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Self-Assembly * Aggregation Induced Emission * Multitopic Terpyridine Ligands * Spoked Wheels

ABSTRACT: The artificial synthesis of giant, three-dimensional and shell-like architectures with growing complexity and
novel functionalities is an especially challenging task for chemists. Fullerenes and self-assembled cages are remarkable
examples that are proved milestones in the field of functional materials. Herein, we present another unique system: a giant
terpyridine-based truncated metallo-tetrahedral architecture that includes dense-packed ionic pairs with a significant
internal cavity. This huge metallo-tetrahedron with a molecular weight up to 70,000 Da was self-assembled simultaneously
with 64 components: 12 large antler-shaped ligands (5), 4 star-shaped ligands (6) and 48 Cd>* ions. Surprisingly, the giant
tetrahedron shows broad visible emission (400-640 nm) and the aggregation induced emission enhancement (AIEE) via
hierarchical assembly into highly ordered nano-aggregates. Tunable emission color and near white-light emission in mixed
solvent systems were also achieved. The present work not only affords an effective approach to the creation of giant shell-
like architectures that can be used to mimic biological viruses and chemical frameworks but also provides a new class of

functional metallo-architectures.

INTRODUCTION

Supramolecular polyhedral assemblies are quite
fascinating not only because of their aesthetically
appealing structures, but also due to their broad
applications ranging from catalysis,> 2> sensing35 drug
delivery,58 separation and purify,9 to photophysical
applications.? The most common and important kind of
these architectures were ones constructed by the
coordination-driven self-assembly, which possess the
highly directional and predictable feature to attain the
desirable structure with precise shapes and sizes. And a
great amount of excellent work, including tetrahedra,
cubes,?> 2 octahedra,?> cuboctahedra,2 dodecahedra,®
and others,> 2738 has been well demonstrated by Stoddart,
Stang, Fujita, Leigh, Nitschke, Newkome, and many others.

Several fascinating metallocages with various sizes,
shapes and functionality have been shown, but the giant,
complicated polyhedral structures assembled by more
than 6o components are uncommon due to the difficulty
associated with ligand design and assembly process.3942
Despite these challenges, using chemical synthetic strategy
to create such multicomponent supramolecules to mimic
natural biological structures is still meagg@{)ul.

For
aragon Plus

example, Nitschke’s group synthesized a huge Co',Lg
cuboctahedron, which was capable of cooperatively
binding anionic and neutral guests. Further, the bis-
fullerene receptor showed different cooperativity in
binding pairs of anions, which make it fit to construct the
programmable molecular systems. Fujita et al synthesized
the self-assembled Pd",L,, cage-like host with large size,
which was able to encapsulate the protein and such work
lay the foundation for regulating the conformation and
functionality of protein.#

Recently, the coordination-driven supramolecular cages
with aggregation-induced emission (AIE)4+ 45 property and
their fascinating optical properties have drawn intense
attention.#53 Among these architectures, the most were
generated by incorporating the tetraphenylethylene (TPE)
moieties to molecular scaffolds. For example, Stang and co-
workers  synthesized the pyridine-based M,,L,,
nanospheres, which were covalently endo-anchored with
TPE moieties, displaying the stronger green light emission
in solution due to AIE effect on confined cavity.>* But the
cages without TPE moieties, yet possessing AIE effect, have
rarely been reported.>

2,2":6',2"-terpyridine (tpy) ligands could coordinate

with transition metal ions to generate linear <tpy-M-tpy>
Environment
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Figure 1. Cartoon representation of vertical assembly of
double- and triple-decker hexagonal architectures and
polyhedral assembly of tetrahedron and octahedron from the
spoked wheel-like hexagon.

pseudooctahedral coordination connection and were ideal
candidates to construct 2D/3D self-assembled architect
ures.5» 55 As shown in Scheme Si, the giant 2D shape-
persistent spoked wheel hexagons, firstly synthesized by
Newkome et al., were demonstrated to be incredibly
stable.5® So the hexagon is especially suitable as a plane
unit to construct complicated 3D structures. Surely, as
shown in Figure 1 and Scheme 1, by connecting the spoked
wheels with flexible alkyl linkers, the double- and triple-
decker hexagons were successfully synthesized via the
vertically extending the plane spoked wheels by our
group.” But such strategy lead to the absence of cavities
for resultant assemblies and limited structural diversity. As
shown in Scheme 1, if using ligands with different, tailored
angles to install the directed rigid bridge to connect
hexagonal moieties, the cavities-containing polyhedrons,
including truncated tetrahedra, truncated octahedra and
truncated icosahedra, could be obtained in theory. In this
paper, we synthesized the dibenzo[b,d]furan bridged
ligands 5 containing two 2,8-position substitutional
tristerpyridines. Such ligands 5 (12 eq.) could assemble
with 6 (4 eq.) and Cd>*(48 eq.) to generate a giant cage-like
truncated tetrahedron, which consist of 64 components
and whose molecule weight up to 70 kDa. Unexpectedly,
this 3D supramolecular structure displayed the unusual
and appealing aggregation induced emission enhancement
(AIEE) effect.

RESULTS AND DISCUSSION

As shown in Scheme 1 and Scheme Sz, ligand 5 was
designed and synthesized by Suzuki coupling of the
bromo-substituted tristerpyridine monomer 4 with 2,8-
bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)
dibenzo[b,d]furan catalyzed by [Pd(PPh,),]. Purification
was accomplished by column chromatography (AL, O;) and
subsequent recrystallization with CH,Cl, and MeOH. 'H
NMR of 5 showed two set of peaks with 1:2 integrated ratio
attributed to two different terpyridinyl moieties, along
with a triplet at 3.12 ppm assigned to the methylene groups.
Structural characterization of 5 was further supported by
MALDI-TOF-MS analysis (Figure S13).

Scheme 1. Self-assembly and energy-minimized

structures from molecular modeling of complex 7 (the
alkyl chains are omitted for clarity).

As shown in Scheme 1, the self-assembly process began
by mixing 5 (3 eq.), 6 (1 eq.) and Cd(NO;),-4H,O (12 eq.) in
CHCL,/MeOH at 65 ‘C for 24 h, yielding a translucent
colourless solution. Excess lithium
bis(trifluoromethylsulfonyl)imide (LiNTf,) was then added
to give a precipitate, which was washed with MeOH and
H,O to generate (92%) complex 7, as a pale-yellow solid.
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Figure 2. (a) 'H NMR spectra (500 MHz) of ligand 5 and 6 in
CDCl; and complex 7 in CD;CN/[D,]DMF (4:1, v/v) and (b) 2D
DOSY NMR spectra of complex 7 (500 MHz, CD;CN/[D,]DMF
(41, v/v), 300 K).
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Although the self-assembled complex 7 was a large
supramolecular architecture, its 'H NMR spectrum showed
a broad but yet distinguishable pattern. Firstly, when
comparing free ligand 5 and 6, the signals of tpyH3"s and
tpyH33" protons (Figure 2a) showed obvious downfield
shifts caused by the tangential electron-withdrawing
effects upon coordination. The tpyH®¢" protons displayed
a dramatic up-field shift due to the electron shielding
effect.>® These signal changes demonstrated that the
assembled structure was generated. Furthermore, the
triplet at 3.12 ppm, assigned to methylene groups, split into
two peaks at 3.28 ppm and 3.32 ppm because of that the
free rotation of tris-terpyridine moieties was restricted and
the symmetry of 5 was broken, fully supporting the
formation of polyhedral structure. All of signals of protons
could been assigned by means of the 2D-COSY and NOESY
NMR.

Diffusion-ordered NMR spectroscopy (DOSY) spectrum
of tetrahedral complex 7 (Figure 2b) showed that the
protons signals of tetrahedral structure were on a narrow
band with log D = -9.96, supporting the formation of a
single discrete structure. The dynamic radius was
calculated by Stokes-Einstein equation to be 5.4 nm, which
was in accord with the energy-minimized tetrahedron
structure, verifying the formation of cage-like tetrahedron
structure. In addition, the signal corresponding to the
solvent DMF showed a series of continuous signals for
complex 7, indicating the cage-like complex 7 possessed a
large cavity and could encapsulate the DMF molecules in
order to restrict their free diffusion.

The ESI mass spectrum of 7 (Figure 3a) validated the
expected 64-component composition of [5,6,Cd,s], in
which a series of peaks corresponding to sequential charge
states ranging from 16* to 32* were observed. The molecular
weight was 70759.78 Da, consistent with the molecular
formula of [Cd,s(Ca6:6H2040N288060)19°*-96(NTf, ). Although
the isotope pattern of each charge state in the mass
measurements was indistinct resulting from high
molecular weight and the giant cavity which encapsulated
the solvent molecules, this set of distinct signals presented
a perfect
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Figure 3. (a) ESI-MS and (b) 2D ESITWIM-MS plot (m/z vs
drift time) of complex 7. The charge states of intact assemblies
are marked.

Figure 4. (a) TEM image; (b) representative energy-
minimized structure, at top view; (c) AFM image and (d) a side
view of the energy-minimized structure of tetrahedral
structure 7.

match with the simulated m/z verifying the desired
truncated tetrahedral structure. Additional structural
evidence for complex 7 was provided by ESI-TWIM MS
experiments. The TWIM mass spectrum exhibited
continuous charge distributions ranging from 16* to 30*
derived from 7, with a single band for every signal,
supporting the presence of a single species (Figure 3b).
Structural evidences were further obtained by the TEM
and AFM experiments. As depicted in Figures 4a and S18,
TEM images determined by drop casting of dilute
acetonitrile solutions of complex 7 (10-°~10"7M) onto
carbon film-coated Cu grid displayed the uniform particle
with an average diameter of 6.2 nm, which was in
accordance with the size of molecular modeling (6.5 nm,
Figure 4b). The AFM images (Figures 4c¢ and S19)
obtained by dropping acetonitrile solutions (10-°~107M)
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Figure 5. (a) UV/Vis absorption spectra, (b) fluorescence
spectra (Aex = 340 nm, ¢ = 7 x 107 M), and (c) photographs (A
=365 nm, ¢ =7 x 1077 M) of complex 7 in DMF (1%, v/v)/MeCN
mixture with adding various CHCI, fractions.

mica showed average height of 6.4 nm, which agreed with
the calculated height of model structure of 5.8 nm (Figure
4d).

Based on previous data, the tpy-based complexes
possessed excellent emission properties.’® The giant
tetrahedral 7, which possess 48 <tpy-Cd**-tpy> moieties
(96 positive charges), was characterized by UV-Vis
absorption and
fluorescence experiments to evaluate its optical properties.
The UV-vis absorption spectrum in MeCN:DMF (7 x 1077
M, 991, v/v) at 25 °C exhibited a distinct band with high
molar extinction coefficient at 285 nm assigned to ligand-
centered (LC) n-n* transitions and the band centered at
~325 with the shoulder at ~337 nm (Figure sa), was
attributed to intraligand charge transfer (ILCT).5» % The
emission spectrum of complex 7 in a MeCN/DMF (99/1 in
v/v) solution showed two broad bands centered at 440 and
500 nm (Figure 5b), which could be presumably assigned
to the m-m* and ILCT states 5 % and almost covered the
entire visible spectral region (400-640nm).
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Figure 6. TEM images of complex 7 in DMF (1%, v/v)/CH,CN
mixture with various CHCl; fractions and corresponding
schematic illustration of aggregates: (a) schematic
representation of aggregates forming. (b) 30%. (c) 50%. (d)
70%. (e) 90%. (scale bar: 200 nm) And (f) DLS datum.

More fascinating, complex 7 exhibited aggregation
induced emission enhancement (AIEE), in which the
fluorescence intensity showed an obvious increment into
1.7, 3.2, 1.6, 1.1 and 4.6 times in the mixture with 95% poor
solvent corresponding to CH,Cl,, CHCl,, EtOAc, MeOH,
and H,0, respectively (Figure S31). The emission behavior
of complex 7 was further investigated in mixed systems
with different CHCl; (or CH,CL,) fractions. As shown in
Figures 5b, S31and S33, the intensity of the band around ca.
500 nm was clearly enhanced and the band at ca. 440 nm
slightly enhanced by increasing the fraction of CHCL (or
CH,CL,) from 10 to 90%. Accordingly, the emission color
changed from cyan to green for CHCl, (Figure 5c) and to
yellow-green for CH,Cl, (Figure S34) and the near white
light emission with coordination (0.2444, 0.3358) in the
Commission Internationale de L’Eclairage (CIE)
chromaticity diagram could be achieved (Figures S33 and
S35). In contrast, the emission intensity of ligand 5 and 6
showed a clear decrease due to aggregation, followed by
increasing the MeOH fraction from 10% to 9o% in
CHCL,/MeOH mixture (Figure S30). The decreased
emission of 5 and 6 resulted from an aggregation-caused
quench (ACQ) effect, in which the r-r stacking of rigid n
conjugated 5 and 6 was easily formed via the compact
aggregations (Figure S27).% © However, m-m stacking
induced emission quench under aggregation is the
unfavorable result of the 3D configuration and ion pair
steric hindrance of this cage-like structure 7. We speculate
that the enhanced emission of complex 7 resulted from the
AIE behavior, in which the aggregation formed in a poor
solvent mixture (with higher CHCl; concentration)
restricted intramolecular rotation (RIR) of the aromatic
rings.>> 6> % For the purpose of obtaining more evidence of
the aggregation, a series of UV-vis spectra were recorded
in a MeCN/CHC, system with the different fraction of
poor solvent e.g., CHCl;, from 10 to 90%. As shown in
Figures 5a and S28, the band at 285 nm decreased, with a
coincidental enhancement of absorbance at 370-400 nm,
demonstrating that complexes 7 were brought into close
proximity and formed aggregates.®

The sequentially aggregating in a poor solvent mixture
was schematically illustrated in Figure 6a. TEM and AFM
experiments afforded direct evidence for the formation of
aggregates. As displayed in Figures 6b-e and Figures S2o-
26, the images determined by drop-casting the mixture
onto a Cu grid for TEM or mica sheet for AFM showed that
the  nanospherical  particles formed in  the
DMF/CH,CN/CHCl; mixture. And the size of the
aggregates increased as the CHCI, fraction increasing; the
average diameter of aggregates reached 185 nm from the
TEM images after adding 90% CHCL,. The size, determined
by TEM and AFM experiments, was obviously larger than
the results from DLS experiments, indicating that the
aggregates were unstable and easily collapsed to form
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oblate structure on a solid surface. In order to obtain the
evidence for the aggregation behaviors, the dynamic light
scattering (DLS) experiments were performed in a mixed
DMF/MeCN/CHCI, solvent. The results were shown in
Figure 6f, in which the average hydrodynamic diameters
(Dy,) of 7 was determined to 5.6 nm in DMF/MeCN without
CHCl,, indicating no aggregation. However, the Dj
continuously changed from 12 to 147 nm with increasing
CHC, fractions from 10% to 9o%, demonstrating that the
higher-order nano-aggregates were generated in the
DMF/MeCN/CHCI, system.

CONCLUSIONS

In conclusion, the giant truncated tetrahedron 7 with the
molecular weight up to 70,000 Da was nearly qualitatively
synthesized via a one-pot self-assembly of 64 components.
The composition and structure were characterized by a
combination of 'H NMR, DOSY NMR, DLS, ESI-MS,
TWIM-MS, TEM and AFM images. More importantly, the
multicharged metal-organic complex 77 was able to further
self-assemble into highly ordered nano-aggregates and
showed that the aggregation-induced emission
enhancement, along with tunable emission color and near
white-light emission in mixed solvent systems. This
research provides new insight into optically-active
metallo-supramolecules obtained by a simple, one-step
rational design.
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