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Abstract

:

For the first time, an extensive theoretical comparative study of the electronic structure and spectra of the η5-cyclopentadienyl half-sandwich [(Cp)(EPh3)], E = Se, Te) organochalcogenides was carried out using direct space electronic structure calculations within hybrid, meta, and meta-hybrid DFT GGA functionals coupled with double-ζ polarized 6-31G* and correlation-consistent triple-zeta cc-pVTZ-pp basis sets. The absence of covalent bonding between the cyclopentadienyl (Cp) ligands and Te/Se coordination centers was revealed. It was found that the chalcogens are partially positively charged and Cp ligands are partially negatively charged, which directly indicates a visible ionic contribution to Te/Se-Cp chemical bonding. Simulated UV–Vis absorption spectra show that all complexes have a UV-active nature, with a considerable shift in their visible light absorption due to the addition of methyl groups. The highest occupied molecular orbitals exhibit π-bonding between the Te/Se centers and Cp rings, although the majority of the orbital density is localized inside the Cp π-system. The presence of the chalcogen atoms and the extension of π-bonds across the chalcogen-ligand interface make the species promising for advanced photovoltaic and light-emitting applications.
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1. Introduction


The study of organometallic compounds is a central area of research in inorganic and organic chemistry for many years, with a particular focus on half-sandwich species [1,2,3,4]. They are characterized by a metal ion coordinated by two organic ligands and have proven to be of great interest in recent decades due to their potential applications in the fields of catalysis, materials science, and electronics [5,6,7,8]. Among the different types, those containing η5-cyclopentadienyl (Cp) ligands have garnered significant attention, as Cp is known to form stable complexes with transition metals and is a common feature in many industrially relevant catalysts and materials [9,10,11,12]. Organochalcogenides containing chalcogen atoms like sulphur, selenium, and tellurium have been found to exhibit a range of unique properties, from being precursors to superconductors [13], optoelectronics [14,15], catalysts [16], and other organometallic compounds [17,18,19,20], with potential applications in power transmission, magnetic resonance imaging (MRI), light-emitting diodes (LEDs), photovoltaics, and polymerization processes. They have been shown to exhibit properties such as high thermal stability [21], low thermal expansion [22], and promising optical properties [19,23], which can be widely utilized as UV–Vis and photoelectrochemical materials [24].



Over time, a significant amount of experimental [25,26,27,28,29] and theoretical work [30,31,32,33] has been carried out on η5-cyclopentadienyl based organochalcogenide complexes. It has been shown that the incorporation of chalcogen coordination centers into complexes leads to a significant change in their bond lengths and angles [25], as well as their electronic properties [34]. The presence of chalcogens has been found to influence the reactivity of the complexes and their suitability for use in catalytic reactions due to their large effective atomic size and diffused electronic clouds, whereas the Cp ligands stabilize the atomic lattice, helping to maintain structural integrity [35]. The recent breakthrough in the experimental synthesis [28] of group 16 elements (selenium, tellurium) forming η5-cyclopentadienyl half-sandwich complexes incited the extensive theoretical studies necessary for providing perspective on their exploitation. Synthesized from the reaction of TeCl4 with benzene in the presence of AlCl3, with Ph3TeCl as the starting material [28,36], it produces a molecular species with the triphenyl–tellurium moiety [Cp](TePh3), followed by an analogous reaction with selenium, achieved from the reaction of Ph3SeCl with LiCp and KCpMe5 [28,37], where the Me5 superscript indicates the number of alkyl (methyl) groups attached to the Cp ring.



The absence of chalcogen complexes is particularly puzzling given that their successful synthesis has only recently been achieved. While the Group 13–15 half-sandwich complexes integrating Cp ligands are well known, there is still much to be known about the nature of their chemical reactivity. The ability of chalcogen atoms to form η5-coordination complexes requires an extensive theoretical study of their optoelectronic properties and chemical reactivity. It is especially important to take into account the unique electronic structure and bonding nature of these complexes, many of which are characterized by strong π-backbonding of organic groups.



In this study, the structural stability and electronic and optical properties of η5-cyclopentadienyl half-sandwich organochalcogenide complexes ([Cp][(TePh3)], [CpMe4][(TePh3)], [CpMe5][(TePh3)], [Cp][(SePh3)], and [CpMe5][(SePh3)]) were comparatively studied using electronic structure calculations. The complex interaction energies, the spatial distribution of electron density, the nature of the chemical bonding, and the strength of the chalcogen–ligand bonds were estimated using a set of density functional theory (DFT) hybrid, meta, and hybrid–meta-GGA potentials. Both the TPSS and M06-L meta-GGA functionals demonstrated computational effectiveness in comparison with other DFT approaches. The effects of the addition of methyl groups on the optical properties of the chalcogen complexes were studied to simulate the UV–Vis absorption spectra. It was shown that meta-GGA is suitable for describing the η5-cyclopentadienyl complexes, addressing the limitations of other functionals, as well as the impact of ligand modifications. The presented theoretical investigation of the stability, reactivity, and electronic structure of these complexes can provide crucial insights and fill the knowledge gaps that would pave the way for the development of new chalcogen-containing compounds. It was shown that Cp ligands induce perturbations of the electronic structure of η5-coordination chalcogen complexes, which could be promising for a number of quantum, electronic, and optical applications [38,39,40,41,42].




2. Computational Methods


To investigate the structure and electronic properties of [Cp](EPh3) (E = Se, Te) η5-cyclopentadienyl half-sandwich organochalcogenide complexes, direct space electronic structure calculations were performed using the density functional theory (DFT) with generalized gradient approximation (DFT-GGA) approach, as implemented in GAMESS software package [43,44,45] with a convergence criterion of 10−5 a.u. Geometry optimizations with C1 symmetry and the energies of the half-sandwich complexes were computed using a set of hybrid (B3LYP [46], PBE0 [47], and B3PW91 [48]), meta (M06-L [49] and TPSS [50]), and hybrid–meta-GGA (M06 [51] and M06-2X [52]) DFT functionals (Table 1). It is well known that the functionals are successful in reproducing the structures, energies, and electronic properties of organometallic compounds [53,54,55,56,57,58,59]. The atomic orbitals of the complexes were described by the polarization-augmented correlation-consistent triple-zeta basis set cc-pVTZ-PP and the double-ζ polarized 6-31G*. The effective core potential (ECP), correlation-consistent, and triple-zeta quality in cc-pVTZ-PP for chalcogens decreases the computational cost and provides a better representation of the electron density, which have been used in various studies involving complex systems with intermolecular interactions [53,57,58,60].



All five (5) η5-Cp complexes were designed by connecting the chalcogen (Te/Se) atom to the ligands of three phenyl groups, with Van der Waals η5-coordination between the cyclopentadienyl and the triphenyl–tellurium/selenium fragment (Figure 1). The background of the initial distances of 2.600 Å between the triphenyl–chalcogen (Te/Se) moiety and the η5-coordinated cyclopentadienyl ring was obtained from a previous related study of η5-coordinated cyclopentadienyl complexes [61] coupled with the possibility of adding a number of electrons supplying (Me4 and Me5) alkyl (methyl) groups to the cyclopentadienyl ring subsequently [28,61,62]. The modelling and visualization of the geometries were carried out using Chemcraft software.



Grimme’s D3 dispersion corrections [63,64] were included due to the extended atomic lattices and non-covalent and Van der Waals interactions in the complexes. The vibrational spectrum was also computed to confirm that there was no imaginary frequency, implying that the optimized geometry was a minimum on the potential energy surface. The interaction energies, referred to as complexation energies, were also computed for all complexes [65,66,67] as follows:


ΔE = EF1 (Cp) + EF2 (EPh3) − EP (Cp(EPh3))



(1)




where ΔE is the complexation energy; and EF1, EF2, and EP are the energies of Cp (cyclopentadienyl) and EPh3 fragments (which are the triphenyl–tellurium/triphenyl–selenium components) for all complexes [Cp][(TePh3)], [CpMe4][(TePh3)], [CpMe5][(TePh3)], [Cp][(SePh3)], and [CpMe5][(SePh3)] (Table S1). The superscripts (Me4 and Me5) on some of the complexes indicate the number of methyl groups attached to the Cp ring. The bond length between the connecting carbons in the cyclopentadienyl (Cp) rings (C(1)~C(5)), the distance between each Cp carbon atom and the chalcogen atom (E-[C(1)~C(5)]), the bond length between the chalcogen center and the connecting carbon from the triphenyl ring (E-Ci~iii) Cipso, and the distance from the chalcogen to the center of the Cp ring (E-c5) were estimated for all complexes, as displayed in Table 2. Time-dependent DFT (TD-DFT) calculations were performed for [Cp][(TePh3)], [CpMe4][(TePh3)], [CpMe5][(TePh3)], [Cp][(SePh3)], and [CpMe5][(SePh3)] complexes to simulate their UV–Vis absorption spectra.




3. Result and Discussion


3.1. Structure and Stability η5-Cyclopentadienyl Chalcogenide Complexes


The atomic structures of the five η5-cyclopentadienyl half-sandwich organochalcogenides [Cp][(TePh3)], [CpMe4][(TePh3)], [CpMe5][(TePh3)], [Cp][(SePh3)], and [CpMe5][(SePh3)] are presented in Figure 1 and Table 2. The single-point calculations for all complexes were performed using hybrid, meta, and hybrid–meta-GGA DFT functionals (Table 2). According to Table 1, both hybrid-GGA and hybrid–meta-GGA overestimated the HOMO–LUMO gap of the complexes, which is inconsistent with the results of a recent study using the TPSS/TZP approach [28]. At TPSS and M06-L (meta-GGA) levels of theory, the HOMO–LUMO gaps for [Cp][(TePh3)] and [Cp][(SePh3)] complexes were found to be 2.649/2.640 and 2.366/2.189 eV, respectively, which are close the value obtained in [28]. Although based on the robustness of a larger basis set, the estimated HOMO–LUMO gap obtained in this study at both TPSS/cc-pVTZ-PP and M06-L/cc-pVTZ-PP indicates that it is more precise compared to the data presented in Ref. [28]. Systems with strong intermolecular interactions, such as η5-Cp organochalcogenide complexes, are not best described by traditional exchange-correlation functionals [68]. They were found to be more adequately described by TPSS and M06-L functionals, which are known to handle systems with non-local exchange-correlation effects, such as chalcogen complexes [69]. This is because the two meta-GGA functionals (TPSS and M06-L) provide a comprehensive treatment of the electron density, which enables a better description of these intermolecular interactions and a more precise prediction of the energy gap of these complexes.



The structural parameters of all five organochalcogenides complexes bound in η5-coordination with cyclopentadienyl were optimized, as shown in Figure 1, with the atomic coordinates presented in SI. The CP ring for the [Cp][(TePh3)] complex was distorted around the rotation axis, with the carbon bond lengths ranging between 1.412 and 1.434 Å (Table 2). There was a slight increase in the bond length of the carbon ring in Cp for all complexes, for example, from 1.434 Å for complex 1 to 1.438 Å for complex 2. It can be seen that complex 1 [Cp][(TePh3)] outcomes are strikingly similar to those obtained for complexes 2 [CpMe4][(TePh3)] and 3 [CpMe5][(TePh3)] (Table 2). All three tellurium-containing complexes have relatively large Te-centroid (Te-c5) distances of 2.739, 2.689, and 2.702 Å, respectively.



The donor capability of a CH3-group shows that electron density would be transferred to the Cp ring, and the more H atoms that are substituted by methyls, the more obvious the effect. Also, because Te is more metallic than Se, a greater migration of electron density to Te than to the Se region is expected. The metallic properties are known to increase or become stronger in the group (O, S, Se, Te), which should also make the bonding stronger as the CH3-group is introduced (Figure 2). The higher electronegativity of the Se atom (2.55) in comparison with Te atom (2.10) leads to a shorter E-c5 bond length (Table 2 and Figure 2) and higher complexation energies (Table 3). The ifference in the electronegativity of Te/Se could also lead to a decrease in the atomic charge, which could cause the donor capability of the CH3-group towards the Cp ring, combined with the higher electronegativity of selenium. This decrease can be facilitated by the strong sigma donation from the methyl groups, which effectively repels the charge transfer, causing the Te-centroid to be a little more than the Se-centroid.



The Te-centroids for [CpMe4][(TePh3)] and [CpMe5][(TePh3)] (Table 2) are slightly reduced when more electro-rich methyl groups are added to the cyclopentadienyl fragments. It was observed that the sandwiched and half-sandwich complexes of [CpMe4][(TePh3)] and [CpMe5][(TePh3)] exhibit bent or deformed geometries, indicating that the η5 coordination is not entirely symmetrical when viewed from the center of the Cp ring (Figure 1). The distortion from perfectly symmetric coordination is also noticeable when comparing the angle between the Cp centroid and the midpoint of the carbon atoms from the [TePh3] fragment. This is also noticeable in the changes in the electron density localization from the Cp ring as a methyl group is added. The angle between the Cp-centroid and the mid-point between the Cipso atoms, (∠c5-E-c3), for [Cp][(TePh3)], [CpMe4][(TePh3)], and [CpMe5][(TePh3)] were observed to be 177.13°, 166.76°, 169.45°, respectively; with 177.36° and 174.33° for [Cp][(SePh3)] and [CpMe5][(SePh3)], respectively. The loss of perfect symmetry in ∠c5-E-c3 is visible, which can be ascribed to the distortion within the complexes due to steric hindrance. This possibly arises from repulsive interactions between the chalcogen center and the Cp ring. These interactions occurred due to the overlap of electron clouds, and the chalcogen center hinders a close approach to the Cp ring that is responsible for affecting the shape and structure of the complexes but is also important in stabilizing the Cp ring in the complex [70,71].



The coordination of the Cp rings leaves the [TePh3] moiety mostly unaltered. As shown in Table 2, Te-Ci~Te-Ciii ranges between 2.162–2.211, 2.169–2.218, and 2.157–2.216 Å for complexes [Cp][(TePh3)], [CpMe4][(TePh3)], and [CpMe5][(TePh3)], respectively. The variance in the Cipso–Te-Cipso angles, ∠ci-E-cii, ∠ci-E-ciii, and ∠cii-E-ciii within and between the complexes ([Cp][(TePh3)], [CpMe4][(TePh3)], and [CpMe5][(TePh3)]) are similar, with an average of 90.55°, 90.34°, and 89.79° for complexes [Cp][(TePh3)], [CpMe4][(TePh3)] and [CpMe5][(TePh3)], respectively. The distance between the Te atom and each of the carbon atoms of the Cp ring changes significantly, which ranges between 2.697 and 3.209, 2.733 and 3.123, and 2.764 and 3.139 Å for complexes ([Cp][(TePh3)], [CpMe4][(TePh3)], and [CpMe5][(TePh3)], respectively. The structural parameters demonstrate a close agreement with a recent study on similar complexes [28]. It is seen in the case of the addition of an alkyl (methyl) group to the Cp ring in the selenium-containing complex that it increases the angle in c5-E-ci and c5-E-ciii, with a decrease in c5-E-cii. It is seen that the chalcogen–carbon bond length slightly increases upon the addition of the Cp ring, coupled with a slightly decreased angle of c-Te-c from 90° for complexes [CpMe4][(TePh3)] and [CpMe5][(TePh3)] as the Cp ring becomes more electron-rich. The differences can be observed by comparing the tellurium ([Cp][(TePh3)], [CpMe4][(TePh3)], and [CpMe5][(TePh3)]) and selenium ([Cp][(SePh3)] and [CpMe5][(SePh3)]), which demonstrate shortened E-Ci~iii bond lengths in the latter case from an average of 2.187 Å for [Cp][(TePh3) to 1.986 Å for [Cp][(SePh3). This may be due to the differences in Van der Waals radii between tellurium and selenium where ΔrvdW is 0.2 Å [72,73]. The chalcogen centroids (E-c5) demonstrate small differences between the Te and Se complexes, which were observed to be 2.739 Å for [Cp][(TePh3)], 2.602 Å for [Cp][(SePh3)], 2.702 Å for [CpMe5][(TePh3)], and 2.615 Å for [CpMe5][(SePh3)]. The distance observed for both Te-centroid and Se-centroid (E-c5) for all complexes suggest a non-covalent and weakened intermolecular interaction; however, the electrostatic attraction also suggests an ionic interaction, which mostly arises from the electronegativity difference between the chalcogens (Te/Se) and the Cp ligand.



The complexation energies (Table 3) were computed for [Cp][(TePh3)], [CpMe4][(TePh3)], [CpMe5][(TePh3)], [Cp][(SePh3)], and [CpMe5][(SePh3)] complexes. At the TPSS level of theory, ΔE is −59.93, −55.95, −55.17, −62.90, and −58.16 kcal/mole, respectively. [Cp][(SePh3)], for which ΔE is −62.90 kcal/mol, has the strongest interaction, whereas [CpMe5][(TePh3)] (ΔE = −55.17 kcal/mol) has the weakest one. The addition of an electron-rich group to the moiety increases the complexation energy for both tellurium (−59.93 < −55.95< −55.17) and selenium (−62.90 < −58.16) complexes, which is attributed to the increase in the electron density around the cyclopentadienyl ring, leading to stronger electrostatic interactions with the chalcogen center.



The complexation energies estimated to be from −62.90 to −55.17 kcal/mol imply that the complexes could be chemically stable, as a significant amount of energy is needed for the dissociation. However, among the five complexes, [Cp][(SePh3)] complex demonstrates the highest stability caused by the deepest ΔE = −62.90 kcal/mol, with [CpMe5][(TePh3)] showing the least stability with ΔE = −55.17 kcal/mol.




3.2. Electronic Structure of η5-Cyclopentadienyl Organochalcogenide Complexes


The TPSS/(cc-pVTZ-PP/6-31G*) level of theory was considered over M06-L due to its computational efficiency and transferability. It is seen that [Cp][(TePh3)], [CpMe4][(TePh3)], [CpMe5][(TePh3)], [Cp][(SePh3)], and [CpMe5][(SePh3)] complexes demonstrate distinctive differences in their electronic structure with medium semiconducting HOMO–LUMO energy gaps within the visible optical spectrum 1.98–2.65 eV (Table 3). A significant decrease in the HOMO–LUMO gap can be observed for both [CpMe4][(TePh3)] and [CpMe5][(TePh3)]) at the same level of theory, which can be attributed to the electron-rich group added to the cyclopentadienyl ring coupled with the tilted ring. Similarly, for both selenium complexes ([Cp][(SePh3)] and [CpMe5][(SePh3)]), the HOMO–LUMO shrinks from 2.37 to 1.98 eV. The decrease in their HOMO–LUMO gap may increase the chemical reactivity [74], although stability may decrease with increased chemical reactivity, which could make both [Cp][(TePh3)] and [Cp][(SePh3)] more stable than their derivatives [75]. The extent to which the atomic orbitals overlap influences the HOMO–LUMO gap for both complexes. The stronger complexation energy in [Cp][(SePh3)] symbolizes greater overlap, which results in a smaller HOMO–LUMO gap. The degree of overlap is determined by the distance between the atoms; the closer they are, the stronger the bonding and the greater the degree of overlap.



The stability of η5-cyclopentadienyl complexes can also be considered in terms of their ionization potentials (IP) and electron affinities (EA) (Table 3). The electron-rich methyl groups added to the Cp ring decrease the IP for both the tellurium and selenium complexes in the range of 4.27–3.84 to 3.93–3.55 eV, respectively, making [Cp][(TePh3)] complex more stable than [CpMe4][(TePh3)] and [CpMe5][(TePh3)] complexes. The [Cp][(SePh3)] complex is more stable than [CpMe5][(SePh3)] one. However, the electronic affinity for [Cp][(TePh3)], [CpMe4][(TePh3)], and [CpMe5][(TePh3)] complexes decreases in the range of 1.62–1.54 eV, which could cause slightly higher chemical reactivity in the last two complexes.



The separation of electrical charges within the complexes can be measured by the dipole moments (Table 3), which can be used to determine the ionic character of the chemical bonding. It is seen that complex 1 is moderately polar with a dipole moment of 4.74D. The complexes are promising for photovoltaic applications due to their polar character, which may facilitate charge separation [76] and transport properties [77], and remarkable catalytic activity for reactions involving polar intermediates or transition states [78]. The dipole moments of the tellurium-containing complexes are seen to decrease as more electrons are supplied to the Cp ring, i.e., 4.74 > 3.71 > 3.44 D. [Cp][(SePh3)] with a dipole moment of 6.23 D shows a higher value than all the tellurium complexes, including the dipole moment (4.92 D) of [CpMe5][(SePh3)]. The polarity of all tellurium-containing complexes decreases upon the addition of electron-rich methyl groups to the Cp ring, indicating a lesser ionic character and a larger covalent contribution. The lower dipole moment of [CpMe5][(TePh3)] (3.44D) shows that it is relatively nonpolar with primarily covalent chemical bonding. The higher dipole moment of 6.231 D of [Cp][(SePh3)] indicates a high degree of polarity and a more ionic character in comparison with the other complexes. That is, the order of their ([Cp][(TePh3)], [CpMe4][(TePh3)], [CpMe5][(TePh3)], [Cp][(SePh3)], and [CpMe5][(SePh3)]) increasing the ionic character from the dipole moment values is 3.442 < 3.707 < 4.741 < 4.921 < 6.231 D (Table 3). This order is similar to the order of complexation energies, with complex 4 having the highest complexation energy (−62.90 kcal mol−1). The highest dipole moment (6 D) and highest complexation energy (−62.90 kcal mol−1) can be ascribed to a larger electronegativity difference, thereby favouring a more ionic character in the metal–ligand bond. The presence of higher ionic character in the metal–ligand bond enhances electrostatic interactions, resulting in a stronger complexation energy, which signifies a more stable complex and is predicted to exhibit potential superior catalytic activity via an enhanced reactivity mechanism [79,80,81].



Figure 3a–e and Table 4 show the partial density of states (PDOS), the total density of states (TDOS), and the spatial electron density distributions of the HOMO and LUMO states of [Cp][(TePh3)], [CpMe4][(TePh3)], [CpMe5][(TePh3)], [Cp][(SePh3),] and [CpMe5][(SePh3)]. It can be observed for [Cp][(TePh3)], [CpMe4][(TePh3)], and [CpMe5][(TePh3)] that the HOMO states are localized at the carbon atom from the cyclopentadienyl (Cp) ring, while the LUMO states are localized at the triphenyl (Ph3) fragments connected to the tellurium atom. The HOMO and LUMO states localized on the Cp ring and the TePh3 fragments, respectively, point to either their electron acceptor or the electron donor abilities. Similarly, the HOMO and LUMO states of [Cp][(SePh3)] and [CpMe5][(SePh3)] are also found to be localized at the electron-rich Cp ring with a little contribution from the selenium atom without a significant contribution from Ph3 to the HOMO states.



The total and partial density of states (Figure 3) of the tellurium complexes demonstrate that the major contribution to the LUMO comes from the carbon atoms from Ph3 with visible percentages (25%, 21%, and 20%) from the tellurium atom of [Cp][(TePh3)], [CpMe4][(TePh3)], and [CpMe5][(TePh3)], respectively. The HOMO states can be seen to have a significant contribution from the carbon atoms from Cp rings (blue lines) coupled with a major contribution from the phenyl carbon atoms (Figure 3), which is in good agreement with the analysis of HOMO and LUMO isosurfaces in Table 4. On the other hand, the selenium atom shows little or no contribution to the LUMO states of [Cp][(SePh3)] and [CpMe5][(SePh3)] (Table 4), with Cp maintaining its contribution to the HOMO state in all five complexes.



In order to study the nature of the electronic transitions of the organochalcogenide complexes and their derivatives upon the addition of the electron-rich groups to the stabilized Cp ring, TD-DFT TPSS/cc-pVTZ-PP/6-31G* calculations were carried out for all the complexes ([Cp][(TePh3)], [CpMe4][(TePh3)], [CpMe5][(TePh3)], [Cp][(SePh3)], and [CpMe5][(SePh3)]), based on their optimized molecular structures to simulate their UV–Vis absorption spectra. The absorption spectra are shown in different colours for the five complexes: [Cp][(TePh3)] in purple, [CpMe4][(TePh3)] in blue, [CpMe5][(TePh3)] in red, [Cp][(SePh3)] in brown, and [CpMe5][(SePh3)] in yellow in Figure 4. It was found that the wavelength absorption peaks vary with a change in the compositions originating from the addition of methyl to the Cp ring, with 358 nm, 400 nm, 406 nm, 421 nm, and 462 nm for [Cp][(TePh3)], [CpMe4][(TePh3)], [CpMe5][(TePh3)], [Cp][(SePh3)], and [CpMe5][(SePh3)], respectively. It can be seen that the absorption wavelength position for the absorption peak for [Cp][(TePh3)] falls within the ultraviolet spectral region, whereas the energy positions of the absorption peaks for [CpMe4][(TePh3)], [CpMe5][(TePh3)], [Cp][(SePh3)], and [CpMe5][(SePh3)] have visibly longer wavelengths equal to 400, 406, 421, and 462 nm, respectively, which belong to the visible spectral range. The optical absorption at the visible range is consistent with its band gap values (2.42, 2.25, 2.37, and 1.98 eV) for [CpMe4][(TePh3)], [CpMe5][(TePh3)], [Cp][(SePh3)], and [CpMe5][(SePh3)], respectively. On the other hand, the wavelength absorption peak for [Cp][(TePh3)] and band gap of 2.65 eV can efficiently absorb high-energy UV light, generating a large number of electron-hole pairs that could exhibit strong photoconductivity [82]. It is seen from the spectra that the addition of the methyl groups to the complexes leads to a considerable shift in their visible light absorption, which converts the tellurium-containing complexes from the ultraviolet active region to the visible purple, blue, and red spectral regions for [Cp][(TePh3)], [CpMe4][(TePh3)], and [CpMe5][(TePh3), respectively. This is due to the alteration of the nature of the orbitals upon the addition of the methyl groups and the increase in their ligand field strength, as observed in their complexation energies.





4. Conclusions


The atomic and electronic structures and absorption spectra of η5-cyclopentadienyl half-sandwich organochalcogenides ([Cp][(TePh3)], [CpMe4][(TePh3)], [CpMe5][(TePh3)], [Cp][(SePh3)], and [CpMe5][(SePh3)]) were characterized using DFT TPSS/cc-pVTZ-PP/6-31G* electronic structure calculations. It was found that hybrid, meta, and hybrid–meta-GGA DFT functionals overestimate the complexes’ HOMO–LUMO energy gaps, with only meta-GGA (TPSS and M06-L) providing a precise estimation coupled with the robustness of the double-ζ polarized 6-31G* and correlation-consistent triple-zeta cc-pVTZ-pp basis sets. The addition of a methyl group to the Cp ring in tellurium- and selenium-containing complexes results in an alteration of their atomic structure as well as their electronic properties. The dipole moment values of the complexes showed that the degree of polarity and ionic character is increased in the order of [Cp][(TePh3)], [CpMe4][(TePh3)], [CpMe5][(TePh3)], [Cp][(SePh3)], and [CpMe5][(SePh3)], following the increase in the ionic character of the chemical bonding. A significant decrease was observed in the HOMO–LUMO gap for both [CpMe4][(TePh3)] and [CpMe5][(TePh3)], and similarly for the selenium complexes [Cp][(SePh3)] and [CpMe5][(SePh3)]. The decrease in the HOMO–LUMO gap for these complexes could increase their chemical reactivity with a consequent decrease in their chemical stability. The major contribution to the LUMO of tellurium complexes comes from carbon atoms from Ph3 fragments, with visible percentages of density coming from the tellurium atom, which agrees well with the considerable shift observed in their visible light absorption. This study provides new insights into the structural, electronic, and optical properties of η5-cyclopentadienyl half-sandwich Te and Se organochalcogenides complexes, which are promising for advanced photovoltaic and light-emitting applications. However, further experimental and theoretical investigations of the photoconductivity response, electronic transport, and recombination mechanism of these complexes would be significant for advanced optoelectronic applications.
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Figure 1. The atomic structure of [(Cp)(EPh3)], E = Se, Te) η5-Cyclopentadienyl half-sandwich complexes. The hydrogen atoms are depicted in blue, carbon atoms are in black, tellurium atoms are depicted in orange, and selenium atoms are in yellow. 
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Figure 2. Chalcogen bonding interactions between complexes 1 and 3 and comparison between complexes 3 and 5. 
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Figure 3. Total and partial density of states of (a) [Cp][(TePh3)], (b) [CpMe4][(TePh3)], (c) [CpMe5][(TePh3)], (d) [Cp][(SePh3)], and (e) [CpMe5][(SePh3)] calculated at TPSS/cc-pVTZ-PP/6–31G* level of theory. The tellurium atom is depicted in the orange line, the selenium atom in yellow, the triphenyl carbon atoms in red, the cyclopentadienyl (Cp) carbon atoms in blue, and the total density of state (TDOS) in black. 
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Figure 4. Absorption spectra of the complexes at TPSS/cc-pVTZ-PP/6–31G* level of theory for [Cp][(TePh3)] (purple), [CpMe4][(TePh3)] (blue), [CpMe5][(TePh3)] (red), [Cp][(SePh3)] (brown), and [CpMe5][(SePh3)] (yellow). 
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Table 1. The HOMO–LUMO gaps in eV of [Cp][(TePh3)] and [Cp][(SePh3)] complexes were calculated at different levels of the theory. The reliability of seven functionals consisting of hybrid-GGA, meta-GGA, and hybrid–meta-GGA was used to estimate the gap between the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) gap of the complexes.
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Hybrid GGA

	
Meta-GGA

	
Hybrid–Meta-GGA






	
HOMO–LUMO gap(eV)/complex

	
B3LYP

	
PBE0

	
B3PW91

	
M06-L

	
TPSS

	
M06

	
M06-2X




	
[Cp][(TePh3)]

	
3.631

	
4.187

	
3.741

	
2.640

	
2.649

	
4.136

	
5.841




	
[Cp][(SePh3)]

	
3.317

	
3.784

	
3.447

	
2.189

	
2.366

	
3.687

	
5.364
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Table 2. Structural parameters of five complexes (1, 2, 3, 4 and 5)—[Cp][(TePh3)] (1), [CpMe4][(TePh3)] (2), [CpMe5][(TePh3)] (3), [Cp][(SePh3)] (4), and [CpMe5][(SePh3)] (5)—obtained at TPSS/(cc-pVTZ-PP/6-31G*) in Å and angles in (°); E = Te, Se.
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	Complexes
	Distance, C(1)~C(5)
	Distance, E-[C(1)~C(5)]
	Distance, E-Ci~iii
	Distance, E-c5





	[Cp][(TePh3)] (1)
	1.412–1.434
	2.697–3.209
	2.162–2.211
	2.739



	[CpMe4][(TePh3)] (2)
	1.413–1.438
	2.733–3.123
	2.169–2.218
	2.689



	[CpMe5][(TePh3)] (3)
	1.417–1.440
	2.764–3.139
	2.157–2.216
	2.702



	[Cp][(SePh3)] (4)
	1.417–1.425
	2.854–2.915
	1.982–1.989
	2.602



	[CpMe5][(SePh3)] (5)
	1.424–1.431
	2.779–2.948
	1.969–2.009
	2.615



	
	∠c5-E-ci
	∠c5-E-cii
	∠c5-E-ciii
	∠c5-E-c3



	[Cp][(TePh3)] (1)
	153.127
	108.085
	108.858
	177.13



	[CpMe4][(TePh3)] (2)
	148.607
	109.875
	112.531
	166.76



	[CpMe5][(TePh3)] (3)
	146.07
	106.45
	119.33
	169.45



	[Cp][(SePh3)] (4)
	124.74
	118.95
	120.53
	177.36



	[CpMe5][(SePh3)] (5)
	126.393
	113.006
	125.806
	174.33



	
	∠ci-E-cii
	∠ci-E-ciii
	∠cii-E-ciii
	



	[Cp][(TePh3)] (1)
	90.418
	89.209
	92.022
	



	[CpMe4][(TePh3)] (2)
	88.265
	91.821
	90.940
	



	[CpMe5][(TePh3)] (3)
	89.447
	89.604
	90.310
	



	[Cp][(SePh3)] (4)
	95.03
	94.80
	95.94
	



	[CpMe5][(SePh3)] (5)
	95.466
	92.440
	96.429
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Table 3. Complexation energy ΔE (kcal/mol) of [(Cp)(EPh3)], E = Se, Te) and its derivatives, η5-distance (Å), HOMO–LUMO gap Eg, (eV), ionization potential IP (eV), electron affinity EA (eV), and dipole moment D (Debye) obtained at the TPSS/cc-pVTZ-PP/6-31G* level of theory.
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	Complexes
	ΔE
	η5-Distance
	Eg
	IP
	EA
	Dipole Moment





	[Cp][(TePh3)]
	−59.93
	2.74
	2.65
	4.27
	1.62
	4.74



	[CpMe4][(TePh3)]
	−55.95
	2.69
	2.42
	3.96
	1.54
	3.71



	[CpMe5][(TePh3)]
	−55.17
	2.70
	2.25
	3.84
	1.56
	3.44



	[Cp][(SePh3)]
	−62.90
	2.60
	2.37
	3.93
	1.56
	6.23



	[CpMe5][(SePh3)]
	−58.16
	2.62
	1.98
	3.55
	1.57
	4.92
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Table 4. Isosurfaces of HOMO and LUMO states calculated for the complexes ([Cp][(TePh3)], [CpMe4][(TePh3)], [CpMe5][(TePh3)], [Cp][(SePh3)], and [CpMe5][(SePh3)]). Blue represents the positive phase of the wave function and yellow represents the negative phase of the wave function.
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	Complexes
	HOMO
	LUMO





	[Cp][(TePh3)]
	[image: Electronics 12 02738 i001]
	[image: Electronics 12 02738 i002]



	[CpMe4][(TePh3)]
	[image: Electronics 12 02738 i003]
	[image: Electronics 12 02738 i004]



	[CpMe5][(TePh3)]
	[image: Electronics 12 02738 i005]
	[image: Electronics 12 02738 i006]



	[Cp][(SePh3)]
	[image: Electronics 12 02738 i007]
	[image: Electronics 12 02738 i008]



	[CpMe5][(SePh3)]
	[image: Electronics 12 02738 i009]
	[image: Electronics 12 02738 i010]
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