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The interplay between two important noncovalent interactions involving aromatic rings is studied by means
of MP2/6-31++G** ab initio calculations. They indicate that synergistic effects are present in complexes
where edge-to-face aromatic interactions and hydrogen-bonding interactions coexist. These synergistic effects
have been studied bu using the atoms in molecules theory and the molecular interaction potential with
polarization partition scheme. Experimental evidence for such interactions has been obtained from the
Cambridge Structural Database.

Introduction

Noncovalent interactions involving aromatic rings are key
processes in both chemical and biological recognition,1 because
supramolecular chemistry relies on these forces. Interactions
between aromatic rings (π-π interactions) contribute to protein
and DNA stability2 and form recognition motifs in proteins and
enzymes.3 Several studies suggest the existence of a competition
between stacking and T-shaped (edge-to-face) π-π complexes
involving aromatic amino acids. This competition4 is strongly
affected by the polarity of the environment and by the possibility
of forming hydrogen bonds.5 The latter point is still under
discussion, because recent studies have shown (i) that the
favorable nature of stacked conformations in protein environ-
ment must not be related with the higher accessibility of H-bond
forming groups6 and (ii) that the π-π interaction on itself does
not have an overall strengthening on hydrogen bonding in
DNA.7

The π-π interaction is dominated by dispersion and elec-
trostatic (quadrupole-quadrupole) forces. The T-shape orienta-
tion has favorable electrostatics but weaker dispersion, and it
is very close in energy to the parallel displaced configuration
that has more dispersion but less favorable electrostatics. High
accuracy benchmark calculations on the benzene dimer (QCIS-
D(T)/aug-cc-pVTZ level of theory) demonstrate that both
configurations have a binding energy of 10.45 kJ/mol.8 This
result is in line with the competition between stacking and
T-shape configurations in π-π aromatic interactions in amino
acids.4a The hydrogen-bond interaction is mainly dominated by
electrostatic effects (dipole-dipole interactions).9

We have recently reported experimental10 and theoretical11

evidence of interesting synergistic effects between anion-π12

and π-π interactions. We have demonstrated that there is a
remarkable interplay between the anion-π and π-π interactions
in complexes where both interactions coexist. This interplay
can lead to strong cooperative effects, as has been recently
demonstrated in nitrate-triazine-triazine complexes.13 More-
over, we have also demonstrated synergistic effects between
C-H/π and π-π interactions by means of ab initio calculations,
and experimental evidence was obtained from the Protein Data
Bank.14 In the present report, we study how the T-shape π-π
interaction is influenced if the arene participates in hydrogen-
bonding interactions. Previous works have studied the influence

of stacking on hydrogen bonding.7,15 However, to the best of
our knowledge, this is the first study that deals with the interplay
between the T-shape π-π and hydrogen-bonding interactions.
We have selected three aromatic rings, that is, 3-5 (Figure 1),
that contain nitrogen atoms in the structure which can participate
in hydrogen-bonding interactions (σ interactions). We have first
computed the hydrogen-bonded and π-π complexes 6-17
depicted in Figures 1 and 2. Because the aromatic rings 3
(pyridine) and 4 (pyridazine) can act as hydrogen-bond acceptors
and the pyrrole 5 can act as hydrogen-bond donor, we have
computed the π-π-σacceptor complexes 18-25 and the π-π-σdo-

nor complexes 26-29 represented in Figure 3, in order to study
the interplay between the π-π and hydrogen-bonding interac-
tions. Moreover, we have also studied the effect of using an
electron-deficient aromatic ring (hexafluorobenzene instead of
benzene) on the stability of the T-shape π-π complexes and* Corresponding author. E-mail: toni.frontera@uib.es.

Figure 1. Schematic representation of compounds 1-5 and H-bonded
complexes 6-11.

Figure 2. Schematic representation of binary complexes 12-17.
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the influence on the interplay between the π-π and hydrogen-
bonding interactions. We have used the Bader’s theory of atoms
in molecules (AIM),16 which has been widely used to character-
ize a great variety of interactions,17 to analyze cooperative effects
in the complexes.

Theoretical Methods

The geometries of all complexes studied in this work were
fully optimized at the MP2/6-31++G** level of theory by using
the Gaussian03 program.18 The binding energies were calculated
with correction for the basis set superposition error (BSSE) by
using the Boys-Bernardi counterpoise technique.19 The opti-
mization of the complexes has been performedby imposing C2V
symmetry. Other possible conformations of complexes have not
been considered because the ultimate aim of this study is to
verify the interplay between both noncovalent interactions in
the ternary systems and to obtain an insight into the nature of
the cooperativity. Therefore, we have concentrated only on those
complex geometries. A possible disadvantage of imposing
symmetry is that highly nonsymmetrical conformations may
often have similar or even higher binding energy compared to
those of the more symmetric ones.20 In spite of this possible
drawback due to the imposed C2V symmetry, it is likely that
the trends of the results discussed in this article will remain
valid.

It is known that the MP2 level tends to overestimate the
binding energy of the three main conformations of the benzene
dimer compared to higher levels of theory.8 It should be also
mentioned that the T-shape geometry is the conformation where
the agreement between MP2 and QCISD(T)/aug-cc-pVQZ levels
of theory is better. Moreover, the main objective of this study
is not to obtain the highest accuracy for each binding energy.
Instead, it is, as aforementioned, to obtain an insight into the
interplay between both noncovalent interactions studied in this
work.

The AIM analysis has been performed by means of the
AIM2000 version 2.0 program21 by using the MP2/6-31++G**
wavefunction. The physical nature of the noncovalent interac-
tions has been studied by using the molecular interaction
potential with polarization (MIPp)22 method. The MIPp is a
convenient tool for predicting binding properties. It has been
successfully used for rationalizing molecular interactions such
as hydrogen-bonding and ion-π interactions and for predicting
molecular reactivity.23 The MIPp partition scheme is an
improved generalization of the molecular electrostatic potential
(MEP), where three terms contribute to the interaction energy:
(i) an electrostatic term identical to that of the MEP,24 (ii) a
classical dispersion-repulsion term,25 and (iii) a polarization
term derived from perturbational theory.26

Results and Discussion

Energetic and Geometrical Details. In Table 1, we sum-
marize the binding energies without and with the BSSE
correction (E and EBSSE, respectively) and equilibrium distances
(RHB and Re) of complexes 6-14 at the MP2/6-31++G** level
of theory. The energetic features of the hydrogen-bonded
complexes 6-11 depend upon the model molecule used as
hydrogen-bond acceptor/donor. In complexes 7 and 9 (HF,
hydrogen-bond donor), each hydrogen bond has an interaction
energy of approximately -40 kJ/mol, considerably more nega-
tive than those obtained for complexes 6 and 8 (H2O, hydrogen-
bond donor). Conversely, the binding energy computed for the
interaction of pyrrole with water (complex 10) is more favorable
than the one of pyrrole with HF (complex 11), indicating that
H2O is a better hydrogen-bond acceptor than HF. The binding
energies computed for the T-shape complexes of compounds
3-5 with benzene (12, 14, and 16) are negative, indicating a
favorable interaction. In contrast, the binding energies computed
for the T-shape complexes of compounds 3 and 4 with
hexafluorobenzene (πF) are negligible, indicating that the edge-
to-face π-πF interaction with an electron-deficient ring is
disfavored in comparison with the standard π-π interaction.
Conversely, for complex 17 (pyrrole-hexafluorobenzene), the
interaction is favorable and, surprisingly, more favorable than
the interaction with benzene (see Table 1). A likely explanation
is that the geometrical characteristic of the five-membered ring
allows the hydrogen atoms of pyrrole to interact with the fluorine
atoms of the HFB.

The geometric and energetic results computed for the
complexes 18-29 are summarized in Table 2. Some very

Figure 3. Schematic representation of ternary complexes and quater-
nary complexes 18-29.

TABLE 1: Binding Energies without and with the BSSE
Correction, (E and EBSSE, kJ/mol, respectively) and
Equilibrium Distances for the Hydrogen-Bonding and
T-Shape Interactions (RHB and Re, Å, respectively) at
MP2/6-31++G** Level of Theory for Complexes 6-17

complex E EBSSE RHB or Re

6 (3 + H2O) -16.59 -11.29 2.723
7 (3 + HF) -58.81 -50.24 1.644
8 (4 + H2O) -30.60 -23.78 2.376
9 (4 + 2HF) -100.19 -84.39 1.733
10 (5 + H2O) -29.76 -21.19 1.962
11 (5 + HF) -13.25 -10.37 2.121
12 (1 + 3) -23.12 -7.98 2.304
13 (2 + 3) -15.88 -0.46 2.373
14 (1 + 4) -21.78 -10.41 2.783a

15 (2 + 4) -13.13 0.04 2.805a

16 (1 + 5) -14.76 -4.60 2.879a

17 (2 + 5) -19.14 -5.77 2.763a

a Re is measured from the hydrogen atom to the nearest carbon
atom of the benzene/hexafluorobenzene.
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interesting points can be extracted from the geometrical results.
The equilibrium distance (Re) of the T-shape interaction in the
π-π-σacceptor complexes 18, 20, 22, and 24 shortens when
compared to that of binary complexes 12 and 14, indicating
that the presence of the σ interaction strengthens the π-π
interaction. In addition, the equilibrium distance of the σ
interaction (RHB) also shortens with respect to that of the
hydrogen-bonding complexes 6-9, indicating that the presence
of the π-π interaction strengthens the hydrogen-bond interac-
tion. An opposite behavior is observed in the πF-π-σacceptor

ternary complexes 21 and 25, where an elongation of both
distances is observed, indicating that both hydrogen-bonding
and πF-π interactions are weakened. For pyridine and py-
ridazine, πF-π-σacceptor complexes 19 and 23, a reverse
behavior of both interactions is observed. For both complexes,
an elongation of the hydrogen-bond interaction and a shortening
of the πF-π interaction is observed, indicating that in these
complexes, the πF-π noncovalent interaction increases at the
expense of the hydrogen-bond interaction, which diminishes.
Finally, the equilibrium distance (Re) of the T-shape interaction
in the π-π-σdonor ternary complexes 26 and 28 lengthens when
compared to that of the binary complex 16, indicating that the
presence of the σ interaction weakens the π-π interaction. In
addition, the equilibrium distance of the σ interaction (RHB) in
complexes 26 and 28 also lengthens with respect to that of the
hydrogen-bonding complexes 10 and 11, respectively, indicating
that the presence of the π-π interaction weakens the hydrogen-
bond interaction. An opposite behavior is observed in the
πF-π-σdonor ternary complexes 27 and 29, where a shortening
of both distances is observed, indicating that both hydrogen-
bonding and π-πF interactions are strengthened.

We have included in Table 2 what we entitle synergistic
energies (Esyn), which is the difference between the binding
energy (BSSE corrected) of the complexes 18-29 and the
binding energy of the related hydrogen-bonding (6-11) and
π-π (12-17) complexes. For instance, in complex 18
(1 · · ·3 · · ·HF), we have computed the synergistic energy by
subtracting the interaction energies of 3 · · ·HF (complex 7) and
1 · · ·3 (complex 12) from the binding energy of 18. This value
gives valuable information regarding the interplay between both
noncovalent interactions present in the complexes. It is worth
mentioning that this term is negative in the complexes 18, 20,
22, 24, 27, and 29, in agreement with the shortening of the
equilibrium distances Re and RHB, indicating that both interac-
tions strengthen. In contrast, in the complexes 21, 25, 26, and
28, the synergistic energy is positive, in agreement with the
lengthening of the equilibrium distances Re and RHB, indicat-
ing that both interactions weaken. As aforementioned, in

πF-π-σacceptor complexes 19 and 23, one noncovalent interac-
tion enhances at the expense of the other. The synergistic energy
is positive in both complexes, where the hydrogen-bond
lengthens and the π-πF shortens, indicating that, in these
complexes, the stronger interaction (hydrogen bonding) has more
weight and dominates the synergy. We have also studied the
mutual influence between both interactions by computing the
genuine non-additivity energies for complexes 18-29, which
are summarized in Table 2. The non-additivity energy (E -
EA) is the difference between the binding energy of the complex
and the binding energy of the sum of all pair interaction energies
(denoted as EA). For instance, in complex 19 (1 · · ·3 · · ·HF), we
have computed the non-additivity energy by subtracting the sum
of three pair interaction energies, (i) 1 · · ·3, (ii) 3 · · ·HF, and
(iii) 1 · · ·HF, from the binding energy of 19. It is worth
mentioning that this term is negative in all complexes, in
disagreement with the Esyn energies and the geometrical analysis.
In order to shed light into this discordant results, we have used
two additional criteria to analyze the mutual influence of both
interactions in the ternary complexes, that is, the AIM and MIPp
methods, as discussed further on.

AIM Analysis. The AIM analysis is summarized in Table 3
and gives some helpful information regarding the strength of
the noncovalent interactions involved in the complexes. It has
been demonstrated that the value of the electron charge density
at the critical points (CPs) that are generated in π-π and
hydrogen-bonded complexes can be used as a measure of the
bond order.17,27 In Figure 4, we show the distribution of CPs in
complexes 18, 20, 22, 24, 26, and 21, where benzene is involved.
The distribution is identical to those obtained for hexafluo-
robenzene complexes, which is shown in the Supporting
Information (Figure S1). In complexes 18-21 (pyridine com-
plexes), six bond CP, six ring CPs, and one cage CP describe
the edge-to-face π-π interaction. The bond CPs connect the
hydrogen atom with the carbon atoms of the ring, and the ring
CPs connect the hydrogen atom with the middle of the C-C
bonds. The cage CP connects the hydrogen atom with the middle
of the aromatic ring. The hydrogen-bond interaction is described
by one bond CP, see Figure 4. In complexes 22-29 (pyridazine
and pyrrole complexes), two bond CPs, two ring CPs, and one
cage CP describe the edge-to-face π-π interaction. The bond
CPs connect two hydrogen atoms with two carbon atoms of
the ring, and the ring CPs connect two hydrogen atoms with
the middle of two C-C bonds. The cage CP connects the
hydrogen atom with the middle of the aromatic ring. The
hydrogen-bond interaction is described by two bond CPs and
one ring CP if the hydrogen-bond donor is water in pyridazine
complexes (22 and 23), and it is described by one bond CP in

TABLE 2: Binding, Synergistic, and Non-additivity Energies with BSSE Correction (EBSSE, Esyn, and E - EA, kJ/mol,
respectively), Equilibrium Distances (Re and RHB, Å) at the MP2/6-31++G** Level of Theory

complex E EBSSE Esyn E - EA Re RHB ∆Re ∆RHB

18 -41.13 -20.19 -0.92 -2.38 2.291 2.722 -0.013 -0.001
19 -31.98 -10.95 0.75 -1.38 2.370 2.744 -0.003 +0.021
20 -84.35 -60.28 -2.05 -7.73 2.291 1.635 -0.013 -0.009
21 -73.07 -49.07 1.63 -4.35 2.373 1.652 +0.000 +0.008
22 -54.17 -35.49 -1.25 -2.93 2.764a 2.367 -0.019 -0.009
23 -43.05 -22.70 1.05 -1.34 2.803a 2.386 -0.002 +0.010
24 -127.36 -98.77 -4.01 -12.67 2.726a 1.722 -0.037 -0.011
25 -110.98 -81.55 2.76 -6.73 2.806a 1.740 +0.001 +0.007
26 -43.68 -24.87 0.92 -0.21 2.883a 1.968 +0.004 +0.006
27 -50.91 -28.30 -1.34 -2.38 2.737a 1.950 -0.026 -0.012
28 -27.50 -14.34 0.59 -0.25 2.884a 2.123 +0.005 +0.002
29 -33.61 -16.89 -0.71 -1.67 2.741a 2.099 -0.022 -0.022

a Re is measured from the hydrogen atom to the nearest carbon atom of the benzene/hexafluorobenzene, see Figure 2.
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the rest of the complexes (24-29), see Figure 4. In Table 3,
we show the values of the electron charge density (F) and its

Laplacian (32F) computed at the cage and bond CP that
characterize the π-π interaction and hydrogen-bonding interac-
tion, respectively. We also summarize the variation of the F
value in complexes 18-29 (both interactions coexist) with
respect to complexes 6-17 (only one interaction is present).
These values give information about the interplay between the
noncovalent interaction involved in the complexes. The values
obtained for the Laplacian are in all cases positive, as is common
in closed-shell interactions. First, it is worth mentioning that
the value of the charge density computed at the bond and cage
CPs is greater in complexes 18, 20, 22, 24, 27, and 29 than in
complexes 3-17, in agreement with the computed synergistic
energies and confirming that the coexistence of π-π and
hydrogen-bonding interactions in these complexes involves a
strengthening of both. Second, the value of the charge density
computed at the bond and cage CPs is smaller in complexes
21, 25-26, and 28 than in complexes 3-17, in agreement with
the positive values obtained for synergistic energy and with the
lengthening of equilibrium distances, indicating that both
interactions weaken. It should be mentioned that these results
are in disagreement with the non-additivity energies, which are
in all complexes negative. Third, in complexes 19 and 23, the
variation (∆F) of the charge density at the cage CP (π-π
interaction) is positive, indicating that the π-π interaction
strengthens, and the variation at the bond CP (hydrogen-bond
interaction) is negative, indicating a reduction of the interaction.
It can be observed that the variation of F is, in absolute value,
more important in the bond CP, indicating that the hydrogen-
bond interaction is weakened more than the π-π interaction is
strengthened, which explains the positive synergistic energy.

MIPp Analysis. Finally, we have used the MIPp partition
scheme to analyze the physical nature of the hydrogen-bond
interaction involved in the complexes and to understand the
bonding mechanism and the synergistic energies. We have
computed the MIPp of compounds 3-5, 12-17 interacting with
either H1/4+ (pyridine and pyridazine σacceptor complexes) or
O1/2- (pyrrole σdonor complexes) in order to analyze the
hydrogen-bonding interaction in the absence (3-5) and presence
(12-17) of π-π interaction (see Table 4). In compounds 3-5,
the total interaction (Et) is basically dominated by electrostatic
effects (Ee),because thepolarization(Ep)anddispersion-repulsion
(Evw) contributions are small. In compounds 12 and 14 interact-
ing with H1/4+ (favorable synergism), the Ee term becomes more
negative, and the Ep term remains almost constant, in compari-
son with those in compounds 3-4, indicating that the synergism
is due to electrostatic effects. A similar behavior is found for
compound 17 interacting with O1/2- (favorable synergism). In
contrast, in compounds 13 and 15 interacting with H1/4+, the
Ee term turns out to be more positive, and the Ep remains almost

TABLE 3: Electron Charge Density (G, au) and its
Laplacian (32G, au) Computed at the Bond and Cage (π-π)
CP for complexes 4-21 and Variation of the Charge Density
(∆G) upon Formation of the Ternary and Quaternary
Complexes 14-21a

complex I F × 102 32F × 10 ∆F × 103 ∆Re/∆RHB

18 π-π 0.6750 0.3259 0.121 -0.013
(1 · · ·3 · · ·H2O) HB 0.7777 0.3047 0.042 -0.001
19 π-π 0.6165 0.2875 0.019 -0.003
(2 · · ·3 · · ·H2O) HB 0.7408 0.2902 -0.328 +0.021
20 π-π 0.6741 0.3248 0.112 -0.013
(1 · · ·3 · · ·HF) HB 5.5672 1.3487 1.492 -0.009
21 π-π 0.6132 0.2850 -0.014 0.000
(2 · · ·3 · · ·HF) HB 5.2930 1.3599 -1.249 +0.008
22 π-π 0.1985 0.0997 0.054 -0.019
(1 · · ·4 · · ·H2O) HB 1.1940 0.4293 0.232 -0.009
23 π-π 0.1890 0.0922 0.007 -0.002
(2 · · ·4 · · ·H2O) HB 1.1445 0.4155 -0.264 +0.010
24 π-π 0.2097 0.1049 0.166 -0.037
(1 · · ·4 · · ·2HF) HB 4.3486 1.3279 1.293 -0.011
25 π-π 0.1874 0.0914 -0.009 +0.001
(2 · · ·4 · · ·2HF) HB 4.1359 1.3012 -0.834 +0.007
26 π-π 0.1644 0.0835 -0.008 +0.004
(1 · · ·5 · · ·H2O) HB 2.1152 0.7505 -0.290 +0.006
27 π-π 0.2112 0.1015 0.089 -0.026
(2 · · ·5 · · ·H2O) HB 2.1977 0.7838 0.534 -0.012
28 π-π 0.1640 0.0833 -0.013 +0.005
(1 · · ·5 · · ·HF) HB 1.1172 0.4989 -0.055 +0.002
29 π-π 0.2096 0.1008 0.073 -0.022
(2 · · ·5 · · ·HF) HB 1.1817 0.5222 0.590 -0.022

a I, interaction; HB, hydrogen-bond; π-π, edge-to-face stacking.

Figure 4. Schematic representation of the location of bond (red), ring
(yellow), and cage (blue) CPs in complexes 18, 20, 22, 24, 26, and 28.

TABLE 4: Contributions to the Total (Et) Interaction
Energy (kJ/mol) Computed by Using MIPp of Compounds
3-5 and 12-17 Interacting with H1/4+ or O1/2- at the
Minimum along the Line Defined by the Ideal Interacting
Trajectory for a Hydrogen Bond

complex Ee Ep Evw Et

3 + H•+ -46.90 -6.77 6.52 -47.15
4 + H•+ -44.85 -6.19 4.77 -46.27
5 + O1/2- -48.78 -8.03 5.64 -51.16
12 + H•+ -49.87 -6.35 5.85 -50.37
13 + H•+ -43.35 -6.60 5.14 -44.81
14 + H•+ -47.78 -6.06 3.89 -49.95
15 + H•+ -43.10 -6.44 5.52 -44.02
16 + O1/2- -43.56 -7.94 4.05 -47.44
17 + O1/2- -54.93 -8.61 7.65 -55.89

6020 J. Phys. Chem. A, Vol. 112, No. 26, 2008 Escudero et al.



constant, with respect to those in compounds 3-5 interacting
with H1/4+, indicating that the unfavorable synergism of these
complexes is due to a diminution of the electrostatic interaction
when the arene participates in π-πF interactions. The same
behavior is found for 16 interacting with O1/2- (unfavorable
synergism). In this case, when the arene participates in π-π
interaction, the hydrogen-bond donor capacity of pyrrole is
diminished.

The MIPp analysis is in accord with the AIM results, the
synergistic energies (Esyn), and the geometrical features of the
complexes (∆Re and ∆RHB parameters). The non-additivity
energies disagree with the aforementioned criteria. Conse-
quently, the evaluation of the mutual influence of hydrogen-
bonding and T-shape π-π noncovalent interactions by using
genuine non-additivity energies is not recommended, at least
in the systems studied here. A likely explanation is that the
additivity energy of all hypothetical dimers is computed by using
the geometry of the complex where both interactions coexist.
Therefore, in systems where the mutual influence of both
noncovalent interactions has an important effect on the equi-
librium distances, each pair T-shape/π-π and π-σdonor/acceptor

is far from the ground-state geometry, and consequently, the
EA term is influenced by this issue.

Cambridge Structural Database Search. In order to obtain
experimental evidence of the possible coexistence of both
hydrogen-bond and T-shape π-π interactions in the solid state,
we have performed a search in the Cambridge Structural
Database (CSD).28 Crystal structures are so rich in geometrical
information and often reveal effects that have not been noticed
by the original authors. The utility of crystallography and the
CSD in analyzing geometrical parameters and noncovalent
interactions is clearly established.29 In exploring the CSD for
pyridine simultaneously interacting with a hydrogen-bond donor
and establishing an edge-to-face π-π interaction, we have found
45 fragments that correspond to 22 structures (listed in the
Supporting Information). The search has been performed by
imposing several constraints. First, a hit is stored when six non-
bonded contacts exist between the aromatic hydrogen atom of
the pyridine and the six carbon atoms of the aromatic ring.
Second, a hit is stored if the nitrogen atom of the pyridine is
participating in conventional hydrogen bonding (unconventional
C-H · · ·N hydrogen bonds have not been considered). Third,
to ensure the T-shape geometry, we have constrained the angle
between the pyridine and phenyl ring planes to range between
150 and 210°. Fourth, only organic compounds have been
explored, because the binding ability of the aromatic rings
belonging to organometallic complexes can be influenced by
the metal. In Figure 5, we show two examples (CSD codes
FEPBOS30 and MAFQIU31) where the combination of both
interactions determines the crystal packing. It is worth mention-
ing that a similar search performed for pyrrole, which has
unfavorable hydrogen-bond/π-π synergy, has not revealed any
hit. Because of the reduced number of pentafluorophenyl
derivatives present in the CSD (only organics), the searches for
the coexistence of πF-π-σdonor interactions (favorable syner-
gism) are not relevant. The same line of reasoning is applicable
to pyridazine derivatives.

Concluding Remarks

In summary, the results reported in this manuscript stress the
importance of noncovalent interactions involving aromatic
systems and the interplay among them that can lead to
synergistic effects (up to 7% of the total interaction energy).
Because of the presence of a great number of aromatic rings

containing hetero-atoms in biological systems, this effect can
be important and might help understand some biological
processes where the interplay between both interactions exist.
It also should be taken into account in supramolecular chemistry
and crystal engineering fields.
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Ballester, P.; Costa, A.; Deyà, P. M. ChemPhysChem 2006, 7, 2487.
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