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Abstract. 

In radical copolymerization, the intrinsic reactivity of acrylic acid (AA) with a comonomer depends on 

its degree of ionization (αAA). Furthermore, when monomers of different solubilities are copolymerized 

in a heterogeneous process, differences in partitioning between the continuous and discrete phase can 

result in apparent reactivity ratios that strongly differ from the intrinsic reactivity ratio observed in 

homogeneous solution. We demonstrate that this combination of chemical and physical contributions to 

the reactivity ratios of AA can be used to control the composition profile of acrylic acid copolymers in 
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RAFT-controlled aqueous heterogeneous polymerization. Specifically, RAFT-mediated 

copolymerizations of acrylic acid (AA) with comonomers of varying hydrophobicity were performed in 

water at different αAA = 0 to 1 using a novel, water-soluble, sulfonate-functionalized trithiocarbonate 

chain transfer agent. A moderate decrease in reactivity of AA with increasing αAA was observed in 

homogeneous conditions when AA was copolymerized with oligoethylene glycol acrylate (OEGA). A 

much greater change in apparent reactivity with increasing αAA was observed with the more hydrophobic 

comonomers 2-methoxyethyl acrylate (MEA) and methyl acrylate (MA). This was attributed to 

partitioning of AA between the dispersed and continuous phases of these heterogeneous 

copolymerizations. Changing the pH of the reaction mixture thus allowed the synthesis of P(MEA-co-

AA) and P(MA-co-AA) copolymers with very different composition profiles. In addition, when αAA was 

changed in situ, block-like copolymers with similar overall AA content but different composition 

profiles were obtained. These differences in composition profile strongly impacted their 

thermoresponsiveness in water.  
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1. Introduction 

The copolymerization of functional monomers allows the production of polymers with novel and 

tuneable properties1,2. These properties depend not only on the global copolymer composition, but also 

on the variation in composition between and within (e.g. random versus gradient) chains.3 In free radical 

copolymerization, the comonomers are typically consumed at different rates due to their differing 

reactivity and selectivity.4 As a result, the molar fraction (fi) of the comonomers (Mi) in the feed varies 

over time. This in turn causes the composition of the polymer chains to vary as the polymerization 

proceeds (composition drift). In conventional radical polymerization, the lifetime of each chain is 

measured in milliseconds, and thus its composition represents a near-instantaneous snapshot of the 

monomer feed, while the polymerization may take several hours to reach completion. Changes in the 

molar ratio of comonomers throughout the course of the reaction will therefore result in the formation 

of a mixture of copolymers of different composition. In contrast, when reversible deactivation radical 

polymerization techniques (RDRP) are used, the total lifetime of each polymer chain (in both active and 

dormant states) is comparable to the duration of the reaction. Thus, variations in the monomer feed 

composition result in changes in the composition profile within each chain, forming spontaneous 

gradient copolymers. In batch processes, the composition profile is essentially determined by the 

reactivity ratios (r1 and r2) of the comonomer pair. Tuning the composition profile of a given copolymer 

(e.g. gradient towards random) typically requires complex monomer feeding processes,5–7 which can be 

difficult to reproduce and depend on a large number of operational parameters. 

Due to their pH-dependent ionization, carboxylic acid-functional comonomers such as acrylic acid (AA) 

or methacrylic acid (MAA) may (i) impart pH-responsiveness and negative charges to hydrophilic 

polymers, (ii) tune the transition temperature of LCST- or UCST-type polymers,8 (iii) impact the 

aggregation extent9 and morphology3 of self-assembled amphiphilic block copolymers and (iv) render 

frozen block copolymer assemblies dynamic10–12. Such copolymers can readily be derivatized, for 

example by reaction with amines,13 or decarboxylated to generate unsaturated, photocatalytically 

degradable polymer chains.14,15 Moreover, AA can be obtained from lactic acid, a renewable feedstock.16 

The radical copolymerization of AA with numerous monomers, such as methyl methacrylate (MMA)17, 
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n-butyl acrylate (nBA)3, styrene18–20, acrylamide21,22 (Am), acrylonitrile21 or N-vinyl pyrrolidone23 

(NVP) has been extensively studied in organic solution and in bulk24, but there are far fewer reports of 

its copolymerization with hydrophilic comonomers in aqueous solution. In water the reactivity ratio of 

AA is pH-dependent, due to the pH-dependent deprotonation of AA (pKa ≈ 4.1)25. For instance, when 

AA was copolymerized with Am26 or NVP27 in water, increasing the pH from 2 to 5 led in both cases to 

a decrease in rAA by a factor of 3-4. This can be attributed to the lower intrinsic reactivity of sodium 

acrylate (NaA) compared to AA due to inductive/mesomeric effect in the monomer and to the 

electrostatic repulsion between the growing chains and the negatively charged NaA monomer.28–30  

AA is also commonly used in heterogeneous polymerization processes for the production of latexes (e.g. 

for adhesives, coatings etc.)31. Aqueous emulsion copolymerizations of AA with styrene32–34, nBA33, 

and vinyl acetate35 have been extensively studied and the influence of various parameters, such as the 

type of emulsifier36, the monomer concentration34 and the pH33, has been investigated. In these 

heterogeneous polymerizations, the main loci of polymerization are the particles that are formed during 

the earliest stages of the reaction. The observed reactivity ratios are apparent because, in addition to the 

changes in intrinsic reactivity described above, the comonomers partition to different extents between 

the different phases, leading to local concentration ratios that are very different from the global average. 

Strong composition drifts may thus occur during polymerization because of this partitioning effect, 

which generally outweighs differences in intrinsic reactivity36,37 Moreover, changes in pH greatly affect 

the partitioning of AA/NaA between the different phases because the ionic NaA is less prone to enter 

the hydrophobic, monomer swollen particles than the neutral AA.33 The copolymerization of AA with 

hydrophobic monomers (e.g. methyl methacrylate38 or nBA39) has also been studied in alcohol/water 

mixtures, in which the monomers are soluble but the formed copolymers are not. When dispersion 

polymerization was combined with RDRP using reversible addition chain transfer polymerization 

(RAFT), the incorporation of AA in the copolymer and thus the composition profile of the polymers 

strongly depended on the EtOH/water composition of the polymerization medium.39 

As polymer properties strongly depend on the chain’s composition profile3, it would be useful to develop 

scalable synthesis pathways allowing controlled insertion of carboxylic acid-functional monomers, 
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while maintaining control over molar mass and dispersity. We envisioned that such control might be 

possible using RDRP in aqueous dispersed medium, where monomer partitioning is a key determinant 

of the apparent monomer reactivity, simply by varying the pH and thus the degree of ionization of acrylic 

acid (αAA). This novel approach would allow straightforward control over the composition profile of 

AA-containing copolymers with limited solubility in water. 

In this work, we selected the RAFT-mediated copolymerization of AA and 2-methoxyethyl acrylate 

(MEA) in aqueous dispersion to demonstrate our concept. MEA is water-soluble and generates a 

hydrophobic, thermo-sensitive40 and biocompatible41–43 polymer. It has previously been used to generate 

amphiphilic block copolymer particles sterically stabilized by a hydrophilic block via polymerization-

induced self-assembly (PISA).44–47 To avoid the need for post-polymerization removal of the hydrophilic 

block necessary to obtain the desired statistical copolymer48, we proposed to produce electrostatically-

stabilized particles using a low-molecular weight, charged RAFT agent49,50. Thus, inspired by previous 

works on water-soluble RAFT agents51–54, we designed a novel hydrosoluble RAFT agent functionalized 

by a sulfonate group that is negatively charged over a wide pH range (S-TTC, Scheme 1 and Scheme 

S1). We then investigated the influence of αAA on the copolymerization kinetics and copolymer 

composition profile. To simplify the following discussion, we will refer to changes in reactivity resulting 

purely from ionization, including changes in the distribution of electron density and repulsion between 

similarly charged chains and monomers, as changes in intrinsic reactivity. Changes in the extent of 

incorporation of AA that result from a combination of intrinsic reactivity and partitioning of the 

comonomers between the continuous and dispersed phases will be referred to as changes in apparent 

reactivity. The copolymerization of AA with MEA was compared to its copolymerization with two other 

acrylates that were more or less hydrophobic than MEA (methyl acrylate, MA, and oligoethylene glycol 

acrylate, OEGA, respectively) in order to distinguish the contribution of differences in intrinsic 

reactivity from those of apparent reactivity. Finally, we investigated the effect of varying αAA during 

polymerization in order to impact apparent reactivity in situ. This allowed us to prepare copolymers of 

similar overall composition but with distinct composition profiles, resulting in different thermal and pH 

responses. 
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Results and discussion. 

 

1.1. RAFT-mediated copolymerization of MEA and AA in aqueous medium at various αAA 

 

Scheme 1. Synthesis of P(MEA-co-AA) copolymers by RAFT-mediated polymerization using S-TTC. 

Copolymerizations of MEA and AA were conducted in water at 40 °C using a novel sulfonated RAFT 

agent (S-TTC) and VA-044 as a radical initiator (Scheme 1). The RAFT agent was designed to be 

negatively charged and soluble over a wide range of pH, thanks to the strongly acidic character (pKa ~ 

-1.6)55 of the sulfonic acid, thereby improving the colloidal stability of aggregates of insoluble polymer 

chains49. In the first series of copolymerizations, αAA was varied from 0 to 1 (Table S1). All other 

parameters were kept constant: the initial monomer feed composition (fAA,0 = 0.1), the overall monomer 

concentration ([monomers]0 = [AA]0 + [MEA]0 = 1.5 mol/L), and the targeted DPn ([monomers]0/[S-

TTC]0 = 100). The polymerizations started in heterogeneous conditions because they were conducted at 

17 wt% in MEA, well above the maximum solubility of MEA (estimated to be 11 wt%44 at 40 °C). In 

most polymerizations, the turbidity of the reaction media rapidly increased because of the formation of 

insoluble polymer that aggregated into particles large enough to strongly scatter light. Two 

polymerizations, A-0 and A-0bis, synthesized at αAA ≈ 0, became clearer in the first hour of reaction, 

but subsequently became turbid. 
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(a) (b) 

  

(c) (d) 

  

 

Figure 1. Kinetic monitoring of the first 600 min for copolymerizations conducted at different αAA. Individual 

conversions in MEA (▲) and AA (●) are shown for (a) A-0 (αAA = 0), (b) A-03 (αAA = 0.34), (c) A-06 (αAA = 

0.60), and (d) A-1 (αAA = 1). The dashed and solid lines are guides to the eye for the evolution of the conversion 

of MEA and AA, respectively. The complete kinetics of A-06 and A-1, and the -ln(1 – x) = f(t) plots of all samples 

are available in Figure S3 and Figure S4 respectively. 

 

Throughout the polymerizations, aliquots were withdrawn and analyzed by 1H NMR and size exclusion 

chromatography (SEC) to determine the overall and individual monomer conversions, and the number-

average molar mass, Mn, and dispersity (Ð), respectively. Semilogarithmic plots (-ln(1 - x) = f(t)) are 

available in SI (Figure S4). While changes in polymerization rate are frequently observed in PISA 

dispersion polymerizations due to changes in the local monomer concentration resulting from particle 

formation56, no significant change in slope was identified in the semilogarithmic plots of MEA 

conversion, except for sample A-06, where the presence of charged AA units in the chains certainly 
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delayed particle nucleation. For all other samples, the nucleation step presumably occurred for very 

short polymer chains and was therefore undetectable in the semilogarithmic plots. 

As shown in Figure 1, the kinetics of AA strongly depended on αAA, while the rate of conversion of 

MEA remained fairly constant. At αAA = 0, MEA and AA were consumed at similar rates, forming 

polymer chains that were initially water-soluble, and thus delaying the onset of particle formation. The 

monomers poly(ethylene glycol) acrylate and methacrylic acid are known to form hydrophobic domains 

through intermolecular interactions, leading to faster copolymerization: similar interactions may occur 

between MEA and neutral AA.57 At αAA = 0.34, AA is consumed much more slowly than MEA. At αAA 

= 0.60, AA and MEA reacted at similar rates for the first 180 min (< 12% of global conversion), after 

which the rate of conversion of MEA accelerated while that of AA remained slow. At αAA = 1, significant 

conversion in AA (in its ionized NaA form) was only measured once xMEA reached 95 %. Even at the 

start of the polymerization, when polymer chains were still water-soluble, the consumption of NaA was 

much lower compared to that of MEA. 

A convenient way to quantify the variation of the reactivity of a monomer in a copolymerization is the 

Jaacks method58 (see the Supporting Info, section 3, for more details), which can be used when the molar 

fraction of one monomer (AA, fAA,0 = 0.1) is small compared to that of the other (MEA). Importantly, 

as αAA increases, the rate of AA consumption decreases, and the monomer feed becomes enriched in AA 

as the polymerization proceeds. As a consequence, points at high global conversion should be used with 

caution, as they may not satisfy the assumptions of the Jaacks method. However, as shown in Figure 2, 

good fits of the experimental data were obtained even at high global conversion, which may indicate a 

near-ideal polymerization (rAA ≈ 1/rMEA): in this case, the Jaacks method is valid at all conversions, even 

when fAA >> 0.1. The apparent reactivity ratio of MEA (rMEA) increases significantly with the degree of 

ionization of AA: from 1.5 ± 0.2 at αAA = 0, rMEA reaches 12.5 ± 1.3 at αAA = 1. These observations 

indicate that MEA preferentially homopolymerizes at high αAA. Even though we cannot determine rAA, 

we can reasonably assume that the reactivity of MEA is unchanged by αAA, so that the increase of rMEA 

= kMEA-MEA / kMEA-AA actually results from a decrease of the reactivity of the AA monomers towards the 

MEA-terminated growing chains. These remarks and the much lower conversion rate of AA compared 
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to MEA with increasing conversion (Figure 1) both suggest that the apparent reactivity of AA decreases 

with increasing αAA. 

 

Figure 2. Jaacks plot for the copolymerizations conducted at different α: (a) A-0 (●, αAA = 0), (b) A-0bis (▲, αAA 

= 0), (c) A-03 (■, αAA = 0.34), (d) A-06 (♦, αAA = 0.60) and (e) A-1 (○, αAA = 1). Curve fits (equations in the insert) 

are shown in dashed lines. 

It has been reported that the propagation rate of sodium acrylate (NaA) homopolymerization (kp,NaA) is 

one order of magnitude lower59 than that of protonated AA (kp,AA) as a result of the lower intrinsic 

reactivity of the acrylate ion towards radicals. Electrostatic repulsion between negatively charged 

propagating radicals and the deprotonated monomer also decreases intrinsic reactivity. Thus, as αAA 

increases, there is a continuous decrease in intrinsic monomer reactivity. However, the effect observed 

in this work (variation of a factor 10) is much stronger than has previously been reported in 

homogeneous polymerizations (variation of a factor 3-4).26–29,59 We hypothesize that an additional effect 

of monomer partitioning must be considered. In our system, the growing copolymers, while initially 

short and water-soluble, eventually become sufficiently hydrophobic to aggregate, leading to particle 

formation. At this point, the main locus of polymerization moves from the aqueous continuous phase to 

the hydrophobic discrete phase, and unreacted monomers partition between the two phases. In the 

discrete phase, the relative concentration of the charged NaA monomers should be reduced compared 

to MEA because it is entropically very demanding to confine the acrylate ions and their sodium counter-
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ions in the hydrophobic polymer phase. The resulting reduction in local NaA concentration will further 

reduce the apparent reactivity of AA. 

We therefore explain the strong impact of AA on the apparent reactivity of MEA during the RAFT 

dispersion polymerization of MEA and AA by a combination of monomer partitioning and changes in 

intrinsic reactivity, the former effect dominating. Because of the strong variation of apparent reactivity, 

the composition profile of the resulting copolymers should differ as a function of αAA provided that the 

polymerization follows a controlled polymerization mechanism. As shown in Figure S5, the SEC traces 

of the formed copolymers were generally narrow and the experimental molar masses were in agreement 

with the theoretical values (Table S1). In addition, the main chain distribution absorbed at 309 nm 

(Figure S5b), the maximal absorption wavelength of the trithiocarbonate (TTC) function, indicating the 

presence of a TTC chain end, and Mn evolved linearly with conversion (Figure S7), as expected in a 

RAFT-controlled polymerization. A small shoulder at high molar mass was, however, generally 

observed in the RI signal, but not in the UV signal, indicating the absence of TTC functional group on 

these higher molar mass chains. These chains had approximately twice the molar mass of the main 

population, suggesting that they were formed through chain termination by recombination.44,45 

Deconvolution of the SEC chromatograms further confirmed this assumption because the 

experimentally determined number of dead chains was of the same order of magnitude as the number 

estimated from the rate of radical generation (see Supporting Information, Figure S6 and Table S2 and 

discussion). 

In order to exclude the possibility that this high molar mass shoulder results from uncontrolled or 

partially controlled homopolymerization of AA in the aqueous phase – which would imply that less, or 

even no, AA was incorporated within the main chain distribution – we analyzed the purified polymers 

by 13C-NMR in methanol-d4, and compared them to a PAA homopolymer (see Figure S9). This revealed 

a clear difference in chemical shift between the signal corresponding to the AA carbonyl of 

homopolymeric PAA (AA-AA-AA triad at 178.5 ppm) and the signal corresponding to the AA carbonyl 

(at 177.9 ppm) in samples A-0bis and A-1, suggesting the formation of statistical copolymers with 
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negligible amounts of homopolymeric PAA. We can therefore conclude that well-controlled copolymers 

of MEA and AA were obtained using the sulfonate RAFT agent S-TTC over the complete range of αAA.  

As a controlled RAFT-mediated polymerization mechanism was observed, the composition profile of 

the copolymer chains should vary as function of αAA. To illustrate this, we simulated the composition 

profile of 100 chains using the experimentally determined apparent reactivity ratio of MEA for each αAA 

tested and an arbitrary constant rAA = 1 (Figure 3). The latter will have little influence on the 

composition profile as the AA content is low. At αAA = 0, the distribution of AA units in the polymer 

chains is close to random, whereas at higher αAA, the incorporation of the AA in the copolymerization 

is delayed leading to gradient- or block-like polymer chains. The higher αAA, the stronger the gradient.  

(a) A-0 (b) A-03 (c) A-06 (d) A-1 

    

αAA = 0 
rMEA = 1.5 

 

αAA = 0.34 
rMEA = 3.7 

 

αAA = 0.60 
rMEA = 5.4 

 

αAA = 1 
rMEA = 12.5 

 

Figure 3. Simulation of 100 monodisperse P(MEA-co-AA) chains, stacked horizontally, each line on a figure 

corresponding to a different chain. The direction of polymerization is from left to right, MEA units are in grey and 

AA units in blue. Experimental fAA,0, DPn 0, reactivity ratios of MEA and the final global conversion were used in 

the terminal model to determine the composition profiles (see SI).24 

In order to distinguish the effects of the difference in intrinsic reactivity between AA and NaA from the 

effects of partitioning of the comonomers on their apparent reactivity, we performed copolymerizations 

of AA in homogeneous and heterogeneous conditions using different acrylate comonomers of similar 

chemical reactivity compared to MEA. 

 

1.2. Influence of the heterogeneity of the polymerization process on kinetics 
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We first copolymerized AA with an oligoethylene glycol acrylate with 9 ethylene glycol moieties 

(OEGA) and then with methyl acrylate (MA). Both comonomers are acrylates with a structure similar 

to MEA, so their intrinsic reactivities should be similar. However, MA and OEGA are, respectively, 

more or less hydrophobic than MEA, as illustrated by their aqueous solubilities of around 6 wt% (MA) 

and > 70 wt% (OEGA) at 40 °C. POEGA is a water-soluble polymer, while PMA is not. Therefore, 

copolymerizations of AA with OEGA in aqueous solution are homogeneous, while copolymerizations 

of AA with MA are typically heterogeneous. Any changes in the apparent reactivity of AA relative to 

its copolymerization with MEA will thus be due to the presence or absence of a discrete polymer phase, 

and thus resulting differences in the local monomer concentrations. The molar feed fraction of AA and 

the targeted DPn were kept constant at 0.1 and 100, respectively. 

Three polymerizations were conducted with OEGA at αAA = 0, 0.4 and 1 (samples B in Table S3). Near 

quantitative global conversions (xglobal > 96 %) were achieved, while a broad shoulder was observed by 

SEC at higher molar mass, presumably due either to traces of difunctional monomer or to transfer 

reactions (see Figure S10a, Table S3). The conversion in OEGA evolved in a similar way at all αAA 

(Figure 4). In contrast, AA was incorporated more slowly at αAA = 1 than at αAA = 0 or 0.4. The reactivity 

ratio of OEGA (rOEGA) increased slightly with αAA, from 1.3 (αAA = 0) to 1.4 (αAA = 0.4) and 2.4 (αAA = 

1) (Figure S11). As the copolymerizations were homogeneous, this increase in rOEGA with αAA cannot 

be ascribed to monomer partitioning. Thus, the intrinsic reactivity of OEGA and AA in water does 

indeed vary with αAA, in agreement with previous works.26–29,59 However, the variation is much weaker 

than the variation of apparent reactivity for the copolymerization of AA with MEA (rMEA = 1.5 at αAA = 

0, 3.7 at αAA = 0.34, and 12.5 at αAA = 1). Additionally, the agreement between rMEA and rOEGA at αAA = 

0 is consistent with our assumption that the acrylates have similar intrinsic reactivities towards AA. 

Copolymerizations with hydrophobic MA were carried out at αAA = 0 and 0.4 (samples C in Table S3). 

High final global conversions (xglobal > 84 %) were achieved and the SEC traces of the final samples 

were narrow and symmetrical indicating a good control over the polymerization (Figure S10c). The 

copolymerizations started in heterogeneous conditions (emulsion polymerization conditions, as 

monomer droplets were present). For both αAA, the turbidity of the polymerization medium sharply 
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increased from slightly turbid to opaque (grey areas in Figure 4), indicating particle formation. The 

onset of aggregation at αAA = 0 was more rapid than what had been observed in analogous 

copolymerizations with MEA, consistent with the greater hydrophobicity of MA. In these conditions, 

the copolymerization of MA and AA was essentially random, presumably due to the similar chemical 

structure of MA and AA, and because AA is protonated, i.e. neutral, and therefore able to diffuse quite 

easily into the particle cores. Thus, when AA is protonated, there is seemingly only a limited influence 

of the polymerization process (homogeneous for OEGA vs. heterogeneous for MEA and MA) on the 

apparent reactivity of the monomers. At intermediate αAA (αAA = 0.34), the conversion of AA was 

significantly retarded, reaching only 30 % over 32 h, while that of MA was essentially unaffected. 

Particle formation was delayed to monomer conversions > 31 % (Figure 4b), presumably due to the 

presence of charged monomer units in the polymer chains which compensates the lower content of AA 

units (FAA) incorporated in the chains. 

Overall, comparison of the different copolymerizations shows that the incorporation of AA in the 

growing chains is almost independent of the hydrophobicity of the comonomer at αAA = 0, presumably 

because the molar ratio of neutral AA to hydrophobic comonomer within the copolymer aggregates is 

close to that of the feed. In contrast, at αAA close to 0.4 the apparent reactivity of AA decreases with 

increasing hydrophobicity of the comonomer (rOEGA << rMEA < rMA), probably because charged NaA is 

excluded from the main locus of polymerization. The resulting difference in relative monomer 

concentrations would amplify the differences in intrinsic reactivity caused by deprotonation, leading to 

strong variations of apparent reactivity. 
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Figure 4. Kinetic monitoring of the copolymerizations of AA with (a) OEGA or (b) MA, in water at αAA = 0, αAA 

≈ 0.4 and αAA = 1 keeping constant fAA,0 = 0.1 and [monomers]0/[S-TTC]0 = 100 (see Table S2). Individual 

conversions of OEGA or MA (▲) and AA (●) are shown. The dark grey areas indicate that a phase separation was 

observed. The onset of this phase separation occurred within the light grey areas, between two experimental points. 

Right: Jaacks plot for the copolymerizations of AA with MA conducted at α = 0 (C-0) and αAA ≈ 0.4 (C-04). 

 

Finally, to confirm that the chemical contribution (intrinsic reactivity) to the loss of reactivity of AA is 

negligible compared to the effect of monomer partitioning, we performed an additional 

copolymerization of MEA and AA in solution in DMF at similar intermediate αAA of 0.34 (sample A-

DMF in Table S3). In these homogeneous conditions, the incorporation of AA was much faster than in 

aqueous dispersion. While rMEA ~ 4 (Figure 2) in aqueous copolymerization of MEA/AA (αAA = 0.34), 

it was only 1.8 (Figure S11) in DMF solution at identical αAA, similar to the rOEGA of 1.4 obtained for 

copolymerization of OEGA/AA in aqueous solution (αAA = 0.44) (Figure S11).  
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1.3.  Syntheses of block-like P(MEA-co-AA) copolymers through variation of αAA during 

polymerization 

We have shown above that changing αAA strongly alters the incorporation of AA in the polymer chains, 

thereby resulting in copolymers with different composition profiles when the copolymers are prepared 

using a controlled polymerization technique. Notably, random or gradient-type copolymers, with a 

similar overall FAA, can be synthesized at αAA = 0 or 0.60, respectively. Taking advantage of these 

findings, we targeted polymers containing two segments with distinct composition profiles from the 

same monomer feed (fAA,0 = 0.1) and in one pot by changing αAA in situ during polymerization. As a 

proof of concept, two experiments (called “Rich-end” and “Rich-start”) were performed in which α was 

changed in situ at conversion ~50 % from 0 to 0.6 or from 0.6 to 0 by addition of small amounts of 

NaOH or HCl respectively (Table S4).  

(a) “Rich-start” (b) “Rich-end” 

  

  

Figure 5. (top) Kinetic monitoring of the logarithmic conversions in MEA (∆) and AA (○) for the two-step 

syntheses (a) Rich-start and (b) Rich-end (see Table S4). The full symbols refer to the first step (before changing 

αAA) and the empty ones to the second step (after changing αAA). The red and green areas correspond to αAA = 0 

and 0.60 respectively. (bottom) Simulated monodisperse copolymer chains (DP = 100) by changing the apparent 
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reactivity ratio of MEA when xglobal reached 50%. Chains are stacked horizontally. The chain end is on the right 

side, the MEA units in grey and the AA in blue. Experimental DPn 0, fAA,0, apparent reactivity ratios of MEA and 

the final global conversion were used for each step in the terminal model to determine the composition profiles 

(see SI). 

 

Figure 5 shows that the relative rate of polymerization of each comonomer was strongly impacted when 

the NaOH or HCl solution was added in the reaction medium. The apparent reactivity ratio of MEA in 

each polymerization step could be estimated from the individual monomer conversions (Figure S12 

top). A clear influence of αAA on rMEA was found, as expected. For sample Rich-start, the polymerization 

rates of MEA and AA were similar at αAA = 0 until the addition of NaOH which caused the rate of 

polymerization of AA to decrease significantly while that of MEA stayed almost unchanged. After 24 

h, the conversion in AA was < 25 % whereas MEA reached almost full conversion (see Figure 5a). On 

addition of NaOH, the turbid reaction medium became almost clear, but the polymer chains remained 

aggregated at the nano-scale as assessed by dynamic light scattering where tiny aggregates of around 20 

nm in diameter were measured (Dh ~ 20 nm). For sample Rich-end, the synthesis started at αAA = 0.60. 

The polymerization reached ~ 50 % global conversion when the AA conversion was only 9 %. On 

addition of HCl, the dispersion became more turbid and both monomers polymerized with similar 

apparent first-order rate constants, as indicated by the parallel slopes of the first-order kinetic plots for 

each monomer (Figure 5a). Both monomers eventually reached quantitative conversion. SEC 

characterizations, displayed in Figure S12 (bottom), showed that the overall control over the 

polymerization remained good. 

Overall, these results demonstrate that the addition of tiny volumes of acid or base during polymerization 

can be used to modify the incorporation of AA and thereby the composition profile of the copolymers.  
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1.4. Influence of the distribution of AA units in the chain on their thermoresponsive properties 

The insertion of hydrophilic monomers in thermoresponsive polymers is frequently used to modify their 

transition temperature2,60–62, while the use of weakly acidic or basic monomers induces pH-sensitivity. 

Although PMEA is insoluble in water, triblock copolymers containing lateral PMEA blocks exhibited 

temperature-responsive rheological behaviour in water,35 while block and gradient copolymers of MEA 

with hydrophilic hydroxyethyl acrylate (HEA) showed typical LCST behavior.63 

We hypothesized that the thermosensitivity can be strongly influenced by the composition profile of the 

polymer chains3, i.e. the position and the distribution of the hydrophilic moieties and/or of the charges, 

when the pH is high enough. Indeed, aqueous solutions of all P(MEA-co-AA) copolymers showed 

temperature-dependent changes in turbidity. For comparison, a PMEA homopolymer of similar DPn (= 

95) was insoluble over the whole temperature range. We therefore performed turbidimetry 

measurements between 5 °C and 70 °C on 3 wt% aqueous solutions of five copolymers with similar 

overall AA content (FAA between 0.06 and 0.08) but different composition profiles: Rich-end (block-

like), Rich-start (block-like), A-0bis (random), A-03 (moderate gradient) and A-1 (strong gradient) (see 

Table S5). The αAA for the block-like copolymers could not be precisely determined due to their low 

AA content (which makes αAA very sensitive to errors in the volume of acid or base added). Although 

different AA copolymers may show differences in αAA at the same pH, depending on the local 

environment of the AA units64, these differences should be relatively small for the copolymers analysed 

here, because the overall concentration of AA is low and thus, each individual AA unit is typically 

surrounded by MEA units. We therefore performed turbidimetry measurements at controlled pH (6, 4 

and 2, see Figure S13). At pH 6, which corresponds to a high degree of AA deprotonation, all samples 

except A-1 formed nanometric micelles over the whole temperature range (Dz ≤ 20 nm obtained by 

DLS), leading to transparent solutions. Sample A-1, with a strong gradient structure and the lowest 
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overall AA content (FAA = 0.057), scattered light strongly, indicating the presence of objects much larger 

than 20 nm, even at low temperature.  

 

pH = 2 
 

pH = 4 

  

Figure 6. Evolution of the transmittance of 3 wt% copolymer aqueous solutions as a function of temperature (the 

first heating step is displayed). Full measurements are shown in Figure S13. 

 

As summarized in Figure 6, distinct temperature behaviours were observed at pH = 2 (near-complete 

AA protonation) depending on the composition profile of the copolymers. All samples revealed an 

LCST-like transition between 15 and 25 °C: polymer chains aggregated into large particles lowering the 

transmittance when the temperature increased. Upon cooling, the reverse transition occurred 

systematically at slightly lower temperature (hysteresis of around 5 °C (Figure S13). The two gradient 

copolymers A-03 and A-1 were not completely soluble even at low temperature. For these copolymers, 

the transmittance further decreased with increasing temperature, quite sharply for A-03, and more 

progressively for the stronger gradient copolymer A-1. The block-like and the random copolymers 

(Rich-end, Rich-start and A-0bis, respectively) exhibited sharp LCST-type transitions between 20 and 

25°C depending on the structure. A-0bis and Rich-start exhibited very similar behavior, which is 

consistent with their similar composition profiles (cf. Figures 3a and 5a). These two polymers were less 

turbid at low temperature than Rich-end, even though they contain less AA (FAA = 0.062 for Rich-start 
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and 0.072 for A-0bis, vs. 0.078 for Rich-end). The temperature transition of Rich-start and A-0bis 

occurred at lower temperature (around 20°C) compared to Rich-end (25°C). As expected8, partial 

ionization of AA by increasing pH to 4 increased the solubility of the chains and thus, increased the 

cloud points by a few degrees (see Table S5) or even suppressed the transition for the random copolymer 

A-0bis. Overall, these results show that small changes in the composition profile of P(MEA-co-AA) 

copolymers have a strong effect on their thermoresponsiveness in water.  

 

Conclusions.  

The aim of this study was to control the incorporation of pH-sensitive AA in copolymers and to rely on 

this to control the composition profile of AA-containing copolymers through the simple modification of 

pH in aqueous RAFT dispersion polymerization. The idea was to change the apparent reactivity ratios 

of the comonomers by tuning the degree of ionization (αAA) of AA. This study relies on the use of a 

heterogeneous polymerization process, where differences in intrinsic reactivity were amplified by 

differences in the partitioning of the comonomers between the continuous (aqueous solution) and 

discrete (polymer particle) phases, resulting in a strong change of apparent reactivity ratios. As a proof 

of concept, we studied the RAFT-mediated copolymerization of MEA and AA in aqueous dispersion 

over the whole range of αAA. A novel trithiocarbonate RAFT agent functionalized by a sulfonate group 

was therefore synthesized to ensure water solubility over a broad pH range and good control over the 

polymerization. As expected, the apparent reactivity of AA dropped when αAA was increased, switching 

from a random copolymerization to a gradient one. The observed change in apparent reactivity was 

much stronger than what would be expected from the change in intrinsic reactivity caused by ionization 

of AA. The additional contribution to the decrease in apparent reactivity of AA stemmed from the 

heterogeneous polymerization conditions leading to different partitioning of the comonomers: as the 

hydrophobic chains aggregate into particles, the comonomers must partition between the aqueous phase 

and the dispersed polymer phase. As a consequence, we propose that the monomer fraction of charged 

NaA in the polymer phase (which is the main locus of polymerization) is reduced relative to the 

continuous phase. This physical effect is more significant than the ionization-induced change in intrinsic 
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reactivity in the copolymerization of MEA and AA and becomes even more important when AA is 

copolymerized with a more hydrophobic monomer (MA). The strong effect of αAA in heterogeneous 

aqueous copolymerizations was then exploited to synthesize block-like copolymers with different 

composition profiles from an identical monomer feed by changing the pH of the reaction medium in 

situ. This process was used to obtain copolymers that exhibited different thermoresponsive behaviors in 

aqueous dispersion despite their similar global composition. We thus showed that the composition 

profile, or equivalently the distribution of negative charges in a polymer chain, had a great impact on 

the macroscopic properties of the polymers, such as the thermo-sensitivity. Overall, improved 

understanding of the copolymerization of MEA with AA as a model pH-sensitive hydrophilic monomer, 

in complex dispersion polymerization conditions, should pave the way towards pH-sensitive copolymers 

with controlled composition profiles and stimuli-sensitivity. 

 

Supporting Information.  

The Supporting Information is available free of charge at XXX.  

Experimental section including materials, synthesis protocols, characterization methods and complete 

characterizations of the RAFT agent and all polymers (including kinetic monitoring of the 

polymerizations). Description of the methods used to calculate the ionization degree, reactivity ratios 

(Jaacks method) and to simulate the copolymerization of MEA and AA using the terminal model. 

Discussion of the results of the copolymerization of AA with OEGA and MA (including SEC 

characterization and Jaacks plots) and the synthesis of “block-like” copolymers by changing αAA in situ. 

Additional characterizations of the thermo-responsive properties of the samples by turbidimetry 

(including reversibility of the transition) and table summarizing the results. Calculation of the 

theoretically expected fraction of dead chains, and deconvolution of SEC chromatograms to estimate 

experimentally the fraction of dead chains.  
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