Self-Assembly Supramolecular Polymer by Anti-Electrostatic
Anion-Anion and Halogen Bonding Interactions
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We report here the generation of a self-assembly supramolecular
polymer in which the cooperative action of anti-electrostatic anion-
anion and halogen-bonding interactions serve as a powerful driven
force to form large supramolecular polymers. DOSY-NMR, DLS,
TEM, SEM and X-ray experiments evidence the formation of
supramolecular structures in solution and solid state.

Coulomb's Law, which is probably one of the first principles
taught to science students, states that two charged species will
attract or repel each other if they have opposite or identical
signs respectively due to electrostatic forces! and therefore,
two or more cations or anions will maximize their distances to
In 2014 Weinholds
theoretically characterized a surprising new class of H-bonded

minimize the electrostatic repulsions.

complexes between ions of like charge using ab initio and hybrid
density functional techniques.? These results opened a very
interesting discussion about the existence of anion-anion
dimers3 where some authors affirm that such aggregates can be
stabilized by attractive electrostatic interactions by hydrogen
bonds that balance electrostatic repulsion.* A recent survey of
the Cambridge Structural Database® indicates that the existence
of anion-anion aggregates is not rare in the solid state but
surprisingly this interaction has not received much attention in
the context of crystal engineering.® Some of the remarkable
examples described in the literature in solid state are the
aggregation of hydrogensulfate?’ and dihydrogenphosphate
anions,? stabilized by organic ligands, into a wide variety of
different structures.
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The idea that anions can be bounded to each other in
solution is practically underexplored® and only a few acyclic,
monocyclic, bicyclic and tricyclic anion receptors offer a way to
stabilize anionic aggregates in solution using a variety of
noncovalent interactions, such a hydrogen bonding,
electrostatic interactions and anion-r.1°

The construction of supramolecular polymers induced by
anion-anion interactions is quite rare and only a few examples
have been described. In 2010 Sessler reported the formation of
a self-assembled supramolecular pseudo-oligorotaxanes where
terephthalate anions were bonded each other stabilised by an
imidazolium based macrocycle!l. More recently Flood has
reported the formation of supramolecular polymer induced by
the dimerization of difunctional phosphonate monomers in
which each anion is stabilized by a cyanostar macrocycle.12

Among non-covalent interactions used to stabilize anionic
aggregates in solution, halogen bonding remains almost
unexplored. Halogen bonding is within the family of the o-hole
interactions where the attraction for negative species is caused
by the anisotropic distribution of the electron density in the
halogen atom which originates a positive (o-hole) and negative
(o-lump) regions of electron density.?3 In fact, halogen bonding
is considered as an excellent alternative to hydrogen bonding in
supramolecular chemistry, nevertheless, halogen bond is still a
developing and relatively immature research field.14

We have recently reported?s the utilization of a halogen
bond donor in the formation of a self-assembly supramolecular
polymer induced by SO42- anions, where two linear chains are
interpenetrated each other. We also detected strong evidences
of the formation of supramolecular polymers induced by the
presence of H,PO, anion, but unfortunately no structural
information of the supramolecular polymer induced by H,PO4
anions was obtained.

Motivated by the ability of the H,PO4 anions to form
aggregates we have decided to change the halogen bond donor
in order to explore the possibility of the formation of
supramolecular polymers by the aggregation of H,PO, anions.
As a consequence of our research, we describe here the
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Fig. 1 Structure of the halogen bond donor 12*-2BF,".

formation of a self-assembly supramolecular polymer in which
non-common anti-electrostatic anion-anion interactions,
stabilized with halogen bond donor, serve as a powerful driven
force to form long 1D supramolecular polymers in solution.

The halogen bond donor 12*:2BFy4’, used as organic building
block, contain two iodotriazolium rings as anion binding sites,
substituted in the C-4 with a benzene ring and naphthalene as
spacer (Fig. 1).

The ability of the halogen bond donor 12*:2BF4 to form
supramolecular polymers with the presence of H,PO4 anions as
tetrabutylammonium salts was initially investigated using H
NMR titration experiments through the addition of aliquots of
the anion to solutions of the halogen bond donor 12+-2BF; in
the solvent mixture CD3CN/CDsOD 9:1. The first evidences of
the formation of supramolecular polymers were detected by
analysing the titration profiles obtained by 'H NMR following
the signal of the naphthalene Hy protons (Fig. 2a) in which the
addition of up to 1 equiv. of H,PO4 did not promote remarkable
changes in the 'H NMR spectrum of the monomer, but
subsequent additions of H,PO,4 anions promoted a noticeable
downfield shift of the naphthalene Hqy (A6 = 0.30 ppm). This
behaviour is indicative that a polymerization process is taking
place rather than the typical recognition event. The study of the
change of some measured data sensible to the formation of
polymerization processes that the shape of the
experimental curves are qualitative different from those

reveal

obtained for simple association.® In addition, the Hg protons (-
N-CH,-) are also downfield shifted by the presence of H,PO4
anions (A = 0.16 ppm) following a similar trend (Fig. 2b and
Electronic Supplementary Information).

The reversibility of the supramolecular polymerization-
depolymerization process of 12+-2BF,- was investigated by H-
NMR spectroscopy by addition of Zn?* cations which can
sequester the H,PO4 from the supramolecular polymer. Thus,
after addition of Zn2* the *H-NMR spectrum of the monomer
was recovered. Several polymerization-depolymerization cycles
were carried out by the sequential addition of H,PO,4 and Zn?*
ions to a solution of the compound 12+-2BFy".

We have reported recently a chemical model which uses the
IH NMR titration data to describe quantitatively the
thermodynamic of the polymerization process.” This model
allows us to calculate the equilibrium constants Ky and Kg
steps
respectively. The thermodynamic model is also able to estimate
the anion/monomer stoichiometry in the polymer (see
Electronic Supplementary Information). The theoretical curve
fits well the experimental data (Fig. 2a) providing a theoretical
anion/monomer ratio of 1.84. The calculated values of Ky and
Ke when the value of n was fixed to 2 are Ky = 6.37-10°> M2 and

corresponding to the nucleation and elongation
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Fig. 2 a) Changes in the chemical shift of the naphthalene Hy4 proton of the
monomer 12+-2BF," upon addition of increasing amounts H,PO, anions. Points
represent experimental data and the continuous line represents the fit to the
model. b) 'H NMR spectral changes observed in 12+-2BF, in CD3CN/CD30D (9/1,
v/v) during the addition of up to 6.5 equiv. of H,PO,4".

Ke = 1.28-10° M-3. Although both equilibrium constants have
different units, we can estimate their similarity using the value
of Ca as a conversion factor. In that case, we obtain values of Ky
and Kg:Ca with similar order of magnitude suggesting that the
growth of the supramolecular polymer follows an isodesmic
mechanishm.18

In order to get additional evidences of the formation of the
self-assembly supramolecular polymers in solution, diffusion
NMR (DOSY NMR) and dynamic light scattering (DLS) studies
were carried out.

One of the simplest experiments to detect the formation of
self-assembled supramolecular polymers or other type of
aggregates in solution is the obtention of the diffusion
coefficient (D). The generation of this type of self-assembled
material usually cause a remarkable decrease in the diffusion
coefficient value compared with the monomer. The results
obtained by DOSY NMR show that the diffusion coefficient
of 12+2BFy basically
concentration of the monomer (Figure 2a) as expected if neither
polymerization nor aggregation of the monomer are present.

The addition of H,;PO4 anions reduces significantly the
diffusion coefficients (between -15% and -25%) being this
decrease more pronounced as the initial concentration of the

values are independent of the

monomer increases as expected from the formation of larger
and larger supramolecular species. (Fig. 3a).

The size of the supramolecular polymer at different
concentrations was obtained by DLS measurements in CH3CN.
The hydrodynamic diameter is of an equivalent sphere having
the same diffusion coefficient as the measured one, although

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 a) Diffusion coefficient values of 12+:2BF4 (blue line) and 12*:2BF, with the
addition of H,PO,4 anions (black line) in CD3CN/CDs0D (9/1, v/v). b) Distribution
of the hydrodynamic diameter of 12*-2 H,PO, as measured though DLS at ¢ =
0.1 (red), 0.05 (green), and 0.01 mM (blue) in CH3CN at 25 °C.

the shape of the aggregates may differ from a sphere. The
values of the hydrodynamic diameter of the specie formed after
the addition of H,PO4 to a solution of 12*-2BF, decrease when
the concentration of the monomer also decrease, so that, the
largest supramolecular polymer was measured at c = 1.0-10* M
with d = 1186 nm, while the shortest one was measured at ¢ =
1.0-10° M d = 128 nm (Fig. 3b). The large supramolecular
polymers detected by DLS experiments (CH3sCN) are consistent
with the modest decrease of the diffusion coefficient obtained
by DOSY NMR experiments (CD3sOD 10%) because of the
presence of methanol which is a very competitive solvent in the
formation of anion induced supramolecular polymer.

Transmission Electron Microscopy (TEM) images of the
supramolecular polymer prepared immediately upon the
addition of H,PO,4 to a solution of receptor 12+-2BF; in CH5CN
allowed to get structural information about the supramolecular
polymer at the level of its formation. The supramolecular
polymer exhibits the generation of nanoobjects with spherical
morphology, presenting relatively uniform sizes around 0.5 pm
(Fig 4 top).

The crystal-growing process was also studied by Scanning
Electron Microscopy (SEM) and the images revealed the
formation of thousands of highly directional 1D crystals, the
long fibers probably grow from the spheres observed in the TEM
images. The widths of the fibers were very uniform around 2
um. Due to the overlapping of the fibers, it was not possible an
accurate estimation of their average length (Fig. 4 bottom).
Nevertheless, it is not difficult to observe fibers around 1 mm
long.

Single crystals,1® suitable for X-ray diffraction structural
analysis, were obtained for the supramolecular polymer
12+.2H,P042° by the vapor diffusion of diethyl ether into a
solution of the supramolecular polymer 12*-2H,PO4 in
CH3CN/CH30H (9:1, v/v). The solid-state structure shows the
formation of a supramolecular linear chain of H,PO4 anions

This journal is © The Royal Society of Chemistry 20xx
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Fig. 4 TEM (top) and SEM (bottom) images of the supramolecular polymer
formed upon the addition of H,PO,4 to a solution of receptor 12+-2BF,".

bond each other by four different hydrogen bonding
interactions (-P-O--*HO-P- 59-63% of sum of vdW). One of the
iodotriazolium of the organic monomer 12* forms strong
halogen-bonding interactions with the H,PO4 anion (C-I---O-P-
80% of sum of vdW), while the other iodotriazolium weakly
interacts with one of the carbon of the naphthalene ring of
other organic monomer 12+ (C-I---C-C 99% of sum of vdW) (Fig.
5).

In summary, we have reported here a new halogen bonding
anion receptor bearing naphthalene ring as a central core
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Fig. 5 a) Space-filling representation of the X-ray structure of the
supramolecular polymer 12*:2H,PO,. Color scheme: gray = carbon, blue =
nitrogen, purple = iodine, red = oxygen, orange = phosphorus and white =
hydrogen. b) Schematic representation of the supramolecular polymer
12+-2H,P0O,” showing the halogen- (black) and hydrogen bonding (blue)
interactions. Distances are in angstroms, and those in brackets are the ZrvdW.
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decorated with two arms containing iodotriazolium rings as
anion binding sites which is able to form a self-assembly
supramolecular polymers in which the cooperative action of
non-common anti-electrostatic and halogen
bonding interactions serve as a powerful driven force to form a
long supramolecular polymers in solution. The evidences of the
formation of supramolecular polymers in solution came from
DOSY NMR and DLS experiments where an important decrease
in the diffusion coefficient, compared with the monomer, and
large supramolecular structures were detected in solution
respectively. 1H NMR studies demonstrated the reversibility of
the polymerization-depolymerization process. The nucleation
Kn and the elongation Ke constants were obtained from the
NMR titration experiments and indicate that the growth of the
supramolecular polymer follows an isodesmic mechanism.
Scanning electron microscopy studies revealed the formation of
long 1D needle-like fibers. The X-ray structure of the
supramolecular polymer shows the formation of a
supramolecular linear chain of H,PO4 anions bond each other
by hydrogen bonding interactions. The chain of anions is
stabilized by the organic monomer 12* by the formation of
strong halogen-bonding interactions with the H,PO4 anions.
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