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ABSTRACT 

BAB amphiphilic triblock copolymers comprising poly(methoxyethyl acrylate) (PMEA) B-blocks 

of variable degrees of polymerization (x = 50, 100 or 200) and a central poly(dimethyl acrylamide) 

(PDMAc) hydrophilic A-block with a degree of polymerization y = 400 were synthesized by 

RAFT polymerization and their self-assembly in water was studied by light scattering and 

rheology. The BAB triblocks form a transient network in aqueous solution consisting of 

hydrophobic B cores bridged by hydrophilic A blocks. The exchange of B blocks is fast at low 

temperature (10°C) and/or low x values because PMEA is not too hydrophobic. However, the 

PMEA blocks become more hydrophobic with increasing temperature, leading to a decrease of the 

exchange rate of the B blocks and to tunable thermo-thickening properties, opposite to a classical 

Arrhenius behavior. In contrast to many thermo-sensitive BAB triblocks that undergo an abrupt 

sol-gel transition above the critical solubility temperature of the B blocks, the hydrophobicity of 

PMEA gradually increases with T, leading to a progressive increase of the viscosity of the polymer 

dispersion. In addition, an unprecedented reorganization of the network was observed by rheology 

at a critical temperature leading to a further decrease of the exchange rate of the B blocks that is 

not fully reversible. These features were attributed to the progressive variation of the hydrophobic 

character and hydration of PMEA with temperature. 

Introduction 

Gels are solid-like materials consisting of two or more components1, the main constituent being a 

liquid which can be water (hydrogels), an organic solvent (organogels2-6), an ionic liquid 

(ionogels7-9) or in some cases both water and an organic solvent (organohydrogels10). They can 

find applications in various fields including the food industry11-13, the health sector14-24, coatings 
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and sealants23, energy25-26 storage, enhanced oil recovery27, organic electronics28 or catalysis and 

sustainable chemistry7 for example. Many strategies5,12,23,29-39 exist to form gels, but a very 

attractive one relies on the solution self-assembly of linear BAB triblock copolymers consisting of 

solvophobic lateral B blocks connected to a central solvophilic A block3,40,41. Solvophobic cores 

containing several B blocks serve as physical cross-links bridged by the A blocks, resulting in a 

3D-spanning network preventing or slowing down flow. One key advantage of this strategy is that 

tuning the solubility of the B blocks with an external stimulus affects the strength of the self-

assembly between the B blocks, leading to stimuli-responsive materials. In this context, 

temperature-responsive hydrogels18-22,42, and ionogels8 have been widely studied because the 

former class allows injectability20 or controlled release of drugs14 for biomedical applications, 

while the latter allows processability for applications in separation membranes, energy storage or 

electronics for example. 

For ionogels, specific polymer-ion and cation-anion interactions allow tuning the solubility of the 

B blocks9,43, leading either to B blocks exhibiting an Upper Critical Solubility Temperature 

(UCST) or a Lower Critical Solubility Temperature (LCST), resulting respectively in gel-sol or 

sol-gel transitions upon temperature increase. For hydrogels14,18,19,22,44, hydrogen bonding of the B 

blocks with water is mainly responsible for the existence of UCST-type or LCST-type transitions. 

However, in most studies on gels formed by the self-assembly of BAB triblock copolymers in 

solution, B-blocks exhibiting abrupt temperature-transition behaviors have been used, resulting in 

an on-off reversible transition from a low viscosity liquid to a non-flowing gel8,18-20. This abrupt 

transition can be explained by the fact that the rheological properties of the physically cross-linked 

networks are controlled by the exchange time of the B blocks, the latter depending primarily on 
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their solvophobic character40,45-48. Hence, highly solvophobic B blocks lead to non-flowing gels 

because their exchange time is long compared to the experimental time window. 

Rarely, hydrogels have been obtained with moderately hydrophobic and thermo-responsive B 

blocks which become gradually more hydrophobic with increasing temperature49-51. This does not 

result in an abrupt temperature-induced transition from a low viscosity aqueous solution to a non-

flowing gel, but causes a gradual increase of the viscosity of the solution with increasing 

temperature. This behavior is opposite to the classical Arrhenius behavior causing a decrease of 

viscosity with increasing temperature 40,47,48,52. Hietala et al. 53 prepared BAB triblock copolymers 

with a central atactic poly(N-isopropyl acrylamide) (PNIPAM) block, which remained hydrophilic 

below its LCST = 32°C, and lateral isotactic PNIPAM blocks, which did not exhibit any distinct 

LCST, but were partly hydrated at 5°C and dehydrated with increasing temperature. As a result, 

hydrogels exhibiting a thermo-thickening behavior were observed below 32°C: the viscosity of the 

solutions increased with increasing temperature, suggesting an increase of the exchange time of 

the B blocks with increasing temperature. Mistry et al.49 studied BAB triblock copolymers with 

short poly(butylene oxide) (PBO) lateral B blocks (DPn = 10) and a long central poly(ethylene 

oxide) block. An increase of the rheological relaxation time with temperature was observed. The 

authors attributed the phenomenon to the dispersity of the PBO blocks. It seems however more 

reasonable to explain these results by an increase of the hydrophobic character of the PBO blocks 

with temperature as reported by Castelletto et al.54. More recently, Tsitsilianis et al.50 and Lauber 

et al.51 studied BAB triblock copolymers with a central hydrophilic poly(dimethyl aminoethyl 

methacrylate) (PDMAEMA) block and lateral B blocks consisting of random copolymers of very 

hydrophobic n-butyl methacrylate and a rather hydrophilic and thermosensitive comonomer 

(respectively triethylene glycol methacrylate or DMAEMA). In both cases, the presence of the 
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thermo-sensitive comonomer imparted temperature responsiveness to the triblocks, resulting in an 

increase of the exchange time of the B blocks with increasing temperature. The former was studied 

in view of preparing injectable hydrogels exhibiting sufficiently low viscosity at 5°C for injection, 

but becoming gels at body temperature. Another polymer architecture has been described by 

Podhajecka et al.55 who studied poly(sodium acrylate)s grafted with moderately hydrophobic 

poly(tert-butyl acrylamide). These graft copolymers formed transient networks also exhibiting an 

increase in viscosity with increasing temperature. The small number of systems leading to gradual 

increase of the viscosity with T is probably due to the rarity of intrinsically moderately 

hydrophobic homopolymers that are able to dehydrate progressively with increasing temperature. 

In these earlier studies, the effect of the length of the B blocks on the variation of the exchange 

time had not been investigated yet on such systems. 

In this context, poly(methoxyethyl acrylate) (PMEA) is of interest. PMEA belongs to the 

poly(oligoethylene glycol (meth)acrylate) series56-59, but contrary to other polymers of this series, 

PMEA is already hydrophobic at room temperature, because its LCST is close to 5°C.60 Still, 

PMEA is significantly hydrated (~ 10 wt%) at room temperature61,62. Contrary to the better known 

PNIPAM, which dehydrates abruptly at its LCST, PMEA dehydrates progressively with increasing 

temperature, making it potentially suitable to design thermo-responsive hydrogels exhibiting 

gradual increase of their exchange time with T. Chemical gels, homopolymers or block copolymers 

containing PMEA63,64 have been widely studied especially in view of the strong blood 

compatibility61,62,64-69 of this polymer, which is attributed to its strong interaction with water61,62,64-

75, or for the design of self-assembled particles by Polymerization-Induced Self-assembly76,77. 

However, to the best of our knowledge, PMEA has so far not been used as B block in view of 

preparing transient networks exhibiting thermo-thickening properties. 
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In this study, we investigated the exchange dynamics of BAB triblock copolymers consisting of 

PMEA B-blocks of varying degrees of polymerization (x = 50, 100 or 200) and a central 

poly(dimethyl acrylamide) (PDMAc) hydrophilic A-block with y = 400. The polymers were 

prepared by Reversible Addition Fragmentation chain-Transfer (RAFT) radical polymerization 

and their self-assembly in aqueous solution was studied by light scattering and linear rheology. 

We observed that the triblock copolymers not only exhibit the targeted progressive thermo-

sensitivity leading to thermo-thickening hydrogels with gradually slower exchange dynamics, but 

that they also show an unprecedented transient network reorganization at a critical temperature 

that depends on the DPn of the B blocks.  
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Material and methods 

1. Synthesis of the PMEAx-b-PDMAc400-b-PMEAx triblock copolymers 

The three PMEAx-b-PDMAc400-b-PMEAx with x = 50, 100 or 200 were prepared by RAFT 

polymerization as described in section 1 of the Supporting Information. 

2. Preparation of aqueous polymer dispersions for light scattering and rheology 

Aqueous polymer samples were prepared by directly dispersing the polymer powder in 

deionized water (Millipore, 18 M.cm) at room temperature. For samples at low polymer 

concentration (<10 g/L) macroscopic dissolution was achieved under stirring at room temperature 

overnight. The samples were then stored at least 24h in the fridge (~ 5°C) to make sure that 

equilibrium was reached. For higher polymer concentrations leading to highly viscous solutions 

or hydrogels, the samples were placed in an iced bath (~ 0°C) or in a fridge (~ 5°C) and regularly 

homogenized by manual shaking to speed up the dissolution process. Homogeneous samples were 

obtained after one to three days depending on the polymer concentration and x. They were stored 

in the fridge until use. 

 

3. Static and Dynamic Light Scattering (SLS and DLS)  

Light scattering measurements were done using ALV-CGS3 and ALV-CGS8 systems operating 

with vertically polarized He-Ne laser with a wavelength λ=633nm (ALV-GmbH, Germany) 

coupled with an ALV-5004 and ALV-5003 multi tau correlator system (ALV-GmbH, Germany) 

respectively. Samples were placed in a thermostated decalin bath that is quasi isorefractive of glass 

in order to lower reflections of light at the surface of the light scattering cells.  

The measurements were done over a wide range of scattering wave vectors q = 6.8.104 – 2.5.105 

𝑐𝑚−1 defined as 𝑞 =
4𝜋𝑛

𝜆
 𝑠𝑖𝑛 (

𝜃

2
) (with n = 1.33 the refractive index of the solvent that is water in 
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the present investigation, and 𝜃 = 30-150° the angle of observation). Polymer solutions were 

studied by light scattering in a concentration range C = 0.1 to 3 g/L. The temperature was 

controlled between 10 and 50°C by a thermostatic bath to within ±0.2 °C. All solutions were 

filtered through Acrodisc GHP 0.45 µm pore size filters before measurement. 

Dynamic Light Scattering (DLS). The Siegert equation g2(t) = 1 + βg1²(t), where β is the spatial 

coherence factor, was used to determine the electric field autocorrelation function, g1(t), from the 

measured normalized autocorrelation function of the scattered light intensity, g2(t). The relaxation 

time (τ) distributions, A(τ), were extracted from g1(t) using the REPES78,79 routine (equation 1). 

𝑔1(𝑡) = ∫ 𝐴(𝜏) exp (−
𝑡

𝜏
) 𝑑𝜏   equation (1) 

In the concentration range investigated, a single relaxation mode was observed. The cooperative 

diffusion coefficient, D, was determined from the average relaxation rate : 𝐷 =
〈𝜏−1〉

𝑞2  and is linked 

to the z-average hydrodynamic radius Rh of the solute using the Stokes-Einstein equation (equation 

2). 

𝑅ℎ =
𝑘𝑇

6𝜋𝜂𝐷
      equation (2) 

With k = 1.38 × 10−23J/K Boltzmann’s constant, η the solvent (water) viscosity which depends 

on temperature, T. 

 

Static Light Scattering (SLS). The Rayleigh ratio, Rθ, was calculated according to equation 3. 

Rθ =
Isolution(θ)−Isolvent(θ)

Itoluene(θ)
(

nsolvent

ntoluene
)

2

Rtoluene equation (3) 

where Isolution, Isolvent and Itoluene are the average intensities scattered respectively by the solution, 

the solvent, and the reference (toluene). The Rayleigh ratio of the reference is Rtoluene = 1.35 x 10-
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5 cm-1, and the refractive indexes of the reference and the solvent (water) are respectively ntoluene = 

1.496 and nsolvent = 1.333. 

The apparent molar mass (Mapp) of the solute at concentration C was calculated from the 

Rayleigh ratio of the solution according to equation 4. 

Rθ = KCMappS(q)     equation (4) 

where S(q) is the structure factor and K a constant defined in equation 5. 

K =
4π2nsolvent

2

λ4NA
(

∂n

∂c
)

2

    equation (5) 

where ∂n/∂c is the specific refractive index increment of the solute and NA is Avogadro’s number. 

A refractive index increment ∂n/∂c = 0.15 mL/g was measured with a differential refractometer 

(Oprilab rEX – Wyatt Technology Corporation) at λ = 633 nm for one of the triblock copolymers 

with solutions at a concentration between 1 and 5 g/L. 

In dilute solutions (C = 0.1-3 g/L), one single population of scatterers was observed by DLS for 

all x and T investigated (see data for x = 100 within the T-range of investigation Figure S4 SI). 

Mapp exhibited no significant angular dependency, implying that S(q) ~ 1 and that the radius of 

gyration Rg of the scatterers was too small to be determined accurately (Rg < 20 nm). Moreover, 

Mapp (resp. Rapp) did not vary with C in this concentration range implying that it represented the 

true weight average molecular weight of the scatterers, Mw, (resp. true hydrodynamic radius, Rh) 

with an uncertainty of about 10%. 

The aggregation number, 𝑁𝑎𝑔𝑔, corresponding to the number of B blocks within the self-

assembled structures, was determined as 𝑁𝑎𝑔𝑔 =
2.𝑀𝑤

𝑀𝑤,𝑡𝑟𝑖𝑏𝑙𝑜𝑐𝑘
 taking into account that each triblock 

copolymer possesses two B blocks. 
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4. Rheology  

Rheological measurements were carried out using a DHR3 rheometer equipped with cone –plate 

geometries (angle = 1°, 2°; diameter = 20, 40 mm truncation = 28, 59 µm); chosen depending on 

the sample viscosity. Temperature was controlled by a Peltier system.  

Samples were loaded onto the rheometer at 10 or 20°C and homogenized by shearing (3 rad/s). 

Silicon oil was used to cover the free sample surface in order to avoid water evaporation during 

the measurements. Oscillatory frequency-sweeps shear measurements were done in the linear 

response domain between 0.01-10 Hz at temperatures ranging from 5 to 60°C. The evolution of 

the system after a change of temperature was determined by measuring the elastic modulus G' (Pa) 

and loss modulus G'' (Pa) as a function of time after increasing as fast as possible the temperature 

from 10°C to the target temperature. It took about one minute to reach the target temperature (the 

required time is indicated in the figures' caption). Viscosities were determined by oscillatory shear 

or shear flow measurements. 

The elastic modulus, Ge was taken as the value of G' at f = 100.fr (fr = cross-over frequency 

where G' = G'') where most bridging chains could not relax. The formation of master curves by 

frequency-temperature superposition enabled us to obtain values of Ge when they could not be 

determined directly within the measured frequency range. Ge was compared to Ge_ideal which 

corresponds to the elastic modulus of an ideal network where all BAB chains are elastically active 

(equation 6).  

𝐺𝑒_𝑖𝑑𝑒𝑎𝑙 = 𝑣𝑖𝑑𝑒𝑎𝑙. 𝑘. 𝑇 =
𝐶.𝑁𝐴

𝑀𝑛
. 𝑘. 𝑇    (equation 6) 

with ideal the total number concentration of PMEAx-b-PDMAc400-b-PMEAx chains, NA the 

Avogadro's number, C the polymer concentration in g/L and Mn the number average molecular 

weight of the polymer. 
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Results and discussion 

 

1. Synthesis of the PMEAx-b-PDMAc400-b-PMEAx triblock copolymers. 
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Scheme 1. Synthesis route for the PMEAx-b-PDMAc400-b-PMEAx triblock copolymers obtained 

by the extension of the bifunctional CTA-PDMAc400-CTA macroCTA in solution. 

 

Three PMEAx-b-PDMAc400-b-PMEAx triblock copolymers exhibiting a degree of 

polymerization x = 50, 100 or 200 for the PMEA block and 400 for the PDMAc block were 

prepared by RAFT polymerization in solution according to Scheme 1, see details in section 1 of 

the Supporting Information. Briefly, a bifunctional trithiocarbonate (CTA1) was used to control 

the polymerization of DMAc with a molar ratio [DMAc]0/[CTA1]0/[ACPA]0 ~ 441/1/0.10 (see 

Table S1). The polymerization of DMAc was started in bulk at 60°C for 20 min to ensure the 
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solubility of CTA1. Then, water was added and the polymerization was allowed to proceed at 70°C 

until 90% monomer conversion to reach the targeted degree of polymerization of the central 

PDMAc block. After purification by dialysis against water and freeze-drying, the bifunctional 

CTA-PDMAc400-CTA macroCTA was used to control the polymerization of MEA in ACN 

solution at 35°C. The [MEA]0/[macroCTA]0 ratio was adapted to reach the desired x value at 

around 30% conversion, where the reaction was stopped. Well-defined triblock copolymers 

PMEAx-b-PDMAc400-b-PMEAx with the expected degrees of polymerization of the blocks and a 

rather low dispersity (Ɖ ~ 1.1-1.2) were eventually obtained (see details in section 1 of the 

Supporting Information and Table S2).  

 

2. Characterization of the self-assembly in aqueous medium 

2.1. Self-assembly at the nanometric scale. 

For x = 50, 100 and 200, the triblock copolymers dissolved rapidly in water at 10°C. A fourth 

triblock copolymer with x = 300 (data not shown) was also synthesized, but it did not fully dissolve 

even after a prolonged period of time and was not further investigated. The self-assembly in water 

of the other PMEAx-b-PDMAc400-b-PMEAx triblock copolymers with x = 50, 100, 200 was 

investigated at low concentrations (0.1-3 g/L, where interactions can be neglected) as a function 

of T and x by static (SLS) and dynamic (DLS) light scattering. 

Figures 1a) and b) present the evolution of the aggregation number Nagg (extracted from Mw, see 

experimental section, SI section 2 and Figure S5) and Rh of the self-assemblies formed by the BAB 

triblock copolymers as a function of T for x = 50, 100 and 200. The dimensions of the particles 

were compatible with those of small spherical micelles. At a given temperature < 30°C, the extent 

of aggregation varied in the order x = 200 > x = 100 > x = 50 (see Figure 1b and in SI Figure S6), 

which is compatible with an increased hydrophobic character with longer B blocks. For x = 100 
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and 200, Nagg and Rh do not significantly vary with T between 10°C and 50°C. On the contrary, 

for x = 50, Nagg is close to 2 (corresponding to one unimer) at 10°C, but the polymer chains 

progressively associate (Nagg increases with T), especially between 10 and 20°C until it reaches an 

Nagg close to that of x = 100 above 20°C. 
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Figure 1. Evolution of a) Nagg, b) Rh (nm) at different temperatures (°C) for the three triblock 

copolymers. Lines are guides to the eyes. 

2.2. Transient networks with T and x-dependent exchange dynamics 

The self-assembly of PMEAx-b-PDMAc400-b-PMEAx triblock copolymers (with x = 50, 100 and 

200) was further characterized by rheology at higher concentrations (C = 5-100 g/L), where 

transient networks eventually formed. Temperature sweeps revealed that the networks underwent 

a peculiar reorganization phenomenon above a critical transition temperature, Tc. This 

phenomenon affects the behavior of the networks and is discussed in detail in section 2.3. In the 

present section, the rheological properties of the networks are only presented below Tc. Note that 

Tc varies with x (Tc ~ 55°C, 35°C and 13°C respectively for x = 50, 100 and 200), explaining why 

the temperature-range presented here differs depending on x.  

 

Formation of a transient network. The evolution of the viscosity of aqueous dispersions of the 

polymers as a function of concentration was first investigated for the three different x values and 

for different temperatures (see Figure S7). Figure 2a shows a representative example 

corresponding to x = 100 and T = 20°C. At low polymer concentration (C < 20 g/L), the viscosity 

is close to that of pure water, but above about 30 g/L it increases exponentially with increasing 

concentration. This behavior is characteristic of the formation of a 3D-spanning network of 

bridging micelles40,45,80, which occurs above the percolation concentration (Cp, where Cp ~30g/L 

for x=100 and T=20°C). The viscosity remains measurable at 20°C even at the highest 

concentrations investigated, suggesting that the B blocks are always able to exchange within a 

reasonable time-scale, allowing the transient (= dynamic) network to reorganize and the system to 

flow. 
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Figure 2. PMEA100-b-PDMAc400-b-PMEA100. a) newtonian viscosity (Pa.s) as function of C (g/L) 

at 20°C. The inserted drawings represent the expected behavior at the nanometric scale: individual 

flower-like micelles with a red hydrophobic core consisting of PMEA blocks and blue hydrophilic 

"petals" of PDMAc at low concentrations; bridged micelles at moderate concentrations; and a 3D-

spanning network at C > Cp; b) Frequency dependencies of the storage G’ (Pa) and loss G’’(Pa) 

moduli at different temperatures (°C) and c) corresponding temperature-master curves at Tref  = 

20°C. aT and bT represent, respectively, the horizontal and vertical shift factors. Lines are guides 

to the eye. 

 

Dynamic rheological measurements were conducted above Cp (determination of Cp as 

function of x and T is presented below, see Figure 4. Cp is never higher than 30 g/L) to probe 

quantitatively the exchange rate of the B blocks between hydrophobic cores. Figure 2b represents 

the evolution of the elastic (G') and loss (G'') moduli as a function of frequency at different 

temperatures for x = 100 and at C = 100 g/L, i.e. well above Cp. The data at different T could be 
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superimposed to form a master curve using horizontal and vertical shift factors, see Figure 2c. The 

cross-over frequency (fr) between a liquid (G' < G'') and a solid (G' > G'') behavior was used to 

define the characteristic relaxation time of the network 𝜏𝑟 =
1

2𝜋𝑓𝑟
. The relaxation is caused by 

exchange of the B blocks among different hydrophobic cores40,45,46. The relaxation of the transient 

network is characterized by a distribution of relaxation times as was already observed for other 

BAB triblock copolymers and can be explained by the dispersity in length of the B blocks40,80-82. 

For x = 50, 100 and 200, the same qualitative behavior was observed for all T < Tc and C > Cp 

investigated, allowing the construction of a single master curve (see Figure S8 SI) and implying 

that a transient network was formed with a similar relaxation mechanism independent of x and T. 

 

Dependence of the percolation concentration on T and x. According to the theory of rubber 

elasticity83, the elastic modulus at the rubbery plateau (Ge, determined as described in the 

experimental part) is proportional to the number of elastically active chains in the network that is 

the number of BAB chains forming a bridge between two micellar cores connected to the network 

(equation 7). 

𝐺𝑒 = 𝑣. 𝑘. 𝑇       (equation 7) 

with Ge in Pa,  the number concentration of elastically active chains (number of molecules.m-3), 

k Boltzmann's constant (m2.kg.s-2.K-1) and T the absolute temperature (K). 
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Figure 3. a) Ge/Ge_ideal as a function of the polymer concentration (g/L) at different temperatures 

(°C); b) Ge/Ge_ideal as a function of C/Cp at different temperatures (°C) for PMEA100-b-PDMAc400-

b-PMEA100. 

 

The evolution of Ge/Ge_ideal is qualitatively the same at different temperatures for x = 100 (Figure 

3a, where Ge_ideal is defined in equation 6, see experimental part) and is consistent with the expected 

behavior of a transient polymer network: Ge increases with C above Cp as more and more chains 

Increasing 

temperature 
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become part of the network40,45. The fact that the curves on Figure 3a do not superimpose at 

different T values implies that Cp varies with T, which explains why a vertical shift was required 

to construct the master curves. By appropriately estimating Cp values, which depend on T, the 

evolution of Ge/Ge_ideal falls on a single curve as a function of C/Cp, see Figure 3b. The same 

qualitative behavior was also observed for x = 50 and 200 (Figure S9 in SI), allowing the 

determination of Cp in mol/L (Figure 4a) and g/L (Figure 4b) as a function of T for different x. For 

a given x, Cp increases with T (it reaches a plateau at 20°C for x = 100). However, for a given T, 

Cp does not follow a systematic trend with x (no matter if expressed in g/L or mol/L). One possible 

reason to explain the variations of Cp as a function of T and x could be that Nagg varies with these 

parameters. Increasing Nagg indeed decreases the molar concentration of physical cross-linking 

points, which may therefore increase Cp expressed in mol/L. However, this cannot explain the 

increase of Cp with T for x = 100 and x = 200 as Nagg hardly varies in the relevant T-range (Figure 

1). In addition, at T = 15°C, Nagg ~ 12, 60, 140 for, respectively, x = 50, 100, 200, whereas the 

molar percolation concentration does not follow a monotonous variation with x (Cp = 2.10-4, 5.10-

4 and 3.10-4 mol/L for x = 50, 100 and 200 respectively). The evolution of Cp with T and x therefore 

does not seem to be related to the extent of aggregation of the micelles, as was already reported 

for other BAB triblock copolymers80. 

  



 20 

a) 

 

PMEAx-b-PDMAc400-b-PMEAx 

T (°C)

10 20 30 40 50

C
p

 (m
o

l/
L

)

0

2x10-4

4x10-4

6x10-4

8x10-4

x=200

x=100

x=50

 

b) 

 

PMEAx-b-PDMAc400-b-PMEAx 

T (°C)

10 20 30 40 50

C
p

 (
g
/L

)

0

10

20

30

40

x=200

x=100

x=50

 

Figure 4. a) Cp in mol/L and b) Cp in g/L as a function of temperature (°C) determined for the three 

triblock copolymers, as indicated in the figures. 
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Quantitative evaluation of the exchange dynamics.  

 

Within the investigated T-range, rincreases with increasing C for all x (Figure S10 in SI). This 

behavior is typical for self-assembling triblock copolymers and can be explained by the decrease 

of the percentage of defects in the network with increasing C, as discussed in the previous section. 

In particular, super-bridges relax more rapidly than one single elastically active chain45,80. As a 

consequence, the relaxation time measured by rheology gives a correct estimation of the exchange 

dynamics of the B blocks only for C >> Cp where defects become negligible. Figure 5 compares 

the dependence of ron temperature at C = 100 g/L, i.e. at C >> Cp, for the three x values. For a 

given temperature, the relaxation time strongly increases with x, in agreement with the fact that 

longer B blocks exchange more slowly. Indeed, longer B blocks are less mobile and exhibit a larger 

surface of contact with water, thereby increasing the energy barrier for unimer exchange and thus 

the exchange time40,46-48. In addition, for a given x value, rincreases strongly with increasing 

temperature. This key result is opposite to the expected behavior in case of a simple thermal-

activation process (Arrhenius law), for which r should decrease with T as explained in the 

introduction. This behavior implies that the energy barrier for the exchange of B blocks increases 

with T, which means that the PMEA block becomes less mobile/more hydrophobic with increasing 

T. 
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Figure 5. Relaxation time (s) as a function of temperature (°C), for the three triblock copolymers, 

at a polymer concentration of 100g/L, as indicated in the figure. Lines are guides to the eye. 

We hypothesize that the increase of the exchange time with T is due to a decrease of the 

hydration of the PMEA block. Many studies have been conducted to determine the interaction of 

water with PMEA and how this affects the crystallization of water. However, these studies were 

mostly conducted at temperatures below 0°C61,62,65,70,71,74,75. PMEA being water-insoluble at room 

temperature, the evolution of its hydration with temperature above 0°C has seldom been studied. 

Mochizuki et al.72 performed a 2D NMR study revealing that PMEA still contains about 10 wt% 

water between 15 and 45°C and that the water is heterogeneously distributed within the polymer. 

Hou et al.73 prepared statistical copolymers consisting of 90 mol% MEA and 10 mol% oligo 

(ethylene glycol)acrylate (OEGA 480 containing 8-9 ethylene oxide units per monomer) and 

observed a progressive, rather than abrupt, decrease of the hydration of the copolymer with 

increasing temperature. Similarly, it was observed84 that nanogels of P(MEA-co-OEGA480) 

shrink in water with increasing temperature due to water expulsion. Interestingly, for this kind of 

nanogels, the evolution of the shrinkage with temperature was progressive rather than 
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critical52,85,86, suggesting a gradual rather than abrupt variation of the hydrophobic 

character/hydration. These results, although they were not conducted with pure PMEA, agree with 

the gradual increase of the relaxation time observed in our study for the PMEAx-b-PDMAc400-b-

PMEAx triblock copolymers. We stress that this behavior is very different from that of poly(N-

isopropyl acrylamide) which abruptly dehydrates at its LCST, causing a critical sol-gel transition 

at the LCST. 

Considering that the variation of the hydration of the PMEA blocks most probably explains the 

evolution of the exchange time of the B blocks with T, we compared the behavior of PMEA100-b-

PDMAc400-b-PMEA100 in D2O and H2O. D2O-D2O interactions have been reported by 

Schvartzman et al.87 to be stronger than H2O-H2O interactions, which should make D2O a poorer 

solvent for neutral polymers solubilized by hydrogen bonding with water. The authors consistently 

observed an increase of micelle aggregation number in D2O compared to H2O for PEO-b-PPO-b-

PEO triblock copolymers. Surprisingly though, chemically cross-linked nanogels of P(MEA-co-

OEGA 480) containing 90 mol% of MEA swelled more in D2O than in H2O according to Hou et 

al.84; which is in disagreement with the findings by Schvartzman et al. Additionally, the variation 

of the swelling of these nanogels with temperature was steeper in D2O than in H2O. 

Light scattering experiments conducted with PMEA100-b-PDMAc400-b-PMEA100 at 3 g/L and 

20°C showed that Rh was not significantly different in H2O and D2O (23 nm in H2O vs. 25 nm in 

D2O), but that Nagg was slightly larger in D2O (45) than in H2O (37). Rheological experiments 

(Figure 6) showed longer relaxation times in D2O than in H2O, whereas Ge was unaffected. 

Moreover, the evolution of these parameters with T is identical. Our results are thus consistent 

with those of Schvartzman et al.87 suggesting that PMEA is less hydrated in D2O than in H2O, 

causing an increase of the extent of aggregation and of the exchange time of the B blocks. 
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Figure 6. a) Relaxation time (s) as function of temperature (°C); b) elastic modulus (Pa) as function 

of temperature (°C) in H2O and D2O, for PMEA100-b-PDMAc400-b-PMEA100 at 70 g/L. Lines are 

guides to the eyes. 

 

 

2.3. Evidence for a critical reorganization temperature Tc 

As briefly mentioned in the beginning of section 2.2, the transient network was found to 

reorganize above a critical temperature Tc, which varied with x. A typical rheological signature is 

presented in Figure 7 for x = 100 at 50 g/L and f=1Hz. Upon heating the aqueous dispersion from 

10 to 30°C (< Tc), G' and G'' varied only during the first 20s required to reach the target temperature 

and then remained constant even for long periods of time (data not shown), implying no specific 

behavior. Up to 30°C, the rheological properties were moreover reversible: full recovery was 

observed by heating from 10 to 30°C and shortly after cooling back down to 10°C (see Figure S11 

in SI). On the contrary, upon heating from 10 to 50°C (> Tc), which takes about 1 minute, an abrupt 
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drop of G' and G'' was observed after ~30 s followed by a subsequent increase after 2 min (Figure 

7 and Figure S12). Moreover, G' and G'' slowly continued to evolve with time afterwards even for 

days (data not shown). After cooling back from 50 to 10°C, which takes about 10 minutes, the 

initial rheological properties of the system at 10°C are not recovered (see SI Figure S13). The 

variations of Ge and r after returning back to 10°C were moreover not reproducible. In some cases, 

applying a strong shear (30s at 100 rad/s, for a few minutes) helped recovering partially the initial 

properties (see SI Figure S14), but in other cases even shearing was not efficient (see SI Figure 

S13).  
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Figure 7. Time dependence of the storage (opened symbols) and loss moduli (filled symbols) while 

heating from 10°C to 30°C (< Tc) or to 50°C (>Tc), for PMEA100-b-PDMAc400-b-PMEA100 at 50 

g/L, f = 1 Hz. The target temperature was reached after about 1 min for T=30°C and about 1min30s 

for T=50°C. Lines are guides to the eyes. Notice that heating was done at a very fast rate so that 

the temperature was already higher than 10°C at the time of the first measurement. 
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Upon heating a sample from 10°C to a temperature T > Tc, the larger the difference between T 

and Tc, the larger the decrease of G' and G" and the slower the subsequent increase of G' and G'' 

(see Figures 7 and S12 for representative examples). Qualitatively, the behavior is the same at 

different concentrations and different x, but quantitative differences are observed (see SI Figures 

S15 and S16). The amplitude of the variation of G' and G'' during restructuration of the network 

increases with increasing C (Figure 8), whereas Tc decreases with increasing x. Tc was found to be 

between 40-50°C for x = 50, 30-40°C for x = 100 and 12-15°C for x = 200 (see details in SI, 

section 2.3.). 

 

Figure 8. Time dependence of the storage (filled symbols) and loss moduli (opened symbols) while 

heating from 10°C to 30°C (< Tc) at different polymer concentrations (g/L), for PMEA100-b-

PDMAc400-b-PMEA100. The target temperature was reached after about 1 min for all 

measurements. Lines are guides to the eyes. 
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There is no abrupt variation of Nagg close to Tc at steady-state (Figure 1). Moreover, no 

significant dynamic variation of Nagg was observed by SLS during the time-span of the transition 

at Tc after heating PMEA100-b-PDMAc400-b-PMEA100 from 10 to 50°C (data not shown). It follows 

that the molar concentration of micelles hardly changes close to Tc both at steady-state and over 

time. Therefore, the abrupt decrease of G' and G'' at Tc cannot be explained by an abrupt variation 

of the number of elastically active chains. It is therefore probably caused by many of the bridging 

chains becoming temporarily more dynamic at Tc, so that they can relax rapidly and are able to 

reorganize. The subsequent increase of G' and G'' implies that the system probably becomes again 

less dynamic. However, Figure 9 shows that if the same experiment is conducted at f = 0.1 or 10 

Hz instead of 1 Hz, the behavior is qualitatively similar. It follows that when Tc is crossed, the 

number of elastically active chains does not vary, but some of them become so dynamic that they 

relax even at 0.1 Hz, causing an abrupt decrease of G', allowing the network to reorganize. The 

temperature at which this phenomenon occurs depends on x and the speed of the reorganization 

decreases with increasing temperature above Tc. According to those findings, we speculate that 

the transition is initiated when the dehydration of the core has reached a critical value during 

heating.  
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Figure 9. Time dependence of the elastic modulus (Pa) while heating above Tc (10 to 50°C) at 

different frequencies (Hz) for PMEA100-b-PDMAc400-b-PMEA100 at 50 g/L. The target 

temperature was reached after about 1 min 30s for all measurements. Lines are guides to the eyes. 

 

Conclusion 

PMEAx-b-PDMAc400-b-PMEAx triblock copolymers form in aqueous solution small micelles at 

low concentrations and transient hydrogels above a critical percolation concentration. 

Unexpectedly, an abrupt reorganization of the transient networks was observed above a critical 

temperature, Tc. The reorganization was characterized by an abrupt decrease of G' and G'' shortly 

after reaching Tc, followed by their recovery after a few minutes. This phenomenon was caused 

by a large fraction of elastically active chains becoming transiently very dynamic. The transition 

might be initiated by dehydration during heating, but further investigation is required to understand 

the origin of the process on a molecular level. From a more practical point of view, this 

unprecedented reorganization phenomenon causes strong variations of the elastic modulus and 
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relaxation time of the network, which are not reproducible and most often irreversible even upon 

application of a strong shear to rejuvenate the network. This critical temperature decreases with 

increasing PMEA block length. 

Below Tc, the behavior of the transient network is perfectly reproducible and the exchange time 

of the PMEA blocks between micellar cores could be determined by rheology. As expected, the 

exchange time increases for longer PMEA blocks, because the latter are less mobile and more 

hydrophobic. More originally, the exchange time increases strongly with increasing temperature, 

which is opposite to the classical arrhenian behavior and means that the activation energy increases 

with increasing temperature. A key result is that the variation of the exchange time with T is 

progressive (rather than abrupt as for PNIPAM which exhibits a critical sol-gel transition at its 

LCST), allowing fine-tuning of the rheological properties of the network with T. These results are 

attributed to the gradual dehydration of the thermo-sensitive PMEA-block with increasing 

temperature. 

These findings are not only relevant to design thermo-thickening hydrogels based on PMEA, 

but they may also shed light on applications where PMEA is used, notably the design of blood-

compatible hydrogels or the synthesis of self-assembled particles consisting of a PMEA core by 

Polymerization Induced Self-Assembly.  
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