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ABSTRACT: Developing ecient adsorbents for uranium enrich-
ment is of great sigmiance for resource sustainability and
environmental safety. This study presents a facile and adaptabl
post-synthetic strategy to prepare highdjeat uranium adsorbents

via engineering the-conjugated skeletons of homocoupled
conjugated microporous polymers (HCMPs). Taking advantage of
the diyne units in the -conjugated skeletons, bis-amidoxige—

HCMP-AQ

HCMP-AO

uranophiles, one of the state-of-the-art ligands of uranyl ionsi,’j0 ere .. .
introduced to the frameworks of HCMPs. The functionalized
HCMPs preserved the interconnected 3D microporous netdmefks
and rigid conjugated skeletons with abundant bis-amidoxime fgands
uniformly distributed in the pore channels. Such structuré
advantages of the adsorbentsded very fast adsorption kinetics
within 15 min to reach the equilibrium and high capacity of uranium

(450 mg/g). Moreover, DFT calculation suggests a synergistic coordination as the most energetically favored coordination mode
the uranyl/bis-amidoxime complexes. This study contributes new insights into the underlying mechanism responsible for the higk
e cient adsorption ability of the bis-amidoxime-functionalized HCMPs toward uranium. Meanwhile, the synthetic methodology
established here could be extended to taskesgesign and skeleton engineering of more functional HCMPs for broadened
applications.

KEYWORDS:homocoupled conjugated microporous polymer (HCMP), adsorption, amidoxime, uranium,
density functional theory (DFT)
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1. INTRODUCTION kinetics, good chemical stability, and excellent selectivity. Such

Uranium as a strategic resource plays a pivotal role in nuclggﬂeh”a eX(I:Iude sot(nettr(;idltlogal poromés adsl_(:rbe?t “?aée”f".sl
energy development. Due to the uraniuncielecy in such as clays, activated carbons, and zeolites for industrial

geological reserves, substant@mteare being made world- agpllcatt_lons due i]ttfc;lstg(lethSlowh ads%pnon _kmfeucs andk low
wide to develop technologies for uranium extraction frorgl sorption capacity. ough metalorganic framewor

seawater to secure the nuclear energy production becaf@§€d uranium adsorbents have been recently demonstrated to
oceans contain nearly 1000 times more uranidr billion  Provide fast adsorption kinetics and high adsorption capacity,
tons)’5® On the other hand, uranium-containing wastes ofurther appllcatlon of th_esg materials remains a great challenge
contaminants are widely generated in the nuclear fuel cycledy€ to their poor stability in aqueous solutions.
well as in nuclear accidents. Serious environmental concerngOroUs organic polymers (POPs), with features of large
are raised due to the radioactivity and chemical toxicity GPECIC Surface area, tunable pore size, and strong covalent
uraniunf. Therefore, there is great motivation to develop costiNkages, represent a new generation of porous materials
and energy-ecient methods for uranium enrichment and showmg_ great potential for challenglng_ energy and environ-
separatiof'?. mental |ssgé§.lp recent years, fascinating members in the
Adsorption has been recognized as eatige and feasible POP family, including covalent organic frameworks
way to reach this efit:> However, the critical challenge lies
in the extremely low concentration of uranium in aboveReceived: November 18, 2019
mentioned environmental media, that is, 3 ppb in naturalccepted: December 26, 2019
seawater, coexisting with a considerable amount of interferingplished: December 26, 2019
metal ions® Desirable properties of an ideal adsorbent
material include high adsorption capacity, fast adsorption
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Scheme 1. Synthetic Route of HCMP Functionalized with Bis-amidoxime Uranophiles
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DCE/80°C/48h

HCMP-AO HCMP-CN

(COFs)?'52* polymers of intrinsic microporositycon- Another synthetic strategy to construct CMPs is homocou-
jugated microporous polymers (CMPskand porous  pling of the same building blocks to form 3D microporous
aromatic frameworks (PAES)® have been synthesized and networks with conjugated skelef6%s. These homocoupled
exploited for applications in gas starageseparatiort=> CMPs (HCMPs) usually show improved BET surface area,
and catalysi$>> The development of rationally designed well-dened porous frameworks and channels, and relatively
POPS° including functionalized COFsand PAF$>° for narrow micropore size distribution. Meanwhile, the conjugated
e cient uranium adsorption has also been demonstrated. skeletons can serve as a favorable platform for post-
As a unique category of porous materials, CMPs are featufadctionalization via well-established synthetic chemistry, that
by the abundant open and interconnected micropores in threie; thiol-yne click reactidhto introduce desired function-
dimensional (3D) networks and all-rigiecconjugated  alities, which broadens the opportunities for taskespeci
skeleton® Since the rst report by Cooper et al., these design and pore engineering of CMPs.
amorphous porous materials have received considerablélerein, we present a facile and adaptable post-functionaliza-
research interé$t:* Their favorable physicochemical proper-tion strategy to engineer theonjugated skeletons of HCMPs
ties, tunable porosity, and especially the broad scope for faéile preparing novel uranium adsorbents. Intrinsic HCMP with
anchoring of spec chelating ligands to the 3D networks well-developed microporous 3D networks was synthesized via
make them ideal adsorbents for environmental applicatiotie homocoupling of 1,3,5-triethynylbenzene building blocks.
Huds group has recently reported the architecture of twdaking advantage of the diyne units in thmnjugated
classes of CMPs based on 1,3,5-substituted benzene neKeletons, bis-amidoxime uranophiles, one of the state-of-the-
connected byuorene strut-bearing phosphate and amidoximart ligands of uranyl iofi§>° were introduced by an addition
ligands for uranium adsorption and detection, achieving aeaction with malononitrile followed by hydroxylamine treat-
optimal capacity of 73 mg/g in HNGolution¥* and a ment Scheme )1 The functionalized HCMP (HCMP-AO)
detection limit of 1.7 10°° mol/L for uranyl ions in still maintained the interconnected microporous networks and
deionized watéf.However, due to the dirent geometries of rigid conjugated skeletons with abundant bis-amidoxime
the building blocks and the steric hindrance of the ligandigands uniformly distributed in the pore channels. Because
bearing uorene units, the CMPs obtained by cross-couplingf the structural advantages and high degree of functionality,
reactions exhibited a low BET surface area (<#@). m HCMP-AO showed fast adsorption kinetics and high capacity
Meanwhile, the accessibility of the ligands might be partiaigward uranyl ions. Besides, DFT calculation was employed to
sacriced because of the low porosity, which impeded the maegamine the interaction between HCMP-AO and uranyl ions,
di usion in the adsorption process. suggesting a synergistic coordination mode.
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2. EXPERIMENTAL SECTION 2.5.2. Uranium Sorption KineticA. uranium solution with a

concentration of 20 ppm and pH of 6 was prepared by the method
mentioned above. 4 mg of adsorbent and 200 mL of uranium solution
twere mixed in a glass bottle and stirred for 200 min at room
g;mperature. At appropriate time intervals, 2.5 mL of mixture was

2.1. Materials. Dichlorobis(triphenylphosphine)palladium(ll)
(98%), copper(ll) phosphate (98%), tetrahydrofuran (THF, 99.8%
ACS/HPLC certied), triethylamine (TEA, 99%), iodobenzene
diacetate (98%), malononitrile (99%), 1,2-dichloroethane (99%
arsenazo Il (95%lt], spectrophotometric reagent for U, Th, Zr, an
other metals, indicator for the precipitation titration @fM&0 Ba),
andv.-(+)-tartaric acid (99%) were purchased from J&K Scianti
used as received. 1,3,5-Triethynylbenzene (98%) was purchased
Extension Scienti and used as received. Hydroxylamine hydro- -
chloride (99%) was purchased from Sigma-Aldrich. Trichloromethane q = M
(98%), acetone (95%), nitric acid (69%), and sodium hydroxide m 2
(99%) were purchased from Beijing Chemical Works. Deionized o ] )
water used in adsorption tests was purchased from Watsons and u¥BgreG, andG, are the initial concentration and concentrations at
as received. Urany| nitrate hexahydrat@(Nm)zﬁHzo was (mln) of uranyl ions, I’eSpeCtiVeW,iS the volume of uranium
provided by the China Institute of Atomic Energy. solution, andn is the mass of adsorbent used in the test.

2.2. Synthesis of HCMP1,3,5-Triethynylbenzene (600 mg, 4.0 2.5.3. Uranium Sorption IsothernT.o obtain the uranium
mmol), bis(triphenylphosphine)palladium(ll) dichloride (85 mg, 3sorption isotherm of HCMP-AO, 4 mg of HCMP-AO and 20 mL
mol %), and copper iodide (22 mg, 3 mol %) were dissolved in af uranium solution at dirent initial concentrations (10, 20, 50, 100,
mixture of THF (4.0 mL) and & (4.0 mL). The reaction mixture 160, and 200 ppm) were mixed in glass bottles and stirred at room
was heated to PC€ and stirred for 36 h under a nitrogen atmosphere temperature overnight. The initial and equilibrium concentrations of
The mixture was cooled to room temperature, and the precipitate wasanyl ions were measured by a UV spectrophotometer after
separated byltration. Afterward, the precipitate was washed fourseparating the adsorbent by a syritige (0.45 m membrane
times with chloroform, water, methanol, and acetone to remove théer). The equilibrium adsorption capagitfmg/g) at di erent
unreacted monomer and residual catalyst. Then the polymer wesncentrations were calculated by the following equation
washed by Soxhlet extraction (methanol) for 2 days and dried in
vacuum for 12 h at 5¢.** (CSQV

2.3. Synthesis of HCMP-CNPhI(OAc), (1.24 g, 3.8 mmol), Q= “m (3)
malononitrile (0.606 g, 9.2 mmol), and HCMP (0.341 @) in
dichloroethane (60 mL) were stirred at®Cor 48 h. After heating,  \hereC, and C, are the initial and equilibrium concentrations of

the mixture was cooled to room temperature, and the precipitate Wasnyl ions, respectivallis the volume of uranium solution, and
separated byltration and then washed with dichloroethane andig the mass of adsorbent used in the test.

deionized water until théirate was colorless and nearly neutral. The 5 g Density Functional Theory Calculation.The coordination

precipitate was dried in vacuum for 12 h atG50The resulting  ode and interaction energy between uranyl and the functional
product was denoted as HCMP-CN. . . . moiety were studied by density functional theory (DFT) using the

2.4. Synthesis of HCMP-AOAs a typical synthesis recipe, 0.2 g G5 ssian 09 code. The expanded boundless material limits the use of
of HCMP'C.N was swollen in 20 mL of methanol for 10 min fOIIOVVedaccurate quantum chemistry approaches. However, the bis-amidoxime
ggi:lhesitii?r(ggogt 07fEIO:.?o? 2; EGI;H;% a?guo;s?evgrgfc%\:].vgttscri into functional moiety distributes separately on the expanded material,
amidgoxime groups. Then the ’mi>)</ture \Igvamdp washed with excess ma!gng_it appropriate _tc;lmodel Ithe inlte(;gctioE betwezn the singledbis-

” ’ - ~° amidoxime moiety with uranyl, including the coordination mode,

water, and nally dried at 50C under vacuum. The white solid interaction energy, and the synergistic coordinatiest. €The

obtained was denoted as HCMP-AQ. structures of each possible coordination mode, the uranyl hydrated
2.5. Uranium Adsorption. Aqueous solutions of uranium with P . ) o g y! Ny
ign, and the representative bis-amidoxime ligand anion were

di erent concentrations were obtained by diluting the saturate

: : . - ) timized fully at the B3LYP level. The energy-consistent 5f-in-
uranyl nitrate solution with deionized water. The pH value of uraniufiP )
solution was adjusted with 0.1 mol/L HN0.1 mol/L NaOH. 10 valence ECP60MWB and associated (14s13p10d8f6g)/[6s6p5d4f3g]

mmol/L NaClQ, was added to increase the ion strength. TheValence basis set using a segmented contraction scheme were used for
concentrations of uranium solution were determined by a Uwranium. For all the ligand atoms, including C, N, O, and H, the 6-
spectrophotometer, and the arsenazo Iil coloration method waaC (d) basis set was used. For each optimized structure, analytical
employed in the test. Birent concentrations of uranium solution at fréquencies were calculated to ensure that the local minimum point
1, 2, 4, and 5 ppm were prepared to determine the standard curvEn the potential energy surface was found. Soleets were taken

2.5.1. Inuence of pH Valuéthe HCMP adsorbents were treated into account implicitly with the SMD model.
with a (3 wt %) KOH solution (100 mg of adsorbent per 100 mL of 2.7. Characterizations. Fourier transform mfrar(_ed (FT-IR) _
KOH solution) before adsorption experiments. To evaluate th&Pectra were recorded on a Bruker Vertex 70. Nitrogen sorption
in uence of the pH value on the adsorption behavior, 4 mg opotherms were measured at 77 K on a NOVA 3200e surface area and
adsorbent and 20 mL of uranium solution (20 ppm) with a pH valudore size analyzer. Before measurement, the samples were degassed in
varying from 2 to 7 were added into glass bottles followed byacuum at 120C for 3 h. The BrunausEmmetSTeller (BET)
magnetic stirring at room temperature overnight. After separation fethod was utilized to calculate the spesirface areas. X-ray
the adsorbents by using a syriftge (0.45 m membranelter), the photoelectron spectroscopy (XPS) was performed by using a 250Xl
concentration of residual uranyl ions in the solution was measured §gectrometer with monochromatic X-ray source Adxitation
a UV spectrophotometer. The equilibrium adsorption cagacity (1361 eV). Binding energy calibration was based on C 1s at 284.6 eV.

ken and the adsorbents were separated. The uranium concentrations
in the resulting solutions were analyzed by a UV spectrophotometer.
The adsorption capaciy(mg/g) at di erent times were calculated
Pyfhe following equation

(mg/g) was calculated by the following equation Static water contact angles (CAs) were measured using the sessile
B drop method and image analysis of the deopn a contact angle
_(GsSQV system (DSA30, Kruss GmbH). Scanning electron microscopy
Y% = T m 1) (SEM) images were collected using Hitachi SU 1510 and SU 4800

scanning electron microscopés. (125 MHz) cross-polarization
whereC, and C, are the initial and equilibrium concentrations of magic-angle spinning (CP-MAS) was recorded on a Bruker Avance
uranyl ions, respectivellis the volume of uranium solution, and 500 spectrometer equipped with a magic-angle spin probe in a 4 mm
is the mass of adsorbent used in the test. (*%C) Zro, rotor.
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Figure 1.Solid-staté’C NMR spectra (a), FT-IR spectra (b), full-scan XPS spectra (c), and high-resolution XPS spect@&foaails {d
(gSi) regions of the HCMPs.

3. RESULTS AND DISCUSSION a CN signal at 112 ppm in the spectrum of HCMP-CN
3.1. HCMP Synthesis and Characterizationg his work (blue). Then the CN signal disappeared in the spectrum of

aims to develop an adaptable post-functionalization strategy.'_lg MP-AQ (red) after the hydroxylamine treatment, suggest-

; . : ing the eective conversion of the CN groups to bis-
engineering the conjugated.framevyork of CMPs to synthes% idoxime ligands. Supportive evidence \?vas F;;dso provided
e cient adsorbents for uranium enrichment. Considering theﬁg ’

).

; ) Fourier transform infrared (FT-IR) spectroscém(e
large surface area and high structural regularity, HCMPs w The stretching vibration signa@ CS at 2150 crit

well-dened 3D microporous networks were selected as Becreased. and a strong band at 238bstrawed up in the
platform to accommodate functional moieties for the b'nd'ngpectrum of HCMP-CN corresponding to the generation of
of uranyl ionsScheme Lhows the synthetic route of the c groups in the interr,nediate. Meanwhile, signals of C=N
HCMP  adsorbents. Poly(phenylene butadiynylene) wagggg cnt) and NSO (991 cntl) species were observed in
synthesized via the Pd(ll)/Cu(l)-catalyzed homocouplingihe spectrum of HCMP-AO, indicating the transformation of
polymerization of 1,3,5-triethynylbenZén€he obtained e N groups to amidoxime ligands
HCMP consisted of 1,3,5-substituted benzene nodes CON-x_ray photoelectron spectroscopil (XPS) was used to
nected by diyne struts. The abundant conjugated Sarboneyamine the surface chemistry of the HCMPs. According to
carbon triple bonds with approximately cylindrie&@ctron  the wide-scan spectréFigure &, C 1s and O 1s signals were
delocalization along the rigid skeletons were then exploitedfQnd for each sample. The N 1s signal was observed after the
introduce cyano functionalities through an addition reactiotroduction of CN groups and their transformation to
with malononitrile. The intermediate, labeled as HCMP'CNamidoxime |igands_ The presence of O 1s Signa|s in HCMP
was nally subjected to hydroxylamine treatment in which th@nd HCMP-CN might be due to the adsorbe® dr CO,
cyano groups were converted to bis-amidoxime uranophil@selecules on the surfaces of the homocoupling polymers. The
The nal product was named HCMP-AQ. signal of O 1s intensd in the spectrum of HCMP-AQO after
Solid-staté’C NMR spectroscopy was used to characterizghe cyano groups were converted to amidoxime gfabjss.
the structure of the HCMPS§igure &). The resonances at 1 summarizes the content of corresponding elements in the
123 and 140 ppm in the spectrum of intrinsic HCMP HCMPs based on XPS analysis.
(black) were assigned to thgST and GSH species. The High-resolution XPS spectra of C 1s and N 1s regions for
peaks at 89 and 80 ppm correspond to the sp-hybridized the HCMPs are presentedFigure @Si. The C 1s regions
SC,SC CS and SC CSC CS sites, respectively, the can be divided into three kinds of species, nar&lyCEC
intensity of which evidently decreased after the additio(285.0 eV), CC (285.9 eV), and &N/C=N/C N (287.1
reaction with malononitrile, accompanied by the appearancead), and the main species in HCMP aRC=C and
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Table 1. XPS Elemental Analysis and Nitrogen Adsorftion

Desorption Measurements of HCMPs

sample
HCMP
HCMP-CN
HCMP-AO

HCMP-AO
(after

adsorption)

C N o
(WE %) (Wt %) (Wt 9%) (Wt %)

89.2

73.5 12.9
68.9 12.6
47.3 5.6

10.8
13.6
19.5

22.0

specic
surface pore
u area (M volume
9 (cm/g)
1080 1.36
649 0.75
371 0.74

25.1

particles with rough surfaces. The surface wettability of these
HCMPs was evaluated by performing the water contact angle
measurement. Pristine HCMP exhibited nearly superhydro-
phobic surfaces with a CA of L4FFigure &). The surface
superhydrophobicity is attributed to the microporous structure
and the hydrophobic polymer networks consisting of only
aromatic rings and conjugated ca®barbon triple bonds.
Post-functionalization of the HCMP sigantly improved the
surface hydrophilicity. Both HCMP-CN and HCMP-AO
showed a CA less tharf 1Bigure 2,f). This would promote

the dispersion of the HCMPs in aqueous solutions while
beneting their contact with the hydrophilic targets in the

C C3' As cyano groups were introduced in the additiordSOrption applications.
reaction, CN species were idergd in the C 1s region of
HCMP-CN. Table Sigives the contents of th&C/C=C,
C C, and C N species. The peak pies corresponding to

the C 1s components basically remained constant duri
hydroxylamine treatment, with the dominant peaks attribut
to CSN/C=N species. Accordingly, the N 1s regions can bé&€SOr

divided into three kinds of species, na@blif, (400.5 eV),
N (400.4 eV), and =8 (399.9 eV}' In accordance with gh Bt a ) _
the analysis of C 1s regions, no N species is observed gnSubsequent skeleton engineering by addition reaction with
HCMP and the peak at 400.4 eV corresponds to the cyadgalononitrile and hydroxylamine treatment resulted in a
groups in HCMP-CN. Two component signals at 400.5 anfecrease in BET surface area and pore voltabe ().
399.9 eV after hydroxylamine treatment are attributed to tHdowever, thenal product HCMP-AQ siill possessed a high

SNH, and =NS species in amidoxime ligands.

The HCMPs were amorphous and showed no evidence 8

Porosity of the HCMPs was investigated by nitrogen
adsorption analysiigure & shows the nitrogen adsorp-
tionSdesorption isotherms of HCMP, HCMP-CN, and

MP-AO. Pronounced pordling was observed at higher
e?I:ative pressure with some sigamt hysteresis upon

tion, which was similar to previously reported
CMPs?%** With well-developed 3D microporous networks,
the parent HCMP shows a high BET surface area of 4080 m

BET speck surface area of 37#grand pore volume of 0.74
fn"/g. Thermogravimetric analysis (TGA) was used to study

long-range order. The scanning electron microscope (SEN)€ thermostability of the HCMFSqure B). Due to the all-
images of these porous polymers showed relatively unifoff@id conjugated framework nature, HCMP exhibited high
solid sub-micron spherésgure aSc). Compared with the

Figure 2.Morphologies of HCMP (a), HCMP-CN (b), and HCMP-

thermal stability withly.. > 300 °C. The functionalized
counterparts after introducing the cyano groups and
amidoxime ligands showed slight weight loss in the early
stage in the TGA curves, which might be attributed to the
removal of the adsorbed water on the samples.

3.2. Uranium Adsorption. The adsorption behavior of the
HCMP adsorbents toward uranyl ions in aqueous solutions
was investigated in a series of batch experiments. First, the
e ect of the pH value on the adsorptiorciency of the
HCMPs was examined. The pH value basicallgrices the
proton dissociation equilibrium of amidoxime ligands in
solutions and their binding manner to uranyl ions. The
optimal pH value for the highest adsorption capacity toward
uranyl ions was determined to bé-igre 4), which agrees
with a previous repdft.Compared with the intrinsic HCMP

AO (c) under SEM and the measurement of water contact angles f@hd HCMP-CN, HCMP-AO exhibited much higher adsorp-
HCMP (d), HCMP-CN (&), and HCMP-AO (f).

tion capacity, suggesting theative binding ability of the bis-
amidoxime ligands to uranyl ions.

pristine HCMP, the introduction of cyano groups followed by The adsorption capacity variation of HCMP-AO upon
their transformation to amidoxime moietiegded smaller

contact with uranyl ions is showrrigure 4. A fast kinetics

a) 1200 b
(a) — —(B)or
o HCMP-CN
1000, Heme-a0 {8
° A I
(\o_) 800 | ; é 80}
kg 600 | S S| &
. : 3
5 400 5 S8R
o 3 e . 60 HCMP
> 00 ¥ e ::' = HCMP-CN
2001 o2 000 T L ae HCMP-AQ
w000
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Figure 3.Nitrogen adsorpti@desorption measurements (a) and TGA analysis (b) of HCMP, HCMP-CN, and HCMP-AO.
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Figure 4.pH dependence of adsorption capacity of HCMP, HCMP-CN, and HCMP-AO in 20 ppm uranium solution for a contact time of 200
min (a), kinetic curve of uranium adsorption by HCMP-AO at pH = 6 (b), arhie of uranium concentration on the adsorption capacity of
HCMP-AO (c).
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Figure 5.XPS spectra (a) and FT-IR spectra (b) of HCMP-AO after adsorption.

was observed with the adsorption equilibrium reaching within 3.3. DFT Study on Coordination Mechanism.The
only 15 min. This should be attributed to the structuralunderlying mechanism for theceent binding of uranyl ions
advantages of HCMPs with open and interconnected micréy the bis-amidoxime-functionalized HCMP is probed based
porous networks, which beteel the diusion of the uranyl ~on DFT calculation. First, electrostatic potential surfaces of the
ions and their contact with the amidoxime ligands. Th&is-amidoxime model molecule were obtdirgde @& shows
adsorption capacity at equilibrium in 20 ppm uranium solutiomn
was about 230 mg/g. The adsorption procedure can be wi(@)
tted with the pseudast-order kinetic model with a
calculated equilibrium capacity of 225.86 mg/g, as listed
Table S2 To assess the overall capacity, an adsorptic
isotherm Figure 4) was collected by equilibrating the
HCMP-AO with a wide range of uranium concentrations
from 10 to 200 ppm at a phase ratio of 0.2 mg/mL. A LUMO -1.97eV HOMO -5.49eV
continuous increase of uranium adsorption with augmentatif}y re 6 Calculated molecular electrostatic potential surfaces (a) and
of the initial uranium concentrations was observed. ThEOMO and LUMO diagrams for the uranyl/bis-amidoxime complex
saturated adsorption capacity of HCMP-AO was about 4560 synergistic coordination mode (b).
mg/g, showing a superior performance to most of the
traditional porous adsorbents. The Langmuir and Freundli@ evident negative charge distributed in $@ hegions,
adsorption isotherm models were employedttthe which is favored by uranyl ions to form complexation. The
experimental data, and the calculated parameters are listedlf@MO and LUMO diagrams revealed the interaction
Table S3Apparently, the Langmuir model gives a béitey between the 5f orbital of U and 2p orbitals of N oFi@ufe
result with a higher correlation comntR2 of 0.995. 6b). The 5f valence orbital of U overlaps with the 2p orbitals of
The structure of HCMP-AO after adsorption of uranyl ionghe donor atoms, indicating evident covalency in the
was examined by XPS survey and FT-IR spectroscopy. T¢wordination bond of the uranyl/bis-amidoxime complex.
adsorbed uranyl ions were evidenced by the emergence of Tés is in accordance with the previously observed strong
U 4f signal in the wide-scan XPS spectrum of the recoveredmplexation/adsorption ability of amidoxime ligands.
HCMP-AO from the uranium solutions, accompanied by the Basically, bis-amidoxime ligands can interact with uranyl
intensity increase of the O 1s sigRaure &). Meanwhile, ions in either synergistic coordination mode or individual
the characteristic peak at 912 coorresponding to uranyl coordination mode~gure J. The structures for uranyl/bis-
ions was observed in the FT-IR spectigu(e 5). These amidoxime complexes taking synergistic coordination mode or
results proved the successful binding of uranium by HCMMadividual coordination mode were optimized by DFT
AO. calculations, aiming to analyze the most energetically favored
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Figure 7.Reaction energies for elient coordination modes based on DFT calculation.

Figure 8.0ptimized structures for uranyl/bis-amidoxime complexes takiemtdcoordination modes.

coordination mode. As shownFilgure 8 the length of the  only $50.9 kcal/mol for each uranyl. Thus, according to the
axial U=0 bond in the uranyl hydrated ion is about 1.75 DFT calculation, the bis-amidoxime ligands energetically favor
while stretching to 1.87.78 A in 2:1 (M/L) species and to coordinate toward uranyl ions in a synergistic coordination
1.8(51.81 A in 1:1 species. The stretching in axial U=O bon¢hanner. However, there is still the possibility that the uranyl/
length arises from the attack of bis-amidoxime in the equatorié$-amidoxime complexes take an individual coordination
plane, which weakens the axial U=0 bond. This phenomenétode under the situation of high adsorption capacity.

further supports that bis-amidoxime has strong interaction with
uranyl ions. 4. CONCLUSIONS

For the synergistic coordination mode, the reactions for big; symmary, we developed a new post-functionalization
amidoxime replacing three or two water molecules argrategy for the synthesis of HCMP adsorbents for highly
modeled. The reaction energie€)(are S72.6 andS81.1 ¢ cient uranium adsorption. HCMPs with well-developed
kcal/mol, respectively, indicating that bis-amidoxime liganggicroporous 3D networks were exploited as a reactive
prefer to replace two water molecules of the uranyl hydratgghtform. Bis-amidoxime uranophiles were introduced through
ion. For individual coordination mode, the reaction energy e engineering of theirconjugated skeletons. The function-
S74.1 kcal/mol when forming 1:1 species. It is also considerggized HCMP (HCMP-AO) preserved the open and
that the bis-amidoxime grasps uranyl on each, forming 2:1 (Miterconnected microporous networks and high sgadiace
L) species. The reaction process is considered asea (371 ffg). Due to the strong binding ability of the bis-
UO,(H,0)&* + L= [UO,(H,0)5LUO,(H,0)4% + amidoxime ligands, HCMP-AO exhibited high adsorption
4H,0 (L = bis-amidoxime anion), wher& for the above e ciency toward the uranyl ion in aqueous solutions with an
reaction i$101.7 kcal/mol and the average reaction energy isptimal pH value of 6. The structural advantages of HCMP-
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