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ABSTRACT: A convergent synthesis of amphiphilic polymers with a polystyrene (PS) core and a polyelectrolytic poly(1-methyl-4-

vinylpyridinium iodide) (P4VPMe+I-) shell is reported. The polymers were obtained by reversible addition-fragmentation chain-

transfer (RAFT) polymerization in water using a trithiocarbonate chain transfer agent [R0-SC(S)SPr, R0 = -C(Me)(CN)CH2CH2-

COOH)]. Two types of particle structure, both having spherical morphology and diameters in the 85-150 nm range, have been ob-

tained as stable latexes with polymer content up to 10% in weight. The first structure consists of core-cross-linked micelles (CCMs), 

where amphiphilic P4VPMe+I--b-PS arms are cross-linked at the hydrophobic end by the use of diethylene glycol dimethacrylate 

(DEGDMA). The Coulombic repulsion between the outer shells of the precursor micelles ensures the absence of macrogelation during 

the cross-linking step. The second structure consists of nanogels (NGs), where the entire hydrophobic core is cross-linked during the 

last step of simultaneous chain extension and cross-linking of a P4VPMe+I--b-PS intermediate with a short PS block. The lack of 

radical polymerization for the 4VPMe+I- monomer and the lack of chain extension with styrene for a R0-P4VPMe+I--SC(S)SPr inter-

mediate were circumvented by the synthesis of R0-P4VP-b-PS-SC(S)SPr containing a short PS block by sequential RAFT polymeri-

zation of 4-vinylpyridine (4VP) and styrene, followed by quantitative cationization of the P4VP block by MeI, and subsequent se-

quential (for the CCMs) or simultaneous (for the NGs) chain extension and cross-linking. 

Introduction 

We have recently started a research program aimed at devel-

oping polymeric platforms for aqueous biphasic catalysis,1 

which is an attractive protocol to transform hydrophobic sub-

strates into hydrophobic products. In biphasic catalysis, the cat-

alyst is confined in a liquid phase different from that of the re-

actants/products (e.g. water in the aqueous biphasic protocol) 

and separation at the end of the transformation is readily accom-

plished by decantation. The process can function in four distinct 

ways: (i) homogeneous in the catalyst phase if the substrates are 

sufficiently water-soluble; (ii) homogeneous in the sub-

strate/product phase when the catalyst is sufficiently soluble in 

the substrate phase or can be transported there by a temperature 

stimulus or by a phase transfer agents; (iii) heterogeneous (in-

terfacial) when neither component is sufficiently soluble in the 

other component phase; (iv) homogeneous within nanoreactors, 

held as a stable dispersion in a phase different from that of the 

substrates/products. The latter is the operational mode that has 

attracted our attention. In this protocol,2, 3 the catalyst is typi-

cally confined within the hydrophobic core of self-assembled 

amphiphilic diblock copolymer micelles, in which the substrate 

is compatible. However, such micelles suffer from equilibrium 

with the free arms, leading to catalyst loss at the liquid-liquid 

interface and as inverse micelles in the substrate/product phase, 

as well as from extensive swelling, which may lead to stable 

emulsions and slower decantation. In that spirit, we have intro-

duced two new types of unimolecular amphiphilic core-shell 

polymeric particles with a ligand-functionalized hydrophobic 

core and a hydrophilic shell. The first type contains amphiphilic 

diblock copolymers with all arms tied together at the hydropho-

bic chain-end (core-cross-linked micelles, or CCMs)4, 5 while 

the second one has a fully cross-linked and functionalized nano-

gel core, decorated with linear hydrophilic chains in the outer 

shell (nanogels or NGs).6 Other types of unimolecular polymer-

based catalytic nanoreactors have been developed,7-10 though 

they were not employed under aqueous biphasic conditions. 

Our catalytic nanoreactors were built by reversible addition-

fragmentation chain transfer (RAFT) polymerization, using the 

“polymerization-induced self-assembly” (PISA) operating con-

ditions.11-14 They contain a polystyrene (PS) core with anchored 

ligands (e.g. triphenylphosphine or bis(p-methoxyphenyl)phe-

nylphosphine), a neutral hydrophilic shell based on randomly 

copolymerized methacrylic acid (MAA) and poly(ethylene ox-

ide) methyl ether methacrylate (PEOMA), and were cross-

linked via the use of diethylene glycol dimethacrylate 

(DEGDMA). Their efficiency, after metal coordination, was 

demonstrated in the aqueous biphasic rhodium-catalyzed hy-

droformylation of a model water insoluble α-olefin (1-octene)4, 

6, 15, 16 and in the rhodium-catalyzed hydrogenation of 1-octene 

and styrene.17 

In spite of their remarkable efficiency in catalysis, these 

nanoreactors still suffered from non-negligible losses in the or-

ganic product phase and from slow decantation. These phenom-



 

ena were shown to result from the high-temperature lipophilic-

ity of the neutral P(MAA-co-PEOMA) shell and from particle 

aggregation. The latter is the consequence of particle interpen-

etration.18 In order to correct these problems, we have envisaged 

to modify the polymer scaffold by replacing the neutral hydro-

philic shell with a polyelectrolytic one. Several previous exam-

ples of crosslinked polymer particles with a polyionic outer 

shell have been described, mostly developed for applications in 

drug delivery.19-25 In this contribution, we describe the synthesis 

of the first example of a polyelectrolytic-shell CCM nanoreac-

tors with a hydrophobic polystyrene core and a polycationic 

shell based on quaternized (methylated) 4-vinylpyridine (4VP) 

units, -[CH2-CH(4-C5H4NMe+)]- (4VPMe+I-). In order to opti-

mize the synthesis of these new objects, we have first developed 

polymers with non-functionalized PS chains in the hydrophobic 

core. We shall describe the difficulties encountered to reach the 

target structure using exclusively PISA and present an alterna-

tive strategy, which combines PISA in a first step to generate 

short amphiphilic block copolymers P4VP-b-PS, cationization 

by methylation of the hydrophilic segment, followed by redis-

persion in water of the resulting block copolymers (P4VPMe+I-

-b-PS) for further styrene emulsion polymerization and final 

cross-linking. As a further point of novelty, the present contri-

bution shows that thanks to the charged nature of the outer shell, 

the cross-linking step does not require dilution of the cross-

linker with styrene to successfully produce well-defined nano-

reactors, whereas this was necessary for the synthesis of equiv-

alent CCM particles with a neutral outer shell.4  On the basis of 

this optimized procedure, the synthesis of equivalent core-func-

tionalized polymers for application in biphasic catalysis be-

comes now possible. That work, currently in progress, will be 

presented in a forthcoming contribution.  

 

Results and Discussion 

For convenience, the formulas of all polymers synthesized in 

this work and reference to their characterization data is col-

lected in the SI (Table S1).  

(a) Preliminary optimization studies 

The successful polymer synthesis required removing a few 

bottlenecks, see Scheme 1. Under conditions identical to those 

previously optimized for the CCM with the neutral P(MAA-co-

PEOMA) shell, namely using 4-cyano-4-thiothiopropylsulfanyl 

pentanoic acid (CTPPA) as RAFT agent and 4,4’-azobis(4-cy-

anopentanoic acid) (ACPA) as radical initiator, initial attempts 

were made to directly obtain a hydrosoluble R0-(4VPMe+I-)n-

SC(S)SPr macroRAFT agent (R0 = -C(Me)(CN)CH2CH2-

COOH) by polymerization of 1-methyl-4-vinylpyridinium io-

dide, CH2=CH-4-C5H4NMe+I- (the experimental details are in 

the SI). This polymerization was, however, unsuccessful. In a 

control experiment, we did not observe any polymerization of 

the same monomer with ACPA initiation under the same oper-

ating conditions or with AIBN in a 1:2 dioxane-water solution. 

In this respect, we note that vinylpyridinium monomers can un-

dergo free radical polymerization,27-30 but the kinetic behavior 

is peculiar with a high reaction order in monomer (e.g. 2.7)27 

and thus the polymerization is too slow in dilute solutions. 

Poly(vinylpyridinium) polymers have also been obtained by 

free radical polymerization of vinylpyridine, followed by 

quaternization.31, 32 The RAFT polymerization of a vinylpyr-

idium salt has apparently never been reported, although it has 

been shown that a controlled RAFT polymerization takes place 

for other cationic monomers, for instance a styrene containing 

a benzylic pyridium substituent in the para position, CH2=CH-

C6H4-4-CH2C5H5N
+Cl-.33 Additional control experiments have 

shown the absence of reactivity between the RAFT agent and 

the monomer, as well as between the RAFT agent and MeI. 

 

Scheme 1. Synthesis of the R0-(4VPMe+I-)x-b-Sy-SC(S)SPr 

diblock copolymer.  

In order to overcome this obstacle, the first step of the syn-

thesis was then turned into a RAFT polymerization of neutral 

4VP, which required using a water/ethanol mixture in order to 

keep the system homogeneous and maintain good conditions for 

further PISA. The RAFT polymerization of 4VP has already 

been reported in the literature in bulk,34 toluene/ethanol mix-

ture,35 isopropanol,36, 37 ethanol38 and THF,39 but to the best of 

our knowledge never in a water/ethanol mixture. We carried it 

out in 70/30 (v/v) water/ethanol at 70 °C, initially targeting a 

low degree of polymerization (Step 1 in Scheme 1 with x = 60). 

The polymerization proceeded to a 93% monomer consumption 

and the resulting R0-4VP56-SC(S)SPr product shows/showed? a 

narrow molar mass distribution (Đ = 1.09) with Mn = 5800 g 

mol-1 (vs. a theoretical value of 6100 g mol-1), indicating good 

control. The conversion vs. time curve and SEC analysis are 

available in the SI (Figure S1) and the NMR spectrum of the 

final solution is shown in Figure 1a.  

Full quaternization of the P4VP block in this polymer was 

then accomplished by reaction with excess MeI in dimethylfor-

mamide (DMF) to yield R0-(4VPMe+I-)56-SC(S)SPr, aiming at 

a direct chain extension with a polystyrene block. The product 

was obtained as a solid after removing DMF by dialysis against 

pure water and freeze-drying. This procedure also removed the 

water-soluble Me2NH2
+I- co-product, the formation of which 

was evidenced by a later NMR study (vide infra). The 1H NMR 

spectrum of the isolated R0-(4VPMe+I-)56-SC(S)SPr in DMSO-

d6 (Figure 1b) shows that the 1H NMR resonances of the P4VP 

aromatic CH protons at δ 8.21 and 6.55 have been fully replaced 

by those of the -C5H4NMe+ rings of the P4VPMe+I- block at δ 

8.77 and ca. 8 (br), plus the Me resonance at δ 4.2. After redis-

persion in water, a chain extension with styrene was attempted. 

However, after 3h at 80 °C in the presence of ACPA the con-

version was very low (< 5%) and no latex was formed. Prolong-

ing the reaction overnight did not lead to higher conversions. A 

possible rationalization of the lack of chain extension is based 

on the charged nature of the macroRAFT agent. As already 

mentioned in the literature,40-42 the charged nature of the 

macroRAFT may disturb the first addition–fragmentation steps, 



 

although successful chain extensions by RAFT-PISA were re-

ported for quaternized poly(2-(dimethylamino)ethyl methacry-

late) with 2-hydroxypropyl methacrylate43, 44 and for poly(imid-

azolium-substituted methacrylate) with 2-vinylpyridine.45  

 

 

Figure 1. 1H NMR spectra in DMSO-d6 of (a) R0-4VP56-SC(S)Pr at 

the end of the polymerization and (b) isolated R0-(4VPMe+I-)56-

SC(S)SPr macroRAFT. In spectrum (a), the methylene resonance 

of the ethanol co-solvent overlaps with the stronger water reso-

nance and the starred resonance is the trioxane internal standard 

used to monitor the monomer conversion. 

In order to circumvent this new obstacle, the direct chain ex-

tension of R0-4VP56-SC(S)SPr with a PS block was then carried 

out before methylation. In this respect, the literature shows the 

use of the same strategy, using nitroxide mediated polymeriza-

tion (NMP), to synthesize a related diblock copolymer, 

P(4VPR+Br-)-b-PDMAA: initial 4VP polymerization, followed 

by extension with DMAA and final quaternization of the P4VP 

block pyridine rings by RBr.46 The RAFT method has previ-

ously been used to generate PS-b-P4VP polymers by sequential 

monomer addition by extending a PS macroRAFT chain with a 

P4VP block in a variety of solvents (DMF, 47, 48 MeOH,49 

CO2/isopropanol37) or in bulk50, and also by extending a P4VP 

macroRAFT with a PS block in methanol51 or methanol/water52 

involving PISA. Starting with the R0-4VP56-SC(S)SPr 

macroRAFT agent leads to the formation of a R0-4VP56-b-S247-

SC(S)SPr product with Đ = 1.1 for Mn = 35500 g mol-1, vs. a 

theoretical molar mass of 32000 g mol-1 (see experimental de-

tails in the SI). The conversion as a function of time (Figure 

S2a) is characterized by an induction time, typical of PISA, as 

in the previously developed CCM with the neutral P(MAA-co-

PEOMA) shell.4 After 2 h, the conversion already reached a 

maximal value (~82%), and a stable latex was obtained. The 

SEC traces (Figure S2b) illustrate a good control of the 

polymerization, while dynamic light scattering (DLS) revealed 

the formation of particles with a diameter around Dz = 38 nm 

and narrow size distribution (PDI = 0.09), see Figure 2a. The 

particle morphology was observed by transmission electronic 

microscopy (TEM, Figure 2b), indicating the formation of small 

spherical particles, consistent with the DLS analysis. It is worth 

mentioning here that the non-quantitative conversion of 4VP in 

the first step (93%) is not an impediment for a successful self-

assembly during the PS block growth. 

The third step of the polymer synthesis was the methylation 

of the P4VP block by MeI. For this purpose, a polymer with 

slightly different block molar mass was initially used, R0-

4VP137-b-S344-SC(S)SPr, because this block molar mass would 

be suitable for generating spherical particles by direct cross-

linking according to our previous studies on the neutral poly-

mers.4 The kinetic monitoring and characterization data of this 

polymer are in the SI, Figures S3-6. The DLS of this sample 

(Figure S6) shows slightly larger average size and dispersity (Dz 

= 63 nm, PDI = 0.39) than the equivalent polymer with shorter 

blocks, with evidence of a certain degree of agglomeration, 

which is confirmed by the TEM analysis (Figure S6). The meth-

ylation step was accomplished by addition of a DMF solution 

of MeI to the P4VP-b-PS latex in the H2O/EtOH mixture. The 
1H NMR monitoring before polymer isolation not only con-

firmed the quantitative methylation, but also revealed the for-

mation of a significant amount of Me2NH2
+, identified by the 

NMR resonances at δ 2.56 (CH3, t, J = 5.6 Hz) and 8.16 (NH2, 

broad), and HCOOH, identified by a sharp resonance at δ 8.10 

(see the NMR characterization in Figures S7 and S8) and con-

firmed by control experiments (see Figure S9). This product 

forms because of the simultaneous presence of DMF, water and 

MeI (see the proposed mechanism in Scheme S1).53 Solvent re-

moval by vacuum filtration (leading to a viscous residue), fol-

lowed by thorough washing with water to completely remove 

the dimethylammonium salt by-product and final vacuum dry-

ing, led to a gummy and sticky final product in relatively low 

yields, which retained DMF (24 molecules per chain according 

to NMR integration) and variable amounts of water. The DLS 

(Dz = 236 nm, PDI = 0.13) and TEM analyses of the isolated 

and cleaned polymer after redispersion in water (see Figure 3), 

demonstrate the regular spherical shape and relatively narrow 

size dispersity for the self-organized diblock R0-(4VPMe+I-)137-

b-S344-SC(S)SPr chains. The very large increase in the particle 

size upon cationization may not only be attributed to the much 

better solvated outer shell in the aqueous solvent but also to the 

formation of aggregates upon redispersion, entrapping block 

copolymer chains. Although the DLS and TEM characterization 

suggest that this product might be suitable for further macromo-

lecular synthesis by cross-linking, its poorly tractable nature 

and the low yields led us to develop an alternative, optimized 

procedure, as described in the next section. 

 

Figure 2. DLS (a, unfiltered sample) and TEM (b) characterization 

for the (R0-4VP56-b-S247-SC(S)SPr) latex. 

  

Figure 3. DLS (a, unfiltered sample) and TEM (b) characterization 

of the [R0-(4VPMe+I-)137-b-S344-SC(S)SPr]·24(DMF) latex. 



 

(b) Optimized synthesis and characterization of the am-

phiphilic P4VPMe+I--b-PS macroRAFT latex 

Because of the above mentioned difficulties in handling the 

R0-4VP137-b-S344-SC(S)SPr product, the final strategy consisted 

in methylation of a P4VP-b-PS diblock with a shorter polysty-

rene block (DP = 50), sufficient to induce micelle formation, 

followed by cationization of the P4VP block and then further 

chain extension with a longer PS chain. Incidentally, this allows 

additional flexibility for the potential synthesis of other objects, 

such as ligand-functionalized cores,4, 16 or nanogel core6 archi-

tectures, which indeed correspond to the final targets of our re-

search efforts. The same macroRAFT agent of average formula 

R0-4VP137-SC(S)SPr, used in the above optimization studies, 

was extended in step 2 (Scheme 1) with a short PS block to ob-

tain R0-4VP137-b-S48-SC(S)SPr. The SEC monitoring showed 

the expected molar mass increase (Figure S10) in fair agreement 

with the calculated values, while the dispersity remained low 

(1.25) and the 1H NMR monitoring (Figure S11) confirmed the 

nearly complete monomer consumption. In addition, the DOSY 

NMR spectrum (Figure S12) confirmed that all polymer sig-

nals, notably the aromatic CH signals of both pyridine and phe-

nyl rings, correspond to a single diffusion coefficient. The DLS 

and TEM analyses (Figure S13) show a relatively narrow dis-

tribution with Dz = 24.4 nm and PDI = 0.14, though containing 

a few large agglomerates, and particles with a spherical mor-

phology, respectively. 

The cationization with MeI in DMF in step 3 proceeded as 

smoothly as for the diblock copolymer with the longer PS block 

(see above). In this case, however, the final polymer extensively 

precipitated and could be efficiently separated from the liquid 

phase by centrifugation. Since the Me2NH2
+ salt by-product is 

quite soluble in DMF, it could be fully eliminated from the iso-

lated polymer (Figure S14) by repetitive washings, followed by 

a final solvent change to diethyl ether and drying. The global 

yield of the cationization step after several washings was 67%. 

Integration of the 1H NMR spectrum (Figure S15) indicates that 

the isolated material retains a significant amount of DMF, [R0-

(4VPMe+I-)137-b-S48-SC(S)SPr]·38(DMF). This copolymer was 

then redispersed in water for further chain extension. After re-

dispersion in water, the resulting dispersion showed the pres-

ence of large agglomerates and a broad size distribution in DLS, 

with Dz = 276 nm and PDI = 0.25 (see Figure S16a), whereas 

dispersion in a water-ethanol (75:25) mixture gave particles of 

much smaller average size (Dz = 30.0 nm and PDI = 0.48), 

though still containing large agglomerates (Figure S16b). This 

could indicate the formation of large compound micelles that 

trap a certain number of R0-(4VPMe+I-)137-b-S48-SC(S)SPr 

block copolymer micelles into aggregates.54 However, this did 

not hamper the use of this macroRAFT intermediate to ulti-

mately generate unimolecular polymeric nanoparticles of small 

size and narrow size distribution (vide infra). 

Further chain extension in water of R0-(4VPMe+I-)137-b-S48-

SC(S)SPr in a fourth step with additional styrene (297 equiv. 

per chain) resulted in nearly total styrene incorporation (see 

monitoring in Figure S17) and formation of a stable latex with 

small size individual particles (Dz = 115.9 nm, PDI = 0.06, Fig-

ure S18a). The TEM analysis also confirmed the spherical mor-

phology and narrow size distribution of the polymer micelles 

(Figure S18b). The narrowness of the particle size distribution 

and the lower particle size obtained after polymerization are 

good indications that the chain extension was successful and 

that a R0-(4VPMe+I-)137-b-S48-b-S297-SC(S)SPr block copoly-

mer was obtained. In all evidence, extension of the amphiphilic 

diblock PS chains results in a breakdown of the large aggregates 

and in a reorganization in the form of spherical micelles. These 

micelles are kinetically quite stable, since addition of toluene 

and vigorous stirring of the latex at room temperature led to nei-

ther excessive swelling nor to the formation of emulsions, as 

shown by DLS (Figure S19a,b). Prolonged heating at 80 °C led 

to micelle reorganization with formation of smaller objects for 

the unswollen micelles, and to significant expansion for the 

swollen ones (Figure S19c,d).   

Searching for a compatibilizing solvent for the two blocks, the 

polymer was freeze-dried and redispersed in DMSO, yielding 

again micelles (Dz = 43.8 nm, PDI = 0.22, Figure S20a). This 

micellar structure was maintained, though some agglomeration 

occurred, after heating the dispersion for 24 h at 90 °C (Dz = 

96.2 nm, PDI = 0.42, Figure S20b). A variable-temperature 

DLS study showed a steady Dz decrease as the temperature was 

increased (Figure 20c), while the size distribution remained 

monomodal. The smaller size of these micelles relative to those 

in the water dispersion may be attributed to a poorer solvation 

of the PVPMe+I- by DMSO and/or to a lower aggregation num-

ber in this medium. The addition of increasing amounts of tol-

uene, which is a good solvent for the PS core and is fully mis-

cible with DMSO, maintained a stable dispersion up to 40% 

(v/v), whereas greater toluene fractions led to polymer precipi-

tation. Incidentally, the precipitated polymer showed the same 

PVPMe+/PS ratio as the freeze-dried residue in the 1H NMR 

spectrum, whereas no detectable polymer resonances were 

found in the mother liquor, indicating the absence of PS homo-

polymer chains. The DLS analyses of the dispersions obtained 

at variable DMSO/toluene ratios at room temperature (Figure 

4) suggested a progressive disaggregation of the micelles and 

an equilibrium with free chains as the toluene fraction in-

creased. The DMSO/toluene 60:40 (v/v) mixture appears able 

to solvate both blocks, without polymer precipitation, though an 

equilibrium is already visible with an 80:20 mixed solvent at 

room temperature. Finally, the freeze-dried sample redispersed 

in the 80:20 DMSO/toluene mixture was heated for 24 h at 90 

°C. In this case, the DLS analysis of the resulting dispersion 

showed a trimodal distribution suggesting the presence of mi-

celles, middle-size nanoaggregates and much larger particles 

stabilized by the diblock copolymer (Figure S21b). 

 

Figure 4. DLS of R0-(4VPMe+I-)137-b-S48-b-S297-SC(S)SPr after 

freeze-drying the aqueous latex and redispersion in (a) neat DMSO; 

(b) DMSO/toluene 80:20; (c) DMSO/toluene 60:40 (unfiltered 

samples). 

(c) Cross-linking of the amphiphilic P4VPMe+I--b-PS 

copolymer with high molar mass PS block 

The particles resulting from the synthesis outlined above, 

henceforth written as R0-(4VPMe+I-)137-b-S345-SC(S)SPr, were 

first cross-linked according to the previously published proto-

col,4 which made use of a DEGDMA/styrene mixture. Dilution 



 

of the DEGDMA cross-linker with a large amount of styrene 

was found necessary, in the previous synthesis of the CCM and 

NG particles containing the neutral P(MAA-co-PEOMA) hy-

drophilic shell,4, 6 to avoid macrogelation. Application of the 

same conditions, using a DEGDMA/styrene molar ratio of 

7.7:92.3 ratio for a total of 170 equiv per chain (Scheme 2, path 

(a)), yielded R0-(4VPMe+I-)137-b-S345-b-(S157-co-DEGDMA13)-

SC(S)SPr (1H NMR monitoring in Figure S22), in which each 

polymer chain has an average molar mass of 9.17·104 g mol-1. 

The NMR spectrum in DMSO-d6/H2O does not show the PS 

core, because this solvent mixture is not able to swell it. How-

ever, all polymer parts become visible in a colloidal dispersion 

with the particle core swollen by CDCl3, see Figure 5. 

 

 

Scheme 2. Cross-linking step for the synthesis of the CCM 

with a polycationic P(4VPMe+I-) shell. 

The final latex has once again the aspect of a homogeneous 

and stable white dispersion. The DLS results (Figure 6a) re-

vealed one population of objects with a narrow size distribution 

(PDI = 0.09) and an average Dz of 143 nm. The measurement 

was repeated after stirring the sample with excess toluene, re-

sulting in particle swelling, followed by decantation, yielding 

Dz = 156 nm (PDI = 0.04), Figure 6b. The swelling process was 

rapid (shaking for < 1 min), as indicated visually by the change 

of relative volumes, before and after shaking, of the aqueous 

and organic phases. This demonstrates the feasibility of mass 

transport for organic molecules compatible with PS toward the 

particle core. On the basis of a spherical shape (as confirmed by 

the TEM analysis, Figure 6c) the average volume increase by 

swelling can be calculated as 29.8% and ΔV = (4/3)π[(156/2)3-

(143/2)3] = 4.57·105 nm3. Using the density (0.865 g cm-3) and 

molecular weight (92.14 g mol-1) of toluene and Avogadro’s 

number, this allows to estimate an average of ≈ 2.6·106 toluene 

molecules per swollen particle.  

 

Figure 5. 1H NMR spectrum of the final CCM R0-(4VPMe+I-)137-b-

S345-b-(S157-co-DEGDMA13)-SC(S)SPr swollen by CDCl3 in H2O. 

The starred resonance also contains the residual protons of CDCl3. 

 

 

Figure 6. DLS and TEM analyses of the R0-(4VPMe+I-)137-b-S345-

b-(S157-co-DEGDMA13)-SC(S)SPr CCM latex. (a) DLS (unfiltered 

sample, Dz = 142 nm, PDI = 0.09). (b) DLS after swelling with 

toluene (unfiltered sample, Dz = 156 nm, PDI = 0.04). (c) TEM 

image of the final particles. 

Several experiments were conducted in order to assess the 

stability of the CCM scaffold and the extent of the cross-linking 

step. A latex with a closely related formula from an independent 

synthesis, (R0-(4VPMe+I-)140-b-S350-b-(S145-co-DEGDMA15)-

SC(S)SPr), characterized by a narrow size distribution (Dz = 

110.6 nm, PDI = 0.19; Figure S23a), was heated for 24 h at 90 

°C in order to probe its thermal stability. The treatment gave no 

evidence of alteration, notably the latex remained a stable col-

loidal suspension with no sign of coagulation, but the DLS anal-

ysis after the treatment revealed slightly smaller particles (Dz = 

89.7 nm, PDI = 0.10; Figure S23b). This behavior is similar to 

that observed for the precursor micelles, raising doubts about a 

possible incomplete cross-linking step, because the contraction 

may result from reorganization with loss of free arms. On the 

other hand, a slight contraction may also result from relaxation 

of the glassy polystyrene core upon prolonged treatment under 

conditions close to the glass transition temperature. The same 

thermal treatment was also carried out on the same latex after 

swelling with toluene: the swollen particles (Dz =  112.3, PDI = 

0.10, Figure S23c) showed an expansion (Dz =  254.1, PDI = 

0.24, Figure S23d) after heating for 24 h at 90 °C, in close anal-

ogy to the behavior of the precursor diblock arm micelles. 

Freeze-drying, followed by redispersion in water, gave a size 

distribution similar as to that of the latex from synthesis, with 



 

no evidence of coagulation (Dz = 119.0 nm, PDI = 0.10, Figure 

23e).  

In order to further probe the possible presence of uncross-

linked arms, the freeze-dried polymer was also redispersed in a 

DMSO/toluene (80/20 v/v) mixture, followed by heating, be-

cause this treatment was shown to release single chains from 

the micelles, as evidenced by the DLS analysis (vide supra). 

However, the dispersion (initial Dz = 63.0 nm, PDI = 0.09, Fig-

ure S24a) only showed a slight size increase after 24 h at 90 °C 

(Dz = 73.1 nm, PDI = 0.11, Figure S24b) and the absence of a 

small size distribution attributable to single chains. This results 

clearly suggests that the core-crosslinking step of the polymer 

synthesis is essentially quantitative, with an insignificant 

amount of residual free arms.  

The P4VPMe+I--b-PS-SC(S)SPr macroRAFT chains with the 

long PS block were also cross-linked in the last step by pure 

DEGDMA (absence of styrene, Scheme 2, path (b)). The moti-

vation to attempt this synthesis was the previous failure to ob-

tain well-defined spherical CCM particles, when using pure 

DEGDMA in the last step, in the presence of a neutral P(MAA-

co-PEOMA) hydrophilic shell.4 Rather, such polymerization re-

sulted in the formation of a macrogel. The reason for that be-

havior was attributed to reversible particle-particle interpene-

tration, as separately proven by experiments on interparticle 

metal migration.18 It was also shown that the metal migration is 

almost completely stopped after complete deprotonation of the 

shell carboxylic acid functions with NaOH at high pH, to yield 

a P(MAA-Na+-co-PEOMA) shell. Furthermore, it was demon-

strated that the slow residual metal migration occurs via molec-

ular species through the continuous aqueous phase and not by 

associative exchange after particle interpenetration. Therefore, 

MAA deprotonation introduces repulsive Coulombic forces be-

tween the different particles, which no longer allow interpene-

tration. On these grounds, it was of interest to probe whether the 

analogous inter-particle Coulombic repulsion induced by the 

positively charged outer shell of our current micelles would al-

low cross-linking without macrogelation. 

For this purpose, a new macroRAFT agent of average for-

mula R0-(4VPMe+I-)137-b-S48-SC(S)SPr was prepared and con-

verted into R0-(4VPMe+I-)137-b-S345-SC(S)SPr, see Scheme 

2(b). The DLS of this polymer (Figure S25) confirmed the ex-

pected sample uniformity and size, which did not significantly 

change after addition of DEGDMA (15 equiv per chain), with 

Dz changing from 139.1 nm (PDI = 0.11) to 137.3 nm (PDI = 

0.11). The cross-linking reaction proceeded rapidly with nearly 

complete monomer consumption (NMR monitoring, Figure 

S26) to yield a latex as a stable colloidal suspension, without 

any evidence of macrogelation. The 1H NMR spectrum in D2O 

of the polymer particles with CDCl3-swollen core clearly shows 

all expected resonances (Figure S27), except those of the central 

DEGDMA cross-linked part, which is not unexpected because 

these resonances should be low-intensity, overshadowed by the 

strong water resonance, and probably too broad because of the 

tight cross-linking (long correlation time). The DLS and TEM 

analyses (Figure 7) show the absence of agglomerates and con-

firm the quality of the product as particles with a narrow size 

distribution. The average size obtained from DLS for these par-

ticles (Dz = 148 nm; PDI = 0.09 for the unswollen sample and 

Dz = 162 nm; PDI = 0.10 for the toluene-swollen one) is slightly 

greater than for those obtained when styrene was also used in 

the cross-linking step. For these particles, the average size in-

crease by swelling is 31.1%, with an average volume increase 

of 5.29·105 nm3 corresponding to 3.0·106 molecules per parti-

cle. When compared with the previously published cross-link-

ing, under equivalent conditions, to yield CCM particles with 

the neutral P(MAA-co-PEOMA) hydrophilic shell,4 this result 

demonstrates the positive effect of a charged polycationic shell 

and of the ensuing Coulombic repulsion to avoid irreversible 

particle-particle coupling. 

 

 

Figure 7. DLS and TEM analyses of the R0-(4VPMe+I-)137-b-S345-

b-DEGDMA15-SC(S)SPr CCM latex. (a) DLS (unfiltered sample). 

(b) DLS after swelling with toluene (unfiltered sample). (c) TEM 

image of the final particles. 

The same thermal stability, freeze-drying, and redispersion 

experiments described above for the CCM particles that were 

cross-linked by the DEGDMA/styrene mixture were also car-

ried out for this new polymer. While the results were quite sim-

ilar for the aqueous latex (details in Figure S28), heating the 

freeze-dried and redispersed polymer in a DMSO/toluene 

(80/20 v/v) mixture for 24 h at 90 °C revealed a significant pro-

portion of free chains (Figure S29). Thus, although the Cou-

lombic screening of the polycationic shell avoids macrogelation 

and allows using the DEGMA crosslinker without dilution with 

styrene, the presence of styrene still appears necessary to ensure 

a quantitative cross-linking step.  

(d) Synthesis of a P4VPMe+I--b-PS-b-P(S-co-DEGDMA) 

nanogel. 

As a final synthetic application, the R0-(4VPMe+I-)137-b-S48-

SC(S)SPr macroRAFT intermediate was used for a one-step 

synthesis of unimolecular polymers with a nanogel core. This 

was accomplished by copolymerization of styrene and the 

DEGDMA cross-linker with a P4VPMe+I--b-PS 

macroRAFT:S:DEGDMA molar ratio of 1:300:15. The NMR 

monitoring revealed once again complete monomer conversion 

(Figure S30), yielding the desired R0-(4VPMe+I-)137-b-S48-b-

(S300-co-DEGDMA15)-SC(S)SPr. The DLS analysis confirms 

the generation of uniform particles, although it suggests a minor 

degree of agglomeration, see Figure S31. The Dz (PDI) is 84.7 

nm (0.05) for the unswollen sample, 92.6 nm (0.06) for the 

CHCl3-swollen sample (30.7% volume increase; ΔV = 9.76·104 

nm3; 7.3·105 molecules per particle), and 88.8 nm (0.06) for the 

toluene-swollen one (15.2% volume increase; ΔV = 4.85·104 

nm3; 2.7·105 molecules per particle). The formation of a few 

larger agglomerates was however not evident from the TEM 

analysis (several images were analyzed), which also confirms 

the presence of individual spherical particles, indicating that the 

degree of aggregation is very minor (see a representative image 

in Figure S32). This result, in comparison with the absence of 



 

particle-particle coupling for the CCM syntheses described in 

the previous sections, shows that the state of aggregation of the 

diblock precursor is important. The diblock with the long PS 

chain, i.e. R0-(4VPMe+I-)137-b-S345-SC(S)SPr, is pre-organized 

in the form of individual spherical micelles (Figure S18) and 

leads to individual particles upon cross-linking, even when us-

ing neat cross-linker. On the other hand, the diblock precursor 

with the short PS chain, i.e. R0-(4VPMe+I-)137-b-S48-SC(S)SPr, 

is self-organized in agglomerated micelles with a broader size 

distribution (Figure S16) and the cross-linking step conse-

quently leads to the formation of a few particle agglomerates. It 

is important to underline that in this synthesis, as in all other 

syntheses described above, all components including the initia-

tor were introduced into the reaction flask before starting to heat 

the mixture. 

 

 

Figure 8. DLS analyses (unfiltered samples) of (a) R0-(4VPMe+I-

)137-b-S48-SC(S)SPr macroRAFT agent after equilibration with sty-

rene (300 equiv) and DEGDMA (15 equiv) in water at 80 °C for 30 

min; (b) R0-(4VPMe+I-)137-b-S48-b-(S300-co-DEGDMA15)-

SC(S)SPr product; (c) as (b), after swelling with toluene. (d) TEM 

image of the final product. 

Since the results described above clearly demonstrate that the 

state of aggregation is affected by the hydrophilic/hydrophobic 

components ratio, notably increasing the hydrophobic fraction 

favors a breakdown of large aggregates into individual spherical 

micelles, we reasoned that this nanogel particle synthesis could 

be improved by first equilibrating the R0-(4VPMe+I-)137-b-S48-

SC(S)SPr macroRAFT agent with all hydrophobic monomers 

at the reaction temperature in the absence of initiator, before the 

ACPA addition to start the reaction. Indeed, operating in this 

way, the initial broad distribution of the R0-(4VPMe+I-)137-b-

S48-SC(S)SPr particles (Dz = 276 nm, PDI = 0.25, Figure S16), 

after monomer addition and equilibration, was transformed into 

a narrower distribution of smaller particles (Dz = 107.0 nm, PDI 

= 0.10, Figure 8). Subsequent polymerization yielded a stable 

colloidal suspension of R0-(4VPMe+I-)137-b-S48-b-(S300-co-

DEGDMA15)-SC(S)SPr without any evidence of residual ag-

glomerates by DLS and TEM analyses, see Figure 8. Notably, 

the size distribution of the final cross-linked polymer particles 

(Dz = 101.4 nm, PDI = 0.06) is relatively close to that of the 

swollen particles prior to polymerization. The particle size then 

slightly increased after swelling with toluene (Dz = 110.5 nm, 

PDI = 0.15), corresponding to a 29.4% volume increase (ΔV = 

1.61·105 nm3; 9.1·105 molecules per particle). The 1H NMR 

spectrum of the particles in D2O, with the core swollen by 

CDCl3, is reported in Figure S33. These particles, like the CCM 

particles obtained by cross-linking with the DEGDMA-styrene 

mixture, showed thermal stability, no alteration by freeze-dry-

ing and redispersion in water or DMSO, and no evidence of sin-

gle chain release upon prolonged heating of the freeze-dried 

polymer redispersed in DMSO/toluene (80:20 v/v) mixture 

(Figures S34-35).  

(a) Zeta potentials. 

The zeta potential values, as well as the particle dimensions, 

measured for all the latexes with a charged shell, before and af-

ter cross-linking, are collected in Table 1. All values are, as ex-

pected, positive and large, in the same range as those reported 

for other positively charged polymeric nanoparticles.43, 44, 55, 56 

The micelles exhibit the highest ζ values, which are not signif-

icantly affected by the molar mass of the hydrophobic polysty-

rene block, but note that these micelles are differently aggre-

gated (cf. Figure 3 and Figure S16). The ζ values are slightly 

reduced for the core-crosslinked micelles and further reduced 

for the particles with nanogel architecture. However, such 

changes may not be significant and a rationalization of this 

trend seems premature at this stage. 

 

Conclusions 

In the present paper, we targeted core-cross-linked micelles 

(CCMs) or nanogels (NGs) with a P4VPMe+I- polycationic 

outer shell and a PS core. Our initial approach was based on the 

use of PISA to chain extend in water a P4VPMe+I- polymer syn-

thesized by RAFT, with a PS block that could be crosslinked 

with DEGDMA. However, neither RAFT polymerization of 

4VPMe+I, nor chain extension in water of a preformed 

P4VPMe+I- polymer (obtained after cationization of P4VP syn-

thesized by RAFT) with styrene was successful. This drove us 

to develop alternative strategies, all relying on the synthesis of 

P4VP-b-PS block copolymer particles obtained by PISA in a 

mixture of ethanol and water, the stabilizing P4VP layer being 

post-cationized to provide a P4VPMe+I--b-PS intermediate.

 

Table 1. Zeta potentials for selected polymers with polycationic outer shell. 

Polymer Type ζ/mV Dz/nm (PDI) 

R0-(4VPMe+I-)137-b-S48-SC(S)SPr Micelle +45.8 276 (0.25) 

R0-(4VPMe+I-)137-b-S345-SC(S)SPr  Micelle +44.4 139 (0.11) 

R0-(4VPMe+I-)137-b-S345-b-(S157-co-DEGDMA13)-SC(S)SPr CCM +40.8 143 (0.09) 

R0-(4VPMe+I-)137-b-S345-b-DEGDMA15-SC(S)SPr CCM +40.6 148 (0.09) 

R0-(4VPMe+I-)137-b-S48-b-(S300-co-DEGDMA15)-SC(S)SPr NG +36.1 101 (0.06) 

 



 

 

Process optimization to efficiently produce the targeted CCM 

or NG required a fine tuning of the hydrophilic/hydrophobic 

balance between the two blocks, with an optimum for short PS 

block, i.e. R0-4VPMe+I-
137-b-S48-SC(S)SPr chains that were re-

dispersed in water. For the CCM synthesis, these chains were 

first chain-extended with styrene. Crosslinking successfully 

took place in a subsequent step using either a mixture of S and 

DEGDMA or DEGMA alone. Indeed, in the latter case, parti-

cle-particle interpenetration, identified in our previous work4 as 

the main cause of macrogelation, was impeded thanks to the 

polyelectrolytic nature of the particles. However, the DLS anal-

ysis of the particles dispersed in a DMSO/toluene 80:20 (v/v) 

mixture, which is able to sufficiently solvate both blocks, after 

prolonged heating showed that a significant amount of uncross-

linked, free arms wass present when pure DEGDMA was used 

in the last step. The NGs were obtained by simultaneous chain 

extension and crosslinking of the R0-4VPMe+I-
137-b-S48-

SC(S)SPr chains with a mixture of S and DEGDMA. For both 

CCMs and NGs, positively charged and spherical particles with 

average Dz in the 85-150 nm range were obtained as stable pol-

ymer dispersions, with polymer content up to 10% in weight. 

Taking advantage of the flexibility of the PISA process, the in-

itially encountered difficulties linked to the charged nature of 

polyelectrolytic shell were circumvented, leading to the suc-

cessful formation of the targeted polycationic spherical parti-

cles. It has to be mentioned that, while the PISA process has the 

advantage of producing various ordered structures (including 

cylindrical micelles and vesicles) by altering the hydro-

philic/hydrophobic ratio, the targeted application as nanoreac-

tors for biphasic catalysis would not find any specific advantage 

in using alternative morphologies relative to spherical particles. 

These polymers represent a new tool as a support of water-sol-

uble anionic catalysts for application as nanoreactors in interfa-

cial catalysis. Investigations in this direction are ongoing in our 

laboratories and will be reported in due course. In addition, 

equivalent particles with ligand-functionalized hydrophobic 

cores are now accessible by adaptation of the chain extension 

step that introduces the hydrophobic block. These studies and 

their applications as nanoreactors in micellar catalysis are also 

in progress in our laboratories.  
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 ACPA, 4,4’-azobis(4-cyanopentanoic acid); CCM, core-cross-

linked micelle; CTPPA, 4-cyano-4-thiothiopropylsulfanyl penta-

noic acid; DEGDMA, diethylene glycol dimethacrylate; DMF, di-

methylformamide; MAA, methacrylic acid; NG, nanogel; PISA, 

polymerization-induced self-assembly; PEOMA, poly(ethylene 

oxide) methyl ether methacrylate; 4VP, 4-vinylpyridine. 
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