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Abstract: Organochalcogen-nitrogen heterocycles such as the 1,2,5-chalcogenadiazoles have a distinct
tendency to establish intermolecular links in the solid state through secondary bonding interactions E‚‚‚N
(E ) S, Se, Te). The association of these molecules was examined in detail using relativistic density
functional theory. Although there is an important electrostatic component, the interaction between these
molecules is dominated by contributions arising from orbital mixing, which can be interpreted as the donation
of a nitrogen lone pair into the chalcogen-centered antibonding orbitals. Because of its more polar character
and lower-lying antibonding orbitals, the tellurium derivatives possess the strongest association energies;
these are so large that the binding strength is comparable to that of some hydrogen bonds. In the absence
of steric constraints, telluradiazoles associate in a coplanar fashion forming ribbon polymers. However,
bulky susbstituents could be used to direct the formation of either helical chains or discrete dimers. In
addition to its strength, the coplanar dimer is characterized by being rigid, yet no activation barrier is expected
for the association/dissociation process. These attributes strongly indicate that tellurium-nitrogen
heterocycles have great potential as building blocks in supramolecular architecture.

Introduction

The last two decades have witnessed remarkable progress in
the construction of complex structures by the spontaneous
assembly of small building blocks. Most of these achievements
in supramolecular chemistry have been accomplished through
the use of two types of interactions: hydrogen bonding and
coordination of metal ions.1-3 The use of other supramolecular
forces would grant access to unique structures with unusual
properties. In this context, aurophilic interactions are receiving
increasing attention.4-7 Heavy main-group elements often
display short interatomic contacts that can be attributed to
secondary bonding interactions (SBIs), attractive interactions
between atoms that had previously satisfied their main valence.
Some recent publications illustrate the ability of SBIs of heavy
p-block elements to tailor the properties of materials and elicit
unique chemistry. Dipolar molecules connected by-NO2‚‚‚I-
Ar SBIs formed a noncentrosymmetric lattice capable of optical
second-harmonic generation,8 a chiral fluorocarbon was resolved
thanks to the formation of an infinite helix through Br-‚‚‚Br-

C SBIs,9 chalcogen-chalcogen SBIs in tellurium- and selenium-
substituted acetylenes assembled nanotubes that host organic
solvents,10-14 and the addition of a selenenyl halide to olefins
was stereochemically controlled by the intramolecular SBI of
Se with a chiral amine.15 More examples in organochalcogen
compounds are collected in a detailed review.16

More frequently than in hydrogen bonding and coordination
chemistry, attempts to control the organization of molecules
containing heavy main-group elements have resulted in unex-
pected structures, with absent SBIs in some instances. This led
to the premature conclusion that SBIs centered on heavy main-
group atoms are too weak and poorly directional to be reliably
applied in supramolecular chemistry. It has been pointed out17,18

that the actual problem is that the most effective SBI supra-
molecular synthons (the basic units that can be assembled by
supramolecular forces) are yet to be identified. One way to
accomplish this is through the systematic survey of published
crystallographic data; using this method, Starbuck et al. have
examined crystal structures of Sb(III) and Bi(III) compounds
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in search for the factors that favor supramolecular association
with Lewis bases.19 However, this approach is limited because
it does not provide quantitative information on the inherent
stability of the SBIs. The ideal supramolecular synthon should
have a large bonding energy to provide thermodynamic stability,
be strongly directional to guide the molecular arrangement, and
be reversible to permit error self-correction in complex struc-
tures. Of course, all those attributes would be meaningless unless
the building blocks are synthetically accessible.

With hydrogen bonds, the most effective supramolecular
synthons are based on the paradigm of complementary units
joined at multiple points of attachment; therefore, the corre-
sponding precursors contain combinations of H-donor and
H-acceptor groups. Greater stability is conferred by alternating
the local dipole moments; this has afforded synthons so strong
that bifunctional molecules assemble chains in solution that share
the properties of true macromolecules.20 Application of the same
principles should lead to effective main-group supramolecular
synthons. Heterocyclic molecules containing divalent chalcogens
atoms in combination with other heteroatoms are well suited
for this purpose. This concept was explored by Miyashi21 and
Yamahita22 using heteropolycyclic molecules appended with
auxiliary functional groups. Although the approach was suc-
cessful in promoting intermolecular association to form extended
two-dimensional lattices, the tight packing left no room for any
pendant substituents that may confer functionality to the
structure. One of the limiting factors in this case is that the
removal of any attachment points weakens the structure, which
causes the competing packing forces to strongly influence the
arrangement in the crystal.

In search for more effective main-group supramolecular
synthons based on SBIs, we have examined published structural
data and used DFT computational modeling to evaluate pro-
spective supramolecular synthons, with the intention of identify-
ing the best candidates and applying them in future experimental
investigations. Here, we report a detailed study of the nature of
the supramolecular association of five-membered C2N2E hetero-
cyles.

Results and Discussion

The crystal structures of compounds containing the 1,2,5-
chalcogenadiazole ring often display intermolecular contacts that
can be ascribed to SBIs. Of particular interest are those cases
in which two rings are associated by two antiparallel E‚‚‚N SBIs
(E ) S, S, Te), forming a four-membered cyclic supramolecular
synthon (Scheme 1); this synthon may be repeated to link
another molecule. A ribbon polymer is grown by repeating this
operation (Scheme 2). The arrangement of these heterocycles

is especially attractive as it leaves room for pendant functional
groups. A survey of the Cambridge Structural Database
(CSD)23,24was performed to identify those crystals where these
features are observed.21,22,25-46 This provided the average SBI
distances that are compared in Table 1 to the sum of the
corresponding van der Waals radii. The two sets of data follow
opposite trends, suggesting that the tellurium SBIs are the
strongest. The CSD survey also found that, while the selena-
and telluradiazoles are more frequently associated in dimers and
polymers, thiadiazoles most often do not appear to be associated,
and those that do associate only make dimers.

A computational study using density functional theory was
performed to understand the factors that control the association
of these molecules, the influence of the nature of the chalcogen,
and the viability of the 1,2,5-chalcogenadiazoles as building
blocks for supramolecular structures. Models of the three parent
1,2,5-chalcogenadiazoles1 (Chart 1) were fully optimized using
all-electron basis sets. The zero order regular approximation
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Scheme 1 Scheme 2

Table 1. SBI Distances (Å) in 1,2,5-Chalcogenadiazoles

E S Se Te

rEvdW + rNvdW
47 3.26 3.36 3.54

E‚‚‚N(Average) 3.20 2.95 2.77
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(ZORA) was used to account for relativistic effects. Although
this is only essential for tellurium, the approach was applied to
all molecules to ensure consistency. ZORA causes a small
mismatch of total energy and gradients that may result in
changes of molecular dimensions involving no heavy atoms at
all. Test nonrelativistic calculations for all three molecules with
the largest basis set available (frozen up to 4p for tellurium)
produced structures that were marginally different, less than
0.003 Å in bond lengths and 0.2° in bond angles; the largest
deviations were as expected in the Te-N distance and the
N-Te-N angle which changed by 0.036 Å and 0.4°, respec-
tively. The calculated molecular dimensions using relativistic
corrections are gathered in Table 2. Along the1a-1c series,
the C-C-N angle becomes progressively wider for the planar
ring to accommodate the larger atoms and the N-E-N angle
becomes more acute.

These “monomers” were used to construct models of supra-
molecular aggregates, beginning with the dimers, which were
fully optimized. All three dimers converged to centrosymmetric
coplanar structures with the two expected SBIs (Scheme 1), even
in those cases where the optimization was started from two
heterocycle molecules oriented arbitrarily from each other and

without any geometric constraints. These pairs are in principle
stable because their energies are lower than those of the two
isolated molecules and all their vibrational frequencies are real.
The minimized structures of the rings in the dimers are
compared to those of the isolated molecules in Table 2. The
E‚‚‚N SBI distances are in agreement with the average of the
distances experimentally observed. The calculated structural
modifications of the rings upon supramolecular association are
small but significant and most noticeable in the chalcogen-
centered dimensions. The largest changes pertain to the tellu-
radiazole case, where the N-Te-N and the Te-N-C angles
change as much as 3.1 and 3.2°. In view of the magnitude of
these changes, it would not be appropriate to compare the
calculated structure of the dimer with that of the polymer
determined experimentally, such an analysis is left for models
of the polymers themselves (vide infra).

The total interaction energy between two heterocycle mol-
ecules forming a dimer can be split in three contributions
(eq 1): reorganization of the structure to adopt the geometry
attained in the dimer, binding of the two fragments, and the
zero-point energy correction. These contributions are presented
in Table 3 for the three chalcogenadiazole rings. The magnitude
of the total interaction energy increases in the same order
observed for the E‚‚‚N distances:1a2 (-2.82 kJ/mol)< 1b2

(-15.54 kJ/mol)< 1c2 (-53.85 kJ/mol). The last value is
comparable to the strength of some hydrogen bonds. These
calculations cannot account for London dispersion forces, but
in any case these would only provide a small attractive
contribution that would not significantly modify the results. A
similar trend has been obtained using HF/3-21+G(dp) calcula-
tions for the dimers of chalcogen diamides.83 Using VT NMR,
Tomoda has estimated that Se‚‚‚N interaction energies lie
between-31.8 and-79.5 kJ/mol for intramolecularly coordi-
nated amino-selenides.48

The reorganization energies are modest because all the
structural changes are small; the largest such contribution is,
as expected, for the tellurium case. The calculated reorganization
energy for the thiadiazole dimer is very small and negative;
this is likely an error due to the mismatch of energy and overlap
in ZORA. The equivalent nonrelativistic calculation afforded a
reorganization energy of just+0.01 kJ/mol.

The most straightforward interpretation of the binding energy
is twice the energy of the individual SBI. A more complete
description of the stability of the dimers is obtained by plotting
the binding energy as a function of the EN distance as the rings

(47) Bondi, A.J. Phys. Chem.1964, 68, 441.
(48) Iwaoka, M.; Tomoda, S.J. Am. Chem. Soc.1996, 118, 8077.

Chart 1

Table 2. Optimized Bond Lengths (Å) and Angles (°) for the
Model Structures of 1,2,5-Chalcogenadiazoles and Their Dimers

E S Se Te

1a 1a2 1b 1b2 1c 1c2

E1-N1 1.653 1.658 1.837 1.835 2.053 2.071
E1-N2 1.653 1.658 1.837 1.845 2.053 2.064
N1dC1 1.331 1.331 1.314 1.317 1.309 1.303
N2dC2 1.331 1.332 1.314 1.317 1.309 1.304
C1-C2 1.423 1.421 1.440 1.437 1.453 1.456
C1-H1 1.089 1.089 1.092 1.093 1.096 1.098
C2-H2 1.089 1.089 1.092 1.092 1.096 1.095
E1‚‚‚N3 3.199 2.924 2.604
N1-E1-N2 99.2 98.8 93.2 92.2 86.4 83.3
C1dN1-E1 106.1 106.5 105.6 106.7 105.6 108.2
C2dN2-E1 106.1 106.2 105.6 106.3 105.6 108.9
N1dC1-C2 114.3 114.1 117.8 117.3 121.2 120.2
N2dC2-C1 114.3 114.3 117.8 117.5 121.2 119.2
C1-C2-H2 125.8 126.0 123.5 123.5 121.0 120.1
C2-C1-H1 125.8 125.9 123.5 123.5 121.0 121.5

Table 3. Contributions to the Energy of Interaction between Two
Chalcogenadiazole Molecules

contribution

E reorganization binding ZPE

S -0.08 -5.05 2.39
Se 0.43 -19.56 3.16
Te 4.17 -67.10 4.87
Tea 4.12 -65.45 4.95
Teb 2.64 -50.67

a Core electrons frozen up to 4p.b Core electrons frozen up to 4d.

∆ETotal ) 2∆EReorganization+ ∆EBinding + ∆ZPE (1)

A R T I C L E S Cozzolino et al.
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are displaced along the direction of the E‚‚‚N axes; such
potential energy curves are displayed in Figure 1. This analysis
reveals that the three heterocycle pairs sit in well-defined
potential minima, and there is no activation barrier expected
for the processes of association and dissociation of these
molecular aggregates. Not only is the telluradiazole pair more
stable than the selena- and thiadiazole cases, but it is also more
difficult to deform by elongation of the SBIs. On the other
extreme, the sulfur heterocycle dimers are very weakly bonded
and have shallow potential wells.

For the most stable dimer,1c2, the potential surface was
explored in two dimensions with the use of a nonrelativistic
basis set, a core frozen up to 4p and neglecting the relaxation
energy at each point. Although this underestimated the binding
energy by 16 kJ/mol, it was computationally much less
expensive than the all-electron relativistic method. The potential
surface calculated for the “in-plane” deformation of the dimers
is presented in Figure 2. The potential well that corresponds to
the formation of a stable dimer appears well defined. There are
two large potential barriers that prevent the lateral movement
of the rings with respect to each other because of the repulsion
between lone pairs of nitrogen and tellurium. Similar calcula-
tions were performed to evaluate the cost of energy of shifting
one ring away from the plane of the other and rotation of the
one ring about the E‚‚‚N axis. In both cases, the planar
conformation was the most stable and steep slopes prevent any
distortions. Additional calculations considered the possibility
of face-to-face interactions driven by the molecular dipole
moments but they failed to produce a minimum of potential

energy. All these results provide a semiquantitative view of the
stability of the telluradiazole pair which, once formed, is a
remarkably rigid structure and there should be no competing
orientations for molecular association.

The position of the minima in the potential surfaces is dictated
by the balance of three distance-dependent contributions:49,50

the Pauli repulsion that arises from the interaction of completely
occupied orbitals, the electrostatic that results from the local
dipole moments created by differences of atomic electron-
egativity, and the interaction of empty and occupied orbitals.
Figure 3 shows graphically the decomposition analysis for the
dimers of the three heterocycles. Both the electrostatic and
occupied-empty orbital contributions are stabilizing, the latter
being always the most important. All three interactions are
strengthened as the intermolecular separation decreases. The
three plots are similar, the main difference being that at any
distance, the magnitudes of the interactions increase with the
weight of the chalcogen. Coulombic interactions in this case
take place mainly between the negative nitrogen and the positive
chalcogen atoms; the difference of electronegativity and the
strength of the interactions is greatest in the tellurium molecules.

However, the most important contribution to the stabilization
of the dimers results is the result of the interaction between
empty and occupied molecular orbitals; in other words, the E‚
‚‚N SBI has a strong donor-acceptor character. In the single
molecules, the lone pairs of the nitrogen atom are in the vicinity
of the HOMO while the LUMO+1 and LUMO+2 consist of
combinations of theσ*E-N orbitals (Figure 4). Therefore, the
nitrogen atom can donate a lone pair into low-lying empty
orbitals which are polarized toward the chalcogen. This interac-
tion is well exemplified by the HOMO-12 of the tellurium dimer
(Figure 5). This interpretation is consistent with the model of
three-center four-electron bonding that has gained increasing
acceptance in the interpretation of main-group SBIs.51-53 The
essential character of these donor-acceptor interactions was
confirmed by performing a constrained-space orbital variation
(CSOV)54-59 analysis removing the virtual orbitals of the
monomers (Table 4). The previous discussion is primarily
focused onσ interactions only and ignores the intense repulsion
that exists between the lone pairs of nitrogen and the chalcogen
atom. Studies of the intramolecular “coordination” of chalcogen
atoms in diazenes indicated thatπ interactions can substantially
contribute to alleviate such repulsion and in one case are
indispensable to stabilize the secondary S‚‚‚N interaction.60 In
the 12 dimers, theσ andπ orbitals are easily distinguished by
symmetry. The corresponding extension of the CSOV analysis
is presented in Table 4. Theπ (Au, Bg) interactions are indeed
stabilizing, but their contribution is in all instances 1 order of

(49) Ziegler, T.; Rauk, A.Inorg. Chem.1979, 18, 1755.
(50) Ziegler, T.; Rauk, A.Inorg. Chem.1979, 18, 1558.
(51) Landrum, G. A.; Hoffmann, R.Angew. Chem., Int. Ed.1998, 37, 1887.
(52) Tani, K.; Kato, S.; Kanda, T.; Inagaki, S.Org. Lett.2001, 3, 655.
(53) Iwaoka, M.; Komatsu, H.; Katsuda, T.; Tomoda, S.J. Am. Chem. Soc.

2004, 126, 5309.
(54) Bagus, P. S.; Illas, F.Phys. ReV. B 1990, 42, 10852.
(55) Hermann, K.; Bagus, P. S.Appl. Phys. A1987, A44, 63.
(56) Bagus, P. S.; Hermann, K.; Bauschlicher, C. W., Jr.Ber. Bunsen-Ges.1984,

88, 302.
(57) Bagus, P. S.; Nelin, C. J.; Bauschlicher, C. W., Jr.J. Vac. Sci. Technol., A

1984, 2, 905.
(58) Hermann, K.; Hass, H. J.; Bagus, P. S.Z. Phys. D1986, 3, 159.
(59) Bauschlicher, C. W., Jr.; Bagus, P. S.; Roos, B. O.J. Chem. Phys.1986,

85, 354.
(60) Chivers, T.; Krouse, I.; Parvez, M.; Vargas-Baca, I.; Ziegler, T.; Zoricak,

P. Inorg. Chem.1996, 35, 5836.

Figure 1. Potential energy curves for the in-plane dimerization of the 1,2,5-
chalcogenadiazole rings trough two simultaneous antiparallel E‚‚‚N
(E ) S, Se, Te) SBIs as a function of the intermolecular distance.

Figure 2. Potential energy surface for the in-plane deformation of the 1,2,5-
telluradiazole ring.
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magnitude smaller than theσ (Ag, Bu). All the dimers are stable
in calculation where theπ virtual orbitals are removed but not
when theσ acceptor orbitals are excluded.

A more detailed picture of the effect of the SBI arose from
mapping the change of electron density upon dimerization in
the internuclear E‚‚‚N axis, as shown in Figure 6. The maps do
show an enhancement of electron density between the two atoms
that scales up with the size of the chalcogen. Not only is the

electron cloud of nitrogen polarized toward the SBI, but the
vicinity of the chalcogen is also depleted of electron density.
This observation is not in contradiction with the donor-acceptor
concept; it is rather consequence of the difference of electron-
egativity of the participating atoms and highlights the covalent
character of the SBI.

The study of the association of chalcogenadiazoles was
extended to consider the infinite one-dimensional arrays ob-
served in the solid state (Scheme 2). This analysis was confined
to tellurium heterocycles since they are the most strongly
associated and thus have the best potential as supramolecular
building blocks. An estimate of the “polymerization energy”
was obtained by building model heterocycle chains of increasing
length and plotting the association energy as a function of the
chain length (Figure 7); ZPE corrections were not considered
in this case for computational efficiency. The slope of each linear
plot corresponds to the association energy per molecule of
telluradiazole. The calculated interaction energy per SBI in the
polymer 1cn (-29.7 kJ/mol) is less than in the dimer
(-31.5 kJ/mol). In this particular case, the decrease of the SBI
energy is mostly due to reorganization energy, and significant
changes of bond distances and angles were calculated for the
central unit of 1c3 with respect to the dimer1c2. Steric
interactions should be more significant for larger molecules.
To explore this effect, models of benzotelluradiazole oligomers,
3cn, were optimized. Here, the repulsion between the ortho
hydrogen atoms causes an additional decrease in the SBI
association energy. More intense steric interactions would further
destabilize the ribbon structure and induce a structural distortion
in the molecule or in the chain. The crystal structure of4
displays a telluradiazole ring puckered to enable the four Te‚
‚‚N SBIs; this leads to a staircase ribbon.43 While the optimized
structure of monomeric4 is essentially planar, its calculated
reorganization energy is only 14.29 kJ/mol; this is easily
compensated by the strength of the SBI supramolecular links.
Even stronger steric repulsion would prevent formation of a
ribbon. In the sterically hindered compound2, a dimeric
structure was observed44 but an alternative helicoidal chain
(Scheme 3), analogous to those formed by 4-methyltellurazole
(5)61 and 1,2-benzotellurazole (6),62 is a plausible alternative.

(61) Munno, G. D.; F. LucchesiniActa Crystallogr., Sect. C: Cryst. Struct.
Commun.1992, 48, 1437.

Figure 3. Contributions to the binding energy of the12 dimers. (a) Pauli repulsion, (b) electrostatic interaction, (c) orbital interaction. The dotted lines are
traced at the equilibrium distances.

Figure 4. Selected molecular orbitals of1c. LPσTe: (a) HOMO-4 (18A1).
LPσN: (b) HOMO-2 (19A1), (c) HOMO-1 (11B2). σ*Te-N: (d) LUMO+1
(12B2), (e) LUMO+2 (20A1). Isosurfaces plotted at 0.05.

Figure 5. Calculated composition of the HOMO-12 (27 Bu) of 1c2.
Isosurface plotted at 0.04.
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This was modeled and had approximately the same interaction
energy per SBI and presumably the same stability of the discrete
dimer. Even stronger steric repulsions, or alternatively much
weaker SBIs, would result in monomeric species. Such a
situation is observed in the isomorphic crystal structures of the
benzothia- and benzo selenadiazole,3a and3b,63-65 in which
there are no evident SBIs; instead, each chalcogen atom sits at
distances longer than the sum of van der Waals radii from the
four closest nitrogen atoms of neighboring molecules. This
study, however, predicts a polymeric structure for the structure

of the tellurium analogue3c. Interestingly, a monomeric
perfluorinated derivative7 has been claimed but not backed up
with XRD data.66

Conclusions and Outlook

While previous attempts to apply chalcogen-centered SBIs
in supramolecular chemistry have been mostly focused on
molecules containing fused sulfur heterocycles and electron-
rich functional groups, the results of this computational study
strongly suggest that more attention should be devoted to
compounds of the heaviest chalcogens. In the chalcogenadia-
zoles, there is a progression of SBI strength as the weight of
the chalcogen increases. This is a result of both electrostatic
and orbital contributions; most prominent is the donation of a
lone pair of the nitrogen into the antibonding orbitals of the
heavy atom. The thiadiazoles are so weakly bonded, and the
S‚‚‚N distance is so long, that the SBI in that case is little more
that a van der Waals contact. In contrast, the selenium and
tellurium heterocycles associate more strongly, and the heaviest
atom leads to association energies that are as strong as hydrogen
bonds.

The perturbations of molecular geometry and electron density
upon supramolecular association together with the possibility
of steric interactions imply that the total energy gain due to
formation of infinite ribbon chains of heterocycles in the solid
state cannot be obtained by simple addition of the SBI energies
calculated for the dimers. This is specially true for tellura-
diazoles, which have the shortest E‚‚‚N distances and experience
the most significant structural reorganization.

The telluradiazole dimer constitutes a promising supra-
molecular synthon that, in addition to being stable, is fairly rigid
yet should be labile enough to form and dissociate reversibly.
An additional feature of chalcogen-nitrogen SBIs is that they
enable electron communication between molecules, which would
be advantageous in conducting materials. The results of these
investigations call for more synthetic and structural studies of
these and related heterocycles and invite the design of su-
pramolecules based on these interactions.

(62) Campsteyn, H.; Dupont, L.; Lamotte-Brasseur, J.; Vermeire, M.J.
Heterocycl. Chem.1979, 15, 745.

(63) Gomes, A. C.; Biswas, G.; Banerjee, A.; Duax, W. L.Acta Crystallogr.,
Sect. C1989, 45, 73.
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Table 4. Contributions to the Binding Energy (kJ/mol) and CSOV Analysis for the Dimers in the Equilibrium Geometries

Pauli repulsion electrostatic interaction orbital interactions CSOV analysis

s p

Ag Bu Au Bg no virtual no p no s
1a2 28.0 -23.0 -4.0 -5.5 -0.4 -0.2 5.0 -4.5 4.3
1b2 78.9 -62.6 -13.3 -20.0 -1.7 -0.9 16.3 -16.7 13.7
1c2 330.5 -242.0 -63.9 -78.3 -8.9 -4.5 88.5 -51.1 76.4

Figure 6. Calculated maps of electron density change along the E‚‚‚N axis for (a) dimer of thiadiazole1a2, (b) selenadiazole1b2, (c) telluradiazole1c2.

Figure 7. Total association energy of model telluradiazole oligomers.9
ribbon 1cn, -57.4 kJ/mol;O ribbon 3cn, -46.9 kJ/mol;b helicoidal1cn,
-31.9 kJ/mol.

Scheme 3

Supramolecular Association of Chalcogenadiazoles A R T I C L E S
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Computational Methods

The structures considered in this study were fully optimized using
the ADF DFT package (versions 2002.02 and 2003.01).67-69 The
adiabatic local density approximation (ALDA) was used for the
exchange-correlation kernel,70,71 and the differentiated static LDA
expression was used with the Vosko-Wilk-Nusair parametrization.72

The calculation of model geometries was gradient-corrected with the
exchange and correlation functionals of the gradient correction proposed
in 1988 by Becke73 and Perdew.74 Preliminary geometry optimizations
were conducted using a small double-ú basis set with frozen cores
corresponding to the configuration of the preceding noble gas and no
polarization functions; the resulting structures were refined using a
triple-ê all-electron basis set with one polarization function and applying
the zero order relativistic approximation (ZORA)75-79 formalism with

the specially adapted basis sets, unless it is otherwise indicated.
Symmetry constraints were used when a point group was applicableand
in each case were followed by vibrational calculations80,81 to verify
that all the computed frequencies were real. This also provided zero-
point energies for all minima. However, this contribution was omitted
in all potential surface plots. Additional visualization of the computa-
tional results was performed using Cerius2 (Accelrys) supplemented
by the ADF SDK (SCM) interface and Molekel.82
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