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Abstract In this manuscript, we report an ab initio the-
oretical study (RI-MP2/aug-cc-pVDZ) that deals with the
effect of having different electron acceptor molecules
interacting with the aromatic moiety (s-triazine) on the
anion—7 interaction strength. Depending on the type and
number of interacting molecules, a wide range of com-
plexation energies can be obtained, and therefore, a tuning
of the interaction strength can be adjusted. In addition,
cooperativity effects between the anion—= and a variety of
other noncovalent and convalent interactions are analyzed
and compared. We have used Bader’s theory of “atoms-in-
molecules” to demonstrate that the electron density
computed at the bond critical point that emerges upon
complexation can be used not only as a measure of bond
order but also as a measure of cooperativity and interplay
between the noncovalent interactions that coexist in the
same complex.

Keywords Anion—r interactions - Ab initio calculations -
Halogen bonding - Lithium bonding - Hydrogen bonding -
Cooperativity effects

1 Introduction

In terms of potential applications, supramolecular chemis-
try has expanded rapidly and integrated backwards into
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other disciplines, most notably complex nanostructures with
astonishing precision. The arrangement and function of
supramolecular assemblies take place through a variety
of noncovalent forces. An understanding and quantification
of intermolecular interactions is of importance both for the
rational design of new supramolecular systems, including
intelligent materials, as well as for developing new bio-
logically active agents [1]. Noncovalent interactions play a
central role in many areas of science and technology,
including chemical reactions, molecular recognition and
regulation of biochemical processes [2]. These chemical
processes are accomplished with specificity and efficiency
taking advantage of intricate combinations of weak inter-
molecular interactions of various sorts. Noncovalent inter-
actions such as hydrogen and halogen bonding, aromatic
interactions, and other weak forces govern the organization
of multicomponent supramolecular assemblies [3-7]. A
deep understanding of these interactions is of great impor-
tance for the rationalization of effects observed in several
fields, such as biochemistry and materials science. Taking
advantage of quantum chemical calculations on model
systems, a quantitative and accurate description of these
interactions can be achieved [8-10].

There is a variety of noncovalent interactions involving
aromatic rings that are very important in supramolecular
chemistry [2]. For instance, cation—-n [11-16], n—n and
CH/rn interactions are important factors in molecular rec-
ognition and biological processes [3, 17, 18]. In addition,
the favorable interaction of anions with m-acidic rings,
namely anion—7 interaction [19-21], has been extensively
studied theoretically [22], and its importance has been
corroborated by a great deal of experimental work. For
instance, a new family of anion receptors based on anion—
7 interactions has emerged [23-32]. Moreover, the design
and synthesis of highly selective anion channels [33—40]
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represent a very significant progress in this young but
consolidated field of the supramolecular chemistry. In
addition, the anion—n interaction has been observed
in several biological systems. For instance, it participates
in the inhibition of the enzyme urate oxidase by cyanide
[41] or the enzymatic chlorination of tryptophan by PrnA
flavin-dependent halogenase [42]. There are several
excellent reviews [43—45] that describe different aspects of
the anion—7 interaction. From the physicochemical point
of view, the anion—r interaction is dominated by electro-
static and anion-induced polarization forces [22]. The
strength of the electrostatic component depends upon the
value of the quadrupole moment of the arene. The anion-
induced polarization term correlates with the molecular
polarizability (o) of the aromatic compound [46].

The m-acidity of aromatic rings can be modulated using
substituents. The m-electron-rich benzene can be turned
into electron poor by substituting hydrogen atoms by
electron-withdrawing groups (EWG), for instance nitro
groups. This can be named the “covalent way.” However,
there is another possibility to modulate the n-acidity of the
ring, which is the use of noncovalent interactions (“non-
covalent way”). This way opens up a wide range of pos-
sibilities by using different number and types of
interactions that allow a modulation of the m-acidity of the
ring. A recent review has examined pairwise combinations
of several weak interactions, including anion—-7 bonding,
and described the synergy that operates between them [47].
In particular, the effect of the simultaneous interaction of
the aromatic ring with hydrogen and halogen bond donor
on the anion—7 interaction has been recently studied [48].
In addition, the influence of metal coordination to hetero-
aromatic rings on the energetics of anion—r interactions has
been analyzed in two papers [49, 50]. For instance, the
coordination of Ag' has been shown to dramatically
enhance their disposition toward anion—n binding [49]. In
this manuscript, we report a theoretical study where we
analyze the mutual influence of the anion-n interaction
with two additional interactions/bonding that have not been
studied before, which are interaction with LiF (lithium
bonding) and BF;/BH;. Lithium, as a congener of hydro-
gen, undergoes similar interactions to form the lithium
bond [51]. Lithium boding is a much less investigated
noncovalent interaction than hydrogen bonding. The
mutual influence between the lithium and the hydrogen
bonds has been recently analyzed [52].

In addition, in this manuscript, we also compare the
influence of the aforementioned interactions (lithium
bonding, N---BH3/BF; interaction) with the already studied
influence of the hydrogen, halogen bonding and Ag coor-
dination upon the anion—7 interaction. For this study, we
have selected s-triazine, which is a heteroaromatic ring
with three nitrogen atoms that can participate in a variety
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of interactions as electron donor. Therefore, taking
advantage of two factors, that is, the number of nitrogen
atoms of the s-triazine that participates in g-bonding and
the type of interaction (H, X and Li-bonding, coordination,
etc.), a wide range of energies can be obtained and, more
importantly, modulated. This can be very important in the
design of synthetic receptors for anions or functional
material based on this interaction. In addition to the com-
putation of the interaction energies and how they can be
adjusted to a desired value, we analyze cooperativity
effects by means of two energetic criteria. Moreover, we
use the Bader’s theory of “atoms-in-molecules,” which
provides an unambiguous definition of chemical bonding
[53], to describe the interactions and to analyze coopera-
tivity effects. The AIM theory has been successfully used
to characterize and understand a great variety of interac-
tions including the ones studied herein.

2 Theoretical methods

The geometry' of all the complexes included in this study
was optimized using the RI-MP2 method and the aug-cc-
pVDZ basis set within the program TURBOMOLE version
6.1 [54]. For silver atom, the aug-cc-pVDZPP basis set was
used, which uses a relativistic effective core potential
(ECP), developed by Peterson and Puzzarini [55]. Specif-
ically, the pseudopotential corresponds to the previously
reported Stuttgart/Koln energy consistent PPs that were
adjusted to all-electron four-component multi-configura-
tion Dirac—Hartree—Fock calculations, including the two-
electron Breit interaction [56]. The RI-MP2 method [57,
58] applied to the study of cation—n and anion—r interac-
tions is considerably faster than the MP2, and the inter-
action energies and equilibrium distances are almost
identical for both methods [59, 60]. We and others have
recently demonstrated that this level of theory gives com-
parable results to the CCSD(T)/AVTZ//RI-MP2/aug-cc-
pVQZ level for several anion—m complexes [61, 62]. The
binding energy (E) was calculated at the same level with
correction for the basis set superposition error (BSSE)
using the counterpoise method [63]. The optimization of
the molecular geometries has been performed imposing the
C5, symmetry point group, unless otherwise noted. Other
possible conformations of complexes have not been con-
sidered because the ultimate aim of this study is to analyze
the m-binding properties of coordinated s-triazine toward
anions. If the optimization is carried out without imposing

! Cartesian coordinates of the RI-MP2/aug-cc-pVDZ optimized
structures of all compounds and complexes are available for
download from the Theoretical Chemistry Accounts supplementary
material website: http://www.springer.com.
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symmetry constrains, a migration of the anion to the
interacting molecules is observed. The final result is the
anion “solvated” by the o-interacting molecules. For
several complexes, where the BSSE correction was very
large, we have carried out BSSE-corrected geometry
optimizations in order to know the influence of the BSSE
on the geometry of the complex. The “atoms-in-mole-
cules” analysis [64] has been performed by means of the
AIM2000 version 2.0 program [65] using the MP2/aug-
cc-pVDZ wave functions. We have used the Merz—Koll-
man scheme for deriving atomic charges and studying
charge transfer effects at the same level of theory. It has
been reported that this method provides high-quality
charges [66].

In the multicomponent complexes where anion—n and
other interactions coexist, we have studied cooperativity
effects by computing the cooperativity energy Ecqop Using
Eq. (D).

Ecoop = Epsse(An + 0B) — Egssg(An) — Egsse(oB)
*EBSSE(AB) (l)

where Eggsp(A7), Egssg(0B) and Egssp(An + oB) terms
correspond to the interaction energies (BSSE-corrected) of
the corresponding optimized anion—7, ¢B (this notation is
used to define any interaction involving the nitrogen atoms
of the ring, which are almost coplanar with the ring) and
multicomponent anion—n + ¢B complexes, respectively.
The FEgpssg(AB) term is the interaction of the anion with
the molecules that interact with the nitrogen atoms in the
geometry that they have in the anion—n—0B complexes (in
the absence of the m-system). This expression has been
successfully used in the study of cooperativity effects in a
variety of systems in which two different interactions
coexist, including 7 systems as simultaneous hydride- and
hydrogen-bond acceptors and the simultaneous interaction
of tetrafluoroethene with anions and hydrogen-bond
donors [47].

3 Results and discussion
3.1 Preliminary findings and results

We have examined the Cambridge Structural Database in
order to find evidences of anion—r interactions in systems
where the aromatic ring is establishing simultaneous
interactions either with boron or alkaline atoms. While
experimental evidences of simultaneous interaction of
electron-deficient aromatic compounds with anions and
hydrogen and halogen bond donors, and coordination to
Ag' have been reported [22], the possibility of interaction
with anions and boron or alkaline derivatives has not been

studied so far. There is a significant number (>40) of X-ray
structures containing electron-deficient heteroaromatic
rings interacting with anions where the nitrogen atom is
bonded to boron at the same time. In contrast, the number
is significantly reduced (<5) when the boron is replaced by
any alkaline atom. Three selected examples are shown in
Fig. 1. For the anion—n complexes where the aromatic ring
is coordinated to boron, we show two structures, GUKSEK
[67] and BOQSOP [68], where interesting anion—r inter-
actions are present. Finally, in the VEPBUO [69] structure,
the heteroaromatic 1,10-phenanthroline rings are interact-
ing with a sodium cation in a 3:1 stoichiometry. Adduct is
establishing two anion-7 interactions with the tri-
fluoromethanesulfonate anion.

In addition to the CSD search, we have also performed
some preliminary calculations computing the molecular
electrostatic potential (MEP) surface of s-triazine alone and
coordinated to the molecules used to increment the
n-acidity of the ring by means of their interaction with the
aromatic nitrogen atoms (see Fig.2). From the MEP
results, it is clear that the influence of the interacting
molecules on the 7-acidity of the ring is strong. Further-
more, the wide range of MEP energies obtained for the
s-triazine complexes anticipates a possible modulation
of the interaction playing with both the type and number of
o-interactions.

3.2 Anion—r and ¢ complexes

Table 1 summarizes the interaction energies without and
with BSSE correction (E and Egssg, respectively) and
equilibrium distances of complexes 2—-10 (see Fig. 3) at
the MP2/aug-cc-pVDZ level of theory. The interaction
energies of anion—-m complexes 2—4 follow the general
trend regarding energies and distances expected for halide
anions. As a matter of fact, the s-triazine ring has an
almost negligible quadrupole moment (Q,, = 0.90 B), and
consequently, the interaction with anions or lone pairs of
electronegative atoms is not electrostatically very favored,
and the interaction is dominated by polarization effects.
Concerning the o-interactions, we can divide them into
covalent and noncovalent. The model molecules used to
study these interactions are neutral. For the noncovalent
hydrogen, halogen and lithium bonds, we have used HF,
BrF and LiF molecules, respectively. To model the
interaction with transition metal complexes, we have used
AgCl. Finally, for the interaction with boron, we have
used BH; and BF; molecules. Curiously, the halogen
bonds (complex 6) are stronger than the hydrogen bonds
(5) and even higher than the lithium bonds (7). For the
covalent bonds, the Ag-N bond is stronger than the B-N
bond.
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Fig. 1 Partial view of the X-ray
structures retrieved from the
CSD. The hydrogen atoms have
been omitted for the sake of
clarity. Distances in A

CF,50; BOQSOP

Triazine (1) Triazine---3HF (5) Triazine---3BrF (6) Triazine--3LiF (7)
MEP = 23.9 kcal/mol MEP = 66.5 kcal/mol MEP = 71.9 kcal/mol MEP = 96.2 kcal/mol

100
75

50
25
0

-25
-50 .

Fig. 2 MEP surfaces of triazine alone and g-bonded (coordinated) to several molecules. Legend energies in kcal/mol

Triazine---3AgCl (8) Triazine---3BH3 (9) Triazine---3BF3(10)
MEP = 110.0 kcal/mol MEP = 82.4 kcal/mol MEP = 94.7 kcal/mol
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Table 1 Interaction energies with 103SSE correction (Egssg in kcal/
mol) and equilibrium distances (R, A) at RI-MP2/aug-cc-pVDZ level
of theory for complexes 2—-10

Complex Epssg R Owmk 10%p

2A+F) —10.6 2.542 —0.84 0.9998
3a+C) 7.0 3.145 —0.89 0.6974
4 (1 4+ Br) —6.1 3.333 —0.91 0.6325
51 + 3HF) —224 1.774 3.9644
6 (1 + 3BrF) —-30.2 2.385 4.8210
7 (1 + 3LiF) —-27.8 2.102 2.2229
8 (1 + 3AgChH —68.5 2.098 9.1372
9 (1 + 3BH,) —65.8 1.665 9.0496
10 (1 + 3BF3) —27.0 1.777 8.1628

Merz—Kollman-derived charges (Qmk, €) of the anion (complexes
2-4) and the values of the charge density at the bond (complexes
5-10) or cage CP (complexes 2—4) (p, a.u.) are also summarized

J
X Y
N N
N — AN
N SSe
N \%N —— Y\\\N \%N .,
Y.
Ve N
1 2, F 5y=H F
3 Cl 6, Y=Br
?l 4, Br 7, Y=Li
Ag BZ;
N N
N
T B
NN, NN,
/Ag Ag\ ZsB BZs
Cl 8 Cl 9, Z=H
10, Z=F

Fig. 3 Compound 1 and their complexes 2-10

3.3 Cooperativity in multicomponent anion—7n
and g-bonded complexes

The geometric and energetic results computed for multi-
component complexes 11-28 (see Fig. 4) are summarized
in Table 2. For two complexes, where the BSSE energies
are large (18 and 19), we have carried out BSSE-corrected
geometry optimizations, and we have obtained comparable
results, very similar interaction energies and slightly larger
equilibrium distances. For complexes where the nitrogen
atoms of s-triazine are forming covalent bonds with silver
and boron (20-28), the BSSE correction has not been
applied. Some interesting points can be extracted from the
geometrical results. The equilibrium distance R. of the
anion—7 interaction in anion-n—¢B complexes is shorter
than in binary complexes 2—4; that is, the presence of any

Y _Ag BZ,

11, X=F, Y=H ci X=F 23, X=F, Z=H
12, X=Cl, Y=H 21, X=Cl 24, X=C, Z=H
13, X=Br, Y=H . X=Br 25, X=Br, Z=H
14, X=F, Y=Br 26, X=F, Z=F
15, X=Cl, Y=Br 27, X=Cl, z=F
16, X=Br, Y=Br 28, X=Br, Z=F
17, X=F, Y=Li

18, X=Cl, Y=Li

19, X=Br, Y=Li

Fig. 4 Multicomponent anion—n and o-bonded complexes 11-28

of the other interactions (sigma bonds) studied in this work
strengthens the anion—rn interaction. In addition, the equi-
librium distances of the g-bonding interaction R,g is also
shorter in anion—n—¢B complexes compared to complexes
5-10; that is, the presence of the anion—r interaction also
strengthens the o-bonding interaction. As expected, this
mutual reinforcement varies depending on the kind of
o-interaction. In general, the shortening of the anion—n
interaction (0.189 < AR, < 0.396 A) is more significant
than the shortening of the o-interaction (0.007 < AR,p
< 0.156 10\), which likely indicates that the anion—r inter-
action is more reinforced than the o-interaction. This issue
will be further discussed below. The greater shortening of
the R,g values corresponds to the hydrogen, halogen
bonding and N---BF; interactions.

It should be emphasized that the values of Eggse(AB)
energies summarized in Table 2 are very large, indicating
that the interaction of the anion with the o-bonded mole-
cules is very important in the multi-component complexes,
particularly in fluoride complexes where the distance from
the anion to the o-bonded molecules is shorter. Therefore,
this interaction has a strong influence in the formation of
the complexes. This is the reason why it is very important
to subtract this value from the total interaction energy when
computing the cooperativity energies.

At this point, it is interesting to analyze our results
taking into account the recent work published by Wheeler
and Houk [70], regarding the nature of anion—n interactions
involving benzene rings. Although it is difficult to apply in
heteroaromatic rings [71], it represents an interesting and
different way to explain the effect of the substituents on the
anion—n strength. They propose that substituent effects in
these systems can be attributed mainly to direct interactions
between the anion and local C-X dipoles. Specifically,
interaction energies for Cl™---CgHg_,X,, complexes could
be matched using a model system in which the substituents
are isolated from the aromatic ring and n—resonance effects
are impossible. Wheeler and Houk demonstrate that the
interaction energy for Cl™---C¢Hg_,X,, complexes follows
a linear relationship with the electrostatic potential
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Table 2 Interaction energies and cooperativity energies with BSSE
correction (Eggsg and Ecqops respectively, in kcal/mol), equilibrium
distances (R, and R,g, in A) and their variation (AR, and AR,g, in A)
at the RI-MP2/aug-cc-pVDZ level of theory for complexes 11-28

Complex Egsse Ecoop  Epsse  Re RsB AR, AR.g
(AB)
11 —57.0 -73 —16.7 2353 1.656 0.189 0.118
12 —48.2 —56 —132 2929 1.685 0.216 0.089
13 —45.9 -5.1 —12.3 3.110 1.693 0.223 0.081
14 —-76.8 —20.8 —152 2255 2229 0.287 0.156
15 —652 —16.0 —12.0 2817 2252 0.328 0.133
16 —62.2 —146 —11.3 2993 2258 0.340 0.127
17 —90.9 —58 —46.7 2271 2.043 0.271 0.059
18 —78.4 —5.6 —38.0 2.822 2.059 0.323 0.043
—79.0 2.878 2.129
19 —-75.0 —54 =357 2995 2063 0.338 0.039
—75.7 3.059 2.134
20 —136.0 —10.0 —469 2227 2086 0.315 0.012
21 —122.6 —=7.1 —40.0 2779 2.090 0.366 0.008
22 —119.0 —-6.0 -—-384 2951 2.091 0.382 0.007
23 —109.5 —15.7 —174 2260 1.642 0.282 0.023
24 -97.7  —12.1 —12.8 2.824 1.646 0.321 0.019
25 —947 —112 —11.6 3.000 1.647 0.333 0.018
26 —-82.0 —152 -292 2190 1.672 0.352 0.105
27 —-67.0 —12.1 =209 2761 1.689 0.384 0.088
28 —632 —112 —189 2937 1.694 0.396 0.083

The Egssg(AB) values as defined in Eq. (1) in kcal/mol are also
summarized. R, is the anion—n equilibrium distance, and R,g, the
equilibrium distance of the o-bonding interaction

* Values in italics correspond to BSSE-corrected geometry optimi-
zation results

evaluated at the position of C1™. The resulting equation has
a scaling factor between the interaction energy and E.p
close to 1 (E = 0.98*E,. — 7.27). Therefore, the differ-
ences in the interaction energy of the complexes reflect the
differences in the electrostatic contribution to the total
interaction energy. This explanation has been also used by
Wheeler and Houk in other systems and interactions like
cation-n and m—m stacking [72, 73]. We have recently
applied this analysis to anion—n complexes of fluorinated
ethyne, ethene, butadiene, benzene and [n]radialenes
(n = 3-5) [74] where we have successfully used the
Wheeler—Houk correlation. We have shown that the dif-
ferences in interaction energy mainly reflect the differences
in the electrostatic term. In this work, inspired by the
manuscript of Wheeler and Houk [70], we have represented
the total interaction energy obtained for noncovalent
complexes 11-19 versus the FEggsg(AB) term, which
accounts for the interaction of the halogen anion with the
three sigma-complexing agents in their complex geometry
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in the absence of s-triazine. We have found a very modest
relationship (R* = 0.63, see Fig. 5), which likely means
that the changes in the interaction energies of the multi-
component complexes reflect to some extent the differences
between the interactions of the anion with the g-interacting
molecules. In this case, the resulting equation obtained from
the regression plot has a scaling factor of 0.86, confirming
that the energetic trend observed in complexes 11-19 only
in part reflects the differences in Egssg(AB) values.
Moreover, if all complexes are included in the representa-
tion, a complete scatter of point is observed (R2 = 0.001,
see Fig. 5). Therefore, other factors can be important apart
from the interaction of the anion with the o-molecules in the
covalent complexes. For instance, in the complexes
involving BH; and BF; molecules, there is a change of
hybridization of the boron atom upon complexation, and
consequently, the geometry of the “g-molecule” changes
significantly. Therefore, the interaction energies of the
multicomponent complexes involving these molecules are
affected by other influences that are not present in the
noncovalent complexes 11-19.

Table 2 also lists the computed values of cooperativity
energies E.qop [see Eq. (1)], which are intended to provide
an estimation of the “extra” energetic stabilization or
destabilization obtained in multicomponent complexes as a
consequence of the coexistence of both interactions. From
the E.oop values listed in Table 2, several general conclu-
sions can be extracted. First, the values of E.,, are neg-
ative in all complexes, thus indicating a positive synergy
between the interactions, in agreement with shortening of
the equilibrium distances (see AR values of Table 2).
Second, in absolute terms, the E,p, values are important in
all complexes 11-28 (anion—n—oB assemblies) contribut-
ing 5-30 % of the total interaction energy. Unexpectedly,
the E.op, values are more significant in halogen bonding
than hydrogen-bonding complexes. This points out that the

® “covalent” complexes 20-28
@ “non covalent’ complexes 11-19

-20

-40

-60

-80

-100

Egsse, kealimol

-120 .®

-140

-160 . . : : , . . . . ‘
-50 45 -40 35 30 25 20 -15 10 -5 0
Easse(AB), kcal/mol

Fig. 5 Regression plot of the total interaction energy (Egssg) versus
the interaction of the anion with the interacting o-molecules in their
complex geometry in the absence of s-triazine (Egssg(AB), see Eq. 1)
for complexes 11-28
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interaction of the halogen-bonding donor molecules with
the lone pair of the nitrogen atoms by means of the g-hole
of the bromine atom increases the 7 acidity of the s-triazine
to a major extent. The computed values of E.qp for com-
plexes 23-28 are also remarkable, in which the presence of
strong Lewis acid groups has a strong influence on the
anion—n interaction. It also is interesting to note that
the capability of BH; molecule to increase the m-acidity of
the s-triazine is greater than that of BF;. As a matter
of fact, the binding energy of s-triazine and three molecules
of BH; is almost 30 kcal/mol more favorable than the
interaction with three molecules of BF; (see Table 1). This
result is in agreement with previous theoretical [75] and
experimental results [76], which have shown that BF; is a
weaker Lewis acid than BHj3. In fact, the experimental B-N
bond strengths of Me;N-BH; and Me;N-BF; compounds
are 38.3 and 31.0 kcal/mol, respectively [76].

To investigate whether cooperativity effects can be
related to charge transfer from the anion to the aromatic
system, the Merz—Kollman charges on the anion in the
complexes are summarized in Table 3. This method for
deriving atomic charges is expected to give good quality
charges [66]. To study the relationship between charge
transfer and cooperativity effects, the variation of the anion
charge in multicomponent systems 11-28 with respect to
the binary anion-n complexes 2-4 is summarized in
Table 3 (AQwmk values). In all complexes, AQuk is

Table 3 Anion charges (Q, e) and their variation (AQ, e), according
to the Merz—Kollman (MK) method

Compound  Qmk AQwvik  pccr PBCP Apccp  Apgep
11 —0.80 0.04 1.3082  5.4849 3.085 15.205
12 —0.86 0.04 0.9619  5.0571 2.646  10.928
13 —-0.87 0.04 0.8846  4.9518 2.520 9.874
14 —0.76  0.08 1.5031 6.9384 5.033 21.174
15 —-0.80 0.10 1.1436  6.5714 4462 17.504
16 —0.81 0.09 1.0626  6.4768 4.3 16.558
17 —-0.77 0.07 1.4659  2.6428 4.662 4.199
18 —0.80 0.09 1.1271 2.5267 4.297 3.037
19 —-0.81 0.10 1.0504 24987 4.179 2.758
20 —-0.73 0.11 1.5465  9.5443 5.468 4.072
21 —-0.77 0.13 1.1995 94174 5.021 2.803
22 —-0.77 0.14 1.1223  9.3887 4.898 2.516
23 —0.83 0.00 1.4745 99313 4.748 8.818
24 —0.86 0.04 1.1232 9.7329 4.258 6.833
25 —-0.86 0.05 1.0451 9.6939 4.126 6.433
26 —-0.81 0.03 1.6148 10.5235 6.151  23.607
27 —-0.82 0.07 1.2272  10.0467 5.298  18.839
28 —0.82 0.09 1.1417  9.9387 5.092 17.759

The values of the charge density (10%p) at cage and bond CPs (CCP
and BCC, respectively) and its variation (Ap) at the MP2/aug-cc-
pVDZ level of theory for complexes 11-28 are given in a.u

positive, that is, anion — 7 charge transfer is greater in
anion—-n—oB complexes than in anion-n complexes 2—4.
Therefore, this can be understood as an indication of
reinforcement of the anion—7 interaction, in agreement
with the Eqop, AR, and AR, values. We have also ana-
lyzed whether there is a correlation between the coopera-
tivity values (E.,.p) and the total interaction energy (E) in
complexes 11-28; however, a dispersion of points lacking
any correlation has been found (see Figure S1 in the sup-
plementary material), indicating that the cooperativity
energy is not related to the total interaction energy of the
multicomponent complexes.

3.4 AIM analysis

We performed the AIM analysis of all compounds studied
in this work. It is well established that the charge density p
at the critical points (CPs) that emerge upon complexation
give helpful information regarding the strength of the non-
covalent interactions involved in the complexes [46, 77].
Indeed they have been successfully used as a measure of the
bond order in a variety of noncovalent interactions includ-
ing anion—n and hydrogen-bonding and halogen-bonding
interactions [48, 78, 79]. Therefore, the variation in the p
value at CPs in multicomponent systems with respect to the
isolated anion—n and ¢B complexes can be used to analyze
the mutual influence of the two interactions. One example
that involves a classical noncovalent interaction and other
that involves a coordination dative bond are illustrated
in Fig. 6. Anion—n-HB complex 11 has a p value of
5.4849 x 1072 a.u. at the bond CP that characterizes the
hydrogen-bonding interaction, which is greater than the
value computed at the bond CP of complex 5 (3.9644 x
1072 a.u.). This result confirms that the hydrogen bond in
11 is reinforced with respect to complex 5. The same
behavior is observed for the values of p at the cage CP that
characterizes the anion—r interaction. Variation of this
value from 0.9998 x 102 a.u. for complex 2 to 1.3082 x
1072 a.u. for complex 11 indicates reinforcement of the
anion—7 interaction. Similarly, both interactions are also
strengthened in complex 24 (6B = BHj) with respect to
complexes 3 and 9. For the rest of the complexes, similar
conclusions can be extracted (see Table 3).In all anion—n—cB
complexes, the Ap values are positive, thus indicating rein-
forcement of both interactions, in agreement with the ener-
getic, charge transfer and geometric results. The variation of
the p values at the cage and bond CPs (Ap, and Ap,p values)
can be used as a degree of strengthening of the interaction. For
instance, the variation of the p value at the cage CP in complex
24 is greater than in complex 11 indicating that the anion—n
interaction is more reinforced in 24 than in 11, as expected
considering the strong Lewis acid character of the BHj
molecule.
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Fig. 6 Distribution of critical
points in some anion-7, ¢B and
anion—-n—oB complexes (bond
CPs in red, ring CPs in yellow
and cage CPs in green). The
values of 102p for bond and
cage CPs are shown in red and
green, respectively. Values in
a.u
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¢
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3.5 Mutual influence between anion—n
and 0B noncovalent interactions

In an attempt to evaluate not only the effect of the any
g-bonding on the anion—7n interaction and vice versa but
also which of the two interactions is more reinforced, we
computed the binding energy of the multicomponent
complexes using two different approaches (see Fig. 7).
First, we computed the interaction energies of the X —n—
B complexes (see Table 4), considering that the o-bonded
complex has been previously formed and evaluating the
interaction with the anion as a two-component system (e.g.,
5 4+ F —11), denoted Es,,. Second, we computed
the interaction energies of multicomponent complexes
X —n—0B, considering that the anion—n complex has been
previously formed and evaluating its interaction with the
o-bonding donor molecules (e.g., 2 + 3HF — 11), deno-
ted E,p ». Finally, we compared the quantities E,g , and

Fig. 7 Schematic
representation of the two routes
to form the anion—-n—cB

complexes that allow Esg 1
computation of the Ex, o/Ear 1 =
and E,p »/E,p_; ratios
G
Ear 1
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Exn » with the E;g | and E,, | binding energies, which
correspond to the binding energies of complexes 2—-10 (see
Table 1), by using the ratios E,g_»/Esp 1 and Ea, o/Ean 1.
These simple ratios give very interesting and useful
information: (1) values of E,g »/E,5 ; > 1 mean that the
o-bonding is reinforced in the anion—-n—¢B complex and
vice versa for E,g »/E;g 1 <1; (2) values of Ex, o/
Ear 1 > 1 mean that the anion—r interaction is reinforced
in the anion—n—XB complex and vice versa if Ea, o/
Ean 1 < 1. Therefore, these ratios are informative regard-
ing the mutual influence of the two interactions in the
anion—n—-oB complexes. If both ratios are greater than
unity, favorable synergetic effects between the two inter-
actions are present in the complex. If one ratio is greater
than unity and the other lesser than unity, this would mean
that one noncovalent interaction is reinforced at the
expense of the other. More significantly, for a given
complex, E;g o/Esp | > Ean 2/Ean 1 Would mean that the

Epx 2

EGB_Z
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Table 4 EATLZa EXB727 EATLZ/EATLI and E(TBfZ/Eo‘Bfl values com-
puted for several complexes at the MP2/aug-cc-pVDZ level of theory

Complex Reaction FEa;» Earo/ Reaction E;s > Eqp of
Ean Esp_1
11 S5+F -37.7 3.0 2 + 3HF —-52.1 20
12 5+ClI- 287 34 3 + 3HF —469 1.8
13 5+Br 266 34 4 + 3HF —455 1.7
14 6+ F —514 42 2 + 3BrF -773 20
15 6+ Cl- -394 47 3 + 3BrF —-69.2 1.8
16 6+ Br =367 4.7 4 + 3BrF —67.1 1.8
17 7+F —67.1 55 2 + 3LiF —-99.6 22
18 7+ClI° 545 65 3 + 3LiF -90.9 2.0
19 7+ Br 514 6.6 4 + 3LiF —88.5 2.0
20 8+ F -70.5 5.7 2 + 3AgCl —1414 1.7
21 8§+CI- 571 68 3+ 3AgCl —1320 1.6
22 8+Br 541 7.0 4 + 3AgCl —129.5 1.6
23 9+ F —46.3 3.8 2+3BH; —110.1 1.5
24 9+ ClIT 346 4.1 3+3BH; —1023 1.3
25 9+ Br 321 4.1 4+ 3BH; —1004 1.3
26 10+ F 593 438 2 + 3BF; —-94.1 20
27 10 + CI° —442 53 3 + 3BF; —83.0 1.8
28 10 + Br~ —41.0 53 4 + 3BF; -80.3 1.7

The Ea, ; and Exp ;| values are taken from Table 1. Energies are given in
kcal/mol

halogen-bonding interaction is more reinforced than the
anion—r interaction in the anion-n—¢B complex, and the
contrary applies if E,g 2/Esp 1 < Ean 2/Ear 1. If the two
ratios are equal, the reinforcement of both interactions is
the same. These relationships have been previously used by
us and others [78, 80] to study cooperativity effects.

The values of Exn 2, Exp 2. Ean o/Ean 1 and Egp of
E,5_1 computed for multicomponent complexes 11-28 are
summarized in Table 4. Both ratios are greater than unity
in all complexes, in agreement with the previously dis-
cussed energetic and geometric results. In addition, for all
complexes, Ea, 2/Ea, 1 1s much greater than E,g »/Egp 1;
that is, the anion—n interaction is more enhanced than any
of the g-bonding interactions, in agreement with the AR,
and AR,p values. These interesting results allow us to learn
which interaction in the multicomponent system is more
reinforced. This information cannot be obtained from the
cooperativity energies Ecoop 0r AIM analysis.

3.6 Tuning of the interaction in multicomponent
complexes

Taking advantage of the modulation of the anion—n strength
achieved using either the hydrogen/halogen/lithium bond
acceptor ability of the nitrogen atoms of the s-triazine or the
coordination to metal or Lewis acid molecules, a tuning of
the interaction can be envisaged. We have extended our

study computing the interaction energies of the s-triazine
mono- and di-coordinated to the ¢-bonding molecules (HF,
BrF, AgCl, LiF, BH; and BF3) in order to use the additional
versatility provided by number of N atoms of the heteroar-
omatic ring. We have gathered in Table 5 the E, 5, » values
for all s-triazine compounds (mono-, di- and tri-coordinated)
interacting with F~, C1™ and Br™ ions, relative to complexes
2-4. Tt can be observed that the relative interaction energies
range from —7.7 to —58.2 kcal/mol for F~, from —6.1 to
—48.7 for CI"” and from —5.7 to —46.3 kcal/mol for Br™.
Interestingly, the interaction strength can be adjusted for the
three anions. For instance, depending on the g-interaction
and the number of nitrogen atoms that participates, we have
six possibilities to adjust the interaction between 10 and
20 kcal/mol for the F~ complexes. Similarly, we have five
possible combinations to adjust the interaction energy
between 20 and 30 kcal/mol for CI™ and Br™ anions. In
Fig. 8, we have represented the relative interaction energies
computed for each series of anions. It can be appreciated
that the interaction can be modulated using both the type of
the o-interaction and the number of nitrogen atoms partici-
pating in it. C1~ and Br™ present similar interaction energies,
and F~ presents more favorable binding energies. Moreover,
the difference between F~ and the other two anions is not
constant, and it increases as the interaction energy becomes
more negative.

It should be mentioned that the results reported herein
are obtained using gas-phase calculations. It is difficult to
extrapolate the results in order to interpret the properties of
solid-state systems. It is clear that the mutual influence
between the different noncovalent interactions in the solid
state is much lower than in gas phase. Hopefully, this study
will contribute to understand the different and delicate
combination of noncovalent forces that governs, in most
cases, the fascinating and unpredictable architecture of
solids. It should be also mentioned that the focus of the
study is to elucidate trends, not predict exact results. The
results are thus valid for the gas phase and the trends likely
hold true, though interaction energies would be much
lower, in the solid phase. However, the values or trends are
probably not applicable to aqueous or highly polar solution
phases.

4 Concluding remarks

The results reported in this manuscript stress the impor-
tance of the mutual effects between noncovalent interac-
tions involving aromatic systems, namely anion-m and
hydrogen, halogen and lithium bonding, which can lead to
strong cooperativity effects. These effects are even more
important in systems where the nitrogen atom is directly
coordinated to metal ions or to BH;. We estimated the
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Table 5 Relative binding energies (E,a, 2, in kcal/mol) (R, in A) at the RI-MP2/aug-cc-pVDZ level of theory for mono-, di- and tri-

coordinated s-triazine

Compound F ClI™ Br~
Einn 2 R p (3, +3) Eiar 2 R p (3, +3) Eian 2 R. p (3, +3)

TAZ 0.0 2.542 0.9998 0.0 3.145 0.6974 0.0 3.333 0.6325
TAZ-HF -7.7 2.479 1.0791 —6.1 3.073 0.7753 —=5.7 3.259 0.7035
TAZ-2HF —15.6 2.416 1.1740 —12.3 3.001 0.8602 —11.5 3.184 0.7923
TAZ-3HF —-254 2.353 1.3083 —20.2 2.929 0.9620 —18.9 3.110 0.8846
TAZ-BrF —13.9 2.446 1.1313 —11.0 3.036 0.8174 —-10.2 3.220 0.7530
TAZ-2BrF —25.1 2.351 1.2996 —20.0 2.926 0.9607 —18.7 3.106 0.8886
TAZ-3BrF —39.1 2.255 1.5031 -31.0 2.817 1.1436 —29.0 2.993 1.0626
TAZ-LiF —-174 2.452 1.1272 —14.5 3.037 0.8136 —13.6 3.220 0.7493
TAZ-2LiF —353 2.361 1.2764 —29.6 2.930 0.9558 —28.0 3.108 0.8822
TAZ-3LiF —54.8 2.271 1.4659 —46.0 2.822 1.1271 —43.6 2.995 1.0505
TAZ-AgCl —-19.9 2.437 1.1447 —16.3 3.023 0.8407 —153 3.206 0.7648
TAZ-2AgCl —39.0 2.332 1.3289 —323 2.901 1.0024 —30.6 3.078 0.9271
TAZ-3AgCl —58.2 2.227 1.5465 —48.7 2.779 1.1996 —46.3 2.951 1.1224
TAZ-BH; —-11.0 2.448 1.1283 -84 3.038 0.8158 =17 3.222 0.7517
TAZ-2BH; —21.8 2.354 1.2929 —16.7 2.931 0.9593 —154 3111 0.8959
TAZ-3BH; —34.0 2.260 1.4745 —26.2 2.824 1.1232 —24.3 3.000 1.0451
TAZ-BF; —14.8 2.425 1.1773 —11.0 3.017 0.8426 —10.0 3.201 0.7771
TAZ-2BF; —28.7 2.307 1.3182 —20.0 2.889 0.9721 —-19.6 3.069 0.8979
TAZ-3BF; —47.0 2.190 1.6148 -31.0 2.761 1.2272 —33.1 2.937 1.1418
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Fig. 8 Representation of the relative interaction energies o
(black line), C1™ (red line) and Br~ (blue line) complexes

cooperativity effects energetically (Eco0p values), obtaining
results that are in agreement with the geometric features of
the complexes and the AIM analysis.

The modest correlation obtained between the coopera-
tivity energy (E.oop) and the interaction energy between the
halogen anion and the N-substituent in the absence of
s-triazine, (Epssg(AB)) indicates that the cooperativity
effect is to some extent due to an enhancement of the
anion—7 and ¢ interactions, but also due to a direct inter-
action between the halogen anion and the N-substituent.

@ Springer

Finally, taking advantage of the type of o-interaction
and number of nitrogen atoms that participate in the
o-bond, we are able to adjust the interaction to a given
value. This can be useful to design anion receptors or other
anion-sensing devices based on this interaction.
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