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Abstract

The complexes formed between TX;-ZX, (T=C, Si, Ge; Z=P, As, Sb; X=F, Cl) and NH; were studied at the MP2/aug-cc-
pVTZ(PP) level. For each TX3-ZX,, two types of complex were obtained. For CX5-ZX,, NHj is inclined to approach the o-hole
on the Z atom, forming a pnicogen bond. For TX3-ZX; (T = Si and Ge), however, the base favors engaging in a tetrel bond with
the o-hole on the T atom although the corresponding pnicogen-bonded complex is also stable. When NHj3 approaches the CX3
terminal of CX3-ZX,, weak interactions are observed that may be classified as van der Waals interactions. The relative stability of
both types of complexes is not affected by the substituent X. The tetrel bond is very strong and the largest interaction energy is up
to —144 kJ mol ", Dispersion is dominant in the weak van der Waals complexes, while tetrel- and pnicogen-bonded complexes
are dominated by electrostatic interactions, with comparable contributions from polarization.

Keywords Tetrel bond - Pnicogen bond - Competition

Introduction

Non-covalent interactions play an important role in supramo-
lecular chemistry [1], molecular recognition [2], and material
science [3]. This motivates people to find and understand
more new types of non-covalent interactions. Researchers
now have a good knowledge of the formation, properties,
nature, and applications of hydrogen bonding. Besides hydro-
gen bonding, there are other types of non-covalent interactions
such as halogen bonding [4], chalcogen bonding [5, 6],
pnicogen bonding [7, 8], and tetrel bonding [9, 10], which
correspond to the interaction of a group VII-IV atom with a
base, respectively. Recently, there has been a growing focus
on the applications of halogen and chalcogen bonding inter-
actions since their formation, properties, and nature are now
deeply understood. In contrast, pnicogen and tetrel bonding
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interactions still require much attention to understand their
formation, properties, and nature in different systems [11-21].

The pnicogen atom in pnicogen bonding and the tetrel at-
om in tetrel bonding have a similarity in their hybridization.
Specially, they can be sp>- and sp*-hybridized, and the corre-
sponding acidic centers are called o-hole and 7-hole, respec-
tively. The o-hole refers to a region with positive molecular
electrostatic potential (MEP) at the end of a covalent bond
[22], while the 7t-hole is vertical to the plane of a molecular
framework or a group [23]. For a given base, the 7t-hole inter-
action is usually stronger than the o-hole interaction in most
cases. The MEP on a o-hole is greater for a heavier pnicogen/
tetrel atom [24, 25], and it is further magnified when the
pnicogen/tetrel atom adjoins with strong electron-
withdrawing groups [26, 27]. On the other hand, the sp>-hy-
bridized pnicogen and tetrel atoms show some difference in
the formation of a o-hole interaction. The sp>-hybridized tetrel
atom is tetravalent with four atoms/groups, which would hin-
der a base from approaching the tetrel atom. To facilitate the
approach, the tetrahedral structure of the tetrel donor molecule
deforms to resemble a trigonal bipyramid to a certain extent.
This phenomenon is particularly prominent in silicon-
containing compounds in tetrel bonding. A similar hindrance
does often not occur in pnicogen-bonded complexes. The sp’-
hybridized pnicogen atom, however, possesses a lone pair that
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would cause repulsion with a base, which affects the direc-
tionality of pnicogen bonding.

Researchers are interested in comparing the strength of
different non-covalent interactions [28—42] since this can hint
at competition and molecular recognition in chemical and bi-
ological systems. The o-hole tetrel bond was compared with
hydrogen bonds in complexes of HArF with TH;X (X = hal-
ogen, T=C and Si) [37], halogen bonds in complexes of
DMSO with TF;X (T = C and Si; X = halogen) [38], and chal-
cogen bonds in complexes of N-methylacetamide with some
cationic sulfur-containing compounds [39]. The o-hole
pnicogen bond was compared with hydrogen bonds in com-
plexes of ZH,* (Z=N, P, As) and their fluoro derivatives with
HCN or LiCN [40], halogen bonds in complexes of HOX
(X =halogen) with PH,Y (Y =H, F, Cl, Br, CH;, NH,, OH,
and NO,) [41], and chalcogen bonds in complexes of XHS-
PH,X (X=F, Cl, CCH, COH, CH;, OH, OCH; and NH,)
[42]. Their relative strength depends on the nature of the acid
center and its substituents as well as the identity of the base.
However, studies performed to compare o-hole pnicogen
bonds and o-hole tetrel bonds are scarce.

In this work, the complexes of a perfluoro or a perchloro
molecule TX5-ZX, (T=C, Si, Ge; Z=P, As, Sb; X=F, Cl)
with NH; were used to study competition between o-hole
pnicogen and o-hole tetrel bonds. NH; often serves as a base
in studying non-covalent interactions. Here, we selected
perfluoromethylphosphine CX5-PX, to interact with NHj.
For comparison, its heavy analogues were also studied. The
corresponding diagrams and designations are shown in Fig. 1.
Are there two interaction modes between the two molecules?
Which interaction mode is stronger? Is one interaction mode
always stronger than other mode, regardless of substituents?
How does their relative strength rely on the nature of tetrel and
pnicogen? What is the origin of both interactions? This work
attempts to answer these questions by means of quantum
chemical calculations.

Methods

All complexes and isolated molecules were optimized using
second-order Moller—Plesset perturbation theory (MP2) [43]
and the Dunning-type aug-cc-pVTZ basis set [44]. For Sb, the
aug-cc-pVTZ-PP pseudopotential was used to incorporate rela-
tivistic effects. Frequency calculations were carried out at the
same computational level to confirm that the obtained structures
corresponded to energetic minima. The interaction energy (AF)
of the complex was calculated as a difference between the energy
of the complex and the sum of energies of the monomers with
their geometries frozen in the complex. The interaction energies
were corrected for the basis set superposition error (BSSE) by the
standard counterpoise method [45]. All calculations were per-
formed with the Gaussian 09 set of codes [46].
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The MEP maps of TX5-ZX, were plotted at the 0.001 au
isodensity surfaces using the wave function analysis-surface
analysis suite (WFA-SAS) program [47]. The quantum theory
of atoms in molecules (QTAIM) [48] was utilized to analyze
bond critical points (BCPs) in terms of electron density, its
Laplacian, and total energy density. The QTAIM calculations
were performed with the use of the AIM2000 program [49].
Non-covalent interaction (NCI) maps were plotted using the
VMD program [50]. Natural bond orbital (NBO) analysis was
performed via NBO 3.1 program [51] implemented in
Gaussian 09 to obtain charge transfer at the HF/aug-cc-
pVTZ(PP) level. Energy decomposition analysis (EDA) was
performed at the MP2/aug-cc-pVTZ(PP) level with the local-
ized molecular orbital energy decomposition analysis
(LMOEDA) method [52] using the GAMESS program [53].
This method decomposed the interaction energy into five
terms including electrostatic (ES), exchange (EX), repulsion
(REP), polarization (POL), and dispersion (DISP).

Results and discussion
MEPs of TX5-ZX,

Figure 2 shows the MEP maps of TX3-ZX,. Red regions with
positive MEPs (o-holes) are found at the both ends of the T-Z
bond. The o-holes on the T and Z atoms are thus able to engage
in a o-hole tetrel bond (TB) and a o-hole pnicogen bond (ZB)
with NHjs, respectively. The most positive MEPs (V,,,,,) on the
tetrel and pnicogen atoms in TX3-ZX, are collected in Table 1.
Generally, some regular variations are obtained. For a given TXj,
the MEP of the o-hole on the Z atom is larger for the heavier
pnicogen atom. This is attributed primarily to the smaller elec-
tronegativity and the larger polarization of the heavier pnicogen
atom. For a given ZX,, however, the MEP of the o-hole on the T
atom is larger in the order T = C < Ge < Si, which is inconsistent
with the order in the periodic table. Even so, it accords with the
change of the T electronegativity. Whether the o-hole on the T
atom or the o-hole on the Z atom, their MEPs are greater when
they adjoin with the stronger electron-withdrawing group F. On
the other hand, some irregular changes are observed. The MEP
of the o-hole on the C atom is larger from CX3-PX; to CX5-
SbX; to TCX;-AsX,, while the MEP of the o-hole on the heavi-
er tetrel atom increases in the sequence of TX3-SbX, < TX5-
AsX, < TX3-PX,. The former disagrees with the pnicogen elec-
tronegativity. The MEP of the o-hole on the C and Ge atoms is
much smaller than that on the Z atom, while the MEP of the o-
hole on the Si atom is larger than that on the Z atom except in the
case of SiCl3—SbCl,. Both types of o-holes are able to participate
in a tetrel bond and a pnicogen bond with NH;. However, the
corresponding tetrel-bonded complexes are not obtained for
CX3—ZX,. This was often reported in the complexes involving
—CF; group [17].
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Fig. 1 Diagrams of two types of
complex between TX3-ZX, and
NH;

HB-1: T=C, Z=P, X=F

1: T=C, Z=P, X=F
HB-2: T=C, Z=As, X=F ZB 2: T=C, Z=As, X=F
1B L C.Z b E R ZB-3: T=C, Z=Sb, X=F
BB L0 20 ZB-4: T=C, Z=P, X=Cl
R i ZB-5: T=C, Z=As, X=Cl
e e ZB-6: T=C, Z=Sb X=Cl

ZB-7: T=S1, Z=P, X=F
ZB-8: T=S1Z=As, X=F
ZB-9: T=S1, Z=Sb, X=F
} ZB-10: T=S1, Z=P, X=Cl
ZB-11: T=S1, Z=As, X=Cl
ZB-12: T=S1, Z=Sb X=Cl
7ZB-13: T=Ge, Z=P, X=F

TB-1: T=Si, Z=P, X=F bty el i

ZB-15: T=Ge, Z=Sb, X=F
TB-2: T=Si Z=As, X=F 7B-16: T=Go. Z=P X=Cl
TB-3: T=Si, Z=Sb, X=F 7B-17: T=Ge. Z=As, X=Cl
TB-4: T=Si, Z=P, X=Cl ZB-18: T=Ge, Z=Sb X=Cl
TB-5: T=Si, Z=As, X=Cl ' ’

TB-6: T=S1, Z=Sb X=Cl
TB-7: T=Ge, Z=P, X=F
TB-8: T=Ge, Z=As, X=F
TB-9: T=Ge, Z=Sb, X=F
TB-10: T=Ge, Z=P, X=Cl
TB-11: T=Ge, Z=As, X=Cl
TB-12: T=Ge, Z=Sb X=Cl

Interaction energy and geometries withdrawing group F corresponds to a stronger pnicogen

bond. The strength of pnicogen bond is also related to the
Table 2 presents the interaction energies of both types of com-  TXj3 group, increasing from SiX; to CX3 to GeXs.
plexes. The interaction energy of pnicogen bond varies in a ~ Comparison for the interaction energy of the pnicogen bond
wide range of 15-68 kJ mol . The pnicogen bond is stronger ~ and the positive MEP on the Z atom shows that they have a
for the heavier pnicogen atom. The stronger electron-  consistent change, confirming the role of electrostatic

Fig. 2 Molecular electrostatic
potential (MEP) maps of TX3—
7ZX, (T=C,Si, Ge; Z=P, As, Sb;
X =F, Cl). Color ranges

(kJ mol ): red > 52.51, yellow
between 52.51 and 0, green
between 0 and — 13.13, blue <
—13.13.
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Table 1 The most positive molecular electrostatic potentials (MEPs;
Vinaxs KJ mol ™) on the tetrel (T) and pnicogen (Z) atoms in TX;-ZX,

Molecule T= Z= X= Vinax.T Vinaxz
CF5-PF, C P F 30.76 147.58
CF;-AsF, C As F 73.07 189.57
CF5-SbF, C Sb F 51.32 221.69
CCl;-PCl, C P Cl 43.45 111.26
CCl;-AsCl, C As Cl 45.83 132.78
CCl3-SbCl, C Sb Cl 39.49 172.75
SiF;—PF, Si P F 212.01 142.04
SiF;-AsF, Si As F 210.98 149.91
SiF;—SbF, Si Sb F 188.10 184.21
SiCl;-PCl, Si P Cl 110.81 91.67
SiCl;-AsCl, Si As Cl 110.18 105.11
SiCl;-SbCl, Si Sb Cl 100.29 140.44
GeF5-PF, Ge P F 185.72 188.92
GeF5-AsF, Ge As F 185.04 198.19
GeF5-SbF, Ge Sb F 158.23 23441
GeCl;—PCl, Ge P Cl 110.36 112.06
GeCl;-AsCl, Ge As Cl 107.51 127.98
GeCl;—SbCl, Ge Sb Cl 93.15 166.79

interaction in the formation of a pnicogen bond. The interac-
tion energy of tetrel bond is comparable for the SiF5 and GeF;
donors, whereas it has a larger difference for the SiCl; and
GeCly donors. GeCly forms a stronger tetrel bond than SiCl,
when ZX; is PCl,, but the reverse result is obtained for AsCl,

Table2 Interaction energy (AE, kJ molfl), binding distance (R, A), and
charge transfer (CT, e) in the complexes
AE R CT AE R CT

HB-1 -3.61 3570 -0.002 ZB-1 -21.84 2.763 0.023
HB-2 -3.79 3540 -0.002 ZB-2 -31.01 2.634 0.043
HB-3 -247 3.638 -0.002 ZB-3 —56.06 2.480 0.095
HB-4 =559 3933 -0.002 ZB-4 -—17.44 2907 0.024
HB-5 -6.17 3711 -0.001 ZB-5 —2448 2.785 0.040
HB-6 —-433 3787 -0.002 ZB-6 —4259 2610 0.083
TB-1 —139.72 2.038 0.170 ZB-7 -1690 2.862 0.016
TB-2 —14347 2031 0.173 ZB-8 —24.62 2.747 0.029
TB-3  —140.27 2.033 0.172 ZB-9 —54.19 2461 0.104
TB-4 -90.42 2013 0.197 ZB-10 -15.15 3.018 0.011
TB-5 —133.23 2.006 0.198 ZB-11 -19.35 2.933 0.018
TB-6 —135.15 2.001 0.199 ZB-12 -33.88 2.716 0.060
TB-7 —142.07 2.058 0.191 ZB-13 -28.08 2.612 0.043
TB-8 —143.87 2.056 0.190 ZB-14 -39.52 2.514 0.067
TB-9 —141.63 2.055 0.189 ZB-15 -6836 2423 0.113
TB-10 —111.03 2.092 0.198 ZB-16 -19.62 2.876 0.021
TB-11 -113.74 2.084 0200 ZB-17 -2529 2.788 0.033
TB-12 -117.66 2.074 0202 ZB-18 —43.71 2.606 0.081
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and SbCl,. The dependence of tetrel bonding energy on the Z
atom is irregular for X = F; however, it increases for the heavi-
er pnicogen atom if X =Cl. The interaction energy is very
small in HB-1 to HB-6, where more than one interaction is
present according to the following AIM and NCI analyses.
That is, each interaction in HB-1 to HB-6 is actually very
weak and its interaction energy may be in a range of van der
Waals interactions, supported also by the long distance. CCly—
ZX, has more stability than the CF;—ZX, analogue.

For CX3-ZX,, the pnicogen-bonded complex is more sta-
ble than its van der Waals counterpart. Namely, the former is
dominant for CX3—ZX,. For TX3—ZX, (T=Si and Ge), the
tetrel-bonded complex shows greater larger stability than the
pnicogen-bonded analogue. This result is incompletely con-
sistent with the positive MEPs on the T and Z atoms. For
example, the MEP of the o-hole on the Ge atom is smaller
than that on the Sb atom in GeCl;—SbCl,; however, the cor-
responding tetrel bond is stronger than the pnicogen bond. We
partly ascribe it to the larger deformation of TX5 in tetrel
bonds, witnessed by the angle change in Table S1. The
pnicogen bond is always stronger than van der Waals interac-
tion for CX3-ZX,, while the tetrel bond is always stronger
than the pnicogen bond for TX5—ZX, (T = Si and Ge), regard-
less of substituents. Their relative strength does not rely on the
nature of tetrel and pnicogen atoms.

The interaction energy was calculated to be less than
19 kJ mol " in F5P---NH; and Cl5P---NH; [54]. This value
is comparable with that in TX3—ZX,--*NHj. That is, the
electron-withdrawing ability is similar for F and TXj. The
interaction energy was 44.27 and 70.10 kJ mol ' in
F4Si--"NH; and F4Ge'--NHjs, respectively [20]. It is much
smaller than that in NH;* - TX3-ZX, (T = Si and Ge), indicat-
ing that the ZX, group has a larger electron-withdrawing abil-
ity than F.

For the van der Waals complexes, the C---N distance is
listed in Table 2 since there is more than one interaction.
The Si/Ge:--N distance is shorter than 2.1 A, much smaller
than the sum of the van der Waals radii of both atoms. In spite
of the smaller atomic radius of Z, the Z--*N distance is much
longer than the T---N distance due to the weaker pnicogen
bond.

In the van der Waals complexes, the angle Z-T—X has a
slight change (Table S1). However, this angle shrinks greatly
in the tetrel-bonded complexes (by more than 13°). For the
pnicogen-bonded complexes, the angle T-Z—X also has an
observed shrink with one exception in ZB-1. The shrink of
both the angle Z-T-X in the tetrel-bonded complex and the
angle T-Z-X in the pnicogen-bonded complex increases in
the order Z=P < As < Sb for the given T and X. The larger
angle shrink corresponds to the larger deformation of TX;—
ZX, monomer in the complexes, implying the larger contri-
bution of deformation energy in stabilizing the complex.
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Fig. 3 Atoms in molecules (AIM) diagrams of three types of complexes

The complexation leads to charge transfer (Table 2). In HB-
1 to HB-6, charge transfer is negative, indicating that it moves
from CX;3-ZX, to NH;3. However, it is very small and close to
zero in HB-1 to HB-6, thus it may not provide reliable infor-
mation for the presence of any complex. Charge transfer is
very large in the tetrel bond (>0.17e). Interestingly, the
TCl—ZCl, (T = Si and Ge) complex has larger charge transfer
than the TF3;—ZF, counterpart despite the weaker tetrel bond in
the former. The charge transfer in the pnicogen bond is much
smaller than that in the tetrel bond, and it shows a linear
relationship with the interaction energy (Fig. S1).

Topological analyses

AIM analysis, to a great extent, provides reliable information for
the presence of non-covalent interactions by revealing the exis-
tence of a BCP between two molecules. Figure 3 shows the
AIM diagrams of three representative complexes. For HB-4,

there are two Cl---H BCPs and one Cl-- ‘N BCP. However, this
does not necessarily imply the existence of any directional in-
teraction since AIM bond paths are not infallible indicators of
bonds, as some have pointed out [55, 56]. For TB-4, a N---Si
bond path is used to characterize the N---Si tetrel bond. For ZB-
4, the pnicogen bond is featured with a N---P path with a curve
near the P atom. Bond paths in other tetrel- and pnicogen-
bonded complexes are similar, but they have some differences
in van der Waals complexes.

Table 3 presents the electron density, Laplacian and energy
density at the intermolecular BCP. The electron density at the
H---X BCP is very small (<0.006 au), and the three terms are
positive. This indicates that the van der Waals interaction is very
weak, corresponding to a closed-shell interaction. For the Si/
Ge" "N BCP, the electron density is very large (>0.06 au) with
positive Laplacian and negative energy density. This confirms
that the tetrel bond is very strong with a nature of a partially
covalent interaction [57]. The electron density at the Z---N BCP
varies from 0.0144 to 0.1180 au, the corresponding Laplacian is
positive, and the energy density is negative in most complexes.
This implies that most pnicogen bonds are also strong and have
properties of a partially covalent interaction. For most P---N
pnicogen bonds excluding ZB-1 and HB-13, the energy density
is positive, corresponding to a closed-shell interaction. For tetrel
and pnicogen bonds, different correlations between the electron
density and the binding distance are found (Fig. S2).

Relative to the AIM diagrams, NCI maps are more intuitive
when studying non-covalent interactions. Figures 4 and 5 are

Table 3  Electron density (p, au), Laplacian (Vzp, au), and energy
density (H, au) at the intermolecular bond critical point (BCP) in the
complexes

P Vo H P Voo H
HB-1 00050 00231 0.0011 ZB-1 0.0220 0.0518 —0.0005
HB2 00029 00130 0.0007 ZB2 0.0300 0.0614 —0.0026
HB-3 00051 0.0229 00011 ZB3 0.0467 0.1033 —0.0090
HB-4 00034 00120 0.0007 ZB4 0.0175 00481 0.0007
HB-5 00039 00145 0.0009 ZB-5 0.0233 00572 —0.0003
HB-6 00057 0.0218 00011 ZB6 0.0375 0.0811 —0.0050
TB-1 00647 02634 —0.0210 ZB-7 0.0183 00469 0.0003

TB-2 0.0658 0.2696 —0.0215 ZB-8
TB-3  0.0655 0.2689 -0.0211 ZB-9

0.0243 0.0552 —0.0008
0.0485 0.1083 —0.0098

TB-4 0.0726 0.2687 —0.0269 ZB-10 0.0144 0.0417 0.0010
TB-5 0.0736 0.2750 —0.0273 ZB-11 0.0258 0.0573 —0.0012
TB-6 0.0743 0.2803 -0.0274 ZB-12 0.0309 0.0675 —0.0027
TB-7 0.0857 0.2436 —0.0350 ZB-13 0.0304 0.0596 —0.0029
TB-8 0.0862 0.2459 -0.0353 ZB-14 0.0389 0.0668 —0.0061
TB-9 0.0861 0.2475 -0.0350 ZB-15 0.0527 0.1180 —0.0117

TB-10 0.0819 0.2087 —0.0325 ZB-16 0.0191 0.0509  0.0005
TB-11 0.0833 0.2137 -0.0335 ZB-17 0.0238 0.0577 -0.0003
TB-12 0.0852 0.2202 —0.0347 ZB-18 0.0381 0.0808 —0.0053
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Fig. 4 Non-covalent interaction
(NCI) diagrams of van der Waals
and tetrel-bonded complexes.
Interactions: Red Strong
repulsion, blue strong attractive,
other areas weak attractive

HB-6

the NCI maps of both types of complex. In HB-1 to HB-6, there
are at least three green regions between the two molecules,
corresponding to three interactions. However, each interaction
in these complexes is much weaker since the total interaction
energy is less than 7 kJ mol ' in HB-1 to HB-6. The green
regions in HB-4,5,6 are larger than those in HB-1,2,3, consis-
tent with the larger interaction energy in the former. For TB-
1,2,3, the region between the Si and N atoms is very similar,
characterized with different colors, where blue corresponds to a
strong interaction. For TB-4,5,6, an irregular region with differ-
ent colors surrounds the Si atom. The Ge'*'N interaction is
characterized by different regions from the Si--N interaction.
The NClI region in the Z- - -N pnicogen bond has a similar shape
in all complexes. For the Sb-- N pnicogen bond, the NCI region
is partly blue, consistent with the stronger pnicogen bond.
One can see from Fig. 4 that the Si-Z and Ge—Z bonds
seem to be broken. Therefore, we focus on the comparison
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for their bond length with the Si--*N and Ge'*'N distances.
The Si—Z and Ge-Z bond lengths are 2.31-2.60 and 2.36—
2.64 A, respectively. Clearly, they are longer than the Si-**N
and Ge---N distances. However, the Si—Z and Ge-Z bond
lengths are 2.28-2.60 A and 2.33-2.65 A, respectively, in
the monomers. As a result, the illusion of the Si—Z and Ge—
Z bond fracture in Fig. 4 is attributed mainly to their long bond
length.

Energy decomposition

To gain a deeper understanding of the origin of interactions in
these complexes, we obtained the three attractive terms of
electrostatic, polarization and dispersion using the GAMESS
program (Table 4). For the weak van der Waals complexes, the
greatest stability comes from dispersion, particularly in the Cl-
substituted complexes where dispersion amounts to two to
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Fig. 5 NCI diagrams of
pnicogen-bonded complexes.
Interactions: Red Strong
repulsion, blue strong attractive,
other areas weak attractive

ZB-6

three times as much as electrostatic; polarization has the
smallest contribution. It should be noted that such

7B-12 7B-18

decomposed results may be meaningless and unreliable for
this weak complexes due to the possible error. For the strong

Table 4 Electrostatic (ES),

polarization (POL), and ES POL DISP ES POL DISP

dispersion (DISP) energies in the

complexes, all are in kJ mol ™! HB-1 -3.97 ~0.67 -5.39 ZB-1 ~65.96 ~24.62 ~10.37
HB-2 —4.51 -0.71 —5.56 ZB-2 —106.92 —43.47 —12.08
HB-3 -2.59 -0.67 -5.89 ZB-3 —194.58 —102.54 24.49
HB-4 —4.10 —1.46 —11.45 7ZB-4 —47.19 —-17.51 —-17.35
HB-5 —5.94 -1.92 —11.83 ZB-5 —=76.70 —29.72 —20.82
HB-6 -3.85 —2.22 —-11.70 ZB-6 —152.36 —76.33 —23.87
TB-1 —353.17 —185.05 0.08 ZB-7 —49.70 —17.72 —-11.16
TB-2 —358.60 —189.48 0.84 ZB-8 —80.76 —30.64 —13.71
TB-3 —359.02 —188.31 1.42 7ZB-9 —203.73 —-110.52 —10.66
TB-4 —417.46 —263.55 —31.22 ZB-10 —35.07 —12.58 —16.39
TB-5 —422.72 —268.27 —-30.76 ZB-11 —52.50 —18.89 —19.40
TB-6 —429.16 —273.04 —30.51 ZB-12 —119.21 —56.97 —24.75
TB-7 —399.19 —190.90 7.02 ZB-13 —94.72 —42.30 —-11.75
TB-8 —401.66 —192.70 7.32 ZB-14 —144.13 —67.34 —12.12
TB-9 —401.78 —192.78 8.49 ZB-15 —223.38 —126.57 —4.14
TB-10 —408.34 —225.64 —31.77 ZB-16 —50.33 —19.86 —19.52
TB-11 —415.49 —230.82 -31.27 ZB-17 —75.45 -30.47 —22.82
TB-12 —425.52 —239.31 —30.43 7ZB-18 —153.41 —80.30 —26.38
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tetrel-bonded complexes, electrostatic is dominant, corre-
sponding to ~60% of the total attractive energy, while polari-
zation also has an important contribution, accounting for a
third of the total attractive energy. Dispersion can be ignored
in the strong tetrel-bonded complexes and it is even positive in
the F-substituted complexes. The three attractive terms show
similar contributions in the pnicogen-bonded complexes with
those in the tetrel-bonded complexes. Of course, the relative
contribution is different for both types of complexes. For in-
stance, polarization has a larger contribution in the tetrel bond
than that in the pnicogen bond. The former is consistent with
the greater deformation in the tetrel bond. The positive disper-
sion in some systems is attributed mainly to differences in the
intra- and intermolecular correlation energy on going from
noninteracting to interacting molecules [52]. Politzer and co-
authors [58] claimed that noncovalent bonding is in nature
coulombic interactions, which encompass polarization and
therefore dispersion, based on the Hellmann-Feynman theo-
rem [59, 60]. Politzer and Murray [61] pointed out that polar-
ization is an intrinsic part of an electrostatic interaction at most
cases since the electric fields of the positive o-hole and the
negative site can induce some rearrangement of the electronic
densities of both sites and there is no actual physical distinc-
tion between polarization and charge transfer.

Conclusions

Quantum chemical calculations have been performed for the
complexes of TX5—ZX, (T=C, Si, Ge; Z=P, As, Sb; X=F,
Cl) and NH;. MEP analysis shows two o-holes at both ends of
the T-Z bond. The o-hole on the Z atom engages in a
pnicogen bond, while the o-hole on the heavier T atom par-
ticipates in a tetrel bond and the X atom of CX3 forms van der
Waals interactions. For CX5-ZX,, the pnicogen-bonded com-
plex is more stable than the van der Waals complex. For TX-
ZX, (T =Si and Ge), the tetrel-bonded complex is dominant
over the pnicogen-bonded complexes. For each TX3-ZX,, the
X group has no effect on the relative stability of both types of
complexes. TX3—ZX, (T =Si and Ge) is a good tetrel donor
since the interaction energy is larger than 90 kJ mol ' in mag-
nitude, up to ~144 kJ mol ', The larger interaction energy of
the tetrel bond is accompanied with a bigger charge transfer
(>0.17e). It has a nature of a partially covalent interaction with
a positive Laplacian and a negative energy density. The strong
tetrel bond is dominated by electrostatic interaction with a
comparable contribution from polarization. The pnicogen
bond varies from a moderate interaction to a strong one, de-
pending on the pnicogen atom. It also shows a nature of a
partially covalent interaction in most pnicogen-bonded com-
plexes. The similar energy contributions are also found in the
pnicogen-bonded complexes.

@ Springer
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