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Antagonistic salts are composed of hydrophilic and hydrophobic ions. In a binary mixture, such as water and organic solvent, these ion pairs preferentially dissolve to those phases, respectively, and there is a coupling between the charge density and the composition. The heterogeneous distribution of ions forms a large electric double layer at the interface between these solvents. This reduces the interfacial tension between water and organic solvent, and stabilizes an ordered structure, such as a membrane. These phenomena have been extensively studied from both theoretical and experimental point of view. In addition, the numerical simulations can reproduce such ordered structures.
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1. INTRODUCTION

The solvation effect of ion is considered to be important in various fields, such as those concerning biochemistry, chemical reactions (e.g., electrode reactions and metal ion complexation), and phase behavior in solutions. In particular, the solvation effect on the phase behavior of binary water/organic solvent mixtures is noteworthy. Experiments have established that the two-phase region of a binary mixture tends to expand with the addition of a hydrophilic salt, e.g., NaCl [1–4]. In such mixtures, both cations and anions preferentially attract water molecules more than the organic solvent molecules, which is a key factor in salt-induced phase separation [3, 4].

On the other hand, the class of salts containing a pair of hydrophilic and hydrophobic ions is known an “antagonistic salt.” An example is sodium tetraphenylborate, NaBPh4, which is frequently used as a precipitation agent [5]. This chemical is composed of a hydrophilic sodium ion (Na+) and a hydrophobic tetraphenylborate ion ([image: image]), which has four phenyl rings bonded to a negatively charged boron atom. Because the surrounding phenyl rings are large, hydrogen bonding around this anion is largely deformed and the hydration shell may be destroyed. Thus, the anions preferentially dissolve in an organic solvent (oil) whereas the cations prefer to stay within the water [6, 7]. This means that the cations and anions behave antagonistically and may distribute heterogeneously when added to a binary liquid consisting of water and an organic solvent.

In 2004, Onuki and Kitamura investigated the effect of the preferential solvation of ions on the binary water/organic solvent based on the Ginzburg-Landau theory, and predicted that the long-range periodic structure, so-called the charge-density-wave (CDW) structure, is induced by the addition of antagonistic salts due to strong coupling between the concentration fluctuation of solvents and the preferential solvation of ions [8]. In 2006, Onuki also investigated the ion distribution in the binary water/organic solvent mixture, and showed that the cations and anions of an antagonistic salt tend to adsorb around a water-oil interface (see Figure 1) [14]. In parallel, the aggregation of hydrophilic and hydrophobic ion pairs was experimentally confirmed by Luo et al. by means of X-ray reflectivity for the mixture of water/nitrobenzene with tetrabutylammonium bromide [15]. Under this condition, it was also shown that the interfacial tension decreases with increasing the amount of antagonistic salts [15]. Furthermore, in 2007, the CDW structure predicted by Onuki and Kitamura [8] was confirmed using small-angle neutron scattering (SANS) on the water/3-methylpyridine (3MP)/NaBPh4 mixture [16].


[image: image]

FIGURE 1. Schematic illustration indicating the distribution of hydrophilic and hydrophobic ion pairs at a water-oil interface, which was clarified by the theoretical studies of Onuki et al. [9–14]. Hydrophilic Na+ and hydrophobic [image: image] are in the water-rich region and the oil-rich region, respectively. The figure is reproduced from Onuki et al. [13] with permission from Copyright 2016 Elsevier Ltd.



Since then, a number of investigations regarding the effect of antagonistic salts have been performed. On the basis of the Ginzburg-Landau theory, Onuki et al. clarified the heterogeneous distribution of solvents and ions in the mixture more in detail [9–14]. Bier et al. estimated the effect of antagonistic salts on the concentration fluctuation of solvents by extending the Ornstein-Zernike theory [17]. Bier et al. also examined the phase behavior of the mixture with antagonistic salts based on the density functional theory [18]. Pousaneh et al. investigated the effective interaction between a pair of colloids based on the Ginzburg-Landau theory, and showed that the oscillatory interaction occurs in the presence of antagonistic salts in the mixture [19, 20]. At the same time, there are several experimental results on the formation of ordered structures (e.g., membranes) induced by the preferential solvation of antagonistic salts [16, 21–33] and on the surface of water. Further, such structures have recently been confirmed by a lattice-based Monte Carlo simulation [34].

We review a series of results on mesoscopic structures induced by antagonistic salts in water/organic solvent mixtures.

2. THE EFFECT OF ANTAGONISTIC SALTS ON THE PHASE BEHAVIOR OF WATER/ORGANIC SOLVENT MIXTURES

As mentioned above, hydrophilic cations and hydrophobic anions tend to adsorb near the interface between water and the organic solvent because of the preferential solvation and the electrostatic attraction. This heteroselective solvation of cations and anions can affect the solubility of water and organic solvent. Figure 2 shows phase diagrams of deuterium oxide (D2O)/3MP and D2O/3MP/NaBPh4 mixtures [24]. The binary mixture of D2O and 3MP is miscible at room temperature and separates into two phases between T ≈ 310 K (lower critical solution temperature, LCST) and T ≈ 390 K (upper critical solution temperature, UCST), where T denotes the temperature of the mixture [35]. The critical composition is ϕ3MP = 0.30, where ϕ3MP denotes the volume fraction of 3MP in the mixture. When NaBPh4 is dissolved in the mixture, the two-phase region shrinks as the concentration of NaBPh4 in the mixtures Csalt increases, and disappears at Csalt > 15 mmol/L. That is, the mutual solubility between D2O and 3MP increases with the addition of NaBPh4. This result is consistent with the assumption that pairs of antagonistic ions behave as surface-active agents. Similar tendencies, i.e., increase of the mutual solubility between water and organic solvent, were also reported for water/3MP/tetraphenylphosphonium chloride (PPh4Cl) mixtures [23], water/2,6-dimethylpyridine/ NaBPh4 mixtures [26], and water/acetonitrile/NaBPh4 mixtures [31].
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FIGURE 2. (A) Phase diagram of D2O/3MP and D2O/3MP/NaBPh4 (13 mmol/L). (B) Phase diagram of D2O/3MP/NaBPh4 (85 mmol/L). It is noted that the two-phase region does not exist at this salt concentration. The data are taken from Sadakane et al. [24].



3. MEMBRANE STRUCTURES FORMED IN THE WATER-RICH REGIONS OF THE MIXTURES

As shown above, the mutual solubility of water and organic solvent increases with the addition of antagonistic salts. In this sense, antagonistic salts play the role of surfactants. Various kinds of ordered structures are formed in surfactant solutions depending on the sample composition and temperature. Therefore, it was expected that antagonistic salts can also induce an ordered structure in the mixture under certain conditions. In fact, the formation of a highly ordered lamellar structure, i.e., a multilamellar vesicle, was discovered in 2009 [21] in the water-rich region of water/3MP/NaBPh4 mixtures (see Figure 2B).

Figure 3 shows the temperature dependence via optical microscopic images of a mixture of D2O and 3MP at ϕ3MP = 0.09 with 85 mmol/L of NaBPh4. The entire area is homogeneous without visible structures above 318 K (Figure 3A), whereas small droplets with diameter of ca. 20 μm are formed below 318 K (Figures 3B,C); that is, a temperature-induced order/disorder phase transition occurs at 318 K. The left-hand panel of Figure 3B′ shows a magnified view of Figure 3B and the right-hand panel shows the corresponding polarized microscopic image with crossed Nicols. Since Maltese cross patterns are shown in the polarized microscopic image, the formation of multilamellar vesicles is suggested [21]. Similarly, the formation of multilamellar vesicles was observed in water/2,6-dimethylpyridine/NaBPh4 mixtures [26].


[image: image]

FIGURE 3. Optical microscopy images of D2O/3MP/NaBPh4 mixture at ϕ3MP = 0.09 and Csalt = 85 mmol/L ϕ3MP = 0.09: (A) T = 323 K (disordered phase), (B) T = 313 K (lamellar phase), and (C) T = 293 K (lamellar phase). Scale bars in (B,C) indicate 100 μm. (B′) Magnified view of (B) (left) and a birefringent image of the same region (right) with the scale bar being 20 μm. The figure is reproduced from Sadakane et al. [21] (Copyright 2009 by The American Physical Society). As per the copyright holder's policies, no permission is required for the use of figures by the authors of the original article.



Nanoscale structures induced by antagonistic salts were investigated by SANS, which could distinguish water and organic solvent regions. Figure 4A shows the temperature dependences of SANS profiles of a D2O/3MP/NaBPh4 mixture (ϕ3MP = 0.09 and Csalt = 85 mmol/L) [24]. The SANS profiles below 318 K show a sharp peak with higher-order peaks arising from the highly ordered structure, whereas profiles above 318 K show a single broad peak arising from the disordered structure. The sample shows two-phase coexistence at T ≈ 318 K, i.e., a highly ordered phase and a disordered phase are observed in the upper and the lower parts of the sample, respectively, suggesting that a 1st-order phase transition occurs around this temperature. This result is consistent with microscopic observation shown in Figure 3.


[image: image]

FIGURE 4. (A) Temperature dependence of SANS profiles of D2O/3MP/NaBPh4 mixture (ϕ3MP = 0.09 and Csalt = 85 mmol/L). The data at lower temperatures have been multiplied by 10 for better visualization. The closed and open symbols indicate data for the lamellar phase and the sponge phase, respectively. The solid and dashed lines show the fitting result according to Equations (1) and (4), respectively. The data are taken from Sadakane et al. [24]. (B) Scattering density distribution at T = 283 K estimated from Equation (1) (left) and schematic picture of the distribution of ingredients (right). The z axis indicates the distance normal to the membrane. (B) is reproduced from Sadakane et al. [21] (Copyright 2009 by The American Physical Society). As per the copyright holder's policies, no permission is required for the use of figures by the authors of the original article.



SANS profiles obtained from the highly ordered phase were analyzed according to the model scattering function of the lamellar structure proposed by Nallet et al. [36] as
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with the form factor of the membrane
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and structure factor
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where ILα denotes the SANS intensity of the lamellar phase, Q the momentum transfer, d the intermembrane distance, Δρ the difference in scattering length density distribution between the membrane and bulk water, δ the membrane thickness, Δδ the membrane thickness distribution, N the number of layers, ΔQ the instrumental resolution, and g the correlation function of fluctuating membranes. As a result of the data analysis, it was confirmed that the membrane was composed of 3 MP and [image: image] ions (see Figure 4B) [21, 24]. For example, the values of d and δ of the mixture at 281.8 K were evaluated as 195.6±0.2 and 14±3 Å, respectively [24]. A similar membrane structure was also observed in water/2,6-dimethylpyridine/NaBPh4 mixtures [26].

On the other hand, SANS profiles obtained from the disordered phase were analyzed according to the model scattering function for the sponge structure of a surfactant solution, given as [37, 38]
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with the form factor derived from randomly oriented disks of membranes

[image: image]

and structure factor

[image: image]

where IL3 denotes the SANS intensity of the sponge phase, ϕBPh the volume fraction of a [image: image] ion in the mixture, rd the radius of gyration of a disk membrane, ξio the inside–outside correlation length (which reflects the membrane scale [39]), and ξc the correlation length of cells. The terms C1 and C2 are constants. For example, the values of d and δ of the mixture at 340.8 K were evaluated as 92±1 and 16±1 Å, respectively [24].

As shown in Sadakane et al. [24], the lamellar structure in the mixture with antagonistic salt was assumed to be stabilized by the electrostatic interaction arising from ions. On the basis of this idea, Onuki et al. performed a numerical simulation of a water/organic solvent/antagonistic salt mixture and showed that multilamellar vesicles are certainly reproduced (see Figure 5) [13]. Their simulation is based on the Ginzburg-Landau theory considering the electrostatic interaction arising from ions. Here, it was found that the membrane was composed of organic solvent and hydrophobic anions, and hydrophilic cations distribute on the surface of the membrane. In addition, the intermembrane distance d and the membrane thickness η were evaluated as ca. 96 and 18 Å, respectively [13].


[image: image]

FIGURE 5. Numerically calculated multilamellar vesicle and charge density in water/organic solvent/antagonistic salt (hydrophilic cation and hydrophobic anion pairs) mixture. ϕ denotes the volume fraction of water, n1 the number density of cations, and n2 the number density of anions. [image: image] is the molecular volume of solvent. r represents the distance from the center of the multilamellar vesicle. In the mixture, the average volume fraction of water in the mixture, < ϕ >, is set to 0.8. The figure on the left shows cross-sectional profile of ϕ, while the figure on the right shows the charge density around three membranes. The figure is reproduced from Onuki et al. [13] with permission from Copyright 2016 Elsevier Ltd.



In 2017, Tasios et al. performed a Monte Carlo simulation of the water/organic solvent/antagonistic salt mixture [34]. Their simulation was based on an Ising-like lattice model taking into account the effect of the electrostatic interaction arising from ions. As shown in Figure 6A, the lamellar structure was reproduced when the composition of water, xB, was 0.5. Additionally, some other structures that have not been observed in experiments were also obtained: (Figure 6B) perforated lamellar at xB = 0.4, (Figure 6C) tubular lamellar at xB = 0.3 (lower temperature region), (Figure 6D) tubular at xB = 0.35, (Figure 6E) tubular disordered at xB = 0.3 (higher temperature region), and (Figure 6F) droplet phases at xB = 0.2.


[image: image]

FIGURE 6. Ordered structures of water/organic solvent/antagonistic salt mixtures obtained by lattice-based Monte Carlo simulation. (A) Lamellar at xB = 0.5, (B) perforated lamellar at xB = 0.4, (C) tubular lamellar at xB = 0.3 (lower temperature region), (D) tubular at xB = 0.35, (E) tubular disordered at xB = 0.3 (higher temperature region), and (F) droplet phases at xB = 0.2. The figure is reproduced from Tasios et al. [34] with permission from Copyright 2017 by The American Physical Society.



Membrane formation in mixtures with antagonistic salts was also confirmed by neutron spin echo (NSE) spectroscopy, which could observe structural fluctuations in the scale of nanometers [24]. Figure 7A indicates an NSE result for D2O/3MP/NaBPh4 mixture (ϕ3MP = 0.09, Csalt = 85 mmol/L, and T = 293.2 K). The observed intermediate correlation function can be explained using the formula proposed by Zilman and Granek [40]:
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where Γ and t denote the relaxation rate and Fourier time, respectively. In the case of membrane undulation, Γ is proportional to Q3:

[image: image]

where κNSE and ηvis denote the bending modulus of the membrane and the viscosity of the surrounding medium, respectively. As shown in Figure 7B, Γ is proportional to Q3. This evidence supports the idea that the nanostructure in the mixture with an antagonistic salt behaves as a membrane.
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FIGURE 7. (A) Normalized intermediate correlation functions I(Q, t)/I(Q, 0) for the mixture of D2O/3MP/NaBPh4 (Csalt = 85 mmol/L, ϕ3MP = 0.09, and T = 293.2 K). The solid lines indicate fitting results according to Equation (7). (B) Q dependence of the relaxation rate Γ obtained from the fit of I(Q, t)/I(Q, 0) according to Equation (7) for mixture of D2O/3MP/NaBPh4 (Csalt = 85 mmol/L, ϕ3MP = 0.09, and 283.2K ≤ T ≤ 343.2K). The closed and open symbols indicate data for the lamellar phase and the sponge phase, respectively. The solid lines are the fitting results according to Equation (8). The inset in (B) shows the temperature dependence of κNSE/kBT according to Equation (8). The closed and open symbols indicate data for the lamellar phase and the sponge phase, respectively. The dashed line is a visual guide. Error bars denote ±1 standard deviation. The figure is partly reproduced from Sadakane et al. [24] with permission from Copyright 2013 AIP Publishing LLC.



The inset of Figure 7B shows the temperature dependence of κNSE/kBT according to Equation (7). κNSE/kBT decreases linearly with increasing temperature. It is noted that the value of κNSE obtained from Equation (7) in surfactant systems deviates from the actual value because of the difference between the viscosity of water ηvis and the effective viscosity of bulk water near the membrane ηeff: in many cases, κNSE approaches a reasonable value when ηeff is substituted with ηeff ≈ 3ηvis [41–45]. Similarly, the values of κNSE/kBT in the present case can deviate from reasonable values. In addition, the long-range electrostatic repulsion between membranes can suppress fluctuation [46], thereby increasing the value of κNSE from the actual value.

4. CHARGE-DENSITY-WAVE STRUCTURES FORMED IN NEAR-CRITICAL REGIONS OF THE MIXTURES

As shown in Figure 2A, a two-phase region exists in the mixture of D2O/3MP with NaBPh4 below 15 mmol/L. In the case of the binary D2O/3MP mixture without salt, “normal critical opalescence” is shown in the vicinity of the critical point; i.e., the mixture becomes milky-white due to critical concentration fluctuation. On the other hand, it was found in 2007 that a mixture with NaBPh4 (Csalt < 15 mmol/L) became blue far from the phase separation temperature and that the color changed to green and orange with increasing temperature (see Figure 8) [16]. This result suggests that a periodic structure whose characteristic repeat distance was comparable to the wavelength of visible light was formed, and its repeat distance increased with increasing temperature.


[image: image]

FIGURE 8. Result of visual inspection of D2O/3MP/NaBPh4 mixture (ϕ3MP = 0.35 and Csalt = 13 mmol/L). The mixture is blue at T = 327K, green at 334 K, and orange at 337 K. The figure is reproduced from Sadakane et al. [16] (Copyright 2007 by The Physical Society of Japan). As per the copyright holder's policies, no permission is required for the use of figures by the authors of the original article.



The nanometer scale structures formed in such mixtures were investigated by SANS in 2011. As shown in Figure 9A, SANS profiles for the mixture of D2O/3MP (ϕ3MP = 0.35) follow the Ornstein-Zernike equation [47], suggesting that D2O-rich and 3MP-rich domains are distributed randomly and the critical concentration fluctuation occurs without forming ordered structure [22]. On the other hand, SANS profiles of D2O/3MP/NaBPh4 (ϕ3MP = 0.35 and Csalt = 6 mmol/L) mixture were explained by the model scattering function of the CDW structure [8, 17, 20]:

[image: image]

where I0 denotes forward scattering proportional to the osmotic compressibility, ξ the correlation length of concentration fluctuation, λD the Debye screening length, and γp ≥ 0 a dimensionless parameter related to the difference in solubility between cations and anions in polar solvents, i.e., water (see Figure 9B). It is noted that Equation (9) corresponds to the Ornstein-Zernike equation when γp = 0. According to the theoretical study by Onuki and Kitamura in 2004 [8], it is suggested that a semi-micro-scale long-range periodic structure is formed as the CDW structure due to strong coupling between the concentration fluctuation of solvents and the preferential solvation of ions.
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FIGURE 9. Temperature dependences of SANS profiles of mixtures of D2O/3MP (ϕ3MP = 0.35) (A) without NaBPh4 and (B) with 6 mmol/L of NaBPh4. The dashed and solid lines are fitting results according to the Ornstein-Zernike equation [47] and Equation (9), respectively. Error bars in the SANS profiles denote ±1 standard deviation. The figure is reproduced from Sadakane et al. [22] (Copyright The Royal Society of Chemistry 2011). As per the copyright holder's policies, no permission is required for the use of figures by the authors of the original article.



Formation of the CDW structure was also observed in the mixtures of water/3MP/PPh4Cl [23], water/2,6-dimethylpyridine/polystyrene/NaBPh4 [27], water/ethanol/1-octane/antagonistic salts (NaBPh4 and sodium thiocyanate) [28], water/2,6-dimethylpyridine/tetraheptylammonium bromide [30], and water/acetonitrile/NaBPh4 [31] by means of small-angle X-ray scattering (SAXS). Figure 10 shows the example of the SAXS profiles for the H2O/acetonitrile/NaBPh4 mixtures [31]. The profiles for the binary H2O/acetonitrile (Figure 10A) was well explained by the Ornstein-Zernike equation, suggesting that no ordered structure was formed in the mixture. On the other hand, profiles of the mixture of H2O/acetonitrile with 50 mmol/L NaBPh4 (Figure 10B) indicated that the CDW structure was formed since the Bragg peak arising from the long-range periodic structure was shown. Here, Bier et al. claimed that the long-range monopole-dipole interaction between solvents and ions is a key factor in the formation of the CDW structure [31].


[image: image]

FIGURE 10. (A) Temperature dependence of the SAXS profiles of the H2O/acetonitrile mixture. q denotes the momentum transfer and xH2O the mole fraction of water in the mixture. The solid lines show fitting results according to the Ornstein-Zernike equation. (B) Temperature dependence of the SAXS profiles for the mixture H2O/acetonitrile with 50 mmol/L of NaBPh4. The solid lines show the fitting result according to the model scattering function for the charge-density-wave structure, taking into account the effect of the long-range monopole-dipole interaction between solvents and ions [31]. The figure is reproduced from Bier et al. [31] with permission from Copyright 2017 by The American Physical Society.



The detailed morphology of the CDW structure was numerically examined by Araki and Onuki based on the Ginzburg-Landau theory [10, 11, 48, 49]. In their model, large concentration fluctuation of solvents is taken into account, unlike in Figure 5. Typical results of the simulation are shown in Figure 11. The stretched water-rich and organic solvent-rich domains are distributed periodically in the mixture. Then, hydrophilic cations are present on the surfaces of the organic solvent-rich domains, whereas hydrophobic anions exist inside the organic solvent-rich domains. These images are similar to the bicontinuous structures formed in surfactant mixtures. In this case, the organic solvent-rich domains and hydrophobic anions can be regarded as a membrane, similar to the lamellar and sponge structures shown in section 3.


[image: image]

FIGURE 11. Morphologies of concentration fluctuation (upper figures) and charge density (lower figures) in the charge-density-wave phase obtained by Araki and Onuki by numerical simulation. ϕ, n1, ne, and v0 are the volume fraction of water in the mixture, the cation density, the average ion density, and the solvent molecular volume, respectively. The figure is reproduced from Araki and Onuki [10] with permission from Copyright 2009 IOP 1 Publishing Ltd.



The evidence that water-rich and organic solvent-rich domains are stretched as 2-dimensional planes could be confirmed in the critical phenomena. In the near-critical region, the temperature dependence of ξ follows [47]

[image: image]

where ξ0 denotes the bare correlation length, Tc the critical temperature, and ν the critical index for ξ. In most cases of simple liquid mixtures (including the D2O/3MP mixture), ν indicates the value of the 3D-Ising universality class, i.e., ν = 0.63 [50]. On the other hand, SANS measurements of D2O/3MP mixtures revealed that the value of ν changes from 0.63 (3D-Ising) to 1.00 (2D-Ising) with the addition of an antagonistic salt (see Figure 12) [22]. Thus, it was interpreted that the concentration fluctuation of D2O and 3MP has the 2-dimensional nature in the presence of NaBPh4. This tendency is consistent with the idea that water-rich and organic solvent-rich domains are stretched in planes in the CDW, as mentioned above.


[image: image]

FIGURE 12. Temperature dependence of ξ for mixtures of D2O/3MP (ϕ3MP = 0.35) and D2O/3MP/NaBPh4 (ϕ3MP = 0.35 and Csalt = 85 mmol/L). The circles are data obtained by SANS measurements [22], while the triangles and the inverted triangles are data obtained by DLS measurements [25].



However, it should be pointed out that this interpretation is contradicted by the results of dynamic light scattering (DLS) measurements [25], shown in Figure 12; the value of ν is 0.63 even in the presence of NaBPh4 (6 mmol/L). A possible reason for the discrepancy in critical behavior could be the fact that the correlation lengths observed from SANS and DLS are quite different. The correlation length observed from SANS may be modified because the values observed are comparable to the length scale of the periodic structure and the Debye correlation length. This point has not yet been clarified and is subject to debate.

5. SUMMARY

In this article, the formation of the ordered structures induced by antagonistic salts in the water/organic solvent mixtures has been reviewed. Hydrophilic and hydrophobic ions preferentially dissolve in polar and less-polar solvents, respectively, and stabilize the interface between these solvents through the Coulomb interaction. Thus, the interfacial tension decreases and a microphase separation is induced. In the water-rich region of the water/organic solvent/antagonistic salt mixtures (e.g., the water/3MP/NaBPh4 and the water/2,6-dimethylpyridine/NaBPh4 mixtures), the lamellar and the sponge structures were observed by optical microscopy, small-angle neutron scattering (SANS), and neutron spin echo (NSE). In such phases, it was assumed that the membrane is composed of organic solvent and hydrophobic ions. The formation of the lamellar structure was also confirmed by the numerical simulations taking into account the effect of the electrostatic interaction arising from ions. On the other hand, the formation of the charge-density-wave (CDW) structure was confirmed in near-critical regions of the water/organic solvent/antagonistic salt mixtures (e.g., the water/3MP/NaBPh4 and the water/acetonitrile/NaBPh4 mixtures) by SANS and small-angle X-ray scattering (SAXS). Furthermore, it was suggested that the organic solvent-rich domains behave as a membrane in the CDW phase, as in the case of the lamellar or the sponge phase. These series of findings will motivate further theoretical and experimental investigations for exploring the nature of the self-organization of soft materials containing ions or polyelectrolytes.
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