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Abstract

:

An attempt was made, using computational methods, to understand whether the intermolecular interactions in the dimers of molybdenum dichalcogenides MoCh2 (Ch = chalcogen, element of group 16, especially S, Se and Te) and similar mixed-chalcogenide derivatives resemble the room temperature experimentally observed interactions in the interfacial regions of molybdenites and their other mixed-chalcogen derivatives. To this end, MP2(Full)/def2-TVZPPD level electronic structure calculations on nine dimer systems, including (MoCh2)2 and (MoChCh′2)2 (Ch, Ch′ = S, Se and Te), were carried out not only to demonstrate the energetic stability of these systems in the gas phase, but also to reproduce the intermolecular geometrical properties that resemble the interfacial geometries of 2D layered MoCh2 systems reported in the crystalline phase. Among the six DFT functionals (single and double hybrids) benchmarked against MP2(full), it was found that the double hybrid functional B2PLYPD3 has some ability to reproduce the intermolecular geometries and binding energies. The intermolecular geometries and binding energies of all nine dimers are discussed, together with the charge density topological aspects of the chemical bonding interactions that emerge from the application of the quantum theory of atoms in molecules (QTAIM), the isosurface topology of the reduced density gradient noncovalent index, interaction region indicator and independent gradient model (IGM) approaches. While the electrostatic surface potential model fails to explain the origin of the S···S interaction in the (MoS2)2 dimer, we show that the intermolecular bonding interactions in all nine dimers examined are a result of hyperconjugative charge transfer delocalizations between the lone-pair on (Ch/Ch′) and/or the π-orbitals of a Mo–Ch/Ch′ bond of one monomer and the dπ* anti-bonding orbitals of the same Mo–Ch/Ch′ bond in the second monomer during dimer formation, and vice versa. The HOMO–LUMO gaps calculated with the MN12-L functional were 0.9, 1.0, and 1.1 eV for MoTe2, MoSe2 and MoS2, respectively, which match very well with the solid-state theoretical (SCAN-rVV10)/experimental band gaps of 0.75/0.88, 0.90/1.09 and 0.93/1.23 eV of the corresponding systems, respectively. We observed that the gas phase dimers examined are perhaps prototypical for a basic understanding of the interfacial/inter-layer interactions in molybdenum-based dichalcogenides and their derivatives.
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1. Introduction


Transition metal dichalcogenides (TMDCs or TMDs), MCh2 (M = a transition metal; Ch = a chalcogen, an element of group 16) are a special class of exotic 2D layered materials well known to the chemistry and physics community for decades [1,2,3,4]. Formally, in MCh2, the metal cation is in its +4-oxidation state, and the chalcogenide anion carries a −2 charge. They exist in poly-phases, viz. 2H, 1H, 1T, 1T′, 1T″, 3R, etc. [5,6,7], depending on the number of layers, their structure (space groups) and local coordination environments involved [8]. For instance, 2H is a double layer with a hexagonal lattice; 1T refers to a single layer with a trigonal prismatic lattice; and 3R refers to a triple layer structure with a rhombohedral lattice. Many of the TMDCs have also been identified as phase-change materials under certain conditions, and hence their metallic, or insulating, or semiconducting or superconducting character changes. For instance, Chen and coworkers reported the successful growth on bilayer graphene of a quasi-freestanding WSe2 single layer with 1T′ structure that does not exist in the bulk form [9]. A bandgap of 129 meV was observed in the 1T′ layer and an in-gap edge state was located near the layer boundary. The observed gap diminished with doping by Rb adsorption, ultimately leading to an insulator–semimetal transition. Some TMDCs have also displayed metal-to-semiconductor [10,11,12] and metal-to-insulator [13,14,15] phase transition behavior.



Renewed interest in TMDCs occurred, probably after 2012 [16], when it was found that monolayers of these materials displayed reasonable bandgaps, a necessary condition for their application in photovoltaics, as photo-catalysts for water splitting [17,18,19] and other optoelectronic applications [20] such as flexible electronics [21,22], and the properties of these monolayers are different to those of the bulk materials [22,23,24,25,26]. For instance, it was observed that the bandgap transition energy of MoS2 changes from indirect (1.2 eV) to direct (1.8 eV) passing from bulk to a monolayer [26]. Changes in the optoelectronic properties of TMDCs were noted with a distinct photoluminescence (PL) between monolayer (1L), bilayer (2L), quadrilayer (4L) and hexalayer (6L) samples of MoS2 [27,28]. Semiconducting MCh2 materials, with M = Mo, W and Ch = S, Se, Te, possess an advantage over graphene in that they exhibit appropriate bandgaps necessary for applications in the opto-electronic devices, among others. Similar views have been provided in other studies as well [29,30,31,32].



Some MCh2 compounds have been identified as topological excitonic insulators (as observed in a distorted phase of MoS2) [33], semi-metallic, metallic, ferromagnetic (viz. 2H-VS2/-VSe2/-VTe2/-CrTe2/-NbS2/-TaS2/1T-TaTe2) [1,34], anti-ferromagnetic materials (1T-CrS2/-CrSe2/-VTe2), semiconductors (2H-MoS2/-MoSe2/-MoTe2/-WS2/-WSe2) [34,35] or superconductors (viz. 2H-MS2/-MSe2/-MTe2, 2H-NbS2, 2H-MTe2, 2H-WS2/-WTe2/1T′-WSe2) [1,36,37]. Another important feature of these compounds is that strain engineering can change their structural, electronic and optical properties insofar as the direct-to-indirect bandgap transition has been observed upon application of tensile strain [38].



However, a basic understanding of the nature of interlayer bonding in TMDCs is still lacking. Therefore, this study focusses on the MoCh2 (Mo = S, Se, Te) series, among the most intensely studied 2D systems, both experimentally [6,39,40,41,42] and theoretically [34,43,44,45,46]. As mentioned above, they have been observed in several phases, with different level of stacking between the layers. The most stable of these is probably the room temperature phase, the 2H-phase [6,40,47]. The crystal structure of 2H-MoS2, known since 1983 [48], is naturally occurring molybdenite.



Scheme 1 shows the unit-cell structures of the 2H-MoCh2 series, and the nature of the arrangement of atomic domains in each monolayer responsible for the cell. When expanded, each of the supercells will produce a bilayer arrangement, yet each monolayer comprises three sub-layers (two of them are formed by the bonded S-atoms and the other is formed by the metal). The monolayers in an expanded bilayer system are separated by a physical gap. This gap has been referred to as a “van der Waals” gap [49,50,51]. In other words, it has been assumed that the physical rigidity of the TMDCs is driven by “van der Waals forces” [16,52]. While the intralayer Mo–Ch bonding is often assumed to be strongly covalent [53,54], the interlayer bonding is presumed to be weak, as it arises from van der Waals forces and the binding energy between two layers is negligibly small (e.g., 3.77 meV in GeSe2 [55]). It seems from the close proximity of the two layers in the crystal structures (Scheme 1) that the stability of the interfacial region is driven by an extensive array of chalcogen centered Ch···Ch noncovalent interactions. Whether these are a result of the so-called Type-I or Type-II chalcogen bonding [56,57] is unknown. A chalcogen bond is formed when there is evidence of a net attractive interaction between an electrophilic region associated with a chalcogen atom in a molecular entity and a nucleophilic region in another, or the same, molecular entity [58]. A Type-I or Type-II topology of a bonding interaction in chemical systems emerges when the angle of interaction θ is such that 90° < θ (∠R–Ch···A) < 140° or 140° < θ (∠R–Ch···A) < 180°, respectively, where R is the remainder part of the molecular entity and A is an acceptor [56,59,60] (and a negative site [61,62,63,64]). This topology of bonding is applicable to any noncovalent interaction regardless of its type (hydrogen bond, halogen bond, chalcogen bond, pnictogen bond etc.).



We report here results of our theoretical investigation of nine dimers, MoCh2 (Ch = Se, Te), and their mixed chalcogenide analogues. We did not examine the conformational space associated with each of these dimers; that requires an extensive study—currently in progress—which will be reported elsewhere. Rather, we focused exploration on a specific conformation that resembles the chemical bonding environment observed in the interfacial region of the 2H-phase of MoCh2. Because transition metals, as well as heavy atom chalcogens, are involved, we have employed a few effective core potential (ECP) basis sets with increasing size to examine their effect on the intermolecular geometry, binding energy and polarity. The second-order Møller–Plesset perturbation method (MP2) was chosen [65], together with the treatment of all-electron correlated effects. As mentioned above, the main motivation for this study was to examine whether gas phase calculations on the simplest (MoCh2)2 dimers and the mixed dichalcogenide derivatives are adequate in any way to delineate the Type-I and quasi-linear Type-II bonding features between the metal bonded chalcogenides that have been observed in the crystalline phase (Scheme 1). A second motivation was to examine whether the quasi-linear inter-layer interactions are indeed a consequence of attraction between a positive site on a bonded chalcogenide in a given layer and a negative site on the same atom in another interacting layer, producing counterintuitive “homo” bonding. Can the often-invoked electrostatic potential on the surfaces of the isolated MoCh2 monomeric units allow us to describe the physical realities associated with the intermolecular bonding in (MoCh2)2 dimers, and can this be applied as a rationalization of similar effects observed in the crystalline phase? We applied the quantum theory of atoms in molecules (QTAIM) [66], interaction region indicator (IRI) [67], independent gradient model (IGM) [68,69] and reduced density gradient (RDG) [70] approaches to the dimers to examine the nature of the intermolecular bonding responsible for the formation of the (MoCh2)2 dimers. Finally, we examined the binding energy of these dimers using a standard supramolecular procedure, as well as the origin of orbital interactions between the interacting monomers using second-order hyperconjugative analysis [71], and we provide our opinion on whether the inter-layer/inter-facial interactions in molybdenum dichalcogenides should be called simply “van der Waals forces”, or whether they are “weak chalcogen bonding interactions”.




2. Computational Details and Model Systems


The geometries of all nine of the (MoCh2)2 and (MoChCh′)2 dimers mentioned above were energy minimized with MP2(Full), followed by the Hessian second derivative energy calculations. The dimer geometries reported are all transition state structures at the level of the theory applied. We selected this method since the interest in MP2 is increasing in the DFT community [72] because of the promising level of accuracy of double-hybrid functionals [73]. The ECP basis set def2-TZVPPD was utilized, obtained from the EMSL basis set exchange library [74]. The Gaussian 16 code was used [75].



The molecular electrostatic surface potentials (MESP) of the three monomers MoCh2 (Ch = S, Se, Te) were computed to examine the nature of their electrostatic surfaces. The 0.0015 a.u. isoelectron density envelope was utilized, on which the electrostatic potential was computed. We chose the non-relativistic segmented Gaussian-type basis set, Sapporo-TZP-Diffuse, which is appropriate for all-electron calculations [76]. We focused on a selected number of extrema of the potential, the so-called the local minimum and the local potential maxima (VS,max and VS,min, respectively), on the electrostatic surfaces of the three isolated MoCh2 monomers to identity regions that can act as Lewis acids and Lewis bases. In particular, when the sign of VS,max or VS,min is positive (VS,max or VS,min > 0), we treat them as representatives of Lewis acids; and when the sign of the VS,max or VS,min is negative (VS,max or VS,min < 0), we treat them as representatives of Lewis bases [61]. If a specific Lewis base on a monomer is centered towards a specific Lewis acid at the equilibrium configuration of an (MoCh2)2 or (MoChCh′)2 dimer, this permitted us to determine whether Coulomb forces are holding the two monomers together at equilibrium. While doing so, we were mindful that the MESP model is incapable of providing the energy of an intermolecular interaction. It does not provide information on the nature of the surface extrema on precisely the same locations on the monomers at the equilibrium geometry of the dimer; the local extrema on the isolated monomers may have been annihilated during the formation of the dimers. It would be misleading to correlate the binding energy of the dimers with the positive or negative potential on the isolated monomeric systems that are interacting with each other, as has sometimes been done [77,78,79]. This would be misleading because both the positive and negative potentials on the two isolated monomers interacting with each other are already affected by the electric field produced by each of them [80]; electrostatic polarization has already played its role during the dimer formation, and hence the sign and magnitude of the minimum and maximum of potentials found on the interacting sites in isolated monomers have at that point already been annihilated in the dimer configuration at equilibrium.



Nevertheless, the QTAIM is uniquely unified. It not only provides a molecular graph of the chemical system examined, but also indicates the bond critical points of charge density between a pair of two bonded atomic basins, and many other related topological properties. These include, for example, the Laplacian of the charge density; the kinetic, potential and total energy densities; and the ellipticity. These properties have been utilized to provide insight into the ionic, covalent or mixed bonding character of a large number of chemical compounds (see, for example, [56,81]). The second-order perturbative estimates of donor–acceptor interactions were calculated using the NBO, v. 3.1 [82] as implemented in Gaussian 16.



The reduced density gradient (RDG) noncovalent index (NCI) approach is similar, in some aspects, to the QTAIM approach, but it accounts for the reduced gradient of the charge density around the bond critical point region [70,83,84,85]. The NCI index is based on the normalized and dimensionless RDG s, which is given by   s ( r ) = ∇ ρ / ( 2   ( 3  π 2  )   1 / 3   ρ   ( r )   4 / 3   )  , where ρ(r) is the charge density and ∇ρ is the gradient of the charge density. When the gradient of the charge density vanishes at any point r, s vanishes at that point [85,86]. This is what happens at the bond critical point within the framework of the QTAIM, where ∇ρ = 0 and hence s = 0. The RDG is capable of detecting interactions when the bond critical point centered topological feature is lacking in chemical systems (e.g., 1,n-alkanediols), a conclusion that was arrived at by Kjaergaard and coworkers [87]. Regions in space where (closed-shell) noncovalent interactions occur feature low values of ρ(r), ∇ρ and s, and regions of space where s and ρ have low and high values, respectively, and signify shared interactions (viz. covalent bonds). The isosurfaces of the RDG at low densities allow one to visualize the position and nature of covalent interactions in 3D space [87]. However, it is worth noting that the limitation of the RDG-NCI approach is that the isosurfaces in the inter- and intra-molecular bonding regions in large systems can be very noisy, causing some difficulty in identifying the actual sites that cause the interaction between them. To overcome this, several theoretical approaches similar to the RDG have been proposed more recently that allow one to overcome the noisy RDG isosurface features in large chemical systems. One of them is the real space function called the interaction region indicator (IRI) [67], which is a slight modification of the RDG, yet its results are comparable with the QTAIM’s topological analysis of charge density. The other function is the independent gradient model (IGM), proposed some time ago [68], that can be performed both on the computed wavefunctions and pro-molecular densities on specific regions of interest. These two computational approaches have an advantage over the RDG-NCI in that one can locally characterize an interaction between two atomic basins, ignoring other interactions that are not of focus of interest. We employed all these approaches to examine whether or not they provide similar insight into the nature of the intermolecular bonding interactions in the (MoCh2)2 and (MoChCh′)2 dimers. Post-processing codes, such as AIMAll [88], Multiwfn [89] and VMD 1.9.3 [90], and Gaussview 5.0 [91] software were used for the calculation, visualization, drawing and analysis of the electronic structure results obtained using Gaussian 16 [92].



For the purpose of comparison, we also relaxed the bulk (double-layer) geometries of the MoCh2 (Ch = S, Se, Te) crystals investigated. We employed the strongly constrained and appropriately normed (SCAN) meta-generalized gradient approximation necessary for short- and intermediate-range interactions [93], together with the long-range vdW interaction from rVV10, the revised Vydrov–van Voorhis non-local correlation functional [94], implemented in the Vienna Ab initio Simulation Package (VASP) [95,96]. The incorporation of the latter is presumably essential given that MoCh2 are layered crystal systems, and the presence of van der Waals interaction determines the interlayer distance and spacing. The band structures of the corresponding systems were also computed at the same level of theory. A 5 × 5 × 2 k-point grid, together with the projector augmented-wave (PAW) pseudopotential plane-wave method [97] as implemented in VASP was used for geometry relaxation. The (non-SCF) band structures were calculated using the SCF wavefunctions evaluated using a relatively dense k-point mesh of 10 × 10 × 2, adopting the Gaussian smearing protocol. An energy cutoff of 520 eV was used for the plane wave regardless of the nature of the calculations involved, together with a cutoff of 10−8 eV for the energy convergence and 10−2 eV/Å for the convergence of forces. The linear mixing parameter for the density mixing between each electronic step (AMIX), the linear mixing parameter for the magnetization density (AMIX_MAG), cutoff wave vector for Kerker mixing scheme (BMIX) [98] and cutoff wave vector for the Kerker mixing scheme for the magnetization density (BMIX_MAG), were set to 0.2, 0.00001, 0.8 and 0.00001, respectively. The aspherical contributions from the gradient corrections inside the PAW spheres were included.




3. Results and Discussion


3.1. Interfacial Geometry of the 2H-MoCh2 Crystals and Comparison with Theory


The nature of the bonding modes between the Mo bonded chalcogenides feasible in the interfacial region between the layers of MoCh2 are illustrated in Figure 1. These represent the 1 × 4 × 1 structures that were constructed using the unit-cells of 2H-MoS2 [99], 2H-MoSe2 [100] and 2H-MoTe2 [101]. As can be seen from the interfacial region, each bonded chalcogenide in each layer was linked noncovalently with three other similar sites in other layers, forming three Mo–Ch···Ch interlayer interactions. This conclusion was arrived at based on the analysis of the interfacial Ch···Ch bond lengths and Mo–Ch···Ch angles and comparing them with those reported in the chalcogen bonding literature [62]. For instance, it was shown that the strength of a R–Ch···A interaction (A = negative site that accepts a noncovalent bond) increases as the electronegativity of Ch decreases; i.e., the strength of the interaction increases in the order Ch = (O) < S < Se < Te [102]. Of course, this energetic preference of chalcogen bond formation is consistent with the increasing polarizability and decreasing electronegativity of the chalcogen atoms from O down to Te in the chalcogen series [103]. Chalcogen bonds have been found to be less directional than the R–X···A (X = Cl, Br, I) halogen bonds, for which ∠R–X···A > 170°, with the angle of interaction varying between 80° and 170° [62]. This angular flexibility of covalently bound chalcogen atoms in forming chalcogen bonds with negative sites results in the formation of both directional and non-directional (bent-shaped) interactions [104].



The Mo–S···S bond distances between the layers were all equivalent in the 2H-MoS2 crystal, with r(S···S) = 3.541 Å and ∠Mo–S···S = 138.9°. These structural features were not very different to those associated with the Mo–Se···Se and Mo–Te···Te contacts found in the 2H-MoSe2 and 2H-MoS2 crystals, respectively. For instance, the r(Ch···Ch) (∠Mo–Ch···Ch) values were 3.749 Å (38.7°) and 3.945 Å (139.6°) for 2H-MoSe2 and 2H-MoTe2, respectively. The difference in bond lengths was clearly a consequence of the difference in the van der Waals radii of the three chalcogens in question (rvdW(S) (Bondi) = 1.80 Å; rvdW(Se) = 1.90 Å; rvdW(Te) = 2.0 Å) [105]. It may therefore be reasonable to conclude that since r(S···S) in 2H-MoS2 < r(Se···Se) in 2H-MoSe2 < r(Te···Te) in 2H-MoTe2, the strength of the interaction decreased in this series, assuming an inverse relationship between the bond length and bond strength. We discuss this further below.



The unit cell of the MoCh2 bulk has the space group P63/mmc, which contains six atoms (two Mo and four Ch atoms, two formula units). The crystal structure is determined by the lattice constants a = b and c, together with the internal displacement parameters, and this feature was reproduced with the level of theory used. Table 1 compares the calculated lattice properties with those reported experimentally. In all cases, an excellent agreement was found. Differences between them were at most 0.01 Å in a = b, and less than 0.251 Å in c. There was a marginal difference between the computed and experimental lattice volumes and the lattice density, which is often found [106,107]. The calculated interlayer bond distances r(Ch···Ch) (and bond angles ∠Mo–Ch···Ch) were 3.612 Å (138.77°), 3.786 Å (139.24°) and 4.053 Å (139.58°) for 2H-MoS2, 2H-MoSe2 and 2H-MoTe2, respectively. These results show that an increase in the size of the chalcogen atom in MoCh2 caused an elongation of the interfacial distances between the monolayers of the bilayer system. Concomitant with this is that the angle of contact also increased as the MoCh2 system became heavier. The calculated trend observed in the interfacial Ch···Ch distances was in good agreement with the experimental values (cf. Figure 1).
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Table 1. Comparison of SCAN-rVV10 computed lattice properties with those reported experimentally for bulk 2H-MoCh2 (Ch = S, Se, Te). Experimental values are given in parentheses in each second line entry.






Table 1. Comparison of SCAN-rVV10 computed lattice properties with those reported experimentally for bulk 2H-MoCh2 (Ch = S, Se, Te). Experimental values are given in parentheses in each second line entry.
















	System
	Symmetry
	Space Group
	a = b
	c
	α = β
	γ
	V
	ρ





	MoS2
	Hexagonal
	P63/mmc
	3.168
	12.466
	90
	120
	108.38
	4.91



	
	
	
	(3.169)
	(12.324)
	(90)
	(120)
	(107.18)
	(4.96)



	MoSe2
	Hexagonal
	P63/mmc
	3.296
	13.181
	90
	120
	124.02
	6.80



	
	
	
	(3.29)
	(12.93)
	(90)
	(120)
	(121.21)
	(6.96)



	MoTe2
	Hexagonal
	P63/mmc
	3.508
	14.197
	90
	120
	151.31
	7.71



	
	
	
	(3.518)
	(13.974)
	(90)
	(120)
	(149.79)
	(7.786)







The properties include the lattice constants (a, b and c in Å; α, β and γ in deg), cell volume (V/Å3) and cell density (ρ/gcm−3). The Crystallographic Information File (CIF) for each of the three systems relaxed with SCAN-rVV10 can be found in the Supplementary Materials.












3.2. The Molecular Electrostatic Surface Potential


In order to understand the bonding modes in the interfacial regions of each of the three TMDCs in the crystalline phase, as well as the strength of the three types of chalcogen-centered noncovalent interactions, we computed their monomer and dimer properties.



The 0.0015 a.u. isoelectron density envelope mapped MESP graphs for the three monomers of (a) MoS2, (b) MoSe2 and (c) MoTe2 are shown in Figure 2. From the values of the local-most extrema of the potential VS,max and VS,min, it is clear that the metal centers opposite to the bonds were strongly positive (VS,max 112.3, 103.7 and 107. 6 kcal mol−1 for MoS2, MoSe2 and MoTe2, respectively). On the other hand, the axial and lateral portions of the metal bonded Ch atoms were not all negative for all Ch sites, except MoS2 (VS,min values −9.3, −7.1 and −10.7, for MoS2, MoSe2 and MoTe2, respectively; and VS,max values –0.5, +2.8 and 11.9 kcal mol−1 on S, Se and Te along the Mo–S, Mo–Se and Mo–Te bond extensions, respectively). These values indicate that the character of the p-type σ-hole on S in MoS2 was negative, that those of Se and Te in MoSe2 and MoTe2 were positive, and that the strength of the σ-hole on the bonded chalcogen atoms increased in the series from MoS2 through MoSe2 to MoTe2. The positive regions lay far off on the Mo–Ch bond extensions.



The junction region between the Ch atoms in the monomers was found to be very negative. In all three cases, the charge density profile on the surface of the metal-bonded Ch atoms was anisotropic. This specific nature of potential may explain why the metal-bonded Ch atom in a given MoCh2 monomeric unit (Ch = Se, Te) was involved in an attractive engagement with the equivalent atom in a second monomer to form a dimer when they were in close proximity, as shown in Figure 3.



Because the surface of S in MoS2 is entirely negative, VS,max < 0 and VS,min < 0, the dimer (MoS2)2 may not form in the gas phase. It may then be understood that the effect of packing in the solid state plays a structure-determining role in stabilizing a layered material for the MoS2 system in 2D. Although the molecular electrostatic model fails to provide any insight into the intermolecular chemistry of (MoS2)2, it does suggest that when MoS2 entities are in close proximity, their electric fields polarize each other, leading to the induction of positive and negative sites on the surfaces of metal-bound sulfur; they then attract each other, as demonstrated for some dimers of chloromethane [108,109,110,111,112]. That two positive (or negative) sites on the same or different molecular entities attract each other to form complex systems is not a new finding, and such observations have been noted for a number of dimers in the gas phase [113,114,115,116]. Many Type-I interactions observed in the solid state may also fall into this category of intermolecular bonding, in which the engagement is a result of attraction between sites of dissimilar charge densities [113,114].



Our MESP calculations of the other three molybdenum mixed dichalcogenides, MoChCh′, are summarized in Figure 2c–e. In all cases, the charge density on the surface of each chalcogen atom was anisotropic. In MoSSe and MoSTe (Figure 2c,d, respectively), the bonded S atom was entirely negative, and the heavier chalcogen atoms had both positive and negative regions of electrostatic potential. In the case of MoSeTe, shown in Figure 2f, each of the two chalcogen atoms featured positive and negative regions on their electrostatic surfaces; they should therefore have been capable of acting as Lewis acids and bases towards their interacting partners to drive any attractive engagement between them.




3.3. Intermolecular Geometry of Dimers


We now address whether the intermolecular bonding interactions in the (MoCh2)2 (Ch = S, Se, Te) dimers can serve as prototypes to rationalize similar interactions in the same systems in the solid state. We believe they probably can. This becomes evident when comparing the intermolecular geometries of the (MoTe2)2, (MoSe2)2 and (MoTeS)2 dimers shown in Figure 3a,b,i, respectively, with that summarized in Figure 1 for the corresponding crystal systems. The gas-phase predicted S···S and Se···Se intermolecular distances of 3.331 and 3.469 Å in (MoS2)2 and (MoSe2)2, respectively, were 0.210 and 0.280 Å shorter than the corresponding distances of 3.541 and 3.749 Å observed in the solid-state structure. The angles of interaction were very similar: ∠Mo–S···S = 137.7° and ∠Mo–Se···Se = 138.4° in the gas-phase (Figure 3b); ∠Mo–S···S = 138.9° and ∠Mo–Se···Se = 138.7° in the solid state (Figure 1). In the case of the (MoTe2)2 dimer, the r(Te···Te) (and ∠Mo–Te···Te) were 3.926 Å (and 158.8°) and 3.945 Å (and 139.6°) in the gas- and crystalline-phases, respectively; the intermolecular interaction distance was reproduced well, but the angle of interaction was significantly overestimated by MP2(Full). These results enabled us to conclude that the intermolecular Ch···Ch bonding interactions in the (MoCh2)2 (Ch = Se, Te) dimers may be a prototype for understanding the geometrical aspects of the interfacial regions of the same systems in the crystalline phase.



The Te···Te, Se···Se, Te···Se and Se···S contacts in the mixed-chalcogenide dimers in Figure 3c–h lay between 3.431 and 3.958 Å (also see Table S1). The angles of interaction in these mixed chalcogenide systems were quasi-linear, except for the (SMoTe)···(SMoTe) dimer. Since the electrostatic potentials on the surfaces of the interacting chalcogenide sites in the mixed dimers were dissimilar, the Coulombic interaction between the interacting monomers seems to have played an important role in determining the directionality. These results also lead to a view that the mixed molybdenum dichalcogenide systems should exist and display similar interlayer bonding environments in the crystalline phase. In fact, some mixed dichalcogenide systems have already been investigated experimentally. Janus NbTeSe is a magnetic semiconductor, with an indirect bandgap of 1.478 eV with excellent optical absorption capability in the near infra-red region, whereas MoTeSe and WTeSe monolayers are direct band-gap semiconductors with a bandgap of ~1.85 eV [117]. Bera and coworkers reported a 2H-like structure of MoSSe and examined the chemical ordering and pressure-induced isostructural and electronic transitions in the crystal [118]. The r(Se···S) and ∠Mo–Se···S in the MoSSe crystal were 3.330 Å and 142.51° in the high-pressure experimental geometry, respectively, and were probably comparable with those of 3.431 Å and 133.1°, respectively, computed in the gas phase (Figure 3h). The underlying angular difference between the two phases is not very surprising since our gas phase calculations did not involve an application of any external agency, viz. pressure.



We note that MP2(Full) failed to provide a reasonable ∠Mo–Te…Te for the (MoTe2)2 dimer. Because of this, and assuming it could be a computational artifact associated either with the basis set or the correlated method, we reoptimized the three (MoCh2)2 (Ch = S, Se, Te) dimers to see if this was indeed the case, with DFT and double hybrids, where the latter combined the exact HF exchange with an MP2-like correlation to a DFT calculation. Our further investigation included six DFT functionals, viz., MN12-L [119], MN15 [120], M06-2X [121], MN15-L [122], ωB97XD [123] and PW6B95 [124], and one double hybrid, B2PLYPD3 [73] (D3 in the latter accounts for Grimme’s D3BJ dispersion [124,125]). These methods have often been applied to explore the physical chemistry of noncovalent interactions [126,127], including chalcogen bonding in chemical systems [128,129,130].



Our results are summarized in Table 2. The data lead to a view that all the DFT functionals and the double hybrid provide a reasonable configuration of all three dimers. Among the computational methods selected, M06-2X provided the best intermolecular geometry for the (MoTe2)2 dimer (r(Te···Te) (and ∠Mo–Te···Te) = 3.972 Å (and 139.3°)); MP2(Full) and B2PLYPD3 provided the best intermolecular geometry for the (MoSe2)2 and (MoS2)2 dimers—all compared to the solid-state geometries shown in Figure 1. Whereas the DFT predicted bond distances were overestimated for most dimers, B2PLYPD3 systematically underestimated the Ch···Ch bond distances of all the three (MoCh2)2 (Ch = S, Se, Te) dimers. Regardless of the dimer examined and the computational method employed, all were found to be polar, as evidenced by the dipole moment μ (see Figure 3 and Table 2).




3.4. Energy Stability


We now focus our attention on the stability of the Ch···Ch interaction found in each dimer and rationalize whether can they be regarded as van der Waals, or weakly bound, or medium strength interactions.



As discussed previously, especially in the area of noncovalent chemistry [131,132,133], interactions with binding energies below −1.0 kcal mol−1 are van der Waals interactions and are dispersive by nature. In such cases, the role of Coulombic contributions that arise, for example, from permanent dipole–dipole or point charge–dipole interactions, are negligibly small. Weakly bound interactions are those with binding energies between −1.0 and −4.0 kcal mol−1, and medium-strength interactions have interaction energies roughly between −4.0 and −15.0 kcal mol−1 [131,132,133,134]. We calculated the uncorrected and BSSE-corrected binding energies using Equations (1) and (2), respectively, where ET refers to the total electronic energy of monomer/dimer and E(BSSE) refers to the error in the energy due to basis set superposition and is the spurious stabilization of the supermolecular system with respect to isolated species [135]:


ΔE = ET (dimer) − ET (monomer1) − ET (monomer2)



(1)






ΔE(BSSE) = ΔE + E(BSSE)



(2)




It is evident from the results shown in Supplementary Materials Tables S1 and S2 that the MP2(Full) level uncorrected binding energies were relatively large for all the dimers examined. Based on this, one would characterize the interactions in the dimers as weak to medium strength. After accounting for the error in energy due to the effect of basis set superposition obtained using the counterpoise method [136] (post-Hartree Fock methods have a tendency to overestimate BSSE), the ΔE values for all the dimers were not below the energy range usually referred to as van der Waals interactions (vide supra). Based on the ΔE(BSSE) values of the highest levels of theory applied (Supplementary Materials Tables S1 and S2), all the dimers can be regarded as “weakly chalcogen bonded” systems. It is worth pointing out that all the six DFT methods underestimated the complexation energies of the dimers compared to MP2(Full), the largest being with PW6B95. Depending on the extent of exchange and correlation in a given functional, the BSSE corrected binding energies were determined to be either positive or negative; this is understandable given that electron–electron correlation effects are not well accounted for by these functionals [137].



By contrast, the B2PLYPD3 gave ΔE(BSSE) for the (MoCh2)2 (Ch = S, Se, Te) dimers that were slightly smaller than those of the MP2(Full) for the former two systems. The double hybrid recognized the (MoS2)2 dimer as being of the van der Waals type, with ΔE(BSSE) = −1.08 kcal mol−1, but (MoCh2)2 (Ch = Se, Te) as weakly bound. Moreover, all the computation methods suggested that an increase in the Ch···Ch intermolecular distance passing from (MoS2)2 through (MoSe2)2 to (MoTe2)2 results in a concomitant increase in the BSSE corrected binding energy. This was not the case with MP2(Full) given that it predicted (MoS2)2 to be stronger than (MoSe2)2, which was probably the effect of a spuriously large BSSE computed with this method. Nevertheless, our results in Table 2 show that chalcogen-centered noncovalent bonding interactions should not be viewed as emerging predominantly from the electrostatically driven Coulombic interaction; they represent dispersive interactions that play a very crucial role in stabilizing them. This view may be in agreement with Bickelhaupt and coworkers, who suggested that the bonding character of chalcogen bonds stems from strong HOMO−LUMO interactions [138], which is at odds with the view that chalcogen bonding is predominantly electrostatically driven.



From Supplementary Materials Tables S1 and S2, it can be seen that the MP2(Full) level uncorrected binding energies were relatively large for all the dimers examined. Based on this, one would characterize the interactions in the dimers as weak to medium strength. After accounting for the error in energy due to the effect of basis set superposition obtained using the counterpoise method [136] (post-Hartree Fock methods have a tendency to overestimate BSSE) the ΔE values for all the dimers were not below the energy range usually referred to as van der Waals interactions (vide supra). Based on the ΔE(BSSE) values of the highest levels of theory applied (Supplementary Materials Tables S1 and S2), all the dimers can be regarded as “weakly chalcogen bonded” systems. It is worth pointing out that all the six DFT methods underestimated the complexation energies of the dimers compared to MP2(Full), the largest having been with PW6B95.




3.5. Isosurface and Bond Path Topological Properties of Charge Density


Although intermolecular distances and binding energies are good indicators of bonding interactions in complexes, we applied several charge-density-based approaches to confirm the presence of intermolecular interactions in the nine dimers examined. For instance, the MP2/def2-TZVPPD computed sign(λ2) × ρ vs. IRI, sign(λ2) × ρ vs. RDG, and sign(λ2) × ρ vs. IGM-based δgintra/intra plots for the (TeMoSe)···(TeMoSe) dimer are shown in Figure 4. They all indicate that the sign of the second eigenvalue of the Hessian matrix of the charge density, λ2, was negative. Since λ2 < 0 in the intermolecular and intramolecular bonding regions, it signifies the possibility of a bonding interaction, which may be of either shared or closed-shell character. Both van der Waals interactions and non-covalent interactions (e.g., hydrogen bonds) showed negatives value of λ2 at the critical point (with λ2 ≃ 0 for van der Waals interactions) [139]. The charge density in this region, where λ2 < 0, was very small for Te···Se contacts, and was larger for the coordination bonds between Mo and Ch (Ch = Te, Se). This was evident in the sign(λ2) × ρ vs. IRI, and sign(λ2) × ρ vs. IGM-based δg plots, where the two spikes appeared in the regions −0.13 a.u. < sign(λ2) × ρ < −0.15 a.u. and −0.105 a.u. < sign(λ2) × ρ < −0.125 a.u. corresponding to the Mo–Se and Mo–Te bonds, respectively. The Te···Se interaction showed up at sign(λ2) × ρ ≈ −0.01 a.u., indicating the presence of a weakly bound interaction. All these features were present in the corresponding plots of the remaining eight (MoCh2)2 and (MoChCh′2)2 dimers (spike-based plots are not shown, but isosurface plots are depicted in Figure 5).



The QTAIM-based molecular graphs, as well as the IRI, RDG and IGM-based NCI plots for all nine dimers are shown in Figure 5. Based on the conceptual framework of QTAIM, one might expect that the presence of an intermolecular interaction between two atomic entities in a molecular entity should be reflected as a bond critical point (bcp) in the bonding region with a small charge density, and that the Laplacian of the charge density (∇2ρb) should be positive. Indeed, a bcp was found between the intermolecularly bonded Ch atomic basins, with ρb close to 0.01 a.u. (Figure 5). We found ∇2ρb at the Ch…Ch bcps to be +0.021 a.u. (MoTe2···MoTe2, Figure 5a), +0.029 a.u. (MoSe2···MoSe2, Figure 5b), +0.024 a.u. (TeMoSe···SeMoTe, Figure 5c), +0.022 a.u. (TeMoSe···TeMoSe, Figure 5d), +0.021 a.u. (MoTe2···SeMoTe, Figure 5e) 0.018 a.u. (MoTe2···TeMoS, Figure 5f), +0.024 (SMoTe···SMoTe, Figure 5g), +0.030 a.u. (SeMoS···SeMoS, Figure 5h) and +0.033 a.u. (MoS2···MoS2, Figure 5i). The charge density and the Laplacian of the charge density values were small and positive, indicative of closed-shell interactions. The bcp topology was consistent with the IRI-, RDG- and IGM-based isosurface plots in which the bonding region between the chalcogen atoms in each dimer was accompanied by a single circular volume (isosurface), colored green/light-blue, in agreement with the sign(λ2) × ρ vs. IRI, sign(λ2) × ρ vs. RDG, and sign(λ2) × ρ vs. IGM-based δgintra/intra plots shown in Figure 4. We note that each approach had its own specific isovalue for the isosurface plot, and hence the color of these changes from greenish to light-blueish.



Some studies emphasized the presence of van der Waals gaps between layers of, among others, the 2H and 3R phases of 2D crystals [41,49,140]. This gap is driven by van der Waals forces and is suitable for exfoliation and intercalation [141,142]. This concept has been established in the area of layered transition metal mono-, di- and tri-chalcogenides [47,49,50,143,144]. As shown in Figure 6 for the 2H phase of MoS2, different authors recognized van der Waals gaps in 2D materials in different ways. There is no general consensus about the exact nature and position of the gap. We argue that there is no gap between the two chalcogen-bonded metal layers, but instead voids. These exist between the chalcogenides in the interfacial/interlayer region in a multilayer system in 2D. The monolayers of a multi-layer system are driven by van der Waals type or “weak” interlayer forces, in which Ch atoms are chemically bonded to each other. The occurrence of a specific type of force between the layer depends on the nature of the transition metal chalcogenide system. The intercalation between the layers of the TMDCs can modify the interfacial geometry of TMDCs (increasing the distance between two consecutive monolayers), and hence tune the electronic and optical properties for possible applications [50]. However, as noted in several studies, intercalation of the foreign species (for example, Li) results in the loss of the pristine semiconducting properties of MoCh2 due to structural changes in the host materials by way of an expansion in the interlayer spacing and a concomitant weakening of the weak forces in the interlayer region [28,141]. Similar observations have been made about other metal chalcogenide systems [143].



In order to understand whether there is a gap between the monolayers in the MoCh2 crystals, we examined the extent of overlapping between the Ch atoms responsible for the geometries of the dimers that resemble the interfacial geometry of the crystalline phase. To this end, we calculated the mutual penetration distance between the Ch···Ch atom-atom pair within the QTAIM framework. This, by definition, should be the difference between the intermolecular distance and twice the van der Waals radius of the Ch atom; the larger the mutual penetration distance, the stronger would be the strength of the interaction. For this, we calculated the non-bonded radius of each Ch atom in the Ch···Ch pair, responsible for the (MoCh2)2 (Ch = S, Se, Te) dimers shown in Figure 3. We considered these three systems since MoCh2 (Ch = S, Se, Te) have been intensely studied in the crystalline phase. Regardless of whether it is in the solid state, or in the gas phase, the non-bonded radius of an atom in molecules within the framework of the QTAIM was the shortest distance between its nucleus and the 0.001 a.u. isodensity envelope [113,145]. Our B2PLYPD3 calculation produced values of 2.133, 2.235 and 2.409 Å for the non-bonded radii of S, Se and Te in the (MoCh2)2 dimers, respectively. Twice these values are 4.266, 4.470 and 4.818, respectively; these are about 0.779, 0.920, and 1.086 Å larger than the Ch···Ch bond distances of 3.487, 3.550, and 3.732 Å for (MoS2)2, (MoSe2)2, and (MoTe2)2, respectively. This suggests that there is no gap between the two Ch layers of two consecutive monolayers of the bilayer MoCh2 systems.




3.6. Nature of Second-Order Hyper-Conjugative Charge Transfer Delocalization between the Monomers in the (MoCh2)2 and (MoChCh′2)2 (Ch, Ch′ = S, Se and Te) Dimer Geometries


Since the MESP model failed to provide correct insight into the nature of the relationship between the interacting sites, especially for the (MoS2)2 dimer, and why two sites that are completely negative attract each other, we examined the second-order perturbative estimates of donor–acceptor (bond–antibond) interaction energies to identify all possible dominant interactions existing between “filled” (donor) Lewis-type natural bond orbitals (NBOs) and “empty” (acceptor) non-Lewis NBOs. Given that these interactions involve the donation of electron density from the localized NBOs of the idealized Lewis structure into the empty non-Lewis orbitals, they are referred to as “delocalization” corrections to the zeroth-order natural Lewis structure [146,147,148]. For each donor NBO (i) and acceptor NBO (j), the stabilization energy E(2) associated with delocalization (“2e-stabilization”) i → j is estimated by Equation (3), where qi is the donor orbital occupancy, εi and εj are diagonal elements (orbital energies) and F(i,j) is the off-diagonal NBO Fock matrix element:


   E  ( 2 )   = Δ  E  i j   =  q i     F   ( i , j )  2     ε j  −  ε i      



(3)




The stabilization energy E(2) associated with each important hyperconjugative charge transfer delocalization is summarized in Table 3. The data show that each dimer was a result of a charge transfer delocalization from unit 1 (Mo1Ch2Ch3) to unit 2 (Mo4Ch5Ch6) at their equilibrium geometries and vice versa, meaning that back donation of charge density is an important aspect of all the chalcogen-bonded dimers. The charge transfer occurred from a lone-pair type orbital, LP, centered on the interacting Ch atom of a given monomer to the anti-bonding type dπ orbital (BD*) of the Mo–Ch bond of the second monomer involved in an intermolecular bonding interaction. Sometimes these interactions behaved as primary or secondary interactions, depending on the angular orientation between the monomers in the dimers. One such interaction, for instance, in the case of the (MoSe2)···(MoSe2) dimer, was from the BD(3)Mo1–Se2 to BD*(3)Mo4– Se6, with E(2) = 1.06 kcal mol−1 (Table 3). In addition, another such charge transfer interaction, common in most of the dimers, occurred between the BD(3) Mo–Ch to the Rydberg type empty orbital RY*. These observations may be consistent with the nature of band extrema states of solid state systems that were demonstrated originating from a linear combination of Mo-(d) and Ch-(p) orbitals and are sensitive to the interlayer interactions [149]. Since most dimers are a result of a number of hyperconjugative interactions between the monomers, and E(2) associated with each of them is weak, it is reasonable to conclude that the stability of the weakly Ch···Ch chalcogen bonded interactions in most of the (MoCh2)2 and (MoChCh′2)2 (Ch′ = S, Se and Te) dimers was a consequence of their cumulative effect. The charge transfer between interacting units in the MoCh2 systems in the solid state has been demonstrated previously [150].




3.7. The Electronic Band Structures of Bulk MoCh2(Ch = S, Se, Te)


We have computed the HOMO and LUMO energies of the (MoS2)2, (MoSe2)2 and (MoTe2)2 dimers, where HOMO and LUMO represent the highest occupied molecular orbital and the lowest unoccupied molecular orbital, respectively. While all the computational methods resulted in large values for the gap energy between the HOMO and LUMO, this was not the case with the MN12-L functional. It gave energy gaps of 1.1, 1.0 and 0.9 eV for the (MoS2)2, (MoSe2)2, and (MoTe2)2 dimers, respectively, which match reasonably well with the solid-state experimental band gap transition energies of 1.23, 1.09 and 0.88 eV for the MoS2, MoSe2 and MoTe2 crystals, respectively [34,35].



The SCAN-rVV10 computed band structures of bulk MoCh2(Ch = S, Se, Te) are shown in Figure 7. In all cases, an indirect bandgap transition between the valence band maximum (VBM) located at Γ and the conduction band minimum (CBM) located between K-Γ was found, a result which is in agreement with previous studies reported using DFT and higher-level calculations [32,151]. Although the SCF-level bandgap transition energies for MoCh2 were close to their corresponding experimental values, the non-SCF bandgaps were all underestimated (see Table 4). Despite this difference, the trend in the SCAN-rVV10-based bandgap energies across the three membered series is consistent with the experiment [34,35]. Our calculation suggests that both the Mo and S atoms contribute toward the formation of the VBM and CBM. In particular, it suggests that the 4d orbital of the Mo site contributes significantly both to the VBM and CBM, as does the np orbital of Ch (n = 3, 4 and 5 for S, Se and Te, respectively), although the 4d orbital contribution of Mo would be significant compared to that of the np orbital of S. For instance, the normalized contributions of the 4d(np) orbital of Mo(Ch) were 72.9 (20.9), 66.1 (27.9) and 58.5% (34.8%) for the VBM of MoS2, MoSe2 and MoTe2, respectively. The corresponding contributions for the CBM were 78.7% (18.7%), 77% (18.4%) and 75.6% (19.1%) for the three systems, respectively. That the 4p and np orbitals, respectively, of Mo and S collectively play a decisive role in determining the bandgap properties of MoCh2 systems is consistent with previous studies [107,152,153]. It is worth noting that the large contributions of Mo(4d) have emerged mainly from the 4dxy, 4dx2−y2 and 4dz2 orbitals, as has been noted by others [154] and that both the VBM and CBM show a significant metallic character.





4. Conclusions


Using theoretical methods, we examined the intermolecular bonding properties of nine (MoCh2)2 and (MoChCh′2)2 (Ch, Ch′ = S, Se and Te) dimers as models to provide insight into the bent and quasi-linear nature of the Ch···Ch and Ch···Ch′ interactions observed in the crystalline phase. Our calculations indicate that the bent nature of the Te···Te bond observed in the crystalline phase of MoTe2 may not be traced in the gas phase with MP2(Full), which may be a failure of the correlated method, and is not very surprising [155,156]. However, this was not the case for the two other systems, (MoSe2)2 and (MoTe2)2, for which MP2(Full) successfully predicted the nanoscale properties of these two systems, as well as the (SeMoS)···(SeMoS) dimer. We found that none of the computational approaches employed was fully adequate to reveal accurately a variety of properties of the (MoCh2)2 and (MoChCh′2)2 (Ch, Ch′ = S, Se and Te) dimers that resemble the corresponding properties reported in the solid state. This is understandable given that each method has advantages and disadvantages compared to the others in revealing a particular property of a given chemical system [127,129,157].



From a set of DFT and double hybrids examined, it was found that not a single one of them could accurately reproduce the interfacial inter-layer geometries of the widely exploited MoCh2 (Ch = S, Se, Te) systems. Although M06-2X was able to reproduce with some reasonable accuracy the interlayer geometry of the MoTe2 crystal, it somehow failed to do so in the cases of the other two crystal systems MoCh2 (Ch = S, Se). Comparing the performance of all the DFT functionals, double hybrids and MP2(Full), we conclude that MP2(Full) and B3LYPD3 are the best performers in delineating the geometric aspects of the (MoCh2)2 (Ch = S, Se, Te) dimer systems. These are prototypes for rationalizing the nature of the interfacial (or interlayer) Ch···Ch and Ch···Ch′ interactions observed in the crystalline phase of the corresponding crystal systems.



The MP2(Full) and B2PLYPD3 binding energies calculated for most of the dimer systems allowed us to demonstrate that the Ch···Ch interactions revealed are not of the van der Waals type, but rather fall into the “weak bonding regime”. All the DFT functionals, regardless of whether or not the effect of dispersion is considered (viz. ωB97XD), have underestimated the binding energies, which is not surprising, since dispersion is not adequately incorporated into most of them. Given that “union is strength”, it is clear that the union of a large number of weakly bonded Ch···Ch and/or Ch···Ch′ interactions in the interfacial regions between layers plays a significant role, not only in stabilizing the layered 2D systems, but also in assisting in determining their functional properties for application in optoelectronics. In particular, we have observed that the bulk bandgap correlates well with the inter-layer spacing for several well-studied metal dichalcogenide systems, which we will report elsewhere.



The application of the QTAIM, IRI, IGM and RGD-based topological charge density studies have enabled us to identify and quantify the Ch···Ch and Ch···Ch′ intermolecular interactions in the nine (MoCh2)2 and (MoChCh′2)2 (Ch, Ch′ = S, Se and Te) dimers. Similarly, as discussed in previous studies [113,114,158,159], we found that the MESP model did not work well in rationalizing quantitatively why the most negative sites (as on S in an isolated MoS2 monomer) attracted the same site in another of the same molecule to form the (MoS2)2 dimer in the gas phase. By contrast, and using the results of second-order perturbative estimates of the donor–acceptor interactions in the NBO basis, we have shown that significant charge transfer hyperconjugative interactions between the interacting subunits occurred that drove the formation of the nine (MoCh2)2 and (MoChCh′2)2 (Ch, Ch′ = S, Se and Te) dimers examined.
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Scheme 1. The unit-cells of (a) 2H-MoS2, (b) 2H-MoSe2 and (c) 2H-MoTe2. The Inorganic Crystal Structure Database reference codes (ICSD ref) and the space group are shown for each case. Table 1 summarizes the details of the lattice properties. 
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Figure 1. Nature of interfacial bonding interactions between the Mo-bonded chalcogenides in the 1 × 4 × 1 supercell structures of bilayer MoCh2 (Ch = S, Se, Te). The inset (bottom) summarizes ICSD ref. codes of unit-cells of the three MoCh2 crystals, including the interfacial bond lengths and bond angles (experimental) corresponding to the Ch···Ch interactions. 
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Figure 2. MP2(Full)/Sapporo-TZP-Diffuse computed electrostatic potential surfaces of the six MoCh2 and MoChCh′2 (Ch, Ch′ = S, Se, Te) monomers. The 0.0015 a.u. isodensity envelope was used, on which the electrostatic potential was computed. The tiny red and blue circles represent the VS,max and VS,min, respectively. 
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Figure 3. MP2(Full)/def2-TZVPPD computed energy-minimized geometries of (MoCh2)2 (Ch = Se, Te) and (MoChCh′)2 (Ch, Ch′ = S, Se, Te) dimers. Intermolecular bond distances, r(Ch···Ch), and bond angles, ∠Mo–Ch···Ch, are in Å and degrees, respectively. The basis set superposition error corrected binding energies (ΔE(BSSE)/kcal mol−1) and overall dipole moments (μ/D) of the dimers are shown. Table S2 of the Supplementary Materials lists the relaxed redundant internal coordinates of all the nine dimers. 
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Figure 4. MP2(Full)/def2-TZVPPD computed (a) sign(λ2) × ρ vs. IRI, (b) sign(λ2) × ρ vs. RDG, and (c) sign(λ2) × ρ vs. IGM-based δgintra/intra plots for the (TeMoSe)···(TeMoSe) dimer. The inset in each plot represents the ball-and-stick model of the dimer with an isosurface in the intermolecular region between the bonded atomic basins. The isosurfaces correspond to isovalues of 1.1, 0.4 and 0.008 a.u. with IRI, RDG and IGM-based approaches, respectively. 
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Figure 5. MP2(Full)/def2-TZVPPD computed IRI, RDG and IGM-based isosurfaceplots between bonded atomic basins for all the nine dimers examined. Isosurfaces representing the presence of noncovalent interactions are colored red/blue/green. Included are the QTAIM molecular graphs, with ρb (a.u.) at bcps. 






Figure 5. MP2(Full)/def2-TZVPPD computed IRI, RDG and IGM-based isosurfaceplots between bonded atomic basins for all the nine dimers examined. Isosurfaces representing the presence of noncovalent interactions are colored red/blue/green. Included are the QTAIM molecular graphs, with ρb (a.u.) at bcps.



[image: Inorganics 10 00011 g005]







[image: Inorganics 10 00011 g006 550] 





Figure 6. Examples showing the van der Waals gap in 2H-MCh2 layered crystals, as reported in two different studies. The figure on (a) is reproduced from [49], with permission from the Royal Society of Chemistry, which shows a van der Waals gap and Li intercalation between the two chalcogenide monolayers of 2H-MCh2. The figure on (b) illustrates the same van der Waals gap reported by Shi et al. (Sci. Rep. 2015, 5, 12534), yet persisting between the two metal layers of MCh2, in which, the sole importance of the two chalcogenide layers responsible for the so-called van der Waals gap shown in (a) was completely ignored. 
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Figure 7. Comparison of the electronic band structures of bulk 2H-MoCh2 (Ch = S, Se, Te), obtained using SCAN-rVV10: (a) MoS2, (b) MoSe2, (c) MoTe2. The CBM and VBM band edges are marked by tiny circles in red and green, respectively. Bandgap values, Eg, are indicated. The Fermi-level is referenced at 0.0 eV and is marked by a dotted line in red. The high-symmetry points along the wave vector axis considered were similar to that expected of the 2D layered 2H-MoCh2 systems. The nature of bandgap transition did not change when high-symmetry points expected of bulks were used (see Figure S1 of Supplementary Materials). 
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Table 2. MP2(Full) and DFT/def2-TZVPPD computed Ch···Ch bond distances (r(Ch···Ch)/Å), Mo–Ch···Ch bond angles (∠Mo–Ch···Ch/deg), dipole moments (μ/Debye), uncorrected and BSSE corrected binding energies (ΔE and ΔE(BSSE) in kcal mol−1, respectively) of (MoCh2)2 (Ch = S, Se, Te) dimers.
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Method

	
r(Ch···Ch)

	
∠Mo1-Ch2···Ch6

	
∠Mo4-Ch6···Ch2

	
μ

	
ΔE

	
ΔE(BSSE)






	
(MoTe2)···(MoTe2)




	
MP2(Full)

	
3.926

	
158.8

	
158.8

	
5.8

	
−3.79

	
−1.98




	
B2PLYPD3

	
3.732

	
128.7

	
128.7

	
6.1

	
−2.91

	
−2.44




	
MN12-L

	
3.945

	
134.3

	
134.3

	
6.7

	
−1.25

	
−1.05




	
MN15

	
3.893

	
136.9

	
136.9

	
5.9

	
−2.06

	
−1.86




	
M06-2X

	
3.972

	
139.3

	
139.3

	
6.8

	
−0.89

	
−0.73




	
MN15-L

	
4.112

	
136.2

	
136.2

	
5.5

	
−1.93

	
−1.74




	
ωB97XD

	
4.225

	
141.6

	
141.6

	
6.5

	
−1.16

	
−1.05




	
PW6B95

	
4.596

	
153.0

	
153

	
6.1

	
−0.41

	
−0.27




	
(MoSe2)···(MoSe2)




	
MP2(Full)

	
3.469

	
138.4

	
138.4

	
6.5

	
−4.10

	
−1.70




	
B2PLYPD3

	
3.550

	
138.2

	
138.2

	
7.0

	
−2.07

	
−1.53




	
MN12-L

	
3.811

	
147.9

	
147.9

	
8.4

	
−0.29

	
0.23




	
MN15

	
3.825

	
147.2

	
147.2

	
7.5

	
−1.05

	
−0.73




	
M06-2X

	
3.852

	
147.8

	
147.8

	
8.3

	
−0.25

	
−0.03




	
MN15-L

	
3.982

	
149.2

	
149.2

	
7.1

	
−1.02

	
−0.71




	
ωB97XD

	
4.161

	
159.5

	
159.5

	
8.0

	
−0.48

	
−0.23




	
PW6B95

	
4.225

	
163.3

	
163.3

	
7.3

	
−0.24

	
0.02




	
(MoS2)···(MoS2)




	
MP2(Full)

	
3.331

	
136.7

	
136.7

	
6.8

	
−3.09

	
−2.02




	
B2PLYPD3

	
3.487

	
143.1

	
143.1

	
7.3

	
−1.42

	
−1.08




	
MN12-L

	
3.850

	
158.5

	
158.5

	
9.1

	
0.56

	
0.83




	
MN15

	
3.775

	
151.0

	
151.0

	
7.9

	
−0.49

	
−0.25




	
M06-2X

	
3.867

	
157.2

	
157.2

	
8.7

	
0.16

	
0.28




	
MN15-L

	
3.854

	
150.9

	
150.9

	
7.8

	
−0.49

	
−0.28




	
ωB97XD

	
4.196

	
161.8

	
161.8

	
8.6

	
0.09

	
0.19




	
PW6B95

	
3.915

	
158.6

	
158.6

	
7.9

	
0.14

	
0.27
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Table 3. RHF/Sapporo-TZP//MP2(Full)/def2-TZVPPD computed second-order hyper-conjugative charge transfer delocalization energies, E(2), between the interacting monomers at the energy-minimized geometries of the (MoCh2)2 and (MoChCh′2)2 (Ch′ = S, Se and Te) dimers.
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Figure 3

	
Dimer Type

	
Donor NBO(i)

	
Acceptor NBO(j)

	
E(2)/Kcal Mol−1






	
a

	
(MoTe2)···(MoTe2)

	
BD (2)Mo4-Te6

	
RY*(3)Te2

	
0.25




	
LP (1)Te2

	
BD*(3)Mo4-Te6

	
1.17




	
BD (3)Mo1-Te2

	
BD*(2)Mo4-Te6

	
0.32




	
LP (1)Te6

	
BD*(3)Mo1-Te2

	
1.17




	
BD (3)Mo4-Te6

	
BD*(2)Mo1-Te2

	
0.32




	
BD (3)Mo4 -Te6

	
RY*(3)Te2

	
0.43




	
b

	
(MoSe2)···(MoSe2)

	
BD (3)Mo1 -Se2

	
RY*(3)Se6

	
0.72




	
BD (3)Mo1 -Se2

	
BD*(3)Mo4-Se6

	
1.06




	
LP (1)Se2

	
BD*(3)Mo4-Se6

	
1.09




	
BD (3)Mo4 -Se6

	
RY*(3)Se2

	
0.72




	
BD (3)Mo4 -Se6

	
BD*(3)Mo1-Se2

	
1.06




	
c

	
(TeMoSe)···(SeMoTe)

	
LP (1)Se2

	
BD*(3)Mo4-Se6

	
1.15




	
BD (3)Mo1-Se2

	
RY*(3)Se6

	
0.31




	
BD (3)Mo1-Se2

	
BD*(3)Mo4-Se6

	
0.74




	
BD (3)Mo4-Se6

	
RY*(3)Se2

	
0.82




	
LP (1)Se 6

	
BD*(3)Mo1-Te2

	
1.03




	
d

	
(TeMoSe)···(TeMoSe)

	
LP (1)Se6

	
BD*(3)Mo1-Se2

	
1.09




	
BD (3)Mo1-Se2

	
RY*(3)Te6

	
0.32




	
LP (1)Se2

	
BD*(3)Mo4-Te6

	
1.08




	
BD (3)Mo4 -Te6

	
BD*(3)Mo1-Se2

	
0.38




	
BD (3)Mo4 -Te6

	
RY*(3)Se2

	
1.04




	
e

	
(MoTe2) ··· (SeMoTe)

	
BD (2)Mo1-Te2

	
RY*(3)Se6

	
0.50




	
BD (3)Mo1-Te2

	
RY*(3)Se6

	
0.76




	
LP (1)Se 6

	
BD*(3)Mo1-Te2

	
0.82




	
BD (2)Mo4 -Se6

	
RY*(3)Te2

	
0.45




	
f

	
(MoTe2) ··· (TeMoS)

	
LP (1)Te2

	
BD*(3)Mo4-Te6

	
0.94




	
LP (1)Te2

	
BD*(2)Mo4-Te6

	
0.63




	
LP (1)Te6

	
BD*(3)Mo1-Te2

	
0.73




	
LP (1)Te6

	
BD*(2)Mo1-Te2

	
0.56




	
g

	
(SMoTe) ··· (SMoTe)

	
LP (1)Te2

	
BD*(3)Mo4-S6

	
0.94




	
LP (1)Te6

	
BD*(2)Mo1-Te2

	
0.38




	
LP (1) S6

	
BD*(3)Mo1-Te2

	
0.89




	
BD (3)Mo4 -Te6

	
RY*(3)Te2

	
0.68




	
h

	
(SeMoS) ··· (SeMoS)

	
BD (3)Mo1-Se2

	
RY*(3)S6

	
1.11




	
LP (1)Se2

	
BD*(3)Mo4-S6

	
0.67




	
LP (1) S6

	
BD*(3)Mo1-Se2

	
0.92




	
BD*(3)Mo4-S6

	
BD*(3)Mo1 -Se2

	
1.80




	
i

	
(MoS2) ··· (MoS2)

	
BD (3)Mo4-S6

	
RY*(3)S2

	
0.66




	
BD (3)Mo4-S6

	
BD*(3)Mo1-S2

	
0.75




	
LP (1)S6

	
BD*(3)Mo1-S2

	
0.71




	
BD (3)Mo1-S2

	
RY*(3)S6

	
0.66




	
BD (3)Mo1-S2

	
BD*(3)Mo4-S6

	
0.75




	
LP (1)S2

	
BD*(3)Mo4-S6

	
0.71











[image: Table] 





Table 4. Comparison computed bandgaps and HOMO–LUMO gap (eV) with experiment for MoCh2 (Ch = S, Se, Te) systems.
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	System
	SCAN-rVV10

(SCF)
	SCAN-rVV10

(Non-SCF)
	MN12-L
	Expt. [34,35].





	2H-MoS2
	1.12
	0.93
	1.10
	1.23



	2H-MoSe2
	1.03
	0.90
	1.00
	1.09



	2H-MoTe2
	0.95
	0.75
	0.90
	0.88
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