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Ab initio calculations consider SpCO3/SpS04/SpCly (Sp = Zn(II), Cd(II)) as molecules that can engage in both a
spodium bond or a tetrel bond through O or Cl. NCH, NHCH,, and NHj are considered as Lewis bases. The Sp>*'N
spodium bonds are very strong, with interaction energies in the 12-59 kcal/mol range. Those bonds involving Zn
are somewhat stronger than Cd, and bond strength diminishes in the SO4 > CO3 > 2Cl ligand order. Tetrel bonds
between the Si of SiHsF and a O or Cl atom of the ligand are of moderate strength of 2-9 kcal/mol. In triads in

which both a spodium and tetrel bond are simultaneously present, there is a positive cooperativity between
them. The bond enhancement is particularly significant in the tetrel bond, whose strength can reach as much as

15 kcal/mol within the trimer.

1. Introduction

The interactions between different types of molecules are very
important in the fields of chemistry, biology, and physics [1-3], which
has motivated years of progress in related research. Like the H-bond, the
closely related halogen bond has applications in crystal materials [4-6],
chemical reactions [7], molecular self-assembly [8], molecular recog-
nition [9] and other aspects [10]. A concept that has found wide
application, and which is a feature common to many, is the c-hole, a
region of positive electrostatic potential on a formally electronegative
atom, along the extension of a covalent bond [11-13]. This positive area
is able to attract the negative region of a nucleophile, and set off a
cascade of other forces including charge transfer and dispersion.

Adding to the already growing list of noncovalent bonds, including
the halogen and chalcogen bonds, Bauza et al. recently proposed the
idea of a Sp'~'X “spodium bond” [14] based on their studies of SpXsLy
where Sp refers to the 12th Group elements Zn, Cd, or Hg. The earliest
description of an interaction of this type arose from the structure of
dichlorobis (thiosemicarbazide)mercury(II) [15], with its infinite one-
dimensional supramolecular chain. The distance between the electron
donor (chlorinated ligand) and the Hg-Cl bond is 3.25 fo\, which is
slightly shorter than the sum of van der Waals radii (3.30 A) and
significantly longer than the sum of covalent radii (2.39 A). Frenking et
al [16] studied the geometric and energetic characteristics of carbonyl
complexes [Sp(CO)n]ZJr and found that the Sp--\C—O bond strength
diminished in the order Zn?*>Hg?">Cd?". SpX, (Sp = Zn, Cd; X = Cl,
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Br) forms a stable n-complex with neutral diborenes with a high-lying
n(B=B) orbital [17]. The spodium bond concept also applies to intra-
molecular interactions [18,19].

In a parallel line, the manner in which the 14th Group elements C, Si,
Ge etc engage in similar sorts of noncovalent bonds has been the object
of a good deal of study in recent years [20-25]. One of the first identi-
fications of this so-called tetrel bond [26] was made in 2009 [21], and
was used to explain why the bond angle of SiO««+N is reduced in the
order FH,SiONMe; > F3SiONMe, > H3SiONMe; [27]. Among the chief
features of the tetrel bond is the growth in its strength connected with a
heavier tetrel atom, which is associated with a deeper ¢-hole [28]. As the
lightest in this group, carbon seldom participates in tetrel bonds unless it
is adjoined with strong electron-withdrawing substituents or a strong
base acts as a nucleophile. For example, the C atom in CH4 does not
engage in such bonds, whereas CH3OH and CHsF can do so [29]. In
addition to the sensitivity of the tetrel bond strength to the identify of
the tetrel atom and its accompanying c-hole [30], the nucleophilicity of
the partner base plays a key role as well. The most common electron
donor bases are lone pair electrons [31], n-electrons [32], metal hy-
drides [33,34], radicals [35] and carbenes [36,37]. Because of the heavy
preponderance of alkyl groups in proteins and other biological systems,
elucidation of the properties of the tetrel bond will be crucial to a full
understanding of their structure and function [29].

One of the more intriguing aspects of the tetrel bond, and others in
that family, is their cooperativity with one another. Synergy can occur
when the tetrel bond is combined with hydrogen bonds [38], lithium

Received 11 January 2022; Received in revised form 29 January 2022; Accepted 30 January 2022

Available online 4 February 2022
0301-0104/© 2022 Elsevier B.V. All rights reserved.


mailto:lqz@ytu.edu.cn
mailto:steve.scheiner@usu.edu
www.sciencedirect.com/science/journal/03010104
https://www.elsevier.com/locate/chemphys
https://doi.org/10.1016/j.chemphys.2022.111470
https://doi.org/10.1016/j.chemphys.2022.111470
https://doi.org/10.1016/j.chemphys.2022.111470
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chemphys.2022.111470&domain=pdf

N. Liu et al.

bonds [39], chalcogen bonds [40], or with itself [41]. For example, in
F2TO-NCH-NCH (T = C and Si), the tetrel and hydrogen bonds reinforce
one another, while the two TBs show negative synergy [38] in HCN-
FT20-NCH. Esrafili et al. studied the cooperative effect in YH3T-NCX-
NH;3 (Y =F, CN; T = C, Si; X = Cl, SH, PH>), where a tetrel bond coexists
with a halogen bond, chalcogen bond, or pnictogen bond [42]. This
synergistic effect is of great importance in the fields of crystal materials,
chemical reactions, and molecular recognition [43-45]. For example,
the self-assembly of molecules on a surface can be regulated by syner-
gistic effects [46].

The first objective of the current study is an extension of our tentative
understanding of the spodium bond. This interaction is quite new and
has undergone only limited study to date. The Group 12 atoms Sp = Zn
and Cd are integrated into a molecule that contains CO3 and SOy as li-
gands, wherein Sp is ditopically attached to two of the O atoms of the
ligand. So as to consider whether this dipodal bonding has a perturbing
effect, Sp was also liganded by a pair of separate Cl atoms. Altogether,
these SpCO3, SpSO4, and SpCly (Sp = Zn(II), Cd(I)) units comprise an
overall neutral Lewis acid. As another consideration, these molecules are
also important inorganic materials in their own right. So as to system-
atically consider a range of base strength, these molecules are paired
with each of N=CH, NH=CH,, and NHs3. As seen below, this coordina-
tion makes the resulting spodium bond very strong indeed, even rival-
ling covalent bonds, and the calculations analyze the source of this
unexpected strength. With regard to a tetrel bond, the O or Cl atoms of
the SpCO3, SpSO4, and SpCl; units were allowed to interact with the Si
atom of SiHgF. Any synergy between the ensuing spodium and tetrel
bonds is examined in the context of the triad where both of these bonds
are present. All told, the calculations described below compare 18
different spodium-bonded dimers, 6 dyads containing a tetrel bond, and
16 triads in which both sorts of bonds are present simultaneously.

13:M=Zn
16:M=Cd
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2. Theoretical methods

Second-order Mgller-Plesset perturbation theory (MP2) was used to
incorporate electron correlation in conjunction with the aug-cc-pVTZ
basis set. For the Zn and Cd atoms, the aug-cc-pVTZ-PP basis set
including a pseudo-potential was adopted to account for relativistic ef-
fects [47]. The similar consideration has been made for other metal
complexes [48-53]. The geometries of all species were fully optimized,
and ensuing frequency calculations confirmed them as true minima. The
interaction energy was defined as the difference between the energy of
each complex and the monomer sum with their geometries taken from
that adopted within the complex. This quantity was corrected for basis
set superposition error (BSSE) by the counterpoise procedure advocated
by Boys and Bernardi [54]. All calculations were performed using the
Gaussian 09 package of codes [55].

The molecular electrostatic potentials (MEPs) of monomers and
complexes on the 0.001e Bohr™ isosurface were calculated by using the
wave Function Analysis-Surface Analysis Suite (WFA-SAS) program
[56]. Atoms in molecules (AIM) analysis was performed to obtain to-
pological parameters of each bond critical point (BCP), including elec-
tron density (p), its Laplacian (Vzp) and total energy density (H) via
QTAIM software [57]. Natural bond orbital (NBO) analysis implemented
by the NBO 6.0 program [58] provided information concerning charge
transfer and its energetic implications. Multiwfn and VMD [59,60] were
utilized to map noncovalent interactions (NCI) [61]. Energy decompo-
sition calculations were carried out by the localized molecular orbital-
energy decomposition analysis (LMO-EDA) method [62] using the
GAMESS program [63].

15:M=Z7n
18:M=Cd

Fig. 1. Optimized geometries of spodium-bonded binary complexes.
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3. Results
3.1. Spodium-bonded binary complexes

The geometries of the spodium-bonded dyads are illustrated in Fig. 1,
along with definitions of the important geometrical parameters.
Whether Zn or Cd, the metal atom Sp is symmetrically disposed between
the two O atoms of CO32~ or S04, and likewise for the two Cl sub-
stituents in SpCly. The overall charge of each of the three Lewis acids is
zero. The metal atom interacts with the N atom of the NCH, NHCH,, and
NH; bases that place the N atom in sp, sp? and sp® hybridization,
respectively. The R(Sp''N) intermolecular distance is defined as Rj; Ra
refers to the fairly close distance between a methylene H atom of NHCH,
and the O or Cl atom of the acid, and may in principle refer to a H-bond
length (see below). The a angle locates the base N atom with respect to
one of the two O/Cl atoms of the acid substituent. §§ refers to the OCO
bisector of CO3% and the OSO bisector of S04%, as delineated in Fi g. 1.

Table 1 collects the relevant geometric parameters for all 18 of the
dyads. The intermolecular R; distance is shorter for Zn than for the
larger Cd atom, as one might expect. In most cases, this distance is
shorter for the NHCH, base than for NCH and NHg, which may be due to
the secondary CH**O/Cl H-bond which is apparently present. Note for
example, the fairly short Ry distances which signal the presence of such a
bond. With respect to the nature of the acid substituents, the distance
elongates in the order SO4 < CO3 < 2Cl. The p angle is roughly 180° for
the NCH and NHj; bases, placing the N equidistant between the two O
atoms. However, the imine moves off this axis by quite a bit, which
facilitates the formation of the CH-*O H-bond. There is also a secondary
H-bond in the case of SpCly, even without the need for the N to move off
center. The a angles are commensurate with the central placement of the
N atoms in all of the complexes, save those combining NHCHy with CO3
or SO4. With respect to the SpCly units, they deform from their linear
structure in the monomer to a bent configuration in the complex, as
evidenced by the deviation of the o angles from 90°. The internal CO,
SO, or SpCl bond length is defined as r; in Fig. 1. This bond undergoes a
small stretch in the various complexes, denoted Arj in Table 1. This
stretch amounts to some 0.005 A for most of the dyads, but is an order of
magnitude larger within SpCl,. These larger values arise as the Cl atoms
are directly bonded to the Sp, rather than to C or S.

The last column of Table 1 contains the interaction energy of each
base with the Lewis acid. These quantities are quite substantial, with a
minimum of 12 kcal/mol and reaching all the way up to nearly 60 kcal/
mol. The bonds are strongest for the imine base with its secondary
interaction, and weakest for NCH with its sp-hybridization. Zn engages
in stronger bonds than its Cd analogues, and the order with respect to

Table 1
Binding distances (R, 10\), angles (o/p, deg), change of bond length (Ary, f\), and
interaction energy (Ejy, kcal/mol) in the spodium-bonded binary complexes.

Ry Rz a p Ary Ein¢
ZnCO3-NCH(1) 1.912 142.4 179.8 0.006 —38.45
ZnCO3-NHCH,(2) 1.913 2.489 174.7 147.5 0.005 —53.45
ZnCO3-NH3(3) 1.948 143.0 179.8 0.006 —50.40
CdCO3- NCH (4) 2.146 146.3 179.8 0.004 —31.84
CdCO3-NHCH,(5) 2.134 2.330 167.6 133.4 0.005 —45.01
CdCO3-NH3(6) 2.173 146.2 179.7 0.005 —43.50
ZnSO4- NCH (7) 1.906 139.6 180.0 0.005 —42.55
ZnSO4-NHCH,(8) 1.905 2.449 171.1 148.2 0.005 —58.80
ZnSO4-NH3(9) 1.940 140.4 179.3 0.005 —55.25
CdSO4- NCH (10) 2.135 143.6 179.9 0.004 —35.70
CdSO4-NHCH,(11) 2.104 2.324 172.0 135.2 0.004 —50.44
CdSO4-NH;5(12) 2.144 144.4 179.3 0.005 —46.20
ZnCl,- NCH (13) 2.154 103.7 0.044 —15.38
ZnCl,-NHCH,(14) 2.049 2.769 108.5 0.057 —30.73
ZnCl,-NH;3(15) 2.080 106.5 0.061 —28.00
CdCl,- NCH (16) 2.444 98.7 0.034 —12.07
CdCl,-NHCH»(17) 2.312 2.754 105.5 0.063 —23.96
CdCl,-NH;3(18) 2.347 102.0 0.053 —21.30
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ligands varies as SpSO4 > SpCO3 >SpCls. The greater strength of the Zn
vs Cd spodium bonds is surprising in light of the trend in most other
noncovalent bonds, e.g. halogen bonds, where a heavier electron donor
atom is typically associated with a stronger bond [11].

Some insights into these trends may be gleaned by inspection of the
molecular electrostatic potential (MEP) that surrounds each monomer.
The MEP of each Lewis acid is characterized by a positive region directly
along the X-Sp-X bisector, indicated by the red region in Fig. 2. This area
corresponds to a c-hole, and the magnitude of its MEP on the 0.001 au
isodensity surface, denoted Vi,x, is displayed by the numbers in Fig. 2.
This quantity is largest for the SO4 ligand, followed by CO3, and then by
2Cl much lower. This pattern reproduces the interaction energy trends
in Table 1. Also consistent with the interaction energies, the Zn c-holes
are deeper than those for Cd. The only exception is SpCly for which Cd
has a slightly deeper 6-hole than Zn, contrary to Ej,;. With respect to the
three bases, of most relevance is the blue minimum in the MEP at the N
atom of NH3 and NHCH; which have roughly the same Vi, with NCH
somewhat less negative.

Like other related noncovalent bonds, the spodium bond is accom-
panied by a charge transfer (CT) from the electron donor molecule to the
acceptor. This intermolecular transfer listed in Table 2 obeys many of
the same patterns as the energetics. It is largest for NHCHj, followed by
NHj, and then by NCH. Zn undergoes a larger CT than does Cd, and the
ligand order follows the familiar SpSO4 > SpCO3 >SpCly. In fact, there is
a fairly tight correlation between CT and Ejy, as explicitly shown in
Fig. 3 where there is a correlation coefficient R? = 0.90. The principal
element of the charge transfer involves that from the base N lone pair to
a vacant d-orbital on Sp. The orbitals involved, and their overlap, are
visualized in Fig. S1. The energetic consequence of this inter-orbital
transfer is listed in the last column of Table 2 as E@. The magnitude
of this quantity is fairly large, approaching 90 kcal/mol, signaling a
strong interaction. Like the full CT, the trends are similar to that of the
interaction energy: Zn > Cd, NHCH; > NH3 > NCH, and SpSO4 > SpCOs3
> SpCly.

One can examine the shifts of electron density that accompany the
formation of the spodium bond in different regions of space via an
electron density difference map. This map in Fig. 4 subtracts the density
of the two unperturbed monomers from that of the full dyad. The green
regions in Fig. 4 indicate density gain while losses are depicted in or-
ange. The pattern closely resembles those of related noncovalent bonds
such as H-bonds, halogen bonds etc. There is a sizable gain in the region
directly between the Zn and N atoms with orange losses closer to these
two nuclei. The polarization within the NH3 base that shifts density
away from the three H atoms and toward the interacting N atom is

162.41 172.40 59.32
: { / ‘f
t
-59.18 -49.39 -10.60
ZnCO4 ZnClz
144,32 153.97 63.16
—
i
-66.68 -56.86

CdCO;

Fig. 2. MEP maps on the 0.001 electrons Bohr 2 isodensity surface of mono-
mers. Red and blue regions represent positive and negative MEPs, respectively.
Viax and Vi, in keal/mol.
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Table 2

Charge transfer (CT, e) and second-order perturbation energy (E(Z), kcal/mol)
for transfer from base N lone pair to unoccupied d-orbital of M in the spodium-
bonded binary complexes.

CT E®@
ZnCO5-NCH(1) 0.0497 64.06
ZnCO5-NHCH,(2) 0.0896 84.59
ZnCO3-NH;(3) 0.0834 84.17
CdCOs- NCH (4) 0.0320 48.76
CdCO3-NHCH,(5) 0.0740 75.13
CdCO3-NH;(6) 0.0634 65.40
ZnSO4- NCH (7) 0.0543 63.57
ZnSO,-NHCH4(8) 0.0939 88.02
ZnS04-NH;(9) 0.0871 86.32
CdSO,- NCH (10) 0.0362 51.12
CdSO4-NHCH,(11) 0.0818 81.60
CdSO4-NH5(12) 0.0733 77.86
ZnCl,- NCH (13) 0.0217 24.58
ZnCl,-NHCH,(14) 0.0571 42.16
ZnCly-NHs(15) 0.0481 38.10
CdCl,- NCH (16) 0.0111 16.80
CdCl,-NHCH,(17) 0.0400 35.97
CdCl,-NH5(18) 0.0313 35.78
70
60 .
2%
— 50 - )
o - .
£ o« Lo
= 40 P —
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Q 5 [ et
30 e ]
E .
8 20 et
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Fig. 3. Linear relationship between CT and E;, for the spodium-bonded dyads.

o B
| *}

Fig. 4. Shifts of electron density accompanying formation of the ZnSO4-NHj3
dimer. Contours shown are + 0.005 a.u., where green and orange indicate gain
and loss of density, respectively.

S
o>

plainly visible by the orange areas around these three peripheral H
atoms.

AIM analysis of the electron density offers another avenue by which
to assess the strength of noncovalent interactions. The first columns of
Table S1 contain the electron density (p), its Laplacian (V2p), and energy
density (H) at the Spe«+N BCP (Fig. S2). The density varies from 0.04 a.u.
to 0.1 a.u. and exhibits a strong correlation with the binding distance,
excluding SpCO3/SpSO4-NCH (Fig. 53). V2p lies in the 0.16-0.46 a.u.
range but is not well correlated with the strength of the spodium bond.
The large p in the neighborhood of 0.1 a.u., positive V2p and negative H
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are indicative of a spodium bond that is at least partially covalent. This
conclusion is further confirmed by the ratio of absolute potential energy
density (|V]) to the kinetic energy density (G), which is somewhat
greater than unity at 1.07-1.31. Related to AIM is the NCI analysis of the
total electron density. The NCI diagrams of the Zn-bonded dyads are
presented in Fig. S4 which confirm the formation of spodium bonds, as
well as the secondary interactions involving the imine. The spodium
bond is clearly evident by the blue regions, while the areas signaling the
CH-0O/Cl secondary interactions are green, indicating weaker bonds.

Another tool by which to understand the forces comprising a non-
covalent bond is a decomposition of its interaction energy into separate
components: electrostatic (E*%), exchange (E®), repulsive (E"P), polari-
zation (EP°)) and dispersion (EJisP) (Table S2). A shorter Spe+-N distance
causes a larger EP, which is counteracted by a stronger orbital ex-
change attraction E®. Attention is focused here on the three principal
attractive terms, plotted in Fig. 5. E® is larger than EP®! which is in turn
larger than E%*P. In quantitative terms, EP°! amounts to 40-60% of E*.
Thus the spodium bond is composed largely of electrostatic attraction,
complemented by a sizable polarization element.

3.2. Tetrel-bonded binary complexes

Asis clear from Fig. 2, the O atoms of SpCO3/SpSO4 and the Cl atoms
of SpCly are surrounded by negative blue regions, so ought to be
attracted to the positive region of a neighboring molecule. SiHsF offers
such a positive region in the form of a ¢-hole on the central Si atom,
along the extension of the F-Si bond axis. Indeed, all of the various
metal-containing molecules engage in such a Si*"O/Cl tetrel bond, as
detailed in the geometries of Fig. 6, wherein R3 refers to the Si-O/Cl
intermolecular distance. (It is important for the following narrative to
understand that the various Sp-containing molecules that acted as Lewis
acid in the spodium bond reverse their role to that of base in the tetrel
bonds.)

This distance is reported in Table 3, along with other aspects of the
equilibrium geometries and the interaction energy in the last column.
The Si"O distances are all shorter than Si*"Cl, sensible in light of the
smaller atomic radius of O. These Si**O distances are also shorter for Cd
as compared to Zn, which is consistent with the more negative Vi, on
the O atoms for the former in Fig. 2. The y angles are all close to 180°,
which support the character of these interactions as tetrel bonds. As
indicated in the next two columns of Table 3, the internal bonds of both
acid and base molecules are stretched by the interaction, particularly
those within the acid. The interaction energies of these tetrel bonds
range between 3 kcal/mol for the Si**Cl bonds up to nearly 10 kcal/mol
for Si**O. These bonds are stronger for Sp = Cd than for Zn, again
consistent with Vi, depths on the O atoms. On the other hand, the

-85 4

68/ | J

E (kcal/mol)

I I I I
12345678 9101112131415161718192021222324

Fig. 5. Electrostatic (gray), polarization (green) and dispersion (yellow) en-
ergies in the binary complexes.
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SiH3F-ZnCl(23)
@ 9 O O 9V 0 o v

Fig. 6. Optimized geometries of tetrel-bonded binary complexes.

SiH3F-CdCl2(24)

Table 3
Binding distance (R, ;\), angles (y, deg), change of bond length (Ar, A), and
interaction energy (Ein, kcal/mol) in the tetrel-bonded binary complexes.

R3 Y Ary Arp Eint
SiH3F-ZnCO3(19) 2.612 178.9 0.008 0.021 -7.09
SiH3;F-CdCO5(20) 2.503 178.8 0.010 0.028 —9.13
SiH3F-ZnS04(21) 2.813 177.5 0.006 0.014 —4.72
SiH3F-CdS04(22) 2.741 178.0 0.007 0.017 -5.71
SiH3F-ZnCly(23) 3.379 174.4 0.014 —0.002 —-2.72
SiH3F-CdCl,(24) 3.381 175.9 0.008 —0.002 —3.28

SpCO3 base engages in stronger tetrel bonds than SpSOy4, although it is
the latter that is associated with larger Vpp.

The overall charge transfer CT is smaller in these tetrel bonds than
for the spodium bonds, revealed by comparison of Table 4 with Table 2.
The principal interorbital interaction within the tetrel bonds involves
transfer from the O/Cl lone pair to the 6*(Si-F) antibonding orbital.
Table 4 shows that E@ for this transfer lies in the 4-8 kcal/mol range, an
order of magnitude smaller than in the spodium bonds. There is also
evidence of a weak SiHO/Cl interaction, particularly Cl, as docu-
mented by the transfers from the o(Si-H) orbital to the indicated o*
orbital of the base.

Both the electron density and its Laplacian at the Sies«O/Cl BCP
(Table S3) show a pattern that is consistent with the interaction energy.

Table 4
Charge transfer (CT, e) and second-order perturbation energies (E(Z), kecal/mol)
in the tetrel-bonded binary complexes.

CT E(2) E(2)
SiHsF-ZnCO5(19)  0.0310  LPo — 6*sir  6.32  Osim — 6%c.o 0.10
SiHsF-CdCO3(20)  0.0415  LPo — o*sip  7.56  Osiy — 0*co 0.20
SiH;F-ZnSO4(21)  0.0167  LPo — o*sir  3.67  Osim — 6%so 0.11
SiH;F-CdS04(22)  0.0176  LPo — 6*sir 370 Ogim — 6%s.o 0.13
SiH3F-ZnCl,(23) 0.0053  LPq — o*gp  3.57  Osip — O*crzn  1.43
SiH3F-CdCl,(24) 0.0098  LPq — o*sp  3.59  Osim — O*crca  2.56
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The BCP densities are much smaller here than in the spodium bonds, all
0.02 a.u. or less. The density Laplacian is consistently positive, but again
much smaller than in the spodium bonds. The stronger tetrel bond in
SiH3F-SpCOs is characterized by a negative energy density, while this
quantity is positive in the other tetrel-bonded complexes. Although the
tetrel bond in SiH3F-SpCOs3 has a partially covalent property, it is still
dominated by electrostatic energy (Fig. 5 and Table S2). This electro-
static dominance is also found in SiH3F-SpSO4. The three attractive
terms (E, P, and E¥*) are comparable in SiH3F-SpCly.

In summary, the tetrel bonds involving SiFH3 are all typical sorts of
noncovalent bonds, but are much weaker than the spodium bonds
achieved when the Sp-containing molecules are combined with any of
the various N-containing bases.

3.3. Cooperativity between spodium and tetrel bonds

As the central metal-bearing molecule serves as an electron donor in
its spodium bond with a base, and as an acceptor when it engages in a
tetrel bond with SiFHg, one might anticipate that the two bonds ought to
strengthen one another if both are present. The optimized geometries of
these ternary complexes are compiled in Fig. 7 where most of them
closely retain the central features present in each dyad. The exception to
this resemblance arises in those containing SpCly. These triads place the
SiFH3 well out of the plane containing the other two molecules.

Table 5 lists the energetics of the ternary complexes where it may be
noted first that the total interaction energy varies between —17 and —66
kcal/mol. It is of interest to examine how this total compares with the
individual noncovalent bonding interactions. AErg, for example, con-
siders the tetrel bond interaction energy between SiFH3 and the SpLy:N-
base pair within the geometry adopted within the triad. Likewise, AEg,p
evaluates the interaction between SiFH3:SpL, and the N-base. For pur-
poses of completeness, the interaction energy between SiFH3 and the N-
base is listed in Table 5 as AEg,y, which are of course small in magnitude
since these two subunits are some distance from one another.

The interaction energies of both tetrel and spodium bonds are more
negative in the ternary complexes than in the dyads, indicating these
bonds mutually reinforce one another in what is termed positive coop-
erativity. The amounts by which each bond is strengthened by the
presence of the other are listed as AAEtg and AAEgpp in Table 5, and are
as large as 6 kcal/mol in some cases. On a percentage basis, the TB is
enhanced more than is the SpB, suggesting the strong polarizing effect of
the SpB. Indeed, the interaction energy of the TB rises up to —15 kcal/
mol in SiH3F-CdCO3-NHjg, rather larger than the bulk of tetrel bonds in
the literature.

One can quantify the degree of cooperativity by Ecoop in the last
column of Table 5, which relates the total interaction energy in the triad
to the sum of TB and SpB optimized dyads, plus AEg,, to account for the
small interactions between SiFH3 and the N-base within the triad. The
negative values of E.qop reaffirm the positive cooperativity wherein the
two noncovalent bonds reinforce one another. On a percentage basis,
Ecoop represents between 1 and 10% of the total triad interaction energy.

The cooperativity manifests itself in other aspects of these triads. The
presence of the TB shortens the intermolecular distance within the SpB,
and vice versa, as shown in the negative values of AR; and ARg in
Table S4. As in the case of the energetics, the TB undergoes a greater
degree of bond contraction than does the SpB. For example, the short-
ening of Sie++0/Cl distance is larger than 0.1 A in most ternary com-
plexes, while the contraction of the Sps««N distance is less than 0.03 A.
In addition, the electron densities at the Sis«+O/Cl and Sps«+N BCPs are
also increased in the ternary complexes, relative to their values in the
dyads. Table S5 documents the increases in the intermolecular charge
transfers arising from addition of the third molecule to each dyad. The
largest charge transfer is 0.07 e for the tetrel bond and 0.10 e for the
spodium bond.

Since the electrostatic term has been shown above to be quite
important for both the SpB and TB, it was informative to examine how
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Fig. 7. Optimized geometries of ternary complexes.

Table 5
Total interaction energy (AE 1), interaction energy between molecular pairs (AE), and cooperative energy (Ecoop) in the ternary complexes, all in kcal/mol.
AEsotal AEtp AEspp AEgar AAETp AAEspp Ecoop
SiH3F-ZnCO3-HCN(25) —50.22 —11.45 —41.54 -0.29 —4.36 -3.09 —4.39
SiH3F-ZnCO3-NHCH,(26) —65.41 —11.68 —56.58 —-0.23 —4.59 -3.13 —4.64
SiH3F-ZnCO3-NH3(27) —62.83 —12.03 —53.88 -0.26 —4.94 -3.48 —5.08
SiH3F-CdCO3-HCN(28) —46.13 —-14.13 —34.85 —0.26 —5.00 -3.01 —4.90
SiH3F-CdCO3-NHCH,(29) —58.69 —14.89 —47.16 —-0.24 -5.76 —-2.15 —4.31
SiH3F-CdCO3-NH;3(30) —58.83 —15.07 —47.13 -0.23 —5.94 -3.63 -5.97
SiH3F-ZnS04-HCN(31) —49.82 -7.13 —44.18 —-0.21 —2.41 —-1.63 —2.34
SiH3F-ZnSO4-NHCH,(32) —66.23 —6.96 —60.77 —-0.16 —2.24 -1.97 —2.55
SiH3F-ZnS0O4-NH;3(33) —64.94 —7.04 —59.51 —-0.16 —-2.32 —4.26 —4.81
SiH3F-CdSO4-HCN(34) —43.84 -8.11 -37.15 -0.19 —-2.40 —1.45 —2.24
SiH3F-CdSO4-NHCH,(35) —58.90 -7.79 —52.39 -0.12 —-2.08 —-1.95 —2.63
SiH3F-CdSO4-NH3(36) —55.39 -8.19 —48.72 -0.15 —2.48 —2.52 -3.33
SiH3F-ZnCl,-HCN(37) —20.53 —4.38 —16.98 -0.89 —1.66 —-1.60 —1.54
SiH3F-ZnCl,-NHCH,(38) —34.74 -3.37 —32.46 -0.39 —0.65 -1.73 —-0.90
SiH3F-ZnCl,-NH3(39) —33.22 —4.37 —29.84 —0.69 —1.65 —1.84 —1.81
SiH3F-CdCl,-HCN(40) —-16.97 —4.62 -13.21 -0.97 -1.34 —-1.14 —0.65
SiH3F-CdCl,-NHCH(41) —27.27 —3.61 —24.72 -0.35 -0.33 -0.76 -0.18
SiH3F-CdCl,-NH;3(42) —26.45 —4.66 —22.61 —-0.72 -1.38 —-1.31 -1.15

the formation of each such bond affects the ¢-hole or 6-lump that is key
to the formation of the other bond. As a specific example, Vg i, on the O
atoms of ZnCOs is of course important to the formation of a TB with
SiFH3. The first entries in Table 6 show that Vg mi, is equal to —73.14
kecal/mol in the ZnCO3-NCH dyad, 13.96 kcal/mol more negative than
its value within the ZnCO3 monomer. Indeed, the addition of each N-
base adds to the negative value of the MEP on the relevant atom of the
Sp-bearing molecule, thus enabling the formation of a stronger TB with
SiFHs. The right side of Table 6 displays the alternate view, of how the
addition of the SiFH3 molecule adds to the o-hole on the Sp atom,
enabling a strengthened SpB. Note that the latter c-hole enhancements
are smaller than the o-lump magnifications on the left side of Table 6,
consistent with the greater strengthening of the TB as compared to the
SpB in the triads.

4. Discussion and conclusions

The spodium bonds in the systems examined here are quite strong.
The interaction energies approach 60 kcal/mol in some cases, with even
the weakest equal to 12 kcal/mol. Noncovalent bonds of such strength
are not very common, particularly as neither subunit carries a charge.
The bicoordinated Sp atom is studied in the spodium bonds reported
here, thus it is interesting to compare with the tri or tetracoordinated
situations. The interaction energy is 21.9 kcal/mol for the dimer [Hg
(HL)I;]2 (HL = N’-(3-nitrobenzylidene)isonicotinohydrazide), wherein
a hydrogen bond, spodium bond, and - interaction are all present [64].
For the SpX3Ly (X = Cl, Br or I; L = thiurea) adducts with carbon
monoxide, acetonitrile, formaldehyde, or methanethial, the interaction
energy is less than 10 kcal/mol.# Obviously, the bicoordinated Sp atom
engages in a much stronger spodium bond than the tri or tetracoordi-
nated species. Even the binding of the CN™ anion with the tricoordinated
Sp atom in SpCls” is very weak [65]. The interaction energy is 16 kcal/
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Table 6

The most negative MEP (Vg min) on the O/Cl atom in the spodium-bonded
complexes, the most positive MEP (Vs max) on the M atom in the tetrel-bonded
complexes, and their difference (AV) relative to the isolated molecule, all in
kecal/mol.

Vs, min AVs min Vs, max AVg,
max

ZnCO5-NCH(1) —-73.14 —-13.96 SiH3F- 171.57 9.16
7nC05(19)

ZnCO3-NHCH,(2) —72.51 —13.33 SiH3F- 153.26 8.94
CdCO5(20)

ZnCOs-NHy(3) _72.26 —13.08  SiHsF- 17871 631
7nS04(21)

CdCO3- NCH(4) —78.38 -11.70 SiH3F- 159.40 5.43
CdS04(22)

CdCO3-NHCH,(5) —77.61 —10.93 SiH3F-ZnCl,(23) 63.97 4.65

CdCO3-NH3(6) —78.14 —11.46  SiH3F-CdCly(24) 66.23  3.07
ZnSO4- NCH(7) —-63.68  —14.29
ZnSO4-NHCH,(8) -62.47 —-13.08
ZnSO4-NH3(9) -62.72  -13.33
CdSO4- NCH(10) -68.77 —-11.91
CdSO,- —66.63 -9.77
NHCH,(11)
CdSO4-NH;5(12) -68.12  -11.26
ZnCl,- NCH(13) —27.46  —-16.86
ZnCl,-NHCH,(14) -29.63  —-19.03
ZnCl,-NH3(15) -27.26  —16.66
CdCl,- NCH(16) -27.26  —-13.09
CdCl,-NHCH2(17) -28.94 1477
CdCl,-NH;5(18) -27.08 -12.91

mol in HgCly-NMes [66], where NMeg is a better electron donor than
NHj3, while the interaction energy is larger than 20 kcal/mol when ZnCl,
or CdCl, binds with NHj3. Apparently HgCl, participates in a weaker
spodium bond than ZnCl, or CdCl,. When carbenes act as the electron
donors [67], the spodium bonds are stronger than those with NHCHj.

Another measure of the strength of these bonds is the high degree of
charge transferred from the base molecule to the acid, as high as 0.08 e.
Along with this overall transfer is the component that involves the N
lone pair and the relevant d-orbital of the metal, for which E® reaches
to nearly 90 kcal/mol in some cases. Moreover, the AIM bond critical
point density is in the range of 0.1 a.u., and H is uniformly negative by as
much as —0.05 a.u.. All of these markers place this spodium bond on the
borderline between noncovalent and covalent bonds. From another
perspective, the intermolecular R(Sp 'N) distance is rather short, hov-
ering in the 1.9-2.4 A range. This bond is only slightly longer than the
internal Sp-O bonds within the Lewis acids, by between 0.05 and 0.13 A

Given these measures of bond strength, it might be possible to
categorize these spodium bonds as coordinate covalent bonds. In order
to address this issue, AIM parameters were used to directly compare
these spodium and coordinate covalent bonds within the same species.
Like the spodium bond, the Sp-O/Cl coordinate covalent bonds are
marked by a large electron density, positive Laplacian, and negative
energy density (Table S6). On the other hand, these quantities are
generally somewhat smaller in magnitude for the spodium bonds. The
spodium BCP densities, for example, are between 43 and 99% the size of
the coordinate bonds; V2p varies between 68 and 108%. NCI analysis
shows similar features for both the spodium bond and coordinate co-
valent bonds (Fig. S4). A red circle is present between the Sp-O/Cl bond
and Sp-N bond.

The BSSE correction amounts to 0.85-1.52 kcal/mol (Table S2). It is
small in magnitude, but its effect on the interaction energy is different
for the SpB and TB interactions. BSSE is equal to 2-8% of the SpB
interaction energy and 11-34% of the TB interaction energy. Thus the
BSSE correction represents a larger proportion for the weak interactions.

In conclusion, the spodium bonds considered here are quite strong,
with interaction energies approaching 60 kcal/mol. Those involving Zn
are a bit stronger than its heavier Cd congener. The ditopic SO4 ligand
provides the strongest binding, followed closely by COs, whereas the
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two separate Cl ligands result in a considerably weaker spodium bond.
NCH is the weakest of the three bases considered, but even so its spo-
dium bonds exceed 12 kcal/mol. Tetrel bonds between the Si of SiH3F
and the O or Cl atom of the ligand on the spodium atom are of moderate
strength, between 3 and 9 kcal/mol. When present in tandem the spo-
dium and tetrel bonds reinforce one another. The larger perturbations of
the electronic structure caused by the spodium bond result in a greater
strengthening of the tetrel bond than vice versa.
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