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Abstract

:

The unique enantiomeric pairs of double helices have been found in the structure of the cocrystal between 1,2-diiodotetrafluorobenzene and 2,2′-bi(1,8-naphthyridine). The formation of the supramolecular double helices is driven by the strong bifurcated iodine bonds which can force the herringbone packing arrangement of the molecules 2,2′-bi(1,8-naphthyridine) into a face-to-face π···π stacking pattern. In contrast, the cocrystal between 1,2-dibromotetrafluorobenzene (or 1,2-dichlorotetrafluorobenzene) and 2,2′-bi(1,8-naphthyridine) was not obtained under the same conditions. The interaction energies of the bifurcated halogen bonds and π···π stacking interactions were computed with the reliable dispersion-corrected density functional theory. The computational results show that the bifurcated iodine bond is much stronger than the bifurcated bromine bond and bifurcated chlorine bond, and it is the much stronger bifurcated iodine bond that makes the cocrystal of 1,2-diiodotetrafluorobenzene and 2,2′-bi(1,8-naphthyridine) much easier to be synthesized.
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1. Introduction


Besides the well-known hydrogen bond, the halogen bond and π···π stacking interaction are the other two important types of noncovalent interactions. In recent years, much of the focus of attention in the field of noncovalent interaction has been on the theoretical and experimental studies of the halogen bond, one of the subsets of the σ-hole bonds [1,2,3,4,5,6,7,8,9,10,11,12,13]. The perfluorinated halobenzenes are commonly used halogen atom donors in the crystal engineering involving the halogen bonds. In contrast to the 1,4-dihalotetrafluorobenzene, 1,3-dihalotetrafluorobenzene and 1,3,5-trihalotrifluorobenzene, the 1,2-dihalotetrafluorobenzene is relatively seldom studied because of its two crowded halogen atoms [1,2,3]. Besides the monocentric halogen bonds, there are also many bifurcated halogen bonds although in most cases the bifurcated halogen bonds are energetically inferior to the monocentric halogen bonds [14]. The bifurcated halogen bonds are frequently seen in the halogen bond-directed cocrystals in which the 1,2-dihalotetrafluorobenzene molecules act as the halogen atom donors [15,16,17,18]. There are mainly two kinds of bifurcated halogen bonds: one is the bifurcated halogen bonds with bifurcated halogen atom acceptors [15,16]; the other is the bifurcated halogen bonds with bifurcated halogen atom donors [17,18]. Jin and coworkers reported the structure and optical properties of the cocrystal between 1,2-diiodotetrafluorobenzene and 1,10-phenanthroline driven by the C–I···(N,N) asymmetrical bifurcated halogen bond [18]. The N···N interatomic distance in 1,10-phenanthroline in this cocrystal structure is 2.720 Å. An interesting question is what will happen to the bifurcated halogen bond if the N···N interatomic distance becomes shorter. In this study, we select the 1,2-dichlorotetrafluorobenzene (C6F4Cl2), 1,2-dibromotetrafluorobenzene (C6F4Br2), 1,2-diiodotetrafluorobenzene (C6F4I2) and 2,2′-bi(1,8-naphthyridine) (C16H10N4) as models to address this question. The molecular structures of C6F4Cl2, C6F4Br2, C6F4I2 and C16H10N4 are shown in Figure 1. The crystal structure of C16H10N4 has been reported in 2015 [19]. The distance between two adjacent N atoms in the crystal structure of C16H10N4 is 2.311 Å, which is obviously smaller than the N···N interatomic distance in 1,10-phenanthroline. Hence, the molecule C16H10N4 is a very good model for addressing above-mentioned issue.



Figure 2 demonstrates the molecular electrostatic potential maps of C6F4Cl2, C6F4Br2, C6F4I2 and C16H10N4 along with some selected local minima or maxima of the surface electrostatic potentials. The computational details for the molecular electrostatic potentials can be found in Section 2.3. The halogen bond has different subsets such as the chlorine bond, bromine bond and iodine bond [20]. The bifurcated chlorine bond can be formed between C6F4Cl2 and C16H10N4; the bifurcated bromine bond can be formed between C6F4Br2 and C16H10N4; the bifurcated iodine bond can be formed between C6F4I2 and C16H10N4. Theoretically, one C16H10N4 molecule can form two bifurcated halogen bonds with two 1,2-dihalotetrafluorobenzene molecules. As shown in Figure 2, the most positive electrostatic potential on I is larger than that on Br, and the most positive electrostatic potential on Cl is the smallest one. Considering that the strong halogen bond is an electrostatically driven noncovalent interaction [21], it is reasonable to assume the halogen bond strength order of bifurcated iodine bond > bifurcated bromine bond > bifurcated chlorine bond. However, such a strength order may be affected by the π···π stacking interactions between the halogen atom acceptors C16H10N4. C16H10N4 is a relatively large aromatic molecule. The π···π stacking interactions between the aromatic molecules C16H10N4 should be strong enough to compete with the bifurcated halogen bonds. The second purpose of this study is thus to explore the strengths of the bifurcated halogen bonds and π···π stacking interactions and their mutual effects.




2. Materials and Methods


2.1. Cocrystal Synthesis


The reactants C6F4Br2 (liquid, purity ≥ 98%), C6F4I2 (solid, 98%) and C16H10N4 (solid, purity ≥ 98%) were purchased from J&K Scientific Ltd., Beijing, China and C6F4Cl2 (liquid, purity ≥ 98%) was purchased from Alfa Chemical Co., Ltd., Zhengzhou, China. The solvent chloroform (analytical grade) was obtained commercially from local company in Zhengzhou, China. All the chemicals and solvent were used as received.



A series of binary mixtures of C16H10N4 with C6F4Cl2, C6F4Br2, and C6F4I2, respectively, in different molar ratios (2:1, 1:1 and 1:2) were dissolved in chloroform in glass vials. Each vial was sealed with parafilm having several pinholes for slow solvent evaporation. After the nine glass vials were kept at room temperature for about five days, the colorless single crystals suitable for X-ray diffraction analyses were obtained. However, the X-ray crystal structure resolution performed on these single crystals showed that only the 1:1 cocrystal between C6F4I2 and C16H10N4 was successfully synthesized, and all the other single crystals are the crystals of C16H10N4. The desirable cocrystals between C6F4Cl2 and C16H10N4 and between C6F4Br2 and C16H10N4 were not obtained.




2.2. X-ray Crystallography


The crystallographic data of the cocrystal between C6F4I2 and C16H10N4 were collected on the Rigaku Oxford SuperNova diffractometer (Rigaku, Tokyo, Japan) with the Mo-Kα radiation (λ = 0.71073 Å) at a temperature of 289 K. The CrysAlisPro software was used for data processing [22]. The cocrystal structure was solved and refined by using the SHELX-2014 and Olex2.0 programs [23,24,25]. The crystallographic data of the cocrystal between C6F4I2 and C16H10N4 have been deposited in the Cambridge Crystallographic Data Centre (CCDC), and the deposition number is CCDC 2168308. At the same time, the crystallographic information file of the cocrystal between C6F4I2 and C16H10N4 was also provided as the Supplementary Material.




2.3. Computational Details


The geometries of the monomers C6F4Cl2, C6F4Br2, C6F4I2 and C16H10N4 were fully optimized at the PBE0-D3(BJ)/def2-TZVPP theory level [26,27,28,29]. The PBE0-D3(BJ)/def2-TZVPP electrostatic potentials of these monomers were calculated on the outer 0.001 a.u. contours of the molecules’ electronic densities [21]. Unless otherwise stated, the geometries of the dimers in the crystal structure were not optimized and are extracted directly from the crystal structure. The geometries of the trimers in the gas phase were fully optimized at the PBE0-D3(BJ)/def2-TZVPP level of theory. The PBE0-D3(BJ)/def2-TZVPP interaction energies of the dimers and trimers were calculated using the supermolecule method and the basis set superposition error corrections to the interaction energies were carried out with the counterpoise method [30]. Previous studies have proved that PBE0-D3 is an excellent functional for the study of π-stacked complexes [31,32]. All the calculations were performed with the GAUSSIAN 09 suite of programs [33].





3. Results and Discussion


3.1. The Cocrystal Structure


Figure 3 shows the 2 × 2 × 2 unit cell of the 1:1 cocrystal between C6F4I2 and C16H10N4 viewed along the a axis. It can be clearly seen from Figure 3 that there exist the bifurcated iodine bonds between C6F4I2 and C16H10N4, π···π stacking interactions between molecules C6F4I2 and π···π stacking interactions between molecules C16H10N4 in the cocrystal structure. For clarity, the weak C–H···F hydrogen bonds in the cocrystal structure are not shown in Figure 3. There are two different C–I···(N,N) bifurcated iodine bonds in the cocrystal structure, and both of them are asymmetrical. The I···N interatomic distances are 2.952(3) and 3.485(2) Å in one C–I···(N,N) bifurcated iodine bond, and are 3.102(4) and 3.473(3) Å in the other C–I···(N,N) bifurcated iodine bond. Firstly, the 2D structure is formed via the bifurcated iodine bonds between C6F4I2 and C16H10N4, π···π stacking interactions between molecules C6F4I2 and π···π stacking interactions between molecules C16H10N4. Then, different 2D structures are connected together by the weak C–H···F hydrogen bonds to form the 3D structure of the cocrystal. The crystallographic data for the cocrystal (M = 660.14 g/mol) are summarized as follows: triclinic, space group P  1 ¯   (no. 2), a = 7.3663(3) Å, b = 11.9334(7) Å, c = 13.3466(6) Å, α = 68.924(5)°, β = 84.768(4)°, γ = 85.522(4)°, V = 1088.89(10) Å3, Z = 2, T = 289 K, μ(CuKα) = 2.939 mm−1, Dcalc = 2.013 g/cm3, 15893 reflections measured (6.508° ≤ 2Θ ≤ 56.856°), 4720 unique (Rint = 0.0499, Rsigma = 0.0489), which were used in all calculations. The final R1 was 0.0355 (I > 2σ(I)) and wR2 was 0.0846 (all data).



Close inspection of the cocrystal structure reveals that a pair of enantiomeric (P and M) supramolecular double helices are assembled by the bifurcated iodine bonds between C6F4I2 and C16H10N4 and π···π stacking interactions between molecules C16H10N4. Different pairs of P and M supramolecular double helices are assembled together by the π···π stacking interactions between molecules C6F4I2 to form the 2D structure of the cocrystal. In fact, in recent years the halogen bond-driven supramolecular double helices have been reported in many studies [34,35,36,37,38]. In this work, the P supramolecular helix and M supramolecular helix share the same π-stacked C16H10N4 molecules to assemble the enantiomeric pair of double helices. This case is very similar to the supramolecular double helices assembled by the hydrogen-bonded 3-mer arylamide foldamer and 1,4-diiodotetrafluorobenzene, in which the P supramolecular helix and M supramolecular helix also have the overlapping region [36].



The PBE0-D3(BJ)/def2-TZVPP interaction energies of the bifurcated iodine bonds and π···π stacking interactions can be seen in Figure 4. The interaction energy of the π···π stacking interaction between two C16H10N4 molecules is –16.47 kcal/mol. In contrast, the interaction energy of the parallel-displaced benzene dimer is only –2.70 kcal/mol [39]. This means that the π···π stacking interaction between two C16H10N4 molecules is rather strong. There are two different π···π stacking interactions between C6F4I2 molecules, the interaction energies of which are –7.16 and –7.37 kcal/mol, respectively. There are also two different bifurcated iodine bonds in the cocrystal structure, the interaction energies of which are –10.09 and –10.67 kcal/mol, respectively. The PBE0-D3(BJ)/def2-TZVPP interaction energy of the bifurcated iodine bond in the cocrystal between 1,2-diiodotetrafluorobenzene and 1,10-phenanthroline is –9.91 kcal/mol [18]. The interaction energy difference between the bifurcated iodine bonds in the two different cocrystals is very small, which indicates that the strength of the C–I···(N,N) bifurcated iodine bond is not dependent on the N···N interatomic distance. It is well-known that the H atom positions cannot be precisely determined by the single-crystal X-ray diffraction. For the dimers between C6F4I2 and C16H10N4 (see Figure 4), we evaluated their interaction energies with and without the optimizations of the H atom positions, and found that the differences are negligible. On the other hand, such a result also reflects that the C–H···I interactions in these dimers are very weak. Throughout this study, we did not discuss the effects of adjacent C–H···I interactions on the bifurcated iodine bonds.



The crystal structure of C16H10N4 can be viewed and retrieved from the Cambridge Structural Database (refcode: QETZIB) [40]. Figure 5 demonstrates different stacking patterns of the two C16H10N4 molecules in the C16H10N4 crystal and in the cocrystal between C6F4I2 and C16H10N4. In the π-stacked C16H10N4 dimer in the C16H10N4 crystal, the N atoms of the two C16H10N4 molecules are in the eclipsed arrangement, whereas in the π-stacked C16H10N4 dimer in the cocrystal between C6F4I2 and C16H10N4, the N atoms of the two C16H10N4 molecules are in the opposed arrangement. The interaction energy of the former dimer is –11.22 kcal/mol, and the interaction energy of the latter dimer is –16.47 kcal/mol. Although the π···π stacking interaction of the C16H10N4 dimer in Figure 5b is much stronger than the π···π stacking interaction of the C16H10N4 dimer in Figure 5a, there is no C16H10N4 dimer in Figure 5b found in the crystal structure of C16H10N4. In the crystal structure of C16H10N4, the C16H10N4 molecules are assembled in a herringbone pattern which is more stable because of the dense packing [41]. That is to say, the 1D columnar stacking structure of the C16H10N4 molecules in the cocrystal between C6F4I2 and C16H10N4 is unfavorable in enthalpic gain for the cocrystal formation. However, the introduction of the strong bifurcated iodine bonds offsets the enthalpic loss and promotes the cocrystal formation. It can be concluded here that the bifurcated iodine bond changes the stacking pattern of the C16H10N4 molecules and the cocrystal formation is driven by the bifurcated iodine bond.




3.2. The Noncovalent Interactions in the Gas Phase


Under the same conditions, synthesis of the cocrystal between C6F4I2 and C16H10N4 succeeded, but syntheses of the cocrystal between C6F4Br2 and C16H10N4 and cocrystal between C6F4Cl2 and C16H10N4 failed. In order to uncover the underlying cause of the experimental discrepancies, we have investigated computationally the bifurcated halogen bonds between C6F4X2 (X = Cl, Br or I) and C16H10N4 and the π···π stacking interactions between the C16H10N4 molecules in the gas phase. The geometries of the dimer C16H10N4···C16H10N4 and trimers C6F4X2···(C16H10N4)2 shown in Figure 6 were fully optimized at the PBE0-D3(BJ)/def2-TZVPP level of theory. Finally, it was found that all the optimized structures in Figure 6 have approximate C2 symmetry. This means that the two bifurcated halogen bonds in each trimer are identical to each other. In fact, as can be seen in Figure 4, the interaction energy difference between the two bifurcated iodine bonds is only 0.58 kcal/mol, and two bifurcated iodine bonds in the cocrystal structure are also almost the same.



Figure 6 summarizes the X···N interatomic distances and interaction energies of the bifurcated halogen bonds and π···π stacking interactions in the four optimized complexes. The two X···N distances in each bifurcated halogen bond are obviously different, which shows that all the bifurcated halogen bonds are asymmetrical. The I···N distance of 2.999 Å is shorter than the Br···N distance of 3.086 Å and Cl···N distance of 3.189 Å, although the order of atomic radii is I > Br > Cl. Such an order of X···N interatomic distances reflects the strength order of the bifurcated halogen bonds, and indicates that the bifurcated iodine bond is much stronger than the bifurcated bromine bond and weakest bifurcated chlorine bond. There are two methods to calculate the interaction energies of the bifurcated halogen bonds and π···π stacking interactions in the three trimers in Figure 6. One method is to consider the mutual effects of the bifurcated halogen bonds and the π···π stacking interactions in the trimers, and the other method is not to consider these mutual effects. The interaction energies of the π-stacked C16H10N4 dimers in C6F4Cl2···(C16H10N4)2, C6F4Br2···(C16H10N4)2 and C6F4I2···(C16H10N4)2 are –16.35, –16.27 and –16.19 kcal/mol, respectively, without considering the effects of adjacent bifurcated halogen bonds. If we consider the effects of adjacent two bifurcated halogen bonds, the interaction energy of the π-stacked C16H10N4 dimer can be calculated as the difference between the total interaction energy of the trimer and the total interaction energy of two identical bifurcated halogen bonds. Note that, as shown in Figure 6, the total interaction energy of two identical bifurcated halogen bonds in each trimer can be easily obtained if we treat the π-stacked C16H10N4 dimer as one entity. Employing such a computational method, the interaction energies of the π-stacked C16H10N4 dimers in C6F4Cl2···(C16H10N4)2, C6F4Br2···(C16H10N4)2 and C6F4I2···(C16H10N4)2 are calculated to be –16.32, –16.24 and –16.16 kcal/mol, respectively. The differences between the interaction energies calculated from two different methods are quite small, which means that the mutual effects of the bifurcated halogen bonds and the π···π stacking interactions in the trimers can be neglected.



The interaction energy of the π-stacked C16H10N4 dimer in the gas phase is –16.41 kcal/mol (Figure 6). Upon the trimer formation, it slightly decreases to –16.35, –16.27 and –16.19 kcal/mol, respectively. In the cocrystal structure, the interaction energy of the π-stacked C16H10N4 dimer is –16.47 kcal/mol (Figure 4). These similar values of interaction energy support that the π···π stacking interactions between the C16H10N4 molecules are strong enough to be kept rigid in the solid and gas phases. The interaction energies of the bifurcated chlorine bond, bifurcated bromine bond and bifurcated iodine bond are –4.53, –6.42 and –9.75 kcal/mol, respectively. This strength order is consistent with the one predicted by the X···N interatomic distances. The interaction energy of the bifurcated iodine bond in the gas phase is also close to the corresponding ones shown in Figure 4. The binding energies of the monocentric C–I···N iodine bonds are less than 7.00 kcal/mol [42]. In contrast to the C–I···N monocentric iodine bonds, the C–I···(N,N) bifurcated iodine bonds are much stronger and much more rigid.



One C16H10N4 molecule can form two bifurcated halogen bonds with two C6F4X2 molecules. To explain why the C16H10N4 crystal not the expected cocrystal between C6F4Cl2 and C16H10N4 or the expected cocrystal between C6F4Br2 and C16H10N4 was formed in the synthesis experiments, it is significant to compare the interaction energy of the π-stacked C16H10N4 dimer in the C16H10N4 crystal with the sum of the interaction energies of the two identical bifurcated halogen bonds. As can be seen in Figure 6, the values of the sum of the two interaction energies are –9.06, –12.84 and –19.50 kcal/mol for the bifurcated chlorine bond, bifurcated bromine bond and bifurcated iodine bond, respectively. Figure 5 shows that the interaction energy of the π-stacked C16H10N4 dimer in the C16H10N4 crystal is 11.22 kcal/mol. From the energetic point of view, only two bifurcated iodine bonds are strong enough to prevent the formation of the C16H10N4 crystal. This explains why only the cocrystal between C6F4I2 and C16H10N4 was obtained in the synthesis experiments.





4. Conclusions


The unique enantiomeric pairs of double helices in the structure of the cocrystal between C6F4I2 and C16H10N4 have been reported in the present study. It was found that the formation of the cocrystal is driven by the strong bifurcated iodine bonds because they change the eclipsed arrangement of the π-stacked C16H10N4 dimer in the C16H10N4 crystal into the opposed arrangement in the cocrystal between C6F4I2 and C16H10N4. The C–I···(N,N) bifurcated iodine bond is much stronger than the C–I···N monocentric iodine bond. On the other hand, the strength of the C–I···(N,N) bifurcated iodine bond is not dependent on the N···N interatomic distance in the iodine atom acceptor.



In contrast to the cocrystal between C6F4I2 and C16H10N4, the cocrystal between C6F4Br2 and C16H10N4 and the cocrystal between C6F4Cl2 and C16H10N4 are difficult to be synthesized under the same conditions. To explain the underlying reasons for these differences, the interaction energies of the bifurcated halogen bonds and π···π stacking interactions in the gas phase have been calculated at the PBE0-D3(BJ)/def2-TZVPP level of theory. The absolute values of the interaction energies for the opposed configurations of the π-stacked C16H10N4 dimers are all larger than 16.00 kcal/mol, which makes these π-stacked C16H10N4 dimers hard to be affected by the adjacent bifurcated halogen bonds including the strongest bifurcated iodine bond with an interaction energy of –9.75 kcal/mol. The interaction energies of the bifurcated chlorine bond and bifurcated bromine bond are –4.53 and –6.42 kcal/mol, respectively. It is the much stronger bifurcated iodine bond that makes the cocrystal of C6F4I2 and C16H10N4 much easier to be synthesized.



In this study, the results clearly show that the stacking pattern of large aromatic molecules containing the N atoms can be changed by the halogen bond. Such a strategy may be useful in the design and synthesis of the organic optoelectronic materials.
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Figure 1. The molecular structures of C6F4Cl2, C6F4Br2, C6F4I2 and C16H10N4. 
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Figure 2. The electrostatic potential maps of the molecules C6F4Cl2, C6F4Br2, C6F4I2 and C16H10N4. The numbers are the local minima or maxima of the surface electrostatic potentials (in kcal/mol). 
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Figure 3. The 2 × 2 × 2 unit cell of the cocrystal viewed along the a axis. 
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Figure 4. The enantiomeric pair of double helices in the cocrystal structure. The red numbers are the interaction energies (kcal/mol) of the bifurcated iodine bonds and π···π stacking interactions. 
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Figure 5. The interaction energies (kcal/mol) of the π-stacked C16H10N4 dimers in the C16H10N4 crystal (a) and in the cocrystal between C6F4I2 and C16H10N4 (b). 
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Figure 6. The PBE0-D3(BJ)/def2-TZVPP interatomic distances (blue numbers in Å) and interaction energies (red numbers in kcal/mol) for the complexes in the gas phase. 
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