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ABSTRACT: The T and X atoms of TF3X (T = C, Si, Ge, Sn; X
= Cl, Br, I) can engage in a tetrel or halogen bond, respectively,
with an approaching NH3 base. With the exception of T = C, the
tetrel bonds are considerably stronger than the halogen bond
regardless of the nature of T or X. Because both bonds involve
electron acceptance by the central TF3X Lewis acid, there is a
negative cooperativity between these two bonds when both are
present. The halogen bond is weakened much more than is the
tetrel bond and is in fact completely disrupted in some cases.
Replacement of the three F substituents on TF3X by H attenuates
the σ-holes on both T and X atoms, weakens and stretches both
bonds, and eliminates any halogen bonds involving Cl. Even in those cases where a halogen bond does occur in the dimer, this bond
cannot withstand the presence of a simultaneous tetrel bond and so disappears.

■ INTRODUCTION

Among the pantheon of noncovalent bonds, the H-bond has
undergone the longest and most intense scrutiny over the years,
which has led to a thorough understanding of the sources of its
stability.1−6 Recent years have focused attention on a number of
close parallels of the H-bond where the bridging proton is
replaced by one of numerous other atoms.7−20 Of these, the
halogen bond (XB) is the most well-known and has the longest
history. Despite the high electronegativity of the halogen atom,
and its consequent overall partial negative charge, it is
nevertheless able to develop a small positive region directly
along the extension of the R−X covalent bond, where X refers to
any halogen atom and R to its substituent. This positive area is
commonly termed a σ-hole and attracts a nucleophile in the
same manner as does the proton in a H-bond. Also like the H-
bond, the XB is the beneficiary of other attractive forces, such as
charge transfer and dispersion.
It is not only the halogen family that can act in this manner but

also other electronegative atoms on the right side of the periodic
table.21 These bonds are typically dubbed chalcogen and
pnicogen bonds, in accord with the family of elements from
which it is drawn. Perhaps the least studied of this category is the
tetrel bond (TB),22−35 whose bridging atom comes from the
like-named family composed of C, Si, Ge, and so on. As research
has continued on these sorts of noncovalent bonds, their
importance to a wide array of chemical and biological processes
is becoming increasingly recognized.36−47

Just like H-bonds, these sister interactions are also subject to
cooperativity effects.29,48−55 It is understood that the whole can
be greater or less than the sum of its parts. In particular, if the
central molecule B in a A··B··C triad serves as both electron
donor and acceptor, the overall binding energy of this triad will
be greater than the sum of the A··B and B··C binding energies in
the individual dyads, i.e., positive cooperativity. The opposite
effect of a weakening force or negative cooperativity will be the
product if B must serve as double donor or double acceptor. The
question thus arises as to whether the latter negative
cooperativity would be sufficient to cause one of these two
noncovalent bonds to break. That is, if a third molecule C is
added to a A··B dimer, such that B would be a double electron
acceptor in a putative A··B··C trimer, would this addition cause
the breakage of the A··B bond, leaving only B··C? Or to pose the
question in an alternate manner, might the pre-existing A··B
dimer prevent the C unit from binding to B at all?
It is the goal of the current investigation to probe this question

in some detail. The two types of bonds that are the focus of this
work are the halogen and tetrel bond. A host of prior calculations
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have shown that these two bonds tend to be of comparable
strength and obey similar patterns related to atom size,
electronegativity, polarizability, and substituent effects. So the
question as to which bond might dominate the other is an open
question. Can both of these bonds coexist to a central molecule
acting as electron acceptor to both? Or might a tetrel-bonded
dimer be pulled apart if a halogen bond is formed to one of its
constituents, or vice versa? The present work applies quantum
calculations to this question, using a wide variety of different
molecules to provide as general an answer as possible.

■ SYSTEMS AND METHODS
A tetrel (T) and a halogen (X) atom were placed in competition
with one another in the context of a T−X bond which a
nucleophile could approach from either end. Calculations thus
focused on the TF3X set of molecules where T ran the gamut
from C to Si, Ge, and Sn, while X was chosen from the set of Cl,
Br, and I. The three electron-withdrawing F substituents on this
molecule were chosen so as to maximize any σ-hole that might
appear on the T and X atoms. These F centers were next
replaced by H so as to examine the consequence of weakening
these σ-holes upon the competition between the T and X atoms
for a nucleophile. The consideration of both TF3X and TH3X
ought to thus cover a full range of nucleophilicity. NH3 was
chosen as the universal base first for its medium strength as a
nucleophile whose N lone pair can be donated to a Lewis acid.
Its small size minimizes secondary interactions that might
otherwise complicate the analysis. An added bonus is the
numerous other works in the literature in which NH3 has been
used as prototype base with which the data computed here may
be directly compared. The diverse set of systems considered here
are displayed in Scheme 1.

The M06-2X DFT functional was used in concert with the
aug-cc-pVDZ basis set within the framework of the Gaussian-
0956 set of programs. This level of theory has been applied to
good account in numerous previous studies57−65 of related
systems. To account for relativistic effects, the aug-cc-pVDZ-PP
pseudopotential66,67 was applied to Sn and I. All geometries
were fully optimized with no symmetry restrictions. The
interaction energy, Eint, was evaluated as the difference between
the energy of the complex and the sum of the energies of
monomers in the geometries they adopt within the complex.
The counterpoise68−70 procedure was used to correct basis set
superposition error. Molecular electrostatic potentials (MEPs)
and their extrema were evaluated with the Multiwfn program.71

The AIMALL program72 was used to analyze the electron
density and in particular the bond paths and the characteristics
of their critical points. Charge transfers between orbitals and
their energetic consequences were considered in the context of
the natural bond orbital (NBO) prescription.73,74

■ RESULTS
TF3X. Geometries and Energetics. The ability of the various

TF3X molecules to engage in either a TB or XB complex with a
base like NH3 will be based in part on the depth of the σ-hole
that exists on the T or X atoms, respectively. The maxima of the
MEP in these two positions are displayed in Table 1 to lie in the

general range of 15−63 kcal/mol so ought to be sufficient for
this purpose. (The T maximum displayed is that lying opposite
the X atom.) There are a number of regular patterns in these
quantities that will impact the competition between these two σ-
holes to attract a base. First with respect to those on the T atoms,
Vmax grows along with the size of the T atom. For a given T, the
diminishing electronegativity of the Cl > Br > I atoms leads to a
like weakening of the σ-hole in the same order. Consequently,
the largest Vmax of 62.7 kcal/mol is associated with the SnF3Cl
monomer. This same diminishing electronegativity has the
opposite effect of a growing Vmax on the X atom. The sensitivity
of the X σ-hole to the T atom is not as regular, although there is a
general increasing trend for larger T, such that the most intense
X σ-hole of 35.6 kcal/mol occurs on the I atom of SnF3I. The σ-
hole on the T atom is uniformly stronger than that on X, hence
the positive values in the last column of Table 1, with the single
exception of CF3I. This exception is a result of a conflation of
trends with larger X, the dropping TVmax coupled with the rise in
the X σ-hole. To this is added the fact that the Vmax on T is
especially small for T = C.
Examples of systems in which TF3X engage in a tetrel or

halogen bond with NH3 are provided in Figures 1a and 1b,
respectively, for GeF3I. All dimers are within 2°−3° of a strict
XT··N or TX··N linearity, respectively. A simultaneous
interaction of both sorts with a pair of NH3 units is illustrated
in Figure 1c. NH3 can engage in a TBwith all of the various TF3X
molecules, with intermolecular R(T··N) distances listed on the
left side of Table 2. These TB distances are fairly insensitive to
the X atom, despite the sensitivity of the T σ-hole to X. R(T··N)
grows along with the size of the T atom, with the exception of
CF3X which has considerably longer separations.
The R(X··N) distances on the right side of Table 2 are

considerably longer than R(T··N), suggesting weaker bonds.
Moreover, the R(X··N) − R(T··N) difference is quite
substantial, on the order of a full angstrom for most complexes.
The exceptions are CF3Cl and CF3I, where the halogen bond is
shorter than the TB, and the T and X σ-holes are of comparable

Scheme 1

Table 1. Maximum of Molecular Electrostatic Potential Vmax
(kcal/mol) on ρ = 0.001 Au Isodensity Surface of TF3X at
Indicated Atom and the Difference between T and XMaxima

T X Ta X T−Xb

C Cl 21.13 20.29 0.84
Br 23.10 21.03 2.07
I 18.48 31.63 −13.15

Si Cl 41.32 14.59 26.73
Br 39.58 19.40 20.18
I 36.65 27.85 8.80

Ge Cl 47.11 18.15 28.96
Br 43.56 24.21 19.35
I 38.09 34.62 3.47

Sn Cl 62.71 16.99 45.72
Br 58.46 23.96 34.50
I 50.43 35.57 14.86

aMaximum opposite X atom. bDifference between T and X quantities.
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depth. Another interesting feature of the halogen bond lengths is
their insensitivity to both X and T, being roughly equal to 3.1−
3.2 Å for most systems. This insensitivity is surprising in light of
the strong variations in the X Vmax in Table 1. This small
variation is likely due to a compensation between larger X atoms
on one hand and deeper σ-holes on the other.
The interaction energies in Table 3 show that, with the

exception of T = C, the TBs are far more stable than are the XBs.
The TB interaction energies are in the 35−37 kcal/mol range,
far exceeding those for the XBs that do not exceed 6 kcal/mol. It
is also interesting to note the very narrow range of TB energies,
which have little dependence upon the nature of T or X, or the
value of Vmax. This small range is in keeping with the lack of
variability of the R(T··N) TB bond lengths. Unlike the TBs, the
XB interaction energies are sensitive to the identity of the X
atom, with a milder dependence upon T.With respect to the T =
C systems, it is the halogen bond that is the stronger of the two.
This reversal is primarily due to the very weak TBs, barely more
than 1 kcal/mol. These weaker TBs are consistent with the lesser
Vmax for the C atom, but Eint is disproportionately reduced as
compared to the σ-hole intensity.
Wave Function Analysis. The next two columns of Table 3

provide a measure of bond strength arising from AIM analysis of
the wave functions. The bond critical point densities mimic the
behavior of the interaction energies. ρBCP is very much larger for
TB as compared to XB. This quantity is roughly constant for all
the TBs, whereas it grows along with the size of X for the XBs.

The numerical values of the TBs are roughly equal to 0.07 au,
consistent with a strong noncovalent bond, while the XB
quantities of only about 0.01 are what one might expect for
interaction energies <5 kcal/mol. Again, the behavior of the C-
systems is quite different. In fact, AIM analysis indicates these
are not tetrel bonds at all, as the bond paths from the N of NH3
lead instead to the three F atoms of CF3X, so might better fit the
description of a trifurcated N··F bond.
NBO treatment provides a picture of charge transfer from one

orbital to another. In particular, the parameters listed in the last
three columns of Table 3 refer to transfer from the N lone pair of
NH3. In the case of the halogen-bonded complexes, the charge is
transferred primarily into the σ*(TX) antibonding orbital which
is collinear with the X σ-hole. The TB utilizes two destinations. It
can first transfer into the σ*(TX) antibonding orbital lying
directly opposite the N but also those involving the three TF
bonds. Indeed, Table 3 indicates the sum of the latter three
transfers exceeds that of the former. The patterns of the E(2)
data are again consistent with the energetics. The TB transfer
energetics dwarf those for the XBs. There is only mild sensitivity
of the TB parameters to T or X, whereas E(2) increases with X
size for the halogen bonds. It might be noted parenthetically that
the R(Si··N) bonds are short enough that NBO fails to view the
complex as two separate entities and that the C system TBs are
far weaker than are the others.
Another consequence of each noncovalent bond is its effect

upon the internal T−X covalent bond. The changes imposed on
both the length of this bond and its vibrational stretching
frequency are displayed in Table 4. The formation of the tetrel
bond causes a substantial elongation of the bond, as much as 0.1
Å in some cases. This stretch is maximized for T = Si, followed by
Ge and then Sn, and grows along with halogen size: Cl < Br < I.
Formation of the halogen bonds produces an opposite effect of a
small bond contraction, with the exceptions occurring for X = I
for which the T−I bond elongates.
With respect to the vibrational frequencies in the right half of

Table 4, it must first be understood that the T−X stretching
mode becomes coupled to varying degrees with the ν(T−N)
stretch due to the strength of the TB, and the amount of this
coupling is associated with both bond strengths and atomic
masses. This coupling causes certain deviations from a simple
relationship between Δν and TB bond strength. Nonetheless,
there is a fairly large red-shift for the TB systems in most cases,

Figure 1.Geometries of (a) TB, (b) XB, and (c) TB + XB complexes of
GeF3I with one or two molecules of NH3.

Table 2. Intermolecular N··T/X Distances (Å) between NH3 and T or X Atoms of TF3X and Deviations from Strict Linearity in
Trimers

TB XB

T X dimer trimer trimer−dimer dimer trimer trimer−dimer Δθ,a deg

C Cl 3.221 3.269 0.048 2.983 3.041 0.058 21.0b

Br 3.238 3.328 0.090 3.018 3.037 0.019 9.5b

I 3.226 3.313 0.087 2.979 3.011 0.032 14.3b

Si Cl 2.043 X 3.187 X
Br 2.040 2.056 0.016 3.191 3.508 0.317 14.1
I 2.042 X 3.229 X

Ge Cl 2.124 X 3.138 X
Br 2.124 2.134 0.010 3.120 3.344 0.224 36.4
I 2.129 2.149 0.020 3.104 3.307 0.203 8.6

Sn Cl 2.281 2.281 0.000 3.108 3.457 0.349 13.9
Br 2.284 2.288 0.004 3.106 3.262 0.156 12.1
I 2.284 2.291 0.007 3.093 3.260 0.167 0.3

aAngle between X··N axis and trisector of the NH3 unit.
bAngle between C··N axis and trisector of the NH3 unit.
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with some exceptions. Frequency displacements caused by the
XB are smaller and usually to the blue. The larger shifts
associated with the C−X halogen bonds can be connected with
both the fairly strong XBs and the lighter mass of C. It should be
stressed finally that most of the T−X stretches of the TBs are
reflected in frequency shifts to the red, while blue-shifts are
associated with the TX bond contractions in the XBs.
Trimers. An important question addresses the competition

between the two potential types of bond, TB vs XB. Because
both sorts of bonding involve charge transfer to the TF3X
molecule from the approaching base, one would expect the
presence of one bond ought to inhibit formation of the other.
Judging by the much stronger TBs as compared to XBs in Table
3, it would be logical to presume that if any bond were to be

displaced by the other, it ought to be the latter. And in fact the X
demarcations in Table 2 show that when confronted by a valid
TB, the SiF3Cl, SiF3I, and GeF3Cl units are incapable of
engaging in a XB as well. Even in some of those cases where the
TF3X + (NH3)2 trimer represents a stable minimum, there are
some geometric deviations from a strictly linear arrangement,
involving a rotation of the NH3 lone pair away from the X atom
by a certain amount. These deviations from strict linearity are
reported in the last column of Table 2 and reflect the weakness of
any halogen bond in these trimers.
Table 3 shows the way in which formation of the third bond

affects the AIM and NBO properties of the other. Taking the
GeF3I unit as an example, the formation of the XB causes the TB
ρBCP of H3N···GeF3I system to drop from 0.0703 to 0.0672 au.
Likewise, the halogen bond in GeF3I···NH3 is reduced from
0.0157 to 0.0110 au when the TB is formed with another NH3
unit. Both of these reductions conform to the idea of negative
cooperativity. The general pattern observed in Table 3 is that the
formation of the XB has much less of a reducing effect on the TB
than vice versa. The NBO data in the last columns of Table 3
agree with this same pattern that the formation of the second
bond weakens the first and that it is the XB that suffers the
greatest diminution.
The changes undergone by the internal TX bond are

displayed in the trimer columns of Table 4 for the full trimer,
containing both a TB and XB. These changes take on the same
sign as that observed in the TB dimer, consistent with the greater
strength and perturbing effect of the latter as compared to the
XB. But because the individual TB and XB generally have
opposite effects, the magnitudes of both Δr(TX) and Δν(TX)
take on the sign in the TB system, albeit of lesser magnitude.

TH3X.Geometries and Energetics.The presence of the three
electron-withdrawing F atoms on the TF3X molecule might

Table 3. Interaction Energies, Bond Critical Point Densities, and NBO Values of E(2) for Transfer from the NH3 N Lone Pair in
(NH3)nTF3X

−Eint, kcal/mol ρBCP, 10
−4 au E(2), kcal/mol

T X n TB XB TBa XB TB XB

σ*(TX) Σσ*(TF) σ*(TX)
C Cl 1 1.35 2.74 3Fx80 131 0.40 0.32 2.59

2 3Fx72 118 0.31 0.23 2.13
Br 1 1.39 4.06 3F x36 145 0.37 0.34 4.43

2 3Fx79 140 0.36 0.34 4.10
I 1 1.15 6.61 3Fx78 190 0.29 0.46 9.48

2 3Fx70 180 0.21 0.32 8.52
Si Cl 1 35.99 1.67 633 94 b 0.86

Br 1 36.70 2.64 637 110 b 1.68
2 618 63 b 0.48

I 1 36.92 4.23 633 126 b 3.16
2 623 80 23.82 73.40 0.90

Ge Cl 1 35.59 2.18 711 102 19.58 72.31 1.12
Br 1 35.57 3.48 711 125 20.01 73.92 2.24

2 696 80 18.91 73.22 0.66
I 1 34.85 5.62 703 157 20.22 75.52 4.87

2 672 110 18.31 72.80 2.25
Sn Cl 1 37.75 2.08 619 109 11.72 63.11 1.38

2 619 57 11.05 63.58 0.32
Br 1 37.14 3.58 615 129 11.86 64.30 2.51

2 610 98 10.93 64.58 1.15
I 1 36.33 5.95 614 162 11.80 66.54 4.96

2 605 120 10.73 66.68 2.36
aT··N unless F··N as indicated by F designation. bNBO method considers the whole complex as a single unit.

Table 4. Change in T−X Bond Length and Vibrational
Stretching Frequency Caused by Complexation

r(T−X), Å ν(T−X), cm−1

dimer trimer dimer trimer

T X TB XB TB XB
C Cl 0.0128 −0.0046 0.0049 −20.9 10.0 −6.8

Br 0.0148 −0.0019 0.0098 −23.6 13.4 −3.4
I 0.0104 0.0025 0.0095 −21.4 19.8 3.1

Si Cl 0.0739 −0.0051 X −15.9 3.0 X
Br 0.0878 −0.0021 0.0791 3.7 1.5 2.6
I 0.0964 0.0019 X 7.8 −0.8 X

Ge Cl 0.0561 −0.0041 X −45.6 4.9 X
Br 0.0625 −0.0009 0.0560 −18.9 1.8 −14.2
I 0.0691 0.0081 0.0638 −0.8 1.5 −5.9

Sn Cl 0.0314 −0.0043 0.0237 −11.1 1.3 −5.8
Br 0.0366 −0.0003 0.0291 −12.5 −0.1 −4.6
I 0.0394 0.0093 0.0360 13.3 −0.9 21.1

The Journal of Physical Chemistry A pubs.acs.org/JPCA Article

https://dx.doi.org/10.1021/acs.jpca.0c10060
J. Phys. Chem. A 2021, 125, 308−316

311

pubs.acs.org/JPCA?ref=pdf
https://dx.doi.org/10.1021/acs.jpca.0c10060?ref=pdf


perhaps be responsible for a distortion of the relative abilities of
the T and X atoms to engage in noncovalent bonding with an
approaching base. So additional calculations were performed
with all three F atoms replaced by H. This substitution retains
the σ-holes as before but clearly diminishes their depth, as
described in Table 5. But importantly, it is the magnitude of Vmax

on the X atom that suffers a considerably larger drop as
compared to T. The σ-hole on T is reduced by some 2−12 kcal/
mol while that on X drops by 17−31 kcal/mol. The electrostatic
picture thus offers a large advantage to complexation with T over
X, as indicated by the last column of Table 5. Indeed, the values
of Vmax for the X atom are small enough, and in some cases of
negative sign, so there is some question as to whether a halogen
bond can form at all.
In keeping with this premonition, Table 6 indicates that none

of the TF3Cl units can form a XB with NH3. This failure is
unsurprising as Vmax is negative for all of the corresponding
systems. For the remaining dimers, the intermolecular distances
for the XBs are quite a bit longer than for TB. The XB interaction
energies are all quite small, mostly below 2 kcal/mol, as
compared to much larger values for the TB, many exceeding 10
kcal/mol. But even so, the reduction in Vmax for the TBs leaves
these interaction energies far smaller than for the TF3X systems
which were more than 30 kcal/mol. As for the perfluorinated

systems, the TB interaction energies are only slightly dependent
on the nature of the T or X atoms.
Analysis of the wave functions leaves intact most of the

conclusions derived from TF3X. Table 6 shows that the AIM
bond critical point densities are much larger for the TBs than for
the halogen-bonded systems, as are the NBO second-order
perturbation energies for charge transfer from the N lone pair.
As for the perfluorinated systems, the exceptions are CH3X
where it is the XB systems that are more strongly bound, along
with larger AIM andNBO bond strength measures. And just like
the energetics, the replacement of F atoms by H also reduces
ρBCP and E(2) for the tetrel and halogen bonds.
Importantly, whereas most TF3X molecules were capable of

engaging in both a TB and an XB simultaneously, the same
cannot be said for TH3X. It is only for CH3I that there are
trimers identified with the characteristics of containing both TB
and XB. This unique ability may be a fortuitous combination of a
fairly large Vmax of 13.9 kcal/mol on I coupled with a long and
weak TB that transfers very little charge into the central CH3I
which would otherwise act to dissipate the σ-hole on I. Even so,
the halogen bond within this trimer is quite long, with R(I··N) =
3.225 Å. The halogen bond critical point density is 0.0122 au,
and E(2) is equal to 4.21 kcal/mol, both slightly reduced,
compared to the XB within the dimer.

■ DISCUSSION

There are a number of interesting aspects of the calculations
presented above. One of the chief findings concerns the much
greater strength of the TB as compared to the XB. This
difference is somewhat surprising in light of their comparable
strengths in a very general sense. For example, the interaction
energies of the XB in HBr··NH3 and the TB in H4Si··NH3 are
equal to 7.8 and 6.8 kcal/mol, respectively.75 Another study76

found the TBs of FH3T··NH3 were weaker than FX··NH3 XBs,
where T and X were drawn from the same row of the periodic
table. These calculations also verified our near equality of the Si
and Ge TB interaction energies. The TB and XB in the face of a
π-electron donor77 are roughly equivalent, albeit both are fairly
weak. Rough equivalence is also seen between the two sorts of
bonds when the electrons arise from an extended π-system.78

There is some ambiguity, however, in terms of interactions with
an anion.79When the tetrel bond involves a π-hole on amolecule
like XCN, and the XB engages through a σ-hole on X,80 the latter
is more stable than the former, rising up to 8.2 kcal/mol for ICN.

Table 5. Maximum of Molecular Electrostatic Potential Vmax
(kcal/mol) on ρ = 0.001 Au Isodensity Surface of TH3X at
Indicated Atom

T X T−X
C Cl 17.40 −0.46 17.86

Br 16.87 4.24 12.63
I 13.12 13.88 −0.76

Si Cl 35.16 −2.98 38.14
Br 34.78 1.85 32.93
I 32.69 9.67 23.02

Ge Cl 39.93 −6.28 46.21
Br 39.26 −0.69 39.95
I 36.49 7.96 28.53

Sn Cl 50.52 −10.73 61.25
Br 49.47 −4.61 54.08
I 46.76 4.46 42.30

Table 6. Intermolecular N··T/XDistances (Å) betweenNH3 and T or X Atoms of TF3X, Interaction Energies, Bond Critical Point
Densities, and NBO Values of E(2) for Transfer from NH3 N Lone Pair in Complexes of NH3 with TH3X

R, Å −Eint, kcal/mol ρBCP, 10
−4 au E(2), kcal/mol

TB XB TB XB TB XB TB XB

C Cl 3.125 X 1.93 77 1.74
Br 3.208 3.160 1.96 1.32 67 112 1.40 2.66
I 3.211 3.178 1.69 3.13 69 133 1.43 4.87

Si Cl 2.483 X 9.18 299 21.18
Br 2.403 3.329 10.38 0.65 345 85 25.91 1.04
I 2.387 3.327 10.60 1.86 357 107 27.99 2.43

Ge Cl 2.719 X 8.29 210 14.56
Br 2.716 3.222 8.30 0.55 212 83 15.45 0.88
I 2.726 3.341 7.86 1.76 210 104 15.69 2.40

Sn Cl 2.698 X 12.00 266 15.81
Br 2.695 3.451 12.00 0.03 268 70 16.79 0.77
I 2.711 3.383 11.59 1.27 261 98 17.17 1.94
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There have been some comparisons of the TB with pnicogen
bonds31 as well. But what differentiates the data here from prior
work is that both the TB and the XB are compared within the
context of the same molecule, which contains both a T and X
atom. And in this scenario, the TB clearly surpasses the XB in
strength, with the sole exception of T = C where this order is
reversed.
One of the reasons for the greater strength of the TB as

compared to the XB can be laid at the feet of the depths of the σ-
holes. Vmax is considerably larger on the T vs the X atom, by as
much as 46 kcal/mol. The ratio of the T σ-hole as compared to X
is roughly 2−3. The only exceptions are for T = C where the two
holes are comparable or even larger on X as compared to T. And
it is for the carbon systems that the XB interaction energy
exceeds that of the TB. The attenuation of these σ-holes arising
from the replacement of the three F atoms of TF3X by the less
electron-withdrawing H accordingly weakens both sorts of
bonds, even to the point of eliminating some of the halogen
bonding interactions entirely. But even for these shallower σ-
hole Lewis acids, the TB is still far stronger than the XB.
Another distinction between these two bond types rests on

the perturbations induced on the Lewis acid. Whereas the
internal T−X bond is stretched appreciably when engaged in a
TB, the opposite trend of a bond contraction arises when the
nucleophile interacts with the X atom. The changes in the ν(TX)
stretching frequency are generally consistent with this pattern:
large red-shifts for the TBs, with a smaller blue-shift associated
with XB formation. The stretches that occur in the covalent
bond to the tetrel atom are a common feature of these sorts of
bonds,81−83 especially for the strong TBs with anions.84 The
halogen bond is more diverse in this respect, either stretching65

or contracting depending on circumstances.
The magnitudes of the tetrel bond energies computed here

are consistent with prior work, and many of the trends discussed
above for the tetrel bonds to NH3 are common to other bases
such as pyrazine and NCH.85 For example, as in the data
described above, interaction energies of TF4 with NH3 were
also81,85 in the 31−35 kcal/mol range and showed little
sensitivity to the identity of T for Si, Ge, and Sn. This same
sort of insensitivity occurs also when a phenyl substituent is
placed on the tetrel atom86 or when bound to an anion.84 It was
only whenmonomer deformations were added that the resulting
binding energies displayed the expected Si < Ge < Sn trend.
These deformations become progressively more important as
the substituents on the tetrel atom become bulkier,82,86 for
example, CF3, isobutyl, or phenyl groups, and are typically of
greater magnitude for the smaller T atoms.84,85 Indeed, large
deformation energies are a defining characteristic of tetrel
bonds.87,88

To place the issue of monomer distortion in the context of the
current work, the TB and XB complexes of GeF3Br are taken as
an example. The deformation of this molecule to adopt to the
TB dimer requires 18.36 kcal/mol, dwarfing the miniscule 0.08
kcal/mol in the XB complex. The large deformation energy in
the TB arises in large part from the “opening of the umbrella”
necessary to permit the close approach of the NH3 unit, which is
not an issue for the approach to the halogen atom. Specifically,
the θ(BrGeF) angle drops from 111.6° to 98.5°. If these
deformation energies are added to the values of Eint, then the
resulting binding energies of the TB and XB complexes are
reduced to 17.2 and 3.4 kcal/mol, respectively. The tetrel bond
is still quite a bit stronger than the XB, even if the difference has
been diminished a bit.

In a quantitative sense, the bond strengths computed for the
bonds presented here are consistent with prior work. Our
computed interaction energy for the SnH3Cl tetrel bond with
NH3 of 12.0 kcal/mol is expectedly higher than an earlier
finding32 of 6.1 kcal/mol for SnMe3F, when one accounts for the
electron-donating ability of the three methyl groups that ought
to weaken this bond as well as the different level of theory. When
paired with a carbonyl donor instead of NH3, the interaction
energies of TH3F with H2CO are between 8 and 29 kcal/mol,89

somewhat larger than the 2−12 kcal/mol range evaluated here
for TH3Cl. This stronger binding is likely due to the greater
electronegativity of F vs Cl which would create a much stronger
σ-hole on T as well as a different electron donor. The N of a
cyano group is an alternate N lone pair donor, albeit a weaker
one than NH3 due to its sp-hybridization. When combined with
TH3F, the interaction energies in the 2−6 kcal/mol range90 are
accordingly somewhat smaller than the TB energies discussed
here for TH3X +NH3 but show the same sort of increase fromC
to Sn.
One might expect the data to have some sensitivity to the

flexibility of the basis set. To test this idea, the tetrel and halogen
bond energies of the SiF3Cl and SiF3Br units with NH3 were
recomputed with the larger aug-cc-pVTZ basis set, as test cases,
incorporating the aug-cc-pVDZ optimized geometries. This
enlargement of the basis had only a negligible effect, changing
the tetrel interaction energies by only 1 kcal/mol and the
halogen bond energies by even less, 0.2 kcal/mol.
A fundamental principle emerging from this work concerns

the ability of a tetrel bond to break a pre-existing halogen bond.
That is, after a XB complex has been formed, the approach of
another nucleophile to the T end of the molecule causes the XB
to break entirely and the base to be expelled from the complex.
The opposite is not true: each tetrel bond is too strong to be
broken by the approach of another nucleophile to the other end
of the unit. This finding has important implications for chemical
reactivity, catalysis, and macromolecular and crystal structures.
It would be worthwhile for future work to consider this same
question for other pairs of noncovalent bonds, as to which bonds
can simultaneously coexist.

■ CONCLUSIONS
The TF3X molecules engage in very strong tetrel bonds with a
NH3 base, with interaction energies on the order of 35−40 kcal/
mol. The approach of the base toward the halogen atom is much
more tentative, and the XB energies are <6 kcal/mol. (The
exceptions are the T = C series where the much weakened TBs
place them below the XBs.) Although the T σ-holes grow deeper
for larger T and smaller X atoms, there is little corresponding
effect of atom size upon the TB interaction energies. While the
presence of a halogen bond causes only a minor perturbation
upon the strength or length of a tetrel bond, the latter induces a
marked stretching and weakening of the former, even causing its
disappearance in some cases. Replacement of the three F
substituents on TF3X by H attenuates the σ-holes on both T and
X atoms, weakens and stretches both TBs and XBs, and
eliminates any halogen bonds involving Cl. Even in those cases
where a XB occurs in the dimer, this bond cannot withstand the
presence of a simultaneous TB and so disappears.
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