a difference with the one obtained by GPC 

and an increase of Ð was recorded (1.96). Although the presence of three different species of 

polyesters in these two products, which is proved by MALDI-TOF spectra, these latter don’t 

behave similarly in term of the abundance of each species. With equimolar conditions, chains 

initiated by BnOH are the most abundant with less presence of macrocycles and chains with 

H2O extremity (Figure  3-5). However, when the initiator equivalent is doubled, the MALDI-

TOF spectrum revealed a predominance of the macrocycles abundance over the two other 

species (Figure  3-6). And these results correspond to the increase of Ð value so to a control 

loss.  

 

Figure 3-5 MALDI-TOF spectrum of poly-ε-caprolactone produced after 60 min of residence time via O-ROP 

initiated by BnOH in flow at 50 °C (Monomer/Initiator/Catalyst 100/1/1) (Table 3-1 Run 5). Green curve: chains 

initiated by the initiator (BnOH) M = (Mmonomer × number of repetition) + MBnOH + MNa
+
, Red curve: Macrocycles M 

= (Mmonomer × number of repetition) + MNa
+
, Blue curve: water end chain M = (Mmonomer × number of repetition) + 

Mwater+ MNa
+
. The difference between the peaks is the molecular mass of ε-caprolactone = 114.06. 
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Figure 3-6 MALDI-TOF spectrum of poly-ε-caprolactone produced after 60 min of residence time via O-ROP 

initiated by BnOH in flow at 50 °C (Monomer/Initiator/catalyst 100/2/1) (Table 3-1 Run 6). Green curve: chains 

initiated by the initiator (BnOH) M = (Mmonomer × number of repetition) + MBnOH + MNa
+
, Red curve: Macrocycles 

M = (Mmonomer × number of repetition) + MNa
+
, Blue frame: water end chain M = (Mmonomer × number of repetition) + 

Mwater+ MNa
+
. The difference between the peaks is the molecular mass of ε-caprolactone = 114.06. 

When changing the initiator to the PP and cholesterol, polymerizations yielded respectively 

92% and 78% (Table  3-1, Runs 7 and 12). MALDI-TOF-MS spectra revealed the presence of 

linear and non-linear species in the polyester products. Besides the linear ε-PCL initiated by 

BnOH -the major species-, we observed the presence of macrocycles formed by the 

intramolecular transesterification reaction and linear ε-PCL with the H2O group instead of 

BnOH (Figure  3-5). For the polyester initiated by PP, macrocycle species were more 

abundant (Figure  3-7). And finally, with cholesterol, the main species in the product was the 

macrocycles (Figure  3-8). In term of control, the PP gave the most controlled chains among 

the two other initiators (Ð = 1.64)  

 

Figure 3-7 MALDI-TOF spectrum of poly-ε-caprolactone produced after 60 min of residence time via O-ROP 

initiated by PP in flow at 50 °C (Monomer/Initiator/Catalyst 100/1/1) (Table 3-1 Run 7). Green curve: chains initiated 

by the initiator (PP) M = (Mmonomer × number of repetition) + MPP + MNa
+
, Red curve: Macrocycles M = (Mmonomer × 

number of repetition) + MNa
+
, Blue frame: water end chain M = (Mmonomer × number of repetition) + Mwater+ MNa

+
. 

The difference between the peaks is the molecular mass of ε-caprolactone = 114.06. 
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Figure 3-8 (a) MALDI-TOF spectrum of poly-ε-caprolactone produced after 60 min of residence time via O-ROP 

initiated by cholesterol in flow at 50 °C (Monomer/Initiator/Catalyst 100/1/1) (Table 3-1 Run 12). (b) a zoom of the 

black framed part, Green arrow: chains initiated by the initiator (Cholesterol) M = (Mmonomer × number of repetition) 

+ Mphenylpropanol + MH
+
, Red arrow: Macrocycles M = (Mmonomer × number of repetition) + MNa

+
, Blue arrow: water end 

chain M = (Mmonomer × number of repetition) + Mwater+ MNa
+
. The difference between the peaks is the molecular mass 

of ε-caprolactone = 114.06. 

We widened the study of the ε-CL O-ROP catalyzed by t-BuP4 and initiated by PP. We were 

interested to change the amount of this latter from 1, 2 to 4 equivalents to reveal its effect on 

resulting polyesters within 60 min at 50 °C. For these three attempts, the conversion 

exceeded 90% (Table  3-1, Runs 7, 8 and 9). In term of control, the highest Ð was recorded 

when using two equivalents of PP (Ð = 1.71) and the corresponding MALDI-TOF-MS 

spectrum showed the abundance of macrocycle species (Figure  3-9), and the lowest Ð was 

obtained with four equivalents of PP (Ð = 1.5) for which MALDI-TOF-MS spectrum 

clarified that polyesters with PP extremity are the major species among the others that we 

detect frequently (macrocycles and chains with H2O extremity) (Figure  3-10). 

(a) 

(b) 
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Figure 3-9 MALDI-TOF spectrum of poly-ε-caprolactone produced after 60 min of residence time via O-ROP 

initiated by PP in flow at 50 °C (Monomer/Initiator/Catalyst 100/2/1) (Table 3-1 Run 8). Green curve: chains initiated 

by the initiator (PP) M = (Mmonomer × number of repetition) + MPP + MNa
+
, Red curve: Macrocycles M = (Mmonomer × 

number of repetition) + MNa
+
, Blue frame: water end chain M = (Mmonomer × number of repetition) + Mwater+ MNa

+
. 

The difference between the peaks is the molecular mass of ε-caprolactone = 114.06. 

 

 

Figure 3-10 MALDI-TOF spectrum of poly-ε-caprolactone produced after 60 min of residence time via O-ROP 

initiated by PP in flow at 50 °C (Monomer/Initiator/Catalyst 100/4/1) (Table 3-1 Run 9). Green curve: chains initiated 

by the initiator (PP) M = (Mmonomer × number of repetition) + MPP + MNa
+
, Red curve: Macrocycles M = (Mmonomer × 

number of repetition) + MNa
+
, Blue frame: water end chain M = (Mmonomer × number of repetition) + Mwater+ MNa

+
. 

The difference between the peaks is the molecular mass of ε-caprolactone = 114.06. 

 

Furthermore, we did again the same study but at room temperature (23 °C). As results for 

using one and two equivalents of PP, we obtained conversions exceeding 90% but with broad 

polyesters (Ð > 2) (Table  3-1, Runs 10 and 11). This can be explained by the corresponding 

MALDI-TOF-MS spectra that showed the dominance of macrocycles in the produced 

polyesters (Figure  3-11and Figure  3-12). 
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Figure 3-11 (a) MALDI-TOF spectrum of poly-ε-caprolactone produced after 60 min of residence time via O-ROP 

initiated by PP in flow at 23 °C (Monomer/Initiator/Catalyst 100/1/1) (Table 3-1 Run 10). (b) a zoom of the black 

framed part Green curve: chains initiated by the initiator (PP) M = (Mmonomer × number of repetition) + MPP + MNa
+
, 

Red curve: Macrocycles M = (Mmonomer × number of repetition) + MNa
+
, Blue frame: water end chain M = (Mmonomer × 

number of repetition) + Mwater+ MNa
+
. The difference between the peaks is the molecular mass of ε-caprolactone = 

114.06. 

 

Figure 3-12 MALDI-TOF spectrum of poly-ε-caprolactone produced after 60 min of residence time via O-ROP 

initiated by PP in flow at 23 °C (Monomer/Initiator/Catalyst 100/2/1) (Table 3-1 Run 11). Green curve: chains 

initiated by the initiator (PP) M = (Mmonomer × number of repetition) + MPP + MNa
+
, Red curve: Macrocycles M = 

(Mmonomer × number of repetition) + MNa
+
, Blue frame: water end chain M = (Mmonomer × number of repetition) + 

Mwater+ MNa
+
. The difference between the peaks is the molecular mass of ε-caprolactone = 114.06. 

 

By comparing runs 1 and 13, which are two reactions carried out under the same conditions 

but with different phosphazene bases, we can detect that the strongest base gave the excellent 

yield with Ð=1.59 (run 1) and the less basic one (t-BuP2) gave a well-controlled 

(a) 

(b) 
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polymerization with Ð = 1.08 but with low conversion (41%) (run 13). So, the high basicity 

of the catalyst contributes to an increase of monomers conversion but a control loss and vice 

versa. 

Finally, no conversions were recorded when using P1-t-Bu-tris(tetramethylene) (BTPP) as a 

catalyst (Table 10, Runs 11, 12 and 13), which is the weakest phosphazene base, so we 

suppose that its basicity wasn’t sufficient to initiate the ROP. Note that in the case of O-ROP 

initiated by benzyl alcohol and cholesterol, we can’t calculate the molecular weight by 
1
H 

NMR due to the fact that the initiator proton peaks were not clear.  

3.5.2. Organo ring opening polymerization of ε-VL catalyzed by 

phosphazene superbases in flow system. 

 

Figure 3-13 phosphazene superbases catalyzed rimg opening polymerization of -valerolactone. 

 

Table 3-2 Organo ring opening polymerization of -valerolactone in microflow system with double entries using 

phosphazene superbases as a catalysts in toluene. M/I/cat: Monomer/Initiotor/Catalyst. 

a Determined by 1H NMR  

b Calculated from (([M]/[I])×Conv) × M(monomer))+MW(initiator). 
c Determined by GPC  

Run M/I/Cat Eq Residence 

time (min) 

T 

(°C) 

Conv
a 

Mn
b 

(theo) 

Mn
a 

(NMR) 

Mn
c

 

(GPC) 

Ðc 

1 -VL/PP/ t-BuP4 40/1/1 60 23 83 4140 2140 5503 1.58 

2 -VL/PP/ t-BuP4 40/1/1 120 23 93 4140 2140 6053 1.55 

3 -VL/PP/ t-BuP4 40/1/0.5 120 23 49 4140 2390 5400 1.42 

4 -VL/PP/ t-BuP4 40/1/1 60 50 86 3580 2640 4399 1.31 

5 -VL/PP/ BTPP 40/1/1 120 23 0 ----- ----- ----- ----- 

n-1 
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In this section, we worked on the O-ROP of δ-valerolactone (Figure  3-13), for which we used 

t-BuP4 as a catalyst. 83% of conversion was obtained within 60 min of residence time at RT 

(23 °C) and using 40/1/1 equivalents respectively for the monomer, the initiator (PP) and the 

catalyst (Table  3-2, Run 1). After increasing the residence time to 120 min, the conversion 

increased as well to 93% (Table  3-2, Run 2). In addition, a decrease of the conversion to 49% 

was recorded after decreasing the catalyst amount to the half (Table  3-2, Run 3), so we lost 

almost the half of the conversion compared to Run 2. In addition, Ð values of these three 

polyesters are ranged between 1.42 and 1.58. MALDI-TOF-MS spectra revealed the presence 

of linear and non-linear species in the polyester products. Besides the linear δ-PVL initiated 

by PP showed the presence of macrocycles formed by the intramolecular transesterification 

reaction and δ-PVL with H2O extremity (Figure  3-14, Figure  3-15 and Figure  3-16). By 

increasing the temperature to 60 °C (Table  3-2, Run 4), the Ð decreased to 1.31 but always 

the important presence of macrocycles is detected (Figure  3-17). Finally, no conversions were 

recorded when  using P1-t-Bu-tris(tetramethylene) (BTPP) as a catalyst (Table  3-2, Run 4). 

 

 

Figure 3-14 MALDI-TOF spectrum of poly-δ-valerolactone produced after 60 min of residence time via O-ROP 

initiated by PP in flow at 23 °C (Table 3-1 Run 1). Green curve: chains initiated by the initiator (phenylpropanol) M 

= (Mmonomer × number of repetition) + MPP + MNa
+
, Red curve: Macrocycles M = (Mmonomer × number of repetition) + 

MNa
+
, Blue curve: water end chain M = (Mmonomer × number of repetition) + Mwater+ MNa

+
. The difference between the 

peaks is the molecular mass of δ-valerolactone = 100.05. 
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Figure 3-15 MALDI-TOF spectrum of poly-δ-valerolactone produced after 120 min of residence time via O-ROP 

initiated by PP in flow at 23 °C Table 3-2 Run 2). Green curve: chains initiated by the initiator (phenylpropanol) M = 

(Mmonomer × number of repetition) + MPP + MNa
+
, Red curve: Macrocycles M = (Mmonomer × number of repetition) + 

MNa
+
, Blue curve: water end chain M = (Mmonomer × number of repetition) + Mwater+ MNa

+
. The difference between the 

peaks is the molecular mass of δ-valerolactone = 100.05. 

 

Figure 3-16 MALDI-TOF spectrum of poly-δ-valerolactone produced after 120 min of residence time via O-ROP 

initiated by PP in flow at 23 °C (Table 3-2 Run 3). Green curve: chains initiated by the initiator (phenylpropanol) M 

= (Mmonomer × number of repetition) + MPP + MNa
+
, Red curve: Macrocycles M = (Mmonomer × number of repetition) + 

MNa
+
, Blue curve: water end chain M = (Mmonomer × number of repetition) + Mwater+ MNa

+
. The difference between the 

peaks is the molecular mass of δ-valerolactone = 100.05. 

 

Figure 3-17 MALDI-TOF spectrum of poly-δ-valerolactone produced after 60 min of residence time via O-ROP 

initiated by PP in flow at 50 °C (Table 3-2 Run 4). Green curve: chains initiated by the initiator (phenylpropanol) M 

= (Mmonomer × number of repetition) + MPP + MNa
+
, Red curve: Macrocycles M = (Mmonomer × number of repetition) + 

MNa
+
, Blue curve: water end chain M = (Mmonomer × number of repetition) + Mwater+ MNa

+
. The difference between the 

peaks is the molecular mass of δ-valerolactone = 100.05.  
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3.5.3. Organo ring opening polymerization of ε-CL and δ-VL catalyzed by t-

BuP4 in the absence of initiator  

 

Figure 3-18 O-ROP of ε-CL and δ-VL in flow in the absence  of initiator at room temperature 

The O-ROP of ε-CL in the absence of initiator (Figure  3-22) contributes instantly to the 

formation of gel (Figure  3-19) directly when  the catalyst was added to the solvent and 

monomer’s mixture, which indicates a sharp decrease of polymer mass proved by GPC 

(Table  3-3, run 1) . This gel might be the product formed by the interaction of the monomer 

and the catalyst which yielded only macrocycles as the MALDI-TOF-MS spectrum shows 

(Figure  3-20). With -VL, no gel was obtained, but instantly the reaction medium became 

very viscous after the addition of the catalyst, and yielded -like with ε-CL- only macrocycles 

(MALDI-TOF-MS spectrum, Figure  3-21). High Mn values and broad polymers distributions 

(Ð > 2) were recorded by GPC analysis. Note that ε-CL gave polyesters of higher Ð value 

(3.15 vs 2.12), which can be related to its higher reactivity compared to δ-VL  

Table 3-3 Organo ring opening polymerization of ε-CL and δ-VL in flow catalyzed by t-BuP4 in the absence of 

initiator at room temperature. M/I/cat: Monomer/Initiotor/Catalyst in toluene 

a Determined by 1H NMR 
b Determined by GPC  

 

Run M/I/Cat Eq 
Residence time 

(min) 

T 

(°C) 
Conv

a 
Mn

b
 

(GPC) 

Ð
b 

1 𝜀-CL/ t-BuP4 100/1 instantly RT 95% 16843 3.15 

2 -VL/ t-BuP4 40/1 instantly RT 89% 7539 2.12 



PBs catalyzed the ROP of lactones in flow 

106 

 

Figure 3-19 PCL obtained instantly after the addition of the monomer to the reaction media in presence of the catalyst 
t-BuP4 and the absence of initiator 

 

Figure 3-20 MALDI-TOF spectrum of PCL obtained by O-ROP instantly in the absence of initiator. The mass of each 

peak = number of motif × MCL + MNa±0.1 = number of motif × 114.06 + 22.9±0.1. The difference between the peaks is 
the molecular mass of ε-caprolactone = 114.06. 

 

 

Figure 3-21 MALDI-TOF spectrum of PVL obtained by O-ROP instantly in the absence of initiator. The mass of each 

peak = number of motif × MVL +MNa±0.1 = numberis of motif × 100.052 + 22.9±0.1. The difference between the peaks 
is the molecular mass of δ-valerolactone = 100.05.  

3.5.4. Organo ring opening polymerization of γ-BLandγ-VL catalyzed by 

phosphazene superbases in flow system. 

γ-valerolactone and γ-butyrolactone are two five membered cyclic esters and are so difficult 

to be polymerized. We tried to polymerize these two monomers using t-BuP4 and t-BuP2 as 
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catalysts under different residence times and reaction systems: in flow (one and double 

entries) and batch systems (Figure  3-22). But till now we didn’t succeed to have any 

conversion (Table  3-4).  

 

 
Figure 3-22 Organo ring opening polymerization of γ-valerolactone and γ-butyrolactone 

 

Table 3-4 Organo ring opening polymerization of γ-valerolactone and γ-butyrolactone in microflow system with 

double entries using phosphazene superbases as catalysts. M/I/cat: Monomer/Initiotor/Catalyst in THF 

a Toluene was used as solvent instead of THF 
b Microreactor used with one entrance 
c Reaction carried out in batch system  

d Determined by 1H NMR  

 

Concerning the underlying mechanism (Figure  3-23), it’s already cited in the literature. First, 

the base catalyst reacts with the initiator to give an alkoxide. The latter will make a 

nucleophilic attack to the carbonyl group followed by the ring opening of the cycle ester. 

Then, the addition of the rest of monomers will continue on the polymer chain in progress, 

Run M/I/Cat Eq Residence time (min) T (°C) Conv
d 

1a, b γ-VL/BnOH/ t-BuP2 100/1/1 60 -40 0 

2b γ-VL/BnOH/ t-BuP2 100/1/1 390 -40 0 

3 γ-VL/BnOH/ t-BuP2 100/1/1 390 -40 0 

5 γ-VL/Prop/ t-BuP2 100/1.5/1 240 -40 0 

6 γ-VL/PP/ t-BuP4 40/1/1 120 23 0 

7 γ-BL/PP/ t-BuP4 40/1/1 360 -40 0 

8 γ-BL/BnOH/ t-BuP4 100/1/1 120 -40 0 

4c γ-BL/BnOH/ t-BuP4 100/1/1 300 -40 0 
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which presents an alkoxide group. Finally, the reaction will be quenched by a benzoic acid 

solution in chloroform.  

 

 

Figure 3-23 Mechanism of organo ring opening polymerisation 

 

Conclusions  

We successfully polymerized ε-CL by O-ROP in microflow system. First with using t-OctP4 

as a catalyst, a conversion of 100% and Ð = 1.59 were obtained within 30 min of residence 

time at 5 °C. Second, with t-BuP4, a conversion of 92% was obtained within 60 min of 

residence time at 50 °C and gave a polyester with Ð = 1.64. With t-BuP2 lower conversion 

was recorded (45%) but more controlled polymers were obtained with Ð =1.08. So, the 

decrease of the catalyst basicity contributes to a loss in conversion but with a better control. 

Finally, no conversions were observed using P1-t-Bu-tris(tetramethylene) (BTPP) as a 

catalyst. Primary alcohols were more efficient for the initiation of the O-ROP of ε-CL like in 

the e-ROP discussed in  1. In addition, we successfully polymerized δ-VL (93%, Ð = 1.55) 

using t-BuP4 as a catalyst within 120 min of residence time at 23 °C. Finally, we didn’t 

succeed to polymerize γ-VL and γ-BL even with applying different reaction conditions, so 

that various attempts were carried out at room temperature or -40 °C within residence time in 

range of [1-6.5] hours. In perspective, we are interested to continue the study of ROP of CL 
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using t-BuP2 as a catalyst which allowed the obtainment of the beast control, and try to find 

the optimum conditions permitting to increase the conversion.
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4. CHAPTER FOUR: SYNTHESIS OF POLYESTERS 

BY POLYCONDENSATION IN BATCH   

Polycondensation reactions have been widely investigated, by means of which a wide range 

of polymers were produced like: polyesters (PEs), polyamides (PAs), polyurethanes, 

polyureas, polysiloxanes, poly-sulfides and polyethers. These polymers promote the 

sustainability of a relevant production due to their biodegradability and/or their biobased 

sources.
341

 In the following, we will develop the evolution of polycondensation reactions: 

feed stocks, catalysts, etc.
342

 

4.1. Synthesis of aliphatic polyesters through polycondensation  

Typically, polyesters are synthesized by the condensation of the AB type monomers like 

hydroxyl acid, or from those of AA and BB difunctional monomers type.
343,344

 The 

polycondensation reactions of difunctional monomers cover the esterification of diacid and 

diols, diacid chlorides and diols, or the ester exchange reaction of diesters and diols 

(Figure  4-1). The use of monomers with functionalities more than two give access to a 

network polyester.
342

  

 

Figure 4-1 Preparation of polyesters by stepwise polycondensation.
342
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Carothers was the first researcher who studied polycondensation reaction to produce 

polyester and polyanhydride in 1930.
55,343,344

 His work engendered the Carothers equation 

relating the degree of polymerization to the extent of reaction (conversion) (Equation  4-1).  

𝑿𝑛 =
𝟏

(𝟏 − 𝒑)
 

Equation 4-1 Carothers equation, where (𝑿𝒏) is the degree of polymerization and (p) is the conversion 

Basically, it’s difficult to produce polymers with high molecular weight through 

polycondensation, since very high conversions (>98-99%) are required. In order to reach 

these conversion values, an exact stoichiometric balance of monomers must be respected and 

applied. This is readily established for AB monomers type but it is still complicated for AA 

and BB monomers (like diacids and diols), where a little practical error in reagents quantity 

can affect the conversion. In this case, the Carothers equation becomes (Equation  4-2):  

𝑿𝑛 =
𝟏 + 𝐫

(𝟏 + 𝒓 − 𝟐𝒓𝒑)
 

Equation 4-2 

In Equation  4-2, “r” is the stoichiometric ratio of reactants; conventionally, the excess 

reactant is the denominator so that r < 1. If neither monomer is in excess, then r = 1 and the 

equation returns to its initial form (Equation  4-1).  

And as it is well known, an equilibrium characterizes the formation of ester molecule, and a 

production of by-product accompanies the synthesis of desired polymer, like water, that 

should be extracted from the reaction media in order to drive the reaction toward a higher 

conversion. In order to facilitate high conversion, long reaction times at high temperatures are 

required too.  

When using multi-functional monomers (up to two functions), more complicated topologies 

of polyesters can be produced like: hyperbranched, dendritic, star, and network polyesters 

that are widely used in so many areas, among which we cite: pharmaceuticals, cosmetics, 

lubricants and adhesives.
342,345,346

  

Biodegradable aliphatic polyesters are produced from the polycondensation of simple diols 

and diacids like ethylene glycol or 1,4-butanediol (BDO), and succinic acid, or adipic acid 

(AAc) or similar monomers.
347–351
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The classic polymerization methods to produce aliphatic polyesters require metal based 

catalysts and hard reaction temperature above 150 °C. The most catalysts used are: ZnAc, 

Sb2O3, Ti(OBu)4, Ti(OiPr)4, Ti(OEt)4, Zr(OBu)4, Bi(OTf)3 and Nb(OEt)5.
352–356

 For example, 

a series of PE has been prepared in bulk with three reaction stages. The first occurred at 180 

°C for 3 h catalyzed by 0.05 mol% Ti(OBu)4 under atmospheric pressure. In the second stage 

a gradual increase of temperature to 210 °C is applied with a reduction of pressure to 0.02 

mmHg.
357

 finally, polycondensation was carried out for additional 4 h at 210 °C under 0.2-

0.02 mmHg. Also in the work of Jovanovic et al., they used Ti(OBu)4 as a catalyst to produce 

PE through bulk polymerization for 6 h at 220 °C.
358

 And this catalyst was an important 

investigated one .
359–362

 Furthermore, the efficiency of other organometal- (Ti, Zr, Sn, Hf, and 

Bi) and metal oxide- (Ge and Sb) based catalysts has been studied and their efficiency was 

ordered as following: Ti >> Zr ∼ Sn > Hf > Sb > Bi.
363

 In addition, p-toluenesulfonic acid, 

SnCl4 and zinc acetylacetonate were used as catalysts to produce HO-terminated polyesters 

through polycondensation between succinic acid and excess of BDO.
364

 

Furthermore, enzymatic polyesterification has been extensively investigated.
58

 And actually, 

enzymes gain a high interest aiming to catalyze the polyesterification of diacid monomers.
365

  

4.2. Organo catalysts promote esterification reactions 

The esterification (transesterification) is the direct condensation of carboxylic acids (diesters) 

with alcohols in the presence of small amounts of catalyst. In general, acid-catalyzed 

dehydration reaction of carboxylic acids and alcohols is the way to produce esters molecules 

in the presence of dehydrating reagents.
366

 Traditional acidic acid like H2SO4 and HCl…etc 

were adopted to catalyze the esterification reaction in the presence of a dehydrating reagent to 

push forward the reaction to higher conversions. However, these catalysts are greatly 

contaminative and corrosive, which result in low selectivity, high energy demand and critical 

environmental pollution.
367–370

 Moreover, the following treatment steps including the 

separation of the dehydrating reagent and catalyst from the product require significant time 

and energy. Therefore, “green” approaches for esters syntheses have gained much of interest. 

Regardless the achievements that have been exploited in the past decade, the development of 

environmentally helpful and cost-effective methods is still a powerful demand.
366,371–376

  

Free-metal organocatalysts are good alternatives in organic synthesis, due to non-toxicity, 

high efficiency and eco-friendly features that they exhibit.
377,378

 Chemists started to use 
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organo-catalysts aiming to promote esterification such as diphenylammonium triflate (DPAT 

Figure  4-2), pentafluorophenylammonium triflate (PFPAT Figure  4-3) and 2,2,6,6-

tetramethylpiperidinium triflate (TMPT) (Figure  4-4).
14,15,379

 These catalysts offer many 

advantages like the self-separation feature from the reaction mixture, mild reaction conditions 

and the allowed use of equimolar reagents amount. And due to the catalyst structure 

containing hydrophobic parts, the reaction can progress without needing to remove the 

hydrophilic by-product produced, which makes the reaction system less complicated. Even 

more, an important advantage to mention is the easy way to synthesize these catalysts in vitro 

with no long reaction time and very high yield (up to 90%). 

  

Figure 4-2 Diphenylammonium triflate (DPAT) 

 

Figure 4-3 Pentafluorophenylammonium triflate (PFPAT) 

 

 

Figure 4-4 Tetramethylpiperidinium triflate (TMPT) 

In 2000, Tanabe et al introduced the synthesis of esters series catalyzed by DPAT 

(Scheme  4-1). DPAT was synthesized in vitro by a simple reaction between 

trifluoromethanesulfonic acid (CF3SO3H) and diphenylamine (Ph2NH) in toluene at 20-25°C 

for 15 min and yielded 97% of the product. They developed the esterification of equimolar 

amounts of acids and alcohols in the presence of 1-10% of DPAT at 80 °C for different 
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reaction times according to the used reagents. In addition, for the transesterification reaction, 

an additional quantity of catalyst was required to range between 10-20%.
14

 However, DPAT 

is relatively a strong acid salt which affects the selectivity towards acid-sensitive alcohols.
380

  

 

Scheme 4-1 Esterification or transesterification catalyzed by DPAT (adapted)
14

  

Ishihara and Sakakura’s group developed more efficient catalysts than DPAT which are 

bulky diarylammonium arenesulfonates that present remarkable catalytic esterification 

activity due to their hydrophobic effect related to the bulky ammonium triflates.
380,381

 And 

based on these results, Tanabe et al worked on the synthesis of pentafluorophenylammonium 

triflate (C6F5N
+
H3.OTf

-
; PFPAT), and they proved its efficiency as a catalyst for 

esterification and transesterification reactions (Scheme  4-2).
15

  

 

Scheme 4-2 Esterification or transesterification catalyzed by PFPAT (adapted)
15

  

PFPAT is also simple to synthesize in vitro by the reaction between trifluoromethanesulfonic 

acid (CF3SO3H) and 2,3,4,5,6-pentafluoroaniline in toluene for 30 min at 0-5 °C and 95% of 

PFPAT was yielded. Beyond several ammonium triflates designed, PFPAT was the best one. 

Its catalytic efficiency was compared to those of four other metal-free catalysts which are: 

CSA (camphorsulfonic acid; C10H16O4S), PTS (p-toluenesulfonic acid; C7H8O3S) and DPAT. 

The standard reaction was carried out with a 1 : 1 mixture of Me3CCO2H and 1-octanol at 80 

°C in toluene, without need to any dehydration technique. In this study, PFPAT has shown 

the best results in term of activity (> 95% of conversion) compared to other studied catalysts 

including DPAT. The outperformance of PFPAT is ascribed to the lower basicity of C6F5NH2 

amine group compared to Ph2NH of DPAT. In addition, they assumed that the removal of 

water is not required, due to the functionality in the organic phase: even in the presence of 

small amount of water, pentafluorophenyl moiety creates a hydrophobic wall that helpfully 

repels water molecules produced as a by-product.
15
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Figure 4-5 Schematic representation of esterification process
15

  

Based on the contributions of Ishihara and Tanabe, Huang and co-workers developed a new 

free-metal catalyst for the esterification in 2016 which is the 2,2,6,6-Tetramethylpiperidinium 

triflate (TMPT) (Scheme  4-3).
379

 This catalyst showed high selectivity and an impulsive self-

separation process in esterification. Due to the bulky groups surrounding the active site, 

TMPT owns a hypothetical “hydrophobic wall” that could greatly prevent the approach of 

generated water to the reactive site and thus water will be unable to affect the catalyst activity 

(Scheme  4-4). 

 

Scheme 4-3 Strategy to prepare a practical and selective catalyst based on Tanabe’s method (adapted).
379
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Scheme 4-4 Schematic diagram of the ‘hydrophobic wall’ (green) and reactive site (yellow) (adapted).
379

 

The self-separating feature of TMPT from ester products is attributed to its excellent 

solubility in polar alcohols and the opposite feature towards apolar esters. 

Actually, the investigation of this kind of catalysts covered the syntheses of small ester 

molecules, and to the best of our knowledge, just one group studied the use of DPAT as a 

catalyst for polycondensations of diacids and diols followed by a kinetic study that have been 

reported.
382,383

 Otherwise, the investigation of these catalysts to produce polyesters at the 

polymer level didn’t take place strongly.  

And as we mentioned in the first part of our work, ROP reactions were studied to overcome 

the difficulties of polycondensation pathways. Here, a second way suggested to overcome 

these difficulties consists of the organocatalytic pathway use to promote polyesterification or 

polytransesterifcation reactions.  

So as a second aim, organo-catalysts such as diphenylammonium triflate (DPAT) 

pentafluorophenylammonium triflate (PFPAT) and 2,2,6,6-tetramethylpiperidinium triflate 

(TMPT) will be used to promote polyesterification (polycondensation) between diols and 

diacids (or their diesters). 
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4.3. Results and discussion  

4.3.1. Polycondensation in Batch using Diphenylammonium triflate 

(DPAT) as a catalyst.  

4.3.1.1. DPAT promotes Polyesterification between diacids and diols in Batch system  

 

 

Figure 4-6 polyesterification between succinic acid and butanediol using PDAT as a catalyst at 105 °C. 

Based on Carothers equation mentioned in section  4.1, we tried to find the ideal reagents 

composition in order to reach the high yield with PEs of high molecular weight. In batch 

system, we carried out the polyesterification between succinic acid and butanediol (BDO) ( 

 

 

Figure 4-6 polyesterification between succinic acid and butanediol using PDAT as a catalyst at 105 °C. 

) catalyzed by DPAT within 6 hours. The highest yield of 78% was obtained at 105 °C using 

1/1/0.5 of equivalents respectively for the diacid, the diol and the catalyst. Almost the same 

results were obtained using the commercial catalyst and the one that we synthesized in vitro 

(Table  4-1, Runs 1 and 2). So equivalent amounts of diol and diacid was quite good to 

overpass the 50% of yield, which proves the good efficiency of DPAT to catalyze this 

polyesterification. When performing the reaction at 95 °C, the yield decreased to 61% 

(Table  4-1, Run 4). After changing the equivalent of diol to 1.05, the yield decreased to 54% 

at 105 °C (Table  4-1, Run 3), and to 51% at 95 °C (Table  4-1, Run 5).   
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Table 4-1 Polyesterification between succinic acid and butanediol using DPAT as a catalyst in batch system at 105 °C. 

 a Commercial DPAT was used 
b T = 95 °C 
c Gravimetric conversion = m experimental/m theoretical ×100 

 

4.3.1.2. DPAT promotes Polytransesterification between diesters and diols in Batch 

system  

 

Figure 4-7 Polytransesterification between dimethyl succinate and butanediol using PDAT as a catalyst at 105 °C. 

  

Run Diacid/Diol/cat Equivalents Reaction time  

(h) 

Yield
c 

(%) 

1
a 

succ ac/BDO/DPAT 1/1/0.5 06 78 

2 succ ac/ BDO /DPAT 1/1/0.5 06 76 

3 succ ac/ BDO /DPAT 1/1.05/0.5 06 54 

4
b 

succ ac/ BDO /DPAT 1/1/0.5 06 61 

5
b 

succ ac/ BDO /DPAT 1/1.05/0.5 06 51 
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Table 4-2 Polytransesterification between dimethyl succinate and butanediol using DPAT as a catalyst in batch 

system at 105 °C. 
a Room temperature  

b T = 120 °C 
c Gravimetric conversion = m experimental/m theoretical ×100 

Run Diacid/Diol/cat Equivalents Reaction time 

(h) 

Yield
c 

(%) 

1
a 

dim succ/propanediol/DPAT 1/1.5/0.1 17 0 

2 dim succ/ BDO /DPAT 1/1.5/2.5 17 0 

3 dim succ/ BDO /DPAT 1/1.5/5 17 10 

4 dim succ/ BDO /DPAT 1/1.25/10 17 5 

5 dim succ/ BDO /DPAT 1/1.25/1 17 12 

6
 

dim succ/ BDO /DPAT 1/1.25/2 24 2 

7 dim succ/ BDO /DPAT 1/1.25/2.5 3 29 

8 dim succ/ BDO /DPAT 1/1.25/1 3 19 

9 dim succ/ BDO /DPAT 1/1.25/5 3 26 

10 dim succ/ BDO /DPAT 1/1.25/10 3 18 

11 dim succ/ BDO /DPAT 1/1.05/0.5 6 23 

12 dim succ/ BDO /DPAT 1/1.11/0.5 6 23 

13 dim succ/ BDO /DPAT 1/1.5/0.5 6 26 

14 dim succ/ BDO /DPAT 1/1.25/1 6 9 

15 dim succ/ BDO /DPAT 1/1.25/2 6 18 

16
 

dim succ/ BDO /DPAT 1/1.25/2.5 6 27 

17 dim succ/ BDO /DPAT 1/1.5/3.5 6 38 

18
b 

dim succ/ BDO /DPAT 1/1.5/3.5 6 8 

19 dim succ/ BDO /DPAT 1/1.25/10 6 19 
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Second, we studied the polytransesterification between dimethyl succinate and butanediol 

(Figure  4-8), which is -as well- catalyzed by DPAT. Table  4-2 shows our attempts to find the 

optimal reaction conditions: in term of reaction time and reactants equivalents, with a 

particular interest to the catalyst amount, in order to reach the good yield with high molecular 

weight of PEs  

We didn’t reach more than 12% of yield within 17 hours (runs 1. 2, 3, 4 and 5) when 

applying different stoichiometric ratio of reactants (r = 0.66 or 0.8) and varying the 

percentage of catalyst from 1 to 10%. And almost there is no conversion within 24 hours (run 

6). On the other hand, within 3 hours, when we used diol/diacid with r = 0.8 in addition to 2 

or 5% of catalyst, we reached 29% and 26% of yield respectively (runs 7 and 9). However, 

with the same reaction time when changing the catalyst quantity (1 or 10 %), the conversion 

decreased to 19% and 18 % respectively (runs 8 and 10). So the maximum yield within 3 h 

reaction didn’t exceed 29%.  

Finally, within 6 hours of reaction time (runs 11 to 19) using different quantity of catalyst 

(from 0.5 to 10 %) and BDO excess (r = 0.66, 0.8, 0.9 or 0.95), the highest conversion 

attained-for the moment- was 38% with 1/1.5/3.5 equivalents respectively for dimethyl 

succinate, butanediol and catalyst. While increasing the temperature to 120 °C the conversion 

decreased from 38% to 8% (run 14).  

 

4.3.2.  Polycondensation in Batch system using 

pentafluorophenylammonium triflate (PFPAT) as a catalyst.  

 

4.3.2.1. PFPAT promotes Polyesterification between diacids and diols in Batch system 

 

 

Figure 4-8 polyesterification between succinic acid and butanediol using PFPAT as a catalyst at 105 °C. 
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Table 4-3 Polyesterification between succinic acid and butanediol using PFPAT as a catalyst in batch system at 105 

°C. 

a Gravimetric conversion = m experimental/m theoretical ×100 

 

The second catalyst used to promote the polyesterification between succinic acid and 

butanediol is PFPAT (Figure  4-8). Following the same equivalents of the two reagents and 

0.5% of catalyst (1/1/0.5), 39% of conversion was obtained at 105 °C within 6 hours 

(Table  4-3, run 1). When we add an excess for 1.05 of BDO, the conversion increased to 42 

% (Table  4-3, run 2) and to 57% within 7 hours (Table  4-3, run 3). When we added a more 

excess of BDO (1.11), we reached 60% of yield (Table  4-3, run4).  

Respecting the same excess of BDO for 1.11, we increased the amount of catalyst to 1%. No 

significant changes were recorded within 6 hours (Table  4-3, run 5). But within 5 hours a 

67% of conversion was recorded, which is the highest one obtained using PFPAT as a 

catalyst (Table  4-3, run 6). In addition, the decrease of reaction time to 3 hours resulted into 

lower yield percentage of 54% (Table  4-3, run7). 

 

 

Run Diacid/Diol/cat Equivalents Reaction time  

(h) 

Yield
a 

(%) 

1 ad ac/ BDO /PFPAT 1/1/0.5 06 39 

2 succ ac/ BDO /PFPAT 1/1.05/0.5 06 42 

3 succ ac/ BDO /PFPAT 1/1.05/0.5 07 57 

4 succ ac/ BDO /PFPAT 1/1.11/0.5 06 60 

5 succ ac/ BDO /PFPAT 1/1.11/1 06 61 

6
 

succ ac/ BDO /PFPAT 1/1.11/1 05 67 

7
 

succ ac/ BDO /PFPAT 1/1.11/1 03 54 
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4.3.2.2. PFPAT promotes Polytransesterification between diacids and diols in batch 

system  

 

 

Figure 4-9 polytransesterification between dimethyl succinate and butanediol using PFPAT as a catalyst at 105 °C. 

For this study, we used PFPAT as a catalyst to promote polytransesterification reaction 

between dimethyl succinate and BDO (Figure  4-9). Table  4-4 shows our attempts to find the 

best reagents equivalents to apply within 6 hours of reaction time, since it was the best 

reaction time using DPAT as a catalyst. 

Overall, we applied 1.05 (runs 1 and 3) and 1.11 (runs 2 and 4) of BDO excess, while varying 

the quantity of catalyst and the temperature (run 3): we didn’t reach more than 21% of 

conversion with 1/1.05/0.5 equivalents respectively for dimethyl succinate, butanediol, and 

the catalyst.   
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Table 4-4 Polytransesterification between dimethyl succinate and butanediol using PFPAT as a catalyst in batch 

system at 105 °C. 

Run Diacid/Diol/cat Equivalents Reaction time (h) Yield
b
(%)

 

1 dim succ/ BDO /PFPAT 1/1.05/0.5 6 21 

2 dim succ/ BDO /PFPAT 1/1.11/1.5 6 17 

3
a 

dim succ/ BDO /PFPAT 1/1.05/1.5 6 18 

4 dim succ/ BDO /PFPAT 1/1.11/3 6 15 

a T = 95 °C 
b Gravimetric conversion = m experimental/m theoretical ×100 

4.3.3. Comparison of polycondensations catalyzed by DAPT and PFPAT 

 

Table 4-5 Polycondensation between succinic acid or dimethyl succinate and butanediol using DPAT or PFPAT as a 

catalyst in batch system at 105 °C within 6 hours in toluene. 

Run 

Reagents 

Diacid or 

diester/diol/catalyst 

Equivalents 
Mn × 10

-3
 

(g/mol)
a 

Mw × 10
-

3
 

(g/mol)
a
 

Conversion
b 

Ð
a
 

1 succ ac/ BDO /DPAT 1/1/0.5 2.6 3.4 76 1.31 

2
c
 succ ac / BDO /PFPAT 1/1.11/1 4.5 5.9 67 1.31 

3 dim succ/ BDO /DPAT 1/1.5/3.5 3.2 3.6 38 1.12 

4 dim succ/ BDO /PFPAT 1/1.05/0.5 2.9 3.1 21 1.07 

5
d 

succ ac/ BDO /DPAT 1/1/0.5 2.3 3.0 61 1.30 

6
e 

succ ac / BDO /PFPAT 1/1.11/1 2.5 3.4 54 1.36 

a
 Determined by GPC 

b Gravimetric conversion = m experimental/m theoretical ×100 
c Reaction time = 5 hours 
dT = 95 °C 
e Reaction time = 3 hours 
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In this section, we present GPC and MALDI-TOF results for polyesters produced with the 

highest conversions from polycondensation reactions already discussed in sections 4.3.1 

and 4.3.2. GPC traces revealed the presence of several peaks and we present in Table  4-5 the 

values of the major peak compared to the others that are negligible. In term of molecular 

mass, the values indicate that we reached more than oligomers (polymer, more than ten 

repetitive motifs) under 105 °C which is a mild temperature for polyesterification reaction 

compared to the literature, where the reaction temperature reaches the 200 °C and above.
342

 

So that working under this temperature and obtaining a polyester can be considered as a good 

improvement.  

In fact, the structure of PEs is detected from MALDI-MS spectra and their masses are 

detected from GPC analysis. MALDI-TOF spectra showed the presence of different species 

in the polymer product. For those obtained from polyesterification (Figure  4-10 and 

Figure  4-11), we detected the presence of seven species of polyester with different chain 

extremities which are: succinic acid (C4H6O4), dimethyl succinate with loss of CH2 (C5H8O4), 

water (H2O), methanol (CH3OH), dimethyl succinate (C6H10O4) or butanediol (C4H10O2) in 

addition to the macrocycles (Figure  4-12). For those obtained by polytransesterification, their 

MALDI-TOF (Figure  4-13 and Figure  4-14) spectra revealed the presence of three species of 

polyesters with different extremities which are: dimethyl succinate, dimethyl succinate with 

loss of CH2 or methanol (Figure  4-15). These different extremities of chains apparently don’t 

have the same reactivity, which means that the propagation of the reaction is not at the same 

rate in the reaction medium. This statement can explain the minority masses detected by 

GPC.  
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Figure 4-10 MALDI-TOF spectrum of polyester obtained by polyesterification of succinic acid and butanediol and 

catalyzed by DPAT respecting the conditions of Table 4-5, run 1. C8H12O4 is the repetitive motif of the polyester chain 

and the difference between the peaks is equivalent to its mass (m/z = 172.07). Circles with different colors present 

each species of polyester with the correspondent end chain. Yellow: methanol (CH3OH), gray: butanediol (C4H10O2), 

blue: water (H2O), red: dimethyl succinate with loss of CH2 (C5H8O4), green: dimethyl succinate (C6H10O4) and 

black: succinic acid (C4H6O4); M = (Mmotif × number of repetition) + M(extremity molecule) + MNa
+
. Purple: Macrocycles; M 

= (Mmotif × number of repetition) + MNa
+
. 

 

 

Figure 4-11 MALDI-TOF spectrum of polyester obtained by polyesterification of succinic acid and butanediol and 

catalyzed by PFPAT respecting the conditions of Table 4-5, run 2. C8H12O4 is the repetitive motif of the polyester 

chain and the difference between the peaks is equivalent to its mass (m/z = 172.07). Circles with different colors 

present each species of polyester with the correspondent end chain. Yellow: methanol (CH3OH), gray: butanediol 

(C4H10O2), blue: water (H2O), red: dimethyl succinate with loss of CH2 (C5H8O4), green: dimethyl succinate 

(C6H10O4) and black: succinic acid (C4H6O4); M = (Mmotif × number of repetition) + M(extremity molecule) + MNa
+
. Purple: 

Macrocycles; M = (Mmotif × number of repetition) + MNa
+
. 
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Figure 4-12 Different species of polyester obtained by polyesterification of succinic acid and butanediol and catalyzed 

by DPAT or PFPAT. They differ by their chain extremity that can be: succinic acid (C4H6O4), dimethyl succinate 

with loss of CH2 (C5H8O4), water (H2O), methanol (CH3OH), dimethyl succinate (C6H10O4) or butanediol (C4H10O2) 
in addition to the macrocycles. 

 

 

Figure 4-13 MALDI-TOF spectrum of polyester obtained by polytransesterification of dimethyl succinate and 

butanediol and catalyzed by DPAT respecting the conditions of Table 4-5, run 3. C8H12O4 is the repetitive motif of the 

polyester chain and the difference between the peaks is equivalent to its mass (m/z = 172.07). Circles with different 

colors present each species of polyester with the correspondent end chain. Yellow: methanol (CH3OH), red: dimethyl 

succinate with loss of CH2 (C5H8O4) and green: dimethyl succinate (C6H10O4); M = (Mmotif × number of repetition) + 
M(extremity molecule) + MNa

+
. 
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Figure 4-14 MALDI-TOF spectrum of polyester obtained by polytransesterification of dimethyl succinate and 

butanediol and catalyzed by PFPAT respecting the conditions of Table 4-5, run 4. C8H12O4 is the repetitive motif of 

the polyester chain and the difference between the peaks is equivalent to its mass (m/z = 172.07). Circles with different 

colors present each species of polyester with the correspondent end chain. Yellow: methanol (CH3OH), red: dimethyl 

succinate with loss of CH2 (C5H8O4) and green: dimethyl succinate (C6H10O4); M = (Mmotif × number of repetition) + 
M(extremity molecule) + MNa

+
. 

 

 

Figure 4-15 Different species of polyester obtained by poly-trans-esterification of dimethyl succinate and butanediol 

and catalyzed by DPAT or PFPAT. They differ by their chain extremity that can be: dimethyl succinate (C6H10O4), 
dimethyl succinate with loss of CH2 (C5H8O4) or methanol (CH3OH). 

In term of control, the best Ð were recorded for polyesters yielded from 

polytransesterification reaction; Ð = 1.07 for the one catalyzed by PFPAT (Table  4-5, Run 4) 

and Ð = 1.12 for the one catalyzed by DPAT (Table  4-5, Run 3) but with low conversions 

(21% and 38% respectively). On the other hand, the polyesterification catalyzed by DPAT or 

PFPAT behaved similarly with Ð = 1.31 (Table  4-5, Runs 1 and 2). When we decreased the 

temperature to 95 °C for the polyesterification catalyzed by DPAT, the Ð and the molar mass 

have not been affected that much, however, we lost some of the conversion (Table  4-5, run 5 

compared to run 1). In addition, when we decreased the reaction time of the polyesterification 

catalyzed by PFPAT, we lost almost the half of the molar mass of the polyester: Mn = 2500 vs 

4500 and Mw = 3400 vs 5900 respectively for runs 3 and 6 of Table  4-5. This similar decrease 
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of Mn and Mw resulted into maintaining almost the same Ð value (1.36 vs 1.31). So, the 

optimal temperature to apply is 105 °C for a reaction time of 6 hours, constituting the 

parameters for which we obtained the highest conversion and molar mass with the best 

control.  

4.3.4. Polycondensation in flow system  

In flow mode, we aimed to carry out the polytransesterification reaction, by which we have a 

homogenous mixture at RT. This is a key feature that should be insured in order to transfer 

the reaction medium into the syringe and pump it into the tubular reactor. So it is important to 

have this homogenous mixture to prevent any clogging of the tubular reactor like the one 

illustrated in (Figure  4-16). However, diacids are not soluble at RT in any solvent (to our 

knowledge). So we worked on using the diesters in polytransesterification in flow system. 

The problem here is to find a kind of tubular reactor that shouldn’t have any interaction with 

the reagents or the solvent. In addition, it should be permeable to methanol (the by-product) 

in order to drive forward the reaction equilibrium. 

 

Figure 4-16 unsuccessful polyesterification of succinic acid and propanediol in flow mode using FEP tubing (i.d. = 

1.55 mm), where the tube is clugged. 

 

 

Figure 4-17 NafionTM tube and its chemical structure 
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First, we used Nafion
TM

 tube (Figure  4-17), for the polytransesterification, but no 

polymerization was recorded. And when we analyzed the recovered solution by 
1
H NMR, we 

missed alcohol peaks. That’s why we predicted that there is an interaction between the diol 

and Nafion
TM

 tube and we supposed that the diol is grafted onto the wall tube because the 

latter became more rigid. The 
1
H NMR spectra of propanediol before and after being injected 

into the tube are presented in Figure  4-18 and Figure  4-19respectively.  

 

Figure 4-18 
1
H NMR spectrum of propanediol in toluene before being injected into Nafion

TM
 tube 
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Figure 4-19 
1
H NMR spectrum of propanediol in toluene after being injected into the Nafion

TM
 tube 

Then, we tested two other tubular reactors, which are: the PureWeld XL-a thermoplastic 

elastomer tube- and Silicone (Figure  4-20). We started by pumping the solvent alone into the 

tubes to make a test. Our solvent consisted of toluene and it didn’t remain in these two tubes. 

Even the silicone based one was degraded by toluene. 

So that’s why for the moment, we didn’t succeed to proceed the polytransesterification in 

flow mode.  

 

Figure 4-20 Silicone (left) and PureWeld XL (right) tubes. 

 

4.4. Conclusions  

In batch system, we successfully carried out the polycondensation between succinic acid and 

butanediol using DPAT as a catalyst (76% of conversion, Ð = 1.31) within 6 hours at 105 °C. 

And we reached 67% of conversion with Ð = 1.31 using PFPAT as a catalyst within 5 hours 

at 105 °C. Unfortunately, we couldn’t attain more than 38% of conversion for the 

polytransesterifcation catalyzed by DPAT within 6 hours at 105 °C (Ð = 1.12). So in 

perspective, we will continue experiments aiming to find a solution for the 

polytransesterification reaction, by which we can be able to reach high polymer molecular 

weight with a high yield. Finally, till now, we didn’t find a compatible tubular reactor to 

carry out the polytransesterification in flow mode. So in perspective, we suggest to keep the 

FEP tubing that we have already used in our work, but this time we shall add an anhydrous 

gas in the reaction medium. And this gas is supposed to absorb the by-product and drive the 

reaction equilibrium forward. 
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5. CHAPTER FIVE: METAL-FREE CONTROLLED 

POLYMERIZATION IN FLOW: PHOTO-INDUCED 

ATRP USING EOSIN Y  

5.1. Introduction 

Conventional radical polymerization (RP) is employed to produce annually ca. 100 million 

tons of polymers, with thousands of different compositions. However, the production of 

advanced materials with controlled molecular architecture is so limited using RP. Therefore, 

the advantage of living/controlled radical polymerization has opened up the capability of such 

production.
35

 

A living polymerization is obtained when polymer chains are initiated at the same time with 

no unwanted side reactions occurence.
34

  the polymer chains formed are characterized by 

their living aspect. Indeed, they can be active for successive polymerizations as long as they 

are supplied with the monomer. The ideal case for living polymers is to have a polydispersity 

index (Ð) of 1.0 as all the polymers are initiated and undergo the propagation step at the same 

time and with the same rate. However, this perfect case is still in theoretical. Note that the 

smallest Ð reported has been 1.05, presenting a continuous progress in this field.
35,36

  

Depending on the active species nature, living polymerizations can be classified as “ionic” 

and “radical” polymerizations. 

The first discovery of living polymerization was done by Michael Szwarc, who worked on 

living anionic polymerization.
384

 It remained the only example of a living process for more 

than ten years. Since that time, other living techniques have been discovered.
43

  

Nowadays, controlled/living radical polymerization (CLRP) techniques are very attractive 

due to their ability to produce vinyl polymers with interesting characteristics: predetermined 

molecular weight, narrow molecular weight distribution, various architectures, and useful 

end-functionalities.
36

 The most important are: atom transfer radical polymerization 

(ATRP),
47,385

 reversible addition–fragmentation chain transfer polymerization (RAFT),
52

 and 

nitroxide-mediated radical polymerization (NMRP).
49

 Among these different types of 

controlled/living radical polymerization techniques, ATRP , the topic of our work, is 
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applicable to a wide range of monomer formulations and initiators, making it most adopted 

approach.
35,47

  

Photo-induced controlled radical polymerization was observed while carrying out a Cu 

mediated living radical polymerization of methyl acrylate (MA) in a flow system, whereby 

this experiment, a slow but effective polymerization, was obtained.
16

 To precise the optimal 

wavelength to use, many light sources were tested covering the UV-VIS spectrum. The best 

results were recorded under a UV lamp with λmax ≈ 360 nm.
17

  

In fact, metal contamination was a drawback when using ATRP.
18,19

 To overcome this 

contamination, a significant focus has been directed toward lowering catalyst loading,
20

 

and/or working on nullifying residual metals present in the mixture.
21

 Although the presence 

of these methods aims to minimize the quantity of metal, they are still not practical and 

ambitious enough. So, a much more viable solution was suggested: the development of a 

metal-free catalyst system for atom transfer radical polymerization.
23

  

Like any photo-induced reaction, photo-polymerization is affected by the intensity of light, 

and it was proved that chain growth is conditioned by the presence of light while maintaining 

control over molecular weight and dispersity (Ð).
386

 As a consequence of Beer-Lambert’s 

law, achieving a uniform and complete penetration of light into the reaction medium is 

considered the most important obstacle for large-scale polymerization.
387,388

 Furthermore, 

increasing the distance from a light source leads to an exponential decrease of degree of 

polymerization. In addition, the range of polymerization rates is affected by unevenly 

absorbed light through the depth of the reactor. The presence of different rates of growing 

chains which depend on their location in the reactor could give rise to wider dispersions for 

the resulting polymer. Continuous flow microreators are particularly advantageous 

responding to the drawbacks of light-mediated reactions.
330,389

 

The aim of our work is to carry out photo-induced atom transfer radical polymerizations 

(ATRP) in a flow system, using an organic-based photo-redox catalyst in a lab designed 

tubular microreator (L = 3.37 m; i.e. = 800 μm) which is placed in direct contact with the 

green LEDs (530 nm). We will also evince the advantages of combining the continuous flow 

and the metal-free catalysis. All syntheses will be based on safe, easily removable and cheap 

resources. The produced polymers will be analyzed with solvent and time saving analytical 

techniques which are proton Nuclear Magnetic Resonance (
1
H NMR) for determining the 

percentage of conversion and Gel Permeation Chromatography (GPC) for determining the 
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molecular weight average and the Polydispersity index. Practically, we will focus on the 

synthesis of poly-methylmethacrylate (PMMA) using EosinY as a metal-free catalyst that 

absorbs in the green region. The advantages of such a photocatalyst are: its simple removal 

by washing with water, the relative low toxicity compared to the typical metal-based catalyst 

and its cost-effectiveness (13 euros/g eosin Y, vs. 1160 euros/g iridium catalyst). In addition, 

we use the visible light instead of UV irradiation where the former is cheaper and easier to 

apply. Traditionally, the polymerization reaction takes around 10 hours to get a high 

conversion. In order to accelerate this reaction, we intend to switch it to the continuous flow 

technology, which provides higher photon flux to reaction mixture and consequently 

increases the reaction rate.  We are also interested to characterize the polymers formed by 

such a system and determine whether such an assembly succeeds to support the well-

controlled feature of ATRP or not. The livingness of PMMA will be proved by using it as a 

macro-initiator in further copolymerization in order to produce linear di-block copolymer. In 

our case, we will use separately buthylacrylate, buthylmethacrylate and styrene as a second 

monomer.  Finally, we will test the scale up of these reactions using a tubular microreactor of 

5 m length. 
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5.2. Photo-initiated ATRP  

There are many ways that can be used as controlling stimuli including: temperature,
47

 light,
390

 

applied voltage,
391

 and mechanical force.
392

 From these different options, light triggered 

reactions emerged to be the most advantageous, and this is due to its low cost, simple 

experimental setup, mild reaction conditions by activating the dormant species at low 

temperature and minimal side reactions, in addition to the tunable and accessible light 

sources, and the possibility of spatial and temporal control.
393

  

Generating initiating radical species is not the only purpose that photo-irradiation is used for. 

Many other goals are expected:  activation of catalysis, generation of controlling agents, and 

increasing the polymer-end structure which can be initiated over several cycles.
46

  

The innovation of photo-CRP will lead to new applications in different fields such as 

coatings, microelectronics, printing, adhesives, nanoparticles functionalization, drug delivery 

and gel production.
17

  

Most of the widely used photo-polymerization reactions are neither completely switchable 

with light nor living.
17

 Using dithiocarbonate, Otsu and co-workers developed the first 

successful photo-induced CRP, in which polymers whose molar masses increased linearly 

with the monomer conversion were produced.
394

  

Similar to the strategies of conventional thermal CRP methods including NMP, RAFT and 

ATRP, efficient process of photo-controlled living radical polymerization was reported. What 

is remarkable is the rapid growth and development of this field despite its novelty.
17,47,395–398

  

The mechanism of photo-induced ATRP is similar to the previous one presented in section 

2.6. In such a system, Cu (I)/L (activator) and X-Cu(II)/L (deactivator) complexes are the 

typical used catalysts.
46

  

In contrast to conventional thermal ATRP, there are photo-induced ATRP systems based on 

directly using a high oxidation state transition-metal in order to control the activator 

oxidation.
399,400

 Unfortunately, applying these systems involves a high concentration of the 

metal catalyst in order to maintain the control of polymerization reaction. To overcome this 

requirement of catalyst high quantity, regeneration ways of the activator can be achieved in 

situ by reducing the deactivator, which leads to the decrease of catalyst loading to 100 ppm 

level.
19,399,401

 This reduction pathway can be ensured by adding organic reducing agents, 
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introducing an external radical initiator, applying a cathodic current or via irradiation with 

light.
402,403

  

We can classify the pho-induced ATRP referring to the primary photochemical process into 

photo-initiated and photo-redox ATRP. During the first one, the photo-initiator undergoes an 

homolytic cleavage, whereas during the second one, an electron transfer reaction is ensured, 

which either generates the activator or establishes the ATRP equilibrium.
17

  

5.2.1. Metals mediated photo-redox catalysis 

The key step of photo-redox mediated ATRP is the single electron transfer (SET). The 

excited photocatalyst (PC) after irradiation undergoes oxidative or reductive quenching. This 

is engendered from SET to the alkyl halide followed by generating an alkyl radical. 

Propagation step takes place in the presence of monomer in the reaction mixture. Depending 

on the catalytic system, the exact mechanism of photo-redox ATRP and the regeneration of 

the photo-catalyst at its initial state can be predicted.
404

  

A key advantage of photo-redox processes is that the initiator and polymer chains do not 

necessarily need to have any absorbing group. This is explained by the fact that only the PC 

is responsible of light absorption and it is not incorporated into the polymer chain. To ensure 

an efficient SET, a PC with long lived exited state is required, like: Ir(ppy)3, τ = 1900 ns, 

Ru(bipy)3
2+

, τ = 900 ns.
17

 This system is light switchable: no polymerization occurs in the 

dark where dormant species are formed, whereas the regeneration of radicals (active species) 

is applied by simple light re-exposure.   

Guan and Smart reported in 2000 the synthesis of MMA using photo-enhanced ATRP by 

visible light irradiation.
405

 A better result was obtained under visible light irradiation 

compared to the dark conditions. A conversion of 41% was obtained after 16 h at 80 ᵒC in the 

dark, whereas 100% of conversion was reached with MW close to the theoretical value and a 

narrow Ð. The two experiments were conducted in the same conditions ([MMA]/[RCl]/ 

[CuCl]/[bipy]:100/0.1/0.3/1 ratio).
406

  

Fors and Hawker reported successful MMA polymerization via photo-redox catalyzed ATRP 

using fac-Ir(ppy)3 as a catalyst and ethyl 2-bromo-2-phenylacetate as an initiator 0.0125/1 

ratio. Well-controlled polymerization with low Ð was obtained (Mw/Mn < 1.25).
23

 Alkyl 

halides can be activated by Ruthenium(II)polypyridine complexes (e.g., RuII(bpy)3) under 

visible light irradiation. In addition, organo-cobalt porphyrins give an organic radical and a 
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cobalt(II) porphyrin metal-central radical for chain propagation after a photo-cleavage of the 

Co–C bond. A good control over the molecular weight and polydispersity was recorded.
406

  

5.2.2. Metal-free photo-redox catalysis. 

As mentioned before, metal contamination and expensive catalysts remain as drawbacks for 

both traditional and photo-induced ATRP processes. Wide range of organic-photocatalysts 

were exploited as photocatalysts for various radical-mediated organic reactions and that is 

referred to its easy availability, low cost and toxicity.
393

  

To overcome these challenges, Hawker, Fors and co-workers successfully worked on 

developing a photo-controlled ATRP process mediated by light  and catalyzed by an organic 

catalyst.
23

 10-phenylphenothiazine (PTH) (Figure  5-1) having a highly reducing excited state 

which surpassed that of Ir(ppy)3 was found to be a great candidate for these polymerizations. 

Under irradiation of 380 nm, they used 0.1 mol % of PTH as a new organic catalyst to 

efficiently polymerize MMA. Interestingly, PMMA samples with narrow dispersity values 

were produced. This polymerization was the first example of a free-metal ATRP system.  

 

Figure 5-1 Structure of PTH 

Later, Hawker managed to realize the polymerization of 2-(dimethylamino)ethyl 

methacrylate (DMAEMA) where polymers with broad Đ values and poor control over Mn 

were obtained using Ir(ppy)3, in contrast with the use of PTH, where good control and narrow 

Đ values were obtained.
407

   

Furthermore, another efficient ATRP process catalyzed by PTH was developed by 

Matyjaszewski and co-workers for the polymerization of acrylonitriles.
408

  

Concurrently with these different reports, Miyake and Theriot used perylene as another 

organic catalyst in ATRP for the polymerization of (meth)acrylates and styrene.
153

  

Fluorescein (FL) (Figure  5-2) has been successfully evaluated as an efficient catalyst for 

photo-induced O–ATRP of MMA under visible light irradiation.
393
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Figure 5-2 Structure of Fluorescein 

In this work we used Eosin Y as an organic catalyst to polymerize MMA and for further co-

polymerizations. 

Eosin Y (Figure  5-3) is the 2’,4’,5’,7’-tetrabromo-derivative of fluorescein. It is a classic dye 

that has been known for a long time and widely used in various applications like: cell 

staining,
409

 lip stick,
410

 as a pH indicator
411

 and as an indicator in the analytical field for the 

determination of halide.
412

  

 

Figure 5-3 structure of Eosin Y 

Under visible light irradiation, Eosin Y will be excited to its singlet excited state. This excited 

component will undergo a rapid intersystem crossing to the lowest energy triplet state. This 

state is characterized by a long life time of 24 μs
413,414

 which makes from it a good candidate 

as a photo-catalyst for photo-redox reactions. Eosin Y absorbs light ideally at 539 nm with 

molar extinction coefficient ε = 60 800 M
-1

.cm
-1

. Following Eosin Y excitation, it becomes 

more reducing and more oxidizing than the ground state Eosin Y (Figure  5-4).
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Figure 5-4 Estimated redox potentials of Eosin Y in ground and excited states.
415

  

 

Eosin Y was widely used in several organic syntheses like: reduction, oxidation, and 

generation of aryl radicals.
415

  

In addition, Eosin Y has been utilized by Bowman,
416

 Perez-Luna,
417

 and others,
418

 to 

mediate free radical polymerization under photochemical conditions. The Boyer group 

carried out a series of photo-CRP using Eosin Y as a photo-redox catalyst and different 

functional monomers of GMA, HEMA, OEGMA, DMAEMA, PFPMA, MAA, and HPMA 

which led to the production of corresponding polymers with narrow molar mass distributions 

.
307

 Various solvents were compatible with this method like MeCN, water, DMSO, and DMF. 

Working under an aerobic atmosphere was enabled due to the addition of trimethylamine, 

which ensures oxygen reduction.
17

  

5.3. Flow system 

The irradiation of the photo-catalyst species plays an important role in the efficiency of its 

photo-excitation, as well as relative concentrations of PC species used in polymerization 

reaction, which affects directly the control over the polymerization. In order to enhance 

irradiation efficiency and facilitate the synthesis of well-defined polymers, an O-ATRP in 

continuous flow was developed.
113

  

Photo-mediated continuous flow reactors were successfully used as an alternative to 

traditional batch reactors in both small molecule
388,419

 and macromolecular
228,420

 syntheses to 

enhance efficient and uniform irradiation conditions. 

According to the Beer-Lambert law, in a photo-mediated batch reaction, photons cannot 

travel the reaction medium easily with increasing path length, conducting to non-uniform 

irradiation and limiting the reaction efficiency.
387,388

 As a particularity of photo-induced CRP 

reactions, poor irradiation leads to broad molecular weight distributions, slower reaction 

times, and limited scalability.
421,422

 Unlike to batch reactors, continuous flow is characterized 

by a high surface-area-to-volume ratio of reactor to solution, which allows uniform 

irradiation, fast reaction times, efficient heat and mass transfer, reduction of batch-to-batch 

variations, and facile scalability.
421–423
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The use of continuous flow reactors was reported for various CRP systems: nitroxide-

mediated polymerization (NMP),
424,425

 reversible addition-fragmentation chain transfer 

(RAFT)
236,426

 and metal-catalyzed ATRP. Furthermore, this method has been successfully 

used in photo-induced RAFT, and photo-induced metal-catalyzed ATRP.
386,427

 Recently, 

methylmethacrylate and diverse groups of methacrylate monomers using photo-induced O-

ATRP in continuous flow were investigated. As a result, a robust and efficient method of 

polymerization was proved.
113
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5.4. Results and discussion 

5.4.1. Eosin Y catalyzed the ATRP of MMA 

 Table  5-1 ATRP polymerization of MMA in DMF in a flow microreactor using LEDs irradiation
a
. 

aPolymerization conditions: [MMA]: [initiator]: [catalyst]:[additive] = 200:1:x:y in DMF at RT in a microreactor illuminated 
with LEDs.  
bDetermined by 1H NMR.  
cMn theo = ([MMA]/[Initiator] × conv. × MMMA) + MInitiator .  
dDetermined by GPC.  
ePerformed in batch. 

 

Table 5-2 Eosin Y catalysed ATRP of MMA using EBiB as an initiator in flow
a
. 

Entry Time  % Conv.
b
  Mn theo

c
  Mn by GPC  Đ

d
  

1
e 
 180  0  ---  ---  ---  

2  36  25  5200  13110  1.42  

3  72  39  8000  18250  1.41  

4  90  45  6210  19380  1.60  

5  180  58  11810  20670  1.51  

6  240  68  13810  24870  1.58  

7
f
 360  56  11400  24260  2.09  

a Polymerization conditions: [MMA]: [EBiB]: [Eosin Y]: [i-Pr2NEt] = 200:1:0.02:10 in DMF at RT in microreactor 
illuminated with green LEDs.  
b Determined by 1H NMR.  
c Mn theo= ([MMA]/[EBiB] × conversion × MMMA) + MEBiB; where [MMA] and [EBiB] are the concentrations of the 

monomer and the initiator respectively and MMMA and MEBiB are their corresponding molar masses.  

Entry Catalyst Initiator/additive Polymerization 

conditions
a
 

LEDs Conv. 

(%)
b
 

Time 

(min) 

Mn 

theo
c
 

Mn
d
 Ð

d
 

1 Ru(bpy)3Cl2 EBiB/i-Pr2NEt 200:1:0.01:10 Blue 86 430 17,200 20,600 1.96 

2
e
 Eosin Y EBiB/i-Pr2NEt 200:1:0.01:10 Green 54 360 11,000 24,300 1.64 

3 Eosin Y EBiB/i-Pr2NEt 200:1:0.01:10 Green 70 216 14,000 25,000 1.58 

4 Eosin Y EBiB/i-Pr2NEt 200:1:0.05:10 Green 43 216 8,600 18,000 1.86 

5 Eosin Y EBiB/i-Pr2NEt 200:1:0.003:10 Green 50 216 10,000 17,600 1.85 

6 Eosin Y EBPA/i-Pr2NEt 200:1:0.01:10 Green 91 180 18,000 18,000 1.42 



Photo-induced ATRP in flow using Eosin Y  

141 

d Determined by GPC.  
e Control experiments missing Eosin Y, EBiB or light. f Performed in batch. 

Note that this work is recently published,
241

 in which we performed the metallic visible-light 

photoredox catalysis using the Ru(bpy)3Cl2, i-Pr2NEt system in DMF irradiated by blue LEDs 

in flow. The modest dispersity (Table  5-1, entry 1; Ð ≈ 2) obtained is in agreement with the 

results obtained in batch.
428

 We then decided to check the activity of Eosin Y to perform the 

polymerization of MMA under flow conditions. Eosin Y has its maximum absorption at 539 

nm in the visible region of the spectrum and with a high absorption coefficient (ε = 60 800 

M
−1

.cm
−1

) (Figure  5-4). The irradiation was afforded by green LEDs with a power of 20 

mW·cm
−2

. We originally performed polymerization of MMA in DMF using ethyl α-

bromoisobutyrate (EBiB) as initiator and Eosin Y as photocatalyst in both batch (Table  5-1, 

entry 2) and flow (Table  5-1, entry 3). Interestingly, the change from batch to flow system 

was enough to improve remarkably both the rate of the reaction and its control. Although 360 

min was required in batch to reach a 50% conversion, only 216 min was needed in flow for 

70% conversion. Moreover, the dispersity decreased from1.64 in batch to 1.58 in flow. The 

results obtained herein in flow are also better than those reported in batch by Yagci’s group 

where 120 min of green LED irradiation of the reaction mixture gave 28% conversion but 

with a dispersity of 1.85.
429

 Following these results, blank experiments were performed 

where one of the components (catalyst, initiator, i-Pr2NEt, and light) was removed (Table  5-2, 

entry 1). In all of these cases, no PMMA was detected showing that all of these components 

are essential for the polymerization process. Moreover, since Eosin Y has a high extinction 

coefficient, a large amount of the catalyst in flow (Table  5-1, entry 4) will lead to a similar 

situation to that in batch where the light will only illuminate a small portion of the reactor 

(Table  5-3, Figure  5-5), leading to a decrease in the conversion to 43%. Similarly, decreasing 

the quantity of Eosin Y will lead to a decrease in the conversion to 50% despite having a 

better light penetration in the system as the quantity of the catalyst is not efficient to activate 

the initiators (Table  5-1, entry 5).  
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Table 5-3 Light transmittance for a 0.25 mM solution of Eosin Y in acetone in batch and flow systems. 

Conventional glassware Microreactor 

Optical 

length (cm) 

Absorbance Transmission Optical 

length(mm) 

Absorbance Transmission 

0.00 0.00 100.00 0.00 0.00 100.00 

0.10 1.37 4.32 0.10 0.14 73.03 

0.20 2.73 0.19 0.20 0.27 53.33 

0.30 4.10 8.04E-03 0.30 0.41 38.95 

0.40 5.46 3.47E-04 0.40 0.55 28.44 

0.50 6.83 1.50E-05 0.50 0.68 20.77 

0.60 8.19 6.46E-07 0.60 0.82 15.17 

0.70 9.56 2.79E-08 0.70 0.96 11.08 

0.80 10.92 1.20E-09 0.80 1.09 8.09 

0.90 12.29 5.19E-11 0.90 1.23 5.91 

1.00 13.65 2.24E-12 1.00 1.37 4.32 

1.10 15.02 9.66E-14 1.10 1.50 3.15 

1.20 16.38 4.17E-15 1.20 1.64 2.30 

1.30 17.75 1.80E-16 1.30 1.77 1.68 

1.40 19.11 7.76E-18 1.40 1.91 1.23 

1.50 20.48 3.35E-19 1.50 2.05 0.90 

1.60 21.84 1.45E-20 1.60 2.18 0.65 

1.70 23.21 6.24E-22 1.70 2.32 0.48 

1.80 24.57 2.69E-23 1.80 2.46 0.35 

1.90 25.94 1.16E-24 1.90 2.59 0.25 

2.00 27.30 5.01E-26 2.00 2.73 0.19 
A tube of 800 micron has a mean optical path of  

π

4
× 𝑑= 628 micron. The transmission is around 14%. 

 

Figure 5-5 Light transmittance for a 0.25 mM solution of Eosin Y in acetone in batch and flow systems 

Using ethyl α-bromophenylacetate (EBPA) as initiator, which has been previously reported to 

have a higher activation rate kact compared to EBiB due to the radical stability enforced by a 

phenyl group,
43

 the rate of the polymerization increased remarkably leading to more than 

90% of conversion after only 180 min of irradiation (Table  5-1, entry 6). The polydispersity 
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was also improved to 1.42, and the Mn values of the polymers formed were closer to the 

theoretical ones compared to those obtained using EBiB (Table  5-2, Figure  5-6 and 

Figure  5-7). 

 

 

Figure 5-6 A plot of ln([MMA]0/[MMA]t) vs irradiation time for polymerization using EBiB as an initiator.  

 

 

Figure 5-7 Mn (green) & Đ (blue) of PMMA as a function of monomer conversion using EBiB as an 

initiator. Mn & Đ values were determined by GPC relative to PMMA standards. Conversions were 

determined by 1H NMR analysis. Black dashes represent Mn theo= ([MMA]/[EBiB] × conversion × MMMA) 

+ MEBiB; where [MMA] and [EBiB] are the concentrations of the monomer and the initiator respectively 

and MMMA and MEBiB are their corresponding molar masses 
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To further stabilize the intermediate radical in order to increase the polymerization rate, we 

used (p-OMe)EBPA as initiator; however, the results were quite disappointing (Table  5-4, 

entry 9). The best conditions obtained for the ATRP initiated by EBPA (Table  5-1, entry 6) 

were further investigated in details (Table  5-4, entries 1–6). The polymerization follows a 

first-order kinetics during the whole course of the reaction with an equation of y = 0.0121x 

for ln([MMA]0/[MMA]t) vs. irradiation time (min). The rate constant is 0.0121 min
−1

 

(Figure  5-8), suggesting that the concentration of the propagating radicals is almost constant 

throughout the polymerization. Molecular weights measured by GPC follow the theoretical 

values starting from 37% and up to 90% of conversion suggesting a complete initiation 

(Figure  5-9; Table  5-4, entries 1–6). Figure  5-10, which includes the GPC traces of the 

polymers of Table  5-4, entries 1–6, shows how the increase in the irradiation time leads to the 

increase in the size of the polymers (GPC traces shifting to lower retention volumes). 

Moderate values of Ð (1.36–1.49) indicate relatively slow deactivation though still in the 

range of controlled polymerization (<1.5). 

 

Table  5-4 Eosin Y catalyzed ATRP of MMA using EBPA as an initiator in flow
a
. 

aPolymerization conditions: [MMA]: [EBPA]: [Eosin Y]: [i-Pr2NEt] = 200:1:0.02:10 in DMF at RT in microreactor 

illuminated with green LEDs.  
bDetermined by 1H NMR.  
cMn theo = ([MMA]/[EBPA] × conversion × MMMA) + MEBPA; where [MMA] and [EBPA] are the concentrations of the 
monomer and the initiator, respectively and MMMA and MEBPA are their corresponding molar masses.  
dDetermined by GPC.  
eUsed for copolymerization with styrene.  

Entry Time (min) % Conv.
b
 Mn theo

c
 Mn by GPC Ð

d
 

1 36 20 4,280 10,400 1.46 

2 45 37 7,650 9,040 1.49 

3 60 52 10,650 12,050 1.44 

4 90 63 12,860 13,050 1.36 

5 120 79 16,060 16,350 1.43 

6 180 89 18,060 18,250 1.41 

7
e
 60 53 10,650 13,000 1.42 

8
f
 360 54 11,100 24280 1.64 

9
g
 180 70 14,290 19,500 1.46 
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fPerformed in batch.  
gUsing p(OMe)-EBPA synthesized according to the procedure listed by Sharma and Tepe.430 

 

 

Figure 5-8 A plot of ln([MMA]0/[MMA]t) vs irradiation time for polymerization using EBPA as an initiator. 

 

Figure 5-9 MMA polymerization catalyzed by Eosin Y using EBPA as initiator. PMMA Mn measured by GPC (left 

scale) and dispersity (right scale) 
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Figure 5-10 GPC traces of polymers formed following MMA polymerization catalyzed by Eosin Y usinf EBPA as 

initiator (Table  5-4, entries 1-6). Red trace (t = 36 min), blue trace (t = 45 min), yellow trace (t = 60 min), green trace (t 
= 90 min), violet trace (t = 120 min), gray trace (t = 180 min). 

Moreover, polymerization in flow gave better conversion and Ð values compared to batch, 

which highlights the importance of flow settings for photocatalytic ATRP reactions 

(Table  5-4, entry 6 vs. Table  5-4 entry 9). However, note that the first point (Table  5-4, entry 

1; Figure  5-10, red GPC trace) does not follow the theoretical Mn so that it deviates upward in 

Figure  5-9. This can be attributed to that Eosin Y undergoes an induction period before it can 

enter the catalytic cycle.
431

 As a result, this point was excluded from the kinetic analysis 

(Figure  5-8).  
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5.4.2. Livingness of PMMA–Br by Copolymerization 

 

Figure 5-11 PMMA macro-initiator  synthesis in flow conditions catalyzed by Eosin Y 

 

 

Figure 5-12 PMMA–Br copolymerization with styrene using Eosin Y in flow. 

 

Figure 5-13 Eosin Y mediated ATRP of Buth ylacrylate using PMMA as a macroinitiator 

 

The “livingness” of the Eosin Y photoinduced ATRP and the termination of the formed 

polymers by an active bromide ion were demonstrated by a copolymerization reaction of 

styrene with a PMMA–Br macroinitiator. The PMMA–Br macroinitiator was firstly 

synthesized by photoinduced ATRP in flow to get PMMA–Br (Figure  5-11, Table  5-4, entry 

7, Mn = 13, 000, Ð = 1.42) and then used as a macroinitiator for Eosin Y-catalyzed ATRP of 

styrene (St) (Figure  5-12) and butyl acrylate (BA) (Figure  5-13). The GPC traces of the 

macroinitiator and the corresponding copolymers are displayed in Figure  5-14, and the NMR 

spectrum of PMMA-co-PSt is represented in Figure  5-15. The results of PMMA-co-PBA 

(Figure  5-14, red trace) were not very convenient as the Ð value was 2.1, which signifies a 

loss in control which can be attributed with the high reactivity of butylacrylate that requires 

strictly anhydrous and oxygen-free conditions.
432

 However, the clear shift of Mn of PMMA-

co-PSt to a higher molecular weight while still having a good Ð (Figure  5-14, blue trace) and 

the presence of peaks that correspond to PSt and PMMA in the NMR spectrum indicate an 
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effective copolymerization by reinitiation. These results of PSt copolymerization are in 

accordance with the literature where clear shifts to lower retention volumes were also 

reported by performing PMMA chain extension and copolymerization with PSt using the 

same condition but in batch.
429,433

 

 

 

Figure 5-14 Block polymer synthesis. GPC traces of PMMA (black), PMMA-co-PSt (blue), and PMMA-co-PBA (red) 

block polymers. 

  

Figure 5-15 1H NMR trace of PMMA-b-PSt showing the presence of the PSt 
1
H peaks (6.97-6.5 ppm) (3.53 ppm)  

after styrene addition to PMMA-Br that is catalyzed by Eosin Y in continuous 
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5.4.3. Mechanism  

The suggested mechanism of the Eosin Y-photoinduced electron transfer (PET)-ATRP is 

represented in Figure  5-16.
241

 Upon irradiation with green LEDs, Eosin Y affords the excited 

state EY∗ which has a high oxidation potential (E
0
(EY/EY∗) = 1.89V). In the activation step, 

the electron donor, i-Pr2NEt, reductively quenches EY∗ by a single electron transfer to form a 

radical anion EY
•
- and an amine radical cation i-Pr2N

•
+Et intermediate (E

◦
(i-Pr2NEt/i-

Pr2N
•
+Et) ≈ 1.0V). The latter rearranges almost at a diffusion rate to the C-centered radical i-

PrEtNC
•
(CH3)2 or i-Pr2NCH

•
CH3. The radical anion EY

•
−(E

0
(EY

•
−/EY) = −1.06V), or the 

reductive C-centered radical (E0(C-centered radical/iminium) = −1.12V), then transfers an 

electron to the alkyl bromide EBiB or EBPA (E
0
(RX/R

•
+Br

−
) = −0.42V and −0.20V, 

respectively). The EBiB or EBPA radical anion cleaves generating an alkyl radical that adds 

to the monomer-inducing propagation. In the reductive propagation step, the excited Eosin Y 

recaptures an electron by oxidizing either the bromide ion Br
−
 into bromine radical Br

•
 

(E
0
(Br

−
/Br

•
) = 1.75V), or the complex propagating radical-bromide ion by a concerted 

electron transfer. The bromine radical Br• deactivates propagation and forms the dormant 

polymer. The formed radical anion EY
•
− is reduced to back to EY by providing an electron to 

the dormant polymer, which has the same structure as a tertiary a-bromoester that reacts with 

the monomer. The consumption of the sacrificial amine is to compensate the irreversible 

terminations of the propagating cycle. In this mechanism, the very unlikely oxidation of Br
−
 

by the radical cation i-Pr2N
•
+Et or the chain radical oxidation to a cation is avoided; only a 

catalytic amount of the sacrificial amine is required to initiate the reaction. Furthermore, all 

of the steps have favorable redox potentials. This mechanism shows that Eosin Y has well-

established activation deactivation processes that result in the control of the molecular 

weights and dispersities of the formed polymers. 
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Figure 5-16 Suggested photoinduced electron transfer ATRP mechanism by the Eosin Y/i-Pr2NEt catalyst. 

5.5. Conclusion 

In conclusion, we have demonstrated that ATRP of MMA using Eosin Y as a photocatalyst in 

a flow reactor illuminated by green LEDs is very efficient, affording 91% of conversion in 3 

h. Perfect first-order kinetics, full-initiation or dormant polymer activation, moderate 

dispersity, and masses in agreement with the theoretical values were obtained showing the 

great mechanistic and synthetic potentials of our conditions. The livingness of polymers 

produced via ATRP is well proved by using it as a macro-initiator in further 

copolymerization, which confirms their termination by Br group. The main reason for this 

improvement is the homogeneous illumination in flow mode. 
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CHAPTER SIX: CONCLUSIONS 

The work presented herein addressed the exploration of polymerization reactions using the 

microflow technology. 

Chapter 1 introduced the different ways of polymerizations and the principle of microflow 

technology. In addition, the components of ring opening polymerization system and 

polycondensation were introduced. Moreover, the different catalytic systems that can be used 

were presented, and we ended the introduction by citing examples of the ROP and the ATRP 

performed in flow system.   

Chapter 2 developed the e-ROP of lactones in flow mode. According to the outline, the 

immobilized lipase (N435
®
) on acrylic resins was shown to be an efficient catalyst for the 

ROP of lactones. Successful productions of ε-PCL and δ-PVL were performed using FEP 

tubing of i.d. = 1.55 mm. High conversions -up to 90%- were obtained at high and at room 

temperatures with narrow dispersities (Đmax = 1.34). As initiators, we found that primary 

alcohols are more efficient for the initiation than the secondary ones. The enzyme is 

responsible of the apparition of macrocycles in the product, so it is important to find the 

optimum conditions to prevent their production if possible. In addition, no reaction took place 

in the absence of enzyme. On the other hand, Successful co-polymerizations in flow were 

done via sequential addition that yielded copolymers of Đmax = 1.27 and conversions above 

88%. Finally, in flow mode, the degradation action of the enzyme regarding poly-lactones has 

been improved. At the end, N 435
®
 is well proved as a green and economic catalyst to use in 

polyester synthesis integrated with flow chemistry. 

Chapter 3 is an extension of the previous chapter 2. But here, we investigated the ROP in 

flow through another catalytic pathway. In this section, PBs have been used to catalyze the 

ROP of lactones. The PBs differ by their basicity, from the strongest one to the weakest one: 

t-OctP4, t-BuP4, t-BuP2 and BTPP. The high basicity of the catalyst contributes to high 

conversions and low control of the reaction, and the decrease of its basicity results in loss of 

conversions and better control. The best choice of catalyst was the t-BuP4that gave the best 

compromise between the good conversion and the good control. t-BuP4 catalyzed the ROP of 

ε-CL and generated PCL of Ð = 1.64 and conversion of 95% during 60 min of residence time 

at 50 °C. This work can be extended to investigate the copolymerization of different lactones 
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in flow mode using PBs as catalyst, considering the selectivity of phosphazene towards the 

different ring sizes of lactones. 

Chapter 4 investigated the synthesis of polyesters by polycondensation reactions that include 

polyesterification and polytransesterification of diesters/diols in batch system. These 

reactions were catalyzed by two novel organo-based catalysts that have been studied in the 

literature to promote simple esterification reactions, and they are DPAT and PFPAT. We 

tried to find the best conditions of reaction time, temperature and reagents quantity. We 

successfully carried out the polycondensation between succinic acid and butanediol using 

DPAT as a catalyst (76% of conversion, Ð= 1.31) within 6 hours at 105 °C which is a mild 

temperature for polyesterification reaction. And we managed to reach 67% of conversion 

using PFPAT as catalyst within 5 hours at 105 °C (Ð = 1.31). For polytransesterification 

reactions, the best conversion was obtained for the reaction catalyzed by DPAT which gave 

polyester with Ð of 1.12 and 38% of monomers conversion within 6 hours at 105 °C. Thus, 

the study of this reaction is not ended yet, and it is still ongoing to find the conditions that 

permit the obtainment of high conversions and high polymer masses. Since we are interested 

to perform the polymerizations in flow mode due to its inherent advantages, we tried to find 

the suitable tubular reactor for this polymerization system that can be permeable to water. 

Unfortunately, the available tubular reactors offering this character are not chemically 

compatible with the reagents, which contribute their degradation or their modification. In 

perspective, we aim to test the FEP tubing but with applying the segmented mixture between 

anhydrous gas (like nitrogen) and the reaction media. In this way, we suggest that the 

anhydrous gas should absorb the water or alcohol produced as co-product and drive the 

reaction equilibrium forward.  

Chapter 5 envisaged a good combination of the continuous flow mode and photo-induced 

ATRP catalyzed by metal-free catalysts to produce polymers of well-controlled masses and 

narrow dispersity. We focused on the investigation of Eosin Y as a metal free photo-initiator -

which is a derivative of Fluorescein- for ATRP of MMA. In such a system we used EBPA 

and EBiB as an efficient initiator and the reaction started under green LEDs irradiation. As a 

result, we successfully produced PMMA with Ð = 1.41 and conversion of 89% using EBPA 

as an initiator. On the other hand, PMMA with Conversion of 91% and Ð = 1.42 was 

obtained using EBiB as an initiator. The livingness of polymers produced via ATRP is well 

proved by using it as a macro-initiator in further copolymerization, which confirms their 

termination by Br group. The work under flow conditions was a key step to ensure the control 
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of the polymerization, where the strong illumination ensures a rapid initiation which is 

important to guarantee the uniform growth of polymer chains thus obtaining a low 

polydispersity.  

So this work has confirmed the exceptional advantages of flow mode on polymer chemistry 

concerning the obtainment of well-controlled polymerizations and polymers with estimated 

masses and narrow dispersities. 
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7. CHAPTER SEVEN: EXPERIMENTAL PART 

7.1. Flow system principle 

For all sections, when working with flow microreactors, we must distinguish between the 

residence time and the reaction time. The residence time is defined as the time spent by every 

molecule of the reaction mixture when remaining in the microreactor. This parameter 

depends on two factors, the microreactor volume and the flow rate of reaction mixture 

(Equation  7-1). The change of this contact time can be established easily (remaining in the 

same tubular reactor) by changing the flow rate of reaction mixture: smaller flow rates for 

longer residence times and vice versa.  

t = v(reactor)/𝑞 

Equation 7-1 t represents the residence time, v the reactor volume and q the flow rate 

In contrary, the reaction time depends on the volume of reaction mixture to be purged within 

the microreactor and the flow rate (Equation  7-2). This factor can be modified by changing 

both the volume injected and the flow rate. For a given flow rate, and when the reactor’s 

volume is lower than the volume of reaction mixture, the reaction time will be greater than 

the residence time. Generally, this is the case when working in micro-scale reactors, and this 

can be considered as a drawback in flow chemistry.  

t = v(reaction mixture)/𝑞 

Equation 7-2 t represents the reaction time, v the volume of reaction mixture and q the flow rate 

7.2. 1
H NMR analysis 

Proton magnetic resonance spectra (
1
H NMR) was recorded on a Bruker AVANCE 300 

spectrometer (300 MHz) using tetramethylsilane (TMS) as the internal standard. We used 

deuterated chloroform CDCl3 as a solvent. Note that the peak of deuterated chloroform 

resonates at 7.23 ppm. The experiments were carried out at 293 K. Chemical shifts, δ, are 

given in ppm and coupling constants, J, in Hz. 1H NMR data are reported as follows: 

chemical shift, multiplicity (s = singlet, d =doublet, t = triplet, q = quadruplet, dd = doublet of 

doublets, ddd = doublet of doublet of doublets, dt = doublet of triplets, td = triplet of 

doublets, dp = doublet of pentuplet ddt = doublet of doublet of triplet, dtd = doublet of triplet 

of doublet, m = multiplet, br = broad singlet), coupling constants and integration. 
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1
H NMR was used to determine the percentage of conversion. In this case, before any 

treatment of the crude, 
1
NMR analysis should be done. In the presence of polymer and 

monomer in the crude, the % conversion will be determined by the integration of a peak 

corresponding to the same protons of the monomer and the polymer (Equation  7-3). For 

example, if we choose one of the monomer’s (-CH2) proton peaks (lactones), the same (-CH2) 

proton peak should be chosen in the polymer. The distinction between the two peaks is easy 

to reach due to the polymer’s broad peak in contrast of that of the monomer. 

% 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 =
𝐼 𝑝𝑜𝑙𝑦𝑚𝑒𝑟

𝐼 𝑚𝑜𝑛𝑜𝑚𝑒𝑟 + 𝐼 𝑝𝑜𝑙𝑦𝑚𝑒𝑟 
 × 100 

Equation 7-3 

Note that the number of protons should be the same for both the monomer and the polymer 

using this equation or further calculation will be necessarily required (Equation  7-4). This 

method is more precise because of the exclusion of polymers during precipitation and 

filtration.  

% 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 =

𝐼 𝑝𝑜𝑙𝑦𝑚𝑒𝑟
𝑛𝐻 𝑝𝑜𝑙𝑦𝑚𝑒𝑟

𝐼 𝑚𝑜𝑛𝑜𝑚𝑒𝑟
𝑛𝐻 𝑚𝑜𝑛𝑜𝑚𝑒𝑟 +

𝐼 𝑝𝑜𝑙𝑦𝑚𝑒𝑟
𝑛𝐻 𝑝𝑜𝑙𝑦𝑚𝑒𝑟

 × 100 

Equation 7-4 

After the treatment of the product (precipitation, filtration and drying), the molar mass of the 

formed polymer can be determined by 
1
H NMR. After the integration of the (O-CH2) of the 

initiator at 3.58 ppm for 2 protons, we apply this Equation  7-5:  

𝑀 = [
𝐼(𝐶𝐻2) 𝑜𝑓 𝑡ℎ𝑒 𝑝𝑜𝑙𝑦𝑚𝑒𝑟

𝐼(𝐶𝐻2) 𝑜𝑓 𝑡ℎ𝑒 𝑚𝑜𝑛𝑜𝑚𝑒𝑟
 × 𝑀(𝐿𝑎𝑐𝑡𝑜𝑛𝑒)] + 𝑀(𝑖𝑛𝑖𝑡𝑖𝑎𝑡𝑜𝑟) 

Equation 7-5 
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7.3. NMR values of reagents and products 

 

1
H NMR (300 MHz, CDCl3) δ 3.99 (t, J = 6.7 Hz, 2H), 2.24 (t, J = 7.5 Hz, 2H), 1.64 – 1.51 

(m, 4H), 1.38 – 1.25 (m, 2H). 

 

1
H NMR (300 MHz, CDCl3) δ 4.01 (t, J = 5.8 Hz, 2H), 2.27 (t, J = 7.1 Hz, 2H), 1.62 (dd, J = 

6.3, 3.2 Hz, 4H). 

 

1
H NMR (300 MHz, CDCl3) δ 4.19 – 4.14 (m, 1H), 2.58 (dd, J = 9.1, 2.9 Hz, 1H), 1.84 – 

1.75 (m, 1H), 1.70 (td, J = 4.3, 1.8 Hz, 2H)
 

 

 

PCL 

PVL 

 

ε -caprolactone 
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1
H NMR (300 MHz, CDCl3) δ 4.28 (ddd, J = 6.1, 5.1, 0.7 Hz, 1H), 2.49 (t, J = 7.1 Hz, 1H), 

1.92 – 1.72 (m, 2H)  

 

1
H NMR (300 MHz, CDCl3) δ 4.57 (dp, J = 7.8, 6.3 Hz, 1H), 2.48 (ddd, J = 9.2, 6.9, 1.5 Hz, 

2H), 2.29 (ddt, J = 12.7, 7.5, 6.3 Hz, 1H), 1.76 (dtd, J = 12.7, 9.3, 7.8 Hz, 1H), 1.35 (d, J = 

6.2 Hz, 3H). 

 

1
H NMR (300 MHz, CDCl3) δ 4.28 (t, J = 7.0 Hz, 1H), 2.47 – 2.39 (m, 1H), 2.20 (qd, J = 7.2, 

0.9 Hz, 1H). 

 

 

 

δ-valerolactone 

 

γ-valerolactone 

  

γ-butyrolactone 
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1
H NMR (300 MHz, CDCl3) δ 3.54 (t, J = 6.7 Hz, 2H), 1.59 – 1.46 (m, 2H), 1.40 (s, 1H), 

0.87 (t, J = 7.4 Hz, 3H).
 

 

1
H NMR (300 MHz, CDCl3) δ 3.57 (td, J = 6.6, 1.5 Hz, 2H), 1.49 (dd, J = 13.9, 7.1 Hz, 2H), 

1.37 (s, 1H), 1.31 – 1.16 (m, 10H), 0.81 (t, J = 6.7 Hz, 3H).
 

 

1
H NMR (300 MHz, CDCl3) δ 3.61 (t, J = 6.8 Hz, 2H), 1.65 (dp, J = 13.4, 6.7 Hz, 1H), 1.40 

(q, J = 6.9 Hz, 2H), 1.25 (s, 1H), 0.85 (d, J = 6.6 Hz, 6H).
 

 

1
H NMR (300 MHz, CDCl3) δ 7.25 – 7.17 (m, 2H), 7.16 – 7.08 (m, 3H), 3.81 – 3.70 (m, 1H), 

2.75 – 2.54 (m, 2H), 1.75 – 1.65 (m, 2H), 1.35 (s, 1H), 1.16 (d, J = 6.2 Hz, 3H).
 

 

 

1-propanol 

1-octanol 

3-methyl-1-butanol 

 

4-phenyl-2-butanol 
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1
H NMR (300 MHz, CDCl3) δ 7.24 – 7.15 (m, 2H), 7.10 (dd, J = 9.5, 5.0 Hz, 3H), 3.58 (t, J = 

6.5 Hz, 2H), 2.66 – 2.58 (m, 2H), 1.86 – 1.75 (m, 2H), 1.61 (s, 1H). 

 

1
H NMR (300 MHz, CDCl3) δ 8.22 – 7.98 (m, 66H), 3.75 (t, J = 6.5 Hz, 19H), 3.45 – 3.37 

(m, 19H), 2.05 – 1.92 (m, 20H), 1.78 (dt, J = 13.0, 6.8 Hz, 20H). 

 

1
H NMR (300 MHz, CDCl3) δ 7.30 – 7.16 (m, 5H), 4.58 (s, 2H), 1.86 (s, 1H). 

 

1
H NMR (300 MHz, CDCl3):3.72 (broad s, 3H), 1.94-2.04 (m, 2H), 1.00 (t, J = 7.2 Hz, 3H). 

  

 

3-Phenyl-1-propanol 

Pyrenebutanol 

 

Benzylic alcohol 

PMMA 
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7.4. Enzymatic ring opening polymerization in flow  

7.4.1. Chemicals 

The initiators: cholesterol, 3-phenyl-1-propanol (PPA), 3-methyl,1-butanol and 4-phenyl,2-

butanol, propanol and octanol, the solvent: toluene and the ionization agent for MALDI-MS 

analyses sodium iodide (NaI) as well as the matrix Dithranol were purchased from Sigma-

Aldrich®. δ-valerolactone (δ-VL) and ε-caprolactone (ε-CL) were purchased from TCI. 

Novozyme 435
® 

was purchased from STREM chemicals. All products were used as received. 

7.4.2. Analytical methods 

Matrix assisted laser desorption ionization-time of flight mass spectra (MALDI-TOF-MS) 

were recorded at 20 kV on Applied Biosystems Voyager-DE
TM

 STR mass spectrometer. 

Samples and NaI were dissolved in THF at 5 mg/mL and the matrix Dithranol was dissolved 

in THF at 15 mg/mL. These three prepared solutions were mixed in a volume ratio of 1:1:1. 

Then, 1 μL of the final solution was spotted on the target plate. 

Mass spectrometry data acquisition was done on a SolariX XR FTICR instrument with a 9.4 

T actively shielded superconducting magnet and a dynamically harmonized cell (Bruker 

Daltonics, Bremen, Germany). This instrument is equipped with both laser desorption 

ionization source (smartbeam II, Nd:YAG×3 laser at 355 nm, Bruker) and an electrospray 

source. Matrix-assisted laser desorption/ionization Fourier transform ion cyclotron 

resonance (MALDI-FT-ICR) mass spectra were acquired in positive ion mode. The mass 

range was adjusted to m/z 200–5000. The applied laser power was for 20% and 500 laser 

shots were accumulated for each scan. Samples and NaI were dissolved in ACN at 5 mg/mL 

and the matrix (Dithranol) was dissolved in THF (15 mg/mL). These three prepared solutions 

were mixed in a volume ratio of 1:1:1. Then, 1 μL of the final solution was spotted on the 

target plate.  

At Mader group (Haute Borne- Villeneuve d’Ascq), the size exclusion chromatography 

(SEC) used was a Shimadzu Prominence fitted with a Refractive Index (RI) detector (RID-

20A) and an UV detector (SPD-20A). The columns (KF-802 and KF-803L from Shodex) 

were eluted with tetrahydrofuran (THF) at a flow rate of 1 mL/min at 30 °C. The samples 

were previously prepared by dissolving 10 mg of sample in 1 mL THF. The solution was then 

filtered through a PTFE filter with a pore diameter of 0.45 μm. A volume of 20 μL was 

injected into the size exclusion chromatography to carry out the analysis. The SEC has been 
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calibrated with poly(styrene) standards. The number average molecular weight was 

determined from the UV detector absorbance. 

 

7.4.3. Enzymatic ROP of lactones in the microreator 

 

 

The tubular reactor with immobilized enzyme was assembled (Figure  7-1), containing one 8 

mL stainless steel syringe, one syringe pump and one fluorinated ethylene propylene (FEP) 

tube (diameter 1.55 mm). The tube was filled with CALB and the outlet was loaded by cotton 

to hold the enzyme beads. The residence volume of tubular reactor was estimated by flowing 

toluene through the reactor. The stock solution lactone and initiator in dried toluene was 

prepared by using Schlenk technique under nitrogen. It was transferred into the 8 mL 

stainless steel syringe under nitrogen atmosphere. The enzyme pack tubular reactor was 

flushed with dried toluene to remove the moisture and air. The stock solution was pumped 

into the tubular reactor with desired flow rate, and the reactor was placed into water bath at 

specific temperature. The residence time was calculated respecting the flow rate and the 

residence volume of the tubular reactor filled by CALB. The products were collected after 

precipitation in the cold methanol, filtration, and drying.  

 

Figure  7-1 The flow system (left: the syringe pump) 
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7.4.4. Enzymatic ROP of lactones, block copolymers in the integrated 

microreator system by sequential addition.  

The integrated enzyme immobilized tubular reactor system was assembled, containing two 8 

mL stainless steel syringes, one syringe pump, one T-type mixer, and two FEP tubes 

(diameter = 1.55 mm, length = 25 and 50 cm). The tubes were filled with CALB and the 

outlets were loaded by cotton to hold CALB beads. The residence volumes of each tubular 

reactor were estimated to be 0.12 and 0.2 mL, respectively by flowing toluene through the 

reactor. The stock solution (A) contains the first monomer (ε-caprolactone), the initiator and 

toluene as solvent and the stock solution (B) contains the second monomer (δ-valerolactone) 

and toluene as solvent. These two solutions were prepared by using Schlenk technique under 

nitrogen and were transferred into two 8 mL stainless steel syringes under nitrogen 

atmosphere. The tubular reactors were flushed with dried toluene to remove the moisture and 

air. The stock solutions A and B were pumped into the tubular reactor with the same flow 

rate. The reactors were placed into water bath at 70 ᵒC. The residence time in the first and 

second reactor was calculated to be 4 and 8 min, respectively. The products were collected 

after precipitation in the cold methanol, filtration, and drying.  

7.4.5. Degradation of polylactones  

In order to verify the degradation of polylactones by the action of the enzyme, we prepared 

poly-caprolactone and pol--valerolactone with a specific molar mass. Then, we passed 1g 

(in toluene) of each polymer over a tubular reactor (FEP) containing 300 mg of N435
®
 with a 

residence time of 4 min at 70°C.  
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7.5. Organo-ring opening polymerization in flow system  

7.5.1. Chemicals 

The catalysts phosphazene superbases : t-BuP4: 0.8 M in hexane / t-BuP2 2M in THF / t-

OctP4 1 M in hexane), the initiators: benzyl alcohol (BnOH), 3-phenyl 1-propanol (PPA), 1-

propanol and cholesterol, sodium trifluoroacetate (TFA), the solvents : toluene and 

tetrahydrofurane (THF) were purchased from Sigma-Aldrich®. γ-valerolactone (γ-VL) and 

benzoic acid were purchased from Alfa Aeser. δ-valerolactone (δ-VL) and ε-caprolactone (ε-

CL) were purchased from TCI.  

7.5.2.  Analytical methods 

Matrix assisted laser desorption ionization-time of flight mass spectra (MALDI-TOF) were 

recorded at 20 kV on Applied Biosystems Voyager-DE
TM

 STR mass spectrometer. Samples 

and TFA were dissolved in THF at 5 mg/mL and the matrix Dithranol was dissolved in THF 

(15 mg/mL). These three prepared solutions were mixed in a volume ratio of 1:1:1. Then, 1 

μL of the final solution was spotted on the target plate. 

At University of Montpellier (Institut des Biomolécules Max Mousseron IBMM), Average 

molecular weights (M) and dispersities (Ð) were determined using size exclusion 

chromatography (SEC) on a Shimadzu Prominence system (Shimadzu Corp, Kyoto, Japan). 

This system is equipped with a PLgel MIXED-C guard column (Agilent, 5 µm, 50 x 

7.5 mm), two mixed medium columns PLgel MIXED-C (5 µm, 300 x 7.8 mm) and a 

Shimadzu RI detector 20-A. The mobile phase was THF with a flow of 1 mL.min
-1

 at 35 °C. 

Polystyrene standards were used for calibration and polymers characteristics obtained 

expressed according to those standards. 

7.5.3. Organo ROP of lactones in the microreator system with single entry 

 

 

The tubular reactor was assembled (Figure  7-2, a), composed of one 8 mL stainless steel 

syringe, one syringe pump and one fluorinated ethylene propylene (FEP) tube (diameter = 0.8 
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mm). The residence volume of tubular reactor was estimated by flowing toluene through the 

reactor. The stock solution: lactone, initiator and catalyst in dried toluene was prepared by 

using Schlenk technique under nitrogen. It was transferred into the 8 mL stainless steel 

syringe under nitrogen atmosphere. The tubular reactor was flushed with dried toluene to 

remove the moisture and air. The stock solution was pumped into the tubular reactor with 

desired flow rate, and the reactor was placed into water bath at specific temperature. The 

residence time was calculated respecting the flow rate and the residence volume of the 

tubular reactor. The reaction medium was recovered into 3 ml of benzoic acid solution in 

chloroform (10 mg/ml). The products were collected after precipitation in the cold methanol, 

filtration, and drying. 

7.5.4. Organo ROP of lactones in the integrated microreator system with 

double entries 

 

The integrated tubular reactor system was assembled (Figure  7-2, b), comprising two 8 mL 

stainless steel syringes, one syringe pump, and two FEP tubes of 0.8 mm internal diameter 

with the same length -two entries for reagents- related by one T-type mixer to the third 

principle tubular reactor where the reaction takes place. The residence volume of the tubular 

reactor was estimated by flowing toluene through the reactor where the volume of the 

entrance tube was eliminated. The residence time was calculated respecting the flow rate and 

the residence volume of the tubular reactor. The stock solution (A) contains the initiator, the 

catalyst and toluene as a solvent and the stock solution (B) contains the second monomer and 

toluene as a solvent. These two solutions were prepared by using Schlenk technique under 

nitrogen and were transferred into two 8 mL stainless steel syringes under nitrogen 

atmosphere. The tubular reactors were flushed with dried toluene to remove the moisture and 

air. The stock solutions A and B were pumped into the tubular reactor with the same flow 

rate. The reactors were placed into water bath at specific temperature. The reaction media 

was recovered into 3 ml of benzoic acid solution in chloroform (10 mg/ml). The products 

were collected after precipitation in the cold methanol, filtration, and drying.  
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Figure 7-2 a) flow microreactor system with single entry b) flow microreactor system with double entries 

7.5.5. Organo ring opening polymerization in batch  

Using a shlenk tube, we prepare the mixture of initiator, catalyst and solvent under nitrogen 

atmosphere (Figure  7-3, a). This mixture was stirred for 10 min at room temperature. After, 

we put the shlenk tube in acetone bath at the desired temperature using a cryogenic system to 

adjust the temperature (Figure  7-3, b), and we add the monomer to the mixture. 

 

 

Figure 7-3 a- preparation of the mixture composed of the initiator, the catalyst and the solvent in a shlenk tube under 

nitrogen atmosphere b- the organo ring opening polymerization in batch under nitrogen. 
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7.6. Polycondensation in batch and attempts in flow system. 

7.6.1. Chemicals 

The catalysts Diphenylammonium triflate (DPAT) and pentafluorophenylammonium triflate 

(PFPAT) were synthesized according to the literature,
14,15

. Succinic acid, adipic acid and 

DPAT were purchased from Sigma-Aldrich®. Dimethyl succinate and butanediol were 

purchased from TCI. All products are used as received. 

7.6.2. Analytical methods 

Matrix assisted laser desorption ionization-time of flight (MALDI-TOF) mass spectra were 

recorded at 20 kV Applied Biosystems Voyager-DE
TM

 STR mass spectrometer. Samples 

were dissolved in ACN and chloroform 30/70 at 10 mg/mL.
 
NaI and the matrix DHB were 

dissolved in ACN/MeOH 90/10 respectively at 5 and 20 mg/mL. These three prepared 

solutions were mixed in a volume ratio of 1:1:1. Then, 1 μL of the final solution was spotted 

on the target plate. 

At University of Lille (Unité Matériaux et Transformations (UMET)), size exclusion 

chromatography (SEC) was performed at 25°C using Agilent 1260 series pump, degasser and 

autosampler system equipped with Shodex K-802.5, 803 et 804 (500-400.000 g/mol) columns 

fitted with a Wyatt Optilab differential refractometer detector. Chloroform was used as 

solvent with a flow rate of 1 mL·min
−1

. The samples were previously prepared by dissolving 

4 mg of sample in 1 mL chloroform. The solution was then filtered through a PTFE filter 

with a pore diameter of 0.45 μm. All molecular weights (M) and molecular weight 

distributions (dispersity, Mw/Mn, D) were determined by calibration to known standard 

Polystyrene. 

7.6.3. Polycondensation in batch system 

Into a round bottom flask, the polyesters were synthesized from different equivalent moles of 

corresponding dicarboxylic acid or diester and diol in the presence of catalyst at 105 °C for a 

specific reaction time. Toluene was used as solvent. The by-product (water or methanol) was 

removed from the flask by azeotropic distillation of toluene with water or methanol and then 

fractionated by the Dean–Stark trap. The recovered mixture can be diluted if needed by 

chloroform. The products were collected after precipitation in the cold methanol, filtration, 

and drying.   
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7.6.4. Polycondensation in Flow  

The tubular reactor was assembled, which contained one 8 mL stainless steel syringe, one 

syringe pump and the tubular reactor. The residence volume of tubular reactor was estimated 

by flowing toluene through the reactor. The stock solution: diacid or diester, diol and catalyst 

in toluene was prepared in a round bottom flask. It was transferred into the 8 mL stainless 

steel syringe. The stock solution was pumped into the tubular reactor with the desired flow 

rate, and the reactor was placed into GC oven at specific temperature. The residence time was 

calculated respecting the flow rate and the residence volume of the tubular reactor. The 

products were collected after precipitation in the cold methanol, filtration, and drying.  

7.7. Metal-free controlled polymerization in flow: Photo-Induced 

ATRP using EOSIN Y 

7.7.1. Chemicals 

Tris(2,2′-bipyridyl)ruthenium(II) chloride hexahydrate (Ru(bpy)3Cl2·6H2O, 99.95%) was 

purchased from Strem Chemicals Inc. (Newbury Port, MA, USA); Eosin Y was purchased 

fromAlfa Aesar (Haverhill,MA, USA); and all other reagents were purchased from Sigma-

Aldrich (St. Louis, MO, USA). All solvents were purchased dry from Sigma-Aldrich (St. 

Louis, MO, USA) and used as received unless otherwise stated. Anhydrous N, N 

diisopropylethylamine (i-Pr2NEt, ≥99%) was further distilled over KOH and stored in the 

dark under argon before usage. Methyl methacrylate (99%) was passed over alumina to 

remove the hydroquinone stabilizer immediately prior to use. 

7.7.2. Analytical methods 

At University of Montpellier (Institut des Biomolécules Max Mousseron IBMM), size 

exclusion chromatography (SEC) was performed at room temperature using a Viscotek GPC 

max system equipped with a Viscotek guard column (10 × 4.6mm) and two Viscotek 

columns LT 5000-L mixed medium (300 × 7.8mm) fitted with a Viscotek VE 3580 

refractometric detector and a Viscotek VE 3210 UV/Vis detector. THF was used as solvent 

with a flow rate of 1 mL·min−1. All molecular weights (Mn) and molecular weight 

distributions (dispersity, Mw/Mn, D) were determined by calibration to known, standard 

poly(methyl methacrylate) samples purchased from Polymer Laboratories (Church Stretton, 

United Kingdom).  
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7.7.3. Flow system 

We used a lab designed microreactors composed of FEP tubing. The first has the following 

dimensions (L=3.37 m; i.d.= 800 μm) fitted on a metallic support which is in direct contact 

with the green LEDs (530 nm) (Figure  7-4).  

 

Figure 7-4 - Tubular microreactors:  a l = 3.37m; i.d. =  800 μm. 

 

7.7.4. Syringe pump 

The different flow rates of performed reactions were regulated using a Harvard Apparatus 

(Holliston, MA, USA) PHD ULTRA CP syringe pump (Figure  7-5). 

 

Figure 7-5 syringe pump 

 

7.7.5. LED system 

Green (λ= 530 nm) high power spots (50 W electrical power, 4500 lumen, 0.02 W.cm
-2

) LED 

from Bridgelux (Liver-more, CA, USA) were used in photo-induced ATRP.  

7.7.6. General procedure of ATRP  

A Schlenk flask was charged with monomer, initiator, photo-catalyst, i-Pr2NET as an electron 

donor species and dimethylformamide (DMF) as a solvent. The flask was sealed with rubber 

septum and was degassed by three freeze–vacuum–thaw cycles to remove the oxygen 

(Figure  7-6). Note that during freezing step the flask was purged with nitrogen gas and 

immersed in a bath of liquid nitrogen. The reaction mixture obtained was injected within the 
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lab designed microfluidic reactor (FEP tubing, i.d. = 800 μm; L =3.37 m or 5m) that was 

placed in direct contact with the green LEDs. Depending on irradiation time, the flow rate 

was adjusted by the syringe pump. Note that working under oxygen free conditions was 

insured, even during the transfer of the reaction mixture from the Schlenk tube to the syringe 

(Figure  7-7). The produced polymers were precipitated, filtered, dried under vacuum and 

analyzed by 
1
H NMR. A solution of 10 mg/ml in THF was prepared from the precipitated and 

dried polymers for further GPC analysis. 

 

 

Figure  7-6 Freeze (A), Vacuum (B), Thaw (C) cycle 

 

Figure  7-7 insuring the oxygen free condition  
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7.7.7. Preparation of PMMA macro-initiator 

 

 

Figure  7-8 PMMA macro-initiator synthesis 

 

EBPA (40 μL, 0.2 mmol), i-Pr2NEt (371 μL, 2 mmol) and Na2Eosin Y (3 mg, 4 μmol) using 

the composition 200:1:0.02:10, were added to a solution of MMA (42 mmol) in DMF (8 mL, 

1:1 v/v) placed in a Schlenk tube (Figure 20). The solution was degassed by three Freeze-

Vacuum-Thaw cycles then transferred into the syringe that was connected to the lab designed 

reactor (FEP tubing, i.d. = 800μm.). The solution was pumped into the flow system, 

irradiated by green LEDs (50 W, 4500 Lumens), at a flow rate of 68 μl.min
-1

 (irradiation time 

= 25 min). The polymer was purified by precipitation in methanol to which some drops of 

water were added for catalyst elimination. The resulting macro-initiator was dried under 

vacuum, then analyzed by GPC to give a macro-initiator of Mn = 8723, and Mw/Mn = 1.5. 

7.7.8. Chain Extension of PMMA macro-initiator with Styrene 

 

 

Figure  7-9 PMMA-b-PSty synthesis 

 

PMMA macro-initiator, i-Pr2NET and Na2EosinY were combined to a solution of styrene in 

DMF (Figure  7-9). The solution was degassed by three Freeze-Pump-Thaw cycles then 

transferred into the syringe that was connected to the lab designed reactor (FEP tubing, i.d. = 

800μm). The solution was pumped into the flow system, irradiated by green LEDs (50 W, 

4500 Lumens) at a flow rate of 34 μl.min
-1

 (irradiation time = 50 min). The polymer was 

purified by precipitation in methanol to which are added some drops of water for catalyst 
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elimination. The resulting copolymer was dried under vacuum, then analyzed by GPC to give 

a copolymer of Mn = 14900, and Mw/Mn = 1.44. 

7.7.9. Chain Extension of PMMA macro-initiator with Buthylacrylate 

 

 

Figure  7-10 PMMA-b-PBA synthesis 

PMMA macro-initiator, i-Pr2NEt and Na2EosinY were combined to a solution of 

buthylacrylate in DMF (Figure  7-10). The solution was degassed by three Freeze-Pump-

Thaw cycles then transferred into the syringe that was connected to the lab designed reactor 

(FEP tubing, i.d. = 800μm.). The solution was pumped into the flow system, irradiated by 

green LEDs (50 W, 4500 Lumens) at a flow rate of 34 μl.min
-1

 (irradiation time = 50 min). 

The polymer was purified by precipitation in methanol to which are added some drops of 

water for catalyst elimination. The resulting copolymer was dried under vacuum, then 

analyzed by GPC to give a copolymer of Mn = 29700, and Mw/Mn = 2.1. 
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