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Abstract

:

In this manuscript, we have examined the CSD (Cambridge Structural Database) to investigate the relative ability of Te and I (in practice, the heaviest chalcogen and halogen atoms) in di- and tri-iododiorganyltellurium(IV) derivatives to establish σ-hole interactions. The geometry around the Te(IV) in this type of compound is trigonal bipyramidal where the stereoactive lone pair at Te(IV) occupies one of the equatorial positions. In the solid state, Te(IV) tends to form pseudo-octahedral coordination by establishing strong noncovalent interactions opposite to the two covalent bonds of the equatorial plane. Such contacts can also be classified as chalcogen bonds following the recommendation of the International Union of Pure and Applied Chemistry (IUPAC). Such contacts have been analyzed energetically in this work using density functional theory (DFT) calculations, rationalized using molecular electrostatic potential (MEP) surface analysis and characterized using a combination of the quantum theory of atoms in molecules (QTAIM) and noncovalent interaction plot (NCIplot) computational tools. Finally, the observation of halogen bonds and type I halogen···halogen contacts is also emphasized and compared to the chalcogen bonds. Energy decomposition analysis has also been performed to compare the physical nature of chalcogen, halogen and type I interactions.
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1. Introduction


Sigma–hole (σ-hole) interactions are noncovalent interactions that involve the formation of a weak bond between an electron-deficient atom (typically a group 14–17 element) and a nucleophile, which is usually an electron-rich atom or a molecule [1,2,3,4,5,6,7,8,9]. The electron-deficient atom (X) is usually attached to an electron-withdrawing group (EWG) and has a region of positive electrostatic potential (σ-hole) opposite to the EWG–X covalent bond that can attract the nucleophile [10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25]. This type of interaction is often named by using the name of the group the electrophilic atom belongs to (e.g., halogen bond for X = chlorine, bromine or iodine) [21]. These interactions have been observed in a variety of chemical and biological systems, and they play a significant role in molecular recognition, crystal engineering and drug design [26,27,28,29,30,31,32].



Chalcogen bonding (ChB) is a sub-class of σ-hole interactions that has recently been defined by the IUPAC [2], and it is similar to that of a halogen bond [1]. Similarly to other σ-hole interactions, chalcogen bonding involves the formation of a noncovalent bond between the nucleophile and the chalcogen’s region of positive electrostatic potential. Chalcogen bonding has been found to play an important role in various fields, mostly supramolecular catalysis, molecular recognition and crystal engineering [33,34,35,36,37,38,39,40,41,42,43,44,45].



Most investigations on chalcogen bonding involve divalent chalcogen atoms [33,34,35,36,37,38,39,40,41,42,43,44,45], although some report that ChBs in tetravalent sulfur compounds are also available in the literature [46]. It is well known that heavier elements have more intense σ-holes and thus a higher tendency towards non-covalent and hypervalent binding [47]. In fact, in the case of tellurium (in practice, the heaviest element), it has multiple alternatives for self-organization that naturally lead to a higher tendency towards polymorphism [48,49]. This is typical for organotellurium halides, as shown by Turubaev et al. [50].



It has been reported that diorganyltellanes react with iodine to afford diiododiorganyltellurium(IV) [51,52]. In these molecules, the unique lone pair at Te is stereoactive; thus, it adopts a distorted trigonal bipyramid in which the three equatorial positions are occupied by organic groups and the lone pair, whereas the I atoms lie at the axial positions. In the solid state, these Te(IV) molecules generally show intermolecular chalcogen (Te···I) or halogen···halogen contacts I···I, with secondary bonding interactions leading to the formation of high-dimensional supramolecular frameworks (chains, layers or 3D networks) [53,54,55,56,57,58,59,60,61,62,63,64].



In this manuscript, a CSD (Cambridge Structural Database) [65] survey of the representative X-ray structures of RR’TeI2 and RTeI3 derivatives is provided to highlight the formation of Te···I ChBs (tellurium’s σ-hole interacting with the negative belt at I) and I···I contacts (both type I and type II or HaBs) and also some atypical Te···I contacts where their definitions as ChB or HaB are not straightforward.




2. Results and Discussion


2.1. CSD Survey


In this section, which is not intended to be comprehensive, we have selected X-ray structures to illustrate the prevalence of the binding modes shown in Scheme 1.



ChB Assemblies


Highly directional ChBs are observed in the solid state of most diiododiorganyltellurium(IV) X-ray structures deposited in the CSD. These ChBs govern the formation of either infinite 1D supramolecular chains or discrete 0D assemblies. As examples of structures exhibiting 1D assemblies, we have selected BZTELI10 [66], DIDMTE01 [64] and OPAXEJ [67], where supramolecular polymers propagate by means of the formation of quite directional ChBs. Each Te atom of one molecule establishes two Te···I ChBs with two adjacent molecules at distances that range from 3.696 to 3.955 Å, and they are clearly below the sum of van der Waals radii (ΣRvdW = 4.2 Å) and above the sum of covalent radii (ΣRcov = 2.77 Å). Moreover, the ChBs depicted in Figure 1 exhibit a strong directionality (C–Te···I angles close to 180°), thus suggesting that ChBs in the Te(IV) derivatives are more directional than in Te(II) systems [36]. It is interesting to highlight that the C–Te bond is pointing to the negative belt of I, thus suggesting that the I-atom is donating charge to the Te-atom, as further analyzed below. In dibenzotellurophene di-iodide (BZTELI10) and diethyl-diiodo-tellurium (OPAXEJ), both ChBs interactions are not identical (slightly different distances and angles), whilst for dimethyl-diiodo-tellurium (DIDMTE01), both ChBs are symmetrically equivalent. The existence of shorter ChB distances in BZTELI10 is likely due to the sp2 nature of the C atoms bonded to Te that causes a greater polarization of the C–Te bond in comparison to the sp3-hybridized C atoms of the other two compounds.



As an example of a 0D assembly, Figure 2 shows the X-ray structure of bis(4-methoxyphenyl)tellurium(IV) diiodide (NUNHUZ) [68]. Remarkably, the molecules are associated via directional ChBs with distances (3.692–3.902 Å) that are shorter than ΣRvdW, and they form centrosymmetric tetramers in which the Te4I8 core displays a step-like geometry. The C–Te···I angles are quite linear apart from that of the longest contact (3.902 Å) where the angle is 158°.



Apart from the aforementioned tetrameric and 1D infinite assemblies, another concurrent motif in RR’TeI2 compounds is the formation of self-assembled dimers. This occurs when an intramolecular ChB interaction blocks one of the σ-holes and, consequently, hampers supramolecular polymerization. Three illustrative examples are shown in Figure 3. The first one is (2-ethoxycyclohexyl)-tris(iodo)-tellurium (OPUXEF01) [50], presenting a short intramolecular Te···O contact involving the ethoxy O atom. A second example corresponds to 8-(diiodo(phenyl)-λ4-tellanyl)-1-naphthyl phenyl sulfide (UKAFIW) [69] where the S atom in the peri-position establishes a short Te···S contact (3.077 Å) situated opposite to the Ph–Te bond. The third example [70] is similar to UKAFIW and corresponds to (6-(phenylsulfanyl)-1,2-dihydroacenaphthylen-5-yl)-diiodo-phenyl-tellurium, which also exhibits an intramolecular Te···S ChB (3.141 Å). In all three structures, short intermolecular contacts exist between the Te and I atoms of a neighboring molecule, generating a planar Te2I2 square (Figure 3). In all cases, the Te···I distances are shorter than ΣRvdW for the two interacting atoms.



Apart from the ability of R2TeI compounds to form 1D assemblies via ChBs, the tellurium triodides also have a marked tendency to form supramolecular polymers via halogen bonds (HaBs) instead of ChBs, where the σ-hole of one equatorial I atom interacts with the negative belt of one of the axial I atoms. Three examples are represented in Figure 4 to demonstrate this behavior. The first one is 2-biphenylyltellurium tri-iodide (BIPTEI01) [66], which exhibits a quite short I···I interaction (3.337 Å) taking into consideration that the ΣRvdW of interacting atoms is 4.2 Å. One of the Te–I···I angles is close to 180°, and the other one close to 90°, which is compatible with the formation of a halogen bond that propagates the 2-biphenylyltellurium tri-iodide into the 1D polymer in the solid state (Figure 4a). Similarly, in (1-naphthyl)-tri-iodo-tellurium (MUWBIP) [71], short Te–I···I contacts govern the formation of 1D assemblies, with Te–I···I angles compatible with halogen-bonding interactions. Finally, the OPUXEF01 structure [50], also commented in the previous section, forms directional HaBs extending the 0D centrosymmetric dimers (planar Te2I2 square; see Figure 3a) to 1D assemblies. The I···I contacts depicted as dashed lines in Figure 4 are shorter than the Te···I contacts highlighted in Figure 1, Figure 2 and Figure 3. Since the van der Waals radii of Te and I are the same (see Section 3), the shorter I···I distances suggest that HaBs are stronger than ChB, which is analyzed below.



Two categories of halogen···halogen contacts have been described in the literature, named type I and type II [72,73,74]. The examples of type II interactions are those of Figure 4 and fit the mold of a classic halogen bond [75,76,77,78,79,80,81], with one angle being 180° or thereabouts; thus, the σ-hole on one halogen atom can align with the negative region surrounding the other halogen when the second angle is roughly 90°. This orientation allows the lone pair of one halogen atom to line up with the σ* antibonding orbital facilitating the charge transfer. Type I geometry is characterized by interaction angles that are approximately equal to one another and generally within the vicinity of 140° or so. Intuitively, one would expect that the Type I interaction is destabilized relative to Type II due to the misalignments of the lone pairs and σ* orbitals of the interaction partners [82]. It has been proposed that structures with Type I interactions simply arise from close packing effects in the crystal [83,84,85]. Other explanations invoke anisotropic effects between elliptically shaped halogen atoms [86]; alternatively, they are controlled by dispersion [87]. The formation of the Type I I···I interaction is quite common in R2TeI2 compounds, as illustrated in Figure 5. For instance, the DIDMTE01 structure [64], also represented in Figure 1b, forms 1D chains with quite linear Te–I···I–Te contacts, identical Te–I···I angles (172.5°), and I···I distances that are significantly shorter than ΣRvdW. Another example is shown in Figure 5b corresponding to bis(iodo)-(2-thienyl)-(trimethylsilylmethyl)-tellurium(IV) (ISALIY) [88], where the 1D assembly is propagated by Te–I···I–Te contacts with slightly different Te–I···I angles (169.0° and 170.5°) and parallel orientation of the monomers. Finally, Figure 5c shows the structure of 1-thia-4-tellura-cyclohexane 4,4-di-iodide (STEHEX) [89], which propagates in the solid state by means of Te–I···I–Te contacts with short I···I distances (3.663 Å) and slightly different Te–I···I angles (167.9° and 174.9°). It should be mentioned that, in general, the Te–I···I angles in the type I I···I interactions observed in R2TeI2 derivatives are closer to linearity (higher angles) than those observed in R–I···I–R Type I interactions that are usually close to 140°. The energy associated with this type of contact is discussed in the following sections.



The inspection of the CSD also revealed some structures exhibiting Te···I contacts that are difficult to categorize; that is, structures that present short Te···I contacts with Te–I···Te angles that do not follow the expected geometry are considered as a σ-hole···σ-lump interaction. Three examples are gathered in Figure 6 with this characteristic binding model. In the case of triiodo-((Z)-2-chloro-1,2-diphenylvinyl)-tellurium(IV) (PEBHEN01) [90], the steroactive LP at Te points to the I-atom, consistent with the formation of an I···Te halogen bond. However, the Te–I···Te angle is not very linear (135.5°), which is not consistent with the formation of a halogen bond. The second example is 1-oxa-4-telluracyclohexane 4,4-di-iodide (OTEHEX) [91] where the interacting I-atom is indeed located opposite to one of the tellurium’s σ-holes, but the Te–I···Te angle (156.8°) is not fully consistent with a ChB since the σ-hole is not pointing to the iodine’s negative belt. A similar case of PEBHEN01 is also observed in (μ-η5-cyclopentadienyl)-bis(η5-cyclopentadienyl)-(1,3-dimethylimidazol-2-ylidene)-bis(iodo)-iron-nickel-tellurium (LOFCOB) [92]. More insights into these infringing Te···I contacts is provided in the theoretical section.





2.2. Theoretical Study


2.2.1. C–Te···I ChBs


First, we analyzed a trimeric assembly of the BZTELI10 structure extracted from the 1D assembly represented in Figure 1a. Figure 7a shows the molecular electrostatic potential surface (MEP) of the monomer where it can be observed that the MEP maxima are located opposite to the C–Te bonds (37 kcal/mol) and the MEP minimum at the negative belt of the I-atom. This analysis strongly agrees with the formation of the directional C–Te···I ChBs in BZTELI10. It can be observed that the MEP value is also positive at the lone pair of Te (16 kcal/mol), and this is likely related to the inert lone pair effect. Finally, the MEP value at the iodine’s σ-hole is a little negative (−6 kcal/mol), thus confirming the expected anisotropy at the iodine atom and that the axial iodine atoms are not good halogen bond donors. The combined “atoms in molecules” (AIM) and noncovalent interaction plot (NCIplot) analysis of the trimer is represented in Figure 7b. It can be observed that ChBs are characterized by a bond critical point (CP), bond path and a disk-shaped reduced density gradient (RDG) isosurface that connects Te to I atoms. The location of the I atom coincides with the MEP maximum, as shown in Figure 7a. The I atoms are also connected to the aromatic H atoms adjacent to the Te by a bond CP, bond path and green RDG isosurface, thus disclosing the existence of ancillary CH···I bonds. Finally, a bond CP and bond path connect one of the axial I atoms to one C atom of the aromatic dibenzotellurophene ring, thus revealing an I···π interaction. The formation energy of the assembly is substantial and negative (−17.26 kcal/mol), confirming the importance of such combinations of interactions in the solid state of BZTELI10. Orbital effects have been also analyzed using natural bond orbital (NBO) analysis since it is adequate for analyzing charge-transfer effects. Moreover, the second-order perturbation analysis can be used to obtain the stabilization energy due to the orbital charge transfer. The analysis and NBOs are gathered in Figure 7c. It can be observed that each ChB that is established in the trimer exhibits electron donations from a lone pair orbital (LP) at the iodine atom relative to the antibonding σ*(C–Te) orbital, thus confirming the σ hole chalcogen bonding nature of the interaction. The concomitant stabilization energy (E(2)) values range from 8.2 to 10.0 kcal/mol, thus confirming the importance of LP(I)→σ*(C–Te) orbital effects.



Similar C–Te···I ChBs have also been analyzed in DIDMTE01, as shown in Figure 8. The MEP’s surface analysis reveals the existence of two symmetric σ-holes at the Te atoms with an energy of 36 kcal/mol. The MEP minimum is located at the belt of the iodine atoms (−14 kcal/mol). Similarly to the MEP obtained for BZTELI10, the iodine’s σ-hole is very small and negative (−2 kcal/mol); therefore, establishing halogen-bonding interactions is not well suited. The plot in Figure 8b provides evidence that the ChBs in the trimer of DIDMTE01 are characterized by a bond critical point (CP), bond path and a bluish RDG isosurface that connects Te to the I atoms. One of the I atoms is also connected to one H atom of the methyl group of the adjacent molecule by a bond CP, bond path and green RDG isosurface, thus disclosing the existence of an ancillary CH···I bond. The formation energy of this assembly is moderately strong (−12.2 kcal/mol) and smaller than that of BZTELI10 because of the extra Csp2–H···I H bonds in the latter. Similarly to BZTELI10, the NBO shows the existence of a relevant LP(I) →σ*(C–Te) charge transfer (E(2) = 6.0–6.8 kcal/mol), confirming the σ-hole nature of the contact.




2.2.2. Te–I···I–Te Type I Halogen···Halogen Interactions


As commented above in Figure 5, several R2TeI derivatives exhibit type I I···I interactions, leading to the formation of infinite 1D chains. This type of interaction is characterized by two large and similar Te–I···I angles. In the case of the DIDMTE01 structure, both angles are identical (172.5°; see Figure 5a). This angle is larger than the angle reported in typical EWG–I···I–EWG type I interactions [82]. This is likely due to the negligible MEP value at the prolongation of the Te–I bond (−2 kcal/mol; see Figure 8a), thus reducing the electrostatic repulsion. The QTAIM/NCIplot analysis of the DIDMTE01 shows a bond CP and bond path interconnecting the I atoms. Moreover, the type I interaction is also revealed by a disk-shaped green RDG isosurface located coincidently to the bond CP. The interaction energy is very small (−0.8 kcal/mol), as is usual in this type of contact [82]. The NBO analysis (see Figure 8e) shows two types of orbital donor–acceptor contributions. One contribution is from the LP at one iodine to the antibonding σ*(Te–I), and the other contribution is from the bonding σ(Te–I) orbital of one unit to the antibonding σ*(Te–I) orbital of the other unit. The total stabilization due to the charge transfer is E(2) = 1.6 kcal/mol.



This type of interaction has also been studied in the OPAXEJ structure that forms discrete dimers instead of 1D infinite chains in the solid state. The MEP surface of OPAXEJ is shown in Figure 9, evidencing the existence of σ-holes (MEP maxima, 30 kcal/mol). The MEP minimum is located at the iodine’s negative belt (−16 kcal/mol) and the MEP value at the σ-hole of iodine is −2 kcal/mol. In this type I halogen···halogen dimer, the Te–I···I angles are identical (154.2°), and they are quite smaller than those in the DIDMTE01 structure. This explains the slightly larger interaction energy (−1.0 kcal/mol) due to the smaller electrostatic repulsion. However, in this structure, the charge transfer is almost negligible (0.5 kcal/mol). It emerges from an electron donation LP at one iodine to the antibonding σ*(Te–I), as shown in Figure 9c.




2.2.3. Te–I···I–Te Halogen-Bonding Interactions


As detailed in Figure 4 (vide supra), some triiodide derivatives (RTeI3) also form HaB assemblies in the solid state. One of them (OPUXEF) has been studied theoretically. Interestingly, the MEP surface analysis (Figure 10a) shows that the equatorial iodine atom exhibits a large and positive σ-hole (+18 kcal/mol) in contrast to the behavior of the axial iodine atoms that present either negative (−11 kcal/mol) or electroneutral (0 kcal/mol) MEP values. The MEPs at the negative belts of the axial iodine atoms are −22 and −9 kcal/mol. The QTAIM/NCIplot analysis of the HaB dimer shows that the equatorial I atom is connected to one of the axial I atoms by a bond CP, bond path and blue RDG isosurface, indicating a strong and attractive HaB. An extra bond CP, bond path and green RDG isosurface also interconnect two additional I atoms. Such contact is likely due to weak van der Waals forces and the spatial proximity of both atoms. The green RDG isosurface also embraces part of the Te atom, thus also suggesting some Te···I interactions. The dimerization energy is moderately strong (−8.7 kcal/mol), in line with the blue RDG isosurface. In comparison to the binding energies of the ChB assemblies shown in Figure 7b and Figure 8b (−17.26 kcal/mol and −12.2 kcal/mol) where four ChBs were established, the binding energy of the HaB dimer of Figure 10b, where only one HaB is formed, provides evidence that the HaB is stronger than the ChB, in line with the shorter HaB distances observed in X-ray structures (vide supra) in comparison to ChB distances. The NBO analysis is very useful for shedding light on the nature of different contacts, which is represented in Figure 10c. The HaB nature of Te–I···I is confirmed since the typical LP(I)→σ*(Te–I) electron transfer is found with a concomitant stabilization energy of E(2) = 11.0 kcal/mol, thus evidencing the dominant role of the HaB. There is a secondary charge transfer from an LP at the axial I atom to the antibonding σ*(Te–C) orbital, thus disclosing a weak ChB interaction at E(2) = 1.3 kcal/mol.




2.2.4. Uncategorized Te···I Contacts


As discussed above, some Te···I contacts observed in the X-ray structures gathered in Figure 6 were difficult to categorize. For example, in PEBHEN01, the LP at Te is pointing to the I atom, consistent with the formation of an I···Te halogen bond (Figure 11). However, the MEP surface analysis shows that the MEP value is positive at the LP of the Te atom (+22 kcal/mol) and negative at the axial I atoms (ranging from −19 kcal/mol at the belt to −3 kcal/mol at the σ-hole), which is more consistent with a ChB. The QTAIM analysis confirms the existence of the Te···I contact characterized by the corresponding bond CP, bond path and bluish RDG isosurface. The analysis also discloses the presence of several ancillary interactions, characterized by bond CPs, bond paths and green RDG isosurfaces (CH···π, Cl···π and Cl···I). Indeed, the MEP surface shows a σ-hole at the Cl-atom (16 kcal/mol), which is consistent with the formation of a Cl···π interaction. Moreover, the MEP value at the aromatic H atoms is also large and positive (+20 kcal/mol), which is also consistent with the formation of CH···π interactions. Such combinations of interactions explain the large interaction energy of −9.3 kcal/mol. Finally, the NBO confirms the ChB nature of the interaction, since an LP(I)→σ*(Te–C) electron transfer is observed to exhibit a significant stabilization energy of E(2) = 4.1 kcal/mol.



A second example has been analyzed that corresponds to the OTEHEX structure (Figure 12), where the interacting I atom is located opposite to one of the tellurium’s σ-holes, but the Te–I···Te angle (156.8°) is not fully consistent with a ChB, since the σ-hole is not pointing directly to the iodine’s negative belt (see Figure 6b above). The MEP surface shown in Figure 12a reveals that the MEP maximum is located at the σ-holes of the tellurium atom (+30 kcal/mol) and that the MEP is negative at the I atom (−15 kcal/mol at the belt and −3 kcal/mol at the σ-hole). This MEP analysis anticipates the ChB nature of interactions. The combined QTAIM/NCIplot analysis confirms the interaction by means of a bond CP, bond path and a greenish RDG isosurface. The latter extends to the region between both I atoms, thus suggesting some I···I van der Waals contact. The interaction energy is modest (−2.7 kcal/mol) and in line with the unideal directionality of the interaction. The NBO corroborates the ChB nature of the interaction, disclosing an LP(I)→σ*(Te–C) electron transfer with a modest stabilization energy of E(2) = 1.6 kcal/mol.




2.2.5. Energy Decomposition Analysis


The Kitaura–Morokuma decomposition analysis (see computational methods) has been applied to the assemblies analyzed in Figure 7, Figure 8, Figure 9, Figure 10, Figure 11 and Figure 12 to investigate the relative importance of exchange repulsion (Eex-rep), electrostatic (Eel), correlation (Ecor), dispersion (Edisp) and orbital (Eorb) terms for different interactions (ChB, HaB and type I I···I). The results are summarized in Figure 13, and they show that the electrostatic force is the most important attractive component in the ChB assemblies of BZTELI10 and DIDMTE01, which is in line with the MEP analysis, since the Te···I contact involves atoms with the maximum and minimum MEP values with the expected directionality. The second major attractive force is the orbital component, which is also in line with the large stabilization energies provided by the NBO analysis (see Figure 7, Figure 8 and Figure 10). Finally, the correlation and dispersion terms are also significant in both BZTELI10 and DIDMTE01 ChB assemblies. In the case of type I interactions (DIDMTE01 and OPAXEJ), the behavior is different since the orbital term is the most important followed by the correlation. Dispersion and electrostatic forces are the weakest forces for these types of systems. For the halogen-bonded assembly, the main component is electrostatic forces followed by the orbital term, which is also in agreement with the MEP and NBO analyses of Figure 10, and parallel to the ChB interactions in the BZTELI10 and DIDMTE01 structures. It is interesting to highlight that in the ChB assembly of OTEHEX with a poor C–Te···I–Te directionality, all attractive terms are similar, ranging from −2.2 kcal/mol for dispersion to −3.0 kcal/mol for the correlation. In the case of PEBHEN01, again with a poor C–Te···I–Te directionality, the ChB is not dominated by the electrostatic contribution, as observed in the directional ChBs in BZTELI10 and DIDMTE01 structures. Conversely, it is dominated by the orbital, followed by dispersion contributions. This is the only structure where dispersion is very relevant, which is due to the participation of the aromatic ring in several contacts, as detailed in Figure 11b.






3. Computational Methods


The calculations were performed using Turbomole program 7.7 [93] at the PBE0-D3/def2-TZVP level of theory [94,95,96,97]. The MEP surfaces were plotted using the 0.001 a.u. isosurface. The QTAIM [98] and NCIPlot [99] analyses were represented using VMD software [100]. The Multiwfn program [101] was used for QTAIM and NCIplot calculations. The following settings were used to represent the NCIplot in the figures of this manuscript: RDG = 0.5; ρ cut-off = 0.04 a.u.; color code −0.035 a.u. ≤ (signaλ2)ρ ≤ 0.035 a.u. Natural bond orbital (NBO) analysis [102] was performed using the NBO7 program [103]. The EDA analysis was performed using the Kitaura–Morokuma method [104], as implemented in Turbomole 7.7 without a basis set superposition error (BSSE) correction. In this manuscript, the van der Waals radii proposed by Batsanov have been used (2.1 Å, for Te and I) [105]. For calculations, we have used X-ray coordinates (see Supplementary Materials) because we are interested in evaluating and characterizing the interactions as they stand in the solid state. The level of theory used in this work (both the DFT method and basis set) has been previously used to analyze halogen- and chalcogen-bonding interactions [106,107,108,109,110,111,112] and also demonstrated that the interaction energies are comparable to those using state-of-the-art CCSD(T)/CBS calculations [16].




4. Conclusions


The formation of several recurrent motifs in R2TeI2 and RTeI3 derivatives was analyzed by examining the CSD and using DFT calculations. For R2TeI2 molecules, the prevalence of ChBs was observed, leading to the formation of 1D polymers or self-assembled dimers in the solid state. Moreover, the formation of type I I···I contacts was also common. Such interactions are weak (around 1 kcal/mol) and dominated by orbital and correlation forces. In the case of RTeI3 derivatives, the equatorial I atom exhibits a positive σ-hole; thus, it is adequate for establishing HaB assemblies. Both directional ChBs and HaBs are dominated by electrostatic effects, followed by the orbital contribution, and this is in line with MEP and NBO analyses. Finally, some structures also exhibit some poorly directional ChBs that have been characterized by QTAIM, NBO and EDA analyses. In these assemblies, the electrostatic force is not the main component (due to the poor directionality), and other components such as the orbital, correlation or dispersion terms are more dominant.
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Scheme 1. Types of Te···I and I···I contacts analyzed in this work. 
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Figure 1. One-dimensional assemblies observed in the solid state of compounds BZTELI10 (a), DIDMTE01 (b) and OPAXEJ (c). H atoms not shown for clarity. Distances in Å. Color code: Carbon, grey; iodine, purple; tellurium, orange. 
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Figure 2. Centrosymmetric tetramer observed in the solid state of NUNHUZ. H atoms not shown for clarity. Distances in Å. Color code: oxygen in red; the rest are the same as in Figure 1. 
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Figure 3. Self-assembled dimers observed in the solid state of compounds OPUXEF01 (a), UKAFIW (b) and WARPAI (c). H atoms not shown for clarity. Distances in Å. Color scheme: sulfur in yellow; the rest are the same as in Figure 1. 
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Figure 4. One-dimensional assemblies observed in the solid state of compounds BIPTEI01 (a), MUWBIP (b) and OPUXEF01 (c). H atoms not shown for clarity. Distances in Å. The color scheme is the same as in Figure 1. 
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Figure 5. One-dimensional assemblies observed in the solid state of compounds DIDMTE01 (a), ISALIY (b) and STEHEX (c). H atoms not shown for clarity. Distances in Å. Color code: silicon in pale green; the rest are the same as in previous figures. 
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Figure 6. One-dimensional assemblies observed in the solid state of compounds PEBHEN01 (a), OTEHEX (b) and LOFCOB (c). H atoms not shown for clarity. Distances in Å. Color code: chlorine, green; nitrogen, blue; iron, dark orange; nickel, mint green; the rest are the same as in Figure 1. 
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Figure 7. (a) MEP surface of BZTELI10 at the PBE0-D3/def2-TZVP level of theory. Energies in kcal/mol. (b) QTAIM (bond CPs in red and bond paths as orange lines) and NCIPlot (see theoretical methods for settings) analysis of BZTELI10. Only intermolecular contacts are shown. (c) NBOs and E(2) energies of donor–acceptor interactions in the trimeric assembly of BZTELI10. Energies in kcal/mol. Color code: See Figure 1. 
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Figure 8. (a) MEP surface of the DIDMTE01 monomer at the PBE0-D3/def2-TZVP level of theory. Energies in kcal/mol. (b) QTAIM (bond CPs in red and bond paths as orange lines) and NCIplot (see theoretical methods for settings) analysis of a trimer of DIDMTE01. Only intermolecular contacts are shown. (c) NBOs and E(2) energies of the donor–acceptor interactions in the trimeric assembly of DIDMTE01. Energies in kcal/mol. (d) QTAIM (bond CPs in red and bond paths as orange lines) and NCIplot (see theoretical methods for settings) analysis of a dimer of DIDMTE01. (e) NBOs and E(2) energies of the donor–acceptor interactions in the dimeric assembly of DIDMTE01. Energies in kcal/mol. Color code: See Figure 1. 






Figure 8. (a) MEP surface of the DIDMTE01 monomer at the PBE0-D3/def2-TZVP level of theory. Energies in kcal/mol. (b) QTAIM (bond CPs in red and bond paths as orange lines) and NCIplot (see theoretical methods for settings) analysis of a trimer of DIDMTE01. Only intermolecular contacts are shown. (c) NBOs and E(2) energies of the donor–acceptor interactions in the trimeric assembly of DIDMTE01. Energies in kcal/mol. (d) QTAIM (bond CPs in red and bond paths as orange lines) and NCIplot (see theoretical methods for settings) analysis of a dimer of DIDMTE01. (e) NBOs and E(2) energies of the donor–acceptor interactions in the dimeric assembly of DIDMTE01. Energies in kcal/mol. Color code: See Figure 1.
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Figure 9. (a) MEP surface of the OPAXEJ monomer at the PBE0-D3/def2-TZVP level of theory. Energies in kcal/mol. (b) QTAIM (bond CPs in red and bond paths as orange lines) and NCIplot (see theoretical methods for settings) analysis of a dimer of OPAXEJ. Only intermolecular contacts are shown. (c) NBOs and E(2) energies of the donor–acceptor interactions in the dimer of OPAXEJ. Energies in kcal/mol. Color code: See Figure 1. 
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Figure 10. (a) MEP surface of the OPUXEF monomer at the PBE0-D3/def2-TZVP level of theory. Energies in kcal/mol. (b) QTAIM (bond CPs in red and bond paths as orange lines) and NCIplot (see theoretical methods for settings) analysis of a dimer of OPUXEF. Only intermolecular contacts are shown. (c) NBOs and E(2) energies of the donor–acceptor interactions in the dimer of OPUXEF. Energies in kcal/mol. Color code: See Figure 1. 






Figure 10. (a) MEP surface of the OPUXEF monomer at the PBE0-D3/def2-TZVP level of theory. Energies in kcal/mol. (b) QTAIM (bond CPs in red and bond paths as orange lines) and NCIplot (see theoretical methods for settings) analysis of a dimer of OPUXEF. Only intermolecular contacts are shown. (c) NBOs and E(2) energies of the donor–acceptor interactions in the dimer of OPUXEF. Energies in kcal/mol. Color code: See Figure 1.
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Figure 11. (a) MEP surface of a PEBHEN01 monomer at the PBE0-D3/def2-TZVP level of theory. Energies in kcal/mol. (b) QTAIM (bond CPs in red and bond paths as orange lines) and NCIplot (see theoretical methods for settings) analysis of a dimer of PEBHEN01. Only intermolecular contacts are shown. (c) NBOs and E(2) energies of the donor–acceptor interactions in the dimer of PEBHEN01. Energies in kcal/mol. Color code: Refer to previous figures. 
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Figure 12. (a) MEP surface of the OTEHEX monomer at the PBE0-D3/def2-TZVP level of theory. Energies in kcal/mol. (b) QTAIM (bond CPs in red and bond paths as orange lines) and NCIplot (see theoretical methods for settings) analysis of a dimer of OTEHEX. Only intermolecular contacts are shown. (c) NBOs and E(2) energies of the donor–acceptor interactions in the dimer of OTEHEX. Energies in kcal/mol. Color code: See Figure 1. 
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Figure 13. Exchange–repulsion (Eex-rep), electrostatic (Eel), correlation (Ecor), dispersion (Edisp) and orbital (Eorb) energetic terms for the assemblies of Figure 7, Figure 8, Figure 9, Figure 10, Figure 11 and Figure 12 in kcal/mol using the Kitaura–Morokuma analysis. 
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