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Preface to ”Tetrel Bonds”

After many decades of study of the H-bond which probed every facet of its origin and behavior,

researchers realized there are a group of very similar interactions that had largely defied recognition.

It was realized that the replacement of the bridging proton of the H-bond by a halogen atom led to

a stabilizing interaction of strength comparable to the H-bond itself. The stability of this halogen

bond was based in part on the anisotropic distribution of electron density around the halogen atom

that allowed a positive region on an otherwise negatively charged atom. It was not long after that

point that research turned to close parallels where the halogen atom was itself replaced by members

of the chalcogen and pnicogen families, whose bonding properties were likewise parallel to those of

halogen bonds. A recent addition to this pantheon is the tetrel bond, a family that encompasses Si,

Ge, Sn, and the ubiquitous and immensely important C atom.

It is the tetrel bond that serves as the focus of this volume. Papers collected from a recent Special

Issue of Molecules cover this topic from a range of perspectives. The first two papers concentrate on

some of the theoretical aspects that contribute to the bond, providing a lens by which to understand

it and how it might be used to predict certain chemical properties. Coverage next turns toward

some of the structural and spectroscopic aspects of these bonds, from an understanding based on

vibrational modes, to effects of geometrical distortions, and to specific lessons learned from analysis

of crystal structures.

The C atom is of special importance in all of chemistry and biochemistry, and the next three

papers focus attention on the tetrel bonds specifically centered on C. One common element of these

papers is to alert the community to not only the widespread presence of tetrel bonds but also the

importance of these bonds to methyl groups. Along with the acceptance that the presence of a

negative charge on the electron donor will strengthen a H-bond, the next two contributions illustrate

that the same phenomenon is true of tetrel bonds and describe how this bond enhancement can be

applied to advantage. The last five papers offer a broad perspective, describing how tetrel bonds fit

into the general picture of noncovalent bonds in general. This section also includes a visualization as

to the roles played by π-systems, not only in the tetrel bond donor but also in the partner nucleophile.

Steve Scheiner

Editor
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Tetrel Interactions from an Interacting Quantum
Atoms Perspective
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Abstract: Tetrel bonds, the purportedly non-covalent interaction between a molecule that contains
an atom of group 14 and an anion or (more generally) an atom or molecule with lone electron
pairs, are under intense scrutiny. In this work, we perform an interacting quantum atoms (IQA)
analysis of several simple complexes formed between an electrophilic fragment (A) (CH3F, CH4,
CO2, CS2, SiO2, SiH3F, SiH4, GeH3F, GeO2, and GeH4) and an electron-pair-rich system (B) (NCH,
NCO– , OCN– , F– , Br– , CN– , CO, CS, Kr, NC– , NH3, OC, OH2, SH– , and N –

3 ) at the aug-cc-pvtz
coupled cluster singles and doubles (CCSD) level of calculation. The binding energy (EAB

bind) is
separated into intrafragment and inter-fragment components, and the latter in turn split into classical
and covalent contributions. It is shown that the three terms are important in determining EAB

bind,
with absolute values that increase in passing from electrophilic fragments containing C, Ge, and Si.
The degree of covalency between A and B is measured through the real space bond order known as
the delocalization index (δAB). Finally, a good linear correlation is found between δAB and EAB

xc , the
exchange correlation (xc) or covalent contribution to EAB

bind.

Keywords: energy partition; interacting quantum atoms; quantum theory of atoms in molecules;
delocalization index; covalent interaction; self-energy

1. Introduction

There has been a growing interest in the last years in the field of non-covalent interactions (NCI) [1],
which have been shown to be critical for the correct description of the structure and properties of
different molecules and materials [2,3], including nanomaterials [4,5], molecular solids [6,7], surfaces [8,9],
and biological systems [10–12]. From the many types of interactions that are usually classified as
non-covalent, hydrogen bonding A−H···D [13,14], where A is a group more electronegative that H
and D is an entity able to act as an electron donor, is undoubtedly the best-known by all chemists.
Besides hydrogen and halogen bonding [15,16] (possibly the best-known type of NCI after the former),
other purported NCIs involving atoms of groups 14, 15, and 16 (and even rare gas atoms [17,18]) have
recently received the names of tetrel, pnictogen [19,20], and chalcogen bonding, respectively, although
some of these complexes were identified and characterized by different experimental techniques long
before they were given these names [19]. In all of them, the 14, 15, or 16 group element, acting as
an electron acceptor or electrophilic site, seeks the nucleophilic part of another system, for instance
an atomic or molecular anion (F– ,Br– ,. . . ,CN– , NC– ,N –

3 ,. . . ), a π−electron pair of a Lewis base, or
a non-bonding electron pair of an arbitrary molecule. As far as tetrel bonds are concerned, and to
name just a few works, Bürgi et al. pioneered the study and description of nucleophilic additions
to carbonyl C-atoms or n → π� interactions [21–23], recognized by several authors as important to
biology [24–26], and Thomas et al. found experimental evidence for carbon bonding (an interaction

Molecules 2019, 24, 2204; doi:10.3390/molecules24122204 www.mdpi.com/journal/molecules
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where a carbon atom acts as an electrophilic site toward a variety of nucleophiles) in the solid state
from X-ray charge density analysis [27]. Southern and Bryce presented results for NMR parameters of
a series of model compounds in which a tetrel bond between a methyl C atom and the N or O atom of
several functional groups is found [28]. Scilabra has shown that contacts between a Ge or Sn atom
with different lone-pair-possessing atoms in crystal structures are quite common [29], and Mitzel and
Losehand found crystal structures of Si(ONMe2)4 with a short-distance Si–N bond [30]. A particularly
relevant mention is also the work of Bauzá, Frontera, and Mooibroek, who pioneered tetrel interactions
and wrote several interesting reviews on the topic [31–35].

From the theoretical side, Scheiner [36] made a comparison of halide receptors based on
H, halogen, chalcogen, pnicogen, and tetrel bonds by means of molecular electrostatic potential
(MEP) maps and natural bond orbital (NBO) analyses [37,38] at the density functional theory (DFT)
M06-2X//aug-cc-pDVZ level of calculation, and Alkorta et al. performed MP2//aug-cc-pVTZ
energetic studies, calculating harmonic vibrational frequencies, EOM-CCSD spin-spin coupling
constants, and NBO analyses in complexes of CO2 with azoles [39], azines [40], and carbenes as
electron pair donors to CO2 [40]. Carbon bonding in the X−C···Y (X=O/F, Y=O/S/F/Cl/Br/N/P)
and X−C···π (X=F,Cl,Br,CN) systems were studied by Mani and Arunan [41,42], started with
MP2/6-311+G(3df,2p) and MP2//aug-cc-pvtz calculations to optimize the geometry, and followed
this up with CCSD(T) calculations to estimate the interaction energy and NBO, quantum theory of
atoms in molecules (QTAIM) [43,44], and MEP analyses. Interestingly, the formation of the type of
tetrel interaction called carbon bonding had been previously proposed by Grabowski as a preliminary
step necessary in SN2 reactions [45].

Mixed theoretical/experimental studies have also been carried out by Sethio, Oliveira, and Kraka,
aimed at a quantitative assessment of tetrel bonding utilizing vibrational spectroscopy [46]. Finally,
several other theoretical papers have been published in recent years to determine the influence that a
substitution of the ligands have on the tetrel bond strength [47–53].

As far as we know, in the already extensive literature existing today regarding theoretical studies
of tetrel bonding systems, there is no publication in which a detailed energy partition analysis of these
compounds has been performed. We will carry out this study in this work. Specifically, we will use the
interacting quantum atoms (IQA) method [54–57] to analyze about thirty complexes formed between
an electrophilic fragment of the set CH3F, CH4, CO2, CS2, SiO2, SiH3F, SiH4, GeH3F, GeO2, and GeH4
and an electron-pair-rich system of the set NCH, NCO– , OCN– , F– , Br– , CN– , CO, CS, Kr, NC– ,
NH3, OC, OH2, SH– , and N –

3 . IQA is a real space orbital invariant energy partition method inspired
by the QTAIM that exactly recovers the total energy of a molecule by splitting its total energy in terms
of intra-atomic and interatomic components. It is general in the sense that any type of wavefunction
may in principle be analyzed with it. All that is required is to have at our disposal the one- and
(diagonal) two-particle density matrices. Hartree–Fock, complete active space (CAS), full-CI, CCSD
and EOM-CCSD wavefunctions have been analyzed to date using IQA. DFT calculations can also be
used within the IQA partition, at least formally, taking the Kohn–Sham determinant of the system as
the approximate wavefunction and performing a physically sound scaling of the interactions [58,59].

The degree of detail with which IQA allows us to scrutinize the energetic interactions is really
high. However, in this work we will not use all of these potentialities. This means that we will only
split the different energy contributions at the fragment, and not the atomic level. We will thus worry
neither about analyzing how the net energy of a given fragment is distributed among its atoms nor on
how the atoms of this fragment interact with each other. Discussions related to the geometry of the
fragments will not be considered either. Once the geometry of the molecules has been optimized (as
discussed in the next section), all subsequent energetic analyses will refer to these geometries.

The rest of the article has been divided as follows. The theoretical methods used in our analyses
are briefly discussed in Section 2. Some computational details related to the above methods are given
in Section 3. The results and their discussion are presented in Section 4. Finally, the more relevant
conclusions of this work are given in Section 5.

2
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2. Theoretical Methods

In this section, we describe very briefly the interacting quantum atoms (IQA) [54–57] approach
that has been used to obtain all the data and energetic quantities that will be discussed in Section 4.
We also give some relevant details of the coupled cluster method up to single and double excitations
(CCSD) [60] that we have employed to derive the wavefunctions that are fed into the IQA method, and
comment, also very briefly, on some points regarding the computation, within the IQA scheme, of the
binding energy of a supermolecule AB from its IQA energetic quantities and those of the isolated
fragments A and B.

The interacting quantum atoms (IQA) method is an energy partition scheme that is based on
the exhaustive partition of the real space occupied by a molecule according to the quantum theory
of atoms in molecules (QTAIM) [43]. IQA exactly recovers the total energy of a molecule and can
be applied, in principle, to any level of theory as soon as the one-particle, ρ1(r1, r′1), and (diagonal)
two-particle, ρ2(r1, r2), density matrices are available. The total electronic Born–Oppenheimer energy
of a molecule reads as [61]

E =
∫

ĥρ1(r1, r′1)dr1 +
1
2

∫∫
ρ2(r1, r2)

r12
dr1dr2 + Enuc, (1)

where ĥ is the monoelectronic operator that includes the kinetic energy and nuclear attraction terms,
ĥi = t̂i − ∑A ZA/riA, and Enuc = ∑A>B ZAZBR−1

AB is the total nuclear repulsion energy. If the physical
space R3 is partitioned according to QTAIM [43,44], R3 = ∪AΩA, where ΩA represents the atomic
basin of atom A, it is clear that the monoelectronic energy in Equation (1) can be split into as many
contributions as the total number of atoms of the molecule (say n), and the bielectronic energy into n2

terms. Doing so, we obtain the IQA energy partition

E = ∑
A

∫
ΩA

ĥρ1(r1, r′1)dr1 +
1
2 ∑

A,B

∫
ΩA

∫
ΩB

ρ2(r1, r2)

r12
dr1dr2 + Enuc.

Grouping together intra- (A = B) and inter-atomic (A �= B) terms,

E = ∑
A

EA
net + ∑

A>B
EAB

int (2)

= ∑
A

TA + VAA
ne + VAA

ee + ∑
A>B

VAB
nn + VAB

ne + VBA
ne + VAB

ee , (3)

where EA
net is the net or self-energy of atom A, which collects all the energy terms involving exclusively

the nucleus and electrons within this atom, and EAB
int is the total interatomic energy between atoms

A and B. In Equation (3), VAB
nn , VAB

ne , and VAB
ee when A �= B represent the nucleus–nucleus,

nucleus–electron, and electron–electron interactions associated to the pair of atoms A, B, and VAA
ne is

the interaction of the electrons inside ΩA with the nucleus of this atomic basin. VAA
ee is the total electron

repulsion of the electrons inside ΩA among themselves. When A or B or both represent groups of
atoms or molecules instead of single atoms, Equations (2) and (3) remain almost valid, with minor
modifications that involve only the self-energy term EA

net [62]. By splitting ρ2(r1, r2) into its classical
and exchange-correlation components, EAB

int may be written as EAB
int = VAB

cl + VAB
xc , where VAB

cl is the
electrostatic interaction between all particles (nuclei plus electrons) inside A with all particles inside
B, and VAB

xc represents the purely quantum-mechanical or covalent interaction. In the Hartree–Fock
(HF) approximation, only the Fermi correlation is taken into account, which leads to VAB

xc = VAB
x in the

IQA method, which contains only exchange interactions. However, for many correlated methods it
is still possible to write formally VAB

xc = VAB
x + VAB

corr, provided that the pure-exchange two-particle
density matrix, ρx

2(r1, r2), is taken as the Dirac–Fock expression ρx
2(r1, r2) = −ρ1(r1, r2)× ρ1(r2, r1),

and ρcorr
2 (r1, r2) is simply defined as ρcorr

2 (r1, r2) = ρxc
2 (r1, r2)− ρx

2(r1, r2). Among the several post-HF
levels of theory including dynamical correlation energy contributions (absolutely necessary to address

3
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the study of the systems considered in this work), we have chosen the coupled cluster method including
only single and double excitations [60]. Other approaches, such as the second-order Møller–Plesset
perturbation theory (MP2) [63], which overestimates the dispersion energy interactions [64], have not
been considered. In the CCSD method, the reference wavefunction of the system is the HF determinant,
and the total energy E is written as the sum of the energy of this reference wavefunction plus the
correlation energy of the molecule, E = EHF + Ecorr. The latter can be expressed in terms of the CCSD
amplitudes tab

ij as

Ecorr = ∑
iajb

tab
ij (ia|jb), (4)

where (ia|jb) are two electron integrals in the molecular orbital basis (MO), the Mulliken convention
has been used, and i, j and a, b refer to occupied and virtual orbitals, respectively. As the total energy E
itself, Ecorr can be partitioned à la IQA, leading to intra-atomic, Enet,A

corr , and interatomic, Eint,AB
corr terms.

Other details of the IQA implementation within the CCSD method are described elsewhere [65].
The binding energy between two atoms, fragments or molecules A and B is defined by

EAB
bind = EAB − EA − EB, (5)

where EAB, EA, and EB are the total energies of AB, A, and B, respectively. If these three total energies
are separated into their HF and correlation components, EAB

bind results:

EAB
bind = (EAB

HF − EA
HF − EB

HF) + (EAB
corr − EA

corr − EB
corr) (6)

= EAB
HF,bind + EAB

corr,bind. (7)

Assuming that the geometries of A and B are the same as in the supermolecule AB, EAB
bind in the

IQA method is given by

EAB
bind = EA

def + EB
def + VAB

cl + (VAB
x + EAB

corr) (8)

= EA
def + EB

def + VAB
cl + VAB

xc , (9)

where each deformation energy ER
def = ER

net − ER (R = A, B) represents the energy change suffered by
R when it passes from being isolated to interacting with the other fragment(s). In case the geometry of
R has changed in going from the isolated state to the supermolecule, the so-called preparation energy,
ER

prep, defined as ER
prep = ER(supermolecule geometry)− ER(isolated geometry), must be added to

Ebind. On the other hand, it is customary in some energy partition methods, such as the energy
decomposition analysis (EDA) method [66–68], to associate the term of Pauli exchange-repulsion
(xr) with the increase of energy that takes place as a consequence of the antisymmetrization and
normalization of the direct product of fragments’ wavefunctions. Here, however, we will reserve this
name to the sum of EA

def, EB
def, and VAB

x , i.e.,

EAB
xr = EA

def + EB
def + VAB

x . (10)

Clearly, the origin of EAB
xr in IQA is strictly different from that in EDA. However, in spite of this, the

IQA EAB
xr energy corresponds, in many ways, to other conventional exchange-repulsion terms [57,69].

For instance, as in other schemes, this energy turns out to be usually (but not necessarily) positive (see
below). For that reason, we have decided to keep the name of exchange-repulsion for the energetic
term defined in Equation (10). After using this definition in Equation (8), Ebind takes the form

EAB
bind = VAB

cl + EAB
xr + EAB

corr. (11)

4
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In all the calculations presented in the following section, the basis set superposition error (BSSE),
inherent to the calculation Ebind, has been corrected in the IQA scheme by using the Boys and Bernardi
counterpoise method [70] to compute the total energies of the isolated fragments, ER.

3. Computational Details

The calculations of this work have been done as follows. In a first step, the geometries of all
the studied systems were optimized at the density functional theory (DFT) level with the WB97X-D
functional [71] and the aug-cc-pvtz basis set [72] using the gamess package [73]. Then, single-point
CCSD calculations at the optimized geometries were carried out with a locally modified copy of the
PySCF code [74] using the same basis set. Core orbitals were frozen, and for truncating the virtual
space, the frozen natural orbital approximation (FNO) with a cutoff in the natural occupations of 10−4

was used [75]. All the interaction energies include the BSSE correction [70]. The CCSD amplitudes tab
ij

and the one- and two-particle density matrices were also obtained with PySCF [74].
The IQA energy partitioning was performed with our in-house program promolden [76].

The necessarily numerical IQA integrations were done using β-spheres for all the atoms, with radii
between 0.1 and 0.3 bohr. Restricted angular Lebedev quadratures with 3074 points and 451-point
Gauss–Chebyshev mapped radial grids were used inside the β-spheres, with L expansions cut at
l = 8. Outside the β-spheres, extended 5810-point Lebedev, 551 mapped radial point Gauss–Legendre
quadratures, and L expansions up to l = 10 were selected.

4. Results and Discussion

A graphical rendering of the optimized complexes studied in this work appears in Figure 1.
The full set of atomic Cartesian coordinates is collected in the supplementary information. Since
we have not carried out a systematic exploration of all possible local energy minima, there is no
guarantee that the geometry depicted in the figure corresponds to the global minimum. For nine of
the 31 complexes, both fragments are connected by a solid line (SiH4···F– , GeH4···F– , SiH3F···N –

3 ,
GeH3F···N –

3 , SiO2···NCH, SiO2···CO, SiO2···CS, SiO2···Br– , GeO2···Br– ). Under the rendering
conditions that we have used, this implies that the two linked atoms are separated by a distance less
than the sum of their covalent radii plus 0.025 Å. In the remaining 22 systems, there is no connection
line between any pair of atoms a ∈ A and b ∈ B. As we will see, the nine connected complexes are
those with a delocalization index δAB (a measure of the covalent bond order in real space, see Table 2)
greater than 0.5, similar to that of a typical polar covalent bond. It seems that, other factors aside, a
clear correlation exists between δAB and the distance between the connected atoms of both fragments.

Given the numerical character of all the IQA integrated quantities [77,78], we want to check, first
of all, the reliability and consistency of our results. We collect in Table 1 the binding energy of the
different A···B systems computed directly as the total CCSD energy of the dimer, EAB, minus the sum of
the CCSD energies of both monomers, EA and EB (Ebind(CCSD), Equation (5)), the IQA binding energy
obtained from Equation (8) (Ebind(IQA)), its difference (diff), and the total IQA integrated charges,
QA, QB, and Q = QA + QB. Almost systematically, the exact value of Q is very well reproduced by
our IQA integrations. In all of the systems except GeH3F···N –

3 , CH3F···N –
3 and SiO2···Br– , the error

is less than or equal to 0.001e. As binding energies are regarded, the absolute error is lower than
0.5 Kcal/mol in 20 of the 30 systems and greater than this number in the remaining cases. Although it
cannot be inferred from the numbers in the table, it can be said that almost 100% the error associated
with the computation of Ebind(IQA) is due to its HF contribution, EHF,bind(IQA) (see Equation (7)),
since the IQA integrations of EAB

corr, EA
corr, and EB

corr (see Equation (6)) reproduce their CCSD-analogous
quantities extraordinarily well. Be that as it may, the fact that the CO2···Kr system in the IQA partition,
contrarily to the CCSD calculation, is predicted to be unstable with respect to the isolated fragments,
should not be taken too seriously given that the difference between Ebind(IQA)) and Ebind(CCSD))
in this system (0.52 Kcal/mol) is comparable to the average error of the numerical IQA integrations.
Nonetheless, we believe that the present results are overall quite satisfactory, although we do not want
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to deny that the weakest point of the IQA energy partitioning method lies possibly in the existing
difficulties of further reducing the errors associated with the numerical integrations of the method.

CH4···F– SiH4···F– GeH4···F– CH3F···NCH CH3F···N –
3

CH3F···NCO– CH3F···OCN– SiH3F···NCH SiH3F···N –
3 GeH3F···NCH

GeH3F···N –
3 CO2···NCH CO2···N –

3 CO2···CN– CO2···CO

CO2···CS CO2···Br– CO2···Kr CO2···NC– CO2···NH3

CO2···OC CO2···OH2 CO2···SH– SiO2···NCH SiO2···CO

SiO2···CS SiO2···Br– CS2···CO CS2···CS CS2···OH2

GeO2···Br–

Figure 1. AB complexes studied in this work.

The electronic and total (electronic plus nuclear) charge of every atom (or fragment) of a molecular
system, obtained by integrating the electronic or total density inside the corresponding atomic (or
fragment) basin, is one of the main outcomes of the QTAIM methodology. It can be seen in Table 1 that
the electronic charge transferred from fragment B to fragment A is relatively small in all of the studied
systems for which the isolated fragment B is neutral. Only in CO2···NH3, SiO2···CO, and SiO2···NCH
is this transfer greater than 0.01e, whereas in the cases of CO2···OC and CS2···CS, both A and B remain
almost neutral after the complex is formed from the isolated fragments. Conversely, when the isolated
fragment B is negatively charged, its ability to transfer electrons to the acceptor fragment increases
notably. The most representative examples of this behavior are the systems GeH3F···N –

3 , GeO2···Br– ,
GeH4···F– , and SiO2···Br– . Given the generally greater polarizability of the valence electrons in anions
as compared to neutral molecules, this is not a surprising result. Regarding the azide anion N –

3 , we
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observe in Table 1 how its ability to transfer electrons to the acceptor fragment MH3F (M=C,Si,Ge)
increases on descending in a group. The gain of electrons by the SiO2 fragment in the three of the four
systems of Table 1 in which this fragment appears is also greater than that corresponding to the CO2
molecule in the equivalent complexes. Only in CO2···CS is the CO2 molecule more negatively charged
than the SiO2 molecule in SiO2···CS.

Table 1. Columns 2–7 collect the binding energy obtained from Equations (5), Ebind(CCSD) ≡ (CCSD),
and (8), Ebind(IQA) ≡ (IQA), its difference (diff = Ebind(IQA)− Ebind(CCSD)), and the total interacting
quantum atom (IQA) integrated charges, QA, QB, and Q = QA + QB Columns 8–14 show the
different contributions to Ebind(IQA), according to Equations (8)–(11). Energy units in (Kcal/mol);
CCSD—coupled cluster singles and doubles).

System (A···B) (CCSD) (IQA) diff QA QB Q EA
def EB

def VAB
cl VAB

x VAB
xc EAB

int EAB
xr

CH4···F– −3.42 −3.41 0.01 −0.0112 −0.9891 −1.0003 8.42 3.77 −6.27 −8.46 −9.33 −15.60 3.73
SiH4···F– −60.17 −59.87 0.31 −0.0426 −0.9579 −1.0005 123.02 87.24 −183.63 −82.43 −86.50 −270.13 127.83
GeH4···F– −40.17 −38.89 1.28 −0.0830 −0.9170 −1.0001 79.50 46.57 −92.28 −69.62 −72.69 −164.97 56.46
CH3F···NCH −1.52 −1.36 0.16 −0.0033 0.0032 −0.0000 3.37 3.47 −1.94 −5.53 −6.25 −8.19 1.31
CH3F···N –

3 −9.21 −8.78 0.44 −0.0200 −0.9789 −0.9989 11.18 5.05 −8.47 −14.46 −16.54 −25.01 1.77
CH3F···NCO– −9.89 −9.69 0.21 −0.0188 −0.9809 −0.9997 10.11 6.32 −11.73 −12.96 −14.39 −26.12 3.47
CH3F···OCN– −8.37 −8.31 0.06 −0.0147 −0.9854 −1.0001 10.24 5.51 −9.28 −12.97 −14.78 −24.06 2.78
SiH3F···NCH −3.06 −3.02 0.04 −0.0052 0.0043 −0.0008 8.44 10.29 −5.06 −14.99 −16.68 −21.75 3.74
SiH3F···N –

3 −40.91 −41.45 −0.54 −0.0678 −0.9282 −0.9960 73.85 70.33 −103.27 −77.13 −82.36 −185.64 67.05
GeH3F···NCH −3.65 −2.99 0.66 −0.0031 0.0041 0.0010 9.20 9.77 −5.92 −14.31 −16.04 −21.96 4.66
GeH3F···N –

3 −36.72 −36.31 0.40 −0.1110 −0.8878 −0.9988 46.32 39.64 −53.01 −65.10 −69.26 −122.27 20.86
CO2···NCH −1.60 −2.08 −0.48 −0.0056 0.0059 0.0003 3.55 4.13 −2.28 −6.58 −7.47 −9.76 1.09
CO2···N –

3 −6.79 −6.46 0.34 −0.0236 −0.9757 −0.9994 12.43 8.07 −9.87 −15.31 −17.09 −26.96 5.20
CO2···CN– −8.25 −8.64 −0.39 −0.0564 −0.9428 −0.9992 14.77 11.78 −10.12 −23.26 −25.07 −35.19 3.29
CO2···CO −0.65 −1.14 −0.49 −0.0058 0.0058 0.0000 2.71 2.88 −0.76 −5.31 −5.97 −6.73 0.28
CO2···CS −1.29 −1.83 −0.54 −0.0105 0.0096 −0.0008 3.84 4.19 −1.68 −7.27 −8.19 −9.87 0.77
CO2···Br– −5.60 −4.99 0.62 −0.0401 −0.9600 −1.0001 9.08 6.79 −4.97 −14.01 −15.89 −20.86 1.87
CO2···Kr −0.48 +0.03 0.52 −0.0035 0.0028 −0.0007 0.58 2.33 −0.08 −2.29 −2.79 −2.88 0.61
CO2···NC– −8.34 −8.89 −0.55 −0.0333 −0.9662 −0.9996 14.29 10.83 −12.70 −19.43 −21.31 −34.01 5.69
CO2···NH3 −2.09 −2.41 −0.31 −0.0158 0.0155 −0.0003 6.63 7.39 −4.12 −11.06 −12.32 −16.43 2.97
CO2···OC −0.44 −0.91 −0.47 0.0001 −0.0000 0.0001 1.11 1.40 −0.57 −2.39 −2.85 −3.42 0.12
CO2···OH2 −2.24 −2.52 −0.28 −0.0051 0.0052 0.0000 5.42 5.87 −3.86 −8.86 −9.94 −13.81 2.43
CO2···SH– −3.99 −4.32 −0.33 −0.0244 −0.9758 −1.0003 6.64 3.96 −3.67 −9.68 −11.25 −14.93 0.93
SiO2···NCH −22.43 −21.00 1.42 −0.0174 0.0185 0.0010 57.82 77.23 −89.17 −62.94 −66.89 −156.06 72.12
SiO2···CO −9.61 −8.69 0.92 −0.0112 0.0114 0.0002 49.33 69.34 −57.46 −66.28 −69.91 −127.37 52.39
SiO2···CS −30.17 −28.78 1.39 −0.0082 0.0086 0.0003 75.50 92.86 −107.86 −85.39 −89.29 −197.15 82.98
SiO2···Br– −78.06 −76.19 1.87 −0.1552 −0.8433 −0.9985 60.08 84.17 −134.94 −79.98 −85.51 −220.45 64.27
CS2···CO −0.77 −0.86 −0.09 −0.0008 0.0010 0.0002 0.96 1.64 −0.09 −2.90 −3.36 −3.45 −0.31
CS2···CS −0.95 −0.46 0.49 −0.0007 0.0006 −0.0001 3.95 3.57 −0.40 −6.37 −7.57 −7.98 1.14
CS2···OH2 −1.48 −1.97 −0.40 0.0012 −0.0003 0.0009 2.44 3.17 −1.88 −4.99 −5.70 −7.58 0.61
GeO2···Br– −65.37 −65.29 0.08 −0.2923 −0.7068 −0.9991 23.17 48.63 −44.92 −88.70 −92.17 −137.09 −16.90

We will analyze now the different energetic contributions to the binding energy of the studied
complexes. A first point to remark is that the electron relaxation that takes place within the A and B
fragments when they pass from the isolated state to their final position in the supermolecule leads
systematically to positive values of the deformation energies. This behavior is general whenever the
net energies of A and B in the isolated state (EA, EB) and in the supermolecule (EA

net, EB
net) are computed

with the same electronic structure method and there is no charge transfer from A to B or from B to A.
In the present calculations, we have seen that this transfer is actually very small (except in the very
few cases cited above where the isolated fragment B is an anion and, even in these cases, we have seen
that the B→A electron transfer is not too large). Hence, the electronic reorganization that takes place
when the supermolecule is formed from the isolated fragments is always accompanied by an increase
in the deformation energy contribution to the binding energy.

There is no general rule to uncover which of the two deformation energies, EA
def or EB

deb, is the
dominant of the two in each system. Actually, there seems to be a tendency for both fragments to have
deformation energies of a similar magnitude. For a given acceptor fragment A, its deformation energy
obviously depends on the companion donor fragment B. With the exception of CO2···SH– , ECO2

def in the
CH3F···B and CO2···B supermolecules is much greater when the isolated fragment B is negative than
when it is neutral. This result is not at all surprising, for it seems reasonable to think that the ability of
B to alter the electronic distribution of A is greater in the first case than in the second.

Another point that is worth noting is that the ability of a given donor fragment B to alter the
electron distribution of A (and consequently, to increase its deformation energy) increases in the order
C > Ge > Si, where M=(C, Si, Ge) is the atom of group 14 included in fragment A. This can be easily
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seen in Table 1 by analyzing the deformation energy of A in the series CH3F···N –
3 → SiH3F···N –

3
→GeH3F···N –

3 , CH4···F– → SiH4···F– → GeH4···F– , and CO2···Br– → SiO2···Br– → GeO2···Br– .
An exception of this rule is the series CH3F···NCH → SiH3F···NCH → GeH3F···NCH, in which the
deformation energy of the SiH3F fragment is marginally smaller than that of the GeH3F fragment.
The deformation energy of the donor fragment B follows the same order.

The classical interaction between the fragments A and B, VAB
cl , is always stabilizing. The range of

values of this energetic interaction goes from almost negligible in some systems (e.g., −0.1 Kcal/mol
in CO2···Kr and CS2···CO) up to a few tens of Kcal/mol in other cases. As expected, given that
the point charge interaction is generally the most important contribution to VAB

cl and that it usually
dominates over all the higher-order multipolar interactions, this classical interaction tends to be
more negative when both fragments are significantly charged. There are, however, several cases in
which this statement is not fulfilled at all. For instance, VAB

cl in the SiO2···CS system takes a value as
large as −108 Kcal/mol, despite the fact that the absolute value of the charges of the SiO2 and CS
fragments are smaller than 0.01e. In other complexes, such as CO2···CN– and CO2···Br– , the situation
is the opposite. In these two cases, both fragments have a non-negligible charge, and the classical
interaction between them is, however, relatively small. These facts suggest that in many of the studied
systems, VAB

cl has important multipolar contributions and that nothing conclusive can be said about
the magnitude of this energetic component looking exclusively at the values of the net charges of both
fragments. The second intergroup contribution to EAB

bind and EAB
int is the exchange-correlation interaction

energy, VAB
xc . Its exchange contribution, VAB

x , also appears in Table 1, and the difference between both
quantities gives the intergroup correlation binding energy, EAB

corr. The comparison between VAB
xc and

VAB
x indicates that EAB

corr is, in general, rather small and, of course, much less important than either
of them. This does not mean that the intergroup correlation energy in some of the systems is not
comparable to the value of the binding energy itself: EAB

bind comes from the sum of several quantities,
some of them possibly quite large, but the final result can be very small and comparable to one or
more of the quantities that have been added.

Regarding the values of VAB
xc (or VAB

x ), we must note that, similarly to VAB
cl , the exchange-correlation

energy is always a stabilizing contribution to the binding energy of the complex. In fact, the absolute
values of VAB

xc are greater than their corresponding classical interactions in 25 of the 31 studied
complexes. Five of the 6 exceptions are easy to understand as they correspond to complexes in which
both fragments have relatively high charges. Only SiO2···CS challenges this explanation. In any
case, both VAB

xc and VAB
cl are in general important in determining the final value of VAB

int . Since the
exchange-correlation interaction energy, VAB

xc , is associated with covalency while VAB
cl describes ionicity,

both types of interactions (covalent- and ionic-like energies) are necessary for a proper and accurate
description of the complexes analyzed in the present work.

The comparison between the classical and exchange-correlation energies of Table 1 for equivalent
complexes in which the central atom of the electrophilic fragment is M=C, Si, or Ge is very illuminating.
For instance, for the nine AB complexes formed with A=(CH4, SiH4, GeH4) and B=(F– , N –

3 , NCH),
both VAB

cl and VAB
xc increase in the order Si > Ge > C when B=F– or N –

3 , while both quantities are
much smaller and rather similar for the C, Si, and Ge cases when B=NCH. The explanation for this
behavior is relatively simple: The M−X distance, RM-X, where X is the atom of the donor fragment
that is closer to M, decreases noticeably in the order C > Ge > Si when B=F– (3.04, 2.00, and 1.76 Å,
respectively) or B=N –

3 (3.03, 2.23, 2.04 Å), while RM-X is larger and not so different in the three cases
when B=NCH (3.22, 2.98, and 2.96 Å for M=C, Ge, and Si, respectively). Thus, the value of RM-X

determines, to a large extent, the magnitude of the classical and exchange-correlation interaction
energies. (The distances between all the inequivalent atomic pairs are collected in the supplementary
information.) Actually, the relative magnitudes of the deformation energies EA

def and EB
def for these

nine complexes can also be explained based almost exclusively on the value of RM-X. In turn, RM-X

correlates quite well with the total charge of M, +0.14 (C), +3.12 (Si), and +2.10 (Ge) when B=F– and
+0.69 (C), +3.17 (Si), and +2.22 (Ge) when B=N –

3 .
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It has been recently shown that there is a theoretical link between the conventional concept
of bond order and the energetics of chemical interactions [79,80]. Expanding VAB

xc as a multipolar
series, the zero-th order term in the expansion (that dominates VAB

xc ) is nothing but a distance-scaled
bond order,

VAB
xc � − δAB

2RAB
, (12)

where δAB = −2
∫

ΩA

∫
ΩB

ρxc
2 (r1, r2)dr1dr2 is the delocalization index between the atoms A and B [81],

a measure in real space of the bond order between both atoms. To explore to what extent the above
equation is satisfied when A and B are fragments instead of single atoms, we have computed the δAB

values for the studied complexes (Table 2) and plotted VAB
xc versus δAB in Figure 2.
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Figure 2. VAB
xc versus δAB values for the complexes of Table 1.

Although Equation (12) is approximate even when A and B are atoms and the average distance
between fragments (say RAB) can be different in each of the studied complexes, a linear correlation
exists between VAB

xc , the exchange-correlation interfragment energy, and δAB, the covalent bond
order between these fragments [80]. The more significant deviations from the trend in the lower
part of Figure 2 (high δAB values) is due to two reasons. The first one is that Equation (12) is only
approximate. As the fragments are formed with heavier and/or more polarizable atoms, higher
multipolar contributions to VAB

xc become more important, making Equation (12) increasingly inaccurate.
Secondly, in these cases, the multipolar expansion itself, regardless of the maximum order to which
it is carried out, is no longer valid for short-range energy components (not only in VAB

xc but also in
VAB

cl ) are essential due penetration energy contributions. Of course, the analysis of the degree of
compliance of Equation (12) in the present context can be refined. For instance, labeling a1, a2, . . . and

b1, b2, . . . the atoms of A and B, respectively, VAB
xc and δAB are exactly given by VAB

xc = ∑i∈A ∑j∈B V
aibj
xc

and δAB = ∑i∈A ∑j∈B δaibj , and the exchange-correlation energy between atoms ai and bj can be

approximated as −δaibj /(2Raibj
). Hence,

9
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VAB
xc � − ∑

i∈A
∑
j∈B

δaibj

2Raibj

. (13)

This equation is a computationally cheap form to approximately evaluate VAB
xc , since the

calculation of each δaibj requires only a three-dimensional integration, whereas VAB
xc needs a

six-dimensional numerical quadrature, much more complicated in all aspects.
The CCSD delocalization indexes in Table 2 range from very small values, highlighting that the

interaction between fragments A and B is basically non-covalent, up to values well above 0.5, which
are typical of some prototype polar-covalent single bonds. These latter values occur specifically in
complexes in which the electron acceptor fragment contains the Si or Ge atom (except GeH3F···NCH
and SiH3F···NCH). These results show that the assertion that tetrel bonds are just another category of
non-covalent interactions is not correct, at least if this affirmation is solely based on the value of the
bond order between the two fragments involved. On the other hand, it is apparent from Figure 2 that
there is a gap in the center of the VAB

xc versus δAB trend. It is possible that the reason for this gap is
not the representativeness of the sample, although a wider exploration of complexes with the same
electrophilic fragments as the ones used here but with many other electron-pair rich systems would be
necessary to confirm this.

Table 2. CCSD and density functional theory (DFT) delocalization indexes, δAB.

A···B CCSD DFT A···B CCSD DFT

CH4···F– 0.0910 0.1281 CO2···Br– 0.1649 0.2030
SiH4···F– 0.6142 0.7611 CO2···Kr 0.0299 0.0357
GeH4···F– 0.5431 0.6878 CO2···NC– 0.1871 0.2364
CH3F···NCH 0.0602 0.0752 CO2···NH3 0.1137 0.1405
CH3F···N –

3 0.1564 0.1877 CO2···OC 0.0274 0.0338
CH3F···NCO– 0.1328 0.1672 CO2···OH2 0.0878 0.1086
CH3F···OCN– 0.1378 0.1700 CO2···SH– 0.1178 0.1425
SiH3F···NCH 0.1526 0.1837 SiO2···NCH 0.5048 0.6375
SiH3F···N –

3 0.6431 0.7535 SiO2···CO 0.5439 0.7054
GeH3F···NCH 0.1479 0.1770 SiO2···CS 0.6823 0.9346
GeH3F···N –

3 0.5702 0.6671 SiO2···Br– 0.6868 0.8568
CO2···NCH 0.0694 0.0860 CS2···CO 0.0368 0.0431
CO2···N –

3 0.1546 0.1919 CS2···CS 0.0803 0.0930
CO2···CN– 0.2320 0.2910 CS2···OH2 0.0560 0.0677
CO2···CO 0.0596 0.0726 GeO2···Br– 0.7631 0.9514
CO2···CS 0.0806 0.0980

Since the exchange-correlation density can not be rigorously defined in DFT, the concept of
delocalization index does not have a solid physical basis in that context. Nonetheless, the DFT δABs
can be formally calculated from the Kohn–Sham determinant of the system. Their values also appear
in Table 2. In all cases, δAB(DFT) > δAB(CCSD); i.e., DFT tends to exacerbate the bond order between
the fragments A and B. Thus, the assertion of the above paragraph relative to the classification of tetrel
bonds as covalent or non-covalent interactions becomes reinforced when DFT is used to obtain the
delocalization indexes.

Adding the VAB
cl and VAB

xc energies, we obtain EAB
int , the total interaction energy between A and B.

Taking into account our previous comments regarding the relative (and comparable) values VAB
cl and

VAB
xc , it is clear that EAB

int is more stabilizing than each of its two contributions individually. Were it not
for the damping and destabilizing effect caused by the deformation energies, some of the fragments of
the investigated complexes would be strongly binded. However, since EAB

bind = EA
def + EB

def + EAB
int , the

final values of EAB
bind (second or third column in Table 1) are, with some exceptions, relatively small.

The sum of the deformation energies of the fragments plus the exchange interaction energy
(EAB

xr , Equation (10)) plays, in the IQA method [57,69], a role very similar to the sum of the Pauli
repulsion energy, ΔEPauli, plus the orbital relaxation term, ΔEorb, in the energy decomposition analysis
(EDA) method [66–68]. Actually, when the fragments interact but overlap very weakly, EAB

cl tends
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to the classical electrostatic EDA term, VAB
elstat, and EAB

xr must converge to ΔEPauli. The values of EAB
xr

in Table 1 are positive in all cases except in the CS2···CO complex, where it is marginally negative
(−0.31 Kcal/mol, not very significant due to the inherent inaccuracy of the IQA numerical integration)
and in the GeO2···Br– system (−16.9 Kcal/mol). The negative and not negligible value of EAB

xr in
this last case highlights that the hypothesis of weak overlap between both fragments, necessary for
EAB

xr � ΔEPauli, is very far from being satisfied in GeO2···Br– . The high δAB value in Table 2, fairly
similar to that of a typical simple covalent bond (and the largest of all calculated delocalization indexes),
further reinforces this claim. There is a very clear separation between the complexes containing Si
or Ge in the acceptor fragment and those in which this fragment is CH4, CH3F, CO2, or CS2. When
the element of group 14 is C, EAB

xr is never greater than 6.0 Kcal/mol, whereas EAB
xr in the complexes

with SiO2 is several tens of Kcal/mol and as large as 127.83 Kcal/mol in the SiH4···F– the complex.
Although we have already commented that when EAB

xr is very large and positive, EAB
cl also happens to

be large and negative, the compensation is not perfect, and consequently, the values of EAB
bind for the

complexes containing Si or Ge are, in general, the greater. In the case of GeO2···Br– , both EAB
xr and

VAB
cl are negative, and this makes the value of the binding energy for it almost the most stabilizing of

all the systems analyzed, with the exception of SiO2···Br– . Negative exchange-repulsion terms can
only be interpreted as being due to strong covalency.

Among the Si- and Ge-containing complexes, SiH3F···NCH and GeH3F···NCH present some
peculiarities. Their inter-fragment Pauli exchange-repulsion energies are very small (3.74 and
4.66 Kcal/mol, respectively), just like their classical (−5.06 and −5.92 Kcal/mol), exchange-correlation
(−16.68 and −16.04 Kcal/mol), and deformation energy (8.44, 10.29, and 9.20, 9.77 Kcal/mol)
contributions. In fact, taking a look at the C-containing complexes in the acceptor fragment, we observe
that when the electron donor group is NCH, all of these energy components tend to be lower than
in the case of other acceptor groups. Two examples of this are the classical interaction energy, VAB

cl ,
in the CH3F···NCH and CO2···NCH complexes, with −1.94 and −2.28 Kcal/mol, respectively. These
numbers should not lead us to believe that the interactions between two individual atoms, one of
each fragment, are also small. For instance, the C···N and C···C classical energies in CO2···NCH
are −366.04 and 284.32 Kcal/mol, respectively, and the O···N and O···C energies are about 179.06
and −139.57 Kcal/mol, respectively. When the full C···NCH VAB

cl interaction is computed, its value
becomes −39.00 Kcal/mol, an order of magnitude lower than the figures commented above. If all the
interactions between the atoms of the electron donor fragment and those of the acceptor fragment are
added together, the quantity −1.94 Kcal/mol that appears in Table 1 is obtained. This type of analysis
can be done with the classical components of the interaction of any of the systems in the Table and
the conclusions would be the same: individual atom-atom energies can be, in general, quite large.
However, due to the almost electroneutrality of the fragments in many cases, they tend to cancel out in
the final picture. As we have recently stressed, the meaning of Coulombic terms in the computation of
intermolecular or interfragment energies is simple, but a considerable effort is still necessary before it
is fully understood. As a final note, we want to emphasize that while measure of the intrinsic bond
strength between two molecules, atoms, or fragments can be obtained from the plain EAB

int values [82],
the calculation of the total binding energy unavoidably requires that the deformation energies be
added to EAB

int .

5. Conclusions

The interacting quantum atoms (IQA) methodology has been used to carry out a detailed
energy partition of about thirty tetrel bonds formed between different electron-acceptor fragments
(A) containing a C, Si, or Ge atom, and several neutral and anionic electron-donor fragments (B).
The geometries of all the complexes were fully optimized at the DFT level, and all subsequent IQA
analyses were performed at the CCSD level.

Almost every energetic quantity contributing to the total binding energy between A and B,
EAB

bind, is separated in the IQA method into intra-atomic and interatomic components. Adding
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together all the one- and two-center terms belonging to a given fragment, one obtains its net- or
self-energy, ER

net (R = A, B). When the total energies of the isolated fragments are computed at the
same computational level as the complexes and subtracted from ER

net, the fragment deformation
energies ER

def appear. Their computed values are systematically positive, and the greater or smaller
value of each ER

def gives a measure of the degree of electronic reorganization suffered by the fragment
upon complex formation. Due to their positive values, the deformation energies are destabilizing
contributions to EAB

bind. Complexes containing a C atom in the acceptor fragment are those with the
smaller deformation energies, and those that contain a Si atom have greater ER

def values than their
analogues with germanium.

A detailed analysis of all IQA energy contributions leads us to conclude that, overall, the IQA
energy quantities obtained for the complexes in which the charge-acceptor fragment (A) contains a C
atom are smaller than when the atom of group 14 is Si, which, in general but with some exceptions,
are usually greater than when the complex contains Ge instead of Si. In agreement with several
authors, there are plenty of examples of tetrel interactions that can hardly be classified as non-covalent
interactions. In some extreme cases, like in the GeO2···Br– system, all real space indicators point toward
a standard strong polar-covalent interaction. This situation is similar to that found in other recently
defined bonds, where a full window of interaction energies going from very weak to considerably
strong links have been found.

The IQA energy partition method used in this work is fully framed in the context of quantum
chemical topology. Among its possible advantages over other existing schemes, its orbital invariance
is possibly the most important of all. The IQA method can be applied independently of the electronic
structure method used to construct the wave function that describes the molecular system under study.
Accurate electronic structure methods, such as full interaction configuration (full-CI), multireference
singles and doubles interaction configuration (MR-CISD), or the CCSD method used in this work, can
be applied as easily as a mean field scheme, such as the Hartree–Fock method. Actually, in order for
IQA to be used, it only requires the knowledge of the one-particle and (diagonal) two-particle density
matrices, although molecular descriptions at the DFT level are also possible in the IQA context. Finally,
although IQA has, to date, been applied almost exclusively in the ground electronic state, we have also
recently started to use it in excited electronic states [83,84].
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Abstract: The theoretical calculation of pKa values for Brønsted acids is a challenging task that
involves sophisticated and time-consuming methods. Therefore, heuristic approaches are efficient
and appealing methodologies to approximate these values. Herein, we used the maximum surface
electrostatic potential (VS,max) on the acidic hydrogen atoms of carboxylic acids to describe the H-bond
interaction with water (the same descriptor that is used to characterize σ-bonded complexes) and
correlate the results with experimental pKa values to obtain a predictive model for other carboxylic
acids. We benchmarked six different methods, all including an implicit solvation model (water):
Five density functionals and the Møller–Plesset second order perturbation theory in combination with
six different basis sets for a total of thirty-six levels of theory. The ωB97X-D/cc-pVDZ level of theory
stood out as the best one for consistently reproducing the reported pKa values, with a predictive
power of 98% correlation in a test set of ten other carboxylic acids.

Keywords: pKa; hydrogen bond; maximum surface potential; σ–hole

1. Introduction

The hydrogen bond is a strong, directional, non-covalent interaction responsible for a large
number of chemical phenomena spanning from chemistry to biochemistry [1–3], which has become
a paradigm amongst the toolbox of chemical concepts [4,5]. Hydrogen bonding is also a major driving
force of chemical reactivity. For instance, the deprotonation of Brønsted acids in aqueous media,
where the reaction constant, Ka, and its associated logarithmic quantity, pKa = −logKa, are an intrinsic
characteristic of each acid. This process occurs through the abstraction of the acidic hydrogen atom
using a water molecule (Equation (1)). It is commonly regarded that the deprotonation reaction is
mainly promoted by electrostatic interactions, given the partial positive charge on the acid hydrogen.
Characterization of a protic acid through the pKa values is of practical importance and usefulness in
various steps of the chemical design rationale, and therefore, it is an important quantity.

HA + H2O → H3O+ + A− (1)

The accurate prediction of pKa values for carboxylic acids by means of computational methods
covers a wide range of potential applications from chemical design and biochemistry research to drug
development [6–8]. However, calculating the equilibrium constant for the deprotonation reaction
of a Brønsted acid implies the calculation of the Gibbs Free Energy change, (−ΔG), which in turn
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entails the calculation of extremely accurate solvation energies for all species involved (Scheme 1).
Calculation of accurate solvation free energies remains challenging, since it requires the use of
sophisticated and computationally intensive methods, such as G3MP2 or CBS-QB3 [9], mostly due
to a poor description of the solute–solvent interactions [10]. This method is highly sensitive to even
slight deviations, since an error of only 1.36 kcal/mol—Barely above chemical accuracy—Leads to
a unit error in the pKa, making it impractical for large molecules.

Scheme 1. Thermodynamic cycle for a protic acid deprotonation.

Since the interaction of water molecules with the acidic hydrogen atom is not isotropic,
some parallels between hydrogen and σ–hole bonded systems arise. The formation of these directional
interactions implies the presence of an electrostatic potential maximum located on the opposite side
of the O–H σ–bond, which can be quantified by the maximum surface electrostatic potential, VS,max.
By assuming that the deprotonation of a carboxylic acid begins with the formation of a hydrogen
bond with a water molecule, RCOOH···H2O, we propose the use of VS,max as a suitable descriptor
for the strength of this interaction, which in turn correlates with the corresponding pKa values,
in a similar fashion to how a σ-hole-based interaction is quantified in halogen or tetrel bonds.
Previously, the nucleophilicities and electrophilicities of Lewis acids and bases, respectively, have been
derived from the interpolation of the mutual dissociation energies [11].

Previous efforts for deriving suitable pKa descriptors from ab initio or DFT descriptors have
been successfully published, in some cases mixing implicit and explicit solvation models [12].
Electrostatic properties, such as the total molecular electrostatic potential (MEP) on the acidic hydrogen,
combined with the sum of the valence Natural Atomic Orbital (NAO) energies on the acidic atom
and the leaving proton for amino acids and nucleotides exhibits a correlation coefficient R2 = 0.91 [13]
with the experimental pKa values. Monard and Jensen used various kinds of atomic charges of
the conjugated phenolates, alkoxides, or thiolates, with the best correlations being observed for the
atomic electrostatic charges from a Natural Population Analysis (NPA) calculated at the B3LYP/3-21G
(R2 = 0.995) and M06-2X/6-311G (R2 = 0.986) levels of theory for alcohols and thiols, in implicit
solvent, respectively. Other efforts include correlations on the excited states of photoacids [14] using
Time Dependent DFT at the ωB97X-D/6-31G(d) level of theory for a family of hydroxyl-substituted
aromatic compounds. QSPR models have yielded, for instance, a three parameters model which uses
the MEP maxima, the number of carboxylic acid and amine groups for phenols, at the HF/6-31G(d,p)
and B3LYP/6-31G(d,p) levels of theory (R2 = 0.96) [15]. It involves a four parameters linear equation
comprising the highest normal mode vibrational frequency, the partial positive and negative charges
divided by the total surface area and a reactivity index, defined in terms of a population analysis
on the frontier orbital HOMO (R2 ca. 0.95 sic.) [16] for N-Base ligands at the semi empirical AM1
level of theory, as well as a Principal Components Analysis (PCA) for organic and inorganic acids
(RMSE = 0.0195) [17]. Moreover, genetic algorithms (GA) and neural networks (NN) have employed
frontier orbital energies for a chemical space of sixty commercial drugs [18] (GA, R2 = 0.703; NN,
R2 = 0.929). Thus far, the only major commercial program capable of including the effects of molecular

18



Molecules 2019, 24, 79

conformations on the estimation of pKa values is ‘Jaguar pKa′ [19,20]. For more thorough reviews on
the development of pKa descriptors, please refer to References [21–23].

Non-covalent interactions like tetrel [24], pnicogen [25], chalcogen [26,27], carbon [28],
and halogen [29–31] bonds offer some resemblances to H-bonded systems, both in structural and
reactivity terms. All these forms of bonding correspond to directional, intermolecular non-covalent
interactions of an electrostatic nature involving elements in groups 14 through 17, respectively.
These atoms behave as electrophiles through the interaction with either n or π electrons from Lewis
bases [32,33]. The formation of these non-covalent interactions stems from a similar origin, via the
presence of σ–holes [34–36], a localized region of positive electrostatic potential on the surface of the
bridge atom (prominently present in atoms of group 17), and opposite to the internuclear axis of one of
the covalent σ bonds, hence the σ–holes. A stretch of this label has been applied to hydrogen bonding,
despite the absence of p electrons on hydrogen atoms and the high polarizability of the hydrogen
bonds [37–39].

Energetically, the strength of these interactions increases as the bridging atom increases its atomic
number, the electronegativity of the atom bonded opposite to the non-covalent bond, and the number
of electron-withdrawing groups bonded to the bridging atom. Tetrel bonds, for instance, are stabilizing
interactions in nature [40,41] that form cooperative networks [26,42–46], a feature that is used as
a powerful tool for the design of crystal structures [47–49]. The stabilization arising from these
interactions ranges from 1 kcal/mol to 50 kcal/mol [50]. Therefore, the formation and strength of these
interactions closely depends on the polarization of the electron density surrounding the bridging atom.
In the particular case of tetrel bonds, these factors have been extensively investigated by Scheiner,
who has further assessed the electronic [50,51] and steric [52] contributions.

Several computational studies on the nature of tetrel bonds have been published so far, from their
strict quantum treatment [53] to their charge transfer dynamics in the attoseconds regime [54], and the
tunneling bond-breaking processes promoted by σ-holes [55].

Thus, the importance of the study of non-covalent interactions has large implications for crystal
engineering [56], biochemistry, and the understanding of chemical reactivity [57–59]. In our research
group, we have reported the chemical reduction of a trichloromethyl group into a methyl group via the
attack of σ–holes on chlorine atoms by thiophenolate anions, a reaction mechanism which is extensible
to other trichloromethyl compounds [60].

Herein, we presented a benchmark of linear models which correlate the VS,max calculations with
various DFT methods, and used MP2 as a reference (see methodology section), to the pKa values of
carboxylic acids. Physically, the obtained value of VS,max on the acidic hydrogen atom reflects the
attractive interaction between it and a water molecule, and thus in turn can be used to describe the
deprotonation process in electrostatic terms.

2. Results

Thirty (30) different carboxylic acids with reported pKa values were selected from Lange′s
Handbook of Chemistry [61], and they were optimized and the surface electrostatic potential calculated
(see methods section for full details). The structures of the acids are shown in Figure 1. The levels
of theory used were obtained from the combination of the following functionals: ωB97X-D (A) [62],
B3LYP (B) [63], LC-ωPBE (C) [64], M06-2X (D) [65] and PBE0 (E) [66], as well as the Møller-Plesset
second-order perturbation theory, MP2 (F), and the following basis sets, 6-31+G(d,p) (1), 6-311++G(d,p)
(2), cc-pVDZ (3), cc-pVTZ (4), aug-cc-pVTZ (5), and Def2-TZVP (6).
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Figure 1. Thirty carboxylic acids comprising the chemical space under study.

In total, thirty-six levels of theory were used to calculate the electronic structure of the thirty
carboxylic acids, which comprised the chemical space under study for a total of 1080 different wave
functions, upon which the maximum surface potential, VS,max, was calculated and plotted against
the experimental pKaexp value. Our model was based on simple linear regressions to obtain the
best fittings. The VS,max on each acidic hydrogen atom was used for the correlations, as an example,
Figure 2 depicts the location of VS,max on the acid hydrogen atom for compound 14. This value was
calculated on the isodensity surface � = 0.001 a.u., and it was used as a descriptor for the magnitude of
the attractive interaction RCOOH···H2O.
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Figure 2. Maximum surface electrostatic potential, VS,max, over the acidic hydrogen atom shown for
compound 14 taking an isodensity value of 0.001 a.u. (isosurface not shown). Red dots represent
positive VS,max values and the blue dots represent negative VS,max values.

All the correlation coefficients, slopes, and intercepts for all thirty-six levels of theory are collected
in Table 1.

Table 1. Linear regression parameters obtained for the pKa vs VS,max plots. Intercept units in kcal/mol.

Level of Theory Slope Intercept R2 Level of Theory Slope Intercept R2

A1 −0.1954 16.1237 0.9626 D1 −0.1987 16.3352 0.9598
A2 −0.1975 15.8213 0.9645 D2 −0.1947 15.5073 0.9598
A3 −0.2185 16.1879 0.9680 D3 −0.2201 16.2212 0.9653
A4 −0.2113 16.3958 0.9627 D4 −0.2082 16.2411 0.9577
A5 −0.2063 16.3542 0.9594 D5 −0.2027 16.0780 0.9535
A6 −0.2131 16.3967 0.9589 D6 −0.2095 15.9993 0.9534

B1 −0.1902 15.1863 0.9494 E1 −0.1953 15.8840 0.9553
B2 −0.1909 14.8019 0.9515 E2 −0.1953 15.3858 0.9511
B3 −0.2191 15.5109 0.9570 E3 −0.2167 15.8799 0.9616
B4 −0.2072 15.4614 0.9521 E4 −0.2118 16.1281 0.9536
B5 −0.1983 15.1505 0.9457 E5 −0.2038 15.8232 0.9490
B6 −0.2030 15.1449 0.9277 E6 −0.2125 15.9739 0.9485

C1 −0.2001 16.4372 0.9654 F1 −0.1996 15.8814 0.9613
C2 −0.1996 15.9700 0.9647 F2 −0.2123 15.9191 0.9625
C3 −0.2272 16.6499 0.9682 F3 −0.2285 16.3778 0.9702
C4 −0.2166 16.7945 0.9633 F4 −0.2198 16.3264 0.9661
C5 −0.2085 16..4776 0.9597 F5 −0.2094 16.0399 0.9550
C6 −0.2162 16.4972 0.9579 F6 −0.2187 16.1635 0.9616

The obtained linear model is shown in Figure 3 for method (A) only, the plots with the rest of the
methods (B)–(F) are presented in the Supporting Information section (Figures S3, S5, S7, S9 and S11).

A physical interpretation of the trends observed in Figure 3 can be rationalized in terms of the
polarization of the O–H bond in the carboxylic acid motif. When the electron density of this bond
was more polarized towards the oxygen atom, then the hydrogen atom possessed a more positive
electrostatic potential, at the same time it was more labile and readily available for water to abstract it,
thus having a lower pKa.

To further analyze the obtained models, a comparison between the experimental and calculated
pKa values was made by calculating the ΔpKa = pKaexp − pKacal. Figure 4 shows these plots for the
results obtained with the functional (A), where the corresponding ΔpKa plots for the other levels of
theory are collected in the Supporting Information section (Figures S4, S6, S8, S10 and S12).
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Figure 3. Linear correlations between pKaexp against VS,max for DFT method (A), with the six basis
sets (1) through (6).
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Figure 4. ΔpKa = pKaexp – pKacal for DFT method (A) with the six basis sets (1) through (6).

The set of models obtained for functionals (C) and (A) had the highest correlation values across
the basis sets employed (see the discussion in Section 3 for further results analysis). Particularly, the A3
level of theory (ωB97X-D/cc-pVDZ) exhibited simultaneously, a high correlation (R2 = 0.9680) and the
lowest ΔpKa values. Table S8 shows the pKa intervals for all levels of theory and it can be observed that
all (C) models have a ΔpKa interval above 1.0 units, whereas all (A) models have ΔpKa intervals below
1.0 unit, which means an accuracy of ±0.5 pKa units. Considering these results and the calculation
parameters supplied (isodensity and grid values), we proposed the following equation:

pKa = −0.2185 VS,max + 16.1879 (2)
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To assess the predictive capabilities of our model, given by Equation (2), we built a test set with
ten carboxylic acids (Figure 5), with pKa values that lay within the range covered by the original
training set. The experimental pKa values were reported in Reference [61] and were reproduced
in Table 2, together with the calculated values for the test set and the differences, which lay in the
range of ΔpKa = ±0.3 units. Figure 6 shows the remarkable correlation between the experimental and
calculated values with a correlation coefficient R2 = 0.9801.

Figure 5. Carboxylic acids used as a test set for Equation (2).

Table 2. VS,max calculated with the A3 model. Experimental and calculated pKa values for compounds
a–j and the differences.

VS,max pKaexp * pKacal ** ΔpKaexp − cal

a 70.3733 0.7200 0.8097 −0.0897
b 66.8745 1.3900 1.5743 −0.1843
c 66.2754 1.4700 1.7052 −0.2352
d 65.6112 1.9000 1.8503 0.0497
e 62.0236 2.3600 2.6343 −0.2743
f 61.9719 2.9500 2.6456 0.3044
g 59.0914 3.1600 3.2750 −0.1150
h 54.9561 3.9100 4.1787 −0.2687
i 54.6370 4.2200 4.2484 0.0284
j 52.8925 4.3600 3.6296 −0.2696

* See Reference [61]. ** Values obtained with Equation (2).
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Figure 6. Correlation between the experimental and calculated pKa values.

3. Discussion

3.1. Computational Method: DFT or Ab Initio?

As a comparison standard, the Møller-Plesset second-order perturbation theory, MP2 (F),
was included in the study, not only to assess its accuracy, but to compare the DFT and at least
one wave function method as well. From all the tested levels of theory, the highest R2 correlation
coefficients (Table 1) between VS,max and pKaexp values were obtained consistently with the ab initio
MP2 method. Nevertheless, the DFT functional ωB97X-D functional (A), yielded comparably similar
results at a fraction of the computational cost. The lowest correlation coefficients were obtained
with the B3LYP functional (B), which, despite being one of the most popular ones to model organic
molecules, could be describing the surface electrostatic potential inadequately. A similar performance
to that of B3LYP was observed for the PBE0 functional (E), which in turn, was slightly improved when
long range corrections were included in the case of LC-ωPBE (C). The latter functional was thought to
yield much better results due to this long-range correlation term; however, that was not the case.

The M06-2X functional (D) also showed to be properly describing the surface electrostatic
potentials, as shown in the high correlation coefficients. This was plausibly because of the dispersion
terms included in its formulation. The ωB97X-D functional included an empirical dispersion term
which was added a posteriori to correct the energy, but not the electron density [67].

Although the M06-2X functional is widely used and regarded as probably the best functional to
model organic reactions [65], in this case, it yielded a larger discrepancy in the ΔpKa plots than the
plots obtained with ωB97X-D (Figure 4 and Figure S8).

The fact that the MP2/cc-pVDZ and the ωB97X-D/cc-pVDZ yielded comparable results showed
that for the case of modeling surface electrostatic potentials, a computationally expensive method may
not always be preferred, as very similar or even better results can be obtained with a less demanding
approach in just a fraction of the time.

3.2. Basis Set: Is Larger Better?

Most of the reported benchmarks to model organic molecules deal with the selection of the proper
DFT functional methods [68–70]. However, little attention is paid to the basis set, or more precisely,
to the proper functional/basis set combination (i.e., the level of theory). For further details, refer to
Figures S13–S18, where the obtained models are organized by basis set.

25



Molecules 2019, 24, 79

Four out of the six methods yielded the strongest VS,max-pKa correlations when using the relatively
medium size cc-pVDZ basis set. Surprisingly, the M06-2X functional presented the largest ΔpKa
deviations when combined with the largest basis set aug-cc-pVTZ (Figures S7 and S8).

In the case of the MP2 calculations (Figure S12), increasing the so-called quality of the basis set
may not be beneficial in all cases. When comparing the split-valence Pople’s basis sets, practically
the same correlation was found with the double-ζ set and the corresponding triple-ζ quality one,
0.9613 versus 0.9625, respectively. On the other hand, the Dunning–Huzinaga basis showed a decrease
in correlation when increasing the set size from cc-pVDZ to cc-pVTZ, 0.9702 and 0.9661, respectively.
However, the ΔpKa deviations were practically consistent among the MP2 levels of theory.

In terms of the difference between the experimental and correlated pKa values, the A3 level of
theory yielded the smallest ΔpKa deviations, with most of the differences kept under 0.5 pKa units,
showing that, for this case, a larger basis set size may not always be better.

3.3. A Final Remark

In the thirty-six levels of theory tested in this study, the calculation of the VS,max of three
compounds (6, 7, and 12) required an average of conformers, where the angle (D1 = O=C-O-H)
was either 0.0◦ or 180.0◦. The conformation D1 = 180.0◦ was stable due to strong delocalization effects
from nearby Π bonds to the σ*O-H orbital in the acidic hydrogen atom or intramolecular hydrogen
bonding with Lewis basic motifs (Figure 7). For such kind of compounds, further improvements are
required in the methodology for our linear models.

 

Figure 7. Intramolecular interactions for compounds 6, 7, and 12, conformers at D1 = 180.0◦.

So far, the applicability domain of these regressions is limited by the pKa data used to construct
the models (0.5 < pKa < 5.0). Caution must be taken when using the linear models presented herein for
molecules outside this range.

4. Materials and Methods

Geometry optimizations and wave function printouts for the 30 carboxylic acids were performed
using the Gaussian 09 rev. E01 suite of programs as in Reference [71], at each of the different levels of
theory (see text). All calculations included the Conductor-like Polarizable Continuum Model (CPCM)
implicit solvation model (water) as described in References [72,73]. The radii for cavity construction
was the UFF default which takes the radii from the UFF (Universal Force Field) scaled by 1.1 with
explicit spheres for hydrogen atoms. Frequency analyses were performed at the end of each geometry
optimization at the same level of theory to verify that the found geometries corresponded to the energy
minima. The ultrafine integration grid was used in all the calculations.

The maximum surface potential (VS,max) calculations were performed on the wave function files
with the ‘MultiWFN’ program, version 3.3.8 as in Reference [74], using an isodensity value of 0.001 a.u.
All the computed values were collected in the Supporting Information (Tables S1–S6).
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5. Conclusions

VS,max is a scalar quantity that characterizes a σ-hole, and according to our calculations, it has
also proven to be a suitable descriptor to be correlated with the pKa value of carboxylic acids,
yielding differences in pKa of high accuracy. ΔpKa = ±0.30 when the ωB97X-D/cc-pVDZ level
of theory was used to calculate the associated electron density upon which the VS,max value was
obtained. By means of straightforward DFT calculations with a simple implicit solvation model
(CPCM), the value of the VS,max could be calculated and Equation (2) obtained herein, could be
used to estimate the pKa values without the need for a full thermodynamic cycle calculation;
thus, avoiding long computations of solvation free energies and other costly quantities which require
high accuracy methods.

The ωB97X-D/cc-pVDZ level of theory (A3) yielded the lowest ΔpKa values, standing as the best
choice for estimating the pKa of any given acid through the calculation of the VS,max. Hence, we highly
recommend this level of theory for geometry optimization and wave function file print. Care must be
taken as the pKa value sought after should be between 0.5 and 5.0 pH units, for this is the applicability
domain of our resulting equations, given the chemical space covered herein.

Further testing is needed for these regression models to become universal. However, it is
important to stress that VS,max has turned out to be a powerful descriptor for predicting the pKa values
of carboxylic acids as it is reflected by low, yet distinguishable differences across all methods studied
herein. The presence of intramolecular non-covalent interactions, for example, hydrogen bonding,
as well as highly electron-delocalizing groups within the chemical space, are key features to consider
in the inclusion of an average of the VS,max for the most stable conformers. Our proposed descriptor
is also dependent of the isodensity value for the definition of the surface upon which it is calculated,
and it is highly recommended to keep the value suggested by Bader et al. [75] of � = 0.001 a.u.
However, by taking these considerations into account as part of the parametrical requirements of
Equation (2), then extremely accurate pKa results are obtained in a straightforward fashion.

Supplementary Materials: The following are available online, Tables S1–S6: Calculated VS,max values for
carboxylic H atoms to the different levels of theory studied, Table S7: Reported pKa values for carboxylic
acids studied. Figures S1, S3, S5, S7, S9 and S11: Correlation of pKaexp vs VS,max. Figures S2, S4, S6, S8, S10 and
S12: Difference between the experimental and calculated pKa values (ΔpKaexp−cal).
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16. Palaz, S.; Türkkan, B.; Eroğlu, E. A QSPR Study for the Prediction of the pKa of N-Base Ligands and
Formation Constant Kc of Bis(2,2′-bipyridine)Platinum(II)-N-Base Adducts Using Quantum Mechanically
Derived Descriptors. ISRN Phys. Chem. 2012, 2012, 1–11. [CrossRef]

17. Veyseh, S.; Hamzehali, H.; Niazi, A.; Ghasemi, J.B. Application of multivariate image analysis in QSPR study
of pKa of various acids by principal components-least squares support vector machine. J. Chil. Chem. Soc.
2015, 60, 2985–2987. [CrossRef]

18. Noorizadeh, H.; Farmany, A.; Noorizadeh, M. pKa modelling and prediction of drug molecules through
GA-KPLS and L-M ANN. Drug Test. Anal. 2013, 5, 103–109. [CrossRef] [PubMed]

19. Bochevarov, A.D.; Watson, M.A.; Greenwood, J.R.; Philipp, D.M. Multiconformation, Density Functional
Theory-Based pKa Prediction in Application to Large, Flexible Organic Molecules with Diverse Functional
Groups. J. Chem. Theory Comput. 2016, 12, 6001–6019. [CrossRef]

20. Yu, H.S.; Watson, M.A.; Bochevarov, A.D. Weighted Averaging Scheme and Local Atomic Descriptor for pKa
Prediction Based on Density Functional Theory. J. Chem. Inf. Model. 2018, 58, 271–286. [CrossRef]

21. Seybold, P.G.; Shields, G.C. Computational estimation of pKa values. Wiley Interdiscip. Rev. Comput. Mol. Sci.
2015, 5, 290–297. [CrossRef]

22. Niu, Y.; Lee, J.K. pKa Prediction. In Applied Theoretical Organic Chemistry; Tantillo, D.J., Ed.; World Scientific:
London, UK, 2018; pp. 6540–6544. ISBN 978-1-78634-408-3.

23. Matta, C.F. Modeling biophysical and biological properties from the characteristics of the molecular electron
density, electron localization and delocalization matrices, and the electrostatic potential. J. Comput. Chem.
2014, 35, 1165–1198. [CrossRef] [PubMed]

24. Bauzá, A.; Mooibroek, T.J.; Frontera, A. Tetrel-Bonding Interaction: Rediscovered Supramolecular Force?
Angew. Chemie Int. Ed. 2013, 52, 12317–12321. [CrossRef] [PubMed]

25. Gholipour, A. Mutual interplay between pnicogen–π and tetrel bond in PF3⊥X–Pyr . . . SiH3CN complexes:
NMR, SAPT, AIM, NBO, and MEP analysis. Struct. Chem. 2018, 29, 1255–1263. [CrossRef]

26. Guo, X.; Liu, Y.W.; Li, Q.Z.; Li, W.Z.; Cheng, J.B. Competition and cooperativity between tetrel bond and
chalcogen bond in complexes involving F2CX (X = Se and Te). Chem. Phys. Lett. 2015, 620, 7–12. [CrossRef]

27. Liu, M.; Li, Q.; Li, W.; Cheng, J.; McDowell, S.A.C. Comparison of hydrogen, halogen, and tetrel bonds in the
complexes of HArF with YH3X (X = halogen, Y = C and Si). RSC Adv. 2016, 6, 19136–19143. [CrossRef]

28



Molecules 2019, 24, 79

28. Mani, D.; Arunan, E. The X-C· · ·Y (X = O/F, Y = O/S/F/Cl/Br/N/P) “carbon bond” and hydrophobic
interactions. Phys. Chem. Chem. Phys. 2013, 15, 14377–14383. [CrossRef]

29. Cavallo, G.; Metrangolo, P.; Milani, R.; Pilati, T.; Priimagi, A.; Resnati, G.; Terraneo, G. The halogen bond.
Chem. Rev. 2016, 116, 2478–2601. [CrossRef]

30. Auffinger, P.; Hays, F.; Westhof, E.; Ho, P.S. Halogen bonds in biological molecules. Proc. Natl. Acad. Sci. USA.
2004, 101, 16789–16794. [CrossRef]

31. Politzer, P.; Murray, J.S.; Clark, T. Halogen bonding and other σ-hole interactions: A perspective. Phys. Chem.
Chem. Phys. 2013, 15, 11178–11189. [CrossRef]

32. Legon, A.C. Tetrel, pnictogen and chalcogen bonds identified in the gas phase before they had names:
A systematic look at non-covalent interactions. Phys. Chem. Chem. Phys. 2017, 19, 14884–14896. [CrossRef]

33. Edwards, A.J.; Mackenzie, C.F.; Spackman, P.R.; Jayatilaka, D.; Spackman, M.A. Intermolecular interactions
in molecular crystals: What’s in a name? Faraday Discuss. 2017, 203, 93–112. [CrossRef] [PubMed]

34. Liu, M.; Li, Q.; Scheiner, S. Comparison of tetrel bonds in neutral and protonated complexes of pyridine
TF3 and furan TF3 (T = C, Si, and Ge) with NH3. Phys. Chem. Chem. Phys. 2017, 19, 5550–5559. [CrossRef]
[PubMed]

35. Zierkiewicz, W.; Michalczyk, M.; Scheiner, S. Comparison between tetrel bonded complexes stabilized by σ

and π hole interactions. Molecules 2018, 23, 1416. [CrossRef] [PubMed]
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Abstract: A set of 35 representative neutral and charged tetrel complexes was investigated with the
objective of finding the factors that influence the strength of tetrel bonding involving single bonded
C, Si, and Ge donors and double bonded C or Si donors. For the first time, we introduced an intrinsic
bond strength measure for tetrel bonding, derived from calculated vibrational spectroscopy data
obtained at the CCSD(T)/aug-cc-pVTZ level of theory and used this measure to rationalize and order
the tetrel bonds. Our study revealed that the strength of tetrel bonds is affected by several factors,
such as the magnitude of the σ-hole in the tetrel atom, the negative electrostatic potential at the lone
pair of the tetrel-acceptor, the positive charge at the peripheral hydrogen of the tetrel-donor, the
exchange-repulsion between the lone pair orbitals of the peripheral atoms of the tetrel-donor and
the heteroatom of the tetrel-acceptor, and the stabilization brought about by electron delocalization.
Thus, focusing on just one or two of these factors, in particular, the σ-hole description can only lead
to an incomplete picture. Tetrel bonding covers a range of −1.4 to −26 kcal/mol, which can be
strengthened by substituting the peripheral ligands with electron-withdrawing substituents and by
positively charged tetrel-donors or negatively charged tetrel-acceptors.

Keywords: noncovalent interactions; weak interactions; tetrel bonding; intrinsic bond strength;
local stretching force constant; CCSD(T)

1. Introduction

Noncovalent interactions (NCIs) have received increasing attention in the last two decades [1–3]
due to their technological and fundamental importance in physics, chemistry, and biology [4–6].
Despite of the fact that NCIs are weak compared to covalent bonds (about an order of magnitude
smaller), the importance of NCIs absolutely cannot be neglected [7–9]. They are ubiquitous and play a
significant role in determining the properties of matter from small molecules to supramolecular systems
like DNA and proteins [7,10]. They stabilize molecular structures [11,12], construct supramolecular
materials [13], lower the activation energy of chemical reactions [14], and regulate the properties
of crystal materials [15]. A series of different types of NCIs has been reported, namely, hydrogen
bonds [16–22], aerogen bonds (group 18) [23–26], halogen bonds (Group 17) [27–32], chalcogen bonds
(Group 16) [33–37], pnicogen bonds (Group 15) [38–42], tetrel bonds (Group 14) [43–49], and triel
bonds (Group 13) [50,51].

Recently, tetrel bonding has found many applications due to its unique properties, such as
strength, directionality, and origin of attraction [52]. Tetrel bonds play an important role in crystal
engineering and supramolecular chemistry as a new potential molecular linker [44,53] and in dynamical
processes such as protein folding and ligand–acceptor interactions [54–56]. Tetrel bonds also play an
important role in the preliminary stages of SN2 reactions [57] and hydrophobic interactions [58,59].
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The formation of tetrel bonds can be understood as an interaction between an electron-deficient tetrel
atom of a Lewis acid (tetrel donor, T-donor) and an electron-rich of a Lewis base (tetrel acceptor,
T-acceptor) (see Figure 1) [53]. The Lewis base (T-acceptor) can be any electron-rich entity possesing a
lone pair [60–63], a π-system [55,64], an anion [44,65], etc. To explain the formation of a tetrel bond
via σ-hole interactions, Politzer, Murray, and Clark suggested an interaction between a region of
positive electrostatic potential as a result of diminished electron density on the tetrel atom (T-donor)
and a region of negative electrostatic potential on an electron-rich atom (T-acceptor) [3,58,66–68].
The diminished electron density on the tetrel atom occurs as a result of electrons being mostly localized
in the bonding region, which leaves a deficiency of electronic density in the outer lobe of the p-type
valence orbital along the extension of the covalent bonding on the tetrel atom [69].

Figure 1. Schematic representation of tetrel complexes between the electron-deficient tetrel atom of a
Lewis acid (tetrel donor, T-donor, T = C, Si, Ge) and the electron-rich tetrel atom of a Lewis base (tetrel
acceptor, T-acceptor, A = FH, OH2, NH3, Cl– ).

A series of experimental studies was conducted to identify and characterize tetrel bonding.
The first convincing evidence of tetrel bonding was reported by Jönson and co-workers in 1975,
where they observed that the carbon atoms of the carbon dioxide dimer can attractively interact
with the lone pair of the oxygen of water [70] which was confirmed nine years later via microwave
spectroscopic analysis by Klemperer and co-workers [71]. Recently, Guru-Row and co-workers
provided experimental evidence of tetrel bonding based on an X-ray charge density analysis [43].
They revealed the existence of a bond path connecting the oxygen atom with the – CH3 carbon
atom in R3N+ – CH3···OH complexes [43]. Mitzel and co-workers discussed Si···N tetrel bonding
in the crystalline Si(ONMe2)4 [72,73]. Evidence of tetrel bonding has also been observed by NMR
spectroscopy [74]. The chemical shifts, quadrupolar couplings, and J-coupling are sensitive to the
presence of tetrel bonding. For example, the J-coupling constant for (secondary) tetrel bonds has a
magnitude of about 3 Hz [75].

The strength of tetrel bonding can be enhanced by cooperative effects [76–78] in conjunction with
hydrogen bonding [79,80], halogen bonding [80], chalcogen bonding [81,82], lithium bonding [83],
or with other tetrel bonding [84]. Cooperative effects in tetrel bonding [85–87] play an important role
in crystal materials, chemical reactions, and biological systems [78,88,89]. Thus, the understanding of
the strength and the nature of tetrel bonding is the key to understanding its properties. The molecular
electrostatic potential (Vs) and its maximum value (Vs,max) are commonly used measures to quantify the
strength of the σ-hole interaction [58,90,91]. A limited correlation between the interaction energies and
the value of the Vs,max has been reported by several authors [27,28,61,66,92]. However, very recently,
Scheiner and co-workers pointed out that the maximum magnitude of the molecular electrostatic
potential is not an ideal bond strength indicator [93,94]. Therefore, there is an urgent need for a
qualified intrinsic bond strength descriptor, which we address in the present work.

One of the most common measures for quantifying the chemical bond strength is the bond
dissociation energy (BDE) or the bond dissociation enthalpy (BDH). It has been shown that the BDE or
BDH has the limitation of describing the intrinsic strength of a bond [95–98] because it includes the
geometry relaxation of the fragments as well as the reorganization of the electron density. The intrinsic
bond strength based on the local mode force constants ka measures the bond strength with only
infinitesimal changes in the electronic structure of the molecule, thus excluding misleading additional
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contributions from the relaxation of the fragments. Many examples show that a chemical bond may
have a large value of ka but a low BDE, vice versa [40,96,97].

Vibrational spectroscopy is an important tool that has been used to identify and characterize
small-to-medium-sized molecules [99–101]. However, normal vibrational modes are of limited use
as bond strength measure due to mode–mode coupling. A major breakthrough was achieved
by the work of Konkoli and Cremer where the use of vibrational spectroscopy as an intrinsic
bond strength measure via local vibrational modes was refined [102,103]. The intrinsic strength
of chemical bonds is probed using the associated local stretching force constants ka [104–106]. The local
stretching force constants ka have been successfully used to determine the intrinsic bond strength
of covalent bonds such as CC bonds [105,107–109], NN bonds [110], NF bonds [98], CO bonds [111],
and CX (X = F, Cl, Br, I) bonds [112–115] as well as weak chemical interactions such as hydrogen
bonding [18–22], halogen bonding [30,116–118], pnicogen bonding [40–42], chalcogen bonding [96,97],
and recently, BH···π interactions [119,120]. In this study, we investigate the strength and the nature of
the tetrel bonds for a representative set of 35 complexes (see Figure 2) and also compare tetrel bonding
with halogen and chalcogen bonding.

Figure 2. Schematic representation of complexes 1-35 with atomic charges (in me) from the natural
population analysis calculated at the CCSD(T)/aug-cc-pVTZ level of theory. Colors are used to correlate
charges to specific atoms.

The main objectives of the present work are (i) to quantify the impact of changing the tetrel
atom, its substituents, and the tetrel acceptor on the tetrel bond strength; (ii) to better understand

35



Molecules 2018, 23, 2763

the interplay between various electronic effects such as electrostatics, covalent contributions to tetrel
bonding, exchange-repulsion between the tetrel acceptor and the peripheral ligands (R, R’, and R”)
of the tetrel-donor, etc.; (iii) to compare the strength of tetrel bonds with halogen (XBs), chalcogen
(ChB), and pnicogen bonds (PnB); and (iv) to develop an effective strategy to tune the strength of the
tetrel bond.

2. Computational Methods

To evaluate the key factors that influence the strength of the tetrel bonds, geometry optimizations
and normal vibrational modes of complexes 1–35 (see Figure 2), monomers 36–60 (see Table 2, Figure 3,
and Supporting Information Figure S1), and reference molecules R1–R2 were calculated using
the coupled cluster theory with singles, doubles, and perturbative triples (CCSD(T)) [121,122] in
combination with the Dunning’s aug-cc-pVTZ basis set [123–125] which contains diffuse basis functions
for describing the charge distribution of hetero-atoms, anions, and also, the dispersion interactions in
tetrel bonds. All CCSD(T) calculations were carried out using a convergence criterion of 10−7 Hartree
bohr−1 for geometry and a threshold of 10−9 for self-consistent field and CC-amplitudes.

36 37 38 39 40 41

42 43 44 45 46 47

48 49 50 51 52 53

54 55 56 57 58

Figure 3. Molecular electrostatic potential of neutral tetrel-donors mapped onto the 0.001 a.u electron
density surface. Blue and red correspond, respectively, to the positive and negative potential.
The extreme values are ±1.9 eV. The Vsmax at the tetrel σ or π-hole are given in bold blue, while
the Vsmax at the H (36, 37, 38) and at the chalcogen atoms (55, 57) are shown in black. Calculated at the
CCSD(T)/aug-cc-pVTZ level of theory.

Normal vibrational modes were converted into local vibrational modes using the Konkoli–Cremer
method [102–104,107]. The electronic and mass coupling between normal vibrational modes were
eliminated using the mass-decoupled analogue of the Wilson equation [107,126]. The resulting local
vibrational modes, which were free from any mode-mode coupling, were associated with a given
internal coordinate qn (bond length, bond angle, dihedral angle, etc.), which could be connected
to normal vibrational modes in an one-to-one relationship via the Adiabatic Connection Scheme
(ACS) [104,108]. The local force constant ka, obtained from the corresponding local vibrational mode,
was used to measure the intrinsic bond strength of the tetrel bonds.

36



Molecules 2018, 23, 2763

For simplification, the local force constant ka was converted to the bond strength order (BSO n)
using a power relationship of the generalized Badger rule [127]:

n = a(ka)b. (1)

The constants a = 0.418 and b = 0.564 were obtained by two references of well-defined bond order,
namely the FF bond in F2 (n = 1.0) and the three-center-four-electron bond in F3

– (n = 0.5), as previously
done in a study of halogen bonds [30] and other noncovalent interactions [117].

The binding energy was separated into two contributions:

ΔE = Eint + Ede f . (2)

Eint is the interaction energy for the frozen geometry of the monomers, and the deformation energy
(Ede f ) is the energetic difference between the monomers’ frozen geometry and their minimum
energy geometry. The counterpoise correction (CP) [128] is usually used to eliminate the basis set
superposition error (BSSE) present in Eint. However, BSSE often compensates for the error caused
by an incomplete basis set; consequently, uncorrected Eint values can be closer to the complete basis
set limit (CBS) [117,129]. To test if this was the case, we compared CP-corrected and uncorrected
CCSD(T)/aug-cc-pVTZ results to the ones obtained using the more saturated pentuple zeta basis
set aug-cc-pV5Z [123] (see Supporting Information Table S1). The latter results were obtained by
employing the domain-based local pair natural orbital (DLPNO) [130,131] approximation to CCSD(T)
using a tight convergence criteria to ensure that the errors caused by the DLPNO approximation
were negligible. It turned out that the uncorrected CCSD(T)/aug-cc-pVTZ values of Eint were, on
average, closer to the CP-corrected and uncorrected DLPNO-CCSD(T)/aug-cc-pV5Z results than the
CP-corrected CCSD(T)/aug-cc-pVTZ values (see Supporting Information Tables S1 and S2). Therefore,
in the next sections, only ΔE values without counterpoise correction are discussed (see Table 1).

Table 1. Summary of energetics, electron density, energy density, geometric, bond strength order,
and vibrational spectroscopy data for complexes 1–35 *.

# Complex (symm.) ΔE ΔEcp Ede f r r CT ρb Hb ka n ka n

TA XT TA TA TA TA XT XT

Neutral tetrel bonds involving C donors

1 FCH3···FH (C3v) −1.50 −1.29 0.01 2.972 1.392 2 0.034 0.012 0.045 0.073 5.018 1.038
2 FCH3···OH2 (Cs) −2.10 −1.87 0.02 3.035 1.394 3 0.041 0.012 0.055 0.081 4.956 1.030
3 FCH3···NH3 (C3v) −2.25 −2.05 0.02 3.218 1.395 5 0.040 0.009 0.049 0.076 4.912 1.025
4 ClCH3···NH3 (C3v) −2.08 −1.88 0.02 3.289 1.798 6 0.037 0.008 0.043 0.071 2.943 0.768
5 BrCH3···NH3 (C3v) −2.00 −1.80 0.02 3.304 1.953 6 0.037 0.008 0.041 0.069 2.515 0.703
6 (HO)CH3···NH3 (Cs) −1.38 −1.21 0.01 3.362 1.429 3 0.031 0.008 0.032 0.060 4.652 0.994
7 CF4···NH3 (C3v) −1.62 −1.24 0.06 3.426 1.328 1 0.030 a 0.007 a 0.044 0.072 5.926 1.140

Neutral tetrel bonds involving Si donors

8 FSiH3···FH (Cs) −2.28 −1.85 0.06 2.964 1.617 9 0.055 0.005 0.062 0.087 4.970 1.032
9 FSiH3···OH2 (Cs) −4.20 −3.61 0.35 2.774 1.623 25 0.092 0.002 0.088 0.106 4.762 1.007
10 FSiH3···NH3 (C3v) −6.80 −5.94 2.11 2.523 1.637 81 0.179 −0.033 0.103 0.116 4.209 0.940
11 ClSiH3···NH3 (C3v) −6.13 −5.41 2.02 2.580 2.117 84 0.165 −0.024 0.073 0.095 1.941 0.607
12 BrSiH3···NH3 (C3v) −6.11 −5.35 2.23 2.566 2.290 90 0.170 −0.027 0.066 0.090 1.505 0.526
13 (HO)SiH3···NH3 (Cs) −4.13 −3.61 0.68 2.825 1.680 42 0.108 −0.003 0.070 0.093 4.065 0.921
14 SiH4···NH3 (C3v) −2.27 −1.97 0.15 3.202 1.490 18 0.060 0.004 0.049 0.076 2.793 0.746
15 SiF2H2···NH3 (Cs) −6.99 −5.73 4.74 2.400 1.613 95 0.225 −0.066 0.083 0.103 4.573 0.985
16a SiF3H···NH3 (Cs) −7.66 −5.77 11.77 2.205 1.617 139 0.320 −0.126 0.249 0.191 4.698 1.000
16b HSiF3···NH3 (C3v) −6.30 −4.14 21.22 2.104 1.474 172 0.390 −0.149 0.493 0.280 2.974 0.772
17 SiF4···NH3 (C3v) −11.40 −8.86 21.15 2.072 1.609 176 0.419 −0.164 0.678 0.335 5.046 1.041
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Table 1. Cont.

# Complex (symm.) ΔE ΔEcp Ede f r r CT ρb Hb ka n ka n

TA XT TA TA TA TA XT XT

Neutral tetrel bonds involving Ge donors

18 FGeH3···NH3 (C3v) −7.77 −7.18 1.40 2.624 1.816 44 0.169 −0.008 0.149 0.143 4.125 0.929
19 ClGeH3···NH3 (C3v) −6.22 −5.75 1.07 2.755 2.216 64 0.134 −0.001 0.103 0.116 1.921 0.604
20 BrGeH3···NH3 (C3v) −6.01 −5.53 1.07 2.776 2.375 66 0.132 0.000 0.097 0.112 1.591 0.543
21 (HO)GeH3···NH3 (Cs) −4.58 −4.18 0.50 2.910 1.818 39 0.101 0.004 0.089 0.107 3.49 0.845
22 GeH4···NH3 (C3v) −1.99 −1.79 0.09 3.323 1.550 15 0.052 0.005 0.047 0.074 2.580 0.713

Neutral tetrel bonds involving double bonded C or Si donors

23 CO2···NH3 (Cs) −3.09 −2.84 0.11 2.922 1.167 5 0.107 0.002 0.079 0.100 15.183 1.938
24 SCO···NH3 (Cs) −1.97 −1.69 0.02 3.209 1.573 3 0.046 0.009 0.047 0.074 7.081 1.260
25 CF2O···NH3 (Cs) −5.55 −4.82 0.27 2.687 1.178 12 0.113 0.005 0.122 0.127 14.393 1.880
26a CF2S···NH3 (Cs) −3.91 −3.23 0.11 2.897 1.607 9 0.078 0.008 0.086 0.105 6.397 1.190
26b CF2S···NH3 (Cs) 1.45 4.28 24.13 1.587 1.701 545 1.388 −1.339 1.414 0.508 3.828 0.891
27 SiF2O···NH3 (Cs) −44.14 −42.16 7.96 1.917 1.529 229 0.569 −0.224 1.838 0.589 8.803 1.425

Charge-assisted interactions

28 CH3
+···NH3 (C3v) −110.25 b −109.01 24.95 1.511 1.087 329 1.517 −1.952 3.766 0.882 5.458 1.088

29 FNH3
+···NH3 (C3v) −23.14 −22.77 0.43 2.619 1.374 35 0.142 0.012 0.364 0.236 5.226 1.062

30 FCH3···Cl– (C3v) −9.77 −9.34 0.39 3.179 1.419 23 0.064 0.010 0.128 0.131 4.155 0.933
31 FSiH3···Cl– (C3v) −20.73 −19.49 12.03 2.504 1.703 263 0.277 −0.115 0.370 0.238 2.793 0.746
32 FGeH3···Cl– (C3v) −26.10 −25.09 10.71 2.566 1.892 238 0.290 −0.069 0.455 0.268 2.451 0.693
33 CO2···Cl– (Cs) −7.45 −6.99 1.44 2.920 1.170 31 0.107 0.002 0.109 0.120 14.879 1.916
34 SCO···Cl– (Cs) −5.36 −4.96 0.52 3.143 1.581 24 0.073 0.006 0.079 0.100 6.568 1.208
35 CF2S···Cl– (Cs) −16.81 −13.83 32.63 1.898 1.725 798 1.031 −0.593 1.100 0.441 3.414 0.835

* Binding energies (ΔE), counterpoise corrected binding energies ΔEcp and monomers’ deformation energies
upon complexation (Ede f ) in kcal/mol. XT bond distance r(XT) and tetrel bond distance r(TA) in Å. Density at
the TA critical point ρb in e/Å3, energy density at the TA critical point Hb in Hartree/Å3. Natural population
analysis (NPA) charge transfer in mili-electrons (me). TA and XT local stretching force constant (ka) in
mdyn/Å and bond strength order (BSO) n values. Computed at the CCSD(T)/aug-cc-pVTZ level of theory.
a Calculated at a cage critical point (see Ref. [147]). b Covalent bond, see text.

CCSD(T) calculations were performed using the CFOUR program [132,133], whereas DLPNO-
CCSD(T) calculations were done in ORCA 4.0 [134]. Analytical vibrational frequencies were used to
verify that each equilibrium geometry obtained by CCSD(T) corresponded to a geometry minimum.
The charge distribution was calculated with the natural population analysis (NPA) within the Natural
Bond Orbital (NBO) scheme [135,136] using the NBO6 program [137,138]. The electron density ρ(r)
and the energy density H(r) at the T···A (T: tetrel atom and A: tetrel-acceptor) electron density critical
point (r) were calculated using the AIMALL program [139]. The molecular electrostatic potentials of
T-donors and T-acceptors mapped onto the 0.001 e/bohr3 electron density surface were calculated
using the Multiwfn3.5 [140] program. Noncovalent interaction (NCI) plots were calculated using the
NCIplot program [141]. NBO charges, as well as, H(r), ρ(r) and V(r) were derived from CCSD(T)
response densities obtained from CFOUR calculations with the help of MOLBO and Molden2AIM
scripts [142]. Local mode force constants and frequencies were calculated using the COLOGNE18
program package [143].

3. Results and Discussion

Table 1 summarizes the complex binding energy ΔE, the counterpoise corrected binding energy
ΔEcp, the monomers’ deformation energy Ede f , the distance r(TA) between the tetrel-donor atom
(T = C, Si or Ge) and an heteroatom (A = F, O, N or Cl– ) of the tetrel-acceptor (T-acceptor), also called
the tetrel bond (TB) distance, the distance r(XT) between the T donor atom and the donor group
or atom (X = H, F, Cl, Br, OH, =O or =S), the intermonomer charge transfer (CT) obtained from
the natural population analysis (NPA), the electron density ρb and the energy density Hb at the
density critical point associated with TB, the local stretching force constant of TA (ka(TA)) and XT
(ka(XT)) and the BSO n of the TA and XT. The calculated NBO atomic charges are given in Figure 2.
T donor properties such as the maximum electrostatic potential at the σ-hole region of the tetrel atom
(Vsmax ), the total dipole moment, and the isotropic polarizability are listed in Table 2. The BSO n
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values of all TB are given as functions of their local stretching force constant ka(T···A) in Figure 4.
Similar to previous studies [30,34,40,116–118,144], we determined the covalent character of the TB
by utilizing the energy density Hb at the density critical point of the TB (Figure 5); electrostatic
interactions were characterized by having positive Hb values, whereas, according to the Cremer–Kraka
criterion, [145,146], covalent interactions have negative Hb values, indicating that the accumulated
electron density at the interactions region stabilizes the complex. Although the relationship between
BSO n and Hb is scattered, the TB strength tends to increase with the increasing covalent character of
the interaction, especially among neutral complexes.

Table 2. Geometry, vibrational spectroscopy data, and values of the electrostatic potential for the monomers *.

# Monomers Vsmax (X) r(XT) ka(XT) n(XT) Dipole αiso

36 F – CH3 0.90 1.389 5.107 1.048 1.88 2.5
37 Cl – CH3 0.76 1.792 3.068 0.786 1.92 4.3
38 Br – CH3 0.69 1.948 2.616 0.718 1.86 5.4
39 HO – CH3 0.47 1.426 4.749 1.006 3.1
40 F – CF3 0.93 1.321 6.204 1.170 0.00 2.8
41 F – SiH3 1.64 1.613 5.120 1.049 1.38 4.1
42 Cl – SiH3 1.51 2.072 2.799 0.746 1.41 6.2
43 Br – SiH3 1.46 2.238 2.321 0.672 1.38 7.4
44 HO – SiH3 1.14 1.664 4.517 0.978 4.9
45 H – SiH3 0.81 1.483 2.903 0.762 0.00 4.6
46 F – SiH2F 1.72 1.597 5.497 1.092 3.5
47a F – SiF2H 1.78 1.583 5.884 1.135 3.8
47b H – SiF3 1.44 1.458 3.273 0.815 1.43 3.8
48 F – SiF3 1.98 1.571 6.281 1.178 0.00 3.3
49 F – GeH3 1.93 1.793 4.951 1.030 2.25 4.7
50 Cl – GeH3 1.66 2.175 2.491 0.699 2.04 6.9
51 Br – GeH3 1.57 2.330 2.091 0.633 1.93 8.1
52 HO – GeH3 1.33 1.802 3.872 0.896 5.5
53 H – GeH3 0.73 1.542 2.693 0.730 0.00 5.2
54 O –– CO 1.18 1.167 15.613 1.969 0.00 2.6
55 S –– CO 0.64 1.575 7.227 1.275 0.68 5.2
56 O –– CF2 1.85 1.177 14.680 1.902 1.00 2.8
57 S –– CF2 1.29 1.603 6.626 1.214 0.16 5.2
58 O –– SiF2 3.46 1.517 9.243 1.465 2.31 4.0
59 CH3

+ 10.01 0.00 1.3
60 F – NH3

+ 8.58 1.368 5.642 1.109 4.78 1.7

* Maximum electrostatic potential at the σ-hole of X (Vsmax (X)) in eV. XT bond distance r(XT) in Å, XT local
stretching force ka(XT) in mdyn/Å , XT bond strength order n(XT). Dipole moment in Debye and static
isotropic polarizability in Å3. All values were calculated with CCSD(T)/aug-cc-pVTZ.
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3.1. Tetrel Bonds (TB) in Neutral Complexes

TBs involving C donors: Tetrel bonds (TBs) involving a neutral sp3 hybridized carbon
as a tetrel donor and neutral tetrel acceptors (complexes 1–7) have weak interactions (BSO
n ≤ 0.081; ΔE ≥ −2.25 kcal/mol). The energy density at the TB density critical point is destabilizing
(Hb ≥ 0.007 Hartree/Å3), indicating that these TBs are electrostatic in nature. TB with C donors that
have peripheral H ligands (1–6) are not only stabilized by a lone pair of the T acceptor lp(A)-σ-hole
electrostatic attraction but also by the electrostatic attraction between the positive charge at the
hydrogen atoms (Hs) and the negative charge at lp(A) (see the NPA atomic charges in Figure 2 and
the monomers’ electrostatic potential in Table 2 and Figure 3). The presence of the later interactions
were also verified by noncovalent interaction plots (NCIs plots), which showed a weak (attractive)
electrostatic interaction (see Supporting Information Figure S2). Complex 7 (CF4···NH3) shows that
an attractive interaction can be formed even in the absence of positively charged Hs on the T-donor.
However, in 7, there is no electron density path connecting the N of the T acceptor to the C of the T
donor indicating the formation of a very weak dispersive interaction, as pointed by Grabowski [147].
The calculated spectra of 7 clearly shows an intermonomer stretching vibration of A1 symmetry at
73 cm−1. Decomposition of the normal vibrational mode into the local vibrational mode shows that the
CN local stretching mode contributes solely to this normal vibrational mode, confirming the existence
of tetrel bonding in 7. As revealed by the NCI plot analysis, the peripheral H ligands of the T acceptor
have an additional weak (attractive) electrostatic interaction with the peripheral F ligands of the T
donor, which provides additional stabilization to the complex (see Supporting Information Figure S2).

The TB strength in the series of C donors and neutral T acceptors (1–7) shows only a small
variation (0.021 for n and 0.87 kcal/mol for ΔE) which is affected by several factors such as the
positive charge at the Hs (5 > 4 > 3 ≈ 6), the negative electrostatic potential at lp(A) of the T-acceptor
(NH3 < OH2 < FH), and the intermonomer distance (e.g., 3.035 Å (2) compared to 3.218 (3)). It is
noteworthy that for X – CH3···NH3 complexes, the TB strength weakens in the order of 3 (X = F) > 4 (X
= Cl) > 5 (X = Br) > 6 (X = OH) as the magnitude of the σ-hole decreases (36 (F – CH3)) > 37 (Cl – CH3)
> 38 (Br – CH3) > 39 (OH – CH3) (see Figure 3).
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TB involving Si donors: The strength of complexes 8–14 can be understood mostly on the basis
of the extreme values of the electrostatic potential of the monomers. First, by varying the T-acceptor
in FSiH3···A, where A = FH (8), OH2 (9), NH3 (10), the TB strength trends follows the increase in
magnitude of the negative potential at the lp(A) of the Lewis base. It is noticeable that Vs,min(A) and
Vs,max(T) in 9 are not aligned as in 2, indicating that even in this case, the stabilization brought by
electron delocalization involving the highest occupied orbital HOMO of H2O (the lp(O) orbital of
B1 symmetry, see Supporting Information Figure S3) and the lowest unoccupied orbital of FSiH3

(σ�(SiF) orbital) can influence the geometry of the complex (see Supporting Information Figure S4).
Second, by varying the T donors in the XSiH3···NH3 complexes, the TB strength decreases in the order
10 (X = F) > 11 (X = Cl) > 12 (X = Br) ≈ 13 (X = OH) > 14 (X = H) as the Vs at the σ-hole decreases (41

(F – SiH3) > 42 (Cl – SiH3) > 43 (Br – SiH3) > 44 (HO – SiH3) > 45 (SiH4)). The only exception is 44, which
has a more positive NBO charge at Si (1277 me compared to 852 me in 43) but a less positive Vs,max (1.14
(44) compared to 1.46 (43), see Table 2 and Supporting Information Figure S1). This could be caused
by the stronger σ(O-Si) orbital contraction, whereby the Si atom in HOSiH3 is more electron-deficient
than the Si atom in BrSiH3, but due to the higher electronegativity of O, the σ(O-Si) is more compact
than σ(Br-Si), resulting in a better shielded Si nucleus, reflected in the less positive potential at the
σ-hole region (given by Vs,max). Substituting F in FSiH3 would lead to an even stronger σ(F-Si) orbital
contraction, but this effect would be overcome by the higher electron deficiency of Si.

Stepwise fluorination of SiH4: The successive fluorination of SiH4 (complexes 10 and 15–17)
impacts both the strength and the nature of the TB. Substituting the H collinear to the TB in complex
14 results in complex 10, which has a stronger TB interaction due to the higher Vs at the σ-hole region
and is due to the partial covalent character of the interaction (Hb = −0.033 Hartree/Å for complex 10),
which can be understood on the basis of molecular orbital interactions, as the electron delocalization
from the highest occupied molecular orbital (HOMO) of the NH3 (lone pair orbital of N, lp(N)) into the
lowest unoccupied molecular orbital (LUMO) of FSiH3 (a σ�(FSi) orbital see Supporting Information
Figure S5).

A second fluorine substituent (complex 15) shows three different electronic effects: (i) the second
fluorine withdraws the electron density from Si, decreasing its covalent radius and thus increasing
the Vs at the σ-hole region, resulting in a stronger σ-hole-lp(N) electrostatic attraction; (ii) the lp(N)→
σ�(SiF) electron delocalization is not restricted to the σ� orbital of the Si–F bond that is collinear to the
lp(A) but can also take place to the σ� orbital of the second Si–F bond (see Table 3); (iii) the orbital effect
of the exchange-repulsion between the lone pair orbitals of the peripheral fluorine lp(F) and lp(N)
orbital. Effects (i) and (ii) are responsible for the 0.123 Å shorter TB in 15 compared to 10. However,
due to effect (iii), complexes 10 and 15 have similar TB strengths (n = 0.116 for 10, 0.103 for 15; ΔE =
6.8 kcal/mol for 10, and 7.0 kcal/mol for 15).

The addition of a third fluorine substituent (complexes 16a and 16b) leads to shorter and stronger
TBs (BSO n = 0.191 (16a) and 0.280 (16b) compared to 0.103 (15)). However, this great increase in the TB
strength (especially for 16b) is not reflected by the binding energies of 16a and 16b (ΔE = −7.7 kcal/mol
for 16a and −6.3 kcal/mol for 16b). The reason for the unexpectedly low ΔE values of 16a and
16b is due to the energetic cost associated with the geometric deformation of the monomers upon
complexation (Ede f = 11.8 kcal/mol for 16a, 21.2 kcal/mol for 16b). Monomer deformation is mostly
caused by the lp(F)–lp(N) exchange-repulsion (effect (iii)), which pushes the peripheral ligands towards
the bond collinear to the TB. For example, there is a decrease of 12.3◦ in the H–Si–F bond angle of HSiF3

upon the formation of 16b. Monomer deformation and the steric effect on TB complexes were also
topics of a recent study carried by Scheiner [148,149]. It is noteworthy that the strongest TB between
SiF3H and NH3 is collinear to the Vs at the σ-hole of the Si–H bond (complex 16b), instead of the most
positive potential at the σ-hole of the Si–F bond as one would expect from the σ-hole model or from
steric considerations. The stronger and more covalent bond in 16b is due to the higher stabilization
energies brought by electron delocalization from lp(N) into σ�(FSi) and into the σ�(HSi) unoccupied
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orbital, as shown in Table 3. Even if the TB of 16b is elongated to match the TB distance of 16a, the
NBO second-order delocalization energies of 16b are still higher than those of 16a (see Table 3).

Table 3. Naural Bond Orbital (NBO) electron delocalization energies involving the lone pair of NH3 *.

# Complex σ�(X-Si) σ�(Si-R) σ�(Si-R’) σ�(Si-R”)

10 FSiH3···NH3 15.7 2.4 2.4 2.4
15 SiF2H2···NH3 12.7 6.2 3.1 3.1
16a SiF3H···NH3 16.3 11.9 11.9 7.5
16b SiF3H···NH3 11.4 23.5 23.5 23.5
16ba SiHF3···NH3 7.9 16.8 16.8 16.8
17 SiF4···NH3 20.7 19.5 19.5 19.5

* NBO electron delocalization energies from the second-order perturbation analysis referent to the interaction
involving the lp(N) orbital of NH3 and the σ�(X-Si) (collinear to the TB), the σ�(Si-R), σ�(Si-R’) and the
σ�(Si-R”) (peripheral to the TB, see Figure 1) of selected tetrel donors (see Supporting Information Figure S5).
Values are in kcal/mol. Calculated with ωB97XD/aug-cc-pVTZ. a Complex 16b with an elongated tetrel bond
(TB) to match the TB distance of 16a.

The addition of a fourth fluorine (complex 17) makes the TB even stronger (n = 0.335 for 17),
compared to 0.280 for 16), which is a consequence of the more positive Vs and of the higher electron
delocalization that occurs from lp(N) to σ�(FSi) compared to σ�(H-Si) (see Table 3 and Supporting
Information Figure S5). The substitution of the H collinear to the TB in 16b by a fluorine does not
increase the steric repulsion between the monomer (Ede f of 17 is almost the same of 16b), and as a
result, ΔE is 5.1 kcal/mol more stable.

TB involving Ge donors: The germanium electron density is more easily polarized by an
electronegative substituent than silicon. As a result, Vs at the σ-hole of Ge-donors (49–52) are
higher than Si donors (see Table 2), the only exception being GeH4 (53), which is a consequence
of the higher electronegativity of Ge (χ(Si): 1.74 compared to χ(Ge): 2.02). Due to the stronger
lp(N)-σ-hole electrostatic attraction, mono-substituted Ge-donors (18, 19, 20, 21) form stronger
TBs than mono-substituted Si donors (10, 11, 12, 13) when paired with the NH3 T acceptor.
Conversely, the covalent component of this interaction is slightly reduced because of the more diffuse
nature of Ge orbitals (see CT and Hb values on Table 1). Similar to C donors and Si donors,
for X – GeH3···NH3 complexes, the TB strength decreases in the order of 18 (X = F) > 19 (X = Cl)
> 20 (X = Br) > 21 (X = OH), as the magnitude of the σ-hole decreases (49 (F – GeH3)) > 50 (Cl – GeH3)
> 51 (Br – GeH3) > 52 (OH – GeH3) (see Table 2 and Figure 3).

TB in double bonded C and Si donors: When a carbon atom forms a π-bond, density is moved
from a p-orbital of the carbon into the π-bond, resulting in a depletion of electron density at the C
and the formation of a region of positive potential called a π-hole [150,151]. As noted previously by
various authors [152–154], the lp(A)-π-hole electrostatic attraction is an important component of the
TB involving double bonded C, Si donors. Another important characteristic of these T-donors is the
existence of a low lying empty π�(XT) orbital which is capable of accepting electron density from
the lp(A) orbital of the T-acceptor. In order to evaluate strategies to strengthen TB involving double
bonded C and Si donors, complexes 23–27 were investigated. Due to the D∞h and C∞v symmetry of
CO2 (54) and SCO (55), respectively, the π-bond density of these monomers has a central constriction
with a negative Vs, leaving a belt-shaped π-hole around the C atom (see Figure 3). In SCO (55),
a chalcogen bond is also possible due to the formation of a positive Vs at the σ-hole of sulfur. The TBs
between CO2 (23) and SCO (24) T donors and the prototypical T acceptor NH3 are weak (n = 0.100
(23), 0.074 (24)) and electrostatic in nature (Hb > 0.002 Hartree/Å).

Substituting a CO double bond by two CF single bonds in 23 and 24 results in complexes
CF2O···NH3 (25) and CF2S···NH3 (26), respectively. The T-donors of these complexes are characterized
by having a higher Vs at the π-hole (Vs = 1.85 eV (56), 1.29 eV (57) compared to 1.18 eV (54) and
0.64 eV (55)), resulting in stronger TBs (n = 0.127 (25), 0.105 (26a) compared to 0.100 (23) and 0.074 (24)).
The atypically strong (n = 0.508), highly covalent (Hb = −1.339 Hartree/Å 3) and short interactions
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(r(TA) = 1.7 Å) found in complex 26b are formed at the expense of breaking the CS π-bond (n(C=S)
decreases from 1.214 in 57 to 0.891 in 26b). The energetic cost involved in the deformation of the
monomers of 26b is 1.45 kcal/mol higher than the stabilization brought by complexation (Eint);
hence, the 26b is less stable than the separated monomers. A small energetic barrier in the dissociative
direction separates 26b from the electrostatic TB complex 26a (see Figure 6). An even stronger
(n = 0.589) but less covalent interaction (Hb = −0.224 Hartree/Å 3) is formed between SiF2O and NH3

(complex 27). In this complex, the SiO double bond is kept almost unaltered (n = 1.465 (58); 1.425 (27));
consequently, the deformation energy is relatively low compared to the stabilization energy brought
by the complexation, resulting in a binding energy of −44.14 kcal/mol.
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Figure 6. Relationship between the binding energy and interactomic distance computed at the
CCSD(T)/aug-cc-pVTZ level of theory. All geometric parameters were optimized at each point of the
curves for fixed r(TA) values. The blue dots represent the binding energy at the minima of complex 26

and the minimum of 35; the black lines connecting points were used to improve interpretation.

3.2. Charge-Assisted Tetrel Bonds

Charge-assisted interactions: Similar to other NCIs [30,34,116,118,155], TBs can be strengthened
by having a positively-charged T donor or a negatively-charged T acceptor 30–35. The simplest
positively charged C donor is CH3

+ (isoelectronic to BH3). However, due to the availability of an
empty p-orbital to coordinate with the lone pairs of the NH3, the C–N bond in 28 clearly differs
from the tetrel bonds. This covalent bond in [CH3 – NH3]+ (28) is much stronger (n = 0.882; ΔE =
−110.26 kcal/mol) and covalent (Hb = −1.952 Hartree/Å 3) compared to a TB. The existence of a
covalent bond in complex 28 is also confirmed by the NCI plot, showing that there is no noncovalent
interaction (see Supporting Information Figure S2). On the other hand, the cationic pnicogen donor
FNH3

+, isoelectronic to FCH3, forms a noncovalent interaction with the NH3 (complex 29) which
closely resembles the ones formed by neutral C donors (1–7) characterized by an electrostatic nature
(Hb) and an interaction collinear to the X–T bond. The only difference is the higher Vs at the σ-hole (Vs

= 8.58 eV), which results in a stronger electrostatic interaction (n = 0.236; ΔE = −23.14 kcal/mol).
An increase in the TB strength of as much as 105% (31) occurs for complexes involving a neutral T

donor and a chloride anion as a T acceptor. This increase does not affect TB strength trends, such as
FGeH3 > FSiH3 > FCH3, and CO2 > SCO, nor the trends in the covalent character of the TB in these
series. Conversely, complex CF2S forms a weaker bond with Cl– compared to NH3 (n = 0.441 (35)
0.508 (26b)), but has a highly negative binding energy (ΔE = −16.81 kcal/mol of 35 compared to the
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1.45 kcal/mol of 26b). The inverse relationships between the bond strength and interaction energies
(Eint) or binding energies (ΔE) between these complexes indicate that the local C–N or C–Cl stretching
is not the determining factor for the complex stabilization. Other components of the interaction which
do not contribute to the strength of T-A local stretching also stabilize the complex. Figure 6 shows the
dissociation curves for the CF2S···NH3 (26) and CF2S···Cl– (35). Only 26 has a minimum geometry
with an electrostatic TB (26a), whereas the dissociation curve for 35 has a flat region around r(TA) =
2.9Å separating the electrostatic interaction found for long TBs from the strong covalent interactions in
35. The barrier energy from 26a to 26b is about 3 kcal/mol.

3.3. Tetrel Bonds vs. Other Noncovalent Interactions

We also compared TB with other noncovalent interactions, such as halogen (XB), chalcogen (ChB),
and pnicogen (PnB), in mono-fluorinated systems involving the third period series FCl, FSH, FPH2

with a medium (OH2) and a strong (NH3) Lewis base (see Table 4). It was clearly shown that the TB
formed by FSiH3 tend to be weaker than the other noncovalent interactions, the only exception being
FSiH3···Cl– (31) (n = 0.238) which is slightly stronger than FPH2···Cl– (n = 0.214) but weaker than
FSH···Cl– (n = 0.264) and FCl···Cl– (n = 0.382). Increasing the polarizability of the T donor moving
FSiH3 to FGeH3 does increase the strength of the tetrel bond enough to compete with the halogen
bonds formed by FCl. A better strategy for obtaining TBs that are strong enough to compete with
halogen bonds and other noncovalent interactions is the substitution of peripheral Hs in FSiH3 by
fluorine atoms. SiF4···NH3 (17), for example, has a BSO of n = 0.335 compared to n = 0.216 for the
FCl···NH3. A clear advantage of tetrel bonding is that even in the absence of a strong polarizing group
collinear to the TB, such as in HSiF3···NH3, the TB is still stronger than other noncovalent interactions
(n = 0.280 for 16b). This TB feature should be extensively explored to tune the strength of TB involving
not only Si donors but also the heavier and more polarizable Ge and Sn donors.

Table 4. Summary of energetics, geometric and vibrational spectroscopy data for other types of interactions *.

Complex ΔE ΔEcp r CT ρ Hb ka n ka n
TA TA TA TA TA XT XT

F2···OH2 (Cs) −1.42 −1.15 2.662 0.005 0.066 0.022 0.057 0.083 4.488 0.974
Cl2···OH2 (Cs) −2.98 −2.62 2.808 0.015 0.098 0.018 0.097 0.112 2.896 0.761
FCl···OH2 (Cs) −5.22 −4.75 2.566 0.032 0.163 0.016 0.170 0.154 3.967 0.909
FSH···OH2 (Cs) −5.69 −5.15 2.659 0.028 0.138 0.010 0.152 0.144 4.011 0.914
FPH2···OH2 (Cs) −4.63 −4.02 2.780 0.021 0.107 0.006 0.118 0.125 4.198 0.938
F2···NH3 (C3v) −2.00 −1.69 2.615 0.017 0.097 0.027 0.062 0.087 3.821 0.890
Cl2···NH3 (C3v) −4.92 −4.43 2.664 0.055 0.172 0.006 0.132 0.133 2.370 0.680
FCl···NH3 (C3v) −10.13 −9.39 2.320 0.145 0.358 −0.058 0.311 0.216 2.687 0.729
FSH···NH3 (Cs) −8.23 −7.58 2.512 0.081 0.235 −0.020 0.194 0.166 3.309 0.820
FPH2···NH3 (Cs) −6.81 −6.10 2.663 0.057 0.171 −0.012 0.144 0.140 3.794 0.886
FCl···Cl– (C∞v) −30.07 −28.98 2.316 0.496 0.547 −0.161 0.855 0.382 1.212 0.465
FSH···Cl– (Cs) −23.46 −22.48 2.493 0.305 0.377 −0.092 0.443 0.264 1.466 0.518
FPH2···Cl– (Cs) −19.62 −18.62 2.649 0.208 0.266 −0.058 0.307 0.214 2.136 0.641

* Binding energies (ΔE) and conterpoise corrected binding energies ΔEcp in kcal/mol. Intermonomer bond
distance r(TA) in Å. Density at the TA critical point ρb in e/Å3, energy density at the TA critical point Hb in
Hartree/Å3. NPA charge transfer (CT) in e. TA and XT local stretching force constant (ka) in mdyn/Å and
BSO n values. Computed at the CCSD(T)/aug-cc-pVTZ level of theory.

4. Conclusions

In the present work, we investigated a set of 35 representative tetrel complexes (ΔE = −1.4 to
−26 kcal/mol) with the objective of finding the factors that influence the strengths of neutral and
charged tetrel bonds involving C donors, Si donors, Ge donors, and double bonded C or Si donors.
The strength of a tetrel bond is affected by the complex interplay of several factors, such as the
magnitude of the σ-hole in the tetrel atom, the negative electrostatic potential at the lp(A) of the T
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acceptors, the positive charge at the peripheral hydrogen (Hs) of the T donors, exchange-repulsion
between the lone pair orbitals of the peripheral atoms of the T donor, and the covalent character which
can be rationalized on the basis of electron delocalization from the highest occupied molecular orbital
(HOMO) of the T acceptor into the lowest unoccupied orbitals (LUMOs) of the T donor, which is
not limited to σ�(X – T) orbital but can also involve the peripheral substituents (orbital of σ�(R – Si)
character), allowing the formation of strong tetrel bonds, even in the absence of an electronegative X
substituent collinear to the TB. This clearly shows that focusing on just one or two of these factors, in
particular, the σ-hole description, can only lead to an incomplete picture [93,94,156,157]. In this work,
we derived, for the first time, the intrinsic bond strength of tetrel bonds from calculated vibrational
spectroscopy data, which, combined with NBO charges, charge transfer, dipole moments, electrostatic
potentials, electron and energy density distributions, difference density distributions, and noncovalent
interaction plots calculated at the CCSD(T)/aug-cc-pVTZ level of theory, led to a complete insight into
how different electronic effects influence the intrinsic strength of the tetrel bonding.

• Tetrel bonding becomes stronger as the atomic mass of the tetrel center increases as a consequence
of increasing the polarizability.

• For X – TH3···NH3 complexes, the tetrel bond strength weakens in the order (X = F) > (X = Cl) >
(X = Br) ≥ (X = OH) as the magnitude of the σ-hole decreases in the order of F – TH3 > Cl – TH3 >

Br – TH3 ≥ OH – TH3.
• Successive fluorination of SiH4 impacts both the strength and the nature of the tetrel bond.

The successive fluorinations result in stronger tetrel bonding as a consequence of (i) higher Vs

at the σ-hole region; (ii) the partial covalent character of the interaction; (iii) higher electron
delocalization that occurs from the highest occupied molecular orbital (HOMO) of the T acceptor
to the lowest unoccupied molecular orbital (LUMO) of the T donor. In this series, the binding
energy trend deviates from BSO n values due to the high energetic cost associated with the
geometric deformation of the monomers upon complexation (Ede f ) which is a consequence of the
exchange-repulsion between the lone pair orbitals of the peripheral atoms of the T donor.

• Tetrel bonds in double bonded C donors, e.g., CO2 with NH3, are weak and electrostatic in nature.
Substituting a C –– O double bond with an electron withdrawing group (F atoms) strengthens the
tetrel bond.

• A positively-charged Tdonor or negatively-charged T-acceptor strengthens the tetrel bond.
It creates higher Vs at the σ-hole, resulting in a stronger electrostatic interaction.

We suggest that future materials based on strong tetrel bonding should be based on Si or heavier
tetrel atoms, such as Ge and Sn, combined with peripheral fluorine ligands. Due to the larger size of Ge
and Sn, the deformation energy in XGeF3···NH3 or XSnF3···NH3 should be smaller than XSiF3···NH3,
making these complexes substantially more stable than XSiF3···NH3.

Although all complexes discussed in this paper represent the most stable tetrel-bonded complexes,
not all of them represent the most stable structure possible (global minimum). For example,
the hydrogen bonded complexes FH···CFH3 (1), OH2···CF3H (2), NH3···CF3H (3) are more stable
than the tetrel-bonded complexes. However, a detailed analysis of the competition between tetrel
bonds and other noncovalent interactions will be studied in the near future.

Supplementary Materials: The following are available online, Figure S1: Schematic representation of monomers
(36–63) with atomic charges from the natural population analysis, Figure S2: Noncovalent interactions (NCIs) plot
of complexes 1–35, Figure S3: Selected molecular orbitals of the T-acceptors, Figure S4: Electron difference density
distributions Δρ(r) for complexes 1–35, Figure S5: Combination of donor and acceptor NBO orbitals involved in the
electron delocalization of selected complexes; Table S1: Comparison between DLPNO-CCSD(T)/aug-cc-pV5Z and
CCSD(T)/aug-cc-pVTZ energies, Table S2: Deviation from DLPNO-CCSD(T)/aug-cc-pV5Z interaction energies,
Table S3: Atomic Cartesian coordinates in Å of complexes 1–35.
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Abstract: Tetrel bonds are noncovalent interactions formed by tetrel atoms (as σ-hole carriers) with
a Lewis base. Here, we present a computational and molecular orbital study on the effect of the
geometry of the substituents around the tetrel atom on the σ-hole and on the binding strengths.
We show that changing the angles between substituents can dramatically increase bond strength.
In addition, our findings suggest that the established Sn > Ge > Si order of binding strength can be
changed in sufficiently distorted molecules due to the enhancement of the charge transfer component,
making silicon the strongest tetrel donor.

Keywords: tetrel bond; σ-hole; DFT

1. Introduction

Hole interactions [1] are a relatively newly coined term that unites all noncovalent interactions in
which a region of positive electrostatic potential on one atom, the hole, interacts with an electron donor.
These can be based on σ, π, or δ holes depending on their type of covalent orbital origin [2]. σ-holes are
formed at approximately 180◦ to a σ covalent bond, with the magnitude of the positive electrostatic
potential depending on the electronegativity of the neighboring atoms. These interactions are further
classified according to the σ-hole-bearing atom: the most studied interaction is hydrogen bonding,
but there is also the widely researched halogen bonding [3–5], chalcogen bonding [6–8] (for Group
VI atoms), pnictogen bonding [9–11] (Group V), tetrel bonding [12,13] (Group IV), and even aerogen
bonding [14] (Group VIII). Better understanding of such noncovalent interactions can help in the study
and future design of novel supramolecular complexes, catalysts, and crystal engineering.

Herein, we focus on the effect that the angles around the atom have on the binding strengths
of tetrel bonds. We analyze this by examining the effect on the electrostatic hole and on the frontier
orbitals in order to explain the dramatic changes in complexation energies. These effects were
previously observed in a survey of the Cambridge Structural Database [12]: carbon demonstrates
almost nonexistent σ-holes relative to Si, Ge, and Sn [13], with the only found crystal structures
exhibiting σ-hole interactions with C based on three-membered rings [15] or cubanes [16], in which the
angles around the carbon are far from the optimal tetrahedral angle. The effect of the angles between
covalent bonds on interaction strength was also computationally explained by showing that smaller
rings cause the σ-hole to be more exposed, increasing its electrostatic potential [12].

It should be noted that upon binding with a Lewis base, there is geometrical deformation around
the tetrel atom as substituents move to make more room for the electron donor [17], a distortion
that was computed to be more energetically costly for smaller atoms. Freezing the monomer in the
complex’s distorted geometry eliminates the deformation energy and results in an increase in the tetrel
interaction energy. Our aim in this study is to understand the effect of the molecular geometry on
bond energy beyond such binding-caused distortions by applying molecular orbital theory on the
bonding patterns.

Molecules 2018, 23, 2742; doi:10.3390/molecules23112742 www.mdpi.com/journal/molecules
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2. Results and Discussion

To estimate the effect the substituent angles have on the σ-hole and on the shape of the frontier
orbitals, we examined the TH3F systems (1T, with T = C, Si, Ge, and Sn, Scheme 1). A weak σ-hole
may be formed at the extension of the T-H bonds, but evidently the σ-hole corresponding to the T-F
bond is the dominant one. We considered the optimized structures (C3V) with no constrains or at
three different fixed F-T-H angles (α = 109◦, 100◦, and 90◦). All computations were performed at the
MN15/Def2-TZVPD [18,19] level of theory with Gaussian16 [20] (see the Methods section).

Scheme 1. 1T model systems.

As can be seen in Figure 1, the LUMO for 1C is an antibonding F-C σ*. This orbital mostly resides
at the extension of the F-T bond (as in all 1T molecules, see Figures S1–S3) and forms interactions
with Lewis bases by charge transfer. For all 1T molecules, the LUMO shows a larger lobe at the
extension of the T-F bond as the angle decreases, which, in principle, aids the orbital interaction with
the nucleophile.

The σF-T orbitals (typically, the HOMO-2) are expected to match the areas with higher and lower
electron density [2,21]. In 1C, the electrostatic hole did not match this criterion. At smaller α, the outer
lobe on C was slightly larger, although the electrostatic potential was more positive (Figure 1 and
Table 1). For 1Si, 1Ge, and 1Sn, due to the larger and more electropositive tetrel atom, the σF-T was more
localized on the F and more affected by the hydrogens. Thus, there was somewhat less electron density
at the outer lobe of σF-T at smaller angles, which, in principle, matches the trend in the Vs,max (the
maximum positive potential on the electrostatic potential (ESP) isosurface; see Figure 1 and Table 1).
However, it seems that the HOMOs (σH-T orbitals) are the ones mostly responsible of taking out the
electron density, enhancing the σ-hole as the angle decreases by moving the T-H away from the F-T
axis (matching the Vs,max trend—see Table 1—and the ESP maps—Figure 1 and Figures S1–S3).

 

Figure 1. Chosen MOs and electrostatic potential (ESP) maps for 1C with three different F-C-H angles
(α). ESP maps are on the 0.001 density isosurface. The color scale is in kJ mol−1. σF-T corresponds
to the bonding F-T σ orbital, irrespective of its position compared to other orbitals. The HOMO is
doubly degenerate.

As can be expected, the F-T-H angle modifies the degree of sp hybridization of different orbitals.
In NH3 [22], the frontier MOs of the planar geometry exhibit pure s or p orbitals on the nitrogen, which
then mix as the angle of pyramidalization increases. Similarly, according to the NBO analysis in 1T, the
tetrel component of the σF-T MO has a higher p character when the angle is 90◦, which decreases when
the α angle increases (opposite to the s character; see Table 1). This causes stronger σF-T (shorter F-T
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bond length) with larger α by focalizing the lobe into the fluorine’s direction (Table 1), while also
marginally reducing the outer lobe in 1C, as explained above (Figure 1).

Table 1. Properties of 1T with different σ angles: σF-T and LUMO energies (kJ mol−1), F-T bond length
(Å), %s and %p on T in the NBO F-T σ bond, and the maximal positive electrostatic potential at the σ

hole (kJ mol−1).

T α σF-T LUMO dF-T %s b %p b Vs,max

C Opt. (109.1◦) a −1413.9 154.7 1.376 21.52 78.28 81.2
109◦ −1413.2 154.7 1.376 21.48 78.32 81.2
100◦ −1328.6 147.6 1.426 16.09 83.71 84.1
90◦ −1232.6 84.6 1.511 8.53 91.25 95.2

Si Opt. (108.3◦) a −1328.8 27.2 1.598 21.40 76.03 142.5
109◦ −1332.2 28.7 1.596 21.62 75.81 137.3
100◦ −1282.5 −22.8 1.617 18.39 78.95 200.6
90◦ −1212.8 −123.7 1.655 13.54 83.79 256.5

Ge Opt. (106.2◦) a −1250.8 19.4 1.737 19.96 79.06 164.5
109◦ −1267.7 21.4 1.731 21.20 77.83 148.8
100◦ −1212.4 −18.6 1.751 17.05 81.98 197.0
90◦ −1145.6 −120.0 1.788 11.39 87.66 238.0

Sn Opt. (104.4◦) a −1158.6 −32.6 1.927 18.66 80.49 196.6
109◦ −1182.5 −46.3 1.920 20.75 78.41 170.9
100◦ −1134.9 −58.2 1.935 16.56 82.57 218.6
90◦ −1079.2 −158.9 1.962 11.20 87.94 255.7

a Fully optimized molecule, with no angle restrictions. b %s and %p are the same for both the bonding and
antibonding orbitals.

We computed the complexes of 1T with HCN, a prototypical Lewis base for hole interactions
that minimizes the influences coming from atoms and bonds other than the tetrel bond (ammonia,
for example, exhibits attraction between its partially positive hydrogens and the partially negative
hydrogens on the tetrels). The geometry parameters, dissociation energies (De = E1T + EHCN −
E1T···NCH), and NBO charge transfer energies (i.e., the n → σ* perturbational stabilization energy, E2)
are presented in Table 2.

Table 2. Properties of the complexes of 1T with HCN at different α angles: (distances in Å, energies in
kJ mol−1).

T α dT-F dT···N % Cov. Rad. b De
c E2

n→σ*
d

C Opt. (109.3◦) a 1.380 3.154 208 9.3 2.5
109◦ 1.381 3.155 208 9.2 2.5
100◦ 1.432 3.116 205 8.7 3.0
90◦ 1.521 3.013 198 9.5 5.3

Si Opt. (106.3◦) a 1.608 2.847 153 18.7 18.0
109◦ 1.602 2.944 158 17.0 13.6
100◦ 1.625 2.576 138 29.8 37.7
90◦ 1.670 2.162 116 56.7 84.1 e

Ge Opt. (104.6◦) a 1.749 2.931 149 20.4 24.6
109◦ 1.738 3.043 154 17.8 18.4
100◦ 1.763 2.804 142 25.4 33.9
90◦ 1.808 2.532 128 37.8 68.1

Sn Opt. (102.2◦) a 1.945 2.934 136 25.7 27.0
109◦ 1.930 3.086 143 20.8 17.4
100◦ 1.950 2.887 134 28.9 31.0
90◦ 1.982 2.703 125 39.4 54.3

a Fully optimized molecule with no angle restrictions. b Ratio between tetrel bond and the sum of covalent
radii of T and N. c Tetrel bond dissociation energies. d Perturbational stabilization energy according to NBO
analysis corresponding to charge transfer. e E2

n→σ* for this complex was calculation by extrapolation, see
Supplementary Information.
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Table 2 shows that the T-F bonds are all longer compared to the free molecules, as expected upon
interaction of a Lewis base with the σ* orbital. Bond strength, due to the higher polarizabilities of
the heavier tetrel atoms, is 1C << 1Si < 1Ge < 1Sn for the fully optimized molecules or for α = 109◦.
For the smaller α angles, the T···N distance is shorter and the binding energies larger compared to the
unconstrained systems (except for 1C, which at any rate exhibits very weak binding), with the largest
changes with respect to the angle observed with 1Si (see Figure 2A). If we check the effect of changing
the tetrel atom at each fixed α angle (Figure 2B), we can see that Ge and Sn show stronger binding than
Si only for the fully optimized geometry and for α = 109◦. However, upon reduction of the angle to
100◦ and 90◦, the Si shows higher binding than the other tetrel atoms, with significantly shorter T···N
distances. As can be seen in Table 2, for α = 90◦ the T···N distances for 1Si, 1Ge, and 1Sn come close to
the sum of the covalent radii of T and nitrogen, pointing to a more covalent character (in the extreme
case of 1Si, bond length is only 116% compared to the sum of the covalent radii). In addition, the NBO
n → σ* component grows as Si > Ge > Sn for the smaller α angles (Figure 2C). This suggests that there
are two competing factors affecting binding strength: polarizability, which increases upon descending
the column, increasing electrostatic interactions; and orbital interactions, which are stronger for smaller
atoms, except for C, and become more dominant at shorter distances and smaller α angles.

Figure 2. Complexation of 1T with HCN: (A) dissociation energy as a function of the α angle;
(B) dissociation energy as a function of the tetrel atom; (C) NBO n → σ* charge transfer energy
as a function of the tetrel atom.

We plotted the dissociation energy of the 1T· · ·NCH complexes as a function of both the NBO
n → σ* charge transfer energy and the Vs,max of the uncomplexed tetrel molecules (see Figure S4),
which correlate, respectively, with the orbital and electrostatic interactions. The graphs show a
linear relationship, indicating that the charge transfer component and the electrostatic interaction
(connected with the virtual and occupied MOs of the hole bearer, respectively) go hand in hand in hole
interactions [2,21]. However, there is one clear outlier in the Vs,max graph (Figure S4B) corresponding
to 1Si at 90◦, for which the electrostatic potential is an insufficient descriptor. This would suggest that,
for complexes with stronger binding energies and smaller intermolecular distances, orbital interaction
is more significant—a sign of an incipient covalent bond.

Our results clearly show that at small angles there is a departure from the expected binding order
of Sn > Ge > Si > C, as the 1Si shows strongest binding for angles of 100◦ and 90◦. This comes as a
result of the better interaction between silicon and nitrogen orbitals compared to the larger Ge and
Sn. However, an alternative way to look at this is to check the energy needed to distort the molecules
before and after complexation [11]. For α = 100◦ and 90◦, the distortion energy of the monomer is
almost always larger than for the complex (Table S1). The difference in distortion energies (ΔEdist) is
particularly large for Si (38 kJ mol−1 at α = 90◦). As the difference in distortion energies equals the
difference in dissociation energies (ΔEdist = De constrained − De optimized), this can also explain the
dramatic increase of complexation energy for 1Si at these angles.

So far, previous observations suggest that the geometry around the tetrel atom can have significant
influence on the strength of the tetrel bonds, leading to unusually strong bonds at small angles,
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especially for T = Si. In order to check this trend in more realistic molecular models, we studied the
2Tn molecules (Scheme 2, with a C3 symmetry). Here, each α angle depends on the varying size of
the rings determined by the number of carbon links (n). In 2Tn, the σ-hole is at the extension of the
T-C bond and not of the T-O bonds, but the magnitude of the central hole is enlarged by the oxygens
(with methylenes instead of oxygens, the σ-hole was smaller and similar in magnitude to the holes
on the methylene hydrogens). Many alkoxysilanes and alkoxygermanes are known, and there is
also an experimental example similar to 2Si2 in which the Si forms strong interactions with electron
donors [23].

As can be seen from Table 3, 2Cn does not show binding when n = 2 or 3, and only a decrease in
the C-C-O angle to 97◦ (n = 1) produces some very weak binding. For heavier tetrels, as the number of
links (and, correspondingly, α) decreases, the dissociation energy shows significant increase. For n = 3
(close to the unconstrained angles), the dissociation energy has the expected Sn > Ge > Si order. Si
and Ge show very similar binding energies for the different n’s, with an unfavorable binding for n = 3,
but strong binding for n = 1 (De > 100 kJ mol−1). The difference in dissociation energies between 2Si1

and 2Ge1 is negligible, but α is smaller for Ge. This points at the same trend we saw for 1T—the most
dramatic increase in binding with smaller angles occurs with silicon (Figure S5). However, this does
not actually make 2Si1 the stronger binder due to the smaller α in 2Ge1 (if both species had the same α

angles, then 2Si1 would probably have the higher De).

Scheme 2. 2Tn systems.

Table 3. Bond distances, angles, dissociation energies, and Vs.max of 2Tn, and their binding complexes
with HCN (distances in Å, energies in kJ mol−1).

T n dT-C

Monomer
dT-C

Complex
α

Monomer
α

Complex
dT···N % Cov. Rad. c De Vs,max

d

C 1 1.481 1.486 97.6 97.1 2.953 194.3 0.9 42.1
2 1.561 - 107.8 - - - NB −107.2
3 1.542 - 111.4 - - - NB −153.5

Si 1 1.884 1.954 88.7 83.8 1.931 103.8 111.3 260.3
2 1.830 1.879 101.0 95.6 2.084 112.0 42.3 147.6

3 a 1.854 1.860 108.5 107.7 3.549 190.8 −3.2 −28.7
Ge 1 1.974 2.043 83.2 79.8 2.047 103.9 112.6 339.2

2 1.899 1.935 98.9 95.4 2.220 112.7 47.9 186.6
3 1.934 1.944 109.4 107.8 3.198 162.3 −1.2 9.8

Sn b 2 2.077 2.104 93.0 91.0 2.318 107.3 73.9 264.5
3 2.118 2.147 107.9 104.1 2.470 114.4 30.3 140.2

a The complex with HCN interacting with the σ-hole is actually a maximum in energy as attraction between the
oxygens and the positive charge of HCN are significant. b 2Sn1 is unstable. c Ratio of the tetrel bond and the sum of
covalent radii of T and N. d Measured at the extension of the C-T bond.

3. Conclusions

Besides the classical enhancement of the tetrel bond brought by having heavier tetrels, geometry
can be an important factor in bond strength. In addition to the release of strain energy [17], a smaller
angle between the substituents not only favors the bond by geometrically exposing the tetrel atom,
but there is also an electronic effect that boosts the σ-hole and aids the charge transfer. These effects
cannot appear in regular halogen bonding due to a lack of side substituents, but can be a feature in
pnictogen and chalcogen bonds, or in hypercoordinated halogens [21]. Our findings suggest that,
in designing new tetrel bonded complexes, focusing on the geometry around the tetrel atom could

59



Molecules 2018, 23, 2742

allow the use of the more abundant silicone compared to the heavier elements without significantly
sacrificing binding strength.

4. Methods

All density functional theory (DFT) computations were done at the MN15/Def2-TZVPD [18,24]
level with Gaussian16 [20]. All energies reported do not include ZPE correction. All minima were
confirmed with frequency computations. In order to check the validity of the used DFT method,
the dissociation energies for 1Si and 1Ge were computed with CCSD(T)/CBS (complete basis set
extrapolation from aug-cc-pvtz/aug-cc-pvqz, carried out in ORCA [25]) at the geometries found by
MN15/Def2-TZVPD (see Table S2). The CCSD(T)/CBS results showed values very close to those of
DFT, with a maximum difference of 8.2 kJ mol−1, and displayed the same trends (stronger binding for
1Ge at 109◦ and for 1Si at 90◦). NBO analyses were done with NBO3.1 [26] as appears in Gaussian16.

Supplementary Materials: The following are available online: Figures S1–S3: Chosen MOs and ESP maps for 1C,
1Ge, 1Sn with three different F-T-H angles; Figure S4: graphs for the complexation of 1T with HCN; Figure S5:
graphs for the complexation of 2Tn with HCN.
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Abstract: In this manuscript, we combined DFT calculations (PBE0-D3/def2-TZVP level of theory)
and a Cambridge Structural Database (CSD) survey to evaluate the ability of perchlorinated
cyclopenta- and cyclohexatetrelanes in establishing tetrel bonding interactions. For this purpose,
we used Tr5Cl10 and Tr6Cl12 (Tr = Si and Ge) and HCN, HF, OH− and Cl− as electron donor
entities. Furthermore, we performed an Atoms in Molecules (AIM) analysis to further describe and
characterize the interactions studied herein. A survey of crystal structures in the CSD reveals that
close contacts between Si and lone-pair-possessing atoms are quite common and oriented along the
extension of the covalent bond formed by the silicon with the halogen atom.

Keywords: tetrel bonding interactions; CSD search; DFT calculations; AIM analysis

1. Introduction

The fascinating progress achieved in modern chemistry during the last decade has been supported
by an in-depth understanding of noncovalent interactions, which are the pillars of supramolecular
chemistry [1,2]. Therefore, their proper comprehension is key for chemists working in this area
of research, since many chemical and biological processes are regulated by a precise combination
of noncovalent forces, which often dictate the pathway of highly specific recognition mechanisms.
For instance, the formation process of novel supramolecular assemblies is usually governed by an
intricate combination of interactions between hosts and guests, presenting high affinities, even in
highly competitive media [3–6]. For this reason, it is necessary to adequately describe and understand
noncovalent interactions between molecules to achieve progress in this field of research. In this
context, hydrogen bonding interactions are known as a classical supramolecular force present in many
chemical and biological environments [7]. Similarly, halogen bonding interactions [8] have been found
to share both strength and directionality features with hydrogen bonds. Consequently, the Cambridge
Structural Database (CSD) was inspected in a series of studies in order to gain some insights into
the impact of this interaction in solid state chemistry [9,10]. The scientific interest regarding this
interaction has expanded exponentially due to its recognition as a prominent player in biological
media and the design of new materials; leading to a wide amount of theoretical and experimental
studies [11–14]. In addition, it has been widely recognized that σ-holes (and more recently π-holes [15])
can also appear in positive electrostatic potential regions involving covalently bond atoms of groups
III to VIII [16–22]. Besides, several theoretical studies have focused on the study of their physical
nature [23–27], concluding that it is basically sustained by the interaction of an electron-rich entity
(electron donor) with a σ-hole (electron acceptor), in a close way to hydrogen and halogen-bonding
interactions [7,12].
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In this regard, the recognition of tetrel-bonding interactions [28] (i.e., an attractive noncovalent
force between a σ-/π-hole present in a group IV atom and a Lewis base) has increased among the
scientific community over the past years. In particular, both experimental [24,29] and theoretical [30,31]
chemists have contributed to expanding current knowledge by evaluating their impact on solid
state, ref. [32] biological systems [33] and chemical reactivity [34]. Of particular interest among
the scientific community is perhalogenated cyclohexasilanes, due to its ability to act as a multiple
tetrel bond donor using the twelve available σ-holes. In fact, crystallographic studies [35–37] have
shown that perhalogenated cyclohexasilanes can strongly bind electron-rich moieties, such as halide
anions or organocyanides (such as acetonitrile). Several theoretical studies [38–41] have explored this
possibility by theoretically analyzing a series of anion/lone pair-Si inverted sandwiched complexes
and confirming their ability to behave as efficient ditopic anion receptors.

In this context, we wondered about the possibility of (i) expanding current knowledge to
cyclopentatetrelanes (Si and Ge) and (ii) exploring the effect of Ge in cyclohexa-derivatives. In order
to achieve this goal, we used Tr5Cl10 and Tr6Cl12 molecules, where Tr = Si and Ge, and HCN,
HF, OH− and Cl− moieties, as neutral and anionic electron donors, respectively (see Figure 1).
In addition, we performed an Atoms in Molecules (AIM) analysis to further characterize the interactions
described herein. Finally, we carried out a CSD survey in order to find experimental evidence of
the importance of tetrel bonding interactions in the solid state involving perhalogenated cyclopenta-
and cyclohexatetrelanes.

Figure 1. Compounds and complexes 1–20 studied in this work.

2. Results and Discussion

2.1. Preliminary MEP Analysis

We firstly computed the molecular electrostatic potential (MEP) mapped onto the van der Waals
surface for compounds 1 and 3 in their respective envelope and chair conformations (Figure 2A).
As noted, both molecules show areas of positive electrostatic potential on extension of the Si-Cl and
Si-Si bonds, named σ-holes. Particularly, in case of 1, the most positive MEP region is located at
one face of the molecule (the face opposite to the axial Cl atom bonded to the endo carbon atom).
This region of positive MEP is formed by the superposition of four Si-Cl σ-holes (see Figure 2A, left).
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On the other hand, in case of compound 3, six small σ-holes at the extension of the six Si–Cl axial
bonds can be observed. The MEP value at these symmetrically distributed σ-holes is significantly
smaller (12.6 kcal/mol) that that at the s-hole of the five membered ring, because only one Si–Cl
bond is involved. In addition, both molecules present a low σ-hole accessibility, since they are
closely surrounded by four (in 1) and three (in 3) negative belts belonging to the chlorine substituents,
which disfavor the interaction with electron rich species, owing to both electrostatic and steric repulsive
effects. However, when a planar disposition is imposed (see Figure 2B), the σ-holes gain in both
magnitude size as well as become more accessible, thus enhancing the interaction with electron rich
guests from both electrostatic and steric perspectives.

As noted in Figure 2B, in all cases, a positive electrostatic potential region can be located on
the center of the ring, as a consequence of the combination of five (in 1 and 2) and six (in 3 and
4) Cl-Tr σ-holes (Tr = Si, Ge). The presence of this region ensures an attractive interaction with an
electron-rich entity. In addition, the MEP values at the center of the ring are more positive for Ge
derivatives (compounds 2 and 4) than for their Si analogous (compounds 1 and 3), thus expecting more
favorable interaction energy values for complexes involving the former, as it is known for other σ-hole
interactions [16]. It is also worthy to note than the MEP values are more positive for six membered
rings (compounds 3 and 4), due to the participation of an additional Cl-Si σ-hole, thus anticipating
larger interaction energy values from an electrostatic point of view.

Figure 2. (A) MEP surfaces of compounds 1 and 3 in envelope and chair conformations, respectively.
(B) MEP surfaces of compounds 1 to 4 in a planar disposition. Energies at selected points of the surface
(0.001 a.u.) are given in kcal/mol.
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2.2. Energetic and Geometric Results

Table 1 gathers the interaction energies and equilibrium distances of optimized complexes 5 to
20 (see Figure 3), computed at the PBE0-D3/def2-TZVP level of theory. From analysis of the results,
several points arise. First, in all cases with the exception of complexes 13 and 14, the interaction energy
values are favorable and vary from moderately strong (in case of neutral donors) to strong (in case of
charged donors), ranging between −107.5 and −3.7 kcal/mol. Second, complex 11 involving OH−

obtained the most favorable interaction energy value of the study, while complex 14 involving HF
obtained the poorest binding energy value of the study. Finally, complexes involving Ge (9 to 12 and
17 to 20) achieved larger interaction energy values than those involving Si (5 to 8 and 13 to 16), in
agreement with the MEP analysis discussed above.

For complexes involving perchlorinated cyclopentatetrelanes (5 to 12), complexes 9 and 11

involving HCN and OH− obtained the largest interaction energy values of their respective series
(−11.4 and −107.5 kcal/mol). On the other hand, complexes 6 and 10 achieved the poorest binding
energy values of the series, owing to the low basicity of the HF molecule (−3.7 and −7.7 kcal/mol,
respectively). Finally, complexes 8 and 12 involving Cl− obtained a lower interaction energy value than
their OH− analogous (−61.4 and −68 kcal/mol, respectively), due to the higher basicity of the latter.

Among complexes 13 to 20 involving perchlorinated cyclohexatetrelanes, a similar behavior is
observed in case of charged complexes 15, 16, 19 and 20, where those involving OH− (15 and 19)
obtained a larger interaction energy value (−95.3 and −106.3 kcal/mol) than those involving Cl−

(complex 16, −59.3 kcal/mol and complex 20, −70 kcal/mol). On the other hand, in case of neutral
complexes (13, 14, 17 and 18), those involving HCN as electron donor (13 and 17) obtained a more
favorable binding energy value (−0.4 and −8.3 kcal/mol, respectively) than those involving HF (14

and 18), in agreement to that observed for complexes involving cyclopentatetrelanes. It is also worth
noting that the magnitude of the interaction energy is almost negligible in case of complex 13 and
repulsive in case of complex 14 (+3.2 kcal/mol). For these complexes, we computed the 1:2 assemblies
(one cyclohexasilane and two lone pair donor molecules, denoted as 13A for HCN and 14A for HF),
obtaining favorable interaction energy values of −12.6 kcal/mol for complex 13A and −5.7 kcal/mol in
case of complex 14A (see Table 1). To further clarify the large difference between 1:1 and 1:2 complexes,
we computed the energetic difference between the planar and the chair conformation in compound
3, which is 12.3 kcal/mol. Therefore, the interaction of compound 3 with HCN (six concurrent tetrel
bonds) is just able to compensate the difference between the chair and planar conformation, thus
resulting in a negligible binding energy. The binding energy of the 1:2 complex (13A) is −12.2 kcal/mol,
because six additional tetrel bonds are established (twelve in total, six in each side of the ring). In case
of complex 14, due to the lower basicity of the HF, the formation of the six Si···F tetrel bonds (1:1
complex) is not able to compensate the 12.3 kcal/mol required for changing the chair conformation
into a planar one. Consequently, the 1:1 complex results to be 3.2 kcal/mol higher in energy than
the separated monomers (only compensates around 9.1 kcal/mol). In good agreement, when the 1:2
complex (14A) is formed, the interaction energy becomes favorable (–5.7 kcal/mol) thus the additional
six tetrel bonding interactions account for −8.9 kcal/mol. For the complexes of compound 4 (Ge
instead of Si) all computed interaction energies are favorable because the difference in energy between
the chair and planar conformation is only 6.8 kcal/mol.

Finally, it is also somewhat unexpected that complexes involving cyclopentatetrelanes (5 to 12)
obtained more favorable binding energy values than their corresponding cyclohexatetrelane analogous
(13 to 20), contrary to that obtained in the MEP analysis shown above for the planar molecules. Among
other factors like proximity of the σ-holes and/or the negative belts of the chlorine atoms, the most
likely explanation is that the difference in energy between the envelope and planar conformation is of
2.7 kcal/mol in 1 and 1.2 kcal/mol in 2.

Although the interaction described above resembles lone pair–π (or anion–π) interactions) [42],
where a positive electrostatic potential region located at the center of the aromatic moiety interacts
with an electron rich moiety, we (and other research groups [41]) consider this particular interaction as
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a σ-hole bonding. That is, the positive electrostatic potential area emerges over the center of the ring as
the superposition of six/five σ-holes at the extension of the Si/Ge–Cl covalent bonds.

Table 1. Interaction energies without and with BSSE correction (ΔE and ΔEBSSE, respectively, kcal/mol),
equilibrium distances (R, Å) and value of the density at the bond CP (102 × ρ, a.u.) for complexes 5–20

at the PBE0-D3/def2-TZVP level of theory.

Complex ΔE a ΔEBSSE R b 102 × ρ

5 −7.8 −7.1 2.350 1.17
6 −5.0 −3.7 2.271 0.94
7 −116.3 −102.4 1.401 3.67
8 −67.3 −61.4 2.067 2.72
9 −12.3 −11.4 2.340 0.97
10 −9.1 −7.6 2.237 0.81
11 −121.1 −107.5 1.430 3.36
12 −73.8 −68.0 2.121 2.39
13 −1.2 −0.5 2.145 1.09

13A a −14.1 −12.6 2.157 -
14 +1.9 +3.2 2.051 0.91

14A a −8.3 −5.7 2.062 -
15 −109.1 −95.3 1.223 2.70
16 −65.4 −59.3 1.849 2.23
17 −9.2 −8.3 2.118 0.90
18 −5.6 −4.1 2.021 0.75
19 −120.0 −106.3 1.196 2.46
20 −76.2 −70.0 1.870 1.97

a 13A and 14A are 1:2 complexes where two HCN and HF molecules are located above and below the Sin molecular
plane. b Distances measured from the electron rich atom to the ring centroid.

Figure 3. PBE0-D3/def2-TZVP optimized geometries of complexes 5, 8, 11, 14, 17 and 20.

2.3. AIM and NCI Analyses

We have used the Bader’s theory of “atoms in molecules” [43] (AIM) to characterize the
noncovalent interactions shown in complexes 5–20. A bond critical point (CP) and a bond path
connecting two atoms is an unambiguous evidence of interaction. The AIM distribution of critical
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points and bond paths computed for some representative examples are shown in Figure 4. As noted,
for complexes involving cyclopentatetrelanes (7, 9 and 12) five symmetrically distributed bond
CPs interconnect the electron donor and tetrel atoms, thus characterizing five simultaneous tetrel
bonding interactions.

On the other hand, in case of complexes 15, 17 and 18 involving cyclohexatetrelanes,
six symmetrically distributed bond CPs interconnect the electron donor atom and the tetrel atoms,
which characterize six simultaneous tetrel bonding interactions. Furthermore, in all cases, several ring
CPs emerge (five for complexes 7, 9 and 12 and six for complexes 15, 17 and 18), due to the formation
of several supramolecular rings, which further describe the interaction. It is also worthy to mention
that in case of complex 9, a cage CP is observed, which also describes the interaction. Curiously, in case
of the Si compounds, the bond path connects the Si–Si bond CP to the electron rich atom. Finally,
the value of the laplacian in all cases is positive, as is common in closed shell calculations.

Figure 4. Distribution of critical points (red spheres) and bond paths for complexes 7, 9, 12, 15, 17 and
18 at the PBE0/def2-TZVP level of theory. Bond, ring and cage CPs are represented by red, yellow and
green spheres, respectively. The values of the charge density (ρ) at the bond critical points that emerge
upon complexation are indicated in a.u.

We have also carried out an Non Covalent Interactions (NCI) plot [44] of some representative
examples to further analyze the tetrel bonding complexes discussed above (see Figure 5). The NCI
visualization index enables the identification and characterization of non-covalent interactions in
an efficient way. The NCI plot allows an assessment of host–guest assembly complementarity and
the extent to which weak interactions stabilize a complex. The information provided is basically
qualitative, that is, which molecular regions are involved in the interaction.

As noted, in case of complexes involving neutral donors (5 and 10), a green isosurface covers the
entire cyclopentatetrelane moiety and characterizes the five simultaneous tetrel bonds. On the other
hand, in case of anionic complexes 15 and 20, the color of the isosurface is blue due to the existence of
a strong electrostatic contribution to the interaction. Particularly, in case of complex 15, the isosurface
shows a more-pronounced blue region, in agreement with the strong interaction energy of complex 15

(see Table 1). In both complexes the isosurface is extended among all six σ-holes from the Si and Ge
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atoms. The nonexistence of surface at the center of the ring is in good agreement with the proposed
σ-hole nature of the interaction instead of anion–π.

Figure 5. NCI plots of complexes 5, 10, 15 and 20. The gradient cut-off is s = 0.35 au, and the color scale
is −0.04 < ρ < 0.04 au.

2.4. CSD Search

We have explored CSD [45] to find evidence of the importance of tetrel bonding interactions
involving perhalogenated cyclopenta- and cyclohexatetrelanes. During the search, we considered any
sp3 tetrel atom apart from C (from Si to Pb) and any type of substituent in five and six membered rings.
We found 11 structures containing cyclopentasilanes and 23 structures containing cyclohexasilanes (see
Supplementary Materials—ESI for the complete list of structures). No structures were found involving
other tetrel atoms. In addition, among these structures, 4 belonging to cyclopentasilane moieties
and 19 structures involving cyclohexasilanes exhibit tetrel bonding interactions. Some examples are
shown in Figure 6. In detail, in DUDSUS [46], the crystal packing consists of discrete [Si32Cl45]– cluster
units formed by a Si20 dodecahedral core bearing an endohedral Cl– ion. Moreover, each Si20 core
carries eight chloro and twelve trichlorosilyl substituents that fulfill all silicon cluster atom valencies.
In addition, these electron withdrawing groups ensure the presence of Si σ-holes pointing inside of
the cavity, leading to the establishment of multiple tetrel bonding interactions that act as a stabilizing
source of the Cl– ions. On the other hand, in ELAFIH [47] and AHASEJ [48] structures, the solid
state architecture is governed by the formation of 2:1 dimers involving a perchlorinated cyclopenta-
and cyclohexasilane rings and two acetonitrile and chloride molecules, respectively, in a 2:1 inverted
sandwich fashion. It is also worthy to remark that experimentally only the 2:1 complexes are observed,
in line with the energetic results obtained for complexes 13 and 14. Finally, the distance values
obtained are also within the range of the ones retrieved from the solid state, giving reliability to the
theoretical results and highlighting the importance of these interactions in the solid state architecture
of cyclopenta- and cyclohexasilanes.
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Figure 6. Partial views of the X-ray structure of some perchlorinated cyclopenta- and cyclohexasilanes
establishing tetrel bonding interactions. The CSD codes are indicated.

3. Theoretical Methods

The geometries of the complexes studied herein have been fully optimized at the
PBE0-D3/def2-TZVP level of theory. The calculations were performed by using the program
TURBOMOLE version 7.0 (University of Karlsruhe, Karlsruhe, Germany) [49]. The calculation of
the interaction energy values was performed using the formula Eint = EAB − EA − EB, where EAB

corresponds to the energy of the optimized complex, while EA and EB refer to the energies of the
optimized isolated monomers. The C5v or C6v symmetry point groups were used in the optimization of
the anionic complexes and no symmetry constrains were imposed in the neutral complexes. It should be
mentioned that the geometries of the neutral complexes (stationary points) converge to Cs and C2v point
groups for the five-membered and six-membered rings, respectively. For some anionic complexes, we
carried out optimization without imposing symmetry constraints and the final optimized geometries
(stationary points) adopted either C5v or C6v symmetry. The interaction energies were calculated with
correction for the basis set superposition error (BSSE) by using the Boys–Bernardi counterpoise [50].
The Bader’s “Atoms in molecules” theory was used to study the interactions discussed herein by
means of the AIMAll calculation package (version 17.11.14, TK Gristmill Software, Overland Park,
KS, USA) [51]. The calculations for the wavefunction analysis were performed by means of the
Gaussian 09 calculation package (version B.01, Gaussian inc., Wallingford, CT, USA) [52]. The NCI
plot is a visualization index based on electron density and its derivatives, and enables identification
and visualization of non-covalent interactions. The isosurfaces correspond to both favorable and
unfavorable interactions, as differentiated by the sign of the second density Hessian eigenvalue and
defined by the isosurface color. The color scheme is a red-yellow-green-blue scale with red for ρ+

cut

(repulsive) and blue for ρ−cut (attractive). Yellow and green surfaces correspond to weak repulsive and
weak attractive interactions, respectively. The models were designed based on previous theoretical
studies that analyzed the ability of cyclohexasilanes to properly accommodate two anionic donor
entities (mostly halogen ions, see [41]). We also included an OH− ion and two neutral electron donors
(HCN and HF molecules) to obtain a more representative set of complexes. In addition, we chose
cyclohexagermanane and the cyclopenta- derivatives of Si and Ge as tetrel bond donors to gain further
insights into the behavior of this family of compounds.
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4. Conclusions

In this manuscript, we analyzed the ability of perchlorinated cyclopenta- and cyclohexatetrelanes
to establish tetrel bonding interactions with both neutral and charged electron donors. We used Tr5Cl10

and Tr6Cl12 (Tr = Si and Ge) and HCN, HF, OH- and Cl- moieties as electron donor molecules. In relation
to this, complex 11 involving cyclopentagermanane and OH- as a Lewis base obtained the largest
binding energy value of the study. On the other hand, complex 14 involving HF and cyclohexasililane
achieved the poorest interaction energy value of the study. We also demonstrated that the energetic
cost of forming the 2:1 complex compensates the energy penalty of passing from chair to planar
conformation in cyclohexasilane complexes 13 and 14. In addition, we have observed a reinforcement
of the interaction strength ongoing from Si to Ge in both cyclopenta- and cyclohexatetrelane systems,
as it is commonly observed for other σ-hole interactions. Furthermore, we performed Atoms in
Molecules (AIM) analysis to further characterize the interactions described above. Finally, several
experimental examples retrieved from the Cambridge Structural Database (CSD) were shown in order
to provide reliability to the results and to highlight the importance of these interactions in the solid
state of cyclopenta- and cyclohexatetrelanes.

Supplementary Materials: Supplementary Materials are available online, cartesian coordinates of the complexes
and results from the CSD search.
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Abstract: A systematic evaluation of the CSD and the PDB in conjunction with DFT calculations reveal
that non-covalent Carbon-bonding interactions with X–CH3 can be weakly directional in the solid
state (P ≤ 1.5) when X = N or O. This is comparable to very weak CH hydrogen bonding interactions
and is in line with the weak interaction energies calculated (≤ –1.5 kcal·mol−1) of typical charge
neutral adducts such as [Me3N-CH3···OH2] (2a). The interaction energy is enhanced to ≤–5 kcal·mol−1

when X is more electron withdrawing such as in [O2N-CH3··O=Cdme] (20b) and to ≤18 kcal·mol−1 in
cationic species like [Me3O+-CH3···OH2]+ (8a).

Keywords: intermolecular interactions; non-covalent interactions; carbon-bonding interactions;
crystal structure database analysis; density functional theory

1. Introduction

The manner in which molecules interact with one another is largely determined by non-covalent
interactions.c [1] So-called ‘σ-Hole interactions’c [2–5] like hydrogen bonding are prominent identifiable
interactions that bear biological significance [6]. Such σ-hole interactions have also been identified with
other non-metals [7–11] like halogen atoms to generate halogen bonding interaction [12,13]. The impact
of halogen bonding interactions on molecular biology has come into focus since about 2004 [14].
Indeed, evaluations of the protein data bank (PDB) [15] revealed that halogen bonding is structurally
very similar to hydrogen bonding [12,14,16–18] and can be functionally relevant [19–22]. Relatively
weak π-hole interactions [4,23–31] involving organic carbonyls, [26,32–36] π-acidic aromatics, [37,38]
metal carbonyls [33,34,36,39] and nitro-compounds [40–45] are increasingly acknowledged as relevant
drivers of molecular aggregation such as in ligand-protein complexes.

The impact of a novel type of weak interaction on molecular recognition phenomena naturally
leads one to speculate that other non-canonical interactions may play a similar role. One interesting
candidate are σ-hole interactions involving sp3-hybridized C-atoms. Such interactions have been
studied since about 2013 [7,46] and are particularly interesting because sp3-C is abundant in living
systems. More specifically, the methyl group (X–CH3, where X = any atom or group) is frequently
encountered in natural and synthetic compounds and ‘non-covalent Carbon bonding’ involving
methyl groups has thus been studied by various researchers [47–59]. Most of these contributions
are computational inquiries, while a small amount of these articles also deals with an analysis of
non-covalent Carbon bonding interactions in protein structures present in the Protein Data Bank
(PDB) [47,50,56]. Interestingly, none of the studies so far have systematically evaluated the crystal
structure data present in the Cambridge Structure Database (CSD) [60,61]. What is more, evaluations
of the PDB were largely anecdotal or only considered structures that comply to the (rather strict)
geometric criteria of a Carbon bonding geometry. Some also included intramolecular contact distances
(which are notoriously difficult to evaluate).

Molecules 2019, 24, 3370; doi:10.3390/molecules24183370 www.mdpi.com/journal/molecules
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In this contribution a combined CSD and PDB evaluation is presented aimed at elucidating whether
electron rich entities have a preferential orientation around a methyl group within a rather large
envelope, i.e., whether intermolecular non-covalent Carbon bonding interactions with methyl groups
are directional. For evaluative purposes, several Density Functional Theory (DFT) computations were
conducted as well. This combined database/DFT study reaffirms that non-covalent Carbon-bonding
interactions with X-CH3 can be significant, although the interaction is hardly directional, in particular
when the methyl group is poorly polarized such as most C–CH3 structures.

2. Materials and Methods

2.1. General Information on Database Analyses

The CSD [60,61] version 5.40 including two updates (until May 2019) was inspected using
ConQuest [62] version 2.0.2 (build 246353, 2019). X-ray powder structures were omitted from the
searches, which were further limited to structures containing 3D coordinates and those with an R-factor
≤ 0.1. The PDB was queried using Relibase [63] 3.2.3 and restricted to protein and DNA crystal
structures where the packing environment was also searched. No other restrictions were imposed
on the PDB search. Datasets were obtained using the general query shown in Figure 1a. The methyl
groups were split in those connected to a C, N, O, P, or S atom (X in the figure, in the PDB search
specified as part of a ligand). The interacting ‘electron rich’ partners (ElR in the figure) considered
were a water, amide or carboxy-O atom, a sulphur atom or the centroid of an aryl ring (in the PDB
search always specified as part of the protein). The geometric constraints imposed on the searches
were that the intermolecular distance d between the methyl C-atom and ElR was ≤5 Å and that the
X–CH3···ElR angle (α) was 90◦–180◦. All the data were thus confined within a hemisphere with a basal
radius of 5 Å, centered on the methyl C-atoms as is shown in Figure 1b.

Figure 1. Representation of the method used to retrieve and analyse data from the CSD and the PDB.
(a) general query to obtain data with d ≤ 5Å, α = 90◦–180◦, X = C, N, O, P or S and ElR (electron rich
entity) is as indicated. (b) Illustration of the method used to assess directionality (see text for details).

2.2. Methodology to Generate P(α) Plots

The datasets obtained as described above (2.1) were analysed to assess whether the distribution
of ElR within the methyl-centered hemisphere reflects any directionality. This method has been
successfully applied to assess the directional behaviors (in the solid state) of various other weak
non-covalent interactions such as anion/lone-pair-π, [29,64] CH-π, [11,65] halogen-π [66,67] and nitro
π-hole interactions [42,68]. The method works by first computing the freely accessible volumes at each
α-value (αfree) by subtracting the volume of a model methyl group from a spherical cone with 5 Å
height and a cone angle of 180-α. This can be achieved by using the 3D-drawing program Autodesk®

Inventor® Pro [29]. This is illustrated in Figure 1b, where the spherical cones are shown at 10◦ intervals.
The model methyl group was generated by using standard aliphatic C–H bond distances (1.06 Å) [69]
and the van der Waals radius of C (1.70 Å) and H (1.09 Å) [70]. The interfering volume between each
spherical cone and the model methyl group can be obtained using the ‘inspect interference’ option in
Autodesk® Inventor® Pro; the red part in Figure 1b is the interfering volume involving a spherical
cone with a cone angle of 60◦ (i.e., at α = 120◦). The volume differences between such ‘free’ volumes
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with increasing values of α thus give the absolute volume distribution of freely accessible volume
around a methyl model within the hemisphere, as a function of α: Δαfree(α). Dividing each volume
(Δαfree) in this distribution by the total freely accessible volume (i.e., the volume of a hemisphere
minus the interfering volume of the model methyl group in that hemisphere) thus gives the relative
volume distribution as a function of α: Δrelαfree(α). This distribution is the random (or volume)
distribution. The data retrieved form the CSD and the PDB can be binned as a function of α. Relating
this binned data to all the data in a dataset thus gives the observed relative distribution as a function
of α: Δrelαdata(α). The quotient of this relative data distribution over the random distribution is a
measure for the actual probability (P) of finding data at a certain value of α. That is, P(α) is unity for a
random distribution of data, while P-values larger than unity reveal a relative concentration of data,
which is indicative of attractive interactions.

2.3. Methodology to Generate N(d’) Plots

A second analysis involved plotting the hit fraction (N) for a subset with α = 160◦–180◦ as a
function of the van der Waals corrected H3C···ElR distance d’ (i.e., d – vdW(C) – vdW(ElR)): [70]
N(d’). Such distributions show how much of the data is involved in van der Waals overlap with the
methyl C-atom along the vector of the X–CH3 bond and how such data is distributed. For attractive
interacting pairs this distribution is expected to exhibit a peak-like feature, or an S-like curvature when
the cumulative hit fraction is used.

2.4. Computational Methods

DFT geometry optimization calculations were performed with Spartan 2016 at the B3LYP [71,
72]-D3 [73]/def2-TZVP [74,75] level of theory, which is known to give accurate results at reasonable
computational cost and a very low basis set superposition error (BSSE) [74,75]. The typical starting
geometry for possible Carbon bonding adducts was set to d’ = −0.1 Å and α = 180◦, and in the
case of dimethylacetamide the C···O=C angle was also set to 180◦. The geometry optimizations
were performed without any constraints. For other geometries (e.g., a H-bonded geometry), the
molecular fragments were manually oriented in a suitable constellation before starting an unconstrained
geometry optimization. The Amsterdam Density Functional (ADF) [76] modelling suite at the
B3LYP [71,72]-D3 [73]/TZ2P [74,75] level of theory (no frozen cores) was used for energy decomposition
and ‘atoms in molecules’ [77] analyses. Details of the Morokuma-Ziegler inspired energy decomposition
scheme used in the ADF-suite have been reported elsewhere [76,78] and the scheme has proven useful
to evaluate hydrogen bonding interactions [79].

3. Results and Discussion

3.1. P(α) Plots

A numerical overview of the amount of crystallographic information files (CIFs) and protein data
bank files (PDBs) for each search query is given in Table S1, together with the amount of hits found in
each dataset (a .cif or .pdb file can contain multiple hits). Shown in Figure 2 are the P(α) plots for the
CSD (left) and PDB (right) data plotted at 5◦ intervals involving X = C, N, O and ElR = water-O (top)
or amide-O (bottom). These datasets were chosen because they all contained a large number of hits
(>7,500) and thus allow for the most reliable comparison. A complete set of P(α) plots is provided in
Figure S1.
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Figure 2. P (α) directionality plots for the data retrieved from the CSD (left) and the PDB (right) using
the general query shown in the top-right inset figure for X–CH3···ElR pairs. X can be C, N or O and ‘ElR’
can be a water or an amide O-atom. The insert figure in the top left is intended as a guide to the eye to
interpret the spatial location of data with a certain value of α. Due to the amount of data per dataset
(see Table S1 for numerical overview), the plots are given at a 5◦ resolution for α. A full set of P(α) plots
(i.e., for all the X vs ElR pairs in Figure 1) is given in Figure S1. The P value of 1 is highlighted in green
and indicates a random distribution of data. N (CSD/PDB) = 46,000/29,508 (C, water); 18,170/17,101 (N,
water); 7190/11,392 (O, water); 53,473/22,538 (C, amide); 7663/10,855 (N, amide); 9,158/11,064 (O, amide).

The data plotted in Figure 1 largely trace the line at P = 1 (highlighted in green), which is indicative
of a random distribution of data. For X = O and N, these values are somewhat above unity around
α = 160◦–180◦ for water O-atoms in both databases and for amide O-atoms in the CSD. The maximum
P-values are very small at about 1.5, which indicates a very small amount of directionality. Indeed,
maximum P-values for several weak inter-molecular interactions are: ~2.5 for CH-π; [11,65] ~3 for
π interactions with nitro compounds; [42,68] ~2.5–5 for anion-π and lone-pair-π; [29,64] ~2.5–10 for
halogen-π [67] and also about 2.5–10 for halogen bonding with aryl-halogens. [66] Interestingly, the
P-values did not peak near α = 90◦–120◦, an angle congruent with hydrogen bonding. These data thus
suggest that the Carbon binding geometry is more directional than a hydrogen bonding geometry,
although this directionality is very weak. In all cases for X = C, the P-values around α = 160◦–180◦ are
below unity, suggesting that the Carbon bonding geometry is least favored in these instances. The data
for ElR = RCO2 and RyCS are very similarly distributed and the data for aryl rings is skewed towards
α = 160◦–180◦ only for the CSD data (for X = C, N, O, P and S, see Figure S1). For all other cases where
X = P, very few hits were obtained (most numerous was RCO2 in the CSD with N = 1,454). While some
datasets with X = S were of a reasonable size, too many were well below N = 7,500 and these data will
thus not be discussed in the main text (there is a small discussion in the caption of Figure S1).

3.2. N(d’) plots

The data characterized byα= 160◦–180◦was inspected further by means of N(d’) plots as described
in the methods and materials section. A numerical overview of the amount of data in each dataset
as well as the (relative) amount of van der Waals overlap found in each dataset is given in Table S2.
Shown in Figure 3 are plots of the hit fractions (in %) as a function of d’ (the van der Waals corrected d)
for X = C, N, O and ElR = water or amide. The same data plotted as cumulative hit fractions is shown
in Figure S2 and the N(d’) plots for all datasets containing >500 hits are shown in Figure S3.

78



Molecules 2019, 24, 3370

Figure 3. Hit fraction (in %) as a function of the van der Waals corrected XCH3···ElR distance d’ (in Å)
for several datasets from Table S2 (α ≥ 160◦, as illustrated by the inset figure). The interacting pairs
involve water-O (red, empty) or amide-O (blue, half-filled) with X = C (squares), N (diamonds), or O
(circles). See Figure S2 for the same data plotted as a cumulative hit fraction. N (CSD/PDB) = 2,376/1,622
(C, water); 1,089/1,186 (N, water); 452/757 (O, water); 2,599/1,179 (C, amide); 504/650 (N, amide); 640/483
(O, amide).

In the CSD (left), The data involving N/O–CH3···Oamides are very similarly distributed and grouped
near d’ ≈ 0 Å with about 30% of all the data involved in van der Waals overlap. Likewise, data
involving N/O–CH3···Owaters are also very similarly distributed but group near the larger d’ ≈ 0.25
Å with 15% van der Waals overlap. The C–CH3···Oamides/waters data hardly displays van der Waals
overlap (3–4%) and is broadly grouped around d’ = 0.4 Å for waters and not grouped at all for amides.
Similar trends are present in the PDB (right), albeit the features are much less pronounced and the
N/O–CH3···O datasets with amides and waters are very similar.

The data presented in Figure 3 thus imply a somewhat directional nature of X–CH3···Oamides/waters

interactions for X = N and O, but not at all for X = C. These findings are in line with the lack of
directionality observed in the P(α) plots for X = C and the somewhat directional behavior for X = N or
O (see Figure 2). A likely explanation for this is the larger (Pauling) electronegativity of N (3.04) and O
(3.44) compared to C (2.55), resulting in a larger degree of polarization of the X–CH3 bond for X = N or
O. Another conceivable manner to make a methyl group pore electropositive is to bind it to a cationic
fragment such as in protonated or quaternary R3N+–CH3 fragments. Thus, an additional dataset was
retrieved from the CSD involving R3N+–CH3···ElR pairs that fulfilled the d ≤ 5 Å and α = 160◦–180◦
criteria (see bottom entries in Tables S1 and S2). Shown in Figure 4 are the N(d’) plots of the most
numerous datasets involving R3N+–CH3 (hexagonals, N+) together with similar datasets involving
all possible N–CH3 fragments (diamonds, N). In all three cases (ElR = water, carboxy or aryl), the
distribution is shifted to lower d’ distances for cationic R3N+–CH3, which means that relatively more
van der Waals overlap is present in these datasets. As can be seen especially from the cumulative N(d’)
plots (left), the grouping is tightest with carboxy O-atoms (green), followed by water O-atoms (red)
and aryl rings centroids (grey) are not grouped at all (nearly linear).
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Figure 4. Cumulative (left) and regular (right) hit fraction (in %) as a function of the van der Waals
corrected XCH3···ElR distance d’ (in Å) for the datasets from Table S2 (α = 160◦–180◦ as illustrated in
the inset figure). The interacting pairs involve water-O (red, empty), carboxy-O (green, right-filled) or
the centroid of an aryl ring (grey, left-filled). X can be any N (diamond) or a cationic (tetravalent) N+

(hexagonal). N (N/N+) = 1,809/290 (water, red); 2,062/274 (carboxy, green); 10,585/527 (aryl, grey).

3.3. Computations

In order to gain insight into the nature and energetics of possible non-covalent Carbon bonding
interactions involving various methyl groups and water or amide O-atoms, DFT calculations were
performed of X–CH3 adducts with water and with dimethylacetamide (dma, see methods section
for details). An overview of these adducts is given in Table 1, together with α of the optimized
structures, the total interaction energy of the adducts in kcal·mol−1 and the percentages of electrostatic
(E), orbital (O), and dispersion (D) interactions that contribute to this total energy [79]. Perspective
views and atoms-in-molecules analyses of all converged structures are shown in Figure S4 and several
representative examples are shown in Figure 5.

Figure 5. Ball and stick representations of molecular adducts selected from Table 1 that were optimized
by DFT (B3LYP-D3/def2-TZVP). The thin lines are bond paths (bp’s) and the small red spheres are
bond critical points (bcp’s) obtained from an ‘atoms-in-molecules’ analysis. The bond density (ρ) is
in arbitrary units ·102 and bcp’s indicative of non-covalent Carbon bonding have been highlighted
in yellow.
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Table 1. Numerical overview of adducts computed with DFT between an indicated X-CH3 methyls and
water (adducts ‘a’) or dimethylacetamide (dma, adducts ‘b’). Using ADF at the B3LYP-D3/def2-TZVP
level of theory, interaction energies (in kcal·mol−1) were computed and an energy decomposition
analyses is shown as a percentage of the total amount of interaction energies split up as electrostatic (E),
orbital (O) and dispersion (D) interactions. Entries in grey are not consistent with a Carbon bonding
geometry. See Figure S4 for perspective views and atoms in molecules analyses.

Interacting
X–CH3:

Water–O Dimethylacetamide (dma) – C=O
adduct α (◦) ΔE E/O/D in % adduct α (◦) dE E/O/D in %

Me–CH3 1a 170a −1.2 32/22/46% 1b 122f −2.8 26/16/58%

Me2N–CH3 2a 174b −0.8 36/18/45% 2b 173b −1.6 33/22/44%

MeO–CH3 3a 175 b −1.2 48/17/35% 3b 164f −3.2 27/16/56%

Me2P–CH3 4a 167a −1.2 28/32/41% 4b 91d −4.2 45/21/33%

MeS–CH3 5a 177 b −1.0 44/17/38% 5b 100d −3.7 46/21/32%

Me2C+–CH3 6a 75c −12.6 66/22/12% 6b 109c −82.4 43/55/2%

Me3N+–CH3 7a 173b −7.8 73/15/12% 7b 170b −14.7 70/19/10%

Me2O+–CH3 8a 176b −9.1 72/18/10% 8b 175b −17.6 69/22/8%

Me3P+–CH3 9a 55d −8.2 69/14/18% 9b 71d −21.7 64/23/13%

Me2S+–CH3 10a 168b −7.6 73/15/12% 10a 170b −15.0 70/20/10%

PyN+–CH3

11a 170b −7.3 73/15/12% 11b 175b −14.2 71/19/10%

12a 93d −10.6 70/22/9% 12b 91d −20.3 65/27/8%

13a 68e −9.0 70/14/16% 13b 74e −18.2 64/21/15%

I–CH3
g 14a 175b −1.6 53/18/28% 14b 175b −3.0 52/20/28%

15a 84d −3.8 55/23/21%

F3C–CH3
g 16a 179b −1.8 59/13/27% 16b 175b −3.4 59/15/26%

17a 76d −3.8 60/15/24%

N≡C–CH3
g 18a 158b −2.3 65/13/23% 18b 172b −4.3 62/15/23%

19a 68d −5.1 63/19/18%

O2N–CH3
g 20a 165b −2.8 66/13/21% 20b 179b −4.9 64/15/21%

21a 86d −6.4 63/25/12%
a One of the water H-atoms and one of the RCH3 C-atoms are closest to each other; b Carbon bonding interaction
geometry; cInteraction with the cationic C; d Hydrogen bonding interaction(s); e Interaction with cationic N; f

CH-π interaction; g The interaction energy with benzene was also computed, starting from a geometry with
X–CH3···benzene centroid = 180◦. All adducts converged at a geometry where this angle was about 90◦ degrees.
Interaction energies are about 4–5 kcal·mol−1 and dominated by electrostatics (35–40%) and dispersion (40–50%, see
Figure S5 for details).

For comparison purposes, adducts with ethane were computed as shown in entries 1 of Table 1.
Both structures converged to a hydrogen bonding interaction. ΔE = −1.2 kcal·mol−1 in 1a and a methyl
acts as electron donating site; i.e., an O–H···C hydrogen bonding interaction. This can be understood
due to the polarization in ethane, where both C’s are most electronegative and are polarized by the
H-atoms. Adduct 1b is about twice as stable with ΔE = −2.8 kcal·mol−1 and also features a hydrogen
bonding interaction, but now between a methyl CH and a π-bond in dma. Both 1a and 1b are stabilized
mainly by dispersion (46–58%), then electrostatics (32–26%) and least by orbital interactions (22–16%).
The neutral water adducts where X = permethylated N, O, P, or S are energetically nearly identical to
the ethane adduct (2a–5a). Like with ethane, 4a converged in a O–H···C hydrogen bonding interaction,
which can be rationalized by the lower (Pauling) electronegativity of P (2.19) compared to C (2.55). 2a,
3a and 5a converged at a geometry consistent with a Carbon bonding interaction. This is illustrated for
structure 3a in Figure 5, where a single bond critical point (bcp) is located between C and O with a bond
density of 0.60 · 102 a.u.. This can be rationalized by the higher (Pauling) electronegativity of N (3.05),
O (3.44) and S (2.58) compared to C (2.55). Electrostatics or dispersion are the main energetic stabilizing
factor in adducts 2a–5a which is typical for weak and non-directional interactions like in adduct
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1a. A similar series with dma was computed as adducts 2b–5b. Only 2b converged in a geometry
consistent with a Carbon bonding interaction (with dispersion as main driver) while the others are
C–H···O hydrogen bonding interactions. Carbon bonding interactions with regular permethylated
main group elements are thus comparable to very weak C–H hydrogen bonding interactions and less
than about −1.5 kcal·mol−1 in strength. These energies are in line with earlier computations with the
adducts [H2N-CH3···OCH2] [47] and [HO-CH3···OH2] [48] of −0.7 and −1.0 kcal·mol-1 respectively.

The cationic adducts 6–11a were computed as well and the most stable of these involved the
Me3C+ carbocation in 6 (adducts with pentamethylated Carbon are unstable). The bonding interaction
in 6b is largely covalent, as evidenced by the interaction energy of −82.4 kcal·mol−1, the large orbital
contribution (55%), a dense bond critical point (18.4 · 102 a.u.) and a clear pyramidalization of the central
C-atom (see Figure S4). Of the other adducts, all except 6a (Me3C+···O interaction) and 9 (with the least
electronegative P) converged into an X–CH3···O Carbon bonding geometry. This is illustrated for 8a and
11a in Figure 4, where a clear bcp can be seen in between methylC and Owater with a bond density of 1.15 ·
102 and 0.98 · 102 a.u. for 8a and 11a respectively. The bonding energies in 7–11a are mainly electrostatic
in origin (~70%) and about−8 kcal·mol−1 for water and−15 kcal·mol−1 for dma. The most stable adducts
in both series involved the most electronegative O (3.44) in Me3O+ (8). Two alternative configurations
with N-methylpyridinium were also computed (12 and 13). In 12, the O points in between two CH
hydrogens as is illustrated for 12a in Figure 4. In adducts 13 the O atom is located directly above the
cationic N+. Both 12 and 13 are more stable than the Carbon bonding geometry found in 11, suggesting
that hydrogen bonding interactions are most preferred. The interaction energies of Carbon bonding
interaction with cationic species is similar to previous data of the adducts: [H3N+-CH3···OCH2] (−9.7
kcal·mol−1); [47] [Me3N+-CH3···OC(H)NH2] (−13 kcal·mol−1); [49] [Me2S+-CH3···OH2/NH3/OCH2]
(about −8–9 kcal·mol−1); [47,49] and [R2S+-CH3···various lone-pairs] (about −9.0 kcal·mol−1) [50].

As the calculations with cationic species imply that electron withdrawing substituents amplify
the Carbon bonding interaction, it was decided to compute adducts with small molecules that have
an electron withdrawing group: Iodomethane (14), 1,1,1-trifluoroethane (16), acetonitrile (18) and
nitromethane (20). All these adducts converged as a Carbon bonding geometry and are energetically
favorable by 1.6–2.8 kcal·mol−1 for water and 3.0–4.9 kcal·mol−1 for dma. The adducts involving
nitromethane (20) were most stable and are shown in Figure 5, together with an aim analysis revealing
a single C···O bcp (ρ = 0.79 · 102 and 0.83 · 102 a.u. for 20a and 20a respectively). For the water adducts,
H-bonding geometries were also optimized: 15a, 17a, 19a and 21a. All these adducts were about twice
as stable and the Carbon bonding geometry. This can be ascribed to the fact that besides a C–H···O
hydrogen bonding interaction, another weak hydrogen bonding interaction is present as well (i.e.,
C–H···I in 15a, C–H···F in 17a and C–H···π in 19a, see also see also Figure S4). For example, a dimer of
HCF3 is estimated at −2.6 kcal·mol−1 and exhibits two weak C–H···F hydrogen bonding interactions
(not shown). The interaction energies with neutral yet polarized methyl groups (14–20) liken those
reported by others for: [F-CH3···OH2/NH3/PH3] (about −2–3 kcal·mol−1); [48,51–53] [F-CH3···C2H2]
(−1.2 kcal·mol−1); [54] [Hlg-CH3···C2H4/NH3/PH3] (−1–4 kcal·mol−1); [53,55] [NC-CH3···C2H4/dma]
(−3–5 kcal·mol−1); [55,56] and [O2N-CH3···dma] (−4.9 kcal·mol−1) [56].

3.4. General Discussion

From all the calculations collected in Table 1 it is evident that the interaction energies of Carbon
bonding geometries with the sp2-O in dma (adducts ‘b’) is consistently about twice as strong as the
interaction with sp3-O in water (adducts ‘a’). This is in line with the larger amount of van der Waals
overlap observed in the N(d’) plots (Figure 2, ~30% for amides vs ~15% for water). The interaction
energies of adducts with a Carbon bonding geometry range from very weak (below −1.5 kcal·mol−1 in
2, 3, 5), to moderately weak (between −1.5 and −5 kcal·mol−1 in 14, 16, 18 and 20) to fairly strong in
the cationic adducts (between −7 and −18 kcal·mol−1 in 6–11). ΔE becomes smaller (more stable) in the
order 2 < 14 < 16 < 18 < 20 < 7 < 8. Within this series, the orbital contribution remains constant at about
15–20%, while the electrostatic component increases from 30–35% in 2 to about 65% in 8. This implies
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that stronger Carbon bonding interactions are mainly driven by electrostatic interactions and that
weaker such adducts are driven by dispersion. These computational results are consistent with recent
literature reports [47–59] and the database analyses presented here; neutral adducts are very weak
and thus hardly (or non) directional but can be made stronger (and thus presumably more directional)
when X in X–CH3 is strongly polarized (see especially Figure 4). The relevance of Carbon bonding
interactions with methyl groups is thus likely limited to highly polarized and/or cationic species. While
this limits the scope considerably, it is worth pointing out that ligands with methyl groups related
to those in adducts 2–10 and 14–21 are abundant within proteins structures and that cationic methyl
groups also occur. For example, methylated methionine residues in methyl transferases [80] and
nicotinamide derivatives such as nicotinamide adenine dinucleotide [81,82].

4. Summary and Conclusions

The CSD and the PDB were systematically evaluated for potential directional behavior of
intermolecular non-covalent Carbon bonding interactions involving X–CH3 and electron rich entities
such as O/S atoms or an aryl ring (ElR) within a hemisphere of 5 Å basal radius (centered on C). It was
found that X–CH3···ElR interactions can be as directional as very weak hydrogen bonding interaction
involving C–H (Pmax ≤ 1.50) but not directional at all when X = C. Grouping of data with significant
amounts of van der Waals overlap (up to ~30%) was observed in various sub-datasets in the region
where the X–CH3···ElR angle α is 160◦–180◦. These distributions were significantly shifted to shorter
distances (i.e., more van der Waals overlap) in the case of cationic R3N+–CH3···Owater/amide compared
to charge-neutral R2N–CH3···Owater/amide interactions.

Model DFT calculations revealed that charge neutral X–CH3···O adducts with water and
dimethylacetamide are very weak (≤ –1.5 kcal·mol−1 in 2, 3a, 5a) and are often not the energy
minima of the adducts (1, 3b, 4, 5b). The interaction energies can be increased by deploying a more
electron withdrawing X (–1.5 to –5 kcal·mol−1 in 14, 16, 18 and 20). Rendering X cationic leads to
even more stable adducts (–7.0 to –18 kcal·mol−1) in 7, 8, 10 and 11). Carbon-bonding adducts with
dimethylacetamide are consistently twice as stable as those with water. Energy decomposition analyses
showed that increased stability is driven by electrostatics and atom-in-molecule analyses regularly
gave a clear bond critical point involving the methyl C-atom.

It is thus concluded that this combined database / DFT study reaffirms that intermolecular
non-covalent Carbon interactions with X–CH3 is electrostatically driven and can be significant.
The interaction can even by mildly directional in the solid state (comparable to weak CH hydrogen
bonding interactions), provided X is sufficiently electron withdrawing.

Supplementary Materials: The following are available online, Table S1. Numerical overview of datasets retrieved
from the CSD and the PDB. See Figure S1 and Figure 2 for P (α) directionality plots. For data of refined datasets see
Table S2 (α ≥ 160◦ and van der Waals overlap). ‘n.a.’ stands for ‘not assessed’. The data for quaternary (cationic)
N-atoms is not used in the paper for P(α) plot but they were used in N(d’) plots. Table S2. Numerical overview
of the amount of data in each dataset from Table S1 characterized by α ≥ 160◦ (Nα ≥ 160◦), together with the
amount of data within that dataset where van der Waals radii overlap (NΣvdW). ‘n.a.’ stands for ‘not assessed’.
Datasets with Nα ≥ 160◦ larger than 100 were inspected further by means of the N(d’) plots shown in Figures
S2–S3. As a guide to the eye, datasets with less than 100 hits are in grey, those between 100 and 500 hits are in
blue and those above 500 are in regular black. Figure S1. P (α) directionality plots for the data retrieved from the
CSD (left) and the PDB (right) using the general query shown in the top-left inset figure for X–CH3···ElR pairs. X
can be C, N, O, P, or S and ‘ElR’ can be a water, amide or carboxyl O-atom, an RyCS S-atom (y = 2 or 3, R = any
non-metal) or the centroid of an aryl ring, as is indicated in the right-hand side of the figure. The insert figure in
the top right is intended as a guide to the eye to interpret the spatial location of data with a certain value of α.
Due to the amount of data per dataset (see Table S1 for numerical overview), the top four P (α) plots are given
at a 5◦ resolution for α and the bottom six at a 10◦ resolution. NB: Interestingly, in the P(α) plots for X = S and
ElR = water, P is above unity at α = 160◦–180◦ for the CSD data, while P < 1 for the PDB data in this same region.
In both databases, the P-values are ≥ 1 around α = 105◦. This indicates that the H-bonding geometry (α ≈ 105◦) is
somewhat directional on both databases but that the carbon bonding geometry is more directional only in the
CSD. However, the dataset retrieved from the CSD is much smaller (1,546 hits) than the dataset from the PDB
(30,725 hits) and the observed feature α = 160◦–180◦ in the CSD might well be an artefact. Similarly, the P(α) plots
with X = S and an amide O-atom reveal that P ≥ 1 at α = 90◦–105◦, again congruent with a hydrogen bonding
geometry. P ≥ 1 also at α = 170◦–180, but only for the PDB data. As this dataset is more voluminous (N = 11,215 vs
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2,175 in the CSD), this implies that a carbon bonding geometry is more directional (at least in protein structures).
A possible reason for this discrepancy might be that many cysteine and methionine residues are involved in metal
coordination or directly methylated thus polarizing the S–C bond. For example, iron-sulphur clusters are held
in place by cysteine–Fe coordination bonds [1] and methylated methionine residues are a (crystallographically
known) intermediate in methyl transferases. [2]. Figure S2. Cumulative hit fraction (in %) as a function of the van
der Waals corrected XCH3···ElR distance d’ (in Å) for several datasets from Table S2 (α ≥ 160◦, as illustrated by
the inset figure). The interacting pairs involve water-O (red, empty) or amide-O (blue, half-filled) with X = C
(squares), N (diamonds), or O (circles). See Figure 2 for the same data plotted as a regular hit fraction. Figure S3.
Cumulative (top) and regular (bottom) hit fraction (in %) as a function of the van der Waals corrected XCH3···ElR
distance d’ (in Å) for all the datasets from Table S2 (α ≥ 160◦, illustrated with the inset figure) that contain ≥ 500
data points. The inset legends show the nature of X (horizontally) and ElR (vertically). NB: In addition to the
trends observed and discussed in the main text according to Figure 2, It is interesting to note that in all cases, for
X = C the plot is shifted most to longer d’ and has the least van der Waals overlap. Moreover, carboxy O-atoms
are distributed about the same as amide O-atoms and thio S-atoms about the same as water. Aryls are always
randomly distributed with the least amount of van der Waals overlap. Figure S4. Ball and stick representations of
perspective views of all molecular adducts listed in Table 1 that were optimized by DFT (B3LYP-D3/def2-TZVP).
The thin lines are bond paths (bp’s) and the small red spheres are bond critical points (bcp’s) obtained from an
‘atoms-in-molecules’ analysis. The bond density (ρ) is in arbitrary units 102 and bcp’s indicative of non-covalent
carbon bonding have been highlighted in yellow. Figure S5. Ball and stick representations of molecular adducts
selected from Table 1 that were optimized by DFT (B3LYP-D3/def2-TZVP). The thin lines are bond paths (bp’s) and
the small red spheres are bond critical points (bcp’s) obtained from an ‘atoms-in-molecules’ analysis. The bond
density (ρ) is in arbitrary units ·102 and bcp’s indicative of non-covalent carbon bonding have been highlighted
in yellow.
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Abstract: The consideration of the disposition of minima of electron density and electrostatic potential
along the line between non-covalently bound atoms in systems with Hal−···CH3–Y (Hal− = Cl, Br;
Y = N, O) fragments allowed to prove that the carbon atom in methyl group serves as an electrophilic
site provider. These interactions between halide anion and carbon in methyl group can be categorized
as the typical tetrel bonds. Statistics of geometrical parameters for such tetrel bonds in CSD is
analyzed. It is established that the binding energy in molecular complexes with tetrel bonds correlate
with the potential acting on an electron in molecule (PAEM). The PAEM barriers for tetrel bonds
show a similar behavior for both sets of complexes with Br− and Cl− electron donors.

Keywords: tetrel bond; electron density; electrostatic potential; potential acting on an electron
in molecule

1. Introduction

The problem of categorizing non-covalent interactions in molecular crystals and complexes is now
a focus of attention [1,2]. Nowadays, the systematization of the halogen, chalcogen, pnictogen, and
tetrel bonds already exists [3]; however, in most cases, only the simplistic geometrical approach
underlies the analysis of such types of interactions. In this context, the types of non-covalent
interactions are traditionally discussed in terms of interatomic distances and angles, which specify
the mutual orientation of pivotal chemical bonds [4,5]. However, due to the pronounced and specific
electrostatic component of such non-covalent bonds [6,7], more careful analysis of the electronic
features of the halogen, chalcogen, pnictogen, and tetrel bonds is required. Such analysis needs to
focus on the features of valence electron shells and related anisotropy of the electrostatic potential of
interacting atoms.

The estimation of the binding energy for molecules in the Y4T···Hal− complexes, where a tetrel
atom T = C, Si, Ge, Sn, as well as the description of electron density characteristics for tetrel bonds,
were presented in References [8–13]. The carbon atom in the CH3-group is fairly often noted as the
owner of σ-hole, and the fact that the oxygen atom can act as an electron-rich center in the CH3···O
tetrel bonding has been confirmed in studies [14,15]. Note that in these early works such non-covalent
interaction has been referred as a “carbon bond”. Pal et al. [16] described the CH3···N tetrel bonding
in a Co(II) coordination polymeric system using the analysis of calculated electron density. The typical
tetrel bonds formed by CH3-group in crystals have been also been observed by high-precision X-ray
diffraction method using the analysis of the experimental electron density [17,18].
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The rows of binding energy were calculated for the series of complexes in which the compounds
NH3 [19–22], PH3 and AsH3 [23], benzene and unsaturated hydrocarbons [24], HCN and pyrazine [25]
acted as the tetrel bond acceptors. According to these results, the tetrel bond strength depends on the
tetrel atom, the Lewis base that acts as a tetrel bond acceptor, and the fragments covalently bound
with this atom. Therefore, in the complexes with ammonia at transition from CF4 to SnF4, the binding
energy increases from −0.82 to −25.53 kcal/mol (MP2/aug-cc-pVDZ) [21], that is, the tetrels of higher
periods form stronger interactions in complexes. Decrease of the Lewis base strength in series from
X = NH3 to AsH3 reduces the binding energy from −3.23 to −1.28 kcal/mol (MP2/aug-cc-pVDZ) in
complexes X···CH3Cl [23]. Therefore, the values of binding energy estimated in neutral complexes with
tetrel bonds formed by the carbon in a methyl group are commonly very small. The binding energy
grows more sharply if the hydrogen atoms are replaced by halogens, which leads to enhancement of
electron acceptor properties of the tetrel atom providing the σ-hole for bonding. This fact is illustrated
by complexes H4Sn···NH3 (−2.44 kcal/mol) and F4Sn···NH3 (−25.53 kcal/mol) with the tetrel bond
lengths of 3.17 and 2.28 Å (MP2/aug-cc-pVDZ), respectively [21]. If the anion acts as the tetrel bond
acceptor, the estimated binding energy can be greater by an order of magnitude as compared to the
neutral complexes [9–11]. The highest value of binding energy, −93.58 kcal/mol, has been recorded
for the SnF4···F− complex (MP2/aug-ccpVTZ) [11]; replacing the F− ion with Cl− and Br− reduces
this energy by 2–3 times.

Therefore, a variety of functional groups can act as the tetrel bond donors in molecular complexes
and a methyl group as an electrophilic site deliverer is quite often in the focus of attention for the
study of tetrel bond properties. The tetrel bonds formed by the methyl carbon atom occur in crystalline
systems as well. There are at least two studies [17,26] based on high-precision X-ray diffraction data,
which established the participation of the carbon atom of a methyl group in non-covalent interactions.
These facts motivate us to focus on the search for evidential electronic criterion for recognizing the
type of non-covalent bonding and for systematization of the electrophilic site features for the carbon
atom of a methyl group in molecular complexes and crystals.

Quantum Theory of Atoms in Molecules (QTAIM) [27] suggests zero-flux conditions for
electron-density gradient [28] and electrostatic-potential gradient [29] to determine the boundaries of
chemically bonded atoms and electrically neutral atomic fragments, respectively. For non-covalent
interactions with a significant electrostatic component, the boundaries of the electron density basins
(�-basins) do not coincide with the boundaries of the electrostatic potential (ESP) basins (ϕ-basins).
It means that electrons formally belonging to the electron donor atom can be electrostatically attracted
to the nucleus of an electron acceptor atom along a specific direction. The superposition of the �-
and ϕ-basins has been discussed in the literature [30–32], and the features of zero-flux surface in
electrostatic potential in solids have been studied using the experimental charge density [29,33].

Previously we have proposed the following electronic criterion for recognizing the atom that
prescribes the name of non-covalent bonding [34,35]. The minimum of electrostatic potential along
the interaction line is located at the side of the atom that donates electrons; the minimum of electron
density is closer to the atom that delivers its electrophilic site for bonding. More explicitly, the latter
atom prescribes the name of bonding. This observation opens up the broad possibilities for identifying
the role of atoms involved in non-covalent interactions. For example, atoms of the Group 14 of the
Periodic Table are able to deliver their electrophilic sites for non-covalent interactions with electron
donors for the tetrel bond formation, and the suggested electronic criterion can specify the electron
acceptor role of these atoms. Along the Hal−···C interatomic line, the 1D minimum of ESP should be
located closer to the electron donor atom, while the minimum of the electron density will be found
closer to the atom that is an electron acceptor. Such disposition of minima indicates that the fraction
of electron density from the atomic �-basin of an electron donor is electrostatically attracted to the
nucleus of an electron acceptor atom. In this case, the disposition of the 1D minima of both functions
can unambiguously indicate that only one of the pair of atoms provides its electrophilic site. Namely,
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the minimum of electron density on the interatomic line is always closer to the atom that has delivered
its own electrophilic site for bonding.

We have recently proposed the potential acting on an electron in molecule (PAEM [36]) [37]
as a function that not only characterizes the properties of non-covalent bonding with a significant
electrostatic component, but also allows us to observe the quantitative relationship with the interaction
energy in complexes. Unlike ESP, the PAEM contains both Coulomb and exchange components.
The first of them has a classic nature and the second one is the two-electron contribution of the
quantum exchange-correlation potential. PAEM was examined [38] for the halogen and chalcogen
bonding characterization and its usefulness was confirmed.

The aim of the present study is to demonstrate the efficiency and productivity of the
above-mentioned electronic criterion and the PAEM for analysis of tetrel bonds between the carbon
atom of methyl groups and halide anions, which sometimes occur in molecular crystals. We also try to
understand to what extent the characteristics of the gas-phase complexes are suitable for describing
Hal−···CH3Y (Hal− = Cl, Br; Y = N, O) tetrel bonds in crystals.

2. Results and Discussion

2.1. Population of Hal−···CH3Y Tetrel Bonds in Crystals

The search of short contacts between a halide anion and the methyl carbon, Hal−···CH3–Y,
in Cambridge Structural Database (CSD) v.5.39 (The Cambridge Crystallographic Data Centre,
Cambridge, UK) [39] was performed with the following restrictions: organic derivatives without
disordered, polymeric, powder, organometallic and repeating structures have been considered.
The main condition was to choose interactions in which the halide anion, Hal− = Cl, Br, I, was placed
on the extension of the C–Y covalent bond, where Y = C, N, O. We set that condition using the angle θ

(Hal−–C–Y), the value of which was in the range from 160◦ to 180◦. At the same time, we selected the
structures with interatomic distances, d(Hal, C), falling into the range (rvdw(C) + rvdw(Hal) ± 0.2 Å),
where rvdw is the Bondi atomic radius [40]. The total number of selected structures that satisfied those
conditions was 164. The analysis of the obtained sample has shown that the Y atom covalently bound
with the CH3 group is nitrogen in most cases. We have found 43 cases of Cl−···CH3–N interactions,
36 cases of Br−···CH3–N interactions and 53 cases of I−···CH3–N interactions. Oxygen and carbon
are involved in such covalent bonds much less frequently and approximately equally. In these cases,
the methyl group forms more interactions with the Cl− anion than with the Br− and I− anions taken
together. It can be concluded that the polarity of the covalent bond CH3–Y affects the probability and
strength of the tetrel bond formation. It should be noted that the distances d(Hal, C) for the cases
of Hal−···CH3–C interactions everywhere exceed the sum of van der Waals radii (Figure 1). If the
CH3-group is bound with oxygen (Hal−···CH3–O), the distances d(Hal, C) can be less than the sum of
van der Waals radii, though all of these distances are more than this sum for I− cases.

Therefore, we conclude that the studied type of interactions, Hal−···CH3–Y, are not widely spread
within crystals listed in CSD, but they are not exceptional.

2.2. Evidence of Electrophilic Sites for the CH3-Groups Bound in Tetrel Bonds

Let us now look at the same examples of halide crystal structures containing tetrel bonds (Figure 2).
All the results considered in this chapter were obtained for crystal structures by the calculations
with the periodic boundary conditions. In the crystalline N,N,N′,N′-tetramethylchloroformamide
chloride, LONGEB [41], the Cl− anion forms non-covalent interactions with the Cl, H, C atoms,
which are characterized by interatomic distances smaller than the sums of van der Waals radii.
The Cl−···Cl–C non-covalent interaction with a distance of 3.122 Å refers to a typical charge-assisted
halogen bond; the next five hydrogen bonds, Cl−···H–C, are characterized by interatomic distances
ranging from 2.924 to 2.664 Å. Finally, the Cl−···CH3 interaction of 3.425 Å can be called a tetrel bond.
In the crystalline dimethylmethyleneammonium chloride VAPREJ [42], the chloride anion forms eight
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Cl−···H–C interactions, which are shorter than the sum of van der Waals radii and two Cl−···CH3

tetrel bonds. In the dimethylmethylenimine bromide crystal, LILLOH [43], in addition to multiple
Br−···H–C interactions, there are two tetrel bonds: Br−···CH3 (3.533 Å) and Br−···CH2 (3.503 Å).
Quantum-topological analysis of the electron density in all considered crystals have confirmed the
presence of the Hal−···C bond path and bcp of electron density (Table 1). Our series of tetrel bonds
in the considered crystals does not vary much, and we have observed the small changes in electron
density at the bond critical points, �(rbcp), which are in the range 0.0042–0.0070 a.u. for Cl−···CH3–Y
and 0.0060–0.0068 a.u. for Br−···CH3–Y.

Figure 1. The distribution of the Hal−···CH3–Y interactions in crystals for Cl− (green), Br− (brown),
I− (violet); the blue lines mark the sum of van der Waals radii.

(a)                                    (b) 

 
(c)                                    (d) 

Figure 2. Fragments of structures with tetrel bonds and other non-covalent interactions in crystals
LONGEB (a), VAPREJ (b), POSTUM02 (c), LILLOH (d). The interatomic distances are given in Angstroms.
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Table 1. Experimental and calculated tetrel and C–Y bond lengths, D (Å), angles Hal−···C–Y, θ and
calculated electron density, �(rbcp) (a.u.) at bond critical points for considered crystals.

Crystal Bond
Crystal Dexp, θ

(Hal−···C–N)exp

Crystal Dcalc, θ
(Hal−···C–N)calc

�(rbcp), Crystal

GETQIF
Cl(3)− ···C(2) 3.4584

169.08
3.4260
163.91 0.0056

C(2)–N(1) 1.4815 1.4958 0.2441

LONGEB
Cl(1)− ···C(4) 3.4251

175.28
3.4087
166.64 0.0068

C(4)–N(2) 1.4722 1.4740 0.2458

VAPREJ
Cl(1)− ···C(1) 3.417

164.88
3.4385
164.49 0.0064

C(1)–N(1) 1.466 1.4747 0.2480

TMHYZC
Cl(1)− ···C(2) 3.4374

174.96
3.4280
176.34 0.0062

C(2) ···N(1) 1.4976 1.5080 0.2406

ZENJAD
Cl(1)− ···C(7) 3.5111

170.58
3.4644
171.72 0.0056

C(7)–O(2) 1.4471 1.4468 0.2306

LILLOH
Br(1)− ···C(2) 3.533

167.25
3.5664
166.86 0.0061

C(2)–N(1) 1.474 1.4735 0.2490

FADXIR
Br(1)− ···C(6) 3.6014

170.87
3.5722
173.15 0.0058

C(6)–N(1) 1.5025 1.5082 0.2371

POSTUM02
Br(1)− ···C(1) 3.7012

175.21
3.6667
174.15 0.0048

C(1)–N(1) 1.4852 1.4928 0.2432

ZZZGVM01
Br(1)− ···C(2) 3.742

168.65
3.7283
169.04 0.0042

C(2)–N(1) 1.474 1.4968 0.2437

ZZZUQO03
Br(1)− ···C(1) 3.685

171.12
3.6819
171.11 0.0049

C(1)–N 1.487 1.5039 0.2411

It is possible to demonstrate the electrophilic site on a carbon atom using the electrostatic potential
(ESP) mapped on the isosurface of electron density or the distribution of Electron Localization Function
(ELF) [44] for CH3-group, which participate in a tetrel bond. For example, relatively higher positive
values of ESP on the isosurface of electron density (0.003 a.u.) we can see in the region of the σ-hole,
which belongs to the C atomic basin in trimethylammonium cation (Figure 3a,b).

 
(a) (b) 

Figure 3. (a) ESP in the trimethylammonium cation on the isosurface of electron density of 0.003 a.u.;
(b) contour map of ESP in the plane N-C-H, red point indicates the maximum of ESP on the van der
Waals surface (red line) and belongs to C atomic basin.
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Moving strictly along the line linking the Cl(1)− and C(4) atoms of CH3-group (Figure 4a), we
reach the extension of the covalent bond formed by CH3-group. Along this line the ELF is less than
0.5 near the carbon atom, showing the region of the reduced probability of electron pairing. It can
be considered as the manifestation of the carbon atom σ-hole. The values of ELF (rbcp) at the bond
critical points do not exceed 0.05. This excludes the hypothesis about significant covalent character of
the Hal−···CH3Y tetrel bonds. At about 0.8 Å from the chloride anion nucleus the maximum values
of ELF are distributed around the circumference. Figure 4b, depicting the tetrel bonds formed by the
bromide anion in LILLOH crystal, shows a similar ELF distribution. Near the carbon atom and along
the Br(1)− ···C(2) line the ELF does not attain high values, but it increases sharply, affecting the basins
of hydrogen atoms, if we slightly deviate from this line.

(a) (b) 

Figure 4. The ELF for (a) the halogen and tetrel bonds Cl(2)···Cl(1)−···C(4) in LONGEB crystal; (b) the
tetrel bond in LILLOH crystal.

Now let us consider and evaluate how the electronic criterion works for the cases of non-covalent
interactions formed by the carbon atoms of methyl groups in halide crystals. In Figure 5a it can be seen
that in the LONGEB crystal, the Cl− anion forms two non-covalent interactions at least, as follows
from the presence of corresponding bcp. In both cases, Cl(2)···Cl(1)−···C(4), the one-dimensional
ESP minimum is closer to electron donating anion, Cl(1)− in a crystal. The electron density minima
along the Cl(2)···Cl(1)− and Cl(1)−···C(4) lines are located on the side of the Cl(2) and C(4) atoms.
They indicate the electrophilic site providers and dictate the name of the non-covalent bonding.

(a) (b) 

Figure 5. The disposition of electron density and electrostatic potential minima (a.u.) (a) along two
interatomic lines Cl(2)···Cl(1)−···C(4), (Å), in LONGEB; (b) along the tetrel bond in LILLOH. The arrows
point to the electrophilic site provider.

According to the proposed electronic criterion, the first interaction, Cl(2)···Cl(1)−, can be
categorized as a charge-assisted halogen bond, and the second one, Cl(1)−···C (4), is a tetrel bond
enhanced by charges. In Figure 5b, the minimum of electron density along the Br(1)−···C(2) line is
located on the side of the C(4) atom, while the minimum of ESP is closer to Br(1)−. Such disposition of
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minima shows that the carbon atom accepts electrons along the Br(1)−···C(2) line and that interaction
can be called a tetrel bond.

2.3. Binding Energy in Molecular Complexes with the Hal−···CH3 Tetrel Bonds

The determination of the equilibrium geometry for ion pairs “halide anion–cation” extracted from
the crystal environment is not a straightforward procedure. In general, the retention of the halide
anion position strictly on the extension of a covalent bond of CH3-group is rather difficult in the
gas phase state. This task requires us to dwell on the level of gas phase calculations, different from
those used for crystal structures. Nevertheless, this step allows us to obtain the stationary state for
the maximal number of complexes, for which the tetrel bonds in crystalline state have attracted our
attention. Some relative estimations and the features of electronic properties can be quite useful for
understanding the nature of charge-assisted tetrel bonds.

The binding energy, Eb, between the halide anion and cation in the considered complexes varies
from −52.28 to −82.67 kcal/mol (Table 2). These values do not fall out of the range that is determined
in similar studies [8–11]. The BSSE correction, ΔEBSSE, is negligible and influences the energy values of
the third decimal place of kcal/mol units.

Table 2. Calculated binding energy Eb (kcal/mol), bond lengths Dcalc (Å), electron density �(rbcp) at
bcp (a.u.) for Hal−···CH3 minimum of electrostatic potential ESPmin (a.u.) and maximum of potential
acting on an electron in molecule PAEMmax (a.u.) along the line of tetrel bonds in complexes.

Refcode Tetrel Bond Eb Dcalc �(rbcp) ESPmin PAEMmax

GETQIF Cl−···CH3Y −81.07 2.8262 0.019 −0.038 −0.4819
LONGEB Cl−···CH3Y −71.05 2.8782 0.017 −0.063 −0.4454
TMHYZC Cl−···CH3Y −82.67 2.8248 0.019 −0.034 −0.4874
VAPREJ Cl−···CH3Y −81.80 2.8226 0.019 −0.034 −0.4870
ZENJAD Cl−···CH3Y −52.28 2.9268 0.015 −0.107 −0.3883
FADXIR Br−···CH3Y −81.09 2.9855 0.017 −0.015 −0.4741
LILLOH Br−···CH3Y −78.67 2.9896 0.016 −0.020 −0.4664

POSTUM02 Br−···CH3Y −79.82 2.9802 0.017 −0.019 −0.4699
ZZZGVM01 Br−···CH3Y −77.97 2.9949 0.0165 −0.024 −0.4612
ZZZUQO03 Br−···CH3Y −76.63 3.0015 0.0162 −0.028 −0.4560

The considered tetrel bonds exhibit significantly shorter lengths in the models of complexes
extracted from the crystalline environment. On average, the observed Hal−···C bond lengths in such
complexes differ by ~17% from those in crystal structures. As a result, the different approaches for
complexes and crystals calculations lead to the values of �(rbcp) that are almost twice higher in crystals.
Obviously, the direct transfer of tetrel bond properties in isolated complexes to the crystals, neglecting
the rest of interactions between a halide anion and crystalline environment, is not entirely correct.
Comparing the properties of the CH3–Y (Y=N, O) covalent bonds in complexes and isolated cations,
we see that the participation of CH3-group in tetrel bond with Hal− weakens the CH3–Y covalent
bond. Therefore, the tetrel bonding elongates the covalent bond of a methyl group by 0.01–0.04 Å, and
the values of �(rbcp) for the CH3–Y bonds decrease by ~8%.

It is useful to understand how the electronic properties of Hal−···CH3Y tetrel bonds in complexes
are related to the strength of complexes. In our opinion, the tetrel bonds belong to electrostatically
driven interactions. In addition, the binding energy between two oppositely charged ions is much
higher in comparison with neutral molecules. For this reason, the electrostatic properties of tetrel
bonds have been analyzed first of all.

We found that the properties of both ESP and PAEM for the Hal−···CH3Y tetrel bonds are linearly
correlated with the binding energy, Eb, in complexes, as shown in Figure 6. The correlation coefficient
for the minima of the electrostatic potential, ESPmin, on the line between Hal− and C atoms is 0.917.
For the maximum of PAEM along this line, PAEMmax, or PAEM barrier, the correlation coefficient is
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0.985. It is important to note that in the relationship “PAEMmax vs Eb“, PAEMmax for the tetrel bonds
formed by Br− and Cl− fits strictly on the common line. This is a rare case among the established
relationships between local properties of non-covalent bonds and the binding energy for bound
fragments. For example, the electronic potential and kinetic energy densities at bcp do not allow
constructing a good common relationship for Br− and Cl− rows (Figure S1). This finding has been
discussed by us earlier for the halogen bonds formed by different atoms or fragments that play the
role of halogen acceptors [45]. This fact has recently been illustrated in detail in Reference [46], where
the large series of non-covalent interactions with different halide anions have been studied.

Figure 6. Binding energy in complexes vs minimum of electrostatic potential (a) and maximum of
potential acting on an electron in a molecule, (b) along the line of tetrel bonds.

Note that the extreme values of ESPmin and PAEMmax slightly differ from their local values at
the bond critical points of tetrel bonds (Table S4). Nevertheless, the PAEM(rbcp) values correlate with
the binding energy better than ESP(rbcp) (Figure S2). This is probably due to the fact that in our series
the maximum of PAEM is closer to the tetrel bond critical point than the minimum of ESP (Figure 7).
The relative location of ESPmin and PAEMmax in the common projection is demonstrated by examples
of the weakest Cl−···CH3 (ZENJAD) and the strongest Br−···CH3 (FADXIR) tetrel bonds in our set.
Though the gap between the PAEMmax and the minimum of electron density is larger for the Cl−···CH3

tetrel bond, and ESP has a lower negative minimum, it can be seen that the PAEM barrier is higher
in absolute value. It means that the Cl−···CH3 tetrel bond is weaker, and this is confirmed by the
linear correlation between PAEMmax and Eb. Moreover, the relative positions of ESPmin and PAEMmax

along the tetrel bond line allow us to distinguish, which atom is the acceptor of electrons. As it has
been noted earlier [45], and as can be seen from the above, PAEMmax position is located closer to the
electrophilic site, while the position of ESPmin is closer to the electron donor.

(a) (b) 

Figure 7. Potential acting on an electron in a molecule, a.u., (blue), electrostatic potential, a.u., (red)
and electron density, a.u., (black) along the tetrel bond in (a) ZENJAD and (b) FADXIR complexes.
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3. Materials and Methods

The structure optimization of molecular complexes consisting of organic cations and halide
anions was carried out at M06-2X/aug-cc-pVDZ level [47–49] in GAMESS (v. 2017 R2, Mark Gordon’s
Quantum Theory Group, Ames Laboratory, Iowa State University, Ames, IA, USA [50]) with gradient
convergence that equaled 0.00001. The optimized structures were tested for the absence of imaginary
frequencies. The binding energy between cations and halide anions in electrically neutral complexes
was estimated as Eb = Ecom − (EHal + Ecat) − ΔEBSSE, where Ecom, Ecat, EHal were the total energies of
the optimized complex, relaxed isolated organic cation and halide anion. BSSE correction, ΔEBSSE, was
carried out taking into account the phantom orbitals in complexes calculated for compounds without
energy relaxation, see Table S1 in Supporting Information.

All calculations with periodic boundary conditions were performed using CRYSTAL14 (v. 1.0.4,
CRYSTAL Theoretical Chemistry Group, Chemistry Department, University of Turin, Turin, Italy [51])
at the B3LYP/6-31G** level for C, N, O, H atoms and DZVP basis set for halogen atoms [52,53]
with Grimme dispersion correction D2 [54]. The structure relaxation was carried out with the
atomic coordinate optimization only, with the fixed unit cell parameters for the purpose of
maximum conformity to experimental data. The following convergence parameters have been
used for all calculation: TOLDEG (root-mean-square on gradient) is less than 0.0001 a.u., TOLDEX
(root-mean-square on estimated displacements) is less than 0.0003 a.u., TOLDEE (energy change
between optimization steps threshold) is less than 10−10 a.u., TOLINTEG (truncation criteria for
bielectronic integrals: overlap threshold for Coulomb integrals; penetration threshold for Coulomb
integrals; overlap threshold for HF exchange integrals; pseudo-overlap for g and n HF exchange series)
are 10, 10, 10, 10 and 16, respectively. The number of k-points in the Pack–Monkhorst net (in the
irreducible part of Brillouin zone) was 125 or 170 depending on crystals; the number of k-points in
the Gilat net was 729 or 1170, that corresponded to the set SHRINK 8 16 values. All calculations for
isolated cations were performed using CRYSTAL17 (v. 1.0.2, CRYSTAL Theoretical Chemistry Group,
Chemistry Department, University of Turin, Turin, Italy [55]) at the B3LYP/6-31G** level with the
Grimme dispersion correction D2 and DOPING option to account for the cation positive charge.

The QTAIM analyses of electron density and electrostatic potential were carried out in TOPOND [56]
in crystals and in AIMAll software package [57] for the complexes. PAEM and ESP distributions were
computed using Multiwfn [58] program (Beijing Kein Research Center for Natural Sciences, Beijing, China).

The reported calculations were performed using the supercomputer resources of the South Ural
State University [59].

4. Conclusions

In this computational study, the charge-assisted tetrel bonds in the crystals formed between
halide anions and the methyl groups of organic cations such as Hal−···CH3Y (Hal− = Cl, Br; Y = N,
O) have been considered. The bond paths between the Hal− and C atoms confirm the existence of
these uncommon bonds in both the crystal structures and gas phase complexes. To define the type of
Hal−···CH3Y bonding in crystals more precisely, we have suggested using the order of one-dimensional
minima of electron density and electrostatic potential along the interatomic lines between the carbon
atom of CH3-group and the halide anion. This allowed us to apply a simple criterion which reveals
that the carbon atom provides its electrophilic site for a typical tetrel bond formation.

The strong correlation between the binding energy in complexes and the extreme values of
potential acting on an electron in a molecule calculated along the lines between the Hal− and C
atoms has been obtained. Therefore, PAEM extends and enforces the electronic criterion for revealing
electrophilic sites and sheds some light on the nature of tetrel bonds. We may speculate that its
application will be useful for the other electrostatically driven non-covalent interactions as well.

Supplementary Materials: The following are available online, Figure S1: Binding energy (kcal/mol) in complexes
vs the potential (a) and kinetic (b) energy density (a.u.) at the bond critical point of tetrel bonds, Figure S2: Binding

97



Molecules 2019, 24, 1083

energy (kcal/mol) in complexes vs the electrostatic potential (a.u.) (a) and (b), potential acting on an electron in
molecule (a.u.) at the bond critical point of tetrel bonds, Figure S3: ESP in the trimethylammonium chloride on the
isosurface of electron density of 0.02 a.u, Table S1: The energy characteristics of Hal−···CH3–YR (Hal− = Cl, Br)
complexes taken from crystal structures with listed refcodes, Table S2. Experimental and calculated tetrel and C–Y
bond lengths D (Å), angles Hal−···C–Y and electron density (a.u.) at bond critical points for considered crystal and
cation structures calculated in CRYSTAL code. Table S3, Bond lengths D(Å), the characteristics of electron density,
potential and kinetic energy densities (a.u.), electrostatic potential (a.u.), potential acting on an electron in molecule
PAEM at bcp (a.u.) for Hal−···CH3 and Y–C bonds in complexes and cations calculated in GAMESS code.
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Abstract: Tetrel bonds represent a category of non-bonding interaction wherein an electronegative
atom donates a lone pair of electrons into the sigma antibonding orbital of an atom in the carbon
group of the periodic table. Prior computational studies have implicated tetrel bonding in the
stabilization of a preliminary state that precedes the transition state in SN2 reactions, including
methyl transfer. Notably, the angles between the tetrel bond donor and acceptor atoms coincide with
the prerequisite geometry for the SN2 reaction. Prompted by these findings, we surveyed crystal
structures of methyltransferases in the Protein Data Bank and discovered multiple instances of carbon
tetrel bonding between the methyl group of the substrate S-adenosylmethionine (AdoMet) and
electronegative atoms of small molecule inhibitors, ions, and solvent molecules. The majority of these
interactions involve oxygen atoms as the Lewis base, with the exception of one structure in which
a chlorine atom of an inhibitor functions as the electron donor. Quantum mechanical analyses of a
representative subset of the methyltransferase structures from the survey revealed that the calculated
interaction energies and spectral properties are consistent with the values for bona fide carbon tetrel
bonds. The discovery of methyl tetrel bonding offers new insights into the mechanism underlying
the SN2 reaction catalyzed by AdoMet-dependent methyltransferases. These findings highlight the
potential of exploiting these interactions in developing new methyltransferase inhibitors.

Keywords: noncovalent bond; sigma-hole; charge transfer; molecular electrostatic potential;
tetrel bond; methylation; methyltransferase; methyl transfer; S-adenosylmethionine; AdoMet; SAM;
SN2 reaction

1. Introduction

Methyltransferases represent a ubiquitous class of enzymes that methylate a vast array
of small molecules and macromolecules and participate in numerous biological processes,
including metabolism, signal transduction, and gene expression [1–3]. The majority of these
enzymes utilize the methyl donor S-adenosylmethionine (AdoMet) whose methyl group is rendered
highly reactive through its bonding to a sulfonium cation in the substrate. AdoMet-dependent
methyltransferases catalyze an SN2 reaction wherein a nucleophilic atom, such as oxygen, nitrogen, or
sulfur, attacks the electrophilic methyl carbon atom of AdoMet, with the sulfur atom displaced as the
leaving group [4]. The reaction mechanism of these enzymes has been a subject of intense study for over
40 years [5] and has led to the proposal of several different models for catalysis. These models include
(1) compression or compaction of nucleophile, electrophile, and leaving groups along the reaction
coordinate [6–9], (2) formation of near attack conformers (NACs) that align the nucleophile and methyl
group in a productive geometry for the SN2 reaction [10–13], (3) electrostatic pre-organization within
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the active site that promotes methyl transfer [14,15], and (4) cratic effects involving the free energy of
association of the substrates in a catalytically favorable alignment within the active site [16,17]. Despite
these models, the methyltransferase mechanism remains a topic of active debate.

Recent structure–function studies of methyltransferases have explored the interactions between
their active sites and the AdoMet sulfonium cation. A survey of high-resolution crystal structures of
methyltransferases in the Protein Databank (PDB) identified unconventional carbon–oxygen (CH···O)
hydrogen bonds between the AdoMet methyl group and oxygen atoms within the active sites of
different classes of these enzymes [18]. Quantum mechanical (QM) calculations demonstrated that the
AdoMet methyl group forms relatively strong CH···O hydrogen bonds due to its polarization by the
neighboring sulfonium cation [18–20]. Correlatively, structural and biochemical characterization of the
protein lysine N-methyltransferase (KMT) SET7/9 and the reactivation domain of methionine synthase
demonstrated that these hydrogen bonds promote high affinity binding to AdoMet compared to the
methyl transfer product S-adenosylhomocysteine (AdoHcy), thus mitigating product inhibition [18,21].
Moreover, CH···O and CH···N interactions with the AdoMet methyl group have been proposed to
contribute to transition state stabilization in several methyltransferases, including SET7/9, SET8, NSD2,
and glycine N-methyltransferase [18,22–24].

In addition to unconventional hydrogen bonding, chalcogen bonding between the AdoMet sulfur
cation and the active sites of methyltransferases has also been observed [25]. A chalcogen bond is
defined as a non-bonded interaction wherein a Lewis base donates a lone pair of electrons into the
sigma antibonding (σ*) orbital of an atom from the Group VI elements (oxygen group) of the periodic
table [26]. Structural and functional characterization of an S···O chalcogen bond between AdoMet
and an asparagine residue in the active site of SET7/9 demonstrated that this interaction enhances
the binding affinity for the substrate relative to AdoHcy and modestly augments the rate of methyl
transfer [25]. Together, these results illustrate that carbon hydrogen bonding and sulfur chalcogen
bonding between the AdoMet sulfonium cation and residues in the methyltransferase active site can
enhance the enzyme’s binding affinity for the substrate and promote the methyl transfer reaction.

Beyond hydrogen bonding and chalcogen bonding, there is a third unconventional interaction
that can occur with sulfonium cations involving a σ* orbital of a carbon atom [27]. This interaction
is termed a tetrel bond and occurs when an atom from the Group IV elements (carbon group) of the
periodic table accepts a lone pair of electrons from an electronegative atom [28,29]. In the case of
AdoMet, this interaction can occur with the σ* orbital of the methyl carbon atom that corresponds to
the sulfur–carbon (S–CH3) bond.

Although aliphatic carbon atoms typically form weak tetrel bonds compared to other Group IV
elements, QM calculations have demonstrated that a methyl carbon atom bonded to a sulfonium ion
can form relatively strong tetrel interactions due to polarization by the adjacent cation [27]. Notably,
the geometry of the tetrel bond, in which the interaction angle between the Lewis base (X) and
S–CH3 bond is approximately linear, precludes strong methyl CH···X hydrogen bonding due to acute
hydrogen bond angles [27,30]. Experimental evidence for carbon tetrel interactions first emerged
from a survey of the Cambridge Structural Database, which identified over 700 small molecule crystal
structures displaying C···O tetrel bonds, including multiple interactions involving methyl groups [31].
In addition, recent studies by Frontera and colleagues have revealed crystallographic evidence
of methyl and trifluoromethyl C···O tetrel bonding between proteins and various ligands [30,32].
Pertinent to methyltransferases, a computational analysis by Grabowski directly implicated tetrel
bonding between an electrophilic tetrel atom and a nucleophile as a preliminary state that precedes the
transition state in SN2 reactions, including methyl transfer [33]. Collectively, these findings prompted
us to examine structures of AdoMet-dependent methyltransferases to ascertain whether methyl tetrel
bonding occurs in these enzymes. The results of our structural survey coupled with corroborative QM
calculations demonstrate the existence of the tetrel bonding in methyltransferases, furnishing insights
into the potential roles of these interactions in ligand binding and SN2 catalysis.
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2. Material and Methods

2.1. PDB Survey

Crystal structures of methyltransferase/AdoMet complexes with a resolution of ≤2.50 Å were
downloaded from the PDB and visually examined for the presence of carbon tetrel bonding to the
AdoMet methyl group. Tetrel bonds between the AdoMet methyl group and an electronegative
atom (X) of a small molecule inhibitor, solvent molecule, or ion were defined as exhibiting: (1) an
θ(S–C···X) interaction angle between 160◦ and 180◦ (where S and C are the sulfur and methyl carbon
atoms of AdoMet, respectively) and (2) a C···X interaction distance less than or equal to sum of
the van der Waals radii of the carbon and electronegative atoms, specifically R(C···O) ≤3.25 Å and
R(C···Cl) ≤3.5 Å (carbon, oxygen, and chlorine van der Waals radii were defined as 1.75 Å, 1.5 Å,
and 1.75 Å, respectively) [34]. These geometric parameters are consistent with the formal definition
of halogen bonding, a related category of interactions that are considered an archetype for σ-hole
bonding [35]. For crystal structures displaying potential carbon tetrel bonds, the electron density
corresponding to AdoMet and the electron donor were visually inspected using the program Coot to
confirm the integrity of the model [36,37]. Structures that displayed ambiguous electron density for the
ligands were omitted from the survey. For the structure of the DhpI phosphonate O-methyltransferase
(accession code 3OU6.pdb), the AdoMet molecules were remodeled in the electron density maps using
the real space refinement and geometry tools in Coot. The remodeled AdoMet coordinates were then
used to measure the tetrel bond geometries (Table 1). Finally, in cases where two or more structures of
a given methyltransferase possess the same tetrel bond donor, such as interactions involving water
molecules and the COMT/AdoMet/DNC/Mg2+ complexes, only the highest resolution structure of
the wild type enzyme is reported in Table 1.

Table 1. Crystallographic survey of methyl tetrel bonding in AdoMet-dependent methyltransferases.

Enzyme PDB Code Resolution (Å) Ligand
Electron

Donor (X)
R(C···X)

Length (Å) A
θ(S–C···X)
Angle (◦) A

ASH1L 4YNM 2.19 H2O O 2.99 (B) 163 (B)

Bud23 4QTU 2.12 Ethylene glycol O 3.04 (B) 173 (B)

COMT 2CL5 1.6 BIA 8-176 B O 2.70 (A), 2.69
(B) 173 (A), 172 (B)

COMT 3S68 1.85 Tolcapone C O 2.50 166

COMT 4XUC 1.8 Compound 18 D O 2.64 175

COMT 4XUD 2.4 Compound 32 E O 2.73 166

COMT 5LSA 1.5 3,5-Dinitrocatechol O 2.71 173

DhpI 3OU6 2.3 Sulfate O 3.00 (A), 3.09
(B), 2.97 (C)

175 (A), 175 (B),
176 (C)

G9A 5VSC 1.4 H2O O 3.14 (A), 3.17
(B) 166 (A), 168 (B)

GLP 5TTG 1.66 H2O O 3.15 (A), 3.24
(B) 168 (A), 169 (B)

MMSET 5LSU 2.14 H2O O 3.13 (B) 160 (B)

PrmA 2NXE 1.75 H2O O 3.08 (B) 171 (B)

PRMT5 5EML 2.39 H2O O 3.09 (A) 163 (A)

RsmF 3M6V 1.82 H2O O 3.20 (A), 3.23
(B) 164 (A), 162 (B)

SMYD2 3S7B 2.42 AZ505 F O 2.77 169

SMYD2 3TG4 2.0 Glycerol O 3.23 176

SMYD2 5ARG 1.99 SGC Probe BAY-598 G Cl 3.43 175
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Table 1. Cont.

Enzyme PDB Code Resolution (Å) Ligand
Electron

Donor (X)
R(C···X)

Length (Å) A
θ(S–C···X)
Angle (◦) A

SMYD3 3QWP 1.53 Glycerol O 3.01 163

SMYD3 5CCL 1.5 Oxindole compound H O 2.89 164

SMYD3 5CCM 2.3 EPZ030456 I O 2.78 168

Note: A: A, B, and C denote the protein chains in the asymmetric unit
of the crystal structure; B: (3,4- dihydroxy-2-nitrophenyl)(phenyl)methanone; C:
(3,4-dihydroxy-5-nitrophenyl)(4- methylphenyl)methanone; D: 1-(biphenyl-3-yl)-3-hydroxypyridin-4(1H)-one;
E: [1-(biphenyl-3-yl)-5-hydroxy-4-oxo-1,4-dihydropyridin-3-yl]boronic acid; F:
N-cyclohexyl-N~3~-[2-(3,4-dichlorophenyl)ethyl]-N-(2-{[2-(5-hydroxy-3-oxo-3,4-dihydro-2H-1,4-benzoxazin-8-
yl)ethyl]amino}ethyl)-beta-alaninamide; G: N-[1-(N’-cyano-N-[3-(difluoromethoxy)phenyl]carbamimidoyl)-3-
(3,4-dichlorophenyl)-4,5-dihydro-1H-pyrazol-4-yl]-N-ethyl-2-hydroxyacetamide; H:
2-oxidanylidene-N-piperidin-4-yl-1,3-dihydroindole-5-carboxamide; I: 6-chloranyl-2-oxidanylidene-N-[(1S,5R)-8-
[4-[(phenylmethyl)amino]piperidin-1-yl]sulfonyl-8-azabicyclo[3.2.1]octan-3-yl]-1,3-dihydroindole-5-carboxamide.

2.2. QM Calculations

Quantum calculations were carried out within the framework of the Gaussian-09 program.
Active site models for SMYD2 (5ARG.pdb), SMYD3 (5CCL.pdb), COMT (5LSA.pdb), and G9A
(5VSC.pdb) were generated from their respective crystallographic coordinates, with the heavy atom
(non-hydrogen) positions fixed. Hydrogen atom positions were not derived from the enzymes’ X-ray
structures but were added to the models followed by optimization of their positions at the M06-2X/6-31
+ G** level. Energetics and NBO analyses [38,39] were performed at the M06-2X level with a larger
aug-cc-pVDZ basis set. Interaction energies were evaluated as the difference in energy between
the full system on one hand, and the sum of its components, as defined in the text, on the other.
These quantities were corrected for the basis set superposition error with the counterpoise method.
Spectral properties were computed at the M06-2X/6-31 + G** level. Interactions of each system with a
polarizable medium were estimated via the CPCM method [40]. NMR data were computed with the
GIAO approximation [41,42].

3. Results

3.1. Methyltransferase Structural Survey

A comprehensive survey of methyltransferase crystal structures (≤2.5 Å resolution) in the Protein
Data Bank (PDB) was conducted to determine whether these enzymes exhibit evidence of methyl
tetrel bonding. The survey comprised 269 structures and identified 20 nonredundant structures that
display interaction geometries consistent with tetrel bonding between the AdoMet methyl group and
ligands, ions, or solvent molecules within the active site (Table 1). Notably, no methyl tetrel bonding
was observed between AdoMet and residues in the methyltransferases because the active sites of
these enzymes preferentially orient the methyl group for nucleophilic attack by the methyl acceptor
substrate. This finding explains the preponderance of AdoMet methyl tetrel bonding with ligands,
ions, and solvent occupying the acceptor substrate binding cleft and thus the overall low percentage
of methyltransferase structures displaying tetrel interactions. In contrast, CH···O hydrogen bonding
between the AdoMet methyl group and active site residues was observed in a high proportion of
methyltransferase structures, as these interactions mediate substrate recognition by the enzymes and
promote the alignment of the methyl group during the SN2 reaction [18,43].

The majority of the interactions observed in the PDB survey represent methyl C···O tetrel
bonds, with the exception of a single structure displaying a C···Cl tetrel interaction between AdoMet
and a small molecule inhibitor. The enzymes exhibiting tetrel bonding belong to either the (1)
canonical class I methyltransferases (also known as the Rossmann fold-like or seven β-stranded
methyltransferases) or (2) the Suppressor of variegation, Enhancer of Zeste, and Trithorax (SET)
domain class of KMTs. This finding is not unexpected, given that these two classes are among the most
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abundant methyltransferases [2,3]. Furthermore, several members of the class I methyltransferases
and SET domain KMTs are drug targets [44–48], resulting in the determination of multiple structures
of these enzymes bound to various ligands.

Among the class I methyltransferases, several inhibitor-bound structures of catechol
O-methyltransferase (COMT) display interactions indicative of C···O tetrel bonding (Table 1).
COMT catalyzes the methylation of the hydroxyl groups of catechol substrates, such as norepinephrine,
epinephrine, and dopamine, representing an initial step in their degradation [49]. Given its role in
catechol catabolism, COMT represents an important drug target for treating neurological disorders
such as Parkinson’s Disease and schizophrenia [45,49]. The COMT inhibitors identified in the survey
represent catechol or catechol-like substrate analogs that mimic the binding of the substrate in the
active site [46,50–52], as illustrated by the ternary complex of the enzyme bound to AdoMet and
3,5-dinitrocatechol (DNC) (Figure 1a). The interaction distances between the AdoMet methyl group
and the oxygen atoms in the catechol analog inhibitors (R(C···O) = 2.5–2.8 Å) are considerably shorter
than the sum of the carbon and oxygen van der Waals radii (3.25 Å), indicative of strong tetrel bonding.
Correlatively, Vidgren et al. noted a 2.6 Å C···O interaction between the AdoMet methyl group and
oxygen atom of DNC in the first crystal structure of COMT [53]. These short interaction distances
are presumably a consequence of the protonation state of the catechol hydroxyl group participating
in the tetrel bond. Catechol substrates and analog inhibitors have been posited to bind to COMT
as a deprotonated catecholate due to stabilization of the phenoxide anion through resonance with
the aromatic ring and its substituents, as well as by coordination to the Mg2+ cation in the active
site [9]. The effect of the catecholate charge on AdoMet methyl C···O tetrel bonding is investigated
computationally in Section 3.2.

Figure 1. Representative examples of methyl tetrel bonding in crystal structures of AdoMet-dependent
methyltransferases. AdoMet and small molecule inhibitors are depicted with green and yellow
carbon atoms, respectively. Methyl tetrel bonding distances R(C···X) and angles θ(S–C···X) are
denoted in blue. (a) COMT bound to AdoMet, DNC, and an Mg2+ ion (PDB accession code 5LSA).
Key active site residues are illustrated, including the Mg2+-coordinating residues and the catalytic
Lys194. (b) The SET domain KMT SMYD3 bound to AdoMet and an oxindole-containing inhibitor
(5CCL). (c) SMYD2/AdoMet/SGC Probe BAY-598 ternary complex (5ARG). (d) SET domain KMT
G9A bound to AdoMet and Inhibitor 13 (not shown) (5VSC). A water molecule in the substrate lysine
binding channel of the enzyme engages in a methyl C···O tetrel bond with AdoMet.
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The SET domain KMTs represent the second methyltransferase class exhibiting evidence
of AdoMet methyl tetrel bonding. These KMTs comprise several sub-classes, including the
SET and MYND (Myeloid-Nervy-DEAF1) Domain-containing (SMYD) methyltransferases [54].
The human genome encodes five SMYD homologs, several of which have been implicated in
cancer and cardiovascular disease, rendering them targets for drug design [54–56]. In particular,
multiple structures of SMYD2 and SMYD3 in complex with various small molecule inhibitors have
been determined [57–59]. Several of these structures display methyl C···O tetrel bonding (Table 1),
as illustrated in the ternary complex of SMYD3, AdoMet, and an oxindole-containing compound
(Figure 1b). Notably, the SMYD2 and SMYD3 inhibitors that form methyl C···O tetrel bonds with
AdoMet are structurally dissimilar, unlike the catechol-based inhibitors of COMT. Unique among the
structures in the survey, the SMYD3 inhibitor SGC Probe Bay-598 engages in an unusual C···Cl tetrel
bond with the methyl group of AdoMet (Figure 1c). The length of this tetrel interaction (3.43 Å) is
longer than that observed in C···O tetrel bonding due to the larger van der Waals radius of chlorine
(Table 1). In summary, the inhibitor-bound structures of SMYD2 and SMYD3 illustrate that structurally
diverse molecules can engage in AdoMet methyl tetrel bonding and that the electron donor is not
limited to oxygen atoms, as halogens and potentially other Lewis bases can engage in tetrel interactions
with the substrate.

In addition to interactions with small molecule inhibitors, the PDB survey also uncovered evidence
of tetrel bonding between the AdoMet methyl group and solvent molecules as well as ions bound
within methyltransferase active sites (Table 1). There are several structures that display C···O tetrel
bonding between AdoMet and water molecules, including the class I methyltransferases PrmA, PRMT5,
and RsmF, as well as the SET domain KMTs ASH1L, MMSET, GLP, and G9A (Figure 1d). Similarly,
the hydroxyl groups of ethylene glycol and glycerol engage in methyl C···O tetrel bonding with
AdoMet, as observed in the structures of SMYD2, SMYD3, and the class I enzyme Bud23 (Table 1).
In addition to solvent molecules, methyl C···O tetrel bonding is observed between AdoMet and a
sulfate anion in the structure of the phosphonate O-methyltransferase DhpI. The sulfate anion bound
in the enzyme’s active site has been proposed to mimic the phosphonate group of the methyl acceptor
substrate [60], suggesting that the sulfate may function as a non-reactive substrate analog, similar to the
catechol-based inhibitors of COMT. Consistent with this observation, the C···O tetrel bonds between
AdoMet and sulfate are generally shorter and closer to linearity than the tetrel interactions involving
solvent molecules (Table 1). Thus, these interactions may potentially represent a Michaelis complex-like
state in DhpI and mimic the reaction coordinate for phosphonate methylation. Finally, the finding that
AdoMet methyl tetrel bonds involving solvent molecules tend to be longer (R(C···O) = 3.0–3.25 Å)
than the interactions observed in the complexes with inhibitors and substrate analogs (Table 1) implies
that the solvent interactions may be energetically weaker. This observation is examined in Section 3.2.

3.2. Computational Results

After completing the PBD survey, we selected four methyltransferase structures for computational
analysis to investigate the theoretical energies and spectroscopic properties of the observed tetrel
bonds with the AdoMet methyl group. These structures include the COMT/AdoMet/DNC/Mg2+,
SMYD3/AdoMet/oxindole, and SMYD2/AdoMet/SGC BAY-598 complexes, as well as the G9A
structure exhibiting a C···O tetrel bond between AdoMet and a water molecule (Figure 1). For the
purposes of the QM calculations, AdoMet was represented as the sulfonium cation MeS+(Et)2,
as previously reported [21,25,61]. The ability of the methyl group of this moiety to engage in a
tetrel bond was first examined by computing its molecular electrostatic potential (MEP), as illustrated
in Figure 2. As a cation, the MEP is positive at all positions with the most positive regions highlighted
in blue. There is a region of blue along the extension of the S–CH3 bond, corresponding to the σ*
orbital that is also referred to as a σ-hole. A maximum occurs on the isodensity surface (0.05 au) with a
value of +120 kcal/mol. It is in this region of the surface that Coulombic attraction with a Lewis base
may occur.
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Figure 2. Two views of the molecular electrostatic potential surrounding the MeS+(Et)2 sulfonium
cation. Right view looks directly down the H3C–S axis. Blue and red colors correspond respectively to
+0.40 and +0.30 au.

The geometries of the pair of relevant interacting groups in the structures of SMYD2, SMYD3,
G9A, and COMT are depicted in Figures 3 and 4. The Lewis base in SMYD2 is represented by the
o-dichlorobenzene group of the SGC BAY-598 compound, whereas the oxygen electron donor in the
SMYD3 complex is represented by the oxindole moiety of the inhibitor. In G9A, a water molecule
serves as the Lewis base. In the COMT model, the oxygen electron donor was modeled as a DNC
phenoxide anion. The pKa value for the methyl-interacting hydroxyl group is estimated to be ~3.3 and
thus has been predicted to bind to the enzyme in a deprotonated state [9]. Together, these four systems
cover a range of attributes of potential tetrel bonds. The SMYD2 complex involves a Cl atom as the
Lewis base, whereas the more typical oxygen atom assumes this role in the SMYD3, G9A, and COMT
complexes. While the first three systems pair the MeS+(Et)2 cation with a neutral partner, the COMT
model contains a formal negative charge from the phenoxide anion of DNC.

Figure 3. Molecular structures of the models used to computationally analyze AdoMet methyl tetrel
bonding in SET domain KMTs. (a) Model of MeS+(Et)2 and dichlorobenzene in the SMYD2 structure;
(b) MeS+(Et)2 and oxindole in the SMYD3 structure; (c) MeS+(Et)2 and a water molecule bound in
the active site of G9A. Values for the tetrel bond distances and angles are reported in Angstrom and
degrees, respectively.

As illustrated in Table 2, the putative tetrel bond is longest in SMYD2 with an intermolecular
R(C···Cl) distance of 3.43 Å, and shortest in COMT with R(C···O) = 2.71 Å. All are reasonably close
to linearity, the least of which is the θ(S–C···O) angle of 164◦ in SMYD3/AdoMet/oxindole complex.
Table 2 also reports the interaction energies between the two monomers as Eint, where a negative
quantity indicates an attractive interaction. As a frame of reference, an O–H···O hydrogen bond
in a water dimer has an interaction energy of −5.8 kcal/mol when calculated at this level of QM
theory [18]. The SMYD2/AdoMet/SGC Probe BAY-598 complex containing the longest of the tetrel
bonds, with R(C···Cl) = 3.43 Å, is bound by −5.2 kcal/mol. The shorter bond of 2.89 Å in SMYD3
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is associated with nearly twice the interaction energy, despite the 10◦ loss of linearity. Even a C···O
length exceeding 3.14 Å in the G9A/AdoMet/H2O complex is associated with a substantial bond
energy of −7.0 kcal/mol. A much larger increment, raising the bonding energy to −65.7 kcal/mol,
occurs when the partner subunit is negatively charged.

Table 2. Properties of tetrel bond in indicated systems, where X indicates nature of electron donor
atom. Energetics are reported in kcal/mol.

Structure PDB X R(C···X) (Å) θ(S–C···X) (◦) Eint ET EH

SMYD2 5ARG Cl 3.431 175.0 −5.2 0.63 0.10
SMYD3 5CCL O 2.885 164.3 −9.0 0.62 0.38

G9A 5VSC O 3.145 165.6 −7.0 0.46 0.16
COMT 5LSA O- 2.712 172.7 −65.7 1.33 0.16

ET: Xlp → σ*(SC) EH: Xlp → σ*(CH).

In order to probe the nature of the interaction, the wave function was analyzed by the NBO
procedure which considers charge transfers from one molecular orbital to another. ET represents
the perturbation energy consequence of transfer from the Lewis base (X) lone pair to the σ*(C–S)
antibonding orbital, indicative of tetrel bond formation. Because of the proximity of CH protons to
the nucleophile, there is the alternate possibility of a CH···X hydrogen bond, which would manifest
itself by a transfer into the σ*(H–C) antibonding orbital. Such a possibility is measured by EH, which is
reported in the last column of Table 2. A glance at the last two columns makes it clear that, while there
may be a small amount of hydrogen bonding, particularly in the SMYD3 complex with the least linear
θ(S–C···O) angle, the interaction is nonetheless dominated by ET and tetrel bonding. Most importantly,
this tetrel bonding is quite strong, as much as −9 kcal/mol for the neutral nucleophile, rising to more
than −60 kcal/mol when the latter is an anion.

An additional means to establish the presence of a tetrel bond, which can also distinguish this
sort of interaction from a CH···X hydrogen bond is by means of NMR and IR spectral data. A recent
study [62] computed these quantities for a range of different complexes in which a methyl group is
situated close to a nucleophile, in arrangements much like those considered here. In the case where a
tetrel bond is unequivocally present, the chemical shielding of the methyl carbon nucleus is reduced
by some 2–14 ppm, relative to the uncomplexed Lewis acid, depending upon the particular system.
The methyl protons are deshielded as well, but by much smaller amounts, generally less than 1 ppm.
This pattern effectively reverses in the case of a CH···X hydrogen bond where it is the methyl protons
that are more strongly deshielded than the carbon nucleus. The vibrational frequencies of the methyl
group can also be used to characterize the presence of a tetrel or hydrogen bond. Most diagnostic are
the symmetric stretch and bend. The former undergoes a small blue shift in a tetrel bond, but a much
larger red shift when it is a hydrogen bond that is present. The symmetric bend, or umbrella mode,
is strongly red-shifted for a tetrel bond, but turns toward a blue shift for a hydrogen bond.

With these patterns in mind, Table 3 provides further confirmation of the tetrel bonds that are
present in these systems. The methyl carbon atom is deshielded by between 2 and 6 ppm, an amount
much larger in magnitude than the deshielding of the methyl protons, less than 1 ppm. The symmetric
stretching frequency rises by a small amount, and the umbrella bend is very substantially red-shifted.
All of these trends fit perfectly into the aforementioned spectroscopic fingerprint of a tetrel bond. Note
also that the quantitative values of these changes follow the same order as do the interaction energies
of the three systems listed in Table 2, with the largest changes associated with the COMT complex.

A glance at Figure 4a suggests the likelihood of a hydrogen bond connecting one of the three
methyl CH protons with a nitro oxygen atom, since these two atoms lie only 2.16 Å apart. In addition,
E for this secondary interaction amounts to −6.29 kcal/mol, larger than that for the tetrel bond itself
(this quantity is not reported in Table 2 as it refers to a separate interaction that does not involve
the methyl carbon atom directly). Moreover, the electron density at the AIM bond critical points,
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generally considered an accurate barometer of noncovalent bond strength, are 0.015 and 0.017 au for
the C···O tetrel bond and CH···O hydrogen bond, respectively.

Table 3. Calculated changes in the NMR chemical shift (Δσ, ppm) and the symmetric stretching and
bending frequencies (Δν, cm−1) within the methyl group of MeS+(Et)2 caused by complexation.

Structure PDB ΔσC ΔσH Δνstr Δνbend

SMYD2 5ARG −1.94 −0.14 0.8 −11.5
SMYD3 5CCL −2.27 −0.28 5.7 −38.3

G9A 5VSC −2.36 −0.29 3.9 −22.9
COMT 5LSA −6.29 −0.95 4.8 −56.8

Figure 4. Molecular structures of COMT models used to probe C···O tetrel bonding between AdoMet
and DNC. (a) MeS+(Et)2 and the phenoxide anion of DNC; (b) Model in which the 3-nitro moiety of
DNC is replaced with a methyl group; (c) Complex wherein the methyl group of MeS+(Et)2 is replaced
with a hydrogen atom, yielding HS+(Et)2; (d) Model of DNC and the thioether S(Et)2 representing
the product AdoHcy; (e) Complex in which the phenoxide oxygen atom of DNC is substituted by a
hydrogen atom.

These two seemingly similar attractive forces need to be disentangled so as to better estimate the
interaction energy of the tetrel bond itself. One way to evaluate the latter quantity is to remove the
hydrogen bond entirely. Replacement of the nitro (NO2) moiety by a simple methyl group deletes any
possible hydrogen bond, while leaving the tetrel bond intact. The interaction energy of the resulting
derivative dimer in Figure 4b is −62.1 kcal/mol, less attractive than the full complex by 3.6 kcal/mol,
providing one estimate of the hydrogen bond energy. The replacement of the nitro moiety by a methyl
group has secondary effects in that, for example, the removal of the electron-withdrawing nitro group
would tend to make the phenoxide oxygen atom a bit more potent Lewis base, which would in turn
amplify the interaction energy. One can effectively eliminate both the tetrel and hydrogen bonds by
replacing the methyl group by a hydrogen atom. This hydrogen atom in Figure 4c is too far away from
either the phenoxide oxygen (3.16 Å) or the nitro oxygen atom (3.40 Å) to engage in any substantive
bond. The interaction energy in this case is reduced to −60.5 kcal/mol, 5.2 kcal/mol less than the
full system, which includes both sorts of bonds. Much of the remaining attractive force resides in the
simple cation···anion Coulombic ion pair interaction. If the methyl group is removed from MeS+(Et)2,
leaving behind a neutral S(Et)2 (representing the product AdoHcy) in Figure 4d, while also deleting
both the tetrel and hydrogen bond, the interaction energy is reduced to 0.

Still another scheme to dissect the total interaction into its component segments arises if the
phenoxide oxygen atom of DNC is replaced by a hydrogen atom, which would eliminate the tetrel
bond, while retaining the CH···O hydrogen bond in Figure 4e. If this exchange occurs while retaining
the negative charge of the DNC (a doublet), the interaction energy is −58.4 kcal/mol. This quantity is
some 7.3 kcal/mol less attractive than that with the phenoxide oxygen, providing an estimate of the
tetrel bond energy. On the other hand, if the modified DNC is made electrically neutral (a singlet),
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the interaction energy is reduced to zero. In other words, in the absence of the strong Coulombic ion
pair interaction, any CH···O hydrogen bond in this system is quite weak despite the close R(H···O)
distance of 2.16 Å.

We next consider the effects of other residues on the foregoing analysis. Unlike the KMTs G9A,
SMYD2, and SMYD3, COMT possesses an active site Mg2+ ion that promotes the deprotonation of
the catechol substrate’s reactive hydroxyl group, forming the phenoxide anion through metal ion
catalysis [49]. Notably, the phenoxide anion of DNC directly coordinates to this metal ion (Figure 5a).
Thus, additional models were generated to examine the effect of the Mg2+ ion on the methyl C···O tetrel
bond between AdoMet and DNC. In the model that only adds the Mg2+ ion (Figure 5a), its divalent
charge acts to repel the MeS+(Et)2 cation, such that the interaction of these two species, without the
DNC, amounts to 111.2 kcal/mol. The interaction energy of the MeS+(Et)2 with the DNC···Mg2+ pair
cannot overcome this strong repulsive force, so is +48.2 kcal/mol. When the pure MeS+(Et)2···Mg2+

repulsion is subtracted from this quantity, one finds that the interaction between MeS+(Et)2 and DNC
is attractive, in the amount of −63.0 kcal/mol. This quantity differs from the −65.7 kcal/mol pure
MeS+(Et)2···DNC interaction, in the complete absence of Mg2+ (see Table 2) by 2.7 kcal/mol. In other
words, the presence of the divalent cation reduces the tetrel/hydrogen bond energy by only 4%.

Figure 5. Molecular structures of COMT active site models. (a) MeS+(Et)2, the phenoxide anion of
DNC, and the active site Mg2+ ion; (b) The model depicted in (a) that also includes the residues and
water molecule that coordinate the Mg2+ ion and the catalytic residue Lys194.

As the Mg2+ ion is coordinated by several residues in COMT, it is important to assess how the
metal coordination affects tetrel bonding between AdoMet and DNC. Within the enzyme’s active
site, the side chains of Asp191, Asp219, and Asn220 coordinate to Mg2+ with the last coordination
site occupied by a water molecule. To represent these interactions, the aspartate and asparagine side
chains were modeled as acetate and acetamide, respectively, and the water molecule was included to
complete the metal’s coordination sphere (Figure 5b). In addition, this model included the catalytic
base, Lys194, that deprotonates the reactive hydroxyl group of the catechol substrate [49]. The lysine
side chain was represented by a methyl ammonium cation and forms an NH···O hydrogen bond
with the phenoxide anion of DNC, mimicking the deprotonation of the catechol hydroxyl group
prior to methyl transfer. The presence of the Asp191 and Asp219 carboxylate anions tempers the
effects of the Mg2+ to some degree. The interaction energy of the MeS+(Et)2 with the new system
elements, i.e., all exclusive of the DNC, is +47.4 kcal/mol. The total interaction when the DNC is
added to the entire system is −16.3 kcal/mol. After subtraction of the repulsion between the Lewis
acid and the extraneous elements, the interaction energy of the MeS+(Et)2 with DNC is −63.7 kcal/mol.
This quantity represents a very small decrease relative to the naked MeS+(Et)2/DNC dimer, in the
amount of 3%. In summary, the interaction energy computed for a pair of species, interacting directly
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via a combined tetrel and hydrogen bond, is scarcely affected by the addition of surrounding groups,
provided one takes proper account of the newly introduced pairwise interactions.

It is worth noting that the calculations above placed each system into an in vacuo situation,
removed from the electrostatic or polarizing influence of neighboring groups. It is anticipated that
these external effects will ameliorate some of the strongest Coulombic forces between the two groups,
at least one of which carries a full charge. In an effort to estimate how much the surrounding protein
environment might weaken these charge-assisted interactions [63], the various systems listed in Table 2
were placed within a polarizable continuum of dielectric constant ε = 4, a value that is commonly
taken as the average value within a protein interior and that has been used several times [64–66]
to good effect. Indeed, a weakening was observed, reducing the interaction energies by a factor
between two and three. Nonetheless, the interactions remain strong, as large as −19.2 kcal/mol for the
COMT system.

4. Discussion

As in the case of halogen, chalcogen, and pnictogen bonds, tetrel bonds are much stronger
for elements in lower rows of the periodic table, e.g., Si and Ge. For this reason, the majority of
computational work [67–77] has been dedicated to these stronger interactions. However, it is to the
nominally weaker carbon tetrel bonds that this work is devoted, due in part to their prevalence in
biological systems. While this survey and calculations have focused specifically on AdoMet-dependent
methyltransferases, there is ample evidence that carbon tetrel bonds occur in a host of other systems.
Thorough reviews of a variety of structures yield numerous interactions, on the order of thousands,
where a powerful Lewis base is poised in the precise position, near to the extension of the R–C bond
axis, that is consistent with a tetrel bond [32,78,79]. In the specific case of methyl groups, Guru Row and
coworkers [31] identified more than 700 structures in the CSD where the interaction fits the geometrical
requirements, and provided confirmation based on analyses of experimental charge density. In general,
methyl groups are capable of forming only weak tetrel bonds [80] without the amplification that arises
from either the presence of electron-withdrawing substituents, a strong base, charge assistance in the
form of either a cationic Lewis acid or anionic base, or cooperative effects [33,74,81–91]. For example,
the tetrel bond between S(CH3)3

+ and N-methylacetamide amounts to −13.7 kcal/mol, but to only
−1.9 kcal/mol for the uncharged analogue S(CH3)2 [27].

Our finding here that the interaction can be better described as a tetrel bond than as a trifurcated
CH···O hydrogen bond to a methyl group is consistent with earlier calculations [30]. This group has
also performed calculations that confirm the presence of tetrel bonds in selected structures from the
PDB [32], although that work was limited to the highly substituted CF3 rather than pure methyl groups.
Nonetheless, clear evidence was presented for the presence of tetrel bonds to this sp3-hybridized
carbon atom.

The discovery of carbon tetrel bonding in AdoMet-dependent methyltransferases has important
ramifications with respect to our understanding of the catalytic mechanism of these enzymes.
As illustrated in prior computational studies, tetrel bonding between the electrophile and nucleophile
represents a preliminary state that precedes the transition state in methyl transfer and other SN2
reactions [33]. Much of our present knowledge of SN2 catalysis in methyltransferases is derived
from decades of paradigmatic studies of COMT and has resulted in several models for the reaction
mechanism of these enzymes. Serendipitously, crystal structures of COMT bound to AdoMet and
substrate analog inhibitors, such as DNC, have provided strong evidence for C···O tetrel bonding,
given the close interaction distances of the AdoMet methyl group and phenoxide anion of DNC, as well
as the S–C···O interaction angle that approaches linearity (Table 1 and Figure 1a). Thus, the tetrel
interaction not only establishes the prerequisite geometry for the SN2 reaction, but also aligns the lone
pair of electrons of the nucleophile with the σ* orbital of the AdoMet methyl carbon atom. This orbital
alignment promotes the formation of the bond between the methyl carbon and the nucleophile in the
transition state.
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The identification of carbon tetrel bonding also furnishes experimental explanations for certain
models of the methyltransferase catalytic mechanism that are based on studies of COMT and
other enzymes. The compression/compaction model postulates that the methyltransferase active
site essentially squeezes the distances along the S···CH3···X reaction coordinate in the transition
state (where X is the nucleophile) [6,7]. As observed in the COMT/AdoMet/DNC/Mg2+ complex
(Figure 1a), the C···O tetrel bond between the AdoMet methyl group and phenoxide anion of DNC,
representing a catechol substrate, is 2.71 Å, 0.54 Å shorter than the carbon–oxygen van der Waals
contact distance of 3.25 Å. This short interaction distance is illustrative of the close approach of the two
substrates postulated in the compression model. Importantly, the C···O tetrel interaction is attractive
in nature (Table 2) and would result in an electron charge transfer from the nucleophile to the methyl
carbon atom. In turn, this transfer would polarize and weaken the S–CH3 bond during the SN2
reaction [33]. The presence of methyl tetrel bonds observed in COMT also concurs with the NAC
model for the catalytic mechanism of COMT and other methyltransferases. In molecular dynamic
simulations, the NACs that transiently formed between AdoMet and a catechol bound to COMT were
defined as having a C···O interaction distance of <3.2 Å and an S–C···O interaction angle ≥165◦ [12,92].
This geometry mirrors the interaction distances and angles observed for tetrel bonding (Figure 1
and Table 1). It is conceivable that the favorable energy of C···O tetrel bonding would increase the
frequency in which AdoMet and the catechol substrate are brought into a catalytically productive
alignment that is conducive to methyl transfer.

Knowledge of carbon tetrel bonding can also be leveraged in the design of methyltransferase
inhibitors. Indeed, the PDB survey illustrates several examples of inhibitors of COMT and SET domain
KMTs that form tetrel bonds with the AdoMet methyl group (Table 1 and Figure 1). In the case
of catechol analog inhibitors of COMT, the addition of nitro groups or other electron withdrawing
moieties to the catechol ring (such as in DNC), or substitution of the catechol phenyl ring with pyridine
or other six-membered heterocycles diminishes the nucleophilicity of the reactive hydroxyl group,
abrogating methyl transfer with AdoMet. It has been proposed that these inhibitors bind to the
COMT and AdoMet as a deprotonated phenoxide anion [9], which can engage in strong methyl
C···O tetrel bonding with AdoMet. The calculated interaction energy of the C···O tetrel interaction
between the DNC phenoxide anion and the AdoMet methyl group is substantially stronger than tetrel
interactions involving neutral oxygen atoms in carbonyl and hydroxyl groups (Table 2). In agreement
with these findings, nitrocatechol inhibitors of COMT, such as DNC, tolcapone, and entacapone,
display equilibrium inhibitory constants (KI) that are in the low nanomolar to picomolar range [93,94].
The tight binding of these inhibitors to the enzyme may be mediated in part by the strong C···O tetrel
bonding between the phenoxide anion and AdoMet methyl group.

In addition to COMT, inhibitors of the SMYD KMTs display methyl tetrel bonding with AdoMet
(Table 1). With respect to SMYD2, structure–activity relationship (SAR) analysis of the BAY-598 inhibitor
revealed a preference for a chlorine atom in the 3-position of the phenyl moiety [58]. This chlorine
atom corresponds to the Lewis base that forms the C···Cl tetrel bond with AdoMet (Figure 1c).
Kinetic analysis of BAY-598 demonstrated uncompetitive inhibition toward AdoMet, indicating the
inhibitor binds exclusively to the SMYD2/AdoMet binary complex and thus does not recognize
the free enzyme. It is conceivable that the C···Cl tetrel bond between AdoMet and SGC Probe
Bay-598 in SMYD2 may contribute to this uncompetitive inhibition by promoting recognition of
the inhibitor by the enzyme/substrate complex. Through compound screening and SAR analysis,
Mitchell and coworkers identified an oxindole class of inhibitors that selectively inhibits SMYD3 [57].
Crystallographic characterization of the initial oxindole hit (Figure 1b) and the SAR-optimized inhibitor
EPZ030456 bound to SMYD3 and AdoMet revealed methyl C···O tetrel bonding with the oxygen atom
of the oxindole moiety (Table 1). The structural conservation of the methyl C···O tetrel bond formed by
the oxindole inhibitors suggests that this interaction may be important for recognition and selectivity
for SMYD3.
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5. Conclusions

The survey of AdoMet-bound methyltransferase structures in the PDB uncovered a number of
geometries that strongly indicate the presence of methyl tetrel bonding to electronegative atoms in
small molecule inhibitors, solvent molecules, and ions. The C···X distances between the AdoMet
methyl carbon atom and the Lewis base vary over a wide range, but all of the C···O interactions
reported from this survey are less than 3.25 Å, with some distances as short as 2.5 Å. Further, the Lewis
base is located close to the extension of the S–CH3 bond of AdoMet, with θ(S–C···O) angles within
20◦ of linearity. QM analysis of a selected set of these interactions revealed unequivocal evidence of
methyl tetrel bonds, rather than what might naively be considered a trifurcated CH···O hydrogen
bond. The interaction energies of these selected tetrel bonds varied between −5 and −9 kcal/mol,
comparable to or stronger than the paradigmatic hydrogen bond between a pair of water molecules
(−5.8 kcal/mol). In the case of a Lewis base bearing a full negative charge, the tetrel bond energy was
amplified to more than −60 kcal/mol. It is thus clear that our understanding of the forces present
within biological systems must include tetrel bonding on the same footing as the venerable hydrogen
bond. Finally, the discovery of AdoMet methyl tetrel bonding in methyltransferases illustrates that this
interaction may have a fundamental role in the catalytic mechanism of these enzymes and thus merits
further investigation. An understanding of this novel interaction can be applied in structure-guided
design of potent inhibitors of methyltransferases implicated in disease.
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Abstract: In recent years, noncovalent interactions involving group-14 elements of the periodic table
acting as a Lewis acid center (or tetrel-bonding interactions) have attracted considerable attention due
to their potential applications in supramolecular chemistry, material science and so on. The aim of the
present study is to characterize the geometry, strength and bonding properties of strong tetrel-bond
interactions in some charge-assisted tetrel-bonded complexes. Ab initio calculations are performed,
and the results are supported by the quantum theory of atoms in molecules (QTAIM) and natural
bond orbital (NBO) approaches. The interaction energies of the anionic tetrel-bonded complexes
formed between XF3M molecule (X=F, CN; M=Si, Ge and Sn) and A− anions (A−=F−, Cl−, Br−,
CN−, NC− and N3

−) vary between −16.35 and −96.30 kcal/mol. The M atom in these complexes is
generally characterized by pentavalency, i.e., is hypervalent. Moreover, the QTAIM analysis confirms
that the anionic tetrel-bonding interaction in these systems could be classified as a strong interaction
with some covalent character. On the other hand, it is found that the tetrel-bond interactions in
cationic tetrel-bonded [p-NH3(C6H4)MH3]+···Z and [p-NH3(C6F4)MH3]+···Z complexes (M=Si, Ge,
Sn and Z=NH3, NH2CH3, NH2OH and NH2NH2) are characterized by a strong orbital interaction
between the filled lone-pair orbital of the Lewis base and empty BD*M-C orbital of the Lewis base.
The substitution of the F atoms in the benzene ring provides a strong orbital interaction, and hence
improved tetrel-bond interaction. For all charge-assisted tetrel-bonded complexes, it is seen that the
formation of tetrel-bond interaction is accompanied bysignificant electron density redistribution over
the interacting subunits. Finally, we provide some experimental evidence for the existence of such
charge-assisted tetrel-bond interactions in crystalline phase.

Keywords: noncovalent interaction; tetrel-bond; σ-hole; electrostatic potential; ab initio

1. Introduction

Over the past decades, there has beenan increasing awareness of the importance of noncovalent
interactions owingto their critical roles in various fields of chemistry and biochemistry, such as protein
folding, molecular recognition, drug design and crystal packing [1–3]. Of the various noncovalent
interactions, hydrogen-bonding (H-bonding) has emerged as the most extensively studied case [4–8].
It is typically formulated as an attractive Lewis acid-Lewis base interaction, D-H···A, between the
electron-deficient hydrogen atom of one molecule (D-H), acting as a bridge to an electron-rich site
on the other molecule (A). However, much attention has been recently devoted to other types of
noncovalent interactions like σ-hole bonding due to their useful applications in supramolecular
chemistry, crystal engineering, and biochemistry [9–17]. A σ-hole bond [18–24] is a noncovalent
interaction analogous to the H-bonding, in which a covalently bonded atom of groups 14–18 of the
periodic table, rather than an H atom, serves a similar function as a bridge between two molecules.
For example, the possibility of noncovalent interaction between some halocarbons and potential
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Lewis bases has been known for some time [25,26] and has continued to be studied at a rapidly
increasing rate in recent years [27–30]. It has been found that the halogen atom in these molecules
is able to develop a positive σ-hole region on the outermost portion of the halogen atom, along the
C–X atoms (X=F, Cl, Br, I). The emergence of such a positive area, which may seem surprising due to
the high electronegativity of halogen atoms, is responsible for the high directionality and formation
of an electrostatically driven interaction with a negative region on the Lewis base. Note also that
besides these electrostatic effects, there are also polarization effects and a substantial charge-transfer
from the Lewis base into the BD*C-X antibonding orbital [31–33], precisely analogous to the case of
a H-bond. The σ-hole interaction involving the halogen atoms is also known as halogen-bonding
in view of the concept of H-bonding. Furthermore, it is not only the halogen atoms which can act
as a Lewis acid center, but the elements of groups 14, 15, 16 and 18 of the periodic table as well, in
which the resulting σ-hole interaction is called a tetrel-bonding [34–39], pnicogen-bonding [40–44],
chalcogen-bonding [45–49] and aerogen-bonding [50–53], respectively.

Generally, σ-hole interactions share many common physical and chemical properties with the
more traditional H-bonding. They offer a rich array of possibilities to design and fabricate new
materials with desired properties, in areas ranging from pharmaceuticals to crystal growth [54–57].
Such diverse applications of σ-hole interactions mainly originate from their directional tunability.
For example, the strength and properties of tetrel-bonds can be tuned not only by changing the tetrel
atom (group 14 elements) itself, but also by changing the electron withdrawing/accepting ability of
the reminder of the molecule [37,58–61]. As a result, a broad range of interaction energies may be
spanned by changing the C atom in the tetrel-bond donor into a Si, Ge or Sn atom. Meanwhile, the
Lewis base moiety in the tetrel-bond interaction could vary from anions like F− or Cl− [34,62,63],
through lone-pair electrons on nitrogen or oxygen [64–66], to π electrons in unsaturated bonds [67,68].
The latter may offer a further opportunity to tune the strength of tetrel-bonds and therefore expand
their application scope [69,70].

A series of systematic experimental and theoretical studies have produced detailed descriptions
of tetrel-bonds in either crystalline state or gas phase. However, these studies have mostly focused
on the neutral complexes. For example, Mitzel et al. [71] have found short Si···N contacts in the
crystalline structure of Si(ONMe2)4 and related compounds. Thomas and coworkers have provided
an experimental evidence for the tetrel-bonding in crystalline structures based on charge density
analysis. Alkorta and coworkers have investigated tetrel-bonding interactions between SiXY3 (X and
Y=H, F, and Cl) and some electron-rich groups (NH3, NCH, CNH, OH2, and FH) [72]. A detailed
computational study by Mani and Arunan [73,74] has also found unusual tetrel-bond interactions
called “carbon bonding” in the complexes of methanol as the tetrelbond donor with different Lewis
bases. The formation of the latter interactions has also been proposed as a preliminary stage of the SN2
reaction by Grabowski [75]. These studies clearly showed that tetrel-bonding is moderately strong and
could act as a possible molecular linker in crystal engineering and supramolecular chemistry, similar
to H-bonding.

Recently, Scheiner has reported [76] a detailed study on the ability of hydrogen, halogen,
chalcogen, pnicogen, and tetrel-bonds as a potential halide (F−, Cl−, Br−) receptor. It was found that
the tetrel-bonding exhibits a quite larger tendency to bind to halides than other σ-hole interactions.
In another study [77], the author has also shown that the addition of a -SnF3 group to either an
imidazolium or triazolium ion provides a strong halide receptor. Interestingly, the tetrel-bonding
receptors bind far more strongly to each anion than an equivalent number of K+ counterions. In the
present study, we perform a systematic study on the strength and characteristic of charge-assisted
tetrel-bond interactions in some model complexes (Schemes 1 and 2). The nature of anionic as well as
cationic tetrel-bonds is analyzed by means of molecular electrostatic potential (MEP), quantum theory
of atoms in molecules (QTAIM), natural bond orbital (NBO) and electron density difference (EDD)
methods. The influence of different substituents on either Lewis acid or Lewis base is also studied
in detail. Moreover, the characteristics of these charge-assisted complexes are compared with those
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of available neutral ones. Finally, we provide some experimental evidence for the existence of such
charge-assisted tetrel-bonds in crystalline structures and supramolecular assemblies.

Scheme 1. Representative geometrical structure of anionic tetrel-bonded complexes.

 

Scheme 2. Structure of monomers 1–6 and cationic tetrel-bonded complexes 7–30.
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2. Systems and Methods

In this work, we report the results of ab initio calculations to study charge-assisted tetrel-bond
interactions for two different sets of model systems. In the first model, XF3M molecule (X=F, CN; M=Si,
Ge and Sn) interacts with A− anions (A−=F−, Cl−, Br−, CN−, NC− and N3

−). This allows us to check
the possibility of anionic tetrel-bonding interaction in the mentioned complexes. The second model
studied here includes the cationic tetrel-bonded [p-NH3(C6H4)MH3]+···Z complexes, in which M=Si,
Ge, Sn and Z=NH3, NH2CH3, NH2OH and N2H4. The H atoms of the benzene ring are additionally
substituted by F atoms in order to study substituent effects.

All ab initio calculations were performed using the Gaussian 09 package [78]. The MP2 method
was used, along with the aug-cc-pVTZ basis set to optimize geometries of the anionic XF3M:A−

tetrel-bonded complexes. Frequency calculations were performed at the same computational level
to ensure that the optimized structures correspond a true minimum on the potential energy surface.
In the case of the cationic tetrel-bonded systems, the geometry optimizations and the corresponding
frequency calculations were performed at the MP2/aug-cc-pVDZ level. Single-point calculations with
a larger aug-cc-pVTZ basis set were then performed using the aug-cc-pVDZ optimized geometries.
The interaction energies for both sets of the complexes were computed at the MP2/aug-cc-pVTZ level,
as the difference between the energy of the complex and the energy sum of the isolated monomers,
and corrected for the basis set superposition error (BSSE) by using the Boys–Bernardi counterpoise
method [79].

To evaluate the possible orbital interactions between the interacting monomers, the NBO
analysis was performed with the NBO 5.0 program (Theoretical Chemistry Institute, University
of Wisconsin, Madison, Wisconsin, United States) [80]. The most positive (VS,max) and most negative
(VS,min) electrostatic potentials of the isolated monomers were obtained using the Wave Function
Analysis-Surface Analysis Suite (WFA-SAS) [81]. The QTAIM analysis was performed by means
of the AIM2000 program [82] with the MP2/aug-cc-pVTZ generated wave functions. To see the
amount of electron density shift due to the complex formation, the EDD isosurfaces were computed
with the help of MultiWFN [83]. These were obtained by subtracting the electron density of the
complex with the sum of the electron densities of the interacting monomers with the geometries in the
optimized complex.

3. Results and Discussion

3.1. Anionic Tetrel-Bonds

Scheme 1 indicates the general structure of anionic tetrel-bonded complexes XF3M:A−, in which
the M atom of XF3M acts as the Lewis acid site to interact with the excess electron density over the
anions A−. It should be mentioned that although there might be many minima on the potential
energy surface of these complexes, we are interested here in the interaction involving the linear
X-M···A− arrangement. The corresponding optimized geometries at the MP2/aug-cc-pVTZ level
are summarized in Figure S1 of Supporting Information. All these complexes are found to have a
favorable X−M···A− linear arrangement. The binding distances and interaction energies of these
complexes are listed in Table 1. According to the previous studies [37,62,65,67,84,85], the formation
of such anionic tetrel-bonding interactions can be largely attributed to the localization of a positive
electrostatic potential over the M atom, in the extension of the M-X bond. Indeed, the MEP analysis of
XF3M monomers in Figure 1 reveals that the maximum positive electrostatic (VS,max) of the Sn atom
(96.5 kcal/mol) in SnF4 is greater than that of Ge (70.2 kcal/mol) and Si (57.3 kcal/mol) in GeF4 and
SiF4, respectively. In the case of MF3CN monomers, it is seen that the σ-hole potential associated with
the M atom becomes more positive as the size of the M atom increases. Consequently, it is expected
that XF3M molecules can participate in a σ-hole interaction with the σ-hole acting as a Lewis acid
center, and the strongest acidic properties are predicted for the Sn atom of SnF4 and SnF3CN based on
the MEP analysis.
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Table 1. Binding distances (Rint, Å), X-M-F angles (θ, ◦), M-X bond lengths (RM-X, Å) and their changes
with respect to those of isolated MF3X monomers (ΔRM-X, Å), interaction energies (Eint, kcal/mol) of
the anionic tetrel-bonded complexes, and the calculated local MEP minimum values (VS,min, kcal/mol)
of the anions.

Lewis Acid Anion Rint θ RM-X ΔRM-X Eint VS,min

SiF4

F− 1.679 90.0 1.679 0.105 −70.11 −175.0
Cl− 2.102 91.7 1.665 0.091 −25.00 −141.2
Br− 2.226 92.8 1.657 0.083 −16.35 −132.9

NC− 1.888 92.0 1.661 0.087 −35.03 −141.9
CN− 1.969 91.4 1.663 0.089 −38.86 −135.9
N3

− 1.904 91.7 1.661 0.087 −30.08 −133.5

SiF3CN

F− 1.662 91.4 1.970 0.145 −84.37 −175.0
Cl− 2.112 89.9 1.951 0.126 −37.29 −141.2
Br− 2.166 90.6 1.942 0.117 −27.60 −132.9

NC− 1.860 90.5 1.943 0.118 −46.59 −141.9
CN− 1.946 90.0 1.946 0.121 −50.72 −135.9
N3

− 1.868 89.9 1.945 0.12 −41.87 −133.5

GeF4

F− 1.773 90.0 1.773 0.085 −79.17 −175.0
Cl− 2.263 90.3 1.764 0.076 −41.26 −141.2
Br− 2.436 90.7 1.760 0.072 −32.99 −132.9

NC− 1.932 91.3 1.762 0.074 −46.62 −141.9
CN− 1.994 90.5 1.762 0.074 −53.57 −135.9
N3

− 1.940 90.7 1.762 0.074 −43.30 −133.5

GeF3CN

F− 1.762 90.5 1.994 0.118 −84.92 −175.0
Cl− 2.239 89.7 1.983 0.107 −46.32 −141.2
Br− 2.407 90.0 1.977 0.101 −37.73 −132.9

NC− 1.915 90.8 1.981 0.105 −50.96 −141.9
CN− 1.979 90.0 1.979 0.103 −58.35 −135.9
N3

− 1.921 90.0 1.981 0.105 −47.94 −133.5

SnF4

F− 1.930 90.0 1.930 0.048 −93.58 −175.0
Cl− 2.371 89.5 1.936 0.054 −61.84 −141.2
Br− 2.523 90.4 1.934 0.052 −54.44 −132.9

NC− 2.078 90.1 1.933 0.051 −62.50 −141.9
CN− 2.144 90.1 1.932 0.05 −70.26 −135.9
N3

− 2.083 90.3 1.932 0.05 −60.07 −133.5

SnF3CN

F− 2.144 90.1 2.144 0.091 −96.30 −175.0
Cl− 2.357 90.8 2.141 0.088 −64.11 −141.2
Br− 2.508 89.2 2.139 0.086 −56.59 −132.9

NC− 2.067 90.9 2.134 0.081 −64.21 −141.9
CN− 2.132 90.0 2.132 0.079 −72.26 −135.9
N3

− 2.073 90.1 2.133 0.080 −62.09 −133.5
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Figure 1. MEPs of isolated monomers. The color code, in kcal/mol, is: red > 40; 40 > yellow
> 20; 20 > green > 0 and blue < 0. The small black and blue circles indicate surface maxima and
minima, respectively.

As Table 1 indicates, the M···A− binding distances of XF3M:A− complexes are in the range of
1.662–2.523 Å, which are much shorter than the sum of the van der Waals (vdW) radii of the interacting
atoms [86]. This clearly shows the existence of a strong interaction between the XF3M and A- moieties.
In many cases, the M atom is characterized by pentavalency, i.e., is hypervalent. This is similar to
the one described for the transition state structure of SN2 reaction between a tetrel atom center and
anion species [75,87]. In fact, most of the M···A− binding distances are short enough to be considered
covalent bonds which have lost some degree of covalency. The binding distances for a given anion
increase in the order SiF3CN < SiF4 < GeF3CN < GeF4 < SnF3CN < SnF4. Note also that M···A−

distances become longer in the order of Si < Ge < Sn when the anion is the same, which is similar to
the order of vdW or the covalent radius of these atoms (Si < Ge < Sn). The interaction between the
anion and M atom is also able to induce a large distortion in the XF3M molecule, as evidenced by the
calculated X-M-F angles (Table 1). For each set of the complexes, one can see that the X-M-F angles are
close to 90◦, which may provide further evidence for the strong interaction between the XF3M and
A− moieties.

From Table 1, one can see that the interaction energies of XF3M:A− are very large and negative,
indicating a strong interaction between XF3M and A− subunits. These results are in agreement with
recent reports that indicate that tetrel-bonding can be used as a vehicle for strong and selective anion
binding [77,88]. Moreover, the interaction energies obtained here are in good agreement with those
of other related studies [62,63,76,77,88]. Comparing interaction energies clearly indicates that for a
given XF3M, the value of interaction energy for F− is systematically larger than other anions. In fact,
such large negative interaction energies together with the corresponding very short binding distances
indicate that the M···F− interactions are mainly covalent in nature. Interacting with the same anion,
SnF4 tends to form stronger tetrel-bond interaction than other molecules, as characterized by a larger
interaction energies in the corresponding complexes. This has been found for other tetrel-bonds,
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previously [37,58,75,84,89]; the increase of the interaction energy for the analogue complexes if the
atomic number of the tetrel atom increases. This is connected with the electrostatic nature of these
interactions due to the presence of a large positive electrostatic potential on the central atom of XF3M
molecules (Figure 1). Moreover, it is natural that the more negative electrostatic potential (VS,min)
associated with the anion forms a more stable M···A− interaction. However, as Figure 2 indicates,
we found almost a poor linear correlation between the interaction energies of these complexes and
VS,min values associated with the anions. Note that such a poor linear relationship between the Eint

and VS,min values has already been described in the literature [90–92]. This is mainly related to the
different nature of the A− moiety in these complexes, which provides a distinct contribution of other
energy terms such as polarization or charge-transfer in these systems.

Figure 2. Correlation between the interaction energies and VS,min values associated with the A− anions
in the binary XF3M:A− complexes. The squared correlation coefficient (R2) value is 0.833, 0.831, 0.846,
0.839, 0.868 and 0.872 for SiF4, SiF3CN, GeF4, GeF3CN, SnF4 and SnF3CN complexes, respectively.

The results of Table 1 also indicate that due to the formation of XF3M:A− complexes, the M-X
bonds are elongated. The magnitude of this bond elongation is in the range of 0.083–0.118 Å,
0.048–0.145 Å and 0.072–0.091 Å in the Si, Ge and Sn complexes, respectively. Note that the strongest
M···F− interaction in these systems is characterized by a large elongation of M-X bond, which is much
larger than the corresponding values in the Cl− or Br− complexes. Also, paired with the same anion,
MF4 complexes show a relatively smaller variation in the M–X bond distances than MF3X analogues,
which is based on the fact that the F is a poor leaving group than the CN. This result is consistent with
the variation of interaction energy of these complexes, and suggests that Sn-X bond displays a larger
red shift in the corresponding M-X stretching frequency than the Ge-X and Si-X ones. We will come
back to this conclusion further on in our discussion when NBO analysis is illustrated.

To have a deeper understanding of the nature of anionic tetrel-bond interactions, we have
performed the topological analysis of the electron density of XF3M:A− complexes (Table 2). It is found
that for each system considered, there exists a bond critical point (BCP) associated with the M···A−

interaction. As seen, the strong tetrel-bond interactions in XF3M:A− complexes are characterized
by a large electron density value at the corresponding bond critical points (BCPs), which are much
larger than those of at the neutral tetrel-bonded systems [38,59,87,93,94]. For a given M or X, the F−

complexes exhibit the largest ρBCP value, while the smallest one corresponds to the Br- complexes.
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Note also that, as predicted by the ρBCP values, the tetrel-bond interactions of the Sn complexes are
stronger than those of Ge or Si ones. This is in line with the other related studies [65,72,75,95], where
it was found that the ρBCP value is a good descriptor of the strength of interaction. Besides, almost a
good exponential correlation was found between the binding distances and electron density values at
the corresponding BCPs of XF3M:A− complexes (Figure 3). Moreover, the Laplacian values of ρBCP

are found to be positive and in the range of 0.053–0.936 au, which is indicative of closed-shell nature
of these interactions [96]. Meanwhile, the negative values of total electron energy density at M···A−

BCPs, HBCP, for all these complexes clearly confirm that the anionic tetrel-bond interactions could be
classified as the strong interactions with some covalent character [97].

Table 2. Electron density (ρBCP, au), its Laplacian (∇2ρBCP, au) and total electron energy density
(HBCP, au) at the M···A− BCPs, and NBO stabilization energy (E(2), kcal/mol), atomic charge on
the M atom (qM, e), net charge-transfer (qCT, e) and Wiberg bond index (WBI) values of the anionic
tetrel-bonded complexes.

Lewis Acid Anion ρBCP ∇2ρBCP HBCP E(2) qM qCT WBI

SiF4

F− 0.112 0.879 −0.025 53.63 2.64 0.26 0.48
Cl− 0.065 0.152 −0.030 38.72 2.54 0.33 0.51
Br− 0.054 0.060 −0.028 32.06 2.55 0.31 0.49

NC− 0.085 0.421 −0.029 69.31 2.63 0.21 0.37
CN− 0.081 0.280 −0.045 47.92 2.50 0.34 0.56
N3

− 0.086 0.368 −0.034 45.64 2.42 0.59 0.41

SiF3CN

F− 0.117 0.936 −0.028 65.86 2.50 0.27 0.56
Cl− 0.070 0.183 −0.035 56.59 2.34 0.39 0.60
Br− 0.064 0.080 −0.034 49.40 2.32 0.40 0.60

NC− 0.093 0.301 −0.049 89.12 2.45 0.25 0.60
CN− 0.086 0.299 −0.049 61.17 2.30 0.39 0.60
N3

− 0.094 0.415 −0.040 60.75 2.42 0.58 0.46

GeF4

F− 0.130 0.774 −0.050 54.69 2.68 0.27 0.42
Cl− 0.084 0.130 −0.038 51.64 2.52 0.38 0.57
Br− 0.073 0.055 −0.032 46.01 2.50 0.40 0.58

NC− 0.107 0.364 −0.048 78.64 2.66 0.22 0.38
CN− 0.112 0.191 −0.058 55.20 2.51 0.38 0.58
N3

− 0.109 0.308 −0.053 53.60 2.60 0.58 0.44

GeF3CN

F− 0.134 0.800 −0.053 58.67 2.51 0.27 0.44
Cl− 0.089 0.135 −0.042 60.69 2.31 0.42 0.63
Br− 0.078 0.053 −0.036 55.20 2.28 0.46 0.65

NC− 0.112 0.381 −0.052 91.00 2.45 0.25 0.42
CN− 0.116 0.194 −0.062 61.82 2.29 0.42 0.63
N3

− 0.115 0.323 −0.058 59.72 2.40 0.58 0.48

SnF4

F− 0.113 0.687 −0.029 34.37 2.93 0.21 0.36
Cl− 0.081 0.195 −0.027 42.18 2.75 0.36 0.37
Br− 0.072 0.117 −0.024 40.60 2.71 0.40 0.60

NC− 0.098 0.378 −0.031 53.92 2.90 0.19 0.34
CN− 0.094 0.229 −0.038 37.04 2.77 0.33 0.53
N3

− 0.099 0.384 −0.066 34.80 2.84 0.27 0.40

SnF3CN

F− 0.101 0.702 −0.031 33.81 2.77 0.22 0.38
Cl− 0.084 0.199 −0.029 44.15 2.55 0.40 0.61
Br− 0.075 0.118 −0.026 42.58 2.50 0.45 0.66

NC− 0.101 0.385 −0.034 53.18 2.71 0.22 0.37
CN− 0.098 0.230 −0.040 34.38 2.55 0.37 0.58
N3

− 0.098 0.341 −0.037 31.10 2.65 0.54 0.44
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As noted earlier, charge-transfer from the electron donor into the empty orbital of the
electron acceptor also plays an important role in the formation and stabilization of tetrel-bonded
complexes [61–63,85,87,98]. For the anionic tetrel-bonded complexes studied here, it is expected that
there exists a stabilizing orbital-orbital interaction between the lone-pair orbital of the anion, LP (A−),
and empty anti-bonding M-X orbital of XF3M molecule (BD*M-X). The latter orbital interaction should
be responsible for the elongation of M-X bonds and their red-shift upon the complexation. To confirm
this, we performed NBO analysis on the XF3M:A− complexes. Table 2 summarizes the calculated
stabilization energy E(2) values due to the LP (A−)→BD*M-X orbital interaction. As is evident, these
E(2) values are quite large, especially for the A−=CN− and F− complexes, which demonstrates the
significant role of the mentioned orbital interaction in these systems. It is also found that for all
complexes analyzed here, the formation of tetrel bonds results in an increase in the positive charge
of the M atom due to its polarization in the presence of the negative charge of the anion (Table 2).
For each set of the complexes, such polarization is largest in the F− complexes, which is consistent with
the stronger tetrel-bond interaction in these systems. However, due to the variety of Lewis bases, it is
not possible to find any regularity in the changes of the atomic charges here. The data in Table 2 also
reveal that the net charge-transfer values (qCT) for the XF3M:A− complexes are very large, with values
ranging from 0.21 to 0.58 e. Moreover, for a given M or X, the N3

− and Br− complexes are identified by
a larger qCT values compared to other ones, which is most likely due to the large polarizability of these
moieties. Hence, the larger elongation of the M-X bond in the latter complexes can be attributed to
the more favorable charge-transfer, which results in the partial population of the antibonding BD*M-X

orbital of XF3M and its redshift. As also shown in Table 2, the Wiberg bond index (WBI) of the anionic
tetrel-bonds is large, which verifies the formation of covalent M···A− interactions in these systems.

 

Figure 3. Exponential relationship between theM···A− binding distances and electron density at the
corresponding BCPs of the XF3M:A− complexes.

When the XF3M molecule is paired with the A− anion, there is a mutual polarization between the
two moieties, which can be verified using the EDD analysis. Figure 4 shows the EDD isosurfaces for
some representative complexes of XF3M:A−, which were obtained by subtracting the electron density
of the complex with the sum of the electron densities of the interacting monomers with the geometries
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in the optimized complex. Here, violet regions show a decreased electron density, while green areas
refer to an increased electron density. As can be seen, the formation of these complexes leads to the
appearance of a large electron density loss region over the M atom, facing the anion. The size of
this electron density loss region becomes larger as the size of the M atom increases. Meanwhile, a
large electron density accumulation is found between the M and A−, which confirms the formation
of a covalent M···A− interaction in these systems. Moreover, the formation of anionic tetrel-bond
interaction in these complexes tends to induce an accumulation of electron density on the F atom
of XF3M. One can also see the localization of a large electron density loss region over the anion,
which is related to the polarization of these moieties in the presence of positive σ-hole on the M atom.
Clearly, such electron density shift is larger for the Sn complexes than Ge and Si ones, due to more
positive σ-hole potential associated with the former systems.

 

Figure 4. EDD isosurfaces (±0.005 au) of some representative XF3M:A− complexes. The violet and
green regions indicate regions of decreased and increased electron densities, respectively.

3.2. Cationic Tetrel-Bonds

Scheme 2 depicts the general representation of cationic tetrel-bonded complexes 7–30 studied here.
The corresponding optimized geometries are summarized in Figure S2 of the Supporting Information.
Their intermolecular M···N distances and interaction energies are reported in Table 3. From Figure S2,
one can see that all these complexes are characterized by a linear C-M···N interaction, in which nitrogen
atom of the Lewis base is pointed towards the M atom of the Lewis acid. The binding distances are in
the range of 2.175–2.567, 2.352–2.790 and 2.479–2.735 for the M=Si, Ge and Sn, respectively. All these
binding distances are smaller than the sum of vdW radii of the respective atoms [86], which implies
that there is an attractive interaction between the interacting molecules. For a given M, NH2NH2

forms always the shortest tetrel-bond distance, while the longest corresponds to NH3. Moreover, the
substitution of F atoms in the benzene ring tends to decrease the binding distances, which can be
attributed to the increase of positive electrostatic potential on the M atom due to presence of the F
atoms. This indicates that the formation of cationic tetrel-bond in these systems is, at least partly,
a consequence of the electrostatic attraction between the nitrogen atom of Lewis bases and the M atom.
As also expected, the M···N binding distances for a fixed nitrogen base increase in the order of Ge
> Sn > Si can be related to the combination result of the interaction energy and the atomic radius of
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these atoms. The results of Table 3 also show that the formation of cationic tetrel-bonds in the binary
complexes 7–30 leads to a significant increase in the C-M-H angles (θ), as evidenced by θ values close
to 90◦. This is in line with previous studies, where it was found for the strong tetrel-bonded complexes
that the intermolecular interaction should be a preliminary stage of the SN2 reaction [75,87].

Table 3. Binding distances (Rint, Å), C-M-H angles (θ, ◦) and interaction energies (Eint, kcal/mol) of
the cationic tetrel-bonded complexes.

Complex Rint θ Eint

7 1+NH3 2.567 101.1 −7.69
8 1+NH2OH 2.459 101.4 −9.25
9 1+NH2CH3 2.291 98.2 −13.58

10 1+NH2NH2 2.245 97.5 −15.05
11 2+NH3 2.790 102.6 −9.82
12 2+NH2OH 2.724 103.0 −11.86
13 2+NH2CH3 2.538 100.2 −17.44
14 2+NH2NH2 2.486 99.9 −20.8
15 3+NH3 2.735 100.5 −13.36
16 3+NH2OH 2.671 100.2 −16.65
17 3+NH2CH3 2.568 97.7 −19.11
18 3+NH2NH2 2.548 98.1 −22.46
19 4+NH3 2.330 99.4 −10.89
20 4+NH2OH 2.277 99.0 −13.47
21 4+NH2CH3 2.195 96.7 −17.42
22 4+NH2NH2 2.175 97.0 −20.86
23 5+NH3 2.527 100.3 −14.25
24 5+NH2OH 2.498 101.1 −18.48
25 5+NH2CH3 2.370 98.4 −22.55
26 5+NH2NH2 2.352 98.6 −25.5
27 6+NH3 2.586 99.0 −17.02
28 6+NH2OH 2.574 100.3 −20.08
29 6+NH2CH3 2.487 98.1 −23.66
30 6+NH2NH2 2.479 98.7 −26.98

Considering the interaction energies in Table 3, it is found that the most strongly bound complex
30 has an interaction energy of −26.98 kcal/mol, while the most weakly bound complex 7 has an
interaction energy of only −7.69 kcal/mol. These interaction energies are larger than the reported
values for similar tetrel-bond interactions in the related neutral complexes [65,93]. Meanwhile, the
calculated interaction energies for the Si and Ge complexes are close to those of tetrel-bonding
interactions in the prorogated complexes of pyridine-MF3 or furan-MF3 with NH3 [66]. Note that, for
the same electron acceptor moiety, NH2NH2 tends to form more stable tetrel-bond interaction than
others, which is not consistent with the VS,minvalue (in kcal/mol) associated with the nitrogen atom
in thee bases: NH3(−42.7) > NH2CH3 (−38.6) > NH2NH2 (−36.5) > NH2OH (−28.8). This may be
attributed in part to secondary interactions between these Lewis bases and the H atoms of -MH3 moiety
in the Lewis acid. Moreover, this can be explained in the manner of the negative hyperconjugation
effect on the side of Lewis bases as suggested by Zierkiewicz and Michalczyk [92]. This finding clearly
reveals that the VS,min value, a property in a single special point of the Lewis base, cannot be regarded
as a good indicator of the cationic tetrel-bond interactions, and in addition to electrostatic effects
other factors such as the polarization should play an important role in the stability and formation of
these interactions.

The topological analysis of the electron density of the complexes 7–30 exhibits the presence of a
BCP between the M atom of Lewis acid and N atom of the nitrogen bases. The electron densities at the
M···N BCPs are between 0.024 au in 7 and 0.060 au in 30 (Table 4). It is interesting to note that, like weak
tetrel-bond interactions in neutral complexes [38,59,87,93,94], we found an exponential correlation
between the electron density at the BCP and the interatomic distances of these systems (Figure 5).
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Importantly, the calculated squared correlation confection values (R2) for these cationic terel-bonded
complexes are larger than those of anionic ones (Figure 3). Moreover, the positive ∇2ρBCP values
associated with these complexes demonstrate that the cationic tetrel-bond interactions are within the
closed-shell interaction regime. Meanwhile, negative total energy densities (HBCP) are obtained for all
complexes studied here, which confirm that the cationic tetrel-bonds have some covalent character.
Note that the for each set of the complexes, most negative values of HBCP correspond to the stronger
interactions and to the greater values of ρBCP (Table 4).

 

Figure 5. Exponential relationship between the M···N binding distances and electron density at the
corresponding BCPs of the cationic tetrel-bonded complexes.

Table 4. Electron density (ρBCP, au), its Laplacian (∇2ρBCP, au) and total electron energy density (HBCP,
au) at the M···Z BCPs, and NBO stabilization energies due to the LP(N) →BD*M-C orbital interaction
(E(2), kcal/mol), net charge-transfer (qCT, e) and Wiberg bond index (WBI) values of the cationic
tetrel-bonded complexes.

Complex ρBCP ∇2ρBCP HBCP E(2) qCT WBI

7 1+NH3 0.024 0.049 −0.003 10.42 0.072 0.114
8 1+NH2OH 0.028 0.066 −0.017 11.20 0.075 0.129
9 1+NH2CH3 0.039 0.084 −0.021 13.45 0.078 0.135
10 1+NH2NH2 0.043 0.111 −0.024 14.52 0.080 0.144
11 2+NH3 0.029 0.055 −0.005 12.28 0.076 0.134
12 2+NH2OH 0.034 0.062 −0.019 14.55 0.079 0.155
13 2+NH2CH3 0.044 0.088 −0.026 17.70 0.082 0.167
14 2+NH2NH2 0.048 0.099 −0.030 19.14 0.084 0.176
15 3+NH3 0.035 0.090 −0.007 15.25 0.079 0.155
16 3+NH2OH 0.039 0.072 −0.008 17.10 0.081 0.168
17 3+NH2CH3 0.048 0.083 −0.022 18.75 0.084 0.182
18 3+NH2NH2 0.052 0.111 −0.026 20.40 0.086 0.193
19 4+NH3 0.035 0.053 −0.008 13.28 0.079 0.149
20 4+NH2OH 0.039 0.090 −0.023 14.48 0.084 0.189
21 4+NH2CH3 0.047 0.136 −0.030 16.05 0.087 0.201
22 4+NH2NH2 0.050 0.141 −0.033 18.60 0.090 0.228
23 5+NH3 0.043 0.113 −0.030 15.08 0.082 0.165
24 5+NH2OH 0.046 0.097 −0.021 16.69 0.085 0.172
25 5+NH2CH3 0.054 0.121 −0.028 18.82 0.089 0.191
26 5+NH2NH2 0.059 0.123 −0.032 20.80 0.094 0.206
27 6+NH3 0.046 0.089 −0.010 17.04 0.092 0.180
28 6+NH2OH 0.049 0.093 −0.026 18.92 0.095 0.196
29 6+NH2CH3 0.056 0.131 −0.033 19.77 0.096 0.212
30 6+NH2NH2 0.060 0.141 −0.036 22.50 0.098 0.225
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According to the NBO analysis, there is a noticeable charge-transfer interaction between the
lone-pair bonding orbital LP(N) of nitrogen atom of the Lewis bases and the BD*M-C antibonding orbital
of the Lewis acid. A similar interaction between the lone-pair of nitrogen and the BD*M-C anti-bonding
orbital (M=C, Si, Ge) was analyzed recently for the prorogated complexes of pyridine-MF3 with
NH3 [66]. This orbital interaction is responsible for a negligible elongation of the M-C bond in these
complexes. The stabilization energies E(2) associated with the latter orbital interaction are in the range of
9.22–18.60, 12.28–20.20 and 15.25–22.50 kcal/mol for the Si, Ge and Sn complexes, respectively. There is
an almost linear correlation between these E(2) values and interaction energies of these complexes
(see Figure S3, Supporting Information), which demonstrates that the charge-transfer interaction also
plays an important role in the stability of these systems. Note also that the F-substituted complexes
19–30 are characterized by quite a large E(2) value with respect to the 7–18. We note that in addition to
the LP(N) → BD*M-C orbital interaction, there is also some weak orbital interactions between the BD
orbital of M-H to the BD*O-H, BD*C-H or BD*N-H antibonding orbital of NH2OH, NH2CH3 or NH2NH2

with the stabilization energies in the range of 1.20–6.85 kcal/mol. The calculated NBO charges also
show a significant net charge transfer (qCT) in these complexes with values ranging from 0.072 e in
7 and 0.098 e in 30. As expected, relatively larger qCT values are found for the Sn complexes, which
indicates that there exists a relationship between the size of transferred charge between the interacting
monomers and interaction energy. This is evident in Figure S4 of the Supporting Information, where a
linear correlation is seen between these quantities. Additionally, the data in Table 4 shows that the
obtained WBI values for these complexes vary from 0.114 to 0.225, which suggests that these cationic
tetrel-bonds have a considerable covalent character.

Finally, we would like to highlight the electron density redistribution within and between the
monomers upon the formation of the cationic tetrel-bonded complexes. Figure 6 shows the EDD
plots of some selected complexes. As is evident, the formation of tetrel-bond interaction in these
complexes makes a large electron density accumulation region over the nitrogen atom of the Lewis
base. The degree of the accumulation depends on the strength of the tetrel-bond, and increases in the
order of 15 > 11 > 7 and 27 > 23 > 19. In contrast, the lone-pair orbital of the nitrogen atom induces an
electron density loss area on the M atom. Note that such mutual polarization between the interacting
monomers is almost similar as that in other studied tetrel-bonded systems [38,90,93].

 

Figure 6. EDD isosurfaces (±0.001 au) of some representative cationic tetrel-bonded complexes.
The violet and green regions indicate regions of decreased and increased electron densities, respectively.
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3.3. Experimental Evidencefor Charge-Assisted Tetrel-Bonds

It is noteworthy that the existence of charge-assisted tetrel-bonds described theoretically here
may also be confirmed experimentally. To this end, the Cambridge Structure Database (CSD) [99]
was examined to analyze whether anionic or cationic tetrel-bonding could be a generally occurring
interaction within crystal structures (CSD, version 5.34, November 2012, including three updates).
In Figure 7, we show some selected examples and the CSD reference codes of crystal structures in which
the anionic tetrel-bonding interaction is observed. In all these complexes, the tetrel-bonding is highly
directional, as evidenced by R-M···A− bonding angles close to 180◦ (R is the electron-withdrawing atom
or group attached to the M atom). A quite interesting experimental finding that reports the existence
of anionic tetrel-bonding interactions is the formation of crystalline spherosilicate structures, where a
fluoride ion is perfectly centered within the octasilsesquioxane cage [100,101]. The X-ray structures
are indicated in Figure 7 (WAVYEZ and WAVYAV), where tetrel-bond interactions are confirmed
by relatively short contacts between the Si atom and F− anion, which are significantly shorter than
the sum of the corresponding vdW radii. Likewise, there also exist attractive anionic tetrel-bonding
interactions between the Si atoms and encapsulated Cl− anion in FOSDUO. In Figure 7, we also show
the crystalline structures of three binuclear pentacoordinate silicon complexes of diketopiperazine,
which gives evidence for the covalent-bonding between the Si atom and the F−, Cl− and OSO2BF3

−

anions [102]. Note that the shorter Si···F− bond distances compared to the Si···Cl− confirm our earlier
finding that the F− has a larger tendency to interact with the tetrel atom than the Cl−.

 

Figure 7. Crystalline structure ofsome selectedanionic tetrel-bonded complexes.

The existence of short tetrel-bond interaction between the cationic tetrel atom and a potential
nitrogen base has been already suggested for the complex [Sn(Me)3(NH3)2][N(SO2Me)2] [103]
(Figure 8). Here, the positively charged Sn(Me)3NH3 moiety forms a strong Sn···N interaction with the
NH3 molecule. Meanwhile, there is a short H-bonding interaction between the latter NH3 molecule
and the negatively charged N(SO2Me)2 moiety in this complex. The formation of this H-bonding
interaction is able to greatly modulate the strength and properties of the tetrel-bonding, as evidenced
by the previous theoretical study about the cooperativity effects between the tetrel-bonding and
H-bonding interactions [59].
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Figure 8. Crystalline structure of the [Sn(Me)3(NH3)2][N(SO2Me)2] complex.

4. Conclusions

Using the ab initio calculations, the geometry, interaction energy and bonding properties of
anionic and cationic tetrel-bonded complexes were investigated. Our results indicated that these
interactions are highly directional due to the localization of a positive electrostatic potential on the
tetrel atom and might serve as a molecular linker in supramolecular assemblies. The strength of these
charge-assisted tetrel-bonds increases with the increase of the atomic number of the Lewis acid center
(Si < Ge < Sn). The QTAIM and NBO approaches were used to deepen the understanding of the nature
of the charge-assisted tetrel-bonds. The formation of the anionic and cationic tetrel-bonds results in a
sizable electron density redistribution over the interacting subunits, and an increase of the polarization
of M-X or M-C bond. In particular, the M atom in very strong tetrel-bonded complexes XF3M:A− is
characterized by pentavalency, i.e., is hypervalent. Moreover, the application of such charge-assisted
tetrel-bonds in crystal materials were characterized and evidenced by a CSD search. The results of
this study may provide some new insights into the role of tetrel-bonding interactions in crystalline
structure and supramolecular chemistry.

Supplementary Materials: The following are available online. Figure S1: Optimized structure of the anionic
tetrel-bonded complexes, Figure S2: Optimized structure of the cationic tetrel-bonded complexes 7–30, Figure S3:
Correlation between the stabilization energy, due to the LP(N) → BD*M-C orbital interaction, and interaction
energies of cationic tetrel-bonded complexes 7–30, Figure S4: Correlation between the net charge-transfer and
interaction energies of cationic tetrel-bonded complexes 7–30.
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Abstract: Tetrel atoms T (T = Si, Ge, Sn, and Pb) can engage in very strong noncovalent interactions
with nucleophiles, which are commonly referred to as tetrel bonds. The ability of such bonds to bind
various anions is assessed with a goal of designing an optimal receptor. The Sn atom seems to form
the strongest bonds within the tetrel family. It is most effective in the context of a -SnF3 group and a
further enhancement is observed when a positive charge is placed on the receptor. Connection of the
-SnF3 group to either an imidazolium or triazolium provides a strong halide receptor, which can be
improved if its point of attachment is changed from the C to an N atom of either ring. Aromaticity of
the ring offers no advantage nor is a cyclic system superior to a simple alkyl amine of any chain length.
Placing a pair of -SnF3 groups on a single molecule to form a bipodal dicationic receptor with two
tetrel bonds enhances the binding, but falls short of a simple doubling. These two tetrel groups can be
placed on opposite ends of an alkyl diamine chain of any length although SnF3

+NH2(CH2)nNH2SnF3
+

with n between 2 and 4 seems to offer the strongest halide binding. Of the various anions tested,
OH− binds most strongly: OH− > F− > Cl− > Br− > I−. The binding energy of the larger NO3

−

and HCO3
− anions is more dependent upon the charge of the receptor. This pattern translates into

very strong selectivity of binding one anion over another. The tetrel-bonding receptors bind far more
strongly to each anion than an equivalent number of K+ counterions, which leads to equilibrium
ratios in favor of the former of many orders of magnitude.

Keywords: bipodal; Gibbs free energy; imidazolium; triazolium; counterion; deformation energy

1. Introduction

The detection, extraction, and transport of anions is an important element in a wide range of
biological and chemical processes [1]. Biological evolution has developed a score of anion binding
proteins usually with high selectivity. The sulphate-binding protein of Salmonella typhimurium [2] is
an example of one that binds this anion via a number of H-bonds. Another protein is responsible for
the binding and transport of phosphate [3] with very high specificity. Still another protein, present
in blue-green algae, is highly specific for the nitrate anion [4] and another binds specifically to
bicarbonate [5]. While the evolutionary process has developed some very specific and selective anion
binding agents, modern technology lags behind. Many receptors make use of general electrostatic
interactions and sometimes of H-bonds [6–12]. The thiourea molecule, for example, is a widely
used [13–15] anion binder that takes advantage of its H-bonding capability. The guanidinium cation
and its derivatives [16,17] have also found use in this regard. However, the anion receptors that have
been developed to date still suffer from certain disadvantages. Their selectivity is not optimal and
they are unable to detect the presence of a particular anion below a given concentration threshold.
Furthermore, at this point in time, the biggest need is the development of highly selective receptors
that can function in an aqueous rather than organic or biological environment. “Examples of receptors
that are neutral or of low charge and operate in organic–aqueous mixtures are uncommon and those
that function in 100% water are rarer still” [1].

Molecules 2018, 23, 1147; doi:10.3390/molecules23051147 www.mdpi.com/journal/molecules
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One major advancement in this field arose from the growing recognition of the phenomenon of
halogen bonds (XBs) [18–24] where an attractive force occurs between a halogen atom and an electron
donor such as the lone pair of an amine. It was not long before researchers applied this concept in order
to develop receptors that are highly selective for one anion over another [25–32]. The Beer group [33]
found that substitution of H by Br enabled the consequent halogen bond to more effectively bind
chloride and that receptors of this type could recognize [34] both chloride and bromide ions purely
by virtue of XBs [35,36]. Chudzinski et al. [37] obtained quantitative estimates of the contribution of
halogen bonding to the binding of anions to bipodal receptors and later [38] applied halogen bonds to
develop pre-organized multi-dentate receptors capable of high-affinity anion recognition. Halogen
bonding exerts selectivity for bromide over chloride or other anions in a set of tripodal receptors [39].
Our own group [40–46] has applied quantum chemical calculations toward solving this issue, which
shows that the replacement of H in a series of H-bonding bidentate receptors by halogen atoms can
influence their binding to halides. The work detailed a remarkable enhancement of both binding and
selectivity especially when the H atom is replaced by I.

A rapidly burgeoning group of studies has extended the basic concepts of the XB to other atoms
in the periodic table. Depending upon the particular family to which the atom in question belongs,
these bonds have come to be known as chalcogen and pnicogen bonds [47–60]. Given the similarities,
it was not surprising that noncovalent bonds of this sort can be every bit as useful as XBs in the context
of anion binding and transport, which is being demonstrated in recent work [61–64]. Tetrel atoms
(C, Si, Ge, Sn, Pb) seem capable of engaging in very similar interactions as well, which is becoming
increasingly clear [65–73]. Therefore, there is every reason to believe that tetrel bonds might find a place
in this constellation of noncovalent bonds that can function as integral components in anion receptors.

It was just this idea that motivated our group to recently perform calculations to examine
how the latter type of bonds might compare with chalcogens in this context. A set of bidentate
receptors, modeled closely after those in a prior experimental study, was constructed [43], which
varied in whether the atoms that engaged directly with the anion were chalcogen, pnicogen, or tetrel.
The transition from chalcogen to pnicogen to tetrel yielded not only progressively stronger binding
to anions but also greater selectivity. In a quantitative sense, the binding energy of halides to a
Ge-bonding bidentate receptor was as high as 63 kcal/mol and preferentially bound F− over other
halides with a selectivity of 27 orders of magnitude. These quantities are especially impressive since
the receptor was electrically neutral, which forgoes the positive charge on many other such candidates.
A follow-up study [46] delved somewhat more deeply into this issue by adding halogen atoms to the
mix as well and by using a different bidentate receptor structure. It was found that with respect to
Cl− and Br−, the binding is insensitive to the nature of the binding atom, viz H, halogen, chalcogen,
or tetrel. However, there is a great deal of differentiation with respect to F− where the order varies as
tetrel > H ~pnicogen > halogen > chalcogen. The replacement of the various binding atoms by their
analogues in the next row of the periodic table enhances the fluoride binding energy by 22% to 56%.
The strongest fluoride binding agents utilize the tetrel bonds of the Sn atom while it is I-halogen bonds
that are preferred for Cl− and Br−.

At this point then, there are sound reasons to believe that tetrel bonding offers a unique
opportunity in the design of effective and highly selective receptors. However, there are a number of
very important issues that remain to be resolved. In the first place, most of the prior calculations have
been centered in the gas phase while it is in solution, especially in water, there is more urgent need
for these receptors. Particularly when one is dealing with charged species, the effects of hydration
can be expected to be especially strong, so in vacuo trends cannot be simply transferred to water but
must be assessed directly. For example, hydration would stabilize the receptor/anion complex but
would more heavily stabilize the separate individually charged species. Therefore, gas-phase trends
may be radically different in water. It is for this reason that the calculations reported in this study are
conducted in an aqueous environment.
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Within the realm of tetrel bonds, there is a question as to which tetrel (T) atom would be most
effective. Past work has suggested that tetrel bonding is strengthened when the T atom is enlarged,
but this phenomenon relates to the gas phase and has not been thoroughly tested in water. The same
question pertains to the finding that tetrel bonding is enhanced by electron-withdrawing substituents.
How might the strength of tetrel bonding be affected if the tetravalent -TH3 group is perfluorinated
in water or likewise if the group possesses a positive charge? In a similar vein, most of the bipodal
receptors that have come under experimental scrutiny are dications so it is important to assess how a
double positive charge affects the binding. Within the context of the construction of the full receptor,
the binding group has typically been placed by experimentalists on an imidazolium or triazolium
group. Calculations can be used to compare and contrast a wider range of different groups and
consider whether the aromaticity of this group is important or whether it even needs to be cyclic.
One can address specificity by comparing the binding energetics of a number of various anions to each
candidate tetrel-binding receptor. Lastly, since the extraction of an anion from solution by any receptor
must overcome the attraction of this anion to counter-ions, this competition must be considered as well.

2. Systems and Methods

In the first set of tests, tetrel T atoms examined included the full {Si, Ge, Sn, Pb} set. These
were placed into both a -TH3 setting and its perfluorinated -TF3 counterpart. One of the most
commonly used groups to which anion-binding agents have been attached in the past is the imidazole
species [9,27,33,34,39,42,74–78] so it is this group that is considered in the pilot set of calculations.
Both TH3 and TF3 were, therefore, affixed to an imidazole moiety and comparisons were made to
the same system after protonation of the ring to an imidazolium group. The primary anion used
to test binding was Cl−, which is representative of the entire halide set without the complications
noted earlier for the smaller F−, which was prone to engage in asymmetric covalent bonding with
the receptor. Another reason for selecting chloride as the prototype anion is the close correspondence
observed recently [79] between its calculated binding energy with a series of Lewis acids and the
experimental trends arising from NMR measurements. Since this first battery of tests pointed to Sn
as the most effective tetrel-bonding atom, it was the focus of the next testbed of calculations, which
evaluated a wide range of groups that might replace imidazolium and perhaps enhance the anion
binding. These replacements included both aromatic and nonaromatic, cyclic and noncyclic, and both
mono and dictations. Having established one or two prime candidates, calculations then turned to
comparisons between different anions of chemical and biochemical importance including all four
halides, OH−, NO3

−, and HCO3
−. Since the receptor must be capable of pulling the anion of choice

out of solution where it is closely associated with positive counter-ions, the receptor/anion binding
was compared to that with K+ cations as model counter-ions.

Calculations were carried out with the Gaussian-09 [80] set of programs. The M06-2X DFT
functional [81] was used along with the aug-cc-pVDZ basis set. For the heavy atoms I, Pb, and Sn.
The aug-cc-pVDZ-PP pseudopotential was taken from the EMSL library [82,83] so as to incorporate
relativistic effects. This level of theory is appropriate for this task as evident by previous work
by others [84–89] as well as by ourselves in dealing with very similar sorts of systems [40–42,90].
The geometries of the receptors and complexes were fully optimized with no restriction, which was
assured as minima by the absence of imaginary vibrational frequencies. The binding energy of each
anion with its receptor was calculated as the difference between the energy of the complex and the sum
of the energies of separately optimized monomers. It was then corrected for basis set superposition
error by the counterpoise [91,92] procedure. Gibbs free energies of each complexation reaction are
computed at 298 K. To account for solvent effects, the polarizable conductor calculation model (CPCM)
was applied [93] with water as the solvent. This approach treats the surroundings as a polarizable
continuum with dielectric constant of 78 but does not include explicit water molecules.
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3. Results

3.1. Receptors Containing Imidazole

The binding energies obtained when the Cl− anion was allowed to interact with each of the
various tetrel-containing species are reported in Table 1. Several trends are immediately apparent.
These quantities are much larger for the cations than for the neutrals, which is sensible in light of the
ion-ion interaction in the case of the former. The replacement of the three H atoms on the tetrel atom by
F causes a large enhancement as much as six-fold. This increase is especially large for the two heavier
tetrel atoms Sn and Pb. Actually, it is the latter two tetrel atoms that consistently show the strongest
binding with Sn having a slight edge.

Table 1. Binding energy (kcal/mol) between Cl− and ImTR3 and ImHTR3
+.

Neutral Cation

T ImTH3 ImTF3 ImHTH3
+ ImHTF3

+

Si −1.79 −2.73 −5.74 −23.98
Ge −1.87 −8.81 −5.26 −32.12
Sn −3.57 −23.47 −10.14 −43.54
Pb −2.78 −20.62 −7.87 −39.51

Representative geometries are depicted in Figure 1 for the Sn systems and show trends that
parallel the energetics. The R(Sn·Cl) distances are shorter for the cationic receptors and are also
shortened when the SnH3 group is changed to SnF3. Table 2 collects the R(T·Cl) distances for a full
range of these complexes. As one would expect from the trends in the energetics, this distance is much
shorter for the cations than for the neutral entities and the TF3 systems hold the Cl in closer than
does TH3. The comparisons among the various tetrel atoms are more important. As the tetrel atom
grows larger, one would expect a corresponding elongation of R(T·Cl). However, this trend would be
opposed by the growing strength of the tetrel bond in the order Si < Ge << Pb < Sn so the pattern is
not obvious to predict. Furthermore, there is little relation between tetrel atoms and R for the neutral
ImTH3 while R gets longer with heavier tetrel atom for TF3. The conflict between the two trends is
more complicated for the cations. The longest distance occurs for Ge for the TH3 systems while there
is a clearer trend of longer distances for larger T atoms for TF3.

Figure 1. Geometries of indicated Lewis acids with Cl−. Distances in Å, angles in degs.
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Table 2. R(T·Cl) (Å) in optimized complexes.

Neutral Cation

T ImTH3 ImTF3 ImHTH3
+ ImHTF3

+

Si 3.441 2.293 2.557 2.112
Ge 3.491 2.310 3.032 2.178
Sn 3.266 2.425 2.758 2.351
Pb 3.435 2.467 2.988 2.419

There are several other interesting aspects of the geometry surrounding the T atom. Considering
the SnH3 systems on the left side of Figure 1, the θ(CSnH) angle in the neutral monomer is equal
to 107.8◦, which is nearly tetrahedral. It is reduced to 103.1◦ in the complex with Cl−, i.e., the SnH3

group flattens toward a trigonal bipyramid. This same group is already fairly flat in the cationic
monomer with θ = 102.4◦. However, upon complexation with Cl−, the SnF3 group undergoes a
more radical change. Instead of adopting a position nearly opposite the C atom, the Cl moves well
out of the imidazolium plane with θ(CSn·Cl) = 125.7◦. Note that the R(Sn-Cl) distance of 2.351 Å is
only 0.2 Å longer than the R(Sn-C) distance of 2.154 Å. The geometry around the Sn might fairly be
described as a trigonal bipyramid with two apical F atoms and with Cl, C, and the third F occupying
the three equatorial positions. This set of geometrical parameters and larger scale rearrangement for
the ImHTF3

+ complex is not limited to Sn but is characteristic of all four tetrel atoms.
More important than the binding energy itself is the free energy for the complexation reactions.

ΔG contains not only zero point and thermal corrections but also entropic contributions. In part as
a result of the transition from a pair of subunits to a single complex, the values of ΔG in Table 3 are
less negative than ΔE in Table 1 and are even becoming positive in a number of instances. Some of
the trends in ΔE survive the additional terms. For example, binding to the cationic receptors is
stronger than to the neutrals and the replacement of TH3 by TF3 bolsters the strength of the interaction.
The strongest binding occurs in all cases for Sn and Pb with a slight edge for the former. It might
be noted that even within the confines of the strong dielectric environment of water, the binding of
Cl− to the cationic ImHTF3

+ species is a minimum of 15 kcal/mol and it rises to more than twice
this amount for T=Sn and Pb. As mentioned above, the treatment of solvation here does not include
specific interactions between the solvated system and discreet water molecules. The inclusion of this
might have a bearing on these results.

Table 3. ΔG(298 K) (kcal/mol) for interactions between Cl− and ImTR3 and ImHTR3
+.

Neutral Cation

ImTH3 ImTF3 ImHTH3
+ ImHTF3

+

Si +4.37 +5.42 +2.12 −14.95
Ge +4.77 −1.23 +2.32 −23.91
Sn +2.75 −13.31 −2.77 −36.53
Pb +3.01 −12.44 −1.73 −32.25

3.2. More General Receptors

The success of cationic ImHSnF3
+ as a receptor can be used as a starting point to explore

modifications that might further enhance the binding. In the first place, one can imagine the
ImHSnF3

+ group being attached not to one of the imidazole C atoms but rather to N. The more
electron-withdrawing power of the latter might strengthen the ability of the Sn atom to attract a
nucleophile. Formation of this complex, pictured in Figure 2a, does enhance the binding by some 5
kcal/mol, which is indicated in Table 4. The geometry is basically unaltered by this change besides
a small contraction of the R(Sn·Cl) distance. A second modification would be to add a third N atom
to imidazolium to generate a triazolium species, which is shown in Figure 2b. It is this group which
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has served as the point of attachment for the anion-binding species in a number of experimental
works [7,27–30,35,36,62,94–99]. Table 4 indicates that this change weakens the interaction by roughly
10%. On the other hand, switching the point of connection from C to N again raises ΔG to a point
where it surpasses that of N-Im by a small amount with R(Sn·Cl) reduced to 2.341 Å, which is seen in
Figure 2c.

Figure 2. Geometries of indicated Lewis acids with Cl−. Distances in Å, angles in degs.

Table 4. Energetics (kcal/mol) for interactions between Cl− and indicated receptors.

ΔG ΔE

Monocations

ImSnF3
+ −36.53 −43.54

N-ImSnF3
+ −41.75 −49.99

TriSnF3
+ −33.29 −41.30

N-TriSnF3
+ −42.65 −51.67

N-cycloSnF3
+ −42.39 −51.76

N-linSnF3
+ −40.85 −49.53

CNSnF3
+ −42.57 −50.76

φ-CNSnF3
+ −38.03 −46.43

Dications

φ-(CNSnF3
+)2 −46.00 −54.83

C5 diamine −53.63 −62.76
C4 diamine −62.21 −73.11
C3 diamine −60.42 −70.52
C2 diamine −63.30 −71.94
C1 diamine −53.33 −62.73

n MeNH2SnF3
+

n = 2 −53.53 −75.13
n = 3 −66.38 −103.77

Since the receptors considered at this point all contain a heteroaromatic ring, the question arises
as to the importance of this aromaticity to the binding. The five-membered imidazole ring was,
therefore, fully saturated with H atoms, which leads to a nonaromatic ring by retaining the two N
atoms. This loss of aromaticity does not reduce the chloride affinity. When attached to an N atom
of the CH2CH2NHCH2NH+ ring (abbreviated as N-cyclo), the SnF3 group in Figure 2d binds Cl−

with approximately the same ΔG as the aromatic N-ImHSnF3
+ counterpart in Figure 2a. Additionally,

there is a slight enhancement in ΔE. This result begs the question as to whether the cyclic nature of the
receptor is an important component at all or whether the second N atom is essential. The heterocycle
of Figure 2d was, therefore, replaced with a simple amine CH3(CH2)3NH2 with the same number of
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five heavy atoms, which is represented in Figure 2e. This species, abbreviated as N-linHSnF3
+, suffers

only a very small loss of binding energy with ΔG still exceeding 40 kcal/mol. One may note a change
in geometry around the Sn atom. In this simple amine, the Cl atom situates itself directly opposite
the N atom, which leaves the three F atoms in equatorial sites. The next question relates to the length
of the amine. If it is shortened from a n-butyl chain to a simple methyl group, how might that affect
the binding. Such a shortening yields a small enhancement in the chloride affinity, which raises ΔG
from 40.85 kcal/mol to 42.57 kcal/mol, which is indicated by the CNSnF3

+ entry in Table 4 with the
corresponding complex illustrated in Figure 2f.

There may be a particular advantage in the placement of the receptor on an aromatic system
such as a phenyl ring, which is typical of those that have been considered experimentally and
computationally in the past. In order to address this issue, the methylamine molecule was covalently
attached to a phenyl group, which is illustrated in Figure 3a. Instead of augmenting the binding, this
attachment had the opposite effect of reducing the binding energy by about 4 kcal/mol, or 10%, which
was noted by the φ-CNSnF3

+ entry in Table 4. It may be noted that this attachment to the phenyl ring
induces a change in the geometry wherein the θ(NSn·Cl) angle decreases by 19◦ from 178.5◦ to 159.8◦

although the R(Sn·Cl) distance remains virtually unchanged. In addition of the attachment to a spacer
such as a phenyl group, the commonly used receptors contain a pair of binding units in a bidentate
arrangement. This sort of structure was mimicked by connecting two CH2NH2SnF3

+ groups onto the
same benzene ring. As illustrated in Figure 3b, the chloride ion occupies a near symmetric position,
which is bound to both Sn atoms. Additionally, one F atom from each of the SnF3 groups swings
around so that they too are symmetrically disposed to the two Sn atoms. As indicated in Table 4, this
bidentate receptor represents an enhancement in the binding with ΔG increasing from 38 kcal/mol
to 46 kcal/mol. On the other hand, given the doubling of the positive charge on this receptor and
the addition of a second tetrel bond, this 20% increase is a rather disappointing increment. Another
reason for disappointment is that the bidentate geometry in Figure 3b has a more linear θ(NSn·F)
angle of 173◦ compared to 160◦ in Figure 3a, which would ordinarily be more conducive to a strong
noncovalent bond.

Figure 3. Geometries of indicated Lewis acids with Cl−. Distances in Å, angles in degs.

Since aromaticity offers little advantage, there is little reason to connect the two SnF3
+ groups

through a phenyl ring spacer. Perhaps a bidentate arrangement in the same spirit could be offered
by a simple set of methylene groups as an alkyl diamine. These systems were designed with varying
numbers n of methylene groups in SnF3

+NH2(CH2)nNH2SnF3
+, permitted to react with Cl− and the

resulting structures are depicted in Figure 4. All have the desired bipodal binding with the Cl nearly
symmetrically disposed toward the two Sn atoms and with similar R(Sn·Cl) distances. The energetic
data in Table 4 indicates that all of these receptors bind more strongly to Cl− than does the original
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receptor φ-(CNSnF3
+)2, i.e., the benzene connector offers no advantage. Of the various size diamine

dications, C5 and C1 are the least favorable and C4 and C2 the most favorable.

Figure 4. Geometries of cyclic F3SnNH2(CH2)nNH2SnF3 dications (Cn) with Cl−. Distances in Å,
angles in degrees.

The structure of each receptor in Figures 3b and 4, with its bidentate binding to the chloride,
may impair the ability of each of the two tetrel bonds from achieving its full potential interaction
energy. For example, the θ(NSn·Cl) bond would naturally incline toward 180◦ but this is not possible
for a number of these complexes. In order to relieve this geometrical stress, the two cations within
the single molecule were separated into a pair of mono-cations. In particular, the Cl− was allowed
to bind to two individual MeNH2SnF3

+ ions and the resulting complex is pictured in Figure 5a.
Despite the geometrical freedom, the two tetrel-bonding groups adopt a geometry very much like
the single-molecule dications. Specifically, the two θ(NSn·Cl) angles in Figure 5a are 166◦ and 157◦,
which is somewhat deviant from linearity. These angles are not very different from those in the C3
and C4 diamines with angles of 157◦ and 160◦, respectively. Additionally, perhaps more to the point,
the freedom granted by the pair of mono-cations does not enhance the binding energy. Table 4 shows
that ΔG is 53.5 kcal/mol, which is even lower than for most of the diamine dications (although ΔE
does profit from a small enhancement). As a last point of interest in this regard, the addition of a
third MeNH2SnF3

+ mono-cation increases the chloride binding but only by a small degree of 24%.
This small increase may be due to steric crowding involving the third tetrel group. As evident in
Figure 5b, the third R(Sn·Cl) distance is 3.745 Å, which is more than a full Å longer than the other two
distances. The close proximity of the tetrel groups in Figure 5 was not imposed since optimizations
were begun with these groups were nearly opposite one another.
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Figure 5. Geometries of Cl− with (a) 2 and (b) 3 CH3NH2SnF3
+ cations. Distances in Å.

3.3. Anions Other than Chloride

The forgoing analysis has been based on Cl− as the universal anion. However, one of the
important roles of a desirable anion receptor is its ability to distinguish among a sea of different
anions. For this purpose, MeNH2SnF3

+ was chosen as the prototype monocationic receptor and the C2

diamine SnF3
+NH2(CH2)2NH2SnF3

+ as dication. Both of these exhibit strong binding to the chloride.
In addition to the four simple halides, other anions chosen for examination, due to their importance
and prevalence, are OH−, NO3

−, and HCO3
−.

The binding energetics collected in Table 5 indicate that OH− engages in the strongest interactions
with either of the cationic receptors. In the case of the monocation, OH− is followed by F− and then by
HCO3

−. The latter two anions reverse places for the dication. There is little to distinguish NO3
− from

the three larger halides whose binding follows the order of increasing size: Cl− > Br− > I−. As was
observed in the earlier cases, ΔE is a bit more negative than ΔG.

Table 5. Energetics (kcal/mol) for interactions between anions and indicated mono and di-cationic
receptors.

Anion ΔG ΔE

MeNH2SnF3
+

F− −64.54 −73.61
Cl− −42.57 −50.76
Br− −38.83 −46.64
I− −36.46 −43.85

OH− −78.62 −89.61
NO3

− −38.46 −52.81
HCO3

− −52.44 −67.65

C2 Diamine Dication: SnF3
+NH2(CH2)2NH2SnF3

+

F− −87.88 −98.36
Cl− −63.30 −71.94
Br− −59.98 −68.20
I− −58.04 −66.09

OH− −112.98 −126.58
NO3

− −64.86 −79.14
HCO3

− −94.46 −109.52

The geometries of the various complexes with the halides are parallel to those for Cl−. The same
may be said of the structures involving OH−, which can be seen in Figure 6. It is the O atoms of NO3

−

and HCO3
− that directly interact with Sn and both are able to engage in bifurcated tetrel bonding with

more than one O atom participating. Nonetheless, despite this possible advantage, it is the OH− anion
with its single O atom that is most strongly bound.
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Figure 6. Geometries of indicated anion with CH3NH2SnF3
+ cation in upper half and

F3SnNH2(CH2)2NH2SnF3
+2 dication in lower half. Distances in Å.

3.4. Comparison of Receptors with Mobile Counterions

In order to extract any anion from solution, a receptor must compete with the anion’s counterions.
K+ was chosen as a typical counter-ion, which might commonly occur. The concentration of the
positive charge on a single atom might be anticipated to forge a very strong ion-ion interaction with
each of the anions mentioned above. However, the binding energetics are comparatively quite small,
which may be seen in Table 6. For example, Cl− binds to K+ with a ΔG of only −1.7 kcal/mol compared
to the very much larger −42.6 kcal/mol for the tetrel-bonding MeNH2SnF3

+. Overall, the latter binds
more strongly to the various anions than does K+ by a factor between 10 and 40. The addition of a
second K+ can be used to compare with the dications. As seen in Table 6, this binding energy is no
more than 10 kcal/mol, which compares with quantities between 60 kcal/mol and 113 kcal/mol for
the dual tetrel bonded systems in Table 5.

Table 6. Energetics (kcal/mol) for interactions between anions and one or two K+ cations.

ΔG ΔE

K+

F− −6.97 −11.73
Cl− −1.72 −5.95
Br− −0.90 −4.97
I− +0.07 −3.85

OH− −6.18 −12.61
NO3

− −1.75 −8.88
HCO3

− −3.85 −10.98

2 K+

F− −10.03 −21.71
Cl− −1.04 −10.56
Br− −0.02 −8.73
I− +1.96 −6.60

OH− −10.07 −21.79
NO3

− −1.95 −15.92
HCO3

− −5.08 −18.82
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These energy differences translate into a tremendous advantage for the tetrel-bonding species
over the simple K+ cations in the capture of these anions. If one expresses this advantage as the
equilibrium constant K = exp(δΔG/RT) where δΔG represents the difference in binding free energy
between the former and the corresponding number of K+ cations. The values obtained are listed in
Table 7 at 25 ◦C. These advantages are very large from a minimum of 1027 all the way up to 1075.
Additionally, the dicationic receptors display a much larger advantage than the mono-cations.

Table 7. Preference of anions for tetrel-bonding species over one or two K+ cations.

Anion Monocation/K+ Dication/2K+

F− 1.4 × 1042 1.0 × 1057

Cl− 8.2 × 1029 3.9 × 1045

Br− 6.0 × 1027 8.2 × 1043

I− 5.7 × 1026 8.7 × 1043

OH− 1.1 × 1053 2.3 × 1075

NO3
− 7.7 × 1026 1.2 × 1046

HCO3
− 3.8 × 1035 2.9 × 1065

3.5. Geometric Deformations of Monomers

It has been observed before [100,101] that substituents surrounding tetravalent tetrel atoms hinder
the unimpeded approach of a nucleophile. If some of the substituents are bulky enough, they may
prevent the formation of a tetrel bond entirely. However, even when smaller substituents are present,
they must be pulled away to make room for the approaching nucleophile, which induces a certain
amount of deformation energy into the Lewis acid molecule. This quantity has been shown to be as
large as 20 kcal/mol and can be even larger [100] than the binding energy itself. This situation occurs
in the tetrel-bonded complexes here as well. From the diagrams of the various complexes, one can see
that the geometry changes around the tetrel atom are not a mere flattening out of the SnF3 group to
accommodate the chloride. It is true that the structure around the Sn atom adjusts from tetrahedral
in the monomer to something more akin to a trigonal bipyramid within the complex. However, the
apices of this bipyramid are not necessarily the C/N atom of the receptor and the Cl. In many of the
optimized structures, these two atoms adopt equatorial positions along with one of the F atoms while
the two remaining F atoms are positioned at the apices.

The deformation energies of the various cationic Lewis acids caused by their complexation with
Cl− are reported in the second column of Table 8 where it may be seen that there is a larger deformation
energy for the first five mono-cations, in which all undergo the greater distortion required to rearrange
so as to place F atoms at the apices. The deformation energies of the latter complexes all exceed
30 kcal/mol while the simpler rearrangements that retain the three F atoms in equatorial positions lie
between 24 kcal/mol and 27 kcal/mol.

Rearrangements of the bipodal receptors are a bit simpler conceptually. The monomers contain
a pair of Sn-F-Sn bridges not unlike the structures of the complexes pictured in the various figures.
Therefore, the bulk of the rearrangement involves that necessary to make the two θ(N-Sn-Cl) angles
as close to linearity as possible. In the φ-(CNSnF3

+)2 dication complex, for example, this angle
differs from linearity by only 6◦, which involves a deformation that requires 45 kcal/mol. The C5

diamine achieves an 8◦ nonlinearity at a cost of only 38 kcal/mol, which suggests a bit more flexibility.
The smaller diamines require a bit less deformation energy even if sacrificing greater nonlinearity:
θ(N-Sn-Cl) = 20◦, 23◦, 34◦, and 45◦, respectively, for C4, C3, C2, and C1 diamines. Note that the binding
energy in the first column of Table 8 does not suffer from this increasing nonlinearity.
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Table 8. Binding, deformation, and interaction energy (kcal/mol) for interactions between Cl− and
indicated receptors.

Receptor ΔE Edef Eint
a

Monocations

ImSnF3
+ −43.54 32.82 b −76.36

N-ImSnF3
+ −49.99 43.40 b −93.39

TriSnF3
+ −41.30 34.33 b −75.63

N-TriSnF3
+ −51.67 30.36 b −82.03

N-cycloSnF3
+ −51.76 33.30 b −85.06

N-linSnF3
+ −49.53 24.18 −73.71

CNSnF3
+ −50.76 24.52 −75.28

φ-CNSnF3
+ −46.43 27.15 −73.58

Dications

φ-(CNSnF3
+)2 −54.83 44.98 −99.81

C5 diamine −62.76 38.47 −101.23
C4 diamine −73.11 27.88 −100.99
C3 diamine −70.52 31.85 −102.37
C2 diamine −71.94 29.13 −101.07
C1 diamine −62.73 36.88 −99.61

a Eint = ΔE − Edef; b two F atoms at apices of trigonal bipyramid in complex.

When the deformation energy is added to the total binding energy ΔE, the resulting Eint represents
the interaction between Cl− and the Lewis acid, once it has been deformed to the geometry, it adopts
within the context of the full dimer. These quantities in the last column of Table 8 are quite large.
They lie in the range of 73 kcal/mol to 93 kcal/mol for the mono cations especially large for N-ImSnF3

+

wherein the SnF3 group is attached to the N atom of imidazolium. Eint is even larger for the dications
where it hovers consistently around 100 kcal/mol. Note that the interaction energy of Cl− with
a pre-deformed dicationic chelator, like the binding energy, remains quite a bit smaller than twice
the analogous quantity for the monocations. These tetrel bond energies cannot be considered as
simply additive.

4. Discussion

Of the various tetrel atoms tested, Sn forms the strongest interactions with a chloride anion, which
is followed closely by Pb. The tetrel bond is strongly enhanced when the TH3 group is perfluorinated
to TF3. The interaction is further strengthened if the molecule containing the tetrel atom is endowed
with a full positive charge. With this information as a starting point, the imidazolium group to
which the SnF3 group is attached was varied in a methodical way to see if there were any ways to
improve the binding. Binding is improved if this group is covalently attached to a Nitrogen atom of
imidazolium rather than Carbon. On the other hand, replacement of imidazolium by triazolium had a
slight weakening effect even though the tetrel bond is enhanced if the point of attachment is changed
from C to N. The aromaticity of either of these two groups seems irrelevant since the replacement of
imidazolium by its fully saturated five-membered ring analogue has no deleterious effect on the tetrel
bond. Nor is the cyclic structure important, the binding is scarcely affected when a linear chain is used
instead. The length of this chain on the N atom connection to SnF3 is unimportant as well since its
shortening from n-butyl to a simple methyl group produces only a small enhancement. There seems
little advantage in placing this amine group on a phenyl connector since doing so weakens the tetrel
bond by perhaps 10%.

A chelating arrangement whereby the Cl− forms tetrel bonds to two SnF3 groups simultaneously
increases the total binding energy but by far less than a factor of two. For example, placing two
CH3NH2SnF3

+ groups on the phenyl ring produces only a magnification of the total binding energy
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by 21% when compared to that of a single such tetrel-bonding group. The size of this increase is not a
result of geometric distortion since both θ(NSn·Cl) angles lie within 6◦ of linearity within this clathrate
structure. Replacing the rigid phenyl ring by a more flexible (CH2)n alkane chain improves the overall
binding regardless of the length of this chain. The optimal length appears to be n = 2. Placing the two
SnF3 groups onto two separate molecules does not result in a stronger interaction, which suggests
that steric constraints within the single dication molecule are not a detrimental factor. Just as adding
a second group resulted in a magnification of only 1.2, a third such cation increases the binding free
energy by the same factor. The modesty of the enhancement arising from a doubling of the positive
charge on the receptor echoes recent [99,102] experimental findings.

It is worth reiterating that a very recent work [79] suggested that Cl− is an excellent choice as
the test anion since its calculated binding to a series of Lewis acids mimics the experimental trends
arising from NMR measurements. While the binding of Cl− is just a bit stronger than the larger halides
as well as NO3

−, HCO3
− binds more strongly to the MeNH2SnF3

+ monocation. The smaller size of
F− with its concentrated negative charge leads to a larger binding free energy and OH− even more
so. The calculated trend of diminishing binding that accompanies the increasing size of the halide
is consistent with experimental findings [99]. These same trends are in evidence when these anions
engage in a bifurcated tetrel bond with a uni-molecular SnF3

+NH2(CH2)2NH2SnF3
+ dication even

though the magnitudes are larger. These differences in binding energy can result in highly selective
receptors. For example, the 24 kcal/mol difference in ΔG binding of F− over Cl− in Table 5 translates
to a 1017 equilibrium preference of the former over the latter. Even smaller differences in ΔG reflect
substantial selectivity. The 3.4 kcal/mol advantage of Cl− over Br− yields a 300-fold equilibrium
ratio. However, the very strong binding of OH− might preclude the use of these receptors in basic
environments where hydroxide would likely displace other anions.

In order to preferentially bind with an anion in solution, a receptor must successfully compete
with counterions. The tetrel-bonding receptors examined here are extremely effective in this regard.
Their binding energies with the various monoanions are much greater than those of K+ counterions
despite the ability of the latter to move freely around each anion. The preference of any given anion
for the monocationic tetrel-bonding receptors, over a K+ counterion, expressed as an equilibrium ratio,
varies between 1027–1053. This preference is even larger for the dications when compared to a pair of
K+ counterions, which rise up to as high as 1075.

It will be observed that both Gibbs free energy (ΔG) and electronic energy (ΔE) has been provided
for all of the complexation reactions here. The former corrects the latter for zero-point vibrational
energies as well as entropic effects. The latter additions make ΔG less negative than ΔE, but the
discrepancy is fairly uniform and is typically on the order of 7–10 kcal/mol, which is a bit larger for
the dications. As an end result, both energetic quantities obey similar trends.

It should be stressed that the self-consistent reaction field approach used here to model immersion
in a solvent represents only an approximation of the full solvation effects. This model treats the
solvent as a dielectric continuum that reacts to, and stabilizes, the charge distribution within the solute
in an iterative manner. In doing so, it essentially averages over the many configurations that the
solvent molecules will adopt over the course of a measurement. However, specific interactions of any
individual solvent molecule with the solute are not explicitly evaluated. For this reason, the calculated
energetics in water should be treated as only approximations. Nonetheless, this procedure has the
virtue of providing some measure of the relative stabilization caused by immersing the solute in the
solvent milieu. The trends in the data that emerge are likely realistic and differences from one system
to the next of more than a few kcal/mol can be treated as meaningful. For example, the very large
equilibrium ratios in Table 7 between the preference of each anion for a tetrel-bonding receptor vs K+

counterions are very unlikely to be reversed if other means of estimating solvation are employed.
Due to the high dielectric constant of water, solvation has quite a large impact on the binding

energies. Taking the ImGeTH3 complex with Cl− as an example, the interaction energy in water of
−1.9 kcal/mol rises to −14.6 kcal/mol in vacuo. The effect on the charged ImGeTF3

+ receptor is even
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more extreme since ΔE grows from −32.1 kcal/mol to −144.4 kcal/mol. Very similar increases are
observed in ΔG. One may also consider how solvation contributes to the huge advantage that the
tetrel-bonding receptors enjoy over K+ in the competition for an anion. Table 6 indicates a very weak
interaction between K+ and Cl− in water with ΔG of only −1.72 kcal/mol, which is a major factor in the
advantage of the tetrel-bonding receptor in the competition for this anion. The situation in the gas phase
leads to much larger binding energies. Without the very substantial solvation energy of the cation,
ΔG is greatly enlarged to −113.1 kcal/mol in vacuo. Taking the tetrel-bonding MeNH2SnF3

+ cation as a
counterpoint, its binding energy with Cl− of −42.57 kcal/mol in water increases to −181.1 kcal/mol in
vacuum, which is an even larger increment. As a result, the 41 kcal/mol advantage that MeNH2SnF3

+

holds over K+ in solution is increased to 68 kcal/mol without the moderating influence of water.
Therefore, one may surmise that the stronger binding of tetrel-bonding species when compared to a
small and compact counterion is intrinsic and is not an artifact of the solvation phenomena.

The reason for this reduced advantage in water derives from the solvation energies of the
individual species. For exemplary purposes, one may consider the interactions of Cl− with both
MeNH2SnF3

+ and K+. Considering first the monomers, the solvation energy of K+ is larger by
9 kcal/mol than that of MeNH2SnF3

+ due to its smaller size and more compact charge. A similar
advantage accrues to the K+·Cl− ion pair vs. the larger tetrel-bonded complex where it increases by
24 kcal/mol. This greater stabilization advantage of the K+·Cl− complex vs the separate ions increases
its binding energy relative to the MeNH2SnF3

+ analogue. The net result is that the lesser binding
energy of K+ vs the tetrel bond in the gas phase is reduced by 15 kcal/mol in water.

It might finally be remarked that some of these interactions between the receptor and the anion
are quite strong since they are in excess of 50 kcal/mol. When combined with the rather short R(Sn·X)
distances, it would be legitimate to refer to many of these interactions as bordering on covalent with the
Sn atom adopting a hyper-valent bonding character. The arrangement of the atoms around the Sn atom
in Figure 2, for example, might best be described as pentavalent trigonal bipyramidal. An octahedral
hexavalent environment, albeit a distorted one, could be invoked for a number of the bipodal receptors,
which is shown in Figure 4.

In conclusion, tetrel bonding offers a highly attractive way of forming strong complexes with
anions that can easily extract these anions from an aqueous environment containing counter-ions.
The -SnF3 group is particularly effective in this regard especially when the receptor contains a positive
charge. A bipodal dicationic receptor has advantages over a mono-cation that can engage in only a
single tetrel bond. It is hoped that the ideas presented here may guide researchers in the synthesis and
testing of improved anion receptors.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Geometries, equilibrium dissociation energies (De), and intermolecular stretching, quadratic
force constants (kσ) are presented for the complexes B· · ·CO2, B· · ·N2O, and B· · ·CS2, where B is
one of the following Lewis bases: CO, HCCH, H2S, HCN, H2O, PH3, and NH3. The geometries and
force constants were calculated at the CCSD(T)/aug-cc-pVTZ level of theory, while generation of
De employed the CCSD(T)/CBS complete basis-set extrapolation. The non-covalent, intermolecular
bond in the B· · ·CO2 complexes involves the interaction of the electrophilic region around the C atom
of CO2 (as revealed by the molecular electrostatic surface potential (MESP) of CO2) with non-bonding
or π-bonding electron pairs of B. The conclusions for the B· · ·N2O series are similar, but with small
geometrical distortions that can be rationalized in terms of secondary interactions. The B· · ·CS2

series exhibits a different type of geometry that can be interpreted in terms of the interaction of
the electrophilic region near one of the S atoms and centered on the C∞ axis of CS2 (as revealed
by the MESP) with the n-pairs or π-pairs of B. The tetrel, pnictogen, and chalcogen bonds so
established in B· · ·CO2, B· · ·N2O, and B· · ·CS2, respectively, are rationalized in terms of some simple,
electrostatically based rules previously enunciated for hydrogen- and halogen-bonded complexes,
B· · ·HX and B· · ·XY. It is also shown that the dissociation energy De is directly proportional to the
force constant kσ, with a constant of proportionality identical within experimental error to that found
previously for many B· · ·HX and B· · ·XY complexes.

Keywords: intermolecular force constants; dissociation energies; CCSD(T)/aug-cc-pVTZ calculations;
non-covalent bonds

1. Introduction

Investigation, both experimentally and theoretically, of non-covalent interactions among
molecules is a topic of rapidly increasing interest. The hydrogen bond, known for almost a century,
is of fundamental importance in chemistry and biology. The halogen bond is a weak interaction,
in which interest within both disciplines grew rapidly in the last two decades. Modern definitions of
the hydrogen bond [1] and the halogen bond [2], made under the auspices of the International
Union of Pure and Applied Chemistry (IUPAC), arose naturally from the increased activity.
Tetrel bonds, pnictogen bonds, and chalcogen bonds, close relatives of hydrogen and halogen bonds,
were recognized as weak, non-covalent interactions in both the gas phase [3] and condensed phase [4]
for several decades, but were named only in 2013 [5], 2011 [6], and 2009 [7], respectively. A task group
set up by the IUPAC is currently working on the definitions of these three, newly named interactions
(see: https://iupac.org/projects/project-details/?project_nr=2016-001-2-300).
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It is now widely accepted [2,3,8] that each of these non-covalent bonds arises mainly from the
interaction of an electrophilic region associated with an atom of the element E (where E is hydrogen,
a halogen, or an element of group 14, 15, or 16) with the nucleophilic region (e.g., a non-bonding or
π-bonding electron pair) in another molecule or the same molecule. Electrophilic and nucleophilic
regions can be identified via the electrostatic potential near to the appropriate regions of the
molecules [9]. A convenient modern and readily available way of identifying such regions is the
molecular electrostatic surface potential (MESP), which is the potential energy of a non-perturbing,
unit-positive point charge at the iso-surface on which the electron density is constant [10], and it is
usually expressed as 0.00n e/bohr3 (n = 2 here).

The closely related molecules CO2, N2O, and CS2 form a series of interest in the context of
non-covalent bonding. Each provides an electrophilic site by means of which either tetrel, pnictogen,
or chalcogen bonds, respectively, could be formed. Both CO2 and CS2 are non-dipolar; thus, the molecular
electric quadrupole moment is the first non-zero term in the expansion of the electric charge distribution;
however, this moment is of opposite sign in the two molecules [11,12]. For CO2, the sign corresponds to
the partial charge description δ−O = 2δ+C = Oδ−, while, for CS2, the reverse arrangement δ+S = 2δ−C =
Sδ+ is implied. These charge distributions can be readily identified in the MESPs shown for each molecule
(calculated at the 0.002 e/bohr3 iso-surface) in Figure 1, which shows side-on and end-on views of the
MESPs of CO2, N2O, and CS2. Accordingly, we expect CO2 to form tetrel bonds perpendicular to its C∞

axis, via the electrophilic (blue) region at the C atom, with, e.g., the n-pair of a Lewis base. Conversely,
CS2 is likely to form chalcogen bonds via the electrophilic (blue) region that lies at each S atom and is
centered on the C∞ axis. Clearly, the charge distributions of CO2 and N2O, as represented by their MESPs
in Figure 1, are very similar, as are the signs and magnitudes of their electric quadrupole moments [11,13];
however, N2O also has a small electric dipole moment. Nitrous oxide is, therefore, expected to form a
complex with a given Lewis base of similar geometry to that of its carbon dioxide counterpart, but with
small distortions resulting from the lower symmetry and the non-zero electric dipole moment in the case
of N2O.

It this article, we present the geometries and interaction strengths of complexes of the
type B· · ·CO2, B· · ·CS2, and B· · ·N2O for the series of Lewis bases, B = CO, HCCH, H2S,
HCN, H2O, PH3, and NH3, as calculated ab initio at the CCSD(T)/aug-cc-pVTZ level of theory.
The geometries so calculated can be compared with those established experimentally via gas-phase
rotational or vibration–rotation spectra for some, but not all, of the complexes B· · ·CO2 [14–21]
and B· · ·N2O [21–29]; however, data for B· · ·CS2 are sparse [30]. The interaction strength can be
described in two possible ways. The first is the energy required for the reaction B· · ·CO2 = B + CO2,
that is, the equilibrium dissociation energy De. The second is the intermolecular quadratic stretching
force constant kσ, which is proportional to the energy required for a unit infinitesimal displacement
from equilibrium along the dissociation coordinate. It was shown elsewhere for hydrogen-bonded
complexes B· · ·HX and halogen-bonded complexes B· · ·XY (X and Y are halogen atoms) that De is
directly proportional to kσ, with a constant of proportionality of 1.5(1) × 10−3 m2·mol−1, whether kσ
is obtained experimentally [31] from centrifugal distortion effects in the rotational spectra of the
complexes or calculated ab initio [32].

Given the definitions of hydrogen and halogen bonds in terms of the interaction of nucleophilic
regions of Lewis bases B with electrophilic regions near the atoms H of HX and X of XY, the aim of
the work presented here is to examine by means of ab initio calculations (1) whether the complexes
B· · ·CO2, B· · ·N2O, and B· · ·CS2 involve tetrel, pnictogen, and chalcogen bonds, respectively, and (2)
whether there is direct proportionality of De and kσ for these complexes, and, if so, does the constant
of proportionality found for hydrogen- and halogen-bonded complexes B· · ·HX and B· · ·XY also hold
in these non-covalent bonds.
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Figure 1. Molecular electrostatic surfaces potential (MESPs) for carbon dioxide, nitrous oxide, and
carbon disulfide calculated for the 0.002 e/bohr3 iso-surface at the MP2/6-311++G** level.

2. Theoretical Methods

We present here equilibrium geometries and values of De and kσ (defined earlier) calculated
ab initio for the members of three series of complexes, namely the series of B· · ·CO2, B· · ·N2O,
and B· · ·CS2, where B is one of the simple Lewis bases, CO, HCCH, H2S, HCN, H2O, PH3, or NH3.
The geometry optimizations and the calculations of kσ were conducted at the CCSD(T)/aug-cc-pVTZ
level of theory [33,34]. To evaluate kσ, the energy E(re) at the equilibrium geometry was first obtained,
and the energy E(r) was then scanned for ±20 pm about the appropriate equilibrium intermolecular
distance re in increments (r − re) = 5 pm with optimization in all internal coordinates but r at each
point. The curve of E (r − re) as a function of (r − re) was fitted to a third-order polynomial in
(r − re), and the second derivative was evaluated at r = re to yield the quadratic force constant

kσ =
(

∂2E(r)
∂r2

)
r=re

, which is the curvature at the minimum. All curves used in the evaluation of

all kσ presented here are available as supplementary information, as are the optimized geometries.
Figure 2 shows a plot of E (r − re) versus (r − re) for the complex H3N· · · S=C=S, which is predicted
by the ab initio calculations to possess C3v symmetry at equilibrium, with the linear CS2 molecule
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lying along the C3 axis of NH3, and therefore, with the inner S atom participating in a chalcogen
bond to the n-electron pair of ammonia. Values of De with better accuracy were obtained using
the method of extrapolation to a complete basis set [35] (CCSD(T)/CBS energy). For this purpose,
the HF/aug-cc-pVnZ//CCSD(T)/aug-cc-pVTZ energies, with n = D, T, and Q, for the HF contribution
and the CCSD(T)/aug-cc-pVn’Z//CCSD(T)/aug-cc-pVTZ, with n’ = T and Q, for the correlation part
were obtained for each system [36]. Finally, De was obtained as the difference of the CCSD(T)/CBS
energy of the monomers and the complex. All the ab initio calculations were performed with the
MOLPRO-2012 program [37]. The Z-matrices for optimized geometries are available as supplementary
information. The molecular electrostatic surface potentials were generated using of the SPARTAN
electronic structure package [38] at the MP2/6-311++G** level for CO2, N2O, CS2, and PH3.

Figure 2. The variation in E (r − re) with r − re, used to calculate the intermolecular quadratic force
kσ (the curvature at the minimum) for H3N· · · S=C=S at the CCSD(T)/aug-cc-pVTZ level of theory.
The curve is a third-order polynomial fit to the calculated points (R2 of fit = 0.9998). The polynomial
was differentiated twice to obtain kσ.

3. Results

3.1. Geometries of the B· · ·CO2, B· · ·N2O, and B· · ·CS2 Complexes

Molecular diagrams showing the equilibrium geometry (drawn to scale) of each member of
the B· · ·CO2 series, where B = CO, HCCH, H2S, HCN, H2O, PH3, and NH3, are shown in Figure 3.
The calculated (equilibrium) intermolecular distances are recorded in Table 1, together with their
experimental counterparts (where the latter are available). The experimental distances were determined
from microwave or high-resolution infrared spectroscopy conducted on supersonically expanded gas
mixtures composed of the two component molecules diluted in an inert gas. The molecular shapes
and intermolecular distances are, in each case, in reasonable agreement with those from experiment.
It should be noted that the experimental distances are, in most cases, of the r0 type, but are corrected
for the contributions of the angular oscillations of the two components to the zero-point motion.
There is no correction for the intermolecular radial contribution, however, and this normally leads to
r0 distances that are greater than the calculated equilibrium values. For the very floppy molecules
considered here, the r0 values are greater by the order of 0.05 to 0.1 Å.
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Table 1. Calculated and observed intermolecular distances in B· · ·CO2 complexes.

Complex
Intermolecular Distance/Å (Obs. − Calc.)/Å

Calculated Ab Initio a Observed

OC· · ·CO2 r(C· · ·C) = 3.189 3.277(1) b 0.088(1)
HCCH· · ·CO2 r(π center· · ·C) = 3.201 3.285(3) c 0.084(3)

HCN· · ·CO2 (T-shaped) r(N· · ·C) = 2.962 2.99(2) d 0.03(2)
CO2· · ·HCN (linear) r(O· · ·H) = 2.236 2.34 e 0.11

H3N· · ·CO2 r(N· · ·C) = 2.922 2.9875(2) f 0.066
H2O· · ·CO2 r(O· · ·C) = 2.758 2.836 g 0.078
H2S· · ·CO2 r(S· · ·C) = 3.425 3.449(1) h 0.024(1)
H3P· · ·CO2 r(P· · ·C) = 3.528 · · · · · ·

a See Figure 3 for the molecular diagrams (to scale) of the B· · ·CO2 complexes. b Reference [14]; c Reference [17];
d Reference [15,16]. e The distance reported here is the rs value from Reference [39]; f Reference [20]; g Reference [19];
h Reference [18].

Table 2. Calculated and observed intermolecular distances in B· · ·N2O complexes.

Complex
Intermolecular Distance/Å (Obs. − Calc.)/Å

Calculated Ab Initio a Observed

OC· · ·N2O r(C· · ·Ncenter) = 3.176 3.36(1) b 0.18
HCCH· · ·N2O r(πcenter· · ·Ncenter) = 3.201 3.296 c 0.095(1)

HCN· · ·N2O (T-shaped) r(C· · ·Ncenter) = 3.002 · · · · · ·
HCN· · ·N2O (parallel) r(C· · ·Ncenter) = 3.271 3.392 d 0.121

H3N· · ·N2O r(N· · ·Ncenter) = 3.021 3.088 e 0.067
H2O· · ·N2O r(O· · ·Ncenter) = 2.855 2.97(2) f 0.11(2)
H2S· · ·N2O r(S· · ·Ncenter) = 3.444 · · · · · ·
H3P· · ·N2O r(P· · ·Ncenter) = 3.479 · · · · · ·

a See later for the molecular diagrams (to scale) of the B· · ·N2O complexes. b rs value estimated from data in
Reference [24] is almost certainly an overestimate, as bN is very small, and therefore, severely underestimated.
c References [26,27]; d Reference [25]; e Reference [29]; f Reference [28].

It is clear from Figure 3 that the intermolecular bond is a tetrel bond in the sense that it involves
the electrophilic region around C (the blue band that surrounds the C atom in the MESP of CO2

shown in Figure 1) and either a non-bonding electron pair or a π-bonding electron pair as the
nucleophilic site of the Lewis base B. In fact, the axis of the non-bonding electron pair coincides
with the extension of the radius of the circle that defines the most electrophilic band around C in
each of OC· · ·CO2, HCN· · ·CO2, H3N· · ·CO2, and H2S· · ·CO2, given that the n-pairs on S in H2S
lie at ~±90◦ to the plane of the H2S nuclei, as established from earlier work on H2S· · ·HX and
H2S· · ·XY (X and Y are halogen atoms) [9,40]. The fact that the ab-initio-derived configuration at
O in H2O· · ·CO2 is planar is not inconsistent with this conclusion. It was found for all H2O· · ·HX
and H2O· · ·XY [9,40] investigated through rotational spectroscopy and/or ab initio calculations that,
although the equilibrium configuration at O is non-planar, the barrier to planarity is low and lies below
the zero-point energy level in most cases. The configuration is, therefore, rapidly inverting in the
zero-point state and the molecule is effectively planar. For an interaction as weak as that in H2O· · ·CO2,
the barrier will probably be non-existent, as it is in H2O· · · F2 [41], for example. Some rules put forward
originally for hydrogen-bonded complexes B· · ·HX [9] and halogen-bonded complexes B· · ·XY [40]
can be easily modified to allow the geometries of the tetrel-bonded complexes shown in Figure 3 to be
predicted. Thus, the modified rules become:
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Figure 3. Molecular models drawn to scale of the geometries of B· · ·CO2 complexes calculated
at the CCSD(T)/aug-cc-pVTZ level of theory, where B = CO, HCCH, HCN, NH3, H2O, H2S,
and PH3 (a–g, respectively). Not shown is the linear, hydrogen-bonded isomer CO2· · ·HCN, which is
1.5 kJ·mol−1 higher in energy than the form in ©.

The equilibrium geometry of tetrel-bonded B· · ·CO2 complexes can be predicted by assuming that a radius
of the most electrophilic ring around the C atom of CO2 coincides with either (1) the axis of a non-bonding
electron pair carried by B, or (2) the local symmetry axis of a π-bonding electron pair of B.

That is, in the original rules, “hydrogen-bonded complexes B· · ·HX” is replaced by “tetrel-bonded
complexes B· · ·CO2”, and “the axis of HX” is replaced by “a radius of the most electrophilic ring
around the C atom of CO2”.

The case of H3P· · ·CO2 appears to be an exception to the rules, because the intermolecular bond
does not lie exactly along the C3 axis of phosphine. The reason for this becomes clear when the MESP
of phosphine, shown in Figure 4, is examined. Approximately opposite the extension of each P–H
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bond is an electrophilic (blue) region which can interact with the nucleophilic (yellow-green) band
around O of CO2 (see Figure 1). This secondary interaction is, in fact, a pnictogen bond, and it is
responsible for the distortion found in Figure 3g.

 

Figure 4. Molecular electrostatic surface potentials (MESPs) for phosphine calculated for the
0.002 e/bohr3 iso-surface at the MP2/6-311++G** level. The surface in the right-hand diagram is
cut away to reveal both the electrophilic (blue) regions near P on approximately the extension of the
H–P bonds, and the nucleophilic (red dot) region on the C3 axis.

The molecular geometries calculated ab initio for the corresponding B· · ·N2O series are illustrated
in Figure 5, and each has a similar, but not identical, shape to that of the corresponding member of the
B· · ·CO2 series, with the central N atom of N2O acting as the primary electrophilic site. The lower
symmetry of N2O compared with that of CO2 means, however, that the B· · ·N2O complexes necessarily
have lower symmetry and that secondary interactions become more important. The geometries shown
in Figure 5 can be understood in terms of the rule set out in the preceding paragraph, that is, with the
primary interaction involving the electrophilic (blue) band on the central N atom of N2O with the
n-pair or π-pair on the Lewis base B, but modified to allow a secondary interaction of the electrophilic
region of B (i.e., C or H of HCN, H of HCCH, H of NH3, H of H2O, H of PH3, or H of H2S) with
the nucleophilic region at O in N2O (see Figure 1, end-on view).The conclusions for B· · ·CO2 and
B· · ·N2O are, therefore, consistent with the previously noted similarity of the MESPs of CO2 and N2O
displayed in Figure 1. The molecular shapes shown in Figure 5 correspond closely to those that are
available experimentally (see Reference [3] for a convenient collection of experimentally determined
shapes). The ab initio and experimental (where available) intermolecular distances for each B· · ·N2O
complex are included in Table 2.

Two geometries are given for HCN· · ·N2O in Figure 5. Both correspond to minima in the energy,
but are separated in energy by only 0.03 kJ·mol−1 at the CCSDT(T)/aug-cc-pVTZ level of theory
and 0.45 kJ·mol−1 at the CCSD(T)/CBS level, with the parallel form (Figure 5c) lower in energy
than the nearly perpendicular form (Figure 5b) in both cases. It is of interest to note that Miller and
co-workers [25] found two isomers of this complex in their investigation of the high-resolution infrared
spectrum of (N2O, HCN) in a supersonically expanded gas mixture of the components diluted in
helium. One was a parallel form (four such arrangements of N2O and HCN were consistent with
their observed rotational constants, including that found here by ab initio calculation), while the other
was a hydrogen-bonded, linear isomer N=N=O· · ·HCN; however, these authors did not observe
the T-shaped isomer shown in Figure 5b. Our calculations at the CCSD(T)/CBS level find the
linear, hydrogen-bonded form N=N=O· · ·HCN to be higher in energy than the parallel isomer by
1.5 kJ·mol−1. This observation suggests that, while the T-shaped isomer relaxes to the parallel form in
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the supersonic expansion, the higher-energy, hydrogen-bonded, linear isomer does not. Both linear,
hydrogen-bonded [39,42] and T-shaped, tetrel-bonded [15,16] isomers of (CO2, HCN) were observed
experimentally. At the CCSD(T)/CBS level, O=C=O· · ·HCN is found to be 1.3 kJ·mol−1 higher in
energy than the T-shaped isomer, in agreement with the experimental conclusions.

We emphasized in the introduction that the MESP of carbon disulfide is different from those
of CO2 and N2O in that the most electrophilic (blue) site of CS2 lies on the C∞ axis at the surface
of each S atom (see Figure 1). As is clear from Figure 6, which displays the geometries of seven
B· · ·CS2 complexes calculated at the CCSD(T)/cc-aug-pVTZ level of theory, all complexes but
H3P· · ·CS2 do indeed involve a chalcogen bond formed by the axial electrophilic region at one
of the S atoms of CS2 with an n- or π-electron pair of the Lewis base B. The calculated intermolecular
distances are collected in Table 3. To the best of our knowledge, only H2O· · ·CS2 was investigated
by means of its rotational spectrum [30]. The resulting value of r(O· · · S) is included in Table 3.
The angular geometries of the B· · ·CS2 complexes displayed in Figure 6 can also be predicted by the
rules set out elsewhere for hydrogen-bonded complexes B· · ·HX [9] or halogen-bonded complexes
B· · ·XY [40], if they are modified by replacing, for example, “hydrogen-bonded complexes B· · ·HX”
by “chalcogen-bonded complexes B· · ·CS2” and the “HX axis” by “C∞ axis of CS2” in the wording
(see earlier). We note that there is a planar configuration at O found theoretically (see Figure 6) and
experimentally [30] for H2O· · ·CS2, rather than the pyramidal configuration predicted by the rules.
The explanation for this difference is identical to that given earlier for H2O· · ·CO2. On the other
hand, the configuration at S in H2S· · ·CS2 is strongly pyramidal, with the intermolecular bond making
an angle of approximately 90◦ with the plane of the H2S nuclei, as found for almost all H2S· · ·HX
and H2S· · ·XY complexes so far investigated [40]. However, there is a significant non-linearity of the
S· · · S=C nuclei. A possible reason for this non-linearity is that the intermolecular bond is very weak
(De = 5.28 kJ·mol−1

, see Section 3.2) and the pair of equivalent electrophilic H atoms can undergo a
secondary interaction with the weakly nucleophilic (yellow-green) region of CS2 (see the MESP of
CS2 in Figure 1). The geometry of H3P· · ·CS2 involves a pnictogen bond and can be understood by
reference to the MESP of phosphine in Figure 4. It seems that the primary interaction here involves
one of the electrophilic (blue) regions near to P and approximately on the extension of each P–H bond
(as seen in the cutaway version of the phosphine MESP in Figure 4) with the nucleophilic (yellow-green)
region of CS2. Evidently, this interaction is stronger than that of the terminal electrophilic (blue) region
at S with the n-electron pair of phosphine (the red spot in the cutaway version of the MESP in Figure 4),
leading to a primary P pnictogen bond.

Table 3. Calculated and observed intermolecular distances in B· · ·CS2 complexes.

Complex
Intermolecular Distance/Å (Obs. − Calc.)/Å

Calculated Ab Initio a Observed

OC· · ·CS2 r(C· · · S) = 3.616 · · · · · ·
HCCH· · ·CS2 r(πcenter· · · S) = 3.568 · · · · · ·
HCN· · ·CS2 r(N· · · S) = 3.285 · · · · · ·
H3N· · ·CS2 r(N· · · S) = 3.304 · · · · · ·
H2O· · ·CS2 r(O· · · S) = 3.132 3.197 b 0.065
H2S· · ·CS2 r(S· · · S) = 3.773 · · · · · ·
H3P· · ·CS2 r(P· · · S) = 3.798 · · · · · ·

a See Figure 6 for the molecular diagrams (to scale) of the B· · ·CS2 complexes. b Reference [30].
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Figure 5. Molecular models drawn to scale of the geometries of B· · ·N2O complexes calculated
at the CCSD(T)/aug-cc-pVTZ level of theory, where B = CO, HCN, HCCH, NH3, H2O, PH3,
and H2S (a–h, respectively; note that there are two models shown for HCN complexes). When B
= HCN there are three low-energy conformers: the slipped parallel form at the global minimum,
the T-shaped isomer higher in energy by only 0.03 kJ·mol−1, and a linear, hydrogen-bonded conformer
N2O· · ·HCN (not shown) higher in energy by 1.3 kJ·mol−1 (see text for discussion).
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Figure 6. Molecular models drawn to scale of the geometries of B· · ·CS2 complexes calculated at
the CCSD(T)/aug-cc-pVTZ level of theory, where B = CO, HCCH, HCN, NH3, H2O, PH3 and H2S
(a–g, respectively).

3.2. The Relationship between De and kσ in the B· · ·CO2, B· · ·N2O, and B· · ·CS2 Series

It was established [31] for a wide range of hydrogen-bonded complexes B· · ·HX (X = F, Cl, Br,
or I) and halogen-bonded complexes B· · ·XY (X and Y are halogen atoms) that their dissociation
energies De (as calculated ab initio at the CCSD(T)(F12c)/cc-pvdz-F12 level of theory) are directly
proportional to their intermolecular stretching force constants kσ (as determined experimentally from
centrifugal distortion constants DJ or ΔJ obtained by measuring rotational spectra). The constant of
proportionality was found to be 1.5(1) × 103 m2·mol−1. Later, it was shown for the B· · ·HF, B· · ·HCl,
B· · · F2, B· · ·Cl2, and B· · ·ClF series, where B is a Lewis base, N2, CO, HCCH, C2H4, HCN, H2S, H2O,
PH3, or NH3, that the same constant of proportionality applies [32] when kσ was calculated ab initio
at the CCSD(T)/aug-cc-pVTZ level of theory and De was obtained via a CCSD(T)/CBS calculation,
where CBS indicates a complete basis-set extrapolation using the aug-cc-pVnZ (n = T and Q) basis
sets. The opportunity is taken here to investigate the corresponding relationship for the tetrel-bonded
B· · ·CO2 complexes, the pnictogen-bonded B· · ·N2O complexes, and the chalcogen-bonded B· · ·CS2

complexes for the series of Lewis bases, B = CO, HCCH, H2S, HCN, H2O, PH3, and NH3, when both
kσ and De are calculated in the same way as described in Reference [32].
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Values of De and kσ so determined are recorded in Table 4, while Figure 7 shows a plot of De

as the ordinate and kσ as the abscissa for the B· · ·CO2, B· · ·N2O, and B· · ·CS2 series investigated
here, with color coding of the points as red, blue, and yellow, respectively. For consistency with
HCN· · ·CO2, of the isomers of HCN· · ·N2O, only the data for the T-shaped form are included in
Table 4 and Figure 7. The calculation of kσ for the parallel isomer of N2O· · ·HCCH was prevented
by convergence problems, as well as for H2S· · ·N2O because, as the N· · · S distance was varied,
there was a switch to the hydrogen-bonded arrangement N2O· · ·HSH. H3P· · ·CS2 was excluded
because it does not involve a chalcogen bond, unlike the remaining B· · ·CS2 complexes. The results
of a linear regression fit of the points in Figure 7 are as follows: gradient = 1.44(20) × 103 m2·mol−1

and intercept on the ordinate = −0.32(124) kJ·mol−1. Thus, within the errors of the fit, De and kσ are
directly proportional, and the slope of the regression line agrees with those found previously for the
B· · ·HF and B· · ·HCl series, and for the halogen-bonded series B· · · F2, B· · ·Cl2, and B· · ·ClF [32]
when calculations were conducted at identical levels of theory, namely 1.38(7) × 103 m2·mol−1

and 1.49(5) × 103 m2·mol−1, respectively. Plots of De versus kσ using De values calculated at the
CCSD(T)(F12c)/cc-pVDZ-F12 level of theory and experimentally available kσ [31], but with many
more complexes in each of these two classes, gave almost identical slopes of 1.52(3) × 103 m2·mol−1

and 1.47(3) × 103 m2·mol−1, respectively. Evidently, the same relationship between De and kσ
holds for hydrogen-bonded complexes B· · ·HX, halogen-bonded complexes B· · ·XY, the tetrel-bonded
complexes B· · ·CO2, the pnictogen-bonded complexes B· · ·N2O, and the chalcogen-bonded complexes
B· · ·CS2. This fact is visually established by the plot of De versus kσ shown in Figure 8. The figure
includes all B· · ·HF, B· · ·HCl, B· · · F2, B· · ·Cl2, and B· · ·ClF complexes reported in Reference [32]
and all the B· · ·CO2, B· · ·N2O, and B· · ·CS2 complexes included in Figure 7. Both sets of series were
calculated in the same way, i.e., CCSD(T)/aug-cc-pVTZ for kσ and CCSD(T)/CBS for De. The linear
regression fit for all these data leads to 1.40(4) × 103 m2·mol−1 for the slope and −0.42(46) kJ·mol−1

for the intercept.

Table 4. Intermolecular dissociation energies De and quadratic force constants kσ for B· · ·CO2,
B· · ·N2O, and B· · ·CS2 complexes.

Lewis Base B
B· · ·CO2 B· · ·N2O B· · ·CS2

De/kJ·mol−1 kσ/(N·m−1) De/kJ·mol−1 kσ/(N·m−1) De/kJ·mol−1 kσ/(N·m−1)

OC 4.89 4.53 4.61 5.13 2.99 3.21
HCCH 8.81 7.08 8.14 · · · a 4.27 3.58
HCN 9.18 7.15 7.84 7.72 6.16 5.13
H2O 13.77 10.09 12.47 7.82 8.01 4.15
H2S 7.82 4.84 7.25 · · · b 5.28 3.46
H3N 14.53 8.23 11.79 8.08 9.36 5.31
H3P 6.26 4.85 5.92 4.85 6.75 · · · c

a Convergence problems when attempting to calculate the E (r − re) versus (r − re) curve to obtain kσ. b When
attempting to calculate kσ, the geometry of the complex changes to the hydrogen-bonded isomer N2O· · ·HSH as
(r − re) increases. c The main non-covalent interaction in this complex is between P of PH3 and S of CS2, and it is a
pnictogen bond, not a chalcogen bond.
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Figure 7. Plot of De calculated at the CCSD(T)/CBS level of theory (CBS indicates a complete
basis-set extrapolation using the aug-cc-pVnZ (n = T and Q) basis sets) versus kσ calculated at the
CCSD(T)/aug-cc-pVTZ level for B· · ·CO2, B· · ·N2O, and B· · ·CS2 complexes. See text for discussion.

Figure 8. Plot of De calculated at the CCSD(T)/CBS level versus kσ calculated at the CCSD(T)/aug-cc-pVTZ
level for B· · ·CO2, B· · ·N2O, and B· · ·CS2 complexes (this work; see also Figure 7), and B· · ·HF, B· · ·HCl,
B· · ·F2, B· · ·Cl2, and B· · ·ClF complexes (see Reference [32] for the Lewis bases B involved and the values
of De and kσ for the B· · ·HX and B· · ·XY series).

4. Conclusions

The series of B· · ·CO2, B· · ·N2O, and B· · ·CS2 complexes was investigated through ab initio
calculations at the CCSD(T)/aug-pVTZ level of theory for the Lewis bases, B = CO, HCCH, H2S, HCN,
H2O, PH3, and NH3. The atoms, except for some H, lie in a plane for all complexes. The intermolecular
bonds in the B· · ·CO2 complexes are formed by interaction of the electrophilic region around the C
atom of CO2 (see Figure 1) with n- or π-electron pairs (nucleophilic regions) carried by B and are,
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therefore, tetrel bonds. The geometry of each B· · ·N2O complex investigated (except perhaps for
B = PH3) is similar to that of the corresponding member of the B· · ·CO2 series. Thus, the primary
non-covalent interaction involves the central N atom of N2O with an n- or π-electron pair carried by B,
but moderated by distortions that appear to arise from the secondary interaction of the electrophilic
region of B (e.g., H atoms) with the O atom of N2O. The B· · ·CS2 series is geometrically distinct
from the other two in that (apart from B = PH3) the primary non-covalent interaction is between
the electrophilic region centered on the C∞ axis of CS2 near to an S atom (see Figure 1) and an n-
or π-electron pair of B, leading to a linear (or nearly linear in the case of B = H2S) C=S· · ·B system,
and is, therefore, a chalcogen bond. These interpretations are electrostatic in origin and were applied
previously to hydrogen bonds in B· · ·HX complexes [9] and halogen bonds in B· · ·XY complexes [40].
Consistent with the foregoing observations is the fact that the geometries of members of each of the
three series, B· · ·CO2, B· · ·N2O, and B· · ·CS2, can be predicted by rules put forward some years
ago for the same purpose for hydrogen-bonded complexes B· · ·HX and halogen-bonded complexes
B· · ·XY. Moreover, this close relationship between hydrogen, halogen, tetrel, pnictogen, and chalcogen
bonds is reflected in the recent generalized definition [43] proposed for non-covalent (E) bonds based
on electrostatics, provided below.

An E bond occurs when there is evidence of a net attractive interaction between an electrophilic region
associated with an E atom in a molecular entity and a nucleophilic region (e.g., an n-pair or π-pair of electrons)
in another, or the same, molecular entity, where E is the general name for an element of Group 1, 11, 14, 15, 16,
or 17 in the Periodic Table.

We note that some complexes investigated here can be described as of the σ-hole type, while others
belong to the π-hole type.

Finally, we showed that the similarity between all of these types of non-covalent interaction
extends to the direct proportionality of the dissociation energy De and the quadratic intermolecular
stretching force constant kσ, with a constant of proportionality 1.45(7) × 103 m2·mol−1 describing all the
series, B· · ·HF, B· · ·HCl, B· · · F2, B· · ·Cl2, B· · ·ClF, B· · ·CO2, B· · ·N2O, and B· · ·CS2, when the two
measures of binding strength are calculated at the CCSD(T)/CBS and CCSD(T)/aug-cc-pVTZ levels
of theory, respectively. As discussed in Reference [31], a Morse function is an example of a potential
energy curve for which the dissociation energy and the force constant are directly proportional.
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Abstract: Ab initio calculations are employed to assess the relative strengths of various noncovalent
bonds. Tetrel, pnicogen, chalcogen, and halogen atoms are represented by third-row atoms Ge, As,
Se, and Br, respectively. Each atom was placed in a series of molecular bonding situations, beginning
with all H atoms, then progressing to methyl substitutions, and F substituents placed in various
locations around the central atom. Each Lewis acid was allowed to engage in a complex with NH3 as
a common nucleophile, and the strength and other aspects of the dimer were assessed. In the context
of fully hydrogenated acids, the strengths of the various bonds varied in the pattern of chalcogen >
halogen > pnicogen ≈ tetrel. Methyl substitution weakened all bonds, but not in a uniform manner,
resulting in a greatly weakened halogen bond. Fluorosubstitution strengthened the interactions,
increasing its effect as the number of F atoms rises. The effect was strongest when the F atom lay
directly opposite the base, resulting in a halogen > chalcogen > pnicogen > tetrel order of bond
strength. Replacing third-row atoms by their second-row counterparts weakened the bonds, but not
uniformly. Tetrel bonds were weakest for the fully hydrogenated acids and surpassed pnicogen
bonds when F had been added to the acid.

Keywords: halogen bond; chalcogen bond; pnicogen bond; tetrel bond

1. Introduction

A revolution of sorts, albeit a gradual one, occurred in the field of noncovalent interactions as
it became progressively more apparent that the venerable H-bond was not completely unique. That
is, the bridging proton in H-bonds could be replaced by a variety of other atoms, with little if any
loss in noncovalent bond energy. The first class of atoms that fit this criterion was the halogens [1–10].
The ability of these very electronegative atoms to replace an H atom was deemed counterintuitive at
first, as the polarity of the R-H bond, placing a partial positive charge on the proton, was considered a
prime ingredient of the classic H-bond. This issue was resolved when it was found that the charge
distribution around the halogen atom in an analogous R-X (X = halogen) bond is highly asymmetric.
While there is an equatorial band of negative electrostatic potential surrounding the X atom in a R-X
bond, there is also a positive polar region situated directly opposite the R atom. This positive area,
frequently referred to as a σ-hole, can attract an approaching nucleophile in precisely the same way the
partially positive charge surrounding the proton of a H-bond can [11,12]. Of course, the interaction,
whether an H or halogen bond, is not entirely electrostatic as it contains other elements, such as charge
transfer and dispersion, but this charge distribution voided the argument that a halogen atom must
necessarily repel an incoming nucleophile.
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As further work proceeded, it soon became apparent that this same phenomenon can be extended to
more than just the halogen family of elements. Chalcogen atoms of the S/Se group could engage [13–21] in
very similar bonding to a nucleophile. As these atoms are commonly involved in covalent bonding with
two substituents, one would expect a pair of such σ-holes, one opposite each of these two substituents.
Indeed, chalcogen bonding reflected this pattern, as there were two such sites that could engage in
these interactions. Along similar lines of thinking, there ought to be three σ-holes surrounding a
trivalent pnicogen atom, each of which is in principle capable of forming a so-called pnicogen bond,
which has in fact been observed [22–27]. Tetrel atoms of the Si/Ge family, too, can participate [28–36]
in analogously named bonds, and their most common tetravalent covalent bonding situation provides
four separate sites for potential tetrel bonds.

These various noncovalent bond analogues of the H-bond share a number of characteristics [37–54].
For example, regardless of the particular family of atoms, as one moves down a column of the
periodic table, the atom becomes progressively less electronegative and more polarizable. Both of
these factors tend to amplify the σ-hole, and reinforce charge transfer from the nucleophile, and to
thus strengthen the corresponding noncovalent bond. These same factors can also be intensified if
electron-withdrawing substituents are added to the atom in question. Scores of previous results have
accordingly demonstrated the ability of such substituents to strengthen the noncovalent bond to the
approaching nucleophile. This effect is most pronounced when the substituent lies directly opposite
the nucleophile, where it can better accommodate additional charge accumulation from the electron
donor. Due to a strong electrostatic component in all of these bonds, they are dramatically strengthened
if the Lewis acid is positively charged, with a like reinforcement upon interaction with an anion.

One issue that has borne only very moderate study is the comparison of these different noncovalent
bonds with an eye toward those factors that differentiate one from another. While a substantial amount of
work has compared each separate sort of bond with the prototype H-bond [55–70], much less is known
about the strength of one with respect to another. On the face of it, one might think that the least
electronegative atom is prone to form the most intense σ-holes, and that is in fact what is seen within
any given family of atoms, e.g., the halogens or the chalcogens. This premise would lead to the general
conclusion that the noncovalent bonding strength ought to increase in the order halogen < chalcogen <
pnicogen < tetrel. However, a scan of the literature would suggest this is not the case. As another issue,
in order to approach the pertinent atom, the nucleophile must avoid steric and repulsive electrostatic
interactions with any of the substituents or lone electron pairs surrounding this central atom. As one
proceeds along the halogen-to-tetrel series, the number of lone pairs diminishes while there is an
increase in the number of substituents. This trend will also factor into the relative strengths of the
different sorts of bonds.

At this juncture, then, there is a need for a thorough and fair comparison of the different sorts
of noncovalent bonds. Can one make the general claim that one type will be stronger than another,
given like covalent bonding situations? If this is found to be the case, then can one explain this
trend on simple chemical grounds? In order to establish any such pattern, it is essential that the
calculations be performed at a level that can be considered fully reliable, particularly if the differences
in binding strength are small. The present work attempts to answer these questions using high-level
ab initio calculations.

2. Systems and Theoretical Methods

In order to establish a valid and consistent baseline, focus was first placed on the third row of the
periodic table where Br was compared with Se, As, and Ge, as representative of halogen, chalcogen,
pnicogen, and tetrel atoms, respectively. Each was placed in a variety of molecular environments,
starting with all H substituents as a base point. In the next phase, one H atom was replaced by a
methyl group, as a small representative alkyl chain to which many of these atoms would normally be
attached. As electron-withdrawing groups are known to amplify each of these sorts of noncovalent
bonds, F atoms were added in various modes. This atom could be added in a position directly opposite
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the nucleophile where it was thought to have the largest amplifying effect. As an alternative, to take
advantage of its electron-withdrawing capability, but without its distortion of the σ* antibonding
orbital that acts as a sink to electron density transferred from the nucleophile, the F atom could be
placed in a peripheral position, viz. bonded to the atom in question, but not directly opposite the
nucleophile. In order to assure that the results were not limited to only third-row atoms, additional
calculations were carried out with their second-row counterparts. NH3 was taken as the universal
nucleophilic partner, as its small size and presence of a single lone pair avoided the complications that
might result from interactions other than the ones of interest.

The complexes and monomers were fully optimized using second-order Møller–Plesset
perturbation theory (MP2) with the aug-cc-pVTZ basis set [71,72]. Harmonic vibrational frequencies
were then computed at the same level in order to verify that the structures obtained correspond
to minima with no imaginary frequencies and to obtain vibrational frequencies. Optimization and
frequency calculations were carried out using the Gaussian 09 program [73]. Optimized coordinates of
monomers and complexes are supplied in the Supplementary Materials section.

Interaction energy (Eint) and binding energy (Eb) were used as a measure of the strength of the
interactions; they were calculated as the difference between the energy of the complex relative to
the monomers in the complex geometry, and the optimized monomers, respectively. Eint was also
computed with the CCSD(T) (Coupled Cluster with Single and Double Excitations, with Iterative
Triples) method for the optimized MP2 structure. Both terms were corrected for basis set superposition
error (BSSE) using the counterpoise procedure [74,75] outlined by Boys and Bernardi.

Molecular electrostatic potentials (MEPs) were computed on the 0.001 au electron density contour
at the MP2/aug-cc-pVTZ level with the Wave Function Analysis-Surface Analysis-Suite (WFA-SAS)
program [76]. The value of the MEP maximum of the σ-hole of the Lewis acid monomer facing the base
was evaluated. The Natural Bond Orbital (NBO) method [77] was utilized to extract atomic charges and
intermolecular orbital interactions between occupied and empty orbitals using the NBO-3.1 program,
included within the Gaussian-09 program.

The bonding characteristics were analyzed by means of Atoms-in-Molecules (AIM) theory [78].
The relevant bond critical point (BCP) and topological parameters including electron density, Laplacian,
and total electron energy density were obtained using the AIM2000 program [79]. To help understand
the origin of the binding within each complex, the interaction energy was decomposed into five
physically meaningful terms: electrostatic (Eele), exchange (Eex), repulsion (Erep), polarization (Epol),
and dispersion (Edisp). This decomposition was performed using the localized molecular orbital-energy
decomposition analysis (LMO-EDA) method [80] at the MP2/aug-cc-pVTZ level via the GAMESS
program [81].

3. Results

3.1. Energies and Geometries

The diagrams in Figure 1 correspond to the unsubstituted Lewis acids where all atoms bonded to
the central A atom are H. As displayed in the topmost section of Table 1, the MP2 interaction energies
varied between −6.8 and −9.1 kJ/mol, with the tetrel and chalcogen bonds being the weakest and
strongest, respectively. Raising the level of calculation up to CCSD(T) had a small effect, changing
these quantities by 0.2–0.4 kJ/mol. This higher-level treatment of correlation weakened all the bonds,
with the exception of the tetrel bond, making it slightly stronger than the pnicogen bond. The MP2
binding energies in the third column of Table 1 were only slightly less negative than Eint, a result of
small deformation energies of the two monomers upon forming the complex. The intermolecular
R(A···N) distances conformed roughly with the energy trends, although the halogen bond was the
shortest, despite its being weaker than the chalcogen bond. This may have been partly due to the
smaller covalent radius of Br. In terms of mutual orientations, both the halogen and tetrel bonds were
fully linear, while the chalcogen and pnicogen bonds deviated by nearly 20◦ from linearity.
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Figure 1. Optimized geometries of complexes of non-fluorinated Lewis acids with NH3. Intermolecular
distances are in Å, angles in deg.

Table 1. Interaction energy (Eint), binding energy (Eb), intermolecular distance (R, Å), and angle
θ(R-A···N)(deg) where R represents the atom directly opposite NH3. Energies are in kJ/mol.

Lewis Acid Eint,MP2 Eint,CCSD(T) Eb,MP2 R θ(R-A···N)

H-HnA

HBr −7.79 −7.57 −7.77 3.174 179.9
H(H)Se −9.08 −8.68 −8.98 3.206 162.7

H(H2)As −7.10 −6.81 −7.02 3.235 162.6
H(H3)Ge −6.83 −7.07 −6.42 3.276 180.0

Me-HnA

MeBr −5.01 −4.57 −4.99 3.233 160.4
Me(H)Se −7.90 −7.50 −7.82 3.234 166.6

Me(H2)As −6.27 −6.09 −6.19 3.268 168.5
Me(H3)Ge −5.29 −5.71 −4.90 3.329 179.7

H-FnA

H(F)Se −14.43 −14.08 −13.89 3.023 161.6
H(F2)As −18.35 −18.36 −17.11 2.882 155.0
H(F3)Ge −120.73 −122.35 −35.04 2.101 180.0

Me-FnA

Me(F)Se −11.86 −11.66 −11.46 3.114 162.7
Me(F2)As −14.44 −14.73 −13.64 3.021 155.3
Me(F3)Ge −111.65 −111.27 −25.77 2.115 180.0

F-HnA

FBr −67.87 −59.18 −61.71 2.293 180.0
F(H)Se −49.25 −44.35 −45.97 2.423 169.6

F(H2)As −34.57 −32.30 −32.76 2.597 165.3
F(H3)Ge −30.93 −30.59 −25.28 2.640 179.9

Replacing the H atom that lay opposite the NH3 with a methyl group led to the geometries
depicted in Figure 2. The only substantive reorientation induced by this methyl substitution involved
the Br halogen wherein the NH3 came off of the C-Br axis by 20◦, and its C3 axis turned away from
the Br. This methylation weakened all of the bonds, but by varying amounts. This weakening
was an expected consequence of the electron-releasing properties of this alkyl group. Using the
CCSD(T) data as a reference, the pnicogen bond was weakened by only 0.7 kJ/mol, while the largest
decrease of 3.0 kJ/mol occurred for the halogen bond, consistent with its nonlinearity. The chalcogen
bond remained the strongest of the four, and it was the halogen bond that was weakest for these
methyl-substituted Lewis acids. This same pattern was carried over into the binding energies, which
included geometric deformations of the monomers. Commensurate with the weakening of all bonds,
the intermolecular distances were all a bit longer for Me-HnA. Note also that this substitution induced
a 20◦ nonlinearity into the halogen bond, while slightly enhancing the linearity of the chalcogen and
pnicogen bonds.
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Figure 2. Optimized geometries of complexes of methyl Lewis acids with NH3. Intermolecular
distances are in Å, angles in deg.

The introduction of electron-withdrawing F atoms onto any given A atom is known to enhance
its Lewis acidity. The next section of data in Table 1 relates to replacing all H atoms but the one that
lay directly opposite the NH3 by F. The molecular structures in Figure 3 indicated very nonlinear
chalcogen and pnicogen bonds, with θ(HA···N) equal to 162◦ and 155◦, respectively. Despite this
nonlinearity, this substitution substantially increased the strength of both these bonds. The interaction
energy of the former rose by 6.6 kJ/mol, and the latter by 12.3 kJ/mol. The larger increment in the case
of the pnicogen bond was likely due to the introduction of two F atoms rather than the single F atom
for the chalcogen bond. Upon adding a third F atom, there was a dramatic change. The very large
increase in the case of the tetrel bond, more than 100 kJ/mol, resulted from its transition into what
might be better termed a covalent bond, or at least partially covalent. Note that the R(Ge···N) distance
was only 2.1 Å, a contraction of more than a full Å in comparison to the previous two cases. This very
close encounter cannot be established without substantial monomer deformation. That is, the three
F atoms must have peeled back away from the approaching N as the HGeF3 molecule lost its initial
pseudo-tetrahedral shape in forming the trigonal bipyramid that encompassed the fifth NH3 ligand.
This distortion cost some 85 kJ/mol. The final binding energy Eb of the tetrel bond was 35 kJ/mol,
more than double that of the pnicogen bond, which is itself stronger than the chalcogen bond. As in the
earlier case, switching out the H atom on the Lewis acid opposite the NH3 with a methyl group, as in
Figure 4, weakened all of the interactions. This decrement in the binding energy was only 2–3 kJ/mol
for the chalcogen and pnicogen bonds, but amounted to 9 kJ/mol for the tetrel analogue.

Figure 3. Optimized geometries of complexes involving a partially fluorinated Lewis acid with H
opposite N. Intermolecular distances are in Å, angles in deg.
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Figure 4. Optimized geometries of complexes involving a fluorinated Lewis acid with CH3 opposite N.
Intermolecular distances are in Å, angles in deg.

The placement of an electron-withdrawing F atom directly opposite the Lewis base is known to
have an even stronger effect than when it is peripherally located. The molecular structures in Figure 5
show again that the halogen and tetrel bonds remained linear, reflecting the symmetry of the Lewis
acids, while the less symmetrical chalcogen and pnicogen bonds were substantially distorted from
linearity, with the NH3 moving up and closer to the H atom(s) of the acid. The bottom section of Table 1
shows the very large binding magnifications quite clearly. Note first that when the F atom was so
positioned on the Ge atom, Ge did not engage in a covalent bond with the NH3. Indeed, the tetrel bond
was the weakest of the array, which followed the pattern halogen > chalcogen > pnicogen > tetrel. This
order was a very clear one, with fairly large differences between one bond type and another. Moreover,
this pattern was valid not only for Eb, but for the interaction energy as well. One also saw a clear
correlation in that stronger bonds were connected by the shortest intermolecular separations. It might
be noted parenthetically that with the F atom opposite the NH3, Ge did not engage in a covalent bond
with the base, with R(Ge···N) = 2.64 Å.

Figure 5. Optimized geometries of complexes involving a partially mono-fluorinated Lewis acid with
one F atom opposite N. Intermolecular distances are in Å, angles in deg.

3.2. Analysis of the Wave Functions

There are a number of factors that contribute to the strength of noncovalent bonds of this type.
As a component of the electrostatic attraction, one typically observes the presence of a so-called σ-hole
on the A atom of the Lewis acid. This hole occurs directly opposite one of the covalent bonds in which
the A atom is engaged, and attracts the Lewis base. The intensity of this hole is commonly measured
by the value of the molecular electrostatic potential (MEP) on a particular isodensity surface, usually
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taken arbitrarily as ρ = 0.001 au. This maximum, labeled Vs,max, is reported in the second column of
Table 2 for each of the Lewis acid monomers. There are certain points of similarity between these MEP
maxima and the interaction energies in Table 1. Taking the F-HnA acids as an example, the values
of Vs,max followed the same halogen > chalcogen > pnicogen > tetrel order as does Eint, and both
exhibited the same (opposite) pattern of tetrel > pnicogen > chalcogen for the H-FnA acids. However,
there are inconsistencies as well. For example, the replacement of the H atom of HBr by a methyl
group reduced the interaction energy while intensifying its σ-hole. Even though H(H3)Ge formed the
weakest of this class of bonds, it also presented the largest Vs,max.

Table 2. MEP maximum (Vs,max) of the σ-hole of the acid monomer facing the base, total charge
transfer (CT) from the Lewis base to the acid, NBO values of E(2) from the N lone pair of NH3 to
σ*(A-R) antibonding orbitals where A is the central atom of the Lewis acid and R is (a) the atom
directly opposite N and (b) the peripheral atom(s). Also shown is change in A-R bond length (Δr) and
vibrational frequency (Δν) of the A-R stretch, where R lies opposite N.

Lewis Acid
Vs,max

au
CT
me

E(2) a

kcal/mol
E(2) b

kcal/mol

Δr(A-R)
Å

Δν(A-R)
cm−1

H-HnA

HBr 0.027 2 11.37 - 0.004 −26.8
H(H)Se 0.030 4 8.99 0.54 0.003 −107.6

H(H2)As 0.028 7 10.70 2.51 0.006 −5.4
H(H3)Ge 0.032 9 12.37 6.65 0.008 +1.2

Me-HnA

MeBr 0.030 1 3.26 - 0.001 −1.3
Me(H)Se 0.018 2 5.10 0.25 0.001 −0.7

Me(H2)As 0.019 4 7.77 1.67 0.003 −2.2
Me(H3)Ge 0.024 8 11.87 5.02 0.007 −10.1

H-FnA

H(F)Se 0.036 8 14.00 4.26 0.007 −38.1
H(F2)As 0.046 27 15.34 14.46 0.009 −44.8
H(F3)Ge 0.069 175 86.19 416.95 0.017 −2.2

Me-FnA

Me(F)Se 0.022 5 8.95 2.63 0.005 −6.7
Me(F2)As 0.033 7 8.03 7.65 0.009 −35.7
Me(F3)Ge 0.055 172 80.47 417.54 0.021 −101.6

F-HnA

FBr 0.093 143 255.40 - 0.070 −114.9
F(H)Se· 0.089 90 152.82 11.03 0.049 −107.6
F(H2)As 0.079 53 82.81 14.96 0.033 −60.2
F(H3)Ge 0.077 46 59.11 39.12 0.027 −63.3

a Nlp→σ*(A-R), R directly opposite N; b Nlp→σ*(A-R), R peripheral atom, sum of all such transfer energies.

In addition to Coulombic attraction between the two monomers, the noncovalent bond depends
on a certain amount of intermolecular charge transfer. One way to measure this quantity is as a
summation of NBO atomic charges on the atoms of each subunit. This total charge transfer is displayed
in the third column of Table 2. Like Vs,max, CT also correlated generally with the interaction energies.
The replacement of one H atom by CH3 depressed both quantities, and both were substantially elevated
by F-substitution. CT correctly predicted the energetic ordering of the noncovalent bond strengths of
the F-HnA acids. However, like the MEP maxima, CT failed to correlate with the interaction energies
of the non-fluorinated species.

Charge transfer can be understood not only as that between the two molecules as a whole, but
also between individual molecular orbitals. The bulk of the charge originates in the N lone pair of
NH3 that is pointing toward the acid. Its principal sink is the σ* antibonding orbital of the A-Ra bond
wherein Ra lies opposite the N atom. The energetic consequence of this particular charge transfer was
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calculated by the NBO procedure, and is reported as E(2)a in Table 2. A second portion of the charge
originating in the N lone pair made its way into the other σ*(A-Rb) antibonding orbitals, where Rb
refers to the peripheral substituents on A, those not opposite the N atom. The cumulative sum of
these transfers is tabulated as E(2)b in the fifth column of Table 2. Like the full CT, these individual
components only partially reflected the energetics. Methyl substitution correctly reduced E(2), while
fluorination led to a marked enhancement. E(2)a followed the same trend, as does the energetics for
the F-HnA series. However, E(2) was largest for H(H3)Ge and smallest for H(H)Se, opposite to the
trend in the interaction energies. Clearly, then, while consideration of the MEP and aspects of charge
transfer bear some relation to the energetics, neither could be treated as fully predictive.

On the other hand, this charge transfer into the σ*(A-Ra) antibonding orbital afforded a reasonable
indicator of the properties of this bond. The accumulation of additional charge in this antibonding
orbital caused the A-Ra bond to weaken, and hence to stretch. This elongation is displayed in the
penultimate column of Table 2 and appeared to rise and fall in parallel with E(2)a. For example,
the longest stretch for most of the acids in the top sections of Table 2 occurred for Ge, as does the
largest value of E(2)a. The exception to this rule corresponded to those acids in the bottom section of
Table 2 where a F atom sat directly opposite the NH3 base. In these cases, E(2)a followed the decreasing
trend Br > Se > As > Ge, as did Δr. Indeed, there was a tight correlation between these two quantities.
The correlation coefficient for a linear relationship between Δr and E(2)a was 0.974, which improved to
0.984 upon eliminating the two Ge systems that engage in a covalent bond.

The last column of Table 2 displays the stretching frequency of this same covalent bond, which
shifted to the red in most instances, consistent with its elongation. However, correlations with other
parameters were much weaker. For example, even though the charge transfer was quite modest in
the complex between H(H)Se and NH3, and the binding energy was rather small, the pertinent Se-H
bond shifted by a full 108 cm−1 to the red, the largest shift of any of these complexes. The A-F red
shifts in the F(H2)As and F(H3)Ge complexes were the reverse of the energetic quantities of these two
dimers. One must recall, however, that unlike a particular bond length, the normal vibrational modes did
not isolate any one particular bond. Instead they coupled together a number of different bonds, some
stretched while others contracted, and included some degree of bending as well. Given this complicated
character, it was not surprising to see poor correlation between frequency shifts and other parameters.

The properties of the AIM bond critical point generally offer an accurate barometer of the strength
of a noncovalent bond. The three most widely used such quantities are collected in Table 3, and they
bore some similarities with energetics. Methyl substitution reduced these values, while they increase
upon fluorosubstitution. With respect to the F-HnA acids, both ρ and ∇2ρ correctly reproduced the
halogen > chalcogen > pnicogen > tetrel energetic trend. However, AIM did not accurately reflect
some of the other trends. Taking the unsubstituted H-HnA acids as a case in point, neither ρ nor H
displayed much differentiation from one type of bond to the next. The values of ∇2ρ were somewhat
different from one another, but seemed to exaggerate the strength of the halogen bond.

It is worthwhile to inquire as to how these four sorts of noncovalent bonds compare in terms of
their basic contributing factors. Decomposition of the total interaction energy into electrostatic (Eele),
exchange (Eex), repulsion (Erep), polarization (Epol), and dispersion (Edisp) provides a fingerprint of
sorts for each interaction. These components are listed in Table 4 and show first for the nonfluorinated
acids, that the electrostatic attraction was roughly twice that of dispersion, but there was little to
distinguish one sort of bond from another in these two elements. On the other hand, exchange was
roughly three times larger for the pnicogen and tetrel bonds, as compared to halogen and chalcogen.
It was this outsized exchange energy which appeared to be a hallmark of the latter two types of bonds,
regardless of substitution. Polarization energy represented the smallest component. With the exception
of dispersion, which undergoes a small uptick, all of the other components were lowered upon methyl
substitution. Even larger increments accompanied the replacement of one or more H atoms by F. This
fluorosubstitution raised the polarization energy to the point where it exceeded dispersion, and could
become competitive with the exchange energy for the halogen and chalcogen bonds.
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Table 3. Electron density (ρ), Laplacian (∇2ρ), and energy density (H) at the intermolecular BCP in the
complexes (all are in au).

Lewis Acid ρ ∇2ρ H

H-HnA

HBr 0.010 0.038 0.002
H(H)Se 0.009 0.034 0.001

H(H2)As 0.009 0.029 0.001
H(H3)Ge 0.008 0.025 0.001

Me-HnA

MeBr 0.008 0.034 0.002
Me(H)Se 0.008 0.032 0.002

Me(H2)As 0.008 0.027 0.001
Me(H3)Ge 0.007 0.023 0.001

H-FnA

H(F)Se 0.014 0.046 0.001
H(F2)As 0.018 0.046 0.000
H(F3)Ge 0.077 0.216 −0.030

Me-FnA

Me(F)Se 0.011 0.039 0.002
Me(F2)As 0.013 0.037 0.001
Me(F3)Ge 0.075 0.209 −0.028

F-HnA

FBr 0.061 0.132 −0.015
F(H)Se· 0.044 0.105 −0.007
F(H2)As 0.029 0.074 −0.002
F(H3)Ge 0.023 0.072 0.000

Table 4. Electrostatic (Eele), exchange (Eex), repulsion (Erep), polarization (Epol), dispersion (Edisp),
and interaction energies (Eint); all are in kJ/mol.

Lewis Acid Eele Eex Erep Epol Edisp Eint

H-HnA

HBr −16.30 −10.29 49.53 −4.81 −7.27 −7.90
H(H)Se −16.85 −10.29 48.61 −4.14 −7.69 −9.11

H(H2)As −16.18 −32.02 52.88 −4.43 −7.40 −7.15
H(H3)Ge −16.80 −32.65 53.63 −4.64 −6.40 −6.86

Me-HnA

MeBr −8.15 −7.53 35.57 −2.34 −8.78 −5.02
Me(H)Se −12.79 −9.04 42.39 −3.18 −8.74 −7.86

Me(H2)As −13.00 −28.72 47.23 −3.55 −8.23 −6.31
Me(H3)Ge −13.29 −29.59 48.03 −4.14 −6.40 −5.35

H-FnA

H(F)Se −34.19 −19.00 93.92 −9.91 −10.66 −14.50
H(F2)As −55.05 −83.77 149.44 −17.56 −11.58 −18.52
H(F3)Ge −363.74 −371.98 782.50 −165.65 −2.17 −121.05

Me-FnA

Me(F)Se −25.67 −15.70 76.37 −7.44 −10.87 −11.95
Me(F2)As −36.91 −59.31 103.54 −10.41 −11.50 −14.59
Me(F3)Ge −352.88 −369.72 773.13 −158.21 −4.31 −111.94

F-HnA

FBr −197.84 −97.95 554.14 −120.05 −27.67 −68.09
F(H)Se −146.89 −75.42 407.59 −74.03 −23.12 −49.49

F(H2)As −98.61 −147.64 269.90 −40.67 −17.85 −34.86
F(H3)Ge −89.20 −125.82 228.60 −31.27 −13.42 −31.10
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3.3. 2nd Row Atoms

It would be injudicious to base all conclusions concerning the comparisons between the various
sorts of noncovalent bonds upon atoms in a single row (the third) of the periodic table. Thus, similar
calculations were performed for the analogous atoms of the preceding row. The energetic and
geometrical data for the complexes of these Lewis acids with NH3 are presented in Table 5, which may
be directly compared with those in Table 1. It would be expected that the smaller size of the second-row
atoms, coupled with their greater electronegativity, ought to have weakened their complexes with
NH3. This trend was indeed observed, but with some exceptions. For example, the halogen bond
of HCl was weaker than that of HBr, but the tetrel bond of H(H3)Si was stronger than its third row
congener; this same trend was noted after methyl substitution as well. Another issue arises with S. This
atom was electronegative enough that it would not engage in a chalcogen bond with NH3. Instead,
the H2S molecule rotated around to form a SH···N H-bond, as does MeSH.

Table 5. Interaction energy (Eint), binding energy (Eb), intermolecular distance (R, Å), and angle
θ(R-A···N)(deg) where R represents the atom directly opposite N. Energies are in kJ/mol.

Lewis Acid Eint,MP2 Eint,CCSD(T) Eb,MP2 R θ(R-A···N)

H-HnA

HCl −3.77 −3.73 −3.77 3.254 156.5
H(H)S a — — — — —
H(H2)P −7.01 −6.47 −6.94 3.281 166.3
H(H3)Si −8.75 −8.87 −8.05 3.187 180.0

Me-HnA

MeCl −4.01 −3.81 −3.98 3.409 145.2
Me(H)S a — — — — —
Me(H2)P −6.57 −6.42 −6.50 3.294 171.2
Me(H3)Si −6.38 −6.74 −5.77 3.257 180.0

H-FnA

H(F)S −11.12 −9.11 −8.82 3.176 164.0
H(F2)P −11.41 −11.79 −10.93 3.051 159.0
H(F3)Si −106.23 −108.75 −17.19 2.099 180.0

Me-FnA

Me(F)S −7.09 −7.29 −6.92 3.315 164.2
Me(F2)P −8.25 −8.84 −7.95 3.247 157.0
Me(F3)Si −12.06 −13.51 −7.57 3.086 179.8

F-HnA

FCl −53.34 −43.90 −45.78 2.231 180.0
F(H)S −37.36 −33.14 −34.98 2.435 171.0

F(H2)P −28.34 −26.42 −27.12 2.604 167.7
F(H3)Si −35.26 −34.76 −25.01 2.489 180.0

a Does not form a chalcogen bond.

With respect to fluorinated species, the switch from third to second-row atoms produced the
expected weakening of the interaction. But another distinction between second and third-row atoms
was noted for the fluorinated Me(F3)Ge and Me(F3)Si acids. Whereas the former pulls in the NH3 to
form a short covalent Ge-N bond, the same was not true for its Si analogue wherein R(Si···N) remained
longer than 3 Å. The trend in binding energies of the F-HnA acids remained halogen > chalcogen >
pnicogen > tetrel, as it was for the third-row atoms. However, an exception occured in the consideration
of the interaction energy. The very large (10 kJ/mol) geometrical distortion energy in FH3Si was sufficient
to enlarge its interaction energy to exceed that of the pnicogen bond involving FH2P.
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While the smaller size of the second-row atoms would tend toward shorter intermolecular
separations, the weakening of the interactions should have acted to push the two molecules further
apart. The values of R in Table 5 are thus not entirely different from those for the third-row atoms in
Table 1. Angular aspects were also generally similar with a few exceptions. The halogen bond of HCl
was distorted from linearity by some 23◦, and MeCl was also less linear than its MeBr analogue.

4. Discussion

In the fully hydrogenated series of Lewis acids, the strengths of the various bonds varied in
the pattern chalcogen > halogen > pnicogen > tetrel, although the last two were reversed if the level
of calculation was raised from MP2 to CCSD(T). Note that this pattern did not obey the simple
order of electronegativity of the central atom, which would have placed the tetrel bond as strongest.
Replacement of one H atom by a methyl group (opposite the base) weakened all bonds, but had the
strongest effect on the halogen bond, which becomes the weakest of the four. Fluorosubstitution
very substantially strengthened the four sorts of bonds as the F atom pulled electron density away
from the central atom. Leaving one H atom on the acid to lie opposite the base, and replacing all
others by F strengthened the interactions, and this effect rose with the number of these peripheral F
atoms. Indeed, the three F atoms of the HF3Ge acid enhanced the interaction to the point where the
interaction energy exceeded 120 kcal/mol as the very short tetrel bond acquired a covalent character.
The very close approach forced the acid to deform to accommodate the base, but even so, the binding
energy of the bonds followed the tetrel > pnicogen > chalcogen pattern, opposite to that observed
prior to fluorosubstitution. Replacement of the sole H atom by a methyl group again weakened the
interactions but leaves the ordering intact. A much more profound strengthening effect occurred if
it was the H directly opposite the base that was replaced by F. These interaction energies magnified
the unsubstituted interaction energies by a factor between 5 and 9, leading to quantities approaching
70 kcal/mol. It was the halogen bond that was enhanced the most and the tetrel bond the least, so that
the order of these monofluorinated bonds washalogen > chalcogen > pnicogen > tetrel. This pattern
applied to both interaction and binding energies alike.

The exchange attraction energy was much larger for pnicogen and tetrel bonds than for halogen
and chalcogen bonds, making it the largest contributor to the former bond types. With these
two exceptions, electrostatics provided the major contribution, surpassing both polarization and
dispersion energies by a wide margin. Electrostatic components did not differentiate between the
four types of bonds unless there was fluorosubstitution of the Lewis acid. When the F atom was
situated directly opposite the base, there was a clear decreasing trend of Eele: halogen > chalcogen
> pnicogen > tetrel. It was also in these same configurations where polarization energy made a
major contribution, but was otherwise generally smaller than the dispersion energy. The value of
the molecular electrostatic potential at the site of the sigma hole conformed fairly well to the full
electrostatic potential. For example, methyl substitution diminished both Eele and Vs,max, and both
quantities grew upon fluorosubstitution. The intensity of the σ-hole was also a good indicator of Eele

in the four sorts of bonds. On the other hand, neither Vs,max, nor the more complete Eele, accurately
reproduced trends in the full interaction energy. Charge transfer, either measured as the total from
one molecule to the other, or specifically from the N lone pair MO of the base to a σ* antibonding
orbital of the acid, also provided some guidance in terms of the full interaction energy. For example,
both measures correctly predicted the order of bonding for the fluorinated acids. But there are certain
inconsistencies as well in that charge transfer was largest for the tetrel bond, but it was the chalcogen
bond that was strongest, when considering unsubstituted systems. Similar limitations applied to the
density at the AIM bond critical point, which also showed little distinction between the four sorts of
bonds in the absence of F substituents.

There was a general pattern where replacing third-row central atoms with their second-row analogues
weakened the various bonds, but this trend was not fully consistent. Taking the non-substituted acids as a
case in point, replacement of Br by Cl did substantially weaken the halogen bond. However, there was
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little effect on the As to P substitution of the pnicogen bond, and the tetrel bond was strengthened when
Ge was replaced by Si. There was another issue that must be considered as well. While Se was not
electronegative enough to engage in a SeH···N H-bond with NH3, the more electronegative S chalcogen
atom would form such an H-bond. In fact, the SH···N H-bond was strong enough that it eliminated
the S···N chalcogen bond as a secondary minimum on the potential energy surface. The weakening
effects of a smaller central atom were more consistently noted, however, when F atoms were added to
the Lewis acid. In the case of peripheral substitutions, there was little distinction between chalcogen
and pnicogen bonds for the second-row atoms. Whereas the halogen bond remained strongest when
F was placed opposite the base, and chalcogen second, there was a sort of reversal in the other two
bonds. While the binding energy of the pnicogen bond exceeded that of the tetrel bond, these two
reversed when considering only the interaction energy between pre-deformed monomers. This latter
issue arose due to the particularly large deformation energy of the FH3Si molecule.

There are a number of works in the recent literature that have some bearing on the comparisons
of these various sorts of noncovalent bonds. In a general sense, halogen bonding was found [82]
preferable to pnicogen bonding when combined with an amine base, but the order reversed for an
aromatic π-system. On the other hand, pnicogen bonding is more stable than halogen bonding in
dimers formed by HArF and XH2P [83]. In broadening the conversation to include chalcogen bonds,
Shukla and Chopra [84] investigated how the substituents on the PH2R and SeHR molecules determine
the structure of the dimer, and thereby the presence of either a pnicogen or chalcogen bond, given
the Se···P contact in both. Li and coworkers [85] compared chalcogen with halogen bonds for the
fluorosubstituted F2C=Se and found the latter to be stronger. However, the comparison was clouded
by the different geometries adopted by the two sorts of dimers, one employing a σ-hole and the other
a π-hole above the Se atom.

The Esrafili group has produced some relevant work as well. One study [86] compared chalcogen
with pnicogen bonds, both of which could occur, depending upon the molecular orientations,
in RHS:PH2R dimers. The authors found only small differences, with interaction energies generally
in the range between 8 and 18 kJ/mol. Halogen bonds were compared with their pnicogen
counterparts [87] in the context of hypervalent ZOF2X molecules wherein NH3 could interact with
either the pnicogen (Z) or halogen (X) atom. A shift from pnicogen to halogen bond preference was
observed, consistent with the fact that the halogen bond strengthens as X becomes larger, and the
opposite occurs for the X-P···N pnicogen bond. Similar trends were seen in the comparison of halogen
with chalcogen bonds for the related YO2X2 acids [88].

Jiao et al. [89] found halogen bonds considerably stronger than pnicogen bonds, but only in
a specialized set of dimers, namely dihalogens combined with phosphine derivatives PH2R···BrX.
Grabowski and Sokalski [36] considered NH3 as the Lewis base, along with C2H2 and Cl−. In the case
of the former, combined with acids wherein a single F substituent was disposed opposite the base,
the order noted for third-row atoms was halogen > chalcogen > pnicogen > tetrel, the same order as
obtained here, as are the numerical values. This order persisted for second-row atoms. Shifting gears
toward an anionic electron donor, Matile at al [90] have very recently calculated binding energies of
various highly fluorinated Lewis acids to Cl−, and found pnicogen bonding stronger than chalcogen
bonding, and that fourth row atoms engaged in stronger bonds than their third-row analogues. In all
cases, it was a C atom (of a phenyl ring) that is situated opposite the base, rather than F.

There have also been a number of works from this laboratory that relate to the issue of these
comparisons. An early set of calculations [91] suggested a pnicogen > halogen > chalcogen bond
strength order, but this work was limited to unsubstituted hydrides that were only weakly bound.
HSX molecules, capable of both halogen and chalcogen bonds, yielded mixed results depending upon
the nature of the X atom [92]. Whether considering a pnicogen, chalcogen, or halogen bond, all display
similar sensitivity to stretching [60,93], but greater sensitivity to angular deformation [94], than do
H-bonds. However, there is little to distinguish one from another, and all three are subject to similar
substituent effects [95], which follow the general pattern CH3 < NH2 < CF3 < OH < Cl < NO2 < F.

188



Molecules 2018, 23, 1681

Addition of positive charge on the electron acceptor strengthens all of these interactions, but has more
of an effect upon a S···O chalcogen than a C···O tetrel bond, leading to a preference for the former [64].
Within the specialized context of bipodal receptors that engage in a pair of simultaneous noncovalent
bonds with a halide [96–98], tetrel bonding has a clear edge over halogen, chalcogen, and pnicogen
bonds. In another specialized context of hypervalency [99], pnicogen bonds show a clear edge over
both chalcogen and halogen bonds.

5. Conclusions

In the absence of any replacements of H atoms, the chalcogen bond is the strongest followed
in order by halogen, pnicogen, and tetrel. Methyl substitution on the Lewis acid weakens all bonds,
particularly the halogen bond, which is the weakest of the four in this bonding environment. All bonds
are strengthened by fluorosubstitution (peripheral to, rather than opposite the base), which leads to
the bonding order: tetrel > pnicogen > chalcogen. The most dramatic bond enhancement arises from
replacement of the atom opposite the base by F, and yet a different order of halogen > chalcogen >
pnicogen > tetrel. If the third-row Lewis acid atoms are replaced by their second-row analogues, there
is a general weakening of the noncovalent bonds, but this change is not consistent from one sort of
bond to the next.
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Abstract: Ab initio MP2/aug’-cc-pVTZ calculations have been performed to investigate the complexes
of CO2 with the azoles pyrrole, pyrazole, imidazole, 1,2,3- and 1,2,4-triazole, tetrazole and pentazole.
Three types of complexes have been found on the CO2:azole potential surfaces. These include
ten complexes stabilized by tetrel bonds that have the azole molecule in the symmetry plane of the
complex; seven tetrel-bonded complexes in which the CO2 molecule is perpendicular to the symmetry
plane; and four hydrogen-bonded complexes. Eight of the planar complexes are stabilized by Nx···C
tetrel bonds and by a secondary interaction involving an adjacent Ny-H bond and an O atom of CO2.
The seven perpendicular CO2:azole complexes form between CO2 and two adjacent N atoms of
the ring, both of which are electron-pair donors. In three of the four hydrogen-bonded complexes,
the proton-donor Nz-H bond of the ring is bonded to two C-H bonds, thereby precluding the planar
and perpendicular complexes. The fourth hydrogen-bonded complex forms with the strongest acid
pentazole. Binding energies, charge-transfer energies and changes in CO2 stretching and bending
frequencies upon complex formation provide consistent descriptions of these complexes. Coupling
constants across tetrel bonds are negligibly small, but 2hJ(Ny-C) across Nz-H···C hydrogen bonds are
larger and increase as the number of N atoms in the ring increases.

Keywords: tetrel bond; hydrogen bond; carbon dioxide; azoles; IR spectra; spin-spin coupling constants

1. Introduction

Carbonic anhydrases belong to a family of enzymes that catalyze the reversible reaction that
converts carbon dioxide and water to bicarbonate ion and a proton [1,2]. The proposed mechanism
of action involves hydrogen-bond formation between the threonine N-H (Thr199) and a CO2 oxygen
atom [3–11]. It is also known than azoles are good inhibitors of carbonic anhydrase [1,5,8,12–14].
Azoles are five-membered heteroaromatic compounds that contain in their rings from one nitrogen
atom (pyrrole) to five nitrogen atoms (pentazole) [15]. The X-ray crystal structure of 1H-1,2,4-triazole
bound through N2 to the N-H of Thr199 has been reported [16]. The interaction of CO2 with azoles is
also important in carbon dioxide capture by metal-organic frameworks [17–20], zeolitic tetrazolate
frameworks [21] and microporous organic polymers [22,23].

It is of interest to explore interactions that are important in biochemical reactions, such as those
between azines and azoles with CO2. In a previous paper, we presented the structures, binding energies
and other properties of CO2: azine complexes stabilized by N···C tetrel bonds [24]. The azoles have
pyridine-like N atoms in positions 2, 3, 4 and 5 that may act as electron-pair donors as do the azines.
However, the azoles also have pyrrole-like N atoms in positions 1, 2 and 4, as illustrated in Scheme 1.
These N-H bonds may act as proton donors for hydrogen-bond formation.
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Scheme 1. The ten azoles and their codes.

A series of papers have reported experimental data on complexes relevant to those investigated
in the present study. The structures of these complexes are illustrated in Scheme 2. The X-ray
crystal structure of the complex between 3-amino-1H-1,2,4-triazole and CO2 (1) shows a tetrel
bond between the N of the amino group and the carbon of CO2 (CSD refcodes: WALBOC and
YUZCED) [25,26]. A Zn-1,2,4-triazole derivative forms a tetrel-bonded complex with CO2 in the solid
state using the free N2 atom of the triazole (2) (CSD refcodes: PEGBUA, PEGCAH, and PEGCEL) [27].
The hydrogen-bonded complex between a 2H-tetrazole and CO2 has been proposed to explain the
behavior of a microporous organic polymer (CSD refcode: TZPIM) [22]. Finally, complex 3 is stabilized
by an N-C covalent bond (CSD refcode: EPIVOQ) [28]. A related transition structure has been proposed
that is stabilized by an N···C tetrel bond.

Scheme 2. Relevant experimentally-determined complexes.

There are also three papers in the literature that report theoretical studies of complexes related
to those investigated in this paper. Vogiatzis, Mavrandonakis, Klopper and Froudakis have reported
MP2/aug-cc-pVTZ structures of complexes of CO2 with 1H-imid-23 and 2H-tet-34, with the CO2 molecule
lying in the plane of the azole [29]. These authors noted the presence of stabilizing interactions involving
an Hα atom of the azole and CO2. Prakash, Mathivon, Benoit, Chambaud and Hochlaf studied 1H-imid-23
and 1H-imid with CO2 and also investigated π stacking of imidazole [30]. Hernández-Marín and
Lemus-Santana studied the complexes between CO2 and imidazole, 2-methylimidazole, benzimidazole
and pyrazine using DFT methods [31]. Finally, Vidal-Vidal, Nieto Faza and Silva López extended
studies of π-complexes to those with 1H-pyrrole, 1H-pyrazole, 1H-1,2,3-triazole, 2H-1,2,3-triazole,
4H-1,2,4-triazole, 2H-tetrazole and 1H-pentazole [32].

As a continuation of our work on intermolecular interactions, we present in this paper the results
of a systematic study of complexes of the ten azoles with CO2. These include two types of tetrel-bonded
complexes and a set of hydrogen-bonded complexes. We report the structures of these complexes,
their binding energies and charge-transfer energies, selected IR stretching and bending frequencies
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and changes in these frequencies upon complexation, as well as spin-spin coupling constants across
tetrel and hydrogen bonds. It is the purpose of this paper to present and discuss these results.

2. Methods

The structures of the isolated CO2 monomer, the azoles pyrrole, pyrazole, imidazole, 1,2,3- and
1,2,4-triazole, tetrazole and pentazole, and the complexes CO2:azole were optimized at second-order
Møller–Plesset perturbation theory (MP2) [33–36] with the aug’-cc-pVTZ basis set [37]. This basis set
was derived from the Dunning aug-cc-pVTZ basis set [38,39] by removing diffuse functions from
H atoms. Frequencies were computed to establish that these optimized structures correspond to
equilibrium structures on their potential surfaces and to examine the changes in selected vibrational
frequencies upon complex formation. Optimization and frequency calculations were performed using
the Gaussian 09 program [40]. The binding energies (−ΔE) of the complexes were computed as the
negative of the reaction energy for the formation of the complex from CO2 and the corresponding azole.

The electron density properties at bond critical points (BCPs) of complexes have been analyzed
using the atoms in molecules (AIM) methodology [41–44] employing the AIMAll [45] program.
The topological analysis of the electron density produces the molecular graph of each complex that
identifies the location of electron density features of interest, including the electron density (�) maxima
associated with the various nuclei and saddle points that which correspond to BCPs. The zero gradient
line that connects a BCP with two nuclei is the bond path. The natural bond orbital (NBO) method [46]
has been employed to obtain the stabilizing charge-transfer interactions in complexes using the NBO-6
program [47]. Since MP2 orbitals are nonexistent, charge-transfer interactions have been computed
using the B3LYP functional with the aug’-cc-pVTZ basis set at the MP2/aug’-cc-pVTZ complex
geometries. This allows for the inclusion of at least some electron correlation effects.

Equation of motion coupled-cluster singles and doubles (EOM-CCSD) spin-spin coupling
constants were evaluated in the CI (configuration interaction)-like approximation [48,49] with all
electrons correlated. For these calculations, the Ahlrichs [50] qzp basis set was placed on 13C, 15N and
17O, and the qz2p basis set on the 1H atom bonded to N. The Dunning cc-pVDZ basis was used for
the remaining H atoms. Total coupling constants were evaluated as the sum of the paramagnetic spin
orbit (PSO), diamagnetic spin orbit (DSO), Fermi contact (FC) and spin dipole (SD) terms. Coupling
constant calculations were performed using ACES II [51] on the HPC cluster Oakley at the Ohio
Supercomputer Center.

3. Results and Discussion

3.1. Overview of the CO2:Azole Complexes

Table 1 contains the names of the complexes, their binding energies and symmetries. The azoles
are listed in Table 1 according to increasing number of nitrogen atoms. For each azole, the complexes
are listed in order of decreasing binding energy. Three types of complexes have been found on the
CO2:azole surfaces, namely tetrel-bonded complexes in which the CO2 molecule lies in the symmetry
plane of the complex; tetrel-bonded complexes in which the CO2 molecule is perpendicular to the
symmetry plane; and hydrogen-bonded complexes. Planar tetrel-bonded complexes are identified as
zH-azole-xy, where z refers to the location of the Nz-H covalent bond in the ring, azole identifies the
particular azole molecule and xy indicates the N atom that forms the tetrel bond and an adjacent N-H
or C-H that may interact with CO2. The 2H-123tri-12 complex illustrated in Figure 1 is representative
of planar tetrel-bonded complexes. For complexes in which the CO2 molecule is perpendicular to the
symmetry plane, the designation is similar, with xy referring to adjacent N atoms that have lone pairs
of electrons and p indicating a perpendicular complex. 4H-124tri-12p in which N1 and N2 donate
lone pairs for tetrel-bond formation is typical of these complexes and is also illustrated in Figure 1.
Complexes in the third set are not tetrel-bonded, but hydrogen bonded, and are identified as zH-azole.
The N1-H···O hydrogen-bonded complex 1H-imid is illustrated in Figure 1.
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Table 1. Names of CO2:azole complexes, their binding energies (−ΔE, kJ·mol−1) and symmetries.

Azole Complex −ΔE Sym

pyrrole 1H-pyrr 10.1 C2v

pyrazole 1H-pyra-12 22.7 Cs

imidazole 1H-imid-23 19.9 Cs

1H-imid 11.2 Cs

triazoles 1H-123tri-12 21.8 Cs
2H-123tri-12 20.3 Cs

1H-123tri-23p 15.8 Cs

1H-124tri-12 21.0 Cs
4H-124tri-12p 18.1 C2v
1H-124tri-45 17.9 Cs

4H-124tri 12.9 C2v

tetrazoles 1H-tet-12 20.3 Cs
2H-tet-23 19.8 Cs
2H-tet-12 18.9 Cs

1H-tet-34p 15.1 Cs
2H-tet-34p 13.7 Cs
1H-tet-23p 13.3 Cs

pentazole 1H-pent-12 19.0 Cs
1H-pent 17.6 C2v

1H-pent-34p 12.2 C2v
1H-pent-23p 11.2 Cs

Figure 1. Representative tetrel- and hydrogen-bonded CO2:azole complexes.

3.2. Planar Complexes Stabilized by Tetrel Bonds

The structures, total energies and molecular graphs of planar complexes stabilized by tetrel
bonds are reported in Table S1 of the Supporting Information. Table 2 reports their binding energies,
charge-transfer energies and Nx-C, Ny-O’ and O’-H, or Cy-O’ and O’-H distances, with O’ the adjacent
atom of CO2. The binding energies of these complexes vary by less than 5 kJ·mol−1, from 17.9 kJ·mol−1

for 1H-124tri-45 to 22.7 kJ·mol−1 for 1H-pyra-12. The Nx-C distances range from 2.781 Å in 1H-imid-23
to 3.027 Å in 1H-pent-12. However, the binding energies do not correlate with the Nx-C distances,
as can be seen from the scattergram of Figure 2. To gain insight into Figure 2, it is advantageous to
subdivide the planar tetrel-bonded complexes into three groups: those in which Cy-H is adjacent to
Nx; those in which Ny-H is adjacent to Nx and have an Nx-C distance that is shorter than the Ny-O’
distance; and those that also have Ny-H adjacent Nx, but have an Ny-O’ distance that is shorter than
the Nx-C distance.
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Table 2. Binding energies (−ΔE) and charge-transfer energies (kJ·mol−1), Nx-C, Ny-O’, Cy-O’ and
H-O’ distances (R, Å) for planar CO2:azole complexes stabilized by Nx···C tetrel bonds.

Azole Complex −ΔE R(Nx-C)
R(Ny-O’);
R(Cy-O’) a

R(NyH-O’);
R(CyH-O’) a,b Primary CT c Secondary CT d

pyrazole 1H-pyra-12 22.7 N2: 2.801 N1: 2.939 2.285 10.7 2.0
imidazole 1H-imid-23 19.9 N3: 2.781 C2: 3.171 2.732 13.4 1.0 d

triazoles 1H-123tri-12 21.8 N2: 2.852 N1: 2.918 2.250 7.6 6.1
2H-123tri-12 20.3 N1: 2.859 N2: 2.936 2.298 7.5 2.1

1H-124tri-12 21.0 N2: 2.859 N1: 2.933 2.275 7.4 2.3
1H-124tri-45 17.9 N4: 2.832 C5: 3.156 2.707 10.2 1.1 e

tetrazoles 1H-tet-12 20.3 N2: 2.933 N1: 2.094 2.222 5.0 4.5
2H-tet-23 19.8 N3: 2.917 N2: 2.904 2.252 5.3 6.3
2H-tet-12 18.9 N1: 2.933 N2: 2.917 2.264 5.3 2.6

pentazole 1H-pent-12 19.0 N2: 3.027 N1: 2.878 2.197 3.1 4.7
a Ny-H or Cy-H is adjacent to Nx. b H-O’ distances involving Cy-H are given in italics. c Nxlp→σ*C-O.
d O’lp→σ*Ny-H. e The charge-transfer is O’lp→σ*Cy-N1.

Figure 2. Binding energies versus distance for the planar tetrel-bonded CO2:azole complexes. The solid
symbols refer to the Nx-C distance; open symbols refer to the Ny-O’ distance in complexes with
tetrazole and pentazole.

The complexes 1H-imid-23 and 1H-124tri-45 are the two complexes that have a Cy-H bond
adjacent to Nx. From Table 2 and Figure 2, it can be seen that although 1H-imid-23 has the shortest Nx-C
distance, its binding energy is less than the binding energies of the planar tetrel-bonded complexes
with pyrazole and the triazoles that have an Ny-H bond adjacent Nx. 1H-124tri-45 has the smallest
binding energy among the planar tetrel-bonded complexes, even though its Nx-C distance is shorter
than this distance in the complexes with the remaining triazoles, tetrazole and pentazole. The Cy-O’
distances in these two complexes are long, and the H-Cy-O’ angles are about 57◦. These data suggest
that Cy-H does not significantly interact with O’. This is consistent with the primary and secondary
charge-transfer energies of these two complexes which are also reported in Table 2. Primary refers to the
interaction associated with the tetrel bond. Figure 3 provides an orbital representation of the primary
charge-transfer interaction in 1H-imid-23. The Nx lone pair donates charge to the σ antibonding C-O
orbital in both 1H-imid-23 and 1H-124-tri-45. The σ antibonding C-O’ orbital is the local in-plane C-O
π* orbital of CO2. The charge-transfer energies in these two complexes are greater than they are in
the other planar tetrel-bonded complexes, except for 1H-pyra-12. The plot of Figure 4 shows that the
primary charge-transfer energies correlate exponentially with the Nx-C distance, with a correlation
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coefficient of 0.978, and that these energies decrease as the number of nitrogen atoms in the ring
increases. Thus, the charge-transfer energies reflect the relative strengths of the tetrel bonds in these
complexes. The secondary charge-transfer energy in 1H-imid-23, which is also depicted in Figure 3,
indicates that there is no Cy-H-O’ interaction in this complex. Thus, it is reasonable to conclude that
1H-imid-23 and 1H-124tri-45 are stabilized solely by tetrel bonds.

Figure 3. Orbital descriptions of the primary and secondary charge-transfer interactions in 1H-imid-23
and 1H-pyra-12.

Figure 4. Primary Nxlp→σ*C-O charge-transfer energies versus the Nx-C distance. The legend indicates
the number of nitrogen atoms in the azole ring.

The second group of planar complexes is also stabilized by Nx···C tetrel bonds and by a secondary
interaction between Ny-H and O’ and have Nx-C distances that are shorter than Ny-O’ distances.
This set is composed of complexes with pyrazole and the triazoles. As evident from Figure 2, they have
the largest binding energies which a range from 20.3 to 22.7 kJ·mol−1 and Nx-C distances between
2.801 and 2.859 Å. The secondary interaction between Ny-H and O’ may be described as a distorted
hydrogen bond with H-Ny-O’ angles of about 40◦. Nevertheless, the interaction between Ny-H and
O’ must play a role in stabilizing these complexes, since the binding energies of the complexes with
the triazoles are greater than the binding energy of 1H-imid-23, which has a much shorter Nx-C
distance and no stabilizing secondary interaction. Figure 3 provides an orbital description of the
primary and secondary charge-transfer interactions in 1H-pyra-12. The primary charge-transfer is
Nxlp→σ*C-O, with charge-transfer energies of 10.7 kJ·mol−1 for 1H-pyra-12 and about 7.5 kJ·mol−1
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for the complexes with the triazoles. These charge-transfer energies are greater than the energies
of secondary back-donations of charge O’lp→σ*Ny-H associated with the distorted hydrogen bond,
which are 6 kJ·mol−1 for 1H-pyra-12 and about 2 kJ·mol−1 for the complexes with the triazoles.
These data suggest that the tetrel bond is primarily responsible for the large binding energies of these
complexes, with the Ny-H-O’ interaction playing a secondary role.

The final group of planar complexes with tetrel bonds and Ny-H-O’ interactions includes
complexes of CO2 with tetrazole and pentazole, which have Ny-O’ distances that are shorter than Nx-C
distances, as evident from Figure 2. These four complexes have the smallest binding energies, and the
longest Nx-C distances. While the Nx-C and Ny-O’ distances are similar for the tetrazole complexes,
they are very different for 1H-pent-12. It may well be that the Ny-H-O’ interaction in the latter complex
is the stronger interaction. This interaction could be described as a distorted Ny-H···O’ hydrogen
bond, with H-Ny-O’ angles of about 40◦. The primary charge transfer associated with the tetrel bond
arises from electron donation from Nx to the σ antibonding C-O orbital, while the secondary charge
transfer involves back-donation of charge from O’ to the antibonding σ Ny-H orbital. The secondary
charge-transfer energy is greater than the primary charge transfer energy in 2H-tet-23 and 1H-pent-12.
These data are consistent with the increased importance of the Ny-H-O’ interaction in these complexes.
In all of the planar complexes with Ny-H bonds interacting with O’, the Nx-C and Ny-O’ distances are
the best compromise to produce a stable equilibrium complex.

Harmonic symmetric and asymmetric stretching and in-plane and out-of-plane bending
frequencies of isolated CO2 and of CO2 in planar tetrel-bonded complexes are reported in Table S2 of the
Supporting Information. The symmetric and asymmetric stretching frequencies and the out-of-plane
bending frequencies of CO2 change by less than 5 cm−1 upon complex formation. It is the in-plane
CO2 bending frequency that is most sensitive to complexation, since changes in this frequency most
directly affect both the Nx···C tetrel bond and the Ny-H···O interaction. This frequency decreases by 9
to 31 cm−1 in the complexes, as evident from Table 3. Figure 5 illustrates that the in-plane bending
frequency of the planar tetrel-bonded complexes decreases as the number of nitrogen atoms in the
azole ring increases. The correlation coefficient of the exponential trend line is 0.951. It is interesting to
note that the Ny-H stretching frequency is also changed by complex formation, thereby giving another
property that supports the importance of the Ny-H-O’ interaction in these complexes. This frequency
is red-shifted by 22 to 30 cm−1 upon complexation, as evident from the plot of Figure S1 of the
Supporting Information.

Table 3. CO2 in-plane bending frequencies (ν), changes in these frequencies upon complexation
(δν, cm−1), and spin-spin coupling constants 1tJ(Nx-C) and J(Ny-O’) (Hz) for planar CO2:azole
complexes stabilized by Nx···C tetrel bonds.

Azole Complex ν a δν 1tJ(Nx-C) J(Ny-O’)

pyrazole 1H-pyra-12 634 −25.0 0.5 0.8

imidazole 1H-imid-23 628 −30.5 0.6

triazoles 1H-123tri-12 640 −19.1 0.4 0.9
2H-123tri-12 641 −18.4 0.3 1.0

1H-124tri-12 640 −19.3 0.3 0.9
1H-124tri-45 636 −23.4 0.4

tetrazoles 1H-tet-12 646 −13.4 0.2 1.1
2H-tet-23 646 −13.4 0.2 1.2
2H-tet-12 646 −12.9 0.1 1.1

pentazoles 1H-pent-12 650 −8.6 0.0 1.5
a The degenerate bending frequency of isolated CO2 is 659 cm−1.
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Figure 5. Absolute value of the change in the CO2 in-plane bending frequency upon complex formation
versus the number of nitrogen atoms in the azole ring.

Table 3 also reports the one-bond coupling constants 1tJ(Nx-C) across the tetrel bonds and J(Ny-O’)
for the planar complexes. Only the FC term contributes to 1tJ(Nx-C), and this term has values between
0.0 and 0.6 Hz. These small values may be attributed to the nature of the FC term, which depends
on s electron densities in the ground and excited states of the coupled nuclei. Since the tetrel bond
basically forms through the π system of CO2, there is little s-electron density at C in the direction of
the Nx-C bond. Yet, despite the small values, 1tJ(Nx-C) exhibits a second-order correlation with the
Nx-C distance, with a correlation coefficient of 0.978. A plot of 1tJ(Nx-C) versus the Nx-C distance is
included as Figure S2 of the Supporting Information. Values of J(Ny-O’) are reported in Table 2 and
are also small, ranging from 0.8 to 1.5 Hz. These are plotted against the Ny-O’ distance in Figure S3 of
the Supporting Information. The correlation coefficient of the second-order trend line is not as good,
with a value of 0.877. However, what is most interesting is a comparison of Figures S2 and S3. It is
evident that as the number of N atoms in the azole ring increases, 1tJ(Nx-C) decreases because the
Nx-C distance increases, but J(Ny-O’) increases because the Ny-O’ distance decreases.

3.3. Perpendicular Complexes Stabilized by Tetrel Bonds

Table S3 of the Supporting Information provides the structures, total energies and molecular
graphs of the perpendicular tetrel-bonded complexes, and Figure 1 illustrates the structure of
4H-124tri-12p, which has C2v symmetry. Table 4 reports the binding energies, charge-transfer energies
and Nx-C and Ny-C distances of these complexes. The most stable 4H-124tri-12p complex has
a binding energy of 18.1 kJ·mol−1 and N1-C and N2-C distances of 2.922 Å. The least stable complex is
1H-pent-23p, which has a binding energy of 11.2 kJ·mol−1 and N3-C and N2-C distances of 2.939 and
3.113 Å, respectively. Since there are two different N-C distances in five of the seven perpendicular
complexes, the binding energies have been plotted against the average of the Nx-C and Ny-C distances.
This plot has an exponential trend line with a correlation coefficient of 0.916. However, what is more
informative is Figure 7, in which the binding energies of the complexes are plotted against the number
of nitrogen atoms in the ring. This plot illustrates very well that the binding energies of perpendicular
complexes decrease as the number of nitrogen atoms in the ring increases.
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Figure 6. Representation of the two bending vibrations in the 1H-pent-34p complex.

Table 4. Binding energies (−ΔE) and charge-transfer energies (CT, kJ·mol−1), Nx-C and Ny-C distances
(Å) and frequencies of bending vibration 1 (ν, cm−1) in perpendicular azole:CO2 complexes with
tetrel bonds.

Azole Complex −ΔE R(Nx-C); R(Ny-C) a CT b υ c,d

triazoles 1H-123tri-23p 15.8 N2: 2.994; N3: 2.938 4.4 645

4H-124tri-12p 18.1 N1: 2.922; N2: 2.922 5.6 644

tetrazoles 1H-tet-34p 15.1 N3: 2.959; N4: 2.981 4.9 648
2H-tet-34p 13.7 N3: 3.021; N4: 2.967 4.2 647
1H-tet-23p 13.3 N2: 3.088; N3:2.954 4.1 647

pentazoles 1H-pent-34p 12.2 N3: 3.016; N4: 3.016 3.0 651
1H-pent-23p 11.2 N2: 3.113; N3: 2.939 2.5 650

a Two electron-donor N atoms that form the tetrel bond. b The charge transfer is (Nxlp + Nylp)→π*O-C-O. In the
natural bond orbital (NBO) scheme, this is the sum of two charge-transfer interactions. c The degenerate bending
vibrational frequency of isolated CO2 is 659 cm−1. d The bending vibrations are illustrated in Figure 6.

Figure 7. Binding energies (solid symbols) and charge-transfer energies (open symbols) versus the
number of N atoms in the azole rings.

Charge-transfer energies for the perpendicular complexes are also reported in Table 4. These arise
from electron donation from the lone pairs on Nx and Ny to the in-plane antibonding π* O-C-O
orbital of CO2. The NBO method describes charge-transfer in these complexes as two charge-transfer
interactions, and it is the sum that is reported in Table 3. The total charge-transfer energies vary from
2.5 kJ·mol−1 for 1H-pent-23p to 5.6 kJ·mol−1 for 4H-124tri-12p. Figure 7 presents a plot of the total
charge-transfer energies versus the number of nitrogen atoms in the azole ring.
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In the perpendicular complexes, there are four vibrational frequencies associated with the CO2

molecule, two stretching and two bending vibrations, with the bending modes illustrated in Figure 6.
Bending Vibration 1 may be roughly described as a bending motion that occurs in a plane perpendicular
to the Nx-Ny bond, while Vibration 2 is a bending vibration in a plane that is parallel to the Nx-Ny
bond. The stretching frequencies and bending frequency 2 are not very sensitive to complex formation,
since the changes in these do not exceed 2.5 cm−1, but bending vibration 1 is sensitive to complexation.
As evident from Table 4, this frequency decreases by about 14 cm−1 in complexes with the triazoles, by
11 or 12 cm−1 with the tetrazoles and by 8 or 9 cm−1 with pentazole. The decrease in this frequency
exhibits a linear dependence on the number of nitrogen atoms, with a correlation coefficient of 0.971.

Coupling constants 1tJ(Nx-C) and 1tJ(Ny-C) have been evaluated for these complexes. Only the
FC term contributes to these coupling constants. However, because the carbon atom of CO2 lies in the
nodal plane, the computed FC terms are either 0.0 or 0.1 Hz.

3.4. Complexes Stabilized by Hydrogen Bonds

There are only four CO2:azole complexes that are stabilized by Nz-H···O hydrogen bonds,
1H-pyrr, 1H-imid, 4H-124tri and 1H-pent. Table S4 of the Supporting Information provides their
structures, total energies and molecular graphs, and 1H-imid is illustrated in Figure 1. Table 5
presents their binding energies, charge-transfer energies and Nz-O and Nz-H distances. The Nz-O
distances are rather long, varying from 2.988 Å in 1H-pent to 3.175 Å in 1H-pyrr. The binding
energies range from 10.1 kJ·mol−1 for 1H-pyrr to 17.6 kJ·mol−1 for 1H-pent, while the charge-transfer
energies Olp→σ*Nz-H range from 8.7 to 22.7 kJ·mol−1 in these same two complexes. Plots of these
two properties versus the Nz-O distance are given in Figure 8. The correlation coefficients of the
exponential trend lines are 0.987 for the binding energies and 0.999 for the charge-transfer energies.
From Table 5 and Figure 8, it is apparent that the binding energies and charge-transfer energies increase
as the number of N atoms in the ring increases, unlike the tetrel-bonded complexes for which the
binding energies tend to decrease as the number of nitrogen atoms increases. As the number of nitrogen
atoms in the ring increases, the azole molecule becomes more acidic and Nz-H becomes a better proton
donor, while the azole molecule becomes a weaker base and a poorer electron-pair donor.

Table 5. Binding energies (−ΔE) and charge-transfer energies (kJ·mol−1), Nz-O and Nz-H distances (Å),
changes in Nz-H stretching frequencies (δν, cm−1) and spin-spin coupling constants 2hJ(Nz-O) (Hz)
for CO2:azole complexes stabilized by Nz-H···O hydrogen bonds.

Azole Complex −ΔE R(Nz-O) Olp→σ*Nz-H 2hJ(Nz-O) R(Nz-H) Δν(Nz-H)

pyrrole 1H-pyrr 10.1 3.175 8.7 2.1 1.006 −5.1
imidazole 1H-imid 11.2 3.152 10.1 2.2 1.007 −8.8

124-triazole 4H-124tri 12.9 3.112 12.3 2.6 1.008 −17.1
pentazole 1H-pent 17.6 2.988 22.7 4.6 1.014 −47.0

Table 5 also reports IR and NMR spectroscopic data for these complexes including the change in
the Nz-H stretching frequency upon complex formation and the two-bond NMR coupling constant
2hJ(Nz-O) across the hydrogen bond. For a typical X-H···Y hydrogen bond, there is a red shift, that is
a shift to lower energy of the X-H stretching frequency. The data of Table 5 show that this frequency
decreases in the CO2:azole complexes relative to the corresponding isolated azole. The red shifts range
from 5 to 47 cm−1 and increase as the number of nitrogen atoms in the ring and the Nz-H distance in
the complexes increase. The linear trend line that relates the Nz-H stretching frequency to the Nz-H
distance has a correlation coefficient of 0.996. The second spectroscopic property of interest is the NMR
coupling constant 2hJ(Nz-O) across the hydrogen bond. This coupling constant varies from 10.1 Hz in
1H-pyrr to 17.6 Hz in 1H-pent. The second-order trend line that relates 2hJ(Nz-O) to the Nz-O distance
has a correlation coefficient of 0.9997.

204



Molecules 2018, 23, 906

Figure 8. Binding energies (solid symbols) and charge-transfer energies (open symbols) versus the
Nz-O distance.

As evident from Table 5, there are only four CO2:azole complexes that are stabilized by
hydrogen bonds. However, since there are ten different azoles, namely pyrrole, pyrazole, imidazole
and pentazole, and two tautomers each of 1,2,3-triazole, 1,2,4-triazole and tetrazole, which differ
in the position of the Nz-H bond, it would not be unreasonable to expect that there might be
10 hydrogen-bonded complexes. Why are there only four? Some insight into the answer to this question
comes from the structures of the complexes 1H-pyrr, 1H-imid and 4H-124tri. In these, Nz-H is bonded
to two C-H groups in the ring. Without an adjacent N atom with a lone pair of electrons available to
form a tetrel bond, only an essentially linear Nz-H···O hydrogen bond can form. In contrast, pentazole
does have N atoms with lone-pairs adjacent to Nz-H, and it does form one planar tetrel-bonded
complex. However, the basicity of the azoles decreases and the acidity increases as the number of N
atoms in the ring increases [52]. As a result, pentazole also forms a hydrogen-bonded complex with
CO2, and it is the most stable among these complexes.

4. Conclusions

Ab initio MP2/aug’-cc-pVTZ calculations have been performed to investigate complexes of
CO2 with the azoles pyrrole, pyrazole, imidazole, 1,2,3- and 1,2,4-triazole, tetrazole and pentazole.
The results of these calculations support the following statements.

1. Three types of complexes have been found on the potential surfaces. These include ten complexes
stabilized by tetrel bonds in which the azole molecule lies in the symmetry plane of the
complex and seven complexes also stabilized by tetrel bonds, but which have the azole molecule
perpendicular to the symmetry plane. In addition, there are four hydrogen-bonded complexes.

2. The ten complexes stabilized by tetrel bonds that have the azole molecule in the symmetry plane
of the complex have some common characteristics.

a. Those complexes that have an Ny-H group bonded to Nx are stabilized primarily by
Nx···C tetrel bonds and by a secondary interaction between Ny-H and O’, which assumes
increased importance as the number of N atoms in the ring increases.

b. The binding energies of the planar complexes do not correlate with the Nx-C distance,
but the primary charge-transfer energies do.
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c. The IR in-plane bending frequency of CO2 is most sensitive to complex formation.
The change in this frequency decreases as the number of N atoms increases. NMR spin-spin
coupling constants 1tJ(Nx-C), which are FC dominated, are less than 1 Hz, since there is
little s-electron density at C in the direction of the tetrel bond.

3. There are seven perpendicular tetrel-bonded complexes that arise when there are two adjacent N
atoms in the ring, and each has a lone pair of electrons.

a. The binding energies of perpendicular complexes decrease as the number of nitrogen atoms
in the ring decreases.

b. The IR bending mode of CO2 that moves the C atom toward and away from the Nx-Ny
bond is most sensitive to complex formation. The change in its frequency upon complex
formation decreases in the order triazole > tetrazole > pentazole.

c. The NMR coupling constants 1tJ(Nx-C) and 1tJ(Ny-C) are negligibly small since there is
a node at C in the complex symmetry plane.

4. The four hydrogen-bonded complexes involve pyrrole, imidazole, 1,2,4-triazole and pentazole.
Three of these form when the ring Nz-H is bonded to two C-H groups, thereby eliminating the
possibility of tetrel-bond formation. The fourth forms with pentazole, which is the strongest acid.

a. The binding energies of these complexes and their charge-transfer energies increase as the
number of N atoms in the ring increases.

b. Hydrogen bonding produces a red-shift of the IR Nz-H stretching band. The magnitude of
the red shift increases as the number of N atoms in the ring increases.

c. The NMR coupling constant 2hJ(Nz-O) across the hydrogen bond increases as the number
of nitrogen atoms in the ring increases.

Supplementary Materials: Structures, total energies and molecular graphs of CO2:azole complexes; bending and
stretching frequencies of CO2 in planar complexes; plots of stretching frequencies and coupling constants versus
distances and/or the number of N atoms in the ring.
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Abstract: The σ-hole tetrel bonds formed by a tetravalent molecule are compared with those involving
a π-hole above the tetrel atom in a trivalent bonding situation. The former are modeled by TH4, TH3F,
and TH2F2 (T = Si, Ge, Sn) and the latter by TH2=CH2, THF=CH2, and TF2=CH2, all paired with NH3

as Lewis base. The latter π-bonded complexes are considerably more strongly bound, despite the near
equivalence of the σ and π-hole intensities. The larger binding energies of the π-dimers are attributed
to greater electrostatic attraction and orbital interaction. Each progressive replacement of H by F
increases the strength of the tetrel bond, whether σ or π. The magnitudes of the maxima of the
molecular electrostatic potential in the two types of systems are not good indicators of either the
interaction energy or even the full Coulombic energy. The geometry of the Lewis acid is significantly
distorted by the formation of the dimer, more so in the case of the σ-bonded complexes, and this
deformation intensifies the σ and π holes.

Keywords: MP2; DFT; NBO; MEP; AIM

1. Introduction

Recent years have seen a veritable explosion of research into noncovalent interactions that are
analogous to the H-bond. The proton acting as a bridge between the two subunits in the H-bond
can be replaced by any of a number of more electronegative atoms, without loss of binding strength.
Depending upon the chemical family to which this bridging atom belongs, these noncovalent bonds
have been denoted as halogen, chalcogen, and pnicogen bonds [1–10]. Data has also accumulated
that this sort of bonding can also involve the inert gas atoms in aerogen bonds [11] and even the
coinage metal atoms in so-called regium bonds [12]. All of these interactions have a number of
features in common. Asymmetrical distribution of electron density around the bridging atom typically
leads to one or more σ-hole [13–25] of positive electrostatic potential. Each such σ-hole is situated
directly opposite a covalent bond involving the atom of interest, and can attract a nucleophile. To this
Coulombic attraction is added other attractive forces identified with charge transfer, polarization,
and dispersion.

Another of this set of noncovalent bonds which has begun to garner widespread attention is
the tetrel bond, in which the bridging atom belongs to the C/Si Group 14 of the periodic table.
Tetrel bonds play an essential role in numerous processes, as for instance the first stages of SN2
reactions which are important in organic synthesis [26]. Other works include a study of the carbon
bond as representative of tetrel bonds [27], acetonitrile complexes with tetrahalides [28], examples
derived from crystal structures [29], steric crowding in FTR3 (T = Si, Ge, Sn, Pb) complexes with various
Lewis bases [30], factors controlling the strength of tetrel bonds [31], as well as a recent paper regarding
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the implications of deformation of the tetrel-containing molecule when paired with ammonia, pyrazine
and nitrogen cyanide [32].

As study of these noncovalent bonds progressed it soon became apparent that σ-holes are not
the only regions of positive potential that may be present. In cases where the bridging atom lies in
a planar (or nearly planar) bonding environment, a positive area can develop above this molecular
plane [33]. Like σ-holes, these π-holes serve as sites of attraction for an approaching nucleophile [34–42].
There have been a number of studies of noncovalent bonds of various sorts that have examined both σ

and π-holes, and more interestingly, comparisons between the two [26,33,43–46]. Lastly, a valuable
supplement to this matter concerning the molecular orbital theory-based description of σ, π and δ holes
was introduced by Angarov and Kozuch [47]. It is stated there that many chalcogen and pnicogen
bonds should be termed as hybrid σ/π hole interactions rather than simple σ-hole. However, these sorts
of comparisons are largely absent in the context of tetrel bonds. Given the importance of tetrel bonds,
and the preponderance of molecules in which both σ and π holes may be present, a thorough and
comprehensive understanding of the forces that contribute to both, and how they compare with one
another, is of paramount importance.

It is to this problem that this work is devoted. Systems are developed in which σ and π tetrel
bonding may be directly compared with one another in a controlled fashion by quantum chemical
calculations. The molecular electrostatic potential is evaluated for each Lewis acid, which reveals
all plausible sites of attachment of a nucleophile, and geometry optimizations reveal which of these
sites actually result in an equilibrium dimer. One is able to determine how accurate a measure of
the binding strength are the intensities of the σ and π-holes. It is also possible to go one step further
and assess whether the hole intensity in and of itself is an accurate indicator of the full Coulombic
interaction between the two molecules. Beyond this, how does the latter electrostatic term compare
with other attractive forces such as charge transfer and dispersion? Given the prior observation that
tetrel bonds lead to sizable geometric deformations of the monomers [32,48], how do such distortions
factor into the binding energy of the σ and π tetrel bonds? And as a bottom line, how do the strengths
of σ and π tetrel bonds compare with one another?

2. Systems and Computational Methods

Tetravalent TH4-nFn molecules, with T = Si, Ge, and Sn, were taken as systems which contain
σ-holes of varying strength. As a point of comparison, TH2-nFn=CH2 molecules place the T atom
in a planar trivalent bonding situation, which can be expected to contain π-holes above the T atom.
One can adjust the number n of electron-withdrawing F atoms in each molecule so as to modulate the
strength of these two sorts of holes, and still facilitate a fair comparison. It is also possible to assess
how sensitive the findings might be to the identity of the particular tetrel atom by comparing Si with
Ge and Sn. NH3 was taken as the universal electron donor, due first to the ready availability of its
lone electron pair. The presence of only one such pair, coupled with the small size of this molecule,
allows an unambiguous evaluation of the properties of the tetrel bond, minimizing any complicating
secondary interactions.

All geometries were optimized at the MP2 level in conjunction with the aug-cc-pVDZ basis
set [49,50]. For the Sn atom, the aug-cc-pVDZ-PP basis set from the EMSL library was applied for
the purpose of including relativistic effects [51,52]. All complexes were characterized as minima
by frequency analysis calculations. The interaction energies of the complexes were evaluated as
the difference in energy between the dimer and the sum of the two monomers, frozen in the same
geometry as in the dimer, then corrected for basis set superposition error (BSSE) by the standard
counterpoise procedure [53]. The deformation energies of the two subunits were assessed as the
difference in electronic energy between each unit within the geometry of the complex and that of
the fully optimized isolated molecule. Computations were carried out with the Gaussian 09 suite of
programs [54]. Energy decomposition analysis (EDA) was performed at the BLYP-D3(BJ)/ZORA/TZ2P
level using the ADF program [55–57]. The molecular electrostatic potentials (MEPs) of the isolated
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monomers were evaluated on the electron density isosurface of � = 0.001 au at the MP2/aug-cc-pVDZ
level, and its extrema were determined using the WFA-SAS program [58]. MP2 electron densities
were analyzed via AIM in order to identify the bond critical points (BCPs) [59] and to evaluate their
properties. In order to incorporate electron correlation into the NBO analysis of interorbital electron
transfer, the BLYP-D3(BJ) functional was applied within the context of the def2TZVPP basis set via the
GenNBO program [60].

3. Results and Discussion

3.1. Electrostatic Potentials of Isolated Molecules

The molecular electrostatic potential (MEP) of the tetravalent, approximately tetrahedral TH4,
TH3F and TH2F2 (T = Si, Ge or Sn) isolated molecules are displayed in Figure 1; analogous MEPs are
shown in Figure 2 for the trivalent TH2-nFn=CH2 analogues which are roughly planar.

Figure 1. MEPs of TH4, TH3F and TH2F2 (T = Si, Ge or Sn) computed on the 0.001 au isodensity
surface at the MP2/aug-cc-pVDZ-PP level. Colour ranges, in kcal/mol, are: red greater than 15, yellow
between 8 and 15, green between 0 and 8, blue below 0 kcal/mol. The letters a and b mean different
types of Vs,max.

Figure 2. MEPs of TH2-nFn=CH2 isolated molecules, computed on the 0.001 au isodensity surface at
the MP2/aug-cc-pVDZ-PP level. Colour ranges, in kcal/mol, are: red greater than 15, yellow between
8 and 15, green between 0 and 8, blue below 0 kcal/mol. The letters c, d and e mean different types
of Vs, max.

Positive values of the MEP are denoted in red, while blue represents negative regions. Each of
the tetrahedral molecules in Figure 1 contains four σ-holes lying on the extension of each of the
four covalent bonds. Due to its symmetry, all four of these MEP maxima are equivalent in TH4.
There are two types of maxima in the fluorosubstituted species: those opposite F are labeled a, and the
b designation is applied to those opposite a H atom. The values of these maxima are collected in
Table 1, where it is immediately obvious that a σ-holes opposite F atoms are more intense than their
b analogues opposite the H atom. This pattern is consonant with the much greater electronegativity of
F; the ratio of a/b values of Vs,max varies between 1.4 and 1.8, and their numerical values are consistent
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with previous studies [24]. Another expected pattern evident in Table 1 is the increase in Vs,max as
progressively more F atoms are added to the molecule. One normally expects the hole to intensify as
the tetrel atom is enlarged. While Sn certainly corresponds to the largest values of Vs,max, Si and Ge
are less distinct from one another.

Table 1. Values of two maxima in the MEPs (Vs,max, kcal/mol) of tetravalent σ-hole donors at the
MP2/aug-cc-pVDZ-PP level of theory.

T Vs, max
a TH4 TH3F TH2F2

Si
a - 41.8 43.9
b 19.8 26.4 31.1

Ge
a - 46.0 49.8
b 18.4 25.3 30.4

Sn
a - 54.8 59.6
b 25.0 31.7 37.8

a a and b maxima lie respectively on the extensions of T–F and T–H bonds (see Figure 1).

The planar TH2-nFn=CH2 molecules contain three primary types of MEP maximum as shown in
Figure 2 (their values are given in Table 2). The first, and generally the most intense, is labeled c and
occurs roughly above (and below) the T atom, skewed away from the C atom by a certain amount.
Maximum d lies in the molecular plane, in a position corresponding roughly to the C=T bond midpoint,
approximately on an extension of the T–H or T–F covalent bond.

In most cases, with the sole exceptions of GeHF=CH2, and SnHF=CH2, maximum c is considerably
more positive than is d (see below for further discussion). The last maximum e is associated with the
two CH2 protons. This position would be pertinent to the formation of any possible CH···N H-bonds
with an approaching NH3 nucleophile. (Several other maxima appear in some of these molecules
but are much weaker in intensity.) Focusing on maximum c, the site of the π-hole, one sees a clear
intensification as H atoms are replaced by F. On the other hand, the expected trend of growing intensity
with tetrel atom size is violated. Although Sn does indeed produce the largest π-holes, Si exceeds its
larger Ge congener. The d patterns are more consistent with expectations, with the caveat that the
addition of the second F atom reduces Vs,max. This lowering is sensible because the proximity of the
very electronegative F atom to the hole would mitigate against its positive value. It might be noted
here that several of the molecules in Figure 2 are not strictly planar. This point will be discussed in
greater detail below.

Table 2. Values of maxima in the MEPs (Vs,max, kcal/mol) of TR2=CH2 π-hole donors, at the
MP2/aug-cc-pVDZ-PP level of theory.

T Vs, max
a TH2=CH2 THF=CH2 TF2=CH2

Si
c 21.0 32.4 48.8
d 10.1 23.9 19.5
e 12.1 16.3 18.8

Ge
c 19.4 29.8 44.8
d 10.8 32.5 27.0
e 12.2 19.2 24.0

Snb
c 24.0 34.8 53.3
d 14.8 43.6 37.3
e 11.1 19.5 25.1

a Locations of the maxima are displayed in Figure 2. b In the SnH2=CH2 molecule there is another Vs, max with
a value of 18.1 kcal/mol located on the extension of the C=Sn bond (between two c maxima).
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Finally, with respect to the ammonia molecule, the value of Vs, min on the N atom at its lone pair
position is −37.7 kcal/mol. Based on the positions and intensities of the various σ-holes, one would
anticipate that a nucleophile such as NH3 would be attracted to the a maximum, directly opposite the
F atom if one is present, and that the strongest tetrel bonds would occur for T=Sn, followed by Ge and
then by Si; TH2F2 ought to engage in a slightly stronger bond than would TH3F.

3.2. σ-Hole Bonded Dimers

The optimized geometries in which NH3 engages with the σ-holes of the tetravalent TH4, TH3F
and TH2F2 molecules are illustrated in Figure 3. Consistent with the labeling in Figure 1a,b designate
whether the N is located opposite the F or H atom, respectively. The interaction energies (Eint),
corrected for BSSE, are collected in Table 3, along with the deformation energies (Edef) of the subunits
as well as selected intermolecular geometrical parameters.

Figure 3. Optimized structures of σ-hole bonded tetrel complexes. (a) and (b) refer to σ-hole positions
in Figure 1 (N—dark blue, T—green, H—white, F—Light blue).

Table 3. Interaction energy (Eint) corrected for BSSE, of indicated Lewis acid with NH3 in σ-hole bonded
complexes, along with deformation energy (Edef) of individual subunits, intermolecular distance and
angle (energies in kcal/mol, distances in Å, angles in degrees). Data obtained at the MP2 level of theory.

Lewis Acid Eint Edef A a Edef B b R(N···T) θ(R–T···N) c

SiH4 −1.8 0.14 0 3.232 180
GeH4 −1.59 0.11 0 3.332 179.6
SnH4 −2.81 0.37 0 3.170 180

SiH3F(a) −7.43 1.93 0 2.557 180
SiH3F(b) −3.24 0.34 0 3.102 174
GeH3F(a) −7.34 1.49 0 2.630 179.9
GeH3F(b) −3.72 0.29 0 3.134 170.5
SnH3F(a) −10.29 1.78 0 2.667 180
SnH3F(b) −7.43 2.23 0.03 2.793 166.2
SiH2F2(a) −10.42 5.07 0.02 2.390 177.6
SiH2F2(b) −4.12 1.38 0 2.865 175.8
GeH2F2(a) −10.84 3.97 0.02 2.458 174.3
GeH2F2(b) −11.34 9.14 0.06 2.364 168.2
SnH2F2(a) −15.29 3.77 0.04 2.521 169.2
SnH2F2(b) −20.07 10.45 0.14 2.374 155.8

a Deformation energy of Lewis acid. b Deformation energy of Lewis base (NH3).c R refers to F or H in complexes (a)
and (b), respectively.
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The presence of a tetrel bond is signaled first by the intermolecular R(N···T) distance which is
smaller than the sum of the corresponding van der Waals radii. (This sum is equal to 3.85, 3.95 and
4.08 Å for Si, Ge and Sn, respectively.) The N atom lies very nearly directly opposite the F atom of
the Lewis acid in the a dimers. The θ(R–T···N) angle in the last column of Table 3 is 180◦, with the
exception of TH2F2. Larger deviations of the θ(HT···N) angles from linearity are observed for the
b complexes. These nonlinearities are due to attractive forces between the F and H atoms of the Lewis
acid and base, respectively.

The interaction energies vary between less than 2 kcal/mol for the TH4 molecules to as much
as 20 kcal/mol for the difluorinated Lewis acids. The patterns match those of Vs, max in Table 1,
although imperfectly. In the first place, a dimers with the base opposite F are more strongly bound
than b complexes opposite H, but this trend is reversed for GeH2F2 and SnH2F2. Whether a or b type,
Eint rises in the order Si~Ge < Sn, and also increases as more F atoms are added to the acid.

In order to more fully understand the nature of the tetrel bond, and the effects that factor into it,
one must first recognize that the formation of such a bond relies on a certain amount of distortion of
the monomer geometry. The crowded nature of the tetravalent bonding surrounding the tetrel atom
impedes the approach of a nucleophile. Three of the substituents must be peeled back away from this
nucleophile to facilitate its approach, which in turn produces a certain amount of deformation energy
within the molecule. The magnitude of this deformation energy is listed in Table 3 as Edef A for the acid.
The NH3 molecule need undergo only very little internal deformation so Edef B is quite small. Edef A
is very small for the unsubstituted TH4 molecules, not surprising in view of the long intermolecular
separations of more than 3 Å. Monofluorination brings the N in much closer, to about 2.6 Å for the
a dimers, and the deformation energies are thus larger, nearly 2 kcal/mol. The intermolecular distance
is shorter after difluorination and Edef A is correspondingly larger, 4–5 kcal/mol. Note that some of
the b dimers have an even closer approach, and thus a correspondingly higher deformation energy.

These energies can be correlated to the geometrical changes within the monomers. Summation of the
three θ(R1TR2) angles of the R substituents that come into contact with the nucleophile offers a convenient
measure of these distortions. On one extreme, in a fully tetrahedral environment, this sum would be equal
to three times 109.5◦ or 328.5◦, which would change to 360◦ if these three substituents peel back to lie
in a plane in a bipyramidal arrangement. This measure of the geometry is listed in Table 4 along with
the amount it changes as a result of complexation with NH3. Note that there is a very strong correlation
between the latter change and deformation energy Edef A in Table 3. In fact, the correlation coefficient is
0.999. In either case, the quantity is larger for b than for the a complex for Ge and Sn.

One would expect that the MEPs of these molecules would likewise be altered by the geometrical
distortions accompanying dimerization. The effect of the deformation upon the value of Vs, max is
reported in the last three columns of Table 4 where it may be seen that the partial planarization
yields fairly large increases in the MEP maximum, as much as 35 kcal/mol. On a percentage basis,
these increases vary from 28% to a near doubling. Note also that the deformation-induced Vs, max

increase is especially large for the b dimers of Ge and Sn. And it is in just these complexes that one sees
an anomalously large interaction energy. On the other hand, it is not just the b geometries for which
Vs, max grows upon deformation.

Table 4. Planarity measure and MEP maximum of TH2F2 molecule in its geometry within the monomer
and within its complex with NH3.

Σθ(R1TR2), degs Vs, max, kcal/mol

Monomer Complex Change Monomer Complex Change

Si a 332.3 350.0 17.7 43.9 60.9 17.0
Si b 324.1 334.3 10.2 31.1 42.9 11.8
Ge a 335.1 351.0 15.9 49.8 63.7 13.9
Ge b 320.7 346.9 26.2 30.4 58.9 28.5
Sn a 337.1 352.9 15.8 59.6 74.0 14.4
Sn b 318.4 347.5 29.1 37.8 72.8 35.0
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The MEP maximum rises also in the a structures, albeit by not as much in the Ge and Sn cases.
As a net result, Vs,max is larger for a than for b in all of the complexes in Table 4, so one cannot
explain the larger interaction energies for the latter solely in terms of MEP. There are of course other
aspects of the interaction besides electrostatic attraction. Table 5 presents other components based on
an EDA analysis, viz. orbital interaction Eoi and dispersion Edisp. Eelec contributes a fairly consistent
52–65% of the total attractive force, differing little between a and b structures. Dispersion makes
a smaller contribution, especially in the more strongly bound dimers where it amounts to only about
5%. The orbital interaction term is perhaps more interesting, particularly for the TH2F2 systems.
Parallel to the full Edef, Eoi is larger for the b dimers than for a for both T=Ge and Sn, but the reverse is
true for T=Si. It would thus appear that a large part of this pattern can be traced to orbital interactions.

Table 5. EDA/BLYP-D3(BJ)/ZORA/TZ2P decomposition of the interaction energy of σ-hole bonded
complexes into Pauli repulsion (EPauli), electrostatic (Eelstat), orbital interaction (Eoi) and dispersion
(Edisp) terms. All energies in kcal mol−1. The relative values in percent express the contribution of each
to the sum of all attractive energy terms.

Lewis Acid ΔE EPauli Eelec % Eoi % Edisp %

SiH4 −2.12 5.8 −4.2 53 −1.98 25 −1.73 22
GeH4 −1.69 5.03 −3.52 52 −1.53 23 −1.67 25
SnH4 −3.04 10.55 −8.12 60 −3.18 23 −2.29 17

SiH3F(a) −8.64 29.45 −22.44 59 −12.88 34 −2.77 7
SiH3F(b) −3.66 8.78 −7.43 60 −2.85 23 −2.15 17
GeH3F(a) −7.29 27.28 −21.29 62 −10.59 31 −2.7 8
GeH3F(b) −3.95 9.52 −8.24 61 −2.99 22 −2.24 17
SnH3F(a) −9.92 33.5 −27.86 64 −12.54 29 −3.01 7
SnH3F(b) −7.54 28.65 −23.26 64 −9.85 27 −3.07 8
SiH2F2(a) −11.22 48.26 −36 61 −20.34 34 −3.11 5
SiH2F2(b) −4.8 16.04 −13.24 64 −4.99 24 −2.6 12
GeH2F2(a) −10 45.54 −34.9 63 −17.59 32 −3.05 5
GeH2F2(b) −10.53 62.38 −46.24 63 −23.32 32 −3.34 5
SnH2F2(a) −14.16 50.53 −41.9 65 −19.42 30 −3.36 5
SnH2F2(b) −18.91 75.93 −61.53 65 −29.58 31 −3.73 4

This supposition is confirmed by NBO analysis of the charge transfer. Table S1 demonstrates
that two measures of charge transfer conform to the trends listed above. The total intermolecular
charge transfer CT is computed as the sum of atomic charge on either monomer. ΣE(2) represents the
energetic consequence of transfers from particular molecular orbitals, in this case from the N lone pair
to the four antibonding σ*(T–R) orbitals. Both of these parameters are larger for the b than for the
a dimer for Ge and Sn, but smaller for Si. And furthermore, they are also larger for a than for b for all
the monofluorinated TH3F molecules, as was the case for the full interaction energy.

An alternate means of analyzing the molecular interactions derives from AIM treatment of the
topology of the total electron density. Diagrams of the various dimers are provided in Figure S1 for
the illustrative Ge set of dimers where small green dots indicate the position of bond critical points.
The density, density Laplacian, and total electron energy at the intermolecular bond critical points are
collected in Table S2. It might first be noted that there are certain anomalies in this data. In addition
to the expected T···N bond paths, there are a number of bond paths placed by AIM between N and
certain F atoms of the Lewis acid. Such bonds are reported only for the b type dimers, but not in all
cases. The presence of a true N···F bond would contribute to the stability of these geometries. In one
case, SiH2F2(b), a bond path connects N with one of the H atoms of the Lewis acid. Indeed in this case,
AIM does not provide evidence of a T···N tetrel bond at all. Dispensing with these anomalies, there are
patterns in the AIM data that are consistent with the full energetics. The AIM measures of the Ge···N
and Sn···N tetrel bonds in TH2F2(b) are larger than those for the a analogue, while the opposite may
be said for all three TH3F dimers.
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In summary, the σ-hole directly opposite the F atom is consistently much more positive than
one opposite H. Nonetheless, due to a combination of factors, that include deformation-induced
intensification, and a greater degree of charge transfer, the latter position becomes competitive with
the former as a site for tetrel bonding, and can even surpass the location opposite F as a preferred
binding site in certain cases.

3.3. π-Hole Bonded Complexes

As indicated in Figure 2, the MEPs of the planar TH2-nFn=CH2 molecules have maxima (c) above
the molecular plane, in the plane near the C=T midpoint (d), and (e) associated with the CH2 protons.
The c regions represent the π-hole above the T atom so are the focus of the calculations. The structures
of the relevant complexes with NH3 are illustrated in Figure 4, and their energetics and geometric
details reported in Table 6.

Figure 4. Optimized structures of π-hole bonded tetrel complexes (N—dark blue, T—green, H—white,
F—light blue).

Table 6. Interaction energy (Eint) corrected for BSSE, subunit deformation energy (Edef),
and intermolecular geometrical parameters (energies in kcal/mol, distances in Å, angles in degrees) in
π-hole bonded complexes with NH3. Data obtained at the MP2 level of theory.

Lewis Acid Eint Eint (Planar) a Edef A Edef B R(N···T) θ(R–T···N)

SiH2=CH2 −7.82 −3.57 2.08 0.10 2.176 113.3
GeH2=CH2 −3.72 −2.79 0.88 0.04 2.460 112.0
SnH2=CH2 −5.79 −4.80 0.63 0.05 2.582 104.6
SiHF=CH2 −19.64 −8.10 6.29 0.15 2.052 111.9
GeHF=CH2 −14.13 −6.71 4.84 0.14 2.184 110.8
SnHF=CH2 −19.37 −10.49 6.41 0.18 2.356 100.2
SiF2=CH2 −28.30 −15.70 5.81 0.15 2.003 116.2
GeF2=CH2 −27.26 −14.90 8.01 0.16 2.094 111.5
SnF2=CH2 −29.02 −19.17 6.75 0.21 2.296 106.4

a Lewis acid molecule restrained to planarity.

As in the σ-hole complexes, all T···N distances are shorter than the sum of the van der Waals
radii of the corresponding atoms. The θ(R–T···N) angles are all greater than 90◦, reflecting the position
of the π-hole maximum. Eint varies from a minimum value of 3.7 kcal/mol all the way up to nearly
30 kcal/mol. Just as in the case of Vs,max for these π-holes, Eint increases steadily as H atoms are
replaced by F, with large increments in both quantities associated with each such substitution.

As in the case of the tetravalent σ-hole complexes described above, formation of the π-hole dimers
also impose a certain geometric distortion into the monomers. The deformation energies listed in
Table 6 are not insignificant, particularly for the mono and difluorinated species for which Edef A varies
between 5 and 8 kcal/mol. In this same vein, the various TH2-nFn=CH2 monomers are not all fully
planar and become even less so upon formation of the π-hole dimers. It is a matter of some interest how
the interactions might be affected if these molecules were forced to be fully planar within the context of
the dimer. Comparison of the second and third columns of Table 6 reveals that such a restriction would
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severely diminish the interaction energy. This reduction varies from only 1 kcal/mol for GeH2=CH2

and SnH2=CH2, but can be as large as 12 kcal/mol for some of the fluorinated species. As a rule of
thumb, the various fluorinated Lewis acids lose roughly half of their interaction energy if forced into
a planar conformation. But at the same time, it should be stressed that even these reduced interaction
energies, in the framework of enforced planarity, still exceed those of the σ-hole dimers in Table 3.
The EDA interaction energy contributions of the π-dimers are listed in Table 7.

Table 7. EDA/BLYP-D3(BJ)/ZORA/TZ2P decomposition of the interaction energy of π-hole bonded
complexes into Pauli repulsion (EPauli), electrostatic (Eelstat), orbital interaction (Eoi) and dispersion
(Edisp) terms. All energies in kcal/mol. The relative values in percent express the contribution of each
to the sum of all attractive energy terms.

Lewis Acid Eint EPauli Eelec % Eoi % Edisp %

SiH2=CH2 −9.15 101.19 −64.42 58 −43.04 39 −2.88 3
GeH2=CH2 −4.24 54.47 −35.18 60 −20.63 35 −2.91 5
SnH2=CH2 −6.73 54.61 −38.58 63 −19.77 32 −3.00 5
SiHF=CH2 −19.87 128.97 −86.78 58 −58.74 40 −3.17 2
GeHF=CH2 −12.33 107.09 −72.17 60 −44.06 37 −3.19 3
SnHF=CH2 −19.09 84.72 −65.89 63 −34.47 33 −3.46 3
SiF2=CH2 −27.53 139.3 −97.5 58 −66.02 40 −3.31 2
GeF2=CH2 −24.73 122.68 −88.6 60 −55.41 38 −3.39 2
SnF2=CH2 −26.98 88.69 −74.07 64 −38.05 33 −3.55 3

As in the σ-hole dimers, electrostatics contribute roughly 58–64% of the total attractive interaction.
Dispersion is considerably smaller in the π complexes, less than 5%. Orbital interactions account for
the difference, making up some 32–40%, as compared to roughly 30% for the σ-dimers. Perhaps
more revealing are the absolute values of these components. Both the electrostatic and orbital
interaction energies are much larger in magnitude for the π-dimers in Table 7 than for the σ-complexes
in Table 5. For example, Eelec for the three TH4 complexes vary between 3.5 and 8.1 kcal/mol,
whereas the analogous values for the corresponding TH2=CH2 systems lie in the 35.2–64.4 kcal/mol
range. The monofluorinated σ dimers cover the 21.3–27.9 range, which is greatly exceeded by the
65.9−86.8 kcal/mol range for the corresponding π-dimers. The same sort of enlargement of the π vs σ
complexes is observed in the orbital interaction energies. It is only the dispersion component which is
quite similar for the two types of complexes. (This similarity may be due to the use of the Grimme
empirical correction, which is not sensitive to the variation of the wave function [61].)

The enlarged contribution from orbital interactions is verified by NBO analysis. As reported in
Table S3, the total charge transfer is quite substantial, varying between 113 and 197 me, larger than the
same quantities observed for the σ-hole dimers in Table S1. The same amplification applies to the sum
of E(2) interorbital transfers, which reach up to nearly 80 kcal/mol in some cases. The magnitudes
of these quantities do not closely match the interaction energies. For example, the charge transfers
are greatest for Si, as compared to Ge and Sn although the dimers involving Si are not the most
strongly bound.

Unlike the σ-hole dimers, the AIM molecular diagrams indicate only a single intermolecular bond
path, which corresponds to the T···N tetrel bond, as illustrated in Figure S2. The numerical values of
the properties of each bond critical point are displayed in Table S5. Like the interaction energies in
Table 6, each successive replacement of H by F adds an increment. The comparisons between the three
tetrel atoms are, however, not as clear. Taking the three THF=CH2 acids as an example, Ge presents the
weakest dimer, whereas it shows the largest �BCP and H. Comparisons show that the AIM indicators of
tetrel bond strength are considerably larger for the π than for the σ-hole tetrel bonds, consistent with
the energetic data.

It was pointed out above that the tetravalent TR4 molecules undergo significant distortion upon
complexation with NH3, which in turn enlarges their σ-hole. Table 8 compiles the same sort of data
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for the π-bonding TR2=CH2 molecules where the deformation from planarity about both the C and
the T atoms are measured by the deviation from 360◦ of the sum of the three bond angles in which
they engage. As may be seen from the second column in Table 8 this nonplanarity only occurs for the
difluorinated GeF2=CH2 and SnF2=CH2 monomers, and is more exaggerated for the C atom. However,
all species become significantly nonplanar in the π-bonded dimers. These deformations about the
C atom are fairly small, and only occur for fluorinated species, obeying the T = Si < Ge < Sn pattern.
Perhaps more to the point of the interaction of NH3 with the T atom, these nonplanar deformations
are fairly small, less than 10◦.

Table 8. Planarity measure of TR2=CH2 molecule in its geometry within the monomer and its π-bonded
c complex with NH3.

Σθ(R1CR2), degs Σθ(R1TR2), degs

Monomer Complex Change Monomer Complex Change

SiH2=CH2 360 359.9 −0.1 359.9 353.9 −6.0
GeH2=CH2 360 359.6 −0.4 359.9 356.8 −3.1
SnH2=CH2 360 359.6 −0.4 360 359 −1.0
SiHF=CH2 359.9 359.6 −0.3 360 353.3 −6.7
GeHF=CH2 360 359 −1.0 360 355.6 −4.4
SnHF=CH2 359.8 343.4 −16.4 359.9 359.8 −0.1
SiF2=CH2 360 359.5 −0.5 360 352.5 −7.5
GeF2=CH2 353.7 345.6 −8.1 357.9 357 −0.9
SnF2=CH2 337.5 327.2 −10.3 351.6 359.8 +8.2

Contrary to the C deformations, the T nonplanarities follow the opposite Si > Ge > Sn pattern.
(It is interesting that the SnF2=CH2 molecule actually becomes more planar about the Sn atom upon
complexation.) In summary, the geometrical distortions induced by π-tetrel bonding are less severe
than in the σ-bonded cases, where the deformation measures ranged all the way up to nearly 30◦.
As in the case of the σ-bonded systems, the deformations of the π-bonding TR2=CH2 molecules also
raise the value of Vs, max, as is evident in Table 9.

Table 9. Magnitude of Vs, max (kcal/mol) on T atom of isolated TR2=CH2 molecule and its value when
the molecule is distorted to that within the π-bonded c complex.

Monomer Complex Change

SiH2=CH2 21.0 23.0 2.0
GeH2=CH2 19.4 20.6 1.2
SnH2=CH2 24.0 24.4 0.4
SiHF=CH2 32.4 39.2 6.8
GeHF=CH2 29.8 34.7 4.9
SnHF=CH2 34.8 49.1 14.3
SiF2=CH2 48.8 54.3 5.5
GeF2=CH2 44.8 58.4 13.6
SnF2=CH2 53.3 78.5 25.2

This increase is quite small for TH2=CH2 but grows as F substituents are added. Just as the
trivalent molecules undergo larger geometrical perturbations than do their tetravalent sisters, so too
are the π-hole enhancements smaller than those observed in the σ-holes.

3.4. Other Geometries

In addition to the c maximum in the MEP of the planar Lewis acids, there is also a d maximum
located in the approximate molecular plane, in the vicinity of the T=C midpoint, as detailed in Figure 2.
However, optimization of the dimer geometry does not necessarily lead to a minimum in the potential
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energy surface with the NH3 in this position. It is only for the monosubstituted THF=CH2 molecule
that such a configuration represents a minimum. In some sense this structure resembles a σ-hole dimer,
with N situated directly opposite the F atom, rather than a π-dimer. The AIM molecular diagram
confirms this to be a T···N tetrel bond for Ge and Sn although the bond path for the former is much
more curved than is usually the case, as illustrated in Figure S3. But it must be added that this tetrel
bond vanishes for the Si system in Figure S3a, leaving only two weak H···N interactions, whose � and
∇2� values just barely meet the criteria of hydrogen bonds.

As may be seen in Table S5, these d dimers are also more weakly bound than the c π-dimers:
the former span an Eint range between 2.5 and 8.9 kcal/mol, in comparison to the 14.1–19.4 kcal/mol
range of the latter. This comparative weakness is in contrast to the values of Vs,max in Table 2, for which
the d maxima are comparable to, and even exceed the c values. The weaker nature of the d minima
extends beyond energetics, encompassing also longer N···T distances, and lower E(2) energies, charge
transfer, and electronic properties of the BCPs as well, with details contained in Tables S6 and S7.
Given the values of Vs, max in Table 2, it is perhaps not entirely surprising that it is only the THF=CH2

unit that engages in this d bonding. More specifically, the c maximum is much larger than d for
both TH2=CH2 and TF2=CH2; it is only the monofluorinated species for which the two maxima have
comparable values. The EDA results obtained for d complexes are provided in Table S8. As in their
analogous c complexes, electrostatic energy contributes about 52–64% of the total attractive interaction,
while dispersion is considerably larger, from 9 to 27% in SnHF=CH2 and SiHF=CH2, respectively.
Therefore, the largest contribution of Edisp is for the least stable d complex. Orbital interactions in
these complexes account for about 23% (average value) which is smaller than those in their stronger c
cousins (average value of 37%).

In addition to the dimer geometries described above there were a number of secondary minima,
all quite a bit weaker than those described above, none with Eint larger than 2 kcal/mol. These weak
secondary minima are displayed in Table S9 for the tetrahedral TH4, TH3F and TH2F2 molecules,
along with their calculated properties. Most dimers are held together by weak H-bonds, and none
show any evidence of containing any sort of tetrel bond. Table S10 contains the analogous secondary
minima for the planar Lewis acids. Again the primary attractive forces are weak H-bonds and the total
interaction energies are rather small.

3.5. Discussion

Although the tetrel bond has not been studied as intensively as some of its cousins, e.g., the H-bond
or halogen bond, there are nevertheless some prior data that offer points of comparison and context
with our own results. The study of complexes of TH4 and its mono, tri, and tetrafluorinated derivatives
with ammonia (T=Si, Ge, Sn) [31] led to similar conclusions for this different subset of systems.
Comparison between intensities of σ-holes exhibits strong similarities and the same trends as those
examined here. This earlier work had shown how incorporating monomer deformation energies into
the full energetics can lead to somewhat different patterns than the interactions between pre-deformed
subunits. Another recent study [62] places the same σ-hole donors in complexes with various π-electron
systems acting as Lewis bases. The same Si < Ge < Sn pattern was found there as for the weaker
b complexes above, somewhat different than for the more strongly bound a complexes. This work
also noted that geometry deformation of the Lewis acid can be negligible, but becomes important
for the stronger complexes. Decomposition of interaction energies revealed that the complexes are
electrostatically driven and dispersion becomes significant only when the complexes are exceptionally
weakly bonded. The vital role of the Pauli repulsion which exceeded the absolute value of the
electrostatic component was also noticed. Our results are consistent with these observations. One factor
driving the small values of dispersion energy may be the small size of the base, including only a single
non-hydrogen atom.

There have been a number of prior studies comparing σ- and π-hole bonded systems.
Li’s group [35] paired F2C=CFTF3 with three Lewis bases including formaldehyde, water,
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and ammonia, and found π-hole bonded complexes were generally preferred for T=C but the opposite
for Si and Ge. With particular respect to NH3, the bonding grew in strength as the tetrel atom
became larger for both σ- and π-hole complexes, in partial agreement with our results which showed
some deviations from this pattern. The interaction energies correlated with the σ-hole intensity of T
which was, in turn, strongly associated with the hybridization of C atoms in the order sp3 < sp2 < sp.
A recent [26] perspective article indicates the dominating influence of electrostatic and dispersive
terms in both weak σ- and π-hole dimers, in complexes whose deformation energies are close to
0, which was confirmed by Xu et al. [33] based on TH3F (T=C and Si) complexes with pyrazine
and 1,4-dicyanobenzene. As in the current work, the π-complexes were more stable than their σ

counterparts in terms of larger interaction energy, also exhibiting shorter binding distance, greater
electron density at BCPs, and larger CT. Also consistent with the data reported above was the
distribution of attractive and repulsive components of the interaction, and the consistency with
the magnitudes of MEP maxima. Distinctions arise on shifting from tetrel to aerogen atoms. In our
own earlier study of aerogen bonds formed between AeOF2 (Ae = Kr, Xe) and diazines [43], the σ-hole
bonded complexes were considerably stronger than their π-hole analogues.

In the context of the replacement of H atoms by the much more electronegative F, it is typically
observed that the interaction grows stronger with each such substitution. For example, early work
suggested that tetrafluorosilane was bound to ammonia more tightly than unsubstituted silane [63].
This conclusion was confirmed in later calculations confined to Si [64,65] as well as in the other works
that extended to complexes containing heavier tetrel atoms [31,66], and is consistent with our own
findings above.

It has been shown in the literature that there are systems where the intensities of the MEP
maxima or minima are not necessarily well correlated with interaction energies [32,67,68]. For instance,
in the tetrel-bonded complexes of formamidine with TH3F (T = C, Si, Ge, and Sn) the interaction
energy increases in the order C < Ge < Si < Sn, inconsistent with the magnitude of the σ-hole on
the T atom [68]. A similar pattern was found in our current work for the σ-hole bonded (a) dimers.
In a recent work [32], a series of complexes pairing Lewis acids TF4 or ZF5 (T = Si, Ge, Sn and Z = P,
As, Sb) with Lewis bases NH3, pyrazine, and HCN, the tetrel molecules TF4 have a considerably larger
(more than 10 kcal/mol) value of Vs,max than their corresponding pnicogen ZF5 cousin, but nonetheless
smaller interaction energy. Moreover, another inconsistency was observed with respect to Vs,min

which is more negative for NCH than for pyrazine, but the latter complexes investigated were more
strongly bound. Similar discrepancies arise in halogen bonded complexes involving chlorinated and
methylated amines [67].

The issue of geometrical deformations of the monomers and their impact on tetrel-bonded
complexes has been described recently in a few papers [47,69]. In our own latest work devoted
to implications of monomer deformation upon tetrel and pnicogen bonds [32] it was shown that
complexation can cause monomer deformation which results in a multifold increase in the intensity of
Vs,max, which in turn amplifies the magnitude of the interaction energy.

4. Conclusions

In conclusion, the π-complexes formed above the plane of the TR2=CH2 molecules are more
strongly bound than are their quasi-tetrahedral TR4 σ congeners, given the same degree of
fluorosubstitution. Starting with the unsubstituted species, the interaction energies of TH2=CH2

vary between 3.7 and 7.8 kcal/mol, considerably larger in magnitude than the 1.6–2.8 kcal/mol range
for the σ-bonded TH4 species. In the difluorinated sets, the ranges of binding energies of TF2=CH2

and TF2H2 are respectively 27.3–29.3 and 10.4–15.3 kcal/mol. This distinction cannot be attributed
to the intensity of the π and σ-holes in the MEPs, as they are roughly comparable, and indeed the
σ-holes tend to be a bit more intense. In fact, the latter σ-holes grow even larger when the TR4

molecules deform into the geometries they adopt within their complex with NH3. Contrary to the
general similarity between the intensities of the σ and π-holes, the full evaluation of the electrostatic
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interaction reveals a much greater Coulombic attraction for the π-dimers, coupled with an enlarged
orbital interaction energy. It should be emphasized that the stronger binding in the π-complexes cannot
be attributed to any geometrical distortions undergone by these pseudoplanar molecules. In the first
place, their geometrical deformation upon dimerization is less than that of their tetravalent analogues.
And even when these TR2=CH2 Lewis acid molecules are forced into a fully planar internal geometry,
their interaction energy with NH3 remains larger than their σ-hole TR4 counterparts, even if the latter
are permitted to deform within the dimer.

Supplementary Materials: The following are available online, Figure S1: AIM diagrams showing the bond
critical points (green dots) in Ge-containing complexes stabilized by σ-hole tetrel bonds, Figure S2: Bond
critical points (green dots) in several Ge-containing complexes stabilized by π-hole tetrel bond, Figure S3: AIM
molecular diagram of THF=CH2/NH3 d dimers wherein the base occupies the d maximum of the MEP of
the acid, Table S1: NBO values of sum of the E(2) for LP(N)→σ*(T–X), (T= Si, Ge or Sn and X=H or F) orbital
interaction and total charge transfer (CT) from NH3 to TH2-nFn in σ-hole bonded complexes obtained at the
BLYP-D3(BJ)/def2-TVZPP level, Table S2: AIM data for σ-hole bonded complexes. Bond critical point (BCP)
properties: electron density ρ, Laplacian of electron density ∇2ρ (both in atomic units) and total electron energy
(H, kcal mol−1). Calculations were performed at the MP2/aug-cc-pVDZ-PP level, Table S3: NBO values of sum of
the E(2) for LP(N)→σ*(T–X), (T= Si, Ge or Sn and X=H or F) orbital interaction and total charge transfer (CT) from
NH3 to TH2-nFn=CH2 in π-hole bonded complexes obtained at the BLYP-D3(BJ)/def2-TVZPP level, Table S4: AIM
data for π-hole bonded complexes. Bond critical point (BCP) properties: electron density ρ, Laplacian of electron
density ∇2ρ (both in atomic units) and total electron energy (H, kcal mol−1). Calculations were performed at
the MP2/aug-cc-pVDZ level, Table S5: Geometry and energetics for d complexes, Table S6: NBO properties of d
complexes, Table S7: AIM parameters of d complexes, Table S8: EDA/BLYP-D3(BJ)/ZORA/TZ2P decomposition
of the interaction energy of π-hole bonded complexes d into Pauli repulsion (EPauli), electrostatic (Eelec), orbital
interaction (Eoi) and dispersion (Edisp) terms. All energies in kcal/mol. The relative values in percent express
the contribution of each to the sum of all attractive terms, Table S9: Secondary minima for dimers of NH3 with
σ-hole donors. Data obtained at the MP2/aug-cc-pVDZ-PP level of theory. Eint corrected for BSSE (in kcal/mol).
Distances are in Å, Table S10: Secondary minima for dimers of NH3 with π-hole donors. Data obtained at the
MP2/aug-cc-pVDZ-PP level of theory. Eint corrected for BSSE (in kcal/mol). Distances are in Å.
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Abstract: MP2/aug-cc-pVTZ calculations were carried out for the ZFH3-B complexes (Z = C, Si, Ge,
Sn and Pb; B = C2H2, C2H4, C6H6 and C5H5

-; relativistic effects were taken into account for Ge, Sn and
Pb elements). These calculations are supported by other approaches; the decomposition of the energy
of interaction, Quantum Theory of Atoms in Molecules (QTAIM) and Natural Bond Orbital (NBO)
method. The results show that tetrel bonds with π-electrons as Lewis bases are classified as Z···C
links between single centers (C is an atom of the π-electron system) or as Z···π interactions where F-Z
bond is directed to the mid-point (or nearly so) of the CC bond of the Lewis base. The analogous
systems with Z···C/π interactions were found in the Cambridge Structural Database (CSD). It was
found that the strength of interaction increases with the increase of the atomic number of the tetrel
element and that for heavier tetrel elements the ZFH3 tetrahedral structure is more deformed towards
the structure with the planar ZH3 fragment. The results of calculations show that the tetrel bond is
sometimes accompanied by the Z-H···C hydrogen bond or even sometimes the ZFH3-B complexes
are linked only by the hydrogen bond interaction.

Keywords: electron charge shifts; tetrel bond; hydrogen bond; π-electrons as Lewis bases; σ-hole

1. Introduction

The tetrel bond is a Lewis acid—Lewis base interaction that may play an important role in some
chemical and biological processes [1]; for example, it may be considered as a preliminary stage of the
SN2 reaction [2]. This interaction was classified as the σ-hole bond by Politzer and coworkers since
it may be defined as an interaction between the 14th Group element acting as the Lewis acid centre
through its σ-hole and a region that is rich of the electron density by a lone electron pair, π-electron
system etc. [3,4]. The σ-hole is usually located in this case in the elongation of the covalent bond to
the tetrel centre and it is often characterized by the positive electrostatic potential (EP) [3,4]. It seems
that first time the tetrel bond was analyzed in terms of the σ-hole concept in the SiF4 complexes
with amines [5]. In spite of the fact that the term “tetrel bond” appeared recently [6] and also this
interaction was classified as the σ-hole bond in the last decade [3–5] it was analyzed in earlier studies.
For example, the SiF4···NH3 and SiF4···(NH3)2 complexes were analyzed theoretically since ab initio
MO calculations were performed with the use of STO-3G and STO-6G basis sets [7], another study
that is more complex concerns a large sample of complexes of silicon derivatives with electron-rich
groups [8]. Both latter studies were performed before the proposition of the σ-hole concept [9,10] and
the introduction of the tetrel bond term [6].

One can mention other studies on tetrel bonds as for example that one where this interaction
was analyzed as a preliminary stage of the SN2 reaction [11], the theoretical analysis of structural and
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energetic properties of acetonitrile complexes with the 14 Group tetrahalides [12]; a study on the Lewis
acid carbon center, the corresponding interaction was labeled as the carbon bond and it was compared
with the hydrogen bond [13]; it is worth mentioning that the carbon bond is a sub-class of the tetrel
bond interactions [2,11]. The tetrel-hydride interaction is another sub-class of tetrel bonds where the
negatively charged H-atom plays the role of Lewis base center [14].

There are other, more recent studies on this kind of interaction; only few are mentioned
here; the analysis of factors which influence the strength of tetrel bonds [15], the analysis of
mechanisms of SN2 reactions, among them at the C centre [16], the role of tetrel bonds in the crystal
structures’ stabilization [17], the theoretical analysis of the H-Si···N and F-Si···N linear or nearly
so arrangements [18], comparison of neutral and charge assisted tetrel bonds [19], the geometry
deformations of monomers linked by tetrel bond [20] or the balance between the attractive forces of
tetrel interactions and the steric repulsions in crystal structures [21].

One may cite numerous other examples since the number of studies on this kind of interaction has
increased rapidly. However, it seems that there are no systematic and extensive studies on the tetrel
bonds with π-electrons playing a role of Lewis bases or at most they are very rare and they are not a
main goal of investigations. For example, very recently, various σ-hole bonds were analyzed with the
use of few theoretical approaches: halogen, chalcogen, pnicogen and tetrel bonds were compared [22];
three different types of Lewis bases were considered there, neutral species (NH3), anion (Cl−) and the
π-electron system (C2H2). Hence two tetrel bonded complexes with acetylene molecule playing a role
of the Lewis base were analyzed there among various other complexes. These are the SiFH3···C2H2

and GeFH3···C2H2 complexes [22].
The other issue that is not analyzed so frequently concerns the tetrel bond interactions with the

heavier tetrel elements, such analyses are rather rare and mainly concern germanium species. There are
more experimental studies on tetrel bonds with heavier tetrel elements playing a role of the Lewis acid
centers, however only sometimes such experimental analyses are supported by theoretical results [23].
One of examples where heavier tetrel elements were considered in tetrel bonds is a study on the
SnF4 and PbF4 complexes with NH3 and HCN that play a role of Lewis bases through the nitrogen
centre [24]. A theoretical study analogous to the latter one was performed on the lighter tetrel species
since the complexes of CF4, SiF4 and GeF4 Lewis acid units with NH3 and AsH3 Lewis bases were
analyzed [25].

Returning to the π-electron species—numerous theoretical and experimental studies on
interactions where such systems play a role of Lewis bases may be mentioned. These are mainly
those studies that concern hydrogen bonded systems [26]. However other Lewis acid—Lewis base
interactions with π-electron donors were analyzed very often [27–30]. One can even mention the triel
bonds between the boron or aluminium Lewis acid center and acetylene or ethylene [31,32] or the
recent study where the multivalent halogen centers act as the Lewis acids [33].

The aim of this study is an analysis of the tetrel bonds in complexes of ZFH3 species, where
Z labels the following centers; C, Si, Ge, Sn and Pb, thus light and heavy tetrels are taken into
account; the acetylene, ethylene, benzene and cyclopentadienyl anion were chosen as the π-electron
moieties acting as the Lewis bases. Different theoretical techniques are applied here to deepen the
understanding of the nature of these tetrel bond interactions; i.e., the Quantum Theory of Atoms
in Molecules (QTAIM) [34], Natural Bond Orbital (NBO) approach [35], the decomposition of the
energy of interaction [36,37] as well as the analysis of the electrostatic potential (EP) distribution [38].
The short descriptions of the theoretical approaches applied here are included in the section that
concerns the computational details.
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2. Results and Discussion

2.1. Energetic and Geometric Parameters

Figure 1 presents examples of complexes analyzed here. All kinds of Lewis bases that are
considered are shown in selected examples of the figure. The molecular graphs are presented since
they reflect geometry of species analyzed. However these graphs are discussed further here in the
section on QTAIM results.

  
SnFH3-C2H2 SnFH3-C2H4 

  
SnFH3-C6H6 SnFH3-C5H5  

  
CFH3-C6H6 PbFH3-C5H5  

Figure 1. The molecular graphs of the selected complexes analyzed here; big circles—attractors, small
green circles—BCPs, the nonnuclear attractor (NNA) is located (small red circle) between two BCPs of
the CC bond in a case of the SnFH3-C2H2 complex.

The energetic parameters of analyzed complexes, among them, the binding and interaction
energies corrected for BSSE, Ebin and Eint, respectively, are included in Table 1. One can see much
stronger interactions, i.e., greater –Eint and –Ebin values, for complexes with the cyclopentadienyl
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anion, than for complexes with the other Lewis base units. This may be explained since the complexes
of C5H5

− anion that are linked through the tetrel bonds are assisted by negative charge; the latter
anion is much stronger base than the remaining species chosen here. The following tendencies are
also observed here, and it does not depend on the choice of –Eint or –Ebin value for the discussion;
the strength of interaction for the same Lewis base increases in the following order of the tetrel center
C < Si < Ge < Sn ∼= Pb. It was observed earlier for tetrel bond interactions [3,4] and it was explained by
the increase of the electrostatic part of the energy of interaction since the electrostatic potential (EP) at
the tetrel σ-hole increases with the increase of the atomic number [3,4]. The calculations performed
here show the EP of tetrel σ-hole of the ZFH3 species equal to 0.033; 0.062; 0.068; 0.081; 0.080 au for
C, Si, Ge, Sn and Pb centers, respectively (0.001 au electron density surfaces were chosen). The EP
values for tin and lead centers are almost equal one to each other. This is why for complexes analyzed
here similar Lewis acid properties are observed for these centers; however the strongest interaction is
observed for the SnFH3-C5H5

− complex if the interaction energy is considered while if the binding
energy is taken into account thus it is the PbFH3-C5H5

− complex.

Table 1. The energetic parameters of complexes analyzed (in kcal/mol); interaction energy, Eint, binding
energy, Ebin, deformation energy, Edef and BSSE correction. The distance between Lewis base and
Lewis acid units is included—the shortest Z···C distance was chosen, the values in parentheses show if
this distance is greater than the corresponding sum of van der Waals radii (positive values) or if it is
lower (negative ones), distances in Å.

Complex Distance Eint Ebin Edef BSSE

CFH3-C2H2 3.428 (+0.53) −1.3 −1.2 0.0 0.3
CFH3-C2H4 3.458 (+0.56) −1.3 −1.3 0.0 0.4
CFH3-C6H6 3.398 (+0.50) −2.7 −2.7 0.0 1.0

CFH3-C5H5
− 3.241 (+0.34) −10.8 −10.5 0.3 1.2

SiFH3-C2H2 3.344 (+0.04) −2.4 −2.3 0.0 0.6
SiFH3-C2H4 3.315 (−0.02) −2.7 −2.6 0.1 0.8
SiFH3-C6H6 3.253 (−0.05) −3.7 −3.7 0.1 1.3
SiFH3-C5H5

- 2.477 (−0.82) −27.5 −18.1 9.4 2.0
GeFH3-C2H2 3.285 (−0.02) −2.6 −2.6 0.1 1.1
GeFH3-C2H4 3.253 (−0.05) −2.9 −2.9 0.1 1.5
GeFH3-C6H6 3.203 (−0.10) −4.3 −4.2 0.1 2.7

GeFH3-C5H5
− 2.525 (−0.78) −29.3 −21.0 8.3 4.4

SnFH3-C2H2 3.325 (−0.13) −3.4 −3.3 0.1 1.3
SnFH3-C2H4 3.280 (−0.17) −3.8 −3.7 0.2 1.8
SnFH3-C6H6 3.183 (−0.27) −5.5 −5.2 0.3 3.2

SnFH3-C5H5
− 2.519 (−0.93) −41.9 −30.6 11.4 5.2

PbFH3-C2H2 3.323 (−0.18) −3.5 −3.4 0.1 2.2
PbFH3-C2H4 3.267 (−0.23) −3.8 −3.7 0.1 3.1
PbFH3-C6H6 3.148 (−0.35) −5.8 −5.6 0.3 5.7

PbFH3-C5H5
− 2.624 (−0.88) −39.3 −31.8 7.6 8.3

If the Lewis acid unit is the same thus the interaction strength increases in the following order
C2H2 < C2H4 < C6H6 < C5H5

−. One can also see that the –Eint or –Ebin values do not exceed
6 kcal/mol for all complexes of acetylene, ethylene and benzene while they are much greater in a case
of complexes with cyclopentadienyl, especially large values are observed for the above-mentioned tin
and lead complexes.

The BSSE corrections are greater for stronger interactions, especially large values are observed
for interactions in cyclopentadienyl complexes. The deformation energy, Edef, is a parameter that
is related to geometrical changes of the interacting systems. For example, in a case of the strong
A-H···B hydrogen bonds, the complexation often leads to the meaningful elongation of the A-H
proton donating bond that results in the greater Edef values [39]. Steric effects are very important for
tetrel bonded species [11,21] since the tetrel center, often characterized by the sp3 hybridization and
surrounded by four substituents (like for the systems considered here) is hardly available for the Lewis
base (nucleophilic attack). Thus the tetrel-base link should cause greater deformations connected
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with the increase of the availability of the tetrel center. In other words the ZFH3 tetrahedral system
should be closer to the trigonal bipyramid in the ZFH3-B complex with the ZH3 part being closer
to planarity. For complexes of acetylene, ethylene and benzene Edef does not exceed 0.3 kcal/mol
indicating negligible changes of geometry resulting from complexation. However for the C5H5

−

complexes, if one excludes the CFH3-C5H5
− complex with this energy amounting only 0.3 kcal/mol,

Edef is close to 10 kcal/mol or even exceeds this value. This is in agreement with changes of geometry;
one can see (Figure 1) the ZH3 part close to planarity and the F-Z···C arrangement close to linearity for
two complexes presented; SnFH3-C5H5

− and PbFH3-C5H5
−.

The above-presented EP values at the Z-tetrel centre concern the σ-hole that occurs in the extension
of F-Z bonds. For the ZFH3 species analyzed here, similarly as for other sp3 hybridized tetrel centers
four σ-holes located in extensions of covalent bonds to Z-center occur. However the electronegative
F-substituent enhances F-Z σ-hole [3,4] that results in greater positive EP values than those of other
H-Z σ-holes. For example, for the SnFH3 molecule the EP value at the F-Sn σ-hole is equal to +0.081 au
while this value for the H-Sn σ-hole amounts +0.048 au. For the clarity of the results’ presentation
only interactions of the F-Z σ-hole are considered here; it means that the F-Z σ-hole is directed to the
π-electron system in the configurations analyzed.

Table 1 presents the Lewis acid—Lewis base distances, for each of complexes the shortest Z···C
contact was chosen. One can see that these distances are usually greater than 3 Å, only for the C5H5

−

complexes where stronger interactions are observed such distances amount ~2.5 Å (except of the
CFH3-C5H5

− complex where this distance is equal to ~3.2 Å). It was pointed out in numerous studies
that the distance between interacting units is roughly related to the strength of interaction, this was
observed for the hydrogen bonded complexes [40] but it seems that such dependence occurs also for
other types of interactions [2]. It is often stated in various studies that the sum of van der Waals radii
of two atoms being in contact roughly indicates at which distance a significant so-called noncovalent
interaction begins [41]. Table 1 presents how the Z···C distances are related to the corresponding sum
of Z and C van der Waals radii. These distances are greater than the corresponding sum for carbon
complexes (Z = C) and for the SiFH3-C2H2 complex while for the remaining ones these distances are
lower than the van der Waals sum; the following van der Waals radii were applied here, H—1.2 Å [42],
C—1.7 Å, Si—2.1 Å, Ge—2.1 Å, Sn—2.25 Å and Pb—2.3 Å [43]. One can see that for the strongest
interactions in the C5H5

- complexes the Z···C distance is almost by 1 Å lower than the sum of van der
Waals radii. If one considers only the Z···C distances as a measure of the strength of interaction thus the
interactions in the CFH3 complexes are very weak and one may contest even their stabilizing nature.

Table 2 presents geometrical parameters related to the changes resulting from complexation; one of
them is a percentage elongation of the Z-F bond related to the corresponding isolated ZFH3 species that
is not involved in the tetrel bond. One can see that these elongations correspond to the deformation
energies, the greatest values are observed for the cyclopentadienyl complexes. For the species analyzed
here three F-Z-H angles in the Lewis acid unit are very close one to each other; however for each
complex considered its average value is considered in the further discussions; the latter angle is
defined in Figure 2. For the isolated ZFH3 species this tetrahedral angle, labeled as αiso, amounts from
101.4◦ for PbFH3 to 108.8◦ for CFH3. It decreases in the complex to αcomp (up to 90◦ corresponding
to the planar ZH3 system in the trigonal bipyramid structure). The angle decrease values, [(αiso −
αcomp)/αiso] × 100%, are presented in Table 2. They correspond to the deformation energies discussed
earlier here as well as to the elongations of the Z-F bonds since the greatest decreases are observed
for the strongest interactions. The Z-F bond elongations result from the πCC → σZF

* and σCH → σZF
*

overlaps; Table 2 shows the orbital-orbital NBO energies corresponding to these overlaps; ENBO
1 is

a sum of all energies of such interactions for the F−C bond considered. Similarly the ENBO
2 energy

summarizes all πCC → σZH
* and σCH → σZH

* overlaps, however in this case the whole ZFH3 species
is considered for one ENBO

2 value (i.e., three C-H bonds). One can see (Table 2) that both ENBO
1 and

ENBO
2 values are much greater for the C5H5

− complexes than for other ones.
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Table 2. The characteristics of complexes analyzed; ZF% and Angle% are the percentage increase of the
Z-F distance and the percentage decrease of the F-Z-H angle, respectively; ENBO

1 and ENBO
2 are the

NBO energies defined in the text (in kcal/mol); El-trans (au) is the electron charge transfer from the
Lewis base to the Lewis acid while Z-charge is the charge of the Z-center in the complex considered
(both charges in au calculated within NBO approach).

Complex ZF% Angle% ENBO
1 ENBO

2 El-Trans Z-Charge a

CFH3-C2H2 0.14 0.00 0.5 0.0 −0.001 −0.158
CFH3-C2H4 0.14 0.00 0.6 0.0 −0.002 −0.158
CFH3-C6H6 0.29 0.09 0.4 0.8 −0.004 −0.156
CFH3-C5H5

- 1.95 0.28 1.5 2.4 −0.030 −0.378
SiFH3-C2H2 0.25 0.65 1.7 0.3 −0.014 1.227
SiFH3-C2H4 0.31 0.74 2.3 0.4 −0.021 1.218
SiFH3-C6H6 0.31 0.74 1.8 1.0 −0.019 1.221
SiFH3-C5H5

− 4.46 9.06 24.5 20.9 −0.250 1.086
GeFH3-C2H2 0.40 0.85 3.1 0.6 −0.019 1.025
GeFH3-C2H4 0.52 0.85 4.1 0.7 −0.027 1.015
GeFH3-C6H6 0.52 0.85 3.2 1.6 −0.025 1.021
GeFH3-C5H5

− 5.18 8.95 33.4 22.1 −0.250 0.906
SnFH3-C2H2 0.46 1.34 4.1 1.2 −0.024 1.246
SnFH3-C2H4 0.57 1.43 5.4 1.9 −0.035 1.232
SnFH3-C6H6 0.62 1.72 4.8 2.9 −0.035 1.240
SnFH3-C5H5

− 5.11 11.45 37.9 40.5 −0.289 1.148
PbFH3-C2H2 0.59 0.99 4.9 1.0 −0.027 1.085
PbFH3-C2H4 0.78 1.28 7.0 2.4 −0.039 1.070
PbFH3-C6H6 0.83 1.68 6.1 3.9 −0.044 1.080
PbFH3-C5H5

− 5.44 8.78 36.5 31.0 −0.289 1.013
a Z-charge for CFH3: −0.157, SiFH3: +1.240, GeFH3: +1.042, SnFH3: +1.267, PbFH3: +1.106 (all in au).

Figure 2. The definition of the angle expressing the change of the tetrahedral structure into the structure
being closer to the trigonal bipyramid.

Table 2 shows the electron charge transfer values from the Lewis base to the Lewis acid unit,
these transfers are especially great for the ZFH3-C5H5

− complexes, except of the CFH3-C5H5
− one.

Such electron charge redistributions resulting from complexation are usually great for those complexes
where the geometry deformations are important [2]; this is observed also here. The charge of the
Z-central tetrel atom is shown in Table 2; one can see that this charge decreases (is “more negative”)
in complexes in comparison with the corresponding isolated ZFH3 species. This is in opposite to
the A-H···B hydrogen bonded systems where the complexation usually results in the increase of the
positive charge of the central H-atom [35].
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2.2. Nature of Interactions—Decomposition of Interaction Energy

Table 3 presents terms of the energy of interaction resulting from the Ziegler and Rauk
decomposition scheme [36,37] (see the Computational Details section).

Table 3. The terms of the energy of interaction (kcal/mol); Pauli repulsion, ΔEPauli, electrostatic,
ΔEelstat, orbital, ΔEorb, dispersion, ΔEdisp, and the total interaction energy, ΔEint.

Complex ΔEPauli ΔEelstat ΔEorb ΔEdisp ΔEint

CFH3-C2H2 2.4 −1.3 −0.8 −1.4 −1.1
CFH3-C2H4 2.7 −1.4 −0.9 −1.6 −1.2
CFH3-C6H6 4.7 −2.4 −1.5 −3.6 −2.8

CFH3-C5H5
− 8.9 −11.0 −5.6 −4.2 −11.9

SiFH3-C2H2 5.6 −3.4 −2.7 −2.2 −2.6
SiFH3-C2H4 7.3 −4.3 −3.5 −2.8 −3.2
SiFH3-C6H6 8.2 −4.1 −3.3 −4.5 −3.8

SiFH3-C5H5
− 54.2 −43.4 −34.9 −5.6 −29.8

GeFH3-C2H2 7.1 −4.4 −3.2 −2.7 −3.2
GeFH3-C2H4 9.1 −5.5 −4.1 −3.4 −3.8
GeFH3-C6H6 10.6 −5.6 −4.1 −5.8 −5.0

GeFH3-C5H5
− 56.1 −47.7 −32.8 −6.3 −30.7

SnFH3-C2H2 8.7 −5.8 −3.8 −3.0 −3.9
SnFH3-C2H4 11.6 −7.3 −5.0 −3.9 −4.6
SnFH3-C6H6 14.0 −7.8 −5.6 −6.9 −6.2

SnFH3-C5H5
− 75.3 −68.1 −41.8 −6.6 −41.2

PbFH3-C2H2 9.2 −6.3 −3.8 −2.8 −3.6
PbFH3-C2H4 12.9 −8.3 −5.1 −3.7 −4.2
PbFH3-C6H6 17.9 −10.0 −6.6 −7.4 −6.2

PbFH3-C5H5
− 71.4 −65.9 −37.2 −6.6 −38.4

One can see that only for the CFH3 complexes with acetylene, ethylene and benzene the dispersion
term, ΔEdisp, is the most important attractive one. This is typical for weak van der Waals interactions
where attractive interaction energy terms related to charge distributions and to electron charge shifts,
ΔEelstat and ΔEorb, are less important [2]. For the above-mentioned three complexes, −ΔEint does
not exceed 3 kcal/mol, and in two cases it is close to 1 kcal/mol. The electron charge shifts for
these complexes (Table 2) do not exceed 4 millielectrons! The latter is connected with the practically
unchanged carbon charge in the CFH3 unit in those complexes in comparison with the isolated CFH3

molecule. For the remaining complexes electrostatic interaction energy is the most important attractive
term, only in a case of the SiFH3-C6H6 and GeFH3-C6H6 complexes the dispersive term is slightly
“less negative” than the electrostatic one. If one excludes the above-mentioned three CFH3 complexes,
thus for majority of remaining complexes the orbital interaction, ΔEorb, is the next most important
attractive term, after electrostatic interaction.

It was discussed in recent studies on hydrogen bonds and on other σ-hole bonds that these
interactions are accompanied by effects that are a response for the Pauli repulsion [2,44]. The latter
was also discussed for halogen bonds where multivalent halogen center plays a role of the Lewis acid
while the π-electrons are the Lewis base [33]. For such interactions correlations were found between
the repulsion interaction energy and different terms of the attractive interaction. It was found in
earlier studies than the orbital interaction energy (if one refers to the decomposition scheme applied
here) well correlates with the repulsion term, correlations for other interaction energy terms are not
so good. However, in general, the sum of all attractive terms correlates with the Pauli repulsion
term [2,33,44]. Figure 3 presents such a correlation for the complexes analyzed here. Thus the attractive
interaction which is related to various effects related to complexation, among them to the electron
charge redistribution, is a response for the Pauli repulsion.
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Figure 3. The linear correlation between the repulsion interaction energy and the sum of attractive
terms (both in kcal/mol) for the ZFH3-B complexes analyzed here.

The orbital interaction reflecting electron shifts corresponds to energy terms which are named
in the other way in other decomposition schemes; most often they are labeled as the delocalization
interaction energy, induction, charge transfer, polarization and others [2]. Figure 4 shows, for the
complexes analyzed here, the correlation between the orbital energy, ΔEorb, and the electron charge
shift resulting from complexation.
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Figure 4. The linear correlation between the orbital interaction energy, ΔEorb, and the electron charge
shift from the Lewis base unit to the Lewis acid (au).

2.3. Quantum Theory of Atoms in Molecules Parameters

Table 4 presents characteristics of the bond critical point (BCP) of the bond path that connects the
Lewis acid and Lewis base units of the complex. It is a link between the tetrel center (tetrel attractor) or
the hydrogen center (hydrogen attractor) and the critical point of the Lewis base species. This critical
point may correspond to the carbon atom attractor, to the bond critical point (BCP) of the CC bond
or to the non-nuclear attractor (NNA) located on the CC bond path. Hence one can see that there are
various topologies of complexes analyzed here.
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Table 4. The QTAIM parameters (in au) of BCP of the Lewis acid—Lewis base bond path; electron
density at BCP, ρBCP, its laplacian, ∇2ρBCP, and the total electron energy density at BCP, HBCP. The bond
path type is also indicated.

Complex ρBCP ∇2ρBCP HBCP BP-Type

CFH3-C2H2 0.005 0.020 0.001 C···C
CFH3-C2H4 0.005 0.018 0.001 C···C
CFH3-C6H6 0.007 0.022 0.001 (C)H···C

CFH3-C5H5
− 0.011 0.038 0.001 (C)H···C

SiFH3-C2H2 0.007 0.022 0.001 Si···C
SiFH3-C2H4 0.008 0.023 0.001 (Si)H···C
SiFH3-C6H6 0.008 0.025 0.001 (Si)H···C

SiFH3-C5H5
− 0.036 0.012 −0.012 Si···C

GeFH3-C2H2 0.009 0.027 0.001 Ge···NNA(CC)
GeFH3-C2H4 0.010 0.028 0.001 Ge···BCP(CC)
GeFH3-C6H6 0.010 0.028 0.001 Ge···C

- 0.007 0.024 0.001 (Ge)H···C
GeFH3-C5H5

− 0.037 0.045 −0.008 Ge···C
SnFH3-C2H2 0.010 0.025 0.001 Sn···NNA(CC)
SnFH3-C2H4 0.011 0.029 0.001 Sn···BCP(CC)
SnFH3-C6H6 0.012 0.029 0.001 Sn···C

- 0.007 0.022 0.001 (Sn)H···C
SnFH3-C5H5

− 0.045 0.066 −0.011 Sn···C
PbFH3-C2H2 0.011 0.034 0.001 Pb···NNA(CC)
PbFH3-C2H4 0.013 0.036 0.001 Pb···BCP(CC)
PbFH3-C6H6 0.014 0.039 0.001 Pb···C

- 0.009 0.026 0.001 (Pb)H···C
PbFH3-C5H5

− 0.042 0.074 −0.008 Pb···C
- 0.015 0.041 0.001 (Pb)H···C

The above-mentioned bond path may concern the tetrel bond if the Z-center of the Lewis acid unit
is linked with the Lewis base critical point or it may concern the hydrogen bond if the H-atom attractor
of the Lewis acid is linked with the Lewis base critical point. One may expect the (Z)H···C bond paths
show some “artificial interactions”, especially since the meaning of the bond path and its usefulness
to analyze interactions is often a subject of controversies [45] and disputes [46,47]. The presented
here preliminary results on tetrel bonds where π-electrons play a role of Lewis bases need additional
extended studies. However few arguments that the accompanying (Z)H···C bond paths observed for
some benzene and cyclopentadienyl complexes may correspond to weak hydrogen bonds are listed
here. The electron densities at the (Z)H···C bond critical points (BCPs) are not meaningless and they
are comparable sometimes with such values for the Z···C BCPs; see the GeFH3-C6H6 complex for
example (Table 4). The PbFH3-C5H5

− complex is an example where the greatest electron density at the
H···C BCP is observed since it amounts 0.015 au; note that for the medium in strength hydrogen bond
in the water dimer the electron density at the H···O BCP is equal to 0.023 au (MP2/6-311++G(d,p)
results [48]). Additionally the H···C intermolecular contacts correspond to the attractive electrostatic
interactions since the carbon centers of the C6H6 and C5H5

− moieties are characterized by the negative
electrostatic potentials (EPs) while the H-centers of the ZFH3 species by the positive EPs.

Particularly the following cases of bond paths are observed for complexes analyzed here. For the
CFH3-C2H2 and CFH3-C2H4 complexes the irregular and nonlinear carbon-carbon bond paths are
observed that may result from weak interactions (Figure 5); formally according to the QTAIM approach,
they may be attributed to the tetrel bonds. For the CFH3-C6H6 (Figure 1) and CFH3-C5H5

− complexes
the H···C intermolecular bond paths are observed which may be attributed to the C-H···C hydrogen
bonds! For the SiFH3-C2H2, SiFH3-C2H4 and CFH3-C6H6 complexes the non-linear bond paths are
detected, similarly as for the CFH3-C2H2 and CFH3-C2H4 complexes, which are attributed to the Si···C
or H···C intermolecular links (Table 4).

233



Molecules 2018, 23, 1183

In a case of the SiFH3-C5H5
− complex the clear almost linear Si···C bond path corresponding

to the strong tetrel bond is observed, similarly as for the other ZFH3-C5H5
− complexes for Z = Ge,

Sn and Pb. In a case of the PbFH3-C5H5
− complex the additional H···C bond path corresponding

to the Pb-H···C hydrogen bond is observed (Figure 1). For the ZFH3-C6H6 complexes (Z = Ge, Sn,
Pb) the tetrel and hydrogen bonds are observed with the corresponding bond paths, the SnFH3-C6H6

complex representing such a situation is presented in Figure 1. Similarly the SnFH3-C2H2, SnFH3-C2H4

complexes in Figure 1 reflect the same situation in analogues tin and lead complexes; in the case of
acetylene Lewis base the Z···NNA bond path is observed while in the case of ethylene Lewis base this
is the Z···BCP bond path.

 
CFH3-C2H2 CFH3-C2H4 

Figure 5. The molecular graphs of the CFH3-C2H2 and CFH3-C2H4 complexes; big circles—attractors,
small green circles—BCPs, the nonnuclear attractor (NNA) is located (small red circle) between two
BCPs in a case of the CFH3-C2H2 complex.

The characteristics of bond critical points presented in Table 4 reflect the strength of interaction.
It was discussed in various studies that these characteristics may be often treated as measures of the
strength of interaction [49]; especially for homogeneous samples of complexes. Numerous relationships
were found between characteristics of the H···B BCP and the strength of interaction for the A-H···B
hydrogen bonds. For complexes analyzed here greater values of the electron density at the bond critical
point, ρBCP’s, are observed for the C5H5

− complexes. The Laplacian of the electron density at BCP,
∇2ρBCP, is positive for all complexes analyzed which may show these are not covalent interactions;
the HBCP values are positive and close to zero for all complexes of acetylene, ethylene and benzene as
well as for the CFH3-C5H5

− complex. For the remaining complexes of the C5H5
− anion the negative

HBCP values are observed that may indicate these are partly covalent in nature interactions.
One may ask what is the difference between the Z···π and Z···C tetrel bonds that are presented

here. These “two kinds” of connections correspond to the types of bond paths. For the majority
of acetylene and ethylene complexes former connections are observed while for the benzene and
cyclopentadienyl complexes the latter ones. The Z···π bond path is a link between Z-attractor
that corresponds to the nucleus and BCP or NNA located at the CC bond of acetylene or ethylene
(see Figure 1). The Z···C bond path is a link between Z and C attractors corresponding to nuclei.
This difference occurs within the Quantum Theory of Atoms in Molecules (QTAIM) scheme but it
seems it is not observed in other approaches; for example in both cases the same orbital-orbital overlaps
occur that correspond to the Z···π interactions; i.e., πCC → σZF

* ones. All other accompanying overlaps
specified earlier here are the same in both cases of contacts. The similar situations were observed earlier
for the hydrogen bonded complexes with the π-electron systems playing a role of Lewis bases [50].

3. Computational Details

The calculations were performed with the Gaussian16 set of codes [51] using the second-order
Møller-Plesset perturbation theory method (MP2) [52], and the aug-cc-pVTZ basis set [53].
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The relativistic effects for the heavier Ge, Sn and Pb atoms were taken into account. The calculations
for these elements were done with quasi-relativistic small-core effective core potentials: ECP10MDF,
ECP28MDF and ECP60MDF, for Ge, Sn and Pb, respectively [54]. For the latter elements the basis
sets corresponding to aug-cc-pVTZ were applied, i.e., ECP10MDF_AVTZ, ECP28MDF_AVTZ and
ECP60MDF_AVTZ, respectively [55]. Frequency calculations were performed for the complexes
analyzed and their monomers to confirm that the optimized structures correspond to energetic minima.
The binding energy, Ebin, was calculated as difference between the energy of the complex and the
sum of energies of monomers optimized separately while the interaction energy, Eint, is a difference
between the energy of the complex and the sum of energies of monomers which geometries come
from the geometry of the complex considered [56]. The binding and interaction energies are negative
but their difference—the deformation energy, Edef = Ebin − Eint, is positive and it is connected with
the change of geometries of monomers resulting from the complexation [39]. The Counterpoise (CP)
correction was applied to calculate the basis set superposition error BSSE [57]; hence the Ebin and Eint

values corrected for BSSE are analyzed in this study.
The Quantum Theory of ‘Atoms in Molecules’ (QTAIM) was also applied to characterize critical

points (BCPs) in terms of the electron density (ρBCP), its Laplacian (∇2ρBCP) and the total electron
energy density at BCP (HBCP) which is the sum of the potential electron energy density (VBCP) and the
kinetic electron energy density (GBCP) [34]. The AIMAll program was used to carry out the QTAIM
calculations [58].

The Natural Bond Orbital (NBO) method [35] was applied to calculate atomic charges, the electron
charge shifts from the Lewis bases to the Lewis acids as well as the orbital-orbital interactions.
The nB → σAH

* orbital-orbital interaction is characteristic for the A-H···B hydrogen bond; nB labels
the lone electron pair of the B Lewis base center and σAH

* is the antibonding orbital of the A-H Lewis
acid bond [35]. In a case of the hydrogen bonds where π-electrons and σ-electrons play a role of the
Lewis bases, A-H···π and A-H···σ systems, the πB → σAH

* and σB → σAH
* overlaps, respectively, are

the most important orbital-orbital interactions [59]. The similar situation occurs for the tetrel bonds
analyzed here, they may be classified as the Z···π or Z···C interactions (Z labels the tetrel centre).
The πCC → σZF

* and πCC → σZH
* overlaps are observed here as the most important interactions;

besides the σCH → σZF
* and σCH → σZH

* overlaps are also detected but they are characterized by
lower energies than the former interactions. For example, the πCC → σZF

* interaction is calculated as
the second-order perturbation theory energy (Equation (1)):

ΔE (πCC → σZF
*) = −2 πCC|F|σZF

* 2/ (ε(σZF
*) − ε (πCC)), (1)

πCC|F|σZF
* designates the Fock matrix element and (ε(σZF

*) − ε (πCC)) is the orbital energy
difference. The similar equations (to Equation (1)) for the remaining above-mentioned orbital-orbital
interactions may be given.

The energy decomposition analysis (EDA) [36,37] was carried out with the BP86 functional [60,61]
in conjunction with the Grimme dispersion corrections (BP86-D3) [62] using uncontracted Slater-type
orbitals (STOs) as basis functions for all elements with triple-ζ quality (ADF-basis set TZP). The energy
decomposition analysis (EDA) was performed with the use of the ADF2013.01 program [63] for all
complexes analyzed here and characterized by geometries resulting from the MP2/aug-cc-pVTZ
optimizations. The EDA method follows the energy partition of Morokuma [36,37]. The interaction
energy, ΔEint, between two fragments (A and B) in the A-B link, in the particular electronic reference
state and in the frozen geometry of AB is considered in this approach. The ΔEint interaction energy is
divided into three components and the additional dispersion term, ΔEdisp (Equation (2)):

ΔEint = ΔEelstat + ΔEPauli + ΔEorb + ΔEdisp, (2)

The ΔEelstat term corresponds to the electrostatic interaction between the unperturbed charge
distributions of atoms and is usually attractive. The Pauli repulsion, ΔEPauli, is the energy change
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associated with the transformation from the superposition of the unperturbed electron densities of
the isolated fragments to the wavefunction which properly obeys the Pauli principle through explicit
antisymmetrization and renormalization of the product wavefunction; it comprises the destabilizing
interactions between electrons of the same spin on either fragment. The orbital interaction, ΔEorb,
accounts for charge transfer and polarization effects.

Figure 6 presents the correlation between the interaction energy calculated within the
MP2/aug-cc-pVTZ approach (Table 1), thus at the level corresponding to the systems’ optimizations,
and ΔEint DFT energy calculated with the use of ADF codes. The excellent correlation observed here
partly justifies the use of DFT calculations for the previously optimized MP2 geometries.
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Figure 6. The linear correlation between the MP2 Eint interaction energy and the ΔEint energy calculated
within the DFT approach; both energies in kcal/mol.

4. Conclusions and Perspectives

The tetrel bonds in complexes where the π-electron system plays a role of the Lewis base were
analyzed here. Practically for all complexes considered the NBO approach shows the existence of the
πCC → σFZ

* overlaps, however in a case of complexes of CFH3 with acetylene, ethylene and benzene
the corresponding energies are negligible thus the existence of tetrel bonds is problematic. On the
other hand for the remaining complexes the above-mentioned interactions are significant that may
indicate the existence of the tetrel bonds. The QTAIM approach often shows the complicated topology,
sometimes the additional bond paths corresponding to the hydrogen bonds are observed, or like
for the CFH3-C5H5

− complex, only C-H···C intermolecular link is observed that may indicate the
existence of the hydrogen bond and not of the tetrel bond. However for the other cyclopentadienyl
complexes the interactions are very strong and the Z···C bond paths exist there. Hence there is no
doubt that these complexes are linked by the tetrel bonds; all theoretical approaches applied in this
study support the existence of such interactions in these complexes.

Only for some of acetylene and ethylene complexes one may observe the link between tetrel
center and the site corresponding to π-electrons, NNA or BCP of the CC bond of the Lewis base unit
(see the SnFH3-C2H2 and SnFH3-C2H4 complexes in Figure 1 as examples). In a case of the C6H6

and C5H5
- aromatic systems, the Z···C bond path is observed that suggest the one-atom Lewis base

center and not the π-electron system. It means that the existence of two types of tetrel bonds may be
considered within the QTAIM approach, Z···π and Z···C. However other approaches applied here do
not distinguish rather between these types. Such a situation was earlier observed for the hydrogen
bonded complexes [50].
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The question arises if the interactions analyzed theoretically here really exist. This is why the
Cambridge Structural Database (CSD) [64] search was performed. The following search criteria were
taken into account; non-disordered structures, R less than 10%, 3D coordinated determined, non
polymeric structures, single crystal structures and no errors (CSD updates up to February of 2018 were
taken into account). The additional condition was that the Z tetrel center (C, Si, Ge, Sn and Pb) has to
form two intermolecular Z···C contacts within corresponding sum of van der Waals radii. Two Z···C
contacts were required since one may expect that in a case of double and triple CC bonds, or if CC
bond concerns delocalized aromatic system; at least two Z···C distances within the van der Waals
sum should be observed. 218 systems of crystal structures fulfilling those requirements were found in
CSD. However only in 10 cases the clear tetrel-CC bond contacts with the tetrahedral (sp3 hybridized)
tetrel center were observed which suggest the existence of the tetrel···π-electrons interactions. Figure 7
shows an example where one can observe the F-Si···CC contact (CC bond of the aromatic phenyl ring).
This issue requires additional studies on the experimental crystal structures however. It seems that the
search criteria could be also improved. More detailed study on experimental crystal structures’ results
is in the progress.

Figure 7. The fragment of the crystal structure (refcode: BAKZOF) where the Si···CC tetrel bond
is observed.
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