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1 Materials and characterizations

Dry THF was distilled from Na/benzophenone. Dimethyl vinylphosphonate was
purchased from Strem Chemicals (> 95%). Diethyl phosphite was purchased from
Aladdin Co., Ltd (99%). The other reagents were A.R. grade and used without further
purification.

N, adsorption-desorption isotherms were collected on a Micromeretics Tristar 11
3020 instrument at 77 K. Before the test, the MOF samples were heated at 120 °C under
vacuum for 12 hours. Their surface areas were calculated based on the Brunauer-
Emmett-Teller model (BET), and the non-local density functional theory (NLDFT)
model were used to obtain their pore-size distributions.

Digested samples of MOF-808-PO and NU-1000-PO for NMR spectra were
prepared as follows.[1] 2 mg MOF sample was weighed and put into a 1.5 mL vial, and
then five drops of 0.1 mol/L NaOD in D,O solution was added to the vial to digest the
samples. After capping and shaking, the samples were sonicating for 60 min. In this
procedure, the organic linkers and grafted 2-(diethylphosphoryl)ethyl)phosphonic acid
(DEPA) were extracted into the solution, while the inorganic Zr nodes precipitated as
oxides/hydroxides. For MOF-808-PO, 5.5 mL D,0 was added into the mixture, and
then the mixture was centrifuged and the clear liquid supernatant was transferred to a
NMR tube. For NU-1000-PO, 5.5 ds-DMSO was added instead of D,O for a better
dissolution of HTBAPYy linkers. "H NMR spectra were recorded via a bruker AVANCE
IHITM HD 400 MHz spectrometer with chemical shifts reported as ppm
(tetramethylsilane as the internal standard). 3'P NMR chemical shifts were calibrated
vs. external 85% aq. H;PO,.

Fourier transform infrared spectra (FTIR) were recorded on a Nicolet 7600 FTIR
spectrometer. Samples is mixed with dry KBr and measured under the atmosphere.

Powder X-ray diffraction patterns (PXRD) were recorded on a Bruker D8-Focus
diffractometer (CuKal radiation, A = 1.54056 A).

The samples were also studied using X-ray photoelectron spectroscopy (XPS,
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Thermo Fisher K-Alpha). Prior to the test, the samples were dried at 100 °C in a vacuum
for 12 h.

Transmission electron micrographs (TEM) and the mapping images were taken using
a JEOL JEM2100 instrument. Selected area electron diffraction images were taken by
a JEM-F200 TEM at a camera length of 1500 mm.

The energy dispersive spectroscopy (EDS) analysis was taken using an Oxford
Instruments with the acceleration voltage of 15 kV, and the samples were tested without

coating.
2 Synthesis of (2-(diethylphosphoryl)ethyl)phosphonic acid (DEPA)

Diethylphosphine oxide (DPO). Diethylphosphine oxide was synthesized

according to the Grignard reaction.[2, 3]

Q EtMgBr, K,CO4/H,0 Q
H-P(OEt), H-P(Et);

Dimethyl (2-(diethylphosphoryl)ethyl)phosphonate (DEP). This organic
compound was synthesized according to the similiar reaction.[4] Specifically, 0.01 mol
diethylphosphine oxide and 0.01 mol dimethyl vinylphosphonate were charged in a
glass tube with 1 mL dry THF. The tube was cooled in an ice bath. Then the PMes;/THF
(1.0 mol/L, 5 mL) was injected into the tube using a syringe. After stirring for 30
minutes under ice bath, the tube was stirred continued for 24 h at room temperature.

The THF solvent and PMe; were removed under reduce pressure.

(MeO)P-_~ R PMeeSmol% eopp 0
" Y H-P(Et), THF. 24h nt 2 ST P(EL,
o o)

'HNMR (CDCls) § 1.03-1.15 (-CHs, 6H), & 1.70-2.03 (-CH,-, 8H), § 3.71-3.77 (-OCHs,
6H). 3'P NMR (CDCl;) & 33.48-33.84 (MeO),P(0)-), & 49.05-49.40 (Et,P(O)-).
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Figure S1. 'H NMR of dimethyl (2-(diethylphosphoryl)ethyl)phosphonate.
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Figure S2. 3'P NMR of dimethyl (2-(diethylphosphoryl)ethyl)phosphonate.

(2-(diethylphosphoryl)ethyl)phosphonic acid (DEPA). 0.03 mol
bromotrimethylsilane and 0.01 mol dimethyl (2-(diethylphosphoryl)ethyl)phosphonate
were added into 20 mL CH,Cl, under N, atmosphere. The mixture was then at room
temperature for 24 h. The CH,Cl, solvents were removed on a rotary evaporator under

reduced pressure. Then 20 mL CH3;0H/CH,Cl, (1:3) was added to dissolve the product.
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The CH3;0H/CH,Cl, solvents were removed on a rotary evaporator under reduced
pressure. The residue was kept at 25°C under reduced pressure for 4 h to remove rest

solvents and silylated compounds.

o Me,SiBr, CH,Cl,, 24 h,it o PH 0

(MEO)ZP\/\_” P. I
y P(EY2  MeoH, CH,CI,, 24 h, 1t & ~P(EY,

'H NMR (CDCl3) 8 0.98-1.08 (-CHs, 6H), § 1.57-1.93 (-CH,-, 8H). 3'P NMR (CDCl;)
§ 24.74-25.06 ((HO),P(0)-), § 58.79-59.11 (Et,P(O)-).

In Figure S2, the 3'P NMR peak of phosphine oxide in DEP is located about 49 ppm,
which is consistent with that of triethylphosphine oxide (TEPO).[5, 6] However, after
the acidification of the phosphonate (DEP) to the phosphonic acid (DEPA), the 3'P
NMR peak of phosphine oxide has shifted to 59 ppm in Figure S4, due to the hydrogen
bond between the phosphine oxide groups and the hydroxyl groups on the phosphonic
acids. Meanwhile, after the acidification, the 3'P NMR peak of phosphonate in DEP is
shifted from 33 ppm to 25 ppm. The 3'P NMR peak of phosphonic acids in DEPA is
also consistent with that of 1,2-Ethylenediphosphonic acids (26 ppm).[7, 8]

e Rl Rk R e e R R e -

9.0 85 8.0 7.5 7.0 6.5 6.0 55 5.0 4.5 4.0 35 3.0 25 2.0 15 10 0.5 0.0
f1 (ppm)

Figure S3. 'H NMR of (2-(diethylphosphoryl)ethyl)phosphonic acid.
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Figure S4. 3'P NMR of (2-(diethylphosphoryl)ethyl)phosphonic acid.

3 Synthesis of MOF-808-PO and NU-1000-PO

Synthesis of MOF-808-PO and NU-1000-PO. MOF-808 and NU-1000 was
synthesized according to the literature procedures.[9, 10] 0.10 g MOF-808 or NU-1000
was soaked in 10 mL anhydrous ethanol solution with 0.2 g EDPA for 1 day under
stirring at 25 °C. After filtration, the MOF powder was washed with ethanol, deionized
water and acetone for three times and then dried at 120 °C under vacuum for 1 day.
After ligand exchange with EDPA, the obtained powders were denoted as MOF-808-
PO or NU-1000-PO.
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4 'H and '3C NMR spectra of 1,3,6,8-tetrakis(p-benzoic acid)pyrene (HTBAPY)
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Figure S5. 'TH NMR of 1,3,6,8-tetrakis(p-benzoic acid)pyrene (H;TBAPy)

3 8 R 43585 8%
5 ¥ 8 EERERE
| | | \‘\#/’/ N
| ‘@ | |

i | I

[ 1 M 1 Al A5
- © o N0 e +O
o T S Tecao —Q
o o (] TaNTFonN -
166 162 158 154 150 146 142 138 134 130 126

Figure S6. 13C NMR of 1,3,6,8-tetrakis(p-benzoic acid)pyrene (H;TBAPY)
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5 13C MAS NMR spectra of MOF-808-PO and NU-1000-PO
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Figure S7. 3C MAS NMR of MOF-808-PO.
The mole ratio of Zr-oxo nodes to BTC linkers is 1: 2, using the mole ratio of methyl
groups in DEPA to carboxylate groups in BTC (1: 0.55), we could obtain the P=O

groups per Zr-oxo node is 5.45.
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Figure S8. 13C MAS NMR of NU-1000-PO.
The mole ratio of Zr-oxo nodes to TBAPy linkers is 1: 2, using the mole ratio of
methyl groups in DEPA to carboxylate groups in TBAPy (1: 0.55), we could obtain the
P=0 groups per Zr-oxo node is 4.08.
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6 EDS elemental analysis

Figure S9. EDS elemental analysis of MOF-808-PO.

Table S1. EDS elemental analysis result of MOF-808-PO.

Elements Area 4 Area 5 Area 6 Average
Wt% | Atom% | Wt% | Atom % | Wt% | Atom % | Atom %

O 46.11 73.88 46.91 74.62 47.68 75.01 74.50

P 20.07 16.62 19.48 16.01 19.67 15.98 16.20

Zr 33.82 9.51 33.61 9.38 32.65 9.01 9.30

Using the mole ratio of P to Zr elements in MOF-808-PO (16.20: 9.30), we could

obtain the P=0 groups per Zr-oxo node is 5.23.
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Figure S10. EDS elemental analysis of NU-1000-PO.

Table S2. EDS elemental analysis result of NU-1000-PO.

Elements Area 1 Area 2 Area 3 Average
Wt% | Atom% | Wt% | Atom% | Wt% | Atom % | Atom %

O 49.35 77.49 50.10 77.82 48.35 76.62 77.31

P 15.99 12.97 16.20 13.00 16.69 13.66 13.21

Zr 34.66 9.54 33.70 9.18 34.96 9.72 9.48

Using the mole ratio of P to Zr elements in NU-1000-PO (13.21: 9.48), we could

obtain the P=0O groups per Zr-oxo node is 4.18.



7 PXRD patterns of Zr-MOF's
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Figure S11. PXRD patterns of Zr-MOFs before and after ligand exchange.

8 Selected area electron diffraction patterns of NU-1000 and NU-1000-PO
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Figure S12. The selected area electron diffraction of NU-1000 and NU-1000-PO.
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9 Tstransmission electron microscope (TEM) images

Figure S14. TEM mapping images of MOF-80-PO.
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Figure S16. TEM mapping images of NU-1000-PO.
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10 The stability of MOF-808-PO and NU-1000-PO in 1 mol/L HNOj; solution

In the stability experiment, 10 mg of MOFs was added into 10 mL of 1 mol/L HNO;
solutions for 24 hours. After filtrating using a 0.22 pm nylon syringe filter, the filter
liquor was measured with 3'P NMR (0.5 mL filter liquor/0.5 mL D,0), and the solids

were measured with XRD.

25k 20k
MOF-808-PO NU-1000-PO
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Figure S17. XRD patterns of MOFs after 1 mol/L HNOj; treatment for 24 h.
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Figure S18. 3'P NMR of the 1 mol/L HNOj3 solution
after treatment of MOF-808-PO for 24 h.
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Figure S19. 3'P NMR of the 1 mol/L HNOj solution
after treatment of NU-1000-PO for 24 h.
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11 Adsorption tests

Uranium adsorption experiments were carried out at room temperature using batch
tests. The initial concentration of uranium is 100 pg/mL. The initial concentrations of
HNO;j in the solutions are 2 mol/L, 1mol/L, 0.1 mol/L (pH=1), 0.01 mol/L (pH=2) or
0.001 mol/L (pH=3). In the adsorption experiment, 10 mg of MOFs was added into 10
mL solutions with 100 pg/mL U. The tubes were sealed and placed in a shaker with a
speed of 120 rpm for 12 hours. After filtrating using a 0.22 um nylon syringe filter, the
solution was measured via the Arsenazo III spectrophotometry. The adsorption capacity
(mg/g) of uranium is based on the equation,

(c,-C,)xV

Q=———

m

, in which Cj and C, represent the uranium concentrations (ug/mL) in the solution
before and after adsorption, respectively; V is the solution volume (mL), and m is the
weight of the MOFs (mg) used in the adsorption test.

The adsorption ratio (4R) was calculated using the following equation.

(Co - Ce)
C

o

AR =

In the kinetics experiments, 5 mg MOFs were placed in 5 mL solution with 1mol/L
HNOj; and 100 ug/mL U(VI). Eight bottles with MOFs and solutions were prepared for
the eight points in the dynamics curves.

To assess the recyclability, the desorption experiments of U(VI) adsorbed MOF-808-
PO and NU-1000-PO were studied in trifluoroacetic acid (TFA) and HNOj solutions.
10 mg MOF-808-PO or NU-1000-PO was placed in 10 mL solution with 100 ug/mL
U. The HNO; concentration is 1 mol/L or 0.001 mol/L(pH=3). After shaking at a speed
of 120 rpm for 12 hours, the mixture was centrifuged, and the solid was washed with
deionized water and dried at 80 °C for the next adsorption. The U(VI) adsorbed sample
was immersed in a TFA/ HNOj; (1 mol/L/1 mol/L) mixed elution solution and shaken
at a speed of 120 rpm for 12 hours for regenerating. The uranium concentration in

elution solution was measured and the elution ratio was calculated using the uranium
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amount in the elution solution divided by the uranium amount adsorbed in the sample
firstly. After the elution, the MOFs were used for the second adsorption.

The selectivity is tested in mixed solutions and their compositions are listed in Table
S3. The concentrations of metal ions in the mixed solutions before and after adsorption
were quantified by ICP-MS (Agilent 720). The solid/liquid ratio was 1 g/L in the
solutions. The distribution ratio (K4, L/g) is calculated according to the following

(Co-Co)xV

K
d mXxC,

equation,
, in which Cj and C; are the uranium concentration (ug/mL) of solution before and after

adsorption, V is the volume (mL) of the solution and m is the mass of the MOFs (mg).

Table S3. Initial concentration of elements in simulated solution and the Ky values in

the adsorption using MOF-808-PO and NU-1000-PO adsorbents.

Eleme | Concentration Salts used in K4 (mL/g, pH=3) K4 (mL/g, 1 mol/L HNOs)
-nts of elements solution NU-1000-PO | MOF-808-PO | NU-1000-PO | MOF-808-PO
(ug/mL)

U 108 UO,(NOs),6H,0 —= —= 2023.65 1166.07
Na 165 NaCl 1.21 3.04 1.82 1.21
Cr 103 CrCls 6H,0 52.88 64.91 19.65 20.93
Co 128 Co(NOs),-6H,0 29.85 26.50 13.53 12.61
Ni 109 NiNO; 46.18 45.27 21.95 19.79
Zn 103 Zn(NO3),-6H,0 6.39 0.30 6.94 5.40
Sr 161 SrC1-6H,O 9.36 9.24 1.88 3.29
Cd 122 Cd(NOs),-4H,0 38.37 31.81 6.47 1.04
Cs 194 CsCl 5.21 497 2.96 2.64
Ba 101 BaCl, 2H,0 32.55 40.41 23.33 12.97
Nd 50 Nd(NOs3);-6H,0 134.76 134.44 22.58 30.01
Sm 48 Sm(NOs);-6H,0 88.18 60.62 26.19 40.51
Eu 49 Eu(NOs);-6H,0 128.82 102.77 68.36 63.05

aThe uranium in the solution is low than the limit of detection.
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12 P 2p XPS of uranium-adsorbed Zr-MOFs from solutions

(a) MOF-808-PO (b) NU-1000-PO
Adsorption in;pH=3 solution Adsorption in pH=3 solution

140 139 138 137 136 135 134 133 132 131 130 120 128 140 139 138 137 136 135 134 133 132 131 130 129 128
Binding Energy (E) (eV) Binding Energy (E) (eV)
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Figure S20. P 2p XPS spectra of the samples after uranium adsorption in 100 ug/mL
U(VI) solution with HNOj3 concentration of 1 mol/L or 0.001 mol/L (pH=3).
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13 DFT calculation methods

The density functional theory (DFT) calculations were implemented using the ORCA
4.2.0 program.[11, 12] The gas-phase geometrical optimization was carried out using
the Perdew-Burke-Ernzerhof (PBE) functional[13] combinated with D3BJ dispersion
correction.[14] The SDD ECP60MWB pseudopotential and basis set was employed to
describe uranium (U) element,[15] and the rest elements used the def2-SV(P) basis
set.[16] The calculations were accelerated by the resolution of identity (RI)
technique,[17] with automatically built auxiliary basis sets. Based on the optimized
structure, single point calculation was performed with the PBEO-D3BJ functional,[18]
and the basis set for non-metal elements were enlarged to def2-TZVP(-f). The SMD
solvation model was used for single point energies.[19] Since the rather large molecular
size (> 300 atoms), no frequency calculations were performed, and only electronic

energies at PBEO-D3BJ/def2-TZVP(-f)/SDD/SMD(water) level was considered.
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14 The comparison of energy values for uranium complexing

Table S4. The comparison of energy values for uranium complexing reaction by

phosphine ligands
Ligands (L) Complexing Methods AE Refs
products
CMPQO? [UO,L,]*>* DFT -337.0 [20]
kcal/mol
OPMe; [UO,L,]* DFT -1047 kJ/mol  [21]
Diphenyl(2- UO,(NO;3),L, DFT -51.2 keal/mol  [22]
pyridyl)phosphine
oxide
Anchored UO,(NO;),L, DFT -59.5 kcal/mol  This
ethylphosphine work
oxide

HDDPAP and UO,(ClO,4),(HDDPA);(TOPO  Experiment  -78.2 kJ/mol [23]
TOPO*® )

HDDPA and UO,(ClO4),(HDDPA);(TBP)  Experiment  -77.6 kJ/mol [23]
TBP¢

an-octyl(phenyl)-N,N-diisobutylmethylcarbamoyl phosphine oxide;
"Ddodecylphosphoric acid; ¢Tri-n-octylphosphine oxide; 4Tri-n-butyl phosphate.
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