
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
Se

pt
em

be
r 

20
20

. D
ow

nl
oa

de
d 

on
 4

/3
/2

02
6 

3:
45

:4
2 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Di-functional lum
aShandong Provincial Key Laboratory of C

Technology, School of Chemistry and Che

Science and Engineering, Institute of B

University, Liaocheng 252059, People's Re

com; lidacheng62@163.com
bCollege of Chemistry and Chemical Engine

Shandong Province, People's Republic of Ch
cSchool of Computer and Communication En

Industry, Zhengzhou 450002, People's Repu

† Electronic supplementary information (
PXRD patterns, TGA curves, IR patterns,
CCDC 1989014. For ESI and crystallogr
format see DOI: 10.1039/d0ra06407f

Cite this: RSC Adv., 2020, 10, 32232

Received 23rd July 2020
Accepted 18th August 2020

DOI: 10.1039/d0ra06407f

rsc.li/rsc-advances

32232 | RSC Adv., 2020, 10, 32232–
inescent sensors based on Y3+

doped Eu3+ and Tb3+ coordination polymers: fast
response and visible detection of Cr3+, Fe3+ ions in
aqueous solutions and acetone†

Hongyan Liu,a Yang Liu,a Yu Meng,a Xiaolei Shi,a Junshan Sun,b Limin Zhao, a

Diming Chen, c Hongguo Hao, *a Dacheng Li,*a Jianmin Doua and Jun Hana

With the careful modulation of the relative ratio of Y3+/Eu3+and Y3+/Tb3+, two series of bimetallic RE-CPs

(EuxY1�x and TbxY1�x) were successfully obtained through the isomorphous substitution method.

Interestingly, the introduction of Y3+ ions does not change the fluorescence characteristic peak of 1-Eu

and 1-Tb, but enhances its fluorescence lifetime and quantum yield. Experimental and theoretical

simulation results show the co-doping process changes the intramolecular energy transfer process and

reduces the non-radiative transition resulting from concentration quenching. Eu0.1Y0.9 and Tb0.1Y0.9 with

the largest luminescence lifetime were selected as the representative research objects, their potential

application for the detection of toxic metal ions and organic molecules was further investigated.

Interestingly, Eu0.1Y0.9 and Tb0.1Y0.9 demonstrate high sensitivity and good selectivity towards Fe3+, Cr3+

and acetone. Besides, fine fluorescence visibility provides the necessary conditions for the preparation of

simple and fast response fluorescent test papers in order to achieve real-time and convenient detection

of these toxic materials.
1. Introduction

The continuous accretion of human population coupled with
increasing urbanization and industrialization puts a lot of
pressure on global environments.1 As a result, there is an ever-
increasing need to identify and monitor the chemical contam-
inants of the environment. The conventional instrumental
detection methods such as surface enhanced Raman spectros-
copy, ion mobility spectrometry (ICP), gas chromatography
coupled with mass spectrometry (GC-MS), are always expensive,
time-consuming and not easily accessible.2 Therefore, it is of
great signicance to develop fast-response and simple sensors.
A variety of chemical materials including nanomaterials,
conjugated polymers, supramolecular polymers and metal
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complexes have been used for detection processes. However,
their widespread use is restricted due to the multistep pro-
cessing, stability and lack of molecular organization.

As one of the most promising classes of porous materials,
coordination polymers (CPs) or metal–organic frameworks
(MOFs), constructed from organic ligands and metal ions or
clusters via self-assembly, have been considered as the most
promising means for chemical and biological sensors for metal
ions,3–7 organic solutions,8–10 nitro aromatics11–14 and so on,
because it is simple, sensitive, selective and responsive.15–19

Luminescent CPs or MOFs could be divided into two main
types. Firstly, TM-MOFs (TM¼ transition cations), especially Zn
or Cd based, have been used for the sensing process based on
ligand-centred luminescence.4,20–23 The major insufficiency of
ligand-centred luminescence detectors is the small Stokes shi,
which prevents the detection by naked eye as there is not much
difference in colour between emission and excitation light.24

Secondly, rare earth coordination polymers (RE-CPs) also show
a great application prospects in chemical sensing due to their
incomparable optical properties including large Stokes shis,
high quantum yields, and long luminescence lifetime.25

Numerous of luminescent RE-CPs are based on Eu(III) and Tb(III)
which provide obvious red or green 4f–4f emissions, respec-
tively.26–28 Liu et al. constructed a multifunctional Tb-MOF that
could sensing Ce3+ and Fe3+ cations, the obtained Ksv values
were 1.65 � 104 M�1 and 279.4 M�1, respectively.29 Huang et al.
This journal is © The Royal Society of Chemistry 2020
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Scheme 2 Schematic diagram of the synthetic strategy for EuxY1�x

and TbxY1�x.
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View Article Online
synthesized a uorescent Eu-MOF for highly selective and
sensitive sensing of picric acid with the Ksv value of 9.8074� 104

M�1.30 Two-dimensional (2D) metal–organic frameworks
(MOFs) or coordination polymers (CPs) are attracting increasing
attention due to their unique properties originating from their
ultrathin thickness, large surface area and high surface-to-
volume atom ratios. Very recently, Wang et al. construct a two-
dimensional Eu-MOF exhibits high sensitivity towards sulfa-
methazine (SMZ) among various antibiotics. The observed Ksv

value was 4.598 � 104 M�1.31 However, the major deciency is
the non-radiative transition result from the serious concentra-
tion quenching of pure RE-CPs.32 Co-doping is an efficient
method to reduce luminescence centres and improve potential
quenching by concentration. There are two main methods to
construct co-luminescent MOFs: (1) loading Eu(III) or Tb(III) ions
into the pores of matrix MOF by straightforward post synthetic
modication strategy;33–35 (2) introducing of luminescent inert
ion as a matrix to dilute Eu3+/Tb3+ through isomorphous
substitution method. Isomorphous substitution method is
more effective in that the bridge ligand in the bimetallic system
could centrally sensitizer Eu3+/Tb3+ compared with pure RE-CPs
as well as reduce the concentration quenching.36,37 Many
research on co-doped RE-CPs using Y3+ as matrix have been
obtained and investigated.2,38 Nevertheless, few studies focusing
on Y-doped rare earthMOF as amultifunctional sensor to detect
harmful ions and organic molecules.

Carboxylate-based ligands are usually used for constructing
optical RE-CPs owing to their unique coordination ability of the
carboxyl groups and outstanding sensitization to lanthanide
ions. In our previous research, a series of two-dimensional RE-
CPs (RE ¼ Eu, Tb, Gd) were successfully synthesised based on
3,30,5,50-biphenyltetracarboxylic acid (H4BPTC). Subsequently,
an isostructural RE-CP (1-Y) was obtained through identical
procedure (Scheme 1).39,40 With careful adjustment of the rela-
tive ratio of Y3+/Eu3+ and Y3+/Tb3+, two series of isomorphous
RE-CPs, namely EuxY1�x and TbxY1�x, were successfully ob-
tained through isomorphous substitution technique (Scheme
Scheme 1 Schematic diagram of the synthetic strategy for RE-MOFs
(the phosphorescence spectrum of 1-Gd was used to calculate the
energy of triplet state (T1) for H4BPTC).

This journal is © The Royal Society of Chemistry 2020
2). The powder X-ray diffraction (PXRD) proved the isostructural
structures of the doped complexes and the pure RE-MOF
(Fig. S2 and S3†). Inductively coupled plasma (ICP) spectros-
copy was executed to determine the relative molar ratios within
the doped CPs (Table S2†).

Interestingly, the introduction of Y3+ does not change the
luminescence characteristic peak of 1-Eu and 1-Tb (Fig. S11†) but
enhances its luminescence lifetime and quantum yield. The
largest luminescence lifetime of Eu0.1Y0.9 and Tb0.1Y0.9 are 1.157
ms and 1.247 ms, respectively (Fig. S8 and S9†). The result
indicates the introduction of low-cost Y3+ inuence the intra
molecular energy transfer process and reduce the non-radiative
transition result from concentration quenching. The character-
istic luminescent properties and large luminescence lifetime of
mixed RE-CPs promote us further investigate the energy transfer
progress and their potential application for the detection ofmetal
ions and organic molecules systematically. Luminescence
measurements revealed Eu0.1Y0.9 and Tb0.1Y0.9 could detect
Fe(III), Cr(III) in aqueous solutions and acetone with high sensitive
and good selectivity. Density functional theory (DFT) calculations
were carried out to calculate the adsorption energies towards
ions. Cr3+ and Fe3+ possessed negative adsorption energies of
�2.26 and �2.27 Ha, respectively, much lower than those of
monovalent and divalent ions. Furthermore, the adsorption
locate were performed for acetone using the Sorption module of
Materials Studio 7.0 (MS) to illustrate the interaction of acetone
and RE-CPs. Inspiringly, the calculated result quite consistent
with the above experimental sensing process.

The time-dependent luminescence to reveal the sensitivity of
mixed RE-CPs. By applying the rst-order kinetic model, the
related linear correlations of ln(I0/It) versus time (It and I0 stand
for luminescent intensity at the initial and at the intervals stage
of the Eu0.1Y0.9 and Tb0.1Y0.9, respectively) were obtained to
evaluate the reaction rates of the reduction of luminescent
intensity. The rate constant of Eu0.1Y0.9 and Tb0.1Y0.9 are much
higher than 1-Eu and 1-Tb. This result demonstrates the mixed
RE-CPs process higher sensitivity.

Additionally, to achieve real-time and convenient detection,
luminescence test papers were designed and prepared. The test
papers of Eu0.1Y0.9 and Tb0.1Y0.9 were soaked in different
organic solution for seconds. The test paper could be selectively
RSC Adv., 2020, 10, 32232–32240 | 32233
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Fig. 1 PXRD patterns of (a) Eu0.1Y0.9 and (b) Tb0.1Y0.9 immersed in
different pH (2–12) solutions for 24 hours.
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quenched by acetone. These results further highlight a new and
promising strategy by using low-cost Y3+ in place of partial Eu3+/
Tb3+ to construct bimetallic RE-CPs as luminescent sensors.

2. Experimental section
2.1 Materials and methods

All reagents and solvents were obtained commercially and used
without any purication. Crystal data were obtained from
a Rigaku Oxford Diffraction Gemini diffractometer, equipped
with a Mo Ka with u-scan technique. The powder X-ray
diffraction patterns (PXRD) were recorded on a Rigaku D/Max-
2500 diffractometer and the intensity data were recorded by
continuous scan in a 2q mode from 5 to 50, with a step size of
0.1 and a scan speed of 20 min�1. A PerkinElmer Diamond SII
thermal analyser was utilized for thermo gravimetric analysis
(TGA) tests from 298 to 1173 K, at a heating rate of 10 K min�1

under a nitrogen atmosphere. A Nicolet 6700 spectrometer was
applied to measure the Fourier transform infrared reectance
spectroscopy (IR) spectra in the range 4000–400 cm�1. The
uorescence spectra were measured on a Hitachi F-7000 at 298
K. The uorescence lifetime was determined by FLS 980 uo-
rescence spectrometer. Inductively coupled plasma spectros-
copy (ICP) was recorded on an OPTIMA 2100 DV spectrometer.
XPS characterization was carried out by using a Thermo Fisher
Scientic ESCALAB spectrometer with Al Ka X-rays (1486.6 eV)
as the light source. UV-vis measurements were conducted with
a UH 4150 spectrophotometer.

2.2 Synthesis of RE-CPs

A similar procedure was used to obtain all products (1-Eu, 1-Tb,
1-Y, 1-Gd). The mixture of RE3+ (0.2 mmol), H4BPTC (0.1 mmol,
33 mg), 7 mL N,N-dimethylacetamide (DMA) and 0.5 mL
deionized water was sealed in a 20 mL Teon lined stainless
steel container and heated to 150 �C for 3 days then cooled to
35 �C at a rate of 0.5 �C min�1. Subsequently, colourless blocky-
like crystals were collected by washing with deionized water and
drying under vacuum. 1-Eu, 1-Tb and 1-Gd were investigated in
our previous work. The characterization of novel 1-Y was dis-
cussed in detail. PXRD of the as-synthesized mixed RE-CPs
revealed that the as-synthesized samples have good phase
purity and high crystallinity. IR (KBr, cm�1): 3434 (s), 2924 (w),
1615 (m), 1538 (m), 1415 (m), 1354 (m), 1256 (w), 1177 (w), 1082
(w), 1025 (w), 828 (w), 787 (m), 720 (m), 657 (m), 597 (w), 530 (m),
429 (w).

2.3 Syntheses and characterization of doped bimetallic
EuxY1�x and TbxY1�x

As illustrated in Scheme 2, doped bimetallic RE-CPs (EuxY1�x

and TbxY1�x, x ¼ 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9) in this
work were different synthesized by adopting the identical
procedure except for the stoichiometric ratios of Y3+/Eu3+ and
Y3+/Tb3+. The powder X-ray diffraction (PXRD) proved the iso-
structural structures of the doped complexes and the pure RE-
CPs (Fig. S2 and S3†). As shown in Fig. S4 and S5,† the peak
at 1695 cm�1 was ascribed to the C]O stretching vibration of
32234 | RSC Adv., 2020, 10, 32232–32240
H4BPTC in the Fourier transform infrared spectra but dis-
appeared in the spectrum of CPs, suggesting that carboxylate
groups coordinated to RE3+ ions. Inductively coupled plasma
(ICP) spectroscopy was executed to determine the relative molar
ratios within the doped CPs (Table S2†). X-ray photoelectron
spectroscopy (XPS) characterization were applied to validate the
coordination effect between the carboxyl group on H4BPTC and
RE3+ ions. As demonstrated in the full XPS proles, (Fig. S6a†),
the peaks at the ranges of 154.6–160.1 eV and 1164.2–1134.9 eV
pertaining to Y 3d and Eu 3d manifest the existence of Y(III) and
Eu(III) ions in the EuxY1�x. Analogously, the peaks at the ranges
of 154.6–160.1 eV and 1241.2–1276.9 eV pertaining to Y 3d and
Tb 3d demonstrate the existence of Y(III) and Tb(III) ions in the
TbxY1�x (Fig. S7a†).

It is well known that yttrium salt is much cheaper than
europium and terbium. Additionally, the introduction of Y3+

enhances its luminescence lifetime and quantum yield.
Considering the cost and efficiency, we choose Eu0.1Y0.9 and
Tb0.1Y0.9 as the representative research object. The mixed RE-
CPs exhibited excellent chemical and thermal stability. PXRD
patterns of mixed RE-CPs were measured aer being soaked in
different pH solution (from 2 to 12) and various organic solu-
tions for 24 h. The measured PXRD patterns maintain original
structure and show excellent chemical stability (Fig. 1 and
S28†). The thermal behaviour of mixed RE-CPs were studied on
the crystal samples under N2 atmosphere with a heating rate of
10 �C min�1. The TGA curves suggested that were stable up to
330 �C for Eu0.1Y0.9 and Tb0.1Y0.9 (Fig. S12†).
This journal is © The Royal Society of Chemistry 2020
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3. Results and discussion
3.1 Crystal structure

In our previous research, we have successfully synthesized
a series of RE-CPs (1-Eu, 1-Tb, 1-Gd) based on H4BPTC. Single-
crystal X-ray diffraction analysis shows that 1-Y is isomorphous
with the previous structure. Herein, structure of 1-Y will be
discussed as a representative example (Fig. S1†). In one asym-
metric unit, there are two crystallographically independent Y3+

ions that form a dinuclear cluster as a secondary building unit
(SBU). These two Y3+ ions exhibit the same coordination envi-
ronments. Y1 is coordinated by seven carboxylate oxygen atoms
and one from DMA molecule. The dinuclear cluster are further
connected by H4BPTC resulting in two dimensional network
structures. The lengths Y–O [2.211(2) � 2.561(9) �A] are within
normal values found for related compounds.41 The whole
framework could be simplied into a (4,4)-connected sql-type
net with the point symbol (44,62).
3.2 Solid-state luminescent properties

The excitation spectra were tested to conrm the excitation
wavelength (Fig. S10†). The introduction of Y3+ does not change
the luminescence characteristic peak of 1-Eu and 1-Tb but
enhances its intensity (Fig. S11†), luminescence lifetime (Fig. S8
and S9†) and quantum yield (Table S3†). As displayed in Fig. 2,
the luminescence spectrum for H4BPTC was rst recorded in
the solid state at room temperature. It is observed free H4BPTC
exhibits emission peak at 354 upon excitation at 275 nm, which
can be attributed to the intra-ligand n–p or p–p* transition. It
should be emphasized that yttrium itself has no luminescent
property, and the luminescence spectrum of 1-Y is derived from
ligand luminescence.

The characteristic luminescence emissions of 1-Eu and 1-Tb
indicated the occurrence of the antenna effect from ligand to
CPs. The emission spectrum of compound 1-Eu displays typical
bands at 591, 615, 651 and 696 nm when excited at 275 nm,
ascribed to the transitions 5D0 / 7Fj (j ¼ 1, 2, 3 and 4),
respectively. The decay lifetime of 1-Eu is estimated to be 1.068
ms (Fig. S8†), and the uorescence quantum yield of 1-Eu
attains 62.65%. 1-Tb shows four typical Tb3+ bands at 489, 544,
589 and 620 nm upon excitation at 275 nm. These emissions
Fig. 2 (a) The solid-state luminescence of 1-Y, Eu0.1Y0.9 and Tb0.1Y0.9
(lex ¼ 275 nm). (b) CIE chromaticity diagram for 1-Y, Eu0.1Y0.9 and
Tb0.1Y0.9. Inset: photographs of (1) 1-Y, (2) Eu0.1Y0.9 and (3) Tb0.1Y0.9
under ultraviolet light of 365 nm.

This journal is © The Royal Society of Chemistry 2020
attribute to the transitions 5D0 / 7Fj (j ¼ 6, 5, 4 and 3),
respectively. The decay lifetime of 1-Tb is estimated to be 1.079
ms (Fig. S9†), and the uorescence quantum yield was 20.23%.

Upon the radiation of UV light, Eu0.1Y0.9 shows highly
intense visible red emission while Tb0.1Y0.9 gives highly intense
visible green emission. Luminescence spectrum of Eu0.1Y0.9

show strong red emission in the visible region upon excitation
at 275 nm. The emission bands observed at 591, 615, 651,
696 nm can be assigned to the 5D0/

7F1,
5D0/

7F2,
5D0/

7F3,
5D0/

7F4 transitions, respectively, based onH4BPTC sensitized
Eu3+ centred emission. Similarly, Tb0.1Y0.9 exhibits strong green
emission in the visible region upon excitation at 275 nm. The
emission bands observed at 489, 544, 589 and 620 nm can be
assigned to the 5D4 /

7F6,
5D4 /

7F5,
5D4 /

7F4 and
5D4 /

7F3
transitions, respectively.

As revealed in Fig. S8 and S9,† the luminescence lifetime of
doped complexes were enhanced along with the increase of Y3+

in the bimetallic system. The largest luminescence lifetime of
Eu0.1Y0.9 and Tb0.1Y0.9 are 1.157 ms and 1.247 ms, with
increases of 0.089 ms and 1.168 ms comparing with 1-Eu and 1-
Tb, correspondingly.
3.3 Energy transfer process

RE-CPs or MOFs show unique luminescence by the antenna
effect, in which organic ligands function as sensitizers. In this
process, the light was rst absorbed by the ligands, followed by
inter-system crossing (ISC) process, and then energy transfer
from triplet (T1) state to f levels of RE3+, resulting in a metal-
centred luminescence.46 The electronic states of ligands are
crucial to investigate the energy-transfer process. The UV-vis
absorption spectrum for H4BPTC was rst recorded in the
solid state at room temperature (Fig. S13†). It is observed that
H4BPTC exhibits two intense broad excitation bands centered at
260 and 300 nm, which can be attributed to p–p* transitions of
the aromatic rings. The singlet (S1) state of the ligand is esti-
mated to be 38 462 cm�1 by UV-vis absorbance of H4BPTC, and
the triplet (T1) state of 1-Gd is calculated to be 20 534 cm�1 from
the low temperature phosphorescence spectrum owing to the
extremely high energy level of the rst excited state 6P7/2 of the
Gd3+ ion (32 150 cm�1) and the large difficulty of the energy
transition from ligand to Gd3+ ion. On the basis of Reinhoudt's
empirical rule, when the energy gap DE (S1 � T1) surpasses the
limit value of 5000 cm�1, the inter-system crossing (ISC) process
will be effective.42 For H4BPTC, the energy gap DE (S1 � T1) is
calculated to be 17 928 cm�1 which is favourable for an efficient
ISC process.

Following the rule of Latva, an efficient energy transfer from
ligand to lanthanide(III) requires the following parameters: DE
[¼E(T1) � E(5Dj)] ¼ 2500 � 4500 cm�1 for Eu(III) and Tb(III).43–45

Herein, the energy differences between T1 of the H4BPTC and
the resonance energy level of the Eu3+ ion (5D0, 17 300 cm�1)
[DE ¼ E(T1) � E(5D0)] is 3234 cm�1, within the ideal limit value
of 2500�4000 cm�1 based on Latva's empirical rule. However,
the energy levels of T1 of the H4BPTC are only slightly higher
than the resonance energy level of Tb3+ ion (5D4, 20 500 cm�1)
less than the ideal limit value (Fig. 3). The smaller energy gap of
RSC Adv., 2020, 10, 32232–32240 | 32235
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Fig. 3 The energy transfer process of Eu0.1Y0.9 and Tb0.1Y0.9.

Fig. 4 Luminescent spectra of (a) Eu0.1Y0.9 and (c) Tb0.1Y0.9 upon the
addition of various metal ions in DMF (lex ¼ 275 nm); quenching
efficiency values of (b) Eu0.1Y0.9 and (d) Tb0.1Y0.9 in DMF by different
metal ions (1 � 10�2 M).
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the Tb3+ ion revealed that the H4BPTC could sensitize the Eu3+

ion more sufficiently than the Tb3+ ion. The characteristic
luminescent emissions of Eu0.1Y0.9 and Tb0.1Y0.9 indicated the
occurrence of the antenna effect. Y3+ has no 4f electrons, the
excitation energy of Y3+ is higher than carboxylate ligand triplet
energy level, thus, the energy transition is difficult to occur from
ligand to Y3+. Therefore, the bridge ligand between Ln3+ and Y3+

could sensitizer Eu3+/Tb3+ centrally compared with pure RE-
MOFs.
3.4 Cations and organic molecules detection

The prominent properties of Eu0.1Y0.9 and Tb0.1Y0.9 promoted
us to further investigate their potential application for the
detection of harmful metal ions and small organic molecule. To
rule out the quenching phenomenon of ligand, 2 mg H4BPTC
were dissolved in different metal halide (MClx) aqueous solu-
tion (2 mL, 1 � 10�2 M, M ¼ Ca2+, Co2+, Cu2+, Fe2+, K+, Mn2+,
Ni2+, Fe2+, Cd2+, Al3+, Cr3+ and Fe3+) and different organic
solvent (2 mL) including methanol (MT), ethanol (EA), acetone
(CP), isopropanol (IPA), dichloromethane (MC), ethyl acetate
(EAC), tetrahydrofuran (THF), DMF and DMA for luminescence
testing. It could be seen that there was no obvious change in
luminescence spectra of the H4BPTC in the presence of these
analytes.

Subsequently, 2 mg ground crystal sample of Eu0.1Y0.9 and
Tb0.1Y0.9 was initially added to 2 mL above metal halide (MClx)
aqueous solution and then dealt with an ultrasonic instru-
ment to form an emulsion solution for luminescence testing
(monitored at 615 nm for Eu0.1Y0.9 and 544 nm for Tb0.1Y0.9,
respectively). It was found that the uorescent intensities of
them are greatly dependent on the identities of the metal ions.
Among all metal ions in this work, Fe3+ and Cr3+ ion exhibits
the most signicant quenching effect based on luminescent
intensity compared with the blank sample (Fig. 4). To further
access sensing sensitivity towards Fe3+ and Cr3+ ion, the
luminescence intensity was evaluated by adding Fe3+ and Cr3+

(1 � 10�2 M) in the suspension of Eu0.1Y0.9 and Tb0.1Y0.9

(Fig. S14–17†). The quenching results could be quantitatively
analyzed with the Stern–Volmer (S–V) equation, (I0/I)¼ Ksv[N] +
1, I0 is the initial luminescence intensity and I is the lumi-
nescence intensity aer adding cations, [N] is the molar
concentration of analytes, and Ksv is the quenching constant
32236 | RSC Adv., 2020, 10, 32232–32240
(M�1).47 The emission intensity excited at 275 nm was gradu-
ally quenched as addition of increasing concentrations of Fe3+

and Cr3+. The observed Ksv values are 4 � 104 M�1, 2 � 104 M�1

for Fe3+ of Eu0.1Y0.9 and Tb0.1Y0.9, respectively. While the ob-
tained Ksv values are 1.2 � 103 M�1, 0.7 � 103 M�1 for Cr3+ of
Eu0.1Y0.9 and Tb0.1Y0.9, respectively. To get additional insight
into the sensing process density functional theory (DFT)
calculations were carried out by Gaussian calculation. The
possible sensor-analyte sites within the RE-CPs were proposed
on the basis of the structural characteristics of RE-CPs. The
minimum energy for each metal ion was selected to calculate
the adsorption energies with the coordination polymers
(Fig. S32†). The calculated binding energy were �2.27, �2.26,
�2.11,�1.28,�1.24,�1.22,�1.18,�1.16,�1.16,�0.86,�0.31
Ha (1 Ha¼ 27.211 eV) for Cr3+, Fe3+, Al3+, Cu2+, Co2+, Ni2+, Fe2+,
Mn2+, Cd2+, Ca2+, K+, respectively. Inspiringly, the result was
quite consistent with the above experimental experiment
phenomenon. The trivalent cations Fe3+ and Cr3+ possessed
negative binding energies of �2.26 and�2.27 Ha, respectively,
much lower other ions in this work. This result indicated that
these interactions may inuence the energy transfer and the
luminescence changes.

The crystal sample of mixed RE-CPs (2 mg) were ground and
dispersed in various organic solvent. As displayed in Fig. 5a and
S18a,† the doped RE-CPs exhibit most obvious quenching
response to acetone among various organic solutions. Next, the
grinded powder sample were dispersed in 2 mL DMF, acetone
were added to the suspensions of RE-CPs gradually (Fig. 5c and
S18c†). The emission intensity was gradually quenched as the
concentration of acetone increases. The obtained Ksv values are
4 � 104 M�1 and 3 � 104 M�1 for Eu0.1Y0.9 and Tb0.1Y0.9,
respectively (Fig. S19†). These results illustrate mixed RE-CPS
could be promising visual luminescence sensor for detecting
acetone with good visual luminescence sensor for detecting
acetone with good sensitivity and high selectivity. To further
illuminate the sensing process, the adsorption locate were
performed for acetone using the Sorptionmodule are illustrated
This journal is © The Royal Society of Chemistry 2020
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Fig. 5 (a) Luminescent spectra of Eu0.1Y0.9 dissolved in different solvents (lex ¼ 275 nm). (b) Bar chart obtained for Eu0.1Y0.9 upon addition of
different solvents. (c) Luminescent spectra of Eu0.1Y0.9 with the gradual addition of acetone (0–100 ppm).
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in Fig. S33.† All the calculations were completed in the Mate-
rials Studio 7.0 package according to the literature method. The
atomic locations were derived from the experimental crystal
data and calculated charges were applied. The acetonemolecule
was geometrically optimized by using DMol3 model based on
the B3LYP function. The favorable adsorption sites were simu-
lated by the locate task in Sorption model. The binding energy
was calculated by the energy task in DMol3 model based on the
B3LYP function. The calculated binding energy of 1-Ln for
acetone was �0.014 Ha.
Fig. 6 (a) Time-dependent emission spectra after exposure of
Eu0.1Y0.9 to the Fe3+. (b) Fluorescence quenching percentage by Fe3+

(lex ¼ 275 nm). (b) Plots of ln(I0/It) for the luminescent intensity of
Eu0.1Y0.9 at 615 nm obtained from the spectra.
3.5 The quenching mechanism

The quenching mechanism of luminescent CPs or MOFs is
commonly related to two processes: energy transfer and photo
induced electron transfer. Energy transfer occurs only when the
emission spectrum or excitation of CPs or MOFs overlaps with
the absorption spectrum of the analytes. As demonstrated by
Fig. S30 and S31 of the ESI,† the absorption band of Fe3+, Cr3+

has the greatest degree of overlapping with the excitation
spectra of Eu0.1Y0.9 and Tb0.1Y0.9. In addition, acetone has the
greatest degree of overlapping with the excitation spectra of
Eu0.1Y0.9 and Tb0.1Y0.9 while the spectral overlapping is negli-
gible for other organic solution. The absorption of the excita-
tion energy by these analytes reduces the excitation energy to
sensitize the Eu3+ and Tb3+, which lead to luminescence
quenching. The spectral overlapping is in good agreement with
the maximum quenching efficiency observed for Fe3+, Cr3+ and
acetone.

When absorbing energy from light, these delocalized elec-
trons transferred from ground state to excited state to become
excited electrons. However, because of the instability of the
excited electrons, they fall back to the ground state of the
ligands. During this process, the absorbed energy will release in
the form of light, thus yielding uorescence. When Fe3+, Cr3+

ions and acetone were added into this system, the excited
electrons transferred to the lowest unoccupied molecular
orbital (LUMO) of Fe3+, Cr3+ ions and acetone and then fell back
to the ground state of the ligands. The interactions were also
further validated by XPS (Fig. 8 and S29†). On the basis of the
XPS spectra, the O 1s peak at 531.25 eV was shied to 531.4 eV
in Fe3+@Eu0.1Y0.9. Such a shi (cal. 0.15 eV) reected the
This journal is © The Royal Society of Chemistry 2020
possible higher binding energy of O atoms in Fe3+@Eu0.1Y0.9.
The shi of O 1s peak also occurred in Cr3+@Eu0.1Y0.9,
Fe3+@Tb0.1Y0.9, Fe

3+@Tb0.1Y0.9, which illustrate the interaction
between ions and mixed RE-CPs.
3.6 Durability and repeatability of Eu0.1Y0.9 and Tb0.1Y0.9

The measured PXRD patterns aer the detection of Fe3+, Cr3+

and various organic solvents show retained crystallinity and
unchanged structures, implying their excellent stability and
durability (Fig. S27 and S28†). Recyclability for a sensor material
is a vital parameter to evaluate the sensor's practicability, and so
the detection of Fe3+ recycling performance of doped CPs
sensors was investigated. When 100 ppm of Fe3+ was added to
the suspension of Eu0.1Y0.9, its luminescence intensity at
615 nm is decreased by 99%. Aer completion of the lumines-
cence measurement, Eu0.1Y0.9 was conveniently recycled by
centrifugation and then washed with deionized water for several
times. The result in Fig. 7a shows the luminescence intensity of
Eu0.1Y0.9 can recover to 89% of its original state through simple
process of ultrasonic washing. Aer this adding and washing
process was performed four cycles, the uorescence intensity
exhibits no obvious change. The similar phenomenon was also
observed for Tb0.1Y0.9. The luminescence intensity of Tb0.1Y0.9 at
544 nm could recover to 97% of its original state. These results
clearly show that mixed RE-CPs have good recyclability and
stability.
RSC Adv., 2020, 10, 32232–32240 | 32237
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Fig. 9 Optical images of Eu0.1Y0.9 test papers under UV light irradia-
tion at 365 nm after immersion in various solutions.

Fig. 7 Durability and stability of (a) Eu0.1Y0.9 and (b) Tb0.1Y0.9 dispersed
in Fe3+ ions aqueous solution (the green bars represent the initial
fluorescence intensity, and the red bars represent the intensity upon
addition an aqueous solution of 1 mL of 1 � 10�2 M Fe3+ ion).
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3.7 Time-dependent luminescence

The time-dependent luminescence measurement was carried
out to evaluate the sensitivity of doped CPs. As illustrated in
Fig. 6 and S20–S26,† a real-time luminescent sensor was per-
formed. The time-dependent luminescence emission intensity
of Eu0.1Y0.9 shows a continuously decrease upon exposure to
Fe3+ (50 ppm), with a 50% uorescence decrement in 50 s,
which further decreased to 90% in 4 min. Such a response time
is comparable to 1-Eu and 1-Tb. By applying the rst-order
kinetic model, the related linear correlations of ln(I0/It) versus
time (I0 and It stand for luminescent intensity at the initial and
at the intervals stage of the Eu0.1Y0.9 and Tb0.1Y0.9, respectively)
were obtained to evaluate the reaction rates of the reduction of
luminescent intensity. Eu0.1Y0.9 has rate constant (k) of 1.6 �
10�2 s�1, 2 � 10�3 s�1 for Fe3+ and Cr3+, respectively, and
Tb0.1Y0.9 has rate constant (k) of 1.0 � 10�2 s�1 and 1 � 10�3

s�1, respectively. These values are superior to 1-Eu and 1-Tb as
displayed in S23–S26† (1-Eu has rate constant (k) of 2.0 � 10�3

s�1, 6.0 � 10�4 s�1 for Fe3+ and Cr3+, respectively, and 1-Tb has
rate constant (k) of 1.0 � 10�3 s�1 and 6.0 � 10�4 s�1,
respectively).
3.8 Test paper

To achieve real-time and convenient detection, luminescence
test papers were designed and prepared. The previous
Fig. 8 The XPS spectra of Eu0.1Y0.9 before and after the detection of
Fe3+ and Cr3+.

32238 | RSC Adv., 2020, 10, 32232–32240
reported test paper was developed through immersing a lter
paper into ethanol dispersion of MOF and then drying at
room temperature.48–52 Herein, we adopting spraying method
to prepare test papers to disperse samples uniformly. Firstly,
50 mg of mixed RE-CPs were ground and dispersed in 10 mL
ethanol. Subsequently, the suspension was added to spray
gun and sprinkled in a piece of lter paper uniformly. The dry
test papers of Eu0.1Y0.9 and Tb0.1Y0.9 were soaked in different
organic solution for seconds. As shown in Fig. 9, by irradia-
tion of 365 nm UV light, the original bright red/green colour
of test paper was retentive for most organic solution, but the
colour of the test papers almost disappeared for acetone. The
simple and convenient test paper may be applied to the
detection in environmental areas and biological system. Next,
our further studies will focus on exploring quantitative test
paper.
4. Conclusion

In conclusion, we construct two serious of mixed RE-CPs using
Y3+ as a matrix to dilute Eu3+/Tb3+ and reduce the non-radiative
transition result from concentration quenching. The introduc-
tion of Y3+ does not change the luminescence characteristic
peak of 1-Eu and 1-Tb but enhances its intensity, luminescence
lifetime and quantum yield. The luminescence of these mate-
rials could be selectively quenched by Fe3+, Cr3+ and acetone.
Furthermore, Eu0.1Y0.9 and Tb0.1Y0.9 demonstrate high sensi-
tivity and good selectivity towards Fe(III), Cr(III) and acetone.
Especially, ne uorescence visibility provides necessary
condition for preparation of simple and fast uorescent test
paper in order to achieve real-time and convenient detection of
these toxic materials. These results further highlight a new and
promising method by using low-cost Y3+ in place of partial Eu3+/
Tb3+ to construct bimetallic RE-CPs as effective luminescent
sensors.
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