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polymerization in aqueous dispersion using a water-soluble macroalkoxyamine. The influence of several 

parameters on the polymerization (temperature, initial free nitroxide or macroalkoxyamine 

concentrations, and solids content) was evaluated in terms of kinetics, macromolecular control, and 

colloidal features. As determined by dynamic light scattering (DLS), stable dispersions of monodisperse 

particles could be obtained for solids content as high as 39 wt% without the need for any additional 

surfactant via a polymerization-induced self-assembly mechanism. Rendered possible by the use of a 

controlled/living polymerization process, the effective semi-batch incorporation of hydrophobic units 

(styrene) in the growing chains during the polymerization allowed the formation of physically 

crosslinked nanogels. The pH- and temperature-sensitivity were proved by means of DLS and high-

sensitivity differential scanning calorimetry (HSDSC) measurements. Due to the formation of 

aggregates observed by size-exclusion chromatography in N,N-dimethylformamide, accurate molar 

masses could not be determined directly but deconvoluted hydrodynamic volume distributions 

suggested a good control of the polymerization.   

KEYWORDS. controlled/living radical polymerization, nanogels, hydrodynamic volume distribution, 

core-shell, physical crosslinking 

 

Introduction 

Nitroxide-mediated polymerization (NMP)1  is one of the main techniques in the field of reversible-

deactivation radical polymerization (also commonly called controlled radical polymerization, CRP).2 

Similarly to the other principal techniques, namely atom transfer radical polymerization (ATRP)3 and 

reversible addition-fragmentation transfer polymerization (RAFT),4 it allows one to obtain well-defined 

homopolymers (predictable molar masses and low polydispersity indices) able to react with a new batch 

of monomer to produce block copolymers. Compared to ATRP or RAFT, NMP presents the advantage 

of using a very simple system as it requires the use of a single component, an alkoxyamine playing the 

dual role of initiator and controlling agent. Furthermore the most common nitroxides or alkoxyamines 

based on 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO), N-tert-butyl-2-methyl-1-phenylpropyl 

nitroxide (TIPNO), or N-tert-butyl-N-(1-diethylphosphono-2,2-dimethylpropyl) nitroxide (SG1, 1 in 

Scheme 1) are commercial or easy to synthesize.1c,5 Several styrenic, (meth)acrylic and acrylamide 

monomers have already been polymerized in a controlled fashion by NMP.1c,6 The latter class is 

however less studied in spite of the specific potential properties of their polymers such as temperature-

dependent water solubility or high resistance to hydrolysis. The teams of Fischer, Gnanou, Hawker, and 

Schubert independently published successful results on the NMP of N,N-dimethylacrylamide 
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(DMAAm) in DMF in presence of either SG17 or TIPNO.8 The effective NMP of N-

isopropylacrylamide (NiPAAm) was described by both Harth et al. employing TIPNO8 and Studer and 

co-workers using a highly sterically hindered TEMPO analogue.9 O'Connor et al. also studied the 

polymerization of NiPAAm but using an interesting inverse suspension polymerization process in 

(supercritical carbon dioxide) scCO2 in the presence of SG1.10 Finally, we recently reported the 

synthesis of well-defined poly(N,N-diethylacrylamide) (PDEAAm) using the SG1-based ARKEMA 

BlocBuilder® technology (Scheme 1, 3).11 

In addition to its ability to control the radical polymerization of a wide range of monomers, NMP 

exhibits an interesting tolerance to water. For instance, Marx and co-workers managed to control the 

polymerization of styrene sulfonate (SSNa) in pure water thanks to a water-soluble TIPNO analogue.12 

Grassl et al. reported a reasonable control over the polymerization of acrylamide in homogeneous 

aqueous medium using a bicomponent system Vazo56/SG113 and Phan et al. published results on the 

control of DMAAm, SSNa, and 2-(acryloyloxy)ethylbenzyldimethylammonium chloride in aqueous 

solution using BlocBuilder®.14 Chenal et al. reported the SG1-mediated polymerization of poly(ethylene 

glycol) methyl ether methacrylate (with a low amount of acrylonitrile) in hydroalcoholic solutions.15 

Recently Brusseau et al. successfully employed BlocBuilder® to control the polymerization of 

methacrylic acid in the presence of a low amount of SSNa in water.16 Moreover, excellent results in 

terms of molar mass as well as particle size control were obtained with the use of water-soluble 

(macro)alkoxyamines (Scheme 1, 4)17 in aqueous dispersed media such as miniemulsion,18 multi-step19 

and batch ab initio16,20 emulsion.   

 

Scheme 1. Structures of the nitroxide SG1 (1), the organosoluble SG1-based alkoxyamine 

MONAMS (2), the SG1-based alkoxyamine (BlocBuilder®, 3), and the SG1-terminated 

poly(acrylic acid) (PAA-SG1, 4). 
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Poly(N,N-diethylacrylamide) (PDEAAm) is a thermoresponsive polymer. It exhibits a lower critical 

solution temperature (LCST)21 around 32-33 °C like poly(N-isopropylacrylamide) (PNiPAAm).22 

DEAAm has the advantage of being a liquid which can make it easier to handle than NiPAAm and the 

volume phase transition of PDEAAm is more progressive than that of PNiPAAm.23 DEAAm has 

already been employed to prepare hydrogels24 and nano- and microgels.25 

In this work we use SG1-capped poly(sodium acrylate) 4 to initiate the polymerization of DEAAm in 

water. This water-soluble macroalkoxyamine is able not only to initiate and mediate the polymerization 

but also to stabilize the particles formed by phase separation during the reaction. This polymerization-

induced self-assembly process has recently received particular interest from different groups and is an 

important input in the difficult field of controlled radical polymerization in dispersed media.26 

Following the inspiring work of Ferguson et al. who have used a multi-step process to synthesize PAA-

b-PS nanoparticles in water,27 we used NMP to obtain stable latexes of permanently hydrophobic 

polymers with high solids content without the need for added surfactant or a sequential process.20b,20c 

We also reported the straightforward synthesis of thermoresponsive nanogels and pH-sensitive vesicles 

employing this approach.25c,28 Other examples of this kind can be found using RAFT polymerization in 

water25d,28b,29 but also in an organic medium.30 Hereby we propose to use this approach to synthesize 

dynamic nanoparticles in a simple way. It will also be shown that special architectures are reachable 

with this technique, leading to physically core-crosslinked nanogels by controlled insertion of styrene 

units in the core. In addition to the dispersion polymerization kinetics, attention will be paid to the 

colloidal features of the nanoparticles as a function of pH, temperature, and salt concentration by 

dynamic light scattering (DLS), transmission electronic microscopy (TEM), and high-sensitivity 

scanning differential calorimetry (HSDSC). 

 

Scheme 2. Nitroxide-mediated dispersion polymerization of DEAAm initiated by PAA-SG1 in 

basic water as conducted in this study. 
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Experimental Part  

 

Materials 

Acrylic acid (AA, glacial), the alkoxyamine MONAMS 2, and the nitroxide N-tert-butyl-N-(1-

diethylphosphono-2,2-dimethylpropyl) (SG1, 1, 88.5 %) were provided by Arkema and used as 

received. N,N-diethylacrylamide (DEAAm) was synthesized following a reported procedure.31 Styrene 

was purchased from Acros and distilled under reduced pressure prior to use. Na2CO3 (Prolabo, pure), 

lithium bromide (LiBr, Rectapur, Prolabo), and N,N-dimethylformamide (DMF, Normapur, Prolabo) 

were used as received. NaOH solution was prepared by solubilization of 41 g of sodium hydroxide 

pellets (pure, SDS) into 1 L of deionized water. 

 

Synthesis of the SG1-capped poly(acrylic acid) macroinitiators 4 

Synthesis and characterization of the SG1-capped poly(acrylic acid) macroinitiators (PAA-SG1) were 

carried out following reported procedures.6a,20b,32 Accordingly, the polymerization conditions were 

chosen to obtain the highest chain-end functionality. Therefore, high alkoxyamine initiator 

concentration and low polymerization time (low conversion) were selected to limit the occurrence of 

chain transfer to the solvent. The macroinitiators were purified by precipitation in diethyl ether and 

dried under vacuum at room temperature for 3 days. Two different samples with similar characteristics 

were used: Mn = 2000 g mol–1 (DPn = 23, PDI = 1.15) for all experiments, except exps. 6 and 10 (Table 

1), for which Mn = 2100 g mol–1 (DPn = 24, PDI = 1.19). Chain-end functionality was above 90 mol% 

as determined by 31P NMR using diethylphosphite as an internal standard.32 

 

Dispersion polymerization of N,N-diethylacrylamide 

The reactions were all carried out in batch, at 120 °C, under a 3-bar pressure of nitrogen, in a 300-

mL thermostated glass reactor stirred at 300 rpm. In a typical recipe (experiment 4 in Table 1), 

DEAAm (30.03 g, 0.236 mol, 20.0 wt% based on water) and SG1 (29 mg, 84 μmol, 9.8 mol% based 

on PAA-SG1) were added at room temperature to a sodium hydroxide aqueous solution (120 mL, 1 

equiv. NaOH based on the carboxylic acid groups and 37 mmol Laq
–1 of Na2CO3) of the required 

amount (1.73 g, 0.86 mmol, 7.31 mmol Laq
–1) of the SG1-capped poly(acrylic acid) macroinitiator. 

The obtained homogeneous mixture was introduced into the preheated and stirred reactor, after 

nitrogen bubbling for 20 min at room temperature. The polymerizations were allowed to proceed for 
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24 hours in most cases to reach maximal conversion. During the polymerization course, 6-mL 

samples were withdrawn at regular time intervals to follow monomer conversion by gravimetry and 

analyze the polymer and the particles by methods described below. The various experimental 

conditions are reported in Table 1. 

 

Semi-batch dispersion copolymerization of N,N-diethylacrylamide with styrene 

Experiment 10 consists in a two-step process in which the first step is the same as described above 

for the homopolymerization of N,N-diethylacrylamide. 6-mL samples were withdrawn at regular 

time intervals to follow monomer conversion by gravimetry. Immediately after sample withdrawal 

at 5.5 h, 10.8 g of degassed styrene were injected (increasing the solids content to 26.9 wt% – after 

medium composition correction due to successive sample withdrawals) through a cartridge 

connected to the reactor via a valve allowing the process to occur under pressure and elevated 

temperature. Frequent sample withdrawal continued to proceed to follow the course of the reaction 

by gravimetry and size-exclusion chromatography. 

 

Particle size analysis 

The number-average or intensity-average particle diameters (Dn and Di, respectively) and the dispersity 

factor (σ) were measured by dynamic light scattering (DLS) of diluted water suspensions at various 

temperatures and an angle of 90° with a Zetasizer Nano S90 from Malvern using a 4mW He-Ne laser at 

633 nm. All calculations were performed using the Nano DTS software. For temperature cycles, values 

are reported at the equibrium of the system. 

 

Size exclusion chromatography (SEC) 

The polymers were separated by SEC in DMF (+ LiBr, 1 g L–1, solvent filtered through 0.2-μm  pore-

size Millipore PTFE membranes) at 60 °C at a flow rate of 0.8 mL min–1, with a polymer concentration 

around 5 mg mL–1 filtrated through a Whatman 0.45-μm pore-size PTFE membrane. Two Polymer 

Laboratories Mixed C columns (5 µm, 300  7.5 mm; separation limits: 200 – 1.9  106 g mol–1)  and  a 

Polymer Laboratories Gel pre-column (50 × 7.5 mm) were used, while detection was performed with a 

differential refractive index (RI) detector (Viscotek, Dual 250). Eleven poly(methyl methacrylate) 

(PMMA) standards (Polymer Standards Service, molar mass at the peak from 200 to 1.9  106 g mol–1) 

were used to calibrate the columns. The universal calibration curve was estimated from the PMMA 

calibration curve and the Mark-Houwink-Sakurada relation. The following Mark-Houwink-Sakurada 

relation was determined from the critical assessment of literature values (see Supporting Information): 

  [] = 10.048 × 10–5 M 0.6961    (dL g–1) (1) 
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Polystyrene standards fail to provide a universal calibration curve, assumingly because of adsorption 

onto the stationary phase (see Supporting Information). This may be due to the presence of trace of 

water in the DMF eluent.33 Hydrodynamic volume distributions were calculated as described 

previously34 (see also Supporting Information). The software OriginLab Origin was used for data 

treatment as well as PeakFit for deconvolutions. 

 

High-sensitivity scanning differential calorimetry (HSDSC) 

The temperature-induced phase transition of the block copolymers was evidenced by following the heat 

exchange in diluted solutions of dialyzed copolymers between 1 and 80 °C using a Nano DSC III 

calorimeter from Calorimetry Sciences Corp. The system consists of two capillary cells, respectively 

reference and sample, of 0.33 mL under pressure (6 bars). All samples were degassed under reduced 

pressure before injection. In a preliminary step, a baseline scan was recorded with a sample identical to 

the reference and subtracted from the sample scan to avoid solvent-related artefacts. All measurements 

were performed at a scan rate of 1 °C min–1. The sample thermal history was eliminated by a first scan 

to elevated temperature. Acquisition and treatment were carried out with the DSCRun and CpCalc 

softwares, respectively. After baseline subtraction, the maximum of the transition corresponding to the 

phase transition temperature (PTT) was determined by differentiation.35 

 

Transmission electron microscopy (TEM) 

The copolymer particles were observed on a 200 keV JEOL JEM 2010 UHR microscope equipped with 

an ORIUS high-resolution CCD camera (Gatan). The calibration was made from an orientated gold film 

presenting the lattice planes (200) and (220) each separated by a distance of 0.204 and 0.143 nm 

respectively. The acquisition was done with the Digital Micrograph software from Gatan. Samples were 

prepared by dilution in deionized water, deposited on a copper grid covered with a thin carbon film, and 

dried at a suitable temperature depending on the desired morphology. 

 

Nuclear magnetic resonance spectroscopy (NMR) 

The 31P NMR spectrum of the precipitated PAA was recorded in water solution (external lock with 

D2O) in a 10 mm diameter tube at room temperature. The apparatus is a Bruker Avance 300 operating at 

the frequency of 121.44 MHz. The spectrum was recorded using the following conditions allowing 

quantitative analysis: spectroscopic width 75 ppm, a flip angle of 10°, relaxation delay of 20 s, digital 

resolution of 0.27 Hz pt–1, and suppression of the NOE. To allow quantitative analysis of the end group, 

the polymer was carefully weighed and a known amount of diethylphosphite was added as an internal 

reference. The chemical shift scale was calibrated on the basis of the added diethylphosphite at 7.1 ppm. 
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Molar compositions of the copolymers were determined by 1H NMR spectroscopy (250 MHz) in CDCl3 

solution, at 25 °C, in 5 mm tubes, using an AC250 Bruker spectrometer. To determine the PAA-b-

PDEAAm copolymer composition, integrals of the signals corresponding to backbone protons of the 

two blocks and methylenic protons of PDEAAm lateral groups were compared. For PAA-b-PDEAAm-

b-P(DMAAm-co-S) copolymer composition, integrals of the signals corresponding to the aromatic 

protons of the styrene units and the methylenic protons of DEAAm units were compared. For triad 

investigation, the PAA-b-PDEAAm-b-P(DMAAm-co-S) copolymer was analyzed by 13C NMR in 

CDCl3 solution at room temperature using a Bruker DRX 500 spectrometer, operating at a frequency of 

125.7 MHz. Spectra were recorded using the following conditions, allowing quantitative analysis: 

spectral width 240 ppm with 64 K data points, flip angle of 20°, relaxation delay of 20 s, and the 

decoupler power switched off during the relaxation (no NOE). A zero filling (128 K) was applied prior 

Fourier transform leading to a digital resolution of 18 × 10−4 ppm per point (0.23 Hz pt–1). The chemical 

shift scale was calibrated on the basis of the solvent peak (77 ppm). 

 

 

Results and discussion 

 

Aqueous dispersion polymerization of N,N-diethylacrylamide initiated and mediated by PAA-SG1 

N,N-Diethylacrylamide is highly soluble in water within the whole usual temperature range whereas, as 

mentioned above, its homopolymer possesses a temperature-dependent behavior with a LCST of ca. 32 

C°.22 As it is necessary to carry out nitroxide-mediated polymerization at temperatures higher than 80 

°C to ensure effective dissociation of the alkoxyamines, the growing PDEAAm blocks are insoluble in 

these conditions and the process corresponds to dispersion polymerization. 

As previously described for nitroxide-mediated polymerization of hydrophobic monomers in aqueous 

emulsion, the polymerization was first conducted at 120 °C under 3 bars.20a-c The polymerization was 

very fast, i.e., 95 % of conversion reached after only ca. 2 h. (Figure 1). The conversion vs. time plot did 

not show any sigmoidal shape like it was the case for styrene or n-butyl acrylate (nBA) under emulsion 

polymerization conditions.
20a-c At 112 °C the polymerization slowed down, which can be useful in the 

case of the addition of a second batch of monomer at a precise DEAAm conversion (vide infra).25c 95 % 

of conversion could still be obtained after only 4 hours leading to a stable latex-like dispersion. It has 

been previously shown in several studies that adding a small amount of free nitroxide to the initial 

mixture can induce a faster establishment of the persistent radical effect (PRE), thus leading to a slower 

polymerization and a theoretically better macromolecular control.18,36 For this purpose, 5 and 10 mol% 

SG1 were introduced with respect to the macroalkoxyamine concentration. The polymerization rate was 
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clearly affected by the initial amount of free nitroxide. After 4 hours only 60 % and 50 %, respectively, 

of DEAAm had reacted, reaching almost complete conversion after 10 to 20 hours. The effect of the 

SG1 initial concentration is in agreement with its participation in the polymerization process, i.e., with 

the existence of an activation-deactivation equilibrium which controls the polymerization kinetics.36 

Interestingly, ln(1/(1-conversion)) increased linearly versus time, indicating a first order kinetics with 

respect to monomer and a constant concentration of propagating radicals. Although this trend is 

expected in homogeneous NMP conditions, dispersion polymerization process is acknowledged to be 

more complex.37 Indeed, in the latter situation under classical radical initiation, the polymerization 

normally takes place in both the monomer-swollen particles and the continuous phase, with different 

initiator and monomer concentrations in both phases. In an NMP system initiated by a 

macroalkoxyamine, it should however be different. Indeed, after complete nucleation, the radical 

produced at the chain-end by alkoxyamine dissociation are only located within the particles, which 

become then the sole polymerization loci. Since the local monomer concentration is expected to 

decrease continuously (in contrast to emulsion polymerization in which it remains constant over a broad 

conversion range, leading to a zeroth kinetic order with respect to monomer), a first order kinetics does 

not seem surprising. The linearity of the ln(1/(1-conversion)) vs. time plot is thus an indication of a 

constant radical concentration, in agreement with the NMP process with excess free nitroxide. 
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Figure 1. Conversion vs. time (full symbols) and first-order kinetic (empty symbols) plots for the 

dispersion polymerization of DEAAm (20 wt%) initiated by PAA23-SG1 at different temperatures and 

different r = [SG1]0/[PAA-SG1]0 ratios [(Exp.1, ●) 120 °C, r = 0; (Exp. 2, ♦) 112 °C, r = 0; (Exp. 3, ■) 

112 °C, r = 0.05; and (Exp. 4, ▲) 112 °C, r = 0.10]. Please note that the first-order kinetic plot is 

displayed only in its linear region and that no linear fit was applied to exp. 1 due to a rather limited 

number of data points. 

 

We also investigated the influence of the alkoxyamine concentration on the polymerization. Figure 2 

displays the evolution of monomer conversion with time for four different [PAA-SG1]0. Although these 

experiments all resulted in very similar final results, a slight difference of behavior in the linear part of 

the first-order kinetic plot, i.e., when the radical concentration is constant, was distinguishable. Indeed, 

the higher the alkoxyamine concentration, the slightly higher the ln(1/(1-conversion)) vs. time plot slope 

(i.e., the higher the concentration of propagating radicals). This observation would be normally expected 

in the absence of initial free nitroxide. In the presence of an initial excess however, one may expect 

similar propagating radical concentration for an identical r = [SG1]0/[PAA-SG1]0 ratio (here r = 0.10).38 

This slight influence of the alkoxyamine concentration indicates that r = 0.10 is almost equal to (but 
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slightly below) the amount of free nitroxide needed to reach the activation-deactivation equilibrium 

(normally achieved by the persistent radical effect when r = 0).34,36,37 

 

Figure 2. Conversion vs. time (full symbols) and first-order kinetic (empty symbols) plots for the 

dispersion polymerization of DEAAm (20 wt%) initiated by PAAn-SG1 (n = 23–24) at r = 

[SG1]0/[PAA-SG1]0 = 0.10 and at different alkoxyamine concentrations [(Exp. 5, ●) [PAA-SG1]0 = 3.6 

 10–3 mol Laq
–1; (Exp. 4, ▲) [PAA-SG1]0 = 7.3  10–3 mol Laq

–1; (Exp. 6, ♦) [PAA-SG1]0 = 1.08  10–2 

mol Laq
–1; and (Exp. 7, ■) [PAA-SG1]0 = 1.69  10–2 mol Laq

–1]. Please note that the first-order kinetic 

plot is displayed only in its linear region. 

 

The first experiments were all based on a solids content of ca. 20 wt%. Although such a concentration is 

rather high for such a process as compared to the current literature, the results were satisfactory in terms 

of colloidal stability. Therefore, we carried out further experiments at even higher concentrations, i.e., 

29.3 and 39 wt%, while keeping a constant ratio of monomer to macroalkoxyamine. Figure 3 clearly 

evidences an alteration of the polymerization kinetics: the higher the solids content, the faster the 

polymerization. This may be related to a change in particle diameter, which decreased when the solids 
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content was increased (i.e., concomitant increase in particle number – see Table 1). This would however 

seem to be in contradiction with the expected absence of compartmentalization effect in NMP in 

aqueous dispersed system,20a,39 unless it corresponds to the increased polymerization rate predicted for 

very small particles.39 It is noteworthy that, while at 20 wt% the medium remained fluid, at these higher 

concentrations it became quite viscous during the course of the reaction while maintaining a good 

colloidal stability. 

 

Figure 3. Conversion vs. time (full symbols) and first-order kinetic (empty symbols) plots for the 

dispersion polymerization of DEAAm initiated by PAA23-SG1 at constant [DEAAm]0/[PAA-SG1]0 = 

275 and r = [SG1]0/[PAA-SG1]0 = 0.10, and at different solids content [(Exp. 4, ▲) 19.9 wt%; (Exp. 8, 

▼) 29.3 wt%; and (Exp. 9, ●) 39.0 wt%]. Please note that the first-order kinetic plot is displayed only in 

its linear region. 

 

Size-exclusion chromatography analysis - hydrodynamic volume distributions  

Since substituted polyacrylamides are prone to the formation of aggregates in classical SEC conditions 

in THF,40 DMF/LiBr was chosen as the eluent. The chromatograms revealed bimodal distributions for 
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some of the samples (see Figure S4). The low hydrodynamic volume peak (a few tens of thousands g 

mol–1 in PMMA equivalent) was always observed and constantly shifting to higher hydrodynamic 

volumes during the course of the polymerization whereas the larger species peak (several hundreds of 

thousands g mol–1 in PMMA equivalent) was appearing randomly (Figure S6).  The latter peak is thus 

assigned to aggregates.41 Non-reversible intermolecular aggregation of homoPNiPAAm is attributed to 

hydrogen bonding when brought to complete dryness preventing it from full redissolution in a SEC 

eluent such as THF.40 Block copolymers of PAA and PNiPAAm, a system very close to the present one, 

form hydrogen-bonded interpolymer complexes arising from interactions between acid and amide 

groups of the two respective blocks at room temperature.42 Our SEC sample preparation includes drying 

and then acidifying the PAA block to ensure dissolution in DMF. This procedure probably favors the 

complexation of AA units with DEAAm ones. Addition of quaternary ammonium salts 

(benzyltrimethylammonium chloride or dibenzyldimethylammonium chloride) which would displace 

hydrogen bonds and render the PAA block organosoluble before SEC did not alter the aggregate peak. 

Assuming that water was responsible for the aggregation during the sample drying process,40 the 

samples were dried after acidification by stirring in DMF on magnesium sulfate. Unfortunately, we did 

not observe any significant difference. We finally used a previously described methylation method to 

turn the carboxylic acid groups into methyl esters.6a,32 This technique allowed the disruption of some 

aggregates but not in a quantitative way (Figure S5). Thus, the frequent overlapping of the two peaks of 

unimers and aggregates prevented us from determining any accurate average molar mass or 

hydrodynamic volume for the diblock copolymers. 

In addition to this aggregation issue, the relatively different nature of the blocks can also pose a problem 

when converting raw elution data to molar mass values. Indeed the two components of the block 

copolymer have a molar mass distribution with no expected correlation between the PDI of both blocks. 

Some copolymer chains of the same hydrodynamic volume can have different molar masses due to 

differences in composition.43 This may lead to a significant local dispersity,44 i.e., an incomplete SEC 

separation in terms of molar mass. Local dispersities significantly higher than unity have been measured 

for branched polymers,45 leading to up to 100 % error on the determined molar masses.46  In these cases, 

hydrodynamic volume distributions (HVD) are not affected by this error and have been proposed to 

replace molar mass distribution (or raw chromatograms).47 HVDs are reproducible, contrary to raw 

chromatograms, which depend for example on the particular set of columns used. HV is a physical 

quantity characterizing the polymer (although molar mass is far more common), while elution time is 

only an experimental variable. HVDs have already been successfully used to study the synthesis of 

diblock copolymers.34 Hydrodynamic volume distributions were thus used in this work instead of molar 
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mass distributions (for calculation of HVDs, refer to Supporting Information and previously published 

work44c). 

Despite the aggregation phenomenon, most of the hydrodynamic volume distributions can be 

determined and compared – particularly their peak maxima – if the SEC data are deconvoluted. There is 

no recognized method to deconvolute SEC data. Deconvolution is usually not performed even on 

complex polymeric materials.48 Gaussian functions have been used to deconvolute SEC peaks 

corresponding to star and linear polymers obtained by RAFT polymerization,49 as well as multimodal 

molar mass distributions from SEC for star polymers produced by ATRP and click chemistry.50 Barner-

Kowollik however showed the limitation of this method.51 The peak maxima of the convoluted and then 

deconvoluted molar mass distributions can indeed significantly differ. One explanation is that Gaussian 

functions do not properly fit SEC data because of the presence of band-broadening that require using 

exponentially modified Gaussian functions.52 In the present work, we compared deconvolution based on 

Gaussian and on exponentially modified Gaussian functions. The exponentially modified Gaussians 

clearly gave lower residues and were thus chosen (see Supporting Information). The deconvolution was 

performed on the chromatograms (Figure S10) and the deconvoluted polymer peak was then converted 

into hydrodynamic volume distribution (Figure S12). Although it was impossible to obtain Mn = 

f(conversion) plots which are usually required to assess the controlled character of a polymerization, the 

overlay of the HVDs at different conversions were found to be rather conclusive. Indeed a constant shift 

towards higher hydrodynamic volumes was observed for all experiments (see Figures 4 and S13-S15). 

The traces were rather uniform, although a tailing phenomenon could be detected when monomer 

conversion increased, indicating a possibly slow and continuous initiation step due to rather unfavorable 

kinetic features between macroalkoxyamines bearing a terminal acrylic acid unit and 

macroalcoxyamines having already grown a second block. This phenomenon was for instance observed 

during the emulsion polymerization of nBA and styrene using the same initiating system.20a-c Thanks to 

the HVDs it was also possible to evaluate the influence on the macromolecular characteristics of diverse 

parameters discussed above in terms of kinetics. For instance, Figure 4 depicts the HVDs at different 

monomer conversions for experiments in which the macroalkoxyamine concentration was varied, all 

other parameters being identical. From top (Figure 4a) to bottom (Figure 4c), [PAA-SG1]0 increases, so 

that the targeted molar mass at complete conversion decreases. For comparable monomer conversions 

(65–71 %, full line in red), when the macroalkoxyamine concentration increased, the hydrodynamic 

volume was clearly lower. Moreover, the HVDs became narrower with an increasing PAA-SG1 

concentration. All these observations undoubtedly indicate that the polymerization proceeded in a 

controlled fashion. 
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Figure 4. Overlay of hydrodynamic volume distributions at different monomer conversions for the 

dispersion polymerization of DEAAm (ca. 20 wt%) initiated by PAA23-SG1 at different alkoxyamine 

concentrations [(a) Exp. 5, [PAA-SG1]0 = 3.6  10–3 mol Laq
–1; (b) Exp. 6, [PAA-SG1]0 = 1.08  10–2 

mol Laq
–1; and (c) Exp. 7, [PAA-SG1]0 = 1.69  10–2 mol Laq

–1]. 
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Colloidal characteristics and stimuli-sensitivity of the PAA-b-PDEAAm dispersions 

Before the start of the reaction, the medium was transparent and colorless. It then progressively turned 

bluish to finally yield a white latex when maintained at high temperature. Upon cooling, a transparent 

and colorless solution was obtained again. For all experimental conditions, stable latexes (no coagulate) 

were recovered at the end of the reaction. Performing dynamic light scattering measurements at 50 °C 

on samples directly after withdrawal – not cooled below the phase transition temperature (PTT) – 

allowed us to determine the diameter of the particles formed during the dispersion polymerization 

process. A droplet was carefully taken off the sample with a preheated Pasteur pipette and then diluted 

in preheated deionized water. The nanoparticles formed during the process were in the 30–110 nm range 

with a rather narrow distribution (σ = 0.02–0.20), similarly to what was obtained in the case of styrene 

or nBA emulsion polymerization.20a-c The robustness of the system is emphasized once more by the fact 

that, for example, when the initial concentration of free nitroxide was varied with all other parameters 

remaining constant, the diameter of the final particles remained strictly the same (70 nm for exps. 2, 3, 

and 4). The average diameter of the particles could be lowered by increasing the amount of 

macroalkoxyamine which also plays the simultaneous role of stabilizer, while keeping the initial 

DEAAm concentration constant (i.e., decreased theoretical degree of polymerization of the PDEAAm 

block) (Table 1, exps. 4-7). Nanoparticles with diameters as low as 30 nm could thus be produced. More 

generally, the particles were smaller when the degree of polymerization of the hydrophobic block was 

lower (see Figure S16). 
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Figure 5. Evolution of the number-average hydrodynamic diameter (Dn) during cooling and heating 

cycles for the final PAA-b-PDEAAm copolymer from exp. 4 at pH = 11 [(▲) 50 °C and (●) 15 °C]. 

 

As previously mentioned, PDEAAm exhibits a LCST of 32–34 °C. Therefore, upon cooling to 

temperatures below the LCST, the former hydrophobic core of the particles was expected to swell with 

water and dissociate by release of free soluble copolymer chains. Figure 5 confirms this prediction in 

the case of exp. 4. Initially the particles had a diameter of 70 nm. After a first cooling at 15 °C, only free 

chains with a hydrodynamic diameter of about 10 nm were detected by DLS. When the newly formed 

homogeneous solution was heated again above the theoretical LCST, e.g., at 50 °C in the present case, 

nanoparticles were reformed, however with a larger size than the initial ones (95 nm). Repeating this 

procedure several times, i.e., cooling down to 15 °C and heating up to 50 °C, gave the same values. This 

cycling experiment shows that the particles initially formed were trapped in an out-of-equilibrium state, 

likely to be determined by the composition of the copolymers when they self-assembled during the 

polymerization. Once disassembled and re-formed, the self-organization of long PDEAAm follows a 

different mechanism leading to a different particle size.  
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Figure 6. Evolution of the number-average hydrodynamic diameters with pH for the PAA-b-PDEAAm 

copolymers (exp. 4, final sample) at different temperatures [(X) 15 °C; (◊) 25 °C; and (▲) 50 °C]. 

Dotted lines are drawn to guide the eye. 

 

Obviously, the PAA block imparts a pH-sensitive character to the copolymers and consequently to the 

particles in addition to the thermosensivity of the core. This type of double-responsive block 

copolymers has been previously coined as schizophrenic block copolymers.53 Evidences for 

simultaneous pH- and temperature sensitive characters are displayed in Figure 6. At high pH values, the 

PAA block is in its ionized form (PANa) and is thus water-soluble. When the temperature is lower than 

the PTT of PDEAAm (15 °C or 25°C) – the thermosensitive block is thus also water-soluble – the 

measured diameters are very low, in the range of few nanometers and can be regarded as rough values 

for the free polymer chain dimensions in solution. At such low temperatures when the pH was decreased 

by adding aliquots of a 1 M hydrochloric acid aqueous solution, the diameters increased dramatically. 

Indeed the PANa block became re-protonated as the pKa is evaluated around 6.1554 and the copolymers 

started to self-assemble into PAA-core particles. When the temperature was increased but remained 

below the PTT (25 °C), slightly larger assemblies were detected. When the temperature is higher than 
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the PTT at such acidic pH, both constitutive blocks are insoluble and the colloidal stability is largely 

affected, yielding undefined aggregates with large dimensions. 

 

Scheme 3. Sketch of the proposed mechanism for PAA-SG1-initiated DEAAm dispersion 

polymerization and of the proposed solubilization-micellization behaviour of PAA-b-PDEAAm 

copolymers. 

 

 

 

All the data collected and presented above led us to propose a possible scenario for the polymerization 

of DEAAm in water initiated by PAA-SG1 (Scheme 3). Initially the system is homogeneous and 

composed of an aqueous phase in which the macroinitiator and the monomer are dissolved. When the 

temperature is increased, alkoxyamine bonds start to reversibly disrupt and release PAA radicals and 

free nitroxides. Released radicals initiate the polymerization leading to the formation of a second block. 

When the PDEAAm block reaches a critical degree of polymerization (DPcrit), as the polymerization 

temperature is well above its PTT, it precipitates out of the aqueous phase to form PAA-stabilized 

micelles. Further propagation takes place in the organic phase to extend the hydrophobic block to its 

final degree of polymerization. At the end of the reaction, when the reactor is cooled down to room 

temperature, PDEAAm blocks become soluble and the aggregates start to swell and finally dissolve. As 

the temperature is increased again, PDEAAm becomes hydrophobic again and self-assembling takes 

place again. However, the dimensions of the re-formed particles are different (see Figure 5). As the 

system is composed of the exact same macromolecules as before the cooling disassembling process, it is 

clear that the block copolymer chains were initially trapped in out-of-equilibrium assemblies at the end 

of the polymerization. This can be explained by the nature of the assembling process: the first 

aggregation that takes place during the polymerization is governed by the length of the hydrophobic 
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block at low conversion: the short PDEEAm block drives the aggregation into star-like micelles during 

the nucleation period. As the polymerization proceeds in the so-formed nanoparticles the PDEEAm 

block grows and the final nanoparticles exhibit a much longer PDEEAm block. After a cooling-heating 

cycle, the diblock copolymer chains self-assemble into crew-cut micelles with a larger particle size 55 

 

 

Figure 7. Electron micrograph of nanoparticles obtained by drying of a solution of PANa-b-PDEAAm 

at pH = 11 and at 80 °C. 

 

The formation of nanoparticles from a block copolymer solution in good solvent conditions for PAA 

(pH = 11) was directly imaged by TEM. It should be noted that the visualization of the particles is not as 

easy as for tough PS particles for instance due to a lower electron absorbing nature and also the lower 

glass transition temperature of PDEAAm (Tg,PDEAAm = 85 °C).56 Figure 7 shows assemblies obtained by 

drying of a basic solution of PAA-b-PDEAAM at 80 °C, a temperature largely higher than the 

theoretical LCST. In agreement with the DLS data, spherical particles with diameters ranging from 90 

to 150 nm and a rather large polydispersity can be observed. Note that the dry particles are surrounded 

by a shell of salts accumulating during the drying process (TEM imaging in dark-field mode showed 

diffraction). 
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Figure 8. Evolution of the number-average (∆) and intensity-average (▲) hydrodynamic diameters (Dn 

and Di, respectively) and of the count rate (●) during the cooling of a PAA-b-PDEAAm copolymer 

solution at pH = 11 (Exp. 1). 

 

We investigated further the particle dynamics with regards to their thermoresponsive behavior. For a 

sample at pH = 11, we followed by DLS the evolution of the hydrodynamic diameter during the cooling 

process. On Figure 8, the intensity- and number-average diameters as well as the count rate are plotted. 

Starting from 70 °C and cooling down to the PTT, we observed a slow and constant increase in both 

hydrodynamic diameters. However, the count rate remained rather steady until the temperature reached 

38–36 °C when it increased suddenly. Around 32–30 °C, all the parameters plummeted dramatically to 

low values and remained almost constant over the 28–15 °C range. These measurements point at a slow 

swelling of the particles during the cooling process before a brutal disruption at the PTT. Furthermore 

when the critical temperature is approached, Dn values do not present any clear trend but rather 

fluctuate. It can be explained by the greater sensitivity of this value to the polydispersity of the sample 

compared to the intensity-average diameter which will hardly take into account small particles if large 

ones are present. We can thus assume that the swelling process originating from the PDEAAm block re-

hydration is rather slow and that large aggregates are formed by swelling – hence Di increase before 
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PTT – and progressively release free chains into the solution. Below the PTT, the measured diameters 

are low and can again be attributed to free chains in good solvent conditions. The count rate is 

particularly low confirming the absence of large scattering entities in the medium. 

 

Figure 9. Heat transfer measured by HSDSC on a dialyzed solution of PAA-b-PDEAAm copolymers 

(Exp. 4, 5 g L–1) at pH = 6.5. The dark-red curves represent the heating endothermic scans and the light-

blue ones represent the cooling exothermic scans. Heating and cooling rates were 1 °C min–1. The 

direction of the arrows indicates the increased number of scans.  

 

High-sensitivity differential scanning calorimetry (HSDSC) gave us further insights into the 

temperature-induced phase transition. HSDSC is a technique able to measure very low heat exchanges. 

For instance, low-energy conformational changes of proteins such as unfolding or binding can be 

detected by this means.57 This technique has already been used in the past to study thermosensitive 

polymer or microgel phase transition.58 While DLS gives information at the nanometer-to-micrometer 

level, HSDSC enables us to reach the molecular level. It becomes then possible to detect the actual inset 

of the hydration or dehydration of the PDEAAm units, to know if the process is fully reversible, and 

also to determine an accurate phase transition temperature. Figure 9 confirms the existence of a PTT 

Increasing scan number
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situated around 32–34 °C, which is very close to the theoretical LCST.22a The transition is globally 

reversible since the heating and cooling curves are roughly inverted copies. It is also progressive as 

demonstrated by the width of the heat peaks: hydration and dehydration occur mostly between 25 and 

60 °C, corroborating DLS data (see Figure 8). Two intensity maxima can be initially distinguished, 

particularly during the heating process. Snowden and Vincent observed the same phenomenon with 

P(NiPAAm-co-AA) microgels and attributed it to the presence of the carboxylate groups, with no 

further explanation.58c Figure 10 evidences the role of the acrylic acid units since an NMP-produced 

PDEAAm homopolymer11 only showed one maximum using the exact same experimental method. By 

comparison, we could assign the lower-temperature maximum to the presence of the PAA block. On 

careful examination of Figure 9, we also noticed that the influence of the PAA segment was not so 

strong during the cooling process. It can be assumed that when the nanoparticles are already formed and 

the two blocks are segregated (above the PTT), the polyelectrolyte is less able to interact with the 

thermoresponsive block than when the chains are free in solution and at a higher entropy degree. 

Interestingly when the measurement was repeated several times, the peaks became narrower and, in the 

case of the heating ramp, the higher-temperature maximum tended to disappear which would signify a 

stronger effect of the supposed carboxylate group influence. The polymer chains possibly being at the 

end of the polymerization under high constraint (out-of-equilibrium state), we can suspect a progressive 

relaxation of the system. Furthermore if these HSDSC results and the DLS data are observed side-by-

side (Figure 9 and 8, respectively) and the dissymmetry of the peaks is considered (at temperatures 

higher than the PTT, the area under the curve is significantly larger), it can be noted that the processes 

of dehydration or re-hydration in the micellar form are much slower than in the unimeric form. 
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Figure 10. Heat transfer measured by HSDSC on a dialyzed solution of PAA-b-PDEAAm copolymers 

(dashed lines, Exp. 4, 5 g L–1) and a solution of PDEAAm homopolymer (full lines, 5 g L–1) at neutral 

pH. The dark-red curves represent the heating endothermic scans and the light-blue ones represent the 

cooling exothermic scans. Heating and cooling rates were 1 °C min–1. 

 

For potential uses of such nanogels, the influence of cosolutes is of major importance since very few 

applications actually take place in pure water.  The effect of two different salts have been evaluated in 

this study, namely sodium chloride (NaCl) as a weak salting out agent and ammonium persulfate 

((NH4)2SO4), known as one of the strongest ones.58a In both cases, it was found that the PTT decreased 

progressively (almost linearly) with an increase in salt concentration (Figure 11). As expected, the 

influence of NaCl was less important than that of (NH4)2SO4. At physiological ionic strength, i.e., 0.2 

M, the PTT was decreased to 30 °C in the case of NaCl but to almost 25 °C in the case of (NH4)2SO4. In 

the thermograms (see Figure S17), only one temperature transition could be observed (one peak 

maximum) which seems to corroborate the aforementioned theory suggested by Snowden and 

Vincent.58c Indeed, the second peak which was attributed to the presence of the carboxylate groups was 

not present anymore, likely due to the increased ionic strength of the medium which screens charges. 
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Figure 11. Evolution of the phase transition temperature (PTT) of PAA-b-PDEAAm copolymers (Exp. 

4, 5 g L–1) measured by HSDSC at neutral pH with a varying salt concentration for two different salts: 

sodium chloride (●) and ammonium persulfate (■). 

 

Synthesis of core-shell-corona PS-PDEAAm-PAA physically crosslinked nanogels 

Owing to the controlled/living nature of the nitroxide-mediated radical polymerization, it was possible 

to add a second batch of monomer meant to be inserted into the growing chains during the 

polymerization and create a third statistical block P(DEAAm-co-S). The idea was to use styrene to 

create a physical crosslinking by means of hydrophobic segregated nodules and thus freeze the in situ 

formed self-assembled structures and avoid their disassembly upon cooling.59 For this purpose, after 

starting the polymerization with a procedure analogous to that of experiment 4, at 50 % of DEAAm 

conversion we added an amount of styrene such that the overall solids content reached 30 wt% (Exp. 

10). As demonstrated by Figure 12, the polymerization continued to proceed but was slower – which is 

expected with styrene at this temperature – and reached a final overall conversion of about 70 % after 22 

hours. At the end of the polymerization, a white latex was obtained. Contrary to the PAA-b-PDEAAm 

dispersions reported above, this latex remained stable upon cooling. The nanoparticle diameter Dn was 

95 nm at 50 °C before cooling and 120 nm at 15 °C, proving the thermosensitivity of these physically 
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crosslinked nanoparticles exhibiting a PS core and a double hydrophilic block copolymer corona at 

room temperature. 

 

Figure 12. Monomer conversion versus polymerization time for the sequential dispersion-emulsion 

copolymerization of DEAAm and styrene initiated by PAA-SG1 at 112 °C (Exp. 10). Empty symbols: 

DEAAm conversion in the first step. Full symbols: Overall DEAAM/styrene weight conversion. 

 

The same difficulties as previously reported in the current study with the PAA-b-PDEAAm system were 

encountered when we attempted the analysis of the styrene-containing copolymers by SEC. 

Nevertheless, we observed that HVD traces continuously shifted towards higher hydrodynamic volumes 

(Figure S15). In addition, we could try to calculate the copolymer composition employing diverse 

assumptions. By 1H NMR, we calculated a DPn close to 300 for the PDEAAm block at the injection of 

styrene. Assuming that the number of propagating chains remained constant throughout the 

polymerization and that the mass of monomer polymerized after the styrene addition was equally 

distributed among these chains, we calculated Mn = 34400 g mol–1 for the third block according to the 

conversion. Finally, by 1H NMR performed on the dried triblock copolymer, we determined that the 

molar fractions of DEAAm and styrene units were equal to 0.71 and 0.25, respectively, in the entire 

copolymer. Considering that the copolymer exhibits a structure such as PAA24-b-PDEAAm300-b-

P(DEAAmx-co-Sy) (Scheme 4), we determined x = 145 and y = 155. 
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Scheme 4. Assumed structure for the final triblock copolymer obtained by the sequential 

dispersion-emulsion copolymerization of DEAAm and styrene initiated by PAA-SG1 at 112 °C 

(Exp. 10). 

 

 

 

 

 

 

Figure 13. Selected regions (176–172 and 147–142 ppm) of the 300 MHz 13C NMR spectrum in CDCl3 

of PAA-b-PDEAAm-b-P(DEAAm-co-S) block copolymer (Exp. 10). 

  

13C NMR allowed us to determine the microstructure of the triblock copolymers in analogy with results 

previously reported for a PS-PnBA system.60 Indeed the triads centered on a styrene repeating unit (-

(S)3-, -(S)2-DEAAm- et -DEAAm-S-DEAAm-) can be assigned thanks to the quaternary carbon having 

a chemical shift around 144.0–146.0 ppm. The triads centered on a DEAAm motif are identified by 

means of the carbonyl amide group carbon with a chemical shift at 173.5–175.0 ppm. According to 

Figure 13, the -(DEAAm)3- triads form the largest population corroborating the presence of a long 

PDEAAm block (the center one). The main populations for triads centered on styrene seem to be -(S)2-

DEAAm- pointing at a third block rich in styrene with some DEAAm units, which would corroborate 

the inflection in polymerization rate. Previously determined reactivity ratios between styrene and 

DEAAm-related parent monomer DMAAm also points at a growing third block preferentially 
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incorporating styrene units at any monomer composition (see Figure S18).61 Moreover, the relatively 

high hydrophobicity of styrene compared to DEAAm, which is strongly partitioned between the 

aqueous phase and the particles, certainly influences the process in that way. Unfortunately DSC 

measurements in the solid state (not shown) showed only a clear transition around 80 °C (close to the 

previously observed Tg,PDEAAm) and were thus not conclusive in this regard. 

 

Conclusion 

In the present report we have shown the synthesis of PAA-b-PDEAAm diblock copolymers by 

nitroxide-mediated aqueous dispersion polymerization employing a SG1-based poly(acrylic acid) 

macroalkoxyamine. This technique yielded double-responsive diblock copolymers and core-shell 

nanoparticles simultaneously. This presents some advantages over previous works using the more 

stringent anionic polymerization where a poly(acrylic acid) block had to be synthesized by hydrolysis of 

a poly(t-butyl acrylate) block and only after this step could the micellization in water take place.31 We 

showed that out-of-equilibrium structures could be reached by such a process, which can present some 

interest when unconventional systems are desired. Our system is relatively versatile since it allows to 

work at high monomer content (20–40 wt%) and enables a delayed incorporation of hydrophobic 

(styrene) monomers to tune the responsivity or the structures of the aggregates. Thus core-shell-corona 

structures with a tough PS core were obtained in a one-pot procedure. Such architectures are usually not 

so straightforwardly obtained.62 Temperature- and pH-responsive micelles have already found many 

applications in drug delivery which makes this system rather promising.63 
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Table 1. Experimental conditions and characteristics of the dispersion polymerizations of N,N-diethylacrylamide initiated by a SG1-terminated 

poly(sodium acrylate) macroalkoxyamine.a 

 

Exp. Symbol Solids 

contentb 

wt% 

Tpolym 

 

°C 

[DEAAm]0 

 

mol.L–1 

[Comonomer]0 

 

mol% based 

on monomers 

[PAA-SG1]0 

 

mol.Laq
–1 

[SG1]0 

 

mol% based 

on PAA-SG1 

Final 

conv. 

DPn,th
c Dn,50°C 

(σ)d 

 

nm 

Np 

 

L–1 

PTTe 

 

°C 

1 ● 19.9 120 1.57 - 7.3  10-3 - 0.99 270 110 

(0.22) 
2.8  1017 - 

2 ♦ 19.9 112 1.57 - 7.3  10-3 - 0.98 270 70 

(0.09) 
1.1  1018 - 

3 ■ 19.9 112 1.57 - 7.3  10-3 5.0 0.99 270 70 

(0.03) 
1.1  1018 - 

4 ▲ 19.9 112 1.58 - 7.3  10-3 9.8 0.90 250 70 

(0.19) 
1.0  1018 32–34 

5 ● 19.8 112 1.55 - 3.6  10-3 10.0 0.98 540 85 

(0.20) 
6.0  1017 - 

6 ♦ 19.9 112 1.59 - 1.08  10-2 10.3 0.89 170 35 

(0.02) 
7.9  1018 - 

7 ■ 19.4 112 1.57 - 1.69  10-2 10.4 0.96 115 30 

(0.19) 
1.3  1019 - 

8 ▼ 29.3 112 2.32 - 1.24  10-2 9.7 0.92 250 65 

(0.04) 
1.9  1018 - 

9 ● 39.0 112 3.08 - 1.94  10-2 9.6 0.92 250 40 

(0.04) 
1.1  1019 - 

10 - 19.7 

(26.9f) 

112 1.55 38.0 (51.2g) 7.3  10-3 9.6 0.70 - 95 

(0.21) 
4.2  1017 - 

a Pressure = 3 bars; [Na2CO3]0 = 35 mMaq; pH > 9. 
b Solids content is actually theoretical and is used as a shortcut for monomer/water weight ratio 
c Theoretical degree of polymerization of the PDEAAm block for the final sample (maximal conversion) 
d Number-average diameter and dispersity factor (from Malvern Instrument) of the final sample determined by DLS at 50 °C without any cooling under PTT. It 

must be noted that all samples showed a thermoresponsive behavior during DLS measurements. 
e Determined by HSDSC.  
f Overall monomer content after styrene injection 
g Recalculated by substracting DEAAm already converted at the time of the styrene injection 
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Mark-Houwink-Sakurada parameters of PMMA in DMF/LiBr 

No Mark-Houwink-Sakurada parameters are available for PMMA in DMF/LiBr at 60 °C in 

the literature. A number of Mw and [] values have however been determined in pure DMF at 

different temperatures ranging from 10 to 60 °C (see Table S1). We compared the values of 



intrinsic viscosity and molecular weight. One set of value is a clear outlier (last line of Table 

S1).  

Table S1. Viscosity properties (intrinsic viscosity, [], and weight-average molecular weight, 

Mw) of PMMA in DMF measured at different temperatures T. 

Mw (g/mol) [] (dL/g) T (°C) Determination method Reference 

82,600 0.297

25 

Offline static light 

scattering and 

Ubelhode viscometer 

in dried DMF under 

nitrogen 

1

124,000 0.39

173,000 0.45

202,000 0.517

287,000 0.61

360,000 0.77

527,000 0.955

1100,000 1.62

17,500,000 7.7

18,600,000 8.77

22,700,000 9.62

23,800,000 9.98

17,500,000 7.7

25 

Offline static light 

scattering and 

viscometer 

2
18,600,000 8.77

22,700,000 9.62

23,800,000 9.98

9,513,000 3.32

25 

Offline static light 

scattering and 

Ubelhode viscometer 

3

10,961,000 3.66

12,175,000 3.981

15,998,000 4.551

15,923,000 4.657

23,175,000 5.7676

9,513,000 3.32

64,368 0.233 60 ? Viscotek

714,000 0.887
10 

Offline static light 

scattering and 
4

606,000 0.813



547,000 0.753 Ubelhode viscometer

485,000 0.684

319,000 0.561

220,000 0.428

87,000 0.255

714,000 0.99

30 

606,000 0.894

547,000 0.821

485,000 0.729

319,000 0.607

220,000 0.465

87,000 0.26

714,000 1.041

50 

606,000 0.966

547,000 0.872

485,000 0.771

319,000 0.635

220,000 0.492

87,000 0.274

550,000 0.815

15 

Offline static light 

scattering and 

Ubelhode viscometer 

5

420,000 0.692

300,000 0.533

80,000 0.214

550,000 0.89

25 
420,000 0.73

300,000 0.567

80,000 0.223

550,000 0.919

35 
420,000 0.768

300,000 0.6

80,000 0.229

550,000 0.979
45 

420,000 0.805



300,000 0.624 

80,000 0.235 

420,000 0.837 

55 300,000 0.646 

80,000 0.249 

40,500 0.005 60 ?+viscosimeter 6 

 

 

Figure S1. Mark-Houwink-Sakurada plot for PMMA in DMF measured at different 

temperatures (see references in Table S1 for the different literature values). 

 

All other values given in the literature are consistent (see Figure S1). Values at 55 °C and 

60 °C were plotted and fitted together (Figure S-2) to obtain the following equation: 

 Log [] = 0.6961 logMw - 3.9979 (1) 

0.1

1
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Figure S2. Mark-Houwink-Sakurada plot for PMMA in DMF measured at 55-60 °C. 

Universal calibration in our SEC system 

Polystyrene standards lead to a universal calibration significantly different from the PMMA 

one (Figure S3).  Polystyrene has too low a polarity compared to the one of the stationary 

phase and eluents and likely adsorbs as already observed.7 Polystyrene is certainly not 

separated by a size-exclusion mechanism with the Mixed C column in DMF. The universal 

calibration curve was thus built only with PMMA standards. 

log [] = 0.6961 logM ‐ 3.9979
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Figure S3. Comparison of the universal calibration curves obtained with polystyrene (black 

squares) and poly(methyl methacrylate) (red circles). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



SEC Chromatograms 

 

 

 

Figure S4. Chromatograms obtained by SEC/DMF of PAA-b-PDEAAm synthesized by 

dispersion polymerization of DEAAm initiated by PAA23-SG1 at 112 °C (exp. 7).  

 



  

Figure S5. Chromatograms obtained by SEC/DMF of PAA-b-PDEAAm synthesized by 

dispersion polymerization of DEAAm initiated by PAA23-SG1 after different treatments 

[acidification and drying on Mg2SO4 (dotted line); acidification and methylation (dashed 

line); and randomly obtained non-aggregated sample (solid line)]. 

 

 

Hydrodynamic volume distributions (HVDs) 

HVDs can be determined from the raw bimodal refractometer signal, without deconvolution, 

using the equation below:8 

 

where Vh is the hydrodynamic volume, w(logVh) is the SEC hydrodynamic volume 

distribution, W(Vh) is the weight hydrodynamic volume distribution, S*
DRI(tel) is the 

refractometer signal at the elution time tel, and dlogVh/dtel(Vh) is the value of the derivative of 

the universal calibration curve at the hydrodynamic volume Vh. 

  

HVDs are presented on Figures S6 and S7. Figure S7 shows that the aggregate peak represent 

a very small proportion of the total sample in terms of weight or number. However, this 



weight distribution exhibits a low signal-to-noise ratio for the polymer peak and can thus not 

be used for comparison purposes. 

Figure S6. SEC hydrodynamic volume distributions (w(log Vh)) calculated from the 

chromatograms presented in Figure S4 (exp. 7). 



 

Figure S7. Weight hydrodynamic volume distributions (W(Vh)) calculated from the SEC 

distributions presented in Figure S4 (exp. 7). 

 

Deconvolution 

The deconvolution of the data corresponding to Figure S4, S6, and S7 is presented on Figure 

S8 in the case of Gaussian functions. This deconvolution is easily performed using the 

“multiple peaks” function of the software Origin (OriginLab). The sum of the two 

deconvoluted peaks poorly represents the original distribution, especially in terms of baseline. 

The problem is also observed when the deconvolution is done on the chromatogram (data not 

shown).   



 

Figure S8. Deconvolution of Figure S4 (64 % conversion) using multiple Gaussian peaks. 

 

The first issue with the deconvolution is that part of the low molecular weight tail is missing. 

Incomplete separation of oligomers and system peaks is a common limitation of SEC, 

especially recognized to lead to poor accuracy of number-average molecular weights (Mn)
9,10. 

The fact that the low-molecular weight tail is missing is also an issue for the deconvolution. 

To obtain the correct baseline after deconvolution, we have substituted system peaks eluting 

after the calibration curve (PMMA-equivalent molecular weight inferior to 200 g/mol) by a 

perfect baseline: 200 points have been added for elution volumes between 18 and 20 mL with 

a RI response of 0. The large error in baseline is then significantly reduced. The sum of the 

two deconvoluted peaks still fits poorly the overall hydrodynamic distribution (Figure S9) or 

chromatogram (data not shown).  



 

Figure S9. Same deconvolution as Figure S8 after addition of 200 “0” points. 

 

These data were then deconvoluted using exponentially modified Gaussians. The software 

PeakFit (Jandel) was used for that purpose. The sum of the two deconvoluted peaks is clearly 

fitting better by simple visual inspection of both the chromatogram (Figure S-9) and the 

hydrodynamic volume distribution w(log Vh) (Figure S-10). The fit leads to visually the same 

results with or without addition of “zero” and the addition was thus not performed using 

PeakFit (data not shown).   



 

Figure S10. Deconvolution of the chromatogram presented in Figure S4 (conversion 64 %) 

using PeakFit: deconvoluted peaks (bottom) and sum (top, full line) compared to raw 

chromatogram (top, dotted line). 

 

 

 



 

Figure S11. Deconvolution of the hydrodynamic volume distribution presented in Figure S6 

(64% conversion) using PeakFit: deconvoluted peaks (bottom) and sum (top, full line) 

compared to raw chromatogram (top, dotted line). Note that this distribution corresponds to 

the chromatogram presented on Figure S10. 

 

It is important to note that the deconvolution of the hydrodynamic volume distribution leads 

in the oligomers range to a higher proportion of aggregates than free polymer chains. This is 

physically impossible. Furthermore, the two types of deconvolutions lead to different results 

when the hydrodynamic volume distributions are compared (Figure S12). The deconvolutions 

were thus performed on the raw chromatograms before calculating the hydrodynamic volume 

distribution corresponding to the polymer peak.  



 

Figure S12. Comparison of the raw w(log Vh) distribution (black line) with w(log Vh) 

corresponding to the polymeric unimers obtained from deconvolution of the w(log Vh) (red 

line) or from deconvolution of the chromatogram (blue line). 

 



 

Figure S13. Overlay of hydrodynamic volume distributions at two monomer conversions for 

the dispersion polymerization of DEAAm initiated by PAA23-SG1 at 112 °C, [PAA-SG1]0 = 

7.3  10–3 mol Laq
–1, 20 wt.% solids, and r = 0.05 (Exp. 3). 



Figure S14. Overlay of hydrodynamic volume distributions at different monomer conversions 

for the dispersion/emulsion polymerization of DEAAm and styrene initiated by PAA23-SG1 at 

112 °C, 30 wt.% solids, [PAA-SG1]0 = 1.24  10–2 mol Laq
–1, and r = 0.10 (Exp. 8). 



 

Figure S15. Overlay of hydrodynamic volume distributions at different monomer conversions 

for the dispersion/emulsion polymerization of DEAAm and styrene initiated by PAA24-SG1 at 

112 °C, 30 wt.% solids, [PAA-SG1]0 = 7.3  10–3 mol Laq
–1, and r = 0.10 (Exp. 10). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Correlation between particle size and theoretical degree of polymerization of the 

PDEAAm block 

 

Figure S16. Observed number-average hydrodynamic diameter of the final samples (solids 

content ~ 20 wt%, exps. 2–7) vs. theoretical degree of polymerization of the PDEAAm block 

at final conversion. 

 

 

 

 

 

 

 

 

 

 

 

 



High-sensitivity scanning differential calorimetry additional data 

 

Figure S17. Heat transfer measured by HSDSC on a dialyzed solution of PAA-b-PDEAAm 

copolymers (5 g L–1) at different NaCl concentrations (pH = 6.5). The red curves represent the 

heating endothermic scans and the blue ones represent the cooling exothermic scans. Heating 

and cooling rates were 1 °C min–1. 
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Copolymerization parameters of DEAAm and styrene (S) (physical crosslinking 

experiment) 

To estimate the copolymerization behavior of styrene with DEAAm in exp. 10, we referred to 

the closest copolymerization system previously published, i.e., copolymerization of styrene 

with DMAAm in ethanol (the closest solvent to water in the report) at 80 °C (the highest 

temperature in the report).11 The reported reactivity ratios were the following: rS = 1.00 and 

rDMAAm = 0.19. 

 

Figure S18. Evolution of the theoretical molar fraction of styrene (S) in a S/DMAAm 

copolymer vs the molar fraction of S in the comonomer mixture with rS = 1.00 and rDMAAm = 

0.19 (polymerization at 80 °C in ethanol).11 
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