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ABSTRACT: Herein, it is shown how anion recognition in highly polar solvents by &
neutral metal-free receptors is feasible when multiple hydrogen bonding and anion—n :
interactions are suitably combined. A neutral aromatic molecular tweezer function-

alized with azo groups is shown to merge these two kinds of interactions in a unique

system and its efficiency as an anion catcher in water is evaluated using first-principles

quantum methods. Theoretical calculations unequivocally prove the high thermody-

namic stability in water of a model anion, bromide, captured within the tweezer’s

cavity. Thus, static calculations indicate anion—tweezer interaction energies within the

range of covalent or ionic bonds and stability constants in water of more than 10 orders

of magnitude. First-principles molecular dynamics calculations also corroborate the
stability through the time of the anion—tweezer complex in water. It shows that the ‘
anion is always found within the tweezer’s cavity due to the combination of the
tweezer—anion interactions plus a hydrogen bond between the anion and a water
molecule that is inside the tweezer’s cavity.

B INTRODUCTION comparable to covalent or ionic bonds. It is one of the very few
examples of a stable complex formed by an anion captured
within a neutral metal-free receptor in water.'”*° However,
stability constants as high as those obtained with this tweezer
have never been reported before. Bromide has been chosen as

and environmental processes.””~'" Particularly, the anion—z the_ test anion due to its medium size and spherica? shape,
interactions have attracted interest because they improve the which simplifies the‘computanonal work. First, a static study
selectivity and directionality of anion receptors,”'>'>' has been performed in oFder to eva.luate the energetics and .the
providing tailor-made solutions for problems involving anions. 1nterm.ol.ecular forces 1nv0.l\.red in the process of anion
Among the characteristics of this new family of receptors, the recognition. Ne)ft’ an additional first-principles mo}ecular
most important are the neutrality, the variety in size and shape dyne?rlmcs study in water has been performed to verify the
of the target anions, and the wide range of stability produced stability of the tweezer—anion complex.

by their interactions.™®

Molecular tweezers and clips are ion receptors characterized B COMPUTATIONAL METHODS

b.y .the presence of two flat p inc.e.rs separated by a more or less The static calculations were carried out using two different
rigid tether. T}.1ey. ha\./e the ability t.o f.orn.1 corgp lfexes with a comgutational levels. For once, the BLYP functional plus DFT-
substrate by gripping it between their tips in a similar manner D3*? empirical dispersion correction (BLYP-D3), the level
to that of mechanical tweezers. Particularly interesting are subsequently used in the quantum molecular dynamics
e 20-23 .
Klarner’s molecular tweezers. They.are characterized by a simulations, was employed in combination with the def2-
concave—convex topology and a negative molecular electro- SVP basis set. Since the BLYP functional alone poorly
static potential in the concave region, which lends them the describes the dispersion interactions and def2-SVP is a rather

ability to bind ele(.:trode.ﬁcierzlg aromatic and aliphati‘c substrat‘es small basis set, calculations were also performed with the
as well as organic cations.” Yet, the electrostatic potential

within the tweezers’ molecular cavity may be chemically
controlled by means of aromatic ring substitutions, turning a
cation receptor into an anion receptor.”*~*’

In this study, we present a new neutral molecular tweezer
that combines anion—z and hydrogen bond interactions™® ™!
in the process of anion trapping. Herein, the interplay between
hydrogen and anion—z bonding leads to interaction energies

Since the characterization of stabilizing anion— interactions in
the earliest 2000s,'* a considerable amount of work has been
carried out on this topic>~'* due to the important role played
by anions and anion receptors in chemical, biological, medical,
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M062X-D3 functional and the 6-31++G(d,p) basis set. This
functional was proven to account properly for medium-range
dispersion® and requires a small empirical correction in the
case of long-range interactions.>* In addition, diffuse functions
were included in the 6-31++G(d,p) basis set, which is highly
recommended for the study of anions. The static calculations
were performed using the Gaussian®® and ORCA***” packages.

Gas-phase binding and interaction energies, E;,q and E;,,
were calculated with the supermolecular approach. The former
is equal to the latter plus the energy associated with the
deformation of the tweezer’'s geometry in the complex
structure, Eg. An energy decomposition analysis (EDA) of
the interaction energy based on deformation densities was
additionally performed. Details about the theory behind the
EDA applied in this study may be found elsewhere.’**®
Herein, we will just mention that it enables the well-known
partition of the total interaction energy into electrostatic, E,
Pauli repulsion, Ep,, induction, E;,4 and dispersion, Eg,
energies. The electrostatic energy is obtained from the
unperturbed electron densities of the fragments and their
nucleus potentials and it is also known as the “classical”
electrostatic energy. The Pauli repulsion contains two terms:
one arising from the intermolecular electron exchange
(stabilizing term) and another one arising from the
intermolecular electron spin repulsion (destabilizing term).
On the other hand, the induction energy is extracted from the
polarization energy, the one stemming from the relaxation of
the electron densities in the complex, by merging its definition
given by the second-order perturbation theory into the
corresponding EDA equations.” The rest of the polarization
energy thus contains the second-order dispersion energy plus
the energy components of third order and higher orders in the
perturbation scheme although the dispersion energy is
certainly the main contributor and therefore we denote this
term here as Eg,. All the terms are naturally corrected for the
basis set superposition error using the counterpoise method.*”

A topological analysis of the electron density was performed
using the quantum theory of atoms in molecules™ for the
tweezer—bromide equilibrium geometries obtained with the
BLYP-D3/def2-SVP and M062X—D3/6—31++G(d,p) computa-
tional levels. Both the intramolecular and intermolecular bond
critical points (BCPs) together with the corresponding bond
paths were represented with AIM2000 software."'

A first-principles molecular dynamics simulation (MDS) of
the tweezer—bromide complex together with 100 water
molecules was carried out. The 3-21G basis set was used to
describe the water molecules, and the tweezer—bromide
complex was described by a def2-SVP basis set. All calculations
were carried out with the BLYP functional and the DFT-D3
empirical correction to dispersion.”” In order to perform the
simulation, first we carried out optimization of the complete
system to find a stationary point that will act as the starting
point for the simulation. Then, a heating procedure up to a
temperature of 300 K was carried out by performing a 100 fs
simulation using a Berendsen thermostat'” at a constant
pressure of 1 atmosphere. Afterward, we performed equilibra-
tion of 2000 fs at 300 K in a 19.4 A x 152 A x 148 A
orthorhombic cell that matches the shape of the tweezer and
keeps the density of the system at approximately 1 g-cm™.
Finally, a production simulation of 11 ps in the mentioned
orthorhombic cell at 300 K was carried out and the results
were analyzed. The timestep used throughout the MDS was
0.5 fs. A harmonic repulsive potential was applied outside the
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cell to retain the molecules inside. This potential depends on
the closest distance from the atom’s center to the defined cell
surface. The spring constant used in the harmonic potential
was 10 kJ-mol™"-A™2%. All MD calculations were performed with
the ORCA package.’®”’

B RESULTS AND DISCUSSION

The optimized structures of the tweezer—Br~ complex and the
isolated tweezer obtained with the BLYP-D3/def2-SVP and
M062X-D3/6-31++G(d,p) levels of theory are shown in
Figure 1. Frequencies and force constants were obtained, and
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Figure 1. Isolated tweezer and tweezer—Br complex structures
obtained with BLYP-D3 (top) and M062X-D3 (bottom) functionals.

all the conformations were characterized as energy minima
(see Supporting Information). Two stable conformers were
found for the isolated tweezer, displaying the tweezer’s arms as
a convex or concave disposition, respectively. The former was
found to be slightly more stable than the latter by 3.2 and 1.2
kcal/mol using M062X-D3/6-31++G(d,p) and BLYP-D3/
def2-SVP levels, respectively. This is the conformer shown in
Figure 1, and the coordinates of the other conformer are
provided in the Supporting Information. Even though the
isolated tweezer’s structure for both computational levels is
quite similar, the difference in the deformation energy is
remarkable, which is 9.65 kcal-mol™" larger at the M062X-D3
level (see Table 1). This is due to the stronger interaction
predicted by this functional, which comes also with a larger
deformation of the tweezer’s geometry in the complex.

The values obtained for the total interaction energy and its
components are listed in Table 1. As can be observed, the
interaction energies obtained with any of the two functionals
are huge; however, M062X-D3 predicts a stronger attractive
interaction (about 16 kcal'mol™" higher). The lack of diffuse
functions with the BLYP-D3 functional may lead to under-
estimated dispersion energies and less attractive interactions, as
shown in previous studies.”> However, this result is not general
and the lack of diffuse functions may result in more attractive
interactions, as is the case for chalcogen bonds.** In order to
quantify the effect of diffuse functions on the investigated
tweezer—Br~ complex, we recalculated the interaction energy
and the corresponding energy components using the M062X-
D3/6-31G(d,p) level (see Table 1). The results indicate a
decrease in the interaction energy from —97.26 to —91.52
kcal/mol when the diffuse functions are removed with the
largest change corresponding to the dispersion energy, from
—73.96 to —66.80 kcal/mol. By even including deformation
energies, we can observe that combining anion—7 forces and
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Table 1. Binding and Interaction Energies and Their
Different Components for the Tweezer—Br~ Complexes
Obtained at the M062X-D3/6-31++G(d,p) and BLYP-D3/
def2-SVP Levels”

MO062X-D3 BLYP-D3

Byina —80.32 —73.70

By 16.94 7.29

Ei —97.26/-91.52° ~80.99

Buee —129.29/-130.38° —128.66

Epa 108.43/110.57° 113.64

Eia —244/-4.92° —9.42

Egep —73.96 (—0.44)"/—66.80° —56.59 (~19.17)"

AG (gas) —66.53 —61.10

AH, —80.86 7273

—TAS, 13.34 11.63

AG, (wat) -15.35 —20.07

AH, —79.27 —72.14

—TAS. 13.34 11.63

AG,, 50.58 40.44
“Thermodynamic information: complex enthalpy, thermal entropy,

and Gibbs energy in the gas phase and aqueous solution at 298.15 K.
All data are expressed in kcal-mol™'. “DFT-D3 dispersion correction
using zero damping is shown in parenthesis. “Energies using the 6-
31G(d,p) basis set (see text).

hydrogen bonds in this molecular tweezer results in binding
energies of the trapped anion of the order of a covalent
carbon—carbon bond (around 80 kcal-mol™).

An analysis of the role played by different intermolecular
forces can be carried out using the data listed in Table 1. The
important role played by the hydrogen bonds is reflected by
the very large electrostatic energy, which is not compensated
by the Pauli repulsion. Summation of both terms gives rise to a
net stabilization of —21 kcal'mol™" with M062X-D3 and —15
kcal-mol™ with BLYP-D3. This difference may be understood
in terms of the ratio between the azo groups directly
interacting with bromide and those forming intramolecular
hydrogen bonds. As can be seen in Figure 1, this ratio is 6/2
for M062X-D3 and 4/4 for BLYP-D3 complexes. A topological
analysis of the electron density using Bader’s theory® (see
Figure 2) confirms the hydrogen bond interactions mentioned
above.

The induction forces are significantly smaller than the
electrostatic forces. Even though they are larger with the
BLYP-D3 functional, they represent less than 12% of the total
interaction energy (3% with M062X-D3). On the contrary,
dispersion forces are very large (76 and 70% of the total in
MO062X and BLYP-D3, respectively), being of the order of the
total interaction energy previously reported for a cyanide-
functionalized tweezer.”” As expected, the highest differences
are found here, the dispersion energy being 17 keal-mol™
lower at the M062X-D3/6-31++G(d,p) level.

The most relevant result so far is that functionalization with
an azo group enhances the complex interaction energy by more
than 20 kcal-‘mol™ with respect to the cyanide group.”® As
discussed above, this enhancement stems from the extra N—
H---Br~ hydrogen bonds. In order to perform a crude
estimation of the weight of the hydrogen bonds in the total
interaction energy, we have taken the geometry of the dimer
obtained with the M062X-D3 functional and removed the
tweezer’s skeleton from it but keeping the —N=N-H
substituents in the same position and saturating the nitrogen
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Figure 2. Intramolecular and intermolecular BCPs (small red circles)
and the corresponding bond paths (white lines) obtained with the
BLYP/def2-SVP (left) and M062X/6-31++G(d,p) (right) computa-
tional levels for the tweezer—Br~ complex.

valence with a methyl group (Figure 3A). The interaction
energy of this hypothetical system with the anion at the

P

Figure 3. (A) System after removing the tweezer’s skeleton. (B)
System after replacing the —N=N—H substituents by fluorides (see
text).

M062X-D3/6-31++G(d,p) level was —36.02 kcal/mol. This
means that roughly one third of the interaction energy is due
to the hydrogen bond. Also, since there are six hydrogen
bonds, the stabilization of each hydrogen bond is around 6
kcal/mol. On the other hand, if the geometry of the dimer
obtained with the M062X-D3 functional is taken and the
—N=N-H substituents are replaced by fluorides to obtain a
fluorinated tweezer (Figure 3B), the interaction energy with
the anion is —56.80 kcal/mol. This energy added to that
obtained for the hydrogen bonds becomes close to the total
interaction energy of the dimer. The weight of the two energies
with respect to the total interaction is rather similar when the
same procedure is performed at the BLYP-D3/def2-SVP level.
Thus, the energies are —28.14 kcal/mol for the hydrogen
bonds and —50.20 kcal/mol for the interaction between the
anion and the fluorinated tweezer.

The next step in this study is to explore whether this energy
enhancement is sufficient to overcome the destabilizing
thermal and solvation effects so that the complex is
thermodynamically stable in the gas phase and aqueous
solution. Therefore, we calculated the complexation enthalpy,
thermal entropy, and free energy in both environments at a
given temperature of 298.15 K. The solvation free energy was
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obtained with the continuum solvation model based on
density.”” The thermodynamic results are also included in
Table 1. After the thermal corrections, the absolute value of the
complexation enthalpy in the gas phase is much higher than
that of the entropic term, so that the free energy change is
largely negative with associated stability constants around 10*°
and 10" for M062X-D3 and BLYP-D3 functionals, respec-
tively. Upon water solvation, the complexation free energy
drops substantially as expected from the large solvation energy
of the free bromide anion. Anyway, it still has high negative
values with associated stability constants around 10'° and 10"
for M062X-D3 and BLYP-D3 functionals, respectively.

To further check whether the tweezer—Br™ complex remains
stable in highly polar solvents, a first-principles MDS of the
complex in water was carried out. A movie that shows the
complete simulation is provided in the Supporting Informa-
tion. Figure 4 shows snapshots of the simulation taken at three

Figure 4. Snapshots of three different moments of the MD
simulation, (A) at approximately 0 ps, (B) at approximately 5.5 ps,
and (C) at approximately 11 ps.

different times of the MDS: at the beginning, middle, and at
the end of the simulation. Despite three separate moments in
time, there are several features that remain throughout the
simulation and deserve attention: (1) there is always a water
molecule inside the tweezer bonded to bromide by a hydrogen
bond, (2) there are one or more azo substituents forming
hydrogen bonds with the bromide ion, (3) there is a chain of
water molecules within the tweezer’ s cavity at the end of the
two pincers and between them, and (4) bromide is always
inside the tweezer near the center of the cavity. All of this can
also be observed in the movie provided in the Supporting
Information. The movie also shows the formation of
hydronium and hydroxyl ions during the simulation due to
proton transfer reactions between water molecules of the
system.

We performed a structural analysis using the Travis
package®® to interpret quantitatively the observations men-
tioned above. Thus, we obtained from the simulation the
distribution of the distance between bromide and the center of
mass (C.M.) of the tweezer’s frame. This distribution is shown
in Figure S. It shows that the most likely distance from
bromide to the C.M. is about 40 pm and that most of the time
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Figure 5. Bromide—C.M. distribution (see text).

bromide is between 25 and 60 pm away from the C.M. In fact,
configurations with a distance larger than 80 pm are scarce.
Additionally, we estimated that the distance from the C.M. to
the border of the tweezer’s cavity is always larger than 140 pm.
Therefore, the bromide—tweezer complex is stable in water
throughout the simulation since the anion remains inside the
cavity trapped by the tweezer.

Figure 6 shows two radial distribution functions (RDFs),
one is the RDF of bromide with the hydrogen atoms belonging
to the azo groups (H_Twz) and the other is the pair
correlation function of bromide and the rest of hydrogen
atoms (H_no_Twz). In the latter RDF, we can see a sharp
peak at 220 pm with a coordination number of 1 hydrogen
atom at 270 pm. Considering the distance, it is likely that this
peak appears due to the water molecule that is inside the
tweezer’s cavity. Furthermore, the narrow shape of the peak
suggests a fairly fixed distance between the anion and the
hydrogen atom, which agrees with a strong hydrogen bond
between them. After the first peak, there is a zero-probability
region, which means that there are no other water molecules
forming hydrogen bonds with bromide. The RDF with H_Twz
shows a broad peak between 240 and 280 pm and a valley at
365 pm that corresponds to a coordination number of 3
hydrogen atoms. Unlike the interaction with water, the broad
peak implies weaker hydrogen bonds, but also, unlike water,
bromide forms up to three hydrogen bonds with the azo
groups, helping to keep the anion inside the tweezer’s cavity.

With the results analyzed so far, we have seen that bromide
establishes hydrogen bonds with one water molecule and with
several azo groups. However, we do not know how often these
hydrogen bonds appear simultaneously or whether the
formation of a hydrogen bond between bromide and water
prevents hydrogen bonds with the azo groups and vice versa.
To evaluate the ability of bromide to establish simultaneously
these kinds of hydrogen bonds, we presented a combination of
two RDFs: the pair correlation function of bromide and the
H_ Twz hydrogens and the pair correlation function of
bromide and the hydrogens of the water molecule inside the
cavity (H_Wat). This representation is shown in Figure 7
using a 2D contour plot with a color scale to show how likely is
the combination of two distances. The figure shows two
vertical columns separated by a gap of approximately 80 pm,
and each contour corresponds to a hydrogen of the water
molecule. The shape of this figure matches a configuration in
which a hydrogen atom from the water molecule always points

https://doi.org/10.1021/acs.jcim.1c00595
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Figure 6. RDFs: (A) between bromide and the hydrogen atoms that belong to the azo groups (H_Twz) and (B) between bromide and those
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Figure 7. Two-dimensional histogram using the Br—H_Wat (see
text) distance and the Br—H_Twz distance.

at the bromide while the other points in the opposite direction.
We can see how the maximum probability corresponds to
configurations where the Br—H_Wat distance is between 200
and 220 pm and the Br—H_Twz distance is between 230 and
340 pm. This result indicates that the most likely configuration
corresponds to geometries where both hydrogen bonds are
formed simultaneously. The competition between water and
the azo groups for bromide does not seem to destabilize the
anion inside the tweezer’s cavity. On the contrary, the
combination of both interactions appears to keep it inside,
protecting the anion from the influence of the external water
molecules. 2D contour plots representing distances versus time
are also provided in the Supporting Information (Figure S2).
These graphs corroborate that the observations inferred from
RDFs shown in Figures 6 and 7 are maintained throughout the
simulation.

The hydrogen bonding topology of the system is illustrated
in Figure 8, which displays the hydrogen bond donors on the
left-hand side and the acceptors on the right-hand side. The
width of the connection bars is proportional to the number of
hydrogen bonds. Since hydronium and hydroxyl ions appear
during the simulation due to proton transfer reactions, we also
considered those species to analyze the ratio of hydrogen
bonds in the system. The figure shows that bromide creates
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Donor Acceptor

H_OH

Figure 8. Hydrogen bonding topology of the system. H_Twz,
H_Wat, H_H30, and H_OH denote the hydrogen atoms of the azo
groups, the water molecules, the hydronium cations, and the hydroxyl
anions, respectively. N_Twz denotes the nitrogen atoms of the azo
groups. Br denotes the bromide ion. O_Wat, O_H30, and O_OH
denote the oxygen atoms of the water molecules, the hydronium
cations, and the hydroxyl anions, respectively.

hydrogen bonds only with the azo groups and with water but
not with the hydronium and hydroxyl ions. It can also be
observed that the hydrogen atoms of the azo groups form
hydrogen bonds mostly with the water oxygens, and that they
form very few hydrogen bonds with the hydronium and the
hydroxyl ions. All these observations indicate that the
hydronium and the hydroxyl ions do not enter the tweezer’s
cavity. The figure shows that hydronium and hydroxyl ions not
only form hydrogen bonds with each other but also with water,
suggesting that proton transfer reactions involve the creation of
large clusters that include one or more water molecules.
Finally, using a method described elsewhere,*® we calculated
the average lifetime of the different hydrogen bonds. We
obtained lifetimes of 5.54 and 1.71 ps for the Br—H_Wat and
Br—H_Twz hydrogen bonds, respectively. These lifetimes are
long enough to indicate the well-established hydrogen bonds.

B CONCLUSIONS

A neutral molecular tweezer merging aromatic and polar
interaction centers is proposed as a highly efficient anion
catcher in polar environments. Static and dynamic simulations,
using a bromide anion in water as a model, have been carried
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out in order to evaluate the ability of the proposed tweezer to
recognize anions. According to the DFT static calculations
performed in this study, the anion—tweezer interaction
energies are within the range of covalent or ionic bonds and
the stability constants in water exceed 10 orders of magnitude
due to the synergy between the aromatic—z and hydrogen
bonding interactions. First-principles MDS corroborate the
stability through the time of the anion—tweezer complex in
water. It shows that the anion is effectively trapped within the
tweezer’s cavity, near its center. It also shows that a water
molecule remains inside the cavity throughout the simulation,
linked to the anion by a hydrogen bond. However, the
formation of this hydrogen bond does not hinder the presence
of the anion within the cavity but, on the contrary, it protects
the anion from the influence of the external solvent
environment, helping the anion to stay inside the tweezer’s
cavity. Thus, this computational work clearly shows that anion
receptors based on neutral molecular tweezers can efficiently
work in highly polar systems. The combination of azo groups
and aromatic units in clip- or tweezer-like structures can serve
as a guide for experimentalists to design potential receptors of
anions with different chemical structures and sizes.
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