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Interanionic H-bonds (IAHBs) are unfavourable interactions in the gas phase becoming favoured when
anions are in solution. Dianion dimers are also susceptible to being trapped inside the cavities of cyanostar
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Introduction

Although non-covalent interactions are weak in general, there is
no doubt about the fundamental role they play in diverse fields
such as biological, environmental, and materials sciences,
amongst others. Purine and pyrimidine bases in the DNA chains
are held together by H-bonds," and these forces are also respon-
sible for promoting protein folding and molecular recognition.>
The ability of geckos to walk up and down on vertical surfaces
has been evidenced as van der Waals adhesion,® and the fact that
short-chain hydrocarbons are in the liquid state at room tem-
perature is due to the existence of London dispersion forces.
The types of non-covalent interactions are diverse. Caused
by electronic anisotropy, several dipole-dipole interactions
have been described in a multitude of molecular systems: from
halogen,*?® chalcogen,®” or pnictogen®® bonds to tetrel'®'" or
aerogen'? interactions, based on the atom acting as the Lewis
acid.” However, H-bonds*™® remain the most studied dipole-
dipole force due to their ubiquitous presence and implications.
Intercationic H-bond (ICHB) complexes have been observed
experimentally in homo- and hetero-aggregates of peptides'’
as well as in betaine gas-phase clusters."® Together with
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effect of the CSs on the IAHB stabilisation.

interanionic H-bond (IAHB) complexes, these types of adducts
have also been studied theoretically'®>* demonstrating a series
of unique features such as the appearance of a transition state
during the dissociation process that prevents them from being
detached.>***

Contrary to the assumption that anions cannot be held together
due to the electrostatic repulsion, Novoa and co-workers corrobo-
rated the presence of inter-anionic O-H™---O~ bonds in potassium
hydrogen oxalate crystals behaving as “tugboat” interactions
that control the anion aggregation and minimise the anionic
repulsions.” This molecular linkage, assumed as a special kind of
strong H-bond, was later classified as conventional.**>®

In recent years, a rich chemistry focused on anion recogni-
tion has been developed.**”** In 2016, we reported a set of bis-
triazolium-based receptors with capabilities to include and
stabilise H-bonded dimers of HP,0,°~, H,PO,, and SO,
anions.** Based on these results, we were also able to identify
selective behaviours in the affinity of a given receptor in
capturing-encapsulating a given anion to the detriment of
others. Two years later, we also described a tetracyclic cyclo-
phane receptor containing two imidazolium rings capable of
capturing single and dimeric phosphates and PFs~ anions.*”

Inspired by the design of cation-driven polymers, Flood and
co-workers have recently reported the unprecedented synthesis
of supramolecular anion-based polymers consisting of anionic
phosphonates and cyanostar (CS) macrocycles.*® Encouraged
by our interest in the understanding of the interactions explaining
the stability of these complexes, herein we report a complete DFT
study analysing the structures, energies, topology, and orbital
interactions in a set of dianions supported by interanionic
H-bonds (IAHBs) and their relative 2:2 stoichiometric anion:
cyanostar adducts, where the anionic moieties include phos-
phonates and a series of common oxyacids. In this sense, our
work provides a complete view about the stabilisation of
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complex systems where their constituent units are supported by
a series of multiple weak interactions.

Computational details

A set of dianion dimers and their relative 2:2 stoichiometric
anion : cyanostar complexes have been studied through the use
of Density Functional Theory (DFT) via the spin-restricted
Kohn-Sham (RKS) formalism and the PBEO functional.’”
Optimisation calculations were carried out in the gas phase
using the 6-31+G(d) basis set for those atoms constituting
the anionic moieties and the interacting hydrogens in the
cyanostars, and the 3-21G basis set for the rest.*® The nature
of the stationary points was corroborated through frequency
calculations to ensure that the optimised structures correspond to
true minima, i.e., with no imaginary frequencies. These optimised
structures have been used for subsequent re-optimisations at the
PBE0/6-31+G(d)/6-31G level of theory using the COSMO model for
dichloromethane (¢ = 9.0) and water (¢ = 78.0) to simulate the
solvent effects.® Note that for As and Se atoms, the SVP basis set
has been employed.*® All optimisation calculations were carried
out using a fine grid and through the facilities provided by the
NWChem package (version 6.8).*" For natural bond orbital (NBO)
analysis,”” the NBO6.0 and Gaussian09 (revision D.01)** programs
have been used. Finally, atoms in molecules (AIM) analysis has
been carried out with the AIMAIl program.**

Results and discussion

A dimer composed of two units of hydrogen methylphosphonate
is produced by the presence of two interanionic H-bonds (IAHBs)
(see Fig. 1).>* The gas-phase CH;PO;H - - -CH;PO;H~ dimer exhibits
an IAHB O---H distance of 1.69 A for its Ci-symmetrised complex
and a positive electronic interaction energy of 25.8 keal mol ™",
clearly indicating the non-favoured nature of this interaction.
However, in dichloromethane (¢ = 9.0) and water (¢ = 78.0)
solutions, this C; minimum becomes favoured, with interaction
energies of —11.7 and —15.6 kcal mol ", corroborating that the
higher the dielectric constant, the higher the stabilisation.*®

cyanostar

phosphonate dimer

Fig.1 H-Bonded dimer of hydrogen methylphosphonate (left) and
cyanostar (CS) macrocycle composed of five cyano-stilbene units (right).
Note: acidic hydrogens in CS are coloured in light yellow.
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In addition, the IAHB distances decrease to 1.61 A in both
solvents.

Recently reported by Flood et al.,*® cyanostar (CS) macro-
cycles composed of five cyano-stilbene units*® can interact with
phosphonates in order to form 2:2 stoichiometric supramole-
cular polymers. Although they have reported a CS ligand in
which the phenyl rings were functionalised with tert-butyl
groups, we have substituted them with methyl groups in order
to simplify the models. Based on our calculations, the CS shows
a circumferential hole of 6.7 A in diameter, this being measured
as the average of the H-H longer distances. The existence of
this hole together with the acidic nature of the hydrogen atoms
in the CH groups pointing inwards (coloured in light yellow at
Fig. 1) provide an adequate environment for the interaction with
anions. The formation of 2:2 anion:cyanostar aggregates
includes the H-bonded dimer composed of two units of hydrogen
methylphosphonate with two m-stacked CS ligands with eclipsed
methyl and cyano groups. To build this, the X-ray structure of the
2:2 anion: cyanostar polymer with the C;,H,, aliphatic linker has
been used.*® The acidic hydrogens point towards the O atoms that
support the negative charge. Fig. 2 displays the side and top views
of the optimised minimum in dichloromethane solvent, as was
reported in Flood’s experiments.>®

Three quantities for evaluating the electronic interaction
energies have been considered:

EE}l)t = Ecomplex - EPP:CS,a - EPP:CS,b (1)
ngl)t = Ecomplex - EPP,a - ECS,a - EPP,b - ECS,b (2)

El(fl)t = Ecomplex — Epp:pp — Ecs:cs (3)

where ‘complex’ refers to the 2:2 phosphonate:cyanostar
aggregate, ‘PP’ and ‘CS’ to the phosphonate and cyanostar
monomers, and ‘PP: CS’, ‘PP: PP’, and ‘CS: CS’ to the respective
dimeric structures. In all cases, the energies of monomers and
1:1 aggregates have been computed for their structures as in
the complex. Note that ‘a’ and ‘b’ denote isoatomic units.

2:2 phosphonate:cyanostar aggregate

Fig. 2 Side and top views of the 2: 2 stoichiometric phosphonate : cyanostar
complex modelled in dichloromethane.
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EErll)t represents the electronic energy released when the 2:2
complex is formed from its 1:1 stoichiometric phosphonate:
cyanostar units. Thus, E&l accounts for two types of interactions:
the two interanionic H-bonds linking the phosphonate units
and the n-n stacking between the two cyanostars. On the other
side, E2) represents the electronic energy released when assem-
bling the entire quadruplex from its constituent monomers,
which also accounts for the H-bonds between acidic hydrogens
in CSs and the O atoms. This latter contribution can be
approximated by subtracting the Ef2 (—37.6 kcal mol ") from the
EY (—25.7 keal mol ™) quantities, resulting in —11.9 kcal mol ?,
a close value to E} = —16.3 kcal mol™!, which formally
represents the stabilisation due to the presence of the
C(sp®)H- --O H-bonds. In order to evaluate which amount of
Eﬂl)t is due to the IAHBs and which to the n-n stacking, the
EFY and E{SY quantities have been evaluated. The first, i) =
—12.6 keal mol™, is ca. 1 kcal mol™* more favoured than the
interaction of the isolated phosphonate dianion in dichloro-
methane solution. Finally, the potential binding effect exerted by
the m-n stacking amongst the confronted CSs has been estimated
to be —8.7 keal mol~?, judging by the value of E{S (see Table 1).

g? = Epu.pu — Epna — Epup (4)
ggts) =Ecs:cs — Ecs,a — Ecsp (5)

For analysing the effect of different solvents on the stabilisa-
tion of the 2:2 phosphonate : cyanostar aggregates, the system
was also optimised in water solution. First and concerning
the common features, a very similar structure with a root
mean square (rms) of just 0.31 A is observed. In this sense,
ESY, signifying the m-m stacking interaction, accounts for
—8.7 keal mol™*, which is exactly the same value as the one
observed in dichloromethane solution. In addition, the inter-
action energy of the dianions, EfY, is calculated to be
—17.3 keal mol ™, being 1.7 kcal mol * more favoured than
the interaction of the isolated dianion in aqueous solution.
Based on these data, the slight cooperative effect that water
exerts on the stabilisation of the IAHBs can be observed.
Surprisingly, EY) and ER) only differ by 0.3 kecal mol ', and
therefore ng, exhibits a quite small value of —1.6 kcal mol .
This does not mean that C(sp®)H- - -O H-bonds are unfavourable
interactions in water solution. Actually, the water stabilising
effect on these acidic hydrogens in the free cyanostar has
practically the same effect as that when cyanostars are complexed
with the O atoms in phosphonates. Thus, a differentiating
behaviour can be observed between a solvent with a low dielectric
constant, as is the case of dichloromethane, versus another with a
high dielectric constant, as it is with water.

Table 1 Interaction electronic energies (kcal mol™) for the 2 : 2 phosphonate :
cyanostar minimum

Solvent ER @ ER) EfpY ESY
CH,Cl, —25.7 —37.6 ~16.3 ~12.6 —-8.7
H,O —27.4 —27.7 ~1.6 -17.3 —8.7
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Fig. 3 Most representative NBO interactions for H-bonds explaining the
stability of the phosphonate : cyanostar minimum (in dichloromethane)
shown in Fig. 2. Orbital interaction energies (green) are shown in kcal mol™*
and H-bond distances (black) in A.

Fig. 3 displays the most important natural bond orbital (NBO)
interactions for the 2:2 phosphonate:cyanostar minimum
shown in Fig. 2. Due to the C; symmetry of this supramolecular
adduct, these interactions are equal for both PH: CS moieties.

The lone pairs of the O atom that is actively participating as
Lewis base in the IAHBs contribute to the establishment
of two very strong orbital interactions with the lone vacant
(Lv¥) H orbitals of the neighbouring phosphonate. Orbital
interaction energies, E(z), have been calculated to be 21.4 and
44.6 kcal mol™'. For comparison, E® values account for
12.9 and 30.5 kcal mol™" for the C; dimer of phosphonate
dianion in the dichloromethane solution. Together with the
more favoured interaction energy that was previously discussed,
these data reveal a slight cooperative effect of the cyanostars on
the stabilisation of the interanionic H-bonds.

The H-bonds between the O atoms in the phosphonates with
the acidic hydrogen atoms in the CH functionalities of the
cyanostars represent the interactions of O;, — o*(CH) nature.
Fig. 3 shows the most representative of them, with their orbital
interactions accounting for 3.4, 4.1, and 8.1 kcal mol ', and
interatomic distances of 2.24, 2.23, and 1.99 A, respectively.

An alternative analysis of the H-bonds taking place between the
phosphonate and the cyanostar units is given by Bader’s atoms

This journal is © the Owner Societies 2020
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Bond paths and critical points

Fig. 4 AIM analysis of the phosphonate : cyanostar minimum (in dichloro-
methane) shown in Fig. 2. BP, BCP, RCP, and CCP refer to the bond path,
and bond, ring, and cage critical points, respectively.

in molecules (AIM) theory. As seen in Fig. 4, the solid and
dashed lines represent the bond paths in which the electron
density, p, at the bond critical point (BCP, in green) is larger or
smaller than 0.05 a.u. - this representing a reasonable cut-off,
which can be considered for the existence of strong or
weak interactions. Thus, interanionic O-H---O~ H-bonds are
characterised to be strong chemical contacts with a p value of
5.28 x 10”2 a.u. However, the most relevant aspect is given by
the numerous presence of BCPs connecting the O atoms and the
acidic hydrogens from C(sp*)H groups, revealing the existence of
an intricate network of moderate H-bonds between cyanostar
macrocycles and phosphonates. Based on these data, it can
be deduced that these H-bonds are weaker than IAHBs with
p values smaller than 2.50 x 10> a.u.

Interestingly, linear correlations have been described between
AIM and NBO properties for such C(sp®)H---O H-bonds.
Considering electron density values, p, and its Laplacian,
—V2p, at the BCPs vs. orbital interaction energies, E®), coeffi-
cients of determination (R*) account for 0.91 and 0.92, respec-
tively, clearly indicating a strong linear correlation between
both properties despite their different nature: one is topological
based on electronic density (AIM), and the other is orbital
(NBO) (see Fig. 5).

We have also examined the effect of the size of the aliphatic
chain of the phosphonate anions and the role it might play in the
stabilisation. According to the data, the interaction energies
slightly increase if a larger alkyl group in placed on each phos-
phonate, which indicates a greater dispersion of the negative
charge. However, this effect is really minor since for the case
of the 2:2 aggregate between hydrogen hexylphosphonate and
cyanostar in dichloromethane, EY and E®) only decrease by
0.1 and 0.8 kcal mol™*, respectively, with respect the relative
one of hydrogen methylphosphonate (the one shown in Fig. 2).

This behaviour is not only characteristic of anionic dimers
of phosphonates, since we have also observed similar trends in
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Fig. 5 Correlation between the electron density, p, and its Laplacian,
—V2p, at the BCPs (AIM) vs. orbital interaction energies (NBO) for the
C(sp?)H- - -O H-bonds.

2:2 complex
HSO,:CS

2:2 complex
H,PO,:CS

}

2:2 complex
H,BO;~:CS

H-bond
161

N/
2:2 complex 2:2 complex 2:2 complex
HCO;—:CS HSeO,:CS H,AsO,:CS

y

a

# H-bond
1.63

H-bond
1.63

1§

Fig. 6 Optimised 2:2 stoichiometric anion:cyanostar complexes for a
series of common oxyacids. IAHBs distances are shown in A.

a series of anionic dimers of common oxyacids (see Fig. 6).
Specifically, we have studied the 2:2 stoichiometric anion:
cyanostar complexes with (di)hydrogen borate, carbonate,
phosphate, arsenate, sulphate, and selenate, all in dichloro-
methane solution. As a general behaviour, anionic H-bond
distances show similar values and practically do not differ
in the six selected cases (values between 1.60 and 1.65 A).
However, differences in the electronic interaction energies
(see Table S1 in the ESIt) are more pronounced. For this series,
Eg,)t is —26.7 kcal mol™* for the 2:2 H,PO,  : CS system, while
for the supramolecular complex in which two CS macrocycles
trap two hydrogen selenate anions, it is —21.6 kcal mol ™.
Similarly, the lowest value of E2) is also for the 2: 2 H,PO, ™ : CS
aggregate, —32.6 kcal mol™', while for the 2:2 HSeO, :CS
complex this is the highest, —25.5 kcal mol~". Given these
differences, we can conclude that cyanostar macrocycles could
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be proposed as selective materials for the capture of inorganic
anions with potential application in water decontamination.

Conclusions

In summary, anionic dimers, amongst which are included
phosphonates, are stabilised when trapped inside the cavities
of cyanostar macrocycles. Based on our results, electronic
interaction energies, computed as the difference in energy
between the supramolecular system and each one of its anion:
cyanostar dimeric and monomeric units in dichloromethane
solution, account for —25.7 and —37.6 kcal mol *, respectively,
for the 2:2 PH:cyanostar aggregate, in which PH represents
the hydrogen methylphosphonate anion. This stabilisation is
mainly due to the presence of three types of interactions: two
interanionic H-bonds linking the phosphonate units, the n-n
stacking between the two cyanostars, and a series of C(sp*)H- - -O
noncovalent interactions creating an intricate network of H-bonds
between the cyanostar macrocycle and the dimeric phosphonates.
The latter ones cooperatively reinforce the interanionic H-bonds
in both dichloromethane and water solutions. Finally, we hope
that our results might stimulate further interest in the chemistry
of interanionic H-bond (IAHB) complexes.
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