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The coordinated azido ligand has a variety of ways to establish intermolecular contacts whose nature is
computationally analysed in this work on dimers of the [N3—Hg(CF3)] complex with different interactions
involving only N---N contacts, or with an additional Hg---N contact. The applied tools include the
molecular electrostatic map of the monomer, an energy decomposition analysis (EDA), a topological
AIM analysis of the electron density and the study of NCI (non-covalent interactions) isosurfaces. The
interactions between two azido ligands are found to be weakly stabilizing (by 0.2 to 2.7 kcal mol™),
topology-dependent and require dispersion forces to complement orbital and electrostatic stabilization.
Those interactions are supplemented by the formation of simultaneous Hg---N secondary interactions
by about —1 kcal mol™, and by the ability of the monomer to simultaneously interact with several
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Introduction

Azides are a versatile class of chemical compounds containing
the N;~ anion or the -N; functional group attached to an
element or radical through one of the terminal nitrogen atoms.
Most inorganic' ™ and organic®® azido compounds are highly
explosive and toxic and thus must be handled with extreme
caution. Despite the hazards associated with their use (or
perhaps even because of them), these molecules have many
applications in the fields of synthetic chemistry, biology, and
biomedicine. For instance, the ionic sodium azide (NaNj) is
used as a propellant in airbags” and as a precursor to other
inorganic® and organic® azide compounds. Heavy metal azides,
such as Pb(N;),, are used as shock-sensitive detonators.*®
Organic azides are essential components in azide-alkyne
“click” reactions''™*? and bioorthogonal chemistry.'*'*> They
are also important precursors to amine'® and nitrene'” com-
pounds. Furthermore, several azide-containing drugs have an
important pharmaceutical application as enzyme inhibitors.*®

“ Instituto de Sintesis Quimica y Catdlisis Homogeénea, Facultad de Ciencias,
Universidad de Zaragoza, Pedro Cerbuna 12, 50009 Zaragoza, Spain.
E-mail: jorge.echeverria@unizar.es

b Department of Chemistry and Pharmaceutical Sciences, AIMMS, Vrije Universiteit
Amsterdam, De Boelelaan 1083, 1081HV Amsterdam, The Netherlands.
E-mail: c.fonsecaguerra@vu.nl

¢ Departament de Quimica Inorganica i Organica and Institut de Quimica Teorica i
Computacional (IQTC-UB), Universitat de Barcelona, Marti i Franques 1-11, 08028
Barcelona, Spain. E-mail: santiago@qi.ub.es

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d3cp05798d

This journal is © the Owner Societies 2024

Transition metal azido complexes are relatively stable
compounds containing one or more coordinated azido
ligands." They are of increasing importance for their use in
catalysis,”"** luminescence,”>*® magnetism,"*">° inorganic
“click” reactions,*®3>  bioorthogonal chemistry,®® and
pharmaceuticals.***> Although the azide anion is often found
as a bridging ligand in polynuclear complexes, in this work we
are concerned only with complexes in which it is coordinated in
a terminal mode to only one metal atom. Compared to the
linear anionic azides (N;),*® all covalent azides of both main
group and transition metals display a slightly bent configu-
ration with a N,-Ng-N, bond angle of approximately 172 + 3°
and two different N-N bond lengths,’ where N,, refers to the
coordinated nitrogen atom. One of these bonds (N,-Np, 1.18(2) A
from 2742 structural data in the Cambridge Structural Database
(CSD) with no disorder and R < 5%) is shorter than a typical
N-N single bond (1.44 A) while the other (Ng-N,, 1.16(3) A) is
slightly longer than a N=N triple bond in the N, molecule
(1.10 A).>” The observed values are in agreement with the
resonance Lewis structures a and b shown in Scheme 1, with a
higher weight of structure a bearing two N—N double bonds and
some contribution of structure b, which accounts for the small
differences between the two N-N bond lengths. Resonance form
c is expected to have a small weight because the negative charge
at N, is not stabilized via coordination to the metal atom, as is
the case for a and b. This expectation is confirmed by the
analysis of the CSD structural data, since the M-N-N bond angle
distribution is centred at around 125°, and only a few examples
are found with angles close to 180° that would be consistent with
Lewis structure ¢ (Fig. S1, ESIt). Formal charges indicate the
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Scheme 1 Lewis resonance structures for the azide anion coordinated to a transition metal.

presence of an electron-poor atom (Ng) as well as two electron-
rich atoms (N,, and N,).

For the subsequent discussion, it is useful to correlate the
charge distribution and the N-N bond orders with a simple MO
scheme of the m system of the azide anion (Fig. 1). The
occupation of the bonding and antibonding MOs (n and 7*)
is consistent with the formal bond order of the two N-N bonds
in Lewis structure a. On the other hand, the charge distribution
of this resonance form correlates with the topology of the n
MOs, with a higher electron density concentration at the N, and
N, atoms, and an electron density depletion at the central N
atom. The resonance form b requires mixing of the n, and n*
orbitals of the azide, made possible by the lowering of symme-
try induced by coordination to the metal atom. Moreover, both
the N, and N, atoms bear a o-type lone pair that can also
participate in donor-acceptor interactions, notably as a 1,1- or
1,3-bridging ligand in many di- and polynuclear complexes, but
conceivably also in noncovalent interactions when it is acting
as a terminal ligand.

Recent studies have evaluated the ability of azide com-
pounds, specifically of its central nitrogen atom (Ng), to act as
electron density acceptors in pnictogen bonds. Regarding
organic azides (N3-R), Bursch and co-workers®” have studied
44 intermolecular model systems containing an azide moiety in
close contact with pnictogen, chalcogen, and halogen atoms,
respectively. The nature of such interaction was attributed to
dispersion forces, with an important electrostatic contribution.
However, the same authors found NBO evidence for the inter-
action of the O-lone pair of carbonyl groups in several com-
pounds with the n* orbital of an azide.*® O- - -Nj interactions are
strong enough to dictate the conformation of molecules in the
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Fig. 1 Schematic depiction of the © molecular orbitals of an independent
Nz~ anion. The three analogous perpendicular orbitals are not shown for
simplicity.
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solid-state, which may be used to freeze the otherwise free-
rotating azide group in a conformation suitable for its reaction
with an alkyne via topochemical cycloaddition.>® Scheiner has
investigated, among others, the bonding between a Lewis base
and two covalent azides, N3-F and N3;—CN. The molecular
electrostatic potentials (MEPs) of the N3-X molecules show a
n-hole equatorial belt enveloping the Ng atom which can
electrostatically interact with the lone pairs of an incoming
nucleophile.*’ The azido unit can also act as an electron density
donor via the lone pair of the N, atom with an H-N moiety to
form an intermolecular hydrogen bond.*!

In this work, we aim at studying the intermolecular inter-
actions that terminal azido complexes can establish with each
other in their crystalline phases. In the light of the charge
distribution of azido ligands, one can envision a rich supramo-
lecular chemistry with different types of interactions. By means
of a comprehensive structural and computational analysis we
will try to discern the nature and strength of azido---azido
interactions associated with several interaction topologies. We
believe that understanding and manipulating these inter-
actions is essential for tailoring the properties of azido-
containing transition metal complexes for various potential
applications in catalysis and inorganic chemistry.

Results and discussion

Structural study

A search in the Cambridge Structural Database (CSD)** for
experimental structures containing azides coordinated to tran-
sition metals has identified several intermolecular contacts
between the azido moieties with N---N distances shorter than
twice the nitrogen van der Waals radius (3.32 A).** Scheme 2
represents schematically the different azido---azido (dashed
lines) interaction topologies found, their abundance (pie charts)
and the fraction of supported (red) and unsupported (green)
contacts, respectively. The prefix “c-” (cyclo-) indicates that two
N---N contacts form pseudocycles. Note that c-N,---N, also
exhibits a Ng- - -Np interaction.

For the N,- - -N,, and N,- - -Ng contacts, the distribution of the
relative positions of the two interacting azides, calibrated by the
torsion angle 7 (inset in Fig. 2), presents a higher probability at
7 ~ 90 and 180°. For torsion angles of 90° or smaller, the N,
atom gets close to Hg, allowing for a secondary bonding
interaction and for that reason we will report in what follows
calculations with different interaction topologies (Scheme 2)
and the two most representative values of 7, 90 and 180°.

This journal is © the Owner Societies 2024
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Scheme 2 Interaction topologies (1-9) for azido- - -azido short contacts (dashed lines) in transition metal azido complexes. For the pie charts, the size of

the circle is adjusted to the number of contacts found for each topology, whereas the red and green areas represent supported and unsupported
contacts, respectively. The empty circles represent N atoms. The subscripts (o, B, and y) indicate the position of each N relative to the metal. The prefix
“c-" (cyclo-) indicates that a pseudocycle is formed via two or three N---N contacts.
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Fig. 2 Distribution of the dihedral angle 7 (as defined in the structures) for contacts with (a) N,---N, and (b) N,- - -Ng interaction topologies. The empty

circles represent N atoms, and the dashed lines the azido- - -azido contacts.

According to the above discussion on the Lewis structures
(Scheme 1) and a simplified MO diagram (Fig. 1) of the =
system of the azide anion, and assuming that the MEP (Mole-
cular Electrostatic Potential) maps of N;-M are similar to those
found for NNN-F and NNN-CN*® (see also Fig. 3 below), it is
expected that N,---Ng, N,---Ng, ¢-N,---Ng, and c-Ng-- N, con-
tacts (i.e., topologies 2, 5, 7 and 9) might be attractive, since
regions of electrostatic potential of opposite sign would be
close to each other. The electrophilic region surrounding the
central Ng atom would act as a binding site for the lone pairs of
the incoming nucleophiles (N,, or N,), thus forming a n-hole
interaction. Indeed, for all interaction topologies, except for c-
N, --N,, one can find examples of compounds with only inter-
molecular azido- - -azido contacts, and no additional supporting

This journal is © the Owner Societies 2024

secondary interaction. Some interaction topologies (1, 3, 4, 6
and 8) seem disfavoured from a Coulombic point of view,
according to the Lewis structures, yet they appear in our
structural database search, and a more detailed analysis of
those interactions is needed. For that reason, we undertook a
combined structural and computational analysis of azi-
do- - -azido short contacts with all the interaction topologies
found for these short contacts.

Making use of a simple transition metal azido complex,
namely trifluoromethyl-azido-mercury(i) (FMHGAZ),** we have
designed two sets of models of its dimer with the different
interaction topologies shown in Scheme 3. We selected a
dicoordinated linear complex in order to focus in azido-
involving contacts while minimizing all other metal-ligand

Phys. Chem. Chem. Phys., 2024, 26, 6683-6695 | 6685
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Fig. 3 MEP maps for [Ns—Hg(CF3)],** calculated at MO6-2X/def2-TZVP level and plotted in two different orientations on the van der Waals electron
density isosurface (s = 0.001 A). Energies are given in kcal mol™. Dark red and blue colours indicate the most negative and most positive MEP values,
respectively.
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Scheme 3 Interaction topologies for the azido- - -azido short contacts (dashed lines) in the [N3s—Hg(CFs)l, model dimers. For each topology, model a has
a dihedral angle 7 of 180°, and model b corresponds to T = 90°.

and ligand-ligand interactions. This complex was fully opti-
mized before building up the dimers. In both N, --Ng systems

(2a and 2b) the Ng: - -N,~-Np bond angle was arbitrarily fixed at
130°. Because of the free rotation of the Hg-N single bond and

6686 | Phys. Chem. Chem. Phys., 2024, 26, 6683-6695 This journal is © the Owner Societies 2024
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the fact that the V.« is located around the Hg atom (see
Fig. 3), all dimers were partially optimized to preserve the
azides in the desired conformations. In each of these calcula-
tions, only the distances of the intermolecular N---N contacts
were optimized while the rest of the structure was frozen at the
given bonding pattern. To further investigate the nature and
the strength of the interaction we have performed molecular
electrostatic potential (MEP), energy decomposition analyses
(EDA), quantum theory of atom in molecules (QTAIM) and
noncovalent interaction indices (NCI) of the selected models.

Molecular electrostatic potential

As a first approach to the rationalisation of the azido- - -azido
short contacts we can look at the MEP map of the optimized
structure of the trifluoromethylazido-mercury(n) monomer
(Fig. 3).

As expected, the MEP map of the monomer is similar to
those reported earlier for the related molecules NNN-F and
NNN-CN.*° An electron-poor region of the azide unit is found
near the central Ng atom, and its shape resembles the n-hole
equatorial belt that those covalent inorganic azides exhibit.
Such a feature is due to the nodal properties of the occupied n,
orbital of the azide ion (Fig. 1). This small and slightly positive
electron-deficient region is surrounded by two highly electron-
rich regions of the N, and N, atoms. In particular, the most
negative region of the isosurface is located at the terminal N,
atom, associated to the o lone pair, with a minimum MEP value
(Ve,min) of —22 kcal mol ', but a similarly high negative
potential region appears in the m region of N,. On the other
hand, the most positive region surrounds the Hg atom, with a
maximum MEP value (Vs max) of 42 kecal mol . The MEP map
also shows the existence of a o-hole located at the extension of

Table 1 Key geometrical parameters including distances in A, penetra-
tions (pen.) in % and interaction energies (kcal mol™) for all studied
interaction topologies of the [N3—Hg(CFz)] dimers, calculated at the
MOQ6-2X/def2-TZVP level®

Compd. ¢ (°) N contact N---N Pen. N-Hg cont. N---Hg” pen. AEjy

1a 180 N, -N, 3.062 14 ~1.10
2a 180 N, --Nj 2.846 25 N,--Hg 3.533 28 —2.74
4a 180 Np---Np 3.045 14 —0.87
5a 180 N, --Np 3.072 13 —0.10
6a 180 N,-N, 3.138 10 —0.22
7a 180 N, -Np 3.161 8 -1.08
NN, 3.161 8
1b 90 N, N, 3.082 12 Np--Hg 3540 27 —2.20
2b 90 N, --Nj 2.823 26 N,--Hg 3.561 26 —3.71
3b 90 N, N, 3.463 —8 N,--Hg 4019 4 —0.63
b 90 Np-Np 2936 20 N,--Hg 3764 17 —2.52
5b 90 N,-Np 3.064 14 N,--Hg 4198 —4 10.59
6b 90 N, -N, 3.133 10 -0.75
7b 90 N, Ny 3.067 13 N,--Hg 3.440 32 -2.71
Np-N, 3.067 13
8b 90 N, N, 3.730 —22 N,--Hg 4242 -6 -0.75
Np---Np  3.782 —24
N, N, 3.730 —22
9b 90 Np-N, 3.153 9 N,--Hg 4264 -7 -—0.88
N, -Np 3.153 9

“ No local minima were found for dimers 3a, 8a and 9a. b only Hg- - N
distances shorter than 4.5 A.
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the Hg-C bond (Fig. 3(b)). If the electrostatic contribution is the
main driving force for the interaction, only those dimers in
which the electron-rich areas of one monomer are directed to
the electron-poor areas of the other are expected to be stable. It
is worth mentioning that, given the tendency of the negative
electrostatic potential regions to interact with the most positive
one, a total optimization of the dimers would favour the
intermolecular N- - -Hg interaction over any of the N---N inter-
actions, since Vg max is located near the metal atom.

Interaction energies and interatomic distances

We have first optimized (see Methodology section for further
details) the [N;-Hg(CF;)] dimers with different functionals to
test the effect on the interatomic equilibrium distances and the
associated interaction energies. The complete results can be
found in the ESLf Interestingly, the optimized N---N and
N---Hg distances are very similar for all functionals with
standard deviations between 0.03 and 0.12 A (Tables S3 and
S4, ESIt). As for the interaction energies, although all interac-
tions are attractive, more differences are found, with standard
deviations ranging from 0.22 to 0.40 kcal mol™' (with the
exception of dimer 1b, for which the standard deviation was
0.60 kcal mol™"). Among the six tested functionals, we selected
the M06-2X because it yielded the smallest interaction energy
values, probably because of the absence of an explicit disper-
sion correction term. In this manner, we can guarantee con-
servative values for the interaction strength.

The main results calculated at the M06-2X level are shown in
Table 1. No local minima were found for compounds 3a, 8a and
9a. As can be inferred from Fig. 3, these dimers are probably
unstable due to electrostatic repulsion since the electrostatic
potential regions of the same sign in the two monomers are
facing each other. MO arguments also predict strong repulsion
between the occupied m orbitals of one azide and the o lone
pair of the other one in model 3a, and between the & orbitals of
the two azides in 8a.

The calculated short N- - -N contacts vary from 2.823 to 3.730 A,
and the corresponding N---N penetration indices are positive
(between 8 and 26%) except for structures 3b and 8b. Interest-
ingly, all structures with a torsion angle t of 90° (1b-9b) exhibit in
addition short N---Hg contacts that cover a wide range of
penetration indices, from small negative values (distances slightly
longer than the VAW sum) up to positive values as high as 32%,
comparable to those found for weak hydrogen bonds.*’

To analyse the calculated interaction energies, let us con-
sider first the a-type models, for which we can in principle
consider the net attraction to be due only to azide---azide
interactions, disregarding 2a because it has indeed a short
Hg- - N contact that could be responsible for its much higher
interaction energy. In all other a-type models there is an
attraction that varies between —0.10 and —1.12 kcal mol .
Assuming that in 7a each of the two N,--:Nj interactions
contributes one half of the interaction energy, a plot of the
interaction energies as a function of the N---N penetration
indices (Fig. 4) shows that the interaction energy becomes more
attractive as the penetration increases, a trend that can be

Phys. Chem. Chem. Phys., 2024, 26, 6683-6695 | 6687
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Fig. 4 Interaction energies between two molecules of [Nz—Hg(CF3)] in
dimeric topologies with torsion angles of 180° (1a and 4a-7a, Scheme 3
and Table 1) as a function of the N---N penetration indices at the energy
minima (filled circle for 5a, empty circles for the rest), and estimated
contribution (see text) of the Hg- - -N contacts to the interaction energy in
topologies with © = 90° (1b, 2b, and 4b-7b) as a function of the Hg---N
penetration index (triangles).

roughly expressed via the least-squares linear relationship,
AEin = 0.781 — 0.136 pyn (r* = 0.93). Such a correlation holds
for the systems in which the interactions involve m orbitals of
the two azido anions, while 5a, which involves a m-ng inter-
action deviates more significantly from the linear trend.

If we compare now the interaction energies of each topology
with the two different torsion angles 7 (i.e., Na and Nb models),
we see that the attraction between the two monomers in the b
model is in all cases higher than in its a partner by a factor of
approximately 2 or greater. We interpret the enhanced attraction
as due to the N- - -Hg contacts that appear for the smaller torsion
angles of the b topologies. To have a rough idea of the contribu-
tion of those interactions, we subtract the estimated N---N
contribution from the least-squares equation given in the pre-
vious paragraph from the calculated interaction energy in b
models. The resulting Hg- - -N energetic contributions are plotted
as a function of the corresponding penetration indices in Fig. 4,
showing a fair linear dependence, Ejn = 0.759 — 0.075 pren (r2 =
0.90). We must be careful, however, not to extrapolate the

Table 2 Energy decomposition analysis of the intermolecular interactions
in [Ns—Hg(CF3)] dimers with N--:N as the only intermolecular contact
shorter than the sum of the van der Waals radii, calculated at the M06-2X/
def2-TZVP level. Energies are given in kcal mol™

Cpd. Contact 7 (°) AEpaut AEriec AEpor AEcy AEpisp AEmnt
la Ny - Ny 180 2.82 —-141 -0.15 —-0.15 —2.19 -1.10
4a Ng---Np 180 2.73 —0.50 —-0.16 —0.09 —2.84 —0.87
5a N,---Ng 180 1.70 —-0.14 -0.14 —-0.09 —-1.42 -0.10
6a N, --N, 180 1.49 —-0.20 -0.07 —-0.07 —1.37 —0.22
7a ¢-Ny---Ng 180 3.42 —1.64 —-0.17 —0.03 —2.65 —1.08
5b N, --Ng 90 1.81 —-0.45 -0.20 —-0.17 —-1.57 —-0.59
6b v Ny 90 1.64 -0.77 —-0.11 —-0.08 —1.43 —-0.75
9b C-NB- . 'NY 90 2.56 —-0.67 —0.23 —-0.22 —2.33 —-0.88
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observed behaviour to lower and negative penetrations, since
dispersion forces can predominate at such low penetrations.

Although we focus on the interactions between azido ligands
in the solid state, we have further investigated the effect that
the presence of a common solvent has on the strength of these
interactions. Accordingly, we have reoptimized systems 1-9 in
water (full results can be found in Table S3, ESIf). Two
important observations can be made: (i) equilibrium inter-
atomic distances lengthen in all cases, showing negative pene-
tration indices for all systems except for 4a, 2b, 4b and 7b. (ii)
Interaction energies weaken for all systems (except for 4a,
which remains practically the same) but, remarkably, they
remain attractive in all cases (AEyr < 0).

Energy decomposition analysis

To investigate the physical origin of the attractive interactions,
we performed an energy decomposition analysis (EDA) of the 8
dimers in which the N- - -N intermolecular contacts are shorter,
and the Hg- - -N distances longer, than the corresponding VdW
radii sums (including dimers with single and double N---N
contacts). The results are summarized in Table 2.

Our first observation is that the Pauli repulsion is large and
only partially counterbalanced by the attractive electrostatic
and orbital (charge transfer and polarization) components. In
second place, there is no correlation at all between the N---N
contact distance (or, equivalently in this case, the penetration
index) and the components of the interaction energy, an
unsurprising result given the very different interaction topolo-
gies considered. Nevertheless, there seems to be some relation-
ship between the Pauli repulsion and the Coulombic attractive
term (Fig. 5(a)), as noted earlier by us for other intermolecular
interactions.” In this case, the correlation is somewhat poor
because not only the interpenetration of the VAW crusts vary
from one molecule to another, but there are also important
topological differences in the contacts. The clearest conclusion
that can be drawn from the analysis of the results of the EDA
analysis of several models of azide- - -azide interactions is that
its attractive nature is due to the London dispersion forces,
which are quantitatively predominant, between 4 and 13-fold
times stronger than the orbital term, although in the case of 5a
the dispersion term is not enough by itself to counteract the
Pauli repulsion, and the small electrostatic and orbital con-
tributions (—0.14 and and —0.23 kcal mol™', respectively)
become crucial to make the whole interaction attractive. Notice
that, in this case, the orbital-based contribution overweighs the
electrostatic component, a fact that can be qualitatively
explained by (1) the small electron depletion region located at
the Ny atom that is surrounded by two regions of large negative
potential, and (2) the delocalization of the lone pair of the
incoming nucleophile to the antibonding m* orbital also
centred at the Ny atom.*>*°

A complementary view consists in focusing on a single model
and analyse the evolution of contributions to the interaction
energy as the two monomers approach each other (Fig. 5(b)). We
discuss here the case of the model 4a (Ng---Ng contact) and
similar results found for 1a and 5a can be found as ESL{ Let us
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(a) Pauli repulsion in [Ns—Hg(CF3)] dimers with only N- - -N contacts represented as a function of the electrostatic term, as obtained from an EDA

analysis. The upper red section of the plot comprises all points for which the repulsion term predominates, and the lower green section corresponds to
the cases for which the electrostatic attraction term would predominate. (b) Evolution of the interaction energy (solid line) and of the different
contributions (dotted lines) with the N---N penetration for model dimer 4a. The vertical dashed line marks the energy minimum.

consider first the long distance (negative penetration) region,
and then we will look at the zone near the energy minimum
(p = 14%). At negative penetrations the dispersion interaction is
already relevant (ca. —1.0 kcal mol™'), and the only other
contribution that is non negligible is the electrostatic compo-
nent (0.2 keal mol™"), which is slightly repulsive, as could be
expected for the interaction between the two positively charged
Ng atoms. The net result is an attractive interaction dominated
by the dispersion term, nearly constant for penetrations between
—20 and +15%. Consistently, a dozen of crystal structures®®>*
were found with a clear 4b topology, with Ng- - -Npg penetration
indices between —8 and +17%, while more negative penetrations
are excluded by the limit imposed to the Ng. - -Ng distance in the
structural searches. As a representative example, two neighbour-
ing molecules in the [OMo(bipy)(N3);] complex® are linked by
two Np- - -Nj contacts at 2.996 A (p = 17%).

At positive penetrations of about 15% the Pauli repulsion
equals the dispersion attractive term, but small orbital and
electrostatic contributions join forces to make the net inter-
action still attractive. more so than the orbital contribution,
and its value increases rapidly for higher penetrations. An issue
that seems counterintuitive at first sight is the fact that the
electrostatic component is attractive at those distances, given

Scheme 4 NPA atomic charges in interacting system 4a.
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the charge distribution expected from the Lewis structures
(Scheme 1) as well as from the molecular electrostatic potential
of the monomer (Fig. 3). A more detailed geometrical analysis
of model 4b indicates that besides the Coulombic repulsive
Np- - -Nj interaction (at 2.996 A in the case of [OMo(bipy)(Ns)s]),
there are Np--'N,, Ng---N,, N,---Ng and Ng---N, contacts
between atoms of opposed charge. Even if the distances are
somewhat longer, ideally sqrt(d®> + b*) vs. d, where d is the
Ng- - -Ng intermolecular distance and b is the N,-Ng or Ng-N,
bond distance, simple calculations of the gagg/dsg Coulombic
terms assuming either the charge distribution pattern in
Scheme 1(a), that from MEP analysis, or the one found in a
natural population analysis (NPA) of 4a shown in Scheme 4,

Table 3 Topological data at the N---N BCP for all [N3—Hg(CF3)] dimers,
calculated at M06-2X/def2-TZVP level of theory. All topological parame-
ters? are given in atomic units

Cpd. < (O) N---N (10\) PBcp VZPBCP Vecp Gpcp  Hpep  Veep/Gaep
la 180 3.062 0.009 0.030 —0.005 0.006 0.001 0.817
1b 90 3.082 0.009 0.031 —0.006 0.007 0.001 0.828
2a 180 2.846 0.011 0.049 —0.008 0.010 0.002 0.810
2b 90 2.823 0.012 0.051 —0.009 0.011 0.002 0.825
3b 90 3.463 0.004 0.014 —0.002 0.003 0.001 0.662
4a 180 3.045 0.006 0.033 —0.004 0.006 0.002 0.695
4b 90 2.936 0.008 0.041 —0.006 0.008 0.002 0.744
5a 180 3.072 0.006 0.030 —0.004 0.006 0.002 0.684
5b 90 3.064 0.006 0.030 —0.004 0.006 0.002 0.702
6a 180 3.138 0.006 0.025 —0.003 0.005 0.001 0.718
6b 90 3.133 0.007 0.026 —0.004 0.005 0.001 0.730
7a 180 3.161 0.006 0.026 —0.004 0.005 0.001 0.727
3.161 0.006 0.026 —0.004 0.005 0.001 0.727
7b 90 3.067 0.007 0.031 —0.005 0.006 0.001 0.764
3.067 0.008 0.034 —0.005 0.007 0.002 0.775
8b 90 3.730 0.002 0.008 —0.001 0.001 0.000 0.668
3.730 0.002 0.008 —0.001 0.002 0.001 0.660
9b 90 3.153 0.006 0.027 —0.003 0.005 0.002 0.669
3.153 0.006 0.027 —0.003 0.005 0.002 0.669

“ p: electron density; Vp: Laplacian of the electron density; V and G:
local potential and kinetic electron energy, respectively; H: total local
electron energy.
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Fig. 6 Dependence on the N---N penetration of (a) pecp, (b) V2pace, (€) |Vecel, and (d) Gscp in the dimers of [Ns—Hg(CF3)] (Scheme 3 and Table 2).

indicate that the four attractive contributions overweigh the
repulsive one. Considering the NPA charge distribution, for
instance, the product of o and  charges is 3 times the product
of the two B charges, whereas the o—3 distance is barely 1.1
times the B-f one, making the Ng---N, and N, --Ng contacts
the dominant Coulombic interactions.

Topology of the electron density

In this section we analyse the topology of the electron density of
all dimers by means of a QTAIM study, to facilitate comparison
with studies carried out by other authors in a variety of
noncovalent interactions. The resulting topological properties
at the bond critical point (BCP) for N---N contacts in the [N;-
Hg(CF;)] dimers are collected in Table 3.

For all intermolecular N- - -N contacts, we observe that (1) the
computed electron density at the bond critical points (ppcp) is
low, ranging from 0.002 to 0.012 a.u., typical of weak bonds; (2)
the sign of the Laplacian of the electron density (V’pgcp) is
positive, indicating an electron charge depletion in the bonding
region;” (3) the local electron kinetic energy (Gpcp) dominates
the local electron potential in absolute value (|Vgcp|), leading to
an overall positive but small total energy density (Hgcp), and (4)
the |Vacp|/Grep ratio is lower than 1, which is characteristic of
dispersion-bound systems.’®*” These topological parameters
support the classification of the azido---azido contacts as
noncovalent ‘closed-shell” interactions, whose dispersion-
dominated nature has been shown in the previous section.
Exponential relationships are found between the intermolecular

6690 | Phys. Chem. Chem. Phys., 2024, 26, 6683-6695

N---N penetration and ppcp, V>pgcpy |Vace| and Ggep, respec-
tively, which are consistent with the contact distance depen-
dence of other weak interactions®*>*>° (Fig. 6).

All these four topological parameters increase as the dis-
tances shorten. There is a positive correlation between the ppcp,
|Vecp| and Gpep. A higher ppcp is related to a higher accumula-
tion of electrons at that point (|Vgcp|), which in turn implies
higher repulsion between them (Ggcp).’® The absence of BCPs
for N---Hg contacts in all dimers prevents applying a similar
analysis to that used for N- - -N contacts.

Although the existence of a bond path (BP) and a BCP
between two atoms is generally associated with the presence
of an attractive interaction, the opposite is not true.®®! For this
reason, we present the molecular graph of the dimers comple-
mented with NCI isosurfaces, to find other NCIs that remain
undetected due to the stringent BCP criterion of QTAIM theory.
The NCI method offers advantages in its specific focus on non-
covalent interactions, providing visually intuitive representa-
tions and efficiently capturing weak forces. NCI is particularly
useful for identifying weak and subtle interactions, such as
dispersion forces, which may not be as effectively captured by
other electron density-based methods such as QTAIM. Therefore,
it provides a more nuanced understanding of the intermolecular
forces at play. Six examples of molecular graphs are depicted in
Fig. 7 (for the molecular graphs of all compounds see Fig. S2 in
the ESIt). A total of eleven systems involve a single interaction
(compounds 1a-3b and 4b-6b), and the topological analysis of
their electron densities reveals a single BP and the corres-
ponding BCP connecting the shortest N---N contacts. These
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Fig. 7 Molecular graphs and NCl isosurfaces (s = 0.4) for several topologies of dimers of [N3—Hg(CFs)]. The isosurfaces are coloured according to a BRG
scheme from —0.035 < sign(4,)p < 0.030 a.u. Small spheres represent BCPs (red) and RCPs (yellow). The solid lines represent the azido- - -azido BP and

the dashed lines indicate the secondary N---Hg interaction.

interactions appear in the NCI plots as green pill-shaped iso-
surfaces (compounds 1a, 4a and 5a-6a) or as flat almond-shaped
bicoloured green-yellow isosurfaces (compounds 1b, 2b, 2a and
3b). In both cases, the green portion is surrounding the BCP and
is aligned with the N---N contacts indicating weak stabilizing
interactions, as expected from the low ppcp values (0.004-
0.012 a.u.). In the latter group, there is a second green portion
assigned to weak stabilizing interactions between the N atom of
one monomer and the Hg atom of the other. No topological
descriptors are found for these N---Hg contacts (Fig. 7(b),
dashed lines) and, thus, this interaction remains undetected
by the QTAIM topology. The same isosurface exhibits a yellow
part, which indicates steric strain induced by the formation of
the intermolecular four-membered pseudoring. No ring critical
point (RCP) is associated with the destabilizing region. The
QTAIM topology is also blind to this steric hindrance. Especially
noteworthy is that structures 2a and 2b (see Fig. S2c and d, ESIY),
which possess the shortest N- - -N distances and the highest pgcp
values (0.011-0.012 a.u.), show a dark-green isosurface between
the azido- - -azido contacts, indicating a stronger interaction.
Regarding compounds 7a and 7b, two BPs and two BCPs
that interconnect the N, - -Ng and Ng- - -N,, atom pairs, respec-
tively, were identified (Fig. 4). A ring critical point (RCP) is
found at the centre of the four-membered pseudo-ring formed
by the BPs. Both structures exhibit similar NCI green-yellow
isosurfaces. The green areas appear around each N---N BCP,
whereas the yellow ones are surrounding the RCPs. In com-
pound 7b, the isosurface is extended to incorporate the N,- - -Hg
interaction, forming a second four-membered pseudo-ring that
links the two monomers. The green colour indicates VAW-type

This journal is © the Owner Societies 2024

interactions (pgcp = 0.006-0.008 a.u.), namely N---N and
N---Hg, whereas the yellow ones indicate steric strain within
the pseudo-rings.

The pseudo-cyclic structure 8b (Fig. 7) shows a BP and a BCP
at each of the N,---N, and N,---N, contacts. In addition, an
RCP is found in the middle of the Ng-. - -Nj contact, at the centre
of the intermolecular six-membered pseudo-ring formed by the
BPs, indicating some steric repulsion within the ring. Although
in the QTAIM analysis we found no critical point between
the two Ng atoms, the NCI index analysis shows that all
N---N (and N---Hg) contacts are of VAW type, separated by
two barely discernible yellow regions. The absence of a BCP
between the Ng atoms might be explained by the flatness of the
electron density inside the ring (ppcp = 0.001-0.002 a.u.).

In compound 9b, Ng---N, and N, --Ng contacts have the
same distance. One thus expects both to show a BP and the
corresponding BCP in the molecular graph. Nevertheless, only
the former contact exhibits these topological descriptors.
Significantly, the BCP is displaced towards the centre of the
bonding region. The NCI index method indicates that both
contacts are weakly attractive interactions, as expected due to
the low pgcp value (0.006 a.u.). There is a yellow region in the
middle of the isosurface, indicating a destabilizing crowding
effect within the four-member pseudoring.

Conclusions

In this work, we have investigated the intermolecular N---N
interaction between terminal azido ligands in dimers of the
[N3;-Hg(CF;)] complex. A MEP analysis of the monomer has
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Fig. 8 Some of the several short contacts established by a molecule of
[N3—Hg(CF3)] in its crystal structure. N---N contacts indicated by dashed
lines and Hg- - -N contacts by multiband cylinders.

disclosed an electron-poor region near the central Ng atom,
surrounded by two electron-rich regions near the N, and N,
atoms. The MEP map is consistent with the qualitative MO and
valence-bond description of the azide anion and is useful for
predicting the relative stability of different interaction topolo-
gies from an electrostatic point of view. No local minima were
found for the coplanar (r = 180°) systems 3a, 8a and 9a. All
other dimers are found to be stable, with interaction energies
ranging from —0.10 to —3.71 kecal mol *. The secondary N- - -Hg
interaction in the perpendicular (t = 90°) arrangement of the
dimers plays an important role in stabilizing topologies 3b, 8b
and 9b, despite the unfavourable azido---azido contacts that
cannot stabilize the corresponding perpendicular analogues
3b, 8b and 9b. Similar N---Hg interactions contribute also to
make dimers 1b, 2b, 2a, 4b, and 7b the most stable ones.

The subsequent EDA analysis has shed light on the physical
nature of the interaction. As in other cases, the electrostatic and
orbital contributions counterbalance only in part the Pauli
exchange repulsion, and dispersion is the main attractive force
in all cases studied here. Furthermore, the EDA analysis of
dimer 4a at different intermolecular distances indicates that
the electrostatic component is not dictated by the repulsion
involving the two positively charged Ng atoms at a short
distance, but by the Ng- - -N,, and N, - -Np attractive interactions
at a slightly longer distance. This case warns us of how simple
electrostatic arguments based on formal charges of Lewis
structures or molecular electron potential maps may in some
cases be misleading.

The combined QTAIM and NCI index analyses confirm the
closed-shell, dispersion-dominated nature of the azido- - -azido
contacts. Almost all the N---N short contacts exhibit a BP and
the corresponding BCP, which are associated with the existence
of an attractive interaction. However, regardless of the presence
or absence of BCP, a region of weak attractive interaction
(property conventionally associated with the green colour) is
found for both types of contacts. In addition, the yellow
isosurfaces denote steric strain induced by the formation of
intermolecular pseudo-rings in the azido bonding region in
dimers 7-9.
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Until now, only interactions between azido groups and
pnictogen, chalcogen, and halogen atoms or N-H hydrogen
bonds have been reported in the literature,***°°** This work,
in summary, shows that also weak azido---azido attractive
interactions do exist, covering a range of interaction energies
between —0.1 and —1.1 kcal mol !, that can be further
enhanced by around 1 kcal mol ' through secondary azi-
do---metal intermolecular interactions, and by establishing
more than one contact per molecule. As occurs in most
molecular crystals, the stability of [N;-Hg(CF;)] in the solid
state is the result of the cooperative effect of several weak
interactions. We can see in Fig. 8 that a reference molecule A
establishes a type 8 azido---azido interaction with its neigh-
bouring molecule B with a penetration of —15%, but also a
semicoordinating Hg:- - -N interaction with molecule D with a
much higher penetration (52%) and two with molecule
C (66%).

Methodology

Structural searches were carried out in the Cambridge Struc-
tural Database (CSD) version 5.43,*> November 2021 + 4
updates. Only crystal structures with three-dimensional (3D)
coordinates determined, non-disordered, with no errors, not
polymeric, and with R < 0.1 were allowed in searches. We used
standard sets of covalent and van der Waals radii.***> DFT
calculations were performed using the Gaussian 16 package®®
with the M06-2X functional and the def2-TZVP basis set for all
atoms, with the corresponding quasi-relativistic pseudopoten-
tials for heavy atoms. Previously, benchmark calculations were
carried with different functionals, namely M06-2X, ®B97xD,
BP86-D3, B3LYP-D3, B2PLYP-D3 and PBEO0-D3. We selected
the M06-2X functional because it gave the smallest interaction
energy values (see Table S2 in the ESI{) and interatomic
distances in very good agreement with all other functionals
(Tables S3 and S4 in the ESIT). Moreover, previous comprehen-
sive benchmarking studies have demonstrated that M06-2X
shows a good performance for the analysis of noncovalent
interactions.®*®> The structure of the trifluoromethyl-azido-
mercury(nn) model (FMHGAZ)*® was fully optimized and con-
firmed to be minima of the potential energy surface by fre-
quency calculations. All dimers were partially optimized, ie.,
only the distances of the intermolecular N---N contacts were
optimized while the rest of the structure was frozen to preserve
the azides in a specific conformation. Interaction energies were
calculated via the supermolecule approach and corrected for the
BSSE using the counterpoise method.®” Optimizations in water
(¢ = 78.3553) were made with the polarizable continuum model
(PCM) as implemented in Gaussian16. MEP maps were built on
the 0.001 A isosurface with the Gaussview 6 program®® on the
molecular geometry of the FMHGAZ monomer. EDA analyses
were carried out with Q-Chem 5.3 software® employing the
second-generation ALMO-EDA method.”® The QTAIM and NCI
Index analyses were carried out with the Multiwfn 3.7 software
based on promolecular densities.”’ The NCI isosurfaces were
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generated for s = 0.4 a.u., coloured according to a BRG scheme
and visualized by the VMD 1.9.4 program.”” These isosurfaces
have been used to identify regions of different interactions by
simply examining their colours (blue, strongly attractive inter-
action; green, VAW interactions; yellow, weak repulsive interac-
tions and red, strong repulsive interactions).”*>”*

The penetration index for an A-B contact has been calcu-
lated from the interatomic distance dug, according to eqn (1),
where v, and vg are the van der Waals radii,*® and r, and r are
the covalent atomic radii.®>””

va + VB — daB

=100 x ——M—— 1
Pas XVA+VB*VA*VB ®
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