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We perform molecular dynamics simulations of tetraalkylammonium ionic liquids confined in the interlayer of montmorillonite (MMT). We study the structure and energetics of the systems, which consist of cations with two different alkyl chain lengths and several ionic liquid concentrations. The results we obtained for the structure, namely the presence of a strong layering in all systems and the formation of nonpolar domains with interdigitated alkyl chains in some cases, are largely consistent with previous surface force balance experiments performed on similar systems. Finally, we show that swelling of the organo-modified MMT by a large amount of ionic liquid seems energetically favorable in all cases.

Introduction

In the past decade inorganic materials with layered structures have been rediscovered as important precursors for the development of nanomaterials and nanostructures with innovative properties. This capability arises from their distinctive crystal structure, where the bonds among atoms that constitute the layers are stronger than the interaction that maintains the layers stacked. This feature confers intracrystalline reactivity to many layered materials. This means that they can undergo intercalation, pillaring and exfoliation reactions. The exfoliation is the final step of an intercalation reaction that promotes the layer separation to its extreme limit, where the interaction becomes weak enough to cause the crystal structure to collapse into individual layers called nanosheets. These two-dimensional single crystals have unique morphological features that allow them to be used to produce thin films, layerby-layer assemblies and hybrid nanostructures with innovative properties [1].

There are many classes of layered materials, grouped into different families with distinct intracrystalline reactivities and properties. Montmorillonite (MMT) is a layered compound that belongs to the smectite class of the clay family. It is a naturally occurring clay with a crystal structure built up by stacked negative charged layers with the interlayer space filled by hydrated inorganic cations, such as Ca 2+ , Na + and K + , that maintain the electroneutrality of the structure [2]. Each layer is built up by two tetrahedral silicate (SiO 4 ) sheets (T), sandwiching an octahedral gibbsite-like (AlO 6 ) sheet (O) in a TOT arrangement. The negative charge of the layer arises from the partial isomorphic substitution of the aluminum located in the octahedral sheet by bivalent cations, such as Mg 2+ , and the silicon from the tetrahedral sheet by trivalent cations, such as Al 3+ and Fe 3+ .

When sodium ions are present as interlayer cations, one observes the spontaneous exfoliation of MMT in aqueous media, producing a thixotropic gel that is used as a drilling fluid
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for oil extraction and as a component of paints and cosmetic formulations [3]. Besides small inorganic cations, it is also possible to intercalate diverse types of organic cations into MMT, which allows the development of hybrid materials with unique properties and useful applications [4]. Clays, and especially MMT, have long been used as fillers for different polymeric matrices. The better compatibility of organoclays with polymeric matrices created an opportunity for the development of polymer nanocomposites with enhanced thermal, mechanical and gas barrier properties compared to conventional polymer composites [5,6]. Due to the high commercial impact and demand for this kind of advanced material, different types of organic species have been evaluated as clay modifiers for the polymer nanocomposite production, including ionic liquids (ILs) [7][8][9]. ILs may have interesting properties in this context, due to the particular structure that they adopt at interfaces [10][11][12][13][14][15][16][17][18]. The immobilization of ILs into solid matrices is of particular interest for the development of solid electrolytes for fuel and solar cells [19][20][21]. Layered materials intercalated with ILs are good candidates for the production of solid electrolytes, since the interlayer region might accommodate the IL, maintaining its ionic conductivity property but also improving the thermal and chemical stabilities [5,9].

The intercalation of IL into layered compounds has already been reported in metallic hydroxides [22], zirconium phosphate [23,24], vanadium pentoxide [25], titanium disulfide [26], kaolinite [27], MMT [9,[28][29][30][31][32][33][34][35], and layered double hydroxides [34]. However, the results reported indicate that much more effort is required in their synthesis to achieve the co-intercalation of IL cations and anions in layered compounds with charged layers. Cation and anion co-intercalation in clays or clay-like materials has only been achieved in modified kaolinite [27,36,37] and layered silicates [38], both with neutral layers. The IL-intercalated kaolinite presents some ionic conductivity [39] and can be used as electrode modifier [40] and in electrochemical sensors [41].

In the case of clays with negative charge layers, such as MMT, one observes only cation intercalation as a rule [9,[28][29][30][31][32][33][34]. Such clays exchanged by organic cations have been investigated via molecular simulations by Tambach et al, who found, for example, a gradual increase in the basal spacing for alkylammonium with increasing chain lengths [42]. However, recent surface force balance experiments indicate the presence of distinct structural features involving both organic cations and anions between mica surfaces [43]. Since mica is another member of the TOT clay minerals family, these experimental results suggest that understanding the structure of ILintercalated MMT could provide insights into the possibility of exfoliation of MMT by ILs. In the present study, we thus investigate the structural arrangement of tetraalkylammoniumbased ILs in organo-modified-MMT using molecular dynamics simulation.

Computational details

The MD simulations were performed considering a MMT modified with two different tetraalkylammonium cations and its atomic structure was that used in previous MD simulations [44,45]. The x and y dimensions of the simulation boxes are 3.588 and 4.144 nm, corresponding to 4 × 8 unit cells. The simulation boxes contain two layers, one layer in the middle of the z-axis and two half-layers at the end of the z direction. Forty-eight tetraalkylammonium cations, equally divided into the two interlayer spaces, compensate the negative charge of the surface. We consider two ionic liquids formed by either C 1 C 1 C 1 NC 4 or C 1 C 1 C 1 NC 10 cations associated with the bis[(trifluoromethane)sulfonyl]amide (NTf 2 ) anion in the interlayer space of modified MMT. The number of ion pairs and the corresponding number density of ion pairs nm -2 are shown in table S1 of the supplementary information (available at stacks.iop.org/JPhysCM/26/284107/mmedia). A snapshot of a typical simulation box, in the case of the C 1 C 1 C 1 NC 4 counterion, is provided in figure 1.

Non-bonded interactions between all atoms are described by pairwise potentials,

U nonbonded i j = 1 4π ε 0 q i q j r i j + 4ε i j σ i j r i j 12 - σ i j r i j 6 ( 1 
)
where r i j is the distance between atoms i and j, q i is the partial charge of atom i, ε 0 is the vacuum permittivity, and ε i j and σ i j are Lennard-Jones parameters. Non-bonded interactions are also considered for atoms separated by at least three bonds within a single molecular ion, with a scaling factor of f = 0. [46]. Apart from the partial charges of cations, the parameters for C 1 C 1 C 1 NC 4 and NTf2 are those used in previous MD simulations of ionic liquids [47][48][49][50]. In the case of the C 1 C 1 C 1 NC 1 0 cation, their parameters were those used in previous simulations of tetraalkylammonium surfactants [51,52]. The interaction potential used in the present simulations does not include polarization effects. In ionic liquids or molten salts, the latter impact the transport properties but do not notably influence the structure of the systems [53][54][55], so that our results should remain unaffected by this choice. Initial configurations of ions are first generated with the program PACKMOL [56] to place the ions into the two interlayer spaces of MMT. Then, the interlayer distance is progressively shrunk until an equilibrium pressure of 1 atm at 300 K is reached. Finally, the systems are equilibrated further for 1 ns in the NVT ensemble, before 2 ns production runs with a time step of 1 fs. All MD simulations are performed using the DLPOLY package [START_REF] Smith | The DLPOLY2 User Manual[END_REF]. The system is maintained at 300 K with the Berendsen thermostat with a relaxation time of 2 ps and the equation of motion of ions is integrated using the leapfrog algorithm. The Ewald summation method is used to deal with long-range electrostatic interactions, using a precision of 10 -6 . Short-range and Ewald summation cut-off radii of 1.33 and 1.53 nm are used for the C 1 C 1 C 1 NC 4 and C 1 C 1 C 1 NC 10 cations, respectively.

Results and discussion

Basal spacing

The modification of a clay's interlayer space with organic cations by ion exchange reaction is well documented, both experimentally [9,[28][29][30][31][32][33][34][35] and computationally [42,[START_REF] Heinz | [END_REF][59][60]. The interlayer of modified clay changes with the size of the filling cation and also with the cation exchange capacity, CEC, of the clay. For instance, for MMT (CEC = 90 mequiv/100g) modified with C 1 C 1 C 1 NC 4 and C 1 C 1 C 1 NC 10 cations, basal spacings, calculated by the distance between Al atoms in different layers, of 1.40 and ∼1.55 nm were respectively obtained in a previous MD simulation study [START_REF] Heinz | [END_REF]. Accordingly, in our simulations in which the same cations were considered, but with a united atom model and a different force field, the corresponding spacings are 1.33 and 1.54 nm, respectively. When filling progressively the interlayer with ion pairs of the C 1 C 1 C 1 NC 10 -NTf 2 ionic liquid the MMT basal plane spacing increases linearly with the number of ion pairs. This is also true for the C 1 C 1 C 1 NC 4 -NTf 2 ionic liquid, but for a density greater than 1 ion pair nm -2 , as shown on figure 2. The inset of figure 2 shows the interlayer space between 0 and 1 ion pairs nm -2 . A slight deviation from a straight line is observed in the interlayer space of MMT when filled with C 1 C 1 C 1 NC 4 -NTf 2 ionic liquid due to the presence of three layers of ions-that is, one layer of anions between the two layers of cations adsorbed on the MMT surface (figure 3(C)). In the case of C 1 C 1 C 1 NC 10 -NTf 2 , the swelling slope is steeper because it has lower density than C 1 C 1 C 1 NC 4 -NTf 2 .

Structure of organo-modified MMT with low IL content

When studying the structure of the tetraalkylammonium cations in the interlayer region, we need to examine separately the head groups, which concentrate most of the charge, and the butyl chains. The corresponding density profiles are reported in figure 3. In the modified MMT, the C 1 C 1 C 1 NC 4 cations are arranged in such a way that the head groups form one layer of cations, with butyl chains parallel to the MMT slab, whereas two layers of head groups are formed with C 1 C 1 C 1 NC 10 cations. In the latter case, a layered structure with apolar tails between two layers of charged heads (one on each surface) is observed, in accordance with previous work by Heinzet al [START_REF] Heinz | [END_REF]. Note also that a specific orientation of cations has also been observed in simulations of imidazolium-based ionic liquids adsorbed on electrodes [61,62].

In the first considered system, with the addition of a small amount of IL, that is, one C 1 C 1 C 1 NC 4 -NTf 2 ion pair per interlayer or 0.0336 ion pair nm -2 , the extra cation and anion are accommodated in the same layer, with the C-S-N-S-C chain of anions also parallel to the MMT slab, as shown in the number density profiles provided in figure 3(A). In the case of MMT modified with C 1 C 1 C 1 NC 10 , the chain C-S-N-S-C of the NTf 2 anion is mostly located in the apolar layer, between the two layers of cation head groups (figure 3(B)). This is due to this 

.84 C 1 C 1 C 1 NC 4 -NTf 2 nm -2
), the ion structuring remains as in the case of 0.336 ion pairs nm -2 (figure 4(A)). When additional ion pairs are included (one hundred ion pairs or 1.68 C 1 C 1 C 1 NC 4 -NTf 2 nm -2 ), the anions themselves have to split into two layers for packing reasons, and a third layer of cation head groups appears between them.

Perkin et al have investigated, by means of surface force balance (SFB) experiments, a pyrrolidinium-based ionic liquid confined between mica surfaces [43]. It is tempting to compare our results with their findings, although the systems are relatively different: while the ionic liquids do not differ much, the negative charge at the surface of mica is much larger, by a factor of 2.66, than that at the surface of MMT. They found out that the two thinnest films of butyl, hexyl, or octyl pyrrolidinium-based ionic liquids obtained in these experiments have thicknesses of 1.4 and 2.4 nm. Based on the ion dimensions the authors propose that films of 1.4 and 2.4 nm width correspond to three (cation-anion-cation) and five (cation-anion-cation-anioncation) ion layers (see figure 3 of [43]). This interpretation is largely consistent with the present ones, as depicted in figure 4. Such a charge ordering is also consistent with the behavior of molten salts and ionic liquids at the surface of charged electrodes, a feature that is related in this context to overscreening of the charge by the first ion layer [11,63,64].

In addition to this Coulomb ordering, Perkin et al have also propose that negligible or no apolar-apolar interactions occur between butyl chains of cations, contrary to other systems that they have studied, in which they have observed monolayers or bilayers of alkyl chains [43,65,66]. We have therefore tried to further investigate this point in our simulations. For this purpose, we have studied the number densities of butyl chains. We have separated the total contribution into two or three groups, for densities of 0.84 and 1.68 ion pair nm -2 , respectively, depending on the head group to which the butyl chain belongs. In the two studied cases, one can observe on figures 4(B) and (D) that a larger density of butyl chains occurs in the z range where the density of head groups is also large (figures 4(A) and (C), respectively). This clearly shows that for the C 1 C 1 C 1 NC 4 -based ILs, there is no ordering of the apolar butyl chains in our simulations, in agreement with the experimental results of Perkin et al [43]. Note that, the narrower densities closest to both MMT slabs indicate that butyl chains are mostly aligned parallel to the MMT basal plane.

In order to illustrate further the Coulomb ordering and the absence of ordering of the apolar groups, figure 5 shows snapshots of ions in the interlayer space of MMT. For clarity, only pairs nm -2 . The basal spacing of modified MMT increases to 2.01 nm and the ions assemble in five ionic layers along the z axis (figure 6(A)). For the head groups of the cations, two narrow peaks are observed, corresponding to ions lying close to the MMT negative surfaces, while a third peak appears in the middle of the interlayer. For the anions, two peaks are observed, each of them being located between those of the cation head groups. Note that this ionic assembly is similar to the one obtained for a density of 1.68 C 1 C 1 C 1 NC 4 -NTf 2 ion pairs nm -2 in an interlayer space of 2.35 nm. The only difference is the height of the peaks of the NTf 2 number density, which is approximately half that in figure 4(C). This structure is again in excellent qualitative agreement with the SFB experiments of Perkinet al [43] for an analogous system consisting of pyrrolidinium-based ionic liquid, with a decyl chain cation, between mica surfaces.

Perkin et al [43,63] further reported, contrary to the C 1 C 1 C 1 NC 4 -NTf 2 case, the formation of apolar domains in which the alkyl chains of the cations from successive layers adopt an interdigitated structure [43,66]. We have therefore again split the cations alkyl chains number density contributions into two: the first corresponding to carbons from the central part of the chain (corresponding to the five carbon atoms closest to the nitrogen atom) and the second corresponding to carbons from the end of the chain. These alkyl number densities are respectively shown in figures 6(B) and (C). Again, we have labeled them according to the layer to which the nitrogen atom belongs. We can clearly see that the atoms from the middle of the chain belonging to one cation layer lie in the same regions as those from the end of the chain of the neighboring layer. Our simulations therefore show that the picture of apolar domains consisting of interdigitated layers proposed by Perkin et al [43] for ammonium cations with a large alkyl chain remains valid when passing from highly charged mica surfaces to MMT. Heinzet al [START_REF] Heinz | [END_REF]60], investigating the effect of the clay surface charge, showed that when MMT has higher surface charge, the cations tend to adopt a conformation in which the alkyl chains align perpendicular to the MMT slab. Therefore, the interdigitation of alkyl chains suggested by Perkinet al [43] may be even stronger in mica than in MMT. In spite of the confining effect, the appearance of apolar domains is determined by the alkyl chain size, as in similar neat tetraalkylammonium-based ionic liquids [49].

The snapshot shown in figure 7(A), illustrates the structure of this system with a density of 0.84 C 1 C 1 C 1 NC 10 -NTf 2 ion pairs nm -2 confined in MMT. The clustering of green spheres, which represent the decyl chain, illustrates the apolar domains indicated by the number densities discussed above.

When additional C 1 C 1 C 1 NC 10 -NTf 2 ion pairs are included in the system, the structure becomes more disordered, as illustrated in figure 7(B), and the layering is less obvious. There is now enough ionic liquid to screen almost entirely the MMT surface charge [67], and it can now adopt a bulk-like structure in the middle of the interlayer. Of course, for a larger surface charge, we expect that the amount of ionic liquid needed to reach this behavior would also have to be larger, and this is indeed what happens in the case of mica, for which a slight layering is still observed [43,66].

On the swelling of MMT by ILs

It is well known that cationic clays can easily swell in water and their swelling behavior has been the subject of molecular simulation studies [68,69]. While a full analysis of the relative stability of the different hydration states requires the computation of swelling-free energies, which is out of the scope of the present work, a first indication can be obtained by evaluating the hydration energy:

E(N ) = U (N ) -U (0) N ( 2 
)
where N is the number of water molecules, U (N ) is the average potential energy of N water molecules on the surface of an equilibrated system and U (0) is the average potential energy of a reference surface without any water [68,69].

Here, we use the same expression to estimate the relative 2 kJ mol -1 nm -2 higher than C 1 C 1 C 1 NC 10 -exchanged. For both cations, at a high density of ionic liquids, the total energy calculated by equation ( 2) tends towards the total energy of the respective neat ionic liquids (dashed lines). Note that for comparison purposes, the bulk energies are also normalized by the internal surface areas of MMT. Alternatively, one can evaluate the stability of a system by calculating the swelling energy, which is the difference between the final and initial state energies. Figure 8(B) shows the swelling energy,

E sw = U (N ) -[ U (0) + N U Bulk (1 I L) ] A (3) 
where N is the number of ion pairs, U (N ) is the average energy of N ion pairs on the surface of an equilibrated system, U (0) is the average energy of a reference surface of MMT modified with the respective cations, A is the total internal surface area, and U (1 I L) is the bulk energy per ion pair. The presence of one C 1 C 1 C 1 NC 4 -NTf 2 ion pair forces the system to a lower energy, whereas in the case of C 1 C 1 C 1 NC 10 -NTf 2 , the system has around 10 kJ mol -1 nm -2 higher energy than the initial states. This suggests that the insertion of a few ion pairs is energetically favorable in the former case, and unfavorable in the latter. At a larger number of ion pairs both systems have lower energy than the initial states, indicating that the swelling of the organo-modified MMT by the corresponding IL is energetically favorable. The total energy is the sum of Coulomb, Lennard-Jones and intramolecular energies. We further investigate the energetics of swelling by inspecting of Coulomb and Lennard-Jones energies, which are shown in figures 8(C) and (D), respectively. The Coulomb contribution to the swelling energy in C 1 C 1 C 1 NC 4 -NTf 2 is always positive, seeming to reach a plateau at a high number of ion pairs. In the case of C 1 C 1 C 1 NC 10 -NTf 2 , this contribution follows the same behavior, except for the lowest IL content, for which it becomes positive (figure 8(C)). The Lennard-Jones energy in both ionic liquids is always negative, except for one C 1 C 1 C 1 NC 10 -NTf 2 ion pair. Hence, the total swelling energy mainly results from the balance of the Coulomb and Lennard-Jones contributions.

Heinz et al [59,60] studied the cleavage energy of MMT modified with tetraalkylammonium cations by molecular dynamics simulations. The authors observed that the trimethylbutylammonium cation has the highest cleavage energy, whereas the modifying cation bearing a decyl chain has a lower cleavage energy in MMT with CEC = 91 meq/100g. The highest cleavage energy found in trimethylbutylammonium is related to the energy needed to break one layer of cations and to create two layers of cations adsorbed onto the MMT surfaces. In the case of trimethyldecylammonium, as two layers of cations already exist in the interlayer space, the energy to pull the MMT slabs apart is lower. Therefore, the positive and negative Coulomb contributions to the swelling energy in both ionic liquids are consistent with the cleavage energies of MMT modified with these two cations. Although the cleavage energy of MMT modified with C 1 C 1 C 1 NC 10 cations is lower, the inclusion of one ion pair in each interlayer space leads to system positive energies, meaning that presence of an ion pair in the confining space is not favorable because it is located in an apolar environment, as shown in figure 3(B).

Conclusions

In conclusion, we have studied via molecular dynamics simulations the behavior of two ionic liquids, formed by either C 1 C 1 C 1 NC 4 or C 1 C 1 C 1 NC 10 cations associated with the bis[(trifluoromethane)sulfonyl]amide (NTf 2 ) anion, in the interlayer space of modified MMT clays. Strong variations in the organization of the ionic liquids have been observed depending on the chain length of the cation and its density inside the interlayer. In general, the structure is dominated by the Coulomb repulsion between the negatively charged basal surface of the MMT and the anions, which is at the origin of the strong layering of the ionic liquid. In addition to this Coulomb ordering, we have observed the formation of apolar domains with interdigitated alkyl chains in the case of the C 1 C 1 C 1 NC 10 -based ionic liquid; in the case of C 1 C 1 C 1 NC 4 such domains do not form because the alkyl chains are too short. These results are in excellent qualitative agreement with the SFB experiments by Perkin et al, in which a similar behavior was observed when confining analogous ionic liquids between surfaces of mica, which carries a more strongly charged surface than MMT.

From the energetic point of view, we have showed that the insertion of a few ion pairs in the interlayer of organomodified MMT with the same cation can be either energetically favorable or unfavorable depending on the length of the alkyl chain. However, the swelling of the organo-modified MMT caused by a large amount of ionic liquid seems energetically favorable in all cases.

Figure 1 .

 1 Figure 1. Snapshot of a typical simulation box with 50 ion pairs of C 1 C 1 C 1 NC 4 -NTf 2 (yellow: Si inside the clay layer or S inside the interlayer, turquoise: Al, red: O, white: H, blue: N, violet: F, green: C). The z axis corresponds to the direction perpendicular to the basal surface. (trimethylbutylammonium, C 1 C 1 C 1 NC 4 , and trimethyldecylammonium, C 1 C 1 C 1 NC 10 ). Each layer of MMT consists of one octahedral sheet (aluminum oxide) sandwiched by two tetrahedral sheets (silicon oxide). The negative charge of MMT is obtained by replacing some Al 3+ ions in the octahedral sheet by Mg 2+ , which is compensated by the equivalent amount of monovalent trimethylalkylammonium cations. The idealized unit cell formula of MMT is C 0.75 Si 8 (Al 3.25 Mg 0.75 )O 20 (OH) 4 and its atomic structure was that used in previous MD simulations [44, 45]. The x and y dimensions of the simulation boxes are 3.588 and 4.144 nm, corresponding to 4 × 8 unit cells. The simulation boxes contain two layers, one layer in the middle of the z-axis and two half-layers at the end of the z direction. Forty-eight tetraalkylammonium cations, equally divided into the two interlayer spaces, compensate the negative charge of the surface. We consider two ionic liquids formed by either C 1 C 1 C 1 NC 4 or C 1 C 1 C 1 NC 10 cations associated with the bis[(trifluoromethane)sulfonyl]amide (NTf 2 ) anion in the interlayer space of modified MMT. The number of ion pairs and the corresponding number density of ion pairs nm -2 are shown in table S1 of the supplementary information (available at stacks.iop.org/JPhysCM/26/284107/mmedia). A snapshot of a typical simulation box, in the case of the C 1 C 1 C 1 NC 4 counterion, is provided in figure 1.Non-bonded interactions between all atoms are described by pairwise potentials,

Figure 2 .

 2 Figure 2. Basal plane spacing of MMT calculated by the Al-Al distance in the simulations of C 1 C 1 C 1 NC 4 -NTf 2 and C 1 C 1 C 1 NC 10 -NTf 2 ionic liquids at 300 K and 1 atm. In order to obtain the density of ion pairs, we divided the number of ion-pairs by the total basal surface, A. A = [4 × (number of surfaces in contact with the ions) × 3.588 nm × 4.144 nm].

Figure 3 .

 3 Figure 3. Number density profiles of cations (black) and anions (red) calculated for modified MMT with densities of 0.0336 ((A) and (C)) and 0.336 ((B) and (D)) ion pairs nm -2 . The gray bars indicate the location of the inner surfaces of MMT oxygen atoms. For clarity, the number densities of nitrogen anions are multiplied by 10 in (A), by 5 in (B), by 40 in (C), and by 10 in (D).
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 34 Figure4shows number density profiles calculated for the MMT modified with C 1 C 1 C 1 NC 4 . With fifty ion pairs (or 0.84 C 1 C 1 C 1 NC 4 -NTf 2 nm -2 ), the ion structuring remains as in the case of 0.336 ion pairs nm -2 (figure4(A)). When additional ion pairs are included (one hundred ion pairs or 1.68 C 1 C 1 C 1 NC 4 -NTf 2 nm -2 ), the anions themselves have to split into two layers for packing reasons, and a third layer of cation head groups appears between them.Perkin et al have investigated, by means of surface force balance (SFB) experiments, a pyrrolidinium-based ionic liquid confined between mica surfaces[43]. It is tempting to compare our results with their findings, although the systems are relatively different: while the ionic liquids do not differ much, the negative charge at the surface of mica is much larger, by a factor of 2.66, than that at the surface of MMT. They found out that the

Figure 4 .

 4 Figure 4. (A) and (C) Number density profiles of the nitrogen atom of cation head groups (black) and all atoms of NTf 2 anions (red) with densities of 0.84 (A) and 1.68 (C) C 1 C 1 C 1 NC 4 -NTf 2 ion pairs nm -2 . Reported results are averaged over the two interlayer spaces. (B) and (D) Number density profiles of the butyl chain with densities of 0.84 (A) and 1.68 (C) C 1 C 1 C 1 NC 4 -NTf 2 ion pairs nm -2 . Full line and full line plus squares in (B) and (D) stand for butyl chains bonded to the nitrogen atom of head groups close to the left and right surface of MMT, respectively. (D) Full line plus circles stands for butyl chains bonded to the nitrogen atom of head groups in the middle of the interlayer space.

Figure 5 .Figure 6

 56 Figure 5. Snapshots of simulation cells, showing the layering of ions in the confined space of modified MMT with densities of 0.84 (A) and 1.68 (B) C 1 C 1 C 1 NC 4 -NTf 2 ion pairs nm -2 . Blue, green, and yellow spheres are the nitrogen atom of cations, CH 2 /CH 3 groups, and sulfur atoms of anions, respectively. The z axis corresponds to the direction perpendicular to the basal surface.

Figure 6 .

 6 Figure 6. (A) Number density profiles of the nitrogen atom of cation head groups and all atoms of NTf 2 anions (A) in MMT with 0.84 C 1 C 1 C 1 NC 10 -NTf 2 ion pairs nm -2 . The reported results are averaged over the two interlayer spaces. (B) and (C) Number density profiles of the decyl middle chain (the five carbon atoms closest to the nitrogen atom) and the decyl end chain (the five carbon atoms furthest from the nitrogen atom). Full line and full line plus squares in (B) and (C) stand for atoms of the decyl chain bonded to nitrogen atoms of head groups close to the left and right surfaces of MMT, respectively. Full line plus circles stands for atoms of the decyl chain bonded to the nitrogen atom of head groups in the middle of the interlayer space.

Figure 7 .

 7 Figure 7. Snapshots of simulation cells, showing the layering of ions in the confined space of modified MMT with 0.84 (A) and 1.68 (B) C 1 C 1 C 1 NC 10 -NTf 2 ion pairs nm -2 . Blue, green, and yellow spheres are the nitrogen atom of cations, CH 2 /CH 3 groups, and sulfur atoms of anions, respectively. The z axis corresponds to the direction perpendicular to the basal surface.

Figure 8 .

 8 Figure 8. Total ((A)-from equation (2), (B)-from equation (3)), Coulomb ((C)-from equation (3)), and Lennard-Jones ((D)-from equation (3)) energies. The dashed lines are the total energy of neat ionic liquids, which is normalized by the internal surfaces of MMT to allow graphical comparison.

  5. The parameters for non-bonded interactions are provided in table S2 of the supplementary information (available at stacks.iop.org/JPhysCM/26/284107/ mmedia). Lennard-Jones parameters for different atom types are obtained using the Lorentz-Berthelot mixing rules. The CH 3 and CH 2 groups of cations are considered as a single force center, meaning H atoms are not taken into account explicitly. Usual bond stretching, angle bending, and dihedral torsion potentials were considered for intramolecular interactions, whose equations and parameters are provided in tables S3 to S6 in the supplementary information (available at stacks.iop. org/JPhysCM/26/284107/mmedia). The parameters for MMT correspond to the CLAYFF force field
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