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Titre : Analogues Synthétiques de Polypeptides 
Intrinsèquement Désordonnés : Copolymérisation, Contrôle de 
Séquence et Réponse aux Stimuli. 

Résumé : 

Les protéines sont une classe très importante de biomacromoléules naturelles. Elles 
remplissent de nombreuses fonctions dans les systèmes vivants mais sont 
composés de seulement 20 types d’acides aminés. Mimer la structure chimique des 
protéines en produisant des polypeptides synthétiques est d’un grand intérêt pour 
produire des matériaux fonctionnels, biodégradables et biocompatibles. Le moyen le 
plus économique et le plus efficace pour produire des polymères à base d’acides 
aminés est la polymérisation par ouverture de cycle des N-carboxyanhydrides (NCA) 
dérivés de ces acides aminés. L’objectif de cette thèse de doctorat a été d’imiter la 
structure et les propriétés de protéines intrinsèquement désordonnées en utilisant 
cette polymérisation. La séquence des acides aminés dans ces protéines est 
relativement simple si on la compare à d’autres régions du protéome et se 
caractérise par des séquences répétitives enrichies en glycine et en proline. En 
utilisant les monomères NCA dérivés de ces deux acides aminés, ce travail de 
doctorat développe la préparation de copolymères statistiques par copolymérisation 
pour produire des polypeptides avec une séquence monomère contrôlée 
stochastiquement. Un tel contrôle permet d’induire de manière statistique certaines 
séquences (AA, AB, BB) dans la distribution des monomères le long de la 
macromolécule. Les études cinétiques d’un modèle de copolymérisation comprenant 
de la glycine et un glutamate protégé ont d’abord permis de calculer leurs rapports 
de réactivité respectifs. Le contrôle des différentes conditions de réaction (solvant, 
température, catalyse) a permis d’orienter stochastiquement le système de 
copolymérisation vers différentes séquences en monomères. L’influence de cette 
séquence sur les propriétés macromoléculaires, notamment la solubilité et la 
structure secondaire, a ensuite été élucidé. Dans un deuxième temps, l’approche 
biomimétique basée sur la chimie des polymères a été utilisé pour reproduire la 
séquence de protéines thermosensibles riches en glycine et en proline. En biologie, 
les polypeptides de type élastine (ELP), sont des protéines thermosensibles qui 
présentent un caractère thermosensible proche de la température corporelle (37 °C) 
et sont donc utilisés dans de nombreuses applications biomédicales. Cette classe de 
protéine a donc été choisie comme modèle de séquence riche en glycine et en 
proline à mimer. Des homopolymères de polyproline (PLP) de masses moléculaires 
élevés ont d’abord été préparés en milieu aqueux et étudiés pour comprendre leur 
comportement thermosensible peu exploré et révélant une hystérèse 
exceptionnellement large. Avec ce polymère, la structure, la chiralité et la 
structuration secondaire sont des paramètres importants qui expliquent un effet 
mémoire qui a permis de produire des formulations originales telles que des sondes 
de température ou des hydrogels programmables. Dans des réactions de 
copolymérisation en milieu aqueux, introduire de la proline avec de la glycine permet 
d’affiner son comportement thermosensible. En réalisant la polymérisation dans 
l’eau, cette copolymérisation produit des macromolécules à gradient élevé dont on 
peut ajuster le comportement thermosensible. Ces copolymères s’auto-assemblent 
spontanément en nanoparticules thermosensibles. Des réactions de polymérisation 



 

plus complexes, des terpolymérisations entre la glycine, la proline et la valine ont 
ensuite été explorées pour mieux imiter le comportement des ELP, mais cette 
réaction a montré certaines limites et des problèmes de solubilités. Finalement, 
d’autres approches de polymérisation ont été explorées, y compris l’organocatalyse 
et la catalyse organométallique. Ces systèmes permettront d’obtenir des 
copolymères contenant de la proline avec une thermosensibilité plus modulable. 

Mots clés : 

Polymérisation à ouverture de cycle, Monomères N-carboxyanhydride, Contrôle de 
séquence en copolymérisation, Polypeptides thermosensibles, Copolymères 
biomimétiques 

 

Title: Synthetic Analogues of Intrinsically Disordered 
Polypeptides: Copolymerization, Sequence-Control and Stimuli-
Responsiveness. 

Abstract: 

Proteins are the most diverse class of natural biomacromolecules, and they carry out 
many different roles in living biology. Their diverse functional and structural portfolio 
is made up of only 20 different types of monomers, naturally occurring amino acids. 
Mimicking the chemical structure of proteins by producing synthetic poly(amino-acids) 
is thus of great interest to produce highly functional, biodegradable and 
biocompatible materials. The most economical and efficient way to produce high 
molecular weight amino-acid based polymers is through the ring opening 
polymerization (ROP) of amino acid N-carboxyanhydrides (NCAs). This 
polymerization is very similar to classical ROP and can be easily scaled up in 
synthetic chemical facilities. The goal of this PhD is to be able to mimic the structure 
and properties of intrinsically disordered proteins (IDPs). The sequence of amino 
acids in IDPs is relatively simple compared to other regions of the proteome and is 
characterized by highly repeating patterns. These simple protein structures are 
considered an easy first step to mimic proteins through polymerization procedures.  
The primary sequence of these proteins must first be replicated in a polymerization 
process. This PhD work presents the preparation of statistical copolymers via the ring 
opening copolymerization (ROCOP) of NCAs to produce polypeptide polymers with a 
stochastically controlled monomer sequence. This technique aims to enrich the 
frequency with which desirable monomer sequences appear in the overall sequence 
distribution. Kinetic studies of a model copolymerization system comprising glycine (a 
disorder-inducing monomer) and a protected glutamate were used to calculate their 
respective reactivity ratios. Reaction conditions (solvent, temperature, catalysis) were 
varied to enrich the resulting copolymers with different monomer sequences and 
composition profiles. Their consequent effect on the macromolecular properties, 
notably solubility and secondary structure, was further analysed. Stimuli-responsive 
polypeptides were then studied, focusing on thermoresponsive polymers. Like 
glycine, proline units are common in IDPs. The synthesis of high molecular weight 



 

and controlled PLPs via the recently developed water-assisted mechanism led to the 
study of the little-explored thermoresponsive behaviour of these polymers, which 
exhibit an unusually broad hysteresis. The structure, chirality and secondary 
structuring were found to be the underlying reason for this property. This behaviour 
was exploited to produce simple memory driven formulations such as temperature 
probes or programable hydrogels. Elastin-like polypeptide (ELP), a thermoresponsive 
IDP that contains both glycine and proline units, has a lower critical solution 
temperature (LCST) close to body temperature (37°C) and is used in many 
biomedical applications. This class of IDP is extensively studied in the laboratory and 
was chosen as a model IDP to be mimicked. Using the knowledge accumulated from 
previous studies, the copolymerization of proline with glycine to fine tune the 
thermoresponsive behaviour was first explored. It was found that the water-assisted 
ROP mechanism produced copolymers with a strong gradient that showed similar 
LCST behaviour to polyproline. Lower molecular weight copolymers showed block-
like structures and formed thermoresponsive nanoparticles. Terpolymerizations of 
glycine, proline and valine were further explored to mimic the behaviour of ELP but 
the use of water-assisted ROP limited the range of accessible compositions. Finally, 
other ROP mechanisms were explored including organocatalysis and organometallic 
catalysis. These systems will allow to obtain proline containing copolymers with 
highly tuneable thermoresponsivness. 

Keywords: 

Ring-opening polymerization, N-carboxyanhydride monomers, Biomimetic 
copolymers, Sequence control in copolymerization, Thermoresponsive polypeptides 
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I 
 

Objectif de la thèse 

Les protéines sont des macromolécules biologiques (biomacromolecules) très 

diversifiées aussi bien au niveau de leurs structures que de leurs fonctions, bien 

qu'elles soient composées de seulement 20 types différents de monomères, les acides 

aminés. C’est en fait la séquence et la distribution spatiale de ces mêmes acides 

aminés qui permet de générer la grande diversité des structures protéiques dans les 

systèmes vivants et de promouvoir au mieux leurs propriétés biologiques. Dans le 

cadre d’une approche de chimie bio-inspirée, mimer la structure chimique des 

protéines à travers la synthèse de poly(acides aminés) est devenu d’un grand intérêt 

pour produire des matériaux hautement fonctionnels, biodégradables et 

biocompatibles. Dans ce travail, nous nous sommes intéressés aux protéines 

intrinsèquement désordonnées (IDP).1,2 Les IDP sont caractérisées par des 

séquences simples,3,4 une forte solubilité et se comportent comme des chaines 

polymères solvatées.5 De plus, elles jouent un rôle biologique important dans la 

reconnaissance moléculaire et l’auto-assemblage grâce à leur propriétés physico-

chimiques uniques.5–7 Les IDP sont d’excellents modèles pour développer des 

analogues polymères synthétiques, l’objectif sous-jacent à l’ensemble de ces travaux 

de thèse. 

Cette thèse de doctorat se concentre sur la synthèse de polymères appelés 

polypeptides (dont les unités répétitives sont des acides α-aminés) en utilisant la 

polymérisation par ouverture de cycle (ROP) des N-carboxyanhydrides (NCA) (Figure 

1).  

 

Figure 1: Formation de NCA à partir d’acide aminés et leur dérivés. La ROP des 

NCA pour produire des polypeptides est au centre du développement récent en se 

focalisant sur les différentes méthodes pour optimiser cette polymérisation. 



II 
 

Une étude bibliographique sur les progrès récents dans les méthodologies de synthèse 

des NCA et de la ROP (Figure 1) constitue l’état de l’art dans le chapitre 1 de cette 

thèse. Cette méthode de polymérisation est très similaire à d’autres ROP (lactide, 

oxazolines, etc.) et peut être facilement mise en œuvre à grande échelle, ouvrant ainsi 

des perspectives d'application dans le domaine des matériaux, des perspectives 

d’applications que n’offrent pas souvent les protéines.8  

Les polymères peptidiques (polypeptides dans Figure 1) ont longtemps été étudiés 

afin de reproduire certaines caractéristiques structurales modèles des protéines 

naturelles.9 Par exemple, ces polymères sont considérés comme des analogues 

synthétiques simplifiés de la structuration des protéines puisqu’ils peuvent adopter des 

structures secondaires typiques (α-hélice, β-feuille…).10 

Le chapitre 2 se focalise sur une copolymérisation particulière, la ROP simultanée de 

deux types de monomères NCA. En s'inspirant du fait que la structure des protéines 

dépend de l'arrangement des unités monomères le long de la chaîne peptidique 

(appelé séquence primaire), l'objectif de ce chapitre était de contrôler la distribution 

des deux types de monomères (en bloc, en gradient, alternées…) au sein des chaînes 

de copolymères. En utilisant un système binaire pour démontrer comment l'insertion 

d'un type d'unités peut perturber l'hélicité d'un bloc peptidique en tant que modèle 

simplifié d'une IDP. Plus précisément, un polypeptide modèle qui se structure en hélice 

a été étudié, le poly(γ-benzyl-L-glutamate) (PBLG) issu du NCA de BLG (Figure 2).11 

Afin de désordonnér ce polymère, nous l’avons copolymérisé avec le NCA de la glycine 

(Figure 2), un résidu qui crée des barrières stériques à l'apparition de la structuration 

secondaire dans les séquences d’IDP.12 Pour cela, il a été essentiel de comprendre 

comment les deux monomères réagissent et s'insèrent dans une chaîne polymère 

grâce à une étude cinétique du système de copolymérisation. 

Le contrôle statistique de la distribution des deux monomères le long de la chaine a 

été étudié dans différentes conditions de réaction (solvant, température, ratio de 

mélange et catalyse). Notre travail a permis d’établir une relation entre la distribution 

de la glycine et la conformation de la chaîne polypeptidique (Figure 2). Cette étude a 

donc permis de démontrer qu’il était possible d'obtenir des "copolymères à base de 

PBLG intrinsèquement désordonnés" grâce à la copolymérisation contrôlée de glycine 

pour former des copolymères à gradient. 
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Figure 2: Copolymérisation des NCA de glycine et BLG pour obtenir des 

copolymères à microstructures différentes en contrôlant les conditions de la 

réaction. Notre étude a démontré que le solvant, la température et le mécanisme 

de réaction peuvent orienter cette copolymérisation vers une ou autre 

microstructure. 

Dans le chapitre 3, nous nous sommes intéressés aux IDPs dérivés de l’élastine, qui 

sont sensibles à la température et qui contiennent un nombre significatif de résidus 

proline dans leur séquence. Cet acide aminé que l’on retrouve dans beaucoup d’IDPs 

n’a pas été vraiment étudié en tant qu’homopolymère notamment vis à vis de ses 

propriétés thermosensibles. Dans le cas de la ROP des NCAs, des travaux novateurs 

concernant la polymérisation13,14 nous ont permis d’étudier les propriétés 

thermosensibles de polyproline (PLP) à haute masse moléculaire.15 Ces polymères 

présentent une température de solution critique (LCST) associée à une hystérèse 

exceptionnellement large. Les chaines solubles à faible température s’agrègent au-

delà de leur point trouble (TCP) et ne se resolubilisent qu’à une température de 

resolubilization nettement plus faible (TCL) (Figure 3). 

Une étude approfondie des conditions influençant cette propriété telle que la 

concentration ou la force ionique du milieu a été réalisée. La compréhension des effets 

moléculaires sous-jacents a démontré que le comportement LCST des PLP est 

fortement lié à leur conformation (structure secondaire) crée par la chiralité et les 

liaisons peptidiques proline-proline.16 L’exploitation de l’hystérèse a aussi été explorée 

pour produire des matériaux reprogrammables avec effet mémoire (Figure 3). 
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Figure 3: Résumé graphique présentant l’effet de mémoire dans les formulations 

de polyproline à comportement LCST hystérétique et leur reprogrammation 

En allant plus loin dans notre approche bio-inspirée, nous avons considéré que les 

polypeptides de type élastine (ELP) sont une classe d’IDP thermosensible qui 

contiennent à la fois de la glycine et des unités de proline.17 Leur comportement LCST 

peut être très finement modulé par génie génétique grâce au choix et la séquence de 

ces deux types d’acides aminés.18 Le chapitre 4 se focalise donc sur la 

copolymérisation de la proline afin de moduler le comportement LCST étudié dans le 

chapitre 3 et pour se rapprocher de la thermosensibilité des ELP (Figure 4). 

Dans un premier temps, des essais de copolymérisation sur des systèmes binaires ont 

été abordés. Les copolymères que nous avons pu produire ont révélé un caractère à 

fort gradient similaire à ceux discutés dans le chapitre 2. Ceci a été attribué à la forte 

réactivité de la proline par rapport aux autre comonomères dans diverses conditions 

de ROP. Ces copolymères (Pro-Gly et Pro-Val) montrent un comportement LCST avec 

une hystérèse similaire à la PLP. En modulant les masses molaires, il a même été 

possible de produire des nanoparticules thermosensibles sans hystérèse. Dans un 

deuxième temps, des terpolymérisations de la glycine, de la proline et de la valine ont 

aussi été explorées pour mieux reproduire la séquence des ELPs (Figure 4). L’étude 

de ces systèmes dans les conditions assistées par l’eau et avec des catalyseurs 

organométalliques ont permis d’obtenir des structures polymériques contrôlées. Ces 
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systèmes permettront d’obtenir des copolymères contenant de la proline et possédant 

une thermosensibilité facilement modulable. 

 

 

Figure 4: La copolymérisation des NCA de proline, glycine et valine pour produire 

des copolymères statistiques. Ces travaux ont pour objectifs de reproduire 

statistiquement la séquence périodique des ELP et donc leurs propriétés. 

Les connaissances acquises sur la catalyse et la copolymérisation de la ROP des 

NCAs ont aussi permis d’ouvrir d’autres perspectives intéressantes. Par exemple, 

l’utilisation de catalyseurs organométalliques à base d’yttrium pour produire des 

polymères avec une tacticité contrôlée a été exploré.19 Ces complexes ont permis la 

ROP des NCAs pour produire des polypeptides avec les structures souhaitées même 

si l’efficacité de la stéréosélectivité lors de la polymérisation reste limitée. Finalement, 

la copolymérisation des NCA avec d’autre monomère cyclique (ROCOP), tel des esters 

cycliques, a été brièvement étudié afin de produire de nouvelles structures 

polymériques appelées poly(ester-amide)s. 
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Aim of the PhD 

Proteins are a highly diverse class of biological macromolecules, both in terms of their 

structures and functions, even though composed of only 20 different types of 

monomers, known as amino acids. The sequence and spatial distribution of these 

amino acids generate the vast diversity of protein structures in living systems and 

determine their biological properties. Mimicking the chemical structure of proteins 

through the synthesis of poly(amino-acids) is of great interest for producing highly 

functional, biodegradable, and biocompatible materials. In this work, we focused on 

intrinsically disordered proteins (IDPs).1,2 IDPs are characterized by simple 

sequences3,4 and high solubility, and behave like solvated polymer chains.5 They play 

an important biological role in molecular recognition and self-assembly due to their 

unique physicochemical properties.5–7 The objective of this thesis is to develop 

synthetic polymeric analogues of IDPs.  

This doctoral work focuses on the synthesis of polymers known as polypeptides (with 

repeating units being α-amino acids) using the ring-opening polymerization (ROP) of 

N-carboxyanhydrides (NCA) (Figure 1). 

 

Figure 1: Synthesis of NCA from amino acids and their derivatives. The ROP of 

NCAs to produce polypeptides is at the centre of recent developments, focusing on 

different methods to optimize this polymerization. 

A review of recent advancements in the synthesis of N-carboxyanhydrides (NCAs) and 

their ring-opening polymerization (ROP) (Figure 1) is presented in Chapter 1 of this 

manuscript. This polymerization method is very similar to other ROP techniques (such 

as lactide, oxazoline, etc...) and can easily be implemented on a large scale, thus 

opening prospects for applications in the field of materials—a potential not often offered 

by natural proteins.8 
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Peptidic polymers (polypeptides in Figure 1) have long been known to replicate certain 

structural features of natural proteins.9 For example, these polymers are considered to 

be simplified synthetic analogues of protein structures since they can adopt typical 

secondary structures (alpha-helix, beta-sheet, etc.)10. 

Chapter 2 of this thesis focuses on a specific copolymerization process, the 

simultaneous ring-opening polymerization (ROP) of two types of NCA monomers. 

Drawing inspiration from the fact that protein structure depends on the arrangement of 

monomer units along the peptide chain (referred to as primary sequence), the objective 

of this chapter was to control the distribution of both monomers (block, gradient, 

alternating, etc...) in copolymer chains. A binary system was used to demonstrate how 

the insertion of one type of units can disrupt the helicity of a peptide block as a 

simplified model of IDP. More specifically, a model polypeptide that forms a helical 

structure was studied, poly(γ-benzyl-L-glutamate) (PBLG) derived from BLG NCA 

(Figure 2).11 To disorder this polymer, it was copolymerized with glycine NCA (Figure 

2), a residue that creates steric barriers to the formation of secondary structure in IDP 

sequences.12 To achieve this, it was essential to understand how the two monomers 

react and integrate into a polymer chain, which was accomplished through a kinetic 

study of the copolymerization system. 

We conducted a systematic investigation into the statistical control of the distribution 

of the two monomers along the polymer chain under various reaction conditions 

(solvent, temperature, feed ratio, and catalysis). Our work allowed us to establish a 

relationship between the distribution of glycine and the conformation of the polypeptide 

chain (Figure 2). Consequently, this study demonstrated the feasibility of obtaining 

"intrinsically disordered PBLG-based copolymers" through controlled glycine 

copolymerization to form gradient copolymers. 
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Figure 2: Copolymerization of glycine and BLG NCA to obtain copolymers with 

different microstructures by controlling reaction conditions. Our study has shown 

that the choice of solvent, temperature, and reaction mechanism can influence the 

copolymerization towards one microstructure or another. 

In Chapter 3, we shifted our focus to IDPs derived from elastin, which are temperature-

sensitive and contain a significant number of proline residues in their sequence. This 

amino acid, commonly found in many IDPs, has not been extensively studied as a 

homopolymer, especially concerning its thermosensitive properties. In the case of NCA 

ROP, innovative work in polymerization13,14 has enabled us to investigate the 

thermoresponsive properties of high molecular weight polyproline (PLP).15 These 

polymers exhibit a lower critical solution temperature (LCST) associated with an 

exceptionally wide hysteresis. Chains are soluble at low temperatures but aggregate 

when heated above their cloud point temperature (TCP) and only resolubilize at a 

significantly lower clearing point temperature (TCL) (Figure 3). 

An in-depth study of the conditions influencing this property, such as concentration or 

ionic strength of the medium, was carried out. These experiments demonstrated that 

the LCST behaviour of PLPs is strongly linked to their conformation (secondary 

structure) created by the chirality and the proline-proline peptide bonds.16 We also 

exploited the hysteresis to produce reprogrammable materials with memory effects 

(Figure 3). 
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Figure 3: Graphic summary of the memory effect in hysteric LCST polyproline 

formulations and their reprogramming. 

Taking a step further, we considered elastin-like polypeptides (ELP), a class of 

thermosensitive IDPs that contain both glycine and proline units.17 Their LCST 

behaviour can be finely tuned through genetic engineering by choosing and 

sequencing these two types of amino acids.18 Therefore, Chapter 4 focuses on the 

copolymerization of proline to modulate the LCST behaviour studied in Chapter 3 and 

to better mimic the thermoresponsive abilities of ELPs (Figure 4). 

Copolymerization trials on binary systems were initially addressed. The produced 

copolymers exhibited a strong gradient character like those discussed in Chapter 2. 

This was observed due to the high reactivity of proline compared to other comonomers 

under various ROP conditions. These copolymers (Pro-Gly and Pro-Val) presented 

LCST behaviour with hysteresis similar to PLP. By modulating their molecular weights, 

it was even possible to produce thermoresponsive nanoparticles. Terpolymerizations 

of glycine, proline, and valine were also explored in more depth to replicate the 

behaviour of ELPs (Figure 4). The study of these systems under water-assisted 

conditions and with organometallic catalysts allowed for controlled polymeric 

structures. These systems will enable the synthesis of copolymers containing proline 

with easily modulated thermoresponsiveness. 
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Figure 4: Copolymerization of proline, glycine, and valine NCA to produce 

statistical copolymers. This work aims to statistically replicate the periodic 

sequence of ELPs and their properties. 

The knowledge gained in catalysis and copolymerization of NCA ROP has also opened 

up other interesting avenues. For example, the use of organometallic yttrium-based 

catalysts to produce polymers with controlled tacticity has been explored.19 These 

complexes have demonstrated the ability to produce polypeptides with the desired 

structure, although the efficiency of stereoselectivity during polymerization remains 

limited. Finally, the copolymerization of NCAs with other cyclic monomers (ROCOP), 

such as cyclic esters, has been briefly studied to produce new polymeric structures 

called poly(ester-amide)s. 
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AA allylamine 

ACN acetonitrile 

AMM activated monomer mechanism 

ATR-FTIR attenuated total reflectance-Fourier transform infrared 

BA benzylamine 
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EtOAc ethyl acetate 

EtOHA 2-(2-aminoethoxy) ethanol 

FDA Food and Drug Administration 

Fmes2BF tris[2,4,6-tris(trifluoromethyl)phenyl]borane 

GHS globally harmonized system of classification and labelling of chemicals 

HA hexylamine 

HFAB 1,3-Bis(2-hydroxyhexafluoroisopropyl)benzene 

HFIP hexafluoro-2-propanol 

HMBC heteronuclear multiple bond correlation 

HMDS hexamethyldisilazane 

HMDS bis(trimethylsilyl)amine 

HPLC high-performance liquid chromatography 

HSQC seteronuclear single quantum coherence 

IDP intrinsically disordered proteins/polypeptides 

IDPR intrinsically disordered protein regions 

IDR intrinsically disordered  regions 

iPrOH isopropanol 

LCST lower critical solution temperature  

LiHDMS mithium hexamethyldisilazide 

MALDI-TOF 
matrix-assisted laser desorption/ionization coupled to time of flight 

analysis 

MALS multi-angle light scattering 

Mn number average molecular weight 

mRNA messenger ribonucleic acid 

MSA methanesulfonic acid 

MW molecular weight 

NAM normal amine mechanism 
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NHC N-heterocyclic carbenes 

NMM N-methylmorpholine 

NMR nuclear magnetic resonance 

NNCA N-alkylated-N-carboxyanhydride 

NOE nuclear Overhauser effect 

NPCA N-phenoxycarbonyl-functionalized α-amino acid 

NTA N-thiocarboxyanhydride 

PBLG poly(γ-benzyl-L-glutamate) 

PDP poly-D-proline 

PEG polyethyleneglycol 

PGA poly(glutamic acid) 

PISA polymerization induced self-assembly 

PLA poly(lactic acid) 

PLP poly-L-proline 

rac-LA racemic lactide 

RE rare earth metals 

RI refractive index 

RNA ribonucleic acid 

ROCOP ring-opening copolymerization 

ROMP ring-opening metathesis polymerization 

ROP ring-opening polymerization 

SEC size exclusion chromatography 

SPPS solid phase peptide synthesis 

srCD synchrotron radiation 

T3P n-propanephosphonic acid anhydride 

TBBA tetrabutylammonium benzoate 

TBD triazabicyclodecene 

TCL clearing point temperature 

TCP cloud point temperature  

TEA triethylamine 

TFA trifluoroacetic acid 

THF tetrahydrofuran 

TMG tetramethylguanidine 

TMS trimethylsilyl 

TU-S bis-(trifluoromethyl)phenyl]thiourea 

UCST upper critical solution temperature 

Ugi 4CC Ugi multi-component reaction 

UV-Vis ultraviolet-visible light spectroscopy 

XH extent of hysteresis 

α-CHCA α-cyano-4-hydroxycinnamic acid 
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Chapter I: Synthetic amino acid-based polymers as 

simplified protein mimics 

 

1. From proteins to synthetic polymers 

Natural biomacromolecules are complex heteropolymers composed of several types 

of repeating units, arranged along the polymer chain in a sequence-controlled fashion. 

For example, deoxyribonucleic acid (DNA) is composed of 4 different monomer units 

called nucleotides and displaying cytosine, adenine, guanine or thymine nucleobases. 

The information contained in these sequences guides all biological functions. For ex-

ample, nucleic acid strands carry the code needed to produce proteins. The proteins 

are the other face of life, as these macromolecules support the metabolism of living 

organisms. First, proteins’ structural role in many living organisms makes them the 

largest class of biomacromolecules to be found in living systems such as bacteria. 

Second, proteins carry out many different and diverse functions: they have a catalytic 

role in biochemical reactions, they can generate energy, they store many compounds, 

and they form the dynamic skeleton of the cytoplasm. In metabolism, enzymatic reac-

tions are achieved thanks to the unique structures of proteins: this results in specific 

interactions that bring reagents together or stabilize transition states. Their flexible con-

formations allow them to switch their three-dimensional structure in response to an 

external stimulus such as pH or temperature making them an inspiration to design 

smart materials.1 

1.1. The structures of proteins 

This diverse portfolio of natural proteins is made up of only 20 different types of mon-

omers, the naturally occurring amino acids. These building blocks are composed of an 

amine and a carboxylic acid, connected by a single carbon called the α-carbon. Except 

for glycine, which is achiral, the natural amino acids are in the L-configuration, with the 

same relative orientation of acid, amine, and side chain. This relative configuration cor-

responds to the S-absolute configuration except for cysteine. They only differ from one 

another by the nature of their side chains, which affect the bending of the polymer 

backbone and stabilize its folding via different interactions. In cells, amino acids are 
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‘polymerized’ within the ribosomal complex from mRNA sequences. By translating the 

genetic information, the ribosome connects the amino acids one by one in a specific 

order through the formation of amide bonds. These are commonly called peptidic 

bonds which give the name polypeptide to linear chains of connected amino acids. Due 

to this amide bond, polypeptides have unique properties in aqueous media. It gives 

stability to the polymer chain in physiological conditions and allows cooperative hydro-

gen bonding with other polypeptides and the surrounding water molecules. 

 

Figure 1: The structure of the 20 canonical amino acids found in the human prote-

ome. The amino acids are classified according to the nature of their side chains. 

The simplest classification is shown in the figure: apolar or hydrophobic side 

chains, polar or hydrophilic side chains and charge bearing side chains. In the lat-

ter, amino acids can present acidic or basic functions. The protonation of all func-

tional groups is shown at physiological conditions (pH=7.4). 

Different levels of protein structuring have been identified. First, the information carried 

by the nucleic acids is translated in the ribosome and determines the sequence of 

amino acids inside a protein. This primary sequence is key to most proteins’ functions 

in catalysis, binding, and structure as it is the base for all subsequent supramolecular 

interactions. The nature of the side chains and their alignment are of major importance 
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to the protein properties. For instance, hydrophilic side chains may stabilize polypep-

tides through hydrogen bonding with the aqueous environment. Some side chains pre-

sent charges which depending on the pH and the environment, may change the solu-

bility of the polypeptide chain. Other amino acids have hydrophobic side chains that 

undergo weak interactions such as the Van der Waals force and avoid interactions with 

water, thus bundling together in certain part of the protein (Figure 1). Finally, side 

chains can present amphipathic behaviour, which allows the formation of interfaces.2 

The second level of protein structuring is the secondary structure which takes it form 

through macromolecular interactions. The chains organize themselves via hydrogen 

bonding interactions and the bending of the peptide backbone.3 The nature of the pep-

tide bond restricts the bending possibilities. Delocalisation of the π electrons in the 

amide gives the C-N bond a partial double bond nature and prevents the rotation of 

this bond. The other bonds in the backbone have more freedom to rotate. Two torsion 

angles can be identified in the repeating unit: the φ angle around the Cα–N bond be-

tween the Ci-1-Ni-Cαi half plane and the Ni-Cαi-Ci half plane. The second angle, ψ, is 

around the C-Cα bond between the Ni-Cαi- Ci and Cαi- Ci-Ni+1 half planes (Figure 2 b.). 

The conformation of the polypeptide chains can be roughly determined by the average 

values of the torsion angles. Since little rotational freedom can be allowed in the poly-

peptide chain due to its electronic configuration4 and steric hindrance, two main known 

regions of angle values were determined.5 These regions can be attributed to either 

alpha helices or beta sheets. The Ramachandran plot gives a probability of both angles 

in a protein sequence and its configurations. These two regions are thus the most prev-

alent in structured proteins (Figure 2 c.). 
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Figure 2: a. Illustration of part of a peptide chain comprising of three amino acids 

and the primary structure from left to right; b. the same scheme represented in 3D 

as to show how the polypeptide backbone bends around the different peptide 

bond. The plane represented at the second amide linkage shows its coplanar 

alignment with the neighbouring α-C. The torsion angles φ and ψ of the backbone 

are represented around the Cα of the third amino acid; c. a general case Rama-

chandran plot generated by MolProbity6 of the human olfactory receptor OR51E2 

bound to propionate in complex with miniGs399 protein complex. The lines delimit 

the “allowed” angle regions and the corresponding secondary structure. Each dot 

represents a repeat unit from the protein backbone. 

These secondary structures are stabilized by the hydrogen bonding of the peptide 

backbone. In the α-helix the main chain finds itself at the centre of the helix and the 

side chains are pointing outwards.  Hydrogen bonding happens between the oxygen 
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of the carbonyl of each peptide bond and the amine group four monomer units further. 

This interaction forces the torsion angles to be around -60° for the ϕ angle and −45° 

for the ψ angle, forming the helical compact rod-like structure (Figure 3) which makes 

a complete turn every 3.6 amino acids. These helices are mostly right-handed, as this 

orientation is favoured by the chirality of the amino acids. The β-sheet is a more ex-

tended conformation in which the side chains project in alternating directions from the 

main chain, which is called the β-strand (Figure 3). The torsion angles of the β-sheets 

are ϕ = −130° and ψ = 120° and adjacent strands are linked by hydrogen bonds. The 

β-turn falls into the angle values of the β region and, as its name suggests, forces a 

turn in the direction of the polypeptide chain. It is the simplest conformation as it con-

sists only of three or four residues. Due to their constrained nature, β-turns contain 

small amino acids such as glycine.7 When a peptide chain’s conformation does not fall 

into a certain category, it is usually considered to be in an extended or coil confor-

mation. This can be compared to a random coil in a polymer solution. 

 

Figure 3: Balls and sticks molecular structure of the α-helix (on top) and its sche-

matic representation (in blue); balls and sticks molecular structure of the β-sheet 

(on the bottom) and its schematic representation (in green). The distinct values 

and properties are highlighted. 

Other conformations are possible but are less commonly found in natural samples. 

Since the amide groups are usually involved in hydrogen bonding to form the second-

ary structures, the nature and position of the side chains typically govern interactions 

with the environment, which consists mostly of water molecules.8 When combined, 
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secondary structures and other compartments of the protein backbone, the macromol-

ecule takes a more globular form that corresponds to another level of structuring known 

as tertiary structure. Several tertiary structured polypeptide chains can eventually in-

teract or combine to give the quaternary structure of a functional protein. These two 

higher order structures are more complex and will not be treated further in this manu-

script focused on polymers that are able to mimic the structural and functional abilities 

of proteins. 

2. Amino-acid based synthetic polymers 

Polymer chemists have long dreamed of reproducing the structural and functional di-

versity of complex biomacromolecules such as proteins. On another hand, polymer 

science could impart protein properties: one could envision polypeptides backbones 

comprising different block segments with different properties, similarly to synthetic 

block copolymers.9 Recent works suggest that complex biological fluids can be mim-

icked using  synthetic copolymers that can replicate the macroscopic properties of pro-

teins (aggregation, etc.).10 This has some limits, and the chemical tools available to 

produce amino-acid based macromolecules are still very basic in comparison to the 

biological tools available from living organisms. Indeed, an efficient and precise tech-

nique that is widely used in the industrial and pharmaceutical sectors11 is to harvest the 

productivity of ribosomes inside bacterial hosts. The recombinant expression of pro-

teins in Escherichia coli is widely used for this purpose. This can be done by cloning a 

gene expressing a protein or a polypeptide of interest and then injecting it into the 

bacteria. The microorganisms produce the polypeptides by translating the genetic in-

formation via the ribosomal complex. Finally, the targeted polypeptides can be purified 

from other components present in the cells.12 This shows great possibilities and versa-

tility in the production of high molecular weight, uniform and well-defined polypeptide 

chains with desired sequences.11 This method is widely employed to produce IDPs 

which will be briefly presented in Chapter 4. Nevertheless, it is time and cost-intensive 

and requires specialized biotechnological equipment.13,14 Chemical tools that are more 

suitable for synthetic laboratories are also available for the production of peptidic back-

bones. One such tool is the solid phase peptide synthesis (SPPS).15 The principle of 

this technique is to add monomers iteratively to a substrate that is covalently attached 

to a solid support via a cycle of reaction, deprotection and washing steps. The first 
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monomer reacts, in excess, with functional groups on the matrix then the excess is 

washed away. Then comes the deprotection technique and the monomer is then avail-

able to react with the next. This procedure could be repeated n times to produce pep-

tidic chains with n amino acids, all with the same sequence, as long as quantitative 

yields are obtained and there are no side reactions. This aspect will be further explored 

in Chapter 2. SPPS still suffers from drawbacks as high chain lengths are difficult to 

achieve. Furthermore, both the recombinant synthesis and SPPS have very low yield, 

low scalability and are highly costly in both materials and time.16 

2.1. N-carboxyanhydrides and polypeptide polymers 

The most economical and efficient way to produce amino-acid based polymers is 

through the ring-opening polymerization (ROP) (4-substituted)-1,3-oxazolidine-2,5-di-

ones (Scheme 1), commonly known as N-carboxyanhydrides (NCAs). This polymeriza-

tion is very similar to classical ROP procedures and can be employed in any synthetic 

chemical facility which facilitates scalability. 

 

Scheme 1: Schematic representation of the transformation of an α-amino acid into 

its corresponding N-carboxyanhydride, highlighting the oxazolidine ring (in blue) 

and the extra carbonyl group (in red) while keeping the chiral α-carbon. These 

monomers can be ring opened to produce polypeptide polymers.  

NCAs are highly active in comparison to amino acids due to the highly electro-

philic 5-position carbonyl and the acidity of the nitrogen proton. Moreover, liberation of 

CO2 during ring opening results in a large increase in entropy, making these monomers 

unstable under ambient conditions. Thus, they must be handled and used under inert 

conditions, either in a Schlenk line under nitrogen or argon, or in a glovebox. Synthetic 

routes to these monomers will be discussed in the following sections. Amino acids used 

to produce NCAs typically have their functional side groups protected as not to react 

with the newly formed NCAs. Furthermore, their synthesis typically requires extensive 

purification and solvents, if used, must be dry.  
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2.1.1. On NCA synthesis 

As shown in Scheme 2 the preparation of N-carboxyanhydrides from amino acids re-

quires the incorporation of a carbonyl moiety that can later be liberated in the form of 

a CO2 molecule. The most direct way of doing so was introduced by F. Fuchs in the 

1920s by reacting N-benzylglycine with phosgene (COCl2)17 providing the N-alkylated 

NCA (NNCA). This method was later adapted to other amino acids by A. C. Farthing18 

and is to this day the most commonly used technique,13 known as the Fuchs-Farthing 

method. Earlier in the same century, H. Leuchs first stumbled upon what was later 

called the “Leuchs’ anhydrides” or NCAs. Exposing different N-alkyloxycarbonyl-amino 

acids to thionyl chloride provided the corresponding acyl chloride, which upon heating 

cyclizes into the NCA, releasing an alkyl chloride.19,20 Although this older method pro-

duces NCAs from most amino acids21, it was widely replaced by the Fuchs-Farthing 

method that does not employ amino acid derivatives and thus reduces the overall 

steps. Nevertheless, there are some recent examples that employ the Leuchs method 

to prepare NCAs of glycine22,23, histidine24 and arginine25,26. Other halogenating com-

pounds have found success in synthesizing some recalcitrant amino acid NCAs. For 

example, proline and protected hydroxyproline NCAs were readily synthesized from 

their N-Boc protected amino acid precursors using a mixture of triphosgene and tri-

ethylamine, that provide the corresponding acyl chloride (Scheme 2).27,28 Similarly, Nα-

benzyloxycarbonyl, Nε-modified-lysine reacts quantitatively with dichloromethyl methyl 

ether to give its corresponding NCA.29 Johnston and Mobashery have also reported 

the use of the Vilsmeier reagent (combining oxalyl chloride with DMF) to cyclize N-Boc-

silylated alanine to its NCA counterpart.30 Lewis acids such as PCl3 are commonly used 

to produce NCAs, while the less reactive PBr3 has been used to prepare glutamine and 

asparagine NCAs.31,32 Akssira et al. reported the synthesis of the NCAs of alanine, 

glycine, phenylalanine, phenylglycine, proline, tryptophane and valine by reacting their 

N-Boc forms with PCl3 in DCM achieving high yields of NCAs.33 Similarly, PCl5 has 

been widely used to produce NCAs of amino acids including cysteine34, tyrosine34, gly-

cine35 and alanine36. Zhang et al. reacted amino acids with dimethylcarbonate produc-

ing the N-methoxycarbonate derivative that underwent the cyclization in the presence 

of glacial acetic acid and heat.37 The more stable, thiolated counterparts of NCAs, N-

thiocarboxyanhydrides (NTA), are produced via a similar mechanism to produce similar 

structures with a sulphur atom between the two carbonyls. Their use in polypeptide 

formation has been reported but has not been widely adopted, since they are not easily 
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crystallized.38 Furthermore, the release of toxic and flammable carbonyl sulfide in the 

polymerization process could be a reason to favour NCAs. 

 

Scheme 2: Synthesis pathways of NCAs and reagents used. a. Fuchs-farthing 

pathway using phosgene and derivatives for the N-acylation process, b. Leuchs 

pathway using N-protected amino acids with halogenating agents to produce acyl 

chlorides. *acylation of amino acids could be done via several pathways39–42but 

they are usually commercially available. **phosgene and derivatives are widely 

used for the formation of acyl chlorides43–45 

The Fuchs-Farthing method, though widely used nowadays, has its disadvantages. 

Gaseous phosgene is mortal by inhalation (H330: Fatal if inhaled, GHS hazard state-

ments46) and a Schedule 3 substance under the Chemical Weapons Convention47, it 

is thus mostly used in the form of standardized solutions.48 Easier to handle alterna-

tives to phosgene include trichloromethyl chloroformate or diphosgene, a liquid and 

(trichloromethyl)carbonate or triphosgene, a solid. The latter seems to be the most 

popular choice among NCA synthesizers given its stability and reduced toxicity.49 Both 

di- and triphosgene are phosgene precursors and must be activated by heating or the 

addition of catalyst to liberate COCl2.49,50 Endo et al. proposed an alternative to phos-

gene by using bisarylcarbonates as cyclizing agents. This follows a similar mechanism 

but releases phenols instead of HCl limiting possible acidic hydrolysis.51,52 A novel 

method has also been proposed by Sugimoto et al. using photophosgenation.53 The 

authors showed the in-situ formation of transient phosgene by exposing chloroform to 

O2 and irradiation allowing for the formation of NCAs without the use of actual phos-

gene. Nonetheless, the use of O2 seems to add an underlying danger due to the risk 

of explosion as well as the need for specialized apparatus. Similarly, the nitrosation of 
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N-carbamoyl-amino acids using different NOx gas mixtures has proven efficient in pro-

ducing NCAs.54,55 This speculatively prebiotic route56 produces water as byproduct of 

cyclization and thus needs extensive drying for NCA storage and controlled polymeri-

zation. 

Other mechanisms, such as the internal cyclization of acyl azides from amino acids 

after a Curtius rearrangement,57 have also been explored. Recently Laconde et al. 

have shown that exposing the N-alkyloxycarbonyls of amino acids to  n-pro-

panephosphonic acid anhydride (T3P), in the presence of either a base or heat, suc-

cessfully yielded the corresponding NCA in high yields and high purity.58 This synthetic 

route requires no dangerous reagents and does not produce polymerization inhibitors 

as side products, such as the alkyl chlorides of the Leuchs method. Nonetheless effi-

cient polymerization of these monomers is still to be proven. This technique has re-

cently been optimized further by using amino acids and CO2 with T3P to yield NCAs.59 

This method seems very promising because while N-alkyloxycarbonyls of amino acids 

are cheap and readily available, their synthesis from amino acids usually employs 

phosgene derivatives. This new method based on CO2 might thus prove to be a green 

process, producing no undesired byproducts and allowing for a neutral carbon footprint 

of the direct synthesis of polypeptides. Nevertheless, much like the previous method, 

no polymers were investigated. Furthermore, the use of gaseous CO2 requires high 

pressures and thus special equipment. 

2.1.2. On NCA purification 

The development of new techniques for NCA synthesis has been driven by the flaws 

that plague the Leuchs and Fuchs-Farthing methods, still the most widely used meth-

ods to produce NCAs. Their main problem is the elimination of byproducts that can be 

toxic and can ring open the newly synthesized NCAs. For example, both phosgene and 

SOCl2 produce highly corrosive HCl which can transform the NCAs to their amino acid 

hydrochloride salts. Moreover, any amino acids or their salts, whether unreacted rea-

gents or degradation products of NCAs, must be removed.60 If not, these molecules 

can initiate the ring opening of the NCAs, reducing their shelf life and limiting the con-

trollability of the polymerization. The Leuchs method generates halogenated byprod-

ucts which must also be removed from the crude product. Furthermore, any traces of 

acidity or chlorine can result in retardation of polymerization and loss of control over 

the molecular weight distribution as they can hinder the propagating species or even 
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deactivate it. Extensive washing/filtering and repeated recrystallizations are typically 

used to purify NCAs but are sometimes ineffective. Cold aqueous liquid/liquid extrac-

tion is also widely employed to remove nucleophilic compounds.59,61 Although effective, 

the use of water in contact with water sensitive NCAs seems risky. Some highly hydro-

philic NCAs are themselves water soluble and can be extracted into the aqueous 

phase. A microfluidic system with an acidic/basic flash switching has recently been 

developed to produce pure NCAs easily without further need for purification.62 Through 

a microflow reactor, the biphasic mixture with on one side the amino acid sodium salt 

in aqueous solution and on the other triphosgene in an organic solvent, produces once 

mixed the NCA in a very rapid manner (Figure 4). In these basic conditions, the car-

bonate is overly reactive towards phosgene and its subsequent cyclization to NCA. The 

water present in the aqueous media thus decomposes any extra phosgene and, by 

adding a mild base such as N-methylmorpholine (NMM), is neutralized by the resulting 

HCl. This brings the overall aqueous pH to a more acidic value. Further along the mi-

crofluidic tract, the addition of further organic phase separates the NCA from its more 

water-soluble undesired by products. Although this method requires the use of special-

ized equipment and knowledge of microfluidics, it has shown promising results in pro-

ducing several NCAs and a potential for scale up.62 

 

Figure 4: Schematic representation of the microfluidic system developed for the 

synthesis of NCA through basic to acidic switching. Colors reflect the intended pH 

as would be reflected by pH paper (red for acid, blue for basic and green for neu-

tral). Figure was adapted from reference62. 
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In a simpler approach, the addition of acid scavengers such as triethylamine, (+)-limo-

nene or α-pinene was effective in reducing the contaminants and the risk of degrada-

tion of NCAs, specifically by precipitating during the reaction with HCl.61 More recently, 

Tian et al. reported that the use of highly reactive epoxy compounds (Scheme 3) pro-

vides a clean and moisture-tolerant synthesis in an open flask. This method could ring 

close amino acids bearing unprotected reactive side chains, allowing the synthesis of 

previously unreported NCAs.61 The resulting chlorinated alcohols can be evaporated 

easily with the solvent to provide the NCAs with minimal workup. 

 

Scheme 3: Reaction scheme of NCA synthesis using triphosgene using epoxy 

compounds (R’=H or Cl) as acid scavengers. 

Another easy yet very effective way was developed by Kramer and Deming using an-

hydrous flash chromatography on dried silica gel inside a glovebox.60 Similarly, passing 

the crude reaction medium over dried celite will capture any charged and hydrophilic 

moieties while keeping the NCAs in solution.63 

2.2. ROP of NCA 

Nucleophilic attack on the ester-like carbonyl of NCAs proceeds via a simple 

ring opening, CO2 releasing mechanism. The nucleophilic attack of a primary amine 

results in ring opening and the newly formed free primary amine can thus undergo a 

nucleophilic attack on another NCA affording the formation of the amide or peptide 

bond with the living chain end. This is the normal amine mechanism (NAM) (Scheme 

4).64 A competing mechanism is known as the activated monomer mechanism or AMM. 

In this second pathway the amine is deprotonated by a base affording an “active mon-

omer” NCA anion. This undergoes a nucleophilic attack from this NCA anion, producing 

a new active moiety with the liberation of CO2 (Scheme 4).22 Although this second 

mechanism leads to faster polymerizations, the ROP is usually uncontrolled21 and has 

wider dispersities.65 When employing amines as initiator for the ROP, their basic nature 

must be considered and the AMM is arguably better eliminated. Thus primary amines, 
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which are more nucleophilic and less basic than their secondary or tertiary counter-

parts, are usually preferred.16 

 

Scheme 4: a. Normal amine initiation mechanism (NAM) of NCAs using a primary 

amine, b. activated monomer mechanism (AMM) that can occur during the ROP of 

NCA using primary amines. 

Alcohols can also be used to ring open NCAs with simple acid catalysis. The corre-

sponding molecule having a dormant NH3
+ species can be activated by adding a base 

allowing for the propagation that is much faster thus ensuring the control over the MW 

through the initiation step.66 Among other nucleophiles, thiols have also been shown to 

produce the NAM with NCAs.67  In the following different mechanisms of the ROP of 

NCA will be discussed as well as other catalytic routes. 

2.2.1. NAM 

Much work has been done to optimize this mechanism to ensure living conditions and 

to achieve predictable and high molecular weights while minimizing dispersity. Other 

nucleophiles, like water, can also initiate the polymerizations so it is usually advisable 

to N2 or Ar atmosphere…). Improving CO2 elimination, either by conducting the 

polymerization under high vacuum68,69 or increasing the flow of inert gas16,70, has been 

shown to improve control and speed-up kinetics of the polymerization. This way mini-

mizing any side reactions can be minimized and long reaction times are avoided as 

well as eventual NCA degradation.  

Reducing or eliminating the anionic mechanism (Scheme 4) that can terminate the 

chain propagation processes and provide uncontrolled polymerizations is also another 

concern.71The choice of initiator also influences the polymerization process. For exam-

ple, using a primary amine in its hydrochloride salt form can improve the control of the 

polymerization.72 This is attributed to a shift in the acid-base equilibrium towards the 
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amine through the reaction of the hydrogen chlorine with any NCA anion that can be 

formed which allows to avoid the AMM mechanism. 

Other analogues or derivatives of amines have also been shown to enhance the ROP 

mechanism. Using a synergetic effect between a primary and a secondary73/ tertiary74 

amine on the same molecule can highly enhance the rate and the control of the ROP 

(Scheme 5). The monomer is activated by the interaction with the secondary amine, 

allowing for a more effective attack by the primary amine. The same effect is continued 

in the propagation of the polymerization either by the same molecule or by a neigh-

bouring polymer chain (Scheme 5). 

 

Scheme 5: Allied amine mechanism for the ROP of NCAs. R3 and R4 ≠ H. 

Still some evidence shows the possibility of the coexistence of both these mechanisms 

while affording well controlled polypeptides. Using a combined initiator containing a 

primary ammonium and a tertiary amine for the ROP of NCA resulted in polymeriza-

tions deviating from first order kinetics.65 This could be explained by fast AMM at the 

beginning of the polymerization that is followed by predominance of the NAM in later 

stages.65,75 The use of an alcohol and a tertiary amine on the same initiating molecule 

was also possible using dimethylethanolamine (DMEA). The nucleophilicity of the 

DMEA hydroxyl group is enhanced by intramolecular hydrogen bonding to the tertiary 

amine, enabling efficient initiation of the NCA.76 In this study, the authors coupled this 

effect to an organocatalyst. The use of 1,3-bis-(2-hydroxyhexafluoroisopropyl)benzene 

(HFAB) coupled with DMEA enhanced the ROP of NCAs avoiding any side reactions. 

Thanks to hydrogen bonding between HFAB and the initiator, monomers, and propa-

gating chain ends, (Scheme 6) the polymerization proceeded faster and with higher 

control. Similar conclusions were made by using thioureas such as N,N’-bis[3,5- bis(tri-

fluoromethyl)phenyl]thiourea with DMEA.77 These results show an effective initiation 

through the alcohol of DMEA activated by the presence of both the tertiary amine and 

the catalyst. This much faster polymerization led to well controlled, high molecular 

weight polypeptides.76 



15 
 

 

Scheme 6: Proposed mechanism of the catalysis of HFAB during the ROP of 

NCAs initiated by DMEA. 

(S)-1,1′-binaphthyl-based phosphoric acid were also good catalysts for the ROP of 

NCAs initiated by primary amines. The activation of the initiation step and the estab-

lishment of an equilibrium between actively propagating amine species and dormant 

ammonium phosphate species allowed for higher control over the polymerizations.78  

N-heterocyclic carbenes (NHC) have also been explored as organocatalysts for the 

NAM. Combining imidazolium hydrogen carbonates (easy to handle NHC precursors) 

with an amine resulted in enhanced polymerization rates and control (Scheme 7). Free 

NHC alone also resulted in NCA polymerization, producing cyclic polypeptides through 

a zwitterionic mechanism.79 

  

Scheme 7: NHC mediated NAM. 

Using tris[2,4,6-tris(trifluoromethyl)phenyl]borane (Fmes2BF) as Lewis acid combined 

with aniline as Lewis base (Scheme 8), achieved polymers with predictable molar 

masses and dispersities lower than 1.3.80 Zinc acetate is also an effective Lewis acid 

in combination with aniline. 81 Their combination with NCAs was also successful in 

producing polypeptides with similar structures. The mechanism of this ROP has yet to 

be proven with NCAs but has been studied on the ROP of other cyclic monomers. In 

the case of lactide, the interaction between the zinc and the carbonyl catalyses the 

nucleophilic attack of the alcohol and the ring opening.82 Similar mechanism can thus 

be envisioned for NCAs. 
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Scheme 8: Proposed mechanism for the use of a frustrated Lewis pair (aniline and 

Fmes2BF) in the ROP of NCAs. 

2.2.2. Other mechanisms 

Other mechanisms than the NAM have also been shown in the literature. Propagation 

in the AMM mechanism proceeds via a carbamate chain end.22 Tertiary amines such 

as triethylamine give this mechanism but in a highly uncontrolled manner, producing 

polypeptides with very high dispersities.21,65,75 This is because deprotonation of the 

NCA is slow and reversible. New chains are generated throughout the reaction, leading 

to broad molecular weight distributions. Other moieties have also been investigated, 

including LiCl and sodium methoxide,38 as well as complexes of palladium and plati-

num83 without significant success in obtaining controlled polymerization. Recently, a 

controlled AMM has been reported using lithium hexamethyldisilazide (LiHMDS). The 

ROP using LiHMDS afforded very high MW polypeptides with very low dispersity in just 

a few minutes. First the organobase deprotonates the amine producing the anionic 

NCA with a lithium counter ion and hexamethyldisilazane (HMDS). The anionic NCA 

can undergo a nucleophilic attack on a second monomer producing a terminal lithium 

carbamate which propagates in a similar manner (Scheme 9). While this technique is 

very rapid due to the strong basicity of LiHMDS, the obtained MW deviated from theo-

retical M/I values.84 This could be due to the presence of trimeric form of LiHMDS in-

stead of its active monomeric version. 

 

Scheme 9: Mechanism of the ROP of NCA using LiHMDS. 
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These results are related to the discovery of the ROP of NCAs using N-trimethylsilyl 

(TMS) amines such as  bis(trimethylsilyl)amine (HMDS) 85, trimethylsilyl dimethylcar-

bamate85 and various other N-TMS amines86. HMDS induces a polymerization mech-

anism that is neither NAM nor AMM. Cheng’s group have shown that HMDS reacts 

with the NCA to provide a TMS carbamate (Scheme 10). This carbamate is the prop-

agating species, and transfers in a similar manner to newly added monomers.85 This 

mechanism was extended to trimethylsilyl sulfides, which form a thioester group on 

one end of the polypeptide and a reactive TMS carbamate on the other.87 

 

Scheme 10: TMS mediated initiation of NCA and propagating intermediate. 

Similarly, by using trimethylstannyl phenyl sulfide faster controlled polymerizations 

were possible.88 Tetramethylguanidine (TMG) can catalyse both the propagation step 

of NCA polymerization through a carbamate chain end and its initiation by carboxylic 

acids, alcohols and primary amines. Given its basicity and its interaction with the pro-

tons present on the initiator, the initiation step is highly enhanced and proceeds simi-

larly to the NAM via a nucleophilic attack. As demonstrated by MALDI-TOF analysis, 

the stabilization of the carbamate at the end chain by TMG does not directly eliminate 

the CO2 and allows higher control over the polymerization. After the addition of a sec-

ond monomer, an intramolecular CO2 elimination can then occur (Scheme 11).89 

 

Scheme 11: TMG catalysis propagation mechanism during the ROP of NCAs. 

The anionic ring opening polymerization of NCAs via a similar propagating moiety was 

reported using a catalyst containing three thiourea functions.90 When a highly nucleo-

philic anionic initiator such as sodium phenolate was used, the ROP proceeded very 

rapidly and with good control over molecular weight. Through anion binding and hydro-

gen bonding, the trithiourea catalyst with electron withdrawing substituents can activate 
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the initiator, allow proximity with the monomer, and help with ring opening much like 

previously described organocatalysts. The carbamate moiety thus formed is stabilized 

by interaction with the catalyst that then helps with the decarboxylation and nucleophilic 

attack for the propagation. The polymerization was even successfully conducted in an 

open flask and in the presence of up to 6% w/w water in DCM.  

2.2.3. Organometallic catalysis 

The field of ROP of NCAs has also seen the development of organometallic catalysis. 

Metal acetate-tri-n-butylphosphine complexes showed promising polymerization activ-

ity with BLG NCA.91 The mechanism involved in this pathway using organonickel com-

pounds to prepare well defined and controlled polypeptides with a highly living charac-

ter was first described by Deming. NCA monomers were activated through oxidative 

ring opening by a zero valent nickel complex, (2,2’-bipyridyl)(1,5-cyclooctadi-

ene)nickel(0) (bipyNi(COD)), allowing for the polymerization. The polymers produced 

were of high molecular weight and very low dispersity.92 Alternative first row transition 

metals, cobalt and iron, were also investigated. Polymerizations using (trime-

thylphosphine)4cobalt(0) or iron(0) showed more efficient and rapid ROP of NCAs and 

followed a similar mechanism.93 The connection between the complex and the NCA at 

the 5-carbonyl and the 4-ether yields a divalent nickel 6-membered amido-alkyl metal-

lacycle, which upon reacting with a second NCA and losing CO2 contracts to a 5-mem-

bered amido-amidate metallacycle.13,94 This new active species can then attack the 

electrophile carbonyl of a new NCA monomer via its nucleophilic amido group and re-

sult in CO2 loss. A proton migration from the free amide to the amidate group would 

bring back the amido-amidate propagating species and the metal would thus move 

along to the active chain end (Scheme 12).95 
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Scheme 12: Initiation (top) and propagation (bottom) mechanisms when using 

zero valent metal initiators for the ROP of NCAs.  

Furthermore, pre-formed divalent nickel amido-amidate complexes can be used as in-

itiators to produce end-group functionalized polypeptides.96 Recently, more studies elu-

cidating the mechanism and the use of such complexes with N-alkylated NCAs such 

as proline and protected hydroxyproline have emerged.27 Ruthenium and iridium com-

plexes were also investigated and showed similar successful results.97 Furthermore, 

by using ruthenium or iridium based amido-sulfinamidate complexes bearing chiral 

chelates, it was possible to selectively polymerize different NCA enantiomers. Similarly 

to the ruthenium complexes, platinum amido-amidate mechanism was explored in the 

preparation of high molecular weight polypeptides with low dispersity.98 This also 

englobed rare earth metal complexes that were similarly explored. The activity of sev-

eral yttrium, scandium, lanthanum, and dysprosium complexes were shown to produce 

polypeptides with narrow dispersities and good control over the molar masses. Using 

these M(BH4)3(THF)3 was shown to follow a more classical nucleophilic ring opening 

polymerization. On the other hand, using M(NTMS)3 the mechanism was more similar 

to that of HMDS explained earlier.99 Bhaw-Luximon et al. reported the use of Schiff’s 

base/aluminum alkoxide complexes to successfully initiate the polymerization of NCAs. 

A possible mechanism involving an interaction between the Al atom and the -NH of 

NCA while the nucleophilic alkoxide attacked on the C-5 carbonyl is proposed. None-

theless, the propagation step seems to be similar to the NAM.100  
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2.2.4. Mild conditions 

The high activity of NCAs entails significant moisture sensitivity, which is why they 

should be handled under dry conditions. Although aminolysis is typically faster than 

hydrolysis, most of the previously mentioned mechanisms and systems require dry 

inert conditions to eliminate the possible initiation by water in the case of NAM, termi-

nation in the case of the AMM and to avoid degradation of moisture sensitive cata-

lysts.101,102 Nonetheless, it has been shown that controlled polymerizations can be ob-

tained in less stringent conditions. Most of these techniques rely on the rapidity of the 

polymerization that outpaces the monomer degradation. This is the case for LiHMDS, 

described earlier.84 Tetraalkylammonium carboxylate initiators behave in a similar man-

ner.103 The resulting polymerizations afford high molecular weight and low dispersity 

polypeptides in very short times (less than one minute). The carboxylate group of the 

initiator was observed at the chain end, excluding a possible AMM involving deproto-

nation. The authors present a plausible pathway in which the sterically hindered 

tetraalkylammonium counter cation stabilizes the chain end and the entering monomer. 

This concerted addition and decarboxylation means that a carbamate moiety is the 

propagating species. 

Using crown ethers showed the acceleration of the ROP of NCAs initiated by amines 

from hours to mere minutes. Using 18-C-6 crown ether, this method produced the de-

sired polypeptides in a highly controlled manner in lenient conditions, such as biphasic 

mixture of DCM/aqueous buffer and using unpurified NCAs.104  

Amphiphilic diblock macroinitiators have also been used in biphasic conditions. Cheng 

et al. have shown that amine-terminated PEG-b-PBLG that are localized at the inter-

face of the biphasic DCM/water mixture enable a rapid polymerization that is unaffected 

by the presence of water. The authors used a similar biphasic mixture to purify NCAs 

from the reaction between phosgene and amino acid, reducing the overall procedure 

to just two steps from NCA synthesis to polypeptide production.105 Nonetheless, these 

methods have only been reported to produce helical polypeptides, like polyglutamates, 

in a helix inducing solvent like DCM106.  Our laboratory developed the polymerization 

induced self-assembly (PISA) of NCAs, called ROPISA in strictly aqueous media.107 

Although the polymerization of NCAs in buffered aqueous solution has been re-

ported108, the formation of high molecular weight polypeptides was still not reported. 

This procedure eliminates the use of organic solvents while directly producing highly 
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concentrated polymeric nanomaterials. When hydrophilic macroinitiators are used, 

rapid polymerization occurs as a result of self-assembly of the polypeptide blocks and 

their secondary structuring. This self-assembly allows for concentrated clusters of 

monomers in the dispersed phase that accelerates the ROP and protects them from 

hydrolysis. 

2.2.5. Bypassing NCAs 

Other strategies to overcome the sensitivity of NCAs to moisture and impurities that 

might induce a premature ROP have been developed. In this case the preparation of 

stable precursors that, under certain conditions, spontaneously produce NCAs that can 

further polymerize have gained a lot of interest. Buess and coworkers first showed that 

α-carboxy benzoylhydroxamic acids can undergo a Lossen rearrangement to give the 

corresponding isocyanate (Scheme 13).109 The proximity of the isocyanate and car-

boxylic acid allows for the ring closing into NCA that will hydrolyse into polypeptides 

spontaneously in aqueous conditions. Later Orgel et al. showed that imidazole groups 

on such compounds allowed for a facile way to produce polypeptides in aqueous buff-

ers.110 N,N'-carbonyldiimidazole can react with amino acids in aqueous conditions to 

give N-[imidazolyl-(1)-carbonyl]-amino acids. They showed that the formation of oligo-

mers is attributed to the intermittent formation of NCAs that ring open in the presence 

of water. The equilibrium between the different charged states of the amine, imidazo-

lium and carboxylate allows for a similar rearrangement to that discussed earlier. 

 

Scheme 13: a. Lossen rearrangement of an α-carboxy benzoylhydroxamic acids. 

The isocyanate form can be in equilibrium with an NCA. b. N-phenoxycarbonyl-

functionalized α-amino acid and the formation of corresponding NCA 

Endo’s group developed a similar synthesis by preparing activated urethanes of α-

amino acids, N-carbamoyl-amino acids, which were easily worked up and purified 

(Scheme 13).111 These monomers can be stored without special precautions. The 
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group further demonstrated this techniques’ ability to yield many types of homopoly-

peptides and copolypeptides with amine initiations and defined structures.112–115 This 

in-situ formation of NCA makes the purification and storage of the monomers much 

more convenient and also bypasses the use of dangerous reagent like phosgene de-

rivatives.113 This polymerization pathway is robust with respect to water and other hy-

drophilic impurities. Notably, the polymerization of tyrosine could be conducted without 

protecting its hydroxyl group.116 Building on this field, another group have recently shed 

more light on the mechanism of the method by using N-phenoxycarbonyl-functional-

ized α-amino acids (NPCA) as precursors for NCAs.117 The authors show that using 

these precursors with primary amine hydrochloride as initiators, the polymerization pro-

ceeds under starved conditions. The low transient NCA concentration allows for their 

rapid consumption avoiding any undesired side reactions. Since the NPCA needed to 

be heated to convert to NCAs, the authors employed ammonium chlorides as initiators. 

In these conditions the dormant ammonium form is more stable than the amine one 

leading to higher polymerization control. Furthermore, the released phenols from the 

NPCA cyclization help in quenching any anionic species that can plague the reaction. 

In their study the authors also showcased the moisture insensitive nature of this path-

way by conducting the polymerization under open flask conditions and wet solvent 

(DMA). 

In the following chapters the synthesis and ROP of NCAs will be used to yield polymers 

with amino acid-based backbones as a first step to mimic the structural and the func-

tional features of a specific class of proteins called intrinsically disordered proteins 

(IDPs). The first challenge of this work was to study the chemical leverage available to 

control the monomer distribution during the ROP process to mimic the primary se-

quence of these proteins (chapter 2). Details in the literature about the microstructure 

of random copolymers prepared via the ROP of NCA are scarce. Furthermore, very 

little information was found regarding the effect of the different ROP mechanisms and 

catalysts on the reactivity of comonomers. That is why the copolymerization of NCAs, 

the effect of different reaction conditions on their statistical distribution will be consid-

ered in more detail in the next chapter. 
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2.3. IDPs: a simple model for chemists 

IDPs, as their name suggests, these proteins don’t express a folded macroscopic struc-

ture and behave as extended polymer chains in solution.118,119 Nonetheless, they play 

major structural and functional roles in living organisms which are reflected in their 

primary structure.120,121 They also play an important part in some notable human dis-

eases.121,122 Unfolded IDPs mainly consist of random coil segments whose torsion an-

gles don’t have fixed values like common secondary structures.123 Instead their amino 

acids can access any of the allowed regions of the dihedral angles in the Ramachan-

dran space (Figure 2c.).124 IDPs are also characterized by low complexity se-

quences,120,125 containing repeating patterns of amino acids that promote extended coil 

conformations and disfavour tertiary folding. These features that prevent folding lead 

to highly soluble and non-aggregated proteins. The prevalence of polar amino acids 

(Figure 1) promote the solvation of the extended chains while charged residues gen-

erate repulsion between chain segments.120,126 Proline and glycine, which disrupt the 

secondary structure, are also commonly found in IDPs.127  Recent studies have also 

shown that large portions of the biologically active proteome are unstructured. These 

are the intrinsically disordered protein regions (IDPR).121,128 

The simple sequence of IDPs and the lack of higher order structuring makes them 

prime candidates to be mimicked by synthetic polymers. In the following chapters, the 

possibility of producing polymers that can mimic the structural and functional capabili-

ties of certain IDPs will be explored and discussed. 

3. Conclusions 

Mimicking the structural and functional abilities of nature’s most versatile biomacromol-

ecules, proteins, is long thought after by polymer chemists. It is nonetheless not an 

easy feat considering the structural complexity of proteins. One interesting class of 

proteins, IDPs, are characterized by their lack of higher order structure and behave as 

free polymer chains in solution. Their sequence of amino acids, or the primary struc-

ture, is also relatively simple compared to other regions of the proteome and are char-

acterized by highly repeating patterns. These simple protein structures could be an 

easy step to mimic the biomacromolecules through polymerization. To this end, the 

ring-opening polymerization of NCAs is employed to produce high molecular weight 

and controlled amino-acid based polymers. Recent developments in the synthesis of 
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NCA and subsequent purification allow to produce highly defined polymeric structures. 

Many polymerization mechanisms and catalytic systems proved efficient in the ROP of 

NCA.  Interestingly, in most of the above-mentioned studies no statistical copolypep-

tides were investigated and the effect of initiation type and/or catalysis has yet to be 

properly investigated. In chapter 2, the stochastic control of the monomer distribution 

in copolymerization systems will be discussed and focused on the ROP of NCAs. A 

model system was developed and the effect of several reaction conditions including 

catalysis on the primary structure were explored. The difference in monomer distribu-

tion was also reflected in the difference of macroscopic properties of copolymers in-

cluding their secondary structures. Chapter 3 introduces thermoresponsive polypep-

tides as simplified analogues of IDPs. Indeed, polyproline was found to produce a ther-

moresponse with unusually broad hysteresis that was comprehensively studied. These 

findings led us to copolymerize proline with other monomers to fine tune the ther-

moresponsive behaviour. This is discussed in chapter 4, applying the combined 

knowledge from the two previous studies towards synthetic analogues of IDP proteins 

derived from elastin. Indeed, the final goal of these three chapters was to prepare syn-

thetic analogues of the elastin-like polypeptides (ELP), a thermoresponsive class of 

IDPs that can be obtained by genetic engineering and that holds many promises for 

biomedical applications. 
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Chapter II: Disordered polypeptide polymers 

 

1. Introduction 

As depicted in chapter 1, intrinsically disordered proteins (IDPs) are a special class of 

proteins without an organized secondary or tertiary structure. The goal of this chapter 

is to show how such intrinsically disordered polypeptides could be produced using 

simple synthetic chemistry and copolymerization processes. As in IDPs, the amino acid 

sequence explains the lack of structuring, our objective was to show that controlling 

the sequence distribution of monomers inside copolymers could induce the same 

structural feature. In many IDPs, glycine residues create steric barriers to the 

appearance of secondary structure and glycine-rich sequences are associated with 

"intrinsically disordered regions" of the proteome. Inspired by this feature, we have 

studied how the introduction of glycine residues influences the secondary structure of 

a model polypeptide, poly(-benzyl-L-glutamate) or PBLG, a helical polymer. For this 

purpose, it is important to understand how the comonomers react and insert 

themselves in a polymer chain using kinetic studies of the copolymerization system. 

That is why we chose to use two N-carboxyanhydride (NCA) monomers, -benzyl-L-

glutamate and glycine NCA to undergo ring opening copolymerization in which the 

monomer distribution could be controlled by changing the reaction conditions 

(temperature, solvent, etc.). The relationship between the glycine distribution and 

secondary structure evidenced the importance of these reaction conditions and 

ultimately afforded “intrinsically disordered PBLG-based copolymers” (Figure 1). 
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Figure 1: Schematic representation of the goal of this chapter. ROP of BLG NCAs 

(in red) give rise to structured polymers in the α-helical form. By introducing glycine 

units through copolymerization with glycine NCAs (in blue), intrinsically disordered 

polyglutamates are targeted. 

1.1. Sequence control in polymer science 

In proteins, amino acids are linearly arranged along the macromolecular chain in what 

is known as the primary sequence. This structural arrangement is the fundamental 

driver of biological activity, pivotal for catalytic processes, binding affinities, and 

structural formations of most proteins. The organization of distinct amino acids within 

a polypeptide chain underpins the emergence of various natural proteins and their 

functionalities. Polymer chemists have long sought to reproduce this control over the 

primary structure of synthetic macromolecules.  Control over monomer insertion would 

be a powerful tool for tailoring the properties and functions of the ensuing copolymers. 

Many examples of how to tailor the distribution of different repeat units along the 

copolymer chains have been developed. These advances include sequence regulation 

in classical polymerization processes (step- and chain-growth), or methods inspired by 

other fields such as iterative synthesis (biochemistry) and template polymerization 

(biology).1,2 While these synthetic macromolecules do not yet match their natural 

counterparts in terms of functional capabilities, they introduce novel capabilities for 

their self-assembly processes, and the macroscopic traits exhibited by polymer 

materials.3 In the following, only the most useful and pertinent works will be cited, with 

a focus on examples of polymers with amino acids in the backbone. 

1.1.1. Iterative method 

In the iterative method much like in natural processes, one monomer unit is added at 

a time in the intended order. To achieve acceptable yields, a solid phase is generally 
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employed and decorated with reactive sites. The monomers used must have two 

reactive sites, one of which is protected. The first step is the reaction between the first 

type of monomer, usually reacted in molar excess, and the reactive sites of the solid 

phase. This reaction must be fast and able to reach 100% conversion. The second step 

is to wash the unreacted monomers leaving all reactive sites with one connected 

monomer having a protected group. The third step is the deprotection of the attached 

monomer. The cycle can now be repeated by the addition of a second type of monomer. 

Repeating this cycle n times will give polymers with n repeat units, all with in theory the 

same sequence and length (Figure 2). This protocol was introduced by Merrifield and 

is known as solid phase peptide synthesis (SPPS).4 

 

Figure 2: Iterative addition of monomers on a growing polymer chain. This method 

could be done on solid support (here would be A unit) and the growing polymer 

would be cleaved at the end steps. 

This method can be completely automated through robotization providing a high 

throughput process,5 but has some drawbacks such as the high consumption of toxic 

solvent.6 Furthermore, it is ideally used to produce low molecular weight (MW) 

polymers that are defined in sequence and monodisperse but is less effective for higher 

molecular masses. This is because some chains can stop being reactive especially as 

a result of their collapse or folding.7,8 This leads to an increase in the MW dispersity 

and deviations from the desired sequence. Bioactive peptides are often prepared via 

this pathway. SPPS has also been applied to many types of polymers including 

synthetic DNA9, polyesters10, polyurethanes11, polyamides11,12 and polypeptoids6. 

Polymers prepared in this way may find applications in data storage.2 Yet much work 

is still needed for this field to be mature enough for applicative use.13  Automation has 

helped reduce wasted solvent, while alternative “greener” solvents have proven 

useful.4 Although the new developments in this field allow the preparation of higher MW 

polymers,3 the current work will focus on more classical polymerization techniques that 

easily accesses these longer chains.   
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1.1.2. Batch methods 

Although classical polymerization techniques produce long polymeric chains, they still 

lack the ability to produce sequence-defined polymers. Nonetheless, some tools are 

available to polymer chemists to be able to induce a sequence in a copolymer. 

Monomer engineering method 

One way to produce sequence-controlled polymers is by designing monomers that will 

bring a periodic sequence once polymerized. 

 

Figure 3: Examples of how a tailored synthesis of a monomer and the choice of 

the polymerization pathway can induce a sequence in the resulting polymer. On 

the left: cyclooctene bearing different functional groups undergoes ring-opening 

metathesis polymerization (ROMP) to produce a periodic copolymer. On the right: 

designed monomers bearing polymerizable functional groups (*) can give similar 

periodic copolymers. 

Regioselective ring-opening metathesis polymerization (ROMP) (Figure 3) is one way 

to produce such copolymers. Large monomers, such as cyclooctenes bearing three 

functional groups, have been polymerized using Grubbs' catalyst to ensure 

regioselectivity.14 The product is equivalent to a periodic copolymer of the three 

functional monomers. Similarly, monomers bearing an unconjugated carbon double 

bond on one side and a reactive C-Cl on the other can produce periodic copolymers. 

Kamigaito’s group have shown this possibility using tailored monomers that combine 

vinyl chloride with different styrenes and acrylates.15 Different copper catalysts were 

used to produce periodic copolymers of vinyl chloride-co-styrene-co-acrylate (Figure 

3). This is not possible with classical radical copolymerization of the three 

comonomers. Another example is the ROP of morpholine-2,5-diones to produce 

perfectly alternating poly(ester-amide)s (Figure 4). Although this class of polymer can 

be obtained by polycondensation, ROP offers the possibility of producing high MW 

polymers with  controlled morphology and low dispersity.16 
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Figure 4: ROP of morpholine-2,5-diones and the resulting poly(ester-amide). 

The polymers produced with this pathway are both enzymatically degradable and 

hydrolysable through the amide and ester linkages respectively. Nonetheless, the 

synthesis of the monomers is cumbersome. Furthermore, the requirement for specific 

catalysts and techniques as shown above limits the possible monomers. 

 

Living polymerizations: reactivity and kinetics 

Using controlled and living polymerization, polymers with well-defined structures can 

be produced. In contrast to the iterative method, both step-growth and chain-growth 

polymerizations produce polymers with a distribution of MW/structure/composition. In 

general, these distributions are governed by a statistical nature related to the reaction 

conditions and reactivities of the monomers involved.17 Different monomers typically 

react at different rates and the final product contains a statistical distribution of the 

monomers along the different polymer chains. The first step towards understanding 

this distribution is to calculate the reactivity ratios of the comonomers. Taking the 

example of a copolymerization between monomer A and monomer B, the reactivity 

ratio of monomer A noted rA is equal to the ratio between the reaction constants kAA 

and kAB. The first corresponds to the reaction of a newly incorporated monomer A in 

the growing polymer chain with similar monomer (A) from the reaction media. The 

second corresponds to its reaction with the other comonomer (B). Thus, at equimolar 

ratio, an A monomer at the end of the polymer chain will more likely react with a similar 

monomer if rA>1. On the other hand, if rA<1 it will more likely react with the comonomer 

B inducing the alternating sequence AB (Figure 5). 
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Figure 5: Illustration of the concept of reactivity ratio of a pair of comonomers A 

and B. The reactivity ratio of comonomer A will be equal to the ratio between the 

rate coefficients of a monomer A at the growing chain-end to react with either a 

similar monomer or with the opposing comonomer respectively. 

The concept of reactivity ratios can also be extrapolated to terpolymerizations and 

more complex systems.18 The Mayo-Lewis equation19 (Equation 1) describes the 

relative rate at which the two monomers A and B incorporate into the copolymer as a 

function of their reactivity ratios.  

 

Equation 1: The Mayo-Lewis equation expressed in function of monomer 

concentration [MX] and instantaneous monomer feeds (fX). FX is the copolymer 

composition in monomer X. 

The composition of the produced copolymers can be estimated by considering the 

reactivity ratios and the initial monomer feed for a given set of reaction conditions. The 

probability of finding certain sequences inside the polymer chain can also be 

calculated. The final copolymer microstructure will fall into one of four categories 

depending the reactivity ratios of comonomers A and B: multiblock, alternating, 

statistical or gradient copolymers (Figure 6).20 

𝑑 [𝑀𝐴 ]

𝑑[𝑀𝐵 ]
=

[𝑀𝐴 ]

[𝑀𝐵 ]
×

𝑟𝐴 .[𝑀𝐴 ]+[𝑀𝐵 ]

[𝑀𝐴 ]+𝑟𝐵 .[𝑀𝐵 ]
  (1) 

𝑓𝐴 =  
[𝑀𝐴 ]

[𝑀𝐴 ]+[𝑀𝐵 ]
= 1 − 𝑓𝐵  (2) 

𝑑 𝑓𝐴

𝑑𝑓𝐵
=

𝑟𝐴 .𝑓𝐴
2+𝑓𝐴 .𝑓𝐵

𝑟𝐵 .𝑓𝐵
2+𝑓𝐵 .𝑓𝐴

=
𝐹𝐴

𝐹𝐵
  (3) 



37 
 

 

Figure 6: Schematic representation of the microstructure of copolymers 

comprising of two monomers A and B depending on the relative values of their 

reactivity ratios. 

It is important to keep in mind that the polymer chains formed will be disperse (different 

chain lengths) and non-uniform in their primary sequence (the order of the monomers 

in the chain is different from one chain to the other).3,21 Thus the overall composition, 

much like the chain length, is reflected in a statistical manner in all the chains. This 

makes it impossible to determine a single primary sequence.  

 

Figure 7: Differences between a copolymer produced via classic polymerization 

techniques and macromolecules produced by biotechnology, iterative methods or 

found in nature. 

By varying the reactivity ratios, a certain stochastic control over the distribution of 

monomers along the chain can be exerted. In most cases reactivity ratios are relatively 

insensitive to reaction conditions, as rate constants will vary similarly to changes in 

solvent polarity or temperature. Nonetheless, it is possible to change the reactivity 
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ratios’ values and resulting copolymer microstructures by varying reaction conditions 

like solvent polarity22,23 and temperature24,25.26 

Semi-batch methods can be used to exert a higher degree of control over the sequence 

of the copolymers. This can be done by taking two comonomers with reactivity ratios 

close to zero. Undertaking a homopolymerization of monomer A while following its 

kinetics, one can add a single unit of monomer B at a certain point during the 

polymerization. Since an A unit at the growing chain end will most definitely react with 

the monomer B that was just added, all the chains will have one monomer B inserted 

at that position of the polymer inducing a discrete sequence along the chain. 

Nonetheless, due to the statistical nature of such copolymerizations there is bound to 

be a structural variation between the chains (Figure 7).27 This method has been for 

example used for copolymerization of styrene and maleimides.1,28 Continuous 

homogenous feed of the comonomers in reaction or by varying the feed ratios along 

the polymerization can also be used to better control the statistical distribution of 

monomers along the chain. 

1.1.3. Sequence control in NCA copolymerization 

As reviewed in chapter 1, the most economical and efficient route to prepare synthetic 

polypeptides is the ring-opening polymerization (ROP) of amino acids using 

N-carboxyanhydride (NCA) monomers. Compared to proteins, peptidic polymers are 

much simpler macromolecules in which amino acids are statistically repeated. 

However, they combine the advantageous features of synthetic polymers (solubility, 

process, elasticity, etc.) with those of natural proteins (secondary structure, 

functionality, biocompatibility, etc.). So far, batch copolymerization is the most direct 

method to exert a stochastic control over the monomer distribution along the polymer 

backbone through the control of reactivity ratios. As for proteins, one would expect the 

primary structure of polypeptide polymers to have a strong influence on their structural 

and functional properties. This is relevant in mimicking tandem-repeating sequences 

such as the ones found in IDPs, yet to our knowledge, literature on this subject is still 

limited. 

Reactivity ratios of NCA copolymers 

Recent advances in the polymerization of NCAs have greatly improved the control over 

the livingness and the end-chain fidelity of the polypeptides produced via this 

pathway.29,30 Of the many examples of NCA copolymerization, most have explored 
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block or graft copolymers31–38 Relatively few have studied the copolymerization kinetics 

of NCAs. These will be discussed in the following section and will also serve as a basis 

for development of our experimental procedures.  

Low conversion calculations 

Reactivity ratios are typically calculated using the Mayo-Lewis equation (Equation 1). 

For this purpose, copolymerization must be stopped at very low conversions. This can 

be done by undertaking multiple copolymerizations with different monomer feeds under 

the same reaction conditions. The reaction must be quenched at low conversion and 

the formed copolymers must be separated from the unreacted monomers and 

analysed. The fraction of each monomer incorporated in the copolymer chains gives 

the information needed to calculate the copolymerization parameters. The copolymer 

composition can be obtained in multiple ways. One possibility is to precipitate the 

copolymer from the excess non-reacted monomers via precipitation and 

filtration/washing. The copolymers can then be analysed for their content in each 

comonomer,39 for example using nuclear magnetic resonance (NMR).40 Another 

possibility is to hydrolyse the separated copolymers into the amino acids that are then 

analysed with automatic amino acid analysers to determine the copolymer 

composition.41–43 Nonetheless, this technique only gives information about low 

molecular weight compositions as polymerizations have to be stopped at low 

conversions. Since polypeptides’ secondary structuring is highly dependent on chain 

length,44 it is important to monitor any deviation from models based on low molecular 

weight oligomers. Such calculations can be extended to terpolymerization systems., 

using the Alfrey-Goldfinger equations.18 Wamsley et al. applied this technique to 

terpolymers of valine, leucine and β-benzyl aspartate.45 

Copolymerization monitoring 

Although the low conversion approach is widely used in radical copolymerizations, it is 

not necessarily applicable to copolypeptides. This is because low and high molecular 

weight chains may behave differently, as their macromolecular conformation may differ, 

which could thus affect the copolymerization kinetics. It is thus necessary to conduct 

at least one copolymerization at higher conversion to validate the calculated reactivity 

ratios.43,45 Heise et al. devised a technique based on high-performance liquid 

chromatography (HPLC) monitoring to achieve this.46,47 Using acid quenching, they 

converted the remaining unreacted NCAs to amino acids. By taking aliquots at different 
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conversions from copolymerization reactions, they were able to quantify the unreacted 

NCAs as amino acids using HPLC calibrations. This has the advantage of only 

analysing the small amino acids without interference from soluble oligomers. The group 

further extended this methodology to terpolymerization47 and it has also been applied 

for hybrid systems containing NCAs and NTAs48. The HPLC monitoring technique was 

also used to ensure the quality of commercial Glatiramer copolymers.49 Glatiramer 

acetate is a Food and Drug Administration (FDA) approved medication for multiple 

sclerosis.50 Its active component is a copolymer of alanine, lysine, glutamate and 

tyrosine that is prepared via ROP of the corresponding NCAs. Unfortunately, this 

method is not universally applicable. Parameters for each system must be determined 

to detect and correctly separate the amino-acid peaks. Furthermore, tedious 

calibrations are necessary to obtain precise and accurate results. In-situ NMR 

monitoring is the most convenient method for such calculations, as polymerizations 

can be conducted directly in the NMR spectrometer using only a small amount of 

material. The disappearance of monomer peaks and/or the appearance of polymer 

peaks can then be used to monitor the monomer conversion and copolymer 

composition. Nonetheless, well defined peaks must also be determined for correct 

integration. Mbizana et al. used this technique to study the terpolymerization of β-

benzyl-L-aspartate, glycine and Nδ-carbobenzyloxy-L-ornithine NCAs.51 For the 

calculations they used the integrated form of the terminal copolymerization model 

which is adapted to high conversion. This was done using the Contour program that 

employs the terminal copolymerization model and a non-linear least squares curve 

fitting method.52 In this work, the calculations are based on these two methods and will 

be detailed in the experimental section. 

Beyond kinetic studies: post-polymerization characterizations  

The pioneering works of Kricheldorf et al. using NMR spectroscopy opened the field of 

sequence analysis for polypeptide copolymers. They first applied the analysis of the 

chemical shifts of carbonyls using 13C NMR previously developed for polyamide 

copolymers.53 Standards were used to identify the chemical shifts corresponding to 

different carbons. These standards can be the homopolymers; for example, homo-

polyglycine can be used to determine the chemical shift of the central glycine carbonyl 

in a Gly-Gly-Gly sequence. This can also be done for the other comonomer, thus 

discriminating between the two homo-sequences of the copolymer. The hetero-
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sequences can then be deduced from these where Xaa-Gly-Xaa glycine’s carbonyl will 

either be shielded or deshielded depending on the amino acid (Xaa). The group further 

used small peptides with a defined sequence to determine the hetero-sequences when 

using comonomers with very close carbonyl shifts. They used these model peptides to 

show that longer range influence was not present and thus only neighbouring residues 

affect the carbonyls’ chemical shift.54 By proceeding to random copolymerization of 

different ratios of a pair of NCA monomers, the NMR analysis of copolymers can give 

an estimate of the reactivity ratios and the microstructural nature of the formed 

copolymers. The authors identified the different peaks of the carbonyls for 13C NMR. 

With the simplification that the carbonyls’ 13C chemical shift is only affected by the 

preceding monomer they were able to identify the following peaks: Gly-Gly, Ala-Ala, 

Ala-Gly and Gly-Ala using model peptides and copolymers with excess of each 

comonomer. Thus, in a comonomer with fGly=2fAla more Gly-Gly sequence will be 

observed in the carbonyl region of glycine and more Gly-Ala will be observed in that of 

the alanine thus easily identifying each peak.  The analysis of copolymers using glycine 

NCA and alanine NCA with equal initial feed ratio fGly=fAla=1 in different conditions, 

gave equal amounts of all four peaks indicating essentially random copolymers 

(rGly≈rAla≈1).54 This also shows the major shortcoming of using this technique as only 

an estimate of the reactivity ratios can be calculated in most cases. This technique also 

requires concentrated samples (around 200mg/ml in deuterated trifluoroacetic acid 

(TFA)) and long analysis times due to the low natural abundance of 13C and its longer 

relaxation times. This is especially true for carbonyls with no Nuclear Overhauser effect 

(NOE) effect from adjacent protons. Nevertheless, it can be optimized to some extent 

with more powerful modern equipment. More accurate information and direct ratio 

calculations can also be obtained by studying the 15N NMR of certain copolymers. This 

is due to better separation in the different amide protons’ signals.55,56 Nevertheless, 

such analysis must be done on molecules that are isotopically enriched in 15N. At the 

time of these studies, modern analysis techniques such as size exclusion 

chromatography (SEC) to verify the controllability of the polymerization and their 

dispersities were not commonly employed. Since these works, these NMR techniques 

have mainly been used to validate the presence of copolymers in the final 

sample.51,57,58 Wamsley and coauthors showed the possibility of such a technique to 

obtain more information about terpolymers using a statistical method based on the 

Poisson distribution. In their study, they investigated the terpolymerization system 
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consisting of valine, leucine and β-benzyl aspartate to determine the probability of 

having an LDV sequence.59 Another notable technique is the use of a blob-based 

model and fluorescent decay analysis on polypeptides having fluorescent probes along 

the chains.60 Duhamel’s group studied the folding of several polypeptide polymers 

using this technique which gave an estimate of the neighbouring amino acids to the 

fluorescent unit on the polymer chain and was applied to several copolypeptide 

systems.61–66 It can thus give information on both the primary sequence (neighbouring 

amino acids on the chain) and secondary structure (neighbouring amino acids in the 

space).64 

Controlling the primary sequence of polypeptide polymers 

Although the primary sequence is directly related to the reactivity ratios of the 

comonomers, these ratios are in turn sensitive to the reaction conditions. Most of the 

above-mentioned studies do not show the effect of the reaction conditions on the 

copolymerization kinetics and only data on homopolymerizations can be found in the 

literature. Kricheldorf’s work on alanine and glycine copolymerizations using different 

reaction conditions (catalyst and solvent) was inconclusive54,56 as the post-

polymerization NMR monitoring used was only able to give a rough estimate of the 

reactivity ratios. Another group compared copolymerization results using as initiators 

Al-Schiff’s base complexes or classical amines. The study was conducted using both 

low conversion calculations and post-polymerization NMR analysis.58 Their results 

showed little difference between the studied systems on the copolymerization of γ-

methylglutamate and leucine NCA even with the difference in ROP mechanism67. 

Hayashi’s group investigated the effect of solvent on copolymerizations of BLG and 

valine NCA.43 The solvent affects the secondary structuring of the polymers which in 

turn affects the reactivity of the different comonomers.39,43 Furthermore, to avoid the 

insolubility due to such secondary structuring and the change in kinetics, racemic 

mixtures of NCAs, which can disrupt secondary structure, were employed.53 

Nonetheless, copolypeptides based on DL-alanine and DL-tryptophane were found to 

form α-helical structures and precipitated during polymerization making for highly 

disperse and non-uniform copolymers.68 On the other hand, secondary structuring was 

avoided when copolymerizing racemic mixtures of NCAs based on lysine and aspartic 

acid allowing for homogenous processes. This behaviour depended on the monomers’ 
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initial feed ratio and only influenced the rate of copolymerization without affecting the 

copolymer composition.40 

Going one step further, studies on the relationship between the primary structure, the 

secondary structure and the macroscopic properties are scarce. Kricheldorf’s group 

showed that the initiator type, the solvent and temperature affected the 

copolymerization kinetics of a binary system comprising of valine NCA and leucine 

NCA. By means of 15N NMR analysis, the synthesized copolymers showed different 

average block lengths of each monomer depending on the conditions. Valine and 

leucine induce β-sheets and α-helice respectively in a polypeptide chain. The analysis 

of the secondary structure using solid state 13C NMR showed that copolymers having 

different monomer reactivities also possess different α-helix/β-sheet ratios.69 The group 

applied similar principles to study the effect of incorporating glycine into a terpolymer 

containing valine and alanine as an α-helix inducing monomer. The slower 

polymerization rate of valine led to its homopolymerization at the chain ends without 

full conversion. This technique does not allow differentiation between the different 

primary structures, but the difference in secondary structures using different reaction 

conditions was established. Furthermore, the secondary structure analysis led to the 

conclusion that while glycine is an α-helix breaking amino acid, this secondary structure 

can still be detected during polymerization or in the solid state. However, when the 

copolymers were dissolved in TFA, the conformation was more of a random coil.70 

Another group conducted a similar study on the dependence of secondary structure on 

the sequence of BLG and valine in their copolymers.41 Due to the higher reactivity of 

BLG, the highly gradient copolymers showed β-sheet like structures consistent with 

short BLG sequences and valine sequences of variable length.41 

The  primary sequence can also induce differences in macromolecular properties. For 

example, the biodegradability of poly-α/β-peptides formed from NCA/NTA systems 

depended on their microstructure.71 Furthermore, statistical copolymers of NCAs can 

roughly reproduce desired properties of natural proteins having periodic primary 

sequences, also known as tandem repeat proteins.72 These proteins,73 a form of IDPs, 

have inspired the studies of the terpolymerization systems discussed above. 

Wamsley’s group showed that the presence of the LDV sequence affects the cellular 

adhesion properties in the Leu, Asp and Val terpolymer system.59 Similarly, the work of 

Mbizana et al. obtained RGD sequences from the terpolymerization of Arg, Gly and 

Asp NCAs giving similar cell adhesion properties.51 In both examples, the study of the 
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kinetics allowed for the possibility to exert a stochastic control over the sequence of 

the copolymers through reaction conditions. The probability of obtaining the desired 

sequence was increased by choosing the appropriate feed ratios. This led to an 

increase in the desired cell adhesion property in both cases.  

2. Results and discussion 

In the following parts of this chapter, the model system developed to achieve an 

understanding of the copolymerization process of NCA monomers will be presented. 

This study will focus on two axes: 

1. The effect of copolymerization conditions on the monomer insertion 

2. The effect of the monomer distribution (primary sequence) on the secondary 

structure of the copolymers 

The copolymerization of BLG NCA, an α-helix inducing monomer, and glycine NCA, a 

disorder inducing monomer, will comprise this model system. As sequences of 

glutamate usually structure themselves in a helical conformation, the addition of 

glycine is expected to disrupt this conformation, producing intrinsically 

disordered polyglutamates. The less sterically hindered monomer, glycine, has a 

higher reactivity in ROP than BLG. By means of reaction conditions, including feed 

ratio, temperature, solvent, catalysis, and ROP mechanism, a stochastic control over 

the monomer distribution can be exerted. This can be done by improving the 

distribution of the monomers along the chain and/or through changes in reactivity 

ratios. In the following parts, the ROP of BLG NCA, will be studied and the 

characteristics of the resulting polymer poly(-benzyl-L-glutamate) (PBLG) presented 

(section 2.1.1). This polymer can also be made water soluble by removing benzyl side 

chains to form a polypeptide bearing water soluble carboxylic side chains known as 

polyglutamate (PGA). In this form, the polymer may adopt either α-helix or random coil 

secondary structure depending on the protonation of the side chain, making it pH 

responsive. The effect of introducing glycine units in the PBLG/PGA chains on this 

secondary structuring will then be studied. For this purpose, glycine NCA is first 

synthesized, and its ROP briefly studied and discussed (section 2.1.2). This was 

followed by the copolymerization study in which the effect of the reaction conditions on 

the statistical primary sequence was estimated using the terminal copolymerization 

model (section 2.2.1). A correlation between this sequence and the secondary structure 
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on water soluble copolymers will also be detailed (section 2.2.3). Thus, presenting a 

model where the stochastic control of the primary sequence of copolypeptides can help 

steer their macromolecular conformation and other properties like solubility. 

2.1. Preparation of the model copolymerization system 

2.1.1. BLG NCA 

Glutamate is the highest produced amino acid industrially74 due to its use in the food 

sector75. This makes its derivatives, like BLG NCA, readily available commercially. 

Furthermore, the study of its polymers, PBLG, and its deprotected form polyglutamic 

acid (PGA), a water soluble and pH-responsive polymer,76,77 have been at the heart of 

polypeptide polymers’ advances. Thus BLG/PGA based polymers31,75,78–81 

(PBLG/PGA) and copolymers82,83 are widely studied and have potential applications in 

bioactive substance delivery,84–90 as antibacterial agents91 and as nanomaterials92,93. 

The functionality of the carboxylic acid/ester side-chain has made PBLG based 

polymers even more versatile90,94–96 and employed for other applications such as 

temperature responsive or energy storage97 materials. Almost all published examples 

of ROP and catalysis use BLG NCA as a benchmark. In the following sections are 

presented, the implementation of the ROP of pure BLG-NCA, the deprotection of the 

corresponding PBLG and the study the secondary structure of the PGA at different pH 

values. These results will serve as a reference for understanding the influence of 

introducing glycine later in the research work. 

2.1.1.1. ROP of BLG NCA and PBLG characterization 

In most cases, the ROP of NCA must be done with protected side groups in anhydrous 

solvents due to sensitivity to water and protic solvents.98 In the case of glutamate, γ-

benzyl-L-glutamate (BLG NCA in Scheme 1) is arguably the most studied NCA form.99 

This is due to the easy preparation of the protected amino acid, the stability of the 

protecting group and the versatility of its removal as will be shown in subsequent 

parts.100 
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Scheme 1: General scheme of the ROP of BLG by a primary amine initiator. In 

blue, the benzyloxy protecting group of the carboxylic acid side chain functionality. 

This scheme could be extended to other NCA monomers. 

Successful polymerizations of BLG-NCA require carefully controlled reaction 

conditions.31,76 Highly polar aprotic solvents, such as DMF or DMSO, are usually used 

as they weaken intramolecular hydrogen bonding in the polymer chains: indeed such 

interactions may induce the formation of less soluble secondary structures. 

Additionally, the polymerization must be done at low temperatures to avoid the 

backbiting reaction (Scheme 2) that produces dead chains and reduces the control 

over the polymerization.31  

 

Scheme 2: Termination/backbiting of a PBLG chain during or post polymerization 

in solution. The terminal primary amine can attack the ester bond forming an end-

capping pyroglutamate group whilst releasing a Benzylalcohol molecule. PBLG 

polymers can thus be found in two forms (A or B) depending on the terminal 

group’s structure. 



47 
 

A first PBLG was synthesized (polymer 1) using propargylamine as initiator at 0°C in 

dry DMF. The targeted DP, determined by the ratio of BLG NCA to propargylamine 

(M/I), was 120. The initial monomer concentration was 0.6 M in DMF, and the reactions 

were left to stir under argon protection on a Schlenk line to allow for the CO2 release. 

The reaction completion was verified by Fourier transform infrared using attenuated 

total reflectance sampling (ATR-FTIR) analysis. This was done by monitoring the 

disappearance of the carbonyl bands of NCAs as they are reacting and being 

incorporated in the polypeptides. These peaks can be observed at 1850cm-1 and 

1790cm-1, peaks a and b respectively in Figure 8. 

 

Figure 8: FTIR spectra of the polymerization mixture (polymer 1) of BLG NCA in 

DMF initiated by propargylamine. Three different aliquots from the sample are 

represented at different times with t=0h before the addition of the initiator. The 

window represented from 2000cm-1 to 1500cm-1 shows the stretching bands of 

different carbonyls from BLG NCA and PBLG. a. is the stretching band of the 

anhydride carbonyl from the NCA, b. that of the anhydride/amide one, c. the ester 

one from the side chain of both monomer and polymer (stable concentration) and 

d. wavelengths where the amide bonds from the polypeptide can be found but 

where the solvent (DMF) also absorbs. 

The polymer was then purified by precipitation in cold ether and centrifugation and 

finally dried under vacuum (see Supporting information). The resulting PBLG was 

dissolved in CDCl3 for NMR analysis. 15% TFA is usually added to help solubilize the 

polymer as it breaks hydrogen bonds that may form insoluble secondary structuring. 

The 1H NMR analysis of polymer 1 (PA-PBLG120) showed the polymer backbone peaks 
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(a, f), side chain peaks (b,c) and benzyl protection peaks (d,e) as shown in  Figure 9 

thus verifying its chemical composition. 

DP calculation using 1H NMR was not accurate since the initiator peaks could not be 

easily identified as the targeted DP value is high. Chromatograms from SEC in DMF 

showed one peak in all three detectors using multi-angle light scattering (MALS), 

refractive index (RI) and ultraviolet-visible light spectroscopy (UV-Vis) respectively 

verifying the formation of high molecular weight polymers with narrow dispersities 

(Figure 10). It was then possible to determine the molar mass of the polymer using its 

dn/dC (see Supporting information). The number average molecular weight (Mn) 

was thus calculated to be 27 kg/mol (DP=123) and this molar mass is associated with 

a narrow dispersity value of 1.05. 

 

Figure 9: 1H NMR spectrum of polymer 1 in CDCl3+15%TFA. Peak attributions are 

indicated by the letters. As the targeted DP is high, the peaks from the initiator 

(propargylamine) could not easily be identified and integrated for DP calculation. 

Peak f is visible due to the use of non-deuterated TFA. *Impurities due to the use 

of use of non-deuterated TFA. 
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Figure 10: SEC chromatograms of polymer 1 using triple detection MALS, RI and 

UV. MALS detection verifies the formation of high molecular weight polymers using 

dn/dC, RI the relative concentration of species in solution as well as the elution 

time compared to the flow marker and UV to confirm the presence of certain 

functions, in this case aromatic rings on the side chains. 

 

Figure 11: MALDI-TOF spectra of polymer 1 using DCTB as matrix. The different 

peaks were assigned to a certain monomer unit in either form A or form B polymers 

(as shown in Scheme 2) as the analysis was done at room temperature. The 

initiator propargylamine was taken into consideration during the calculation 

confirming both chain ends. The average molar mass is an approximation as no 

calibration at such high values of molar mass was possible. 
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Both NMR and SEC results were also confirmed using MALDI-TOF analysis (Figure 

11). The mass spectrum evidenced a peak molecular weight near 32.5kg/mol and it 

revealed the presence of a set of ions with a mass difference of 219 g/mol verifying the 

repetition units of BLG with an initiation of the ROP attributable to propargylamine (54 

g/mol). 

2.1.1.2. Deprotection 

In the previous part, the synthesis and characterization of PBLG in a controlled manner 

was shown. This hydrophobic side chain bearing polymer can be used in many 

applications including nanomaterials101, nanofibers79, organogels37, and drug delivery 

application84. PBLG polymers are also more frequently synthesized as precursors for 

their deprotected water soluble version poly(L-glutamic acid), PGA. This anionic 

polypeptide holds great promise for biomedical applications102 and catalysis93. Once 

polymerized, the hydrophobic side chains of PBLG can be deprotected to give its 

water-soluble counterpart bearing carboxylic acid moieties. This reaction can be 

implemented in acidic or in basic conditions (Scheme 3). In this part, some of the 

different ways of deprotecting PBLG into PGA will be compared aiming to preserve the 

chirality of the backbone, prerequisite for PGA secondary structure.  

 

 

Scheme 3: Deprotection pathways of PBLG (Polymer 1) to obtain PGA (Polymers 

1DX) and optimized conditions. In all three cases, the workup involves 

neutralization of the pH of the medium with NaHCO3. This gives carboxylate side 

chains with Na+ counterions. 

Basic conditions 

PGA can be produced from PBLG (Scheme 3) using NaOH in aqueous solvents, but 

epimerization76 and even backbone hydrolysis can occur in such conditions103. For 

these reasons, mild basic conditions must be used:76 PBLG is first solubilized in an 
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organic solvent, THF, at low concentration then cooled to 0°C. An aqueous NaOH 

solution is then added dropwise for the saponification reaction (see Supporting 

information). The THF/water ratio was kept at 8:1 and the reaction time >16h. 

Furthermore, 2eq of NaOH to benzyl gave optimal results, meaning that the initial 

synthesis and characterization must be precise as to succeed in the subsequent 

deprotection. After reaction completion, the solvent was evaporated, and the NaOH 

neutralized with saturated NaHCO3 aqueous solution. The crude product was 

subsequently dialyzed against Milli-Q® water and finally lyophilized to obtain pure 

PGA, polymer 1D2 (the D corresponds to the deprotected form of the polymer) which 

was completely soluble in water. A first deprotection of polymer 1 was conducted as to 

optimize the conditions, polymer 1D1, and is shown in the Supporting information. 

The deprotection was initially verified by NMR in D2O containing a small amount of 

NaOD to ensure solubility. Polymer 1D2 showed a peak consistent with PGA backbone 

(peak a) and side chain peaks (b and c) as shown in Figure 12. Furthermore, the region 

around 8 ppm showed no residual benzyl groups, indicating a full deprotection of the 

polymer.  

 

Figure 12: 1H NMR spectrum of polymer 1D2 in D2O+NaOD. Peak attributions are 

indicated by the letters. As the targeted DP is high, the peaks from the initiator 

(propargylamine) could not easily be identified and integrated for DP calculation. 

No benzyl groups were detected in the highlighted area around 8ppm. *end chain 

groups 
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Although this deprotection technique proved to be useful, a simpler workup was found 

with other techniques as will be discussed in the following part. 

Acidic conditions 

Two acidic pathways were implemented for this study, and in both cases the polymers 

were solubilized in TFA. Although TFA is an acid, it is not strong enough to deprotect 

the stable benzyloxy pendant chains at room temperature.100 Nonetheless, it has the 

advantage of solubilizing most, if not all, polypeptides. The acidic hydrolysis can then 

be done using either methanesulfonic acid (MSA)77 or HBr76 (Scheme 3). 

MSA 

The polymer was dissolved in TFA at 100mg/ml and then ≈ 30 eq MSA to BLG units 

was added. A small amount of anisole is usually added in these conditions to avoid 

side reactions such as alkylation or oxidation.100 The reaction mixture was stirred for 

20 minutes at 0°C then 40 minutes at room temperature (see Supporting 

information). The polymer obtained, polymer 1D3, was not completely soluble in water 

meaning that the deprotection was certainly not fully achieved. NMR analysis in 

different solvents failed to determine the insoluble compounds but the D2O-soluble 

fraction was confirmed to be PGA (see Supporting information). This pathway was 

not taken further. 

HBr 

A first HBr driven deprotection was conducted as to optimize the conditions, polymer 

1D4, and is shown in the Supporting information. Polymer 1 was dissolved in TFA at 

30 mg/ml, 3.5 eq of aq. HBr was added and the reaction was left to stir overnight. The 

polymer was precipitated from cold ether, centrifuged, neutralized using saturated 

NaHCO3 aqueous solution then dialyzed against Milli-Q® water and finally lyophilized 

to obtain pure PGA, polymer 1D5 as a white fluffy powder (see Supporting 

information). The obtained polymer was completely soluble in water and 1H NMR 

spectra backbone (peak a) and side chain peaks (b and c) are shown in Figure 13. 
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Figure 13:  1H NMR spectrum of polymer 1D5  in D2O+NaOD. Peak attributions are 

indicated by the letters. As the targeted DP is high, the peaks from the initiator 

(propargylamine) could not easily be identified and integrated for DP calculation. 

*end chain groups **residual benzyl groups, integration shows a ratio of 750 

glutamate unit to 1 benzyl making it negligeable 

For SEC analysis, the water-soluble PGAs were dissolved in a basic phosphate buffer 

and passed through an aqueous chromatography setup. The basic conditions results 

in the deprotonation of the carboxylic acid side chains,104 to ensure solubility. 

Furthermore, in these conditions secondary structuring of the polypeptide chains can 

be avoided as protonated PGA forms insoluble helical structures. SEC results for 

polymer 1D5 (Figure 14) showed a number average molecular weight (Mn) of 18 

kg/mol (DP=129) and this molar mass associated to a narrow dispersity of 1.1. Overall, 

SEC results for the deprotected polymers (polymers 1D2 and 1D5) showed signs of  

aggregation by LS detection that we attributed (Figure S7 and Table S1) to the low 

concentration of the buffer related to the pendant carboxylate groups. This led to 

aggregation and inaccurate Mn calculations due to the peak shapes in MALS detection. 

The HBr method was chosen for further study. Its use of TFA as solvent will ensure its 

applicability on a wide range of copolymers. Furthermore, the simpler work up will 

allow the screening of several copolymers. 
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Figure 14: SEC chromatograms of polymer 1D4 using MALS and RI detection. 

MALS detection shows aggregated state at lower elution time. Even though the 

aggregates are detected by MALS, they form a negligible fraction of the mass of 

the polymer, as can be seen from the dRI trace. 

For the rest of this study, copolymers of a targeted DP=50 were examined. Polymer 2, 

a homoPBLG50 initiated by hexylamine and its deprotected form polymer 2D, will serve 

as standard for all copolymers. Its synthesis was done in the same way as described 

before and its structure verified by NMR and SEC. The initiator peaks (a, b, c, and d) 

were readily identified by 1H NMR due to the smaller molecular weight and the easier 

to identify alkyl chain protons (Figure 15). By integrating the polymer backbone peaks 

and dividing them by the initiator ones, a DP of 53-54 was calculated for polymer 2.  

Define Peaks

time (min)

10.0 20.0 30.0 40.0 50.0

R
e
la

ti
v
e
 S

c
a
le

0.0

0.5

1.0

LS dRI     

1 1



55 
 

 

Figure 15 : 1H NMR spectrum of polymer 2 in CDCl3+15%TFA-d. Peak attributions 

are indicated by the letters. Integration of peak a from hexylamine allows to 

calculate a DP of 53-54. 

Both SEC of the protected form in DMF (polymer 2) and the deprotected form 

(polymer 2D) in aqueous SEC showed high molecular weight peaks that are well 

defined (Figure 16). 

 

Figure 16: On the left: SEC of polymer 2 in DMF. MALS (red), RI(blue) and UV 

(green) detections are presented. On the right: Aqueous SEC of polymer 2D. 

MALS and RI detections are presented. Some aggregation can be observed in 

MALS detection though its concentration is very low as suggested by the RI 

detection. 

Using dn/dC values in both cases, it was possible to calculate the DP. For polymer 2 

a DP of 51 with a dispersity of 1.03 were calculated and a DP of 56 with a dispersity 

of 1.29 for polymer 2D. These results show the possibility to obtain PBLG and PGA 
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with well-defined and controlled structure that can be used as a benchmark for the 

rest of the study. 

2.1.1.3. Secondary structuring 

Peptide-based polymers can adopt similar secondary structures to those of proteins.105 

As mentioned in the previous chapter, both classes of macromolecules are constituted 

by a repetition of two neighbouring planes that are connected by the α-carbon. Only 

some torsion angles (ψ, ϕ) are allowed for each amino acid residue, corresponding to 

favourable low-energy regions, and limited by the chirality of the backbone and its 

pendant chains. The structure of a given polypeptide chain, will be the one which is 

most thermodynamically favourable and will depend on its environment.106 

Ramachandran highlighted the torsion angles of natural proteins in what is known as 

the Ramachandran plot (chapter 1).107 Two main zones have been highlighted: the α-

helix and β-sheet, as the most naturally abundant structures. Focusing on the α-helix 

which is a rod-like structure and has the pendant side chains extending outward in a 

helical array. This structure is stabilized by a hydrogen bonding network created 

between the oxygen of the carbonyl group of each peptide bond in the strand and the 

proton present on the amide of the peptide bond four units distant. The most common 

angles found in the α-helix geometry are ϕ = −60° and ψ = −45° with 3.6 amino acids 

(1.5 Å) per helix step and a radius of 2.3 Å, excluding side chains.105 Other interactions 

may play a role in this secondary structuring such as weaker electrostatic interactions, 

hydrophobic affinity  and even intermolecular bonding.  

PBLG exhibits secondary structuring that depends on its molecular weight and on the 

solvent. Oligopeptides can adopt beta-sheet like structures, but above a DP of 10-15, 

they adopt an α-helical conformation.108 This conformation reveals itself in helicogenic 

solvents, such as tetrahydrofuran (THF) or chloroform, and is usually insoluble.109,110 

Circular dichroism spectroscopy (CD) is a powerful tool to analyse this secondary 

structure. CD is widely used in structural biology to evaluate the conformation of 

proteins.111 Solutions of the analytes are irradiated with UV-Vis light. Optically active 

chiral molecules interact differently with left- and right-handed circularly polarized light 

and the differential absorption between the right- and left-handed light is thus 

measured. The chiral conformation of peptidic samples can then be monitored via this 

technique. This is usually done in the far-UV region where the electronic transitions of 

the amide group of the peptidic backbone occur. The CD spectra of most secondary 
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structures, such as α-helices, β-sheets and random coil, have well documented shapes 

and magnitudes.105 In the case of PBLG, the α-helical form is soluble in hexafluoro-2-

propanol (HFIP) (Figure 17), a solvent that does not absorb in the analysed 

wavelength window. 

 

Figure 17: CD spectra of a homoPBLG50 sample (polymer 2) in HFIP. The α-

helical signal is consistent with literature data.108The positive absorption band 

around 190 nm corresponds to a π→π* transition while the broader one around 

210-220 corresponds to an n→π* electronic transition. 

The double minimum in the area between 208 nm and 224 nm is attributable to a α-

helical structure.108 In the case of the deprotected, water-soluble form, PGA, different 

conformations can be observed by CD analysis in aqueous buffers. Indeed, the 

secondary structure of this polymer depends on the pH of the solution (Figure 18). 

This is due to the charged state of the side chain. When they are deprotonated, the 

negative charges repel each other and extend the polyanion in a random coil form. On 

the other hand, the carboxylic acid moieties form a network of intramolecular hydrogen 

bonding, stabilizing the α-helical form.77 
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Figure 18: Schematic representation of the two forms of PGA: On top, at pH>pKa 

the side chains are in the carboxylate forms and the polymer chain is in its coil 

form. On the bottom, the side chains are protonated at pH<pKa and stabilize the 

helical form. 

This behaviour has prompted researchers to consider the pH responsiveness of PGA 

in the formulation of smart materials.112 The analysis of the two forms of polymer 2D 

were analysed using aqueous CD. The obtained spectra of the sample at pH=6.5 had 

a small maximum at 218 nm and a sharp minimum at 198 nm (Figure 19) attributable 

to a random coil conformation. The sample at pH=4 had two minima at 209 nm and 

224 nm and a maximum at 195 nm (Figure 19) corresponding to the α-helical form. 

These results were also in accordance with data found in the literature.77 

 

Figure 19: CD spectra of the two forms of PGA (polymer 2D). The distinctive 

positive/negative peaks of each form are represented. 
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The successful synthesis of PBLG and its deprotection to PGA were explored in this 

part. The analysis of both the polymers’ structures and conformations were also 

developed. In the next part, the second monomer, glycine, will be discussed. Focus on 

the synthesis of the NCA form, the ROP of the homopolymer and its analysis will be 

presented. 

2.1.2. Glycine NCA 

Glycine is the simplest amino-acid and is highly abundant in natural proteins. It is not 

chiral. Glycine units are known to avoid folding in peptide sequences and are usually 

found in disordered domains in proteins.113 Thus, copolymerizing BLG and Gly NCA, a 

structure inducing monomer and a disorder inducing monomer respectively, in a 

controlled manner will have a direct influence on the secondary structuring of the 

produced copolymers.66 Furthermore, the absence of a side chain on glycine makes it 

easier to distinguish from other amino acids through characterization, notably by 

NMR.53 This will simplify the development of the calculations and experiments needed 

to determine the copolymerization kinetics. 

2.1.2.1. Synthesis and ROP of Glycine NCA 

Unlike BLG NCA, Gly NCA is not commercially available and had to be synthesized. 

While the Fuchs-Farthing pathway is most commonly used to produce glycine NCA 

(Table 1), we chose not to use phosgene or any of its derivatives due to their acute 

toxicity.  

Table 1: Synthesis examples of Gly NCA found in the literature and their main characteristics. In bold, 

pathways that were successfully used in-house for other glycine-like monomers114 and used in the 

synthesis at hand. 

Amino acid 

precursor 

Synthesis 

pathway 
Main reagents 

Reaction 

conditions 
Ref. 

Glycine 
Fuchs-

Farthing 

Phosgene 

THF, 45°C 115 

Dioxane, 50°C 
116–

118 

Phosgene + SO2 
Dioxane/acetic 

anhydride 45°C 
119 

Diphosgene THF, 45°C 
37,120–

122 

Triphosgene 

THF, 70°C 123 

Ethyl acetate, 

70°C 
35 
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Amino acid 

precursor 

Synthesis 

pathway 
Main reagents 

Reaction 

conditions 
Ref. 

Glycine 
Fuchs-

Farthing 

Triphosgene + 

triethylamine 
Ethyl acetate 124 

Triphosgene + α-

pinene 
THF, 65°C 51 

Triphosgene + 

limonene 
Acetonitrile, 70°C 125 

Triphosgene + 

epichlorohydrin 
THF, RT 98 

Triphosgene 

Acetonitrile/aqueo

us sodium salts 

(microfluidics) 

126 

Chloroform 

Chloroform/ACN, 

high energy UV 

irradiation, O2 

127 

1,1’-

carbonyldiimidazole 
D2O 117 

2-isocyanatoacetyl 

chloride 
Water/dioxane Diethyl ether 113 

N-ethoxycarbonyl 

glycine 

Leuchs 

SOCl2 

SOCl2, 40°C 128 

N-

benzyloxycarbonyl 

glycine 

Acetic anhydride, 

reflux 
116 

PCl5 

Ethyl acetate, ice 

bath 
129,130 

Diethyl ether 131,132 

N-Boc glycine PCl3 DCM, 0°C 133 

Other pathways can be found in the literature describing the synthesis of Gly NCA 

from different precursors and using different reagents (Table 1). 

Synthesis of Gly NCA 

The protocol using N-Boc glycine and PCl3133
 (Table 1) was not reproducible (see 

Supporting information). Only trace amounts of Gly NCA were detected even after a 

prolonged reaction time and at higher temperatures. Similarly, the pathway using T3P, 

though useful for the synthesis of other NCAs, showed little conversion over prolonged 

reaction times for glycine. Furthermore, the purification of the reagents, notably 

pyridine, proved complicated (see Supporting information). Finally, N-Boc glycine 

was used as the amino acid precursor for Gly NCA and was dissolved in THF or DCM. 

SOCl2 was chosen as the cyclizing agent (Scheme 4) and novel synthesis and 
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purification protocols were developed. When THF was used as solvent, the obtained 

powder was brownish if THF was used for filtration and yellowish if ethyl-acetate was 

used instead. When DCM was used as the reaction solvent, the powder was perfectly 

white, but the yield was always below 60% (see Supporting information). Otherwise, 

all products had very similar reactivities and were chemically comparable. 

 

Scheme 4: Developed synthesis pathway for glycine NCA using SOCl2 and 

starting from N-Boc glycine. The main side products resulting from the reaction are 

all gaseous or volatile. 

Building on previous knowledge of NCA synthesis from glycine derivatives114, model 

conditions were selected; 0.36 M and 1.2 eq of SOCl2. The optimal reaction time was 

determined to be 4 hours using 1H NMR in DMSO-d6 (Figure 20). 

 

Figure 20: 1H NMR spectrum of Gly NCA synthesis at different times. 1H NMR 

spectra (ordered from bottom to top): N-Boc glycine, reaction mixture after 1 hour, 

2 hours, 3 hours, and glycine NCA after purification. All spectra were recorded in 

DMSO-d6. *reaction solvent was evaporated, and crude mixture was analysed as 

is. Untagged signals are unidentified side products. 

After 4 hours of reaction, the reaction medium was a dark brown colour. The first step 

of purification was to evaporate most of the reaction solvent and almost all volatile side 
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product (Scheme 4). Solubility of reactants and products were determined as to 

correctly select the washing steps (Table S2). When the reaction mixture was 

concentrated enough to see a precipitate, it was washed with excess hexane and DCM. 

1H NMR showed removal of many unidentified byproducts and only Gly-NCA as 

precipitate (Figure 21). 

 

Figure 21: 1H NMR of hexane soluble byproducts (bottom) and precipitate left after 

hexane/DCM washing. Both spectra were recorded in DMSO-d6. 

As shown in Figure 21, water can be observed in the NMR solvent as DMSO is highly 

hygroscopic. Yet, the NCA molecules remain intact as the medium is very acidic. This 

was verified by pH paper that quickly gave acidic colours. This presence of excess 

chlorine was confirmed by the addition of silver nitrate in a THF solution and formation 

of a silver chloride precipitate. Celite filtration134 was selected as the most convenient 

and high yielding method to remove both contaminants.114 In order to do so, the 

brownish precipitates were suspended in ethyl acetate (EtOAc) and passed over a 

dried celite column. The undissolved matter was shown to be glycine (Figure S9) and 

was readily filtered out on top of the celite. After two celite filtrations, the final yellowish 

powder gave no visible precipitate using the silver nitrate technique described above 

and the pH paper was neutral. Furthermore, subsequent 1H NMR in DMSO-d6 

containing traces of water, NCAs can sometime be seen to degrade to their amino acid 

form or to polymers that precipitated over time (Figure S10), confirming the usability 
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of this product for ROP. Analysis of pure Gly NCA using 1H NMR (Figure 22) , 13C NMR 

(Figure 23), ATR-FTIR (Figure S11) and ESI-MS (Figure S12) all showed the desired 

product with high purity (see Supporting information). Other purification methods, 

like recrystallization, gave low yields. 

 

Figure 22: 1H NMR in DMSO-d6 of Gly NCA after purification through celite. 

 

Figure 23: 13C NMR in DMSO-d6 of Gly NCA after purification through celite. 

The presence of two carbonyls in the 13C NMR (Figure 23), is characteristic of the 

formation of an NCA. To further consolidate the successful synthesis, 2D-1H/13C HMBC 

was carried out in dry THF-d8 (Figure 24). 
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Figure 24: 2D H-C HMBC NMR of Gly NCA in THF-d. 

In this chapter, all Gly-NCA employed was synthesized via this optimized procedure. 

Ultimately the best way to probe the purity of NCAs is to ultimately evaluate their ability 

to form polypeptides via ROP (see the following section). For this purpose, all batches 

of Gly-NCA were polymerized and the kinetics of the polymerization followed and 

compared. If a batch had slower kinetics than previous batches, it was either purified 

again over celite or discarded.  

ROP of Gly NCA 

The ROP of glycine N-carboxyanhydride (Gly-NCA), even though it's a very simple 

monomer, is known to be much more complicated than that of BLG. The polymerization 

of Gly-NCA proceeds in a heterogenous reaction medium due to the precipitating 

PGly.135,136 This is mainly due to the formation of insoluble secondary structures that 

arises from even short repeating glycine sequences.137 As glycine is achiral, such 

secondary structures are studied using X-ray diffraction and solid state NMR.138,139 The 

peculiar secondary structures of polyglycine (PGly) have been extensively 

characterized: PGly can adopt either an anti-parallel β-sheet form (PGI) or a 31-helical 

form (PGII).139  In dry DMF, low concentration of initial monomers were used and an 

M/I ratio of 20 was targeted to synthesize polyglycines from synthesized NCAs 

(Scheme 5). Using hexylamine as initiator allowed for easy DP calculation by 1H NMR, 
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if no other initiation occurred. The reaction mixture quickly became turbid on addition 

of hexylamine as the reaction proceeded rapidly (see Supporting information). 

 

Scheme 5: Standardized polymerization of Gly NCA, initiated by hexylamine in dry 

DMF to produce polyglycine of DP 20. 

As discussed in the section presenting the synthesis of Gly-NCA, three polyglycines 

(PGly) were synthesized from different batches of Gly-NCA at different purification step. 

PGly 1 from Gly NCA that was not purified by celite, PGly 2 from Gly NCA that was 

passed through one dry celite column and PGly 3 from Gly NCA that was passed 

through two dry celite columns. The ROP was slightly faster for PGly 1 while little to no 

difference in kinetics was observed between PGly 2 and PGly 3. The final polymers of 

PGly 1 and PGly 2 were of lower molar mass than PGly 3 as shown by 1H NMR (Figure 

25). 1H NMR showed that polymers PGly 1 and PGly 2 had lower DP than the targeted 

one (11 and 15 respectively) while PGly 3 had a DP of 22 (Figure 25). Furthermore, 

both monomers and polymers from PGly 1 and PGly 2 experiments were of brownish 

color, while PGly 3 was white. It was thus established that two filtrations over dry celite 

columns were necessary to produce Gly-NCA that will be suitable for the ROP. 

Although the characterization of PGly using SEC has not yet been reported in the 

literature, the analysis in HFIP was developed here. However, polymers with a targeted 

DP higher than 20-25 units were completely insoluble due to secondary structuring. 

PGly 3 showed higher elution volume by SEC than PGly 1-2 (Figure 26). The 

molecular weights of the polymers and their dispersities were calculated using PMMA 

calibration. PGly 1-3 had respectively Mn=2.3, 2.4 and 3.7 kg/mol and their dispersities 

were of 1.50, 1.31 and 1.32 respectively. 
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Figure 25: 1H NMR spectra of polymers (from bottom to top) PGly 1-3 in TFA-d. 

Peak attributions are shown with the letters corresponding to the chemical 

structure represented. Peaks f could not be correctly integrated as pure TFA-d was 

used for clean analysis. 

 

Figure 26: SEC chromatograms of polymers PGly 1-3 in HFIP. RI detection is 

represented, MALS detection was not possible and thus no dn/dC could be used 

for Mn calculation. Chromatograms were normalized at the polymer peaks for 

easier visualization. *Peaks from flow marker and solvent. 
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MALDI-TOF analysis also proved complicated for PGly, as for other aliphatic 

polyamides,140 but it revealed the presence of a set of a series of ions matching with a 

weight difference of 57 g/mol verifying the repeat units of glycine with an initiation of 

the ROP attributable to hexylamine (101.19 g/mol) (Figure 27). 

 

Figure 27: MALDI-TOF spectra of PGly 3 using α-CHCA as matrix. The different 

peaks were assigned to a certain monomer unit and its counter ion considering 

chain end hexylamine.  

The synthesis of Gly NCA was thus fully developed in this research project and its 

subsequent polymerization explored. Outside this work, this knowledge can prove 

useful in future projects and perspectives; for example glycine and polyglycine are 

known to have electrical properties such as piezoelectricity141 or electrocatalytic 

effects.142 With both monomers and their ROP studied and analysed, 

copolymerizations based on both glycine and BLG NCA will be discussed in the next 

part. The results presented will thus serve as a basis for the synthesis and the analysis 

of the copolymers in the rest of this manuscript. 

2.2. Copolymerization, kinetics, and secondary structures 

The copolymerization of BLG and Gly NCA will be discussed in this section. The goal 

of this study is to produce glutamate-based copolymers that are intrinsically disordered 

by breaking their secondary structures using the incorporation of glycine. As a first step, 

the statistical control over the distribution of the two monomers in the copolymer chains 

will be explored. The analysis and the calculation of the reactivity ratios as well as the 

microstructures of the synthesized copolymers will be presented. These results are 
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used to establish the influence of different experimental conditions on the distribution 

of the comonomers. Finally, a correlation between the primary sequences and 

secondary structures of the synthesized copolymers will be established. 

2.2.1. Copolymer kinetics 

An in-situ NMR technique was used to calculate the reactivity ratios of the 

comonomers, BLG and Gly NCA (see section 1.1.3 for bibliographic context). This 

technique allows to monitor, concomitantly and independently, the disappearance of 

the peaks of each monomer and thus quantify their incorporation in the polymer chains. 

Polymerizations were monitored to high conversions to consider the effect that 

secondary structure can have on the copolymerization kinetics. The Meyer-Lowry 

integrated copolymerization equation (Equation 2) was used to calculate the 

copolymerization parameters.143 It was developed for radical copolymerization and 

assumes that only the terminal unit affects the reactivity, and that the kinetics are 

independent of the chain length. 

 

Equation 2: Integrated copolymerization equation and the values of the constants. 

Reactivity ratios are estimated by fitting Equation 2 to experimental data of monomer 

conversion in function of monomer fraction. To show the technique used, the study of 

copolymer 1 (Scheme 6) will be detailed. All other copolymers were explored in a 

similar manner. 

 

Scheme 6: Copolymer 1’s general scheme. Gly NCA and BLG NCA were 

copolymerized in DMF at 0°C. n=m=25 for a copolymer of total theoretical DP 50 

(M/I=50). 
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This polymer was studied at equal initial monomer feeds (fG,0 = fB,0 = 0.5) for Gly NCA 

and BLG NCA. An advantage of the in-situ NMR technique is that only small amounts 

of chemicals need be used. This allows to run several experiments at different fX,0 to be 

able to determine the copolymer composition (FX) in all conditions. In the first 

experiment where fG,0 = fB,0 = 0.5, the disappearance of the monomer peaks can be 

observed and used to calculate the conversion of each monomer as well as the overall 

conversion (Figure 28). Gly-NCA reacts faster than BLG-NCA and thus is preferentially 

incorporated in the copolymer at lower conversion. 

 

Figure 28: In-situ NMR monitoring of a copolymerization of initial composition fG,0 = 

f B,0 = 0.5. On the left: 1H NMR spectra at different points of the copolymerization 

reaction highlighting the peaks of the Cα of each monomer. On the right is plotted 

the conversion of each monomer in function of the reaction time. The overall 

conversion was consequently determined and plotted. 

A copolymerization system was then studied (copolymerization system 1) to calculate 

the reactivity ratios. The conditions of copolymerization system 1 were DMF (0.1 M 

concentration of monomers), 0°C and hexylamine initiation and M/I=50 for all 

experiments. In total, five experiments were done similarly with varying initial monomer 

feeds: fB,0 = 0.90, 0.80, 0.50, 0.36 and 0.20 The experimental data was then fitted to 

the copolymerization equation (Equation 2) to obtain the reactivity ratios. Since both 

conversion and fraction are experimentally determined it is necessary to consider the 

induced error in each. For this purpose, a previously developed144 nonlinear least 

squares method, was used assuming non-negligible error in all variables.145 Using the 

visualization of the sum of squares space method, the point estimates of rGly and rBLG 

were found to be  1.75 and 0.47 respectively (Figure 29). This result corroborates the 

experimental observations mentioned above and the copolymer will have a gradient 
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like microstructure (Figure 6) with a higher concentration of glycine units at one end of 

the chain.  

 

Figure 29: Point estimate and 95% joint confidence interval (contour) of reactivity 

ratios of copolymerization system 1. rGly = 1.75 and rBLG = 0.47. 

In order to confirm the accuracy of the results obtained it is important to compare the 

experimental data to the modelled results (obtained using Equation 2). This is plotted 

in Figure 30 and shows reasonable agreement between the two, although some 

deviations can be observed at higher conversion rate. Therefore, the calculated 

reactivity ratios reflect the composition of the copolymers obtained through this system. 

While the instantaneous feed ratio of BLG varies little during the beginning of the 

reaction, the reaction mixture is getting slowly enriched with BLG NCA. As Gly-NCA is 

consumed more rapidly, the molar fraction of BLG NCA will increase towards the end 

of the copolymerization. 
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Figure 30: Modelled monomer (BLG NCA) compositions in function of the overall 

copolymerization conversion in the case of the five experiments listed above with 

varying initial monomer feeds (copolymerization system 1). These plots are 

compared with the experimental data from all the experiments. 

The gradient copolymer 1 obtained from this system could also be schematically 

represented on the scale of an individual chain using a Monte Carlo simulation to 

calculate the probability of insertion of one monomer unit at a time. In Figure 31, 20 

chains are presented, with an average number of units equal to the number-average 

degree of polymerization of the polymer and a length distribution with dispersity of 1.1 

(Figure 7). The probability that a given unit is assigned as Gly or BLG is determined 

by the identity of the previous unit and the monomer ratio at the conversion 

corresponding to that chain length calculated from the reactivity ratios.144 

 

Figure 31: Simulated 20 polymer sequences of copolymer 1. The direction of 

polymerization is from left to right. Gly-Gly dyads are shown in blue (28%), Gly-

BLG and BLG-Gly dyads in green (51%) and BLG-BLG dyads in red (28%). Since 

the dispersity is taken into account, the polymer chains are represented in order of 

their length from top to bottom. 
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Copolymer 1 has thus a small gradient nature with a higher concentration of Gly-Gly 

dyads at the beginning of the chain and more BLG-BLG dyads at the other end with an 

overall high concentration of alternating dyads (Figure 31). The copolymer was 

revealed to have highly different macroscopic properties from polymer 2 (PBLG50). The 

copolymer was insoluble in DMF and copolymerization system 1 allowed to map the 

solubility of the system depending on the initial feed ratio and the conversion (Figure 

32). 

 

Figure 32: Phase diagram of copolymerization system 1. The initial feed ratio was 

plotted in function of the conversion and the cloud points were determined by 

looking at the state of the solubility of the polymer in NMR tube. At low fB,0 the 

copolymer became insoluble after a certain degree of conversion in contrast to 

high fB,0 systems where it was soluble until high conversion. fB,0 = 1 is the 

homopolymerization where the polymer is soluble at all stages. 

2.2.2. Effect of reaction conditions on the reactivity ratios 

Effect of feed ratio 

As a first step to assess the effect that the reaction conditions could have on the 

copolymerization of BLG and Gly-NCA, a series of copolymers was synthesized based 

on the copolymerization system 1 described above. For this purpose, fB,0 value was 

varied from 0 to 0.5 (Table S3). From the reactivity ratios calculated the copolymer 

chains were represented to visualize differences in composition profile. As the initial 
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feed ratio of BLG NCA decreases, alternating dyads start to appear and are dispersed 

along the chain. For copolymers 4-6, more Gly-Gly dyads start to appear and are more 

concentrated at the beginning of the chains. 

 

Figure 33: Simulated 20 polymer sequences of copolymers 1-6. The direction of 

polymerization is from left to right. Gly-Gly dyads are shown in blue, Gly-BLG and 

BLG-Gly dyads in green and BLG-BLG dyads in red. Since the dispersity is 

considered, the polymer chains are represented in order of their length from top to 

bottom. 

Effect of solvents 

The change of reaction solvent might influence the kinetics of the copolymerization. In 

radical polymerization, the polarity of the solvent and its dielectric properties can 
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stabilize different propagating species thus changing the reactivity ratios.23 As 

mentioned in the introduction of this chapter, the  solvent nature dictates the secondary 

structuring and the solubility of the growing copolymers’ chain and this can influence 

the reactivity ratios.39,43 To study this effect in the case of BLG and Gly NCA 

copolymerization, three new copolymerization systems (2 – 4) were studied: DMF 

(copolymerization system 2), THF (copolymerization system 3) and DMSO 

(copolymerization system 4).  The use of DMSO makes it difficult to conduct the 

polymerization at low temperature as it solidifies. For this reason, the 

copolymerizations were studied at 25°C and all other criteria kept the same as 

copolymerization system 1 (0.1M concentration of monomers and hexylamine initiation 

and M/I=50). Using the technique described above the reactivity ratios were calculated 

for the three systems (see Supporting information). 

 

Figure 34: Point estimate and 95% joint confidence interval (contour) of reactivity 

ratios of copolymerization system 2-4. The values of system rGly and rBLG from each 

solvent system are shown. The dotted line corresponds to the case of an ideal 

copolymerization where the difference in reactivity between the comonomers is 

independent of the propagating chain end.146  

The solvent had a high influence on the reactivity ratios of Gly and BLG NCA (Figure 

34). The product of the resulting reactivity ratios (rGly × rBLG) gives an indication of the 

behaviour of the copolymerization. If this value is equal to unity, the copolymerization 

is considered to be ideal meaning that difference in reactivity is independent of the type 

of propagating species but only on the inherent reactivities of the monomers (Figure 
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34).146 Values of rGly × rBLG lower than one indicates a tendency of the copolymerization 

towards alternating repeat units. The lowest rGly × rBLG was obtained in THF (0.59) while 

in DMF rGly × rBLG was found to be 0.82. In the case of DMSO rGly × rBLG was equal to 

2.36 which indicates a tendency to form blocks of homopolymer. In all three cases the 

copolymers have the same gradient nature, this is more pronounced for DMF and 

DMSO which have a higher difference in reactivity ratios (Figure 35). Glycine is highly 

reactive and the difference in reactivity is expected. The difference in results between 

the solvents is explained by the solubility of the polymer chains, the polarity of the 

solvents, their protic nature, and their capacity to form hydrogen bonds. DMF and 

DMSO are more polar and can form hydrogen bonds with the growing polymer chains 

thus preventing the α-helical secondary structuring of PBLG homosequences during 

the reaction. This structuring is known to accelerate the ROP of BLG NCA due to 

macrodipolar affinity.78 In contrast, formation of secondary structure could be observed 

in THF, a helicogenic solvent,  

 

Figure 35: Simulated 20 polymer sequences of copolymer systems 2-4. The 

direction of polymerization is from left to right. Gly-Gly dyads are shown in blue, 

Gly-BLG and BLG-Gly dyads in green and BLG-BLG dyads in red. Since the 

dispersity is considered, the polymer chains are represented in order of their length 

from top to bottom. 
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Three copolymers (7-9) were synthesized in these three solvents to elucidate the 

difference of behaviour (Table 2). 

Table 2: Synthesized copolymers to show the effect of the reaction solvent on the properties of the 

copolymers. All synthesis were conducted in the following reaction: fB,0=0.5, 0.1M of initial monomer 

concentration, 25°C and initiated with hexylamine(M/I=50). 

 
Reaction 

solvent 

Yield 

(%) 

BLG%  by 
1H NMRa 

Overall Dp 

by 1H NMRb 

Copolymer 7 DMF 85 50 49 

Copolymer 8 THF 86 48 50 

Copolymer 9 DMSO 69 50 52 
aas determined by the integration of the glycine and the PBLG peaks in 1H NMR in TFA-d; bas determined 

by the ratio between the integration of the HA peaks and the backbone peaks in 1H NMR in TFA-d. 

The three copolymers had different behaviours in each solvent. Only copolymer 9 was 

soluble during polymerization in DMSO, while copolymer 7 and 8 precipitated at 40% 

and 50% conversion respectively. While copolymers 7-8 were only soluble in HFIP for 

SEC analysis, copolymer 9’s SEC analysis was done in DMF (Table S4) since it was 

not soluble in HFIP. These copolymers were further characterized by 13C NMR in TFA-

d to elucidate carbonyl peaks of homo-sequences and hetero-sequences (Figure 36). 

The homo-sequences peaks were determined by analysing a pure PBLG (Polymer 2) 

and PGly 3. 

 

Figure 36: Quantitative 13C NMR of copolymers 7-9. The spectra are zoomed on 

the carbonyl region between 170-180 ppm. The different peak zones are 

highlighted in colours; Gly-Gly carbonyl peaks are shown in blue, Gly-BLG and 

BLG-Gly carbonyl peaks in green and BLG-BLG carbonyl peaks in red. The 

percentages of the different peak regions are shown and were determined by peak 

fitting and deconvolution. 
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BLG repeat units’ carbonyl peaks are deshielded when the previous unit is glycine (blue 

peaks at 175.4ppm). On the other hand, glycine repeat units’ carbonyl peaks are 

shielded when the previous unit is BLG (red peaks at 174.4 ppm). By fitting and 

deconvoluting the different peaks (Figure S20), it was possible to calculate the 

percentage of homo-dyads and hetero-dyads (Figure 36 and Table 3). 

Table 3 : Dyads percentages as determined by both the copolymer chains’ simulation and 13C NMR 

for copolymers 7-9 

 Monte Carlo simulation 13C NMR 

 
Gly-BLG% 

BLG-Gly% 

BLG-

BLG% 

Gly-

Gly% 

Gly-BLG% 

BLG-Gly% 

BLG-

BLG% 

Gly-

Gly% 

Copolymer 7 51 19 29 35 26 39 

Copolymer 8 54 20 26 42 28 30 

Copolymer 9 31 28 41 21 37 42 

Although the values from both techniques were not the same, the tendencies were 

similar. Both techniques confirmed that copolymer 9, with highest gradient effect, had 

the lowest alternating dyads content. This means that copolymer 9 had the highest 

content of homosequences of both monomers. For all copolymers and in both 

techniques, more Gly-Gly dyads were observed than the BLG-BLG dyads. This is 

consistent with the reactivity ratios obtained where rGly > rBLG. The results obtained by 

13C NMR confirm the difference in microstructure of copolymers 7-9 confirming that the 

solvent influences the reactivity ratios of Gly NCA and BLG NCA. Thus, by changing 

the reaction solvent the primary structure of Gly-BLG copolymers can be stochastically 

controlled to obtain higher alternation. 

Reaction temperature 

In copolymerization system 1 (0°C in DMF, section 2.2.1), the reactivity ratios were 

calculated to be rGly=1.75 and rBLG=0.47 while in the same solvent at 25°C 

(copolymerization system 2,0) the values were 2.38 and 0.2 respectively. The 

difference in reactivity ratios obtained for these two copolymerization systems show 

that the temperature can also influence the kinetics. Similar studies were done at 50°C 

in DMF (copolymerization system 5) and at 0°C in THF (copolymerization system 6) 

(Table S5) to further highlight the effect of reaction temperature on copolymerization 

kinetics in both these solvents. As shown in Figure 37¸ the increase in temperature 
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significantly increases the value of rGly and has little effect on the value of rBLG. This 

effect was more significant in DMF than in THF at both these temperatures.  

 

Figure 37: Point estimate (black circles or blue crosses for DMF and THF systems 

respectively) and 95% joint confidence interval (contour in black or blue for DMF 

and THF systems respectively) of reactivity ratios of copolymerization systems 

1,2,3,5 and 6. 

By looking at these results, the increase in temperature increased the difference 

between the two reactivity ratios leading to an increase in the gradient extent (see 

Figure 38). 

 

Figure 38: Effect of the temperature on the relative ratio between rGly and rBLG for 

synthesis done in THF and DMF. These results are for copolymerization systems 

1,2,3,5 and 6. 
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Increasing the reaction temperature increases the overall reactivity of the 

copolymerization. In the studied system, glycine had its reactivity increase more than 

that of BLG, producing copolymers with higher gradient nature. Although this behaviour 

could be useful it was not investigated further as of concerns of chain end capping due 

to the BLG units at higher temperatures discussed earlier. 

ROP mechanism 

The ROP mechanism could also act as a lever to change the copolymerization kinetics. 

For this purpose, three different ROP systems were explored to be compared to the 

classical amine-initiated ROP discussed above (Scheme 7) 

 

Scheme 7: General reaction schemes for copolymers 11-14. All copolymers were 

conducted in DMF except for copolymer 12. DMEA=dimethylethanolamine; 

HFAB=1,3-Bis(2-hydroxyhexafluoroisopropyl)benzene; TMG=tetramethylguanidine; 

TBBA=tetrabutylammonium benzoate. 

These three systems were chosen for the difference of their reaction mechanisms. In 

the first catalytic system, the fluorinated alcohol (HFAB) creates hydrogen bonds with 

the NCAs (Scheme 8) allowing for an easier ring opening reaction when attacked by 

the initiator or the growing chain end.147 
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Scheme 8: Postulated mechanism of a) HFAB on NCA147 and b) TMG on the ROP 

of NCA148. 

For the second system, tetramethylguanidine (TMG) mediated catalysis, the 

mechanism involves the interaction between the organobase and the initiator or the 

propagating chain end increasing their nucleophilicity. This catalyst was shown to work 

in different solvents148,149 and was employed in both THF (copolymer 12) and DMF 

(copolymer 13) as the polarity of the solvent can affect the reaction. 

 

Scheme 9: Initiation of the ROP of NCA using TBBA.150 

In the last system, copolymer 14 (TBBA), activating effect comes from the stabilization 

of a carbamate anion (Scheme 9) as propagating species due to the large 

alkylammonium counter ion.150 This is also very similar to the effect TMG has on the 

chain end shown above.  

The ROP for all these systems was extremely fast and the use of in-situ NMR to 

calculate the reactivity ratios proved therefore difficult. Indeed, using TBBA and 

DMEA/HFAB in catalysis, it was not possible to determine the reactivity ratio. On the 

other hand, when using TMG as a catalyst, reaction monitoring was possible, and the 

results obtained varied depending on the solvent that was used. In this case the use 

of TMG in DMF (copolymer 12) induces a smaller gradient effect than without the use 

of the catalyst as the reactivity ratio of BLG is increased from 0.2 to 0.96 while for 

glycine no significant change was observed. For THF the reactivity ratios were both 

found to be above 1 (rGly=4.50 and rBLG=1.42). This last result suggests an interesting 

multiblock microstructure of the resulting copolymer that was not characterized yet in 

this study. 
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Table 4 : Dyads percentages as determined by both the copolymer chains’ simulation and 13C NMR 

for copolymers 11-14 when possible. 

 Monte Carlo simulation 13C NMR 

 
Gly-BLG% 

BLG-Gly% 

BLG-

BLG% 

Gly-

Gly% 

Gly-BLG% 

BLG-Gly% 

BLG-

BLG% 

Gly-

Gly% 

Copolymer 11 a. 42 29 29 

Copolymer 12 39 25 36 b. 

Copolymer 13 28 31 41 40 29 31 

Copolymer 14 a. 48 28 24 
a.The speed of the reaction did not allow for reactivity ratios calculations; b.the copolymer precipitated 

out of the solution during analysis in TFA-d. 

The resulting copolymers were then analysed by 13C NMR to establish the relative 

content of each dyad as described above. As shown in Table 4, copolymer chain 

simulations were only obtained for copolymers 12 and 13. For the latter, the 13C NMR 

analysis did not give values similar to those of the simulation and thus no conclusions 

can be made. Furthermore, the values obtained were close to those obtained for 8. It 

was possible to see from 13C NMR analysis of copolymers 11 and 14 that the use of 

catalysis allowed to increase the percentage of alternating dyads in comparison to 

copolymer 7. The change in ROP mechanism and catalysis thus has an effect on the 

primary structure of copolymerizations of Gly NCA and BLG NCA. It was also possible 

to access new microstructures, multiblock copolymers, when TMG catalysis was used 

in THF. 

2.2.3. Effect of reaction conditions on the secondary structure 

In this part, the secondary structures of copolymer synthesized in the different 

conditions discussed above was analysed. The copolymers were deprotected for 

analysis in aqueous conditions (Scheme 10).  

 

 

Scheme 10: Deprotection of copolymers for secondary structure analysis. 
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Effect of feed ratio 

Copolymers 1-6 were deprotected to yield glutamate-containing PGly-co-PGA 

copolymers 1D-6D. The synthesized copolymers were in reasonable agreement with 

their theoretical composition by 1H NMR (Table S3 and Table 5). The difference in 

solubility of the copolymers in their initial and deprotected states complexified the SEC 

analysis (Table S4). Furthermore, since dn/dC calculations are necessary to determine 

Mn values, this could not be done for each copolymer independently. Nonetheless, the 

formation of high molecular weight copolymers could be verified, and the values 

presented in Table S4 are indicative. 

Table 5: Synthesized copolymers to show the effect of monomers' initial feed ratio on the properties 

of the copolymers. All synthesis were conducted in the reaction conditions of copolymerization system 

1 (0.1M in DMF, 0°C and initiated with hexylamine with M/I= 50) and subsequently deprotected 

according to previously discussed methods. Polymer 2D is inserted for comparison. 

 fB,0a 
Structure 

(theoretical) 

PGA% by 
1H NMRb 

Overall DP by 
1H NMRc 

Polymer 2D 100 HA-PGA50 100 55 

Copolymer 2D 95 HA-PGA47-co-PGly3 93 57 

Copolymer 3D 90 HA-PGA45-co-PGly5 85 60 

Copolymer 4D 80 HA-PGA40-co-PGly10 80 64 

Copolymer 5D 70 HA-PGA35-co-PGly15 65 63 

Copolymer 6D 60 HA-PGA30-co-PGly20 57 50 

Copolymer 1D 50 HA-PGA25-co-PGly25 47 51 
ainitial monomer feed and expected PGA% in final copolymer; HA: hexylamine; bas determined by the 

integration of the glycine and the PGA peaks in 1H NMR in D2O; cas determined by the ratio between 

the integration of the HA peaks and the backbone peaks in 1H NMR in D2O; das determined by the Mn 

value from dn/dC  through MALS detection, the used value was that of homoPGA (0.1489) thus inducing 

an error in the calculation of the copolymers’ Mn value, which are just indicative; eas determined by 

MALS detection. 

The copolymers were then analysed by CD to assess their secondary structures. 

Figure 39 shows the different CD spectra of the copolymers at pH=4 where PGA 

adopts an α-helical structure. In comparison to polymer 2D spectra (Figure 19) the 

intensity of the peaks is much lower even with low glycine incorporation (copolymer 

2D). Since α-helical structuring requires long sequences of PGA units,108 small 

incorporations of glycine units may disrupt the structure, leading to lower helical 

content. 
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This can be visualized by the simulation of chains from copolymer 2D, as shown in 

Figure 33, where the 5% copolymerized glycine units are incorporated at different 

points along the different chains, possibly disrupting long distance helical form. 

 

Figure 39: a) CD spectra of copolymers 1-6(D) in helix inducing media (pH=4); b) 

data from a. and Figure 17 was plotted to show the effect of the %PGA units in 

polymer 2D and copolymers 1-6(D) on the intensity of the negative peak around 

209nm and its position. 

The CD spectra also show the gradual decrease of the α-helical peaks with decreasing 

PGA% in the copolymers as well as the shifting of the peak maximum towards lower 

wavelengths (Figure 39 b.).  Since the signals from CD spectra are additive,111 the 

coexistence of the two forms, α-helix and random coil, will give an intermediate signal. 

Thus the negative peak is shifting from an α-helical form (>209nm) towards a more 

random coil conformation (<200nm) (Figure 19) and all the detailed peaks in Figure 

39 b. could be a combination of both signals. Deconvolution could also be done to 

calculate the percentage of each, but they are model-dependant111 and were not 

conducted for this study. Copolymer 4D has a highly random conformation compared 

to other copolymers even those that have a higher glycine content. This composition 

could be consistent with high incorporation of glycine at the beginning of the copolymer 

destructuring the copolymer and not allowing for formation of long PGA sequences at 

the other end of the copolymer to allow for helical structuring. This could also be an 

outlier and the experiment needs to be repeated to confirm any hypothesis. 

Effect of reaction solvent 

Copolymers were prepared in the different solvents at 25°C and were subsequently 

deprotected and analysed by CD. The resulting copolymers are presented in Table 6. 
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Table 6: Synthesized copolymers to show the effect of the reaction solvent on the properties of the 

copolymers. All synthesis were conducted in the following reaction: fB,0=0.5, 0.1M of initial monomer 

concentration, 25°C and initiated with hexylamine(M/I=50). 

 Reaction solvent Yield (%) 
BLG% by 
1H NMRb 

Copolymer 7 

Copolymer 7D 
DMF 

85 

82a 
50 

Copolymer 8 

Copolymer 8D 
THF 

86 

90 a 
48 

Copolymer 9 

Copolymer 9D 
DMSO 

69 

80 a 
50 

Copolymer 10 

Copolymer 10D 
DCM 

90 

97 a 
49 

aafter HBr deprotection; baverage value as determined by the integration of the glycine and the BLG 

peaks in 1H NMR in both TFA-d (before deprotection) and D2O (after deprotection). 

A copolymer was synthesized in DCM, a less polar solvent than THF. The calculation 

of the reactivity ratios using the same method was not possible for copolymerization in 

DCM, as Gly-NCA is only slightly soluble (Table S2). This could help reduce the relative 

reactivity of Gly-NCA to BLG-NCA. While copolymer 9 was soluble from start to finish 

and copolymer 10 was synthesized in a heterogenous manner, copolymers 7 and 8 

started out homogeneously but the chains precipitated at different times. The 

secondary structure analysis of copolymers 7D-10D showed varying behaviours in 

helix-inducing conditions. Copolymer 8D, synthesized in THF showed the highest 

helical conformation, followed by copolymer 10D synthesized in DCM. In contrast, 

copolymers 7D and 9D both showed more random coil behaviour with the negative 

peak shifted towards lower wavelengths. This was more pronounced for copolymer 9D 

synthesized in DMSO with the highest gradient nature (Figure 40 a.). These results 

could corroborate the hypothesis that the reactivity of the comonomers can be affected 

by the nature of the solvent and the secondary structuring of the growing chains. Using 

these results, the relative reactivity ratios of copolymer 10D could be estimated to be 

between that of copolymer 7D and of copolymer 8D (Figure 40 b.). More data is of 

course needed to establish a complete model for such calculations. 
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Figure 40: a.CD spectra of copolymers 7D-10D in helix-inducing aqueous media 

(pH=4). The two extreme conformations of Polymer 1D are shown for easier 

understanding of the reader (helix form at pH=4 and coil form at pH=6). b. Plot of 

the ratio between rGly to rBLG in function of the difference of the molar ellipticity of 

the copolymers 7D-9D at 209nm (α-helix peak) and 198nm (random coil peak). 

The line is drawn to easily visualize the trend. The red circle corresponds to 

copolymer 10D and is an estimation based on its CD signal. The grey circle (X) is 

an estimation of the values for a perfectly alternating copolymer of 25/25 

glycine/glutamate. rGly/rBLG=1 and its molar ellipticity value is equal to half of 

polymer 1D’s value. 

Copolymer 8D having the most random distribution by the closer value of reactivity 

ratios has the most helical nature. It is thus hypothesized that an even distribution of 

glycine along the PGA chain does not disrupt its helical structure. In other words, 

replacing, in a regular matter along the chain, glutamate units by achiral units without 

side chains in a PGA polymer still allows the formation of an alpha helical conformation. 

The helicity signal from copolymer 8D is around half of that of polymer 1D. This is 

because the copolymer contains half as many glutamate units that give out the chiral 

signal. On the other hand, if the monomer distribution is less even, the conformation is 

disrupted. A highly gradient copolymer, like copolymer 9D, has a part with high 

concentration of glycine that does not form alpha helical structure, and on the other 

end of the copolymer, a higher concentration of glutamate unit that do not form a long 

enough chain to form a helix structure. This hypothesis can also explain the behaviour 

observed for copolymer 4D highlighted above. Having small amounts of glycine had 

little effect on the helicity, but at a certain glycine percentage the conformation was 

disrupted. Adding more glycine allowed for structuring again as they were more 
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dispersed over a longer range. More experiments are needed to elucidate the 

conformational behaviour of such copolymers and such knowledge could help in 

comprehending how natural proteins adopt their different secondary structures. 

Effect of catalysis and ROP mechanism 

Copolymers were prepared using the different catalytic conditions and were 

subsequently deprotected to be analysed by CD. 

Table 7: Synthesized copolymers to show the effect of catalysis and ROP mechanism on the final 

properties of the copolymers. All synthesis were conducted in the following reaction: fB,0=0.5, 0.1M of 

initial monomer concentration and 25°C. 

 Reaction solvent Catalyst Initiator 

Copolymer 11D DMF HFAB DMEA 

Copolymer 12D DMF TMG HA 

Copolymer 13D THF TMG HA 

Copolymer 14D DMF - TBBA 

Only copolymer 13D showed a high helical form thanks to synthesis in THF catalysed 

by TMG (Figure 41). The other copolymers showed moderate helicity comparable to 

copolymers synthesized with classical NAM. 

The values of reactivity ratios for copolymer 12D were close to copolymerization 

systems in DMF without catalysis while those in THF (copolymer 13D) were both higher 

than 1. This multiblock copolymer shows increased helicity in comparison to other 

systems suggesting the possibility of glutamate sequences long enough for this 

secondary structuring. The difference in the different systems also suggests that the 

catalyst and/or the ROP mechanism could depend on the nature of the comonomer or 

the propagating species. Although the copolymerization is much faster in all these 

conditions glycine still reacts faster than BLG. The steric hindrance around the BLG 

units thus reduces its rate of reaction. 
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Figure 41: CD spectra of copolymers 11D-14D in helix-inducing aqueous media 

(pH=4). 

3. Conclusions 

In this chapter the copolymerization of BLG-NCA and glycine-NCA was studied as a 

model system to design synthetic IDP using ROP of NCA. This model system has 

enabled us to develop a convenient method to calculate the reactivity ratios during a 

ROP of different NCAs. These ratios determine the microstructure of the obtained 

copolymers and can be used to steer the copolymerization towards a desired statistical 

sequence. The levers that can affect the reactivity ratios are the reaction conditions 

and their effect was explored. Feed ratio, solvent, temperature, catalysis, and ROP 

mechanism were changed to observe their effect on the copolymerization kinetics. It 

was found that by changing one condition at a time, different behaviours can be 

obtained from the ROP. This method can then be used to obtain copolymers with 

different microstructural properties using the same batch reaction of the two 

comonomers. This primary sequence was analysed by Monte Carlo simulations and 

13C quantitative NMR analysis to highlight the differences between the different 

synthesized copolymers. This information was then used to compare their secondary 

structure after deprotection. First the feed ratio of both comonomers was varied with 

all other conditions kept the same. By increasing the glycine ratio, the helical nature 
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decreased linearly. At a ratio of 50%, the polymer had low helicity compared to 

homoPGA but still retained a helical CD signature. Then, the polarity of the solvent was 

changed at a feed ratio of 50% and it was found that in higher polarity solvents the 

gradient nature of the produced copolymers was accentuated. This resulted in the 

formation of copolymers based on glutamate with a random coil conformation as the 

alternating dyads were decreased as measured by 13C NMR and by the reactivity ratio-

based simulations. Thus, homosequences with an asymmetrical distribution along the 

copolymer chain allowed to synthesize disordered PGA based copolymers. 

Furthermore, when higher alternating sequences were observed, and their distribution 

was more spread out along the chains, the copolymer retained high α-helical content. 

Similar conclusions were made when the temperature was changed. The increase in 

temperature increased the gradient nature. Using different ROP mechanisms and 

catalysis it was possible to synthesize copolymers with varying microstructures. A 

multiblock copolymer using TMG catalysis in THF produced a highly helical copolymer. 

Although it was hypothesized that distributing glycine units evenly (increasing 

alternating dyads) will destructure the helical nature of PGA, it was found that removing 

evenly along the copolymer the side chains of glutamate unit it was possible to retain 

its α-helical structure. We hypothesize that replacing glutamate with glycine at random 

points along the polypeptide chain without having high concentration of glycine homo-

sequence allows the structuring. Experimental conditions thus allow to exert a degree 

of control over the distribution of comonomers along the polymer chains. The choice of 

the two comonomers allow to mimic the properties of IDPs. Production of intrinsically 

disordered polyglutamates by adding glycine units was shown to be possible using the 

appropriate reaction conditions. 

4. Supporting information 

4.1. Materials and methods 

All chemicals and solvents in this work were purchased from Sigma Aldrich, 

Fluorochem, Acros, TCI, Strem and VWR, and were used without any purification 

unless otherwise described. DMF, THF, DCM, acetonitrile and cyclohexane were 

obtained from a solvent system purifier (PureSolv, Innovative Technology), kept under 

argon atmosphere and freshly used. Milli-Q water was obtained from a Purelab Prima 

purification system (ELGA) with a resistivity of 18.2 MΩ cm-1. The N-carboxyanhydride 
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monomers were purchased from PMC Isochem, stored at 20 °C under argon 

atmosphere and weighed in the glove box Jacomex GP13 no. 2675 at the Laboratoire 

de Chimie des Polymères Organiques (LCPO, Bordeaux, France). Dialysis 

membranes were purchased from SpectrumLabs. Hexylamine and TMG were freeze-

thawed and cryo-distilled on the Schlenk line prior to use. Deuterated solvents used for 

in-situ NMR monitoring were dried before use. THF-d was dried using 

benzophenone/Na and cryodistilled before use. DMF-d was stored on activated 3A° 

molecular sieves for at least one week and cryodistilled before use. DMSO-d was 

stored on activated 3A° molecular sieves for at least one week before use. 

4.1.1. Nuclear Magnetic Resonance (NMR) 

1H NMR 400 MHz spectra were obtained using a Bruker Avance I (Liquid-state 400 

MHz NMR spectrometer with 5 mm BBFO probe). In-situ 1H NMR and quantitative 13C 

NMR were both conducted on a spectra were recorded on a 500 MHz Prodigy NMR 

AVANCE NEO 500. Solvent peaks were used for reference for the locking. The spectra 

obtained were calibrated using the residual solvent signals. The signals were 

categorized as follows: singlet (s), doublet (d), triplet (t), quartet (q), multiplet (m) and 

broad (br). 

4.1.2. Size Exclusion Chromatography (SEC) Analyses 

SEC DMF/DMSO 

Polymer molar masses were determined by Size Exclusion Chromatography (SEC) 

using dimethyformamid (DMF + lithium bromide LiBr 1g/L) or DMSO as the eluent. 

Measurements in DMF/DMSO were performed on an Ultimate 3000 system from 

Thermoscientific equipped with diode array detector DAD. The system also include a 

multi-angles light scattering detector MALS and differential refractive index detector 

dRI from Wyatt technology. Polymers were separated on two Shodex Asahipack gel 

columns GF310 and GF510 (300 x 7.5 mm) (exclusion limits from 500 Da to 300 000 

Da) at a flowrate of 0.5 mL/min. Columns temperature was held at 50°C. Mn values 

were calculated using dn/dC value of 0.1197 calculated for polymer 2. Pullulan from 

Agilent was used as the standard. 
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SEC HFIP 

Two methods were used: 

1. Polymer molar masses were determined by Size Exclusion Chromatography (SEC) 

using hexafluoroisopropanol (HFIP + 0,05% KTFA) as the eluent. Measurements in 

HFIP were performed on an Ultimate 3000 system from Thermoscientific equipped with 

diode array detector DAD. The system also includes a multi-angles light scattering 

detector MALS and differential refractive index detector dRI from Wyatt technology. 

Polymers were separated on two PL HFIP gel columns (300 x 7.5 mm) (exclusion 

limits from 200 Da to 2 000 000 Da) at a flowrate of 0.8mL/min. Columns temperature 

was held at 40°C. Easivial kit of PMMA from Agilent was used as the standard. 

2. Polymer molar masses were determined by Size Exclusion Chromatography (SEC) 

using hexafluoroisopropanol (HFIP + 0,05% KTFA) as the eluent. Measurements in 

HFIP were performed on an Ultimate 3000 system from Thermoscientific equipped with 

UV detector. The system also includes differential refractive index detector dRI from 

Wyatt technology. Polymers were separated on PSS PFG 100Å and PFG 1000Å 

columns (300 x 8 mm, 7µM) (exclusion limits from 100 Da to12 000 000 Da) at a 

flowrate of 1mL/min. Columns temperature was held at 30°C. Easivial kit of PMMA from 

Agilent was used as the standard. 

SEC Water 

Polymer molar masses were determined by Size Exclusion Chromatography (SEC) 

using aqueous buffer as the eluent. Measurements in water were performed on an 

Ultimate 3000 system from Thermoscientific equipped with diode array detector DAD. 

The system also include a multi-angles light scattering detector MALS and differential 

refractive index detector dRI from Wyatt technology. Polymers were separated on two 

Shodex OH Pack SB802.5 and SB803 (8*300) (exclusion limit from 500da to 100 

000da) columns at a flowrate of 0.6 mL/min with Phosphate buffer 0.01M Na2HNO3, 

0.1M HPO42-, NaN3 0.02% pH9. Columns temperature was held at 25°C. Mn values 

were calculated using dn/dC value of 0.1489 calculated for polymer 2D. 

4.1.3. FTIR spectroscopy 

The IR spectra were recorded using an FTIR spectrometer (Vertex 70, Bruker), and 

the samples were measured with an ATR (GladiATR, Pike Technologies) from Fisher 

technologies performing 32 scans at the LCPO (Bordeaux, France). The raw data were 
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obtained with Opus7.5 software. The analyzed compounds were dissolved in 

anhydrous solvent in the Schlenk vessel under an argon atmosphere at 20 °C at 0.4 

M. Samples (50 µL) were taken with an argon purged syringe at predetermined 

intervals. The samples were dropped onto the ATR unit of the IR spectrometer and 

measured in the range of 400-4000 cm-1. The monomer conversion was followed using 

the band height of the C=O stretching at about 1850 cm-1, whose increase is linear in 

the examined concentration range. The initial value for the band at 100% conversion 

was corrected using THF or DMF as blank. Samples were taken until no further change 

in band height was observed in order to determine the monomer conversion and 

corresponding reaction times (the point were no further change occurred was assumed 

to correspond to 100% conversion). Data analysis was carried out using Microsoft 

Excel. 

4.1.4. MALDI-MS measurements 

MALDI-MS spectra were performed at the CESAMO facility (Bordeaux, France) on an 

Autoflex maX TOF mass spectrometer equipped with a frequency tripled Nd:YAG laser 

emitting at 355 nm. Spectra were recorded in the positive-ion mode with an 

accelerating voltage of 19 kV. For MALDI-MS analyses, polymers’ deposits were 

prepared by dissolving 10 mg of polymer in 1 ml of THF or TFA, and an aqueous 

solution of 10mg/ml of α-CHCA. Subsequently 2 µL of polymer solution was mixed with 

20 µL of matrix solution. 1 µL of this mixture was deposited on the MALDI plate and 

dried. 

4.1.5. CD spectroscopy 

CD measurements were performed on a JASCO J-815 spectropolarimeter between 

190 nm and 260 nm (far-UV). A quartz cell of 1 mm path length (type: 21/10/Q/1) was 

purchased from Starna Scientific, Ltd. Spectra were recorded at desired temperatures: 

20 °C for standard measurements. The measurement parameters were optimized as 

follows: sensitivity between 5 and 200 mdeg, 0.01 mdeg resolution, 8 seconds 

response time (Digital Integration Time), 1 nm bandwidth and 10 nm.min−1 scanning 

rate. Polymer solutions at a monomer unit concentration of 2.5 µM in buffered solutions 

were used for the measurements. The concentration of buffered solution was of 

2.5mM. For pH=4 sodium acetate/acetic acid was used, while for pH=6.5 sodium 

acetate was used. 
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4.1.6. ROP of BLG NCA 

Polymer 2 

Typical ROP of BLG NCA was done as follows: BLG NCA (3 g, 11.4 mmol,50eq) was 

weighed in a previously flame dried Schlenk in a glovebox under pure argon. The 

powder was then dissolved in 19 mL of anhydrous DMF (0.6 M) at 4°C. Hexylamine 

(30 µL, 0.23 mmol,1eq) was added and this was considered starting time of the 

reaction. The solution was stirred for 10 days at 4°C under argon. FTIR allowed to 

monitor the reaction completion by monitoring the depletion of the bands at 1859 cm-1 

and 1787 cm-1 characteristic of the C=O stretching of NCAs. The polymer was then 

recovered by precipitation in diethyl ether, twice, and dried under high vacuum. Yield: 

1690 mg; 67%, white powder. Sample was then analyzed by 1H NMR (10 mg/ml in 

CDCl3 containing 15% trifluoroacetic acid). 1H-NMR of the polypeptide backbone 

(Figure 15, 400MHz, δ, ppm): 0.87 (t, 3H, CH3 hexylamine), 1.25 (br, 6H, CH3-(CH2)3- 

hexylamine), 1.46 (t, 2H, -CH2-CH2-NH- hexylamine), 1.81-2.19 (m, 2H, CH2), 2.44 (t, 

2H, CH2, J=6.8 Hz), 3.2 (m,2H, -CH2-NH- hexylamine), 4.59 (m, 1H, CH), 5.03-5.11 

(m, 2H, CH2O), 7.25-7.29 (m, 5H, ArH). 

4.1.7. Deprotection of PBLG into PGA 

Hydrolysis in basic conditions 

This protocol was adapted from the literature.76 100mg (0.5mmol of BLG units, 1eq) of 

polymer 1 were solubilized in 41ml THF (2.5mg/ml) and cooled to 0°C. 5ml of an 

aqueous solution of NaOH (0.95mmol, 2eq) were added dropwise to the mixture, the 

medium became turbid. In a first attempt the reaction mixture was left to stir for 10 

hours. THF was then evaporated, and the remaining aqueous reaction mixture was 

neutralized with a saturated aqueous solution of NaHCO3. The crude mixture was 

dialyzed against Milli-Q® water using 3.5kDa dialysis membranes and finally 

lyophilized to obtain pure PGA as white fluffy powder, polymer 1D1 (60mg, >99% yield). 

The powder was not readily soluble in water even after considerably basifying the 

medium. The polymer was analysed in D2O+NaOD and in CDCl3+15%TFA where it 

was not completely soluble in both. The NMR spectra (Figure S1), verify the presence 

of deprotected PGA but also show that some unprotected PBLG remained in the 

sample. 
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Figure S1: 1H NMR spectra of polymer 1D1 in D2O+NaOD(top) and 

CDCl3+15%TFA(bottom). Peak attributions are indicated by the letters. As the 

targeted DP is high, the peaks from the initiator (propargylamine) could not easily 

be. In both cases the polymer was not completely soluble, and the spectra mostly 

reflected the chemical structure of the soluble species; PGA in D2O and remaining 

unprotected PBLG in the organic solvents. In D2O, no benzyl groups could be 

observed meaning that the soluble polymer chains are completely deprotected. 

*end chain groups **Impurities due to the use of use of non-deuterated TFA. 

As an optimization, a second reaction was done following the same procedure and left 

to react under vigorous stirring for 16 hours. The obtained polymer (polymer 1D2, white 

powder, 45mg,73% yield) was completely soluble (see section 2.1.1.2). The lower yield 

of this second deprotection consistent with the incomplete deprotection of the first one. 

Hydrolysis in acidic conditions 

MSA 

This protocol was adapted from the literature.77 100mg (0.5mmol of BLG units, 1eq) of 

polymer 1 were solubilized in 1ml TFA (100mg/ml) and cooled to 0°C. 1ml of MSA 

(15mmol, 30eq) and 0.2ml anisole were added dropwise to the mixture under stirring. 

After 20 minutes of reaction, the reaction was left to stir for another 40 minutes at room 

temperature. Solution was precipitated twice in cold Et2O and centrifuged. The 

obtained white powder was precipitated in 5ml MilliQ water and neutralized using a 

saturated aqueous solution of NaHCO3. The crude mixture was dialyzed against Milli-

Q® water using 3.5kDa dialysis membranes and finally lyophilized to obtain PGA as 

white fluffy powder, polymer 1D3 (60mg, >99% yield). The powder was not readily 
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soluble in water even after considerably basifying the medium. The polymer was 

analyzed in D2O+NaOD and in CDCl3+15%TFA where it was not completely soluble in 

both. The NMR spectra in D2O (Figure S2), verified the presence of deprotected PGA. 

When the sample was suspended in the deuterated organic solvents, no PBLG chains 

were found as in the case of polymer 1D1 and only a compound that looks similar in 

structure to benzyl alcohol using 1H NMR (Figure S2). 

 

Figure S2: 1H NMR spectra of polymer 1D3 in D2O+NaOD(top) and 

CDCl3+15%TFA (bottom). Peak attributions are indicated by the letters. As the 

targeted DP is high, the peaks from the initiator (propargylamine) could not easily 

be identified. In both cases the sample was not completely soluble, and the spectra 

mostly reflected the chemical structure of the soluble species. PGA peaks could be 

identified in D2O(top).  No remaining unprotected PBLG were investigated in the 

organic solvents(bottom) and peaks could be attributed to benzyl alcohol. In D2O, 

no benzyl groups could be observed meaning that the soluble polymer chains are 

completely deprotected. *end chain groups **Impurities due to the use of use of 

non-deuterated TFA. 

To further investigate the insoluble part, the sample was suspended in DCM then the 

precipitate and the supernatant were separated. The first should consist of only PGA 

and the latter should be the suspected benzyl alcohol. This was confirmed by the 1H 

NMR spectra in D2O+NaOD and in CDCl3+15%TFA of both parts respectively (Figure 

S3). 
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Figure S3:  1H NMR spectra of polymer 1D3 in D2O+NaOD(top) and 

CDCl3+15%TFA(bottom) after separation using DCM. Peak attributions are 

indicated by the letters. As the targeted DP is high, the peaks from the initiator 

(propargylamine) could not easily be identified. PGA peaks could be identified in 

D2O(top).  In the organic solvents(bottom) peaks could be attributed to benzyl 

alcohol. In D2O, no benzyl groups could be observed meaning that the soluble 

polymer chains are completely deprotected. *end chain groups **Impurities due to 

the use of use of non-deuterated TFA and the separation using DCM. 

The dialysis step should have eliminated any remaining benzyl alcohol from the 

reaction mixture and was the polymer was redialyzed using 5kDa dialysis membrane. 

Nonetheless, the resulting polymer was still not completely soluble in water and the 

NMR analysis (Figure S4) confirmed again the presence of the mystery compound 

suspected to be benzyl alcohol. It is also unlikely that the compound is pure benzyl 

alcohol as it should be soluble in water. This matter deserves further investigation, but 

it does not advance the study at hand. 
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Figure S4: 1H NMR spectra of polymer 1D3 in D2O+NaOD(top) and 

CDCl3+15%TFA(bottom). Peak attributions are indicated by the letters. As the 

targeted DP is high, the peaks from the initiator (propargylamine) could not easily 

be identified. In both cases the sample was not completely soluble, and the spectra 

mostly reflected the chemical structure of the soluble species. PGA peaks could be 

identified in D2O(top).  No remaining unprotected PBLG were investigated in the 

organic solvents(bottom) and peaks could be attributed to benzyl alcohol. In D2O, 

no benzyl groups could be observed meaning that the soluble polymer chains are 

completely deprotected. *end chain groups **Impurities due to the use of use of 

non-deuterated TFA and successive workups. 

TFA 

This protocol was adapted from the literature.76 100mg (0.5mmol of BLG units, 1eq) of 

polymer 1 were solubilized in  3ml TFA (33mg/ml) then HBr 48% aqueous solution (0.18 

ml, 1.6 mmol, 3.5 eq) were added under vigorous stirring. The reaction mixture was 

stirred for 5 hours at room temperature. Solution was precipitated twice in cold Et2O 

and centrifuged. The obtained white powder was precipitated in 5ml MilliQ water then 

neutralized with a saturated aqueous solution of NaHCO3. The crude mixture was 

dialyzed against Milli-Q® water using 3.5kDa dialysis membranes and finally 

lyophilized to obtain pure PGA as white fluffy powder, polymer 1D4 (70mg, >100% 

yield). The polymer was not completely soluble in aqueous medium and the high yield 

hints on a non-complete reaction. The 1H NMR in D2O+NaOD clearly shows residual 

aromatic peaks from the benzyl groups and the 1H NMR in CDCl3+15%TFA showed 

trace amounts of PBLG (Figure S5). 
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Figure S5: 1H NMR spectra of polymer 1D4 in D2O+NaOD(top) and 

CDCl3+15%TFA(bottom). Peak attributions are indicated by the letters. As the 

targeted DP is high, the peaks from the initiator (propargylamine) could not easily 

be. In both cases the polymer was not completely soluble. PGA In D2O, PGA 

peaks but also pendant benzyloxy groups could be identified. The poor quality of 

the spectrum means the polymers are not completely soluble. In organic solvents, 

only trace amounts of PBLG could be observed and *Impurities due to the use of 

use of non-deuterated TFA. 

Polymer 1D4 was redeprotected using the same procedure but left for another 5 hours. 

The obtained polymer, polymer 1D4’, was readily soluble in water. The resulting 1H 

NMR proved the presence of PGA with fewer remaining benzyl groups. For further 

optimization, a second experiment was undergone and left to react overnight (polymer 

1D5). Negligeable amounts of benzyl groups were detected (Figure 13) and this 

procedure is to be used for subsequent deprotection experiments. 
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Figure S6: 1H NMR spectra of polymer 1D4’ in D2O+NaOD(top). Peak attributions 

are indicated by the letters. As the targeted DP is high, the peaks from the initiator 

(propargylamine) could not easily be integrated. The spectrum clearly shows an 

incomplete deprotection. The integration and the ratio of benzyl groups can give an 

estimate about the deprotection extent. In this case, x=123 and y=4. *end chain 

groups. 

It is interesting to see the behavioural difference between the three proposed 

deprotection pathways. In the first two cases, completely deprotected PGA chains were 

obtained along with nearly intact PBLG. In the latter, deprotection seems to advance 

similarly in all chains and thus we can obtain partially deprotected PBLG chains. This 

might be useful in obtaining certain copolymers, but a detailed analysis of their 

composition will be needed for further use. 

 

Figure S7: SEC chromatograms of polymers 1D1 to 1D5 using MALS (on the left) 

and RI (on the right) detections. MALS detection shows aggregated state at lower 

elution time. 
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Table S1: Aqueous SEC results of all deprotected polymers from polymer 1. 

Polymer Mn (kg/mol)a DPb  Ɖc 

Polymer 1D1 12 86 1.2 

Polymer 1D2 36 260 1.1 

Polymer 1D3 26 186 1.1 

Polymer 1D4’ 18 129 1.2 

Polymer 1D5 12 86 1.3 

a.as calculated using dn/dC=0.1675 from MALS detection, b.as calculated by dividing Mn value 

obtained from SEC by the molecular weight of the repeat unit (140g/mol), c. from SEC peaks. 

4.1.8. Synthesis of Gly NCA 

PCl3 

Failed synthesis of Glycine-NCA, this protocol was based on the literature.133 In a clean 

and previously dried Schlenk flask N-Boc-glycine (2 g, 11.4 mmol, 1 equiv.) was dried 

during 15 min in the Schlenck line, then 22 mL of anhydrous THF were added, followed 

of thionyl chloride (1 mL, 13.7 mmol, 1.2 equiv.). The reaction was stirred for 2h at 0°C 

and a faint white precipitate was observed. 1H NMR showed formation of glycine NCA, 

but N-Boc-glycine peaks still remained meaning the reaction was not complete (Figure 

S8). The reaction took 3 days to complete and celite filtration did not remove all 

byproducts (data not shown). 

 

Figure S8 : 1H NMR of Gly NCA synthesis using PCl3 at 2 hours and 4 hours. 

Peaks from the precursor and Gly NCA can be observed glycine NCA after 

purification. All spectra were recorded in DMSO-d6. *reaction solvent was 

evaporated, and crude mixture was analysed as is. Unidentified peaks are 

unknown side products. 
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T3P 

Failed synthesis of Glycine-NCA, this protocol was adapted from the literature for 

glycine NCA.151 In a clean and previously dried Schlenk flask N-Boc-glycine (2 g, 11.4 

mmol, 1 equiv.) was dried during 15 min in the Schlenck line, then 29 mL of anhydrous 

ethyl acetate were added. Finally, T3P (8.15 mL, 13.7 mmol, 1.2 equiv.) and pyridine 

(1.1ml, 13.7 mmol, 1.2 equiv.) were added. The reaction was stirred for 24h at RT and 

celite filtration did not remove all byproducts (data not shown). 

SOCl2 

Synthesis of Glycine-NCA. In a clean and previously dried Schlenk flask N-Boc-glycine 

(2 g, 11.4 mmol, 1 equiv.) was dried during 15 min in the Schlenck line, then 32 mL of 

anhydrous THF were added, followed of thionyl chloride (1 mL, 13.7 mmol, 1.2 equiv.). 

The reaction was stirred for 4 h at RT. The solvent was evaporated using vacuum 

Schlenck line, washed three times with 35 mL of anhydrous hexane, the suspension 

was filtered using a cannula and the powder was dried. Then 90 mL of anhydrous ethyl 

acetate were added, and the suspension was filtered over previously dried celite. The 

system was washed with 60 mL of anhydrous ethyl acetate and the solution 

concentrated. The solution was filtered again over previously dried celite and the 

system washed with 60 ml of anhydrous ethyl acetate. The solid was washed two times 

with 10 mL of dry diethyl ether before being dried. This last step proved efficient in 

removing any Boc-containing side products that remained when scaling up the 

process. The product was isolated as a white yellowish crystalline powder in 79% yield 

(700 mg).  1H-NMR, DMSO-d6 400 MHz δ: 4.20 (s, 2H, CH2), 8.83 (s, 1H, NH). 13C-

NMR, DMSO-d6 400 MHz δ: 46.26 (s, CH2), 153.97 (s, NCOO), 169.40 (s, COO). ESI-

MS: m/z[M-H]=100 C3H2NO3. 
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Table S2: Solubility of N-Boc glycine and glycine NCA in different solvent as perceived by eye. Not 

soluble: as low as 1mg/ml solutions were tested, slightly soluble: as high as 50mg/ml solutions were 

tested, soluble/highly soluble: as high as 100mg/ml solutions were tested. 

 
cyclo-

hexane 
Et2O DCM THF ACN AcOEt DMF 

N-Boc 

glycine 

Not 

soluble 

Highly 

soluble 
Soluble 

Highly 

soluble 

Highly 

soluble 

Highly 

soluble 

Highly 

soluble 

Gly NCA 
Not 

soluble 

Slightly 

soluble 

Slightly 

soluble 

Highly 

soluble 

Highly 

soluble 

Highly 

soluble 

Highly 

soluble 

 

 

Figure S9: 1H NMR in in DMSO-d6 of precipitate in AcOEt after synthesis reaction 

of NCA Gly. Main product is glycine amino acid. Some traces of Gly NCA could be 

observed. 
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Figure S10: 1H NMR in DMSO-d6 of Gly NCA. Spectra were obtained at different 

times and precipitate appeared after 30 minutes in solution, suspected to be 

oligoglycine. 

 

Figure S11: FTIR spectra of Gly NCA in dry DMF. The window represented from 

2000cm-1 and 1500cm-1 shows the stretching bands of different carbonyls from Gly 

NCA: a. is the stretching band of the anhydride carbonyl from the NCA and b. that 

of the anhydride/amide one. c. wavelengths where the solvent (DMF) absorbs 

distorting the baseline. 
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Figure S12: ESI-MS of Gly NCA. Analysis and spectrum were provided by 

CESAMO analysis platform. 

4.1.9. ROP of Gly NCA 

Glycine NCA monomer (38.2 mg, 0.378x10-3 mol) was weighted in a glovebox under 

pure argon, introduced in a flame-dried Schlenck vessel, and dissolved with 0.944 mL 

of anhydrous DMF. A solution of allylamine (1.3 M in DMF) was prepared and 100 μL 

(0.018x10-3 mol) were added with an argon purged syringe. The solution was stirred 

at room temperature under argon until completion. The polymer was then recovered 

as a white solid by precipitation in THF and dried under high vacuum. Yield: 90% (20 

mg). 1H-NMR TFA-d 400 MHz δ (ppm): 3.86-3.99 (m, 2H, CH2 allylamine), 3.80-4.42 

(m, 32H, CH2), 5.0-5.20 (m, 2H, CH2 allylamine), 5.64-5.82 (m, 1H, CH allylamine). 

NH terminal missing in these experimental conditions. 

4.1.10. Copolymerizations 

Table S3: Synthesized copolymers to show the effect of monomers' initial feed ratio on their properties. 

All synthesis were conducted in the reaction conditions of copolymerization system 1 (0.1M in DMF, 

0°C and initiated with hexylamine and M/I= 50). Polymer 2 is included for comparison. 

 fB,0
a 

Structure 

(theoretical) 

Yield 

(%) 

BLG%  by 

1H NMRb 

Overall 

DP by 1H 

NMRc 

Polymer 2 100 HA-PBLG50 87 0 54 

Copolymer 2 95 
HA-PBLG47-co-

PGly3 
60 94 35 

Copolymer 3 90 
HA-PBLG45-co-

PGly5 
70 85 39 
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 fB,0
a 

Structure 

(theoretical) 

Yield 

(%) 

BLG%  by 

1H NMRb 

Overall 

DP by 1H 

NMRc 

Copolymer 4 80 
HA-PBLG40-co-

PGly10 
50 80 40 

Copolymer 5 70 
HA-PBLG35-co-

PGly15 
94 65 61 

Copolymer 6 60 
HA-PBLG30-co-

PGly20 
79 60 50 

Copolymer 1 50 
HA-PBLG25-co-

PGly25 
78 50 50 

ainitial monomer feed and expected BLG% in final copolymer; HA: hexylamine; bas determined by the 

integration =, the glycine and the BLG peaks in 1H NMR in TFA-d; cas determined by the ratio between 

the HA integration of the HA peaks and the backbone peaks in 1H NMR in TFA-d. 

 

Figure S13 : SEC chromatograms in DMF of copolymers 2-3 with RI detection. 

Polymer 2’s chromatogram is shown for comparison. 

 

Figure S14 : SEC chromatograms in DMSO of copolymers 2-4 (on the left) and 

copolymers 7-8 (on the right) with RI detection. Polymer 2’s chromatogram is 

shown for comparison. 
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Figure S15: On the left, SEC chromatograms in HFIP (PL column) of copolymers 

7-9 with UV detection (280nm). On the right, SEC chromatograms in HFIP (PSS 

column) of copolymers 7-8 with RI detection. 

 

 

Figure S16 : On the left, SEC chromatograms in HFIP (PL column) of copolymers 

11, 13 and 14 with RI detection. On the right, SEC chromatograms in HFIP (PSS 

column) of copolymers 12-14 with RI detection. 

 

Figure S17 : SEC chromatograms in aqueous buffer of copolymers 1D-6D with RI 

detection. Polymer 2D’s chromatogram is shown for comparison. 
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Figure S18 : SEC chromatograms of copolymers 7D-10D with RI detection. 

Polymer 2D is represented for comparison. All copolymers have peaks at high 

elution time consistent with a Mn lower than the homopolymer. 

 

Figure S19 : SEC chromatograms of copolymers 11D-13D with RI detection. 

Polymer 2D is represented for comparison. All copolymers have peaks consistent 

with a Mn higher than the homopolymer and some aggregation. 

Table S4 : SEC analysis of all synthesized copolymers (1-14) and their deprotected form (1D-14D) 

compared to polymer 2(D). 

 
SEC DMF/DMSO 

Mn (g/mol) / Ɖa 

SEC HFIP 

Mn (g/mol) / Ɖa 

SEC aqueous conditions 

Mn (g/mol) / Ɖa 

Polymer 2(D) 
11.1b / 1.03 

2.3c / 1.11 
d 

7.9j / 1.03 

5.4k / 1.08 

Copolymer 2(D) 
10.1b / 1.03 

2.6c / 1.15 
d 5.3j / 1.01 

Copolymer 3(D) 
9.2b / 1.11 

2.5c / 1.37 
d 4.6 j / 1.04 

Copolymer 4(D) 2.5c / 1.37 d 3.4k / 1.20l 

Copolymer 5(D) d - 9.8j / 1.16 

chromatograms

time (min)

15.0 20.0 25.0 30.0
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e
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ti
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c
a
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0.5

1.0

Polymer 2D Copolymer 11D Copolymer 12D Copolymer 13D

dRI
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SEC DMF/DMSO 

Mn (g/mol) / Ɖa 

SEC HFIP 

Mn (g/mol) / Ɖa 

SEC aqueous conditions 

Mn (g/mol) / Ɖa 

Copolymer 6(D) d - 6.8j / 1.15 

Copolymer 1(D) d - 4.8j / 1.20 

Copolymer 7(D) 4.7c / 1.22e 
14.6f / 1.35 

3.7g / 1.46 
4.5j / 1.12 

Copolymer 8(D) d 
14.2f / 1.45h 

3.1g / 1.91 
4.8j / 1.28 

Copolymer 9(D) 2.2c / 1.21 4.4g / 1.20 4.1k / 1.02l 

Copolymer 10(D) d 17.5f / 1.23h 5.0k / 1.15l 

Copolymer 11(D) d 7.2g / 1.49 8.6j / 1.20 

Copolymer 12(D) d 60.5f / 1.34 20.1j / 1.24 

Copolymer 13(D) d 
17.4f / 1.3i 

4g / 1.11 
4.0j / 1.11 

Copolymer 14(D) d 
36.8f / 1.41h 

5.4g / 1.76 
d 

a as determined by SEC peaks using the adequate detection; b as determined by the Mn value from 

dn/dC of homoPBLG (0.1197) through MALS detection in SEC DMF; c as determined by pullulan 

calibration in SEC DMSO using RI detection; dsample was insoluble in these conditions; e peak showed 

shouldering; f as determined by PMMA calibration in SEC HFIP and PSS PFG columns using RI 

detection; g as determined by PMMA calibration in SEC HFIP and PL HFIP gel columns using RI 

detection; h sample showed high concentration of aggregates; i sample showed a double peak; j as 

determined by the Mn value from dn/dC of homoPGA (0.1489) through MALS detection in aqueous SEC; 

k as determined by PEG calibration in aqueous SEC using RI detection; l aggregates were detected by 

MALS not allowing for the use of the detector. 

Table S5: Explored copolymerization systems to calculate reactivity ratios. Their main features have 

been listed and other reaction conditions were: 0.1M initial monomer concentration and M/I=50. 

 Solvent Temp. Initiator Catalyst rGlyxrBLG 
50/50 

copolymera 

ΔMolar 

ellipticityb 

Copo. 

system 1 
DMF 0°C HAc - 0.82 Yes -1.70 

Copo.  

system 2 
DMF 25°C HAc - 0.48 Yes -3.84 

Copo. 

system 3 
THF 25°C HAc - 0.59 Yes -21.21 

Copo.  

system 4 
DMSO 25°C HAc - 2.36 Yes 1.88 
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 Solvent Temp. Initiator Catalyst rGlyxrBLG 
50/50 

copolymera 

ΔMolar 

ellipticityb 

Copo.  

system 5 
DMF 50°C HAc - 1.14 No - 

Copo.  

system 6 
THF 0°C HAc - 0.88 No - 

Copo.  

system 7 
DMF 25°C HAc TMGd 2.30 Yes -5.59 

Copo.  

system 8 
THF 25°C HAc TMGd 6.39 Yes -46.00 

aIf a synthesis comprising a 50/50 Gly/BLG ratio was done, it was subsequently deprotected and 

analyzed with CD for secondary structuring; bMolar ellipticity(209nm)-Molar ellipticity(198nm) 

[(deg.cm²/dmol).10-3] indicating the helical nature; chexylamine; dtetramethylguanidine. 
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Figure S20 : deconvolution and fitting of 13C NMR of polymer 7-9. The fitted peaks 

are shown from the deconvolution of the peaks’ shape shown in Figure 36. 
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Figure S21 : deconvolution and fitting of 13C NMR of polymers 11,13 and 14. The 

fitted peaks are shown from the deconvolution of the peaks’ shape and the results 

are illustrated in Table 4. 
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Chapter III: Hysteretic LCST of proline based 

peptidic polymers 

 

1. Introduction 

Smart materials based on polymers are a class of innovative materials that can change 

their properties in response to external stimuli, such as temperature, light, electrical or 

magnetic fields, pH, pressure, or other environmental factors. These materials are 

designed to have dynamic, adaptive, and often reversible behaviours, making them 

highly useful for a wide range of applications. This interesting property, able to adapt 

and respond to their environment, is also found in natural proteins. Because they 

combine the advantages of proteins and synthetic polymers, peptidic polymers (or 

polypeptides), that show stimuli responsiveness are of great interest for the 

development of novel materials. One example of this stimuli responsiveness found in 

polypeptides is the pH responsiveness of poly(L-glutamic acid) or PGA described in 

the previous chapter. In this chapter, we will focus on another stimulus for polypeptides, 

the change of temperature. 

1.1. Thermoresponsiveness and synthetic polymers 

Many water-soluble macromolecules, whether synthetic polymers or 

biomacromolecules (nucleic acids proteins, etc.)  undergo phase separation to form 

condensates.1 These processes are based on the same thermodynamic principles: the 

starting point is a thermodynamically stable solution that is subjected to conditions that 

induce the demixing, such as a change in temperature or the addition of a non-

solvent.2,3 This includes synthetic polymers that exhibit a lower critical solution 

temperature (LCST). These polymers are miscible with the solvent at all concentrations 

below the LCST, while above the LCST aggregation may occur to create two immiscible 

phases in thermodynamic equilibrium.4 For any specific concentration, the point at 

which phase separation occurs is known as the cloud point temperature (TCP, where 

TCP ≥ LCST). The inverse phenomena is also observed in some synthetic polymers 

and is called upper critical solution temperature (UCST). In this case the polymer-

solvent system is immiscible at low temperature and becomes miscible at a critical 
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point. Both phenomena result in binary polymer-solvent phase diagrams with a 

characteristic bell shape (Figure 1). 

 

Figure 1 : Plots of polymer binary solution and typical phase behaviours: on the 

left for LCST and on the right for UCST 

The LCST behaviour is determined by the thermodynamics of solution: the balance 

between polymer-solvent, polymer-polymer and solvent-solvent interactions. It is 

driven by changes in enthalpy and entropy on dissolution. Dissolution is 

thermodynamically favourable if the Gibbs free energy of dissolution (ΔGsolv) is 

negative (equation 1). 

∆𝐺𝑠𝑜𝑙𝑣 =  ∆𝐻𝑠𝑜𝑙𝑣 − 𝑇∆𝑆𝑠𝑜𝑙𝑣 (1) 

If the enthalpy of solution (ΔHsolv) is negative, but the entropy of solution (ΔSsolv) is 

positive, the solution will display LCST-type behaviour, becoming soluble when T is 

lower than ΔHsolv/ΔSsolv. This situation is unusual for small molecules, but relatively 

common for polymers with the right balance of hydrophilic and hydrophobic groups. In 

this case, the presence of polymer chains causes the water molecules to structure 

themselves, leading to a reduction in the entropy of the polymer solution. Heating the 

system increases the entropic term, leading to a positive free energy of dissolution 

leading the polymer chains to phase separate from the solvent. Two immiscible phases 

emerge, a polymer-rich phase and a polymer-poor phase. Phase separation is an 

essential step in most formulation processes specifically in drug delivery, 

nanotechnology, tissue engineering and biotechnology.5 Some common examples of 
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synthetic polymers that exhibit an LCST in water are poly(N-alkyl acrylamide)s6 and 

poly(oxazoline)s7,8 (Scheme 1). 

 

Scheme 1: structures of LCST behaving poly(N-alkyl acrylamide)s and 

poly(oxazoline)s 

Poly(N-isopropylacrylamide) (PNIPAM) is a thermoresponsive N-alkyl acrylamide 

polymer where R=H and R’=isopropyl (Scheme 1) and is the most widely-studied 

LCST polymer. Along with another thermoresponsive class of polymers, 

poly(oxazoline)s (Scheme 1), both are structural isomers of polypeptides. In both 

cases, LCST behavior is driven by the balance between the polar, hydrogen-bond-

forming amide groups and the hydrophobic alkyl chains. Dissolution is enthalpically 

favourable, but entropically unfavourable due to the structuring effect of the hydrogen 

bonds and the hydrophobic substituents. The temperature at which phase separation 

occurs can be modulated by varying the hydrophobic substituents,9 or by 

copolymerization of two or more monomers with different substituents. PNIPAM for 

example has an LCST of 32°C that can easily be tuned in this way to around body 

temperature. This property, combined with its biodegradability and low toxicity have led 

to its possible use in biomedical applications.10–12 

LCST polymers typically exhibit a small thermal hysteresis (< 5°C) in their phase 

separation behaviour, yet it has been shown in the literature that some LCST polymers, 

including PNIPAM,13 can express larger hysteresis.14 Some disubstituted vinyl 

polymers with amide moieties have been shown to express such hysteretic LCST.15 

This hysteresis could be explained by the metastability of the aggregates due to 

interchain interactions. 

Similarly, block copolymers and mixtures of poly(methacrylic acid) with polyethylene 

oxide show hysteretic behaviour, forming stable aggregates on heating that dissociate 

only when cooled extensively.16 Aqueous solutions of cellulose ethers are also known 



120 
 

to have hysteretic LCST17 due to the form of aggregation18 and are influenced by salt 

concentrations19. These polymers have been used to develop thermosensitive 

hysteretic hydrogels with shape memory effects, temperature sensors with memory 

function14 and actuators20. Hysteretic LCST polymers are also found in living systems: 

such behaviour has recently been established for intrinsically disordered proteins. 

Specific recombinantly-produced sequences of elastin (ELPs) spanning a wide range 

of molar mass display hysteretic LCST and show promise for the development of future 

advanced materials.21 

In addition to their thermoresponsive properties, synthetic polymers that are 

biodegradable, biocompatible, and non-toxic could be of interest for most applications. 

This makes thermoresponsive polypeptide a prime candidate. As described in chapter 

1, the ROP of NCAs to produce amino acid-based polymers has gained much attention 

in the past 2 decades. The versatility of this polymerization and its compatibility with 

modern synthetic polymerization techniques allows polypeptidic backbones to be 

incorporated into synthetically engineered polymers. Peptidic polymers have unique 

biomimetic properties and conjugating polypeptides to classical thermoresponsive 

polymers is a common approach to prepare thermoresponsive synthetic polymers 

containing amino acids. Grafted and block copolymers of polypeptides with 

thermoresponsive polymers such as PNIPAM and PEG have been developed. Several 

peptidic backbones have been explored such as glutamate,22–28 tyrosine,29 cysteine, 30 

lysine, 31 threonine,32,33 valine,34,35 isoleucine, 36 alanine, 37–39  phenylalanine,40,41 

glycine36 and allylglycine42 each bringing their unique properties to the copolymers. In 

these polymers, the polypeptide brings an additional contribution, notably thanks to its 

stimuli-responsive conformational rigidity (nanomaterials, gels, etc.). This design 

seems to be of great interest in many applications, especially in nanomedicine. To go 

further in the biomimicry, emerging approaches show an interest in replacing classical 

thermoresponsive synthetic polymers by fully peptidic polymers to produce even more 

biocompatible scaffolds. 

1.2. Proteins and temperature 

In living systems, the driving force of protein self-assembly to fold or to phase separate 

as nano- and micrometric objects involves supramolecular bonding, exploiting 

amphiphilic properties, secondary structure or coulombic interactions.43,44 The folding 
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of proteins depends on numerous interactions between amino acid side chains and 

between these chains and the solvent, typically water.45 As discussed in the 

introductory chapter, the three-dimensional structure of a polypeptide is only stable 

within a narrow range of physico-chemical conditions. Denaturation can be induced by 

increasing pressure, extreme pH or the addition of certain salts, alcohol or large 

quantities of surfactants.44,46,47 Temperature also affects the behaviour and structure of 

proteins. Most proteins start to aggregate when the temperature is increased.45,48  

Denaturation first causes the breaking of low energy bonds within the molecule, which 

leads to a reorganization of the chain and generally to the emergence of the more 

hydrophobic areas of the protein.49,50 This reduces protein-solvent interactions in 

favour of protein-protein interactions leading to the irreversible formation of aggregates 

(Figure 2).51,52  

 

Figure 2 : On the left, protein in its folded state at certain conditions (temperature, 

pH, etc…). This form is stabilized due to interaction between water molecules and 

hydrophilic areas of the macromolecule (blue patches). When temperature is 

increased, the gain in entropy manifests in the movement of water molecules and 

the loss of the interaction. The protein thus collapses on itself in an aggregated 

state (on the right). 

In contrast, some intrinsically disordered proteins (IDPs) undergo reversible phase 

separations. Their unique behaviour towards temperature changes stems from their 

solubility in their unfolded state, as discussed in the introduction of this manuscript. 

IDPs with a large number of hydrophobic amino acids in their sequences can form 

fused globules (coacervates) and present polymer-like phase separation upon 

temperature variation.53  This can manifest itself as a lower critical solution temperature 

(LCST) behaviour that will be discussed in more detail in the next part. In biology, phase 

separation of biomacromolecules is at the origin of complex intracellular organization 
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such as the formation of membraneless organelles.54 These biomacromolecular 

condensates have been identified in both the nucleus and cytoplasm of living systems, 

implying that they offer advantages as a compartmentalization strategy.55,56 They are 

usually formed by assemblies of proteins with a high content of intrinsically disordered 

regions that undergo a demixing transition to form two or more coexisting phases. 

These phenomena have consequences for (bio)chemical reactivity1,57 and are also 

associated with neurodegenerative diseases.58 

1.3. Thermoresponsive polypeptides 

Generally, polypeptides synthesized using ROP of NCAs do not possess 

thermoresponsive behaviour if the amino-acid side chain is not modified. 

Thermoresponsive properties can however be introduced by functionalizing these side 

chains with unnatural moieties. Two different approaches have been employed in this 

direction (Scheme 2):  

a) synthesizing amino acids with the desired side chain before making the NCAs and 

polymerizing them. 

b) modifying the polymer using post-polymerization chemistry to introduce the stimuli 

responsive group. 

Overall, NCAs based on amino acids with functional side chains (Scheme 2) must be 

used. As glutamate and lysine are the two most produced amino acids,59 they have 

been the most studied in the scope of the ROP of NCA and in the synthesis of 

thermoresponsive polypeptides. By using both synthesis pathways presented in 

Scheme 2, it was possible to produce polypeptides based on both these amino acids 

possessing highly tuneable thermoresponsivness.  

Oligoethylene glycol moieties (Scheme 2) are the most used to confer LCST behaviour 

to the polypeptides60–69, due to their temperature-responsive dehydration mechanisms. 

Furthermore, their hydrated or dehydrated state can stabilize certain soluble or 

insoluble secondary structures of the polypeptide backbones.70–79 
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Scheme 2: Two synthesis pathways can be used to introduce thermoresponsive 

behaviour to polypeptide backbones. Pathway a relies on the post-polymerization 

functionalization of polypeptides with a thermoresponsive moiety. Pathway b 

corresponds to the addition of a thermoresponsive moiety to an amino acid while 

pathway. The amino acids used all have side group functionalities. The 

thermoresponsive moieties confer either LCST, UCST or both behaviours. In the 

last case the behaviours may be observed on the same polymer or separately on 

different polymers. 

Many chemistries have been employed in order to insert these thermoresponsive 

moieties including click chemistry. Other functional amino acids80–82 (Scheme 2) have 

also been employed including thiol bearing ones like cysteine83–89 and methionine90. 

Amides and tertiary amines on side chains have also conferred LCST behaviour to 

polypeptides81,91 while ionic moieties such as sulfoniums90, pyridiniums92 and 

imidazoliums93 confer UCST behaviour. 
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Citrulline (Scheme 3) is a natural non-proteinogenic amino acid with a ureido function 

on its side chain. These copolymers display UCST behaviour due to their hydrogen 

bonding abilities that get disrupted when heated and allow solubilization. 94,95  

 

Scheme 3 : Citrulline based copolymers and hydrogen bonding of the ureido group 

allowing for the UCST behaviour. 

These copolymers were generally prepared by modifying poly(L-ornithine) prepared 

through ROP of the corresponding NCAs.96 Their thermoresponsive behaviour was 

easily tuned through copolymerization with other monomers bearing different functional 

groups97,98 or by modifying the ureido group for example through alkylation.99 These 

polypeptides are stable in physiological conditions, are both enzymatically96 and 

biodegradable98 and can also promote cell adhesion coatings99 and controlled delivery 

of active molecules97. 

These examples show the possibilities offered by chemical modification of side chains 

to bring thermoresponsive behaviour to polypeptides. Based on these pioneering 

works, one can imagine many designs to introduce sufficient hydrophobicity and limited 

secondary structuring, two parameters also found with IDPs that make them 

thermoresponsive in living systems. Yet most published methods involve multiple steps 

and tedious purifications. It would thus be useful to be able to synthesize polypeptides 

whose main chain actively participates in the phase separation processes. This 

possibility will be presented in the next part starting with polypeptoids then moving to 

the peculiar case of polyproline. 

1.4. Polypeptoids and thermoresponsivness 

Polypeptoids, also called poly(N-substituted-glycines), are N-alkylated analogues of 

synthetic polypeptide polymers (Scheme 4). The side chain is thus presented on the 
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amine of the amide bond, and they lack the stereogenic centre of their peptidic 

counterparts. 

The poly(N-alkylated glycine) backbone can be prepared by ROP of N-alkylated-N-

carboxyanhydrides (NNCA).100 The physicochemical properties of polypeptoids can be 

tailored by N-alkylation, enabling control over the backbone conformation,101 their 

solubility,102 and the thermal and crystallization properties.103,104 Thus peptoid polymers 

may exhibit UCST or LCST depending on their structure105–114 (Scheme 4) and their 

environment.115,116 Their thermoresponsive behaviour can be further tuned by varying 

the molar mass, architecture,117 concentration, and composition.118,119 

 

Scheme 4: Schematic representation of the ring opening polymerization of N-

alkylated N-carboxyanhydrides (NNCA) to obtain polypeptoid polymers. The choice 

of the side chain (R group) can confer thermoresponsive behaviour innate to the 

polypeptoid backbone. Other thermoresponsive moieties can be added to confer 

the property to polypeptoid and are also illustrated in the following section. 

The presence of a tertiary amide in the backbone is the key reason explaining their 

innate thermoresponsiveness in comparison to their non-alkylated counterparts and 

this behaviour stems from the cis-trans interplay of the peptoid backbone.8 For this 

reason, the only N-alkylated natural amino acid, proline, should be considered as a 

scaffold for thermoresponsive polypeptides. 
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1.5. Polyproline and thermoresponsiveness 

1.5.1. Secondary structuring 

Fundamentally, proline bridges the gap between polypeptides and polypeptoids. This 

amino acid possesses both the tertiary amide of the polypeptoids and the chiral centre 

of most polypeptides. The peptide bond is a partial double bond due to the 

delocalization of electrons on several atoms. The O, Cα and N atoms of this bond are 

coplanar which induces cis/trans isomers. When the nitrogen atom is unsubstituted, 

only the trans conformation is observed,44 but when the backbone is N-alkylated both 

conformations (Figure 3) are found in an equilibrium which depends on both the nature 

of the substitution and the environment.120 In proline-based polymers the combination 

of chirality and conformation induces unique secondary structuring. 

 

Figure 3 : A representation of the two secondary structures of proline-based 

polymers and the conformation of the pyrrolidine ring in both cases. On the left the 

PLPI structure where the amide bonds are in an all-cis state (103 symmetry, 3.33 

residues/turn, 1.9Å residues per repeat unit, dihedral angles φ=-75°; ψ=+160°). On 

the right the PLPII structure where the amide bonds are in an all-trans state (31 

symmetry, 3 residues/turn, 3.12Å residue repeat, dihedral angles φ=-75°; 

ψ=+145°). 

The first structure is known as PLPI and is entirely composed of cis amide bonds as 

shown in Figure 3.121 This structure is possible thanks to the N-alkylation of proline, 

which makes the probability of the presence of a cis bond within the chain about 100 

times higher than for other amino acids.44,122 This compact right-handed helix consists 

of 3.3 residues per turn, and usually forms only in organic media.122 The second 

conformation contains all trans amide bonds in the backbone and is called PLPII 

(Figure 3). This more extended helix with 3 residues per turn is water-soluble so is 

naturally more abundant in proteins and plays important roles in many biological 

processes.123,124 Its stability in water can be attributed to hydrogen bonding with water 

molecules that is only possible in the trans conformation.122,125 Furthermore, most 

intrinsically disordered proteins contain proline residues which are considered to 
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disrupt the formation of ordered secondary structures such as alpha helices and beta 

sheets.124 PLPII structures resemble random coils121 and are believed to be adopted 

in many unfolded parts of the proteome, highlighting their importance to the 

physicochemical properties of proteins and polypeptides.126   

1.5.2. Thermoresponsive behaviour 

The reversible switch between the cis and trans proline or PLPI and PLPII 

conformations is biologically relevant and occurs in proteins. For instance passing from 

the cis form to the more rigid and extended trans form can promote the compaction or 

the expansion of certain protein regions.124,127 Furthermore, the naturally slow 

interconversion between the forms can act as a molecular timer in some physiological 

and pathological processes.58,128–130 The interplay between the conformations can also 

be controlled via enzymatic reactions to steer protein folding thus controlling the 

amplitude of some cellular behaviours.124,129  

The trans conformation is slightly more energetically favourable and there exists an 

energy barrier (~30kcal.mol-1) to transform it to the cis conformation and back again, 

thus affecting the secondary structure.129 Experimentally the interconversion between 

the two states is can be effected by changing solvent polarity. As mentioned earlier, the 

PLPI conformation is usually observed in organic solvents and is soluble in aliphatic 

alcohols such as isopropanol122,131 or butanol132. Conversion from PLPI to PLPII occurs 

when polyprolines are dissolved in trifluoroethanol132. It is also possible to promote this 

configurational change by addition of weak acids like acetic, propionic, and formic acid 

while strong acids promote both transitions.133,134 When dispersed in water, PLPI 

converts slowly to PLPII, but this process usually takes several days.135–137 Salts, like 

lithium or calcium salts, can stabilize the trans conformation in organic solvents and 

also the cis conformation in aqueous solutions, through interactions with the 

backbone.136,138 During such conversions intermediates containing both types of amide 

conformations are formed.121,122 

Temperature also plays a role in this interconversion. The PLPI conformation can be 

partially converted to PLPII when heated in isopropanol solutions.123 The PLPII heat 

precipitation from aqueous solution has been studied in the past.139 Solubilized PLPII 

in aqueous salt solutions can express a reversible LCST behaviour. When these 

solutions where heated, the PLP precipitated out of solution at temperatures that 

depend on the nature and concentration of the salt as well as the rate of heating.139 
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The resolubilization of the precipitated polyprolines was not analysed in most of these 

studies but it was observed to take place at much lower temperatures than the 

precipitation.140 It has also been observed that aqueous solutions of PLPII largely retain 

their PLPII conformation upon heating.139–141 Highly concentrated aqueous solutions of 

PLPII can form thermoresponsive gels.142 These solutions gelled at low temperatures 

(-15°C and 5°C) and when heated to 35°C, the gels became stiffer due to change in 

the gels’ physical network. In another study, the authors showed that soluble PLPII 

polymers in D2O formed aggregated films while changing its conformation into a more 

highly packed one.143 

Thus, polyproline is a prime candidate to design thermoresponsive polymers based on 

natural amino-acid. Even though, there is still no full study on the liquid-liquid phase 

separation of high molecular weight polyprolines due to the difficulty of obtaining them 

synthetically. To carry this out, one remaining challenge is still to produce highly 

controlled and predictable PLP structures. This subject will be discussed in the next 

section 1.5.3. 

1.5.3. ROP of proline NCA 

Most of the above-mentioned studies have been conducted on proline-based peptide 

of small Dp or proline oligomers (lower than 10 units). When NCA ROP was used, 

polymers had high dispersities and were fractionated before use.132 This is because 

ROP of NCAs is usually carried out in organic solvents in which the PLPI conformation 

is favoured. As mentioned above this insoluble conformation precipitates when 

polymerization starts and thus hinders the control of the polymerization process. This 

leads to the formation of highly disperse PLPI that must later be transformed into water 

soluble PLPII.142 

The ROP of proline NCA (Pro NCA) has benefited from recent and impressive 

advances. For example block copolymers can be synthesized by first growing a soluble 

block (poly(ethylene oxide), polylysine, polyglutamate)144 then sequentially 

polymerizing the Pro NCA to ensure that the block copolymer remains soluble, or at 

least well-dispersed. On another hand, Kramer et al. have shown that organometallic 

catalysts based on nickel or cobalt catalyse the ROP of proline NCA and its 

derivatives.137 Using an amido-amidate nickel catalyst, they were able to produce high 

molecular weight polyprolines, as analysed by 1H NMR. Unfortunately, these polymers 

were not analysed by SEC which would have allowed their dispersity to be evaluated. 
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Furthermore, the accepted mechanism of these catalysts (described in chapter 1) 

supposes a hydrogen atom on the amine, which is lacking in these N,N-dialkylated 

monomers. An important contribution regarding the ROP of Pro-NCA has been 

published in 2022, Lu et al. showed that the ROP of Pro-NCA could be extremely 

accelerated and enhanced in the presence of water.125 They showed that the presence 

of even catalytic quantities of H2O accelerated the propagation so that the 

polymerization usually requiring days was fully achieved in minutes. This behaviour 

was attributed to the formation of the specific interaction displayed by H2O with the 

trans conformation of the amide bonds. This allows to form the less sterically hindered 

and more active PLPII helix that accelerates the polymerization (Scheme 5). The 

authors also showed how interactions with water stabilize intermediates during 

propagation. 

 

Scheme 5: geometric representation of PLPI helix on the left and PLPII helix on 

the right with water interaction with adjacent carbonyls. 

Thus, when acetonitrile with sufficient water content (above 20%) was used for 

polymerization, the rate was extremely fast as the PLPII form was also soluble. The 

polymers obtained this way showed narrow dispersities and controlled molecular 

weights in agreement with the M/I ratio. 

2. Results and discussion 

Following the aqueous ROP methodology developed by Lu et al., in this research work, 

the polymerization of Pro-NCA using different initiators was first developed and the 

resulting polymers thoroughly analysed (section 2.1). Other synthesis routes were then 

explored so that to prepare thermoresponsive PLPs using new methodological 

conditions (section 2.2). The thermoresponsive behaviour of these proline-based 
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polypeptides was then comprehensively studied and the underlying mechanisms 

related to the secondary structuring were explored (section 2.3 and 2.4). Several 

factors to fine-tune the thermoresponsive behaviour were considered including salt 

concentration, macromolecular engineering, and formulations (2.5).  

2.1. Synthesis and analysis 

2.1.1. Water-assisted ROP 

Several initiators were used to achieve the ROP of Pro NCA to extend the scope of this 

mechanism. This synthesis was optimized for the preparation of well controlled PLPs. 

Pro NCA was polymerized at 0.3 M in a mixture containing 60% acetonitrile and 40% 

water using different initiators (Scheme 6) at 10°C and under vigorous stirring. When 

hexylamine was used as an initiator, the M/I ratio was also varied to assert a control 

over the molecular weight. 

 

Scheme 6: Polymerizations of Pro NCA using the water assisted ROP and 

different initiators as well as M/I. 

The resulting polymers were characterized by 1H NMR and aqueous SEC and the 

results are illustrated in Table 1. 
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Table 1 : Analysis and results for polymers 1-10 and copolymers 1-2 synthesis. 

Polymer Targeted structurea 
Yield 

(%) 

DP by 
1H NMRb 

Theoretical 

Mn (kDa) 

Mn by 

SEC 

(kDa)c 

Ɖd 

Polymer 1 HA-PLP5 65 5 0.6 
0.9 

1.24 

Polymer 2 HA-PLP20 61 18 2.0 
2.4 

1.03 

Polymer 3 HA-PLP30 88 30 3.0 
4.0 

1.08 

Polymer 4 HA-PLP50 90 56 5.0 
4.9 

1.01 

Polymer 5 HA-PLP70 92 68 6.9 
7.8 

1.03 

Polymer 6 HA-PLP100 80 113 9.8 
12.4 

1.02 

Polymer 7 HA-PLP200 75 230 19.5 
20.1 

1.04 

Polymer 8 BA-PLP70 86 71 6.9 
7.1 

1.01 

Polymer 9 AA-PLP70 49 
e 

6.9 
f 

Polymer 10 EtOHA-PLP70 60 6.9 

Polymer 11 HA-PDP100 75 120 9.8 
11.2 

1.01 

Copolymer 1 PEG5k-PLP50 65 50 9.9 
10.9 

1.04 

Copolymer 2 PEG10k-PLP100 78 100 19.7 
19.1 

1.04 

 adetermined by the initial feed ratio M/I, bdetermined by the integration of the different backbone peaks 

in comparison to the initiator peaks in D2O 1H NMR, cdetermined by dn/dc of polyproline (0.1616) or of 

block copolymers (0.1444) in ACN/acetate buffer SEC and MALS detection, ddetermined by SEC peaks, 

eend-chain groups were not easily identifiable, fchromatograms showed double peaks. HA=hexylamine, 

BA=benzylamine, AA=allylamine, EtOHA=2-(2-aminoethoxy) ethanol, PEG=polyethyleneglycol. 

Using the small hydrophobic amine, hexylamine, it was possible to synthesize PLPs 

with polymerization degrees varying from 5 to 200 (polymers 1-7 in Table 1). The 

synthesized polymers were purified by dialyzing against MilliQ water and freeze-drying 

to obtain polyprolines with good yields in their PLPII conformation directly after 

polymerization. Furthermore, these polymers were directly water soluble. On analysis 
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by 1H NMR in D2O the different peaks were easily assigned, and the DP was calculated 

by integration relative to the initiator peaks (Figure 4 and Figure S1-5).  

 

Figure 4 : 1H NMR for polymer 4 in D2O. The polymer structure of is represented 

with the peak assignation. The calculation of the Dp is shown by the calculations 

from the integration of the initiator peaks (j,i,h,g and f)) and the respective 

backbone peaks of proline repeat units (b,c and d). 

The analysis of these copolymers by aqueous SEC supports the formation of well 

controlled high molar mass polymers with narrow dispersities (Figure 5 and Figure 

S9). Furthermore, the dn/dc of polyproline was calculated to be 0.1616 in these 

conditions to correctly estimate the Mn of the synthesized polymers. The results were 

in agreement with the theoretical Mn (Table 1) where the repeat unit of 97 was 

multiplied by the DP value. The synthesis of the mirror image of PLP, PDP, using D-Pro 

NCA was also successful and the produced polymer 11 (HA-PDP100) had comparable 

characteristics to polymer 6 (HA-PLP100). This shows that the polymerization can form 

helices of either orientation, as PDP forms PPII structures with a right-handed helix. 
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Figure 5 : SEC chromatogram for polymer 4. Both MALS and RI detection are 

shown. 

Other small amines with varying hydrophilicity were also explored as initiators in this 

ROP technique. While benzylamine (polymer 8 in Table 1) gave similar results to 

hexylamine (Figure S9-Figure S10), more hydrophilic amines such as allylamine 

(polymer 9 in Table 1) and 2-(2-aminoethoxy) ethanol (polymer 10 in Table 1) did not 

produce well controlled polyprolines. SEC analysis of these polymers showed the 

formation of two polymeric populations (Figure 6). 

 

Figure 6 : SEC chromatogram for polymer 9 (on the left) and polymer 10 (on the 

right). Both MALS and RI detection are shown. 

Unlike hexylamine and benzylamine, these hydrophilic initiators are water soluble. To 

better understand the phenomena all the polymers were analysed by MALDI-TOF to 

confirm their structure and the initiation moiety. The different peaks had a 97.12 g/mol 

difference confirming that these high molecular weight species have proline repeat 

units. Furthermore, the calculations confirmed the end-chain initiation by hexylamine 

(101.19 g/mol for polymers 1-7) and benzylamine (107.15 g/mol for polymer 8). 

Polymers 1-8 thus showed corresponding structures using MALDI-TOF analysis 

confirming the synthesis (Figure 7 and Figure S14). 
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Figure 7: MALDI-TOF spectra of polymer 4. (On the right) assignment of peaks to 

proline units along the chain. 

On the other hand, MALDI-TOF analysis of polymers 9-10 showed two populations as 

shown previously in SEC analysis. Both populations had proline repeat units (97.12 

g/mol) confirming that polyprolines have been synthesized. While the higher molar 

mass population had the amine initiator at the chain-end, the lower molar mass 

population in both cases was clearly initiated by water (18.015 g/mol) (Figure 8). It is 

thus hypothesized that since water could also initiate the polymerization, the slightly 

soluble amines tend to react faster with the NCAs avoiding the hydrolysis. On the other 

hand, water soluble amines might generate -OH moieties capable of the initiation.  
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Figure 8 : MALDI-TOF spectra of polymer 9 (on the top) and 10 (on the bottom). 

Assignment of peaks to proline units along the chain are shown as well as the 

calculation for chain-end group. The lower molecular weight peaks (on the left) 

show water initiation with -OH and -H at each end, while the bigger polymer chains 

on the right show the amine at the chain end. 

A final series of polymerizations was then developed using PEG-NH2 macroinitiators. 

Using PEG5k-NH2 to ROP Pro NCA with an M/I=50 and PEG10k-NH2 with an M/I=100, 

block copolymers with equivalent weight ratios were synthesized (copolymers 1-2 in 

Table 1) using similar conditions as for the before mentioned polymers. The formed 

block copolymers were then dialyzed and lyophilized to obtain the pure block 

copolymers. Although the PEG initiators are water soluble, 1H NMR (Figure S3-4), 

SEC (Figure S11) and MALDI-TOF (Figure S15) analysis confirmed the successful 

synthesis of well controlled PEG-polypeptide block copolymers without any water 

initiation and with adequate yields excluding hydrolysis reaction to amino acids. 
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2.2. Organic media polymerization 

2.2.1. Organometallic catalysis 

 

Scheme 7: ROP of proline NCA using Ni amido amidate initiator catalyst. 

Theoretical structure of polymer 12 is presented. 

Following the reported protocol for the synthesis of PLP using organometallic 

catalysis137, similar experimental conditions were tested. In the context of a 

collaboration with Professor Deming’s laboratory in UCLA, nickel based organometallic 

catalysts (Scheme 7) were obtained to achieve this ROP. In dry DMF, Pro NCA was 

polymerized using the amido amidate moiety initiation (Scheme 7, mechanism is 

described in the supporting information Scheme 10). The monomers were only slightly 

soluble in DMF and when the polymerization was conducted the medium became more 

turbid over time. While higher concentration trials formed organogels in DMF, 50 mg/ml 

was found to be an adequate concentration. Polymer 12 (M/I=100) was polymerized 

using these conditions and was then purified by water washing to remove any nickel 

species. After dialysis and lyophilization the polymer was obtained with 90% yield. 

Although such polymerizations are reported to be rapid, it took 7 days for this 

polymerization to complete. While NMR analysis showed typical PLP peaks and an 

adequate DP (Figure S6), SEC analysis in TFE showed the formation of polymers with 

a large dispersity (2.18).  

2.2.2. Other polymerization systems 

Most of the recent advances in the catalysis of ROP of amino acid NCA discussed in 

chapter 1 have not been studied on N-alkylated monomers. Thus, their use in the ROP 

of Pro NCA was still not considered. Of the few systems that showed promising results 

with other N-alkylated monomers are  tetramethylguanidine (TMG) catalysis with 

alcohol initiators,145 TBBA146 and LiHMDS initiation147 (Scheme 8). 
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Scheme 8 : reaction schemes for polymers 13-15 using TMG, TBBA and LiHMDS. 

Polymers 13, 14 and 15 were synthesized using these three pathways respectively. In 

the case of TMG and TBBA, the polymerization mechanism is similar to those 

presented in chapter 1. The NCA was thus reacted in dry DMSO where it was soluble 

with the different initiators. The media slowly turned to a milky solution. After completion 

verified by FTIR, the polymers were dialyzed against MilliQ water and lyophilized. The 

polymers showed adequate yields (80-90%) and were then analyzed for their structure. 

NMR analysis of polymers 13-14 showed typical PLP peaks but no initiator peaks were 

identifiable.  

LiHMDS was used to produce cyclic and linear polypetoids via a zwitterionic ring 

expansion polymerization mechanism (supporting information Scheme 10).147 

Polymer 15 was thus prepared following the protocol developed in the literature with 

Pro NCA dispersed in DMF and LiHMDS added as a THF solution to start the 

polymerization. The polymerization was concluded quickly (less than 1 day) and 

polymer 15 was obtained at 85% yield after precipitation in ether and evaporation of 

the solvents. NMR showed typical PLP peaks (Figure S7). 

Polymers 12-15 were insoluble in water as they were formed in PLPI conformation. 

When their aqueous suspension was left to stir for 1 week at 5°C, they were readily 

soluble as they converted to PLPII conformation. The polymers were thus solubilized 

in ACN/buffer for SEC analysis. SEC analysis of polymers 13-14 in aqueous conditions 
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revealed lower molecular weight, multimodal and broad peaks with high dispersities 

(Figure S12). Polymer 15’s chromatograms of high molecular weight polymers (7.2 

kg/mol) and adequate dispersity of 1.26 (Figure S13). Further investigation into the 

use of LiHMDS in the ROP of Pro NCA is needed to evaluate the architecture of the 

polymers as they can be cyclic or linear.147 

2.3. Thermoresponsive behaviour 

Since only the polymers prepared via the aqueous ROP had controlled structures, only 

these polymers were thoroughly analysed to evaluate their thermoresponsiveness. 

Many techniques can be used to assess the LCST behaviour of polymers including 

various turbidimetric techniques and spectroscopy (UV, light scattering, etc.) along with 

calorimetric measurements.148  

2.3.1. UV-Vis turbidimetric study 

LCST is characterized by a difference between the cloud point (TCP) being the 

temperature at which the aggregates appear upon heating and the clearing point (TCL) 

the temperature at which solubilization of the chains occurs on cooling.149 When the 

values of these temperatures are not equal, the LCST is considered to be hysteretic 

and the difference between these two values is the extent of hysteresis (XH). It should 

be noted that the value assigned as the transition temperature depends on the 

technique used to measure it. The dispersity of the polymer may also play a role, as 

highly disperse polymers will undergo fractionation as they precipitate, leading to 

broader transitions. For these reasons, it is sometimes difficult to compare cloud point 

values between different studies.6 To be able to compare the effect of parameters such 

as concentration, chain length, and solvent composition, a precise method was 

employed using UV-Vis spectroscopy to monitor the thermoresponsive behaviour. This 

method was selected as it is precise and easy to use. Zhang and coauthors have 

recently provided recommendations in a recent tutorial review on using this technique 

which were followed in this study.148 

Hysteresis analysis 

PLPs synthesized by water assisted ROP (Table 1) were characterized by turbidimetric 

analysis using UV-Vis spectroscopy. Polymer 4 (HA-PLP50) was dissolved in water at 

a concentration of 5 mg/mL. This solution was then heated at a rate of 1°C/min and 
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monitored by UV-vis spectroscopy at a wavelength of 550 nm, since polyproline 

moieties do not absorb at this wavelength.  

 

Figure 9: Characterization the thermoresponsive behaviour of polymer 4 at 5mg/ml 

in an aqueous solution. The absorbance measured by the machine was converted 

to transmittance and the 1-Transmission is plotted for easier relating the soluble 

state at low values (pictures on the bottom of the plot) and insoluble state at higher 

values (pictures at the top). The derivatives of both heating and cooling ramps are 

presented, and the TCP and TCL are determined at the inflection points respectively. 

These values allow us to calculate the extent of hysteresis XH. 

Aggregation was observed at 78°C confirming the LCST aggregation properties of this 

homopolymer. After a 10-minute isotherm at 85°C, the solution was cooled down at a 

rate of 1°C/min to verify the resolubilization of polymer 4 at lower temperatures. The 

solubilization was found at the much lower value of 10°C thus revealing the hysteresis 

phenomenon of the aggregation with a temperature range of more than 60 K (Figure 

9). The TCP and TCL were determined as the inflection points of the heating and cooling 

curves, respectively. In addition, the width of the hysteresis, denoted XH, was 

calculated as the difference of these two temperatures. Turbidimetric curves of all 

polymers from Table 1 resembled the one presented in Figure 9 (Table S2). These 

results show that PLP with high molecular weight prepared via the water assisted ROP 

express a large hysteretic LCST. 
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Effect of concentration 

The hysteretic LCST behaviour of PLP solutions was then assessed in different 

conditions to better understand this behaviour. The effect of concentration was first 

explored. Several solutions of polymer 4 were prepared with concentrations ranging 

from 0.5 mg/mL to 5 mg/mL, i.e., from 5.2 to 52 µM in monomer units and analysed by 

the same technique. The TCP decreases as the concentration of polyproline in solution 

increases (Figure 10). The TCL, for the range of concentration studied, remains 

approximately constant. This causes the width of the hysteresis to decrease as the 

concentration increases. A similar trend was observed for all other chain lengths (Table 

S2). 

 

Figure 10 : Effect of concentration on the TCP and the TCL, XH obtained for polymer 

4. 

Effect of chain length 

The effect of chain length on TCP, TCL and XH was explored next. These analyses 

indicated that the hysteresis was increased up to an optimum degree of polymerization 

(DP) of 200 (Polymer 2: hysteresis width of 35°C, polymer 7: hysteresis width of 60°C) 

(Figure 11). While TCP was relatively unaffected by polymer length, the observed 

differences in hysteresis width were due to the higher clearing temperatures that were 

observed for shorter polymers (Polymer 2: clearing point temperature of 41°C, Figure 

11). 
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Figure 11 : Influence of the polyproline length (polymers 2-7) on the hysteretic 

LCST behaviour. Shorter chains show smaller hysteresis that seems to be mildly 

affected by chain length at higher DP. 

Stability of the aggregation and robustness of the hysteresis 

To evaluate the robustness of this hysteresis phenomenon, the stability of the 

aggregation above TCL was evaluated. Polymer 4 was analysed in water at a 

concentration of 5 mg/mL with differing temperature ramps (Figure S16). For all 

solutions, we first monitored the solution absorbance by UV spectroscopy while 

increasing the temperature at a rate of 1 °C/min up to a temperature of 85°C, that was 

then stabilized for 10 minutes (Figure 12). Subsequently, each aqueous solution was 

cooled to a different temperature (between TCP and TCL) and held at that temperature 

for up to 4 h to determine whether the aggregates were stable over time (Figure 12). 
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Figure 12: Stability of the aggregation/hysteresis phenomena of polymer 4 

solutions at 5mg/ml at different isothermal temperatures. The samples were heated 

to 85°C and held for 10 min, during which time aggregation occurred. 

Subsequently the samples were cooled at 1°C/min to the indicated temperatures 

and held at these temperatures with stirring for up to 4 hours. Temperature profiles 

can be consulted in as well as other isothermal experimental results (Figure S16). 

At temperatures of 25°C and above, the turbidity was observed for several hours and 

even 1 week at 25°C. This shows that the “aggregation memory” was sufficiently long 

and stable to be studied and/or used in a formulation process. On the other hand, on 

cooling to temperatures near (15°C) or lower than the TCL (10°C), resolubilization was 

observed. Similarly, solubilized samples stayed soluble for up to 3 months at room 

temperature, meaning that the soluble and insoluble states are both thermodynamically 

and kinetically stable between TCP and TCL. Since the hysteretic thermoresponsive 

behaviour of some polymers is also highly dependent on the speed of heating and 

cooling,150 a solution at 5 mg/ml of polymer 4 was exposed to the same thermal 

treatment but the rate of heating and cooling was changed to 5 °C/min. Not only was 

the hysteresis retained, but the heat treatment was also repeated 5 times keeping the 

exact same properties (Figure S17). 
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Salts effect 

The LCST behaviour of thermoresponsive polymers is known to be affected by the 

ionic strength of the solution.151 The influence of different concentrations of NaCl on 

the thermally induced aggregation of polymer 4 at a concentration of 5 mg/mL in water 

is shown in Figure 13. Increasing the ionic strength by adding up to 1 M NaCl 

significantly reduced TCP.  The addition of salt also seemed to reduce TCL slightly, 

although at higher NaCl concentrations resolubilization happened after an extended 

amount of time (Figure S19). Beyond 1.5M, the PLP was insoluble at room 

temperature due to the salting-out effect. 

 

Figure 13: UV-Vis turbidimetry assays showing the effect of salt concentration on 

the TCP of different solutions of polymer 4 (5mg/ml). Plotted in the square is the 

TCP values depending on the concentration of salt. 

These solutions containing different salt concentrations and polymer 4 at a 

concentration of 5 mg/mL were exposed to heating cycles at different temperatures. 

After each heating cycle, the temperature was lowered to room temperature and a 

picture was taken; as shown in Figure 14. These heating cycles revealed the memory 

kept by the polymer in solution of heating at a temperature above TCP with an accuracy 

of a few °C. This result is remarkable given the simplicity of the system: it may allow 

cheap temperature monitoring of many systems or processes in real life applications 
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(pharmaceutical, food processing, etc.) that could be ultimately reprogrammed under 

the TCL. 

 

Figure 14 : temperature sensor model using different solutions of polymer 4 

5mg/ml varying only the NaCl concentration. All samples were heated to the 

temperatures indicated, stabilized for 5 minutes and a picture of the whole series 

taken at room temperature. The stars highlight the working range of this simple 

temperature sensor.  

To add to the versatility of this system other salts were used to expand the range and 

accuracy of the temperature probing. Replacing Na+ with the more kosmotropic cation 

Ca+, the temperature sensor model was not viable as the polymer solutions pre-

aggregated at low temperatures (55°C) before expressing the LCST transition at their 

corresponding TCP (Figure S20). When aqueous solutions of (NH4)2SO4 were added, 

a similar model was developed at much lower concentration, allowing a broader range 

of usable temperatures (Figure 15). 
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Figure 15: temperature sensor model using different solutions of polymer 4 

5mg/ml varying only the (NH4)2SO4 concentration. All samples were heated to the 

temperatures indicated, stabilized for 5 minutes and a picture of the whole series 

taken at room temperature. The stars highlight the working range of this simple 

temperature sensor. 

These preliminary results show further possibilities in preparing simple temperature 

sensors based on polyproline saline solutions. Further ions from the Hoffmeister series 

should be explored to understand the overall mechanism and expand the possibilities 

of applications.152 

2.4. Secondary structuring and thermoresponsive behaviour 

As presented in the introductory part of this chapter, the equilibrium between the two 

secondary structures of polyproline is influenced by the temperature. We thus emitted 

the hypothesis that the hysteresis phenomenon had to be related to secondary 

structure changes between PLPII and PLPI driven by the aqueous solvent. Before 

heating, the soluble state in aqueous solution is PLPII. Upon heating, sufficient energy 

would be given to the bonds to change the conformation of the amide bonds from trans 

to cis, resulting in the formation of PLPI aggregates. A new polymer, polymer S1 (HA-

PLP20), was synthesized in dry ACN to obtain a sample in PLPI conformation to be 

compared with the other polymers (Supplementary information for synthesis and 

analysis). 
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Polymer 1, with a DP equal to 5, did not show thermoresponsive behaviour. This may 

be because the concentration of HA-PLP5 was too low, or the chains were too short to 

form an insoluble secondary structure. This may indicate that the secondary structure, 

achievable with higher molecular weights, is crucial in this phenomenon. In the next 

part, the thermoresponsive behaviour of PLP and its correlation with the conformation 

will be presented using FTIR spectroscopy and circular dichroism. 

2.4.1. FTIR spectroscopy 

Secondary structuring can be determined by FTIR spectroscopy. This technique can 

detect the amide I and II bands corresponding to CO stretching and N-H bending/C-N 

stretching of amide groups respectively.153 Polymer 4 was thus analysed by FTIR at 

5mg/ml in milliQ water at room temperature (PLPII) and after heating to aggregation. 

 

Figure 16 : FTIR spectra of polymer solutions in H2O. polymer S1 hexyl-PLP20 

(polymerized in dry ACN) is in PLPI conformation and polymer 4 hexyl-PLP50 in 

PLPII conformation. The amide I bond stretching wavelengths of the cis and trans 

conformation (deduced from the two first spectra respectively) are highlighted. 

Polymer 4 was then precipitated by heating and brought to room temperature 

(spectra is shown in red). 

The spectra were compared to those of polymer S1 (PLPI) (Figure 16). The amide I 

bands for the cis and trans conformations are at 1620 cm-1 and 1641 cm-1 respectively, 

while the amide II bands are closer together (1428 cm-1 and 1433 cm-1 respectively) 

(Figure 16).154 After heating-induced precipitation, polymer 4, originally in the PLPII 

conformation, gave stretching bands in FTIR corresponding to both the cis and trans 
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conformations for amide I (Figure 16). For amide II a double peak was also observed. 

These results suggest that when PLPII polymers are heated, some but not all trans 

amide bonds are converted to cis amide bonds causing the formation of an insoluble 

conformation and collapse of the soluble helices followed by precipitation from solution. 

2.4.2. CD spectroscopy 

To verify that the change in amide conformation (observed by FTIR) is accompanied 

by a change in secondary structure, CD spectroscopy was employed. As mentioned in 

the introduction, each conformation of polyproline has a characteristic curve due to its 

compactness and helix orientation. 

 

Figure 17: CD spectra of PLPI, polymer S1 and its modelized structure (top in 

black) and PLPII, polymer 4 and its modelized structure (bottom blue). the 

characteristic peaks are presented. 

Since most CD measurements are recorded at low concentrations where 

thermoresponsive behaviour is not observed, polymer concentrations in this study 

were kept higher (at 0.25mg/ml) to observe both the secondary structures and the 

thermoresponsiveness. The CD spectra of both conformations was obtained 

experimentally on samples of polymer S1 and polymer 4. The shape of the obtained 

spectra (Figure 17) is in good agreement with the literature.137 For polymer S1, the 

PLPI helix is recognized by its strong maximum (as it is right-handed) at 213nm and a 

weak negative peak at 232nm. As for PLP II conformation (polymer 4), a minimum at 

205 nm and a weak positive peak at 228nm can be observed.  
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Polymer 4 in its PLPII conformation when heated, evolved slightly with a decrease of 

the intensity of the peak and its slight red shift (Figure 18). This was previously 

documented in the literature and suggests a loosening of the helical structure.141 Yet 

after heating to above 80°C (>TCP), when precipitation occurred, it changed abruptly to 

a new CD signal that corresponded to neither PLPII nor PLPI conformation. The strong 

minimum at 205 nm characteristic of PLP II at room temperature was shifted to a 

minimum at 219 nm (Figure 18). 

 

Figure 18: CD spectra of polymer 4 at 0.25mg/ml at different temperatures. The 

polymer was left to stabilize for 5 min between heating ramps. 

Figure 19 shows the molar ellipticity values of both the PLPII peak at 208nm and the 

aggregated state peak at 219nm during the heating/cooling cycle. The new 

conformation was stable when the sample was cooled back down to room temperature 

as the peak values remained the same. When the sample was cooled to below 20°C, 

nearing the TCL, the values of both peaks shifted to their initial values around 10°C, 

regaining the PLPII conformation. 
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Figure 19: Molar ellipticity of peaks at 208nm (PLPII) and 219nm (aggregated 

state) in function of temperature during heating (red arrows) and cooling (blue 

arrows). 

These results corroborate earlier results obtained by FTIR and past hypothesis of the 

formation of a new, intermediate, conformation, between PLPI and PLPII. Both 

analyses support an incomplete transition to PLPI: indeed, it has been shown that PLPI 

requires several days to be converted to PLPII in water at 4°C and not instantaneously 

upon cooling as seen in these results. This also suggests that the new conformation 

contains some cis amide bonds that can be readily isomerized to trans, solubilizing the 

polymer in its PLPII state. In a scope of a collaboration of the DISCO laboratory from 

SOLEIL, it was possible to obtain similar results at 5 mg/ml (Figure S18). This was 

possible thanks to CaF2 cells with smaller path length (27µm) and a synchrotron 

radiation CD setup. 

2.4.3. Chirality, secondary structuring and thermoresponsivness 

A new series of copolymers was then synthesized based on a mixture of both Pro NCA 

enantiomers. Copolymerizing L-Pro NCA with D-Pro NCA was used to disrupt the long-

distance secondary structuring of the polymers. Copolymers 3-7 having increasing D-

Pro content (from 10-50%), as shown in Table S2, were synthesized and analysed as 

described above. All copolymers had an M/I of 100 and were initiated using 

hexylamine. The analysis showed DP close to each other, yet molecular weights 
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calculated using the dn/dC of homoPLP only gave lower than expected values (Table 

S2). This could be due to a decrease in hydrodynamic volume of the polymer chains 

due to a change in their secondary structure. 

While polymer 11 HA-PDP100 showed activity comparable to that of HA-PLP100 

(polymer 6) (Table S2), statistical copolymers 3-7 of L- and D-proline showed no 

thermoresponsive behaviour. Figure 20 shows the CD spectra of polymers 6 and 11, 

homopolymers of L- and D-proline respectively. 

 

Figure 20: CD spectra of copolymers 3-7 compared to polymer 6 and 11 

(homopolyprolines). 

The mirror image PPII structure can be easily identified meaning that both these 

polymers retain the same helical conformation but with an inverse orientation. The 

statistical copolymers 3-7 also retained their PLPII conformation as can be assigned 

by the value of the peak at 208nm. The signal of the peak decreased with the increasing 

D content as the enantiomers’ signal cancel each other out; for copolymer 7 (HA-

PLP50-PDP50) where no signal can be detected. 

NMR analysis showed increase of cis conformation with increasing content of the D-

proline (Figure S8).155 These peaks were not present for polymer 11  that had a spectra 

similar to that of homoPLP (Figure S5). These results suggest that both the secondary 

structure and the cis-trans bond conformation play a role in the phase transition. 
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As a control, a series of mixtures of polymers 6 and 11, homopolymers of L- and D-

proline respectively, were prepared at a total concentration of 5mg/ml. The different 

ratios were chosen to correspond to the ratios of enantiomers in copolymers 3-7 (Table 

2). 

Table 2 : Turbidimetric results for different mixtures of polymer 6 and 11 at 5mg/ml. 

Weight ratio PLP/PDP TCP (°C) TCL (°C) 

100/0 64 12 

90/10 57 12 

80/20 54 11 

70/30 53 11 

60/40 52 11 

50/50 53 11 

0/100 64 13 

All mixtures retained hysteretic LCST behaviour confirming that both the overall 

secondary structure and the trans-cis interplay are important for the thermoresponsive 

behaviour. TCP values were lower than pure solutions suggesting a cooperative 

aggregation mechanism when enantiomeric helices are mixed. 

2.5. Thermoresponsive materials based on PLP 

Block copolymers based on PEG and PLP (copolymers 1-2 in Table 1) could prove 

interesting to design materials with hysteretic thermoresponsive behaviour. These 

copolymers showed thermoresponsive behaviour with a high TCP due to the increased 

solubility of PEG (Figure S21Figure S22). A considerable amount of salt was added 

to a concentrated PLP solution (10mg/ml), to achieve a concentration of NaCl of 3M, 

as to mimic heating above the TCP. Under these conditions the block copolymers thus 

formed nanoparticles that were analysed by DLS (Figure 21). 
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Figure 21 : DLS data of copolymer 1 at 10mg/ml in 3M NaCl solution at room 

temperature. The size by intensity as well as the correlation factor are shown. 

These nanoparticles had an average diameter of 128nm and a monomodal size 

distribution with a dispersity of 0.18. Further imaging is needed to ascertain the shape 

of the nanoparticles as the models used by the DLS software are optimized for 

spherical particles. When heated the copolymers showed a TCP around 50°C and 

precipitated out of solution. The precipitates were stable on cooling to room 

temperature, but dispersed nanoparticles were reformed when the solution was cooled 

to 5°C (Figure S23). The broad hysteresis indicates that the thermoresponsive 

behaviour is due to the polyproline block. As polyproline tends to precipitate in NaCl 

solutions of 1.5M or higher, it is hypothesized that the proline blocks nano-aggregate 

together and are surrounded by the soluble PEG shell. When heated the bundled 

proline chains still expressed thermoresponsiveness meaning that the salt did not 

affect the conformation. PEG solutions did show LCST behaviour, in these same 

conditions, that was not hysteretic with a TCP and TCL around 75°C (Figure S24). This 

confirms that the behaviour of these nanoparticles stems from the PLP block. 

Since materials with shape memory are also of great interest, hydrogels based on 

these copolymers were also explored. Only with high polymer concentration 

(100mg/ml) and addition of NaCl (2M) were thermogelling solutions obtained (Figure 

22). 
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Figure 22 : thermogelling solution of copolymer 2 and its reversible 

thermoresponsive behaviour. 

Such programmable materials are of interest as the forward and reverse transitions 

could be triggered at different temperatures. These promising results will be followed 

by further analysis of the gels’ stability, mechanical properties and other 

macromolecular engineered copolymers based on PLP will be explored. 

3. Conclusions 

Hysteretic temperature response could be a useful feature in designing or 

programming phase separation driven assemblies (coacervation, etc.). Most known 

LCST polymers exhibit small thermal hysteresis in their phase separation behaviour. It 

was shown that fully peptidic polymers based on proline prepared via aqueous NCA 

ROP with more than 20 repeating units displayed hysteretic LCST. Polymers 

synthesized via this pathway showed controlled molecular weights and narrow 

dispersities while other ROP techniques yielded poorly controlled polymers. The 

unprecedentedly wide hysteresis obtained in the thermoresponsiveness of PLP was 

only slightly affected by concentration and molecular weight. This study proved both 

kinetic and thermodynamic stability of both soluble and aggregated polymers. This 

stability was attributed to the conformation of the peptide bonds and the secondary 

structure of the polypeptides. CD measurements proved the shift from the highly 

soluble PLPII conformation to an intermediate insoluble conformation. Further 

analyses via FTIR proved the presence of both cis and trans amide conformations 

providing evidence that temperature-induced changes in the secondary structure were 

responsible for the reversibly hysteretic LCST.156 Functional materials based on the 

PLP scaffold have been briefly investigated including programmable nanoparticles and 

thermogelling solutions. The results reported in this chapter have already promoted 

development of other proline-based thermoresponsive polypeptides.157,158 PLPs also 

showed interesting properties as antifreeze polymers as they can inhibit ice 
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recrystallization at lower temperatures159 allowing for use in cryopreservation of 

cells160. This property can be attributed to both their peculiar secondary structure and 

to their thermal hysteresis behaviour.161 

4. Supporting information 

4.1. Materials and methods 

4.1.1. Materials 

All chemicals and solvents in this work were purchased from Sigma Aldrich, 

Fluorochem, Acros, TCI, Strem and VWR, and were used without any purification 

unless otherwise described. Acetonitrile (ACN), was obtained from a solvent system 

purifier (PureSolv, Innovative Technology), kept under argon atmosphere and freshly 

used. Milli-Q water was obtained from a Purelab Prima purification system (ELGA) with 

a resistivity of 18.2 MΩ cm-1. The N-carboxyanhydride monomers were purchased 

from PMC Isochem, stored at  20 °C under argon atmosphere and weighed in the glove 

box Jacomex GP13 no. 2675 at the Laboratoire de Chimie des Polymères Organiques 

(LCPO, Bordeaux, France). Dialysis membranes were purchased from SpectrumLabs. 

Hexylamine, benzylamine, allylamine and 2-(2-aminoethoxy)ethanol were all freeze-

thawed and cryo-distilled on the Schlenk line prior to use. 

4.1.2. Ring opening polymerization (ROP) of N-carboxyanhydrides (NCA) 

Typical polymerization was adapted from a recent study125 and goes as follows: L-Pro-

NCA (100 mg, 71*10-2 mmol, 50 eq) was introduced in a flame-dried Schlenk equipped 

with a stirrer and suspended in 0.5 ml of dry ACN. Hexylamine (1.43 mg, 1.4*10-2 

mmol, 1eq) dissolved in 1.5 ml H2O: ACN (1:1) at 10°C was added to the first solution 

to start the ROP under vigorous stirring. The solution quickly became clear and 

bubbling was observed. The disappearance of the bands at 1859 cm-1 and 1787 cm-

1 characteristic of the C=O stretching of NCAs was monitored by FTIR and confirmed 

the reaction completion after 10 minutes. The reaction mixture was dialyzed against 

Milli-Q water in a 100-500 Da dialysis membrane to remove all unreacted monomers 

and solvent before being lyophilized. Yield: 90%, white powder. For polymers prepared 

in dry acetonitrile, the NCA was dissolved in ACN at 0.1 M and hexylamine was added 

to start the reaction under inert atmosphere, either under Schlenk line or in glovebox, 

the solution became milky. Reaction was monitored by FTIR, and at full conversion, 
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acetonitrile was evaporated, and polymers were used without further purification, Yield: 

67%, white powder. 

For polymer S1 prepared in dry organic solvents, the NCA was dispersed in ACN at 

0.1M and hexylamine was added to start the reaction under inert atmosphere using a 

Schlenk line. The solution became milky over time. At the end of the reaction 

acetonitrile was evaporated under vacuum. The white powders recovered with a yield 

about 60% were used as such without further purification. 

For polymers 13-14 prepared in dry DMSO, the NCA was dissolved in DMSO at 0.1M 

and the initiator was added as a concentrated solution of DMSO to start the reaction 

under inert atmosphere using a Schlenk line. The solution became milky over time. At 

the end of the reaction the polymers were dialyzed against DMSO and lyophilized. The 

white powders recovered with a yield about 80% and 91% respectively. 

4.1.3. Preparation of Ni(II) amido amidate initiator 

 

Scheme 9 : Preparation of nickel based amido amidate initiator species 

Ni(COD)2 (20 mg, 0.073 mmol, 1.0 eq) was suspended in 555 μL THF in a pressure 

vessel. 1,2-Bis(diethylphosphino)ethane (depe) (37.2 μL, 0.159 mmol, 2.2 eq) was 

added to the bright yellow Ni(COD)2 solution followed by stirring for 10 minutes. The 

solution turned orange with the formation of depeNi(COD). Nα-Alloc-L-leucine 3-azido-

propyl amide (23.8 mg, 0.08 mmol, 1.1 eq) was added as a solution in DMF (1.1 ml) 

(Scheme 9). The pressure vessel was sealed, removed from the glovebox, and placed 

in an oil bath at 80°C overnight. The orange coloured amido-amidate nickelacyle 

solution (44mM) was used for the polymerization of polymer 12. 

4.1.4. Nuclear Magnetic Resonance (NMR) 

1H NMR 400 MHz spectra were obtained using a Bruker Avance I (Liquid-state 400 

MHz NMR spectrometer with 5 mm BBFO probe). Deuterated water (D2O, Euriso-top, 

99.8%) was used as solvent and reference for the lock. The spectra obtained were 
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calibrated using the residual solvent signals (H2O 4.79 ppm). The signals were 

categorized as follows: singlet (s), doublet (d), triplet (t), quartet (q), multiplet (m) and 

broad (br). 

4.1.5. Size Exclusion Chromatography (SEC) Analyses 

Polymer molar masses were determined by Size Exclusion Chromatography (SEC) 

using an aqueous solvent as the eluent. Measurements were performed on an Ultimate 

3000 system from Thermoscientific equipped with diode array detector DAD. The 

system also includes a multi-angle light scattering detector (MALS) and differential 

refractive index detector (dRI) from Wyatt technology. Polymers were separated on two 

TOSOH TSK Gel G4000PWXL and G3000PWXL columns (300 × 7.8 mm) (exclusion 

limits from 200 Da to 300 000 Da) at a flowrate of 0.6 mL/min. Aqueous solvent 

composed of acetic acid (AcOH) 0.3 M, ammonium acetate 0.2 M and ACN (H2O/ACN: 

6.5/3.5, v/v) was used as the eluent. The column temperature was held at 25°C. 

Measurements of dn/dc were performed on a differential refractive index detector dRI 

from Wyatt technology by injecting 500 μL of each sample dissolved in the aqueous 

phosphate buffer at 0.5-5 mg mL−1. The chromatograms were recorded with 

Chromeleon 7.2 software and and analyzed using Astra 7.1.0 software. Calculated 

dn/dC values were 0.1616 mg/ml for L-Proline homopolymers and copolymers with D-

Proline and 0.1444 mg/ml for block copolymers with PEG. 

4.1.6. UV−Vis Spectroscopy 

The cloud point temperature (TCP) and the clearing point temperature (TCL) of PLP 

solutions in pure water were determined by measuring the turbidity at 550 nm between 

10°C and 85°C at a 1 °C.min-1 scan rate at different concentrations of polymer and salt. 

Data were collected on a Cary 100 UV−Vis spectrophotometer equipped with a 

multicell thermoelectric temperature controller from Agilent Technologies. TCP and TCL 

were defined as the temperatures at the inflection point of the transmittance-

temperature curves during heating ramps (TCP) or cooling ramps (TCL). A typical 

experiment followed the following heating program: 

1- 10 min isotherm at 10°C 

2- 1°C/min ramp to 85°C 

3- 10 min isotherm at 85°C 
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4- 1°C/min ramp to 10°C 

Absorbance was plotted as a function of temperature, with isotherms’ data not 

collected. Subsequently, absorbance was converted to transmittance for a better 

visualization of the degree of turbidity and to discriminate between complete and 

incomplete aggregations. The y-axis in the results is displayed as 1-Transmittance (%) 

to help the reader relate the soluble and aggregated forms to low and high values 

respectively. 

4.1.7. FTIR spectroscopy 

The IR spectra were recorded using the FTIR spectrometer (Vertex 70, Bruker) 

equipped with a temperature control cell, and the samples were measured with the 

ATR (GladiATR, Pike Technologies) from Fisher technologies performing 64 scans with 

a resolution of 2 cm-1 in solution at the LCPO (Bordeaux, France). The plate and 

pressure system of the ATR were equipped with a liquid sample set (Pike Technologies) 

bought from eurolabo to keep the solvent from evaporating during the heat treatment 

and thus analyse the sample in the liquid state as other experiments. The raw data 

were obtained with the Opus7.5 software and processed using the Originlab 2016 

software. Samples were dissolved in water and analysed as such on the ATR plate. A 

background with pure water was run before each sample in the same manner so as 

not to mask the vibration bands of the C=O bonds between 1500 cm-1 and 1700 cm-1. 

4.1.8. MALDI-MS measurements 

MALDI-MS spectra were performed at the CESAMO facility (Bordeaux, France) on an 

Autoflex maX TOF mass spectrometer equipped with a frequency tripled Nd:YAG laser 

emitting at 355 nm. Spectra were recorded in the positive-ion mode with an 

accelerating voltage of 19 kV. For MALDI-MS analyses, polymers’ deposits were 

prepared by dissolving 10 mg of polymer in 1 ml of Milli-Q water, 10 mg of NaI in 1 ml 

methanol and 22 mg of sinapinic acid in methanol. Subsequently 2 µL of polymer 

solution was mixed with 2 µL of salt solution and added to 20 µL of matrix solution. 1 

µL of this mixture was deposited on the MALDI plate and dried. 

4.1.9. CD spectroscopy 

CD measurements were performed on a JASCO J-815 spectropolarimeter between 

190 nm and 260 nm (far-UV). A quartz cell of 1 mm path length (type: 21/10/Q/1) was 

purchased from Starna Scientific, Ltd. Spectra were recorded at desired temperatures: 
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20 °C for standard measurements, or a temperature gradient between 10 °C and 90 

°C. The measurement parameters were optimized as follows: sensitivity between 5 and 

200 mdeg, 0.01 mdeg resolution, 8 seconds response time (Digital Integration Time), 

1 nm bandwidth and 10 nm.min−1 scanning rate. Polymer solutions at a monomer unit 

concentration of 2.5 µM in Milli-Q water were used for the measurements. For the 

turbidity tests, the concentration of the samples had to be adapted for this analysis to 

a concentration of 0.25 mg/mL to avoid flocculation of the polymers. Thus, an optimum 

concentration was found that neither saturated the signal nor brought the cloud point 

temperature above reaction conditions. 

4.2. Further synthesis 

 

Scheme 10: Mechanism of the initiation and propagation steps of the REP of 

NNCAs by LiHMDS. 

Table S1 : Synthesis and analysis for copolymers 3-8 

Copolymer  Theoretical DPa DPb Mn (kDa)c Ðd Yield (%) 

3 HA-PLP90-PDP10 

100 

150 6.1 1.18 81 

4 HA-PLP80-PDP20 95 6.2 1.14 73 

5 HA-PLP70-PDP30 106 6.0 1.14 85 

6 HA-PLP60-PDP40 130 6.6 1.13 92 

7 HA-PLP50-PDP50 160 6.9 1.17 51 

a. determined by the initial feed ratio M/I, b. determined by the integration of the different backbone 

peaks in comparison to the initiator peaks in D2O 1H NMR, c. determined by dn/dc of polyproline 

(0.1616) in ACN/acetate buffer SEC and MALS detection, d. determined by SEC peaks. 
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4.3. NMR 

 

Figure S1 : 1H NMR spectra in D2O of polymer 2-7 with increasing M/I ratio. 

Backbone peaks intensity has been normalized for all spectra to show the 

decrease of the initiator peaks intensity (shown with an *). 

 

Figure S2 : 1H NMR for polymer 8 in D2O. The polymer structure of is represented 

with the peak assignation. The calculation of the Dp is shown by the calculations 

from the integration of the initiator peaks (e and f)) and the respective backbone 

peaks of proline repeat units (b,c and d). 
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Figure S3: 1H NMR for copolymer 1 in D2O. The polymer structure is represented 

with the peak assignation. The calculation of the DP is represented. 

 

Figure S4 : 1H NMR for copolymer 2 in D2O. The polymer structure of is 

represented with the peak assignation. The calculation of the Dp is represented. 
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Figure S5 : 1H NMR of polymer 11 HA-PDP100 in D2O and polymer scheme. 

Letters indicate the attribution of peaks to protons. Peaks labelled with * 

correspond to impurities in the NMR sample. 

 

Figure S6 : 1H NMR of polymer 12 in TFA-d and polymer scheme. Letters indicate 

the attribution of peaks to protons. Some impurities in the NMR sample can be 

detected. 
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Figure S7 : 1H NMR of polymer 15 in TFA-d and polymer scheme. Letters indicate 

the attribution of peaks to protons. Some impurities in the NMR sample can be 

detected. 

 

 

Figure S8 : 1H NMR of copolymers 3-7 (bottom to top) in D2O. Spectra showed all 

PLP peaks with some broadening and peaks different from the homopolymer were 

distinguished (highlighted in grey) and could be attributed to the cis conformation. 
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4.4. SEC 

 

Figure S9 : Aqueous SEC chromatograms of polymers 1,2,3,4,6 and 7. RI 

detection is shown. 

 

Figure S10 : SEC chromatogram for polymer 8. Both MALS and RI detection are 

shown. 
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Figure S11 : SEC chromatograms of copolymers 1-2 in aqueous buffer/ACN (RI 

detection). 

 

Figure S12 : SEC chromatograms of polymers 13 (on the left) and 14 (on the right) 

in aqueous buffer/ACN (RI detection). 

 

Figure S13 : SEC chromatograms of polymer 15 in aqueous buffer/ACN. MALS 

and RI detection are shown. 
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4.5. MALDI-TOF 

 

Figure S14: MALDI-TOF spectra of polymers 1,2,3,5,6,7 and 8 accompanied by 

the assignment of peaks to proline units along the chain and initiator chain end 

verification. 
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Figure S15 : MALDI-TOF spectra of copolymer 1 (top) and 2 (bottom). The 

resolution of the machine is not sharp enough to detect specific peaks for such 

block copolymers, but polymer species with the expected molecular weight are 

detected. 

4.6. Thermoresponsivness 

Table S2: All results for the UV-Vis analysis of PLPs 

Polymer  
Concentration 

(mg/mL) 

Molaritya 

(µM) 
TCP (°C) b TCL (°C) b XH (K) c 

1 5 52 - - - 

2 
10 104 69 41 28 

5 52 76 41 35 

3 

5 52 68,0 19,0 49 

2 21 74 20 54 

1 10 81 21 60 

0.5 5,2 > 85 22 > 63 

4 

5 52 66 11 55 

2 21 73 11 62 

1 10 78 14 64 

0.5 5.2 81 15 66 

5 
5 52 65 12 53 

2 21 73 11 62 

5 
1 10 79 16 63 

0.5 5.2 84 16 68 
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Polymer  
Concentration 

(mg/mL) 

Molaritya 

(µM) 
TCP (°C) b TCL (°C) b XH (K) c 

6 

5 52 64 12 52 

2 21 74 14 60 

1 10 77 15 62 

0.5 5.2 84 16 68 

7 

5 52 73 13 60 

2 21 77 14 63 

1 10 > 85 15 > 70 

0.5 5,2 > 85 14 > 71 

8 

5 52 65 11 54 

2 21 70 11 59 

1 10 79 13 66 

0,5 5,2 79 15 64 

9 

5 52 70 14 56 

2 21 75 16 59 

1 10 > 85 16 > 69 

0.5 5.2 > 85 24 > 61 

10 

5 52 74 16 58 

2 21 77 16 61 

1 10 82 18 64 

0.5 5.2 84 15 69 

11 5 52 64 13 51 

a. considering proline units; b. calculated at the inflexion points of heating and cooling curves; c. XH = 

TCP - TCL. 
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Figure S16 : a. Stability of the aggregation/hysteresis phenomena at 60°C and 

37°C (isothermal temperatures). b. Thermal profiles of all aggregation stability 

experiments. All samples were heated from 10°C to 85°C at 1°C/min. After 

aggregation and a 10 min isotherm at 85°C, samples were cooled down by 

1°C/min to indicated temperatures (60°C, 50°C, 37°C, 25°C, 15°C and 10°C 

respectively). Acquisition was continued isothermally for up to 4 hours. All tests 

were done with aqueous solutions of polymer 4 at 5mg/ml. 
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Figure S17 : Polymer 4 at 5mg/ml in MilliQ water as measured by UV-Vis 

turbidimetry at 5°C/min ramps Spectra have been slightly offset towards higher 1-

Tr values for better visibility. 

 

Figure S18 : srCD spectra of polymer 4 at 5 mg/ml at different temperatures. The 

polymer was left to stabilize for 5min between heating ramps. 
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Figure S19 : UV-Vis turbidimetry showcasing the effect of salt concentration on the 

TCL of different solutions of polymer 4 (5 mg/ml). Completes the temperature cycle 

of Figure 13. At high concentrations of salt, the TCL was not observed in the time 

scope of the experiments, but polymers were again soluble after a few hours’ 

storage in the fridge at 4°C. 

 

Figure S20: temperature sensor model using different solutions of polymer 4 at 

5mg/ml varying only the CaCl2 concentration. All samples were heated to the 

temperatures indicated, stabilized for 5 minutes and a picture of the whole series 

taken at room temperature. The stars highlight the working range of this simple 

temperature sensor. Nonetheless, most polymer solutions express a pre-

aggregation starting at 55°C. 
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Figure S21: UV-Vis turbidimetry curves for copolymer 1 PEG5K-PLP50. 

 

Figure S22 : UV-Vis turbidimetry curves for copolymer 2 PEG10K-PLP100. 
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Figure S23 : DLS data of heating (left) and cooling (right) ramps of copolymer 1 at 

10mg/ml in a 3M NaCl concentration. 

 

Figure S24 : DLS of heating and cooling ramps of PEG10k at 10mg/ml and 3M 

NaCl concentration. 
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Chapter IV: Towards synthetic mimics of elastin-

like polypeptides  

 

1. Introduction 

The primary sequences of intrinsically disordered polypeptides (IDPs) usually possess 

secondary structure-breaking amino acids like glycine and proline.1,2 Chapter 2 

introduced the possibility of copolymerizing glycine to disrupt α-helical structures while 

chapter 3 focused on the thermoresponsive behaviour of homopolymers based on 

proline. This protein-like stimuli-responsiveness is also found in some IDPs. Indeed, 

adding hydrophobic amino acids to the sequences of IDPs results in considerable 

entropy gains upon binding to a partner; these segments often form fused globules 

(coacervates) and present a characteristic temperature response. Indeed, the more 

hydrophobic the IDP, the lower the temperature at which phase separation occurs.3 

The sequence of hydrophobicity (determined by both aromatic and aliphatic residues) 

is very important to maintain the temperature induced phase separation.4 This has 

been particularly studied in the context of elastin-like polypeptides (ELPs). 

1.1. Elastin Like Polypeptides (ELPs) 

ELPs are a class of recombinant IDP based on -Val-Pro-Gly-Xaa-Gly- pentapeptide 

repeats (Figure 1) that were originally identified in tropoelastin and in α-elastin (Xaa 

being Ala, Gly, or Val). These proteins possess a thermoresponse, usually with low 

hysteresis (Figure 1), that can be tuned by varying the "guest" residue (Xaa).5–9 Xaa 

can be any natural or non-natural alpha amino acid except for proline, which disrupts 

the thermoresponsive behavior.10,11 As presented in chapter 3, our studies on fully 

synthetic poly(L-proline) (PLP) backbone tend to contradict this “proline” statement in 

ELPs. ELPs are generally produced by recombinant synthesis12, an approach which 

allows researchers to explore an expansive array of sequences and lengths, and 

consequently, a diverse spectrum of thermoresponsive behaviors.13 This has recently 

included some genetically encoded ELPs with hysteretic thermoresponsivess as we 

observed with PLP.14 
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The LCST behaviour exhibited by ELPs aligns with that of synthetic LCST polymers 

(Figure 1). The dissolution dynamics of ELPs are driven by enthalpically favourable 

interactions with solvent, and counteracted by entropic considerations due to 

structuring effect of hydrogen bonding amide groups and the voluminous hydrophobic 

substituents of the valine and proline units.12,15 The thermoresponsive behaviour of 

ELPs is generally accompanied by a change in conformation, much like that of PLP.16 

The soluble state is found in a mostly random coil structure while a β-turn CD signature 

arises above its TCP. This signature, that is due to the -PGGV- motifs,17 has a negative 

band at 224 nm, a positive band at 205 nm and a second negative band below 190 

nm.18–20 

 

 

Figure 1 : Generic structure of ELPs’ repeat unit (VPGXG)n. Representation of 

LCST behaviour of ELP with both transition temperatures around 37°C. 

The thermoresponsive behaviour of ELPs thus spans a large temperature window.12 

Furthermore, their properties can be tuned by chemical modification 21–24 or 

functionalization with saccharides and oligosaccharides,25–28 or by including them in 

block copolymer structures29–32 or even artificial organelles33,34. Such 
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biomacromolecules that respond to biologically relevant factors by changing their 

conformation or mechanical properties are promising building blocks for the design of 

smart biomaterials.35–38 The use of synthetic protein-like macromolecules may also 

shed light on biological phase separations and pave the way to new biomimetic 

materials.39 

Inspired by the knowledge surrounding ELPs and building on the previous synthetic 

effort, this chapter will focus first on the copolymerization of proline NCA with glycine 

NCA to observe the impact of the secondary structure change on the thermoresponsive 

behaviour. As a means to produce polypeptides with tuneable thermoresponsiveness, 

valine units will then be introduced to copolymerization and terpolymerization systems 

to add hydrophobicity. The goal of this copolymerization is to produce statistical 

copolymers with a microstructure that best matches the periodic sequence of ELPs 

(Figure 2). The kinetic studies developed in chapter 2 can prove useful in exerting 

stochastic control over the monomer insertions to increase the probability of finding the 

desired sequences along the copolymer chains. The overarching goal of the chapter is 

thus to synthesize intrinsically disordered polypeptides with thermoresponsive 

behaviour comparable to that of ELPs (Figure 1). 

 

Figure 2 : Copolymerization of Gly NCA, Val NCA and Pro NCA to produce 

statistical copolypeptides with the goal to mimic the periodic primary sequence of 

ELPs and their thermoresponsive behaviour. 

1.1. Copolymerization 

Proline NCA, is an example of an N-alkylated NCA (NNCA). When unsubstituted on 

the C atom, these NCAs generally give access to polypeptoids40 (Scheme 1) which 

are known to have thermoresponsive behaviours.41  
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Scheme 1 : Generic structures of polypeptoïds (obtained from ROP of NNCAs), 

polyproline (from ROP of Pro NCA) and polypeptide (from ROP of NCAs of α-

amino acids). 

Examples, of statistic copolymerizations of NCA with their N-alkylated counterparts are 

scarce in the literature42 and mainly include copolymerizations of sarcosine NCA, the 

simplest, N-methylated NNCA.43–48 The more sterically hindered NNCAs are less 

reactive than NCAs and propagate via secondary amines rather than primary amines 

when the NAM mechanism is involved. This generally results in the formation of block-

like copolymers. To overcome the difference in reactivity of NCAs and NNCAs it is 

possible to substitute the latter with more reactive NNTAs. In this manner, using the 

classical ROP mechanism, nearly random copolymers containing both amino acids and 

N-alkylated repeat units have been produced.49 The recent advances in catalysis for 

the ROP of both NCAs and NNCAs that were discussed in the previous chapters have 

scarcely been applied to statistical copolymerization. To the best of our knowledge, 

only one example using Ni-based organometallic catalysts to statistically copolymerize 

proline NCA and glutamate NCA has been reported.50 In the following, efforts on the 

copolymerization of Pro NCA (an N-alkylated amino acid) with NCAs of glycine and 

valine will be discussed using some of the catalyst and processes recently 

developed.51,52 The highly successful water-assisted ROP exploited for the 

polymerization of Pro NCA has yet to be explored in copolymerization and will be the 

starting point of the experimental part building on the results from chapter 3 (section 

2.1 of this chapter 4). It will be followed by copolymerizations using other catalytic 

mechanisms including organocatalysis and organometallic catalysis (section 2.2 of this 

chapter 4). 

It should be noted that other ways to obtain polymers having both amino acids and N-

alkylated units in a single backbone do exist, including copolymerizations based on the 

Ugi multi-component reaction (Ugi 4CC). This reaction of equimolar amounts of an 

aldehyde or ketone, an amine, an isonitrile and a carboxylic acid produces a dipeptide. 
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By combining isonitrile and carboxylic acid components in the same molecule, it is 

possible to produce alternating peptides via polycondensation (Scheme 2).53 

 

Scheme 2: Ugi 4 component reaction (on the top) producing a dipeptide and the 

step-growth polycondensation based on the reaction (on the bottom) producing 

alternating polypeptides or alternating peptide/peptoid hybrids. 

The Ugi 4CC polymerization process gives access to perfectly alternating copolymers 

of amino acids and N-alkylated amino acids. Nonetheless, the polymers produced via 

Ugi 4CC polymerization are usually of low molecular weight and high dispersity, as is 

usual for step growth processes.54 Closer to solid-phase peptide synthesis, classical 

coupling agents such as diphenyl phosphoryl azide (DPPA) in the presence of 

triethylamine (TEA) may be used to produce peptides containing proline and amino 

acids like glycine55, alanine55,56 or other proline derivatives57 (Scheme 3). Using this 

approach, backbones with non-alkylated amino acids were produced by first preparing 

dipeptides of Pro-Xaa that were later condensed with proline amino acids. This process 

produced small peptides with no Xaa-Xaa bonds, ensuring an optimized PLPII 

secondary structuring.55 

 

Scheme 3 : DPPA/TEA coupling of proline and proline-based dipeptides to 

produce the desired copolymers 

The Ugi polymerization approach and the DPPA coupling approach have both been 

used to produce thermoresponsive peptides. 
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1.2. Thermoresponsive copolymers based on proline 

Copolymers containing proline produced by the DPPA technique described above 

showed LCST behaviour. The TCP of these peptides increased with increasing glycine 

and alanine content (from 50°C to 68°C at 20 mg/ml) as these are more hydrophilic 

than proline, and decreased (from 65°C to 48°C at 2.5 mg/ml) when the more 

hydrophobic comonomer O-benzylhydroxyproline was introduced.55–57 Nonetheless, 

these studies did not focus on the resolubilization process (TCL) nor the hysteresis of 

these low molecular weight copolymers (up to 2.2 kg/mol). The results did confirm that 

PLP thermoresponsiveness could be tuned by introducing units of higher or lower 

hydrophobicity. On another hand, using the Ugi four-component polymerization 

reaction, alternating copolymers made of glycine and N-alkylated-glycines have 

already expressed LCST behavior.54,58 When glycine was exchanged with valine, the 

alternating copolymers also showed UCST behaviour.59  

The same Ugi 4CC polymerization technique was used to produce alternating 

copolymers of glycine and modified N and C alkylated glycines.60 By introducing an 

alkane chain on the Cα and either a propyl or a hydroxyethyl substituent on the amine, 

the process gives access to different copolymers exhibiting UCST, LCST or UCST and 

LCST simultaneously (Figure 3). This thermoresponsiveness was explained by the 

alternating hydrophilic (native glycine) and hydrophobic (N and C alkylated) units. 

Overall, these results show that copolymers based on valine and glycine may express 

thermoresponsivness. 

 

Figure 3 : Alternating peptide/peptoid hybrids produced via Ugi 4CC 

polymerization and their thermoresponsive behaviours. 

Koyama and coauthors published a series of articles on thermoresponsive copolymers 

prepared by ROP of NCAs containing valine and glycine units.61 Using appropriate 
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mixtures of NCAs, they produced both block and random polypeptides with molar 

masses obtained by DOSY analysis of 3.4 kg/mol and 3.3 kg/mol respectively. Both 

copolymers exhibited similar LCST at a temperature around 80°C. To better understand 

the effect of the sequence on the thermoresponsiveness, they also prepared an 

alternating peptide using the Ugi polycondensation discussed earlier. Unexpectedly, 

this new copolymer expressed a UCST at low temperatures that  was further tuned by 

N-alkylation of the valine units.59 These examples highlight the importance of the 

primary sequence of the peptide backbone on the thermoresponsiveness. 

Nonetheless, the copolymers produced were not analysed by SEC techniques and the 

thermoresponsive behaviour was not extensively studied. The random and block 

copolymers showed very small changes in turbidity when heated above their TCP. 

Further investigation into the copolymer structures and aggregation mechanism would 

thus be needed.  

The various ROP mechanisms developed in chapter 3 for Pro NCA will be used in the 

following part to copolymerize Pro NCA with Gly and Val NCA. First binary systems 

based on proline with glycine or valine will be explored. The resulting copolymers and 

their thermoresponsive behaviour will be characterized. More complexity to the system 

will be added by terpolymerizing the three NCAs. By modulating the feed ratio 

interesting microstructures and thermoresponsive behaviour will be targeted. This 

analysis will be discussed for the water assisted mechanism and for other synthesis 

procedures in organic media. 

2. Results and discussion 

2.1. Water assisted ROP of proline: towards copolymerization 

The water assisted ROP presented in the previous chapter was explored in 

copolymerization systems to obtain thermoresponsive copolypeptides. The procedure 

has been kept the same as previously explained for initial monomer concentration, 

temperature, and overall process. 

2.1.1. Proline-Glycine copolymers 

Synthesis and analysis 

Although the water assisted mechanism has been proven successful for the ROP of 

Pro NCA,51 its use for statistical copolymerizations has yet to be developed. To prove 
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this possibility, statistical copolymerization of Pro-NCA with Gly-NCA using the water 

assisted ROP in H2O/ACN mixture was first explored (Scheme 4). 

 

Scheme 4: Copolymerization of glycine NCA and proline NCA using hexylamine as 

initiator via the water assisted ROCOP. The first series of copolymers was explored 

by changing the m/n ratio. A second series of copolymers was studied by changing 

the m+n/x ratio. 

Both NCAs were first suspended in acetonitrile, then the initiator (hexylamine) was 

added in a water/acetonitrile mixture at 10°C and under stirring. The reaction medium 

first became homogeneous, then became opalescent. Two parameters were studied 

by synthesizing a set of copolymers (1-8 in Table 1). First the glycine content was 

increased from 10% for copolymer 1 to 78% for copolymer 5 (Table 1). Second, 

copolymers having a targeted glycine content of 50% were synthesized with increasing 

M/I ratio, 50 for copolymer 6 and 130 for copolymer 8 (Table 1). All copolymers were 

purified by dialysis against MilliQ water followed by lyophilization. The copolymers’ 

structure was analysed by 1H NMR and SEC. The solubility/thermoresponsive 

behaviour of the obtained copolymers was also investigated. 

Table 1: Analysis and results for copolymers 1-8 synthesis 

 

Targeted structure 

(Theoretical Mn 

g/mol) 

1H NMR Gly% 
Mn by SEC (g/mol) 

Ɖe 

Copolymer 1 
HA-Pro90-Gly10 

(9300) 

HA-Pro66-

Gly7
a 

10 
8800c 

1.01 

Copolymer 2 
HA-Pro70-Gly30 

(8400) 

HA-Pro75-

Gly37
 a 

33 
9700 c 

1.03 

Copolymer 3 
HA-Pro50-Gly50 

(7700) 

HA-Pro66-

Gly52
 a 

44 

7800 c 

1.02 

15900 d 

1.02 

Copolymer 4 
HA-Pro40-Gly60 

(7300) 

HA-Pro38-

Gly53
 b 

58 
19200 d 

1.18 

Copolymer 5 
HA-Pro20-Gly80 

(6500) 

HA-Pro16-

Gly69
 b 

78 
15500 d 

1.08 
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Targeted structure 

(Theoretical Mn 

g/mol) 

1H NMR Gly% 
Mn by SEC (g/mol) 

Ɖe 

Copolymer 6 
HA-Pro25-Gly25 

(3850) 

HA-Pro30-

Gly27 
47 

3800 c 

1.11 

Copolymer 7 
HA-Pro38-Gly38 

(5800) 

HA-Pro30-

Gly27 
47 

4100 c 

1.10 

Copolymer 8 
HA-Pro65-Gly65 

(10000) 

HA-Pro70-

Gly61 
47 

16000 f 

1.10 
adetermined by integration of the proline and glycine backbone peaks and hexylamine peaks in 1H NMR 

in D2O; bdetermined by integration of the proline and glycine backbone peaks and hexylamine peaks in 

1H NMR in TFA-d; cdetermined by dn/dc of polyproline (0.1414) in ACN/acetate buffer SEC and MALS 

detection; ddetermined by PMMA calibration in HFIP SEC and RI detection; edetermined by SEC peaks; 

fdetermined by PEG calibration in ACN/acetate buffer and RI detection as the polymer caused high 

aggregation in aqueous SEC and Mn determination using MALS was not possible. 

Copolymers were analysed by 1H NMR in either D2O or TFA-d depending on their 

solubilities (Table 1). Copolymers containing less than 50% glycine (Copolymer 1-3 

and 6-8) were soluble in water thanks to their high PLP content. These copolymers 

were thus analysed in aqueous conditions and their molecular weights were 

determined by dn/dC from MALS detection (Table 1). Copolymers with higher glycine 

contents (copolymer 4-5) were insoluble in water and were thus analysed in SEC HFIP. 

Their molar mass was estimated using calibration with PMMA standards (Table 1). 

Copolymer 3, with a glycine content of 44%, was soluble in both media and was 

analysed in both to obtain a comparison of the whole series. 

All copolymers showed adequate glycine content to theoretical values as determined 

by 1H NMR. Figures 5-6 show the spectra obtained for copolymer 3 and copolymer 4 

with adequate glycine content (44% and 58%) in D2O and TFA-d respectively. The 

methylene peaks (i and j in Figures 5-6) from the proline side chain were integrated 

separately from all other backbone and side chain peaks (g for glycine and h and k for 

proline). This allowed for easier calculation of the glycine content and Dp by comparing 

to the initiator peaks (a). 
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Figure 4: 1H NMR of copolymer 3 in D2O The copolymer structure is drawn with 

the peak assignation. The calculation of the Dp and glycine content is shown by 

the calculations from the integration of the initiator peak (a) and the respective 

backbone peaks of glycine (g) and proline (h,I,j,k). 

 

Figure 5: 1H NMR of copolymer 4 in TFA-d. The copolymer structures is drawn 

with the peak assignation. The calculation of the Dp and glycine content is shown 

by the calculations from the integration of the initiator peak (a) and the respective 

backbone peaks of glycine (g) and proline (h,I,j,k). 

To confirm peak attribution, 2D NMR (HSQC and HMBC) analyses were also 

conducted on copolymer 6 (Figure 6) as this copolymer has the lowest M/I ratio, and 

thus the strongest initiator peaks. NMR data for all the copolymers is presented in Table 

1 and the spectra in the Figure S1-Figure S2. 
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Figure 6: H-C 2D NMR of copolymer 6 in D2O. On the left HSQC spectra allows 

for the attribution of different carbon atoms attached to the protons previously 

determined. On the right HMBC spectra to confirm the correlation between 

neighbouring atoms to confirm the proline backbone peaks form the glycine ones. 

The latter also allows to detect carbon atoms from the corresponding carbonyls. 

SEC analyses of all the synthesized copolymers revealed the presence of high 

molecular weight species with narrow dispersities in each case. In both HFIP and 

aqueous SEC the Mn calculation was relative as the dn/dC used for the aqueous SEC 

conditions was that of PLP and the PMMA calibration gives relative values for the 

organic SEC conditions. Copolymer 3 was soluble in both eluents and gave 

comparable results in both SEC systems (Figure 7).  

 

Figure 7: SEC chromatograms for Copolymers 1-5. On the left MALS 

chromatograms of copolymers 1-3 in ACN/acetate buffer SEC and on the right RI 

chromatograms of copolymers 3-5 in HFIP SEC. 

In SEC the elution time should decrease as the molecular weight of the copolymer 

chains increases. Nonetheless, chromatograms from Figure 7 show that although 

copolymer 2 has lower molar mass than copolymer 1 (higher glycine content) it eluted 
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at a shorter time. Similar behavior was found for copolymer 3 and 4 (Figure 7). As the 

glycine content varies between these different copolymers, the hydrodynamic volume 

may be affected by the incorporation of glycine and not just be reflected by the change 

in molar mass. Nonetheless, the Mn values calculated for all these copolymers are 

similar (Table 1)  When the glycine content was kept constant, the copolymers (3, 6-8) 

behaved as expected, where higher Mn copolymer eluted before lower Mn species 

(Figure 8).  

 

Figure 8: SEC chromatograms for Copolymers 3 and 6-8. RI chromatograms in 

ACN/acetate buffer SEC are shown. 

Calculating the absolute average molar masses would require values of dn/dC for each 

copolymer in its corresponding SEC media. Additionally, the HFIP system is not 

equipped with a MALS detector. Nonetheless, this copolymerization system was able 

to produce high molecular weight copolymers with low dispersity values and controlled 

monomer composition (Table 1).  

Thermoresponsive behaviour 

The thermoresponsive behaviour of copolymers having M/I=100 and increasing glycine 

content (copolymer 1-5) were first examined to observe the influence of glycine on the 

solubility and the thermal properties. The copolymers were dissolved/dispersed in 

MilliQ water and analysed by UV-Vis turbidimetry as described in chapter 3. 

Only copolymers 1-2 with the lowest glycine contents (10% and 33%) showed 

hysteretic LCST behaviour (Figure 9). The calculated values of TCP were 52°C, 48°C 

and 52°C for homoPLP, copolymer 1 and copolymer 2 respectively. The addition of 
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glycine units increased both the TCP and the TCL (Figure 9) while retaining the 

hysteretic behaviour of the homopolymer. 

 

Figure 9: UV-Vis turbidimetry curves for copolymers 1-2 and a homoPLP100 for 

comparison as function of temperature at 5mg/ml in MilliQ water and 1°C/min 

temperature ramps. The samples were heated to 85°C and aggregated above their 

respective TCP (sharp increase in absorption, red curves). After a 10 min isotherm, 

the samples were cooled down and the TCL was only observed at a lower 

temperature (sharp decrease in absorbance, blue curves) during the cooling 

process. Absorbance values collected by the machine were converted to 

transmittance and normalized for a better visualization of the degree of turbidity. 

This is attributed to the replacement of the hydrophobic side chains of proline units by 

hydrogen atoms. The incorporation of more hydrophilic units increased the transition 

temperatures as the copolymers become more soluble in water.55 The observed width 

of hysteresis did not change considerably as both TCL and TCP increased. Increasing 

the glycine content to 50% (copolymer 3) increased the TCP above the experimental 

temperature window and the copolymer was completely soluble without any 

thermoresponsiveness (Figure 10). Further increases in glycine content resulted in 

completely insoluble copolymers (4-5) as the amount of soluble PLP did not 

counterbalance the amount of insoluble PGly sequences. High glycine contents 

resulted in lower soluble PLPII content that is also responsible for thermoresponsive 

behaviour. 
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Figure 10: a) TCP values of homoPLP and copolymers with glycine in function of 

the glycine content. b) TCP values of homoPLP (triangles) and copolymers having 

50% glycine content (squares) in function of their overall Dp. Dashed lines 

correspond to the experimental temperature window. Points above (at 100°C) and 

below (at 0°C) this window were soluble and insoluble respectively at all data 

points. Data was determined using UV-Vis turbidimetry at 5mg/ml in milliQ water. 

Changing the overall Dp may also affect the thermoresponsive behaviour. As shown in 

Figure 10b. decreasing the Dp (from a value of 75 to a value of 50 for copolymers 6-

7) allowed for the observation of a TCP that decreased with molecular weight (from a 

value of 85 to a value of 73). This behaviour was not observed for homopolymers of 

proline in this window (Figure 10b). Turbidimetric analysis of copolymer 6 and 7 by 

UV-Vis showed that they were slightly soluble in aqueous solution at 5 mg/ml. This was 

further confirmed by the lower transmittance values at lower temperatures (1-T= 40-

60%, Figure 11). Nonetheless, the suspended particles still showed thermoresponsive 

behaviour by aggregating above their TCP, 55°C and 75°C respectively (Figure 11). 
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Figure 11: UV-Vis turbidimetry curves for copolymers 6-7 as function of 

temperature at 5 mg/ml in MilliQ water and 1°C/min temperature ramps. The 

samples were heated to 85°C and aggregated above their respective TCP (sharp 

increase in absorption, red curves). After a 10 min isotherm, the samples were 

cooled down and the TCL was only observed at a slightly lower temperature (sharp 

decrease in absorbance, blue curves) during the cooling process. Absorbance 

values collected by the machine were converted to transmittance without further 

normalization. 

When cooled back down, a TCL could be observed at a close temperature to the 

measured TCP and the copolymers regained their original suspended state (Figure 11). 

To confirm these results, DLS measurements were done on the same solutions to 

better analyse the state of aggregation at both low and high temperatures and 

presented in Figure 12. Figure 12 shows results obtained by DLS that confirm the 

LCST behaviour of copolymers 6-7 observed by other turbidimetric techniques (eye 

and UV-Vis). The transition temperatures TCP and TCL are of the same value for each 

copolymer (55°C and 75°C respectively) meaning that there was very little hysteresis 

between the aggregation and the solubilization step with those copolymers. Aqueous 

solutions of the copolymers 6-7 at temperatures lower than TCP and TCL showed the 

presence of nanoparticles with a hydrodynamic diameter of around 100 nm and low 

PDI values (Figure 13). Above these temperatures, the nanoparticles aggregated at 

the micrometric scale (and therefore were not easily analysed by LS).  
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Figure 12: DLS temperature ramps for copolymers 6-7. 3 measurements were 

done for each point and the spacing of the overall ramp point was adjusted to have 

similar rime to 1°C/min in UV-Vis measurements. On the right y-axis the Z-average 

diameter values is shown (nm) in a logarithmic scale and on the left y-axis the 

derived count rate. 

TEM analysis of copolymer solutions at low temperatures showed the formation of 

wormlike nanoparticles (Figure S11). These wormlike structures presented diameters 

lower than that shown by DLS since the DLS model assumes spherical objects 

(Malvern analysis at an angle of 173°). This behaviour was also observed in the 

laboratory for block copolymers of PLP-b-PGly in the scope of other projects (Hannah 

Beauseroy and ROPISA).  
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Figure 13: DLS measurements of copolymers 6-7 at 5 mg/ml in MilliQ water at 

room temperature before temperature ramps. The correlation coefficient is shown 

in red and the signal intensity by size is shown in black. 

Copolymerization kinetics 

To shed light on the microstructure of the copolymer, the kinetics of a copolymerization 

system with 50% glycine content was monitored by 1H NMR (Figure 14). The water 

assisted ROP does not allow to follow the kinetics using the method developed earlier 

in Chapter 2, as the ROP is much faster and proceeds in a heterogenous manner. A 

copolymerization using a PEG-NH2 (2kg/mol) macroinitiator was conducted and 

aliquots from this reaction were quenched at different times using HCl to stop the 

propagation. The use of acid quenching ensures that the polymerization was stopped 

by producing inactive ammonium chain ends and concomitantly, the hydrolysis of the 

unreacted NCAs to their corresponding amino acids.62 Each aliquot was then dialyzed 
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to remove unreacted amino acids and the remaining copolymer was analysed by 1H 

NMR in TFA-d to determine the glycine incorporation at different reaction times (Figure 

14). 

 

Figure 14: (Top) the reaction scheme of the copolymerization system of equimolar 

amounts of glycine NCA and proline NCA initiated by PEG-NH2 (2kg/mol). (Bottom 

left) the staggered 1H NMR spectra of quenched aliquots at different reaction times 

from 30s to 750s as well as the final copolymer are shown. (Bottom right) the DP of 

each comonomer in function of time of reaction is represented. This data is based 

on the integration from 1H NMR spectra. 

 

These results confirmed the formation of block-like copolymers of proline and glycine. 

In this case proline polymerised much faster than glycine to generate a copolymer with 

30 units of proline with only one or two units of glycine. The copolymerization then 

proceeded by incorporating mostly proline units reaching close to 70% proline 

conversion before the glycine peak started to increase significantly in intensity. As 

discussed in the previous chapter, water acts as a catalyst during ROP and drives the 

formation of the PLPII helix that increased the proline homopolymerization.52 This 

same behaviour was thus present during the copolymerization and was certainly at the 

origin of the result we observed. As the polymerization begins, the initiator has equal 

chances to react with a glycine or a proline monomer as they are present in equimolar 

quantities. But when proline units start to polymerise, the water-induced acceleration 

kicks in and privileges the formation of the PLP homosequence. Only when the feed 

ratio of proline drops, do glycine units start to be incorporated in the copolymer. This 

effect resulted in highly gradient, block-like copolymers that formed nanoparticles at 

smaller DP since PGly sequences are insoluble at lower DP. At higher molecular 
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weights, the long soluble PLP block renders the overall copolymer soluble. These 

conclusions can also be confirmed by the observation of the copolymerization process 

that proceeds in a homogeneous manner once the water and the initiator are added 

but then becomes turbid after a prolonged time due to the formation of the polyglycine 

block (Figure S12). 

Water content effect 

 

Scheme 5 : Copolymerization of glycine NCA and proline NCA using hexylamine 

as initiator via the water assisted ROCOP. This series of copolymers (9-14) was 

tested keeping a equimolar ratio of both comonomers and an M/I=100. The water 

content and nature were changed during the copolymerization process to analyse 

the effect water would have on the copolymerization kinetics. 

As discussed in the previous chapter 3, the ROP of Pro-NCA is catalysed by the 

presence of water due to the formation of the PLPII helix and its specific affinity towards 

this solvent. In the previous part it was shown how the same catalytic effect accelerates 

the polymerization of homopolyproline sequences due to the driving force of its 

secondary structure but had less effect on the polymerization of glycine producing 

gradient copolymers. To further study the influence of this catalytic effect during 

copolymerization with glycine, a series of copolymers were synthesized varying both 

the content and the isotopic content of the water (Scheme 5). Copolymers 9-14 were 

synthesized using the same procedure described above, having a Gly% of 50 and a 

M/I=100. The water content was decreased from 50% for copolymer 9 to 0 for 

copolymer 14 (Table 2). Copolymer 3 with water content of 35% can be compared to 

these copolymers. Finally, copolymer 10 was synthesized in an acetonitrile/D2O 

mixture (1:1) to analyse the hydrogen bonding effect on the copolymerization. 
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Table 2 : 50/50 Gly-Pro copolymers 9-14 synthesis conditions and analysis. All copolymers were 

initiated by hexylamine at M/I ratio of 100 

 1H NMR a H2O% 

Copolymer 9 HA-Pro56-Gly55
 50 

Copolymer 10 HA-Pro50-Gly49 50 b 

Copolymer 11 HA-Pro54-Gly52 20 

Copolymer 12 HA-Pro49-Gly48 10 

Copolymer 13 HA-Pro45-Gly32 2 

Copolymer 14 HA-Pro44-Gly37 0 

a. as determined by the integration of the proline and the glycine backbone peaks and hexylamine peaks 

in 1H NMR in TFA-d. b. D2O was used. 

Both copolymers 9 and 10 had comparable glycine content to theoretical feed and to 

copolymer 3 (Table 2). Nonetheless, copolymer 9 (H2O) had slightly lower molar mass 

and higher dispersity when analysed with SEC (Figure 15), probably due to increased 

hydrolysis.52 Copolymer 10 (50% D2O) showed a molar mass closer to copolymer 3 

and lower dispersity (Figure 15). This is due to different interactions with the deuterium 

isotope. 

The water content was then reduced to 20% and 10% for copolymers 11 and 12 

respectively (Table 2). Both copolymer dispersities close to copolymer 3 (Figure 15) 

but copolymer 11 had slightly higher Mn value. Both these copolymers formed 

aggregating gels during the copolymerization process as the copolymers were not 

easily dispersible in organic media compared to copolymers 3, 9 and 10 (Figure S13) 

which led to decreased final yield. When the water content was further decreased, the 

copolymerization proceeded in a heterogenous manner (Figure S13) and the resulting 

copolymers had lower glycine content than targeted (Table 2). 
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Figure 15 : SEC results of copolymer 3 and 9-14 in function of water content 

during the synthesis. On the left-hand side y-axis, the Mn was determined by PEG 

calibration in ACN/acetate buffer and RI detection as some polymers caused high 

aggregation in and Mn determination using MALS was not possible. On the right-

hand y-axis, the dispersities of the polymer peaks as determined by the RI 

detection are represented. 

The SEC results for copolymers 13-14 (2% and 0% H2O respectively) showed lower 

molar mass species that may be due to water initiation as the polymerization proceeds 

more slowly (Figure S14). The resulting copolymers had similar final structures when 

the water content was kept above 10% as analysed by NMR and differed slightly using 

SEC analyses. Nonetheless, all copolymers were completely soluble in MilliQ water 

and had no thermoresponsiveness similarly to copolymer 3. As all copolymers had an 

M/I of 100, similar conclusions can be made: when high glycine content and overall 

molar mass increased the TCP above the experimental window, no LCST could be 

observed. Furthermore, this showed that the water content did not influence the 

microstructure of the copolymers and the catalytic effect of the water was the same in 

all cases. 
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2.1.2. Proline-Valine copolymers 

Synthesis and analysis 

Proline NCA was next copolymerized with valine NCA (Scheme 6), the third amino acid 

of ELPs. Valine has a hydrophobic side chain, and it is expected that by incorporating 

it in a PLP chain the transition temperatures might decrease due to the increased local 

hydrophobicity. For this purpose, Val NCA and Pro NCA were copolymerised similarly 

to the procedure explained earlier for the copolymerization with Gly NCA. 

 

Scheme 6 : Copolymerization of valine NCA and proline NCA using hexylamine as 

initiator via the water assisted ROCOP. A series of copolymers was explored by 

changing the m/n ratio with the same m+n/x ratio (100). 

Two copolymers having 10 and 20% valine content were first synthesized and 

analysed. As shown in Table 3, both copolymers had lower valine content than 

theoretical feed as calculated by 1H NMR. SEC analysis in aqueous conditions show 

high molecular weight polymers with low dispersities. The analysis was done with the 

dn/dC value of homoPLP and thus the molar masses are only indicative. 

Table 3 : Analysis and results for copolymers 15-16 synthesis 

 
Targeted structure 
(Theoretical Mn in 

g/mol) 
Yield 1H NMR a Val% 

Mn by SECb 
Ɖc 

Copolymer 
15 

HA-Pro90-Val10 
(9830) 

78% 
HA-Pro99-

Val8 8 
7500 g/mol 

1.03 

Copolymer 
16 

HA-Pro80-Gly20 
(9850) 

70% 
HA-Pro93-

Val13 
12.5 

7900 g/mol 

1.02 
a. determined by the integration of the proline and the valine backbone peaks and hexylamine peaks in 

1H b. determined by dn/dc of polyproline (0.1414) in ACN/acetate buffer SEC and MALS detection c. 

determined by SEC peaks. 

Furthermore, peaks from valine backbone (peak e in Figure 16) were not easily 

identified in NMR analysis and had high multiplicity. This could be indicative of small 

valine sequences with different electronic environments (beginning of the chain, chain 

end…). 
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Figure 16 : 1H NMR for copolymer 16 in D2O and its theoretical structures is drawn 

with the peak assignation. The calculation of the Dp and valine content is shown by 

the calculations from the integration of the initiator peak (b) and the respective 

backbone peaks of valine (f,g) and proline (i,j). 

The conversion of valine was not always complete as less valine was incorporated than 

expected. This is also reflected in the lower yields and lower molar masses as 

calculated by SEC. The formation of insoluble β-sheet from homopolyvaline sequences 

makes the ROP of valine highly difficult.63–65 The thermoresponsive copolypeptides 

based on the copolymerization of valine NCA and glycine NCA mentioned in the 

introduction,61 were of smaller DP (40) and were not characterized by SEC. 

Furthermore, their LCST behaviour showed very slight decrease in transmittance, 

which could mean a high interchain heterogeneity. It was thus concluded that this 

copolymerization, if proceeding in a highly gradient manner like in the case of the 

Pro/Gly system presented before, will not easily yield copolymers with higher valine 

content. 

Thermoresponsive behaviour 

Copolymers 15 and 16 having 8 and 12.5% valine content were analysed by 

turbidimetry to study their LCST behaviour. 
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Table 4 : Results from turbidimetric UV-Vis analysis of Pro/Val copolymers compared to homoPLP. All 

polymers have a theoretical M/I of 100. 

 Val% TCP TCL XH 

HomoPLP100 0 63°C 13°C 50°C 

Copolymer 15 8 73.5°C 10.5°C 63°C 

Copolymer 16 12.5 75.5°C 18.5°C 57°C 

 

Table 4 shows the transition temperatures (TCP and TCL) as well as the hysteresis width 

(XH) obtained using UV-Vis. With comparison to the corresponding homopolyproline, 

there is no observable trend except for the increase in TCP with increasing the valine 

content. This phenomenon is like the one observed with increasing glycine content. 

Although adding a hydrophobic monomer the polymers are more soluble since the 

transition temperatures are increasing. Furthermore, the hysteresis width is larger than 

that of the homopolymer but seems to decrease with more added valine. 

These results indicate that proline NCA polymerizes much more rapidly than the valine 

comonomer which leads to degradation of the latter and lower yields as well as lower 

final valine content. The small change in thermoresponsive behaviour also confirms 

similar results to the copolymerization with glycine producing copolymers of high 

gradient nature. 

2.1.3. Terpolymerization 

ELPs comprise the three amino acids described earlier: glycine, valine and proline. As 

presented, proline’s unique structure and peptide bond gives rise to the LCST 

behaviour. The aqueous ROP developed for the synthesis of high molecular weight 

polyprolines with a controlled structure was also successful in producing high 

molecular weight copolymers based on proline with either glycine or valine as shown 

in sections 2.1.1 and 2.1.2 respectively. The analysis of the structures, kinetics and 

thermoresponsiveness of binary systems comprising of proline on one hand and 

glycine or valine on the other hand showed high gradient structures as proline 

polymerized much faster in these conditions. For this reason, the thermoresponsive 

behaviour of synthesized copolymers with high proline content and high molecular 

weight showed large hysteresis (>40°C). When the glycine content was closer to 50%, 

glycine/proline copolymers were either completely soluble or completely insoluble. In 

this next part, tertiary systems based on these results and made in aqueous conditions 

will be explored. 



205 
 

Synthesis and NMR analysis 

As discussed in the introduction to this chapter, a generic ELP consists of a repeated 

VPGXG sequence. Thus, in ELPs, proline represents only 20% of the whole 

polypeptide, as the X residue is never a proline. Based on this and the previous results 

a series of terpolymers were synthesized using water-assisted ROP (Scheme 7). The 

aim was to produce statistical copolymers with similar overall composition as ELP 

sequences to mimic their thermoresponsive behaviours. 

 

Scheme 7 : Terpolymerization of proline NCA, glycine NCA and valine NCA using 

hexylamine as initiator via the water assisted ROP. A series of copolymers was 

explored by changing the different feed ratios of comonomers (x,y and z 

respectively). 

Different proline/glycine/valine ratios were tested keeping the proline content lower 

than 50%. Terpolymers 1 and 2 were first synthesized with the generic structure of 

ELPs (VPGGG) in mind (20% valine and 20% proline), having an M/I of 50 and 100 

respectively. Synthesis of a series of terpolymers (Table 5) all having an M/I=100 

(except Terpolymer 1) with varying monomer ratios were done. The terpolymerizations 

were conducted in a similar manner to the copolymerization described above. After 

purification, resulting yields were satisfactory and all terpolymers had overall DP 

comparable to theoretical values as characterized by 1H NMR. (Table 5). 

Table 5: Analysis and NMR results for terpolymers 1-8 synthesis. 

 Targeted structure Pro%a Gly%a Val%a Yield 

Terpolymer 1 HA-Pro10-Gly30-Val10 20 60 20 88 

Terpolymer 2 HA-Pro20-Gly60-Val20 20 63 17 84 

Terpolymer 3 HA-Pro20-Gly50-Val30 21 52 27 79 

Terpolymer 4 HA-Pro30-Gly50-Val20 30 51 19 84 

Terpolymer 5 HA-Pro40-Gly50-Val10 40 53 7 79 

Terpolymer 6 HA-Pro47-Gly46-Val7 48 48 4 80 

Terpolymer 7 HA-Pro43-Gly42-Val15 45 44 11 81 

Terpolymer 8 HA-Pro40-Gly40-Val20 41 43 16 78 

a. determined by the relative integration of the different backbone peaks in 1H NMR in TFA-d. 

To correctly determine the DP and the terpolymer composition, 2D NMR was 

conducted in order to segregate the different peaks building on the peak assignments 
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already obtained for binary systems. As all copolymers had the same structural basis 

(HA-ProX-GlyY-ValZ), terpolymer 3, having sufficient content from each monomer 

(20/50/30), was analysed by combining HMBC and HSQC (Figure 18). 

In Figure 18, it is possible to identify 1H NMR peaks for each repat unit in the backbone 

and their side chains’ peaks. For example, the α-carbon region (4.3ppm to 5.5ppm) 

shows the overlapping of the three peaks i, e and h (Pro, Val and Gly respectively). 

Nonetheless, side chain peaks for proline (l) and valine (f) has chemical shifts in 

secluded regions close to the initiator peaks. As presented in Figure 17, by separating 

the valine integration around 1ppm, it was possible to determine the ratio of valine in 

comparison to the initiator peaks (when visible). The different proline side chain peaks 

(j and k) were then integrated easily, and the valine subtracted (g). Finally, a similar 

calculation was done for glycine’s peak (h) as it falls in a zone with several peaks from 

the other monomers (e, i and l). 

 

Figure 17 : 1H NMR of terpolymer 3 in TFA-d. Its theoretical structures is drawn 

with the peak assignation. The calculation of the different Dp is shown by the 

calculations from the integration of the initiator peak (d) and the respective 

backbone peaks of valine (f), proline (j, k) and glycine (h). 
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Figure 18 : On the top, scheme of terpolymer 3, on the bottom 1H NMR (in blue), 

HSQC (in black) and HMBC (in red) spectra in TFA-d. Different peak assignments 

are noted on the spectra in the corresponding colours. 

All terpolymers were thus analysed by 1H NMR (Figure S4-6) and the results are 

presented in Table 5. The experimental values of the terpolymers content were in good 

agreement with the theoretical ones. 

SEC analysis 

SEC analysis of the different terpolymers were conducted in HFIP at 5 mg/ml. 
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Table 6: SEC results for terpolymers 1-8. 

 Structure by NMR 
Mn by SEC 

(kg/mol)a 
Ɖb 

Terpolymer 1 HA-Pro10-Gly30-Val10 13.2c 1.15 

Terpolymer 2 HA-Pro20-Gly63-Val17 18.2c 1.13 

Terpolymer 3 HA-Pro21-Gly52-Val27 17.6c 1.14 

Terpolymer 4 HA-Pro30-Gly51-Val19 17.8c 1.12 

Terpolymer 5 HA-Pro40-Gly53-Val7 17.4 1.18 

Terpolymer 6 HA-Pro48-Gly48-Val4 15.7 1.17 

Terpolymer 7 HA-Pro45-Gly44-Val11 16.1 1.14 

Terpolymer 8 HA-Pro41-Gly43-Val16 19.7 1.10 
adetermined by PMMA calibration in HFIP SEC and RI detection; bdetermined by SEC peaks; 

cpresence of a second peak with higher molecular weight. 

As shown in Table 6, all terpolymers presented high molecular weight peaks with low 

dispersity. The calculated molecular weights were relative to the PMMA calibration and 

permitted to conclude that the terpolymers had overall comparable Mn values. 

Nonetheless, most terpolymers showed a second peak with much higher molecular 

weight even though they were all visibly soluble and passed through the syringe filter. 

For instance, both terpolymers 1 and 2 showed a second peak when passed through 

the SEC in HFIP (Figure 19). The second peak at lower elution time, was still visible 

after diluting the samples by a factor of 2. The relative heights of both peaks did not 

change meaning that the higher molecular weight peak was not due to aggregation but 

was a second polymer species in the sample. 

 

Figure 19: HFIP SEC chromatograms of terpolymer 1 (on the left) and terpolymer 

2 at 5mg/ml and 2.5mg/ml. RI detection is shown, and peaks are normalized for 

relative scaling. 

This suggests either physically or temporally separate polymerizations. Many 

hypotheses can be made: 1- slowly reactive valine NCAs that get hydrolysed and 



209 
 

initiate new polymer chains; 2- long valine sequences in some copolymer chains stop 

the reaction as they precipitate completely. Both these hypotheses need further 

investigation to be verified, but other characterizations of these complex terpolymers 

might be time consuming (MALDI-TOF…). 

Valine to proline ratio was then decreased hoping at obtaining terpolymers one 

polymeric specie. Terpolymers 3, 4 and 5 were then synthesized by keeping the glycine 

content at 50% and changing the valine to proline ratio progressively (Table 6). Valine 

content was decreased from 27 to 7 and the composition was verified by 1H NMR 

(Table 5). SEC results show that while terpolymer 3 (27%Val and 21%Pro) and 4 

(19%Val and 30%Pro) had a higher molecular weight species at the same ratio for two 

different concentrations (Figure S16), terpolymer 5 (7%Val and 40%Pro) had no 

aggregated species (Figure 20). This result showed promise in the possibility of 

producing terpolymers based on Pro, Gly and Val NCA with controlled structure. 

 

Figure 20: HFIP SEC chromatograms of terpolymers 3-5 at 5mg/ml. RI detection is 

shown and peaks are normalized for relative scaling. 

These results showed that high valine content and low proline content lead to the 

formation of HFIP soluble high molecular weight species. It is also possible that these 

species are polymer chains with concentrated valine sequences leading to slightly 
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soluble beta sheet structures. Such interchain heterogeneity was previously observed 

for copolymers containing valine64 and needs further investigation.  

As terpolymers 1-5 were insoluble in water, terpolymers 6-8 were synthesized having 

equimolar amounts of glycine and proline and increasing valine content up to 16%. 

This series could be compared to water soluble copolymer 3 (HA-Pro50-Gly50-Val0) 

where valine could introduce the hydrophobicity necessary for the LCST. Their 

structure was verified using 1H NMR to confirm the terpolymers’ composition (Figure 

S6-Figure S7-Figure S8) and the results obtained corresponded to theoretical values 

(Table 5). All three terpolymers showed high molecular weight and controlled structures 

without detectable aggregation when analysed by HFIP SEC (Table 6 and Figure 

S17). Therefore, terpolymerization of glycine NCA, valine NCA and proline NCA 

successfully yielded high molecular weight polymers with low dispersities and 

controlled composition using the water assisted ROP (terpolymers 6-8).  

Solubility and thermoresponsiveness 

Terpolymers 1-8 were further analysed to assess their water solubility and potential 

thermoresponsive behaviour. The terpolymers all had a proline content lower than 50% 

and were all insoluble in water without any thermoresponsive behaviour. A phase 

diagram of the studied system comprising of the two studied binary systems (Pro-Gly 

and Pro-Val) copolymers as well as terpolymers 1-8 is represented in Figure 21. The 

copolymerization of proline NCA with either valine NCA or glycine NCA increases the 

TCP. This suggests that both monomers are less hydrophobic than proline. Although 

valine has a hydrophobic side-chain (isopropyl) the pyrrolidine side chain of proline 

with similar alkyl content proved to be more hydrophobic. When the glycine content 

was increased the system goes from completely soluble to completely insoluble as 

polyglycine is insoluble in its nature due to its structuration. No terpolymer system with 

proline content below 50% was soluble or had thermoresponsivness. Nonetheless, an 

area with relatively high valine content and relatively low proline content showed a 

second high molecular weight species. For future works, terpolymers system with 

higher proline content than 50% could be explored, nonetheless, it is possible that any 

LCST behaviour would be hysteretic like the copolymers presented thus far having a 

DP of 100 or higher. This is due to the higher proline reactivity in water assisted 

conditions. This high reactivity was not counterbalanced with water content nor water 

nature. Decreasing the feed ratio of proline did not seem to introduce better distribution 
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but unsatisfactory synthesis. This was shown for terpolymers with low proline content 

that showed poor SEC profiles. It is also possible to explore lower molecular weight 

polymers as to compare their behaviour to copolymers 6 and 7 (Gly/Pro copolymer with 

M/I=50 and 75 respectively) presented earlier in this chapter.  

 

Figure 21 : Ternary system of valine, proline, and glycine terpolymers phase 

diagram in water at 5 mg/ml. Each square represents a different synthesized 

copolymer. All points intersecting and above the red line are systems that are 

insoluble in water at all temperatures. The dashed circle represents systems that 

had two soluble species in SEC HFIP. The TCP of homoPLP and binary systems is 

represented next to the corresponding dots.  I=insoluble at all temperatures, 

S=soluble at all temperatures. 

2.2. Organic media copolymerization 

With the limitations of the water assisted ROP to control the distribution of comonomers 

(presented in paragraph 2.1), other polymer synthesis pathways involving anhydrous 
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conditions have also been explored. Systems and mechanisms discussed or 

experimented in the previous chapter 2 and 3 able to both polymerize proline NCA and 

amino acid NCAs have been explored in this part of the research project. These other 

ROP systems first include the normal amine mechanism (NAM) or the use of 

tetrabutylammonium benzoate (TBBA) to initiate/catalyze the ring-opening. Both NAM 

and TBBA failed to produce the intended copolymers and the corresponding results 

are fully detailed in the Table S1. Alternative systems also include LiHMDS-mediated 

ROP (section 2.2.1), TMG-mediated ROP with different initiators (part 2.2.2) and 

organometallic nickel-based initiation/catalysis (part 2.2.3). These 3 different systems 

will be discussed each in a separate part for easier understanding. Readers can refer 

to chapters 1 and 3 for detailed mechanisms and experimental procedures if they are 

not presented in this chapter. 

2.2.1. LiHMDS 

 

Scheme 8 : Proline NCA and glycine NCA ROP using LiHMDS as initiator. The 

resulting copolymer after purification is presented. 

In the literature, the LiHMDS-mediated ROP involves an anionic mechanism in the 

case of NCAs66 while a ring-expansion polymerization mechanism is suspected in the 

case of NNCAs67. No examples of statistical copolymerizations of these two types of 

monomers have been published so far. To this end, both polymerization conditions 

were conducted in parallel (Table 7): copolymerization of equimolar amounts of glycine 

NCA and proline NCA were conducted to assess the potential of this pathway to form 

polypeptides. The copolymerization was conducted either in THF (conditions inspired 

by LiHMDS-mediated ROP of NCAs) or DMF/THF mixture (conditions inspired by 

LiHMDS-mediated ROP of NNCAs). 
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Table 7 : reaction conditions and synthesis results for copolymers 17-18. 

 Gly%a M/Bb 

Reaction 

solvent 

Concentration 

Yield Gly%c 
Mn by SECf 

Ɖg 

Copolymer 

17 
50 100 

THF 

0.4M 
d - - 

Copolymer 

18 
50 100 

DMFe 

0.4M 
22 49 

32kg/mol 

1.11 
aGlycine content determined by the initial feed ratio; bMonomer to LiHMDS ratio (B=base); cGlycine 

content determined by the integration of the proline and the glycine backbone peaks in 1H NMR analysis 

of the final copolymer; dNo polymerization was observed; eLiHMDS was introduced in a THF stock 

solution as it is insoluble in DMF as reported in the literature67; fdetermined by PMMA calibration in HFIP 

SEC and RI detection; gdetermined by SEC peaks. 

Table 7 shows that the copolymerization was only successful in DMF (copolymer 18), 

conditions previously developed for the polymerization of other NNCAs.67 In this 

solvent, the polymerization proceeded extremely rapidly, consistently with the anionic 

mechanism. After purification, 1H NMR analysis confirmed the presence of both 

monomer backbones in equimolar amounts (Figure S9). The SEC analysis in HFIP of 

copolymer 18 showed high molecular weight polymers with narrow dispersity (Figure 

22), but the Mn value was much higher than expected (7.7 kg/mol). The Mn value 

corresponds to a DP≈400. Such deviation is common for the ROP of NCAs using 

LiHMDS66 but has not been observed for NNCAs67. 

 

Figure 22 : HFIP SEC chromatogram of copolymer 18. Copolymer’s high 

molecular weight is shown on the left and the flow marker in the right. 
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This high molecular weight copolymer 18 was insoluble in water and showed no 

thermoresponsive behaviour. Further investigation into the mechanism of the ROP is 

needed to be able to better control the copolymer properties. If the anionic mechanism 

is considered, other copolymers with a lower M/B ratio must first be synthesized to 

produce lower molecular weight copolymers that are water soluble. 

2.2.2. TMG catalysis 

 

Scheme 9 : Proline NCA and glycine NCA ROCOP using different initiators and 

TMG as catalyst. The resulting copolymers after purification are presented. 

Tetramethylguanidine (TMG) has also been successfully used to catalyse the ROP of 

NCAs68 and NNCAs69 separately using a variety of different initiators and conditions. 

Copolymerizing both monomers using this methodology is still unreported. Several 

experimental procedures have been tested in this research project (Scheme 12), all 

having equimolar amounts of glycine and proline to be compared to the other systems. 

The results are illustrated in Table 8. 

Table 8 : reaction conditions and synthesis results for copolymers 19-22. 

 Targeted structure 
Reaction 

solvent 

Concentration 

Temp. (°C) TMG  Yield 

Copolymer 19 HA-Pro50-Gly50 
THF 

0.1M 
RT 1eq a 

Copolymer 20 HA-Pro50-Gly50 
THF 

1M 
50°C 0.01eq 82 

Copolymer 21 BOH-Pro50-Gly50 
THF 

1M 
50°C 0.01eq 85 

Copolymer 22 HA-Pro50-Gly50 
DMSO 

1M 
50°C 0.01eq 83 

a. no polymerization was observed. HA=hexylamine, BOH=benzylalcohol. 
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At room temperature, even with high catalyst loading, no copolymers were formed 

(copolymer 19). Only at 50°C were copolymers formed using low catalyst loading (0.01 

eq), a procedure inspired by the litterature.69 After purification, 1H NMR analysis of 

copolymers 20-21 showed the formation of copolypeptides containing both proline and 

glycine units (Figure 23). The structure of the copolymers was confirmed with the 

presence of the initiator peaks (a and b). The analysis of the spectra showed a glycine 

content of around 42% for both copolymers. 

 

Figure 23 : 1H NMR for copolymers 20-21 in D2O. The respective structures of the 

copolymers are drawn with the peak assignation. 

Aqueous SEC analysis of both copolymers show the formation of high molecular weight 

copolymers with dispersity around 1.15 (Figure 24, SEC in HFIP is presented in Figure 

S15). The calculated molecular weights were 4.6 kg/mol and 5.0 kg/mol respectively 

using dn/dC of homoPLP. These values are close to theoretical ones (7.8kg/mol) but 

slightly lower than those produced by water assisted ROP (Table 1). 
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Figure 24 : Aqueous SEC of copolymers 20-21. RI detection is shown. 

These promising results using TMG prompted us to study the kinetics of the 

copolymerization. Nonetheless, Pro NCA and the copolymers are insoluble in THF, not 

allowing for in-situ NMR monitoring. For this purpose, copolymer 22 was synthesized 

in DMSO where Pro NCA is slightly more soluble at a stoichiometric comonomer ratio. 

Upon purification, NMR analysis showed a glycine content of 33% and high residual 

TMG (peaks a’ and b’) even after extensive purification (Figure 25). Chain initiation 

through nucleophilic attack of TMG has been previously reported in the literature,68 but 

was not solvent dependant. 

 

Figure 25 : a. 1H NMR for copolymer 22 in TFA-d. Two possible structures of the 

copolymers are drawn with their peak assignation. 

SEC analysis (Figure 26) confirmed the coexistence of two polymeric species by the 

presence of two peaks. This may indicate the coexistence of two initiation mechanisms 

by hexylamine and TMG. 
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Figure 26 : Aqueous SEC of copolymer 22. RI detection is shown in blue while 

MALS detection is shown in red. 

The choice of solvent is thus key for the stability of the initiator/catalyst complex and 

the stabilization of the propagating chain-end carbamate specie with TMG. Both 

copolymer 20 and 21 were insoluble in MilliQ water at 5 mg/ml and showed no 

thermoresponsive behaviour. The insolubility of Pro NCA and copolymers hindered the 

possible kinetic study of this system by in-situ NMR analysis. Nonetheless, since this 

reaction takes several days to complete, it would be possible to conduct the quenching 

technique monitoring described earlier in this chapter (section 2.1.1) to calculate the 

reactivity ratios in future work. 

2.2.3. Ni-based organometallic catalysis 

As described in the previous chapter, polymerization of proline NCA using amido-

amidate nickel initiator resulted in slower than reported kinetics (see chapter 3).51 PLP 

prepared via this route were also highly disperse. Nonetheless, PLPs prepared via this 

pathway were thermoresponsive, and copolymerization was thus studied using Ni(II) 

based initiators. 

Proline NCA and Glycine NCA ROCOP 

Our early copolymerization efforts showed that proline, in these conditions, tends to 

react faster than glycine (data not shown). 
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Scheme 10: Proline NCA and glycine NCA ROCOP using Ni(II) amido amidate 

initiator. The resulting copolymers after purification are presented. 

Three copolymers (23-25) with a 50% glycine monomer feed and increasing M/I ratio 

were thus synthesized using Ni(II) amido amidate catalyst (Scheme 10). After 

purification by precipitation followed by dialysis, the polymers were analysed by 1H 

NMR and SEC in TFE. (Table 9). 

Table 9 : Analysis and results for copolymers 23-25 synthesis 

 Targeted structure Gly%a 
Mn by SECb 

Ɖc 
TCP

d TCL
d 

Copolymer 23 AzPrLeu-Pro25-Gly25 34 
14kg/mol 

1.88 
>80°C RT 

Copolymer 24 AzPrLeu-Pro38-Gly38 40 
12kg/mol 

2.14 
>80°C RT 

Copolymer 25 AzPrLeu-Pro50-Gly50 35 
12kg/mol 

2.14 
Insoluble 

aGlycine content determined by the integration of the proline and the glycine backbone peaks in 1H 

NMR analysis of the final copolymer in TFA-d; bDetermined by PMMA calibration in TFE SEC and RI 

detection; cdetermined by SEC peaks d. determined using benchtop heating plate and turbidimetric 

assays by eye. AzPrLeu=azido-propyl amide L-leucine, as shown in Scheme 10. 

1H NMR analysis (Figure S10) of the copolymers showed lower than expected glycine 

content (Table 9). SEC analysis in TFE showed broad peaks with high dispersity (Table 

9). Copolymers 23-24 (to be compared to copolymers 6-7) were completely soluble at 

room temperature. They also expressed an LCST behaviour consistent with that of low 

molecular weight PLP (Table 9). These results suggest that in these conditions, proline 

NCA tends to react faster than glycine NCA producing highly gradient copolymers. 

These soluble copolymers expressing an LCST behaviour are also clickable due to the 

azide group present on the initiator (Scheme 10). 
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Terpolymerization 

As these copolymerizations are done in DMF at 50 mg/ml, they are usually 

heterogenous as Pro NCA, Gly NCA and the copolymers are mostly insoluble. 

Furthermore, copolymerization of proline NCA with valine NCA resulted in copolymers 

with much higher proline content than initial feed. Other copolymerization efforts with 

higher valine monomer feed resulted in very low yields possibly due to the secondary 

structuring of valine sequences discussed earlier that hinders the polymerization. This 

was similar in most terpolymerization (Scheme 11) systems tested. 

 

Scheme 11 : Terpolymerization of proline NCA, glycine NCA and valine NCA using 

Ni(II) amido amidate initiator. A series of copolymers was explored by changing the 

different feed ratios of comonomers (x,y and z respectively). 

Since the proline reactivity was found to be higher in these conditions as for the water 

assisted ROP, the proline content was kept at 50% and the valine content was slightly 

increased. At M/I=50, two terpolymerization systems were soluble in the reaction 

medium (DMF) (Table 10). After purification by precipitation in ether, the structures of 

these copolymers were analysed by 1H NMR.  Their structure was verified, and the 

results are in accordance with the theoretical values (Table 10). Furthermore, the SEC 

analysis of these terpolymers (Table 10), showed much lower dispersities than PLP 

(chapter 3) and Gly-Pro copolymers (earlier in this section) prepared via this pathway. 

Terpolymers 10-11 were completely soluble at room temperature in MilliQ water. They 

also expressed an LCST behaviour consistent with that of low molecular weight PLP 

as (Table 10) similar to copolymer 23, suggesting that incorporating valine did not have 

a big effect on the thermoresponsive behaviour. 
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Table 10 : Analysis and results for terpolymers 10-11 synthesis. 

 Targeted structure Structure by 

NMR 

Mn by SECb 

Ɖc 
TCP

d TCL
d 

Terpolymer 10 
AzPrLeu-Pro25-

Gly20-Val5 

AzPrLeu-Pro29-

Gly17-Val4 

8.5kg/mol 

1.68 
>80°C RT 

Terpolymer 11 
AzPrLeu-Pro25-

Gly15-Val10 

AzPrLeu-Pro31-

Gly14-Val6 

8.1kg/mol 

1.58 
>80°C RT 

aDetermined by the integration of the different backbone peaks in 1H NMR analysis of the final copolymer 

in TFA-d; bDetermined by PMMA calibration in TFE SEC and RI detection; cDetermined by SEC peaks; 

dDetermined using benchtop heating plate and turbidimetric assays by eye. AzPrLeu=azido-propyl 

amide L-leucine, as shown in Scheme 10. 

As only these polymerizations advanced in a soluble manner in DMF, we hypothesize 

that the synthesis of PLP and copolymers of Pro NCA using Ni(II) initiator in organic 

solvent is highly process dependant. For this purpose, the Pro NCA initial concentration 

should be kept around 20 mg/ml (0.15 M) instead of 50 mg/ml for it to be more soluble. 

Furthermore, other terpolymerization with Pro% less than 50 should be tested to 

assess their solubility. When copolymerizing Pro NCA with Gly NCA (copolymers 23-

25), the growing copolymers were insoluble in DMF, yet by adding little valine 

(terpolymers 10-11) the polymerization advanced in a homogeneous manner. This 

phenomenon can be explained by disruption of insoluble secondary structuring during 

polymerization: PLPI for proline, PGly for glycine and β-sheets for valine. 

These promising results in the copolymerization of Pro NCA with NCAs (glycine and 

valine) using catalysis in organic media are preliminary results paving the way to 

terpolymerization system producing ELP-like thermoresponsiveness. 

Copolymerization of proline and glycine using LiHMDS are particularly promising 

because it enables access to high molecular weight copolymers with a controlled 

structure. Other copolymers with different compositions and molecular weights must 

be synthesized to conclude on the feasibility of this approach towards ELP mimics. 

Ideal experimental conditions were also determined for the use of TMG catalysis to 

produce copolymers based on proline and glycine with controlled structures. The study 

of the copolymerization kinetics of this system could also prove useful in steering the 

primary sequence of the produced copolymers.  
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3. Conclusion 

As a means to mimic the thermoresponsive behaviour of ELPs, copolymerization of 

Pro NCA with Gly-NCA and/or Val-NCA was explored in many different conditions. The 

knowledge accumulated from the two previous studies developed in chapter 2 and 3 

had to be combined. On one hand the understanding of the kinetics of copolymerization 

of NCAs and its impact on the final copolymer microstructure and on the other the 

thermoresponsive behaviour of polypeptides based on natural amino acids. Since the 

statistical copolymerization of NCAs with NNCAs is still an unexplored field, many 

copolymerization systems had to be optimized. Firstly, the water-assisted ROP 

mechanism produced copolymers with a strong gradient structure that showed similar 

LCST behaviour to homopolyprolines when having high proline content. When less 

proline was introduced, the copolymers either became completely soluble or 

completely insoluble. Lower molecular weight copolymers of Gly-Pro (50:50) showed 

block-like structures and formed thermoresponsive nanoparticles. Second, classic 

copolymerization in organic solvent using NAM was explored. Initial results showed 

poor results and thus organocatalysis using TMG was employed. Using this catalysis 

mechanism, it was possible to produce Pro-Gly copolymers with controlled structures 

and dispersities. Optimal reaction conditions were found for further exploration of this 

pathway to produce not yet attained thermoresponsive copolymers. Next, the 

exploration of another mechanism using LiHMDS (AMM) was explored. This synthesis 

technique was previously developed separately for NCAs and NNCAs and 

copolymerization combined challenges from both. Nonetheless, a copolymer with a 

well determined structure has been synthesized also proving another promising path 

towards thermoresponsive copolymers based on proline. Finally, organometallic 

catalysis using Ni(II) initiator was studied to copolymerise Pro NCA. This synthesis 

pathway proved to be highly process-dependent as it proceeded in a heterogenous 

manner and copolymers produced were highly disperse. Nonetheless, reaction 

conditions were developed to produce copolymerization that were soluble and 

produced better controlled copolymers. This final pathway also produced 

thermoresponsive copolymers based on proline repeating unit that are clickable on one 

chain end so they can be coupled with other functional moieties. These final three 

copolymerization pathways will be further explored, and their kinetics studied to 

establish a new base for producing desirable copolymers. 
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4. Supporting information 

4.1. Materials 

All chemicals and solvents in this work were purchased from Sigma Aldrich, 

Fluorochem, Acros, TCI, Strem and VWR, and were used without any purification 

unless otherwise described. DMF, THF and acetonitrile (ACN), were obtained from a 

solvent system purifier (PureSolv, Innovative Technology), kept under argon 

atmosphere and freshly used. Milli-Q water was obtained from a Purelab Prima 

purification system (ELGA) with a resistivity of 18.2 MΩ cm-1. The N-carboxyanhydride 

monomers were purchased from PMC Isochem, stored at  20 °C under argon 

atmosphere and weighed in the glove box Jacomex GP13 no. 2675 at the Laboratoire 

de Chimie des Polymères Organiques (LCPO, Bordeaux, France). Dialysis 

membranes were purchased from SpectrumLabs. Hexylamine and TMG were freeze-

thawed and cryo-distilled on the Schlenk line prior to use. Gly NCA was synthesized 

and used as shown in chapter 2. Ni initiator was obtained from collaborators from 

Deming’s group in UCLA and used as received. The experiments involving its use 

(section 2.2.3) were conducted in their laboratory settings. 

4.1.1. Nuclear Magnetic Resonance (NMR) 

1H NMR 400 MHz spectra were obtained using a Bruker Avance I (Liquid-state 400 

MHz NMR spectrometer with 5 mm BBFO probe). Deuterated water (D2O, Euriso-top, 

99.8%) was used as solvent and reference for the lock. The spectra obtained were 

calibrated using the residual solvent signals (H2O 4.79 ppm). The signals were 

categorized as follows: singlet (s), doublet (d), triplet (t), quartet (q), multiplet (m) and 

broad (br). 

4.1.2. Size Exclusion Chromatography (SEC) Analyses 

Polymer molar masses were determined by Size Exclusion Chromatography (SEC) 

using an aqueous solvent as the eluent. Measurements were performed on an Ultimate 

3000 system from Thermoscientific equipped with diode array detector DAD. The 

system also includes a multi-angle light scattering detector (MALS) and differential 

refractive index detector (dRI) from Wyatt technology. Polymers were separated on two 

TOSOH TSK Gel G4000PWXL and G3000PWXL columns (300 × 7.8 mm) (exclusion 

limits from 200 Da to 300 000 Da) at a flowrate of 0.6 mL/min. Aqueous solvent 

composed of acetic acid (AcOH) 0.3 M, ammonium acetate 0.2 M and ACN (H2O/ACN: 
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6.5/3.5, v/v) was used as the eluent. The column temperature was held at 25°C. 

Measurements of dn/dc were performed on a differential refractive index detector dRI 

from Wyatt technology by injecting 500 μL of each sample dissolved in the aqueous 

phosphate buffer at 0.5-5 mg mL−1. The chromatograms were recorded with 

Chromeleon 7.2 software and and analyzed using Astra 7.1.0 software. Calculated 

dn/dC values were 0.1616 mg/ml for L-Proline homopolymers and copolymers with D-

Proline and 0.1444 mg/ml for block copolymers with PEG. 

4.1.3. UV−Vis Spectroscopy 

The cloud point temperature (TCP) and the clearing point temperature (TCL) of PLP 

solutions in pure water were determined by measuring the turbidity at 550 nm between 

10°C and 85°C at a 1 °C.min-1 scan rate at different concentrations of polymer and salt. 

Data were collected on a Cary 100 UV−Vis spectrophotometer equipped with a 

multicell thermoelectric temperature controller from Agilent Technologies. TCP and TCL 

were defined as the temperatures at the inflection point of the transmittance-

temperature curves during heating ramps (TCP) or cooling ramps (TCL). A typical 

experiment followed the following heating program: 

1- 10 min isotherm at 10°C 

2- 1°C/min ramp to 85°C 

3- 10 min isotherm at 85°C 

4- 1°C/min ramp to 10°C 

Absorbance was plotted as a function of temperature, with isotherms’ data not 

collected. Subsequently, absorbance was converted to transmittance for a better 

visualization of the degree of turbidity and to discriminate between complete and 

incomplete aggregations. The y-axis in the results is displayed as 1-Transmittance (%) 

to help the reader relate the soluble and aggregated forms to low and high values 

respectively. 
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4.2. NMR 

 

Figure S1: 1H NMR spectra of copolymers 1-5 with increasing glycine content 

(shown with an * is the glycine peak). The spectra are staggered by 0.5 ppm for 

easier visualization. Copolymer 1-3 were analyzed in D2O and copolymers 4-5 in 

TFA-d. 

 

 

Figure S2: 1H NMR spectra in D2O of copolymers 3,6,7,8 with increasing M/I ratio. 

Backbone peaks intensity has been normalized for all 4 spectra to show the 

decrease of the initiator peaks intensity (shown with an *). 
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Figure S3: HSQC H-C 2D NMR of different kinetic points of an equimolar 

copolymerization of glycine NCA and proline NCA initiated by PEG-NH2 (2kg/mol) 

in TFA-d. The spectra allow for the attribution of different carbon atoms attached to 

the protons as attributed by in the scheme. In black, the spectrum of the aliquot 

after 30 seconds of reaction, in red after 120s and in black is the final copolymer. 

The spectra were staggered in the y-axis for easier visualization. 

 

Figure S4 : 1H NMR spectra in TFA-d of terpolymers 1 and 2 with increasing M/I 

ratio. Backbone peaks intensity has been normalized for both spectra to show the 

decrease of the initiator peaks intensity indicated by with hexylamine. 
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Figure S5 : 1H NMR spectra in TFA-d of terpolymers 3-5 varying valine and proline 

content. Glycine peaks’ intensity has been normalized for all spectra to show the 

change in the relative peaks of proline and valine as indicated on the spectra. 

 

Figure S6 : 1H NMR of terpolymer 6 in D2O. Its theoretical structures is drawn with 

the peak assignation. The calculation of the different Dp is shown by the 

calculations from the integration of the initiator peak (d) and the respective 

backbone peaks of valine (f), proline (j,k) and glycine (h). 
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Figure S7 : 1H NMR of terpolymer 7 in TFA-d. Their theoretical structures are 

drawn with the peak assignation. The calculation of the different Dp is shown by 

the calculations from the integration of the initiator peak (d) and the respective 

backbone peaks of valine (f), proline (j,k) and glycine (h). 

 

Figure S8 : 1H NMR of terpolymer 8 in TFA-d. Their theoretical structures are 

drawn with the peak assignation. The calculation of the different Dp is shown by 

the calculations from the integration of the initiator peak (d) and the respective 

backbone peaks of valine (f), proline (j,k) and glycine (h). 
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Figure S9 : 1H NMR of copolymer 18 in D2O. Its theoretical structures is drawn 

with the peak assignation. The calculation of the Dp is not possible as the polymer 

does not possess identifiable chain ends when polymerized with LiHMDS. The 

analysis of the peaks of the backbones shows that Pro and Gly are present in 

equimolar amounts. *unidentified 

 

Figure S10 : 1H NMR spectra in TFA-d of copolymers 23-25 varying valine and 

proline content. Proline peaks’ (i) intensity has been normalized for all spectra to 

show the change in the relative peaks of proline and glycine as indicated on the 

spectra. 
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4.3. Microscopy 

 

Figure S11: TEM images of copolymers 6-7. The grids were prepared from 

solutions at 0.1mg/ml at room temperature keeping the low temperature nano-

aggregates. Images show the formation of wormlike structures. 

4.4. Synthesis 

 

Figure S12: Pictures from the synthesis of copolymerization kinetics system. a. at 

the beginning of the copolymerization with NCAs suspended in ACN, b. after 

adding the water and the initiator (bubbles can observed), c. after 1 hour of 

reaction. 
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Figure S13 : Copolymers 9-14 at the end of the synthesis. The aqueous phase % 

highly affected the copolymerization process due to the solubility of the active 

species. 

4.4.1. Glycine NCA and Proline NCA’s other copolymerization systems 

Copolymerizations using NAM or TBBA (produced copolypeptides with very low yields. 

Some copolypeptides had lower glycine contents than theoretical feed. 

 

Scheme 12 : ROP of glycine NCA and proline NCA by hexylamine initiator (top) or 

by TBBA initiator (bottom) 

Table S1 : results for copolymerization systems using NAM and TBBA 

 Targeted structure Yield Initiator 
Reaction 

solvent 
Gly%a 

Copolymer S1 HA-Pro15-Gly15 26 Hexylamine DMSO 23 

Copolymer S2 HA-Pro25-Gly25 22 Hexylamine DMSO 41 

Copolymer S3 Pro50-Gly50 b TBBAc ACN - 

Copolymer S4 Pro50-Gly50 12 TBBAc DMSO 40 

Copolymer S5 Pro50-Gly50 14 TBBAc DMF 36 

a. glycine content determined by the integration of the proline and the glycine backbone peaks and 

hexylamine peaks by 1H NMR in the final copolymer. b. no polymerization was observed. c. 

tetrabutylammonium benzoate. 
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4.5. Size exclusion chromatography 

 

Figure S14: Aqueous SEC chromatograms of copolymers 9-14 results. RI 

detection is shown, lower molar mass species can be observed for copolymers 13 

and 14. 

 

Figure S15 : HFIP SEC chromatograms of copolymers 20-21 at 5mg/mll. RI 

detection is shown. Mn calculation using PMMA calibration was used, and the 

resulting values were 10.1 kg/mol and 10.0 kg/mol respectively. Their dispersities 

were 1.34 and 1.33 respectively. 
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Figure S16 : HFIP SEC chromatograms of terpolymer 3 (on the left) and 

terpolymer 4 at 5mg/ml and 2.5mg/ml. RI detection is shown and peaks are 

normalized for relative scaling. 

 

Figure S17 : HFIP SEC chromatograms of terpolymers 6-8. RI detection is shown. 
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Perspectives: towards stereoselective ROP of NCAs 

and ROCOP systems for polyesteramide synthesis 

1. Yttrium mediated ring opening polymerization of NCAs 

The many advances in the ROP of NCAs using the catalytic systems mentioned in 

Chapter 1 of this manuscript are largely inspired by previous ROP systems for instance 

developed with cyclic esters.1 Among those catalytic systems, organometallic species 

have provided exquisite control over the tacticity or even the sequence of many 

polymers.2  The use of organometallic species has shown many promise for the ROP 

of NCAs as already discussed in this manuscript (section 2.2.3 in chapter 1, section 

2.2.1 in chapter 3 and section 2.2.3 in chapter 4) and this includes the use of catalysts 

based on nickel,3 cobalt, iron,4 ruthenium, iridium,5 and rare earth metals such as 

yttrium6. Inspired by these early works, and in the framework of a collaborative effort 

with Prof. S. Guillaume’s team from ISCR, we explored the use of alkoxy-amino-

bis(phenolate) yttrium amide based catalytic complexes to instigate the ROP of NCAs. 

These catalysts have been used previously for the ROP of several cyclic monomers 

including lactide, β-lactones and morpholinediones.7–9 The latter producing 

polyesteramides is particularly of interest to open the scope of this PhD study. 

Furthermore, yttrium amide based catalytic complexes have been used to perform 

stereoselective ROP of chiral monomers by choosing the right ligand.7 This unexplored 

stereocontrol in the ROP of NCA can prove useful in accessing novel microstructures 

such as alternating copolymers (L/D) or new conformations.10 

The catalytic complex Y{ONNOtBu}/iPrOH (Scheme 1) has been used in this research 

project as it successfully achieved the ROP of morpholinediones9 and similar 

complexes achieved the stereoselective ROP of cyclic esters8. The catalytic complex 

was prepared in situ by mixing tris(amido) precursor [Y(N(SiHMe2)2)3(THF)2] with the 

ligand {ONNOtBu,tBu}, both received as such from our collaborators. This catalytic 

complex was then reacted with equimolar amount of isopropanol to produce the active 

species, Y{ONNOtBu}/iPrOH (Scheme 1). 
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Scheme 1 : Y{ONNOtBu}/iPrOH catalyst/initiator complex 

Our goal was to establish i) that the alcoholate species could carry out an initiating 

nucleophilic attack on the NCA and ii) the catalytic efficacy of the yttrium complex 

towards the ROP of NCA. For this purpose, the ROP of BLG-NCA and its enantiomer 

BDG-NCA has been investigated using 2% of Y{ONNOtBu}/iPrOH complex. This was 

done in dry THF with an M/I=50 for each enantiomer, independently, to shed light on 

the ROP and its mechanism (Scheme 2). 

 

Scheme 2 : ROP of benzyl glutamate NCA using Y{ONNOtBu}/iPrOH to obtain 

polyglutamates with differing stereoregularity..  

Table 1 : Glutamate polymers prepared via the ROP of NCAs initiated by 

Y{ONNOtBu}/iPrOH and characterization results. 

 

aAs determined by the initial M/I ratio; bCalculated by dn/dC of PBLG in SEC DMF; cAs measured by 

polymer peaks in MALS detection; dCalculated by dn/dC of PGA (deprotected form) in aqueous SEC; 

eAs measured by polymer peaks in MALS detection; fas detected by MALDI-TOF analysis. All data can 

be consulted in the Supporting Information. 

After purification by precipitation, 1H NMR analysis (Supporting Information) and 

SEC analysis (Table 1) showed that the Y{ONNOtBu}/iPrOH complex was able to 

promote the ROP of NCAs to produce polypeptides with predictable and controlled 

Polymer Structurea Mnb (kg/mol) Ɖc Mnd (kg/mol) Ɖe End chainf 

Polymer 1 PBLG50 11.5 1.24 4.3 1.26 isopropoxy 

Polymer 2 PBDG50 13.9 1.05 5.0 1.01 isopropoxy 

Polymer 3 PB(L/D)G100 15.2 1.14 9.3 1.01 isopropoxy 
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molecular weights. To confirm the end-chain groups and that the alcoholate specie 

initiated the ROP, MALDI-TOF analyses were performed. Both polymer 1 and 2 showed 

a set of peaks corresponding to isopropoxy capped polypeptides (Table 1 and Figure 

S3). To assess the catalyst's contribution to stereocontrol during propagation, a 

copolymerization with equal amounts of L and D enantiomers was also conducted in 

similar experimental conditions with an M/I=100 (polymer 3, 1% of Y{ONNOtBu}/iPrOH 

complex). The produced copolymer showed similar results as the homopolymers (1-

2), with predictable Mn, controlled structure, and the isopropanol initiation. Unlike 

polylactide (PLA), the tacticity of the polypeptide is difficult to determine by 13C NMR, 

as already described in chapter 2. Nevertheless, the helicity of the polymer, which can 

be established by CD analysis, could be another way of defining the stereocontrol, 

particularly for syndiotactic polypeptide which should give access to peculiar  helix 

secondary structuring.11 Nonetheless, the CD analysis of the deprotected form of 

polymer 3 was not conclusive as signals from enantiomers cancelled each other out 

(Figure S4) but this applies regardless of the microstructure (homochiral block blend 

or random copolymer). Non-racemic mixtures (BLG/BDG) were thus achieved in 

experimental conditions that were similar to polymer 3 and studied by CD at different 

times during propagation ("ROP" has been quenched by addition aqueous acidic 

solutions). If the catalytic complex is stereoselective, the polymerization will advance 

on the racemic mixture first leading to no change in conformation along the 

polymerization (as CD signals from enantiomers cancelled each other out). When the 

less concentrated monomer is totally consumed, the CD signal will increase with the 

advancement of the polymerization until completion. These experiments are still in 

progress. To further investigate the stereocontrol that Y{ONNOtBu}/iPrOH complex) 

could bring during the ROP of NCAs, copolymerizing monomers with different side 

chains and chirality will also be contemplated. Initial results on the copolymerization of 

BDG-NCA with L-lysine based NCAs are being investigated.  The kinetic study of these 

systems may provide direct information on the activity of the catalyst towards 

copolymerizing racemic mixtures without using CD by monitoring the in-situ NMR 

technique developed in chapter 2. Furthermore, syndiotactic copolymers based on 

NCA monomers have never been achieved by ROP and may provide original 

structuring properties.10,11 The results obtained until now confirmed the successful ROP 

of NCAs using yttrium-based catalysts. And the use of isopropanol as initiator was 
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possible using this catalytic system as confirmed by end-chain analysis in MALDI-TOF 

analysis (Scheme 2).  

2. ROCOP of NCAs to produce polyesteramides 

Many catalytic systems with alcohol initiators are at the heart of the ROP of lactone 

monomers. These are usually coupled with the use of organocatalysts with hydrogen 

bonding ability have also been used for the ROP on NCAs.12–14 From the large 

selection of organocatalysts fluorinated alcohols15, thioureas16–18 and guanidines19,20 

can be mentioned as they have been efficient in the ROP of NCAs along with lactone 

monomers. In this PhD project, we have tried to use different catalytic systems to 

achieve statistical copolymerization of NCAs with cyclic esters. The incorporation of 

such repeat units in polypeptide backbone can improve their mechanical abilities, their 

degradability and their self-assembly although this has been proven only for diblock 

copolymers.21–29 Our first attempt was to use Y{ONNOtBu}/iPrOH complex (see 

previous paragraph) to achieve a ROCOP process in which NCAs would be 

copolymerize with other cyclic monomers to produce new classes of polyesteramides. 

In this direction, investigations on the copolymerization of NCAs with β-lactones8 are 

ongoing in a collaborative effort with Prof. S. Guillaume’s team from ISCR. Indeed, 

synthesis of polyesteramides containing amino acid units through ROCOP is still 

challenging, even though this methodology would be the best to tune the composition 

profile and microstructure. This could lead to block-like, gradient, or random 

copolymers, each with different properties. These polymers could be of significant 

interest for medical applications where degradable materials are required, as they will 

decompose into innocuous hydroxyacids (lactic acid, etc.) and amino acid degradation 

products. Beside the use of organometallic species, several syntheses using 

organocatalytic systems have also been tried to promote the ROCOP of NCAs in 

combination with racemic lactide (rac-LA). First the polymerization of rac-LA alone to 

produce polylactic acid (PLA) was achieved to benchmark the ROP reactivity (Scheme 

3) with 7,8-diazabicyclo[5.4.0]undec-7-ene (DBU), DBU with thiourea cocatalyst, 

triazabicyclodecene (TBD) and zinc acetate with different alcohol initiators.30–32 
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Scheme 3 : Simplified mechanism of the initiation/propagation steps of the ROP of 

rac-LA using alcohol initiator with a catalyst. Two catalytic mechanisms are 

proposed and can coexist; 1. activation of the monomer by a hydrogen-bond donor 

and 2. activation of the initiating/propagating species by hydrogen-bond 

acceptor.14,33 

DBU alone or coupled with thiourea were mixed in THF with rac-LA and isopropanol. 

TBD was used in both THF and DCM with benzylalcohol, as this catalyst works best 

with primary alcohols.30 On another hand, zinc acetate with and without initiator was 

also used for the ROP of rac-LA in bulk. The best results obtained are shown in Table 

2. 

Table 2 : Successful ROP conditions for rac-LA to produce PLA and characterization results. 

Polymerizations were run for 5 hours then quenched with acetic acid and precipitated from cold 

methanol. 

aAs determined by the initial M/I ratio; bAs determined by 1H NMR of a quenched aliquot in toluene-d by 

comparing residual monomer peaks to polymer peaks’ integrations; cCalculated by PS calibration in THF 

SEC; dAs measured by polymer peaks in RI detection; eWater is considered the initiator32; fAs determined 

by 1H NMR of a quenched aliquot in CD2Cl2 by comparing residual monomer peaks to polymer peaks’ 

integrations. IsoPrOH=isopropanol; BnOH=benzylalcohol. All data can be consulted in the Supporting 

Information. 

Polymer Structurea Initiator Catalytic system Solvent 
Conversion 

after 5hb 

Mnc (kg/mol) 

Ɖd 

PLA1 PLA200 IsoPrOH DBU 2eq THF Incomplete 8.7 (1.10) 

PLA2 PLA200 IsoPrOH 
DBU 2eq + TU 

2eq 
THF Incomplete 10.5 (1.09) 

PLA3 PLA400 BnOH TBD 1eq DCM Completef 30.0 (1.40) 

PLA4 PLA400 BnOH TBD 1eq THF Completef 34.5 (1.50) 

PLA5 PLA400 BnOH 
Zn(AcOH)2.2H2O 

1eq 
Bulk (145°C) Completef 15.9 (1.35) 

PLA6 PLA400 - e 
Zn(AcOH)2.2H2O 

1eq 
Bulk (145°C) Completef 19.8 (1.39) 
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The results shown in Table 2 are in line with the literature and PLA was successfully 

produced in different reaction conditions, solvents and bulk, and with different catalytic 

mechanisms (Scheme 3). Although the catalytic loading in most these cases was high, 

the use of DBU alone or with a cocatalyst did not proceed to completion as it would 

have been expected after 300 min (PLA1-2 in Table 2).30 The use of the more basic 

TBD (PLA3-4) allowed to obtain complete polymerization of rac-LA that showed higher 

dispersities when analysed with SEC (Table 2). In bulk conditions using 

Zn(AcOH)2.2H2O as a catalyst for the ROP using BnOH as initiator (PLA5) or as a 

catalyst/initiator complex (PLA6). The polymerization proved complete by 1H NMR and 

SEC analysis showed the formation of polymers with adequate dispersities (Table 2). 

In a subsequent step, copolymerizations with BLG-NCAs have been investigated (as 

already seen in the first part of this perspective, this monomer is a gold standard to 

study the ROP of polypeptides). A series of copolymers of rac-LA and BLG-NCA have 

thus been synthesized using TBD and zinc acetate systems. TBD-based ROCOP was 

achieved using benzylalcohol as initiator in both THF and DCM. Zinc acetate was used 

in bulk with or without catalyst by solubilizing the NCA in the molten lactide at 145°C.  

Zinc acetate is also a known catalyst for the ROP of BLG-NCA in solution (DCM)32 and 

this condition was also tested for the copolymerization (Table 3). 

Table 3 : Experimental ROP conditions for the copolymerization of rac-LA with BLG NCA. to produce 

PLA and characterization results. Polymerizations were run for adequate amount of time then 

quenched with acetic acid and precipitated from cold methanol. 

 

 

Polymer Structurea Initiator Catalytic system Solvent Conversionb 

Mnc 

(kg/mol) 

Ɖd 

Copolymer 1 
PBLG100/P

LA200 
BnOH TBD 1eq THF No conversion 

Copolymer 2 
PBLG100/P

LA200 
BnOH TBD 1eq DCM 

Polypeptide 

only 
50 (1.48) 

PBLG1 PBLG200 BnOH TBD 1eq DCM Complete 
9.7 (1.07)/ 

50 (1.48) 

Copolymer 3 
PBLG100/P

LA200 
BnOH Zn(AcOH)2.2H2O 1eq DCM No conversion 

Copolymer 4 
PBLG100/P

LA200 
BnOH Zn(AcOH)2.2H2O 1eq 

Bulk 

(145°C) 

Polypeptide 

only 
Oligomers f 

Copolymer 5 
PBLG100/P

LA200 
- e Zn(AcOH)2.2H2O 1eq 

Bulk 

(145°C) 

Polypeptide 

only 
Oligomers f 
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aAs determined by the initial M/I ratio; bAs determined by 1H NMR of a quenched aliquot in 

dichloromethane by comparing residual monomer peaks to polymer peaks’ integrations and FTIR 

spectra for amide bonds; c Calculated by dn/dC of PBLG in DMF SEC; dAs measured by polymer peaks 

in MALS detection; eWater is considered the initiator32; fAs detected by RI in THF SEC;   

BnOH=benzylalcohol; IsoPrOH=isopropanol; Y{ONNOtBu}= yttrium based catalyst. All data can be 

consulted in the Supporting Information. 

All the copolymers were analysed by FTIR, 1H NMR and SEC. First, the NCA’s carbonyl 

bands were monitored by IR spectroscopy to assess the conversion and the formation 

of peptide bonds. Later, using 1H NMR in either toluene-d or CD2Cl2 allowed to monitor 

the disappearance of rac-LA and the formation of PLA. These both analyses (Table 3) 

showed that TBD only worked in DCM for both the copolymer 2 and the homopolymer 

of BLG used as a control experiment (PBLG 1). Nonetheless, the copolymerization of 

BLG-NCA with rac-LA did not show the formation of polyester and only polypeptide was 

formed. Furthermore, the homopolymer (PBLG 1) showed two populations in SEC 

analysis suggesting two initiation systems or transesterification occurring (which is 

possible considering the side chain of the BLG monomer units). These results need 

more investigation to understand the mechanism involved in the ROCOP. The use of 

Zn(AcOH)2.2H2O in DCM showed no conversion of both the cyclic ester or the NCA 

(copolymer 4). When this ROCOP was underwent in bulk at 145°C, polypeptides were 

formed but their SEC analysis showed only small oligomeric species suggesting that 

the ROP of NCAs might not be efficient at such high temperatures. Overall, these 

results show that although the organocatalytic systems may work for the ROP of cyclic 

esters and NCAs separately, they failed to copolymerize these monomers together. 

When copolymerizations were undergone, no polyesters were produced and only 

polyamides were identified. This could be due to the termination of the propagating 

species from rac-LA (Scheme 4). Furthermore, the produced polypeptides have 

uncontrolled structure and dispersities hinting to the fact that the deprotonation of the 

amine produces the activated monomer mechanism (Scheme 4).  Further investigation 

in the mechanisms of copolymerization and possible interactions between the different 

propagating species is needed. Notably the interplay between alcoholate, the protons 

on the NCA and the propagating primary amine must be considered to be able to 

ROCOP NCAs with cyclic esters. Furthermore, the ester side chain of BLG NCA may 

undergo transesterification hindering this mechanism. 
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Scheme 4 : Possible undesired reactions during the ROCOP of rac-LA with NCAs 

using organobases as catalysts. In both cases the activated monomer mechanism 

(AMM) may proceed with unctrolled ROP of NCAs. 

Pro-NCA was thus used for copolymerization with rac-LA. The lack of hydrogen on the 

amine in this NCA motivated this choice. Although the DBU system has been shown to 

polymerize efficiently NNCAs34, this system failed to copolymerize rac-LA with Pro-

NCA in already described conditions (data not presented). Another catalytic system 

proven for both the ROP of NNCAs20 and lactide35 was TMG, but our efforts failed to 

produce either PLA or copolymers based on rac-LA and Pro-NCA (data not presented). 

The issues raised in Chapter 3 about the polymerization of Pro-NCA in organic media 

has led us to put off further investigation into this copolymerization system. Simpler 

NNCAs can also be used, such as sarcosine to assess the possibility of such a 

ROCOP. This is certainly an interesting perspective to develop towards 

polyesteramides. 

Supporting information 

Typical ROP of BLG NCA using Y{ONNOtBu}/iPrOH 

For a typical polymerization, the NCA monomer of γ-benzyl-L-glutamate (BLG NCA in 

Scheme 1, 100mg, 0.38mmol, 50 equivalent) was weighed in a flame dried Schlenk 

equipped with a magnetic stirrer in a glovebox under pure argon. Then 1 mL of 

anhydrous THF (0.36 M) were added. To this solution, 41µL of a 1% v/v solution of 

isopropanol in dry THF (7.6*10-3 mmol, 1 equivalent) were added. Simultaneously, in 

a dry, clean flask, tris(amido) precursor [Y(N(SiHMe2)2)3(THF)2] (20mg, 0.032 mmol) 

and ligand {ONNOtBu,tBu} (16.7 mg, 0.032 mmol) (both received and used as are from 

collaborators) were dissolved in 250µL of dry THF obtaining a 0.13M solution of the 

catalytic form Y{ONNOtBu}. 60µL of this solution was added to the reaction mixture 

(7.6*10-3 mmol, 1 equivalent). The Schlenk was capped with a septum pierced with a 

syringe to let out CO2 and left to stir overnight in the glovebox. FTIR allowed to confirm 
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the completion of the reaction by monitoring the disappearance of the bands at 

1857cm-1 and 1785cm-1 characteristic of the C=O stretching of NCAs. At the end of 

the ROP, the reaction mixture had highly increased viscosity in THF. The reaction was 

quenched with 0.5ml of acetic acid 1.6M solution (0.8mmol) then the polymer was 

recovered by precipitation in cold diethyl ether and dried under high vacuum. Sample 

was then analysed by 1H NMR (5 mg/ml in CDCl3 containing 15% trifluoroacetic acid). 

1H-NMR of the polypeptide backbone (Annex 1 and 2, 400MHz, δ, ppm): 1.84-2.19 (m, 

2H, CH2), 2.44 (t, 2H, CH2), 4.59 (m, 1H, CH), 5.03-5.11 (m, 2H, CH2O), 7.25-7.29 

(m, 5H, ArH), 7.85 (d, 1H, NH) (Figure S1). 

Polymer 1-3 characterizations 

 

Figure S1 : 1H NMR for polymer 1-3 in CDCl3+15%TFA. The structures of the 

polymers is drawn with the peak assignation. The isopropoxy end chain could not 

be identified by this technique. 
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Figure S2 : (on the left) DMF SEC of polymer 1-3, (on the right) aqueous SEC of 

polymers 1D-3D. MALS detection is shown. 

 

Figure S3 : MALDI-TOF analysis using DCTB of polymer 1-3 results. The different 

detected structures are drawn (forms a-d). Forms a and b prove the presence of 

the isopropoxy chain end confirming the initiations using the catalytic complex 

Typical ROP of BLG NCA using Y{ONNOtBu}/iPrOH. Forms c and d can be the 

result of hydrolysis during the ionization of the analysis. Forms b and d are 

common for benzyl glutamate polymers in solution at room temperature. 
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Figure S4 : CD spectra of deprotected polymers (1D-3D) at different pH 

PLA1-6 characterization 

 

Figure S5 :  1H NMR for PLA1-4 in toluene-d. Aliquots after 5 hours of reaction 

were quenched with acetic acid and the solvents evaporated under vacuum before 

characterization. The structures of the polymer and the unreacted monomers is 

drawn with the peak assignation. 
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Figure S6 : 1H NMR for PLA5-6 in CD2Cl2. Aliquots after 12 hours of reaction were 

quenched with acetic acid and the solvents evaporated under vacuum before 

characterization. The structures of the polymers are drawn with the peak 

assignation. 

 

Figure S7 : THF SEC chromatograms of PLA1-6. RI detection is shown. 
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Copolymers 1-5 characterizations 

 

Figure S8 : 1H NMR for copolymer 1 and PBLG 1 (only slightly soluble) in toluene-

d. Aliquots after 5 hours of reaction were quenched with acetic acid and the 

solvents evaporated under vacuum before characterization. The structures of the 

polymers are drawn with the peak assignation. 

 

Figure S9 : 1H NMR for copolymer 2 (only slightly soluble) in toluene-d. Aliquot 

after 12 hours of reaction were quenched with acetic acid and the solvents 

evaporated under vacuum before characterization. The structures of the polymers 

are drawn with the peak assignation. Polypeptide peaks were not easily 

identifiable, and no PLA peaks were visible. 
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Figure S10 : FTIR monitoring of copolymer 1 shows small evolution of NCA and 

amide bonds over a long period of reaction time. 

 

Figure S11: FTIR monitoring of PBLG 1 shows the formation of amide bonds. 
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Figure S12 : 1H NMR for copolymers 3-5 in CD2Cl2. Aliquots after 12 hours of 

reaction were quenched with acetic acid and the solvents evaporated under 

vacuum before characterization. The structures of the polymers are drawn with the 

peak assignation. 

 

Figure S13 : DMF SEC of PBLG 1 and copolymer 2. MALS detection is shown. 

These polymers were not soluble in THF. 
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Figure S14 : THF SEC of copolymers 3-5, RI detection is shown. Only small 

molecular weight species can be detected. 
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General conclusion and perspectives 

In this study, we used the ring-opening polymerization (ROP) of N-carboxyanhydrides 

(NCA) to synthesize polymers composed of amino acids with structural and functional 

characteristics similar to those of intrinsically disordered proteins (IDPs). After 

describing the state of the art regarding this polymerization methodology, we first 

explored the distribution of glycine units within a poly(glutamic acid-co-glycine) P(GA-

co-Gly) chain obtained through copolymerization. The results confirmed that the 

statistical distribution of these glycine units could be controlled by modifying the 

polymerization conditions (such as solvent or reaction temperature, initial monomer 

ratio, or reaction mechanism). This "stochastic" control over the sequence of the 

primary structure of a copolypeptide that includes glycine allows the preparation of 

copolymers with a strong composition gradient that are devoid of secondary structure, 

similar to the disordered regions of IDPs. In the second part, we investigated another 

amino acid commonly found in IDP sequences, proline. We first studied the hysteretic 

behaviour of the lower critical solution temperature (LCST) of polyproline (PLP) 

homopolymer. We observed that this behaviour depended on the secondary structure 

and molecular weight of the polymers. We also explored potential applications of this 

unique behaviour, including designing temperature memory sensors, thermosensitive 

nanoparticles, or hydrogel solutions with memory effects. Inspired by the prevalence 

of proline in thermosensitive IDPs like elastin-like polypeptides (ELP), we 

copolymerized proline with the aim of creating periodic sequences similar to ELPs that 

could result in an LCST. We successfully copolymerized proline NCA with glycine NCA 

using water-assisted mechanisms. This synthesis produced copolymers with a very 

strong gradient. By controlling the overall molecular weight of these copolymers, we 

obtained thermosensitive nanoparticles with an LCST behaviour devoid of hysteresis. 

This demonstrates the potential of using glycine to modulate the thermosensitivity of 

polyproline. We also explored other ROP mechanisms, such as catalysis by LiHMDS 

and TMG in THF, which allowed us to obtain both PLPs and copolymers with the 

desired structures. Further research on copolymerization mechanisms, copolymer 

structures, and thermosensitivity is planned to gain a complete understanding of this 

system. Lastly, we studied the terpolymerization of proline, glycine, and valine, which 

make up the periodic sequence of ELPs and are responsible for their thermosensitive 
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behaviour. We successfully developed optimal conditions for producing polymers with 

controlled structures (water-assisted ROP and organometallic catalysis), paving the 

way for the synthesis of thermosensitive LCST polymers composed entirely of natural 

amino acids. The knowledge gained during this study on the copolymerization of NCAs 

and the catalysis of their ROP has also inspired future research in the laboratory and 

yielded preliminary results. These future investigations will focus on the 

stereocontrolled ROP of NCAs and the ring-opening copolymerization (ROCOP) of 

NCAs with cyclic esters to prepare polyesteramides.  
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Conclusions générales et perspectives 

Dans cette étude, nous avons utilisé la polymérisation par ouverture de cycle (ROP) 

des N-carboxyanhydrides (NCA) pour synthétiser des polymères constitués d’acides 

aminés présentant des caractéristiques structurales et fonctionnelles similaires aux 

protéines intrinsèquement désordonnées (IDP). Après avoir décrit l’état de l’art 

concernant cette méthodologie de polymérisation, nous avons exploré dans une 

première partie la distribution d’unités de glycine au sein d'une chaîne de poly(acide 

glutamique-co-glycine) P(GA-co-Gly) obtenue par copolymérisation. Les résultats 

obtenus nous confirment la possibilité de contrôler la distribution statistique de ces 

unités glycine en modifiant les conditions de polymérisation (le solvant ou la 

température de réaction, le ratio initial des monomères ou le mécanisme de réaction). 

Ce contrôle de la séquence « stochastique » de la structure primaire d’un polymère 

peptidique incluant de la glycine permet de préparer des copolymères à haut gradient, 

dépourvus de structure secondaire, une propriété structurale similaire de régions 

désordonnées d’IDP riches en glycine. Dans une deuxième partie, nous nous sommes 

intéressés à un autre acide aminé que l’on retrouve dans la séquence des IDPs, la 

proline. Nous avons d’abord étudié le comportement hystérétique de la température 

de solution critique inférieure (LCST) de l’homopolymère de la proline, la polyproline 

(PLP). Nous avons pu observer que ce comportement dépend de la structuration 

secondaire et de la masse moléculaire du polymère. Nous avons aussi exploré les 

applications potentielles de ce comportement unique, notamment pour concevoir des 

capteurs de température à mémoire, des nanoparticules thermosensibles ou des 

solutions hydrogélifiantes possédant un effet mémoire. Nous nous sommes enfin 

inspirés de la prévalence de la proline dans des IDP thermosensibles de type élastine 

(ELP), afin de mimer avec des séquences statistiques la séquence périodique de ces 

protéines possédant une LCST. Nous avons par exemple réussi à copolymériser le 

NCA de proline avec le NCA de glycine en utilisant un mécanisme réactionnel assisté 

par l'eau. Cette synthèse produit des copolymères à très fort gradient. En contrôlant 

leur masse moléculaire, nous avons obtenu des nanoparticules thermosensibles avec 

un comportement LCST original démontrant le potentiel de la glycine pour moduler la 

thermosensibilité d’un bloc de PLP. Nous avons également exploré d'autres 

mécanismes de ROP, tels que la catalyse par LiHMDS et TMG dans le THF, qui ont 

permis d’avoir à la fois des PLP et des copolymères avec des microstructures variées 
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notamment incluant de la valine. Finalement, nous avons étudié la terpolymérisation 

de la proline, de la glycine et de la valine, qui constituent la séquence périodique des 

ELP et qui est à l’origine de leur comportement thermosensible. Nous avons développé 

avec succès des conditions optimales pour produire des polymères à structures 

contrôlées (ROP assistée par l'eau et catalyse organométallique) en ouvrant ainsi la 

voie à la synthèse de polymères LCST thermosensibles entièrement constitués 

d’acides aminés naturels. Les connaissances acquises au cours de cette étude sur la 

copolymérisation des NCA et la catalyse de leur ROP ont aussi inspiré les futures 

recherches du laboratoire et donné lieu à des résultats préliminaires. Ces recherches 

se focaliseront sur la ROP stéréo-contrôlée des NCA et la copolymérisation par 

ouverture de cycle (ROCOP) des NCA avec des esters cycliques pour préparer des 

polyesteramides. 

 



Les protéines sont une classe très importante de biomacromoléules naturelles. Elles remplissent de 
nombreuses fonctions dans les systèmes vivants mais sont composés de seulement 20 types d’acides 
aminés. Mimer la structure chimique des protéines en produisant des polypeptides synthétiques est d’un 
grand intérêt pour produire des matériaux fonctionnels, biodégradables et biocompatibles. Le moyen le 
plus économique et le plus efficace pour produire des polymères à base d’acides aminés est la 
polymérisation à ouverture de cycle des N-carboxyanhydrides (NCA) dérivés de ces acides aminés. 
L’objectif de cette thèse de doctorat a été d’imiter la structure et les propriétés de protéines 
intrinsèquement désordonnées en utilisant cette polymérisation. La séquence des acides aminés dans 
ces protéines est relativement simple si on la compare à d’autres régions du protéome et se caractérise 
par des séquences répétitives enrichies en glycine et en proline. En utilisant les monomères NCA 
dérivés de ces deux acides aminés, ce travail de doctorat développe la préparation de copolymères 
statistiques par copolymérisation pour produire des polypeptides avec une séquence monomère 
contrôlée stochastiquement. Un tel contrôle permet d’induire de manière statistique certaines 
séquences (AA, AB, BB) dans la distribution des monomères le long de la macromolécule. Les études 
cinétiques d’un modèle de copolymérisation comprenant de la glycine et un glutamate protégé ont 
d’abord permis de calculer leurs rapports de réactivité respectifs. Le contrôle des différentes conditions 
de réaction (solvant, température, catalyse) a permis d’orienter stochastiquement le système de 
copolymérisation vers différentes séquences en monomères. L’influence de cette séquence sur les 
propriétés macromoléculaires, notamment la solubilité et la structure secondaire, a ensuite été élucidé. 
Dans un deuxième temps, l’approche biomimétique basée sur la chimie des polymères a été utilisé pour 
reproduire la séquence de protéines thermosensibles riches en glycine et en proline. En biologie, les 
polypeptides de type élastine (ELP), sont des protéines thermosensibles qui présentent un caractère 
thermosensible proche de la température corporelle (37 °C) et sont donc utilisés dans de nombreuses 
applications biomédicales. Cette classe de protéine a donc été choisie comme modèle de séquence 
riche en glycine et en proline à mimer. Des homopolymères de polyproline (PLP) de poids moléculaires 
élevés ont d’abord été préparés en milieu aqueux et étudiés pour comprendre leur comportement 
thermosensible peu exploré et révélant une hystérèse exceptionnellement large. Avec ce polymère, la 
structure, la chiralité et la structuration secondaire sont des paramètres importants qui explique un effet 
mémoire qui a permis de produire des formulations originales telles que des sondes de température ou 
des hydrogels programmables. Dans des réactions de copolymérisations en milieu aqueux, introduire 
de la proline avec de la glycine permet d’affiner son comportement thermosensible. En réalisant la 
polymérisation dans l’eau, cette copolymérisation produit des macromolécules à gradient élevé dont on 
peut ajuster le comportement thermosensible. Ces copolymères s’auto-assemblent spontanément en 
nanoparticules thermosensibles. Des réactions de polymérisation plus complexes, des 
terpolymérisations entre la glycine, la proline et la valine ont ensuite été explorées pour mieux imiter le 
comportement des ELP, mais cette réaction a montré certaines limites et des problèmes de solubilités. 
Finalement, d’autres approches de polymérisation ont été explorés, y compris l’organocatalyse et la 
catalyse organométallique. Ces systèmes permettront d’obtenir des copolymères contenant de la 
proline avec une thermosensibilité plus modulable. 

Mots clés : 
Polymérisation à ouverture de cycle, Monomères N-carboxyanhydride, Contrôle de séquence en 
copolymérisation, Polypeptides thermosensibles, Copolymères biomimétiques 
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