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ABSTRACT: Materials for organic light-emitting devices which exhibit
superior emission properties in both the solution and solid states with a
high fluorescence quantum yield have been extensively sought after.
Herein, two metallocages, S1 and S2, were constructed, and both showed
typical aggregation-induced emission (AIE) features with intense yellow
fluorescence. By adding blue-emissive 9,10-dimethylanthracene, pure
white light emission can be produced in the solution of S1 and S2.
Furthermore, due to the remarkable AIE feature and good fluorescence
quantum yield in the solid state, metallocages are highly emissive in the
solid state and can be utilized to coat blue LED bulbs or integrate with
blue-emitting chips to obtain white light. This study advances the usage of
metallocages as practical solid-state fluorescent materials and provides a
fresh perspective on highly emissive AIE materials.
KEYWORDS: aggregation-induced emission, metallocages, self-assembly, white light emission

■ INTRODUCTION
In recent years, luminescent materials have gained considerable
research efforts owing to their outstanding properties and wide
range of applications in sensing,1−4 cell imaging,5−7 encrypted
information,8,9 and so forth.10−12 In general, emission
efficiencies of most luminophores tend to be weakened or
quenched by aggregation-caused quenching (ACQ).13 For-
tunately, the aggregation-induced fluorescence enhancement
phenomenon (AIE)14−17 proposed by Tang et al. had solved
this problem. From then on, coupled with the low cost,
lightweight, and ease of manufacturing thin films18 of organic
light-emitting materials, research based on this topic19−22 has
developed rapidly. Meanwhile, bottom-up coordination-driven
self-assembly has been proven to be a powerful tool for
building supramolecular structures ranging from basic two-
dimensional macrocycles23−31 to increasingly complex three-
dimensional cages,32−39 which has various applications in
catalysis,40−43 host−guest recognition,44−46 molecular separa-
tion,47,48 and so forth.49−52 Recently, due to the presence of
ligand-induced emission, numerous AIE-based luminescent
supramolecular materials have also been constructed by
incorporating tetraphenylethylene (TPE) and other typical
fluorescent groups53,54 into metal-organic frameworks,55−58

metal macrocycles,59−62 and metallocages.63−67 Specifically,
among the luminescent coordination systems, obtaining a
supramolecular structure-based white light emission (WLE)
system68−73 is a goal pursued by supramolecular chemists. For
example, Zhang et al. reported a solid-state fluorescent material

based on a TPE-multicomponent emissive metal cage and
successfully achieved WLE.74 Nitschke et al. achieved WLE
from an M4L6 supramolecular cage by introducing a series of
fluorophores.75 However, regardless of solution or solid
emission, they were both achieved through anchoring AIE
emitting groups to metals within rigid scaffolds or by direct
introduction of ligands. In contrast, the realization of
supramolecular structures with AIE effects from ligands with
ACQ has been rarely explored, and the simultaneous
realization of solution and solid WLE in supramolecular
systems still presents a challenging endeavor.

Herein, we reported two terpyridine-based tunable lumines-
cent cuboctahedral metallocages S1 and S2 which have good
solution- and solid-state luminescence properties. S1 and S2
are generated by the coordination-driven self-assembly of two
dihydroanthracenyl tetrakisterpyridine organic ligands and zinc
ions. Interestingly, S1 and S2 exhibited faint emission in
diluted dimethylformamide (DMF) solution but had good AIE
properties with the addition of poor solvents. Furthermore,
due to their yellow fluorescence emission (λem = 550 nm),
WLE of these cages in the solution state was performed by
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introducing deep-blue emissive (CIE < 0.10) molecules [9,10-
dimethylanthracene (DMA)]. Due to the restricted molecular
motion after coordination, the metallocages have a better
emission intensity in the solid state, combined with their good
solubility, they can be easily coated on the surface of blue LED
bulbs to construct white LED bulbs. Further, a white LED
element with stable color output and stable light conversion
was constructed with CIE coordinates of (0.3368, 0.3279),

color rendering index (CRI, Ra) of 90.3, and CCT of 5286 K

by integrating with the blue-emitting chip (Scheme S1). The

exploration of such luminescent metallocages could provide a

novel method for the preparation of tunable and highly

emissive luminescent materials.

Figure 1. (a) Synthesis of ligands L1 and L2 and of supramolecules S1 and S2; (b) 1H NMR spectra of L1, L2, S1, and S2 (400 MHz, 298 K,
CDCl3 for ligands and CD3CN for supramolecules); (c,e) ESI-MS and TWIM-MS spectra of S1; (d,f) ESI-MS and TWIM-MS spectra of S2.

Scheme 1. Fabrication of White Light Devices Using the Metallocages S1 and S2 with Superb AIE Characteristics
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■ RESULTS AND DISCUSSION

Synthesis and Characterization of Metallocages S1 and S2

L1 and L2 were synthesized by a four-fold Suzuki coupling
reaction using dihydro anthracenyl tetrabromide76 1 and
intermediates 2 or 4 in decent yields as shown in Figure
1a.The ligands (Scheme 1) were characterized by NMR
spectroscopy and high-resolution mass spectrometry, including
1H, 13C, COSY, NOESY, and electrospray ionization-mass
spectrometry (ESI-MS) (Figures S7−S20). Subsequently, the
ligands were assembled with Zn(NTf2)2 at a precise
stoichiometric ratio of 1:2 in a CHCl3/MeOH (1:1, v/v)
solution to form the metallocages S1 and S2 in 96% yield,
separately. Figure 1b shows the 1H NMR spectra of ligands
and their corresponding complexes. Take S1, for example, a
dramatic upfield shift for the H6,6″ signal from 8.72 to 7.71
ppm (Δδ = 1.01) (Figure 1b) was indicative of terpyridine
complex formation. The distinct and sharp signals strongly
suggested a highly symmetric and discrete structure. In
addition, all the NMR resonance signals of the metallocages
were clearly assigned by COSY and NOESY (Figures S25, S26,
S32 and S33), indicating the formation of metallocages. The
DOSY experiments provide more structural information on S1
and S2 (Figures S27 and S34). All spectra showed a narrow
signal band indicating that no other structures were present in
the self-assembly, with diffusion coefficients (D) of around
10−9.68 and 10−9.80 m2 s−1 corresponding to S1 and S2,
respectively. The radii of the spherical complexes were
calculated to be 2.82 and 3.72 nm according to the Stokes−
Einstein equations, which are slightly larger than the expected
values from molecular modeling (Figures 2a,e and 3k,r). It was
that the difference between the molecular modeling and the
results of DOSY comes from the attached anions around the
cages.

Additional support for S1 and S2 was provided by ESI-MS
coupled with traveling-wave ion mobility MS (TWIM-MS)
experiments. Figure 1c shows one dominant set of peaks with
continuous charge states from 11+ to 22+, corresponding to
successively losing NTf2− counterions. As expected, the
average measured molecular mass of S1 is 32219.88 Da,
corresponding to the combination of 12 ligands, 24 zinc ions,

and 48 anions. The m/z values along with isotopic patterns of
each charge state matched well with the corresponding
calculated values (Figure S3). TWIM-MS results77 (Figure
1e) show a range of signals at each charge state (m/z) with a
narrow distribution, clearly indicating that no other isomers or
conformers are present for S1. Similarly, the formation of S2 is
demonstrated using ESI-MS and TWIM-MS (Figure 1d,f).
The gMS2 experiments were performed by collision-induced
dissociation for 15+ ions of S1 with m/z of 1868.2. There was
no pronounced fragmentation peak below 36 V, and when the
voltage reached 54 V, the complex ions wholly dissociated,
exhibiting high stability (Figure S5). The stability of S2 was
examined under the same testing conditions, which showed
slightly weaker stability than S1 (Figure S6).

Transmission electron microscopy (TEM) and atomic force
microscopy (AFM) were employed to further confirm the
height and dimensions of cuboctahedral cages S1 and S2. In
the TEM images (Figures 3l,s and S36), the uniformly
distributed individual dot patterns of S1 and S2 were observed.
The size information obtained from the TEM is comparable to
the theoretical diameters of S1 and S2 of 4.9 and 6.9 nm,
respectively, which were obtained from the optimized
molecular model. In the AFM images, the individual dots
were observed to have the height of a single molecule, which is
consistent with the molecular modeling (Figure 2b,f). It is also
proved by the height statistics histogram that most of the
points have a height of 5.0 and 7.0 nm (Figure 2c,d,g and h).
The crystals were successfully got by slow diffusion of ethyl
acetate into the DMF solution of S1 or S2, but unfortunately,
the final perfect crystal structure was not attained due to the
large volume of the unit cell and a large number of disordered
counter ions and wrapping of solvent molecules (Figures S1
and S2).
Emission and AIE Effects of S1 and S2
The photophysical properties of the complexes were
investigated by UV−vis (Figure S37) and fluorescence
spectrometry. Compared with ligands L1 and L2, which have
typical aggregation-caused quenching effects (ACQ) (Figures
S39 and S40), the complexes S1 and S2 showed high emission
efficiency in the aggregated state due to the restriction of
intramolecular rotation (RIR) caused by the formation of a

Figure 2. AFM images of S1 and S2. (a,e) Representative energy-minimized molecular modeling of S1 and S2; (b,c) 2D and 3D AFM images of
S1; (d) height statistical histogram of AFM for 100 particles of S1. (f,g) 2D and 3D AFM images of S2; (h) height statistical histogram of AFM for
100 particles of S2.
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Figure 3. Part A: AIE of S1 and S2. (a,d) Fluorescence spectrum (λex = 326 nm, c = 1.0 μM), (b,e) quantum yields, (c,f) CIE 1931 chromaticity
diagram (the crosses signify the luminescent color coordinates), and (g,h) photographs of S1 and S2 in DMF/H2O with various fractions. Part B:
TEM images and DLS of S1 and S2 aggregates. (j,q) Size distributions of S1 and S2 in DMF/H2O mixtures determined by DLS (percentages in
the graphs are poor solvent contents); (k,r) representative energy-minimized molecular modeling of S1 and S2; TEM images of S1 and S2 in
DMF/H2O mixtures containing (l,s) 0%, (m,t) 20%, (n,u) 40%, (o,v) 60%, and (p,w) 80% H2O.
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coordination cage.78−81 In a dilute solution of DMF, S1
showed only a weak emission centered at 550 nm (Figure
3a,g), which was attributed to the allowed metal−ligand charge
transfer transition.82 When the poor solvent H2O fractions
were increased from 10 to 60%, the emission intensity at 515
nm was induced and greatly increased, that is, ΦF intensity
increased from 0.5% for 0% H2O to 37.1% for 60% H2O,
indicating an aggregation-induced fluorescence phenomenon
triggered by the RIR effect. When the water content exceeds
60%, the quantum yield of S1 decreases slightly due to the
increased intermolecular collisions in the aggregated state
(Figure 3b,c). S2 displayed a similar AIE process, with a

maximum ΦF intensity of 13.5 at 70% H2O (Figure 3e,f,h).
With an increased proportion of H2O to 80%, there is a slight
decrease in fluorescence intensity since the tight arrangement
of the supramolecules increases the intramolecular collisions,
which leads to a loss of energy (Figure 3d,e).

In addition, TEM experiments of the S1 and S2 aggregates
afforded direct evidence for the formation of the aggregates. As
displayed in Figure 3l−p, the images determined by drop-
casting the mixture onto a Cu grid for TEM showed that the
nano spherical particles formed in the DMF/H2O mixture.
With the addition of poor solvents, the size of S1 aggregates
increased from 6.6 to 120 nm, it can be seen that the average

Figure 4. WLE of S1 and S2. (a,d) Fluorescence spectrum (λex = 326 nm and c = 1.0 × 10−5 M), (b,e) CIE 1931 chromaticity diagram (crosses
signify luminescent color coordinates), and (c,f) photographs of S1 and S2 in DMF with different equivalents of DMA.
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diameter of the S1 aggregates reached 190 nm from the TEM
images after adding 80% H2O (Figure 3p). These results also
were consistent with the AIE phenomenon of S1. Moreover, in
order to obtain evidence for the aggregation behaviors, the
dynamic light scattering (DLS) experiments were performed in
a mixed DMF/H2O solvent. The results are depicted in Figure
3j, in which the average hydrodynamic diameter of S1 in DMF
without H2O is determined to be 4.85 nm, indicating no
aggregation. The diameter of the aggregates changed from 18.2
to 225 nm, with the proportion of water increasing from 20 to
80%, demonstrating the formation of larger nanosphere
structures in the DMF/H2O system. S2 shows a similar
phenomenon to S1 (Figure 3s−w). Interestingly, when the
H2O fraction was 80%, the size of S2 aggregates had increased
to 110 nm, which was slightly smaller than that of the S1
aggregate at this point. The DLS results are also generally
consistent with the TEM images (Figure 3q).
White Light Properties of S1 and S2 in Solution

Due to both the S1 and S2 emitting at 550 nm, which
corresponds to a yellow emission region at high concentration
(1.0 × 10−5 M), emission tuning experiments were performed
by the blend of 9,10-dimethylanthracene (DMA) with a blue
emission region.83,84 Upon the addition of DMA with multiple
emission peaks between 400 and 500 nm to a DMF solution of
cages, the emission color was shifted from yellow to blue
gradually (Figure 4a). At the amount of the guest molecule to
4.0 equiv, the two emission bands are perfectly balanced in
proportion and a wide wavelength range covering 400−700 nm
appears, resulting in white-light emission with a CIE
coordinate at (0.32, 0.34)85 (Figure 4b,c), the 6.0 and 8.0

equiv mixtures also have the same white emission. Similarly,
the solution luminescence of S2 gradually changed from yellow
to white with the addition of DMA, and the full range of
fluorescence emission appeared at the addition of 6.0 equiv
DMA with a CIE coordinate at (0.31, 0.33) (Figure 4d−f). As
can be seen, by the NMR spectra (Figure S35), there is no
encapsulation relationship between the DMA and the metal-
locages, instead, under intermolecular forces that make it
distributed outside the supramolecular cage, it is considered
that the WLE is achieved by doping. The excitation
wavelengths of both the supramolecular structures S1, S2,
and the DMA were at 330 nm, but one showed yellow light
and the other had blue light, so the WLE was successfully
achieved by superposition (Figure S42).
Solid-State Light-Emitting and White-Light Devices of S1
and S2

To determine the solid state tunable emission, we measured
the emission of the cages in the solid state (Figure 5b). The
fluorescence quantum yields of S1 and S2 in dilute solution are
0.56 and 2.3%, and the quantum yields of assembled
supramolecular structure solids reached 23.4 and 12.3%
(Figures 5a, S44 and S45),74 which suggested that the solid
emission of S1 and S2 can be enhanced by aggregation and
coordination synergistically. The emission colors of supra-
molecules S1 and S2 are all in the yellow region (Figure 5c,d,h
and i), which complements the blue color, and they exhibited
high quantum yield and good solution processability, which
would enable applications in solid-state lighting. Therefore, the
solids S1 and S2 were applied to create a white light-emitting
diode by coating a blue light-emitting diode (LED) (Figure

Figure 5. Preparation of solid-state fluorescent and white light devices. (a) Absolute fluorescence quantum yields of S1 and S2 in acetonitrile (c =
1.0 μM) and the solid; (b) emission spectra of coated LED and blue LED; (c,h) optical and (d,i) fluorescence photographs of the solid powders of
S1 and S2; photographs of (e,j) uncoated LED bulb and coated LED bulb (f,g) before and (k,l) after illumination.
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5e,j) bulb with the solution of S1 and S2.70,80,86 The blue LED
bulb is simply dipped into an S1 or S2 solution of DMF and
dried several times, and then a thin, uniform yellow film was
formed on the surface of the bulb (Figure 5f,g). When a bias
voltage of 3 V was applied, a visual white light was generated
(Figure 5k,l), with a CIE coordinate at (0.34, 0.29) of S1
(Figure S46). Compared with S2, S1 has a higher fluorescence
quantum yield and better WLE after coating the blue bulbs.

Given the fact that standard white light is defined as a point
at 5500 K (0.33, 0.33),87 even though the supramolecular
solution was applied to the bulb to achieve white light, it did
not achieve the desired color temperature and high color
rendering index. Therefore, aiming to achieve more perfect
white light performance, the well-executed S1 sample was
chosen to integrate with a 460 nm LED chip for fabricating a
white light LED device based on a supramolecular cage, and
performance tests were carried out. Also, the CIE color
coordinates were applied to evaluate the quality of the
constructed supramolecular cage-based white light-emitting
diodes (WLEDs). The WLED prototypes consist of
commercial near-UV-emitting LED (λem = 460 nm) chips (1
W, San’an Optoelectronics Co., Ltd) covered with a (Sr,
Ba)2SiO4:Eu (1)/S1 (4) film using organic silica gel.88 The
performance of the WLED device is shown in Figure 6c and
Table S1. As shown in Figure 6b, the emission intensity of the
device increased with the increase of the current from 40 to
140 mA at an interval of 20 mA. Especially, under a current of
40 mA (Figure 6a), the prototypes showed high-quality white
light emission with a CIE coordinate of (0.34, 0.33), a high
color rendering index (CRI, Ra) of 90.3, and a CCT of 5286 K
(Figure 6c), which is very close to the ideal CIE for standard
white emission (0.33, 0.33). The abovementioned values of the
WLED prototypes under various currents were also measured
(Table S1), and there was a steady variation of the
chromaticity coordinates, which implies the stable light
conversion and high color output quality of the natural
WLED. The successful construction of this WLED prototype
provides a theoretical basis for the application of tunable light-
emitting supramolecular materials and broadens the range of
applications of supramolecular materials.

■ CONCLUSIONS
In summary, two heterotopic terpyridine ligands with different
arm lengths were designed and synthesized, and they were
assembled with metal ions to obtain cuboctahedra metal-

locages S1 and S2, which possessed tunable luminescence
properties. Importantly, the optical properties of the two
metallocages have been carefully investigated. Since both the
coordination and aggregation states restrict intramolecular
motion, solutions of these cages show remarkable AIE features,
in which aggregation processes have been characterized by
TEM and DLS tests. Based on the pronounced yellow
emission of S1 and S2, introducing blue emissive DMA in
their solution can afford pure WLE. Due to the high
fluorescence quantum yield and good solution processability
of S1 and S2 in the solid state, they were used as coatings for
blue LED bulbs to prepare white LED devices. To be noticed,
stable light-conversion and high color output quality WLED
prototypes were constructed successfully, which showed a
high-quality white light, emission with a CIE coordinate of
(0.3368, 0.3279). The successful preparation of metallocage
with good emissive luminescence both in solution and solid
states facilitates the application of supramolecular structures as
practical emitter devices.

■ EXPERIMENTAL METHODS

Materials
Chemicals were purchased from Bidepharm, Sigma-Aldrich, Energy
Chemical, and Alfa Aesar and used without further purification. Thin-
layer chromatography (TLC) was conducted on flexible sheets
(Baker-flex) precoated with Al2O3 (IB-F) or SiO2 (IB2-F) and
visualized by UV light. Column chromatography was conducted using
neutral Al2O3 (200−300 mesh) SiO2 (200−300 mesh). Different
NMR solvents were purchased from Energy Chemical, J&K scientific,
and Sigma-Aldrich.

General Instrumentation
1H, 13C, 19F, 1H−1H COSY, 1H−1H NOESY NMR, and DOSY NMR
spectra were recorded on a Bruker NMR. ESI-MS and TWIM-MS
were recorded with a Waters Synapt G2-Si tandem mass
spectrometer, using solutions of 0.01 mg of sample in 1 mL of
CHCl3/MeOH (1:3, v/v) for ligands or 0.5 mg of sample in 1 mL of
DMF/MeOH (3:1, v/v) for complexes. TEM tests were performed
on the JEOL JEM-2100F equipment. AFM imaging was performed on
a Bruker Dimension Icon AFM system with ScanAsyst, and the data
was processed by NanoScope Analysis version 2.0 (Bruker Software,
Inc.). DLS was carried out on a Nano-ZS90 instrument at room
temperature. Ultraviolet−visible spectroscopy (UV−vis) was recorded
on Thermo Fisher Scientific Evolution 201 spectrophotometer.
Fluorescence properties were measured using the Edinburgh-FS5
fluorescence spectrometer. Electronic absorption spectra in the visible
region were recorded with a Shimadzu UV-3159 UV−vis−NIR

Figure 6. (a) Electroluminescence spectrum of the fabricated WLED prototype under a current of 40 mA. The inserted photograph shows the
fabricated WLED prototype with a λem = 460 nm chip turned on under the drive current of 40 mA; (b) electroluminescence spectra of the natural
WLED under different currents; (c) CIE coordinate diagram of the emission color at a current of 40 mA.
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spectrophotometer. The obtained NUV-WLEDs were tested by the
Hongpu HP-9000 LED tester.
Synthesis of Ligand L1
Compound 1 (935 mg, 1.8 mmol), 4-tripyridine-phenylboric acid
(3.81 g, 10.8 mmol), sodium carbonate (2.29 g, 21.6 mmol), and
tetrakis(triphenylphosphine)palladium (416 mg, 0.36 mmol) were
added to a 500 mL three-neck flask, and the entire reaction system
was vacuumized and replaced with nitrogen three times to ensure that
the entire reaction system was in a nitrogen atmosphere. Under these
conditions, 120 mL of toluene, 24 mL of tert-butanol, and 48 mL of
water were injected into the flask with a needle, followed by an
ultrasound to ensure that the reactants were evenly dispersed, and the
reaction was stirred at 80 °C for 4 days. At the end of the reaction, it
was cooled to room temperature and extracted with dichloromethane
and saturated salt water to collect the organic phase. The organic
phase was dried with anhydrous Na2SO4, and the solvent was
removed by vacuum distillation. The crude product had poor
solubility, so it was purified by dry column chromatography
(Al2O3), and DCM/MeOH (100:0.5, v/v) was used as the eluent
to obtain 2 g of white solid (77% yield). 1H NMR (400 MHz, CDCl3,
300 K, ppm): δ 8.77 (s, 8H, tpy-H3′,5′), 8.68−8.64 (m, 16H, tpy-
H6,6″and tpy-H3,3″), 7.96 (d, J = 8 Hz, 8H, Ph-Ha), 7.85 (t, J = 12 Hz,
8H, tpy-H4,4″), 7.66 (d, J = 8 Hz, 8H, Ph-Hb), 7.31 (t, J = 12 Hz, 8H,
tpy-H5,5″), 7.15 (dd, J = 8, 4 Hz, 4H, Ph-Hc), 6.83 (dd, J = 8, 4 Hz,
4H, Ph-Hd); 13C NMR (101 MHz, CDCl3, 298 K): δ 156.27 (s),
155.86 (s), 149.92 (s), 149.11 (s), 143.03 (s), 138.67 (s), 137.44 (s),
136.88 (d, J = 14.2 Hz), 136.13 (s), 130.42 (s), 128.15 (s), 127.55
(s), 125.81 (s), 123.73 (s), 121.32 (s), 118.95 (s), 77.35 (s), 77.03
(s), 76.71 (s). ESI-TOF (m/z): Calcd. for [C100H64N12+H]+:
1434.54. Found: 1434.54.
Synthesis of Ligand L2
Compound 1 (100 mg, 0.192 mmol), compound 4 (590 mg, 1.154
mmol), Pd (PPh3)4 (44 mg, 0.2 mmol), and sodium carbonate (244
mg, 2.304 mmol) were added into a 250 mL three-necked flask. 50
mL of toluene, 30 mL of H2O, and 20 mL of tert-butyl alcohol were
added under N2. The mixture was stirred at 85 °C for 4 days. After
cooling to room temperature, the mixture was extracted with DCM.
The combined organic layer was washed with brine, dried over
anhydrous Na2SO4, and then concentrated in vacuo; the residue was
purified by dry column chromatography (Al2O3), eluting with DCM/
MeOH (100:1, v/v) to give the product as 150 mg of white solid
(yield 44.9%). 1H NMR (400 MHz, CDCl3, 300 K, ppm): δ 8.80 (s,
8H, tpy-H3′,5′), 8.73 (d, J = 4.0 Hz, 8H, tpy-H6,6″), 8.68 (d, J = 8 Hz,
8H, tpy-H3,3″), 8.01 (d, J = 8 Hz, 8H, Ph-Ha), 7.88 (t, J = 12 Hz, 8H,
tpy-H4,4″), 7.80 (d, J = 8 Hz, 8H, Ph-Hb), 7.70 (d, J = 8 Hz, 8H, Ph-
Hc), 7.62 (d, J = 8 Hz, 8H, Ph-Hd), 7.35 (t, J = 12 Hz, 8H, tpy-H5,5″),
7.20 (dd, J = 8, 4 Hz, 4H, Ph-He), 6.86 (dd, J = 8, 4 Hz, 4H, Ph-Hf).
13C NMR (101 MHz, CDCl3, 298 K): δ 156.27 (s), 155.95 (s),
149.77 (s), 149.15 (s), 141.81 (s), 141.25 (s), 138.66 (s), 137.72 (s),
137.24 (s), 136.87 (s), 130.36 (s), 128.18 (s), 127.72 (s), 127.47 (s),
127.07 (s), 125.58 (s), 123.81 (s), 121.38 (s), 118.71 (s), 77.28 (d, J
= 12 Hz), 77.02 (s), 76.70 (s). ESI-TOF (m/z): Calcd. for
[C124H80N12+H]+: 1739.09. Found: 1739.09. (The experimental
synthesis of compounds 1 and 4 can be found in the Supporting
Information).
Synthesis of Complex S1 (Zn24L112)
To a solution of ligand L1 (5.0 mg, 3.48 μmol) in CHCl3 (5 mL), a
solution of Zn(NTf2)2 (4.36 mg, 6.96 μmol) in MeOH (10 mL) was
added. The mixture was stirred at 55 °C for 6 h and then cooled to
room temperature; then, 10-fold excess LiNTf2 was added for the
anion exchange, and a precipitate was formed, washed with water, and
dried in a vacuum to give the product as a yellow solid (9.0 mg,
96.3%). 1H NMR (400 MHz, CD3CN, 300 K, ppm): δ 8.95 (s, 96H,
tpy-H3′,5′), 8.70 (d, J = 8 Hz, 96H, tpy-H3,3″), 8.23 (d, J = 8 Hz, 96H,
Ph-Ha), 8.06−8.02 (m, 192H, tpy-H4,4″ and Ph-Hb), 7.78 (br, 96H,
tpy-H6,6″), 7.49 (br, 48H, Ph-Hc), 7.32 (br, 96H, tpy-H5,5″), 7.08 (br,
48H, Ph-Hd). 13C NMR (126 MHz, CD3CN, 298 K): δ 156.94 (s), δ
153.50 (s), δ 153.41 (s), 152.38 (s), 150.60 (s), 148.68 (s), 146.21

(s), 146.10 (s), 143.60 (s), 142.06 (s), 138.24 (s), 136.25 (s), 134.55
(s), 131.84 (s), 129.42 (s), 127.23 (s), 127.17 (s), 124.16 (s), 122.70
(s), 121.96 (s), 119.40 (s), 116.85 (s). 19F NMR (376 MHz, CD3CN,
298 K): δ −80.05 (s). ESI-TOF (m/z): 3299.83 [M−9NTf2−] 9+

(calcd m/z: 3299.83), 2941.86 [M−10NTf2−]10+ (calcd m/z:
2941.86), 2649.05 [M−11NTf2−]11+ (calcd m/z: 2649.05), 2404.90
[M−12NTf2−]12+ (calcd m/z: 2404.90), 2198.61 [M−13NTf2−]13+

(calcd m/z: 2198.61), 2021.54 [M−14NTf2−]14+ (calcd m/z:
2021.54), 1868.16 [M−15NTf2−]15+ (calcd m/z: 1868.16), 1733.83
[M−16NTf2−]16+ (calcd m/z: 1733.83), 1615.40 [M−17NTf2−]17+

(calcd m/z: 1615.40), 1510.09 [M−18NTf2−]18+ (calcd m/z:
1510.09), 1415.83 [M−19NTf2−]19+ (calcd m/z: 1415.83), 1331.09
[M−20NTf2−]20+ (calcd m/z: 1331.09), 1254.29 [M−21NTf2−]21+

(calcd m/z: 1254.29).
Synthesis of Complex S2 (Zn24L212)
To a solution of ligand L2 (5.0 mg, 2.87 μmol) in CHCl3 (5 mL), a
solution of Zn(NTf2)2 (3.599 mg, 5.74 μmol) in MeOH (10 mL) was
added. The mixture was stirred at 55 °C for 6 h and then cooled to
room temperature. Then, 10-fold excess LiNTf2 was added for the
anion exchange, and a precipitate was formed, washed with water, and
dried in a vacuum to give the product as a solid (8.17 mg, 95.0%). 1H
NMR (400 MHz, CD3CN, 300 K, ppm): δ 9.03 (s, 96H, tpy-H3′,5′),
8.74 (d, J = 8 Hz, 96H, tpy-H3,3″), 8.31 (d, J = 8 Hz, 96H, Ph-Ha),
8.15 (t, J = 12 Hz, 96H, tpy-H4,4″), 8.08 (d, J = 8 Hz, 96H, Ph-Hb),
7.93 (d, J = 8 Hz, 96H, Ph-Hc), 7.85−7.84 (m, 192H, tpy-H6,6″ and
Ph-Hd), 7.40−7.37 (m, 144H, tpy-H5.5″ and Ph-He), 6.97 (s, 48H, Ph-
Hf). 13C NMR (126 MHz, CD3CN, 298 K): δ 156.75 (s), 150.72 (s),
148.79 (s), 143.86 (s), 142.12 (s), 138.85 (s), 136.07 (s), 131.30 (s),
129.60 (s), 128.51 (s), 126.72 (s), 124.14 (s), 122.29 (s), 122.04 (s),
119.49 (s). 19F NMR (376 MHz, CD3CN, 298 K): δ −80.11 (s). ESI-
TOF (m/z): 2981.81 [M−11NTf2−]11+ (calcd m/z: 2981.81),
2709.77 [M−12NTf2−]12+ (calcd m/z: 2709.77), 2479.87 [M−
13NTf2−]13+ (calcd m/z: 2479.87), 2282.85 [M−14NTf2−]14+ (calcd
m/z: 2282.85), 2111.98 [M−15NTf2−]15+ (calcd m/z: 2111.98),
1962.41 [M−16NTf2−]16+ (calcd m/z: 1962.41), 1830.51 [M−
17NTf2−]17+ (calcd m/z: 1830.51), 1713.25 [M−18NTf2−]18+ (calcd
m/z: 1713.25), 1608.28 [M−19NTf2−]19+ (calcd m/z: 1608.28),
1512.96 [M−20NTf2−]20+ (calcd m/z: 1512.96), 1428.44 [M−
21NTf2−]21+ (calcd m/z: 1428.44), 1350.73 [M−22NTf2−]22+ (calcd
m/z: 1350.73), 1250.89 [M−23NTf2−]23+ (calcd m/z: 1250.89),
1214.99 [M−24NTf2−]24+ (calcd m/z: 1214.99).
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