
Understanding the Forces That Govern Packing: A Density Functional
Theory and Structural Investigation of Anion−π−Anion and
Nonclassical C−H···Anion Interactions
Sally Brooker,*,† Nicholas G. White,† Antonio Bauza,́‡ Pere M. Deya,̀‡ and Antonio Frontera*,‡

†Department of Chemistry and MacDiarmid Institute for Advanced Materials and Nanotechnology, University of Otago, P.O. Box 56,
Dunedin 9054, New Zealand
‡Department de Química, Universitat de les Illes Balear, Crta de Valldemossa km 7.5, Palma de Mallorca, 07122 Palma (Baleares),
Spain

*S Supporting Information

ABSTRACT: The ability of Ni(II) coordinated 4-pyrrolyl-3,5-di(2-
pyridyl)-1,2,4-triazole (pldpt) to establish multiple anion−π inter-
actions is analyzed. Experimentally, such complexes were previously
shown to form strong anion−π interactions, including “π-pocket” and
“π-sandwiched” motifs, in the crystal lattice. In the latter, the triazole
ring is “sandwiched” by two anions forming a ternary anion−π−anion
assembly (π-sandwich) which, surprisingly, gave about 0.2 Å shorter
anion−π distances than in binary assemblies (where only one side of the
triazole participates in the anion binding), indicating the possibility of
cooperativity. In depth analysis, using dispersion-corrected density
functional theory (DFT, BP86-D/def2-TZVP level of theory), shows
that this ternary anion−π−anion interaction is slightly less energetically
favorable than the binary anion−π interactions in isolation. Hence, the
sandwich interaction is not cooperative (Ecoop is positive), but, as Ecoop contributes less than 1.5% of the total interaction energy
(which is dominated by the strong electrostatic attraction of the anions to the highly π-acidic Ni(II)-coordinated triazole ring),
the presence of nonclassical C−H···anion hydrogen bonds can offset this, making the short anion−π sandwich interactions the
most favorable solid state conformation.

■ INTRODUCTION

The emergence of supramolecular chemistry has had a great
impact on how efficiently chemists prepare structures of
different sizes and shapes.1−3 The components of these
structures are held together by a variety of noncovalent forces.
Some of these (e.g., π−stacking,4−6 cation−π,7,8 and C−H/
π9,10 contacts11) are very common and well accepted among
supramolecular chemists. The recent appearance of anion−π
interactions12−14 has added a new dimension to the supra-
molecular chemistry of anions and, in particular, has emerged as
a new concept for anion-transport, anion-sensing, and anion-
recognition chemistry.15−24 For decades, these areas relied on
hydrogen bonding interactions25−29 and anion coordination
chemistry.30 By analogy with cation−π interactions7,8 (the
interaction between a cation and an electron-rich π-system with
a negative quadrupole moment), noncovalent interactions
between anions and electron-deficient π-systems with positive
quadrupole moments are broadly defined as anion−π
interactions.12−14 Energetically, the interaction of cations with
electron rich arenes is stronger than the interaction of anions
with electron deficient arenes because the van der Waals radii of
anions are larger than cations and consequently the equilibrium
distances are longer.31 Since the forces that govern the ion−π

interactions are very dependent on distance, cations are better
able to interact with arenes than anions. A good strategy to
overcome this drawback is the coordination of transition metal
ions to heteroaromatic rings, as this strongly increases the π-
acidity of the ring, significantly increasing the binding energy of
the anion−π interactions.32−34

Recently, some of us published a systematic crystallographic
investigation of the anion-binding ability of the five-membered
1,2,4-triazole ring in a new family of mononuclear nickel(II)
complexes of pldpt (4-pyrrolyl-3,5-di(2-pyridyl)-1,2,4-triazole,
Figure 1) with four different anions, BF4

−, ClO4
−, PF6

−, and
SbF6

−.35 In all four complexes, two types of anion−π
interactions were observed: one where one anion interacts
with only one triazole ring, and another where the other anion
is situated in a π-pocket provided by two triazole rings and one
pyridine ring (vide infra). The anion is the only moiety in this
pocket, and so should be free to adopt the most energetically
favorable conformation for anion−π bonding: surprisingly, the
anion forms its shortest interaction with the triazole ring that is
already interacting with an anion (range, average for F-triazole
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centroid: binary 3.090(9)−3.492(9) Å, 3.28 Å; ternary/
sandwich 2.926(5)−3.005(4) Å, 2.97 Å),35 which is suggestive
of cooperativity. This ternary anion−π−anion arrangement
occurs for all four complexes, even when the size and shape of
the anion is varied substantially (Figure 1). To shed light on
this unexpected observation, and to further understanding of
the intricate balance of supramolecular interactions that govern
packing, we have performed a high level density functional
theory (DFT) study. The results of this analysis of several
aspects of the anion−π interaction and the different forces that
are important in this system, along with consideration of the
possibility of cooperativity between the anion−π interactions
involving the triazole ring, are presented herein.

■ RESULTS AND DISCUSSION

The theoretical study is presented in two parts. In the first part
the position of a spherical anion is optimized in a model of the
system, to analyze possible synergistic effects in the ternary
anion−π−anion assembly. The second part is devoted to the
study of the real crystal structure, using the crystallographic
coordinates. We show that nonclassical hydrogen bonds in
conjunction with anion−π and electrostatic interactions
determine the overall packing arrangement observed.

Anion−π−Anion: Cooperative or Noncooperative?
The focus here is on analyzing whether cooperative, synergetic
ternary anion−π−anion interactions are possible. For this
reason a simplified system (Figure 2 and Supporting

Figure 1. Partial views of the single crystal X-ray structures published by White et al.,35 showing the experimentally observed anion−π−anion
sandwich and C−H···anion interactions (distances in Å).

Figure 2. Geometries of the optimized binary anion−π assemblies and the interaction energies in the model system (distances in Å).
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Information, Figure S1) has been used: one pldpt ligand is
completely conserved (that which is involved in the π-
sandwich) and the other two ligands have been simplified,
eliminating the rings that are not coordinated to the Ni(II)
cation. The system was further simplified by using chloride in
place of the polyatomic monoanions.
The interaction energies and optimized distances of the three

relevant binary anion−π assemblies are shown in Figure 2. In
addition to the anion−π interaction, two of them also exhibit
C−H···anion hydrogen bonding interactions.36 The interaction
energies are all very large and negative (ΔE = −119 to −130
kcal mol−1) because of the strong electrostatic attraction
between the anion and the highly π-acidic Ni(II)-coordinated
aromatic rings. The slightly larger, more favorable interaction
energy in the right-hand assembly is due to a stronger hydrogen
bond. These large interaction energies between charged
aromatic rings and anions have been described before in
charged systems.37,38 For instance the interaction energies
between chloride anion and either quinolizinylium or tropylium
cations range from −86 to −89 kcal mol−1. Moreover, similar
interaction energies (∼130 kcal mol−1) have been recently
published for anion−π complexes involving Co(II) malonate
anions and protonated 2-aminopyridine.39

To analyze possible cooperative effects, the binding energy of
the ternary assembly (Figure 3) was calculated and is very

favorable (ΔE = −194.6 kcal mol−1). The cooperativity energy,
Ecoop, was then calculated by subtracting from this the
interaction energies of the two binary assemblies (Figure 2,
left and right assemblies) and the repulsive interaction energy
between the two chloride anions (without the ligand) at the
distance that they are at in the ternary assembly (see eq 1,
Experimental Section). The resulting positive Ecoop value, +2.8
kcal mol−1, demonstrates that the interplay between the pair of
anion−π interactions is unfavorable, as would be intuitively
expected for an interaction involving two negatively charged
anions. In contrast, when one anion is replaced by a cation, that
is, anion−π−cation assembly, favorable cooperativity effects
occur.40,41 However, the important point is that Ecoop is
extremely small. In fact, it is less than 1.5% of the total
interaction energy of the ternary anion−π−anion assembly,

explaining why, when other weak interactions are considered
(vide infra), the anion-sandwiching arrangement does occur in
the solid state. At this point we analyzed the influence of the
utilization of diffuse functions in the basis set upon the
computed interaction energies. The calculated values using the
def2-TZVPD basis set are included in Figure 3 in italics and in
Supporting Information, Table S1. These values are very similar
to those obtained using the def2-TZVP basis set, indicating that
this basis set is of sufficient quality to study these systems.
As previously discussed, the interaction energies are large and

negative because of the strong electrostatic interaction between
the very π-acidic Ni(II)-coordinated aromatic rings and the
anion. To know the contribution of the “genuine” anion−π
interaction, we have also computed a model of the system that
is neutral (Figure 4), by replacing one pldpt by two chloride
ions to balance the Ni(II) charge. The interaction energy of this
neutral system with the chloride anion is considerably lower,
but still favorable (ΔE = −12.5 kcal mol−1, Figure 4, left).
However, this includes the contribution of a nonclassical

hydrogen bond with a C−H of the pyrrole ring. Hence another
model, in which the pyrrole ring is replaced by a hydrogen
atom, thus removing the hydrogen bond, was used to
investigate the “genuine” anion−π interaction alone (Figure
4, central); the resulting interaction energy for this “pure”
anion−π assembly is −8.5 kcal mol−1, very similar to that of the
anion-pyridine interaction (−8.7 kcal mol−1, Figure 4, right).
Simple subtraction shows that the interaction energy of the
pyrrole-chloride hydrogen bond is −4.0 kcal/mol, which is
approximately half that of the anion−π interaction.

Anion−π versus Nonclassical C−H···Anion Interac-
tions. The above results clearly demonstrate that the
simultaneous interaction of two anions with opposite faces of
a single aromatic ring coordinated to Ni(II), is favorable
energetically but is slightly unfavorable in terms of cooperativity
(i.e., it is slightly more favorable to have two independent
binary interactions than one ternary interaction). Despite this,
the anion−π distances are experimentally observed to be about
0.2 Å shorter in the ternary anion−π−anion assemblies than in
the binary assembly (Figure 1), which appears to disagree with
the results presented in the first part of this study. The anion in
the π-pocket, A, makes three π−interactions, the shortest of
which is to the triazole simultaneously interacting with the
other anion, B (Supporting Information, Figure S2). To probe
this complex situation, several calculations using the whole
system, as well as several parts of the system, and some neutral
models, have been carried out using the crystallographic
coordinates.
As in the first part of this study, the calculated interaction

energies of several binary assemblies (Figure 5) are very large
and negative because of the electrostatic contribution. Since the
values are dominated by this large component, the influence of
the other interactions, such as anion−π, is only small.
Nevertheless, the slightly larger binding energies do correspond
to the shorter anion−π distances (Figure 5). Re-evaluation of
these interaction energies using neutral models (where one
pldpt ligand is replaced by two chloride ions, as above) again
leads to significantly reduced, but still favorable, ΔE values, of
about −16 kcal/mol.
The calculated ΔE (−190 kcal mol−1) and Ecoop (+3.8 kcal

mol−1) for the ternary anion−π−anion assembly observed in
the crystal structure (Figure 6) are in agreement with the values
obtained for the optimized model systems, which validates the
model used in the first part of this study (Figure 3). Again the

Figure 3. Ternary anion−π−anion sandwich assembly (distances in
Å), and cooperativity energy (Ecoop) obtained at the BP86-D/def2-
TZVP level of theory. The values in italics correspond to the BP86-D/
def2-TZVPD level of theory.
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ΔE of the ternary assembly is very large and negative, and the
Ecoop is small but unfavorable, and so anion−π interactions alone
cannot explain the observed structural parameters for ternary/
sandwiching vs binary anion−π interactions. It is clear,
therefore, that additional factors must also contribute.
Closer examination of the part of the crystal structure where

the anion−π distance is longer, that is, a binary interaction
involving anion A (Supporting Information, Figure S2) that
does not involve anion−π−anion sandwiching, reveals two
nonclassical, directional, C−H···O bonds (Figure 7). The same
arrangement is seen in the crystal structure of the other

tetrahedral anion, BF4
−(Figure 7). It is clear that the position of

the anion is influenced by the presence of this double hydrogen
bond that clearly affects the anion−π distance. The energy
associated with these double H-bonds was calculated to be −4.2
kcal mol−1 for ClO4

− and −5.2 kcal mol−1 for BF4
−. In the

other part of the crystal structure where the sandwich assembly
is formed, this double C−H···O(F) bond is not observed.
Instead, several single H-bonds are present that help to shorten
the anion−π distance (Figure 8) because of the directionality of
the C−H groups of the pyrrole ring.
For the octahedral anions, additional interactions with

neighboring molecules are present that complicate the analysis.
For these anions a larger theoretical model should be used,
increasing the size of the system and decreasing the suitability
of the calculations. Therefore such calculations have not been
undertaken. In any case, the observation of short distances in
the anion−π−anion assembly for PF6

− and SbF6
− anions is

Figure 4. Anion−π assemblies for the neutral model systems (in which one pldpt ligand has been replaced by two chloride ions), and their
interaction energies (distances in Å). Left: includes pyrrole C−H hydrogen bond. Center: pyrrole replaced by H to remove hydrogen bond. Right:
anion-pyridine interaction.

Figure 5. Interaction energies calculated for three binary anion−π assemblies identified in the X-ray structure of the ClO4
− salt.

Figure 6. Ternary anion−π−anion sandwich assembly (distances in
Å), and cooperativity energy (Ecoop) for this crystal fragment.

Figure 7. X-ray structure fragments where the double C−H···O(F)
hydrogen bond is observed (distances in Å).
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likely due to the participation of an intricate combination of
intermolecular interactions that influence the final location of
the anion in the solid state structure.
Finally, we have used the Bader’s theory of “atoms in

molecules” (AIM),52 which provides an unambiguous definition
of chemical bonding, to further describe the anion−π and
hydrogen bonding interactions described above for the ternary
anion−π−anion sandwich assembly (see Figure 6). The AIM
theory has been successfully used to characterize and
understand a great variety of interactions including the ones
studied herein.31 In Figure 9 we show the representation of

critical points and bond paths computed for the assembly. For
the sake of clarity, the aromatic rings involved in anion−π
interactions are highlighted in pink in the figure. The
interaction involving the six-membered ring is characterized
by the presence of two bond critical points that connect two
oxygen atoms of the anion with one carbon and one nitrogen
atom of the pyridine ring. Both anion−π interactions involving
the triazole ring are characterized by the presence of a single
bond critical point. In one case it connects the anion with one
carbon atom of the ring and in the other case it connects the
anion with a nitrogen atom of the ring (see Figure 9). In

addition, a number of bond critical points connect both anions
with several hydrogen atoms belonging to either pyridine or
pyrrole rings confirming the existence of additional C−H···O
hydrogen bonding interactions that influence the final position
of the anion in the X-ray structure.

■ CONCLUSIONS
DFT calculations indicate that, despite the shorter distances
observed, there is no favorable cooperativity in crystallo-
graphically observed anion-triazole-anion sandwich interactions.
However the unfavorable cooperativity energy is small, and the
interaction energy of the ternary anion−π−anion assembly is
very large and negative, because of the coordinated Ni(II)
cation that strongly increases the π-acidity of the aromatic rings.
To evaluate the different forces that contribute to the binding
(purely electrostatic, hydrogen bonding, and anion−π), the
contributions from the anion−π and hydrogen bonding
interactions have been estimated using neutral models. This
study reveals that nonclassical C−H···X interactions offset the
slightly unfavorable cooperativity, “pulling” the anion away
from the ideal location for anion−π interactions and leading to
the shorter anion−π distances observed experimentally in the
ternary anion−π−anion assembly than in the binary anion−π
assembly. This work demonstrates the delicate balance of
noncovalent interactions that controls packing.

■ EXPERIMENTAL SECTION
All calculations were carried out using TURBOMOLE version 5.942

using density-functional theory calculations including an empirical
correction for dispersion (DFT-D). In particular, we have used the
BP86-D/def2-TZVP level of theory, which is a good compromise
between the accuracy of the results and the size of the system. For
comparison purposes some model complexes have also been
computed at the BP86-D/def2-TZVPD level of theory that includes
diffuse functions. We have also used the resolution of the identity
approximation, since it is considerably faster than DFT itself, and
geometries are almost identical for both methods.43 The basis set
superposition error (BSSE) correction has been performed using the
Boys and Bernardi counterpoise method.44 We have used the
crystallographic coordinates for the calculations and have optimized
only the position of the anion, to estimate the contributions of the
noncovalent interactions observed in the solid state. Other possible
conformations of the crystal fragments have not been considered
because the ultimate aim of this study is to analyze the binding
properties of the noncovalent interaction in the geometry that they
have in the solid state. This approximation has been successfully used
by some of us45−47 and others48−50 to evaluate noncovalent
interactions in the solid state.

In the anion−π−anion assembly, where two different anion−π
interactions coexist, we have studied their interplay by computing the
cooperativity energy Ecoop using eq 1:

= −π− ′ − −π − π− ′

− − ′

E E E E

E

(A A ) (A ) ( A )

(A A )

coop BSSE BSSE BSSE

BSSE (1)

where EBSSE(A−π), EBSSE(π−A′), and EBSSE(A−π−A′) terms corre-
spond to the interaction energies of the two binary anion−π
assemblies, and the multicomponent anion−π−anion assembly,
respectively. The EBSSE(A−A′) term is the interaction of the anions
in the geometry that they have in the anion−π−anion assembly (in the
absence of the π-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 π systems as simultaneous
hydride- and hydrogen-bond acceptors and the simultaneous
interaction of tetrafluoroethene with anions and hydrogen-bond
donors.51

Figure 8. X-ray fragment showing the hydrogen bonds that shorten
the anion−π interaction (distances in Å).

Figure 9. Representation of Bond (in red) and Ring (in yellow)
Critical Points observed in the ternary anion−π−anion sandwich
assembly. The bond paths connecting bond critical points and atomic
nuclei are also represented.
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The “atoms-in-molecules” analysis52 has been performed by means
of the AIM2000 version 2.0 program53 using the BD86-D/def2-TZVP
wave functions.
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(40) Garau, C.; Quiñonero, D.; Frontera, A.; Ballester, P.; Costa, A.;
Deya,̀ P. M. New J. Chem. 2003, 27, 211.
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