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Abstract

:

We present fully atomistic molecular dynamics (MD) simulations at 450 K of two ionic liquid crystals in the smectic phase: 1-dodecyl-3-methylimidazolium tetrafluoroborate ([C12C1im][BF4]) and 1-dodecyl-3-methylimidazolium chloride ([C12C1im]Cl). The two systems experimentally exhibit different ranges of thermal stability of the ionic smectic phase: The chloride salt has a more stable LC phase, between 270.3 K and 377.6 K, with a range of SmA of more than 107 K. In contrast, the tetrafluoroborate salt has a smectic phase between 299.6 K and 311.6 K, with a range of mesophase of just 12 K. The MD simulations show that the chloride system is stable in the smectic phase for the 5 ns of simulation, while the tetrafluoroborate salt melts into an isotropic ionic liquid, in qualitative agreement with the experiments. Comparison of the electrostatic and van der Waals energetic contributions enables one to rationalize the observed behavior as being due to the large size of the [BF4] anion: a larger size of the anion means a lower charge density, and therefore a weaker electrostatic interaction in the ionic layer.
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1. Introduction


Ionic liquid crystals (ILCs) are materials formed by ions and exhibiting thermotropic liquid crystal (LC) behavior; that is, the mesophases are observed as a function of the temperature for the pure samples [1,2]. They are promising materials for applications wherein an anisotropic conduction of charge and/or matter is sought; for example, Li-ion batteries [3] and dye sensitized solar cells (DSSC) [4,5,6]. From an experimental point of view, several kinds of ILCs have been synthesized since the first consistent report of the properties of long-chain imidazolium salts [7], though ILCs have actually been around since immemorable time, given that metal alkanoates, i.e., soaps, have ionic liquid crystalline phases [8,9,10]. Inclusion of photo or electrochromic moieties in the molecular structure results in materials with interesting optical properties; for example, an increased optical Kerr effect [11], and the possibility of preparing electrochromic smart materials and devices [12,13,14,15,16,17,18].



Usually, ILCs are composed of an organic cation and an inorganic anion, as found in ionic liquids (ILs): besides the already mentioned imidazolium cations, several other systems have been investigated, such as guanidinium [19,20], pyrrolidinium [21] and bipyridinium (viologens) [22,23,24,25,26,27,28]. In all cases, the key molecular feature which is necessary in order to have ionic liquid crystal behavior is a relatively long alkyl chain attached to the ionic part. This will guarantee nano-segregation between the ionic parts and the hydrophobic chains, leading, almost invariably, to layered, that is smectic, ILC phases, wherein ionic layers are alternated with hydrophobic alkyl layers, though no positional order exists within each layer. A few years ago, Nelyubina et al. reported an interesting correlation, experimentally determined, between the minimum chain length required to observe ILC mesophase and the relative volume between 1-alkyl-3-methylimidazolium cations and several anions [29]. They observed that, the larger the anion, the longer the alkyl chain has to be in order to have an ionic smectic phase. For example, while imidazolium chloride salts have a ILC phase already with a C12 alkyl chain, at least C14 is needed when the anion is the larger PF6− and a C22 alkyl chain is needed for the case of bistriflimide ((CF3SO2)2N−) anion [29]. A similar behavior is observed in metal alkanoates: when the anion bearing the alkyl chain is paired with larger cations (e.g., from Li+ to Cs+) a longer alkyl chain is needed in order to observe the formation of ILC phases [30,31,32].



Computer simulations are a very useful tool with which to investigate the microscopic features of complex fluids. ILCs have been the subjects of several of such investigations with a variety of force field types: fully atomistic [33,34,35,36,37,38], coarse-grained [39,40,41] and highly coarse-grained [42,43,44,45,46]. In a recent combined experimental and simulation study, we investigated in detail the effect of the relative anion size on the thermal range of stability of the ionic smectic phase of a series of N-alkyl-3-methylpyridinium halides and trihalides [47]. In that work, we proposed that the stability of the ionic smectic phase is governed by a balance between the energetic stability of the two alternating layers, the ionic and the hydrophobic one: it is possible to destabilize one layer, for example, the ionic layer, by making the anion larger (so that the charge density is lower and therefore the electrostatic interaction is weaker) without destroying the ionic smectic phase, provided that we increase the stability of the hydrophobic layer, mostly due to van der Waals interaction, by increasing the chain length. Similarly, in a pure computational study [48] we observed that increasing the electrostatic interaction by artificially increasing the charge of the ions does increase the thermal range of stability of the ionic smectic phase by increasing the clearing point (smectic-to-isotropic transition) with a very minor effect on the crystal-to-smectic transition temperature [48].



In this work we extend our previous investigation with a direct comparison of two imidazolium ionic liquid crystals, 1-dodecyl-3-methylimidazolium tetrafluoroborate ([C12C1im][BF4]) and 1-dodecyl-3-methylimidazolium chloride ([C12C1im]Cl). The two systems experimentally exhibit ionic smectic phases with different thermal ranges of stability: the chloride salt has a wide range for its SmA phase of more than 107 K, from 270.3 to 377.6 K [49], while the tetrafluoroborate salt has a much narrower range of mesophase of just 12 K, from 299.6 to 311.6 K [50]. The rather close crystal-to-smectic melting temperatures and the significantly different smectic-to-isotropic clearing points suggest that the different anions affect mostly the stability of the smectic phase compared to the isotropic liquid, while the stability of the crystal phase is less affected, in agreement with the suggestions of the coarse-grained simulations of reference [48]. Herein, using fully atomistic MD simulations, we study the structures of the two title systems at 450 K. The results show that the electrostatic contribution and the van der Waals contribution are significantly different in the two systems and can explain the different thermal ranges of stability of the ionic smectic phases in the two systems.




2. Materials and Methods


Simulations were run with the software DL_POLY Classic [51] using the fully atomistic, non-polarizable, CL&AP Force Field for ionic liquids [52]. Initial boxes were the ones of reference [36] (after removing the probe molecule of dichlorobenzene); thus, both consisted of 511 ion pairs. The simulations were run at 450 K for 5.1 ns in the NPT ensemble. The time step was set to 1 fs; the electrostatic interactions treated with the Ewald sum method with a precision of 10−6. All C–H bonds were constrained. Temperature and pressure were controlled with the Hoover thermostat and barostat [53,54], and the equation of motion was integrated using the leapfrog algorithm [55] with a shake algorithm to constrain C–H bonds (tolerance 10−8) [56,57]. Structures and configurations were visualized with VMD software [58].



The choice of the simulation temperature, higher than the clearing point for both systems, was dictated by the following reason: it is widely acknowledged that non-polarizable force fields, like the one used here, overestimate the electrostatic interaction [59,60]. While the structural properties are generally good, the dynamics are significantly slowed down. A secondary effect of the increased electrostatic interaction is an increase of the transition temperatures observed in the simulations [37]. A common workaround is to use higher temperatures to speed up the sampling of the phase space. This approach has been used in our previous works, and the comparison with experimental results was qualitatively very good, though the temperatures of the simulations were not the same as the ones of the experiments [47,61]. Moreover, for a qualitative understanding, the most important point is that the two systems are simulated at the same temperature, so that the comparison will be meaningful. Thus, using a higher temperature, as mentioned, allows one to speed up the dynamics, thereby reducing the computational demand, without losing any structural information. We mention here, for the sake of completeness, that another option would be to rescale the total charge by a factor around 0.8, depending on the particular scheme, so that the cation and the anion have total charges of +0.8e and −0.8e, respectively [62,63,64]. This, of course, lowers the electrostatic interaction, somehow mimicking the effect of polarizability. A thorough comparison of polarizable and non-polarizable force fields with scaled charged is reported in reference [65]. In this work, in keeping with our previous studies, we have preferred to use a higher temperature rather than scaling the charges.




3. Results


As mentioned in the Materials and Methods section, both simulations started from the final configurations used in [36] after removing the solute dichlorobenzene molecule, since here we are interested in the bulk properties only. It is worth remembering that, for [C12C1im][BF4], the temperature used in [36] was 350 K in order to keep the smectic phase stable. Here we suddenly increased the temperature to 450 K—the same T used for the system [C12C1im][Cl]. As we can see in Figure 1, the tetrafluoroborate system is initially in the smectic A phase, but after 5 ns it appears completely isotropic with no evidence of layers. In contrast, see Figure 2, the layered structure of the chloride salt is clearly maintained unaltered during the simulation.



A more quantitative information is obtained by comparing the profile of the probability density of the anion center of mass along the director (here oriented along the z axis of the box) at the beginning of the simulation and at the end (see Figure 3 and its caption for more details). Consistent with the snapshots in Figure 1 and Figure 2, the profile for the tetrafluoroborate salt at the beginning shows a clear alternation with the maxima identifying the ionic layers and the minima corresponding to the hydrophobic layers. However, the density profile at the end of the simulation is clearly flat (within the high noise due to the limited statistics). Again, the analogous curves for the chloride salt indicate first of all a higher degree of positional order, as already discussed in [36], and more importantly, a perfect overlap of the density profiles obtained at the start and at the end of the simulation.



To conclude this structural analysis, in Figure 4 we report the radial distribution functions of the distance between the geometric center of the imidazolium ring and the anion. As observed already, for [C12C1im][BF4] there is a clear difference in the g(r) calculated at the beginning and at the end of the simulation. While the first peak remains very similar in position, amplitude and width, the second and third peaks change significantly, decreasing in intensity as a result of an increased disorder in the average structure. In contrast, the radial distribution functions of [C12C1im][Cl] are almost perfectly overlapped.



To summarize the results obtained so far—it is clear that while [C12C1im][Cl] at 450 K is in a smectic A phase, stable and with well separated ionic and hydrophobic layers, the smectic phase of [C12C1im][BF4] at the same temperature is not stable and it undergoes a quick melting into a nano-segregated isotropic liquid during the 5 ns of simulations.



To get some more insights into the phase transition process and the factors that determine the different stabilities of the smectic phase in the two salts, in Figure 5 we show the different contributions of the intermolecular potential energy, the van der Waals term and the Coulomb term, during the 5 ns of simulation. We have removed the first 50 ps from the graph taken as equilibration needed to cancel the effect of the removal of the solute molecule from the starting boxes (see Materials and Methods)



Clearly, the tetrafluoroborate salt is not at the equilibrium and we can see a drift of the energies that lasts for about 3 ns. The Coulomb energy increases (becomes less negative), while the van der Waals energy decreases (becomes more negative). We should stress here that the Coulomb energy is essentially due to the electrostatic interaction involving the imidazolium ring and the anion, with a negligible contribution from the alkyl chains. In contrast, the van der Waals interaction has a major contribution from the hydrophobic alkyl chains but also non-negligible contributions from the imidazolium ring and the anions. At variance with the tetrafluoroborate salt, for the chloride salt we note a constant trend of both energy contributions during the 5 ns simulation, indicating an equilibrium condition.




4. Discussion


Comparison of the energetic contributions, see Table 1, reveals that the stable smectic phase of the chloride salt is characterized by a weaker van der Waals (vdW) interaction compared to the tetrafluoroborate salt. This can be indeed partly attributed to the larger number of atoms per mole of tetrafluoroborate salt (five atoms in the [BF4]− anion vs. just one for the chloride). In contrast, the Coulomb contribution is significantly larger (that is, more negative) in the chloride salt and overcompensate for the weaker vdW contribution. This increased electrostatic interaction is certainly the result of a much more concentrated negative charge in a relatively small anion that allows the cation-anion interaction to be stronger.



Therefore, it appears that one of the driving forces that stabilizes ionic liquid crystals in the smectic phase is an increased electrostatic interaction that can be obtained, for example, by using smaller anions with a higher charge density. The same qualitative result, as mentioned in the Introduction, was obtained by using a coarse-grained force-field of imidazolium salts, where the total charge of the cation head and anion was artificially varied from 0.7e up to 1.2e while keeping all the remaining parameters the same [48]. It was observed that the thermal range of stability of the ionic smectic phase was largely increased by increasing the charge of the ionic parts from about 50 K of thermal range of ionic smectic phase for an unscaled system (charges of the ions equal to +1.0e and −1.0e) up to more than 200 K of smectic range when the charge was scaled by a factor of 1.2. In contrast, the smectic phase disappeared for charges scaled by a factor smaller than 0.9. Moreover, the extended range was obtained as a result of a significant increase of the smectic-to-isotropic transition temperature, while the crystal-to-smectic transition temperature was very minorly affected by the charge. We note that a qualitatively similar observation holds for the studied salts which have a closer crystal-to-smectic transition temperature than the smectic-to-isotropic clearing point.



The results of these atomistic simulations are perfectly in agreement with the previous computational results of [48] and with the recent results, both by experiments and simulations, wherein the stability of the ionic smectic phase was compared for a series of methylpyridinium ILs based on halides and trihalides [47]. In fact, in that case it was also observed that increasing the size of the anion, while keeping the same cation, led to a decreased thermal range of stability of the ionic smectic phase.




5. Conclusions


In this paper we have compared two ionic liquid crystal systems, 1-dodecyl-3-methylimidazolium tetrafluoroborate ([C12C1im][BF4]) and 1-dodecyl-3-methylimidazolium chloride ([C12C1im]Cl), by means of fully atomistic MD simulations. From a purely topological point of view, the two systems differ by the sizes of their anions (we can assume that the shape of the tetrafluoroborate, having a tetrahedral symmetry, is sufficiently close to spherical) and therefore by the anions’ charge densities only.



In qualitative agreement with experimental observations, we find that the chloride systems exhibit a stable and highly ordered ionic smectic phase (the experimental salt has a thermal range of ionic smectic phase of more than 100 K) while the tetrafluoroborate systems at the same temperature melt into an isotropic ionic liquid (the experimental systems have a small range of ionic smectic phase of just 12 K).



A comparison of the intermolecular energetic contributions of the two systems, Coulomb and van der Waals, reveals that the key factor that stabilizes the ionic smectic phase is an increased electrostatic contribution in the chloride salt due to a higher charge density (smaller size) of the chloride anion compared to the tetrafluoroborate anion. This increased interaction keeps the structure of the ionic layer and allows the hydrophobic region to be in a liquid-like state at the same time, preventing a complete melting into an isotropic system.
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Figure 1. (a) Initial (t = 100 ps) and (b) final (t = 5 ns) snapshots of the simulation box of [C12C1im][BF4] at 450 K. Color code: cyan: carbon; white: hydrogen; blue: nitrogen; red: [BF4]−. 
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Figure 2. (a) Initial (t = 100 ps) and (b) final (t = 5 ns) snapshots of the simulation box of [C12C1im]Cl at 450 K. Color code: cyan: carbon; white: hydrogen; blue: nitrogen; green: Cl−. 






Figure 2. (a) Initial (t = 100 ps) and (b) final (t = 5 ns) snapshots of the simulation box of [C12C1im]Cl at 450 K. Color code: cyan: carbon; white: hydrogen; blue: nitrogen; green: Cl−.



[image: Crystals 10 00253 g002]







[image: Crystals 10 00253 g003 550] 





Figure 3. Anion’s density profile along the director. The abscissa is defined as z’ = z/Lz, where z is the coordinate along the director of the reference atom and Lz is the box size length along the director. For each timestep, z’ is calculated using the instantaneous value of the box size. (a) Density profile of the B atom of the anion in [C12C1im][BF4] obtained by averaging 1900 snapshots from (solid squares) t = 5 ps until t = 100 ps and from (empty circles) t = 5005 ps until t = 5100 ps. (b) Density profile of the Cl− anion in [C12C1im]Cl obtained by averaging 1900 snapshots from (solid squares) t = 5 ps until t = 100 ps and from (empty circles) t = 5005 ps until t = 5100 ps. 
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Figure 4. Radial distribution functions—g(r) of the distance between the imidazolium ring’s geometric center and the anion center of mass. (a) g(r) in [C12C1im][BF4] obtained by averaging 1900 snapshots from (red) t = 5 ps until t = 100 ps and from (black) t = 5005 ps until t = 5100 ps. (b) g(r) in [C12C1im]Cl obtained by averaging 1900 snapshots from (red) t = 5 ps until t = 100 ps and from (black) t = 5005 ps until t = 5100 ps. 
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Figure 5. Time evolution of the two intermolecular energy contributions, van der Waals and Coulomb, during the 5 ns simulation for the two systems investigated: (a) [C12C1im][BF4]; (b) [C12C1im]Cl. 
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Table 1. Average intermolecular energetic contributions for the two systems investigated, in kJ/mol.
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	E Coul
	E vdW





	[C12C1im][BF4]
	−193.0 ± 9.6 (~ −195) 1
	−115.1 ± 5.7 (~ −110) 1



	[C12C1im]Cl
	−318.0 ± 15.9
	−66.4 ± 3.3







1 Estimated initial value in the smectic A phase (initial time).
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