Article
Cite This: ACS Appl. Bio Mater. 2019, 2, 5898−5904

www.acsabm.org

Multivalent Supramolecular Self-Assembly between β‑Cyclodextrin
Derivatives and Polyoxometalate for Photodegradation of Dyes and
Antibiotics
Jing Wang, Yong Chen, Ni Cheng, Li Feng, Bo-Han Gu, and Yu Liu*
College of Chemistry, State Key Laboratory of Elemento-Organic Chemistry, Nankai University, Tianjin 300071, P. R. China

Downloaded via NANKAI UNIV on May 27, 2020 at 00:55:30 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

S Supporting Information
*

ABSTRACT: An organic−inorganic hybrid supramolecular self-assembly
was successfully constructed by multivalent interaction of ethylenediamineβ-cyclodextrin and polyoxometalate in water, which was comprehensively
characterized by UV−vis, NMR, Fourier transform infrared spectroscopy,
dynamic light scattering, scanning electron microscopy, transmission
electron microscopy, Raman spectra, and zeta potential. Interestingly, the
resultant nanoparticles exhibited highly eﬃcient catalytic ability for the
photodegradation of organic dyes rhodamine B, xylenol orange, methyl
orange, methylene blue, and crystal violet, and antibiotics nitrofurazone,
tetracyclines, and berberine in the presence of H2O2 under the irradiation of
mercury lamp or sunlight, which provides ideas for the treatment of organic pollutants.
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■

INTRODUCTION

On the other hand, macrocycles with shape-persistent
cavities22,23 are ideal building blocks for the construction of
hybrid assemblies24 because they can encapsulate suitable
guests.25−29 Their excellent inclusion capabilities have led to
wide applications in medicine,30 catalyst,31 nanotechnology,32
pharmaceutics,33−36 and environmental science.37 Wu et al.
reported a new strategy to build free-standing single-layer 2D
supramolecular polymer frameworks via synergistic ionic selfassembly of cationic α-cyclodextrin (CD)-based pseudorotaxane bridging sticks with the anionic POM cluster nodes in
water.38 Liu et al. successfully constructed 2D hybrid
nanosheets using pillar[6]arenes (P6) and POM in water,
where the macrocyclic cavity of P6 could impose a restriction
eﬀect on the lamellar arrangement and greatly enhance the
catalytic ability of nanosheets for dye degradation.39 Because of
the high chemical stability and low biodegradability, dye is
regarded as one of the main pollutants in the industrial
wastewater such as printing, dyeing, papermaking, and
textile.40 In addition, the frequent occurrence of antibiotics
in the water environment has also received increasing public
attention.41 The wastewater produced during the production
of antibiotics is the main source of the antibiotic pollution
because this wastewater contains a high concentration of
antibiotics that can be enriched in plants or aquatic organisms
and eventually damage human via the food chain. Recently,
green and economic treatment of wastewater from dye and
pharmaceutical industry has become a new challenge. There-

Since Fujishima et al. published a research paper on hydrogen
production from TiO2 single crystal electrolyzed water in
1972,1 photocatalytic reactions have attracted the attention of
many scholars in the ﬁelds of materials,2 chemistry,3 physics,4
environmental protection,5 etc. Compared with traditional
adsorption and concentration ﬁltration methods, photocatalyst
has the advantage of simple structure, easily controlled
operating condition, strong oxidizing ability, and no secondary
pollution.6 From the various research results, the eﬀect of
photocatalysis on the actual pharmaceutical wastewater and
printing/dyeing wastewater treatment has been recognized.7−9
So far, many inorganic semiconductors, alloys, and metal
oxides have been widely investigated as photocatalysts, and
some of them possessed excellent catalytic reaction capacity.10
In addition, organic−inorganic hybrid photocatalysts using
cucurbit[8]uril and Na4SiW12O40 were also constructed for
photocatalytic degradation of dyes.11
Polyoxometalates (POMs) are a type of clusters with rich
topological structure and properties.12,13 They are widely
concerned nowadays due to their unique advantages such as
low toxicity and high degree of mineralization.14 Among the
various POMs, heteropolyacids, a series of POM formed by
dehydration between two or more oxoacid salts, are considered
to be an environmentally friendly catalyst with mild conditions,
stable performance, good synergy, and high photolysis
eﬃciency, and thus have been widely used in the ﬁelds of
catalysis,15,16 medicine,17 biology,18 energy conversion,19 and
inorganic−organic hybrid materials with novel structures and
unique functions.20,21
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Scheme 1. Possible Self-Assembly Models of EDA-CD and POM, and Hybrid Nanoparticles, Chemical Formula, and
Corresponding Cartoon Representations of EDA-CD and POM46

Figure 1. (a) Optical transmittance of POM solutions at diﬀerent concentrations in the presence of EDA-CD (0.03 mM) at 25 °C. (b)
Dependence of optical transmittance at 500 nm on POM concentration in the presence of EDA-CD (0.03 mM).

centers. As a result, the EDA-CD/POM hybrid assembly
exhibited a highly eﬃcient photodegradation ability toward
organic dye and antibiotic in the presence of H2O2 under the
irradiation of mercury lamp or sunlight.
As a polycationic polymer that has high water solubility, it is
diﬃcult for POM to form a self-aggregate independently.
However, after the mixing of EDA-CD and POM in aqueous
solution, an obvious Tyndall eﬀect was observed, which
indicated the formation of large aggregates in solution.47 In
contrast, no Tyndall phenomenon was observed in cases of free
EDA-CD or POM (Figure S5, Supporting Information).
Figure 1 illustrated the changes of optical transmittance of
the EDA-CD aqueous solution (0.03 mM) with the addition of
POM. By keeping the concentration of EDA-CD as a constant
and changing the concentrations of POM from 0 to 0.5 mM,
the optical transmittances at 500 nm exhibited the diﬀerent
linear variation, accompanied by the appearance of an
inﬂection point at 0.055 mM. Thus, the EDA-CD-induced
critical aggregation concentration (CAC) value of POM was
determined as 0.055 mM. In the contrast, no obvious changes
of the optical transmittance could be observed without EDA-

fore, one can hypothesize that the association of macrocycles
and POMs via multivalent interaction may bring a new idea for
the treatment of organic wastewater and a breakthrough in
supramolecular and material chemistry.

■

RESULTS AND DISCUSSION
Herein, we constructed a new supramolecular hybrid assembly
using phosphotungstic acid (H3PW12O40, here is referred to
POM) as polyanionic building blocks and polycationic per-6deoxy-6-ethylenediamine-β-cyclodextrin (EDA-CD) as polycationic building blocks (Scheme 1). EDA-CD is watersoluble, possesses many amino groups, and can be partially
cationized in aqueous solution to generate positive charges,42
so it is easy to form an assembly with negatively charged POM.
The inherent advantages of this supramolecular hybrid
assembly are as follows. (1) The electrostatic interactions
between polyanionic POMs and polycationic EDA-CDs can
promote the formation of assembled nanostructures. (2) βCyclodextrin cavity that is formed by seven D-glucopyranose
units through the α-1,4-glycosidic bond can encapsulate
organic or biological substrates43−45 and thus enable the
close contact of encapsulated substrates with POM catalytic
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Figure 2. (a) Optical transmittance of POM (0.055 mM) by increasing the concentration of EDA-CD from 0 to 0.8 mM at 25 °C. (b) Dependence
of the optical transmittance at 500 nm on EDA-CD concentration in the presence of POM (0.055 mM).

Figure 3. UV−vis spectra of dyes before and after degradation with the EDA-CD/POM hybrid assembly (insert pictures: structures of dyes, photos
of solution before and after degradation): (a) RhB, (b) XO, (c) MO, (d) MB, (e) CV. (f) Time dependence of dyes degradation eﬃciency under
the white light irradiation of mercury lamp (50 W).

CD under the same condition (Figure S4, Supporting
Information).
By ﬁxing the concentration of POM (0.055 mM) as a
constant and gradually increasing the concentration of EDACD, the preferable mixing ratio between EDA-CD and POM
was determined (Figure 2). As shown in Figure 2b, the optical
transmittance of the mixture at 500 nm showed a trend of
decreasing rapidly ﬁrst and then rising to a quasi-plateau. The
lowest point was observed at a concentration of EDA-CD at
0.03 mM. The formation of large aggregates may result in the
rapid decrease of optical transmittance. With the further
addition of EDA-CD, the aggregates would disassemble, and
the solution would become clear again. Therefore, 0.055 mM
POM/0.03 mM EDA-CD would be the preferable mixing
molar ratio of POM/EDA-CD assembly. No obvious changes
of the optical transmittance were observed without POM
under the same condition (Figure S4, Supporting Information).
Furthermore, dynamic light scattering (DLS), scanning
electron microscopy (SEM), Fourier transform infrared (FT-

IR) spectroscopy, Raman spectra, and zeta potential experiments were carried out to characterize the structural features of
POM/EDA-CD assembly. As seen in Figure S6a, the average
hydrodynamic diameter of POM/EDA-CD assembly was
∼228 nm, but no appreciable DLS signals of free EDA-CD
or POM were observed. A SEM image of POM/EDA-CD
assembly also showed a number of spherical nanoparticles with
diameter of ∼100−180 nm, which was a little smaller than the
value from DLS results (Figure S6b, Supporting Information),
probably because that the aggregation observed in the SEM
images was just a drying artifact. In the FT-IR spectra (Figure
S9, Supporting Information), the POM powder displayed three
main characteristic absorption peaks at 890 cm−1 (W−Ob−
W), 968 cm−1 (W−Od), and 1075 cm−1 (P−Oa), demonstrating a Keggin structure of [PW12O40]. After association with
EDA-CD, the wave numbers of W−Ob−W, W−Od, and W−
Oc−W stretches shifted to 888, 948, and 1042 cm−1,
respectively, indicating the strong electrostatic interactions
between POM and EDA-CD.48,49 In addition, the appearance
of a new band at 734 cm−1 also indicated the formation of a
5900
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hydrogen bond between the protons on amino and the O
atoms of W−Oc−W. Similarly, obvious diﬀerences also existed
in the Raman spectra of the POM powder and the POM/EDACD assembly. The Raman spectrum of POM powder showed
three main characteristic vibration bands at 907, 992, and 1009
cm−1 assigned to the stretching modes of W−O−W, W=O,
and P−O, respectively (Figure S10, Supporting Information),
and the band at 907 cm−1 shifted to 880 cm−1 in the Raman
spectrum of the POM/EDA-CD assembly, indicating possible
interactions between POM and EDA-CD.50 These results
jointly demonstrated that POM was incorporated with EDACD to a hybrid nanostructure, where the Keggin structure of
POM still remained.51 A possible formation mechanism of this
nanostructure may be as follows. As shown in Figure S4, the
free POM could not form large self-aggregates. With the
addition of EDA-CD, various POM/EDA-CD complexes
combined with each other to form large layer-by-layer
aggregates that subsequently bent to layer-by-layer nanoparticles with alternating shell structures, and these nanoparticles were stabilized mainly by hydrogen bond and
electrostatic interactions. In addition, the POM/EDA-CD
assembly presented good stability because its optical transmittance, Tyndall eﬀect, and turbidity showed no obvious
changes for at least 140 min at room temperature (Figure S8,
Supporting Information). The zeta potential of nanoparticles
was measured as −12.22 ± 1.83 mV (Figure S7, pH = 4.32,
ionic strength = 0.00033 mol/kg, Supporting Information),
showing that the POM/EDA-CD assembly was highly anionic.
Therefore, we can deduce that the assembly would have the
capability of loading cationic substrates.
Herein, the catalytic photodegradation ability of nanoparticles was investigated, where the dyes rhodamine B (RhB),
xylenol orange (XO), methyl orange (MO), methylene blue
(MB), and crystal violet (CV), and the antibiotics nitrofurazone (NFZ), tetracyclines (TCY), and berberine (BE)
were selected as model substrates, and UV−vis spectroscopy as
well as mass spectroscopy was used to monitored the
degradation process. In a typical example, 100 μL of 1 mM
RhB solution was added into the 3 mL of hybrid material
(0.055 mM POM/0.03 mM, EDA-CD) solution. After 10 min
of stabilization, 50 μL of H2O2 was added into the above
suspension. As shown in Figure 3, the POM/EDA-CD hybrid
exhibited excellent catalytic activity for the photodegradation
of RhB. RhB was completely degraded within 4 min under the
white light irradiation of mercury lamp (50 W). UV−vis
spectra of XO, MO, MB, and CV before and after degradation
with the EDA-CD/POM hybrid assembly were shown in
Figure 4b, c, d, e, respectively. Figure 4f summarizes the results
of time dependence of dyes degradation eﬃciency under the
white light irradiation of mercury lamp (50 W). Furthermore,
using the ﬁrst-order kinetic model, the degradation reaction
rate constants (k) and half-lives of RhB, XO, MO, MB, and CV
were calculated as 0.868 ± 0.061 min−1 (half-life 0.799 ± 0.052
min), 0.214 ± 0.023 min−1 (half-life = 3.241 ± 0.313 min),
0.164 ± 0.016 min−1 (half-life = 4.219 ± 0.367 min), 0.119 ±
0.002 min−1 (half-life = 5.825 ± 0.109 min), and 0.084 ±
0.003 min−1 (half-life = 8.252 ± 0.272 min), respectively
(Figure S11, Supporting Information). Signiﬁcantly, EDA-CD/
POM hybrid also showed good degradation ability to RhB
under sunlight, and RhB was completely degraded within 14
min in the presence of H2O2 (Figure S12, Supporting
Information). Moreover, when mixing the RhB solution and
EDA-CD/POM/H2O2 in dark, no degradation phenomenon

Figure 4. Degradation of RhB over time with diﬀerent substances or
conditions.

was observed, indicating that the light is a key point for the
degradation process. In control experiments where the
solutions were deareated prior to photocatalytic experiments,
the measured degradation reaction rate constants (k) and halflives of dyes were quite similar to those without deareation
(Figure S13, Supporting Information).
To explore the possible mechanism of the degradation
reaction, the control experiments by irradiating the mixture of
RhB solution with EDA-CD/POM hybrid materials, EDACD/H2O2, POM/H2O2, and H2O2 were respectively performed, and the results of the control experiments (Figure 4)
showed that these control systems all presented fairly low
photodegradation ability toward RhB, and only less than 15%
of RhB was degraded within 15 min. Therefore, we deduced
that the decrease of RhB concentration in the presence of
EDA-CD/POM/H2O2 system mainly resulted from the
degradation, but not the adsorption of RhB by the EDACD/POM hybrid, and the possible mechanism may be as
follows. After the mixing of EDA-CD/POM hybrid with H2O2
under illumination, •OH was generated, and then •OH
degraded RhB to unharmful substances. To conﬁrm this
mechanism, isopropanol, a characteristic quencher of •OH,
was added to the system to investigate the production and
contribution of •OH in photocatalytic degradation of RhB. As
shown in Figure S14, after the addition of 20 μL of isopropanol, there is almost no signiﬁcant degradation of RhB. In
addition, when using 1-adamantanecarboxylic acid to occupy
the cavity of EDA-CD equivalently, the degradation rate was
signiﬁcantly decreased, and only less than 8% of RhB was
degraded within 9 min (Figure S15, Supporting Information).
Therefore, it can be fully proven that the above-mentioned
predicted degradation mechanism is valid.52 As depicted in
Figure S16, during the photocatalytic reaction, catalyst {PW12}
absorbed light energy to become *{PW12}, then *{PW12}
captured electrons from water molecules to from {PW12}−, and
at the same time •OH was generated. In the presence of H2O2,
{PW12}− was oxidized to {PW12} and re-engaged in this
process.53,54 Moreover, the generated •OH was transported to
bulk solution easily through the cavity of CD.
More interestingly, the EDA-CD/POM hybrid also
presented good photodegradation ability toward antibiotics.
Herein, 100 μL of 1 mM NFZ solution was added into the 3
mL solution of hybrid material (0.055 mM POM/0.03 mM,
EDA-CD), respectively. After 10 min of stabilization, 50 μL of
H2O2 was added into the above suspension. As shown in
Figure 5a, with the addition of EDA-CD/POM/H2O2, almost
all of NFZ was degraded within 19 min under the white light
5901
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Figure 5. UV−vis spectra of antibiotics before and after degradation with the EDA-CD/POM hybrid assembly (insert pictures: structures of dyes,
photos of solution before and after degradation): (a) NFZ, (b) TCY, (c) BE. (d) Time dependence of antibiotics degradation eﬃciency under the
white light irradiation of mercury lamp (50 W).

■

irradiation of mercury lamp (50 W). UV−vis spectra of TCY
and BE before and after degradation with the EDA-CD/POM
hybrid assembly were shown in Figure 5b and c, respectively.
Figure 5d summarizes the results of time dependence of
antibiotics degradation eﬃciency under the white light
irradiation of mercury lamp (50 W). Furthermore, using the
ﬁrst-order kinetic model, the degradation reaction rate
constants (k) and half-lives of NFZ, TCY, and BE were
calculated as 0.163 ± 0.016 min−1 (half-life = 4.258 ± 0.385
min), 0.152 ± 0.016 min−1 (half-life = 4.560 ± 0.430 min),
and 0.115 ± 0.007 min−1 (half-life = 6.024 ± 0.331 min),
respectively (Figure S17, Supporting Information).
Compared with previous reports,39 CD is a readily available
natural compound, unlike pillar[6] with aromatic ring, that
avoids the introduction of new contaminants. In addition, the
main advantages of this work are that the required materials
are easier to prepare and can greatly increase the rate of dye
degradation as compared with the those reported by Cao11 and
Kaowphong.55

■

EXPERIMENTAL SECTION

Materials and Methods. β-CD and berberine chloride were
purchased from Sigma-Aldrich. H3[PW12O40] was purchased from
Alfa Aesar. Methyl orange (MO) and H2O2 were purchased from
Sinopharm Chemical Reagent Co., Ltd. All of these were used without
further puriﬁcation.
1
H NMR and 13C NMR spectra were recorded at 298 Kon a Bruker
Avance III 500 MHz instrument. UV−vis spectra and the optical
transmittance of the aqueous solution were determined in a quartz cell
(light path 10 mm) on a Shimadzu UV-3600 spectrophotometer
equipped with a PTC-348WI temperature controller. SEM images
were recorded on a Hitachi S-3500N scanning electron microscope.
The sample for SEM measurements was prepared by dropping the
solution onto a coverslip, followed by evaporating the liquid in air.
DLS was recorded on a laser light scattering spectrometer (BI200SM) equipped with a digital correlator (TurboCorr) at 636 nm at
a scattering angle of 90°. The sample solution for DLS measurements
was prepared by ﬁltering solution through a 800 nm Millipore ﬁlter
into a clean scintillation vial. Zeta potential was measured by a Zeta
PALS + BI-90 instrument (Brookhaven Co. USA). The light
irradiation was performed using a mercury lamp (CEL-HXF300 14
V 50 W). The light intensity was around 50 mW cm−2, and the
distance was kept at 10 cm.
Synthesis of Per-6-deoxy-6-ethylenediamine-β-cyclodextrin (EDA-CD). Per-(6-deoxy-6-iodo)-β-cyclodextrin (2 g, 1.05
mmol) and 30 mL of ethylenediamine were added to a 100 mL dry
round-bottom ﬂask, and the solid was dissolved by stirring under a
nitrogen atmosphere, and the temperature was raised to 80 °C for 18
h. A portion of ethylenediamine was removed by rotary evaporation,
and the residue was added dropwise to acetone (about 200 mL) with
stirring. At this time, a white precipitate appeared. After ﬁltration, a
white solid was obtained and dissolved in a small amount of distilled
water. In this way, the operation was repeated twice, and ﬁnally, the
white solid obtained by suction ﬁltration was dried in a vacuum oven
for 8 h to obtain a white powdery solid (1.82 g, yield: 91%). 1H NMR
(400 MHz, D2O, 25 °C, δ, ppm): 5.09 (s, 7H, H1), 3.91 (m, 14H,
H3, H5), 3.51−3.61 (m, 14H, H2, H4), 2.71−2.96 (m, 42H, H6, H7,
H8); 13C NMR (101 MHz, D2O, 25 °C): 101.92, 82.68, 73.04, 72.07,

CONCLUSION

In summary, we successfully constructed a hybrid nanoparticle
through a self-assembly strategy using EDA-CD and POM in
water. Rhodamine B (RhB), xylenol orange (XO), methyl
orange (MO), methylene blue (MB), and crystal violet (CV),
and the antibiotics nitrofurazone (NFZ), tetracyclines (TCY),
and berberine (BE) were selected as typical organic pollutants
to examine the catalytic activity of the prepared hybrid
nanoparticle. The results showed that the nanoparticle
exhibited the high catalytic activity for the degradation in the
presence of white light and H2O2. During this process, •OH
was generated and then was transported to bulk solution via
the CD cavity. Thereby, the eﬃciency of degradation was
greatly enhanced.
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70.49, 50.13, 48.89, 39.55; HRMS: m/z 477.2627 (calcd for
C56H115O28N143+, 477.2663).
Preparation of Nanoparticles and Catalytic Applications. In
the typical experiment, 14.28 mg of EDA-CD was added to 10 mL of
distilled water to obtain 1 mM EDA-CD solution. Then 28.88 mg of
POM was added to 10 mL of distilled water to obtain 1 mM POM
solution. And 3 mL of desired nanoparticle solution for degradation
was prepared by mixing 165 μL of 1 mM EDA-CD solution, 90 μL of
1 mM POM solution, and 2745 μL of distilled water. Then 100 μL of
1 mM dyes solution (or antibiotics solution) was added into 3 mL of
fresh nanoparticle solution.
Dyes and antibiotics were chosen as typical organic contaminants
to detect the catalytic ability of the prepared nanoparticles. In the
typical experiment, 100 μL of 1 mM dyes solution (or antibiotics
solution) was added into the 3 mL solution of nanoparticles and
stood for 10 min to achieve stability. Then 50 μL of H2O2 was added
into the above corresponding solution. At given time intervals, the
concentrations of the residual dye were determined by monitoring the
absorbance at the maximum adsorption.
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