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I. Context and state of the art  

 Over the past decade, effort has been dedicated to the development of nanoscale 

materials whose specific properties make them suitable for the design of new functional 

materials for a wide range of applications. New opportunities have been realized in all branches 

of technology ranging from optical systems, electronic, chemical and automotive industries to 

environmental engineering and medicine.1 In the latest field, attention has been focused on the 

elaboration of novel nanoparticles for diverse uses such as diagnostic imaging, biosensors, 

nucleic acid or drug delivery, implantable devices, drug delivery, and so on.1-3  

 Stimuli-responsive polymers are a class of advanced polymers exhibiting properties 

tuned by an external stimuli such as temperature, light, pH, specific molecules or enzymes, 

among others.4, 5 These polymers have received considerable attention within the last decade, 

due to their wide range of applications, especially in the biomedical field where they can be 

envisaged as potential drug delivery systems or biosensors.6, 7 Among these stimuli-responsive 

polymers, thermoresponsive polymers undergo a conformation phase transition in response to 

a change of temperature. The behavior of any polymer in a solvent is related to the balance 

between solvent-solvent, solvent-polymer and polymer-polymer interactions. For 

thermoresponsive polymers presenting a lower critical solution temperature (LCST) in water, 

the polymer-water interactions (mainly by hydrogen bonding) are predominant below the LCST 

and therefore the polymer chains are soluble in water. At higher temperatures, the hydrogen 

bonding between polymer and water are disrupted, in favor to polymer-polymer hydrophobic 

interactions and so the polymer collapses in a separate phase.8 The most extensively studied 

thermoresponsive polymer is the poly(N-isopropylacrylamide) (PNIPAAm) which has a LCST 

of 32°C, around physiological temperature. However, it is not biocompatible,9 which limits its 

potential applications, especially in the biomedical field. Therefore, thermoresponsive and 

biocompatible polymers such as poly((oligo ethylene glycol) (meth)acrylates) 

(P((OEG)(M)A)10, 11 or poly(N-vinylcaprolactam) (PVCL),9, 12 which also present a LCST near 

to physiological temperature, have raised an increasing interest over the last years. Poly(N-

vinylcaprolactam) is a 7-membered ring type polymer (Scheme 1) which is biocompatible, 

water-soluble, non-ionic and exhibits a LCST in water ranging between 30 and 40°C.9, 12-14  
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Scheme 1. Chemical structure of poly(N-vinylcaprolactam). 

 

The polar amide group of PVCL creates favorable associations with surrounding water 

molecules by hydrogen bonding below the LCST and hydrophobic interactions (seven-

membered ring) predominate above the LCST.15, 16 Contrary to PNIPAAm polymer, which 

presents a Type II thermoresponsive phase behavior in water (i.e. its critical temperature is 

relatively insensitive to changes in varying molar mass, polymer concentration, and/or pH), 

PVCL shows a “classical” Flory-Huggins thermoresponsive phase behavior in water (Type I). 

This means that the phase transition of PVCL in water is dependent on its molar mass and 

polymer concentration.9 It has been observed that the value of the cloud point temperature 

decreases upon increasing both the polymer chain-length and concentration.15, 17, 18 As for other 

thermoresponsive polymers, the temperature in which the change of PVCL chain solvation state 

occurs can also be tuned by means of the introduction of co-monomers in the polymer chains.19-

22   

 Nano- or microgels are crosslinked polymer particles, able to swell in a good solvent 

and prevented from dissolution by crosslinking. According to IUPAC’s definitions, microgels 

are crosslinked particles with diameters ranging from 0.1 to 100 µm whereas nanogels present 

diameters between 1 and 100 nm.23 In this manuscript, the term microgel will be preferred to 

the term nanogel due to the size of the synthesized thermoresponsive particles (i.e. 

hydrodynamic diameters > 100 nm). During the last decades, a special interest has been focused 

on the development of microgels based on thermoresponsive polymers.24-27 These microgel 

particles present a volume phase transition temperature (VPTT) in water, i.e., they undergo a 

volumetric transition from a swollen to a collapsed state by increasing the temperature (Figure 

1). Thermoresponsive microgels are very promising materials due to their unique properties, 

making them interesting for cosmetics,28, 29 photonic crystals,30 stabilizers of pickering 

emulsions31 or CO2-absorbents.32 In the biomedical field, they have been envisaged for 

N O

n
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applications such as in biosensors, cell culture substrates, drug delivery systems, among 

others.33-35 

 

Figure 1. Evolution of the average hydrodynamic diameter (Dh) of a thermosensitive microgel as a 

function of the temperature. 

  
For the synthesis of microgels by radical polymerization of vinylic monomers, various 

processes of polymerization in dispersed media can be distinguished depending on the initial 

experimental conditions related to the nature of the continuous phase, the presence of initial 

monomer droplets or of a soluble monomer, the solubility of initiator and the presence of 

surfactant.36, 37 Indeed, thermoresponsive microgels have been synthesized by emulsion 

polymerization, precipitation polymerization and inverse miniemulsion polymerization. The 

main characteristics of such processes are reported in Table 1.  

Table 1. Features of the different processes of polymerization in dispersed media used for the synthesis 

of thermoresponsive microgels. 

Process 
Continuous 

phase 
Initiator 

Dispersed 

phase 
Size Surfactant Ref 

Emulsion H2O 

Soluble in the 

continuous 

phase 

Monomer 

droplets and 

polymer colloids 

50 nm – 1 µm 
Either yes 

or no 
9 

Aqueous 

dispersion / 

precipitation 

H2O  

Soluble in the 

continuous 

phase 

Polymer colloids 100 nm – 1 µm 

Yes, for 

dispersion 

only 

38 

Inverse 

miniemulsion 

Organic 

solvent 
Water soluble 

Monomer 

droplets and 

polymer colloids 

300 – 500 nm Yes 39 

 

At the initial state of the batch emulsion polymerization process, the water-insoluble 

monomer is dispersed in water as monomer droplets by stirring. The aqueous phase contains a 

water-soluble initiator (either redox or thermal initiator) and surfactants which adsorb on the 

surface of the monomer droplets stabilizing them by means of electrostatic stabilization, steric 

stabilization or electro-steric stabilization depending on the nature of the surfactant (ionic/non-

ionic, molecular/macromolecular). The amount of surfactant is generally higher than that 
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needed to stabilize monomer droplet surface and so, if its concentration in water is above its 

critical micellar concentration (cmc), the surfactant self-assembles into micelles swollen by the 

monomer (Scheme 2.A). The polymerization of the water-soluble fraction of monomer is 

initiated in the aqueous phase, forming oligoradical species. As they grow, these oligoradicals 

become hydrophobic enough so they can either enter into the micelles swollen by the monomer 

(heterogeneous or micellar nucleation) or precipitate in the aqueous phase (homogeneous 

nucleation). The process called nucleation corresponds to the formation of the primary 

polymeric particles (nuclei). In the case of seeded emulsion polymerization, this nucleation is 

separately performed during the synthesis of the latex particles used as seed. The 

polymerization reaction is then allowed to continue inside the particles by diffusion of the 

monomer from the monomer droplets through the aqueous phase (Scheme 2.B). A semi-

continuous process can be implemented to process in starved-feed condition and limit the 

presence of monomer droplets. At the end of the polymerization, a dispersion of colloidal 

polymeric particles in water (latex) is obtained (Scheme 2.C).  

 

Scheme 2. Representation of the emulsion polymerization process. 

 

Another type of heterogeneous polymerization process in aqueous media employed for 

the preparation of thermoresponsive microgels is the precipitation polymerization process 

(Scheme 3). In this case, the monomer is water-soluble and the polymer precipitates in the 

water continuous phase as the reaction temperature is far above the phase transition temperature 

of the polymer in water. The water-soluble initiator initiates the polymerization in the aqueous 

phase, producing oligoradicals, which become hydrophobic when reaching a certain chain-

length and thus precipitate in the aqueous phase to form the particle precursors (or nuclei). The 

size of these nuclei will increase, either by adsorption of other oligoradicals, or by monomer 

polymerization, or by aggregation of various nuclei, until reaching a certain size for which 

stable polymeric particles dispersed in water are formed. The stability of these particles is 
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ensured by the ionic fragments of the initiator that remain at the particle surfaces. When a 

stabilizer is used to ensure the system stability, the term aqueous dispersion polymerization is 

used instead of precipitation polymerization.38, 40  

 

Scheme 3. Representation of the precipitation polymerization process. 

 

Inverse miniemulsion was also a convenient strategy to synthesize microgels by 

copolymerizing a hydrophilic monomer and crosslinker in aqueous monomer droplets dispersed 

in an organic phase and stabilized by a non-ionic surfactant.39, 41  

Note that, apart from the easy implementation of both emulsion and precipitation 

polymerization processes, from an engineering viewpoint, a water-based continuous phase 

favors heat transfer of the exothermic polymerization reaction and facilitates polymer recovery 

from the reactor at the end of the synthesis. Moreover, they are environmentally safe processes 

meeting one of the green chemistry principles concerning the decrease of volatile organic 

compounds (VOC's) as solvents are not required. 

 

While PNIPAAm or poly(oligo(ethylene glycol) (meth)acrylate)-based microgels are 

generally synthesized by precipitation/dispersion polymerization,28, 29, 38, 42 PVCL-based 

microgels synthesis follows either a precipitation or an emulsion polymerization process 

depending on the initial VCL concentration ([VCL] limit, water = 41 g.L-1).9, 38 It should be 

mentioned that, whatever the employed process (emulsion or precipitation/aqueous dispersion 

polymerization), thermoresponsive microgels are generally synthesized at relatively low initial 

solids content in order to prevent a macroscopic gelation (˂ 5wt-%).43 

The combination of controlled radical polymerization and polymerization in aqueous 

dispersed media addressed this limitation of solids content.44, 45 Controlled Radical 

Polymerization (CRP) (also recently named reversible-deactivation radical polymerization 
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(RDRP)46) techniques, are based on the establishment of a dynamic equilibrium between 

propagating radicals and dormant species (Scheme 4). This phenomenon allows to reduce 

undesirable side reactions between radicalar growing chains that generally occur in a free 

radical polymerization process (irreversible termination and transfer reactions).  

 

Scheme 4. Reversible deactivation equilibrium taking place during a controlled radical polymerization: 

(a) active chain, (b) control agent, (c) dormant chain. 

 

The main CRP techniques can be distinguished by the control agents involved in the 

equilibrium and the type of radical trapping reaction. For example, in Atom Transfer Radical 

Polymerization (ATRP),47, 48 alkyl halogens and transition metal species are used in a reversible 

redox equilibrium while in Nitroxide Mediated Polymerization (NMP),49, 50 the control is 

ensured by nitroxides in thermal equilibrium with alkoxyamines. Both NMP and ATRP are 

based on reversible termination reactions. On the contrary, the Reversible 

Addition/Fragmentation chain Transfer (RAFT) polymerization51-53 is based on reversible 

transfer reactions involving thiocarbonylthio compounds as control agents. When xanthate 

species (dithiocarbonates) are involved, the term MAcromolecular Design via Interchange of 

Xanthate (MADIX) was initially used,54, 55 and it is now used in combination with RAFT. 

 

In this thesis, we will focus on RAFT/MADIX polymerization technique. RAFT is a 

versatile technique that proved to be efficient for a wide range of monomers with various 

functional groups and to enable polymerization in homogeneous and heterogeneous media.56 

The RAFT polymerization process starts with a classical initiation step where an initiator 

dissociates into radicals to initiate the polymerization.56, 57 The propagating radical Pn
 is then 

able to add on the double bond of a thiocarbonylthio compound (which is the control agent, 1 

in Scheme 5), to form an intermediate radical (2 in Scheme 5) that will fragment into a dormant 

polymer (3 in Scheme 5) and a novel radical R. This radical also initiates the polymerization 

to provide propagating radical Pm
 that will reversibly add onto the double bond of the dormant 

polymeric thiocarbonylthio compound (3 in Scheme 5), followed by fragmentation. Rapid 

equilibrium between the active propagating radicals (Pn
 and Pm

) and the dormant polymeric 

thiocarbonylthio compound (3 in Scheme 5) allows for controlling the polymerization. Radical-

radical termination occurs as in conventional free radical polymerization but the level is 

minimized.  
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Scheme 5. Mechanism of RAFT polymerization technique (from reference 58). 

 

The RAFT agents are classified as a function of their activation group (Z) (Scheme 6). 

This group is of high importance, as it will govern the rate of addition-fragmentation and thus 

the rate of the main equilibrium between active and dormant species in the RAFT process. 

Depending on the nature of the Z group, dithioesters can be distinguished from dithiocarbonates 

(xanthates), dithiocarbamates or trithiocarbonates (Scheme 6). The free radical leaving group 

(R) must be a good homolytic leaving group with respect to the nature of the Pn
 

macromolecular radical.  
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Scheme 6. RAFT agents classification.52, 53 

 

Depending on the monomer being polymerized by the RAFT process, the choice of the 

RAFT agent and especially its Z group is of crucial importance (Scheme 7), as it will govern 

the efficiency of the global process. For less activated monomers (LAM) like vinyl acetate 

(VAc) and VCL, because of the high reactivity of the propagating radical Pn
, the addition onto 

the thiocarbonylthio compound is favored. Therefore, the Z group need to destabilize the 

intermediate radical (2 and 4 in Scheme 5) in order to promote its rapid fragmentation. Electron-

donor type Z groups are appropriate, electing xanthate (Z = O-alkyl) or dithiocarbamate (Z = 

N,N-dialkyl) agents suitable for controlling the polymerization of LAM (Scheme 7). On the 

contrary, for styrenic or (meth)acrylate monomers, the propagating radical Pn
 being stabilized, 

the addition is unfavorable and should be promoted by using Z group able to stabilize the 

intermediate radical (2 and 4 in Scheme 5). As a result, trithiocarbonate or dithioester type 

RAFT agents, which possess electron-withdrawing groups, are generally used (Scheme 7). As 

previously mentioned, the free radical leaving group (R) must be a good homolytic leaving 

group with respect to the attacking radical Pn
 and thus it also needs to be carefully chosen 

depending on the monomer being polymerized (Scheme 7). 
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Scheme 7. Choice of the suitable RAFT agent as a function of the monomer being polymerized (from 

reference 58).  

 

In a controlled polymerization process, all the chains are ideally initiated at the same 

time (fast initiation) and grow simultaneously. Therefore, it is possible to control the 

macromolecular chain length with narrow molar mass distribution (low dispersity, Ð = Mw/Mn) 

and to reach a high degree of chain-end functionality. Among the different architectures 

accessible with CRP techniques, block copolymers are of high interest, especially when they 

are composed of immiscible blocks. Indeed, they are able to self-assemble in a selective solvent 

for one of the blocks, which confers them many applications. Hydrophilic/hydrophobic block 

copolymers which are amphiphilic, are probably the most studied systems.  

For polymerization process carried out in aqueous media, where the use of a stabilizer 

is generally required to maintain the system stability, the in-situ formation of stabilizing 

amphiphilic copolymers simultaneously to the particle growing has been considered. This 

strategy relies on the use of a reactive macromolecular stabilizer, i.e., a hydrophilic polymer 

with a living chain-end, that will act as both a macromolecular stabilizer and a control agent for 

the polymerization in aqueous dispersed media. In a first approach (Scheme 8), the chain 

extension of the reactive stabilizer led to the in-situ formation of stabilizing amphiphilic diblock 

copolymers concomitantly to the particle growth by non-controlled free radical 

polymerization.59-62 It allows to synthesize stable polymer particles with functional 

macromolecular shell, avoiding the use of molecular surfactants (surfactant-free process) and 

thus to develop more environmentally friendly polymerization processes. 
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Scheme 8. Schematic representation of the in-situ formation of stabilizing amphiphilic copolymer 

simultaneously to particle growth by emulsion polymerization. 

 

In a second approach (Scheme 9), a high degree of control of the second growing block 

is targeted to promote the in-situ formation of pure amphiphilic block copolymer self-assembled 

particles synthetized by emulsion polymerization.63  

 

Scheme 9. Schematic representation of the Polymerization Induced Self-Assemby (PISA) methodology. 

This concept was first introduced by Hawkett et al.64 in order to control the 

polymerization of n-butyl acrylate by RAFT polymerization using poly(acrylic acid) oligomer 

functionalized by a trithiocarbonate chain end. The group of Charleux showed in 2005 that this 

methodology was also efficient to implement nitroxide-mediated polymerization in emulsion.65 

This concept was further named “polymerization-induced self-assembly” (PISA) and 

represents an emerging field to synthesize block copolymer self-assembled particles either by 

emulsion polymerization,63 or by aqueous dispersion polymerization66 or by non-aqueous 

dispersion polymerization.67 By tuning the volume fraction of the hydrophilic and hydrophobic 

blocks, stable hairy latex particles with multiple morphologies can be produced at high solids 

content by surfactant-free emulsion polymerization (Figure 2). 
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Figure 2. Particles morphologies obtained by polymerization-induced self-assembly (PISA) depending 

on the volume fraction of the hydrophilic and hydrophobic blocks (from reference 63). 

 

Over the last decade, PISA method has also been successfully applied to the synthesis 

of thermoresponsive microgels, allowing to produce stable microgel dispersions up to 20 wt-% 

of initial solids content, in the absence of molecular surfactant. For example, Delaittre et al.,44, 

68 synthesized poly(N,N-diethylacrylamide)-based thermosensitive microgels from an 

hydrophilic poly(sodium acrylate) based macroalkoxyamine using nitroxide mediated 

polymerization technique. When N,N’-methylenebisacrylamide (MBA) was used as 

crosslinker, chemically crosslinked microgels with covalent bonds between the polymer chains 

forming the network were synthesized while the copolymerization of N,N-diethylacrylamide 

(DEAAm) with styrene as hydrophobic co-monomer produced physically crosslinked 

microgels by means of hydrophobic interactions between the polymer chains of the inner 

network (Scheme 10).  

 

Scheme 10. PISA method applied to the synthesis of chemically44 and physically68 crosslinked 

thermoresponsive microgels. 

Concomitantly to this first example of the use of a macromolecular control agent for the 

synthesis of thermoresponsive microgels,44 An et al.45 reported the synthesis of PNIPAAm 

thermoresponsive microgels via an hydrophilic poly(dimethylacrylamide) (P(DMAAm)) 
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macromolecular RAFT agent. Since these first studies, different thermoresponsive microgels 

were synthesized by using reactive macromolecular stabilizers, mainly macromolecular RAFT 

agents. These studies are gathered in Table 2. From Table 2, it appears that the use of a reactive 

hydrophilic polymer as stabilizer and control agent for the synthesis of thermoresponsive 

microgels allows to increase the solids content of the final microgel dispersion up to 30 wt-%. 

The continuous phase was either water or an hydroalcoholic continuous phase. Various 

polymers have been used as macro-CTA to reach thermoresponsive microgels with functional 

macromolecular shell. When the macromolecular control agent is soluble in organic solvent, 

the successful chain-extension of this precursor block is evidenced by means of performing 

experiments in the absence of crosslinker, allowing further characterization of the 

macromolecular features of the formed block copolymers by size exclusion chromatography.  

To date, the synthesis of PVCL-based thermoresponsive particles by heterogeneous 

polymerization by using a reactive polymeric stabilizer has never been reported.  
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Table 2. Summary of studies devoted to the use of a reactive hydrophilic polymer as stabilizer and control agent for the synthesis of thermoresponsive microgels.  

CRP technique / Control agent Reactive macromolecular stabilizer 
Polymer of the 

core 
Crosslinker 

Continuous 

phase 

Solids 

content 

 (wt-%) 

Dh 

(nm) 
Ref 

RAFT / TTC-CNC3 or CDB P(PEGMA) or PEO100-TTC 

P(MEO2MA) 

or 

P(MEO2MA-

co-PEGMA) 

P(EGDMA) 

 
Water 1.5 

Dswollen = 50 – 80 

Dcollapsed = 40 - 60 
69 

RAFT / TTC-C12 or TTC-C3  P(DMAAm) P(NIPAAm) MBA Water 3 
Dswollen = 70 – 200 

Dcollapsed = 40 - 100 
45 

RAFT / TTC-C12 PEO40 and PEO-b- P(DMAAm) P(DEAAm) MBA Water 3 to 16 
Dswollen = 70 – 140 

Dcollapsed = 50 - 120 
70 

RAFT TTC-C12 PEO10 P(DMAEMA) MBA Water 4 to 5 

Dswollen = 150 – 400 

(AIBN) 

Dswollen  = 10 

(ACVA) 

Dcollapsed = non specified 

71 

RAFT / BE-TTC P(DMAAm) 
P(MEOA-co-

PEGA)   
P(EGDA) Water 10 to 30 

Dswollen = 40 – 100 

Dcollapsed = 30 - 80 
72 

NMP / Alkoxyamine MONAMS P(ANa) 
P(DEAAm-co-

S) 
- Water 20  

Dswollen = 120 

Dcollapsed = 95 
68 

NMP / Alkoxyamine MONAMS P(ANa) P(DEAAm) MBA Water 20 
Dswollen = 90 – 190 

Dcollapsed = 50 - 120 
44 

RAFT / CDB P(MEO2MA-co-PEGMA) P(MEO2MA) DEGDMA 
Water/propanol 

(1:4 v:v) 
2 

Dswollen = 90 - 300 

Dcollapsed = 40 - 250 
73 

RAFT / CDB  

 
P(GAPMAAm) or P(LAEMAAm) 

P(MEO2MA-

co-

GAPMAAm) 

or 

P(MEO2MA-

co-

LAEMAAm) 

DMAEP 
Water/propanol 

(4:1 v:v) 
4 

Dswollen = 85 - 315 

Dcollapsed = 35 - 45 
74 

RAFT / CDB  P(MPC) 
P(MEO2MA-

co-AEMAAm) 
DMAEP  

Water/propanol 

(4:1 v:v) 
5 

Dswollen = 80 – 150 

Dcollapsed = 50 - 110 
75 

RAFT / CDB  

 
P(GAEMAAm) or P(GAPMAAm) 

P(MEO2MA-

co-AEMAAm) 

or P(NIPAAm-

co-AEMAAm) 

DMAEP 

Water/1,4-

dioxane 

(3:2 v:v) 

6 
Dswollen = 120 - 190 

Dcollapsed = 60 - 80 

76, 

77 

RAFT / ETC 
PMEO2A-b-PDMAAm or PNIPAAm-b-

PDMAAm 

PNIPAAm or 

P(MEO2A) 
MBA 

Water/ethanol 

(65:35, v:v)  

Or Water 

10 

Dswollen = 100 - 150 

Dcollapsed = non specified 

 
78 
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RAFT / ETC P(DMAAm) or P(DMAAm-b-nBA) 

PNIPAAm 

Or 

P(NIPAAm-b-

nBA) or 

P(NIPAAm-b-

FA) or 

P(NIPAAm-b-

HEAAm) or 

P(NIPAAm-b- 

DAAAm) or  

MBA or 

HDDA 

Water/ethanol 

(3:1 v:v) 
10 

Dswollen = 60 - 90 

Dcollapsed = 45 - 55 
79 

RAFT / CDB  

 

P(LAEMAAm) or P(LAEMAAm-co- 

AEMAAm) or P(LAEMAAm-co-MAA) 

P(MEO2MA) 

or 

P(MEO2MA-

co-

LAEMAAm) 

or 

P(MEO2MA-

co-AEMAAm) 

MBA 
Water/propanol 

(4:1 v:v) 
- 

Dswollen = 85 - 180 

Dcollapsed = 60 - 95 
80 

Control agent: TTC-C12: S-1-dodecyl-S’-2-(2,2’-dimethylacetic acid) trithiocarbonate; TTC-C3: S-3-(propionic acid)-S’-2-(2,2’-dimethylacetic acid) 

trithiocarbonate; TTC-CNC3: 4-cyano-4-(ethylsulfanylthiocarbonyl)sulfanylpentanoic acid; CDB: 4-cyanopentanoic acid dithiobenzoate; BE-TTC: Benzyl 

ethyl trithiocarbonate; ETC: 2-ethylsulfanylthiocarbonylsulfanyl-propionic acid methyl ester.  

Crosslinker: MBA: N,N’-methylenebisacrylamide; P(EGDMA): poly((ethylene glycol) dimethacrylate); P(EGDA): poly(ethylene glycol) diacrylate; 

DEGDMA: di(ethylene glycol) dimethacrylate; DMAEP: 2,2-dimethacroyloxy-1-ethoxypropane; HDDA: 1,6-hexanediol diacrylate.  

Reactive macromolecular stabilizer/Polymer of the core: P(ANa): poly(sodium acrylate); P(DEAAm): poly(N,N-diethylacrylamide); P(DMAAm): poly(N,N-

dimethylacrylamide); P(NIPAAm): poly(N-isopropylacrylamide); PEO: poly(ethylene oxide); P(DMAEMA): poly(N,N’-dimethylaminoethyl methacrylate); 

P(PEGMA): poly(poly(ethylene glycol) methyl ether methacrylate); P(MEO2MA): poly(di(ethylene gycol) methyl ether methacrylate); P(MEOA): poly(2-

methoxyethyl acrylate); P(PEGA): poly(poly(ethylene glycol) methyl ether acrylate); P(MPC): poly(2-methacryloyloxyethyl phosphorylcholine); P(S): 

poly(styrene); P(AEMAAm): poly(2-aminoethyl methacrylamide hydrochloride); P(GAEMAAm): poly(2-glucoamidoethyl methacrylamide); P(GAPMAAm): 

poly(2-glucoamidopropyl methacrylamide); P(LAEMAAm): poly(2-lactobionamidoethyl methacrylamide);P(nBA): poly(n-butyl acrylate); P(FA): 

poly(fluorescein O-acrylate); P(HEAAm): poly(N-(2-hydroxyethyl)acrylamide); P(DAAAm): poly(diacetone acrylamide); P(MAA): poly(methacrylic acid); 

P(MEO2A): poly(di(ethyleneglycol) ethyl ether acrylate).   
 



- Introduction - 

- 17 - 

 

II. Objectives 

The main objective of this PhD thesis was to synthesize and characterize PVCL-

based thermoresponsive particles by surfactant-free batch emulsion polymerization, 

using a reactive macromolecular stabilizer.  

One of the crucial points of this work consisted in using a hydrophilic reactive 

macromolecular stabilizer with a suitable end-group able to implement a fast-reversible reaction 

with the growing radical chains of the core-forming polymer. VCL is a non-conjugated 

monomer, which can only be polymerized via radical polymerization. Like for vinyl ester based 

monomers, the controlled radical polymerization (CRP) of vinyl amides has long been 

recognized as a challenge due to the difficulty in controlling the equilibrium between the non-

stabilized radicals and the dormant species.12, 81 In the recent years, various controlled radical 

polymerization techniques have been successfully applied to the control of VCL 

polymerization. These techniques include organometallic-mediated radical polymerization 

(OMRP),19, 82, 83 ATRP,84-86 and RAFT/MADIX polymerization.17, 20-22, 87-106 It should be 

mentioned that all these studies concerning the control of VCL polymerization have been 

conducted in bulk or solution. So far, the control of VCL polymerization in aqueous dispersed 

media has not been investigated yet. 

In this thesis, RAFT polymerization was elected as the CRP technique of choice for 

designing reactive macromolecular stabilizers suitable for VCL polymerization. It has been 

shown that the control of VCL polymerization by RAFT was mainly mediated by xanthates,17, 

20-22, 88-93, 97, 99-104, 106 and more scarcely by either dithiocarbamates,87, 97, 101 or trithiocarbonate 

chain transfer agents (CTA).87, 94-96 

In the present work, a xanthate was chosen for the design of the macromolecular chain 

transfer agent as reactive stabilizer. For that purpose, two strategies can be envisaged: 1) the 

chain-end functionalization of a preformed hydrophilic polymer with a xanthate agent or 2) the 

use of a xanthate agent to control the polymerization of a hydrophilic monomer. Both 

approaches were considered in this thesis, the first one in Chapter 2 of Part I and the second 

strategy was developed in Chapters 1 and 2 of Part II.  
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As summarized in Table 3, we investigated the synthesis of two types of PVCL-based 

thermoresponsive colloidal particles by surfactant-free emulsion polymerization carried out in 

the presence of a reactive macromolecular stabilizer. 

 

Table 3. Summary of the developed strategies for the synthesis of PVCL-based thermoresponsive 

particles in aqueous dispersed media by using a reactive macromolecular stabilizer. 

PART I - Physically crosslinked 

PVCL-based thermoresponsive 

particles 

- Macromolecular reactive stabilizer 

synthesized by chain-end 

functionalization of a preformed 

polymer with a xanthate agent 

- In-situ synthesis of amphiphilic 

diblock copolymers simultaneously 

to particle growth (PISA) 

- Copolymerization of VCL with a 

hydrophobic co-monomer to prepare 

thermoresponsive particles via 

hydrophobic interactions 

PART II - Chemically crosslinked 

PVCL-based thermoresponsive 

microgels 

- Macromolecular reactive stabilizer 

synthesized by RAFT/MADIX 

polymerization of a cationic 

monomer 

- Involvement of the reactive chain-

end of the cationic polymer in the 

stabilization efficiency of microgels 

- Copolymerization with a difunctional 

co-monomer to synthesize 

crosslinked thermoresponsive 

particles 

 

For the synthesis of physically crosslinked thermoresponsive PVCL-based particles 

(Part I, Scheme 11), a poly(ethylene glycol)-xanthate was used as macromolecular chain 

transfer agent. Poly(ethylene glycol) is a biocompatible hydrophilic polymer widely used as 

stabilizer of particles, colloids, micelles. Vinyl acetate was chosen as the hydrophobic co-

monomer, which polymerization can be successfully controlled by RAFT/MADIX technique 

using xanthate agents.107-111  
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Scheme 11. Schematic representation of the synthesis by an emulsion polymerization process of the 

physically crosslinked PVCL-based particles by PISA. 

 

For the synthesis of chemically crosslinked PVCL-based thermoresponsive particles 

(Part II, Scheme 12), a cationic poly([2-(acryloyloxy)ethyl]trimethylammonium chloride) was 

selected as macromolecular reactive stabilizer. Cationic polymers are attractive polymers due 

to their unique properties: they possess an antibacterial activity, they can interact with 

negatively charged molecules of interest (such as biomolecules, catalyst…), they can be 

deposited onto anionic surface (cellulose, mica, magnetic particles…), they can be used as 

flocculants, among others applications.112 Thanks to their ability to electrostatically interact 

with relevant biological polyanions (SiRNA, DNA, proteins…), anionic tissues, anionic drugs 

and anionic inorganic particles, cationic polymers are very promising materials for biomedical 

applications and especially for the design of cargo carriers. In addition, they are known to 

facilitate cellular uptake via interaction with the negatively-charged cell membrane.112 

 

Scheme 12. Schematic representation of the synthesis of chemically crosslinked PVCL-based particles 

by using a reactive cationic macromolecular stabilizer by an emulsion or a precipitation polymerization 

process. 
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III. Contents 

The present manuscript is divided into two main parts according to the two types of 

PVCL-based thermoresponsive particles presented in Table 3. 

The first part (Part I) is devoted to the synthesis of PVCL-based block copolymer self-

assembled thermoresponsive particles by emulsion polymerization, using a xanthate-terminated 

poly(ethylene glycol) (PEG-X) as macromolecular chain-transfer agent. Vinyl acetate (VAc) is 

used as hydrophobic co-monomer with the aim of synthesizing physically crosslinked 

thermoresponsive particles by means of hydrophobic interactions between VAc units.  

The first chapter of this Part I describes a preliminary study to investigate the control of 

the RAFT/MADIX copolymerization of VAc and VCL in bulk. The reactivity ratios for VAc 

and VCL copolymerization are carefully determined by different methods. The effect of the 

P(VAc-co-VCL) copolymer composition on glass transition temperature, phase transition 

temperature and thermoresponsive self-assembly of the copolymers in water is also 

investigated.  

The second chapter presents the synthesis of PVCL-based thermoresponsive particles 

by emulsion polymerization. The stabilization and growth of the P(VAc-co-VCL) block is 

controlled by a PEG macromolecular chain transfer agent. The functionalization of the chain-

end of a commercially available PEG with a xanthate moiety is described. Insight into the 

control of RAFT/MADIX emulsion copolymerization of VAc and VCL as well as the features 

of the synthesized thermoresponsive colloidal particles, in relationship with the initial VAc 

monomer feed ratio is provided. The hydrolysis of thermoresponsive PEG-b-P(VAc-co-VCL) 

copolymers is attempted to produce poly(vinyl alcohol) (PVA)-based thermoresponsive 

copolymers upon methanolysis of PVAc under mild conditions.  

 

The second part (Part II) is focused on the synthesis and characterization of cationic 

PVCL-based thermoresponsive microgels that are evaluated as potential drug nanocarriers.  

The first chapter depicts the synthesis of the cationic poly[2-

(acryloyloxy)ethyl]trimethylammonium chloride (P(AETAC)) polymers by RAFT/MADIX 

polymerization mediated by a xanthate molecular chain-transfer agent. The characterization of 

these polymers using different analytical techniques is described.  

The second chapter presents the synthesis and characterization of the cationic 

thermoresponsive PVCL-based microgels by heterogeneous polymerization processes from the 
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P(AETAC-X) reactive cationic macromolecular chain-transfer agents. The influence of 

different synthesis variables (i.e, the concentrations of monomer, stabilizer, crosslinker and 

initiator) on the colloidal features of the microgel particles is thoroughly investigated. The inner 

morphology of the microgels is assessed by high-resolution 1H transverse relaxation NMR 

measurements. Furthermore, the comparison of the stabilization efficiency of the reactive 

cationic stabilizers with the one of non-reactive P(AETAC) homologue is provided. 

 In the third chapter, the potential of the cationic thermoresponsive poly(N-

vinylcaprolactam)-based microgels for drug delivery systems is assessed. For that purpose, the 

stability of the cationic PVCL-based microgels during incubation at 37°C in different biological 

mimicking media is monitored. The in-vitro cytotoxicity of bare and doxorubicin-loaded 

PVCL-based microgels using HeLa (cervical cancer cells) and RAW 264.7 (macrophage cells) 

cell lines is investigated. In addition, the microgel cellular uptake pathways are studied by 

confocal fluorescence microscopy using different inhibitors. Finally, the uptake and release of 

doxorubicin are evaluated. 
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Introduction of Part I 

Thermoresponsive polymers are polymers that undergo a conformation phase transition 

in response to a change of temperature.1-4 Among the several well-known thermoresponsive 

polymers, poly(N-vinylcaprolactam) (PVCL) has raised an increasing interest over the last 

years as reported in recent reviews.5-7 This biocompatible polymer, with lower critical solution 

temperature (LCST) in water ranging between 30 – 40 °C,5, 8 is attractive for different 

applications such as delivery systems,6, 9, 10 particle stabilization11 or emulsion stabilization.12 

An effective means of tuning the temperature in which the change of PVCL-chain solvation 

state occurs is to control both the polymer chain length,13-16 and the introduction of co-

monomers in the polymer chain.15-18 It is thus of interest to control the molar mass and the co-

monomer distribution along the chain when synthesizing thermoresponsive statistical 

copolymers. Among the different co-monomers that can be used to tune the phase transition 

temperature of PVCL chains in water, vinyl acetate (VAc) is an attractive co-monomer due to 

the wide range of applications of poly(vinyl acetate). Poly(vinyl acetate) (PVAc) is used in a 

vast number of applications, the most common being binder for adhesive formulation, for the 

paper industry and for latex paints.19, 20 Moreover, PVAc is approved by Food and Drug 

Administration (FDA) and it is a precursor of poly(vinyl alcohol) (PVA) which is a 

biocompatible and biodegradable hydrophilic polymer that is used in many technical (textile, 

papermaking) or food applications.20 PVA is for instance used as efficient thickener, protective 

colloids, component of water-soluble film useful for packaging.20 Nowadays, the raw materials 

for vinyl acetate monomer are produced from fossil resources. In the context of sustainable 

development, it can be mentioned that bioethanol produced from renewable resource could 

substitute the feedstock for these raw materials (Figure 1). Therefore, if the “vinyl acetate 

circle” can be closed by the important steps of hydrolysis and complete biodegradation of vinyl 

ester-based polymers to carbon dioxide, the whole production of PVAc could be switched to a 

renewable, sustainable and CO2-neutral production process based on bioethanol (Figure 1).20 
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Figure 1. Vision of the “VAc circle” wholly based on ethanol as a raw material source (from reference 

20). 

 

The first chapter of this Part I will present a study of the macromolecular features and 

the microstructure of P(VAc-co-VCL) amphiphilic copolymers synthesized by controlled 

radical polymerization in homogeneous media. Their self-assembly behavior in water will be 

considered. 

It is also of interest to implement the synthesis of the P(VAc-co-VCL) from 

homogeneous media (bulk) to polymerization in aqueous dispersed media. Emulsion 

polymerization is one of the most widely used process to industrially produce polymers as 

colloids dispersed in a continuous water phase. This polymerization process presents many 

advantages compared to polymerizations performed in bulk or in organic solution. Indeed, the 

use of water as continuous phase facilitates heat transfer of the exothermic polymerization, 

decreases the viscosity of the final product which facilitates polymer recovery from the reactor 

at the end of the polymerization and is more environmentally safe by limiting the amount of 

volatile organic compounds. In this context, the synthesis of the thermoresponsive P(VAc-co-

PVCL) statistical copolymers by emulsion polymerization is attractive. This will be the purpose 

of the work reported in the second chapter of this Part I. Via the use of a poly(ethylene glycol) 

(PEG) macromolecular chain-transfer agent, we will study the synthesis of PEGylated particles 

of P(VAc-co-PVCL) copolymers directly in the aqueous phase by emulsion polymerization. 

The thermoresponsive behavior of the particles formed by hydrophobic intermolecular 

interactions will be explored in detail.     
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I. Introduction 

During the last decades, controlled radical polymerization (CRP), also recently named 

reversible- deactivation radical polymerization (RDRP),1 has been extensively investigated to 

precisely control molar mass, dispersity, architecture and microstructure of a wide range of 

(co)polymers.2 The most developed CRP techniques are nitroxide mediated polymerization 

(NMP),3, 4 atom transfer radical polymerization (ATRP),5, 6 copper(0)-mediated radical 

polymerization,7-10 reversible addition-fragmentation chain transfer (RAFT)11-13 including 

macromolecular design via the interchange of xanthates (MADIX),14, 15 reversible iodine 

transfer polymerization (RITP)16 and organometallic-mediated radical polymerization 

(OMRP).17, 18 Some RDRP techniques have been successfully transposed from homogeneous 

system in bulk or solution to heterogeneous systems such as emulsion polymerization,19-22 

dispersion polymerization23-25 and surface-initiated polymerization from solid substrates.26-29  

Despite the interest of the so-called less activated monomers (LAM) such as vinyl acetate 

(VAc), N-vinylcaprolactam (VCL) or N-vinylpyrrolidone (VP), the controlled radical 

polymerization of these non-conjugated monomer has been implemented only since the recent 

years, in RAFT/MADIX polymerization,30-37 OMRP,38-43 RITP44 and ATRP.45-47 

RAFT/MADIX polymerization afforded the possibility to synthesize various PVCL-based 

copolymers such as block copolymers (P(VAc-b-VCL),32 P(VCL-b-VP)48) or statistical 

copolymers (P(VP-stat-VCL)49, 50). Cobalt-mediated polymerization also produced well-

defined P(VAc-b-VCL),40 P(VCL-b-(VCL-stat-VP)),42 P(VAc-b-VCL-b-VAc), P(VCL-b-

(VCL-stat-VP)-b-VCL) di- and triblock copolymers40 and P(VCL-stat-VAc),39 P(VCL-stat-

VP)42 statistical copolymers. Among controlling the molar mass and dispersity via RDRP, 

copolymerization kinetics and associated effect on copolymer composition assist in the design 

of statistical copolymers with suitable performances. Indeed, both copolymer composition and 

monomer distribution of statistical polymer sequences can affect properties such as phase 

transition temperature,39, 49, 51 block-statistical copolymer self-assembly,52, 53 cyclization54 and 

rheological properties of copolymers self-assembled either in water55, 56 or in bulk.57, 58 It 

requires the most accurate values of the reactivity ratios. However, the discrepancy between the 

values of reactivity ratios reported in the literature for VAc and VCL copolymerization (rVAc = 

0.63 and rVCL = 0.31 (bulk),59, 60 rVAc = 0.36 and rVCL = 1.06 (bulk),39, 61 rVAc = 0.35 and rVCL = 

2.5 (media not reported),62, 63 rVAc = 0.3 and rVCL = 2.2 (ethanol),59 rVAc = 0.3 and rVCL = 1.3 

(butanol)59) provides uncertainty in the monomer sequence along the chain. This might limit 

the development of more complex materials based on VAc and VCL copolymers. It is thus of 
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interest in the present work to explore how effective is RAFT/MADIX polymerization at 

controlling the copolymerization of VAc and VCL monomers for various initial monomer feed 

compositions. Special attention is dedicated to the copolymer compositions. Nonlinear least-

squares methods and linearization methods are examined to accurately determine the reactivity 

ratios of VAc and VCL. The influence of the P(VAc-co-VCL) copolymer composition on glass 

transition temperature, phase transition temperature, and copolymer self-assembly is 

investigated.  

II. Experimental part 

1. Materials 

Vinyl acetate (VAc, Sigma Aldrich, 99 %+) was mixed with inhibitor removers (Sigma Aldrich, 

0.1 g of inhibitor remover for 50 mL of VAc) for 30 minutes prior to being filtered and used 

for polymerization. N-vinylcaprolactam (VCL, Sigma Aldrich, 98 %) was distilled under 

reduced pressure (P = 0.05 mmHg) in the presence of hydroquinone (Sigma Aldrich, 99 %+). 

Azobis(isobutyronitrile) (AIBN, Sigma Aldrich, 98 %), 1,3,5-trioxane (Sigma Aldrich, ≥ 99 

%), diethyl ether (Sigma Aldrich, ≥ 99.8 %), ethyl-2-bromopropionate (EBP; Sigma Aldrich, 

99 %) and potassium ethyl xanthogenate (Sigma Aldrich, 96 %) were used as received. Acetone 

(VWR, technical grade, 98 %) was dried over molecular sieves (Sigma Aldrich, 4 Å, 4-8 mesh 

beads) for 24 hours. 

2. Synthesis of the O-ethyl-S-(1-ethoxycarbonyl)ethyldithiocarbonate 

molecular chain-transfer agent 

The O-ethyl-S-(1-ethoxycarbonyl)ethyldithiocarbonate molecular transfer agent was 

synthesized according to a previously described procedure.64 Prior to the reaction, acetone was 

dried over molecular sieves overnight. Ethyl-2-bromopropionate (3.0 g, 16 mmol) and dried 

acetone (19.7 g, 20 mL) were introduced in a 50 mL round-bottom flask maintained in an ice-

bath. Then potassium ethyl xanthogenate (4.0 g, 25 mmol, 1.5 × nEBP) was added by shots of 

0.5 g during 30 minutes under stirring. The mixture was stirred for 24 h at 0° C. The solution 

was filtered three times in order to eliminate the potassium bromide salts formed during the 

synthesis. After removing acetone by rotary evaporation, the crude product was purified by 

flash column chromatography (Teledyne Isco Combiflash Rf 75 flash chromatography) on 

silica column (RediSep normal-phase silica flash columns, 40 g column size for 2 g of product 

to purify) using a mobile phase of dichloromethane. Fractions containing the pure product were 
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pooled and the solvent was removed by rotary evaporation. After being dried for overnight 

under vacuum, the final product was obtained as a yellow oil (yield: 60 %). 

3. General procedure for the synthesis of P(VAc-co-VCL) statistical 

copolymer in bulk 

Polymerizations were performed with a total of 5 g of monomers, varying the initial molar 

fraction of VAc and VCL from fVAc,0 = 0 to 1. The initial concentration of xanthate agent was 

ranging from 1.6 to 2.4 mol.L-1 and the ratio between monomer concentration and xanthate 

agent concentration ranged between 420 and 460 (Table 1).  

In a typical experiment (Expt 7 in Table 2), xanthate agent (36.5 mg, 1.10  10-4 mol), AIBN 

(5.4 mg, 3.30  10-5 mol), VCL (2.00 g, 1.44  10-2 mol), 1,3,5-trioxane (0.887 g, 9.86  10-3 

mol) and VAc (3.04 g, 3.53  10-2 mol) were introduced into a 10 mL round-bottom flask and 

stirred magnetically. The mixture was degassed by nitrogen bubbling during 3 minutes in an 

ice bath. The flask was weighed before and after degassing to ensure the absence of VAc 

evaporation during this step. A sample was withdrawn under nitrogen at time t = 0. The round-

bottom flask was placed into an oil bath previously heated to 65°C. Samples were withdrawn 

every hour until the reaction was stopped (6 hours) by cooling down in an ice-water bath and 

by the introduction of oxygen in the mixture. Individual conversions of monomers were 

calculated from nuclear magnetic resonance spectra using 1,3,5-trioxane as internal standard 

(Equation 1). 

xmono. = 𝟏 −
(

I 1Hmono.
I 1Htriox.

⁄ )
t

(
I 1Hmono.

I 1Htriox.
⁄ )

0

        Equation 1 

I1H,triox corresponds to the integral of one proton of 1,3,5-trioxane (5.1 ppm, 6 H) used as internal 

standard and I1H,mono corresponds to either the integral of the proton of VCL monomer at 3.6 

ppm (I1H,VCL, 2 H) or VAc monomer at 7.1-7.4 ppm (I1H,VAc = I7.1-7.4 ppm – I1H,VCL/2) (see Figure 

1). 
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Figure 1. 1H NMR spectrum in DMSO-d6 of the crude solution (tpolym. = 4 h) of VAc/VCL 

copolymerization for polymerization carried out with fVAc,0 = 0.71. 

 

The final overall molar and weight conversions (respectively named Xm and Xw) were calculated 

from the monomer individual conversions (xVAc, xVCL, Equation 1) according to Equation 2 and  

Equation 3 (n0 and m0 are respectively the initial number of moles and the initial mass of each 

monomer). 

  𝑋𝑚 =  
𝑥VAc × 𝑛0,VAc+ 𝑥VCL × 𝑛0,VCL

𝑛0,VAc + 𝑛0,VCL
 Equation 2 

  𝑋𝑤 =  
𝑥VAc × 𝑚0,VAc+ 𝑥VCL × 𝑚0,VCL

𝑚0,VAc + 𝑚0,VCL
 Equation 3 

The molar fraction of the VAc monomer incorporated into the copolymer (FVAc) was calculated 

from the monomer individual conversion (xVAc, xVCL, Equation 1) and the initial number of 

moles of monomers (n0,VAc and n0,VCL), according to Equation 4. 

𝐹VAc =  
𝑥VAc × 𝑛0,VAc

𝑥VAc × 𝑛0,VAc + 𝑥VCL × 𝑛0,VCL 
 Equation 4 
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The weight fraction of VAc in the copolymer (wVAc) was obtained from Equation 5, considering 

the molar fraction of the monomers in the copolymer (Fmono, Equation 4) and the molar masses 

of each monomer (MVCL = 139 g.mol-1 and MVAc = 86 g.mol-1). 

𝑤VAc =  
𝐹VAc × 𝑀VAc

𝐹VAc × 𝑀VAc + 𝐹VCL × 𝑀VCL 
 Equation 5 

 

4. Characterization methods 

Nuclear Magnetic Resonance (NMR) spectroscopy. NMR spectra were recorded using a Bruker 

400 MHz spectrometer at 25 °C. 1H measurements were performed at frequencies of 400 MHz 

and 13C measurements at 100 MHz. Deuterated dimethyl sulfoxide DMSO-d6 and deuterated 

chloroform CDCl3 were used as solvents for respectively the crude and precipitated polymers. 

CDCl3 was used as solvent for the characterization of the xanthate agent. 

Dynamic Light Scattering (DLS). The measurements of the hydrodynamic diameter Dh, as a 

function of the temperature for the P(VAc-co-VCL) copolymers dispersed at 5 g.L-1 in 

deionized water, were carried out on a Nano-ZS, Model ZEN3600 (Malvern, UK) zetasizer at 

an angle of 173°. A He-Ne 4.0mW power laser was used, operating at a wavelength of 633 nm. 

For evaluation of the data, the DTS (Nano) program was used. The hydrodynamic diameters 

were calculated from the diffusion coefficient using the Stokes-Einstein equation 𝐷ℎ =  
𝑘B𝑇

3𝜋𝜂𝐷
 

where T is absolute temperature, the viscosity of the solvent, kB the Boltzmann constant and 

D the diffusion coefficient. The hydrodynamic diameters of the P(VAc-co-VCL) copolymers 

were also measured accurately using an ALV setup (Langen, Germany). The value of Dh below 

the cloud point was calculated from the diffusion coefficient using the Stokes-Einstein equation 

and was extrapolated to zero concentration and zero-q values. 

Static Light Scattering (SLS). Light scattering measurements were performed on an ALV setup 

(Langen, Germany), consisting of a 22 mW He−Ne laser, operating at a wavelength of λ = 632.8 

nm, an ALV CGS/8F goniometer, an ALV High QE APD detector, and an ALV 5000/EPP 

multibit, multiautocorrelator. All the measurements were carried out at temperature below the 

cloud point, for scattering angles, θ, ranging from 30° to 150°. For P(VAc-co-VCL) copolymers 

with FVAc inferior to 0.3, the measurements were performed at polymer concentrations ranging 

between 1 g.L-1 and 20 g.L-1 while for the P(VAc-co-VCL) copolymer with FVAc of 0.53, the 

temperature of measurement was set at 10°C at polymer concentrations range of 1 - 4 g.L-1. The 

weight-average molar mass of the scatterers (Mw) was determined using the Zimm equation 
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(Equation 6). The average scattered intensity of the sample (Isample) is measured in relation to 

the average scattered intensity of the solvent (Isolvent) and a standard (Istandard). The Rayleigh ratio 

(R) of the sample, which corresponds to the normalized contribution of the sample to the 

scattering intensity, is then determined based on the known Rayleigh ratio of the standard 

(R,standard, here we used toluene with R,Toluene = 2.79 x 10-5 cm-1), see Equation 7. The ratio 

K.c/R can then be determined using equations 6 to 9, taking into account the wavelength of the 

laser (), the refractive index of the standard (nstandard), the refractive index increment (dn/dc) 

of the sample and Avogadro’s number (NA).  

𝐾.𝑐

𝑅θ
=  

𝑞2𝑅𝑔
2

3𝑀𝑤
+  

1

𝑀𝑤
+ 2𝐴2𝑐 Equation 6 

𝑅θ =  
𝐼sample−𝐼solvent

𝐼standard
𝑅θ,standard Equation 7 

𝑲 =  
𝟒𝝅𝟐𝒏𝐬𝐭𝐚𝐧𝐝𝐚𝐫𝐝

𝟐 (𝐝𝒏 𝐝𝒄⁄ )𝟐

𝑵𝑨𝝀𝟒  Equation 8 

𝑞 =  
4𝜋𝑛solvent

𝜆
𝑠𝑖𝑛

𝜃

2
 Equation 9 

For all of the samples, the resulting distribution of relaxation times obtained via DLS was 

bimodal. To account for the presence of the larger aggregates in the SLS experiments, the 

relative scattered intensity contributions from fast and slow modes of relaxation were 

determined from the DLS data, which allowed for the calculation of the Rayleigh ratio for the 

fast mode only (Rθ,fast, Equation 10).65-67  

𝑅θ,fast =  𝐴fast(𝜃)
𝐼sample(𝜃)−𝐼solvent(𝜃)

𝐼standard(𝜃)
𝑅θ,standard Equation 10 

Afast (θ) is the scattered intensity contribution from the fast mode of relaxation at a given 

scattering angle determined by DLS, Isample, Isolvent, and Istandard are the scattered intensities at 

angle θ, by the sample, solvent, and reference liquid, respectively, and Rθ,standard is the Rayleigh 

ratio for the toluene used as the standard. The K.c/Rθ,fast values were averaged across the 

different q-values and plotted versus concentration to determine the absolute weight-average 

molar mass (Mw, aggregate) (Figure 2). The aggregation number was calculated as follows: Nagg = 

Mw,aggregate/Mw,polymer, with Mw,polymer corresponding to Mw of the copolymer measured by SEC 

in THF from MALLS detector.  
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Figure 2. (a) Angular dependence of K.c/Rθ = f(q2) measured at 3 g.L-1 and (b) concentration dependence 

of K.c/Rθ for copolymers with  FVAc = 0.19,  FVAc = 0.28 and + FVAc= 0.53. 

 

The specific refractive index increment values (dn/dc) of the aqueous solutions of copolymers 

were determined at 20°C with a T-rEX (Wyatt) differential refractometer, operating at a 

wavelength of λ = 632 nm, at concentrations ranging from 0.2 to 1 g.L-1. The following values 

were measured: dn/dc = 0.177 ± 0.001 mL.g-1 (FVAc = 0.28), dn/dc = 0.171 ± 0.005 mL.g-1 

(FVAc = 0.19 ) and dn/dc = 0.163 ± 0.008 mL.g-1 (PVCL). According to these values, the dn/dc 

of the copolymer with FVAc = 0.53 was extrapolated at 0.186 mL.g-1 (Figure 3). 

 

Figure 3. Refractive index increment (dn/dc) of P(VAc-co-VCL) copolymers in water versus FVAc. 

 

Size Exclusion Chromatography (SEC). The SEC system operates in THF, at 30°C (flow rate: 

1mL.min-1). The SEC apparatus is equipped with a Viscotek VE 1122 automatic injector, a set 

of Shodex columns (KF 801, KF 8025, KF 804 et KF 806 from Waters) working in series, a 

Wyatt Heleos II Multi Angle Laser Light Scaterring detector (MALLS, 18 angles, λ0 = 664.4 

nm), a refractive index (RI) detector Viscotek VE 3580 and a Viscotek VE 3210 UV-visible 

detector. Toluene was used as flow marker. All (co)polymer samples were prepared at 5 g.L-1 



- Part I - Chapter 1- RAFT/MADIX bulk copolymerization of VAc and VCL: kinetics, 

control, copolymer composition and thermoresponsive self-assembly 

- 42 - 

 

concentrations. The number-average molar mass (Mn) and molar mass distribution (Đ) were 

obtained from MALLS data using the Mi value of each slice of the chromatogram (see Equation 

6 at zero concentration). The experimental Mn were compared to the theoretical number-average 

molar masses of the copolymers calculated from Equation 11.  

𝑀n,theo.  =  𝑀xanthate +  𝑋𝑤
(𝑚0,VAc + 𝑚0,VCL) / 𝑉Total

([xanthate]0+0.6[AIBN]0(1−𝑒−𝑘d∗𝑡))
 Equation 11 

Here Mxanthate corresponds to the molar mass of the molecular xanthate agent (Mxanthate = 222 

g.mol-1), Xw is the final overall weight conversion (see Equation 3), kd is the AIBN dissociation 

constant into dimethylformamide at 60°C (kd = 6.45 × 10-5 s-1), 
62 t corresponds to the 

polymerization time, and [xanthate]0 and [AIBN]0 are respectively the initial concentrations of 

the chain-transfer agent and the initiator. m0,VAc and m0,VCL are the initial weight of monomers 

(in g) and VTotal (L) is the initial volume of the reaction mixture. 

The refractive index increments (dn/dc) of the P(VAc-co-VCL) copolymers synthesized by 

bulk copolymerization were determined using Equation 12. 

(dn/dc)copo. = wVAc × (
dn

dc
)

PVAc 
+ wVCL × (

dn

dc
)

PVCL
   Equation 12 

The values of dn/dc of PVCL and PVAc homopolymers were respectively taken from 

references 33 and 62: (dn/dc)PVCL = 0.109 mL.g-1 and (dn/dc)PVAc = 0.0582 mL.g-1. In order to 

confirm the dn/dc calculation from Equation 12, the dn/dc value was also measured 

experimentally by SEC via the plot of the RI area of the chromatogram versus the copolymer 

concentration (see Figure 4). The experimental dn/dc value of P(VAc0.63-co-VCL0.37) 

copolymer (expt 7 in Table 2) (dn/dcexp. = 0.084 mL.g-1) was in good agreement with the dn/dc 

calculated using Equation 12 (dn/dccalc. = 0.082 mL.g-1). Therefore, for the series of P(VAc-co-

VCL) copolymers, dn/dc values were calculated from Equation 12. 



- Part I - Chapter 1- RAFT/MADIX bulk copolymerization of VAc and VCL: kinetics, 

control, copolymer composition and thermoresponsive self-assembly 

- 43 - 

 

 

Figure 4. Plots of SEC chromatogram area recorded from refractometer (RI. area) (in THF) as a function 

of the concentration, for the copolymer with FVAc = 0.63 (expt 7 in Table 2). Symbols: experimental 

data, dotted line: experimental data linear fit. 

𝑆𝑙𝑜𝑝𝑒 =  
∆𝑅𝐼.𝐴𝑟𝑒𝑎

∆𝐶𝑜𝑛𝑐.𝑆
=  

𝑅𝐼Cal

𝑛0,THF
 × 

d𝑛

d𝑐
 × 𝑉inj Equation 13 

With RICal = Constant of refractometer instrument, RICal = 637 813; n0, THF = THF refractive 

index, n0, THF = 1.402 ; Vinj : injected volume, Vinj = 0.1 mL 

Differential Scanning Calorimetry (DSC). DSC measurements were carried out using the Q100 

apparatus from TA instruments. Analysis were conducted at a heating rate of 10°C/min, under 

nitrogen gas flow, from 0°C to 200°C. The measurements method included a first heating step 

from 0 to 200°C at 10°C/min, a cooling step from 200 to 0°C at 10°C/min and a second heating 

step from 0 to 200°C at 10°C/min. Glass transition temperatures (Tg) of the (co)polymers were 

measured during the second heating step. (Co)polymers were dried under vacuum for 24 h prior 

analysis. 

Turbidimetry analysis. Turbidimetry measurements of the (co)polymer solutions (0.3 wt-% in 

water) were performed with a Shimadzu UV-2450PC spectrophotometer, from 13 °C to 33°C 

(heating/cooling rate: 0.5°C.min-1). Transmittance at 500 nm was plotted versus the 

temperature. The minimum of the first-order derivative fit of transmittance versus temperature 

was considered as the temperature of cloud point (Tcp) (see Figure 18). 
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III. Results and discussion 

1. Synthesis of the O-ethyl-S-(1-ethoxycarbonyl)ethyldithiocarbonate 

molecular transfer agent 

The O-ethyl-S-(1-ethoxycarbonyl)ethyldithiocarbonate transfer agent was synthesized 

according to the procedure described in Scheme 1.  

 

Scheme 1. Synthesis of O-ethyl-S-(1-ethoxycarbonyl)ethyldithiocarbonate transfer agent (xanthate). 

 

The characteristic signals of the O-ethyl-S-(1-ethoxycarbonyl)ethyldithiocarbonate are 

observed in the proton NMR spectrum of the purified product (Figure 5). 

 

Figure 5. 1H NMR spectrum in CDCl3 of the O-ethyl-S-(1-ethoxycarbonyl)ethyldithiocarbonate transfer 

agent. 

 

The CH3-CHC(O)Br methyl protons of the initial ethyl-2-bromopropionate exhibit a 

characteristic signal at 1.9 ppm. This signal of the CH3-CH-C(O)OR is shifted towards lower 

chemical shift (1.6 ppm) in the 1H NMR spectrum of the xanthate. The expected integrals are 

observed in the 1H NMR spectrum. Indeed, the integral value of protons of ethyl-2-propionate 

group (b + c protons) perfectly match the integral of e protons from ethyl xanthate moiety, 

which reveals the absence of an excess of one initial reactant. Some impurities are observed as 
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multiplet at 3.5 ppm, quadruplet at 3.1 ppm, doublet at 2.2 ppm and triplet at 1.3 ppm. These 

impurities are not ascribed to residual initial reactants as the chemical shifts are different from 

ethyl-2-bromopropionate. In order to calculate the purity degree of the O-ethyl-S-(1-

ethoxycarbonyl)ethyldithiocarbonate, it was assumed that the main impurity, whose proton 

signals can be observed at 3.1 (quadruplet) and 1.3 ppm (triplet), corresponded to ethanol (CH3 

signal at 1.3 ppm and CH2 signal at 3.1 ppm in NMR tables).68 Therefore, the purity degree of 

the xanthate was calculated using �  Equation 14. The purity degree of the O-ethyl-S-(1-

ethoxycarbonyl)ethyldithiocarbonate transfer agent which spectrum is depicted in Figure 5 was 

equal to 95 %.  

purity degree (%) =  
𝑛xanthate

𝑛xanthate + 𝑛EtOH
 ×100  Equation 14 

With nxanthate = Ic+b / 3 and nEtOH = ICH2, 3.1 ppm / 2 

 

2. Evaluation of control of RAFT/MADIX copolymerization of VAc 

and VCL in bulk 

Firstly, the level of control of RAFT/MADIX (co)polymerization of vinyl acetate and N-

vinylcaprolactam mediated by the O-ethyl-S-(1-ethoxycarbonyl)ethyldithiocarbonate transfer 

agent was investigated (Scheme 2). The polymerizations were carried out in bulk at 65 °C with 

varying initial monomer feed ratios (fVAc,0) as reported in Table 1. 

Both VAc and VCL monomers being liquid at 65°C, the polymerization was performed in bulk 

in order to limit the use of toxic and/or flammable polar solvents such as 1,4-dioxane, 

chloroform, N,N-dimethylformamide or anisole, which were previously used as solvents for 

RAFT (co)polymerization of VCL with other less activated monomers.32, 33, 49, 69, 70 

 

Scheme 2. Synthesis of P(VAc-co-VCL) copolymers by RAFT/MADIX polymerization mediated by 

O-ethyl-S-(1-ethoxycarbonyl)ethyldithiocarbonate (= xanthate chain transfer agent, CTA) in bulk. 
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Table 1. Experimental conditions for the (co)polymerizations of VAc and VCL carried out in bulk at 

65°C using [Xanthate]0/[AIBN]0 = 3. 

Expt fVAc,0  
[Xanthate]0 

mol.L-1 

[VAc]
0
+ [VCL]0

[Xanthate]0

 

1 0 1.6  10-2 459 

2 0.15 1.7  10-2 447 

3 0.20 1.8  10-2 449 

4 0.30 1.9  10-2 427 

5 0.52 2.0  10-2 438 

6 0.62 2.2  10-2 422 

7 0.71 2.1  10-2 452 

8 0.87 2.3  10-2 454 

9 1 2.4  10-2 449 

 

The semilogarithmic kinetic plots of the overall molar monomer conversion versus time are 

linear in the initial range of conversions but some plots curve upwards for higher conversions 

indicating a steady increase in propagating radical concentration (Figure 6). An inhibition 

period of 60 to 180 minutes was observed in the kinetic plots. Such inhibition period was 

previously observed in xanthate-mediated vinyl acetate polymerization and was ascribed to the 

vulnerability of the reactive vinyl acetate propagating radical towards oxygen and by-products 

generated during the CTA synthesis.30, 31 The induction period may also be due to initial 

selective formation of monoadduct but the length of the inhibition period did not show a specific 

trend with the initial VAc molar feed ratio. A similar range of molar conversion in monomers 

(40 – 60 %) was reached within 6 hours of RAFT polymerization carried out at 65°C for the 

entire range of the initial VAc feed compositions (0 < fVAc < 1, Table 2). Note that a significant 

increase in the time required to reach 30 % monomer conversion for Co-MRP copolymerization 

of VAc and VCL was previously reported for fVAc,0 > 0.4 (48 to 115 h).39 
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Figure 6. Semilogarithmic plots of overall molar monomer conversion (Xm) versus time:  fVAc,0 = 0, 

 fVAc,0 = 0.15,  fVAc,0 = 0.30, + fVAc,0 = 0.52,  fVAc,0 = 0.62,  fVAc,0 = 0.71,  fVAc,0 = 0.87 and  

fVAc,0 = 1 (expt 1, 2, 4 - 9 in Table 2). 

 

Table 2. Final compositions and macromolecular features of the P(VAc-co-VCL) copolymers 

synthesized by RAFT/MADIX copolymerization in bulk at 65°C. 

Expt fVAc,0
a 

Xm
b 

% 

Xw
c 

% 
FVAc

d 
dn/dcpolymer

e 

mL.g-1 

Mn,theo
f 

g.mol-1 

Mn,MALLS
g
 

g.mol-1 
ᴆMALLS

g Mn,theo/Mn,MALLS 

1 0 56 56 0 0.109 30 519 45 330 1.12 0.67 

2 0.15 41 41 0.19 0.103 20 510 48 190 1.19 0.43 

4 0.30 51 52 0.28 0.099 25 237 51 530 1.25 0.49 

5 0.52 56 57 0.49 0.090 23 669 32 840 1.11 0.72 

6 0.62 63 66 0.53 0.088 25 504 35 370 1.10 0.72 

7 0.71 56 59 0.63 0.083 23 029 28 650 1.08 0.80 

8 0.87 59 60 0.83 0.071 21 695 25 660 1.08 0.85 

9 1 63 63 1 0.058 21 085 23 380 1.04 0.90 

a fVAc,0 is the VAc molar fraction in the initial mixture; b Xm
 is the overall monomer molar conversion at 

6 h, Equation 2; c Xw is the overall monomer weight conversion at 6 h, Equation 3; d FVAc is the molar 

fraction of the monomer into the copolymer, Equation 4; e Refractive index increment of the copolymer 

in THF determined from Equation 12; 
f Theoretical number-average molar mass from Equation 11; g 

Values obtained from the SEC analysis with a MALLS detector. 

 

The experimental molar masses of the series of P(VAc-co-VCL) copolymers increase linearly 

with the overall monomer weight conversion (see Figure 7) in accordance with Equation 11. 

The low dispersity (Đ) values of the final (co)polymers which range between 1.25 and 1.04 are 

consistent with a controlled character of the RAFT/MADIX (co)polymerization mediated by 

O-ethyl-S-(1-ethoxycarbonyl)ethyldithiocarbonate chain transfer agent (Table 2). Moreover, 
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the decrease of dispersity (Figure 7) and the shift of SEC chromatograms toward low elution 

volumes throughout the copolymerization reactions (Figure 8), both support the controlled 

character of the RAFT/MADIX copolymerizations at each monomer feed ratio.  

 

Figure 7. Evolution of Mn,MALLS and dispersity versus the overall weight conversion (Xw) for:  fVAc,0 = 

0.15,  fVAc,0 = 0.30, + fVAc,0 = 0.52,  fVAc,0 = 0.62,  fVAc,0 = 0.71,  fVAc,0 = 0.87 (expt 2 and 4 – 8 

in Table 2). 

 

Figure 8. Evolution of the size exclusion chromatograms with monomer conversion for xanthate 

mediated VAc/VCL copolymerization with fVAc,0 = 0.62 (expt 6 in Table 2).  

 

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

24 26 28 30 32 34 36

N
o

rm
a

li
z
e

d
 R

I 
s

ig
n

a
l

Time (min)

70 % conv.

57 % conv.

35 % conv.

22 % conv.

7 % conv.



- Part I - Chapter 1- RAFT/MADIX bulk copolymerization of VAc and VCL: kinetics, 

control, copolymer composition and thermoresponsive self-assembly 

- 49 - 

 

The experimental Mn are greater than the theoretical ones, which implies that the RAFT agent 

is not fully consumed during the course of the polymerization. The xanthate CTA exhibits the 

characteristic absorption band of a dithiocarbonate group at λ = 355 nm (Figure 9.a). Thus, the 

presence of an additional peak at low elution volume (35.5 mL) observed in the UV-visible 

SEC traces of the final copolymers (recorded at λ = 355 nm) confirms the incomplete 

consumption of the xanthate chain transfer agent (CTA) (Figure 9.b). The efficiency of the 

xanthate CTA, calculated on the basis of the ratio between theoretical and experimental Mn rises 

with the increase of the initial VAc molar fraction (Table 2). Such enhancement of CTA 

efficiency is supported by the analysis of the UV-visible traces of the SEC chromatograms of 

the final copolymers which depict a decrease in the relative height of the residual CTA peak for 

higher initial VAc molar fractions (Figure 9.b). In summary, both the increase of xanthate 

efficiency and the decrease of dispersity values (Table 2) by increasing fVAc,0 from 0 to 1 

converge to show that the chain transfer constant to xanthate agent (Ctr = ktr/kp) is higher for 

RAFT/MADIX polymerization of VAc than of VCL. A value of Ctr of 25 was reported for O-

ethyl-S-(1-ethoxycarbonyl)ethyldithiocarbonate mediated VAc polymerization,71 but no value 

of Ctr has been reported for the RAFT/MADIX polymerization of VCL mediated by this 

xanthate agent. While an increase of dispersity values for higher levels of VAc was reported 

for the synthesis of P(VAc-co-VCL) copolymers by Co-MRP,39 the present work shows a better 

control of RAFT VCL/VAc copolymerization by increasing the initial VAc feed ratio. 
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(b)

 

Figure 9. (a) UV-visible spectrum in THF of the O-ethyl-S-(1-ethoxycarbonyl)ethyldithiocarbonate 

transfer agent at a concentration of 1.9  10-2 mol.L-1 (Lcuvette = 1 cm); (b) UV-visible traces of the SEC 

chromatograms of the final crude P(VAc-co-VCL) copolymers synthesized from various initial VAc 

feed ratios. 

 

The perfect overlay of the UV-visible (λ = 355 nm) and RI traces of the SEC chromatograms 

observed for the series of P(VAc-co-VCL) copolymers depicts the presence of the 

dithiocarbonate chain-end and so the living character on the entire molar mass distribution 

(Figure 10). 
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Figure 10. Overlays of the UV-visible (λ = 355 nm) and refractometer (RI) traces of the SEC 

chromatograms in THF for the series of P(VAc-co-VCL) copolymers synthesized from different VAc 

initial molar fractions (fVAc,0). 

 

3. Determination of reactivity ratios and analysis of P(VAc-co-VCL) 

microstructure 

Reactivity ratios are most often calculated using a linearization of the Mayo-Lewis equation72 

(either the differential or integrated form). The Kelen-Tüdös (KT) method is one of the most 

common methods.73-76 The copolymer composition (FA) is calculated over a wide range of 

monomer feed ratios (fA) for the polymerization stopped at low conversion. The reactivity ratios 

are estimated through linear regression of the experimental data fitted by the relationship of 

Equation 15.  

𝜂 =  [𝑟A +  (
𝑟B

𝛼
)]×𝜉 −  

𝑟B

𝛼
  Equation 15 

where 𝜂 =  
𝐺

(𝛼+𝐹)
 , 𝜉 =  

𝐹

(𝛼+𝐹)
 with 𝛼 =  (𝐹𝑚𝑖𝑛 × 𝐹𝑚𝑎𝑥)

1
2⁄ ,  

 𝐺 =  
𝑓A

𝑓B
 −  (

𝑓A
𝑓B

⁄

𝐹A
𝐹B

⁄
) and 𝐹 =  

(
𝑓A

𝑓B
⁄ )

2

(
𝐹A

𝐹B
⁄ )

 

The authors later modified the method in order to limit large systemic error in calculation due 

to the low conversion assumption. The extended Kelen-Tüdös method takes into account the 

individual monomer conversions.77 In this method, F and G are replaced by 

𝐺 =  
(

𝐹A
𝐹B

⁄ )− 1

𝑧
 and 𝐹 =  

(
𝐹A

𝐹B
⁄ )

𝑧2
 where 𝑧 =  

ln(1− 𝑥A)

ln(1− 𝑥B)
 with xA and xB the individual molar 

conversions of each monomer. The definitions of η and ξ are similar in Kelen-Tüdös or 
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extended Kelen-Tüdös methods and Equation 15 is used to calculate the reactivity ratios in both 

cases. As reported in Table 3, similar values of reactivity ratios were calculated from either the 

Kelen-Tüdös method or the extended Kelen-Tüdös method for RAFT/MADIX 

copolymerization of VAc and VCL performed in bulk at 65°C (Table 2) (rVAc = 0.43 and rVCL 

= 0.20, Table 3). 

Nonlinear least-squares (NLLS) methods can also be used to determine the reactivity ratios.74-

76, 78-81 These methods consist in minimizing the sum of squares (SS) as described in Equation 

16. 

SS (𝑟VAc, 𝑟VCL) =  ∑ wi ×(𝑧i,exp. − 𝑧 i,theo.)
2n

i=1  Equation 16 

Where wi are the weighting factors (here a constant absolute error was considered, i.e., wi = 1), 

zi,exp. are the experimental values of the variable z for the experiment i and zi,theo are the 

theoretical values of the variable z for the experiment i. The best estimate for the reactivity 

ratios is set for the minimum value of SS. The first nonlinear least-squares method uses the 

copolymer composition measured at low conversion (FVAc) as the experimental variable (z). 

The sum of the squares of the residuals was minimized to set the values of reactivity ratios 

fitting the experimental copolymer composition, FVAc calculated from the individual monomer 

conversions ( Equation 4) with the theoretical copolymer composition calculated from the 

Mayo-Lewis equation72 (FVAc, theo, Equation 17).  

𝐹A,   theo. =  
𝑟A𝑓A

2+ 𝑓A𝑓B

𝑟A𝑓A
2+2 𝑓A𝑓B+ 𝑟B𝑓B

2 Equation 17 

The theoretical data of the FVAc = f(fVAc,0) plots fit the experimental data for values of reactivity 

ratios of rVAc = 0.37 and rVCL = 0.16 (Figure 11). This S profile is in good agreement with the 

evolution of the individual monomer conversions versus time displayed in Figure 8. Indeed, 

for initial VAc fractions below the azeotropic composition (𝑓VAc,0,azeotropic =  
(1− 𝑟VCL)

(2−𝑟VCL−𝑟VAc)
=

0.57), VAc is more rapidly consumed than VCL while the opposite trend is observed for fVAc,0 

higher than fVAc,0, azeotropic (Figure 11).  
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Figure 11. Experimental values of FVAc,0 () versus fVAc,0 and evolution of monomer individual 

conversions with time for different monomer initial molar feed ratios. The black curve corresponds to 

the nonlinear fit of Lewis-Mayo equation with rVAc = 0.37 and rVCL = 0.16. The dotted line is the 

azeotropic curve. The error bar was set on the basis of the error bar from NMR technique used to 

determine FVAc,0. 

 

The second nonlinear least-squares method is based on the integrated form of the 

copolymerization equation.82, 83 Equation 18 accurately describes the drift of the monomer feed 

ratio (fVAc) over the course of copolymerization in relationship with the values of reactivity 

ratios. This composition drift model provides an enhanced number of analyzed experimental 

data and therefore the curve fitting method decreases the uncertainty of reactivity ratio 

measurements. 

𝑋𝑚 = 1 − (
𝑓A

𝑓A,0
)

𝛼

×  (
𝑓B

𝑓B,0
)

𝛽

× (
𝑓A,0 − 𝛿

𝑓A − 𝛿
)

𝛾

 Equation 18 

Where Xm is the overall molar monomer conversion,  =  
𝑟B

1 − 𝑟B
 , 𝛽 =  

𝑟A

1 − 𝑟A
 , 𝛾 =

 
1 − 𝑟A × 𝑟B

(1− 𝑟A) × (1 − 𝑟B)
 and 𝛿 =  

1 − 𝑟B

2 − 𝑟A − 𝑟B
. The composition of the monomer feed was calculated from 

Equation 19. 

𝑓A =  
𝑓A,0 × (1−𝑥A)

𝑓A,0 × (1− 𝑥A) +(1− 𝑓A,0) × (1− 𝑥B) 
 Equation 19 
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The experimental values of fVAc and Xm were fitted to the integrated form of the copolymer 

composition equation (Equation 18) using the visualization of the sum of squares space 

method.78, 84 The reactivity ratios were calculated as rVAc = 0.33 and rVCL = 0.29. The point 

estimates and 95% joint confidence interval are displayed in Figure 12. The interval for rVAc 

(0.24 - 0.45) is slightly narrower than for rVCL (0.15 - 0.49).  

 

Figure 12. Reactivity ratios (points) and 95 % joint confidence regions (lines) for copolymerizations of 

VAc and VCL. Blue: data of the present work. Red: data from reference 39 (open circle: reported 

reactivity ratios; closed circle and line: best estimate and 95 % joint confidence region from NLLS fitting 

of Skeist equation of their experimental data). Black: circles data from reference 59 in various solvents 

and square from references 62, 63 (solvent not specified). Inset: reactivity ratios calculated from this 

work using various methods: KT: Kelen-Tüdös at low conversion; EKT: Extended Kelen-Tüdös; LM: 

fitting Lewis-Mayo at low conversion; NLLS: NLLS fitting to Skeist equation (with 95 % joint 

confidence region). 

 

The theoretical values of Xm were calculated with the integrated form of the copolymerization 

equation (Equation 18) using the values of reactivity ratios determined using NLLS method. 

The theoretical plots of fVAc versus Xm perfectly fit the experimental data during the course of 

polymerization for the whole series of VAc/VCL copolymerizations (Figure 13). The 

composition drift is rather limited for initial VAc molar fractions above 0.5, but it is slightly 

more pronounced for lower initial fractions of VAc (fVAc,0 < 0.4). Regarding plots of Figure 13, 

the formation of statistical copolymers with homogeneously distributed VAc and VCL units is 

expected as the overall monomer conversion was limited to 70 % for the series of copolymers 

(Table 2).   
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Figure 13. Variation of the VAc composition in the monomer feed (fVAc) versus the molar conversion. 

Symbols: plots of experimental data of fVAc (Equation 19) versus Xm,  fVAc,0 = 0.15,  fVAc,0 = 0.30, + 

fVAc,0 = 0.52,  fVAc,0 = 0.62,  fVAc,0 = 0.71 and  fVAc,0 = 0.87. The dotted lines correspond to the 

calculated values of Xm (Equation 18) for given theoretical values of fVAc. 

 

Table 3 summarizes the values of reactivity ratios of VAc and VCL calculated in the present 

work with linearization techniques or nonlinear least-squares methods. As depicted in Figure 

12, the three sets of reactivity ratios calculated from KT, e-KT and Lewis-Mayo NLLS method 

(Equation 17) were at the close outer limit of the 95 % joint confidence interval (Figure 12). 

The two first methods take into account the copolymer composition at low conversion. As 

previously reported by Klumpermann et al.,85 the RAFT agent can influence the monomer 

selectivity at the early stages of polymerization. Also, previous studies revealed an impact of 

the RDRP equilibrium implemented by reversible termination on the copolymer composition 

for very low monomer conversion.86, 87 Not only did the reactivity ratios reported in the 

literature exhibit discrepancy between their values, their values were out of the range of the 

present 95 % joint confidence interval. One reason for very different reactivity ratios between 

this work and the study of Kermagoret et al.39 might be accounted to the difference between 

RAFT polymerization and Co-MRP. 
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Table 3. VAc and VCL reactivity ratio values calculated from the different methods. 

 

P(VAc-co-VCL) copolymers with different monomer compositions (expt 6 and 8 in Table 2) 

were analyzed by 13C NMR and the spectra were compared to PVCL and PVAc spectra. The 

integrality of the spectra is shown in Figure 14 and two zones of interest are displayed in Figure 

15. It can be noticed that the characteristic signal of each polymeric unit is influenced by the 

presence of the neighbor co-monomer distributed homogeneously along the chains. For 

instance, the methine signal (CHII, 65 – 70 ppm, Figure 15.b) of PVAc broadens by increasing 

the fraction of VCL. 

 

Figure 14. 13C NMR spectra of precipitated PVAc, P(VAc0.19-co-VCL0.81), P(VAc0.53-co-VCL0.47), 

P(VAc0.83-co-VCL0.17) and PVCL (co)polymers in CDCl3.  

Residual trioxane (internal standard used for VAc/VCL copolymerizations) and diethyl ether 

(marked by cross, solvent of precipitation) are observed. 
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Kelen-Tüdös (KT) 0.42 0.19 

Extended Kelen-Tüdös (e-KT) 0.45 0.21 

NLLS method based on Lewis-Mayo equation (Equation 17) 0.37 0.16 

NLLS method based on the integrated form of the 

copolymerization equation (Equation 18)  
0.33 0.29 
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Figure 15. 13C NMR spectra of PVAc, P(VAc0.19-co-VCL0.81) (expt 2 in Table 2), P(VAc0.53-co-VCL0.47) 

(expt 6 in Table 2), P(VAc0.83-co-VCL0.17) (expt 8 in Table 2) and PVCL (co)polymers in CDCl3: (a) 

zoom on the PVAc and PVCL carbonyl signal range; (b) zoom on the PVAc methine signal range. 

The copolymer compositions can be calculated on the basis of the integrals of the well-resolved 

carbonyl signals at 170 – 180 ppm of each polymer unit of the P(VAc-co-VCL) copolymer 

(Table 4). Such 13C NMR compositions match the compositions calculated either from the 

individual monomer conversions ( Equation 4) or from the integrals of the proton NMR spectra 

of the copolymers (Table 4 and Figure 16). 

 

Figure 16. 1H NMR spectrum of the precipitated P(VAc0.19-co-VCL0.81) copolymer in CDCl3.  
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Table 4. Comparison of the molar fractions of VAc in the copolymers calculated by different methods.  

Expt FVAc
a FVAc

b FVAc
c 

2 0.11 0.19 0.15 

6 0.47 0.53 0.63 

8 0.78 0.83 0.72 
a Molar fraction of VAc in the P(VAc-co-VCL) copolymers, determined from 13C NMR signal 

integrals:  𝐹VAc =  
𝐼C=O,PVAc

𝐼C=O,PVAc + 𝐼C=O,PVCL
 (see Figure 14); b Molar fraction of VAc in the P(VAc-co-VCL) 

copolymers determined from the individual conversions ( Equation 4); c Molar fraction of VAc in the 

P(VAc-co-VCL) copolymers determined from 1H NMR signal integrals of the precipitated copolymers 

(see Figure 16): 𝐹VAc =  
𝐼III,C − (

𝐼H
2

)

𝐼III,C
. 

 

The P(VAc-co-VCL) final (co)polymers exhibit a unique glass transition temperature (Tg) 

characterized by differential scanning calorimetry (Table 5).  

 

Table 5. Theoretical and experimental glass transition temperatures of the synthesized (co)polymers. 

Expt FVAc
a wVAc

b 
Tg, theo

c 

°C 

Tg, exp
d 

°C 

1 0 0 168d 168 

2 0.19 0.13 147 157 

4 0.28 0.19 136 130 

5 0.49 0.37 110 115 

6 0.53 0.41 105 86 

7 0.65 0.53 90 64 

8 0.83 0.75 65 49 

9 1 1 41d 41 
a FVAc is the molar fraction of VAc in the copolymer, Equation 4; b wVAc is the weight fraction of VAc in 

the copolymer, Equation 5; c Calculated from Equation 20 using Tg of PVAc and PVCL measured by 

DSC (in Kelvin for Equation 20); d Tg of (co)polymer measured by DSC. 

 

The good agreement between the experimental Tgs of copolymers and the theoretical ones 

calculated from Fox-Flory equation (Equation 20) (see Figure 17 and Table 5) confirms the 

homogeneous distribution of VAc and VCL monomer in the P(VAc-co-VCL) chains. 

1

𝑇g,theo P(VAc−𝑐𝑜−VCL)
 =  

𝑤VAc

𝑇g,PVAc
 + 

𝑤VCL

𝑇g,PVCL
 Equation 20 
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Figure 17. Experimental glass transition temperature of the P(VAc-co-VCL) copolymers as a function 

of the weight fraction of VAc in the copolymer (Equation 5); Dotted line: theoretical glass transition 

temperature of the copolymers calculated from Equation 20. 

 

4. Thermoresponsive self-assembly of P(VAc-co-VCL) copolymers in 

water. 

As mentioned in the PhD introduction, the incorporation of a co-monomer unit is an additional 

parameter to modify the temperature of cloud point (Tcp). As depicted in Figure 18, a 

dependence of the phase transition temperature with the P(VAc-co-VCL) copolymer 

composition is observed by turbidimetry analysis. For low VAc content (FVAc = 0 - 0.28), the 

polymers in water exhibit a sharp and reversible thermal transition between a clear solution and 

a cloudy solution above a certain temperature (Tcp). This transition is broadened for a higher 

content of hydrophobic VAc (FVAc = 0.53) but reversibility is still observed. The hysteresis 

never exceeds 2 °C (Figure 18).  
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Figure 18. Transmittance at λ = 500 nm versus temperature for aqueous solutions (3 g.L-1) of: P(VAc0.53-

co-VCL0.47) copolymer (expt 6 in Table 2 P(VAc0.28-co-VCL0.72) copolymer (expt 4 in Table 2), 

P(VAc0.19-co-VCL0.81) copolymer (expt 2 in Table 2) and PVCL homopolymer (expt 1 in Table 2); Full 

line (—): First heating, Dashed line (˗ ˗ ˗): Cooling, Dotted line (): Second heating; Photos of the 

solutions below (left) and above (right) the cloud point. 

 

The phase transition temperatures were also measured by means of dynamic light scattering 

(DLS). Figure 19 shows the evolution of the hydrodynamic diameter (Dh) as a function of 

temperature. The increase of Dh from 7 nm to 1.2 µm for P(VAc0.19-co-VCL0.81) reveals the 

formation of very large aggregates above the transition temperature. The cloud point 

temperatures obtained by DLS were consistent with the ones measured by UV-visible 

spectroscopy (Table 6). The increasing incorporation of hydrophobic VAc units into PVCL 

thermoresponsive chains leads to a decrease of the copolymer cloud point temperature (Figure 

20). As the hydrophobic composition of the copolymers is increased, the hydrogen bonding 

effect between the copolymer chains and water is lowered while hydrophobic interactions are 

enhanced, thus lowering the required energy to collapse (i.e., lower Tcp).
70, 88  
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Figure 19. Evolution of hydrodynamic diameters of:  P(VAc0.19-co-VCL0.81) and  P(VAc0.28-co-

VCL0.72) copolymers in water by increasing temperature. Analysis in deionized water at 5 g.L-1. 

 

 

Figure 20. Cloud point temperatures (Tcp) of P(VAc0.19-co-VCL0.81) (expt 2 in Table 2, Mn,MALLS = 48 

190 g.mol-1), P(VAc0.28-co-VCL0.72) (expt 4 in Table 2, Mn,MALLS = 51 530 g.mol-1) and P(VAc0.53-co-

VCL0.47) (expt 6 in Table 2, Mn,MALLS = 35 370 g.mol-1) copolymers and PVCL (expt 1 in Table 2, 

Mn,MALLS = 45 330 g.mol-1) at 3 g.L-1 in water measured by UV-Visible spectroscopy versus the molar 

fraction of VAc in the copolymer (FVAc).  

 

The characteristics of the P(VAc-co-VCL) copolymers dispersed in water were studied by 

means of dynamic and static light scattering at a temperature below the cloud point temperature 

(Table 6). 
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Table 6. Characteristics of P(VAc-co-VCL) copolymers dispersed in water. 

Expt FVAc 
Tcp, UV-vis

a 

°C 

Tcp, DLS
b  

°C 

Tc 

°C 

Mw, SLS
d 

g.mol-1 
Nagg. 

d 
Dh,DLS

d 

nm 

6 0.53 21.4 ± 0.1 - 10 97 600 3 22.5 

4 0.28 25.5 ± 0.5 29.1 25 42 200 1 5.6 

2 0.19 27.4 ± 0.4 32.7 25 52 100 1 6.9 
a Cloud point temperature measured by UV-visible spectroscopy of solutions of copolymers at 3 g.L-1 

in water, the given value is the average of the cloud point temperature values obtained for the first 

heating, cooling, and second heating; b Cloud point temperature measured by dynamic light scattering 

of solution of copolymers at 5 g.L-1 in water; c Temperature of the static light scattering measurements; 
d Data measured on ALV setup (see experimental part, SLS and DLS) at the temperature of measurement 

reported in this Table 6, which corresponds to a temperature below the cloud point.  

 

At all concentrations, the DLS analyses of P(VAc-co-VCL) copolymers dispersed in water 

revealed a main population of small aggregates (fast mode of relaxation) with hydrodynamic 

diameter (Dh) of 5 to 22.5 nm, depending on the VAc content, and a minor population of larger 

aggregates of Dh ~ 200 nm (slow mode of relaxation). It would be tempting to assign the slow 

mode of relaxation to aggregates in equilibrium with the unimers. However, the weight 

concentration of these large aggregates is negligible given that the scattered light intensity of 

these aggregates varies only between 30 and 50 %. Indeed, the scattered light intensity being 

proportional to both Mw and the square of the scatter dimension (Rg
2), the contribution of large 

aggregates predominates even at very low fraction.65 Similar populations of large aggregates 

were reported for poly(ethylene oxide) (PEO) end-capped with dodecyl groups and were 

identified as spurious aggregates.65 For P(VAc-co-VCL) amphiphilic copolymers with low 

VAc content (FVAc < 0.3), the fast mode of relaxation corresponds to a value of the apparent Dh 

below 7 nm. This suggests that the polymers are present as free polymer chains, which is 

confirmed by an aggregation number of unity measured by SLS (Table 6). Note that the light 

scattered by the minor larger aggregates was accounted in order to accurately determine the 

absolute weight-average molar mass (Mw) and aggregation number of the fast mode of 

relaxation (see experimental section). For higher content of VAc (FVAc = 0.53), self-assembly 

of the P(VAc-co-VCL) copolymer into aggregates of three polymer chains (Nagg = 3, see Table 

6) was achieved. The hydrodynamic diameter of the aggregates, measured from the fast mode 

of relaxation in DLS, was indeed larger (Dh ∼ 20 nm). The steeper angular dependence of the 

light scattered by the P(VAc0.53-co-VCL0.47) in comparison with the copolymers with lower 

VAc content depicts the presence of aggregates for the more hydrophobic copolymer (Figure 

2 in experimental part). These results show that a level of ca 50 mol-% of VAc is required to 
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induce non-covalent intermolecular hydrophobic interactions at temperature below the cloud 

point, leading to supramolecular assembly.  

 

IV. Conclusions  

In summary, the copolymerization of N-vinylcaprolactam with the hydrophobic vinyl acetate is 

successfully controlled by RAFT/MADIX polymerization mediated by the O-ethyl-S-(1-

ethoxycarbonyl)ethyldithiocarbonate chain transfer agent to provide a series of well-defined 

thermoresponsive poly(N-vinylcaprolactam-co-vinyl acetate) copolymers with tunable phase 

transition temperatures and glass transition temperatures. Regardless the initial monomer feed 

ratio, the synthesis of statistical copolymers fulfills the features of a controlled polymerization 

with a linear increase of the molar masses and low dispersity values (Ð < 1.3). It should be 

mentioned that the polymerization control is enhanced by increasing the initial VAc feed ratio. 

We applied both conventional linearization methods and nonlinear least-squares methods to 

estimate reliable values of reactivity ratios for VAc and VCL radical polymerization in regards 

to the disparate values previously reported in the literature. The nonlinear least-squares (NLLS) 

method based on the integrated form of the copolymerization equation (Skeist equation) 

provides values of reactivity ratios of rVAc = 0.33 and rVCL = 0.29 with the azeotropic 

composition calculated at fVAc,0 = 0.57. It should be mentioned that the reactivity ratio values 

calculated either from linearization techniques such as Kelen-Tüdös, extended Kelen-Tüdös or 

from nonlinear least-squares fitting, based on the Mayo−Lewis equation at low conversion, fall 

on the outside limit of the 95 % joint confidence region (0.24 < rVAc < 0.45; 0.15 < rVCL <0.49). 

These results are important to provide information on the copolymer microstructure and clearly 

indicate a limited monomer compositional drift in the synthesized P(VAc-co-VCL) 

copolymers. Given the nearly homogeneous composition in VAc and VCL along the polymer 

chains, the 13C NMR signal of the PVAc methine group is thus influenced by the monomer 

fraction and the values of the copolymer glass transition (Tg) are in accordance with the 

theoretical Tg of statistical copolymers calculated on the basis of the Fox-Flory law. 

Turbidimetry analyses of the aqueous solutions of the amphiphilic P(VAc-co-VCL) copolymers 

indicated that the copolymer composition fine-tunes the cloud point temperature (Tcp) between 

20 and 30 °C. A linear decrease of the cloud point temperature of the aqueous copolymer 

solution was observed with the increase of VAc molar fraction in the copolymer. It worth 

emphasizing that a sharp and reversible temperature phase transition was observed for VCL-
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rich copolymers while a broadening of this transition occurred for the more hydrophobic 

P(VAc0.53-co-VCL0.47). The P(VAc-co-VCL) copolymers with VAc compositions below 30 

mol-% forms unimers in water below Tcp, as judged by static light scattering measurements 

(Nagg = 1) and dynamic light scattering (Dh  7 nm). Interestingly, increasing the VAc content 

up to 53 mol-% is sufficient to induce P(VAc0.53-co-VCL0.47) copolymer self-assembly into 

small aggregates (Nagg = 3, Dh  14 nm) via intermolecular hydrophobic interactions at 10 °C 

(T < Tcp). The knowledge of the minimum VAc hydrophobic fraction resulting in association 

of P(VAc-co-VCL) chains at room temperature is of interest for the formation of 

thermoresponsive supramolecular structures such as physically crosslinked colloidal particles 

that will be described in the Chapter 2 of Part I. 
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I. Introduction 

 In the early 2000s, different research groups have made tremendous efforts to transpose 

the control of radical polymerization from homogeneous systems (bulk, solution) to 

heterogeneous systems and especially to the industrially relevant emulsion polymerization 

process performed in aqueous dispersed media.1-3 As reported in several reviews, most of the 

investigations focused on controlling the polymerization in aqueous dispersed media of 

(meth)acrylic or styrenic monomers,1-3 while very few studies concerned the controlled radical 

polymerization of less activated monomers (LAM) such as vinyl acetate (VAc)4-11 or vinyl 

chloride (VC).12 Note that no studies have been reported on CRP of N-vinylamides in aqueous 

dispersed media.  

 Miniemulsion polymerization was the first promising way to control the RAFT/MADIX 

polymerization of VAc mediated either by a molecular xanthate chain-transfer agents4-6 or by 

a poly(vinyl chloride) macromolecular chain-transfer agent synthesized by implementing 

RAFT miniemulsion of VC.12 Cobalt-mediated radical polymerization was also efficient to 

control the miniemulsion polymerization of VAc.7 In all these studies, stable PVAc latexes 

were produced simultaneously to the control over the polymerization characterized by a linear 

increase of the number-average molar masses with the monomer conversion and average 

dispersity values ranging between 1.2 and 2.0. Later, the control of VAc polymerization 

mediated by a molecular chain-transfer agent was implemented in emulsion polymerization.8, 9 

Zhao et al. studied the RAFT of VAc in emulsion polymerization using a water-soluble 

protonated (N-N-dialkyl dithiocarbamate)  (methyl 3-[(morpholin-4-

ylcarbonothyol)thio]propanoate) as chain-transfer agent (CTA) (Scheme 1).8 Stable PVAc 

latexes were synthesized with hydrodynamic diameters below 100 nm but no values of particle 

size distribution were reported. The synthesized PVAc exhibited number-average molar masses 

(Mn) ranging between 85 000 – 160 000 g.mol-1 with dispersity values Đ increasing from 1.5 to 

3.4 by decreasing the initial molar ratio between the molecular CTA and the initiator from 6 to 

1.  
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Scheme 1. Water-soluble protonated chain-transfer agent used in reference 8. 

Nomura et al.9 interestingly compared RAFT/MADIX polymerization and iodine-

transfer radical polymerization to control VAc emulsion polymerization. Ethyl-iodo acetate 

(EIA, Scheme 2) was used as chain transfer agent in iodine-transfer radical emulsion 

polymerization. For all the experiments, the number-average molar masses of the synthesized 

PVAc ranged between 5 100 and 16 400 g.mol-1 and were close to the theoretical Mn with 

dispersity values ranging from 2.2 to 4.0. A control experiment performed in the absence of 

EIA produced PVAc with higher Mn of 88 500 g.mol-1 and higher dispersity value (Đ = 5.3), 

confirming the ability of EIA to control the VAc polymerization in emulsion. The synthesis of 

stable latexes was achieved except for the experiments performed with the highest 

[EIA]/[initiator] ratio. For the RAFT/MADIX emulsion polymerizations of VAc, the 

macromolecular features (Mn and Đ) and stability of the final PVAc latexes were studied as a 

function of the initial molar fractions of monomer, chain transfer agent and initiator. In this 

study, different xanthates and dithiocarbamates were tested as chain-transfer agents (Scheme 

2). While satisfactory latex stability was systematically observed with experimental Mn close to 

the theoretical Mn, the dispersity values of PVAc were lower (Đ = 1.4 to 2.7) with 

dithiocarbamate compared to xanthate (Đ = 1.4 to 3.7). It was concluded that ethyl-2-

(diethylcarbamothioylthio)proponiate was the most efficient CTA to produce stable PVAc 

latexes with controlled molar masses and dispersity of 1.5. This study highlighted that 

RAFT/MADIX polymerization ensured a better control of VAc in emulsion polymerization 

than iodine-transfer radical polymerization. However, the colloidal features of the latex 

synthesized were sparsely provided all along the study. 
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Scheme 2. Chemical structures of the different chain transfer agents (CTA) used in reference 9. 

Among the different strategies investigated to implement controlled radical 

polymerization in aqueous dispersed media, the in-situ formation of amphiphilic diblock 

copolymers simultaneously to the particle growing via emulsion polymerization process, in a 

concept known as “polymerization-induced self-assembly” (PISA), has emerged as the most 

efficient method.13, 14 PISA simultaneously addressed several challenges. The use of the 

reactive hydrophilic polymer producing the initial block copolymer micelles overcame the issue 

of diffusion of the hydrophobic control agent to the loci of polymerization, hence offering the 

opportunity to implement controlled radical polymerization in a batch ab initio emulsion 

polymerization process.15, 16 Moreover, it is a straightforward method to synthesize stable hairy 

latex particles at high solids content by surfactant-free emulsion polymerization. Finally, it is 

an alternative route to produce self-assembled block copolymer nano-objects dispersed in polar 

continuous phase by a one-step method.13, 14, 17  

Very few studies have been reported on the emulsion polymerization of less activated 

monomers (LAM) in the presence of a reactive hydrophilic polymer. A first study described the 

synthesis of a xanthate-functionalized polysaccharide (dextran) to act as efficient reactive 

stabilizer in emulsion polymerization of VAc.10 More recently, RAFT/MADIX emulsion 

polymerization of VAc was performed in the presence of different xanthate-functionalized 

hydrophilic polymers (poly(ethylene glycol) (PEG), poly(N-vinylpyrrolidone) (PNVP) and 

poly(N-acryloymorpholine) (PNAM)).11 Stable PVAc latexes with diameters ranging from 100 

to 350 nm and variable particle size distributions (dispersity from 0.02 to 0.30) were obtained 
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in all the cases. The linear increase of Mn with the monomer conversion attested of some control 

of the VAc polymerization with dispersity values ranging between 2.0 and 3.5. Therefore, these 

xanthate-functionalized polymers efficiently acted as both stabilizers and macromolecular 

chain transfer agents (macro-RAFT) for VAc emulsion polymerization. However, PNVP and 

PEG mediated emulsion polymerization exhibited the presence of dead chains of macro-RAFT, 

ascribed to the presence of degradation products.  

Despite the interesting features of the biocompatible thermoresponsive poly(N-

vinylcaprolactam) (PVCL), controlled radical polymerization of VCL by polymerization in 

aqueous dispersed media has never been investigated up to now. Herein, we present the first 

example of emulsion copolymerization of VCL and VAc mediated by a xanthate-functionalized 

poly(ethylene glycol) (PEG-X) as the reactive macromolecular stabilizer to follow the PISA 

mechanism. The preliminary study of chapter 1 of Part I of this manuscript demonstrated that 

xanthate–mediated RAFT/MADIX copolymerization of VAc/VCL was well-controlled in bulk 

with a close reactivity of both monomers (rVAc = 0.33 and rVCL = 0.29). These P(VAc-co-PVCL) 

amphiphilic copolymers of homogeneous distribution exhibited tunable phase transition 

temperature and self-assembly behavior depending on the fraction of hydrophobic VAc. Indeed, 

static light scattering measurements highlighted that P(VAc-co-VCL) copolymer with FVAc = 

0.53 had the capability to self-assemble in water into trimer aggregates at a temperature below 

the cloud point temperature, by means of hydrophobic interactions.  

The dual objective of the work of the present Chapter 2 is to synthesize the amphiphilic 

thermoresponsive PEG-b-P(VAc-co-VCL) block copolymers of controlled molar mass directly 

in aqueous dispersed media while providing the opportunity to prepare thermoresponsive 

particles physically crosslinked by hydrophobic interactions (Scheme 3). The present work 

provides insight into the control of RAFT/MADIX emulsion copolymerization of VAc and 

VCL as well as the features of the synthesized thermoresponsive colloidal particles, in 

relationship with the initial VAc monomer feed ratio. Moreover, as poly(vinyl alcohol) (PVA) 

is a biocompatible polymer of interest for a wide field of applications, thermoresponsive P(VA-

co-VCL) copolymers are prepared by hydrolysis of the P(VAc-co-VCL)-based precursor 

copolymers in methanol.  
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Scheme 3. PEG-b-P(VAc-co-VCL)-based particles via PISA emulsion polymerization. 

 

II. Experimental part 

1. Materials 

Vinyl acetate (VAc, Sigma Aldrich, 99 %+) was mixed with inhibitor removers (Sigma Aldrich, 

0.1 g of inhibitor remover for 50 mL of VAc) for 30 min prior to be filtered and used for 

polymerization. N-vinylcaprolactam (VCL, Sigma Aldrich, 98 %), Poly(ethylene glycol) 

methyl ether (PEG-OH, Mn = 2 000 g.mol-1, Sigma Aldrich), 2-bromopropionyl bromide 

(Sigma Aldrich, 97 %), anhydrous dichloromethane (Sigma Aldrich, 99,8 %), triethylamine 

(Sigma Aldrich, 99 %), potassium ethyl xanthogenate (Sigma Aldrich, 96 %), 

tris(hydroxymethyl)aminomethane hydrochloride buffer (TRIZMA, Sigma Aldrich, 99 %), 

potassium hydroxide (Sigma Aldrich, 90 %), methanol (Sigma Aldrich, 99,8 %) and 2,2'-

Azobis[2-(2-imidazolin-2-yl)propane] dihydrochloride (ADIBA or VA-044, Wako, 99 %) were 

used as received. For the emulsion copolymerizations double deionized water was used as 

continuous medium. 

2. Preparation of xanthate-terminated PEG (PEG-X) macro-chain 

transfer agent by PEG-OH chain-end modification 

The xanthate-terminated PEG macro-chain transfer agent was prepared from poly(ethylene 

glycol) methyl ether (PEG-OH, Mn = 2 000 g.mol-1) using a two-steps procedure (Scheme 4).  

In the first step, 10 g of PEG-OH were modified using 2-bromopropionyl bromide. For that 

purpose, PEG-OH was dried via cryo-distillation of toluene (25 mL) under reduced pressure. 

Then, dried PEG-OH (10 g, 5 mmol -OH group), anhydrous dichloromethane (125 mL) and 

triethylamine (TEA, 2.1 mL, 15 mmol) were introduced in a 250 mL round-bottom flask placed 

in an ice-bath and mixed at 400 rpm. A solution of 2-bromopropionyl bromide (1.6 mL, 15 
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mmol) in anhydrous dichloromethane (25 mL) was added drop-wise to the solution over 3 

hours. The solution was then stirred for 24 h at room temperature. The solution was filtrated 

twice to remove the precipitated triethylammonium bromide salts. The polymer solution was 

concentrated by rotary evaporation and precipitated into cold diethyl ether. The recovered 

product was dried under vacuum for overnight. 

In the second step, PEG-Br and potassium ethyl xanthogenate were dried under vacuum (0.5 

mmHg) for 24 h prior to the reaction. PEG-Br (2.01 g, 1 mmol), potassium ethyl xanthogenate 

(0.56 g, 3.5 mmol) and anhydrous dichloromethane (16 mL) were mixed together in a 50 mL 

round-bottom flask placed in an ice-bath and stirred at 400 rpm for 24 h at room temperature. 

The solution was filtrated twice to remove the precipitated salts. The polymer solution was 

concentrated by rotary evaporation and precipitated into cold diethyl ether prior to be dried 

under vacuum for overnight. The final xanthate-terminated PEG macro-chain transfer agent 

(PEG-X) was recovered as a white to slightly yellow powder with a yield of 95 %.   

3. General procedure for the RAFT/MADIX emulsion 

copolymerization of VAc and VCL mediated by a xanthate-

terminated PEG macro-chain transfer agent 

The reactions were carried out at 10 wt-% of initial solids content, with different initial molar 

fractions of VAc (fVAc,0 = 0.2, expt 1 in Table 6 and fVAc,0 = 0.5, expt 2 in Table 6). For both 

experiments, the [Monomer]0/[PEG-X]0 and [PEG-X]0/[ADIBA]0 ratios were respectively set 

at 430 and 3.2 considering 85 % of functionalization of PEG. As example of experiment 2 in 

Table 6, 1,3,5-trioxane (0.40 g, 4.4 × 10-3 mol), TRIZMA buffer (0.15 g, 9.5 × 10-4 mol), PEG-

X (LE 242, 0.30 g, 1.0 × 10-4 mol), N-vinylcaprolactam (3.10 g, 2.2 × 10-2 mol), vinyl acetate 

(1.90 g, 2.2 × 10-2 mol) and deionized water (48.00 g) were introduced in a 100 mL round-

bottom flask and stirred magnetically at 300 rpm. The mixture was purged with nitrogen for 30 

min in an ice-bath. A sample was withdrawn under nitrogen at time t = 0. The round-bottom 

flask was placed into an oil-bath previously heated to 65°C. The cationic initiator was added 

under nitrogen flow at 65°C (10.40 mg of ADIBA dissolved in 2 g of deionized water, 3.2 × 

10-5 mol of ADIBA). The polymerization reaction was then allowed to continue with stirring 

for 5h30 at 65°C. At the end of the reaction, a sample was withdrawn and kept at 65°C for DLS 

analysis. The reaction mixture was subsequently cooled to 25°C and oxygen was introduced in 

the reaction mixture.  



 

- Part I - Chapter 2- RAFT/MADIX emulsion copolymerization of VAc and VCL: towards 

physically crosslinked thermoresponsive particles 

- 77 - 
 

The same protocol was followed for the free radical emulsion copolymerization of VAc and 

VCL using PEG-OH as stabilizer (expt 3 in Table 6). 

4. Alkaline hydrolysis of the PEG-b-P(VAc-co-VCL) copolymers 

In a typical experiment, the dialyzed (Mw cut-off: 3500 Da) and freeze-dried PEG-b-P(VAc0.17-

co-VCL0.83), (expt 1 in Table 6, 0.10 g, 6.2  10-6 mol) was introduced in a 10 mL round-

bottom flask and dissolved in 2.9 g of methanol. A solution of 38.1 mg of KOH (6.8  10-4 

mol, [KOH] = 1.4  10-1 mol.L-1) dissolved in 1.0 g of methanol was then added to the flask. 

The mixture was stirred at room temperature for 18 h. Subsequently, the solution was dialyzed 

against distilled water through a Spectra/Pore membrane (Mw cut-off: 3500 Da) for 48 h and the 

PEG-b-P(VA-co-VCL) copolymer was recovered by freeze-drying. The same procedure was 

followed for the alkaline hydrolysis of PEG-b-P(VAc0.47-co-VCL0.53) copolymer (expt 2 in 

Table 6). 

5. Characterization methods 

Nuclear Magnetic Resonance (NMR) spectroscopy. NMR spectra were recorded using a Brüker 

400 MHz spectrometer, at 25°C, except for the characterization of PEG-b-P(VA-co-VCL) 

copolymers which was performed at 80°C. 1H measurements were performed at frequencies of 

400 MHz and 13C measurements at 100 MHz.  

For the characterization of PEG-OH, PEG-Br and PEG-X polymers, CDCl3 was used as solvent. 

For the copolymerization reaction performed in emulsion, different methodologies were tested 

for the determination of individual VCL conversion by NMR. Analysis were performed either 

on the crude samples or after water and VAc evaporation. Different solvents were also 

examined: CDCl3 and deuterated acetone acetone-d6. 

CDCl3 was used as solvent for the 13C NMR analysis of PEG-b-P(VAc-co-VCL) copolymers. 

DMSO-d6 was used as solvent for the DOSY-NMR analysis of dialyzed and freeze-dried PEG-

b-P(VAc-co-VCL) copolymers before and after alkaline hydrolysis.  

The final overall molar conversion (Xm) was calculated from nuclear magnetic resonance 

spectra in acetone-d6 using 1,3,5-trioxane as internal standard (Equation 1). 
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Xm = 1- 
(

I (1HVAc + 1HVCL)  
I 1Htriox.

⁄ )
t

(
I (1HVAc .+ 1 HVCL)

I 1Htriox.
⁄ )

0

   Equation 1 

I1H,triox corresponds to the integral of one proton of 1,3,5-trioxane (5.1 ppm, 6 H) used as internal 

standard and I(1H,VAc + 1H,VCL) corresponds to the integral of the vinylic protons of both VCL 

monomer and VAc monomer at 7.1-7.4 ppm (I7.1-7.4 ppm = I1H,VAc + I1H,VCL). 

The compositions of the PEG-b-P(VAc-co-VCL) copolymers (FEG, FVAc and FVCL) were 

calculated on the basis of the integrals of the protons of each polymer unit of 1H NMR spectra 

(Figure 1) of the dialyzed and freeze-dried copolymers (Equation 2 to Equation 4). 

𝐹VAc =  
𝑛𝑉𝐴𝑐

𝑛𝑉𝐴𝑐 + 𝑛𝑉𝐶𝐿+ 𝑛𝐸𝐺
=

𝐼IV/3
𝐼𝑏
4

+ 𝐼𝐶,𝐼𝐼𝐼

 Equation 2 

𝐹VCL =  
𝑛𝑉𝐶𝐿

𝑛𝑉𝐴𝑐 + 𝑛𝑉𝐶𝐿+ 𝑛𝐸𝐺
=

 𝐼𝐶,𝐼𝐼𝐼−𝐼IV/3
𝐼b
4

 + 𝐼𝐶,𝐼𝐼𝐼

 Equation 3 

𝐹EG =  
𝑛𝑉𝐶𝐿

𝑛𝑉𝐴𝑐 + 𝑛𝑉𝐶𝐿+ 𝑛𝐸𝐺
=

 
𝐼b
4

𝐼b
4

 + 𝐼𝐶,𝐼𝐼𝐼

 Equation 4 

 

 

 

Figure 1. 1H NMR spectrum in DMSO-d6 of the dialyzed and freeze-dried PEG-b-P(VAc0.47-co-

VCL0.53). 

 

The compositions of the P(VAc-co-VCL) blocks (FVAc and FVCL) were calculated on the basis 

of the integrals of the well-resolved carbonyl signals at 170 – 180 ppm of each polymer unit of 
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the P(VAc-co-VCL) copolymer (Equation 5 and Figure 2) and on the basis of the integrals of 

the protons of each polymer unit of 1H NMR spectra (  Equation 6 and Figure 1). 

𝐹VAc =  
𝐼C=O,PVAc

𝐼C=O,PVAc + 𝐼C=O,PVCL
 Equation 5 

𝐹VAc =  
𝐼IV/3

𝐼𝐼𝐼𝐼,𝐶
  Equation 6 

 

Figure 2. 13C NMR spectra in CDCl3 of the dialyzed and freeze-dried PEG-b-P(VAc0.47-co-VCL0.53). 

 

The copolymers synthesized by emulsion polymerization were characterized by DOSY NMR 

spectroscopy in DMSO-d6. The NMR DOSY experiments were performed using the bipolar 

longitudinal eddy current delay pulse sequence (BPLED). The spoil gradients were also applied 

at the diffusion period and the eddy current delay. Typically, a value of 2 ms was used for the 

gradient duration (δ), 150 ms for the diffusion time (Δ), and the gradient strength (g) was varied 

from 1.67 G.cm-1 to 31.88 G.cm-1 in 32 steps. Each parameter was chosen to obtain 95 % signal 

attenuation for the slowest diffusion species at the last step experiment. The pulse repetition 

delay (including acquisition time) between each scan was larger than 2s. Data acquisition and 

analysis were performed using the Bruker Topspin software (version 2.1). The T1/T2 analysis 

module of Topspin was used to calculate the diffusion coefficients and to create 2-D spectra 

with NMR chemical shifts along one dimension and the calculated diffusion coefficients along 

the other.  
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Size Exclusion Chromatography (SEC). The SEC system operates in THF, at 30°C (flow rate: 

1mL.min-1). The SEC apparatus is equipped with a Viscotek VE 5200 automatic injector, a pre-

column and two columns (Styragels HR 5E and 4E (7.8  300 mm)) working in series, a Wyatt 

Heleos II Multi Angle Laser Light Scattering detector (MALLS, 18 angles, λ0 = 664.4 nm), a 

viscosimeter detector (Wyatt Viscostar II), a refractive index (RI) detector Viscotek VE 3580 

and a Viscotek VE 3210 UV-visible detector. Toluene was used as flow marker. All 

(co)polymer samples were prepared at 3 g.L-1 concentrations. The number-average molar mass 

(Mn) and molar mass distribution (Đ) were obtained from MALLS data using the Mi value of 

each slice of the chromatogram (Zimm-plot equation, see experimental part of the Part I - 

Chapter 1). The experimental Mn are compared to the theoretical number-average molar masses 

of the copolymers calculated from Equation 7.  

𝑀𝑛𝑡ℎ𝑒𝑜.  =  𝑀PEG−X +  𝑋𝑚
[M]0 × (𝑓VAc,0 × 𝑀VAc + 𝑓VCL,0 × 𝑀VCL)

[(𝑓× [PEG−X]0+ [Initiator]0 (1−𝑒−𝑘𝑑×𝑡)]
 Equation 7 

Where MPEG-X corresponds to the molar mass of the PEG-X macromolecular chain-transfer 

agent (Mn, PEG-X, MALLS = 2 240 g.mol-1), Xm is the final overall molar conversion calculated from 

NMR spectra (see Equation 1), f is the PEG-X functionality (f = 0.85), kd is the initiator 

dissociation constant (kd, ADIBA, water, 70°C
18 = 6.7 × 10-4 s-1), t is the polymerization time, 

[Xanthate]0, [Initiator]0 and [M]0 are the initial concentrations of respectively the chain-transfer 

agent, the initiator and monomer ([M]0 = [VAc]0 + [VCL]0). fVAc,0 and fVCL,0 are the initial 

monomer feed ratios. MVAc and MVCL are the molar masses of each monomer (MVCL = 139 

g.mol-1 and MVAc = 86 g.mol-1).  

The refractive index increments (dn/dc) in THF of the PEG-b-P(VAc-co-VCL) copolymers 

synthesized by emulsion copolymerization were determined using  Equation 8. 

(dn/dc)copo = wPEG × (
dn

dc
)

PEG 
+ wPVAc× (

dn

dc
)

PVAc
+ wPVCL× (

dn

dc
)

PVCL
     Equation 8 

The dn/dc value of PEG homopolymer was reported in reference 19 (dn/dc)PEG =0.068 mL.g-1.  

The values of dn/dc of PVCL and PVAc homopolymers were respectively taken from 

references 20 and 19: (dn/dc)PVCL = 0.109 mL.g-1 and (dn/dc)PVAc = 0.0582 mL.g-1.The weight 

fractions (w, Equation 9) of each polymeric component were calculated on the basis of the 

molar fractions determined using Equation 2 to Equation 4 and the molar mass of the monomer 

unit as reported in Equation 9 for VAc weight fraction for instance. 

𝑤VAc =  
𝐹VAc × 𝑀VAc

𝐹VAc × 𝑀VAc + 𝐹VCL × 𝑀VCL+ 𝐹EG × 𝑀EG 
  Equation 9 
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with Fmono the molar fraction of the monomers in the copolymer and Mmono the molar masses of 

each monomer unit. 

Turbidimetry analysis. Prior analysis samples were dialyzed against distilled water through a 

Spectra/Pore membrane (Mw cut-off: 3500 Da) for 48 h and recovered by freeze-drying. 

Turbidimetry measurements of the (co)polymers solutions (0.3 wt-% in water) were performed 

with a Shimadzu UV-2450PC spectrophotometer, from 13°C to 33°C (heating rate: 0.5°C/min). 

Transmittance at 500 nm was plotted versus the temperature. The minimum of the first-order 

derivative fit of transmittance versus temperature was considered as the temperature of cloud 

point (Tcloud point). 

Dynamic Light Scattering (DLS). The hydrodynamic diameters (Dh) of the latex particles 

synthesized by emulsion copolymerization of VAc and VCL mediated by xanthate-terminated 

PEG macromolecular chain-transfer agent were measured at 55°C directly after withdrawing 

the latex at the end of the polymerization, without cooling step. Before analysis, samples were 

diluted by a factor 100 in warm distilled water and were characterized with a Vasco DL135 

Cordouan Technologies equipment at λlaser = 657 nm.  

The evolution of the final average hydrodynamic diameters of aqueous solutions of PEG-b-

P(VAc-co-VCL) copolymers before and after hydrolysis were measured as a function of the 

temperature, by dynamic light scattering (DLS), using a Zetasizer Nano ZS instrument 

(Malvern Instruments). A He-Ne 4.0mW power laser was used, operating at a wavelength of 

633 nm. For evaluation of the data, the DTS (Nano) program was used. The hydrodynamic 

diameters were calculated from the diffusion coefficient using the Stokes-Einstein equation 

𝐷ℎ =  
𝑘B𝑇

3𝜋𝜂𝐷
 where T is absolute temperature, the viscosity of the solvent, kB the Boltzmann 

constant and D the diffusion coefficient. For the analysis of PEG-b-P(VAc-co-VCL), 

measurements were carried out at a solids content of 0.005 wt-% from 10°C to 55 °C, every to 

2°C, except between 30 and 40°C where measurements were recorded each 1°C. Before each 

scan, the sample was maintained at the set temperature for 10 minutes. The analysis of P(VAc-

co-VA-co-VCL) copolymers dispersed in deionized water were carried out at a concentration 

of 5 g.L-1 from 10°C to 70°C, every 2°C. 
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UV-visible spectroscopy. PEG-X polymer was characterized by UV-Visible spectroscopy in a 

mixture of water:isopropanol (67:33 v:v%), with a Shimadzu UV-2450PC spectrophotometer. 

The molar extinction coefficient of the molecular xanthate agent (ɛxanthate) was previously 

determined in water:isopropanol (67:33 v:v%) from the slopes of absorbance versus 

concentration at λ = 355 nm, ɛxanthate, 355 nm = 54 L.mol-1.cm-1. 

Fourier transform Infra-red (FTIR) spectroscopy. Spectra of the dialyzed and freeze-dried 

PEG-b-P(VAc-co-VCL) copolymers before and after hydrolysis were recorded on a FTIR 

NICOLET Magna-IR560, at 25°C. Attenuated total reflectance (ATR) mode was used. 

Gravimetric analysis. For emulsion copolymerizations, we attempted to calculate the individual 

conversion in VAc by gravimetry on the basis of Equation 10. 

𝑥VAc =  
𝜏PVAc,exp.

𝜏PVAc,theo.
 Equation 10 

with τPVAc,exp.= Dry extract - τsalts  

Dry extract = 
(mcup+ dried sample- mempty cup)

(mcup+ withdrawn sample- mempty cup)
 and 𝜏𝑠𝑎𝑙𝑡𝑠 =  

𝑚non−volatile compounds

𝑚latex,0
 

and 𝜏PVAc,theo. =  𝑚VAc,0 / 𝑚latex,0 

In τsalts equation, the mass of non-volatile compounds includes the masses of VCL monomer, 

PEG-X macro-chain transfer agent, ADIBA initiator, TRIZMA buffer and 1,3,5-trioxane. For 

all the performed experiments, it should be pointed out that the conversions of VAc monomer 

estimated gravimetrically (Equation 10) were systematically negatives, meaning that τsalts was 

overestimated in the calculation of τPVAc,exp. Such overestimation was ascribed to the partial 

evaporation of VCL while it was initially considered as a non-volatile compound (VCL 

monomer being solid at room temperature). To quantify this VCL partial evaporation, 0.25 g 

of VCL were mixed with 0.254 g of VAc and 5.08 g of water in an aluminum cup. The cup was 

placed under a fume-hood for 48 h to reach a complete evaporation of VAc monomer and water. 

The residual mass was equal to 0.164 g, which indicated 34 % of VCL evaporation. 

Consequently, the calculation of the individual conversion in VAc is not achievable. We thus 

attempted to probe the individual conversion in VCL by 1H NMR spectroscopy. Note that due 

to the VCL partial evaporation, the dried samples could not be analyzed for an accurate 

calculation of VCL conversion. The crude samples were poured into CDCl3 for proton NMR 
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analysis but the intense signal of water overlaps with the only isolated signal of VCL monomer. 

Therefore, it was impossible to accurately determine individual monomer conversion of VCL 

neither.  

 

III. Results and discussion 

1. Preparation of xanthate-terminated PEG (PEG-X) macro-chain 

transfer agent  

The xanthate-terminated PEG macro-chain transfer agent was synthesized in a two steps 

procedure from commercially available PEG-OH, according to Scheme 4. In the first step the 

hydroxyl end-group of PEG-OH was esterified with 2-bromopropionyl bromide, using 

triethylamine (TEA) as a base. The second step involved the nucleophilic substitution of 

potassium ethyl xanthogenate with PEG-Br leading to the xanthate-terminated PEG macro-

chain transfer agent named as PEG-X throughout this work.  

 

Scheme 4. Preparation of PEG-X macro-chain transfer agent. 

 

The number-average molar mass of PEG-OH given by the supplier is 2 000 g.mol-1, which 

corresponds to an average degree of polymerization (DP) equals to 44. The DP can also be 

calculated by proton NMR on the basis of the ratio between the peak integrations of the 

methylene protons of the PEG backbone (b protons at 3.5 ppm, Ib = 1.17 – Ic = 1.17 - 2  Ia/3 
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= 1.07, Figure 3 and Table 2) and the chain-end methyl protons at 3.3 ppm (a, Ia = 0.016, 

Figure 3 and Table 2) : DP = Ib / (4 × Ia/3) = 47.  

In addition, the PEG-OH was analyzed by SEC system running in THF eluent and equipped 

with a MALLS detector. As reported in Table 1, the number-average molar mass of PEG-OH 

was 2 200 g.mol-1 with a dispersity of 1.03.  

Table 1. Macromolecular features of the commercially available PEG-OH. 

 Supplier NMR SEC using MALLS detector 

Mn g.mol-1 2 000  2 160 2 200 

DP 44 47 48 

 

The efficiency of the PEG chain-end modification was monitored by 1H NMR and 13C NMR 

for each step (Figure 3 and Figure 4). It should be mentioned that PEG-Br and PEG-X were both 

precipitated into diethyl ether prior NMR analyses (see experimental part).  

 

Figure 3. 1H NMR spectra in CDCl3 of the initial PEG-OH and the precipitated derivatized PEG-Br and 

PEG-X. 
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Figure 4. 13C NMR spectra in CDCl3 of the initial PEG-OH and the precipitated PEG-Br and PEG-X. 

 

The proton and carbon NMR analyses of PEG-OH, PEG-Br and PEG-X (Figure 3 and Figure 

4) both confirm the successful functionalization of the PEG chain-end. The first incorporation 

of the 2-bromopropionyl end-group onto PEG-OH is confirmed by the presence of the 

corresponding methine and methyl groups (respectively e’ at 4.3 ppm and f’ at 1.8 ppm in 1H 

NMR (Figure 3) and E’ at 40 ppm and F’ at 20 ppm in 13C NMR (Figure 4). In the second 

step, the appearance of new peaks characteristics of the xanthogenate end-group at 1.3 ppm 

(methyl protons h in Figure 3) and 4.6 ppm (methylene protons g in Figure 3), as well as the 

shift of the methyl protons f’ from 1.8 ppm in PEG-Br to 1.5 ppm in PEG-X (f’’ in Figure 3), 

confirm the effective preparation of the xanthate-terminated PEG. The 13C NMR (Figure 4), 

confirms this result as a complete shift of the signals corresponding to E’ and F’ carbons of the 

PEG-Br towards E’’ and F’’ signals of PEG-X is observed, in the absence of residual E’ and 

F’.  

The functionalization degree of PEG was calculated from the integrals of the PEG-OH, PEG-

Br and PEG-X characteristic protons summarized in Table 2. 
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Table 2. Integral values of the characteristic protons of PEG-OH, PEG-Br and PEG-X  

PEG-OH 
Ia Ib + c Id + e 

0.016 1.017 0.015 

PEG-Br 
Ia’ Ib’ + c’ Id’ Ie’ If’ 

0.016 1.018 0.010 0.006 0.022 

PEG-X 
Ia’’ Ib’’ + c’’ Id’’ Ie’’ If’’ Ig Ih I2.8 ppm = Id + e 

0.013 1.024 0.007 0.003 0.011 0.008 0.011 0.010 

 

For the first step (Scheme 4), the functionalization degree (FD) of PEG-OH by 2-

bromopropionyl bromide was calculated considering the ratio between the integrations of the 

signals of the propionyl bromide end-group (e’, f’, Figure 3) and characteristic signals of the 

initial PEG-OH (a’, b’ in Figure 3). As reported in Table 4, the average functionalization 

degree is above 100 %. The detailed analysis of the 13C NMR spectrum of PEG-Br indeed 

reveals the presence of residual 2-bromopropionyl bromide as its characteristic carbon signals 

at 22, 42 and 165 ppm (X, Y and Z carbons, Figure 4) can be observed. This excess of molecular 

compound is not present in the 13C NMR spectrum of PEG-X, so the precipitation of PEG-X 

provides a suitable purification step.    

 

Table 3. Determination of the functionalization degree (FD) of PEG-OH by 2-bromopropionyl 

bromide.a 

Calculation FD (%) 
Average 

FD (%) 

If' 3⁄

Ib' (4 ×47)⁄
= 

If' 3⁄

Ia' 3⁄
 137 

129 ± 12 
Ie'

Ib' (4 ×47)⁄
= 

Ie'

Ia' 3⁄
 120 

a Functionalization degree, FD (%) = 100
nPEG-Br

nPEG-Br+ nPEG-OH
 

 

The signal corresponding to the CH2OH carbon of the chain-end of PEG-OH ( = 62 ppm, D 

carbon, Figure 4), observed in the 13C NMR spectrum of PEG-Br indicates the presence of 

residual PEG-OH. On the basis of reference 21, the quantitative comparison of integral values 

of signals in 13C NMR is suited in the case of comparison of similar carbons. Therefore, it is 
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possible to determine the amount of residual PEG-OH in PEG-Br as the B’, D’ carbons are 

equivalents (methylene groups). On the basis of the integral values reported in Table 4, the 

molar fraction of residual PEG-OH in PEG-Br is equal to 17 mol-%.  

Table 4. Determination of the amount of residual PEG-OH by 13C NMR. 

PEG-Br 

IPEG-Br
a 1.0 

IPEG-Br + IPEG-OH
b 1.2 

Residual PEG-OHc 

molar % 17 

a IPEG-Br = ID’; 
b
 IPEG-Br + IPEG-OH = IB’ / (2  47); c Residual PEG-OH (molar %) = (1 - 

IPEG-Br

IPEG-Br+ PEG-OG 
)×100.  

For the second step corresponding to the reaction of PEG-Br with potassium ethyl xanthogenate 

(Scheme 4), the yield of propionyl bromide converted into xanthate function was calculated by 

comparing the integrals of the characteristic protons of the xanthate end group (g, h in Figure 

3) with the integrals of the propionyl group (f’’ protons in Figure 3). The values reported in 

Table 5 highlight a complete conversion of bromopropionyl bromide group into the propionyl 

xanthate group (average functionalization degree = 105 %).  

Table 5. Determination of the functionalization degree of PEG-Br by potassium ethyl xanthogenate and 

fraction of xanthate-functionalized PEG in the PEG sample. 

Yield of PEG-Br converted to PEG-X a Fraction of PEG-X b 

Calculation 
Ih 3⁄

If'' 3⁄
 

Ig 2⁄

If'' 3⁄
 

Ih 3⁄

Ia'' 3⁄
 

Ig 2⁄

Ia'' 3⁄
 

Value (%) 100 109 85 92 

Average 

value (%) 
      105 ± 6       89 ± 5 

a Functionnalization degree (FD), = 100  
nPEG-X

nPEG-X+ nPEG-Br
, a Fraction of PEG-X = 100  

nPEG-X

nPEG-X+ nPEG-OH
 

It should be noticed that the ratio between the integrals of h, g protons from ethyl xanthate 

group of PEG-X and a’’ protons arising from all the PEG chains is below the unity which is the 

sign of the residual PEG-OH that was observed in the PEG-Br sample. The average fraction of 

xanthate-functionalized PEG-X in the final PEG sample corresponds to 89 mol-%.  
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The UV-visible spectrum of PEG-X in a water/isopropanol mixture confirms the successful 

derivatization of the PEG chain-end since the characteristic absorption band of the xanthate 

agent at λ = 355 nm could be observed (Figure 5).  

 

Figure 5. UV-visible spectrum of PEG-X at 1.9  10-2 mol.L-1 (42 g.L-1) in a mixture of water and 

isopropanol (67:33 v:v %). 

 

On the basis of the absorbance value at 355 nm (Abs355 nm = 0.781) and on the number-average 

molar mass of the PEG-X (Mn,PEG-X), it is possible to determine the number of moles of xanthate 

group per PEG chains, i.e., the functionalization degree (Equation 11).  

Number of xanthate per PEG chain =  
[Xanthate]0

[PEG]0
=  

(
𝐴𝑏𝑠355 nm
𝑙 × 𝜀355 nm

)

(
𝑚PEG

𝑀n,PEG−X
)/ 𝑉

    Equation 11 

Where [Xanthate]0 and [PEG]0 are respectively the molar concentrations (mol.L-1) of  xanthate 

and PEG chains, l is the cuvette length (l = 1 cm), ε355 nm is the molar extinction coefficient of 

the molecular xanthate measured at 355 nm in 67:33 v:v % water/isopropanol mixture (ε355 nm 

= 54 L.mol-1.cm-1, see Part 2 - Chapter 1), mPEG is the mass of PEG (mPEG = 0.083 g), and V is 

the volume of the PEG solution prepared for UV-analysis (V = 2  10-3 L).  

The average value of 78 % of xanthate functionalization using Mn,PEG-X of PEG-X determined 

by SEC-MALLS (Mn,PEG-X, MALLS = 2 240 g.mol-1) is in the range of the average fraction of 89 

mol-% of PEG-X in the PEG sample calculated by 1H NMR. 
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The perfect overlay of the UV-visible (λ = 355 nm) and RI traces of the SEC chromatograms 

of PEG-X also corroborates a high level of chain-end functionalization with the presence of the 

dithiocarbonate chain-end over the entire molar mass distribution (Figure 6). 

 

Figure 6. Overlay of the UV-visible (λ = 355 nm) and refractometer (RI) traces of the SEC 

chromatograms in THF for the PEG-X polymer.  

 

In conclusion of this part, 85 mol-% of the PEG-OH chains were successfully functionalized 

with the xanthate moiety to produce a macromolecular chain transfer agent that can act as a 

reactive steric stabilizer in the synthesis of block copolymer particles by emulsion 

polymerization.  

 

2. RAFT/MADIX emulsion copolymerization of VAc and VCL 

mediated by a xanthate-terminated PEG macro-chain transfer agent 

Delaittre et al.22 previously reported the benefits provided by polymerization induced self-

assembly (PISA) in the synthesis of physically crosslinked poly(N,N-diethylacrylamide-co-

styrene) thermoresponsive particles prepared by aqueous dispersion polymerization via the 

reactive nitroxide-capped poly(acrylic acid). In this work, the prepared xanthate-functionalized 

poly(ethylene glycol) (PEG-X) is involved as reactive stabilizer and control agent in the 

RAFT/MADIX emulsion copolymerization of VAc and VCL carried out at 65°C, using ADIBA 

as water-soluble initiator (Table 6). On the basis of the results obtained in the first chapter of 

the manuscript concerning the bulk copolymerization of VAc and VCL, the P(VAc-co-VCL) 
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statistical copolymers are insoluble in water at 65°C. Moreover, both monomers are water 

insoluble at a concentration of 10 wt-% based on water, hence forming monomer droplets at 

the initial state. It is thus expected that the mechanism will follow an emulsion polymerization 

process. The particle growing and stabilization should be guaranteed by the in-situ synthesis of 

the amphiphilic PEG-b-P(VAc-co-VCL) block copolymers. 

 

Table 6. Experimental conditions for the emulsion copolymerizations of VAc and VCL performed at 

65°C with 10 wt-% of initials solids content in water. 

Expt fVAc,0
a 

[ADIBA]0 

mol.L-1
H2O 

Stabilizer 
[Stabilizer]0 

g.L-1
H2O 

Stabilizer 

wt-% 

based on 

monomers 

[PEG-X]
0

 [ADIBA]
0

 
[VAc]

0
+[VCL]

0

[PEG-X]
0

 

1 0.2 5.4 × 10-4 PEG-X 4.9 5.4 3.2 430 

2 0.5 5.9 × 10-4 PEG-X 5.4 6.0 3.2 430 

3 0.5 5.9 × 10-4 PEG-OH 5.4 6.0 - - 

a fVAc,0 is the VAc molar fraction in the initial monomer feed; The initial concentration of [PEG-X] 

considers the 85 mol-% of functionalization of PEG. 

 

It should be mentioned that stable latex particles were formed during the course of 

polymerization in the absence of coagulum or phase separation for both syntheses carried out 

at different initial monomer feed ratios (see Table 6 and Table 7, expt 1 and 2). This suggests 

that the PEG-X efficiently acts as steric stabilizer during the emulsion copolymerization of VAc 

and VCL. Note that 80-85 % of monomer conversion is reached by emulsion copolymerization 

(Table 7) while the monomer conversion was limited to 50-60 % in bulk for a similar 6 h of 

polymerization (see Table 7 and Chapter 1 of Part I (Table 2)).  
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Table 7. Results of emulsion copolymerization of VAc and VCL mediated by PEG-X macromolecular 

chain transfer agent.a  

Expt FVAc
b FVAc

c 
Xm

d 

% 

Mn,theo
e
 

g.mol-1 

Mn,SEC
f
 

g.mol-1 
Đf

 

Dh, 55°C
g

 

nm 
Copolymerh 

1 0.17 0.17 80 32 520 16 700 1.6 
149 (0.98) / 

654 (0.02) 

PEG49-b-P(VAc0.17-co-

VCL0.83)111 

2 0.47 0.52 85 31 490 19 790 2.0 
94 (0.99) / 

1087 (0.09) 

PEG49-b-P(VAc0.47-co-

VCL0.53)154 

a 10 wt-% of initial solids content and T = 65°C; b Molar fraction of VAc in the P(VAc-co-VCL) block, 

determined from 13C NMR signal integrals (Equation 5 and Figure 2); c Molar fraction of VAc in the 

P(VAc-co-VCL) block, determined from 1H NMR signal integrals (Equation 6 and Figure 1); d Xm is 

the overall monomer molar conversion at 5h30 of polymerization determined by 1H NMR, Equation 1; 

e Theoretical number-average molar mass from Equation 7; f Values obtained from the SEC analysis with 

a MALLS detector with (dn/dc)PEG-b-P(VAc0.17-co-VCL0.83) = 0.099 mL.g-1 and (dn/dc)PEG-b-P(VAc0.47-co-VCL0.53) = 

0.088 mL.g-1 (Equation 9); g Hydrodynamic diameters of PEG-b-P(VAc-co-VCL) copolymer 

dispersions (0.5 g.L-1) measured at 55°C at the end of the reaction (without cooling), the values in 

brackets correspond to the number intensity of each population; h PEGx-b-P(VAc0.17-co-VCL0.83)y with 

x and y the degrees of polymerization of the blocks,  𝑦 =  
(𝑀n,MALLS,P(VAc−𝑐𝑜−VCL)− 𝑀n,MALLS,PEG−X)

(𝐹VAc × 𝑀VAc+ 𝐹VCL × 𝑀VCL)
. 

 

For the sake of comparison, emulsion copolymerization of VAc and VCL with an initial molar 

fraction of VAc equals to 0.5 (fVAc,0 = 0.5) was carried out using a non-reactive PEG-OH 

hydrophilic polymer as the sole stabilizer (expt 3 in Table 6). The growing polymer 

spontaneously precipitated during the emulsion copolymerization of VAc and VCL to produce 

a large coagulum representing 97 wt-% of the polymer (Figure 7).  

  

Figure 7. Pictures of the coagulum (left) and of the dispersion (right) recovered at the end of the 

emulsion copolymerization of VAc and VCL using non-reactive PEG-OH as stabilizer (expt 3 in Table 

6). 
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These results highlight the crucial role played by the reactive xanthate chain-end of the PEG-X 

polymer during the emulsion polymerization process, ensuring the colloidal stability of the 

formed particles by means of the in-situ formation of self-assembled block copolymers. Indeed, 

as displayed in Figure 8, the shift of the SEC chromatograms towards lower elution volumes 

suggests that the PEG-X was chain extended by P(VAc-co-VCL) block.  

  

Figure 8. Size exclusion chromatograms in THF: PEG-X (full line) and PEG-b-P(VAc-co-VCL) 

copolymers synthesized by RAFT/MADIX emulsion polymerization: (a) PEG49-b-P(VAc0.17-co-

VCL0.83)111 (expt 1 in Table 7) and (b) PEG49-b-P(VAc0.47-co-VCL0.53)154 (expt 2 in Table 7).  

 

The chromatograms of the final block copolymers display a shoulder arising from residual PEG, 

including the 15 mol-% of PEG-OH present in PEG-X. This can also be ascribed to an 

incomplete consumption of the initial macromolecular PEG-X chain transfer agent as suggested 

by Binauld et al.11 for RAFT/MADIX emulsion polymerization of VAc mediated by a xanthate-

functionalized PEG. The incomplete consumption of the macromolecular RAFT agent is at the 

origin of higher values of experimental Mn compared to theoretical Mn of the block copolymers 

(Table 7). The low efficiency of xanthate was also observed for bulk VAc/VCL 

copolymerization mediated by a molecular xanthate agent (Chapter 1 of Part I). 

To assess the effective formation of the PEG-b-P(VAc-co-VCL) block copolymers by emulsion 

polymerization, the final dialyzed samples were analyzed by DOSY NMR spectroscopy. This 

technique allows for the identification of different components in the mixture by means of the 

acquisition of two-dimensional spectra which correlate the diffusion coefficient of each 
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component with their corresponding chemical shifts.23 As depicted in Figure 9, the signals 

corresponding to PEG and P(VAc-co-VCL) blocks are aligned with one diffusion coefficient , 

which confirms that both blocks are part of the block copolymer structure. DOSY NMR spectra 

also highlight the presence of residual PEG homopolymer with higher diffusion coefficient of 

86 µm2.s-1, meaning that the dialysis of the PEG-b-P(VAc-co-VCL) with a 3.5 kDa cut-off 

membrane prior analysis did not allow to remove the residual PEG. The diffusion coefficient 

of PEG49-b-P(VAc0.47-co-VCL0.53)154 is slightly lower (D = 36 µm2.s-1) than the PEG49-b-

P(VAc0.17-co-VCL0.83)111 (D = 45 µm2.s-1) according to the higher Mn of the more hydrophobic 

copolymer (see Table 7). 

(a) 
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(b) 

 

(c) 

 

Figure 9. DOSY NMR spectra in DMSO-d6 of the dialyzed PEG-b-P(VAc-co-VCL) copolymers 

synthesized by RAFT/MADIX emulsion polymerization: (a) PEG49-b-P(VAc0.17-co-VCL0.83)111 (expt 1 

in Table 7) and (b) PEG49-b-P(VAc0.47-co-VCL0.53)154 (expt 2 in Table 7); (c) Initial PEG-OH 

homopolymer. 
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In comparison with the low dispersity values of the statistical P(VAc-co-VCL) copolymers 

synthesized in bulk (Ð < 1.3, see Part I - Chapter 1), the dispersity values of the PEG-b-P(VAc-

co-VCL) copolymers synthesized by emulsion copolymerization are higher (Ð = 1.6 – 2.0) 

(Table 7), also due the presence of residual PEG. It can be mentioned that the dispersity 

increases by increasing the initial VAc fraction (Table 7), which is in opposite trend with the 

results of bulk VAc/VCL copolymerization (see Part I - Chapter 1). The higher concentration 

of water solubility limit of VCL in comparison with VAc ([VCL]limit, water, 25°C = 41 g.L-1, 

[VAc]limit, water, 20°C = 23 g.L-1)24, 25 might induce an enrichment in VCL for the initial growing 

oligomer chains produced in the water phase.  

The final average composition of the P(VAc-co-VCL) block was calculated on the basis of the 

integrals of the carbonyl peaks of the PVAc and PVCL units (Table 7). The determination of 

the copolymer composition by comparing the integrals of both carbonyls of the 13C NMR 

spectrum corresponding to each polymer units is of interest because of the good level of 

resolution. These compositions match those determined from the integrals of 1H NMR spectrum 

of the PEG-b-P(VAc-co-VCL) (Table 7). The 13C NMR analysis of both PEG49-b-P(VAc0.17-

co-VCL0.83)111 and PEG49-b-P(VAc0.47-co-VCL0.53)154 copolymers also shows that the 

characteristic signals of both PVAc and PVCL units are influenced by the presence of the 

neighbor co-monomer (Figure 10). As depicted in Chapter 1, the methine signal (CHII’, 65 – 

70 ppm) of PVAc and of PVCL (CHB’, 45 – 49 ppm) are influenced by the copolymer 

composition (Figure 10).  

 

Figure 10. Overlay of the 13C NMR spectra of the precipitated PVAc, PVCL, PEG49-b-P(VAc0.17-co-

VCL0.83)111 and PEG49-P(VAc0.47-co-VCL0.53)154 (co)polymers in CDCl3.  
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The 13C NMR spectra of the PEG-b-P(VAc-co-VCL) copolymers synthesized by emulsion 

polymerization were then compared with the ones of their P(VAc-co-VCL) with similar 

composition synthesized in bulk. The signals of both PVAc and PVCL units exhibiting a similar 

shape between bulk and emulsion copolymers of similar composition (CHII’, CHB’ in Figure 

11), the distribution of the co-monomer along the chain probably follows a similar statistic.  

(a) 

 

 (b) 

 

Figure 11. Comparison of 13C NMR spectra in CDCl3 of the VAc/VCL copolymers synthesized either 

by bulk polymerization (Part I – Chapter 1, precipitated prior to analysis, black spectra) or by emulsion 

polymerization (green spectra for dialyzed and freeze-dried copolymers). (a) PEG49-b-P(VAc0.17-co-

VCL0.83)111 (expt 1 in Table 6) and P(VAc0.19-co-VCL0.81)372 (see Part I – Chapter 1) copolymers; (b) 

PEG49-b-P(VAc0.47-co-VCL0.53)154 (expt 2 in Table 6) and P(VAc0.53-co-VCL0.47)317 (see Part I – Chapter 

1) copolymers. Residual trioxane (internal standard used for VAc/VCL copolymerizations) and diethyl 

ether (marked by cross, solvent of precipitation) are observed in the spectra of the copolymers 

synthesized in bulk. 
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The pictures of the dispersion of PEG-b-P(VAc-co-VCL) particles displayed in Figure 12 show 

a macroscopic observation of the latex at different temperatures: 5°C, 20°C and at 50°C.  

 

Figure 12. Pictures taken at different temperatures (5°C, 20°C and 50°C) of the final polymer dispersion 

obtained by PEG-X mediated emulsion copolymerization of VAc and VCL. For each picture, left sample 

corresponds to: PEG49-b-P(VAc0.17-co-VCL0.83)111 copolymer (Expt 1 in Table 7) and right sample 

corresponds to PEG49-b-P(VAc0.47-co-VCL0.53)154 copolymer (Expt 2 in Table 6). 

 

The PEG49-b-P(VAc0.47-co-VCL0.53)154 copolymer synthesized by emulsion polymerization is a 

white dispersion of diffusing particles in the whole range of temperatures while almost 

transparent aqueous solutions of PEG49-b-P(VAc0.17-co-VCL0.83)111 were observed at 5°C 

(respectively LE 246 and LE 245, Figure 12). This suggests that a sufficient level of 

hydrophobic interactions between the VAc units (47 mol-%) is enable to preserve the integrity 

of the PEG49-b-P(VAc0.47-co-VCL0.53)154 particles even at low temperature. The dispersion of 

PEG49-b-P(VAc0.17-co-VCL0.83)111 copolymer in water becomes gradually cloudier by 

increasing the temperature (LE 245, Figure 12), which is the sign of a thermoresponsive 

behavior.  

Turbidimetry is a suitable method to monitor the thermoresponsiveness of the PEG-b-P(VAc-

co-VCL) block copolymers synthesized by emulsion copolymerization. The evolution of 

transmittance versus temperature of the different copolymers is displayed in Figure 13 and the 

experimental values of the cloud point temperature are gathered in Table 8. The temperature-

induced phase transition of the PEG49-b-P(VAc0.17-co-VCL0.83)111 and PEG49-b-P(VAc0.47-co-

VCL0.53)154 diblock copolymers synthesized by emulsion polymerization are compared with the 

P(VAc-co-VCL) copolymers of similar compositions in VAc/VCL but synthesized in bulk 

(Table 8). 
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Figure 13. Transmittance at λ=500 nm versus temperature for aqueous solution of PEG-b-P(VAc-co-

VCL) synthesized by RAFT/MADIX emulsion polymerization (dotted lines) and P(VAc-co-VCL) 

copolymers synthesized by RAFT/MADIX in bulk (plain lines): (left) PEG49-b-P(VAc0.17-co-VCL0.83)111 

and P(VAc0.19-co-VCL0.81)372 copolymers; (right) PEG49-b-P(VAc0.47-co-VCL0.53)154 and P(VAc0.53-co-

VCL0.47)317 copolymers. Polymer concentration of 3 g.L-1 (Heating cycle). 

 

Table 8. Comparison of cloud point temperatures of PEG-b-P(VAc-co-VCL) copolymers synthesized 

by emulsion polymerization and P(VAc-co-VCL) copolymers obtained by bulk polymerization. 

Expt Copolymer FVAc 
Tcp, UV-vis

a
 

°C 

1 PEG49-b-P(VAc0.17-co-VCL0.83)111 0.17 32 

2 PEG49-b-P(VAc0.47-co-VCL0.53)154 0.47 22 

4 P(VAc0.19-co-VCL0.81)372 0.19 27  

5 P(VAc0.53-co-VCL0.47)317 0.53 22 

a Measured by UV-visible spectroscopy (λ = 500 nm) of solution of copolymers at 3 g.L-1 in water 

(heating cycle), see Figure 13 and Figure 18 in Part I Chapter 1. 

 

The phase transition of PEG49-b-P(VAc0.17-co-VCL0.83)111 copolymer occurs at higher 

temperature in comparison to the P(VAc0.19-co-VCL0.81)372 copolymer due to the covalent 

linkage with the PEG hydrophilic block (Tcp,UV-vis,PEG-b-P(VAc0.17-co-VCL0.83) = 32°C and Tcp,UV-vis, 

P(VAc0.19-co-VCL0.81) = 27°C, Table 8). The solution of PEG49-b-P(VAc0.17-co-VCL0.83)111 

copolymer allows for 100 % of light transmittance at low temperatures, which is in accordance 

with the water solubility of the P(VAc0.17-co-VCL0.83) blocks below the cloud point temperature 

(Figure 13). On the other hand, the PEG49-b-P(VAc0.47-co-VCL0.53)154 copolymer exhibits no 

shift of the phase transition compared to P(VAc0.53-co-VCL0.47)317 copolymer (Tcp,UV-vis,PEG-b-

P(VAc0.47-co-VCL0.53) = 22°C and Tcp,UV-vis, P(VAc0.53-co-VCL0.47) = 22°C, Table 8). This might traduce 
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a predominant effect of hydrophobic VAc units on the collapse of polymer chains that are self-

assembled into particles at low temperature. Indeed, the 28 % transmittance of the aqueous 

dispersion of PEG49-b-P(VAc0.47-co-VCL0.53)154 copolymer observed at low temperature is 

consistent with the presence of stable diffusing particles even at low temperature (Figure 12 

and Figure 13) by means of sufficient hydrophobic interactions between VAc units. For close 

values of DP of blocks, the more hydrophobic PEG49-b-P(VAc0.47-co-VCL0.53)154 exhibits a 

lower temperature of cloud point than the PEG49-b-P(VAc0.17-co-VCL0.83)111 (Table 8). 

The hydrodynamic diameters of the particles synthesized by emulsion copolymerization carried 

out in the presence of the PEG-X stabilizer were measured at 55°C directly at the end of the 

polymerization process, without cooling the reaction medium (Table 7). Two populations of 

particle diameters were measured for final latex particles but the number-average fraction of 

the large aggregates above 600 nm remains very low (2-10 %). The average hydrodynamic 

diameter of the main population of the PEG49-b-P(VAc0.47-co-VCL0.53)154 particles (Dh = 95 

nm) is lower than the one of PEG49-b-P(VAc0.17-co-VCL0.83)111 particles (Dh = 150 nm), thus 

indicating a higher number of PEG49-b-P(VAc0.47-co-VCL0.53)154 particles. The increasing 

hydrophobicity likely results in the early self-assembly of the PEG-b-P(VAc-co-VCL) 

copolymer with higher fraction of hydrophobic VAc counterpart synthesized during the 

nucleation step, hence producing a higher number of particles. For the experiment performed 

using PEG-OH as stabilizer, the hydrodynamic diameters of the formed particles were not 

measured due to the poor stability of the final dispersion composed of precipitated polymer. 

We further investigated the thermoresponsive behavior of the PEG-b-P(VAc-co-VCL) 

copolymers synthesized by emulsion copolymerization. For that purpose, the aqueous 

dispersions of amphiphilic copolymers were cooled at room temperature after the 

polymerization process to be subsequently analyzed by dynamic light scattering. A heating and 

cooling cycle was applied in the range of 10°C to 55°C, at a polymer concentration of 0.05 g.L-

1 (Figure 14). The temperature-dependence of the hydrodynamic diameters confirms a 

thermoresponsive phase transition for both types of copolymer particles but with opposite 

profiles (Figure 14).   
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(a) 

 

(b) 

 

Figure 14. Hydrodynamic diameters as a function of the temperature for the PEG-b-P(VAc-co-PVCL) 

dispersions synthesized by emulsion polymerization at 10 wt-% of initial solids content for different 

initial monomer feed ratio (a) FVAc = 0.17 (expt 1 in Table 6) and (b) FVAc = 0.47 (expt 2 in Table 6). 

() 1st heating cycle, () cooling cycle of polymer solution at 0.05 g.L-1. 

 

Indeed, for PEG49-b-P(VAc0.17-co-VCL0.83)111 copolymer (expt 1 in Table 6), the profile of Dh 

versus temperature profile (Figure 14.a) is close to the one of the (PVAc-co-PVCL) statistical 

copolymers synthesized in bulk (see Part I Chapter 1, Figure 19) in the sense that Dh increases 

by rising temperature. The very low average count rate measured at low temperature 

quantifying the diffused light intensity suggests that PEG49-b-P(VAc0.17-co-VCL0.83)111 

copolymer chains disassembled into soluble polymers in water at a temperature below 20°C. 

The presence of objects with diameter of ca 600 nm above the phase transition temperature, 

together with the hysteresis observed between heating and cooling cycles, both support the 

formation of polydisperse ill-defined aggregates of the PEG49-b-P(VAc0.17-co-VCL0.83)111 

copolymer chains by increasing temperature up to 55°C (Figure 14.a). Note that the self-

assembly induced by dehydration of the hydrophobic PVCL block has been previously 

investigated for PEG114-b-PVCLx diblock copolymers (24 < x < 237).26 Despite the balanced 

compositions between the hydrophilic and hydrophobic blocks, the diblock copolymers self-

assembled into large aggregates (Dh  300 to 550 nm) instead of well-defined micelles.26 

Contrary to PEG49-b-P(VAc0.17-co-VCL0.83)111 copolymer, emulsion copolymerization of 

VAc/VCL performed with 50 mol-% of VAc in the initial feed (expt 2 in Table 6) produces 

stable particles at low temperature by means of sufficient hydrophobic interactions between the 

VAc units (Dh, 10- 20°C = 550 nm at T = 10 – 20°C) (Figure 14.b). The collapse of the P(VAc0.47-
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co-VCL0.53) blocks within the particles by increasing temperature induces a decrease of the 

particle diameter down to 250 nm at 55°C. The reversible swelling-to-collapse transition of the 

PEG49-b-P(VAc0.47-co-VCL0.53)154 particles with almost no hysteresis show the formation of 

well-defined physically crosslinked thermoresponsive particles of P(VAc0.47-co-VCL0.53) 

stabilized by the PEG49 block (Figure 14.b). The volume phase transition temperature (VPTT) 

of the PEG49-b-P(VAc0.47-co-VCL0.53)154 particles, determined as the minimum of the 

derivative of the plot of Dh as a function of the temperature, is equal to 26°C at 0.05 g.L-1. This 

phase transition temperature is lower than the one measured for chemically crosslinked PVCL-

based nanogels (~32°C),27-30 due to the presence of the VAc hydrophobic units. Indeed, as the 

hydrophobic composition of thermoresponsive copolymers is increased, the hydrogen bonding 

effect between the copolymer chains and water is lowered while hydrophobic interactions are 

enhanced, thus lowering the required energy to collapse (i.e., lower Tcp).
31, 32 It can be noticed 

that the Dh of the collapse particles measured after applying a cooling/heating cycle to the 

PEG49-b-P(VAc0.47-co-VCL0.53)154 particle dispersion (Dh, 55°C = 250 nm) is higher than the one 

measured at the end of the polymerization in the absence of any cooling step, i.e., Dh, 55°C, by 

number = 94 nm (Table 7). This results shows that the particles initially formed by emulsion 

polymerization were trapped in a kinetically frozen state (out-of-equilibrium).22 After cooling 

the latex, some PEG49-b-P(VAc0.47-co-VCL0.53)154 copolymer chains might exchange between 

the swollen particles formed by hydrophobic interactions, thus producing particles of larger 

size.   

 

3. Alkaline hydrolysis of the PEG-b-P(VAc-co-VCL) 

Poly(vinyl alcohol) (PVA) is  prepared upon alkaline hydrolysis of PVAc under mild conditions 

(transesterification with methanol) leading to PVA with different degrees of saponification.33, 

34 It has been shown that a degree of saponification of 88 % was optimum to provide a water 

soluble polymer as the hydrophobic acetyl neighborhood limit the hydrogen bonding between 

poly(vinyl alcohol) chains.33 Therefore, the P(VAc-co-VCL) copolymers directly synthesized 

in water by emulsion polymerization are potential precursors of P(VA-co-VCL) copolymers. 

This is a strategy to synthesize by an environmentally friendly process some biocompatible 

thermoresponsive statistical copolymers with a tunable phase transition (Scheme 5). 
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Scheme 5. Alkaline hydrolysis of the PEG-b-P(VAc-co-VCL) copolymers. 

 

The efficiency of the alkaline hydrolysis of PEG-b-P(VAc-co-VCL) copolymers was monitored 

by 1H NMR analysis of the copolymers before and after hydrolysis (Figure 15). For both 

copolymers, the effective hydrolysis was attested by the appearance of the PVA characteristic 

signals at 3.8 - 4.5 ppm (N and M protons, Figure 15) together with the disappearance of PVAc 

signals at 4.8 ppm (III proton, Figure 15) and 1.8 ppm (IV protons, Figure 15). 
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Figure 15. 1H NMR spectra in DMSO-d6 at 80°C of dialyzed (Mw cut-off: 3500 Da) and freeze-dried 

copolymers: (a) PEG49-b-P(VAc0.17-co-VCL0.83)111 (expt 1 in Table 6) and (b) PEG49-b-P(VAc0.47-co-

VCL0.53)154 (expt 2 in Table 6) copolymers. Blue spectra: before hydrolysis, black spectra: after 

hydrolysis. 

 

The yield of hydrolysis of the copolymers can be calculated on the basis of the integrations of 

characteristic NMR peaks of PVA and PVAc units ( Equation 12).  

% ℎ𝑦𝑑𝑟𝑜𝑙𝑦𝑠𝑖𝑠 =  
𝑛𝑃𝑉𝑂𝐻

𝑛𝑃𝑉𝑂𝐻+ 𝑛𝑃𝑉𝐴𝑐
=  1 −

𝐼1𝐻𝑃𝑉𝐴𝑐,𝑎𝑓𝑡𝑒𝑟 ℎ𝑦𝑑𝑟𝑜𝑙𝑦𝑠𝑖𝑠

𝐼𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒
𝐼1𝐻𝑃𝑉𝐴𝑐,𝑎𝑓𝑡𝑒𝑟 ℎ𝑦𝑑𝑟𝑜𝑙𝑦𝑠𝑖𝑠

𝐼𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒
 + 

𝐼1𝐻𝑃𝑉𝐴𝑐,𝑏𝑒𝑓𝑜𝑟𝑒 ℎ𝑦𝑑𝑟𝑜𝑙𝑦𝑠𝑖𝑠

𝐼𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒

 Equation 12 

I1HPVAc, before hydrolysis and I1HPVAc, after hydrolysis were obtained from the integral of IV protons of 

PVAc before and after hydrolysis and Ireference corresponds to the integral of the signal between 

1 and 1.8 ppm (Figure 15). The hydrolysis percentages calculated from Equation 8 are given 

in Table 9. 
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Table 9. Hydrolysis percentages of PEG-b-P(VAc-co-VCL) copolymers. 

% hydrolysis FTIR 1H NMR Average % hydrolysis 

PEG-b-P(VAc0.17-co-VCL0.83) 77 87 82 ± 7 

PEG-b-P(VAc0.47-co-VCL0.53) 85 94 90 ± 6 

 

The hydrolysis of the PVAc units of the PEG-b-P(VAc-co-VCL) copolymers was also 

monitored by Fourier Transform Infra-Red (FTIR) spectroscopy via the disappearance of the 

characteristic ester band of the PVAc at 1730 cm-1 (Figure 16). Through a normalization with 

the signal of the amide bond of PVCL units of copolymers before and after hydrolysis, the yield 

of hydrolysis was calculated by comparing the absorbance of the ester band of PVAc (1730 cm-

1) before and after the hydrolysis step. The range of hydrolysis yield calculated by FTIR are 

slightly lower (77-85 %) in comparison with the yield calculated by NMR (87-94 %) (see Table 

9). 

(a) 
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(b) 

 

Figure 16. FTIR spectra before and after hydrolysis of (a) PEG49-b-P(VAc0.17-co-VCL0.83)111 and (b) 

PEG49-b-P(VAc0.47-co-VCL0.53)154 copolymers. 

 

These results show that is it possible to produce biocompatible thermoresponsive P(VAc-co-

VA-co-VCL) copolymers of controlled molar mass from the P(VAc-co-VCL) copolymers 

synthesized by surfactant-free emulsion polymerization process. The covalent linkage between 

the reactive PEG-xanthate and the P(VAc-co-VCL) block being an ester group, the analysis of 

the polymer after hydrolysis by DOSY NMR was required to provide information on the 

stability of the covalent bonding. A shift of the diffusion coefficient correlated to the 1H NMR 

characteristic signals of the PEG block (Ib’’ at 3.5 ppm in Figure 17) is observed in comparison 

with the diffusion coefficient of the P(VA-co-PVCL) block (Figure 17). A better alignment of 

PEG and P(VAc-co-VCL) block was observed for the PEG-b-P(VAc-co-VCL) block 

copolymer precursor (Figure 9). Therefore, DOSY-NMR analyses evidence the hydrolysis of 

the covalent linkage between both PEG and P(VAc-co-VA-co-VCL) blocks. 
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(a) 

 

(b)

 

Figure 17. DOSY NMR spectra (in DMSO-d6) of the copolymers after hydrolysis: (a) PEG49-b-

P(VAc0.03-co-VA0.14-co-VCL0.83)111; (b) PEG49-b-P(VAc0.05-co-VA0.42-co-VCL0.53)154. 
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The thermoresponsive behavior of the P(VAc-co-VA-co-PVCL) copolymers in water was 

investigated by means of DLS measurements (Figure 18). Prior to these measurements, the 

copolymers were dialyzed for 4 days with 6-8 kDa cut-off membrane in order to remove the 

residual PEG block. 

 

Figure 18. Evolution of the hydrodynamic diameters of the P(VAc-co-VA-co-VCL) copolymers as a 

function of the temperature after the second dialysis: () P(VAc0.03-co-VA0.14-co-VCL0.83) copolymer, 

() P(VAc0.05-co-VA0.42-co-VCL0.53) copolymer. 

 

The increase of the hydrodynamic diameters by increasing the temperature confirms the 

thermoresponsive behavior in water of both P(VAc-co-VA-co-VCL) copolymers with a phase 

transition temperature ranging between 26 and 30°C (Figure 18). As a perspective of this work, 

it would be interesting to investigate the opportunity to tune the LCST of these biocompatible 

thermoresponsive copolymers by tuning the copolymer composition. In order to ensure the 

stability of the covalent linkage with the PEG block, the synthesis of a PEG-xanthate through 

an amino-functionalized PEG should be explored. As poly(vinyl alcohol) is known to be a 

biodegradable polymer under suitable conditions,33 it would be of interest to investigate if the 

incorporation of PVA units into PVCL copolymer particles might provide degradable linkages 

in order to produce more attractive degradable PVCL-based materials.35  

 

IV. Conclusions 

In this chapter, the RAFT/MADIX emulsion copolymerization of VAc and VCL mediated by 

a xanthate-terminated PEG macromolecular chain-transfer agent was investigated. In a first 
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step, the PEG-OH was successfully modified by a two-steps procedure to synthesize the 

xanthate-terminated PEG (PEG-X). Even if the presence of residual PEG-OH was evidenced 

by 13C, 1H NMR and UV-visible spectroscopy, a high degree of functionalization of the chain-

end was reached (87 mol-%). The perfect overlay of the UV-visible (λ = 355 nm) and 

refractometer (RI) traces of the SEC chromatograms observed for the PEG-X also corroborates 

a good level of chain-end functionalization on the entire chain distribution. 

Subsequently, the PEG-X was used as macromolecular chain transfer agent for the batch 

emulsion copolymerization of VAc and VCL performed at 10 wt-% of initial solids content, 

with two different initial VAc feed ratio. The stabilization efficiency of the PEG-X was 

demonstrated through the synthesis of stable dispersion of particles, free of coagulum, while 

the non-reactive hydrophilic PEG-OH induced an extensive precipitation of non-stabilized 

polymer (97 wt-% coagulum). DOSY NMR and SEC analyses both confirm the successful 

chain extension of the PEG-X macro chain-transfer agent enabling the direct synthesis of 

thermoresponsive PEG-b-P(VAc-co-VCL) block copolymers in aqueous dispersed media. The 

dispersity values of the final PEG-b-P(VAc-co-VCL) block statistical copolymers were higher 

than the dispersity of the corresponding P(VAc-co-VCL) statistical copolymers synthesized by 

RAFT/MADIX polymerization in bulk (Chapter 1, Part I) but the molar masses were still 

controlled in a similar range. This study is the first example of synthesis of PVCL-based 

amphiphilic copolymers by controlled radical emulsion polymerization. 

It is important to note that the PEG-X efficiently acted as both steric stabilizer and chain-transfer 

agent during the RAFT/MADIX emulsion copolymerization of VAc and VCL to produce well-

defined physically crosslinked thermoresponsive particles via hydrophobic interactions 

between the self-assembled PEG-b-P(VAc-co-VCL) block copolymers. The colloidal 

characterization of the final dispersions showed that a fraction of hydrophobic VAc of 47 mol-

% in the second block of the copolymer was required to maintain the integrity of the particles 

at a temperature below the cloud point by means of hydrophobic interactions. The well-defined 

physically crosslinked PEG49-b-P(VAc0.47-co-VCL0.53)154 particles interestingly behaved as 

thermoresponsive colloids able to undergo a reversible swollen-to-collapsed transition upon 

increasing the temperature. The presence of the hydrophobic phase of PVAc within the particles 

might enhance loading capacity of hydrophobic molecules. A PEG49-b-P(VAc0.17-co-

VCL0.83)111 block copolymer with a lower fraction of VAc in the copolymer (17 mol-%) was 
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also successfully synthesized by emulsion polymerization. In that case, the hydrophobic 

interactions were not sufficient to prevent the reversible formation of isolated polymer chains 

in the aqueous phase at low temperature (T < 20°C). The PEG49-b-P(VAc0.17-co-VCL0.83)111 

block copolymers with low VAc content self-assemble into large ill-defined aggregates by 

rising the temperature.  

Finally, the statistical copolymers based on VAc and VCL of controlled molar mass were 

successfully hydrolyzed into promising thermoresponsive biocompatible statistical copolymers 

based on vinyl alcohol and N-vinylcaprolactam. In a further work, it should be interesting to 

investigate the influence of a change of either the P(VAc-co-VA-co-VCL) copolymer 

composition or its molar mass on this phase transition.   
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Introduction of Part II 

Nowadays, in the field of human disease therapies and more specifically cancer 

therapies, pharmaceutical molecules (drugs, proteins, nucleic acids) are usually administered 

intravenously, which generally lead to short residence time, limited targeting and penetration 

of tumor tissues, toxic reactions in healthy tissues, the limitation of extensive use of 

hydrophobic drugs and their unavailability to reach effective doses.1 Therefore, a major 

challenge consists in designing drug carriers in order to improve the safety and efficacy of 

therapeutic agents. Drug delivery systems are ideally able to protect the active compounds from 

the surrounding environment (preventing its early degradation), consequently increasing their 

in-vivo circulation time to deliver the drug concentration required for therapeutic efficacy, 

without damaging the health cells or tissues.2, 3 Thus, a robust delivery platform needs to satisfy 

some requirements. First of all, the size of the carrier is an important parameter to consider 

since it plays a key role in its degradation, its cellular uptake and its blood circulation life, 

among other functional aspects.4-6 For instance, the size of the vehicle should be large enough 

to prevent rapid leakage in blood capillaries but small enough to escape the capture of 

macrophages in the reticuloendothelial system, i.e., sizes ranging from a few tenths to a few 

hundreds of nanometers. In addition, the surface of the delivery system is also an important 

factor since it will dictate its in-vivo circulation time and its interactions with the surrounding 

biological media. Indeed, the interaction of the carrier surface with proteins and molecules in 

the blood stream (in a process known as opsonization) may facilitate its removal by the 

phagocyte system7 and can also induce a colloidal instability and carrier aggregation in 

physiological fluids.8 However, such drawbacks can be avoided by functionalizing the vector 

surface with, for example, poly(ethylene glycol) (PEG) which provides a steric barrier to the 

adsorption of proteins.9, 10 Biocompatibility is also an imperative criterion for a suitable delivery 

system.11, 12 

Among the different nanoscale systems that have been envisaged as nanocarriers for 

therapeutics, polymeric nano/microgels, and especially stimuli-responsive ones, are very 

promising candidates due to their versatile properties such as easy production and 

functionalization, large surface area, porous network, high loading capacity and responsiveness 

to environmental factors which allows a triggered release of the therapeutics.13-18 As unhealthy 

tissues and cells present different temperature than healthy ones, temperature is one of the most 

investigated trigger.3 Therefore, thermoresponsive nano/microgels that undergo a volume phase 
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transition in water with temperature (passing from a swollen to a collapsed state) have attracted 

a great deal of interest within the last past years.1, 2, 19 As a kind of thermoresponsive polymer 

available for the design of nano/microgels, poly(N-vinylcaprolactam) (PVCL) appears to be 

very attractive because of its biocompatibility and its lower critical solution temperature at 

around 32°C-38°C, near to physiological temperature.20, 21  

In addition to stimuli-responsive carriers, polymeric cationic vehicles are also of special 

interest due to their ability to interact with the negatively charged cell membrane facilitating 

their cellular uptake.2 Moreover, they can strongly interact with negatively charged relevant 

biological molecules such as DNA and siRNA (whose charge and size make them non-

permeable to cell membranes) facilitating their delivery into cells.8, 22, 23  

In this context, the objective of this part of the work is to synthesize thermoresponsive 

cationic PVCL-based microgels. The first chapter will describe the synthesis and 

characterization of the cationic macromolecular stabilizer that will functionalize the microgel 

outer shell. The second chapter will report the synthesis of monodisperse thermoresponsive 

PVCL-based microgel while the third chapter will present an evaluation of the potential 

application of the microgels as drug delivery nanocarriers. 
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I. Introduction  

Polyelectrolytes are ionically charged water-soluble polymers. Some polyelectrolytes 

carry permanent anionic or cationic charges while other polyelectrolytes contain ionizable 

functions (amines, carboxylic acid…) that can be neutralized by varying the pH of the water 

phase. 

Cationic polymers are widely used in different fields of applications such as cosmetics, 

biomedical and material sciences, thanks to their ability to electrostatically interact with anionic 

surfaces of tissues, biomolecules, inorganic nanoparticles, cellulosic surfaces, among others. 

Cationic polymers are also known for their antimicrobial activity.1, 2 Depending on the targeted 

application, non-permanently or permanently charged cationic polymers will be preferred. For 

example, the first type of cationic polymer will present a pH-sensitive behavior, a property 

which can be useful for the design of carriers with triggered release of the cargo. On the 

contrary, for applications in which stability of the polymer towards pH is required, permanent 

cationic polymers will be favored. Moreover, it has been shown that poly(dimethylaminoethyl 

acrylate) suffered self-catalyzed hydrolysis in water while its permanently quaternized 

derivative remained stable.3, 4 Tamura et al. observed that in the case of nanogels composed of 

poly(dimethylaminoethyl methacrylate), the cytotoxicity was reduced when the degree of 

quaternization of the tertiary amine was increased.5 It is well-known that the antimicrobial 

activity6 and cytotoxicity7, 8 of cationic polymers can be influenced by their molar mass and 

their charge density. Consequently, it is of special interest to carefully tailor the properties of 

cationic polymers (i.e., to control the polymer molar masses and dispersity, the polymer 

composition…), by making use of controlled radical polymerization techniques. Among the 

different techniques of controlled radical polymerization, RAFT polymerization has been 

successfully applied for the design of well-defined cationic polymers, due to its versatility and 

tolerance to a wide variety of monomers and experimental conditions. (Meth)acrylate-, 

acrylamide- or styrene-based cationic polymers are examples of polymers that have been 

prepared by RAFT polymerization.9-11 Chemical structures of the main cationic monomers are 

depicted in Scheme 1. 
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Scheme 1. Chemical structures of the main cationic monomers. 1) [2-

((meth)acryloyloxy)ethyl]trimethylammonium chloride; 2) (3-

(meth)acrylamidopropyl)trimethylammonium chloride; 3) diallyldimethylammonium chloride; 4) 

(Vinylbenzyl)trimethylammonium chloride. 

In order to produce well-defined, permanently charged quaternary ammonium polymers 

by RAFT polymerization, two synthetic strategies can be employed. The first approach consists 

in a two-steps procedure: neutral amine-containing monomers are polymerized in a controlled 

manner and after characterization of the polymer using conventional characterization 

techniques in organic solvent, the amine functional groups are permanently quaternized using 

alkyl halides compounds for instance.12, 13 The second strategy relies on the direct RAFT 

polymerization of commercially available quaternary ammonium-containing monomers. Both 

approaches present some advantages. While the first strategy appears convenient to overcome 

the problems related to the restricted solvent solubility of both quaternary ammonium 

monomers and polymers (which are principally soluble in water), the second strategy allows to 

reduce the use of hazardous solvents and chemical reagents.  

Most of the studies concerning the RAFT polymerization of cationic monomers make 

use of dithiobenzoate11, 14-17 or trithiocarbonate chain-transfer agents (CTA),11, 17-20 due to the 

chemical nature of these monomers ((meth)acrylates, acrylamides, styrenic derivatives 

monomers…). Indeed, these RAFT agents are very suitable for controlling the polymerization 

of the abovementioned class of monomers.21 Very few permanently-charged cationic 

monomers have been polymerized by RAFT/MADIX polymerization using a xanthate as 

control agent. The group of Destarac et al. reported the synthesis of either poly[(3-

acrylamidopropyl)trimethylammonium chloride] (PAPTAC)22, 23 or 

poly(diallyldimethylammonium chloride) (PDADMAC)24 cationic polymers, using O-ethyl-S-

(1-methoxycarbonyl)ethyl dithiocarbonate chain transfer agent. PAPTAC polymers with 

experimental molar masses close to the theoretical ones were obtained (reference 22: Mn,PAPTAC 

= 2000 or 10000 g.mol-1, no reported value of dispersity Đ (NMR characterization); reference 
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23: Mn,PAPTAC = 1000 g.mol-1, Đ = 1.5), attesting the ability of the xanthate agent to control the 

polymer chain growth. A moderate control of DADMAC polymerization was obtained (Đ 

values ranging from 2.0 to 3.9 and Mn,exp lower than Mn,theo) and was ascribed to the occurrence 

of chain transfer to ethanol rather than to a low transfer constant (Ctr) of xanthate agent for 

RAFT polymerization of DADMAC. The authors determined a Ctr value equals to 18 (Ctr = 

ktr/kp) for DADMAC RAFT polymerization. Both types of polymers (PAPTAC and 

PDADMAC) were successfully chain-extended to produce double hydrophilic block 

copolymers, which evidenced the presence of the xanthate reactive chain-end at the end of the 

first block synthesis. 

The objective of the present work is to synthesize and characterize cationic macromolecular 

chain-transfer agents to be used latter as reactive macromolecular stabilizer for the emulsion 

polymerization of N-vinylcaprolactam. For that purpose, poly[2-

(acryloyloxy)ethyl]trimethylammonium chloride polymers are synthesized by RAFT/MADIX 

polymerization, using O-ethyl-S-(1-ethoxycarbonyl)ethyldithiocarbonate as chain-transfer 

agent. Despite the xanthate agents are not the most suitable chain transfer agents to mediate the 

polymerization of acrylates, this chain-transfer agent was chosen as suitable chain-end to 

promote a fast transfer of the growing PVCL chains to the reactive cationic macromolecular 

stabilizer during the second step of VCL emulsion polymerization.25 By varying the initial 

[Monomer]0/[Xanthate agent]0 ratio, different degrees of polymerization of the cationic 

polymer are targeted. The synthesized cationic polymers are characterized by different 

techniques (SEC, A-4F, DOSY-NMR, MALDI-TOF) to assess their macromolecular features.  

 

II. Experimental part 

 Materials  

[2-(acryloyloxy)ethyl]trimethylammonium chloride solution (AETAC, Arkema, 98 wt-% in 

water) was passed under inhibitors remover (Sigma Aldrich, 0.1 g in order to purify 50 mL of 

monomer) before use. 4,4'-azobis(4-cyano)pentanoic acid (ACPA, Fluka, 98 %), 1,3,5-trioxane 

(Sigma Aldrich, 99 %), 2-propanol (Sigma Aldrich, 99 %), cetyltrimethylammonium bromide 

(CTAB, Sigma Aldrich, 99 %) and sodium chloride (Sigma Aldrich, 99 %) were used as 

received. A mixture of deionized water and ethanol (VWR, technical grade, 98 %) was used as 

solvent for the synthesis of P(AETAC-X) and P(AETAC) polymers. Tetrahydrofuran (THF; 

VWR, technical grade, 99 %) was used as precipitation solvent. The O-ethyl-S-(1-
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ethoxycarbonyl)ethyldithiocarbonate molecular transfer agent was synthesized according to the 

procedure described in the Part 1 - Chapter 1. 

 Synthesis of P(AETAC-X) macromolecular chain transfer agents 

and P(AETAC) polymer  

In a typical experiment of the synthesis of P(AETAC-X) (for example, expt 2 in Table 2), 

xanthate agent (49.8 mg, 2.2 × 10-4 mol), ACPA initiator (4.5 mg, 1.4 × 10-5 mol), AETAC 

monomer (3.0 g, 1.6 × 10-2 mol) and 1,3,5-trioxane (142 mg, 1.6 × 10-3 mol) were introduced 

in a 25 mL round-bottom flask and dissolved in a mixture of 4.5 g of water and 0.5 of ethanol 

(90/10 wt-%). The reaction mixture was degased by nitrogen bubbling for 20 min at 0°C, under 

stirring. A sample was withdrawn under nitrogen at time t = 0. The flask was placed into an oil 

bath previously heated at 60°C and the reaction was allowed to continue for 6 h. Samples were 

withdrawn under nitrogen at different time intervals, until the reaction was stopped by cooling 

down into an ice-water bath and introduction of oxygen in the mixture. The polymer was then 

precipitated into cold THF, dissolved in water and freeze-dried. Polymers were obtained as 

powders. 

The final monomer conversion (X) was calculated from nuclear magnetic resonance spectra 

according to Equation 1. 

𝑋 =  1 −  
(

𝐼 1𝐻𝑚𝑜𝑛𝑜.
𝐼 1𝐻𝑡𝑟𝑖𝑜𝑥.

⁄ )
𝑡

(
𝐼 1𝐻𝑚𝑜𝑛𝑜.

𝐼 1𝐻𝑡𝑟𝑖𝑜𝑥.
⁄ )

0

 Equation 1 

I1H,triox corresponds to the integral of one proton of 1,3,5-trioxane (5.1 ppm, 6H) used as internal 

standard and I1H,mono corresponds to the integral of the vinylic proton of AETAC monomer at 

5.9-6.4 ppm. Figure 1 presents the 1H NMR attributed spectrum in DMSO-d6 of the crude 

sample withdrawn at t = 0 for AETAC polymerization. 
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Figure 1. 1H NMR spectrum in DMSO-d6 of the crude sample withdrawn at t = 0 for AETAC 

polymerization. 

 

Xanthate chain-end cleavage of P(AETAC-X)76 polymer. The xanthate chain-end of P(AETAC-X)76 

polymer (expt 2 in Table 2) was cleaved according to a described procedure,26 proceeding as 

follows: P(AETAC-X)76 (1.0 g, ntheo. = 7.1 × 10-5 mol) was dissolved in 160 g of double 

deionized (DDI) water and placed into a 250 mL jacketed reactor, fitted with a reflux condenser, 

stainless steel stirrer, sample device, and nitrogen inlet tube reactor. The polymer solution was 

stirred at 300 rpm and purged with nitrogen for 40 minutes at room temperature before heating 

to 70 °C. When the targeted temperature was reached, ADIBA initiator (0.474 g, 1.4 × 10-3 mol, 

20-fold molar excess with respect to the polymer) dissolved in 10 g of DDI water was added 

under nitrogen flow. The solution was stirred for one hour at 70°C before cooling down to 25°C. 

The final solution was dialyzed against distilled water for one week to remove the excess of 

initiator (Spectra/Por, Mw cut-off: 12,000 - 14,000 Da). The modified polymer was recovered 

by freeze-drying the dialyzed solution. This polymer will be named as P(AETAC-X)76, cleaved in 

the following work. 

 Characterization methods  

UV-Visible spectroscopy. The xanthate molecular chain-transfer agent, P(AETAC-X) and 

P(AETAC) polymers were characterized by UV-Visible spectroscopy in a mixture of 
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water:isopropanol (67:33 v:v%), with a Shimadzu UV-2450PC spectrophotometer. The 

polymers were systematically precipitated once into THF prior characterization to remove any 

unreacted molecular CTA. The molar extinction coefficient of the molecular xanthate agent 

(ɛxanthate) was determined in water:isopropanol (67:33 v:v%) from the slope of absorbance 

versus concentration at two different wavelengths (λ1 = 306 nm and λ2 = 355 nm, Figure 4).  

Nuclear Magnetic Resonance (NMR) spectroscopy. Proton nuclear magnetic resonance 

spectroscopy (1H NMR) spectra were recorded on a Bruker 400 MHz spectrometer at 25°C. 

DMSO-d6 was used as solvent for the determination of monomer conversions and D2O was 

used as solvent for NMR analysis of the precipitated P(AETAC-X) and P(AETAC) polymers. 

Polymers were characterized by Diffusion-ordered NMR spectroscopy (DOSY-NMR) either in 

D2O or in 0.1 M NaCl D2O solutions using the bipolar longitudinal eddy current delay pulse 

sequence (BPLED). The spoil gradients were also applied at the diffusion period and the eddy 

current delay. Typically, a value of 2 ms was used for the gradient duration (δ), 150 ms for the 

diffusion time (Δ), and the gradient strength (g) was varied from 1.67 G.cm-1 to 31.88 G.cm-1 

in 32 steps. Each parameter was chosen to obtain 95 % signal attenuation for the slowest 

diffusion species at the last step experiment. The pulse repetition delay (including acquisition 

time) between each scan was larger than 2s. Data acquisition and analysis were performed using 

the Bruker Topspin software (version 2.1). The T1/T2 analysis module of Topspin was used to 

calculate the diffusion coefficients and to create 2-D spectra with NMR chemical shifts along 

one dimension and the calculated diffusion coefficients along the other.  

Matrix assisted laser desorption ionization-time of flight mass spectrometry (MALDI-ToF MS). MALDI-

TOF MS analyses were performed in collaboration with either ISM-CESAMO, Bordeaux or 

Polymat Institute, San Sebastian.  

MALDI-TOF MS measurements were performed on a Bruker Autoflex Speed system (Bruker, 

Germany) instrument equipped with a 355 nm Nd:YAG laser. All spectra were acquired in the 

positive-ion reflectron mode (accelerating voltage 20 kV, pressure 5 × 10−6 mbar).  

P(AETAC-X)9 was analyzed using different matrices and cationizing agents as reported in 

Table 1. Samples were prepared by dissolving the product in methanol at a concentration of 1 

mg.mL-1.  
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Table 1. Matrices and cationizing agents used for the MALDI-TOF analysis of P(AETAC-X)9 polymer 

at 1 mg.mL-1 in methanol. 

Matrix Cationizing agent 

Dithranol NaTFA 

CHCA NaI 

CHCA KTFA 

DCTB NaI 

DCTB KTFA 

CHCA: α-cyano-4-hydroxycinnamic acid, NaTFA: sodium trifluoroacetate, DCTB: trans-2-[3-(4-tert-

butylphenyl)-2-methyl-2-propenylidene] malononitrile. 

Size exclusion chromatography (SEC). SEC analysis were carried out in collaboration with IMP, 

INSA/Université Claude Bernard, Lyon 1. The SEC system operates at a flow rate of 0.5 

mL.min-1. The SEC apparatus is equipped with a set of two columns specific to cationic 

polymers (TSK 6000 and TSK 2500) working in series, a Wyatt Heleos II Multi Angle Laser 

Light Scaterring detector (MALLS, 18 angles, λ0 = 664 nm) and a refractive index (RI) detector 

Optilab T-rEX. The polymer was dissolved in 0.15 mol.L-1 of ammonium acetate / 0.20 mol.L-

1 of acetic acid buffer (pH 4.5), at concentrations of either 3 or 1.5 mg.mL-1.  

The percentage of mass recovery is defined as the mass of analyte recovered at the end of the 

analysis: % mass recovery = (mpolymer eluted / mpolymer injected)  100.  

Asymmetric flow field-flow fractionation (A-4F). Two runs of A-4F characterization were carried 

out, one in Polymat Institute, San Sebastian and the other at IPREM, Pau.  

Polymat Institute, San Sebastian: A-4F analyses were carried out on a AF4 Wyatt Eclipse 3 

system, equipped with a RI detector Optilab T-rEX from Wyatt and Wyatt Dawn Heleos II 

MALLS detector (λ0 = 658 nm). Dimension of the channel: 290  70  50 mm; injection 

volume: 50 µL; focus flow rate: 3 mL.min-1; detector flow rate: 1.0 mL.min-1; cross-flow rate: 

3 mL.min-1. For all experiments, poly(ether sulfone) (PES) membranes with a 5 kDa molecular 

weight cutoff were used. Ultrapure water supplemented with 0.03 wt-% (5  10-3 mol.L-1) of 

sodium azide NaN3 salt was used as eluent. Polymer samples were prepared at a concentration 

of 6 mg.mL-1. 

IPREM, Pau: A-4F analyses were carried out on a AF4 Wyatt Eclipse 3 system, equipped with 

a RI detector Optilab T-rEX from Wyatt, a Wyatt Dawn Heleos II MALLS detector (λ0 = 658 

nm) and an UV-Visible detector (Agilent 1260 Infinity). Dimension of the channel: 290  70 

 50 mm; injection volume: 100 µL; constant detector flow: 1.0 mL.min-1. For all experiments, 
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poly(ether sulfone) (PES) membranes were used with either a 1 or a 10 kDa molecular weight 

cutoff. Sample solutions were prepared at a concentration of 5 mg.mL-1. Two types of eluents 

were used: 0.076 mol.L-1 disodium hydrogen phosphate (Na2HPO4) / 0.096 mol.L-1 sodium 

nitrate (NaNO3) / 0.004 mol.L-1 sodium phosphate monobasic (NaH2PO4) / 0.002 mol.L-

1sodium azide (NaN3) and the same eluent supplemented with 1  10-4 mol.L-1 of 

hexadecyltrimethylammonium bromide (CTAB) surfactant. The total ionic strength of both 

medium was equal to 0.18 M and the pH to 8. For a sake of clarity, the first buffer will be named 

as A-4F buffer throughout the following work and the second one as A-4F buffer + 0.1 mM 

CTAB. 

The molar mass Mw,i of each monodisperse slice of the fractogram was measured by the Debye 

plot from MALLS detector. The number-average molar mass (Mn) and dispersity (Đ = Mw/Mn) 

were calculated from Mw,i on the basis of 𝑀n
̅̅ ̅̅ =  

∑ 𝑁𝑖𝑀𝑖𝑖

∑ 𝑁𝑖𝑖
 and 𝑀w

̅̅ ̅̅̅ =  
∑ 𝑁𝑖𝑀𝑖

2
𝑖

∑ 𝑁𝑖𝑖 𝑀𝑖
. 

The specific refractive index increment value (dn/dc) of P(AETAC-X) polymers in ultrapure 

water was determined at 25°C with a Brookhaven Instruments Corp. differential refractometer, 

operating at a wavelength of λ = 620 nm, at concentrations ranging from 2.5 to 20 g.L-1. For 

evaluation of the data, the differential refractometer software version 5.32 was used The 

following value was measured: dn/dc = 0.1370 ± 0.0003 mL.g-1. 

The final value of dn/dc of P(AETAC-X) was 0.137 mL.g-1, which is in similar range of the 

value determined by Plamper et al in water with 25 mM NaNO3 and 0.2 g.L-1 NaN3 for a star-

shaped quaternized poly(N,N-dimethylaminoethyl methacrylate) (PDMAEMA) polymer 

(dn/dc = 0.109 mL.g-1).27  

Dynamic light scattering (DLS). The measurements of the hydrodynamic diameter (Dh) of 

P(AETAC-X)14 polymer (expt 4 in Table 3) for scattering angles θ ranging from 50 to 130°, 

were carried out using a home-made equipment. A He-Ne 139 mW power laser was used, 

operating at a wavelength of 532 nm. The polymer was dissolved at 2.5 and 5 g.L-1 in H2O + 

0.1 M NaCl or A-4F buffer solutions. For evaluation of the data, the NanoQ program 

(Cordouan) was used. The hydrodynamic diameters were calculated from the diffusion 

coefficient using the Stokes-Einstein equation 

 𝐷ℎ =  
𝑘B𝑇

3𝜋𝜂𝐷
 where T is absolute temperature (T = 298 K), the viscosity of the solvent 

(C = 0.891 cP), kB the Boltzmann constant and D the diffusion coefficient.  
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III. Results and discussion 

 Synthesis of P(AETAC-X) macromolecular chain transfer agents 

and P(AETAC) polymers  

The cationic polymers of [2-(acryloyloxy)ethyl]trimethylammonium chloride (AETAC) were 

synthesized by RAFT/MADIX polymerization, mediated by O-ethyl-S-(1-

ethoxycarbonyl)ethyldithiocarbonate chain-tranfer agent. The polymerizations were carried out 

in a mixture of water and ethanol, at 60°C for 6 hours (Scheme 2). 

 

Scheme 2. Synthesis of P(AETAC-X) polymers by RAFT/MADIX polymerization mediated by O-

ethyl-S-(1-ethoxycarbonyl)ethyldithiocarbonate (=xanthate chain transfer agent, CTA). 

 

In a RAFT controlled radical polymerization process, two conditions must be fulfilled to reach 

an optimal control of the polymerization: 1) a rapid exchange between propagating chains and 

the chain transfer agent (CTA), meaning that Ctr must be high; 2) use of a much lower 

concentration of initiator than that of CTA, i.e. choice of an adequate [CTA]0/[Initiator]0 ratio, 

to provide a balance between an acceptable rate of polymerization (Rp = kp [P˙] [M]) and a 

minimum level of dead chains (radical-radical termination, Rt = kt [P˙]2).21, 28  

In this context, the effect of the ratio between the initial concentrations of the xanthate chain-

tranfer agent (CTA) and the initiator (ACPA) on AETAC polymerization kinetics was first 

investigated. Table 2 presents the experimental conditions for experiments carried out in a 

mixture of water/ethanol (90/10 wt-%) at 60°C, during 6 h, with different initial concentrations 

of ACPA at constant concentration of CTA. 
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Table 2. Experimental conditions for the RAFT/MADIX polymerization of AETAC carried out during 

6 h at 60°C in a 90/10 wt-% water/ethanol mixture. 

Expt 
[AETAC]0 

mol.L-1 
[ACPA]0 

mol.L-1 
[CTA]0 

mol.L-1 

[AETAC]
0

[CTA]
0

 
[CTA]0
[ACPA]

0

 

1 1.92 5.6 × 10-3 2.55 × 10-2 75 5 

2 1.90 1.7 × 10-3 2.51 × 10-2 76 15 

 

Figure 2 shows the evolution of AETAC conversion (X) and logarithmic conversion with time 

for the synthesis of P(AETAC-X)76 with different ratios of [CTA]0/[ACPA]0.  

 

Figure 2. AETAC monomer conversion X (full symbols) and ln (1/(1-X)) (empty symbols) versus time 

for the synthesis of P(AETAC-X)76 mediated by xanthate chain-transfer agent in a mixture of 

water/ethanol (90/10 wt-%):  [CTA]0/[ACPA]0 = 5 (expt 1 in Table 2),  [CTA]0/[ACPA]0 = 15 

(expt 2 in Table 2). 

As expected, when decreasing the initiator concentration from [ACPA]0 = 5.6 × 10-3 mol.L-1 to 

[ACPA]0 = 1.7 × 10-3 mol.L-1, the polymerization rate of AETAC monomer decreases (Figure 

2). For the experiment carried out with [CTA]0/[ACPA]0 = 5, a plateau at 95 % of AETAC 

conversion is reached after one hour of polymerization. For the experiment performed with 

[CTA]0/[ACPA]0 = 15, an inhibition period of 30 min was observed before to reach a complete 

conversion of monomer after 6 hours of polymerization. For the later experiment, the 

semilogarithmic kinetic plots of the monomer conversion versus time is linear (Figure 2), 

indicating a constant concentration of propagating radical with time.   
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For all the experiments presented in the following work, the ratio of [CTA]0/[ACPA]0 was set 

to 15. Different degrees of polymerizations were targeted by tuning the initial 

[AETAC]0/[CTA]0 ratio from 16 to 76 (Table 3).  

Table 3. Experimental conditions and final monomer conversions for the synthesis of P(AETAC-X)n 

polymers by RAFT/MADIX polymerization and P(AETAC) polymer by free-radical polymerization, in 

a mixture of water/ethanol, at 60°C. 

Expt 
[AETAC]0 

mol.L-1 

Purity 

CTA 

% 

[CTA]0 

mol.L-1 

[AETAC]
0

[CTA]
0

 
[CTA]

0

[ACPA]
0

 
H2O 

/EtOH  

wt-% 

mEtOH

mCTA

 Xa
 

% 
Polymerb 

1 1.9 93 2.5 × 10-2 76 13 90/10 11 100 P(AETAC-X)76 

2 1.4 71 5.2 × 10-2 26 13 75/25 11 96 P(AETAC-X)25 

3 1.4 84 5.2 × 10-2 26 13 75/25 13 62 P(AETAC-X)16 (1) 

4 1.4 84 8.5 × 10-2 16 14 75/25 8 87 P(AETAC-X)14 

5 1.3 74 8.6 × 10-2 16 14 56/44 11 99 P(AETAC-X)16 (2) 

6 1.3 64 8.6 × 10-2 16 14 56/44 11 84 P(AETAC-X)13 

7 1.3 71 8.6 × 10-2 16 14 56/44 11 56 P(AETAC-X)9 

8 1.9 71 4.5 × 10-2 42 24 75/25 11 98 P(AETAC-X)41 

9 1.8 - - - - 90/10 - 99 P(AETAC) 
a X: Final monomer conversion at 6 h, Equation 1; b The polymers are named P(AETAC-X)n with n the 

theoretical degree of polymerization, DPtheo. = [AETAC]0/[CTA]0  X. 

 

In order to ensure the solubility of the xanthate chain-transfer agent in the reaction medium, the 

weight ratio of ethanol versus xanthate agent was set between 8 and 13 wt-% (Table 3). Note 

that for experiments performed with an insufficient amount of ethanol (methanol/mCTA ˂ 5, not 

shown in Table 3), the presence of xanthate droplets dispersed in the aqueous phase could 

clearly be perceived, indicating a poor solubility of the xanthate agent. For the reaction 

performed with the lowest concentration of CTA (expt 1 in Table 3, [CTA] = 2.5  10-2 mol.L-

1), the xanthate agent was soluble in a mixture of 90/10 water/EtOH. This explains the varying 

fraction of ethanol.  

For all the performed experiments, the final monomer conversion X is comprised between 60 

and 100 %, and seems to be independent of the initial ratio of either H2O/Ethanol or 

[CTA]0/[ACPA]0 (Table 3). As can be noticed in Table 3, a lack of reproducibility was 

observed for experiments performed in similar experimental conditions (expt 5, 6 and 7 in 

Table 3), as different final monomer conversions X were reached. This could be explained by 

the fact that different batches of xanthate agent (with diverse purities) were used for these 

different polymerizations. It has been shown that impurities in xanthate CTA was at the origin 

of inhibition period for VAc polymerization.29  
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 Characterization of P(AETAC-X) macromolecular chain transfer 

agents and P(AETAC) polymer  

2.i. UV-visible spectroscopy 

Prior to the characterization of the polymers of Table 3 by UV-visible spectroscopy, the 

molecular xanthate chain transfer agent was analyzed by UV-visible spectroscopy in a mixture 

of water:isopropanol (67:33 v:v%). The xanthate (dithiocarbonate) chemical group is associated 

with two characteristics resonance bands at wavelengths of 306 nm and 355 nm, together with 

an intense absorption between 200 and 280 nm (Figure 3). 

 

Figure 3. UV-Visible spectrum of O-ethyl-S-(1-ethoxycarbonyl)ethyldithiocarbonate at 2 mol.L-1 in a 

mixture of water:isopropanol (67:33 v:v%). 

 

The molar extinction coefficient (ε) of the xanthate agent at either λ = 306 or λ = 355 nm was 

determined as the slope of the absorbance versus concentration plots (Figure 4), according to 

Beer-Lambert law, see Equation 2. The linearity of absorbance versus the concentration for 

both wavelengths attests that these two bands are indeed characteristics of the xanthate agent. 

The values of the extinction molar coefficients of the xanthate CTA in water:isopropanol (67:33 

v:v%) mixture at 355 and 306 nm are respectively xanthate, 355 nm = 54 L.mol-1.cm-1 and xanthate, 

306 nm = 407 L.mol-1.cm-1.  

𝐴𝜆 =  𝜀𝜆 ×𝑙 ×𝐶 Equation 2 

Where Aλ is the absorbance (arbitrary units) and ελ is the molar extinction coefficient (L.mol-

1.cm-1) at a wavelength λ, l is the path length of the cuvette (cm) and C is the molar concentration 

(mol.L-1). 
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Figure 4. Absorbance of O-ethyl-S-(1-ethoxycarbonyl)ethyldithiocarbonate versus concentration for 

both wavelengths of 306 and 355 nm, in a mixture of water:isopropanol (67:33 v:v%). 

 

The polymers of Table 3 were characterized by UV-visible spectroscopy after one precipitation 

in THF. For a sake of clarity, selected spectra are reported in Figure 5 to be compared with two 

non-functionalized PAETAC polymers: 1) the P(AETAC) synthesized by free radical 

polymerization in the absence of xanthate CTA (expt 9 in Table 3) and 2) the P(AETAC-X)76, 

cleaved prepared by cleavage of the xanthate chain-end of the functional P(AETAC-X)76 polymer 

using a 20 fold excess of ADIBA initiator (Scheme 3), see experimental part. The cleaved 

P(AETAC-X)76, cleaved was dialyzed and freeze-dried prior to be analyzed by UV-visible 

spectroscopy. 

 

Scheme 3. Xanthate chain-end cleavage of P(AETAC-X)76 polymer. 
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Figure 5. UV-visible spectra of P(AETAC-X)n (black and blue plain lines, respectively expt 1 (n = 76) 

and 7 (n = 9) in Table 3) , P(AETAC-X)76, cleaved (black dashed line) and P(AETAC) (brown plain line, 

expt 9 in Table 3). Polymers in a mixture of water:isopropanol (67:33 v:v%). [P(AETAC-X)76] = 212 

g.L-1, [P(AETAC-X)9] = 28 g.L-1, [P(AETAC)] = 71 g.L-1 and [P(AETAC)76, cleaved] = 84 g.L-1. 

 

Both P(AETAC-X) polymers synthesized by RAFT polymerization exhibit the characteristic 

bands of the xanthate (dithiocarbonate) chemical group at 306 and 355 nm (Figure 5) while 

these bands are absent in the UV-visible spectrum of the P(AETAC) (expt 9 Table 3 and Figure 

5). The intensity of the characteristic bands of the xanthate chain-end at 306 nm and 355 nm 

drastically decreased after cleavage of the P(AETAC-X)76 (see P(AETAC-X)76, cleaved, Figure 

5). Moreover, the narrow band at 250 nm was observed only for the P(AETAC) and P(AETAC-

X)76, cleaved (Figure 5). These results confirm the presence of the xanthate chain-end in the 

P(AETAC-X) polymers synthesized by RAFT polymerization. Moreover, the overlay of UV-

visible (λ = 355 nm) and refractometer (RI) traces of the A-4F fractograms for P(AETAC-X)14 

polymer (Figure 6) depicts the presence of the dithiocarbonate chain-end and so the living 

character.  
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Figure 6. Overlay of the UV-visible (λ = 355 nm, dashed line) and refractometer (RI, plain line) traces 

of the A-4F fractograms for P(AETAC-X)14 polymer (expt 4 in Table 3). 

 

From the linearity of the logarithmic monomer conversion with time up to 100 % of conversion 

(Figure 2), a constant concentration of radicals along the polymerization suggests the low 

occurrence of termination reaction. The fraction of additional dead polymer chains (F) that do 

not carry thiocarbonylthio end group can be calculated from the number of chains created by 

the initiator (Equation 3). The theoretical values of F are below 5 mol-% for the series of 

polymerizations (see Table 4). 

𝐹 =   
[𝐴𝐶𝑃𝐴]0×(1−𝑒−𝑘𝑑×𝑡)

[𝐶𝑇𝐴]0
 Equation 3 

InEquation 3, [CTA]0 and [ACPA]0 are the initial concentrations of respectively the xanthate 

agent and the initiator, kd corresponds to the dissociation rate constant of the initiator (kd,ACPA, 

water, 70°C = 2.2 × 10-5 s-1)30 and t is the polymerization time.  

By considering a complete xanthate chain-end fidelity, the number-average molar masses (Mn) 

of the P(AETAC-X) cationic polymers were calculated from the UV-visible spectra of polymers 

on the basis of Equation 4.  

MnUV= 
mpolymer 

nxanthate (1 + F)
  g.mol-1 Equation 4 

In this calculation, the ratio between the mass of polymer (= mass of monomer units) and the 

number of moles of dithiocarbonate chain end calculated from Beer-Lambert relationship 

(nxanthate = (Absorbance  V)/ ɛxanthate) is considered.  

The theoretical number-average molar masses of the polymers (Mn) were calculated from 

Equation 5. 
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𝑀𝑛,𝑡ℎ𝑒𝑜. =  𝑀𝑥𝑎𝑛𝑡ℎ𝑎𝑡𝑒 +  
[𝐴𝐸𝑇𝐴𝐶]0 × 𝑋 × 𝑀𝐴𝐸𝑇𝐴𝐶

([𝑋𝑎𝑛𝑡ℎ𝑎𝑡𝑒]0+ [𝐴𝐶𝑃𝐴]0 × (1−𝑒−𝑘𝑑×𝑡))
Equation 5 

Where Mxanthate and MAETAC correspond to the molar masses of respectively the molecular 

xanthate agent (Mxanthate = 222 g.mol-1) and AETAC monomer (MAETAC = 194 g.mol-1), 

[AETAC]0, [Xanthate]0 and [ACPA]0 are the initial concentrations of respectively AETAC 

monomer, xanthate agent and ACPA initiator, X is the final monomer conversion (Equation 1), 

kd is the initiator dissociation constant (kd, ACPA, water, 70°C = 2.2 × 10-5 s-1)30 and t is the 

polymerization time. 

Table 4. Characterization of the P(AETAC-X)n cationic polymers synthesized by RAFT/MADIX 

polymerization. 

Expt Polymer F a 
Mn,theo

b
 

g.mol-1 
Mn,UV, 355 nm

c
 

g.mol-1 
[P(AETAC-X)n]UV

d
 

g.L-1 

1 P(AETAC-X)76 0.025 14 450 17 530 212 

2 P(AETAC-X)41 0.026 8 060 2 770 120 

3 P(AETAC-X)25 0.048 4 980 7 740 73 

4 P(AETAC-X)16 (1) 0.049 3 280 4 550 49 

5 P(AETAC-X)16 (2) 0.027 3 140 7 970 47 

6 P(AETAC-X)14 0.045 2 850 9 300 43 

7 P(AETAC-X)13 0.017 2 720 11 180 50 

8 P(AETAC-X)9 0.027 1 870 1 170 28 
a Theoretical fraction of dead polymer chain (see Equation 3); b Theoretical number-average molar mass 

(Mn) calculated from Equation 5 at t = 6 h; c Experimental Mn calculated from UV-absorbance of 

precipitated P(AETAC-X) at 355 nm (A355nm < 1) ( Equation 4 and Figure 5) with xanthate, 355 nm = 54 

L.mol-1.cm-1 ( Equation 2 and Figure 4); d Concentartion of P(AETAC-X)n for UV-Visible analysis.  

 

As reported in Table 4, the values of the experimental Mn,UV based on UV-visible spectroscopy 

are in the range of the theoretical Mn calculated from Equation 5, highlighting the presence of 

xanthate chain-end. However, the values of Mn,UV don’t follow the trend of the theoretical Mn. 

The randomly distributed values question the level of accuracy of UV-Visible analysis, which 

can be ascribed to low signal to baseline ratio of the band at 355 nm. Before UV-visible 

characterization, all the P(AETAC-X) polymers were precipitated once in THF which is a good 

solvent of the xanthate agent. However, if the molecular xanthate agent was not totally removed 

during the first precipitation, the experimental Mn,UV,355 nm should be underestimated, nxanthate 

being overestimated ( Equation 4). In order to verify if one precipitation was sufficient to 

eliminate all the free molecular xanthate agent, the P(AETAC-X)13 polymer (expt 7 in Table 

4) was precipitated twice in THF. After each precipitation, the P(AETAC-X)13 was analyzed by 

UV-Visible spectroscopy. The values of the experimental Mn calculated from UV-absorbance 
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of P(AETAC-X)13 after the first and the second precipitations are similar (Table 5), which 

attests that most of the free xanthate agent was removed upon the first precipitation in THF.  

Table 5. Results of the UV-visible characterization of P(AETAC-X)13 polymer at 50 g.L-1 in a mixture 

of water:isopropanol (67:33 v:v%) after 1 or 2 precipitations in THF. 

Number of precipitation 
Mn,UV, 355 nm

a 

g.mol-1 

1 11 180 

2 11 880 
a Experimental Mn calculated from UV-absorbance of precipitated P(AETAC-X)13 at 355 nm (A355nm < 

1) ( Equation 4) with xanthate, 355 nm = 54 L.mol-1.cm-1 ( Equation 2 and Figure 4).  

 

2.ii. MALDI-TOF analyses 

As the targeted degrees of polymerization of the synthesized P(AETAC-X) polymers are low 

(10 < n < 80), MALDI-TOF spectrometry is a suitable technique to highlight the presence of 

xanthate chain-end. Some cationic polymers with molar masses below 5000 g.mol-1 have been 

previously analyzed by MALDI-TOF.31, 32 Locock et al.32 have shown that this technique was 

not suitable for the analysis of cationic copolymers with molar masses above 5000 g.mol-1, due 

to difficulties associated with ionizing larger species. Apart from the problem of achieving 

results from MALDI-TOF spectrometry for cationic polymers, the interpretation also becomes 

more complex due to the probable multiply charged species in the polymer chain.33  

In the present work, all the attempts to characterize the P(AETAC-X) polymer with the lowest 

theoretical molar mass (P(AETAC-X)9, expt 7 in Table 3) by MALDI-TOF were unsuccessful, 

which might suggest that P(AETAC-X) polymers have higher molar masses than the theoretical 

ones or that they are forming aggregates. Figure 7 depicts an example of MALDI-TOF 

spectrum obtained for the analysis of P(AETAC-X)9 polymer.  

 

Figure 7. MALDI-TOF spectrum of P(AETAC-X)9 in positive-ion reflectron mode (using DTCB as 

matrix and KTFA as cationizing agent). 
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2.i. SEC analysis in aqueous mobile phase 

The P(AETAC-X)76 polymer (expt 1 in Table 3, Mn,theo = 14 450 g.mol-1) was characterized by 

SEC at both 3 mg.mL-1 and 1.5 mg.mL-1 in 0.15 mol.L-1 ammonium acetate / 0.20 mol.L-1 acetic 

acid buffer (pH 4.5) using columns dedicated to the analysis of cationic polymers. The results 

of the SEC analyses are dependent on the polymer concentration. Indeed, for the analysis of 

P(AETAC-X)76 performed at 3 mg.mL-1 the chromatogram displays a shoulder at higher Mn, 

whereas a monomodal peak was observed at a polymer concentration of 1.5 mg.mL-1 (Figure 

8). Moreover, an increase of the polymer concentration provokes an increase of the Mn,MALLS 

value (Table 6). It has been previously observed that an increase of the polyelectrolyte 

concentration can lead to aggregation due to electrostatic interactions between polyions.34 

(a)

 

(b)

 

Figure 8. SEC chromatograms in 0.15 mol.L-1 ammonium acetate / 0.20 mol.L-1 acetic acid buffer (pH 

4.5) of P(AETAC-X)76 polymer. (a) [P(AETAC-X)76] = 3 mg.mL-1 and (b) [P(AETAC-X)76] = 1.5 

mg.mL-1. Plain line: RI signal; Dashed line: MALLS signal. 

For both concentrations, the number-average molar mass of the polymer is very high in 

comparison with the expected Mn (Table 6). Molar masses ranging between 1.3  106 to 4.3 

 106 g.mol-1 with gyration radius of 50 nm (Figure 9) suggest significant aggregation of the 

polymer in the eluent. Note that the dispersity values are low (Đ ˂ 1.2, Table 6).  

Table 6. Results of the SEC characterization of P(AETAC-X)76 cationic polymer (expt 1 in Table 3, 

Mn,theo = 14 450 g.mol-1) synthesized by RAFT/MADIX polymerization. 

[P(AETAC-X)76] 

mg.mL-1 

Mn,MALLS
a
 

g.mol-1 
ĐMALLS

a
 

Mass recovery 

% 

3 4 314 000 1.2 130 

1.5 1 278 000 1.1 66 
a Values obtained from the SEC analysis in aqueous eluent (ammonium acetate/acetic acid) with a 

MALLS detector, using (dn/dc)P(AETAC-X)n = 0.137 mL.g-1. 
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Moreover, the increase of the gyration radius (Rg) for increasing elution time (Figure 9) is the 

sign of an abnormal elution of the polymer. Indeed, for a normal elution, the polymer chains of 

lower Mn and lower gyration radius are eluting at higher elution volume (i.e. higher elution 

time). Such abnormal elution has already been observed for large branched polymers.35 The 

percentages of mass recovery are reasonable in both cases, which indicates that most of the 

polymer elutes out of the columns. 

 
Figure 9. SEC chromatograms (Full line: RI signal; Dashed line: MALLS signal) and evolution of the 

gyration radius Rg () of P(AETAC-X)76 polymer at 1.5 mg.mL-1 in 0.15 mol.L-1 ammonium 

acetate/0.20 mol.L-1 acetic acid buffer (pH 4.5). Note that the error bars on Rg values are smaller than 

the plots. 

In the literature, various eluents have been used for the SEC characterization of cationic 

polymers obtained by RAFT polymerization. Aqueous solution with 0.3 M Na2SO4 / 0.5 M 

acetic acid,14-16 with 0.05 M Na2SO4,
20 with 0.2 M NaNO3 / 50 mM TRIZMA buffer19 and very 

recently with 0.5 M acetic acid / 0.3 M NaH2PO4,
18 are example of eluents. Water/acetonitrile 

solution (80/20 wt-%) with 1 M of NH4NO3 salts has also been employed for low Mn 

polymers.23 In all these mentioned studies, polymer experimental Mn have been determined 

using calibration based on either poly(2-vinylpyridine)14-16 or poly(ethylene oxide)18-20, 23 

standards. It is well-known that the use of apparent molar masses (i.e., molar masses relative to 

standards) can induce a significant error on the molar mass determination, due to the different 

chemical nature and structure of the analyte compared to the standards, especially for 

polyelectrolytes in aqueous phase.36 
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P(AETAC-X)14 polymer was analyzed by dynamic light scattering at two concentrations in 

different media, either 0.1 M NaCl solution or A-4F buffer ([Salts] = 0.18 M, pH = 8, see 

experimental part for the details of the salts). The results are displayed in Figure 10. 

 
 

Figure 10. Angular dependence of the hydrodynamic diameter of P(AETAC-X)14 polymer (expt 4 in 

Table 3) measured in  0.1 M NaCl solution and  A-4F buffer: (a) [P(AETAC-X)14] = 2.5 mg.mL-1 

and (b) [P(AETAC-X)14] = 5 mg.mL-1 . 

For solutions containing 0.10 M to 0.18 M of salts, an angular dependence of the hydrodynamic 

radius at 5 mg.mL-1 was observed, while no q-dependence was displayed for the lowest polymer 

concentration of 2.5 mg.mL-1 (Figure 10). Förster et al.34 revealed that a variation of the 

diffusion coefficient with the wave vector with a negative slope (i.e. positive slope for Dh =f(q2)) 

was an evidence of intermolecular interactions. Therefore, the results of the dynamic light 

scattering measurements are coherent with those obtained for SEC analysis, suggesting polymer 

aggregation by increasing concentration. 

2.ii. A-4F analyses  

Asymmetrical flow field-flow fractionation (A-4F) is a technique of characterization which 

allows the separation of the analyte by its size. The sample is injected into a channel with a 

laminar flow, and a cross-flow perpendicular to the direction of the sample flow is applied. 

These hydrodynamic forces will allow diffusion-based separation of the sample and therefore 

size separation, as the diffusion coefficient of an analyte is related to its size. In comparison to 

size exclusion chromatography techniques, in A-4F, the separation mechanism is based on the 

diffusion of the analytes and not on the hydrodynamic exclusion volume with porous column, 

which allows to reduce in most cases unwanted interactions and adsorption effects. Also, 

macromolecules exhibiting low molar masses (i.e. high diffusion coefficients) elutes first (at 
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low elution volume) and macromolecules with high molar masses elutes latter (higher elution 

volume) due to their slower diffusion through the channel.33, 37 The fractograms exhibit inverse 

Mn = f(Ve) profile in comparison with SEC. 

In the present work, a first series of P(AETAC-X) were analyzed by A-4F using water solution 

with 0.03 wt-% (5  10-3 mol.L-1) of NaN3 salts. It should be noted that in salt-free solutions 

of the protonated poly(2-vinyl pyridine), Förster et al. highlighted intermolecular interactions 

as two relaxation modes were apparent in the correlation function recorded by DLS together 

with a negative slope of the scattered intensity versus the wave vector.34 However, it was also 

proved that a salt concentration of 0.003 M was sufficient to screen the intermolecular 

interactions of the polyelectrolyte as only one relaxation mode in DLS and a positive slope in 

SLS were observed.34  

The results of the A-4F characterization are given in Table 7 and the A-4F fractograms 

(MALLS signal) of some polymers are depicted in Figure 11.  

 
Figure 11. A-4F fractograms in ultra-pure water ([NaN3] = 5  10-3 M) of P(AETAC-X) polymers: 

P(AETAC-X)41 (expt 2 in Table 7), P(AETAC-X)25 (expt 3 in Table 7), P(AETAC-X)16 (1) (expt 4 in 

Table 7), P(AETAC-X)14 (expt 5 in Table 7) and P(AETAC-X)9 (expt 6 in Table 7).  
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Table 7. Results of the A-4F characterization performed in H2O ([NaN3] = 5  10-3 M) (see 

experimental part for conditions) of P(AETAC-X)n cationic polymers synthesized by RAFT/MADIX 

polymerization. 

Expt Polymer 
Mn,theo

a
 

g.mol-1 
Mn, A-4F, MALLS

b
 

g.mol-1 
ĐMALLS

b 
Mass recovery 

% 

1 P(AETAC-X)76 14 450 92 130 1.2 90 

2 P(AETAC-X)41 8 060 37 750 1.4 86 

3 P(AETAC-X)25 4 980 27 600 1.3 81 

4 P(AETAC-X)16 (1) 3 280 19 940 1.3 43 

5 P(AETAC-X)14 2 850 17 160 1.3 50 

6 P(AETAC-X)9 1 870 20 150 1.3 27 
a Theoretical Mn calculated from Equation 5 at t = 6h; b Values obtained from the A-4F analysis with a 

MALLS detector, using (dn/dc)P(AETAC-X)n = 0.137 mL.g-1.  

 

For all the polymers, the experimental Mn,MALLS values are approximately 10 times greater than 

the theoretical ones (Table 7). The number-average molar masses of the P(AETAC-X)n 

determined from the A-4F analyses with a MALLS detector (Mn,MALLS) follows the theoretical 

ones, i.e., Mn,MALLS decreases by decreasing the theoretical degree of polymerization n of the 

P(AETAC-X)n. This trend highlights the ability of the xanthate chain transfer agent to tune the 

experimental number-average molar mass of the P(AETAC-X) polymers. The low dispersity 

values (from Đ = 1.2 to 1.4) of the P(AETAC-X) confirm a control of polymer growth (Table 

7).  

The percentages of mass recovery are above 80 % for polymers with theoretical degree of 

polymerization (n) higher than 25 but mass recovery drops below 50 % for lower theoretical 

degree of polymerization (n < 16, Table 7). As a similar membrane with cut-off of 5 kDa was 

used, the incomplete mass recovery of the sample of lowest Mn might be due to diffusion of 

low Mn chains through the membrane. This might explain the constant value of Mn,MALLS 

measured for degree of polymerization n ranging between 16 and 9. 

Note that the gyration radius (Rg) doesn’t evolve with the elution time during the A-4F analysis 

of P(AETAC-X)76 (Figure 12) while SEC analysis revealed abnormal elution. Podzimek et al. 

have shown that for highly branched large macromolecules, the abnormal elution observed in 

SEC was eliminated by using A-AF.38 Also, the values of P(AETAC-X)76 gyration radius 

determined by A-4F analysis (~ 25 nm, Figure 12) are lower than the one given by SEC analysis 

(~ 50 nm, Figure 9), revealing a non-permanent size. 
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Figure 12. A-4F fractogram (Full line: RI signal; Dashed line: MALLS signal) and evolution of gyration 

radius (Rg) () of P(AETAC-X)76 polymer (expt 1 in Table 7) at 6 mg.mL-1 in ultra-pure water with 5 

 10-3 mol.L-1 of  NaN3 salts. The error bars on Rg values are reported.  

The fact that the average ratio between the experimental Mn calculated from UV-Visible 

spectroscopy and Mn measured by A-4F is equal to 8 (Figure 13, 
𝑆𝑙𝑜𝑝𝑒 (𝑀𝑛,𝑀𝐴𝐿𝐿𝑆= 𝑓(𝑛))

𝑆𝑙𝑜𝑝𝑒 (𝑀𝑛,𝑈𝑉= 𝑓(𝑛))
= 8), 

traduces a high number of xanthate groups per analyzed polymeric object, which might traduce 

the formation of polyelectrolyte aggregates.  

 

Figure 13. Evolution of Mn, UV () and Mn, A-4F, MALLS () as a function of the theoretical degree of 

polymerization (n) of the P(AETAC-X)n polymers. 

 

The P(AETAC-X)76 polymer was analyzed by diffusion-ordered NMR spectroscopy (DOSY-

NMR) at a concentration of 6 mg.mL-1 (Figure 14). DOSY-NMR allows for the identification 

of different components in the mixture by means of the acquisition of a two-dimensional 
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spectrum which correlates the diffusion coefficients of each component with their 

corresponding chemical shifts in 1H NMR spectrum.39  

(a) 

 

(b) 

 

Figure 14. Effect of NaCl concentration on the DOSY NMR spectra of P(AETAC-X)76 (expt 1 in Table 

3): (a) [P(AETAC-X)76] = 6 mg.mL-1 in D2O, (b) [P(AETAC-X)76] = 6 mg.mL-1 in [NaCl] = 0.1M in 

D2O. 

For P(AETAC-X)76 dissolved at 6 mg.mL-1 in either pure D2O or 0.1M NaCl D2O, two diffusion 

coefficients are observed (Figure 14), revealing the formation of aggregates in both cases. The 

addition of 0.1 M NaCl salts leads to an increase of the determined diffusion coefficient values 

(i.e., smaller diffusing species), which might be ascribed to a partial screening of the 

electrostatic interactions, hence reducing the apparent hydrodynamic diameter of the 

polyelectrolytes. However, the interchain interactions are not fully suppressed in the presence 

of 0.1 M NaCl salts as two diffusion coefficients are still observed (Figure 14). 

The effect of the polymer concentration on the behavior of P(AETAC-X)76 in salt-free solution 

(pure D2O) was also studied by DOSY NMR (Figure 15). 
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(a) 

 

(b) 

 

Figure 15. Effect of polymer concentration on the DOSY NMR spectra of P(AETAC-X)76 (expt 1 in 

Table 3): (a) [P(AETAC-X)76] = 1 mg.mL-1 in D2O, (b) [P(AETAC-X)76] = 6 mg.mL-1 in D2O. 

 

At both concentrations of 1 and 6 mg.mL-1 of P(AETAC-X)76 in D2O, two diffusion coefficients 

are observed on the DOSY-NMR spectra (Figure 15), suggesting the presence of aggregates in 

both cases. The diffusion coefficient D is concentration-dependent according to Equation 6. 

𝐷 =  𝐷0 (1 +  𝑘D𝐶p) Equation 6 

Where D0 is the translation diffusion coefficient extrapolated to zero concentration, kD is the 

dynamic second virial coefficient and Cp the polymer concentration.  

When plotting D as a function of Cp, a positive virial coefficient value denotes repulsive 

interactions between polymer chains, while a negative virial coefficient value indicates 

attractive interactions. In the present study, the plots of D versus the P(AETAC-X)76 

concentration (Figure 16) reveals attractive interactions among polymer chains for both types 

of populations (negative slopes in Figure 16). 
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Figure 16. Evolution of the diffusion coefficients determined by DOSY-NMR as a function of 

P(AETAC-X)76 concentration in D2O. 

 

Apart from the formation of aggregates, the difference observed between Mn,UV and Mn, A-4F, 

MALLS could also arise from the formation of branched structures bearing several xanthate chain-

ends per chain. Branched poly(acrylates) can be produced by intermolecular chain transfer 

reactions, as depicted in Scheme 4. Indeed, the formation of branched poly(acrylate) with more 

than one functional group per chain, has already been observed by Farcet et al. for the 

polymerization of n-butyl acrylate by nitroxide mediated polymerization.40 However, the 

authors proved by MALDI-TOF analyses that the majority of the chains contained one nitroxide 

per chains and fewer were composed of either 0 or 2 nitroxides.40 In the present work, the 

probability to form branched structures with an average of 8 xanthates per chains is low and 

these branched structures should be mixed with dead polymer chains (PnH), hence decreasing 

the average-number of xanthate per chain.  
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Scheme 4. Mechanism of formation of branched structures by intermolecular transfer reactions between 

polyacrylates. 

 

The plot of the gyration radius against molar mass can provide information about polymer chain 

conformation and was often used to highlight polymer branching. Indeed, the typical value of 

the slope of Rg = f(Mn) for linear random coils in thermodynamically good solvents is 0.6. Lower 

values indicate the presence of branching.38 In the present work, the slope is equal to 0.8, 

excluding the formation of highly branched structures containing 8 xanthates per polymer 

(Figure 17). This value of 0.8 traduces a macromolecular conformation of P(AETAC-X)76 

which is intermediate between random coils (slope = 0.5 – 0.6) and rods (slope = 1). Stretching 

of polyelectrolytes in low salt concentration aqueous solution can be observed, however, the 

value of the conformation plot (Rg = f(Mn)) should be carefully considered due to the large error 

bar on the Rg value (Figure 12). 
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Figure 17. Plot of the gyration radius (Rg) as a function of the molar mass for the A-4F analysis of 

P(AETAC-X)76 in water with 5  10-3 mol.L-1 of NaN3 salts. 

The SLS analyses of polyelectrolytes revealed complex picture of the properties of 

polyelectrolytes in solution.34 In very dilute regimes, the polyelectrolytes are expected to be 

fully stretched. In salt free conditions, for high polymer concentration (Cp > 1 g.L-1), flexible 

linear molecules were expected for high Cp while very large apparent gyration radius was 

observed.34 This gyration radius was even higher than for rigid rod structure and it was unlikely 

corresponding to single molecules but more to aggregates.  

The initial P(AETAC-X) concentration ranges from 1.5 to 6 mg.mL-1 for SEC and A-4F 

analyses but the fractionation of the chains induces a SLS analysis in dilute regime. Thus, we 

attempted to analyze the cationic polyelectrolytes by A-4F with higher concentration of salts to 

screen the electrostatic interactions among polyions. The chosen eluent was ultra-pure water 

with 0.076 M of Na2HPO4, 0.096 M of NaNO3, 0.004 M of NaH2PO4 and 0.002 M of NaN3 

salts with a total concentration of salts of 0.18 M (pH = 8).  

The first test was conducted with P(AETAC-X)14 polymer (expt 4 in Table 3) with the A-4F 

eluent (analysis condition 1, Table 8).  

 

 

 

0

20

40

60

80

100

120

140

0 500000 1000000

R
g

(n
m

)

Mn (g.mol-1)

Slope: 0.77 ± 0.04 



- Part II - Chapter 1 - Synthesis and characterization of cationic macromolecular chain-

transfer agents by RAFT/MADIX polymerization  

- 147 - 

 

Table 8. Analysis conditions for the runs of A-4F characterization performed in Pau.a 

Analysis 

conditions 
Membrane Eluent Spacer Flowb Analyzed polymer 

Mass 

recovery 

% 

1 PES 1 kDa A-4F buffera 350 µm 
FOC1 DF0.5 

CF1 

P(ATAEC-X)14 

(expt 4 in Table 3) 
9 

2 PES 1 kDa 

A-4F buffer  

+ 0.1 mM 

CTAB 

350 µm 
FOC1 DF0.5 

CF1 

P(ATAEC-X)14 

(expt 4 in Table 3) 
51 

3 PES 1 kDa 

A-4F buffer  

+ 0.1 mM 

CTAB 

490 µm 
FOC1 DF0.5 

CF1 

All the polymers of 

Table 3 
73 ± 17c 

4 PES 10 kDa 

A-4F buffer  

+ 0.1 mM 

CTAB 

350 µm 
FOC1 DF0.5 

CF1 

P(ATAEC-X)76 

(expt 1 in Table 3) 
44 

5 PES 10 kDa 

A-4F buffer  

+ 0.1 mM 

CTAB 

350 µm 
FOC1 DF0.5 

CF2 

P(ATAEC-X)76 

(expt 1 in Table 3) 
50 

6 

Regenerated 

cellulose 10 

kDa 

10 mM NaCl 490 µm Elution 
P(ATAEC-X)14 

(expt 4 in Table 3) 
35 

a A-4F buffer: 0.076 M Na2HPO4/0.096 M NaNO3/0.004 M NaH2PO4/0.002 M NaN3; b FOC: Focus 

flow, DF: Detector Flow and CF: Cross-flow, the number after corresponding to the flow rate in mL.min-

1; c Average value of the percentages of mass recovery obtained for the different injected samples; 

(dn/dc)P(AETAC-X)n = 0.137 mL.g-1. 

 

 

Figure 18. A-4F fractogram (Full line: RI signal; Dashed line: MALLS signal) of P(AETAC-X)14 

polymer (expt 4 in Table 3) at 5 mg.mL-1 in A-4F buffer (Analysis conditions 1 in Table 8). 

The obtained fractogram is displayed in Figure 18 and a Mn, MALLS value of 7400 g.mol-1 was 

calculated. This value is in similar range than the experimental molar mass obtained from UV-
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visible analysis (Mn, UV = 9300 g.mol-1) but higher than the theoretical one (Mn, theo = 2850 g.mol-

1) and lower than the molar mass obtained from A-4F analysis performed in water with 5  10-

3 M of NaN3 salts (Mn, A-4F, MALLS = 17160 g.mol-1). However, this A-4F result should be 

carefully taken into account as only 9 % of the polymer was fractioned and analyzed (9 % of 

mass recovery). In addition, the polymer signal could be detected in three blank samples 

injected after the polymer analysis, revealing a possible interaction between the analyte and the 

membrane. Indeed, the most important limitation for the characterization of cationic samples 

by A-4F is adsorption onto the membrane, which acts as accumulation wall.33, 41 The sample 

can interact with the membrane by means of electrostatic and/or hydrophobic interactions. 

Various parameters can influence these interactions: the chemical nature of the membrane, of 

the eluent (pH, ionic strength, nature of the salts, presence of surfactants), the 

hydrophilic/hydrophobic balances of the sample and the membrane, among many others. For 

example, membranes based on regenerated cellulose present a pKa around 3.4. Therefore, they 

are negatively charged at neutral pH and attractive interactions between polycation analyte and 

membrane are enhanced.33 These electrostatic interactions can thus be reduced by using eluents 

with acidic pH or by adding surfactants and/or increasing the ionic strength to screen the 

charges. 33, 37, 41 Even if neutral poly(ether sulfone) membranes are used in this study, the 

presence of hydrophobic interactions between the sample and the membrane can explain the 

low percentage of mass recovery. Moreover, it has been shown that PES membrane can also 

interact selectively with salts, leading to a formation of a salt layer adsorbed onto the membrane 

surface, conferring either a cationic or anionic surface zeta potential to the membrane.42, 43 

In this study, we attempted to add a cationic surfactant (CTAB) to the eluent to limit the 

interactions of the cationic P(AETAC-X) polymers with the membrane. The added 

concentration of the surfactant should be kept below its critical micellar concentration (CMC) 

to prevent the formation of micelles which can generate unwanted population of eluting species 

that may interfere with the detection of similar size analytes.37 As the CMC of CTAB in water 

is equal to 1 mM at 25°C,44 we chose to work with a CTAB concentration of 0.1 mM. 

For the first test conducted with P(AETAC-X)14 polymer (expt 4 in Table 3) with A-4F solvent 

supplemented with CTAB (analysis condition 2, Table 8), a 51 % mass recovery was reached, 

which confirms that the use of CTAB allows to reduce the interactions between the sample and 

the membrane, without suppressing it completely. For this experiment, the fractogram 

presented a bimodal distribution (Figure 19). The detection wavelength of the UV-Visible 
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detector was set to λ = 355 nm, which corresponds to the characteristic absorption wavelength 

of the xanthate agent. Since CTAB does not absorb the light at such wavelength, the presence 

of the UV signal in the fractogram can only be related to the presence of the polymer 

dithiocarbonate chain-end (Figure 19). As the UV signal is present on both peaks of the 

fractogram, these peaks can be ascribed to polymer signal. Due to the overlaps of the peaks, the 

determination of the molar mass integrating each peak was tough. The narrow peak observed 

at low elution volume was absent from the A-4F fractograms obtained either in pure water or 

A-4F solvent and presents high molar masses. This peak might be due to some interactions 

between the sample and the surfactant. 

 

Figure 19. A-4F fractogram (Full line: RI signal; Dashed line: MALLS signal, Dotted line: UV-Visible 

signal at λ = 355 nm) and evolution of Mn with elution time (Full line) of P(AETAC-X)14 polymer (expt 

4 in Table 3) at 5 mg.mL-1 in A-4F buffer + 0.1 mM CTAB (Analysis conditions 2 in Table 8). 

 

In A-4F technique, the thickness of the spacer can influence the fractionation and elution 

processes by controlling the parabolic profile velocity in the channel (an increase of the 

thickness provokes an increase of the sample residence time in the channel).37 We attempted to 

increase the spacer thickness (analysis condition 3, Table 8) in order to separate the two peaks 

observed in Figure 19. This strategy was not conclusive as, for all the polymers, the two peaks 

were still overlapping in the fractograms (Figure 20), preventing an accurate determination of 

the number-average molar masses. 
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Figure 20. A-4F fractogram (Full line: RI signal; Dashed line: MALLS signal, Dotted line: UV-Visible 

signal at λ = 355 nm) of P(AETAC-X)14 polymer (expt 4 in Table 3) at 5 mg.mL-1 in A-4F buffer + 0.1 

mM CTAB (Analysis conditions 3 in Table 8). 

 

The elution and separation processes are also dependent on the applied flow rates, and 

especially, the cross-flow rate. Due to pressure limitations imparted by the use of a membrane 

with a molecular-weight cut-off of 1 kDa, a membrane with larger cut-off (10 kDa) was used 

in order to assess the effect of the flow rates on the separation process (Analysis conditions 4-

5 in Table 8). Tests were conducted with the polymer of higher theoretical degree of 

polymerization (P(AETAC-X)76, expt 1 in Table 3). By simply changing the molecular weight 

cut-off of the membrane (Analysis conditions 4 in Table 8), same allure of the fractogram was 

obtained as those obtained in the same conditions but with the 1 kDa membrane (i.e., two 

peaks). An increase of the cross-flow rate (FC2, analysis conditions 5 in Table 8) led to a non-

fractionation of the samples, i.e., all the analyte was eluted when the flows were turned off at 

the end of the analysis (Figure 21). 
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Figure 21. A-4F fractogram (Full line: RI signal; Dashed line: MALLS signal, Dotted line: UV-Visible 

signal at λ = 355 nm) of P(AETAC-X)76 polymer (expt 1 in Table 3) at 5 mg.mL-1 in A-4F buffer + 0.1 

mM CTAB (Analysis conditions 5 in Table 8). 

 

For the analysis of cationic polymers by A-4F, strong attractive electrostatic interactions 

between the membrane and the analyte can be useful as it leads to the adsorption of a polymer 

layer onto the surface of the membrane, and thus to a passivation of the membrane. Indeed, the 

positive charge density confered to the membrane by the adsorbed polymer layer will increase 

the repulsive forces between analytes and membrane during further injections and so might 

prevent additional adsorption.27, 33 Therefore, we decided to elute P(AETAC-X)14 polymer 

through a negatively charged regenerated cellulose membrane (pKa = 3.4), in an attempt to 

promote attractive interactions between the cationic polymer and the membrane. For this study, 

an aqueous solution containing 10 mM of NaCl salts was used as eluent (Analysis conditions 6 

in Table 8). However, the polymer signal could be detected in five blank samples (eluent) 

injected after the polymer elution, revealing an unsuccessful complete passivation of the 

membrane. Nevertheless, the presence of P(AETAC-X) in blank samples is sign of polymer 

adsorption phenomena, preventing an accurate analysis of the complete cationic P(AETAC-X) 

sample with the chosen eluent. 
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As a conclusion of this part, water with 5  10-3 mol.L-1 of  NaN3 salts appears to be the most 

suitable eluent for the characterization of P(AETAC-X) polymers by A-4F, allowing a good 

fractionation of the analyte while obtaining high percentages of mass recovery. Schubert et al. 

have shown that, for the A-4F analysis of different cationic polymers using a regenerated 

cellulose membrane, water containing 0.02 % NaN3 was also the best eluent among those 

tested.33 However, in the present work, the Mn, A-4F, MALLS of the P(AETAC-X) polymers are ten 

times greater than the theoretical Mn and experimental Mn calculated from UV-Visible 

spectroscopy, questioning about the presence of polymer aggregates in aqueous eluent with low 

salt concentration. 

The different attempts to characterize P(AETAC-X) polymers in A-4F eluent with higher salt 

concentration (0.18 M) revealed that the characterization of these cationic polymers by A-4F 

technique is not straightforward. It should require a deep optimization of the analysis 

conditions, in terms of eluent, membrane, set-up of the equipment, among other parameters to 

consider. Such optimization falls out of the scope of this thesis and should be considered as a 

perspective.  

As polyelectrolytes exhibit complex behavior in aqueous solutions, a way to overcome this 

problem could be to transpose their characterization to organic solvent. On the basis of previous 

studies on poly(ionic liquids),45 we attempted to favor a counter-anion exchange of P(AETAC-

X)13 polymer, using a weakly coordinating anion (bis(trifluoromethylsulfonyl) imide Tf2N
-), in 

order to lead to THF soluble polymer. This experiment was performed in collaboration with 

Karlsruhe Institute of technology, Germany. The occurrence of counter-anion exchange should 

be carefully monitored by electrospray ionization mass spectrometry (ESI-MS).45 However, the 

P(AETAC-X) polymer could not be analyzed by ESI-MS, probably due to the high Mn of the 

sample. Counter-anion exchange can also be carried out using a negatively charged surfactant 

as for instance, sodium dodecylbenzenesulfonate (SDBS),46 to transpose a polycation into an 

organic solvent via the introduction of alkyl chains. This strategy is under current investigation 

at IPREM, Pau. We preliminary observed that the counter-anion exchange between P(AETAC-

X)13 and SDBS induces a precipitation of the P(AETAC-X)13-SDBS in water. However, SLS 

analysis might be difficult due to the very low value of dn/dc measured in DMSO 

((dn/dc)P(AETAC-X)-SDBS = 0.02 mL.g-1). 
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IV. Conclusions 

Poly[2-(acryloyloxy)ethyl]trimethylammonium chloride (PAETAC) cationic polymers were 

synthesized by RAFT/MADIX polymerization in a mixture of water:ethanol, using O-ethyl-S-

(1-ethoxycarbonyl)ethyldithiocarbonate as chain-transfer agent (CTA). After setting the 

optimal [CTA]0/[Initiator]0 ratio, various experiments were conducted to synthesize a series of 

polymers with different targeted degrees of polymerization by means of varying the initial 

[Monomer]0/[CTA]0 ratio. As a sake of comparison, a polymer was also synthesized by free-

radical polymerization, in the absence of xanthate agent. For all the experiments, monomer 

conversions above 60 % were reached after 6 hours of polymerization.  

The synthesized polymers were characterized by UV-visible spectroscopy. Comparison of the 

UV-visible spectra of the polymers synthesized by RAFT/MADIX polymerization and the 

polymer synthesized by free-radical polymerization confirmed the presence of the 

dithiocarbonate functional group at the polymer chain-end for the polymers synthesized by 

RAFT/MADIX polymerization. The reactive extremity of the polymer with a theoretical degree 

of polymerization equals to 76 (P(AETAC-X)76) was cleaved by using a 20 excess of initiator 

to highlight the decrease of the characteristic absorbance band of the xanthate chain-end. The 

number-average molar mass (Mn) of the P(AETAC-X) cationic polymers were calculated from 

the UV-visible spectra of polymers. The Mn, UV of the polymers were in a similar range than the 

theoretical Mn, in accordance with a high degree of living chains with xanthate chain-end. 

P(AETAC-X)76 was characterized by size exclusion chromatography (SEC). High experimental 

Mn values together with gyration radius of 50 nm and abnormal elution traduced significant 

aggregation of the polymer in the SEC conditions. The concentration-dependence of 

aggregation via intermolecular interaction was highlighted by dynamic light scattering 

performed in aqueous solution with 0.1-0.18 M of salt concentration.  

The characterization of P(AETAC-X) polymers by asymmetric flow field-flow fractionation 

was conducted in various analysis conditions. This study revealed the challenging 

characterization of the P(AETAC-X) cationic polymers by A-4F technique due to polymer-

membrane interaction. Among the different conditions tested in the present work, a poly(ether 

sulfone) 5 kDa membrane and water with 5  10-3 mol.L-1 of  NaN3 salts as eluent appeared to 

be the most suitable conditions for the characterization of P(AETAC-X) polymers by A-4F, 

allowing for a good fractionation of the analyte while obtaining high percentages of mass 

recovery. The decreasing values of Mn, A-4F, MALLS, 0.005 M NaN3 with increasing initial 
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concentration of xanthate chain transfer agent, together with dispersity values below 1.4, both 

attest a certain control of the xanthate-mediated RAFT polymerization of the cationic AETAC 

monomer. However, the values of Mn, A-4F, MALLS were ten times higher than the theoretical Mn 

and a high number of xanthate per analyzed chains was revealed by UV-visible spectrosocpy. 

This gap is most probably ascribed to the presence of aggregates.  

The characterization of the P(AETAC-X) cationic polymers is still a challenge due to their 

complex behavior in aqueous solution. Therefore, an accurate determination of the molar 

masses of the synthesized P(AETAC-X) polymers requires further investigations. In conclusion 

of this chapter, xanthate end-functionalized cationic P(AETAC-X) polymers with varying Mn 

were successfully synthesized by RAFT/MADIX to act as reactive hydrophilic stabilizer for 

VCL emulsion polymerization that will be investigated in Chapter 2. 
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I. Introduction 

Stimuli responsive polymers are defined as polymers that undergo physical or chemical 

changes in response to small external changes in the environmental conditions. The external 

stimulus are the temperature, electric or magnetic field, light, pH, ionic strength, specific 

molecules or enzymes, among others.1, 2 These polymers have received considerable attention 

within the last decade, due to their wide range of applications, especially in the biomedical field 

where they can be envisaged as potential drug delivery systems or biosensors.3-5 For such 

applications, stimuli-responsive microgels, i.e., crosslinked polymer particles able to swell in a 

good solvent and prevented from dissolution by cross-linking, are very promising candidates.6-

13 Special attention have been dedicated to thermoresponsive microgels that display a Volume 

Phase Transition Temperature (VPTT) in water, i.e., microgels that undergo a transition from a 

swollen to a collapsed state by increasing the temperature.13-17  

Among the different thermoresponsive polymers available for the design of microgels, 

poly(N-vinylcaprolactam) (PVCL) appears to be a promising candidate because of its 

biocompatibility and its lower critical solution temperature of 32°C-38°C, near to physiological 

temperature.18, 19 Therefore, the synthesis of PVCL-based microgels has been attracting a 

growing interest within the last years.20-37  

As mentioned in the introduction of Part II, the design of cationic thermoresponsive 

microgels appears to be very attractive for bio-applications. Indeed, cationic particles are able 

to interact with negatively charged biomolecules or surfaces of interest.13 Cationic PVCL-based 

thermosensitive microgels can be prepared by: 1) the use of either positively charged initiator 

or surfactant during the synthesis procedure,23, 27, 33, 38 or 2) copolymerization of the main 

monomer with cationic co-monomers.39-42 Concerning the first strategy, the low amount of 

surfactant used (as the use of surfactant can be problematic for biomedical applications) and/or 

the low content of cationic charges conferred by the initiator fragments both induce sufficient 

stabilization only at low solids content (< 2-5 wt-%). With regard to the second strategy, the 

introduction of cationic moieties into PVCL-based microgels leads to a shift of the volume 

phase transition temperature towards higher value.41, 43 Moreover, the amount of co-monomer 

and its distribution inside the network are parameters that play an important role in microgel 

swelling.44 Therefore, they should be carefully considered when designing cationic 

thermoresponsive microgels by copolymerization with a cationic co-monomer.  
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In the recent years, increasing attention has been focused on the use of reactive 

macromolecular stabilizers (macromolecular chain transfer agent or macroalkoxyamine) to 

synthesize thermoresponsive microgels by polymerization in aqueous dispersed-media.45-53 In 

such approach, the emulsion or precipitation polymerization is carried out in the absence of 

molecular surfactants while enabling the increase of solids content of the final dispersion.48 

Moreover, using a hydrophilic polymer acting as both stabilizer and macromolecular control 

agent is a straightforward way to synthesize core/shell particles with functional macromolecular 

shell. In the context of designing cationic thermoresponsive microgels, the use of cationic 

macromolecular stabilizer is expected to produce cationic core-shell microgels with a constant 

VPTT of the inner PVCL thermoresponsive network.  

In the present work, we focused our attention on the synthesis of stable PVCL-based 

thermoresponsive microgels by batch emulsion polymerization of N-vinylcaprolactam by using 

the reactive cationic macromolecular stabilizers synthesized by RAFT/MADIX polymerization 

described in Chapter 1 – Part II (Scheme 1). The influence of different synthesis variables (i.e, 

the concentrations of monomer, stabilizer, crosslinker and initiator) on the features of the 

microgel particles is thoroughly investigated. The inner morphology of the microgels is 

assessed by high-resolution 1H transverse relaxation NMR measurements. Finally, the 

stabilization efficiency of the reactive cationic stabilizers is compared with the one of either 

non-reactive polymeric stabilizers or a conventional cationic molecular surfactant 

(cetyltrimethylammonium bromide). 

 

Scheme 1. RAFT/MADIX polymerization of AETAC to synthesize the reactive cationic polymers 

(P(AETAC-X)) used as reactive stabilizers for the synthesis of thermoresponsive PVCL-based microgel 

by emulsion polymerization. 
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II. Experimental section 

1. Materials  

N-Vinylcaprolactam (VCL, Sigma Aldrich, 98%), ethylene glycol dimethacrylate (EGDMA, 

Sigma Aldrich, 98%), potassium persulfate (KPS, Sigma Aldrich, 99%), sodium bicarbonate 

(NaHCO3, Sigma-Aldrich, 99.7%), 2,2'-Azobis[2-(2-imidazolin-2-yl)propane] dihydrochloride 

(ADIBA or VA-044, Wako, 99%), cetyltrimethylammonium bromide (CTAB, Sigma Aldrich, 

99%), tris(hydroxymethyl)aminomethane hydrochloride (TRIZMA, Sigma Aldrich, 99%) and 

1,3,5-trioxane (Sigma Aldrich, 99%) were used as received. Different cationic buffers were 

used to control the pH for electrophoretic mobility measurements (all of them obtained from 

Sigma-Aldrich): glycine (pH 3), bis(2-hydroxyethyl)amino-tris(hydroxymethyl)methane (BIS-

TRIS base, pH 6-7) and TRIZMA-HCl (pH 7-9). All the buffers were prepared at ionic strength 

of 1 mM. Glycine buffer was also prepared at ionic strength of 10 mM. Double deionized (DDI) 

water was used throughout the work. 

2. Cationic reactive macromolecular stabilizers 

A series of three reactive cationic P(AETAC-X)n with varying degree of polymerization (n) 

(Table 1) which synthesis is presented in Chapter 1 - Part II of the manuscript were used as 

reactive stabilizers for the subsequent synthesis of PVCL-based microgels by emulsion 

polymerization. Apart from this series, two non-reactive cationic polymers were prepared, 

either by free-radical polymerization (P(AETAC)) or by cleavage of a xanthate-functionalized 

polymer (P(AETAC-X)76, cleaved) in order to compare their stabilization efficiency with the 

reactive P(AETAC-X)n polymers.  

Table 1. Reactive cationic polymers and non-reactive cationic polymers used as stabilizers for the batch 

emulsion polymerization of VCL (see Chapter 1 of Part II). 

Expt Polymer 

1 P(AETAC-X)9 

2 P(AETAC-X)16 (2) 

3 P(AETAC-X)76 

4 P(AETAC) 

5 P(AETAC-X)76, cleaved 
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3. Synthesis of PVCL-based microgels  

Microgels were synthesized by batch emulsion polymerization. For the synthesis of microgel 

particles stabilized by P(AETAC-X) (SC1-PX76 4-E4 in Table 2), 2 g of VCL (1.4 × 10-2 mol), 

0.08 g of P(AETAC-X)76 (4 wt-% with respect to monomer), 0.06 g of TRIZMA buffer (3.7 × 

10-4 mol), 0.13 g of 1,3,5-trioxane (1.4 × 10-3 mol) and 0.08 g of EGDMA (4.2 × 10-4 mol, 4 

wt-% with respect to VCL) were dissolved in 190 g of DDI water and placed into a 250 mL 

jacketed reactor, fitted with a reflux condenser, stainless steel stirrer, sample device, and 

nitrogen inlet tube reactor. The reaction mixture was purged with nitrogen for 30 min at room 

temperature and then for other 30 min during heating from 25 °C to 70 °C, at a stirring rate of 

300 rpm. The cationic initiator was added under nitrogen flow at 70°C (0.02 g of ADIBA 

dissolved in 10 g of DDI water, 1 wt-% with respect to VCL, 6.5 × 10-5 mol of ADIBA). The 

polymerization reaction was then allowed to continue with stirring for 4 h under nitrogen flow 

at 70°C. The reaction mixture was subsequently cooled to 25°C. The same procedure was 

applied for all the syntheses of PVCL-based microgels presented in this work.  

The initial solids content τ is calculated as follows: τ = (mVCL/mwater)0  100.  

Table 2. Experimental conditions for the batch emulsion polymerization of VCL performed at 70°C, 

using 1 wt-% of ADIBA initiator based on VCL and 3 wt-% of TRIZMA buffer based on VCL.a Reaction 

variables: initial solids content, weight fraction of the cationic polymeric stabilizer and its degree of 

polymerization and weight fraction of EGDMA crosslinker. 

Stabilizer 
τ 

wt-% 

Stabilizer 

wt-% VCL 

EGDMA  

wt-% VCL 
Reactionb 

P(AETAC-X)76 1 4 4 SC1-PX76 4-E4 

P(AETAC-X)76 5 4 4 SC5-PX76 4-E4 

P(AETAC-X)76 10 4 4 SC10-PX76 4-E4 

P(AETAC-X)76 1 4 8 SC1-PX76 4-E8 

P(AETAC-X)76 1 8 4 SC1-PX76 8-E4 

P(AETAC-X)76 5 8 4 SC5-PX76 8-E4 

P(AETAC-X)76 1 8 8 SC1-PX76 8-E8 

P(AETAC-X)16 1 4 4 SC1-PX16 4-E4 

P(AETAC-X)16 1 12 4 SC1-PX16 12-E4 

P(AETAC-X)9 1 4 4 SC1-PX9 4-E4 

P(AETAC-X)9 5 4 4 SC5-PX9 4-E4 
a Reaction conditions: rpm = 300, reaction time = 4 h; b Reaction name: SC for initial solids content, the 

number following indicates the wt-% of VCL based on water - PXn: reactive cationic polymeric 

stabilizer with n the degree of polymerization, the number following indicates the wt-% of stabilizer 

based on VCL - E: EGDMA crosslinker, the number following indicates the wt-% of EGDMA based 

on VCL. 
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4. Characterizations of polymers and colloids 

Proton nuclear magnetic resonance spectroscopy (1H NMR) spectra of the crude samples were 

recorded on a Bruker 400 MHz spectrometer at 25°C, in a mixture of D2O/H2O. 1H transverse 

relaxation (T2) NMR measurements were carried out on a Bruker Avance 500 NMR 

spectrometer, using an already described protocol.33, 54, 55 For these measurements, dialyzed 

microgel particles were centrifuged, freeze-dried and redispersed at 2 wt-% of solids content in 

deuterated water. For all measurements, the recycle delay time was 5 s and the dwell time was 

10 μs. The decay of transverse magnetization relaxation was measured using the Hahn-echo 

pulse sequence: 90°x-t-180°x-t-Hahn echo-(acquisition), where t is the echo time. Half of the 

Hahn echo decay was detected and Fourier transformed. The normalized integral intensity of 

various resonances was fitted by two-exponential decay functions using OriginPro8 program. 

Diffusion ordered spectroscopy (DOSY) NMR measurements in D2O of the dried supernatants 

recovered after one microgel centrifugation were performed using the bipolar longitudinal eddy 

current delay pulse sequence (BPLED). The spoil gradients were also applied at the diffusion 

period and the eddy current delay. Typically, a value of 2 ms was used for the gradient duration 

(δ), 150 ms for the diffusion time (Δ), and the gradient strength (g) was varied from 1.67 G.cm-

1 to 31.88 G.cm-1 in 32 steps. Each parameter was chosen to obtain 95% signal attenuation for 

the slowest diffusion species at the last step experiment. The pulse repetition delay (including 

acquisition time) between each scan was larger than 2 s. Data acquisition and analysis were 

performed using the Bruker Topspin software (version 2.1). The T1/T2 analysis module of 

Topspin was used to calculate the diffusion coefficients and to create 2-D spectra with NMR 

chemical shifts along one dimension and the calculated diffusion coefficients along the other.  

For the microgel synthesis, monomer conversion was calculated from nuclear magnetic 

resonance spectra of the crude sample dispersed in D2O, using 1,3,5-trioxane as internal 

standard according to Equation 1.  

xmono. = 1 - 
(
I 1Hmono.

I 1Htriox.
⁄ )

t

(
I 1Hmono.

I 1Htriox.
⁄ )

0

     Equation 1 

I1H,triox corresponds to the integral of one proton of 1,3,5-trioxane (5.1 ppm, 6 H) used as internal 

standard and I1H,mono corresponds either to the integration of the signal of VCL monomer at 7.1 

ppm or to the signal of EGDMA crosslinker at 6.2 ppm (Figure 1). 



 

- Part II - Chapter 2 - Cationic thermoresponsive PVCL-based microgels synthesized by 

surfactant free emulsion polymerization by using a reactive cationic macro-CTA 

- 164 - 
 

 

Figure 1. 1H NMR spectrum in D2O/H2O solution of a mixture of VCL, EGDMA and 1,3,5-trioxane (5 

wt-% of initial solids content, 4 wt-% of EGDMA based on VCL). 

 

Prior to colloidal characterization, the final microgel particles were dialyzed against distilled 

water for one week to remove unreacted reagents and impurities (Spectra/Por, Mw cut-off: 12 

000 – 14 000 Da).  

The final average hydrodynamic diameters (Dh) of the microgels were measured by photon 

correlation spectroscopy (PCS) (or dynamic light scattering, DLS), using a Zetasizer Nano ZS 

instrument (Malvern Instruments). Measurements were carried out at a solids content of 0.005 

wt-% from 10°C to 55°C, every to 2°C, except between 30 and 40°C where measurements were 

recorded each 1°C. Before each scan, the sample was maintained at the set temperature for 10 

min. The hydrodynamic diameters reported in this chapter were measured before the dialysis 

step. Indeed, the average hydrodynamic diameters of the microgels measured before and after 

dialysis, as a function of the temperature are similar, as reported in Figure 2. 
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Figure 2. Effect of the dialysis on the evolution of the average hydrodynamic diameters as a function 

of the temperature for the experiment performed at 1wt-% of initial solids content, using 8wt-% of 

P(AETAC-X)76 as stabilizer (SC1-PX76 8-E4 in Table 2):  Non-dialyzed and  Dialyzed samples; 

Full symbols: heating cycle, Open symbols: cooling cycle.  

 

Regarding the determination of volume phase transition temperature (VPTT) values of the 

microgels, curves showing the evolution of the final hydrodynamic diameter as a function of 

the temperature are generally fitted using a Boltzmann function. The minimum of the fit first-

order derivative is considered as the VPTT (Figure 3).  

 

Figure 3. Hydrodynamic diameters and hydrodynamic diameter derivative versus temperature for the 

experiment performed at 1 wt-% of initial solids content and 4 wt-% of P(AETAC-X)76 as stabilizer 

(SC1-PX76 4-E4 in Table 2):  Experimental data, Full line: Boltzman Fit of the experimental data, 

Dotted line: Fit first-order derivative. The VPTT is determined as the minimum of the hydrodynamic 

diameter derivative, i.e., as the temperature corresponding to the inflection point in the average 

hydrodynamic diameter as a function of temperature curves.  
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The swelling ratio Φ of the microgels was calculated following the expression: Φ = (Dh, 10°C/Dh, 

55°C)3 where Dh, 10°C and Dh, 55°C are respectively the average hydrodynamic diameters at 10°C 

(swollen state) and 55°C (collapsed state). 

The average number of microgel particles per liter of latex (Np, particles.L-1
latex) was calculated 

from the microgel average hydrodynamic diameter at the temperature of the collapsed state (Dh, 

55°C). 

Np= 
6 × τ

π ×(Dh, 55°C)
3
× ρPVCL

 Equation 2 

with τ: final solids content (g.L-1
latex), ρPVCL

56 = 1.23 g.cm-3, and Dh,55°C : microgel average 

hydrodynamic diameter at 55°C. 

Microgel electrophoretic mobility was measured using a Zetasizer Nano ZS instrument 

(Malvern Instruments). Dialyzed samples were diluted at 0.05 wt-% in cationic buffer solution 

at different pH (3, 6, 9) and ionic strength of 1 or 10 mM. Each sample was subjected to ten 

measurements at 25°C, with a 60 s delay between each measurement. 

Microgels were centrifuged for 3 h at 20 000 rpm, at 1 wt-% of solids content. Percentages of 

free-chains, i.e., the contents of water-soluble polymers formed during the polymerization 

process were determined by gravimetry from the supernatants obtained after microgel 

centrifugation. 

Transmission electron microscopy (TEM) was used for the direct observation of the microgel 

particles. Images of the centrifuged microgels were recorded on a JEOL JEM 100CXII 

equipment, at 100 kV. Microgel dispersions were deposited on a copper grid and dried before 

analyses.  
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III. Results and discussion 

For all the experiments presented in this section, reproducibility was assessed performing each 

experiment twice. 

1. Setting the experimental conditions for the synthesis of PVCL-based 

microgels 

This part of the work was dedicated to the setting of the experimental conditions to determine 

the optimum experimental variables in terms of nature of initiator, buffer, temperature, 

concentration of initiator and wt-% of stabilizer based on VCL to synthesize stable PVCL-based 

microgels in the presence of the reactive cationic polymeric stabilizer. 

1.i. Choice of the buffer and the initiator 

Imaz et al.57 previously showed that VCL monomer suffered hydrolysis in water due to the 

decrease of the pH of the reaction medium during polymerization initiated by potassium 

persulfate (KPS). This hydrolysis was evidenced by the presence of additional peaks 

corresponding to caprolactam and acetaldehyde compounds in the NMR spectrum of a sample 

withdrawn at the beginning of the reaction (at 7.5, 5.3, 3.3, 2.5, 1.3 ppm and 9.7, 2.3 ppm) and 

the disappearance of the signals corresponding to the vinylic protons of VCL. A mechanism of 

the hydrolysis of VCL under acidic conditions was proposed in this work, see Scheme 2. By 

adding the suitable concentration of NaHCO3 buffer to the aqueous continuous phase, the 

hydrolysis of VCL was avoided as a constant pH of 7 was maintained all along the 

polymerization.57  

 

Scheme 2. Hydrolysis mechanism of VCL under acidic conditions (from reference 57). 
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In this context, the first step of this work consisted in setting the suitable buffer to prevent VCL 

hydrolysis under the chosen reaction conditions. All the reactions were performed at 1 wt-% of 

initial solids content, at a temperature of 70°C, using 4 wt-% of both P(AETAC-X)76 reactive 

stabilizer and EGDMA crosslinker based on VCL and the ratio [Initiator]0/[VCL]0 was set to 

4.4  10-3 (Table 1).  

Table 3. Experimental conditions and results for the batch emulsion polymerizations of VCL carried 

out at 1 wt-% of initial solids content, at a temperature of 70°C, using 4 wt-% of both P(AETAC-X)76 

reactive stabilizer and EGDMA crosslinker based on VCL and a ratio [Initiator]0/[VCL]0 equals to 4.4 

 10-3.a Reaction variables: type of initiator and buffer, ratio [Buffer]0/[Initiator]0. 

Expt Initiator Buffer 
[Buffer]0 

mol.L-1 

[Buffer]
0

[Initiator]
0

 Observations  

6 KPS NaHCO3 1.0  10-3 3 No VCL hydrolysis - Final dispersion not stable 

7 ADIBA NaHCO3 1.2  10-3 4 No VCL hydrolysis - Final dispersion not stable 

8 ADIBA - - - Traces of VCL hydrolysis - Final dispersion stable 

9 ADIBA TRIZMA 9.8  10-4 3 Traces of VCL hydrolysis - Final dispersion stable 

10 ADIBA TRIZMA 1.8  10-3 6 No VCL hydrolysis - Final dispersion stable 
a Reaction conditions: rpm = 300, reaction time = 4 h, [Initiator]0 = 3.2  10-4 mol.L-1. 

 

When using sodium bicarbonate as buffer (NaHCO3, expt 6 and 7 in Table 3), with ADIBA or 

KPS as initiator, no peaks corresponding to either caprolactam or acetaldehyde could be 

detected on the NMR spectrum of the final dispersion and the pH was maintained constant to 7 

all along the polymerization. However, the recovered polymer dispersions were not stable. 

Indeed, when using KPS as initiator, an inhomogeneous microgel dispersion (i.e. irreversible 

flocculation of microgel particles) could clearly be perceived (Figure 4) whereas when using 

ADIBA as initiator a reversible flocculation of the microgel particles was observed when the 

reaction medium was cooled down (Figure 5). These phenomena might be due to a screening 

effect of the particle surface charges. Indeed, these charges, coming from both the stabilizer 

and fragments of the initiator, are ensuring the stabilization of the dispersion by means of 

electrostatic repulsion among particles. In the present case, KPS and NaHCO3 are anionic while 

ADIBA and P(AETAC-X) stabilizer are cationic. Therefore, the existence of electrostatic 

attraction among the different compounds weakens the repulsive forces among particles leading 

to the particle destabilization.  
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Figure 4. Aspect of the dispersion recovered after the emulsion polymerization of VCL using KPS as 

initiator, NaHCO3 as buffer and P(AETAC-X)76 as stabilizer (expt 6, Table 3). 

 

Figure 5. Image of the microgel flocculation observed during the cooling for the experiment performed 

when using either NaHCO3 as buffer and ADIBA as initiator (expt 7 in Table 3) or when using less than 

4wt-% of reactive stabilizer at 1 wt-% of initial solids content (SC1-0-E4, SC1-PX76 2-E4 and SC1-PX76 

3-E4 in Table 6).  

 

Consequently, we decided to use both a cationic buffer and a cationic initiator: respectively 

TRIZMA hydrochloride and ADIBA. After optimization of the buffer concentration (expt 8-10 

in Table 3), VCL hydrolysis is effectively avoided while a satisfactory dispersion stabilization 

is maintained. Thus, for all the syntheses of PVCL-based microgels presented in the following 

work, ADIBA will be used as initiator and TRIZMA will be used as buffer, with a ratio between 

the buffer and the initiator initial concentrations equals to 6 (i.e. 3 wt-% of TRIZMA buffer 

based on VCL). 



 

- Part II - Chapter 2 - Cationic thermoresponsive PVCL-based microgels synthesized by 

surfactant free emulsion polymerization by using a reactive cationic macro-CTA 

- 170 - 
 

1.ii. Choice of the initiator concentration and reaction temperature 

Various experiments were carried out in order to investigate the effect of the ADIBA initiator 

concentration and the reaction temperature on both the VCL polymerization rate and the 

colloidal stability of the final microgel particles (Table 4). 

Table 4. Experimental conditions for the batch emulsion polymerization of VCL performed at 1 wt-% 

of initial solids content, 4 wt-% of P(AETAC-X) stabilizer based on VCL, 4 wt-% of EGDMA based 

on VCL and 3 wt-% of TRIZMA buffer based on VCL.a Reaction variables: degree of polymerization 

of P(AETAC-X)n stabilizer, wt-% of initiator based on VCL and reaction temperature. 

Expt Stabilizer 
[Initiator] 

mol.LH2O
-1 

Initiator 

wt-% VCL 

T  

°C 
Reactionb 

11 P(AETAC-X)16 4.9 × 10-5 0.15 70 PX16 4-A0.15-T70 

12 P(AETAC-X)16 3.2 × 10-4 1 70 PX16 4-A1-T70 

13 P(AETAC-X)76 3.2 × 10-4 1 70 PX76 4-A1-T70 

14 P(AETAC-X)76 3.2 × 10-4 1 50 PX76 4-A1-T50 
a Reaction conditions: rpm = 300, reaction time = 4 h. kd ADIBA, water, 70°C = 6.7 × 10-4 s-1 and  kd ADIBA, water, 

50°C = 4.0 × 10-5 s-1; b Reaction name: PXn : reactive cationic polymeric stabilizer with n the degree of 

polymerization, the number following indicates the wt-% of stabilizer based on VCL – A : ADIBA 

initiator, the number following indicates the wt-% of ADIBA based on VCL - T : Reaction temperature, 

the number following indicates the temperature value in °C. 

 

The conversion of VCL monomer was monitored by proton NMR using 1,3,5-trioxane as 

internal standard. Polymerization kinetics were compared for VCL emulsion polymerization 

carried out at two concentrations in ADIBA initiator (Figure 6).  

 
Figure 6. Conversion of VCL versus time for experiments carried out at 1 wt-% of initial solids content, 

using 4wt-% of P(AETAC-X)16 as stabilizer, at T=70°C and different ADIBA concentrations: () 

[ADIBA] = 3.2 × 10-4 mol.LH2O
-1 (PX16 4-A1-T70 microgel, expt 12 in Table 5); () [ADIBA] = 4.9 × 

10-5 mol.LH2O
-1 (PX16 4-A0.15-T70 microgel, expt 11 in Table 5). 
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As expected, a decrease of the initial radical flux by decreasing the initial concentration of 

initiator from 1 wt-% to 0.15 wt-% based on VCL, induces a decrease of the polymerization 

rate along with an increase of the nucleation period (Figure 6). When decreasing the reaction 

temperature from 70°C to 50°C using P(AETAC-X)76 as stabilizer (PX76 4-A1-T70 and PX76 

4-A1-T50 microgels, expt 13 and 14 in Table 4), the same trend was observed as 100 % of 

VCL conversion was reached after 30 min of polymerization at 70°C whereas only 26% of VCL 

conversion was obtained at 50°C (kd ADIBA, water, 70°C = 6.7 × 10-4 s-1 and  kd ADIBA, water, 50°C = 4.0 

× 10-5 s-1).58 The polymerizations performed at such a reduced radical flux produce 50 wt-% of 

coagulum (PX16 4-A0.15-T70 and PX76 4-A1-T50 microgels, expt 11 and 14 in Table 5). The 

colloidal destabilization suggests that a fast nucleation and sufficiently high polymerization rate 

are required to synthesize stable PVCL-based microgels in the presence of the macromolecular 

cationic P(AETAC-X) stabilizer. 

 

Table 5. Colloidal features of PVCL-based microgels synthesized at 1 wt-% of initial solids content, 4 

wt-% of stabilizer based on VCL, 4 wt-% of EGDMA based on VCL and 3 wt-% of TRIZMA buffer 

based on VCL.a Reaction variables: degree of polymerization of P(AETAC-X)n stabilizer, wt-% of 

initiator based on VCL and reaction temperature. 

Expt Reaction 
Dh,55°C 

nm 

Np
b × 1015 

L-1
latex 

Dh,10°C 

nm 

VPTTc  

°C 
Φd Observations 

11 PX16 4-A0.15-T70 - - - - - 
COAGULUM  

(50 wt-%) 

12 PX16 4-A1-T70 221 ± 33 1.0 ± 0.8 397 ± 40 30.8 ± 3.1 6 STABLE 

13 PX76 4-A1-T70 169 ± 15 3.4 ± 1.1 309 ± 4 28.2 ± 1.1 6 STABLE 

14 PX76 4-A1-T50 - - - - - 
COAGULUM  

(50 wt-%) 
a Reaction conditions: rpm = 300, reaction time = 4 h. For the experiments 11 and 14 the colloidal 

features of the microgel final dispersions were not characterized; b Average number of particles 

measured from Dh at 55°C, Equation 2; c Volume Phase Transition Temperature; d Swelling ratio: Φ = 

(Dh,10°C/Dh,55°C)3. 
 

1.iii. Setting the concentration of stabilizer  

A series of PVCL-based microgels was synthesized by batch emulsion polymerization carried 

out at 1 wt-% of solids content using different fractions of the P(AETAC-X)76 reactive cationic 

stabilizer (Table 6).  
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Table 6. Experimental conditions and results for the batch emulsion polymerizations of VCL carried 

out at 70°C, 1 wt-% of initial solids content, 1 wt-% of ADIBA initiator based on VCL, 4 wt-% of 

EGDMA based on VCL and 3 wt-% of TRIZMA buffer based on VCL.a Reaction variables: amount of 

P(AETAC-X)76 reactive stabilizer. 

Reaction 

Wt-% of 

stabilizer 

based on VCL 

Dh,55°C 

nm 

Dh,10°C 

 nm 

VPTTc  

°C 
Φd Observations 

SC1-0-E4 0 275 ± 64 e 385 ± 7 e 27.7 ± 0.1 3 NOT STABLE 

SC1-PX76 2-E4 2 235 ± 7 e 392 ± 35 e 27.5 ± 0.2 5 NOT STABLE 

SC1-PX76 3-E4 3 241 ± 2 e 380 ± 5 e 27.1 ± 0.4 4 NOT STABLE 

SC1-PX76 4-E4 4 169 ± 15 309 ± 4 28.2 ± 1.1 6 STABLE 
a Reaction conditions: rpm = 300, reaction time = 4 h.; b Average number of particles measured from Dh 

at 55°C, Equation 2; c Volume Phase Transition Temperature; d Swelling ratio: Φ = (Dh,10°C/Dh,55°C)3; e 

For the non-stable microgel dispersions, hydrodynamic diameters were measured from the supernatant 

obtained after coagulum filtration. 

 

The results of Table 6 show that a minimum concentration of 4 wt-% of reactive stabilizer is 

required to obtain stable PVCL-based microgels as those synthesized with 0, 2, and 3 wt-% of 

P(AETAC-X)76 with respect to VCL systematically flocculated upon cooling (Figure 5).  

From the setting of the experimental conditions, it appears that the optimum experimental 

conditions to produce stable PVCL-based microgels stabilized by the P(AETAC-X) cationic 

polymers by batch emulsion polymerization of VCL carried out at 1 wt-% of initial solids 

content are the following ones: TRIZMA buffer with ADIBA initiator at a molar ratio of 6, a 

concentration of 1 wt-% of ADIBA initiator based on VCL, a temperature of 70°C and a 

minimum level of cationic stabilizer of 4 wt-% based on VCL. For these polymerizations, a 

complete monomer conversion is reached within 40 minutes (Figure 6) while maintaining a 

satisfactory stability of the final microgel dispersion.  

 

2. Colloidal features of the thermoresponsive PVCL-based microgels 

Herein, the effect of various reaction variables such as the solids content (SC as the 

nomenclature chosen for naming the reactions), the level of cationic macromolecular stabilizer 

(PX), the content of crosslinker (E) on the colloidal features of the PVCL-based microgels 

synthesized by batch emulsion polymerization of VCL will be investigated (see Table 2 and 

polymer codes in the experimental part). The colloidal features of the microgels are gathered in 

Table 7.  
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Table 7. Colloidal features of PVCL-based microgels synthesized at 70°C, using 1 wt-% of ADIBA initiator based on VCL and 3 wt-% of TRIZMA buffer 

based on VCL.a Reaction variables: initial solids content, type and wt-% of stabilizer based on VCL and wt-% of EGDMA based on VCL. 

Reaction 
Dh,55°C 

nm 

Np
b × 1015  

L-1
latex 

Dh,10°C 

 nm 

VPTTc  

°C 
Φd Observations 

SC1-PX76 4-E4 169 ± 15 3.4 ± 1.1 309 ± 4 28.2 ± 1.1 6 STABLE 

SC5-PX76 4-E4 214 ± 5 8.0 ± 0.6 769 ± 41 30.7 ± 0.6 46 STABLE 

SC10-PX76 4-E4 215 ± 34 18.0 ± 1.0 741 ± 84 30.6 ± 2.0 41 STABLE 

SC1-PX76 4-E8 251 ± 41 1.1 ± 0.6 355 ± 9 28.3 ± 0.6 3 STABLE 

SC1-PX76 8-E4 170 ± 31 3.6 ± 2.3 238 ± 8 30.9 ± 0.2 3 STABLE 

SC5-PX76 8-E4 205 ± 6 9.1 ± 0.9 676 ± 14 29.7 ± 0.6 36 STABLE 

SC1-PX76 8-E8 129 ± 15 7.6 ± 3.1 156 ± 7 28.0 ± 2.5 2 STABLE 

SC1-PX16 4-E4 221 ± 33 1.0 ± 0.8 397 ± 40 30.8 ± 3.1 6 STABLE 

SC1-PX16 12-E4 155 ± 7 4.2 ± 0.6 154 ± 12 - - STABLE 

SC1-PX9 4-E4 156 ± 2 4.1 ± 0.2 330 ± 17 30.2 ± 0.6 9 STABLE 

SC5-PX9 4-E4 200 ± 2 9.7 ± 0.3 642 ± 20 30.6 ± 1.5 33 STABLE 

a Reaction conditions: rpm = 300, reaction temperature = 70°C; reaction time = 4 h. The final conversion of VCL determined by 1H NMR ranged between 96 

and 100% for all experiments; b Average number of particles measured from Dh at 55°C, Equation 2; c Volume Phase Transition Temperature; d Swelling ratio: 

Φ = (Dh,10°C/Dh,55°C)3.  
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It is noticed from results of Table 7 that the amounts of both the reactive cationic 

macromolecular stabilizer and that of the crosslinker influenced the final number of particles. 

By increasing the concentration of P(AETAC-X)76 stabilizer from 4 to 8 wt-%, the number of 

microgel particles either remained constant for emulsion polymerization carried out at 1 wt-% 

of solids content (SC1-PX76 4-E4 and SC1-PX76 8-E4 in Table 7) or slightly increased at 5 wt-

% of solids content (SC5-PX76 4-E4 and SC5-PX76 8-E4 in Table 7). An increase of the 

concentration of the P(AETAC-X)16 stabilizer from 4 to 12 wt-% induces an obvious increase 

of the number of particles by a factor of four (SC1-PX16 4-E4 and SC1-PX16 12-E4 in Table 

7). Such trend confirms the involvement of the reactive P(AETAC-X) hydrophilic polymer to 

ensure the stability of the primary nuclei formed in the early stage of emulsion polymerization 

therefore acting on the final number of particles. The reactive P(AETAC-X)9 with a lower 

theoretical degree of polymerization in comparison with the P(AETAC-X)76 stabilizer, induces 

a 20 % average increase of the final number of particles at both initial solids content of 1 and 5 

wt-% (SC1-PX76 4-E4, SC1-PX9 4-E4 and SC5-PX76 4-E4, SC5-PX9 4-E4 in Table 7). As the 

weight fraction of the reactive stabilizer is kept constant at 4 wt-% on the basis of VCL, the 

number of moles of stabilizing cationic polymer chains is indeed higher for the lower degree of 

polymerization. 

The amount of EGDMA was varied from 4 to 8 wt-% based on VCL for two different initial 

concentrations of the reactive P(AETAC-X)76 stabilizer (see Table 7 SC1-PX76 4-E4, SC1-

PX76 4-E8 and SC1-PX76 8-E4, SC1-PX76 8-E8). For polymerization carried out at a 

concentration of 8 wt-% of P(AETAC-X)76 stabilizer, an increase of the EGDMA doubles the 

number of particles (see SC1-PX76 8-E4 and SC1-PX76 8-E8 in Table 7). As expected, the 

hydrophobicity of the EGDMA crosslinker (water solubility of EGDMA at 20°C = 5.4 mM)59 

favors the initial precipitation of the growing polymer in the aqueous phase producing more 

particles during the nucleation period. However, an opposite trend was observed by using 4 wt-

% of P(AETAC-X)76 based on VCL. In that case, an increase of the amount of EGDMA from 

4 to 8 wt-% gives rise to a decrease of the number of particles (see SC1-PX76 4-E4 and SC1-

PX76 4-E8 in Table 7). This lower concentration of P(AETAC-X)76 stabilizer is probably 

insufficient to limit the aggregation of the nuclei due to the higher hydrophobicity imparted by 

EGDMA. A lower number of particle induced by the high reactivity and hydrophobicity of 

EGDMA has already been observed for the synthesis of oligo(ethylene glycol)-based 

thermoresponsive microgels.60  
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The stable PVCL-based microgels synthesized by emulsion polymerization in the presence of 

the reactive P(AETAC-X) stabilizers exhibit a thermoresponsive behavior with a volumetric 

shrinkage upon heating (Figure 7). 

 
Figure 7. Final average hydrodynamic diameters as a function of the temperature for the microgels 

synthesized at:  1wt-% of initial solids content and  5 wt-% of initial solids content; Full symbols: 

4 wt-% of P(AETAC-X)76 stabilizer based on VCL (SC1-PX76 4-E4 and SC5-PX76 4-E4 in Table 7), 

Open symbols: 8 wt-% of P(AETAC-X)76 stabilizer based on VCL (SC1-PX76 8-E4 and SC5-PX76 8-E4 

in Table 7). 

 

The value of the volume phase transition temperature (VPTT) ranged between 28 °C and 30°C 

(see Table 7). This value is in accordance with the range of VPTT previously reported for 

PVCL-based microgels.28-30, 33 The swelling-to-collapse transition is reversible in the absence 

of any hysteresis (see Figure 1 of the Appendix of this chapter) which features a narrow particle 

size distribution. Indeed, well defined spherical, monodisperse PVCL-based microgels were 

observed by transmission electron microscopy (TEM) (Figure 8). 

  

Figure 8. TEM images of the microgels synthesized at 5wt-% of initials solids content and 4 wt-% of 

P(AETAC-X)76 stabilizer with respect to VCL (SC5-PX76 4-E4 in Table 7). 
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The volume-average diameter (Dv) was calculated from the TEM images on the basis of 200 

particles using Equation 3. 

〈𝐷v〉 =  �̅�𝑣 =  (
∑ 𝑛𝑖𝐷𝑖

3

∑ 𝑛𝑖
)

1/3

Equation 3 

The volume-average diameter of the dried SC5-PX76 4-E4 microgels (Dv = 292  18 nm, Figure 

8), is in a similar range as the average hydrodynamic diameter of the microgels measured by 

DLS at the collapsed state (Dh,55°C = 214  5 nm, SC5-PX76 4-E4 in Table 7). Since the PVCL-

based microgels are soft particles, they have tendency to spread on the surface during the drying 

process prior the TEM analysis and therefore the Dv calculated from TEM images are higher 

than Dh,55°C measured by DLS.61  

3. Effect of the reaction variables on the swelling behavior and inner 

structure of the PVCL-based microgels 

3.i. Effect of the amount of crosslinker 

First, the effect of the EGDMA crosslinker for the polymerization of VCL in aqueous dispersed 

media carried out at 1 wt-% of initial solids content was studied. The value of the VPTT remains 

in a similar range of 28 – 30 °C whatever the EGDMA content but a broadening of the volume 

phase transition by increasing the temperature was observed when the crosslinker concentration 

was increased from 4 to 8 wt-% based on VCL monomer (Figure 9). Such trend has been 

previously observed for PVCL-based microgels29 and for poly(N-isopropylacrylamide) 

(PNIPAAm) microgels62 synthesized with poly(ethylene glycol) diacrylate as a crosslinker. The 

volume phase transition broadening can be ascribed to an increasing heterogeneity in the 

polymer network,62 which might be due to a different incorporation rate of the crosslinker 

following the copolymerization kinetics when increasing the initial fraction of the co-monomer. 

The swelling ratio of the PVCL-based microgels ( = (Dh,10°C)3
 / (Dh,55°C)3) was reduced by 

increasing twofold the content of EGDMA. The value of  decreases from 6 to 3 in the presence 

of 4 wt-% of P(AETAC-X)76 stabilizer (SC1-PX76 4-E4 and SC1-PX76 4-E8 in Table 7) or from 

3 to 2 in the presence of 8 wt-% of P(AETAC-X)76 stabilizer (SC1-PX76 8-E4 and SC1-PX76 8-

E8 in Table 7). This was an expected result since it is well established that the increase of the 

crosslinking density limits the swelling extent of the polymer network of the microgels.29, 60   
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Figure 9. Final average hydrodynamic diameters as a function of the temperature for the microgels 

synthesized at 1 wt-% of initial solids content at 70°C, using 8 wt-% of P(AETAC-X)76 stabilizer based 

on VCL and different amounts of crosslinker:  4 wt-% of EGDMA with respect to VCL (SC1-PX76 

8-E4 Table 7), ˖˖˖ Boltzmann fit and ― fit first-order derivative for this experiment;  8 wt-% of 

EGDMA with respect to VCL (SC1-PX76 8-E8 Table 7),  Boltzmann fit and ˖ Fit first-order 

derivative for this experiment. 

 

The PVCL-based microgels described in the next parts of this chapter will be systematically 

synthesized with 4 wt-% of EGDMA crosslinker based on VCL in order to investigate the 

influence on the microgel volume phase transition of the other reaction variables such as the 

solids content, the weight fraction of stabilizer or the chemical structure of stabilizer.  

3.ii. Effect of the initial solids content 

The initial solids content for emulsion polymerization of VCL was ranging from 1 to 10 wt-% 

as depicted in Table 7 (SC1-PX76 4-E4, SC5-PX76 4-E4, SC10-PX76 4-E4 and SC1-PX76 8-E4, 

SC5-PX76 8-E4 for experiments with respectively 4 and 8 wt-% of P(AETAC-X)76). It should 

first be noticed that stable PVCL-based microgels are successfully synthesized from the 

reactive P(AETAC-X)76 stabilizer up to 10 wt-% of solids content in the absence of coagulum 

(SC1-PX76 4-E4, SC5-PX76 4-E4 and SC10-PX76 4-E4 in Table 7). It is the first time that 

PVCL-based thermoresponsive microgels are synthesized at such level of solids content. Most 

of the previous studies reported the synthesis of PVCL-based microgels at solids content below 

5 wt-%.24, 25, 28-30, 33, 60, 63 Imaz et al.28 observed for instance the formation of a macroscopic gel 

during the emulsion polymerization of VCL carried out at 5 wt-% of solids content with 4 wt-

% of sodium dodecyl sulfate as molecular surfactant, 1 wt-% of potassium persulfate as initiator 
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and 4 wt-% of N,N’-methylenebis(acrylamide) as crosslinker. The reactive P(AETAC-X) 

cationic polymers are effective electro-steric stabilizers to increase the solids content of the 

final dispersion of thermoresponsive PVCL-based microgels while maintaining colloidal 

stability (no coagulum formation). The specific role of the reactive chain end of these polymeric 

stabilizers will be investigated in more details in part 4 of this Chapter 2. 

Whatever the stabilizer content and its chain length, the hydrodynamic diameter of the swollen 

PVCL-based microgels measured at 10°C is systematically higher for the microgels synthesized 

at 5 wt-% of solids content in comparison to the microgels synthesized at 1 wt-% of solids 

content (Figure 7 and SC1-PX76 4-E4, SC5-PX76 4-E4, SC1-PX76 8-E4, SC5-PX76 8-E4 and 

SC1-PX9 4-E4, SC5-PX9 4-E4 in Table 7).  

A first explanation could arise from the difference between the initial states of the VCL 

polymerization carried out in aqueous dispersed media. According to Aguirre et al. 59 and 

Kozanoglu et al.,64 the concentrations of limited solubility in water of VCL and EGDMA are 

the following: [VCL] limit, water = 41 g.L-1 and [EGDMA] limit, water = 1 g.L-1.64,59 Consequently, at 

1 wt-% of initial solids content, both VCL monomer and EGDMA crosslinker are soluble in 

the continuous aqueous phase ([VCL]0 = 10 g.L-1 and [EGDMA]0 = 0.4 g.L-1) (Figure 10) so 

the polymerization follows a precipitation polymerization process. On the contrary, monomer 

droplets dispersed in the aqueous phase are observed for higher initial solids content (Figure 

10) as the concentrations of both VCL and EGDMA ([VCL]0 = 50 g.L-1 and [EGDMA]0 = 2 

g.L-1 for 5 wt-% of solids content) are above their concentrations of limited solubility in water. 

 

Figure 10. Aspect of the reaction mixtures at the initial state for the polymerization of VCL performed 

at 1 and 5 wt-% of initial solids content. 
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Thus, at 5 and 10 wt-% of initial solids content, the polymerization occurs via an emulsion 

polymerization process. The diffusion of both VCL and crosslinker across the water phase in 

emulsion process might induce a difference in the relative rate of polymerization of both 

components in comparison with precipitation polymerization starting with a homogeneous 

initial phase. To address this question, the individual conversions of VCL monomer and 

EGDMA crosslinker were monitored by proton NMR during the course of polymerization 

(Figure 11).  

(a)

 

(b)

 

Figure 11. Conversion of VCL (full symbols) and EGDMA (open symbols) versus time for experiments 

carried out using 4wt-% of P(AETAC-X)9 as stabilizer, at a polymerization temperature of 70°C and at: 

(a) 1 wt-% of initial solids content, [ADIBA] = 3.0 × 10-4 mol.LH2O
-1 (SC1-PX9 4-E4 Table 7) and (b) 

5 wt-% of initial solids content, [ADIBA] = 1.5 × 10-3 mol.LH2O
-1 (SC5-PX9 4-E4 in Table 7).  

As displayed in Figure 11, for kinetics of polymerizations carried out at both 1 wt-% and 5 wt-

% of initial solids content, EGDMA crosslinker is consumed much faster than the main VCL 

monomer. The same trend was already observed by Imaz et al.29 using poly(ethylene glycol) 

diacrylate (PEGDA) or N,N’-methylenebisacrylamide (MBA) as crosslinker for the emulsion 

polymerization of VCL, crosslinker reacting faster than VCL in both cases. It is rather 

impossible to discriminate the effect of solids content on the relative rates of polymerization of 

VCL and EGDMA. On the basis of the higher reactivity of the EGDMA crosslinker, a core-

shell structure of the PVCL-based microgel is expected. The inner structure of the P(AETAC-

X)-stabilized PVCL-based microgels was analyzed by means of proton nuclear magnetic 

resonance transverse relaxation (T2 NMR) measurements (Figure 13). 
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The most intense resonance peak of PVCL that appears at 1.8 ppm on the proton high-resolution 

spectrum of the microgel (R1, Figure 12) is used for T2 NMR measurements to investigate the 

heterogeneity of the inner crosslinked structure of the synthesized microgels.  

 

Figure 12. 1H NMR high-resolution spectrum in D2O of SC1-PX76 4-E4 microgel (see Table 7). 

 

  

Figure 13. Proton NMR transverse relaxation decay of R1 proton by Hahn echo for microgels 

synthesized using 4wt-% of P(AETAC-X)76 stabilizer based on VCL at (a) 1 wt-% of initial solids 

content (SC1-PX76 4-E4 in Table 7) and (b) 5 wt-% of initial solids content (SC5-PX76 4-E4 in Table 

7). The concentration of microgels is 2 wt-% in D2O. The experimental plot was fitted with biexponential 

decay function (dotted line). 
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A biexponential decay for the normalized integral of R1 resonance versus echo time was 

considered in Figure 13 according to the following equation:  

𝑆(𝑡)

𝑆(0)
=  𝐶𝑠  exp {−

𝑡

𝑇2𝑆
}  +  𝐶𝐿 exp {−

𝑡

𝑇2𝐿
} Equation 4 

Where, S(t)/S(0) is the ratio between proton nuclear magnetic resonance transverse relaxation 

signal integral (S) at time t (S(t)) and at initial time S(0)). This normalized S(t)/S(0) signal is 

plotted as a function of spin-echo time t and Ci (i = S and L) are the relative contribution of the 

decays characterized by short (T2S) and long (T2L) transverse relaxation times. The value of T2S 

corresponds to a network with a higher value of the crosslinking density (core) as compared 

with T2L (shell). The CS and CL coefficients are related to the number of protons in the methylene 

fragments of PVCL describing quantitatively the bimodal heterogeneity of the polymer network 

in microgel particles. Using the Equation 4, the values of the short (T2S) and long (T2L) proton 

transverse relaxation times, and the relative amount of methylene protons of PVCL in core (CS) 

and shell (CL) were calculated and reported in Table 8. Once short and long transverse 

relaxation times are obtained, the ratio of the crosslinking density of the microgel in core and 

shell (CLDcore /CLDshell) could be determined.33, 54, 55  

𝐶𝐿𝐷𝑐𝑜𝑟𝑒

𝐶𝐿𝐷𝑠ℎ𝑒𝑙𝑙 =  (
𝑇2

𝑠ℎ𝑒𝑙𝑙

𝑇2
𝑐𝑜𝑟𝑒 )

1 2⁄

 Equation 5 

Table 8. Proton transverse relaxation times (T2S and T2L) and relative weight coefficients for the PVCL-

based microgels synthesized using 4wt-% of P(AETAC-X)76 stabilizer based on VCL, at different initial 

solids contents.    

Reaction 
T2S  

ms 
Cs 

T2L  

ms 
CL 

CLD
core

CLD
shell

 

SC1-PX76 4-E4 0.42 0.26 1.45 0.77 1.9 

SC5-PX76 4-E4 0.69 0.32 3.18 0.69 2.2 

 

The results of proton nuclear magnetic resonance transverse relaxation fitted by two different 

transverse relaxation times (Table 8) confirm the core-shell morphology suggested by the 

polymerization kinetics reported in Figure 11. On the basis of the values of CLDcore /CLDshell 

ratios of the PVCL-based microgels (Table 8) it is deduced that the core is twice more 

crosslinked than the shell. The content of PVCL chains located in the shell (CL) is higher than 

in the core (Cs) for microgels synthesized at both solids contents (SC1-PX76 4-E4 and SC5-

PX76 4-E4 microgels in Table 8). EGDMA crosslinker provides a more homogeneous 

microstructure in comparison with N,N’-methylenebisacrylamide (MBA) as the ratios of the 
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average cross-linking density between the core and shell are lower with EGDMA. Indeed values 

of CLDcore/CLDshell ratios of 3.0 - 3.4 were previously reported for PVCL-based microgels 

crosslinked with 4 wt-% of MBA,54,33 while CLDcore/CLDshell ratios of 1.9 – 2.2 were observed 

in the present work (Table 8). It was shown that a dextran-based crosslinker with multiple 

methacrylate groups produced PVCL-based microgels with rather homogeneous network 

structure as the CLDcore/CLDshell ratios ranged between 1.0 and 1.7.33 Despite the different 

levels of limited water solubility of the crosslinkers (1 g.L-1 at 20°C for EGDMA, 20 g.L-1 at 

20°C for MBA and rather hydrophilic dextran-methacrylate crosslinker), the comparison of the 

CLDcore/CLDshell ratios suggest that the reactivity of methacrylic function towards 

vinylcaprolactam drives the formation of a more homogeneous network than with acrylamide 

functions. 

Concerning the comparison of the microgels synthesized by polymerization in aqueous 

dispersed media at 1 or 5 wt-% of solids content, it can be noticed that the values of CLDcore 

/CLDshell ratio are very close. Consequently, the difference between the hydrodynamic 

diameters of the swollen microgels synthesized at 1 and 5 wt-% of solids content (Dh,1 wt-% solids 

content, 10°C = 270 - 300 nm; Dh,5 wt-% solids content, 10°C = 700 - 770 nm) cannot be ascribed to a 

noticeable difference of the inner microstructure of the microgel in terms of crosslinking 

distribution. 

The fast consumption of EGDMA during polymerization of VCL carried out in aqueous 

dispersed media (Figure 11) may produce a certain amount of free chains. The supernatant of 

the centrifuged microgels were recovered to investigate the content of free chains. In order to 

compare accurately the weight fraction of free chains versus the microgels, three centrifugations 

of microgels were performed for each sample at a constant solids content of 1 wt-%. This 

required a dilution step prior centrifugation for the microgels synthesized at higher solids 

content. For each set of experiments performed with a constant stabilizer content (either 4 or 8 

wt-% of P(AETAC-X)76, see Table 7), the fraction of free chains based on the total weight of 

microgel is similar for both microgels synthesized at either 1 wt-% or 5 wt-% of solids content 

(see SC1-PX76 4-E4, SC5-PX76 4-E4 and SC1-PX76 8-E4, SC5-PX76 8-E4 in Table 9). 

Consequently, the free chains are not at the origin of the higher swelling ability of the microgels 

synthesized at 5 wt-% of solids content. Moreover, the value of Dh at 10°C of the microgel 
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remained similar after the first centrifugation cycle (Dh,10 °C, dialyzed = 662 ± 6 nm, Dh,10 °C, dialyzed 

and centrifuged = 577 ± 32 nm).  

 

Table 9. Fraction of free chainsa for PVCL-based microgels synthesized at different initial solids 

contents and different wt-% of P(AETAC-X)76 stabilizer. 

Reaction 

Fraction of 

free chains 

 % 

VCL/AETAC molar ratiob of 

the polymer mixture in the 

supernatant  

% 

SC1-PX76 4-E4 64 97/3 

SC5-PX76 4-E4 64 98/2 

SC1-PX76 8-E4 27 87/14 

SC5-PX76 8-E4 38 94/6 
a Measured by gravimetry from the supernatant recovered by centrifugation of microgels performed at 

1 wt-% of solids content for all microgels; b Determined by NMR analysis of the supernatant recovered 

after microgels centrifugation. 

 

By increasing the solids content by a factor of 5, the final number of microgel particles increases 

only by a factor of 2 - 2.5 (see SC1-PX76 4-E4, SC5-PX76 4-E4, SC1-PX76 8-E4, SC5-PX76 8-

E4 and SC1-PX9 4-E4, SC5-PX9 4-E4 in Table 7). Therefore, for a similar weight fraction of 

stabilizer based on VCL monomer, the amount of P(AETAC-X) stabilizer per particle 

(mP(AETAC-X)/Np, Table 10) in the microgels synthesized at 5 wt-% of initial VCL content is 

higher in comparison with the microgels synthesized at 1 wt-% of initial VCL solids content 

(Table 10). At the swollen state, the hydrophilic P(AETAC-X) cationic polymer might have 

entered into the slightly crosslinked PVCL shell of the microgel, leading to an increase of the 

microgel swelling by means of an increase of the osmotic pressure due to electrostatic 

repulsions between cationic polymer chains. The increase of the swelling of a microgel by 

means of the increase of the osmotic pressure is a well-described process.65, 66 However, for 

SC1-PX76 8-E4 microgel, (Table 10), the amount of P(AETAC-X) polymer per particle is 

similar to the one of SC5-PX76 4-E4 microgel (Table 10) whereas a gap between the swelling 

ratios of both microgels was observed (ФSC1-PX76 8-E4 = 3 and ФSC5-PX76 4-E4 = 46, Table 10). The 

assumption of the contribution of the higher amount of cationic P(AETAC-X) polymer per 

particle to the higher swelling ability of the microgel synthesized at 5 wt-% of solids content is 

not supported by the experimental results. Given that the shell of the present EGDMA-

crosslinked PVCL microgels is slightly crosslinked, it largely contributes to the swelling of the 

thermoresponsive microgels. The average weight amount of PVCL per microgel particle 
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(mPVCL/Np) is also higher for microgels synthesized at 5 wt-% of initial solids content than for 

microgels synthesized at 1 wt% of initial solids content (Table 10). Such higher content of 

thermoresponsive PVCL polymer might enhance the volume of the swollen shell of the PVCL 

microgels at low temperature, explaining the discrepancy in swelling ratio.  

Table 10. Average mass of PVCL and P(AETAC-X) polymer per particle for PVCL microgels 

synthesized by polymerization in aqueous dispersed media at 1 and 5 wt-% of initial solids content. 

 

For the calculation of mP(AETAC-X)/Np and mPVCL/Np, a volume of 100 mL of latex was considered. a 

Swelling ratio: Φ = (Dh,10°C/Dh,55°C)3. 

3.iii. Effect of the amount of stabilizer 

The impact of the initial concentration of the P(AETAC-X) reactive stabilizer on the swelling 

behavior of the PVCL-based microgels was investigated in this part. The initial amount of 

P(AETAC-X)76 stabilizer was ranged from 4 to 8 wt-% based on VCL for both series of 

polymerizations in aqueous dispersed media carried out at either 1 or 5 wt-% of initial solids 

content (Table 7). The increase of the P(AETAC-X)76 concentration slightly reduced the 

diameter measured at swollen state (see Dh at 10°C for SC1-PX76 4-E4, SC1-PX76 8-E4 and 

SC5-PX76 4-E4, SC5-PX76 8-E4 microgels in Table 7 and Figure 7). A similar trend was 

observed by increasing the amount of the P(AETAC-X)16 stabilizer with lower theoretical DP 

from 4 wt-% to 12 wt-% with a more pronounced decrease of the hydrodynamic diameter at 

both 10 °C and 55°C (see Figure 14 and Table 7).  

It has been well-established that the incorporation of ionic co-monomer into thermoresponsive 

microgels induces an increase of the VPTT value as the increase of the internal osmotic pressure 

of the gel through electrostatic repulsions and counter-ions mobility leads to additional swelling 

of the gel.44, 63, 67 For instance, Pich et al.25, 41 showed that the introduction of 1 to 5 mol-% of 

vinylimidazole cationic co-monomer into PVCL-based microgels shifted the VPTT value from 

35°C to 45 °C. The interest of the present system is to enable the increase of the fraction of 

cationic units (from 4 to 8 wt-%, ie, 3 to 6 mol-% based on VCL) at the surface of the microgel 

Reaction 

mP(AETAC-X)

Np

 

g.particle-1 

mPVCL

Np

 

g.particle-1 

Фa 

SC1-PX76 4-E4 1.2  10-16 2.9  10-15 6 

SC5-PX76 4-E4 2.5  10-16 6.3  10-15 46 

SC1-PX76 8-E4 2.2  10-16 2.8  10-15 3 

SC5-PX76 8-E4 4.4  10-16 5.5  10-15 36 
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while retaining a constant VPTT close to 30°C (Table 7). Note that raising the content of the 

reactive P(AETAC-X)16 stabilizer to 12 wt-% based on VCL induced the formation of 

crosslinked particles with a constant hydrodynamic diameter over the temperature range of 10 

to 55°C (Figure 14). The absence of volume phase transition when increasing the content of 

the reactive P(AETAC-X) stabilizer suggests that the cationic polyelectrolyte shell is able to 

limit the network swelling. Indeed, some previous examples showed that the presence of a shell, 

consisting of either crosslinked P(NIPAAm)68 or iron oxide nanoparticles,69 restricted the core 

from swelling to its native volume. This result confirms the role of the reactive cationic 

macromolecular chain-transfer agent to act as stabilizer, hence anchoring a polymeric cationic 

outer shell onto the PVCL-based microgels.  

 

Figure 14. Final average hydrodynamic diameters as a function of the temperature for the microgels 

synthesized at 1 wt-% of solids content and 4 wt-% of EGDMA with respect to VCL: Full symbols: 4 

wt-% (SC1-PX16 4-E4 in Table 7) and open symbols: 12 wt-% (SC1-PX16 12-E4 in Table 7) of 

P(AETAC-X)16 stabilizer based on VCL. 

 

In order to confirm the cationic character of the synthesized PVCL-based microgels, the 

electrophoretic mobility of the microgels synthesized using different concentrations of reactive 

stabilizers was measured at 25°C, in cationic buffer solution at pH 3 and 10 mM of ionic 

strength (Table 11). Microgel electrophoretic mobility measurements were also conducted in 

cationic buffers at different pH (3, 6 and 9) and ionic strengths equal to 1 mM. For the sake of 

clarity, the results are presented in the Appendix of this chapter 2. 
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For all the reactions, the electrophoretic mobility values are positives, which is consistent with 

the fact that either the cationic macromolecular stabilizer and/or the fragments coming from the 

cationic ADIBA initiator impart the cationic character. 

 

Table 11. Microgel electrophoretic mobility measurements at 25°C in glycine cationic buffer solution 

at pH 3 and ionic strength of 10 mM, samples were analyzed at a concentration of 0.05 wt-%. 

Reaction 

Dialyzed sample 

electrophoretic 

mobility  

m2/Vs × 10-8 

SC1-PX76 4-E4 0.42 ± 0.05 

SC1-PX76 8-E4 0.95 ± 0.17 

SC5-PX76 4-E4 0.57 ± 0.25 

SC5-PX76 8-E4 1.22 ± 0.04 

SC10-PX76 4-E4 0.88 ± 0.44 

SC1-PX9 4-E4 0.44 ± 0.16 

SC5-PX9 4-E4 0.38 ± 0.18 

SC5-0-E4 0.15 ± 0.05 

 

The values of the electrophoretic mobility of the PVCL-based microgels synthesized using 

reactive P(AETAC-X) as stabilizer are higher than the electrophoretic mobility of PVCL 

microgels synthesized in the absence of stabilizer (SC5-0-E4 in Table 11), attesting the 

presence of the cationic macromolecular stabilizer on the outer shell of the synthesized PVCL-

based microgels. For experiments carried out at the same initial solids content, the microgel 

electrophoretic mobility increases according to the increase of the initial amount of the reactive 

cationic stabilizer (see SC1-PX76 4-E4, SC1-PX76 8-E4 and SC5-PX76 4-E4, SC5-PX76 8-E4 in 

Table 11). For the microgels synthesized at 1 or 5 wt-% of initial solids content and 4 wt-% of 

reactive stabilizer, we observed that the degree of polymerization of the reactive stabilizer 

(either P(AETAC-X)76 or P(AETAC-X)9), has no significant effect on the electrophoretic 

mobility (SC1-PX76 4-E4, SC1-PX9 4-E4 and SC5-PX76 4-E4, SC5-PX9 4-E4 in Table 11). 

4. Effect of the nature of the stabilizer on the colloidal stability and 

features of PVCL-based microgels 

The stabilization efficiency of different stabilizers was analyzed in order to investigate the role 

of the reactive xanthate chain-end of the cationic P(AETAC-X) macromolecular stabilizer 

(Table 12). For this purpose, polymerizations of VCL in aqueous dispersed media were carried 
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out at solids content ranging from 1 to 10 wt-% in the presence of the following stabilizers: i) 

a reactive P(AETAC-X)76 polymer synthesized by RAFT/MADIX polymerization (Table 1); 

ii) two non-reactive P(AETAC) polymers, one P(AETAC) synthesized by free radical 

polymerization in the absence of control agent, and one P(AETAC-X)76, cleaved prepared by 

cleavage of the xanthate chain-end of P(AETAC-X)76); iii) a conventional cationic molecular 

surfactant (cetyltrimethylammonium bromide, CTAB). As a matter of comparison, a series of 

PVCL-based microgels was also synthesized in the absence of either surfactant or stabilizer. 

The results are gathered in Table 12. 
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Table 12. Colloidal features of PVCL-based microgels synthesized at 70°C, using different types of stabilizers, 1 wt-% of ADIBA initiator based on VCL, 4 

wt-% of EGDMA based on VCL and 3 wt-% of TRIZMA buffer based on VCL.a Reaction variables: initial solids content and type of stabilizer. 

 

Stabilizer 

Initials solids 

content τb (wt-%) 

- CTAB Non- reactive P(AETAC) Reactive P(AETAC-X)76 

1 FLOCCULATION 

Dh,55°C = 275 ± 64 nm  

Dh,10°C = 385 ± 7 nm 

SC1-0-E4 

AGGREGATION   

Dh,55°C = 118 ± 14 nm  

Dh,10°C = 91 ± 7 nm 

SC1-CTAB 4-E4 

FLOCCULATION d 

Dh,55°C = 215 ± 61 nm  

Dh,10°C = 288 ± 51 nm 

SC1-PX76,cleaved 4-E4 

STABLE 

Dh,55°C = 169 ± 15 nm  

Dh,10°C = 309 ± 4 nm 

SC1-PX76 4-E4 

5 COAGULUM (65wt-%) c 

Dh,55°C = 232 ± 29 nm  

Dh,10°C = 745 ± 58 nm 

SC5-0-E4 

COAGULUM (49 wt-%) 

Dh,55°C = 140 ± 4 nm  

Dh,10°C = 271 ± 6 nm 

SC5-CTAB 4-E4 

COAGULUM (50 wt-%) e 

Dh,55°C = 218 ± 20 nm  

Dh,10°C = 798 ± 67 nm 

 SC5-P 4-E4 

STABLE 

Dh,55°C = 214 ± 5 nm  

Dh,10°C = 769 ± 41 nm 

SC5-PX76 4-E4 

10 

- 

COAGULUM (35 wt-%) 

Dh,55°C = 628 ± 485 nm  

Dh,10°C = 524 ± 183 nm 

SC10-CTAB 4-E4 

COAGULUM (30 wt-%) e 

Dh,55°C = 197 ± 28 nm  

Dh,10°C = 718 ± 13 nm 

SC10-P 4-E4 

STABLE 

Dh,55°C = 215 ± 34 nm  

Dh,10°C = 741 ± 84 nm 

SC10-PX76 4-E4 

a Reaction conditions: rpm = 300; reaction temperature = 70°C; reaction time = 4 h. The final conversion of VCL determined by 1H NMR ranged between 96 

and 100% for all experiments; b See experimental part ; c wt-% of coagulum = 100 × mcoagulum/mVCL,0; d Experiment performed using non-reactive P(AETAC-

X)76, cleaved as stabilizer; e Experiment performed using non-reactive P(AETAC) synthesized by free radical polymerization as stabilizer. 
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Microgel synthesized in the absence of either surfactant or stabilizer, at 1 wt-% of initial solids 

content (SC1-0-E4 in Table 12), undergoes flocculation upon cooling, i.e., a reversible 

coagulation of the particles was observed when the dispersion was cooled down but the 

microgels were able to redisperse in the aqueous phase. For the microgel synthesized at 1 wt-

% of initial solids content with CTAB surfactant (SC1-CTAB 4-E4 in Table 12), the average 

hydrodynamic diameter measured by DLS analysis was higher at 55°C than that at 10°C, 

traducing the formation of particle aggregates above the VPTT. For a dispersion of PVCL-

based microgels stabilized by the non-reactive P(AETAC-X)76, cleaved polymer (SC1-PX76,cleaved 

4-E4 in Table 12), a microgel flocculation is observed upon cooling of the dispersion, as for 

the microgels synthesized in the absence of stabilizer. For experiments carried out at 1 wt-% of 

initial solids content, stable PVCL-based microgels were obtained only with the reactive 

P(AETAC-X) as stabilizer (SC1-PX76 4-E4 in Table 12). 

Increasing the initial solids content up to 5 wt-% led to the formation of 50 to 65 wt-% of 

coagulum (i.e., macroscopic precipitated polymer) for emulsion polymerization carried out in 

the absence of stabilizer or surfactant (SC5-0-E4 in Table 12) or for emulsion polymerization 

stabilized either by CTAB surfactant or by the non-reactive P(AETAC) macromolecular 

stabilizer (respectively SC5-CTAB 4-E4 and SC5-P 4-E4 in Table 12). On the other hand, for 

the all range of initial solids content (1 to 10 wt-%), stable PVCL-based microgels free of 

flocculation or coagulum were synthesized in the presence of the reactive P(AETAC-X)76 as 

stabilizer (SC1-PX76 4-E4, SC5-PX76 4-E4 and SC10-PX76 4-E4 in Table 12). These results 

highlight the key role played by the reactive xanthate chain-end of the cationic P(AETAC-X) 

in the stabilization of microgels, offering the opportunity to synthesize for the first time stable 

PVCL-based microgels up to 10 wt-% of initial solids content (SC10-PX76 4-E4 in Table 12). 

Note that the degree of polymerization of the reactive polymer does not significantly impact 

the hydrodynamic diameters of the PVCL-based thermoresponsive microgels at both 10°C and 

55°C nor the microgel final stability (see SC1-PX76 4-E4, SC1-PX9 4-E4 and SC5-PX76 4-E4, 

SC5-PX9 4-E4 in Table 7). 

The improvement of the colloidal stability of the PVCL-based microgels synthesized using the 

P(AETAC-X) reactive stabilizers emphasizes a successful transfer of PVCL growing chains to 

the xanthate chain-end of P(AETAC-X) during the emulsion polymerization process. Such 

reversible transfer reaction should promote the in-situ formation of P(AETAC)-b-PVCL 

amphiphilic block copolymers. In order to highlight the presence of P(AETAC)-b-PVCL 
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amphiphilic block copolymers synthesized concomitantly to the microgels, the PVCL-based 

microgels SC1-PX76 4-E4 and SC5-PX76 4-E4 (Table 7) were centrifuged once in order to 

analyze the supernatants by diffusion ordered spectroscopy (DOSY) NMR. The presence of a 

single diffusion coefficient in the DOSY NMR spectra of the supernatants in D2O, correlated 

with characteristic proton NMR signals of both types of units (signal d for AETAC, signal A, 

B, E, F, G for PVCL in Figure 15) revealed the effective formation of P(AETAC)-b-PVCL 

block copolymers.  

 

 

Figure 15. DOSY NMR spectra in D2O of the supernatants recovered after centrifugation of the 

microgels synthesized using 4 wt-% of P(AETAC-X)76 stabilizer based on VCL: (top spectrum) 

synthesis at 1 wt-% of initial solids content (SC1-PX76 4-E4 in Table 7) and (bottom spectrum) synthesis 

at 5 wt-% of initial solids content (SC5-PX76 4-E4 in Table 7). 
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Therefore, the in-situ formation of amphiphilic block copolymers gives rise to macromolecules 

with surface-active properties. As efficient transfer reaction between P(AETAC-X) and PVCL 

growing chains occurs, some P(AETAC) are prone to be covalently anchored onto the 

microgels (Scheme 3).  

 

Scheme 3. Suggested stabilization modes of PVCL microgels by P(AETAC) cationic polymer. 

Apart from the DOSY NMR analysis of the supernatants recovered after microgel 

centrifugation, a series of VCL emulsion polymerizations were carried out in the presence of 

P(AETAC-X) but in the absence of EGDMA crosslinker. The DOSY NMR analysis of the final 

polymers indicated that the diblock copolymers are probably not synthesized in the early stage 

of the polymerization for VCL conversion below 30%. However, due to the small weight 

fraction of P(AETAC-X) stabilizer with respect to that of VCL, the characteristic 1H NMR 

signal of P(AETAC-X) polymer is likely difficult to detect for intermediate monomer 

conversion as the intensity of the PVCL proton signals rapidly predominates. For reasons of 

clarity, these results are presented in the Appendix of Chapter 2, together with a study 

investigating the persistence of the P(AETAC-X) shell for microgels subjected to three 

centrifugations.  

IV. Conclusions  

In this chapter, the efficiency of the reactive cationic macromolecular chain-transfer agents 

synthesized by RAFT/MADIX polymerization to act as stabilizers for the synthesis of cationic 

thermoresponsive poly(N-vinylcaprolactam)-based microgels by a heterogeneous 

polymerization process in aqueous media was thoroughly investigated. The first step of this 
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work consisted in optimizing the experimental conditions, i.e., to set the most suitable content 

of buffer and initiator, the reaction temperature and the minimum amount of P(AETAC-X) 

reactive stabilizer to synthesize stable microgel dispersions. Once assessed these optimal 

experimental conditions, the effect of various synthesis variables on the final number of 

particles was studied. The final number of particles was influenced by the amount of P(AETAC-

X) stabilizer, the EGDMA crosslinker and the chain length of the reactive P(AETAC-X) 

stabilizer, all these experimental variables playing a role on the nucleation period. 

Stable and monodisperse PVCL-based microgels could be obtained using reactive P(AETAC-

X) as macromolecular stabilizers. These microgels exhibited a thermoresponsive behavior with 

a volumetric shrinkage upon heating. The volume phase transition temperature (VPTT) ranged 

between 28 °C and 30°C for the microgels synthesized using 4 and 8 wt-% of P(AETAC-X) 

based on VCL. The increase of the microgel electrophoretic mobility when increasing the 

amount of P(AETAC-X) stabilizer highlighted the interest of using a reactive macromolecular 

stabilizer to design PVCL-based thermoresponsive microgels with functional cationic 

macromolecular shell. The swelling behavior of the microgel particles can be tuned by playing 

with different synthesis variables such as the initial solids content, the amounts of P(AETAC-

X) stabilizer and EGDMA crosslinker. While an increase of the amount of EGDMA induced a 

broadening of the volume phase transition by playing a role on the inner structure of the 

network, the P(AETAC-X) stabilizer appeared to affect the network swelling via the 

polyelectrolyte outer shell. Increasing the initial solids content in the recipe produced a drastic 

increase of the particle diameters at the swollen state (10°C), and thus an increase of the particle 

swelling ratios, probably due to the higher amount of PVCL chains per particle. 

According to the partial VCL and crosslinker conversions monitored by 1H NMR spectroscopy, 

the formation of microgels with a core-shell type structure was expected since EGDMA 

crosslinker was consumed very fast in the early stage of polymerization. Proton high-resolution 

transverse relaxation NMR measurements confirmed the core-shell morphology of the 

microgels, with a core twice more crosslinked than the shell. 

Finally, the improved stabilization efficiency of reactive P(AETAC-X) polymers was 

highlighted by comparing the colloidal features of the obtained microgels with those 

synthesized by using either non-reactive P(AETAC) polymers as stabilizers or a conventional 

cationic molecular surfactant (CTAB). Experiments were also conducted in the absence of 



 

- Part II - Chapter 2 - Cationic thermoresponsive PVCL-based microgels synthesized by 

surfactant free emulsion polymerization by using a reactive cationic macro-CTA 

- 193 - 
 

surfactant or stabilizer. For the all range of initial solids contents (τ = 1 to 10 wt-%), stable 

PVCL-based microgels were synthesized in the presence of the reactive xanthate functionalized 

P(AETAC-X)76 stabilizer while particle flocculation or coagulation were observed during 

emulsion polymerization using the other stabilizers. These results highlighted the key role 

played by the reactive xanthate chain-end in the colloidal stabilization of microgels during the 

polymerization process. The involvement of this reactive chain-end in the microgel growing 

step was also suggested by the effect of the fraction of P(AETAC-X) on the final number of 

particles, on the microgel hydrodynamic diameters at swollen state, on the content of free chains 

and on the value of microgel electrophoretic mobility. Taking advantage of this aspect, stable 

PVCL-based microgels with robust colloidal features were synthesized for the first time up to 

a 10 wt-% of initial solids content. 
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I. Introduction 

As mentioned in the introduction of Part II, cationic thermoresponsive PVCL-based 

microgels gather interesting features for application as drug delivery systems (DDS). The 

objective of the work reported in this Chapter 3 was to evaluate the potential use of the cationic 

PVCL-based microgels obtained in Part II - Chapter 2 of this manuscript for biomedical 

applications. For that purpose, various experiments were carried out. First of all, the stability of 

the cationic PVCL-based microgels during incubation at 37°C in different biological mimicking 

media was assessed. The in-vitro cytotoxicity of bare PVCL-based microgels on HeLa (cervical 

cancerous cells) and RAW 264.7 (macrophage healthy cells) cell lines was then evaluated at 

different microgel concentrations and incubation times. Subsequently, the cellular uptake of the 

cationic PVCL-based microgels was visualized by confocal microscopy after 3 and 24 h of 

incubation when corresponding. The internalization mechanism of microgels into HeLa cells 

were investigated by means of inhibition uptake experiments. Finally, PVCL-based microgels 

were subsequently loaded with a model anticancer drug (doxorubicin, DOXO) in order to test 

their potential use as chemotherapeutic drug delivery systems for cancer treatment. After 

determining the amount of drug effectively loaded into the microgels, the drug release profiles 

of selected microgels were assessed. Finally, the cytotoxicity of the DOXO-loaded microgels 

on HeLa and RAW cell lines was studied. 

The experiments presented in this Chapter were performed during my stay for one month 

in the Colloids and Polymer Physics Group (GFCP) of the Universidade de Santiago de 

Compostela, under the kind collaboration of Professor Pablo Taboada and Miss Eva Villar-

Alvarez. 

 

II. Experimental part 

1. Materials  

1.i.  Microgels used in this work 

Various PVCL-based microgels were synthesized by batch emulsion polymerization of N-

vinylcaprolactam (VCL) using ethylene glycol dimethacrylate (EGDMA) as crosslinker and a 

poly[2-(acryloyloxy)ethyl]trimethylammonium chloride (P(AETAC-X)n) cationic reactive 

polymer as stabilizer (Scheme 1). The detailed synthesis and characterization of the cationic 

thermoresponsive PVCL-based microgels are presented in Chapter 2 of Part II. 
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Scheme 1. Synthesis of cationic thermoresponsive PVCL-based microgel. 

1.ii. Reagents and cell lines 

Dulbecco’s Modified Eagle’s Medium (DMEM), Dulbecco’s Modified Eagle’s 

Medium/Nutrient Mixture F-12 Ham (DMEM/F-12), sodium pyruvate solution (100 mM) and 

non-essential amino acid solution were purchased from Life Sciences. Fetal Bovine Serum 

(FBS), Cell Counting Kit-8 (CCK-8), chlorpromazine hydrochloride (98 %), phosphate 

buffered saline (PBS, 10× concentrate, BioPerformance Certified, suitable for cell culture), 

triton X-100, doxorubicin hydrochloride (98-102 %, Scheme 2) and fluorescent dye rhodamine 

6G (R6G, red, 99 %, Scheme 2) were obtained from Sigma Aldrich. Trypsin-EDTA (0.25 %), 

phenol red and penicillin-streptomycin (10,000 U/mL) were supplied by Gibco, ThermoFisher 

Scientific. D (+)-Sucrose (99 %, RNAse and DNAse free) was obtained from Acros Organics. 

Paraformaldehyde was acquired from Fisher Scientific. 4’-6-diamidino-2-phenylindole 

dihydrochloride, ProLong Gold antifade (DAPI, blue) was supplied by Invitrogen. 

Cervical cancer HeLa cell line was obtained from Cell Biolabs and RAW 264.7 cell line from 

ATCC, Manassas, Virginia. 

 

  

Scheme 2. Chemical structure of doxorubicin hydrochloride (left) and rhodamine 6G (right). 
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2. Methods 

2.i.  Cell culture 

The cervical HeLa cancer cell line was grown in a medium composed of DMEM, 1 v/v % 

penicillin-streptomycin, 1 v/v % sodium pyruvate, 1 v/v % amino acid and 10 v/v % of FBS. 

The same medium was used for the growth of RAW cell line but DMEM/F-12 was used instead 

of DMEM. Both cell lines were grown in an 5 % CO2-95 % air atmosphere at 37°C. After 

attaining 80-90 % confluence, cells were harvested using trypsin (0.25 %)-EDTA. Cell count 

was conducted using an automated cell counter (Multisizer 3 Beckman Coulter Cell Counter). 

2.ii. Colloidal stability of bare PVCL-based microgels in biological mimicking media 

The colloidal stability of bare PVCL-based microgels was tested at 37°C under slow stirring 

for 13 days, by dilution of the samples (0.05 mg.mL-1) in different biological mimicking media: 

cell culture medium (DMEM) supplemented with 10 % FBS (pH 8.4), PBS (pH 7.4) and PBS 

supplemented with 10 % FBS (pH 7.4). Stability of the microgels was also assessed in water, 

following the same procedure. The changes in microgel sizes during different incubation times 

were recorded by dynamic light scattering, DLS, using a Zetasizer Nano ZS instrument 

(Malvern Instruments). Samples were allowed to equilibrate at 37°C for 2 min before analysis.  

2.iii. Doxorubicin loading and release 

Microgel dispersions at 2 mg.mL-1 in water and a DOXO solution at 1 mg.mL-1 in water were 

prepared and heated to 37°C using an oil-bath. Then, 500 µL of the microgel dispersion and 

100 µL of the DOXO solution were mixed together at 37°C for 5 min and then the mixture was 

kept at 4°C for 24 h. Subsequently, microgel particles were separated from the aqueous solution 

containing free DOXO through centrifugation for 1 h at 15 000 rpm and 15°C. Supernatants 

were collected, kept away from light and analyzed by UV-Vis spectroscopy at 488 nm (Cary 

50 spectrophotometer, Agilent Technologies, Germany) in order to determine the amount of 

encapsulated DOXO. A previously obtained calibration curve for DOXO in water was used 

(AbsDOXO, 488 nm = 19.691 × [DOXO] + 0.027, with [DOXO]: DOXO concentration in mg.mL-

1). Drug loading (D.L.) and entrapment efficiency (E.E.) were calculated using the following 

equations. 
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𝐷. 𝐿. % =  
𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑑𝑟𝑢𝑔 𝑖𝑛 𝑛𝑎𝑛𝑜𝑔𝑒𝑙 𝑑𝑖𝑠𝑝𝑒𝑟𝑠𝑖𝑜𝑛 (𝑚𝑔)

𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑝𝑜𝑙𝑦𝑚𝑒𝑟+𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑑𝑟𝑢𝑔 𝑖𝑛 𝑛𝑎𝑛𝑜𝑔𝑒𝑙 𝑑𝑖𝑠𝑝𝑒𝑟𝑠𝑖𝑜𝑛 (𝑚𝑔)
 ×100   Equation 1 

𝐸. 𝐸. % =  
𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑑𝑟𝑢𝑔 𝑖𝑛 𝑛𝑎𝑛𝑜𝑔𝑒𝑙 𝑑𝑖𝑠𝑝𝑒𝑟𝑠𝑖𝑜𝑛 (𝑚𝑔)

𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑓𝑒𝑒𝑑𝑖𝑛𝑔 𝑑𝑟𝑢𝑔 (𝑚𝑔)
 ×100  Equation 2 

The in-vitro release of DOXO from selected microgels (1 mg.mL-1) was assessed by a dialysis 

method. DOXO-loaded SC1-PX76 4-E4, SC1-PX76 8-E8 and SC1-PX9 4-E4 microgel 

dispersions were dialyzed at 37 °C against two different serum-containing (10 % (v/v) FBS) 

buffer solutions: sodium acetate/acetic acid (SA) buffer solution (pH 5.5) and phosphate buffer 

saline (PBS) solution (pH 7.4). The DOXO release concentration in the release medium was 

determined spectrophotometrically at 480 nm. All experiments were performed in triplicate. 

2.iv. In vitro cell cytotoxicity assays 

Cytotoxicity of bare PVCL-based microgels was evaluated on cervical HeLa and RAW 264.7 

cell lines utilizing the Cell Counting Kit-8 (CCK-8) cytotoxicity assay.1, 2 Both cell lines were 

seeded in 96 well-plates at a density of 5000 cells per well in 100 µL of growth medium and 

allowed to grow for 24 h at 37°C. Then, the medium was removed and cells were exposed to 

100 µL of various concentrations of cationic poly(N-vinylcaprolactam)-based microgels (Test 

1: [Microgel] = 0.005; 0.05; 0.1; 0.25; 0.5 and 1 mg.mL-1 - Test 2: [Microgel] = 0.5; 1; 2; 3.5; 

5 and 10 mg.mL-1) dispersed in growing media for further incubation at 37°C in a 5 % CO2 

atmosphere for 24 and 48 h. After incubation, 10 % CCK-8 solution per well was added and 

incubated for 1 h for RAW cell line and 90 min for HeLa cell line. The absorbance of viable 

cells was subsequently measured at 450 nm using an UV-Vis microplate absorbance reader 

(Microplate Manager 5.0, Bio-Rad Laboratories, USA). The non-treated cells served as a 100 

% cell viability control (blank). Survival percentage or cell viability was calculated as follow: 

% 𝐶𝑒𝑙𝑙 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =  
𝐴𝑏𝑠𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑐𝑒𝑙𝑙𝑠− 𝐴𝑏𝑠 𝑚𝑖𝑐𝑟𝑜𝑔𝑒𝑙

𝐴𝑏𝑠𝑢𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑐𝑒𝑙𝑙𝑠
×100  Equation 3 

where Abstreated cells is the absorbance at 450 nm of cells incubated in the presence of microgels, 

and Absuntreated cells is the absorbance at 450 nm of control cells in the absence of microgel 

particles. The absorbance of microgels at 450 nm was substracted to the absorbance of treated 

cells for each microgel concentration. 

The same procedure was followed to study the DOXO-loaded microgel cytotoxicity on RAW 

and HeLa cell lines after 24 h of incubation. Cells were exposed to various concentrations of 

DOXO-loaded microgels: [DOXO-loaded microgel] = 2; 1; 0.5; 0.25 and 0.1 mg.mL-1. 
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2.v.Cellular uptake by fluorescence microscopy 

Prior to the cellular uptake experiments, the microgels were labeled with rhodamine 6G (λexc = 

530 nm) according to the following procedure. Microgel dispersions at 1 mg.mL-1 in water and 

a solution of rhodamine 6G at 10 mg.mL-1 also in water were prepared and heated to 37°C in 

an oil-bath. Then, 1 mL of the microgel dispersion and 400 µL of the rhodamine solution were 

mixed together at 37°C and the mixture was kept at 4°C for 24 h. Subsequently, microgel 

particles were separated from the aqueous solution containing free R6G through four successive 

centrifugations for 1 h at 15 000 rpm and 15°C. After centrifugations, the resulting pellet was 

re-dispersed in cell culture medium at the desired concentration. As a concentrated solution of 

R6G in water (10 mg.mL-1) was used, several centrifugations were required to separate the 

R6G-loaded microgels from free R6G.  

The cellular uptake of R6G-loaded microgels was followed by confocal fluorescence 

microscopy. HeLa cells were seeded on poly-(L-lysine) coated glass coverslips (12 × 12 mm) 

placed inside 6 well-plates (15 × 104 cells/well with 3 mL of DMEM), and allowed to grow for 

24 h at standard culture conditions. The growth medium was then removed, and 500 µL of a 

dispersion of R6G-loaded microgels in DMEM at a concentration of 0.5 mg.mL-1 and 2.5 mL 

of DMEM were added to each well. Cells were then incubated for 3 and 24 h. For energy-

dependent uptake experiments at 4°C, cells were pre-incubated at 4°C with serum-free DMEM 

for 1 h, followed by incubation with 500 µL of R6G-loaded microgel dispersions in serum-free 

DMEM (at a concentration of 0.5 mg.mL-1) at the same temperature for 3 h. To inhibit a specific 

uptake mechanism of microgels into cells, these were pre-incubated with the following 

inhibitors individually for 1 h at 37°C: 400 mM hypertonic sucrose, 30 µM chlorpromazine, 30 

µM cytochalasin and 30 µM nystatin. After the pre-incubation time, the inhibitor solutions were 

removed and the freshly prepared R6G-loaded microgel dispersed (at a concentration of 0.5 

mg.mL-1) in media containing inhibitor at the same concentrations were added and further 

incubated for 3 h at 37°C. In this study, cells incubated for 3 h at 37°C in the presence of R6G-

loaded microgel and in the absence of inhibitor were used as controls. 

For all the experiments described above, after the desired incubation times cell culture media 

were removed and the microgel-containing cells were washed three times with PBS (pH 7.4), 

fixed for 10 minutes with a solution of paraformaldehyde at 4 w/v % in PBS, washed with PBS, 

treated for 10 minutes with a solution of Triton X-100 (permeabilizer) at 0.25 (w/v) % in PBS 

and, finally, washed again with PBS. Coverslips were mounted on glass slides and cell nuclei 
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were stained with 4’-6-diamidino-2-phenylindole dihydrochloride (DAPI, blue). The samples 

were cured at - 20°C for 24 h before being visualized with an 63X oil-immersion objective 

using an inverted wide field fluorescence microscope (Leica DMI6000B, Leica Microsystems, 

Germany) with the blue channel for DAPI-stained cell nuclei (λexc = 355 nm), the red channel 

for R6G (λexc = 590 nm) and the transmitted light channel in differential interference contrast 

(DIC) mode. 

 

III. Results and discussion 

1. Physico-chemical features of the cationic PVCL-based microgels 

The physico-chemical features of the cationic thermoresponsive PVCL-based microgels 

synthesized in Chapter 2 – Part II and evaluated as drug delivery systems are gathered in Table 

1. These microgels dispersed in water will be named “bare microgels” in the following work.  

Table 1. Physico-chemical features of the cationic PVCL-based microgels (name as bare microgel) in 

aqueous solution. 

Reactiona  
Dh,55°C

b 

nm 

Dh,10°C
b 

nm 

VPTTc 

°C 

Dialyzed sample electrophoretic 

mobilityd 

m2/Vs × 10-8 

SC1-PX76 4-E4 156 ± 1 313 ± 2 29.1 ± 0.6 0.42 ± 0.05 

SC1-PX76 8-E4 144 ± 2 233 ± 5 31.0 ± 0.6 0.95 ± 0.17 

SC5-PX76 4-E4 210 ± 1 734 ± 6 30.9 ± 0.0 0.57 ± 0.25 

SC10-PX76 4-E4 185 ± 3 813 ± 23 32.3 ± 0.6 0.88 ± 0.44 

SC1-PX76 8-E8 117 ± 1 150 ± 0 27.5 ± 2.3 NDe 

SC5-PX76 8-E4 200 ± 5 673 ± 20 29.8 ± 1.0 1.22 ± 0.04 

SC5-PX9 4-E4 199 ± 1 630 ± 8 30.5 ± 1.3 0.38 ± 0.18 

SC1-PX9 4-E4 154 ± 1 345 ± 5 30.0 ± 0.7 0.44 ± 0.16 

SC1-PX16 4-E4 192 ± 1 365 ± 2 28.4 ± 0.3 NDe 

SC1-PX16 12-E4 161 ± 1 164 ± 4 - NDe 
a Reaction name according to the nomenclature used in Chapter 2 – Part II: SC for initial solids content, 

the number following indicates the wt-% of VCL based on water - PXn : reactive cationic polymeric 

stabilizer with n the degree of polymerization, the number following indicates the wt-% of stabilizer 

based on VCL - E : EGDMA crosslinker, the number following indicates the wt-% of EGDMA based 

on VCL; b Hydrodynamic diameters measured in water; c Volume Phase Transition Temperature of the 

microgel; d Electrophoretic mobility of the final microgel, measured at 0.5 mg.mL-1 of microgels content 

in cationic buffer at pH 3 and 10 mM ionic strength; e ND: not determined. 
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2. Colloidal stability of bare PVCL-based microgels in biological mimicking 

media 

For biomedical applications, the stability of a particle in biological media is of high importance 

since its particle size can affect its biodistribution and cell internalization and fate.3, 4  

In this work, the colloidal stability of the different bare microgels was tested at 37°C under slow 

stirring for 13 days. Microgels were dispersed (at 0.05 mg.mL-1) either in water (pH 6.5) or in 

three different biological mimicking media: i) PBS (pH 7.4), ii) PBS supplemented with 10 % 

FBS (pH 7.4), iii) cell culture medium (DMEM, pH 8.4) supplemented with 10 % FBS. PBS 

and PBS supplemented with FBS simulate somehow physiological mimicking serum conditions 

of increasing complexity whereas DMEM supplemented with FBS corresponds to the cell 

culture medium used for the in-vitro studies (cytotoxicity and cell internalization). The 

hydrodynamic diameters of the microgels were monitored for 13 days of incubation (Figure 1). 
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Figure 1. Temporal evolution of the hydrodynamic diameter of bare microgels at 37°C, in: () water, 

() cell culture medium DMEM + 10 % FBS, () PBS and () PBS + 10 % FBS. 

 

In water, all microgels remained stable since their hydrodynamic diameters were almost 

constant during the whole incubation (13 days at 37°C). In contrast, an obvious increase of the 

microgel hydrodynamic diameter at the beginning of incubation was systematically observed 

in PBS buffer revealing a certain lack of stability. Since the ionic strength of PBS buffer is 

around 150 mM, the increase of the microgel hydrodynamic diameter values could be explained 
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by the formation of aggregates due to the ionic screening of the particle electrical charges. 

Indeed, the reduction of the particle surface charges might lead to the microgel destabilization 

by decreasing the electrostatic repulsions between particles. The salt effect on microgel stability 

was studied for SC5-PX76 4-E4 microgel in aqueous phase at different concentrations of KBr 

ranging from 10 mM to 100 mM. An increase of the microgel hydrodynamic diameters was 

observed above the microgel VPTT, suggesting the formation of aggregates (Figure 2). Such 

colloidal instability and aggregation of positively charged carriers in fluids at high salt 

concentration is a well-known process, being one of the main drawbacks for their use as gene 

delivery systems.5, 6 It should be noted that the aggregation of the cationic PVCL-based 

microgels is observed at their collapsed state (T > 30°C) but a similar value of Dh was measured 

at low temperature (swollen state) whatever the salt concentration (Figure 2). The screened 

cationic polyelectrolyte doesn’t provide a sufficient protective layer against the hydrophobic 

interaction of the collapsed microgels.  

 

Figure 2. Final average hydrodynamic diameters as a function of the temperature for SC5-PX76 4-E4 

microgel dispersed in water containing different concentrations of KBr:  pure water,  10 mM KBr 

in water,  40 mM KBr in water,  70 mM KBr in water and  100 mM KBr in water. 

 

In PBS supplemented with FBS, hydrodynamic diameters generally increased after a few days 

of incubation, depending on the microgel type. For example, SC1-PX16 12-E4 and SC5-PX9 4-

E4 microgels were stable for 3 days whereas SC1-PX76 8-E4 and SC1-PX9 4-E4 ones started 

aggregating after the first day of incubation. Such difference is not easily correlated to the 

compositional features of the microgels as SC1-PX16 12-E4 and SC5-PX9 4-E4 were 

synthesized with 12 and 4 wt-% of cationic stabilizer, respectively, while SC1-PX76 8-E4 and 

SC1-PX9 4-E4 were synthesized with 8 and 4 wt-% of cationic stabilizer, respectively. In 

DMEM supplemented with FBS, the hydrodynamic diameters of SC1-PX76 8-E4, SC1-PX76 
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12-E4, SC1-PX76 4-E4, SC5-PX76 4-E4 and SC10-PX76 4-E4 microgels did not suffer any 

substantial changes for 6 days of incubation and started increasing after this period. Conversely, 

SC1-PX9 4-E4, SC5-PX9 4-E4, SC5-PX76 8-E4, SC1-PX76 8-E4 and SC1-PX16 4-E4 microgels 

do not undergo significant size changes along the whole incubation. The relationship between 

the stability and the physico-chemical features of the microgels (size, cationic content, chain 

length of the cationic stabilizer) is difficult to be established as microgels presenting similar 

features (see Table 1) behave differently in DMEM supplemented medium.  

In FBS supplemented media (either PBS or DMEM), the origin of microgel destabilization 

could be the formation of aggregates of microgel particles as a consequence of the absorption 

of proteins onto the particle surfaces. Indeed, in FBS the main constitutive plasma protein is 

bovine serum albumin (BSA), which is negatively charged at pH 7.4 (pIBSA = 4.7).7 Since the 

microgel particles used in this work are positively charged, BSA could adsorb onto microgel 

surfaces by electrostatic attraction, increasing their size.8 Moreover, the reduction of the 

microgel surface charge by adsorption of BSA could lead to the formation of aggregates of 

microgel particles.9, 10 In addition to the adsorption of BSA through electrostatic attractions, 

hydrophobic interactions should also be considered provided that it has been demonstrated that 

for poly(N-isopropylacrylamide)-based microgels BSA adsorption was enhanced above the 

microgel VPTT as a result of hydrophobic interactions between the protein and the hydrophobic 

collapsed microgel.11, 12 The higher stability of the microgels in FBS supplemented media 

(either PBS or DMEM) than in serum free media (PBS) might arise from salt aggregating 

effects being initially screened by the formation of a protein corona at the microgel surfaces. 

This process known as opsonization enables protein adsorption and recognition of foreign 

elements by macrophages and the reticulo-endothelial system (RES), allowing their clearance 

from the body.8 Upon incubation, this protein corona might be destabilized through exchange 

dynamics with smaller ions or even other less abundant proteins possessing larger affinities, 

leading to a reduction of the microgel surface charge and, thus, to the particle 

aggregation/clustering. It is also worth stressing that in the different biological mimicking 

media tested, the microgel colloidal stability was neither impacted by the amount of cationic 

reactive stabilizer nor by its chain length (number of monomer units).  

Hence, these results showed that, for further uses of PVCL-based microgels in blood serum 

conditions, the incubation time should be carefully considered. However, in serum 

supplemented media, the time along which microgels remain stable is much longer than that 
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required for routinely in-vitro (maximum 72h)10, 13-15 studies or potential in-vivo applications. 

In the present work, for experiments of microgel in-vitro cell cytotoxicity assays or 

internalization experiments microgels were used after dispersion in DMEM cell culture medium 

supplemented with FBS for a maximum of two days. Since in this medium the microgel 

hydrodynamic diameters remained constant for up to 6 days, microgel destabilization should 

not play a significant effect on the obtained results.   

3. In vitro cell cytotoxicity assays of bare PVCL-based microgels 

The cytotoxicity of the bare PVCL-based microgels at different concentrations (from 0.005 to 

10 mg.mL-1) was assessed on HeLa and RAW cell lines after 24 h and 48 h of incubation, using 

the Cell Counting Kit-8 (CCK-8) cytotoxicity assay. CCK-8 allows a sensitive colorimetric 

detection to assess cell cytotoxicity. The test is based on the use of a highly water-soluble 

tetrazolium salt, WST-8, which is reduced by dehydrogenase activity in cells to give a yellow-

color formazan dye, soluble in the tissue culture media. The amount of the formazan dye, 

generated by the activities of dehydrogenases in cells, is directly proportional to the number of 

living cells. Figure 3 exhibits the observed cell viabilities for the different microgels (expressed 

as cell viability percentage) as a function of the microgel concentration for HeLa and RAW cell 

lines after 24 h and 48 h of incubation, respectively. 
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Figure 3. Cell viability of: () HeLa and () RAW cell lines after incubation at 37°C with different 

concentrations of microgels. Full line: 24 h of incubation; Dotted line: 48 h of incubation. 
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The results here obtained show that all microgels can achieve significant cell viabilities in both 

types of cells with a dose-dependent behavior. A similar dose-dependent cytotoxicity was also 

observed for other PVCL-based nano/microgels10 or PVCL-based copolymers.16, 17 After 24 h 

of incubation, the growth inhibition observed in both HeLa and RAW cells lines is almost 

negligible for microgel concentrations up to 1 mg.mL-1. Moreover, cell viabilities for both cell 

lines was above 50 % for microgel concentrations between 0.005 and 2 mg.mL-1 indicating that 

all of the microgels have a good biocompatibility.10, 18  

Such good biocompatibility was already reported for others PVCL-based nano/microgels10, 15, 

19, 20 and polymers.21, 22 The observed cytotoxicity of microgels at larger concentrations (above 

2 mg.mL-1) can be originated from an excess of microgel particles producing a cooperative 

damage to cells leading to their death.23 Indeed, this overpopulation might involve membrane-

cell disruption due to the high amount of nanoparticles in the medium interacting with the cells 

and/or large amounts of particles being internalized into cells, hence disrupting the cell 

cytoplasm (for example, by the formation of a high number of vacuoles),altering the cell 

metabolic activity and, thus, activating the programmed cell death cascade pathways. Cationic 

particles are usually more toxic to cells than neutral or negatively charged ones due to the 

stronger electrostatic interactions with the cell surface, hence, causing larger cellular membrane 

disruption effects (alteration of the anionic lipidic and protein domains). Also, for microgel 

concentrations above 2 mg.mL-1 the cell viability is lower for RAW cells than for HeLa ones. 

This result was consistent with the fact that RAW cells is a macrophage cell line which uptakes 

and internalizes any foreign element in the body. Thus, for nanosystems without a specific 

targeting, assessing the cytotoxicity on such cell line gives the ability of microgel to be uptaken 

by the reticulo-endothelial system. 

It is well-known that the toxicity of a particle is size-dependent24, 25 and, for cationic systems, 

toxicity depends on cation content.26, 27 In this work, whatever the content of the cationic 

stabilizer in the microgel (4 to 12 wt-%) or their hydrodynamic diameter at 37°C (see Table 1), 

all the microgels were non-toxic for concentrations ranging from 0.005 to 2 mg.mL-1.  

Contrary to other systems composed of cationic polymeric chains,28-30 the chain length of the 

cationic polymer used as stabilizer for the microgel synthesis has no impact on the microgel 

cytotoxicity. Indeed, similar percentages of cell viability were obtained after incubation of the 

cells with SC1-PX76 4-E4 and SC1-PX9 4-E4 microgels in contrast to previously mentioned 

studies in which the cytotoxicity of the systems increases as the chain length of the cationic 
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polymer does. This can be explained by the fact that, whatever the chain length of the 

P(AETAC-X) used as stabilizer for the synthesis of PVCL-based microgels, the final microgels 

presented similar values of the electrophoretic mobility (SC1-PX76 4-E4, electrophoretic 

mobility = 0.42  10-8 m2/Vs in cationic buffer at pH 3 and 10 mM ionic strength, and SC1-

PX9 4-E4, electrophoretic mobility = 0.44  10-8 m2/Vs in cationic buffer at pH 3 and 10 mM 

ionic strength). 

On the other hand, it should be noted that the microgel cytotoxicity in both HeLa and RAW cell 

lines is higher after 48 h of incubation if compared to that of 24 h. This might be due to further 

microgel accumulation around/within cells promoting their death. Such incubation time-

dependent cytotoxicity was already observed for other PVCL-based microgels10 and PVCL-

based polymers.21  

4. Cellular uptake by fluorescence microscopy 

Prior to the microgel cellular uptake characterization using fluorescence microscopy, the 

microgels were labeled with a cationic dye: rhodamine 6G. The effective internalization of 

R6G-loaded microgels into HeLa cells after 3 and 24 h of incubation was followed by 

fluorescence microscopy. Six microgels were selected to carry out this study, according to their 

colloidal characteristics (initial size, stability during incubation) and cytotoxicity: SC1-PX76 4-

E4, SC1-PX76 8-E4, SC5-PX76 4-E4, SC1-PX76 8-E8, SC1-PX9 4-E4 and SC1-PX16 4-E4 

microgels, see Table 1. In the following section, all the displayed images correspond to: 

differential interference contrast (DIC) images (upper left side), DAPI-stained cell nuclei (blue, 

upper right side), R6G fluorescence in cells (red, lower left side) and the merged images (lower 

right side).  

4.i.  Cellular uptake of microgels  

Figure 4 shows fluorescence images of the R6G-loaded microgel cellular uptake in HeLa cells 

after 3 h of incubation at 37°C. 
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Figure 4. Fluorescence microscopy images of R6G-loaded microgels: (a) SC1-PX76 4-E4, (b) SC1-PX76 

8-E4, (c) SC5-PX76 4-E4, (d) SC1-PX76 8-E8, (e) SC1-PX16 4-E4, (f) SC1-PX9 4-E4 microgels in HeLa 

cells stained with DAPI after 3 h of incubation at 37°C.  

 

After 3 h of incubation, for most of the tested microgels, the DAPI-stained cell nuclei (blue) 

were surrounded by a diffuse rhodamine fluorescence (red) pattern, suggesting a successful 

internalization of the microgels at short time scales and the subsequent sustained dye release 

inside the cell cytoplasm.31 The cationic dye was truly located at the cell cytoplasm and/or in 
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some intracellular compartments, specially endoplasmic reticulum and/or mitochondria, for 

which R6G is a specific marker; some few observed, red colored nuclei would indicate 

overlapping of the fluorescence signal corresponding to the red and blue channels in the 2D 

view, that is, microgels/dye located over the nuclei would appear as in their nucleus interior in 

the projection (the dye used is not permeable to the nucleus membrane). The presence of 

microgel clusters was also visualized via the presence of red dotted spots in the images as a 

result of microgel aggregation when in contact to biological medium due to their positive 

charges.  

At longer incubation times (24 h, Figure 5), rather similar fluorescence patterns as at 3 h were 

observed, that is, the DAPI-stained cell nuclei were surrounded by rhodamine fluorescence, 

suggesting the successful internalization and residence of the microgels/cargo inside cells. The 

fluorescence intensity of the dye was relatively conserved after 24 h of incubation in agreement 

with a sustainable release of rhodamine 6G from microgels along time. Though for some 

microgels a very small decrease of fluorescence intensity is observed, pointing to a certain 

expulsion of the dye from the cell. However, this point would deserve further studies to rule out 

any possible contribution from dye quenching.  
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Figure 5. Fluorescence microscopy images of R6G-loaded microgels: (a) SC1-PX76 4-E4, (b) SC1-PX76 

8-E4, (c) SC5-PX76 4-E4, (d) SC1-PX76 8-E8, (e) SC1-PX16 4-E4, (f) SC1-PX9 4-E4 microgels in HeLa 

cells stained with DAPI after 24 h of incubation at 37°C. 

 

On the other hand, it should be highlighted that for high microgel cell accumulation levels, 

some few cells with damaged membranes could clearly be observed confirming some 

aforementioned statements (Figure 6).  
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Figure 6. Fluorescence microscopy image of R6G-loaded SC1-PX76 4-E4 microgel in HeLa cells 

stained with DAPI after 24 h of incubation at 37°C. Arrows: Observed damaged cells.  

Such loss of cell membrane integrity was already observed for cells in contact with other highly 

cationic nanomaterials.28 In the present work, after incubation for 3 h at 37°C, much less cells 

with damaged membrane were observed, which additionally suggests that the microgel 

accumulation process into cells is a time-dependent process. This time-dependent cellular 

uptake has already been observed for other PVCL-based microgels.10, 15, 20  

4.ii. Analysis of the cellular uptake pathway/s of microgels 

In order to elucidate how microgels can be internalized into cancerous cells, inhibition 

experiments of different uptake pathways were performed. Endocytosis (the vesicular uptake 

of extracellular macromolecules) has been established as the main mechanism for the 

internalization of non-viral vectors into cells.32 Endocytosis can be classified into two broad 

categories: phagocytosis (specialized mammalian cells) and pinocytosis (all cells). Among 

pinocytic pathways four main mechanisms can be distinguished: clathrin-mediated endocytosis, 

caveolae, macropinocytosis and clathrin/caveolae-independent endocytosis (Figure 7). 

Internalization via endocytosis can be inhibited using different cell treatments. A general 

procedure for hindering endocytic pathways consists in lowering the temperature as endocytosis 

is an energy-dependent mechanism. Furthermore, it is possible to inhibit specifically a certain 

endocytic pathway by adding a specific inhibitor for such route.33  
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Figure 7. Pathways of entry into cells (from reference 34). 

 

In this work the cellular uptake mechanism of several microgels was investigated using four 

different inhibition mechanisms. First of all, the microgel internalization was studied at 4°C in 

order to assess if the internalization mechanism is a chemical-mechanical energy dependent- or 

a simple diffusion process. Additionally, in order to know whether some specific 

protein/mechanism is involved in the particle incorporation within the cells, two different 

clathrin-mediated endocytosis specific inhibitors (hypertonic sucrose and chlorpromazine), an 

inhibitor of macropinicytosis/phagocytosis (cytochalasin D, an inhibitor of actin 

polymerization), and an inhibitor of caveolae (nystatin) were used. These inhibitors act 

dissociating the clathrin lattice, actin and/or caveolae, respectively, impeding the corresponding 

endocytic pathways. 

The fluorescence images of the R6G-loaded microgel cellular uptake in HeLa cells after 3 h of 

incubation at 4°C are depicted in Figure 8. 
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Figure 8. Fluorescence microscopy images of R6G-loaded microgels: (a) SC1-PX76 4-E4, (b) SC1-PX76 

8-E8, (c) SC1-PX9 4-E4 microgels in HeLa cells stained with DAPI after 3 h of incubation at 4°C. 

 

For all the tested microgels, the internalization process took place satisfactorily at 4º C, 

disregarding an energy-dependent uptake pathway for the dye-loaded microgels. Indeed, the 

R6G release occurred into the cell cytoplasm for all the microgels. Moreover, in some cases, 

the microgels could be observed in the cell nuclei as observed by the reconstructed fluorescence 

image of SC1-PX76 4-E4 microgel in HeLa cell line after 3 h of incubation at 4°C (Figure 9). 

At 4°C, R6G was also released at the cell surroundings (for SC1-PX9 4-E4 microgel for 

instance, Figure 8.c). For these experiments, the cell density was observed to be slightly lower 

than for uptake experiments performed at 37°C, probably as a consequence of some cellular 

death and their subsequent detachment from the surface during the washing process.  
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Figure 9. Reconstructed fluorescence image of R6G-loaded SC1-PX76 4-E4 microgel in HeLa cells 

stained with DAPI after 3 h of incubation at 4°C. 

 

Figure 10 and Figure 11 show the fluorescence images of the R6G-loaded microgel cellular 

uptake in HeLa cells after 3 h of incubation at 37°C in the presence of hypertonic sucrose 

medium and chlorpromazine, respectively. 

  

  

Figure 10. Fluorescence microscopy images of R6G-loaded microgels: (a) SC1-PX76 4-E4, (b) SC1-

PX76 8-E4, (c) SC1-PX76 8-E8, (d) SC1-PX9 4-E4 microgels in HeLa cells stained with DAPI after 3 h 

of incubation at 37°C with hypertonic sucrose medium. 
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Figure 11. Fluorescence microscopy images of R6G-loaded microgels: (a) SC1-PX76 4-E4, (b) SC1-

PX76 8-E4, (c) SC1-PX76 8-E8, (d) SC1-PX9 4-E4 microgels in HeLa cells stained with DAPI after 3 h 

of incubation at 37°C with chlorpromazine. 

  

As mentioned above, hypertonic sucrose and chlorpromazine are clathrin-mediated endocytosis 

specific inhibitors. They act dissociating the clathrin lattice, impeding the clathrin-mediated 

endocytic uptake. From the experiments performed, it could be observed that inhibition of 

clathrins gave rise to a well-observed qualitative reduction in the extent of internalization of 

dye-loaded microgels as observed from a lower fluorescence signal observed inside cell 

cytoplasm, especially for microgels coded as SC1-PX76 8-E4 and SC1-PX76 8-E8. This points 

to clathrin as one of the main mechanisms responsible for microgel internalization but not the 

only one, since some diffuse fluorescence patterns are still observed. 

Two other additional internalization routes, macropinocytosis/phagocytosis and caveolae, were 

additionally analyzed by fluorescence microscopy using microgel SC1-PX76 8-E8 as an 

example. Cytochalasin D, a polymerization inhibitor of actin which is a protein largely involved 

in the formation of cell skeleton and mobility, and nystatin, a sterol-binding agent which 
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disassembles caveolae, were used, respectively. It can be observed (see Figure 12 and Figure 

13) that a good internalization of the microgel is observed within cells in both cases suggesting 

that the inhibition of these routes do not impede the incorporation of the microgel into cells. 

  

 

Figure 12. Fluorescence microscopy images and reconstructed fluorescence images (bottom) of R6G-

loaded SC1-PX76 8-E8 microgels in HeLa cells stained with DAPI after 3 h of incubation at 37°C with 

nystatin.  
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Figure 13. Fluorescence microscopy images of R6G-loaded SC1-PX76 8-E8 microgels in HeLa cells 

stained with DAPI after 3 h of incubation at 37°C with cytochalasin D. 

 

Finally, a quantification of the extent of internalization inhibition for microgels SC1-PX76 4-

E4, SC1-PX76 8-E8 and SC1-PX9 4-E4 loaded with the anticancer DOXO (see below) at a 

concentration of 20 M using the different inhibiting compounds was performed using HeLa 

cells by evaluating the cell viability by the CCK-8 assay. Figure 14 confirms the observations 

made by means of fluorescence microscopy, that is, a maximum cell survival is observed when 

the clathrin-dependent endocytic pathway is inhibited, either with sucrose or chlorpromazine. 

For cytochalasin D, some increase in viability is observed compared to the control thanks to a 

certain involvement of cytochalasin D in the clathrin-dependent-pathway.35 Conversely, for the 

remaining inhibitors cell viabilities were similar as that observed for controls (that is, in the 

absence of any inhibitor), hence, having a similar therapeutic activity of the anticancer drug as 

a result of similar internalization extents.  
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Figure 14. Cellular survival rate after inhibition of different uptake pathways. 

5. In vitro cell cytotoxicity assays of DOXO-loaded microgels 

The loading of doxorubicin was performed for SC1-PX76 4-E4, SC1-PX76 8-E4, SC5-PX76 4-

E4, SC1-PX76 8-E8, SC1-PX9 4-E4 and SC1-PX16 4-E4 microgels (Table 1). DOXO loading 

was carried out by adding 100 µL of a DOXO solution at 1 mg.mL-1 to 500 µL of microgel 

dispersions at 2 mg.mL-1. The drug loading method takes advantages of the sponge like nature 

of the microgels, allowing solute molecules to partition into the porous particle network.36 

DOXO can be incorporated into microgels through electrostatic and/or hydrophobic 

interactions.37 The drug loading (D.L.) and entrapment efficiency (E.E.) were calculated 

according to Equation 1 and Equation 2, respectively, and the values obtained for the different 

microgels are presented in Table 2 below. 

Table 2. Entrapment efficiency and drug loading for the different microgels. 

Microgel 
Entrapment efficiency  

% 

Drug loading 

% 

SC1-PX76 4-E4 26 ± 15 2 ± 1 

SC1-PX76 8-E4 30 ± 10 3 ± 1 

SC5-PX76 4-E4 33 ± 13 3 ± 1 

SC1-PX76 8-E8 18 ± 7 2 ± 1 

SC1-PX9 4-E4 24 ± 14 2 ± 1 

SC1-PX16 4-E4 28 ± 12 3 ± 1 

 



- Part II - Chapter 3 - Cationic thermoresponsive PVCL-based microgels as potential drug 

delivery nanocarriers 

- 224 - 

 

The values of drug loading and entrapment efficiency are relatively low compared to the values 

obtained for other PVCL-based nano/microgels,10, 15, 19, 20 indicating a low amount of drug 

loaded into the microgels. Since the drug loading process was carried out at pH 6.5 for which 

DOXO is positively charged (pKa = 8.3),38 electrostatic repulsions between the drug and the 

cationic PVCL-based microgels might limit the drug encapsulation. Moreover, electrostatic 

repulsions among DOXO molecules could also reduce the entrapment efficiency value. Also, 

as EGDMA crosslinker is relatively hydrophobic compared to other crosslinkers, it can hinder 

the penetration of DOXO molecules into the microgel network.39 Aguirre et al.10 studied the 

loading of DOXO into poly(2-diethylaminoethyl)methacrylate (PDEAEMA)-based microgels 

and PDEAEMA-based core and PVCL-based shell microgels at acidic pH for which both 

microgels and DOXO were positively charged. As they used a dextran-based macro-

crosslinker, the main driving force to encapsulate DOXO into the microgels was the interaction 

by H-bonding between the -OH groups of DOXO and the -OH groups of the dextran chains. 

Thus, a high encapsulation efficiency of the drug could be reached (i.e. ranging from 80 to 90 

%), even in the presence of electrostatic repulsion between the microgels and the drug. In the 

present work, at the DOXO concentration used (1 mg.mL-1), the levels of entrapment efficiency 

and drug loading are in a similar range for all the different microgels. Therefore, the structure 

of the different microgels tested does not seem to influence the amount of DOXO encapsulated 

into the network. 

The cumulative DOXO release of the microgels was also studied. DOXO-loaded SC1-PX76 4-

E4, SC1-PX76 8-E8 and SC1-PX9 4-E4 microgel dispersions were dialyzed at 37 °C against 

different serum-containing (10 % (v/v) FBS) buffer solutions. Sodium acetate/acetic acid (SA) 

buffer solution (pH 5.5) was chosen in order to simulate the extracellular environment of 

tumoral cancer cells, and phosphate buffer saline (PBS) solution (pH 7.4) was selected to mimic 

blood serum conditions. Note that at 37°C the microgels are collapsed (T > VPTT, see Table 

1). The in-vitro cumulative DOXO release at 37°C under both pHs is depicted in Figure 15. 
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Figure 15. Cumulative DOXO release of () SC1-PX76 4-E4, () SC1-PX76 8-E8 and () SC1-PX9 

4-E4 microgels at pH 5.5 (closed symbols) and 7.4 (open symbols) in the presence of 10 % (v/v) FBS, 

at 37°C. Error bars are not displayed for clarity but are within ±10 %. 

 

It is well-known that the drug release rate from microgels is theoretically affected by different 

factors such as the drug diffusion through the microgel particles, and the extent of swelling of 

microgels. In the present case, at pH 7.4 the three selected SC1-PX76 4-E4, SC1-PX76 8-E8 and 

SC1-PX9 4-E4 microgels displayed a clear burst release phase within the first 7 h of incubation 

where ca 29, 24 and 19 % of the drug is released, followed by a short pseudo-plateau region 

between ca 7 and 10 h. After this incubation period, the release is slightly accelerated again 

followed by a very sustained release phase at longer incubation times finally achieved, with 

cargo releases between 30-40 % (depending on the microgel) within the time framework of the 

present experiments (ca 37 h).  

In contrast, under acidic conditions rather similar release patterns resembling stair-like profiles 

can be observed but with larger drug releases than at pH 7.4. A similar burst phase is again 

observed at short incubation times followed by a slowing of the release rate for a short period 

(more than a true pseudo-plateau region as at physiological pH). After ca 9-10 h of incubation 

an additional abrupt increase in the cumulative release is again observed up to ca 18 h at which 

ca. 75-80 % of the cargo is released; thereafter, a plateau region is reached along which ca 90 

% of the drug is expelled from the microgels.   
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The presence of a burst phase in the release profiles of the present microgels might be related 

to the adsorption of drug molecules located in the outer layer of the particles, which are released 

at first; meanwhile, the more sustainable release phase would be controlled by the rate of DOXO 

release from the microgel core thanks to the hindered diffusion from the highly cross-linked 

inner part of the microgels. At this respect, the presence of a slight pseudo-plateau/reduction of 

the release rate between 7-10 h of incubation giving rise to a stair-like profile might be related 

to some change/gradient in the crosslinking density of microgels throughout their matrix (core-

shell structure highlighted by 1H transverse relaxation NMR measurements in Chapter 2-Part 

II), impeding a full sustained release. In addition, important differences in the release extents 

between acidic and basic physiological conditions can be observed. At this point, it is important 

to note that the cationic stabilizer used for the synthesis of the microgels is permanently charged 

and, thus, insensitive to pH changes. Therefore, the larger cumulative releases observed at pH 

5.5 might be attributed to the fact that, at acidic pH, amine groups of DOXO molecules are 

protonated (i.e. positively charged). As the hydrophilicity of DOXO molecules is enhanced at 

acidic pH, the affinity of the drug with the microgel hydrophobic core might be reduced, 

enhancing the diffusion out of the particle.40  

Finally, no remarkable differences in DOXO release kinetics were observed between the three 

selected microgels. This would hence suggest that neither the extent of polymer stabilizer nor 

the amount of crosslinker would have a strong impact on the release profiles, at least in the 

range within the tested particles. As the interactions were mainly non-covalent, it was expected 

that the delivery would be governed by diffusion, which is affected by the swelling capability 

of the microgels and their interactions with the drug (especially electrostatic repulsion at acidic 

conditions). Since the used microgels showed very similar swelling-de-swelling behavior, an 

analogous DOXO release kinetics was observed in all cases. 

Cell viability of DOXO-loaded microgels was then studied at different microgel concentrations 

(from 0.1 to 2 mg.mL-1) and, thus, different DOXO concentrations in both HeLa and RAW cell 

lines after 24 h of incubation (Figure 16). For each microgel, the concentration of DOXO was 

calculated from the microgel weight concentrations and the entrapment efficiency (see Table 

2) according to Equation 4. The results are given in Table 3. 
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 [𝐷𝑂𝑋𝑂](µ𝑀) =  (
[𝑀𝑖𝑐𝑟𝑜𝑔𝑒𝑙] × 𝐸.𝐸 × 10−3 

𝑀𝐷𝑂𝑋𝑂 
) × 106  Equation 4 

with [DOXO]: DOXO concentration, [Microgel]: microgel concentration in mg.mL-1, E.E: 

entrapment efficiency (Equation 2) and MDOXO: DOXO molar mass in g.mol-1 (MDOXO = 579.98 

g.mol-1) 

Table 3. Concentration of DOXO in cell culture media depending on the microgel concentrations. 

Microgel 
SC1-PX76 

4-E4 

SC1-PX76 

8-E4 

SC5-PX76 

4-E4 

SC1-PX76 

8-E8 

SC1-PX9 

4-E4 

SC1-PX16 

4-E4 

[Microgel] 

g.L-1 

[DOXO]  

µM 

[DOXO]  

µM 

[DOXO] 

µM 

[DOXO]  

µM 

[DOXO]  

µM 

[DOXO]  

µM 

2 90 103 114 62 83 97 

1 45 52 57 31 41 48 

0.5 22 26 28 16 21 24 

0.25 11 13 14 8 10 12 

0.1 4 5 6 3 4 5 

 

For HeLa cells, the IC50 (i.e, the concentration of drug required to reduce cell growth by 50 %) 

of free DOXO after 24 h of incubation is equal to 5.5 µM. Therefore, for all microgels at 

concentrations above 0.1 mg.mL-1, the DOXO concentrations loaded inside are above the 

minimum DOXO concentration providing cytotoxicity activities in vitro. 
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Figure 16. Cell viability of: () HeLa and () RAW cell lines as a function of DOXO concentration 

after 24 h of incubation at 37°C.  

 

As shown above, bare microgels are biocompatible and do not inhibit growth of both types of 

cell lines in the range of the studied microgel concentrations (0.1 to 2 mg.mL-1). In contrast, 

DOXO-loaded microgels exhibit higher cytotoxicity due to the effect of the drug (Figure 16). 

As expected, DOXO-loaded microgel cytotoxicity is dose-dependent as cell viability decreases 

by increasing the concentration of DOXO-loaded microgels and, hence, by increasing the 

concentration of DOXO. For the highest DOXO concentration used, the decrease of cell 

viability in the presence of DOXO-loaded microgels was more pronounced in the case of HeLa 

cells than for RAW ones. This result could be explained by the fact that RAW cells grow 

quicker than HeLa cells leading to a higher percentage of viable cells at the same percentage of 

dead cells. Additionally, HeLa cells are more sensitive to DOXO-loaded microgels as a result 

of their higher metabolic activity, which may lead to larger particle uptakes (confirmed by the 

cellular uptake experiments presented in part III.4 of this Chapter), and, hence, a larger DOXO 

concentration inside the cells. 
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Figure 17 reports the cell viability of HeLa cells after incubation for 24 h with free DOXO and 

the different DOXO-loaded microgels in the same range of initial loaded DOXO concentrations 

(from 3 to 30 µM).  

 

Figure 17. Cell viability of HeLa cell line as a function of DOXO concentration after incubation for 24 

h at 37°C with: () Free DOXO, () DOXO-loaded SC1-PX76 4-E4 microgel, () DOXO-loaded 

SC1-PX76 8-E4 microgel, ()DOXO-loaded SC5-PX76 4-E4 microgel, () DOXO-loaded SC1-PX76 

8-E8 microgel, () DOXO-loaded SC1-PX9 4-E4 microgel and (-) DOXO-loaded SC1-PX16 4-E4 

microgel. For clearness error bars are not plotted. 

 

At similar loaded DOXO concentration microgels show similar cytotoxicity. This was an 

expected result since whatever the physico-chemical features of the bare microgels, similar 

cytotoxicity and DOXO release profiles were observed. 

At similar initial DOXO concentrations, the viability of HeLa cells is higher when incubated in 

the presence of DOXO-loaded microgels than with free DOXO as a consequence of the 

sustained release of DOXO from the microgels. Indeed, and as observed for other PVCL-based 

microgels, the release of the drug from the microgels to the cells through diffusion is a time-

dependent and sustained process.10, 15, 19 

 

IV. Conclusions 

The stability of bare PVCL-based microgels was studied after incubation for 13 days at 37°C 

in different biological mimicking media. An obvious increase of the microgel hydrodynamic 

diameter was systematically observed in PBS buffer, revealing the formation of aggregates of 
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microgel particles due to the screening of the particle charges in high ionic strength medium. 

In FBS supplemented media (either PBS or DMEM) the microgel destabilization occurred later, 

which can be ascribed to the adsorption of proteins, specially negatively charged BSA onto the 

microgel surface, leading to the reduction of their net particle charge. These results showed 

that, for further uses of the PVCL-based microgel in blood serum conditions, the incubation 

time before aggregation should be carefully considered.  

Cytotoxicity assays of the bare PVCL-based microgels on HeLa and RAW cells indicated that 

all the microgel particles were biocompatible for concentration ranging from 0.005 to 2 mg.mL-

1. The inhibition of cell’s growth was both a time and a dose-dependent process. Similar 

cytotoxicity profiles were observed for all the studied microgels whatever their initial colloidal 

and physical characteristics (size, cationic content, chain length of the cationic stabilizer). 

The successful cellular uptake of the microgels was assessed using fluorescence microscopy. 

The microgel internalization appeared to be time-dependent as well as the release of R6G into 

the cell cytoplasm, with a sustained release profile of the dye from the microgels into the cells. 

The mechanism of internalization of microgels and the interactions between microgels and 

HeLa cells was investigated through blocking different endocytic uptake pathways either 

globally, by decreasing the incubation temperature to 4°C, or using different endocytosis 

specific inhibitors of each potential internalization mechanism. It could be observed that 

inhibition of clathrins gave rise to a reduction in the extent of internalization of R6G-loaded 

microgels demonstrating that this pathway was one of the main mechanisms responsible for 

microgel internalization. This result was confirmed by a quantification of the extent of 

internalization inhibition for selected DOXO-loaded microgels. Indeed, a maximum cell 

survival was observed when the clathrin-dependent endocytic pathway was inhibited, either 

with sucrose or chlorpromazine. 

Doxorubicin anticancer model drug was successfully loaded into selected microgels. However, 

low amounts of drug were effectively encapsulated due to the existence of electrostatic 

repulsions between both positively charged microgels and DOXO at the pH at which the 

encapsulation was conducted. Therefore, the loading process should be optimized. For example, 

DOXO encapsulation might be increased by working at a pH for which DOXO is neutral.  

The cumulative DOXO release profiles of the microgels were studied at pH 5.5 and pH 7.4. At 

both pH, a burst release of the drug was observed within 7 h of incubation. While a sustained 

release of the drug was observed after this period at pH 7.4 (30-40 % of drug released within 
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37 h of incubation), much higher amounts of drug were released from the microgels at pH 5.5. 

As the cationic PVCL-based microgels were not expected to be pH-sensitive, the observed 

differences could be attributed to protonation of DOXO molecules at pH 5.5, which lower the 

drug/microgel affinity by enhancing electrostatic repulsions between them.  

The DOXO-loaded microgels exhibited higher cytotoxicity on HeLa cells than bare PVCL 

microgels due to the effect of the drug. At similar initial DOXO concentrations and for 

incubation at 37°C for 24 h, the viability of HeLa cells was higher when incubated in the 

presence of DOXO-loaded microgels than with free DOXO as a consequence of the sustained 

release of DOXO from the microgels, confirming the suitability of the cationic PVCL-based 

microgels as chemotherapeutic drug delivery nanocarriers. 

The results presented in this Chapter highlight the potential application of the cationic PVCL-

based microgels as drug delivery nanocarriers. However, further work would be still required, 

for example, to analyze in greater detail the mechanisms involved in exocytosis and cell death. 

In addition, as the degradability of synthetic polymers is still a concern for their use in 

biomedical applications,41, 42 it would be interesting to design cationic PVCL-based microgels 

with improved degradability by means of using a degradable crosslinker or degradable polymer 

units. Indeed, different degradable crosslinkers have already been successfully used for the 

design of PVCL-based nanogels.20, 43, 44 PEGylation of the microgel particles by means of using 

a reactive PEG-b-PAETAC as stabilizer for the emulsion polymerization of VCL could be 

envisaged as a mean to improve microgel stability in high ionic strength media and to decrease 

the adsorption of proteins into the microgel surfaces, while retaining the cationic character of 

the microgels. Indeed, the design of cationic PEG-containing polymers allows to maintain the 

cationic binding properties and simultaneously provides the protective features of the PEG 

moiety.31 As a consequence, such PEGylated cationic PVCL-based microgels should enhance 

their in-vivo circulation time. 
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Conclusions 
 

The objective of the present PhD work was to investigate the synthesis and 

characterization of thermoresponsive poly(N-vinylcaprolactam) (PVCL)-based particles. Two 

types of particles were successfully synthesized by heterogeneous polymerization process in 

aqueous media, using macromolecular stabilizers with a reactive xanthate chain-end. 

 

In the first part of this work, we implemented a strategy to design thermoresponsive 

PEGylated PVCL-based particles by means of hydrophobic interactions between the poly(N-

vinylcaprolactam-co-vinyl acetate) statistical copolymer chains of the core. A preliminary study 

was required to evaluate the control of the xanthate-mediated RAFT/MADIX copolymerization 

of VAc and VCL in bulk and to estimate reliable values of reactivity ratios for VAc and VCL 

radical polymerization in regards to the disparate values previously reported in the literature. 

This study was developed in Chapter 1 of Part I. Well-defined thermoresponsive poly(N-

vinylcaprolactam-co-vinyl acetate) copolymers with controlled molar masses and low 

dispersity values (Ð < 1.3) were successfully synthesized. Both conventional linearization 

methods and nonlinear least-squares methods were applied to determine values of reactivity 

ratios for VAc and VCL. The nonlinear least-squares (NLLS) method based on the integrated 

form of the copolymerization equation (Skeist equation) provided values of reactivity ratios of 

rVAc = 0.33  0.10 and rVCL = 0.29  0.15. According to this close reactivity of both monomers, 

P(VAc-co-VCL) copolymers presented nearly homogeneous distribution of VAc and VCL 

comonomers along the polymer chains. These P(VAc-co-PVCL) amphiphilic copolymers 

exhibited tunable phase transition temperature and self-assembly behavior depending on the 

fraction of hydrophobic VAc. Indeed, static light scattering measurements highlighted that 

P(VAc-co-VCL) copolymer with FVAc = 0.53 had the capability to self-assemble in water into 

trimer aggregates at a temperature below the cloud point temperature, by means of hydrophobic 

interactions.  

On the basis of the results presented in this chapter 1, the synthesis of thermoresponsive 

PVCL-based particles associated by hydrophobic interactions was discussed in chapter 2 of Part 

I of this thesis. For that purpose, a xanthate-terminated PEG (PEG-X) with high degree of chain-

end functionalization (87 mol-%) was used as macromolecular chain transfer agent for the batch 

emulsion copolymerization of VAc and VCL performed at 10 wt-% of initial solids content, 

with two different initial VAc feed ratios. We highlighted that this PEG-X efficiently acted as 



- 236 - 

 

both stabilizer and macro chain-transfer agent during the copolymerization, enabling the direct 

synthesis of thermoresponsive PEG-b-P(VAc-co-VCL) block copolymers in aqueous dispersed 

media. The colloidal characterization of the final dispersions showed that a fraction of 

hydrophobic VAc of 47 mol-% in the second block of the copolymer was required to maintain 

the integrity of the particles formed by self-assembly of the PEG-b-P(VAc-co-VCL) block 

copolymers in water, at a temperature below the cloud point by means of hydrophobic 

interactions. The well-defined physically crosslinked PEG49-b-P(VAc0.47-co-VCL0.53)154 

particles interestingly behaved as thermoresponsive colloids able to undergo a reversible 

swollen-to-collapse transition upon increasing the temperature. On the other hand, PEG49-b-

P(VAc0.17-co-VCL0.83)111 block copolymer with a lower fraction of VAc in the copolymer (17 

mol-%) behaved as soluble polymer chains in the aqueous phase at low temperature (T < 20 

°C) and self-assembled into large ill-defined aggregates by rising the temperature. Finally, the 

statistical copolymers based on VAc and VCL were successfully hydrolyzed into promising 

thermoresponsive biocompatible statistical copolymers based on vinyl alcohol and N-

vinylcaprolactam co-monomer units. This study was the first example of synthesis of PVCL-

based amphiphilic copolymers by controlled radical emulsion polymerization. 

 

The second part of this work was devoted to the synthesis and characterization of 

cationic PVCL-based thermoresponsive microgels that were evaluated as potential drug 

nanocarriers. Well-defined monodisperse chemically crosslinked PVCL-based microgels with 

a cationic stabilizing shell were successfully synthesized by heterogeneous polymerization in 

aqueous media, by using a reactive cationic macromolecular stabilizer.  

The first chapter of Part II depicted the synthesis by RAFT/MADIX polymerization of 

a series of poly[2-(acryloyloxy)ethyl]trimethylammonium chloride (PAETAC-X) cationic 

polymers with xanthate reactive chain-end and different molar masses (Mn). Attempts to assess 

the macromolecular features of the synthesized cationic polymers by using different 

characterization techniques (SEC, A-4F, DOSY-NMR, MALDI-TOF) revealed the complex 

behavior of these polyelectrolytes in solution with most probably the formation of polymer 

aggregates due to electrostatic interactions between charged polymer chains. However, 

asymmetrical field flow field fractionation (A-4F) analyses in water with 5 mM NaN3 salts 

attested of a certain control of the xanthate-mediated RAFT polymerization of the cationic 

AETAC monomer with values of Mn, A-4F, MALLS decreasing with increasing initial concentration 

of xanthate chain transfer agent and dispersity values below 1.4. The UV-visible analysis of the 
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cationic polymers confirmed the presence of the dithiocarbonate end-functional group for the 

polymers synthesized by RAFT/MADIX polymerization.  

As presented in the second chapter of Part II, it was proved that the xanthate extremity 

of the cationic P(AETAC-X) polymers played a crucial role in the colloidal stabilization of 

PVCL microgels during the polymerization process, allowing to synthesize for the first time 

stable monodisperse cationic PVCL-based microgels up to 10 wt-% of initial solids content. 

Indeed, for the all range of initial solids contents (τ = 1 to 10 wt-%), stable PVCL-based 

microgels were synthesized in the presence of the reactive P(AETAC-X) stabilizer while 

particle flocculation or coagulation were observed during emulsion or precipitation 

polymerization using either non-reactive P(AETAC) polymers as stabilizers or a conventional 

cationic molecular surfactant (CTAB). The stable cationic microgels exhibited a 

thermoresponsive behavior with a volumetric shrinkage upon heating and volume phase 

transition temperature values ranging between 28 °C and 30°C for the microgels synthesized 

using 4 and 8 wt-% of P(AETAC-X) based on VCL. The swelling behavior of the microgel 

particles could effectively be tuned by playing on different synthesis variables such as the initial 

solids content, the amounts of P(AETAC-X) stabilizer and EGDMA crosslinker.  

Finally, the suitability of the cationic PVCL-based microgels for further uses as drug 

nanocarriers was demonstrated in the third chapter of Part II. Indeed, cytotoxicity assays of the 

bare PVCL-based microgels on HeLa and RAW cells indicated that all the microgel particles, 

whatever their initial colloidal features (size, cationic content, chain length of the cationic 

stabilizer), were biocompatible for microgel concentration ranging from 0.005 to 2 mg.mL-1. 

The microgel cellular uptake was characterized by fluorescence microscopy. The cellular 

uptake pathway was investigated using three different inhibitors to conclude that the 

internalization of microgels into HeLa cells occurs mainly by clathrin-mediated endocytosis. 

Doxorubicin anticancer model drug was loaded into a series of selected microgels. The 

cumulative DOXO release profiles of the microgels studied at pH 7.4 showed a burst release 

phase for 7 h of incubation followed by a sustained release of the drug from the microgels. The 

DOXO-loaded microgels exhibited higher cytotoxicity on HeLa cells than bare PVCL 

microgels due to the effect of the drug. At similar initial DOXO concentrations and for 

incubation at 37°C for 24 h, the viability of HeLa cells was higher when incubated in the 

presence of DOXO-loaded microgels than with free DOXO as a consequence of the sustained 

release of DOXO from the microgels, confirming the suitability of the cationic PVCL-based 

microgels as chemotherapeutic drug delivery nanocarriers. 
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As perspectives for this work, it should be interesting to combine both approaches 

presented in Part I and Part II of this manuscript to synthesize PEGylated cationic PVCL-based 

microgels. Indeed, as previously mentioned, for further biomedical applications of the 

microgels, functionalization of the microgel surface with PEG should increase the stability of 

the microgels in biological media and hence the microgel in-vivo circulation time, by 

constituting a steric barrier to the adsorption of proteins onto the microgel surface. The PEG-

xanthate macromolecular chain transfer agent could be used to mediate RAFT/MADIX 

polymerization of AETAC cationic monomer directly in water instead of the hydroalcoholic 

medium. As complete conversion of AETAC monomer was reached (see Chapter 1 Part II), the 

synthesis of the cationic thermoresponsive PVCL microgels might be simplified by performing 

in the same reactor the PEG-xanthate mediated polymerization of AETAC in water followed 

by emulsion polymerization of VCL in the presence of crosslinker. Moreover, the incorporation 

of hydrophobic VAc units in the microgel inner network by copolymerization of VCL with 

VAc can be envisaged to create hydrophobic nanodomains enhancing the loading of 

hydrophobic drugs into the microgels. Also, partial hydrolysis of the PVAc units to form 

biocompatible poly(vinyl alcohol) (PVA) might favor the encapsulation of hydrophilic drug by 

means of hydrogen bonding between the drug and PVA units. Apart from the aforementioned 

advantages, the PEG block might reduce the formation of aggregates between polycations to 

overcome the issues of cationic polymer characterization.  

 



APPENDIX CHAPTER 2 – PART II. Cationic 
thermoresponsive Poly(N-vinylcaprolactam) 

microgels synthesized by surfactant free 
emulsion polymerization by using a reactive 

cationic macromolecular chain-transfer agent 
 

 

1. Reversibility of the PVCL-based microgel swelling to-collapse transition .................... 241 

2. Microgel electrophoretic mobility measured at different pH and ionic strength ............ 241 

3. DOSY NMR analyses ..................................................................................................... 244 

4. Stability of the P(AETAC-X) shell anchorage through microgel centrifugation ........... 245 

  



  



- Appendix Chapter 2 - Part II - 

- 241 - 

 

1. Reversibility of the PVCL-based microgel swelling to-collapse transition 

For all the stable PVCL-based microgels presented in Chapter 2 - Part II, reversibility of the 

swelling-de-swelling behavior was observed as the values of the final average hydrodynamic 

diameters as a function of the temperature and the value of the volume phase transition 

temperature (VPTT) were the same whatever the measurement cycle, i.e, heating or cooling 

cycle (Figure 1). 

 

Figure 1. Final average hydrodynamic diameters as a function of the temperature for the microgel 

synthesized at 5 wt-% of initial solids content, 4 wt-% of P(AETAC-X)76 as stabilizer and 4 wt-% of 

EGDMA (SC5-PX76 4-E4 in Table 7 Chapter 2 - Part II). Full symbols: heating cycle, open symbols: 

cooling cycle. 

 

2. Microgel electrophoretic mobility measured at different pH and ionic strength 

The microgel electrophoretic mobilities were measured at room temperature before 

centrifugation, in cationic buffer solutions at different pH (3, 6 and 9) and ionic strengths of 1 

and 10 mM (Table 1).  

At an ionic strength of 1 mM, the electrophoretic mobility of the microgels decreased when the 

pH increased. This was an unexpected result since the P(AETAC-X) cationic stabilizer is 

permanently charged and thus no influence of the pH should be noticed. Moreover, since the 

ionic strengths of the different cationic buffers were equal, differences cannot be attributed to 

a variation of the counterion concentration. However, the discrepancy of the microgel 

electrophoretic mobility might be explained by the different nature of the buffer and 

consequently the different nature of the ions in the solutions, resulting in different adsorption 

of these ions onto the microgel outer shell. The electrophoretic mobilities of the microgels 
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synthesized by surfactant free polymerization or using CTAB as surfactant are negative at pH 

9 which is not the case using either P(AETAC-X) or P(AETAC) polymers. This might be due 

to the steric hindrance of the stabilizers which limit the adsorption of negatively charged ions 

of the buffer.  

It also appeared that the microgel electrophoretic mobility was not influenced by the ionic 

strength of the buffer solution (in the range of concentrations studied) since the electrophoretic 

mobility values measured at pH 3 and 1 mM of ionic strength are similar to the one measured 

at pH 3 and 10 mM of ionic strength.  
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Table 1. Microgel electrophoretic mobility measurements in cationic buffer solutions at different pH (3, 

6 and 9) and ionic strength of 1 and 10 mM.a 

Reaction pH 
Ionic strength  

mM 
Dialyzed sample electrophoretic mobility  

m2/Vs × 10-8  

SC1-PX76 4-E4 

3 
10 0.42 ± 0.05 

1 0.38 ± 0.05 

6 1 0.50 ± 0.10 

9 1 0.03 ± 0.01 

SC1-PX76 8-E4 

3 
10 0.95 ± 0.17 

1 0.88 ± 0.31 

6 1 0.66 ± 0.14 

9 1 0.21 ± 0.06 

SC5-PX76 4-E4 

3 
10 0.57 ± 0.25 

1 0.37 ± 0.11 

6 1 0.35 ± 0.03 

9 1 0.04 ± 0.02 

SC5-PX76 8-E4 

3 
10 1.22 ± 0.04 

1 0.91 ± 0.33 

6 
10 0.47 ± 0.14 

1 0.75 ± 0.05 

9 
10 0.06 ± 0.04 

1 0.45 ± 0.16 

SC10-PX76 4-E4 

3 
10 0.88 ± 0.44 

1 0.61 ± 0.38 

6 1 0.59 ± 0.12 

9 1 0.11 ± 0.07 

SC1-PX9 4-E4 

3 
10 0.44 ± 0.16 

1 0.45 ± 0.08 

6 1 0.45 ± 0.05 

9 1 0.12 ± 0.03 

SC5-PX9 4-E4 

3 
10 0.38 ± 0.18 

1 0.35 ± 0.10 

6 1 0.44 ± 0.03 

9 1 0.14 ± 0.02 

SC5-P 4-E4 

3 
10 0.95 ± 0.43 

1 0.25 ± 0.07 

6 1 0.23 ± 0.04 

9 1 0.17 ± 0.05 

SC5-CTAB 4-E4 

3 
10 0.35 ± 0.07 

1 0.25 ± 0.14 

6 1 0.16 ± 0.02 

9 1 -0.10 ± 0.02 

SC5-0-E4 

3 
10 0.15 ± 0.05 

1 0.16 ± 0.04 

6 1 0.04 ± 0.01 

9 1 -0.11 ± 0.01 
a Measurements were carried out at 25°C, samples were analyzed at a concentration of 0.05 wt-% in 

buffer solution.  
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3. DOSY NMR analyses 

In our attempt to emphasize the formation of P(AETAC)-b-PVCL block copolymers during the 

VCL emulsion polymerization process using P(AETAC-X) polymers as stabilizers, the 

emulsion polymerization of VCL was performed in the absence of crosslinker, using different 

amounts of reactive P(AETAC-X) polymers as stabilizer (Table 2). The final products were 

characterized by DOSY NMR spectroscopy after being dialyzed to remove unreacted monomer.   

Table 2. Emulsion polymerization of VCL performed in the absence of EGDMA, at 70°C, with 1 wt-% 

of ADIBA initiator based on VCL and 3 wt-% of TRIZMA buffer based on VCL. 

Expt 
τa 

wt-% 
Stabilizer 

Stabilizer 

wt-% VCL 
DPtarget 

PVCL block
b 

nmacro-

CTA/ninitiator
c
  

VCL final 

conversion 

% 

14 5 
P(AETAC-X)9  

(56 % conv.) 
4 195 1.16 88 

15 5 
P(AETAC-X)16  

(62 % conv.) 
4 834 0.28 9 

16 1 
P(AETAC-X)16  

(100 % conv.) 
4 1424 0.16 11 

17 1 
P(AETAC-X)16  

(100 % conv.) 
8 726 0.31 25 

18 1 
P(AETAC-X)16  

(100 % conv.) 
12 490 0.48 14 

a τ: initial solids content; b DPtarget PVCL block: targeted degree of polymerization for the PVCL 

block, DPtarget PVCL block = nVCL/nmacro-CTA, with macro-CTA: macro-chain transfer agent: 

P(AETAC-X) polymer; 
c nmacro-CTA/ninitiator : ratio of the number of moles of P(AETAC-X) 

macro-chain transfer agent divided by the number of moles of ADIBA initiator. 

  

For the first experiment conducted (expt 14 in Table 2), the final conversion of VCL being high 

(88%), the signal of the cationic stabilizer was too low to be detected in the DOSY NMR 

spectrum. Consequently, in order to be able to distinguish the signals of P(AETAC-X) and 

PVCL polymers, it was required to stop the experiment at 10-30 % of VCL conversion. For 

such low conversions and whatever the initial amount of stabilizer based on VCL we used (expt 

15-18 in Table 2), DOSY NMR spectra displayed two distinct diffusion coefficients for each 

homopolymers (Figure 2). Therefore, we could not highlight the presence of any block 

copolymers. However, the transfer constant of xanthate being low, the transfer of PVCL 

growing chains to the cationic reactive polymer might occur for higher conversion of VCL. In 

that case, we were restricted by the detection limit of the technique as we used less than 10 wt-

% of cationic block versus PVCL. It was shown in Chapter 2 - Part II that the DOSY NMR 

spectra of the supernatants recovered after centrifugation of the PVCL-based microgels showed 

only one diffusion coefficient. Moreover, colloidally stable well-defined PVCL-based 



- Appendix Chapter 2 - Part II - 

- 245 - 

 

microgels could be synthesized at up to 10 wt-% of solids content only by using the reactive 

P(AETAC-X) as stabilizers. So, the key role played by the polymer reactive chain-end in the 

stabilization of the PVCL-based microgels was demonstrated.  

(a) 

 

 

(b) 

 

Figure 2. DOSY NMR spectra in D2O of: (a) expt 15 and (b) expt 17 in Table 2. 

4. Stability of the P(AETAC-X) shell anchorage through microgel centrifugation 

Microgel centrifugation  

The centrifugation process allows for separating the microgels from all the other compounds 

that are present in the medium as free molecules or polymers (not covalently bonded to the 
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particles). Consequently, if P(AETAC-X) polymer is not covalently bonded to the microgel 

particles, it should desorb from the microgel surface upon centrifugation to be transferred into 

the supernatant. Moreover, this desorption might induce a change of the microgel 

electrophoretic mobility. 

The microgel dispersion were systematically centrifuged at 1 wt-% of solids content and the 

supernatants recovered from microgel centrifugation were analyzed by NMR spectroscopy after 

drying step. For all the centrifuged microgels, characteristic signals of P(AETAC-X) polymer 

could be detected on the NMR spectra of the supernatant (Figure 3).  

 

Figure 3. 1H NMR spectrum in D2O of the supernatant recovered after centrifugation of SC1-PX76 4-

E4 microgel (Table 7 Chapter 2 – Part II). 

 

On the basis of the integrals of the protons of P(AETAC-X) and PVCL polymers, it is possible 

to determine the molar fraction of P(AETAC-X) in the supernatant and therefore to calculate 

the percentage of free P(AETAC-X) removed by centrifugation process.  
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Table 3. Analysis of supernatant of centrifuged P(AETAC)-PVCL microgels. 

Reaction FP(AETAC-X)
a wP(AETAC-X)

b 
% free 

chainsc 

mP(AETAC-X) 

supernatant for the 

total amount of 

microgel 
d

 

g 

mP(AETAC-X),0  

g 

% of 

stabilizer 

removed 

upon 

centrifugation
e 

SC1-PX76 4-E4 0.028 0.038 64 0.0511 0.0807 63 

SC5-PX76 4-E4 0.016 0.023 64 0.0757 0.2048 37 

SC10-PX76 4-E4 0.028 0.038 35 0.0697 0.2017 35 

SC1-PX76 8-E4 0.119 0.159 27 0.0927 0.1619 57 

SC5-PX76 8-E4 0.055 0.075 38 0.1548 0.4015 39 

SC5-P 4-E4 - - 34 - 0.2035 - 

SC1-PX76,cleaved 4-

E4 
0.030 0.041 56 0.0476 0.0809 59 

SC1-PX9 4-E4 0.039 0.054 58 0.1632 0.2007 81 

SC5-PX9 4-E4 0.025 0.035 74 0.0540 0.0803 67 
a Molar fraction of P(AETAC-X) in the supernatant, determined from the integrals of the protons of 

P(AETAC-X) and PVCL of 1H NMR spectrum (Figure 3), 𝐹P(AETAC−X) =  
𝑛AETAC

𝑛AETAC+ 𝑛VCL
 ; b Molar 

fraction of P(AETAC-X) in the supernatant,𝑤P(AETAC−X) =  
𝐹AETAC × 𝑀AETAC

𝐹AETAC×𝑀AETAC  + 𝐹VCL×𝑀VCL
 with MVCL = 

139 g.mol-1 and MAETAC = 194 g.mol-1; c Measured by gravimetry from the supernatant recovered by 

centrifugation of microgels performed at 1 wt-% of solids content for all microgels; d 

𝑚P(AETAC−X)super.  total amount microgel =  𝑤AETAC×
% 𝑓𝑟𝑒𝑒 𝑃𝑉𝐶𝐿 𝑐ℎ𝑎𝑖𝑛𝑠

100
 ×(𝑚VCL,0 +  𝑚P(AETAC−X),0); 

 e % 𝑠𝑡𝑎𝑏𝑖𝑙𝑖𝑧𝑒𝑟 𝑟𝑒𝑚𝑜𝑣𝑒𝑑 = (
𝑚P(AETAC−X)super.  total amount microgel

𝑚P(AETAC−X),0
)×100. 

 

The results of Table 3 show that the fraction of free P(AETAC-X) removed by centrifugation 

ranges between 37 and 81 wt-% of the initial mass of P(AETAC-X). Thus, a part of the stabilizer 

is covalently bonded to the microgel particle. However, for the microgel synthesized using non-

reactive P(AETAC-X)76,cleaved as stabilizer (SC1-PX76,cleaved 4-E4 in Table 3), the same amount 

of stabilizer is removed than for the microgel synthesized using reactive P(AETAC-X)76 as 

stabilizer (SC1-PX76 4-E4 in Table 3). This result can be explained by the significant 

experimental error on the determination of the percentage of stabilizer removed upon 

centrifugation. 

For the microgel synthesized using non-reactive P(AETAC) polymer as stabilizer (SC5-P 4-E4 

in Table 3), no P(AETAC) was detected in the NMR spectrum of the supernatant. This result 

might be due to the fact the 50 wt-% of coagulum removed at the end of the synthesis might 

have contained most of the non-reactive stabilizer (see Table 8 Chapter 2 - Part II). 

Another strategy to determine if the stabilizer was or not covalently bonded to the microgel 

particles consisted in characterizing the microgel electrophoretic mobility after centrifugation. 
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As for the analysis of the non-centrifuged microgels, the samples were diluted at 0.05 wt-% in 

buffer solution at pH 3 and ionic strength of 10 mM. Each sample was subjected to ten 

measurements at 25°C, with a 60 s delay between each measurement. During the ten 

measurements, we observed a large discrepancy between the values of electrophoretic mobility 

of the centrifuged microgels. For all the samples, the measured electrophoretic mobility turns 

negative after 5 measurements which was not the case for the non-centrifuged samples. This 

low accuracy of the measurements could be linked with a poor stability of the centrifuged 

microgel dispersions.  

As presented in Figure 4, the microgel particle sizes at the collapsed state (above the microgel 

VPTT) increased after the centrifugation process for almost all of the microgels and a loss of 

the microgel thermoresponsiveness can be observed. The SC1-PX76 8-E4 remained stable with 

similar diameters after centrifugation.  

  

 
 

Figure 4. Final average hydrodynamic diameters as a function of the temperature for the:  centrifuged 

microgels and  non-centrifuged microgels, full symbols: heating cycle and open symbols: cooling 

cycle. (a) SC1-PX76 4-E4 microgel (Table 7 Chapter 2 - Part II), (b) SC5-PX76 4-E4 microgel, (c) SC1-

PX76 8-E4 microgel, (d) SC5-PX76 8-E4 microgel. 
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In order to understand the consequence of the centrifugation process, various tests were 

conducted. The microgels were centrifuged under different conditions: 1) at either 40°C (T > 

VPTT) or 5°C (T < VPTT); 2) after the addition of PVCL homopolymer; 3) or after addition of 

P(AETAC-X)76 polymer; in order to investigate if the microgel destabilization observed at high 

temperature could be due to entrance of PVCL or P(AEATC-X) chains into the microgel 

network through centrifugation. In all the cases, a microgel reversible aggregation could be 

observed when reaching the VPTT (Figure 5). Therefore, it appeared that the centrifugation 

process leads to a destabilization of the microgel particles, probably due to the fact that a 

fraction of P(AETAC-X) stabilizer was removed from the microgel surface upon centrifugation. 

Consequently, the centrifugation process should be optimized in terms of duration and speed in 

order to overcome these issues. 

Figure 5. Final average hydrodynamic diameters as a function of the temperature after centrifugation at 

40°C for SC1-PX76 4-E4 microgel (Table 7 Chapter 2 - Part II). Full symbols: heating cycle and open 

symbols: cooling cycle.  
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Synthesis and characterization of thermoresponsive poly(N-vinylcaprolactam)-based particles by emulsion 

polymerization by using a reactive macromolecular stabilizer 

Two types of thermoresponsive poly(N-vinylcaprolactam) (PVCL)-based particles were synthesized by emulsion 

polymerization by using a reactive macromolecular stabilizer. In a first part, a xanthate functionalized poly(ethylene glycol) 

was used as macro-chain transfer agent and stabilizer for the reversible addition/fragmentation chain transfer (RAFT) emulsion 

copolymerization of VCL with the hydrophobic vinyl acetate co-monomer. This strategy allowed for the synthesis of physically 

crosslinked thermoresponsive particles by means of hydrophobic interactions between the poly(N-vinylcaprolactam-co-vinyl 

acetate) statistical copolymer chains of the core. To the best of our knowledge, this is the first example of the synthesis of 

PVCL-based amphiphilic copolymers by controlled radical emulsion polymerization. In a second part, chemically crosslinked 

cationic PVCL-based thermoresponsive particles were synthesized. For that purpose, a series of reactive cationic polymers 

were synthesized by RAFT/MADIX polymerization and were involved as stabilizers for the emulsion polymerization of VCL. 

The use of such reactive stabilizers enabled to produce stable monodisperse PVCL-based cationic thermoresponsive microgels, 

at initial solids content up to 10 %. Finally, the low cytotoxicity of bare PVCL microgels, the successful microgel internalization 

onto HeLa cancer cells by clathrin-dependent endocytosis and the sustained release of doxorubicin from the microgels highlight 
the potential of the cationic PVCL-based microgels to be used as chemotherapeutic drug delivery nanocarriers. 

Synthèse et caractérisation de particules thermosensibles de poly(N-vinylcaprolactame) par polymérisation en 

émulsion en utilisant un stabilisant macromoléculaire réactif 

Au cours de cette thèse, deux types de particules thermosensibles de poly(N-vinylcaprolactame) (PVCL) ont été synthétisées 

par polymérisation en émulsion en utilisant un stabilisant macromoléculaire porteur d’une extrémité réactive. Dans une 

première partie, un poly(éthylène glycol) fonctionnalisé avec un agent de contrôle de type xanthate a été utilisé en tant qu’agent 

de transfert macromoléculaire et stabilisant pour la copolymérisation par transfert de chaînes par addition/fragmentation 

réversible (RAFT) en émulsion de la N-vinylcaprolactame avec un co-monomère hydrophobe, l’acétate de vinyle (VAc). Cette 

stratégie de synthèse a permis d’aboutir à la formation de particules thermosensibles réticulées de manière physique par 

l’intermédiaire d’interactions hydrophobes entre les chaînes de copolymères poly(N-vinylcaprolactame-co-acétate de vinyle) 

constituant le cœur des particules. A notre connaissance, il s’agit du premier exemple de synthèse de copolymères amphiphiles 

de poly(N-vinylcaprolactame) par polymérisation radicalaire contrôlée en émulsion. Dans une seconde partie, des particules 

thermosensibles cationiques de poly(N-vinylcaprolactame) réticulées de manière chimique ont été synthétisées. Pour ce faire, 

plusieurs polymères cationiques porteurs d’une extrémité réactive de type xanthate ont été synthétisés et utilisés par la suite en 

tant que stabilisants réactifs pour la polymérisation en émulsion de la VCL. L’utilisation de ces polymères cationiques réactifs 

a permis d’obtenir des microgels cationiques de PVCL stables et monodisperses, à des taux de solides initiaux de 1 à 10 %, 

plus élevés que ceux généralement reportés pour la production de microgels thermosensibles (˂ 5 %). La faible cytotoxicité 

des microgels de PVCL synthétisés, leur effective internalisation par des cellules cancéreuses HeLa par un mécanisme 

d’endocytose clathrine-dépendante ainsi que leur capacité à relarguer de manière durable de la doxorubicine a permis de mettre 
en évidence le potentiel de ces microgels pour des applications en tant qu’agents de libération de principes actifs anticancéreux. 

Síntesis y caracterización de partículas termosensibles de poli(N-vinilcaprolactama) mediante polimerización en 

emulsión utilizando un estabilizante macromolecular reactivo 

Se han sintetizado dos tipos de partículas termosensibles basadas en la poli(N-vinilcaprolactama) (PVCL) mediante 

polimerización en emulsión utilizando un estabilizante macromolecular reactivo. En primer lugar, como agente de transferencia 

de cadena macromolecular y estabilizante se ha utilizado un poli(etilenglicol) modificado en su extremidad por un xantato, 

para copolimerizar por adición, fragmentación y transferencia reversible de cadena (RAFT) en emulsión la N-vinilcaprolactama 

con un comonómero hidrofóbico: el acetato de vinilo. Esta estrategia ha permitido sintetizar partículas sensibles a la 

temperatura y físicamente reticuladas gracias a las interacciones hidrofóbicas que surgen entre las cadenas estadísticas de 

poli(N-vinilcaprolactama-co-acetato de vinilo) y que conforman la partícula. Según nuestro conocimiento, este es el primer 

ejemplo de síntesis de copolímeros anfifílicos basados en la poli(N-vinilcaprolactama) por polimerización radical controlada 

en emulsión.  En segundo lugar, se han sintetizado partículas termosensibles de poli(N-vinilcaprolactama) químicamente 

reticuladas. Para ello, se ha sintetizado una serie de polímeros catiónicos reactivos mediante polimerización RAFT/MADIX, 

siendo utilizados como estabilizantes en la polimerización en emulsión de la N-vinilcaprolactama. El uso de estos estabilizantes 

reactivos ha permitido producir microgeles catiónicos termosensibles de poli(N-vinilcaprolactama) estables y monodispersos, 

con un contenido en sólidos inicial que abarca del 1 al 10 %, que son más altos que los comúnmente utilizados al sintetizar 

microgeles sensibles a la temperatura (< 5 %). Y para finalizar se constata que, la baja citotoxicidad de los microgeles 

sintetizados, sus capacidades de internalización en células de cáncer de cuello uterino (HeLa), mediante un mecanismo de 

endocitosis clatrin-dependiente, así como sus facultades para liberar de manera sostenida un fármaco antitumoral (la 

doxorubicina), resaltan el potencial de estos microgeles catiónicos basados en la PVCL para ser utilizados como 
nanotransportadores para el suministro de medicamentos quimioterapéuticos. 

Key words: Thermoresponsive polymers, poly(N-vinylcaprolactam), emulsion polymerization, RAFT/MADIX polymerization, 

microgels, drug delivery systems; Mots clés: Polymères thermosensibles, poly(N-vinylcaprolactame), polymérisation en 

émulsion, polymérisation RAFT/MADIX, microgels, systèmes de libération de principes actifs; Palabras claves: Polímeros 

termosensibles, poli(N-vinilcaprolactama), polimerización en emulsión, polimerización RAFT/MADIX, microgeles, 

nanotransportadores para el suministro de principios activos


