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ABSTRACT: Materials that organize multiple functionally active sites, especially those with
aggregation-induced emission (AIE) properties, are of growing interest due to their
widespread applications. Despite promising early architectures, the fabrication and
preparation of multiple AlEgens, such as multiple tetraphenylethylene (multi-TPE) units,
in a single entity remain a big challenge due to the tedious covalent synthetic procedures
often accompanying such preparations. Coordination-driven self-assembly is an alternative
synthetic methodology with the potential to deliver multi-TPE architectures with light-
emitting characteristics. Herein, we report the preparation of a new family of discrete multi-
TPE metallacycles in which two pendant phenyl rings of the TPE units remain unused as a
structural element, representing novel AIE-active metal—organic materials based on
supramolecular coordination complex platforms. These metallacycles possess relatively high
molar absorption coefficients but weak fluorescent emission under dilute conditions because
of the ability of the untethered phenyl rings to undergo torsional motion as a non-radiative
decay pathway. Upon molecular aggregation, the multi-TPE metallacycles show AIE-activity
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with markedly enhanced quantum yields. Moreover, on account of their AIE characteristics in the condensed state and ability to
interact with electron-deficient substrates, the photophysics of these metallacycles is sensitive to the presence of nitroaromatics,
motivating their use as sensors. This work represents a unification of themes including molecular self-assembly, AIE, and
fluorescence sensing and establishes structure—property—application relationships of multi-TPE scaffolds. The fundamental
knowledge obtained from the current research facilitates progress in the field of metal—organic materials, metal-coordination-

induced emission, and fluorescent sensing.

B INTRODUCTION

Materials that possess multiple functionalities, such as those
with optical, magnetic, and electronic properties, are attractive
due to their scientific and technological significance.” Light-
emitting materials, for example, have attracted considerable
attention for their widespread applications in biological and
environmental sensors,” fluorescent probes,3 bioimaging
agents,” light-emitting diodes,” and key components of other
electronic devices.’ These applications benefit from the design
and exploration of novel fluorescent materials, in particular
those with controllable structures and properties.” Generally,
many chromophores that exhibit highly emissive fluorescence
in dilute solutions notoriously suffer from aggregation-caused
quenching (ACQ) in concentrated solutions or in the solid
state because of the formation of excimers and exciplexes. This
influences the practical applications of these fluorophores.®
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Although a variety of physical, chemical, engineering, and
supramolecular methods have been developed to address the
ACQ effect, it is difficult to circumvent this quenching pathway
while maintaining the desirable photophysics of a system.” In
2001, an opposite effect known as aggregation-induced
emission (AIE) was reported by Tang and co-workers."” In
such cases, fluorogens that exhibit almost no fluorescence as
discrete molecules because of fast non-radiative decay via
intramolecular motion in dilute solutions become highly
emissive in an aggregated state. The discovery and development
of the AIE phenomenon and the realization of various high-tech
applications of this effect have seen a rapid advance of research

over the past decade."! Despite these achievements, the
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Scheme 1. Self-Assembly of 1 with 2—6 To Give Rhomboid 7 and Hexagons 8—11
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fabrication of AIE-active species primarily draws upon the
covalent modification of simple AlEgens;'” a highly efficient
non-covalent self-assembly methodology has rarely been
employed to construct architecturally complex and high-order
superstructures that take advantage of these emissive features
and promising functions.

Coordination-driven self-assembly has been proven to be a
powerful tool to construct supramolecular coordination
complexes (SCCs) via the spontaneous formation of metal—
ligand bonds which have moderate bond energies in the range
of 15—25 kcal/mol and predictable coordination geometries.
The resultant SCCs are oftentimes stable, despite the
reversibility of their coordination chemistry, which helps a
given system cascade to a thermodynamic product."” Unified
under the principle of directional bonding, various design and
synthetic methodologies underpinning coordination-driven self-
assembly have emerged, as developed by Cotton,'* Stang,"
Raymond,16 Mirkin,"” Fujita,18 Newkome," Hupp,20 Schmit-
tel, > Shionoya,22 Nitschke,” Jin,”* and others.*® This work has

produced a sizable library of discrete metallacycles and
metallacages with well-defined shapes and sizes. For example,
in the Stang laboratory, phosphine-capped Pt(II) nodes and
rigid organic donors have been utilized to illustrate how the
angularities, directionalities, and stoichiometries of the building
blocks dictate an exclusive architectural outcome." In the past
two decades, the development and maturation of this research
field has witnessed SCCs widely applicable in catalysis,'®*°
molecular flasks,”” host—guest chemistry,”® mechanically inter-
locked structures,” template synthesis,” amphiphilic = self-
assembly,”’ supramolecular polymers,” and bioengineering.*’
Although quite a few light-emitting metal-coordinated com-
plexes are known,'*** investigations that explore the intriguing
photophysical behaviors of phosphine-capped Pt(II) metal—
organic complexes toward bioimaging and explosive-sensing
applications are rare.

As a well-known and readily accessible AIE fluorogen,
tetraphenylethylene (TPE) shows low-frequency phenyl ring
rotation and ethylenic C=C bond twist behaviors which can be
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deactivated by tight intermolecular packing in the condensed
state to induce fluorescence.'”® However, the aggregation of
TPE chromophores is not the only way to realize turn-on
fluorescence: if restriction of intramolecular rotation (RIR) can
be achieved by other strategies, a similar phenomenon is
observed. For example, several pioneering reports have revealed
the anchoring of TPE-based ligands within metal—organic
frameworks (MOFs) to afford luminescent materials.>® Dinca
et al. reported the first TPE-based MOF and used the MOF
platform to study the low-energy vibrational modes of AIE-type
chromophores.*” Zhou et al. demonstrated that rigidifying
the TPE-based linker in a zirconium MOF efficiently adjusts
the fluorescence energy and enhances the quantum yield.”
Tang, Liu, Zhao, and co-workers constructed a 2D layered
TPE-based MOF as a turn-on fluorescent sensor for volatile
organic compounds.”™® Over the past 5 years, a host of non-
covalent strate7gies, including host—guest chemistry,36 anion-
coordination,”” metal-coordination,”® hydrogen bonding,39
-7 stacking,40 electrostatic interactions,*' etc,, have been
developed to induce AIE-active molecular emission.

Architectures that organize multiple TPE units are attractive
in that their strong AIE features make them promising for
organic light-emitting diodes and other electronic devices.
Despite their value, the preparation of such interesting
structures is largely limited to TPE-based MOFs and polymers.
This lack of structures is in part attributed to the tedious
covalent synthetic procedures that accompany traditional
designs.”” As such, supramolecular self-assembly is a viable
strategy due to its reduction in synthetic steps, well-defined
organizations of individual components, inherent error-
correction and defect-free assembly, and facile and fast
formation of final products.” Stimulated by these advantages,
we envisioned that the preparation of discrete multiple TPE-
based architectures on SCC platforms could be achieved by
combining a TPE-based dipyridyl ligand and appropriately
designed organoplatinum(II) acceptors via metal-coordination-
driven self-assembly. This methodology makes for the resulting
discrete assemblies with controllable shape and size along with
precise distribution and total number of anchored TPE
moieties. Moreover, fine-tuning the shape, size, distribution,
and distance between different TPE motifs enables an
understanding of the influence of structural factors on the
light-emitting behaviors of the architectures.

Recently, our group reported the first TPE-based highly
emissive discrete SCC, formed by locking two TPE-based
ligands within a tetragonal prismatic core wherein non-radiative
decay pathways were eliminated. This system was used to
efficiently differentiate structurally similar ester compounds.**
Whereas the TPE rings were locked in this earlier design, we
anticipated that a TPE-based ligand bearing two freely rotating
phenyl rings might be useful for the formation of responsive
fluorescent sensing materials due to a decrease in the activation
barrier for ring-flipping in the TPE moieties. In this work, we
report the design and construction of a new family of multi-
TPE discrete organoplatinum(II) metallacycles via coordina-
tion-driven self-assembly, in which two dangling phenyl rings in
the TPE units remain unrestricted, representing a novel AIE-
active metal—organic material based on SCC platforms. When
the 120° TPE-based dipyridyl ligand was combined with
suitable 60°, 120°, and 180° organoplatinum(II) acceptors, a
suite of metallacycles was obtained. These metallacycles were
formed in nearly quantitative yields by means of the directional-
bonding approach driven by metal-coordination. Each species

exhibited relatively high molar absorption coefficients but weak
fluorescent emission because of the existence of freely rotating
phenyl rings. Upon molecular aggregation, the fluorescent
intensities underwent obvious enhancements along with
increased quantum vyields. Inspired by their emissive character-
istics in the condensed state, we further utilized multi-TPE
metallacycles 7, 8, and 11 to detect picric acid with quenching
constant and detection limit reaching up to 2.18 X 10° M~" and
0.13 ppb, respectively. The methodology developed here
represents a promising way to construct light-emitting metal—
organic materials with intriguing sensing applications based on
SCC platforms.

B RESULTS AND DISCUSSION

According to the principle of directional bonding, the
directionality and angularity of each component involved in
the coordination-driven self-assembly dictate the final architec-
tural outcome, wherein the discrete SCCs with well-defined
shape and size can be easily prepared with high efficiency.” In
this study, a 120° TPE-based dipyridyl ligand, 1, and di-Pt(II)
acceptors, 2—6, were combined to furnish rhomboid 7 and
different sized hexagons 8—11 (Scheme 1), respectively.

Ligand 1 was readily synthesized by a Pd-catalyzed Suzuki
coupling (Scheme S1). Stirring a mixture of 1 with 60° di-
Pt(1I) acceptor 2, 120° di-Pt(II) acceptor 3 or 4, or 180° di-
Pt(II) acceptor S or 6 in a 1:1 ratio in CD,Cl, at room
temperature for 8 h, led to the formation of the self-assembled
[2+2] rhomboid 7, the [3+3] hexagon 8 or 9, and the [6+6]
hexagon 10 or 11, respectively (Scheme 1).

Multinuclear NMR (*H and *'P) analysis of the reaction
mixture supported the formation of discrete multi-TPE
metallacycles with highly symmetric constructs. The *'P{'H}
NMR spectra of 7—11 exhibited sharp singlets (ca. 14.05 ppm
for 7, 16.81 ppm for 8, 14.11 ppm for 9, 13.99 ppm for 10, and
14.72 ppm for 11) with concomitant '*°Pt satellites
corresponding to a single phosphorus environment (Figure
1). These peaks are shifted upfield from those of the
corresponding starting di-Pt(II) acceptors 2, 3, 4, S, and 6 by
approximately 4.54, 5.20, 4.14, 5.04, and 5.04 ppm, respectively.
This change as well as the decrease in coupling of the flanking
195pt satellites (ca. AJ = —188.2 Hz for 7, A] = —30.40 Hz for
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Figure 1. *P{’'H} NMR spectra (1214 M, CD,Cl, 293 K) of
thomboid 7 (a), [3+3] hexagon 8 (b), [3+3] hexagon 9 (c), [6+6]
hexagon 10 (d), and [6+6] hexagon 11 (e).
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8, A] = —191.8 Hz for 9, A] = —152.9 Hz for 10, and AJ =
—144.5 Hz for 11) is consistent with the electron back-
donation from the platinum centers. In the "H NMR spectrum
of rhomboid 7 (Figure 2, spectrum b), signals corresponding to
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Figure 2. Partial "H NMR spectra (300 M, CD,Cl,, 293 K) of TPE-
based ligand 1 (a), [2+2] rhomboid 7 (b), [3+3] hexagon 8 (c), [3+3]
hexagon 9 (d), [6+6] hexagon 10 (e), and [6+6] hexagon 11 (f). The
peaks for protons of the TPE units are red and those of the acceptors
are blue.

the H), 4 protons of the pyridine and phenyl rings displayed
downfield shifts relative to those of the free TPE ligand 1
because of the loss of electron density that occurs upon the Pt—
N bond formation. As shown in Figure 2 (spectrum b), the H;,
and Hy, protons on the pyridine rings are split into two sets of
two doublets upon metal-coordination, which is consistent with
the previously reported 120° 1,3-bis(4-pyridylethynyl)benzene
derivative ligand-based organoplatinum(II) rhomboids.** The
H,, protons which appear as a doublet at 8.62 ppm in the
spectrum of 1 (Figure 2, spectrum a) are split into two doublets
at 9.07 and 8.71 ppm for 7 (Figure 2, spectrum b). Similarly,
the Hy, protons (7.50 ppm in 1; Figure 2, spectrum a) are also

split into two doublets, at 8.04 and 7.83 ppm (Figure 2,
spectrum b). As for hexagonal multi-TPE metallacycles,
downfield shifts of the H,, 4 protons of the pyridine and
phenyl rings relative to those of 1 were also observed (Figure 2,
spectra c—f). In the 'H NMR spectrum of hexagon 9 (Figure 2,
spectrum d), for example, sharp signals corresponding to
coordinated H,, 4 pyridyl and phenyl protons were assigned at
8.72,7.98, 7.72, and 7.31 ppm with downfield shifts relative to
those of 1 (ca. AS = 0.10 ppm for H;,, A5 = 0.48 ppm for Hy,
A6 =025 ppm for H;, and AS = 0.10 ppm for Hy4). The well-
defined signals in both the *'P{'H} and '"H NMR spectra as
well as the good solubility of these species support the
formation of a discrete structure as a sole assembly product.

Electrospray ionization time-of-flight mass spectrometry
(ESI-TOF-MS) is a highly reliable tool to provide evidence
for the stoichiometry of formation of multi-charged supra-
molecular structures. This method oftentimes enables metalla-
cycles to remain intact during the ionization process while
producing the high resolution desired for isotopic distribution
analysis.”*®" The ESI-TOF-MS characterizations gave further
evidence for the existence of multi-TPE metallacycles 7—11. In
the ESI-TOF-MS spectrum of 7, three peaks were assigned that
agree with the formation of a [2+2] assembly (Figure S17).
These peaks corresponded to an intact entity with charge states
arising from the loss of counterions [m/z = 1586.51 for [M —
2NO;**, m/z = 1037.70 for [M — 3NO;]** (Figure 3a), and
m/z = 762.24 for [M — 4NO,]*]. For 8 and 9, four peaks were
identified for each assembly to support the formation of a
[3+3] assembly (Figures S21 and S25), e.g, m/z = 1179.64,
corresponding to [M — 40Tf]* for 8 (Figure 3b), and m/z =
947.51 corresponding to [M — SOTf]>* for 9 (Figure 3c).
Similarly, three peaks were found for 10 and 11 to support the
formation of a [6+6] assembly (Figures S29 and S33), e.g,, m/z
= 1918.67, corresponding to [M — SOTf]"* for 10 (Figure 3d)
and m/z = 1393.31, corresponding to [M — 7O0Tf]”* for 11
(Figure 3e). All the assigned peaks were isotopically resolved
and in good agreement with their calculated theoretical
distributions, which indicated the molecularity of these multi-
TPE metallacycles.
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Figure 3. Experimental (red) and calculated (blue) ESI-TOF-MS spectra of multi-TPE metallacycles: (a) 7 [M — 3NO,]*, (b) 8 [M — 40Tf]*, (c)

9 [M — 50Tf]*, (d) 10 [M — 5OTf]**, and (e) 11 [M — 70Tf]™.
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In view of the difficulty associated with growing single
crystals of these assemblies suitable for X-ray diffraction,
molecular simulations were performed to obtain further insight
into the architectural features of multi-TPE metallacycles 7—11
(Figure 4). All DFT calculations were performed using

(a) (d)

XX

N

Figure 4. Simulated molecular models of multi-TPE metallacycles 7
(a), 8 (b), 9 (c), 10 (d), and 11 (e). The metallacycles 7—9 were
optimized via density functional theory, and PM6 semiempirical
molecular orbital method was used for 10 and 11.

Gaussian09 (G09)* with the Becke three-parameter hybrid
exchange and the Lee—Yang—Parr correlation functional
(B3LYP).” The 6-31G** basis set”’ was used for H, C, N,
O and P atoms, while the Los Alamos National Laboratories
(LANL2DZ) basis set™ and pseudopotential was used for Pt.
All geometry optimizations were performed without a solvent
field in C1 symmetry; the results are in the gas phase. To
minimize computational cost, the PEt; ligands on platinum
were modeled as PH; ligands. The PM6 calculations were also
carried out with Gaussian 09. The simulated structure of bis-
TPE rhombiod 7 possesses a well-defined rhombus with a ca.
24 X 2.0 nm cavity (Figure 4a). Similarly, molecular
simulations showed very similar, roughly planar hexagonal
structures for hexagons 8—11, albeit with differing cavity sizes
(3.2 X 2.9 nm for 8, 3.4 X 3.0 nm for 9, 5.6 X 5.0 nm for 10,
and 6.5 X 5.8 nm for 11) (Figure 4b—e). The simulated
structures revealed that the coordination vectors as defined by
the N—Pt axes adopt a ca. 118° angle with a ca. 114° angle
between the two dangling phenyl rings, which is responsible for
the weakly emissive fluorescence of these multi-TPE metalla-
cycles (vide infra). In addition, all of the dangling phenyl rings
are aligned along the outer vertexes of these metallacycles,
poising these groups for participating in AIE (vide infra).

The absorption spectra of ligand 1 and multi-TPE metalla-
cycles 7—11 are shown in Figure Sa. Ligand 1 displayed a broad
absorption band centered at 310 nm with a molar absoprtion
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Figure S. (a) Absorption and (b) fluorescence emission spectra of
ligand 1 and multi-TPE metallacycles 7—11 in CH,Cl, (4, = 320 nm,
¢ = 10.0 uM). Inset: photograph of 1 and 7—11 in CH,Cl, upon
excitation at 365 nm using an UV lamp at 298 K (¢ = 10.0 uM).

coefficient (¢) of 2.83 X 10* M™' cm™'. After metal-
coordination, the lowest energy band moderately red-shifted
(~36 nm) in the spectra of the corresponding metallacycles. In
the absorption profile of 7, there are four absorption bands at
257,285, 317, and 345 nm with & = 1.59 X 10 9.99 x 10%, 8.18
X 10% and 7.13 X 10* M™" cm™, respectively. There are two
absorption bands centered at 300 and 346 nm for 8, 310 and
347 nm for 9, 283 and 347 nm for 10, and 284 and 345 nm for
11.

Figure Sb displays the fluorescence emission spectra of 1 and
metallacycles 7—11. Ligand 1 is weakly emissive at ca. 470 nm
in CH,Cl,. This lack of emission is attributed to non-radiative
decay via intramolecular rotations of the pyridyl and phenyl
rings. Partially rigidifying the weakly emissive TPE ligand into
rigid, discrete metallacycles induced some fluorescence
enhancements and the emission maximum of 1 underwent a
moderate red shift from 470 to 490 nm in CH,Cl, at room
temperature. According to the TPE-based AIE mechanism, a
given emission wavelength shift is usually correlated with a
specific conformation of the peripheral phenyl rings: a coplanar
conformation promotes z-electron conjugation resulting in a
red shift and a perpendicular conformation weakens z-electron
conjugation, thus leading to a blue shift.*’ In addition to
rigidification from metallacycle-formation, new metal-to-ligand
charge-transfer (MLCT) processes are enabled upon coordi-
nation. These effects manifest in a shift from blue to cyan
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Figure 6. Fluorescence emission spectra and plots of maximum emission intensity of ligand 1 (a,b), 7 (c,d), 8 (e,f), 9 (gh), 10 (i), and 11 (k)
versus hexane fraction in CH,Cl,/hexane mixtures (4, = 320 nm, ¢ = 10.0 4M). Insets: photographs of 1 and 7—11 in CH,Cl, and 10%/90%
CH,Cl,/hexane mixture upon excitation at 365 nm using an UV lamp at 298 K (c = 10.0 uM).

emission after metal-coordination (see the inset of Figure Sb).
In these multi-TPE metallacycles, the limited fluorescence
enhancement suggests that the TPE units are not sufficiently
rigidified to remove non-radiative decay pathways.

In order to investigate the AIE properties of 1 and 7—11, the
fluorescence emission in CH,Cl, and CH,Cl,/hexane mixture
solutions were recorded (Figure 6). The emission intensity and
peak wavelength of 1 showed no obvious change in CH,Cl,/
hexane solutions because of the solubility (Figure 6a,b),
indicating that it is not an AlIE-active chromophore in such
mixed solvent systems. Dilute CH,Cl, solutions of 7 displayed

15281

very weak fluorescence and the emission intensity remained low
in mixed solutions with hexane content less than 70%.
However, upon further increasing the hexane content to 90%,
the fluorescence intensity (A, = 490 nm) increased greatly
(Figure 6¢,d). Moreover, the absorption spectra of 7 in the
CH,Cl,/hexane solutions were also recorded. The appearance
of broad tails into the visible region supported the formation of
aggregates (Figure S34b). These collective results suggested
that rhomboid 7 was AlE-active. The AIE phenomenon
observed in 7 is not an isolated case, is also found in hexagons
8—11 (Figures 6e—l and S$S29c—f). For example, upon
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increasing the hexane fraction to 90%, the emission intensities
of 8—11 clearly increased (Figures 6e—1). Moreover, an
increase in the total number of TPEs in the metallacyclic
frameworks resulted in reduced solubilities and ultimately
meant that aggregation occurred at lower hexane percentages
(Figures 6 and S35). The pendant phenyl rings which provided
non-radiative relaxation pathways presumably rigidify upon
aggregation, resulting in the marked emission enhancements
observed.

The changes in quantum yields (@) of 7—11 in mixed
solvent solutions further demonstrated the AIE characteristics
of these assemblies (Figure 7). In CH,CL, relatively low @y
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Figure 7. Quantum yields of 1 and 7—11 versus hexane fraction in
CH,Cl,/hexane mixtures which were determined using quinine sulfate
at 365 nm (®p = 56%).

values were determined: 0.088% for 7, 0.25% for 8, 0.19% for 9,
0.15% for 10, and 0.14% for 11. The @y value of 7 remained

almost unchanged until 80% hexane. Tris-TPE hexagons 8 and
9 and hexa-TPE hexagons 10 and 11 started to aggregate at a
50% hexane fraction, as indicated by a rise in their @ values
(Figure 7). At a 90% hexane content, the @ values of 7—11
reached 1.83%, 6.90%, 10.2%, 3.19% and 2.82%, respectively.
The solid-state quantum yields of all five metallacycles were
measured by collecting the precipitated assemblies and
recording their emission within an integrating light sphere. In
all cases, the solid-state @ values followed the same trend
observed in Figure 7. The values of 4.6 + 1.2% (7), 19.8 +
1.0% (8), 35.2 + 0.80% (9), 7.0 + 0.34% (10), and 9.6 + 1.3%
(11) are all higher than those determined for the 90% hexane
solutions, consistent with an AIE mechanism. It is noteworthy
that the tris-TPE hexagons 8 and 9 display higher @y values
than those of hexa-TPE hexagons 10 and 11 both in solution
and in the aggregated state. There is literature precedent that
the presence of Pt-ethynyl motifs imparts emissive behavior to a
molecule,”” and thus 8 has the highest ®; value in CH,ClL,. In
the aggregated state, because hexa-TPE hexagons 10 and 11
have larger metallacyclic skeletons which may restrict the tight
packing of TPE units, they showed relatively poorer fluorescent
performance than that of 8 and 9 since movement of the
phenyl rings is not well restricted. The quantum yield trend
suggests that structural factors, such as shape, size, distribution,
distance between AlE-active ligands, etc. have an important
influence on the light-emitting properties of multi-TPE metal—
organic materials.

The wide use of explosives in industrial manufacturing and
military operations not only contaminates the environment but
also poses a threat to human health.”® Inspired by the
promising light-emission characteristics of multi-TPE metalla-
cycles in the condensed state, we explored these metallacycles

(a) (b) (c)
1800 - - 6000 T T T T 4000 T T T T
PA conc (ug/mL) [——0 PA conc (1g/mL) —g ; PA conc (ug/mL) [——0
—0.1 —0.
S 1500 0 _82, 3 5000+ 0 —o2| 3
© —o03| ® © 3000
> 1200+ 04|z 4000 >
- 30 —os] 2 2
2 900+ £ 3000 £ 2000
£ £ £
c c c
O 600+ .© 2000 kel
(7] 0 173
g E g 1000
w3004 |G 1000 5
0- 0- 0-
400 450 500 550 600 650 400 450 500 550 600 650
(d) Wavelength (nm) Wavelength (nm) (e) Wavelength (nm)
40 - - - -
100
[ Rhomboid 7 = Rhomboid 7;
i; [ Hexagon 8 ® Hexagon 8
< go{ |HEEHexagon 11 324 4 Hexagon 11
3
[ =4
@ 244 J
‘S 60
& >
16 ]
E’ 40 1
Lo
2
[7] 20 8- - 1
=
(¢} | ua s
0 | 0 — — T T
0.1 0.5 1.0 2.0 3.0 0 40 80 120 160 200

PA Concentration (ug/mL)

PA Concentration (M)

Figure 8. Fluorescence emission spectra of bis-TPE rhomboid 7 (a), tris-TPE hexagon 8 (b), and hexa-TPE hexagon 11 (c) in 10%/90% CH,Cl,/
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intensity and I, = peak intensity at [PA] = 0 M) versus picric acid concentrations in 10%/90% CH,Cl,/hexane mixture (1., = 350 nm, ¢ = 10.0

UM).
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as chemosensors for the detection of explosive molecules.
Nitroaromatics such as 2,4-dinitrotoluene (DNT), 2,4,6-
trinitrotoluene (TNT), and 2,4,6-trinitrophenol (TNP; picric
acid, PA) are exemplary explosive molecules. We first utilized
PA as a model explosive to test the potential sensing abilities of
these multi-TPE metallacycles. The aggregates of bis-TPE
rhomboid 7, tris-TPE hexagon 8, and hexa-TPE hexagon 11 in
the CH,Cl,/hexane mixture with 90% hexane content were
selected as turn-off fluorescent probes for the explosives
detection. The quenching processes were monitored by
emission intensity changes in response to PA addition (Figure
8a—c). For example, Figure 8a shows that the emission of 7 was
attenuated with an increasing amount of PA in the mixed
solution. The fluorescence quenching can be clearly observed at
a PA concentration as low as 0.1 ug/mL or 0.1 ppm, which is
comparable to TPE-based polymers.”’ When the PA
concentration was increased to 3.0 pg/mL, there were almost
no fluorescence signals. In contrast, other nitro analytes, such as
nitrobenzene (NB), 4-nitrotoluene (4-NT), 1,3-dinitrobenzene
(1,3-DNB), and 2,4-dinitrotoluene (2,4-DNT), had minor
effects on the fluorescence intensity of 7 in the mixed solution
(Figure S36), establishing a high selectivity of 7 toward PA over
others. Moreover, the detection of PA in aqueous media is
teasible by preparing the aggregate of 7 in the acetone/H,0O
mixture with 90% H,O content (Figure S38).

Although hexagon 8 also showed high sensitivity (Figure 8b),
hexagon 11 did not show the same degree of quenching
efficiency (Figure 8c). As shown in Figure 8d, nearly 32% of

fluorescence quenching occurred when 0.1 ug/mL of PA was
added to the mixed solutions of 7 and 8. Under the same
condition, just 12% of fluorescence quenching was observed for
11. At a 3.0 ug/mL PA concentration, the initial fluorescence
intensities of 7 and 8 were reduced by 97% and 93%,
respectively, but only 59% for 11. Even at 40.0 pg/mL, only
88% fluorescence quenching was reached for 11 (Figure 8d).
With the aim to measure the quenching constants of 7, 8, and
11 with PA, the relative fluorescence intensity (I,/I) was
plotted against the PA concentration, which resulted in a linear
slope (Figure 8e). Therefore, we employed a linear Stern—
Volmer equation Ip/I = K[PA] + 1.°* From the linear fitting,
the quenching constants of multi-TPE metallacycles were
calculated to be 2.18 x 10¢ M~ for 7, 1.13 x 10° M~! for 8,
and 4.50 X 10* M™! for 11, which are among the high values
reported for metal—organic materials.””** The detection
limits were determined to be 0.13 ppb for 7, 9.20 ppb for 8, and
48.0 ppb for 11 (S/N = 3). The large difference in quenching
constants of 7, 8, and 11 originated from their structural
differences. The hexa-TPE hexagon 11 has the largest
metallacyclic skeleton which may restrain the tight packing of
TPE units in the aggregated state to some extent, further
affecting its fluorescence quenching with PA.

The nature of quenching was further explored using 'H and
3P NMR titration experiments with solutions of a constant
concentration of 10 (1.00 mM) and varying concentrations of
PA (0—26.2 mM) (Figure 9a,b). In addition, the interaction of
PA with ligand 1 was explored. Although the pyridyl groups of
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ligand 1 can interact with PA resulting in downfield shifts of
signals for Hj, 4 on 1 and upfield shifts of the peaks for the
aromatic protons of PA (Figure S39), the metallacycle is still
intact in the presence of PA. As shown in Figure 9a, with an
increasing amount of PA, there are no obvious chemical shift
changes of the signals for protons H;, 4 on the ligand and for
the ethyl protons on the organoplatinum(II) acceptor,
indicating that metallacyclic assembly is stable in the presence
of PA. ¥P NMR spectra also support the stability of Pt—N
coordination bonds in the presence of high concentrations of
PA (Figure 9b). However, it is worth noting that the aromatic
signals of PA underwent downfield shifts upon increased
concentration, an opposite shift to the interaction between 1
and PA (Figure S39). This implies the occurrence of non-
destructive interactions between metallacycle and PA. Since the
absorption spectrum of PA and the emission spectra of the
metallacycles has no spectral overlap (Figure S40), FRET
mechanisms can be excluded as the origin of quenching.
However, the absorption spectra of metallacycles 7, 8, and 11
showed a decreased intensity of their lowest energy bands with
the appearance of new bands at ca. 440 nm with the addition of
PA (Figure 9c—e). The NMR and UV—vis experiments indicate
the presence of steady-state interactions that are consistent with
a static quenching mechanism due to the formation of non-
emissive ground-state complexes.”’

B CONCLUSION

In summary, we have synthesized and characterized a new suite
of multi-TPE metallacycles. These species were evaluated for
their ability to act as chemosensors for nitroaromatic molecules
because of their AIE characteristics. Specifically, a novel 120°
TPE-based dipyridyl ligand was designed and synthesized, from
which multi-TPE metallacycles were constructed by means of
the directional-bonding approach through metal-coordination-
driven self-assembly. The strategy used here allows for precise
control over the metallacyclic size and shape along with the
distribution and total number of anchored TPE moieties. The
syntheses are straightforward, with almost quantitative yields
and without the need of purification. All of the multi-TPE
metallacycles were fully characterized by multinuclear NMR
("H and *'P) and ESI-TOF-MS. The versatility, high efficiency,
and modularity of metal-coordination-driven self-assembly were
maintained in this system, demonstrating this approach as a
strategy to obtain multi-TPE architectures.

These metallacycles exhibited increased molar absorption
coefficients from 2.83 X 10* to 3.11 X 10° M™' cm™ after
metal-coordination, but relatively weak fluorescent emission
because of the existence of freely rotating phenyl rings. Upon
molecular aggregation, the multi-TPE metallacycles clearly
displayed AlIE-activity, which was reflected by fluorescence
enhancements as well as increased quantum yields. On account
of their AIE characteristics in the condensed state, multi-TPE
metallacycles 7, 8, and 11 were further explored to detect a
model explosive, picric acid, which showed high quenching
constants so as to be listed among the high values reported for
metal—organic materials, thus making them highly sensitive
chemosensors for explosives. These findings provide a
comprehensive understanding of the influence of structural
factors on the light-emitting properties and sensing applications
of multi-TPE metallacycles, which pave a promising route to
access elaborate metal—organic materials based on SCC
platforms by coordination-driven self-assembly. Efforts to
clarify the influence of metal-coordination on light-emitting

efficiency of SCCs and the construction of advanced multi-TPE
SCCs with unprecedented host—guest and optoelectronic
properties are ongoing.
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