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Abstract
A terbium(III)-functionalized zinc(II)-organic framework (Tb-MOF-Zn) is shown to be a viable fluorescent probe for phosphate.
The organic ligands 4,4′,4″-[((2,4,6-trimethylbenzene-1,3,5-triyl)tris(methylene))tris(oxy)]tribenzoic acid (H3L

3) contains mul-
tiple carboxyl groups that can react with zinc(II) to yield tubular MOF-Zn. The MOF-Zn was further functionalized with Tb(III)
to produce a lanthanide composite of type Tb-MOF-Zn which displays strong fluorescence with excitation/emission maxima at
285/544 nm. Fluorescence is quenched by phosphate because of the specific interaction with Tb(III) in Tb-MOF-Zn. The
concentration of Tb-MOF-Zn, reaction time and pH value of the solution were optimized. Fluorescence drops linearly in the
0.01 to 200.0 μM phosphate concentration range, and the detection limit is 4.0 nM. The fluorescent probe was also used to
prepare a microdot array on a glass slide for visual detection of phosphate under illumination with UV light.
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Introduction

Phosphate ions are involved inmany biological functions such
as energy exchange, cellular signal transduction, and mineral
metabolism. The level of phosphate ions in body fluid is used
fo r t he d i agnos i s o f hype rpa r a thy ro id i sm and
fanconisyndrome [1–3]. Phosphate as food preservatives and
additives is applied to preserve meat, soft cheeses products
and other different food products. Excessive intake of

phosphate is harmful to blood vessels and accelerates aging
[4]. The high level of phosphate in natural water such as res-
ervoirs, lakes, estuaries, sea and rivers can result in severe
environmental issues like eutrophication, which leads to a
reduction of water quality [5]. Therefore, a reliable, sensitive
and selective method for detecting phosphate is of great sig-
nificance for the human health and environmental protection.

Various methods have been established for the quanti-
tative analysis of phosphate ions, such as colorimetric
analysis [6], fluorescence analysis [7–9], chromatography
[10], electrochemical analysis [11], and enzymatic biosen-
sors [12]. In particularly, fluorescent analysis has attracted
considerable attention due to its extraordinary advantages
such as high sensitivity, simple operation, and outstanding
analysis performances and so on [13, 14]. However, se-
lective and sensitive detection of phosphate ions in aque-
ous media is still a challenge because of the strong com-
petitive solvation effect, requiring a strong affinity be-
tween recognition sites and phosphate [15]. Traditional
molecular fluorescent probes are commonly used in ho-
mogeneous analysis systems, which encounter difficulties
in separation and recovery in aqueous solution analysis
[16]. In order to enhance the efficacy of fluorescence as-
say target objects, a lot of efforts have been made to
design heterogeneous systems, including integrating mo-
lecular fluorescent probes into a support matrix [3].
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It is known that fluorescent probes with short excited-state
lifetimes are vulnerable to background interference, which se-
verely limits its applications in complex matrixes and in vivo
measurements [17]. Therefore, time-delayed fluorescent mea-
surement using long life-time luminescent probes has evolved
as a promising technique. In particularly, the trivalent lanthanide
Ln(III)-based complexes possess a combination of several desir-
able properties for assay design: long excited state life-times,
sharp line-like emissions and large Stokes shifts [18]. The use
of visible-emitting Ln (III)-based systems in the design of
targeting luminescent assay is particularly promising.

Metal organic frameworks (MOFs) which contain inorganic
metal or metal oxide nodes and organic linkers have attracted a
lot of attention. Based on many of its excellent properties (high
porosity, big surface area, tunable structure and channels), MOFs
have been widely used for gas storage and separation, catalysis,
drug delivery, and biological assay [13, 19, 20]. More important-
ly, luminescent MOFs (LMOFs) have been successfully
exploited as a unique assay platform [21–23]. Intrinsic porosity
and functional groups of LMOFs promote preferred analyte
binding and pre-concentrate the guest molecules in the network,
benefitting to the selective and sensitive detection. For instance,
Huang and co-workers has reported a simple method for phos-
phate detection by developing an off-on fluorescence probe of
europium-adjusted carbon dots, which have been successfully
applied to the detection of phosphate in complicated matrixes
[7]. A displacement assay with a dimeric lanthanide luminescent
ternary Tb(III)-cyclen complex was reported for the detection of
phosphate ions with high selectivity [24].

Herein, we report a terbium functionalized metal-organic
frameworks of zinc (Tb-MOF-Zn) as fluorescent probe for the
detection of phosphate ions with high selectivity and
sensitivity.

Experimental

Chemicals and reagents

1,3,5-Trimethylbenzene, methyl para-hydroxybenzoates, an-
hydrous potassium carbonate, paraformaldehyde, sodium hy-
droxide, acetone, zinc nitrate hexahydrate, terbium trichloride
hexahydrate, and sodium phosphate were purchased from the
Aladdin reagent Co., Ltd. (https://www.aladdin-e.com/). The
hydrobromic acid (30% acetic acid solutions) was got from
the J&K Scientific Ltd. (http://www.jkchemical.com/). All
chemicals were of analytical grade, and all glass containers
were cleaned by aqua regia and ultrapure water.

Apparatus

The fluorescence measurements were conducted by using
fluorescence spectrophotometer (Hitachi, F-4600, Japan,

http://www.hitachi.com.cn/) operated at an excitation
wavelength of 285 nm, with both excitation and emission
slit widths of 5.0 nm and voltage 700 V. The MOF materials
were characterized with transmission electron microscope
(TEM, JEM-2100, Japan, http://www.jeol.com.cn/), energy
dispersive spectroscopy (EDS, Zeiss EVO®18), and field-
emission scanning electron microscopy (SEM, Zeiss
EVO®18, http://www.zeiss.com.cn/). UV-1510 (Thermo
Fisher Multiskan™, https://www.thermofisher.com/cn/zh/
home.html) was used to obtain the UV − vis spectra of
MOF-Zn, Tb-MOF-Zn, Tb-MOF-Zn in the presence of phos-
phate, and MOF-Zn in the presence of phosphate.

Synthesis of the organic ligands
of 4,4′,4″-(((2,4,6-trimethylbenzene-1,3,5-triyl)
tris(methylene))tris(oxy))tribenzoic acid (H3L

3)

1,3,5-Tribromomethyl-2,4,6-trimethylbenzene was prepared
with previously reported methods [25]. Then 11.88 g
(30 mmol ) o f the 1 ,3 ,5 - t r i b romomethy l -2 ,4 ,6 -
trimethylbenzene and 13.82 g of anhydrous potassium car-
b o n a t e ( 1 0 0 mm o l ) a n d 1 5 . 2 g o f m e t h y l
parahydroxybenzoats (100 mmol) were added into the round
bottom flask. And then 200 mL of treated acetone was added
with continuous stirred and refluxed for 6 h. Next, filtered
with hot and cooled to room temperature and then a white
precipitate appeared. Then the intermediate products of ester
were obtained by filtration, washed three times with water and
dried in vacuum at 60 °C. The intermediate products were
added to the flask, and a methanol solution with sodium hy-
droxide was added and then the mixture was refluxed for 12 h.
Finally, the products were cooled to room temperature, and
adjusted to the pH of about 2 with concentrated hydrochloric
acid. The white precipitate appeared, which was filtered,
washed three times with water, and dried in vacuum at 60 °C.

Preparation of MOF-Zn

The H3L
3 (0.08556 g, 0.15 mmol) and ZnNO3•6H2O

(0.06694 g, 0.225 mmol) were dissolved in 12 mL of DMF/
H2O (V/V: 2/1)) and stirred for 20 min. The mixture was
transferred to a stainless steel reactor with a Teflon-lined and
heated to 100 °C, and the reaction was proceeded for 72 h.
Finally, the reactor was cooled to room temperature, and the
solution was filtered. The product was washed three times
with DMF to get colorless columnar crystals materials.

Preparation of Tb-MOF-Zn

MOF-Zn (0.1 mg) was added to 24 mL of the deionized water
and dispersed uniformly by ultrasound. Then under the stirring
condition, the aqueous solutions of TbCl3 • 6H2O (10 mM,
200 μL) were added at room temperature with reaction for
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5 min, and then the yielded products of Tb-MOF-Zn were cen-
trifuged (8000 rpm, 10 min) and washed three times with deion-
ized water, and then be stored at 4 °C for future usage.

Fluorometric determination of phosphate
with Tb-MOF-Zn composites

The selective detections of phosphate ions were conducted by
the following procedure. First, the Tb-MOF-Zn composites
(2.66 μg mL−1) were dispersed in deionized water. Then,
phosphate ions with different concentration was added and
the mixture was incubated 20 min at room temperature.
Fluorescene spectra of Tb-MOF-Zn were measured before
and after addition of phosphate ions. The quenching efficien-
cies of Tb-MOF-Zn composites were calculated according to
the equation: quenching efficiencies = (F0 − F)/F0, where F0
and F refer to the fluorescence intensities of Tb-MOF-Zn
composites (λex = 285 nm, λem = 488 nm, 544 nm) in the ab-
sence and presence of anion ions, respectively. Specificity of
fluorescent assay phosphate ions was studied by testing the
responses of common anion ions (10 μM) including CO3

2−,
SO4

2−, HCO3
2−, CH3COO

−, C5H7O5COO
3−, C2O4

2−, Cl−,
and NO3

− ions.

Preparation of the Tb-MOF-Zn composite microdot
array

Tb-MOF-Zn composites were dispersed in deionized water and
then an aliquot of 0.5μL of Tb-MOF-Zn composites was spotted

onto the cleaned glass plate surface and dried in the dark. The Tb-
MOF-Zn composites microdot arrays were kept in the dark at
4 °C for future usage.

Results and discussion

Preparation and characterization of Tb-MOF-Zn
composites

Scheme 1 llustrates the procedure of preparing Tb-MOF-Zn and
the principle of fluorescent assay of phosphate. 1,3,5-
tribromomethyl-2,4,6-trimethylbenzene was used a precursor to
prepare a flexible polycarboxylic ligand of 4,4′,4″-(((2,4,6-
trimethylbenzene-1,3,5-triyl)tris(methylene))tris(oxy))tribenzoic
acid (H3L

3) by introducing a flexible group -CH2O- between the
central benzene ring and benzoic acid. Carboxyl groups of H3L

3

were used as connect units to coordinate with zinc ions under the
hydrothermal reaction conditions, forming MOF-Zn.
Furthermore, the terbium (Tb3+) ions were introduced to react
with MOF-Zn to yield the lanthanide composites (Tb-MOF-Zn)
with strong fluorescence. The fluorescence intensity of the Tb-
MOF-Zn composites is significantly quenched in the presence of
phosphate ions due to the specific interaction between Tb3+ and
phosphate ions.

Scanning electron microscope (SEM), transmission elec-
tron microscope (TEM), energy dispersive spectroscopy
(EDS), fluorescent spectra and UV − vis spectra were used
to characterize the Tb-MOF-Zn and confirm the principle of

Scheme 1 Schematic illustration of preparing Tb-MOF-Zn composite and the principle of fluorescent assay of phosphate.
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fluorescent assay phosphate ions. Fig. 1a presents the typical
SEM image of MOF-Zn. One can see that the MOF-Zn has a
tubular structure with the length ranging from 2 to 10μm. The
diameter of tubular MOF-Zn is around 420 nm (Fig. 1b). It is
noted that a similar morphology of the Tb-MOF-Zn was ob-
served after introducing Tb3+ ions to MOF-Zn (Fig. 1c).
Figure 1d to f present the SEM images of T-MOF-Zn in the
presence of different concentrations of phosphate. When
1 mM of phosphate ions was added, most the Tb-MOF-Zn
composites can maintain the original structure (Fig. 1d); how-
ever, when the concentrations of phosphate ions increased
from 2 to 4 mM, the Tb-MOF-Zn structure begins to collapse
(Fig. 1e) until it’s completely decomposed (Fig. 1f). This re-
sult was consistent with the previous report that phosphate
ions would damage their structures according to the coordina-
tion of zinc atoms in MOFs with phosphate ions [26]. In
addition, EDS was also applied to explore the morphological
structure and chemical composition of MOF-Zn (Figure S1)
and Tb-MOF-Zn (Figure S2). The tubular structures were ob-
served on the EDSs of both MOF-Zn and Tb-MOF-Zn

(inserts). The elemental profile of MOF-Zn shows that zinc
ions were linked with the MOF successfully (Figure S1); and
the elemental profile of Tb-MOF-Zn indicates that Tb was
introduced to MOF-Zn (Figure S2). Moreover, the XRD is
studied as shown in Figure S3. The date revealed the typical
peak of MOF-Zn, but the intensity of Tb-MOF-Zn was too
low.

Figure 2a presents the fluorescence spectra of MOF-Zn, Tb-
MOF-Zn and Tb-MOF-Zn in the presence of 1mMof phosphate
ions. One can see that Tb-MOF-Zn exhibits two characteristic
emission peaks of Tb at 488 nm and 544 nm (red curve), and
MOF-Zn doesn’t have emission peak at the same range of wave-
length (purple curve on the bottom). This result also confirms
that Tb was introduced to MOF-Zn successfully and the pro-
duced lanthanide composites (Tb-MOF-Zn) has strong fluores-
cence. The photoluminescence spectra exhibit characteristic
emission peaks at about 488, and 544 nm due to the f− f transi-
tions of the Tb3+ ions (5D4 − 7F6,

5D4 − 7F5), which are attributed
to the antenna effect that stems from energy transfer from the
ligand to the Tb3+ ions [27]. It is noted that the fluorescence

dc

ba

e f

Fig. 1 a SEM images of MOF-
Zn; b TEM image of MOF-Zn; c
SEM image of Tb-MOF-Zn; d
SEM image of Tb-MOF-Zn in the
presence of 1 mM of phosphate
ions; e SEM image of Tb-MOF-
Zn in the presence of 2 mM of
phosphate ions; and (f) SEM im-
age of Tb-MOF-Zn in the pres-
ence of 4 mM of phosphate
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intensity of the Tb-MOF-Zn composites was quenched in the
presence of phosphate ions (blue curve). To confirm the principle
of fluorescent assay phosphate ionswith Tb-MOF-Zn composite,
we compared the UV− vis absorption spectra of MOF-Zn, Tb-
MOF-Zn, Tb-MOF-Zn in the presence of phosphate ions, and
MOF-Zn in the presence of phosphate ions (Fig. 2b). One can see
that MOF-Zn displays an absorption peak at about 248 nm (red
curve) and there is no obvious change on the wavelength and
intensity of absorption peak in the presence of phosphate ions
(black curve), indicating there is negligible interaction between
MOF-Zn and phosphate ions. The absorption peak of Tb-MOF-
Zn shifts to 258 nm and the intensity of the peak decreases
around 50% (blue curve). The results indicate that the Tb3+ ions
might bind with the uncoordinated carboxyl functional groups of
MOF-Zn leading to the noticeable shift of the UV-vis absorption
peak, which is consistent with the previous reports [28, 29]. In
the presence of phosphate ions, the absorption peak of Tb-MOF-
Zn shifts back to 248 nm and the intensity of the absorption peak
recovers to the level ofMOF-Zn (green curve). The above results
show that phosphate ions has strong binding abilitywith the Tb3+

ions to produce the lanthanum–phosphate complex [30].

Selectivity of the fluorometric assay for phosphate with Tb-
MOF-Zn composites Selectivity of fluorescent assay
of phosphate with Tb-MOF-Zn was studied by examing the
fluorescence response of Tb-MOF-Zn suspension in the

presence of various anions, such as CO3
2−, SO4

2−, HCO3
−,

CH3COO−, C5H7O5COO3−, C2O4
2−, Cl−, and NO3

−.
Figure 3a illustrates that the quenching efficiency of various
anions to the fluorescence of Tb-MOF-Zn suspension. As ex-
pected, no obvious fluorescence quenching were observed for
the common anions in the suspension except phosphate ions,
only phosphate ions triggered the quenching of fluorescence
emissions of Tb-MOF-Zn, evidencing the special recognition
capability of Tb-MOF-Zn to phosphate ions in aqueous solu-
tion. Figure 3b presents the quenching effect of phosphate
ions on the fluorescence of Tb-MOF-Zn in the presence of
other anions. There is no effect on the quenching effect of
phosphate ions when other anions coexisted. The results indi-
cate that this MOF is a robust fluorescent probe for the selec-
tive detection of phosphate. It has high selectivity over other
anions.

Optimization of experimental parameters for fluorometric as-
say To obtain the best performance of fluorescent assay of
phosphate with Tb-MOF-Zn composite, the following param-
eters were optimized, including (A) Tb-MOF-Zn concentra-
tion; (B) incubation time; (C) the pH value of solution.
Respective detailed data and results are all given in the
Supporting Information (Figure S4). And the following assay
conditions were found to give the best assay performances:
(A) Using 2.66 μg mL−1 Tb-MOF-Zn composite; (B) Using
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20 min as incubation time; (C) Using pH 7.0 to prepare the
sample solutions. In addition, the reproducibility of the assay
was evaluated by running the assay in the presence of
0.01 μM, 1 μM, 100 μM phosphate ions. The relative stan-
dard deviation (RSD) at 0.01 μM, 1 μM, 100 μM were cal-
culated to be 4%, 3%, and 1%, respectively (Figure S5).
Furthermore, the photostability of Tb-MOF-Zn was investi-
gated (Figure S6). The results validate that the Tb-MOF-Zn
can exhibit good stability even at room temperature.

Analytical performance of the assay Under the optimal condi-
tions, sample solutions with different concentrations of phos-
phate ions were tested with Tb-MOF-Zn composites.
Figure 4a shows the fluorescence spectrums of Tb-MOF-Zn
in the presence of different concentrations of phosphate ions.
One can see the fluorescence intensities of Tb-MOF-Zn at
both 488 nm and 544 nm decrease with the increase of the
concentrations of phosphate ions. Due to the high fluores-
cence intensity of Tb-MOF-Zn at 544 nm, we choose the
emission peak at 544 nm to quantify the concentration of
phosphate ions. The resulting calibration plot (Fig. 4b) of the
logarithm of phosphate ions concentrations versus the
quenching efficiency had a dynamic range from 0.01 to
200.0 μM (R2 = 0.9911), and the limit of detection is 4 nM
(S/N = 3). Table S1 summarizes the linear ranges and detec-
tion limits of phosphate ion detection based on different strat-
egies and materials. One can see the Tb-MOF-Zn composite
based fluorescent assay has a wider linear range and lower
detection limit. Therefore, the method is specific for phos-
phate and showed excellent sensitivity.

Microdot array for visual detection of phosphate ions under
UV light Due to the size of the Tb-MOF-Zn composites, its
application to analysis of phosphate ions in the solution may
affect accuracy, so we try to fix it on the glass plate for testing.
Tb-MOF-Zn composites were used to prepare a microdot ar-
ray for visual detection of phosphate ions under a UV light.
Briefly, 0.5 μL of Tb-MOF-Zn suspension was spotted onto a
cleaned glass slide, dried at room temperature. One microlitter
of sample solution containing different concentrations of

phosphate ions was applied to the microdot. Figure 5 displays
the typical photo image of the microdot array after applying
the sample solution with different concentrations. The micro-
dot array includes triplet dots for each concentration. The con-
centrations of phosphate ions applied to the array were 0, 1,
10, 20, 40, 80, 100, 200μM (from left to right), respectively. It
can be seen that the fluorescence intensities of the microdots
decreases with the increase of the concentration of phosphate
ions. The threshold of visual detection is 10 μM.

Conclusions

The lanthanide composite Tb-MOF-Zn was synthesized and
used as a viable fluorescent probe for the detection of phosphate
with high selectivity and sensitivity. Under the optimal condi-
tions, 10 μM of the phosphate can be visually detected under
UV light. Thus, the established fluorescent strategy holds enor-
mous potential for the simple, fast and sensitive detection of
phosphates in aqueous media. Future work will aim to detect
phosphate in complex environmental matrixes and biological
fluids. More importantly, current work paves a pathway to de-
sign and synthesize functionalizedMOFmaterials for detection
of various analytes and expands the applications of MOFs in
the fields of chemical and biomedical applications.
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