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24 Abstract

25 Nanoconfinement of ionic liquids (ILs) influences their physicochemical properties. In this study, 

26 we investigate the effect of soft nanoconfinement imposed by lyotropic liquid crystals (LLCs) on 

27 ILs. The LLC ion gels are obtained through self-assembly of a short chain block copolymer (BCP) 

28 of polyethylene-block-poly(ethylene oxide), PE-b-PEO, in ILs. The effect of confinement on the 

29 interaction of ions with PEO is investigated through electrochemical impedance spectroscopy 

30 (EIS) and carbon dioxide (CO2) absorption measurements. The results show that the synergistic 

31 effect on the CO2 absorption capacity of LLC ion gels takes place as a result of confinement. 

32 Formation of IL pathways through the LLC increases the CO2 solubility, absorption capacity, and 

33 absorption rate. Increasing the concentration of block copolymer in LLC structure enhances the 

34 dissociation of ILs and consequently lower CO2 absorption. Therefore, the competing effects of 

35 confinement and IL-PEO interaction control the properties of LLC ion gels. 
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48 Introduction

49 Ionic liquids (ILs) have been widely investigated as novel solvents, electrolytes, and soft functional 

50 materials due to their unique properties including high thermal stability, negligible vapor pressure, 

51 and high ionic conductivity.1 However, the widespread applications of ILs have been hampered 

52 by their liquid state. A simple but versatile strategy to overcome this problem is to confine ILs in 

53 nanoporous host. Nanoconfinement of ILs can promote unusual charge transport and 

54 functionalities for IL-based devices for energy generation and storage.1–4  

55 Comprehensive studies have been done on the behavior of ILs in pores of various sizes and types 

56 by molecular dynamic (MD) simulations.1,5 The simulations have reported both a decrease6,7 and 

57 an enhancement 8,9 in the ion mobilities of ILs confined in pores. Different experimental techniques 

58 have been used to understand the physicochemical properties and dynamics of nanoconfined ILs 

59 in various porous materials on a molecular level.1 For example, using specialized nuclear 

60 magnetic resonance (NMR) techniques, Le Bideau et al. found a decrease in the diffusivity of ILs 

61 in monolithic silica matrices.10 Iacob et al. showed an enhancement in the diffusion coefficients of 

62 ILs confined in silica nanopores by more than two orders of magnitude in comparison to their bulk 

63 values, which was attributed to the changes in ion packing under two-dimensional geometrical 

64 confinement.11 These results show the importance of the pore sizes, pore wall-IL interaction, and 

65 physiochemical properties of ILs investigated under confinement.

66 In comparison to comprehensive studies on the structural dynamics of confined ILs in rigid 

67 inorganic matrices, the physicochemical aspects of soft nanoconfinement of ILs in polymer 

68 matrices have been overlooked. Polymer electrolytes are usually obtained by in situ 

69 polymerization of monomers in ILs 12–14 or solvent casting method.15,16 Several polymers, such as 

70 poly(methyl methacrylate),15,16 fluorinated copolymer poly-(vinylidene fluoride-co-

71 chlorotrifluoroethylene),16 and epoxy resins13 have been explored. Among them, block 

72 copolymers (BCs) can form advanced assembled nanostructures driven by the affinity of a 

73 selective block to ILs, and thus, impose confinement on ILs.17,18 
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74 Several molecular dynamics simulation have been done on the structural and dynamics of 

75 polymer electrolytes based on PEO and ILs (homogeneous electrolytes in which IL is not 

76 confined).19,20 It has been reported that upon formation of the polymer electrolytes, there is a 

77 remarkable slowdown of the polymer dynamics in comparison with pure PEO. This effect is 

78 attributed to the coordination of oxygen atoms of PEO chains with cations of ILs. Park et al. 

79 reported that breaking ionic clusters to achieve homogeneous ionic phase is a coherent method 

80 to enhance ion conductivity of polymer electrolytes.21 

81 MD simulations have shown that gas diffusion in the confined gas/IL mixtures can be faster than 

82 that in the bulk.8,9 Different experimental techniques have been used to understand the 

83 physicochemical properties and dynamics of nanoconfined ILs in various porous materials on a 

84 molecular level.1,11,22–24 By using pulsed field gradient NMR, Hazelbaker and coworkers22 found 

85 that, compared to the bulk condition, the diffusivities of CO2 and IL decrease under 

86 nanoconfinement in KIT-6 silica that has pore size of 8.5 nm. This result was attributed to the 

87 reduced density of ionic liquid at the pore walls, which provides an additional free volume that can 

88 lead to fast CO2 diffusion near the walls. In another study, Shin et al.25 investigated the dynamics 

89 of the IL and CO2 in the supported ionic liquid membranes, measured with two-dimensional 

90 infrared spectroscopy and Pump-Probe experiments. They observed that the structural 

91 fluctuations of the IL in the pores are slower than that in the bulk phase by  2-fold. Their results ~

92 showed that despite the relatively large pore size (  350 nm) of the membrane, the IL structural ~

93 change induced by the polymer interface can propagate out from the interface more than 100 nm, 

94 influencing the dynamics of ILs.25 In addition, macroscopic uptake and permeability 

95 measurements of CO2 showed that the carbon dioxide transport in confined ILs can be faster than 

96 that in corresponding bulk ILs.26,27 These observations suggest that confined ILs can perform 

97 better than bulk ILs for applications in gas capture and separations.  

98 For a series of di-block copolymers comprising poly(styrensulfonate) (PSS) and 

99 poly(methylbutylene) (PMB), PSS-b-PMB, confinement effects could suppress the ion clustering 
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100 tendency if the PSS domain width was narrower than 6 nm.21 The benefits of suppressing ion 

101 cluster formation to enhance proton transport properties were further demonstrated by employing 

102 phosphonated polymers.28 Therefore, the break-up of ionic clusters with the aid of confinement is 

103 a promising approach to enhance the conductivity of polymer electrolyte.29 The ILs confined in 

104 the gel polymer electrolyte can be divided into two fractions: (1) at (or close to) polymer /IL 

105 interface and (2) within IL domains. The interaction of the gel matrix with either cations or anions 

106 decreases the tendency to form ion-pairs or aggregates, resulting in an increase in the total 

107 number of ion carriers in the gel polymer electrolyte.12,30,31 

108 It has been shown that CO2 is remarkably soluble in imidazolium-based ILs.32–35 For example, the 

109 solubility of CO2 in 1-butyl-3-methylimidazolium hexafluorophosphate ([BMIM][PF6]) at 15 bar 

110 pressure is about 23 mol%.36 The CO2 solubility can be tuned by variation of cations and anions. 

111 For example, using fluorine-containing anions (e.g., bis(trifluoromethylsulfonyl)imide, Tf2N)35 

112 could increase the CO2 solubility. In this work, therefore, we use 1-butyl-3-methylimidazolium 

113 hexafluorophosphate, [BMIM][PF6], and 1-butyl-1- methylpyrrolidinium 

114 bis(trifluoromethylsulfonyl)imide, [BMPyr][NTF2]. To make soft templates for nanoconfinement of 

115 ILs, we use Brij58, a di-block copolymer of PE and PEO. Due to the high polarity difference 

116 between the polar domains of the ILs and nonpolar n-alkyl tails of the di-block copolymer as well 

117 as hydrogen bonding of cations with ether oxygen of PEO, the phase segregation leading to self-

118 assembled nanodomains is observed. Therefore, the obtained block copolymer and IL mixtures 

119 have lyotropic liquid crystal (LLC) state. We investigate the effect of soft nanoconfinement on the 

120 structural properties of ILs through electrochemical impedance spectroscopy (EIS) and CO2 

121 absorption measurements. We compare the IL nanoconfinement in LLCs with homogeneous 

122 mixtures of PEO/IL as control samples. 
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123 Experimental

124 Materials

125 Polyoxyethylene-20-cetyl ether known as Brij58 (Mn = 1124 g/mol, Sigma-Aldrich) was used as 

126 block copolymer. The polyethylene oxide (Mw=1000 g/mol, Sigma-Aldrich, PDI=1.07), which has 

127 approximately the same molecular weight of PEO block in Brij58, was used for the preparation of 

128 control samples. 1-Butyl-3-methylimidazolium hexafluorophosphate ([BMIM][PF6], 98%, Sigma-

129 Aldrich) and 1-butyl-1- methylpyrrolidinium bis(trifluoromethylsulfonyl)imide ([BMPyr][NTF2], 98%, 

130 Sigma-Aldrich) were used as ILs. All chemicals were used as received without further purification. 

131 For preparation of samples, desired amounts of components were mixed manually until a 

132 homogeneous mixture was obtained. As control samples, homogeneous mixture of PEO/IL were 

133 prepared with the same ratio of PEO/IL (47/53) as in the Brij58/IL (52/48) samples.

134 X-ray Scattering 

135 SAXS measurements were carried out using Bruker Nanostar System with a monochromated Cu 

136 AI radiation source with the wavelength of 1.54184 Å. The q is the scattering vector defined as 

137 �G8K���L@ M� where L is half the scattering angle. Samples were loaded into nominally 1.0 mm 

138 PTFE washers with Kapton windows. To prevent sample evaporation, vacuum isolation adapters 

139 were installed at the end of the primary flight path and entrance to the secondary flight path so 

140 that the samples were at ambient pressure within the ~10 cm air gap between the adapters during 

141 the SAXS measurements. In SAXS, X-rays scattered as function of the scattering angle &L� with 

142 respect to the transmitted direct beam, are collected on an area detector. The 2-D intensity data 

143 are azimuthally averaged and plotted as I(q). Corrections were applied to the sample data 

144 including normalization by transmission coefficient and count time, empty container and 

145 instrument background subtraction, thickness normalization, and scaling of the SAXS intensity, 

146 I(q), to units of differential scattering cross section per unit  volume (cm-1) using a glassy carbon 

147 intensity calibration standard.
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148 Rheology

149 A stress-controlled rheometer DHR-3 (TA Instruments, New Castle, DE) was used to measure 

150 the rheology of samples. A 20 mm cross-hatched parallel plate geometry with 1 mm gap was 

151 used in all experiments. All tests are performed in the linear viscoelastic region (0.5% strain, 

152 confirmed from amplitude sweep tests). Frequency sweep tests were done on samples at 25 ºC 

153 and frequency range of 100 to 0.1 Hz.  

154 Impedance Spectroscopy 

155 The ionic conductivity was measured via EIS. The samples were placed into a Teflon ring, which 

156 held the samples at a constant diameter (6 mm) and thickness (2 mm). The sample disks were 

157 sandwiched between two stainless steel blocking electrodes. Sample temperature was 

158 maintained using a custom-built environmental chamber. The samples were held at each 

159 temperature for 1 h before measurement. The AC amplitude was 50 mV and the frequency were 

160 scanned from 1 MHz to 0.1 Hz. 

161 Fourier transform IR (FTIR) spectroscopy

162 LLC Ion gels were studied by FT-IR ATR Perkin Elmer spectroscopy in the range 4000–

163 600 cmQ�. Baseline correction was carried out on the IR spectra.

164 Absorption Measurement

165 The CO2 uptake capacity of samples was measured with a Micromeritics ASAP2050 Xtended 

166 Pressure Instrument. We followed the procedure reported in the literature for measuring the CO2 

167 absorption of ILs.37,38 Approximately 1 g of samples was used for measurement. Before analysis, 

168 the sample was degassed under vacuum at 70 ºC with pressure less than 10 R"6
� The 

169 degasification was stopped after the pressure increase rate was less than 1 R"6
@"��� It takes 

170 approximately 24 h for complete degasification of samples. The absorption isotherms were 

171 obtained at room temperature (25 ºC) and gas pressures of up to 7500 mmHg. The temperature 

172 of the sample was controlled by circulating a mixture of ethylene glycol and diethylene glycol in 
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173 water to a Dewar flask in which the sample holder was drowned. The temperature of the flask 

174 was controlled by a thermostat with a precision of  The amount of CO2 absorbed by the ± 0.01  C.

175 samples was calculated from the pressure change between the gas injection and equilibrium. The 

176 instrument performed dosing/vacuuming and equilibrium based on the target pressure. After initial 

177 pressure adjustment for each step, the instrument insolated the sample for equilibrium. The 

178 equilibration continued until the pressure variation in the sample holder was less than 0.1% per 

179 minute. The equilibrium check interval was assigned as 100 s. From the measured pressure 

180 change, the amount (moles) of gas absorbed was calculated via the ideal gas law. The amount 

181 of CO2 desorbed by the samples was calculated from the pressure change during vacuum and 

182 equilibrium. The instrument performed vacuuming and equilibration based on the target pressure. 

183 The equilibration continued until the pressure variation in the sample holder was less than 0.1% 

184 per minute. The equilibrium check interval was assigned as 100 s.

185 Results and Discussion

186 SAXS Analysis 

187 The selected ILs, [BMIM][PF6] and [BMPyr][NTF2], form lamellar structure with Brij58, in which the 

188 confinement size can be changed without losing the structure. Six different samples are 

189 investigated with different compositions. Table 1 summarizes the samples used in this study. The 

190 morphology of the LLC ion gels is lamellar structure as determined by SAXS (Figure 1a). Lamellar 

191 structures have 1:2:3… relative positions of Bragg peaks, q	q*, where q* is the principal peak. 

192 According to Bragg’s equation, in lamellar structure, the lattice parameter, d, is calculated from 

193 d=2
/q* equation. The polar domain size, �, can be estimated as , where  is the volume 
 = �
 


194 fraction of polar domain (PEO block and IL). Detailed definition and calculations of parameters 

195 can be found elsewhere.39–43 The calculated parameters obtained from SAXS experiments on 

196 various samples are summarized in Table 1. 
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197 The frequency sweep results show that  for the samples, thus, the ion gels have a solid-�� >  ���

198 like behavior in the linear viscoelastic region (Figure 1b and Figure S1). Block copolymers self-

199 assemble in selective solvents and form mesophases. It has been reported that mixtures of Brij58 

200 and water form LLC mesophases.44 In this study, the ILs have been used as selective solvent for 

201 the formation of LLC structure. The cross-polarized light micrographs of ion gels confirm the 

202 formation of LLCs with mixture of Brij58 and ILs (Figure S2).

203  
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205 Figure 1. (a) SAXS profiles for the LLC ion gels at room temperature (25 °C). (b) The storage 

206 and loss moduli of ion gels prepared with Brij58/IL 74/26 wt%.

207 Table 1. SAXS characteristics of LLC ion gels.

Compositions (wt%) Structure
d-spacing 

(nm)
Polar domain 

(nm)
DIL (nm)

Brij 58/[BMPyr][NTF2] (52/48) Lamellar 16.2 12.6 6.5
Brij58/[BMPyr][NTF2] (64/36) Lamellar 16.4 13.4 4.8
Brij58/[BMPyr][NTF2] (74/26) Lamellar 15.8 12.1 3.2
Brij58/[BMIM][PF6] (52/48) Lamellar 16.4 12.8 6.5
Brij58/[BMIM][PF6] (64/36) Lamellar 16.3 13.4 4.7
Brij58/[BMIM][PF6] (74/26) Lamellar 15.8 13.0 3.2

208
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221 influence the chain density in the brush regime as result of lateral confinement. The Flory radius 

222 (RF) can be estimated using following equation:46 

223  (1)�� = � ��

224 where  is the characteristic monomer dimension (taken as 2.78  for the ethylene oxide repeating � Å

225 unit),  is the number of monomers in each PEO chain, and  is taken as 0.5. The Flory radius � �

226 for the PEO chains pendant in polar domain with molecular weight of 1000 g/mole is estimated to 

227 be 1.3 nm. The interchain distance inversely scales with chain density. The distance between the 

228 grafting sites, , can be obtained as follows:47�

229 (2)� =
2

 !

230 where  is the planar chain density (with unit of nm-2), which can be obtained from mass balance !

231 equation given as follows:47

232 (3)! =
"#�$

%&

233 where  is the thickness of polymer brush,  is the bulk density of polymer,  is Avogadro # =
' ( ���

2 " �$

234 number, and  is the number average molecular weight of polymer brush. %&

235

236 Table 2. The density and physical distance of PEO chains in polar domains of LLC ion gels with 

237 different compositions.

Compositions (wt%)
h (brush 

thickness, nm)
W (chain 

density, nm-2)
Z (interchain 
distance, nm)

Brij 58/[BMPyr][NTF2] (52/48) 3.1 2.3 0.7
Brij58/[BMPyr][NTF2] (64/36) 4.3 3.2 0.6
Brij58/[BMPyr][NTF2] (74/26) 4.5 3.4 0.6

Brij 58/[BMIM][PF6] (52/48) 4.6 3.5 0.6

Brij 58/[BMIM][PF6] (64/36) 4.8 3.6 0.6

Brij 58/[BMIM][PF6] (74/26) 4.9 3.7 0.6
238

239 From Eq. (2) and (3), we can estimate the interchain distance of PEO in the polar domains of the 

240 LLC ion gels with different composition (Table 2). The interchain distance of the PEO chains for 
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241 all the LLC ion gels are lower than the Flory radius (Z < 2RF), implying that PEO chains in all 

242 samples are in brush regime and the chains have extended conformation. By increasing the block 

243 copolymer concentration, the DIL in the polar domain becomes smaller.

244

245 Nanostructure Effect

246 The confinement of ILs, where ion-wall interactions become important relative to ion-ion 

247 interactions, can induce some changes in their physicochemical behavior.48–50 It has been 

248 reported that the addition of IL to pure PEO slows down polymer dynamics.51 This retardation in 

249 polymer dynamics was attributed to the coordination between the cations and the polymer 

250 backbone. Such a strong coordination can be expected to hinder the mobility of the polymer 

251 backbone and reflect in slower polymer relaxation.51 To investigate the effect of soft 

252 nanoconfinement on the interactions between the ions and PEO chains in LLC ion gels, the 

253 relaxation time of the polymer chains is measured through EIS. Dielectric relaxation is a result of 

254 the reorientation process of dipoles in the polymer chains, which shows a shoulder in  spectra )��

255 (Figure 3a).52 By increasing the temperature, the peak in  spectra shifts to higher frequency )��

256 suggesting the acceleration of the relaxation process (Figure S3).52 The complex permittivity 

257 spectra of the ion gels are analyzed utilizing the empirical Havriliak-Negami (HN) function.

258 (4)) * �+� = ), +
.)

[1 + �0+12�)3]5

259 where  is the characteristic relaxation time,  is the relaxation strength of the 12� .) =  )0 (  ),

260 process in which  and ., and  and  ( , ) describe the )0 = lim
+90

)�(+) ), = lim
+9,

)�(+) 3 5 0 < 3 35 ; 1

261 symmetric and asymmetric broadening of the distribution, respectively.
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263 Figure 3. (a) The dielectric loss spectra  of ion gels versus frequency at room temperature, )��(+)

264 (b) The temperature dependence of relaxation time for LLC ion gels and PEO/IL mixture. The 

265 arrow shows the direction from slow to fast relaxation time.

266 The relaxation strength of the process is determined from the step in the real permittivity data. 

267 Then, the relaxation time is obtained by fitting the imaginary part of the Havriliak-Negami equation 

268 with the imaginary permittivity data.53 With increasing the temperature, the dielectric strength of 

269 the electrolyte increases while the relaxation time becomes faster (Figure 3b), which confirms the 

270 enhancement of ionic polarization.54 Mostly in polymer electrolytes, the ionic conduction occurs 

271 in the presence of local segmental motions of the polymer host, which is due to a direct coupling 

272 between ions and functional group of the polymer.55 PEO exhibits a Vogel-Fulcher-Tamman (VFT) 

273 relaxation (i.e., I relaxation) process attributed to large-scale cooperative segmental motion of 

274 PEO chains above its melting point.

275 Figure 3b shows that the relaxation time of PEO chains is slower in LLC ion gels compared to the 

276 homogeneous mixtures of PEO/IL. The configuration of PEO chains in the nanodomains of LLC 

277 ion gels is strongly affected by the thermodynamic interactions.56 Therefore, the motion of PEO 

278 chains in LLC ion gels inevitably coupled with the surrounding chains to minimize the density 
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279 fluctuations. This phenomenon possibly leads to retarded relaxation of PEO chains in LLC ion 

280 gels compared to homogeneous mixture of PEO/IL.56 One important observation from Figure 3b 

281 is that the PEO relaxation time in LLC ion gels prepared with [BMIM][PF6] is slower than that of 

282 [BMPyr][NTF2] at each composition. The difference in relaxation times is attributed to the stronger 

283 hydrogen bonding of [BMIM][PF6] with alkyl hydrogen of PEO chains compared to the 

284 [BMPyr][NTF2], restricting the segmental motion of the polymer chains.57 

285 The FTIR analysis have been done to further investigate the interaction of ILs with PEO chains in 

286 the LLC ion gels. The FTIR results (Figure 4) show that a hydrogen bonding forms between the 

287 alkyl hydrogen of PEO and the fluorine ions of [PF6]Q and [NTF2]Q. The hydrogen bonding is also 

288 possible between cations (especially imidazolium-based ones) and PEO chains.58 Therefore, one 

289 expects that a stronger hydrogen bonding is detected when the Brij58 concentration is increased 

290 in the ion gels. The results show that by increasing the Brij58 concentration in the 

291 Brij58/[BMIM][PF6] ion gels, the intensity of C-H stretching peak significantly decreases and the 

292 peaks become broader, which confirms the enhancement of interaction of [PF6]Q and/or [BMIM]+ 

293 with the PEO chains. The change in C-H stretching peak is not significant for [NTF2]Q anions in 

294 the studied range of Brij concentration, which suggests that [BMPyr][NTF2]-PEO interaction is 

295 weaker than [BMIM][PF6]-PEO one.   

296 To further investigate the effect of soft nanoconfinement on the interaction of ions with PEO, the 

297 number of free ions in the system have been estimated from EIS data. The frequency dependent 

298 dielectric spectra are analyzed with Random Barrier Model proposed by Dyre59 to extract the dc 

299 conductivity and ion diffusion rate ., where  is the relaxation time. !0 1 1< 1<

300
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302 Figure 4. FTIR spectra of ion gels with different compositions and ionic liquids. The shaded area 

303 is from the spectral regions of C-H stretching. The spectrums are vertically shifted for 

304 comparison.

305 The Random Barrier Model assumes that the conduction takes place by hopping of charge 

306 carriers in a spatially randomly varying energy landscape and provides an approach to analyze 

307 the conduction on a theoretical level. Within the Continuous-Time-Random Walk (CTRW) 

308 approximation,60 the following expression for the complex conductivity is obtained59:

309  (5)! * (+) = !0[ 0+1<

ln (1 + 0+1<)]

310 Splitting into real and imaginary parts delivers:

311  (6)!�(+) =
!0+1<arctan (+1<)

1

4ln2 (1 + +21<
2) + (arctan (+1<))2

312  (7) !��(+) =
!0+1<ln (1 + +21<

2)
1

2ln2 (1 + +21<
2) + 2(arctan (+1<))2

313 Equations (6) and (7) are used to fit the data present in Figure 5 and Figure S4 and S5, to obtain 

314  and  (Table S1). Substantial deviation from Eq. (6) occurs at low frequencies. To describe !0 1<
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315 the spectra in the whole frequency region, more sophisticated models61 should be considered. 

316 However, it should be emphasized that the main goal here is to evaluate free-ion number density 

317 from EIS data, which can be essentially captured by the Eq. (6) as shown in Figure 5. Here, the 

318 low-frequency response does not affect the analysis results. 

319

320

321 Figure 5. Typical (a) real and (b) imaginary parts of the complex conductivity spectrum, BC5D64 

322 The solid red line is the fit to the spectrum using eq (6) and (7).

323 It has been suggested that the free ion concentration and ionic diffusivity can be quantitatively 

324 determined by using relaxation time  and dc conductivity .62 In this method, to calculate the 1< !0

325 free ion concentration, we combine the electrodynamic analog of the Einstein relation:

326 (8) !0 = (1 CDE)(&+�+F
2
+ + &(�(F

2
( )

327 with the Einstein-Smoluchowski relation:

328 (9)� = G2 21#

329 where  is the Boltzmann constant,  is the free ion concentration,  is the ion charge, CD  &+, ( F+, (

330  is the ion diffusivity,  is the ion jump length, and  is the mean ion hopping rate. �+, ( G 1 1#I 1 1<

331 Assuming that  (which has been demonstrated experimentally for many ILs),63 �+ I �( = � &+
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332 , and  (the elementary charge), we arrive at the following expression = &( = & F+ = F( = <

333 connecting the free ion concentration, dc conductivity, and ion hopping rate:

334 (10)!0 =
�&<2�

CDE
=

&<2G2

CDE1<

335 The total free ion concentration  is calculated by taking the hopping length ( &JKJ$L = &+ + &( )

336 values, , comparable to the Pauling diameter. The results for  reported by Sangoro et al.64 for G G

337 ILs varied between 0.24 and 0.31 nm. However, it has been reported that the hopping length is 

338 higher in polymeric electrolytes compared to pure ILs.65 Based on the reported values in the 

339 literature for polymer electrolytes,65–68 here we consider  between 0.7 to 0.9 nm for our LLC ion G

340 gels. We consider this range to approximate and compare the fraction of free ions in our system 

341 with two different ILs. The 0.9 nm upper limit is the highest value reported for jump length in the 

342 literature for polymer electrolyte. The 0.7 nm lower limit for  is chosen based on the fact that the G

343 number density of free ions obtained in this range from Dyre model would not be higher than the 

344 total number of ions in the system, which is determined from the density and the molecular weight 

345 of ILs at room temperature as follows:

346

347  &JKJ$L ( [D%�%][M�N] = 2 ×
"(P Q3)

%S(P QKL)
× �T = 2 ×

1.38 × 106

284 × 6.022 × 1023 = 5.8 ×  1027 (�XQ�<Y KZ 0K&[\Q3)

348  &JKJ$L ( /D%M]Y4/�E��4 = 2 ×
"(P Q3)

%S(P QKL)
× �T = 2 ×

1.4 × 106

422 × 6.022 × 1023 = 3.9 ×  1027 (�XQ�<Y KZ 0K&[\Q3)

349

350 Figure 6 and Table S2 show the results for the amounts of free ions in ion gels and PEO/ILs 

351 mixtures which are obtained from Eq (10). The same trend from the relaxation time can be 

352 observed for the number of free ions in the samples. The samples with slower relaxation time 

353 (e.g., Brij58/[BMIM][PF6], 74/26 wt%) have higher free ions concentration due to the higher 

354 interaction of the ions with PEO, which enhances the dissociation of ion pairs. In other words, the 

355 samples with faster relaxation time (e.g., Brij58/[BMIM][PF6], 52/48 wt%) have lower free ion 
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356 concentration. In addition, with increasing the Brij58 concentration, there is more enhancement in 

357 the number of free ions in Brij58/[BMIM][PF6] ion gels compared to Brij58/[BMPyr][NTF2]. This 

358 result is in agreement with the FTIR results in which increasing the Brij58 concentration in 

359 Brij58/[BMIM][PF6] ion gels results in reduction of C-H stretching intensity. Therefore, it can be 

360 concluded that the interaction between the /[BMIM][PF6] and PEO chains is stronger compared 

361 to [BMPyr][NTF2] and PEO. Consequently, by increasing the Brij58 concentration, a higher portion 

362 of [BMIM][PF6] is dissociated in the ion gel compared to [BMPyr][NTF2]. 

363

364 Figure 6. The fraction of free ions obtained from Dyre Model with the  in the rage of 0.7 to 0.9 G

365 nm for LLC ion gels and PEO/IL mixtures prepared with (a) [BMPyr][NTF2] and (b) [BMIM][PF6].

366 Absorption Measurement

367 To further explore the effect of soft nanoconfinement on the structural properties of ILs, the CO2 

368 absorption capacity of ion gels are measured. The absorption-desorption data are presented in 

369 Figure S6. Figure 7 and Table S3 show the absorption data of CO2 in LLC ion gels and PEO/IL 

370 mixtures at 25 ºC. The CO2 absorption in LLC ion gels and PEO/IL mixtures is higher than that of 

371 the pure ILs even for the [NTF2] anion with two CO2-philic fluoroalkyl groups.69 The enhanced 

372 absorption in LLC ion gels compared to PEO/ILs mixtures can be explained by the formation of 

Page 18 of 32Soft Matter



19

373 IL pathways between the polymer chains. Using the mixing rule, the amount of enhanced 

374 absorption compared to the pure components of the mixtures (i.e., PEO, Brij58, and IL) is 

375 calculated as follows: 

376  (11)_' = `<`a�( b2
0 = 1Q0`0

377 where  is the enhanced CO2 uptake due to the synergistic effect,  is the weight percent of _' Q0

378 pure components in the mixtures, and  is the measured total CO2 uptake of pure components. `0

379 The  is the total absorption obtained from the experiment and the  is the absorption `<`a� b2
0 = 1Q0`0

380 calculated based on mixing rule. The positive value of  demonstrates that there is a synergistic _'

381 effect on enhancement of the CO2 uptake. As see in Figure 7, even with the same concentration 

382 of IL and EO groups in the mixtures, the normalized (with pressure) absorption of CO2 in LLC ion 

383 gels is higher compared to the PEO/IL mixtures (Figure S7 shows the unnormalized absorption 

384 at 10 bar pressure). In addition, LLC ion gels show higher synergistic effect in absorption than the 

385 PEO/IL mixture. The enhancements in total amount of absorption and synergist effect in LLC ion 

386 gels are attributed to the formation of IL pathway between the PEO chains (Figure 2). 

387
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388 Figure 7. Total normalized CO2 absorption of LLC ion gels. The contributions from mixing rule 

389 and synergistic effect in total absorption are shown by solid fill and diagonal stripes, 

390 respectively. 

391 Molecular dynamic simulations have shown that the CO2 solubility in ILs is not governed by a 

392 direct interaction between CO2 and the ion;70 rather, it is related to the unoccupied space (or free 

393 volume) in the IL phase.36,71 A slight ion displacement in the IL phase expands the free volume 

394 throughout the IL domain. Therefore, more CO2 molecules can be dissolved in the IL phase.

395 Comparing the trend in the number density of free ions in Figure 6 with the trend in the absorption 

396 results from Figure 7 reveals some information about the effect of soft nanoconfinement on 

397 structural properties of ILs. Increasing the Brij58 concentration in LLC ion gels prepared with 

398 [BMIM][PF6] enhances the ions dissociation in the system (i.e., the free ion concentration 

399 increases). The results suggest that the dissociation of ILs in the ion gels deteriorate the CO2 

400 dissolution. For example, in sample Brij58/[BMIM][PF6] with 74/26 wt% ratio, there is higher 

401 number of free ions compared to Brij58/[BMIM][PF6] with 52/48 wt% ratio. The former contains 

402 higher IL dissociation, which results in lower absorption of CO2. 

403 As seen in Figure 6, there is not a significant difference between the free ion concentrations of 

404 LLC ion gels prepared with [BMPyr][NTF2] at different compositions. This observation is in 

405 agreement with FTIR results in which the intensity of C-H stretching peak has not changed by 

406 increasing the Brij58 concentration in these ion gels. These results are also in agreement with the 

407 CO2 absorption results in which the synergistic effect has not changed significantly by increasing 

408 the Brij58 concentration in the Brij58/[BMPyr][NTF2] system.

409 The total elapsed time of the absorption measurements is investigated to understand how the 

410 rate of CO2 uptake is different between the LLC ion gels and PEO/IL mixtures. The results show 

411 that the ion gels of Brij58/[BMIM][PF6] and Brij58/[BMPyr][NTF2] with 52/48 (wt:wt) compositions 
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412 have the highest absorption rate of 3.2 and 3.8 µmol/minute (Figure 8 and Table S4), respectively. 

413 The desorption rates of these ion gels are also the highest compared to the other ion gels. 

414

415

416

417

418 Figure 8. Total elapsed time for (a,b) absorption of CO2 in LLC ion gels and PEO/IL mixtures 

419 and (c,d) desorption of CO2 from LLC ion gels and PEO/IL mixtures.

Page 21 of 32 Soft Matter



22

420 To investigate the relation between the viscosity and absorption-desorption rate of ion gels, the 

421 viscoelastic properties of samples have been measured through frequency sweep test (Figure 

422 S8). The rheological results (Table S4) prove that the viscosity is not the only factor affecting the 

423 absorption-desorption rate. For example, while the PEO/ILs mixtures have very low viscosity 

424 compared to ion gels, their absorption-desorption rate is lower than some of the ion gels (Figure 

425 9). 
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427 Figure 9. Absorption rate versus viscosity at frequency of 0.1 Hz for ion gels prepared with 

428 [BMIM][PF6] and [BMPyr][NTF2].

429 The same phenomenon can be observed for pure ILs. The [BMPyr][NTF2] has higher absorption-

430 desorption rate compared to [BMIM][PF6] even though the former has higher viscosity. This is 

431 because of the higher solubility of CO2 in [BMPyr][NTF2] compared to [BMIM][PF6]. These results 

432 confirm our discussion about the effect of soft nanoconfinement on the CO2 uptake capacity of 

433 ion gels. Formation of IL pathways between the PEO chains through the LLC templating improves 

434 the solubility of CO2 in ion gels and increases the absorption capacity and rate. However, there is 

435 an optimum for the concentration of block copolymer in the ion gels due to the dissociation of ILs, 

436 which deteriorates the CO2 dissolution and consequently reduces the CO2 capture capacity. The 
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437 prepared ion gel materials can be used in future as a platform for making gas separation 

438 membranes.72–74 

439 Conclusion

440 We showed that the nanostructured ion gels have higher CO2 absorption capacity compared to 

441 the pure ILs and homogeneous PEO/IL mixtures due to the existence of IL pathways between the 

442 PEO chains. In the studied systems, the criteria for obtaining an enhanced CO2 absorption is to 

443 form confined domains of IL, which requires formation of LLCs. To form an LLC from block 

444 copolymer surfactant and IL mixtures, the IL needs to be a selective solvent for one of the blocks. 

445 In this work, the IL was a selective solvent for PEO block. Depending on the concentration of 

446 mixtures, different mesophases form which can induce confinement of IL in nano-size domains. 

447 The studied mesophase in this work was limited to lamellar structure with relatively wide range of 

448 IL domain size (i.e., confinement size). We found that the soft nanoconfinement effect appears to 

449 change the physical properties of the ILs through reorganization of the cations and anions at the 

450 interface. Increasing the block copolymer concentration in LLC ion gels leads to the dissociation 

451 of ILs, decreasing total absorption capacity and synergistic effect. Two competing effects of 

452 confinement and IL-PEO interaction control the properties of LLC ion gels. While the former 

453 enhances the CO2 uptake, the latter lowers it. Owing to the nonvolatility, thermal stability, and 

454 tunable chemistry of block copolymers, LLCs from BCP/IL are very attractive candidates to design 

455 a platform for confinement of ILs for gas separation membranes.
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