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ABSTRACT: Uranium is not only a strategic resource for the nuclear
industry but also a global contaminant with high toxicity. Although
several strategies have been established for detecting uranyl ions in
water, searching for new uranium sensor material with great
sensitivity, selectivity, and stability remains a challenge. We introduce
here a hydrolytically stable mesoporous terbium(III)-based MOF
material compound 1, whose channels are as large as 27 Å × 23 Å and
are equipped with abundant exposed Lewis basic sites, the
luminescence intensity of which can be eﬃciently and selectively
quenched by uranyl ions. The detection limit in deionized water
reaches 0.9 μg/L, far below the maximum contamination standard of
30 μg/L in drinking water deﬁned by the United States Environmental Protection Agency, making compound 1 currently the only
MOF material that can achieve this goal. More importantly, this
material exhibits great capability in detecting uranyl ions in natural water systems such as lake water and seawater with pH being
adjusted to 4, where huge excesses of competing ions are present. The uranyl detection limits in Dushu Lake water and in
seawater were calculated to be 14.0 and 3.5 μg/L, respectively. This great detection capability originates from the selective
binding of uranyl ions onto the Lewis basic sites of the MOF material, as demonstrated by synchrotron radiation extended X-ray
adsorption ﬁne structure, X-ray adsorption near edge structure, and ﬁrst principles calculations, further leading to an eﬀective
energy transfer between the uranyl ions and the MOF skeleton.

■

disruption of biomolecules.7−11 The development of new
methods and platforms to accurately detect uranyl ions in
natural water systems is therefore critical and urgent.
During the past few decades, various metal ion detection
techniques, including chemical and instrumental methods, have
been developed. Instrumental analytical methods such as
inductively coupled plasma mass spectrometry (ICP-MS),12

INTRODUCTION
Uranium is a naturally occurring radioactive and chemically
toxic element with an estimated concentration of 2.7 ppm in
the Earth’s crust and 3.3 ppb in seawater.1,2 During the past
several decades, anthropogenic activities such as uranium
mining and processing, improper nuclear waste management,
and nuclear safety accidents have resulted in the release of
considerable amounts of uranium into the natural environment,
mostly through migration in ground or surface water systems as
the highly soluble uranyl(VI) ion.3−6 Uranium’s combination of
chemotoxicity and radiotoxicity can lead to irreversible kidney
damage, urinary system disease, DNA damage, or the
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abundant soft nitrogen donors that can eﬀectively chelate
uranyl ions in aqueous solutions, resulting in an eﬀective energy
transfer from the framework to the uranyl ion. Second, we
demonstrate that this eﬀective energy transfer gives rise to a
promising detection sensitivity and selectivity for detecting
uranyl ions in drinking water and natural water system
including seawater. The detection limits are far below the
uranium contamination concentration standard deﬁned by the
United States Environmental Protection Agency (EPA).49
Finally, the detection mechanism originates from the selective
and eﬃcient enrichment of uranium into the solid material, as
elucidated by a combination of uranium uptake batch
experiment and X-ray absorption spectroscopic characterizations on the uranium sorbed sample. This is further
conﬁrmed by the ﬁrst principle Density Functional Theory
(DFT) calculations, which well unravels the binding sites of
uranyl ions in the MOF material.

inductively coupled plasma atomic emission spectroscopy
(ICP-AES),13 atomic adsorption spectrometry,1 X-ray ﬂuorescence spectroscopy,14 laser-induced kinetic phosphorescence
analysis (KPA),15−17 high-performance liquid chromatography
(HPLC),18 that based on the intrinsic physical properties of
element are the most common techniques used to quantify
uranium at concentrations from 10−9 to the 10−6 g/L level in
aqueous solutions. However, these techniques often require a
time-consuming pretreatment procedure, such as the removal
of latent competing metal ions or a solution dilution procedure
and can be conducted only in well-equipped laboratories.19
Although the well-established KPA method exhibits extremely
low detection limit at the level of 1 ng/L, it requires many
pretreatment procedures to protect the uranyl luminescence
from being quenched (i.e., the detection selectivity toward
uranium is not excellent).20,21 Recent developments include the
introduction of a highly selective DNAzymes system into uranyl
ﬂuorescent sensors,22−24 colorimetric sensors,25,26 and electrochemical biosensors.27 All these methods are based on the
interaction between speciﬁc catalytic DNA sequences and
uranium that shows excellent uranyl detection capability (45
pM detection limit). However, the poor stability of these
materials in the presence of high-ionic-strength samples greatly
limits their applications under environmentally relevant
conditions (e.g., lake water or seawater).
Recently, luminescent MOFs constructed through lanthanides as metal nodes have emerged as a promising ﬂuorescent
sensing platforms. These materials possess inherent advantages
over traditional porous materials in selective adsorption and
chemical sensing because of their controllable pore size/shape
and facile functionalization.28−31 Through the elaborate
arrangement of the organic or inorganic moieties, one can
precisely control the spatial arrangements of donor and
acceptor chromophores or introduce chemically active sites to
functionalize the skeleton to achieve the desired luminescence
properties.32 These tunable architectures with extended
porosity or channels oﬀer numerous opportunities for guest
molecules to enter and interact with the framework, establishing a relationship between guest concentration and luminescence intensity. However, the capture of guest molecules within
the pores or channels gives rise to guest-molecule preconcentration, which is responsible for improving the detection
sensitivity. In addition, the chemical and thermal stability of
some MOF materials make them viable for real applications.33
Numerous MOFs have already been developed to detect
various substances, including small molecules,34−38 heavy metal
ions,39−44 and toxic gases,45−47 via the aforementioned
mechanism. However, this strategy has not previously been
well-developed for uranium detection. The two examples
reported thus far is the utilization of MOFs to detect uranyl
ions in solution conducted by Sun et al. and Xing et al., with
relatively poor detection limits of ca. 23.8 and 0.42 mg/L,
respectively, precluding practical applications for the precise
evaluation of uranium contamination in a natural water
system.48 The limited detection capabilities likely stem from
the uranyl ions being sorbed by MOF-76 through a simple ionexchange process so that only weak interactions, such as
electrostatic interaction or van der Waals interaction, occur,
resulting in an ineﬀective energy transfer between the uranyl
ions and the luminescent framework. In addition, a high
detection selectivity cannot be expected for these materials.
There are several objectives for this work. First, we introduce
a hydrolytically stable luminescent MOF material with
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EXPERIMENTAL SECTION

Synthesis of Compound 1. A mixture of 0.1 mmol (0.0453 g) of
Tb(NO3)3•6H2O, 0.05 mmol (0.025 mg) of H3TATAB (4,4′,4″(1,3,5-triazine-2,4,6-triyltriimino)tris-benzoic acid), 2 mL of H2O and
3 mL of DMF (N,N-dimethylformamide) was added to a Teﬂon-lined
stainless steel reactor and heated at 100 °C for 72 h, followed by slow
cooling to room temperature at a rate of 0.6 °C min−1.
X-ray Crystallography Studies. Single crystal X-ray diﬀraction
data collection was accomplished on a Bruker D8-Venture
diﬀractometer with a Turbo X-ray Source (Mo−Kα radiation, λ =
0.71073 Å) adopting the direct-drive rotating anode technique and a
CMOS detector at 273 K. The data collection was carried out using
the program APEX3 and processed using SAINT routine in APEX3.
The structure of compound 1 was solved by direct methods and
reﬁned by the full-matrix least-squares on F2 using the SHELXTL2014 program.
Uranium Concentration Dependent Luminescence Spectra.
The crystalline material of compound 1 was ﬁnely ground before used.
Then 3 mg of compound 1 was dispersed in 2 mL of uranium solution
with diﬀerent concentrations from 0 to 400 mg/L and ultrasonic
treatment for about 10 min to form a homogeneous suspension, aging
for 1 h, then the spectra were collected immediately after ultrasonic
treatment for 5 min. To investigate the inﬂuence of competing metal
ions, 3 mg of compound 1 was dispersed into 2 mL of 500 ppm
M(NO3)x·n(H2O) (X= UO22+, Th4+, Eu3+, Sr2+, Cs+, Al3+, Ca2+, K+)
aqueous solution. Three mg of compound 1 was dispersed into 2 mL
deionezed water without uranyl were prepared as a further control
experiment and the solutions were aged for half an hour. Then the
spectra were collected immediately after ultrasonic treatment for 5
min. In order to eliminate the error induced by the suspension change
or instrument ﬂuctuation, all spectra were collected in parallel for three
times, and the average data were used for plotting.
Uranium Uptake Kinetics Studies. Uptake kinetics experiments
were carried out at room temperature, and the solid/liquid ratio was 1
g/L. The pH values were adjusted to 4 with 0.1 M HNO3 and NaOH
solutions. The adsorption kinetics experiment was conducted by
immersing 60 mg of compound 1 into 60 mL 5 mg/L uranium
solution and the mixture was then stirred for certain time before
sampling. The sampling solutions were ﬁltered with a 0.22 μm nylon
membrane ﬁlter and the concentrations of uranium were measured by
inductively coupled plasma mass spectrometry (ICP-MS, Thermo
Scientiﬁc).
Uranium Adsorption Isotherm Experiments. Isotherm experiments were carried out at room temperature, and the solid/liquid ratio
was 1 g/L. The pH values were adjusted to 4 with 0.1 M HNO3 and
NaOH solution. Ten mg of compound 1 was added to 10 mL aqueous
solutions containing various amounts of uranium. The mixtures were
then stirred for the desired contact time. The resulting solutions were
ﬁltered with a 0.22 μm nylon membrane ﬁlter and the concentrations
of uranium were measured by ICP-MS.
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Figure 1. Schematic of the synthesis procedure and the crystal structure of compound 1.
[UO2(H2O)5]2+ molecule as the adsorbate in calculations. For the
complexes, we fully considered various possible binding sites and
obtained six representational structures geometry optimizations for
analyzing.
Geometry optimizations and frequency calculations of the each
reactant and product were performed in gas phase at the B3LYP-D3/
RECP∼6-31G(d) level. In this level, the Becke three parameters
hybrid exchange-correlation functional54,55 (B3LYP) with the
combination of the Grimme’s third generation dispersion correction56
(D3) were employed. The relativistic eﬀective small-core potential57
(RECP, containing 60 core electrons) and its corresponding
(14s13p10d8f6g)/[10s9p5d4f3g] valence basis set58 (32 valence
electrons), which can introduce a certain degree of the scalar
relativistic eﬀect, were used for U atom. The standard Gaussian-type
basis sets 6-31G(d)59 was used for C, N, O, and H atoms. All of the
optimized structures were then used to calculate single-point energies
in liquid phase at a more precise level of M062X-D3/RECP ∼ 6-311+
+G(d, p). In this level, the M062X functional60 was used and the basis
sets for describing other atoms was replaced by 6-311++G(d, p).61,62
Solvation eﬀects were included by using SMD63 solvation model with
water as the solvent.
The complexation processes were designed as the following
hypothetical reaction:

Inﬂuence of Competing Cations. The inﬂuence of the
competing ions was studied using the mixed cation solutions
(M(NO3)x·n(H2O), M = UO22+, Th4+, Eu3+, Sr2+, Cs+, Al3+, Ca2+,
and K+) and mixed anion solution (anion source is NaCl, Na2CO3,
and humic acid) with four diﬀerent concentrations of 0.6, 1, 3, 5, and
10 mg/L for each ions, respectively. Ten mg of the compound 1 was
added to 10 mL the above mixed solution and stirring for 24 h and the
sampling solutions were ﬁltered with a 0.22 μm nylon membrane ﬁlter
and the concentrations of uranium were measured by ICP-MS.
Desorption Experiment. 40 mg of compound 1 was dispersed
into 40 mL of 1 mg/L UO2(NO3)2·6(H2O) solution then stirred for
approximately 20 min at room temperature to prepare the uraniumloaded sample. After separation by centrifugation and dried in the air
the loaded sample was dispersed into 40 mL of HNO3 solution at pH
2 for another 20 min to desorb the uranium. The sampling solutions
were ﬁltered with a 0.22 μm nylon membrane ﬁlter and the
concentrations of uranium were measured by ICP-MS.
EXAFS and XANES Data Collection. Samples for X-ray
absorption spectroscopy analysis were prepared by immersing
compound 1 in aqueous solutions containing three concentrations
of UO2(NO3)2·6(H2O) (100, 200, and 300 mg/L) for 5 h, followed by
washing with ethanol 3 to 5 times separated by centrifugation and
drying in the air. X-ray adsorption spectra were collected at the
beamline 14W1 in Shanghai Synchrotron Radiation Facility using a
Si(111) double-crystal monochromator in transmission mode for the
uranium L3-edge spectra. The electron beam energy of the storage ring
was 3.5 GeV, and the maximum stored current was approximately 210
mA. The uranium L3-edge EXAFS data were analyzed using the
standard procedures described by Demeter.50 Theoretical EXAFS data
were calculated using the FEFF 9.0 software.51 The ﬁtting procedure
was performed on the k3-weighted FT-EXAFS data from 3 to 12.5 Å−1.
An R window of 1−2.5 Å was used for the ﬁtting.
Computational Models and Methods. Density functional
theory (DFT) calculations were performed using Gaussian 09
program52 to explain the interaction mechanism between the hydrate
uranyl ion and compound 1. As the adsorbent, one or two TATAB
fragments (abbreviated as L) were extracted from the single crystal
structure and were then partially optimized by ﬁxing three or six O
atoms of the carboxylate terminals. Each of these ﬁxed O atoms is
simultaneously coordinated by two Tb atoms and hence was not
expected to have a large movement. Other O atoms of the TATAB
carboxylate terminals were saturated by H atoms (COO− → COOH).
Considering the possible deprotonation of N atoms in compound 1,
both deprotonated and neutral TATAB models were used in
calculations. Since the uranyl nitrate in aqueous solution mainly
contains hydrated uranyl cation, 53 we only considered the

Lm − + U22 +(H 2O)5 → Lm −U22 +(H 2O)5 − n + nH 2O
(m = 0, 1, 2, while n = 2, 3, 4)

(1)

where m indicates the number of deprotonation and the quantity of
negative charges, and n represents the number of dehydration after
adsorptions.
The thermodynamic feasibility was evaluated by calculating the
liquidus Gibbs free energy changes (ΔG, at 298.15 K, 1 atm) of the
complexation reaction, which was deﬁned as follows:

ΔG = Δ(ε ele + ΔGsolv + ZPE + ΔG0 → T )

(2)

where, εele, ΔGsolv, ZPE, and ΔG0→T indicate the electronic energy, the
solvation energy, the zore-point energy correction and the thermal
correction to Gibbs free energy, respectively. The terms of εele + ΔGsol
were calculated at M062X-D3 level in liquid phase, while ZPE +
ΔG0→T were calculated at B3LYP-D3 level in gas phase.
The binding strength between the uranyl ion and the MOF was
assessed by the binding energy Eb:
2+

E b = E complex − EUO2 − E ligand
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where, the Ecomplex represents the total energy of the complex, the last
two terms represent the total energies of the UO22+ fragment of the
complex and remaining fragments of the complex. All the three terms
of Eb were calculated at M062X-D3 level in liquid phase. Detailed
geometric parameters of uranyl hydrate and computational models
(d−i) are shown in the Table S3 of the Supporting Information (SI).

General Fluorescence-Based Uranyl Detection Experiments. Under excitation at 365 nm, compound 1 exhibits the
characteristic transitions of Tb3+ at 488, 545, 581, and 620 nm,
which are ascribed to the 4f-4f transitions of 5D4 → 7F6, 5D4 →
7
F5, 5D4 → 7F4, and 5D4 → 7F3, respectively.65 The quantum
yield was determined to be as high as 44.8% (Figure S3). We
speculate that after the uranyl and the host interact, energy
transfer from the framework to the uranyl may result in change
of luminescence intensity. To verify this speculation, we
investigated the luminescence evolution of compound 1 treated
with diﬀerent concentrations of UO2(NO3)2·6(H2O) in
deionized water solutions (0.2 to 350 mg/L, pH = 4, solid/
liquid ratio = 1.5 mg/mL). The uranyl concentrationdependent luminescence intensity was clearly resolved by
monitoring the strongest transition of the Tb3+ ions, 5D4 → 7F4
centered at 545 nm. The distinct luminescence quenching can
even be observed with the naked eye (Figure 2a). As shown in

■

RESULTS AND DISCUSSION
Material Synthesis, Crystal Structure, And Characterizations. The synthesis of compound 1 was initially reported
by Cheng et al.64 The size of the rod-like crystals ranges from 5
to 25 μm (see EDS images in the part VIII of the SI) and the
surface area was calculated form N2 sorption data as 525 cm2g−1
based on the Brunauer−Emmett−Teller method.64 Powder Xray diﬀraction analysis conﬁrmed the phase purity (Figure S1).
The crystal structure of compound 1 was characterized by
single-crystal X-ray diﬀraction analysis, and the results are
depicted in Figure 1. Compound 1 crystallizes in the
monoclinic space group P21/c and can be best described as a
noninterpenetrated mesoporous 3D framework based on
binuclear Tb carboxylate clusters as the metal nodes and
deprotonated TATAB ligands as the linkers. The asymmetric
unit consists of two eight-coordinate Tb3+ ions and two
TATAB ligands adopting similar coordination modes. Each
TATAB ligand oﬀers three carboxylate groups with two
diﬀerent coordination modes binding to Tb3+ ions, forming a
dinuclear cluster of [Tb2(CO2)4] as the secondary building
unit. One of these groups is in both chelating/bridging
tridentate modes, whereas the other two are in the syn−syn
bridging bidentate mode. The dinuclear clusters are further
connected by additional carboxylate groups to form terbiumcarboxylate chains. The chains are supported and linked by the
rigid phenyl rings to form a 3D framework with a series of 1D
rhombic channels with dimensions of 27 × 23 Å2 along c axis
based on the distances between opposite metal centers, these
channels are suﬃciently large to accommodate hydrated uranyl
cations. Substantial amounts of coordination-available amine (6
mol per mole of compound 1) and triazine groups (6 mol per
mole of compound 1) face toward the inner side of the
channels, ready to chelate uranyl ions.
Before the investigation of uranyl detection in diﬀerent
aqueous media, the hydrolytic stability of compound 1 was
checked by soaking the material in aqueous solutions with
various pH values (2−10), 500 mg/L concentrations of
multiple types of metal salt solutions, natural lake water, and
seawater. As shown in Figure S1, compound 1 can maintain its
crystallinity under all these experimental conditions within 24
h. Solubility test under the selected above conditions also
indicates great stability of compound 1 (Figure S2). The
solubility of compound 1 was also investigated to be quite low
in various water media which is shown in part III of the SI.
During the test, only minor portion of Tb ions (1.15% to
5.35%) are released into the water, Dushu lake water and
simulated seawater at pH 4. In addition, under these conditions,
the mass recovery ratio ranges from 94.2% to 98.0%, which is
crucial for the real applications under environmentally relevant
conditions. The Tb ions release ratio and mass recovery of
compound 1 under high ionic strength conditions were also
investigated and are shown in Figure S2. In addition,
compound 1 also exhibits excellent radiation resistance toward
high dose γ radiation (Figure S1), making it possible for
potential applications in high level nuclear waste solutions.

Figure 2. (a) Emission spectra of compound 1 in UO2(NO3)2·6(H2O)
solution; the inset is the correlation between luminescence intensity
and UO2(NO3)2·6(H2O) concentration, the picture below is the
corresponding luminescence photograph of compound 1 after
immersed in diﬀerent concentration of UO2(NO3)2·6(H2O) solution.
(b) Simulated correlation between (I0 − I)/I0 and UO2(NO3)2·
6(H2O) concentration using the Langmuir model. The inset is the
correlation between uranyl concentration and C/[(I0 − I)/I0]%.
3914
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results demonstrate the fast kinetics of uranyl adsorption by
compound 1, which is a critical factor for the quick response of
a uranyl sensor to uranium in aqueous solutions. The fast
uranyl removal rate at the beginning is attributed to the rapid
diﬀusion of uranyl from the aqueous solution to the external
surface of compound 1. The subsequent slow process is
attributed to the diﬀusion of uranyl into the inner surface of
compound 1.66,67 However, the sorption isotherm data, which
are well ﬁtted by the Langmuir model (R2 = 0.98), reveal a
monolayer sorption mechanism (Figure S14b), consistent with
the presence of coordination-available amine groups as the
binding sites. The sorption capacity was calculated as 179.08
mg (U)/g. On the basis of the above experiment, the
luminescence evolution characteristic is strictly correlated
with the uranyl sorption behavior, which can be precisely
simulated with the Langmuir model. Using these data, the
correlation between the quenching ratio and the sorbed
uranium is also established, which can be ﬁtted in the following
equation:

the inset of Figure 2a, the intensity decreased to 37.5% of the
original level at approximately 10 mg/L and was almost
completely quenched at approximately 200 mg/L. The
Langmuir model was successfully used to ﬁt the luminescence
quenching ratio (denoted by (I0 − I)/I0%) plotted as a function
of uranium concentration (R2 = 0.9911), (Figure 2b).
Therefore, the luminescence quenching phenomenon may be
directly correlated with the concentration-dependent uranyl
adsorption behavior of compound 1, which is often described
by the Langmuir model. When the simulated Langmuir
equation was transformed into the correlation between uranyl
concentration and C/[(I0 − I)/I0)], where C is the uranyl
concentration (Figure 2b inset), a nearly linear correlation with
R2 = 0.9999 was established. This method can therefore be
used for the highly accurate quantitative detection of uranium
over a wide concentration range (0.2 to 350 mg/L).
To explore the inherent relation between these unique
luminescence evolution characteristics and uranyl adsorption
behavior, we investigated the uranyl adsorption kinetics and
isotherm. The adsorption kinetics were studied as a function of
time using 5 and 50 mg/L initial UO2(NO3)2·6(H2O) solution
at pH 4 in deionized water. Removal percentages as high as
98% at both 5 and 50 mg/L further conﬁrm the strong uranyl
enrichment capability of compound 1. As shown in Figure 3a

y = 31.64x /(1 + 0.35x)

(4)

where y is the quenching factor of luminescence intensity
((I0 − I)/I0%) monitored at 545 nm, and x is the mass of
sorbed uranium per gram of compound 1.
Because the chemical stability of compound 1 has been
conﬁrmed, the sorbed uranyl ion on compound 1 can be
desorbed under acidic conditions, which is critical for the
recyclable performance of compound 1. Figure 3b shows the
ratio of adsorption and desorption of uranium. As measured,
the ratio of uranium adsorption are higher than 99.5% and the
desorption ratio are higher than 87.6% for at least three rounds.
This indicates that the uranium sorption onto compound 1 is
reversible, and therefore compound 1 can be facilely
regenerated.
Uranyl Detection Limit and Selectivity. As shown in
Figure 2a, the sharp change in luminescence intensity for the
low uranyl concentration region, especially between 0 and 0.2
mg/L, indicates the substantially low detection limit of
compound 1. Given the high quantum yield of the material,
if the solid−liquid ratio is reduced to a lower extent but still at a
level where the luminescence signal can be clearly recorded,
then the detection resolution will be greatly improved. Indeed,
when the solid-to-liquid ratio was reduced to a much lower
extent at 0.05 g/L, compound 1 responded more sensitively to
uranyl at extremely low concentrations, even 5 μg/L of uranyl
induced a clear reduction of the luminescence intensity (Figure
S4). Therefore, we investigated the luminescence behavior
under relatively low concentrations (<10 mg/L) in detail to
determine the detection limit (Figures S17 and S18). The
detection limit was calculated as follows:
DT = 3σ /slope

(5)

σ = 100 × (ISE /I 0)

(6)

(DT is the detection limit, ISE is the standard error of the
luminescence intensity measurement, as determined by the
baseline measurement of blank samples monitored at 545 nm
(Figure S23), and I0 is the measured luminescence intensity of
compound 1 in deionized water. The slope was obtained from
the linear ﬁt of the uranyl concentration-dependent luminescence intensity curve in the 0−3 mg/L region (Figure S18
inset).68 Using these data, we determined the detection limit to

Figure 3. (a) Adsorption kinetics measured using 5 mg/L initial
UO2(NO3)2·6(H2O) solution at pH 4. (b) Adsorption and desorption
ratios for three rounds.

and Figure S14a, the uptake of uranium by compound 1
increased rapidly with increasing contact time and reached 80%
(at 5 mg/L) and 60% (at 50 mg/L) within only 10 min. These
3915
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be 0.9 μg/L, clearly demonstrating the potential application of
compound 1 as a sensitive and quantitative uranyl sensor.
To further explore the luminescence behavior of compound
1 in solutions with other metal cations, compound 1 was
immersed in highly concentrated (500 mg/L) solutions of
M(NO3)x·n(H2O) (M = Th4+, Eu3+, Sr2+, Al3+, Ca2+, Cs+, K+,
as representative monovalent, divalent, trivalent, and tetravalent
cations). Impressively, all these metal cations negligibly
inﬂuenced the emission intensity of compound 1, with the
exception of Eu3+ (Figure 4a), which exhibits a slight quenching

10 mg/L of mixed metal (UO22+, Th4+, Eu3+, Sr2+, Cs+, Al3+,
Ca2+, and K+) nitrate salt solutions as well as mixed NaCl,
Na2CO3, and humic acid solutions. The uranyl sorption
percentage was measured to range from 93.9% to 99.3% in
the mixed nitrate salt solutions and from 98.7% to 99.6% in the
mixed NaCl, Na2CO3, and humic acid solutions, respectively, as
shown in Figure 4b and Figure S15. These results demonstrate
that the excellent detection selectivity toward uranyl may
indeed originates from the capability of the eﬃcient and
selective enrichment of uranium by compound 1, providing
opportunities for applications under environmentally relevant
conditions involving high ionic strength values.
To test this capability, we investigated uranyl detection in
two diﬀerent natural water systems: fresh lake water from
Dushu Lake in Jiangsu Province, China, simulated seawater and
the actual seawater from Bohai Sea, China. The emission
spectra of compound 1 in these solutions were initially
collected without additional uranium as shown in Figure S6.
Impressively, seawater negligibly aﬀected the luminescence
intensity even at such a high ionic strength. We then performed
spectroscopic measurements in Dushu Lake water and in
simulated seawater with diﬀerent uranyl concentration (0 to
400 mg/L) using the same experimental procedure as that used
for the measurements in deionized water. As shown in Figure
5a,b, similar trends regarding the variation of luminescence
intensity were obtained, and these data were also successfully
ﬁtted by the Langmuir model (Figure 5c,d). Using these data,
we calculated the detection limit as 14.0 and 3.5 μg/L in Dushu
Lake water and seawater, respectively. The latter value is similar
to the average uranium concentration in seawater. In order to
test the performance of compound 1 in real environment water
for uranium concentration determination, the concentration of
uranium of an artiﬁcial sample simulating the uranium
contaminated Bohai seawater was determined by ICP-MS and
this method respectively as a comparison. Interestingly, the
conentration was determained to be 114.6 μg/L by ICP-MS
and 106.7 μg/L by the reported method (Figure S24).
Mechanism at the Molecular Level. As deduced from the
PXRD analysis, the luminescence quenching was not induced
by framework collapse. Therefore, the luminescent response
toward the uranyl ion can be attributed to only the strong
interaction between uranyl and the skeleton of compound 1.
The Fourier Transform Infrared Spectroscopy (FT-IR) (Figure
S7) and Energy Disperse Spectroscopy (EDS) measurements
(Figures S8−S12) of the sample treated with uranium aqueous
solution fully support the successful adsorption of uranium
onto compound 1. We speculate that the convergent
orientation of the nitrogen sites with suitable distances in the
channel of the MOF provide compatible binding sites for the
adsorbed uranium and further impair the energy transfer from
the TATAB ligand to the Tb3+ ions. Hence, extended X-ray
adsorption ﬁne structure (EXAFS) and X-ray absorption near
edge structure (XANES) analyses were carried out to
investigate the local coordination environment of uranium
uptake by compound 1 (Figure 6a and Table S2). The samples
were prepared by immersing the material in 100, 200, and 300
mg/L UO2(NO3)2·6(H2O) solutions for 5 h (denoted by a, b,
and c, respectively). The uranium concentrations in these
samples were calculated as 1.3%, 1.7%, and 5.1% respectively.
As shown for all three samples, the best ﬁt on the coordination
of uranium is a combination of two axial uranyl oxygen atoms at
distances from 1.78 to 1.79 Å and 5.8−5.9 equatorial donor
atoms at distances from 2.45 to 2.47 Å, aﬀording hexagonal

Figure 4. (a) Luminescence intensity of compound 1 in diﬀerent
metal salt solutions with/without uranium, below is the corresponding
luminescence photograph. (b) The uranyl adsorption ratio measured
in 0.6, 1, 3, 5, and 10 mg/L mixed competing metal-ion solutions.

eﬀect, but still much weaker than that of UO22+ (Figure S5 and
Table S1). After the addition of uranyl to the above solutions,
the luminescence was again completely quenched, further
conﬁrming the uranyl-speciﬁc quenching process. This
detection selectivity likely originates from the electronic
structure of the uranyl ion, which can lead to more eﬃcient
resonance energy transfer than other common cations. This
eﬀect can be further ampliﬁed by the soft nitrogen donor
ligand, which also enables selective enrichment of the uranyl
ion in the presence of large excesses of competing cations.
Another reason for this selective quenching eﬀect may partly
stem from the selective absorption property of compound 1
toward uranyl. To verify this hypothesis, we conducted uranium
uptake selectivity experiments. Speciﬁcally, ﬁnely ground
powder of compound 1 was immersed into 0.6, 1, 3, 5, and
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Figure 5. (a, b) Emission spectra of compound 1 in Dushu Lake water and in seawater, respectively, with a wide range of uranium concentrations
from 0 to 400 mg/L. (c, d) Simulated correlation between (I0 − I)/I0 and concentration using the Langmuir model in Dushu Lake water and in
seawater, respectively. The insets are the correlations between uranyl concentration and C/[(I0 − I)/I0]%.

Figure 6. X-ray absorption spectroscopy results: (a) Radial structural functions obtained from the EXAFS analysis and (b) near-edge region of the
raw U L3 adsorption spectra for uranyl-sorbed samples a, b, and c, and uranyl hydrate compounds.

donors play a key role in the inner-sphere coordination
mechanism. Given these nitrogen sites are in large molar excess
when the concentration of uranium is low, the uranyl
coordination environment derived from the relatively high
uranium loading samples is also informative and likely the same
with cases of low uranium loading samples. This can be also
conﬁrmed by the theoretic interpretation (see discussion
below) unraveling the uranium binding sites with large
energetic preferences. Moreover, the formation of the UN

bipyramid coordination geometry. This contrasts sharply with
the case of uranyl hydrate compounds containing ﬁve
equatorial oxygen atoms, providing a solid evidence for
chelation of uranyl ion by compound 1, given that all uranyl
compounds in hexagonal bipyramid coordination contain
ligand chelation.69 In addition, these equatorial bond distances
are clearly longer than those in uranyl hydrate compounds but
are similar to the UN interatomic distance of 2.44 Å
observed in nitride fuels,70 further indicating that the amine
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Figure 7. (a) Crystal structure of compound 1 along Z axis. (b) Fragment of compound 1. (c) Structure of uranyl hydrate. (d−f) Embedded
adsorption modes with diﬀerent levels of deprotonation of the TATAB ligand. (g−i) Edge adsorption modes with diﬀerent levels of deprotonation
of the TATAB ligand. Eb: Binding strength between the uranyl ion and compound 1. ΔG: Gibbs free energy changes (at 298.15 K, 1 atm) of the
complexation reaction.

chelated by the exposed N donors in the TATAB ligand rather
than the O atoms in the carboxylate unit, which are saturated
by Tb frames and mostly blocked by the hydrophobic benzene
rings (Figure 7b). Several potential uranyl binding sites were
identiﬁed and analyzed. Figure 7d−f show three embedded
binding modes with diﬀerent levels of deprotonation of the
TATAB ligand. In these cases, the uranyl ion was encapsulated
inside the interlayer between two TATAB ligands. In the ﬁrst
case, the uranyl ion was chelated by two deprotonated amine
group, two N donors from triazine group from two diﬀerent
TATAB ligands, and two coordinating water molecules (Figure
7d). The ΔG value of the uranyl complexation is negative
(−6.48 kcal/mol) while binding energy Eb (−86.99 kcal/mol)
is signiﬁcantly stronger than that of isolated hydrate uranyl
cation (−63.64 kcal/mol, see Figure 7c), indicating that uranyl
complexation on this site is highly thermodynamically
favorable. The calculated average equatorial coordination
distance is ca. 2.58 Å, which is slightly longer than that in
isolated hydrate uranyl (ca. 2.48 Å). Both the coordination
number and bond distance are consistent with the EXAFS
analysis result (see Table S2). Analysis on the cases of single-

bond is also supported by the XANES analysis. As shown in
Figure 6b, peak A is considered to be related to the bond length
of equatorial-plane oxygen atoms. Compared to the corresponding peak in the XANES spectrum of the uranyl hydrate
compound, peak A is shifted to a lower-energy position in the
spectra of all three samples, indicating elongation of the
equatorial uranium bond distances.71
Uranyl Binding Sites Analyzed by the First Principle
DFT Calculations. To elucidate the binding site of adsorbed
uranyl ions in compound 1 and conﬁrm the inner-sphere
coordination mechanism, the ﬁrst principles Density Functional
Theory (DFT) calculations were performed. The large onedimensional channels provide suﬃcient space for eﬃcient
diﬀuse of hydrated uranyl cation into compound 1 without any
orientation limitation. The mechanism of uranyl adsorption is
generally interpreted as uranyl complexation with the functional
groups containing lone-pair electrons. 72 Moreover, the
deprotonation of functional groups (may derive from the
complexation competition of uranyl ions) can further promote
the adsorption. On the basis of the crystal structure of
compound 1, it can be expected that the uranyl ions should be
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deprotonated or neutral MOF shown in Figure 7e,f result in
positive ΔG values, suggesting that uranyl complexations under
these situations are not preferential.
Figure 7g,h shows that the uranyl ions were chelated by a
single-deprotonated TATAB fragment in the forms of 6- and 5coordination (including 4 or 3 coordinating water molecules, 1
triazine N atom and 1 deprotonated amine N− atom),
respectively. Although the calculated ΔG of binding mode
(h) is more negative than that of mode (g), the Eb of mode (g)
is larger than that of both mode (h) and the isolated hydrate
uranyl mainly because of the increasing number of ligands.
Meanwhile, the coordination number and bond distance of (g)
also agree with the EXAFS data. Figure 7i indicates that the
binding of uranyl ion to the edge of compound 1 is unfavorable.
Therefore, we have obtained three possible binding modes (d,
g, and h) with two of them (d and g)) consistent with the
experimental analysis on the uranyl coordination, providing
direct evidence on strong interaction between the uranyl ion
and compound 1, further leading to the eﬃcient uptake as well
as sensitive and selective detection capabilities.
Environmental Implications. We successfully introduced
a mesoporous luminescent MOF material into the ﬁeld of
uranium detection. High selectivity over competing environmentally and nuclear-ﬁssion relevant metal ions, together with
the high sensitivity of compound 1, indicate that this porous
material can perform as a highly desired uranyl ﬂuorescence
sensor. The detection limits in deionized water, natural fresh
water, and seawater were calculated as 0.9, 14.0, and 3.5 μg/L,
respectively. More importantly, this material provides an
opportunity for uranium detection in a wider range than the
traditional materials, and it could be used to directly detect
uranyl ion in both severely polluted areas (e.g., around mining
and processing sites) and less-polluted sites. To our knowledge,
compound 1 is the ﬁrst luminescent MOF sensor that can
respond to uranium speciﬁcally in natural fresh water and
seawater and the only MOF material that can detect uranium
below the standard of 30 μg/L in drinking water deﬁned by the
United States EPA. The inner-sphere coordination mechanism
accounting for these superior capabilities was conﬁrmed by
EXAFS and XANES analysis. Furthermore, the arrangement of
coordination-available nitrogen donors in the crystal structure
of compound 1 provides suitable binding sites for preferential
uranyl complexation, as illustrated by the DFT calculations.
Finally, we have demonstrated that this superior detection
capability can be directly correlated with the adsorption
behaviors of uranyl onto the solid material, which sheds light
on material design for heavy-metal detection with enhanced
sensitivity and selectivity.
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