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ABSTRACT: Lanthanide supramolecular assemblies as photoswitches have attracted much attention in the fields of cellular imaging
and light-emitting materials. However, the regulation of lanthanide luminescence behavior by redox of metal ions is rare. Herein, we
constructed a lanthanide luminescence supramolecular switch, that is, a binary assembly constructed by mono-(6-ethylenediamine-6-
deoxy)-f-cyclodextrin (ECD) and ammonium molybdate tetrahydrate ((NH,)sMo,0,,4H,0, Mo,), and further assembled into
ternary assemblies with polyoxometalate Nag[XW,(054]:32H,0 (X-POM, X = Eu and Dy), which was comprehensively
characterized by UV—vis, fluorescence, NMR, Fourier transform infrared, dynamic light scattering, scanning electron microscopy,
and { potential. Thanks to the oxygen-shielding effect of secondary supramolecular assembly, the photoreduction process of Mo,
(VI) could occur rapidly and efficiently. Due to the high Forster resonance energy transfer (FRET) efficiency of X-POM and Mo,
(V) in supramolecular assembly, the photoreduction process is accompanied by fluorescence quenching. In addition, the oxidation
process of the Mo, (V) could be rapidly promoted by heating, which allowed the X-POM fluorescence to recover. Interestingly,
ECD-mediated ternary supramolecular assemblies not only tune the lanthanide luminescence but also strongly increase the
lanthanide luminescence behavior, leading to the emission of strong narrow red light at *D,-"F,, which can be successfully applied to
two-dimensional code anticounterfeiting. In this study, a new approach is provided for the construction of lanthanide luminescence
supramolecular switches tuned by photoreactive polyoxometalate.

KEYWORDS: lanthanide supramolecular assemblies, ammonium molybdate, B-cyclodextrin derivatives, supramolecular hydrogel,
fluorescence switch

B INTRODUCTION

two conditions: (1) containing protons that can be captured by

Photochromic materials, including organic and inorganic
materials,'~” have attracted wide attention because of their
efficient light-response rate and excellent fatigue resistance. For
example, the commercially available ammonium molybdate
tetrahydrate (Mo,) with a proton-donating substance can
undergo a Mo,(VI) to Mo,(V) photoreduction reaction under
ultraviolet (UV) light but recover to Mo,(VI) under heating in
the air,”* and this conversion is accompanied by a colorless-to-
green reversible change.® This type of intelligent response
group has been regarded as an ideal candidate for an
anticounterfeiting material. Moreover, the process of the
photoreduction reaction can be accelerated in deoxidized
solution, which greatly gives us inspiration that Mo,(VI)
should be encapsulated in a suitable substrate to build a smart
material. Generally, the suitable substrate matrix needs to meet
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Mo,(VI) under UV light and (2) providing an environment
that can effectively isolate oxygen under the air condition to
promote photoreduction of Mo,(VI). Recently, Gao and co-
workers reported Mo,(VI)-based photochromic films and

rewritable papers.”'’ However, to the best of our knowledge,
supramolecular fluorescence switches constructed by Mo, are

rarely reported.
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Supramolecular assembly, especially cyclodextrin-based
supramolecular hybrid assembly constructed via noncovalent
interaction, has significant advantages in the fabrication of
multifunctional materials owing to good compatibility,
availability, and ease of modification."'~"” For example, we
constructed a negatively charged cyclodextrin assembly that
induced excimer emission supramolecular assembly with
photocontrolled energy transfer.'> Wu and co-workers
reported an integrated catalyst consisting of cationic cyclo-
dextrin, which is selective due to the cavity to screen the
molecules in size.”” Zhao and co-workers constructed a
cyclodextrin-modified nanoparticle photodynamic therapy
(PDT) system that can improve nanoparticle stability and
ensure high efficacy of PDT in hypoxia.”® Herein, we
constructed a reversible color switching material from the
negatively charged polyoxometalate, ammonium molybdate
tetrahydrate (Mo,), and positively charged mono-(6-ethyl-
enediamine-6-deoxy)-f-cyclodextrin (ECD) via electrostatic
and hydrogenbond interactions. The inherent advantages of
this hybrid assembly are as follows: (1) the electrostatic
interactions between polycationic ECD and polyanionic Mo,
are convenient to the formation of assembled nanostructures.
(2) The supramolecular assembly constructed by ECD and
Mo, has an oxygen-shielding effect and can promote the
photoreduction process of Mo,.'”*" The supramolecular
construction strategy is relatively simple, which does not
require complicated synthesis and separation compared with
other reference methods. Furthermore, we utilized the host—
guest interaction between adamantine-modified acrylamide
(AdAm) and Mo,@ECD to form the AdAm-Mo,@ECD
hydrogel. Interestingly, after the addition of Eu-POM and Dy-
POM, the resultant system was endowed with photoswitchable
red and white fluorescence, respectively (Scheme 1).

Scheme 1. Lanthanide Luminescence Supramolecular
Switch Construction Process and Regulation of the
Fluorescence Process

- — (NH,)¢Mo,0,, = Eu-POM or Dy-POM

B EXPERIMENTAL SECTION

Materials and Methods. All reagents were commercially
available and used as supplied without further purification unless
otherwise stated. All aqueous solutions were prepared in distilled
water. NMR spectra were recorded on a Bruker AV400 instrument.
UV—vis spectra were recorded on a Shimadzu UV-3600 spectropho-
tometer in a quartz cell (light path 10 mm) at 25 °C. Fluorescence
emission spectra were recorded in a conventional quartz cell (10 X 10
X 45 mm) at 25 °C on a Varian Cary Eclipse equipped with a Varin
Cary single-cell Peltier accessory to control temperature. Scanning
electron microscopy (SEM) images were recorded on a JEOL JSM-
7S00F scanning electronic microscope operating at an accelerating
voltage of 30 keV. The rheology test was performed on an AR 2000ex
(TA Instrument) system, and 40 mm parallel plates were used during

the experiment at a gap of 1000 ym. Field-emission SEM images were
characterized using a JEOL JSM-7500F with an accelerating voltage of
5.0 kV. Dynamic light scattering (DLS) measurements were
performed on a laser light-scattering spectrometer (BI-200SM)
equipped with a digital correlator (Turbo Corr.) at 636 nm at a
scattering angle of 90°. Column chromatography was performed on
200—300 mesh silica gel. The light source used for the photoreaction
was UV spotlight (5 W).

Synthesis of ECD. ECD was synthesized as described in the
literature.”>>*

Synthesis of Adamantane Acrylamide (AdAm).”*** Amanta-
dine and triethylamine were dissolved in dry dichloromethane, and
acryloyl chloride was added dropwise under the condition of ice bath
and reacted at room temperature for 2 h.

Synthesis of X-POM (X = Eu and Dy). A total of 8.3 g of
Na,WO,-2H,0 was dissolved in 20 mL of water; then, the pH of the
solution was adjusted to 7.2 with CH;COOH. A total of 1.1 g of
Eu(NO,); in 2 mL of aqueous solution was added dropwise to the
abovementioned solution with stirring at 85 °C. The solution was
cooled to room temperature, and the obtained crystals were filtered
and dried to get a yield of 95%.°

Preparation of the AdAm Hydrogel.”> Adamantane-modified
acrylamide monomer (AdAm) (144 mg, 0.70 mmol), acrylamide (448
mg, 6.30 mmol), and N,N’-methylenebis (acrylamide) (MBA) (5.40
mg, 0.035 mmol) were dissolved in dimethyl sulfoxide (DMSO) (2
mL). Then, 1l-hydroxycyclohexylphenylketone (HCH) (362 mg,
0.177 mmol) was added to the solution, and the mixture was
irradiated under ultraviolet light for 2 h. Rectangle-shaped samples
were washed successively with DMSO and deionized water.

Preparation of the AdAm-X-POM@Mo,@ECD Hydrogel. The
AdAm hydrogel was soaked in the 3.5 mmol/L X-POM@Mo,@ECD
aqueous solution for 24 h.

Preparation of the Two-Dimensional Code. The affirmative
hydrogel is cut into a square with a length of 1 cm, then the two-
dimensional code sticker with 0.8 cm length is glued to the surface of
the hydrogel, and the pattern of the two-dimensional code is stuck to
the gel surface.

|25

B RESULTS AND DISCUSSION

Ammonium molybdate tetrahydrate (Mo,), as a polyanionic
polyoxometalate with reversible photochromic property, has
high water solubility and is hard to form a self-aggregate
independently.””*” ECD, synthesized according to the
literature,”* can be protonated under acidic conditions to
form an assembly with negatively charged Mo, (pH = 5.5,
Figures S1 and S2). Therefore, an obvious Tyndall effect was
observed after mixing ECD and Mo, in aqueous solution,
demonstrating the formation of large aggregates in solution.”®
In contrast, no obvious Tyndall phenomenon was observed in
pure ECD or Mo, aqueous solution (Figure S3). To
quantitatively determine the equivalence relationship between
ECD and Mo, the photochromic process of the binary
assembly was monitored by UV—vis spectroscopy. As shown in
Figure 1a, Mo,@ECD in aqueous solution with different molar
ratios ([ECD] + [Mo,] = 7 mmol) showed obvious
photochromism, in which the ratios of 5:2 and 6:1 were
more effective. Moreover, SEM images showed that different
proportions of Mo, and ECD solutions led to different
morphologies of assembly (Figures 1b and S4). When the
molar fraction of ECD and Mo, was 6:1, scattered nano-
particles with a diameter range of 80—120 nm were observed.
Therefore, the preferable mixing ratio between ECD and Mo,
was determined as 6:1.

DLS, { potential, and Fourier transform infrared (FT-IR)
experiments were also performed to characterize the structural
features of Mo,@ECD assembly. As seen in Figure lc, the
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Figure 1. (a) UV absorption changes in Mo,@ECD in aqueous
solutions with different molar ratios at 25 °C under UV irradiation
([ECD] + [Mo,] = 7 mM). (b) SEM image of the hybrid assembly
constructed by ECD and Mo,. (c) DLS data. [ECD] = 6 mM, [Mo,]
=1 mM. (d) ¢ potential of the assembly in aqueous solution at 25 °C.
(e) FT-IR spectra of ECD, Mo,, and Mo,@ECD hybrid assembly.

average hydrodynamic diameter of Mo, @ECD assembly was
measured as about 255 nm by DLS, which was larger than the
corresponding value measured by SEM, indicating the certain
hydration of assembly in solution.”” No appreciable DLS
signals of free ECD or Mo, were observed. The { potential of
nanoparticles was measured as +37.4 + 1.05 mV (Figure 1d),
indicating that the Mo,@ECD assembly was highly cationic.
Consequently, we can infer that this assembly will have the
capability of loading anionic substrates. In the FT-IR spectra
(Figure le), Mo, showed three main characteristic peaks at
570 cm™ (Mo—0), 871 cm™ (Mo=O0), and 1399 cm™
(Mo—0), demonstrating a Keggin structure of
(NH,)¢Mo,0,,-4H,0.”° After association with ECD, the
wavenumbers of Mo—O and Mo=O stretches shifted to
574, 888, and 1419 cm™, respectively, indicating the strong
electrostatic interactions between ECD and Mo,. Moreover,
the appearance of a new band at 704 cm™ also indicated the
formation of a hydrogen bond between the O atoms of Mo—O
and the protons on amino groups. These results indicate that
Mo, and ECD formed a hybrid structure, where the Keggin
structure of Mo, still remained. According to the references
and combined with SEM images,”””"** a possible formation
mechanism of this hybrid structure may explain the formation
of nanoparticles. The free Mo, could not form large self-
aggregates. When ECD was added, various Mo, and ECD
combined with each other via hydrogen bond and electrostatic
interactions to form large layer-by-layer aggregates that

subsequently bended to layer-by-layer nanoparticles with
alternating shell structures. In addition, the Mo,@ECD
assembly presented the good stability because its UV—vis
absorbance showed no obvious changes for at least 2 h at room
temperature (Figure SS).

In order to explore the role of ECD in photoreduction,
different substrates were selected as control groups to observe
photochromism, including ethylenediamine, glucosamine,
acrylamide, and ethylene glycol. Naked eyes and UV—vis
spectroscopy were used to monitor the photochromic process.
After mixing 1 mM Mo, and 6 mM ECD, the change in UV—
vis absorbance was measured every 2 min. As shown in Figure
2a,b, with the continuous increase in irradiation time, the

a b
A JL
161 —*—ECD: Mo, (6:1)
B 1ooin, | B s 1.4] —*— Glucosamine : Mo, (6:1)
. 3 Yo 1.2] —— Ethylenediamine : Mo, (6:1)
: 10] —7—Acrylamide : Mo, (6:1)

~—+—Glycol : Mo, (6:1)
CD : Mo, (6:1)

Abs.
Abs,

550 600 650 700 750 800 1"5 2'0

a 10
(¢) Wavelength(nm) (d) Time (min)
0.7 0.7
. N2 = N2
0.6 e ar 0.6 o air
= " " e
.t .
05 . .o 0.5
£ . £
S04 . . 204 L
2 . o .
: 03 .o E' 0.3 . - « o °*
202 . Z 02 L)
- L] . .
0.1 . 0.1 . "
0.0 . 0.0 .
0 5 10 15 20 0 5 10 15 20
Time (min) Time (min)

Figure 2. (a) Change in UV absorption of Mo,@ECD with the
increase in illumination time (the wavelength of UV lamp = 365 nm).
(b) Optical absorption of various positive donor proton compounds
and negative Mo, in aqueous solutions with different molar ratios at
25 °C. [substances] + [Mo,] = 7 mM, Absorption at 740 nm, pH =
S.5. Substances are f-cyclodextrin, ethylenediamine, glucosamine,
acrylamide, and ethylene glycol. The change in UV absorption of (c)
Mo,@ECD and (d) glucosamine-Mo, glucosamine-Mo, in aqueous
solutions in nitrogen and air at 25 °C, respectively. [ECD] =
[glucosamine] = 6 mM, [Mo,] = 1 mM.

intensity of the UV—vis absorption peak of Mo,@ECD
increased at 550—800 nm, which showed a fast photochromic
rate. Equal proportion of glucosamine-Mo, showed a slow
photochromic rate (Figures 2b and S6). No obvious sign of
photochromism in the other control groups (Figure S7) was
observed. Therefore, we deduce that the formation of
supramolecular assemblies between ECD and Mo, via
electrostatic interaction is an important prerequisite for the
generation of efficient photochromes.

To explore the possible mechanism of the photochromism
in Mo,@ECD, the assembly solution was irradiated at 365 nm
for 20 min in nitrogen and in the air, respectively. The results
showed that the absorbance of Mo,@ECD tended to be the
same. In the control experiment, the absorbance of glucos-
amine-Mo, reached 0.289 and 0.410 in air and nitrogen
separately, indicating that the oxygen in the air hindered the
photoreduction process and inhibited the proton transfer
between H on the amino group and O on Mo—O (Figure
2¢,d). In addition, the UV—vis absorbance of Mo, has no
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obvious change whatever be it in nitrogen or in the air under
the UV irradiation (Figure S7). Therefore, we can deduce that
the Mo,@ECD assembly can effectively hinder the external
oxygen. In the air, the discoloration processes of Mo,@ECD
took 12 h but greatly shortened to 10 min under heating at 80
°C (Figure S8). A possible reason may be as follows. During
the discoloration, the steric hindrance from the cavity of
cyclodextrin made it difficult for oxygen to contact with Mo,
and the amino group of ECD; thus, the oxidation process was
difficult to some extent, but the heating could greatly accelerate
the movement of oxygen and thus shorten the discoloration
process. Figure S9 depicts a transfer of a proton from a
hydrogen-bonded ECD to Mo,’s O—Mo during the photo-
reduction process, and the oxidation process was its inverse
process.”

Nay[XW;,044]-32H,0 (X-POM, X = Eu and Dy) was
prepared according to the previous reports.”** As shown in
Figure 3a, the discrete Eu-POM solution displayed obvious
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350000 10
300000
0.8
250000
£z I =-16.5 mV
Z 200000 506
£ 150000 z
5 £ 04
100000
50000 0.2
01 0.0 e
50000

500 550 600 650 700 750 -300 -200 -100 0 100 200 300
(C) Wavelength (nm) (d) ZetaPotential (mV)
g 1201 Il Eu-POM@Mo,@ECD

100 Eff. Diam. (nm): 310 nm

100
Wavelength (nm)

10

Norm.Abs

Intensity

o N & o ®»

500 550 600 650 700 750 500 5;0 6ll)0 6;0 7“)0 7;0 800
Wavelength (nm) Wavelength (nm)

Figure 3. (a) Fluorescence intensity of Eu-POM increased with the
addition of Mo,@ECD. (b) { potential of Eu-POM@Mo,@ECD in
aqueous solution at 25 °C; (c) SEM images; (d) DLS data. (e)
Fluorescence spectra of Eu-POM and Mo,@ECD with the increase in
illumination time (A, = 280 nm). The concentration of Eu-POM was
fixed at 5 X 107 M, and the concentration Mo,@ECD is 0.02 times
that of Eu-POM. The illumination time increases from 0 to 25 min (f)
UV absorption and fluorescence emission after normalization.

characteristic transitions of Eu*" when irradiated at 280 nm,
mainly owing to the intramolecular energy transfer from the
ligand-to-metal charge transfer band of O/W to the photo-
luminescent Eu** core.**®> When the ECD was added to the
Eu-POM solution, the fluorescence intensity of Eu-POM
increased (Figure 3a), illustrating that Eu-POM and ECD
existed electrostatic interaction.” The ¢ potential of nano-
particles was measured as —16.5 mV (Figure 3b). The average
diameter of Eu-POM@Mo,@ECD was measured as about

150—200 nm (Figure 3¢,d), which was larger than that of the
Mo,@ECD. These properties jointly indicated that the Eu-
POM@Mo,@ECD supramolecular assembly was formed.
Interestingly, with the occurrence of Mo,@ECD photo-
reduction, the color of the solution changed from colorless
to green in the bright field, accompanied by the quenching of
Eu-POM@Mo,@ECD fluorescence (Figure 3e), which could
be recovered by heating (Figure S10). A similar phenomenon
was also observed in the Dy-POM@Mo,@ECD complex.
These phenomena could be attributed to the fact that the
absorption band of the photoreduction Mo,@ECD well-
overlapped with the fluorescence emission of the X-POM,
which was favorable for the Forster resonance energy transfer
(FRET) process (Figures 3f and S11), and the energy-transfer
efficiency (®gr) was calculated as 94% in aqueous solution
(Figure S10).

Subsequently, a hydrogel with AdAm was successfully
prepared (Figures S12 and $13).>****° A well-swollen and
highly transparent hydrogel AdAm-Eu-POM@Mo,@ECD was
obtained when AdAm was immersed in the aqueous solution
of Eu-POM@Mo,@ECD (Figures S14—S16). The response to
external stimuli is a significant property of this hydrogel. An
on—oft switch of the fluorescence of AdAm-Eu-POM@Mo,@
ECD based on a photoreaction in Mo,@ECD was observed.
The two-dimensional code was pasted on the hydrogel,””**
code on the photoreduction X-POM@Mo,@ECD was
invisible and became visible on the oxidized X-POM@Mo,@
ECD under a commercial portable UV lamp (254 nm) (Figure
4), allowing for readout of the stored information. Then, we
tried to erase the pattern with 365 nm light.

UV light| heat UV light | heat

Eu-POM Dy-POM

Figure 4. Photographs of Eu-POM and Dy-POM, respectively, with a
supramolecular hydrogel before and after 365 nm UV irradiation and
its reversible process under an oxygen environment.

After irradiation, the luminescence of the X-POM@Mo,@
ECD hydrogel was quenched and the pattern could not be read
out anymore under the UV lamp. Interestingly, the quenched
hydrogel could gradually recover upon heating at 80 °C
(Figure 4), and the code could be observed again. Moreover,
the photocontrolled erase/recover cycles could be repeated
(Video V1 in the Supporting Information). The redox process
of the assembly can be used as a fluorescent switch for different
lanthanide-POM@Mo,@ECD. These properties jointly in-
dicated an application potential of assembly as photochromic
optical memory and data storage materials.

Bl CONCLUSIONS

In conclusion, we have successfully constructed tunable
lanthanide fluorescent switch supramolecular assembly through
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electrostatic interaction between X-POM, Mo, and ECD. The
photoreduction process of Mo,(VI) could rapidly and
efficiently occur due to the oxygen-shielding effect in Mo,@
ECD supramolecular assembly. Interestingly, due to the high
FRET efficiency of X-POM and Mo,(V) in supramolecular
assembly, the fluorescence of X-POM in X-POM@Mo,@ECD
is regulated by controlling the redox state of Mo-. Significantly,
taking advantage of the characteristics of supramolecular
assembly, the two-dimensional code of encoded information
can be encrypted and decrypted under UV light and heating
conditions. This smart fluorescent switch constructed by the
supramolecular concept provides a development path in the
fields of intelligent response lanthanide luminescent materials.
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