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Abstract

:

Geometries and binding energies of complexes between a LiF molecule and a model aromatic tetraamide are obtained using various DFT methods. The tetraamide consists of a benzene ring and four amides positioned so that the LiF molecule can bind via Li⋯O=C or N-H⋯F interactions. The complex with both interactions is the most stable one, followed by the complex with only N-H⋯F interactions. Doubling the size of the former resulted in a complex with a LiF dimer sandwiched between the model tetraamides. In turn, doubling the size of the latter resulted in a more stable tetramer with bracelet-like geometry having the two LiF molecules also sandwiched but far apart from each other. Additionally, all methods show that the energy barrier to transition to the more stable tetramer is small. The self-assembly of the bracelet-like complex mediated by the interactions of adjacent LiF molecules is demonstrated by all computational methods employed.
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1. Introduction


For more than half a century, supramolecular chemistry has helped expand the scope of traditional molecular chemistry [1,2,3,4]. By extending their attention beyond a single molecule to include an aggregate of molecules, supramolecular scientists have discovered and developed novel materials with potential applications in a variety of fields that could have not been achieved by the individual molecules making up the multimolecular aggregates [5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22]. In contrast to the covalent bonds that dominate the structure of a single molecule, non-covalent bonding interactions dominate the assembling of individual molecules into supramolecular aggregates or complexes. Commonly encountered non-covalent bonding include van der Waals, dipole–dipole, ion–dipole, ion–ion, ion–π, π–π stacking, and hydrogen bonding interactions [23,24,25]. The more recent recognition and use of other interactions such as the tetrel, pnicogen, chalcogen, and halogen bonds have enriched the non-covalent bonding toolbox available to supramolecular scientists [26,27,28].



In the development of supramolecular materials, attention is given to the selection or design of individual molecules possessing the type of functionalities that can interact with one another in a complementary manner whenever the molecules are brought together. The specific functionalities in individual molecules would depend on the kind of intermolecular interactions intended to drive the self-assembling of the molecules into the desired supramolecular material. The building block of a supramolecular material can be a single molecule or several identical or different molecules. A group of molecules might aggregate themselves first to form a larger unit that can then be used as a motif for a supramolecular material. An aggregate of molecules can be envisioned with the potential to serve as a host of another molecular system or a metal ion, i.e., host–guest chemistry. Interesting and intriguing possibilities may arise if the hosts themselves can interact with one another via non-covalent interactions to form a large or polymeric array of self-assembled hosts.



In this work, various DFT methods are employed to study the formation of a tetrameric aggregate using lithium fluoride, LiF, and a model benzene tetraamide as basic motifs. One appealing aspect of the amide group is its central role in biological systems, namely, as a repeating unit in polypeptides. Also appealing is the potential for intermolecular self-recognition through hydrogen bonding on account of the amide’s two complementary functional groups, C=O and N-H [29]. This potential for self-assembling has been realized in various ways, including the self-assembling of peptide nanotubes [11]; it has also inspired applications in nanotechnology [30]. Because of its amphiphilic character, the amide group exhibits an ability to bind either electron-deficient species through its C=O group or electron-rich species through its N-H group. Accordingly, research efforts have been devoted to the design of amide-containing ligands for the selective binding of anions or metal cations. Given their potential for π···π and metal ion···π interactions, aromatic amides have been the focus of much attention as well [31]. Examples of macrocyclic aromatic tetraamide receptors for either anions or alkali metal ions have been reported [32,33]. Examples of cooperative binding of ion pairs by amide-containing ligands exist, although these examples usually include the amide motif in conjunction with a different group such as a crown ether [34,35,36]. In a previous publication, the Li+ and F- ion-pair binding ability of the same model aromatic tetraamide used in this work was examined computationally [37]. In the work reported here, however, the attention is focused on the ability of the model tetraamide to form stable complexes with the molecule lithium fluoride, LiF. The potential for self-assembly into a tetrameric complex is also examined. The stability of the tetrameric complex is expected to result primarily from the interplay of hydrogen bonding, metal–oxygen, and π–π non-covalent interactions. In addition to its relatively small size, which makes it convenient for computational studies, lithium fluoride is known to form a very stable cyclic dimer [38,39,40,41,42]. Accordingly, the potential for LiF-mediated self-assembly of the tetrameric aggregate itself is investigated. In this case, the tetrameric building blocks are held together via the formation of a LiF-dimer moiety linking adjacent tetramers. The results of this work should have implications in the field of supramolecular chemistry in general. Because of the distinct possibility that the LiF molecule might dissociate into its constituent ions, under the right circumstances, this work should also be of basic importance for the understanding and development of heteroditopic ion-pair receptors [43,44]. Moreover, this work may have some implications in the field of lithium batteries, given the importance of the structural state of lithium compounds in this field [45,46,47]. For example, dual-ion intercalating cell designs, using graphitic anodes and cathodes but employing LiF as the functional salt, dissolved in nonaqueous solvents, have been studied as alternatives to conventional Li-ion cells [45].




2. Results and Discussion


2.1. LiF–Tetraamide Complexes, mLiF


For convenience, the model aromatic tetraamide will be referred to with the letter “m”. All methods give a similar optimized geometry of the model tetraamide, m, as that displayed in Figure 1. Inspection of Figure 1 shows that two of the four amides connect to benzene via their carbonyl carbons, and that the other two amides connect via their nitrogen atoms. In this geometry, the two pairs of amides are connected through N-H⋯O=C hydrogen bonds. In addition, it is apparent in this geometry that the two pairs of amides possess complementary binding ability, which allows for the binding of an electron-rich species through hydrogen bonding with the N-H moieties of one pair of amides, and the binding of an electron-deficient species with the O=C moieties of the other pair of amides [37,43].



The extent of this complementary binding ability is investigated by optimizing the geometry resulting from bringing together the model tetraamide, m, and a molecule of lithium fluoride, LiF, from various intermolecular approaches. Three distinct minimum energy complexes (with zero imaginary frequencies), mLiF-A, mLiF-B, and mLiF-C, were obtained with the B3LYP method (see Figure 2). These optimized dimer complexes were further optimized with the M05-2X method and both the B3LYP-D and the wB97XD methods. In all cases, frequency calculations confirm that the optimized geometries were minima (no imaginary frequencies). The most striking finding is that the mLiF-C complex, obtained with the B3LYP method, is converted into the mLiF-A complex upon geometry optimization with any of the other three methods.



Table 1 shows the relative electronic energies and zero-point energies in kcal/mol for all complexes. All methods predict that mLiF-A is lower in energy relative to mLiF-B. Including the small zero-point energy correction, the smallest relative energy is found with the B3LYP method, 10.91 kcal/mol. All the other methods give corresponding relative energies that are close to one another, with the largest value given by the B3LYP-D method, 14.77 kcal/mol. Interestingly, the mLiF-C complex is only 4.15 kcal/mol above mLiF-A even though it does not remain as a minimum with the other three methods but rather is converted into the mLiF-A complex.



The BSSE-corrected binding energies calculated with the various methods are given in Table 2. The binding energies listed in Table 2 as BE are calculated as the difference between the energy of the complex and the sum of the energies of the constituent monomers, assuming each monomer has the same geometry as in the corresponding complex. All methods agree that the binding energies for all complexes are large and that, except for the wB97XD method, the binding energy of the mLiF-A complex more than doubles that of the mLiF-B complex. The mLiF-A binding energy calculated with the wB97XD method is slightly less than twice that of the mLiF-B complex. Additionally, the B3LYP results show that the binding energy of the mLiF-A complex is more than the sum of the other two complexes, mLiF-B and mLiF-C, found with this method. Relative to the other three methods, B3LYP underestimates the binding energies for the mLiF-A and mLiF-B complexes. Lastly, the M05-2X binding energy of either mLiF-B or mLiF-A lies in between that calculated with the B3LYP-D and wB97XD methods. The binding energies listed in Table 2 as BE-DE take into account the increase in energy of the monomers in the complex due to the geometrical deformations that each monomer suffers upon complex formation. Inspection of Table 2 shows that the energy cost of the geometry deformation of the monomers, relative to their geometries when they are isolated and fully optimized, is much larger upon mLiF-A formation (27.59 to 32.26 kcal/mol) than upon mLiF-B formation (3.29 to 5.24 kcal/mol).



Pertinent geometrical parameters for the mLiF dimers optimized with the various theoretical methods are displayed in Table 3 (distances) and Table 4 (angles). In general, the covalent Li-F bond is elongated relative to the optimized Li-F monomer. For reference, the optimized Li-F bond distance is calculated to be 1.587, 1.583, 1.583, and 1.598 Å with the B3LYP, M05-2X, B3LYP-D, and wB97XD methods, respectively. In particular, the Li-F bond distance is longer in the mLiF-A complex than in the other two complexes. The larger elongation of the Li-F bond in mLiF-A results from the simultaneous chelate binding of Li and F by the aromatic tetraamide. In mLiF-B, the binding is primarily on the F end of the molecule, and in mLiF-C, the binding is on the Li end of the molecule, as revealed in the intermolecular Li⋯O=C and N-H⋯F distances and angles. Additional interactions of the Li-F molecule with the aromatic ring can be inferred from the Li or F distance to the closest carbon in the aromatic ring, as shown in the respective Li⋯C and F⋯C distances in Table 3.



Complexation of LiF in mLiF-A produces a substantial weakening of the intramolecular N-H⋯O=C hydrogen bond, as observed in the respective N-H⋯O distances (Table 3) and angles (Table 4). As a reference, the N-H⋯O distance in the optimized tetraamide monomer, m, is calculated to be 1.822, 1.856, 1.827, and Å with the B3LYP, M05-2X, B3LYP-D, and wB97XD methods, respectively. In the same order of the DFT methods, the optimized N-H⋯O angle in the tetraamide monomer is calculated to be 138.6, 137.1, 138.1 and degrees, respectively. On the other hand, the distortion of the intramolecular N-H⋯O=C hydrogen bond is much smaller upon formation of the mLiF-B or the mLiF-C complexes. For example, the N-H ⋯O angle in mLiF-B is quite close to that in the optimized tetraamide monomer, and thus the distortion of the hydrogen bond is shown mostly in the N-H⋯O distance, which is somewhat lengthened in the complex.



The geometrical flexibility of the model tetraamide to bind LiF is demonstrated in the dihedral angles that relate the two amides forming the intramolecular N-H⋯O=C hydrogen bond with each other in relation to the aromatic ring carbons, namely, the (O=)C-N-C-C and the O=C-C-C dihedral angles listed in Table 5. The values of these dihedral angles reflect the deviation of each amide from the aromatic ring plane. Accordingly, the more aligned the two amides are with the plane, the closer to 180 degrees and to 0 degrees the (O=)C-N-C-C and the O=C-C-C dihedral angles are, respectively. Inspection of Table 5 shows that the amides are aligned with the aromatic plane the most in the uncomplexed tetraamide monomer, m. In contrast, the least alignment with the plane is seen in the mLiF-A complex.




2.2. (m-LiF)2 Complexes


Each of the dimer complexes, mLiF-A or mLiF-B, was used as a motif to build a dimer of a dimer complex or a tetramer complex, (m-LiF)2. Two distinct tetramer complexes, (m-LiF)2-A and (m-LiF)2-B, were found upon geometry optimization by all the computational methods employed in this work. The former has a C2 point group symmetry (Figure 3) while the latter has a bracelet-like geometry of C2h symmetry (Figure 4). The absence of any imaginary frequencies also verified that the optimized tetramers are indeed minima. Specifically, the complementary overlap of two mLiF-A complexes resulted in the (m-LiF)2-A tetramer complex, while the corresponding overlap of two mLiF-B complexes resulted in the (m-LiF)2-B tetramer. Incidentally, using the optimized ion-pair (Li+ and F−) complex of the model tetraamide reported previously [37] also resulted in the (m-LiF)2-B tetramer.



Table 6 shows the relative electronic and zero-point energies in kcal/mol for all tetramer complexes. All methods predict (m-LiF)2-B to be lower (by more than 20 kcal/mol) in energy relative to its (m-LiF)2-A counterpart. Including the small zero-point energy correction, the largest relative energy is found with the B3LYP method, which shows (m-LiF)2-A above (m-LiF)2-B by 27.67 kcal/mol. In turn, the M05-2X gives the smallest energy gap between these complexes, 20.67 kcal/mol. The transition state structure connecting the two tetramers was found by each of the DFT methods employed here. Table 6 shows that the energy barrier, including zero-point energy, for the transition from the higher to the lower energy tetramer is relatively small, with the B3LYP method giving the lowest energy barrier (2.44 kcal/mol).



The BSSE-corrected binding energies for the two tetramers, calculated with the various methods, are given in Table 7. Examination of Table 7 indicates that the B3LYP consistently underestimates the binding energies relative to the other three methods, partly due to the inability of B3LYP to account for dispersion forces such as the π⋯π interactions resulting from the overlap of the two benzene ring units [48,49,50]. The binding energy calculated for the (m-LiF)2-B complex corresponds to the breaking of the complex into its four constituent units and is listed as (m-LiF)2-B_4 in Table 7. In this case, all methods predict binding energies that are substantially larger than twice the binding energy of the parent dimer mLiF-B. The result is not surprising, given that the Li end of each LiF unit is chelated by amide oxygens in the tetramer, an interaction which is missing in the parent dimer. That is, the much stronger Li⋯O=C interactions in (m-LiF)2-B replace the weak Li⋯π interaction in mLiF-B. Regarding the (m-LiF)2-A tetramer, two different binding energies were calculated. One shows the binding energy associated with all four units, the two LiF molecules and the two model tetraamides, (m-LiF)2-A_4. In this case, all methods predict binding energies that are also more than twice the binding energy of the parent dimer mLiF-A. The difference can be traced down to the interaction between the LiF molecules in the LiF dimer mediating the formation of (m-LiF)2-A. Consequently, the (m-LiF)2-A complex can be thought of as a dimer of dimers mediated by the interaction of two LiF molecules, and the other binding energy, (m-LiF)2-A_2, essentially shows the energy required to break the interaction of the two LiF moieties holding the two dimers together. In this case, the calculated binding energies are similar across the various methods (33.57 to 35.86 kcal/mol). Subtracting this binding energy from that calculated in (m-LiF)2-A_4 gives results that are indeed close to twice the binding energies found for the parent dimer mLiF-A (Table 3). Moreover, a comparison of the (m-LiF)2-A_2 binding energy can be made with that of the breaking of the optimized LiF dimer into the two constituent LiF monomers. To this effect, the LiF dimer was first optimized yielding a cyclic structure of D2h symmetry, and the corresponding BSSE-corrected binding energy was calculated next. These results agree with previously published results [38,39,40,41,42]. The binding energies shown in Table 7 indicate that the binding energy in the isolated LiF dimer (66.08 to 69.71 kcal/mol) is slightly less than twice that in the (m-LiF)2-A_2. That is, the chelate binding, NH⋯F-Li⋯O=C, of each Li-F unit by the amide motifs weakens (by almost 50%) the strength of the interactions in the isolated LiF dimer. Consequently, the binding energy of the LiF dimer in the tetramer is decreased relative to that of the isolated LiF dimer, as demonstrated by all the methods employed.



Relevant geometrical parameters for the (m-LiF)2-A tetramer are displayed in Table 8. These parameters can be compared with those for the mLiF-A parent dimer listed in Table 3 (distances) and Table 4 (angles). Table 8 shows two sets of different values for each of the Li-F, Li⋯O=C, and NH⋯F distances in (m-LiF)2-A, which are in all cases longer than the corresponding values in Table 3, regardless of the method used. The larger Li-F bond distances correspond to those of the LiF units in the same geometrical orientation as that in mLiF-A, while the smaller distances correspond to the separation of the adjacent LiF molecules holding together the (m-LiF)2-A tetramer. For additional comparison, the smaller Li-F distances are still larger than those found in the isolated LiF dimer of D2h symmetry. Specifically, the Li-F distance in the LiF dimer obtained by the B3LYP, B3LYP-D, M05-2X, and wB97XD methods are 1.735, 1.737, 1.726, and 1.745 Å, respectively. Two other parameters listed in Table 8 are the symmetric distances from each Li or F to its closest aromatic carbon, Li⋯C or F⋯C, respectively. The former shows an elongation relative to that in the parent dimer, while the opposite is true for the latter. Lastly, the Li⋯O=C and N-H⋯F angles change slightly upon tetramer formation. For example, the B3LYP method shows a widening of about 3.6 degrees for the Li⋯O=C angles concomitant with a narrowing of 3.6 degrees for the N-H⋯F angles. The widening for the Li⋯O=C angles is smaller with the other three methods, with a slightly larger N-H⋯F narrowing.



Important geometrical parameters for the bracelet-like (m-LiF)2-B tetramer are displayed in Table 9. Comparable parameters for the mLiF-B parent dimer are listed in Table 3 (distances) and Table 4 (angles). In particular, the binding of each Li end of a LiF molecule by the oxygen atoms of the pertinent amides in each aromatic ring in the tetramer results in a substantial decrease in the Li⋯O=C distances relative to those in the parent dimer where these interactions are missing. The Li⋯O=C angles are in tandem widened greatly upon tetramer formation. Similar results are found for the N-H⋯F hydrogen bond distances and angles, indicating stronger hydrogen bond interactions in the tetramer. Even the intramolecular N-H⋯O=C hydrogen bond is strengthened in the tetramer, as demonstrated mostly by the sizeable decrease in the pertinent hydrogen bond distance. One striking interaction that is absent in the parent mLiF-B dimer but that emerges in the (m-LiF)2-B tetramer is the intermolecular C-H⋯F hydrogen bond interaction. Except for the B3LYP method, all other methods consistently show relatively small hydrogen bond distances (1.842–1.863 Å) and quasilinear angles (168.2–172.6 degrees). The B3LYP method, however, shows a much larger C-H⋯F hydrogen bond distance (2.132 Å) and narrower angle (127.6 degrees), suggesting that the C-H⋯F hydrogen bond interactions make negligible contributions to the stability of the tetramer at the B3LYP level. Another interaction that is unique to the (m-LiF)2-B tetramer complex is the π⋯π interaction resulting from the overlapping of the two aromatic rings. Table 9 shows the distance separating the centers of each aromatic ring. Except for the B3LYP method, all the other methods predict relatively small distances between the aromatic rings (3.852–4.092 Å). The much larger distance between the aromatic ring centers predicted by the B3LYP method, 5.378 Å, is consistent with the inability of this method to account for dispersion forces, and thus any contribution to the stability of the tetramer due to the π⋯π interaction is essentially unaccounted for with the B3LYP method. It is worth noting that the B3LYP method predicts an almost perfectly eclipsed orientation of the two aromatic rings, while the other three methods predict a staggered orientation with the center of one ring directly above one of the carbon atoms in the other ring (see Figure 3). Although not shown in Table 9, the intermolecular Li⋯F separation is close to 7 Å with the B3LYP method and close to 8 Å with the other three methods.




2.3. Self-Assembly: [(m-LiF)2-B]n Complexes


Although both (m-LiF)2-A and (m-LiF)2-B tetramer complexes exhibit large binding energies, it is the latter complex that offers a compelling possibility for self-assembly into a growing network of n ≥ 1 tetrameric units, [(m-LiF)2-B)]n. Indeed, the potential for the interaction of adjacent tetrameric units via their LiF units seems plausible, as was seen in the formation of the (m-LiF)2-A complex from two mLiF-A parent dimers. In the (m-LiF)2-A complex, however, continuous self-assembly via the LiF dimer interaction is not possible. In the case of the (m-LiF)2-B self-assembly, the possibility for continuous network growth remains after two or more tetrameric units are brought together. This possibility was explored first for the case of n = 2. Geometry optimization and frequency calculations with the B3LYP method resulted in a [(m-LiF)2-B)]2 complex of D2h symmetry (See Figure 5) whose nature as a minimum energy structure was confirmed by the absence of any imaginary frequencies. In this larger complex, each tetrameric unit is linked sideways with an adjacent tetramer in an interaction mediated by the formation of the LiF dimer in a way that resembles the D2h symmetry of the isolated LiF dimer, as it did in the (m-LiF)2-A complex. Similar results were also found with the other three methods.



The energy required to break the [(m-LiF)2-B)]2 complex into its two tetrameric units was calculated and the results are listed in Table 10. This energy can be appropriately compared with the energy required to break the (m-LiF)2-A complex into its constituent dimers, (m-LiF)2-A_2 (Table 7). In general, the calculated BSSE-corrected binding energies are just few kcal/mol smaller than those listed in Table 7. More specifically, the largest decrease in the [(m-LiF)2-B)]2 complex binding energies occurs with the B3LYP method (−16%), and the smallest decrease occurs with the wB97XD method (−6%). The corresponding decreases with the other two methods B3LYP-D (−8%) and M05-2X (−9%) are close to each other. Despite the noted decrease relative to (m-LiF)2-A_2, the calculated binding energies in the [(m-LiF)2-B)]2 complex are still large enough (in the range of 28.04 to 35.90 kcal/mol) to hold the two tetrameric units together.



To further examine the LiF-mediated self-assembly of the (m-LiF)2-B complex, a geometry optimization of the much larger [(m-LiF)2-B)]4 complex was carried out with the less computationally demanding B3LYP and M05-2X methods. The optimized geometries are shown in Figure 6. The energy required to break the self-assembled complex into its four tetrameric units was calculated as 85.59 and 97.51 kcal/mol with the B3LYP and M05-2X methods, respectively. After dividing each of these binding energies by the number of mediating LiF dimers holding the [(m-LiF)2-B)]4 complex, the results (28.53 and 32.50 kcal/mol) are essentially the same as those obtained for the [(m-LiF)2-B)]2 complex with each of these methods. Moreover, the energy required to break the [(m-LiF)2-B)]4 into two complexes of size n = 3 and n = 1 is 32.50 kcal/mol, while that to break it into two equivalent complexes of size n = 2 is 32.65 kcal/mol with the M05-2X method. The corresponding results with the B3LYP method are, respectively, 28.47 and 28.85 kcal/mol. The results are important as they suggest that the binding energy for the LiF-mediated self-assembly in [(m-LiF)2-B)]n is independent of its size, n.



Inspection of Figure 4 reveals one striking geometrical distinction between the relative orientation of the tetrameric units, upon self-assembly, predicted by the B3LYP and M05-2X methods. The latter method predicts a geometry with the adjacent tetrameric units linked in a staircase manner, while the former method maintains the tetrameric units linked along the same line, one each for the top and the low end of the complex. Relevant geometric data are presented in Table 11 (distances) and Table 12 (angles) for both [(m-LiF)2-B)]2 and [(m-LiF)2-B)]4. Table 11 lists two different sets of Li-F distances. One set refers to the distance within each of the Li-F monomers already present in the parent (m-LiF)2-B parent (the outer LiF molecules), and the other set refers to the distance between the adjacent LiF molecules (the inner LiF molecules), one from each (m-LiF)2-B parent, involved in the LiF-mediated self-assembly. For [(m-LiF)2-B)]2, cross-inspection of Table 9 and Table 11 shows that all methods predict the Li-F distance for each of the outer LiF monomer to remain essentially unchanged when compared with the value it has in the parent tetrameric unit. In contrast, the Li-F distance for each of the inner LiF monomers is significantly lengthened, with an Li-F distance that is closer to that between the LiF molecules in the mediating LiF dimer. The trends noted for the outer and inner Li-F distances are generally true for the other distances listed in Table 11, Li⋯O=C, N-H⋯F, and C-H⋯F. One exception is the inner C-H⋯F distance for which the B3LYP method predicts an inner distance that is shorter than the outer one. Lastly, the distance between the centers of the aromatic rings decreases slightly in [(m-LiF)2-B)]2 relative to that in (m-LiF)2-B. With respect to the angles, Table 12 shows that while the outer Li⋯O=C, N-H⋯F, and C-H⋯F angles remain very close to their original values in the parent tetramer, the inner angles exhibit a small increase. It should be noted that the B3LYP method, in contrast to all other methods, predicts a sizeable increase for the inner C-H⋯F angles. Regarding the larger [(m-LiF)2-B)]4 self-assembled complex, Table 11 shows that the listed outer and inner distances remain close to their values in [(m-LiF)2-B)]2. Interestingly, the distance between the centers of the inner aromatic rings still shows a slight decrease in [(m-LiF)2-B)]4. The trends in the Li⋯O=C, N-H⋯F, and C-H⋯F angles also mirror those found in [(m-LiF)2-B)]2.





3. Computational Methods


All calculations were performed using the Gaussian 16 program [51]. Four different density functional methods were used for geometry optimization and frequency calculations. The B3LYP and M05-2X functionals were used along with the 6-31 + G(d) basis set. The B3LYP-D and wB97XD functionals were used along with the larger basis set 6-311 + G(d,p). Calculated binding energies for all complexes were corrected for basis set superposition error (BSSE) [52]. Please note that optimized geometries are provided as Supplementary Material.



It is worth noting that the B3LYP functional consists of the Becke exchange functional (B), the LYP non-local correlation functional, and the VWN functional III for local correlation [53,54,55,56]. Historically, B3LYP has been one of the most used functional methods for geometry optimization of molecules and the study of complexes including those exhibiting hydrogen bonding interactions [57,58]. Despite its popularity, especially in the 1990s and at the beginning of the 21st century, B3LYP has been shown to have serious limitations, particularly in those cases where dispersion interactions are important [48,49,50]. Using a DFT method that includes dispersion corrections is, then, generally desired [59,60,61]. Both the B3LYP-D and the wB97XD functionals include the empirical Grimme’s D3 and D2 dispersion methods, respectively [62,63,64,65]. The wB97XD functional also includes long-range corrections [66]. It is important to note, nonetheless, that using the wB97XD functional for accurate modeling of orbital energy in conjugated molecules has been found to depend on the range-separation parameter (ω). This parameter’s optimal value is not always known and must be tuned since the default value for ω overestimates HOMO/LUMO and optical gaps when compared to experimental values [67]. Furthermore, on a benchmark of DFT methods on halogen bonds, it was found that, for B3LYP, for example, the addition of dispersion corrections might actually degrade binding-energy accuracy [68]. Lastly, the M05-2X functional, which accounts for medium-range electron correlation, has been shown to perform well for non-covalent interactions, especially weak interaction, hydrogen bonding, and π···π stacking [69,70,71,72]. Some studies show, however, that because of the neglect of long-range correlation in the M05-2X, the performance of this functional in describing hydrogen-bonded nucleic acid base pairs is generally inferior to that of functionals including dispersion corrections [73]. Moreover, some authors recommend employing DFT-D functionals rather than the M05-2X for complexes with π···π interactions because the M05-2X tends to underestimate severely the interaction energy [74]. As shown in the results section below, the complexes investigated in this work exhibit an interplay of various interactions, including intramolecular N-H⋯O=C hydrogen bonding, relatively strong intermolecular N-H⋯F and weak C-H⋯F hydrogen bonding, Li⋯O=C binding, and weak π⋯π interactions. Thus, the use of the different DFT methods in this work helps determine whether a consistent set of results can be obtained regarding the geometry and stability of the systems under investigation. For convenience, in this work the combination of the density functional method and the chosen basis set will be referred to by using just the functional. For example, the B3LYP method implies here B3LYP/6-31 + G(d), and so on.




4. Future Perspectives


Four different density functional theory methods were used to study the geometries and binding energies of dimer complexes between a model aromatic tetraamide and a molecule of lithium fluoride. In two of the methods, B3LYP and M05-2X, the 6-31 + G(d) basis set was used; in the other two methods, B3LYP-D and wB97XD, the larger 6-311 + G(d,p) basis set was used instead. Three dimer complexes were found with the B3LYP method. In the mLiF-A complex, the aromatic tetraamide binds the LiF molecule via chelate binding of both the Li atom and the F atom. The former atom interacts with the oxygen atoms of the amide groups on one end, the C=O moieties, and the latter atom forms hydrogen bonding with N-H moieties of the amide groups on the other end. In the other two dimer complexes found by the B3LYP method, the binding of the LiF molecules occurs either through N-H⋯F hydrogen bonding, mLiF-B, or Li⋯O=C chelate binding, mLiF-C. All the other three methods found that the mLiF-C complex of the B3LYP method does not remain as such, but rather is converted readily into the mLiF-A complex upon geometry optimization. Moreover, all methods agree that the mLiF-A complex has the larger binding energy and is the more stable one. For example, mLiF-A is 14.13 kcal/mol more stable than mLiF-B with the M05-2X. With this method, the binding energy for mLiF-A (46.28 kcal/mol) is about 1.6 times that of mLiF-B (29.69 kcal/mol) after correction for deformation energies.



The possibility to form a dimer of dimers was explored. The results from all computational methods consistently show two distinct tetrameric complexes, (m-LiF)2-A and(m-LiF)2-B. The former complex is brought about by the interaction of the two LiF molecules in adjacent mLiF-A dimers. Here, the resulting LiF dimer is sandwiched between the aromatic tetraamides. The latter complex adopts a bracelet-like geometry with the two LiF molecules far apart from each other and yet sandwiched by the aromatic amides. The (m-LiF)2-B complex is found to be the more stable complex. Additionally, all methods show that the energy barrier to transition from (m-LiF)2-A to (m-LiF)2-B is small (2.4 to 4.3 kcal/mol).



In addition to being the more stable tetrameric complex, (m-LiF)2-B exhibits the potential for LiF-mediated self-assembly, [(m-LiF)2-B)]n, formed by the interactions of LiF molecules in adjacent (m-LiF)2-B units. The realization of such potential is consistently predicted by all computational methods employed in this work. Specifically, a self-assembled complex of size n = 2 was found with robust binding energies (between 28 and 36 kcal/mol, depending on the computational method). The B3LYP and M05-2X methods were used to study the much larger self-assembled complex of size n = 4. The results show average binding energies that are essentially the same as those in the smaller complex, n = 2. Similarly, only minor geometrical changes are seen upon increasing the size of the self-assembled complex.



Further computational and experimental work should be carried out to assess the generality of the results presented in this work and to gain additional insight into the intermolecular forces driving the formation of the complexes studied [75,76]. The author is currently investigating the ability of the bracelet-like complexes to host small molecules or metal ions. Indeed, the self-assembling of the tetrameric hosts should inspire pertinent research in the field of supramolecular chemistry [77,78,79]. In the author’s lab, for example, the generality of the results is being explored computationally using MX motifs to mediate the self-assembly process with different alkali metals, M, or halides, X. The use of metal oxides, such as MgO, is being considered as well. Moreover, the effect of extending the size beyond the benzene ring for the backbone containing the four amides is likewise being investigated in the author’s lab.
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Figure 1. B3LYP/6-31 + G(d) optimized geometry of the model aromatic tetraamide. The color representation is as follows: white (H), gray ©, blue (N), and red (O). 
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Figure 2. B3LYP/6-31 + G(d) optimized geometries for the dimer complexes of LiF and the model tetraamide, m. Three distinct minimum energy complexes are displayed mLiF-A (top), mLiF-B (middle), and mLiF-C (bottom). The color representation is as follows: white (H), gray (C), blue (N), red (O), pink (Li), and green (F). 
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Figure 3. B3LYP/6-31 + G(d) optimized geometry for the (m-LiF)2-A tetramer complex. The color representation is as follows: white (H), gray (C), blue (N), red (O), pink (Li), and green (F). 
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Figure 4. Optimized geometry for the (m-LiF)2-B tetramer complex. Upper panel shows the B3LYP/6-31 + G(d) geometries side view (left) and top view (right). Lower panel shows the M05-2X/6-31 + G(d) geometries side view (left) and top view (right). The color representation is as follows: white (H), gray (C), blue (N), red (O), pink (Li), and green (F). A purple color is assigned to the dummy atoms placed at the center of each benzene ring. 
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Figure 5. Optimized geometry for the [(m-LiF)2]2-B self-assembled complex. Upper panel shows the B3LYP/6-31 + G(d) geometry. Lower panel shows the M05-2X/6-31 + G(d) geometry. The color representation is as follows: white (H), gray (C), blue (N), red (O), pink (Li), and green (F). 
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[image: Molecules 28 04812 g005]







[image: Molecules 28 04812 g006 550] 





Figure 6. Optimized geometry for the [(m-LiF)2]4-B self-assembled complex. Upper panel shows the B3LYP/6-31 + G(d) geometry. Lower panel shows the M05-2X/6-31 + G(d) geometry. The color representation is as follows: white (H), gray (C), blue (N), red (O), pink (Li), and green (F). 
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Table 1. Relative (kcal/mol) electronic energies, ∆E, and zero-point vibrational energies, ∆zpve, of the mLiF complexes.
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	B3LYP
	
	



	Complex
	
	∆E
	∆zpve



	mLiF-A
	
	0.00
	0.00



	mLiF-B
	
	10.70
	0.21



	mLiF-C
	
	4.05
	0.10



	
	B3LYP-D
	
	



	Complex
	
	∆E
	∆zpve



	mLiF-A
	
	0.00
	0.00



	mLiF-B
	
	15.19
	−0.41



	
	M05-2X
	
	



	Complex
	
	∆E
	∆zpve



	mLiF-A
	
	0.00
	0.00



	mLiF-B
	
	13.73
	0.40



	
	wB97XD
	
	



	Complex
	
	∆E
	∆zpve



	mLiF-A
	
	0.00
	0.00



	mLiF-B
	
	13.30
	0.06










[image: Table] 





Table 2. BSSE-corrected binding energies, before (BE) and after correction for deformation energies (BE-DE), of the mLiF complexes *. All values in kcal/mol.
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	BE
	
	



	Complex
	B3LYP
	B3LYPD
	M05-2X
	wB97XD



	mLiF-A
	64.58
	70.99
	74.47
	71.25



	mLiF-B
	25.91
	29.61
	34.66
	36.22



	
	
	BE-DE
	
	



	Complex
	B3LYP
	B3LYPD
	M05-2X
	wB97XD



	mLiF-A
	32.32
	40.76
	46.28
	43.66



	mLiF-B
	22.13
	26.32
	29.69
	30.98







* MLiF-C is found only with the B3LYP/6-31 + G(d) method with binding and deformation energies of 36.54 and 8.03 kcal/mol, respectively.
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Table 3. Pertinent geometrical distances (Å) for the various mLiF complexes.






Table 3. Pertinent geometrical distances (Å) for the various mLiF complexes.





	

	

	

	
mLiF-A Complex

	

	




	
Method

	
Li-F

	
Li⋯O=C

	
N-H⋯F

	
N-H⋯O

	
F⋯C

	
Li⋯C




	
B3LYP

	
1.746

	
2.017

	
1.860

	
2.614

	
2.956

	
2.917




	
B3LYP-D

	
1.752

	
2.005

	
1.828

	
2.546

	
2.911

	
2.973




	
M05-2X

	
1.736

	
2.002

	
1.838

	
2.481

	
2.840

	
2.832




	
wB97XD

	
1.771

	
2.055

	
1.797

	
2.581

	
2.870

	
2.835




	

	

	

	
mLiF-B Complex

	

	




	
Method

	
Li-F

	
Li⋯O=C

	
N-H⋯F

	
N-H⋯O

	
F⋯C

	
Li⋯C




	
B3LYP

	
1.662

	
5.273

	
1.918

	
1.869

	
2.783

	
2.315




	
B3LYP-D

	
1.664

	
5.319

	
1.914

	
1.867

	
2.766

	
2.386




	
M05-2X

	
1.669

	
4.803

	
1.885

	
1.913

	
2.709

	
2.311




	
wB97XD

	
1.696

	
4.880

	
1.863

	
1.902

	
2.751

	
2.396




	

	

	

	
mLiF-C Complex

	

	




	
Method

	
Li-F

	
Li⋯O=C

	
N-H⋯F

	
N-H⋯O

	
F⋯C

	
Li⋯C




	
B3LYP

	
1.664

	
2.032

	
4.522

	
1.947

	
3.108

	
2.641











[image: Table] 





Table 4. Pertinent geometrical angles (degrees) for the various mLiF complexes.






Table 4. Pertinent geometrical angles (degrees) for the various mLiF complexes.





	

	

	
mLiF-A Complex




	
Method

	
Li⋯O=C

	
N-H⋯F

	
N-H⋯O




	
B3LYP

	
134.9

	
161.1

	
106.0




	
B3LYP-D

	
137.1

	
160.6

	
107.1




	
M05-2X

	
134.2

	
159.3

	
108.2




	
wB97XD

	
133.2

	
161.5

	
106.1




	

	

	
mLiF-B Complex




	
Method

	
Li⋯O=C

	
N-H⋯F

	
N-H⋯O




	
B3LYP

	
71.6

	
159.4

	
138.5




	
B3LYP-D

	
72.6

	
159.4

	
137.9




	
M05-2X

	
75.8

	
157.9

	
136.6




	
wB97XD

	
75.7

	
159.9

	
136.9




	

	

	
mLiF-C Complex




	
Method

	
Li⋯O=C

	
N-H⋯F

	
N-H⋯O




	
B3LYP

	
129.2

	
109.8

	
130.5
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Table 5. Dihedral angles (degrees) relating the amide substituents in the tetraamide monomer, m, and in the various mLiF complexes.
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	Free Tetraamide, m
	





	Method
	(O=)C-N-C-C
	O=C-C-C-C



	B3LYP
	174.1
	18.9



	B3LYP-D
	172.4
	20.4



	M05-2X
	172.1
	23.2



	wB97XD
	
	



	
	mLiF-A Complex
	



	Method
	(O=)C-N-C-C
	O=C-C-C-C



	B3LYP
	98.5
	64.8



	B3LYP-D
	96.8
	63.4



	M05-2X
	97.4
	61.6



	wB97XD
	97.3
	64.6



	
	mLiF-B Complex
	



	Method
	(O=)C-N-C-C
	O=C-C-C-C



	B3LYP
	171.7
	30.4



	B3LYP-D
	169.8
	30.8



	M05-2X
	167.4
	37.4



	wB97XD
	166.8
	37.4



	
	mLiF-C Complex
	



	Method
	(O=)C-N-C-C
	O=C-C-C-C



	B3LYP
	138.2
	27.9
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Table 6. Relative (kcal/mol) electronic energies, ∆E, and zero-point vibrational energies, ∆zpve, of the (m-LiF)2 complexes and connecting transition states, TS.
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	B3LYP
	
	



	Complex
	
	∆E
	∆zpve



	(m-LiF)2-A
	
	0.00
	0.00



	(m-LiF)2-B
	
	−30.54
	2.87



	TS
	
	2.59
	−0.15



	
	B3LYP-D
	
	



	Complex
	
	∆E
	∆zpve



	(m-LiF)2-A
	
	0.00
	0.00



	(m-LiF)2-B
	
	−27.11
	2.02



	TS
	
	3.58
	−0.25



	
	M05-2X
	
	



	Complex
	
	∆E
	∆zpve



	(m-LiF)2-A
	
	0.00
	0.00



	(m-LiF)2-B
	
	−22.65
	1.98



	TS
	
	4.64
	−0.35



	
	wB97XD
	
	



	Complex
	
	∆E
	∆zpve



	(m-LiF)2-A
	
	0.00
	0.00



	(m-LiF)2-B
	
	−27.36
	3.07



	TS
	
	4.27
	−0.09
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Table 7. BSSE-corrected binding energies, ∆E (kcal/mol), of the (m-LiF)2 complexes and the LiF dimer.






Table 7. BSSE-corrected binding energies, ∆E (kcal/mol), of the (m-LiF)2 complexes and the LiF dimer.





	Complex
	B3LYP
	B3LYP-D
	M05-2X
	wB97XD





	(m-LiF)2-B_4
	142.45
	161.72
	160.29
	164.14



	(m-LiF)2-A_4
	162.80
	181.47
	179.70
	177.17



	(m-LiF)2-A_2
	33.57
	39.10
	35.86
	35.18



	(LiF)2
	66.08
	66.51
	69.71
	67.02
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Table 8. Pertinent geometrical distances (Å) and angles (degrees) for the tetrameric (m-LiF)2-A complex.
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	Distances
	
	
	
	



	(m-LiF)2-A
	Li-F
	Li⋯O=C
	N-H⋯F
	F⋯C
	Li⋯C



	B3LYP
	1.909
	2.144
	1.980
	2.935
	3.112



	
	1.802
	2.143
	1.975
	2.935
	3.112



	B3LYP-D
	1.892
	2.143
	1.958
	2.852
	3.081



	
	1.796
	2.067
	1.886
	2.852
	3.081



	M05-2X
	1.871
	2.113
	1.927
	2.780
	2.941



	
	1.789
	2.093
	1.919
	2.780
	2.941



	wB97XD
	1.901
	2.192
	1.882
	2.808
	2.944



	
	1.816
	2.145
	1.864
	2.808
	2.944



	
	Angles
	
	
	
	



	(m-LiF)2-A
	Li⋯O=C
	N-H⋯F
	
	
	



	B3LYP
	138.5
	157.4
	
	
	



	
	138.5
	157.5
	
	
	



	B3LYP-D
	138.4
	155.9
	
	
	



	
	139.4
	139.4
	
	
	



	M05-2X
	135.7
	154.8
	
	
	



	
	135.9
	154.8
	
	
	



	wB97XD
	134.4
	157.6
	
	
	



	
	135.0
	157.8
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Table 9. Pertinent geometrical distances (Å) and angles (degrees) for the tetrameric (m-LiF)2-B complex.
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	Distances
	
	
	



	(m-LiF)2-B
	Li-F
	Li⋯O=C
	N-H⋯F
	C-H⋯F
	N-H⋯O
	Centers



	B3LYP
	1.719
	1.968
	1.785
	2.132
	1.841
	5.378



	B3LYP-D
	1.722
	1.956
	1.807
	1.863
	1.777
	3.906



	M05-2X
	1.706
	1.941
	1.800
	1.866
	1.801
	4.092



	wB97XD
	1.737
	1.983
	1.787
	1.842
	1.765
	3.852



	
	
	
	Angles
	
	
	



	(m-LiF)2-B
	Li⋯O=C
	N-H⋯F
	C-H⋯F
	N-H⋯O
	
	



	B3LYP
	144.0
	175.6
	127.6
	135.7
	
	



	B3LYP-D
	143.0
	174.3
	169.1
	138.0
	
	



	M05-2X
	139.6
	176.7
	168.2
	136.5
	
	



	wB97XD
	139.7
	175.5
	172.6
	138.3
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Table 10. BSSE-corrected binding energies, ∆E, of the tetrameric[m-LiF)2-B]2 complex.
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	Method
	∆E (kcal/mol)





	B3LYP
	28.04



	B3LYP-D
	35.90



	M05-2X
	32.50



	wB97XD
	32.95
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Table 11. Pertinent geometrical distances (Å) for both the [(m-LiF)2-B]2 complex and the larger [(m-LiF)2-B]4 complex.






Table 11. Pertinent geometrical distances (Å) for both the [(m-LiF)2-B]2 complex and the larger [(m-LiF)2-B]4 complex.





	

	

	

	
[(m-LiF)2-B]2

	

	




	
Method

	
Li-F

	
Li-F

	
Li⋯O=C

	
N-H⋯F

	
C-H⋯F

	
Centers




	
B3LYP

	
1.717

	
1.836

	
1.969

	
1.787

	
2.130

	
5.060




	

	
1.844

	
1.836

	
2.050

	
1.847

	
2.082

	
5.060




	
B3LYP-D

	
1.722

	
1.810

	
1.957

	
1.805

	
1.868

	
3.865




	

	
1.837

	
1.810

	
2.009

	
1.826

	
1.884

	
3.865




	
M05-2X

	
1.707

	
1.806

	
1.941

	
1.795

	
1.872

	
3.974




	

	
1.817

	
1.806

	
1.998

	
1.827

	
1.906

	
3.974




	
wB97XD

	
1.735

	
1.829

	
1.984

	
1.783

	
1.849

	
3.810




	

	
1.840

	
1.829

	
2.035

	
1.810

	
1.872

	
3.810




	

	

	

	
[(m-LiF)2-B]4

	

	




	
Method

	
Li-F

	
Li-F

	
Li⋯O=C

	
N-H⋯F

	
C-H⋯F

	
Centers




	
B3LYP

	
1.716

	
1.833

	
1.970

	
1.787

	
2.134

	
5.064




	

	
1.848

	
1.835

	
2.050

	
1.847

	
2.083

	
4.831




	

	
1.840

	
1.832

	
2.053

	
1.843

	
2.110

	
4.831




	

	
1.844

	
1.832

	
2.053

	
1.844

	
2.108

	
5.064




	
M05-2X

	
1.706

	
1.807

	
1.940

	
1.794

	
1.875

	
3.979




	

	
1.816

	
1.807

	
1.998

	
1.826

	
1.902

	
3.913




	

	
1.812

	
1.806

	
1.999

	
1.821

	
1.913

	
3.913




	

	
1.814

	
1.806

	
1.999

	
1.820

	
1.909

	
3.979
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Table 12. Pertinent geometrical angles (degrees) for both the [(m-LiF)2-B]2 complex and the larger [(m-LiF)2-B]4 complex.






Table 12. Pertinent geometrical angles (degrees) for both the [(m-LiF)2-B]2 complex and the larger [(m-LiF)2-B]4 complex.





	

	

	
[(M-LiF)2-B]2




	
Method

	
Li⋯O=C

	
N-H⋯F

	
C-H⋯F




	
B3LYP

	
144.8

	
175.4

	
128.3




	

	
153.9

	
177.0

	
139.6




	
B3LYP-D

	
143.3

	
173.8

	
170.1




	

	
147.6

	
176.4

	
166.6




	
M05-2X

	
141.4

	
175.8

	
169.2




	

	
146.7

	
177.8

	
164.4




	
wB97XD

	
140.4

	
175.1

	
172.6




	

	
145.5

	
177.6

	
168.4




	

	

	
[(M-LiF)2-B]4




	
Method

	
Li⋯O=C

	
N-H⋯F

	
C-H⋯F




	
B3LYP

	
145.0

	
175.4

	
127.9




	

	
154.2

	
177.0

	
139.7




	

	
154.5

	
177.1

	
137.0




	

	
154.7

	
177.2

	
137.4




	
M05-2X

	
141.4

	
176.0

	
167.6




	

	
146.7

	
177.8

	
164.6




	

	
147.6

	
178.0

	
163.1




	

	
148.0

	
177.9

	
164.3
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