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Polyurethane hydrogels are attractive materials finding multiple applications in various sectors of 

prime importance; however, they are still prepared by the toxic isocyanate chemistry. Herein the 

facile and direct preparation in water at room temperature of a large palette of anionic, cationic, or 

neutral polyurethane hydrogels by a non-isocyanate route from readily available diamines and new 

hydrosoluble polymers bearing cyclic carbonates is reported. The latter are synthesized by free 

radical polymerization of glycerin carbonated methacrylate with water-soluble comonomers. The 

hydrogel formation is studied at different pH and its influence on the gel time and storage modulus 

is investigated. Reinforced hydrogels are also constructed by adding CaCl2 to the formulation that 

in-situ generates CaCO3 particles. Thermoresponsive hydrogels are also prepared from new 

thermoresponsive cyclic carbonate bearing polymers. This work demonstrates that a multitude of 

non-isocyanate polyurethane hydrogels are easily accessible under mild conditions without any 

catalyst, opening new perspectives in the field. 
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1. Introduction 

Polyurethane is a world-leading polymer generally synthesized by the polyaddition between a 

polyol and a polyisocyanate.[1] The high reactivity of isocyanates and high diversity of the available 

monomers make PU materials very useful in coatings, foams, glues, ink manufacture.[2] However, 

isocyanates are toxic and lead to harmful health effect.[3] Therefore, their use is controversial and 

the trend is to replace them by less toxic and greener substitutes.[4,5] With this in mind, the aminolysis 

of 5-membered cyclic carbonates (5CCs) leading to the formation of hydroxyurethane functions has 

attracted some attention. 5CCs can be easily synthesized by the quantitative catalyzed [3+2] 

coupling of CO2 to epoxides[6–9] in a green and safe approach using cheap and inexhaustible CO2. For 

these reasons, several studies involved the formation of poly(hydroxyurethane) s (PHU) by the 

polyaddition of a di- or poly(5-membered cyclic carbonate) to di- or polyamine.[5,10–15] This chemistry 

has demonstrated a high potential for the formation of PHU materials like elastomers,[16–18] 

thermosets,[19–22] foams,[23–26] using whether petrochemical[27] or biobased 5CC precursors.[20–22,28,29] 

Although several works were carried out to improve the efficiency of 5CC aminolysis by the addition 

of catalysts[25,30–34] or the substitution of 5CC,[35,36] their reactivity is still lower than isocyanates for PU 

synthesis.For this reason, the preparation of PHUs is carried out under thermal treatment in 

bulk[16,20,21,25,37] or in organic solvent[38–42] to reach high monomer conversion in a reasonable period of 

time. 

PU hydrogels are attractive materials that find multiple applications in the biomedical sector,[43,44] 

like for tissue engineering,[45,46] drug delivery,[47–50] antibiofouling,[51,52] or for robust and smart 

hydrophilic materials.[53,54] Although there are many reports on PU hydrogels, examples of analogue 

material made of PHU are rare. The first PHU hydrogels was based on a two-steps process involving 

first the preparation of PHU in the bulk by polyaddition of an hydrophilic poly(ethylene glycol) 

dicyclic carbonate (PEG-diCC) to a diamine and a crosslinker (triamine), followed by their swelling 

in water.[55] The sole example of PHU hydrogels prepared in water consisted in the aminolysis of 

PEG-diCC with polyethyleneimine at room temperature (Scheme 1).[56] This synthesis in water was 

possible by a careful adjustment of the pH of the solution to facilitate the aminolysis (the amine had 

to be deprotonated, thus at pH > pKa of the amine) and to disfavor the hydrolysis of the cyclic 

carbonate moieties. While promising, this technique still suffered from limitations. First, the cyclic 

carbonate hydrolysis could not be completely prevented at basic pH, providing some unbounded 

or pending monofunctional chains which were not entailed in the network. Second, the scope of 

available watersoluble polyamines was limited and some of them are expensive and/or poorly 

soluble in basic media (e.g., polyallylamine or chitosan). The possible variations of the hydrogel 

structure and therefore properties were therefore very limited. 
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Scheme 1. Scheme of the strategies leading to the formation of PHU hydrogels in water. In previous work, a 

hydrosoluble dicyclic carbonate was crosslinked by a polyamine. In the present work, a diamine was crosslinked 

with a water-soluble poly-5CC 

 

In order to enlarge the scope of water-borne PHU hydrogels and provide them adaptable 

functionality and behavior, we explore in this work the use of water-soluble novel polymeric 

polycyclic 5CCs (poly-5CCs) in combination with commercially available primary amines that are 

water soluble in a large pH range. Some poly-5CCs are commercially available or are described in 

the literature and derived from carbonated epoxy resin hardeners, renewable vegetal oils or 

polyols.[19,21,28,29] Free radical polymerization of glycidyl methacrylate or its carbonated form has also 

been used to produce polyfunctional polymers bearing cyclic carbonates.[57–62] However, to the best 

of our knowledge, there is no hydrosoluble poly-5CC (with more than 2 CC units) reported in 

literature that were used for the preparation of PHU hydrogels. 

Herein we describe the synthesis of new water-soluble poly5CC and their exploitation for the 

fabrication of PHU hydrogels in water under mild conditions (Scheme 1). Free radical 

copolymerization (FRP) of glycerin carbonated methacrylate (GCMA) with different hydrosoluble 

monomers was first considered in order to design poly-5CCs of different microstructures. Their 

ability to react with diamines was then studied by rheology and infrared spectroscopy, showing the 

influence of the amine structure and pKa on the cross-linking process in water at room temperature. 

Advantageously, the presented method allows the incorporation of specific functions like negatively 

charged styrene sulfonate, quaternary ammonium, or thermosensitive polyethylene glycol 

methacrylate groups inside the poly-5CC precursors and so enhances the versatility of the resulting 

hydrogels, potentially enlarging the application range of these products. Notably, we will illustrate 

the preparation of thermoresponsive PHU hydrogels. 
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2. Results and Discussion 

2.1. SYNTHESIS AND CHARACTERIZATION OF POLYMERS-BEARING PENDANT 

CYCLIC CARBONATE GROUPS (POLY-5CCS) 

The synthesis of polymers with 5-membered cyclic carbonates functionality was already described 

by (co)polymerization of GCMA in previous works.[60,61] However, due to the hydrophobic nature of 

GCMA and the comonomers used, the polymers were not water-soluble and were thus not 

appropriate for our study. In order to prepare water-soluble poly-5CCs, we copolymerized GCMA 

with hydrosoluble comonomers using AIBN as free radical initiator. All the syntheses were 

conducted in DMSO (a common solvent for all monomers and polymers) at 65 °C for 24 h. We also 

benefitted from the large diversity of available hydrosoluble monomers to synthesize poly-5CCs with 

customizable anionic, cationic, or neutral behavior to enlarge the potential application spectrum of 

PHU hydrogels (Scheme 2). The comonomers that were evaluated are illustrated in Scheme 2, and 

consist in poly(ethyleneglycol) methyl ether methacrylate (PEGMA with Mn = 500 g mol−1), 

di(ethyleneglycol) methyl ether methacrylate (DEGMA), methacrylamide (MAm) and acrylamide 

(Am) for neutral monomers, [2-(methacryloyloxy)ethyl]trimethylammonium chloride (METAC) for a 

cationic representative, and sodium styrene sulfonate (SS) and sodium 2-acrylamido 2-propane 

sulfonate (AMPS) for anionic ones. A molar ratio of 50 mol% in GCMA was targeted to produce 

multifunctional 5CC cross-linkers even for low molar mass polymer chains. 

Scheme 2. Molecular structure of the different poly-5CCs produced by FRP. 
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The 1H NMR spectra of the different copolymers prepared at high monomer conversion after 16 h of 

reaction in DMSO and purified from the residual monomers (see Experimental Section for details), 

show the presence of signals typical of the cyclic carbonate moieties (5 between 4.8 and 5.5 ppm, 

and 3,4,6,7 between 3.8 and 4.7 ppm) confirming the incorporation of GCMA within the chains (Figure 

S2, Supporting Information). The composition of the copolymer was reported in Table 1 and the 

GCMA content fits with the initial comonomer feed for all polymers (the calculation of the copolymer 

composition and the 1H NMR detailed spectra used for calculation are described in Section 2 and 

Figures S3–S9,Supporting Information). The relative molar masses were measured for polymers that 

were soluble in the solvent used for SEC analysis (i.e., DMF/LiBr) and are presented in the Table 1 

(Figures S10–S14, Supporting Information, for chromatograms, ESI). Except for P(AMPS-GCMA) and 

P(METAC-GCMA) which cannot be analyzed due to their insolubility in the solvent used for SEC 

analysis, relative number average molar masses (Mn) of 20–124 kg mol−1 were measured. 

Table 1. FRP of GCMA with water-soluble comonomers. Conditions: [GCMA]0:[Comonomer]0:[AIBN]0 = 50/50/1, 

[GCMA] = 0.25 m, DMSO, 65 °C. 

Polymer GCMA 

[mol%]a) 

Yield  

[%]b) 

Mn  

[g mol−1]c) 

Dc) Soluble part 

[wt%] 

GCMA content in soluble 

fraction [mol%]d) 

GCMA content in insoluble 

fraction [mol%]e) 

P(PEGMA-GCMA) 50 91 107000 5.6 100 50 – 

P(DEGMA-GCMA) 50 94 59000 9.0 < 5 – 50 

P(MAm-GCMA) 53 84 51000 6.0 10 30 65 

P(Am-GCMA) 48 88 124000 3.2 27 23 72 

P(METAC-GCMA) 50 74 – – 100 52 – 

P(AMPS-GCMA) 54 93 – – 62 40 80 

P(SS-GCMA) 54 85 20000 1.8 100 50 – 

a) GCMA content in the copolymer determined by 1H-NMR of the purified product; b)determined by the weight percentage 

between final product and reactants; c)determined by SEC analysis in DMF/LiBr by using a polystyrene calibration; d)GCMA 

composition in the soluble fraction of the copolymer; e)GCMA composition in the insoluble fraction of the copolymer. 

The solubility of all copolymers in water was then evaluated. Only P(PEGMA-GCMA), P(SS-GCMA) and 

P(METAC-GCMA) were fully soluble in water at a concentration of at least 200 mg mL−1. The other 

copolymers displayed partial solubility and their soluble/insoluble fractions were isolated, 

quantified and the content of GCMA in each fraction was determined by 1H-NMR analysis. Results are 

collected in Table 1. P(DEGMAGCMA) was almost completely insoluble (>95 wt%) and only the 

composition of the insoluble part was calculated (50 mol% of GCMA). P(MAm-GCMA) and P(Am-

GCMA) were mainly insoluble (90 and 73 wt% of insoluble fraction, respectively). The soluble 

fractions contained around 30 and 23 mol% of GCMA while the insoluble fractions were composed 

by 65 and 72 mol% of GCMA. P(AMPS-GCMA) presented a higher solubility, thanks to the presence of 

the ionic nature of AMPS, with 62 wt% of soluble fraction that contained 40 mol% of GCMA. The 

insoluble part was still richer in GCMA (i.e., 80 mol%). Therefore, the use of Am, MAm and AMPS as 

comonomer lead to mixtures of water insoluble GCMA rich chains and soluble GCMA poor chains. 

The difference of solubility between the various copolymers can be rationalized by the difference of 

reactivity between GCMA and the different comonomers during the radical polymerization. Figure 1 
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summarizes the comonomers conversion with the reaction time calculated for each comonomer 

couple (See Figures S15–S21, Supporting Information, for 1HNMR spectra). When the 

copolymerizations were carried out with DEGMA, PEGMA, SS, or METAC, the two comonomers were 

polymerized at similar rates. In that case, each polymer chain contained enough water soluble 

monomer to guarantee the solubility of the whole chain, excepted for P(DEGMAGCMA) for which the 

DEGMA monomer is not hydrophilic enough to ensure water solubility of the copolymer. In contrast 

to the above mentioned monomers, MAm, Am, and AMPS were converted much slowlier than GCMA 

as illustrated in Figure 1. This suggests the formation of mixtures of copolymers rich in GCMA at the 

early stages of the polymerization and chains poor in GCMA at the later one (Figure 1). 

Figure 1. Consumption of the comonomers during the copolymerization of GCMA with various comonomers and 

impact on the copolymer structure. Conditions: [GCMA]0:[Comonomer]0:[AIBN]0 = 50/50/1, [GCMA]0 = 0.25 m, 

DMSO, 65 °C. 

 

Finally, to further confirm the distribution of GCMA into the polymer chains for the three water-

soluble copolymers presented above, the reactivity ratios were calculated for the three 

copolymerizations (PEGMA/GCMA, Table S1 and Figure S22, Supporting Information; SS/GCMA, 

Table S2 and Figure S23, Supporting Information; METAC/GCMA, Table S3 and Figure S24, 

Supporting Information). They were carried out by using different feed ratios and stopped at low 

monomer conversion to avoid composition drift. The reactivity ratios for the PEGMA/ GCMA 

copolymerization (rGCMA = 1.72 and rPEGMA = 0.67) were closed to those calculated in the literature for 

polymerizations of GCMA with other methacrylic monomers[61] and indicated that both PEGMA and 

GCMA prefer to add to GCMA. Reactivity ratio observed for GCMA/SS (rGCMA = 1.06 and rSS 0.74), 

indicating that radical shows few preferences to add both monomers. In the copolymerization of 

GCMA and METAC, GCMA growing chains have a slight tendency to react with another GCMA rather 

than METAC whereas METAC can react with both monomers without preference (rGCMA = 1.50 and 

rMETAC = 1.06). 
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2.2. PREPARATION OF NEUTRAL PHU HYDROGELS AND IMPORTANCE OF THE 

DIAMINE 

We studied the ability of various commercially available primary diamines of different pKa values 

(i.e., hexamethylenediamine (HMDA, pKa = 11), m-xylylenediamine (XDA, pKa = 9.19), 2,2′–

ethylenedioxy bis(ethylamine) (EDR 148, pKa = 9.7; Figure 2) to react with the neutral hydrosoluble 

poly-5CCs (P(PEGMA-GCMA)) and to form hydrogels in water at different pH. We also tested 

triethylenetetramine (TETA, pKa = 9.2 and 9.92) characterized by two primary amines and two 

secondary ones. As previously demonstrated, the secondary amines are not able to compete with 

the aminolysis of 5CC promoted by primary amines in these conditions.[56] 

Figure 2. Storage modulus evaluated after 2 h of reaction and gel time for PHU hydrogels prepared by reacting 

P(PEGMA-GCMA) with various diamines at different pH. Conditions: 330 mg mL−1 P(PEGMA-GCMA), [5CCs] = 0.5 m, 

[5CCs]/[NH2] = 1, 25 °C, water at pH 10.5, 11, and 12. Gel time was determined by the time to reach cross-over 

between G′ and G″. 

 

The reactions were carried out at a P(PEGMA-GCMA) concentration of 330 mg mL−1 (0.5 m in 5CC) in 

water at room temperature under equimolar conditions between the reactive groups ([NH2]/[5CC] = 

1). The gel times, corresponding to the crossover point between G′ and G″, were evaluated by 

rheology measurements by following the evolution of G′ and G″ with the reaction time (Figure S25, 

Supporting Information). Gel times and G′ values for all systems at the different pH are compared in 

Figure 2. 

At pH of 12, thus above the pKa of all amines, gels were formed in all cases with HMDA that presented 

the highest reactivity with an impressive gel time of less than 1 min. The sharp increase in G′ value 

indicated a rapid increase in the cross-linking density. Based on the comparison of the gel times, the 

reactivity of the amines were HMDA > TETA > XDA > EDR 148 at pH 12. A quasi-plateau of G′ was 

observed for HMDA after 2 h of reaction (Figure S25, Supporting Information), indicating that the 
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reaction was close to completion. In contrast, G′ was still increasing after this period of time for all 

other amines (EDR 148, XDA, TETA), suggesting that the crosslinking reactions were not finished. 

Indeed, our previous work has demonstrated that some hydrolysis of 5CCs was occurring under 

alkaline conditions with the concomitant acidification of the reaction medium and thus the decrease 

of the pH of the reaction medium.[56] In order to demonstrate that the 5CCs of P(PEGMA-GCMA) were 

also hydrolyzing in these conditions, this polymer was solubilized in water at pH of 12 (at 330 mg 

mL−1) without the primary amine and the evolution of the hydrolysis was followed by 1H NMR 

spectroscopy. Figure S26, Supporting Information, evidenced a complete hydrolysis within 16 h as 

attested by the complete disappearance of the proton signals of the 5CCs ring of P(PEGMA-GCMA) at 

5.2, 4.7 and 4.5 ppm and the appearance of new signals corresponding to protons characteristics of 

generated primary (CH2 OH at 3.7 ppm) and secondary alcohol (CH OH at 3.9 ppm). A kinetics of 

reaction performed at pH of 12 (under buffered conditions with triethylamine, TEA) demonstrated 

that the hydrolysis is fast in the absence of primary amine, with 40% of the 5CC that were hydrolyzed 

in less than 1 h (Figure S27, Supporting Information). We thus monitored the pH evolution in a 

solution of P(PEGMA-GCMA) ([5CC] = 0.5 m) containing TEA (0.5 m), an amine that cannot react with 

5CC but mimics the presence of an amine in the medium (Figure S28, Supporting Information). 

Under these conditions, we observed that the pH rapidly decreased from 12 to 11 (so near pKa of 

HMDA) within 15 minutes, resulting from the decarboxylative hydrolysis of 5CC rings. 

When pH is close to pKa, HMDA is (partly) protonated and less prone to react with 5CC,[56] while lower 

pKa diamines like TETA are still under deprotonated state and able to ring-open 5CCs. Storage 

modulus (G′) measured after 2 h of reaction were in the same range for HMDA and TETA (2091 Pa and 

2635 Pa, respectively), and lower for XDA and EDR 148 (1142 Pa and 830 Pa, respectively). 

When the pH was lowered to 11, the HMDA performance in the cross-linking reaction was drastically 

decreased with a gel time that was increased to 12 min (instead of 1 min at pH 12) and G’ reached 

rapidly a plateau at a lower value in line with a lower cross-linking density (Figure 2). At this pH which 

is similar to the amine pKa, about 50% of the amines were protonated and were not able to react 

with 5CC. In contrast to HMDA, the other amines presented similar reactivity (gel time, G’ values) as 

at pH 12 as they are all characterized by a pKa that is lower than pH of the reaction medium. 

When pH was further decreased to 10.5, thus at a value lower than pKa of the HMDA (pKa = 11), no 

cross-linking reaction was observed with this amine. The other amines were however still active for 

the crosslinking reaction, in line with their pKa that was lower than pH. 

The product formed at the three different pH by the reaction of HMDA with P(PEGMA-GCMA) after 7 

days of polymerization were analyzed by infrared spectroscopy after lyophilization (Figure S31A, 

Supporting Information). At pH 12 and 11, we observed the complete disappearance of the carbonyl 

elongation of the cyclic carbonate at 1800 cm−1 due to the full consumption of 5CC during the 

reaction. The carbonyl band of the hydroxyurethane function (1705 cm−1) was not clearly observed 

as the result of the broadening and the shift of carbonyl ester group of both GCMA and PEGMA toward 

lower wavelength (from 1735 to 1720 cm−1). Urethane formation was confirmed by the appearance 

of N H bending of urethane function at 1540 cm−1.[63] On the other hand, attenuated transmission 
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reflectance (ATR) spectra of the product formed at pH 10.5 did not present the above characteristics 

confirming that PHU was not formed. We only noticed the slight decrease of the intensity of the band 

at 1800 cm−1 probably as the result of some 5CC hydrolysis. 

The products formed at the three pH (12, 11, and 10.5) when using TETA, XDA, or EDR 148 instead of 

HMDA presented all the IR bands characteristics of PHUs, confirming that PHUs were formed in these 

conditions, in line with the conclusions drawn from the rheology measurements (Figures S31B, S32, 

and S33, Supporting Information). 

2.3. CATIONIC OR ANIONIC PHU HYDROGELS 

The amine (TETA) that presented the best activity for the three investigated pH for the formation of 

the neutral PHU was evaluated for the formation of the negatively charged PHU by reaction with 

P(SS-GCMA) (Figure 3). A gel time of 17 min was noted at pH 12 with a G′ value of 800 Pa after 120 

min (Figure 3B). Interestingly, we found that the addition of CaCl2 to P(SS-GCMA) prior to the amine 

addition had a beneficial effect on the gel formation. Figure 3B shows that the gel time strongly 

decreased by increasing the CaCl2 concentration, from 17 min without CaCl2 to 5 min with 50 mol% 

of CaCl2 (vs sulfonate groups), and the storage modulus was also significantly increased (807 Pa 

without CaCl2 and 3260 Pa with 50 mol% CaCl2 vs sulfonates). It is important to note that G′ and G″ 

evolutions with the reaction time presented a two steps behavior in the presence of CaCl2 with a 

second sharp increase in G′/G″ values after 35–40 min of gelation. The addition of 25 mol% of CaCl2 

provided the highest storage modulus (3800 Pa) and so the highest crosslinking density after 2 h of 

reaction, corresponding to a 470% increase in comparison to the hydrogel without CaCl2. We noted 

that P(SS-GCMA) was more difficult to solubilize when the content of CaCl2 was increased, 

presumably due to ionic interactions between Ca2+ and the sulfonate groups. However, no cross-

linking was observed in the presence of 25 mol% of CaCl2 without TETA (Figure 3C). Therefore, CaCl2 

did not contribute to the polymer crosslinking in that case. 
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Figure 3. Cross-linking reaction between P(SS-GCMA) (200 mg mL−1, [5CC] = 0.5 m) and TETA at pH 12 with or 

without CaCl2. A) Scheme of the crosslinking reaction and formation of CaCO3 particles. B) Gel time and storage 

modulus after 2 h measured by rheology. C) Time evolution of G′ and G″ values by rheology. Synthesis conditions: 

P(SS-GCMA) 200 mg mL−1, [5CCs] = 0.5 m, [5CCs]/[NH2] = 1, 25 °C, water. The magenta curve corresponds to the 

addition of CaCl2 to P(SS-GCMA) that does not contain TETA. 

 

 

The gelation in presence of CaCl2 and TETA was accompanied by a visual change of the hydrogel, 

from a clear transparent material to a white and cloudy one (Figure 4A1). This transformation was 

not observed when CaCl2 or TETA were mixed to the polymer (Figure 4A2,A3). This PHU bleaching 

was assigned to the formation of white CaCO3 crystals, as supported by XRD analysis (Figure 4B). 

Indeed, the reflections at 2θ = 24.9, 27.0, 32.7, and 43.8 degrees correspond to the vaterite 

polymorph of CaCO3, while the reflection detected at 2θ = 29.5 degrees corresponds to the position 

of the main reflection of the calcite polymorph of CaCO3. Two strong reflections at 2θ = 31.8 and 45.5 

degrees are related to the formation of NaCl due to the crystallization during drying for XRD analysis. 

Washing hydrogel for 24 h in water suppressed the NaCl signal and showed only vaterite and calcite 
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in the XRD pattern. CaCO3 was formed as the result of the partial hydrolysis of the cyclic carbonate 

at this pH. During this hydrolysis, the released carbon dioxide solubilized in water to form carbonate 

anions that provided insoluble CaCO3 in the presence of CaCl2 (Figure 3A). In order to give some clues 

to this hypothesis, P(SS-GMA) was mixed by CaCl2 at pH of 7, no CaCO3 was formed because the cyclic 

carbonate did not hydrolyse at this pH (Figure 4A2). On the contrary, by adding TEA to the same 

reaction medium to buffer the medium at a pH of 12, no gel was formed since no cross-linker was 

present. However, a white precipitate was observed due to the hydrolysis of the cyclic carbonate 

and the precipitation of CaCO3 (Figure 4A4). Therefore, the cyclic carbonate hydrolysis can be 

exploited for the in situ generation of CaCO3 particles that reinforced the PHU hydrogel, as attested 

by a much higher G’ value measured by rheology (Figure 3B). 
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Figure 4. A) Pictures of different formulations: A1: P(SS-GCMA) + TETA + CaCl2 (25 mol%) at pH 12; A2: P(SS-GCMA) 

with CaCl2 (25 mol%) at pH 7; A3: P(SS-GCMA) + TETA without CaCl2 at pH 12; A4: P(SSGCMA) + TEA + CaCl2 (25 

mol%) at pH 12. B) Experimental XRD patterns of lyophilized PHU (PHU), PHU obtained in the presence of CaCl2 

(PHU CaCl2), PHU obtained in the presence of CaCl2 and washed with water after synthesis (PHU CaCl2 (washed)), 

and reference XRD patterns of CaCO3 vaterite, NaCl halite, CaCO3 calcite and CaCl2. PHU synthesis condition: 

P(SS-GCMA) 200 mg mL−1, [5CCs] = 0.5 m, [5CCs]/[NH2] = 1, 25 °C, water, 24 h. 

 

The addition of CaCl2 (25 mol% vs sulfonate groups) was then evaluated for the same reaction 

carried out in the presence of HMDA and XDA. Similarly to the reaction performed with TETA, the 

gelation process was also significantly faster (Figure 5 and Figure S35, Supporting Information) and 

lead to higher storage modulus in the presence of CaCl2 (Figure 5). Surprisingly no cross-linking 

occurred with EDR 148 with or without the presence of CaCl2. We cannot explain this curious but 

reproducible observation. The highest storage modulus was again noted for the reaction with TETA. 
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Figure 5. Storage moduli after 2 h and gel times measured by rheology during crosslinking reaction between 

P(SS-GCMA) and different diamines with or without CaCl2 (25 mol%/SO3−). Conditions: 200 mg mL−1 P(SSGCMA), 

[5CCs] = 0.5 m, [5CCs]/[NH2] = 1, 25 °C, pH = 12, water. 

 

 

The positively charged PHU hydrogels were prepared by reacting the cationic poly-5CCs (P(METAC-

GCMA)) with the different diamines at a pH of 12 (Figure 6A). Based on rheological measurements 

(Figure 6B), we found exactly the same conclusions than for the two others poly-5CCs. Gel times were 

in the order HMDA (30 s) < TETA (1 min) < XDA (5 min) < EDR 148 (9 min), and the highest G’ values 

were higher with TETA. 
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Figure 6. Formation of positively charged PHU hydrogels by reaction of P(METAC-GCMA) with various diamines in 

water. A) Scheme of the reaction. B) Storage modulus after 2 h and gel times. Conditions: 200 mg mL−1 P(METAC-

GCMA), [5CCs] = 0.5 m, [5CCs]/[NH2] = 1, 25 °C, pH = 12, water. 

 

 

2.4. THERMORESPONSIVE PHU HYDROGELS 

Finally, we benefited from oligo(ethylene glycol) methacrylate side chain of P(PEGMA-GCMA) to 

synthesize PHU hydrogel presenting a thermosensitive swelling behavior and transparency. Indeed, 

poly-oligo(ethylene glycol) methacrylate (P(PEGMA)) presents a LCST behavior,[64–66] and is thus 

water soluble at a temperature up to the transition temperature thanks to hydrogen bonding 

between water and their hydrophilic side chains. Above this temperature, polymers aggregate due 

to hydrogen bonding breaking and the increase of hydrophobic interactions. The LCST temperature 
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was related to the length of oligo(ethylene glycol) side chain, the longer, the higher the 

hydrophilicity and the higher the cloud point.[66] 

Turbidimetry experiments were first carried out on an aqueous solution of our P(PEGMA-GCMA) 

copolymer (10 mg mL−1) in order to evidence a possible thermoresponsive character of this novel 

polymer bearing pendant cyclic carbonate groups. Figure 7 evidences a transition temperature at 

around 66 °C (Figure 7a). The loss of transmittance was supported by a change from a transparent 

and clear solution at 20 °C to a cloudy solution at 70 °C (Figure 7b). This transition was also 

reversible, and decreasing the temperature leads to a transparent solution with a high 

transmittance. A slight hysteresis phenomenon was observed, shifting the LCST value to a lower 

temperature when cooling (LCST = 61 °C). It is often interesting to be capable to tune LCST of a 

polymer to perfectly fit the need of the application. It has been shown that LCST in poly-

oligoethyleneglycol methacrylate can be easily modulated by changing the length of the 

oligo(ethylene glycol) side chain.[64] However, in our case this modification had to be taken carefully 

since copolymer with short oligoethylene oxide chain like P(DEGMA-GCMA) was not water soluble 

due to the hydrophobicity of cyclic carbonate side chain. Therefore, DEGMA and PEGMA were 

copolymerized with GCMA in order to set the LCST of the copolymer at a lower temperature 

value.[67,68] The feeding ratio of GCMA:DEGMA:PEGMA = 0.5:0.25:0.25 was chosen and 1HNMR of the 

copolymer confirmed that the molar ratio of the copolymer was 50 mol% in GCMA. Although it was 

impossible to determine the molar ratio of the two other monomers in this polymer due to structural 

similarities and signal overlapping, it was expected that this ratio was close to the feeding ratio since 

the reactivity of the two monomers with GCMA was very similar (Figure 1) and the monomer 

conversions were close to completion after 24h of reaction. Unlike P(DEGMA-GCMA), this terpolymer 

was water soluble at room temperature thanks to the incorporation of hydrophilic PEGMA monomer 

units. At 10 mg mL−1, a sharp decrease in the transmittance was observed at 47 °C (Figure 7A). The 

incorporation of DEGMA enabled to decrease the copolymer LCST by 20 °C. During cooling, the 

transition of the polymer from insoluble to soluble was slower and occurred over a broader 

temperature range (between 65 and 45 °C) compared to P(PEGMA-GCMA). 
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Figure 7. LCST behavior of (P(PEGMA-GCMA) and P(PEGMA-DEGMA-GCMA) in water. A) Turbidimetry of the 

thermoresponsive polymers at 10 mg mL−1. B) Images of the copolymer solutions at 20 °C and 70 °C. 

 

 

The thermoresponsive P(PEGMA-GCMA) copolymer was then evaluated for preparing 

thermoresponsive PHU hydrogels by crosslinking with diamines (TETA or XDA, [5CC]/[NH2] = 1) at a 

pH of 10.5. After 24 h of reaction, a temperature ramp was applied between 20 and 90 °C and the 

transmittance against water was measured. No LCST transition was observed in the range of tested 

temperature with TETA, probably due to the high hydrophilicity of the amine with two secondary 

amines. On the other hand, when a more hydrophobic diamine was used such as XDA, a sharp 

transition was observed at around 87 °C. Upon cooling, a transition from an opaque white hydrogel 

to a blue turbid one was observed at 67 °C, and the hydrogel became transparent below 50 °C 

(Figure 8A). A loss in transmittance was observed after cooling to 20 °C due to the presence of 

bubbles trapped in the hydrogel during the first heating step. Despite the loss of measured 

transmittance, photography of the resulting hydrogel showed a high remaining transparency (Figure 

S37, Supporting Information). The thermal behavior of the PHU hydrogel had also an impact on its 

swelling ability (Figure 8B). Hydrogels formed by reaction between P(PEGMAGCMA) and XDA or TETA 

were immersed in water after 24 h of cross-linking. Swelling at room temperature was measured 

after 24 h and the swelling ratio of PHU hydrogel with XDA or TETA was largely increased (from 2.8 

to 10.6 or 11.8, respectively). Then water and gel were heated at 90 °C for 30 min, which promoted a 

recovery of the initial swelling ratio for gel cross-linked by XDA (swelling ratio of 2.6) and no decrease 

for gel cross-linked by TETA (swelling ratio of 12.2). 
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Figure 8. Thermosensitivity of the PHU hydrogels prepared by reaction of P(PEGMA-GCMA) with TETA or XDA. A) 

Transmittance analysis, B) Swelling analysis. 

 

 

3. Conclusions 

In this work, we have investigated the FRP of GCMA with various water soluble monomers with the 

objective to prepare water-soluble polymers bearing cyclic carbonate pendants. The final goal was 

to engage them in crosslinking reactions with various diamines to furnish isocyanate-free 

polyurethanes, polyhydroxyurethane (PHU), and hydrogels in water. Amongst the different water 
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soluble monomers that were tested, styrene sulfonate (SS), poly(ethyleneglycol) methyl ether 

methacrylate (PEGMA) and 2-methacryloyl aminoethyl trimethylammonium chloride (METAC) 

polymerized in a similar rate than GCMA and provided the desired water-soluble copolymers with a 

content of 50 mol% GCMA. Neutral, anionic, or cationic PHU hydrogels were then successfully 

prepared by reaction with various amines (HMDA, TETA, XDA, and EDR 148) in water at room 

temperature. By following the reactions by rheology, the gel time and storage modulus of all systems 

were evaluated at three different pH (12, 11, and 10.5). HMDA presented the highest activity with gel 

times as short as 1 min at pH of 12, however became inactive at pH of 10.5 as the result of the 

protonation of the amines. With a lower pKa, TETA provided the hydrogels with the highest storage 

modulus over the entire investigated pH range. We also observed that the addition of CaCl2 to the 

anionically charged polymer (P(SS-GCMA)) prior to the addition of the diamine decreased the gel 

time and strongly improved the storage modulus of the hydrogel. These improved performances 

were the result of the in-situ formation of CaCO3 crystals that originated from the partial hydrolysis 

of 5CCs units of the polymer at pH 12. This hydrolysis released CO2 that, upon dissolution in water, 

yielded carbonate anions that formed insoluble CaCO3 that reinforced the PHU hydrogel. Finally, the 

hydrosoluble Poly-5CC bearing pendant polyethylene glycol chains were exploited for the 

preparation of thermoresponsive PHU hydrogels. This work has shown that a large palette of PHU 

hydrogels (neutral, anionic, or cationic) can be easily prepared in water at room temperature from 

readily available water-soluble amines, opening new perspectives in the field of isocyanate-free 

polyurethanes. 

4. Experimental Section 

MATERIALS  

Tetrabutylammonium iodide (TBAI, 98%), Glycidyl methacrylate (GMA, 97%), 

Hexamethylenediamine (HMDA, 98%), 2,2′–ethylenedioxy bis(ethylamine) (EDR 148, >98%), m-

xylylenediamine (XDA, 99%), 4-styrene sulfonic acid sodium salt (SS), Poly(ethyleneglycol) methyl 

ether methacrylate (Mn = 500, 100 ppm MEHQ, and 200 ppm BHT as inhibitor) (PEGMA), 

Di(ethyleneglycol) methyl ether methacrylate (DEGMA, 95%), Methacrylamide (Mam, Acrylamide 

(Am, 98.5%), Triethylamine (TEA, 99%) were supplied 98%), METAC, 75% in water, 

Azobisisobutyronitrile (AIBN, 98%), by Acros and triethylene tetramine (TETA, tech. grade) by 

Janssen. and Calcium Chloride (CaCl2, 97%), were provided by Sigma Aldrich. Perfluoro-tert-butanol 

was provided by Fluorochem. All products were used as received. 2-Acrylamido-2-methylpropane 

sulfonic acid (AMPS, 99%) was provided by Sigma Aldrich and was neutralized until pH 7 by NaOH 2 

m and lyophilized before use. 
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CHARACTERIZATIONS 

NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY 

1H NMR analyses were carried out on Bruker Avance 400 MHz spectrometers at 25 °C in the Fourier 

transform mode. 

RHEOLOGY EXPERIMENTS 

The gel point, the storage modulus (G′), and loss modulus (G″) were determined by rheology 

measurements carried out on ARES from Rheometric Scientific TA in time sweep mode at constant 

frequency (1 Hz) and strain deformation (1%). 

INFRARED CHARACTERIZATIONS 

Infrared spectra were measured by using a Nicolet IS5 spectrometer (Thermo Fisher Scientific) 

equipped with a transmission or with a diamond ATR device. Spectra were obtained in transmission 

or ATR mode as a result of 32 spectra in the range of 4000– 500 cm−1 with a nominal resolution of 4 

cm−1. Spectra were analyzed with an ONIUMTM (Thermo Fisher Scientific) software. 

SIZE EXCLUSION CHROMATOGRAPHY 

The macromolecular parameters were determined in DMF LiBr (0.025 m) with a polystyrene 

calibration at 55 °C (flow rate 1 mL min−1) with a chromatograph Waters 600 on PSS gram analytical 

30A and 1000A columns and with a 410 refraction index detector. 

TURBIDIMETRY MEASUREMENTS 

Turbidimetry measurements were performed on Jasco V630 UV spectrometer at 700 nm. 

Turbidimetry on thermoresponsive polymer was measured at a 10 mg mL−1 in water in a 1 cm quartz 

cell equipped with a magnetic stirrer in a temperature controller (ETCS-761). Temperature was 

incremented from 1 °C min−1. Turbidimetry of the PHU hydrogel was carried out in plastic cell. Data 

were analyzed with the spectra manager program from Jasco. 

X-RAY DIFFRACTION MEASUREMENTS 

X-ray diffractograms of the samples placed on a zero-background plate were collected using a 

Bruker D8 TWIN-TWIN diffractometer in Bragg-Brentano configuration (Cu Kalpha radiation, 0.02° 

step size, 0.5 s/step/strip with a 192-strip Lynxeye XET detector). 

REACTIONS-PROCEDURE FOR COPOLYMER SYNTHESIS 

In a typical experiment, GCMA (1.4 g 7.5 mmol, 1 eq.), comonomers (7.5 mmol, 1 eq.), and AIBN (25 

mg, 0.15 mmol, 0.02 eq.) were added in a reaction tube with DMSO (30 mL). The solution was 

degassed in a sealed tube for 10 min with argon. Polymerization was carried out at 65 °C for 24h 

under inert atmosphere. The resulting polymer was purified by dialysis against water for 20 h with a 
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dialysis membrane of 1000 MWCO and was finally freeze dried. Yield of the reaction was calculated 

by the weight ratio between recovered purified polymer and reactant (i.e., GCMA, comonomer, and 

AIBN) according to the formula: Yield (%) = (mpolymer / mreactant)× 100. Comonomer content 

calculations are presented in Figures S3–S9, Supporting Information. 

SOLUBILITY MEASUREMENTS 

200 mg of the copolymer (P(DEGMAGCMA), P(AM-GCMA), P(MAm-GCMA), P(AMPS-GCMA) were added 

to 1 mL of water under stirring at 25 °C. After 30 min, the soluble and insoluble fractions were 

separated by centrifugation at 4000 rpm for 10 min. The two fractions were then freeze dried before 
1H NMR analysis and weighing. 

PROCEDURE FOR THE MEASUREMENT OF COMONOMER CONSUMPTION DURING POLYMERIZATION 

In a typical experiment, GCMA (140 mg 0.75 mmol, 1 eq.), comonomers (0.75 mmol, 1 eq.), and AIBN 

(2.5 mg, 0.015 mmol., 0.02 eq.) were added in a reaction tube with deuterated DMSO (3 mL). The 

solution was degassed in a sealed tube for 10 min with argon. Polymerization was carried out at 65 

°C under inert atmosphere. Samples was picked out after different time, were then added by an 

equivalent volume of deuterated DMSO and were immediately stored at −20 °C. The samples were 

analyzed by 1H NMR spectroscopy to determine the conversions as described in ESI (Figures S15–

S21, Supporting Information). 

PROCEDURE FOR THE DETERMINATION OF THE REACTIVITY RATIOS 

In a typical experiment, different feed ratios in both monomers (GCMA and comonomer, Ctotal = 1.5 

mmol) and AIBN (2.5 mg, 0.015 mmol) were added in a reaction tube containing deuterated DMSO 

(3 mL). 0.5 mL of sample was picked out and conserved at −20 °C as starting point of polymerization. 

The remaining solution was degassed in a sealed tube for 10 min with argon. Polymerization was 

carried out at 65 °C under inert atmosphere. Polymerization was stopped after 20 min by mixing 1 

mL of the polymerization medium with an equivalent volume of deuterated DMSO and was 

immediately stored at −20 °C. Consumption of both monomers was calculated by 1H NMR, according 

to formula presented in ESI in Figures S15–S21, Supporting Information. 

PROCEDURE FOR THE SYNTHESIS OF PHU HYDROGELS 

In a typical experiment, a solution of poly-5CC in water (0.75 mL; concentration in 5CC groups = 0.67 

m) was added with a solution of the diamine (0.25 mL; C = 1 m) at the appropriate pH. The pH of the 

diamine solution was adjusted at 12, 11, or 10.5 by the addition of HCl (37%) prior to adding the 

diamine to the poly-5CC solution. Vigorous stirring was maintained for 30 s before adding to a vial. 

Polymerization occurred in a closed vial to avoid water evaporation. 



Published in : Macromolecular Rapid Communications (2021), vol. 42, n°3, 2000482 

DOI: 10.1002/marc.202000482 

Status : Postprint (Author’s version)  

 

 

Supporting Information 

Supporting Information is available from the Wiley Online Library or from the author. 

Acknowledgements 

This research was financed by le Fonds européen de développement régional “(FEDER) et la Wallonie 

dans le cadre du programme opérationnel ‘Wallonie-2020.EU’” in the frame of the BIODEC project. 

C.D. is Research Director of F.R.S-FNRS and thanks FNRS for financial support. 

Conflict of Interest 

The authors declare no conflict of interest. 

  



Published in : Macromolecular Rapid Communications (2021), vol. 42, n°3, 2000482 

DOI: 10.1002/marc.202000482 

Status : Postprint (Author’s version)  

 

 

References 

[1] E. Delebecq, J. P. Pascault, B. Boutevin, F. Ganachaud, Chem. Rev. 2013, 113, 80. 

[2] J. O. Akindoyo, M. D. H. Beg, S. Ghazali, M. R. Islam, N. Jeyaratnam, A. R. Yuvaraj, RSC Adv. 2016, 6, 

114453. 

[3] S. Merenyi, REACH: Regulation (EC) No 1907/2006: Consolidated Version (June 2012) with an 

Introduction and Future Prospects Regarding the Area of Chemicals Legislation (Vol. 2). GRIN 

Verlag, n.d. 

[4] J. Guan, Y. Song, Y. Lin, X. Yin, M. Zuo, Y. Zhao, X. Tao, Q. Zheng, Ind. Eng. Chem. Res. 2011, 50, 6517. 

[5] A. Cornille, R. Auvergne, O. Figovsky, B. Boutevin, S. Caillol, Eur. Polym. J. 2017, 87, 535. 

[6] M. Alves, B. Grignard, R. Mereau, C. Jerome, T. Tassaing, C. Detrembleur, Catal. Sci. Technol. 2017, 

7, 2651. 

[7] M. North, R. Pasquale, Angew. Chem., Int. Ed. 2009, 48, 2946. 

[8] H. Büttner, L. Longwitz, J. Steinbauer, C. Wulf, T. Werner, Top. Curr. Chem. 2017, 375, 50. 

[9] C. Mart, G. Fiorani, A. W. Kleij, ACS Catal. 2015, 5, 1353. 

[10] H. Tomita, F. Sanda, T. Endo, J. Polym. Sci., Part A: Polym. Chem. 2001, 39, 3678. 

[11] H. Tomita, F. Sanda, T. Endo, J. Polym. Sci., Part A: Polym. Chem. 2001, 39, 851. 

[12] M. S. Kathalewar, P. B. Joshi, A. S. Sabnis, V. C. Malshe, RSC Adv. 2013, 3, 4110. 

[13] L. Maisonneuve, O. Lamarzelle, E. Rix, E. Grau, H. Cramail, Chem. Rev. 2015, 115, 12407. 

[14] F. D. Bobbink, A. P. van Muyden, P. J. Dyson, Chem. Commun. 2019, 55, 1360. 

[15] B. Grignard, S. Gennen, C. Jérôme, A. W. Kleij, C. Detrembleur, Chem. Soc. Rev. 2019, 48, 4466. 

[16] E. K. Leitsch, G. Beniah, K. Liu, T. Lan, W. H. Heath, K. A. Scheidt, J. M. Torkelson, ACS Macro Lett. 

2016, 5, 424. 

[17] Javni, M. Ionescu, F. Jaramillo, J. Nanclares, Z. S. Petrovic, J. Appl. Polym. Sci. 2015, 42492, 7. 

[18] S. Schmidt, F. J. Gatti, M. Luitz, B. S. Ritter, B. Bruchmann, R. Mülhaupt, Macromolecules 2017, 50, 

2296. 

[19] S. Panchireddy, B. Grignard, J.-M. Thomassin, C. Jerome, C. Detrembleur, ACS Sustainable Chem. 

Eng. 2018, 6, 14936. 

[20] V. Schimpf, B. S. Ritter, P. Weis, K. Parison, R. Mülhaupt, Macromolecules 2017, 50, 944. 

[21] L. Poussard, J. Mariage, B. Grignard, C. Detrembleur, C. Jéroîme, Calberg, B. Heinrichs, J. De 

Winter, P. Gerbaux, J. M. Raquez, L. Bonnaud, P. Dubois, Macromolecules 2016, 49, 2162. 

[22] M. Janvier, P. H. Ducrot, F. Allais, ACS Sustainable Chem. Eng. 2017, 5, 8648. 

[23] J. H. Clark, T. J. Farmer, I. D. V Ingram, Y. Lie, M. North, Eur. J. Org. Chem. 2018, 2018, 4265.Cornille, 

S. Dworakowska, D. Bogdal, B. Boutevin, S. Caillol, Eur. Polym. J. 2015, 66, 129. 

[24] A. Grignard, J.-M. Thomassin, S. Gennen, L. Poussard, L. Bonnaud, J.-M. Raquez, P. Dubois, M.-P. 

Tran, C. B. Park, C. Jerome,  

[25] Detrembleur, Green Chem. 2016, 18, 2206. 

[26] F. Monie, B. Grignard, J.-M. Thomassin, R. Mereau, T. Tassaing, C. Jerome, C. Detrembleur, Angew. 

Chem., Int. Ed. 2020, 59, 17033. 



Published in : Macromolecular Rapid Communications (2021), vol. 42, n°3, 2000482 

DOI: 10.1002/marc.202000482 

Status : Postprint (Author’s version)  

 

 

[27] S. Panchireddy, J. M. Thomassin, B. Grignard, C. Damblon, A. Tatton, C. Jerome, C. Detrembleur, 

Polym. Chem. 2017, 8, 5897. [28]  

[28] K. Błażek, J. Datta, Crit. Rev. Environ. Sci. Technol. 2019, 49, 173. 

[29] S. Panchireddy, B. Grignard, J. M. Thomassin, C. Jerome, C. Detrembleur, Polym. Chem. 2018, 9, 

2650. 

[30] M. Blain, H. Yau, L. Jean-Gérard, R. Auvergne, D. Benazet, P. R. Schreiner, S. Caillol, B. Andrioletti, 

ChemSusChem 2016, 9, 2269. 

[31] C. D. Diakoumakos, D. L. Kotzev, Macromol. Symp. 2004, 216, 37. 

[32] R. H. Lambeth, T. J. Henderson, Polymer 2013, 54, 5568. 

[33] M. Blain, L. Jean-Gérard, R. Auvergne, D. Benazet, S. Caillol, B. Andrioletti, Green Chem. 2014, 16, 

4286. 

[34] B. Ochiai, S. Inoue, T. Endo, J. Polym. Sci., Part A: Polym. Chem. 2005, 43, 6282. 

[35] A. Cornille, M. Blain, R. Auvergne, B. Andrioletti, B. Boutevin, S. Caillol, Polym. Chem. 2017, 8, 592. 

[36] O. Lamarzelle, P.-L. Durand, A.-L. Wirotius, G. Chollet, E. Grau, H. Cramail, Polym. Chem. 2016, 7, 

1439. 

[37] M. Bähr, R. Mülhaupt, Green Chem. 2012, 14, 483. 

[38] V. Besse, F. Camara, F. Méchin, E. Fleury, S. Caillol, J. P. Pascault, B. Boutevin, Eur. Polym. J. 2015, 

71, 1. 

[39] S. Benyahya, M. Desroches, R. Auvergne, S. Carlotti, S. Caillol, B. Boutevin, Polym. Chem. 2011, 2, 

2661. 

[40] V. Besse, R. Auvergne, S. Carlotti, G. Boutevin, B. Otazaghine, S. Caillol, J. P. Pascault, B. Boutevin, 

React. Funct. Polym. 2013, 73, 588. 

[41] S. Benyahya, B. Boutevin, S. Caillol, V. Lapinte, J. P. Habas, Polym. Int. 2012, 61, 918. 

[42] N. Kihara, T. Endo, J. Polym. Sci., Part A: Polym. Chem. 1996, 34, 2173. 

[43] R. J. Zdrahala, I. J. Zdrahala, J. Biomater. Appl. 1999, 14, 67. 

[44] W. Wang, C. Wang, in Des. Manuf. Med. Devices (Ed: J. P. Davim), Woodhead Publishing, Cambridge 

2012, pp. 115. 

[45] C. Viezzer, R. Mazzuca, D. C. Machado, M. M. de Camargo Forte, J. L. G. Ribelles, Carbohydr. Polym. 

2020, 231, 115734. 

[46] A. V. Divakaran, L. B. Azad, S. S. Surwase, A. Torris A.T., M. V. Badiger, Chem. Mater. 2016, 28, 2120. 

[47] Polo Fonseca, R. B. Trinca, M. I. Felisberti, Int. J. Pharm. 2018, 546, 106. 

[48] Frydrych, S. Román, N. H. Green, S. MacNeil, B. Chen, Polym. Chem. 2015, 6, 7974. 

[49] S. H. Hsu, C. W. Chen, K. C. Hung, Y. C. Tsai, S. Li, Polymers 2016, 8, 252. 

[50] J. Li, L. Ma, G. Chen, Z. Zhou, Q. Li, J. Mater. Chem. B 2015, 3, 8401. 

[51] R. Wang, X. Song, T. Xiang, Q. Liu, B. Su, W. Zhao, C. Zhao, Carbohydr. Polym. 2017, 168, 310. 

[52] X. Li, Y. Jiang, F. Wang, Z. Fan, H. Wang, C. Tao, Z. Wang, RSC Adv. 2017, 7, 46480. 

[53] J. Wen, Z. Zhang, M. Pan, J. Yuan, Z. Jie, L. Zhu, Polymers 2020, 12, 239. 

[54] W. Li, X. Jiang, R. Wu, W. Wang, Polym. J. 2017, 49, 263. 



Published in : Macromolecular Rapid Communications (2021), vol. 42, n°3, 2000482 

DOI: 10.1002/marc.202000482 

Status : Postprint (Author’s version)  

 

 

[55] S. Gennen, B. Grignard, J. M. Thomassin, B. Gilbert, B. Vertruyen, C. Jerome, C. Detrembleur, Eur. 

Polym. J. 2016, 84, 849. 

[56] Bourguignon, J.-M. Thomassin, B. Grignard, C. Jerome, C. Detrembleur, ACS Sustainable Chem. 

Eng. 2019, 7, 12601. 

[57] H. Kilambi, S. K. Reddy, L. Schneidewind, J. W. Stansbury, C. N. Bowman, Polymer 2007, 48, 2014. 

[58] K. A. Berchtold, J. Nie, J. W. Stansbury, C. N. Bowman, Macromolecules 2008, 41, 9035. 

[59] V. Besse, F. Camara, C. Voirin, R. Auvergne, S. Caillol, B. Boutevin, Polym. Chem. 2013, 4, 4545. 

[60] Kihara, T. Endo, Makromol. Chem. 1992, 193, 1481. 

[61] F. Camara, S. Caillol, B. Boutevin, Eur. Polym. J. 2014, 61, 133. 

[62] S. Jana, H. Yu, A. Parthiban, C. L. L. Chai, J. Polym. Sci., Part A: Polym. Chem. 2010, 48, 1622. 

[63] Z. Wu, J. Dai, L. Tang, J. Qu, J. Coat. Technol. Res. 2019, 16, 721. 

[64] J.-F. Lutz, J. Polym. Sci., Part A: Polym. Chem. 2008, 46, 3459. 

[65] J.-F. Lutz, Ö. Akdemir, A. Hoth, J. Am. Chem. Soc. 2006, 128, 13046. 

[66] D. Szweda, R. Szweda, A. Dworak, B. Trzebicka, Polimery 2017, 62, 298. 

[67] Q. Fang, T. Chen, Q. Zhong, J. Wang, Macromol. Res. 2017, 25, 206.  

[68] J.-F. Lutz, A. Hoth, Macromolecules 2006, 39, 893. 


