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Imidazolium-based poly(ionic liquid)/ionic liquid solutions: rheology, structuration and ionic transport properties
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RAFT-made poly(ionic liquid) chains (PIL), poly(1-[2-acryloylethyl]-3-methylimidazolium bromide) (Poly [AEmim][Br]), have been mixed with a ionic liquid (IL), namely butylmethylimidazolium chloride ([C4mim][Cl].) The similarities in terms of structure and polarity of these molecular and macromolecular imidazolium derivatives led to homogeneous and transparent solutions. The influence of the chain molar mass and the concentration was examined through rheology investigation. It was established that the steady-shear viscosity of the solutions, and the viscoelastic properties can be finely tuned by these two parameters and by temperature. The thermal-dependence of the rheological features allowed for determining high activation energies (E a ) (around 80 kJ/mol), compared to analogous PIL aqueous solutions. Such E a values reflect high cohesion in PIL/IL solutions, related to the formation of multiple strong interactions, such as hydrogen bonds, van der Waals forces and Coulomb interactions between ionic species. Wide-angle and small-angle X-ray scattering experiments as well as scanning electron microscopy analysis evidenced a multi-scale local homogeneity of the PIL/IL solutions, which additionally exhibit high ionic conductivity (ca. 10 -3 S/cm at 30 °C), as measured by broadband dielectric spectroscopy.

Introduction

Ionic liquids (ILs) are a peculiar class of salts with a melting point lower than 100 °C. These molecular species display a set of properties, such as non-flammability and low vapor pressure, high thermal and chemical stability, exceptional ionic conductivity [1][2][3][4][5]. As innovative fluids, ILs have received great attention in chemistry, materials science, chemical engineering, and environmental science during the past two decades [6]. Moreover, IL molecules can be found as monomers (vinyl, acrylate, etc.) that can be polymerized by conventional or controlled radical polymerization (CRP) to generate poly(ionic liquid)s (PILs) [7][8][9][10][11][12][13][14][15][16]. PILs constitute an original and promising family of polyelectrolytes combining exceptional features emanating from ionic liquids with the properties of polymer materials, in terms of mechanical reinforcement, easy processability and possibility to tune the properties by the macromolecular engineering [17]. However, compared to pure ILs, PILs often suffer from the relatively lower conductivity owing to the limited mobility of the ionic backbone since only counter-anions behave as mobile charge carriers. In order to enhance the ionic conductivity of PIL macromolecules, their association with ILs appeared as a promising way and the resulting ionic binary mixtures have been employed as quasi-solid electrolytes [18][19][20].

For example, Cowan et al. developed a hydrophobic imidazolium-based PIL/IL ionogel, exhibiting ionic conductivity values ≥ 10 -2 S/cm at 25 °C and ≈ 10 -1 S/cm at 110 °C, respectively [18]. De Oliveira et al. prepared PIL/IL electrolytes by mixing a PIL matrix with two different ILs (i.e.1-methyl-3-butylimidazolium bis(fluorosulfonyl)imide and 1,2dimethyl-3-propylimidazolium bis(trifluoromethylsulfonyl)imide) [20]. The resulting hydrophobic gel electrolytes could be used as supercapacitors, since they displayed a conductivity of 3.2 ×10 -3 S/cm and 5.0 ×10 -4 S/cm with electrochemical windows of 2.8 V and 3.0 V, respectively. Zhao et al. dissolved poly(1-butyl-3-vinylimidazolium bromide) ([PBVIm][Br]) and poly(1-butyl-3-vinylimidazolium bis(trifluoromethanesulfonyl)imide) ([PBVIm][TFSI]) in a mixture of 1-propyl-3-methylimidazolium iodide (PMII) /1-ethyl-3methylimidazolium bis((trifluoromethyl)sulfonyl)imide (EMITFSI) to fabricate quasi-solidstate dye-sensitized solar cells (DSSCs) [21]. The electrolytes displayed a conductivity of 3.2 ×10 -3 S/cm with an electrochemical window of 2.8 V. The resulting cells were shown to exhibit superior long-term stability due to their non-volatile character.

PIL/IL composites have also been prepared as membranes for gas separation [22]. Due to the attributes linked to the mechanical stability of PIL and the high gas permeability and diffusivity of IL molecules, PIL/IL membranes have been utilized for the separation of CO 2 /N 2 , CO 2 /CH 4 , CO 2 /H 2 etc. [23][24][25][26][27][28][29][30][31]. More recently, Sappidi et al. studied mixtures composed of ionenes of varied structures (cationic imidazolium polymers formed from condensation reactions) in 1-ethyl-3-methylimidazolium bistriflimide [32]. The authors investigated the interactions using molecular dynamics simulations. They demonstrated that the structure of the ionenes (more or less flexible) strongly impact both the interactions developed within the mixtures and the conformation adopted by the chain in IL medium.

In summary, the literature emphasizes that PIL/IL mixtures have mainly been explored for specific applications, without a full understanding of their physico-chemical behavior.

Moreover, the existing literature demonstrates that most of works have been devoted to mixtures including hydrophobic IL derivatives, with nearly no study dealing with hydrophilic species including halide anions. Herein, we present a thorough physico-chemical scrutiny of binary PIL/IL systems resulting from the simple addition of precisely-defined poly ( 

Experimental Section

Materials

1-butyl-3-methylimidazolium chloride ([C4mim]

[Cl]) ( 97 %, mp 75 °C) was purchased from Sigma-Aldrich and will be denoted as IL (for ionic liquid) in the following of the manuscript. S-ethyl-S ′ -(α,α ′ -dimethyl-α ″ -acetic acid)trithiocarbonate (EMP) was used as chain transfer agent (CTA).

PIL/IL mixture preparation

Synthesis of PIL:

The synthesis of the imidazolium acrylate-based ionic liquid (1-[2acryloylethyl]-3-methylimidazolium bromide: [AEmim][Br]) as well as its RAFT polymerization have been described elsewhere [33,34]. The notations PIL 10K , PIL 25K and PIL 100K correspond to (poly [AEmim][Br]) having a theoretical molar mass (M n,theo ) close to 10, 25 and 100 kg/mol, respectively. Conditions of RAFT polymerization and structural characteristics of the resulting PILs are gathered in Table S1. 1 H NMR spectra and size exclusion chromatography (SEC) of the PILs are given in Fig. S1 andS2. The true molar masses for PIL 10K and PIL 25K were determined by 1 H NMR spectroscopy from the relative integration of signals attributed to the chain end group and polymer backbone. From SEC analyses (obtained after anion exchange, and analyzed in DMF/LiTfSI, PS standards), [32,33] all PILs present a unimodal, narrow molar mass distribution (Ð < 1.30) (Fig. S2). PIL and IL were carefully dried at 80 °C under vacuum overnight before any use.

Typical procedure for the preparation of a PIL/IL mixture: An appropriate mass of dried PIL (PIL 10K , PIL 25K or PIL 100K ) was added to dried IL under magnetic stirring for 12 h under argon at 80 °C. Mass fractions (wt. %) of PIL were varied depending on the analysis to be performed. The resulting samples were macroscopically transparent. They were stored under dry N 2 atmosphere to avoid water uptake. In the following of this article, the sample nomenclature will be further defined as PIL x (y %)/IL, where x corresponds to the M n of the PIL, and y stands for the mass fraction of PIL, respectively.

Characterization

Rheological measurements. The shear viscosity () of all samples was measured by using a controlled-stress rheometer (DHR2, TA Instruments Inc., UK) with an aluminum plate geometry (diameter 40 mm, gap 500 µm). The overlap concentration (C*) was determined from the logarithmic evolution of viscosity () at the Newtonian plateau ( Newtonian ) (at 1 s -1 ) as a function of the PIL concentration. C* was considered as the concentration for which  Newtonian locates at the crossover between the two viscosity regimes characterized by different power laws [35][36][37]. Dynamic rheological measurements in oscillation mode were checked as a function of strain amplitude to ensure data were collected in the linear domain. Typically, during the dynamical measurements, the applied strain was settled at 1 % for the PIL/IL mixtures. The temperature was precisely controlled by a Peltier system. A classical aluminium cover in inert metal, placed on the top of the superior plate of the rheometer, was used to perform the analysis under controlled atmosphere and to prevent water uptake. The rheological properties were proven to be reproducible and stable on the time scale of the experiment (Fig. S3).

Thermogravimetric analysis. TGA measurements were performed under nitrogen using a TA Instruments TGA Q500 apparatus. Samples of about 10 mg were heated from 30 °C to 550 °C at a heating rate of 10 °C/min. Differential scanning calorimetry. DSC measurements were conducted under nitrogen atmosphere using a TA Instruments (model Q10, USA) at a heating/cooling rate of 10 °C/min. Two cycles (heating-cooling-heating) were performed for each sample from -70 °C to 200 °C.

The glass transition temperature (T g ) values of PIL 10K , PIL 25K and PIL 100K were determined during the second heating cycle, where the midpoint of the thermal transition was considered.

The T g values of PIL 10K , PIL 25K and PIL 100K are 39, 54 and 65 °C, respectively (Fig. S4).

Cryo-SEM analysis. The sample was inserted in a sample holder at room temperature, delicately introduced in a Gatan Alto 2500 cryo-chamber and slowly cooled down to -150 °C.

Then, it was fractured with a cold blade and a platinum coating was applied to increase the surface conductivity. The sample was then introduced into the microscope chamber where the temperature was maintained at -150 °C during the analysis. Samples were observed on a FEI Quanta 250 scanning electron microscope at an accelerating voltage of 10 kV. The energydispersive X-ray (EDX) spectroscopy analysis was collected on various 5 m × 5 m zones at -150 °C.

X-ray scattering Analysis. Small and wide-angle X-ray scattering (SAXS and WAXS) measurements were conducted at the European Synchrotron Radiation Facility (ESRF, Grenoble, France) on BM02-D2AM beamline. After drying at 80 °C under vacuum for one night, IL or PIL/IL samples were transferred to capped glass capillaries with internal diameter of 2.6 mm and wall thickness of 0.2 mm (Deutero GMBH, 29604 15). All samples were equilibrated at 25 °C before measurements. The incident photon energy E was set at 17.000 keV. The sample-to-detector (D) distances were set to 1.57 m and ≈ 10 cm for SAXS and WAXS measurements, leading to a q-range from 1×10 -2 to 2.3 × 10 -1 Å -1 in the SAXS configuration and from 0.22 to 3 Å -1 in the WAXS configuration, respectively. Attenuators were used to determine the position of the direct beam and a silver behenate standard was used for calibration. After correction, the resulting two-dimensional data were averaged azimuthally to get intensity vs scattering vector q (q = (4π/λ) sin(θ), where 2θ represents the scattering angle and λ represents the incident wavelength). After correction of the scattering from the empty glass capillaries, the scattering data were normalized according to the attenuation and thickness of the samples. For data treatment, as the bromide from brominated PIL (poly[AEmim][Br]) can be exchanged with chloride from IL (i.e. [C4mim][Cl]), the solvent contribution cannot be subtracted.

Ionic conductivity measurements. Ionic conductivity was measured using a high-resolution

Alpha-Analyzer (Novocontrol GmbH) assisted by a Quatro temperature controller. The samples were prepared by placing the material under study between two freshly polished platinum electrodes. The thickness of the sample cell was controlled by employing 1 mm thick Teflon spacers. Frequency sweeps were isothermally performed from 10 MHz to 0.1 Hz by applying a sinusoidal voltage of 0.1 V over a range of temperature from 30 °C to -60 °C or from 140 °C to -60 °C in steps of 10 °C. The ionic conductivity of the materials under investigation, corresponding to direct current conductivity ( DC ) of the samples, is determined by definition from the value of the plateau observed in the frequency dependence of '. The plateau corresponds to the spectral region where the electrical response is dominated by the long-range diffusion of the ionic species [38,39]. The measurements were carried-out before and after thermal treatments performed in the cryostat of the dielectric spectrometer under a flow of pure nitrogen. The optimal drying step consisted in a thermal treatment of 6 h at 140 °C under nitrogen flow, thus excluding the presence of oxygen and humidity in the measurement chamber. After completing the measurements, the conductivity values were remeasured to ensure stable and reproducible experimental results. The reproducibility was additionally verified by measuring conductive properties on two different samples made of the same components with similar compositions. 

Results and discussion

Incorporation of poly([AEmim

Rheological investigation of PIL/IL solutions

Steady-shear viscosity of PIL/IL solutions

The rheological behaviors of PIL/IL solutions were examined. Despite the relatively widespread works dealing with the synthesis of PIL chains, the study of their behavior in IL medium has rarely been reported so far in the literature [13,22]. Srour et al. investigated the rheological properties of hydrophobic imidazolium and pyrrolidinium-based PIL/IL ionogels. [13] The authors reported the effect of the nature of the cation on the mechanical behavior. The evolution of viscosity with the shear rate were investigated in-depth for the three PILs (PIL 10K , PIL 25K and PIL 100K ) dissolved at various concentrations in [C4mim][Cl] (from 0.1 to 50 wt. % for PIL 10K , from 0.1 to 30 wt. % for PIL 25K and from 0.1 to 20 wt. % for PIL 100K ). The shear viscosity of pure [C4mim][Cl] exhibits a Newtonian behavior with a viscosity of 3.65 Pa.s (Fig. S5). An illustration for the PIL 10K /[C4mim][Cl] binary system is provided in Fig. 2. As expected, the steady shear viscosity increases with the PIL concentration; a Newtonian plateau is observed for the whole shear rate range, except for the highest concentrations (at 40 and 50 wt. %), for which a slight shear-thinning behavior appears. The shear-thinning feature is significantly more pronounced when the PIL molar mass increases. As shown in Fig. S6 and S7, the shear-thinning features start from the concentrations of ~ 5% and ~ 0.5% for PIL 25K /IL and PIL 100K /IL, respectively. The concentration-dependence of the zero-shear viscosity ( 0, i.e. viscosity considered at a rate of 0.1 s -1 ) was monitored for each PIL/IL combination, in order to determine the overlap concentration (C*) of PIL chains in the [C4mim][Cl] medium (Fig. 2, Down). This critical concentration is commonly considered as the concentration for which the volume of the solvated polymer chains equals the volume of the whole solution and corresponds to the concentration delimiting the dilute regime and the semi-dilute regime. In general, whereas a linear dependence is observed in the dilute regime, higher power laws with η ~ C n (n around 5/4) characterize the unentangled semi-dilute regime [40,41]. The classical existing molecular interpretations developed for common polyelectrolytes [42] in saline medium and for neutral polymers [START_REF] Degennes | Scaling Concepts in Polymer Physics[END_REF][START_REF] Doi | The theory of polymer dynamics[END_REF] are applied to polymer chains solubilized in low viscosity solvent. Herein, the study focuses on a singular class of flexible polyelectrolyte developing strong polar interactions (and anion exchange) with an organized and highly viscous solvent ([C4mim][Cl]) [START_REF] Swatloski | [END_REF]. Consequently, the theoretical predictions do not apply to our experimental data, which is why no linear evolution (with n=1) is observed. However, for the three PIL molar masses, a first domain for which  0 slightly varies with the PIL concentration is observed at low concentrations (typically n around 0.2, Fig. 2), followed by a much more noticeable  0concentration dependence (power law of 1.36). This change of slope can be the result of the transition from the dilute to the semi-dilute regime, and the corresponding critical concentration can be defined as the overlap concentration. Some connections between the polymer chains begin to occur. From C = 40 % wt, a higher slope (around 4.2) is observed, typical of the semi-dilute entangled regime: this strong variation can be ascribed to the presence of numerous chain entanglements which govern the viscosity behavior. Thus, it results that the C* of PIL 10K , PIL 25K and PIL 100K in [C4mim][Cl] is around 9.4, 3.5 and 0.5 wt. %, respectively. As expected, C* considerably decreases with the PIL molar mass.

Analysis of the viscoelastic properties of PIL/IL solutions

The influence of the PIL molar mass on the viscoelastic properties of PIL/IL solutions at 10 

Calculation of activation energies

The activation energies (E a ) were measured for PIL 25K /IL, PIL 100K /IL solutions, and compared to the ones of PIL/H 2 O solutions and pure [C4mim][Cl] (Table 1). E a can be seen as the barrier of energy to set in motion the species: IL and PIL chains, and thus the energy necessary to overcome intra-and intermolecular interactions. The E a values were deduced either i) from the thermal-dependence of the Newtonian viscosity of solutions (in the 10-60 °C temperature range) for the fluid aqueous solutions (Fig. S8), or ii) from the thermaldependence of viscoelastic moduli-frequency (over the 10-60 °C temperature range) for the more viscous PIL/IL solutions. In the second case, the G' and G'' moduli versus frequency were monitored at different temperatures, and the time-temperature superimposition principle was successfully applied to both G', and G'' moduli. Master curves were obtained after the application of a horizontal shift a t ,. The evolution of ln(a t ) as a function of the inverse of temperature is linear and obeys Arrhenius law, allowing for the determination of E a (Fig. S9-S12). All the values are gathered in Table 1. of typical distances between neighboring molecules. No real diffraction peak could be identified in the pattern, proving the total disappearance of the initial crystallinity after the melting procedure. Moreover, such a short-chained imidazolium ionic liquid is a priori not expected to self-assemble into ordered micellar structures, as it can be observed for example for ionic liquids bearing long alkyl chains with 8 carbons or more [46][47][48]. In our case, the WAXS pattern of pure of [C4mim][Cl] solely shows a small shoulder at q* = 1.05 Å -1 , which can be attributed to specific distances between anions [48][49][50][51]. To get deeper insight into the internal structure of the binary blends, SAXS measurements (I vs. q) were recorded on PIL 25K /IL at 10 and 20 wt.% (Fig. 6). For comparison, the SAXS pattern of the pure [C4mim][Cl] is included in Fig. 6.

. 

Ionic transport properties

In order to underpin the effect of the addition of PIL on the ionic conductivity properties of [C4mim][Cl] , the ionic transport properties were determined by broadband dielectric spectroscopy.

We exclusively analyzed the sample PIL 100K (10 wt.%)/IL, since it corresponds to the system which exhibits the most interesting viscoelastic properties (see Fig. 3): G' is around 500 Pa at 10 Hz, and the gap between G' and G'' is very low. Given this combination (C= 10 wt.%, and M = 100 kg/mol) provides the sample the most adapted to potential applications (with enhanced G' and G'' moduli), its ionic conductivity was measured. The objective was to evaluate if the gain in viscoelasticity jeopardizes (or not) the ionic transport properties. Fig. S14 shows the frequency-dependence of the conductivity ' (' =  '' 0 , where  0 is the vacuum permittivity and '' is the dielectric loss) of the binary blend under isothermal conditions for temperatures ranging from 30 °C to -90 °C before thermal pretreatment. From Fig. S14, we can define the  DC value which corresponds to the value at the plateau. To limit the presence of water which favors ion dissociation and increase the ionic conductivity of electrolytes [55,56], a heat treatment (at 140 °C for 6 h) was applied to the hygroscopic PIL/IL solution. The resulting  DC of the PIL 100K (10 wt.%)/IL solutions (before and after thermal treatment) was plotted as a function of the inverse temperature (Fig. 8). As classically the  DC increases with temperature owing to the decrease of viscosity and the promotion of the overall mobility (PIL chains and IL molecules) [57]. Additionally, Fig. 8 shows that the temperature-dependence of conductivity exhibits the same convex upward curved profile over the entire temperature range, well modelled by the Voger-Fulcher-Tammann (VFT) equation:  DC =  0 exp (-B/(T-T 0 )), where  0 is the ionic conductivity at infinite temperature, B, a fitting parameter related to the activation energy of ion conduction, and T 0 , the Vogel temperature linked to the ideal glass temperature [58][59][60][61]. Fig. 8 shows that, before the drying step, the PIL 100K (10 wt.%)/IL binary blend exhibits high conductive properties with a  DC value of 1.0 × 10 -3 S.cm -1 at 30 °C. Under anhydrous conditions, the conductivity drops to ca. 1.0 × 10 -4 S.cm -1 at 30 °C, which is close to the conductivity of pure [C4mim][Cl] [62], remaining significantly high, in spite of the relatively high G', and G'' moduli and high cohesion in the PIL/IL, as revealed by rheological investigation. Despite the establishment of multiple interactions between PIL and IL molecules, mobility is maintained at a level that promotes rapid ionic exchange and relatively high ionic conductivity, paving the way to the development and the design of functional materials with a promising potential as specific devices in the energy field [63]. The values obtained from the best fittings of the experimental curves are given in Table S2. The B parameter, linked to the activation energy for ionic transport, is notably higher before the thermal treatment, possibly due to i) the plasticizer role of water which impacts the overall mobility of the system, and ii) the preferential affinities of ionic species for water which much probably enhances the ionic mobility.

Conclusion

In summary, we report a full investigation of never described solutions of poly( which offers a large applicative potential notably in the field of energy devices.
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  1-[2acryloylethyl]-3-methylimidazolium bromide) chains (poly [AEmim][Br]) (synthesized by RAFT polymerizations) into 1-butyl-3-methylimidazolium chloride ([C4mim][Cl]), both being fully hydrophilic and compatible imidazolium-based IL derivatives. Halide-anion based PIL/IL mixtures are polar mixtures, in which the chloride and bromide anions can be easily engaged into the formation of hydrogen bonds which are known to enhance the cohesion of a given ionic liquid-based mixture. In this work, we are specifically interested in the rheological properties of (poly [AEmim][Br]) /([C4mim][Cl]) mixtures with a focus on the impact of the PIL molar mass and concentration, and temperature. Steady-shear viscosity and viscoelastic properties of the mixtures are studied and the energies of activation are determined and compared to PIL/water systems. The internal morphology and the ionic transport properties of the binary mixtures are further examined by small and wide-angle X-ray scattering, scanning electron microscopy and broadband dielectric spectroscopy, respectively.

  ][Br]) in dried [C4mim][Cl] leads to the formation of transparent and macroscopically homogeneous solutions, as shown in Fig. 1. The macroscopic homogeneity of the solutions can be ascribed to the good solvating/dissolution capability of [C4mim][Cl] for these PIL chains, whatever the molar mass and the concentration of PILs. Poly([AEmim][Br]) and [C4mim][Cl] present strong similarities in terms of chemical structure and polar character, allowing for the promotion and the development of strong and multiple interactions. Indeed, PIL and IL are able to interact with each other through i) hydrogen bonds, ii) Van der Waals forces, and iii) Coulomb interactions between cations and anions. It is important to mention that contrary to pure [C4mim][Cl] which (slowly) recrystallizes with time once molten, the PIL/[C4mim][Cl] solutions at 25 °C present an outstanding long-lasting macroscopic stability (whatever the M n of PIL and up to 20 wt. %), without noticeable demixion or (re)solidification. This stability with time is due to the PIL/IL favorable interactions, which prevent any recrystallization phenomena.

Fig. 1 .

 1 Fig. 1. Route to PIL/IL solutions. The insert photo corresponds to PIL100K at 10 wt. % in [C4mim][Cl].

Fig. 2 (

 2 Fig. 2 (Up) Evolution of viscosity, as a function of shear rate, for PIL 10K /IL solutions at different mass concentrations; (Down) Concentration-dependence of zero shear viscosity.

Fig. 3 .

 3 Fig. 3. Frequency-dependence of G' (filled symbols) and G'' (open symbols) moduli of PIL(10 wt%)/[C4mim][Cl] solutions, with 3 different molar masses: PIL 10K (♦), PIL 25K (•), PIL 100K (■) and pure [C4mim][Cl] (▲) at 25 °C.

3 . 2 .Fig. 4 .

 324 Fig. 4. TGA thermograms of of [C4mim][Cl] (a), PIL 100K (10 %)/ of [C4mim][Cl] (b) and PIL 100K (c).

3. 3

 3 Internal structure/organization of PIL/IL binary blends X-ray scattering techniques such as WAXS and SAXS measurements were further conducted to obtain structural information on PIL/IL binary blends, at different lenght scales. Fig. 5 depicts the WAXS profiles of the binary blends of PIL 25K (10 wt.%)/IL and PIL 25K (20 wt.%)/IL in comparison to pure [C4mim][Cl] (previously molten and kept under a liquid at 25 °C). The WAXS pattern of pure [C4mim][Cl], displays an amorphous halo, characteristic

Fig. 5 .

 5 Fig. 5. WAXS pattern of [C4mim][Cl] (a), PIL 25K (10 wt.%)/IL (b) and PIL 25K (20 wt.%)/IL(c) at 25 °C.

Fig. 6 .*

 6 Fig. 6. SAXS pattern of [C4mim][Cl], PIL 25K (10 wt.%)/IL, PIL 25K (20 wt.%)/IL, and PIL 100K (10 wt. %)/IL at 25°C

Fig. 7 .

 7 Fig. 7. Cryo-SEM images of a cross-section of PIL 100K (10 wt.%)/IL binary blend.

Fig. 8 .

 8 Fig. 8. Direct current conductivity ( DC ) versus inverse temperature of PIL 100K (10 wt.%)/IL before (filled symbols) and after thermal treatment (open symbols).

  AEmim][Br]) in [C4mim][Cl]. The rheological properties of these solutions can be finely tuned by the concentration, the molecular weight of poly([AEmim][Br]), and the temperature. The influence of temperature allowed for calculating the activation energies of PIL/IL solutions which are particularly high (around 80 kJ/mol), compared to analogous PIL aqueous solutions (10 kJ/mol). This reflects a reinforced cohesion induced by multiple interactions between PIL chains and IL molecules, i.e. H-bonds and electrostatic interactions between the ionic species.A homogeneous morphology was evidenced at different length scales for all the PIL/IL solutions using WAXS, SAXS and SEM analyses. This is due to the good chemical compatibility between the components and to the ionic exchange between the bromide and chloride anions initially carried by PIL and IL respectively. PIL/IL mixtures with high PIL molar mass exhibit high conductivities (ca. 10 -3 S/cm at 30 °C), in spite of the strong interactions established within the solutions. Poly([AEmim][Br])/ [C4mim][Cl] solutions synergize the advantageous features of both polyelectrolytes and ionic liquid molecules,

Table 1 .

 1 Activation energies of various samples. For all samples C PIL = 10 wt.%.

	Samples	[C4mim][Cl] *	PIL 10K /H 2 O*	PIL 25K /H 2 O*	PIL 100K / H 2 O *	PIL 10K /IL**	PIL 25K /IL**	PIL 100K / IL**
	E a (kJ/mol)	66	ND	11	12	72	78	81
	From							

* Determined from steady shear viscosity-temperature dependence, ** determined from time-temperature superimposition applied to G', G''-frequency dependence.

Table 1 ,

 1 different conclusions can be drawn. E a values found for PIL /IL are particularly high (72, 78 and 81 kJ/mol), compared to the ones of the aqueous solutions

B. Z. acknowledges the CSC program for a PhD grant. The authors gratefully acknowledge Pierre Alcouffe for SEM analyses and the "Centre Technologique des Microstructures de l'Université Claude Bernard Lyon1''. Supporting Information. Complementary rheological, thermal, morphological analysis and conductive properties.