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ABSTRACT: The donor—acceptor covalent organic framework (COF) TTT-DTDA
(TTT = thieno[3,2-b]thiophene-2,5-dicarbaldehyde and DTDA = 4,4',4"-(1,3,5-triazine-
2,4,6-triyl)trianiline) was prepared and found to have long-lived excited states (>100 ms)
characterized by transient absorption spectroscopy. These excited-state lifetimes were
sufficient to perform the direct photoreduction of uranium at ppm concentration levels.
The photoreduction of soluble uranyl species to insoluble reduced uranium products is an
attractive separation for uranium, typically accomplished with sacrificial reagents and
protective gases. In the case of TTT—DTDA, illumination in aqueous solutions containing
only uranyl ions produced crystalline uranyl peroxide species ([UO,(0O,)]) at the COF that
were characterized by powder X-ray diffraction, X-ray photoelectron spectroscopy, and
infrared spectroscopy. The maximum absorption capacity of TTT—DTDA was found to be
123 mg U/g COF at pH S after 10 h of illumination in solutions devoid of sacrificial
reagents or protective gases. The TTT—DTDA COF was recyclable and maintained high
selectivity for uranium in competing ion experiments, which are necessary requirements for
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a practical uranium extraction strategy based on photochemical uranium reduction.

B INTRODUCTION

The high energy density and low emissions possible with
nuclear energy make it a viable solution, among others, to the
global energy problem. Currently, there are over 400
operational nuclear power plants around the world and 60
new plants under construction." The principal fuel and main
component of spent fuel in these reactors is uranium.” The
efficient extraction of uranium from mining sources and
seawater (the world’s oceans hold up to 4.5 billion tons of
uranium)® and its separation during radioactive waste water
remediation and environmental protection is, therefore, a
critical issue concerning nuclear energy as a clean and
sustainable energy source. A number of methods have been
developed for uranium extraction with many recent examples
focusing on the use of highly porous crystalline materials like
metal organic frameworks (MOFs)* and covalent organic
frameworks (COFs).” Due to their high porosity, designability,
and functionalizability, MOFs and COFs have a high potential
for maximum absorption capacities compared to similarly
designed polymeric materials. In addition, their synthetic
tuneability offers pathways to achieve high selectivity for
uranium capture.

A powerful tool in the area of uranium extraction has been
to incorporate amidoxime ligands [R(NH,)=N-OH]—
which have been found to be highly selective for uranium—
into framework and polymeric materials. In particular,
amidoxime ligands have been used in materials for successful
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uranium seawater extraction, overcoming the challenges of low
uranium concentration ([U] = 3 ppb), ionic speciation, large
number of competing ions, and biofouling that can occur in
seawater (Scheme 1 top). In this area, 3D polymer fibers
incorporating amidoxime ligands have achieved upward of
17.57 mg U/g material,” and MOF and COF materials with
amidoxime ligands have achieved 2.68 and 5.12 mg/g
absorption capacities in seawater, respectively.8’9

To improve selectivity and dramatically increase absorption
capacity, other methods have focused on uranium reduction as
a strategy. Uranium reduction is a 2e” process (U + 2¢™ —
UY) that produces insoluble uranium precipitates at the
material. Advantages of this process are that the material is not
saturated by active sites absorption and can produce species
with potentially lower solubility than ligand-bound uranium.
Till date, materials for uranium reduction have been explored
using highly reducing quinones,'’ doped materials with
reducing agents such as zero-valent iron,'' and photo-
catalysis."” Photocatalytic materials are particularly attractive
because they are able to use sunlight to produce the reductive

[EMiics

Received: December 23, 2021
Revised:  February 6, 2022
Published: March 7, 2022

https://doi.org/10.1021/acs.chemmater.1c04407
Chem. Mater. 2022, 34, 2771-2778


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yiting+Song"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ao+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pengju+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Linwei+He"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dongyang+Xu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fuqi+Wu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fuwan+Zhai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yutian+Wu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ke+Hu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shuao+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shuao+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Matthew+V.+Sheridan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.chemmater.1c04407&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c04407?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c04407?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c04407?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c04407?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c04407?fig=abs1&ref=pdf
https://pubs.acs.org/toc/cmatex/34/6?ref=pdf
https://pubs.acs.org/toc/cmatex/34/6?ref=pdf
https://pubs.acs.org/toc/cmatex/34/6?ref=pdf
https://pubs.acs.org/toc/cmatex/34/6?ref=pdf
pubs.acs.org/cm?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.chemmater.1c04407?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/cm?ref=pdf
https://pubs.acs.org/cm?ref=pdf

Chemistry of Materials

pubs.acs.org/cm

Scheme 1. Uranium Seawater Extraction Strategies: (Top)
Polyethylene Polymer with Amidoxime Ligands to Bind
Uranium for Seawater Extraction ([U] = 3 ppb); (Bottom)
Uranium Photocatalysis to Produce Insoluble Uranium
Products

Amidoxime polymer
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equivalents for uranium reduction from UY' to UY. This
process, however, requires the oxidation of a sacrificial
reductant in order to produce charge-neutral insoluble
uranium products, Scheme 1 bottom. Promising work in this
direction includes a COF with unsubstituted olefin linkages,
recently reported to have a uranium absorption capacity up to
2460.8 mg/g using sacrificial reductants and photocatalysis."
Other recent materials include highly active donor—acceptor
microporous materials with high absorption capacities''* and
traditional materials like titanium dioxide (TiO,)'® and
graphitic carbon nitride'”'® that have been used with
impressive uranium capture abilities (>1 g U absorbed/g
material). Nevertheless, all these materials produce reductive
equivalents through excited-state oxidation of sacrificial
reagents, usually under nitrogen or argon atmospheres, to
ensure high photo-efficiencies.'” On the other hand, an
example of uranium reduction under aerobic conditions
without sacrificial reagents involved porous electrode materials
and an applied electrochemical bias to capture uranium with
high selectivity, high faradaic efficiencies for uranium
reduction, and impressive absorption capacities.”””' An
amidoxime-modified carbon felt electrode was reported with
an impressive uranium absorption capacity of 1932 mg U/g of
electrode material under an applied potential bias.”*

Here, we present a new photochemical pathway to reduce
uranium using a photoactive donor—acceptor COF that works
without sacrificial reductants and in the presence of oxygen. To
develop a photochemical material for this reaction, the donor—
acceptor 2-D COF, TTT—-DTDA, was prepared, Scheme 2.
Donor—acceptor 2-D COFs have emerged as promising
photochemical materials due to their excellent charge carrier
mobility and impressive excited-state lifetimes, which are
attributed to their interlayer z-stacking and unidirectional
order.”® A photophysical study of imine-COF containing
fused-bithiophene units similar to the one used here found that
the fused-bithiophene linkers provide long-lived excited states
that span from an impressive submicroseconds to hundreds of
milliseconds.”* In addition, the TTT-DTDA COF does not
demonstrate strong dark absorption to uranium or other
metals that were tested here, making it ideal to study the
uranium photoreduction process. TTT—DTDA has also been
shown to have high photoactivity to induce free-radical
polymerization and could be prepared by the reaction of
4,4',4"-(1,3,5-triazine-2,4,6-triyl )trianiline (TTT), with thieno-
[3,2-b]thiophene-2,5-dicarbaldehyde (DTDA), as described
previously.”

The reduction of uranium was found to be possible during
the long-lived excited state of TTT—DTDA characterized by
transient absorption (TA) spectroscopy here, producing
reduced uranium (UO,), and propagation of uranyl peroxide
was possible by further oxidation of the UO, precipitate with
solution oxygen: U0, + 0,>~ = U"0,(0,). The oxidative
equivalents that build up in the COF during the uranium
photoreduction process can be removed by solution species or
stored in the COF via reactions with the solution vide infra.

Uranium absorption experiments performed with TTT—
DTDA in pH 2—6 solutions under prolonged UV light
illumination with uranium demonstrated markedly increased
uranium absorption compared to dark experiments confirmed
by inductively coupled plasma atomic emission spectroscopy
(ICP—AES). Powder X-ray diffraction (PXRD) was used to
confirm the formation of uranyl peroxide, UO,(0,), and X-ray
photoelectron spectroscopy (XPS) confirmed U(VI) in the
material. Based on the uranium removal percent and degree of
sulfur oxidation determined by XPS, the faradaic efficiency for
TTT—DTDA was determined to be 51.3%. TA experiments of
TTT—-DTDA observed long excited-state lifetimes in the
COFs (>100 ms). These lifetimes are essential for the
successful photoreduction of uranium in dilute solutions such
as those found here (1—100 ppm U) and those encountered in
radioactive waste water remediation and environmental

Scheme 2. Synthesis of the 2D Donor—Acceptor COF, TTT—DTDA, and Relevant Reactions for the Photoreduction of
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Figure 1. (a) Effect of pH on U absorption for TTT-DTDA, [U] = 10 ppm, m/V =1 g/L, t = 10 h, and T = 300 K; (b) effect of the U
concentration for TTT-DTDA, pH = 5, m/V =1 g/L, t = 10 h, and T = 300 K; (c) kinetic data for the photochemical reaction under air
condition, [U] & 25 ppm, pH = S, m/V = 1 g/L; (d) kinetic traces in the presence (gray) and absence (red) of O, via purging with nitrogen gas,
[U] ~ 50 ppm, pH = 5, m/V = 1 g/L; and (e) extraction efficiency of U (blue) and other competing ions (red). U/M = 1:50, U = UO,**; M =
Mg", St™, Zn", Cu", Co™, Eu™, and V¥, pH = 5, t = 12 h, m/V = 1 g/L; (f) extraction efficiency of U (blue) and elution efficiency using 0.1 M HCI
(red) in two cycles, [U] & 100 ppm, pH = 4.0, m/V = 1 g/L, t = 10 h. The experimental data can be found in Supporting Information, Tables S1—

S3.

protection separation. Other multi-junction materials have
been developed recently for uranium photoreduction, high-
lighting a necessity for long-lived charge-separated states in
uranium photoreduction.”*”** TTT—DTDA removed 94.7%
of uranium up to 100 ppm and had a maximum absorption of
123 mg U/g COF at pH $S after 10 h of illumination ([U] =
150 ppm, TTT—DTDA = 1 g/1 L). The material could also be
recycled without loss of its photoactivity and maintained its
selectivity for uranium in the presence of competing ions.

B EXPERIMENTAL SECTION

Materials. TTT was purchased from Shanghai Aladdin Bio-
chemical Technology Co., Ltd. DTDA was purchased from Shanghai
Tensus Biotech Co., Ltd. Mesitylene, dioxane, and acetic acid were
purchased from Chinasun Specialty Products Co., Ltd. Metal salts,
sodium hydroxide, and nitric acid were purchased from Sigma-
Aldrich. Specially, uranyl nitrate, UO,(NO;),-6H,0, purchased from
Shenzhen Isotope Industrial International Co., Ltd., was used in all
uranium solutions, and given the radioactivity of uranium, weighing
and dissolving of uranyl salt were carried out in a dedicated actinide
laboratory. All other commercial reagents were used without further
purification.

Synthesis. The TTT-DTDA COF was prepared, as previously
described.” Briefly, a solvothermal reaction was carried out between
TTT (10.6 mg, 0.030 mmol) and DTDA (8.8 mg, 0.045 mmol) in the
presence of 6 M acetic acid (0.05 mL) and mesitylene/dioxane (0.5
mL) as the solvents. The supernatant was removed, and the
precipitate was extracted with supercritical CO, (40 °C, 90 bar, 2
h) to yield the COF as an orange powder. The infrared (IR) and
PXRD of the COF were in good agreement with reported values.

Characterization Methods. PXRD data were collected on a
Bruker D8 Advance diffractometer using Cu Ko radiation at 40 kV, 40
mA power. Fourier transform IR spectra of the samples were
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characterized using a Thermo Nicolet iS50 spectrometer. XPS spectra
were obtained using a Thermo Scientific ESCALAB 250 Xi
spectrometer equipped with a monochromatic Al Ka X-ray.
Photolysis experiments were carried out in a CEL-LAB200E7 parallel
photoreactor using 365 nm light source at 34 V, 3.5 A power (I = 150
mW/cm?). The thermogravimetric analysis (TGA) measurement was
accomplished on a JUPITER STA 449F3 instrument from 30 to 900
°C at a heating rate of 10 °C-min™" under 20 mL-min~" N, flow.
Scanning electron microscopy (SEM) images were obtained using a
field-emission scanning electron microscope (Merlin Compact, Zeiss)
at a 10.0 kV acceleration voltage, and all samples were coated with
gold to improve the electronic conduction. Energy-dispersive X-ray
spectroscopy (EDS) mapping of elements was collected using an FEI
Talos F200X4 field-emission transmission electron microscope with
an accelerating voltage of 200 kV. Concentrations of uranium were
tested on an Agilent 7800 ICP—MS, and concentrations of other
metal ions in competing experiments were tested on an iCAP 7000
ICP—AES using the standard curve method.

Uranium Absorption Experiments. An amount of the TTT—
DTDA COF sample in the range of 6—7 mg was placed in a 20 mL
glass bottle with a lid, and then, the corresponding amount of uranyl
nitrate solution with adjusted pH value was added, keeping the solid—
liquid ratio equal to 1:1 g/L. With stirring, the container was placed
under illumination (4 = 365 nm) or covered with aluminum foil to
ensure a dark environment. The effect of the pH value for UO,*
extraction was carried out in the pH range of 2—6. In general, 10 mg
of TTT-DTDA was added to 10 mL of 10 ppm UQ,*" solution with
different pH values. After being stirred for 10 h, the solution was
separated using a 0.22 gm nylon membrane filter for ICP analysis.
The data are reported as an average of two to three samples. The
effect of competing ions was studied by adding different
concentrations of Mg(NOs)z, Sr(NO;),, Zn(NO,),-6H,0, Cu-
(NO;),-6H,0, Co(NO,),-6H,0, Eu(NO;);-6H,0, and NaVO; into
10 ppm UO,** solution, respectively. After being stirred for 12 h, the
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solution was separated using a 0.22 ym nylon membrane filter for ICP
analysis.

Kinetics. Experiments were carried out at pH S with a solid—liquid
ratio of 1 g material per liter solution. In each sample, 150 mg of
material was added to 150 mL of 25 ppm UO,* solution. To
determine the U concentration, 1 mL of the solution was taken out
after stirring for 10 min, 30 min, 1 h,2h,3h,4h, 5h,7h,9h, 10 h,
and 18 h, respectively. The samples were separated using a 0.22 um
nylon membrane filter for ICP analysis. Recycle experiments were first
tested with 10 mg of TTT—-DTDA added to 10 mL of 100 ppm
UO,* solution at pH S. After 12 h of stirring, TTT-DTDA was
separated from the solution by filtration. The UO,**-loaded TTT—
DTDA sample was dried naturally in air, and the solution was
measured by ICP to get the concentration in order to determine the
extraction efficiency of the first use of TTT—DTDA. Next, the UO,**-
loaded sample underwent through a desorption process in 10 mL of
0.1 M HC], 2 M Na,CO;, or 0.5 M NaOH with the contact time of 2
h. The UO,>* concentration for the resulted desorption solution was
determined, and the desorption efliciency was obtained for the first
use of TTT—DTDA. The separated TTT—DTDA was dried naturally
in air and retested for uranium removal, and desorption was re-
evaluated under identical conditions.

TA Spectroscopy. Nanosecond TA spectra were acquired on a
TSP-2000 (Unisoku) laser flash photolysis system. Briefly, a Q-
switched frequency-tripled pulsed Nd:YAG laser (Quantel Q-Smart
450, 10 Hz) was employed to generate 35S nm laser pulses (5—8 nm
full width at half-maximum, 10 mJ/cm? per pulse). A 75 W xenon arc
lamp with elliptical reflection served as the probe beam that was
focused onto the center of the 10 mm cuvette with a combination of
convex lenses. The probe beam was aligned orthogonally to the
excitation laser beam and was passed into an f/300 mm
monochromator (Acton, Princeton Instrument) that coupled with
an R2949 photomultiplier tube (Hamamatsu) to achieve the signal
detection. TA data at each wavelength were acquired on a computer
interfaced digital oscilloscope (LeCroy 4024, 12 bit, 200 MHz) with
typical 50 laser pulse averages. TA data on longer time scales were
acquired with a series of system built-in resistors to optimize the
signal-to-noise ratio. Data were processed in Origin 9 and fit with
least-squares error minimization using the Levenberg—Marquardt
iteration method.

B RESULTS AND DISCUSSION

Extraction Performance. The initial tests of the COF (1 g
material/1 L solution) in uranium absorption experiments
were performed under ambient conditions at pH 2, 3, 4, S, and
6 ([U] ~ 10 ppm) with 10 h of illumination, Figure la. The
pH of the solution was controlled using dilute NaOH or
HNO; solution. The extraction performance under light
illumination increased with increasing pH as has been
described in other reports and is consistent with the
deprotonation of uranium species and formation of charged-
neutral insoluble products.” At more basic pHs, the solubility
of uranjium increases, dependent on the anions present in
solution forming more soluble negatively charged complexes,
such as uranyl tris-carbonate, [UO,(CO,);]*".>" Under the
best conditions, pH 5, uranium removal reached 96.3% in the
light and in dark experiments. <5% of uranium removal was
observed in all experiments. The effect of the concentration of
uranium is shown in Figure 1b. After 10 h of illumination, the
TTT—-DTDA COF could absorb up to 98.2% of uranium at 50
ppm and 81.9% at [U] = 150 ppm for a maximum absorption
capacity under these conditions of 123 mg U/1 g TTT-
DTDA.

The kinetics of U absorption were evaluated at pH S and
[U] = 25 ppm. The results are shown in Figure 1c, showing a
gradual increase in U absorption over time after an initial phase
with zero absorption. The onset period was dependent on the
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concentration of uranium with higher concentration of
uranium producing longer initial incubation periods prior to
uranium absorption being observed (Figure S1). Control
experiments with the starting material TTT and DTDA
showed low uranium removal percents and no photochemically
induced activity (Figures S2 and S3). A similar effect was
observed with competing ions described later where the
presence of additional ions reduced uranium absorption. This
incubation period is attributed to the formation of UY
precipitates followed by further absorption of uranyl ions,
uranium reduction, and crystal growth.””*° This mechanism is
consistent with the results for electrochemical formation of
uranyl peroxide and characterization of the material described
later.”” Specifically, significant material degradation is not
observed from unproductive oxygen reduction, and, in TA
spectroscopy, the excited-state decay lifetimes are not
significantly perturbed by the presence of oxygen.

Next, the uranium uptake kinetics were studied in a solution,
which continuously bubbled with nitrogen gas, Figure 1d. A
much slower rate of uranium removal at the material was
observed, whereas the initial incubation period remained
largely unchanged. It is proposed that advantageous oxygen is
responsible for the uranium absorption observed in the
nitrogen gas experiments, which is enabled by the ppm level
of uranium being removed and the long time period of the
experiment. In this experiment, the chemical reaction of
oxygen is rate limiting, following formation of U' seeds. In
competing ions experiments described next, none of the
competing ions were absorbed at the material in any of the
experiments. This suggests that the formation of new ligand
active sites does not occur upon illumination of the COF
during the incubation period or any period of the experiment,
and that, the process is strictly due to the photochemical
properties of the material, which allows for photoreduction and
uranium absorption.

The selectivity of U absorption was tested against five
different ions for competitive adsorption with uranium in the
TTT—-DTDA photochemical experiments and their effect on
the uranium absorption performance. The ions Mg*, Sr**,
Zn?*, Cu**, Co*, Eu’*, and VO,™ were selected based on their
ionic charge, speciation, or relevant redox activity and tested at
a 50:1 ratio to uranium. In the case of Mg*', Sr**, Zn**, Co*",
Eu*, and VO,", a decrease in uranium absorption capacity was
observed after 12 h of illumination (Figure le). In the presence
of Cu, neither metal showed uptake at the material and
possibly due to the redox Cu'" that is accessible at similar
potentials as the UV redox couple or excited-state quenching
by copper species.”””** To ensure the durability of the material
even after extensive photolysis in aqueous solutions in the
presence of oxygen, recycling experiments were performed.
Following a uranium experiment, the material was washed with
0.1 M hydrochloric acid, 2 M carbonate, or basic sodium
hydroxide (0.1 M) solutions and retested under the same
conditions. In all cases, the material could be recycled with the
acid wash being the most effective, and the material exhibited
no loss in the performance in subsequent photochemical
experiments (Figures S4 and 1f). The material is still subject to
continued oxidative stress from the experiments and will need
to be regenerated eventually. However, the impressive
photochemical performance under such harsh conditions is
promising for the practical use of COFs in this application.

Material Characterization. Following photochemical
experiments at pH 5, [U] = S0 ppm, TTT-DTDA was
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characterized by PXRD, IR, and XPS. The PXRD shows a
diminished signal for the COF; however, the characteristic
signals appear at 16.9, 20.2, 23.4, 25.0, and 27.3 for (UO,)0O,,
as seen in previous peroxide-mediated electrochemical
uranium depositions and other photochemical reductions
(Figure 2a)."”** The loss of crystallinity in the COF occurs
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Figure 2. (a) PXRD of TTT—-DTDA before and after the
photochemical experiments [inset: (UO,)O, reference]; (b) IR of
the material before and after highlighting the appearance of new
peaks; and (c) XPS of the samples after photolysis in the U 4f region.

during the photolysis and is attributed to a degree of
exfoliation due to photochemical intermediates such as protons
being introduced during the experiment.”* A color change
associated with protonation of the COF was observed in all
experiments, which could be regenerated with base (Figure
SS). In the IR, many of the initial TTT—DTDA peaks remain
after uranium experiments with new peaks for (UO,)0,
appearing at 931 and 1434 cm™' (Figure 2b).”> The XPS of
the material after photolysis and uranyl peroxide formation
shows only U(VI) peaks (Figure 2c), similar to the
electrochemical formation of uranyl peroxide, which was
found to be a highly selective and efficient process to produce
uranyl peroxide based on the electrolysis and Coulombic
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efficiency.”” The XPS in the area of N Is and S 2p shows not
only diminished signals likely associated with a U blocking
layer but also an increase in peaks for higher oxidation
products such as the 168 eV peak for S 2p (Figures S6—S8),
which is indicative of an S,S-oxide, and a shift in the N 1Is
region, which can either be associated with protonation or
amine oxidation and amide formation (—C=N- — —C(0O)—
NH—).36’37

Additionally, in the IR region, a new signal appears at 1605
cm™!, which may be attributed to one of the decomposition
products. Evidence for the protonation of the imine is
consistent with the color change observed and IR for recently
described protonated imine-COFs (Figures S5 and $8).>*°%%”
The solid-state '3C NMR of samples before and after
photochemical experiments do not show discernible downfield
peaks suggestive of carbonyl species or a clear signal for
protonation making the reaction occurring along the imine
bond difficult to assign (Figure $9).”* Nevertheless, the COF
remains principally intact based on peak changes in XPS and
solid-state *C NMR, suggesting that the photoconversion
efficiency of uranium at the COF is relatively high, and
excessive decomposition does not occur. Based on the four-
electron oxidation of sulfur to —SO,— and a two-electron
reduction of uranium, an upper limit for the maximum
photoconversion efficiency of 51.9% was obtained (see the
Supporting Information for details). Finally, material character-
ization of TTT—DTDA with SEM, TEM, EDS, and TGA was
performed and showed a well-dispersed distribution of
uranium in the samples following photochemical experiments
(Figures S10—S13).

Photophysics. The photoreactivity of TTT—DTDA
toward uranium reduction at the ppm level is a remarkable
achievement. Most reported COF materials only showed
excited-state lifetimes on the subnanosecond time scale.*’
Efficient photoreduction with photosensitizer excited-state
lifetimes at the ultrafast time scale is rarely observed due to
the diffusion-limited bimolecular reaction. This problem is
highlighted by the frequent use of sacrificial reagents and
protective gases to perform uranium photoreactions at
framework materials."” Nanosecond TA measurements were
carried out to further understand the TTT-DTDA photo-
reactivity. As shown in Figure 3a, there is the full TA spectra
for TTT—DTDA dispersed in acetonitrile under ambient air. A
photoinduced absorption peaked at 390 nm was observed right
after the nanosecond laser pulse at 30 ns delay time. The
absorption profile also has an absorption shoulder at around
450 nm and a broad absorption tail that extends into the near
IR region. In the submicrosecond time domain, the excited
state of TTT—DTDA follows a single exponential kinetic
decay with the characteristic decay time constant of 0.25 ys, as
shown in Figure 3b inset. The TA spectra then reach a kinetic
plateau from microseconds to submilliseconds until decaying
again back to the baseline with the characteristic single
exponential decay time constant of 94 ms, Figure 3b. Note that
after entering the microsecond time domain, the photoinduced
absorption spectra seem to lose the absorption shoulder at
around 450 nm and the broad absorption tail in the red region.

The remarkably long-lived excited state of TTT—DTDA,
that spans from nanoseconds to almost a second, could be a
triplet exciton, but a prior study on the excited-state dynamics
of COFs based on a similar fused-bithiophene unit disputed
this possibility and suggested the charge-separated state.”* The
attribution to a long-lived charge-separated state was supported
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Figure 3. (a) Absorption difference spectra measured after 35S nm
pulsed laser excitation at indicated delay times for TTT—DTDA
dispersed in acetonitrile under ambient air. Absorption changes as a
function of time on the scale of submicrosecond (inset) and
subsecond monitored at 390 nm after 355 nm pulsed laser excitation
(laser fluence of 10 mJ/cm?). Overlaid in blue is the single-
exponential fit to the kinetic data.

by a weak and broad absorption in the red and near IR regions,
which is also observed in our nanosecond TA spectra.
Therefore, we attribute the observed photoinduced long-lived
absorption to a charge-separated state.

The charge-separated state returns to the ground state
through possible trap-assisted recombination as was previously
assigned.”' The multiexponential kinetics that span over orders
of magnitude are reminiscent of the widely studied charge
recombination at the molecular sensitizer-metal oxide inter-
faces that also showed microsecond to millisecond long
lifetimes.”” The intriguing loss of the absorption shoulder at
450 nm and the broad weakly absorbing feature from
microseconds to subseconds is attributed to a possible
structural change within the COF, which could be the cause
of the subtle absorption change from the charge-separated
state and the breakdown of the continuous kinetic decay
(Figure S14). If this hypothesis is correct, then future design of
the long-lived COF could be based on this point. This kinetic
feature will be exploited in future studies.

B CONCLUSIONS

The 2D donor—acceptor COF, TTT—DTDA, was studied for
unassisted uranium capture under aerobic conditions and UV
light illumination. The TTT-DTDA COF was found to
effectively remove uranium from solution via uranium
photoreduction and follow-up reactions with oxygen to form
crystalline uranyl peroxide precipitates (the maximum
absorption of 123 mg U/g COF at pH S). Uranium absorption
was confirmed by ICP—AES, PXRD, XPS, and IR spectros-
copy. The promising photochemical properties of TTT—
DTDA were established by TA spectroscopy. The remarkably
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long-lived excited state associated with the fused-biothiophene
linker was characterized (>100 ms) and allows for the
bimolecular reaction between the material and uranyl ions at
ppm concentrations to occur during the excited-state window.
Using photoactive COFs to produce insoluble uranyl peroxide
without sacrificial reagents in the presence of oxygen is a highly
promising strategy to overcome the limits associated with
traditional materials based on ligand absorption. In this regard,
the low concentration of uranium in environments like
seawater disfavors equilibrium absorption at the material,
and, in contrast, to the solubility conditions for uranyl
peroxide. Uranyl peroxide produced by uranium reduction is
dependent on the peroxide concentration and forms large
peroxide clusters at elevated pH, which are promising features
to solve separation issues at ppb concentrations.”* The current
results with TTT-DTDA in aqueous solutions without
sacrificial reagents and protective gases for uranium extraction
are promising for practical use in radioactive waste water
remediation and environmental protection.
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