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General Introduction

Today, emerging needs to advanced materials force to develop more complex materials.

In particular, the improvements on all kind of thermal and mechanical properties of polymeric materials are still substantial issues of material science. Moreover, the recyclability of polymeric materials is a crucial solution for the prevention of environmental pollution.

The reduction of the energy consumption and the implementation of new technologies dedicated to the production of green energy for a sustainable development are nowadays major priorities for governments all around the world and will have a steadily increasing impact in the everyday life of all human beings. Companies are more and more integrating this problematic in their research and development policies and are trying to propose new alternatives. This project is focused on the preparation of polyamides for composites in mainly Automotive and Wind Turbine applications. Many "plastic" parts are already used in cars but the next challenge for the car producers is to remove all heavy metal components by lighter materials in order to reduce consumption of energy and therefore release of CO 2 .

For the wind turbines, the blades are already built with composite materials which permit to precisely tune their mechanical characteristics such as profile or mass variation and optimize the conversion of the mechanical wind energy to electrical one. The majority of polymer resins used with glass, carbon, aramid and other fibers are Polyesters and Epoxy thermosets.

It means that they are crosslinked and not recyclable. Thermoplastics appear today as the alternative as far as their processing remains simple permitting the production of pieces at low price.

Polyamide has also gained great interest in textile, building construction and furniture, electronic devices, and packaging areas by offering toughness and strength as well as heat and chemical resistance. Particularly, global production of polyamides reached to 6.5 million tons in 2006.

Since the discovery of aliphatic polyamides (nylons), the development of industrial processes based on polyamide 6 and polyamide 6-6 constitutes an important part of "engineering plastics" area today. Synthesis of polyamide 6 by anionic ring-opening polymerization provides good mechanical properties (stiffness/toughness balance), chemical resistance (automotive fluids), long term heat ageing performance, processability (flowability, cycle time and recycling) and excellent cost. Interestingly enough, polyamide 6 is produced by the ring-opening polymerization of ԑ-caprolactam. Owing to the low price of this monomer as compared to epoxy resins (2.5 times cheaper) and to its recyclability, the use of polyamide 6 as a resin for composites becomes appealing. Tuning of its properties and processability will permit the replacement of epoxy and polyester resins and the use of new composites in the fields mentioned above. Ring-opening polymerization of lactams 1,2 was preferred for this project due to fast rates (few minutes) of polymerization between 100 and 200 °C as compared to polycondensation reactions, the other way to synthesize polyamides, where days at more than 220 °C are needed.

On the other hand, designing novel anionic polyamides and improving their current properties by controlling (co)polymerization reactions has achieved an important demand which must be improved and completed. Further developing and multiplying of the current material properties are still needed to compensate demands of today's and future's industry.

The goal of this thesis is to synthesize 

Summary:

The theoretical part of this thesis provides a general overview of aliphatic and/or aromatic polyamides syntheses mechanisms.

Among reviewed methods, major attention is paid especially to anionic ring-opening (co)polymerization (AROP) of ԑ-caprolactam since every single chapter study of this thesis is based on AROP. Therefore, there is great importance of better understanding of the AROP mechanism, its side reactions, industrial processability, and copolymerization capability to shed light on our further investigations.

Another predominance of this chapter is the chain-growth condensation polymerization (CGCP) for aromatic polyamide synthesis. As well as CGCP strategy, all copolymerization possibilities are summarized.

As part of our continuing interest in developing copolymerization and functionalization of polyamide 6, crosslinking methods of polyamide 6, stimuli responsive polymers (which has a great potential to control polymer properties), and fluorinated aliphatic/aromatic polyamides are also reviewed. These all nicely studied and reviewed works are summarized here particularly over anionic mechanism of polyamide 6 synthesis.

Chapter I

Literature Review: Synthesis and Functionalization of Polyamides 

Introduction

Polyamides are well known polymers and present in markets such as fibers, engineering plastics and specialties, due to specific and various properties depending on their structures.

Polyamide 6 (PA6) is one of the most versatile engineering thermoplastic. Thermoplastic materials are very popular in broad range of markets. The excellent properties of PA6 such as impact strength, stiffness, solvent resistance owing to the strong interchain attraction derived from the polarity of amide (CONH) groups, PA6 is a remarkable candidate as a lightweight material for metal replacement applications. Even though these attractive properties, moisture absorption of the amide groups causes some drawbacks in PA6.

Uptaken moisture has a plasticizing effect and reduces tensile strength and modulus. PA6 components are not used successfully in all engineering applications because of less rigidity.

Lack of rigidity leads to difficult fabrication of PA6 components since it needs to be more moisture free before processing. Modification of the moisture absorbance of PA6 may result in anything from hard and stiff to soft and flexible material.

On the other hand, impact strength or toughness is a complex mechanical property. The toughening mechanisms are influenced by the properties of the matrix material and by the morphology of the blend. Mechanical and thermal properties of all aliphatic polyamides can be reinforced with different methods and various modifiers such as glass fibers, glass beads, and carbon fibers. An approach may require the changes in the functionality of the basic components before their polymerization, either early monomer preparation or modification of the polymer. This would end up in different types of polymer structures (block, random, crosslinked etc.).

PA6 has attained a massive interest due to its high strength, good fatigue resistance, excellent bend recovery rate and good resistance to most common solvents and weak acids 1 .

As well as those attractive properties, applications of polyamides often need to solve problems in their fabrication such as poor solubility, moisture absorption and high softening or melting temperatures caused by high crystallinity. Crosslinking is one of the methods to exceed these problems. On the other hand, the reversibility of their crosslinking has also significant potential to promote a wider range of applications of PA6 as a responsive polymer.

Synthesis of aliphatic polyamides

Synthesis of aliphatic polyamide can be divided into two ways: polycondensation (1) and anionic ring-opening polymerization (AROP) (2). Next paragraph is explaining the advantages of AROP over polycondensation and most common polyamide examples from both polymerization techniques.

Synthesis of aliphatic polyamides by polycondensation

Polycondensation is one of the methods to obtain aliphatic polyamides. Polycondensation is generally conducted at higher temperatures than the melting point of the resulting polymers to eliminate the released volatile products such as water or alcohol. Synthesis of aliphatic polyamides is carried out by reaction of difunctional carboxylic acids or acid chloride groups and amino groups. But resulting polymers have still some water in the polymerization atmosphere even though the polymerization is studied at higher temperature. The presence of water after polycondensation reduced the thermal and mechanical properties because of the plasticizing effect of water. Hydrolytic polyaddition/polycondensation reaction of ԑ-caprolactam at 250 °C for 72h gives PA6. For example, polyamide 6-6 (PA6-6) is synthesized via polycondensation reaction of adipic acid and hexamethylendiamine by eliminating water. Other polyamide examples are polyamide 6-10 (PA6-10) from hexamethylendiamine and sebacinic acid and polyamide 4-6 (PA4-6) from butane-1,4-diamine and adipic acid. Even though all polyamides seem quite similar but their thermal and mechanical properties are very different. For example, PA6-6 has a higher crystallinity and a lower water uptake, therefore a higher chemical resistance, than PA6.

However, PA6 has a lower melting temperature which makes it attractive for the easy processability in the industrial area.

Anionic ring-opening polymerization of cyclic amides (lactams)

Ring-opening polymerization of lactams (cyclic amides) initiated by water, referred to hydrolytic polymerization (i.e. reactions between the amine chain-end group and the lactam and/or carboxylic group of its hydrolyzed derivate), is carried out for industrial polymerization of ɛ-caprolactam (CL) to form PA6, though PA6-6, PA4-6, PA6-10 are synthesized by stepwise reactions of a diacid monomer with a diamine monomer. Cationic initiation is also possible but not useful because of the low conversion and molar mass of the resulting polyamides 2 . Anionic initiation following an activated monomer mechanism is mainly usedfor polymerization in molds in order to prepare polyamides (PA6, PA10, PA12) directly from the corresponding lactams 3 . Polymerization mechanism of lactams, their polymerizability and the properties of the resulting polymers were largely investigated.

Fundamental reviews published by Reimschuessel 4,5 , Sebenda 6 , Sekiguchi 2 , Hashimoto 7 , Roda 8 and Russo 9 can be found and precise this presented overview.

The anionic route is the fastest method for producing polyamides due to a low activation energy needed. This fast kinetic makes nowadays this route of high interest for industrial processes producing lightweight composite materials for automotive industry and wind energy. The anionic polymerization of lactams may be accomplished in solution or in bulk either below or above the melting point of the polymer for the latter.

Mechanism of the anionic polymerization of lactams

The mechanism differs from the anionic polymerization of most of the unsaturated and heterocyclic monomers because the growth center is not an anionically activated end group, but is represented by an N-acylated neutral chain. The anionic polymerization of lactams is initiated, under anhydrous conditions, by formation of the lactamate anion. Strong bases are able to deprotonate lactams and produce N anion of lactam effective for initiating the polymerization.

Initiating and activating systems

The anionically activated species is the monomer in the form of lactamate anion which is a very strong nucleophile (Scheme I-1). The negative charge is delocalized on the amide group due to resonance stabilization by conjugation with the carbonyl group.

SchemeI-1.

Structures of the anionically activated monomer.

The lactamate anion is acylated by a lactam monomer, although the acylating ability of the latter is poor, with the amide group being stabilized by resonance. The lactamate anion reacts with the monomer by a ring-opening transamidation reaction forming N-acyl lactam structures carrying primary amine anions. Assuming a free ion mechanism 6 , the imide anion is formed, in the first slow step, by nucleophilic attack of the lactamate on the carbonyl of the lactam molecule (Scheme I-2). As it is not stabilized by resonance, rapid proton exchange undergoes with lactam monomer, yielding imide dimer (N-acyl lactam) and regenerating the lactamate. Result of these two combined reactions is the disproportionation between two amide groups (present in lactam monomer and in lactamate anion) to give amine and acyl lactam moieties (in the N-acyl lactam species) and the reaction rate dependent on factors like the nature of counter-ion and reaction medium, lactam ring size, substituents, and structure of the resulting linear monomeric unit. N-substituted lactams are observed to react with lactamate anion with a rate significantly higher than that of the initial reaction, depending on the size and the electrophilicity of the substituent, and are generally used as activators in the activated anionic polymerization. The use of high reaction temperatures (> 250 °C) is required in the absence of activator and only the more reactive lactams, such as CL, undergo polymerization in the presence of a strong base in a non-activated method.

SchemeI-2.

Nucleophilic attack of lactamate anion to a lactam.

The initiators, which are the monomers carrying the anionic charge able to attack the chain end, are prepared by reaction of a lactam with strong bases such as mainly metal alkoxide 10 , metal halide 11 , alkali metal 2 , and grignard reagent 12 , but also pentametylene guanidine 13 , quaternary ammonium salts 14 , phosphazene 15 , bicyclic 'superbase' protophosphatranes 16,17 or carbene 18 . The association of a strong base (NaH, LiH, BuLi) with a reducing agent such metal dialkyl/dialkoxy aluminium hydrides 19,20 or metal dialkylboron hydride can be used also as precursors of lactamates. In this case, the nucleophilic species obtained, i.e. the activated monomer, is a metal salt of 2-(dialkyoxyaluminoxy)-1azacycloheptane.

As usual in anionic polymerization, the nature and concentration of the initiator play a crucial role. The rate is directly related to the concentration of active species and in particular the dissociation constant yielding free ions. It is known that the concentration of free lactam anion increases with temperature, starting to be predominant above 150 °C, and the alkali metal lactamates are considered completely dissociated at higher temperatures.

The rate of polymerization becomes here independent of the nature of the cation 21 . In general, the activity of alkali metals follows the order of electropositivity, except with Li and despite its highest ionization energy: Na + < Li + < K + < Cs + = R 4 N + . Lactamates of transition metals (e.g. Cr 3+ ) and other metals (e.g. Al 3+ ), which are exhibiting high values of electronegativity and having very low dissociation constants, hardly dissociate even at high temperatures. In the molten monomer medium, without solvating or complex species, the lactamate dissociation depends on both the lactam properties (i.e., acidity, dielectric permittivity, donor-acceptor capability, substituents) and the electropositivity of the metal.

For example, higher lactam permittivity, such as in ω-laurolactam as compared to CL makes easier the salt dissociation 22 .

As an induction period and slow kinetics are observed with non-activated anionic polymerization of lactams, opposite behaviors are obtained when an activator is added. The induction period is absent and the AROP can be performed at much lower temperatures (130-180 °C for CL) 6 . Poorly reactive lactams, such as 2-pyrrolidone and 2-piperidone, can be polymerized by initial reaction of monomers with an acylating agent. In this activated mechanism, the slow self-initiation step is strongly minimized to the detriment of a fast acylation reaction and propagation step. The interest to work with milder conditions for shorter times is to strongly reduce side reactions, yielding more regular macromolecular chains. These observations are nevertheless dependent of the structure and concentration of the activators. Among the substances used, N-substituted lactams such as N-acyllactam

(1) 13,23 and carbamoyl type (2) 12,[24][25][26][27] with electronegative substituent (R) increasing the acylating ability of the cyclic acyl group, as well as compounds capable of producing Nsubsituted lactams, under the conditions of the anionic polymerization, by addition or substituent reactions (e.g. isocyanate (4), acidhalides or esters (5), carbon dioxide (6) 23,[28][29][30] and those derivatives from side reactions (C-, N-, O-Acylation) in low ring strain lactam monomers such as oxoamides type (8), N-acylamidine (3) and other types (7) (Scheme I-3).

SchemeI-3.

Main activators in anionic lactam ring-opening polymerization.

Propagation reaction

The slow formation of an N-acyllactam by reaction between monomer and lactamate ion (k i = 10 -7 L.mol -1 .s -1 for sodium ɛ-caprolactamate between 160-190 C) 31 is followed by an extremely fast neutralisation reaction, i.e. the monomer deprotonation. For pyrrolidone at 35 C and laurolactam at 160 C, the rate constant of proton exchange (k H ) is 10 5 L.mol -1 .s - 1 32 and 10 2 L.mol -1 .s - 1 33 , respectively, which prevent the process of ring-opening of lactam via an Active Chain End mechanism (i.e.k p(ACE) ~ k i ~ 10 -7 L.mol -1 .s -1 ) (Scheme I-4). The nucleophilic attack of the lactamate anion on the carbonyl group of the monomer is much slower than that of the carbonyl group in a N-acyllactam-type chain end (10 -1 <k p(AM) < 10 3 L.mol -1 .s -1 , k p(AM) = 68 L.mol -1 .s -1 in the case of ɛ-caprolactam) 34 , which refers to the process of ringopening polymerization of lactam via Activated Monomer (AM) mechanism (Scheme I-5).

The propagation step is therefore composed of a nucleophilic attack to the acyllactam-type growing chain end (k p < 10 3 L.mol -1 .s -1 ) and a subsequent very fast proton transfer from the monomer to the amidate (k H ~ 10 2 -10 5 L.mol -1 .s -1 ) (Scheme I-5).The neutral N-acyllactam acts as the growth center at the chain end as the exocyclic carbonyl group in the Nacyllactam increases the electron deficiency of the amide group and, thus, the acylating ability. The polymerization rate is first order with respect to lactamate 35 and N-acyllactam (Act) concentrations and zero order with respect to lactam monomer (L) concentration 31 and can be written as follow:

Scheme I-4. Formation of active species in anionic ring-opening polymerization of ɛcaprolactam: Activated Monomer (AM) mechanism vs Active Chain-End mechanism.

SchemeI-5.

Propagation step in anionic ring-opening polymerization of lactams via activated monomer mechanism.

In the activated polymerization, the number average molar mass is determined by the concentration of the activator as compared to monomer concentration. Experimental values are generally higher than the theoretical ones. This is mainly due to the lowering of the number of growth centers due to the side reactions and to the crosslinking between polymer chains, for example, by Claisen-type condensation reactions, which are more and more relevant as the medium basicity and the polymerization temperature increase 36 . Such a polymerization is not living because of present side reactions in this lactam ring-opening chemistry. When the polymerization is run at temperatures below the melting point of the polyamide, side reactions are largely reduced and, even at equimolar concentrations of initiator and activator, the polymerization proceeds essentially by the reaction of lactam anions with a constant number of growth centers, resulting in a narrower molar mass distribution ( < 2) 37 and the formation of high molar masses 12,38 . In the non-activated polymerization, where the growth centers are both formed at the very beginning and in the final stage, the molar mass distribution is expected to be broader than the ones observed with the use of an activator.

The structure of the activators, in particular the nature of the exocyclic acyl group in Nacyl lactam, is shown to play a crucial role on the polymerization rates 39 . The use of Ncarbamoyl lactams in appropriate concentration, as "very fast" activators, allowed to drastically reduce the polymerization time 12,40 less than a minute and gets high polymer yield. It has the advantage to allow the decrease of polymerization temperature down to 140 °C minimizing the side reactions.

Aside from this mechanism, a lactamolytic mechanism proposed by Sekiguchi [41][42][43] (Scheme I-6-a) assumes the transfer of the alkali metal cation from the activated monomer species to the imide group at the end of the growing chain and its coordination to the carbonyl of the imide. The increase in conductivity was attributed to a higher concentration of free ions. The reaction proceeds via formation of an alkoxide-type anion by nucleophilic attack of the lactam anion on the endocyclic carbonyl, proton exchange with monomer, and rearrangement with ring-opening. Alternatively, Frunze et al. 44,45 proposed the participation of ion pairs of lactam salts in the propagation step and suggested an ion-coordination mechanism. According to this mechanism, a complex between the lactamate and the two carbonyl groups of the growing center is formed (Scheme I-6-b). As already mentioned, side reactions are observed whatever the assumed mechanisms. In any case, free ions play a decisive role at high temperatures and in media of high permittivity, while at low temperatures and in low polar media, the involvement of ion pairs is more expected.

SchemeI-6. Lactamolytic (a) and ion-coordinative (b) mechanisms.

Side Reactions

Species involved in anionic polymerization are in general highly reactive and lead to a series of side reactions, in particular when using high temperatures and long polymerization times. Reversible and irreversible side reactions can occur in which both the growth centers and the monomer anions are consumed. The strongly basic conditions in AROP of lactams promote mainly polymer branching and β-keto compounds, yielding to side products and chain irregularities. UV spectrometry was shown to be a tool for monitoring the occurrence of such side reactions 10,36,46 .

Formation of acyllactams, amines and imides

The polymer amide groups may be involved in disproportionation reactions, forming acyl lactams and amine end groups (Scheme I-7). The presence of amide N anions along the polymer chain, derived from equilibrium reactions with lactam anions in strongly basic medium, may produce imide groups and polymer branching (Scheme I-7). 

SchemeI

Formation of β-ketoimides and β-ketoamides

The acidity of the hydrogen atoms in α position of the carbonyl of the imide group in the N-acyl lactam chain end is comparable to that of hydrogen in an amide group. As a consequence, in the presence of lactamate, deprotonation may occur by leading to the formation of two distinct carbanions (Scheme I-9). The Claisen-type condensation reactions on exo-and endocarbonyl then happen, giving four different β-ketoimide structures. The concentration of these carbanions is generally low meaning that C-acylations and, only in some specific cases, O-acylations are competitive reactions with regard to the propagation step 48 . One can also consider the formation of carbanion in the α-position of the carbonyl of a branched structure. Reactivities are related to the lactam size and their substituents, the nature of the activator, the initial ratio of initiator and activator concentrations, the permittivity of the reaction medium, and the reaction temperature as well as the nature of the counter-ion [48][49][50] .

SchemeI-9. Formation of carbanions followed by β-ketoimides during AROP of lactams.

Neutral β-ketoimides are strong acylating agents and maybe involved in reactions, acting as growth centers and leading to either linear or branched chains. β-Ketoimides may be converted to β-ketoamides (2-oxoamides) by nucleophilic attack of the N-anion on the carbonyl of the imide group (SchemeI-10). These keto derivatives decrease the concentration of active species and influence kinetics for instance. They are also very reactive under basic conditions or at high temperatures and responsible for complex secondary reactions, i.e. formation of water, carbondioxide, amines, and heterocyclic structures are able to act as branching and crosslinking points 48 . The thermal or basecatalyzed decomposition of β-ketoamides can afford ketones and isocyanates. The latter reactive functions can also reform N-acyllactams capable to react in the expected polymerization way. Formation of water can contribute to the deactivation of lactamate and to the hydrolysis of N-acyllactams, β-keto compounds and imide branching points leading to carboxylates, amine groups, ketones, carbondioxide, or carbonates 6 .

SchemeI-10.

Formation of a β-ketoamide from acylation of β-ketoimide.

Formation of Cyclic Oligomers

The formation of cyclic oligomers was particularly investigated by Russo et al. for CL 46,51 , and the amount depends particularly on the polymerization temperature (e.g. 3.5% at 280 °C). The main reaction leading to cyclic oligomers is a back-biting reaction which is an intramolecular reaction of the neutral end groups with amidic groups inside the chain (Scheme I-11). The counter-ion involved in the polymerization is also directly influencing the occurrence of such a side reaction 52 . Using magnesium salts of CL, cyclization reactions are strongly reduced both below and above the melting temperature of the polymer formed as compared with sodium systems. The existence of coordination between magnesium-based compounds with end groups of polyamides is suggested. Cyclic structures can have a negative influence on processing or applications as they are able to modify the crystalline structure in the solid phase 53,54 .

SchemeI-11.

Formation of cyclic oligomers by intramolecular reactions.

Anionic (co)polymerization of ɛ-caprolactam and ω-laurolactam

Homopolymerization of ɛ-caprolactam and -laurolactam

The polymerization of CL, a 7-membered ring, is usually conducted in bulk conditions, above the melting temperature of the monomer (80 °C) in the presence of initiator and activator. Initially liquid, the mixture turns turbid and then solidifies in the course of the polymerization which can be as fast as few tens of seconds for "very fast" systems. The beginning of solidification is considered as the moment at which the growing chains attain a critical length that enables their crystallization, forming spherulites insoluble in the monomer.

As discussed previously, playing with the structure and concentrations of both activator and initiator allows tuning the polymerization rate of CL. The initial polymerization temperature as well as isothermal, non isothermal, or adiabatic conditions is also considered as tools to modify the time of reaction. "Very fast", "fast"', or "slow" processes affect structure and properties of the resultant anionic PA6. For a very fast bulk polymerization of CL at 155°C, conditions close to adiabatic ones can be obtained due to high rate and poor heat exchange with the surroundings. A temperature increase of 50 °C is observed with a resulting polymer with high molar mass, low residual monomer content and low content in cyclic oligomers 4,12 . To decrease even more side reactions, quasi-isothermal conditions near 150-160°C were proposed 24 .

Similar polymerization systems and conditions were proposed for the synthesis of polyamide 12 obtained by ring-opening of ω-laurolactam (ω-LL), a 13-membered ring. The polymer gained attention for its low level of absorbed moisture, easily removable during heating and melting of the monomer at 150 °C. Moreover, it possesses an excellent ductility, good electrical properties and significant chemical resistance. However, due to the long methylene sequences between the amide linkages, it has a lower melting point (172 °C) compared to PA6 (210 °C). To get a low content of residual monomer due to favorable monomer-polymer equilibrium, temperatures above 150 °C are generally required 38,55 .

Some specific polymerization systems, based on alicyclic carbodiimide as an activator and sodium caprolactamate as an initiator, were also developed to allow for instance a long-term storage of the initiating species, an efficient control of the polymerization rate, and an accurate tailoring of polyamide molar masses 56 . As for CL, initiation and activation influence also polymerization kinetics and thermodynamics but also the degree of crystallinity 57 .

As discussed in the previous paragraph, the AROP of lactams suffers from numbers of side reactions, reversible or not, varying with the experimental conditions. The usual kinetic law depending on activator and initiator concentration (

R p = -d[M]/dt = k p f[Activator]
[Initiator] 0 ) appears not efficient to get right values but might be sufficient to compare polymerization systems. The autocatalytic model of Malkin, based on aphenomenological approach, seems the most successful to follow that activated polymerization in bulk 58 Anionic polymerization is well known and used for the synthesis of copolymers, in particular blocks, due to its living character. Despite the non-living character of lactams polymerization, copolymers based on polyamide can be synthesized and offers interesting and specific properties. ω-Laurolactam is in general used as a co-monomer of CL in order to extend the range of PA6 properties, in particular by increasing the notched Izod impact strength at low temperature, and by decreasing water absorption 13 . Roda and coworkers showed the influence of the initiator toward the copolymers structures and therefore their properties 55,59 . As compared to ɛ-caprolactam magnesium bromide, sodium caprolactamate exhibits higher polymerization activity especially in copolymerization with a high content of ω-LL and at high polymerization temperatures. The copolymers have only one melting endotherm in the whole range of monomers feed, and one single crystalline form, when two melting endotherms (140 °C and 210 °C) and two types (α and β) of crystalline forms are observed from 30 to 70 mol% of CL with the magnesium-based initiator. This is explained by a copolymer microstructure composed of PA6 blocks linked to sequences of CL/ω-LL random copolymer. PA6 is preferentially formed at the beginning of the polymerization, due to the much higher reactivity of CL as compared to ω-laurolactam. Random copolymers are then formed from the remaining CL and slowly reacting with ω-LL. In the case of sodium caprolactamate which is a strong base as compared to the magnesium derivative, transamidation reactions cause full randomization of the sequences.

Copolymerization of lactams and lactones

The interest of preparing degradable polyamides through the synthesis of polyesteramides enabled researchers to think to the copolymerization of lactams and lactones even though other anionic ring-opening mechanisms were necessary for their homopolymers formation 8 . Some lactones were shown to act both as activator of lactam polymerization and as co-monomer for the synthesis of a polyester block 28,[60][61][62] . The initiation step corresponds to the acylation reaction between a lactamate and the reactive lactone (Scheme I-12). The oxyanion formed is then able to initiate the rapid ring-opening polymerization of some cyclic esters such as ɛ-caprolactone or -valerolactone by usual chain growth mechanism (active chain-end).

SchemeI-12.

Parallel initiation of lactams and lactones in the presence of lactamate.

Playing with ɛ-caprolactam and ɛ-caprolactone ratios as well as experimental conditions, various random or multiblock copolymers were prepared. Fast transacylation reactions between ester and amide groups in the copolymer chains were proposed as responsible for the observed copolymer randomness. Using reactive processing like a twin-screw extruder, diblock or triblock copolymers were prepared from various lactams and lactones using suitable sequential monomer feeding and specific temperature profiles [63][64][65] . The block lengths can be adjusted by controlling the feed rate.

The use of poly(ɛ-caprolactone) (PCL) was also proposed as an additive to the polymerization of ɛ-caprolactone with ɛ-caprolactam magnesium bromide as an initiator and with or without activator. PCL was shown to act as an activator and random copolymers were prepared 66 .

Polyamide-based copolymers with non-polyamide blocks

The main route leading to lactam-based block copolymers aims at using macroactivators obtained from appropriately terminated prepolymers. In general, hydroxyltelechelic polymers are reacted with diisocyanates and then blocked with CL. Combination of properties is the driving force of reacting various non-polyamide blocks as activators of anionic lactam polymerization. The toughness improvement of PA6 being a key issue, soft polymers such as polybutadiene [START_REF] Roda | Block Copolymers[END_REF][START_REF] Nováková | [END_REF][69][70] , polyethers [71][72][73][74][75] , and polysiloxanes 75,76 were particularly used. Following a similar approach, Styrene-Butadiene Rubberwas also introduced into PA6

with the aim to also tune the mechanical properties [START_REF] Macosko | RIM Fundamentals of Reaction Injection Molding[END_REF] . Graft copolymers were also designed for a compatibilization use. Polypropylene or polystyrene grafted with PA6 chains were easily obtained 27,[START_REF] Hu | [END_REF][79][80][81] .

1.3.5. Industrial processes using AROP of ɛ-caprolactam and -laurolactam

Ring-opening polymerization of ɛ-caprolactam initiated by water, i.e. the hydrolytic mechanism, is carried out for industrial cast Nylon-6. Nowadays, due to fast kinetics of the "activated" anionic ring-opening polymerizations, this approach is more and more envisaged for the preparation of PA6 and PA6-co-PA12 in newly developed industrial applications using mainly powdered materials and molding or extrusion approaches.

Powdered polyamides

As compared to techniques industrially utilized so far, i.e. low-temperature grinding and polymer dissolution/precipitation, AROP yielding PA6 and PA6-co-PA12 offers some advantages such as a much higher particle porosity, a total absence of irregular edges and sinterized zones, and a controlled and narrow particle size. Polymerizations by dispersion 82- 87 , suspension 88 and mini emulsion 89 are generally proposed. More recently, the use of phase inversion in PA6/PS blends were shown to prepare microspheres with controlled diameters 90 . Fast polymerization systems have to be selected with such processes. The suspension method has the advantage to be the faster but suffers from difficult and expensive purification. Such materials are of great interest for cosmetic formulations, coating and graphic art applications, protein or enzyme immobilization techniques, rotational molding and sintering processes, chromatography applications, as well as filtration devices in food and beverage industry.

Molding and extrusion

Reaction Injection Molding (RIM), Resin Transfer Molding (RTM), Rotational molding and Reactive extrusion are the main processes used with an in situ activated anionic polymerization of CL [START_REF] Hedrick | Polymer Chemistry and Engineering[END_REF]92 . Due to its high crystallinity and high molar mass, anionic PA6 exhibits for instance better thermo-mechanical properties or lower water uptake as compared to the extruded or molded PA6. The short polymerization times in the order of minutes, as compared to hours for hydrolytic polymerization, the very low cyclic oligomer content, and the much lower initial polymerization temperature (130-170 °C vs 230-280 °C)

are the main advantages of this activated AROP.

Soft polymers bearing terminal N-acyl lactam groups are used in RIM processes as activators of CL polymerization yielding PA6 with good impact strength. Usual initiators such as sodium ε-caprolactamate or magnesium bromide ε-caprolactamate are efficient in that process 93 . RTM enables the injection of the melted monomeric reactants of low viscosity into a mold filled with reinforcing materials like fibers. Reactive extrusion processes regain also attention for the easy preparation of nanocomposites and nanoblends 92,[94][95][96][97] . Single-or multiwallecarbon nanotubes and nanosilica are also shown to be dispersed in PA6 modifying its initial properties 98,99 . Nevertheless, it has to be mentioned that anhydrous conditions are required and may sometimes be considered as a limitation. Deactivation of the anionic groups is known to occur when some clay are used as reinforcing agents. 

Anionic polymerization of other lactams

2-pyrrolidone

The particularity of the polymerization of 2-pyrrolidone (Scheme I-14), leading to polyamide-4, can be found in a rather low ceiling temperature (70 °C) limiting the reaction temperature to 50 °C 106 . In bulk conditions, economically more interesting than in solution, polymerization rate decreases with time and partial conversion are obtained due to a phase separation, nucleation and crystallization with occlusion of the growth centers in this solid phase 42,107,108 . Despite some potential industrial interests in textile for its good mechanical properties and hydrophilic behavior similar to cotton, synthesis difficulties are one main reason for its non-development.

Similar to CL polymerization, CO 2 was also proposed as an activator to successfully prepare PA4 with an improved thermal stability 30,109 . But depolymerization still remains a major drawback. Using quaternary ammonium salts of 2-pyrrolidone as initiators, instead of sodium or potassium ones, and N-acetyl-2-pyrrolidone as an activator, yields up to 80% could be obtained after 24h at 30 °C14 . It is assumed that a bulky counter-ion allows the breaking of hydrogen bonds between polymer chains and creates local irregularities of the crystalline structure, enabling the contact between lactamates and reactive chain ends.

Suspension polymerization can also be used 110 and whatever the process used, polyamide-4 was obtained free of structural irregularities thanks to the low polymerization temperature and limited conversions. Block copolymers containing PA4 segments could be obtained using the macroactivator approach 111 , the synthesis of PA4 with a terminal azide function 112 , or with CL as co-monomer above the ceiling temperature of 2-pyrrolidone 113,114 .

SchemeI-14. Structure of 2-pyrrolidone.

2-piperidone

The ring-opening polymerization of 2-piperidone, also called 2-piperidinone or valerolactam, piperidin-2-one,is kinetically slow due to its stable 6-membered ring 2 (Scheme I-15).Moreover, crystallization and side reactions contribute also to the slowness of the reaction. The use of activators is mandatory and relatively high molar masses of PA5, with a melting temperature of 283°C,were obtained with quaternary ammonium salts of monomers used as initiators 108,115 .

Scheme I-15. Structure of 2-piperidone.

The use of bicyclic lactams is proposed as an alternative, the ring strain being favorable to a faster AROP.

Bicyclic lactams

The key point in the AROP of bicyclic lactams is indeed the ring strain, coming for instance from the repulsion of hydrogen atoms, and its release. At first, Hall reported in the sixties the polymerization of a bicyclic lactam, i.e. the 6-azabicyclo[3.2.1]octan-7-one (Scheme I-16a), in the presence of sodium hydride 116,117 . Hashimoto proposed a detailed review in 2000 relative to bicyclic and heterobicyclic lactams 7 . High temperatures are generally required limiting the livingness of such polymerizations. For the case of bicyclic oxalactams (Scheme I-16-b), the polymerization could be run at 25°C in DMSO due to a high kinetic polymerizability related to the high strain of internal bond angles 118,119 

Synthesis of aromatic polyamides

Wholly aromatic polyamides (aramids) differ from the aliphatic polyamides. Both aliphatic and aromatic polyamides are considered as engineering materials. However, the aromatic structure of the main chain of the aramids gives some specific properties which make them less sensitive to oxidation, higher solvent resistant, and higher thermal and mechanical performance 120-127 than aliphatic polyamides. Owing to their superior properties, aramids have broad range of application areas such as in bulletproof jackets, automotive, electrical, and electronic fields 35,125,[128][129][130][131] . Nonetheless, the aramids have some limitation such as poor solubility in common organic solvents and very high transition temperature (even above their thermal decomposition temperature). Therefore, these drawbacks restrict their applicability and lead to processing difficulties. Many researches are dedicated to exceeding these shortcomings of the aramids and one of the ways is the addition of aliphatic In general, the aramids have been synthesized by two major ways:

(1) Polycondensation reaction via an aromatic diacid chloride and a diamine

(2) Direct polycondensation reaction of a dicarboxylic acid and a diamine Following parts will introduce and focus mainly on chain-growth condensation polymerization which exhibits a living character and a specific interest for a part of my research.

Step-growth condensation polymerization

A polycondensation reaction involves several additions of two functional groups with elimination of a side molecule. Engineering plastics such as polyamides, polyesters, polyimides, and polyurethanes are obtained from conventional is step-growth condensation or addition polymerization. Polyamides have usually been synthesized by classical stepgrowth condensation polymerization (SGCP) method which is obeying Flory's statistical treatment 132 and Carother's equation 133 . By this method, polyamides have uncontrolled molar mass and a dispersity index approaches to 2 at high conversion which are not related to living polymerization because of the polymerization occurs between monomers and all types of oligomers and monomers without any control.

Step-growth condensation polymerization mechanism involves the initiation by the reaction of monomers with each other, and propagation of all formed oligomers between their chain ends and the monomer.

The controlling of the macromolecular dimension as well as the synthesis of particular structures such as block, graft or star polymers has gained more and more attention by polymer research areas. Szwarc developed such a system by chain-growth condensation polymerization of styrene 134 . But application of living polymerization has been restricted

with addition polymerization of vinyl monomers as well as ring-opening polymerization of some cyclic monomers.

Combination of the chain-growth and condensation polymerization for the aromatic polyamide synthesis will be discussed in the following paragraph.

Chain-growth condensation polymerization

Chain-growth condensation polymerization working principle is based on substituent effects that can be either resonance or inductive effect depending on the substituent position on the monomer structure para-(p) or meta-(m). These both two possibilities are providing controlled molar mass as well as narrow dispersity of obtained polyamides. The change of the substituent effect occured by a new bond formation between the monomer and initiator and keeps the reactivity at the polymer chain end (Scheme I-18). The polymer chain end has higher reactivity than monomers which prevents step-growth condensation polymerization 135 .

In chain-growth condensation polymerization, the selective activation of polymer end groups is the controlling of substituent effects between the monomer functional groups.

Schematic demonstration of condensation polymerization of AB type monomers is depicted in Scheme I-18. B site reactivity of monomer is increased by the substituent effect of A site as well as avoiding undesired step-growth reaction between monomers. On the other hand, once monomer reacts with an initiator having a reactive site, the substituent effect shifts to end group. As long as substituent efficiency is actively presence on formed bond, next monomer could attack selectively to the propagating chain end by obeying chain-growth condensation polymerization rather than step-growth condensation polymerization 136 . Polyphenylene sulfide was synthesized by condensation polymerization of alkali metal salts of the p-halothiophenols by Lenz et al., as depicted in Scheme I-20. The order of reactivities of the sodium salts was I > Br > F > Cl, and in the polymerization reaction, the order of reactivities of the alkali metal salts of p-bromothiophenol was K < Na < Li. They also reported that this comparison indicated that for the chloroand fluoro derivatives, the polymer chain end groups were more reactive than the monomers 137 . Weak electrondonating of sulfide linkage in the polymer increases the reactivity of polymer chain end compare to the strong electron donating effect of the thiophenoxide anion in the monomer.

They called this effect "preferential polymer formation".

Scheme I-20. Synthesis of polyphenylene sulfide.

Self-condensation of sodium 4-halobenzonesulfinate by using a small amount of 4fluororphenyl sulfone which is assisting to increasing polymer yield were studied by Robello et al. 139 . As reported by Lenz as a "prefential polymer formation", aromatic halogen is much more strongly activated toward nucleophilic displacement by a para sulfone group than a negatively charged para-sulfone group. Therefore, path B is more effective than path A with a chain mechanism (Scheme I-21).

Scheme I-21. Synthesis of poly(p-phenylsulfone).

These all resulting polymers end with contamination of step-growth polymerization and insolubility in reaction media, therefore they cannot achieve narrow dispersity and controlled molar mass.

Recently, Yokozawa and coworkers investigated chain-growth polycondensation for typical condensation polymers such as aromatic polyamides, polyesters, polyethers, poly(ether sulfone)sand poly(ether ketone)s to control molar mass and polydispersity 141 .

Between these condensation polymers, they mainly focused on the aromatic polyamide synthesis by chain-growth condensation polymerization due to slower transamidation reactions than the transesterification reactions and manipulation ability over the N-alkyl group on the polybenzamide or benzamide monomer by changing the alkyl-group.

Mechanism of the polymerization: synthesis of aromatic polyamides

As mentioned above, the solubility issue of aramids 142 could be overcome with a pendant alkyl group (N-Alkyl) on monomer without strong hydrogen bonds and less intermolecular packing that can be easily removed upon treatment of the polyamide with the proper reagent under mild conditions.

Chain-growth polycondensation is in a competition with step-growth polycondensation in a condensation system. Successful synthesis of chain-growth polycondensation is based on having special activated polymer chain end group 135,141,143,144 . For this purpose, two different substituent effects have been used: para-and meta-substituent effects.

Para-substituted monomers

Para-substituted aromatic condensation polymers have generally less solubility in organic solvents because of strong intermolecular interaction based on the high symmetry of the polymers. The solubility limitation is surpassed at the same time keeping the mechanical properties by introducing long alkyl chains into the para-substituted monomers, or copolymerizing the para-substituted monomers with meta-substituted ones. Strategic parameter of para-substituted monomer is the resonance effect (+R effect).

Resonance effect of substituent on condensation polymerization assists to obtain chaingrowth condensation polymerization by suppressing the step-growth condensation polymerization. It was reported for the first time on the synthesis of N-alkylated poly(pbenzamide)s by polymerization of 4-(alkylamino)benzoic acid phenyl esters (1) 143 .

In this system, more reactive ester linkage at chain end (4) than the activated monomer 

Meta-substituted monomers

Poly(m-benzamide)s have higher solubility in organic solvents than poly(p-benzamide)s due to their non-symmetric structure contrast to para-substituted one 145 . Essential substitutent effect of meta-substituted monomer chain-growth condensation polymerization is the inductive (+I) effect. As it is mentioned above, chain-growth condensation polymerization of p-substituted monomer is triggered by deactivation of electrophilic site from the anionic nucleophilic site through the +R effect.

+I effect of m-subtituted monomer is triggering the chain-growth condensation polymerization rather than self-condensation. This formula is based on the acidity of benzoic acid derivatives. The pK a s of m-nitrobenzoic acid and p-nitrobenzoic acid are 3.45 and 3.44, respectively 146 . This fact makes inductive effect of electrophilic site of m-substitutent monomer as active as resonance effect of p-substituent one.

Chain-growth condensation polymerization of m-substituted monomers and their N- dominated by nonpolar character of the alkyl group, while the solubilities of ( 6) are dominated by the polar character of amide linkage 144,149 . On the other hand, deprotection of (7a) via trifluoroacetic acid gives (7b) which has better solubility than para-counterpart due to the non-symmetric structure 149 . Indeed, the solubility of poly(m-benzamide) bearing octyl-group is more soluble in ether and even in ethanol in which the para-form is insoluble 145 .

Synthesis of copolymers based on aromatic polyamide by chaingrowth polycondensation

Since investigation of chain-growth condensation polymerization, many efforts have been conducted to improve polybenzamide rigidity or solubility by combination of chain-growth condensation polymerization with different polymerization techniques such as ATRP, RAFT or coupling reactions. Here, these improvements will be explained in three groups for copolymers based on aromatic polyamides: (1) sequential condensative chain polymerization, (2) block copolymers by coupling reaction, and (3) macro-initiator approach by ATRP or RAFT.

Sequential condensative chain polymerization

Sequential polymerization method can support well-defined block copolymerization by taking advantage of substituent effect of monomers. In the literature, various polyamides Scheme I-26. Synthesis of block copolymers of polyamide and poly(tetrahydrofuran).

In another approach, the bidirectional propagation of chain-growth polycondensation and its application to poly(ethylene glycol)-aromatic polyamide-poly(ethylene glycol) (PEGpolyamide-PEG) triblock copolymer with low polydispersity were studied without contamination of step-growth condesation polymerization. First, the polycondensation of phenyl 4-(octylamino)benzoate was carried out in the presence of a difunctional initiator, diphenyl terepthalate. Successfully synthesized well defined rodlike aromatic polyamides have phenyl ester moieties at both end side of the polymer 158 . By taking advantage of the transesterification reaction of these phenyl ester end groups and the alkoxide part of PEG prepared by anionic living polymerization, PEG-polyamide-PEG triblock copolymers were synthesized (Scheme I-27).

Scheme I-27. Poly(ethylene glycol)-aromatic polyamide-poly(ethylene glycol) triblock copolymer synthesis.

These methods were used to synthesize rod-coil like polymers owing to their interesting self-assembly behavior in solution and solid state. Rod-coil copolymers, including rigid rod segments and flexible coil segments, can have more precise self-assembly owing to controlled molar mass and low dispersity by CGCP.

Macro-initiator approach

Macro-initiator (MI) approach is one of the ways to gain rod-coil block copolymers. There are many methods including CGCP to achieve rod-coil block copolymers such as living anionic polymerization, atom transfer radical polymerization (ATRP), and reversible additionfragmentation chain transfer (RAFT).

In this example, synthesis of well-defined rod-coil block copolymers of polystyrene and Noctyl poly(p-benzamide) were started with MI (Polystyrene) preparation from living anionic polymerization. Then, the chain-growth condensation polymerization of phenyl 4-(octylamino)benzoate was performed from polystyrene with a phenoxycarbonyl chain-end group in the presence of triethlysilane or N-octyl-N-triethylsilylaniline bases (Scheme I-28).

They clearly observed SEC shifting with narrow dispersity. The obtained block copolymers self-assembled in 2-propanol, which was a selective solvent for the polyamide unit, to give submicrometer-sized, spherical aggregates 152 .

Scheme I-28. Chain-growth condensation polymerization of phenyl 4-(octylamino)benzoate from polystyrene macroinitiator. Adapted from 152 .

Synthesis of well-defined polybenzamide-block-polystyrene by combination of CGCP and RAFT polymerization with controlled molar mass and narrow dispersity was studied by Masukawa et al. 159 . They have chosen this method owing to controlled radical polymerization because of its broad tolerance for functional groups including the amide bond. In this approach, polystyrene was synthesized from RAFT polymerization of styrene and polybenzamide was obtained by CGCP and used as a chain transfer agent (CTA) for RAFT polymerization. On the other hand, after RAFT-CGCP combination, CGCP and ATRP 160 combination was reported by the same group. However, this method was started from chain-growth polybenzamide as a MI to avoid hindrance problems which is sourced from the first using of high molar mass MI for CGCP by leading to self-condensation. Indeed, CGCP-ATRP combination also prevents from the tedious synthesis of macromolecular chain transfer agent of RAFT 159 . CGCP was followed by chain end modification and then ATRP of St from this activated chain-end for the synthesis of well defined polybenzamide-b-polystyrene block copolymers. In this approach, they could obtain chain extensions with St and a linear increasing of molar mass by respecting to conversion, low dispersity, and monomodal SEC traces.

Complex architectures of aromatic polyamides

Since chain-growth polycondensation is investigated, this route was conducted to achieve various condensation polymer architectures such as block copolymers, hyperbranched and star polymers with controlled molar masses and narrow dispersities. As early mentioned above, linear aromatic polyamides (aramids) are known as important high-performance polymers because of their excellent thermal, mechanical, and chemical properties.

Digressing from usual linear structure of polyamides leads to higher solubility and lower melting points due to the inhibition of strong hydrogen bonds of the amide group on polymer chain. However, these polyamides having spherical-like geometries introduce unique properties to conventional polyamide for novel applications such as their encapsulation characteristics, catalysis, chromatography, self-assembly, as well as medical and biological applications. Indeed, various number of hyperbranched and star polyamides are studied by conventional condensation polymerization without controlling of the molar mass and dispersity 161 . Among these complex structures, well-defined star 162 

Crosslinkingof polyamide 6

Crosslinking of numerous polymers is important on behalf of modifying a number of material properties. Only a few papers dealing with PA6 crosslinking have appeared in the scientific literature, and none of them are devoted to the reversible crosslinking of PA6

based composites even though it has a great potential. According to reported studies, PA6 can be crosslinked by radiation 166 , high pressure-high temperature treatment 167 , blending with different type of polymers, and copolymerization with crosslinkable groups 168, 169 .

Radiation crosslinking of polyamide 6

Depending on the type of polymer, they may be crosslinked by using high-energy ionizing radiation, i.e. electron beam (or e-beam), gamma, or x-ray radiations. Electron beam is generally used for small parts, particularly low density parts, and linear product like aliphatic polyamide processed. Irradiation generates free radicals which chemically react in various ways, sometimes at slow reaction rates. The free radicals can reconnect to form the crosslinks. The benefits of this method are the crosslinking degree can be adjusted via the amount of radiation dose. However, irradiation oxidation can occur especially under gamma irradiation which is the faster method. Oxidation can continue after irradiation and changes in properties with time. This oxidation process can be hindered by adding antioxidants. Ebeam irradiation crosslinking method is mostly preferred for PA6 crosslinking due to higher deterioration effect of gamma irradiation on mechanical properties than the e-beam irradiation 170,171 .

The effects of radiation crosslinking on PA6 and aliphatic polyamide family have been reported by many reseachers 166, 172-175 . E-beam crosslinked structures in PA6 are expected to vary physico-mechanical properties (hardness, tensile strength, flexural strength, and impact resistance) in irradiated polymer materials while reducing water absorption. Water absorption percent of PA6 was reduced substantially when irradiated by e-beam radiation in presence of triallyl isocyanurate as a crosslinking agent which reduces dose of radiation for crosslinking 175 . Hardness, tensile strength, flexural strength, and impact resistance of PA6

were improved by adjusting the dose of e-beam radiation. Improvement of mechanical properties and reduction of water absorption were owing to the crosslinking of polyamide molecules in the presence of high-energy radiation. Increase of crosslinking with rising radiation dose was verified by gel content amount at higher doses 175 .

Beside this advantages of radiation crosslinking on PA6 properties, high investment cost and equipment expertise make this way undesirable between crosslinking methods.

Crosslinked polyamide 6 by chemical modification

So far, crosslinked PA6 was explored ina restricted number of works that are obtained from homo-or copolymerization of CL with functional derivatives of CL either by anionic or hydrolytic ring-opening polymerization.

The functional groups must be selected or protected in such a way that they do not inhibit polymerization. The disadvantage of these studies is generally that they are obtained by either complex or time-consuming procedures. Recently, Mathias et al. 168 reported γethylene ketal-ε-caprolactam (KLCL) synthesis and its polymerization by AROP. A new monomer KLCL was synthesized in two steps at room temperature and efficiently, Scheme I-30.

Scheme I-30. Monomer synthesis, ethylene ketal substituted ε-caprolactam (KLCL).

Following the monomer synthesis, AROP of KLCL was obtained in bulk at 140 °C under N 2 atmosphere. Even though solidification of P(KLCL) is completed in 5 min, yield was only 68%

which is quite low compare to CL polymerization yield (98%) in the same conditions. Random copolymerization of KLCL and CL was achieved under the same polymerization conditions, Scheme I-31. In this first step, as can be seen from the polymer structure, the copolyamide has pendant ketone groups on the polymer chain. These ketone groups are deprotected by trifluoroacetic acid and then reduced to hydroxyl group by using sodium borohydride.

Scheme I-31. γ-ethylene ketal-ε-caprolactam monomer synthesis and its AROP 168 .

According to thermal measurements from DSC (second scan), P(KLCL) and its copolymers have higher Tg than neat PA6. This new class of copolyamides has less crystallinity and lower melting temperatures than neat PA6. This result demonstrates that rigid ketal groups increase the Tg and inhibit close packing while decreasing the melting temperature and crystallinity.

Thermal-and photo-crosslinking sensitivity of the ketone content in the polymer is a special property of the ketone-containing polymers. By taking advantage of this property, crosslinked the "ketone groups" in the polymers were studied via either heating or UV irradiation. Crosslinking was detected by insolubiltiy of these polymers in organic solvents and increasing Tg's with increasing KCL content. On the other hand, the ketal-and hydroxylcontaining polymers are not crosslinked upon heating or UV irradiation.

Indeed, the crosslinking mechanism of this novel polymer suggested that the attack of amide nitrogen at the ketone carbonyl group was followed by the release of water and the formation of enamide linkages between chains (Scheme I-32).

Scheme I-32. Crosslinked structure of P(KLCL).

Stimuli Responsive Polymers

Stimuli-responsive polymers are affected by small changes in the environment such as temperature, light, pH and combination of two or more of them (two-multi stimuli). They gained a steadily increasing attention in materials science, nanotechnology, and biotechnology for the last two decades. Classifying these polymers according to their physical properties, free chains in solutions, chains grafted on a surface, covalently crosslinked gels and reversible or physical gels, are summarized. Indeed, double or multi-stimuli responsive polymers,the all-in-one Scheme I-33. Generally used thermoresponsive groups.

Photoresponsive groups

In recent decades, polymers containing photosensitive moieties have crucial interest because of their potential use in many range of application fields such as photolithography 193,194 , photo-curable coatings 195 and photoresists 196 . Photoresponsive groups are also interesting to modify and develop some properties of PA6 which will be explained in one part of this thesis work.

Photoresponsive systems can be associated to three reaction types: photoisomerization, photocleavage and photodimerization. Polymers, having photochromic molecules usually as the functional part on the polymer, first capture optical signal and then chromophore groups convert this signal to a chemical photoreaction as mentionated as isomerization, cleavage or dimerization. This chemical convertion can control its properties over the photoreactive groups. Reactivity and reversiblity of these photo functional groups relies on the polymer structure (interaction between chromophore groups, flexibility and solubility during the irradiation). Adapted from 214 .

Photoreactions

Among photosensitive moieties, polymers containing photo-reactive cinnamoyl group are also known with their high photosensitivity 216 , the ability to form films, resistance towards solvents, and good thermal stability 217,218 . The reversible polymeric systems have gained wide range of application areas such as self-healing 219 .

Wan Jae et al. 220 reported the synthesis of healable poly (methacrylate) derivatives with photo-responsive cinnamoyl units into the side chain. They could also control the hardness of thermoplastic polymer films by reversible photo-cycloaddition reaction via UV irradiation.

As highlighted above, experimental conditions as well as size of polymer may also play an important role on the photodimerization. For example, the polymer bearing photosensitive groups shows a higher photoreactivity in solution compared to in the solid state as a coated film because photosensitive groups are not close enough together in the condensed state 198 .

Longer polymer chain has also less reactivity compare to shorter chains unit that leads to faster photoreaction due to better mobility 221 . In the presence of [2+2] cinnamoyl cycloaddition, the photodimerization generates crosslinking in the polymer via cyclobutane ring formation, ending to the insolubilization of the polymer in many organic solvents 222 .

Quite recently, Garle et al. 188 reported the synthesis of semicrystalline poly(εcaprolactone) (PCL) copolymer networks with stimuli-responsive shape memory behavior by investigating cinnamoyl moiety as a thermo-responsive group. Advantage of this system is that no initiator or chemical crosslinker is required for the crosslinking of semi-crystalline copolymers by UV irradiation 188 .

Crosslinks formed from [2 + 2] cycloadditions of cinnamoyl units can be reversibly cleaved by UV irradiation at λ<260 nm, leading to the recovery of the original shape. Therefore, crosslinking was used to establishing the permanent shape, and the melting transition could be used for shape memory programming and recovery (Scheme I-39). Indeed, adjusting of the glass transition temperature at which shape memory occurs can be accomplished by varying the molar mass of PCL. On the other hand, modification of ɛ-caprolactone monomer with a cinnamate functional group, and then copolymerizing with ɛ-caprolactone improved mechanical properties such as hardness 188 .

Scheme I-39. Proposed structural changes during shape memory transformation of polymer.

Adapted from 188 .

[2+2] photoinduced dimerization of cinnamic acid and its derivatives has gained great interest, as mentioned above. In particular, the reason of such a big interest is solid-state behavior and its versatility in a numerous number of applications such as healing 223 

Fluorinated aromatic and aliphatic polyamides

Wettability is an important property of solid surfaces, the wettability control of a solid surface shows an enormous value in both fundamental research and practical applications 224 . Wetting of a liquid on a solid surface or material depends on the solid surface properties (hydrophobic or hydrophilic) as well as the liquid used. Therefore, manipulating the properties of surfaces can optimize the hydrophobicity of a solid surface or material for the purpose of interest. Surface hydrophobicity can be estimated by determining the contact angle. Hydrophobic character of polymer surfaces can be divided to PA6 is a semi crystalline thermoplastic material and has a broad range of application areas which include textile fibers, membranes, tapes, food packaging, electronics, and automotive parts. Indeed, hydrogen bonds of amide group (NH-CO) between adjacent chains of PA6 provide various attractive properties such as high crystalline structure, high melting point and chemical stability but high rate of water uptake is one of the main drawbacks of PA6 due to the hydrophilic character of amide group. To advance PA6s' performances, it is a necessary to induce specific functional groups on its surface in pre-determined locations, densities, and patterns. Low gas permeability and a high barrier to water vapor are expected properties, while PA6 is used for food packaging.

There is much interest in modifying the surface of polyamides to make them more hydrophobic. Several different methods were used for surface modification such as barrier coating layers, forming copolymers or blends, and use of nanofillers such as silica or clays for nanocomposite preparation.

Multilayered film preparation

Multilayered polyamide copolymer (aliphatic and aromatic) is one of the approaches to increase surface hydrophobicity of polyamides. Copolymers of PA6,6 and PA6 multilayered films were investigated with higher water permeability than neat PA6. Indeed, aromaticaliphatic copolymers' water permeability was reported lower than the PA6. These results

were related to aromatic repeating units in the copolymers. In particular, their wetting and thermal properties were not mentioned 231 .

Blending hydrophilic and hydophobic polymers

PA6/hydrophobic polyolefin blends gained a great importance for their application in 

Surface modification

To decrease the moisture absorption property of PA6-6 film, allyl pentafluorobenzene was incorporated on the argon plasma-pretreated nylon film by UV or thermally induced surface graft copolymerization 234 . Water contact angle of the product could increase only at mediocre level (around 55°).

Incorporation of fluoro-monomer to polyamide by copolymerization

To the best of our knowledge, among these approaches mentioned above, introduction of fluorine groups into the backbone or side chain of polyamides was considered as one of the most effective methods and attracted ever more attention from both academia and industry.

As a matter of fact, fluorinated polymers are known to exhibit peculiar properties such as high thermal stability, chemical inertness (to acids, bases, solvents and petroleum), low Type III aliphatic fluorinated polyamide (4), contrary to type I and II, is hydrolytically stable and has high molar mass but has less thermal stability than PA6-10 and even though it has higher water contact angle than PA6-10. Indeed, water uptake results were reported with higher values than PA6-10 because of fluoroaliphatic polyamides have less regular structure than PA6-10 that leads to less interchain hydrogen bonding therefore more free amide groups, which can thenmake hydrogen bondings to water by leading to larger water absorbtion values [245][246][247] .

Different from these type of aliphatic fluorinated polyamide, fluorine-containing graft copolyamides, dicarboxyl-terminated poly(perfluoroalkylethyl acrylate) were prepared by radical chain transfer polymerization and copolycondensed with diamines and dicarboxylic acids (Scheme I-41) 248 . PA6 films containing various amounts of fluorine-containing graft copolyamides were obtained by heat pressing. 5wt % of graft copolymers enables making surfaces water repellent polyamide 6. Limitations of the polycondensation route, in particular the required long polymerization time and high polymerization temperatures, make the anionic ring-opening polymerization of interest for the synthesis of fluorinated polyamides.

Scheme I-41. Graft copolyamide structure containing fluorinated groups.

One of the most common approaches to increase solubility of is the introducing of fluorine unit in the polymer backbone and/or bulky pendent groups along the main chain such as hexafluoroisopropylidene groups and trifluoromethyl groups so to hinder interaction between neighboring molecules due to preventing molecular interactions 246,249 .

Incorporation of geometrically non-symmetric units into the polymer backbone or graft copolymerization methods always increase the solubility because of less packing between polymer chains 246,249,250 . Typically, it is more convenient first to synthesize modified monomers via incorporation of fluorinated monomers, followed by polycondensation with dicarboxylic acids or their derivatives (Table I-1, Schemes I-40 and I-41). It has also been

shown that the incorporation of bulky trifluoromethyl-pendant groups generally into the aromatic polyamide backbone resulted in great benefits for improving polymer optical transparency as well as solubility, which derived from the low polarizability of the C-F bond and the increase in free volume 142,251 .

Conclusion

Among the many produced polyamides by anionic ring-opening polymerization (AROP), polyamide 6 (PA6) is one the most common used type owing to its attractive properties and easy processability. PA6 continue to be one of the largest engineering polymer families.

Although anionic PA6 has gained impressive interest in engineering plastic field, some of the details of the mechanism and kinetics involved still remain unanswered. Therefore, these questions restrict further investigation and improvement.

In recent decades, many side groups on polyamide chain were investigated but generally by polycondensation reactions. Addition of crosslinking and hydrophobic character to PA6 needs long monomer synthesis steps or ends with lower polymerization yield than neat PA6 synthesis. Even though these limitations, researchers were trying to control or modify PA6

properties with challenging AROP.

As long as polyamide has a largest place in global market, particularly in automotive industry, PA6 keeps being one of the demanding high-performance material. Therefore, its improvement and tuned properties will be demanded. Polymer chemistry will be answering these expectations.

Summary: This chapter is dedicated to the use of novel perfluorobutyryl-substituted αamino-ԑ-caprolactamcomonomer for synthesis of polyamide (PA6) having a hydrophobic surface. PA6 bearing fluorinated groups was synthesized in bulk with perfluorobutyrylsubstituted α-amino-ԑ-caprolactam and ԑ-caprolactam by anionic ring-opening polymerization (AROP). This fluorinated compound was obtained by reaction between cyclic lysine (i.e. α-amino-ԑ-caprolactam) and perfluorobutyrylchloride. The effect of the fluorinated monomer amount on AROP of ε-caprolactam was studied, exothermy of this polymerization was followed and the properties of the corresponding polymers were investigated with differential scanning calorimetry, thermogravimetric analysis, magic angle spinning (MAS) NMR, FT-IR, and contact angle analyses. PA6 bearing fluorinated groups exhibited better thermal stability as well as a higher hydrophobic character than PA6 as evidenced by surface tension measurements and despite low fluorine content.

Introduction

Fluorination of polymers is particularly expected to impart better thermal stability, lower surface energy and water absorption [1][2][3][4] . These properties are sourced from the essential characteristics of fluorine atom: high electronegativity, high ionization potential, and low polarizability 5 .

In the literature, there is less studies of fluorinated aliphatic polyamides [6][7][8][9] than fluorinated aromatic polyamides [10][11][12][13][14] . Fluorinated copolyamide synthesis by condensation chemistry has some limitations such as long polymerization duration and high polymerization temperature. On the other hand, the anionic ring-opening polymerization (AROP) of ԑ-caprolactam (CL) has a potential to synthesize fluorinated aliphatic polyamide by eliminating those limitations. However, as it is well-known, there are some parameters of AROP that must be taken into account before considering the copolymerization of CL with a CL derivative.

As highlighted in the previous chapter, the AROP of CL is carried out by two reagents: the lactamate anion (C10) called as an initiator or catalyst (1) and N-acyllactam called as an activator. Initiation step involves an addition reaction of activator and initiator. Activator type has an effect both on the kinetics and on the obtained polyamide properties by increasing the polymerization rate and the monomer conversion while reducing molar mass of the polymer. Increasing initiator amount provides high of amount of free anions which can results in faster reaction rates 15,16 .In the literature, activator/initiator ratio is generally 1 to 1 17 . However, according to BASF protocols, activator/initiator ratio must be 1/4 or 1/8 which minimize side reactions therefore results in polymers with better properties.

Macromolecular materials based on renewable raw sources have gained increasing attention since they are environmentally friendly and have low cost compared to conventional methods and materials. α-amino-ԑ-caprolactam, derivative of CL, is obtained from the ring closure reaction of L-lysine, a renewable raw material. Lysine is an essential aminoacid present in plants, beet, cane, starch sugars via bacterial fermentation (Scheme II-1) 18,19 . L-lysine is usually manufactured by a fermentation process using Corynebacteriumglutamicum for more than 40 years and the production exceeds 600,000 tons per year 20 .

Scheme II-2. Modification and polymerization of the -amino--caprolactam 19 .

Besides, α-amino-ɛ-caprolactam has a great potential for modification and improving of PA6 structure and properties. In this case, side-reactions stemming from AROP of CL must be taken into account as well as the α-amino-ɛ-caprolactam structure and its primary amino group on the structure. 

Synthesis of polyamide 6 with fluorinated moieties

A successful synthesis of novel α-perfluorobutyrylamido-ԑ-caprolactam monomer (CL F )

was achieved by a one-step amidation reaction from α-amino-ɛ-caprolactam and perfluorobutyrylchloride (Scheme II-3). To the solution of α-amino-ԑ-caprolactam in tetrahyrofuran (THF), triethylamine (TEA) was added to deprotonate a primary amine and quench HCl which is produced by amidation reaction. After 1h activation by TEA, perfluorobutyryl chloride was added dropwise while purging the reaction flask with argon because perfluorobutyryl chloride is sensitive to moisture it can easily exchange with -OH and this would lead to more difficult nucleophilic attack of activated α-amino-ԑ-caprolactam.

After 24h reaction and purification, white solid product was obtained with 85% yield.

Scheme II-3. One-step amidation reaction of perfluorobutyryl chloride with α-amino-ɛcaprolactam.

The structure of the fluorinated monomer was confirmed by 1 H NMR analysis. Pure PA6 was prepared by anionic ring-opening polymerization in the specific reactor system which provides better inert atmosphere and easy way to measure the exothermicity of the polymerization. For this reference PA6 synthesis, conventional AROP of ԑ-Caprolactam (CL, monomer) was carried out 5 time higher sodium ԑ-caprolactamate (C10, initiator) amount than usual method since copolymerization of CL and CL F required higher amount of C10. Therefore, obtained homo-and copolyamides could be compared in the same conditions. The polymerization of CL was carried out in bulk at 140 °C. A series of polymerization reactions was performed by using different molar ratio of C10 to C20 (Table II-1). Addition of 2 or 4 wt% of fluorinated compound to CL polymerization enables the polymerization and spawned a decrease of the rate as longer time (24 hours) are required to reach 63-67% of conversion (runs 2 and 3). A decrease of reactivity is clearly observed when it is compared to the usual PA6 synthesis under similar experimental conditions (run 1). Since yield is not completed, exact amount of introduced comonomer is probably lower than the theoretical one. In fact, determination of the exact amount of fluorinated units in the polymer chain by NMR was not possible because of the restricted solubility of resulting polymer in common organic solvent. As early mentioned, reactivity of anionic polymerization of CL is related to the many parameters such as lactam size and their substituents, the nature of the activator, the initial ratio of initiator and activator concentrations, the permittivity of the reaction medium, and the reaction temperature as well as the nature of the counter-ion [21][22][23] .

To the best of our knowledge, copolymerization of α-amino-ԑ-caprolactam and CL was also carried out with the same copolymerization conditions of CL F . However, this reaction could not end with any copolymerization. This result is probably related to the different acidities of the hydrogen atoms where one is located in α position of the lactam ring (primary amine) (pKb> 36) and hydrogen in an amide group (pKb = 27.1). The acidity difference of these hydrogens led to a competitive proton abstraction by C10, Scheme II-5-a.

Therefore, this competition of deprotonating and especially favoring for primary amine protons in α position may cause to the formation of two distinct amide anions. After deprotonating of primary amine of the α-amino-ԑ-caprolactam, obtained anion can attack active carbonyl side and deactivate ring-opening polymerization of these monomers or oligomers instead of ring-opening polymerization. There was the same risk in anionic polymerization of the fluorinated derivatives of α-amino-ԑ-caprolactam with different acidity of α position of the lactam ring (primary amine) and hydrogen in an amide group, Scheme II-5-b. However, a deprotonating from the same position would not get resonance with endocyclic carbonyl group of CL F ring since one exocyclic carbonyl has strong electron withdrawing group fluorine, Scheme II-5 (2). But, still this effect could consume more C10 than expected. Addition to, amide anions in α position would attack to active carbonyl side and deactivate ring-opening polymerization of these monomers or oligomers instead of ringopening polymerization. The other possible side reaction is, as already mentioned (see chapter I of this manuscript, side-reactions), that the presence of amide N anions along the polymer chain may produce imide groups and lead to polymer branching in strongly basic medium 24 . Similar effect can be a concern for this anionic polymerization because of the presence of the exocyclic amide N anion on CL F . These possible side reactions shed light on lowering rate of polymerization therefore reducing the yield.

Scheme II-5. Deprotonating posibilities of α-amino-ԑ-caprolactam (1) or CL F (2) by C10.

Rate of polymerization

During the polymerization of ɛ-caprolactam, temperature profiles of AROP of homo-and copolymerization were monitored by calorimetric measurements because AROP of ԑcaprolactam is an exothermic reaction 25,26 and this property allows monitoring the rate of monomer consumption, i.e.

To overcome side reactions such as transamidation reactions and Claisen-type condensation 27,28 , we increased the C10 amount while adding of fluorinated comonomer to able to activate more (co)monomers. Decreased reaction efficiency can be explained by the structure of the novel fluorinated comonomer. The chemical structure has a remarkable influence on reactivity and affects chemical and physical properties of the resulting polymer.

Increasing the C10/C20 ratio, corresponding to an increase of the relative amount of the activated monomer in the medium, allowed to decrease the polymerization time down to 15 minutes and to obtain a high yield (90%) when 2 wt% of fluorinated co-monomer was added (P4, Table II-1). This enhanced reactivity was not observed anymore using higher amount of CL F (P5, 4wt %). Monitoring the evolution of temperature versustime confirms fast copolymerization (P4) which shows a polymerization exotherm of 27 °C at 120 seconds (Figure II-2). Despite the doubled amount of activated monomer as compared to the one used in PA6 synthesis, the polymerization and crystallization rates occurmore slowly. This exotherm used as a reference was found to be equal to 44 °C after 50 seconds. The flat evolution of temperature with time and limited conversion by using 4 wt% of fluorinated comonomer (P5) indicates clearly a decreased reactivity of the overall polymerization process, and the introduction limit of fluorinated groups into PA6. This result is accounted for by the higher relative amount of the acyl-group of the comonomer, which is leading to some side reactions akin to the ones involving the acyl-groups as mentioned above. 

Polymer characterization by NMR and ATR-IR

Introduction of bulky pendant fluorine groups to the polymer chains increases the solubility of fluorinated polymers because of the replacement of symmetrical structures with unsymmetrical ones. Bulky units decrease interactions between polymer chains, breaking hydrogen bonds, and lead to less packing and crystallinity [29][30][31] . The solubility of the fluorinecontaining polyamides in various organic solvents at 2.0% (m/v) were tested overnight at 20 and 70 °C and presented in Table II-2. All the polymers could be readily dissolved in strong acids such as sulfuric acid and polar solvent hexafluoroisopropanol at room temperature and at 70 °C. On the other hand, they were not soluble in some common organic solvents such as N,N-dimethylformamide, tetrachloroethylene, methanol, and dimethyl sulfoxide. Obviously, their minor improved solubility in dichloromethane, N,N-dimethylformamide, methanol and chloroform are due to the fact that the bearing trifluoromethyl groups allow the solvent molecules to diffuse into the polymer chains. In another word, due to lower interactions between chains, the enthalpy contribution (ΔH) to the free enthalpy (ΔG) is not sufficient to counter balance the contribution of entropy (ΔS). The entropy contribution is then the dominant factor (ΔS>0), which brings about solubility of the polymer(ΔG<0). These new polyamides were characterized by ATR-FTIR spectroscopy (Figure II-3). PA6

shows characteristic absorption bands at 3300 cm -1 attributed to the N-H band and also at 2931-2860 cm -1 corresponding to the CH 2 symmetric and asymmetric stretching vibrations.

The sharp peak at 1640 cm -1 corresponds to the stretching vibration of the C=O group of the amide functionality and the peak around 1540 cm -1 is attributed to combination of the bending vibration of the N-H bond and stretching vibration of the C-N bond of the amide group. By comparison with neat PA6, PA6 having fluorinated bulky groups showed absorption bands at 1234 cm -1 and at 1160 cm -1 , pursuant to symmetric and asymmetric stretching vibrations of C-F band, respectively. 

Thermal characteristics of modified polyamide 6 and investigation of degradation mechanism

Thermal behavior of neat PA6 and PA6-based copolymers having theoretically 2wt % and 4 wt% of perfluorobutyryl units was investigated by thermo gravimetric analysis (TGA) and differential scanning calorimetry (DSC).

The DSC second heating cycle curves of PA6 and PA6s bearing fluorine groups are shown in Figure II-5. DSC was used to determine the melting point 32 and glass-transition temperature values (Tgs) of the samples obtained from the second heating scans with a heating rate of 10 °C/min under nitrogen, as shown in FigureII-5 (second heating scan) and in Table II-3. As it is known, Tg of PA6 is around 50-55 °C and it was confirmed (P1). PA6s bearing fluorine units (P2-P5) showed slightly increased Tg values to 57-58 °C. This slight Tg increasing is related to bulky fluorine groups on PA6 chains. The bulky fluorine groups can minimize the mobility of amorphous phase because of the blocked structure. Addition to, the bulky groups can also inhibit hydrogen bonding between polymer chains and increase free volume in the crystalline phase due to less packing and non-symmetric structures 7 . A decreased polarizability due to fluorination brings about a decrease of interactions between chains (by induced dipolar interactions) with a potential impact on Tg. In contrast and more significantly, melting temperature and crystallinity by ΔH m (2 nd DSC runs) were decreased while increasing fluorine-containing units in PA6 (see, Figure II-S4-7). III-4. A remarkable increase of degradation temperatures of the fluorinated polymers was observed. TGA also confirmed that a major weight loss was observed at a temperature higher than 350 °C, at which the weight loss is observed as far as PA6 is concerned. Onset decomposition temperatures 31 as well as weight loss temperatures of 10% (T 10 ) and 5% (T 5 ) were all determined from original curves and listed in Table III Although the literature does not report any precise thermal degradation mechanism for aliphatic polyamide family (PA6, PA6.6, PA6.10, PA11, PA12), PA6 thermal degradation is mostly explained with three types of mechanisms. The mechanisms are homolytic scission (Scheme II-6a), hydrolysis (Scheme II-6b), and intramolecular hydrogen transfer (ciselimination) (Scheme II-6c), were reviewed in detail by Levchik et al 33 .

Scheme II-6. Thermal degradation mechanisms 33 of polyamide 6: a) homolytic scission, b) hydrolysis, c) intramolecular hydrogen transfer.

Thermal depolymerization of PA6 was studied extensively in different ways and explained mostly with producing cyclic lactam oligomers and scission of weak C-N bonds 33,34 . Thermal ester cleavage of pendant fluorinated group on other polymer chains was also shown to occur (Scheme II-7) 34 . This can be explained by that the presence of an electron withdrawing To conclude, we believe that the introduction of fluorinated units into PA6 slows down the depolymerization reaction due to the blocked structure formation, stemmed from presence of fluorine pendant units, during the thermal degradation. This exploration appears then delicate when increased C10 amount is added as Tm and Hm do not vary much from neat PA6 (Table II-3 

Hydrophobicity and Water Uptake Determination

Wettability is one of the important properties of solid surface for both fundamental and practical aspects 36 . It was also one of the main issues of this study. The wettability was determined by measuring the contact angle (CA) which is the most common way to measure the wettability of a surface of polymers. Evaluations of liquid-solid contact angles are commonly used to evaluate solid surface tension of polymers. CA measures the wettability of a solid surface by a liquid via the Owens-Wendt-Kaelble method 37,38 :

where represent the dispersion and the polar of surface tension, respectively, and is the contact angle. As there are two unknowns ( ), it is essential to have at least two wetting liquids results of known and . We used three liquids (distilled water, ethylene glycol and diiodomethane) and for each liquid three drops to different surface points were taken then averaged and summarized in Table II Ethylene glycol b Water uptake (%) = 100×(W -W 0 )/W 0 ; W: weight of polymer sample after standing in water at 80°C for 24h; W 0 : weight of polymer sample after being dried in vacuum at 100 °C.

The sessile drop method was used to characterize the surface energy of the pure and modified PA6 films which were prepared by spin coating at room temperature. The contact angles were measured with distilled water, ethylene glycol and diiodomethane and the surface energy was calculated.

At first, the increase of water contact angle (WCA) from 61° to 70° (2wt% of added CL F ) and then 74° (4wt% of added CL F ) agree with the introduction of fluorine in PA6, Figure II-11. According to Owens-Wendt-Kaelble 37,38 , generally accepted to measure the interaction between liquid and solid surface, the higher the contact angle towards distilled water, the lower the surface energy. Despite the fact that exact values of fluorine content in the polymer might be lower than the theoretical ones due to non-complete conversions, the surface energy was shown to decrease significantly with the increase of fluorine content in agreement with a higher surface hydrophobicity of the material.

Fluorine pendant PA6s have higher water uptake compare to PA6, because of less regular structure of fluorine pendant polyamides. Many fluorinated aliphatic polymers [6][7][8] are reported in the literature with higher water contact angle and higher water uptake because of the less regular structure. Any pendant groups on polyamide chain also lead to chain separation and to decreasing chain packing because of less hydrogen bond interactions between N-H and C=O, by increasing water accessibility. In our case, these fluorinated pendant groups are attached to the main chain by additional amide bonds which have also an influence on increased water uptake. Kinetic water uptake measurements of all polymer slices (P1-5), which were prepared by heat pressing and before dried overnight at 90 °C in an Water Contact Angle that P2 had a bit faster and higher water uptake than P4. Comparison between P3 and P5 displayed the same water uptake and water uptake kinetics. As a matter of fact, the higher water uptake, despite higher water contact angle, is not surprising outcome since increased amorphous character due to the pendant groups was shown in previous part of this chapter. 

Conclusion

Polyamide 6 (PA6) bearing fluorinated groups were successfully prepared by a one-step anionic ring-opening polymerization of ԑ-caprolactam with its fluorinated derivative sourced from cyclic lysine. A short reaction time with high yield was obtained when 2 wt% of αperfluorobutyrylamido-ԑ-caprolactam was added to ԑ-caprolactam in bulk at 140 °C. PA6 with higher fluorine content could also be synthesized, however, with lower rate of polymerizations and yields due to the competitive proton abstraction of exocyclic and amide protons of the α-perfluorobutyrylamido-ԑ-caprolactam. The striking point is the increased surface hydrophobicity as well as high thermal stability of these novel PA6 materials. Despite increasing surface hydrophobicity, water uptakes of polyamides bearing pendant fluorinated groups were increased. This can be related to less interaction between the polymer chains due to the pendant units. Besides, bulky fluorinated pendant groups on the polymer recorded by a computer throughout the test. For surface characterization, thin films of PA6 precursors were spin coated (Specialty Coating Systems, P67080 Spin Coater) on glass plates from 5% solutions in hexafluoroisopropanol at 2000 rpm for 5 min and then dried at 80 °C overnight under vacuum. The water, ethyleneglycol and diiodomethane contact angles were measured using the sessile drop method with a drop volume of 2, 2 and 1.5 µl, respectively, on a contact angle system by Krüss DSA 100 at 25 °C. More than four different positions were measured on a given sample and the average values were plotted. For water uptake measurements, all polymer slides were prepared by heat pressing. Their thicknesses were 0.137, 0.121, 0.153, 0.125 and 0.124 mm for P1-P5, respectively.

Synthesis of α-perfluorobutyrylamido-ԑ-caprolactam (CL F ).

To the solution of α-amino-ԑcaprolactam (1.28 g, 10 mmol) and triethylamine (5.05 g, 50 mmol) in 50 mL of tetrahyrofuran (THF) cooled in an ice bath, perfluorobutyryl chloride (2.32 g, 10 mmol) was added dropwise while purging the reaction flask with argon. After 15 min, the ice bath was removed and the reaction was allowed to proceed overnight at room temperature. The precipitate was removed by filtration, then THF was evaporated and the product was resolved in chloroform and washed with distilled water. The organic phase was separated, dried over anhydrous Na 2 SO 4 , filtered, evaporated and recrystallized from diethylether.

White solid was obtained (85% yield), m.p. 142 o C. 1 After hexamethylene-1,6-dicarbamoylcaprolactam (0.5 g, 0.21 mmol) was added to the molten mixture, the polymerization started. After reaction, the polymer obtained was crushed and refluxed in water and then dried in an oven overnight at 90 °C under vacuum before analysis. Conversion of the monomer was determined gravimetrically. 1 

Synthesis of polyamide 6 bearing fluorine moieties (P4). Polyamide 6 bearing fluorinated

moieties were prepared by a one-step pathway by anionic ring opening polymerization. αperfluorobutyrylamido-ԑ-caprolactam (0.2 g, 0.62 mmol), ԑ-caprolactam (7.0 g, 61.9 mmol) and sodium ԑ-caprolactamate (0.42 g, 3.063 mmol) were added to a glass reactor under nitrogen atmosphere and were molten at 140 o C with continuous stirring. Hexamethylene-1,6-dicarbamoylcaprolactam (0.5 g, 0.21 mmol) was then added to start the polymerization.

After reaction, all polymers were crushed and refluxed in water first and then with dichloromethane. The polymers were dried in an oven overnight at 90 °C under vacuum before any analysis. Yields were determined gravimetrically. Summary: In first part of this chapter, we focused on the controlled synthesis of polyamide 6 chemical networks by anionic ring-opening copolymerization of -caprolactam (CL) with synthesized bis--caprolactam derived from -amino--caprolactam via using sodium -caprolactamate as an initiator and hexamethylene-1,6-dicarbamoylcaprolactam as di-functional activator in bulk at 140 °C. A urea-based bis-monomer and CL were first shown to copolymerize with a decreasing polymerization rate due to side reactions. On the contrary, quantitative copolymerization of CL with various amounts of bis-N(2-oxo-3azepanyl)-1,6-hexamethylenediamide, an amide-based bis-monomer, leads to kinetics as fast as homopolymerization of CL. Crosslinked PA6 with network exhibiting elastic or viscoelastic behaviors, depending on the amount of crosslinker, were observed and characterized by swelling test in hexafluoroisopropanol, dynamic mechanical analysis and rheology measurements. Crystallinity and swelling were shown to decrease with increasing content of crosslinking agent.

On the other hand, photosensitive polymers are used for reversible crosslinking and have gained a strong attention in development of different polymeric systems for diverse applications. A particular attention is paid to polymers with cinnamoyl groups either in the backbone or in the pendent position because of their excellent photoreactivity and their crosslinking upon UV light irradiation or heating. Second part of this chapter aims at synthesizing a novel photo-and thermosensitive polyamide 6 by anionic ring-opening copolymerization of ε-caprolactam and α-cinnamoylamido-ɛ-caprolactam. The photochemical reversible crosslinking of solutions and thermal crosslinking of spin-coated films made up of these new cinnamoyl-functionalized polyamides was monitored by UVvisible spectroscopy. These novel aliphatic polyamide copolymers were characterized by magic angle spinning solid-state NMR and their thermal behaviors were studied by thermogravimetric analysis and differential scanning calorimetry. Thermal analysis showed that crosslinking imparts higher thermal stability and glass transition temperature to polyamide.

Introduction

Polyamides are versatile engineering thermoplastics that cover a wide range of relevant applications in industry. One of the most common polyamides is the poly(ԑ-caprolactam) (PA6) which is also known as Nylon-6, Ultramid®, Ertalon® 6, Nylatron® 6, Akulon®Ultraflow®, and Grilon®. The industrial production of PA6 involves either hydrolytic 1 or anionic [2][3][4] ring-opening polymerization (AROP) of ԑ-caprolactam (CL). While the hydrolytic polymerization of CL is the most important way for commercial production of PA6, rapid anionic polymerization of molten CL is mainly used to develop Reactive Injection Molding (RIM) processes at relatively low temperature (i.e. at ~130 °C against 250 °C for the hydrolytic/acidolytic polymerization systems)for the fabrication of large and thin PA6 shapes within few minutes 5,6 .

PA6 synthesized via ring-opening polymerization possess a hard semi-crystalline phase, melting endotherm in the range of 190-238 °C and excellent fatigue life, good abrasion resistance, low to moderate absorption of water (about 10%), excellent bend recovery rate and good resistance to most common solvents and weak acids 7 . High reaction rate combined with a relatively low cost and good mechanical performances makes it an attractive choice for producing structural auto body part such as fenders, doors panel and hoods 8,9 . It is still desirable, in order to extend the range of applications for PA6 RIM materials, to have polyamides with functional groups in the polymer backbone which can tune the physicochemical properties. In this regard, secondary reactions 10 involved in non-isothermal anionic bulk polymerization of CL at high temperature (Tp> 150 °C) provide, from the formation of βketoamides (3-oxoamide 11,12 and N-acyl-3-oxyamides 13,14 ) and N-alkyl diacylamine 2 structural units within the polymer backbone, a pathway from subsequent condensation reactions of the 3-oxoamides and its N-acylated derivatives can lead to stable uracil 15 and ketone 16 branching sites.

Applicability of PA6's engineered plastics with enhanced physico-chemical properties can be obtained by using functional caprolactams [17][18][19][20][21][22][23][24] , which are capable to homopolymerize or copolymerize with CL via anionic or hydrolytic routes. Homopolymers of 5-azepane-2-one ethylene ketal (Ƴ-ethylene ketal-ԑ-caprolactam) and its copolymers with ԑ-caprolactamwas successfully synthesized by the AROP process using N-acetyl-caprolactam and NaH at 140 °C17 . The deacetylation of the poly(Ƴ-ethylene ketal-ԑ-caprolactam) quantitatively releases ketone groups, which can further be reduced yielding poly[imino(4-hydroxyl-1-oxohexane-1,6-diyl)]. Both, the racemic and optically active poly[imino(4-hydroxylmethylene-1oxohexane-1,6-diyl)] was synthesized by anionic ring-opening polymerization of their corresponding tert-butoxymethylene-ԑ-caprolactam after the tert-butyl protective groups were removed by acidolysis in the presence of traces of HCl 17 . These PA6 bearing hydroxyl pendant group could provide a new pathway for further developments. Thin films of PA6 and its copolymers containing higher than 25 mole % of imino(1,4-oxohexane-1,6-diyl) monomer units sensitively responding to thermal (300 °C) or UV (40W/cm2 mercury lamp) photo-crosslinking reactions have been reported 17 . Here the crosslinking was demonstrated by the insolubility of the resulting materials, usually solubilized in good organic solvents, and the higher glass transition temperatures of the materials with the increasing monomer feed ratio Ƴ-ethylene ketalcaprolactam/ԑ-caprolactam. Hyperbranched poly(ԑ-caprolactam), which can contain fractions of crosslinked PA6, were prepared by acidolyticring-opening polymerization of Ƴ-aminoethyl-ԑ-caprolactam or Ƴ-carboxyethyl-ԑ-caprolactam 18 . A melt shear viscosity of polyamide (i.e. material resistant to shear flow) e.g., poly(ԑ-caprolactam) containing benzylsulfonate alkali salts, was also successfully synthesized by hydrolytic ringopening polymerization of Ƴ-benzylsulfonate-ԑ-caprolactam 19 . The thermal polymerization of the β-carboxymethyl-ԑ-caprolactam gives poly[(2,2-dioxo-1,4-piperidinediyl)trimethylene] with higher crystalline melting endotherm of 280 °C than its counterpart PA6 which can show relevant applications at high temperature and in fire resistance or as reinforcement 20- 24 .

Drawbacks of these all systems are multi-synthesis steps of monomer or/ and polymer with extended reaction times and often ending up with low yields.

In this chapter work, we have studied non-reversible and reversible crosslinked polyamide 6. First part is dedicated to non-reversible crosslinked polyamide 6 and second part highlights reversible crosslinked polyamide 6.

Synthesis of irreversible crosslinked polyamide 6

The controlled synthesis of PA6 chemical networks by anionic ring-opening copolymerization of CL with bis-ԑ-caprolactam, i.e. N-functionalized α-amino-ԑ-caprolactambis-monomers), using sodium ԑ-caprolactamate (C10) as an initiator and hexamethylene-1,6-dicarbamoylcaprolactam (C20) as a di-functional fast activator was carried out in bulk at 140 °C.

Crosslinked PA6 with network exhibiting elastic or viscoelastic behaviors, depending on the amount of crosslinker, were observed and characterized by swelling in hexafluoroisopropanol, dynamic mechanical analysis and rheology measurements.

Crystallinity and swelling were shown to decrease with increasing the content of crosslinking agent (eq 1). In first part of this chapter, the production of controlled PA6 chemical networks by anionic bulk copolymerization of CL and N-functionalized α-amino-ԑ-caprolactambismonomers at low feed ratio, i.e. up to 2.8 mol%, is discussed in terms of rate of polymerization, thermal and rheological properties for an eventual processability at moderate temperature.

Synthesis of polyamide 6

One important criterion in polyamide 6 (PA6) molding process is the eject (cycle) time.

The molding temperature of the PA6 (i.e. 90 < T < 200 °C) is below the melting point of the PA6 (Tm = 200-220 °C). Thus, unlike the polyurethanes and epoxy materials, the maximum temperature increasing of PA6 (ΔHp = 13.4 kj.mol -1 ) 25,26 within the mold is not critical as far as thermal degradation is not reached and formation of irregular structures within polymer backbone is expected. The maximum temperature affects mainly the crystallization rate which is a major factor in determining the optimum processing conditions, i.e. the required eject time.

The initial used polymerization system in a glass reactor contains ԑ-caprolactam (CL), sodium caprolactamate (C10) and difunctional hexamethylene-1,6-dicarbamoylcaprolactam (C20) as monomer, initiator and activator, respectively (Scheme III-1).

Scheme III-1. Monomer (ԑ-caprolactam),initiator (i.e.sodiumcaprolactamate), activator (i.e.

hexamethylene-1,6-dicarbamoylcaprolactam).

Although the polymerization medium became very viscous within a few seconds, complete conversion was obtained in the range 120 ≤ T ≤ 180 °C (targeted 74). Below 130 °C, the polymerization is slow with a premature crystallization. Above 130 °C, the exothermal temperature peak is a major factor for increasing crystallization time and thus the eject time if applied to the molding process.

=([CL] 0 +[(3)] 0 )/[C20] 0 =

Synthesis of bis-caprolactam from cyclic lysine

Copolymerization experiments of CL with the synthesized crosslinking agents from αamino-ԑ-caprolactam (1), the N-functionalized α-amino-ԑ-caprolactambis-monomers, 1, 

Synthesis of crosslinked polyamide 6

All copolymerization experiments carried out between CL and the co-monomers ( 2) and

(3) yields are higher than 90% and mostly near 98-99% under standard conditions, the amount of initiator, i.e. sodium ԑ-caprolactamate, being a key parameter for getting a high value (Table III-1). Polymerization time is shown to be increased by the presence of the comonomer (2) which possesses urea functions. The higher amount of sodium ɛcaprolactamate enables an increase of the polymerization rate. As shown in the literature, urea derivatives can be hydrolyzed at low or high pH yielding an isocyanate via an intermediate zwitterion 27 . Urea functions present in co-monomer ( 2 

Characterization of crosslinked polyamide 6

Copolymerization between CL and various amounts of bis-monomer with amide function III-2), show a gradual decrease of the melting temperature down to 194 °C accompanied to a decrease of the crystallinity degree down to 12%. These values can also be compared to 216 °C and 37% respectively for the linear and reference PA6 0.1. In addition, the degree of swelling in HFIP (QHFIP) (eq 1) decreases from 53 to 27 which is in agreement with an increase of the crosslinking density. These trends were also observed at higher polymerization degrees (PA6 3.8, PA6 3.9 and PA6 3.10 samples, Table III-2). From the second heating scan of DSC, heat flowing rate 10 C.min -1 , d Crystallinity % ; H 0 =190 J.g -1 , e Degree of swelling in hexafluoroisopropanol (HFIP), eq (1).

The dynamic mechanical analysis results on PA6 3.5 sample showed a solid-like storage modulus (E') of 0.8 GPa for temperature below -50 °C and, for temperatures higher than Tm at 250 °C of synthesized PA6 by bulk anionic copolymerization of ԑ-caprolactamwith various amount of activator (C20).

Toward reversible crosslinked polyamide 6

In recent decades, polymers containing photosensitive moieties proved a remarkable interest because of their potential use in a broad range of application fields such as photolithography 28,29 , photo-curable coatings 30 and photoresists 31 .

Cinnamoyl 32,33 , coumarin [34][35][36][37] , anthracene 38,39 and azobenzene 40,41 are the mostly used chromophore groups for photoresponsive systems by dimerization or isomerization reaction.

Photoreversibility of these groups can be set in the main-chain or as pendant groups to enable controlling of some physical and chemical properties by crosslinking. Among photosensitive moieties, the photo-reactive cinnamoyl group dimerization, occuring through the [2+2] thermal or photochemical cycloaddition reaction 42 , was implemented for polymerization reactions and for crosslinking purposes 43 . The so-obtained cyclobutane dimer combines thermal stability 44,45 and photosensitivity 46 . The photochemical reversibility of the crosslinking was, for instance, nicely exploited for the synthesis of self-healing polymers 47,48 and tunable shape-memory 49 materials. Recently, Oriol and coworkers studied on miktoarma star polymer bearing azobenzene photoresponsive units and reported the selfassembly properties of this novel polymer in water 40 . Quite recently, Yagci and coworkers reported self-healing strategy for poly(propyl-ene oxide)s bearing coumarine-benzoxazine units based on light induced coumarine dimerization reactions 36 .

On the other hand, thermoresponsive systems have gained great interest for the synthesis of reversible crosslinking polymers. The preparation of reversibly crosslinking polyurethane based on Diels-Alder reaction of furan and maleimide moieties 50 were studied by Du Prez and coworkers.

Experimental conditions as well as the nature of polymer chains have a significant influence on the efficiency of the dimerization reaction. Polymers bearing photosensitive groups show a higher photoreactivity in solution than in a solid-state coated film because the photosensitive groups are not in close vicinity enough in the solid state 51 . Besides, the efficiency of the dimerization reaction of pendant cinnamoyl groups decreases when the chain length increases owing to a lower mobility 52 .

The present part of this chapter III aimed to synthesize new reversible thermoplastic PA6 containing cinnamate units with better thermal properties due to the crosslinking. To the best of our knowledge, no investigation has been reported so far regarding the reversible crosslinking of PA6 bearing cinnamoyl photoreactive group. This chapter focuses on polymeric systems that exploit a photo-reversible dimerization reaction and a thermocrosslinking of cinnamated PA6.

We synthesized novel PA6, which is both photo-and thermo-crosslinked, by anionic ringopening polymerization (AROP) of ɛ-caprolactam and α-cinnamoylamido-ԑ-caprolactam as a novel comonomer in bulk. The photochemical and reversibility properties of the new polymers were studied in solution and as spin-coated films. After irradiation and/or heating of these samples, absorption changes were monitored by UV-visible spectroscopy. The new PA6 copolymers were characterized by magic angle spinning NMR and their thermal stability were studied by thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC). The phase behaviors of novel crosslinked and neat PA6s have been investigated by dynamic mechanical analysis (DMA).

Synthesis of α-cinnamoylamido-ԑ-caprolactam

A successful synthesis of α-cinnamoylamido-ԑ-caprolactam (Cin-CL) monomer was achieved by a one-step amidation reaction (Scheme III-3) from α-amino-ɛ-caprolactam(ACL) which can be obtained from ring closure reaction of L-lysine (see chapter II, Scheme II-1). To the solution of α-amino-ԑ-caprolactam in tetrahyrofuran (THF), triethylamine (TEA) was added to deprotonate a primary amine and quench HCl which is produced by amidation reaction. After 1h activation by TEA, cinnamoyl chloride was added dropwise while purging the reaction flask with argon because in solution cinnamoyl chloride is sensitive to moisture andcan easily exchange with -OH. This can lead to more difficult nucleophilic attack of activated α-amino-ԑ-caprolactam. After 24h reaction in an inert atmosphere and then purification steps, white solid product was obtained with 80% yield.

Scheme III-3. One-step amidation reaction of cinnamoyl chloride with α-amino-ɛcaprolactam.

The structure of the α-cinnamoylamido-ɛ-caprolactam was confirmed by 1 

Copolymerization and crosslinking

First of all, neat PA6 was prepared by AROP in the specific reactor system (the same conditions with chapter II, Figure II-S2) which provides better inert atmosphere and easy way to measure rate of polymerization (temperature/time diagram). The polymerization was carried out in bulk at 140 °C. ԑ-Caprolactam (CL, monomer) and sodiumcaprolactamate (C10, initiator) were added to a glass reactor at 140 °C under nitrogen atmosphere to activate the monomer and were molten with continuous stirring after hexamethylene-1, 6dicarbamoylcaprolactam (C20, activator) was added to mixture to start the polymerization.

In 15 min., solidification completed and exothermy slows down, PA6 were taken from reactor and crushed then refluxed in water to remove unreacted reagents and then dried in an oven overnight at 90 °C under vacuum before any analysis because moisture has plasticizing effect on PA6. Conversion of the monomer (98%) was determined Different molar ratios of α-cinnamoylamido-ԑ-caprolactam were used in each copolymerization with the same amount of activator and initiator at the same reaction temperature of 140 °C. As the relative amount of cinnamoyl unit was increased from 2% to 10%, the obtained polymers turned to gel formation in HFIP for 6 and 10% of Cin-PA6 (Run 3 and 4). Those polymers, which have higher quantitiy of cinnamate units, were thermally crosslinked because of the distance and mobility of dimerizable groups presented. It has already been shown that the dimerization reaction has a favorable encounter of the cinnamoyl groups in due to polymer chain mobility through heating and irradiation 42,51,52 .

During the PA6 synthesis, an exothermic reaction 53,54 , crystallization and polymerization occur simultaneously (Figure III-10). This temperature/time data was followed by a thermocouple which is installed in the calorimeter to measure the reaction temperature. On the other hand, the copolymerization of CL with its derivative leads to a decrease of polymerization and crystallization exothermic temperatures (Run 2, Table III-3, and FigureIII-10). The flat evolution of temperature with time and limited conversion were observed by using 10 wt% of the cinnamated monomer (Run 4, Table III-3). Figure III-10 indicates clearly a decreased reactivity of the overall polymerization process, and the introduction limit of cinnamated groups into PA6. The copolymerization of an increasing amount of α-cinnamoylamido-ԑ-caprolactam slows down the rate of polymerization. The slowing down of the polymerization rate is an expected behavior, as early mentioned in Chapter II, as far as ring-opening polymerization of acyl derivative of CL is concerned. Here, there are also inevitable two side reactions. One is the competitive hydrogen abstraction, due to difference of hydrogen acidities, from the exocyclic and endocyclic amides by C10 (Scheme III-5). This effect can consume higher C10 amount than conventionally used for AROP of CL. The other side effect might be stemmed from occurrence of two different amides (endo-and exo-) by leading to imide groups and polymer branching. Therefore, these side reactions can affect activation of the monomer during ring-opening polymerization at the expense of kinetics.

Addition to, occurring of the non-active chain-end group from deprotonation of exocyclic amide protons would limit to AROP.

Scheme III-5. Competitive proton abstractions from exo-and endocyclic amide protons.

Crosslinking of 2%Cin-PA6 did not occur during the AROP and after it was soluble in HFIP.

It is mostly probable that a lower amount of the cinnamated monomer (2%) leading to a high distance between the chromophore groups and faster AROP than the dimerization reaction during the polymerization. On the other hand, 6%Cin-PA6 synthesis and crosslinking owing to enough amount of cinnamated pendant unit (6%) were completed in a shortpolymerization time (15 min.). Only temperature/time diagrams of 2% and 6%of cinnamoyl pendant PA6 (Runs 2 and 3, Table III-3) were able to be observed and compared with PA6 in Figure III-10. On the other hand, 10%Cin-PA6 (Run 4, Table III-3) has a flat temperature/time diagram with a quite longer polymerization time (24h). After the copolymerization reaction, 6%Cin-PA6 and 10%Cin-PA6 were not soluble (gel formed) in hexafluoroisopropanol (HFIP) due to the crosslinking. The decelerating effect of the comonomer on the copolymerization process also reflects a lower monomer conversion compared to homopolymerization of CL (Table III-3). Since the copolymerization does not go to completion, the exact amount of comonomer incorporated inside the copolymer might be lower than the theoretically expected at full conversion. In fact, determination of the exact amount of cinnamated units in the polymer chain by NMR was not possible because of the non-solubility of the resulting polymer in any solvent. confirmed that thermal stabilities of the crosslinked (10%Cin-PA6 and 6%Cin-PA6) and noncrosslinked (2%Cin-PA6) polyamides are higher than neat PA6. For PA6, the initial decomposition temperatures of 5 and 10% weight losses (T 5 and T 10 ) at 290 and 300 °C. For 10%Cin-PA6, the initial decomposition temperatures of 5% and 10% weight losses are increased till 361 and 390 °C. Clearly, significant thermal stability improvement has been seen not only for crosslinked PA6 but also non-crosslinked aromatic bulky units bearing PA6.

These properties make novel crosslinked PA6s attractive for high performance applications. was also confirmed from the insolubility of the thin film after irradiation and heating at 140 °C. But there was a difference in terms of efficiencies of re-crosslinking by UV irradiation and heating. The reason of this difference in efficiency relies in the much higher mobility degree 56 of chains bearing pendant cinnamoyl units at high temperature during the thermal treatment compared to the lower temperature used during irradiation. It was already reported that, whenever photosensible groups are in close proximity in the condensed state compared to solution 51 , heating increases the mobility of chains and thus favors the diffusion of cinnamoyl units to each one another. Restricted solubility of cinnamoyl pendant PA6 allows only spin-coated film irradiation which is also required due topolar solvent effect of HFIP on dimerization. It is also noted for another systems 51 that the UV spectrum of the recrosslinked content on the glass plate is broader than de-crosslinked samples in HFIP solutions. The percentages of reacted chromophore groups are related to the accessibility.

Once the network starts to form, the encounter between two chromophores on different molecules is increasingly hindered 57 . Crosslinking rate of 10%Cin-PA6 was measured by following UV absorbance intensity of polymer film after UV irradiation and 1h heating at 140 °C, according to following expressioneq (2):

Where A 0 and A t are absorption intensities of the C=C chromophore after irradiation or heating of times t=0 and t= T, respectively. The rate of crosslinking of cinnamated PA6 is 33% after 6h UV irradiation and 42% after 1h heating. The increased rate of crosslinking by heating is related to a higher mobility of the polymer chain at higher temperature (140 °C)

than Tg (61 °C). After UV irradiation and heating of 10%Cin-PA6, the polymer became insoluble in HFIP due to the efficient crosslinking.

Conclusion

In first part of this chapter, as an attempt to limit the creep of polyamide 6 materials, a controlled crosslinking via the use of α-amino-ԑ-caprolactam-based bis-monomers in addition to ԑ-caprolactam polymerization was proposed. The presence of urea bonds was shown to limit the amount of bis-monomer introduced in order to reach high yields and fast kinetics due to side reactions. Using an amide-based bis-ԑ-caprolactam, i.e.bis-N(2-oxo-3azepanyl)-1,6-tetramethylenediamide, synthesized from cyclic lysine and adipoyl chloride, the bulk copolymerization with CL at 140 °C was running similarly as the homopolymerization of the latter enabling its use in conventional Reaction Injection Molding or other processes. Chemically crosslinked polyamides 6 were obtained and different rheological behaviors from viscoelastic to elastic regimes were observed at 250 °C depending on the added amount of bis-monomer.

In second part of this chapter work, crosslinked polyamide 6 having thermo-and photosensitive cinnamoly group was investigated. Polymers with cinnamoyl groups either in the backbone or in the pendent position have drawn a particular attention because of their excellent photoreactivity and undergo crosslinking upon UV light irradiation or heating. The incorporation of cinnamoyl-into the polyamide 6 has also the potential for improving certain polymer properties. We synthesized novel polyamide 6, which is both photo-and thermocrosslinked, by anionic ring-opening polymerization of ɛ-caprolactam and its cinnamoyl derivative in bulk at 140 °C. The photochemical and reversibility properties of the new polymers were studied in solution and spin-coated films by UV-visible spectroscopy after irradiation and heating and monitored by the change in UV absorption. The novel polyamide 6 copolymer was characterized by magic angle spinning NMR and its thermal stability was studied by thermo gravimetric analysis and differential scanning calorimetry. Thermal analysis showed that crosslinked polyamide 6 has higher thermal stability and glass transition temperature than neat polyamide 6. Indeed, we present here for the first time reversible cinnamoylchromophore pendent polyamide 6 as a thermoplastic by photodimerization towards the generation of crosslinked non-soluble copolymers. This developed system can be attractive for self-healing and/or shape memory systems. For instance, such kind of thermo or photo-responsive system has a potential as novel material in the stimuli or environmentally responsive (smart) materials.

Experimental and supporting information

Materials. DL-α-amino-ԑ-caprolactam (BASF) was purified by solubilization in toluene and filtered to eliminate non-soluble impurities. After evaporation of toluene, a white product was obtained. Dichloromethane (DCM) (XilabReactifs, analytical grade), and dimethylsulfoxide (DMSO) (Sigma-Aldrich,  99.9 %) were dried over calcium hydride and distilled before use. CL was recrystallized from dry cyclohexane prior to use. Ethanol (XilabReactifs, analytical grade), acetone (XilabReactifs, analytical grade), 1,1,1,3,3,3hexafluoro-2-propanol (HFIP) (Acros Organics,  99.7 %), and tert-butylamine (Sigma-Aldrich, 98%) were used without any further purification. Adipoyl chloride ( 99 %) and triethylamine ( 99 %) were purchased from Sigma-Aldrich then distilled right before use. Nitrogen was used to provide an inert atmosphere under which all reactions were carried out. Cinnamoyl chloride (98%) and triethylamine (>99.5%) were purchased from Sigma-Aldrich and used without further purification.

Measurements. 1 H and 13 C NMR spectra were obtained from a Bruker AC 400 spectrometer. d 6 -DMSO (Cambridge Isotope Lab. Inc.) was used as the solvent with TMS and CDCl 3 used as internal reference. 13 

Synthesis of bis-N(2-oxo-3-azepanyl)-1,6-tetramethylenediamide (3).

A 500-mL, threenecked flask, equipped with a magnetic stirbar, is charged with 100 mL of freshly distilled dry DCM, 12.8 g (100 mmol) of -amino--caprolactam (1) and 14 mL (100 mmol) of triethylamine. Then, a solution of 6.9 mL (47.6 mmol) of adipoyl chloride in 15 mL of DCM was added over 30 min via an addition funnel. The reaction mixture was stirred for 16h at 20°C. The insoluble product was recovered by filtration, and the crude product washed several times with ethanol or DCM to remove residue of triethyl ammonium chloride salt.

The final product was recovered from the crude material by removal of the solvent to constant weight. The final yield of the product is 95%. General procedure for the anionic homo-and copolymerization of CL-type monomer(s).

All polymerization reactions were carried out in bulk under dry nitrogen atmosphere in a 50 mL dry-clean glass tube reactor equipped with outer double jacket and sealed with a greaseless Teflon stopcock fitted with a 0.5 mm NiCr-Ni thermocouple type K (ALMEMO) to monitor calorimetrically the content of the reagent tube at temperatures ranging from 90 °C to 180 C, using a Julabo heating oil circulator. In all experiments, the 50 mL glass tube reactor was flamed and cooled down under dry nitrogen atmosphere prior to introduction of monomer(s), initiator and activator (chapter II, FigureII-S2).

In typical experiments, 6.38 g of CL and 0.89 g (1.185 mmol) of initiator in CL (C10) were introduced into the reactor. The oil from the thermo-stated bath was continually passed through the outer double jacket. When the system was balanced to the temperature of polymerization, 0.417 g (0.845 mmol) of C20 (multiply by 0.17 Representative synthetic procedure for the anionic copolymerization of CL with (2) at 140C. This study was carried out as described above by adding the reagents as followed: CL,

(2) and C10 were introduced into the reactor followed, when the system is balanced to 140 C, by the addition of C20 for a total amount of polymerizing materials of ~ 7.5-8 g. As an example (PA6 2. Representative synthetic procedure for the anionic copolymerization of CL with (3) at 140 C. This study was carried out as described above by adding the reagents as followed:

CL, (3) and C10 were introduced into the reactor followed, when the system is balanced to 140C, by the addition of C20 for a total amount of polymerizing materials of ~ 7.5-8 g. As an example (PA6 3. Swelling test of crosslinked PA6 in HFIP at 20 °C. The state of swelling of the crosslinked PA6 was characterized by the degree of swelling at the equilibrium Q HFIP . Q HFIP is defined as the ratio between the final (swollen) volume V f in HFIP and the initial (collapsed) volume V i and may equally be given, according to the eq. ( 1), as the ratio between the weight fractions of the network in the initial and final gel, m i and m f , respectively; where  HFIP (=1.45 g/mL)

and  PA6 (1.14 g/mL) are the density of the solvent and the linear PA6 obtained by anionic polymerization, respectively.

Synthesis of α-cinnamoylamido-ԑ-caprolactam.

To the solution of cinnamoyl chloride (5.2 g, 30mmol) and triethylamine (5.05 g, 50 mmol) in 50 mL of tetrahyrofuran (THF) cooled in an ice bath α-amino caprolactam (4 g, 30 mmol) was added dropwise while purging the reaction flask with argon. After 15 min, the ice bath was removed and the reaction was allowed to proceed overnight at room temperature. The precipitate was removed by filtration, then THF was evaporated and the product was resolved in chloroform. The solution was transferred to an extraction funnel and washed with dilute HCl (aq) (1×50 mL), distilled water (1×50 mL), and brine solution (1×50 mL), respectively. The organic phase was separated, dried over anhydrous Na 2 SO 4 , filtered and evaporated. The product was further purified by recrystallization with diethyl ether to give a white pouder (80% yield). 1 

Introduction

As early mentioned, polyamides are widely used engineering thermoplastics in a broad range of application areas [1][2][3][4][5][6] because they have good mechanical properties such as tensile, flexural, and compressive strengths as well as resistance to abrasion and chemicals 7 .

Step growth condensation polymerization was the main route to synthesize aromatic polyamides [8][9][10][11][12][13][14][15][16][17] until chain-growth condensation polymerization was developed by Yokozawa et al. 18,19,20,21 .They reported a new concept of living chain-growth condensation polymerization (CGCP), which can control molar mass ( ) and dispersity (Ɖ) of aromatic polyamides 22 (see chapter I of this manuscript, sections 2.2, 2.2.1., 2.2.3.).

Aramids are high-performance polymers and one of the toughest organic produced materials owing to their excellent thermal and mechanical properties. However, they are insoluble in many organic solvents due to stacking of aromatic structures and intermolecular hydrogen bonding of amide linkages, which create good intermolecular packing and increase the crystallinity 23 . High glass transition temperatures of aramids, above their decomposition temperatures, cause their thermal degradation before reaching the glass transition temperature which is an issue for processing by conventional melt-injection or compression molding. Solubility of conventional aramids can be improved by addition of flexible ether linkages, bulky structures, trifluoromethyl groups, linear aliphatic contents or non-linear rigid units.

Polyamide 6 (PA6), which belongs to the class of aliphatic polyamides, is mainly synthesized by anionic ring-opening polymerization (AROP). PA6 has relatively less rigidity, much lower glass transition temperature and thermal stability than aramids. Addition of aramid polymers into the PA6 is known to change PA6 properties such as decreasing crystallinity and moisture absorption, depending on the amount of aramid units introduced 24 .

In this chapter, the strategy is to find experimental conditions to combine CGCP and AROP for the synthesis of aliphatic-aromatic copolyamides. More generally, this approach is intended to demonstrate the possibility of merging of two chemistries and the synthesis of new materials based on PA6. Herein, PA6 copolymers with improved thermo mechanical properties were synthesized in a one-step reaction from N-alkyl aminobenzoate and ԑ-caprolactam by CGCP and AROP combination. Molecular and physical characteristics of copolymers with various compositions are studied.

Tuning the conditions for aliphatic-aromatic copolyamide synthesis

The proposed method was optimized by varying major parameters including temperature (1), initiator type (2) and activator type on AROP of CL (3). Objectives of model reactions are depicted in Scheme IV-1. Our expectation is obtaining copolyamides through the nucleophilic attack of both activated (co)monomers and proton abstractions from nonactivated monomers. Activated aromatic monomers and sodium ԑ-caprolactamate (C10) are intended to react both with ester and lactam chain ends.

Scheme IV-1. Strategy for the synthesis of aliphatic-aromaticcopolyamide.

Since "initiator" of CGCP and "activator" of AROP have the same role on each polymerization systems and homogenization of the both chemistries constitutes an importance for this study, "initiator" of CGCP is called as an "activator" in following experiments.

The combination of AROP and CGCP was examined by using different types of initiators and activators in an experimental condition which is in agreement with the industrial producing of PA6. Model reactions were proposed to demonstrate the feasibility or limitations of some reactions. Scheme IV-2 illustrates conventional CGCP principles in a system. In CGCP, deprotonation of the monomer by strong base creates amide anions. The amide anion is an electron donating group (EDG) of the monomer which is deactivating itsester carbonyl group via resonance effect and suppressing the self-condensation. The benzamidebearing an alkyl group is preferredsince itincreases the electronegativityof the amide anion andthis deactivates the ester carbonyl group via resonance effect 22 . Thus, monomers bearing alkyl groups are used to prevent self-condensation (Scheme IV-2). Moreover,monomers having a long alkyl group eliminates the early precipitation more than shorter onesby increasing the solubility of resulting aromatic polyamidesduring the polymerization. Besides, the initiator also plays an important role on CGCP for controlled condensation polymers by preventing self-condensation. Since the initiator has an electron withdrawing group (EWG), rather than EDG of the monomer,the EWG (-NO 2 ) can activate ester carbonyl group. Therefore, the monomers prefer to react first with the activated ester carbonyl group of the initiatorinstead of each other (see chapter I of this manuscript, section 2.2.1.1.). Then, the polymerization continues by addition of monomers to the activated chain-end of the initiator.

Scheme IV-2. Synthesis of aromatic polyamide by chain growth polycondensation.

In a preliminary work, exploring of suitable activators, initiators and reaction temperatures for adapting CGCP to AROP were reported in order to combine both processes for synthesizing the targeted aliphatic/aromatic copolymers.

Effect of reaction temperature on chain growth condensation polymers

The synthesis of copolymer via hybrid copolymerization mechanism is strongly dependent to implementation at the same conditions.

As it is known, AROP of CL in bulk are conducted at 140 °C while CGCP of ethyl 4butylaminobenzoate in solution can be succeeded at maximum 25 °C. Polymerization of CL in bulk can be carried out at 100 °C, which is the minimum polymerization temperature, since CL monomer has a melting point of 80 °C. However, the resulting polymers are obtained with lower conversion and it requires longer reaction time because of the less active monomers in anionic polymerization media. Moreover, the decreasing of the AROP temperature below 130 °C increases crystallization rate significantly which results in low conversion due to entrapment of monomer in the crystals. On the other hand, increasing the temperature higher than 170 °C is not also favorable for AROP of CL due to the branching side reaction which is reducing the crystallization degree 25 therefore decreasing the material stiffness. Thus, in bulk polymerization, a suitable temperature range of AROP of CL is 130-170 °C. On the other hand, conducting of CL polymerization in solution is not preferable because of slow rate of polymerization with limited conversion and economic concerns for industrial producing.

Considering this reaction temperature limitation of AROP, we focused on the evaluation of the CGCP temperature, since there are no detailed studies on this part. However, CGCP of ethyl 4-octylaminobenzoate was reported 22 at quite low reaction temperatures such as -78 °C, -50 °C, -20 °C, 0 °C or 25 °C. After a series of polymerizations, close molar masses to the theoretical ones were observed 22 at increased polymerization temperatures at least at 0 °C and room temperature. Nevertheless, CGCP at room temperature ends with higher Ɖ (1.22) than at 0 °C Ɖ (1.05). Therefore, a moderate temperature for CGCP is 0 °C. At low reaction temperatures (< 0 °C), the slow rate of the proton abstraction from the monomer can give a small amount of the deprotonated monomer, which caused to the dimerization between the deprotonated and non-deprotonated species. These dimers can act as an initiator and lead to self-initiated chain-growth condensation polymerization 26 .

Herein, we report elevated polymerization temperatures for ethyl 4-butylaminobenzoate having shorter alkyl chain than the reported study in the literature 26 Polymers bearing octyl groups, as an alternative for butyl group, can be carried out with controlled molar masses 22 . But the monomer bearing an octyl pendant group is not readily available, which makes them undesirable reagents for the industrial processes, therefore it is not preferred for the following studies here.

In CGCP experiments, either LiHMDS (pKa = 36) or sodium bis(trimethylsilyl)amide (NaHMDS) (pKa = 26) are conventional bases. Investigations were first started with LiHMDS, but for following experiments LiHMDS is replaced with NaHMDS since there is a respective price differences. Na metal is 5-6 times cheaper than Li metal because Na metal is more abundant than Li on earth.

In order to moderate the reaction temperature for AROP conditions, the reaction temperature was also increased to 25 °C, 50 °C and 100 °C. As the polymerization temperature increased from 0 °C to 25 °C, 50 °C and 100 °C, all results showed low molar masses with high conversions at increased polymerization temperatures(Table IV-1).

The resulting polymers were washed to remove residual monomers and other reagents and then characterized by 1 H NMR. polymers in size exclusion chromatography (SEC) analysis. One can note that polymerization still occurs at 100 °C but with the limitation of early precipitation and probably some selfcondensations.

Effect of the activator on polymerization of ԑ-caprolactam

To demonstrate the nucleophilic reactivity of sodium ԑ-caprolactamate (C10), the bulk AROP of CL with several activators having different leaving groups were carried out and their efficiency was compared with conventional CL polymerization through C20.

As it is mentioned in the literature review, ethyl 4-toluate, ethyl 4-nitrobenzoate, 4-nitro benzoylchloride are known as efficient CGCP initiators with different substituents in para position such as nitro-(-NO 2 ) and methyl (-CH 3 ) group 22 . Owing to the electron withdrawing effect of the nitro-group, the initiator has a more reactive ester carbonyl group than monomers. On the other side, the initiator with a methyl substituent group has a more reactive ester carbonyl group than monomers where the amide anion strongly deactivated the ester carbonyl 22 .

In the prospect of the combination of CGCP and AROP, initiators of CGCP were investigated as AROP activators instead of C20. In first trials methyl 4-nitro benzoate, ethyl 4-nitrobenzoate and 4-nitrobenzoyl chloride were examined which have methyl-, ethyl-and chloride-leaving groups, respectively (Scheme IV-3).

Scheme IV-3. Possible activators for anionic ring-opening polymerization of ԑ-caprolactam.

However, these groups could not activate the CL polymerization (Table IV-2). Following these experiments, 4-nitrobenzoyl caprolactam was synthesized and then used in CL polymerization. Unfortunately, this activator was also not efficient for the PA6 synthesis.

Then, experimental conditions were shifted to an activator which has a substituted group Activation of the CL polymerization by ethyl 4-toluate sheds light on the reason of the unsuccessful trials with activators bearing the -NO 2 substituent group, Scheme IV-4. This can be eventually explained by the reduction of the nitro pendant group (-NO 2 ), located on the initiator, to primary amine (NH 2 -) in the presence of alkoxy groups (sodium methoxide, ethoxide and propoxide) during the reaction 27 . The advantage of the ethyl p-toluate relies on the presence of themethyl (CH 3 -) which is providing AROP with 81% yield. As a conclusion, sodium ԑ-caprolactamate can react with aromatic esters side chains.

(CH 3 -) different than -NO 2 .
Scheme IV-4. Ethyl p-toluate as an activator for anionic ring-opening polymerization of ԑcaprolactam in bulk.

Effect of the initiator on polymerization of ԑ-caprolactam

For the AROP of CL, the lactamate anion (called as an initiator) is formed by the proton transfer from CL to strong basic catalysts such as alkali metals, alkaline metal hydrides and alkoxides [28][29][30] . Indeed, metal alkoxides are known to initiate the polymerization of some lactams. As it is depicted in Scheme IV-5, -lactam living polymerization could proceed by using potassium t-butoxide 31 . Scheme IV-5. Potassium t-butoxide catalyzed polymerization of β-lactam.

In the proposed novel polymerization system, it was obvious that there is an inevitable effect of CGCP leaving groups (LGs) on AROP as an initiator. These LGs were supposed to be active as much as C10.This property was examined by AROP of CL with EtONa, MeONa or tBuOK as an initiator and compared with C10, Scheme IV-6. We preferred to continue either with sodium (Na) or potassium (K) alkoxides, by taking into account of BASF concerns, since there is a respective price differences with Li.

Scheme IV-6. Initiators for anionic ring-opening polymerization of ԑ-caprolactam.

The experiments are summarized in Table IV-3,these results highlight the efficient deprotonation of the CL by MeONa, EtONa and tBuOK as all polymerizations achieved 98% conversion in a short reaction time of 20 min. In reaction medium of tBuOK, potassium ԑ-caprolactamate is formed while other species form sodium ԑ-caprolactamate (C10). The potassium cations have a lower charge density than sodium cations. The delocalized electrons are less strongly attached to the metal cations in the potassium. Therefore, metallic bonding of potassium is weaker than metallic bonding of sodium. Thus, less energy is required to disrupt the metallic lattice in potassium which also makes them more reactive in AROP of CL. On the other hand, tBuO-is also a good leaving group but is too reactive compare to EtO-for CGCP. Therefore, it can easily a lead to self-condensation side-reaction in CGCP. In the following part, the copolymerization of CL was conducted with ethyl 4butylaminobenzoate. Because ethyl 4-butylaminobenzoate, having less reactive EtO-leaving group than tBuO-, gives more controllable condensation polymers. EtO-is the active group not only as a leaving group in CGCP but also as an initiator in AROP, as demonstrated above.

Synthesis of aliphatic-aromatic copolyamide

Copolyamides with different percentages of aromatic/aliphatic units were synthesized in bulk by combination of AROP and CGCP in one-step. The proposed copolymerization mechanism is depicted in Scheme IV-7. Nucleophilic attack to the activator (C20) can either be achieved by sodium ԑ-caprolactamate (C10) or aromatic amide. The propagation of anionic polymerization requires two reactive species: (1) the lactamate anion which was supplied from leaving group of CGCP or C10 and (2) the N-acyl lactam end group. In view of the fact that the monomer is activated by C10 and the alkoxide leaving group of CGCP, the level of basicity is maintained in the polymerization mixture. The anionic catalyst (alkoxide leaving group of CGCP) can react with the lactam monomer to form the active species and then it becomes an alcohol by deprotonating CL. As described in homopolymerization, the amide anion on the aromatic activated monomer is expected to deactivate the ester carbonyl site through the resonance effect which results in the inhibition of the selfcondensation of the monomer.This allows the selective reaction between the initiator and the propagating end. Experimental trials carried out in this work are listed in Table IV-4. As already known, CL could polymerize in 15 min with 98% yield (Run 1), meanwhile the copolymerization reactions (runs 2, 3 and 4) could also work but with lower yields and longer reaction times (24h). Scheme IV-7 shows the synthesis of copolymers: the benzamide comonomers were first deprotonated by a strong base, 1.02 equivalents of NaHMDS, in 24h.

In another reactor, the CL monomer and C10 were mixed for a few minutes. Then, these two activated monomers were mixed in a polymerization reactor. Once C20 was added, the copolymerization took place (Table IV-4). The copolymerization of ethyl 4-butylaminobenzoate and CL could be obtained via a onestep reaction from commercially available reagents for 30% and 50% of aromatic units in polyamides. After copolymerization, THF was used as a washing solvent. Unreacted CL, benzamide monomers and all reagents are soluble in THF and they could be removed by refluxing for 24h.But the copolymerization yield was lowering with an increasing amount of the aromatic comonomer in the polymerization medium. For 30%Ar-PA6 and 50%Ar-PA6 copolyamides, yields were 70 and 60%, respectively. Compare to neat PA6, copolymerization needs a longer reaction time and has a lower yield by lowering the reaction reactivity.

This lowering of the yield might be explained by high concentration of ROH (ethanol) in reaction medium which is released from the aromatic comonomer, once it reacts with sodium ԑ-caprolactamate (C10), which reduces the active aromatic comonomer amount.

During the CGCP, the released EtONa (pKa = 16) groups has no efficiency to abstract a proton from the aromatic amides since they have no high basicity like NaHMDS (pKa = 26) or LiHMDS (pKa = 36). Once the activated aromatic comonomer solution is added to the CL polymerization reactor, according to the proposed reaction mechanism (Scheme IV-7), every single merging of C10 and aromatic ester carbonyl releases an ethoxide group to the reaction medium. As it is provided that ethoxide has the ability to abstract proton from CL and activates the AROP by affording ethanol in the reaction the medium, Scheme IV-8. One might think that occurring of ethanol is not so effective at a 140 °C reaction temperature since ethanol is supposed to be evaporated at that temperature but it can be trapped and can then play a role in this mechanism. Even small amount of ethanol can be in equilibrium with activated aromatic amide or sodium caprolactamate (C10) which can quench the polymerization process of aromatic part.

Scheme IV-8. Proton abstraction from ԑ-caprolactam by sodium ethoxide.

According to this principle, the activated aromatic amide, which has not reacted with CL or the chain-end,can also abstract a proton from ethanol, Scheme IV-9. Activated aromatic amide has a higher basicity than the ethoxide since sodiumethoxide cannot deprotonate ethyl 4-butylaminobenzoate during the CGCP.

Scheme IV-9. Proton abstraction from ethanol by aromatic amide.

While the copolymerization reaction, every single merging between aromatic comonomer and C10 is releasing an alkoxy (ethoxide) group which becomes an alcohol since it can abstract a proton from CL. These alcohols can create equilibrium with CL which favors to consuming CL amount. Another reason of the reduced yield can be the presence of comonomers or oligomers in melted CL by hindering the movement of C10 to attack the growing chain. In the literature, this effect was also explained by the presence of cyclic oligomers in the anionic polymerization of CL 32 . Therefore, these effects are lowering the resulting copolymer yield. Indeed, the soluble part in THF is not only made up of (co)monomers and reagents. This soluble part may also contain random copolymers but with lower molar masses, which are soluble in THF. The same calculation was used for 50%Ar-PA6 copolyamides, Figure IV-S7. In addition to these ratios, molar fraction of CL on 50%Ar-PA6, Table IV-4, could be calculated from integrated intensity ratio of the 1.72at 2.07 ppm ( 2.07 ) (CH 2 -CO) to the 1.00 and 0.81 ppm ( 0.08 ) including alkyl (CH 3 -) protons. The m% value calculated from this ratio showed 28% of aromatic repeating units and 72% of aliphatic (Figure IV-S7).In addition to this ratio, aliphatic/aromatic percentages in the copolymer were also calculated from -NH and CH 3 -.

76% of aliphatic and 24% of aromatic contents were detected.

They are lower than those expected from feed compositions in Table IV-4, indicating the combined copolymerization of benzamide and CL resulted in a copolymer, due to noncomplete conversion and/or also different reactivity of comonomers. In two examples, the predominance of aliphatic units was observed. It is a logical outcome since the activated aromatic amide can be consumed by ethanol in the reaction medium.

Thermo-mechanical properties of polyamide 6 containing aromatic units

In the present study, DSC analyses (Table IV- 30%Ar-PA6 copolymers prepared with 30 mol % of aromatic units has only one melting endotherm, which is clearly showing that the resulting copolymer has a random structure rather than a block structure. 50%Ar-PA6 copolymers obtained from a 50-50% of aromatic/aliphatic ratio have no melting point and are amorphous. The butyl alkyl units on aromatic groups of the copolymers decrease the crystallinity by hindering the molecular packing and intermolecular hydrogen bonding between the polymer chains (Table IV-5).

Huang et al. 33 reported that the glass transition temperatures of polybenzamides before and after removing the octylbenzamide groups. For polybenzamides, the Tg value shifted from 45 to 62 °C after removal of the octyloxybenzyl alkyl groups. This result is clearly showing a strong intermolecular hydrogen bonding effect which is increasing the crystallinity of polymer as hydrogen bonding in the polymer increases (see chapter I of this manuscript, section 2.3.2.). a Decomposition temperature at a 5% weight loss, b Decomposition temperature at a 10% weight loss, c Maximum of the peak decomposition temperature.

The incorporation of aromatic groups into PA6 also shows heat capacity changes which is assigned to the crystalline melting of PA6. Tm of 30%Ar-PA6 is shifted to a lower temperature (Figure IV-S8). This result can be related to the good dispersion of aromatic repeating units in the PA6 matrix along with the disordering of the system 34 and decrease of the crystallinity of PA6. This effect becomes clearer with the disappearance of melting point at a higher aromatic content (50%Ar-PA6) which bears witness of the formation of amorphous copolymers. This decrease and disappearance of the melting endotherms with increasing the aromatic content is related to the disordering effect of the butyl units of aromatic groups on the hydrogen bonding of PA6.

The TGA analysis in a nitrogen atmosphere is used to measure the thermal degradation behavior of the copolymers. Typical TGA thermograms of PA6 and aliphatic/aromatic copolyamides are shown in Figure IV-5. It illustrates that the higher the content in aromatic groups is, the more thermally stable the copolymers are. Thermal degradations of 30%Ar-PA6 and 50%Ar-PA6 shifted to higher temperatures than the neat PA6 degradation. ). For the 30%Ar-PA6 copolymer, the first/major region shows the PA6 degradation and the second shifted region at higher temperature is related to the incorporation of aromatic units into PA6. 50%Ar-PA6 copolymer thermal degradation takes place at quite higher temperatures than neat PA6 and 30%Ar-PA6. This slight improvement in degradation temperatures is obviously related to the higher amount of aromatic units in PA6 chains.

Thermal degradations of the copolyamides were not completed to 100% like PA6 when heated till 450 °C due to higher thermal degradation of the aromatic units. Some aromatic sequences are then expected in the random copolymer.

slightly increase the storage modulus but, in this particular case, the interactions between the chains by hydrogen bonding are inhibited by the butyl pendant groups on aromatic repeating units (having alkyl group instead of proton). 

Conclusion

In this chapter, combination of anionic ring-opening polymerization (AROP) and chaingrowth condensation polymerization (CGCP) was shown to proceed in a one-step reaction for the synthesis of aliphatic-aromatic copolyamides.

The chain growth condensation polymerization of ethyl 4-butylaminobenzoate was carried out in solution to demonstrate the efficiency of this reaction at elevated temperatures despite early precipitation of the aromatic polyamide due to the solubilityloss with increasing molar masses. Self-condensation may occur in these conditions.

Meanwhile, the AROP of ԑ-caprolactam was conducted with different deprotonating agents, i.e. sodium or potassium alkoxides (t-BuOK, EtONa and MeONa) which can be formed by the nucleophilic attack of the ester groups of the aromatic monomers. Ethyl ptoluate, conventionally used in chain-growth condensation polymerization, was able to act as an activator in AROP of CL. NO 2 -derivatives, which is used mostly as an initiator in CGCP, caused side reactions by preventing the AROP of CL. Aliphatic-aromatic polyamides were synthesized for 30 and 50 molar % of aromatic units.

Regarding molecular and thermal characterizations, a random copolymer is envisaged.

Increase of the aromatic content in the polymer chain resulted in decrease of the crystallinity. The butyl pendant groups contribute certainly to this morphology type by restricting of hydrogen bonding between polymer chains. An increase of glass transition temperature and tan of PA6, in some extent, provided more thermal stability.

This innovative method is not only combined two challenging chemistries but contribute to vary some properties of PA6 too.

As a perspective, future works may focus on the removing of alkyl pendant groups on the polymer backbone by washing with an acid such as trifluoroacetic acid and investigating its thermal properties and comparing with starting polymers. Further studies will be based on the processability of this synthesis technique in an industrial producing standard.

nitrogen, followed by a solution of ethyl 4-(butylamino)benzoate (2.25 mmol) in dry THF dropwise over ˜60 min (when reddish color of the reaction mixture disappeared, the next drop of the solution was added) at 0 °C with stirring under dry nitrogen. The mixture was stirred at 0 °C for 2 h, and then the reaction was quenched with sat. NH 4 Cl. The whole was extracted with CH 2 Cl 2 . The organic layer was washed with 1 M NaOH and dried over anhydrous MgSO4. Concentration in vacuum gave the crude product as a yellow, viscous oil.

Elevated temperature polymerization of this monomer was carried out in reflux system under inert atmosphere since this reaction was examined in THF having boiling point at 60

°C. 1 

General Conclusion and Perspectives

The first goal of this thesis was to demonstrate feasibility of different approaches throughout the synthesis of functionalized polyamide 6 exhibiting not only for improving current polyamide 6 characteristics but to shed light on future investigations as well.

In order to overcome the challenge for derivatizing of polyamide 6 by anionic ringopening polymerization, we developed anionic ring-opening copolymerization of ԑcaprolactam and α-amino-ԑ-caprolactam based comonomers with different attached groups.

In the meantime, we merged this challenging anionic ring-opening polymerization of ԑcaprolactam with chain-growth condensation polymerization of benzamide to gain aromaticaliphatic polyamide, which was not possible with lactam polymerization so far, differently from conventional techniques such as polycondensation reaction.

As early mentioned in the introduction, even though polyamide 6 has attractive properties it needs improvements in thermal stability and hydrophobicity properties as we consider where mostly PA6 is used such as automotive and wind industry as a composite material.

In first part of the thesis, we focused on the set-up to introduce fluorinated groups into PA6 by AROP. One objective is to improve surface hydrophobicity of the PA6. Fluorinated derivative of α-amino-ԑ-caprolactam and caprolactam anionic ring-opening copolymerization was proposed to this issue. Obtained copolyamides showed expected increasing on their surface hydrophobicity according to contact angle measurements. However, the surface hydrophobicity improvement was limited with restricted amount of fluorinated units in the polyamide chains since increasing fluorinated comonomer amount consumed more initiator (sodium ԑ-caprolactamate) and slowed down the copolymerization. In spite of limited comonomer addition, obtained fluorinated polyamides revealed improved thermal stability owing to fluorine atoms presence in the polymer chain and their involving to the thermal degradation.

Another approach was the synthesis of reversible and irreversible crosslinkedpolyamide 6. Derivatives of α-amino-ԑ-caprolactam were also envisaged for this purpose. The first method was based on the synthesis of a bis-monomer from α-amino-ԑ-caprolactam and using it as a crosslinking agent. This method of crosslinking provided controlling of crystallinity and swelling which were shown to decrease with increasing content of crosslinking agent. In further investigation, the production of controlled crosslinking by anionic bulk copolymerization of CL and N-functionalized α-amino-ԑ-caprolactam bismonomers at low feed ratio, i.e. up to 2.8 mol%, was discussed in term of rate of polymerization (decreasing with increasing amount of crosslinker), thermal and rheological properties for an eventual processability in bulk at 140 °C.

The second crosslinking method was based on reversible crosslinking of polyamide 6 via thermo/photoresponsive groups, i.e. cinnamoyl functions. First, amidation reaction of cinnamoyl chloride and α-amino-ԑ-caprolactam was carried out. Then, copolymerization of obtained α-cinnamoylamido-ԑ-caprolactam with ԑ-caprolactam was examined in different quantities of (co)monomers. Since the anionic polymerization of ԑ-caprolactam requires high reaction temperature and cinnamoyl unit is thermoresponsive, crosslinking occurred during the copolymerization reaction. Crosslinked polyamide 6 were characterized by magic angle spinning NMR and their thermal stability was studied by thermo gravimetric analysis and differential scanning calorimetry. Thermal analysis of crosslinked polyamide 6 demonstrated higher thermal stability and glass transition temperature than neat polyamide 6. The decrosslinking was shown to occur in solution by UV irradiation between 200-280 nm. Recrosslinking was then obtained by UV irradiation between 325-380 nm in solid state.

Reversible crosslinking approach can be attractive for self-healing and/or shape memory systems of PA6 since such kind of thermo or photo-responsive system has a potential as novel material in the stimuli or environmentally responsive (smart) materials.

Last part of this thesis was dedicated to demonstrate combination possibility of two challenging chemistries in one-step reaction; chain-growth condensation polymerization of ethyl 4-butylaminobenzoate and anionic ring-opening polymerization of ԑ-caprolactam. This approach has also provide for objective to new thermal and mechanical properties of PA6 by introducing aromatic units. Glass transition temperature of resulting polyamide was shifted from 53 °C to 68 °C. In the meantime, thermal stability was slightly increased. Crystallinity of aliphatic/aromatic random copolyamide was reduced by increasing aromatic repeating units bearing alkyl groups in polymer chains which restrict molecular packing and intermolecular hydrogen bonding. Coming study of this work will be to remove alkyl pendant groups via washing with trifluoroaceticacid after copolymerization in order to increase the crystallinity of aliphatic/aromatic random copolymers.
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 3 photoreactivity and crosslinking upon UV light irradiation or heating by dimerization reaction. The second part of Chapter III states the synthesizing a novel photo-and thermosensitive polyamide 6 by anionic ringopening copolymerization of ε-caprolactam and α-cinnamoylamido-ɛ-caprolactam (novel comonomer, derivative of α-amino-ԑ-caprolactam). The photochemical "reversible"
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 78 SchemeI-7.Formation of acyllactam (1), amine (2) and imide (3) groups during AROP of lactams.

  . It describes the non-isothermal kinetics of both CL and ω-laurolactam, monitoring the temperature rise inside the reactor: with λ the conversion,[A] the activator concentration, [M] 0 the initial monomer concentration, k the reaction rate constant, Ea the activation energy, and b the autocatalytic term characterizing the intensity of the self-acceleration effect during chain growth. Both k and b depend on the chosen activator. The rate constant can be evaluated for low conversions where polymerization and crystallization are not overlapped. 1.3.2. Copolymerization of ɛ-caprolactam and -laurolactam

β-Lactams, 2 -SchemeI- 13 .

 213 SchemeI-13.Structures of β-lactams.
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 17 Scheme I-17. Tradenames and chemical structures of diacids and diamines in commercial meta and para-aramids 128 .

( 2 )Figure I- 1 .

 21 Scheme I-22. Chain-growth condensation polymerization mechanism. Adapted from 141 .

Scheme I- 23 .

 23 Scheme I-23. Meta-substituent polybenzamide synthesis from different N-alkylated monomers 135 .

  studies have been dedicated to sequential condensation polymerization 150 . Recently, Oishi et al. 151 reported the sequential condensation polymerization of msubstitutent and p-substituted monomers with different combinations. They first synthesized N-alkyl poly(m-benzamide)-b-N-H poly(m-benzamide), N-alkyl poly(m-benzamide)-b-N-H poly(p-benzamide), and N-alkyl poly(p-benzamide)-b-N-H poly(mbenzamide) by sequential chain-growth condensation polymerization of N-alkyl and Noctyloxybenzyl monomers, and then got rid of the octyloxybenzyl-group with trifluoroacetic acid to gain gelation properties on the resulting sequential copolymer.

Figure I- 2 .

 2 Figure I-2. Aromatic polyamide diblock copolymer synthesis and SEM analysis. Reprinted from 151 .

Figure I- 3 .Scheme I- 24 .Scheme I- 25 .

 32425 Figure I-3. Thermally sensitive water-soluble poly(m-benzamide)s. Adapted from 147 .

Figure I- 4 .

 4 Figure I-4. SEC traces (RI detector) of diblock polybenzamide coupling products: (a) initial diblock polybenzamide (diPA), (b) crude triblock polybenzamide 74 after ATRC, and (c) purified triPA (precipitated into isopropylalcohol/H 2 O = 50/1 (v/v)).

  Scheme I-29. Star polybenzamides 162 .

  and producing architecturally defined nanostructures in the sub-20 nm size regime were evidenced by decreasing UV absorbance and size exclusion chromotography (SEC) through shifting longer retention time as dimerization occurs (FigureI-5). This result is showing that large multichain aggregation occurs during the irradiation.Retro-Diels-Alder reaction of aromatic polyamide containing anthracene 210 were also studied. First diels-alder reaction was carried out from monomers containing anthracene unit and then polycondensation of these monomers was obtained. After all, they could conduct thermal retro-Diels-Alder reactions at 220 °C.

Figure I- 5 .

 5 Figure I-5. a) Synthesis of anthracene-functionalized polymers. b) Overlay of UV-vis spectra for P1, confirming dimerization by monitoring the disappearance of the characteristic fivefinger anthracene absorption. Exported from ref 209 .

FigureI- 6 .

 6 FigureI-6. Illustration of contact angles formed by sessile liquid drops on a smooth homogeneous solid surface. Reproduced from 226 .

  food packaging, due to the good oxygen barrier of the polyamide and the excellent moisture barrier of the polyolefin 232 . Valenza et al. studied on blending of PA6 and acrylic acid and showed improvement of the morphological, rheological and mechanical properties of the studied materials 233 .

  dielectric constants and dissipation factors, low water absorptivity, excellent weatherability and good resistances to flammability, oxidation and ageing, as well as low and specific surface properties[235][236][237][238] . These properties derive from the essential properties of fluorine atom: high electronegativity, high ionization potential, and low polarizability. Due to the very high electronegativity, C-F bonds are always strongly polarized. The strength of the C-F bond is due to its highly ionic character, which accounts for the thermal stability of perfluorocarbons. The high ionization potential, combined with the low polarizability, leads to weak intermolecular interactions, which in turn leads to low surface energy and low refractive indices for perfluorocarbons. Therefore, perfluorocarbons were used to create non-stick and non-wettable surfaces with low surface energies (super hydrophobic character) 239 .4.4.1. Aromatic fluorinated polyamidesMany efforts were performed to carry out hydrogen-fluorine substitution reactions in aromatic polyamides (the fluorine atoms or fluorinated groups are directly tethered to benzene ring such as F-, CF 3 -and (CF 3 ) 3 C-which are commonly prepared by polycondensation of acid chlorides or dicarboxylic acids and diamines. Such polyamides[240][241][242] exhibit higher thermal stability and lower surface energy than non-fluorinated polyamides (TableI-1).

2 .SchemeI- 40 .

 240 SchemeI-40. Type I, Type II and Type III of fluorinated aliphatic polyamides.

  This thesis work aims at synthesizing novel PA6 with pendant fluorinated groups from a novel fluorinated monomer and CL by AROP, instead of common limited techniques as early mentioned in the first chapter. Furthermore, in this chapter work we report determining the possible side reactions during the AROP of CL in the presence of derivative of the α-amino-ɛcaprolactam. Addition to, thermal properties, crystallinity, surface tension and hydrophobicity are demonstrated as well as solubility tests on the novel structure of PA6 bearing fluorine units.

  Figure II-1a exhibits the typical proton signals attributed to methylene groups (-CH 2 ; e, f, and g) of the αamino-ɛ-caprolactam structure between 1.25-2.30 ppm. After reaction, the endocyclic amide proton on the ring was shifted from 6.70 to 6.03 ppm (Figure II-1b). -NH proton of fluorinated amide appears at 8.0 ppm. Integral ratios of obtained novel monomer show success of amidation reaction and purification. Integral ratios of d:c:a:b are 1:1:1:2 which are related to number of proton. Integral of CH 2 -protons (e, f, g) are 6.3 which is also correlated with the number of protons in that region (see Figure II-S1).
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 11 FigureII-1. 1 H NMR spectra of (a) α-amino-ԑ-caprolactam, (b) perfluorobutyryl-amido-ԑcaprolactam in CDCl 3 .

Figure II- 2 .

 2 Figure II-2. Temperature/Time diagrams of P1 (PA6) black line; P4 (2%F-PA6) blue line; and P2 (2%F-PA6), P3 (4%F-PA6) and P5 (4%F-PA6) red line.

Figure II- 3 .

 3 Figure II-3. ATR-FTIR spectrums of neat polyamide 6 (a) and polyamide 6 bearing fluorinated groups (b).

Figure II- 4 .

 4 Figure II-4. 19 F MAS NMR spectrums of 4%F-PA6 (a) and 2%F-PA6 (b).

Figure II- 5 .

 5 Figure II-5. DSC thermal curves of P1 (PA6), P2(2%F-PA6), P3(4%F-PA6), P4(2%F-PA6), and P5(4%F-PA6) in second heating cycle.
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 4 The T 5 and T 10 values of the neat PA6 (P1) and fluorinated PA6s (P2-5) increased from 294-303 °C to 330-360 °C, respectively. The data from thermal analysis showed that the resulting polymers have fairly high thermal stability.In addition to, TGA of CL F and PA6 artificial kind of mixture was taken (Figure II-6) to demonstrate that after polymerization and washing there are no more fluorinated monomer component (non-reacted) and its effect on thermal degradation by comparison with PA6 bearing fluorine units. As it can be seen from Figure II-7, the artificial mixture has two degradation points first CL F and following PA6 thermal degradation different from copolymerized systems (Figure II-6).

Figure II- 6 .

 6 Figure II-6. TGA thermograms under a nitrogen atmosphere of P1 (PA6), P2 (2%F-PA6), P3 (4%F-PA6), P4 (2%F-PA6), and P5 (4%F-PA6).

Figure II- 7 .

 7 Figure II-7. TGA thermograms under a nitrogen atmosphere of CL F and neat PA6 with CL F (10 % fluorinated monomer).

Scheme II- 7 .

 7 Scheme II-7. Proposed thermal cleavage of fluorinated side chains of polymer34 .
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 88 Figure II-8. Rate of weight loss of P1 (PA6), P2 (2%F-PA6), P3 (4%F-PA6), P4 (2%F-PA6), and P5 (4%F-PA6).

  ). Tan curve is shifting to higher temperatures with increasing amount of bulky fluorine groups in PA6 chains compared to neat PA6. The maxima of tan at 72 °C, 74 °C, 81 °C, 77 °C and 79 °C for P1, P2, P3, P4 and P5 (see, Figure II-S9-13), respectively. The shifting of tanis related to the increasing amount of bulky fluorine content in line with less mobility of the amorphous phase.
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 910 Figure II-9. Elastic modulus (E') of P1 (PA6), P2 (2%F-PA6), P3 (4%F-PA6), P4 (2%F-PA6), and P5 (4%F-PA6) by DMA.

Figure II- 11 .

 11 Figure II-11. Water contact angles of 2 and 4w% of fluorine pendant PA6s and PA6.

  oven under vacuum, were completed in 13h at 80 °C (FigureII-12). The polymer slices thicknesses were 0.137, 0.121, 0.153, 0.125 and 0.124 cm for P1-P5, respectively. Due to the less packing of polymer chains, and in addition to that, at high temperature of 80 °C water vapors could penetrate faster over PA6s bearing bulky fluorine units than neat PA6. In first 30 min., P2 and P4 which are supposed to have the same amount of fluorine units showed

Figure II- 6 .

 6 Figure II-6. Kinetic water uptake measurements of P1, PA6; P2, 2%F-PA6; P3, 4%F-PA6; P4, 2%F-PA6; and P5, 4%F-PA6 in 13h at 80 °C.

  thermal stability via rotational barriers by thermogravimetric analysis. Slightly increase in glass transition temperatures and loss factors were demonstrated, depending on less mobility of the amorphous phase, by differential scanning calorimetry and dynamic mechanical analysis, respectively.

  H NMR (HFIP/CDCl 3 ) d (ppm) = 6.0 (s, 1H), 3.1 (m, 2H), 2.0 (m, 2H), 1.25-1.75 (m, 6H).13 C NMR (HFIP/CDCl 3 ) d (ppm) = 176.5, 50.55, 40.25, 36.20, 28.09, 25.81, 24.85. 
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 S2 Figure II-S2. Anionic polymerization procedure: Reactor for the calorimetric measurements of monomer consumption during the polymerization.

Figure

  Figure II-S3. 1 H-NMR of polyamide 6 in HFIP-CDCl 3 (2)and ԑ-caprolactam in CDCl 3 (1).

Figure

  Figure II-S4. DSC curves of P1, PA6: first heating, cooling and second heating.

Figure

  Figure II-S5. DSC thermal curves of P2, 2%F-PA6: first heating, cooling and second heating.

Figure

  Figure II-S6. DSC thermal curves of P3, 4%F-PA6: first heating, cooling and second heating.

Figure

  Figure II-S7. DSC thermal curves of P4, 2%F-PA6: first heating, cooling and second heating.

Figure

  Figure II-S8. DSC thermal curves of P5 4%F-PA6 : first heating, cooling and second heating.

FigureFigure

  Figure II-S9. DMA analysis of P1, PA6.

FigureFigure

  Figure II-S11. DMA analysis of P3, 4%F-PA6.

Figure

  Figure II-S13.DMA analysis of P5, 4%F-PA6.

Scheme III- 2 .

 2 Scheme III-2. Synthesis of N-functionalized α-amino-ԑ-caprolactambis-monomers (1,1'hexamethylenebis(2-oxo-3-azepanylurea)(2) or bis-N(2-oxo-3-azepanyl)-1,6tetramethylenediamide) (3) used as co-monomers for ԑ-caprolactam polymerization.

Figure III- 1 . 1 H

 11 Figure III-1. 1 H NMR spectrum of 1,1'-hexamethylenebis(2-oxo-3-azepanylurea) (2) in d6-DMSO.

Figure III- 2 . 1 H

 21 Figure III-2. 1 H NMR spectrum of bis-N(2-oxo-3-azepanyl)-1,6-tetramethylenediamide (3) in d6-DMSO.

  dicarbamoylcaprolactam (C20) (Tp = 140 °C). a The maximum exotherm (ΔTp) during the polymerization and its relative time (tp), b The maximum crystallization exotherm (ΔTc) and its relative time tc, c Evaluation by gravimetric measurement. Indeed, increasing the amount of crosslinker(2) without increasing the initiator one leads to copolymerization associated to a continuous decrease of the maximum exotherm (Figure III-3a). One can note the presence of two exotherms, the first one corresponding to the polymerization and the second one to the crystallization process. At a molar ratio (2)/C20/C10 equal to 0.753/1/1.4 (run PA6 2.5), the polymerization is much slower as shown by a longer polymerization time and a low maximum exotherm with ΔTp = 10 °C as compare to ΔTp = 39 °C for the reference (PA6 0.1). Increasing the amount of initiator (i.e. activated monomer) enables faster copolymerizations and crystallization, allowing an increase of the crosslinker amount (Figure III-3b

  ) are expected to react with sodium ԑ-caprolactamate. Using an urea-based model reactant free of lactam, e.g. 0.186 g (1.185/2 mmol) or 0.372 g (1.185 mmol) of 1,1'hexamethylenebis(3-tert-butylurea) (Figure III-S3), the homopolymerization of CL (C20/(C10) = 0.845mmol/1.185mmol) was totally inhibited. With increased C10 amount, e.g. 0.89 g(1.185 mmol) or 1.78 g (2.370 mmol), the polymerization of CL starts at once with polymerization rate almost identical than the one obtained without this model additive. The differences in polymerization activity between CL and CL/(2) system were overcome by using an excess of 2 n/n C10/(2). All materials prepared in presence of (2) or (3) were shown to crosslink as they are not anymore soluble and can swell in hexafluoroisopropanol (HFIP).

( 3 ) 1 : 41 Figure III- 4 . 42 (

 3141442 Figure III-4. Temperature change (Tp+ΔT) with time dependences (Tp = 140 °C) for the polymerization of ԑ-caprolactam (PA6 0.1) and copolymerization of ԑ-caprolactam with 0.42 (PA6 3.1), 0.85 (PA6 3.2), 1.23 (PA6 3.3), and 1.7 (PA6 3.4) mmol of (3).

Figure III- 5 .

 5 Figure III-5. Swelling test in hexafluoroisopropanol (HFIP) on sample PA6 3.4 at 25 °C obtained by the anionic bulk copolymerization of ԑ-caprolactam with the amide-based bismonomer (3) at 140 °C.

(Figure III- 6 .

 6 Figure III-6. Temperature dependences of storage E' and loss E'' moduli of PA6 synthesized by bulk anionic polymerization of ԑ-caprolactam (PA6 0.1) and copolymerization of ԑcaprolactam with 1.84 mol% of amide-based bis-monomer (3) (PA6 3.5).

Figure III- 7 .

 7 Figure III-7. Angular frequency dependences of the storage modulus G' and G'/G'' at 250 °C of PA6 synthesized by bulk anionic copolymerization of ԑ-caprolactam with various amount of amide-based bis-monomer (3) (F (3) in mol%).

4 Figure III- 8 .

 48 Figure III-8. Crosslinking agent (3) dependences of the storage modulus G' (at =0.1 rad.s-1)

  H NMR analysis and Figure III-9a exhibits the typical proton signals attributed to ethylene groups of the αaminocaprolactam structure between 1.25-2.30 ppm (-CH 2 ), primary amine at 2.10 ppm and amide proton (CO-NH-C) at 6.75 ppm. After reaction (Figure III-9b) endocyclic and exocylic protons were observed at 6.10 and 7.10 ppm, respectively. Cinnamoyl aromatic protons appeared between 7.2 and 7.5 ppm. At the same time cinnamoyl alkene protons were shown at 6.5 ppm and 7.6ppm. Indeed, integral ratios of i:h:c:b are 1:1:1:2 and support the synthesis and purification of the α-cinnamolyamido-ԑ-caprolactam (See, Figure III-S10).

Figure III- 9 . 1 H

 91 Figure III-9. 1 H NMR spectra of (a) α-amino-ԑ-caprolactam (ACL), (b) α-cinnamolyamido-ԑcaprolactam and (c) cinnamoylchloride in CDCl 3 .

Figure III- 10 .

 10 Figure III-10. Temperature-time diagrams of PA6, 2%Cin-PA6, 6%Cin-PA6 and 10%Cin-PA6.

Figure III- 11 .

 11 Figure III-11. 13 CMAS NMR spectra of 10%Cin-PA6 (a), PA6 (b) and truxillic acid (c).

Figure III- 12 .

 12 Figure III-12. TGA thermograms of PA6, 2%Cin-PA6, 6%Cin-PA6 and 10%Cin-PA6.

Figure III- 13 .

 13 Figure III-13. Rates of weight loss of PA6, 2%Cin-PA6, 6%Cin-PA6 and 10%Cin-PA6.

Figure III- 14 .

 14 Figure III-14.Elastic moduli (E') of PA6, 2%Cin-PA6, 6%Cin-PA6 and 10%Cin-PA6 by DMA.

Figure III- 15 .Scheme III- 6 .

 156 Figure III-15. Loss factors (Tan ) of PA6, 2%Cin-PA6, 6%Cin-PA6 and 10%Cin-PA6 by DMA.

Figure III- 16 .

 16 Figure III-16. UV absorption spectra of 1.23×10 -4 mol L -1 of 10%Cin-PA6 bearing pendant cinnamoyl group in HFIP solution at irradiation times from 1h to 6h between 200-280 nm.

Figure III- 17 .

 17 Figure III-17. UV absorption of 1% w/v spin-coated PA6 bearing pendant cinnamoyl group (10%Cin-PA6) before UV irradiation (black line), after UV irradiation 6h (blue line) between 325-380 nm and after heating at 140 °C for 60 min (red line).

  C solid state NMR spectra were recorded on a Bruker 400 Avance I 400 MHz spectrometer at room temperature. During experiments, magic angle spinning 29 rate was 30 kHz using a Bruker 2.5 mm HX probe. Number of co-added transients was 256 and recycle delay was 5s. Single-pulse experiment were carried out and the 90 degree pulse of duration was 1.8 µs, FID acquisition time was 41 ms.Size exclusion chromatography (SEC) was performed on a Varian instrument equipped with a Varian ProStar 210 pump, Varian ProStar 355 differential refractometer as detector and three gel columns (supplied by Polymer Laboratories) used in series, PL HFIP gel guard column and two PL HFIP gel linear columns. HFIP, containing 0.05%w/w of potassium trifluoroacetate, was used as eluent at a flow rate of 1.0 mL.min -1 at 40 C using CROCO-CIL  Thermostat HPLC columns heater. Data acquisition was performed using Polymer Laboratories Cirrus version 3.2 software. The measurements were carried out at 20 °C and the average molar masses ( and ) were derived from a calibration curve based on PMMA standards (0.580 to 1820 kDa). All HFIP sample solutions were passed through 0.45 m PTFE membrane filter (supplied by CIL Cluzeau, France) prior to injection. The melt rheological properties were determined using a TA Instrument AR2000 Rheometer with a conventional oven for temperature control. The measurements of PA6 samples were performed at 250 °C in the dynamic linear mode with 25-mm-aluminum-parallel-plate geometry (gap 1000 μm). The dynamic viscoelastic properties were investigated as function of angular frequency () in the range 0.04-400 rad/s at a strain magnitude of 1%.A TA Instrument RSA3 was used to study dynamic mechanical properties of PA6 samples. The samples were analyzed under nitrogen atmosphere from -75 °C to 275 °C at a heating rate of 5 °C/min. The measurements were performed in tensile mode at a frequency of 1 Hz, an initial static force of 0.9 N, and strain sweep of 0.1 %.For surfacere crosslinking by heating and UV irradiation, thin films of PA6 precursors were spin coated (Specialty Coating Systems, P67080 Spin Coater) on glass plates from 1% solutions in hexafluoroisopropanol at 2000 rpm for 5 min and then dried at 25 °C overnight under vacuum. The UV irradiation of the spin coated films and solution were performed by UV lamp TQ 150: 150W between λ= 200-280 nm and 450HHL Halogen 325-380 nm 400W, consequently. UV absorbances of decrosslinked samples were followed by HITACHI U-3300 / 130-0614 model UV-Visible spectrophotometer. Synthesis of 1,1'-hexamethylenebis(2-oxo-3-azepanylurea) (2). A 250 mL three-necked flask, equipped with a stirbar, is charged with 40 mL of freshly distilled anhydrous DMSO or DCM,5g (39 mmol) of -amino--caprolactam (1) and 3.28 g (19.5 mmol) of hexamethylenediisocyanate. The solution was stirred at 40 C for 19h under atmosphere of nitrogen. The insoluble product was recovered by filtration, and the crude product washed several times with acetone or ethanol. The final product was recovered from the crude material by removal of the solvent to constant weight. The final yield of the product is 92%. 1 H NMR in d 6 -DMSO:  ppm = 7.77 (t, -CH 2 NHCO-), 6.34 (t, -NHCONHCH 2 -), 6.16 (d, -CO(-CH 2 )CHNHCO-), 4.25 (m, -CO(-CH 2 )CH-NH-CO-), 3.33 (m, -CHHNHCOCH(-CH 2 )NH-), 3.03 (m, -CHHNHCOCH(-CH 2 )NH-), 2.96 (d, -NHCONHCH 2 -), 1.84 (m, -CHHCH 2 CH 2 CH(NH-)CO-), 1.74 (d, -CHHCH(NH-)CO-), 1.73 (d, -CHHCH 2 CH(NH-)CO-), 1.56 (m, -CHHCH 2 CH 2 CH(NH-)CO-), 1.33 (m, -NHCONHCH 2 CH 2 CHH-), 1.31 (m, -NHCONHCH 2 CHHCH 2 -), 1.28 (m, -CHHCH(NH-)CO-), 1.22 (m, -NHCONHCH 2 CH 2 CHH-), 1.23 (m, -NHCONHCH 2 CHHCH 2 -) and 1.15 (d, -CHHCH 2 CH(NH-)CO-).

  1 H NMR in d 6 -DMSO:  ppm = 7.83 (t, -CH 2 NHCOCH(CH 2 -)NH-), 7.79 (d, -COCH(CH 2 -)NHCO-), 4.44 (m, -COCH(CH 2 -)NHCO-), 3.23 (m, -CHHNHCOCH(CH 2 -)NHCO-), 3.11 (m, -CHHNHCOCH(CH 2 -)NHCO-), 2.2 (d, -CO(CH 2 -)CHCOCH 2 -), 1.92 (d, -COCH(CHH-)NHCO-), 1.8 (d, -CH 2 CH 2 NHCOCH(CH 2 -)NHCO-), 1.68 (d, -COCH (CHH-)NHCO-), 1.51 (s, -COCH(CH 2 -)NHCOCH 2 CH 2 -), 1.44 (m, -CHHCH 2 CH(-CO)NHCO-), 1.23 (m, -CHHCH 2 CH(-CO)NHCO-). 13 C NMR in d 6 -DMSO:  ppm = 174.29 (s, -NHCOCH(NH-)CH 2 -), 171.02 (s, -NHCOCH 2 -), 51.18 (s, -NHCOCH(CH 2 -)NHCO-), 40.59 (s, -CH 2 NHCOCH(NH-)CH 2 -), 34.85 (s, -NHCOCH 2 -), 31.22 (s, -NHCOCH(CH 2 -)NHCO-), 28.83 (s, -CH 2 CH 2 CH 2 CH(CO-)NHCO-), 27.63 (s, -CH 2 CH 2 CH(NH-)CO-) and 24.85 (s, -NHCOCH 2 CH 2 -).Synthesis of 1,1'-hexamethylenebis(3-tert-butylurea).In 40 mL dichloromethane, the synthesis of 1,1'-hexamethylene bis(3-tert-butylurea)by the reaction of 1.6mL (10 mmol) of hexamethylenediisocyanate with 4.2 mL (40 mmol) of t-butylamine was identical to the preparation of (2). The white precipitate formed was filtered on fritted funnel, rinse with dichloromethane (3x50 mL) and recrystallized in ethanol at room temperature. The final product was recovered from the crude material by removal of the solvent under vacuum to constant weight. The final yield of the product is 73%.1 H NMR (300 MHz, d 6 -DMSO):  ppm = 5.55 (s, (CH 3 ) 3 C-HNCONH-CH 2 -), 5.65 (s, (CH 3 ) 3 C-HNCONH-CH 2 -), 2.95 (t, (CH 3 ) 3 C-HNCONH-CH 2 -), 1,36 (p, -HNCONH-CH 2 -CH 2 -CH 2 -CH 2 -CH 2 -CH 2 -HNCONH-), 1,27 (p, (-HNCONH-CH 2 -CH 2 -CH 2 -CH 2 -CH 2 -CH 2 -HNCONH-), 1,24 (s, -HNCONH-CH 2 -CH 2 -CH 2 -CH 2 -CH 2 -CH 2 -HNCONH-).

  (17%) = 0.0710 g of NCO functions or active chain ends = 1.690 = 2x0.845 mmol) was injected into molten initiator/monomer mixture for a total amount of polymerizing materials of ~ 7.70.1 g. After a proper interval, the polymerization was quenched by cooling the glass tube reactor into liquid nitrogen. The extraction of monomer and initiator residue was carried out in water heated under reflux for 48h. The polymer was dried in the oven at 110 C by removal of the solvent to constant weight. The polymer yield was determined gravimetrically. As an example the results obtained with this run at 140 °C were as followed: t = 19 min, conversion = 99.7 %, (SEC) = 26 000 g.mol -1 and = 4 (Sample PA6 0.1, TableIII-1).

  4): [CL] 0 = 8.081 M, [] 0 = 55.3 mM, [C10] 0 = 153.7 mM, [C20] 0 = 109.6 mM, polymerization time = 26 min, conversion = 94.8%, Q HFIP = 58 (swelling in HFIP).

  8): [CL] 0 = 8.01 M, [(3)] 0 = 147.2 mM, [C10] 0 = 158.9 mM, [C20] 0 = 57.3 mM, polymerization time = 30 min, conversion = 99.7%, Q HFIP = 36 (swelling in HFIP), (G') =0.1 rad/s = 1.710 5 Pa ((G'/G'') =0.1 rad/s = 27).

Figure

  Figure III-S2. 13 C NMR (75 MHz, d 6 -DMSO) spectrum of bis-N(2-oxo-3-azepanyl)-1,6tetramethylenediamide(3).

Figure

  Figure III-S3. 1 H NMR (300 MHz, d 6 -DMSO) spectrum of1,1'-hexamethylenebis(3-tertbutylurea).For additional experimental information see experimental conditions.

Figure

  Figure III-S4. DSC thermogram (---) first and () heating cycle of a PA6 (sample PA6 0.1, Table III-2) obtained by anionic bulk homopolymerization of 62.53 mmol of -caprolactame (CL) (i.e. for a targeted DP of 74) initiated by 0.85 mmol of N,N'-hexamethylenebis(2-oxo-1azepanylcarboxamide (C20) in the presence of 1.185 mmol of sodium caprolactamate (C10) at Tp = 140C. Polymerization yield = +99.7%.The polymerization was carried out according to the general procedure for the anionic homo-and copolymerization of CL-type monomer(s).

Figure

  Figure III-S5. DSC thermogram first cooling and second heating runs (10 C.min -1 ) of a crosslinked PA6 (sample PA6 3.7, Table III-2) obtained by anionic bulk copolymerization of 61.96 mmol of -caprolactame (CL) with 0.566mmol of bis-N(2-oxo-3-azepanyl)-1,6tetramethylenediamide (3) at F (3) = 0.9% (i.e. for a targeted DP of 74) initiated by 0.845 mmol of N,N'-hexamethylenebis(2-oxo-1-azepanylcarboxamide (C20) in the presence of 1.185 mmol of sodium caprolactamate (C10) at Tp = 140 C. Polymerization yield = 99.5%.The polymerization was carried out according to representative synthetic procedure for the anionic copolymerization of CL with (3).

Figure III- S6 :

 S6 Figure III-S6: DSC thermogram first cooling and second heating runs (10 C.min -1 ) of a crosslinked PA6 (sample PA6 3.5, Table III-2) obtained by anionic bulk copolymerization of 61.4 mmol of -caprolactame (CL) with 1.132 mmol of bis-N(2-oxo-3-azepanyl)-1,6tetramethylenediamide (3) at F (3) = 1.84% (i.e. for a targeted DP of 74) initiated by 0.845 mmol of N,N'-hexamethylenebis(2-oxo-1-azepanylcarboxamide (C20) in the presence of 1.185 mmol of sodium -caprolactamate (C10) at Tp = 140 C. Polymerization yield = 98.4%.The polymerization was carried out according to the representative synthetic procedure for the anionic copolymerization of CL with (3).

Figure III- S7 :

 S7 Figure III-S7: DSC thermogram first cooling and second heating runs (10 C.min -1 ) of a crosslinked PA6 (sample R3.3) obtained by anionic bulk copolymerization of 60.84 mmol of caprolactame (CL) with 1.690 mmol of bis-N(2-oxo-3-azepanyl)-1,6-tetramethylenediamide (3) at F (3) = 2.83% (i.e. for a targeted DP of 74) initiated by 0.845 mmol of N,N'hexamethylenebis(2-oxo-1-azepanylcarboxamide (C20) in the presence of 1.185 mmol of sodium -caprolactamate (C10) at Tp = 140 C. Polymerization yield = 98.5%.The polymerization was carried out according to the representative synthetic procedure for the anionic copolymerization of CL with (3).

Figure III- S8 :

 S8 Figure III-S8: DSC thermogram first cooling and second heating runs (10 C.min -1 ) of a crosslinked PA6 (sample PA6 3.8, Table III-2) obtained by anionic bulk copolymerization of 60.62 mmol of -caprolactame (CL) with 1.145 mmol of bis-N(2-oxo-3-azepanyl)-1,6tetramethylenediamide (3) at F (3) = 1.8% (i.e. for a targeted DP of 145) initiated by 0.426 mmol of N,N'-hexamethylenebis(2-oxo-1-azepanylcarboxamide (C20) in the presence of 1.185 mmol of sodium -caprolactamate C10 at Tp = 140 C. Polymerization yield = +99.7%.The polymerization was carried out according to the representative synthetic procedure for the anionic copolymerization of CL with (3).

Figure III- S9 :

 S9 Figure III-S9: DSC thermogram (---) first and () heating cycle of a cross-linked PA6 (sample PA6 3.10, Table III-2) obtained by anionic bulk copolymerization of 57.75 mmol of caprolactame (CL) with 0.210 mmol of bis-N(2-oxo-3-azepanyl)-1,6-tetramethylenediamide (3) at F (3) = 0.32% (i.e. for a targeted DP of 552) initiated by 0.105 mmol of N,N'hexamethylenebis(2-oxo-1-azepanylcarboxamide (C20) in the presence of 1.185 mmol of sodium -caprolactamate (C10) at T p = 140 C. Polymerization yield = 99.2%.The polymerization was carried out according to the representative synthetic procedure for the anionic copolymerization of CL with (3).

Figure III-S10. 1 H

 1 Figure III-S10. 1 H NMR of α-cinnamoylamido-ԑ-caprolactam in CDCl 3 .

Figure

  Figure III-S11.DSC thermogram of PA6.

Figure

  Figure III-S12. DSC thermogram of 10%Cin-PA6.

Figure

  Figure III-S14. DSC thermogram 2%Cin-PA6.

FigureFigure

  Figure III-S15. DMA thermogram 2%Cin-PA6.

Figure

  Figure III-S17. DMA thermogram 10%Cin-PA6.

  Figure IV-1 illustrates the resulting polymer before and after washing and comparison with the ethyl 4-butylaminobenzoate monomer (Figure IV-S1). After polymerization, the -CH 2 (d) peak of the butyl pendant groups was shifted from 3.11 ppm to 3.76 ppm. The intensity of -CH 2 (d) at 3.11 ppm sourced from the monomer was decreased since it was consumed during the polymerization and after washing of the polymer this peak was disappeared completely. While aromatic protons of the polymer chain were revealed at 6.97 ppm and 6.70 ppm, chain end aromatic protons appeared at 7.79 ppm and 6.45 ppm. -CH 2 protons (a, b, c, a', b', c') of the pendant butyl groups appeared in the aliphatic region between 0.77 ppm and 1.55 ppm. Conversions were calculated from 1 H NMR spectra of the polymers, before and after washing,based on distinguishable alkyl protons of residual monomers and resulting polymers, Figure IV-1.-CH 2 (d) signals of pendant butyl groups of the residual monomers appear at 3.11 ppm (d'') and polymerized units shift to 3.76 ppm (d') as monomers are consumed in the production of polymers.

Figure IV- 1 .

 1 Figure IV-1. 1 H-NMR spectra of ethyl 4-butylamino benzoate (1), poly (4butylaminobenzoate) before (2) and after washing (3).Peaks with asterisk were originated from solvent, CHCl 3 .

  These reactions were followed by the thermo-time diagram where a temperature probe was installed in the calorimeter to measure the reaction temperature, Figure IV-2. Since CL polymerization is exothermic, it was easy to follow these experiments by monitoring the exotherm-time rate plots, Figure IV-2. As explained in previous chapters, the first part of the reaction with increasing of the temperature belongs to the polymerization and the second one is showing the crystallization, Figure IV-2a. It is noted that, for tBuOK, the slope of the curve(Figure IV-2b) is significantly increased earlier than for C10, MeONa or the EtONa in reaction.

Figure IV- 2 .

 2 Figure IV-2. Polymerization exotherm-time plots of PA6 with C10, tBuOK, MeONa and EtONa.

1 H

 1 NMR technique was used to characterize the structure and the composition of the copolymers in CDCl 3 /HFIP, Figure IV-3. Synthesized 30%Ar-PA6 was confirmed by 1 H NMR in HFIP/CDCl 3 and compared with starting monomers, ethyl 4-butylaminobenzoate (Figure IV-S1) and CL (Figure IV-S6), in Figure IV-3.After polymerization, the -NH peaks of CL is shifted to 5.98 ppm from 6.78 ppm. -CH 2 (a and b) of butyl pendant group of the aromatic comonomer is shifted to 0.88 from 0.95 (a) and to 1.18 ppm from 1.60 ppm.

Figure IV- 3 . 1 H

 31 Figure IV-3. 1 H NMR spectrum in CDCl 3 /HFIP of, from top to bottom: 30%Ar-PA6, ethyl 4butylbenzamide and ԑ-caprolactam. Peaks with asterisk were originated from solvents (CHCl 3 and HFIP).

1 H

 1 NMR integral results are provided to further confirm the above statement, Figure IV-4. Characteristic proton peaks of CL repeating units appeared at (ppm) 5.98 (NH), 2.06 (CH 2 -C=O), 3.07 (NHCH 2 ), 1.45, 1.38 and 1.18 (CH 2 ). As shown in Figure IV-3, 30%Ar-PA6 exhibits the aromatic repeating units of ethyl 4-butylaminobenzoate. Aromatic ring peaks appeared at 7.64 and 6.49 ppm and butyl pendant groups were seen at 3.07 ppm (CH 2 N-), 1.18 and 1.10 ppm (-CH 2 CH 2 -) and 0.80 ppm (CH 3 -). Molar fraction of CL on 30%Ar-PA6could be calculated from integrated intensity ratio of the 3.03 at 2.06ppm ( 2.06 ) (CH 2 -CO) to the 1.00 at 0.88 ppm ( 0.80 ) including alkyl (CH 3 -) protons.Note that "" in Eq. (1) can be substituted by  2.06 (the integrated intensity of the CH 2 -CO peak at 2.06ppm), and also by  0.80 (CH 3 -at 0.80 ppm). The m% value calculated from this ratio showed 82% of aliphatic repeating units and 18% of aromatic ones. Another ratio was between -NH and CH 3 -(a) protons. The calculated average values were almost the same, 81% aliphatic and 19% aromatic contents in the copolymer.

Figure IV- 4 . 1 H

 41 Figure IV-4. 1 H NMR spectrum of 30% Ar-PA6 in CDCl 3 /HFIP. Peaks with asterisk were originated from solvents (CHCl 3 and HFIP).

5 )

 5 revealed the semi-crystalline character of PA6 and the increasing amorphous character of PA6-co-Ar. Increasing aromatic content in the copolymer decreased ΔHm (TableIV-5). The glass transition temperature corresponding to PA6 was increased for PA6-co-Arpolyamides from 53 °C to 68 °C (Figure IV-S8 and Figure IV-S9). As aromatic homopolymers are not present after purifying the copolymers according to NMR results, these results indicates the aromatic groups are incorporated into the PA6 main chains. Moreover, the single Tg indicates that there is only one relatively homogeneous structure in the final product, i.e., 30 and 50% Ar-PA6s (Figure IV-S8 and Figure IV-S9).

Figure IV- 5 .

 5 Figure IV-5. TGA thermograms of PA6, 30% Ar-PA6 and 50% Ar-PA6.

Figure IV- 7 .

 7 Figure IV-7. Elastic modulus (E') of PA6, 30% Ar-PA6 and 50% Ar-PA6 by DMA.

Figure IV- 8 .

 8 Figure IV-8. Loss factor (Tan of PA6, 30%Ar-PA6 and 50%Ar-PA6 by DMA.

  dicarbamoylcaprolactam (C20) (0.5 g, 1.3 mmol) (or 1.3 mmol of ethyl p-toluate; ethyl pnitrobenzoate; 4-nitrobenzoyl chloride; 4-nitrobenzoyl caprolactam) was added to the molten mixture, the polymerization started. After reaction, the polymer obtained was crushed and refluxed in water and then dried in an oven overnight at 90 °C under vacuum before analysis. Conversion of the monomer was determined gravimetrically.1 H NMR (CDCl 3 ) d (ppm) = 6.0 (s, 1H), 3.1 (m, 2H), 2.0 (m, 2H), 1.25-1.75 (m, 6H). 13 C NMR (CDCl 3 ) d (ppm) = 176.5, 50.55, 40.25, 36.20, 28.09, 25.81, 24.85. Percent monomer conversion= (polymer weight after extraction/ polymer weight before extraction)×100 Anionic ring-opening polymerization of ԑ-caprolactam with different initiators. Polyamide 6 was prepared in bulk by anionic ring opening polymerization. ԑ-Caprolactam (CL) (8.35 g, 73.8 mmol) and sodium ԑ-caprolactamate (C10) (0.23 g, 1.7 mmol) (or 1.7 mmol of EtONa; MeONa; tBuOK) were added in a glass reactor at 140 °C under nitrogen atmosphere. After hexamethylene-1,6-dicarbamoylcaprolactam (C20) (0.5 g, 1.3 mmol) was

Figure IV-S3. 1 H

 1 Figure IV-S3. 1 H NMR spectrum in CDCl 3 of crude polymer product after polymerization of ethyl 4-butylaminobenzoate at 25 °C. Calculation of the conversion is shown in the inserted formula.

Figure IV-S4. 1 H

 1 Figure IV-S4. 1 H NMR spectrum in CDCl 3 of crude polymer product after polymerization of ethyl 4-butylaminobenzoate at 50 °C. Calculation of the conversion is shown in the inserted formula.

Figure IV-S5. 1 H

 1 Figure IV-S5. 1 H NMR spectrum in CDCl 3 of crude polymer product after polymerization of ethyl 4-butylaminobenzoate at 100 °C. Calculation of the conversion is shown in the inserted formula.

Figure

  Figure IV-S6. 1 H spectrum NMR of ԑ-caprolactam (CL).

Figure IV-S7. 1 H

 1 Figure IV-S7. 1 H NMR spectrum of 50%Ar-PA6 in CDCl 3 /HFIP solution. Peaks with asterisk were originated from solvents (CHCl 3 and HFIP).

Figure

  Figure IV-S8. DSC thermogram of 30%Ar-PA6.

Figure

  Figure IV-S9. DSC thermogram of 50%Ar-PA6.

Figure

  Figure IV-S10. DMA thermogram of 30%Ar-PA6.

  Figure IV-S11. DMA thermogram of 50%Ar-PA6.
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  . The photodimerization of cinnamate derivatives in solution has achieved less interest compare to solid state due to the long irradiation time needed to complete good conversion.

	Photodimerization of cinnamate in solid state are among the most extensively reported
	crystalline-state reaction. Indeed, solid state gets rid of any solvent effect during
	dimerization.

Table I - 1 .

 I1 Structural formulas and codes of diacids, diamines, and diphenols used for fluorine containing aromatic polyamide preparation by polycondensation.

	Monomer I (Amine)	Monomer II (Acid)	Ref

Table II - 1 .

 II1 Synthesis of polyamide 6 and polyamide 6 bearing fluorinated groups at 140 °C in bulk.

	Run	Activator a	Initiator b	Ratio	CL c	CL F	d	CL F	d	Time Conv e
		(C20,	(C10,	([C10]	(mol/L)	(mol	(wt		%
		mol/L)	mol/L)	[C20])		%)	%)	
	P1, PA6	0.02	0.153	7.65	7.38	-		-		15min	98
	P2, 2%F-PA6	0.02	0.153	7.65	7.20	0.83	2		24h	67
	P3, 4%F-PA6	0.02	0.153	7.65	7.02	1.68	4		24h	63
	P4, 2%F-PA6	0.02	0.306	15.3	6.18	0.94	2		15min	90
	P5, 4%F-PA6	0.02	0.306	15.3	6.01	1.90	4		24h	63
	a C20 = hexamethylene-1,6-dicarbamoylcaprolactam in ɛ-caprolactam		
	b C10 = sodiumɛ -caprolactamate in ɛ-caprolactam					
	c CL = ɛ-caprolactam								
	d CL F = fluorinated ɛ-caprolactam; theoreticalvalues e determined gravimetrically.					

Table II - 2 .

 II2 Solubility a of PA6 and fluorinated derivatives. Cl 2 dichloromethane, DMF N,Ndimethylformamide, CH 3 OH methanol, CHCl 3 chloroform.

	Polymer				Solvent			
	Water	HFIP	H 2 SO 4	CH 2 Cl 2	DMF	CH 3 OH	CHCl 3
	P1, PA6	-	+	+	-	-	-	-
	P2, 2%F-PA6	-	+	+	-	-	±	-
	P3, 4%F-PA6	-	+	+	±	±	±	±
	P4, 2%F-PA6	-	+	+	-	-	±	-
	P5, 4%F-PA6	-	+	+	±	±	±	±
	a Symbols: +, soluble in 30 min; ±, partly soluble in 24 h; -, insoluble at 20 and 70 °C. HFIP
	hexafluoropropanol,		H 2 SO 4	sulfuric	acid,	CH 2		

Table II - 3 .

 II3 Thermal properties of polyamide 6 and PA6s bearing fluorine from DSC and TGA.

	Sample	DSC 1 st Scan Tm ΔH m	Tg a	DSC 2 nd Scan Tc ΔHc	Tm	ΔH m	T 5	TGA T 10	T d
		(°C)	(j/g)	(°C)	(°C)	(j/g)	(°C)	(j/g)	(°C) b	(°C) c	(°C) d
	P1, PA6	213 92.0	53	171	60	216	70	290	300	308
	P2, 2%F-PA6	209 97.0	52	165	47	204	47	272	297	363
	P3, 4%F-PA6	206 96.2	58	160	52	198	51	304	338	365
	P4, 2%F-PA6	215 93.4	57	177	67	215	70	330	355	390
	P5, 4%F-PA6	216	106	57	171	60	210	67	322	346	386

a From the second heating trace of DSC measurements conducted at a heating rate of 10 °C/min, b Decomposition temperature at a 5% weight loss, c Decomposition temperature at a 10% weight loss,

Table II - 4 .

 II4 -4. Static contact angles, surface energies and water uptakes of polyamide 6 and polyamide 6 bearing fluorinated groups.

	Polymer		Contact Angle ( o )			Surface Energy (γ) (mN/m)		Water uptake (%)
		H 2 O	CH 2 I 2	EG a	Polar	Dispersive	Total	b
	P1, PA6	61	30	34	10.60	38.84	49.47	10
	P2, 2%F-PA6	70	36	36	6.94	38.75	45.70	14
	P3, 4%F-PA6	74	39	37	5.59	38.52	44.11	16
	P4, 2%F-PA6	70	35	39	6.74	38.63	45.37	13
	P5, 4%F-PA6	74	38	38	5.58	38.60	44.18	16
	a							

Table III - 1 .

 III1 Anionic bulk copolymerization of ԑ-caprolactam with various crosslinking agents initiated by sodium ԑ-caprolactamate (C10) and activated by hexamethylene-1,6-

  ).

	Sample PA6 0.1	-caprolactammmol) 56.5 140 T p 150 160 180 (C) 170 + T	Crosslinker (mmol) -	Activator (mmol) 0.85 PA6 0.1: (2)/(C20)/(C10) = 0/1/1.4 Initiator (mmol) t p (T p ) a s (C) 1.18 51 (39) PA6 2.8: (2)/(C20)/(C10) = 0.836/1/2.194 PA6 2.9: (2)/(C20)/(C10) = 0.879/1/2.254 PA6 2.6: (2)/(C20)/(C10) = 0.523/1/1.746 PA6 2.7: (2)/(C20)/(C10) = 0.695/1/2.075	t c (T c ) b s (C) 206 (b)	Yield c % 99
			180	0	500	1000	1500	4000		5000	(32) 6000
	PA6 2.1 PA6 2.2 PA6 3.1	T p (C) + T	140 150 160 170	55.5 55.5 55.0		2 (0.42) 2 (0.42) 3 (0.42)	0.85 0.85 0.85 PA6 0.1: (2)/(C20)/(C10) = 0/1/1.4 1.18 105 (33) 2.04 85 (35) 1.18 47 (38) PA6 2.3: (2)/(C20)/(C10) = 0.251/1/1.4 PA6 2.1: (2)/(C20)/(C10) = 0.503/1/1.4 PA6 2.4: (2)/(C20)/(C10) = 0.562/1/1.4 PA6 2.5: (2)/(C20)/(C10) = 0.753/1/1.4	229 (31) 216 (28) 181 (28) (a)	97 99 99
	PA6 3.3			54.3 0	500	3 (1.23) 1000	0.85 1500	2000	1.18	58 (31) 5000	225 (27) 6000
							Time (s)	
										212 (PA6 2.3), 0.42
	(PA6 2.1), 0.44 (PA6 2.6), 0.48 (PA6 2.4), 0.59 (PA6 2.6), 0.64 (PA6 2.5), 0.71 (PA6 2.8) and
	0.74 (PA6 2.9) mmol of (2).					

Figure III-3. Temperature change with time dependence (Tp = 140 °C) for the polymerization of -caprolactam (PA6 0.1) and copolymerization of -caprolactam with 0.

Table III - 2 .

 III2 Anionic bulk copolymerization of ԑ-caprolactam with various amount of amidebased crosslinking agent (3) (nC10=1.18 mmol, Tp = 140 °C).

	Sample	(3)/ C20 a	C20 mmol	([CL] 0 +[(3)] 0 ) /[C20] 0	F (3) (W (3) ) b mol% (wt%)	T m (H m ) c °C (J.g -1 )	X d %	(Pa) (G') =0.1rad/ s	Q HFIP	e
	PA6 0.1	0	0.85	74	0(0)	216(70.8) 37	>10	N.A.
	PA6 3.7 0.67	0.85	74	0.90(2.7)	209(60.7) 32	18 700	53	
	PA6 3.6 0.84	0.85	74	1.13(3.3)	198(45.4) 24	21 600	48	
	PA6 3.2	1	0.85	74	1.37(4.0)	195(37.9) 20	23 400	43	
	PA6 3.5 1.34	0.85	74	1.84(5.3)	194(32.0) 17	237 000	35	
	PA6 3.3 1.45	0.85	74	2.09(6.0)	195(30.1) 16	238 000	32	
	PA6 3.4	2	0.85	74	2.83(8.0)	194(22.2) 12	240 000	27	
	PA6 3.8 2.57	0.43	142	1.80(5.3)	198(39.2) 21	170 000	36	
	PA6 3.9 2.24	0.25	259	0.86(2.7)	203(44.9) 24	210 000	45	
	PA6 3.10	2	0.10	552	0.32(1.0)	213(56.0) 27	21 670	59	

a Molar ratio, b F (3) and W (3) = [3]/([3]+[CL]) in mole and weight percent respectively, c

Table III - 3 .

 III3 Synthesis of polyamide 6 and polyamide 6 bearing pendant cinnamoyl groups at 140 °C in bulk and their solubility in HFIP.

	Run	C20,	C10,	[C10]/	CL a	Cin-CL b	Cin-CL b	t,	Conv c	Sol. d
		(mol/L	(mol/L)	[C20]	(mmol)	(mol %)	(wt %)	min	%	
		)								
	1, PA6	0.02	0.153	7.65	73.8	-	-	15	98	S
	2, 2%Cin-	0.02	0.153	7.65	72.0	1.03	2	15	90	S
	PA6									
	3, 6%Cin-	0.02	0.153	7.65	68.4	3.20	6	30	60	NS
	PA6									
	4, 10%Cin-	0.02	0.153	7.65	65.0	5.48	10	24	60	NS
	PA6									

a ɛ-caprolactam, b α-cinnamoylamido-ɛ-caprolactam, c Determined gravimetrically, d Solubility in HFIP (hexafluoroisopropanol), S: Soluble, NS: Non-soluble.

Table III - 4 .

 III4 Thermal properties PA6 and PA6s pendant cinnamoyl groups.

	Sample

DSC 1 st Run DSC 2 nd Run TGA Tm (°C) ΔH m (j/g) Tg (°C) Tc (°C) ΔHc (j/g) Tm (°C) ΔH m (j/g) T 5 (°C) a T 10 (°C) b T d (°C) c

  Thermal stability of the polyamides was investigated by thermogravimetric analysis (TGA) under nitrogen atmosphere. The TGA diagrams of PA6 and PA6 bearing cinnamoyl units are shown in Figure III-12 and the results are summarized in Table III-4. TGA curves also

	PA6	213	92	53	171	60	216	70	290	300	308
	2%Cin-PA6	213	82	59	170	56	214	60	307	321	330
	6%Cin-PA6	210	87	62	152	48	204	47	308	336	346
	10%Cin-PA6	210	89	61	152	42	201	44	361	390	407
	a Decomposition temperature at a 5% weight loss,						

b Decomposition temperature at a 10% weight loss, c Maximum of the peak decomposition temperature.

  13 C NMR in d 6 -DMSO:  ppm = 175,20 (s, -NHCOCH(NH-)CH 2 -), 156.96 (s, -NHCONH-), 51.91 (s, -CO(-CH 2 )CHNHCO-), 40.72 (s, -CH 2 NHCOCH(-CH 2 )NH-), 38.96 (s, -NHCONHCH 2 -), 32.68 (s, -CH 2 CH(NH-)CO-), 29.95 (d, -NHCONHCH 2 CH 2 -), 28.84 (s, -CH 2 CH 2 CH(NH-)CO-), 27.67 (s, -CH 2 CH 2 CH 2 CH(NH-)CO-), 26.09 (s, -NHCONHCH 2 CH 2 CH 2 -).

  . Several CGCP of ethyl 4-butylaminobenzoate were carried out in THF at elevated temperatures for 24h in the presence of the lithium bis(trimethylsilyl)amide(LiHMDS) as a base and phenyl 4nitrobenzoate as an initiator, Table IV-1. Efficiency of the CGCP at these conditions was

	checked. When CGCP of ethyl 4-butylaminobenzoate was carried out at 0 °C (Run 1), it
	gained a lower molar mass than the theoretical one due to the lack of solubility of the
	resulting polymer which had a butyl pendant group. Considering this lowering of molar mass
	due to the solubility, controlling of following experiments at higher temperatures were
	expected before their precipitations.						
	TableIV-1. Synthesis of aromatic polyamide by chain-growth polycondensationin THF at
	different temperatures.						
	Run	Leaving Group	Initiator	Temp. (°C)	time (h)	M n, theo (g/mol)	M n, SEC a (g/mol)	Conv. b (%)	Ɖ a
	1	EtO-	Phenyl 4-nitrobenzoate	0	24	10000	2500	79	1.27
	2	EtO-	Phenyl 4-nitrobenzoate	25	24	10000	2300	84	1.31
	3	EtO-	Phenyl 4-nitrobenzoate	50	24	10000	1220	85	1.29
	4	EtO-	Phenyl 4-nitrobenzoate	100	24	10000	1380	88	1.12
	n (monomer, ethyl 4-butylaminobenzoate) = 2.25mmol,				
	n (initiator) = 0.04mmol,						
	n (base, LiHMDS) = 2.25 mmol,						

a Determined by SEC in THF using PS Standarts. b Conversion was calculated by 1 H NMR in CDCl 3 .

Table IV - 2 .

 IV2 Effect of the activator on polymerization of ԑ-caprolactam (CL) at 140 °C in bulk.

	Run	Activator a	Initiator (C10, mmol)	Monomer (CL, mmol)	Conversion b (%)
	1	C20	1.7	73.8	98
	2	Methyl 4-nitrobenzoate	1.7	73.8	-
	3	Ethyl 4-nitrobenzoate	1.7	73.8	-
	4	4-nitrobenzoyl chloride	1.7	73.8	-
	5	4-nitrobenzoyl caprolactam	1.7	73.8	-
	6	Ethyl p-toluate	1.7	73.8	81

a Activator = 1.3mmol, b Determined gravimetrically.

Table IV -

 IV 3.Initiator effect on polymerization reactivity of ԑ-caprolactam in bulk at 140 °C.

	Activator	Initiator	Monomer	Conversion a (%)	Time (min)	Slope (°C/s)
	C20	C10	CL	98	20	1.89
	C20	EtONa	CL	98	20	1.82
	C20	MeONa	CL	98	20	2.33
	C20	tBuOK	CL	98	20	3.54
	n (monomer, CL) = 73.8 mmol. n (activator, C20) = 1.3 mmol. n (initiator) = 1.7 mmol.

a Determined gravimetrically.

Table IV - 4 .

 IV4 Synthesis of polyamide 6 and aliphatic/aromatic copolymers at 140°C in bulk.

	Run	C20, mmol	C10, mmol	CL a mmol	NaHMDS b , mmol	Ar c , mmol	CL a , wt %	Ar c , wt %	Time	Conv d %
	PA6	1.30	1.70	73.8	-	-	100	-	15min	98
	30%Ar-PA6	0.33	0.44	10.1	2.30	2.26	70	30	24h	70
	50%Ar-PA6	0.33	0.44	4.52	2.30	2.26	50	50	24h	60
	a ɛ-caprolactam,								
	b 1M, in THF,									
	c Ethyl 4-butylaminobenzoate,							

d Determined gravimetrically.

Table IV -

 IV 5. DSC and TGA analyses of PA6, 30%Ar-PA6 and 50%Ar-PA6 under N 2 .

	Sample			DSC				TGA	
		Tg	Tc	ΔHc	Tm	ΔHm	T 5	T 10	T d
		(°C)	(°C)	(J/g)	(°C)	(J/g)	(°C) a	(°C) b	(°C) c
	PA6	53	171	60	216	70	290	300	308
	30%Ar-PA6	65	137	19	195	23	293	314	317
	50%Ar-PA6	68	-	-	-	-	302	325	323

opening polymerization of ԑ-caprolactam with different activators.

  H NMR (CDCl 3 ) d (ppm) = 7.7 (m, 1H), 7.0 (m, 1H), 6.7 (m, 1H), 6.5 (m, 1H), 4.5 (m, 2H),3.8 (m, 2H), 1.6-1.2 (m, 2H), 0.8 (t, 3H).13 C NMR (CDCl 3 ) d (ppm) = 168.7, 142.8, 137.8, 129.4, 128.9, 127.3, 126.8, 50.7, 31.8, 29.2, 27.4, 27.0, 22.9, 14.3. Polyamide 6 was prepared in bulk by anionic ring opening polymerization. ԑ-Caprolactam (CL) (8.35 g, 73.8 mmol) and sodium ԑ-caprolactamate (C10) (0.23 g, 1.7 mmol) were added in a glass reactor at 140 °C under nitrogen atmosphere. After hexamethylene-1,6-

	Anionic ring-

d Maximum of the peak decomposition temperature.

Chapter II

Copolymerization of ԑ-caprolactam and fluorinated derivatives for increased surface hydrophobicity and thermal stability of polyamide 6

Keywords : Anionic ring-opening polymerization, lysine, α-amino-ε-caprolactam, copolymerization, polyamide synthesis, fluorinated polyamides, hydrophobic surface and water uptake. Mathias et al. 19 reported that vinyl derivatives of α-amino-ɛ-caprolactam from various diacid chlorides and diisocyanates (Scheme II-2) but not by AROP of CL ring. After series of monomer synthesis, polymers bearing pendant of α-amino-ɛ-caprolactam with multiple hydrogen bonding sides are obtained by the free radical polymerization in solution using 2,2azo-bis(isobutyronitrile) (AIBN) and 2,2'-azo-bis(amidinopropane) hydrochloride as initiators.

Among these monomers, bis-and tetra-caprolactams derivatives are polymerized to form self-assembled polymers and networks via hydrogen bonding with good thermal properties.

On the other hand, obtained homopolymers from these monomers reveal high glass transition temperatures (Tg) owing to presence of the bulky pendant groups (cyclic) on the polymer backbone. This can be related to fact that bulky groups decrease chain mobility and increase rotational barrier via their intramolecular and/or intermolecular hydrogen bonding.

They also studied that dynamic mechanical analysis of one example of the polymers bearing pendant cyclic group which demonstrates high storage modulus. Meausurements. 1 H NMR spectra of reactants were recorded by using a Bruker AC250 instrument at a proton frequency of 250 MHz at room temperature. 19 As it is well known, wholly rigid aromatic polyamides exhibited higher glass transition temperature than aliphatic-aromatic copolyamides and homo aliphatic polyamides (PA6).

Experimental and supporting informations

But these aromatic polyamides drawbacks are their high melting point reducing the processability and decomposing before their melting point which is too high. Physical

properties and thermal stabilities of wholly aromatic polyamides are known to be superior to those of PA6. Yokozawa and coworkers 35 The storage modulus E' of all polymers are close to each other. Particularly, the modulus around 140°C is lowering in parallel to their decreasing crystallinity along with a higher amount of aromatic units in the system. Normally, an increase of rigidity is expected to Measurements. 1 H NMR spectra of reactants were recorded by using a Bruker AC250 instrument at a proton frequency of 250 MHz at room temperature. Rate of polymerization was followed by temperature vs time monitoring using an ALMEMO2590 AHLBORN thermocouple. Differential scanning calorimetry (DSC) was performed on a Perkin-Elmer

Diamond DSC with a heating rate of 10 °C.min -1 under nitrogen flow (10 mL.min -1 ).

Thermogravimetric analysis (TGA) was performed on a Perkin-Elmer Diamond TA/TGA with a heating rate of 10 °C min -1 under nitrogen flow. Dynamic mechanical thermal measurments were performed in a single-cantilever bending mode on an MKII dynamic mechanical thermal analyzer with a flat sample (prepared by heat pressing) at a heating rate 5 °C min -1 .

The operating temperature range was -10 °C to 170 °C, and the frequency was 1 Hz. The storage modulus (E'), loss modulus (E''), and loss tangent (tan ) for each sample were automatically recorded by a computer throughout the test.

Chain growth condensation polymerization of ethyl 4-(butylamino)benzoate 22 at elevated reaction temperatures.

A flask, equipped with a three-way stopcock, was purged with argon and then charged with dry THF (0.4 mL) and 1.0 M LiHMDS in THF (2.475 mmol).

The flask was cooled to 0 °C under an argon atmosphere with stirring for 10 min. Into the flask was added a solution of ethyl 4-nitro benzoate (0.04 mmol) in dry THF under dry added to the molten mixture, the polymerization started. After reaction, the polymer obtained was crushed and refluxed in water and then dried in an oven overnight at 90 °C under vacuum before analysis. Conversion of the monomer was determined gravimetrically. added to caprolactam mixture and copolymerization was started by adding of hexamethylene-1,6-dicarbamoylcaprolactam (C20) (0.13g, 0.33 mmol). Reaction was completed in 24h. Obtained copolymer was purified by reflux in THF for removing nonreactive monomers then it was filtered and dried in an oven at 100 °C for 24h. 1 
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General Conclusion and Perspectives

Title : Synthesis of functionalized polyamide 6 by anionic ring-opening polymerization

Abstract : The studies presented in this thesis aim to copolymerize ԑ-caprolactam (CL) with different derivatives of α-amino-ԑ-caprolactam (which has a functionalizable primary amine) via anionic ring-opening polymerization. By using this strategy, we describe: (i) the synthesis of thermally more stable fluorinated polyamide 6 having a hydrophobic surface; (ii) the synthesis of polyamides 6 bearing pendant cinnamoyl groups, which are thermo-and photoresponsive chromophore groups, and demonstrating their reversible crosslinking as well as improved thermo-mechanical properties; (iii) the copolymerization of CL with a crosslinker (N-functionalized αamino-ԑ-caprolactam bis-monomers) into crosslinked polyamides 6. As part of our continuing interest in polyamide 6 chemistry, we developed the combination of anionic ring-opening polymerization of CL and chain-growth condensation polymerization of ethyl 4-butylaminobenzoate in order to obtain aliphatic/aromatic polyamides in onestep.

Keywords : polyamides, polyamide 6, ԑ-caprolactam, α-amino-ԑ-caprolactam,