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Supramolecular nanocages with inner cavities have attracted increasing attention due to their fascinating molecular
aesthetics and vast potential applications. Even though a wide array of discrete supramolecular cages with precisely
designed sizes and shapes have been established, the controlling assembly of higher-order supramolecular frameworks from
discrete molecular entities still represents a formidable challenge. In this work, a novel metallo-organic cage [Zny,L,] was
assembled based on triphenylene-cored hexapod terpyridine ligand. The Synchrotron X-Ray analysis revealed a pair of
enantiomeric cages in the crystal with the flexible ligands twist clockwise or anticlockwise due to the steric hindrance in the
structure. Interestingly, due to the strong m-mt intermolecular interaction between triphenylene units, the hierarchical
packing of sphere-like cage in the crystal was controlled as a sparse packing mode with huge channels around 3.6 nm. This
research sheds light on the design of strong -t interaction in supramolecular hierarchical packing and material science.

the construction of supramolecular cages with unique three-
dimensional structures.

The hierarchical superstructures that comprised of discrete
molecular entities is expected to yield solubility-enhanced molecular
porous materials different from metal-organic frameworks (MOFs).
43 Even though a wide array of discrete supramolecular cages with
precisely designed sizes and shapes have been established, the
controlling assembly of higher-order supramolecular frameworks
from discrete molecular entities still represents a formidable
challenge. Approaches for assembled cages into porous frameworks
through the supramolecular interactions to achieve better
application performances are still unusual. Weak noncovalent

Introduction

Molecular nanocages with well-defined inner space have shown
advanced applications in the fields of molecular recognition,'®
catalysis,”1° separation,’'* and so on. In the past decades,
numerous three-dimensional (3D) nano-cages with various sizes and
shapes were achieved using different synthetic approaches, such as
hydrogen bond,’> 6 metal-organic coordination,’”-?° dynamic
covalent chemistry?> 22 and so on. Among these nano-structures,
metal-organic cages based on coordination-driven self-assembly
have received a lot of attention from scientists in the past three
decades due to the highly predictable nature of coordination bonds

and the well designability of the organic ligand.?3-2® Benefiting from
their well-designed inner cavities, such metallo-cages have found
useful applications in chemical sensing,?®3! catalysis, 323> drug
delivery3638 and host-guest chemistry.3®42 Because of these
advanced functional applications, chemists pay much attention to
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interactions (such as metal coordination, multiple hydrogen bonding,
host-guest interactions and aromatic stacking) have been employed
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Scheme 1 Self-assembly of enantiomeric chiral metallo-organic cages [Zny,L,]* and
[ZngoL] <.
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as major driving forces in intermolecular chemistry.®*-%¢ The -
stacking interaction is even more important to control the
orientation of hierarchical assembly into higher-order architectures.

In this work, we report the self-assembly of a pair of enantiomeric
metallo-organic cages by employing a C3, symmetric hexapod ligand.
In order to control the higher-order superstructural packing of the
cage, triphenylene, one of large aromatic molecules, with extensive
n-systems was introduced into the ligand as the core. Tridentate
terpyridine (tpy) motifs were used as the connection units towards
metals due to their extraordinary coordination ability and stability
with most transition metal ions and achievements in constructing
numerous supramolecular architectures.*’-4° After coordinating with
Zn?* ions, the hexapod building blocks lost their o, mirror symmetry
during the formation of the supramolecule, and a twisted truncated
tetrahedral cage [Zn;,Ls] was obtained. The single crystal X-ray
diffraction of [Zny,Ls] revealed that due to the steric hindrance
between adjacent coordination junctions in the cage, the flexible
ligands twist clockwise or anti-clockwise and generate a pair of
enantiomers [Zng,L4]* and [Zn;,L,]°¢ (Scheme 1). Controlling by the
ni-Tt stacking between triphenylene units, the hierarchical packing of
the supramolecular cages exhibited large triple helix channels with
3.6 nm diameter, which can be classified as 3(1,1,2) with the
nomenclature of parastichy. The introduction of such fused ring
molecules to induce supramolecular cage stacking is of great
significance for the construction of porous frame structures, as well
as in host-guest chemistry, resolution and other fields.

Results and discussion
Self-assembly and characterization of metallo-organic cage

Cs, symmetric hexapod ligand L was synthesized through a 6-
fold Suzuki coupling reaction on 2,3,6,7,10,11-
hexabromotriphenylene. The supramolecular cage was formed
by treating ligand L with 3 equivalents of Zn(NOs),-6H,0 in
CHCl3/MeOH. After precipitating with excess amount of NH4PFg,
metallo-organic cage [Znj,L4] was obtained as a pale yellow
solid in nearly quantitative yield.
NMR spectroscopy was first used to confirm the synthesis of
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Fig. 1 (A) 'H NMR spectrum of ligand L in CDCls. (B) 'H NMR spectrum of [Znj,L,] in
DMF/CD3CN. (C) 2D DOSY spectrum of [Zny,L,] in DMF/CD3CN.
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Fig. 2 (A) ESI-MS spectrum of [Zn;,L,]. (B) TWIM-MS plot of [Zn;,L,).

supramolecular cage [Zny,L,]. From the *H NMR spectrum of ligand L
in Fig. 1A, only one set of characteristic tpy-unit peaks were observed,
indicating the same chemical environment of all six tpy arms and the
high symmetry of the ligand. Interestingly, after the coordination,
two sets of tpy-unit signals appeared in the aromatic region of [Zn4;,L,]
(Fig. 1B). The result suggested that by forming the cage structure, the
symmetry of the ligand was decreased due to the limit of arm
rotation and the twist of the ligand, leading to the difference of the
tpy chemical environments and the split of the signals. All of the
signal peaks were fully assigned under the assistance of homonuclear
chemical shift correlation spectroscopy (COSY) and nuclear
overhauser effect spectroscopy (NOESY). Comparing to the 'H NMR
spectrum of L, the characteristic peaks of tpy-H®®" in the
supramolecule shifted and split from 8.59 ppm to 7.60, and 7.49 ppm
due to the electron shielding effects, indicating the coordination of
terpyridine units with Zn?* ions. Very uncommonly, the singlet of tpy-
H3'% protons at 8.53 ppm were split into two singlets at 9.33 (down
field shift), and 8.07 ppm (up field shift) with an integration ratio of
1:1. From the NOESY spectrum, spatial correlations were observed
between the two adjacent terpyridine arms on the same benzene
ring, such as A-H¢ with B-H® and B-H¢, A-tpy-H3"*" with B-tpy-H33",
respectively (Fig. S8). Such correlations explained the unusual
chemical shift caused by the electron shielding effects of spatially
adjacent aromatic rings in the condensed structure>® °1, In addition,
the signals substantiated that these two sets of signal peaks
belonged to one supramolecular structure.

Moreover, diffusion-ordered spectroscopy (DOSY) was used
to further confirm the component singleness of assembled
product. In Fig. 1C, the spectrum exhibited a narrow band at log
D= -9.68 corresponding to the *H NMR spectrum (Fig. 1B),
further indicating that only solely composition in the self-

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 (A) Crystal structure of enantiomeric supramolecular cages [Zn;,L,]* and [Zn;,L,] . (B) m-stacked supramolecular framework based on the m-1t intermolecular interaction

between triphenylene units.

assembly process. Based on the Stokes-Einstein Equation, the
hydrodynamic radius (ry) was calculated as 1.4 nm (as shown in
Fig. S11), which also agreed well with the radius measured in
single crystal structure.

To further investigate the composition of the assembled product,
the supramolecule was tested by electrospray ionization mass
spectrometry (ESI-MS) and traveling wave ion mobility mass
spectrometry (TWIM-MS) experiments. The ESI-MS spectrum of
[Zny;L4] revealed a series of peaks at m/z=996.00, 1110.11, 1249.31,
1424.11, 1648.09, 1946.76, and 2364.90 corresponding to the
continuous charge states from 11+ to 5+ due to the successive loss
of PFg~ counterions (Fig. 2A). After deconvolution, the molecular
weight of the metallo-organic cage [Zny,L4] was calculated as 12,529

Da, which revealed the composition of [Zn;;Ls]%** with 24 PFg as
anions. In addition, the experimental isotopic patterns of all charge
states agreed well with corresponding theoretically calculated values
of [Zny,L4] (the results can be found in Fig. S14). Furthermore, the
TWIM-MS plot of [Zny,Ls] showed a narrow drift time at charge
states from 11+ to 7+, further indicating the absence of other
supramolecular structures (Fig. 2B).

On account of the strong affinity between triphenylene and
fullerenes through m-rt stacking, C60 was selected to investigate the
host-guest chemistry of the supramolecular cage. The encapsulation
of fullerene occurs upon mixing C60 simultaneously with the metallo-
organic cage [Zny;L,] in DMF/CH;CN, followed by heating at 90 °C for
24 h. The ESI-MS revealed a series of continuous signal peaks of host-
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Fig. 4 (A) 3D packing analysis of metallo-organic cages. (B) top view of three helix in perspective projection. (C) Triple helix structure formed by intertwining of three complementary

helices.

guest molecule C60 < [Zny,l,], indicating the successful
encapsulation of the guest molecule C60 in the supramolecular cage

Crystal structure of [Zny,L,]

To ambiguously reveal the structure of assembled supramolecule,
single crystal X-ray diffraction was tested using the synchrotron
source. However, it is extremely difficult to grow single crystals with
suitable quality in 3D nanocages based on terpyridine self-assembly.
Hitherto, only four crystal structures of terpyridine-based nanocages
have been reported.>2%5 Fortunately, the crystal of [Znj,Ls] was
achieved through slow evaporation of ethyl acetate into the solution
of [Zni,L4] in DMF at a constant temperature of 298 K (Fig. S22).
Crystal structure revealed that the supramolecule [Zn;,L,4] adopts a
truncated tetrahedron-like shape with a decreased Ty symmetry,
composed of four triangle faces and six ship-type dimer faces. The
triangle faces were formed by the connection of terpyridines on
ortho-position of the same benzene, while the ship-type dimer faces
were formed by the connection of the terpyridines on spaced
benzene rings. Interestingly, in the same unit cell, a pair of
enantiomeric cages were discovered with the hexapod ligand twisted
clockwise (named as [Zn1;L4]°€) or anticlockwise (named as [Zn,L4]™A)

(Fig. 3A). It is worth noting that, the chirality of the structures was
on account of the symmetry breaking caused by the configuration
difference of the ligand. The ideal truncated tetrahedron belongs to
T4 point group symmetry with one C3 symmetric axis and three mirror
planes across the center of the triangle face. However, in such ideal
structure, the ship-type dimmer faces would have to overcome a
large steric hindrance between the two swollen <tpy-Zn%*-tpy>
junctions. Thus, to sustain the cage structure with less steric
hindrance, these two adjacent <tpy-Zn%*-tpy> units adopt a
staggered position and cause the twist of the ligand, leading to the
loss of mirror planes and the formation of two heterochiral
enantiomers. In order to isolate those enantiomeric structures, many
attempts have been tried. However, not like the chiral organic cages
which could be isolated by chiral HPLC, the separation of them was
not successful probably due to the reversibility of the coordination
bonds and the high polarity of the metallo-cages.

3D packing analysis of cage [Zn;,L,]

In many spherical cage systems, the hierarchical packings in the
crystal are usually compact as the sphere closest packing (face-
centred cubic) without any large interspace. In the crystal of [Zny;L4],
strong intermolecular -t stacking interactions between

Please do not adjust margins
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Fig. 5 Comparison of helical arrangement of sphere models and metallo-organic cage [Zn;,L4]. (A) Helical arrangement of isotropic spheres with parastichy pattern 3(1,1,2), which
can be unrolled along the columnar axis into the topological plane on the right. (B) Helical packing of metallo-organic cages around the channels in the crystal structure.

triphenylene planes at the truncated vertices of the cage was
observed, the two triphenylene is at a distance of 3.5 A and
interlaced with a 60° angle (Fig. 3B). Interestingly, benefiting from
the m-mt intermolecular interaction, such sphere-like cage formed a
sparse packing mode with huge channels around 3.6 nm (Fig. 4A).
With such columnar cavities, this type of superstructural framework
may have potential application in the fields of electronics,’® >7
catalysis,®® 3° energy storage,®” ®1 separation®2-%* and so on.%> 6
Through careful observation, we found that the prominent tpy
coordination junctions around the channels are not mirror
symmetric, but exhibited anti-clockwise or clockwise patterns (Fig.
S25) from different view. To illustrate the detailed structure, the tpy
unit vertical to the channel was colored as red, and the tpy parallel
to the channel was colored as blue (Fig. 4B). From the top view, the
red tpy can be regarded as the arrowhead and the blue tpy as the
arrow shaft. By extracting the cages upwards along the arrow
direction, three helices are present in each superstructural channel
(Fig. 4C), and forming an intertwined complementary triple helix
structure, which is similar to the collagen structure in biological
systems.57, 68

Furthermore, the triple helix packing of the metallo-organic
cage [Znj,L4] can be classified as 3(1,1,2) according to the
nomenclature of natural parastichy, which is the spiral
arrangement of leaves or scales in biological systems.®% 70 By
simplifying the helical element with isotropic spheres,
parastichy pattern of 3(1,1,2) was shown in Fig. 5A. To illustrate
the helical arrangement and retain the symmetry of the
pattern, the column was unrolled along the screw axis into a
plane. In this plane, all of the spheres can be stringed with three

red dashed lines, indicating the feature of triple helix structure.
By unrolling the superstructural channel in the crystal of
[Zny,L,4], the metallo-organic cage exhibited exactly the same
pattern from the packing of parastichy 3(1,1,2) and raveled
natural parastichy structure.

For the cage enantiomers, the hierarchical packing revealed
that the two enantiomeric cages are coexisting in the crystal
structure with 1:1 ratio, and aligning alternately into a
“Kagome” topology pattern (Fig. S27B).”% 72 In the same layer,
each truncated tetrahedral cage contact with other three
upside-down enantiomeric cages through the triangular faces.
From the side view in Fig. S27C, enantiomers [Zn;;L4]¢ and
[Zni,L,) A are arrayed in separate straight lines with different
enantiomers in the opposite directions. In these packing lines,
each truncated tetrahedron contact with the upper or lower
one by contacting the triangle faces towards the hexagon ones.
As shown in Fig. S26E, one of the four triphenylene planes in the
cage has no m-1t stacking with other ones but simply faces the
hollow center of the coordination triangle formed by the
neighboring cage in the same packing line.

AFM and STM of cage [Zn,L,4]

To obtain more detailed information about the metallo-organic cage
[Zny;L,], atomic force microscopy (AFM) and scanning tunneling
microscopy (STM) were applied to visualize the supramolecules
directly. In STM, a linear packing structure was observed on the
surface of highly oriented pyrolytic graphite (HOPG). We speculated
that such superstructure was attributed to the m-m interactions
between the triphenylene of supramolecule [Zn;;L4] and the HOPG

Please do not adjust margins
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Fig. 6 STM and AFM of metallo-organic cage [Znj,L,]. (A) STM images of fiber-like nanostructure on a HOPG surface. (B) AFM images of metallo-organic cage [Zn;,L,]. (C) Statistical

histogram of AFM for 50 particles

surface, as well as the m—m stacking and Van der Waals' interaction
between cages (Fig. 6A). The AFM images were performed by
dropping a diluted DMF solution of [Zn;,L,] (4x10° M) onto a fresh
cleaved mica surface. In Fig. 6B, discrete particles were clearly
observed with similar diameters. 50 dots, in total, were counted and
the size distribution was shown in Fig. 6C. The result showed that
most of the particles exhibited a height around 2.8 nm, which
perfectly matched the size of the target supramolecular cage.

Conclusions

In summary, we have synthesized a pair of enantiomeric metallo-
organic cages by employing an achiral hexapod ligand with high Cs,
symmetry. The single crystal X-Ray diffraction revealed that due to
the steric hindrance between adjacent <tpy-Zn?*-tpy> connections,
all of the faces in the structure twist either clockwise or anticlockwise
and generate a pair of enantiomers [Zn;L,]¢ and [ZngLs]™A.
Benefiting from the strong m-mt intermolecular interaction between
triphenylene units, the hierarchical packing of sphere-like cage in
the crystal was controlled as a sparse packing mode with huge
channels around 3.6 nm. And such channels revealed triple helix
structures which showed exactly same pattern with the natural
parastichy 3(1,1,2). This research not only allows the use of steric
hindrance to construct chiral supramolecular cages, but also shed
light on the design of strong m-m interaction in supramolecular
hierarchical packing and material science.
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