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A B S T R A C T   

Upon combination of an ionic liquid (IL) with an amphiphilic ABA-type triblock copolymer, the insoluble A 
blocks aggregate to form mechanical frameworks and the soluble B blocks form ion-transport paths by incor
porating the IL. Consequently, a self-standing ion gel, exhibiting the characteristic high ionic conductivity of ILs, 
can be obtained. In this study, we investigated the effect of microstructures formed by the block copolymer 
(spherical, cylindrical, gyroid, and lamellar structures) on the ionic conductivity and mechanical properties of 
the ion gel by focusing on the microstructures. As a result, an ion gel that formed an isotropic bicontinuous 
structure was successfully obtained via a heat-induced order-order transition. The structure was maintained even 
at room temperature, and the ion gel having a bicontinuous structure exhibited favorable mechanical properties 
(storage modulus, G’ ~ 1.0 MPa) and good ionic conductivity (σ ~ 0.1 mS cm− 1). In contrast, the ion gels having 
anisotropic structures (cylindrical structure) exhibited weaker mechanical properties and lower ionic conduc
tivity. The characteristics of bicontinuous structures may be the key to resolving the trade-off between me
chanical and transport properties of electrolyte materials for electrochemical devices.   

1. Introduction 

Ionic liquids (ILs) are salts composed entirely of cations and anions 
that typically have weak Lewis acidity and basicity, respectively, and 
melt at temperatures lower than 100 ◦C. They have notable character
istics such as low flammability, low volatility, good thermal and 
chemical stability, and high ionic conductivity, which are entirely 
different from those of conventional water and organic solvents [1]. 
These properties can be controlled by selecting a suitable combination of 
a cation and an anion that can bestow properties such as high affinity 
toward gas [2], biopolymers [3], and synthetic polymers [4] on ILs. 
Therefore, ILs are sometimes called a ‘third solvent’ or a ‘designer sol
vent’. The high affinity to polymers enables us to make composite ma
terials comprising ILs and polymer networks, namely, ion gels [4b,5]. 
Ion gels have attracted attention as ion-conductive materials with 
semi-solid and self-standing characteristics, especially for 

electrochemical devices. The most notable characteristics of ion gels are 
softness and ion-transport property. Thus, a polymer actuator using ion 
gels can reproduce a soft motion similar to the movement of living 
things, which can be used to develop artificial muscles of robots [6]. The 
application area of ion gels is wide-ranging; they may be used as a gas 
separation membrane [2c,7], semi-solid electrolyte for capacitors [8], 
batteries [9], fuel cells [10], and solar cells [11]. In these applications, 
the trade-off between mechanical strength and ionic conductivity (or 
ion-transport property) is a critical issue. For a durable and robust ion 
gel, the content of the polymer network should be high, while a low 
content of the IL results in low ionic conductivity. To resolve this 
trade-off, various chemically cross-linked polymer networks in IL, such 
as polymerization-induced continuous network [12], homogeneous 
polymer network [13], composite of polymer network and inorganic 
particles [14], and double-network [15] have been proposed. 

Gelation based on the microphase separation phenomenon of block 
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copolymers composed of blocks having different compatibilities with ILs 
is one of the simplest and highly versatile gelation methods for ILs. The 
thermoplastic characteristics of physical cross-linking points bestow 
good formability on ion gels, which is different from the chemical ion 
gels mentioned above. During the gelation of ABA-type triblock co
polymers consisting of insoluble A blocks and a soluble B block, the 
insoluble A blocks aggregate to form mechanical flameworks while the 
soluble B segments make ion-transport paths by incorporating ILs [16]. 
Observation of nm-order structure of ion gels using transmission elec
tron microscope (TEM), atomic force microscope (AFM), and small angle 
X-ray scattering (SAXS) shows that block copolymers in ILs form ordered 
structures analogous to diblock copolymer melts such as spheres (S), 
hexagonally-packed cylinders (H), their reverse structures (SR and HR), 
lamellas (L), and bicontinuous structures such as gyroids (G and GR), 
depending on the volume fraction of the A block (fA) and IL content 
(Fig. 1) [17]. It has been reported that the microphase-separated 
structure dramatically affects the mechanical and transport properties 
of polymer materials,[18] which can be a key to solve the trade-off. 

We have previously investigated the correlation between 
microphase-separated structures and electrolyte properties, including 
mechanical and ion-transport properties, of ion gels composed of poly
styrene-b-poly(methyl methacrylate)-b-polystyrene (PSt-b-PMMA-b-PSt, 
SMS) and a typical IL, 1-ethyl-3-methylimidazolium bis(tri
fluoromethanesulfonyl)amide ([C2mim][NTf2]) [16a,17b]. Regarding 
the mechanical properties, it was found that the continuity of PSt ag
gregates significantly contributed to the elastic modulus. On the other 
hand, the continuity of the ion-conductive path substantially contrib
uted to the ion conductivity. The non-ion conductive PSt aggregates 
partially interrupted or detoured the ion conduction path, resulting in 
lowering the ionic conductivity of ion gels. We evaluated the reduction 
in ionic conductivity depending on the microphase-separated structure 
using “tortuosity,” which is a metric of the complexity of the ion con
duction path. The tortuosity of the ion gel depends considerably on the 
microphase-separated structures. Ion gels with the H or L structure 
exhibit higher tortuosity than those with the S structure (Fig. 1). In bulk 
ion gels, the anisotropic H and L structures exhibit a polydomain 
structure, i.e., grains composed of ordered cylinders or lamellas are 
randomly packed. In a polydomain structure, the H or L structures 
aligned vertically and horizontally to the conduction direction are 
mixed, resulting in a significantly high tortuosity. On the other hand, 
isotropic structures such as the S structure do not exhibit a polydomain 
structure, resulting in a good ion conduction path with an ideal tortu
osity close to unity. 

In this study, we focused on the isotropic gyroid (G) bicontinuous 
structure. The isotropic G structure is expected to exhibit small tortu
osity because of the lack of a polydomain structure, which can result in 

high ionic conductivity. In terms of mechanical properties, it is expected 
to exhibit high mechanical strength as well because insoluble PSt seg
ments in the G structure are continuous in the three-dimensions. 
Therefore, an ion gel having a G structure would have favorable me
chanical strength and ionic conductivity, which may resolve the trade- 
off. There are some reports on the high mechanical and transport 
properties in diblock copolymers incorporated with salts or poly
electrolytes [19]. However, the compositional range where the block 
copolymer stably forms a G structure is narrow. In the ion gels system, IL 
acts as a plasticizing solvent for one of the block copolymer segments, 
and thus, the phase behavior is different from the previously reported 
block copolymer systems, resulting in the difficulty in the prediction of 
the microstructure. To the best of our knowledge, in the ion gel system, 
there has been no report of the visualization of the G structure being 
formed by self-assembly in ILs. 

In the diblock copolymer melt system, several researchers have re
ported that increasing the temperature can induce an order-order tran
sition (OOT) from H or L to G structure [20]. Such structural transition 
increases the elastic modulus, which is correlated with the formation of 
the continuous phase with cubic symmetry [21]. At high temperatures, 
the G structure is energetically more stable than the ordered L or H 
structures. Hillmyer et al. [22] have reported that PSt-b-poly(ethylene 
oxide) (PEO) exhibits OOT at ~200 ◦C, and successive quenching results 
in the formation of a stable G structure at room temperature. Based on 
these results, it was speculated that the same phenomenon could be 
realized in the ion gel system. Therefore, we prepared the ABA-type 
block copolymer-based ion gels having a G structure via 
heating-induced OOT transition. We employed PSt and PEO as terminal 
and middle blocks, respectively, according to the previous report [22], 
and aimed to improve the ionic conductivity using PEO with a low glass 
transition temperature (Tg = − 66 ◦C). To obtain a material with excel
lent mechanical strength and ionic conductivity, we investigated the 
ideal composition of the ion gel for forming the G structure by AFM and 
correlated the mechanical properties and ionic conductivity with the 
microphase-separated structures. 

2. Experimental 

2.1. Materials 

Prior to its use, PEO (Mn = 4.6 and 10 kDa, Aldrich (USA)) was 
dissolved in toluene and dried under reduced pressure at 50 ◦C to 
remove water. A chain transfer agent (CTA), 2-(dodecylth
iocarbonothioylthio)-2-methylpropionic acid, was purchased from 
Aldrich (USA) and used without further purification. Styrene was pur
chased from Tokyo Chemical Industry (Japan) and the polymerization 

Fig. 1. Typical microphase-separated structures formed by AB-type block copolymers. S: spheres; H: hexagonally-packed cylinders; G: gyroids; L: lamellas; GR: 
reverse G; HR: reverse H, SR: reverse S. 
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inhibitor was removed by column chromatography using alumina 
powder. A radical initiator, 2,2′-azobis(isobutyronitrile) (AIBN) was 
purchased from Wako Chemical (Japan) and purified by repetitive 
recrystallization using methanol as a solvent. Dichloromethane, toluene, 
tetrahydrofuran (THF), hexane, and 1,4-dioxane (super dehydrated) 
were purchased from Wako Chemical (Japan). Oxalyl chloride was 
purchased from Tokyo Chemical Industry (Japan). These reagents were 
used without further purification. 

2.2. Synthesis 

The IL, [C2mim][NTf2], was synthesized and dried before use ac
cording to a previous report.[23] The ABA-type triblock copolymer, 
PSt-b-PEO-b-PSt (SOS), was synthesized by reversible 
addition-fragmentation chain transfer (RAFT) polymerization (Scheme 
1). 

2.2.1. Synthesis of PEO-CTA bifunctional macroinitiator 
CTA (4.09 g, 11.2 mmol) and oxalyl chloride (1.4 mL, 18.3 mmol) 

were dissolved in dichloromethane (60 mL) in an Ar-filled flask, and the 
solution was stirred at 30 ◦C for 2 h. Subsequently, CO2 gas and solvent 
were removed from the mixture under reduced pressure, and a solution 
of PEO (Mn = 10 kDa, 11.2 g, 1.12 mmol) in dichloromethane (36 mL) 
was added to the residue. The solution was stirred at 30 ◦C for 18 h. The 
reaction solution was precipitated into an excess amount of hexane, and 
the resulting polymer was collected by filtration. The polymer was pu
rified by repetitive precipitation using THF (good solvent) and hexane 
(poor solvent) and dried under vacuum at 40 ◦C overnight. The purified 
PEO-CTA macroinitiator was obtained as a pale-yellow powder. PEO- 
CTA having smaller Mn (4.6 kDa, 3.47 g, 0.753 mmol) was also syn
thesized using the same method. 

2.2.2. Synthesis of ABA-type triblock copolymer 
The synthesized PEO-CTA macroinitiator (Mn = 10 kDa, 1.00 g, 

0.0934 mmol) was dissolved in styrene (4.6 mL, 40.0 mmol) in an Ar- 
filled flask. Ar was bubbled through the solution at 25 ◦C for 30 min 
to remove dissolved oxygen. Then, AIBN/1,4-dioxane solution (10 mg/ 
20 mL), from which dissolved oxygen had already been removed by Ar 
bubbling, was poured into the flask. The polymerization reaction was 
conducted at 100 ◦C for 15 h with stirring. Successively, the reaction was 
quenched using liquid nitrogen and exposed to air. The polymer was 
then purified by precipitation into an excess amount of hexane and 
collected by filtration. The polymer was purified by repetitive precipi
tation using dichloromethane (good solvent) and hexane (poor solvent) 
and dried under vacuum at 40 ◦C overnight. The purified CTA-PSt-b- 
PEO-b-PSt-CTA (conversion: St 34.2%, gas chromatography) was ob
tained as a pale-yellow powder. CTA was removed by its reaction with 
excess AIBN in 1,4-dioxane at 80 ◦C for 1 day. Then, the polymer was 

purified by precipitation again and dried under vacuum at 40 ◦C over
night. The purified PSt-b-PEO-b-PSt was obtained as a white powder. 
Fig. S1 shows the 1H NMR spectra of the polymers synthesized from PEO 
(Mn = 10 kDa). The ratio of CTA-modification was calculated from the 
signals of protons within the PEO main chain and methyl group of CTA 
(Fig. S1(a), signal (a) and (g), respectively) to be 96%. The volume 
fraction of PSt (fPSt) was calculated from the signals of protons within 
the PEO main chain and aromatic ring of PSt (Fig. S1(b), signal (i) and 
(f), respectively) to be 66.1%. Therefore, we named this polymer SOS-66 
in this study. The 1H NMR spectrum obtained after the removal of CTA 
(Fig. S1(c)) exhibited no signal of CTA, indicating its complete removal. 

SOS-84 (fPSt = 83.9%) was also synthesized using a shorter PEO-CTA 
macroinitiator (Mn = 4.6 kDa). PEO-CTA (1.06 g, 0.200 mmol), styrene 
(14.1 mL, 123 mmol), and AIBN/1,4-dioxane (20 mg/40 mL) were 
reacted after degassing at 100 ◦C for 9 h (conversion of St: 30.6%, GC), 
followed by the removal of CTA and repetitive precipitation. This SOS 
was denoted as SOS-84. Fig. S2 shows the gel permeation chromatog
raphy (GPC) curves of SOS-66 and SOS-84. The synthesized polymer 
exhibited monomodal peaks. However, the distribution was broad. To 
control the molecular weight of PSt blocks, we checked the progress of 
the reaction several times by gas chromatography. During the check, a 
little amount of oxygen could enter the reaction vessel, resulting in a 
partial termination of the reaction. This can be a reason for the wide 
distribution. However, from the 1H NMR spectra (Fig. S1(b)), we 
concluded that the reaction was proceeded and the block copolymer was 
obtained. The Mn, polydispersity index (PDI), and fPSt of the polymers 
are summarized in Table 1. 

2.2.3. Preparation of SOS/[C2mim][NTf2] ion gel 
The solution of [C2mim][NTf2] and SOS in THF (cosolvent) was cast 

into a mold. THF was gradually evaporated to form an ion gel. The 
obtained gel was annealed at 180 ◦C for 1 day to obtain a well- 
equilibrated microphase-separated structure. The weight fraction of 
polymer and volume fraction of the soft segment (φsoft, i.e., the sum of 
the volume fraction of PEO block and IL) were calculated from the feed 
amount of polymer and IL, and assigned microphase-separated struc
tures are listed in Table S1. 

Scheme 1. Synthetic procedure for PSt-b-PEO-b-PSt.  

Table 1 
Number average molecular weight (Mn), polydispersity index (PDI), and fPSt of 
SOS-66 and SOS-84.  

Polymer Mn (PSt-b-PEO-b-PSt)/kDa a PDI b fPSt (%) c 

SOS-66 8.0-10.0-8.0 1.34 66.1 
SOS-84 9.8–4.6-9.8 1.43 83.9  

a Calculated from the conversion. 
b Calculated from the gel permeation chromatography (GPC) curves. 
c Calculated from the density of PSt and PEO. 
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2.3. Measurements 

2.3.1. Rheological measurement 
Rheological measurements were performed on as-prepared disk- 

shaped ion gels before annealing (thickness: 0.5 mm) using a Physica 
MCR102 (Anton Paar, Austria) rheometer. A temperature controlling 
hood (H-PTD200) was attached to MCR102 to stabilize the temperature. 
A parallel plate (diameter: 12.5 mm) was employed. The frequency (f) 
and strain (γ) were 1 Hz and 3%, respectively. The sample was gradually 
heated at a rate of 1 ◦C min− 1 and then cooled at the same rate. The 
temperature dependencies of storage and loss moduli (G′ and G′′, 
respectively) were recorded in the first heating and cooling steps. 

2.4. Ionic conductivity 

The ionic conductivity of the ion gel was estimated from the complex 
impedance measurements conducted over a frequency range from 5 Hz 
to 13 MHz (amplitude: 10 mV) using a Hewlett-Packard 4192A LF 
impedance analyzer. The ion gels were molded into a disk shape 
(diameter: 1.2 cm; thickness: 0.5 mm) via hot pressing at 150 ◦C and 
sealed between two stainless steel electrodes. The measurements were 
conducted at every 10 ◦C step from 100 ◦C to 30 ◦C (data at 25 ◦C was 
also recorded) in the cooling step. Before every impedance measure
ment, the temperature was equilibrated for at least 1 h to stabilize the 
sample temperature. 

2.5. SAXS analysis 

SAXS measurements were conducted on BL-10C (Photon Factory, 
Japan) with a monochromated X-ray beam (wavelength, λ = 1.00 Å) 
using a detector (PILATUS3 2 M, Dectris) at a sample-to-detector dis
tance of 3.1 m. X-rays were directly irradiated onto the sample. The 
measurements were performed at room temperature for an exposure 
time of 60 s. The obtained SAXS profiles were corrected for exposure 
time, dark current, background scattering, and transmittance. The pro
files were displayed as a function of the scattering vector (q = (4π/λ) sin 
2θ, where 2θ is the scattering angle). 

2.6. AFM imaging 

SPM9700-HT (Shimadzu, Japan) equipped with a silicon cantilever 
(spring constant: 26 N m− 1) was employed. The ion gel was soaked into 
liquid N2 and cleaved. At room temperature, the cleaved surface of the 
sample was observed using AFM in tapping mode to obtain the height 
and phase images. Fast Fourier transform (FFT) of the resulting AFM 
phase images was conducted using ImageJ program [24]. 

3. Results and discussion 

3.1. Observation of microstructures 

The microphase-separated structures of the ion gels were observed 
using AFM, as shown in Fig. 2 and Fig. 3. Fig. 2(a) and (b) show the AFM 
phase images of the 90 wt% SOS-66/[C2mim][NTf2] and 60 wt% SOS- 
84/[C2mim][NTf2] ion gels, respectively, (in which structural transition 
was observed in rheological measurements, vide infra) at a cleaved 
surface after the heating and cooling cycle. In the phase images, the 
bright and dark areas correspond to soft and hard parts, respectively. 
That is, the bright area corresponded to the ion-conductive phase 
composed of PEO and [C2mim][NTf2], and the dark area represented the 
aggregated phase composed of PSt. In both systems, it was found that the 
ion-conductive phase formed an isotropic network-like continuous 
phase. The isotropy of the sample was confirmed by the Fourier- 
transformed image (Fig. S3), which showed an annular pattern and no 
spots. The domain size (path width) of the ion-conductive phase of the 
60 wt% SOS-84/[C2mim][NTf2] ion gel was larger than that of the 90 wt 
% SOS-66/[C2mim][NTf2] ion gel, which reflected the volume fraction 
of the soft segment, φsoft (42.9% and 38.9%, respectively). On the other 
hand, the aggregated phase also formed a continuous phase without a 
clear periodic structure and the continuous aggregated phase in 60 wt% 
SOS-84/[C2mim][NTf2] ion gel was clearer than that of 90 wt% SOS-66/ 
[C2mim][NTf2] ion gel. 

Fig. 4(a) shows the SAXS profile of the 90 wt% SOS-66/[C2mim] 
[NTf2] ion gel. A peak appeared at q = 0.016 Å− 1, confirming the 
presence of a phase-separated structure. Besides, a relationship of I(q) ~ 
q− 4 was observed, suggesting that a clear interface was formed between 
the ion-conducting phase and the aggregated phase. However, higher- 
order peaks derived from the S, H, and L structures were not 
observed. From these results, we concluded that a G structure having no 
clear repeating pattern was formed in this ion gel. Fig. 4(b) shows the 
SAXS profile of the 60 wt% SOS-84/[C2mim][NTf2] ion gel. Here, a 
higher-order peak corresponding to lamella was observed. On the other 
hand, in a TEM image (Fig. S4), a network-like structure analogous to 
the AFM measurement was observed. This result indicates that the 
lamellar phase coexists with the bicontinuous phase observed by AFM, 
and therefore, the transition of the elastic modulus is not clear as the 
pure bicontinuous phase formed in 90 wt% SOS-66/[C2mim][NTf2] (see 
above). 

On the other hand, the AFM phase image of the 80 wt% SOS-66/ 
[C2mim][NTf2] ion gel (Fig. 3, left), which did not show any unique 
viscoelastic behavior, showed an HR structure, in which the ion 

Fig. 2. AFM phase images of (a) 90 wt% SOS-66/[C2mim][NTf2] and (b) 60 wt 
% SOS-84/[C2mim][NTf2] ion gels. 

Fig. 3. AFM phase images of SOS-66/[C2mim][NTf2] ion gels with various polymer content.  
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conduction phase was cylindrical. In the FFT image of the 80 wt% SOS- 
66/[C2mim][NTf2] ion gel (Fig. S5), hexagonal spots were observed, 
confirming that it had the HR structure with a regularity. Various 
microphase-separated structures, including S, H, L, HR, and SR structures 
were observed by AFM (Fig. 3) and SAXS (Fig. S6). These assignments 
are listed in Table S1. From the above results, we concluded that G 
structure could be formed when φsoft is appropriately controlled. 

3.2. Transition of the elastic modulus 

The results of the temperature sweep rheological measurements for 
SOS-66 and SOS-84 ion gels with various polymer weight fractions are 
shown in Fig. 5 and Fig. S7. Fig. 5 shows the profiles for ion gels with G 
structure, and the profiles exhibited sudden increases in the storage 
modulus (G′) with increasing temperature. Fig. 5(a) shows the temper
ature dependence of G′ of 90 wt% SOS-66/[C2mim][NTf2] (the ratio of 
the soft segment, φsoft = 38.9%). As mentioned in the Introduction, in 
the diblock copolymer melt system (in the absence of IL, φsoft = 36.5%), 
a significant increase of G′ was observed when a H to G structural 
transition occurred upon heating [22]. The G′ of 90 wt% SOS-66/[C2

mim][NTf2] decreased with increasing temperature owing to the glass 
transition of the PSt segments, and then, underwent a sudden increase at 
120 ◦C analogous to the diblock copolymer melt system. The G′ was 
constant at temperatures higher than 120 ◦C, indicating that the struc
ture was stable even at a high temperature. The high thermal stability of 
the structure could be ascribed to the high χ value between the PEO with 
dissolved IL and PSt, which is consistent with previous reports [17]. A 
large value of the χ parameter indicates the strongly separated hard and 

soft blocks, which can make ordered microstructures, whereas a small 
value of the χ parameter indicates that hard and soft blocks easily mix, 
resulting in a disordered structure. Generally, χ parameter has a tem
perature dependency, and χ parameter decreases with increasing tem
perature. Thus, an increase in the temperature often induces the 
order-disorder transition. However, if the χ parameter is large enough, 
the microstructure is maintained even at high temperatures, and the 
order-disorder transition is not observed. In previous papers [17], it is 
reported that mixing the ionic liquid and the soft segment increases the χ 
parameter due to the very poor solubility of a polystyrene segment in IL. 
Thus, the high thermal stability of the microstructure in this study could 
be ascribed to the analogous effect by the increase of χ parameter. 

In the cooling step, G′ started increasing at 120 ◦C, resulting in more 
than ten times higher G’ (4.3 MPa at 70 ◦C) than that before heating 
(0.11 MPa at 70 ◦C). This result indicates that the stable G structure 
formed continuous glassy PSt segments at a low temperature, which 
contributed to the high G’. 

In the case of the 60 wt% SOS-84/[C2mim][NTf2] ion gel (φsoft =

42.9%, Fig. 5(b)), although not as remarkable as SOS-66, an increase of 
G′ with increasing temperature was also observed. This behavior is 
attributed to the coexistence of different microphase-separated struc
tures (L and G structures), as described later. In the cooling process, a 
hump was observed at ca. 100 ◦C. Similar behavior was observed in 
other ion gels (Fig. S7), and thus, it can be ascribed to the glass transition 
of PSt block (~100 ◦C). The transition process seems to be unstable 
compared with simple diblock copolymer melts because this is a ternary 
mixture of PEO, PSt, and IL, which can result in bumpy data during glass 
transition. However, it also showed a high G′ of 0.95 MPa at 70 ◦C, being 

Fig. 4. SAXS profile of (a) 90 wt% SOS-66/[C2mim][NTf2] and (b) 60 wt% SOS-84/[C2mim][NTf2] ion gels. The periodic peaks can be assigned to lamellar structure 
(1, 2, 3, 4, …). 

Fig. 5. Temperature sweep measurements of G′ for (a) 90 wt% SOS-66/[C2mim][NTf2] and (b) 60 wt% SOS-84/[C2mim][NTf2] ion gels. Open and close circles 
correspond to the heating and cooling process, respectively. 
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five times higher than that before heating. On the other hand, in 80 wt% 
SOS-66/[C2mim][NTf2] (φsoft = 44.1%, Fig. 6) and other ion gels 
(Fig. S7), G′ decreased with increasing temperature, no transition was 
observed, and the G′ values in the heating and cooling processes were 
almost identical. This result suggests that the H (or L) to G structural 
transition can also be observed in the ABA-type triblock copolymer- 
based ion gel system when φsoft is appropriately controlled. 

3.3. Dependency of ionic conductivity on the microphase-separated 
structure 

Next, the ionic conductivity of ion gels was measured to evaluate the 
ion-transport properties of ion gels. Fig. 7 shows the Arrhenius plot of 
the ionic conductivity (σ) of SOS/[C2mim][NTf2] ion gels. For com
parison, the ionic conductivity of the PEO solution (σ0), which contains 
the same volume fraction of PEO as the corresponding SOS ion gel, is 
also listed (Table S2). With increasing polymer content, the ionic con
ductivity decreased. To quantitatively assess the decrease in conduc
tivity, the tortuosity concept was introduced. Tortuosity (τ) is a metric of 
the complexity of the ion conduction path; the effect of the microphase- 
separated structure on the ionic conductivity was evaluated in terms of 
tortuosity. The following equation represents the tortuosity. 

τ =
φsoft

σ σ0 (1)  

where σ is the ionic conductivity of the ion gel, σ0 is the ionic 

conductivity of PEO/[C2mim][NTf2] solution, τ is the tortuosity factor 
(randomness of conducting path), and φsoft is the volume fraction of the 
conducting phase. τ = 1 means that the ionic conduction is not disturbed 
by the microphase-separated structure of the ion-conductive phase, and 
the ionic conductivity is equivalent to that of the PEO/IL polymer so
lution. On the other hand, a large tortuosity implies that the conducting 
phase is partially disturbed or not connected. 

Fig. 8 shows the tortuosity of the ion gels. In general, the connectivity 
of the ion-conductive path strongly depended on the microphase- 
separated structures. The S, H, and G structures can form a three- 
dimensional continuous ion-conductive phase while the L or HR struc
tures only form two-dimensional or one-dimensional continuous phases, 
respectively. Furthermore, SR structures do not have a continuous ion- 
conductive phase. Indeed, in the case of the SR structure (80 wt% SOS- 
84/[C2mim][NTf2]), the value was far from 1 (τ = 225), indicating that 

Fig. 6. Temperature sweep measurement of G′ for the 80 wt% SOS-66/ 
[C2mim][NTf2] ion gel. 

Fig. 7. Ionic conductivity of (a) SOS-66/[C2mim][NTf2] and (b) SOS-84/[C2mim][NTf2] ion gels.  

Fig. 8. Tortuosity of the ion gels at each structure. In the schematic illustration, 
the darker part corresponds to a hard domain. 

Table 2 
Structure, G′, and σ of ion gels with various polymer content.  

Polymer/wt% Structure G’/kPa a σ/mS cm− 1,b 

SOS-66/40 wt% S 4.68 5.73 
SOS-66/80 wt% HR 1420 0.014 
SOS-66/90 wt% G 4300 – 
SOS-84/40 wt% L 59 2.51 
SOS-84/60 wt% G + L 950 0.37 
SOS-84/70 wt% H 7660 0.023 
SOS-84/80 wt% SR 0.141 0.0066  

a The G′ at 70 ◦C in cooling process. 
b The σ at 100 ◦C. 

H. Mizuno et al.                                                                                                                                                                                                                                 



Polymer 206 (2020) 122849

7

ion conduction in the SR structures was negligibly small. Fig. 8 depicts 
the microphase-separated structures arranged in the inverse order of 
volume fraction of the ion-conductive phase (left-hand side has higher 
ion-conductive phase). The structure, mechanical, and transport prop
erties were summarized in Table 2. If the tortuosity is simply determined 
by the volume fraction, the structures shown on the right-hand side 
would have higher tortuosity. However, the tortuosity of the S, G, and L 
structures was exceptionally small. We previously reported that the S 
structure exhibits low τ value (~1) owing to the high connectivity of the 
ion-conductive phase as well as three-dimensional isotropic structures 
[17b]. In H or L structures, the polydomain structure (i.e., randomly 
packed grains consisting of ordered cylinders or lamellas) disturbed the 
ion conduction, resulting in a τ value higher than unity. In this study, G 
and L structures exhibited lower τ values than the H structure, indicating 
that the conductive phase had few barriers and continued over a long 
distance. The relatively low τ value of the G structure could be ascribed 
to the three-dimensionally isotropic ion-conductive phase. However, the 
tortuosity of the G structure was slightly larger than that of the L 
structure. As discussed, the G structure in this study also contained the L 
structure. It is plausible that the increased number of grain boundaries 
owing to mixed structures increased the tortuosity. 

4. Conclusions 

We successfully obtained an ion gel that forms a stable bicontinuous 
structure at room temperature by exploiting the structural transition 
occurring with increasing temperature. It was found that the ion gel 
having a bicontinuous structure exhibited favorable mechanical prop
erties (G’ ~ 1.0 MPa) and good ionic conductivity (σ ~ 0.1 mS cm− 1). 
Further, its tortuosity was lower than that of the other structures, and 
showed double minimum values in the S and G, L structures where the 
conduction phase was less disturbed. Thus, it was concluded that tor
tuosity depended on the three-dimensional anisotropy of the 
microphase-separated structures rather than the volume fraction of the 
ion-conductive phase in such structures. From these results, it was 
evident that if an ion gel having pure G structure was prepared, the 
material could be expected to achieve both favorable mechanical 
properties and ionic conductivity, thus resolving the trade-off problem 
of polymer electrolyte materials. 
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