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ABSTRACT: Herein, we describe the selective formation
of a discrete fused metallarhomboid and a triangle by the
careful control of the shape and stoichiometry of the
building blocks. A tetraphenylethylene (TPE)-based
tetrapyridyl donor is exploited as the bridging component,
and coordination immobilization of the TPE unit within
the rigid metallacyclic frameworks efficiently suppresses its
intramolecular rotational motions. As a result, the fused
polygons are innately emissive in dilute solution,
representing an alternative to aggregation-induced emis-
sion. Upon further molecular aggregation, these metalla-
cycles display aggregation-induced enhanced emissions.
Interestingly, the fused rhomboid 7 shows a weaker
fluorescence in dilute solutions relative to that of the fused
triangle 8, while a reversal of emission intensities was
observed in the aggregated state. These markedly different
fluorescence efficiencies are likely due to the differences in
the shapes of the fused polygons. Thus, this work shows
that the properties of supramolecular coordination
complexes can be affected by subtle structural factors,
which can be controlled easily and precisely at the
molecular level.

Coordination-driven self-assembly is a powerful strategy for
preparing supramolecular architectures due to the direc-

tional and predictable nature of the metal−ligand coordination
interactions.1 The kinetic reversibility of the self-assembly
process between a Lewis-base-containing donor and a Lewis-
acidic acceptor allows the system to undergo error correction and
self-repairing processes, leading to the formation of a product
that is thermodynamically favorable. These advantages enable
the construction of a series of finite supramolecular coordination
complexes (SCCs), including 2D polygons, 3D polyhedra, and
other nanoscopic materials with pre-designed sizes and shapes,
by controlling the size, geometry, and stoichiometry of the rigid
precursors.2 In addition, functional moieties can be introduced to
the SCC scaffolds by the direct incorporation into the starting
units, pendant attachment, or host−guest encapsulation.3 For
example, by the introduction of fluorophores into the SCC
platforms, light-emitting SCCs have been constructed4 which
not only preserve the photophysical properties of the
fluorophores but oftentimes provide new properties such as

tunable emission wavelengths,4b,e,f markedly enhanced fluo-
rescence efficiencies,4g and selective sensing.4c,d

Fluorescent materials have widespread applications in fields
such as bioimaging, chemosensing, optoelectronics, etc.5 As a
result, the development of novel fluorophores has received
continued interest. Conventional organic fluorophores often
display weakened or even totally quenched emission in high
concentrations or in the solid state due to the exciton interactions
and non-radiative decays.6 In contrast, aggregation-induced
emission (AIE) refers to the phenomenon in which fluorophores
are generally not emissive in dilute solutions but become highly
emissive as aggregates.7 AIE is attributed to the restriction of
intramolecular motions of the twisted chromophores upon the
formation of aggregates.7

Tetraphenylethylene (TPE) is an iconic and readily accessible
AIE fluorophore in which phenyl ring rotation and ethylenic C
C bond twisting quench its fluorescence in dilute solutions.8

Recent studies revealed that the formation of aggregates is not
the only way to “turn on” the emission of TPEs, while other
strategies, including covalent modifications,9 embedding into
metal−organic frameworks,10 and non-covalent interactions
such as host−guest interaction11 and coordination,4f,12 can be
exploited to modulate their intramolecular motions. Molecular
architectures consisting of TPE units have shown a wide variety
of applications.13 However, among these examples, formation of
3D cage-like architectures or extended polymeric networks is
required in order to fully anchor the phenyl rings of the TPE
units. Discrete 2D planar complexes with a TPE core have rarely
been reported, although species with planar geometry may
provide unique properties relative to non-planar ones in the
preparation of materials.14 In an effort to extend the scope of
functional metal−organic materials based on SCC platforms, we
herein describe the de novo design and synthesis of fused
metallacyclic polygons 7 and 8 using a multicomponent self-
assembly technique (Scheme 1) which has been used in the
construction of other fused metallacyclic systems.15

As demonstrated in Scheme 1, a D4h-symmetric TPE-based
tetrapyridyl donor 2 is used as the bridging component of the
fused metallacyclic polygons. In order to fit its connectivity, a 60°
dipyridyl donor 1 and acceptors 3 and 4 were designed as the
complementary precursors. Mixing 1 and 2 with a 120° di-Pt(II)
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acceptor 3 in a 2:1:4 ratio allows the formation of double
rhomboid 7 via coordination-driven self-assembly, whereas
double triangle 8 was selectively formed from a 4:1:6 mixture
of ligands 1, 2, and a 180° di-Pt(II) acceptor 4. In dilute
solutions, these fused polygons are emissive owing to the
formation of metal−ligand bonds that hinder the intramolecular
rotations of the TPE core. Further emission enhancements were
observed in their aggregated states, due to tight molecular
packing. The photophysical properties of these polygons vary
due to differences in their shapes and framework rigidity, which
can be controlled at the molecular level by changing the
precursor building blocks. These features, along with good
processability of SCCs,4b demonstrate the potential of this
approach for the facile construction of functional materials.
Stirring a mixture of donors 1 and 2 and the acceptors in

appropriate ratios in CH2Cl2/acetone (1:1, v/v) at room
temperature led to the formation of [2+1+4] double rhomboid
7 or [4+1+6] double triangle 8 in nearly quantitative yields
(Scheme 1). Likewise, the model [2+2] rhomboid 5 and the
[3+3] triangle 6 were synthesized by mixing donor 1 with
acceptors 3 and 4, respectively, in an appropriate stoichiometry.
These products were isolated by precipitation with diethyl ether,
dried, and re-dissolved in DMSO-d6 for characterization.

1H and 31P NMR analysis of compounds 5−8 indicated the
formation of discrete assemblies with high symmetry. For simple
polygons 5 and 6, sharp singlets were observed in the 31P{1H}
NMR spectra (SI, Figures S4 and S7), as expected. However,
each of the fused polygons shows overlapping signals with
concomitant 195Pt satellites in its 31P{1H} NMR spectrum, even
at elevated temperatures (SI, Figures S10 and S13). This suggests
that the chemical environment around the P atoms varies little
due to the similarity in size and geometry between the two types
of donors.15 In the 1H NMR spectra of these assemblies (Figure
1, and SI, Figures S3, S6, S9, and S12), signals corresponding to
the pyridyl units exhibited downfield shifts relative to those of the
free donor building blocks (Δδ≈ 0.15 and 0.40 ppm for α- and β-
pyridyl protons, respectively), suggesting that the formation of
metal−ligand coordination bonds causes a loss of the electron
density of the pyridyl units. Electrospray ionization time-of-flight

mass spectrometry (ESI-TOF-MS) was employed to demon-
strate the stoichiometry of the metallacycles. Isotopically
resolved peaks corresponded to an intact entity with charge
states arising from the loss of trifluoromethanesulfonate (OTf)
counterions were identified for each assembly. For example,
peaks at m/z (Da) = 1576.47, 2282.64, 1205.63, and 1770.47,
corresponding to [M − 2OTf]2+, [M− 2OTf]2+, [M− 5OTf]5+,
and [M−5OTf]5+ for 5−8, respectively, support their
stoichiometry as shown in Scheme 1. Moreover, the quantitative
formation of the polygons was confirmed via diffusion-ordered
1H NMR spectroscopy (DOSY) experiments, which show a
single vertical trace in all cases (SI, Figures S15−S18). The
measured diffusion coefficients for 7 and 8 are 4.01 × 10−11 and
3.59 × 10−11 m2·s−1, respectively. These values are smaller than
those for the correspondingmodel rhomboid 5 (6.60× 10−11 m2·
s−1) and triangle 6 (8.13 × 10−11 m2·s−1), further suggesting that
the Stokes−Einstein hydrodynamic radii of the fused assmblies
are roughly double in values as compared to their corrosponding
simple counterparts, as also expected from their geometry.
Moreover, these experimental values are in good agreement with
those obtained by PM6/DFTmolecular stimulations (SI, Figures
S31 and S32).
The absorption and emission profiles for the fused metalla-

cycles in CH2Cl2 are shown in Figure 2. Both 7 and 8 display a
broad absorption band centered at ca. 300 nm due to the
presence of donors and acceptors with π-conjugated systems.
Notably, the double triangle 8 exhibits a shoulder at 345 nm,
which is likely due to absorption from the donor 2. This is
because at the same wavelength, no peak is observed for the
model triangle 6 under identical conditions. However, for the

Scheme 1. Syntheses of Rhomboid 5, Triangle 6, Double
Rhomboid 7, and Double Triangle 8 via Multicomponent
Coordination-Driven Self-Assembly

Figure 1. (a−c) Partial 1H NMR spectra (500 MHz, DMSO-d6, 298 K)
of 1 (a), double rhomboid 7 (b), and donor 2 (c). (d) Experimental
(red) and calculated (blue) ESI-TOF-MS spectra of 7 [M − 5OTf]5+.

Figure 2. Absorption (solid) and emission (dashed) profiles for 7
(black) and 8 (red) in CH2Cl2 (λex = 345 nm, c = 4.00 μM).
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double rhomboid 7, the absorption band(s) of the donor 2 are
merged. In their fluorescence spectra, an emission band centered
at ca. 510 nm is observed. Since the ligand 1, Pt precursors, and
simple rhomboid 5 and triangle 6 are not emissive under these
conditions (SI, Figures S23−S28), these emissions are likely due
to the TPE units. This suggests that the intramolecular motions
of the TPE moieties are inhibited upon incorporation into the
rigid metallacyclic frameworks, which suppressed the non-
radiative decay process and thus turned on these emissions.
However, the presence of platinum centers may cause an
emission quenching, due to their heavy atom effects.17 Notably,
under the same conditions, double rhomboid 7 displayed weaker
emission intensity relative to that of the double triangle 8, even
though both contain a single TPE fluorophore and the latter has
higher numbers of Pt centers relative to the former.
To gain further insight into the light-emitting behavior of these

assemblies, the fluorescence spectra were recorded in CH2Cl2/
hexane mixtures (Figure 3). Introduction of hexane into the
CH2Cl2 solutions reduces the solubility of the assemblies and
thereby facilitates aggregate formation. With a constant increase
of the hexane content, the fluorescence intensities were
chronologically increased and reached a maximum at 90%
hexane content. This is consistent with the expected AIE
behavior and indicative of a further suppression of the
intramolecular motions of the embedded TPE units upon
aggregation. Interestingly, in the aggregated states (hexane
content = 90%), a 45-fold fluorescence enhancement is observed
for 7, whereas 8 displayed only a 4.2-fold fluorescence
enhancement. As a result, the double rhomboid 7 showed a
higher fluorescence intensity relative to double triangle 8 in the
aggregated states, which is exactly opposite to what was observed
in dilute solutions. In addition, a slight blue shift (ca. 5 nm) of the
emission maximum was observed for each case (Figure 3), which
is attributed to the charge-transfer (CT) process within the
assemblies. The CT process is known to red shift the emission of
AIE fluorophores in polar solution, and it is attenuated in a less
polar environment.4f Introduction of hexane results in the
decrease in the polarity of the solution, thereby causing a blue
shift.
The AIE characteristics of these polygons in mixed solutions

were further probed by changes in quantum yields (ΦF). In
CH2Cl2, they exhibited relatively low ΦF values of 0.24% and
0.88% for 7 and 8, respectively. With an increase in hexane
content, marked increases in the ΦF values were observed. At a
90% hexane fraction, their ΦF values reached 14.6% and 2.5%,
respectively (Figure 4). This trend is consistent with the
fluorescence enhancement of the assemblies.
The sharp difference in the light-emitting behavior between

the double rhomboid and the double triangle, as shown in their
emission intensities and ΦF enhancements, implies that the

shape of the assemblies exerts considerable influence on their
light-emitting properties. Triangles are known to provide
strength and rigidity to structures, and these characteristics
have been extensively exploited by both nature and scientists in
the construction of stable architectures.17 Hence, we anticipated
that, in dilute solution, the immobilization of the TPE moiety
within a double triangular structure imposes more restrictions on
its intramolecular motions than immobilization in a double
rhomboidal structure. To substantiate this hypothesis, PM6
computations were performed to calculate the activation barrier
for ring flipping of the TPEmoiety within the assemblies 7 and 8.
The calculated activation barrier for double rhomboid 7 is lower
than that of double triangle 8 by 4.3 kJ/mol (SI, Figure S33).
Since the inhibition of the TPE phenyl ring motions plays a key
role in inducing emission of these assemblies,8 the higher
activation barrier for the double triangle is consistent with its
higher fluorescence intensities and ΦF value relative to those of
the double rhomboid in dilute solution. In the aggregated state,
for both double rhomboid and double triangle, the intra-
molecular motions were fully inhibited by tight packing of the
TPE units. The lower fluorescence intensity and quantum yield
of the double triangle 8 relative to those of double rhomboid 7
are likely because of two reasons: (1) The relative flexibility of the
rhomboidal skeletons may allow them to aggregate much more
tightly than the rigid triangular structures, as observed in dynamic
light-scattering measurements (SI, Figures S29 and S30). Under
identical conditions, 7 forms larger aggregates than 8 (Δdh ≈ 30
nm; dh is the diameter). (2) The double triangle 8 contains a
higher number of Pt centers than 7, which may increase the
intersystem crossing and thus lower its emission.16

The solvent effects on the emission profiles were also
examined. Because of the CT processes within the assemblies,
increasing the polarity of the solvent results in a red shift in the
emission maximum of each solution of the assemblies. However,
there was little effect (<15 nm) on the emissionmaximum for the
emission profiles. As an example, the absorption and emission
profiles for 8 in different solvents can be found in SI, Figures S21
and S22.
In conclusion, we present the synthesis of TPE-core fused

metallacyclic polygons by the stoichiometric and structural
control of the multicomponent mixtures of different pyridyl
donors and platinum acceptors. The intramolecular motions of
the TPE-based tetrapyridyl unit are anchored within the
supramolecular ensembles by the dative bonds, and they can
be further inhibited by molecular packing upon aggregation. As a

Figure 3. Fluorescence emission spectra of 7 (a) and 8 (b) versus
hexane fraction in CH2Cl2/hexanemixtures (λex = 345 nm, c = 4.00 μM).

Figure 4.Quantum yields of 7 and 8 versus hexane fraction in CH2Cl2/
hexane mixtures, determined using quinine sulfate at 365 nm (ΦF =
56.0%).
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result, the assemblies exhibit fluorescence emissions both in
dilute solutions and in the aggregated state, which may be used
for the fabrication of optoelectronic materials with multifaceted
functionality. Moreover, due to the differences in the strength
and rigidity of the assemblies, as imposed by their shapes,
different fluorescence enhancement behaviors are observed for
the double rhomboid and double triangle. This phenomenon
demonstrates that the properties of SCCs could be greatly
influenced by their geometries. This characteristic, combined
with the versatility, high efficiency, and good modularity of
coordination self-assembly, suggests that coordination-driven
self-assembly can serve as the basis for the bottom-up synthesis of
materials whose functions are readily tunable by controlling the
geometry and stoichiometry of precursors and may enable
various applications such as probing/sensing, selective absorp-
tion/removal, and targeted delivery.
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