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A noble gas bond (also known in the literature as aerogen bond) can be defined as the attractive interaction between any element of group-18 acting as a Lewis acid and any electron rich atom of group of atoms, thus following the IUPAC recommendation available for similar π,σ-hole interactions involving elements of groups 17 (halogens) and 16 (chalcogens). A significant difference between noble gas bonding (NgB) and halogen (HaB) or chalcogen (ChB) bonding is that whilst the former is scarcely found in the literature, HaB and ChB are very common and their applications in important fields like catalysis, biochemistry or crystal engineering have exponentially grown in the last decade. This article combines theory and experiment to highlight the importance of non-covalent NgBs in the solid state of several xenon fluorides [XeFn]m+ were the central oxidation state of Xe varies from +2 to +6 and the number of fluorine atoms varies from n = 2 to 6. The compounds with an odd number of fluorine atoms (n = 3 and 5) are cationic (m = 1). The Inorganic Crystal Structural Database (ICSD) strongly evidences the relevance of NgBs in the solid state structures of xenon derivatives. The ability of Xe compounds to participate in π,σ-hole interactions has been studied using different types of electron donors (Lewis bases and anions) using DFT calculations (PBE1PBE-D3/def2-TZVP) and the molecular electrostatic potential (MEP) surfaces.
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INTRODUCTION

The starting point of the noble gas chemistry was in 1962 with the discovery of XePtF6 and XeF2 compounds by Bartlett (1962) and Zirin groups (Chernick et al., 1962), respectively. This discovery opened a new field of research that has grown in the last two decades due to the improvements in the experimental techniques and instrumentation to carry out reactions and measurements in extreme conditions (Haner and Schrobilgen, 2015; Grandinetti, 2018). Another interesting step in this field was the synthesis in 2000 by Seidel and Seppelt of the first compound having a noble gas–noble metal bond [AuXe4]2+ (Seidel and Seppelt, 2000). The formation of an Au–Xe covalent bond itself is counterintuitive if gold is considered as a truly noble metal and xenon a truly noble gas. Nevertheless, after the synthesis and characterization of the XeAuF molecule by Cooke and Gerry (2004), numerous reports have been published in the literature studying the chemistry of Au–Xe–X (X = electron withdrawing group) compounds (Grochala, 2007; Belpassi et al., 2008).

Supramolecular chemistry and molecular recognition (including self-assembly) are intimately related concepts (Busschaert et al., 2015) that rely on the understanding of non-covalent interactions. For instance, chemists working on solid state crystal engineering or solution state supramolecular chemistry aspire to control molecular recognition, designing individual molecules enable to interact with other molecules or themselves conducting the formation of assemblies spontaneously through non-covalent interactions (Schneider, 2009; Desiraju, 2013). The final aim is to control the molecular recognition process precisely to be able to build selective molecular receptors, sensors, supramolecular catalysts, polymers, etc.

A deep understanding of the physical nature of non-covalent interactions (directionality, strength, cooperativity) is essential to dictate supramolecular chemistry processes since they are usually governed by an intricate combination of forces (Schneider and Yatsimirski, 2000). Therefore, a precise description of the non-covalent interactions is essential for the incessant expansion of the supramolecular chemistry. Crystal engineering and molecular recognition commonly trust in moderately strong and directional H-bonding interactions (Desiraju and Steiner, 2001) in combination with less directional but stronger forces like ion pairing. In this sense, charge assisted H-bonds combine strength of an ion-pair and the directionality of dipole dipole interactions. Furthermore, ion–π interactions, either between cations and electron rich π-systems or between anions and acidic rings (Frontera et al., 2011), are also active players in crystal engineering or solution state supramolecular chemistry, including supramolecular catalysis (Zhao et al., 2015). The π-π stacking is another non-covalent interaction that is widely used in molecular recognition and crystal engineering, being particularly relevant in the construction of supramolecular polymers (Meyer et al., 2003).

In addition to the aforementioned conventional interactions, other types of more unconventional interactions where elements of the p-block play the role of hydrogen in H-bonds are gaining importance in supramolecular chemistry (Bauzá et al., 2015; Legon, 2017). Recent advances in host-guest chemistry, catalysis and membrane transport are good examples that illustrate how these interactions are gaining attention. This is particularly true in the fields of crystal engineering and theoretical chemistry, where tetrel (Tr) (Bauzá et al., 2019), pnictogen (Pn) (Scheiner, 2013), chalcogen (Ch) (Scilabra et al., 2019) and halogen bonding (HaB) (Cavallo et al., 2016) are largely utilized and studied. These X–D···A interactions, where X is any atom, D is the σ-hole donor atom (Lewis acid) from groups 13–17 of elements, and A is any electron rich entity (Lewis base) have several common features. The magnitude of the π,σ-hole depends on two factors: (i) the polarizability of D and (ii) the electron withdrawing ability of the X atom. The atomic polarizability increases in a given group on going from lighter to heavier elements. For noble gases (group 18) the polarizability values in atomic units are He = 1.36, Ne = 2.62, Ar = 11.10, Kr = 16.70 and Xe = 27.06 (Bauzá and Frontera, 2020); thus a more intense π,σ-hole is expected for Xe, and, consequently, it is expected to form the strongest interactions.

There are several works and reviews available in the literature where noble gas bonding or aerogen bonding interactions (NgBs) have been studied both experimental and theoretically (Haner and Schrobilgen, 2015; Grandinetti, 2018; Bauzá and Frontera, 2020), which were named as such in 2015 (Bauzá and Frontera, 2015). The purpose of this manuscript is to combine searches on the inorganic crystal structural database (ICSD) and theoretical calculations to explore the ability of XeFn (n = 2–6) compounds to form non-covalent NgBs. The theoretical part includes molecular electrostatic potential (MEP) surfaces to identify the directional preference of Xe to participate in NgBs depending on the number of fluorine atoms. Moreover, a set of complexes has been calculated at the PBE1PBE-D3/def2-TZVP level of theory to investigate both the energetic and geometric features of the complexes. The survey of crystal structures retrieved from the ICSD evidences that NgBs between xenon fluorides and lone-pair-possessing atoms are very common.



THEORETICAL METHODS

The energies of all complexes included in this study were computed at the PBE1PBE-D3/def2-TZVP level of theory. The geometries have been fully optimized imposing either Cs or Cnv (n = 3,4) symmetry constraints (unless otherwise noted) by using the program Gaussian-16 (Frisch et al., 2016). The interaction energy (or binding energy in this work) ΔE, is defined as the energy difference between the optimized complex and the sum of the energies of the optimized monomers. For the calculations we have used the Weigend def2-TZVP (Weigend and Ahlrichs, 2005; Weigend, 2006) basis set and the PBE1PBE (Adamo and Barone, 1999) DFT functional. The MEP (Molecular Electrostatic Potential) surfaces calculations have been computed at the same level of theory and plotted using the 0.001 a.u. isosurface as the best estimate of the van der Waals surface. The QTAIM formalism has been used to analyse the topology of the electron density (Bader, 1985), using the same level of theory and optimized geometries and making use of the AIMAll program (Keith, 2013). The natural bond orbital (NBO) analysis was performed on some optimized complexes at the same level. The NBO analysis is adequate to study the role of intermolecular orbital interactions or charge transfer in the complexes (Reed et al., 1988). It takes into consideration all possible interactions between filled donor and empty acceptor NBOs and calculating their energetic stabilization by using the second-order perturbation theory. The NBO 3.1 program, as implemented in Gaussian-16 program (Frisch et al., 2016) was used for the calculations.



RESULTS AND DISCUSSION


XeF2
 
X-ray Crystal Structure

The ICSD has been inspected manually to investigate the ability of xenon difluoride to participate in NgBs. The sum of van der Waal radii of Xe and F is ΣRvdw = 3.63 Å and the sum of their covalent radii is ΣRcov = 1.97 Å. Figure 1 (top) shows several assemblies retrieved from the X-ray structure of XeF2 (Templeton et al., 1963) and three of its cocrystals, i.e., [XeF2]·[IF5] (Jones et al., 1970), [XeF2]·[XeF4O] (Hughes et al., 2011) and [XeF2]·[XeF4] (Burns et al., 1965). It can be observed that all X-ray structures present Xe···F contacts with distances that are clearly longer than ΣRcov and shorter than ΣRvdw thus suggesting the non-covalent nature of these NgBs. Another geometrical aspect that it is worthy to comment is that the F–Xe···F angle is smaller than 90° thus evidencing that the directionality of the NgBs interaction is not strictly perpendicular. This is likely due to the presence of three lone pairs at Xe located perpendicular to the F–Xe–F axis. In the case of [XeF2]·[XeF4], the Xe establishes four NgBs, two with the XeF4 and two with the XeF2 (see Figure 1C). The assemblies of [XeF2]·[IF5], [XeF2]·[XeF4O], are very similar and both the [IF5] and [XeF4O] moieties exhibit a square pyramid geometry with one fluorine atom pointing to the Xe (see Figures 1A,B). Finally, the XeF2 crystal structure forms self-assembled supramolecular polymers where two symmetrically equivalent Xe···F contacts are established (see Figure 1D).


[image: Figure 1]
FIGURE 1. Partial views of the X-ray structures ICSD-26059 (A), ICSD-422962 (B), ICSD-18128 (C), ICSD-26626 (D), ICSD-71119 (E), and ICSD-391093 (F), Distances in Å. NgBs represented as dashed lines.


The XeF2 molecule has been also used as a ligand for synthesizing a great variety of coordination compounds. The first compound was isolated in 1991 and it was a silver complex of formula [Ag(XeF2)2](AsF6) (Hagiwara et al., 1991). In the last decade, many coordination complexes have been synthesized using alkaline, alkaline-earth, divalent transition metals, trivalent lanthanides and Pb as the unique element of the p-block (Tavčar and Tramšek, 2015). Several reviews describing coordination compounds with XeF2 as a ligand to metal cations of the type [M(XeF2)n] are available in the literature (Tavčar et al., 2004; Tramšek and Žemva, 2006).

Figure 1 (bottom) shows two examples of XeF2 coordination compounds where the Xe participates in NgBs. The X-ray represented in Figure 1E corresponds to a silver compound (Ag ions not shown for clarity) where four symmetrically equivalent Xe···F contacts are formed (Hagiwara et al., 1991). It is expected that the coordination of XeF2 to the metal center enhances the ability of Xe to act as Lewis acid. The coordination compound with Pb(II) is shown in Figure 1F, where each XeF2 molecule bridges two Pb metal centers, thus generating a 3D coordination polymer (Tramšek et al., 2002). Two Xe···F NgBs are formed with the [image: image] counterions with Xe···F distances that are slightly shorter than ΣRvdw.



Theoretical Study

The molecular electrostatic potential (MEP) surface analysis is used herein to rationalize the ability of XeF2 to establish NgBs, as illustrated above in Figure 1. The MEP plotted onto the van der Waals surface is useful to know the most electrophilic and nucleophilic parts of the molecule and to rationalize donor-acceptor non-covalent interactions. Figure 2 shows the MEP surface of XeF2 and it reveals the existence of a positive belt around the Xe atom and two negative regions at both ends of the molecule (F-atoms). A close examination of the positive belt indicates that the maximum value of MEP is not located strictly perpendicular to the molecular axis at the position of the Ng-atom. Instead they are located in two symmetric belts that are slightly displaced toward the F-atoms (see Figure 2, right). The MEP analysis suggests that Xe(II) molecules should have a strong tendency to establish Ng-bonding interactions with electron rich atoms with some deviation from the perpendicular trajectory.


[image: Figure 2]
FIGURE 2. MEP surfaces (0.001 a.u.) of XeF2 (left) and a “zoom-in” representation at the PBE1PBE-D3/def2-TZVP level of theory. The MEP energies at selected points are indicated in kcal/mol.


Scheme 1A shows the electron donor molecules and complexes of XeF2 that have been optimized at the PBE1PBE-D3/def2TZVP. A variety of Lewis bases and anions have been selected to analyze the influence of the basicity and neutral/anion nature of the donor on the interaction energies. We also represent the expected directionality assuming the stereo-active character of the lone pairs and their location is proposed based on the well-known valence-shell electron-pair repulsion (VSEPR) theory, that has been recently revisited (Munárriz et al., 2019).


[image: Scheme 1]
SCHEME 1. (A) Electron donors, expected directionality, location of the stereoactive lone pairs in XeF2 and complexes 1–6. (B) Expected directionality, location of the stereoactive lone pairs in XeF3 and complexes 7–12. (C) Expected directionality, location of the stereoactive lone pairs in XeF4 and complexes 13–18. (D) Expected directionality, location of the stereo-active lone pair in XeF5 and complexes 19–24. (E) fluxionality of the lone pair in XeF6 and complexes 25–30.


The interaction energies and distances for complexes 1–6 are gathered in Table 1, showing that the interaction energies are favorable in all cases. The energetic results indicate that the CO complex 1 is the weakest one and the Br− the strongest one. In fact, the equilibrium distance of the CO complex is very close to the sum of van der Waals radii whilst the R values for the rest of complexes is much shorter than ΣRvdw. As expected, the interaction energies involving the anionic donors are stronger than those with neutral donors, being more favorable for bromide. The interaction energy of complex 4 is moderately strong, in agreement with the stronger basicity of NH3 molecule. Finally, it is interesting to highlight that the Xe···F distance computed for the HF complex in in the range of experimental distances observed in the X-ray structures commented above (see Figure 1).


Table 1. Interaction energies (ΔE in kcal/mol), FnXe X equilibrium distances (R, Å), sum of van der Waals and covalent radii of interacting atoms (ΣRvdw and ΣRcov, Å), electron charge density and total energy density at the bond critical point [ρ(r) and H(r), respectively, in a.u.] at the PBE1PBE-D3/def2-TZVP level of theory for complexes 1 to 30.

[image: Table 1]

The geometries of the XeF2 complexes are given in Figure 3 (left panel), where it can be observed that the directionality of their NgB interaction agrees well with the expectation derived from the VSEPR theory and also the MEP surface represented in Figure 3. The X:···Xe–F angle varies from 60 to 75°. In the stronger anionic complexes 5 and 6, the XeF2 molecule bents as a consequence of the formation of strong NgBs. In complexes 2 and 3, where an acidic proton is present in the electron donor molecule, the optimization of the complexes using Cs symmetry yields either a H-bonded complex in case of HF (see Figure 3E) or a combination of HB and NgB interactions in case of HCN (see Figure 3F). In order to estimate the energies associated to the NgBs in these complexes without the contribution of the HBs, optimizations imposing C2v symmetry (Figures 3B,C) have been performed and only the interaction energies corresponding to the C2v geometries are given in Table 1.


[image: Figure 3]
FIGURE 3. Left panel: PBE1PBE-D3/def2-TZVP Optimized geometries of complexes 1 (A), 2 (B), 3 (C), 4 (D), 2' (E), 3' (F), 5 (G) and 6 (H). Distances in Å. Right panel: QTAIM distribution of bond critical points (green spheres) and bond paths for complexes 1 (I), 2 (J), 3 (K), 4 (L), 5 (M), and 6 (N) at the PBE1PBE-D3/def2-TZVP level of theory.


The NgB interaction in complexes 1-6 has been characterized using the quantum theory of “atoms-in-molecules” (QTAIM) (Bader, 1985). For all complexes the NgB is characterized by a bond critical point (CP) and bond path connecting the electron rich atom to the Xe (see Figure 3, right panel). The values of electron charge density ρ(r) at the bond CPs are tabulated in Table 1. Interestingly, the values of ρ(r) at the bond CPs that characterize the NgB correlate well with the interaction energies by using a logarithmic fitting (regression coefficient, r = 0.972, see Supplementary Material) as previously described in the literature (Bader, 1990). Therefore, the value of ρ(r) at the bond CP can be used as a measure of the strength of the NgB interaction. The values of the total energy density [H(r)] at the bond CPs are also summarized in Table 1 since they are adequate to differentiate covalent and non-covalent interactions. Positive values of H(r) indicate non-covalent bonding, negative and small values of H(r) are indicative of partial covalent character, and large and negative values of H(r) along with large values of ρ(r) designate covalent bonding (Bader et al., 1987; Bader, 1990). The examination of the values of H(r) in Table 1 evidences the non-covalent nature of the interaction in all complexes.

As exemplifying system, we have selected the complex with NH3 to perform the NBO analysis. This type of study is adequate to analyse the importance of orbital donor-acceptor interactions. In the XeF2···NH3 system, we have found a modest donor-acceptor interaction from the lone pair orbital of N to the Xe–F antibonding orbital [LP(n) → σ*(Xe–F)] with a concomitant stabilization energy of E(2) = 1.02 kcal/mol. Although the orbital contribution is small, it is not negligible compared to the total interaction energy (~25%).




[image: image]
 
X-ray Crystal Structures

At the beginning of the development of noble gas chemistry, several adducts of XeF2 and XeF6 with strong fluoride ion acceptor molecules were synthesized (Holloway, 1968; Sladky et al., 1969). Moreover, several works (Edwards et al., 1963; Cohen and Peacock, 1966; Bartlett and Sladky, 1968) tried to synthesize XeF4 adducts in combination to fluoride acceptors like SbF5, TaF5, AsF5 etc. without success. In fact, instead to forming the adducts, the [XeF3]+ cation is generated, for instance by simply dissolving XeF4 or XeF2/XeF4 in SbF5.

The cationic nature of xenon trifluoride, anticipates a strong binding with electron rich atoms due to the strong contribution of electrostatic forces (charge-charge or charge-dipole). In Figure 4 (top panel), several X-ray structures are represented to illustrate the characteristics of the Xe···F bonds in [XeF3]+ salts. The X-ray structure of the [XeF3]+[Sb2F11]− salt (Figure 4A) (McKee et al., 1973) shows a short contact between one F-atom of the anion and the Xe-atom that exhibits the typical T-shaped geometry. It is worth mentioning that the F-atom of the anion that makes the short contact is in the same plane defined by the four atoms of the XeF3 cation. Although the contact is significantly shorter than ΣRvdw, (indicating some degree of covalency), the two lone pairs located at the Xe(IV) atom are not involved in the bonding since they are not located in the molecular plane. It is interesting to comment the structure ICSD-193743 that has the following formula [H5F4][SbF6]·2[XeF3·HF][Sb2F11], thus including HF units in the structure (Brock et al., 2013). In Figure 4B only the [XeF3·HF][Sb2F11] fragment is represented, where the H-atom has been added in an arbitrary position. Again the interacting F-atom of the HF is located in the molecular plane and establishes a very short NgBs with the Xe-atom. It is also remarkable the solid state structure of the [XeF3]+[SbF6]− salt that forms tetrameric assemblies in the solid state where two different Xe···F NgB contacts are established (Brock et al., 2013). A common feature of all X-ray structures presented in Figures 4A–C is that the electron rich atom is not located exactly opposite to the F–Xe bond, in fact the Fax-Xe···F angle varies from 154 to 160° in these salts. Interestingly, if [BiF6]− is used as anion instead of [SbF6]− (see Figure 4D) (Gillespie et al., 1977), the Xe····F bond becomes very short (close to ΣRcov) and the F–Xe···F is close to linearity, thus suggesting the formation of a partial covalent bond. The approximation of the fluoride lone-pair to the middle of the edge of the trigonal bipyramid containing the two stereo-active lone pairs, forces the geometry around the Xe to be approximately square-planar. Thus the overall stereochemistry changes from a T-shaped AX3E2 in the [XeF3]+[BiF6]− salt to a square-planar AX4E2 structure in the [XeF3]+[SbF6]− salt. This behavior agrees well with the low acidity of BiF5 molecule compared to SbF5 (Gillespie and Pez, 1969).


[image: Figure 4]
FIGURE 4. Top panel: Partial views of the X-ray structures ICSD-9305 (A), ICSD-193743 (B), ICSD-193741 (C) and ICSD-200043 (D). Distances in Å. NgBs represented as dashed lines. Bottom panel: Partial views of the X-ray structures with Cambridge Structural Database reference codes QOYRAZ (E), QOYRIH (F) and QOYRED (G). Distances in Å. NgBs represented as dashed lines.


In 2014 the synthesis and X-ray characterization of several [C6F5XeF2]+ salts were published (Koppe et al., 2014). The ligand arrangement around xenon in the three salts shown in Figure 4 (bottom panel) is T-shaped, in accordance with the expected arrangement of three bonding electron pairs and two additional electron lone pairs in the xenon valence shell. The electron lone pairs cause the F–Xe(I)–F angles to bend toward the C6F5 group producing nonlinear F–Xe(I)–F angles (~170°). The distances of the NgB contacts are longer in these salts compared to the [XeF3]+ salts because the C6F5 group (Xe–C bond) is less electron withdrawing than fluorine atom (Xe–F bond). Again the electron donor atom is not located exactly opposite to the Xe–C bond, as further commented below (DFT study). It is interesting to highlight the QOYRIH structure (see Figure 4F) where two HF molecules connect the anion and cation by establishing two Xe···F NgBs with the Xe atom and two F–H···F H-bonds with the [BF4]− anion. In the [C6F5XeF2]+ [BF4]− salt (Figure 4G), the anion establishes two NgBs with the counter-cation. In spite the NgB contacts in [C6F5XeF2]+ salts are longer than those in [XeF3]+ salts, the distances are significantly shorter than ΣRvdw, due to the electrostatic attraction between the counterions.



DFT Calculations

The molecular electrostatic potential (MEP) surface analysis of [XeF3]+ cation has been computed to rationalize its ability to establish charge assisted NgBs, as shown in the X-ray structures represented Figure 4. Figure 5 shows the MEP surfaces of [XeF3]+ using two different orientations and it reveals the existence of a positive region at the Xe atom and opposite to the equatorial F-atom (see Scheme 1B). A close examination of the positive σ-hole shows that the maximum value of MEP is not located strictly along the extension of the Xe–F bond. Instead there are two symmetric σ-holes that are slightly displaced toward the axial F-atoms (see Figure 5, bottom-right). The MEP analysis agrees well with the directionality of the NgBs observed in the aforementioned X-ray structures.


[image: Figure 5]
FIGURE 5. MEP surfaces (0.001 a.u.) of [image: image] (top and bottom-left) and a “zoom-in” representation at the PBE1PBE-D3/def2-TZVP level of theory. The MEP energies at selected points are indicated in kcal/mol.


The same electron donors used above for XeF2 complexes (see Scheme 1A) have been also used for the theoretical study of the [XeF3]+ cation. The structure of [XeF3]+ is T-shaped with C2v symmetry and it is derived from a trigonal bipyramid with two stereo-active lone pairs occupying the equatorial positions with a Xe in the +4 oxidation state (see Scheme 1B). Taking into consideration the location of the lone pairs the most favorable approximation of an electron rich atom should avoid the spatial region of these lone pairs. Thus, the expected directionality of the NgB interaction is indicated by the red dashed lines in Scheme 1 and agrees well with and the position of the σ-holes revealed by the MEP surface.

The interaction energies and distances for complexes 7–12 are gathered in Table 1. It can be observed that the interaction energies are very large in all cases, as expected taking into consideration the cationic nature of the electron acceptor. Complexes 7 and 8 are the weakest ones and present equilibrium distances that are ~0.5 Å longer than the sum of their covalent radii (also tabulated in Table 1). The equilibrium distances of complexes 9 and 10 are slightly longer (0.2–0.3 Å) than ΣRcov thus indicative of partial covalency, especially in the NH3 complex 10. Finally, the equilibrium distance of anionic complexes 11 and 12 is very similar to their ΣRcov thus suggesting the formation of a covalent bond. In fact, the binding energies computed for these complexes are very large (< -193 kcal/mol) due to the covalent nature of the bond.

The geometries of the [XeF3]+ complexes are given in Figure 6 (left panel), where it can be observed that for most of the complexes the electron rich atom is located along the extension of the Xe–F bond, yielding to the typical square planar geometry of XeX4E2 compounds with the stereo-active lone pairs pointing to the axial positions (Haner and Schrobilgen, 2015). This fact confirms the great degree of covalency in [XeF3]+ complexes. Only the complex with HF follows the expected orientation, also in good agreement with the X-ray structures involving HF as electron donor (see Figures 4B,F). It is surprising the location of the CO in complex 7, exactly opposite to the Xe–Feq bond, due to the apparent non-covalent nature of the NgB interaction in this complex.


[image: Figure 6]
FIGURE 6. Left panel: PBE1PBE-D3/def2-TZVP Optimized geometries of complexes 7 (A), 8 (B), 9 (C), 10 (D), 11 (E) and 12 (F). Distances in Table 1. Right panel: QTAIM distribution of bond critical points (green spheres) and bond paths for complexes 7 (G), 8 (H), 9 (I), 10 (J), 11 (K), and 12 (L) at the PBE1PBE-D3/def2-TZVP level of theory.


The NgB covalent/non-covalent nature of the interaction in complexes 7-12 has been unveiled by using the quantum theory of “atoms-in-molecules” (QTAIM) (Bader, 1985). Similarly to XeF2 complexes, the NgB in [XeF3]+ complexes are characterized by a bond critical point (CP) and bond path interconnecting the electron rich and Xe atoms (see Figure 6, right panel). The values of electron charge density ρ(r) at the bond CPs are listed in Table 1. They are significantly larger than those observed in complexes 1–6, in line with the stronger interaction. For this set of complexes, the logarithmic fitting [ρ(r) vs ΔE] shows a modest relationship with a regression coefficient of r = 0.818, see Supplementary Material. The values of the total energy density [H(r)] at the bond CPs summarized in Table 1 are indicative of partial covalent character in all complexes apart from complex 8, in good agreement with the geometric features of the complexes. Surprisingly, the CO complex also exhibits a covalent character [H(r) = −0.0033 a.u.], which is probably due to the fact that the equilibrium distance (2.704 Å) is more than 1 Å shorted than ΣRvdw (3.86 Å).

The covalent character of these complexes is also confirmed by the NBO analysis. Again, using the (XeF3··NH3)+ as model complex, the NBO treats the N–Xe bond as covalent since the energetic contribution of the orbital [LP(n) → σ*(Xe–F)] donor-acceptor interaction is −73.14 kcal/mol, significantly stronger that the interaction energy (see Table 1).




XeF4
 
X-ray Crystal Structures

In spite of XeF4 was the first fluoride of xenon to be discovered, it is the most difficult to synthesize among the series of binary xenon fluorides (XeF2, XeF4, and XeF6). There is a few number of X-ray structures including the XeF4 moiety and they are represented in Figure 7. One of them is the XeF2·XeF4 adduct (Burns et al., 1965) already described above from the perspective of XeF2 as NgB donor. In this section, the X-ray structure is analyzed from the opposite point of view, that is considering XeF4 as electron acceptor and XeF2 as electron donor. The XeF4 participates in two short Xe···F contacts with the adjacent XeF2 molecules, establishing two symmetrically equivalent NgBs (see Figure 7A). A similar arrangement is observed in the X-ray structure of XeF4 (Ibers and Hamilton, 1963), where the central Xe atom participates in two NgBs above and below the molecular plane (see Figure 7B). In contrast to the behavior of XeF2, coordination compounds involving XeF4 acts ligand are scarce in the literature due to lower fluorobasicity of XeF4. One example is given in Figure 7C (Tavčar and Žemva, 2009), where it is coordinated to Mg(II) and, simultaneously, establishes a NgB interaction with the adjacent (also coordinated) [image: image] anion. A partial view of the X-ray structure ([XeF5][CrF5])4·XeF4 adduct is shown in Figure 7D (Lutar et al., 1992), where the XeF5 units have been omitted for clarity. The distorted CrF6-octahedra are connected to each other via Xe···F bridging NgBs. The stereo-active electron lone pairs lie above and below the XeF4-plane, preventing the approximation of the electron rich atom along the C4 axis. Therefore, in all X-ray structures gathered in Figure 7, the approach occurs between the lone pairs and the molecular plane to minimize the repulsions between the lone pairs of Xe and the electron rich atom.


[image: Figure 7]
FIGURE 7. Partial views of the X-ray structures ICSD-18128 (A), ICSD-27467 (B), ICSD-419632 (C) and ICSD-71592 (D). Distances in Å. NgBs represented as dashed lines.




DFT Calculations

The molecular electrostatic potential (MEP) surface of [XeF4] is represented in Figure 8. The minimum MEP is located at the F-atoms and, remarkably, the value (−10 kcal/mol) is half the one of XeF2, confirming the less fluorobasicity of this molecule and explaining the weak ability of this molecule as coordination ligand. The MEP surface plot also shows a large π-hole located at the Xe-atom above and below the molecular plane. A close examination of the positive region reveals the existence of four symmetric π-holes that are displaced toward the bisectrix of the F–Xe–F angle (see Figure 8, right). The MEP analysis strongly agrees with the directionality of the NgBs observed in the X-ray structures represented in Figure 5. The MEP maximum in XeF4 is significantly larger than that in XeF2, thus stronger NgB interactions are expected.


[image: Figure 8]
FIGURE 8. MEP surfaces (0.001 a.u.) of XeF4 (left) and a “zoom-in” representation at the PBE1PBE-D3/def2-TZVP level of theory. The MEP energies at selected points are indicated in kcal/mol.


Using the same set of electron donors the energetic and geometric features of XeF4 complexes have been studied, as indicated in Scheme 1C. The structure of XeF4 is square planar with D4h symmetry and it is derived from an octahedral geometry with two stereo-active lone pairs occupying the axial positions with a Xe in the +4 oxidation state (see Scheme 1C). Taking into consideration the location of the lone pairs the most favorable approximation of an electron rich atom should avoid the spatial region of these lone pairs, as aforementioned. Thus, the expected directionality of the NgB interaction is indicated by the red dashed lines in Scheme 1C and agrees well with and the position of the four π-holes revealed by the MEP surface.

The interaction energies and equilibrium distances of NgB complexes 13–18 are summarized in Table 1. It can be observed that the NgB interaction energies are stronger in XeF4 complexes than those in XeF2 complexes, as predicted by the MEP analysis. Similarly, to the behavior of XeF2, complexes 13 (X = CO), 14 (X = HF) and 15 (X = HCN) are the weakest ones. All complexes exhibit equilibrium distances that are shorter than ΣRvdw and significantly longer than ΣRcov thus suggesting the non-covalent nature of the interaction. As expected, the most favorable neutral complex corresponds to the ammonia (16) and the anionic complexes 17 and 18 present the stronger interactions of this series.

The optimized geometries of the XeF4 complexes are given in Figure 9, left panel, where it can be observed that the electron rich atom in complexes 13–16 is located over the bisector of the F–Xe–F bond at distances that range from 3.1 to 3.6 Å (see Table 1), in good agreement with the X-ray structures and MEP surface. It should be mentioned that the optimization of anionic complexes has been performed imposing Cs symmetry and locating the anion over one Xe–F bond. In case it is located over the bisector, the optimization yields to the nucleophilic attack of the anion to the Xe-atom, yielding a planar and pentacoordinated [XeF4X]− anion (X = Br, I). This result agrees well with the X-ray structure of the [XeF5]− anion that is planar (~D5h-geometry) (Christe et al., 1991).


[image: Figure 9]
FIGURE 9. Left panel: PBE1PBE-D3/def2-TZVP Optimized geometries of complexes 13 (A), 14 (B), 15 (C), 16 (D), 17 (E) and 18 (F). Distances in Å. Right panel: QTAIM distribution of bond critical points (green spheres) and bond paths for complexes 13 (G), 14 (H), 15 (I), 16 (J), 17 (K), and 18 (L) at the PBE1PBE-D3/def2-TZVP level of theory.


The NgB interaction in complexes 13–18 has been further characterized using the QTAIM analysis. In agreement with previous observations, the NgB is characterized by a bond critical point (CP) and bond path that connects the electron rich atom to the Xe (see Figure 9, right panel). The values of electron charge density ρ(r) at the bond CPs are tabulated in Table 1 and analogously to XeF2 complexes the values of ρ(r) at the bond CPs that characterize the NgB correlate remarkably well with the interaction energies by using a logarithmic fitting (regression coefficient, r = 0.965, see Supplementary Material), thus confirming that the value of ρ(r) at the bond CP can be used as a measure of the strength of the NgB interaction. The values of the total energy density [H(r)] at the bond CPs are also summarized in Table 1, which corroborate the non-covalent nature of the interaction in all complexes. Only the Br− complex exhibit some covalent character as deduced by its negative and small H(r) value and strong binding energy.

The NBO analysis has been carried out for the XeF4···NH3 complex and the orbital interaction is similar to the XeF2···NH3 complex with a LP(N) → σ*(Xe–F) interaction of E(2) = 1.12 kcal/mol, however it is smaller compared to the total interaction energy (~14%). Therefore the interaction is clearly dominated by electrostatic effects.




[image: image]
 
X-ray Crystal Structures

The mixture of XeF6 and RuF5 yields the [XeF5]+[RuF6]− salt, as represented in Figure 10A (Christe et al., 1991). The structural analysis shows that each xenon atom is bonded to five fluorine atoms in an approximately square-pyramidal arrangement. Each ruthenium atom is surrounded by six fluorine atoms in an octahedral coordination mode. The xenon atom in [XeF5]+ cation retains an stereo-active lone pair, therefore it can be assumed that it is pseudooctahedrally coordinated with five F atoms and the sterically active valence-electron pair that is located along the fourfold axis. Therefore, the approximation of any electron rich atom is expected to be below the basal plane of the [XeF5]+ cation and off axis, as observed in the crystal structures represented in Figure 10. In the particular case of [XeF5]+[RuF6]− salt, the Xe atom establishes two NgB contacts with two F-atoms of the counterions that are located below the F–Xe–F bisector.


[image: Figure 10]
FIGURE 10. Partial views of the X-ray structures ICSD-9304 (A), ICSD-416318 (B), ICSD-416319 (C) and ICSD-165612 (D). Distances in Å. NgBs represented as dashed lines.


When XeF6 is crystallized from anhydrous HF, an interesting compound is obtained that corresponds to the formulae ([XeF5]+)2·([HF2]−)2·HF (Hoyer et al., 2006). The most interesting feature observed in the solid state of this structure is the existence of dimeric units of [XeF5]+[F]− (see Figure 10B) that are stabilized by the formation of four Xe···F contacts. The [XeF5]+[F]− dimer also interacts with two HF molecules by H-bonding interactions. The same type of dimers has been also obtained without the co-crystalized solvent molecules upon recrystallization using CF2Cl2. It is also interesting to highlight the product (see Figure 10C) that is obtained by recrystallization from inert solvents at low temperature. It is a regular tetrameric unit ([XeF5]+·F−)4 formed by four square pyramidal [XeF5]+· that are connected by four Xe···F···Xe bridges with similar distances and angles (118–121°). Figure 10D shows a partial view of the X-ray structure of [XeF5[image: image][PdF6]2− salt (Lutar et al., 1998). It can be observed that each [XeF5]+·cation establishes three charge assisted NgBs with the surrounding [PdF6]2− units. In general the Xe···F distances in the four X-ray structures shown in Figure 10 are shorter than those preciously described for the [XeF3]+ cation, thus suggesting stronger binding and higher covalency.



DFT Calculations

The molecular electrostatic potential (MEP) surface analysis of [XeF5]+ cation has been computed to rationalize its ability to establish charge assisted NgBs. Figure 11 shows the MEP surfaces of [XeF5]+ using two different orientations and it reveals the existence of a large and positive region at the Xe atom and opposite to the axial F-atom. A close examination of the positive σ-hole shows that the maximum value of MEP is not located strictly along the extension of the Xe–F bond. Instead there are four symmetric σ-holes that are slightly displaced toward the bisectors of the F–Xe–F (F atoms in cis, see Figure 11, bottom-right), similarly to the behavior described above for the neutral XeF4. The MEP analysis strongly agrees with directionality of the NgBs observed in the X-ray structures shown in Figure 10.


[image: Figure 11]
FIGURE 11. MEP surfaces (0.001 a.u.) of [image: image] (top and bottom-left) and a “zoom-in” representation at the PBE1PBE-D3/def2-TZVP level of theory. The MEP energies at selected points are indicated in kcal/mol.


The computed [XeF5]+ complexes are shown in Scheme 1D where the geometry of [XeF5]+ is square-pyramidal with C4v symmetry that derives from a pseudooctahedral with the stereo-active lone pair occupying the remaining axial position with a Xe in the +6 oxidation state (see Scheme 1D). Taking into consideration the location of this lone pair the most favorable approximation of an electron rich atom should avoid the spatial region occupied by this lone pair, as depicted using red dashed lines.

The interaction energies and distances for complexes 19–24 are gathered in Table 1. It can be observed that the interaction energies are larger than those of XeF4 in all cases, as expected taking into consideration the cationic nature of the electron acceptor. Complexes 19 and 20 are the weakest ones and present equilibrium distances that are longer than the sum of their covalent radii (also tabulated in Table 1). Complexes 21 and 22 exhibit moderately strong binding energies and equilibrium distances that are 0.5 Å longer than ΣRcov. Taken together, these results suggest a partial covalency of the NgB in these complexes. Interestingly, Figure 12 (left panel) shows that in all complexes with neutral electron donors the electron rich atom points to one of the four σ-holes described in Figure 11. This behavior is opposite to the previously described for the [XeF3]+ complexes, where all electron rich atoms were located opposite to the Xe–Feq bond apart from the HF complex. Finally, the equilibrium distance of anionic complexes 23 and 24 is very similar to their ΣRcov thus suggesting the formation of a pure covalent bond. In fact, the interaction energies for these complexes are very large and the geometry around the Xe atom is octahedral.


[image: Figure 12]
FIGURE 12. Left panel: PBE1PBE-D3/def2-TZVP Optimized geometries of complexes 19 (A), 20 (B), 21 (C), 22 (D), 23 (E) and 24 (F). See Table 1 for distances. Right panel: QTAIM distribution of bond critical points (green spheres) and bond paths for complexes 19 (G), 20 (H), 21 (I), 22 (J), 23 (K), and 24 (L) at the PBE1PBE-D3/def2-TZVP level of theory.


The NgB covalent/ non-covalent nature of the interaction in complexes 19–24 has been analyzed by using the quantum theory of “atoms-in-molecules” (QTAIM). Similarly to the rest of NgB complexes of XeF2, [XeF3]+ and XeF4, the NgB in [XeF5]+ complexes is characterized by a bond critical point (CP) and bond path interconnecting the electron rich and Xe atoms (see Figure 12, right panel). The values of electron charge density ρ(r) at the bond CPs are listed in Table 1 and they are significantly larger than those observed in complexes 13–18, and similar to those of complexes 7–12. For this set of complexes, the value of ρ(r) at the bond CP also correlates well with the interaction energy, since the logarithmic fitting gives a regression coefficient of r = 0.973, see Supplementary Material. The values of the total energy density [H(r)] at the bond CPs summarized in Table 1 are indicative of partial covalent character in complexes 21 and 22, in good agreement with the energetic features of these complexes. The H(r) values also confirm the covalent nature of the NgBs in complexes 23 and 24, in line with the covalent distances and strong binding energies.

The NBO analysis of complex 22 (X = NH3) shows a moderately strong orbital donor acceptor interaction [LP(N)–σ*(Xe–F)] with an associated stabilization energy of E(2) = −11.5 kcal/mol. This result agrees well with the QTAIM analysis that anticipated partial covalent character [small and negative H(r)]. In fact, the orbital contribution accounts for the 31% of the total interaction energy.




XeF6
 
X-ray Crystal Structures

It has been recently reported (Matsumoto et al., 2015) the syntheses and X-ray characterization of two adducts of XeF6 with acetonitrile of composition F6Xe(NCCH3) and F6Xe(NCCH3)2·CH3CN. They are good examples of σ-hole NgB interactions and are the first X-ray structures where the electron donor is a nitrogen atom. In the F6Xe(NCCH3), the XeF6 unit presented a C3v symmetry similar to that proposed for the gas-phase XeF6. Other studies have shown that the NgBs in these systems are predominantly electrostatic in nature (Haner et al., 2016).

According to several experimental techniques including crystal X-ray diffraction and neutron powder diffraction, among others, XeF6 exists in at least six different modifications, depending on the temperature (Hoyer et al., 2006). At high temperature XeF6 forms a tetramer, better described as ([image: image]F−)3·XeF6 assembly. A partial view of this tetramer is represented in Figure 13A where only two fluoride anions, one [XeF5]+ cation and the XeF6 unit have been represented for clarity. It can be observed that the fluoride anions bridge the [XeF5]+ cation and the XeF6 units by means of four NgBs. Those involving the cation are shorter than those involving the neutral XeF6 that maintains a pseudoctahedral geometry. Figure 13B shows the other form of XeF6 that is stable at high temperature (obtained by sublimation of the other one). The structure is also tetrameric and better described as ([image: image]F−)3·XeF6 assembly. In this case the fluoride anion is stabilized by three NgBs, one with the XeF6 unit and two with the [XeF5]+ cation. Again, the NgB distances involving the XeF6 unit are longer than those with [XeF5]+ cation. In this X-ray structure the geometry of the XeF6 unit is approximately C3v.


[image: Figure 13]
FIGURE 13. Left panel: Partial views of the X-ray structures ICSD-416317 (A) and ICSD-416315 (B). Distances in Å. NgBs represented as dashed lines. Right panel: MEP surfaces (0.001 a.u.) of octahedral (C) and C3v (D) XeF6 at the PBE1PBE-D3/def2-TZVP level of theory. The MEP energies at selected points are indicated in kcal/mol.




DFT Calculations

The molecular electrostatic potential (MEP) surface of [XeF6] is represented in Figures 13 (right panel) using the octahedral (C) and C3v (D) symmetries. The MEP value at the F-atoms is −2.5 kcal/mol in the octahedral form and −7.5 kcal/mol in the C3v form, thus revealing a very low fluorobasicity. For the octahedral XeF6, the MEP surface plot also shows six symmetrically equivalent σ-holes (24.4 kcal/mol) located in the middle of the six octahedral faces. In contrast, for the C3v form of XeF6, the maximum value of MEP is more than twice the value obtained for the octahedral form (+49.6 kcal/mol) and it is located at one face of the polyhedron.

The minimum structure of XeF6 is still under discussion (Kaupp et al., 1996; Seppelt, 2015; Gawrilow et al., 2018; Zhao et al., 2019), since most of the theoretical methods suggests that the Oh-form is more stable than the C3v one, which is the one observed experimentally (see Scheme 1E). State of the art calculations suggest that both forms are basically isoenergetic (Dixon et al., 2005). The fact that the energies of both structures of XeF6 are very close in energy suggests that this molecule is highly fluxional. Therefore, the factors governing the stereoactivity of the lone pair in XeF6 are very subtle and, consequently, the lone pair has a highly fluxional character (Dixon et al., 2005).

The interaction energies and equilibrium distances of NgB complexes 25–30 are summarized in Table 1. It can be observed that the NgB interaction energies are stronger in XeF6 complexes than those in XeF2 and XeF4 complexes, as predicted by the MEP analysis. Table 1 shows that complexes 25 (X = CO), 26 (X = HF) and 27 (X = HCN) are the weakest ones and exhibit equilibrium distances that are significantly longer than ΣRcov and shorter than ΣRvdw, thus suggesting the non-covalent nature of the interaction. However, the rest of complexes (28–30) present quite short equilibrium distances, thus anticipating some covalent character in agreement with the strong binding energies.

The optimized geometries of the XeF6 complexes are included in Figure 14 (left panel), where electron rich atom is located along the C3 axis. The symmetry of the XeF6 unit in the complexes is C3v and the Lewis base is located exactly at the position of the σ-hole represented in Figure 13D. The C3v-geometry presents a more intense σ-hole thus reinforcing the interaction and compensating the slight deformation energy needed to change from Oh to C3v that is only 0.33 kcal/mol at the level of theory used herein (PBE1PBE-D3/def2-TZVP). The equilibrium distances range from 2.5 to 3.2 Å (see Table 1), which are shorter compared to the XeF2 and XeF4 complexes, due to the large σ-hole observed in the XeF6 (C3v-geometry). This behavior is also observed experimentally, since the X-ray structures involving XeF2 and XeF4 units exhibit significantly longer distances than those of XeF6.


[image: Figure 14]
FIGURE 14. Left panel: PBE1PBE-D3/def2-TZVP Optimized geometries of complexes 25 (A), 26 (B), 27 (C), 28 (D), 29 (E) and 30 (F). Distances in Table 1. Right panel: QTAIM distribution of bond critical points (green spheres) and bond paths for complexes 25 (G), 26 (H), 27 (I), 28 (J), 28 (K), and 30 (L) at the PBE1PBE-D3/def2-TZVP level of theory.


The NgB interaction in complexes 25–30 has been further characterized using the QTAIM analysis. In agreement with previous observations, the NgB is exclusively characterized by a bond critical point (CP) and bond path that connects the electron rich atom to the Xe atom (see Figure 14, right panel). The values of electron charge density ρ(r) at the bond CPs are tabulated in Table 1 and in line with the rest of complexes, there is good correlation between the values of ρ(r) at the bond CPs that characterize the NgB and the interaction energies by using a logarithmic fitting (regression coefficient, r = 0.958, see Supplementary Material). It is interesting to highlight that if all complexes 1–30 are used in the same representation, a good relationship is also obtained with a r = 0.928 (see ESI). It is worthy to emphasize such relationship, since it allows dealing with all complexes in the same plot. The values of the total energy density [H(r)] at the bond CPs are also summarized in Table 1, which corroborate the non-covalent nature of the interaction in complexes 25–27 and partial covalency in complexes 28–30.

The NBO of the XeF6···NH3 complex has been computed and it shows the typical LP(N)–σ*(Xe–F) orbital donor acceptor interaction with an associated stabilization energy of E(2) = −13.8 kcal/mol, thus revealing a quite strong orbital contribution. significantly stronger than the other two neutral complexes XeF2···NH3 and XeF4···NH3. This contribution is even larger than that in the cationic (XeF5···NH3)+ complex commented above. This result likely explains the short equilibrium distance and large value of charge density at the bond CP in this complex (larger than the iodide complex). It is also worthy to comment that the three NH bonds of the Lewis base are aligned the Xe–F bonds (see Figure 14D), likely contributing to a perfect match between the XeF6 and NH3 molecules and a shortening of the Xe···N distance.





CONCLUSIONS

From the results reported in this manuscript, the following conclusions arise:

1. There are numerous examples of X-ray structures of XeFn (n = 2–6) in the ICSD where non-covalent NgBs play an important role directing the crystal packing and generating interesting supramolecular assemblies, which have been described in detail.

2. The DFT analysis combined with the MEP surfaces show that NgBs are directional and the position of the electron rich atom is determined by the location of the stereo-active lone pair, though the region where the electron pair is located is large and positive.

3. The NgBs in XeFn (n = 2, 4, 6) are moderately strong with neutral electron donors and quite strong with anions (and NH3 in some cases). Charge assisted NgBs in [XeF3]+ and [XeF5]+ cations are very strong and present high covalent character.

4. The NgBs involving xenon fluorides are characterized by a bond CP and bond path interconnecting the xenon to the electron rich atom. The electron charge density at the bond CP can be used as a measure of the strength of the interaction in the whole set of complexes.

5. Orbital donor acceptor charge transfer effects are important contributors to the NgB interactions in the cationic [image: image], [image: image] and also the neutral XeF6 molecule, as exemplified by their complexes with NH3.
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