Leveraging Halogen Interactions for a Supramolecular Nanotube
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Supramolcular nanotubes in a single crystal were produced from
halogenated macrocycles by balancing hydrogen bonds and
halogen interactions. A new iodinated macrocycle was prepared,
crystallized, and a bonding analysis was performed to evaluate the
nature and strength of the involved type | Il interactions and C=0-1
halogen bonds.

Tubular architectures are found in naturally occurring structures
such as DNA1, lipid membranes?3, and also in viruses, such as the
tobacco mosaic virus®. Scientists have developed artificial tubular
assemblies to uncover the mechanisms of the formation of these
unique structures and to exploit them in materials sciences and
chemistry using macromolecular compounds.5-11
Supramolecular tubules made of macrocycles offer numerous

biomimetic

advantages, such as late-stage derivatization of individual monomers
and the ability to form and tune their solid-state structures in
crystals.12-14 Stoddard and co-workers reported tubular self-
assemblies of molecular triangles!>1¢ and squares!” made of
naphthalene diimide (NDI). These structures exhibit a complex
hydrogen bonding (HB) network which can easily lead to a mismatch
between the donor and acceptor binding sites.!> Nevertheless, the
growth of tubular assemblies of A-NDI (Fig. 1) could be directed by
type | halogen--halogen (X--X)
molecules trapped within the coaxial supramolecular channel.6 In

interactions between solvent

this case, however, the high boiling solvents block the intrinsic pore.
To avoid blocking the pore, an alternative strategy independent of
the solvent confined to the co-axial channels is needed.

Substitution of the NDIs by pyromellitic diimides (PMDIs) could
allow for a linear elongation perpendicular to the macrocycle plane
using halogen bonding (XB, Fig. 1). Indeed, halogenated PMDIs can
form linear assemblies via intermolecular C=0---X (X = Br, 1) XB in the
solid state,!819 as supported by the crystal structure of 3,6-diiodo
pyromellitic dianhydride (Fig. S11).
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Fig. 1 Schematic supramolecular assemblies of A-NDI (top left) and
A-H or A-Br (top right) macrocycles in the solid state and the SC-XRD
structure of the iodinated macrocycle A-l.

Balancing Halogen Bonding
®=Br
- formation of stacked dimer

o=
- supramolecular nanotubes
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In 2002, Gawronski and co-workers reported the first PMDI
molecular triangles (A-H) that exhibited HB between the
macrocycles. However, due to the non-linear nature of the HB
interactions, a tubular assembly was not formed.2° Recently, Zhao et
al. incorporated bromine atoms into PMDIs, however, the resulting
A-Br crystallized from THF (Fig. 2a) provided a hexagonal honeycomb
superstructure directed exclusively by HB of C=0---H—C¢, and Br---H—
Ccy type (Table S4).22

In this work, we achieve the formation of tubular supramolecular
assemblies of halogenated PMDI molecular triangles in the solid
state for the first time by systematically balancing the competing HB
and the XB interactions (Fig. 1).
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Fig. 2 SC-XRD structures of A-Br obtained from different solvents to
steer the type of the solid-state assembly. Color code: C, grey; O, red;
N, blue; Br, orange, Cl, green. Ellipsoids are shown at 50% probability
and H and solvent molecules are omitted for clarity.

We first explored whether the HB donating/accepting character
of the crystallization solvent could aid disrupting HB and reinforcing
XB to achieve the tubular assembly of A-Br. We replaced THF (8 =
0.5522) for a stronger HB acceptor N,N-dimethyl formamide (DMF, 8
= 0.7122). The solvent/antisolvent DMF/diethyl ether combination
yielded a modification where two carbonyl oxygen atoms coordinate
to the amide proton of DMF (Fig. 2B). A second DMF molecule was
found in proximity to the bromine substituent, indicating a XB
interaction. Utilizing the solvent mixture of dimethyl sulfoxide
(DMSO, Bpmso = 0.7422)/methyl tert-butyl ether (TBME) resulted in a
densely packed crystal structure directed by HB and Br-m close
contacts showing that acidic protons are necessary to disrupt the HB
bonds (Fig. 2C). We further tested CHCls that cannot disrupt potential
XB between two A-Br and which is a weak HB donor (o = 0.2323),
CHCls/benzene and CHCIl3/Et,0 mixtures, however, did not affect the
hexagonal honeycomb crystal morphology (Fig. 2A), although
incorporation of benzene molecules in the crystal structure induced
an unusual modulation and lowered the symmetry of the unit cell.
We were partially successful when the single crystal was grown by
slow evaporation of neat CHCl; (Fig. 2D). Here, we observed that a A-
Br dimer was formed. Unfortunately, we were no able to obtain an
unambiguous solution for this structure because the crystal turned
amorphous within a few hours after being removed from the
crystallization solvent. Nevertheless, this result suggested that XB
could be leveraged to induce the formation of a supramolecular

nanotube. Therefore, we switched to a more HB-active
CHCls/methanol solvent mixture aiming at further disrupting the
weak HB between A-Br by MeOH at the early stages of the crystal
growth. Note that MeOH molecules do not incorporate in the crystal
structures of macrocycles made of PMDIs or related rylene
diimides.?426 We obtained a single crystal with complex unit cell
consisting of four A-Br and 22 CHCl; molecules (Fig. 2D). However,
we could not observe formation of a A-Br assembly longer than the
dimer. Consequently, we decided to replace the bromine atoms by
iodine atoms to further balance the interactions between the
macrocycles: 1) the longer C—I bond should lengthen and thus
weaken the C=0-:-H-C¢y and X::-H=C¢y HBs, while 2) the larger o-hole
of iodine should strengthen the XB.

The synthesis of the iodinated PMDI macrocycle (A-1) was
achieved by condensation of 3,6-diiodopyromellitic dianhydride and
(1R,2R)-cyclohexane diamine. We obtained single crystals by
benzene vapour diffusion into a saturated CHCl; solution. A single-
crystal X-ray diffraction (SC-XRD) analysis showed that A-l crystallizes
in the triclinic space group (P1, a=17.1608(3) A, b=17.1753(2) A,
c=17.490(2) A, a=87.816(1)°, 6=86.388(1)°, y=60.580(1)°; see S|,
Table S1 for additional details), and the unit cell contains two A-l and
fourteen benzene molecules (Fig. 3). Six benzene molecules
coordinate to the electron-poor m-surface of the PMDIs, while the
rest occupy the free space. The two A-l1 molecules are positioned
above each other and displaced by 60°. The analysis of the solid-state
superstructure reveals formation of the desired tubular architecture,
possibly directed by XB interactions (see bonding analysis below).
The individual supramolecular nanotubes are well-separated with a
Coy(—Hy)-Cey(-Hz) distance of 3.72A indicating a negligible
interaction between them. The disordered contents of the cavity
within individual macrocycles could not be satisfactorily modelled,
therefore, the contribution of 109 e~ was excluded by a solvent mask.
Modifications of A-Br show that the cavity within the macrocycle is
occupied by halogenated solvents. Therefore, we conclude that the
intrinsic channel is occupied by two disordered chloroform
molecules per unit cell (118 e~ in total). The low boiling point of
chloroform is expected to allow the use of the nanotube channel to
incorporate small molecular guests, such as gases, for storage and
separation applications.1213,27-31

Fig. 3 SC-XRD structures of A-l. The columnar superstructure is
displayed from side (left) and top (right) view. The solvent accessible
void (CO; used as a probe) as well as the pore diameter is displayed.
Color code: C, grey; O, red; N, blue; |, purple. Ellipsoids are shown at
50% probability and H and solvent molecules are omitted for clarity.

https://doi.org/10.26434/chemrxiv-2023-dp6kw ORCID: https://orcid.org/0000-0003-0013-4116 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2023-dp6kw
https://orcid.org/0000-0003-0013-4116
https://creativecommons.org/licenses/by-nc-nd/4.0/

We explored the virtual porosity of the nanotubes by calculating
the solvent accessible volume (Fig. 3). The size of the intrinsic pore
could accommodate gases such as H,, N, CO3, and CH4 (see SI, Fig
S16 and Table S13). Additionally, the intrinsic void could be accessed
by Li* ions, which makes A-l in combination with its multiple redox
states3? a promising material for reversible redox applications.

To gain a comprehensive understanding of the role of XBs on
directing and stabilizing the supramolecular nanotubes, we
investigated the nature and the strength of the involved XB
interactions. We analysed the A-l dimer in the crystal unit cell with a
combination of geometrical Hirshfeld surface (HS)33, quantum theory
of atoms in molecules (QT-AIM),34 non-covalent interactions based
on the reduced density gradient (NCI-RDG),3> and model interaction
energy analyses (Fig. 4).35-3° By cataloguing all atom-:-atom distances
closer than the sum of van der Waals radii in a histogram (Hirshfeld
surface fingerprint37, HS-FP) we observed that the predominant short
contacts arise from H--H and C--H van der Waals forces (66.6%)
resulting in a weak scaffold (Fig.4A, blue and white regions).
However, close distances between I---0 (7.7%) and |-+ (3.5%) atom
pairs indicate the presence of XBs and type | halogen interactions
stabilizing the structure (Fig. 4A, red dots). The electrostatic potential
(ESP) map supports the presence of I--:O XB motif with a o-hole on
the iodines and electron-rich oxygens (Fig. 4B). Additionally, we
observe intramolecular polarization of the electron density in the
iodine electron belt above the oxygen atom, which favours an
intramolecular XB interaction.
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Fig. 4 Hirshfeld surface of A-l dimer and coordinated benzene
molecules with the property dnorm color-coded onto it. Red, white,
and blue areas indicate distances lower, commensurate or longer to
the sum van der Waals radii; B) Electrostatic potential of A-1 mapped
onto an electron-density isosurface at 0.02 a.u.; C) NCI-RDG, QT-AIM
and total interaction energy of the A-1 dimer analyses. Bond paths
and bond critical points (BCPs) are indicated with black lines and red
dots, respectively. The electron density, and its Laplacian at BCPs as
well as the delocalization index are shown for selected | |- and I---O
interactions. The individual contributions of Ei. are: electrostatic
energy (Eel), polarization energy (Epq), dispersion energy (Egis) and
repulsion energy (Erep).

Inter- and intramolecular bond paths and their bond critical
points (BCP) between iodine and/or oxygen atoms were analyzed by
QT-AIM. Fig. 4C illustrates the BCPs formed by the O-::I--:O and |-++I---O
interactions. Despite the differences in the I---O bond lengths (see SI,

Table S6), the electron density (psce) and the delocalization index (DI)
at the BCP are comparable between the two I..O interactions.
However, the relatively low values of pgce and DI suggest that the
interactions are weak in nature. Interestingly, a BCP with higher pgcp
and DI values describes the intramolecular I--:O interaction, likely
strengthened by the short distance between the atoms (3.3 A). As a
result, O1 polarizes the |11 atom and pushes its electron belt towards
the 11’ atom, strengthening the type | halogen interaction. The BCP
for 1(1)--+1(1’) displays a similar pgcp value as for the I---O interactions
but a higher DI of 0.081, indicating an increased electron pair
exchange. The Laplacian of the electron density at the BCP (V2pgcp)
indicates that all bonding partners are closed-shell
significant charge transfer character.40

without

We visualized stabilizing and destabilizing interactions in the A-I
dimer using NCI-RDG3> and separated each contribution into
attractive (Fig. 4C, blue), repulsive (red), and van der Waals
interactions (green). NCI-RDG suggests that weak van der Waals
forces hold the structure together (for the NCI-RDG surfaces of the
destabilizing forces, see Sl, Fig S14). These stabilization factors are
mainly due to IO XB and I-+:| interactions, as already demonstrated
by the geometrical HS and QT-AIM analyses (Fig. 4, B).#!

XBs are well-known to be electrostatic in nature#?, while type |
halogen—halogen interactions are mainly dispersive** with low
amounts of coulombic contributions?*. The distance and orientation
strongly affect the stabilization of both stronger C=0--1 (2—
5 kcal mol?) interaction and weaker type | |-| interactions (<1.5
kcal mol1).3845 We computed the total interaction energy (Ewot = —
18.8 kcal mol2, Fig. 3C) from its individual scaled components, i.e.,
electrostatic (Ee), polarization (Epal), dispersion (Egis), and repulsion
energy (Erep). In the A-l dimer, the suboptimal geometry reduces the
C=0--1 and I-| interactions decreasing their overall stabilization.
Hence, in total the largest contributors are E¢ and Egis, with the latter
being the dominant term per interaction.

The XB interactions clearly contribute to directing the growth of
the supramolecular nanotubes from A-l, but their weak nature is
likely not sufficient to stabilize the structure in the solid state alone.
We note that the six benzene molecules coordinating with the
electron-deficient PMDI aromatic cores likely contribute markedly to
the nanotube stability. Indeed, attempts to grow A-l nanotubes using
both non-aromatic and electron-poor aromatic solvents failed to
yield any crystals or crystals of sufficient quality for XRD structure
determination. Therefore, we believe that the solvent selection not
only necessitates a non-competitive solvent for XB interactions but
calls for the inclusion of a complementary stabilizing anti-solvent.

In conclusion, we successfully balanced the hydrogen bonding
and halogen interactions to form a supramolecular nanotube from
triangular PMDI macrocycles with only volatile CHCl; occupying the
nanotube intrinsic void. This required to synthetically introduce
iodine atoms to the macrocycle structure to geometrically disrupt
the governing intermolecular hydrogen bonds, while strengthening
halogen interactions. We explored the nature and strength of the
underlying I---:O and |-+l interactions by geometrical Hirshfeld surface
analysis and computations, which involved ESP, QT-AIM, NCI-RDG,
and model energy analyses. Our strategy opens up possibilities to
engineer halogen interactions in macrocycles to induce and direct
growth of crystalline supramolecular nanotubes that could find
applications as porous organic materials for gas storage and
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separation, or as porous Li* ion acceptors required in research of
organic rechargeable batteries.
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