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Instituut-Lorentz, Leiden UniVersity, P.O. Box 9506, 2300 RA Leiden, The Netherlands, and Leiden Institute of
Chemistry, Leiden UniVersity, P.O. Box 9502, 2300 RA Leiden, The Netherlands

ReceiVed: NoVember 27, 2007

We theoretically investigate the cooperative enhancement of the interactions between anions and electron-
deficient aromatics byπ-π stacking, focusing on the recent crystallographic observation of anion-π-π
interactions in a synthesized coordination compound based on 1,3,5-triazine moieties. Using a combination
of state-of-the-art dispersion-corrected density functional and quantum Monte Carlo calculations, we rationalize
the unusual structural features observed in this nitrate-triazine-triazine complex. We show that the triazine
rings are staggered and bent and slip with respect to each other with the nitrate bound off-center in a T-like
configuration. Our results indicate that thisπ-π stacking is not simply enforced by the coordination of the
triazines within the particular crystal structure but is regulated by cooperative anion-π andπ-π interactions.
In the nitrate-triazine-triazine complex, this cooperative effect amounts to 6% of the total binding energy.
Ways to further increase this energetic enhancement in the design of anion-host architectures are discussed.

1. Introduction

The design of selective receptors of anionic species is a very
active area of research within supramolecular chemistry due to
the potential applications to catalysis, separation processes, and
biomolecular systems.1 Common neutral receptors bind the anion
by hydrogen bonding or coordinate the anion at the Lewis acidic
center of an organometallic ligand. As compared to cationic
hosts, neutral receptors avoid the presence of competing negative
counterions and are characterized by higher selectivity due to
the directionality of the interactions. In recent years, the
alternative route of anion complexation by neutral hosts via
anion-π interactions has received considerable interest. The
favorable binding interactions between an anionic species and
an electron-deficientπ-electron compound has been demon-
strated in several theoretical studies2-18 and experimental
evidence of these attractive interactions is now cumulating from
both X-ray structures19-27 and solution data.28,29

Aromatic systems which have been investigated as potential
anion-host candidates are either substituted benzene or electron-
poor heteroaromatics such as triazines. Even thoughπ-systems
are expected to interact repulsively with anions, the presence
of electron-withdrawing substituting atoms in the aromatic
compounds modulates the reactivity inverting their natural
electron-donor character. Hexafluorobenzene is the extreme
example with a permanent quadrupole moment of similar
magnitude as benzene but opposite sign, leading to attractive
electrostatic interactions with electron-donor species.30 In
general, the interactions between the anion and theπ-system
are predominantly of electrostatic and polarization nature, but
dispersion forces and charge transfer7,8,16also contribute to the
stability of these complexes.

Recently, experimental evidence of anion-π-π interactions
has emerged from crystallographic studies20-23 on synthesized

coordination compounds based on the electron-deficient 1,3,5-
triazine moieties, suggesting the possibility to enhance anion-π
binding by π-π stacking. Particularly intriguing are the
structural features of the nitrate-triazine-triazine complex of
ref 23, as the two aromatic rings are staggered and not perfectly
faced, and the nitrate ion is not parallel to the closest ring. The
unusual asymmetrical configuration of the closely stacked
triazines could be induced by the particular coordination within
the compound, or governed by a subtle interplay between
anion-π and π-π interactions.15,18 In the original paper, the
compound was also investigated theoretically but, due to the
poor description of dispersive interactions by the standard
density functional theory approach employed, no conclusions
could be drawn on the stabilization effect ofπ-π interactions
on the whole complex.

In the present theoretical study, we investigate and rationalize
the structural features of this anion-π-π complex, and
quantitatively address the issue of cooperativity of anion-π and
π-π interactions using a combination of dispersion-corrected
density functional theory (DFT) and quantum Monte Carlo
(QMC) calculations. The calculated structure is remarkably close
to the one observed experimentally even though the anion-
π-π complex was not additionally coordinated as in the crystal
structure. Therefore, the unusual stacking is an intrinsic feature
which stabilizes the anion-π binding, indicating that the
principle of anion-π-π cooperativity is regulating the self-
assembly in this coordination compound. Energetically, the
cooperative effect of anion-π and π-π interactions in the
triazine-triazine-nitrate complex is not negligible but amounts
to roughly 6% of the total binding energy.

We want to emphasize that the theoretical investigation of
anion-π-π interactions is particularly demanding. In anion-π
systems, correlation significantly contributes to the interaction
energy7,8 and must therefore be accurately treated. In the
presence of aromatic stacking, the need to also addressπ-π
interactions further complicates matters. Finally, even though
most previous studies of anion-π systems within the MP2
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approach were limited to highly symmetrical configurations, it
is important to be able to explore lower-symmetry complexes
for a realistic representation of the anion-π-π systems
observed experimentally. Therefore, we choose here to employ
the efficient DFT approach in combination with the recently
proposed dispersion-corrected atom-centered pseudopotentials
(DCACPs),31,32 which we validate against accurate highly
correlated quantum Monte Carlo calculations. The DFT-DCACP
method is found to reliably predict equilibrium structures as
well as the relative stability of different complexes and is
therefore a very promising tool for the investigation of even
larger anion-π systems.

2. Computational Approaches

We briefly review below the two theoretical methods
employed in this work, that is, the recently developed semiem-
pirical DFT scheme augmented with dispersion-corrected atom-
centered potentials (DCACPs) and the quantum Monte Carlo
(QMC) approach. We also give all relevant computational
details.

2.1. Semiempirical Dispersion-Corrected DFT.A simple
semiempirical approach has been recently proposed to correct
the deficiency of approximate density functionals in describing
London dispersion forces.31,32 The nonlocal electron-nucleus
pseudopotentials used in the Kohn-Sham DFT scheme are
augmented with DCACPs whose parameters are fitted against
references data obtained in ab initio highly correlated ap-
proaches. By construction, these potentials do not affect valence
electronic properties but appear to significantly improve the
description within DFT of weakly bound systems at no
additional computational cost.33,34

Although the original DCACPs were calibrated against MP2
reference properties, we use here the latest library of potentials
constructed from more accurate coupled-cluster singles and
doubles with a perturbative treatment of the triples [CCSD(T)]
and configuration interaction data.35 We employ the generalized
gradient approximation (GGA) functional of Becke, Lee, Yang,
and Parr (BLYP)36 and the corresponding DCACPs nonlocal
potentials given in the Troullier-Martins37 form. We use the
DCACPs for all the atomic species except for F where we use
the original Troullier-Martins BLYP pseudopotential as the
corresponding DCACP is not yet available. We expect that the
absence of dispersion corrections for F is not important in the
complexes studied in section 3.3 as the F-F interaction is
dominated by electrostatic repulsion. All the DFT calculations
are performed using the plane-wave basis set program CPMD
3.11.138 with a plane-wave cutoff of 80 Ry. We employ the
isolated system module in CPMD, which allows studying an
isolated molecule or complex within periodic boundary condi-
tions. The Poisson equations are solved with the Hockney
method.39 We use a box size of 15× 15 × 15 Å3, which is
sufficiently large for all the complexes considered in this work.
All the geometry optimizations are performed without imposing
any symmetry constraints and with a threshold for the residual
force of 0.0005 au. The binding energies of complexes are
computed by subtracting the energies of the optimized fragments
from the total energy of the complex. We note that all computed
binding energies do not include zero point energy corrections.

2.2. Quantum Monte Carlo Methods.QMC methods40,41

offer an efficient alternative to conventional highly correlated
ab initio methods as they can be applied to sufficiently large
systems and still provide an accurate description of both
dynamical and static electronic correlation. The key ingredient
that determines the quality of a QMC calculation is the many-

body trial wave function which, in the present work, is chosen
of the Jastrow-Slater type with the particular form,

where Dv and DV are Slater determinants of single-particle
orbitals for the up- and down-spin electrons, respectively, and
the orbitals are represented using atomic Gaussian basis. The
Jastrow correlation factorJ depends on the distancerij between
electronsi and j, and on the distanceriA andrjA of electronsi
and j from nucleus A. The Jastrow factor is here expressed as
the exponential of the sum of three fifth-order polynomials of
electron-nuclear, of electron-electron, and of pure three-body
mixed electron-electron and electron-nucleus distances, re-
spectively.42 Different Jastrow factors are used to describe the
correlation with different atom types.

In variational Monte Carlo (VMC), the square of the wave
function is sampled using the Metropolis algorithm and the
expectation value of the Hamiltonian on the wave function is
computed by statistically averaging over a large number of
electronic configurations sampled fromΨ2. The wave function
is then used in diffusion Monte Carlo (DMC), which produces
the best energy within the fixed-node approximation,i.e., the
lowest-energy state with the same zeros (nodes) as the trial wave
function Ψ. All QMC results presented below are from DMC
calculations.

All QMC calculations are performed with the program
package CHAMP.43 We employ scalar-relativistic energy-
consistent Hartree-Fock pseudopotentials44 for all the elements,
and the hydrogen potential is softened by removing the Coulomb
divergence. To represent the orbitals in the determinantal
component, we employ the Gaussian basis sets44 constructed
for these pseudopotentials and augment them with diffuse
functions. All calculations are performed with the cc-pVDZ basis
augmented with two additional diffuse s and p functions with
exponents 0.04690 and 0.04041 for carbon, 0.06124 and 0.05611
for nitrogen, 0.07896 and 0.06856 for oxygen, and 0.06080 and
0.04660 for chlorine.45 Only in the computation of the binding
energy of the far-triazine-NO3

- fragment (see Table 3), the
basis is further augmented with two diffuse s and p functions
with exponents 0.0138 and 0.0108 for carbon, 0.0167 and 0.0144
for nitrogen, and 0.0206 and 0.0171 for oxygen.45 The use of
these additional diffuse functions allows a stable QMC simula-
tion in this compound where the triazine and NO3

- molecules
are at very large distances (about 7 Å). Further augmentation
of the basis with two diffused functions for all heavier atoms
does not change the binding energy of the compound.

The parameters in the Jastrow factor are always optimized
within VMC by energy minimization46 and, when stated, the
coefficients of the orbital expansions over the atomic Gaussian
basis are simultaneously optimized with the Jastrow component.
Otherwise, orbitals from a B3LYP density functional theory36,47

calculation are employed, which are obtained using the same
pseudopotentials and basis set with the program GAMESS-
(US).48 An imaginary time step of 0.075 a.u. is used in the DMC
calculations.

As side test, we compute the DMC binding energy and
equilibrium distance of the prototypical triazine-chloride
complex with the ion along the C3 axes of the ring, which has
been the subject of several MP2 studies.2,6,7,10,9,13We perform
a correlated sampling run49 using as reference the MP2/aug-
cc-pVDZ geometry with a chloride-centroid distance of 3.13
Å,7 and the corresponding fully optimized QMC wave function.
We find a DMC equilibrium distance of 3.24 Å, which is in

Ψ ) DvDV ∏
A,i,j

J (rij,riA,rjA) (1)
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the range of the MP2 values obtained with different basis sets.7

The DMC binding energy of 6.0(3) kcal/mol is slightly smaller
than the MP2/aug-cc-pVDZ value of 6.93 kcal/mol.7 We note
that using optimized or B3LYP orbitals in the determinantal
component of the wave functions yields statistically equivalent
results even though the B3LYP approach underestimates the
binding energy by about 2 kcal/mol.9

3. Results

To investigate cooperative effects of anion-π and π-π
interactions in the unusual triazine-triazine-nitrate complex
observed experimentally, we first need to characterize how the
anion-π andπ-π fragments are separately stabilized. Studying
these smaller components also allows us to access the perfor-
mance of QMC and in particular of the semiempirical DCACP
approach, by comparing to MP2 or CCSD(T) calculations when
available.

3.1. Triazine and NO3
-. The triazine-NO3

- complex
represents one of the first examples of anion-π interactions
observed experimentally23,24 and has already been the subject
of several computational studies both at the DFT and at the
MP2 level.7,23,24Thus, it is an ideal system to assess the accuracy
and transferability of the DCACPs in describing this novel weak
interactions as all the atomic elements in the complex are
available in the current library of dispersion corrected pseudo-
potentials.35

In Table 1, we show the binding energy and the equilibrium
distance between the ring centroid and the nitrogen of NO3

-,
calculated with different approaches. We focus first on the
symmetrical geometry where the plane of the nitrate is parallel
to the triazine plane with the nitrogen of the anion located on
top of the ring centroid and the oxygens facing the carbon atoms
(Figure 1). We find that DFT/BLYP-DCACP gives a binding
energy that is very close to the one obtained within the MP2
approach7 but with a slightly larger (about 10%) equilibrium
distance. DMC gives a binding energy≈1.7 kcal/mol smaller
than the DFT and MP2 values. A DMC equilibrium distance
of about 2.9 Å is estimated in a correlated sampling run using
as reference geometry the MP2 geometry and the corresponding
fully optimized QMC wave function.49 In Figure 2, we show
the DFT binding energies obtained with the standard BLYP and
the BLYP-DCACP pseudopotentials for the parallel geometry
at different distances between the planes. The structure of the
fragments is kept fixed at the optimal geometry of the complex
while changing the triazine-nitrate distance. The computed
BLYP binding energy of 2.4 kcal/mol is in line with the value
previously obtained with a Slater-type orbital ET-pVQZ basis.23

It clearly appears that the dispersion corrections have a very

large effect on the description of the anion-π interactions. With
the inclusion of the DCACP pseudopotentials, the binding
energy increases from 2.4 to 6.7 kcal/mol and the equilibrium
distance decreases by about 6%.

The triazine-nitrate complexes observed experimentally23,24

show, however, a very different structure from the more intuitive
face-to-face configuration. This observation prompted further
calculations both at the DFT and at the MP2 level,23,24 which
yield an energetically lower T-like arrangement of the triazine-
nitrate complex. As shown in Table 1, the structure and the
binding energy of the T-like complex computed within DFT/
BLYP-DCACP compare well with the MP2 values.24 In
particular, the dispersion corrected potentials predict this con-
figuration to be more stable than the parallel arrangement by
about 2 kcal/mol. Similarly to the MP2 results, we find that the
two oxygens of the nitrate point toward the triazine plane, one
facing the ring centroid and the other facing one hydrogen atom
at a distancedO‚‚‚H ) 2.52 Å (see also Figure 1). The interaction
with the hydrogen appears to further stabilize this geometrical
arrangement. The shortest oxygen-centroid distanceR′0 pre-
dicted by DFT/BLYP-DCACP is again about 10% larger than
the MP2 value. The DMC calculations performed using the DFT
optimized complexes give the same trend for the binding energy

TABLE 1: DFT/BLYP-DCACP and DMC Binding Energies
in kcal/mol of the Triazine-NO3

- Complexa

geometry R0 R′0 DFT DMC MP2

DFT parallel 3.18 -6.7 -5.1(3)
MP2 parallel 2.90b -4.9(3)d -6.8b

DFT T-like 3.69 3.07 -8.8 -6.7(3)
MP2 T-like 2.75c -8.4c

a The parallel and T-like geometries corresponding to the MP2 and
DFT/BLYP-DCACP equilibrium distances are shown. The MP2 binding
energies are also given when available.R0 andR′0 are the equilibrium
distances in Å between the ring centroid and the nitrogen atom of NO3

-,
and between the centroid and the closest oxygen atom of NO3

-,
respectively. The statistical error on the last figure of the DMC binding
energy is given in parentheses.b Reference 7. MP2/aug-cc-pVDZ.
c Reference 24. MP2/6-311++G(3df,p). d Wave function fully opti-
mized with VMC.50

Figure 1. Side (A) and top (B) view of the triazine-nitrate complex
in the parallel geometry (left) and in the T-like form (right).

Figure 2. Binding energy of the triazine-NO3
- system in the parallel

geometry as a function of the distance between the centroid of the
triazine ring and the nitrogen atom of NO3

-. The curves are computed
within DFT/BLYP with and without the DCACPs.

Self-Assembly of Nitrate-Triazine-Triazine Complexes J. Phys. Chem. A, Vol. 112, No. 7, 20081629



with the T-like geometry being the most stable. DMC results,
however, indicate that both DFT and MP2 tend to overestimate
the binding energy by≈2 kcal/mol.

3.2. Triazine Dimer.The DCACPs have been developed with
the main aim of improving the generally poor description of
π-π interactions within DFT. The triazine dimer makes no
exception in this respect, with the BLYP functional giving an
unbound state. At the contrary, ab initio correlated methods such
as MP2 and CCSD(T) find a bound state with the optimal
conformation being a stacked complex with a 60° relative
orientation and a vertical distance of 3.4 Å.51,52 As shown in
Table 2, the MP2 method tends to overestimates the binding
energy in comparison with the more accurate CCSD(T) ap-
proach, a feature that appears to be general in the MP2
description of van der Waals complexes.51-53

In Table 2, we show the results for the triazine dimer obtained
with the DFT/BLYP-DCACP approach. We consider the face-
to-face conformation with relative orientations, 0°, 30°, and 60°,
between the two triazine molecules (Figure 3). All structures
are bound with the binding energy increasing as we move from
0° to 60°. The DFT-DCACP global minimum at 60° is
consistent with the MP2 finding but has a slightly smaller
binding energy and a centroid-to-centroid distance 6% larger.
DMC calculations performed on the DFT optimized geometries
display the same trend as DFT but give a systematically smaller
binding energy by about 1 kcal/mol. We note that, at the MP2
geometry, the DMC binding energy is equal to the CCSD(T)
prediction. Once more, these results indicate that the BLYP-
DCACPs are able to predict the proper trend and global
minimum of the weakly bound triazine dimer although they
slightly overestimate the binding energy similarly to the MP2
approach.

In the crystalline structure23 containing the triazine-triazine-
nitrate complex, an unusual triazine-triazine moiety is ob-
served: The planes of the triazine molecules are slightly off-
centered with a centroid-to-centroid distance of 3.45 Å and have
a relative orientation of about 30° with a dihedral angle of about
15°. If we optimize the triazine dimer within DFT-BLYP-
DCACP starting from this experimental conformation, we find
a local minimum very similar to the experiment, that is, a
distance between the centroids of 3.79 Å and a dihedral angle
between the two rings of 11° (see Figure 3). As shown in Table
2, the predicted binding energy for this local minimum is only
0.6 kcal/mol lower than the global minimum. However, the
bending slightly stabilizes the dimer with respect to the parallel
conformation at the same angle of 30°. For the bent conforma-
tion, DMC gives the same energy within statistical error as for
the DFT global minimum geometry.

3.3. Cooperativity of Anion-π-π Interactions. We now
focus on the experimental triazine-triazine-nitrate complex
observed in ref 23 to understand the unusual structural features

and quantify the stabilization induced on the anion-π system
by π-π stacking. The relevant anion-π-π unit of the
crystalline structure represents the starting point for our calcula-
tions and is shown in Figure 4 together with the DFT/BLYP-
DCACP optimal geometry. The similarity between the experi-
mental and theoretical complexes is remarkable: The two
triazine are staggered by about 30° and bent and slip with respect
to each other with the nitrate bound in a T-like configuration.
Moreover, the nitrogen of the anion is displaced with respect
to the normal through the centroid of the ring, consistently with
the experiment. More specifically, we find a centroid-to-centroid
distance of 3.74 Å and a distance from the centroid to the N of
NO3

- of 3.50 Å as compared to the experimental values of 3.45
and 3.71 Å, respectively. The two aromatic rings form a dihedral
angle of 22°, close to the experimental value of 18°. Finally,
two oxygen atoms of the nitrate are interacting with the triazine
ring, similarly to the observed structure. A more detailed
comparison with the experimental structure is not appropriate
as the experimental complex is embedded in the crystalline
environment, which may induce further distortions. We note
that, with respect to the geometries of the subunits separately
optimized, the presence of the nitrate does not significantly
change the centroid-centroid distance but yields a larger tilt
angle between the rings. As for triazine-nitrate system, the main
geometrical effect is that the nitrate is more parallel and closer
to the ring with a centroid-oxygen distance of 2.98 Å.

The total computed binding energy of this anion-π-π
complex is-12.4 kcal/mol. To establish the stabilization effect
induced byπ-π stacking on this supramolecular complex, we
separately compute theπ-π and anion-π contributions to the
binding energy. We extract from the optimized structure the
three fragments corresponding to the triazine dimer and the two
possible triazine-nitrate units and compute their binding
energies, which are listed in Table 3. By subtracting these
contributions from the total binding energy of the anion-π-π
system, we derive a cooperative contribution to the binding
energy of 0.8 kcal/mol, which corresponds to a stabilization
enhancement of about 6%. The cooperative energy predicted
by DMC using the DFT geometries is compatible with the DFT
value within two standard deviations, and the DMC binding
energies of the individual fragments are always lower, as already
pointed out in the previous sections. In particular, the compound
given by the nitrate and the distant triazine ring is unbound
within DMC due to geometrical deformations of the molecules
within the triazine-triazine-nitrate complex.

We note that the triazine rings are not in the optimal stag-
gered configuration of 60° (see Table 2) but have a relative
orientation of about 30°. This is certainly due to the geometrical
constraints within the crystalline framework as the triazine
rings are strongly coordinated via a complex network to the
metal centers of the compound. To generate a triazine-triazine-
nitrate complex arrangement consistent with the optimal ge-
ometries for the separate fragments, we thus start from a
structure in which the triazine rings are parallel in the optimal
60° orientation, with the nitrate in the T-like form and two
oxygens interacting with the ring (Figure 5). The geometry
optimization shows that the relative orientation remains at 60°,
and the centroid-centroid distance is unchanged with respect
to the isolated dimer. However, the presence of the anion induces
a tilt of about 14° of the triazine close to it, which is likely
induced by the interaction between one oxygen of the nitrate
and one hydrogen of the ring. As expected, the binding energy
of this complex is slightly larger than in the structure derived

TABLE 2: DFT/BLYP-DCACP and DMC Binding Energies
in kcal/mol of Different Conformations of the
Triazine-Triazine Dimera

geometry R0 DFT DMC MP2 CCSD(T)

DFT 0° 3.80 -1.7 -0.6(3)
DFT 30° 3.70 -2.5 -1.6(3)
DFT 60° 3.60 -3.5 -2.2(3)
MP2b 60° 3.40 - -2.8(3) -3.8b -2.8b

DFT 30° bent 3.79 -2.9 -2.1(3)
DFT 60° bent 3.61 -3.4

a The equilibrium distanceR0 in Å is between the centroids of the
two rings and the angle indicates their relative rotation.b References
51 and 52 with a diffuse cc-pVDZ′ basis set.
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from the experiment (see Table 3) and the cooperative effect is
of comparable magnitude.

Finally, we check the effect of enhancing theπ-anion
interaction by substituting the hydrogens in the triazine rings

at 60° with the strongly electronegative fluorine.2,6,10With this
procedure, we generate three complexes,i.e., (1) two trifluo-
rotriazine rings with a nitrate, (2) one triazine and one
trifluorotriazine coordinated with the nitrate, and (3) one
trifluorotriazine and one triazine coordinated with the nitrate.
As seen in Table 3, the total binding is increased by the fluorine
substitution due to the stronger attractive interaction between
the nitrate and the trifluorotriazine ring(s). However, this
increase does not always correlate with a cooperative enhance-
ment of theπ-anion interaction byπ-π stacking. In particular,
in the complex with two trifluorotriazine rings, the cooperative
effect is smaller than in the original system with two triazine
rings as theπ-π system is now very weakly bound: The
binding energy of the ring-ring fragment is only 0.2 kcal/mol,
significantly reduced from the 2.0 kcal/mol of the trifluorotri-
azine dimer optimized in the absence of the nitrate. This small
binding can be explained with the strong deformation of the
trifluorotriazine ring close to the nitrate, with one of the
fluorine’s bending out of the ring plane away from one of the
nitrate oxygens.

In the mixed triazine-trifluorotriazine compounds, we ob-
serve instead a more favorable balance ofπ-π and anion-π
interactions, leading to an increased cooperativity. In both
complexes, the ring-ring fragment is still significantly bound
even though its binding energy is smaller than the optimal value
of 3.2 kcal/mol for the isolated dimer. The ring-ring binding
energy of the complex with the triazine coordinated to the nitrate
is larger by about 1 kcal/mol than the energy obtained in the
case of the trifluorotriazine coordinated to the nitrate. The
reduced binding of the latter is due to a strong deformation of
the trifluorotriazine ring vicinal to the nitrate, similarly to what
observed in the compound with two trifluorotriazine rings.
Correspondingly, the largest cooperative effect is observed in
the mixed complex with the triazine coordinated to the nitrate

Figure 3. Side (A) and top (B) view of four different conformations of the triazine-triazine dimer. From left to right, the two molecules are
rotated with respect to each other by 0°, 30°, and 60°. The bent geometry (right) is rotated by roughly 30°.

Figure 4. Side (A) and top (B) view of the triazine-triazine-NO3
-

complex as obtained within DFT/BLYP-DCACP (left) and experimen-
tally23 (right). In the top view, the bottom ring is parallel to the page.

TABLE 3: DFT/BLYP-DCACP and DMC Binding Energies
in kcal/mol of Five π-π Complexes Interacting with NO3

-,
i.e., Two Triazine (TAZ) Rings at 30°, Two TAZ Rings at
60°, Two Trifluorotriazine (TFT) at 60 °, and the Two Mixed
Systems with One TAZ and One TFT Ring at 60° a

TAZ 30°

compound DFT DMC
TAZ 60°

DFT
TFT
DFT

TAZ-TFT
DFT

TFT-TAZ
DFT

ring-ring-NO3
- -12.4 -8.5(2) -13.5 -21.5 -20.3 -17.3

ring-ring -2.8 -1.7(2) -3.0 -0.2 -1.6 -2.6
close-ring-NO3

- -8.3 -6.0(2) -8.8 -16.5 -16.5 -8.3
far-ring-NO3

- -0.5 0.7(2) -0.7 -4.3 -0.7 -4.6
cooperativity -0.8 -1.6(4) -0.9 -0.6 -1.5 -1.8

a The mixed systems denoted TAZ-TFT and the TFT-TAZ have the
TFT and TAZ ring closer to the NO3-, respectively. The geometry of
the ternary compound (ring-ring-NO3

-) is optimized within DFT/
BLYP-DCACP and the geometries of the ring-ring, close-ring-NO3

-,
and far-ring-NO3

- fragments are here kept fixed when computing their
binding energies. The binding energies are obtained as the difference
between the total energy and the energies of the isolated ring and NO3

-

optimized separately. For example, the binding energy of the ternary
compound is given byEb(ring-ring-NO3

-) ) E(ring-ring-NO3
-) -

2E(ring) - E(NO3
-). The cooperative energy is defined asEb(ring-

ring-NO3
-) - Eb(close-ring-NO3

-) - Eb(far-ring-NO3
-) - Eb(ring-

ring).

Figure 5. Triazine-triazine-NO3
- complex with relative orientation

of the rings of 60° optimized within DFT/BLYP-DCACP (gray). In
blue, we show the starting symmetrical geometry.
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where the non-additive contribution amounts to roughly 10%
of the total binding energy. Finally, we note that the cooperative
effect is always present in all the studied complexes, though
this does not appear to be a general feature18 of anion-π-π
complexes, and points to the very versatile nature of the triazine
moiety in supramolecular chemistry.54

4. Conclusions

Using state-of-the-art dispersion corrected DFT and QMC
calculations, we have investigated the geometrical and energetic
effects induced byπ-π stacking on the anion-π system of
the unusual triazine-triazine-nitrate complex recently observed
experimentally. We have reproduced and rationalized the highly
asymmetrical features of the structure, which are not imposed
by the coordination of the anion-π-π subunit within the
particular synthesized compound. We show that the two triazines
are staggered and bent and slip with respect to each other with
the nitrate bound off-center in a T-like configuration. The
stabilization induced byπ-π stacking amounts energetically
to about 6% of the total binding energy. An increased coopera-
tive effect of 10% is obtained if the hydrogens in one of the
triazine rings are substituted with the strongly electronegative
fluorine atoms and the dimer is further staggered in a 60°
orientation. We want to emphasize that the theoretical investiga-
tion of a realistic anion-π-π system as the one treated in this
paper is particularly demanding, as correlation plays an impor-
tant role; moreover, the system is not small and must be treated
without symmetry constraints. We find that the use of the
recently proposed dispersion corrected DFT approach represents
a good compromise between accuracy and the ability to study
complex and realistic systems involving weak interactions.
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