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Abstract

Atoms in molecules, noncovalent index, and natural bond orbital methods are

commonly invoked to identify the presence of various noncovalent bonds and to

measure their strength. However, there are numerous instances in the literature

where these methods provide contradictory or apparently erroneous interpretations

of the bonding. The range of reliability of these methods is assessed by calculations

of a variety of systems, which include an H-bond, halogen bond, π-tetrel bond, CH��HC

interaction, and a pairing of two anions. While the results appear to be meaningful for

the equilibrium geometries, and those where the two subunits are progressively pulled

apart, these techniques erroneously predict a progressively stronger bonding interac-

tion as the two units are compressed and the interaction becomes clearly repulsive.

The methods falsely indicate a bonding interaction in the CH��HC arrangement, and

incorrectly mimic the behavior of the energy when two anions approach. These

approaches are also unreliable for understanding angular deformations.
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1 | INTRODUCTION

Noncovalent bonds are of course considerably weaker than their

covalent counterparts, sometimes by an order of magnitude. As a vari-

ation on the venerable H-bond,1–5 noncovalent bonds of most recent

interest replace the central proton by a nominally electronegative

atom such as Cl or As. The ensuing interaction is typically named after

the family of the periodic table from which this atom is derived,

e.g. halogen or pnicogen bond.6–22 These prior studies have shown

than an important component of the bonding arises from a depletion

of electron density in a limited region surrounding this central atom,

whose positive charge attracts a nucleophile. In a common situation,

this density depletion occurs along the antipode of an R-X covalent

σ-bond (where X refers to the central atom), and so is termed a σ-hole.

However, there are also numerous instances where the positive

region lies above the atom in question within a planar or linear seg-

ment, leading to its designation as a π-hole. In either case, the

Coulombic attraction is supplemented by a certain amount of charge

transfer from the nucleophile/Lewis base to the appropriate antibond-

ing orbital of the Lewis acid unit. Other components that add to the

stabilization are connected with overall polarization of the two sub-

units and a varying amount of London dispersion attraction.

Quantum calculations are frequently invoked to probe into the

origin and strength of a given noncovalent bond. As a sort of ultimate

yardstick, the binding energy is straightforwardly evaluated as the

drop in energy that arises when the two monomers are allowed to

interact with one another. A common first step in understanding this

quantity derives from elucidation of the molecular electrostatic poten-

tial (MEP) surrounding each monomer as a three-dimensional image.

The magnitude and depth of any σ or π-hole can then be explored as

one important element of the associated electrostatic interaction with

the nucleophile. The charge transfer between the two units is usually

dominated by the aforementioned transfer from nucleophile lone pair

to the σ* or π* antibonding orbital of the Lewis acid, a quantity which
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Natural Bond Orbital (NBO) formalism is well designed to measure.

The interaction between the two subunits perturbs the total electron

density, and bonding interactions can be visualized via the identifica-

tion of intermolecular bond paths via Atoms in Molecules (AIM) analy-

sis of the topology of the density. Certain quantities can be evaluated

at the bond critical point (BCP), whose magnitudes are commonly

taken as a quantitative measure of the strength of that bond.

A related means of quantifying any bonding interactions comes from

the Noncovalent Index (NCI) procedure where minima in a reduced

density gradient (RDG) are presumed to help identify bonding interac-

tions, and to distinguish them from destabilizing repulsive forces.

There are numerous instances in the literature in which NBO,

AIM, and NCI have been applied where the various methods agree

with one another and with the overall energetics. Indeed, quantitative

relationships have been derived in certain classes of systems and

usefully applied where the binding energy can be simply related to

one or more indicators derived from these methods. For example, it is

common in the literature to consider the bond critical point density as

a measure of bond strength23–27 and possibly even with spectroscopic

perturbations.28 In an alternate scheme, the energies of some of these

bonds are sometimes assessed via a simple relationship with the

potential energy density24,29–31 or other quantities extracted from

AIM analysis.24,27,32–34

It would indeed be comforting for analysis of noncovalent bonds

if the methods indicated above provided definitive indicators of the

presence of such a bond, and if the data could be treated in a quanti-

tative manner to compare strengths of such bonds. However, there

have been numerous examples where the various methods conflict

with one another as to which sorts of bonds might be present.35–38

There have also been numerous cases described in the literature

where AIM locates a bond path where no such bond would appear to

exist, or worse, that the interaction in question is a repulsive

one.36,39–44 Another sort of dismaying occurrence is the failure of

AIM to identify a bond that is actually present.45

The present work constitutes an attempt to more thoroughly

address these issues and to differentiate situations where some or all

of these metrics represent a reliable indicator of the presence of a

bond from those where they provide spurious or misleading clues.

A wide range of different sorts of interactions are considered here so

as to broaden the utility of the findings. The classical H-bond in the

ClH��NH3 dimer is considered first, followed by a typical halogen bond

in FBr��NH3. A π-hole tetrel bond is included via the placement of the

NH3 nucleophile above the molecular plane of H2CO. In order to

address the controversy in the literature40,42,46–50 as to whether a

bond path between two H atoms signifies a stabilizing force, a pair of

CH4 molecules are aligned in a CH��HC configuration. There has been

a recent flurry of activity51–60 dealing with the question as to whether

a pair of ions of like charge can attract one another under certain cir-

cumstances, an issue which is addressed here by pairing the CN� and

MgCl3
� anions.

In each of these systems, the various noncovalent bond indicators

are monitored as the two units are brought closer and closer together,

whereby the interaction becomes progressively stronger and then

turns repulsive. Rather than focusing solely on the distance between

the two subunits, calculations were also performed in order to exam-

ine the effects of angular deformations, which are well known to

weaken these noncovalent bonds and even lead to their disappear-

ance. The central question in all of these systems concerns the ability

of NBO, AIM, and NCI to serve as reliable measures of the presence

and strength of a bond. Importantly, all of the systems are chosen so

that the particular interaction of interest is the only one present,

thereby avoiding complications that would arise in the interpretation

if additional bonding were present.

2 | METHODS

Quantum chemical calculations were carried out with the aid of the

Gaussian 1661 suite of programs. Density functional theory (DFT),

with the M06-2X functional,62 was used in conjunction with the aug-

cc-pVTZ basis set63 adding both polarization and diffuse functions

onto a triple-ζ foundation. The accuracy of this approach has been

affirmed by numerous past calculations of related systems.64–69 The

binding energy Eb is defined as the difference between the energy of

the dimer and the sum of the energies of the two monomers in their

optimized geometry. This quantity was evaluated for the equilibrium

structure of each dimer, as well as geometries including stretching and

bending deformations. The AIM method identified bond paths, and

the properties of their bond critical points, in the context of the

AIMAll70 program. The Noncovalent Index procedure was implemen-

ted via the Multiwfn program71 which provided quantitative measures

of the reduced density gradient, and was illustrated graphically in

molecular space by VMD.72 Individual orbitals, and the energetic con-

tributions of charge transfers between them, were assessed by Natu-

ral Bond Orbital (NBO) theory73,74 via the NBO program incorporated

into Gaussian. Total interaction energies were decomposed into phys-

ically meaningful components by the Symmetry-Adapted Perturbation

Theory (SAPT) protocol75,76 with the aid of the MOLPRO program,77

within the context of the aug-cc-pVTZ basis set.

3 | RESULTS

3.1 | Distance dependence

3.1.1 | H-bond

The complex between HCl and NH3 represents a classic H-bond

motif, illustrated in Figure 1A. According to the data in Table 1, as the

two units approach one another, starting from R(H��N) = 2.5 Å, the

energy continues to decline as the geometry reaches its optimum sep-

aration of 1.69 Å and with a binding energy of �8.97 kcal/mol. During

this approach, the various markers of the H-bond strength increase in

magnitude. In particular, the electron density at the bond critical point

climbs to 0.0596 au. The Laplacian of the density at the same point is

positive which indicates a noncovalent bond, and is equal to
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F IGURE 1 Molecular diagrams of
systems studied

TABLE 1 Behavior of various
properties as ClH and NH3 approach one
another in H-bond

R(H��N) (Å) Eb (kcal/mol) ρ (au) =2ρ (au) �V (au) E(2) (kcal/mol) sign(λ2)ρ (au)

2.5 �4.29 0.0099 0.0278 0.0046 4.1 �0.0101

2.1 �6.90 0.0233 0.0552 0.0148 13.8 �0.0240

1.9 �8.20 0.0372 0.0565 0.0283 25.5 �0.0420

1.69 �8.97 0.0596 0.0461 0.0537 46.4 �0.0499

1.5 �7.76 0.0908 0.0298 0.0925 80.5 –

1.3 �1.82 0.1471 �0.1019 0.1823 148.5 –

1.1 +15.79 0.2476 �0.8190 0.4421 292.6 –

F IGURE 2 Noncovalent index diagrams of ClH��NH3 complex for various values of R(H��N) (Å). Extrema of sign(λ2)ρ are shown in blue for
�0.035 au and red for +0.020 au
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0.0461 au at the equilibrium point. The potential energy density

V becomes increasingly negative, signaling a strengthening bond. V is

equal to �0.0537 au at the equilibrium, corresponding to 33.7 kcal/

mol. Half of this amount is sometimes taken as a measure of the H-

bond strength,29 but 16.8 kcal/mol is quite a bit larger than the actual

Eb of 9.0 kcal/mol. The NBO second-order perturbation energy E

(2) corresponding to transfer from the N lone pair to the σ*(HCl) anti-

bonding orbital reaches 46.4 kcal/mol at the equilibrium structure.

With regard to NCI analysis, values listed in the last column of Table 1

represent the most negative value of sign(λ2)ρ in the vicinity of the H-

bond, which reaches �0.0499 au at the equilibrium contact distance.

Importantly, as the two units are compressed together to contact

distances shorter than their equilibrium separation, and the energy of

the system begins to climb, the noncovalent bond strength markers

continue along on the same pattern of signaling a stronger bond. The

BCP density rise dramatically, reaching 0.2476 au, even when the

interaction has turned repulsive by 16 kcal/mol. As the distance drops

below 1.5 Å, r2ρ reverses sign, and even becomes very negative,

indicative of a covalent bond. V also continues to increase in magni-

tude, as does E(2) which rises to nearly 300 kcal/mol.

The NCI analysis, however, no longer contains an indication of a

H��N bonding interaction for R shorter than the equilibrium separa-

tion. The evolution of the NCI analysis can be visualized in Figure 2

which plots the reduced density gradient vs sign(λ2)ρ. As the two

monomers approach one can see that the tendrils enclosed by the

green oval in Figure 2A, which corresponds to the green disk in the

insert diagram, shifts to the left, i.e. to more negative values of sign

(λ2)ρ. This displacement is quantified by the values tabulated in

Table 1, indicative of the strengthening bond. The colored disk in the

insert changes color from green to blue which corresponds also to a

more negative sign(λ2)ρ. These tendrils disappear in Figure 2E when

the two molecules are pulled in to repulsive contact distance.

3.1.2 | Halogen bond

The approach of NH3 to the Br atom of FBr along the F-Br axis con-

structs a typical σ-hole halogen bond involving electron donation from

the N lone pair to the σ*(FBr) orbital, as represented in Figure 1B. The

equilibrium R(BrN) distance is 2.35 Å, with a halogen bond energy of

�14.7 kcal/mol, as displayed in Table 2. Consistent with the H-bond

trends, ρ, r2ρ, V, and E(2) all rise in magnitude as the two molecules

come closer, and continue to do so even after they have passed the

equilibrium distance and the interaction has turned repulsive. There is

a minor difference in that r2ρ does not turn negative for the halogen

bond and that E(2) cannot be evaluated for R = 1.7 Å since NBO

treats the system as a single unit, but otherwise the trends remain

intact. The same can be said for the NCI data where sign(λ2)ρ becomes

progressively more negative until vanishing for distances closer than

equilibrium. The NCI diagrams for this system are quite similar to

Figure 2, and are presented in Figure S1.

The manner in which each element varies as the two molecules

are drawn in toward one another is shown graphically in Figure 3. For

purposes of comparison, all quantities are expressed in kcal/mol in the

figure. There is a clear contrast between the energy (the black curve)

which bottoms out at R = 2.35 Å, and the AIM and NBO indicators of

bond strength all of which climb monotonically as R decreases, even

well past the minimum in the energy.

3.1.3 | π-Hole tetrel bond

In addition to interacting with the positively charged σ-hole of, for

example a halogen atom, a number of molecules contain a positive

region above their molecular plane, commonly referred to as a

π-hole. The H2CO molecule is an example, where such a π-hole lies

above the C atom, which can interact with a nucleophile such as

NH3 to form a π-hole tetrel bond. This sort of arrangement is pic-

tured in Figure 1C where the optimal positioning of the NH3 is

2.81 Å above the C. The binding energy of the two subunits is

�3.97 kcal/mol, as indicated in the first row of Table 3. In this

TABLE 2 Behavior of various
properties as FBr and NH3 approach one
another in σ-hole halogen bond

R(Br��N) (Å) Eb (kcal/mol) ρ (au) =2ρ (au) �V (au) E(2), kcal/mol sign(λ2)ρ (au)

2.9 �9.99 0.0178 0.0564 0.0113 10.0 �0.0189

2.6 �13.18 0.0335 0.0906 0.0255 22.6 �0.0375

2.35 �14.70 0.0583 0.1108 0.0527 47.1 �0.0500

2.1 �11.15 0.0951 0.1216 0.1088 88.0 –

1.9 +2.27 0.1401 0.1405 0.2103 144.8 –

1.7 +37.68 0.2066 0.3646 0.4422 – –

F IGURE 3 Dependence of various properties on R(Br��N) for
FBr��NH3 complex. ρ and r2ρ are multiplied by 627.5 kcal/mol/au
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optimized configuration, the density at the bond critical point is

0.0128 au, with a positive density Laplacian, consistent with a non-

covalent bond. There is an appreciable transfer of charge from the

N lone pair to the π*(CO) orbital, with E(2)=4.3 kcal/mol, and sign

(λ2)ρ is equal to �0.0135 au, symptomatic of a moderately strong

noncovalent bond.

For each new R(C��N) distance, the remainder of the geometry

was fully optimized. As the two monomers are compressed toward

one another, the potential is repulsive, and Eb quickly reduces in mag-

nitude and then turns positive. However, all of the bond indicators

suggest a progressively stronger bond: ρ, r2ρ, V, and E(2) all rise in

magnitude, as does the NCI measure in the last column of Table 3. Even

when the bond length has been shortened to 2.0 Å, a full 0.8 Å shorter

than the optimized value, and Eb has changed from �3.97 to

+9.07 kcal/mol, these various metrics are large and still growing. The

effects of the bond contraction upon the NCI diagrams are shown explic-

itly in Figure S2 where the insets depict the morph of the central bond-

ing region from green to blue, indicative of growing bond strength.

3.1.4 | Direct H��H interactions

Several quantum studies in the literature have noted AIM bond paths

between H atoms on different molecules which have led to a discus-

sion concerning the possibility of H��H bonds.40,42,46–50 These sugges-

tions of a H��H bond are puzzling in that the two H atoms have similar

overall charge, unlike the situation in dihydrogen bonds where the

two atoms have opposite charge, and such attractions can be

explained on electrostatic grounds. In an effort to unravel the nature

of these purported bonds, a pair of CH4 molecules were arranged so

as to contain a linear CH��HC axis, as depicted in Figure 1d. The

distance between the two monomers was diminished in small decre-

ments, beginning from R(H��H) = 3.5 Å. As is evident in Table 4, there

is a very shallow minimum of 0.1 kcal/mol that occurs at about

R = 3.0 Å, but this attraction quickly morphs into a repulsion with

positive Eb as the two units are drawn in further toward one another,

becoming especially repulsive for R less than about 1.6 Å.

As this is a very weak interaction, it is not surprising that the bond

strength metrics are quite small for large R. In fact, NBO does not indi-

cate any charge transfer from the σ(CH) bonding orbital of one mono-

mer to the σ*(CH) antibond of the other (and vice versa) until R is

2.6 Å or less. However, most importantly, despite the repulsive nature

of the potential, all measures indicate the presence of a H��H nonco-

valent bond, and these metrics all agree that the bond grows in

strength as the two units are jammed together, even for repulsive

energies in excess of 5 kcal/mol. As may be seen in Figure S3, the NCI

is consistent with this narrative, even showing a green attractive

region which turns blue for very short contact.

3.1.5 | Anion–anion interaction

A good deal of recent work51–60,78–80 has demonstrated that, contrary

to a popular assumption, a pair of ions of like charge can attract one

another under certain circumstances and form a complex that resists

dissociation. In most cases, the formation of a stable dimer, lower in

energy than the two separate monomers, requires a polarizable envi-

ronment, as in solution or within a crystal. However, complexation

can occur even in the gas phase, with no external environmental fac-

tors. In these cases, the complex is usually metastable; that is, the

dimer is less stable than the isolated monomers, but its dissociation is

hindered by the presence of an energy barrier.

TABLE 3 Behavior of various
properties as H2CO and NH3 approach
one another via π-hole tetrel bond

R(C��N) (Å) Eb (kcal/mol) ρ (au) =2ρ (au) �V (au) E(2) (kcal/mol) sign(λ2)ρ (au)

2.81 �3.97 0.0128 0.0457 0.0081 4.3 �0.0135

2.6 �3.68 0.0185 0.0671 0.0135 7.3 �0.0197

2.4 �1.99 0.0280 0.0966 0.0228 14.0 �0.0311

2.2 +1.99 0.0444 0.1235 0.0393 28.8 �0.0500

2.0 +9.07 0.0707 0.1338 0.0693 58.7 �0.0500

TABLE 4 Behavior of various
properties as two CH4 molecules
approach one another in CH��HC
arrangement

R(H��H) (Å) Eb (kcal/mol) ρ (au) =2ρ (au) �V (au) E(2) (kcal/mol) sign(λ2)ρ (au)

3.5 �0.09 0.0004 0.0014 0.0001 – �0.0004

3.0 �0.11 0.0010 0.0040 0.0004 – �0.0011

2.6 �0.04 0.0025 0.0087 0.0011 0.1 �0.0026

2.2 +0.23 0.0061 0.0189 0.0030 0.3 �0.0062

2.0 +0.61 0.0094 0.0289 0.0052 0.6 �0.0095

1.8 +1.42 0.0146 0.0443 0.0093 1.1 �0.0152

1.6 +3.09 0.0229 0.0635 0.0172 2.4 �0.0236

1.4 +6.42 0.0370 0.0730 0.0326 5.5 �0.0397

1.2 +12.85 0.0602 0.0541 0.0624 12.0 �0.0500
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One particular example that was studied here occurs for the pair-

ing of MgCl3
� with CN�, in which the latter approaches the former

along its C3 symmetry axis, forming a Mg��N noncovalent bond as pic-

tured in Figure 1E.81 In its isolated state, MgCl3
� is planar, and

undergoes pyramidalization to accommodate the approaching anion.

In order to include this important phenomenon, the geometry of the

complex was fully optimized for each value of R(Mg��N), subject only

to C3v symmetry. The energetic data in Table 5 shows the metastable

character of the minimum that occurs for R = 2.06 Å. Its energy is

higher than that of separated anions by 25.9 kcal/mol but stretching

causes a rise in the energy, as of course does a compression.

The presence of the Mg��N bond is manifested by the various

AIM, NBO, and NCI markers in Table 5. The bond critical point density

is 0.045 au, and the second-order perturbation energy for charge

transfer from the N lone pair to the vacant Mg p-orbital is 32.9 kcal/

mol. NCI also signals the presence of this bond, as pictured in

Figure S4. It is worth noting that the various markers of the Mg��N
bond increase smoothly and monotonically as the bond distance is

shortened, in contrast to the energy which undergoes fluctuations,

lowest for R = 2.06 Å and more repulsive for both shorter and longer

distances.

3.2 | Angular dependence

3.2.1 | H-bond

It is widely understood that a H-bond prefers a linear arrangement with

the proton situated roughly along the axis between the proton donor

and acceptor atoms. The manner in which the various bond strength

indicators might support this idea was tested in the context of the

ClH���NH3 complex. As illustrated in Figure 4A, the proton was bent

away from the Cl��N axis by an angle θ, with the R(Cl��N) distance fixed

at its optimized value of 3.04 Å. As is evident in Table 6, the binding

energy of this complex quickly turns from strongly attractive to quite

repulsive as θ varies from 0� to 80�. The density of the H��N bond criti-

cal point density declines, echoing this bond weakening, as does the

potential energy density V. However, for a distortion angle of 60� and

above, the AIM diagram presents a bond path between the N and the

Cl atom, although such a bond is doubtful. The density at this critical

point is some 0.014 au, and its Laplacian is 0.05 au. After its initial

decline, V hovers at around �0.009 au for the putative Cl��N bond

path. Unlike AIM, NBO does not suggest a Cl��N bond, as E(2) for the

Nlp ! σ*(ClH) transfer drops precipitously as the H-bond is deformed.

TABLE 5 Behavior of various
properties as CN� anion approaches

MgCl3
�

R(H��H) (Å) Eb (kcal/mol) ρ (au) =2ρ (au) �V (au) E(2) (kcal/mol) sign(λ2)ρ (au)

3.50 48.20 0.0021 0.0053 0.0008 0.8 �0.0021

3.00 43.63 0.0053 0.0193 0.0030 4.9 �0.0053

2.60 36.18 0.0130 0.0613 0.0101 14.4 �0.0135

2.30 29.10 0.0260 0.1461 0.0275 25.0 �0.0286

2.06 25.92 0.0452 0.2888 0.0635 32.9 �0.0405

1.90 28.93 0.0664 0.4662 0.1138 37.1 �0.0491

1.70 47.55 0.1072 0.8568 0.2301 40.4 �0.0350

F IGURE 4 Systems examined in

relation to angular deformation as
defined by θ angle

TABLE 6 Behavior of various
properties as ClH molecule is rotated
within the ClH��NH4 dimer

θ (�) Eb (kcal/mol) ρ (au) =2ρ (au) �V (au) E(2) (kcal/mol) sign(λ2)ρ (au)

0 �8.97 0.0596 0.0461 0.0537 46.4 �0.0499

20 �4.38 0.0437 0.0677 0.0356 26.3 �0.0498

40 1.13 0.0210 0.0713 0.0134 4.5 �0.0226a

60 3.43 0.0140b 0.0533b 0.0092b 0.2 �0.0147a

80 4.68 0.0138b 0.0507b 0.0085b – �0.0140b

aBlend of H��N and Cl��N.
bRefers to bond between Cl and N.
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NCI, like AIM, is consistent with the idea of the H-bond mutating

into a Cl��N bond as the ClH is rotated. This transformation is visual-

ized in Figure 5. The strong H-bond for θ = 0� is clearly visible as the

blue ring along the axis. As the H is lifted from the Cl��N axis, this blue

disk moves along with the proton, then weakens to a green color for

θ = 40�. The extended shape of this green disk in Figure 4c suggests

the beginning of a Cl��N bond which is more obvious for 60�.

Once the H has been rotated by 80�, the green disk has moved to lie

directly along the Cl��N axis, signaling an attractive interaction

between these two atoms.

3.2.2 | Halogen bond

Like the H-bond, the halogen bond is also highly directional, perhaps

even more so. This aspect of these bonds was examined with the aid

of the FBr dimer. As pictured in Figure 4B, the behavior of the halo-

gen bond was monitored as the θ angle was varied from its optimal

value of 93.8� which would place a lone pair of the unit on the right in

maximal coincidence with both the σ-hole and σ*(FBr) orbital of the

electron acceptor on the left. As θ is increased, the righthand unit

rotates so as reduce the overlap between the pertinent orbitals while

further destabilizing the system by placing the positive σ-holes of the

two monomers in coincidence with one another. This transformation

from an attractive to a repulsive interaction is evident from the

change in sign of Eb in Table 7 as θ increases, retaining the R(Br��Br)
distance at its optimal 3.13 Å. The Br��Br bond critical point mirrors

this bond weakening, as does V. The NBO measure of bond strength

likewise drops along with the bond distortion, as does sign(λ2)ρ. The

density Laplacian is a bit of an outlier in that it remains fairly flat as θ

rises. Figure S5 mimics the bond weakening by the slow rightward

drift of the lefthand cusp, while the disk between the two Br atoms

remains attractive green throughout. In other words, while the various

bond indicators do present evidence of a weakening, they all errone-

ously suggest the bond persists even in the face of a repulsive

potential.

F IGURE 5 NCI diagrams of ClH��NH3 complex as ClH is rotated for various values of θ(�). Extrema of sign(λ2)ρ are shown in blue for

�0.035 au and red for +0.020 au

TABLE 7 Behavior of various
properties as electron donor molecule of
FBr dimer is rotated

θ (�) Eb (kcal/mol) ρ (au) =2ρ (au) �V (au) E(2) (kcal/mol) sign(λ2)ρ (au)

93.8 �3.11 0.0184 0.0555 0.0127 10.5 �0.0201

115 �2.33 0.0180 0.0552 0.0125 9.8 �0.0192

135 �0.37 0.0164 0.0526 0.0116 7.3 �0.0176

155 1.96 0.0139 0.0495 0.0102 4.2 �0.0148

180 3.18 0.0115 0.0500 0.0094 2.3 �0.0118
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3.2.3 | π-Hole tetrel bond

The rotation of the electron donor away from its optimal orientation

is delineated in Figure 4c by the θ(OC��N) angle. For each angle cho-

sen for study, the R(C��N) distance was held steady at the optimal

2.808 Å, and the internal geometry of H2CO was fixed, but all other

parameters were fully optimized. Table 8 details that a deviation in

either direction from the optimal angle of 102� raises the energy of

the system. This rise is particularly notable for smaller angles that

move the N closer to the O with its partial negative charge. A 40� dis-

placement in this direction makes the interaction a repulsive one.

The behavior of the AIM markers is anomalous in some respects.

Even though the tetrel bond weakens in either direction of deviation,

the BCP density ascends, as does its Laplacian. The potential energy

density V behaves in a similar manner with the exception of a sub-

stantial drop for θ = 62�. With regard to the NBO measure of

Nlp ! π*(CO) charge transfer, this quantity peaks at 122�, some 20�

larger than the optimal angle. NCI data does not offer much informa-

tion about preferred orientation. In fact, sign(λ2)ρ attains its most neg-

ative value for θ = 62�, where the binding energy is positive. The

insets of Figure S6 are rather similar to one another, with a green

attractive region between the two subunits, whether the interaction is

attractive or repulsive.

4 | DISCUSSION

It is clear from the results presented above that neither AIM, NCI, nor

NBO indicators can be taken as indisputable evidence of a noncova-

lent bond. These measures signal the presence of such a bond even

when the two molecules are placed close enough together that their

mutual steric repulsion dwarfs any attractive components that might

be present. This situation is not limited only to a slightly squeezed

interaction, but these indicators continue their upward climb even

when this compression continues and the repulsive force is dominant.

This finding appears to be a general phenomenon occurring in the

H-bond, halogen bond, and the π-hole tetrel bond. The overly close

approach of two H atoms, both bonded to C and bearing similar

charges, also lends itself to the false impression of a stabilizing inter-

action where none such is present. The approach of two anions

toward one another can lead to a minimum in the potential energy

surface, supported by AIM, NBO, and NCI indicators of a noncovalent

bond. However, this structure is only metastable, significantly higher

in energy than the pair of separated monomers, so it is debatable as

to whether this structure contains a bond in the usual sense. In either

case, these measures of bond strength continue to climb even when

these two anions are brought in much closer to one another, where

the interaction is unarguably repulsive.

It is not only compression of the two molecules when they

approach one another too closely where this phenomenon appears,

but also in the context of angular deformations. The reorientation of

the two molecules within a hydrogen or halogen bond, which disrupts

this bond and converts the interaction to a repulsive one, nonetheless

contains indicators of the presence of a stabilizing interaction, and the

same is true for a π-hole tetrel bond. In one case, the disruption of the

H-bond of ClH��NH3 by the rotation of the proton donor led to AIM

and NCI indications of the formation of a stabilizing interaction

between the Cl and N atoms even though the total binding energy is

quite positive. A similar rotation within the halogen-bonded complex

caused only minor modifications of some of these indicators even as

the binding energy grew large and positive. It is also notable that the

displacement of the electron donor from its optimal position above

the C of H2CO raised the AIM and NCI markers of a π-tetrel bond

even as the interaction became repulsive.

One might argue that these findings signify that a bond is indeed

present in these cases, but that it is overwhelmed by highly repulsive

steric forces. Indeed SAPT breakdown of the interaction energy of the

halogen bonded FBr��NH3 complex shows that the electrostatic,

induction, and dispersion energies are all-attractive and become even

more so as the two units are squeezed together, but are opposed by a

precipitous rise of the exchange repulsion. A similar pattern emerges

for the interaction between two anions. The overall Coulombic inter-

action is indeed repulsive for the initial approach of the two anions in

the MgCl3
� ���NC� system. However, the SAPT electrostatic term

becomes negative for their metastable equilibrium geometry, and

becomes progressively more attractive for even closer approach.

Therefore, since the AIM, NCI, and NBO quantities represent mea-

sures of electron density perturbation and charge transfer, it is not

surprising that they rise as the two monomers more closely approach

one another, even as they pass beyond the minimum total energy

where the attractive and repulsive forces are in equilibrium. However,

what is usually meant by the presence of a noncovalent bond is that

there is an overall net attractive force, where the sum of the attractive

components outweighs the repulsive term.

To use the CH��HC interaction as an example, the identification

of an AIM bond path between the two H atoms is usually interpreted

as a component of the overall attraction between the two molecules

involved. However, the findings presented above indicate that no

TABLE 8 Behavior of various
properties as NH3 is displaced from
optimal orientation in complex
with H2CO

θ (�) Eb (kcal/mol) ρ (au) =2ρ (au) �V (au) E(2) (kcal/mol) sign(λ2)ρ (au)

62 0.55 0.0219 0.1251 0.0229 1.3 �0.0233

82 �3.55 0.0130 0.0507 0.0507 3.0 �0.0134

102 �3.97 0.0128 0.0457 0.0457 4.3 �0.0135

122 �3.39 0.0136 0.0516 0.0516 4.6 �0.0144

142 �2.02 0.0148 0.0603 0.0603 3.8 �0.0155

SCHEINER 1821



such attraction necessarily exists, bond path notwithstanding, and that

the H��H interactions are likely repulsive. Of course, the particular

example chosen of a methane dimer is not representative of all inter-

actions between alkyl groups. It is known that CH��HC interactions

can be attractive and a factor in overall molecular structure in certain

instances.82–86 The main point is that AIM bond paths are not suffi-

cient evidence of such stabilizing interactions in the general case.

It should be emphasized that the behavior of the noncovalent

bond indicators discussed herein do not rule out their usefulness in

interpreting the underlying nature of the interactions between mole-

cules. For example, both ρ and V have been found to be fairly accurate

measures of the strengths of interactions such as H-bonds, and the

NCI index is commonly used to compare bond strengths with one

another. In addition, NBO is of great value in estimating the quantita-

tive contribution of charge transfer to a molecular interaction, as well

as pinpointing which orbitals are involved. The value of these mea-

sures is maximized when the interaction of interest is the only one

present, or is the primary one. In these cases, the distance between

the two subunits is guided by this noncovalent bond, which results in

a balance between its attractive and repulsive components. The prob-

lem arises when the intermolecular geometry is determined largely by

other forces. For example, one or more noncovalent bonds elsewhere

in a complex might draw a halogen atom too close to a N atom of the

other subunit, to the point that this particular interatomic interaction

becomes repulsive. Yet their proximity to one another might lead to

noncovalent bond indices of substantial magnitude, and to the incor-

rect inference of a halogen bond which contributes to the overall sta-

bility of the complex when in fact it tends to destabilize it. Indeed, if

drawn in close enough, the large bond markers might even errone-

ously suggest it is this noncovalent (non)bond which is the driving

force in the complexation.

The ability of AIM bond paths to constitute proof of a stabilizing

interaction has been questioned in the past from both a practical36,40

and a formal perspective.41 Myburgh et al.42 noted that spurious H��H
bond paths can emerge if the H atoms are placed in close proximity.

The Jablonski group has pointed to the association of such bond paths

with repulsive interactions43,44,87 as well as other weaknesses in this

interpretation.88,89 Other workers noted these paths might be mis-

leading in other ways90 and discrepancies between conclusions

reached on the basis of AIM as compared to NBO.35 Dunitz39 pointed

out that one frequently encounters short interatomic distances in

crystals, many of which are not indicative of any sort of bonding inter-

action, but due instead simply to overlapping of atomic electron densi-

ties. This idea was buttressed by later work from a crystal

perspective.91

5 | CONCLUSIONS

Based on the results presented here, and in countless previous com-

putational works, NBO, AIM, and NCI indices seem to represent an

appropriate and accurate means of assessing the energetic strength of

various noncovalent bonds when the two subunits are placed at their

equilibrium distances and orientations, and can even help quantify the

destabilization as the two monomers are pulled apart. On the other

hand, these markers continue to grow even as the system is desta-

bilized by pulling the two subunits in closer than their preferred

separation, and the repulsive forces overwhelm any attractive com-

ponents. Similar observations apply to certain angular deformations

which can even lead to spurious indications of a bond between two

atoms when none clearly exists. These methods also indicate the

presence of an attractive interaction between H atoms in a CH��HC

arrangement where no such bond occurs, nor do they correctly

reproduce the behavior of the energy as two anions approach one

another.

It is thus advised that due caution be applied to indicators of the

presence of a bond when there is some question raised from chemical

reasoning. For example, when two atoms on different subunits are

drawn in close to one another by the presence of other noncovalent

bonds, crystal packing, or other physical phenomena, it is possible that

these computational protocols might suggest the presence of a bond-

ing interaction when this particular contact is better characterized as

repulsive.
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