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ABSTRACT: We report a new supramolecular porous crystal assembled from fused macrocycle-cage molecules. The molecule
comprises a prismatic cage with three macrocycles radially attached. The molecules form a nanoporous crystal with one-dimensional
(1D) nanochannels. The supramolecular porous crystal can take up lithium-ion electrolytes and achieve an ionic conductivity of up
to 8.3 X 10™* S/cm. Structural analysis and density functional theory calculations reveal that efficient Li-ion electrolyte uptake, the
presence of 1D nanochannels, and weak interactions between lithium ions and the crystal enable fast lithium-ion transport. Our
findings demonstrate the potential of fused macrocycle-cage molecules as a new design motif for ion-conducting molecular crystals.

his paper describes a supramolecular porous crystal

(SPC) assembled from new fused macrocycle-cage O @ q
N N

building blocks, which exhibits ultrahigh lithium-ion con- /@
ductivity. SPCs provide a fertile material platform for ! J HN. P d
sensing,l_4 ion transport,s_7 gas adsorption,s_10 and molecular ©\) 5@ Q Wl
separation, T4 owing to their well-defined pores and O\/O\)O HoN O'@O\\
chemical versatility. Among these applications, ion-conductin§ NH,
SPCs hold great potential for energy storage applications. >~
One approach to creating ion-conducting SPCs is to use
intrinsically porous molecules such as macrocycles and
molecular cages.'”~*" For example, Dichtel et al. reported an
organic nanotube assembled by macrocycles that exhibits a
lithium-ion conductivity of 3.92 X 10~ S/cm.*” Alternatively,
multiarmed monomers that can provide directional inter-
actions can be used to form three-dimensional SPCs.”*** For
instance, Xie and co-workers utilized racemic 9,9'-diphenyl-
[2,2"-bifluorene]-9,9'-diol (DPFOH) enantiomers to construct
porous crystals, achieving a Li-ion conductivity of 1.8 x 107*
S/cm."®

The exploration of new designs for SPCs is highly desired to
achieve Li-ion conductivity beyond the current benchmarks.
Generally, there are three principles guiding the design of ion-
conducting SPCs. First, multiarmed molecules with high
symmetry are preferred as they tend to assemble into porous
structures in the crystal. Second, these molecules should form Figure 1. Structural design of supramolecular porous crystal from
crystals throuﬁgh strong intermolecular interactions like hydro- fused macrocycle-cage (MC).
gen bonding,”** 7—7 interaction,”**” and shape complemen-
tarity.19 Additionally, the interactions between molecules and
Li ions should be weak to facilitate the free movement of Li
ions in nanopores.7

Here, we report an SPC assembled from novel topological
molecules containing a fused macrocycle and molecular cage
structure. Figure 1 displays the design of the fused macrocycle-
cage (MC) molecule. MC features a prismatic cage at the
center with three macrocycles radially attached, creating a
unique three-dimensional propeller-like structure. This molec-
ular architecture enables the MCs to self-assemble into

Macrocycle Molecular cage

Supramolecular assembly of fused macrocycle-cage (MC)

nanoporous single crystals via shape complementarity and
hydrogen bonds, forming one-dimensional (1D) nanochannels
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Figure 2. (A) Side view of MC obtained from the single-crystal X-ray structure. The probability for the ellipsoid model is 25%. The dashed-line box
highlights steric hindrance from hydrogen atoms within the macrocycle. Carbon = gray, nitrogen = blue, oxygen = red, hydrogen = white. Hydrogen
atoms are omitted for clarity except for the ones in the box. (B) Side view of MC and bend angle of the macrocycle with respect to the axial
direction. (C) Top view of MC. The dashed line indicates the radial direction.

Figure 3. (A) Side view of the MC crystal structure. Layer A and layer B are marked by different colors, respectively. (B) The interlayer stacking
mode of MC. (C) Side view of the MC crystal showing the alternating convex and concave surfaces in each layer and the interlayer shape
complementarity. (D) Two MC molecules in adjacent layers interact with each other via hydrogen bonds. The hydrogen bonds are indicated by

dashed lines. (E) Top view of the MC crystal structure.

suitable for ion transport. Furthermore, MC crystals can
incorporate lithium salt during the crystal growth process,
resulting in a highly ionically conductive nanoporous material.
The Li-ion conductivity in the single crystal is measured to be
83 X 107 S/cm, which is among the highest values for
SPCs.””'*****73! Experimental results and DFT calculations
suggest that efficient Li-ion uptake, the presence of 1D ion
channels, and weak interactions between molecules and Li ions
could facilitate Li ions” hopping transport. Our results suggest a
new pathway for the design of ion-conducting SPCs.

Scheme 1 shows the synthesis of MC. A hexa-amine-
substituted molecular cage (2) was first synthesized according
to previously reported methods.””** The cage molecule then
reacts with 3 equiv of 1,7-bis(2’-formylphenyl)-1,4,7-triox-
aheptane (3) via imine condensation, resulting in MC as a

yellow solid in 69% yield. The structure of MC was confirmed
by nuclear magnetic resonance (NMR), Fourier transform
infrared (FTIR), and high-resolution mass spectroscopy
(HRMS). The Supporting Information contains the details
for the syntheses and characterizations of MC and its
precursors (Figures S1—S6).

Single crystals of MC were obtained by slow diffusion of
methanol vapor into the chloroform solution of MC. The
resulting crystals are either hexagonal rods or hexagonal plates
(Figure S7). From the single crystal structure, we identified the
molecular conformation of MC, as shown in Figure 2. Due to
the steric hindrance of the three hydrogen atoms within the
macrocycles (Figure 2A), the peripheral macrocycles are
curved away from planarity. When viewed from the side, the
top and bottom parts of the macrocycle are bent toward the
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Figure 4. (A) Schematic of the growth of Li-MC single crystals. (B) ToF-SIMS image of the Li* distribution in a Li-MC crystal. Inset: optical image
of the corresponding Li-MC crystal. The image shows the average intensity of Li* corresponding to sputtering time from 100 to 500 s. (C)
Schematic (left) and optical image (right) of a two-terminal electronic device made from a Li-MC crystal. Inset: SEM image of the Li-MC crystal.
(D) Nyquist plots of the AC impedance data obtained from the device in (C). (E) Top: schematic of Li-ion transport in the 1D channel. Bottom:

DFT optimized geometry showing the optimal binding site for Li ions in the Li-MC crystal.

same side, forming an approximately 13° angle with respect to
the axial direction (Figure 2B). When viewed from the top, the
three macrocycles are twisted away from the radial direction
(Figure 2C). We note that the three macrocycles are always
curved in the same direction, either clockwise or all
anticlockwise. The propeller structure and contorted macro-
cycles lead to a unique packing of MCs in crystals (vide infra).

MC molecules self-assemble into an SPC with 1D
nanochannels. Figure 3 displays the structure of the MC
crystals. The MC crystals have a hexagonal lattice (see the
details of the crystal structure in Table S1). The molecules
form layered structures in the a—b plane (Figures 3A and S8).
The unit cell comprises two layers of molecules, denoted as
layers A and B, respectively. The MC molecules are organized
into hexagonal structures, with the centers of MCs occupying
the vertices (i.e., M point in layer A and M’ point in layer B in
Figure 3B). Within each layer, the macrocycles from three
adjacent MCs are aligned against each other, forming an
angstrom-scale triangle. The center of this triangle is denoted
as the N point in layer A (Figure 3B). Along the c-axis, the
molecular monolayers stack layer by layer in an alternating
“A—B” mode. In each layer, the peripheral macrocycles in the
MC molecules curve in the same direction. In layer A, the
macrocycles swing clockwise, while, in layer B, they swing
counterclockwise (Figure 3B). The centers of the triangle (e.g.,
N in layer A) formed by the macrocycles sit on top of the
centers of MCs in the next layer (e.g., M’ in layer B), resulting
in an A—B stacking pattern (Figure 3B).

The single crystal structure reveals that the presence of A—B
stacking arises from two types of interactions. First, the
stacking is driven by the interlayer shape complementarity
(Figure 3C). In each layer, the supramolecular assembly of
MCs forms alternating concave and convex surfaces (Figure
3C and Figure S9). The center of the convex surface is at point
N, while the center of the concave surface is at point M. The
concave surfaces in layer A perfectly match the convex surfaces
in layer B, and vice versa. Second, the MC molecules in
adjacent layers are bound by strong hydrogen bonds. The H--
O distance in the C—H:--O hydrogen bonds (d, in Figure 3D)
is 2.6 A. Together, the shape complementarity and the
interlayer hydrogen bonds lead to the A—B stacking of MCs in

the crystal. As a result, the supramolecular assembly of MC
molecules forms 1D nanochannels with a diameter of about 14
A along the c-axis (Figure 3E).

The 1D nanochannels make MC crystals an ideal material
for ion transport. To prepare ion-containing supramolecular
solids, we grew crystals from an MC solution in a mixed
methanol/chloroform solvent with the addition of lithium
perchlorate (Figure 4A). We found that this method yielded
microplate and microrod crystals similar to those obtained
from the pure MC solution (Figure S10). We term these
crystals Li-MC. Although we were not able to resolve the single
crystal structure of Li-MC, powder X-ray diffraction (PXRD)
patterns reveal that Li-MC and MC crystals share the same
structure (Figure S11). The varied intensity in the diffraction
peaks is likely due to the uptake of lithium salt in the crystal. It
is known that nanopores in crystals can be filled with solvent
molecules and ions from the mother liquor during the
crystallization process. Given that the Li-MC crystals retain
the same crystal structure as the pure MC crystals, we envision
that 1D nanochannels in the Li-MC crystals might be filled
with a LiClO, electrolyte solution. To verify the presence of Li
ions in the crystals, we used time-of-flight secondary ion mass
spectrometry (ToF-SIMS) to analyze the element distributions
in the bulk crystals. The ToF-SIMS images clearly show a
uniform Li distribution in the bulk Li-MC crystal (Figure 4B
and Figure S12). Energy dispersive X-ray spectroscopy (EDS)
mapping also confirms the enhanced intensity of Cl in the Li-
MC crystal compared to that in the MC crystal, which may
arise from the existence of perchlorate counterions in the Li-
MC crystals (Figures S13 and S14). Both ToF-SIMS and EDS
measurements suggest that the Li-MC crystal has efficient
lithium-ion electrolyte uptake. Thus, the Li-MC crystals may
serve as a supramolecular lithium-ion electrolyte and exhibit
ionic conduction through the 1D channels.

To measure the ionic conductivity of the Li-MC crystals, we
fabricated a two-terminal device on a Li-MC microrod by
depositing silver electrodes on the two ends of the crystal
(Figure 4C). The microrod crystal was used so that the 1D
nanochannels (along the c-axis) aligned with the desired ion
transport direction across the two electrodes. Electrochemical
impedance spectroscopy (EIS) measurements show that the
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Li-MC crystal exhibits remarkable ionic conductivity up to 8.3
X 107* S/cm (Figure 4D and Figure S15). To the best of our
knowledge, this value is among the highest reported for
molecular nanoporous crystals (Table $2).'%****7! As a
comparison, the MC crystals without Li ions do not exhibit any
detectable conductivity, showing insulating characteristics.
Notably, our ion-conductivity measurements were conducted
on an organic single crystal, as opposed to using polycrystalline
powders. This measurement represents the intrinsic ionic
transport property of the Li-MC supramolecular porous
crystals.

To understand ionic transport within the Li-MC crystals, we
investigated the status and concentration of the lithium and
perchlorate ions. Raman spectroscopy reveals that the
perchlorate anions exist as free solvated ions within the Li-
MC crystals (Figure S16). This suggests that the Li-MC
crystals take up both ions and solvent molecules from the
electrolyte. Inductively coupled plasma mass spectrometry
(ICP-MS) revealed a Li-ion concentration of approximately
0.02 wt % in the crystals, corresponding to a molar
concentration of 0.04 M within the 1D nanochannels. This
concentration is comparable to the initial concentration (0.01
M) of LiClO, in the solution, indicating efficient uptake of the
LiClO, electrolyte. The presence of solvated ions within the
Li-MC crystals also implies weak interactions between the Li
ions and the MC molecules. To gain insight into the
interactions between Li ions and MC crystals, we performed
density functional theory (DFT) calculations on a system that
contains Li ions and a fraction of the 1D nanochannel walls.
Our results suggest that the preferred site for Li ions is in the
proximity of a macrocyclic unit of MC molecules (Figure 4E
and Figure S17). However, the interaction between the Li ions
and the MC molecule is moderate, with a calculated free
energy of ~0.2 eV. This value is smaller than the solvation
energy between Li ion and methanol/ chloroform.>* The
similarity in PXRD patterns between Li-MC and MC powders
also suggests that there are weak interactions between Li ions
and MCs. The reduced binding energy between Li ions and
MC may facilitate the transport of solvated Li ions in the
nanochannel.”** Therefore, we hypothesize that the efficient
uptake of LiClO, electrolyte, 1D nanochannels, and weak
interactions between Li ions and MC molecules collectively
contribute to the high ionic conductivity of the Li-MC
crystals.*

In summary, the fused macrocycle-cage molecule represents
a new design motif for ion-conducting SPCs. Leveraging self-
assembly, the creation of 1D nanochannels in Li-MC crystals
offers an efficient pathway for Li ion transport. Moreover, the
supramolecular assembly of MC crystals in an electrolyte
solution proves a facile method to make ion-conducting solid-
state electrolytes. This concept can be applied to design
versatile fused macrocycle-cage molecules with tunable proper-
ties and enhanced ion transport performance. Our work
potentially opens new avenues to the design of SPC-based
solid-state electrolytes for safe lithium-ion batteries.
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