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The ability of two anions to interact with one another is tested in the context of pairs of TrX;~ homo-
dimers, where Tr represents any of the triel atoms B, Al, Ga, In, or Tl, and X refers to a halogen
substituent F, Cl, or Br. None of these pairs engage in a stable complex in the gas phase, but the

Received 20th September 2021, situation reverses in water where the two monomers are held together by Tr---X triel bonds,

Accepted 30th October 2021 complemented by stabilizing interactions between X atoms. Some of these bonds are quite strong,
notably those involving TrF4~, with interaction energies surpassing 30 kcal mol™. Others are very much

weaker, with scarcely exothermic binding energies. The highly repulsive electrostatic interactions are
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Introduction

Interest in noncovalent bonds is exemplified by the long-
standing and continuing level of scientific interest in hydrogen
bonding.™* But noncovalent interactions are not limited only to
this particular type, and the diversity and versatility of interac-
tions other than hydrogen bonds represent an important
ingredient in wide ranging and novel chemical phenomena,’
such as crystal engineering, catalysis, and biochemistry, just to
name a few.*"” The triel bond (TrB) is a new and intriguing
member of this group, which has been the subject of ongoing
study."®>* Because the various Tr atoms are typically the center
of a TrR; planar trigonal molecule, they frequently have asso-
ciated with them a positive region of molecular electrostatic
potential (MEP) situated directly above the Tr atom. This so-called
n-hole, connected with an empty Tr p-orbital, is amplified by
electron-withdrawing R substituents® " and is able to attract a
Lewis base so as to engage in a stable molecular complex.*'*>°
The resulting triel bond can be rather strong and has been shown
to be important in interaction with N-heterocyclic carbenes,*
design of hydrogen storage materials,*" or play a catalytic role
in organic and inorganic chemical reactions.”*™** Very recently,
borane complexes have been screened for possible biomolecular
recognition abilities.*’

Ideas concerning the c-hole predate the earliest discus-
sions of the n-hole.**™* A c-hole****?° is generated along the
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counteracted by large polarization energies.

extension of a covalent bond axis. A classic example is the
c-hole that develops on the halogen X atom of a R-X unit,
which leads to the formation of a R-X- - -Nuc halogen bond with
a nucleophile. The usual trigonal planar arrangement of a TrR;
molecule prevents the formation of a 6-hole within the mole-
cular plane, which is why discussion of TrBs is usually limited
to m-hole bonds. There are a few highly specialized circum-
stances in which a c-hole, or something resembling it, can
occur on a Tr atom,’** usually in either a highly strained
cyclic unit or an aromatic structure where the hole does not lie
opposite another atom, so does not fit the usual definition of a
o-hole. The issue of c-hole triel bonding is thus in its infancy at
this point.

The description of the magnitude of o-hole or n-hole-based
interactions are typically derived from calculation of the inter-
action or bond energies. Alternatively, the strength of such
contacts may be estimated by the NBO or QTAIM approach and
predicted in some degree by the measuring of molecular
electrostatic potential extrema located at the interacting units.
However, it was recently demonstrated that the strength of
many noncovalent interaction types (as halogen, tetrel or
pnictogen bonding) can be also quantitatively measured in
terms of vibrational spectroscopy parameters obtained through
the local mode analysis®>° realized via LMODEA software.””

Another forefront area in current research is the idea that a
pair of anions might be able to interact with one another in
an attractive fashion. Despite the obvious strong Coulombic
repulsive forces obstructing such an attraction, there are a
growing number of works which document via both experi-
mental and computational evidence that complexes can be
formed between anions in certain situations.?””**””? In the gas
phase, these anion-anion complexes are usually metastable, in
that their dissociation to a pair of anions is an exothermic

Phys. Chem. Chem. Phys., 2021, 23, 25097-25106 | 25097


http://orcid.org/0000-0002-6495-6963
http://orcid.org/0000-0002-4038-5959
http://orcid.org/0000-0002-1133-3535
http://orcid.org/0000-0003-0793-0369
http://crossmark.crossref.org/dialog/?doi=10.1039/d1cp04296c&domain=pdf&date_stamp=2021-11-06
http://rsc.li/pccp
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1cp04296c
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP023044

Open Access Article. Published on 01 November 2021. Downloaded on 12/22/2025 9:44:36 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

process but one that is impeded by an energy barrier,?”,>%>%61,66:71
Immersion of the system in a solvent, attenuates the electrostatic
repulsions and typically allows a fully exothermic association
process®” 3879616668 r 4 gimilar effect can occur if counterions
are added to the system.®” Similar trends have been reported in the
case of H-bonded complexes between ions of like charge.®'~**%
As an illustrative example, our own group recently showed that
HgCl; ™ anions are stacked directly above one another in a crystal
structure.”’” This anion-anion stabilization is held together by a
m-hole spodium bond, and facilitated by crystal packing forces
and counterions. The electrostatic repulsions were counteracted
by exchange, and dispersion components, and especially by
polarization. Similar conclusions pertained to other model
anion- - -anion (MX;™), dimers (M = Zn, Cd, Hg; X = Cl, Br,
1)°® whose formation was exothermic when immersed in water
or ethanol solvent. There still remains much to be learned as to
the various forces involved in these anion-anion complexes,
and what sorts of environments are needed to overcome the
Coulombic repulsions.

The present work seeks to better understand this question
of stabilizing anion-anion forces. There has as yet been no
investigation of the ability of Tr atoms to participate in such
anti-electrostatic complexes. In order to extend our under-
standing to triel bonds, a series of TrX, units were examined
(see Scheme 1), with regard to their possible interactions with
one another within the context of homodimers. The full range
of Tr atoms B, Al, Ga, In, and Tl were incorporated into these
systems, as well as three different halogen X atoms F, Cl, and
Br. As a particularly important aspect of this work, each TrX,™
anion is tetrahedral, so the central Tr atom does not have the
usual n-hole. Instead, there are four c-holes, each along an
extension of a Tr-X bond. This work thus encompasses the
first study of o-hole bonding by the triel family of atoms.
A survey of the Cambridge Structural Database tells us how
common such triel o-hole anion-anion complexes might be,
and provides some experimental contact to the calculations.
Questions of particular interest include the sort of environ-
ment required for a pair of TrX,  anions to interact attrac-
tively with one another, and how strong might the triel bonds
be. Can the interactions in fact be unambiguously attributed
to triel bonds, and what might be the ancillary bonds that
might emerge. How does the triel bond strength change as the

X

Ir

X
X X

Tr =B, Al, Ga, In, Tl
X =F, Cl, Br

Scheme 1 Monomers considered in this work.
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central Tr atom is switched out for another, or as different X
substituents are applied.

Computational methods

Full unconstrained optimization of isolated anions and complexes
were performed at the MP2/aug-cc-pVDZ level of theory.”*”> The
aug-cc-pVDZ-PP basis set including effective core potentials was
used for heavy triel atoms (In and TI) in order to incorporate
relativistic effects.”®”” The B3LYP-D3/def2TZVPP"®*® level of
theory was used to more fully model the full crystal geometry
(two anions and surroundings) of YORZEK®' as found in the
Cambridge Structural Database (CSD, ver. 5.42) archives.®” It has
been shown in the literature that this functional yield structures
and cohesive energies, for a representative set of systems, includ-
ing those with triel atoms.**®® Harmonic vibrational analysis
verified true minima on the potential energy surfaces with
all positive frequencies. Calculations were carried out in the gas
phase and several other solvents including water, 1,2-ethane-diol,
acetone, and dichlorethane using the PCM (polarizable continuum
model) simulation.®® The interaction energy (Ein) of each complex
was evaluated as the difference in total electronic energy between
the fully optimized complex and its subunits in the geometries
adopted within the complex; the binding energy (E;,) takes as its
reference fully optimized isomers. The basis set superposition
error (BSSE) was removed via the counterpoise procedure intro-
duced by Boys and Bernardi.’® All calculations were carried out
with the aid of the Gaussian 16, Rev. C.01 code.” The MEP
(molecular electrostatic potential) was evaluated on the 0.001 a.u.
electronic isodensity contour via the MultiWFN program,®** and
visualized by VMD software.®* The QTAIM (atoms-in-molecules)®
and NCI°*®” (noncovalent index) techniques were applied so as to
display and quantify molecular diagrams regarding the topological
properties by means of the AIMAII®® and MultiWFN programs,
respectively. Decomposition of the interaction energies in water
solvent was carried out through the LMOEDA protocol®
embedded in GAMESS-US (version 2020-R2) software'® at MP2/
aug-cc-pVDZ level. NBO analysis was conducted using the DFT
generated wavefunction via the NBO 7.0 program.'"'%>

Results

The salient components of the system of interest were extracted
from the crystal structure and are displayed in Fig. 1. The two
TICl,™ anions are disposed in such a way that a Cl atom of one
anionic unit lies nearly along the extension of a CI-TI axis of the
other, with a R(TI- - -Cl) distance of some 3.641 A. There is a
mirror-image second interaction with the same dimensions
involving the TI of the other anion. These arrangements are
closely parallel to what would be expected were there a pair of
Tl - -Cl triel bonds present, utilizing the o-hole on each TI
atom. To probe this situation in a bit more depth, AIM analysis
of the TICl,~ dimer supported the presence of these two triel
bonds, with bond critical point densities of 0.007 a.u., adding
also three Cl---Cl bond paths with a very similar density.

This journal is © the Owner Societies 2021
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Fig. 1 The original geometry of YORZEK crystalline solid.®*

NCI analysis buttressed this conclusion, as illustrated in Fig. S1
(ESIT). The CSD* archives contain 6 similar crystal structures (see
Fig S2 in ESIt) of TrX,>~ dimer geometries. Among them, four
contain an Al- - -Cl linkage, one Ga. - -Cl and one TI. - -Br interaction.
The triel bond distance varies between 3.562 and 3.727 A.

This idea that a pair of TrX, anions can interact with one
another in such a way as to form a pair of triel bonds was
examined in a much broader sense, by considering five Tr
atoms B, Al, Ga, In, and TI. As halogen ligands, X = F, Cl, and Br
were brought into the mix. The first step in the analysis is an
examination of the molecular electrostatic potential (MEP)
surrounding each anion monomer. This MEP was computed
in both the gas phase and immersed in aqueous solvent.
An example is displayed in Fig. 2 for TICl,” in water. Since
the moiety being probed is an anion, the MEP is of course
negative throughout. But it is least negative along the extension
of each Tr-X bond axis, as indicated by the red area in Fig. 2.
Vsmax is defined as the maximal value of the MEP on the
p = 0.001 a.u. isodensity surface, and is designated as a
c-hole, despite its negative sign.

The maxima on these surfaces are listed in Table 1 for the
various anions in both the gas phase and in aqueous solution.
There seems to be little influence of solvent on the depth of these
c-holes. There are several principal trends in the data. For the
lighter triel atoms, V;max becomes less negative as the X ligand
changes from F to Cl to Br, but this trend reverses as the heavier Tr
atoms display less sensitivity to the nature of X. For any given
ligand, the c-hole becomes less negative as the Tr atom grows in
size, especially noticeable for X = F. Overall, the least negative c-
hole is associated with InCl, , and BF,  has the most negative.

Dimers

In the gas phase, only three of the anions are able to form a
homodimer that represents a minimum on the potential energy

c-hole (-63.4 kcal/mol)

Fig. 2 MEP of TICl,~ in water solvent. Color scale is —0.14 a.u. (blue) to
—0.11 a.u. (red).
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Table 1 MEP maxima on isolated TrX,~ anions (kcal mol™)
Anion Gas Water
BF, —116.2 —116.3
AlF,~ —85.4 —85.6
GaF,~ —78.8 —78.5
InF,~ —57.9 —55.5
TIF, —62.1 —59.4
BCl,~ —82.7 —81.7
AlICl,~ —80.4 —81.0
GaCl,~ —79.0 —79.8
InCl,~ —61.6 —62.2
TICl,~ —63.2 —63.4
BBr,~ —73.7 —72.3
AlBr,~ —73.7 —72.7
GaBr,~ —72.6 —71.5
InBr, —63.0 —64.7
TIBr,~ —64.2 —65.7

surface. Three fluorinated systems (TrF,) , where Tr is one of
the three heaviest atoms Ga, In, and TI, are metastable minima
with positive interaction energies of 37, 15, and 22 kcal mol ™",
respectively. It is only when immersed in water that all of the
anions engage in stable homodimers. Most of these structures
are symmetric with two equivalent (TrX,)” units and both
intermolecular R(Tr- - -X) distances equal to one another. These
bond lengths are contained in Table 2 where they are compared
with the sum of their vdW radii in the last column. There is a
good deal of variety in this comparison. With the exception of
BF, , the fluorinated dimers have very short distances, just
barely longer than 2 A. This distance is much shorter than the
vdW sum, and only slightly longer than the sum of covalent
radii. Those systems containing Cl and Br are quite different.
Whereas the R(Tr- - -X) distance exceeds the vdW sum for the
lighter Tr atoms, it is considerably shorter than this point of
comparison for In and TI.

The energetics of these complexes reflect many of the trends
observed in the distances. As reported in Table 3, the inter-
action energies of the fluorinated dimers (again with the
exception of BF,) are quite negative, commensurate with their
short bond lengths that approach covalent values. This exother-
micity is tempered when the monomer deformation energies

Table 2 Triel bond distances (A) in anion- - -anion homodimers in water

Constituents R(Tr- - X) vdW radii sum'?®
BF,~ 4.047/4.060 3.37

AlF,~ 2.026 3.71 (cov: 1.78)
GaF,~ 2.093 3.78 (cov: 1.79)
InF,~ 2.187 3.89 (cov: 1.99)
TIF,~ 2.259 3.93 (cov: 2.02)
BCl,~ 4.481/4.500% 3.73

AlCl,~ 4.414/4.421° 4.07

GaCl,~ 4.350/4.377¢ 4.14

InCl,~ 3.033/3.036 4.25

TICl,~ 3.249/3.234 4.29

BBr,” 4.274% 3.77

AlBr,~ 4.355/4.358% 411

GaBr,~ 4.312/4.349 4.18

InBr, 3.934/3.941 4.29

TIBr,~ 3.722/3.718 4.33

¢ Dimers with R(Tr- - -X) longer than sum of corresponding vdW radii.

Phys. Chem. Chem. Phys., 2021, 23, 25097-25106 | 25099
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Table 3 Interaction and binding energies (kcal mol™?) of anion. - -anion
homodimers in water

Constituents Eine Ey,

BF,~ —0.22 (0.66)“ —0.23 (0.65)
AlF,~ —27.66 (—23.22) —0.64 (3.80)
GaF,~ —28.79 (—21.20) —7.24 (0.34)
InF,~ —39.66 (—33.65) —22.04 (—16.03)
TIF,~ —34.68 (—26.57) —20.48 (—12.37)
BCl,~ —1.96 (—0.77) —1.96 (—0.77)
AlCl,~ —2.58 (—0.83) —2.55 (—0.80)
GaCl,~ —2.87 (—0.89) —2.83 (—0.85)
InCl,~ —11.31 (—5.28) —4.41 (1.62)
TICl, ™ —9.08 (—3.03) —5.80 (0.25)
BBr,~ —2.63 (—0.50) —2.61 (—0.48)
AlBr,~ —4.43 (—0.89) —4.34 (—0.80)
GaBr,~ —4.84 (—1.04) —4.73 (—0.93)
InBr,~ —6.06 (—2.52) —5.37 (—0.64)
TIBr,~ —7.79 (—1.69) —6.47 (—0.37)

“ Energies corrected by BSSE in parentheses.

are factored in, so that the binding energies in the last column
are somewhat less negative, some even slightly positive after
counterpoise correction. The interaction energies of the chlori-
nated and brominated dimers are consistent with bond
lengths: these quantities are more negative for the heavier Tr
atoms. Note however, that negative interaction and binding
energies are achieved even for the smaller Tr atoms for which
the intermolecular distance exceeded the vdW sum. With
respect to comparison between different halogen ligands, the
brominated dimers are more stable than X = Cl for the lighter
Tr, but this pattern reverses for In and TI. Of course, correla-
tions between bond length and strength are not perfect'®® but
the former does serve as a useful indicator of the latter in
most cases.

Nature of bonding

AIM analysis of these various dimers leads to some intriguing
findings. As may be seen in Fig. S3 (ESI}), the molecular
diagrams suggest not only Tr---X bond paths, but also X---X
paths between atoms on different subunits. In fact, in several of
these dimers, particularly the weak ones, it is only the latter sort
of bond path that appears. More specifically, AIM shows only
X---X bond paths in the dimers where Tr = B, combinations of
Al or Ga with Cl and Br, and In combined with Br. In short,
there are triel bond paths only for the more strongly bound
dimers, with interaction energy greater than 6 kcal mol™". Two
of these molecular diagrams are presented in Fig. 3 for
(GaCly "), and (InCl, "), as an illustration of the different sorts
of noncovalent interactions.

The salient characteristics of the bond paths are collected in
Table 4, for those complexes in which there is a Tr---X bond
path present. (Of course, there are actually two of these bonds
present due to the molecular symmetry). The other sort of bond
path reported in Table 4 is the strongest of the X:--X bonds,
that between the two X atoms that are involved in the triel
bond. According to the AIM analysis, the latter X---X bond
cannot be ignored as some of its properties are comparable to
those of the dominant Tr- - X triel bonds. Focusing on the triel
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View Article Online

PCCP

'\/

Fig. 3 AIM molecular diagrams of (a) (GaCl, ), and (b) (InCly™),. Numbers

on bond paths refer to the density at the bond critical point.

a) (GaCls), b) (InCly),

Fig. 4 Three views of NCI diagram of (a) (GaCly ), and (b) (InCly7),.
Colors represent various type of interaction: blue — strong noncovalent
interactions, green — interaction of average strength, brown — very weak
interactions, red — repulsion. Black arrows point to the green regions
corresponding to the attractive interaction between the triel atom and the
chlorine from the other subsystem. The interactions between the chlorine
atoms correspond to the orange arrows.

bonds, the density tends to grow as the Tr bond becomes
stronger. Its Laplacian is positive, and also shows larger values
for the triel bonds than for the X: - -X interactions. Coupled with
the very small values of the energy density H, these bonds can
be comfortably characterized as noncovalent bonds. The reader
should be aware that there are instances in the literature
wherein AIM interpretation of noncovalent bonding can be
problematic.'*%1°

NCI represents an alternate pictorial means of analyzing the
topology of the electron density. Specific noncovalent inter-
actions between subsystems are indicated by arrows as indi-
cated in Fig. 4. Black arrows point to green regions
corresponding to the attractive interaction between the triel

This journal is © the Owner Societies 2021
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Table 4 AIM properties (a.u.) of homodimers in water for which a triel
bond path is present

Bond p V2p H
AlF,~

Al---F 0.033 0.258 0.006
F--.F 0.039 0.161 —0.005
GaF,~

Ga---F 0.049 0.245 —0.009
F--.F 0.032 0.132 —0.004
InF,~

In---F 0.056 0.322 —0.001
F---F 0.025 0.099 —0.002
TIF,~

Tl --F 0.058 0.308 —0.002
InCl,~

In---Cl 0.017 0.056 0.001
Cl---Cl 0.013 0.038 0.001
TICl,~

Tl --Cl 0.014 0.044 0.001
Cl---Cl 0.010 0.029 0.001
TIBr,~

Tl - -Br 0.007 0.021 0.001
Br---Br 0.007 0.019 0.000

atom and the Cl from the partner subsystem. Interactions
between Cl atoms are indicated by the orange arrows. There
are arrows of both colors present in both (GaCl,”), and
(InCl, ")y, suggesting both systems contain noncovalent bonds
of both types. A point of disagreement with AIM arises in that
AIM did not suggest a triel bond between the Tr and Cl atoms in
the (GaCl, ), complex, NCI does predict such an attraction.
As a secondary issue, NCI detects more Cl.--Cl interactions
than does AIM in the case of (InCl; ),.

NBO offers a somewhat different perspective on the binding
in these complexes. The (GaCl, ), and (InCl, ), dimers again
offer an illuminating view of these two viewpoints. According to
AIM, the only interactions within the former structure are six
bonds between Cl atoms on the two subunits, albeit only weak
ones with ppcp equal to 0.003 a.u. or less. (InCl, ),, on the other
hand, is viewed by AIM as containing a pair of In---Cl inter-
actions with density 0.017 a.u., with a supplement arising from
one Cl---Cl pair of 0.013 a.u. The results of NBO analysis of
(GaCl, "), are presented in Fig. 5a and b in the form of
the orbitals that interact with one another with appreciable
values of second-order perturbation energy E(2). The primary
interaction, with E(2) = 0.6 kcal mol ™", involves the lone pair of
one Cl atom of the upper molecule and the antibonding
6*(GaCl) of its partner in Fig. 5a. It is the CIl atom that lies
directly opposite the donor Cl lone pair which is involved in this
transfer. This sort of diagram is typical of triel and related
noncovalent bonds so offers evidence of a triel bond in this
dimer, contrary to the AIM view. The only other interactions in
this complex transfer charge from the same Cl lone pair to each of
the three other o*(GaCl) orbitals, one of which is illustrated
in Fig. 5b, but E(2) for these transfers are much smaller, only
0.10-0.13 kcal mol *. (It should be mentioned here that the
symmetry of these complexes leads to a mirror image picture of
the interactions where it is the lone pair of the lower molecule
transferring charge to the antibonding orbitals of the upper one.).
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Fig. 5 View of interacting NBO localized orbitals in (a) and (b) (GaCl, "),
and (c) and (d) (InCly")s.

Turning next to the (InCl,"), complex, there are much
stronger inter-orbital interactions as pictured in Fig. 5c¢ and d.
As in the (InCl, "), case, the ClI lone pair of the upper molecule
is the source of the transfer in all these pairs. The acceptor
orbitals are again o*(InCl), with the highest degree of transfer
involving that Cl which lies opposite the Cl donor in Fig. 5c,
with E(2) amounting to 11.2 keal mol ™. E(2) for the other three
o*(InCl) orbitals, one of which is pictured in Fig. 5d, range
between 6.5 and 7.7 kcal mol™'. This entire picture of NBO
orbitals involved in these transfers in either the Ga or
In systems is entirely consistent with a typical triel or other
related noncovalent bond, so the NBO interpretation of these
complexes, both weak and strong, would be that of a triel bond.

Another window into the nature of the bonding in these
dimers is derived from electron density shifts that accompany
the complexation. Maps of these shifts in three dimensions are
computed by subtracting the sum of the densities of the two
unperturbed monomers from that of the full dimer, with all
atoms fixed in their dimer positions. The purple regions in
Fig. 6 denote increases in density that arise as the two mono-
mers interact with one another, and losses are shown in green.
Due to the much closer contact within the (InCl, "), dimer, the
shifts are of greater intensity than they are in (GaCly ),.
In order then to compare the density shifts on a more equal
footing, the contours for (GaCl, ), in Fig. 6a represent a density
change of 0.0006 a.u. as compared to the larger 0.0015 a.u.
contours in Fig. 6b.

There are fundamental differences between the patterns for
the two dimers. The changes within (GaCl,"), indicate nearly
equal polarizations of each of the three Cl atoms on each
monomer that are oriented toward the partner. These polariza-
tions from green to purple shift density away from the partner.
The fourth Cl atom accrues a bit of additional density,
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a)
Fig. 6 Electron density difference maps caused by dimerization of
(@) (GaCly ), and (b) (InCly7),. Purple and green regions respectively
denote gain and loss of density. Contour shown in (a) is 0.0006 a.u. and
that in (b) is 0.0015 a.u.

indicated by the surrounding purple regions. There is very little
charge motion that involves the Ga atoms, nor the region
between them and the Cl atoms on the neighboring subunit.
This pattern is consistent with the AIM diagnosis of weak
interactions between neighboring Cl atoms, with no Tr atom
involvement.

The shifts within (InCl,"), in Fig. 6b are quite different.
There are both gains and losses in the intermolecular region.
There is a clear loss/gain pattern along the In- - -Cl path which is
characteristic of triel and other noncovalent bonds. There is
also a sizable green region of density loss at the center of the
system, coupled with gains along the Cl. - -Cl axis, which may be
symptomatic of the Cl- - -Cl bonding interaction that is flagged
by the AIM diagram. All in all, these density shift patterns are
consistent with the AIM version of the bonding in these two
complexes.

The individual components of decomposition of the total
interaction energy of the chloride cases are collected in Table 5.
The trends appear to break down into two overarching cate-
gories. The first three dimers listed are the weakest of the five. A
second distinguishing feature is that there is no AIM Tr---Cl
triel bond path in these weaker complexes, while such a path is
present in the other two. The interaction energy in the three
weakly bound dimers are completely dominated by polarization
which accounts for 95% of the total attractive energy. While
polarization is also important for the two stronger complexes,
its contribution drops a bit to 74-78%, as exchange vastly raises
its contribution from 4 to 35-50 kcal mol~'. On a percentage
basis, this enhancement brings the exchange component up to
roughly 20%, and dispersion ramps up to about 5%. It might
also be noted that the electrostatic component is highly repulsive
in all cases, and must be overcome by the other factors. While
factors such as geometry relaxation and electron density

Table 5 LMOEDA/MP2/aug-cc-pVDZ decomposition of the interaction
energy (i) of studied complexes into electrostatic (Ees), exchange (Eqy),
repulsion (E.ep). polarization (E,q) and dispersion (Egisp) components. All
quantities in kcal mol™*

Ees Eex % Erep Epol % Edisp % Eint
BCl, - -BCl,~ 157.5 -3.24 2 4.60 —156.6 96 —3.01 2 —0.75
AlCl,”---AlCl,~  147.2 —-3.52 2 5.34 —147.4 95 —4.20 3 —2.58
GaCl, ---GaCl,” 146.5 —4.31 3 6.29 —146.1 95 —3.45 2 —1.07
InCl, - -InCl,~ 125.6 —49.2 22 86.6 —161.0 74 —8.50 4 —6.5
TICl, ---TICl,~ 133.1 —34.6 18 59.3 —153.7 78 —9.40 5 -5.3
25102 | Phys. Chem. Chem. Phys., 2021, 23, 25097-25106
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reorganization can at times complicate the interpretation of
individual components of the total interaction energy,'®* '’
they nonetheless offer a valuable window into the sources of
stability. Similar caveats apply to the MEP since it is most apt
when species are some distance apart, and interactions
between potentials do not include the kinetic aspects of the
interaction.

Environmental effects

The forgoing data were focused on either the in vacuo situation,
or when the systems are placed in the very high dielectric
solvent water. These two scenarios represent two extremes on
a continuum. Many environments in which these systems
might find themselves, especially in a crystal, represent some
intermediate situation. In order to examine how other environ-
ments might affect these systems, (TICl, ), was taken as a
prototype dimer, and its properties calculated in the situations
listed in Table 6. When immersed in water, the optimized
distance is 3.24 A, at which point the interaction energy is
—3.03 keal mol~*. When the monomer deformations are added,
the binding energy becomes slightly positive. As the solvent
becomes less polar, i.e. as ¢ drops down to 40 and then 20, the
interaction energy rises in magnitude to —10 kcal mol 7,
although E;, remains slightly endothermic. For less polar sol-
vent, in this case dichloroethane with ¢ = 10, the dimer is no
longer able to form a stable complex. A single point calculation
of the dimer in the geometry it adopts within the crystal is
highly endothermic, and does not even represent a true mini-
mum. The last row of Table 6 considers the environment not as
a surrounding polarizable continuum, but rather as a pair of
CsHGN' pyridinium cations, positioned just as they are in the
crystal. With these two counterions present, the interaction
energy between the pair of (TICl,”): - -pyr" units becomes nega-
tive, albeit only slightly so. This result suggests that the
presence of the counterions are a crucial factor in the ability
of the two anions to engage with one another.

Summary and discussion

The Coulombic repulsion between the two anions overwhelms
any attractive force in the gas phase. However, the attenuation
of these repulsions by placement of the system within a
dielectric continuum enables the noncovalent bonds to form,
leading to stable dimers. The most strongly bound involve
TrF,~ dimers where Tr is Al, Ga, In, or Tl, and interaction
energies are greater than 20 kcal mol ™ '. Binding energies which
include monomer deformations are less exothermic, some even
slightly positive. BF,™ dimer, in contrast, is barely bound at all.
Within the group of chlorinated systems InCl,” and TICl, ™ are
more strongly bound 3-5 (kcal mol ") than are those of the
lighter Tr atoms, less than 1 kcal mol . With respect to X = Br,
the interaction energies of the TrBr,  dimers, range between
0.5 and 2.5 kecal mol ™.

As for the sorts of noncovalent bonds that are present,
there is some disagreement amongst the analyses that rest on

This journal is © the Owner Societies 2021
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Table 6 Calculated intermolecular distance and energetics (kcal mol™?) of the (TICl, ), system in various environments

Environment e R(Tr- - -Cl), A Eint Ey
Water 78 3.234/3.249 —3.03 0.25
1,2-Ethane-diol 40 3.257/3.230 —10.20 0.92
Acetone 20 3.275/3.263 —-9.20 1.97
Dichloroethane 10 — — —
Gas phase (in geometry of crystal) 1 3.641° +48.00 —
Gas phase (in geometry of crystal) with two counterions 1 3.641” —0.58 —

ég > & N
i@
e L o
3 09
9
“ System is not converged. ” Not optimized.

electron density topology and the NBO treatment of interorbital
transfers. AIM bond paths are not present between the Tr of
one monomer and X on its partner in all cases. Triel bond paths
are present only for the more strongly bound dimers, with
interaction energy greater than 6 kcal mol *. Other AIM bond
paths suggest intermolecular X- - -X bonds, for most but not all
of the dimers. NCI analysis indicates both Tr---X and X---X
bonds are present. The NBO interorbital second-order pertur-
bation energies are consistent with the presence of a triel bond
in these dimers, whereas maps of electron density shifts are
more consistent with the AIM interpretation.

The observed patterns of anion:--anion interactions
observed here are consistent with prior work involving related
systems. The overall conclusion from many of these studies is
that formation of a complex may be possible in the gas phase,
but the dimer is typically only metastable with respect to
dissociation to a pair of anions. The situation changes in
solution where the dimer represents a thermodynamically
stable minimum. H-bonded complexes constitute the largest
subset of these sorts of systems®°®'22 but the categories
continue to grow. The number of halogen-bonded dimers
between pairs of anions is rising,”>'**7'*° augmented recently
by pnicogen bonds.'*® Another category places a metal atom at
the center of each anion,"*'**? whether alkaline earth metal or
the Zn family. Inert gas atoms too can involve themselves in
anion- - -anion interactions as when AeX5 ™~ (Ae = Kr, Xe) binds to
a small anion.™**

In terms of overall stability, some of these complexes are
fairly tightly bound. In aqueous solution the binding energy of
CN™ with the various MCl;~ anions, where M is a group 2A
atom ranges up to 20 kcal mol ™" "*! and lies in a similar range
for 2B atoms Zn, Cd, or Hg."*? Pnicogen bonds between anions
are even stronger, more than 20 kcal mol " for the ZCl, ™ series,
with Z = P, As or Sb."*® Interaction energies are quite a bit
smaller, less than 2 kcal mol™!, when any of several small
anions engages in an aerogen bond with AeX;~."** Of particular
relevance to the systems examined here, when TrCl, interacts with
CN~ in water, the interaction energy approaches 50 kcal mol *.'**

Turning away from highly compact anions like CN™ anion,
to a pair of MX;™ units where M is a member of the Zn family,
interaction energies lie in the 2-8 kcal mol™' range, again

This journal is © the Owner Societies 2021

in water.®® These quantities are similar to those computed here
for the TrX,  anions, with the exceptions of some of the more
strongly bound TrF,” homodimers. With respect to the electro-
static component of these dimerizations, E.; is large and
positive, highly repulsive, much like the aforementioned ZnX;™
spodium-bonded dimers.®°

Evidence of anion- - -anion interactions based on the c-hole
which is considered in the current work may stimulate further
studies of new supramolecular dianionic synthons of similar
architecture and stabilization scheme. It is anticipated that
these ideas may find application in crystal engineering or
materials chemistry.
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