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Abstract: Uranium plays an important role in the modern nuclear industry. However, such
a radioactive element can also cause severe damage to the environment once leaked or
discharged into water or air, having a huge impact on the safety of the biosphere. In this
work, we pioneered the use of fluorescent monomers as imprinted units, which promoted
fluorescence emission of the material. A novel porous aromatic framework was obtained
with uranyl ion chelating sites, namely MIPAF-15. The unique N-O chelating pockets on the
4-bromo-1-H-indole-7-carboxylic acid gave rise to high coordination affinity toward uranyl
ions, which enabled the fast adsorption rate of uranyl ions and a uranyl ion adsorption
capacity of 44.88 mg-g~! at 298 K with an initial pH value of 6.0 and the uranyl concentration
of 10 ppm. At the same time, the fluorescence quenching effect of MIPAF-15 was observed
upon its adsorption of uranyl ions, which allowed the selective detection of uranyl ions with
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1. Introduction

Frameworks for Highly Sensitive

Detection of Radioactive Uranium. Nuclear energy is one of the most attractive energy resources for its high efficiency
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photoreduction and isotope separation [13-16], which help the extraction and eradication of
uranyl ions. At the same time, the detection of uranyl ions is also of great importance for the
protection against and processing of uranium. Instrumental analytical methods are the most
proven and widely used methods. Unique physical characteristics such as the radioactivity,
atomic absorbance effect and photoelectric effect of uranyl ions helped with the specific
detection of it using methods such as electrochemical methods [17-19], x-spectroscopy [20],
Y-spectroscopy [21], surface-enhanced Raman spectroscopy [22-24], liquid scintillation
counter (LSC) [25,26], inductively coupled plasma atomic emission spectroscopy (ICP-
AES) [27], laser-induced fluorescence analysis (LIF) [28,29], X-ray fluorescence spectroscopy
(XRF) [30,31] and so on. Yet, these methods rely on instruments that usually need the pre-
treatment of samples, which may bring increased demand for time and labor, hindering
their wide application [32]. Thus, the development of uranium detection technology
focusing on low time and labor consumption is now a main direction.

In order to address such challenges, a wide range of methods and materials have
been developed and utilized in the detection of uranium. Among them, fluorescence
sensing has attracted enormous interest because of its fast response, naked-eye visibility,
high sensitivity and easy operation [33-36]. So far, researchers have developed various
materials as fluorescence probes for uranyl ions including agars [37,38], ion pairs [39,40],
metal complexes [41,42], metal-organic frameworks (MOFs) [43-50], conjugated organic
frameworks (COFs) [51-53], quantum dots (QDs) [54-56], nanoparticles (NPs) [57-59],
DNAzymes [60] and so on, which showed good capability of uranium detection. Never-
theless, several drawbacks were often observed obstructing the widespread application of
the fluorescence probes above. For example, the instability of MOFs and COFs in either a
water or acid and base environment remained a great challenge limiting their application
scope [61]. In addition, most functional groups used as binding sites of uranyl ions could
be affected by many other ions to a great extent owing to the binding of interference ions
with coordination sites, such as oxime groups, carboxyl groups, phosphate groups and so
on [62]. Thus, there are still significant demands for promoting stability and selectivity in
the detection process.

In this study, a novel porous aromatic framework (PAF) constructed by tetrakis
(4-ethynylphenyl) methane and 1,3,5-tribromobenzene was synthesized via Sonogashira—
Hagihara coupling. In order to provide a suitable coordination configuration for uranyl
ions, a uranyl ion complex synthesized by 4-bromo-1-H-indole-7-carboxylic acid together
with uranyl ion was introduced to the PAF skeleton, obtaining MIPAF-15. Upon the removal
of uranyl ions, MIPAF-15 possessed a large specific surface area and good stability and
could rapidly adsorb uranyl ions from aqueous solutions. Upon the adsorption of uranyl
ions, the fluorescence emission of MIPAF-15 was obviously quenched, which allowed
MIPAF-15 to be utilized as a platform for the selective sensing of uranyl ions.

2. Results and Discussion
2.1. Structural Characterization of MIPAF-15

Under the catalysis of a palladium (0) and copper (I) catalyst in an alkali environ-
ment, C-C bonds were formed between the tetrahedral unit tetrakis (4-ethynylphenyl)
methane and the triangular unit 1,3,5-tribromobenzene together with a molecularly im-
printed complex (MI-complex) containing uranyl ions, forming a 3D porous framework
named MIPAF-15 (Figure 1a). The release of uranyl ions from the MI-complex was realized
by treating MIPAF-15 with an aqueous solution of hydrochloric acid and sodium carbonate,
exposing coordination sites (Figure 1b). The FT-IR analysis and solid-state 1>*C NMR veri-
fied the success of the synthesis. As shown in Figure 2a, the peaks at 410 and 3278 cm !
attributed to C-Br and C=C-H bonds, respectively, disappeared in MIPAF-15 compared to
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the MI-Complex, suggesting the successful Sonogashira-Hagihara coupling of building
monomers [63,64]. In the zoomed FI-IR spectrum, the emergence of peaks at 1196, 1442 and
1670 cm~! in MIPAF-15 was attributed to the vibrational absorption peaks of C-O, C-N
and C=0 [63,64], confirming the existence of carboxyl groups and indole rings in MIPAF-15
during the synthesis process (Figure 2b). Solid-state '3C NMR of MIPAF-15 showed both
the signals of PAF and an indole skeleton. The chemical shifts at 65, 90 and 142 ppm were
assigned to alkynyl groups, quaternary carbons and aromatic carbons connected to qua-
ternary carbons, respectively [65,66]. The chemical shifts at 172 and 110 ppm contributed
to the carboxyl carbons and sp? carbons of indole [67-72] in Figure 2c, which proved the
combination of the PAF and MI-Complex. Nitrogen adsorption—desorption tests at 77 K
were conducted to verify the specific surface area and pore structure of MIPAF-15. A type-I
adsorption isotherm was observed as shown in Figure 2d, indicating that the gas adsorption
process of MIPAF-15 followed Langmuir monolayer adsorption. The specific surface area
of MIPAF-15 was calculated to be 265 m? g_1 based on the Brunauer—Emmett—Teller (BET)
model, which was smaller than some classical PAFs constructed with similar structural
units [67-72]. Such a reduction in the specific area may be due to the combination of the
MI-Complex and PAF skeleton attributing the entrance of the indole fragment to the pore
of the PAF [73]. Evaluated by non-localized density functional theory (NL-DFT), MIPAF-15
showed a narrow pore-size distribution at approximately 1.2 nm.
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Figure 1. (a) Preparation of MIPAF-15@U. (b) Release of uranyl ions in MIPAF-15@U.
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Figure 2. (a,b) FT-IR spectra of tetrakis (4-ethylphenyl) methane, MI complex, MIPAF-15 and PAF.
(c) Solid-state '*C NMR spectra of MIPAF-15. (d) Nitrogen adsorption isotherm and pore-size
distribution of MIPAF-15.

Scanning (SEM) and transmission electron microscopy (TEM) was used to see the
micro-scale structure and morphology of MIPAF-15. As shown in Figure 3a,b, PAF solids
aggregated, forming an amorphous structure. As Figure S1 displayed, energy-dispersive
X-ray spectroscopy (EDS) mapping images obtained from SEM showed that carbon, oxygen
and nitrogen elements uniformly distributed in the MIPAF-15 solid. PXRD pattern gave
no significant diffraction peak (Figure 52), showing that MIPAF-15 was in an amorphous
phase, like most other PAFs [74,75]. Thermogravimetric analysis showed that there was
only a slight weight loss before 200 °C as described in Figure 3c, revealing the high thermal
stability of MIPAF-15. Above 300 °C, the polymer began to lose its weight due to the
collapse of the organic skeleton.
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Figure 3. (a) SEM image of MIPAF-15. (b) TEM image of MIPAF-15. (c) Thermogravimetric curve of
MIPAF-15.
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2.2. Uranyl Ion Adsorption Performance of MIPAF-15

As for the adsorption of uranyl ions by porous materials, pH value is a key factor for
its significant effect on both the surface properties and the form of existence of uranyl ions.
Uranyl ion adsorption experiments with the UO,?* concentration of 10 ppm with different
pH values ranging from 3 to 8 were carried out. Figure 4a shows that at pH = 6, MIPAF-15
reaches a maximum equilibrium adsorption capacity of 44.88 mg-g~!. As the pH value
decreased, the equilibrium adsorption capacity decreased sharply, which was possibly
caused by the protonation of carboxyl groups connected to the PAF skeleton, resulting in
the mask of the coordination sites [73]. Meanwhile, the increase in pH value also resulted in
a decrease in equilibrium adsorption capacity. This may be due to the formation of different
species of ions of uranium such as (UO,),(OH)?**, UO,(OH)* and so on [48]. Such species
with different sizes might be the main reason for the decrease in adsorption capacity when
the pH value increases above 6.
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Figure 4. (a) Uranium adsorption capacities of MIPAF-15 at different pH values. (b) Non-linear fitting
of uranium adsorption capacity of MIPAF-15 using pseudo-first-order and pseudo-second-order models.
(c) Adsorption isotherm of MIPAF-15 fitted with Langmuir and Freundlich models. (d) Uranium
adsorption reusability of MIPAF-15.

At pH = 6, the uranyl adsorption performance of MIPAF-15 in an aqueous solution of
uranyl nitrate was tested with a uranyl concentration of 10.00 ppm at room temperature, and
the result is displayed in Figure 4b. When the content of MIPAF-15 was 25.00 mg-L~!, MIPAF-
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15 rapidly adsorbed uranyl ions in the first 5 min and reached an equilibrium adsorption
capacity of 44.88 mg-g~! within 10 min, showing a high-rate combination of uranyl ions with
MIPAEF-15. The adsorption kinetics studies were conducted, and the results are shown in
Figure 4b. The adsorption capacity at different times was fitted with pseudo-first-order and
pseudo-second-order kinetic models (Figures S3 and S4). The results showed that MIPAF-15
fitted with pseudo-second-order kinetic models is better with R? value = 0.9993, revealing that the
adsorption process of uranyl ions by MIPAF-15 was mostly dominated by chemical adsorption,
that is to say, the coordination of nitrogen atoms and oxygen atoms with uranyl ions. In order
to further investigate the adsorption process, Langmuir and Freundlich models were utilized to
fit the adsorption isotherm to reveal the mechanism of adsorption. As Figure 4d shows, the
adsorption capacity reached 97.84 mg-g~! as the initial concentration of uranyl ions in the
solution increased to 70.0 ppm. The data of fitting showed the linear correlation coefficients
were 0.9974 and 0.8917 using Langmuir and Freundlich models, respectively, as is shown in
Figures S5 and S6. The larger value of R? of the fitting with the Langmuir model revealed
that monolayer chemisorption played a dominant role in the process of uranyl adsorption by
MIPAE-15.

A cyclic stability test of MIPAF-15 was carried out, and the results are shown in
Figure 4d. The desorption of uranyl ions from MIPAF-15 was realized by treating uranyl-
ion-loaded MIPAF-15 with HCI (0.10 M) and Nap;COs (1.00 M) up to three times. After five
cycles of the adsorption—desorption experiment, no sharp decrease in adsorption capacity
was found, and MIPAF-15 retained 80% of its original adsorption capacity, which indicated
the outstanding cyclic stability of MIPAF-15. Meanwhile, MIPAF-15 also showed excellent
stability against solvents, sunlight and long-term storage. After it was soaked in HCl,
NaOH and ethanol for 4 h, irradiated with sunlight for 12 h or kept in storage for up to
3 months, only a slight reduction in adsorption capacity was observed in MIPAF-15
(Figure S7), revealing its outstanding stability in various conditions.

2.3. Fluorescence Sensing Performance of MIPAF-15

In order to examine the fluorescence properties of MIPAF-15 and further study the
sensing of uranyl ions, the excitation and emission spectrum of 4-bromo-1-H-indole-7-
carboxylic acid (Figure S8) and MIPAF-15 (Figure S9) dispersed in deionized water was
measured. Under the excitation of 320 nm, a broad emission of MIPAF-15 with maximum
intensity at approximately 470 nm was observed. With the increase in uranyl ions, the
fluorescence emission intensity significantly weakened. With 50.00 ppm (approximately
1.85 x 10~* M) of uranyl ions added, about 35% of the initial emission intensity was
quenched as shown in Figure 5a,b, and the quenching effect proved to be visible to the
naked eye under a 365 nm UV lamp (Figure S510). Given that MIPAF-15 had a strong
binding affinity toward uranyl ions, we believe that the coordination of oxygen atoms
and nitrogen atoms with uranyl ions was the key to such a dramatic quenching effect
on fluorescence emission. In addition, a good linear correlation was observed between
the fluorescence quenching ratio [(Fyp — F)/Fo], where F represented initial fluorescence
intensity measured in deionized water, and F represented the fluorescence intensity with
different concentrations of uranyl ions added] and concentration of uranyl ions below
10 uM (Figure 5c). The linear correlation coefficient (R?) was calculated to be 0.9977, and
the linear relationship between the quenching ratio and uranyl ion concentration (uM)
could be described as follows:
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Figure 5. (a) Correlation between fluorescence quenching ratio and uranyl ion concentration in
deionized water. (b) Fluorescence quenching effect of MIPAF-15 at different concentrations of
uranyl ion. (c) Linear correlation between fluorescence intensity and uranyl ion concentration in
deionized water. (d) Linear fitting of fluorescence quenching ratio and uranyl ion concentration in
deionized water.

(Fo — F)/Eg = 0.02583 C(UO,%*) + 0.00511

The limit of detection (LOD) was subsequently calculated on the basis of LOD = 3¢ /k,
where ¢ represented the standard deviation of blank samples with three parallel measure-
ments (calculated 4.34 x 10~%), and k represented the slope of a linear equation between
the fluorescence quenching ratio and uranyl concentration. The LOD was determined to be
5.04 x 1078 M, which stood below the maximum concentration of uranyl ions in drinking
water specified by the World Health Organization (6.30 x 10~8 M) and United States
Environmental Protection Agency (1.11 x 1077 M) [45,48]. Additionally, the detection
performances of some other methods used for uranyl ion detection were compared with
MIPAF-15, and the results are listed in Table 1, showing the low LOD of MIPAF-15. Nor-
mally, various amounts of other metal ions such as Na*, K*, Ca?t, Mg2+ and so on exist
in domestic water, river water or seawater. So the influence of other metal ions on the
fluorescence quenching and the detection of uranyl ions by MIPAF-15 is always a vital
indicator for assessing the detection capability. Due to the high concentration of the ions
above, an additional fluorescence quenching ratio was observed with these ions added.
To evaluate the influence of interfering ions on the sensing of uranyl ions, fluorescence
quenching selectivity tests were carried out. Interfering ions including Na*, K*, Ca%*, Mg?*,
Sr?*, Co?*, Mn?* and Ni?* with a concentration of 2.00 x 10~> M were added separately to
5.00 mL deionized water. According to the result shown in Figure 6a, no fluorescence
quenching ratio caused by the interfering ions mentioned above could exceed the value
caused by 1.00 x 107> M uranyl ions, indicating the high fluorescence selectivity of
MIPAF-15.
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Table 1. Comparisons of detection performances of some classical methods applied for the detection
of uranyl ions.

Usage

Reagent pH (per L Co.n tact LoD Cost Reference
Time (nM)
Water)
. . UsD
Eu-MOF 7.0 020g immediately 900.00 3056/ [46]
Au- several UsD
nanoparticles 7.0 0.50L minutes 84.00 406.38/L [58]
. . USD
Zn-MOF 3.0 050g immediately 12.00 15.32/¢ [48]
Eu- . . UsD
complex 7.4 054¢g immediately 12,000 2235/ [41]
N-doped usD
QD 7.0 001g 3h 20.38 24170/ [56]
UsD
AO-CMP 6.0 020g 3h 1.70 831.89/¢ [76]
MIPAF- UsD .
15 6.0 020g 30s 50.40 150.51 /¢ This work
(a) (b)
0254 0.35 -
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Figure 6. (a) Fluorescence quenching selectivity of MIPAF-15. (b) Fluorescence quenching rate of
MIPAF-15 at different values of pH.

As described before, the adsorption capacity of uranyl ions by MIPAF-15 was observed
to be greatly affected by pH value. So it was believed that the fluorescence quenching
ratio was also determined by pH value. With a uranyl concentration of 10.00 ppm, we
measured the fluorescence quenching ratio of MIPAF-15 in pH values ranging from 3 to
7. It was obvious that the quenching ratio peaked at pH = 6 and decreased with higher or
lower pH values (Figure 6b). This was consistent with the pH value corresponding to the
highest uranyl adsorption capacity. As the pH value got lower, more hydrogen atoms were
connected to the carboxyl group, occupying the molecularly imprinted sites and causing a
significant decrease in uranium adsorption. Thus, the fluorescence quenching ratio at a pH
value below 6 decreased along with the reduction in the adsorption capacity. As the pH
value got higher, the main species of uranium in the aqueous solution changed, resulting in
a weakened binding affinity of coordination sites toward uranium and a lower fluorescence
quenching ratio.

In consideration of the utilization of MIPAF-15 in different practical conditions, fluores-
cence measurements were conducted using different resources of water, including natural
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seawater from Bohai and tap water from Nanguan district, Changchun, Jilin Province in China.
The same procedure and concentration of the absorbent were used as the former fluorescence
quenching experiment was applied, and it was found that in both seawater and tap water, the
fluorescence quenching of MIPAF-15 caused by uranyl ions was observed (Figure S11). The
linear relationship between the fluorescence quenching ratio and concentration of uranyl ions
was fitted, and the limits of detection were calculated to be 6.84 x 10~8 M and 9.66 x 1078 M
for tap water and seawater, respectively (Figures S12 and S13). Compared to deionized water,
the linear range between the fluorescence quenching ratio and concentration of uranyl ions
added was greatly shortened, and the detection limits were a little higher in both tap water
and seawater. Such a change was caused by the existence of high-concentration ions in real
water. As listed in Table 2, the cation with the highest concentration in seawater is Na* with a
concentration of approximately 450470 mM, and the concentrations of Ca?*, Mg?* and K*
are about 50.00, 10.00 and 9.00 mM, respectively. The high concentration of Ca?*, Mg?* and K*
could cause the extra quenching effect of MIPAF-15, resulting in an increase in the detection
limit toward uranyl ions. Meanwhile, in tap water, the concentrations of CaZ*, Mg2+, Nat
and K* are approximately 2.20, 1.20, 0.80 and 0.50 mM, respectively, all of which are much
lower than those in seawater. So, the detection sensitivity in tap water was higher than that in
seawater. At the same time, benefiting from the good fluorescence quenching selectivity of
MIPAF-15 toward uranyl ions as described before, MIPAF-15 maintained its high sensitivity
of detection in real water with complex ion consistency and effectively reduced the impact
of matrix effects, promoting its high potential of practical application (Figure S14). Thus,
MIPAF-15 was capable of detecting uranyl ions in a wide range of circumstances based on the
selective fluorescence quenching effect caused by uranyl ions.

Table 2. Concentration of cations in selected real water.

Cations Tap Water (mM) Seawater (mM)
Na* 0.80 450.00-470.00
Ca®* 2.20 50.00

K* 0.50 10.00
Mg?+ 1.20 9.00

To further investigate the coordination mode of uranyl ions on MIPAF-15 and clarify
the quenching mechanism of uranyl ions on the fluorescence of MIPAF-15, X-ray pho-
toelectron spectroscopy was carried out. After the adsorption, new peaks at 383.1 and
393.9 eV emerged, belonging to Uys7,» and Uys 5/, respectively, and were lower than those
in uncoordinated uranyl ions, proving the binding of uranyl ions (Figures 515 and 516). The
O15 peak significantly shifted toward higher binding energy from 531.8 to 532.2 eV after the
adsorption of uranyl ions, indicating the chelating of uranyl ions with oxygen atoms from
carboxyl groups [77]. In the high-resolution XPS spectra of MIPAF-15 (Figure 517), the Oy,
peak could be divided into two peaks at 531.4 and 532.9 eV. The former was attributed to
COO™, and the latter corresponded to H-O. After the adsorption of uranyl ions, the peak
of COO~ shifted to a higher binding energy of 532.1 eV, and a new peak at approximately
533.4 eV attributed to O=U=0 appeared [78,79]. Moreover, in the high-resolution N4 XPS
spectra, after the adsorption of uranyl ions, the peak at 400.1 eV belonging to C-N shifted to
400.2 eV, and a new peak belonging to N-U located at 401.0 eV appeared in Figure S18 [51],
indicating the participation of nitrogen atoms in the coordination with uranyl ions. These
alternations in the XPS peaks confirmed that both the oxygen atoms from carboxyl groups
and the nitrogen atoms from indole rings participated in the coordination with uranyl ions.
Considering the high affinity and selectivity to uranyl ions, it could obviously be attributed
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to the evolvement of coordination sites with a suitable size for uranyl ions, which caused
the good selectivity of coordination between MIPAF-15 and uranyl ions. In addition, the
stronger energy transfer between uranyl ions and MIPAF-15 caused by the special electron
and spatial configuration of uranyl ions may also contribute to the outstanding fluorescence
quenching effect of uranyl ions on MIPAF-15 [76].

3. Materials and Methods
3.1. Materials

All starting materials are commercially available and used without further purification.

Tetrakis (4-ethynylphenyl) methane (Leyan, Shanghai, China, 97%), 1,3,5-tribromobenzene
(TCI, Tokyo, Japan, 98%), uranyl nitrate hexahydrate (Aladdin, Shanghai, China, AR), 4-bromo-
1-H-indole-7-carboxylic acid (Leyan, 97%), copper(l) iodide (Leyan, 99%), tetrakis(triphenylpho
sphine) palladium (0) (Aladdin, 99%), sodium carbonate anhydrous (Aladdin, AR), sodium
chloride (Aladdin, AR), calcium chloride anhydrous (Aladdin, AR), potassium nitrate (Al-
addin, AR), magnesium chloride hexahydrate (Aladdin, AR), manganese (II) chloride anhy-
drous (Aladdin, AR), cobalt (II) chloride hexahydrate (Aladdin, AR), nickel chloride hexahy-
drate (Aladdin, AR), strontium chloride hexahydrate (Aladdin, AR), N,N-dimethylformamide
(Damas-beta, Shanghai, China, anhydrous, with molecular sieve), triethylamine (Aladdin,
anhydrous, with molecular sieve), methanol (Shanghai Chemical Reagents, Shanghai, China,
AR), ethanol (Shanghai Chemical Reagents, AR), tetrahydrofuran (Shanghai Chemical
Reagents, AR), trichloromethane (Shanghai Chemical Reagents, AR), hydrochloric acid (Shang-
hai Chemical Reagents, 37% aqueous solution), acetone (Shanghai Chemical Reagents, AR).

3.2. Instrumentation and Physical Measurements

Fourier transform infrared spectroscopy (FI-IR) was performed on Nicolet Impact 410
(Madison, WI, USA). Solid-state 13C nuclear magnetic resonance (Solid-state 3C NMR) data
were recorded using Bruker Avance NEO 400 (Billerica, MA, USA). Powder X-ray diffraction
(PXRD) was obtained on a Bruker D8 QUEST diffractometer (Saarbriicken, German) with
Cu-Ko radiation. Nitrogen adsorption—desorption measurement was performed on a
Quantachrome Auto-sorb (Boynton Beach, FL, USA). Scanning electron microscopy (SEM)
images and energy-dispersive X-ray spectroscopy (EDS) mapping images were obtained
with JEOL JSM 6700 (Akishima, Japan), and transmission electron microscope (TEM) images
were obtained on JEM-2100 (Akishima, Japan). Thermogravimetric analysis (TGA) was
measured by a Mettler-Toledo TGA /DSC 2 thermal analyzer (Zurich, Switzerland) under
an air atmosphere at a heating rate of 10 °C min~!. X-ray photoelectron spectroscopy
(XPS) was measured using AXIS ULTRA (Lund, Sweden). UV-vis absorption spectra.
UV-vis absorbance spectroscopy was conducted with VARIAN Cary500 (Palo Alto, CA,
USA). Fluorescence properties were measured using a Shimadzu RF-6000 fluorescence
spectrophotometer (Kyoto, Japan).

3.3. Synthesis
3.3.1. Synthesis of Molecularly Imprinted Complex

To synthesize a molecularly imprinted complex (MI-complex), 288.0 mg of 4-bromo-
1-H-indole-7-carboxylic acid (1.20 mmol) was dissolved in 15.00 mL ethanol and stirred.
Then, 200.0 mg of uranyl nitrate hexahydrate (0.40 mmol) was added to the solution, further
stirred at room temperature for 4 h and then allowed to reflux at 80 °C for an additional 2 h,
obtaining a light yellow solution. The solvent was further removed by rotary evaporation,
and the obtained light-brown solid was allowed to be washed with deionized water and
dried in vacuum under 50 °C for 12 h. Yield 351.5 mg (89.07%).
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3.3.2. Synthesis of Uranyl lon Imprinted Porous Aromatic Framework

To synthesize a uranyl ion imprinted porous aromatic framework named MIPAF-15,
Sonogashira-Hagihara coupling was applied, and the procedure was optimized based
on previous literature [63,65]. A total of 125.0 mg of tetrakis (4-ethynylphenyl) methane
(0.30 mmol), 113.4 mg of 1,3,5-tribromobenzene (0.32 mmol) and 79.0 mg of MI-complex
(0.08 mmol) was added into a two-necked flask. Next, 10.00 mL of anhydrous N, N-
dimethylformamide and 10.00 mL of anhydrous triethylamine were added. Then, 10.0 mg
of copper(l) iodide and 25.0 mg of tetrakis(triphenylphosphine) palladium (0) were added
as catalysts of the coupling reaction. Followed by 3 times of the sequence of freezing—
vacuuming—-thawing, the flask was filled with nitrogen. Then, the mixture was heated to
120 °C in an oil bath and stirred for 72 h. Upon heating, a light yellow solid precipitated from
the reaction mixture, and the color turned to dark brown. The obtained dark-brown solid
was then sequentially washed with methanol, HCI (1.00 M, aq), acetone, trichloromethane,
N, N-dimethylformamide and tetrahydrofuran for 1 h each, followed by Soxhlet extraction
with methanol for 72 h. To remove the uranyl ions in the imprinted coordination sites, the
obtained solid was further stirred in HCI (0.10 M, aq) and NayCOs (1.00 M, aq) as many
times as needed in order to unload uranyl ions from the imprinted coordination sites and
obtain uranyl ion imprinted porous aromatic framework. Yield 178.9 mg (96.60%).

3.4. Uranyl lon Adsorption Experiment

The solid of MIPAF-15 was dispersed in a 10.00 ppm aqueous solution of uranyl
nitrate, and the content of the absorbent was 25.00 mg L~!. The original pH value of uranyl
nitrate was adjusted by HCI (0.10 M) and Na,COs (1.00 M), measured to be 6. Then, the
mixture was constantly stirred while the supernatant of different times was collected for
the following measurement of uranyl concentration using the formula 1.

Q.= NG -C) )
m
where Q. represents the uranium adsorption capacity of the sorbent (mg g~ 1), V represents
the volume of the uranyl nitrate solution (L), Cy represents the initial concentration of
uranyl ions (mg L), C, represents the equilibrium concentration of uranyl ions (mg L~1),
and m represents the mass of the sorbent (g).

Uranium adsorption kinetics were fitted by using pseudo-first-order and pseudo-second-

order kinetic models as Formulas (2) and (3).

In(Qe — Qt) = InQ, — kut ()

L1t
Qt kZQ% Qe

where Q. represents the equilibrium adsorption capacity (mg g~'), Q; represents the

)

adsorption capacity at a certain time (mg g~!), k; and k, represent first-order and second-
order adsorption constant, respectively, and ¢ represents time (s).

Fittings of the adsorption isotherm were carried out using the Langmuir model and
Freundlich model as Formulas (4) and (5).

Ce Ce 1

=€ _ T — 4

Qe Qmax kLQmax ( )
INQe = Inks + Ce (5)

n
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where Q. represents the equilibrium adsorption capacity (mg g~ !), Ce represents the
equilibrium concentration (mg L), Qmax represents the maximum adsorption capacity
(mg g 1), k. and kg represent the Langmuir and Freundlich constants, and n represents
adsorption capacity.

3.5. Fluorescence Detection of Uranyl lon

Considering the strong chelating ability of carboxyl acid groups together with nitrogen
atoms and the rapid adsorption of uranyl ions, MIPAF-15 was employed as a type of
fluorescence probe for uranyl ions. A total of 1.0 mg of MIPAF-15 was dispersed in 5.00 mL
of aqueous solution with pH value = 6 and different concentrations of UO,2", followed by
ultrasonication for up to 30 s. With the formation of a uniform suspension, the fluorescence
spectrum was measured.

4. Conclusions

In summary, we successfully synthesized a novel porous aromatic framework with the
first combination of molecular-imprinted coordination sites with ligands of fluorescence
emission. The resulting MIPAF-15 polymer was constructed by Sonogashira-Hagihara
coupling reaction using tetrahedral and triangular structural units and a molecularly
imprinted complex composed of uranyl ions and 4-bromo-1-H-indole-7-carboxylic acid.
Attributed to the involvement of carboxyl groups and indole rings into the PAF skeleton,
MIPAE-15 showed good affinity toward uranyl ions and rapid uptake of uranyl ions from
water. After the adsorption of uranyl ions, the fluorescence properties of MIPAF-15 changed
greatly caused by energy transfer between uranyl ions and the PAF skeleton. MIPAF-15 was
also able to be used as a uranyl detector in real water such as seawater and tap water, which
provided a wide avenue for the removal and recognition of pollutants in our environment.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/molecules30091920/s1, Figure S1: EDS images of MIPAF-15;
Figure S2: PXRD pattern of MIPAF-15; Figure S3: Kinetic fitting with pseudo-first-order model;
Figure S4: Kinetic fitting with pseudo-second-order model; Figure S5: Fitting of adsorption isotherm
with Langmuir model; Figure S6: Fitting of adsorption isotherm with Freundlich model; Figure S7:
Stability tests of MIPAF-15 against different conditions; Figure S8: Fluorescence excitation and
emission spectra of 4-bromo-1-H-indole-7-carboxylic acid; Figure S9: Fluorescence excitation and
emission spectra of MIPAF-15; Figure S10: Photograph of MIPAF-15 with absence (left) and presence
(right) of uranyl ions under 365 nm UV lamp; Figure S11: Correlation between fluorescence quenching
ratio and uranyl ion concentration in selected natural water; Figure S12: Linear fitting between
fluorescence quenching ratio and uranyl ion concentration in tap water; Figure S13: Linear fitting
between fluorescence quenching ratio and uranyl ion concentration in seawater; Figure S14: Detection
limits of MIPAF-15 towards uranyl ions in different real water; Figure S15: XPS spectra of MIPAF-15
before and after the adsorption of uranyl ions; Figure S16: Uy XPS spectra of uranyl-loaded MIPAF-15;
Figure S17: Oy4 XPS spectra of MIPAF-15 before and after the adsorption of uranyl ions; Figure S18:
Njs XPS spectra of MIPAF-15 before and after the adsorption of uranyl ions.
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