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Abstract: Tetrel bond is analysed for a series of ZF, (Z = C, Si, Ge) complexes with one and two NHj3
or AsHj ligands. The MP2/aug-cc-pVTZ calculations were performed and supported by results
of the Quantum Theory of “Atoms in Molecules” (QTAIM) and the Natural Bond Orbitals (NBO)
approaches. The Z-tetrel atoms of complexes analysed interact through their o-holes with nitrogen or
arsenic Lewis base centres; these interactions correspond to the Z-N/As bond paths according to the
QTAIM approach. The QTAIM and NBO results show that these interactions are relatively strong
and they possess numerous characteristics of covalent bonds. The theoretical analysis is supported
by the discussion on crystal structures which are characterized by the same type interactions.

Keywords: tetrel bond; o-hole; Quantum Theory of “Atoms in Molecules”; Natural Bond Orbital
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1. Introduction

Various Lewis acid-Lewis base interactions play a key role in different chemical reactions and
biological processes [1-3]. The most often investigated hydrogen bond is crucial in numerous such
processes [4-7] but there are also other significant interactions; for example, tetrel bond, which may be
defined as an interaction between the Group 14 element acting as the Lewis acid centre and a region
that is rich of the electron density by a lone electron pair, 7-electron system, etc. [8-12]. This interaction
is classified as the o-hole bond [8-10] that is a link between a o-hole situated in an elongation of one
of covalent bonds to the atom considered and the Lewis base centre [13-16]. The o-hole is a region
depleted of the electron density due to its outflow to the internal part of the system, partly to the
o-bond of the centre considered. Hence, this region is often characterized by a positive electrostatic
potential (EP). It has been shown that the atoms of Groups 14-17 often possess o-holes forming with
Lewis base centres the o-hole bonds [13-16]. Recently, the Group 18 elements were also considered as
those that may form the o-hole bonds since they possess regions characterized by positive EPs [17].

There are numerous early studies on the tetrel bond; for example, the theoretical analysis of the
SiF4—NHj and SiF4—(NH3), complexes [18], or the study on various complexes of silicon species with
electron-rich groups [19]. The tetrel bond was analysed in terms of the o-hole concept for the first time
by Murray and co-workers in complexes where the o-hole on silicon or germanium atom is linked
with nitrogen centre of the NH3 or HCN species [8]; in complexes of SiF4 with amines, larger clusters
containing up to three NH3; molecules were considered [9]. The interplay between the halogen and
tetrel bond was discussed [10]; the tetrel bond was considered as a preliminary stage of the Sy2
reaction [12], a computational study of structural and energetic properties of acetonitrile-Group 14
tetrahalide complexes was performed [20]. There is an interesting study on the nature of bonding in
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dimers of Lappert’s stannylene where the Sn-Sn intermolecular links are observed and where the tin
centres play the roles of Lewis acid and Lewis base simultaneously [21].

This study concerns the tetrel bond interaction; five and six coordinated tetrel centres are
analysed and it is discussed if all their links possess characteristics of covalent bonds. Very recently,
the coordination of tin and lead centres was discussed and it was found that these centres may be
classified as pentavalent or even hexavalent ones [22]. This is why it is interesting to analyse if such a
situation of covalent in nature interactions occurs for lighter Group 14 elements: carbon, silicon and
germanium. One can refer to earlier studies where the coordination of light tetrel centres was analysed;
pentacoordinate carbon compounds were analysed experimentally and theoretically by Akiba and
co-workers [23,24]; it was discussed if the hexavalent carbon can exist [25]. Pentacoordinate silicon
complexes were analysed and the corresponding Sy 2 reaction pathways were discussed [26], the crystal
structures of penta- and hexacoordinated germanium centres were reported [27,28]; hexacoordinated
Ge and 5Sn centres in crystal structures were also analysed [29].

The ZF,—NH; and ZF,—(NH3), (Z = C, Si, Ge) complexes are a subject of this study since one
can expect strong interactions between Z-tetrels and the NHj species that may lead to penta- and
hexacoordinated tetrel centres. The same or similar complexes to those chosen here for an analysis
were investigated before. One may refer to the above-mentioned early theoretical study on the
SiF,—NHj3 and SiF4—~(NHj3), complexes (ab initio MO calculations were performed with the use of
STO-3G and STO-6G basis sets) [18]. However, there are other early experimental studies, for example,
a diammoniate of silicon tetrafluoride, SiF4—(NH3),, has been prepared in a highly purified form and
its X-ray powder diffraction pattern has been measured [30]. The infrared matrix isolation study on
the SiF,~NHj3 adduct was performed, its spectra suggest a trigonal-bipyramidal arrangement about
the Si-centre with the NHj3 species in an axial position [31]. One can mention other related studies as
the free-jet IR spectroscopy of SiF4—N; and SiF4—CO complexes [32] or the infrared matrix isolation
study on the GeF4 complexes with oxygen containing bases [33]. The crystal structures of germanium
tetrafluoride and tin tetrafluoride complexes with soft thioether coordination were analysed [34];
the complexes of germanium tetrafluoride with phosphane ligands were investigated spectroscopically
and in crystal structures [35]. In the latter study, the germanium arsanes were also analysed and the
GeCly arrangement was found in the crystal structure where the germanium centre is additionally
involved in the interaction with two arsenic atoms; thus, it may be considered as the hexacoordinated
centre. This is why the GeF;—AsHj and GeF4—(AsH3), complexes are also analysed here, since in these
species the interactions of germanium with halogen and arsenic centres mimic the interactions existing
in the above-mentioned crystal structure.

2. Computational Details

The calculations were carried out with the Gaussian09 set of codes [36] using the second-order
Moller—Plesset perturbation theory (MP2) [37], and the Dunning style aug-cc-pVTZ basis set [38].
Frequency calculations have confirmed that the obtained structures correspond to energetic minima.
To take into account relativistic effects for arsenic and germanium centres, the Stuttgard /Cologne
group ECP10MDF pseudopotentials were applied [39] with the corresponding Peterson AVTZ
(11s12p10d2f)/[6s5p4d2f] basis sets [40].

The interaction and binding energies, Eints and Ey;,s, were calculated; Ejy is the difference
between the energy of the complex and the sum of energies of monomers which correspond to their
geometries in the complex. In the case of the binding energy, Ey;,, the energies of isolated monomers
not involved in any interactions are taken into account [41]. The deformation energy, Eq.¢, defined as
the Ep;, — Eint difference [42], is discussed for the complexes analysed. Eg.y is a positive value since
the complex formation leads to a change of geometry of monomers that are pushed out from their
energetic minima. The basis set superposition error (BSSE) correction [43] was calculated and the BSSE
corrected interaction and binding energies are presented and discussed hereafter.
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The Quantum Theory of “Atoms in Molecules” (QTAIM) [44,45] was applied to analyse critical
points (BCPs) in terms of the electron density (ppcp), its Laplacian (V2pgcp), the total electron energy
density at BCP (Hpcp) and the components of the latter value, the kinetic electron energy density
(Gpcp) and the potential electron energy density (Vpcp). The QTAIM calculations were performed with
the use of the AIMAII program [46]. The Natural Bond Orbital (NBO) method [47] was also applied to
analyse electron charge shifts being the result of complexation as well as orbital-orbital interactions.
For the Natural Bond Orbital (NBO) calculations, the NBO 5.0 program [48] implemented in GAMESS
set of codes [49] was used.

3. Results and Discussion

3.1. Interaction and Binding Energies

Figure 1 shows molecular graphs of complexes analysed here, where the pentacoordinated tetrel
centre is observed, i.e., the complexes of ZF; with one ligand, NH3 or AsHj. Figure 2 presents, as an
example, the molecular graph of the GeF4—(AsH3), complex that contains two ligands. The simple ZF,
species as components of complexes were chosen here to analyse the Lewis acid properties of Z-centres
that according to previous studies [10] should increase in the following order, C < Si < Ge. It was shown
that the fluorine electron withdrawing substituents enlarge the positive electrostatic potential at Group
14 elements [10], similar to that observed for other centres characterized by o-holes [13-15]. Thus,
the tetrel centre in ZF, should interact strongly with Lewis bases since the NHj species is characterized
by strong Lewis base properties of the nitrogen centre.

CFi...NH3 SiFi...NH3

1

GeFs...NH:3 GeFs...AsHs

Figure 1. Molecular graphs of complexes containing one ligand (NHj3 or AsHj); attractors are
designated by big circles while bond critical points by small ones, and continuous and broken lines
correspond to bond paths.

Figures 1 and 2 show bond paths (BPs) that, according to the Bader theory, correspond to
stabilizing interactions [50,51]; Z-centres are characterized by four Z-F bond paths and additionally by
one or two Z-N(As) BPs, for complexes with one or two ligands, respectively. The latter bond paths
correspond to the interactions between the tetrel o-hole and electron reach nitrogen or arsenic centre.
The CF4—NHj; complex is the only exception since the N-attractor of NHj3 is not connected with the
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carbon but with the fluorine attractors by three BPs (Figure 1) that seems to be surprising because
the F-atoms are characterized by the negative EP. However, the local F-N electrostatic repulsions are
rather weak here since the EP at F-centres of CF; is equal to only —0.002 au. It seems that the F-N bond
paths correspond to stabilizing interactions, which are ruled by dispersive forces. These conclusions
are partly confirmed by results presented in Table 1. The E;y for the CF4,—NHj3 complex is equal to
—1.1 kcal/mol that shows a very weak interaction between the CF4 and NHj species. This weak
interaction is accompanied by the absence of the deformation being the result of complexation, i.e.,
the Eg.¢ is equal to zero. The similar weak interaction, where the CF; unit is in contact with the
nitrogen centre, was found for the pyridine-CF4 complex where the dissociation energy is lower than
1 kcal/mol [52].

GeFs...(AsHzs):2

Figure 2. Molecular graph of the GeF4—(AsHj3), complex; attractors are designated by big circles while
bond critical points by small ones, and continuous lines correspond to bond paths.

Much stronger interactions are observed for remaining complexes (Table 1); for those containing
one ligand, the strength of interaction increases with the increase of the atomic number of Z-centre;
for the ZF;—NHj3 complexes, Ein is equal to —1.1, —29.6 and —33.8 kcal/mol for Z = C, Si and Ge,
respectively. Table S1 (Supplementary Materials) shows all interaction and binding energies including
calculations where relativistic effects were not taken into account for complexes containing Ge and As
atoms. The results show that differences between energies with relativistic corrections and without
them are not meaningful.

Table 1. The energetic parameters (in kcal/mol); the interaction energy, Ej, and the binding energy,
Epin, corrected for BSSE, the deformation energy, Eger. The tetrel-Lewis base centre distances are
included, Z-B (i.e., Z-N or Z-As, Z = C, Si, Ge, in A)

Complex Z-B Eint Ebin BSSE Edef
CF4—NH3 3.658 -11 -11 0.3 0.0
CF4—(NH3), 1.658 -29.1 90.1 3.0 119.2
CF,~(NHjs), * 1.658 ~76.8 91.9 6.5 168.7
SiF4-NHj3 2.072 —29.6 -85 2.5 21.1
SiF,—(NHj3), 1.940 —444 —14.7 24 29.7
SiF4—~(NH3), * 1.940 -93.9 —23.7 4.4 70.2
GeF4,—NHj3 2.080 —33.8 —16.2 4.7 17.6
GeF;—(NHs), 1.997 —424 -19.2 49 232
GeF4—~(NH3), * 1.997 -90.5 —34.2 10.9 56.3
GeF4—AsH; 3.399 -28 -1.8 1.9 1.0
GeF4—~(AsH3), 2.543 -223 10.3 5.1 326
GeFs—(AsH3), * 2.543 —48.1 11.5 10.1 59.6

* Interaction and binding energies are related to three components (see text for explanation).
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The C < Si < Ge order of an increase of the electrostatic potential at the tetrel centre for the tetrel
tetrafluorides is observed with the following EP maxima: +0.034, +0.072 and +0.086 au, respectively
(Table S2), which is in agreement with the above-mentioned increase of the strength of interaction
between the ZF; and NHj species. It is worth mentioning that, in complexes with one ligand (Figure 1),
there are three linearly located N(As)-Z-F atoms while the ZF3 central part is not planar like for
the perfect trigonal bipyramidal geometry. The order of an increase of Ey;,, values for the ZF,—NHj3
complexes is the same as for Ejn;.

One can see large E4ef values for the SiF4-NHj; and GeF4—NHj; complexes, equal to 21.1 and
17.6 kcal/mol, respectively; these values correspond to large geometrical changes being a result of
complexation. Figure 3 defines the x-angle which for the ZF, species not involved in any interaction
should be equal to 70.5° corresponding to the perfect tetrahedral geometry. However, this angle
increases with the increase of a strength of interaction with the Lewis base centre. It was justified that
the tetrel bond may be considered as a preliminary stage of the SN2 reaction [12]; x-angle is equal
to 90° or nearly so for the transition state of this reaction. Figure 3 shows that « is greater for the
SiF4—NHj and GeFs-NHj3 complexes than for the CF4—-NHj3 and GeF4—AsHj3 ones; the latter complexes
are characterized by weaker interactions and lower deformation energies than the former complexes.
Table 1 also shows that the Z-N(As) distance is close to 2 A for strong interactions in the SiF,—NHj
and GeF;—NHj; complexes while this value exceeds 3 A for the CF4—-NHj3 and GeF4—AsHj3 moieties.

Complex al°]
CF....NH: 70.9
SiF....NHs 82.8
GeFs...NH; 83.2
GeFs...AsHs 73.5

Figure 3. The definition of the x-angle, the GeF;—AsHj3 complex is presented as an example, the
a-angles for complexes containing one ligand are given, this angle for all complexes with two ligands
is equal to 90° or nearly so.

Stronger Z-N(As) interactions are observed for complexes containing two ligands than for
corresponding complexes containing one ligand (Table 1, Ei,; values). The energy of interaction,
similar to the binding energy, for the complex containing two ligands refers to two components
(treated as monomers): ligand (NH3; or AsHj3) and the complex containing one ligand (ZF;—NHj
or GeF4;—AsHj3). The Ejy calculated in such a way for ZF;—(NH3), is equal to —29.1, —44.4 and
—42.4 kcal/mol for Z = C, Si and Ge, respectively; this energy for the GeF4—~(AsH3), complex is equal
to —22.3 kcal/mol. The stronger interactions for complexes with two ligands correspond to shorter
Z-N(As) distances than the corresponding distances for complexes containing one ligand (Table 1).

Table 1 shows the positive binding energies for the CF4—(NHj3); and GeF4—(AsH3), complexes.
These complexes are in energetic minima, like all systems analysed here, however the positive Ey;,
values indicate that the additional second ligand leads to the system energetically less favourable than
the reaction subtracts. Table 1 also presents, for complexes containing two ligands, the interaction
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and binding energies related to three subtracts; this means that Ey; is calculated as the difference
between the energy of the complex and the sum of energies of three components (two ligands and
ZF,;). The binding energy is also positive for the CF4—(NH3); and GeF4—(AsH3), complexes.

The « angle for all complexes with two ligands is equal to 90°, or nearly so, and the ZF, fragments
of these complexes are planar; thus there is the central ZF, fragment here with two ligands situated in
the N(As)-Z-N(As) line that corresponds to the octahedral structure (Figure 2). Structures with the
hexacoordinated tetrel centre that are not characterized by the regular octahedron are also observed.
For example, such a situation was observed for the ZF;—(CH3CN), complexes (Z = Si, Ge) where the
ZF, fragments are far from planarity and their tetrahedral structures are not distorted significantly [20].
The SiF4—(NH3), complex is another example [9] where four fluorines and two nitrogens constitute a
distorted octahedron around the silicon and the N-Si—-N angle is equal to 89°; this angle is equal to
180° for the regular octahedral conformation analysed here.

3.2. Electron Charge Shifts Resulting from Complexation—QTAIM Approach

Table 2 presents characteristics of the Z-N(As) bond critical point (BCP). The parameters of BCP
characterize an interaction considered; numerous analyses of BCPs were performed for the hydrogen
bonded systems [6,53]. For example, the electron density at BCP—ppcp often correlates with the
strength of the corresponding interaction that is usually expressed by the interaction or binding
energy [53]. The latter correlations are usually observed for homogenous samples of complexes and for
interactions between pairs of the same type atoms. For the Z-N(As) contacts analysed here the Z-centre
concerns different Group 14 elements; however, one can see (Table 2) that the Z-N(As) ppcp is greater
for complexes containing two ligands than for corresponding complexes with one ligand. This is in
line with the strength of interactions that are stronger for complexes with two ligands. Two Z-N(As)
BCPs for each complex with two ligands are equivalent due to the symmetry of these species. There are
the lowest ppcp values of 0.003 and 0.012 au for the CF;—NHj and GeF4—AsH3 complexes where the
weakest interactions are observed (Table 1).

Table 2. The QTAIM characteristics (in au) of the Z-N(As) BCP (Z = C, Si, Ge); electron density at
BCP, ppcp, its Laplacian, V2pgcp, the total electron energy density at BCP, Hpcp, the potential electron
energy density at BCP, Vpcp, the kinetic electron energy density at BCP, Gpcp.

Complex PBCP Vecp Ggcp Hgcp  VZpgep
CF4—NHj3 * 0.003 —0.002 0.002 0.001 0.012
CF,~(NHz), 0.183 0211 0069  —0.142  —0.292
SiF,~NHj 0.062 —0.098 0.074 —0.024 0.200
SiF,~(NHs), 0.081 —0147 0113  —0033 0319
GeF4—NHj3 0.083 -0.117 0.081 —0.036 0.184
GeF,~(NHs), 0.098 —0153 0106  —0.047 0235
GeF4;—AsHj; 0.012 —0.006 0.006 0.000 0.026

GeF4—(AsHs), 0062  —0052 0028  —0.025 0012

* Concerns one of three F-N contacts.

The negative Laplacian of the electron density at BCP, V2ppcp, indicates the electron density
concentration in the inter-atomic region that corresponds to a covalent bond [44,45]. On the other
hand, the positive Laplacian value shows the depletion of the electron density that corresponds to the
closed-shell interaction. Table 2 shows the negative Laplacian only for C-N contacts in the CF;—(NH3),
complex. For the latter complex, the negative values of V2ppcp for C-F bonds are also observed
(Table S3 presents BCP characteristics of the Z-F bond). Thus, according to the QTAIM approach,
there is a hexavalent carbon centre in the CF;—(NHj3), complex. The negative V2 ppcp is also observed
for C-F bonds in the CF4—NHj3 complex (Table S3); however, the C-N bond path is not observed there
(Figure 1).
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For numerous molecular systems V2ppcp > 0 and Hpcp < 0; it was stated that these relations
are a sufficient condition to classify any interaction as a covalent bond or at least as an interaction
partly covalent in nature [54-56]. Table 2 shows the negative Hgcp values for the Z-N(As) contacts for
almost all complexes analysed here, except for the CF4;—NHj; complex, where the C-N bond path is not
observed, and the GeF4—AsHj3 complex; both complexes are weakly bonded since the Hpcp values for
BCPs of the F-N and Ge—-As bond paths, respectively, are positive and close to zero. Table S3 shows
the negative V2ppcp values for the C-F bonds for complexes of the CFy species; for all remaining
complexes, the Z-F V2ppcp and Hpcp values are positive and negative, respectively, which means that,
according to the QTAIM approach, only for the CF4—(NHj3), complex the hypervalency (hexavalent
carbon) is observed without any doubt; for the CF;—NHj3; and GeF4—AsHj3 complexes the carbon
and germanium centres are tetravalent ones while for the remaining species the negative Hpcp
values show that this phenomenon may be taken into account. To illustrate the above situation,

Figure 4 shows the molecular graphs with the reactive surfaces (V2p(r) = 0) for the CF4—(NH3), and
SiF;—(NHs), complexes.

gi;

[
P
|
|
e
|
i
|
|

a

() (d)

Figure 4. The molecular graph of the: CF4—(NH3), complex (a,b); and the SiF4—(NH3), complex (c,d).
Solid lines correspond to bond paths, big circles to attractors and small green circles to BCPs; the reactive
surfaces based on the Laplacian of electron density (V 2p(r) = 0 isosurfaces (a,c)) and based on the total
electron energy density (H(r) = 0 isosurfeces (b,d)).

The areas closed by these surfaces are regions of the electron density concentration. One can see
that for the CF4—(NH3), complex the N-C-N line (i.e., both N-C contacts) is located in the region of
the negative Laplacian, also the BCPs of all C-F bonds are located in such regions, thus the hexavalent
C-centre is observed for this complex. For the SiF4—(NHjz); complex, all BCPs, corresponding to
the Si-N contacts and to the Si-F bonds, are located in regions of the positive Laplacian; however,
as described earlier here, all corresponding Hpcp values are negative. On the other hand, for both
complexes presented in Figure 4, all fluorine centres with their spheres of the negative Laplacian are
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separated from the remaining parts of complexes, which may suggest the strong polarization of Z-F
bonds, as is discussed below. Figure 4 also presents the reactive surfaces based on the total electron
energy densities (H(r) = 0) where for both CF4;—(INH3), and SiF;—(NH3), complexes all Z-F and Z-N
links are located in regions of the negative H-values. This means that the sharp criterion of covalency
based on the negative Laplacian leads to the conclusion that the carbon in the CF4—(NH3); is hexavalent
but the silicon in the SiF4—~(NHj3), complex is not. However, if the criterion of covalency based on the
negative H-value is applied to the carbon and silicon centres, the above-mentioned complexes are
hexavalent ones. It is worth mentioning that the covalency of Si-N interactions for the SiF4—(NH3);
complex were suggested early on [18]. However, this analysis was based only on the energetic and
geometric parameters resulting from ab initio MO calculations with the use of not saturated STO-3G
and STO-6G basis sets [18].

3.3. Electron Charge Shifts Resulting from Complexation—NBO Approach

Table 3 presents NBO parameters for the ZF; monomers and for their complexes with one and
two ligands; the NBO charges and the polarizations of Z-F bonds and of Z-N(As) contacts (denoted
as PLs) are presented; the Z-F bond lengths are also included. Qzgs4 is the NBO charge of the ZF,
moiety; for isolated monomers, it is equal to zero but in complexes the ZF, species withdraws the
electron density from ligands due to its Lewis acid properties. More negatively charged ZF, fragment
is observed for complexes containing two ligands than for the corresponding complexes with one
ligand. For the CF;—NHj3; and GeF4—AsH3 complexes characterized by the weakest interactions, the
lowest electron density transfer is observed; even for the former complex, such transfer is not observed
which may support previous conclusions that this complex is stable due to weak dispersive forces.
Qg is the fluorine charge in the ZF, fragment. For the ZF; monomers and for the complexes with two
ligands, all F-atoms in the species considered possess the same atomic charge due to the symmetry
constraints. The situation is different for complexes with one ligand where the F-atom located in
F-Z-N(As) line possesses slightly different charge than the remaining F-atoms (Table 3).

For the T4 symmetry isolated CFy species, all F-centres possess the charge of —0.316 au, while, in
the CF4—NHj; complex where the electron charge density transfer from the NHj ligand is not observed,
the charge for F-atom situated in the F-C-N line is equal to —0.358 au while the charges of remaining
F-atoms are equal to —0.349 au. Additionally, the carbon centre in this complex possesses the charge
amounting +1.404 au while for the isolated CF4 species it is equal to +1.264 au, which means that, in
the CF;—NHj; complex, despite the lack of intermolecular electron charge density shift from NHj to
CF4 (Qcps = 0), the electron density redistribution within CF, is observed, showing the significance of
polarization effects. One can see that the increase of the positive charge of the Z centre in the complex in
comparison with the isolated ZF, species is observed for all complexes containing one ligand (Table 3).
For complexes with two ligands, the decrease of the positive charge of Z-centre is observed—this
charge is lower than for complexes with one ligand and even lower than for the corresponding isolated
ZF, molecules.
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Table 3. The NBO characteristics; charges (in au) and polarizations (percentage of the electron density
at Z-centre, Z = C, Si, Ge); and the Z-F bond lengths (A) are also included. Qzgs, the charge of the ZF,
moiety; Qp, the charge of the F-atom; Q, the charge of Z-centre; PLp, polarization of the Z-F bond;
and PLzg, polarization of the Z-B (B = N, As) contact.

Moiety Qzr4 Qf * Qz PLzr * Z-F* PLzg
CF, 0 —0.316 1.264 28.7 1.321 not applied
CF4—NHj; 0 —0.349 (—0.358) 1.404 28.7 (28.5) 1.319 (1.327) no occurrence
CF4—(NHs), —1.111 —0.522 0.977 17.7 1.559 22.8
SiFy 0 —0.634 2.537 12.4 1.574 not applied
SiF4—NH3 —0.163 -0.692 (—0.696) 2.608 11.1(10.4) 1.610 (1.612) 6.8
SiF;—(NHs), —0.467 -0.717 2.399 9.7 1.675 9.7
GeFy 0 —0.628 2.511 13.5 1.687 not applied
GeF,—NHj; —0.183 —0.706 (—0.704) 2.640 10.9 (10.2) 1.724 (1.719) 7.0
GeF4—(NHj3); —0.465 —0.735 2.476 8.5 1.776 8.8
GeF4—AsHj3 —0.017 —0.684 (—0.691) 2.727 12.7 (12.4) 1.691 (1.694) no occurrence
GeFs—-(AsHsz), —0.738 —0.733 2.195 8.5 1.769 14.9

* The Z-F bond length, its polarization (PLzg), and the F-charge (Qr) of the bond situated approximately at the
F-Z-N(As) line are given in parentheses.

The increase of the positive charge of Z-centre and the increase of the negative charge of
F-atom situated in the F-Z-N line shows the mechanism corresponding to that one occurring
for the A-H-B hydrogen bond formation [47,57]. In the case of the A-H-B hydrogen bond,
the complexation usually leads to the increase of the positive charge of H-atom and to the increase
of the negative charge of A-centre [47]; this is connected with two mechanisms steering the H-bond
formation; the hyperconjugative A-H bond weakening and the rehybridization-promoted A-H bond
strengthening [57].

Table 3 presents bond polarizations calculated as the percentage of the electron density at the
Z-centre—it concerns Z-N/As contacts as well as Z-F bonds. It is interesting that most Z-N(As)
contacts are classified as covalent bonds within NBO approach since the Z-N(As) bond orbitals are
observed here; only for two complexes characterized by the weakest interactions, CF4—NH3 and
GeF4—AsH3, such orbitals are not observed. The polarizations of these Z-N(As) bonds within NBO
approach show a large electron density shift to N(As)-atoms, the lowest shift but still significant is
observed for the CF4—~(INH3); complex where polarization amounts 22.8%. The significant electron
density shifts from Z-centres to F-atoms are also detected for Z-F bonds with the lowest shifts for the
CF4;—NHj3 complex; the C-F bond polarizations are close here to 29%.

One can see that the F-Z-N/As tetrel bonds analysed here are classified as strong ones
characterized by the significant contribution of covalency. The latter is confirmed by the NBO and
QTAIM approaches, most of interactions may be even classified as strongly polarized covalent bonds.
For weaker A-Z-B tetrel bonds analysed previously the most important n(B) — o*57 orbital-orbital
interaction is observed [12], where B is the electron donating Lewis base centre while Z is the tetrel
atom connected with any A-centre. This is the overlap between the lone pair B-orbital, n(B), and the
antibonding A-Z orbital, 0*5z. The analogue situation occurs for the A-H-B hydrogen bond where the
n(B) — o*apy orbital-orbital interaction is a signature of the H-bond formation [47,57].

For two complexes analysed here, where Z-N(As) bond orbitals were not detected, the following
situation is observed. For the CF4—NHj3; complex, the orbital-orbital interactions between CF4 and
NHj are not detected at all. This corresponds to the weak intermolecular interaction and to the lack of
the intermolecular electron charge density shift (Table 3). For the GeF4—AsHj3 complex, the strongest
orbital-orbital interaction of 2.4 kcal/mol occurs for the n(As) — n*(Ge) overlap. One can see that the
orbital-orbital interactions for the CF4,—NHj3; and GeF4—AsHj3 complexes do not follow the typical tetrel
bonds [12].
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3.4. ZF; Moiety in Crystal Structures

Cambridge Structural Database (CSD) [58] searches were performed. The following search criteria
were used: no disordered structures, no structures with unresolved errors, no powder structures,
no polymeric structures, and R < 7.5%.

To analyse systems structurally close to the complexes described here, searches for CFy, SiF, and
GeF, species connected with two Lewis base ligands were performed. Hence, for the above tetrel
centres, additional contacts with the Groups 15 and 16 elements were searched. In other words,
the following fragments were considered: CF4L'L?, SiF,L!'1.2 and GeF4L'L? where L! and L? are
any ligands attached to C, Si or Ge by atoms of the Groups 15 and/or 16 element. Carbon CF4L!'L2
structures were not found; nine silicon centre crystal structures were found; and 13 germanium
centre crystal structures were found. Figure 5 presents few examples of such structures with the
corresponding Refcodes.

DOWNIM TIVVUQ

HUMCOHO01 MEQZEN

Figure 5. Examples of crystal structures containing hexacoordinated Si or Ge centre, the SiF4L!L? and
GeF,L'1? arrangements are considered (L! and L>—ligands connected with Si or Ge by the Groups 15
and 16 element); the Cambridge Structural Database Refcodes are shown.
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For the silicon structures in three cases, the non-fluorine ligands are situated in axial positions,
like for the SiF4-(NH3), conformation analysed in this study. For the remaining six silicon structures the
lig-Si-lig angle (lig designates the Lewis base ligand centre) is close to 90° (Figure 5, DOWNIM Refcode
is an example) like for the SiF4-(NHs3), conformer reported by Politzer and co-workers [9]. However,
all nine silicon structures are perfect octahedrons or nearly so. For the germanium structures, in six
cases the non-fluorine ligands are situated in axial positions (Figure 5, HUMCOHO01 and MEQZEN)
while for the remaining seven structures the lig-Ge-lig angle is close to 90° (Figure 5, TIVVUG).
Similar to the silicon structures for the Ge-complexes with axial position of non-fluorine ligands,
almost perfect octahedron is observed, while, for the remaining germanium complexes, it is deformed
octahedron but only slightly.

4. Conclusions

The most important conclusion arises that the hypervalent tetrel centres are detected for almost all
complexes analysed here, the CF4—NHj3 and GeF4—AsHj; complexes are the only exceptions (here the
tetrel centre is tetravalent). This conclusion is based on the total electron energy densities at BCPs,
Hpgcps (QTAIM approach), and on the existence of the ligand-tetrel centre bond orbitals (NBO method).
One can observe pentavalent or hexavalent tetrel centres if complexes with one and two ligands are
analysed, respectively. However, the tetrel-ligand and Z-F bonds for these complexes are strongly
polarized, which means that a large outflow of the electron density from the tetrel atom to the bonded
centres, F-atoms and ligands, occurs. Table 3 shows the following trend of the increase of the negative
charge of F-atoms: ZF,, ZF,-ligand, and ZFs—two ligands. The latter is accompanied by the change
of the polarization of Z-F bonds, which means that the percentage of the electron density for the Z-F
bonds at the Z-centre decreases in the same order following the increase of the negative charge of
F-atom. These conclusions are in agreement with earlier statements [59,60] that, for molecules usually
classified as hypervalent, the electronegativity of ligands should be taken into account [60].

The results presented in this study reveal that complexes with two ligands which possess tetrel
centre that may be classified as hexavalent are more stable than complexes containing one ligand
where a pentavalent tetrel centre occurs. This stability is related to the electron charge density shifts,
particularly to the polarization of bonds of the Z-centre. The hexacoordinated tetrel centres (silicon and
germanium) are observed in crystal structures showing that the octahedral structure is an energetically
stable motif, which is important in crystal structure engineering.

Supplementary Materials: The following are available online at www.mdpi.com/2073-4352/7/2/43/s1.
Figure S1: The maps of the electrostatic potential (EP) calculated at the 0.001 au molecular electron density
surfaces for ZF,; red and blue colors correspond to negative and positive EP, respectively; MP2/aug-cc-pVTZ
level of calculations; Table S1: The energetic parameters (in kcal/mol); the interaction energy, Ejy, and the binding
energy, By, corrected for BSSE, the deformation energy, Egef. The tetrel—Lewis base centre distances are included,
Z-B (i.e., Z-N or Z-As; Z = C, Si, Ge, in A), Table S2: Electrostatic potential local maxima and minima for ZF,
ZF4-NHj3 and GeF4—-AsHj species (in au); for the species containing Ge and As centers these values are the same
if relativistic effects are taken into account; in a case of ZF4—~NHj3 complexes the local maximum is indicated since
the global EP maximum corresponds to H-centers, in a case of the GeF4—AsHj complex that is the global EP
maximum; the EP results for the surfaces of the electron density of 0.001 au are presented; Table S3: The QTAIM
characteristics (in au) of the Z-F bond critical point; electron density at BCP, ppcp, its laplacian, V2pgcp, the total
electron energy density at BCP, Hpcp, the potential electron energy density at BCP, Vpcp, the kinetic electron
energy density at BCP, Ggcp
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