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Abstract

The strength and nature of the bonding between tetrel (T) atoms in R,T*"TR; is examined by
quantum calculations. T atoms cover the range of Group 14 atoms from C to Pb, and
substituents R include CI, F, and NH,. Systems vary from electrically neutral to both positive
and negative overall charged radicals. There is a steady weakening progression in T-T bond
strength as the tetrel atom grows larger, transitioning smoothly from a strong covalent to a much
weaker noncovalent bond for the larger T atoms. The latter have some of the characteristics of a
ditetrel bond, but there are also significant deviations from a classic bond of this type. The
T,Cly anions are more strongly bonded than the corresponding cations, which are in turn
stronger than the neutrals.
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INTRODUCTION

The classic single and double CC bonds of molecules like ethane and ethylene constitute one
of the foundations of organic chemistry. Some of their defining characteristics are the nearly
free rotation around the single C-C bond, and inhibited rotation around the stronger C=C bond
that holds molecules in either a cis or trans planar geometry. Less studied are the ways in which
these bonds are modified by the replacement of C with some of its heavier Group 14 tetrel atom
counterparts in these sorts of bonding situations. Some of the heavier-atom analogues of ethane,
ethylene, acetylene, and benzene have been isolated and examined over the years 4. For
example, the Si=Si bondlength in RCISi=SiCIR has been measured to be 2.553 A, longer than
2.108 A in its triple-bonded RSi=SiR congener 5. Skipping down a row in the periodic table to
RGe=GeR leads to a comparable bond length of some 2.21-2.25 A, while that in the heavier
Ph;Pb=PbPh; is 2.848 A. But these geometries differ from their C analogues in some important
respects. They generally take on a characteristic trans-bent structure, as opposed to the planar
ethylene derivatives. Such a geometry was noted 3 in a recent digermylene dianion with an
especially long Ge-Ge bondlength of 2.877 A, as compared to several others in this class 5.

As a particularly interesting new insight into this field, a very recent study ° found that two
Sn atoms can form an unexpectedly stable bond with one another in the context of a radical
anion, which was confirmed by a combination of crystal structure analysis, EPR spectroscopy,
and reactivity. Each Sn atom was liganded to a pair of N atoms within a five-membered ring of a
o-phenylenediamido ligand. The relatively short Sn**Sn distance of 3.215 A, coupled with DFT
computations, led the authors to characterize this interaction as a 1-e/2-c bond. This finding
represents the first report of such a bond between Sn atoms, and indeed between any of the tetrel
series.

These results raise a number of interesting fundamental questions about chemical bonding,
which are addressed here by extensive quantum chemical calculations. In the first place, is there
something unique about the ditopic o-phenylenediamido ligand which leads to this sort of
bonding, or is this phenomenon a more general one that would occur for other, monotopic
ligands? On a related matter, is Sn the only tetrel atom which can bond in this manner, or is it a
general feature of all the tetrel atoms? If so, it would be instructive to determine how the
bonding alters along the Group 14 list of atoms. How might the bonding pattern change if the
species is positively, instead of negatively charged, or is electrically neutral for that matter?
What is the effect on the binding of alteration of ligand, considering both electron-withdrawing
and donating.

These issues are examined here by high-level quantum chemical calculations in the context
of a wide range of (R,T-"TR,)* species. The overall charge x is taken as +1 and 0 as well as -1.
The R ligands vary from electron-withdrawing Cl and F, to the donating NH, group. The entire
list of T atoms, from C down to Pb are considered as well. This study can therefore address as to
whether the transition from the weak Sn'*Sn interaction observed in the original anion, to the
much stronger and shorter C=C bonds in the C-analogues is a gradual strengthening process, or
changes in large steps.



Page 3 of 20

Physical Chemistry Chemical Physics

METHODS

Quantum chemical calculations were performed via the density functional theory (DFT)
approach, within the context of the M06-2X functional '° and a polarized triple-( def2-TZVP
basis set. This combination has been assessed as highly accurate for interactions of the sort
examined here '"18, The Gaussian 16 !° program was chosen as the specific means to conduct
these computations. Atoms in Molecules (AIM) bond paths and their associated critical points 20
were located and their properties evaluated by AIMAIl 2!. The Wiberg Bond Index was
measured with the aid of the NBO package contained within Gaussian. All interaction energies
were corrected for basis set superposition error through the Boys-Bernardi counterpoise protocol
22 Total interaction energies were decomposed into their contributing constituents by
Symmetry-Adapted Perturbation Theory (SAPT) 2324 at the SAPTO level through the PSI4
program 23 in the context of the same def2-TZVP basis set.

RESULTS
Geometries

The geometries of the anionic T,Cly species are illustrated in Fig 1a. In line with the
growing size of the T atom, the T-T distance elongates as one moves down the tetrel column of
the periodic table. There is a good deal of variation, from 1.432 A for C up to 3.235 A for Pb.
There are some variations in other facets of the geometry as well. The anions take on a sort of
stacked shape, where the two TCl, units are roughly parallel to one another, with the Cl atoms
pointing in opposite directions. The angles between each of these two planes and the T-T axis
reported in the first column of Table 1 are all larger than 90°, particularly so for C,Cl;” where the
planes make an angle of 135° with T-T. The Pb,Cl; geometry is interesting in that the two
PbCl, planes are skewed with respect to one another. One measure of this skewing is the very
different O(PbPbCl) angles to the two Cl atoms of each unit, which are 73° and 108°.

The geometries of the T,Cl," cations in Fig 1b are different in certain respects. In the first
place, the R(TT) bondlengths are somewhat shorter with the exception of T=Pb. There are
fundamental differences in shape from one T to the next. C,Cl," is fully planar, but the Si and
Ge atoms are puckered. The angle made by each TCl, plane with the T-T axis is 149° and 141°
for Si and Ge, respectively, as delineated in Table 1. The geometry changes once again for the
two heavier T atoms. Rather than the symmetric structures of the preceding cations, a strong
asymmetry is introduced wherein the planes of the two TCl, units are nearly perpendicular. One
plane makes an angle of 110° with the T-T axis, while the other angle is much larger, between
166° and 174°.

With regard to neutral systems, neither Sn nor Pb form a stable T,Cl; molecule. C,Cly is of
course fully planar, as indicated in Fig 2, while the geometries of the Si and Ge counterparts are
in a sense intermediate between their corresponding cations and anions. Specifically, the angles
between the planes in Table 1 are larger than in the anion, but smaller than the cation.
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The T-T distances unsurprisingly increase as the size of the T atom grows from left to right
in Figs 1 and 2. In order to view these bondlengths on a more even footing, a reduced
bondlength R,.q was evaluated as the ratio between this distance and the T-T bondlength in the
neutral hydrogenated H;T-THj that contains a clear single bond. (These latter bondlengths are
1.524,2.335, 2.447, 2.805,, and 2.861 A for C through Pb.) These reduced bondlengths are
displayed in Fig 3 where several patterns are clearly in evidence. In the first place, even after
being reduced by comparison to a single bondlength, R4 still grows from left to right as T
becomes larger, suggesting a progressive bond weakening. Secondly, for the lighter T atoms, the
bond is shorter for the anion than for the cation, but this pattern reverses for Pb. As for the
neutral system, this bond is quite short for C1,CCCl,, but grows quickly as T is enlarged, so
represents the longest bond for Cl,GeGeCls.

It is also interesting to compare these bonds to the classic single bond in H;T-TH;. Some of
the systems on the left side of Fig 3 have a reduced R of less than unity, suggesting a certain
amount of double bond character. Such is unsurprising for the ethylenic neutral CI,CCCl,, but
seems to extend to the cation and anion as well, albeit not quite as short. This double bond
character diminishes quickly as T grows larger and R,.q becomes greater than 1, nearly 1.2 for
Pb2C14'.

Energetics
An energetic measure of the strength of each T-T bond emerges from the energy of the

dissociation energy AE of the reaction

T,Cl* — TCI, + TCl® (1)
where x represents the charge, either -1, 0, or +1. It is first apparent from Table 2 that all of
these bonds, from classic single to those in T,Cls* weaken quickly as T grows larger. The single
bond in T,Hg is weakened upon chlorination. In elucidating the effect of the charge on the T-T
bond in T,Cl,*, the anion contains the strongest bond for the heavier T, but the reverse is true for
C. Indeed the T=C cases are unique in that it is only here for which the C,Cl;* bonds are
stronger than C,Hg or C,Cls. The loss of charge severely weakens the T,Cl, bond, to the point
where it disappears entirely for Sn and Pb. However, the same is not true for C,Cl, where the
neutral contains the strongest C-C bond. To be sure that the results are not biased by a particular
choice of basis set, the dissociation energies of the various anions were recomputed with the
much larger and more flexible quadruple-{ def2-QZVPP basis set. The results are presented in
parentheses in Table 2 where it may be seen that there is little variation from the smaller set data.

Many of the energetic trends in Table 2 and visualized in Fig 4 are mirrored in the reduced
bondlengths in Fig 3. The reduction in T-T bond strength with larger T evident in Fig 4 is
reproduced by rising patterns of all three curves in Fig 3, and most particularly of the rapid
increase within the black curve for the neutrals. The shorter T-T bonds within the anion are
reflected by larger bond energies. However, there are differences as well. For example, the
much stronger Pb-Pb within the anion contrasts with its longer bondlength.
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There is a sentiment in the literature that the density of the AIM bond critical point ought to
serve as a valid metric as to bond strength. This quantity is listed in Table 3 for the various
T,Cl, systems, again along with those for T,Hg and T,Cl¢ as points of reference. These values of
p are all larger than 0.5 au for the latter single bonds, with little distinction as to whether H or Cl
substituent. And the density pattern is consistent with a weakening of the bond with larger T.
The effects of the identity of T or the charge on the T,Cl; may be best seen when compared with
these classic single bonds as a reduced p, again taking T,Hg as reference. These p..q in Fig 5 are
larger than unity for T=C, consistent with the ethylenic character, particularly for the neutral.
But this reduced density drops quickly as T is enlarged, suggesting the bonds are weaker than a
single T-T bond, with p..4 less than 0.5 for Pb.

There is no clear consensus regarding the value of p that serves as a threshold between a
covalent and noncovalent bond. But if one were to reasonably take 0.4 as such a threshold, then
the Sn**Sn and Pb*-Pb interactions might be taken as noncovalent ditetrel bonds, perhaps also the
Ge'Ge bond in neutral Ge,Cl,. All of the latter systems are consistent in that they contain a
density below 0.4.

Another measure of the strength of the T-T bond arises in the context of the Wiberg bond
index (WBI), listed in the right side of Table 3. The values for the neutral T,H¢ and T,Clg are
near unity for C, but diminish for the heavier T atoms, particularly the chlorosubstituted
molecules, for which WBI drops down to 0.6 for Pb,Cls. Although WBI exceeds unity for the
three C,Cly species, it too drops quickly for larger T. These quantities are rather small for the Pb
moieties, especially Pb,H,* where it is 0.23. Like the BCP densities, WBI is larger for the T,Cly
cation than for the anion when T is Si or Ge, but this pattern reverses for Sn and Pb. Also in
common with pgcp, the bond apparently fades from covalent to noncovalent for the larger T
atoms.

With respect to distinguishing noncovalent from covalent, there are ideas expressed in the
literature concerning other facets of the AIM analysis of density topology. It is commonly taken
that the sign of the total energy density H can be used to mark this distinction. All values of H in
Table 4 are negative, suggesting at least some degree of covalency. On the other hand, these
quantities are quite small in magnitude toward the bottom of the table, clouding such an
interpretation. For all T larger than C, H is considerably less negative for T,Cly than for the
single bonds of T,Hg and T,Clg so are correspondingly less covalent. The sign of the density
Laplacian is taken as another indicator, with covalency signaled by a negative value. The V?p
entries in Table 4 are clearly very negative for the smaller T atoms, but quickly diminish in
magnitude, and switch sign for the larger T atoms. This particular indicator supports the idea
that the larger T,Cl, systems are held together by noncovalent ditetrel bonds. Indeed, one could
make the case through V?p of noncovalent bonding in both Pb,Hg and Pb,Clg as well.

One aspect of tetrel and related bonds derives from NBO analysis that identifies a certain
amount of charge transfer from the electron donor unit, usually a lone pair, to a 6* antibonding
orbital of the Lewis acid unit. For the majority of systems examined here, the bonding between
Sn atoms is strong enough that NBO characterizes the complex as a single system, so this sort of
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transfer does not occur. However, for some of the more weakly bound systems, NBO does
indeed identify two separate entities, so such an analysis is possible. In the Pb,Cly anion, for
example, there is a charge transfer from one Pb lone pair to a *(PbCl) orbital that amounts to
0.60 kcal/mol in terms of second order perturbation energy E2. This quantity is a bit larger at
0.92 kcal/mol for the corresponding cation. For the lighter Sn,Cl,-, E2 is reduced to only 0.12
kcal/mol, while the cation’s internal bond is strong enough that NBO characterizes it as a single
unit. So from a NBO perspective, it is only Pb,Cly, Pb,Cls", and Sn,Cl, that would be thought
of as containing some elements of a noncovalent ditetrel bond. NBO is thus in rough agreement
with the pgcp cutoff of 0.4 for pgcp, or a 0.5 threshold of WBI for distinguishing a covalent from
a noncovalent bond. There is also consistency that the same distinction can be made on the basis
of the sign of V?p.

Factors Contributing to Shape

As indicated above, the cationic and anionic systems assume somewhat different shapes.
With some exceptions, the anions are generally stacked with TCI, planes roughly parallel, with
more variation in the cations. Some rationale for these shapes is derived from analysis of the
frontier MOs of the two TCl, units. The upper half of Fig 6 displays the distributions of the
HOMO of the anionic TCl," and the LUMO of the neutral with which it would interact. The
strong overlap between the green segments helps account for the stacked geometry of these
anions, both for Si on the left and for Sn on the right.

The cationic systems can be characterized by the interaction between the HOMO of the
neutral TCl, and the LUMO of the TCIL,". The diagrams of these respective MOs in the lower
half of Fig 6 help explain the different shapes of the Si and Sn cations. These two orbitals best
overlap when the two Si atoms are nearly pointing toward one another, whereas the situation
changes for Sn. In this case, the LUMO of SnCl," best aligns with the HOMO of SnCl, when the
two units are in a more perpendicular geometry. It should be noted as well that the energy
differences between the various HOMO-LUMO pairs are fairly small, assisting in their mutual

interaction.

Particularly when dealing with noncovalent interactions, it has been found useful to consider
how the molecular electrostatic potentials (MEPs) of the two constituent monomers might best
align with one another 233, The MEPs of the three charge states of SnCl, are illustrated in Fig 7.
The MEP surrounding the anion is of course negative throughout, while it is positive for the
cation. The extremes of each have been adjusted so as to best illustrate the variation over space.
So for the anion, the blue color indicates the least negative region, while the red color for the
cation shows where the MEP is least positive. Of course, for all three charge states, the Cl atoms
are surrounded by red, with blue areas around the Sn.

Given the geometries of the various dimers, of most interest is the disposition of MEP around
the central Sn. Fig 7a presents the alignment of the MEP of the neutral in the lower half and that
of the anion above, with the two molecules placed in the parallel stacked arrangement of the
Sn,Cly system. The blue n-hole of the neutral contacts the green region of the upper anion, less
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negative than the Cl atoms, but avoiding the blue -hole of the Sn, which is much less negative.
A similar diagram in Fig 7b displays a similar diagram for the geometry of the Sn,Cl,*" cation. In
this case, there is a higher degree of contact between blue areas of the two units, so the simple
Coulombic interaction is not as favorable.

Overall, the interactions of these two ionic systems are not heavily guided by electrostatic
considerations, which would of their own accord favor interactions between the Sn atom of one
unit and Cl atoms of its partner. On the other hand, one can see a tendency of the bluest and
most positive regions to avoid one another to at least a limited extent.

Other Systems
Rather than focus purely on the chlorinated systems, it is worthwhile to examine how the

properties are influenced by other substituents. F can be taken as an example of a more electron-
withdrawing substituent while NH, is an electron-donating unit. The geometries and other
aspects of the systems containing various combinations of these substituents for the T=Sn units
are displayed in Fig 8, along with Sn,Cl, for ease of comparison. The anions are contained in
Fig 8a at the top and cations in the bottom Fig 8b. Each large black number refers to AE, the
dissociation energy, while bond critical point densities are displayed as red numbers.

It should be noted first that the overall shapes of these complexes are much like those for the
chlorinated systems on the far left, stacked parallel anions and T-shaped cations. The switch
from Cl to F has only a very minor influence on the energetics, while causing a small
lengthening of R(Sn-Sn), coupled to a small decrease in pgcp. A much larger perturbation occurs
when NH; groups are added. The anion is weakened from 39.0 to 25.8 kcal/mol, while the
cation is significantly strengthened. These changes are accompanied by the corresponding
changes in both the Sn-Sn bondlength and density.

It is also of interest to consider a mixed dimer, pairing SnF, with Sn(NH,;),. The anion and
cation forms are depicted on the right side of Figs 8a and 8b, respectively. The general shapes
are quite similar to the homodimers on the left, and there are also minor adjustments in the
Sn*-Sn separation. The red BCP densities suggest the anion might be thought to have a good
deal of noncovalent character while the cation is probably best described as covalent.

The dissociation energies depend upon which of the two subunits is considered as containing
the charge before the complex is formed. Since F is more electronegative than NH,, it is better
able to contain a negative charge in SnF;-, so the Sn(NH,),/SnF," set of monomers is more stable
than Sn(NH,),/SnF,. Thus the dissociation energy with respect to the former pair is much less
endothermic than when referenced to the latter. The converse is true for the cation as NH, can
better contain a positive charge. The dissociation energy of (NH,) ,Sn-SnF,* is thus much
smaller when referenced to (NH;),Sn™ plus SnF,. The discrepant values of these mixed systems,
depending upon the definition of the constituent monomers, should serve as a caution in drawing
conclusions based solely on dissociation or binding energy.
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DISCUSSION

The tetrasubstituted ditetrel systems span a wide range of bond type and strength, that depend
upon the nature of the tetrel atom, the substituents, and the overall charge. The C,Cl, systems all
have a strong C=C double bond. Both the neutral and cation are planar, while the anion is
substantially puckered at both C atoms. This puckering grows in the larger T,Cl, systems, and
the anions acquire a stacked parallel structure. The cations of Sn and Pb are better described as a
sort of T-shape in that the planes of the two TCI, units are roughly perpendicular.

While the C-C bond lengths in these C,Cl, systems of any charge are all shorter than the
standard single bond in ethane, the opposite is found for larger T atoms. The ratio of the T-T
bondlength to that in H;T-THj is greater than 1, and becomes progressively larger as the T atom
grows in size. This reduced bondlength is shorter for the anion than the cation for Si and Ge, but
the opposite is found for Pb.

These geometrical indicators of weakening T-T bond are verified by the dissociation energy
of the two TCl, unit to form T,Cl,. While this quantity is in the 90-120 kcal/mol range for C, it
is much smaller for the other T atoms, and grows progressively smaller as T becomes larger,
particularly for the cation which drops steeply. These energies diminish in the order anion >
cation > neutral. Indeed, the small dissociation energy of the neutral Si,Cl, and Ge,Cly, less than
10 kcal/mol, vanishes entirely for Sn and Pb where there is no stable neutral T,Cl;. The anion
though, has a dissociation energy of some 40 kcal/mol for T atoms larger than C, which is fairly
stable from one T atom to the next.

The patterns observed for the BCP density largely mirror the bondlengths. While all of the C
systems have a density considerably larger than the single bond in C,Hg, this quantity drops
quickly as T grows larger. This ratio to the prototype single bond diminishes down below 0.6 for
Pb. Like the reduced bondlengths, the anion has a stronger bond for Si and Ge, but it is the
cation that is the stronger for Pb. On the basis of these density ratios, the Sn-Sn bond order
could be assessed as 0.6, while that between Pb atoms is 0.4-0.5. In absolute terms, the BCP
density of the C-C bonds is 0.3 or larger, but diminishes rapidly with T size. ppcp is less than
0.04 for Sn and less than 0.03 for Pb. Considering total energy density H as a marker, this
quantity is negative for all systems, suggesting at least some covalent character, but becomes
vanishingly small in magnitude for Sn and Pb ionic systems, and even for neutral Ge,Cl;. These
same systems with very small negative H, also present a positive density Laplacian, suggestive
of primarily noncovalent character.

When viewed in concert with the Wiberg Bond Index, the bond types observed here might be
categorized as follows. There are clearly very strong covalent bonds in the C,Cly systems,
regardless of charge. All of these bonds quickly lengthen and weaken as T grows larger,
especially the neutral which disappears for T larger than Ge. The anion generally contains a
stronger T-T bond, although this seems to reverse for Pb for which the cation is more strongly
bound. For the larger T atoms, it would be fair to claim that the bond is noncovalent, or at least
contains only a minor element of covalency.

Page 8 of 20
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Overall, then, these systems cover a spectrum of bond measures. On one end of the spectrum
are the alkene-like C,Cly systems of any charge, with a double C=C bond. Following a mostly
smooth transition to heavier T atoms, and progressively weakening T-T bonds, the Pb systems on
the other end of the spectrum would best be categorized as much longer and weaker noncovalent
Pb--Pb ditetrel bonds. This label is supported by the finding of charge transfer from the lone pair
of one Pb atom to the o*(PbCl) orbital of its partner, albeit the values of E2 are fairly small. But
there are caveats here as well. Unlike the majority of tetrel bonds in the literature 3432, the
stability of these systems are predicated on an overall charge, whether positive or negative.
Secondly, one sees a coulombic interaction more nuanced than the classical contact between a
positive ¢ or m-hole on one unit and a negative region on the partner molecule.

In order to elaborate further on this last point, the interaction energies of the more weakly
bound T,Cl, ions with T=Sn and Pb were dissected into their constituent components via SAPT.
The results in Table 5 display several interesting patterns. The two anions are held together in
roughly equal measure by electrostatic and induction forces, with a smaller contribution from
dispersion. The cations were considered in two different modes. Mode (1) places the charge on
the upper unit in Fig 1b, while it is the lower unit on which the charge resides in mode (2). In
either case, the cations differ from the anions in some ways, the most important of which is the
reversal of the ES component from strongly attractive to weakly so in one case, and repulsive in
the three others. This repulsion is consistent with MEP diagrams in Fig 7 that place blue areas in
coincidence with one another. Also as compared to the anions, the induction and dispersion
components are somewhat reduced. The combined result is a much weaker binding in the
cations than in the anions.

While the pattern of a large attractive ES component in the anions is consistent with most
tetrel and related noncovalent bonds, the repulsive coulombic interaction in the cations might
argue against their classification as a tetrel bond, at least as a classical one. The repulsive ES
term is especially notable in light of the charge on one of the two units that would in many cases
lead to a strong charge-assisted interaction. Another perspective of the binding in the Pb cations
has to do with their small interaction energies. Even though the dispersion contribution is fairly
small, the total interaction would be repulsive in its absence, so in this sense they might be
thought of as dispersion-bound. It should perhaps be emphasized that the total interaction
energies in Table 5 refer to monomers in the geometries they adopt within the dimer, so differ in
definition from the dissociation energies in Table 2 which take fully optimized monomer
geometries as their reference.

The classification of any of these weak T*T interactions as a TB would also involve a
significant deviation from the bulk of such bonds in the literature 3% 3360, Whereas classical TBs
are strengthened as the T atom is taken from lower segments of the periodic table, the bonds here
follow an opposite pattern. There is a clear progressive weakening of the interaction for larger T
atoms: C > Si > Ge> Sn > Pb.

The open-shell character of the cationic and anionic systems leaves a single electron in the
highest occupied SOMO, whose disposition in space offers certain insights into the nature of the
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bonding. These orbitals are displayed in Fig 9 for the C and Sn variants of T,Cl;" and T,Cly.
The case of C,Cl;" can be understood largely as the removal of one electron from the C-C n-
bonding MO, leaving this orbital essentially unchanged. There are geometrical changes in the
corresponding anion, leaving only a small amount of density along the C-C axis. Shifting
attention to the Sn,Cly systems, the SOMO places some density along the Sn-Sn axis,
particularly in the anion which may help explain its stronger bonding than the cation. In
summary, while the SOMO of C,Cl;" contains n-symmetry, the other systems are characterized
by o-bonding within this orbital.

Some of the calculated properties can be compared with the very recent experimental results
offered by Chan et al . Their system paired two Sn atoms, each of which was covalently bonded
to two N atoms within a five-membered ring within the context of phenylenediamido ligands.
The system as a whole was a radical anion, so is most directly comparable to the {Sn(NH,),},
anion in Fig 8a. The computed Sn'*Sn distance in the latter is 3.207 A, rather similar to the
3.215 A measured in the former larger system. Also very similar are the Sn-N bondlengths, both
2.12 A. The authors had calculated the Wiberg bond index of their complex to be 0.57, which
compares with 0.51 for the smaller model system. One significant difference lies in the
calculated dissociation energy of 43.5 kcal/mol for the larger system, compared with 25.8
kcal/mol for the model system containing NH, ligands rather than the larger phenylenediamido.

With regard to the lighter Ge, Ma et al 5 had deduced the geometry of a digermylene system
similar to that examined by Chan et al °, wherein each Ge is attached to two N atoms within a
ring, in an overall trans-bent structure. One difference, however, is the double negative charge
on this species, which led in part to the long Ge**Ge distance of 2.877 A, as compared to 2.670 A
calculated here for the Ge,Cl;- monoanion, also with a similar trans-bent structure. The Si atoms
of all three charge states were computed here to be puckered to some degree. However, they can
be made more planar if conjugated to Si=C double bonds within the context of a cumulenic
C=Si=Si=C arrangement °!. But even so, there is a good deal of twisting in terms of the C-Si-Si-
C torsion angles.

In a more general sense, the results presented here are consistent with prior experimental
findings >3 in other respects. The trans-pyramidal shapes of the neutral T,Cl, units match prior
structural data for T=Si and Ge. The failure to locate a minimum corresponding to these neutral
molecules for Sn and Pb also agrees with experimental findings that any such species are very
unstable and easily dissociate into pairs of TR, units when placed in solution.

These purported ditetrel bonds can be compared with several examples in the literature. A
survey of the CSD 4 had provided a list of some 219 examples of two T atoms approaching in
such a way as to suggest a ditetrel bond, 44 of which involved Pb Pb pairs. In an example of
such a system, a molecule was synthesized in which Pb was bound to four other atoms, O, S, and
two N atoms. They were arranged quite differently from tetrahedral, all substituents lying on
one side, leaving the other side exposed. A noncovalent Pb-'Pb ditetrel bond was formed
between two such molecules, despite the absence of a 6-hole on the Pb center. The interaction
energy was calculated to be 19 kcal/mol, but some of this must be attributed to secondary

10
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interactions. Subtraction of the latter suggested a ditetrel bond energy of some 10 kcal/mol.
With regard to the Pb**Pb interaction itself, its BCP density is 0.008 au, quite a bit smaller than
the values for the T,Cl, ions with T=Sn and Pb examined here. Note, however, that the ES
portion of the interaction energy was attractive, unlike some of the systems described above.

In another set of systems, a strong asymmetry was introduced in that one T atom serves as
the electron donor due to its attachment to an electron-releasing substituent such as Li, while the
substituent on the electron-accepting T is a strong electron withdrawing agent such as F 32,
Dissociation energies were calculated to lie in the range between 3 and 9 kcal/mol for the whole
spectrum of T atoms from C to Pb. The range in the T,Cl, ions with T=Sn and Pb was much
broader, from only 0.6 kcal/mol for Pb,Cl;" up to 39 kcal/mol for Sn,Cl;~. The AIM bond
critical point densities for the former systems were between 0.005 and 0.011 au, quite a bit
smaller than the 0.021 - 0.038 au range for the T,Cl, ions. The systems considered here are more
symmetric in that it is a pair of identical TCl, units that are interacting with one another through
their T centers. On the other hand, one can attribute strong electron donating properties to a
TCl, anion when paired with a neutral TCl,, with a clear asymmetry between the two; likewise
for TCI, and TCl," where the latter serves as an electron deficient acceptor.

CONCLUSIONS

There is a steady weakening progression in T-T bond strength as the tetrel atom grows larger.
Whether neutral or positively or negatively charged, C,Cls contains a rather short and strong
C=C double bond. But this bond strength fades quickly for the larger T atoms in the series,
particularly for the neutral T,Cly species, where the T-T bond vanishes entirely for T larger than
Ge. The T,Cly anions are more strongly bonded than the corresponding cations, which are in
turn stronger than the neutrals. The bond appears to smoothly transition from covalent to a
noncovalent bond. While this interaction might be referred to as a ditetrel bond, its origins are
quite different in some ways than a conventional tetrel bond between an electron-deficient tetrel
atom and an electron donor. This behavior differs from the simple T-T single bonds in the T,Hg
and T,Cle molecules where the bond weakens much more slowly for larger T.
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Table 1. Angle (degs) between T-T bond and TClI, planes in T,Cly

T T2C14' T2Cl4Jr Neut
0 0, 0, 0

C 135.1] 1799 ] 179.9 | 180.0

Si 105.5 | 149.1 149.1 123.4

Ge 103.0 | 141.0] 141.0] 118.9

Sn 100.5| 110.8 | 173.6 -

Pb 91.0] 109.6 | 165.8 -

Table 2. Dissociation energies (kcal/mol)

T2H6 T2C16 T2C14' T2C14+ T2C14
C 98.1 69.4 89.5 (89.3)° 120.0 121.1
Si 74.9 72.9 47.4 (47.3) 46.8 11.2
Ge 65.5 55.8 43.6 (41.9) 30.5 4.0
Sn 51.8 39.3 39.0 (38.1) 19.2 -
Pb 38.0 10.9 37.9 (37.0) 0.6 -

avalues in parentheses computed with def2-QZVPP basis set

Table 3. AIM bond critical point densities (au) and Wiberg bond indices

p

WBI

T

T,He,

T2C16

T2C14'

T2Cl4+

T2C14

T,He,

T2C16

T2Cl4'

T2Cl4Jr

T2C14

C

0.2432

0.2350

0.2930

0.3043

0.3798

1.046

0.893

1.274

1.212

1.694

Si

0.0957

0.1051

0.0729

0.0946

0.0714

0.984

0.829

0.750

0.922

1.069

Ge

0.0842

0.0890

0.0569

0.0687

0.0398

0.975

0.803

0.629

0.723

0.597

Sn

0.0606

0.0618

0.0384

0.0378

0.935

0.761

0.506

0.492

Pb

0.0587

0.0528

0.0277

0.0207

0.873

0.605

0.337

0.231

Table 4. AIM total electron densities H and density Laplacian (au) at T--T bond critical point

H VZp
T T2H6 T2C16 T2C14_ T2C14+ T2C14 T2H6 T2C16 T2C14_ T2C14+ T2C14
C -0.2064 | -0.1854 | -0.2909 | -0.3093 | -0.4076 | -0.5941 | -0.5467 | -0.7882 -0.7689 | -1.0338
Si -0.0491 | -0.0567 | -0.0305 | -0.0497 | -0.0302 | -0.1710 | -0.2042 | -0.0855 -0.1543 | -0.0734
Ge | -0.0397 | -0.0433 | -0.0197 | -0.0277 | -0.0095 | -0.0963 | -0.1179 | -0.0330 -0.0535 | +0.0038
Sn | -0.0203 | -0.0212 | -0.0093 | -0.0082 - | -0.0296 | -0.0377 | -0.0065 | +0.0045 -
Pb | -0.0167 | -0.0138 | -0.0043 | -0.0013 - | +0.0209 | +0.0185 | +0.0188 | +0.0235 -
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Table 5. SAPT partitioning of the total interaction energy into individual components (kcal/mol)

Physical Chemistry Chemical Physics

ES EX IND DISP TOT
Sn,Cly -44.21 56.90 -48.08 -16.51 | -51.90
Sn,Cls*(1) -4.24 37.04 -52.21 -11.05 | -30.46
Sn,Cl4*(2) 10.52 32.17 -61.81 -9.97 1 -29.09
Pb,Cly -37.76 44.41 -37.36 -16.32 | -47.03
Pb,Cl4*(1) 13.81 13.89 -23.87 -7.03 -3.20
Pb,Cl4*(2) 19.36 11.16 -28.64 -6.45 -4.57

(1) places charge on upper unit, (2) on lower unit
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e, E |2.670 !3_(}71
a
k |2-299 '2.550 £.059 ’3401
b

Fig 1. Optimized geometries of a) T,Cl; and b) T,Cl,*. Distances in A.

1.334 |2-417 \2.806

Fig 2. Optimized geometries of neutral T,Cl,. Distances in A.

cation

0.9

0.8 :
C Si Ge Sn Pb

Fig 3. Reduced T-T bondlengths for T,Cl, systems.

17



Physical Chemistry Chemical Physics

140
120
100

80

60

-AE, kcal/mol

40

neutral :
cation

G Si Ge Sn Pb

Fig4. Association energies of T,Cl, systems.

o
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0.6 cation
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s
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C Si Ge Sn Pb
Fig5. T-T bond critical point densities of T,Cl, systems, reduced by division by the same
quantity in T,Hg.
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HOMO P
-0.005 ™

HOMO
~0.029
- . -
Si,Cl, Sn,Cl,
LUMO LUMO
-0.075 -0.102
HOMO 4 HOMO
-0.324 -0.342
. =
Si,Cl " Sn,Cl,
[ UMO LUMO
-0.306

-0.372

h -

Fig 6. Alignment of HOMO and LUMO of monomers within the context of the indicated T,Cl,
systems. Purple and green colors indicate opposite sign of the wavefunction. Orbital
energies in au.

1208 0 W90 20l W W20

i .
Rt ’* 2 SnCl,
SnCl,
a W b 1 C “' e
+20lE T W -20 w20l 0 W20 +120lF W W90

Fig 7. Molecular electrostatic potentials (kcal/mol) of monomers, and their alignment within a)
Sn,Cly and Sn,Cly", with cationic charge assigned to b) upper and c) lower unit.
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b £ e +1 O
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Fig 8. Optimized geometries of a) anions and b) cations of indicated systems. Distances in A,
BCP densities (au) in red, and association energies (kcal/mol) in black. The dissociation
energies of the mixed system are indicated for each of the two possible assignments of
charge on upper and lower units.

C,CL7 C,Cly Sn,ClL," Sn,Cl,

Fig9. Singly occupied molecular orbital of indicated ions. Purple and green colors indicate
opposite sign of the wavefunction.

20



