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a variety of research eﬀorts in designing the smart devices for
regulating the luminescence of lanthanide complexes, more
attention has been paid on the single molecule devices, and
designing the reversible stimuli-responsive luminescent dilanthanide supramolecule assembly switches upon a regulable
photoreaction remain a considerable challenge. We herein
prepared a supramolecular assembly via the coordination of a
new host molecule (1) and dilanthanide metal. We introduced
a 9,10-diphenylanthracene (ant) in 1 as a photoresponsive
group, which makes the lowest triplet state of ligand 1 match
with the ﬁrst excited lanthanide state after undergoing photooxygenation of ant group. We also introduced two terpyridine
(tpy) groups as a chelating ligand to coordinate with Tb3+ and
Eu3+ ions. In addition, the existence of two crown ether rings is
to prevent the inﬂuence of alkali and alkaline earth metal ions
on luminescence of the Ln3+. The assembly could exhibit
excellent lanthanide luminescence after undergoing a photoreaction from anthracene unit in 1. Moreover, control of the
photo-oxygenation process upon light or heat as inputs enabled
the reversible on/oﬀ switching of the lanthanide luminescence.
The syntheses of 1 and the reference compounds 2 and 3 are
shown in the Supporting Information, and structures are
presented in Figure 1). Brieﬂy, the 1 was prepared in 60% yield

ABSTRACT: Lanthanide luminescence materials generally show great superiority in light-emitting materials,
gaining increasingly exploration in the design of advanced
functional materials. Herein, we prepared a supramolecular
assembly via the coordination of a host molecule (1) and
dilanthanide metal. Compound 1 possesses a 9,10diphenylanthracene (ant) core with photosensitivity and
terminal terpyridine (tpy), containing two-arm dibenzo24-crown-8. The assembly could exhibit excellent
lanthanide luminescence after undergoing a photoreaction
from anthracene unit in 1. Signiﬁcantly, the luminescence
of the assembly could be reversibly switched on and oﬀ
through a regulable photoreaction upon light irradiation or
heating. The multiple functional behavior combined with
the ease of assembly reveals that this photo/thermocontrolled lanthanide luminescence supramolecular polymer design method oﬀers a convenient pathway for future
engineering of multi-stimuli-responsive materials.

R

apidly growing research on stimuli-responsive smart
materials has implications for the development of drug
nanocarriers,1 optical switches,2 data storage,3 optoelectronics
devices,4 functional vesicles,5 super-resolution imaging,6 and
molecular machines.7 Among the various functional devices,
lanthanide-luminescence-based ones are being increasingly
explored in the design of advanced functional materials because
of their unique luminescence properties, such as long-lived
excited states, sharp line-like emission bands, and large Stokes
shifts.8 Within the past decade or so, a number of important
breakthroughs have been made in the development of
lanthanide-doped nanoparticles.9 The most intriguing emission
property of lanthanide doped nanophosphors is the upconversion luminescence, which have been mainly used in the
area of optical devices,10 and some of them show considerable
promise for the biomedical applications.11 Hence, the
lanthanide luminescent materials would be a truly viable choice
as active materials for optoelectronic and sensing devices. With
the rapid development of the lanthanide materials, the
reversible modulation of the luminescent intensity of lanthanide
complexes becomes one of the most attractive aims in
molecular switches.12 We were also interested in constructing
several supramolecular devices including tris[2]-pseudorotaxane13 and [2]pseudorotaxane,14 and demonstrated that they are
the excellent reversible luminescent lanthanide molecular
switches in the presence of K+ or 18-crown-6 (18C6). Despite
© 2017 American Chemical Society

Figure 1. Structures of host compound 1, reference compounds 2 and
3.

by the Suzuki reaction of 9,10-dibromoanthracene-DB24C8
derivative with (4-([2,2′:6′,2″-terpyridin]-4′-yl)phenyl)boronic
acid under basic conditions, while compounds 2 and 3 were
prepared in 42% and 88% yield, respectively, according the
similar synthesis method to 1.
Building upon our previous work on luminescent supramolecular devices,13,14 we sought to incorporate the equimolar
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Tb3+ and Eu3+ ions into 1 in CHCl3/CH3CN (1:1, v/v). It is
strange that the unique emission properties of Ln3+ ions were
not observed, and the ﬂuorescence of 1 was quenched (Figure
2a). As we all known, the terpyridine group is an excellent

especially alkynyl-substituted or aryl-substituted groups, it tends
to undergo a photo-oxygenation process. EPOs of anthracenes
can be obtained by the [4+2]-cycloaddition with 1O2. The large
substituent groups in the 9,10-positions of anthracene cause
steric hindrance for photodimerization and favor photooxygenation. We envisaged that the anthracene unit in 1 will
react rapidly to the corresponding EPO after UV light
irradiation.
To testify this presumption, the host molecule 1 was ﬁrst
irradiated at 365 nm under N2 atmosphere. Its 1H NMR
spectrum showed no obvious changes after 1 h of irradiation,
indicating that the steric hindrance caused by the phenyl groups
in the 9,10-positions of anthracene prevented from photodimerization (Figure S28). When 1 was irradiated at 365 nm in
the presence of O2, the corresponding EPO product was
undoubtedly obtained. Accordingly, UV−vis absorption measurements, ﬂuorescence spectrum, MALDI-TOF-MS, and 1H
NMR were performed to monitor the photo-oxygenation
process of anthracene. The absorption of the anthracene moiety
in the range of 350−420 nm vanished completely after
irradiation by UV light at 365 nm for 100 s, implying that
the anthracene chromophore had quantitatively been changed
(Figure S29a). Comparatively, the corresponding emission
spectra of 1 (λex = 365 nm) showed a decrease in intensity at
500 nm with the concomitant appearance of peak at 428 nm
after 100 s of irradiation at 365 nm, indicating that the
anthracene chromophore photoreacted (Figure S29b). 1H
NMR spectroscopy is a powerful tool to determine the
reversible photo-oxygenation process. As shown in Figure 4, the
proton signals of Ha at 6.82 ppm assigned to the protons of ant
group in 1 displayed a upﬁeld shift after UV light irradiation
(λirr = 365 nm, tirr = 100 s). While the proton signals of Hb at
7.61 ppm assigned to the protons of benzene in tpy group
displayed a downﬁeld shift. These results indicated the
conversion of ant group to EPO one. In addition, when the
EPO was heated at 50 °C for 30 h, a full reconversion to the
parent species 1 occurred, as conﬁrmed by 1H NMR
spectroscopy (Figure 3d). Moreover, MALDI-TOF-MS was
performed to monitor the photo-oxygenation process (Figure
S30). By these results, we conﬁrmed that the ant core within
the host molecule could undergo reversible photooxygenation
between ant (thermolysis) and EPO (λ = 365 nm irradiation),
which can be utilized for further functional explorations.
The above results suggested that host molecule could retain
partial structural integrity upon UV-triggered ant-to-EPO
transition (Figure 3). The EPO-form host molecular, arisen
from UV irradiation with O2, still contains terminal tpy groups.
Therefore, 1EPO would be combined with Ln3+ ion to aﬀord a
metallosupramolecular assembly. Interaction of 1EPO with Eu3+
ions was studied in CHCl3/CH3CN (1:1, v/v) solution by
adding Eu3+ to 1EPO with a tpy:Eu3+ ratio of 2:1. Beneﬁting
from the excellent luminescence properties of Eu3+, complex
Eu·1EPO displayed satisfactory luminescence in solution. When
excited at 320 nm, the complex showed ﬁve sharp emission
peaks, at 541 nm (5D0→7F0), 590 nm (5D0→7F1), 615 nm
(5D0→7F2), 648 nm (5D0→7F3), and 684 nm (5D0→7F4)
(Figure 4a). The ﬂuorescence of Eu·1EPO may be attributed to
intramolecular energy transfer (ET) from the excited tpy
moiety to Eu3+.
Similar changes in ﬂuorescence spectra were also observed in
the case of Tb3+ ion. The emission spectra of Tb·1EPO exhibited
sharp bands at 489, 544, 584, and 620 nm (Figure 4b). They
were assigned to the 5D4→7F6, 5D4→7F5, 5D4→7F4, and

Figure 2. Emission spectra variation of (a) 1 ([1] = 0.01 mM) upon
addition of Eu3+ or Tb3+ (λex = 365 nm), (b) Eu·2, (c) Tb·2, and (d)
EuTb·2 (λex = 290 nm) ([2] = 0.01 mM). Inset photo image of
ﬂuorescence changes of 1 and 2 upon addition of Eu3+ or Tb3+ in
CH3CN/CHCl3 (1:1, v/v) solution.

sensitizer for lanthanide ions, especially Eu3+ and Tb3+ ions.15
So, we speculate that the synthetic host molecule contains a
large aromatic conjugation system, leading to the properties of
the terpyridine group vary drastically compared with simple
terpyridine group, resulting in a mismatch between the lowest
triplet state of ligand 1 and the ﬁrst excited lanthanide state. It
means that the host molecule 1 cannot be used as an eﬃcient
sensitizer.16 As a result, there is no emission properties of Ln3+
by addition of Ln3+ into 1. Moreover, the Job analysis of the
ﬂuorescence spectral data (Figure S18) gave the stoichiometric
1:1 binding ratio between 1 and Eu3+ ion. Direct morphological
information was provided by transmission electron microscopy
(TEM) observations, showing that compound 1 was the small
nanoparticle morphology (Figure S19a). On the basis of the
TEM analysis, the average diameters of the 1 nanoparticles are
about 15 nm. When we added Eu3+ and Tb3+ into 1, the
resultant Ln·1 complexes formed spherical nanoparticles
(Figure S19b). On the basis of the TEM analysis, the average
diameters of the Ln·1 spherical nanoparticles are about 170 nm.
The DLS results demonstrated that the main size distribution
of the 1/Eu3+ system was ca. 240 nm, which was basically
consistent with the microscopic investigation results (Figure
S19c). In addition, 1H NMR spectra of host 1 showed that,
after the addition of 1.2 equiv of Eu(OTf)3, the aromatic HAr
protons of tpy moiety were shifted upﬁeld and downﬁeld, with
a serious passivation, whereas the Hethyl protons of ethyl groups
in DB24C8 ring also changed correspondingly (Figure S20).
These results jointly demonstrated that Eu3+ was coordinated
with 1 to form metal-ligated species. The crown ether rings,
meanwhile, had some complexing capacities with Eu3+.
It is well-documented that anthracenes are photoresponsive
and transform into dimerization under UV light irradiation.17 In
addition, anthracene can also trap singlet oxygen and form
stable endoperoxides (EPOs),18 which the process is reversible
and the reverse process can be actuated under thermolysis. If
there are substituent groups in the 9,10-positions of anthracene,
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Figure 3. 1H NMR spectra monitoring the reversible photooxygenation of 1 ([1] = 1 mM): (a) before irradiation with UV
light, (b) after irradiation 20 s at 365 nm, (c) after irradiation 100 s at
365 nm, (d) after irradiation at 365 nm for 100 s and heating at 50 °C
for 30 h, and (e) reversible structural transformation of 1 by irradiation
at 365 nm and heating.

D4→7F3 transition of Tb3+, respectively. The quantum yield
(QY) upon excitation at 320 nm was 12.4% for Eu·1EPO and
4.2% for Tb·1EPO, suggesting that the luminescence of the
assembly could be modulated by a photoreaction. Moreover,
when equimolar Tb3+ and Eu3+ ions were simultaneously added
into 1EPO, the bimetallic EuTb·1EPO showed strong pale-yellowemissive (Figure 4c). With the help of their luminescent
proporties, we determined the stoichiometry of Tb versus Eu in
EuTb1EPO by integrating the Tb3+ (7F6) and the Eu3+ (7F4)
transitions,19 and the obtained value of Tb:Eu is about 4:1. We
also further explored the morphological information on the Ln·
1EPO nanoarchitecture using TEM observations. The complex
Ln·1EPO revealed the nanoﬁbrous morphology (Figure S31),
whereas the spherical nanoparticles were also found, indicating
a possible secondary aggregation of linear assemblies into
spheres by the coiling. We also embedded the Ln·1EPO
complexes into poly(methyl methacrylate) (PMMA). The
spin-coated ﬁlms were found to exhibit excellent and
characteristic lanthanide luminescence in the solid state similar
to that observed in solution (Figures S32 and S33), indicative
of utmost importance to their practical applications. Intriguingly, the existence of crown ether ring in this system could
eﬀectively prevent the inﬂuence of alkali and alkaline earth
metal ions on luminescence of Ln3+, especially for Ba2+(Figure
S34). To some extent, the ﬂuorescence intensity of Ln3+
increased obviously after adding the alkali and alkaline earth
metal ions. The results suggested that the existence of crown
ether ring in this system could bind with the alkali and alkaline
earth metal ions, which may lead to the structure immobilization of the supramolecular assembly, accompanied by an
increase of the rigidity of the assembly, which jointly cause an
increase of the ﬂuorescence intensity of Ln·1EPO. Furthermore,
we synthesized one reference compound 2 with a nonconjugation link between ant and tpy, and one terminal
terpyridine compound 3. The control experiments using 2 and
3 were performed, respectively. The results obtained indicate
that there exists the intramolecular energy transfer (ET) from
the excited terpyridine moiety of 2 or 3 to Ln3+,20 leading to
5

Figure 4. Emission spectra of (a) Eu·1EPO, (b) Tb·1EPO, (c) EuTb·
1EPO and emission intensity changes after heating 30 h (λex = 320 nm).
Inset photo image of ﬂuorescence changes of 1EPO upon addition of
Eu3+ or Tb3+ in CH3CN/CHCl3 (1:1, v/v) solution, and then heating
30 h.

neither Ln·2 nor Ln·3 being used to switch on/oﬀ the
luminescence. Therefore, it is necessary to design both a
conjugation system of ant with tpy and the dilanthanide metal
poly complex.
The reversible photo-oxygenation process of anthracene unit
in 1 further enabled us to modulate the luminescence of the
assembly. Intriguingly, as shown in Figure 4, the characteristic
ﬂuorescence emission of the assembly was signiﬁcantly
quenched upon EPO-to-ant transition after heating the Ln·
1EPO for 30 h. Brieﬂy, the supramolecular assembly could
exhibit the expected luminescent lanthanide switching behavior
through reversible ant-to-EPO transition. Scheme 1 shows the
switch modes of the assembly, which exhibits the expected
luminescent lanthanide switching behavior.
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Scheme 1. Schematic Illustration of the Lanthanide
Luminescence Driven by the Process of Reversible
Photoreaction

In summary, a photoreaction tunable reversible lanthanide
luminecence supramolecular assembly was successfully constructed through the host molecule 1 and dilanthanide metal.
Signiﬁcantly, the existence of crown ether ring in this system
could eﬀectively prevent the inﬂuence of alkali and alkaline
earth metal ions on luminescence of the Ln·1EPO, and the
lanthanide luminescence of assembly could be reversibly
responsive through a regulable photoreaction upon light
irradiation or heating. The photo/thermo-stimuli-driven
luminescent lanthanide molecular switch augurs well for their
future in multi-stimulus-driven molecular machines and logic
gates applications.
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