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RÉSUMÉ

Polymersomes à propriété d'émission induite
par l'agrégation
RÉSUMÉ

Le présent travail décrit le développement de nouveaux polymersomes fluorescents
avec l’émission induite par agrégation (polymersomes AIE) par auto-assemblage de
copolymères à blocs amphiphiles contenant des molécules AIE (AIEgens). Les
polymersomes AIE, combinant à la fois les avantages des AIEgens et des polymersomes,
sont des systèmes très intéressants, car ils peuvent être potentiellement utilisés comme
nouveaux nanoporteurs des médicaments et / ou des sondes fluorescentes. Dans la
présente thèse, nous avons étudié trois types de polymersomes AIE : les polymersomes
AIE sensibles au CO2 et à la variation de pH, les polymersomes AIE cristaux liquides
et les polymersomes AIE à base de polycarbonate.
Les polymersomes AIE sensibles au CO2 et à la variation de pH ont été formés par
des copolymères à blocs amphiphiles composés d'un bloc hydrophile polyéthylène
glycol (PEG) et d'un bloc hydrophobe à base de polymethacrylate contenant des
monomères sensibles au CO2 et des monomères AIE. Les polymersomes AIE cristaux
liquides ont été préparés par des copolymères à blocs amphiphiles contenant un AIEgen
entre le bloc hydrophile PEG et le bloc hydrophobe polyacrylate cristal liquide. Tous
les deux copolymères à blocs, sensibles au CO2 et cristaux liquides, ont été synthétisés
par polymérisation RAFT (transfert de chaîne par addition-fragmentation réversible) en
utilisant un macro-agent RAFT à base de PEG. Enfin, les polymersomes AIE à base de
polycarbonate ont été développés par auto-assemblage des copolymères PEG45-bP(TPE-TMC)n dans lesquels la squelette du bloc hydrophobe P(TPE-TMC) était le
poly(trimethylene carbonate) biodégradable portant un AIEgen (le tétraphényléthène,
TPE) à chaque unité répétitive. Pour tous les trois systèmes, les processus et les
1
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morphologies d’auto-assemblage, les caractéristiques fluorescentes de type AIE et les
propriétés stimulables par CO2 et par variation de pH (pour le premier système) ont été
étudiées en détail DLS, cryo-EM et spectroscopie de fluorescence. Nous pensons que
le présent travail est utile pour la conception des polymersomes AIE avec des
applications potentielles prometteuses.
La présente thèse comprend cinq chapitres et une annexe. Le premier chapitre est
une introduction générale aux sujets. Les trois chapitres suivants décrivent les trois
types de polymersomes AIE mentionnés ci-dessus. Après un court chapitre de
« conclusion générale et perspective », l’annexe à la fin rassemble tous les détails
expérimentaux.

Chapitre I. Introduction
1.1 Emission induite par l'agrégation
Des sondes fluorescentes présentant une bonne sélectivité et une sensibilité élevée
ont été appliquées dans de nombreux domaines tels que la chimie, les matériaux, la
biologie et la médecine depuis ces dernières années, utilisés comme capteurs pour
détecter le mouvement et la concentration de médicaments ou de molécules biologiques
in vitro et in vivo. Les sondes fluorescentes sont généralement préparées à partir de
colorants organiques avec différentes longueurs d'onde d'excitation et d'émission, des
UV à la lumière visible, jusqu'à la plage infrarouge. Ils sont souvent utilisés à l'état
dissous dans la solution d'eau ou de tampons physiologiques. Cependant, ces sondes
fluorescentes à base de colorants organiques présentaient des comportements
d'émission de lumière très différents dans des solutions diluées et concentrées. Par
exemple, la fluorescence de nombreux colorants organiques est généralement affaiblie
ou inhibée à des concentrations élevées. Étant donné que la raison principale est
associée mécaniquement à la « formation d’agrégats », cet effet d'extinction de la
concentration de colorants organiques courants est souvent appelé “l'extinction causée
par l'agrégation” (ACQ).
2

RÉSUMÉ
Selon le livre de photophysique classique écrit par Birks, l'effet ACQ est “commun
à la plupart des hydrocarbures aromatiques et leurs dérivés”. Il est omniprésent car les
colorants organiques classiques possèdent généralement les cycles aromatiques
planaires dans leurs structures moléculaires. Du point de vue des applications pratiques,
l’effet ACQ est généralement considéré comme préjudiciable. La question de savoir
comment s’attaquer à l’effet de l’ACQ est un sujet de recherche crucial qui a gagné
beaucoup d’attention de nombreux groupes de recherche.
La question clé pour résoudre ce problème est d'empêcher les molécules de
luminophore de former des agrégats. Selon les littératures, diverses approches
chimiques, physiques et techniques ont été essayées. Par exemple, des cycles
volumineux, des nœuds en spirale et des coins dendritiques ont été reliés de manière
covalente à des noyaux de luminophores pour entraver la formation d'agrégats. Ces
approches, cependant, ont souvent abouti à un résultat frustrant : l’ancienne problème
est partiellement résolu au détriment de la création de nouveaux problèmes. Dans de
nombreux cas, l’agrégation ne peut être que temporairement entravée que pour
certaines étendues, car la formation d’agrégats est un processus naturel pour des autres.
Par conséquent, existe-t-il une autre solution pour résoudre ce problème ?

1.1.1 Découverte et phénomène d'émission induite par agrégation (AIE)
En 2001, Tang et ses collègues découvraient un système luminogène inhabituel par
hasard, dans lequel l’agrégation de molécules fonctionnait de façon constructive plutôt
que destructive, comme dans le système conventionnel. Ils ont découvert qu'un dérivé
de silole, le 1-méthyl-1,2,3,4,5-pentaphénylsilole, était non-émissif lorsqu'il a été
dissous par voie moléculaire dans un bon solvant mais devenait hautement luminescent
lorsqu'il était agrégé dans le pauvre solvant. Comme l'émission de lumière était induite
par la formation d'agrégats, les auteurs ont qualifié le phénomène novateur “l'émission
induite par agrégation” (AIE).
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Figure 1. Structure chimique du TPE (à gauche) et fluorescence (à droite) de la solution
ou de la suspension de TPE dans le THF pur et dans des mélanges THF / eau avec la
fraction de volume d'eau de 90%.

Le tétraphényléthène (TPE) est un AIEgen typique. Le stator alcène central de la
molécule TPE est entouré de quatre rotors à anneaux phényle (Figure 1, à gauche). Sa
solution est non émissive quand elle est dissoute moléculairement dans un bon solvant
organique tel que le THF (Figure 1, à droite). Comparé à la plupart des agents
luminescents, le TPE a une structure moléculaire très simple mais présente un
phénomène impressionnant d'AIE. Pendant ce temps, TPE est relativement facile à
synthétiser et à fonctionnaliser. Par conséquent, il a attiré beaucoup d'attention et a été
étudié en profondeur.
En résumé, la découverte de l’effet AIE permet de profiter activement du processus
d’agrégation des luminogènes au lieu de travailler passivement contre elle. Ainsi, le
problème frustrant de l'ACQ pourrait être résolu en utilisant des AIEgens spécifiques.

1.2 Polymères séquencés amphiphiles et leur auto-assemblage en solution aqueuse
1.2.1 Copolymères amphiphiles diblocs et triblocs
Les copolymères séquences sont composés d'une ou de plusieurs chaînes polymères
chimiquement différentes qui sont reliées à un ou plusieurs points de jonction par des
liaisons covalentes ou non covalentes. Nous nous intéressons aux copolymères à blocs
amphiphiles composés de segments hydrophobes et hydrophiles tels que le copolymère
dibloc amphiphile (A-b-B), le copolymère tribloc (A-b-B-b-C) et le copolymère dibloc
avec structure aléatoire dans une séquence (A-b-(B-r-C)).
4
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Les copolymères à blocs amphiphiles ont attiré de nombreuses attentions et ont été
étudiés intensivement en raison de leur grand potentiel dans diverses applications, y
compris la délivrance de médicaments, la fabrication de films minces et membranes
poreuses ordonnées, la technique lithographique, séparation biomoléculaire et
purification de l'eau.

1.2.2 Auto-assemblage de polymères séquencés amphiphiles en solution aqueuse
L’auto-assemblage de copolymères à blocs amphiphiles en solution aqueuse permet
de préparer des nanoparticules de structures et de morphologies diverses, possédant des
propriétés et des fonctions différentes. Une variété de nanostructures comprenant des
micelles, des vésicules, des bâtonnets, des lamelles, des grandes micelles composées
(LCM), des tubules, des structures bicontinues, etc. ont été obtenues par autoassemblage de copolymères séquencés amphiphiles en solution aqueuse. Dans
l’ensemble, plus de 20 morphologies ont été rapportées. Certains d'entre eux sont
thermodynamiquement stables, tandis que d'autres sont contrôlés cinétiquement.
Les lamelles sont des bicouches plates ou moyennement incurvées. Cependant,
lorsque l'énergie requise pour le recouvrement des rebords est supérieure à celle requise
pour la courbure, elles peuvent se fermer et se transformer en vésicules. Comparé à la
structure lamellaire ouverte, la vésicule fermée est thermodynamiquement plus stable.
C'est pourquoi il est plus fréquent d'observer des vésicules que des lamelles. Par rapport
aux vésicules lipidiques appelées liposomes, les vésicules préparées à l'aide de
copolymères séquences amphiphiles, également appelés polymersomes, sont plus
stables et présentent d'excellentes propriétés mécaniques. L'épaisseur et la rigidité des
polymersomes sont plus élevées en raison du poids moléculaire plus élevé des
copolymères séquencés. En raison des structures sphériques creuses des vésicules, ils
peuvent être utilisés pour encapsuler des agents actifs comme des médicaments dans
leurs cavités creuses (pour les agents hydrophiles) et dans leurs membranes (pour les
agents hydrophobes) pour faciliter la délivrance contrôlée en systèmes synthétiques ou
des système vivants. De plus, les vésicules peuvent être utilisées comme nanoréacteurs
5
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pour contrôler des processus chimiques spécifiques qui se déroulant dans les cavités
vésiculaires.

1.2.3 Facteurs influençant la morphologie des nanostructures micellaires
Théoriquement, la formation de micelles thermodynamiquement stables avec une
morphologie spécifique à partir de copolymères de blocs amphiphiles est régie par
l’énergie libre du système, qui repose sur trois contributions : i) le degré d’étirement
des blocs formant des noyaux, ii) la tension interfaciale entre le noyau micellaire et la
couronne, et iii) les interactions répulsives entre les chaînes formant la couronne. Par
conséquent, les morphologies peuvent être contrôlées par des facteurs de réglage qui
affectent l'une de ces trois contributions. En outre, des effets cinétiques, tels que taux
d'addition d'eau pendant le processus d'auto-assemblage par nanoprécipitation, peuvent
également avoir une influence sur les morphologies micellaires.
En générale, les facteurs peuvent être classés en deux catégories: i) la nature des
copolymères séquences amphiphiles constitués, tels que le poids moléculaire, l'indice
de polydispersité (PDI) et la composition chimique; ii) les conditions externes, y
compris la présence d'additifs tels que des ions ou des homopolymères; la température;
la nature du solvant; le ration d’ eau/teneur en solvant organique et le taux d'addition
d'eau dans le cas où un solvant organique est utilisé pour faciliter le processus d'autoassemblage; etc.

1.3 Polymersomes avec propriété d'émission induite par agrégation (AIE)
L’AIE et polymersomes sont deux sujets de recherche en vogue. La combinaison
d’entre elles pour développer des polymersomes avec la propriété AIE (AIE
polymersomes) sera plus intéressante puisque ces vésicules de polymère fonctionnels
pourraient être utilisées comme nouveaux transporteurs de médicaments et / ou
bioprobes dans les secteurs biomédicaux sans le problème frustrant du ACQ qui a
troublé les chercheurs depuis longtemps. Cependant, à notre connaissance, il n’y a que
quelques rapports sur les polymersomes d’AIE. Par conséquent, nous nous concentrons
6
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sur le développement et la caractérisation de nouveaux polymersomes AIE dans le
travail de thèse actuel. En détail, nous avons étudié trois types de polymersomes AIE :
polymersomes AIE sensibles au pH et au pH, polymersomes AIE à cristaux liquides
(LC) et polymersomes AIE à base de polycarbonate. Nous avons utilisé le
tétraphényléthène (TPE) comme AIEgen.

Chapitre II. Polymersomes AIE sensibles au CO2 et au pH
2.1 Introduction
Les polymères réactifs sont une classe de polymères qui peuvent être réactifs à une
variété de stimuli externes, y compris le pH, la température, la lumière, les champs
électriques ou magnétiques, les produits chimiques, et etc. La réactivité est affichée en
modifiant les propriétés physiques et / ou chimiques des polymères, telles que le
changement de couleur, la forme, la transparence, la solubilité dans un solvant
spécifique, la conductivité ou les structures moléculaires. En raison de la sensibilité
particulière à divers déclencheurs, ils sont également appelés polymères intelligents /
intelligents.
Parmi les différents stimuli ou déclencheurs qui peuvent induire la réponse
correspondante des stimuli réactifs polymères, le CO2 a suscité un intérêt considérable
ces dernières années, car il s'agit d'un gaz non toxique, bénin, peu coûteux et abondant,
doté d'une bonne biocompatibilité et celluraire perméabilité.
Les polymères réactifs au CO2 contiennent généralement de nombreux groupes
réactifs au CO2 sur chaque unité répétée le long de la chaîne de polymère. Les groupes
fonctionnels réactifs au CO2 sont les amines tertiaires, l’amidine, la guanidine,
l’imidazole et l’acide carboxylique qui peuvent passer des sels neutres à cationiques,
anioniques ou carbamates en présence de CO2.

7
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Figure 2. Réactivité au CO2 de DEAEMA.

Le DEAEMA (méthacrylate de 2-(diéthylamino) éthyle) est l'un des monomères les
plus étudiés et sensibles au CO2. Le DEAEMA est hydrophobe sous sa forme neutre
mais devient hydrophile lorsqu'il est protoné par l'acide carbonique produit par la
réaction de CO2 et d'eau. Ces étapes de protonation et de déprotonation sont réversibles
par addition et élimination de CO2 (Figure 2). En général, la polymérisation radicalaire
de DEAEMA peut produire des structures pendantes d'amine tertiaire suspendues avec
PDEAEMA. En conséquence, l’ensemble du polymère PDEAEMA présente une bonne
réactivité au CO2.
Dans ce chapitre, nous nous concentrons sur la synthèse et l’auto-assemblage de
copolymères séquences amphiphiles à bloc hydrophobe composé de PDEAEMA et
PTPEMA (TPEMA : méthacrylate fonctionnalisé par tétraphényléthène) contenant des
AIEgens en tant que chaînes latérales, qui sont le CO2 réactifs et peuvent s'autoassembler en polymérsomes AIE réactifs au CO2.

2.2 Synthèse du monomère TPEMA
Tout d'abord, le TPE fonctionnalisé en hydroxyle (TPE-OH) a été synthétisé à partir
du diphénylméthane et de 4-méthoxybenzophénone. Ensuite, le TPE-OH réagit avec le
3-bromo-1-propanol pour produire le dérivé de TPE contenant une portion de propanol.
La réaction entre ce dérivé de TPE et chlorure de méthacryloyle a conduit à la formation
de TPEMA avec un rendement de 77%.

2.3 Synthèse de l'agent de transfert de chaîne à base de mPEG (mPEG-CTA)
Le mPEG-CTA a été synthétisé pour servir de macro-CTA dans la polymérisation
8
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RAFT de DEAEMA et de TPEMA. La première étape a été la synthèse de l'acide 4cyano-4-(dodécylsulfanylthiocarbonyl) sulfanyl pentanoïque (CDP), qui était une petite
molécule CTA portant un groupe acide carboxylique. Dans la deuxième étape, le
mPEG-CTA a été préparé par l'estérification entre le mPEG-OH (poly (éthylène glycol)
monométhyl éther, Mn = 2000 Da) avec un groupe hydroxyle terminal et CDP avec un
groupe d’acide carboxylique.

2.4 Synthèse du copolymère dibloc amphiphile sensible au CO 2 PEG-b(PDEAEMA-r-PTPEMA)
Le copolymère dibloc amphiphile sensible au CO2 PEG-b-(PDEAEMA-r-PTPEMA)
avec le copolymère statistique PDEAEMA-r-PTPEMA en tant que segment
hydrophobe a été synthétisé par RAFT de monomères DEAEMA et TPEMA en utilisant
le mPEG-CTA comme agent de transfert de macro-chaîne. Pour synthétiser le
copolymère cible, le DEAEMA et TPEMA ont été ajoutés simultanément dans le
mélange réactionnel, conduisant à la préparation du copolymère PEG-b-(PDEAEMAr-PTPEMA) dans un pot au bout de 16 h.
Ensuite, nous avons effectué plusieurs polymérisations RAFT en utilisant différents
rapports molaires mPEG-CTA / TPEMA / DEAEMA. Quatre copolymères diblocs
amphiphiles sensibles au CO2, PEG-b-(PDEAEMA-r-PTPEMA) avec des teneurs
différentes en PDEAEMA, PTPEMA et PEG ont été préparés.

2.5 Synthèse du copolymère tribloc amphiphile sensible au CO2 PEG-bPDEAEMA-b-PTPEMA
Pour explorer l'effet structural sur les propriétés des copolymères ainsi que les
nanoagrégats obtenus par l’auto-assemblage, nous avons synthétisé le copolymère
tribloc amphiphile réactifs au CO2 PEG-b-PDEAEMA-b-PTPEMA de RAFT. La
synthèse comprenait deux étapes. Dans la première étape, un précurseur dibloc PEG-bPDEAEMA a été préparé par RAFT de monomères DEAEMA en utilisant du mPEGCTA en tant qu'agent de transfert de macro-chaîne. Ensuite, le tribloc PEG-b9
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L'auto-assemblage

des

quatre

copolymères

diblocs

PEG-b-(PDEAEMA-r-

PTPEMA)s a été réalisé en utilisant le procédé de nanoprécipitation. L'effet du cosolvant initial (THF ou dioxane) sur leurs comportements d'auto-assemblage a été
étudié. Les auto-assemblages ont été caractérisés par cryo-EM et DLS. Comme le
montre la Figure 4, nous pouvons voir que les quatre copolymères se sont autoassemblés en polymersomes dans le système THF / eau. En comparant la longueur
moléculaire théorique du copolymère avec l'épaisseur de membrane mesurée, nous
avons pensé que les membranes des polymersomes obtenus devraient avoir une
structure de bicouche queue-à-queue dans laquelle la partie hydrophobe peut ne pas être
totalement étirée, ou les deux folioles peuvent être internumérées le long de la normale
de la membrane.
Pour l'auto-assemblage de copolymères PEG-b-(PDEAEMA-r-PTPEMA) dans le
système dioxane / eau, la caractérisation cryo-EM des auto-assemblages de PEG45-b(PDEAEMA18-r-PTPEMA6) et PEG45-b-(PDEAEMA36-r-PTPEMA6) a montré qu'ils
étaient aussi des polymersomes. Les tailles de vésicules étaient plus grandes que celles
obtenues à partir du système THF / eau. Cela est probablement dû à la différence de
solubilité des blocs PDEAEMA-r-PTPEMA dans le THF et le dioxane. PDEAEMA-rPTPEMA peut se dissoudre mieux dans le THF que dans le dioxane.
De plus, le rendement quantique de quatre solutions d'auto-assemblage du
copolymère PEG-b-(PDEAEMA-r-PTPEMA) obtenues à partir d'un système THF / eau
a été mesuré à environ 5%, 5%, 4% et 4% respectivement. Alors que le rendement
quantique de la solution d'auto-assemblage obtenue à partir d'un système dioxane / eau
a été mesuré à environ 6%, 9%, 7% et 5% respectivement, ce qui est supérieur à celui
obtenu avec le système THF / eau. La raison en est peut-être due à la flexibilité plus
faible et au module de flexion plus élevé de la membrane formée ainsi qu'aux tailles
plus grandes des auto-assemblages dans le système dioxane / eau.

12

RÉSUMÉ
2.7 Propriétés réactives au pH et au CO 2 des auto-assemblages de PEG-b(PDEAEMA-r-PTPEMA)
Nous étudions les propriétés sensibles au pH et au CO2 de la solution d’autoassemblage de copolymère séquencé PEG-b-(PDEAEMA-r-PTPEMA) car les
réactions des copolymères contenant du PDEAEMA au CO2 et à la variation du pH sont
de nature identique, caractérisées par la protonation de fractions d'aminé tertiaire dans
les segments PDEAEMA.
La raison du phénomène réactifs au pH est attribuée à la protonation et à la transition
hydrophobe-hydrophile résultante des segments PDEAEMA dans le PEG-b(PDEAEMA-r-PTPEMA). Ainsi, les auto-assemblages stables d'origine effectuent une
transition ou un désassemblage morphologique. Avec l’ajout de solution de HCl, ce qui
entraîne des modifications de l’intensité de fluorescence (fortement influencé par le
mode d’agrégation), de la turbidité et des taux de comptage de la solution d’autoassemblage.
La réactivité au CO2 du PEG-b-(PDEAEMA-r-PTPEMA) a été étudiée en
caractérisant la variation de la conductivité et du pH de la solution aqueuse d’autoassemblage lors du bullage alternatif du CO2 et de l’Ar. Avec PEG45-b-(PDEAEMA36r-PTPEMA6), par exemple, la conductivité (κ) de sa solution aqueuse d’autoassemblage (1 mg/mL) a augmenté brusquement en 6 minutes pendant le
bouillonnement du CO2 (20 mL/min), ce qui indique la production d’ions bicarbonate
dans la solution. De plus, le facteur de transmission de la solution a augmenté
progressivement lors du bullage de CO2, ce qui indique que les auto-assemblages de
PEG45-b-(PDEAEMA36-r-PTPEMA6) peuvent effectuer une transition morphologique
en petites nanoparticules ou un désassemblage car la transition hydrophobe-hydrophile
des segments PDEAEMA dans le copolymère. Après avoir bouilli du CO2 pendant 20
min, la solution aqueuse a été traitée avec de l’Ar (20 mL/min). Nous pouvons constater
que la conductivité de la solution graduellement et le pH de la solution froissé
progressivement.
Pour étudier la variation globale après le traitement du CO 2, la solution aqueuse de
13
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PEG45-b-PDEAEMA34-b-PTPEMA6 étaient de petites micelles sphériques.
En outre, pour la solution d'auto-assemblage de PEG45-b-PDEAEMA11-b-PTPEMA6
et PEG45-b-PDEAEMA34-b-PTPEMA6 obtenue à partir d'un système THF / eau, le
rendement quantique a été mesuré à environ 11% et 15% respectivement. Alors que le
rendement quantique de la solution d’auto-assemblage obtenue à partir de système
dioxane / eau était mesuré respectivement à environ 14% et 15%, les rendements
quantiques mesurés étaient supérieurs à ceux de la solution d’auto-assemblage de
PEG45-b-(PDEAEMA13-r-PTPEMA6) ou PEG45-b-(PDEAEMA36-r-PTPEMA6) ayant
des poids moléculaires similaires. Il était raisonnable que les groupes TPE d'une chaîne
de copolymère triséquencée PEG-b-PDEAEMA-b-PTPEMA soient plus proches les
uns des autres que ceux d'une chaîne de copolymère PEG-b-(PDEAEMA-r-PTPEMA).
Ainsi, le degré de restriction des rotations intramoléculaires entre les groupes TPE était
plus élevé dans les auto-assemblages formés par les copolymères triblocs PEG-bPDEAEMA-b-PTPEMA, ce qui entraînait une émission de fluorescence plus forte et
des rendements quantiques plus élevés de l'auto-assemblage.

2.9 Propriétés sensibles au CO2 des auto-assemblages de PEG-b-PDEAEMA-bPTPEMA
La solution d’auto-assemblage de copolymères triblocs PEG-b-PDEAEMA-bPTPEMA présentait également une bonne réactivité au CO 2. La variation de la
conductivité de la solution (κ) et du pH présentait la même tendance que celle du PEGb-(PDEAEMA-r-PTPEMA). La variation globale après traitement au CO 2 a été
caractérisée par la cryo-EM et la SEM. Les micelles sphériques originales du PEG45-bPDEAEMA34-b-PTPEMA6 transformées en micelles avec des formes irrégulières. La
caractérisation DLS a montré que les tailles des auto-assemblages avaient une réactivité
réversible au CO2, probablement en raison de la protonation et de la déprotonation
réversible des fragments amine tertiaire du bloc PDEAEMA dans le copolymère.
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Chapitre III. Polymersomes AIE à cristaux liquides (LC)
3.1 Introduction
Les polymersomes à cristaux liquides (LC) sont des vésicules polymères de type
spécial avec des phases LC thermotropiques affichées dans la membrane bicouche à
base de polymère lyotrope. Ils combinent les propriétés des polymères avec des cristaux
liquides, appartenant aux polymères intelligents sensibles aux stimuli, grâce à
l’excellente réactivité des systèmes à cristaux liquides aux multiples stimuli tels que la
température, la lumière, les champs électriques ou magnétiques. Ils sont généralement
préparés par auto-assemblage par des polymères amphiphiles, en particulier des
copolymères à blocs qui contiennent des blocs polymères LC nématiques ou smectiques
thermotropes. Notre groupe est un groupe pionnier dans le développement de
polymersomes à LC et a rapporté plusieurs systèmes de polymersomes à LC basés sur
des copolymères LC à chaîne latérale.
En raison des structures spécifiques des membranes dans les membranes, les
polymersomes des LC possèdent une variété de morphologies. Jusqu'à présent, les
polymérsomes sphériques, ellipsoïdes et tétraédriques LC ont été rapportés par notre
groupe, qui a révélé la relation importante entre l'ordre orientationnel (et positionnel)
et la géométrie incurvée d'une membrane bidimensionnelle.
3.2 Synthèse de monomère AChol et de mPEG-TPE-CTA
AChol a été synthétisé par une réaction en une étape entre l'acrylate de 2hydroxyéthyle et le chloroformiate de cholestérol en utilisant de la pyridine comme
agent de liaison aux acides. L'agent de transfert de macro-chaîne fonctionnalisé par TPE
pour la polymérisation RAFT, mPEG-TPE-CTA, a été synthétisé avec succès. L'acide
benzodithioïque a tout d'abord été préparé par une réaction en trois étapes à partir de
bromobenzène. Ensuite, il a réagi avec un dérivé de TPE avec groupe alcène et groupe
d'acide carboxylique par une réaction de couplage thiol-ène pour donner le nouveau
dérivé de TPE portant un groupe benzodithioate et un groupe acide carboxylique. Enfin,
mPEG-TPE-CTA a été préparé avec succès par estérification de ce dérivé de TPE
17
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fonctionnel et de mPEG45-OH.

3.3 Synthèse de copolymère dibloc LC amphiphile de PEG-b-TPE-PAChol
Le copolymère dibloc LC amphiphile de PEG-b-TPE-PAChol contenant de l’AIEgen
(TPE) entre les blocs PEG et PAChol a été synthétisé par polymérisation RAFT
d'AChol en utilisant le mPEG-TPE-CTA en tant qu'agent de transfert de macro-chaîne.
La route synthèse est illustrée à la Figure 7. Avec différents rapports d'alimentation
AChol / mPEG-TPE-CTA, nous avons préparé cinq copolymères diblocs amphiphiles
LC PEG-b-TPE-PAChol avec différentes longueurs de blocs PAChol et différents
rapports hydrophiles.

Figure 7. Schéma de synthèse du copolymère dibloc de PEG-b-TPE-PAChol
amphiphile LC par RAFT.

3.4 Auto-assemblage du copolymère dibloc LC amphiphile PEG-b-TPE-PAChol
Nous avons choisi un copolymère représentatif, PEG45-b-TPE-PAChol16 (fPEG,wt% =
17.8%), pour réaliser l'étude d'auto-assemblage. On a été étudié l'effet du co-solvant
initial (THF / dioxane) sur le comportement d'auto-assemblage.
La méthode d'auto-assemblage était la nanoprécipitation. Les morphologies des autoassemblages obtenus ont été caractérisées par la cryo-EM (Figure 8, 9). Les vésicules
sphériques ont été observées pour les auto-assemblages à partir du système THF / eau.
Leurs diamètres étaient hétérogènes et allaient de dizaines de nanomètres à environ 300
nm. Cependant, leur épaisseur de membrane était homogène et déterminée à 10,2 ± 0,8
18

Polymersomes with aggregation-induced emission property
d'émission de fluorescence sous éclairage UV, qui est un phénomène typique de l'AIE.
Le rendement quantique de la solution d'auto-assemblage a été mesuré à environ 1%.
La faible valeur est peut-être due au fait qu'il n'y a qu'un seul groupe TPE sur chaque
chaîne de copolymère et que le degré de restriction des rotations intramoléculaires des
groupes TPE dans les auto-assemblages obtenus est relativement faible.

Chapitre

IV.

Polymersomes AIE

à

base

de

polycarbonate

biodégradables

4.1 Introduction
Dans ce chapitre, nous décrivons l’auto-assemblage d’une série de copolymères
diblocs amphiphiles PEG45-b-P(TPE-TMC)n où chaque motif répétitif du bloc
hydrophobe P(TPE-TMC) contient un AIEgen. Le TPE-TMC est un monomère de
triméthylène carbonate substitué par un tétraphényléthène. Les copolymères ont été
synthétisés par polymérisation par ouverture de cycle (ROP) de monomères TPE-TMC
en utilisant mPEG45-OH en tant que macro-initiateur et paire TU / DBU en tant que
catalyseur organique (TU : N-(3,5-bis-(trifluoromethyl)phenyl)-N′-cyclohexylthiourea;
DBU: 1,8-diazabicyclo[5.4.0]undec-7-ene). Les travaux synthèses ont été effectués par
mes collègues et j’ai contribué à la recherche de leurs auto-assemblages et de leur
propriété de fluorescence AIE.

4.2 Auto-assemblage de copolymères diblocs PEG45-b-P(TPE-TMC)n amphiphiles
Le procédé de nanoprécipitation a été utilisé pour préparer les autoassemblages des
copolymères diblocs PEG45-b-P(TPE-TMC)n dans l'eau en utilisant du THF ou du
dioxane comme co-solvant. Nous avons suivi le processus d'auto-assemblage in situ
lors de l'ajout d'eau en utilisant DLS et cryo-EM afin de comprendre le mécanisme
d'auto-assemblage. Nous nous sommes concentrés en particulier sur le processus
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d'auto-assemblage d'un copolymère à bloc, PEG45-b-P(TPE-TMC)13 (fPEG,wt% = 21%)
dans des systèmes THF / eau et dioxane / eau.

Figure 11. Etude du processus d'auto-assemblage du PEG45-b-P(TPE-TMC)13 par
nanoprécipitation dans un système THF / eau. (A) : L'évolution du diamètre
hydrodynamique moyen (Dh) et des taux de comptage mesurés par DLS en fonction de
la teneur en eau lors de l'ajout d'eau. (B) : La distribution en taille des auto-assemblages
mesurée par DLS à une teneur en eau fw = 25%, 31%, 75%. (C)-(E) : Les images cryoEM des auto-assemblages à la fraction d’eau fw = 25% (C), 31% (D), and 75% (E).

Nous discutons tout d'abord le cas d'utilisation du THF comme co-solvant. La Figure
11A montre les taux de comptage et les diamètres hydrodynamiques moyens (Dh) des
agrégats en fonction de la teneur en eau dans le système THF / eau. Nous avons
enregistré trois événements impliqués dans l'évolution des agrégats dans le processus
d'auto-assemblage (Figure 11A). Le premier correspond à l’apparition de très grandes
structures avec Dh jusqu’à 3 µm à une teneur en eau (fw) de 20-25%. Cependant, seul
un petit pic de taux de comptage (valeur de crête 230 kcps) a été enregistré en
conséquence, ce qui signifie que la concentration de ces grandes structures est faible.
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Ces grandes structures sont probablement de grandes lamelles et des vésicules géantes
formées par la fermeture des lamelles. En effet, la caractérisation cryo-EM de l'aliquote
prélevée à une teneur en eau de 25% montrait des vésicules géantes (Figure 11C).
Le deuxième événement est une augmentation abrupte des taux de comptage de 230
à 4000 kcps avec une teneur en eau de 32 à 36%. Cet événement est attribué à
l'augmentation soudaine de la concentration d'auto-assemblages, parce que la taille des
auto-assemblages diminue à 200-300 nm à ces teneurs en eau. L'image cryo-EM
(Figure 11D) montre en effet que les vésicules géantes se transforment en plus petites.
Le troisième événement est la stabilisation de la taille et de la concentration des
autoassemblages lorsque la teneur en eau augmente de 36% à 75%, comme illustré à la
Figure 11A. Le Dh moyen de 270 nm a été mesuré et les taux de comptage atteignent
une valeur de plateau. Les images cryo-EM de polymersomes à 75% de la teneur en
eau (Figure 11E) confirment la taille des autoassemblages. Enfin, les polymersomes
dans l'eau pure ont été obtenus par dialyse du mélange ci-dessus contre de l'eau.
Le dioxane a également été utilisé comme co-solvant organique pour l’autoassemblage du PEG45-b-P(TPE-TMC)13. Des polymersomes ont également été extraits,
caractérisés par la cryo-EM. En outre, les tailles des polymersomes obtenus étaient plus
grandes que celles obtenues dans le système THF / eau.
La raison était probablement parce que le P(TPE-TMC) avait une meilleure solubilité
dans le THF que dans le dioxane. La membrane polymère plastifiée avec plus de solvant
(THF) devrait présenter une meilleure flexibilité et un module de flexion plus faible,
conduisant à la formation de vésicules plus petites. Ceci peut expliquer la différence de
taille finale entre les polymersomes obtenus avec les systèmes THF / eau et dioxane /
eau.
L'épaisseur de la membrane des vésicules finales dispersées dans l'eau obtenue dans
les systèmes THF / eau et dioxane / eau est restée la même et homogène dans toutes les
vésicules. Il a été mesuré à 10 ± 1 nm du FWHM (pleine largeur à la moitié maximum)
du profil de densité électronique perpendiculaire à la membrane. Cette épaisseur
correspond à la partie hydrophobe de la bicouche. Le PEG45-b-P(TPE-TMC)13 devrait
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avoir une structure bicouche de bout en bout (P(TPE-TMC) à P(TPE-TMC)) dans la
membrane bicouche. En comparant la longueur moléculaire théorique du copolymère
avec l'épaisseur de membrane mesurée, nous avons constaté que l’épine dorsale PEG45b-P(TPE-TMC)13 située dans la membrane de la vésicule n’était pas totalement étendue
ou que les deux folioles étaient interdigitées et ne formaient pas une bicouche exacte
de bout en bout.
Les auto-assemblages d'autres copolymères séquences avec des ratios de poids
hydrophiles fPEG,wt% = 17%, 27% et 33% ont également été préparés en utilisant du THF
comme co-solvant. Avec la diminution de la longueur du bloc hydrophobe et
l'augmentation du rapport hydrophile, la taille moyenne des polymersomes devient plus
petite. Puisque le module de flexion de la membrane dépendait de la taille moléculaire
totale du copolymère séquencé, il devrait être plus élevé pour une membrane faite de
polymère de poids moléculaire élevé que celle faite de polymère de faible poids
moléculaire. Cela explique pourquoi les tailles de vésicules sont plus grandes pour
PEG45-b-P(TPE-TMC)n avec n plus grand.

4.3 Propriété AIE des polymersomes PEG-b-P(TPE-TMC) pendant l'autoassemblage
Nous avons suivi l'évolution de la fluorescence des polymersomes du PEG45-bP(TPE-TMC)13 tout au long de leur formation. L'intensité de fluorescence a été mesurée
par spectrofluoromètre en utilisant une longueur d'onde d'excitation de 382 nm
(longueur d'onde d'excitation maximale) juste après chaque addition d'eau et la mesure
DLS au cours du processus de nanoprécipitation discuté ci-dessus. La Figure 12 montre
l'évolution de l'intensité de la fluorescence de la dispersion de polymersomes dans le
THF / eau. Nous pouvons distinguer deux étapes principales dans l'évolution de
l'intensité de la fluorescence au cours du processus d'auto-assemblage. Au début, on
observe une légère augmentation linéaire de l'intensité de la fluorescence lorsque la
teneur en eau fw augmente de 20% à 60% dans le système THF / eau. Cela peut
s'expliquer par la formation de polymères. Après 60% de teneur en eau, l'augmentation
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ABSTRACT
The present work describes the development of novel fluorescent polymersomes with
aggregation-induced emission property (AIE polymersomes) through the self-assembly
of AIEgen-containing amphiphilic block copolymers. AIE polymersomes, combining
both advantages of AIE molecules (AIEgens) and polymersomes, are very interesting
systems since they can be potentially used as novel carriers for controlled drug and gene
delivery and/or fluorescent probes. In the present thesis, we have studied three kinds of
AIE polymersomes: CO2 and pH responsive AIE polymersomes, liquid crystal (LC)
AIE polymersomes and polycarbonate-based AIE polymersomes. We have used the
tetraphenylethene (TPE) as AIEgen.
CO2 and pH responsive AIE polymersomes were formed by amphiphilic block
copolymers composed of hydrophilic polyethylene glycol (PEG) block and
hydrophobic polymethacrylate block containing CO2 responsive monomers and AIE
monomers. Liquid crystal AIE polymersomes were prepared by amphiphilic block
copolymers containing an AIEgen between hydrophilic PEG block and hydrophobic
liquid crystal (LC) polyacrylate block. Both CO2 responsive block copolymers and LC
block copolymers were synthesized by RAFT (reversible addition-fragmentation chain
transfer) polymerization using PEG based macro RAFT agent. Finally, polycarbonatebased AIE polymersomes were developed by self-assembling PEG45-b-P(TPE-TMC)n
copolymers where the backbone of the hydrophobic block P(TPE-TMC)n was
biodegradable poly(trimethylene carbonate) with each repeating unit substituted by an
AIEgen (TPE). For all three systems, their self-assembly processes and morphologies,
AIE fluorescence features and CO2/pH responsive properties (for the first system) were
investigated in detail by DLS, cryo-EM and fluorescence spectroscopy. We believe the
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present work is helpful for the design of AIE polymersomes with promising potential
applications.
The present dissertation consists of five chapters and an annex. The first chapter is a
general introduction of the topics. The following three chapters describe the abovementioned three kinds of AIE polymersomes, which contain the main research work of
this thesis. After a general conclusion and perspective, the dissertation ends with an
annex that collects all exper
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cryo-EM
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Polydispersity index

PDMS

Polydimethylsiloxane
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Polyethylene glycol

mPEG

Poly(ethylene glycol) monomethyl ether

mPEG-CTA

mPEG based chain transfer agent

mPEG-TPE-CTA

TPE-functionalized mPEG

PAA

Poly(acrylic acid)

PEO

Polyethylene oxide

PNIPAM

Poly(N-isopropylacrylamide)

PISA

Polymerization-induced self-assembly

PLA

Polylactide

POSS

Polyoctahedral silsesquioxane

PS

Polystyrene

RAFT

Reversible addition-fragmentation chain transfer

RIM

Restriction of intramolecular motions
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Chapter I. Introduction
1.1 Aggregation-induced emission
Recently, fluorescent probes with good selectivity and high sensitivity have been
applied into many areas such as chemistry, materials, biology and medicine. 1,2
Especially in the biomedical area, study of fluorescent probes has attracted much
attention.3,4 They can be used as sensors to detect the movement and concentration of
drugs or biological molecules in vitro and in vivo. Generally, fluorescent probes are
prepared from organic dyes with various excitation and emission wavelengths from UV,
to visible light, until infrared range. They are often used in dissolved state in the solution
of water or physiological buffers. However, these organic dye-based fluorescent probes
exhibited very different light-emitting behaviors in dilute and concentrated solutions.
For example, the fluorescence of many organic dyes is usually weakened or quenched
at high concentrations.5 Since the main reason is mechanistically associated with the
“formation of aggregates”, this concentration quenching effect of common organic dyes
is frequently referred to as “aggregation-caused quenching” (ACQ).5,6
According to the classic photophysics book written by Birks, the ACQ effect is
“common to most aromatic hydrocarbons and their derivatives”.6 It is ubiquitous as
conventional organic dyes typically possess the planar aromatic rings in their molecular
structures. From the viewpoint of practical applications, the ACQ effect is generally
considered detrimental.7,8 For example, water-miscible fluorescent probes with polar
functional groups attached to the luminophore are still prone to aggregate in aqueous
media owing to the unalterable hydrophobicity of their π-conjugated aromatic
components, which hampers their efficiency in detecting or monitoring biological
activities. Therefore, how to tackle the ACQ effect is a crucial research subject and has
gained a lot of attention from many research groups.
The key issue to solve this problem is the prevention of luminophore molecules from
forming aggregates. According to the literatures, various chemical, physical and
engineering approaches have been tried.9-13 For example, bulky cycles, spiral kinks and
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dendritic wedges have been covalently connected to luminophore cores to hamper
aggregate formation. These approaches, however, have often ended up with a
frustrating outcome: the old issue is partially solved at the cost of creating new
problems. In many cases, the aggregation can only be temporarily hampered to certain
extents, because aggregate formation is a natural process for the luminogen molecules
located close to each other. Therefore, is there any other solution to solve this problem?

1.1.1 Discovery and phenomenon of aggregation-induced emission (AIE)
In 2001, Tang and coworkers discovered serendipitously an unusual luminogen
system, in which aggregation of molecules worked constructively rather than
destructively as in the conventional system. 14 They found that a silole derivative, 1methyl-1,2,3,4,5-pentaphenylsilole, was non-emissive when it was molecularly
dissolved in a good solvent but became highly luminescent when it was aggregated in
the poor solvent. Since the light emission was induced by aggregate formation, the
authors termed the novel phenomenon “aggregation-induced emission” (AIE).
In the ACQ system, the part is less luminous than the aggregates. Nevertheless, the
aggregates are brighter than the individuals in the AIE system. To better clarify the
difference, two different luminogen systems with ACQ effect and AIE effect
respectively are taken as the examples. Their fluorescent emission phenomena are
shown in Figure 1.1. As one of the typical fluorogens with ACQ effect, perylene shows
strong luminescence when it is dissolved molecularly in a good solvent such as
tetrahydrofuran (THF). However, the fluorescence is weakened upon addition of the
poor solvent gradually, such as water. The emission is significantly quenched when the
content of water reaches 80% and diminished completely when it reaches 90% (Figure
1.1, upper part). The reason is that strong π–π stacking interactions among perylene
molecules in the aggregation state promote the formation of excimers, resulting in the
observed ACQ effect.
In contrast, hexaphenylsilole (HPS) is one of the typical AIEgens.14,15 As shown in
the lower part of Figure 1.1, there is no fluorescence observed when the HPS is
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to HPS, the solution is non-emissive when the TPE is dissolved molecularly in a good
organic solvent such as THF (Figure 1.2, right). Compared to most luminescent agents,
TPE has a very simple molecular structure but exhibits an impressive AIE phenomenon.
Meanwhile, TPE is relatively easy to synthesize and facile to functionalize. Hence, it
has attracted a lot of attention and has been studied extensively.16-22
In summary, the discovery of AIE effect makes it possible to actively take advantage
of the aggregation process of luminogens, instead of passively working against it. Thus,
the frustrating ACQ problem could be solved by utilizing specific AIEgens.

1.1.2 Working mechanism of AIE
The decipherment of the mechanism of AIE phenomenon is of great importance for
the photophysics. It can help researchers to understand correctly the essence of AIE
phenomenon, to develop new AIE systems, and to explore potential applications of AIE
systems. Up to now, a number of hypotheses of the mechanism of AIE effect have been
proposed, including restriction of intramolecular rotations (RIR),23 restriction of
intramolecular vibrations (RIV),24 restriction of intramolecular motions (RIM),25
excited state intramolecular proton transfer (ESIPT), 26 J-aggregate formation (JAF),6
and distorted intramolecular charge transfer (TICT). 5 Among them, RIR, RIV and RIM
are widely accepted. The following part will introduce these three mechanisms briefly.

1.1.2.1 Restriction of Intramolecular Rotations (RIR)
In the study of the structures and properties of the emblematic AIEgens – HPS and
TPE, Tang et al. found that these molecules have some similarities in structure, such as
the existence of a conjugate center (stator) in the molecule which was decorated with
multiple aromatic rings (rotors) through single chemical bonds. Based on this discovery,
Tang and coworkers proposed the mechanism of RIR in 2009, namely the mechanism
of intramolecular rotation limitation.27 Here, we take TPE as an example to explain the
RIR mechanism (Figure 1.3). When TPE is dissolved molecularly in a good organic
solvent such as THF, the solution is almost non-emissive. It is because the TPE
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TPE molecules (Figure 1.4B) will further reinforce this molecular conformation. All
these collective effects perform synergistically to induce the emission of TPE by
restricted intramolecular rotation (RIR).
In order to verify whether the proposed RIR mechanism is true, Tang et al. have
designed a string of control experiments to modulate the intramolecular rotation both
externally and internally. Using HPS as a model AIEgen, it was found that HPS
molecules emitted more efficiently at lower temperature, in more viscous solution and
under higher pressure. The luminescence enhancement in these experiments prove that
the RIR is indeed responsible for the AIE effect of HPS.23,28,29 Besides the control of
external environment factors, restraining the intramolecular rotation internally such as
introducing sterically bulk group in the aromatic rings could also enhance the emission
of AIEgens. In addition, the RIR mechanism is also supported by theoretical
calculations and simulations of low-frequency intramolecular motion.30-33
Important work has also been performed on TPE-based AIEgens. The RIR
mechanism is studied when the intramolecular rotation is partially locked in a
controlled way by supplemental covalent bonds. 34-37 Dong and coworkers have
synthesized a TPE-2O molecule in which the phenyl ring rotors of TPE molecules are
locked with oxygen bridges (Figure 1.5A).20 The new molecule has a completely
different luminescent behavior compared to the TPE molecule. In the dilute solution,
TPE is nearly non‐emissive. However, TPE-2O emits intense blue fluorescence with a
high quantum yield (Φf = 30.1%). This is because the rotation of the benzene ring rotors
is restricted by the oxygen bridge, which effectively hinders the non-radiative decay.
The steady-state spectral data shows that the excited species of the TPE-2O molecule
in solution relax much slower (τ = 5.14 ns) than those of the TPE molecule (τ = 3.9 ns).
Interestingly, the solid-state crystal of TPE-2O has a similar fluorescence quantum yield
(Φf = 30.8%) to that of TPE-2O molecule in a dilute solution, which means that the
TPE-2O exhibits neither AIE effect nor ACQ effect. This is because the conformation
of TPE-2O is still twisted in the aggregation state, leading to that the TPE-2O molecule

40

Chapter I. Introduction
chromophore π-electrons, the interrelated C-C single bond is assigned with some
pseudo-double-bond properties. Thus, the molecular conformation becomes more rigid
and enhances the ability to resist intramolecular rotation. Even though the chromophore
may still swing a little, these highly restricted intramolecular rotations have little effect
on the non-radiative decay rate constants and will not reduce the luminescence
efficiency. The high-frequency vibration of the molecule becomes the main factor to
affect the non-radiative decay rate constant and steepen the potential energy surface of
the molecule. Thanks to the rigid conformation, the luminescent molecules have very
small overall reorganization energy, enabling them to maintain a high Φf in solution
state.
Unlike ACQ molecules, the two chromophores A' and B' of AIE molecules are noncoplanar due to steric hindrance, resulting in distorted conformation of AIE molecules
(Figure 1.6b). In this case, Ψr' > 0°. The overlap between the π‐electron clouds of
chromophore A' and chromophore B' becomes smaller, and the conjugation between
the cross-chromophore π‐electron becomes weaker. The C-C single bond of the
associated chromophore A' and B' can carry out intramolecular rotation with little
restraint. This kind of rotation requires less energy, and it can be seen from the
theoretical calculation that the low-frequency mode corresponding to the rotation has a
greater contribution to the molecular motion. Low frequency can cause shallow
potential energy surface, which means that the energy barrier of conformational change
is very small. Because θr′ can be varied over a large range (theoretically from |0|o to
|90|o), much energy of the excited state will be dissipated by intramolecular rotation,
resulting in very weak emission of AIE molecules in the solution state. According to
this graphical model, the luminescence behavior of molecules in solution can be
predicted by Ψr (planarity) and θr (rotatability), in which the conformational rigidity
plays a decisive role.5

1.1.2.2 Restriction of Intramolecular vibrations (RIV)
With the development of the research about AIE molecules, more and more AIE
systems have been designed. Nevertheless, researchers have found that some AIE
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systems cannot be explained by the RIR mechanism.24,39 For example, shell-like
luminogen of 10,10’,11,11’-tetrahydro-5,5’-bidibenzo[a,d][7]annulenylidene (THBA)
(Figure 1.7) in which the benzene rings are linked by a pair of ethylene does not have
rotors in the molecules that can dissipate energy by rotation.39 However, the
fluorescence data shows that THBA has typical AIE effect. It does not emit any
fluorescence when dissolved in good solvents, while the fluorescence intensity
increases about 110 times when the content of bad solvents increases to 90%. This
phenomenon indicates that other low-frequency motions, such as vibration, also can
cause fluorescence quenching. In order to study the cause of this phenomenon, Tang
and coworkers proposed the mechanism of restriction of intramolecular vibration (RIV),
which is also the supplement of the previous RIR mechanism.24

Figure 1.7. Chemical structure and the restriction of intramolecular vibration (RIV) of
THBA.20

Although each molecule has a variety of vibrations, such as bending, tensile, twisting
and shearing vibrations, not all of them have an AIE effect. Whether the luminescent
molecule can display AIE activity, we should also consider its conformational
flexibility and vibration amplitude. Figure 1.8 shows a graphical model in which
chromophores C and D are connected by aromatic or aliphatic rings. 5 Ψv is defined as
the dihedral angle between chromophores C and D, and θv is defined as the degree of
intramolecular vibration. In other words, Ψv is used to indicate the planarity of
conformations, and θv is used to indicate the structural rigidity of luminescent
molecules. As shown in Figure 1.8, when the chromophores C and D are coplanar (Ψv ~
180°), the integral C-D system (ACQ molecule) possesses the largest π electron
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conjugation. One example is PBAPT, the one we have mentioned in Figure 1.5. The
cross-chromophore π electron delocalization between the phenylene (chromophore C)
and the 9-methylene-9H-fluorene (chromophore D) strengthens the conformation and
inhibits intramolecular vibrations of chromophores C and D. The chromophore may
also have a small vibration (θv), but it is not enough to affect the rate constant of nonradiative decay, nor to reduce the luminous efficiency. Due to the rigidity of the
conformation, the luminescent molecules have very small overall recombination energy,
and thus have a strong luminescence in the solution. When these molecules are
aggregated, the planarity of C-D makes the chromophores arrange tightly together
through the π–π stacking interaction, resulting in the increase of the non-radiative decay
rate constant or the formation of substances (such as excimer associations and excimer
complexes) that are not conducive to radiative transitions, and ultimately quench the
luminescence.

Figure 1.8. The schematic illustration of the relationship between structural flexibility,
conformational planeness, luminous efficiency, and intramolecular motion. θv(′) is the
amplitude of veneration, and Ψv(′) is the dihedral angle between the chromogenic units
C(′) and D(′).5

Differently, if the chromophores C' and D' are tilted out of planer because of nonplanarity of linkage between two chromophores (Figure 1.8), in other words, Ψv′ < 180°.
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compound 1 has a very flexible conformation, and it can perform the boat-to-chair
conformation transition freely in dilute solution through the reversal of
cyclooctatetraene. In the crystalline state, the intramolecular inversion and vibration are
effectively limited by the tight packing between molecules, which effectively reduces
the energy dissipation of the non-radiation pathway and enhances the fluorescence. At
the same time, the crystal structure data shows that there is no intermolecular π–π
interaction in the crystal state due to the curved molecular configuration. Through the
analysis of a variety of fluorescent molecules with similar structures and fluorescence
phenomena, Tang’s group believes that RIV mechanism is the fundamental reason why
fluorescent molecules without planar structure and rotatable rotors have AIE property.

1.1.2.3 Restriction of Intramolecular motions (RIM)
As mentioned above, molecular motion involves both vibrations and rotations, which
can consume the energy of the excited state and return it to the ground state though nonradiative decay. The improvement of the RIM mechanism has two meanings: on the
one hand, if not carefully divided, RIR and RIV mechanisms can be seen as RIM
mechanism; on the other hand, RIM includes the situation that RIR and RIV
mechanisms work simultaneously.5,16,20
For example, the compound 2 in Figure 1.10A, a phenothiazine derivative, has a
noncoplanar and butterfly-like molecular conformation containing benzene rings and
benzothiadiazoles.41 It has no fluorescence in pure THF solution, but has bright red
fluorescence in THF/water mixture with the content of water more than 70 vol%,
showing obvious AIE effect. Density functional theory (DFT)-optimized ground state
conformation shows that the nucleus of phenothiazine is in a bending conformation
with oscillatory properties, while the benzene ring and benzothiadiazole have rotational
properties. Therefore, the fluorescence-free phenomena in the single molecule are
caused by two factors: (1) the vibrational motion of the nucleus of phenothiazine; (2)
the rotational motion of benzothiadiazole and phenyl rings, which promotes the nonradiative decay of the excited state energy. In the aggregated state, the molecular
vibration and rotation are effectively limited, which is conducive to the radiative decay
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are still expanding, with multidisciplinary contributions involving the fields of physics,
chemistry, biological and materials sciences.
The development of amphiphilic block copolymers is intimately related to the
progress of highly controlled living polymerization techniques. Living ionic
polymerization (including cationic,69,70, anionic,71 group transfer72) techniques are
traditional methods to synthesize well-defined block copolymers. Over the last few
decades, the advancement in controlled radical polymerization (CRP), including
nitroxide‐mediated polymerization (NMP),73,74 atom‐transfer radical polymerization
(ATRP),75 reversible addition fragmentation transfer (RAFT), 76-80 have created
tremendous opportunities for designing block copolymers of almost any structure with
unprecedented control. Compared to conventional living ionic polymerization methods,
CRP techniques have exceptional advantages: the requirements of experimental
conditions are less strict, the tolerances to conventional functional groups such as
hydroxyl groups and carboxylic groups are superior, and CRP even can be carried out
in aqueous medium. Additionally, ring‐opening metathesis polymerization (ROMP),
chain growth polycondensation, and metal‐catalyzed olefin metathesis techniques can
also be used to prepare block copolymers. Recently, supramolecular interactions such
as hydrogen bonding and metal–ligand coordination also provide a very interesting
method to prepare amphiphilic block copolymers.81 The important synthetic methods
for preparing block copolymers have been reviewed in detail recently.82-84
Click reactions are kind of modular chemical reaction with nearly complete
conversion which produce very few by products and can be carried out under mild
conditions. They can be used in the post-functionalization of block copolymers
prepared from the living polymerization.85,86 The “click” of macromolecular segments
could also be used to link different polymer chains to form block copolymers.87
In some cases, block copolymers with a certain desired composition cannot be
synthesized by only one kind of polymerization technique if the monomers used are not
the same type to undergo the same polymerization mechanism. Thus, the combination
of different polymerization techniques to polymerize different types of monomers
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sequentially has been proposed.88 For example, the combination of anionic
polymerization and ATRP,89 cationic polymerization and ATRP,90 or cationic and
anionic polymerization91 have been reported to prepare linear block copolymers. The
combination of living anionic polymerization technique with iterative branching
reactions has been reported to prepare star and dendritic block copolymers. 92
Alternatively, concepts for the coupling of polymer chain ends by chemoselective
bifunctional coupling agents to prepare block copolymers or the linkage of DNA
sequences to end-functionalized polymers to form hybrid block copolymers have also
been developed.93

1.2.2 Self-assembly of amphiphilic block copolymers in aqueous solution
The self-assembly of amphiphilic block copolymers in aqueous solution allows to
prepare nanoparticles of various structures and morphologies, which possess different
properties and functions.94 A variety of nanostructures including micelles, vesicles,
rods, lamellae, large compound micelles (LCMs), tubules, bicontinuous structures, etc.
have been obtained though the self-assembly of amphiphilic block copolymers in
aqueous solution. Overall, more than 20 morphologies have been reported. Some of
them are thermodynamically stable, while others are kinetically controlled.95 For
instance, Eisenberg and coworker have studied the self-assembly of polystyrene-bpoly(acrylic acid) (PS-b-PAA) systematically under different conditions (variation of
co-solvent, volume ratio of water/organic solvent, distribution of PS/PAA units,
polymerization degree, salt concentration, etc.).96 As shown in Figure 1.12, they
observed a series of morphologies ranging from spheres, rods, bicontinuous rods,
bilayers (lamellae and vesicles), to inverse rods and large spheres.
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Figure 1.12. Transmission electron microscopy (TEM) photographs and corresponding
schematic diagrams of various morphologies formed from amphiphilic PSm-b-PAAn
copolymers. Note: m and n are the degrees of polymerization of PS and PAA,
respectively. In the schematic diagrams, the red represents hydrophobic PS parts, while
the blue denotes hydrophilic PAA segments. HHHs: hexagonally packed hollow hoops;
LCMs: large compound micelles, in which inverse micelles are composed by a PAA
core surrounded by PS coronal chains.95

Among all these morphologies, the micelles, rods and bilayers (lamellae and vesicles)
are the three most common reported types. Micelles are generally formed through
hydrophobic effect, whereas poly-ion complex micelles are usually formed by
electrostatic interactions.97,98 Spherical micelles are widely applied in the biological
areas such as drug delivery, bioimaging, etc. due to that their hydrophobic cores could
act as ideal carriers for hydrophobic drugs, fluorescence probes, genes and proteins. 99101
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core surrounded by hydrophilic corona. They can be used as an excellent base for the
alignment of magnetic nanoparticles and have attracted a lot of interest in recent
decades.102-105
Lamellae are flat or moderately curved bilayers. However, when the energy required
for rim-capping is higher than that required for curvature, they can close up and
transform into vesicles.106 Compared with the open lamellar structure, the closed vesicle
is thermodynamically more stable. That is why it is more frequently to observe vesicles
than lamellae. The dimensions of vesicles range from nanometers to hundreds of
micrometers, depending on the chemical composition of polymer segments,
environmental factors and preparation methods.107 Compared to lipid vesicles which
are known as liposomes, vesicles prepared by amphiphilic block copolymers, which are
also known as polymersomes, are more stable and exhibit excellent mechanical
properties. The membrane thickness and membrane stiffness of polymersomes are
higher because of the higher molecular weight of block copolymers.108 Owing to the
hollow spherical structures of vesicles, they can be utilized to encapsulate active agents
like drugs in their hollow cavities (for hydrophilic agents) and in their membranes (for
hydrophobic agents) to facilitate the controlled delivery in synthetic or living systems.
Moreover, vesicles can be used as nanoreactors to control specific chemical processes
that take place in the vesicle cavities.109

1.2.3 Factors that influence the morphology of micellar nanostructures
Ideally, the formation of thermodynamically stable nanostructures (micellization) in
dilute solution can be considered as an equilibrium “reaction” between unimers and
micelles. The micellization in selective solvents only occurs when amphiphilic block
copolymers are dissolved at a temperature (T) higher than a critical one or with a
concentration (c) higher than a critical one. This critical temperature is called as critical
micellar temperature (CMT) and the critical concentration is called as critical micellar
concentration (CMC). When c < CMC or T < CMT, only free polymer chains (unimers)
can be found in the solution. Hence, the temperature and concentration of copolymers
are two important parameters for the self-assembly process. However, besides these
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two parameters, there are a lot of other parameters and conditions that influence the
self-assembly of amphiphilic block copolymers in aqueous solution, especially because
of the chemical complexity, the long chain nature and the viscoelastic characteristics of
polymers.
In theory, the formation of thermodynamically stable micelles with specific
morphology from amphiphilic block copolymers is governed by the free energy of the
system, which relies on three contributions: i) the degree of stretching of the coreforming blocks, ii) the interfacial tension between the micellar core and corona, and iii)
the repulsive interactions among corona-forming chains.110 Therefore, the
morphologies can be controlled by tuning factors which affect any of these three
contributions. In addition, kinetic effects, such as the rate of water addition during the
self-assembly process by nanoprecipitation (see below for the self-assembly
techniques), can also have an influence on the micellar morphologies.
Generally, the factors can be classified into two categories: i) the nature of the
constituted amphiphilic block copolymers, such as molecular weight, polydispersity
index (PDI), and chemical composition; ii) external conditions, including the presence
of additives such as ions or homopolymers; the temperature; the nature of the solvent;
the ratio of water/organic solvent contents and the rate of water addition in the case
where an organic solvent is used to assist the self-assembling process; the duration of
the self-assembling process when film hydration method is used, etc.95 The following
part will discuss briefly these factors.

1.2.3.1 Nature of the constituted amphiphilic block copolymers
In aqueous solution, the relative dimensions of hydrophilic and hydrophobic domains
in copolymers determine the inherent molecular curvature, which directly influences
the packing of copolymer chains within the aggregates. The geometrical packing
parameters112 developed for small-molecule amphiphiles can also be used to explain
empirically the micellar morphologies of block copolymers. A dimensionless packing
parameter, p, is defined as:
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𝑝=

𝑣

𝑎0 𝑙𝑐

where a0 is the optimal surface area of the hydrophilic head group, v is the volume of
the hydrophobic chain, lc is the length of the hydrophobic tail (Figure 1.13).111 The
packing parameter represents the ratio between the volume of the hydrophobic segment
and the optimal cross-sectional area of the hydrophilic head times the hydrophobic tail
length. It allows the prediction of aggregate morphology. Typically, spherical micelles
are formed when p ≤ 1/3; cylindrical micelles are favored when 1/3 < p ≤ 1/2; vesicles
(or bilayers) are generated when 1/2 ≤ p ≤ 1,99, 112,113 (Figure 1.13).

Figure 1.13. Various thermodynamically preferred aggregate morphologies formed by
amphiphilic block copolymers in a selective solvent which can be estimated by the
dimensionless packing parameter.113

It is noteworthy that this geometric method predicts the aggregate morphology only
when the aggregate is in the equilibrium state, considering the aggregates formed by
amphiphilic molecules are usually under rapid exchange between aggregation (micelle)
and molecular dissolution (unimers) states. However, many self-assemblies are also
formed under kinetic control. Therefore, the geometrical theory is not useful to explain
the formation of many far-from-equilibrium micelle morphologies by amphiphilic
block copolymers. In fact, the major use of this theory is for qualitative prediction as
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structural rearrangement or the transformation from one morphology to another. Clearly,
the rate of kinetically controlled aggregate formation is dependent on the hydrodynamic
interactions among the formed aggregates and/or polymer chains, as well as the
dynamics of hydrophobic chains in the aggregate cores. In practice, it depends on the
experimental procedures of self-assembly. If the aggregates become kinetically frozen
at high water contents, thermodynamic equilibrium cannot be reachable over the
experimental scale. Thus, the morphologies of the obtained self-assemblies will be only
the transitional morphologies but frozen eventually.122

1.2.4 Preparation methods of polymersomes
As this thesis is focused on polymersomes, we will only discuss the self-assembling
techniques for polymersome preparation. Various strategies have been developed for
polymersome preparation. Typically, most of these strategies can be classified into two
categories: solvent displacement strategy (also called co-solvent technique) and organic
solvent free strategy (Table 1.1). The choice of preparation method is dependent on the
copolymer properties such as molecular weight, solubility, chain flexibility,
crystallization ability, etc.

1.2.4.1 Organic solvent free strategy
In this strategy the amphiphilic copolymer in dry state is directly dissolved in the
aqueous solution to be hydrated to yield polymersomes. 116 The driving force of
polymersome formation is the concentration gradient of the diffusion block copolymer
molecules in the aqueous solution and the concentration gradient of the diffusion water
molecules in the block copolymer. To achieve this, the flexibility of polymer chains is
necessary. However, the concentration gradient almost decreases with time linearly
during the hydration process. Consequently, the polymers may not have sufficient time
for complete separation.141 So, the external energy source is usually required to
maintain inter-diffusion. As to the application, the major drawback of hydration
methods is the difficulty in encapsulating water-soluble molecules.142 We introduce four
representative methods based on organic solvent free strategy in the following.
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Table 1.1. Preparation methods of polymersomes.
Methods
Thin-film
hydration
Solid hydration

Type
Solvent free
Solvent free

Size
SUV, GUV,
MLV
SUV, MLV

Polydispersity

Ref
107,115-

Large
Large

117
118,119
115,120-

Electroformation
Gel-assistant
hydration
Nanoprecipitation

Solvent injection

Solvent free

GUV

Low

Solvent free

GUV

Low

122-125

SUV

Large

126-128

SUV

Large

129-131

GUV

Large

132-135

GUV

Low

136-138

SUV, GUV

Low

139,140

Solvent
displacement
Solvent
displacement

Emulsion-solvent

Solvent

evaporation

displacement

Invert emulsion

Microfluidics

Solvent
displacement
Solvent
displacement

122

SUV/GUV: small/giant unilamellar vesicles; MLV: multilamellar vesicles.

I.

Thin-film hydration (Figure 1.15A): Thin-film hydration method is widely used
to prepare liposomes and then adapted to produce polymersomes. As shown in
Figure 1.15A, the amphiphilic block copolymer is firstly well dissolved in
appropriate volatile organic solvent (such as chloroform) followed by
deposition on the surface of vial143 or roughened Teflon144. The thin polymer
film will be formed on the glass or Teflon surface after the evaporation of
organic solvents. Aqueous solution is then added to the dry film to hydrate it
and to yield vesicles. This method can be applied to the preparation of
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for the preparation of polymersomes by Discher et al. in 1999 on Pt wires120. Up to
now, this method has been used to prepare a variety of polymersomes and extended
to ITO (indium titanium oxide) glasses.115,146-148 The classical procedure is as
follows: Firstly, a thin film of amphiphiles is deposited on electrodes (Pt or ITO
glass). Then aqueous solution is added, and an alternating current is applied to
facilitate the swelling and release of polymer vesicles. The electric current is thought
to cause fluctuation in the polymer film and interlayer repulsion, leading to
detachment from the electrodes.
IV.

Gel-assisted hydration method: In this method, poly(vinyl alcohol) (PVA) or
agarose uniform aqueous solution is firstly coated on a glass surface. After drying to
form a thin gel layer, the polymer film is deposited on the gel surface.122-125,146 The
driving force of rehydration is the swelling of the hydrogel when aqueous solution
is added to the system. This method has only been described more recently
(2009)125 and has been gaining popularity. Moreover, it only needs readily available
equipment (such as coverslip). However, PVA or agarose could also be embedded
in the vesicular membrane, which may influence its properties and behavior.

1.2.4.2 Solvent displacement strategy
In this strategy, the amphiphilic block copolymers are dissolved in a small amount of
organic solvents at first and then mixed with water. The organic co-solvent is further
removed by appropriate techniques. This method has been widely used in the
preparation of polymersomes because most amphiphilic block copolymers have bad
solubility in water and some polymers are crystalline or glassy at room temperature.
The organic solvent can play the role of plasticizer in the self-assembly process.150
However, the organic solvent cannot be removed completely in some circumstances,
which may restrain their application in biological field. In addition, the residual organic
solvent can increase the fluidity of polymer vesicle membranes and cause the instability
of vesicle structures.151 Five typical preparation methods of polymersomes based on
solvent displacement strategy will be described in the following.
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I.

Nanoprecipitation method: In this method, the amphiphilic polymers are firstly
dissolved in a water-miscible organic solvent (THF, Dioxane, DMF, etc.) which
is good solvent for both hydrophilic and hydrophobic segments. Then an
aqueous buffer is slowly added with appropriate speed under moderate stirring.
The hydrophobic chains tend to aggregate in a gradual polar environment to
form hydrophobic membranes of vesicles. At the same time, hydrophilic chains
tend to form the inner and outer surfaces of vesicles because they are watersoluble, thus maintaining the stability of vesicles. It should be noted that the
ratio of organic solvent to water will severely affect the morphology and the
permeability of the vesicle membrane. The vesicle morphologies may change
with solvent displacement during the self-assembling process. At the end,
dialysis is usually applied to remove organic solvent. Nanoprecipitation method
is generally time-consuming.

II.

Solvent injection method: In this method, the amphiphilic block copolymer is
firstly dissolved in a suitable organic solvent or solvent mixture. The organic
phase is subsequently injected into a large amount of aqueous buffer under
vigorous stirring. This operation results in the aggregation of hydrophobic block
and triggered the formation of polymer vesicles.131

III.

Emulsion-assisted methods
III.1 Double-emulsion - solvent evaporation method: The method of doubleemulsion w/o/w (water in oil in water, oil represents a water-immiscible organic
solvent in general), followed by solvent evaporation (Figure 1.16), is a very
effective method to load hydrophilic drugs especially proteins and peptides into
polymersomes and thus has been widely used.132-135
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Figure 1.16. Scheme representation of double-emulsion - solvent evaporation
method.135

III.2 Inverted emulsion method: This method is also called as centrifugationinduced method and firstly developed by Weitz’s group in 2002 to prepare
unilamellar liposomes.152 Later, it was successfully used to prepare giant
polymersomes firstly by our group136 and then by others.137,138 The typical
procedure consists of three steps. Firstly, water/oil emulsion is prepared in
which the polymers are dissolved in the organic solvent (oil phase) beforehand,
as shown in Figure 1.17-1. The dispersed water phase I is usually a sucrose
solution which serves as the internal buffer of polymersomes. The organic
solvent of the continuous oil phase such as toluene is usually less volatile and
less heavy than the aqueous phase. Secondly, the same oil phase is gently poured
over another aqueous solution (water phase II), as shown in Figure 1.17-2. Water
phase II is usually glucose solution which has the same osmatic pressure as
water phase I but lower density. Finally, the emulsion prepared in the first step
is slowly poured into the oil phase in the second step. Then the mixture is
immediately centrifuged for a few minutes. Giant polymersomes are thus
formed by accelerated sedimentation of the inverted emulsion droplets through
the oil-external buffer interface with the help of centrifugation.
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The copolymer is dissolved in a mixture of toluene and chloroform with a
volume ratio of 2:1, which is used as the middle phase (dark blue liquid, Figure
1.18). Then this middle oil stream containing the inner drops is flow-focused by
the outer continuous water phase (dark blue liquid, Figure 1.18) and breaks up
into water-oil-water double emulsion drops. The polymersomes are then formed
by evaporation of the organic solvent from the middle oil phase in the double
emulsion drops, as shown in Figure 1.19.

Figure 1.18. Schematic illustration of the microcapillary geometry to generate double
emulsions for the preparation of polymersomes. Inner phase: fluorescence dyecontaining aqueous solution; middle phase: amphiphilic copolymer solution in highly
volatile organic solvent; outer phase: aqueous solution. The typical inner diameters
range from 10 to 50 μm for the injection tube and from 40 to 100 μm for the collection
tube.139

Figure 1.19. Schematic representation that describes how water-oil-water double
emulsion droplets (A) are subjected to evaporation of the middle fluid solvent (B) to
yield vesicles (C).164

1.2.5 Formation mechanisms of polymersomes
Firstly, the formation mechanism of polymersomes is method dependent. When
emulsion-assisted methods are used, the formation of polymersomes have been
explained in Figures 1.16 – 1.19.
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Here we will discuss the cases when other methods are used, including film hydration
without organic solvent and nanoprecipitation or others with organic solvent. Generally,
polymersomes are formed in two steps: polymer chains aggregate into a bilayer
membrane; membranes curl and close to form hollow structures. 114 However,
theoretical calculations show that the formation process of some polymer vesicles is far
more complex than the above two steps. Based on these theoretical simulations, the
formation process of polymersomes can be categorized into two different mechanisms,
as depicted in Figure 1.20. For Mechanism I, the homogenous amphiphilic block
copolymers chains quickly self-assemble into spherical micelles, which could further
transform into cylindrical micelles or/and disk-like micelles slowly. Then, the large
disk-like micelles slowly close to form vesicles. As to the Mechanisms II, the first step
is similar to the mechanism I in which small spherical micelles are also formed rapidly.
But subsequently these small spherical micelles will grow into large micelles which are
energetically unfavorable and, hence, the solvents would diffuse into them to lower
energy to form vesicles.

Figure 1.20. A Schematic representation of two most probable formation mechanisms
of polymersomes.165

In 2004, Du and Chen experimentally captured a vesicle formation process by
gradually increasing the fraction of bad solvent in the mixed solvent. They found that
the polymersome formation mechanism was similar to Mechanism I.166 As shown in
Figure 1.21, they firstly dissolved amphiphilic poly(ethylene oxide)-b-poly(3(trimethoxysilyl) propyl methacrylate) (PEO-b-PTMSPMA) block copolymers in
methanol and then gradually added water to the solution. Initially, the self-assemblies
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were mainly spherical micelles with a small number of rod-like micelles (Figure 1.21A).
Afterward, lamellae with protruding rod-like morphologies were formed and vesicles
began to appear at the same time (Figure 1.21B). With further increasing water content
the vesicle structure began to coexist with the lamellae structure, and vesicles were
observed exclusively when water content was over than 50% (Figure 1.21E,F).167

Figure 1.21. TEM images of self-assemblies from PEO45-b-PTMSPMA42 at different
water fraction (fw) in the water-methanol mixture: (A) spheres, coexisted with few rods,
fw = 31.3 wt%; (B) lamellae with protruding rods and a few vesicles, fw = 33.6 wt%; (C)
vesicles and lamellae, fw = 38.7 wt%; (D) vesicles, fw = 48.7 wt%; (E) vesicles, fw =
55.8 wt%; (F) vesicles in (E) stained with uranyl acetate. 167

Mechanisms I can explain the simple vesicle formation process, but cannot fully
explain the formation of complex vesicles such as giant compound vesicles, multi-layer
vesicles, etc. In 2006, He and Schmid simulated the dynamics of vesicle formation
using external potential dynamics, and they proposed that there was another pathway
in the formation process of vesicle,168 which was similar to Mechanism II. This proposal
was supported by the vesicle encapsulation experiments of Adams and coworkers. 169
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Additionally, Adams proposed that the vesicle loading efficiency of hydrophilic
molecules can be different depending on different vesicle formation mechanism. 169 This
is because polymersomes formed by Mechanism I can trap hydrophilic molecules
during the closing of disk-like micelles. However, few hydrophilic molecules can
permeate through the polymer bilayer to be capsulated into the hollow hydrophilic core
of polymersomes formed by Mechanism II.

1.3 Polymersomes with aggregation-induced emission (AIE) property
AIE and polymersomes are two hot research topics. The combination of them to
develop polymersomes with AIE property (AIE polymersomes) will be more interesting
since these functional polymer vesicles could be used as novel drug carriers and/or
bioprobes in biomedical areas without the frustrating ACQ problem that has troubled
researchers for a long time. However, as far as we know, there are just a few reports
about AIE polymersomes. Therefore, we focus on the development and characterization
of novel AIE polymersomes in the present thesis work. In the following part we will
briefly discuss the reported AIE polymersomes in the literature.
AIE Polymersomes are generally obtained by the self-assembly of amphiphilic
polymers containing AIEgens in the structures of polymers. The AIEgens, such as TPE,
HPS and 9,10-distyrylanthracene (DSA), could be introduced into different positions
of the polymer chains, including the main chains and side chains. The formed functional
AIE polymers could self-assemble into AIE polymersomes.

1.3.1 AIE polymersomes made of amphiphilic polymers with AIEgens in the mainchain
In this case, the AIE fluorogens are introduced in the main chain of the polymer. For
example, Tang and coworkers have reported novel luminescent AIE polymersomes by
the self-assembly of AIE-active polytriazole P(TPE–alanine).170 The linear polymer
P(TPE–alanine) with a backbone of TPE and alanine was synthesized by click
polymerization of TPE-type diazide and alanine-containing diyne with a high yield of
83.0% and a molecular weight (Mn) and polydispersity index (PDI) of 8330 Da and
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1.32, respectively (Figure 1.22a). The obtained main-chain AIE polymer P(TPE–
alanine) was amphiphilic in which the amide groups on the side chains and triazole
groups on the main chain acted as the hydrophilic part. While the TPE and benzene
groups on the backbone and the ester groups on the side chains are extremely
hydrophobic. The authors found that the AIE polymer P(TPE–alanine) could selfassemble into polymersomes in the THF/water mixture at a water fraction of 50% by
using the nanoprecipitation method. When the water content increased to 60%, the
polymersomes tended to fuse to form fibrillar structures (Figure 1.22b). Notably, the
P(TPE–alanine) emitted weak fluorescence at 463 nm in THF solution. This is because
the intramolecular rotation of the TPE moieties was restricted to some extent when they
were incorporated and fixed in the main chain of the AIE polymer. In the vesicles, the
free rotation of the hydrophobic TPE groups in the membrane is greatly blocked,
leading to the high fluorescent emission intensity of the polymersomes.
Another strategy for the fabrication of AIE polymersomes by main-chain AIE
polymers is based on the host-guest chemistry. For example, Bu and coworkers have
designed and synthesized a crown ether functionalized poly(tetraphenylethene) (APTPE) via the Sonogashira cross-coupling reaction of dibenzo-24-crown-8 (DB24C8)substituted 1,4-diiodobenzene and 1,2-bis(4-ethynylphenyl)-1,2-diphenylethene as
shown in Figure 1.23.171 Upon treatment of the solution of AP-TPE and C12-2 (neutral
guest molecules) successively with acid and base, spherical polymersomes with AIE
property were obtained. Specifically, after treating the initial solution of AP-TPE and
C12-2 with 2.0 equivalent of HCl (referred to the monomer concentration), the diameter
(Dh) of aggregates increased from 338 nm to 492 nm due to the interaction between
DB24C8 moieties in the polymer and DBA group from the guest molecules C12-2.
Interestingly, the Dh of aggregates did not return to the original value after treating with
NaOH but grew to 631 nm. After second acid-base cycle, the aggregates of micelles
tranformed to polymersomes with diameters ranging from 400 to 600 nm. The diameter
of polymersomes further increased (500 to 700 nm) after third acid-base cycle. The
authors proposed that, after second acid-base cycle, the interaction between DB24C8
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and DBA along with the salting-out effect (acid-base reaction generated NaCl) modified
the solvophilic–solvophobic effect. And the system reached a new balance, leading to
the formation of highly ordered vesicles. In fact, AP-TPE in pure THF exhibited a weak
fluorescence, which was consistent with the phenomenon reported by Tang et al. Strong
fluorescence was induced after aggregation. Interestingly, due to salting-out effect,
stepwise enhanced fluorescence was found when the system was treated with acid-base
cycles.

(a)

(b)

Figure 1.22. (a) Synthetic scheme of P(TPE–alanine) by click polymerization. (b)
Schematic representation of the self-assembly and morphology transition processes of
P(TPE–alanine) in the THF/water mixture at different concentrations and water
fractions.170
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Figure 1.23. (a) Synthetic scheme of AP-TPE; (b) chemical structures of the guest
molecules, C12-1H•X and C12-2H•X, X = Cl and PF6.171

1.3.2 AIE polymersomes made of amphiphilic polymers with AIEgens in the sidechain
In this case, the AIE fluorogens are introduced as side groups in the polymer. For
example, Wu et al. have connected TPE fluorophores to the side chains of tadpoleshaped polymer with the schiff base bond to obtain the amphiphilic AIE polymer,
PEGn-POSS-(TPE)7

(PEG:

polyethylene

glycol;

POSS:

polyoctahedral

silsesquioxane).172 As shown in Figure 1.24, the PEG chain in the polymer served as
the hydrophilic moiety, and TPE along with the rigid cage-shaped POSS units acted as
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vesicles were formed. The TEM images suggested that only poly(M1)300-b-poly(M2)10
could self-assemble into AIE polymersomes with strong fluorescence.

Figure 1.25. Synthetic scheme of amphiphilic AIE diblock copolymer poly(M1)-bpoly(M2) by ROMP.173

Recently, Yuan et al. have reported a series of amphiphilic side-chain AIE block
copolymers,
methacrylate);

PDMA-b-P(BzMA-TPE)
P(BzMA-TPE):

[PDMA:

poly[benzyl

poly(N,N-dimethylaminoethyl

methacrylate-co-1-ethenyl-4-(1,2,2-

triphenylethenyl)benzene]], in which PDMA was the hydrophilic part and P(BzMATPE) was a hydrophobic random copolymer with numerous pendant TPE groups.174
Self-assemblies with controlled nanostructures and morphologies including
polymersomes were prepared via polymerization-induced self-assembly (PISA) of
BzMA and TPE-based vinyl monomers in the presence of PDMA-based macro chain
transfer agents (Figure 1.26). The authors found that the fluorescence intensity and
fluorescent quantum yield increased in the order of vesicles > wormlike micelles >
spherical micelles. For spherical micelles and polymersomes, the AIE effect
strengthened with the increase of micellar size and membrane thickness, respectively.
Since the AIE effect indicated the packing compactness of the AIEgens, the discovered
structure-correlated emission phenomena could be attributed to the stress variation of
copolymer chains in the aggregates. Thus, this study demonstrated the possibility of
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AIEgen as an effective probe for the investigation and understanding of nanostructures
and evolution process of polymer-based self-assemblies.

Figure 1.26. Schematic representation of the preparation of self-assemblies with AIE
property by PISA.174
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2.1 Introduction
2.1.1 General introduction of CO2 responsive polymers
Stimuli responsive polymers are a class of polymers that can be responsive to a
variety of external stimuli including pH, temperature, light, electrical or magnetic fields,
chemicals and so on.1-3 The responsiveness is displayed by changing the physical and/or
chemical properties of polymers, such as changes of color, shape, transparency,
solubility in specific solvent, conductivity or the molecular structures.3 Generally, slight
changes in the external environment are sufficient to induce large obvious changes of
the polymers. Due to the special sensitivity to various triggers, they are also called
smart/intelligent polymers. Over the years, numerous multidisciplinary efforts have
been conducted on the design and development of stimuli responsive polymers with
special functionalities, which have shown significant applications in many fields like
nanomaterials and biomedicine for the fabrication of sensors or biosensors, controlled
drug and gene delivery, environmental monitoring, chemo-mechanical actuators and so
on.4-8
Among the various stimuli or triggers that can induce the corresponding response of
stimuli responsive polymers, CO2 has drawn tremendous interest in recent years
because it is a non-toxic, benign, inexpensive and abundant gas with good
biocompatibility and cell membrane permeability. 9-11 Moreover, it is facile to realize
many switching cycles without the production of any side product using CO2 as a trigger.
Removing CO2 to recover the original group or structure is also simple, which is
achieved by the purging of inert gases like argon (Ar) or nitrogen (N 2) into the system
or heat treatment.10 In addition, CO2 is a kind of notorious greenhouse gas that results
in the serious global warming problem.12 How to utilize or capture CO2 in the air has
become an important issue to alleviate the greenhouse effect, which inspires researchers
to pay more attention on CO2 related scientific fields like the development of CO 2
responsive or CO2 capture polymers.
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Due to the interesting properties of CO2 as a trigger, CO2 responsive polymers with
all kinds of applications such as latexes, gels, separation, encapsulation, CO 2 capturing
and monitoring, CO2 switchable vesicles and CO2 switchable worm like micelles have
been reported.9 The number of publications on CO2 switchable or CO2 responsive
materials has increased rapidly during the last few years (Figure 2.1).9

Figure 2.1. Number of annual publications on CO2 responsive polymers in the past
decade.9

The CO2 responsive polymers usually contain abundant CO2 responsive groups on
each repeating unit along the polymer chain. The common CO2 responsive functional
groups are tertiary amine, amidine, guanidine, imidazole and carboxylic acid (Figure
2.2) that can switch from neutral to cationic, anionic or carbamate salts in the presence
of CO2.9 Among them, bulky primary amines, bulky secondary amines, tertiary amines,
amidines and guanidines switch from neutral to cationic in the aqueous solution when
treated with CO2. While carboxylic acid groups switch from neutral to anionic in the
presence of CO2 in water. Other CO2 responsive functional groups, such as amines
having N-H bonds in the structure but no bulky groups adjacent to the nitrogen, switch
from neutral to carbamate salts when treated with CO2.9
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Figure 2.2. Molecular structures of common CO2 responsive functional groups.

For the synthesis of CO2 responsive polymers, the most direct method is the
polymerization of small-molecule monomers bearing CO2 responsive functional groups
as mentioned above. The advancement of polymer synthetic strategies makes it
available to prepare various CO2 responsive homopolymers or copolymers with defined
molecular structures and precisely controlled molecular weights. As far as we know,
the main synthetic strategies include: the controlled radical polymerization (CRP)
techniques including ATRP (atom transfer racial polymerization), RAFT (reversible
addition-fragmentation chain transfer) and NMP (nitroxide-mediated polymerization),
cationic or anionic polymerization and ring opening polymerization (ROP).
The common monomers used for the synthesis of CO2 responsive polymers are
shown in Table 2.1.9 To compare the basicity of these tertiary amine-containing
monomers, the dissociation constant (pKaH) of their conjugate acids were measured; a
larger pKaH indicates a stronger base.13 DEAEMA (2-(diethylamino)ethyl methacrylate)
and DMAEMA (2-(dimethylamino)ethyl methacrylate) are the two kinds of most
extensively studied CO2 responsive monomers, which have also been used in the
synthesis of pH-responsive polymers.14
The tertiary amine structure in DEAEMA is more hydrophobic in its neutral form but
become more hydrophilic when it is protonated by carbonic acid which is produced by
the reaction of CO2 and water. The protonation and deprotonation steps are reversible
by addition and removal of CO2 (Figure 2.3). Generally, radical polymerization of
DEAEMA can produce PDEAEMA containing pendant tertiary amine structures. As a
result, the whole PDEAEMA polymer exhibits good CO2 responsiveness. In addition,
the pKaH values of DEAEMA and the corresponding homopolymer PDEAEMA
(poly(2-(diethylamino)ethyl methacrylate)) are 8.8 and 7.5, respectively.20
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Table 2.1. Name, molecular structure and related references of common monomers
used for the synthesis of CO2 responsive polymers.9
pKaH

pKaH

(monomer)

(homopolymer)

DEAEMA

8.8

7.5

15-17

DMAEMA

8.3

7.4

18,19

DMAPMA

9.1

8.4

20

DMAPMAm

9.2

8.8

20

MA

—

—

21

Name
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Figure 2.3. CO2 responsiveness of DEAEMA.

DMAEMA is another CO2 responsive monomer with pKaH values of 8.3 and 7.4 for
the monomer and homopolymer, respectively.20 Despite the similar chemical structures
of DEAEMA and DMAEMA, they have very different properties like water-solubility.
DEAEMA and PDEAEMA are hydrophobic, while DMAEMA and PDMAEMA are
hydrophilic. The protonated DEAEMA and PDEAEMA after CO2 treatment are
hydrophilic, which is very interesting for the self-assembly study of PDEAEMA
containing block copolymers since the reversible changing of water-solubility of
PDEAEMA block can lead to interesting variations of the properties of self-assemblies,
such as morphology, aggregation mode, conductivity, fluorescence property and so on.
Therefore, the study of the synthesis and self-assembly of CO2 responsive PDEAEMA
containing block copolymers have received much attention.
In this chapter, we focus on the synthesis and self-assembly of amphiphilic block
copolymers with a hydrophobic block consisting of PDEAEMA and PTPEMA
(TPEMA: tetraphenylethene functionalized methacrylate) containing AIEgens (AIE:
aggregation-induced emission) as side chains, which are CO2 responsive and can selfassemble into CO2 responsive polymersomes with AIE property. The following part
will introduce the synthesis and self-assembly of several typical CO2 responsive block
copolymers with a particular attention on PDEAEMA containing block copolymers and
CO2 responsive polymersomes. In addition, the RAFT polymerization technique will
also be introduced briefly as our block copolymers are prepared by this technique.
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In their later work, Yuan and coworkers found that these CO2 responsive
polymersomes could be used as miniature separators since the size of the obtained
polymersomes could be tuned readily (Figure 2.5). 23 By controlling the time of CO2
treatment, the growth of polymersomes could be tuned easily as well as the membrane
permeability. Based on this strategy, the authors realized the hierarchical cargo release
and selective separation of guest molecules. In addition, these CO2 responsive
polymersomes were found to be able to divide different enzymatic catalytic reactions
by simply controlling the CO2 treatment levels.

Figure 2.5. Schematic representation of the polymersomes acting as size-selective
nanoseparators modulated by CO2 treatment levels.23

Feng and coworkers have prepared two kinds of CO2 responsive PDEAEMA
containing block copolymers, PEO-b-(PDEAEMA-r-PS) with random structure
(polymer Pr) and PEO-b-PDEAEMA-b-PS with triblock structure (polymer Pb) by
RAFT polymerization using a PEO based macroRAFT agent (Figure 2.6).24 They found
that both the two block copolymers could self-assemble into vesicles in aqueous
solution. After CO2 stimulation, the vesicles of polymer Pr transformed into spherical
micelles, whereas those of polymer Pr exhibited only expansion of vesicles without
significant morphological change (Figure 2.6). The authors thought that the restricted
hydration (degree of protonation was 35%) of the CO2 responsive tertiary amine groups
caused by the hindrance effect of adjacent styrene groups in polymer Pr should be
responsible for the morphological transformation of the polymersomes obtained by
self-assembly of Pr. This random strategy might offer a new method to design and
perform precise morphological manipulation, which had potential application in
biotherapy considering the good biocompatibility and membrane permeability of CO2.
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Figure 2.6. CO2 responsive block copolymers with random structure (top, Pr) or
triblock structure (bottom, Pb), and schematic illustration of the different degree of
protonation as well as morphological change upon CO2 stimulation (middle).24

Zhu and coworkers have reported novel dual gas-responsive polymer nanoaggregates
through the self-assembly of a CO2- and O2- responsive diblock copolymer O2K-FN
(Figure 2.7).25 The diblock copolymer comprised of a hydrophilic PEG (poly(ethylene
glycol)) shell and hydrophobic poly(DEAEMA-co-FMA) (FMA: 2,2,2-trifluoroethyl
methacrylate) random copolymer core was prepared via ATRP of DEAEMA and FMA
monomers using poly(ethylene glycol) methyl ether 2-bromoisobutyrate (PEG-Br) as
the macroinitiator (Figure 2.7). FMA was an O2-responsive monomer and DEAEMA
was a CO2-responsive monomer. The authors found that the amphiphilic copolymer
could self-assemble into polymersomes in water. CO2 treatment led to the vesicular
morphology transformation into spherical micelles with smaller size to accommodate
the increased interfacial free energy. While O2 treatment led to the expansion of the
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polymersomes due to the intermolecular interaction between FMA moieties and O2 that
slightly improved water solubility of the hydrophobic block. This kind of gasresponsive polymer design expanded the scope in developing stimuli-responsive
materials and processes.

Figure 2.7. Synthetic routes of the CO2- and O2-responsive diblock copolymer O2K-FN,
and schematic representation of the CO2- and O2-driven self-assembly and shape
transformation behavior of the vesicles.25

Yuan

and

coworkers

have

prepared

a

diblock

copolymer

poly[(N,N-

diethylaminoethyl methacrylate)-b-(N-isopropylacrylamide)] (PDEAEMA-b-PNIPAM)
with dual CO2 and temperature responsiveness by two steps of RAFT polymerization
(Figure 2.8).26 PDEAEMA was hydrophobic in neutral form and hydrophilic in its
protonated form, while PNIPAM was hydrophobic above its LCST (lower critical
solution temperature) and hydrophilic below its LCST. The authors found that the
diblock copolymers could self-assemble into polymersomes in aqueous solution. By
applying the stimuli of temperature and/or CO2, the block copolymers self-assembled
into spherical micelles, vesicles or unimers depending on the ratio between hydrophilic
and hydrophobic blocks. It was the first example of a “schizophrenic” diblock
copolymer capable of “micelle-to-unimer-to-vesicle” morphological transition in
aqueous solution by applying CO2 and temperature triggers. Since the LCST of the
PNIPAM block was close to the body temperature and CO2 was a biocompatible trigger,
the PDEAEMA-b-PNIPAM block copolymer might have potential applications in
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biomedical field.

Figure 2.8. Schematic representation of the “schizophrenic” aggregation behavior for
the diblock copolymer PDEAEMA-b-PNIPAM controlled by CO2 and temperature.26

2.1.3 RAFT polymerization technique
Reversible addition-fragmentation chain transfer (RAFT) polymerization is one of
the several kinds of reversible deactivation radical polymerization (RDRP) techniques,
also known as living / controlled radical polymerizations–process that have the similar
feature to living polymerization while benefiting from the versatile radical process.27,28
Since its discovery by Graeme Moad, Ezio Rizzardo, and San H. Thang in the
Commonwealth Scientific and Industrial Research Organisation (CSIRO) of Australia
in 1998,29 RAFT has grown into one of the most powerful and versatile polymerization
techniques for the synthesis of various complex polymer architectures including linear
block copolymers, star polymers, graft polymers, gradient polymers, dendrimers et al.
Meanwhile, the polymers prepared by RAFT exhibit predictable molecular weight,
narrow polydispersity index (PDI), high end-group fidelity and capacity for continued
chain growth.
94

Chapter II. CO2 and pH responsive AIE polymersomes
In traditional radical polymerization, polymer chains are initiated by radicals
(produced from an initiator) adding to monomer. Chain propagation involves the
sequential addition of monomers to the radical end. Chain termination occurs when the
propagating chain radicals self-react by combination or disproportionation. With such
a chain propagation mechanism, the produced chain lengths are not controlled, and the
breadth of the molecular weight distribution and polydispersity is governed by
statistical factors. Therefore, the PDIs of the obtained polymers are usually high (> 1.5,
Figure 2.9).30

Figure 2.9. Comparison of polymers prepared by traditional radical polymerization
against those prepared by RAFT process.

While in living / controlled radical polymerization like RAFT, all chains are initiated
in the beginning, grow with the same rate, and survive the polymerization (no
termination). The presence of reagents that react with the propagating chain radicals by
reversible deactivation or reversible chain transfer ensures that the majority of polymer
chains are maintained in a dormant form. Rapid equilibration between the active and
dormant species makes it available that all chains grow with an equal chance and rate,
albeit intermittently. As a result, the molecular weight increases linearly with the
monomer conversion and the PDI can be very narrow (≈ 1.1, Figure 2.9).30

2.1.3.1 Mechanism of RAFT polymerization
RAFT is a type of living polymerization which involves a conventional radical
polymerization mediated by a RAFT agent. The mediation process is based on an
equilibrium between active and dormant chains. For the detailed mechanism of RAFT
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polymerization, there are a number of steps included: initiation, propagation, preequilibrium, re-initiation, main equilibrium and termination, as depicted in Figure
2.10.30

Figure 2.10. Proposed mechanism of RAFT polymerization.

In the first step, the initiator like 2,2’-Azobis(isobutyronitrile) (AIBN) decomposes
to produce two fragments (I•) which react with a monomer molecule to yield a
propagating polymeric radical with a monomer unit of 1, denoted as P 1•. Secondly,
propagating polymeric chains with length n in their radical form, Pn•, react with a
monomer molecule to form longer propagating radical chains, Pn+1•. Thirdly, the
polymeric radical with n monomer units (Pn•) reacts with the RAFT agent (chain
transfer agent, CTA) to form a RAFT adduct radical. This radical may undergo two
kinds of different fragmentation reactions to yield either the starting radical species (Pn•)
or a macroRAFT agent (S=C(Z)S-Pn) and a radical (R•). The reactions are reversible in
which the intermediate RAFT adduct radical loses either the R group or the polymeric
species (Pn•).
In the fourth step, the leaving radical group (R•) reacts with another monomer
molecule to produce new active polymer chain. The next step, main RAFT equilibrium
step, is the most important step in the RAFT process. Similar to the pre-equilibrium
step, it involves the rapid and reversible production and fragmentation of intermediate
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RAFT adduct radicals so that the present radicals could be “shared” among all the
radical species that have not yet undergone termination (Figure 2.10). Moreover, the
rate of addition/fragmentation equilibrium is faster than that of the propagation, so there
should be less than one monomer unit added in each activation cycle and all chains have
equal opportunities to react with one monomer molecule. Therefore, in the given time
all polymer chains will have a similar degree of polymerization (DP) and the PDI is
narrow. In the last step, radical chains perform the bi-radical termination to form
polymer chains that cannot react further, known as dead polymers. Ideally, the
intermediate RAFT adduct radical is sufficiently hindered so that it does not undergo
the termination reactions.

2.1.3.2 Monomer class and RAFT agent
RAFT polymerization is well-known for its ability to polymerize a wide range of
vinyl monomers compared to other controlled radical polymerizations like ATRP or
NMP. These monomers can be divided into two families according to the difference of
their reactivity.28 One is “more activated” monomers (MAMs) in which the vinyl group
is conjugated to an aromatic ring (styrene and vinylpyridine for instance), a carbonyl
group (e.g., acrylates and methacrylates, acrylamides and methacrylamides, maleic
anhydride, maleimide), a double bond (e.g., isoprene, butadiene), or a nitrile (e.g.,
acrylonitrile). Another is “less activated” monomers (LAMs) with the vinyl group
adjacent to nitrogen, oxygen, halogen, sulfur lone pairs or saturated carbons (vinyl
acetate, N-vinylpyrrolidone and vinyl chloride for instance).
For these monomers, RAFT enables good control over their radical polymerizations
under a wide range of reaction conditions such as temperature and the level of
impurities, compared to ATRP or NMP. Besides, monomers containing nucleophilic
moieties such as primary and secondary amines are typically challenging to perform
RAFT polymerization, although they can still be polymerized under appropriate
reaction conditions, for example, by protonating the amino group. 31
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Figure 2.11. General molecular structure of a CTA and three main classes of CTAs.

The versatile monomer compatibility of RAFT polymerization arises from the
reactivity of various RAFT agents (CTAs). As shown in Figure 2.11, a CTA typically
has a thiocarbonylthio group (S=C-S) with two substituents R and Z that have important
impact on the polymerization reaction kinetics and the degree of structural control. In
a successful RAFT polymerization, the key aspect is to ensure that the C=S bond of the
CTA is more reactive to radical addition than the C=C bond of the monomer, which is
achieved by careful design and selection of the R and Z group. 28 The general concept
of the CTA design is depicted in Figure 2.11.
According to the literature, there are three main classes of CTAs, as shown in Figure
2.11.28,32 The first class is dithiobenzoates which have very high transfer constants and
offer the best control over MAMs polymerization. However, they are prone to
hydrolysis and may cause retardation under high concentrations. The second class is
trithiocarbonates, which are the most popular CTAS for MAMs polymerization as they
not only have high transfer constants but also are more hydrolytically stable. Besides,
they cause less retardation and can be prepared from simple synthetic procedures. The
third class is dithiocarbamates. Their activities are determined by the substituents on
the nitrogen. They can provide good control over the radical polymerization of electron98
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rich monomers like LAMs. The suitability of several common CTAs for various
common monomer types is shown in Table 2.2.

Table 2.2. A list of typical RAFT agents with their suitability for various monomer
types.
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+ : The RAFT agent is suitable for the monomer (more “+” means better suitability);
– : The RAFT agent is not suitable for the monomer.

2.2 Research subjects
We have prepared two types of CO2 responsive amphiphilic block copolymers, PEGb-(PDEAEMA-r-PTPEMA) with random structure of the hydrophobic segment and
PEG-b-PDEAEMA-b-PTPEMA with triblock structure by RAFT polymerization using
a mPEG (poly(ethylene glycol) monomethyl ether) based macro CTA (mPEG-CTA).
TPEMA monomer containing TPE and methacrylate moieties and mPEG-CTA were
firstly synthesized. A series of PEG-b-(PDEAEMA-r-PTPEMA) and PEG-b99
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PDEAEMA-b-PTPEMA copolymers with different PDEAEMA/PTPEMA contents
and hydrophilic ratios were then synthesized. Their self-assembly behaviors in water
were studied using the nanoprecipitation method in THF/water and dioxane/water
systems. The self-assemblies thus obtained were carefully characterized by DLS
(dynamic light scattering) and cryo-EM (cryo-electron microscopy). The CO2
responsiveness of the self-assemblies were evaluated by characterizing their
morphologies and fluorescence properties as well as the solution pH, conductivity and
turbidity in the absence and presence of CO2.

2.3 Results and Discussion
2.3.1 Synthesis of TPEMA monomer
The target amphiphilic block copolymers possess CO2 responsiveness as well as the
AIE property, which is achieved by the polymerization of appropriate monomers
bearing functional groups. For the CO2 responsiveness, we have chosen DEAEMA as
the monomer to synthesize CO2-responsive PDEAEMA. For the AIE property, we have
chosen tetraphenylethene (TPE, a typical AIEgen) functionalized methacrylate
(TPEMA) as the monomer to synthesize PTPEMA with AIE property. Since DEAEMA
is commercially available, we just need to synthesize the TPEMA monomer.
The synthetic scheme of TPEMA is shown in Figure 2.12 and Figure 2.13. Firstly,
hydroxyl functionalized TPE (TPE-OH) was synthesized according to the literature.33,34
As shown in Figure 2.12, diphenylmethane and 4-methoxybenzophenone firstly reacted
into the corresponding alcohol in the presence of n-butyllithium, which was subjected
to acid-catalyzed dehydration in the presence of a catalytic amount of p-toluenesulfonic
acid (TsOH) to afford the methoxy functionalized TPE derivative (TPE-OMe). TPEOH was then obtained with a yield of 89% by treatment of TPE-OMe with boron
tribromide (BBr3).
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Figure 2.12. Synthetic route to hydroxyl functionalized TPE, TPE-OH.

Figure 2.13. Synthetic route to TPEMA monomer containing TPE and methacrylate
functional groups.

Next, as shown in Figure 2.13, TPE-OH reacted with 3-bromo-1-propanol to produce
the TPE derivative containing a propanol moiety with a yield of 68%, in which the three
methylene groups acted as a spacer/linker to reduce the steric-hindrance effect among
the TPE groups on the resulted polymer chain as well as provided the prepared TPEMA
with the similar polymerization activity as DEAEMA. The reaction between this TPE
derivative and methacryloyl chloride using triethylamine (Et3N) as the acid-binding
agent led to the formation of TPEMA with a yield of 77%. It is noteworthy that the
obtained TPEMA could perform the auto-polymerization readily due to the high
polymerization activity of the methacrylate group. Therefore, the prepared TPEMA
needed to be used rapidly or stored carefully under inert conditions, low temperature
and darkness.
TPEMA has been characterized carefully by NMR (nuclear magnetic resonance) and
EI-MS (electron ionization-mass spectrometry). The 1H NMR and 13C NMR spectra of
TPEMA are shown in Figure 2.14. All the NMR signals could be assigned to the
corresponding protons or carbons of TPEMA, indicating that pure TPEMA was
prepared. The EI-MS spectrum of TPEMA (Figure 2.15) showed two main peaks:
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126.86 and 474.05. The former was attributed to the cationic propyl methacrylate
fragment and the latter was attributed to the molecular ion peak ([M] +, Mtheory = 474.22),
further confirming the obtaining of pure TPEMA.

(a)

(b)

Figure 2.14. 1H NMR and 13C NMR spectra of TPEMA. CDCl3, 400 MHz, 297 K.
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Figure 2.15. EI-MS spectrum of TPEMA.

2.3.2 Synthesis of mPEG-based chain transfer agent (mPEG-CTA)
mPEG-CTA has been synthesized to serve as the macro CTA in the RAFT
polymerization of DEAEMA and TPEMA, in which the hydrophilic PEG could be left
at one end of the polymer chain to form the amphiphilic block copolymers. Its synthesis
included two steps (Figure 2.16). The first step was the synthesis of 4-cyano-4(dodecylsulfanylthiocarbonyl)sulfanyl pentanoic acid (CDP), which was a smallmolecule CTA bearing carboxylic acid group. The synthesis of CDP was according to
the literature.35 As shown in Figure 2.15a, n-dodecylthiol reacted with sodium hydride
(NaH) to form sodium thiododecylate, which was treated with carbon disulfide (CS 2)
to form the sodium S-dodecyl trithiocarbonate. Then bis-(dodecylsulfanylthiocarbonyl)
disulfide was produced by the reaction of sodium S-dodecyl trithiocarbonate and solid
iodine (I2), which reacted with 4,4’-azobis(4-cyanopentanoic acid) further to afford the
CDP.
In the second step (Figure 2.16b), mPEG-CTA was prepared via the esterification
between mPEG-OH (poly(ethylene glycol) monomethyl ether, Mn = 2000 Da) with a
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terminal hydroxyl group and CDP with a carboxylic acid group in the presence of DCC
(N,N’-dicyclohexylcarbodiimide) and DMAP (4-(dimethylamino)pyridine) with a yield
of about 65%. Excess CDP (4-fold molar of mPEG-OH) was added to the reaction
mixture in order to obtain high yield of the product. After completion of the reaction,
the crude product was purified by precipitation into diethyl ether for three times to
remove unreacted CDP.

Figure 2.16. Synthetic route to mPEG-based macro CTA (mPEG-CTA). (a) Synthetic
scheme of 4-cyano-4-(dodecylsulfanylthiocarbonyl)sulfanyl pentanoic acid (CDP). (b)
Synthetic scheme of mPEG-CTA by esterification of mPEG-OH and CDP.

The pure product was carefully characterized by 1H NMR and GPC (gel permeation
chromatography). From the 1H NMR spectrum (Figure 2.17), we can see that all the
proton signals could be assigned to the corresponding protons or carbons of mPEGCTA. The degree of functionalization of the obtained mPEG-CTA could be calculated
by comparing the integration area of peak c (Ic) with that of peak a (Ia) in the 1H NMR
spectrum of mPEG-CTA and was determined to be approximately 99% (3Ic/2Ia). The
GPC curves of mPEG-CTA and mPEG-OH are shown in Figure 2.18. We can see that
the GPC curve of mPEG-CTA showed a unimodal peak with a narrow PDI (1.11) and
the retention time shifted to the left compared to the GPC curve of mPEG-OH. All these
results indicated that pure mPEG-CTA was obtained.
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Figure 2.17. 1H NMR spectrum of mPEG-CTA. CDCl3, 400 MHz, 297 K.

Figure 2.18. GPC traces of mPEG-OH and mPEG-CTA with THF as the eluent.

2.3.3 Synthesis of CO2 responsive amphiphilic diblock copolymer PEG-b(PDEAEMA-r-PTPEMA)
CO2 responsive amphiphilic diblock copolymer PEG-b-(PDEAEMA-r-PTPEMA)
with random copolymer PDEAEMA-r-PTPEMA as the hydrophobic segment was
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synthesized by RAFT of DEAEMA and TPEMA monomers using mPEG-CTA (Mn,NMR
= 2400 Da, PDI = 1.11) as the macro chain transfer agent. The synthetic route is
depicted in Figure 2.19. To synthesize the target copolymer, DEAEMA and TPEMA
were added simultaneously into the reaction mixture, leading to the preparation of PEGb-(PDEAEMA-r-PTPEMA) copolymer in one pot after 16 h. Considering that both
DEAEMA and TPEMA have the methacrylate functional groups and similar methylene
spacers between methacrylate groups and TPE groups or tertiary amine groups in their
molecular structures, they possibly have the same polymerization activity. Therefore,
we speculate that the TPEMA and DEAEMA units are distributed uniformly on the
chain of the random copolymer (PDEAEMA-r-PTPEMA) block.

Figure 2.19. Synthetic scheme of CO2 responsive amphiphilic diblock copolymer PEGb-(PDEAEMA-r-PTPEMA) with random structure of the hydrophobic segment by
RAFT.

Then we performed several RAFT polymerizations using different mPEGCTA/TPEMA/DEAEMA molar ratios but the same initial concentration of mPEG-CTA.
After 16 h of polymerization in THF at 70 °C, the conversions of monomers were all
higher than 80% confirmed by the 1H NMR spectra of the crude products. Four typical
polymerization trials are summarized in Table 2.3. With different feeding ratios of
mPEG-CTA/TPEMA/DEAEMA, we have prepared four CO2 responsive amphiphilic
diblock copolymers PEG-b-(PDEAEMA-r-PTPEMA)s with different contents of
PDEAEMA, PTPEMA and PEG. The detailed information about their composition,
molecular weights, molecular weight distributions and hydrophilic ratios are listed in
Table 2.3.
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Table 2.3. Synthesis of CO2 responsive amphiphilic diblock copolymer PEG-b(PDEAEMA-r-PTPEMA).a
[mPEG-CTA]/
Sample

[TPEMA]

yield DPDEAEMAb DPTPEMAb Mnb PDIc fPEG,wt%

/[DEAEMA]/[AIBN]
PEG45-b-(PDEAEMA7
-r-PTPEMA6)
PEG45-b-(PDEAEMA13
-r-PTPEMA6)
PEG45-b-(PDEAEMA18
-r-PTPEMA6)
PEG45-b-(PDEAEMA36
-r-PTPEMA6)

1:8:8:0.2

80%

7

6

6600 1.20 30.3%

1:8:16:0.2

82%

13

6

7700 1.27 26.0%

1:8:24:0.2

78%

18

6

8600 1.26 23.2%

1:8:48:0.2

64%

36

6

12000 1.27 16.7%

a. All the polymerization trials were performed using mPEG-CTA (Mn,NMR = 2400 Da,
PDI = 1.11) as the macro chain transfer agent in THF at 70 °C; polymerization time: 16
h; concentration of mPEG-CTA: 0.017 M.
b. Degree of polymerization (DP) and Mn were calculated by 1H NMR;
c. PDI was obtained by GPC with THF as eluent and PS as calibration.

The pure PEG-b-(PDEAEMA-r-PTPEMA) copolymers were obtained by
precipitating the crude products into the n-hexane for three times and then drying under
vacuum for 24 h. Then they were characterized carefully by NMR (Figure 2.20), GPC
(Figure 2.21) and ATR-IR (attenuated total reflectance-infrared spectroscopy, Figure
2.22). The 1H NMR spectrum of a typical PEG45-b-(PDEAEMA7-r-PTPEMA6)
copolymer showed all the proton signals of the polymer structure, which confirmed the
synthesis of target block copolymer. The DP of DEAEMA and TPEMA units were
calculated by comparing the integrated areas of the proton peaks from the side groups
of the random copolymer chain (peaks i and j for DEAEMA; peak o for TPEMA) and
that from the methyl group at the end of PEG chain (peak a) in the 1H NMR spectrum
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(Figure 2.20). Mn of the block copolymer could then be calculated after knowing the
DP of each repeating unit on the polymer chain.

Figure 2.20. 1H NMR spectrum of PEG45-b-(PDEAEMA7-r-PTPEMA6) copolymer.
CDCl3, 400 MHz, 297 K.
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Figure 2.21. GPC traces of PEG-b-(PDEAEMA-r-PTPEMA) copolymers (Table 2.3)
with THF as the eluent.

Figure 2.22. ATR-IR spectrum of PEG45-b-(PDEAEMA13-r-PTPEMA6) copolymer.
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In addition, the GPC traces of the obtained four copolymers showed unimodal peaks
with narrow PDIs (1.20–1.27) as shown in Figure 2.21. All the GPC traces showed a
shoulder peak before the main peak and a small tailing toward the low molecular
weights. This might be due to the adsorption of PDEAEMA on the GPC column, a
phenomenon reported in the literatures.36,37 Addition of 1 vol % triethylamine to the
GPC eluent (THF) did not minimize these effects in our GPC measurements. The ATRIR spectrum of a typical PEG45-b-(PDEAEMA13-r-PTPEMA6) copolymer (Figure 2.22)
showed the characteristic peaks of carbonyl groups, aromatic groups and ether groups
on the copolymer structure, further confirming the obtaining of the target block
copolymer. Besides, DSC (differential scanning calorimetry) was also used to
characterize the prepared block copolymers, and only transition temperatures attributed
to PEG blocks were observed.

2.3.4 Synthesis of CO2 responsive amphiphilic triblock copolymer PEG-bPDEAEMA-b-PTPEMA
To explore the structural effect on the properties of copolymers as well as the resulted
nanoaggregates by self-assembly, we synthesized CO2 responsive amphiphilic triblock
copolymer PEG-b-PDEAEMA-b-PTPEMA by RAFT. The synthesis included two steps,
as depicted in Figure 2.23. In the first step, a diblock precursor PEG-b-PDEAEMA was
prepared by RAFT of DEAEMA monomers using mPEG-CTA (Mn,NMR = 2400 Da, PDI
= 1.11) as the macro chain transfer agent. Then, triblock PEG-b-PDEAEMA-bPTPEMA was prepared by RAFT of TPEMA monomers using pure PEG-b-PDEAEMA
as the macro chain transfer agent.
Based on this synthetic route, we have synthesized two PEG-b-PDEAEMA diblock
precursors and two PEG-b-PDEAEMA-b-PTPEMA triblock copolymers with different
block lengths of PDEAEMA and hydrophilic ratios by using different feeding ratios of
monomers and macro CTAs. The detailed information about their composition,
molecular weights, molecular weight distributions and hydrophilic ratios are listed in
Table 2.4 and Table 2.5.
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Figure 2.23. Synthetic scheme of CO2 responsive amphiphilic triblock copolymer
PEG-b-PDEAEMA-b-PTPEMA by RAFT.

Table 2.4. Synthesis of PEG-b-PDEAEMA diblock copolymer.a
Sample

[mPEGCTA]/[DEAEMA]
/[AIBN]

DPDEAEMAb

Mnb

PDIc

fPEG,wt%

PEG45-bPDEAEMA12

1:16:0.2

12

4600

1.18

43.5%

PEG45-bPDEAEMA41

1:48:0.2

41

10000

1.15

20.0%

a. PEG-b-PDEAEMA diblock copolymers were synthesized using mPEG-CTA (Mn,NMR
= 2400 Da, PDI = 1.11) as the macro chain transfer agent in THF at 70 °C;
polymerization time: 16 h; concentration of mPEG-CTA: 0.017 M.
b. DP and Mn were calculated by 1H NMR;
c. PDI was obtained by GPC with THF as eluent and PS as calibration.
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Table 2.5. Synthesis of CO2 responsive amphiphilic triblock copolymer PEG-bPDEAEMA-b-PTPEMA.a
Sample

[PEG-b-PDEAEMA]
/[TPEMA]/
DPDEAEMAb DPTPEMAb
[AIBN]

Mnb

PDIc fPEG,wt%

PEG45-b-PDEAEMA11b-PTPEMA6

1:8:0.2

11

6

7300

1.77

27.4%

PEG45-b-PDEAEMA34b-PTPEMA6

1:8:0.2

34

6

11600

1.77

17.2%

a. PEG-b-PDEAEMA-b-PTPEMA triblock copolymers were synthesized using PEGb-PDEAEMA as the macro chain transfer agent in THF at 70 °C; polymerization time:
16 h; concentration of PEG-b-PDEAEMA: 0.017 M.
b. DP and Mn were calculated by 1H NMR;
c. PDI was obtained by GPC with THF as eluent and PS as calibration.

The pure PEG-b-PDEAEMA-b-PTPEMA triblock copolymers were obtained by
precipitating the crude products into the n-hexane for three times and then drying under
vacuum for 24 h. Then they were characterized carefully by NMR (Figure 2.24), GPC
(Figure 2.25) and ATR-IR (Figure 2.26). From the 1H NMR spectrum of a typical
PEG45-b-PDEAEMA11-b-PTPEMA6 triblock copolymer, we can see that all the proton
signals could be attributed to the corresponding protons on the copolymer structure.
Meanwhile, its 1H NMR spectrum was similar to the PEG45-b-(PDEAEMA7-rPTPEMA6) copolymer with a random structure of the hydrophobic part (Figure 2.20),
which was reasonable since they had the same repeating units on their polymer chains.
The DP of DEAEMA and TPEMA units were calculated by comparing the integrated
areas of the proton peaks from the side groups of the triblock copolymer chain (peaks i
and j for DEAEMA; peak o for TPEMA) and that from the methyl group at the end of
PEG chain (peak a) in the 1H NMR spectrum (Figure 2.24). Mn of the copolymer could
then be calculated after knowing the DP of each repeating unit on the polymer chain.
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Figure 2.24. 1H NMR spectrum of PEG45-b-PDEAEMA11-b-PTPEMA6 triblock
copolymer. CDCl3, 400 MHz, 297 K.

Figure 2.25. GPC traces of PEG-b-PDEAEMA-b-PTPEMA triblock copolymers
(Table 2.5) with THF as the eluent.
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Figure 2.26. ATR-IR spectrum of PEG45-b-PDEAEMA11-b-PTPEMA6 triblock
copolymer.

In addition, the GPC traces of the obtained two triblock copolymers showed
unimodal peaks as shown in Figure 2.25. Their PDIs were a little higher (1.77), possibly
due to the relatively broad PDI of the PEG-b-PDEAEMA diblock copolymer which
was used as the macro CTA in the RAFT of TPEMA monomers as well as the adsorption
of PDEAEMA on the GPC column as previously stated. The ATR-IR spectrum of a
typical PEG45-b-PDEAEMA11-b-PTPEMA6 triblock copolymer (Figure 2.26) showed
the characteristic peaks of carbonyl groups, aromatic groups and ether groups on the
copolymer structure, which was similar to that of the PEG45-b-(PDEAEMA13-rPTPEMA6) copolymer with a random structure. Besides, DSC was also used to
characterize the two triblock copolymers, which only displayed the transition
temperatures of PEG blocks.
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2.3.5 Self-assembly of amphiphilic diblock copolymer PEG-b-(PDEAEMA-rPTPEMA)
The

prepared

PEG-b-(PDEAEMA-r-PTPEMA)

and

PEG-b-PDEAEMA-b-

PTPEMA block copolymers have numerous TPE groups pendant on the side chains.
Their AIE properties are firstly studied before the self-assembly. With PEG45-b(PDEAEMA13-r-PTPEMA6) as an example, we have prepared a series of copolymer
solution in the mixture of dioxane and water with the same copolymer concentration
(10-5 mol/L) but different water fraction (fw) (0%, 20%, 40%, 60%, 80%, 100%). As
shown in Figure 2.27, PEG45-b-(PDEAEMA13-r-PTPEMA6) exhibited an obvious AIE
characteristic in the dioxane/water mixture as demonstrated by the photographs of the
copolymer solutions under UV lamp (λ = 365 nm). We can see that at fw = 0% and 20%,
the solution is non-emissive because PEG45-b-(PDEAEMA13-r-PTPEMA6) is perfectly
soluble and the intramolecular rotation of TPE moieties leads to non-radiative decay
under UV illumination. At fw = 40%, the fluorescence starts to appear, and becomes
stronger and stronger with the increasing of fw. This is explained by the appearance of
self-assemblies in the solution where TPE moieties together with other hydrophobic
polymer parts aggregate densely in the hydrophobic cores, leading to the restriction of
intramolecular rotation of TPE moieties and radiative decay (fluorescence) under UV
illumination. The fluorescence spectroscopy characterization of these copolymer
solutions (λex = 360 nm) revealed the same phenomena, as shown in Figure 2.28. All
these results indicated that PEG45-b-(PDEAEMA13-r-PTPEMA6) which had pendant
TPE groups on the side chains exhibited good AIE property.
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fw = 0%

20% 40% 60% 80% 90% 99%

Figure 2.27. Photographs of PEG45-b-(PDEAEMA13-r-PTPEMA6) in the mixture of
dioxane and water with the same copolymer concentration (10-5 mol/L) but different
water fraction under UV lamp (λ = 365 nm).

Figure 2.28. Photoluminescence (PL) spectra of PEG45-b-(PDEAEMA13-r-PTPEMA6)
in the mixture of dioxane and water with the same copolymer concentration (10-5 mol/L)
but different water fraction (λex = 360 nm).
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The self-assembly of the four diblock copolymers PEG-b-(PDEAEMA-rPTPEMA)s containing different PDEAEMA, PTPEMA and PEG segments was
performed using the nanoprecipitation method (Figure 2.29). The effect of the initial
co-solvent (THF or dioxane) on their self-assembly behaviors was studied. Typically,
the copolymer was dissolved in THF or dioxane (concentration 2 mg/mL), which was
the good solvent for PEG, PDEAEMA and PTPEMA segments. Then deionized water
was added slowly (around 2-3 μL/min) until it reached 75 wt% of the whole solution.
The solution was shaken gently during the addition of water. THF or Dioxane was
removed by dialysis against deionized water for 3 days in a 3500 Da cut off cellulose
bag. Finally, the aqueous solution of the self-assemblies of PEG-b-(PDEAEMA-rPTPEMA) copolymer with a concentration of about 0.5 mg/mL in the dialysis bag was
obtained.

Dialysis

Co-solvent
(THF/Dioxane)

Co-solvent + H2O

H2O

Figure 2.29. Schematic diagram of the self-assembly process of PEG-b-(PDEAEMAr-PTPEMA) copolymers by nanoprecipitation and dialysis techniques.

The self-assemblies were characterized by cryo-EM and DLS. As shown in Figure
2.30, we can see that all the four copolymers self-assembled into polymersomes (Figure
2.30a, c, e, g) in the THF/water system. The self-assemblies of the four copolymers had
only one type of size distribution respectively (Figure 2.30b, d, f, h). Moreover, the
sizes/diameters of the obtained polymersomes were different. The polymersomes of
PEG45-b-(PDEAEMA7-r-PTPEMA6) had the smallest hydrodynamic diameter (Dh)
(146 nm), while the polymersomes of PEG45-b-(PDEAEMA13-r-PTPEMA6) had the
largest Dh (576 nm). The polymersomes of PEG45-b-(PDEAEMA18-r-PTPEMA6) and
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PEG45-b-(PDEAEMA36-r-PTPEMA6) had similar Dh values (452 nm and 421 nm).
In addition, the membrane thickness was uniform for the polymersomes of each
copolymer. With the increase of the hydrophobic block length and the decrease of the
hydrophilic ratio, the average membrane thickness became thicker (from e = 7.2 nm,
10.1 nm, 10.8 nm to 14.7 nm) by statistical analysis of about 30 different vesicles from
the corresponding cryo-EM images. It is easy to understand that the longer the
hydrophobic block, the thicker the membrane as the membrane thickness corresponds
to the hydrophobic part of the block copolymer. But for the size/diameter of the
obtained polymersomes, it did not vary regularly. DLS and cryo-EM characterizations
showed that the polymersomes of PEG45-b-(PDEAEMA7-r-PTPEMA6) had the
smallest average diameter (Dh = 146 nm) and those of PEG45-b-(PDEAEMA13-rPTPEMA6) had the largest average diameter (Dh = 576 nm). The sizes of other two
polymersomes were similar (Dh = 452 nm and 421 nm respectively), although they were
formed by PEG45-b-(PDEAEMA18-r-PTPEMA6) and PEG45-b-(PDEAEMA36-rPTPEMA6) respectively which had different hydrophobic block lengths and molecular
weights.
Generally, the bending modulus of the vesicle membrane depends on the overall
molecular size of the block copolymer. It should be smaller for membranes made of
copolymers with low molecular weight than those made of copolymers with high
molecular weight. This could explain why the polymersomes of PEG45-b(PDEAEMA7-r-PTPEMA6) had the smallest sizes but could not explain why the
polymersomes of PEG45-b-(PDEAEMA13-r-PTPEMA6) had the largest sizes. In
addition, the size variation of polymersomes made of PEG45-b-(PDEAEMA18-rPTPEMA6) and PEG45-b-(PDEAEMA36-r-PTPEMA6) could not be explained either.
The unrelated size variation of polymersomes to the copolymer sizes/molecular weights
was possibly due to the random structure of the hydrophobic block or other more
complicated factors, which would be studied deeply in the future work.
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For the self-assembly of PEG-b-(PDEAEMA-r-PTPEMA) copolymers in the
dioxane/water system, DLS characterizations also showed only one type of size
distribution for all the copolymers (Figure 2.32a, d, c, d). The Dh of the self-assemblies
made of PEG45-b-(PDEAEMA7-r-PTPEMA6) was 118 nm, which was close to that of
the self-assemblies obtained from THF/water system. While the Dh of the selfassemblies made of PEG45-b-(PDEAEMA13-r-PTPEMA6), PEG45-b-(PDEAEMA18-rPTPEMA6) and PEG45-b-(PDEAEMA36-r-PTPEMA6) was 1185 nm, 895 nm and 1009
nm, respectively, which was larger than that of the corresponding self-assemblies
obtained from THF/water system. In addition, cryo-EM characterization of the selfassemblies of PEG45-b-(PDEAEMA18-r-PTPEMA6) and PEG45-b-(PDEAEMA36-rPTPEMA6) showed that they were also polymersomes (Figure 2.32e, f). The vesicle
sizes (diameters) were larger than those obtained from THF/water system. It is possibly
due to the different solubility of PDEAEMA-r-PTPEMA blocks in THF and dioxane.
PDEAEMA-r-PTPEMA may dissolve better in THF than in dioxane. The formed
polymer membrane may contain plenty of THF in the THF/water system but less
dioxane in the dioxane/water system, leading to better flexibility and lower bending
modulus of the membrane in the THF/water system. Thus, many smaller polymersomes
are formed in the THF/water system as confirmed by DLS and cryo-EM
characterizations.
Although the sizes of the obtained two polymersomes in dioxane/water system were
different from those in THF/water system, the measured membrane thicknesses (by
statistical analysis of about 30 different vesicles from the cryo-EM images) were similar,
which were 11.4 and 15.5 nm for the polymersomes of PEG45-b-(PDEAEMA18-rPTPEMA6) and PEG45-b-(PDEAEMA36-r-PTPEMA6) respectively. This indicated that
the obtained polymersomes from dioxane/water system might also have a tail-to-tail
(PDEAEMA-r-PTPEMA to PDEAEMA-r-PTPEMA) bilayer structure in the
membrane in which the hydrophobic part may be not totally stretched, or the two
leaflets may be interdigitated along the normal of the membrane.

121

Chapter II. CO2 and pH responsive AIE polymersomes
2.3.6 pH and CO2 responsive properties of the self-assemblies of PEG-b(PDEAEMA-r-PTPEMA)
We study both pH and CO2 responsive properties of the self-assembly solution of
PEG-b-(PDEAEMA-r-PTPEMA) block copolymer since the responses of PDEAEMA
containing copolymers to CO2 and pH variation are identical in nature, which are
characterized by the protonation of tertiary amine moieties in the PDEAEMA segments.
The self-assembly solution samples of PEG45-b-(PDEAEMA-r-PTPEMA) obtained
from dioxane/water system followed by dialysis against water were used for the studies
(see Figure 2.32 for cryo-EM and DLS results).

Table 2.5. The fluorescence intensity, turbidity and count rates of the self-assembly
solution of PEG-b-(PDEAEMA-r-PTPEMA) copolymers before and after adding
excess concentrated HCl solution (37%).

Samples

Fluorescence intensity

Transmittance

Count rates

at 470 nm (a.u.)

(%)

(kcps)

before
PEG45-b-(PDEAEMA7
-r-PTPEMA6)
PEG45-b-(PDEAEMA18
-r-PTPEMA6)
PEG45-b-(PDEAEMA36
-r-PTPEMA6)

after

before

after

before

after

2.95E+06 2.50E+06 89.08% 89.97%

3863

3332

6.87E+06 4.55E+06 54.38% 98.12%

4955

70

4.40E+06 1.51E+06 53.87% 99.35%

4520

51.2

The fluorescence intensity, turbidity and count rates variations of the self-assembly
solution of three PEG-b-(PDEAEMA-r-PTPEMA) block copolymers before and after
adding excess concentrated HCl solution (37%) are summarized in Table 2.5. We can
see that for the self-assembly solution of PEG45-b-(PDEAEMA7-r-PTPEMA6), its
fluorescence intensity and count rates decreased about 15% but the transmittance had
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solution, which leads to the changes of fluorescence intensity (affected by the
aggregation mode strongly), turbidity and count rates of the self-assembly solution. The
relatively slight pH responsiveness of the self-assembly solution of PEG45-b(PDEAEMA7-r-PTPEMA6) might be attributed to the low PDEAEMA content in the
copolymer structure as well as in the formed self-assemblies, which cannot exert large
influence on the self-assemblies after protonation by HCl solution.

Figure 2.34. The conductivity and pH of PEG45-b-(PDEAEMA36-r-PTPEMA6) selfassembly solution (c.a. 1 mg/mL) after bubbling CO2 and Ar to the solution. The gas
flow rate is about 20 mL/min.

The CO2 responsiveness of the PEG-b-(PDEAEMA-r-PTPEMA) was studied by
characterizing the variation of conductivity and pH of the aqueous self-assembly
solution during the alternative bubbling of CO2 and Ar. With PEG45-b-(PDEAEMA36r-PTPEMA6) (fPEG,wt% = 16.7%) as an example, the conductivity (κ) of its aqueous selfassembly solution (c.a. 1 mg/mL) increased abruptly from 5.3 to 50.4 μS·cm-1 within 6
min during CO2 bubbling (20 mL/min), as shown in Figure 2.34. The κ finally stabilized
at around 50.7 μS·cm-1, which indicated the production of bicarbonate ions in the
solution. Meanwhile, the solution pH value decreased from 7.9 to 4.7, suggesting the
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protonation of the tertiary amine moieties on the PDEAEMA segment in the copolymer.
Additionally, the solution transmittance increased gradually during CO 2 bubbling and
finally reached 97% (Figure 2.35), which indicated that the self-assemblies of PEG45b-(PDEAEMA36-r-PTPEMA6) possibly performed morphology transition to small
nanoparticles or disassembly because of the hydrophobic-hydrophilic transition of
PDEAEMA segments in the copolymer.

Figure 2.35. The transmittance of PEG45-b-(PDEAEMA36-r-PTPEMA6) self-assembly
solution (c.a. 1 mg/mL) after bubbling CO2 to the solution. The gas flow rate is about
10 mL/min.

After bubbling CO2 for 20 min, the aqueous solution was treated with Ar (20
mL/min). We can see that the conductivity of the solution decreased gradually, and
solution pH increased gradually. But even after bubbling Ar for 40 min, the conductivity
and pH of the solution could not return completely to the original value. CO2 was
removed gradually during Ar bubbling that led to the hydrophilic-hydrophobic
transition of PDEAEMA segments in the copolymer and formation of self-assemblies
in the aqueous solution. Therefore, this process may cause partial incorporation of
protonated PDEAEMA units into the hydrophobic cores of the newly formed self126
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assemblies during Ar bubbling. Consequently, the deprotonation of this part of
PDEAEMA units becomes difficult or impossible at the end.
To investigate the aggregate variation after CO 2 treatment, the aqueous solution of
PEG45-b-(PDEAEMA36-r-PTPEMA6) after bubbling CO2 for 20 min was characterized
by cryo-EM. As shown in Figure 2.36, the original polymersomes with a diameter of
600-800 nm (Figure 2.36a) disappeared after CO2 treatment. Instead, small micelles
with a diameter around 20-30 nm (Figure 2.36b) were observed. The reason was due to
the protonation of the tertiary amine moieties on the PDEAEMA segment in the
copolymer and the resultant variation of hydrophobic interactions among copolymer
chains which directed the self-assembly of PEG45-b-(PDEAEMA36-r-PTPEMA6).
After bubbling Ar in this CO2 treated solution for 40 min, large lamellae were observed
by cryo-EM (Figure 2.36c). These lamellar structures should be the precursors of
polymersomes since the hydrophilic protonated PDEAEMA parts transformed into
previous hydrophobic ones after Ar treatment and the recovered copolymers selfassembled into polymersomes again in water. Photographs of the self-assembly solution
before any treatment, after CO2 treatment and after Ar treatment under visible light and
UV light (λ = 365 nm) are shown in Figure 2.36d, e. The original turbid self-assembly
solution (the left vial in Figure 2.36d) turned to transparent after bubbling CO 2 for 20
min (the middle vial in Figure 2.36d) due to the transition of big polymersomes to small
micelles during the CO2 treatment. The solution became turbid again after bubbling Ar
for 40 min (the right vial in Figure 2.36d) because of the appearance of large lamellar
structures in the solution. Meanwhile, the fluorescence intensity of the original selfassembly solution decreased after bubbling CO2 for 20 min, but it is difficult to compare
the fluorescence intensity of the solution after bubbling Ar for 40 min (right vial) with
the one after bubbling CO2 for 20 min (middle vial) (Figure 2.36e). The decreasing of
fluorescence intensity after CO2 treatment is related to the morphology transition of the
self-assemblies containing AIEgens from vesicles to micelles.
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Figure 2.37. PL spectra of PEG45-b-(PDEAEMA36-r-PTPEMA6) self-assembly
solution before and after CO2 or HCl treatment with the same concentration (λex = 360
nm).

2.3.7 Self-assembly of amphiphilic triblock copolymers PEG-b-PDEAEMA-bPTPEMA
The self-assembly of amphiphilic CO2 responsive PEG45-b-PDEAEMA11-bPTPEMA6 (fPEG,wt% = 27.4%) and PEG45-b-PDEAEMA34-b-PTPEMA6 (fPEG,wt% =
17.2%) was also performed using the nanoprecipitation method. The effect of the initial
co-solvent (THF/dioxane) on their self-assembly behaviors was also studied.
The self-assemblies were characterized by cryo-EM and DLS. As shown in Figure
2.38, we can see that the self-assemblies of PEG45-b-PDEAEMA11-b-PTPEMA6 were
vesicles connected with more complex structures like cubosomes (Figure 2.38a, b) in
the THF/water system, which was very interesting. Moreover, there was only one type
of size distribution characterized by DLS (Figure 2.38c) and the Dh was 473 nm. For
the self-assemblies of PEG45-b-PDEAEMA34-b-PTPEMA6 in the THF/water system,
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PDEAEMA-b-PTPEMA triblock copolymers, which led to the stronger fluorescence
emission and higher quantum yields of the self-assembly solution.

2.3.8 CO2 responsive properties of the self-assemblies of PEG-b-PDEAEMA-bPTPEMA
The self-assembly solution of PEG-b-PDEAEMA-b-PTPEMA triblock copolymers
also had good CO2 responsiveness. With PEG45-b-PDEAEMA34-b-PTPEMA6 (fPEG,wt%
= 17.2%) as an example, the conductivity (κ) of its aqueous self-assembly solution (c.a.
1 mg/mL) increased abruptly from 10.0 to 45.5 μS·cm-1 within 6 min during CO2
bubbling (20 mL/min), as shown in Figure 2.40. The κ finally stabilized at around 45.8
μS·cm-1, which indicated the production of bicarbonate ions in the solution. Meanwhile,
the solution pH value decreased from 7.3 to 4.4, suggesting the protonation of the
tertiary amine moieties on the PDEAEMA block in the copolymer. These results were
similar to those of PEG-b-(PDEAEMA-r-PTPEMA) block copolymers. Additionally,
after bubbling CO2 for 20 min, the aqueous solution of PEG45-b-PDEAEMA34-bPTPEMA6 was treated with Ar (20 mL/min). Similarly, the conductivity and pH of the
solution could not return to the original value either. This might be also due to the
incorporation of partial PDEAEMA units that have not been deprotonated into the
hydrophobic cores of the newly formed self-assemblies during Ar bubbling.
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Figure 2.40. The conductivity and pH of PEG45-b-PDEAEMA34-r-PTPEMA6 selfassembly solution (c.a. 1 mg/mL) after bubbling CO2 and Ar to the solution. The gas
flow rate is about 20 mL/min.

The aggregate variation after CO2 treatment was characterized by cryo-EM and SEM.
As shown in Figure 2.41a-c, the original spherical micelles of PEG45-b-PDEAEMA34b-PTPEMA6 transformed into micelles with irregular shapes (Figure 2.41b, c). DLS
characterization (Figure 2.41d) showed that the Dh increased a little after the first CO2
bubbling and then returned to the original value after Ar bubbling. After the second CO 2
bubbling, the Dh increased to the value that was the same with the one after the first
CO2 bubbling. This result seemed to indicate that the self-assembly solution of PEG45b-PDEAEMA34-b-PTPEMA6 triblock copolymer had reversible CO2 responsiveness.
The reason was possibly due to the reversible protonation and deprotonation of the
tertiary amine moieties on the PDEAEMA block in the copolymer and the resultant
reversible hydrophobic-hydrophilic transition of PDEAEMA block.
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(a)

(b)

(c)

(d)

200 nm

Figure 2.41. Cryo-EM images of PEG45-b-PDEAEMA34-r-PTPEMA6 self-assembly
solution before (a) and after (b) bubbling CO2 for 20 min. (c) SEM images of the selfassembly solution after bubbling CO2 for 20 min. (d) DLS characterizations of the selfassembly solution before and after bubbling CO2 (first and second time) or Ar for 20
min.

2.3 Conclusion
In this chapter, two types of CO2 responsive amphiphilic block copolymers, PEG-b(PDEAEMA-r-PTPEMA) with random structure of the hydrophobic segment and
PEG-b-PDEAEMA-b-PTPEMA with triblock structure have been prepared by RAFT
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polymerization using a mPEG-based macro CTA (mPEG-CTA). TPEMA monomer
containing TPE and methacrylate moieties was synthesized. mPEG-CTA was
synthesized

via

the

esterification

between

mPEG-OH

and

4-cyano-4-

(dodecylsulfanylthiocarbonyl)sulfanyl pentanoic acid (CDP). The prepared four PEGb-(PDEAEMA-r-PTPEMA) copolymers with different PDEAEMA/PTPEMA contents
and hydrophilic ratios self-assembled into AIE polymersomes in water using
nanoprecipitation method in THF/water and dioxane/water systems. The PEG45-b(PDEAEMA36-r-PTPEMA6) polymersomes showed obvious CO2 responsiveness:
vesicles transformed to small spherical micelles upon CO2 bubbling; then micelles
returned to vesicular structure upon Ar bubbling. The prepared PEG45-b-PDEAEMA11b-PTPEMA6 triblock copolymer self-assembled into vesicles connected with more
complex structures like cubosomes in THF/water system or polymersomes in
dioxane/water system. PEG45-b-PDEAEMA34-b-PTPEMA6 triblock copolymer selfassembled into spherical micelles in both THF/water system and dioxane/water system.
These self-assemblies also had CO2 responsiveness.
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3.1 Introduction
Liquid crystal (LC) polymersomes are special type of polymer vesicles with
thermotropic LC phases displayed in the lyotropic polymer-based bilayer membrane.1
They combine the properties of polymers with liquid crystals, belonging to the stimuliresponsive smart polymersomes thanks to the excellent responsiveness of liquid crystal
systems to multiple stimuli such as temperature, light, electric or magnetic fields. 1 They
are usually prepared by the self-assembly by amphiphilic polymers, especially block
copolymers which contain thermotropic nematic or smectic LC polymer blocks. Our
group is a pioneer group in the development of LC polymersomes and has reported
several LC polymersome systems based on side-chain LC copolymers.2-5 In these
reports, amphiphilic block copolymers consisting of hydrophobic LC polymer block
and hydrophilic PEG block were synthesized to form LC polymersomes. PEG was used
to construct the hydrophilic corona because of its good biocompatibility and ability to
reduce protein adsorption.6
Generally, the chemical structures of amphiphilic block copolymers have important
impact on the morphologies of the resultant self-assemblies.7 For example, coil-coil
block copolymers such as poly(butadiene-b-ethylene oxide) (PB-b-PEO) and
polystyrene-b-poly(acrylic acid) (PS-b-PAA) can undergo microphase separation to
form many kinds of self-assembly morphologies.8,9 According to the literature, the
factors that had effect on the morphologies included copolymer composition and
concentration, ratio of each block, water content in the solution, nature of the common
solvent, presence of additives, etc.10 By contrast, the self-assembly of rod-coil diblock
copolymers is affected not only by the relative sizes of two constituting blocks, but also
by the shape anisotropy and additional order in the rod-like block, which results in the
more complicated self-assembly behavior than coil-coil block copolymers.11,12 The
shape anisotropy and additional order can be introduced by crystalline and liquid
crystalline (LC) structures formed in the rigid block, or by secondary structures such as
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α-helix or β-sheet in the case of a peptide.3,13,14
Because of the specific LC structures in the membranes, LC polymersomes possess
a variety of morphologies. Up to now, spherical,2 ellipsoidal11 and tetrahedral15 LC
polymersomes have been reported by our group, which disclosed the important
relationship between orientational (and positional) order and the curved geometry of a
two-dimensional membrane.1 The following part will introduce several examples of LC
polymersomes formed by the self-assembly of LC amphiphilic diblock copolymers.
LC polymers with side-on or end-on mesogen side chains have been synthesized, as
depicted in Figure 3.1.1 Their chemical structures are versatile with different mesogens
pendant on the side chains, as shown in Figure 3.2.

Figure 3.1. LC polymer with side-on side chain (a) and end-on side chain (b). The
cylinders represent the rod-like mesogens.1

The mesogens can be side-on or end-on type, which display nematic, smectic or
cholesteric phases as well as simply thermotropic or photo-responsive properties. The
LC polymer backbones are mainly polyacrylate and polymethacrylate. The
polymerization techniques used to synthesize these LC amphiphilic diblock copolymers
are mainly controlled radical polymerizations such as ATRP of LC acrylate or
methacrylate monomers using end-functional mPEG as the macroinitiator. 1 In detail,
Yang et al., Xu et al., and Jia et al. have prepared different types of LC amphiphilic
diblock copolymers respectively by ATRP of the corresponding LC monomers. These
copolymers include PEG-b-PA444,2 PEG-b-PMAazo444,3 PEG-b-PAChol (AChol:
cholesteryl-based acrylate)11,16 and PEG-b-PA6ester117 with poly(meth)acrylates as the
LC polymer backbone, as shown in Figure 3.2. Other LC copolymers with lower
mesogen densities in the LC block have also been studied. The LC polymer backbones
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are not poly(meth)acrylates, but polycyclopropanes or polybutadienes.18,19

Figure 3.2. Chemical structures of different LC amphiphilic diblock copolymers
prepared by ATRP polymerization.

LC homopolymers PA444 and PMAazo444 were nematic polymers20,21; PAChol was
smectic polymer11; PA6ester1 exhibited both nematic and smectic phases17. LC
amphiphilic diblock copolymers preserved the mesophases of LC block, but displayed
lower transition temperatures than LC homopolymers with similar molecular weights. 4
LC polymersomes were obtained by the self-assembly of LC amphiphilic diblock
copolymers using the nanoprecipitation method, which was realized by adding water
into the polymer solution in THF or dioxane followed by dialysis against water at room
temperature. For nematic side-on LC copolymers PEG-b-PA444 and PEG-bPMAazo444, well-structured unilammellar spherical polymersomes were obtained by
nanoprecipitation

in

dioxane/water

system

with

a

wide

range

of

hydrophilic/hydrophobic ratios of the copolymers (e.g., from 40/60 to 19/81 for PEGb-PA444).2,3 The cryo-electron microscopy (cryo-EM) images of the polymersomes
formed by PEG45-b-PA4447 and PEG45-b-PMAazo44412 were shown in Figure 3.3.
Although the size of the observed polymersomes was heterogeneous, the membrane
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thickness was homogeneous: 10-11 nm for vesicles of PEG45-b-PA4447 and 14-15 nm
for vesicles of PEG45-b-PMAazo44412 as measured from the cryo-EM images, which
corresponded to (or slightly larger than) twice the molecular length of the stretched LC
polymer backbone (stretched length of 4.4 nm for PA4447 and 5.6 nm for
PMAazo44412). This indicated that the polymersomes were unilamellar and the
membrane had a bilayer structure in which the stretched LC polymers presented an
elongated conformation along the normal of the membrane, as shown in Figure 3.3b.22
As studied by high sensitivity differential scanning calorimetry (N-DSC),4 the
polymersomes of both PEG45-b-PA4447 and PEG45-b-PMAazo44412 exhibited a glass
transition temperature (Tg) and a nematic-isotropic transition (TNI) stemming from the
LC block. At room temperature, the membranes of the both two polymersomes were in
a glassy nematic state since their Tg were higher than room temperature
(a)

(b)

(c)

Figure 3.3. Cryo-EM images of polymersomes formed in water by PEG45-b-PA4447 (a)
and by PEG45-b-PMAazo44412 (c). The scale bar at lower right of (a) is 50 nm, which
is the same for (c). The mean lamellar thickness d is 10-11 nm for the vesicles of PEG45b-PA4447 and 14-15 nm for those of PEG45-b-PMAazo44412. (b) is the schematic
illustration of LC polymersomes formed by LC amphiphilic diblock copolymers with
bilayer structure in the membrane (the small rectangles represent the LC blocks).2,3

For LC amphiphilic diblock copolymers with smectic LC blocks, PEG-b-PA6ester1
and PEG-b-PAChol, they can also form polymersomes by self-assembly using the
nanoprecipitation method in dioxane/water system. However, the polymersomes
formed by the two copolymers were not classical spherical vesicles. The PEG-b142
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PA6ester1 copolymers self-assembled into faceted vesicles,17 while the PEG-b-PAChol
copolymers self-assembled into ellipsoidal vesicles.11 The cryo-EM images of the
faceted polymersomes formed by PEG45-b-PA6ester120 were shown in Figure 3.4a.
Periodic stripes perpendicular to the vesicle membrane surface were clearly visible.
Their period was measured as 2.5 nm, which was consistent with the period of SmA 1
phase in the PA6ester1 homopolymer and PEG-b-PA6ester1 copolymer. The membrane
thickness was rather homogeneous (e = 10 nm), indicating a very stretched LC polymer
backbone in the bilayer membrane. Figure 3.4b showed the schematic illustration of the
molecular aggregation model of the LC copolymers in the vesicle membrane.17
(a)

(b)

Figure 3.4. (a) Cryo-EM images of polymersomes formed in water by PEG45-bPA6ester120.The inset at higher left is an enlargement of the upper left area of the vesicle
to highlight the smectic stripes. The inset at lower right is the fast Fourier transform of
the image. Scale bar = 100 nm. (b) Schematic representation of the smectic molecular
aggregation model within a cross section of the vesicle membrane. The hydrophilic
PEG is in blue. Thy hydrophobic side-chain LC polymer consists of a black backbone
and red LC mesogens that are represented by small elongated ellipsoids.17

The LC polymersomes formed by PEG45-b-PAChol10 and PEG45-b-PAChol16 were
ellipsoidal, as shown in the cryo-EM images (Figure 3.5a, b).11 From the images we
could see that some polymersomes had smooth tips (Figure 3.5a, b), and others had
spherical buds emanating from the poles (Figure 3.5b). Periodic stripes were clearly
displayed in a large part of the vesicle membrane except in the two extremities of the
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polymersomes. The period of these stripes was found to be P = 4.30 nm, which was in
agreement with the layer spacing of the period of SmAd phase in the PAChol
homopolymer. Figure 3.5c showed a schematic illustration of the mesogen stacking
model within a cross section of the membrane parallel to the major axis of the
ellipsoidal polymersomes.
(a)

(b)

(c)

Figure 3.5. Cryo-EM images of polymersomes formed in water by (a) PEG45-bPAChol16 (scale bar = 50 nm) and (b) PEG45-b-PAChol10, (scale bar = 100 nm). Inset in
(c) is the fast Fourier transform of representative areas of the vesicles. (c) Schematic
representation of the smectic molecular stacking model within a cross section of the
membrane of PEG-b-PAChol polymersome.11

The LC polymersomes possess the characteristics of both liquid crystal and polymer,
which should be taken into account simultaneously when analyzing the morphologies
of these polymersomes. Bending of the vesicle membrane parallel to the smectic layers
did not change the layer spacing, while bending perpendicular to the layers led to
unequal layer spacing on both sides of the membrane, and therefore costed extra elastic
free energy. This explained why the stripes in the membranes were always
perpendicular to the major axis of the ellipsoidal polymersomes (see Figure 3.6 for
illustration).
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Figure 3.6. Schematic illustration of a smectic ellipsoidal polymersome. e is the
membrane thickness and P is the smectic period.11

Very interestingly, when THF was used as co-solvent in the nanoprecipitation
experiment, the obtained morphologies of PEG-b-PAChol copolymers were quite
different.16 For PEG45-b-PAChol series, large and micrometer-sized spherical complex
aggregates were formed. For PEG114-b-PAChol series, precipitation occurred. It was
explained by the different solubility of PAChol block in THF and dioxane. Actually,
THF was a better solvent for PAChol than dioxane, which resulted in the higher CWC
value (critical water concentration, at which self-assembled aggregates appeared)
during the self-assembly process in THF/water system than in dioxane/water system.
Since the interaction between PAChol and dioxane was not so favorable, the interaction
between PAChol and PAChol (mesogen-mesogen interaction) might be favored upon
water addition, which possibly played an important role in the aggregate and
morphology formation.16

3.2 Research subjects
In this chapter, we have introduced an AIEgen, tetraphenylethylene (TPE) between
the hydrophilic block PEG and hydrophobic smectic block PAChol, to synthesize PEGb-TPE-PAChol copolymer. The aims are: (1) to introduce aggregation-induced
fluorescence to the LC polymersomes, and (2) to study the influence of the non rod145
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like but clover-like TPE unit on the morphology of LC polymersomes. The amphiphilic
PEG-b-TPE-PAChol diblock copolymers were prepared by RAFT polymerization of
AChol (cholesteryl-based acrylate) monomers using a TPE-functionalized mPEG
(mPEG-TPE-CTA) as the macro chain transfer agent. A series of PEG-b-TPE-PAChol
with different hydrophilic/hydrophobic ratios were therefore prepared. Their selfassembly behaviors in water were studied using the nanoprecipitation method in
THF/water and dioxane/water systems. The self-assemblies thus obtained were
carefully characterized by DLS, SEM and cryo-EM. The AIE property of the obtained
smectic polymersomes were characterized by fluorescence spectroscopy.

3.3 Results and Discussion
3.3.1 Synthesis of AChol monomer and mPEG-TPE-CTA
The synthesis of AChol monomer was according to the reported procedures. 24 As
shown in Figure 3.7, AChol was synthesized by a one-step reaction between 2hydroxyethyl acrylate and cholesteryl chloroformate using pyridine as the acid-binding
agent. After purification by column chromatography with chloroform and n-hexane as
the eluents, pure AChol was obtained with a yield of about 72%.

Figure 3.7. Synthetic route to AChol monomer.
AChol has been characterized carefully by NMR. Its 1H NMR and 13C NMR spectra
are shown in Figure 3.8. All the NMR signals could be assigned to the corresponding
protons or carbons of AChol, indicating that pure AChol was prepared.
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(a)

(b)

Figure 3.8. 1H NMR and 13C NMR spectra of AChol. CDCl3, 400 MHz, 297 K.

TPE-functionalized macro chain transfer agent for RAFT polymerization, mPEGTPE-CTA, was prepared by my coworker Hui Chen in the group. Its synthesis was
shown in Figure 3.9. Typically, benzodithioic acid was firstly prepared by three-step
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reaction starting from bromobenzene. Then it reacted with a TPE derivative with alkene
group and carboxylic acid group by thiol-ene coupling reaction to afford the new TPE
derivative bearing a benzodithioate group and carboxylic acid group. Finally, mPEGTPE-CTA was prepared successfully by esterification of this functional TPE derivative
and mPEG45-OH in the presence of DCC and DMAP. The product was purified by
column chromatography with methanol and dichloromethane (DCM) as the eluents to
remove unreacted mPEG45-OH. The obtained product was characterized by 1H NMR
and GPC, as shown in Figure 3.10 and Figure 3.11. The Mn of the prepared mPEGTPE-CTA was about 2680 Da calculated by 1H NMR and its PDI was about 1.16 from
the GPC characterization results.

Figure 3.9. Synthetic route to TPE-functionalized mPEG (mPEG-TPE-CTA).
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Figure 3.10. 1H NMR spectrum of mPEG-TPE-CTA. CDCl3, 400 MHz, 297 K.

Figure 3.11. GPC traces of mPEG-OH and mPEG-TPE-CTA with THF as the eluent.
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3.2.2 Synthesis of LC amphiphilic PEG-b-TPE-PAChol diblock copolymer
LC amphiphilic PEG-b-TPE-PAChol diblock copolymer containing AIEgen (TPE)
between the PEG and PAChol blocks were synthesized by RAFT polymerization of
AChol using mPEG-TPE-CTA (Mn,NMR = 2680 Da, PDI = 1.16) as the macro chain
transfer agent. The synthetic route is depicted in Figure 3.12. The RAFT
polymerizations were performed by using several different AChol/mPEG-TPECTA/AIBN molar ratios but the same initial concentration of mPEG-TPE-CTA. After
a series of trials, we found that the optimal polymerization conditions for our system
were using 1,4-dioxane as the solvent and carrying out polymerization at 80 °C for 24
h. Under these conditions, the conversions of monomers were higher than 50%
confirmed by the 1H NMR spectra of the crude products. Five typical polymerization
trials are summarized in Table 3.1.

Figure 3.12. Synthetic scheme of LC amphiphilic PEG-b-TPE-PAChol diblock
copolymer by RAFT.

With different feeding ratios of AChol/mPEG-TPE-CTA, we have prepared five LC
amphiphilic PEG-b-TPE-PAChol diblock copolymers with different PAChol block
lengths and hydrophilic ratios. The detailed information about their composition,
molecular weights, molecular weight distributions and hydrophilic ratios are listed in
Table 3.1. From the table we can see that the polymerizations were not well-controlled
since the obtained copolymers had DPs of AChol units higher than the feeding ratios of
AChol/mPEG-TPE-CTA and the conversions of monomers were not high (c.a. 50%–
70%). The possible reason might be that the benzodithioate group on the PEG-based
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macro CTA was less active than that on the small molecule-based CTA. However, it is
not our research subject to study the controllability of the polymerization. We are
satisfactory that a series of amphiphilic PEG-b-TPE-PAChol diblock copolymers with
different hydrophilic ratios were successfully prepared by RAFT. Their self-assembly
phenomena and AIE property are what we are interested and will be studied next.

Table 3.1. Synthesis of LC amphiphilic PEG-b-TPE-PAChol diblock copolymer.a
Sample

[AChol]/[mPEG-TPE- Convers
DPb
CTA]/[AIBN]
-ionb

Mnb

PDIc fPEG,wt%

8500

1.17 23.5%

PEG45-b-TPE-PAChol11

5:1:0.2

57%

11

PEG45-b-TPE-PAChol14

7:1:0.2

64%

14 10100 1.18 19.8%

PEG45-b-TPE-PAChol16

10:1:0.2

67%

16 11200 1.19 17.8%

PEG45-b-TPE-PAChol22

15:1:0.2

76%

22 14300 1.23 14.0%

PEG45-b-TPE-PAChol43

30:1:0.2

51%

43 25400 1.24

7.9%

a. All the polymerization trials were performed using mPEG-TPE-CTA (Mn,NMR = 2680
Da, PDI = 1.16) as the chain transfer agent in 1,4-dioxane at 80 °C; polymerization
time: 24 h; concentration of mPEG-TPE-CTA: 0.028 M.
b. Conversion, degree of polymerization (DP) and Mn were calculated by 1H NMR;
c. PDI was obtained by GPC with THF as eluent and PS as calibration.

The pure PEG-b-TPE-PAChol copolymers were obtained by precipitating the crude
products into the cold isopropanol (for PEG45-b-tPAChol11) or methanol (for the other
four copolymers in Table 3.1) for three times and then drying under vacuum for 24 h.
Then they were characterized carefully by NMR (Figure 3.13) and GPC (Figure 3.14).
The 1H NMR spectrum of a typical PEG45-b-TPE-PAChol14 copolymer showed all the
proton signals on the polymer structure, which confirmed the synthesis of the target LC
amphiphilic diblock copolymer containing cholesteryl-based smectic mesogen and
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AIEgens. The DP of AChol units was calculated by comparing the integrated areas of
the proton peak from the cholesteryl groups (peak g) and that from the methyl group at
the end of PEG chain (peak a) in the 1H NMR spectrum (DPPAChol = 3*(Ig/Ia), I
represents the integrated area of the corresponding proton peak) (Figure 3.13). Mn of
the block copolymer could then be calculated after knowing the DP of AChol units on
the polymer chain. In addition, the GPC traces of the obtained five copolymers showed
unimodal peaks with narrow PDIs (1.17–1.24) (Figure 3.14), further confirming the
obtaining of pure PEG-b-TPE-PAChol diblock copolymers.

Figure 3.13. 1H NMR spectrum of PEG45-b-tPAChol14 copolymer. CDCl3, 400 MHz,
297 K.

152

Chapter III. Liquid crystal (LC) AIE polymersomes

Figure 3.14. GPC traces of PEG-b-TPE-PAChol copolymers (Table 3.1) with THF as
the eluent.

In our synthesis of PEG-b-TPE-PAChol copolymers containing AIEgens, we have
also tried to prepare PEG-b-PAChol-TPE copolymers in which the TPE group was at
the chain end of PAChol block. Thus, we can compare the AIE property of these two
kinds of copolymers as well as their self-assemblies. However, the synthesis was not
successful by post-functionalization of PEG-b-PAChol copolymers according to the
reported procedures (Figure 3.15).25 The PEG-b-PAChol was prepared by RAFT using
mPEG-CTA which had trithiocarbonate groups (please see Chapter II for the molecular
structure) as the macro chain transfer agent. Therefore, we focus on the synthesis and
self-assembly study of PEG-b-TPE-PAChol copolymers containing AIEgens between
the PEG and PAChol blocks.
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Figure 3.15. Failed synthesis of LC amphiphilic PEG-b-PAChol-TPE diblock
copolymer with TPE group on the chain end of PAChol.

3.2.3. Self-assembly of LC amphiphilic PEG-b-TPE-PAChol diblock copolymer
Although various LC polymersomes have been reported by our group, LC
polymersomes with AIE property have not been reported. They are interesting to study
because of their potential applications in biomedical field such as drug delivery and
bioimaging. Hence, LC amphiphilic PEG-b-TPE-PAChol diblock copolymers
containing AIEgens in the copolymer structures were prepared in this work to develop
LC polymersomes with AIE property. Here, we have chosen a representative copolymer,
PEG45-b-TPE-PAChol16 (fPEG,wt% = 17.8%), to perform the self-assembly study. The
effect of the initial co-solvent (THF/dioxane) on the self-assembly behavior was studied.
The self-assembly method was nanoprecipitation. In a typical self-assembly
experiment, PEG45-b-TPE-PAChol16 was firstly dissolved in THF or dioxane
(concentration 2 mg/mL), which was the good solvent for both PEG and PAChol blocks.
Then deionized water was added slowly (around 3 uL/min) until it reached 75 wt% of
the whole solution. The solution was shaken gently during the addition of water. THF
or dioxane was removed by dialysis against deionized water for 3 days in a 3500 Da
cut off cellulose bag. Finally, the aqueous solution of the self-assemblies of PEG45-bTPE-PAChol16 with a concentration of about 0.5 mg/mL in the dialysis bag was
obtained.
The self-assemblies of PEG45-b-TPE-PAChol16 obtained from different initial
organic solvents were characterized by DLS, cryo-EM and SEM. As shown in Figure
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irregular shapes such as ellipsoidal or tubular vesicles were observed by cryo-EM
(Figure 3.18a-c). These results explained why there were two size distributions in the
DLS characterization of the self-assemblies of PEG45-b-TPE-PAChol16 obtained from
dioxane/water system. Meanwhile, lamellae with relatively large size was also observed
by cryo-EM (Figure 3.18d). SEM images showed ellipsoidal or elongated films or
micelles (Figure 3.18e, f), which were the morphologies of the vesicles in dried state.
In addition, the membrane thickness of the elongated polymersomes was also
homogeneous with a value of about 9-11 nm as measured from the cryo-EM images.
This indicated that the obtained LC polymersomes had similar memebrane structure to
those obtained in THF/water system. In detail, they were also unilamellar with a bilayer
structure in the vesicle membrane in which the stretched PAChol polymers presented
an elongated conformation along the normal of the membrane.
Another interesting observation of the LC polymersomes obtained in dioxane/water
system is that the ellipsoidal vesicles or films were striped with the periodic stripe lines
perpendicular to the long axis of the nanoparticles (Figure 3.18a-d). This was in
agreement with the observation of the self-assemblies of PEG-b-PAChol copolymers
and the periodic stripe lines were attributed to the layer spacing of SmAd phase in the
PAChol blocks.11 The period of the stripe was measured as P = 4.2 nm (see the FFT of
the image part in the black rectangle of Figure 3.18b), which was close to the reported
smectic layer spacing of PEG45-b-PAChol16 diblock copolymer (P = 4.3 ± 0.1 nm).16
The reason that different morphologies of the self-assemblies were formed in
THF/water system and dioxane/water system was because of the different solubility of
PAChol blocks in THF and dioxane, as reported in the previous work. 16 In brief, THF
and dioxane are nearly equivalently good solvent for PEG, but the solubility of PAChol
in the two organic solvents is lower than PEG. Moreover, the solubility of PAChol in
THF is better than that in dioxane. It means that the interaction between PAChol and
dioxane is not so favourable and the interaction between PAChol chains (mesogenmesogen interaction) may be favoured upon the addition of water, which plays an
important role in the self-assembly process. Meanwhile, since the polymer membrane
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may contain plenty of THF in the THF/water system but less dioxane in the
dioxane/water system, it is possibly plasticized by more organic solvent in the
THF/water system, leading to better flexibility and lower bending modulus of the
membrane. Thus, many smaller polymersomes are formed in the THF/water system as
confirmed by the cryo-EM characterization. This may also explain the final
morphology difference between the self-assemblies obtained from THF/water system
and dioxane/water system.
In addition, it is noteworthy that LC amphiphilic PEG45-b-PAChol16 diblock
copolymer self-assembled into spherical aggregates in the THF/water system using the
nanoprecipitation method.22 While our PEG45-b-TPE-PAChol16 diblock copolymer
self-assembled into polymersomes under similar self-assembly conditions. The main
structural difference between the two copolymers is the presence of TPE groups
between PEG and PAChol blocks for PEG45-b-TPE-PAChol16 copolymer. It might take
effect by changing the hydrophobic interaction between the hydrophobic blocks since
the hydrophobic ratio of PEG45-b-TPE-PAChol16 copolymer was increased or changing
the interaction between the hydrophobic blocks and THF. However, the aggregate
morphologies of PEG45-b-PAChol16 and PEG45-b-TPE-PAChol16 in the dioxane/water
system were similar, which were mainly ellipsoidal or tubular vesicles for both
copolymers. It suggested that the presence of TPE between the PEG and PAChol blocks
did not have an obvious effect on the self-assembly behavior of PEG45-b-PAChol16
diblock copolymer in the dioxane/water system.
We have also characterized the AIE property of the self-assemblies formed by PEG45b-TPE-PAChol16 copolymer in solution. Here, the aqueous solution of the selfassemblies obtained from dioxane/water system was taken as an example. The
photographs of the polymersome solution and initial dioxane solution of PEG45-b-TPEPAChol16 copolymer under visible light and UV light (λ = 365 nm) are shown in Figure
3.19. We can see that the polymersome solution emits cyan fluorescence under UV
light (λ = 365 nm), while there is no fluorescence observed for the dioxane solution.
This is because PEG45-b-TPE-PAChol16 containing TPE groups is perfectly soluble in
dioxane and the intramolecular rotation of TPE groups leads to the non-radiative decay
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(a)

fw = 0% 20% 40% 60% 80% 90% 99%

(b)

Figure 3.20. (a) Photographs of PEG45-b-TPE-PAChol16 copolymer in the mixture of
dioxane and water with the same copolymer concentration (10-4 mol/L) but different
water fraction under UV lamp (λ = 365 nm). (b) Photoluminescence (PL) spectra of
PEG45-b-TPE-PAChol16 copolymer in the mixture of dioxane and water with the same
copolymer concentration (10-4 mol/L) but different water fraction (λex = 349 nm).
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In addition, we have prepared a series of PEG45-b-TPE-PAChol16 solution in the
mixture of dioxane and water with the same copolymer concentration but different
water fraction (fw). Their photographs under UV light (λ = 365 nm) are shown in Figure
3.20a. We can see that at fw = 0, the solution is non-emissive. At fw = 20%, the
fluorescence starts to appear, and becomes stronger and stronger with the increasing of
fw. The fluorescence spectroscopy characterization revealed the same phenomena (λex
= 349 nm), as shown in Figure 3.20b. All these results indicate that the obtained selfassemblies from PEG-b-TPE-PAChol exhibit good AIE property. Their applications in
biomedical field such as drug delivery and bioimaging will be studied in the future.

3.3 Conclusion
In this chapter, a series of LC amphiphilic PEG-b-TPE-PAChol diblock copolymers
containing a smectic LC block PAChol and an AIEgen (TPE) between hydrophilic PEG
and hydrophobic PAChol blocks has been prepared by RAFT polymerization of AChol
monomers using a TPE-functionalized mPEG (mPEG-TPE-CTA) as the macro chain
transfer agent. The AChol monomer was synthesized by one-step reaction between 2hydroxyethyl acrylate and cholesteryl chloroformate. mPEG-TPE-CTA was prepared
by esterification of a TPE derivative bearing carboxylic acid group and mPEG 45-OH.
PEG45-b-TPE-PAChol16 copolymer with a hydrophilic ratio of about 17.8% was chosen
for the self-assembly study using the nanoprecipitation method. The effect of the initial
co-solvent (THF or dioxane) on the self-assembly behavior of PEG45-b-TPE-PAChol16
was also studied. Cryo-EM characterizations showed that spherical polymersomes with
a bilayer structure in the membrane were formed in the THF/water system. Cryo-EM
and SEM characterizations showed that large ellipsoidal or tubular polymersomes were
formed in the dioxane/water system. The vesicle membrane also had a bilayer structure.
Moreover, the obtained polymersomes showed AIE fluorescence.
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4.1 Introduction
In the chapter II and III, AIE polymersomes are formed by the self-assembly of
amphiphilic block copolymers where the hydrophobic blocks contain only partially
AIEgen-substituted repeat units. The fluorescence intensity and quantum yield remain
relatively low for the AIE polymersomes of PEG-b-(PDEAEMA-r-PTPEMA) and
PEG-b-TPE-PAChol copolymers. The typical quantum yields were 4%–9% for the
polymersomes of PEG-b-(PDEAEMA-r-PTPEMA) and only 1% for those of PEG-bTPE-PAChol. The quantum yield of the polymersomes of PEG-b-PDEAEMA-bPTPEMA copolymers were 11%-14%, which were higher due to the denser distribution
of TPE groups on the hydrophobic chains. However, the hydrophobic blocks of the
prepared amphiphilic block copolymers were based on methacrylate backbones, which
were not biodegradable.
In this chapter, we describe the self-assembly of a series of amphiphilic PEG45-bP(TPE-TMC)n diblock copolymers where each repeating unit of the hydrophobic block
P(TPE-TMC) contains one AIEgen. TPE-TMC is a tetraphenylethene substituted
trimethylene carbonate monomer. The copolymers were synthesized via ROP of TPETMC monomers using mPEG45-OH as the macroinitiator and TU/DBU pair as the
organo-catalyst (TU: N-(3,5-bis-(trifluoromethyl)phenyl)-N′-cyclohexylthiourea; DBU:
1,8-diazabicyclo[5.4.0]undec-7-ene). The synthetic work was performed by my
colleagues. I contributed to the investigation of their self-assemblies and their AIE
fluorescence property.
The self-assemblies of PEG45-b-P(TPE-TMC)n in water were prepared by
nanoprecipitation method using dioxane or THF as co-solvent. The self-assembly
processes and AIE property of one representative copolymer, PEG45-b-P(TPE-TMC)13
with a hydrophilic ratio of 21%, were studied in detail by DLS, cryo-EM and
fluorescence spectroscopy. The quantum yield of the self-assembly solution was
measured as 12.7%, which is significantly higher than those of PEG-b-(PDEAEMA-r165
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PTPEMA) and PEG-b-TPE-PAChol copolymers. More importantly, the hydrophobic
P(TPE-TMC) block is biodegradable, which allows the obtained bright AIE
polymersomes to be potentially used as a stable fluorescent tool to monitor the
transportation and distribution of drugs and bioconjugates in living cells.
This work has been the subject of a paper published in ACS Nano, to which I
contributed equally with N. Zhang and H. Chen. (Zhang, N.; Chen, H.; Fan, Y.; Zhou,
L.; Trépout, S.; Guo, J.; Li, M.-H. “Fluorescent polymersomes with aggregation
induced emission”, ACS Nano 2018, 12, 4025−4035). This paper is attached at the end
of the present thesis.

4.2 Results and Discussion
4.2.1 Synthesis of amphiphilic PEG-b-P(TPE-TMC) diblock copolymers
Polycarbonate-based amphiphilic PEG-b-P(TPE-TMC) diblock copolymers were
synthesized via the ROP of a TPE-functionalized trimethylene carbonate monomer
(TPE-TMC) using mPEG45-OH as the macroinitiator and TU/DBU pair as the organocatalyst. The monomer and block copolymers with different P(TPE-TMC) lengths were
prepared by my coworker Nian Zhang in the group according to the synthetic scheme
shown in Figure 4.1. She has prepared four PEG45-b-P(TPE-TMC)n diblock copolymers
with different degrees of polymerization of P(TPE-TMC) (n = 16, 13, 9, 7) and
relatively low PDI, as shown in Table 4.1.
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Figure 4.1. Synthetic route to TPE-functionalized trimethylene carbonate monomer
(TPE-TMC) and its diblock copolymer PEG45-b-P(TPE-TMC)n.

Table 4.1. Molecular weights and molecular weight distributions PEG45-b-P(TPETMC)n diblock copolymers.
Polymer sample

DP of hydrophobic
block

(n)a

Mn (Da)a PDIb fPEG,wt%a

PEG45-b-P(TPE-TMC)16

16

11400

1.30

17%

PEG45-b-P(TPE-TMC)13

13

9600

1.35

21%

PEG45-b-P(TPE-TMC)9

9

7300

1.32

27%

PEG45-b-P(TPE-TMC)7

7

6100

1.26

33%

a. The degree of polymerization (DP) of the hydrophobic block (P(TPE-TMC)),
number average molecular weight (Mn) and the hydrophilic weight ratio (fPEG,wt%) of
the copolymer were determined by 1H NMR spectroscopy.
b. PDI = Mw/Mn, Mw and Mn here were measured by GPC using THF as eluent and
monodispersed polystyrenes as calibration standards.
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4.2.2 Self-assembly of amphiphilic PEG45-b-P(TPE-TMC)n diblock copolymers
The method of nanoprecipitation was used to prepare the self-assemblies of the
PEG45-b-P(TPE-TMC)n diblock copolymers in water using THF or dioxane as cosolvent. Typically, the diblock copolymer was dissolved in 1 mL of THF or dioxane,
which was a common solvent for both polymer blocks, with a concentration of 0.25
wt%. Deionized water was then added to the solution very slowly (2-3 µL/min) with
slight shaking. When the water content reached 75% where the formation of
nanostructure already finished (see below), the dispersions of self-assemblies were
dialyzed thoroughly against water to obtain final polymer self-assemblies in pure water.
We have followed the self-assembly process in situ upon water addition using DLS and
cryo-EM in order to understand the self-assembling mechanism. We have focused
especially on the self-assembling process of one block copolymer, PEG45-b-P(TPETMC)13 (fPEG,wt% = 21%) in THF/water and in dioxane/water systems. The average size
of the nanostructures and the count rates were regularly measured by DLS (Zetasizer).
At some critical points, aliquots were taken to be frozen for cryo-EM analyses.
We discuss first the case using THF as co-solvent. Figure 4.2A shows the count rates
and the average hydrodynamic diameters (Dh) of aggregates as a function of water
content in THF/water system. The count rates measured by Zetasizer in kilo counts per
second (kcps) represent the scattering intensity. The higher count rate usually indicates
higher concentration, larger particles, or the combination of them. We have recorded
three events involved in the evolution of aggregates in the self-assembling process
(Figure 4.2A). The first one corresponds to the appearance of very large structures with
Dh up to 3 µm at water content (fw) of 20-25%. However, only a small peak of count
rates (peak value 230 kcps) was accordingly recorded, which means the concentration
of these large structures is low. These large structures are probably large lamellae and
giant vesicles formed by the closure of the lamellae. Indeed, cryo-EM characterization
of the aliquot withdrawn at water content of 25% showed giant vesicles (Figure 4.2C).
The second event is an abrupt increase of count rates from 230 to 4000 kcps at water
content from 32 to 36%. This event is ascribed to the sudden increase of the
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concentration of self-assemblies because the size of self-assemblies decreases to 200300 nm at these water contents. The morphology was checked by cryo-EM on aliquot
withdrawn at water content of 31% just before the abrupt change. The cryo-EM image
(Figure 4.2D) shows indeed that the giant vesicles transform into smaller ones.

Figure 4.2. Study of the self-assembling process of PEG45-b-P(TPE-TMC)13 by
nanoprecipitation in THF/water system. (A): The evolution of average hydrodynamic
diameter (Dh) and count rates measured by DLS as a function of water content upon
water addition. (B): The size distribution of self-assemblies measured by DLS at water
content fw = 25%, 31%, 75%. (C)-(E): The cryo-EM images of self-assemblies at the
water fraction fw = 25% (C), 31% (D), and 75% (E). The dark spots in the cryo-EM
images come from organic solvent (THF), because the samples were frozen in solvent
mixtures.1
The third event is the stabilization of the size and the concentration of self-assemblies
as water content increases from 36% to 75% as shown in Figure 4.2A. The average Dh
of 270 nm was measured and the count rates reach a plateau value. The cryo-EM images
of polymersomes at 75% of water content (Figure 4.2E) confirm the size of self169
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assemblies. The size distribution of polymersomes measured by DLS at three
representative points (fw = 25%, 31%, 75 % in the THF/water mixture) are collected in
Figure 4.2B. Finally, the polymersomes in pure water were obtained by dialysis of the
above mixture against water. The size distribution of polymersomes in pure water
changed only very slightly compared to that in the mixture with fw = 75% (see Figure
4.3), the average vesicles size of 250 nm (PDI = 0.133) being measured by DLS. Their
cryo-EM images shown in Figure 4.6A confirm the well-defined vesicular structures of
PEG45-b-P(TPE-TMC)13 in water using THF as co-solvent.

Figure 4.3. The DLS curves of the self-assembly solution of PEG45-b-P(TPE-TMC)13
at water content of 75% and pure water (after dialysis for 3 days) in the THF/water
system.

Dioxane was also used as organic co-solvent to do the self-assembly of PEG45-bP(TPE-TMC)13. Figure 4.4 shows the average Dh and the count rates (kcps) of the selfassemblies measured by DLS as a function of water content in dioxane. Similar
evolution of self-assemblies was observed for count rates and Dh compared to the case
using THF as co-solvent. However, the critical water fractions for the first and second
events advanced in dioxane/water than those in THF/water. The big structures (sheets
or giant vesicles) appeared at fw = 10% in dioxane/water instead of appearing at fw =
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20% in THF/water; a lot of vesicles (high concentration) started to form with abrupt
increase of count rates at fw = 20% in dioxane/water instead of forming at fw = 35% in
THF/water. In addition, the final polymersomes have much larger sizes than those
obtained in THF/water system. When the water content reached 75%, the vesicle
stabilized its size at 700 nm. Large vesicles with average diameters of 650 nm (PDI =
0.137) were observed after the self-assembled solution was dialyzed against water
(Figure 4.5). Their cryo-EM images shown in Figure 4.6B confirm the structures of the
big vesicles.

Figure 4.4. The study of the self-assembly process of PEG45-b-P(TPE-TMC)13 by
nanoprecipitation in dioxane/water. The evolution of average hydrodynamic diameter
(Dh) and count rates measured by DLS as a function of water fraction upon water
addition.
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Figure 4.5. The DLS curve of the self-assembly solution of PEG45-b-P(TPE-TMC)13 at
water content of 75% and pure water (after dialysis for 3 days) in the dioxane/water
system.

These different results indicate the solubility of PEG45-b-P(TPE-TMC)n diblock
copolymers in THF is better than in dioxane. In order to understand better the different
effects of THF and dioxane on self-assembling behavior of block copolymers, we
examine the Flory–Huggins interaction parameters of these polymer-solvent pairs (χps).

Generally, if χp-s < 0.5, the polymer dissolves well in the solvent, whereas if χp-s >

0.5, the solvent is poor for the polymer (for θ solution χp-s = 0.5). A lower value of χp-s
indicates better miscibility between polymer and solvent. The χp-s can be calculated
using the van Laar-Hildebrand equation (1):2
𝜒p−s =

𝑉s

RT

(𝛿p − 𝛿s )2 + 0.34

(1)

where Vs is the molar volume of the solvent, R refers to the ideal gas constant, T is
temperature, and δp and δs are the solubility parameters of polymer and solvent,
respectively. The term 0.34 gives the entropic contribution and is usually between 0.3
and 0.4 for non-polar system. The hydrogen bond effect is neglected in the PEG block.
Solubility parameter (δ/MPa1/2) for solvents are δTHF = 19.4 and δdioxane = 20.5, as
calculated by Hansen et al.2 A group contribution method is used to calculate the
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solubility parameter of polymers: δPEG = 20.2 and δP(TPE-TMC) = 17.5. We found then
χPEG-THF = 0.37, χPEG-dioxane = 0.34, χP(TPE-TMC)-THF = 0.43, and χP(TPE-TMC)-dioxane = 0.61.
These values indicate that THF and dioxane are nearly equivalently good solvent for
PEG, while THF is clearly a better solvent for P(TPE-TMC) than dioxane. Therefore,
as the selective solvent, water, which is a non-solvent for P(TPE-TMC) but good
solvent for PEG, was added to the block copolymer solution in THF or dioxane, the
aggregates appeared earlier (with lower water content) in dioxane than in THF. If we
consider the interaction parameter between the polymer unit is χP(TPE-TMC)-P(TPE-TMC) =
0.34, the interaction between THF and P(TPE-TMC) (χP(TPE-TMC)-THF = 0.43) is not so
different from the interaction between P(TPE-TMC) and P(TPE-TMC). Then the
membrane may contain plenty of THF. In contrast, the interaction between dioxane and
P(TPE-TMC) with χP(TPE-TMC)-dioxane = 0.61 is not favorable compared to χP(TPE-TMC)P(TPE-TMC)

= 0.34 for the miscibility. Then upon water addition, the interaction between

P(TPE-TMC) and P(TPE-TMC) may be favored, and the content of dioxane may be
less in the membrane of dioxane/water system. The polymer membrane plasticized by
more solvent (THF) should present better flexibility and a lower bending modulus,
leading to the formation of smaller vesicles. This may explain the final size difference
between polymersomes obtained with THF/water and dioxane/water systems.
We analyze now the molecular organization in the polymersomes membrane. The
membrane thickness of final vesicles dispersed in water obtained in both THF/water
and dioxane/water systems remained the same and homogeneous in all vesicles. It was
measured as 10 ± 1 nm from the FWHM (Full Width at Half Maximum) of the
electronic density profile perpendicular to the membrane through statistical analysis of
about 30 different vesicles in the cryo-EM images. This thickness corresponds to the
hydrophobic part of the bilayer. PEG45-b-P(TPE-TMC)13 should have a tail-to-tail
(P(TPE-TMC) to P(TPE-TMC)) bilayer structure in the bilayer membrane. As the
molecular length of one TMC unit at the extended state in the polymer backbone is
about 0.6 nm (calculated by Chem3D software), the biggest length of P(TPE-TMC)
block in PEG45-b-P(TPE-TMC)13 should be 7.8 nm. A perfect tail-to-tail bilayer should
have the membrane thickness of 15.6 nm. The measured membrane thicknesses of
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about 10 nm is smaller than the double length of P(TPE-TMC) block at the extended
state. This indicates that the PEG45-b-P(TPE-TMC)13 backbone in the vesicle
membrane may not be totally extended or the two leaflets may be interdigitated and do
not form an exact tail-to-tail bilayer (Figure 4.6D).

Figure 4.6. Cryo-EM images of polymersomes formed by PEG45-b-P(TPE-TMC)13 in
water by nanoprecipitation using THF (A) or dioxane (B) as co-solvent. The chemical
structure of the block copolymer is shown in C and the schematic molecular
organization in the membrane is shown in D.
The self-assemblies of other block copolymers in Table 4.1 (PEG45-b-P(TPE-TMC)n,
n = 16, 9, 7, with hydrophilic weight ratios fPEG,wt% = 17%, 27%, 33%, respectively)
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were also prepared using THF as co-solvent. The final self-assemblies were obtained
in water after thorough dialysis against water. Figure 4.7 shows their size distributions
measured by DLS and their morphologies characterized by cryo-EM. Table 4.2 lists the
hydrodynamic diameters and membrane thicknesses of the polymersomes obtained by
the whole series. With the decrease of the hydrophobic block length and the increase of
the hydrophilic ratio, the average size of polymersomes becomes smaller (from Dh =
450 nm, 250 nm, 90 nm to 70 nm) and the average membrane thickness becomes thinner
(from e =15.0 nm to 9.8 nm). It is easy to understand that the shorter the hydrophobic
block, the thinner the membrane (Figure 4.6D). The bending modulus of the membrane
should depend on the whole molecular size of the block copolymer. It should be higher
for membrane made of high molecular weight polymer than that made of low molecular
weight polymer. This explains why the vesicles sizes are bigger for PEG45-b-P(TPETMC)n with bigger n.3,4 Note that a few large sheets and giant vesicles were also
observed for shorter copolymers PEG45-b-P(TPE-TMC)9 and PEG45-b-P(TPE-TMC)7
(Figure 4.8). In addition, as all these self-assemblies formed by block copolymer in
water via solvent exchange (nanoprecipitation) are kinetically trapped, vesicle closure
may not be completed for the more flexible membranes with thinner thickness in the
time scale used. Therefore, some of intermediate self-assemblies (sheets and giant
vesicles) could remain at the end.
In conclusion, we have demonstrated that the polymersomes were formed via a
mechanism of type I,5 where amphiphilic block copolymers self-assembled first into
large bilayer lamellae followed by the closure of lamellae to vesicles and transformation
of giant vesicles to smaller vesicles. This mechanism can ensure high loading capacity
of hydrophilic molecules inside the aqueous compartments. We have also empirically
controlled the size of polymersomes by the choice of co-solvent (THF or dioxane) and
by the design of suitable hydrophilic/hydrophobic ratio of the block copolymers. The
size of polymersomes is an important parameter because it can influence the cell uptake
of polymersomes.6
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Figure 4.7. Characterization of polymersomes in water formed by PEG45-b-P(TPETMC)n using nanoprecipitation in THF/water mixture. (A), (C) and (E) show their size
(Dh) distribution measured by DLS; (B), (D) and (F) are their cryo-EM images. (A) and
(B): PEG45-b-P(TPE-TMC)16 (fPEG.wt% = 17%); (C) and (D): PEG45-b-P(TPE-TMC)9
(fPEG,wt% = 27%); (E) and (F): PEG45-b-P(TPE-TMC)7 (fPEG,wt% = 33%).
Table 4.2. The sizes of polymersomes self-assembled from PEG45-b-P(TPE-TMC)n by
nanoprecipitation using THF as co-solvent.
Block copolymer

fPEG,wt% Dh (nm)a

e (nm)b

PEG45-b-P(TPE-TMC)16

17%

450

15.0 ± 1.5

PEG45-b-P(TPE-TMC)13

21%

250

10.1 ± 1.0

PEG45-b-P(TPE-TMC)9

27%

90

9.9 ± 1.1

PEG45-b-P(TPE-TMC)7

33%

70

9.8 ±1.0

a. Intensity average hydrodynamic diameters measured by DLS.
b. Thickness measured from the FWHM of the electronic density profile perpendicular
to the membrane through statistical analysis of about 30 different vesicles in the cryoEM images.
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Figure 4.8. Cryo-EM images of the sheets and small vesicles in the self-assembly
solution of (A) PEG45-b-P(TPE-TMC)9 and (B) PEG45-b-P(TPE-TMC)7 using THF as
the initial co-solvent.

4.2.3 AIE property of PEG-b-P(TPE-TMC) polymersomes during the selfassembly
We have followed the fluorescence evolution of the polymersomes of PEG45-bP(TPE-TMC)13 all through their formation. The fluorescence intensity was measured
by spectrofluorometer using excitation wavelength of 382 nm (the maximum excitation
wavelength) just after each water addition and DLS measurement during the abovediscussed nanoprecipitation process. Figure 4.9 shows the fluorescence intensity
evolution of the polymersome dispersion in THF/water and in dioxane/water systems.
We can distinguish two main stages in the evolution of fluorescence intensity during
the self-assembling process. At first, there is a slight linear increase of fluorescence
intensity as water content fw increases from 20% to 60% in THF/H2O system, and from
20% to 50% in dioxane/water system, respectively. Then, as fw > 60% in THF/water
system or fw > 50% in dioxane/water system, the fluorescence intensity increases
suddenly and exponentially. What is interesting is that in both cases at those water
contents, the size and the concentration of polymersomes reach already in nearly steady
state. Then why the fluorescence intensity increases so abruptly? The first stage of
fluorescence increase can be explained by the polymersome formation. The
hydrophobic P(TPE-TMC) block self-assembled into the core of membrane and the
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intramolecular motion of TPE moieties was restricted. But because of the presence of
solvent (THF or dioxane) in the membrane, this restriction of motion is limited,
therefore the fluorescence intensity is moderate. After 60% or 50% of water content,
the sudden increase of fluorescence intensity upon further water addition could be
caused by the removal of the organic solvent from the membrane. The concentration
gradient of the organic solvent from inside to outside the membrane resulted in the
release of THF or dioxane by osmotic pressure. Consequently, the AIEgens, i.e. TPE
moieties, aggregated effectively. Since there were few solvent molecules to “lubricate”
the intramolecular motion, the photoluminescence was activated efficiently to give high
fluorescence intensity. The turning point between these two stages appeared earlier in
dioxane/water than in THF/water, because THF is a better solvent for P(TPE-TMC)
than dioxane. Both polymersomes in pure water after dialysis against water show very
strong fluorescence when excited by UV lamp with a wavelength of 365 nm (insets in
Figure 4.9A and Figure 4.9B). Their quantum yield was measured as 12.7% using the
method described in the literature.7

Figure 4.9. Evolution of fluorescence intensity as a function of water content during
the polymersome formation. (A) THF/water mixture. (B) Dioxane/water mixture.
Excitation wavelength is 382 nm. The photoluminescence (PL) intensity is the average
intensity collected from the wavelength 473 nm to 479 nm. The two photographs in the
insets correspond to the polymersome dispersions in pure water after dialysis against
water under UV lamp (λ = 365 nm).
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4.3 Conclusion
In this chapter, polycarbonate-based AIE polymersomes have been prepared by the
self-assembly of amphiphilic PEG45-b-P(TPE-TMC)n diblock copolymers using the
nanoprecipitation method. The copolymers were synthesized via ROP of TPE
substituted trimethylene carbonate monomer catalyzed by organic catalysts. The effect
of the co-solvent (THF or dioxane) and the effect of the length of hydrophobic block
on the polymersome formation were studied in detail. For the self-assemblies of PEG45b-P(TPE-TMC)13 in THF/water, the final average hydrodynamic diameter of
polymersomes was around 250 nm; while it was around 650 nm in dioxane/water. The
diameter of polymersomes decreased with the increase of hydrophilic ratio in the
amphiphilic PEG45-b-P(TPE-TMC)n diblock copolymers. The average diameters of
polymersomes changed from 450 nm, 250 nm, 90 nm to 70 nm when the degree of
polymerization of P(TPE-TMC)n changed from n = 16, 13, 9 to 7. In summary, the
control of polymersome sizes by the choice of co-solvent (THF or dioxane) and by the
design of suitable hydrophilic/hydrophobic ratio of block copolymers is of great
importance for the control of the cell uptake of polymersomes in the biotechnological
applications. Therefore, the bright AIE polymersomes reported here can be potentially
used as a stable fluorescent tool to monitor the transportation and distribution of drugs
and bioconjugates in living cells.
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1. General conclusions
The thesis describes the preparation and the characterization of several novel AIE
polymersomes through the self-assembly of AIEgen-containing amphiphilic block
copolymers. These block copolymers include a series of CO2 responsive block
copolymers containing many AIEgens on the side chains of the hydrophobic blocks, a
series of liquid crystal (LC) diblock copolymers containing one AIEgen between the
two blocks and several polycarbonate-based diblock copolymers with AIEgens as side
chains. The main results of research work are summarized as follows.

(1). CO2 and pH responsive AIE polymersomes
Two types of CO2 responsive amphiphilic block copolymers, diblock PEG-b(PDEAEMA-r-PTPEMA) and triblock PEG-b-PDEAEMA-b-PTPEMA have been
prepared by RAFT polymerization using a mPEG-based macro chain transfer agent
(mPEG-CTA). Two monomers were used to construct the hydrophobic blocks, (2(dimethylamino)ethyl methacrylate) (DEAEMA) and tetraphenylethene functionalized
methacrylate (TPEMA).
In the first diblock copolymer, PDEAEMA-r-PTPEMA is a random copolymer of
DEAEMA and TPEMA. TPEMA and mPEG-CTA were synthesized, while DEAEMA
was purchased. Four PEG-b-(PDEAEMA-r-PTPEMA) copolymers with different
PDEAEMA/PTPEMA contents and with PEG/whole polymer weight ratio (fPEG)
ranging from 17% to 30% were synthesized. All these polymers self-assembled readily
into AIE polymersomes in water using nanoprecipitation method in THF/water and
dioxane/water systems. Two triblock copolymers PEG45-b-PDEAEMA34-b-PTPEMA6
(fPEG = 27%) and PEG45-b-PDEAEMA11-b-PTPEMA6 (fPEG = 17%) were prepared.
Only PEG45-b-PDEAEMA11-b-PTPEMA6 triblock copolymer self-assembled into
polymersomes in dioxane/water system. In THF/water system, the same triblock
copolymer formed vesicles connected with more complex structures like cubosomes.
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The CO2/pH responsive properties of these AIE polymersomes were studied in detail.
The PEG45-b-(PDEAEMA36-r-PTPEMA6) polymersomes showed obvious response
upon CO2: vesicles transformed to small spherical micelles upon CO 2 bubbling; then
micelles returned to vesicular structure upon Ar bubbling.

(2). Liquid crystal (LC) AIE polymersomes
A series of LC amphiphilic PEG-b-TPE-PAChol diblock copolymers, containing a
smectic LC block PAChol (AChol: cholesteryl-based acrylate) and an AIEgen (TPE)
between hydrophilic PEG and hydrophobic PAChol blocks, has been synthesized by
RAFT polymerization of AChol monomers using a TPE-functionalized mPEG (mPEGTPE-CTA) as the macro chain transfer agent. A representative copolymer, PEG45-bTPE-PAChol16 with a hydrophilic ratio of 18%, was chosen for the self-assembly study
using the nanoprecipitation method. The effect of the initial co-solvent (THF or dioxane)
on the self-assembly behaviors was also studied. Cryo-EM characterizations showed
that PEG45-b-TPE-PAChol16 self-assembled into small spherical polymersomes in the
THF/water system, but large ellipsoidal or tubular polymersomes in the dioxane/water
system. Moreover, the obtained polymersomes showed AIE fluorescence.

(3). Biodegradable polycarbonate-based AIE polymersomes
We have studied the self-assembly of a series of biodegradable amphiphilic PEG45b-P(TPE-TMC)n diblock copolymers (TPE-TMC: tetraphenylethene substituted
trimethylene carbonate) where each repeating unit of the hydrophobic block P(TPETMC) contains one AIEgen. The copolymers were synthesized via ROP of TPE-TMC
monomers catalyzed by organic catalysts. Bright AIE polymersomes were obtained by
the self-assembly of PEG45-b-P(TPE-TMC)n with n = 7, 9, 13 and 16 (fPEG = 17%, 21%,
27% and 33%) using the nanoprecipitation method. The self-assembling process, the
AIE fluorescence intensity evolution along with the self-assembling and the control of
polymersome sizes by the choice of co-solvent (THF or dioxane) and by the design of
suitable hydrophilic/hydrophobic ratio of block copolymers have been studied in detail.
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Since the hydrophobic P(TPE-TMC) block is biodegradable, the prepared bright AIE
polymersomes can be potentially used as a stable fluorescent tool to monitor the
transportation and distribution of drugs and bioconjugates in living cells.

2. Perspectives
During this thesis work, we have studied three systems of AIE amphiphilic block
copolymers. Their self-assembly processes and morphologies, AIE fluorescence
features and CO2/pH responsive properties (for the first system) were investigated in
detail. However, some research work has not been finished because of the limited time.
More experimental and theoretical work is required to get deeper insight into the
properties of AIE polymersomes we have developed.
For the first system, we need to study the self-assembly behavior of PEG45-bPDEAEMA11-b-PTPEMA6 triblock copolymer in different organic solvent/water
content during the nanoprecipitation experiment in the future. The CO2/pH responsive
properties of the polymersomes from this triblock copolymer need also to be studied.
Furthermore, we will try to encapsulate model molecules inside the obtained stimuliresponsive polymersomes with AIE property to explore their potential applications as
drug delivery carriers.
For the LC AIE polymersomes, we have just studied the self-assembly of one diblock
copolymer, PEG45-b-TPE-PAChol16 because of the limited time. In the future, we will
study the self-assembly behaviors of other PEG45-b-TPE-PAChol copolymers with
different PAChol block lengths. The liquid crystal characteristics of the obtained
polymersomes will also be studied. In addition, it is interesting to synthesize
amphiphilic LC diblock copolymers containing AIEgens at the hydrophobic chain end,
like PEG-b-PAChol-TPE. The AIE polymersomes prepared from this new polymer will
have AIEgens in the core of the membrane surrounded entirely by hydrophobic
molecules. Thus, we can compare the AIE property of this polymersome with the one
we have obtained in the present thesis work, where AIEgens are located at the interface
of hydrophilic and hydrophobic parts.
Finally, for the last system of biodegradable polycarbonate-based AIE polymersomes,
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other AIEgens that can operate in visible or near IR light will be incorporated in the
block copolymers. These AIE polymersomes will be more suitable as fluorescent tool
to monitor the transportation and distribution of drugs and bioconjugates in living cells.
In vitro and in vivo tests will also be necessary in the future.
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Annex: Materials and methods
All the synthesis and characterization procedures used in this thesis work are
summarized in this annex, which consists of three sections. The first section is the
instruments and measurements information. The second section is the materials and
synthesis information of Chapter II (CO2 and pH responsive AIE polymersomes). The
third section is the materials and synthesis information of Chapter III (Liquid crystal
(LC) AIE polymersomes).
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6.1 General procedures
6.1.1 Nuclear Magnetic Resonance (NMR)
1

H NMR and 13C NMR spectra were recorded on Bruker Avance III HD 400 MHz

spectrometer at 298 K. Deuterated chloroform (CDCl3) was used as the solvent. NMR
chemical shifts were recorded in parts per million referenced to the residual solvent
proton (δ = 7.26 ppm) for 1H NMR and carbon (δ = 77.1 ppm) for 13C NMR.

6.1.2 Size Exclusion Chromatography (SEC)
The number-average molecular weights (Mn) and molecular weight distributions
(PDI) of polymers were evaluated by size exclusion chromatography (SEC), using
Agilent 1260 Infinity Series GPC (ResiPore 3 μm, 300 ×7.5 mm, 1.0 mL min-1, UV
(250 nm) and refractive index (RI, PLGPC 220) detector. All measurements were
performed with THF as the eluent at a flow rate of 1.0 mL/min at 35 °C. Monodisperse
polystyrene polymers were used as calibration standards.

6.1.3 Attenuated total reflection infrared spectroscopy (ATR-IR)
ATR-IR was used to characterize the infrared absorption spectra of polymer samples.
The spectra were recorded on a Magna – IRTM 550 spectrometer equipped with a
diamond probe. Solid polymer samples were put under the probe with pressure and then
characterized directly by the instrument.

6.1.4 Differential Scanning Calorimetry (DSC)
Calorimetric measurements of polymers were performed using a Perkin Elmer DSC7
device. The reference cell was kept empty and the sample cell was filled with polymer
sample (5 to 10 mg). Samples were scanned over a temperature range between -40 °C
and 200 °C with a scanning rate of 10 °C/min.

6.1.5 Fluorescence emission spectroscopy
The fluorescence emission spectroscopy characterization was carried out on a
186

Annex: Materials and methods
FluoroMax spectrofluorometer. Samples were added to a 1cm quartz cuvette with all
flanks transparent.

6.1.6 Dynamic light scattering (DLS)
Hydrodynamic diameters (Dh) of the self-assemblies of amphiphilic block
copolymers and their size distributions in deionized water were measured at 25 °C by
dynamic light scattering (DLS, Malvern zetasizer 3000HS, UK) with a 633 nm laser.
All measurements were performed with a 90° scattering angle. The sample solution in
the scattering cell was equilibrated for 10 min before measurements.

6.1.7 Scanning electron microscopy (SEM)
Morphologies of the self-assemblies of amphiphilic block copolymers were
characerized by Field-Emission SEM (LEO GEMINI-1530). Samples were prepared
by depositing one or two drops of the self-assembly solution onto the surface of a clean
silicon chip, and the samples were dried at room temperature for 24 hours. A thin film
of gold was coated on the samples before measurement.

6.1.8 Cryo-electron microscopy (Cryo-EM)
Morphologies of copolymer self-assemblies were also characterized by cryo-EM.
Images were acquired on a JEOL 2200FS energy-filtered (20 eV) field emission gun
electron microscopy operating at 200 kV using a Gatan ssCCD 2048 × 2048 pixels.
Samples were prepared by deposition of 5 μL sample solution onto a 200 mesh holey
copper grid (Ted Pella Inc., U.S.A.) and the samples were flash-frozen in liquid ethane
which were cooled down at liquid nitrogen temperature.

6.1.9 UV-vis absorption spectroscopy (UV-vis)
UV-vis absorption spectra were measured on a Milton Ray Spectronic 3000 Array
spectrophotometer. Samples solution were added into a 1cm quartz cuvette (wavelength
range: 200-800nm, wavelength accuracy: ± 0.5 nm) for the measurements.
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6.2 CO2 and pH responsive AIE polymersomes
6.2.1 Materials
Diphenylmethane (99%, Alfa Aesar), 4-methoxybenzophenone (97%, Acros), nbutyllithium (2.5 M in hexane, Sigma-Aldrich), p-toluenesulfonic acid monohydrate
(97%, Alfa Aesar), boron tribromide (BBr3, 1.0 M in dichloromethane, Sigma-Aldrich),
3-bromo-1-propanol (97%, Alfa Aesar), potassium carbonate (K2CO3, 99%, SigmaAldrich), methacryloyl chloride (97%, Sigma-Aldrich), triethylamine (99%, Alfa
Aesar), n-dodecylthiol (98%, Sigma-Aldrich), sodium hydride (60% dispersion in
mineral oil, Sigma-Aldrich), carbon disulfide (99%, Sigma-Aldrich), iodine (99%,
Sigma-Aldrich), 4,4’-azobis(4-cyanopentanoic acid) (98%, Alfa Aesar), N,N’dicyclohexylcarbodiimide (99%, Sigma-Aldrich) and 4-(dimethylamino)pyridine (99%,
Sigma-Aldrich) were used as received. Poly(ethylene glycol) monomethyl ether
(mPEG-OH, Mn = 2000 Da) was purchased from Fluka and purified by precipitation in
diethyl ether for three times before use. 2-(diethylamino)ethyl methacrylate (DEAEMA,
99%, Sigma-Aldrich) was passed through an activated basic alumina column before
use. 2,2’-Azobis(isobutyronitrile) (AIBN) was rescrystallized from ethanol for three
times before use. Dry THF, dichloromethane (DCM), acetonitrile and diethyl ether were
taken from the solvent purification system (SPS).

6.2.2 Synthesis of TPEMA monomer
6.2.2.1 Synthesis of hydroxyl functionalized TPE (TPE-OH)
The synthetic scheme of TPE-OH is shown in Figure 2.12 in Chapter II. In a typical
synthesis experiment, diphenylmethane (6.06 g, 36 mmol) was dissolved in dry THF
and the solution was cooled to 0 °C. n-Butyllithium (2.5 M in hexane, 12 mL, 30 mmol)
was added to the above solution dropwise under an argon atmosphere at 0 °C and the
resulting orange-red solution was stirred for 30 min at 0 °C. Then 4methoxybenzophenone (5.73 g, 27 mmol) was added to the solution and the reaction
mixture was allowed to warm to room temperature with stirring overnight. The reaction
was quenched by adding an aqueous solution of ammonium chloride. The formed
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mixture was extracted with dichloromethane (3 × 50 mL) and the combined organic
layers were washed with saturated brine solution and dried over anhydrous magnesium
sulfate. The solvent was removed under reduced pressure to afford the crude alcohol
(containing excess diphenylmethane), which was subjected to acid catalyzed
dehydration as described below.
The crude alcohol was dissolved in 150 mL toluene in a 250 mL Schlenk flask
equipped with a Dean-Stark trap. p-Toluenesulfonic acid monohydrate (1.03 g, 5.4
mmol) was added to the solution and the mixture was refluxed for 20 h. After cooled to
room temperature, the toluene layer was washed with 10% aqueous NaHCO 3 solution
(3 × 50 mL) and dried over anhydrous magnesium sulfate. The solvent was removed
under reduced pressure to afford the crude methoxy functionalized TPE derivative
(TPE-OMe). The crude product was chromatographed on a silica gel using hexane and
ethyl acetate with a volume ratio of 40/1 as the eluent to afford the pure TPE-OMe as a
white solid (7.15 g, yield: 73%).
In a 150 mL two-necked flask, TPE-OMe (5.00 g, 13.8 mmol) was dissolved in 50
mL dry dichloromethane and the solution was cooled to -20 °C. To the solution was
added BBr3 (1.0 M in dichloromethane, 21 mL, 21 mmol). After stirring for 1 h at 0 °C,
the reaction mixture was allowed to warm to room temperature with stirring during a
16 h period. Then, 50 mL deionized water was added dropwise to the mixture at 0 °C,
and stirred for 1 h. The mixture was extracted with dichloromethane (3 × 50 mL) and
the combined organic layers were dried over anhydrous magnesium sulfate. The solvent
was removed under reduced pressure to afford TPE-OH as a white solid (4.28 g, yield:
89%). Its molecular structure is shown in Figure 6.1. 1H NMR (400 MHz, CDCl3): 
(ppm) 7.19-6.95 (15H, m), 6.89 (2H, d), 6.56 (2H, d), 4.76 (1H, s).

Figure 6.1. Molecular structure of TPE-OH.
189

Polymersomes with aggregation-induced emission property
6.2.2.2 Synthesis of TPEMA monomer
The synthetic scheme of TPEMA from TPE-OH is shown in Figure 2.13 in Chapter
II. The typical synthesis process included two steps. In the first step, TPE-OH (2.00 g,
5.74 mmol), 3-bromo-1-propanol (0.96 g, 6.89 mmol), K2CO3 (1.59 g, 11.48 mmol)
and dry acetonitrile (CH3CN, 70 mL) were added to a 150 mL round-bottom flask. The
mixture was heated at reflux for 18 h. After cooled to room temperature, the unsoluble
inorganic salt was removed by filtration. Then concentrated the CH3CN solution to
about 3 mL by rotary evaporation. The crude product was chromatographed on a silica
gel using petroleum ether and ethyl acetate with a volume ratio of 3/1 as the eluent to
afford the pure TPE-(CH2)3-OH (white solid, 2.24 g, yield: 96%). Its molecular
structure is shown in Figure 6.2. 1H NMR (400 MHz, CDCl3):  (ppm) 7.17-6.97 (15H,
m), 6.93 (2H, d), 6.64 (2H, d), 4.05 (2H, t), 3.84 (2H, t), 2.01 (2H, p), 1.70 (1H, s). 13C
NMR (400 MHz, CDCl3):  (ppm) 157.41, 144.12, 140.62, 140.31, 136.52, 132.74,
131.53, 127.90, 127.77, 126.54, 126.42, 113.72, 65.82, 60.84, 32.14.

Figure 6.2. Molecular structure of TPE-(CH2)3-OH.

In the second step, TPE-(CH2)3-OH (1.50 g. 3.69 mmol) was dissolved in 20 mL dry
DCM and triethylamine (TEA, 0.45 g, 4.43 mmol) was added to the solution at 0 °C.
Then methacryloyl chloride dissolved in 10 mL dry DCM was added to the above
mixture dropwise at 0 °C under argon. The mixture was stirred at 0 °C for 30 min and
then warmed to room temperature with stirring overnight under argon. After stopping
the reaction, the DCM solution was washed with dilute HCl aqueous solution (3%) (3
× 10 mL) and brine (3 × 10 mL) separately to remove water-soluble side products. The
DCM phase was dried over anhydrous magnesium sulfate. Then concentrated the DCM
solution to about 3 mL by rotary evaporation. The crude product was chromatographed
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on a silica gel using petroleum ether and ethyl acetate with a volume ratio of 3/1 as the
eluent to afford the pure TPEMA as a light yellow solid (1.34 g, yield: 77%), after dried
under vacuum for 24 h in the darkness. Its molecular structure is shown in Figure 6.3.
The 1H NMR, 13C NMR and EI-MS spectra of TPEMA were shown in Figure 2.14 and
Figure 2.15 in Chapter II.

Figure 6.3. Molecular structure of TPEMA.

6.2.3 Synthesis of mPEG-based chain transfer agent (mPEG-CTA)
6.2.3.1 Synthesis of 4-cyano-4-(dodecylsulfanylthiocarbonyl)sulfanyl pentanoic
acid (CDP)
The synthetic scheme of CDP is shown in Figure 2.16 in Chapter II. In a typical
synthesis experiment, n-dodecylthiol (15.4 g, 76 mmol) was added to a stirred
suspension of sodium hydride (60% dispersion in mineral oil) (3.15 g, 79 mmol) in dry
diethyl ether (150 mL) over 10 min at a temperature around 5 °C. A vigorous evolution
of hydrogen production was oberved and a thick white slurry of sodium thiododecylate
was generated. The reaction mixture was cooled to 0 °C and carbon disulfide (CS2) (6.0
g, 79 mmol) was added slowly to provide a thick yellow precipitate of sodium Sdodecyl trithiocarbonate which was collected by filtration and used directly in the next
step without purification.
A suspension of sodium S-dodecyl trithiocarbonate (14.6 g, 49 mmol) in dry diethyl
ether (100 mL) was treated by portion-wise addition of solid iodine (I2) (6.3 g, 25 mmol).
The reaction was then sirred vigorously at room temperature for 1 h. After removing
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the formed white sodium iodide by filtration, the collected yellow-brown filtrate was
washed with an aqueous solution of sodium thiosulfate to remove excess iodine and
dried over anhydrous magnesium sulfate. The solvent was evaporated to afford a
residue of bis-(dodecylsulfanylthiocarbonyl) disulfide (13.6 g, quantitative). 1H NMR
(400 MHz, CDCl3):  (ppm) 3.29 (4H, t), 1.71 (4H, m), 1.30 (36H, br s), 0.89 (6H, t).
4,4’-azobis(4-cyanopentanoic acid) (3.15 g, 11.25 mmol) and the above bis(dodecylsulfanylthiocarbonyl) disulfide (4.16 g, 7.5 mmol) was dissolved in 75 mL
ethyl acetate (EA). The mixture was heated at reflux for 18 h. After cooled to room
temperature, the EA solution was washed with deionized water (5 × 100 mL) to remove
water-soluble side products and then dried over anhydrous magnesium sulfate. The
solvent was removed under reduced pressure to afford the oily crude product. Pure CDP
(pale yellow solid, 4.60 g, yield: 76%) was obtained by recrystallization from n-hexane
twice. Its molecular structure is shown in Figure 6.4. 1H NMR (400 MHz, CDCl3): 
(ppm) 3.38 (2H, t), 2.40-2.80 (4H, m), 1.89 (3H, s), 1.72 (2H, m), 1.28 (18H, br s), 0.89
(3H, t).

Figure 6.4. Molecular structure of 4-cyano-4-(dodecylsulfanylthiocarbonyl)sulfanyl
pentanoic acid (CDP).

6.2.3.2 Synthesis of mPEG-CTA
The synthetic scheme of mPEG-CTA from CDP is shown in Figure 2.16 in Chapter
II. The typical synthesis process was as follows: mPEG-OH (Mn = 2000 Da, 3.00 g,
1.50

mmol

-OH),

DMAP

(36.6

mg,

0.3

mmol),

4-cyano-4-

(dodecylsulfanylthiocarbonyl)sulfanyl pentanoic acid (1.61 g, 4 mmol), N,N’dicyclohexylcarbodiimide (DCC) (824 mg, 4 mmol) and dry DCM (30 mL) were added
to a 100 mL round-bottom flask. The mixture was stirred at 0 °C for 2 h and at room
temperature for another 24 h. After stopping the reaction, the solid in the solution was
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filtered and the filtrate was concentrated by rotary evaporation followed by
precipitating into cold diethyl ether. After being re-dissolved in DCM and reprecipitated
in diethyl ether twice more and then dried under vacuum at room temperature for 24 h,
pure mPEG-CTA was obtained as a light yellow solid (2.32 g, yield: 65%). Its molecular
structure is shown in Figure 6.5. The 1H NMR and GPC characterization results were
shown in Figure 2.17 and Figure 2.18 in Chapter II.

Figure 6.5. Molecular structure of mPEG-CTA.

6.2.4 Synthesis of CO2 responsive amphiphilic diblock copolymer PEG-b(PDEAEMA-r-PTPEMA)
The synthetic scheme of PEG-b-(PDEAEMA-r-PTPEMA) block copolymer by
RAFT polymerization is shown in Figure 2.19 in Chapter II. Take the synthesis of
PEG45-b-(PDEAEMA7-r-PTPEMA6) as an example, the typical RAFT polymerization
process was as follows: TPEMA (96.8 mg, 0.204 mmol), DEAEMA (37.8 mg, 0.204
mmol), mPEG-CTA (60 mg, 0.025 mmol) and AIBN (0.9 mg, 0.0055 mmol) were
added into a 15 mL Schlenk tube equipped with a Teflon coated stirring bar. Then 1.5
mL dry THF was added. After the solution was clear, the Schlenk tube was degassed by
three freeze-pump-thaw cycles and then immersed into an oil bath of 70 °C. The
mixture was stirred at 70 °C for 16 h. The polymerization was terminated by freezing
the mixture in liquid nitrogen. The mixture was then poured drop-by-drop into cold nhexane to precipitate the crude PEG-b-(PDEAEMA-r-PTPEMA) copolymer. The
precipitate was collected by centrifugation. After being re-dissolved in THF and
reprecipitated in cold n-hexane twice more and then dried under vacuum at room
temperature for 24 h, the pure polymer was obtained as a pale yellow solid (0.155 g,
yield: 80%). Its molecular structure is shown in Figure 6.6.
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Figure 6.6. Molecular structure of PEG-b-(PDEAEMA-r-PTPEMA) block copolymer.

The synthesis of other PEG-b-(PDEAEMA-r-PTPEMA) block copolymers with
different contents of PDEAEMA and PTPEMA by RAFT polymerization was similar
except that different amounts of TPEMA, DEAEMA, mPEG-CTA and THF were added
in the polymerization system. The DSC characterization results of the prepared PEGb-(PDEAEMA-r-PTPEMA) block copolymers are shown in Figure 6.7-6.10.

Figure 6.7. DSC curves of PEG45-b-(PDEAEMA7-r-PTPEMA6) block copolymer.
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Figure 6.8. DSC curves of PEG45-b-(PDEAEMA13-r-PTPEMA6) block copolymer.

Figure 6.9. DSC curves of PEG45-b-(PDEAEMA18-r-PTPEMA6) block copolymer.
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Figure 6.10. DSC curves of PEG45-b-(PDEAEMA36-r-PTPEMA6) block copolymer.

6.2.5 Synthesis of CO2 responsive amphiphilic triblock copolymer PEG-bPDEAEMA-b-PTPEMA
The synthetic scheme of PEG-b-PDEAEMA-b-PTPEMA triblock copolymer by
RAFT polymerization is shown in Figure 2.23 in Chapter II. The synthesis included
two steps and PEG-b-PDEAEMA diblock copolymer was prepard in the first step. Take
the synthesis of PEG45-b-PDEAEMA11-b-PTPEMA6 as an example, the typical twostep RAFT polymerization process was as follows: DEAEMA (148.2 mg, 0.8 mmol),
mPEG-CTA (120 mg, 0.05 mmol) and AIBN (1.64 mg, 0.01 mmol) were added into a
15 mL Schlenk tube equipped with a Teflon coated stirring bar. Then 3.0 mL dry THF
was added. After the solution was clear, the Schlenk tube was degassed by three freezepump-thaw cycles and then immersed into an oil bath of 70 °C. The mixture was stirred
at 70 °C for 16 h. The polymerization was terminated by freezing the mixture in liquid
nitrogen. The crude product was purified by dialysis against ethanol in a 3500 Da cut
off cellulose bag for 3 days to remove impurities, and the ethanol was changed twice a
day. The ethanol solution in the dialysis bag was collected and pure PEG-b-PDEAEMA
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diblock copolymer (pale yellow viscous solid, 206 mg, yield: 77 %) was obtained by
removing the ethanol under high vacuum. Its molecular structure is shown in Figure
6.11a. 1H NMR characterization showed that the average degree of polymerization (DP)
of DEAEMA unit on the copolymer chain was 12 (Figure 6.12).
TPEMA (72.1 mg, 0.152 mmol), PEG45-b-PDEAEMA12 diblock copolymer (87 mg,
0.019 mmol) (used as the macro chain transfer agent) and AIBN (0.63 mg, 0.0038 mmol)
were added into a 15 mL Schlenk tube equipped with a Teflon coated stirring bar. Then
1.2 mL dry THF was added. After the solution was clear, the Schlenk tube was degassed
by three freeze-pump-thaw cycles and then immersed into an oil bath of 70 °C. The
mixture was stirred at 70 °C for 16 h. The polymerization was terminated by freezing
the mixture in liquid nitrogen. The mixture was then poured drop-by-drop into cold nhexane to precipitate the crude PEG-b-PDEAEMA-b-PTPEMA triblock copolymer.
The precipitate was collected by centrifugation. After being re-dissolved in THF and
reprecipitated in cold n-hexane twice more and then dried under vacuum at room
temperature for 24 h, the pure polymer was obtained as a pale yellow viscous solid (124
mg, yield: 78%). Its molecular structure is shown in Figure 6.11b.

Figure 6.11. Molecular structure of PEG-b-PDEAEMA diblock copolymer (a) and
PEG-b-PDEAEMA-b-PTPEMA triblock copolymer (b).

The synthesis of other PEG-b-PDEAEMA-b-PTPEMA triblock copolymers with
different block lengths of PDEAEMA and PTPEMA by RAFT polymerization was
similar except that different amounts of TPEMA, DEAEMA, mPEG-CTA and THF
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were added in the polymerization system. Figure 6.13 shows the 1H NMR spectrum of
PEG45-b-PDEAEMA41 diblock copolymer. Figure 6.14 and Figure 6.15 show the GPC
characterization results of the PEG45-b-PDEAEMA12 and PEG45-b-PDEAEMA41
diblock copolymers, respectively. The DSC characterization results of the prepared two
PEG-b-PDEAEMA-b-PTPEMA triblock copolymers are shown in Figure 6.16 and
Figure 6.17.

Figure 6.12. 1H NMR spectrum of PEG45-b-PDEAEMA12 diblock copolymer. CDCl3,
400 MHz, 297 K.
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Figure 6.13. 1H NMR spectrum of PEG45-b-PDEAEMA41 diblock copolymer. CDCl3,
400 MHz, 297 K.

Figure 6.14. GPC trace of PEG45-b-PDEAEMA12 diblock copolymer with THF as the
eluent.
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Figure 6.15. GPC trace of PEG45-b-PDEAEMA41 diblock copolymer with THF as the
eluent.

Figure 6.16. DSC curves of PEG45-b-PDEAEMA11-b-PTPEMA6 triblock copolymer.
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Figure 6.17. DSC curves of PEG34-b-PDEAEMA11-b-PTPEMA6 triblock copolymer.

6.2.6 Self-assembly of CO2 responsive amphiphilic PEG-b-(PDEAEMA-rPTPEMA) and PEG-b-PDEAEMA-b-PTPEMA block copolymers
Nanoparticles were prepared from PEG-b-(PDEAEMA-r-PTPEMA) and PEG-bPDEAEMA-b-PTPEMA block copolymers using a classical nanoprecipitation method.
In a typical self-assembly experiment, the copolymer was firstly dissolved in THF or
dioxane, which was a good solvent for all the polymer blocks. The initial concentration
of the copolymer in organic solvent was 2 mg/mL. Then deionized water was added
slowly to the THF or dioxane solution (around 3 uL/min) until it reached 75 wt% of the
whole solution. The solution was shaked gently during the addition of water. THF or
dioxane was removed by dialysis against deionized water for 3 days in a 3500 Da cut
off cellulose bag. Finally, the aqueous solution of the self-assemblies of PEG-b(PDEAEMA-r-PTPEMA) or PEG-b-PDEAEMA-b-PTPEMA block copolymers with
a concentration of about 0.5 mg/mL in the dialysis bag was obtained.
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6.2.7 Quantum yield of the AIE polymersomes in aqueous solution
Quantum yield of the AIE polymersomers in aqueous solution were obtained by
comparing the integrated fluorescence spectra of the self-assembly solution with the
fluorescence spectrum of 9,10-diphenylanthracene in ethanol (excitation wavelength:
366 nm) with corrections of refractive index differences using equation (1).
𝑛2

∅2 = ∅1 × 𝑛22 ×
1

𝐹2
𝐹1

𝐴

× 𝐴1
2

(1)

∅2 is the quantum yield of the sample to be measured; ∅1 is the quantum yield of a
standard sample; n1 and n2 are the refractive indexes of the standard solution and of

sample solution, respectively; F1 and F2 are the integral areas of emission intensities in
the fluorescence spectra of the standard and sample solution, respectively; A 1 and A2
are the absorption intensity of standard and sample solution respectively, which were
lower than 0.05. The standard deviation is less than 10%. The refractive index of
ethanol was 1.366 at room temperature; the refractive index of water was 1.333 at room
temperature. The quantum yield of the standard fluorogen, 9,10-diphenylanthracene, is
0.96 in ethanol at room temperature (1 μg/mL; λex = 366 nm).
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6.3 Liquid crystal (LC) AIE polymersomes

6.3.1 Materials
2-Hydroxyethyl acrylate (97%, Alfa Aesar), cholesteryl chloroformate (95%, SigmaAldrich) and pyridine (99.8%, Sigma-Aldrich) were used as received. 2,2’Azobis(isobutyronitrile) (AIBN) was rescrystallized from ethanol for three times before
use. Dry DCM and THF was taken from the solvent purification system (SPS). 1,4dioxane used for polymerization was dried by refluxing with calcium hydride.

6.3.2 Synthesis of AChol monomer
AChol (cholesteryl-based acrylate, or cholesteryl acryloyloxy ethyl carbonate) was
synthesized by a one-step reaction between 2-hydroxyethyl acrylate and cholesteryl
chloroformate using pyridine as the acid-binding agent. Its synthetic scheme is shown
in Figure 3.7 in Chapter III. The typical synthesis process was as follows: 2Hydroxyethyl acrylate (3.90 g. 30 mmol) was dissolved in 20 mL dry DCM and
pyridine (1.75 g, 22 mmol) was added to the solution at 0 °C. Then cholesteryl
chloroformate (9.0 g, 20 mmol) dissolved in 20 mL dry DCM was added to the above
mixture dropwise at 0 °C under argon. The mixture was allowed to warm to room
temperature and stirred overnight under argon. The reaction mixture was diluted with
125 mL DCM, washed with dilute HCl aqueous solution (3%) (3 × 10 mL) and brine
(3 × 10 mL) separately to remove water-soluble side products. The DCM phase was
dried over anhydrous magnesium sulfate. Then concentrated the DCM solution to about
3 mL by rotary evaporation. The crude product was chromatographed on a silica gel
using chloroform and n-hexane with a volume ratio of 3/1 as the eluent to afford the
pure AChol as a white solid (8.32 g, yield: 79%), after dried under vacuum for 24 h in
the darkness. Its molecular structure is shown in Figure 6.18. The 1H NMR and

13

C

NMR spectra of AChol were shown in Figure 3.8 in Chapter III.
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Figure 6.18. Molecular structure of AChol.

6.3.3 Synthesis of LC amphiphilic PEG-b-TPE-PAChol diblock copolymer
The synthetic scheme of PEG-b-TPE-PAChol diblock copolymer by RAFT
polymerization is shown in Figure 3.12 in Chapter III. Take the synthesis of PEG45-bTPE-PAChol16 as an example, the typical RAFT polymerization process was as follows:
AChol (340 mg, 0.644 mmol), macro chain transfer agent TPE-functionalized mPEG
(mPEG-TPE-CTA) (103 mg, 0.0429 mmol) and AIBN (1.41 mg, 0.0086 mmol) were
added into a 15 mL Schlenk tube equipped with a Teflon coated stirring bar. Then 1.5
mL dry 1,4-dioxane was added. After the solution was clear, the Schlenk tube was
degassed by three freeze-pump-thaw cycles and then immersed into an oil bath of 70 °C.
The mixture was stirred at 80 °C for 24 h. The polymerization was terminated by
freezing the mixture in liquid nitrogen. The mixture was then poured drop-by-drop into
cold methanol to precipitate the crude PEG-b-TPE-PAChol diblock copolymer. The
precipitate was collected by centrifugation. After being re-dissolved in DCM and
reprecipitated in cold n-methanol twice more and then dried under vacuum at room
temperature for 24 h, the pure polymer was obtained as a pink solid (298 mg, yield:
67%). Its molecular structure is shown in Figure 6.19.
The synthesis of other PEG-b-TPE-PAChol diblock copolymers with different block
lengths of PAChol by RAFT polymerization was similar except that different amounts
of AChol, mPEG-TPE-CTA and 1,4-dioxane were added in the polymerization system.
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Figure 6.19. Molecular structure of PEG-b-TPE-PAChol diblock copolymer.

6.3.4 Self-assembly of LC amphiphilic PEG45-b-TPE-PAChol16 diblock copolymer
Nanoparticles were prepared from PEG45-b-TPE-PAChol16 using a classical
nanoprecipitation method. In a typical self-assembly experiment, the copolymer was
firstly dissolved in THF or dioxane, which was a good solvent for both PEG and
PAChol blocks. The initial concentration of the copolymer in organic solvent was 2
mg/mL. Then deionized water was added slowly to the THF or dioxane solution (around
3 uL/min) until it reached 75 wt% of the whole solution. The solution was shaked gently
during the addition of water. THF or dioxane was removed by dialysis against deionized
water for 3 days in a 3500 Da cut off cellulose bag. Finally, the aqueous solution of the
self-assemblies of PEG45-b-TPE-PAChol16 with a concentration of about 0.5 mg/mL in
the dialysis bag was obtained.
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ABSTRACT: Fluorescent polymersomes are interesting systems for cell/tissue imaging and in vivo study of drug
distribution and delivery. We report on bright ﬂuorescent polymersomes with aggregation-induced emission self-assembled
by a series of tetraphenylethylene (TPE)-containing amphiphilic biodegradable block copolymers, where the hydrophilic
block is a polyethylene glycol and hydrophobic block is a TPE-substituted trimethylenecarbonate polymer P(TPE-TMC).
Their self-assemblies in water were prepared by nanoprecipitation using dioxane or tetrahydrofuran as co-solvent, and the
self-assembling processes were studied in detail by cryo-electron microscopy, dynamic light scattering, and
spectroﬂuorometer. The polymersomes are formed via the closure of bilayer lamellae self-assembled ﬁrst by amphiphilic
block copolymers. The polymersome membrane aﬀords a nanosize bright ﬂuorescent system with self-assembly induced
emission in the thickness scale of 10−15 nm. The control of the whole size of polymersome is achieved by the choice of cosolvent for self-assembling and by the design of a suitable hydrophilic/hydrophobic ratio of block copolymers. These
polymersomes can be potentially used as a stable ﬂuorescent tool to monitor the transportation and distribution of drugs
and bioconjugates in living cells.
KEYWORDS: polymersomes, self-assembly, aggregation-induced emission, ﬂuorescence, amphiphilic block copolymers

P

istry also enables unlimited molecular design of site-targeted
and stimuli-responsive polymersomes.3−6 Therefore, with
appropriate size, shape and chemistry, polymersomes would
be capable of entering cells for cell-compartment imaging or
releasing their cargo intracellularly. For these reasons, polymersomes are currently being studied as a means of drug delivery
and biomedical imaging.7−9 Fluorescent polymersomes are
interesting systems for cell/tissue imaging and in vivo study of
drug distribution and delivery. Traditional ﬂuorescent polymer-

olymer vesicles, commonly called polymersomes, are
spherical shell structures in which an aqueous compartment is enclosed by a bilayer membrane made from
amphiphilic block copolymers. 1 This structure exhibits
tremendously interesting properties such as high membrane
elasticity and large encapsulation capacity. Polymersomes can
entrap not only many hydrophilic molecules in the large
volume of the inner aqueous compartment but also a
considerable quantity of hydrophobic molecules in the
membrane of high molecular weight polymers (big hydrophobic pockets). Compared to liposomes, their low molecular
weight analogues, polymersomes have been found to circulate
in blood for much longer durations by merit of their tougher
membranes and greater antifouling capacity.2 Polymer chem© 2018 American Chemical Society
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Scheme 1. Synthetic Route of Tetraphenylethene-Functionalized Monomer 5 (TPE-TMC) and Its Homopolymer P(TPETMC)n and Diblock Copolymer PEG45-b-P(TPE-TMC)n

(TMC) using a variety of catalysts including conventional
organometallic catalysts or other metallic complex catalysts26
and emerging organocatalysts.27−30 The recent development of
biocompatible polymers free of potentially toxic metallic
components has promoted the search for organic catalytic
and initiating systems.30,31 Especially, the organocatalytic
system based on acid−base pairs, such as N-(3,5-bis(triﬂuoromethyl)phenyl)-N′-cyclohexylthiourea (TU) and 1,8diazabicyclo[5.4.0]undec-7-ene (DBU), has emerged as a
versatile catalyst and demonstrated to have good control over
polymerization as well as tolerance to numerous functional
groups.28,31 Hence, in this study we performed the polymerization of the TPE-functionalized six-membred cyclic carbonate
monomer (TPE-TMC) using the TU/DBU pair as organocatalyst and commercial methoxy-polyethylene glycol
(mPEG45-OH) as macroinitiator. Amphiphilic diblock copolymers PEG45-b-P(TPE-TMC)n with diﬀerent hydrophobic block
ratios were prepared in order to study their inﬂuence on the
size and morphology of the self-assemblies. The self-assembling
behaviors and AIE ﬂuorescence properties of one of the
copolymers, PEG45-b-P(TPE-TMC)13 (f PEG = 21 wt %) with
hydrophilic/hydrophobic weight ratio of 21/79, was studied in
detail as an example. Cryo-electron microscopy (cryo-EM),
dynamic light scattering (DLS), and spectroﬂuorometer allow
the monitoring of the self-assembling process, and a mechanism
of type I26 was revealed, where the polymer vesicles were

somes contain generally conventional organic dyes which suﬀer
from aggregation-caused quenching (ACQ).10 It will be very
interesting to develop ﬂuorescent polymersomes composed of
luminogens with aggregation-induced emission (AIE) characteristics that have emerged in the past decade as alternative
ﬂuorescent materials for organelles imaging and drug delivery
monitoring. 11−14 The combination of AIE luminogens
(AIEgens) with polymersomes will provide innovative
approaches for bioimaging and theranostics. However, as far
as we are aware, only a few studies on AIE polymersomes have
been reported.15−21
In this paper we report on ﬂuorescent polymersomes with
AIE properties prepared from amphiphilic block copolymer
PEG-b-P(TPE-TMC), where the hydrophobic block P(TPETMC) is a tetraphenylethylene (TPE)-containing poly(trimethylene carbonate) (PTMC). The hydrophobic polymers
based on PTMC are extensively studied for biomedical
applications because of their special degradation behavior
such as resistance to non-enzymatic hydrolysis, generation of
non-acidic degradation products, and enzymatic degradation
with a surface erosion mechanism.22,23 Polymersomes made of
PTMC-containing amphiphilic block copolymers have also
been reported.24,25 In this study we connect the emblematic,
propeller-shaped AIEgen, TPE, to each monomer of PTMC.
PTMC-based polymers can be prepared by a ring-opening
polymerization (ROP) of six-membred trimethylene carbonate
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formed by the closure of large bilayer lamellae of amphiphilic
block copolymers. Well-structured ﬂuorescent polymersomes
were successfully achieved. The simple AIEgen-containing
diblock copolymers reported here provide direct access to
AIE polymersomes in aqueous conditions. The biocompatible
and biodegradable nature of the block copolymer backbone
renders these AIE polymersomes attractive for the future
application in drug delivery and biomedical imaging.

Table 1. Molecular Weights and Molecular Weight
Distributions of Homopolymer P(TPE-TMC)n and PEG45-bP(TPE-TMC)n Diblock Copolymers
polymer sample
P(TPE-TMC)24
PEG45-b-P(TPETMC)16
PEG45-b-P(TPETMC)13
PEG45-b-P(TPETMC)9
PEG45-b-P(TPETMC)7

RESULTS AND DISCUSSION
Monomer and Polymer Synthesis. The monomer TPETMC was ﬁrst synthesized from 2,2-bis(hydroxymethyl)
propionic acid (bis-MPA) according to the literature.31−34
The synthetic routes of monomer and polymers are shown in
Scheme 1. The monomer 5 (also simply named as TPE-TMC)
was synthesized with ﬁve steps in high yield. Brieﬂy, the
compound 1 was ﬁrst prepared by coupling reaction of
diphenylmethane with 4-methoxybenzophenone, followed by
acid-catalyzed dehydration. The compound 2 was obtained by
deprotection reaction.35 By two Williamson reactions, the
compound 2 was connected to 2,2-bis(hydroxymethyl)propionic acid with a spacer, leading to the precursor diol 4,
which was then cyclized with triphosgene in the presence of
pyridine to aﬀord the monomer 5 (TPE-TMC). All the
compounds were carefully puriﬁed and characterized by 1H
NMR and 13C NMR (spectra shown in Figures S1−S5 of the
Supporting Information).
The homopolymerization of monomer 5 (TPE-TMC) was
conducted using benzyl alcohol as initiator and TU/DBU as
catalyst, resulting in TPE-containing polymers with predictable
molecular weights and relatively low PDI. The commercially
available mPEG45-OH (Mn = 2000 Da) was then employed as
the macroinitiator to readily prepare a series of AIE amphiphilic
diblock copolymers PEG45-b-P(TPE-TMC)n. The reaction
kinetics of ROP of monomer TPE-TMC with mPEG45-OH
as initiators was ﬁrst studied (see Figure S6). A monomer
conversion of 80% was obtained in ∼1 h. We observed a linear
increase of ln[M]0/[M] with time when the conversion is
below 80%. This showed that the polymerization of TPE-TMC
was controlled and had a ﬁrst-order kinetics at conversions
lower than 80%. From the slope of ln[M]0/[M] vs time, the
apparent propagation rate constants can be obtained, kapp =
0.017 s−1. The molecular weight increased also linearly and
polydispersity remained low (<1.35). We then kept the
monomer conversion lower than 80% to synthesize amphiphilic
copolymer with predictable molecular weights. The hydrophilic
block’s weight ratios ( f PEG) were designed from 15 to 40 wt %
according to the reference values of lipids in liposomes (∼35 wt
%) and those of polymersome-forming amphiphilic block
copolymers with complex hydrophobic block (e.g., mesogencontaining block) (15−40 wt %).36 A series of AIE amphiphilic
diblock copolymers PEG45-b-P(TPE-TMC)n (n = 16, 13, 9, 7)
with relatively low PDI were obtained as shown in Table 1. All
polymers were carefully puriﬁed and characterized by 1H NMR
and size-exclusion chromatography (SEC) with spectra shown
in Figures S9−S12.
Thermal and AIE Properties of the Homopolymer. The
homopolymer was ﬁrst studied by DSC to measure the possible
phase transitions. Figure 1A shows the DSC curve of P(TPETMC)24 in which only a Tg at 35.5 °C is measured. This
indicates that this TPE-containing poly(trimethylenecarbonate)
homopolymer presents a glassy amorphous state at room
temperature.

DP of hydrophobic
block (n)a

Mn
(Da)a

PDIb

f PEG
(wt %)a

24
16

14100
11400

1.35
1.30

−
17

13

9600

1.35

21

9

7300

1.32

27

7

6100

1.26

33

a

The degree of polymerization (DP) of the hydrophobic block
(P(TPE-TMC)) and the number-average molecular weight (Mn) and
the hydrophilic weight ratio ( f PEG) of the copolymer were determined
by 1H NMR spectroscopy (detailed method see Figure S8). The
molecular weight of monomer TPE-TMC is 590.72 Da. bPDI = Mw/
Mn; Mw and Mn here were measured by SEC using THF as eluent and
monodispersed polystyrenes as calibration standards.

The UV−vis absorption spectra of the monomer and the
homopolymer P(TPE-TMC)24 in tetrahydrofuran (THF) and
dioxane were measured, respectively. Figure 1B shows the
spectra in THF, and those in dioxane are very similar (not
shown). A large absorption peak with a maximum around 318
nm was observed in all cases in both solvents, which is
characteristic of TPE moiety. Then the AIE properties of
P(TPE-TMC)24 were checked by monitoring its ﬂuorescence
intensity, as it was solubilized or dispersed in the solution with
diﬀerent composition of solvents. THF and dioxane were
chosen as organic solvents because they were also the cosolvents used in the formation of polymersomes by nanoprecipitation (see next section). A mixture of water and THF
(or dioxane) with diﬀerent water fraction (f w), namely 0%,
30%, 60%, 90%, 99%, was added, respectively, to each of ﬁve
ﬂasks that contained a tiny volume of homopolymer solution in
THF (or dioxane) (v = 0.16 mL and c = 1.5 wt %), until a
volume of 25 mL leading to 1 × 10−5 M polymer solution
(0.0096 wt %). As shown in Figure 1C and 1D, homopolymer
P(TPE-TMC)24 exhibits an obvious aggregation-induced
emission characteristic when dispersed in water. Nevertheless,
diﬀerent behaviors were recorded between using THF and
using dioxane as organic co-solvent. At f w = 0, the
homopolymer in THF or dioxane solution is non-emissive
because it is perfectly soluble and the intramolecular rotation of
TPE leads to non-radiative decay after UV illumination. At f w =
30% in dioxane/H2O mixture, the ﬂuorescence starts to appear,
while at the same f w in THF/H2O mixture, the ﬂuorescence is
still not detectable.
This is due to the diﬀerence of solubility of P(TPE-TMC)24
in dioxane and in THF. At f w = 30% in dioxane/H2O, the
homopolymer starts to aggregate and to light up the
ﬂuorescence via the restriction of the intramolecular motion
of TPE moieties, while at the same water fraction in THF/H2O,
the homopolymer dissolves still well, showing no obvious
ﬂuorescence. The ﬂuorescence intensity increases signiﬁcantly
as water fraction reaching 60% in dioxane/H2O and 90% in
THF/H2O. In nearly pure water (f w = 99%), the aggregates of
the homopolymer in both cases show bright AIE ﬂuorescence
(Figure 1C and 1D).
Self-Assembly of Amphiphilic Block Copolymers
PEG45-b-P(TPE-TMC)n. The method of nanoprecipitation
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Figure 1. (A) DSC curves of the homopolymer P(TPE-TMC)24 recorded at 10 °C/min. (B) UV−vis absorption spectra of TPE-TMC, P(TPETMC)24, and PEG45-b-P(TPE-TMC)13 in THF (concentration of polymer = 1 × 10−5 M, concentration of monomer = 1 × 10−4 M). (C and
D) Photoluminescence (PL) spectra of P(TPE-TMC)24 in THF/H2O (C) mixtures and in dioxane/H2O mixtures (D) with diﬀerent water
fractions (concentration: 1 × 10−5 M; excitation wavelength: 355 nm). The two inserted photographs in (C) and (D) correspond to the
photos when the diﬀerent water fraction mixture exposure to UV light of 365 nm. At f w = 99% in dioxane/H2O mixture (D), some aggregated
samples precipitated from the solution, which explains why the ﬂuorescence intensity of the dispersion is lower compared to that at f w = 90%.

one corresponds to the appearance of very large structures with
Dh up to 3 μm at water contents of 20−25%. However, only a
small peak of count rates (peak value 230 kcps) was accordingly
recorded, which means the concentration of these large
structure is low. These large structures are probably large
lamellae and giant vesicles formed by the closure of the
lamellae. Indeed, cryo-EM made on aliquot withdrawn at water
content of 25% showed giant vesicles (Figure 2C). The second
event is an abrupt increase of count rates from 230 to 4000
kcps at water contents from 32% to 36%. This event is ascribed
to the sudden increase of the concentration of self-assemblies
because in contrast the size of self-assemblies decreases to 200−
300 nm at these water contents. The morphology was checked
by cryo-EM on an aliquot withdrawn at 31% of water content
just before the abrupt change. The cryo-EM image (Figure 2D)
shows indeed that the giant vesicles transform into smaller
ones. The third event is the stabilization of the size and the
concentration of self-assemblies as water content increased
from 36% to 75%, as shown in Figure 2A. The average Dh of
270 nm was measured, and the count rates reached plateau
value. The cryo-EM images of polymersomes at 75% of water
content (Figure 2E) conﬁrm the size of self-assemblies. The
size distributions of polymersomes measured by DLS at three
representative points ( f w = 25, 31, 75% in the THF/water
mixture) are collected in Figure 2B. Finally, the polymersomes
in pure water were achieved by dialysis of the above mixture
against water. The size of polymersomes in pure water changed
only very slightly compared to that in the mixture with f w =

was used to make the self-assemblies of the diblock copolymers
PEG45-b-P(TPE-TMC)n in water using THF or dioxane as cosolvent. Typically, the diblock copolymer was dissolved in 1 mL
of THF or dioxane, a common solvent for both polymer blocks,
at a concentration of 0.25 wt %. Deionized water was then
added to the solution very slowly (2−3 μL of water per minute)
with slight shaking. When the water content reached 75%
where the formation of nanostructure already ﬁnished (see
below), the dispersions of self-assemblies were dialyzed
thoroughly against water to get ﬁnal polymer self-assemblies
in pure water. We have followed the self-assembly process in
situ upon water addition using DLS and cryo-EM in order to
understand the self-assembling mechanism. We have focused
especially on the self-assembling process of one block
copolymer, PEG45-b-P(TPE-TMC)13 ( f PEG = 21 wt %) in
THF/water and in dioxane/water. The average size of the
nanostructures and the count rates were regularly measured by
DLS (Zetasizer). At some critical points, aliquots were taken to
be frozen for cryo-EM analyses.
We discuss ﬁrst the case using THF as co-solvent. Figure 2A
shows the count rates (kcps) and the average hydrodynamic
diameters (Dh) of aggregates as a function of water content in
THF/water system. The count rates measured by Zetasizer in
kilo counts per second (kcps) represent the scattering intensity.
The higher count rate usually indicates higher concentration,
larger particles, or higher concentration and larger particles. We
have recorded three events involved in the evolution of
aggregates in the self-assembling process (Figure 2A). The ﬁrst
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Figure 2. Study of the self-assembling process of PEG45-b-P(TPE-TMC)13 by nanoprecipitation in THF/water. (A) The evolution of average
hydrodynamic diameter (Dh) and count rates measured by DLS as a function of water content upon water addition. (B) The size distribution
of self-assemblies measured by DLS at water content f w = 25%, 31%, 75%. (C−E) The cryo-EM images of self-assemblies at the water fraction
f w = 25% (C), 31% (D), and 75% (E). The dark spots in the cryo-EM images come from organic solvent (THF) because the samples were
frozen in solvent mixtures.37

75% (see Figure S13), with the average vesicles size of 250 nm
(PDI = 0.133) measured by DLS. Their cryo-EM images shown
in Figure 3A conﬁrm the well-deﬁned vesicular structures of
PEG45-b-P(TPE-TMC)13 in water using THF as co-solvent.
Dioxane was also used as organic co-solvent to do the selfassembling of PEG45-b-P(TPE-TMC)13. Figure S14 shows the
average hydrodynamic sizes (Dh) and the count rates (kcps) of
self-assemblies measured by DLS as a function of water content
in dioxane. Similar evolution of self-assemblies was observed for
count rates and Dh as compared to the case using THF as cosolvent. However, the critical water fractions for the ﬁrst and
second events advanced in dioxane/water, compared with those
in THF/water. The big structures (sheets or giant vesicles)
appeared at f w = 10% in dioxane/water instead of appearing at
f w = 20% in THF/water; a lot of vesicles (high concentration)
started to form with abrupt increase of count rates at f w = 20%
in dioxane/water instead of forming at f w = 35% in THF/water.
In addition, the ﬁnal polymersomes have sizes much larger than
those obtained in the THF/water system. When the water
content reached 75%, vesicles stabilized their size at 700 nm.
Large vesicles with average diameters of 650 nm (PDI = 0.137)
were observed after the self-assembled solution was dialyzed
against water (Figure S15). Their cryo-EM images shown in
Figure 3B conﬁrm the structures of the big vesicles.
These diﬀerent results indicate that the solubility of
amphiphilic block polymers in THF is better than in dioxane.
This is in agreement with the solubility diﬀerence of
homopolymer P(TPE-TMC) observed in THF and in dioxane
as discussed above (Thermal and AIE Properties of the
Homopolymer). In order to understand better the diﬀerent

eﬀects of THF and dioxane on self-assembling behavior of
block copolymers, we examine the Flory−Huggins interaction
parameters of these polymer-solvent pairs (χp‑s). Generally, if
χp‑s < 0.5, the polymer dissolves well in the solvent, whereas if
χp‑s > 0.5, the solvent is poor for the polymer (for θ solution χp‑s
= 0.5). A lower value of χp‑s indicates better miscibility between
polymer and solvent. The χp‑s can be calculated using the van
Laar−Hildebrand eq 1:38
χp ‐ s =

Vs
(δp − δs)2 + 0.34
RT

(1)

where Vs is the molar volume of the solvent, R refers to the
ideal gas constant, T is temperature, and δp and δs are the
solubility parameters of polymer and solvent, respectively. The
term 0.34 gives the entropic contribution and is usually
between 0.3 and 0.4 for non-polar systems. The hydrogen-bond
eﬀect is neglected in the PEG block. Solubility parameter (δ/
MPa1/2) for solvents are δTHF = 19.4 and δdioxane = 20.5, as
calculated by Hansen et al.38 A group contribution method is
used to calculate the solubility parameter for polymers: δPEG =
20.2 and δP(TPE‑TMC) = 17.5. We found then χPEG‑THF = 0.37,
χPEG‑dioxane = 0.34, χP(TPE‑TMC)‑THF = 0.43, and χP(TPE‑TMC)‑dioxane
= 0.61. These values indicate that THF and dioxane are nearly
an equivalently good solvent for PEG, while THF is clearly a
better solvent for P(TPE-TMC) than dioxane. Therefore, as
the selective solvent, water, which is a non-solvent for P(TPETMC) but good solvent for PEG, was added to the block
copolymer solution in THF or dioxane, the aggregates
appeared earlier (with lower water content) in dioxane than
in THF. If we consider the interaction parameter between the
4029

DOI: 10.1021/acsnano.8b01755
ACS Nano 2018, 12, 4025−4035

ACS Nano

Article

Figure 3. Cryo-electron micrographs of polymersomes formed by PEG45-b-P(TPE-TMC)13 in water by nanoprecipitation using THF (A) or
dioxane (B) as co-solvent. The chemical structure of the block copolymer is shown in (C) and the schematic molecular organization in the
membrane in (D).

in the polymer backbone is about 0.6 nm (calculated by
Chem3D software), the biggest length of P(TPE-TMC) block
in PEG45-b-P(TPE-TMC)13 should be 7.8 nm. A perfect tail-totail bilayer should have the membrane thickness of 15.6 nm.
The measured membrane thicknesses of about 10 nm is smaller
than the double length of P(TPE-TMC) block at the extended
state. This indicates that in the vesicle membrane, the PEG45-bP(TPE-TMC)13 backbone may not be totally extended or the
two leaﬂets may be interdigitated and do not form an exact tailto-tail bilayer (Figure 3D).
The self-assemblies of other block copolymers in Table 1
(PEG45-b-P(TPE-TMC)n, n = 16, 9, 7, with hydrophilic weight
ratios f PEG = 17%, 27%, 33%, respectively) were also prepared
using THF/water as co-solvents. The ﬁnal self-assemblies were
obtained in water after thorough dialysis against water. Figure 4
shows their size distributions measured by DLS and their
morphologies imaged by cryo-EM. Table 2 lists the hydrodynamic diameters and membrane thicknesses of the polymersomes obtained by the whole series. With the decrease of the
hydrophobic block length and the increase of the hydrophilic
ratio, the average size of polymersomes becomes smaller (from
Dh = 450, 250, 90 to 70 nm) and the average membrane
thickness becomes thinner (from e = 15.0 to 9.8 nm). It is easy
to understand that the shorter the hydrophobic block, the
thinner the membrane (see Figure 3D). The bending modulus
of the membrane should depend on the whole molecular size of
the block copolymer. It should be higher for membranes made

polymer unit is χP(TPE‑TMC)‑P(TPE‑TMC) = 0.34, then the
interaction between THF and P(TPE-TMC) (χP(TPE‑TMC)‑THF
= 0.43) is not so diﬀerent from the interaction between P(TPETMC) and P(TPE-TMC). Then the membrane may contain
plenty of THF. In contrast, the interaction between dioxane
and P(TPE-TMC) with χP(TPE‑TMC)‑dioxane = 0.61 is not
favorable compared to χP(TPE‑TMC)‑P(TPE‑TMC) = 0.34 for the
miscibility. Then upon water addition, the interaction between
P(TPE-TMC) and P(TPE-TMC) may be favored, and the
content of dioxane may be less in the membrane of dioxane/
water system. The polymer membrane plasticized by more
solvent (THF) should present better ﬂexibility and a lower
bending modulus, leading to the formation of smaller vesicles.
This may explain the ﬁnal size diﬀerence between polymersomes obtained with THF/water and dioxane/water systems.
We analyze now the molecular organization in the polymersomes membrane. The membrane thickness of ﬁnal vesicles
dispersed in water obtained in both THF/water and dioxane/
water systems remained the same and homogeneous in all
vesicles. It was measured as 10 ± 1 nm from the FWHM (Full
Width at Half Maximum) of the electronic density proﬁle
perpendicular to the membrane through statistical analysis of
about 30 diﬀerent vesicles in the cryo-EM images. This
thickness corresponds to the hydrophobic part of the bilayer.
PEG45-b-P(TPE-TMC)13 should have a tail-to-tail (P(TPETMC) to P(TPE-TMC)) bilayer structure in the membrane.
As the molecular length of one TMC unit at the extended state
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Figure 4. Characterization of polymersomes in water formed by PEG45-b-P(TPE-TMC)n using nanoprecipitation in THF/water mixture. (A,
C, and E) show their size (Dh) distribution measured by DLS and (B, D, and F) their cryo-EM images. (A and B) PEG45-b-P(TPE-TMC)16
(f PEG = 17%). (C and D) PEG45-b-P(TPE-TMC)9 ( f PEG = 27%). (E and F) PEG45-b-PMTC7 ( f PEG = 33%).

of high molecular weight polymer than that made of low
molecular weight polymer. This explains why the vesicles sizes
are bigger for PEG45-b-P(TPE-TMC)n with bigger n.39,40 Note
that a few of big sheets and giant vesicles were also observed for
shorter copolymers PEG45-b-P(TPE-TMC)9 and PEG45-bP(TPE-TMC)7 (Figure S16). As all of these assemblies formed
by block copolymer in water via solvent exchange (nanoprecipitation) are kinetically trapped, vesicle closure may not be
completed for the more ﬂexible membranes made of these
shorter copolymers in the time scale used. Therefore, some of
intermediate self-assemblies (sheets and giant vesicles) could
remain at the end.
In conclusion, we have demonstrated that the polymersomes
were formed via a mechanism of type I,26 where amphiphilic
block copolymers self-assembled ﬁrst into large bilayer lamellae

Table 2. Sizes of Polymersomes Self-Assembled from PEG45b-P(TPE-TMC)n by Nanoprecipitation Using THF/Water as
Co-Solvents
block copolymer

f PEG (wt%)

Dh (nm)a

PEG45-b-P(TPE-TMC)16
PEG45-b-P(TPE-TMC)13
PEG45-b-P(TPE-TMC)9
PEG45-b-P(TPE-TMC)7

17
21
27
33

450
250
90
70

e (nm)b
15.0
10.1
9.9
9.8

±
±
±
±

1.5
1.0
1.1
1.0

a

Intensity average hydrodynamic diameters measured by DLS.
Thickness measured from the FWHM of the electronic density
proﬁle perpendicular to the membrane through statistical analysis of
about 30 diﬀerent vesicles in the cryo-EM images.
b

Figure 5. Evolution of ﬂuorescence intensity as a function of water content during the polymersome formation. (A) THF/H2O mixture. (B)
Dioxane/H2O mixture. Excitation wavelength is 382 nm. The photoluminescence (PL) intensity is the average intensity collected from the
wavelength 473 nm to 479 nm. The two photographs in the insets correspond to the polymersome dispersions in pure water after dialysis
against water when excited by UV light of 365 nm.
4031

DOI: 10.1021/acsnano.8b01755
ACS Nano 2018, 12, 4025−4035

ACS Nano

Article

block is a biodegradable poly(trimethylenecarbonate) bearing
tetraphenylethylene as side groups. Bright AIE ﬂuorescent
polymersomes were prepared from PEG45-b-P(TPE-TMC)n
using nanoprecipitation methods. The eﬀect of the co-solvent
(THF or dioxane) and the eﬀect of the length of hydrophobic
block on the polymersome formation were studied in detail.
For the self-assemblies of PEG45-b-P(TPE-TMC)13 in THF/
water, the ﬁnal average hydrodynamic diameter of polymersomes was around 250 nm, while it was around 650 nm in
dioxane/water. The diameter of polymersomes decreased with
the decrease of hydrophobic length and the increase of
hydrophilic ratio in the amphiphilic block copolymers PEG45b-P(TPE-TMC)n. The average size of polymersomes changed
from 450, 250, 90, to 70 nm when the degree of polymerization
of P(TPE-TMC)n changed from n = 16, 13, 9, to 7.
The self-assembling process of PEG45-b-P(TPE-TMC)13 was
followed in situ by DLS, cryo-EM, and spectroﬂuorometer.
Four events were found to be involved in the formation of
polymersomes. Sheets and giant vesicles with Dh up to 3 μm
were formed at the ﬁrst stage (with 20−32 wt % of water
content in THF/water and 10−18 wt % of water in dioxane/
water). Then the sheets tended to close to form vesicles and
the large vesicles evolved into small ones (with 32−36 wt % of
water content in THF and 18−25 wt % of water in dioxane/
water). This second event was characterized by the sudden
increase of the concentration and decrease of the size of
polymersomes. The third event corresponded to the stabilization of the size and the concentration of polymersomes (with
water content >36 wt % in THF/water and >25 wt % in
dioxane/water). The fourth event corresponded to the removal
of organic solvent from the P(TPE-TMC) membrane (starting
at 60% water content in THF/water and 50% in dioxane/
water) upon water addition. This event was characterized by
the abrupt increase of the ﬂuorescence intensity because of the
strong restriction of intramolecular motion of TPE.
In summary, the membrane of polymersomes aﬀords here a
nanosized bright ﬂuorescent system with self-assembly induced
emission in the thickness scale of 10−15 nm. The polymersomes are formed via the closure of large bilayer lamellae selfassembled ﬁrst by amphiphilic block copolymers. This
mechanism can lead to high loading capacity of hydrophilic
molecules inside the aqueous compartments of polymersomes.
The control of the size of polymersomes by the choice of cosolvent (THF or dioxane) and by the design of suitable
hydrophilic/hydrophobic ratio of block copolymers is of great
importance for the control of the cell uptake of polymersomes
in biotechnological applications. Therefore, the bright AIE
polymersomes reported here can be potentially used as a stable
ﬂuorescent tool to monitor the transportation and distribution
of drugs and bioconjugates in living cells.

followed by the closure of lamellae to vesicles and transformation of giant vesicles to smaller vesicles. This mechanism
can ensure high loading capacity of hydrophilic molecules
inside the aqueous compartments. We have also empirically
controlled the size of polymersomes by the choice of co-solvent
(THF or dioxane) and by the design of suitable hydrophilic/
hydrophobic ratio of the block copolymers. The size of
polymersomes is an important parameter because it can
inﬂuence the cell uptake of polymersomes.41
Aggregation-Induced Emission Properties of Polymersomes during the Self-Assembling. We have followed
the ﬂuorescence evolution of the polymersomes of PEG45-bP(TPE-TMC)13 all through their formation. To choose the
excitation wavelength, the excitation spectra of the selfassemblies of PEG45-b-P(TPE-TMC)13 in THF and in dioxane
at f w = 50% were ﬁrst measured, which show a maximum at 382
nm (see Figure S17 for the spectrum in THF/H2O). Then, the
ﬂuorescence intensity was measured by spectroﬂuorometer
using an excitation wavelength of 382 nm just after each water
addition and DLS measurement during the above-discussed
nanoprecipitation process. Figure 5 shows the ﬂuorescence
intensity evolution of the polymersome dispersion in THF/
water and in dioxane/water systems. We can distinguish two
main stages in the evolution of ﬂuorescence intensity during the
self-assembling process. Initially, there is a slight linear increase
of ﬂuorescence intensity as water content f w changes from 20%
to 60% in THF/H2O system and from 20% to 50% in dioxane/
water system, respectively. Then, as f w > 60% in THF/water or
f w > 50% in dioxane/water, the ﬂuorescence intensity increases
suddenly and exponentially. What is interesting is that in both
cases at those water contents, the size and the concentration of
polymersomes reach already in nearly steady state. Then why
does the ﬂuorescence intensity increase so abruptly? The ﬁrst
stage of ﬂuorescence increase can be explained by the
polymersome formation. The non-water-soluble P(TPETMC) block self-assembled into the core of membrane, and
the intramolecular motion of TPE moieties was restricted. But
because of the presence of solvent (THF or dioxane) in the
membrane, this restriction of motion is limited, therefore the
ﬂuorescence intensity is moderate. After 60% or 50% of water
content, the sudden increase of ﬂuorescence intensity upon
further water addition could be caused by the removal of the
organic solvent from the membrane. The concentration
gradient of the organic solvent from inside to outside the
membrane resulted in the release of THF or dioxane by
osmotic pressure. Consequently, the AIEgens, that is, TPE
moieties, aggregated eﬀectively. As there were few solvent
molecules to “lubricate” the intramolecular motion, the
photoluminescence was activated eﬃciently to give high
ﬂuorescence intensity. The turning point between these two
stages appeared earlier in dioxane/water than in THF/water,
because THF is a better solvent for P(TPE-TMC) than
dioxane. Both polymersomes in pure water after dialysis against
water show very strong ﬂuorescence when excited by 365 nm
UV light, as shown by their photographs under UV (insets in
Figure 5A and 5B). Their quantum yield was measured as
12.7% using the method described in the literature42 (see
Supporting Information eq S1).

EXPERIMENTAL SECTION
Materials. Diphenylmethane (99%, J&K Scientiﬁc), 4-methoxybenzophenone (97%, Accela), n-butyllithium (J&K Scientiﬁc), ptoluene sulfonic acid (PSTA, 98%, Beijing HWRK Chem. Co), boron
tribromide (Acros), 1,6-dibromohexane (97%, Alfa Aesar), dimethylolpropionic acid (98%, Acros), triphosgene (Acros), dichloromethane
(DCM), potassium hydroxide, acetonitrile, N,N-dimethylformamide
(DMF) were used as received. Toluene was dried over sodium and
distilled before use. Poly(ethylene glycol) methyl ether (noted as
mPEG-OH, Mn = 2000 g·mol−1, J&K Scientiﬁc) was puriﬁed by three
cycles of dissolution/precipitation using DCM/diethyl ether as
solvent/precitant pair. The solvents were then evaporated, and the
resulting mPEG-OH solid was dried over P2O5 under vacuum for at

CONCLUSION
We have designed and synthesized a series of amphiphilic block
copolymers PEG45-b-P(TPE-TMC)n using ring-opening polymerization catalyzed by organic catalysts. Their hydrophobic
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least 4 days. N-(3,5-bis(triﬂuoromethyl)phenyl)-N′-cyclohexylthiourea
(TU) was prepared according to a procedure reported previously.33
TU was then treated with molecular sieves in dry tetrahydrofuran
(THF) solution overnight. After the evaporation of THF, TU was
dried in vacuum.. 1,8-Diazabicyclo[5,4,0]-undec-7-ene (DBU, 99%,
Alfa Aesar) was dried over CaH2 overnight, and then distilled under
reduced pressure. Both TU and DBU were transferred to a glovebox
before use.
Instruments. 1H NMR and 13C NMR spectra were recorded on a
Bruker AV 400 spectrometer. Weight-average molecular weight (Mw)
and polydispersity (Mw/Mn) of the polymers were estimated by a sizeexclusion chromatography (SEC) system. THF was used as eluent
with a ﬂow rate of 1 mL/min. UV-vis absorption spectra were
measured on a Milton Ray Spectronic 3000 Array spectrophotometer.
Photoluminescence (PL) spectra were recorded on a PerkinElmer
LS55 and Spex FluoroMax Spectroﬂuorometer. For both UV-vis
absorption spectra and PL spectra sample solutions were prepared in
THF or dioxane with concentrations of approximately 10−5 M and
placed in quartz cells with a path length of 1 cm. Average diameters of
polymersomes and their size distributions in dioxane/H2O, THF/
H2O, or pure water were measured at 25 °C by dynamic light
scattering (DLS, Malvern zetasizer 3000HS, UK) with a 633 nm laser.
A 90° scattering angle was used for all measurements. The stock
solution was ﬁltered into the scattering cell through 0.45 mm ﬁlter and
equilibrated for 10 min before measurements. Cryo-EM images were
acquired on a JEOL 2200FS energy-ﬁltered (20 eV slit) ﬁeld emission
gun electron microscope operating at 200 kV using a Gatan US1000
camera. For the sample preparation, a total of 5 μL of samples were
deposited onto a 200-mesh holey copper grid (Ted Pella Inc., U.S.A.)
and ﬂash-frozen in liquid ethane cooled down at liquid nitrogen
temperature using a Leica CPC system.
Synthesis of Compound 2. A two-necked ﬂask containing
compound 1 (41.23 g, 113.74 mmol) and dried DCM (300 mL) was
cooled to −20 °C, and BBr3 (85.48 g, 341.22 mmol) was slowly added.
The mixture was warmed to room temperature, allowed to stand for 4
h, and then poured into saturated aqueous solution of sodium
bicarbonate. The organic phase was dried over anhydrous Na2SO4, and
the crude product obtained in nearly quantitative yield (38.23 g,
96.46%). 1H NMR (400 MHz, CDCl3), δ (ppm): 7.01−7.13 (m, 15H,
ArH). 6.90 (d, J = 8.0 Hz, 2H, ArH). 6.56 (d, J = 8.0 Hz, 2H, ArH).
4.60 (s, 1H, OH). 13C NMR (100 MHz, CDCl3), δ (ppm): 154.08,
144.12, 144.01, 140.54, 140.34, 136.54, 132.87, 131.49, 131.46, 127.84,
127.74, 126.52, 126.4, 114.72.
Synthesis of Compound 3. Compound 2 (23.73 g, 68.1 mmol)
was dissolved in 200 mL of acetonitrile, K2CO3 (14.2 g, 102.15 mmol)
and 1,6-dibromohexane (83 g, 340.51 mmol) were added, and the
mixture was reﬂuxed for 4 h before cooling and ﬁltering. The ﬁltrate
was concentrated and puriﬁed on a silica gel column with an eluent of
petroleum ether and DCM (1:1 v/v) to give product (30.36 g, 87%).
1
H NMR (400 MHz, CDCl3), δ (ppm): 7.00−7.15 (m, 15H, ArH).
6.94 (d, J = 9.0 Hz, 2H, ArH). 6.63 (d, J = 9.0 Hz, 2H, ArH). 3.89 (t, J
= 6.44 Hz, 2H, OCH2), 3.43 (t, J = 6.92, 2H, CH2Br), 1.86−1.93 (m,
2H, CH2), 1.73−1.80 (m, 2H, CH2), 1.48−1.52 (m, 4H, CH2). 13C
NMR (100 MHz, CDCl3), δ (ppm): 157.72, 144.19, 144.14, 140.70,
140.16, 136.12, 132.65, 131.52, 131.49, 131.36, 127.83, 127.71, 126.46,
126.34, 113.70, 67.65, 33.92, 32.82, 29.26, 28.08, 25.46.
Synthesis of Compound 4. In a round-bottom ﬂask, compound 3
(18.47 g, 36.11 mmol), 2,2-bis(methylol)propionic acid (7.26 g, 54.16
mmol), and potassium hydroxide (3.04 g, 54.16 mmol) were dissolved
in 100 mL of DMF. The medium was stirred at 100 °C for 15 h. The
KBr salt was ﬁltered oﬀ, and DMF was evaporated under vacuum. The
residual was then recovered by extraction with DCM. The solvent was
eliminated under vacuum to yield a light yellowish oil. Yield: 16.88g,
82.7%. 1H NMR (400 MHz, CDCl3), δ (ppm): 7.00−7.15 (m, 15H,
ArH), 6.93 (d, J = 8.9 Hz, 2H, ArH), 6.62 (d, J = 8.8 Hz, 2H, ArH),
4.13 (t, J = 6.6 Hz, 2H, COOCH2), 3.86−3.93 (m, 4H, OCH2 and
CH2OH), 3.69−3.74 (dd, J1 = 6.2 Hz, J2 = 11.3 Hz, 2H, CH2OH),
2.93−2.91 (m, 2H, CH2OH), 1.63−1.79 (m, 4H, CH2), 1.39−1.53 (m,
4H, CH2), 1.06 (s, 3H, CCH3). 13C NMR (100 MHz, CDCl3), δ
(ppm): 176.13, 157.69, 144.17, 144.13, 144.11, 140.67, 140.14, 136.11,

132.63, 131.50, 131.47, 131.45, 127.82, 127.70, 126.45, 126.33, 113.66,
68.62, 67.63, 65.16, 49.21, 29.29, 28.58, 25.85, 25.79, 17.28.
Synthesis of TPE-TMC. Compound 4 (16.88 g, 29.89 mmol) was
dissolved in DCM (150 mL) and pyridine (14.5 mL, 179.35 mmol),
and the solution was chilled to −78 °C under Ar. A solution of
triphosgene (4.97 g, 16.74 mmol) in DCM (50 mL) was added
dropwise over 0.5 h then the reaction mixture was allowed to warm to
room temperature for 2 h. The reaction was quenched by addition of
saturated aqueous solution of NH4Cl, after which the organic layer was
washed with 1 M aqueous solution of HCl (3 times) and saturated
aqueous solution of NaHCO3. After being dried with MgSO4, the
organic solution was evaporated to give product as a white solid
(pinkish in some preparations) (12.65 g, 71.6%). 1H NMR (400 MHz,
CDCl3), δ (ppm): 6.99−7.14 (m, 15H, ArH), 6.92 (d, J = 8.7 Hz, 2H,
ArH), 6.62 (d, J = 8.7 Hz, 2H, ArH), 4.68 (d, J = 10.8 Hz, 2H,
OCOCH2), 4.17−4.23 (m, 4H, COOCH2 and CH2OCO), 3.88 (t, J =
6.3 Hz, 2H, OCH2), 1.67−1.79 (m, 4H, CH2), 1.39−1.52 (m, 4H,
CH2), 1.32 (s, 3H, CCH3). 13C NMR (100 MHz, CDCl3), δ (ppm):
157.67, 147.54, 144.16, 144.11, 144.09, 140.65, 140.13, 136.10, 132.62,
131.49, 131.46, 131.44, 127.81, 127.69, 126.44, 126.32, 113.64, 73.14,
67.57, 66.35, 40.31, 29.25, 28.46, 25.83, 25.67, 17.75.
Polymerization. All the polymerizations were carried out under
argon in a 10 mL Schlenk tube equipped with a Teﬂon-coated stirring
bar. The typical polymerization procedure for homopolymer was as
follows: In a glovebox, catalyst DBU (1.93 mg, 0.012 mmol), initiator
benzyl alcohol (0.9 mg, 0.008 mmol), monomer 1 (150 mg, 0.25
mmol), and catalyst TU (4.7 mg, 0.012 mmol) were dissolved in
toluene. The reaction mixture was stirred for 5 h at room temperature.
1
H NMR analysis showed that the conversion of monomer was 85.8%.
The toluene solution was then poured drop-by-drop into cold
methanol (40 mL) to precipitate the crude homopolymer. After
dissolution in DCM and precipitation in methanol twice more, the
puriﬁed polymer was collected and dried under vacuum.
Preparation of Polymersomes. The polymersomes were
prepared following a classical nanoprecipitation procedure as reported
previously. The diblock copolymer was dissolved in 1 mL of THF or
dioxane at a concentration of 0.25 wt %. A total volume of 2 mL of
deionized water was injected slowly at the rate of 3 μL/min with slight
shaking. The whole process of nanoprecipitation was carried out at
room temperature. The obtained turbid mixtures were then dialyzed
against water for 3 days to remove the THF or dioxane using a
Spectra/Por regenerated cellulose membrane with a molecular weight
cutoﬀ (MWCO) of 3500 Da.
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RÉSUMÉ
Le présent travail décrit le développement de nouveaux polymersomes fluorescents, basés sur le concept de l’émission induite par
agrégation (polymersomes AIE), par auto-assemblage de copolymères à blocs amphiphiles contenant des molécules AIE (AIEgens). Les
polymersomes AIE, combinant à la fois les avantages des AIEgens et des polymersomes, sont des systèmes très intéressants car ils peuvent
être potentiellement utilisés comme nouveaux nano-véhicules de médicaments et/ou de sondes fluorescentes. Dans la présente thèse, nous
avons étudié trois types de polymersomes AIE : les polymersomes AIE sensibles au CO 2 et à la variation de pH, les polymersomes AIE
cristaux liquides et les polymersomes AIE à base de polycarbonate. Nous avons utilisé le tétraphényléthène (TPE) comme AIEgen.
Les polymersomes AIE sensibles au CO2 et à la variation de pH ont été formés par des copolymères à blocs amphiphiles composés d'un
bloc hydrophile polyéthylène glycol (PEG) et d'un bloc hydrophobe à base de polyméthacrylate contenant des monomères sensibles au CO2 et
des monomères AIE. Les polymersomes AIE cristaux liquides ont été préparés par des copolymères à blocs amphiphiles contenant un AIEgen
entre le bloc hydrophile PEG et le bloc hydrophobe polyacrylate cristal liquide. Les deux copolymères à blocs, sensibles au CO2 et cristaux
liquides, ont été synthétisés par polymérisation radicalaire contrôlée par transfert de chaîne réversible par addition-fragmentation (RAFT) en
utilisant un agent macro-RAFT à base de PEG. Pour finir, les polymersomes AIE à base de polycarbonate ont été développés par autoassemblage des copolymères PEG45-b-P(TPE-TMC)n dans lesquels le squelette du bloc hydrophobe P(TPE-TMC) est le poly(triméthylène
carbonate) (PTMC) biodégradable portant un AIEgen (le TPE) à chaque unité répétitive. Pour les trois systèmes, les processus et les
morphologies d’auto-assemblage, les caractéristiques fluorescentes de type AIE et les propriétés stimulables par CO 2 et par variation de pH
(pour le premier système) ont été étudiées en détail par DLS, cryo-EM et spectroscopie de fluorescence. Nous pensons que le présent travail
est utile pour la conception des polymersomes AIE avec des applications potentielles prometteuses.
La présente thèse comprend cinq chapitres et une annexe. Le premier chapitre est une introduction générale aux sujets. Les trois chapitres
suivants décrivent les trois types de polymersomes AIE mentionnés ci-dessus. Après un court chapitre de « conclusion générale et
perspective », le manuscrit se termine par une annexe qui rassemble tous les détails expérimentaux.

MOTS CLÉS
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ABSTRACT
The present work describes the development of novel fluorescent polymersomes with aggregation-induced emission property (AIE
polymersomes) through the self-assembly of AIEgen-containing amphiphilic block copolymers. AIE polymersomes, combining both advantages
of AIE molecules (AIEgens) and polymersomes, are very interesting systems since they can be potentially used as novel carriers for controlled
drug and gene delivery and/or fluorescent probes. In the present thesis, we have studied three kinds of AIE polymersomes: CO2 and pH
responsive AIE polymersomes, liquid crystal (LC) AIE polymersomes and polycarbonate-based AIE polymersomes. We have used the
tetraphenylethene (TPE) as AIEgen.
CO2 and pH responsive AIE polymersomes were formed by amphiphilic block copolymers composed of hydrophilic polyethylene glycol
(PEG) block and hydrophobic polymethacrylate block containing CO2 responsive monomers and AIE monomers. Liquid crystal AIE
polymersomes were prepared by amphiphilic block copolymers containing an AIEgen between hydrophilic PEG block and hydrophobic liquid
crystal (LC) polyacrylate block. Both CO 2 responsive block copolymers and LC block copolymers were synthesized by RAFT (reversible
addition-fragmentation chain transfer) polymerization using PEG based macro RAFT agent. Finally, polycarbonate-based AIE polymersomes
were developed by self-assembling PEG45-b-P(TPE-TMC)n copolymers where the backbone of the hydrophobic block P(TPE-TMC)n was
biodegradable poly(trimethylene carbonate) with each repeating unit substituted by an AIEgen (TPE). For all three systems, their self-assembly
processes and morphologies, AIE fluorescence features and CO 2/pH responsive properties (for the first system) were investigated in detail by
DLS, cryo-EM and fluorescence spectroscopy. We believe the present work is helpful for the design of AIE polymersomes with promising
potential applications.
The present dissertation consists of five chapters and an annex. The first chapter is a general introduction of the topics. The following three
chapters describe the above-mentioned three kinds of AIE polymersomes, which contain the main research work of this thesis. After a general
conclusion and perspective, the dissertation ends with an annex that collects all experimental details.
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