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Beyond the AIE (aggregation-induced emission) phenomenon in small molecules, supramolecules with AIE
properties have evolved in the AIE family and accelerated the growth of supramolecular application
diversity. Inspired by its mechanism, particularly the RIV (restriction of intramolecular vibrations) process,
a feasible strategy of constructing an AIE-supramolecular cage based on the oxidation of sulfur atoms
and coordination of metals is presented. In contrast to previous strategies that used molecular stacking
to limit molecular vibrations, we achieved the desired goal using the synergistic effects of coordination-
driven self-assembly and oxidation. Upon assembling with zinc ions, S1 was endowed with a distinct AIE
property compared with its ligand L1, while S2 exhibited a remarkable fluorescence enhancement
compared to L2. Also, the single cage-sized nanowire structure of supramolecules was obtained via
directional electrostatic interactions with multiple anions and rigid-shaped cationic cages. Moreover, the
adducts of zinc porphyrin and supramolecules were investigated and characterized by 2D DOSY, ESI-MS,
TWIM-MS, UV-vis, and fluorescence spectroscopy. The protocol described here enriches the ongoing
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Introduction

Since Ben Zhong Tang reported the AIE phenomenon for the
first time,"* aggregation-induced fluorescence (AIE), lumi-
nescent materials based on hexaphenylsilole, tetraphenyle-
thene (TPE),>* and 9,10-stilbenylanthracene’ have been
continuously explored and widely used in optoelectronics,®
biosensors,”*® cellular imaging,"”**> and other applica-
tions."*** Following the advancement of the AIE effect, AIE
systems have been progressively designed and synthesized,
while attempts have also been made to introduce such systems
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into the field of supramolecules.’**" Coordination-driven
bottom-up self-assembly provides a powerful tool for the
design and construction of functional luminescent mate-
rials.”* Attaching or inserting groups with the AIE effect into
a supramolecular structure does not hinder the original non-
covalent interaction force, while the supramolecular structure
is endowed with good luminescence properties,*?>* broad-
ening its application horizon toward bioimaging, chemical
detection, and other fields. In 2015 Stang and Huang reported
the first AIE supramolecular coordination cage using a pyri-
dine ligand containing a TPE group coordinated to metallic
platinum and used this type of cage to detect amino acids.*®
However, the generation of the AIE phenomenon is currently
limited to the introduction of groups with AIE effects in
ligands or supramolecules.”*> Additionally, the coordination
between fluorescent organic ligands with AIE properties often
causes fluorescence quenching. Thus, even though many
versatile supramolecular cages have been reported,*** those
with AIE effects are rather scarce. Therefore, the design and
fabrication of fluorescence-tunable supramolecular cages with
AIE properties, especially through non-AIE building blocks,
are still challenging.

Herein, we report a remarkable example of using an ACQ
ligand to obtain significant AIE coordination-driven supra-
molecular cages by synergistic spatial site resistance effects,
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which was a serendipitous finding. Two cuboctahedrally sha-
ped supramolecular cages S1 and S2, consisting of 12 ligands,
24 Zn**, and 48 counterions, were self-assembled, exhibiting
a huge cavity with a diameter of about 6 nm according to the
computer-assisted modeling. They were prepared by the
combination of a thianthrene molecule (L1) or a thianthrene-
9,9/,10,10-tetraoxide (L2) molecule with 2.0 equiv. Zn(NTf,),.
The ligands (L1, L2) exhibited traditional ACQ features, while
an obvious AIE phenomenon for the thianthrene complex (S1)
was observed after coordination with Zn*', which could be
caused by the inhibition of intramolecular vibrations by the
coordination between the metal and ligand.*® For the S2
complex, the fluorescence exhibited no obvious change due to
the fixed thianthrene bridge through oxygen atoms. Moreover,
both cuboctahedral complexes could aggregate into single-
molecule width nanoribbons by hierarchical self-assembly,
attributed to the rigid shape effect and coulombic forces
between the metal-organic cations and huge number of
anions. In addition, the supramolecule could be used to
combine zinc porphyrin, showing potential application
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prospects in single-molecular catalysis, highly sensitive fluo-
rescent sensors, and other fields.

Results and discussion
Synthesis and characterization of supramolecular cages S1, S2

Using terpyridine monomers coordinated with transition metal
ions [i.e., <tpy-M>*-tpy> (M = transition metal ion)] as linking
units*® and inspired by Archimedean solids, a series of
Archimedean-shaped supramolecular cages, such as tetra-
hedra,”** octahedra,***' and cuboctahedra,*” were reported.
Based on a similar design principle, we report two
cuboctahedral-shaped supramolecular cages S1 and S2. The
dihedral angles of thianthrene and tetra-oxide thianthrene
moieties are about 149° and 144°, respectively, and they
decrease to 125° to form a cuboctahedron during coordination
with Zn**. L1 and L2 are prepared by the Suzuki coupling
reaction of 2,3,7,8-tetrabromothianthrene and 2,3,7,8-
tetrabromothianthrene-5,5,10,10-tetraoxide with 4-(2,2":6'2'-
terpyridine) phenylboronic acid (Schemes 1 and S1, ESIY).
Afterward, ligand L1 or L2 is assembled with Zn(NTf,), at
a precise stoichiometric ratio of 1 : 2 in CHCl3/MeOH (1 : 1, v/v)

Scheme 1 Preparation of cuboctahedra S1 and S2 by the self-assembly of L1, L2, and Zn?*. [The structures of L1 and L2 are the X-ray single-
crystal structures (C = cyan, O =red, N = blue, S = yellow); hydrogen, and solvents were omitted for clarity; the structures of S1, S2 represent

optimized molecular model structures].
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at 55 °C for 8 h. The precipitates S1 and S2 are obtained by
adding an excess amount of LiNTf, into the mixture and puri-
fying it by repeated washing with deionized H,0 and MeOH. In
the "H NMR spectra of S1 and S2, a single set of peaks is
observed, indicating the formation of a single and highly
symmetric species. The signals in the "H NMR spectrum are
assigned with the aid of 2D "H-'H COSY and 2D "H-'H NOESY
NMR (Fig. S5, S6 and S10, S11, ESIt). As shown in Fig. 1, except
for the signal corresponding to 6,6”-tpy hydrogen atoms, the
signals of other hydrogen atoms are shifted downfield in the

complexes. The upfield shift of 6,6”-tpy hydrogen atoms (from
8.68 ppm to 7.85 ppm) is indicative of the formation of the
pseudo-octahedral bister pyridinyl complex moieties. Diffusion-
ordered NMR spectroscopy (DOSY) provides dimensional
information on S1 and S2, as shown in Fig. S13 and S14.1 The
DOSY spectra of S1 and S2 show a narrow band of signals with
a diffusion coefficient (D) around 9.55 x 10~ ** and 8.91 x 10~ **
m” s, indicating the presence of a single species in the solu-

Fig. 1

(@

87 85 83

"H NMR spectra (500 MHz, 298 K) of (a) L1, (c) L2 in CDCls and
(b) S1, (d) S2 in CDsCN : DMF-d5 (4 : 1, v/v).

8.1
Chemical shift (ppm)

tion, separately. According to the Stokes-Einstein equation, the
calculated radii of the spherical complexes are 5.44 and
5.82 nm, which were fitted in with the sizes obtained by
molecular modeling (5.63 nm and 5.90 nm).

Furthermore, multidimensional mass spectrometric tech-
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niques, including ESI-MS, traveling wave ion mobility mass

spectrometry (TWIM-MS), and gradient tandem mass
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Fig. 2 ESI-MS spectra of (a) S1 and (c) S2; isotopic patterns of two charge states for (b) S1 and (d) S2. Top: the calculated value, bottom: the
experimental value.
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spectrometry (gMS?), provide further evidence for the formation
of an accepted discrete assembly. In Fig. 2a and c, the S1 solution
shows one dominant set of peaks with continuous charge states
from 9+ to 22+, and S2 shows signals ranging from 9+ to 23+. After
deconvolution of m/z, the average measured molecular mass of
the assembly is 32 364 Da [(CosHgoN12S2)12ZN24(CoFsNO4S,)45]
and 33132 Da [(CosHgoN125204)12ZN4(C,FsNO,S,)45], which
agrees with the molecular composition of S1 and S2. The exper-
imental isotope patterns of each charge state (Fig. 2b and d) are
consistent with the theoretical simulations. The TWIM-MS
experiment separates the ions based on the size/shape and
charge.” The TWIM-MS spectra exhibit a single band of signals
with charge states of 12+ to 23+ for S1 and charge states of 10+ to
23+ for S2, indicative of a single species existing in the solution
for both complexes (Fig. S21, ESI{). gMS? experiments were per-
formed on the 17+ ions at m/z of 1623.7 and 1668.8 by collision-
induced dissociation with collision energies ranging from 4 to
43 V (Fig. S24 and S25, ESI). S1 dissociates at 41 V, while S2
dissociates at 43 V, exhibiting lower stability than S1 in the
gas phase.

Transmission electron microscopy (TEM) facilitates the
visualization of the cuboctahedra for S1 and S2, by directly
revealing both the shape and the size of individual molecules.
The TEM images are obtained by depositing the DMF solutions
of complexes (2 x 10~ ° M) on a carbon-coated copper grid (Cu,
400 mesh), concentrating the complexes upon evaporation of
the solvent before inserting the grid into the TEM under
vacuum (Fig. S32 and S33, ESIf). The outlines of single mole-
cules located on the films with edges and corners can be
observed, with a diameter of 5.70 nm and 6.10 nm. Moreover,
the average distance between the two edges perfectly fits the
diameter of 5.63 nm and 5.90 nm which was obtained from the
optimized molecular model for S1 and S2. The atomic force
microscopy (AFM) images of S1 and S2 are also obtained on
freshly cleaved mica surfaces (Fig. 3b and f). According to the
statistical height histogram for 100 particles from the AFM
images (Fig. 3d and h), most dots have the same diameter as the
theoretical predicted ones. Furthermore, Fig. 3c and g show that

() 6.2nm
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the observed heights of S1 and S2 are mostly 5.71 nm and
6.15 nm, matching the expected structures.

ACQ effects of ligands and AIE effects of supramolecules

S1 and S2 exhibit extraordinary AIE effects, uncommon among
coordination-driven supramolecules.*** Firstly, L1 shows weak
emission at 550 nm in CHCl;, while L2 exhibits strong emission
at 430 nm caused by the over-oxidation of the electron-donating
S atom to electron-withdrawing sulphone®**” (Fig. S39, ESIt).
Similarly, S1 exhibits very weak yellow luminescence at 580 nm
in the DMF solution, while the strongest emission peak of S2 is
blue-shifted to 450 nm. Considering the solubility and aggre-
gation state of ligands and supramolecules, we chose the
mixtures of CHClz/methanol and DMF/H,0 as good and poor
solvents (Fig. S40, S43 and S44, ESIY), respectively, to perform
the studies.

As depicted in Fig. 4a, when the methanol content is 10—
20%, the fluorescence intensity of L1 is enhanced with the
slightly redshifted wavelength. The ligand L1 demonstrates
a typical ACQ effect (Fig. 4g), accompanied by a considerable
decrease in photoluminescence intensity (Fig. 4a and c) (P <
5%) as the methanol content gradually increases. According to
the single-crystal structure of L1, at high concentrations, there
exist -7 interactions between L1 molecules, and the excited
high-energy molecules lose most of their energy through close
contact thus weakening the luminescence. Furthermore, as can
be seen from the CIE (Fig. 4e), the change in the L1 fluorescence
is also consistent with the one in Fig. 4g. L2 also exhibits the
same phenomenon compared with L1; the maximum fluores-
cence quantum yield is 65% at a methanol content of 50%
(Fig. 4b and d), which is the best aggregation state. When the
methanol content was 0-50%, L2 shows a significant
aggregation-induced emission, which contributes to the
enhanced L2 fluorescence intensity. It is attributed to the
enhanced interactions between the L2 molecules and the
restricted bending and vibration of the thianthrene moiety.
When the methanol content exceeds 50%, the ACQ and AIE

101(d)

5.5 6
Height (nm)

[ 7
Height (nm)

Fig. 3 AFM images of S1 and S2. (a) and (e) representative energy-minimized structure from molecular modelling of S1 and S2, (b) and (f) AFM
images of S1 and S2; (c) and (g) 3D AFM images of S1 and S2; (d) and (h) height statistical histogram of AFM for 100 particles of S1 and S2.
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Fig. 4 ACQ of L1 and AIE of L2. (a) and (b) fluorescence spectrum (Aqx
= 340 nm, ¢ = 1.0 uM), (c) and (d) quantum yields, (e) and (f) CIE 1931
chromaticity diagram (the crosses signify the luminescence color
coordinates), (g) and (h) photographs of L1 and L2 in CHCls/CHzOH
with various methanol contents.

effects combine to reduce the overall fluorescence intensity of
L2.>>*® An explanation for this phenomenon is that L2 still has
the typical ACQ effect, where collisions of molecules at high
concentrations lead to a partial loss of energy with increase in
the undesirable solvent, resulting in the weakening of the
fluorescence intensity.

In sharp contrast to L1, cage S1 shows an AIE effect, which
displays gradually enhanced @« as the H,O content increases,
i.e., from 3.7% with 0% H,O to 7.6% with 50% H,O (Fig. 5c). In
Fig. 5a, when the H,O content is 40%, the aggregation of S1
reaches a certain level, and the vibrational bending of the
thianthrene group is gradually limited when the AIE starts to
dominate. With the H,O content reaching 50%, the @ of S1 is
7.6%. As the H,O proportion increases, the fluorescence
intensity begins to decrease because the tight arrangement of
the supramolecules increases the intramolecular collisions,
which leads to energy loss. A similar phenomenon can be seen
in Fig. 5e; when the H,O content keeps increasing, the emission
of S1 mainly concentrates on the yellow light region. The TEM
and dynamic light scattering (DLS) results also provide evidence
for this phenomenon. From Fig. 6d-h it can be seen that S1
aggregated into nanosphere particles in DMF/H,0, whose size

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 AIE of S1 and S2. (a) and (b) fluorescence spectrum (Ao =
340 nm, ¢ = 1.0 uM), (c) and (d) quantum yields, (e) and (f) CIE 1931
chromaticity diagram (the crosses signify the luminescence color
coordinates), (g) and (h) photographs of S1 and S2 in DMF/H,O with
various H,O contents.

gradually increases with the H,O content (from 5.7 nm to 61
nm). When S1 is stacked into a nanospherical structure, the
intermolecular spacing is reduced, limiting the vibration of the
molecules, and leading to the appearance of the AIE phenom-
enon (Fig. 5g).

S2 shows an analogous phenomenon to S1, with a decrease in
fluorescence intensity at H,O contents of less than 30% (Fig. 5b).
As the H,O content continues to increase, the effect of supra-
molecular aggregation in the system becomes apparent, with the
fluorescence intensity increasing until the H,O content reaches
50% (Pr = 23.35%) (Fig. 5d). Another interesting phenomenon is
that both L2 and S2 show strong blue luminescence. According
to the CIE diagram (Fig. 4f and 5f), they are concentrated in the
blue region of the standard color, providing a theoretical basis
for further applications of supramolecular cages in light-emitting
devices. Compared with the TEM results of S1, S2 aggregates into
much larger nanospheres when H,O contents are 20% and 40%
(about 41 nm and 49 nm, respectively, Fig. 6k and 1), and
intriguingly, another necklace-like aggregation appears at higher
H,O0 contents (Fig. 6m and n). These results agree with the higher
AIE effect observed in S2 than in S1 (Fig. 5a and b), which also
suggests that the distribution of ligands and the shape of the
structural units are critical for the luminescence of the formed
supramolecular structures.

Chem. Sci., 2022, 13, 5999-6007 | 6003
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Fig. 6 TEM images and dynamic light scattering (DLS) of S1 and S2 aggregates. (a) and (b) size distributions of S1 and S2 in DMF/H,O mixtures
determined by DLS (the percentages in the graphs are the poor solvent contents); (c) and (i) representative energy-minimized structure from the
molecular modeling of S1 and S2. TEM images of S1 and S2 in DMF/H,O mixtures containing (d) and (j) 0%, (e) and (k) 20%, (f) and (1) 40%, (g) and

(m) 60%, (h) and (n) 80% H,O.

Hierarchical self-assembly of S1 and S2

Firstly, all the samples are obtained by diffusing diethyl ether into
the complex solution (2 mg mL ™" in DMF). Surprisingly, the one-by-
one accumulation of supramolecular cages via directional electro-
static interactions with multiple anions and cationic cages in the
fibrous structure can be clearly seen in the TEM images (Fig. 7a—c
and S34, ESIt).* The diameters of nanotubes (4.1 nm) are consis-
tent with the individual supramolecule S1 from the energy-
minimized structure. In our previous work, we found that cuboc-
tahedral structures were stacked in square faces through crystal
structures,” so it is assumed that the hierarchical self-assembly of
nanofiber structures is packed in the same way (Fig. 7g). In Fig. 7d-
f, the formation of fiber-like nanostructures for S2 through the
gathering of individual supramolecular structures can also be seen
(Fig. S35, ESIt). In addition, according to the change process in
Fig. S36,1 supramolecular S2 first aggregates to form a nanofibrous
structure, then a distinct strip-like structure with further diffusion
of diethyl ether, finally aggregating into a sphere. We performed
elemental analysis tests on these two parts to demonstrate that the
spherical and necklace-like structures were also agglomerated from
S2 (Fig. S37 and S38, ESIT). The results show that these two parts
contain the same elements as S2 and approximately the same
elemental proportions, also providing evidence for our speculation
on the formation process of the spherical structure.

Interaction between supramolecular structures and zinc
porphyrin

Herein, the initial study using trimethoxy-porphyrin as the
guest was conducted. According to the analysis, porphyrins

6004 | Chem. Sci,, 2022, 13, 5999-6007

more likely coordinate with the zinc of supramolecules, dis-
rupting the supramolecular structure (Fig. S26, ESIT). Conse-
quently, zinc porphyrins are used for further investigation. We

Fig. 7 Stepwise zoom of the TEM image in the same area of nano-
fibers assembled by S1 (a—c) and S2 (d—f) (2 mg mL™! in the DMF
solution under ethyl ether vapor) and (g) the probable stacking
approaches of S1 (stacking with square surfaces as contact surfaces).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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performed the test by dropwise adding the guest molecule (6.0
eq.) dissolved in DMF to the supramolecular solution. The
prepared complexes are confirmed by 2D DOSY, ESI-MS, TWIM-
MS, gMS?, UV-vis, and fluorescence spectroscopies. Firstly, the
DOSY pattern exhibits two narrow signal bands attributed to S1
and zinc porphyrin, indicating the external association due to
the weak interactions (Fig. S19, ESIt).*® Three sets of signals
belong to free S2 (black), one porphyrin adduct S22 G (green),
and two porphyrin adducts S2 DG, (yellow), respectively, with
continuous charge states from 11+ to 21+, in Fig. 8b, consistent
with the TWIM-MS spectrum (Fig. 8c). These porphyrin adducts

View Article Online
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of S2 exhibit unstable and rapid recombination behavior. Once
an external voltage is imposed, the porphyrin molecules are
slowly released, and when the voltage reaches 30 V, they are
completely released, leaving only the cage complex (Fig. 8d).
Moreover, as soon as the porphyrin solution is added dropwise,
the combination of S2 is achieved, showing no significant
change with time (Fig. S30 and S31, ESI). The applied UV and
fluorescence tests on the complexes have also been used to
characterize the complexes (Fig. 8e and f). Similar behavior of
S1 is further verified by DOSY, ESI-MS, TWIM-MS UV-vis, and
fluorescence tests (Fig. S20, S27, S28, S46 and S47, ESIY).
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(a) External combination of zinc porphyrin with S2; (b) and (c) ESI-MS and TWIM-MS of free S2 (black), one porphyrin adduct S25G

(green), two porphyrin adducts S22 G; (yellow); (d) gMS? of S2D G (NTf, ™) at m/z 1729.7 with different collision energies; (e) UV-vis spectrum of
S2 combining different equivalents of zinc porphyrin (c = 0.5 uM); (f) fluorescence spectrum of S2 combining different equivalents of zinc

porphyrin (Aex = 340 nm, ¢ = 1.0 uM).
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Conclusions

A novel design strategy of cuboctahedral-shaped AIE-
supramolecular materials has been stumbled upon, providing
a novel insight into the design and synthesis of new AIE mole-
cules. The coordination bonds served as the distal inhibition,
while the oxygens around sulfur atoms introduced by oxidation
served as the proximal inhibition in the atomic clip shape,
severely restricting the vibration of thianthrene. Using this
protocol, two AIE-supramolecular cages were constructed and
characterized by NMR and TWIM-MS, and the related tunable
fluorescence properties were studied by fluorescence spectro-
photometry, TEM and DLS. Both S1 and S2 showed an optimum
AIE state in an aggregated concentration at 50%. To gain
a deeper insight, we prepared one-by-one stacked nanofiber
structures S1 and S2. In addition, the formation of an adduct
between supramolecular cages and zinc porphyrins was
explored in detail, providing new directions for investigating
external or internal interactions between a giant cage and small
molecules. Hence, we present new findings for fabricating
fluorescent metal cuboctahedra with potential applications in
sensing, host chemistry, and tunable luminescent materials.
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