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Abstract 

The self-assembly of an end-functionalized PEO106-PPO70-PEO106 triblock copolymer (BCP) with acrylic 

end groups (Pluronic F127-diacrylate or FDA) in a protic ionic liquid (deuterated ethylammonium nitrate, 

dEAN), is studied using small-angle neutron scattering, shear rheology and dielectric spectroscopy. This 

functionalization constitutes less than 1 wt% of the copolymer and has no effect on micelle formation in 

dEAN. The sol-gel transition and the supramolecular crystal structure of the concentrated FDA/dEAN 

solutions are also found to be unaffected by the acrylation of the end groups. Photo-crosslinking results in 

viscoelasticity enhancement of the FDA/dEAN solutions with FDA contents below the gel point. 

Crosslinking gels produces soft elastomers with exceptional elasticity and conductivity comparable to the 

uncrosslinked solutions. Tuning BCP microstructure via self-assembly in ionic liquids followed by 

chemical crosslinking is shown to be a promising route for the design of materials with specific mechanical 

properties and ionic conductivities.  

 



INTRODUCTION 

Due their unique physicochemical properties, ionic liquids (IL) have generated both scientific interest 

concerning their exceptional properties, and technological interest for use conditions where these properties 

are of value.1 These properties include negligible vapor pressure, high electrical conductivities (up to 100 

mS/cm) with wide electrochemical windows (up to 5.8 V), as well as high electrochemical and thermal 

stability.2, 3 This remarkable combination of properties make ILs very effective electrolytes4, 5 for a number 

of electrochemical devices, including lithium ion batteries,6 solar cells,7, 8 electromechanical actuators9, 10 

and electrolyte-gated transistors.11, 12 Some of these application require immobilization of the IL within a 

quasi-solid structure, in such a way that ion transport is not compromised. This has been achieved via 

physical or chemical crosslinking in IL/polymer systems, both leading to the formation of solid electrolytes, 

also termed "ion gels".13 

Block copolymers (BCP) are particularly versatile candidates to provide mechanical integrity via physical 

cross-linking because the microstructure and properties can be tuned through variations in block 

architecture and chemistry. BCP self-assembly is driven by solvation energy 14-16 or other thermodynamic 

interactions between the IL and the BCP components.17-19 In particular, ion gels prepared with ABA triblock 

copolymers have been extensively studied.13-21 On the other hand, the use of chemical cross-linking to 

prepare ion gels has been less explored. Susan et al. reported the first chemically crosslinked ion gel 

containing poly (methyl methacrylate) prepared by the in situ polymerization of methyl methacrylate 

(MMA) in IL.22 Chemically crosslinked ion gels are usually prepared via polymerization of vinyl monomers 

in the presence of a crosslinking agents22-24 or via poly-addition reaction of macromonomers having 

multifunctional reactive groups25-28.  

A third method to produce ion gels with enhanced mechanical properties is to combine the self-assembly 

provided by BCPs with subsequent chemical crosslinking steps.29-31 A benefit of this approach is that the 

conductivity can be tuned for a specific application by design of the self-assembled microstructure, while 

the final crosslinked product is a solid electrolyte that can sustain mechanical loads without significant 



plastic deformation. Gu and coworkers reported the synthesis of the ABA triblock copolymer poly(styrene-

b-ethylene oxide-b-styrene) in which 25% of the styrene units have a pendant azide functionality29. They 

prepared ion gels by self-assembly of this copolymer in the aprotic ionic liquid 1-ethyl-3-

methylimidazolium bis-(trifluoromethyl) sulfonyl amide, followed by chemical crosslinking of the azide 

groups by thermal annealing. The latter step provides enhanced mechanical toughness to the ion gel without 

significant detriment on its ionic conductivity. Similarly, Miranda and coworkers prepared poly(propylene 

oxide-b-ethylene oxide-b-propylene oxide) BCPs with cross-linkable end groups30. By self-assembly in the 

aprotic ionic liquid 1-butyl-3-methylimidazolium hexafluorophosphate and subsequent photo-crosslinking, 

they produced highly conductive, solid, elastic gels. Crosslinking of these polymers through their end-

groups was sufficient to impart mechanical stability to the gels, which did not have a significant effect on 

the conductivity or the microstructure of the gels. 

In this work we use an established synthetic route32 to prepare Pluronic F127-diacrylate (FDA) from 

commercial Pluronic F127. The latter is a poly(ethylene oxide-b-propylene oxide-b-ethylene oxide) (PEO-

PPO-PEO) triblock copolymer with ~70 wt% PEO. The self-assembly and rheological response of FDA in 

the protic ionic liquid ethylammonium nitrate (EAN) are studied and compared to those corresponding to 

the non-functionalized F127/EAN system. As recently reported, F127 self-assembles into spherical 

micelles in EAN that further assemble into a face-centered cubic (FCC) supramolecular crystal upon 

increasing concentration or temperature.16 The transition from disordered to crystalline (ordered) structure 

manifests as a sol−gel rheological transition. Here, we show that the micellar structure as well as the sol-

gel transition is virtually unaffected by the presence of the acrylate end groups. Photo-crosslinking this 

microstructure leads to a conductive elastomer with notable mechanical properties and conductivity, which 

can be varied with composition.  Our results provide a platform for the design of materials with enhanced 

viscoelasticity or with elastomeric properties to be used in electrolyte applications. The main advantage of 

the synthetic strategies proposed here is the use of inexpensive, commercially available copolymers along 

with the ease in all the synthetic steps. 



 

EXPERIMENTAL SECTION 

Materials. Pluronic F127 (PEO106PPO70-PEO106), dichloromethane, diethyl ether, triethylammine and 

acryloyl chloride were purchased from Sigma-Aldrich and used as received. Partially deuterated EAN 

(dEAN) was prepared by heating equimolar mixtures of ethylammonium nitrate (purchased from Iolitec) 

and D2O to 40 °C for 3 h. The solution was then dried by heating to 90 °C under vacuum for 24 h and 

subsequently remixed with D2O. The process was repeated three times, resulting in about 2.5 of the amino 

hydrogens being replaced with deuterium, as ascertained by 1H NMR.16 The water content, measured by 

Karl Fischer titration after drying, was 0.13 wt %. 

Synthesis of Pluronic F127 Diacrylate (FDA). FDA was synthesized following the procedure reported by 

Cellesi et al. In short, 50 g of Pluronic F127 was dissolved in toluene by slow stirring at room temperature 

under nitrogen atmosphere. The mixture was cooled down to 0 °C using an ice bath. Acrylation of the 

hydroxyl groups of F127 was achieved by sequential addition of 2.4 ml of trimethylamine, 40 ml of 

dichloromethane and 1 ml of acryloyl chloride dissolved in 40 ml of dichloromethane, followed by stirring 

for 12 h under nitrogen gas. The precipitated triethylammonium chloride was filtered away and the solvent 

evaporated using a rotary evaporator until a viscous oil was obtained. The latter was dissolved in 

dichloromethane, washed with DI water and dried over sodium sulfate. The product FDA was precipitated 

into excess chilled diethyl ether. The white precipitate was dried under vacuum for 1 day.  

Preparation of FDA/dEAN solutions and cross-linking. FDA/dEAN solutions with compositions 

ranging from 5 to 24 wt % were prepared by weighing the corresponding quantities of block copolymer and 

dEAN in capped vials, followed by several cycles of strong mechanical mixing (using a vortex mixer) and 

centrifugation until obtaining clear, transparent solutions. These solutions were used for morphological and 

rheological characterization. Another set of solutions were prepared with dEAN containing the 

photoinitiator 1-hydroxycyclohexyl phenyl ketone with a composition of 1 wt% (w.r.t. the polymer weight). 

These solutions were crosslinked by exposing them to an ultraviolet (UV) light source (365nm, 9.6 



mW/cm2) for 30 min, using the photo-curing accessory for the ARES-G2 rheomether (TA Instruments). A 

Peltier system was used to control the temperature and a 20 mm parallel plate geometry with the upper plate 

made of quartz was used for UV crosslinking of the sample. The sample thickness was 1 mm. The 

crosslinking reaction was monitored by measuring the dynamic moduli. 

Rheology. Rheological characterization was performed using a stress-controlled rheometer (DHR-3, TA 

Instruments) using parallel plates of diameter = 40 mm. Dynamic temperature ramps were performed using 

angular frequency = 1 rad/s and strain amplitude 0 =  5%. Dynamic frequency sweeps were carried out 

at different temperatures ranging from 15 °C to 40 °C with 0 =  5%. Dynamic time sweeps were performed 

during photo-curing in the ARES-G2 rheometer with 20 mm parallel plate geometry with = 10 rad/s and 

0 =  1%. The samples were loaded at 15 °C, and equilibrated at the measurement temperature (15, 25 or 

40 °C) for 10 min. Subsequently, the dynamic moduli was measure for 60 s before the UV light was turned 

on, and for 10 min during the photo-curing reaction. 

Tensile tests. Tensile tests measurements were performed using a Sentmanat extensional rheometer 

(SER)33 mounted on a stress-controlled rheometer MCR 501 (Anton Paar). Strips of crosslinked 

FDA/dEAN solutions (with 24 wt% FDA) are attached to the drums of the SER using double-sided masking 

tape (3M 410MTM). To completely avoid slip on the drums a UV-curing adhesive (Loctite 352TM) is 

applied to cover both the sample strip and the tape, and subsequently cured with a UV lamp. After curing, 

the adhesive forms a though bond between the sample and the tape that remains intact after tensile test. The 

strips were uniaxially stretched at room temperature, using a constant Hencky strain rate  0.01 s-1. 

Small-Angle Neutron Scattering (SANS). FDA/dEAN solutions with and without photoinitiator were 

loaded in titanium cells with 1 mm path length, using quartz windows. The samples containing 

photoinitiator were crosslinked inside the cells by exposing them to the UV light source through the cell 

windows for 30 min. SANS measurements were performed at the NIST Center for Neutron Research 

(NCNR) in Gaithersburg, MD, on the NG7 30 m SANS instrument, using neutrons with wavelength λ = 6 



Å, and wavelength spread Δλ/λ = 0.11. The temperature was maintained to ±0.1 °C using a circulating bath. 

Three sample-to-detector distances were used (1, 4, and 13 m) to cover a q -range from 0.003 to 0.4 Å−1. 

Raw SANS data were corrected for sample transmission, background radiation, sample thickness, and 

detector sensitivity using IGOR macros available from NCNR. Data were averaged azimuthally to obtain 

one-dimensional plots of intensity versus scattering wave vector, ( )I q . The SANS data for the low 

concentrated solutions were fitted with a “spherical core-shell model”,34, 35 whereas a FCC lattice model 

with paracrystalline distortion36, 37 was used to fit the SANS data for the concentrated solutions. These 

models are presented in the Supporting Information (SI). 

Conductivity measurements. Conductivity measurements were performed using a specially designed 

parallel plate electrode dielectric spectroscopy cell attached to an Agilent 4294A-1D5 impedance 

analyzer.38 The measurement cell consists of a pair of stainless steel electrodes clamped around an acrylic 

spacer, which serves as the sample chamber. Liquid samples are carefully loaded with a syringe, avoiding 

the development of any air bubbles that would alter the spectra. Frequency sweeps are made from 110 MHz 

to 40 Hz at a nominal oscillator voltage of 0.5 V. The temperature is controlled to +/- 0.5 °C by flowing 

silicone oil through cylindrical bores in the electrodes and measurements are taken from 20 °C to 60 °C in 

5 °C increments. Open/short compensation is performed to remove stray impedances in parallel and in 

series with the sample. The corrected impedance spectra, *( )Z , is interpreted as a frequency dependent 

conductivity and dielectric constant as 
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where  is the measured cell constant based on the spacer geometry, ( )  is the conductivity,  is the 

angular frequency, 0  is the permittivity of free space and '( )  is the dielectric constant. For 

measurements of cross-linked samples, the sample was loaded into the acrylic spacer and clamped between 

one electrode and a glass slide to accelerate the UV curing process.  After curing, the glass slide was 



removed, the complete cell assembled, and measurements taken using the same protocol as the liquid 

samples. 

 

RESULTS AND DISCUSSION 

Micellar structure. The microstructure of (non-crosslinked) FDA/dEAN solutions was elucidated using 

SANS measurements. Figure 1(a) shows SANS profiles of a 5 wt% FDA/dEAN solution at 30 °C. The 

typical scattering profile corresponding to the form factor of spherical objects is observed. These data is 

well fitted with the core-shell model (solid line), described in the SI. A small intensity upturn is observed 

at low q -values, which could indicate mesophase formation whose origin may be solvophobic interactions 

between the d-EAN and the PEO block, as previously reported in PEO and Pluronic aqueous solutions.39-41 

SANS measurements at different temperatures and compositions, along with the fitting parameters to the 

core-shell model (Table S1), are given in the SI. From the fittings, we found that the micelle radius is ~7 

nm and is practically independent of temperature and concentration over the ranges probed. The micelle 

size is practically the same for the micelles formed with F127 and with FDA (see Table S1), which indicates 

that the presence of the acrylate groups at the ends of the block copolymer have no effect on the micelle 

formation. Previous reports show that, near the critical micellar temperature (CMT), the PPO micelle core 

in Pluronic aqueous solution contain significant amount of water, which is replaced by polymer chains as 

the temperature increases.42, 43 As described in the SI, fitting of the SANS data for the 5 wt% FDA/dEAN 

solutions to a three parameter model that combines species mass balance to solve for core radius, cR , shell 

(corona) thickness, sT , and volume fraction of dEAN in the core, 
dEAN-in-core

, provides evidence that F127 

and FDA micelles formed in dEAN have nearly dry micelle cores, with 
dEAN-in-core

0.1< . 

 

 



 

Figure 1. (a) SANS profiles of a 5 wt % FDA/dEAN solutions measured 30 °C. Solid line is best fit to the 

core−shell model described in the SI. (b) SANS profiles of FDA/dEAN solutions with the indicated 

concentrations, measured at 40 °C. 

 

The aggregation number, aggN , and the volume fraction of dEAN in the corona, dEAN-in-corona , are given in 

Table S1. aggN  increases with temperature as a consequence of the decrease in solubility due to the 

weakening of hydrogen bonds between the amino hydrogens (or deuteriums) in dEAN and the oxygens in 

the PEO blocks. This also leads to a slight decrease in dEAN-in-corona with temperature, which reflects the 

dEAN desorption from the micelle corona. Further increasing the temperature to 40 °C causes the 

appearance of a scattering peak (see Figure S1(a)), suggesting intermicellar interaction at high temperatures. 

This is consistent to the recently reported behavior of non-functionalized F127/dEAN solutions.16 As 

expected, the intermicellar scattering peak is more pronounced at higher polymer concentrations (Figure 

1(b)) and higher temperatures for compositions up to 20 wt% (see Figure S2). Additionally, the mean peak 

position changes with composition. As shown in Figure S3, the characteristic intermicellar distance, 

calculated as 2 *d q= , where *q  is the position of the main scattering peak, decreases with 



composition. However, no change with temperature is observed in the solutions before and after 

crosslinking.  

Sol-gel transition. Figure S2(c) shows that increasing the temperature in the 20 wt% sample, the main 

scattering peak becomes sharper and the intensity of the shoulder on this peak becomes more intense. This 

indicates the transition to a more ordered structure. Dynamic moduli measurements during temperature 

ramps were employed to further explore this transition. Figure 2(a) shows the dynamic moduli as a function 

of temperature for FDA/dEAN solutions with different composition. A sol-gel rheological transition upon 

heating is characterized by the sharp increase in five orders of magnitude in the elastic modulus. This 

behavior is virtually identical to that observed in the F127/dEAN system, as recently reported.16 The 

temperature at which the sol-gel transition occurs, gelT , is plotted as a function of composition in Figure 

2(b) for both F127/dEAN (adapted from López-Barrón et al.16) and FDA/dEAN solutions. Note that the gel 

point is not affected by the presence of the acryloyl groups in the copolymer. This is expected, as these 

groups represent less than 1 wt% of the copolymer. Therefore, the overall hydrogen bonding strength 

between the oxygens in the PEO blocks and the amine group in dEAN is virtually unchanged after the 

acrylation of F127. 

 

 



Figure 2. (a) Dynamic moduli as a function of temperature for FDA/dEAN solutions with the indicated 

composition. (b) Phase diagram of F127/dEAN16 and FDA/dEAN. Right panel shows pictures of glass 

vial containing a 24 wt % FDA/dEAN solution at the indicated temperatures. 

 

The elastic and viscous moduli ( 'G  and ''G , respectively) as a function of angular frequency for a 24 wt 

% FDA/dEAN solution are shown in Figure 3(a). As shown in Figure 2, gelT  for this sample is ~24 °C. 

Below that temperature, the scaling behaviors of the dynamic moduli at low frequencies are 2' ~G  and 

'' ~G  (Figure 3(a)), which indicates liquid-like behavior. This is confirmed by the constant value of the 

complex viscosity with frequency, as shown in Figure 3(b). At 25 °C, the dynamic moduli showed a sharp 

upturn at low frequencies, which reflects the fact that the sample was just above the gel temperature and, 

therefore, gelation occurred during the test (the frequency sweep was performed from high to low frequency 

values, as indicated by the arrows in Figure 3). At T >25 °C, the sample is more elastic than viscous (i.e., 

' ''G G> ) and the elastic modulus is nearly independent on frequency ( 0.2' ~G ), at low frequencies. We 

were not able to measure the frequency corresponding to the modulus crossover ( crossover ), which could 

be used to calculate the characteristic relaxation time of the sample, crossover1 . However, if the moduli 

cross, they will do it at a frequency lower than ~5 410×  rad/s, hence the relaxation time is > 30 min. The 

plateau value of 4' 10G >  Pa is consistent with a cubic structure,44 which is confirmed by SANS 

measurements, as discussed below. The gel behavior is also characterized by a pronounced frequency-

thinning under dynamic flow that spans over at least six decades in frequency Figure 3(b). 

 



 

Figure 3. (a) Dynamic moduli and (b) complex viscosity versus frequency for a 24 wt % FDA/dEAN 

solution measured at the indicated temperatures. The arrows indicates the direction of the frequency sweep 

inducing in gelation. 

 

As in F127/dEAN solutions,16 the origin of the sol-gel rheological transition in FDA/dEAN is a structural 

order-disorder transition (ODT). Figure 4 shows SANS profiles of the 24 wt% FDA/dEAN solution at three 

different temperatures. The single, broad scattering peak observed at 15 °C (below the gel transition) 

indicates a disordered liquid state, which explains the low viscosity observed in Figure 3(b). Above gelT  

(~24 °C for this sample), the peak sharpens and a Bragg reflection appears, indicating the formation of a 

crystalline lattice.  These data was fit to two crystalline models: body-centered cubic (BCC) and face-

centered-cubic (FCC) lattice with paracrystaline distortion.36, 37 The latter model is described in the SI. 

Similar to the gels formed in F127/dEAN solutions,16 the data for the FDA/dEAN gels are best fitted with 

the FCC model. This indicates that the functionalization of F127 has negligible effect on the microstructure 

of the solution in dEAN. The FCC model fitting provides values of sphere radius, R , and the nearest-

neighbor separation, D .  These geometrical parameters are given in Table S2. The values of the lattice 



parameters for the F127/dEAN and the FDA/dEAN gels are identical ( 5R  nm and 28D  nm), which 

provides further evidence that the acrylation of the triblock end groups has no effect on the crystalline 

structure of these gels.	  

	  

 

Figure 4. SANS data from a 24 wt % FDA/dEAN solution measured at the indicated temperatures. Solid 

lines are best fits to face-centered cubic (FCC) lattice model with paracrystalline distortion. Data at 25 °C 

and 40 °C are vertically shifted (by the indicated factor) for clarity. 

 

Rheology and microstructure of crosslinked solutions. The evolution of the dynamic moduli during UV-

curing at 25 °C of the FDA/dEAN solutions with compositions ranging from 5 to 20 wt% is shown in Figure 

5(a). Before crosslinking, all the solutions behave as Newtonian liquids, which is evidenced by the low 

viscosity that is independent of the frequency (Figure 5(f)). Crosslinking the solution with 5 wt% FDA 

results on a slight, but measurable, increase in viscosity without altering its Newtonian character. This can 

be explained by the fact that at this composition micelles do not interact with each other, and therefore, 



crosslinking occurs mostly within the corona of individual micelles (intra-micellar crosslinking). Hence 

crosslinking only produces slightly ‘harder’ micelles, but not network formation. In contrast, crosslinking 

the 10 wt% solution results in at least two orders of magnitude increase in moduli and viscosity. 

Additionally the crosslinked solution develops a viscoelastic character and the frequency-thinning (Figure 

5(f)) observed in the high frequency regime.  

 

 

Figure 5. (a) Dynamic moduli versus time during photo-crosslinking of FDA/dEAN solutions. UV light 

was turned on after 60 s of starting the test, as indicated by the arrow, and denoted as 0t . (b)-(e) Dynamic 

moduli as a function of frequency for FDA/dEAN solutions with (b) 5 wt%, (c) 10 wt%, (d) 15 wt% and 

(e) 20 wt% FDA, before (squares) and after (triangles) crosslinking. Filled and empty symbols correspond 

to 'G  and ''G , respectively. (f) Complex viscosity as a function of frequency for solution with the indicated 

FDA wt%. All the measurements were performed at 25 °C. 

 

The viscosity increase upon crosslinking is more pronounced (~3 orders of magnitude) for the 15 and 20 

wt% solutions. In addition, these two solutions develop a rubbery plateau modulus of 12 kPa and 40 kPa, 

respectively, which suggest the formation of a supramolecular structure that likely have some inter-micellar 



crosslinking. This is expected, as the micelles at these concentrations exhibit pronounced scattering peaks 

(Figure 1(b)). The characteristic relaxation time for these crosslinked solutions, obtained from the inverse 

of the frequency where 'G  and ''G  crossover, are 0.18 s and 1.5 s for the15 wt% and 20 wt% solutions, 

respectively. Despite the large increase in viscoelasticity, crosslinking of these solutions does not produce 

an elastomer or a gel. Rather a highly elastic liquid with strong shear-thinning behavior is formed. 

The morphology of the crosslinked solutions was characterized by SANS. Figure 6(a) shows the SANS 

profiles of a 5 w% FDA/dEAN solution crosslinked at 25 °C. The scattering of this solution measured at 

30T  °C can be fitted with same spherical core-shell model used to fit the data corresponding to the non-

crosslinked solution (Figure 1). The fitting parameters are given in Table S1. Interestingly, the response to 

increasing temperature does not change after crosslinking this solution. For both solutions (non-crosslinked 

and crosslinked), a scattering peak appears upon heating above 40 °C. On the other hand, the intensity 

upturn at low q -values is more pronounced for in the crosslinked solutions, which could result from micelle 

clustering during crosslinking. 

 



 

Figure 6. SANS profiles of crosslinked FDA/dEAN solutions, with (a) 5 wt%, (b) 10 wt%, (c) 15 wt% 

and (d) 20 wt% FDA. All four solutions were crosslinked at 25 °C, and the SANS measured were carried 

out at the indicated temperatures. 

 

The SANS profiles and temperature response of the solutions with compositions from 10 to 20 wt% (Figure 

6(b)-(d)) are nearly identical to the non-crosslinked solutions (see Figure S2). The strikingly similar thermal 

response of the solutions before and after photo-curing is explained by the low crosslinking density obtained 

due to the fact that each copolymer molecule only has two functional groups, i.e., only two crosslinking 

points. Hahn and coworkers showed that the ODT temperature, ODTT  , as well as the structure below and 

above ODTT  of a polystyrene-polyisoprene (PS-PI) diblock copolymer is unaffected by slightly crosslinking 



the PI block.45 The relatively low crosslinking density in their systems enables a reversible ODT, which 

demonstrates the existence of diffusionless phase transitions (i.e., transitions that does not require 

macroscopic molecular diffusion) in crosslinked block copolymers. Therefore, it is not surprising that the 

thermal transitions in our solutions are unaffected by crosslinking, given that only two functional groups 

per molecule produce a very low crosslinking density. 

At concentrations close to the sol-gel line (Figure 2(b)) photo-curing induces a transition very different to 

that observed at low concentrations. Figure 7(a) shows the evolution of the dynamic moduli of a 24 wt% 

FDA/dEAN solution during the photo-curing reaction at two temperatures: 15 °C (below gelT ) and 40 °C 

(above gelT ). At both temperatures, the moduli reaches a plateau before 5 min of exposure to UV light. The 

sample crosslinked at 40 °C reaches a higher elastic modulus than that crosslinked at 15 °C. This reflects 

differences in microstructure. Figure 7(b) shows the dramatic transition from a Newtonian liquid to a soft 

solid when the solution is crosslinked at 15 °C. The soft solid behavior is characterized by the elastic 

modulus being nearly independent on frequency ( 0.26' ~G ). As discussed above, the solution at 40 °C 

behaves as a gel due to formation of a FCC cubic lattice. Figure 7(c) shows that photo-curing at 40 °C 

produces an additional, threefold increase in the elastic modulus at 40 °C, while Figure 7(d) shows that a 

similar modulus can be obtained by crosslinking in the liquid state at 15 °C and then heating to 40 °C.  

Cooling a crosslinked sample from 40 °C to 15 °C returns it to a lower modulus state.   This shows that the 

equilibrium mechanical properties are dominated by the phase behavior.  

 



 

Figure 7. (a) Dynamic moduli versus time during photo-crosslinking (at 15 °C and 40 °C) of a 24 wt% 

FDA/dEAN solution. UV light was turned on after 60 s of starting the test, as indicated by the arrow and 

denoted as 0t . (b)-(d) Dynamic moduli as a function of frequency for a 24 wt% FDA/dEAN solutions with 

before and after crosslinking. In (b) the solution was crosslinked and measured at 15 °C and in (c) 

crosslinked and measured at 40 °C. 

 

It should be noted that crosslinking the 24 wt% solution not only enhances its mechanical strength, but 

produces radically different materials. These materials are better described as soft elastomers (or non-

thermo-reversible gels) with remarkably high stretchability, as illustrated in Figure 8(a). Stress-strain curves 

of the solutions crosslinked at 15 °C and 40 °C are shown in Figure 8(b). Both samples showed similar 

features, namely, an initial elastic regime, followed by yield at Hencky strain ( H ) ~ 0.1, and very 

pronounced strain hardening with onset at ~ 0.5H . The sample crosslinked at 40 °C has slightly higher 

Young’s modulus (54 kPa) than the one crosslinked at 15 °C (35.7 kPa). A strikingly large strain-to-break 

of more than 3000 % was measured in both samples. However, the measured (Hencky) strain-to-break 

values, measured by triplicate, show relatively high variability. These values are 4.5 0.8H = ±  for the 

sample crosslinked at 15 °C, and  4.7 0.3H = ±  for the one crosslinked at 40 °C. Figure 8(b) also shows 

that these samples can sustain remarkably high uniaxial loads before breaking. The measured tensile 



strength for the samples crosslinked at 15 °C and 40 °C are 6.2 1.8± MPa and   6.9 0.7± MPa. 

Additionally, these samples show very good elastic recovery, as illustrated in the photograph taken after 

stretching a specimen to ~600 % strain Figure 8(a). The mechanism responsible the unusual tensile 

properties observed in our samples not fully understood. We hypothesize that the mechanism of the 

observed plastic response and super-stretchability of the crosslinked sample is result of a complex 

organization of the crystalline micellar structure, as this consist of intra-micellar crosslinks at the micelle 

corona and inter-micelle crosslinks that can be adjacent (between corona of “adjacent” micelles) or bridged 

by block copolymer chains that are in solution (see Figure 8(c)). Additionally, the measured strain 

hardening could result from energetically expensive process (such as disentanglements, pull-outs and 

bridging of polymer chains between micelles) occurring when the deformation surpasses the maximum 

strain allowed by the maximum chain stretching and micelle reorganization processes. These hypothesis 

are being investigated further using in-situ small angle scattering techniques. 

 

 



Figure 8. (a) Photographs of a strip made of crosslinked 24 wt% FDA/dEAN solution, before, during and 

after being stretched. (b) Stress-strain curves for 24 wt% FDA/dEAN solutions crosslinked at 15 °C and 40 

°C. The samples were deformed with a constant Hencky strain rate  0.01 s-1. Inset: photograph of a 

crosslinked film loaded on the SER. (c) Schematics of the proposed network structure of the crosslinked 

concentrated FDA/dEAN solutions. 

 

An interesting question is whether the microstructure of these soft elastomers is locked during the photo-

crosslinking, and how this depends on the crosslinking temperature. Hahn et al.45 reported that, by 

increasing the crosslinking density of their PS-PI diblock copolymers, the structure is locked and ODT does 

not occur. In constrast, structural ‘locking’ does not occur in our 24 wt% FDA/dEAN solution. Figure 7 (d) 

shows that the shear modulus of the photo-cured samples increases with temperature, regardless of the 

temperature at which they were crosslinked. The dynamic moduli of the sample crosslinked at 15 ºC and 

measured at 15 °C are indistinguishable to those of the sample crosslinked at 40 °C and measured at 15 °C. 

Similarly, the moduli of the sample crosslinked at 40 °C and measured at 40°C are very close to those of 

the sample crosslinked at 15 °C and measured at 40 °C. This indicates that, upon crosslinking, the 

microstructure still responds to temperature changes but in a different way than before being crosslinked. 

As the system loses its fluidity due to the covalent network formation, it cannot recover Newtonian fluid 

behavior upon cooling. That is to say, the dynamic moduli of the crosslinked sample measured at 15 °C do 

not show the scaling behaviors at low frequencies corresponding to terminal behavior ( 2' ~G  and 

'' ~G ), as they do for the uncrosslinked sample (see Figure 3 or Figure 7b).  To understand the nature 

of the transition, we performed SANS measurements on the samples crosslinked at both temperatures. 

Figure 9 shows SANS profiles of the samples that were crosslinked at 15 °C (Figure 9(a)) and 40 °C (Figure 

9 (b)). The solid lines are best fits to the FCC lattice model. Note that a good fit was obtained to the data 

measured at 15 °C, which shows a narrower peak and better defined Bragg reflection than those observed 

in the non-crosslinked solution measured at 15 °C (Figure 4). Increasing the temperature has two effects: 



(1) the main scattering peak becomes narrower brighter,  and (2) the main peak position shifts slightly to 

lower q values. These effects are quantifies in Table S2, which shows the geometrical parameters of the 

FCC lattice obtained by the fitting. Comparison of the parameters values identifies the following behaviors: 

(1) Both the micelle radius, R , and the volume fraction of the lattice, latt , are practically the same before 

and after photo-curing and (2) R  and latt  are independent of the crosslinking temperature, but they slightly 

increase with temperature once the solutions are crosslinked. In the uncrosslinked FDA/dEAN samples, the 

changes in R  and latt  are explained by the increase in aggN  with temperature, as discussed above. One 

would expect that aggN  is essentially fixed for the crosslinked samples. Hence, the increase in R  and latt  

may be due simply to chain conformation changes induced by temperature. This hypothesis could be 

verified by NMR and theoretical studies.46 

 



 

Figure 9. SANS profiles for the 24 wt% FDA/dEAN solution crosslinked (a) at 15 °C and (b) at 40 °C. 

SANS was measured at the indicated temperatures. Measurements at 25 °C and 40 °C are vertically 

shifted (by the indicated factor) for clarity. 

 



Ionic conductivity before and after crosslinking. Figure 10(a) shows the conductivity,  (measured at 

a frequency of 1 MHz), as a function of temperature for dEAN and for the 15 wt% and the 22.5 wt% 

FDA/dEAN solutions before and after crosslinking. Note that the frequency of 1 MHz was chosen since it 

is in the plateau region (  > 0.1 MHz) where electrode polarization effects are absent from the conductivity 

spectra for all samples (see Fig 10(b) and SI). As expected, the conductivity of the solutions is lower than 

that of neat dEAN. The temperature dependence of the ionic conductivity is well described with a simple 

Arrhenius equation ( )aexpA E RT= , where A  is a temperature independent pre-exponential factor, 

aE   is the activation energy, and R  is the universal gas constant. The solid lines in Figure 10(a) are best 

first to the Arrhenius equation for dEAN and the FDA/dEAN solutions, and the inset shows the activations 

energies obtained by the fittings. The effect of adding FDA to the ionic liquid is a slight increase in the 

activation energy.  This change in activation energy results in an additional subtle effect, namely, the 

difference between the conductivity of the solutions and neat dEAN decreases with temperature. This can 

be explained by the fact that ion-binding to the micelle corona in FDA/dEAN solutions occurs, hindering 

transport. This binding is driven by hydrogen-bonding between dEAN and the PEO blocks in FDA, which 

are weakened as temperature increases.47, 48 Therefore, increasing temperature promotes unbinding of the 

EAN ions from the micelles and, therefore, transport of ions is effectively increased, reducing the 

conductivity difference between neat dEAN and FDA/dEAN solutions. A similar conductivity dependence 

on temperature was observed in dEAN solutions of small ionic surfactants.49, 50  

 



 

Figure 10. (a) Arrhenius plot of ionic conductivity for dEAN and FDA/dEAN solutions measured before 

and after crosslinking. Solid lines are best fits to Arrhenius equation. Inset: activation energy calculated by 

fitting data to Arrhenius equation. (b) Dielectric constant ( ' ) and the imaginary part of the conductivity (

) as a function of frequency at 35 °C, at indicated compositions. 

  

Figure 10(b) shows the frequency dependent dielectric spectra for the the 15 wt% and 22.5 wt% FDA 

solutions before and after cross-linking, along with than of neat dEAN. As explained in the SI, the upturn 

in '  at low frequencies is due to electrode polarization. The addition of FDA has the effect of shifting the 

effects of electrode polarization to lower frequencies.  We find that the shift in the electrode polarization 

effects in the spectra is greater than what would be expected by considering only the reduced concentration 

of dEAN in the 15 wt% and 22.5 wt% samples.  Therefore, the addition of polymer hinders the ion motion, 

supporting our hypothesis of ion-binding to the micelle-corona. 

 



Notice that the ODT for the 22.5 wt% FDA solution occurs at ~30 °C (see Figure 2(b)). As discussed above 

such transition is marked by an increase of five order of magnitude in elastic modulus. Notably, the ODT 

is not marked by any signal in the conductivity dependence on temperature. Indeed,  increases 

monotonically from gelT T<  to gelT T>  with no abrupt transition observed. A similar absence of an abrupt 

conductivity change was recently reported for two lyotropic liquid crystal systems containing dEAN as the 

liquid phase.49, 50 One of these includes an isotropic to hexatic transition in ellipsoidal micelles made of 

hexadecyltrimethylammonium bromide (CTAB) and dEAN50 and the other is an sponge to lamellar 

transition in didodecyldimethylammonium bromide (DDAB)/dEAN solutions.49 Similar to the system 

studied here, both transitions are marked by distinct rheological sol-gel transitions. The common feature 

between those two systems and the one studied here is that the topology of the system remains unchanged 

during the sol-gel transition, i.e., no aggregation or breakage of micelles (in CTAB/dEAN and FDA/dEAN) 

or membrane breakage (in DDAB/dEAN) occur upon the phase transition. In this scenario, the conductivity 

decreases with temperature could be simply due to a decrease in ion mobility and/or to solvation of the 

micelle surface. 

 

As shown in Figure 10, upon crosslinking, the conductivity increases slightly for both compositions. 

Miranda and coworkers30 reported the opposite behavior in a series of ion gels prepared with cross-linkable 

PPO−PEO−PPO triblock copolymers, cross-linkable PEO homopolymers and the ionic liquid [BMI][PF6]. 

All their solutions show a slight decrease in conductivity upon crosslinking. Similar decrease in 

conductivity was reported by Gu et al.29 in crosslinked ion gels made of poly(styrene-b-ethylene oxide-b-

styrene) triblock copolymers in the ionic liquid [EMI][TFSA]. Importantly, our results demonstrate that the 

gain in mechanical reinforcement by crosslinking the FDA/dEAN solutions does not compromise their 

conductivity, which is consistent with previous studies.29, 30 

 

 



CONCLUSIONS 

We report the fabrication of mechanically robust and highly conductive ion gels based on the protic IL, 

EAN, and an end-functionalized amphiphilic triblock copolymers (Pluronic F127-diacrylate) via UV-

initiated crosslinking. This approach takes advantage of the self-assembly of the triblock copolymer in the 

IL, to create the desired micellar structure, and the subsequent chemical bonding to enhance the mechanical 

strength. We find that acrylation of F127 has no significant effect on the formation of micelles, the sol-gel 

transition temperature, or the lattice structure of concentrated gels. Moreover, the thermal response of the 

structure for the solutions with compositions below the gel transition are unaffected by crosslinking. 

However, the viscoelasticity of these solutions is highly enhanced without detriment to their ionic 

conductivity. In the case of the solutions with compositions near the sol-gel transition, crosslinking 

produces soft elastomers with outstanding tensile response, whose structure and shear modulus respond 

reversibly to temperature changes. Our results provide a platform for the design of materials with enhanced 

viscoelasticity or with elastomeric properties to be used in electrolyte applications. The main advantage of 

the synthetic strategies proposed here is the use of inexpensive, commercially available copolymers along 

with the ease in all the synthetic steps. 
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