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nctionalized Cd(II)-based metal–
organic framework: tunable white-light emission
and fluorescent probe for monitoring bilirubin†

Xiao-Qing Wang, *a Xuehui Ma,a Doudou Feng,a Dan Wua and Jie Yang *b

A novel anionic Cd(II)-based metal–organic framework, H2[Cd9(DDB)4(BPP)4(H2O)14]$4H2O$2DMA (1), was

successfully obtained with a rigid carboxylate ligand 3,5-di(20,40-dicarboxylphenyl)benzoic acid (H5DDB)

and a flexible pyridyl ligand 1,3-bis(4-pyridyl)propane (BPP). Complex 1 contains two-dimensional (2D)

honeycomb structures and one-dimensional (1D) chain structures. The adjacent 2D structures are linked

by strong intermolecular hydrogen bonds to form an ABAB 3D supramolecular structure, where the 1D

chain structures traverse the channels of the 2D structures. Due to the anionic framework, Ln(III) ions (Ln

¼ Eu and Tb) can be encapsulated in the framework of 1 by a post-synthetic modification process to

obtain Ln(III)@1, where 1.09Eu(III)@1 (1a) and 0.658Tb(III)@1 (1b) can be obtained by soaking complex 1 in

a Eu(NO3)3$6H2O or Tb(NO3)3$6H2O aqueous solution for 48 h. The liquid-state emission spectra of

Ln(III)@1 can be tuned to be a white light emission by changing the Eu(III)/Tb(III) molar ratio in solution.

Moreover, 1b can be used as a “turn-off” fluorescent probe for bilirubin with a low detection limit of

0.250 mM in phosphate buffer solution (pH ¼ 7.4), which presents excellent sensitivity, high selectivity,

and reusability. Furthermore, the devised fluorescent probe in serum also exhibits the fluorescence

“turn-off” process with a low detection limit of 0.279 mM, and the recovery rate of bilirubin is 99.20–

101.9%. The possible mechanisms of the fluorescence “turn-off” process can be explained by resonance

energy transfer, and the weak interaction between 1b and bilirubin.
1. Introduction

Bilirubin (BR) as the main catabolite of hemoglobin is not only
a natural anti-oxidant that can prevent phospholipid and lino-
leic acid oxidation but also an endogenous toxin that could lead
to damage of the nervous system.1–3 Bilirubin can be classied
into three types, including free bilirubin, direct bilirubin and
total bilirubin. Generally, the free bilirubin content is an
important indicator of chronic jaundice and liver diseases. In
human serum, the normal content of free bilirubin is less than
17.1 mmol L�1. A high content of >50 mmol L�1 indicates that the
person is under jaundice conditions, which can lead to brain
damage, hepatitis, and even neonatal death.4–6 Thus, it is
signicant to accurately and rapidly detect bilirubin concen-
tration in human serum.
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Currently, several methods have been used to monitor the
bilirubin concentration, including direct spectrophotometry,7

diazo reaction,8 amperometric detection,9 uorescence anal-
ysis10 and so on. However, direct spectrophotometry is suscep-
tible to interference from other proteins. The pH-dependence of
diazo reaction can affect the accuracy of the bilirubin determi-
nation. Amperometric detection is usually performed with BR
oxidase modied the electrode surface, but the BR oxidase is
unstable that can affect the accuracy determination of bilirubin.
Fluorescence analysis with excellent sensitivity, high selectivity,
fast response time and simple operation has attracted
numerous attentions for detecting analytes. Metal–organic
frameworks (MOFs) as burgeoning uorescence materials are
active in the application of luminescent sensors,11–19 optical
material20–22 and so on. Especially, lanthanide metal–organic
frameworks (Ln-MOFs) with unique optical property of Ln(III)
ions have been applied as luminescent sensors to detect many
analytes, including metal ions,23 noxious anionic ions,24 pesti-
cides,25 amino acids,26 antibiotics,27 organic solvents,28 nitro-
explosives,29 and so on. Generally, Ln-MOFs were obtained by
self-assembly of organic ligands and Ln(III) ions, which is
challenging and needs a lot of experimentation. Post-synthetic
modication process can be used to prepare Ln-MOFs by
encapsulating Ln(III) ions in MOFs, which have the unique
RSC Adv., 2021, 11, 36913–36919 | 36913

http://crossmark.crossref.org/dialog/?doi=10.1039/d1ra06592k&domain=pdf&date_stamp=2021-11-16
http://orcid.org/0000-0003-2714-3514
http://orcid.org/0000-0001-9535-3594


RSC Advances Paper
optical property of Ln(III) ions and can be applied as lumines-
cent sensors.

Herein, a novel anionic MOF, H2[Cd9(DDB)4(BPP)4(H2O)14]$
4H2O$2DMA (1), was successfully synthesized with a rigid
carboxylate ligand 3,5-di(20,40-dicarboxylphenyl)benzoic acid
(H5DDB) and a exible pyridyl ligand 1,3-bis(4-pyridyl)propane
(BPP), which contains 2D layer structures and 1D chain struc-
tures. The Ln(III) ions (Ln¼ Eu and Tb) were encapsulated in the
framework of 1 by post-synthetic modication process to obtain
Eu(III)@1, Tb(III)@1 and the Eu(III)Tb(III)@1 mixture. A white-
light-emitting source can be obtained by tuning the molar
ratio of Eu(III) and Tb(III) ions. Moreover, Tb(III)@1 was used as
luminescent sensor to detect bilirubin with high selectivity and
sensitively in serum system.
Table 1 Crystal data for complex 1
2. Experimental section
2.1. Materials and methods

The ligands H5DDB and BPP were acquired from Jinan Henhua
Sci. & Tec. Co. Ltd. Bilirubin was purchased from Energy
Chemical. Human serum samples were purchased from AmyJet
Scientic Inc. The serum samples were obtained by diluting the
purchased sample 20 times with phosphate buffer solutions
(PBS, pH ¼ 7.4). The powder X-ray diffraction (PXRD) was
measured on a Rigaku D/Max-2500 PC diffractometer. A FTIR-
8400S spectrometer was used to recorded the IR spectra. The
elemental analyses was conrmed on a Vario MACRO cube
elemental analyzer. Thermogravimetric analysis (TGA) was
performed on a ZCT-A analyzer at 30–750 �C under N2 envi-
ronment. UV-vis absorption spectra was obtained from Shi-
madzu UV-2600 spectrophotometer. The luminescence spectra
were recorded on a Hitachi F-4600 uorescence spectropho-
tometer. X-ray photoelectron spectroscopy (XPS) measurements
were conducted with a Thermo ESCALAB 250Xi.
Complex 1

Formula C131H106Cd9N6O54

Mr 3639.81
Crystal system Orthorhombic
Space group Pbcm
a (Å) 13.9850(12)
b (Å) 25.773(2)
c (Å) 25.773(2)
a (deg.) 90
b deg.) 90
g (deg.) 90
Z 2
V (Å3) 9289.5(14)
Dc (g cm�3) 1.301
m (mm�1) 1.078
2.2. Synthesis of H2[Cd9(DDB)4(BPP)4(H2O)14]$4H2O$2DMA
(1)

A mixture of CdCl2$2.5H2O (3.7 mg, 0.016 mmol), H5DDB
(3.6 mg, 0.008 mmol) and BPP (1.6 mg, 0.008 mmol) in DMA/
H2O (4.0 mL, v/v ¼ 1/2) was sealed in a 25 mL Teon reactor,
heated to 120 �C for 55 h, and then cooled to room temperature
at a rate of 3 �C h�1. Colorless block crystals were obtained by
washed with EtOH, ltration and dried in air. Calcd for H2-
[Cd9(DDB)4(BPP)4(H2O)14]$4H2O$2DMA: C, 42.92; H, 3.40; N,
2.88. Found: C, 42.86; H, 3.35; N, 2.89. IR (KBr cm�1): 536(w),
559(m), 595(w), 651(w), 707(w), 769(m), 858(w), 918(w), 1417(s),
1479(s), 1500(m), 1517(m), 1568(w), 1606(w), 2482(w), 2790(w).
F (000) 3596.0
No. of unique rens 43 686
No. of obs rens [I > 2s(I)] 8367
Parameters 508
GOF 1.082
Final R indices [I > 2s(I)]a,b R1 ¼ 0.1003, wR2 ¼ 0.2973
R indices (all data) R1 ¼ 0.1463, wR2 ¼ 0.3231
rmax/rmin (e Å�3) 1.55 and �3.48

a R1 ¼
PkFoj � jFck/

PjFoj. b wR2 ¼ [
P

w(Fo
2 � Fc

2)2/
P

w(Fo
2)2]0.5.
2.3. Synthesis of Tb(III)@1 and Eu(III)@1

10 mg of complex 1 was uniformly dispersed in a Eu(NO3)3-
$6H2O aqueous solution (4 mL, 10 mM) and placed in a dark
environment for 2 h, 4 h, 8 h, 12 h, 24 h, 48 h. Then, the mixture
was washed several times with water and EtOH, ltered, dried
and the Eu(III)@1 was collected. Complex 1 soaked for 48 h was
named as 1.09Eu(III)@1 (1a).
36914 | RSC Adv., 2021, 11, 36913–36919
Similarly, complex 1 was immersed in Tb(NO3)3$6H2O for
2 h, 4 h, 8 h, 12 h, 24 h and 48 h. The preparation method of
Tb(III)@1 is the same as Eu(III)@1, except that Eu(NO3)3$6H2O is
replaced with Tb(NO3)3$6H2O. Complex 1 soaked in Tb(NO3)3-
$6H2O solution for 48 h was named as 0.658Tb(III)@1 (1b).

The relative molar ratios of Eu(III), Tb(III), and Cd(III) in the
MOFs were calculated by inductively coupled plasma (ICP).
3. Results and discussion
3.1. Crystal structure of complex 1

The crystallographic data exhibit that 1 possesses an anionic
framework, which belongs to orthorhombic crystal system with
space group Pbcm (Table 1). Its asymmetric unit contains two
individual units, naming part A and part B. Part A includes half
of a Cd1(II) ion, half of a Cd2(II) ion, one Cd3(II) ion, one DDB5�

ligand, half of a BPP ligand and two and a half of coordinated
water molecules, where H5DDBA ligand is completely depro-
tonized and exhibits a coordination mode: m5–h

2:h2:h2:h2:h1.
Part B includes a quarter of one Cd4(II) ion, a quarter of a BPP
ligand, and one coordinated water molecule (Fig. 1). Thus, the
total structure of 1 is anionic. Herein, the central Cd1, Cd2, Cd4
ions are all six-coordinated with distorted octahedron geometry.
Cd1 is coordinated by four O atoms from two different DDB5�

ligands, one O atom from a coordinated water molecule, and
one N atom from a BPP ligand. Cd2 is coordinated by two O
atoms from two DDB5� ligands, three O atoms from three
coordinated water molecules, and one N atom from a BPP
ligand. Cd4 is coordinated by four O atoms from four coordi-
nated water molecules, and two N atoms from two BPP ligands.
Moreover, Cd3 is seven-coordinated by six O atoms from three
© 2021 The Author(s). Published by the Royal Society of Chemistry



Fig. 1 The asymmetric unit of complex 1 including part A and part B.
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different DDB5� ligands, and one O atom from coordinated H2O
molecule with a {CdO7} geometry. The average bond distances
of Cd–O and Cd–N are 2.331 Å and 2.258 Å, respectively.30,31

In complex 1, a 2D honeycomb structure was formed based
on the part A (Fig. 2a), and a 1D chain structure was constructed
based on the part B (Fig. 2b). Due to the large windows in the 2D
honeycomb structure, the 1D chain structures intersperse in the
honeycomb windows (Fig. 2c). Additionally, four types of
hydrogen bonds exist in complex 1 to enhance its stability
(Table S2† and Fig. 2d). In the 2D structure, there are two kinds
of intramolecular hydrogen bonds between the carboxylic
oxygen atoms of the DDB5� ligand and the coordinated water
molecule (O12/O9, distance 2.6489(2) Å, O12–H12A/O9,
bond angle 148�; O13/O7, distance 2.9787(3), O13vi–H13Bvi/
O7, bond angle 110�). There is an intermolecular hydrogen
bond between the carboxylic oxygen atoms of the DDB5� ligand
in the 2D structure and the coordinated water molecule in the
1D structure (O15/O7, distance 2.8882(2) Å, O15–H15A/O7,
Fig. 2 (a) The 2D honeycomb structure based on part A; (b) the 1D
chain structure based on part B; (c) the 1D chain structure interspersed
in the windows of 2D structure (the green atoms represent 1D chain
structure); (d) the intramolecular and intermolecular hydrogen bonds
in complex 1; (e) the 3D supramolecular framework for 1. Symmetry
codes: (i) 1 + x, +y, +z; (iv)�x, 2� y,�z; (v) x, 1.5� y,�z; (vi)�1 + x,y,z.

© 2021 The Author(s). Published by the Royal Society of Chemistry
bond angle 160�). Furthermore, strong intermolecular hydrogen
bonds exist between the carboxylic oxygen atoms of the DDB5�

ligand and the coordinated water molecule in the adjacent 2D
structures (O13/O5v, distance 2.7028(2) Å, O13–H13A/O5v,
bond angle 168�). The adjacent 2D structures are linked by the
strong intermolecular hydrogen bonds to form an ABAB 3D
supramolecular structure, where the 1D chain structures
traverse the channels of the 2D structures (Fig. 2e). Due to the
channels in the structure of 1, the void volume was calculated to
be 27.3% using PLATON.32,33

3.2. Stability test

The thermostability of complex 1 was investigated under a N2

atmosphere at the temperature range of 30–750 �C (Fig. S1†).
From 30 �C to 100 �C, a weight loss of complex 1 is 9.12% due to
the loss of four free water molecules and fourteen coordinated
water molecules (calcd. 8.92%). Whereaer, a slight weight loss
of 4.76% exists at the range from 100 �C to 289 �C, which
corresponds to the loss of two free DMA molecules. Then with
the temperature increasing, there is a sharp weight loss due to
the collapse of its skeleton. In addition, the water stability and
pH stability are also important for the future applications of
complex 1. Thus, the prepared 1 samples were immersed in
boiling water for 48 hours and in aqueous solutions with
different pH values for 24 hours. Fig. 3a shows that the PXRD of
the prepared 1 sample can match with the simulation diagram,
and Fig. 3b displays that their IR spectra have barely changed.
The results indicate the high water stability and pH stability of
complex 1.

3.3. Photoluminescence properties of complex 1 and
tunable luminescence

The solid-state emission spectra of 1, H5DDB and BPP were
measured at room temperature, where their uorescence
characteristic peaks are located at 463 nm (lex ¼ 325 nm),
387 nm (lex ¼ 317 nm), and 459 nm (lex ¼ 325 nm), respectively
(Fig. S2†). Compared with the luminescent spectra of H5DDB
and BPP ligands, the emission peak of complex 1 presents
76 nm and 4 nm red shis, respectively. Complex 1 exhibits
a blue emission with a CIE coordinate of (0.1926, 0.148). The
uorescence emission spectra of the ligands are mainly attrib-
uted to p* / n or p* / p electronic transition.34,35 Based on
Fig. 3 (a) PXRD spectra of complex 1 under boiling water and in the
solutions with different pH values. (b) IR spectra of complex 1 under
different pH values.

RSC Adv., 2021, 11, 36913–36919 | 36915
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the d10 electronic conguration of Cd(II) ion, the uorescence
spectra of 1 may be attributed to the intraligand electron
transfer, but not the charge transfer between metal ions and
ligands.36 The quantum yield of solid-state 1a is about 2.24%,
and the uorescence lifetime is 3.749 ms (Fig. S4 and Table S4†).
Moreover, the liquid-state emission spectra of 1 in different
solvents are shown in Fig. S3,† including H2O, acetone, CH2Cl2,
DMA, DMF, DMSO, EtOH, CHCl3, MeOH, CH3CN. The emission
intensity of 1 is strongly dependent on the organic solvent, and
1 scattered in MeOH exhibits the strongest emission intensity.

As mentioned above, complex 1 possesses an anionic
framework and cellular channels, which can be used to encap-
sulate lanthanide ions for tunable luminescence. The sample of
1 was immersed in the aqueous solutions with Ln(III) (Ln ¼ Eu
or Tb) to obtain the Ln(III)@1 materials with the Ln(III) in the
channels. With increasing the soaking time of complex 1 in
aqueous solutions with Eu(III) or Tb(III), the characteristic peak
of Eu(III) or Tb(III) in Ln(III)@1 increased with different CIE
coordinates (Fig. 4 and Table S3†). When the sample of 1 was
immersed in aqueous solution with Eu(III) ions for 2 h, 4 h, 8 h,
12 h, 14 h, 24 h and 48 h, the uorescence emission spectrum of
1a contains the characteristic peaks of 1 and Eu(III) ion, located
at 463 nm, 598 nm, 623 nm, and 702 nm, respectively. At 48 h,
the characteristic emission intensity of Eu(III) is the maximum,
which appear as red emission with CIE coordination at (0.2943,
0.2499). The ICP data indicate that the doped amount of Eu(III)
ion is about 10.8% corresponding to 1.09Eu(III)@1 (1a) (Table
S3†). The quantum yield of 1a is about 5.76%, and the uo-
rescence lifetime is 3.588 ms (Fig. S4 and Table S4†).

Similarly, Tb(III) ions can also be introduced to the channels
of 1 at room temperature. For Tb@1, the uorescence emission
Fig. 4 (a) Fluorescence emission spectra of complex 1 immersed in
aqueous solution with Eu(III) ions for different time. (b) The corre-
sponding CIE coordinates for fluorescence emission spectra of Eu(III)
@1. (c) Fluorescence emission spectra of complex 1 immersed in
aqueous solution with Tb(III) ions for different time. (d) The corre-
sponding CIE coordinates for fluorescence emission spectra of Tb(III)
@1.

36916 | RSC Adv., 2021, 11, 36913–36919
spectra contain the characteristic peaks of 1 and Tb, located at
463 nm, 495 nm, 551 nm, 590 nm, and 627 nm, respectively. At
48 h, the emission intensity of Tb@1 at 551 nm is the maximum
with green emission, where the CIE coordination is at (0.3788,
0.532). Its doped amount of Tb(III) ion is about 6.81% to obtain
0.658Tb(III)@1 (1b). The quantum yield of 1b is about 13.6%
with the uorescence lifetime of 3.482 ms. The relative molar
ratios of Eu(III), Tb(III), and Cd(III) in these MOFs were calculated
by inductively coupled plasma (ICP) (Table S3†). In addition, the
uorescence properties of 1b suspension at different pH were
tested at room temperature (Fig. S5†). At pH¼ 1, the framework
of 1 was destroyed, and the uorescence emission spectrum of
1b only contains the characteristic peak of 1 at 463 nm. At pH ¼
2–7, the framework of 1 has on changed (Fig. 3a), and the
uorescence emission spectrum of 1b contains the character-
istic peaks of 1 and Tb(III), where the emission intensity of 1b at
pH ¼ 7 is the strongest.

Additionally, considering the strongest blue emission of 1 in
MeOH, the emission of the Ln(III)@1 solution can be ne tuned
to be a white-light-emission by changing the molar ratio of
Eu(III) and Tb(III) due to the red emission of Eu(III) and the green
emission of Tb(III). The titration experiments of Eu(III) and Tb(III)
in the suspended solution of 1 show that the characteristic
emissions of Eu(III) and Tb(III) ions change from 5 : 0 to 5 : 60
(Fig. 5a). Their CIE coordinations exhibit that a white-light
emission suspension is obtained with a CIE coordination of
(0.3011, 0.3265) by addition of Eu(III) and Tb(III) molar ratio of
5 : 60 (Fig. 5b and Table S5†). Fig. 5c displays that the color
variation from 1 to Ln(III)@1 exhibits an obvious change
between blue, red, orange, yellow and white with increasing the
Eu : Tb molar ratio.
3.4. Selective sensing of bilirubin in PBS and human serum

Bilirubin is an important basis for clinical judgment of jaundice
and a crucial index of liver function.37 The above-mentioned
Fig. 5 The emission spectra of 1 in MeOH with Ln(III) ions at lex ¼
325 nm (a), the corresponding CIE coordinates (b) and the emission
color changes under UV light at 254 nm (c) with varying the Eu : Tb
molar ratio (5 : 0 to 5 : 60).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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performance of 1b encouraged us to further explore the uo-
rescent sensing for bilirubin. The emission spectra of 1b scat-
tered in 2 mL phosphate buffer solution (PBS, pH ¼ 7.4) with
various analytes that may consist in serum sample were recor-
ded, including Al3+, Ag+, Ca2+, Cu2+, K+, Mg2+, Na+, Zn2+, CO3

2�,
HCO3

�, HPO4
2�, NO3

�, uric acid (UA), ascorbic acid (AA),
glycine (Gly), methionine (Met), phenylalanine (Phe), cysteine
(Cys), bilirubin (BR). As shown in Fig. 6a, the luminescence
intensity of 1b at 552.4 nm is almost completely quenched with
adding bilirubin, but the others have no obvious effect on the
emission intensity of 1b, which indicates that 1b can effectively
identify BR in the PBS. Selectivity is a crucial factor to determine
whether 1b can be applied as a sensor in practice. Some
common metal ions and amino acids were selected for anti-
interference experiment to judge the selectivity of 1b for BR.
Fig. 6b shows that the quenching efficiency of 1b is almost
unchanged within anti-interference substances, indicated that
1b has good selectivity. The uorescence “turn-off” induced by
bilirubin were researched to estimate whether the developed
uorescent probe can be used for quantitative detection of
bilirubin. As shown in Fig. 6c, when the concentration of BR was
gradually increasing, the uorescence intensity at 552.4 nm of
1b gradually decreased, and when the BR concentration reached
1.25 mmol, the quenching rate of 1b reached 96.2%, which
suggests that 1b can identify BR quantitatively and efficiently. In
addition, the concentration of BR and the uorescence intensity
of 1b have a good liner relationship (Fig. 6d), which conforms to
the Stern–Volmer equation: I0/I¼ [BR]� Ksv + 1. Ksv is the Stern–
Volmer constant, I0 and I are the luminescence intensities
without and with the addition of BR, respectively. By the
calculation, Ksv is about 3.6 � 104 M�1 and the low limit
detection (LOD) is about 0.250 mM.38 The LOD was obtained by
corresponding equation 3d/Ksv, where d is the blank standard
deviation measurement (Fig. S6†). Compared with the reported
MOFs for bilirubin recognition, 1b exhibits relatively high
sensitivity, which can be expected to be applied in real samples
Fig. 6 (a) Fluorescence intensity of 1b dispersed in various metal ion
solutions and amino acid solutions at 552.4 nm. (b) Competitive
quenching experiment of 1b for the selective recognition of BR. (c)
Fluorescence spectra of 1b with addition of BR. (d) SV plot of 1b for
sensing of BR in phosphate buffer solution.

© 2021 The Author(s). Published by the Royal Society of Chemistry
(Table S6†). The LOD is much less than the reported safety BR
content (<17.1 mM) in the human serum.39 Moreover, repro-
ducibility is another important index to evaluate the actual use
of 1b. The uorescence intensity has hardly changed aer
repeated for ve times (Fig. S7a†), which lays an important
foundation for the practical use of 1b. In addition, time-
dependent experiment was conducted (Fig. S7b†). The ores-
cence intensity of 1b was quenched rapidly within 30 s aer
addition of BR, and the orescence intensity remained
unchanged within 6 minutes. The results indicate that 1b
exhibits effective and sensitive detection for BR in PBS.

To further prove the feasibility of the uorescent probe, we
try to carry out 1b as a sensor to detect BR in serum (Fig. S8†). At
the BR concentration of 2.5 mM, the quenching efficiency can
reach 97.5%. The calculated Ksv value is 3.23 � 104 and the LOD
value is 0.279 mM. The recoverability of BR was tested in human
serum sample. The recovery rate of BR is 99.20–101.9% and
relative standard deviation (RSD) is 2.8–3.8% that is less than
5% (Table 2). It shows that the material has high accuracy for
detection of BR in human serum. In addition, the sensing and
detection ability of 1 towards BR has also been investigated in
phosphate buffer solution (Fig. S9†). The calculated Ksv value is
8 � 103 M�1 and the LOD value is 1.125 mM that is higher than
that for 1b. The result indicates that 1b exhibits the stronger
detection ability for bilirubin.

Furthermore, the sensing mechanism of 1b toward BR was
explored in detail. The uorescence lifetimes of 1b and 1b-BR
are 3.482 ms and 3.371 ms, which exhibit that the quenching of
1b by BR is mainly static quenching (Table S4†).40–44 According
to the PXRD spectrum, the skeleton of 1b remains intact aer
the reaction with BR, which indicates that the uorescence
quenching is not because of the collapse of the structure
(Fig. S10a†). The energy transfer process may cause the uo-
rescence quenching, which can be veried by recording the
emission spectrum of the MOF and the UV-vis absorption of
BR.45 Compared with other substances (the UV absorption
peaks of other metal ions and amino acids distribute in the
range of 200–300 nm), the UV absorption pattern of BR has
a large overlap with the uorescence emission spectrum of 1b in
430–610 nm, indicating that resonance energy transfer (RET) is
an important reason for uorescence quenching (Fig. S11a†). In
addition, the XPS test was carried out, and the results proved
that the peaks of Tb 4d and O 1s changed aer the 1b was
soaked in BR solution (Fig. S11b†). The O 1s peak value of 1b
changes from 531.51 eV to 531.77 eV aer detecting BR
(Fig. S11c†), and the peak value of Tb 4d changes from 150.79 eV
Table 2 The recovery test of bilirubin in human serum samples with
different concentration

Sample Added BR (mM) Found (mM)
Recovery
(%)

RSD (%,
n ¼ 3)

Human serum 0 1.900 — 3.0
5 6.680 95.60 2.8

10 11.82 99.20 3.3
15 17.19 101.9 3.6

RSC Adv., 2021, 11, 36913–36919 | 36917
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to 168.6 eV (Fig. S11d†). It shows that the O atoms and Tb(III)
ions in 1b have weak interaction with BR, which may lead to
uorescence quenching. The infrared spectra further illustrate
that there is a weak interaction between 1b and BR (Fig. S10b†).
Compared with the IR spectrum of the 1b, the 1b soaked in BR
has a new absorption peak at 1155.2 cm�1, which further shows
the weak interaction between 1b and bilirubin.

4. Conclusions

In summary, we have successfully obtained a novel Cd(II)-based
MOF (1) with 2D honeycomb structures and 1D chain struc-
tures. Complex 1 exhibits high water stability and pH stability.
The luminescence emission intensity of 1 is strongly dependent
on the organic solvent, and 1 scattered in MeOH exhibits the
strongest emission intensity. Considering the anionic frame-
work and cellular channels of 1, Ln(III)@1 with multicolor
luminescence property was constructed by post-synthetic
modication process. 1.09Eu(III)@1 (1a) and 0.658Tb(III)@1
(1b) were obtained by soaking complex 1 in Eu(NO3)3$6H2O and
Tb(NO3)3$6H2O aqueous solutions for 48 h, respectively. The
liquid-state emission spectra of Ln(III)@1 can be tuned by
changing the Eu(III)/Tb(III) molar ratio in solution, and the color
variation from 1 to Ln(III)@1 exhibits an obvious change
between blue, red, orange, yellow and white with increasing the
Eu(III) : Tb(III) molar ratio. A white-light emission suspension is
obtained with a CIE coordination of (0.3011, 0.3265) by addition
of Eu(IIII) and Tb(III) molar ratio of 5 : 60. Furthermore, 1b can
be developed into a uorescent “turn-off” probe for detecting
BR with high antijamming, excellent selectivity (LOD ¼ 0.250
mM), and good recyclability in phosphate buffer solution (pH ¼
7.4). The uorescent probe also can be applied to detect BR in
serum with a LOD of 0.279 mM. The possible uorescent “turn-
off” mechanisms were studied in detail by PXRD, UV-vis spec-
troscopy and XPS. The post-synthetic modication process is
a useful way to prepare Ln-MOF with multicolor luminescence
property, which is signicance for the development Ln-MOF
uorescent probe.
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