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Abstract: The formation of a halogen-bonded network using four NHX-(CH,;)3-NX-(CH;)3-NHX
molecules (X = Cl, Br, or I) is investigated using DFT. The self-assembly of the four basic motifs
results in a tube-like structure with Cy, symmetry, with one halogen-bonded network located at
each end of the structure and one at its center. Each halogen-bonded network has four quasi-planar
N-X---N interactions with binding energies that increase with the size of X. The structure is found
to bind Li* at each of the halogen-bonded networks, albeit more strongly at its center. The binding
of Li* is driven by halogen atom lone pairs that produce a rich electron density orthogonal to the
halogen bond. The presence and strength of the interactions are further examined using AIM and
NBO calculations. Lastly, IRC calculations are performed to examine the transitions between the Li*
complex minima and, thus, the potential for transporting the metal ion from one end of the tube to
the other. Based on the tetrameric structure, a model intramolecular structure is built and considered
as a potential host for Li*. In this case, the central intermolecular N-X:--N network is replaced by an
intramolecular Si-C=C-Si network. Interestingly, both intermolecular and intramolecular structures
exhibit similar Li* binding abilities.

Keywords: halogen bond; halogen-bonded intermolecular network; Li* binding and transport; metal
ion binding and transport; metal ion channel; DFT

1. Introduction

Halogen-bonding interactions have captivated the attention of many researchers,
especially over the last two decades [1-8]. Spanning from fundamental studies to practical
applications, publications pertaining to the halogen bond have become ever more familiar
in the scientific literature. Fundamental studies, for example, have led researchers to
rationalize a halogen bond, D-X: " A, as a Lewis acid-base interaction [9-19]. Accordingly, a
halogen-bond acceptor, A, acts as a base affording an electron-rich region that attractively
interacts with an electron-poor region on the halogen-bond donor, D-X. The electron-rich
region in the Lewis base is generally associated with an electron lone pair, although it
can also be associated with 7 electrons like those found in unsaturated compounds or
aromatic rings [20-23]. In turn, the electron-deficient region in the halogen-bond donor is
found opposite to the covalent bond between the halogen atom, X, and the atom covalently
attached to it in the D-X moiety. Indeed, analysis of the electrostatic potential of D-X reveals
the existence of a positive electrostatic potential along the line opposite to the D-X bond.
This positive electrostatic potential is known as the sigma hole or o hole [24,25]. Many
computational studies have shown a correlation between the strength of a halogen bond
with the size and magnitude of the o hole, for a given halogen-bond acceptor [26]. In
particular, the size and magnitude of the sigma hole increase with the size of the halogen
atom, X.

Because of its highly directional and tunable character [26-32], the halogen bond
has found applications in a wide variety of fields including organic synthesis [33,34],
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catalysis [35-38], medicinal chemistry [39-43], and supramolecular chemistry [44-55]. The
sigma hole of the halogen atom in D-X has also found applications in the recognition,
binding, and even transport of electron-rich species such as anions and certain metals that
effectively act as halogen-bond acceptors [56-69]. In contrast, the ability of the halogen
atom, in halogen-bonded systems, for binding cations has been largely overlooked [70-76].
The binding of a cation may be expected as a Lewis acid-base interaction, wherein the
halogen atom participating in a halogen bond concurrently acts as a Lewis base, and the
cation acts as a Lewis acid. The Lewis base character of the halogen atom in D-X arises
from the halogen atom lone pairs that give rise to an electron-rich region orthogonal to the
sigma hole, endowing the halogen atom with an interesting amphoteric Lewis acid—base
character [77-80].

The work presented here contributes to the field of halogen bonds regarding their
potential for binding metal cations. Accordingly, this work addresses, in part, the scarcity
of studies that examine and capitalize on the dual role of the halogen atom as a Lewis
acid for halogen bonding via the sigma hole and as a Lewis base for metal cation binding
via the halogen atom lone pairs. Indeed, building on previous work by the author, this
paper presents a DFT computational investigation on the ability of a tube-like halogen-
bonded network to host a metal ion [75]. The model tubular network is designed with
binding sites at both ends of the tube and within the interior of the tube. Consequently, the
binding of a metal ion may be conceived to occur first at one end of the tubular network,
and then the metal ion can, in principle, jump from the initial binding site to the next
binding site in the interior of the tube. The process for moving the metal ion from one
binding site to the next in the interior of the tube, until the metal ion reaches the other
end of the tube, is examined in terms of geometries, binding energies, and energy barriers.
In this study, Li* is conveniently chosen as a proof of principle or case study given its
relatively small size, which makes it suitable for computational studies involving molecular
assemblies containing a large number of atoms. The computational results of this work
should stimulate others to pursue the intentional design, synthesis, and application of
halogen-bonded network systems for metal ion binding, recognition, and transport.

2. Results and Discussion
2.1. Model Halogen-Bonded Networks

Both an intermolecular and an intramolecular halogen-bonded network are considered
as potential hosts for binding Li* via halogen atoms acting as both Lewis acids for halogen
bonding and as Lewis bases for metal ion binding. The formation and stability of the
tube-like intermolecular halogen-bonded network is first examined using the model system
shown in Figure 1. The model system is based on that of a previous study by the author, in
which Li* was complexed by a cyclic bromoamine tetramer, (Br-NHy), [75]. Here, however,
the simple bromoamine unit is replaced with a longer chain motif containing two terminal
HN-X units and a central N-X amine unit, NHX-(CH,)3-NX-(CH,)3-NHX with X = C],
Br, or I. The tetrameric self-assembly of the longer chain motifs results in a symmetric
Cyp, tube-like structure with three halogen-bonded networks separated by corresponding
methylene groups (Figure 1). Each halogen-bonded network consists of four quasi-planar N-
X:--N halogen-bond interactions. Frequency calculations of the fully optimized geometries
confirm their nature as energy minima with no imaginary frequencies.

BSSE-corrected interaction energies, AE, upon formation of the halogen-bonded
tetrameric structures, are listed in Table 1. The interaction energies are calculated as
the difference between the total energy of the tetramer and the sum of the energies of the
individual monomers with the same geometry as they have in the optimized tetramer.
Dividing the interaction energy by the number of halogen bonds (total of 12) in the tube-like
structure yields the corresponding average binding energy, <AE>. An inspection of Table 1
reveals that the magnitude of the interaction energies for the formation of the tubular
networks linearly increases with the size of the halogen atom, Cl < Br < I. In particular, the
changes in the average interaction energies reflect the strengthening of the halogen bond
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from weak (X = Cl) to medium (X = Br) to moderately strong (X = I). It is worth noting that
the presence of a relatively large number of N-X:--N interactions helps produce a robust
tetrameric structure with an energetically favorable self-assembly process.

Figure 1. Optimized geometry of the [NHX-(CHj)3-NX-(CH;)3-NHX]4 self-assembled tube-like struc-
ture with Cy, symmetry. Dashed lines represent N-X:--N halogen bonds. The color representation is
as follows: white (H), gray (C), blue (N), and red (Br). Shown are the results for X = Br. The optimized
geometries for X = Cl or I essentially look the same.

Table 1. BSSE-corrected interaction energies, AE, and corresponding average values, averaged over
12 such interactions present, <AE>, for the formation of the tetrameric halogen-bonded structures.
Energy values in kcal /mol.

X AE <AE>
Cl —24.87 —-2.07
Br —50.13 —4.18
I —74.10 —6.18

Important geometrical parameters for the intermolecular halogen bonds in the tube-
like tetrameric structure are listed in Table 2. In all cases, the halogen-bond distances,

X:--N, are smaller than the sum of the van der Waals radii (3.30, 3.40, and 3.53 A for Cl---N,
Br---N, and I---N, respectively) [81]. Likewise, the distances between opposing halogen
atoms in either the terminal or central halogen-bonded networks are substantially larger

than the sum of the van der Waals radii (3.50, 3.70, and 3.96 1& for Cl---Cl, Br---Br, and I---1,
respectively). These X:--X distances provide a sense of the cavity size through which a
metal ion guest can pass through. The corresponding distances between adjacent halogen
atoms, though significantly smaller than the opposing counterparts, are nonetheless larger
than the sum of the van der Waals radii, which help minimize X:--X repulsive interactions.
Of pertinent importance is the solvent-accessible volume of each tube-like structure. The
calculated results, obtained at the same level of theory used for the geometry optimizations,
show molecular spherical cavities with radii close to one another, especially for the lighter

X, with corresponding values of 7.56, 7.53, and 8.10 A for X = Cl, Br, and I, respectively. The
directional character of the halogen bond is manifested in related angles that are close to
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linear, ranging from 168° to 172°. A close examination of Table 2 suggests that the halogen
bonds in the center of the tubular system are somewhat stronger given their relatively
short distances and wider angles. On geometrical grounds, the increasing strength of the
halogen bond with the increasing size of the halogen atom, X, can be gleaned by comparing
normalized halogen-bond distances. The normalized distances are, in turn, obtained as the
ratio of X---N distances to the sum of the respective van der Waals radii. For the halogen
bonds at the ends of the tubular system, for example, the largest normalized distance is
that for X = CI (0.93), while the smallest is that for X =1(0.87). In turn, the corresponding
normalized Br---N distance (0.89) is midway between the other two values.

Table 2. Halogen-bond distances (A) and angles (degrees) for the optimized intermolecular halogen-
bonded tetramers. Also listed are the distance between opposing or adjacent halogen atoms, X = Cl,
Br, or I, in the corresponding terminal or central halogen-bonded network. Values for the terminal
halogen bonds in the tubular structure are listed first, followed by those of the central halogen bonds.

Distances

Cl Br 1
XN 3.058 3.036 3.085
XX 2 5.329 5.440 5.710
X.-X P 3.768 3.847 4.038
XN 2.943 2.934 3.023
XX 2 5.268 5.359 5.663
XX P 3.725 3.790 4.005

Angles

Cl Br I
N-X---N 168.0 167.9 168.5
N-X---N 168.2 169.4 171.7

2 Opposite and P adjacent interhalogen distances in the terminal or central halogen-bonded networks.

The relative strength of the halogen bonds is further examined using topological
analyses, within the framework of the AIM theory, and using delocalization energy analyses,
within the framework of the NBO method. The AIM and NBO results are reported in Table 3.
Specifically for all systems, Table 3 lists the second-order NBO delocalization energies,
<E?>, associated with the charge transfer from the halogen-bond acceptor lone pair into
the antibonding orbital of the halogen-bond donor, nny—0*N-x. Also shown in Table 3 are
the electron densities at each halogen bond critical point. Both the AIM and NBO results
indicate stronger halogen-bond interactions in the central part of the tubular tetramer. The
results also show a steady strengthening of the halogen bond with the increasing size
of the halogen atom, in agreement with the interaction energies and geometrical results
previously discussed. In fact, a linear correlation is found between the average interaction
energies and the second-order stabilization energies averaged over the terminal and the
central N-X---N halogen bonds. Similarly, a linear correlation is found between the average
interaction energies and the p. values averaged over the terminal and the central N-X:--N
halogen bonds. Despite the small number of points considered, these linear correlations
are in accord with the more general findings reported by other researchers [8-12].

The aforementioned linear correlation between the average halogen-bond interaction
energies, <AE>, and the average second-order delocalization energies, <E?>, is made
apparent in Equation (1) below (R% = 0.998), in energy units of kcal/mol.

<AE> = —0.7964<E?> + 0.1684 1)
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Table 3. Second-order delocalization energies, <E*> (kcal/mol), and electron density at halogen
bond critical point, pc (a.u.), in the intermolecular halogen-bonded tetramers. Values for the terminal
halogen bonds in the tubular structure are listed first, followed by those of the central halogen bonds.

Pc
Cl Br I
X---N 0.0119 0.0144 0.0171
X---N 0.0152 0.0179 0.0195
<E2>
Cl Br I
N-X:--N 2.51 4.69 7.48
N-X:--N 3.25 597 8.57

Likewise, the linear correlation between the average halogen-bond interaction energies,
<AE>, and the halogen-bond critical points, p., is made apparent in Equation (2) below
(R? = 0.998), in units of kcal/mol for <AE> and in atomic units for p.

<AE>= —861.82 p.+9.6475 (2)

In addition to the strength and the directionality of the pertinent intermolecular inter-
actions, the entropic cost of bringing several molecules together to form a supramolecular
system should be considered, especially when it plays a major role in hampering the for-
mation of the supramolecular assembly [82]. One way to address the entropic cost is to
design a system where the relevant functional groups are already in the desired geometrical
location and orientation. For example, it may be possible to design an intramolecular
system wherein the desired interactions and binding sites are pre-organized in a way that
the entropic cost is taken care of in advance [83]. In this study, a tube-like intramolecular
halogen-bonded network for Li* binding is proposed (Figure 2). In this case, the central
halogen-bonded network of Figure 1 is replaced by a sequence of covalent-bonding interac-
tions involving silicon atoms instead of nitrogen atoms, with acetylene groups replacing the
halogen atoms. The choice of silicon and acetylene groups is made because the geometry
of the resulting intramolecular system largely retains the key geometrical features of its
intermolecular counterpart, thus facilitating comparison.

Figure 2. Optimized geometry of the intramolecular tube-like structure based on the intermolecular
[NHX-(CHj)3-NX-(CHjy)3-NHX]4 self-assembled structure. Dashed lines represent N-X:--N halogen
bonds. The color representation is as follows: white (H), gray (C), blue (N), red (Br), and green (Si).
Shown are the results for X = Br. The optimized geometries for X = Cl or I essentially look the same.
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The halogen-bond geometrical distances listed in Table 4 appear somewhat shorter
than those shown in Table 2 for the terminal intermolecular halogen bonds, by about 0.02,

0.07,and 0.11 li for X = Cl, Br, and I, respectively. The intramolecular halogen-bond angles
are also close to their intermolecular counterparts. Lastly the X:--X distances appear smaller
in the intramolecular structures, with the distances between adjacent halogen atoms more
closely resembling those of the central halogen bonds of the intermolecular tetrameric
structure. Regarding the solvent-accessible volume, calculations resulted in radii for the
molecular spherical cavities that are close to one another and to those of their intermolecular
counterparts mentioned in the previous section. Specifically, the calculated spherical cavity

radii values are 7.56, 7.86, and 7.80 1& for X = Cl, Br, and I, respectively.

Table 4. Halogen-bond distances (A) and angles (degrees) for the optimized halogen bonds in
the intramolecular halogen-bonded network model system. Also listed are the distance between
opposing and adjacent halogen atoms, X = Cl, Br, or [, in the corresponding halogen-bonded network.

Distances

Cl Br 1
X---N 3.038 2.967 2.974
X..-Xa 5.300 5.362 5.604
XX P 3.748 3.792 3.963

Angles

Cl Br |

N-X---N 169.4 168.9 166.9

2 Opposite and P adjacent interhalogen distances in the halogen-bonded networks.

The AIM and NBO parameters listed in Table 5 allow for further comparison of the
halogen-bond strength in the networks. Comparing the second-order NBO delocalization
energies, <E2>, in Table 5 with those of the terminal halogen-bonded network listed in
Table 3 shows that the intramolecular X:--N interactions tend to be stronger than the
intermolecular counterparts, especially for the heavier halogens. A similar observation can
be made when comparing the electron density at each halogen bond critical point listed in
Table 5 with those of the terminal halogen bonds listed in Table 3. It is possible to obtain a
rough estimate of the average interaction energies for the intramolecular N-X:--N halogen
interactions, <AE>, by using the fitting line equations shown in Equations (1) and (2). From
Equation (1), the estimated average halogen-bond interaction energies are —1.99, —4.47,
and —7.98 kcal/mol for X = Cl, Br, and I, respectively. Likewise, the estimated values
using Equation (2) are —0.95, —4.49, and —8.36 kcal/mol for X = Cl, Br, and I, respectively.
The results from the two different fitting line equations are comparable for X = Br and I,
though not so much for X = Cl, for which a difference of more than 1 kcal/mol is seen
between the two estimates. Nevertheless, the estimated intramolecular interaction energies
exhibit the same pattern of increasing in magnitude with the increasing size of the halogen
atom, as seen in Table 1. Lastly, the estimated halogen-bond interaction energies in the
intramolecular system are consistently more negative for the heavier halogen atoms and
less negative for X = Cl than the related average values listed in Table 1.

Table 5. Second-order delocalization energies, <E2> (kcal/mol), and electron density at halogen bond
critical point, pc (a.u.), in the intramolecular tubular halogen-bonded networks.

Cl Br I
Pe 0.0123 0.0164 0.0209
<B2> 2.71 5.82 10.23

Given the existence and relative robustness of the halogen bonds in the networks
shown in Figures 1 and 2, respectively, it is of interest to examine the ability of these
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networks to bind a metal cation. To this end, the molecular electrostatic potential is
calculated for the networks. The results displayed in Figure 3 show the presence of
distinctive negative electrostatic potential regions along the vertical axis of both tubular
networks. A view from the top shows also the negative potential above the upper halogen-
bonded network. Thus, in principle, a metal cation can be attracted to the negative potential
at the outer top of the tubular system and then make its way into the tube as it feels the
electrostatic attractive interaction arising from the interior negative potentials. The metal
ion can then continue moving through the tubular network all the way to its other end.
The specific geometries and energetics of the Li* binding interactions are examined in the
sections below.

(c) (d)

Figure 3. Top views and side views of the wB97XD/DGDZVP molecular electrostatic potential at the
0.001 au molecular surface of the intermolecular tube-like structures shown in the upper panel (a,b).
The corresponding intramolecular structures are shown in the lower panel (c,d). Red areas represent
the most negative potential and blue areas the most positive ones. The results shown are for X = I.
Similar results are obtained for X = Cl or Br.

2.2. Model Intermolecular Halogen-Bonded Network and Li* Binding

Full geometry optimization demonstrated the ability for the tetrameric tube-like
structure to bind Li* through the halogen-bonded network either at the end of the tube
or at its center, as shown in Figure 4. Frequency calculations confirm that the optimized
complexes are indeed minimum-energy structures with no imaginary frequencies.

The BSSE-corrected Li* complexation energies are listed in Table 6. The complexation
energies are calculated as the difference between the total energy of the complex and the
sum of the energies of both the metal ion and the whole tetrameric network. Table 6 shows
that, for any given X, the magnitude of the complexation energies is larger for the central
complexes and that it also steadily decreases with the size of X.

Table 6. BSSE-corrected complexation energies, AE, for both the terminal and central Li* complexes
with the X-bonded intermolecular networks. Energy values in kcal/mol.

X Terminal Complex Central Complex
Cl —80.61 —84.41
Br —78.61 —81.62

I —75.84 —77.86
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(a)

(b)

Figure 4. Optimized geometries of the terminal (a) and central (b) Li* complexes with the tetrameric

tube-like host structure. Dashed lines represent N-X::-N halogen bonds and Li*---X binding interac-
tions. The color representation is as follows: white (H), gray (C), blue (N), red (Br), and green (5i).
Shown are the results for X = Br. The optimized geometries for X = Cl or I essentially look the same.

Binding of the metal ion brings about changes in the geometrical parameters of the
host (the free tetrameric tube-like structure). For example, the halogen-bond distances
and angles of the terminal complex are listed in Table 7. A comparison with the values
listed in Table 2 for the free host indicates that the most affected X---N distances are those
directly involved in the binding of Li*. Specifically, a reduction in these halogen-bond
distances occurs upon metal ion complexation. The magnitude of the percentage change in
the X:--N distances decreases with the size of X as 4.2% > 2.6% > 2.1% for X = Cl, Br, and I,
respectively. The changes in the other halogen-bond distances and for all halogen-bond
angles are negligible for any given X, however. Table 7 also lists the X:--Li" distances
and X---Li*---X angles. Close inspection reveals a linear relationship between the Li*
complexation energy and either the X---Li* distances or the X---Li*---X angles. Indeed,
shorter X:--Li* distances favor a more effective electrostatic interaction between the metal
ion and the halogen atoms’ electron density. Particularly interesting is the relationship of
the complexation energies with the X---Li*---X angles. Here, a larger angle indicates that
Li* sits closer to the plane formed by the halogen atoms, permitting the metal ion to more
effectively experience the combined electron density of the four halogen atoms directly
involved in its binding.

Table 7. Relevant distances (A) and angles (degrees) for the optimized Li* terminal complex with
the intermolecular halogen-bonded tetramers. Values for the terminal end of the tubular structure
that binds Li* are listed first, followed by those of the central halogen bonds and then by those at the
other end of the tube.

Distances

Cl Br 1
X---N 2.928 2.959 3.020
X---N 2.959 2.954 3.048
X---N 3.046 3.019 3.076
X---Lit 2.630 2.772 3.005

Angles

Cl Br I
N-X---N 168.2 167.4 167.1
N-X---N 168.6 169.8 169.8
N-X---N 168.2 168.1 167.6

X---Li*---X 161.0 153.2 141.6
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Key geometrical parameters for the Li* central complexes are displayed in Table 8.
Comparison with the corresponding parameters in Table 2 shows that the changes in the
X:--N distances are all small (about +1%), regardless of X. For those of the central halogen-
bonded network binding Li*, for example, the Cl---N distances are shortened by 1.4%,
while the Br---N and I---N distances are lengthened by 0.6% and 1.1%, respectively. These
changes are smaller than those previously noted for the terminal complex. The changes
in the halogen-bond angles are negligible, with the largest change being a 2.3% decrease
in the central N-I---N angles. Like the terminal Li* complexes, the X:--Li* distances listed
in Table 8 have a linear relationship with the central Li* complexation energies shown in
Table 6. No such linear relationship is found, though, with the X---Li*---X angles, as is the
case with the terminal Li* complexes. For the central Li* complex, the X:--Li*---X angles
for X = Cl and X = Br reach 180° for the maximum effective interaction, while the I---Li*---I
angles (~159°) are still far from this maximum.

Table 8. Relevant distances (A) and angles (degrees) for the optimized Li* central complex with the
intermolecular halogen-bonded tetramers. Values for the terminal end of the tubular structure are
listed first, followed by those of the central part that binds Li* and then by those at the other end of
the tube.

Distances

Cl Br I
X---N 3.027 3.010 3.064
X---N 2.902 2.952 3.057
X---N 3.027 3.010 3.072
X---Li* 2.604 2.722 2.935

Angles

Cl Br I
N-X:--N 168.1 168.3 167.9
N-X---N 169.0 167.9 167.8
N-X---N 168.1 168.3 167.7
X Lite-X 180.0 180.0 158.7

The existence of a critical point between the Li* and each of the halogen atoms
participating in its complexation gives further evidence of the binding of the metal ion.
For the terminal complex, Table 9 shows that the electron density, p., at the N-X:--Li*
bond critical point decreases with the size of X. Moreover, the reductions in p. appear to
linearly correlate with the changes in X in the Li* complexation energies of the terminal
complexes (Table 6). Table 9 also shows that for any given X, p. is larger in the central
complexes, in agreement with the larger magnitude of the respective Li* complexation
energies. The second-order NBO delocalization energies, <E>>, in Table 9 pertaining to the
N-X---Li" interactions refer to the charge transfer from the halogen atom lone pairs into the
anti-lone pair orbital of Li*, nx—lp*;*. Interestingly, the changes in these delocalization
energies, with respect to X, run opposite to the changes in the corresponding interaction
energies for both the terminal and central complexes. That is, the smaller the charge transfer,
nx— Ip*1i*, is, the larger the magnitude of the Li* complexation energy is; this is a result
that highlights the pivotal role played by the electrostatic interactions in the binding of Li*
in these complexes [84].

In addition to the values specific to the N-X---Li* interactions, Table 9 lists the <E?>
and p. values pertaining to the halogen-bond interactions, N-X::-N, that are present in
the terminal and central Li* complexes. A comparison with the related values listed in
Table 3 for the free host structures shows that the largest changes occur for the N-X---N
interactions that participate in the binding of Li*. In general, the change in the <E?> and p,
values upon Li* binding aligns with the change in the geometrical parameters previously
discussed. For instance, the reduction in the halogen-bond distances, N-X---N, correlates
with a sizeable percentage increase in the p. values of 31%, 18%, and 14% for X = Cl, Br,
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and I, respectively. Similarly, the comparable <E?> values also show a percentage increase
of 55%, 28%, and 21%.

Table 9. Second-order delocalization energies, <E2> (kcal/mol), and electron density at halogen bond
critical point, p. (a.u.), in the Li* central and terminal complexes. Also listed are the corresponding
values for the N-X:--Li* interactions. Values for the terminal halogen bonds are listed first, followed

by those of the central halogen bonds and then by those at the other end of the tube.

Terminal Complex

Central Complex

Pc Pc
Cl Br I Cl Br I
N-X---N 0.0156 0.0170 0.0194 0.0126 0.0151 0.0177
N-X---N 0.0148 0.0172 0.0187 0.0168 0.0177 0.0186
N-X:--N 0.0121 0.0149 0.0173 0.0126 0.0151 0.0174
N-X---Li* 0.0086 0.0084 0.0078 0.0091 0.0092 0.0088
Terminal Complex Central Complex
<E2> <E2>
Cl Br 1 Cl Br I
N-X--:N 3.89 5.98 9.05 2.77 5.10 8.03
N-X---N 3.14 5.70 8.09 3.91 5.69 7.65
N-X---N 2.61 4.95 7.71 2.77 5.10 7.82
N-X.--Li* 11.17 17.09 29.50 10.25 14.92 28.25

2.3. Model Intramolecular Halogen-Bonded Network and Li* Binding

The optimized geometries of the complexes of Li* with the intramolecular tube-like
structure are shown in Figure 5. The absence of imaginary frequencies confirms their nature
as minimum-energy structures.

(b)

Figure 5. Optimized geometries of the terminal (a) and central (b) Li* complexes with the intramolec-

ular tube-like host structure. Dashed lines represent N-X---N halogen bonds and Li*---X binding
interactions. The color representation is as follows: white (H), gray (C), blue (N), red (Br), pink (Li*),
and green (Si). Shown are the results for X = Br. The optimized geometries for X = CI or I essentially
look the same.

The BSSE-corrected Li* complexation energies listed in Table 10 show similarities
with those listed in Table 6 for the analogous Li* complexes with the tetrameric hosts. For
example, the binding of the metal ion both weakens with the size of X and becomes stronger
in the central complex. It is worth noting that the ability of the halogen atoms to bind Li*
in both kinds of complexes is practically the same, as indicated by the Li* complexation
energies that are within 1% of each other for a given X. An important structural difference
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between the intermolecular and intramolecular host complexes is that the central part of
the latter contains a sequence of four silicon-linked alkyne groups providing the electron
density for binding the metal ion. A comparison with Table 6 reveals that the magnitude
of the central Li* complexation energies is larger for the intramolecular hosts, with the
difference increasing by 2% < 5% < 8% for X = Cl, Br, and I, respectively. Nonetheless, the
ability to bind Li* at the central part is comparable for both the halogen-bonded network
and the silicon-linked alkyne groups.

Table 10. BSSE-corrected complexation energies, AE, for both the terminal and the central Li*
complexes with the X-bonded intramolecular networks. Energy values in kcal/mol.

X Terminal Complex Central Complex
Cl —81.20 —86.14
Br —78.74 —85.33

I —75.02 —83.90

Key geometrical parameters for the Li* terminal complexes are displayed in Table 11.
These geometrical parameters are remarkably close to those listed in Table 7 for their
intermolecular counterparts for any given X. The closeness of the geometrical parameters
mirrors the similar complexation energies between the applicable inter- and intramolecular
Li* complex systems discussed earlier.

Table 11. Relevant distances (A) and angles (degrees) for the optimized Li* terminal complex with
the intramolecular halogen-bonded host systems. Values for the terminal halogen-bonded network of
the tubular structure that binds Li* are listed first, followed by those of the halogen-bonded network
at the other end of the tube and then the values pertaining to the Li* binding interaction.

Distances

Cl Br I
X---N 2911 2.924 2.958
X---N 3.021 2.952 2.964
X---Lit 2.617 2.733 2.930

Angles

Cl Br 1
N-X---N 169.0 167.3 165.4
N-X---N 169.6 168.9 166.8
X---Lit---X 163.4 159.3 149.4

The relevant geometrical parameters for the intramolecular Li* central complexes
are displayed in Table 12. With respect to the intermolecular counterparts (Table 8), the
X---N distances are slightly shortened, while the N-X:--N angles remain mostly unchanged.
Table 12 also lists the distance between Li* and the midpoint of the triple-bonded carbon
atoms, (C=C)---Li*. This distance is effectively independent of X. When compared with
the X:--Li* values listed in Table 8, it is apparent that the metal ion is closer to the mid-
point of each C=C moiety than it is to the halogen atoms. This is especially true for the
heavier bromine and iodine atoms, for which the X---Li* values are 4.5% and 11.4% longer,
respectively, than the (C=C)---Li* values. The (C=C)---Li*---(C=C) angles are all linear,
indicating that Li* lies in the plane of symmetry of the system for any given X. Linearity
is also noted for the intermolecular counterparts, except for X = I. The more favorable
geometrical features regarding the binding of Li* by the intramolecular guest system are
consistent with the larger magnitude of the Li* complexations’ energies discussed before.
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Table 12. Relevant distances (A) and angles (degrees) for the optimized Li* central complex with the
intramolecular halogen-bonded host systems. Values for the terminal halogen-bonded networks are
listed first, followed by those with respect to the midpoint of each C=C bond in the silicon-linked
alkyne network that binds the metal ion.

Distances

Cl Br I
X---N 2.995 2.934 2.956
(C=Q)---Li* 2.599 2.599 2.601

Angles

Cl Br I
N-X---N 169.7 169.1 167.0
(C=Q)---Li*---(C=0) 180.0 180.0 180.0

The binding of Li* by the terminal N-X---N or the central (C=C)---Li* networks of the
intramolecular host structure is evidenced by the existence of a critical point found in a
pathway between the metal ion and each of the halogen atoms or the midpoint of each
C=C unit participating in its complexation. Table 13 shows that the electron density at the
(C=0Q)---Li* critical point, p, is independent of X and smaller than that of the N-X:--Li*
bond critical points. The second-order stabilization energies, <E2?>, associated with the
charge transfer from the alkyne triple bond moiety to the metal ion, C=C—Ip*y;*, also
listed in Table 13, are negligible and independent of X. They are also much smaller than the
corresponding N-X---Li* values referring to the charge transfer from the halogen atom lone
pairs into the lithium ion, nx—1p*p;*.

Table 13. Second-order delocalization energies, <E>> (kcal/mol), and electron density at key bond
critical points, pc (a.u.), in the Li* central and terminal complexes with the intramolecular host system.
Values for the terminal halogen bonds binding Li* are listed first.

Terminal Complex

Pc <E2>
Cl Br | Cl Br I
N-X:--N 0.0161 0.0182 0.0218 4.14 6.65 10.62
N-X:--N 0.0127 0.0169 0.0213 2.86 6.09 10.54
N-X---Li* 0.0088 0.0091 0.0091 11.96 18.82 31.61
Central Complex
Pc <E%>
Cl Br 1 Cl Br I
N-X:--N 0.0134 0.0175 0.0215 3.11 6.44 10.81
(C=Q)---Lit 0.0070 0.0070 0.0070 0.67 0.67 0.67

Regarding the halogen-bond interactions, N-X::-N, Table 13 shows that, in the terminal
complex, both p. and <E?> increase with X and that they are larger for those halogen bonds
responsible for binding Li*. Indeed, the p. and <E?> values for the N-X---N interactions that
are not participating in the binding of Li* are much closer to those of the free intramolecular
hosts (Table 5). Interestingly, Table 13 reveals that binding Li* in the central complex brings
about a small-yet-sizable increase for both p. and <E?> values for the N-X---N interactions,
when compared with those of the free hosts. That is, binding the metal ion by the central
silicon-linked alkyne groups seems to strengthen the terminal halogen-bonded networks.
These results for the central complex are congruent with the decrease in the halogen-bond
distances in the intramolecular complexes (Table 12), when compared with those of the free
intramolecular hosts (Table 4).
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2.4. Transition State Geometries and Barrier Heights

Given the ability of the inter- or intramolecular host structures to bind Li* in two
different modes (terminal or central Li* complexes), it is important to investigate the energy
barrier that needs to be overcome for the Li* complex to transition from one binding mode
to the other. To this end, a geometry optimization is conducted to find the transition-
state structure linking the two Li* binding modes for both the intermolecular and the
intramolecular Li* complexes of any given X. The optimized geometries of the optimized
transition-state structures are shown in Figure 6. The presence of a single imaginary
frequency confirms their nature as saddle points of the first order.
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Figure 6. Optimized geometries of the transition-state structures connecting the two Li* complexes
(terminal and central) with the tetrameric host (a) and intramolecular host (b). Dashed lines represent
N-X:--N halogen bonds. The color representation is as follows: white (H), gray (C), blue (N), red (Br),
pink (Li*), and green (Si). Shown are the results for X = Br. The related optimized geometries for
X = Cl or I essentially look the same.

Further confirmation that the optimized transition-state structures indeed connect
the two intended minima is provided by intrinsic reaction coordinate (IRC) calculations.
Figure 7 illustrates the IRC calculations for the intermolecular Li* complex using X = Br as
an example. For this system, the IRC calculations successfully advanced in the forward
and reverse coordinates to points quite close to the pertinent actual minima structures. The
leftmost side of Figure 7 corresponds to the terminal complex, which has an electronic
energy of about 3 kcal/mol relative to the more stable central complex. The transition-state
structure is located about 6 kcal /mol above the terminal complex structure. Once the energy
barrier is overcome, the left terminal complex can transition into the central complex. From
the central complex, an electronic energy barrier of about 9 kcal/mol needs to be surpassed
to transition back into the left terminal complex or forward into the right terminal complex.
Transitioning to the latter would effectively result in the transport of the metal ion from
one end of the tube-like host to the other, passing through the central complex.

Figure 8 illustrates the IRC calculations for the intramolecular Li* complex using
X = Cl as an example. For this system, the IRC calculations successfully advanced in
the forward and reverse coordinates to points quite close to the pertinent actual minima
structures. The leftmost side of Figure 8 corresponds to the terminal complex, which has
an electronic energy of about 2 kcal/mol relative to the more stable central complex. The
transition-state structure is located about 12 kcal/mol above the terminal complex structure.
Once the energy barrier is overcome, the left terminal complex can transition into the central
complex. From the central complex, an electronic energy barrier of about 14 kcal/mol
needs to be surpassed to transition back into the left terminal complex or forward into the
right terminal complex. Transitioning to the latter would effectively result in the transport
of the metal ion from one end of the tube-like host to the other, passing through the central
complex. Interestingly, Figure 8 shows a flat region in the direction from the transition-state
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structure to the terminal complex structure. Moreover, the appearance of a small shoulder
is seen just before the system dives into the terminal complex structure.
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Figure 7. Relative electronic energy, E., along the intrinsic reaction coordinate (IRC), connecting
the terminal and central complexes for the Li* complexes with the [NHX-(CHy)3-NX-(CH;)3-NHX]4
hosts. Shown are the results for when X = Br.

16.00
14.00
12.00
10.00

8.00

E,.(kcal/mol)

6.00
4.00
2.00

0.00
0.00 10.00 20.00 30.00 40.00 50.00 60.00 70.00

IRC

Figure 8. Relative electronic energy, E,j, along the intrinsic reaction coordinate (IRC), connecting the
terminal and central complexes for the Li* complexes with the intramolecular host for when X = CL.

The calculated relative electronic energies, E,, and Gibbs free energies, G|, of the
Li* terminal complexes with the intermolecular or intramolecular host networks are listed
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in Table 14. In all cases, the terminal complexes are found to be higher in energy than
the corresponding central complexes. For X = Cl and I, G, is larger than E,, while the
opposite is true for X = Br. The relative electronic energy and Gibbs free energy barriers, E¥
and G, respectively, are larger in the intramolecular complexes than in their intermolecular
counterparts. The largest energy barriers are consistently found for X = CI, while the lowest
are found for X =L

Table 14. Electronic (E,e) and Gibbs (G,) free energies of the terminal complex relative to the
central complex of the Li* complexes with the inter- and intramolecular hosts. Energy barriers to the
transition from the terminal to central complex are indicated with a dagger symbol as superscript, E#
and G¥, respectively. All relative energies are in kcal/mol.

Intermolecular
Erel Grel Ei Gi
Cl 3.81 4.02 12.84 11.70
Br 3.25 2.28 9.02 8.16
I 2.40 3.19 5.29 2.80
Intramolecular
Erel Grel E:t G-t
Cl 1.40 3.48 14.14 13.94
Br 3.40 2.66 13.72 12.62
I 5.64 5.72 13.51 12.51

It is worth noting that, for the lowest energy Li* complex structure with the intermolec-
ular host, when X =1, the metal ion does not sit in the middle of the central halogen-bonded
network but rather off this plane with an N-I---N angle of 158.7° (See Table 8). In fact, the
structure with Li* sitting in the center of symmetry with N-I---N angles of 180° is found
to be a first-order saddle point connecting the two symmetrical energy minima (at either
side of the central plane). Although the calculated electronic energy barrier, E¥, is only
0.34 kcal/mol, the corresponding Gt is much higher, 1.57 kcal /mol. Another aspect worth
mentioning, with respect to the Li* complex with the intermolecular host when X =1,
is that the G listed in Table 14 is smaller than G,|, suggesting a larger stability of the
transition-state structure compared with the terminal complex itself. This larger stability is
not reflected in the corresponding electronic energies, which show E¥ to be more than twice
E,e1. Under these circumstances, the transition from the terminal complex to the lowest
energy structure seems to be a favorable energetic process as far as the Gibbs free energy is
concerned. Because the lowest energy structure is off the center, it can transition to the other
side of the center upon overcoming the Gibbs energy barrier of 1.57 kcal/mol and passing
through a transition-state structure located at the center of the central N-I---N network.

To some extent, the origins of the energy barriers for the transition between the
terminal and central complexes can be traced to both a loss of attractive Li* binding
interactions and an increase in the repulsive interactions of the metal ion with nearby
hydrogen atoms carrying a partial positive charge. For example, Table 15 lists the calculated
NBO charges for the metal ion, qLi*, and its closest hydrogen atoms, qH, in the central,
terminal, and TS complexes with both intermolecular and intramolecular host complexes.
Also listed in Table 15 are the related distances, Li*---H. An inspection of Table 15 reveals,
for example, that the Li*---H distances are substantially smaller in the TS structures than
they are in their central or terminal counterparts, even more conspicuously so in the
intramolecular complexes. The reduction in the Li*---H distances noted for the transition
state complexes is expected to greatly contribute to the energy barriers due to the resulting
repulsive Li*---H interactions. The charges on the hydrogen atoms closest to Li* are
generally found around 0.20 a.u., whereas the charge on the metal ion is much higher and
tends to decrease with the size of X. Evidence of the loss of attractive interactions with Li*
is found in the AIM calculations on the TS structures. For instance, the intermolecular TS
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complexes, when X = Cl, show only two critical points connecting the metal ion with two
opposing Cl atoms, in contrast to the related four critical points found in either minimum-
energy complex (central or terminal). One critical point in the TS complex connects Li*
with a Cl atom from the central Cl-bonded network, and the other connects Li* with a
Cl atom from the closer terminal one. The average Li*---Cl distance is also much larger

(3.01 1&) than that found in the central or terminal complexes, 2.60 or 2.63 A, respectively,
also suggesting weaker interactions. Similar results are found when X = Br. In this case,

the average Li*---Br distance is also larger (3.09 /i) than that found in the in the central or

terminal complexes, 2.72 or 2.77 A, respectively. Interestingly, when X = I, three critical
points are found connecting Li* to three I atoms, one from the central network and two

from the terminal network. Again, the average Li*---I distance (3.37 z&) is larger than that

either in the central complex (2.93 A) or in the terminal complex (3.01 A). The presence
of an additional Li*---I critical point in the TS complex reveals the further stabilization of
the TS complex, leading to a smaller energy barrier relative to that when X = Cl or Br. For
a more refined and robust understanding of the energy barriers, the author is currently
conducting in-depth analyses of the energy and reaction force profiles along the entire
calculated IRC for all Li*-bound complexes, and the results will be published elsewhere.

Table 15. NBO charges (in a.u.) for lithium ion, qLi*, and the closest hydrogen atoms, qH, in the
central, terminal, and transition state (TS) complexes of Li* with the inter- and intra-molecular
tube-like X-bonded hosts, X = Cl, Br, or I. Also listed are the distances (in z&) between Lit and the
corresponding hydrogen atoms, Li*---H.

Intermolecular Intramolecular
Cl Cl
Central TS Terminal Central TS Terminal
qLi* 0.89 0.87 0.91 0.93 0.91 0.91
qH 0.21 0.20 0.21 0.21 0.19 0.21
Lit---H 3.55 2.38 3.47 3.91 242 3.63
Br Br
Central TS Terminal Central TS Terminal
qLi* 0.88 0.85 0.88 0.93 0.90 0.88
qH 0.21 0.21 0.21 0.21 0.20 0.21
Lit---H 3.65 2.47 3.46 3.94 2.48 3.62
1 I
Central TS Terminal Central TS Terminal
qLi* 0.82 0.77 0.81 0.93 0.86 0.82
qH 0.21 0.20 0.21 0.21 0.19 0.21
Lit---H 3.50 2.86 3.51 4.04 2.50 3.57

3. Computational Methods

All calculations were performed with the wB97XD/DGDZVP model using the Gaus-
sian 16 program [85]. The DFT model employed here has been shown to be adequate
and cost-effective for studying intermolecular interactions, especially halogen bonding
in relatively large systems [86-89]. The geometries for all molecular systems were fully
optimized, and their nature as minima or transition-state structures was determined by the
absence or presence of imaginary frequencies resulting from the corresponding frequency
calculations. It is worth noting that no symmetry was imposed for any of the geometry
optimization calculations. Intrinsic reaction coordinate (IRC) calculations were carried
out to confirm the predicted connection between different minima through the relevant
transition-state structures. Calculated binding energies for all complexes were corrected
for the basis set superposition error (BSSE) [90]. Additional insight into the strength and
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nature of the various interactions was gained by carrying out analyses based on the theory
of atoms in molecules (AIM) [91-94], and natural bond orbital (NBO) analysis [95].

4. Future Perspectives

In this study, the ability of N-X:--N halogen bonds to drive the formation of robust tube-
like structures was demonstrated using DFT wB97XD/DGDZVP calculations. Specifically,
four NHX-(CH,)3-NX-(CH,)3-NHX molecules (X = Cl, Br, or I) were shown to self-assemble
into a tube-like structure of Cy, symmetry, without imposing any symmetry constraints,
with one halogen-bonded network consisting of four quasi-planar N-X::-N halogen-bond
interactions located at each end of the structure and one at its center. In the tubular system,
the four monomers were bound together by three homodromic halogen-bonded systems
with alternating directions. The case in which the three halogen-bonded systems do not
alternate was not considered in this study because they are generally higher in energy. For
example, relative to the system with alternating halogen-bond directions, the Gibbs free
energies of the non-alternating systems were 2.67, 1.98, and 3.49 kcal/mol for X = Cl, Br,
and I, respectively. The robustness of the tube-like structures was seen in the calculated
BSSE-corrected interaction energies; the second-order stabilization energies, <E2>; and
the electron density accumulated at halogen-bond critical points, p.. The potential of the
tetrameric tube-like structure for binding Li* at each of its terminal and central halogen-
bonded networks was demonstrated, as was the potential to have the metal ion transition
from one end of the tubular host to the other via IRC calculations. These results suggested
the possible use of the tube-like host as a Li* channel. The generality of the results presented
here should be investigated by further computational and experimental work. For example,
the effect of increasing the size and charge of the metal ion, i.e., Na*, K", Mg2+, Ca?*, etc., on
the binding abilities of the tubular host should be examined. Another aspect that remains
the subject of future work is the self-assembly of five or more building molecules that could
accommodate larger metal ions or, more generally, other cations. Moreover, the length of
the building molecule can also be increased, for example, by adding more NX motifs to the
interior of the molecule, such as in NHX-(CH,)3-NX-(CH,)3-NX-(CH,)3-NHX molecules
(X =Cl, Br, or I). A longer length of the molecular building block results in a longer tubular
structure, with the intriguing possibility for binding and transporting a metal ion over
longer distances. Lastly, the use of isoelectronic alternatives in the molecular motifs merits
examination. For example, in a previous study on (BrX), cyclic complexes, with X =F, OH,
or NH; and n = 3-5, the author examined a set of relevant isolectronic species. It was found
that the average dissociation electronic energies for the tetramers are comparable, with
values of 3.19, 3.54, and 3.91 for X = F, NHj, and OH, respectively [96]. For the purpose of
the work presented here, X = NH; was chosen as a compromise. However, the examination
of molecules with other isoelectronic motifs like OH should be considered in future work.

It is often desirable to design a single molecule with the pertinent functional groups
properly placed to perform the intended function, namely, binding a metal ion. In partic-
ular, having the N-X:--N halogen bonds already formed in a single molecular structure,
rather than by the self-assembly of several molecular building motifs, may actually be
desired. To this end, the tetrameric structure was modified into an intramolecular structure
wherein the central intermolecular N-X---N network was replaced by an intramolecular
S5i-C=C-5i network. The silicon-linked alkyne motif was chosen because it maintained
the main geometrical halogen-bonded features of the intermolecular tetrameric parent
system. It is worth noting that very similar Li* binding abilities were seen for both inter-
and intramolecular structures. Additional computational and experimental studies will
help gauge the generality of the results pertaining to the intramolecular tube-like host
structure for binding and transporting metal ions.

It is noteworthy that a recent study demonstrated the use of halogen bonds for the
binding of Li* and for the solid-liquid extraction of lithium halide salts. Specifically,
phenanthroline-based heteroditopic macrocycles containing halogen-bond donors were
designed for the ion-pair recognition of lithium halides [97]. In these systems, the binding
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of Li* by the phenanthroline motif was accompanied by the binding of the halide through
halogen-bond formation with the strategically located halogen-bond donors in the hosts. It
was found that these systems selectively bind LiCl over LiBr or Lil. Follow-up studies were
reported to extend the applicability of the approach to other alkali metal halides [98,99]. It is
hoped that the DFT computational results presented in this work provide a foundation and
motivation to help expand research in the field of halogen bonds. The use of halogen atoms
for a dual role in forming halogen bonds and in binding metal ions, as presented here, is a
novel approach that remains highly unexplored, especially for the possible channeling or
transporting of metal ions.
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