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Introduction

Alkoxyamine-functionalized latex nanoparticles 
through RAFT polymerization-induced self-
assembly in water. 

Claude St Thomas,
ab
 Ramiro Guerrero-Santos*

a
 and Franck 

D’Agosto*
b
 

Abstract. The use of a new symmetrical trithiocarbonate holding two alkoxyamine moieties 

(I), was explored in surfactant-free emulsion polymerization of styrene or n-butyl acrylate 

through reversible addition-fragmentation chain transfer (RAFT). I revealed as an effective 

chain transfer agent in the synthesis of well-defined end-functionalized poly(acrylic acid)s 

(PAA). These macro RAFT agents were further used in water for the preparation of 

amphiphilic triblock copolymers by polymerization induced self-assembly (PISA). The 

corresponding final latex particles decorated with alkoxyamine moieties were used to trigger 

out NMP polymerization of sodium 4-styrene sulfonate (SSNa) in water. The thermal 

activation of the surface alkoxyamines groups which had hitherto been dormant induced the 

formation of a double hydrophilic corona PAA-b-PSSNa and a sharp reorganization of latex 

particles. 

The Reversible deactivation radical polymerization RDRP
1
, 

developed during the decade of the nineties is now a well-

settled methodology to prepare macromolecular architectures 

exhibiting low dispersity (Ð = Mw/Mn) and predetermined 

molar mass (MM). The main RDRP techniques, which are 

also termed as controlled radical polymerizations, include 

nitroxide-mediated polymerization (NMP)
2,3,4

 atom transfer 

radical polymerization (ATRP),
5,6 

and reversible addition-

fragmentation chain transfer (RAFT)
7,8,9

 polymerization.  

Commonly, these techniques are carried out in homogeneous 

media to prepare well-defined homo and block copolymers or 

more complex architectures. Furthermore, the implementation 

of RDRP in aqueous dispersed systems, especially in 

emulsion polymerization, has gained increasing interest due 

to environmental concerns and its industrial potential.
10

 For 

instance, extensive research has been reported on the use of 

NMP technique to synthesize homopolymers and block 

copolymers with controlled molar masses and low Ð in 

waterborne polymerization.
11,12,13

 However, high operating 

temperatures is still a significant issue as most common 

nitroxides or alkoxyamines operate at temperatures above 120 

°C. Special attention has been received to the development of 

low temperature nitroxides or alkoxyamines to avoid 

conducting polymerizations into pressurized reactors.
14,15

 

Moreover, in the frame of RDRP in emulsion, the use of 

molecular controlling agents that ensure the control of the 

chain growth revealed to be difficult due to their localization 

in the different phases.
16

 

 A remarkable achievement was performed by Ferguson et al. 

who applied for the first time a method starting with the 

synthesis by RAFT of a very short poly(acrylic acid) (PAA) 

living polymer (five acrylic acid, AA, units) in presence of a 

reversible chain transfer agent.
17

 The living polymer was 

further chain-extended with a slow feed of n-butyl acrylate to 

form amphiphilic block copolymers able to self-assemble into 

frozen micelles in which the polymerization can further 

continue. Since these pioneered results, this approach has 

evolved in an extremely efficient and simple way of 

producing amphiphilic block copolymer particles by 

polymerization-induced self-assembly (PISA) performed in 

water
18

 or in other media
19.

without the use of additional 

surfactant. The control gained via the use of a RAFT process 

allows producing well-defined objects in which the nature and 

the functionality of the hydrophilic shell or the hydrophobic 

block can be tuned. Besides, the final morphology of these 

supra-macromolecular arrangements mainly depends on the 

relative volume fractions of each block as well as on the 
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interfacial energy created at the blocks junction. As a result, 

spheres but also fibers or vesicles, that can be obtained by the 

self-assembly of preformed amphiphilic block copolymers in 

selective solvents,
20

 can also be achieved using PISA in high 

solids content and by tuning the reaction conditions.
21

 

Recently, we have reported the synthesis of a symmetrical 

functionalized trithiocarbonate
22

 (R = R’ = alkoxyamine) or 

dithioesters
23

 which were applied to the preparation of 

multiblock copolymers in homogeneous media via alternated 

or in tandem RAFT/NMP. As the chemical structure of both 

RAFT and NMP controlling agents strongly impacts their 

aptitude to control the polymerization of the diverse classes of 

monomers, the use of such double-headed molecules opens a 

new way to produce unique polymer structures.  

 

Scheme 1. Structure of the double headed alkoxyamine trithiocarbonate (I). 

The potential use of these new thiocarbonylthio compounds in 

aqueous dispersed systems has not been reported yet. Based 

on the above mentioned PISA strategy, we anticipated that the 

RAFT synthesis of hydrophilic living polymers mediated by I 

would give excellent candidates to generate original 

amphiphilic triblock copolymer particles. The presence of the 

alkoxymanine moieties that could keep their integrity during 

the RAFT process may remain at the surface of the final 

particles providing a unique and unreported way of achieving 

surface alkoxyamine functionalized latex particles. Further 

use of these alkoxyamine groups to initiate NMP from the 

particle surface (surface initiated polymerization, SIP) may 

lead to interesting new morphologies.  

In this paper, we describe the preparation of well-defined α,ω-

dialkoxyamine poly(acrylic acid) trithiocarbonate using the 

symmetrical dialkoxyamine-functionalized trithiocarbonate I 

(see Schemes 1 and 2). This trifunctional polymer was 

subsequently utilized in a surfactant-free RAFT emulsion 

polymerization of styrene or n-butyl acrylate. Lastly, the 

latexes were charged with sodium 4-styrenesulfonate and 

heated to trigger out SIP via dissociation of alkoxyamine end-

groups located at the outer layer of the PAA hydrophilic 

corona.  

2. Experimental 

2.1 Materials 

Acrylic acid (AA, Acros, 99.9%), 4,4’-azobis(4-

cyanopentanoic acid) (ACPA, Fluka, >98%), sodium 

hydrogen carbonate (NaHCO3, Aldrich, >99%), sodium 4-

styrene sulfonate (SSNa, Aldrich, 99.5%), tetrahydrofuran 

(THF, Fluka HPLC, 99.5%), deuterium oxide (D2O, Aldrich, 

99.9 atom %D), dimethyl sulfoxide (DMSO-d6, Aldrich, 99.9 

atom %D), and trimethylsilyl diazomethane (Fluka, 99.5%) 

were used are received. Styrene (S, Aldrich, 99%) was 

purified by removing the inhibitor by filtration with 

aluminium oxide. n-butyl acrylate (BA, Acros, 99%) was 

distilled under reduced pressure. Spectra/Por molecular 

porous membrane tubing (Spectrum Laboratories) was used 

as purchased. Water was deionized before use (Purelab 

classic UV, Elga LabWater). I was synthetized as reported 

previously.
22

 

2.2 Analysis  

To determine the conversion of AA at different times, one 

drop of the reaction mixture was taken out with a syringe at 3 

h, 4 h, 5 h, 6 h and 8 h for 
1
H NMR analysis (in DMSO-d6) at 

room temperature. The integration ratio of the vinyl proton 

resonances between 5.9-6.6 ppm and the methylene protons 

resonance of 1,3,5-trioxane at 5.2 ppm used as internal 

reference was used to determine the monomer conversion. 

During the synthesis of the particles, the consumption of the 

hydrophobic monomer was followed by gravimetric analyses 

of samples withdrawn from the polymerization medium at 

different times.  

Size exclusion chromatography (SEC) measurements were 

performed in THF at 40 °C at a flow of 1 mL min
-1

 with a 

concentration of 3 mg mL
-1

. Before analysis polymers were 

modified by methylation trimethylsilyl diazomethane as a 

derivatization agent adapting a published protocol
24

 and, 

filtrated through a 0.45 µm pore size membrane. Separation 

was carried out on three Polymer Laboratories columns [3 x 

PLgel 5 µm Mixed C (300 x 7.5 mm) and a guard column (PL 

gel 5 µm)]. The setup (Viskotek TDA 305) was equipped 

with a refractive index (RI) detector (λ = 930 nm). The 

average molar masses (number-average molar mass Mn and 

weight-average molar mass Mw) and the dispersity (Ð = 

Mw/Mn) were derived from RI signal by a calibration curve 

based on poly (methyl methacrylate) standards (PMMA from 

Polymer Laboratories). The same procedure was used for 

SEC measurements of block copolymers, using a calibration 

curve based on polystyrene (PS from Polymer Laboratories). 

Dynamic light scattering (DLS, Nano ZS from Malvern 

Instruments) was used to measure the particle size (average 

hydrodynamic diameter, Dh) and the dispersity of samples 
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(Poly). Before measurements, the latex samples were diluted 

in deionized water.  

Nuclear Magnetic Resonance (NMR) spectra were obtained 

in a Brucker DRX 300 in DMSO-d6 and/or D2O at room 

temperature. 

To determine the conversion of SSNa consumed during SIP, 

dialysis was carried out on the final latex using molecular 

porous membrane tubing under vigorous magnetic agitation. 

Fresh water was regularly provided and conductivity 

measurements were used to determine when dialysis was 

complete. SSNa conversion was then evaluated by gravimetry 

performed on the water phases.  

Scanning electron microscopy (SEM) images were obtained 

using a JEOL JSM-7401F cold type FE-SEM field emission 

scanning electron microscope. The sample measurements 

were carried out using the following procedure. The plate 

(copper) was cleaned with acetone and then air dried. The 

latexes (concentration < to 1% of solids) was drop-cast onto 

the surface of the plate and allowed to dry at room 

temperature. The surface of the films was coated with a gold 

and palladium alloy layer before recording the SEM images. 

Elemental analysis of the surface was also performed using an 

EDX microanalysis system. 

 

Transmission electron microscopy (TEM) was performed at 

an accelerating voltage of 80 kV with a Philips CM120 

transmission electron microscope at the Centre 

Technologique des Microstructures (CTµ), Claude Bernard 

University, Villeurbanne, France. Diluted samples (< 1 %) 

were dropped on a Formvar-carbon coated cooper grid and 

dried under air.  

In order to preserve particle shape, PBA containing latexes 

were observed in their natural hydrated environment using 

cryogenic TEM (cryo-TEM).  For analysis, the sample was 

deposited on a continuous carbon film, blotting the water in 

excess, mounting the dry specimen on the Gatan holder and 

quenching it in liquid nitrogen before introducing in the 

microscope. The holder was then cooled down and the 

specimen was observed at -180°C.  The number-average (Dn), 

the weight-average particle diameter (Dw), and polydispersity 

index (PDI = Dw/Dn) were calculated using Dn = ∑niDi/∑ni 

and Dw = ∑niDi
4
/∑niDi

3
 where ni is the number of particles 

with diameter Di.  

2.3 Polymerization 

Synthesis of PAA Macro RAFT agent (Step 1).  

A representative experiment was carried out as follows: in a 

two-necked round-bottom flask equipped with a condenser 

79.5 mg of I (0.1 mmol L
-1

) and 5.8 mg of ACPA (2 × 10
-2

 

mmol L
-1

), 3.0 mL of dioxane and 1.0 g of AA (15 mmol L
-1

) 

were mixed. A small amount (0.13 mg) of 1,3,5-trioxane (1.4 

mmol L
-1

) was added as an internal reference for 
1
H NMR 

analysis. In this particular case, the targeted Mn was 11,600 g 

mol
-1 

(see Entry 6, Table 1). 

The flask was degassed by bubbling argon through the 

solution for ca. 30 minutes. After this, the temperature was 

increased to 70 °C by immersing the flask in a thermostated 

oil bath. The withdrawal of samples at predetermined times 

allowed to follow the monomer conversion with time and the 

evolution of MM and Ð. The formed PAA macroRAFT 

agents (PAA-I) were diluted with dioxane and precipitated 

out from diethyl ether. For polymerizations carried out in 

water a similar procedure was followed. The different PAA-I 

synthesized are listed in Table 1.   

RAFT Surfactant-Free Emulsion Polymerization Procedure 

(Step 2). 

In a typical experiment, 414 mg of styrene (3.9 mmol) and a 

solution of PAA-I (63 mg; 7.8 x 10
-3

 mmol, MnSEC = 8,040 g 

mol
-1

) in water were charged in a one-necked round bottom 

flask. The total volume of the reaction was adjusted with 

water to 5 mL. At that point, 1 mL of an aqueous solution of 

ACPA (concentration = 6.9 mg mL
-1

 neutralized by 7 mol 

equiv of NaHCO3) was added to the reaction mixture. The 

medium was degassed by bubbling argon through the solution 

for 30 minutes and immersed in oil bath thermostated at 80 

°C (for more details see Entry L2 in Table 2). A similar 

procedure was followed to polymerize BA. In that case, a 

small amount of styrene, (< 10 %) was added in order to 

improve the polymerization control.
25

 In both instances, stable 

latexes PAA-b-PS-b-PAA or PAA-b-PBA-b-PAA were 

obtained.  Results are reported in Table 2. 

Surface Initiated Polymerization through NMP from latex 

nanoparticles Procedure (Step 3). 

Residual monomer was removed from the latex by bubbling 

of argon before any SIP experiment. In a typical experiment 

138 mg of SSNa (0.67 mmol L
-1

) was added to the latex L1 

(291 mg, 7.4 x 10
-3

 mmol) described in Table 2. The mixture 

was charged into an autoclave reactor (50 mL), degassed with 

three freeze-pump-thaw cycles and heated under argon at 

130°C overnight under pressure (3 bars). The dispersion 

obtained was characterized by TEM.  

3. Results and discussion 
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3.1 Synthesis of PAA-I (Step 1).  

The general synthetic strategy to produce stable latexes is 

outlined in Scheme 2. Acrylic acid RAFT polymerization was 

mediated by I to form a PAA macroRAFT agents (PAA-I) 

which were subsequently chain extended using styrene or n-

butyl acrylate under PISA conditions at 80°C. A careful 

exploration on the effect of pH, concentration and molar mass 

of hydrophobic and hydrophilic segments over the particle 

size was carried out in our previous works.
26

 Therefrom, the 

reactions conditions were selected as defined in the 

experimental section.  

 

Scheme 2. Synthetic protocol for the preparation of alkoxyamine decorated 

polystyrene latex and representation of particles.  

To generate the desired particles, the first step is to assess the 

synthesis of PAA macroRAFT using I as controlling agent. 

This can be performed in organic solvent such as dioxane.
27,

 
28 As the PISA process has also been developed according to 

a one pot process for which both the growth of the 

hydrophilic and the hydrophobic segments are performed in 

an aqueous medium, I-mediated RAFT polymerization of AA 

was also investigated in water.
29

 I being not soluble in pure 

water was first dissolved in AA and the resulting solution 

added to water. This still gave rise to aqueous suspensions 

that were concentrated in AA (maximum 55% v/v of water). 

Once the medium was heated and upon polymerization it 

becomes progressively clear. As it can be seen in Figure 1 

polymerizations carried out in water (entries 1-3 in Table 1, 

[I]/[ACPA] ratio of 10) were rather slow and reached 60 % 

conversion in 8 hours. A linear increase of molar masses 

versus conversion was observed from the analyses of the 

samples withdrawn from the polymerization reaction at 

different times. Low dispersity values were obtained (< 1.3) 

by SEC. Experimental molar mass values were higher than 

expected (particularly when high polymerization degrees 

were targeted) which may be related the solubility problems 

encountered with I that may be slowly and not quantitatively 

consumed during the process.  Polymerizations performed in 

dioxane were not associated with solubility issues of I and 

lower concentrations of AA could easily be employed (entries 

4-6, Table 1). After an inhibition period was observed, around 

70% conversion was reached in less than 5h when employing 

a [I]/[ACPA] ratio of 5. Again a linear increase of the molar 

masses versus conversion was observed and low dispersities 

were obtained (Ð = 1.2). These data confirmed the controlled 

behaviour of the polymerizations. 

SEC traces of methylated PAA-I (Figure S1) showed an 

entire shift towards lower retention times (high molar mass). 

However, above 50% of monomer conversion, a shoulder on 

the low molar mass side was systematically observed in 

polymerizations carried out either in water or dioxane. To 

obtain a better insight on the nature of this shoulder, sample 

PAA-I 2 (entry 2, Ð = 1.3 with Mpeak = 20,400 g mol
-1

) was 

cleaved at the central thiocarbonylthio linkage by treatment 

with AIBN/PPh3.
30

 The SEC analysis of the resulting polymer 

(MnSEC = 10,220 g mol
-1

 and Mpeak = 11,500 g mol
-1

) showed 

that the polymer formed after cleavage was of low dispersity 

(Ð = 1.15) (Figure S2a) but did not seem to perfectly match 

the low molar mass shoulder in the initial polymer. In order to 

investigate this point, a deconvolution of the chromatogram 

of PAA-I 2 was performed (Figure S2b). Although very 

similar, the low molar mass peak obtained after 

deconvolution indeed mismatched the chromatogram 

obtained after cleavage of PAA-I 2. This however does not 

rule out a possible degradation of the middle chain 

trithiocarbonate moiety (i) during the polymerization due to 

the sensitivity of thiocarbonylthio moiety to hydrolysis in 

aqueous or protic media and/or (ii) during the methylation 

step carried out before SEC analysis.
31

  Indeed, the 

degradation reaction induced by treatment with the 

AIBN/PPh3 may lead to PAA carrying different chain ends 

from the ones potentially obtained after the abovementioned 

degradations. The nature of these chain ends may also slightly 

impact the elution of the resulting polymers. Besides, the 

elution of mixture of two polymers is not exactly the same as 

the one of the same polymers analyzed alone. As these 

possible degradations can have serious outcomes on the 

success of the next emulsion polymerization step, we further 

performed methyl acrylate polymerization with I in dioxane 

and analyzed the polymer by SEC after a ‘useless 

methylation’ step only performed to mimic the history of our 

previous samples. The SEC analyses using THF as eluent and 

PMMA calibration standard of this PMA sample before and 

after methylation are reported in Figure S3. One single 

population of low dispersity (MnSEC = 8,800 g mol
-1

, Mpeak = 
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10,900 g mol
-1

, Ð = 1.1) can be observed before methylation. 

After methylation (addition of trimethylsilyl diazomethane, 2 

mL of THF and 5 drops of water), a second population of 

lower molar mass (MnSEC = 5,600 g mol
-1

, Mpeak = 9,800 g 

mol
-1

, Ð = 1.3) appears confirming that the methylation 

treatment is mainly responsible for the degradation of the 

trithiocarbonate linkage in the middle of the chains. This 

suggests that our original PAA-I are thus exhibiting the 

expected structures shown in Scheme 2.  

Indeed, the 
1
H NMR analysis (Figure S4) of PAA-I 6, 

confirmed the presence of the α,ω alkoxyamine- groups 

which is in accordance with the expected RAFT mechanism 

involving I. 
1
H NMR was also employed to calculate the 

molar mass of the obtained chains (MnNMR) from the 

integration of the signals corresponding to end-groups. In this 

particular case, MnNMR = 8,170 g mol
-1

 is very close the 

experimental values of (MnSEC = 8,040 g mol
-1

). Accordingly, 

98% of chains ends are capped with alkoxyamine groups 

stemming from I. This result seemed to confirm that the 

observed cleavage of the trithiocarbonate moiety seemed 

mainly to occur during the methylation of the chains. 

In summary, different well-defined functionalized PAA-Is 

(MM ≤ 11 kg mol
-1

) were produced which were used as 

precursors of amphiphilic triblock copolymers through RAFT 

polymerization using PISA.  

Table 1. RAFT polymerization of acrylic acid mediated by I.  

Entry PAA-I 

code 

[AA] / 

 [I] 

[I] /  

[ACPA] 

Solvent t 

 (h) 

Conva 

(%) 

Mnth
b 

(g mol-1) 

MnSEC
c 

(g mol-1) 

Đc 

1d PAA-I 1 300 10 Water 7 63 14,480 10,400 1.3 
2d PAA-I 2 300 10 Water 8 61 14,000 10,770 1.3 

3d PAA-I 3 185 10 Water 8 49 7,340 8,040 1.2 

4e PAA-I 4 155 4.3 Dioxane 5 77 9,400 8,820 1.2 
5e PAA-I 5 150 5.0 Dioxane 4.5 39 5,050 4,100 1.2 

6e PAA-I 6 150 4.5 Dioxane 5 71 8,670 8,040 1.2 
aMonomer conversion was determined by 1H NMR. bTheoretical Mn = ([AA]0 × conversion x MAA)/[I]0 + MI where [AA]0 is molar ratio of acrylic acid (AA), 

I]0 is molar ratio of I, and MI, the molecular weight of I. cNumber-average molar mass and Ð determined by SEC in THF with PMMA standards. dCarried out 

in water 55% (v/v), eCarried out in dioxane 70% (v/v). T = 70°C. 

Figure 1. Conversion vs. MnSEC during acrylic acid RAFT polymerization 

mediated by I at T = 70°C in water (PAA-I 1) or dioxane (PAA-I 6). 

3.2 Surfactant-Free Emulsion RAFT Polymerization (Step 2). 

In this step, amphiphilic block copolymers were prepared 

from every PAA-I quoted in Table 1. Emulsion 

polymerizations were carried out with S or BA as 

hydrophobic monomer at molar ratios [M] / [PAA-I] in the 

range 400-900. ACPA was used as water soluble initiator and 

the pH was maintained to 3.1 as previously optimized in our 

group for trithiocabonate terminated PAA macroRAFT. Table 

2 summarized these different experiments.  

Conversion versus time and MnSEC versus conversion plots are 

given in Figure S5. An inhibition period (< 1h) was observed 

in the case of styrene and was less pronounced in the case of 

BA. As already observed,
26 

this inhibition corresponds to the 

very first hydrophobic monomer units that have to be 

incorporated to the hydrophilic macroRAFT before the latter 

starts to be surface active and to self-assemble. High 

conversion (70%) was then reached at relatively short times.  

 

Figure 2. (a) SEC trace of PAA-I 6 and its corresponding block copolymer 

L4, (b) SEC curve of PAA-I 6 and its corresponding block copolymer L6. 

In all cases, stable latexes were formed. As a general trend, 

moderate to high values of conversion were reached. As it can 

be seen from Figure 2, the SEC traces obtained after 

polymerization of S or BA showed an shift toward high molar 

mass in comparison with  the initial PAA-I macro-CTA. A 
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noticeable increase in Ð (> 1.7, see Table 2) is favoured by 

the presence of a small amount of starting PAA chains. These 

chains may come from PAA-I 6 (i), PAA chains resulting 

from the cleavage of the trithiocarbonate moiety of PAA-I 6 

either by degradation (if any) during the emulsion step (ii) or 

during the methylation before SEC analysis of PAA-I 6 

chains that did not participate to the emulsion step (iii). The 

very low corresponding signal observed by SEC analyses 

cannot however be used to determine the molar mass with 

enough accuracy to tell which of these three assumptions is 

more probable.  

 

 

 

Table 2. RAFT emulsion polymerization of S and BA mediated by PAA-I 6 

Entry Macro-CTA/M t 

(h) 

DPn,th Conva 

(%) 

MnSEC
b 

(g mol-1) 

Đb Dh
c Polyc Dn Dw/Dh

d 

L2 PAA-I 6/S 8 500 60 39,500 1.6 50 0.19 43 1.11 

L4 PAA-I 6/S 8 900 70 62,500 1.7 65 0.13 60 1.09 

L6 PAA-I 6/BA 8 550 60 39,700 1.7 34 0.19 30 1.21 
aMonomer conversion was determined gravimetrically. bNumber-average molar mass and dispersity were determined by SEC in THF after methylation using 

PS standards. cDh were obtained by dynamic light scattering (DLS). dDw/Dn were obtained by transmission electron microscopy. T = 80°C; pH = 3.1. 

To further confirm the formation of block copolymers latexes 

were analysed by TEM. In all cases, assembled structures 

with a spherical morphologies (Dn < 45 nm) were observed. 

Micrographies of self-assembled block copolymers PAA-b-

PS-b-PAA and PAA-b-PBA-b-PAA are shown in Figure 3. In 

this last case a cryo-TEM was used to preserve original 

morphology of nanoparticles. Additional illustrative images 

are also presented in Figure S6 (Table 2, Entries 1-3) are 

presented in Figure S6. As expected, the average diameter Dh 

obtained by DLS (Table 2) are slightly higher than those 

obtained by TEM due to the swelling of the PAA segment in 

water. The small particle sizes obtained although slightly 

broadly distributed either by TEM or DLS measurements 

(lower than 43 and 51nm respectively) were in agreement 

with the self assembly of block copolymers.  

Besides, the amphiphilic block copolymer PAA-b-PS-b-PAA 

isolated from L2 was further analyzed by 
1
H NMR. As it can 

observed in the Figure 4a, the 
1
H NMR spectrum (300 MHz) 

of the block copolymer recorded in DMSO-d6 exhibited 

resonances corresponding to the phenyl groups of the PS 

segment between 7.3 and 6.2 ppm. PAA methyne protons of 

the main chains can be found between 2.1 and 2.4 ppm, while 

main chain methylene protons were between 1.2 and 2.0 ppm. 

The methyl proton signal of the alkoxyamine can be seen at 

0.8 ppm and the signal associated to the methyne proton in 

position α to the oxygen atom of the alkoxyamine was found 

at 5.2 ppm. Figure 4b shows the 
1
H NMR spectrum of the 

same product under the form of a latex dispersed in D2O. The 

corresponding spectrum is indeed meant to give selective 

information about any water solvated species.
32

 In this case 

only the PAA signals (between 2.1 and 2.4 ppm and 1.2 and 

2.0 ppm) and other peaks at 0.9 ppm associated to the methyls 

of the alkoxyamine groups were observed. Since PS segments 

are no longer soluble in D2O, the associated aromatic 

resonances disappeared. Only a very weak and broad signal 

remains suggesting that a few styrene units were slightly 

solvated by water at the interface and therefore became 

somewhat mobile because the attached hydrophilic PAA 

segments.
32

 The presence of these resonances in water may 

also be assigned to the alkoxyamine moieties carried by the 

PAA segments. The resonance of the methyl groups of the 

alkoxyamines are indeed still observed at around 1.0 ppm. 

These last results are in agreement with the formation of 

particles stabilized by the PAA hydrophilic segments. They 

further suggest that alkoxyamine moieties seemed to be 

present at least partly in water and thus accessible for further 

chemistry.  

 

Figure 3. TEM images of latex L2 and cryo-TEM images of latex L6. 

The chain-end functionalization of homopolymers and 

triblock copolymers prepared in solution departing from I was 

clearly demonstrated in our recent paper.
22

 Here we showed 

that the alkoxyamine end-group of poly(acrylic acid) blocks 
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can keep their integrity during the RAFT chain extension 

reaction (Scheme 2) with hydrophobic monomers if the 

temperature (80 °C) is kept below the cleavage temperature of 

the considered TEMPO-based alkoxyamines (ca 120°C). 

Consequently, latex particles as shown in Scheme 1 

containing trithiocarbonate moieties (green dots) in their 

hydrophobic core and PAA chains end-capped with 

alkoxyamines (yellow dots) as hydrophilic shell.  

 

Figure 4. (a) 1H NMR of latex L2 in DMSO, (b) 1H NMR of Latex L2 in 

D2O 

3.3 Surface Initiated Polymerization from latex nanoparticles 

(Step 3)  

Prior any surface initiated polymerization using the latexes 

synthesized above, we evaluated the potential of these latexes 

to undergo further polymerization involving both the 

alkoxyamine and the trithiocarbonate moiety simultaneously 

using a hydrophobic monomer. The motivation in these 

preliminary experiments was an original way to target 

multiblock copolymers in dispersed media. L6 (PAA-b-PBA-

b-PAA block copolymer particles, MnSEC = 39,700 g mol
-1

; Ð 

= 1.7) which was prepared with from PAA-I 6 (MnSEC = 8,040 

g mol
-1

; Ð = 1.2) (see Table 1), was used for S polymerization 

performed in water at 130 ºC under pressure (3 bars) without 

the help of any additional initiator ([S]/[L6] = 500, see Table 

S1 for additional information). The corresponding successful 

polymerization is not a sign that alkoxyamines act as sole 

initiators in this system since thermal self-initiation of styrene 

cannot be ruled out. In addition, swelling of the particles with 

styrene will occur and involvement of the trithiocarbonate 

groups cannot be neglected. The size of the particles (see 

Table S1) increased from 34 nm (L6) to 120 nm (L-NMP). 

The rather important increase in size cannot be assigned 

solely to surface-chain extension with styrene. The growth of 

PS block from the alkoxyamine in water may lead to some 

extent to destabilization and aggregation of the latex particles, 

resulting in larger objects. However the resulting aggregates 

remained stabilized by the PAA hydrophilic segments. The 

stability of the resulting latex was indeed followed over a year 

(Figure 5a). Besides, the formation of high Tg hydrophobic 

PS chains (Tg ~ 100°C) is beneficial to TEM analysis. The 

Mn of the methylated polymer after polymerization was 

45,000 g mol
-1

 (Ð = 1.8) while the starting Mn was 39,700 g 

mol
-1

 (Ð = 1.3). The shift in molar mass observed and the 

rather low molar mass obtained is not consistent with a 

conventional free radical polymerization of styrene and 

suggest the involvement of the alkoxyamine and/or the 

trithiocarbonate moieties. Admitting the RAFT and NMP 

were activated simultaneously the theoretical expected 

structure of this reaction is a heptablock copolymer. However, 

the obtained structure cannot be determined with accuracy as 

the styrene polymerization partition is unknown. Furthermore, 

the rather low thermal stability of the trithiocarbonate moiety 

and phenomena such as alkoxyamine entering the core of the 

particles after chain extension with styrene and potentially 

reacting with the chains growing inside the core could 

dramatically limit the elucidation of the exact structure. 

  

Figure 5. (a) Illustrative TEM images of corresponding latex (L6) after 

polymerization of styrene. (b) SEC traces of PAA-I, PAA-b-PBA-b-PAA 

(L6), and the copolymers obtained in L-NMP. 

To exploit the reactivity of the surface alkoxyamines, a 

surface initiated polymerization (SIP) was tentatively 

performed in water by adding SSNa to the latex L2 (PAA-b-

PS-b-PAA) and heating the resulting dispersion at 130°C 

under pressure ca. 3 bars with agitation.  

NMP can indeed be undertaken independently from RAFT 

provided that the monomer to be polymerized is highly water 

soluble. The trithiocarbonate groups inside the hydrophobic 

core should then not disturb the SIP.  
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Considering that, as far as we know, there was no report on 

NMP-SIP performed in water, experiments (Table S1) were 

carried out with SSNa. A blank polymerization was also 

performed in absence of monomer. The latexes obtained after 

SIP (Latex NMP 1-3) were dialysed to quantify the SSNa 

residual monomer and thus its conversion. In all cases, any 

noticeable change in the latex aspect was observed; the latex 

exhibited a typical light scattering blue colour before and 

after reaction. The latexes were characterized by DLS, SEM 

and TEM to determine the average diameter and the 

morphologies of particles resulting from SIP. Samples were 

taken, diluted (< 1% of solids content) and placed in copper 

plate and grids for SEM and TEM observation respectively. 

The DLS analysis of latexes L2 and NMP-1 shown in Figure 

S7 indicates that the average diameter of nanoparticles 

increases from 50 to 72 nm. As recently reported,
33

 this result 

may confirm that during the surface initiated polymerization a 

new PSSNa block is introduced initial triblock copolymer 

PAA-b-PS-b-PAA.

 

Figure 6. (a) SEM images of soft latex (L2), (b) SEM-EDX of latex NMP-1 

(rough surface) obtained via SIP.  

As it can be seen in Figure 6, the effect of SSNa 

polymerization is noticeable in the morphology of latex 

considering different conversions. At 20% of conversion, the 

surface of the particles previously soft (Figure 6a) was 

changed to rough surface (Figure 6b) with some dotted 

attributed to short chain of PSSNa. The SEM-EDX analysis 

of sample Latex NMP-1 (Figure 6b) indicated that sulphur, 

probably originating from SSNa units was present besides 

carbon,  oxygen, and others elements such as copper (from 

the plate), Al and Si (possibly related to impurities), Na and 

Ca (from water).  

By increasing the conversion of SSNa to 40%, the initial 

spherical particles from latex 2 were reorganized in the form 

interconnected nanofibers - the diameter of which is slightly 

larger that of initial nanoparticles - together with some 

vesicles (Figure 7a). The blank experiment performed in 

absence of SSNa (i.e. thermal treatment) does not show any 

change in morphology (Figure 7b) and confirms that the SIP 

of SSNa is involved in the new obtained morphologies. It is 

worth recalling here that these nanoobjects are composed of 

self-assembled amphiphilic multiblock copolymers. For 

amphiphilic diblock copolymers, varying the relative volume 

fractions of each block usually dictates the final copolymer 

morphology, although kinetically trapped morphologies are 

quite common.
34,35

 The unexpected switch in morphology 

observed here can indeed be rationalized by both a change in 

the hydrophilic/lipophilic balance from PAA-b-PS-b-PAA 

copolymers to the formed PSSNa-b-PAA-b-PS-b-PAA-b-

PSSNa block copolymers and the softening of the polystyrene 

core at 130°C.  At the best of our knowledge it is the first 

time a NMP-SIP of SSNa is initiated from the surface of a 

latex. Besides, the morphology switch has been largely 

depicted in PISA system
18,19

 by increasing the hydrophobe 

fraction of self-assembled amphiphilic diblock copolymers. 

One could expect that the polymerization of SSNa should 

cause an increase in the hydrophilic volume fraction, which 

would favour spherical particles and not a sphere-to-cylinder 

transition. Although these preliminary results will require an 

in-depth investigation, they seem to show that such 

morphology switch can be triggered from the surface of the 

particles by softening the hydrophobic block and modifying 

the hydrophilic/hydrophobic balance of amphiphilic 

multiblock copolymers.  
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Figure 7. TEM images of latexes: (a) NMP-3, polymerization of SSNa via 

SIP, and (b) from blank experiment without SSNa. 

Conclusions 

I, a new symmetrical trithiocarbonate holding two 

alkoxyamine moieties, has been successfully used to control 

the RAFT polymerization of acrylic acid. The resulting PAA 

macro RAFT carrying a central trithiocarbonate group and 

two alkoxyamines at both chain ends were used in water to 

polymerize styrene and n-butyl acrylate using PISA. Well-

defined latex nanoparticles decorated with alkoxyamines 

groups were produced. The polymerization of styrene in the 

presence of such latexes was performed. Multiblock 

structures resulting from both NMP and RAFT involving 

alkoxyamines and trihtiocarbonates could not be evidenced 

although the involvements of these controlling moieties in the 

polymerization was suggested by the low molar mass of the 

final copolymers. Reactivation of the surface alkoxyamines at 

high temperature in the presence of styrene led to 

simultaneous NMP and RAFT at the surface and at the core 

of the particles leading to PS-b-PAA-b-PS-b-PBA-b-PS-b-

PAA-b-PS multiblock copolymer particles. When SSNa was 

employed, surface initiated polymerization only occurred. A 

reorganization of the resulting PSSNa-b-PAA-b-PS-b-PAA-b-

PSSNa amphiphilic multiblock copolymers into nanofibers 

was observed and possibly favoured by the modification of 

the hydrophilic/hydrophobic balance of the block copolymer 

and the reaction temperature. The reactive particles described 

in this paper represent a new platform to prepare a variety of 

new latexes.   
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