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1. General Information

Materials and Methods
K8[γ-SiW10O36]·12H2O was prepared according to the reported method.1 Other reagents were all obtained from 
commercial sources and used without further purification. CAUTION! Appropriate precautions are essential for 
handling all uranium compounds.

Electrospray ionization mass spectrum (ESI-MS) data were obtained on a Bruker Autoflex maX matrix-assisted 
laser desorption ionization-time of flight (MALDI-TOF) mass spectrometer in negative mode with a concentration 
of 10-3 mol/L in water. The FT-IR spectrum was obtained by using a Fourier transform infrared (FT-IR) (4000-500 
cm-1) spectrometer (Thermo Nicolet iS5) at 0.5 cm-1 resolution and 16 scans. Raman spectra were performed on an 
RM5 spectrometer (Edinburgh Instrument) from 1200-100 cm-1. Solid-state luminescence data were acquired at 
room temperature on a steady-state spectrometer (FLS-980, Edinburgh) with a 450 W xenon lamp. 
Thermogravimetric analyses (TGA) were performed under air atmosphere on Mettler-Toledo TGA/SDTA 851e 
thermalanalyzer from 25 to 1000 °C. Inductively coupled plasma optical emission spectrum (ICP-OES) data were 
obtained on an Agilent 725 ICP-OES spectrometer. The scanning electron microscope (SEM) and energy 
dispersive spectroscopy (EDS) maps were collected on an FEI Nova NanoSEM 450 field emission scanning 
electron microscope equipping an Oxford X-Max 20 EDS. The 1H and 13C spectra were recorded on a Brucker 
ADVANCE III spectrometer at 500 MHz and 126 MHz, and chemical shifts were reported in parts per million 
(ppm). Flash column chromatography was performed using silica gel of 200-300 mesh. The GC analysis was 
performed on Agilent 7890B equipped with a capillary column (HP-5, 30 m × 0.25 μm) using a flame ionization 
detector.

X-ray Crystallography
The single crystal X-ray diffraction data were collected on Bruker D8 Smart Apex II diffractometer with graphite 
monochromated Mo Kα radiation (λ = 0.71073 Å). Intensities were collected by ω-scan and reduced on APEX 3 
and a multi-scan absorption correction was applied.2 The structures were solved and refined on the Olex2 using the 
SHELX package after being handled with the SQUEEZE procedure in PLATON.3 Parameters of the crystal data 
collection and refinement are given in Table S1. Selected bond lengths (Å), angles (°), and weak coordination 
interactions are given in Table S2 and S3, respectively. The CSD number of U3 is 2132862.

2. Experimental

Synthesis of U3

To a NaCl aqueous solution (0.25 M, 20 mL), UO2(OAc)2·2H2O (0.1 mmol, 0.0424 g) and K8[γ-SiW10O36]·12H2O 
(0.4 mmol, 1.1884 g) were dissolved successively. The pH value of the mixture was then adjusted to 5.9 using 1 M 
HCl. The cloudy solution was heated and stirred at 85 °C for 30 min. During the heating procedure, this cloudy 
solution would transform from cloudy to clear and then cloudy again. NaCl (4 g) was then added to the solution and 
stirred for 5 min. The resulting hot solution was filtered and the filtrate was left to evaporate at room temperature. 
A cold room temperature (below 10°C) is necessary for the formation of U3. Unknown and cube crystals will 
appear if the room temperature is higher.4 Yellow-green crystals of U3 with rodlike shapes were collected after two 
weeks (yield: 11% based on UO2(OAc)2·2H2O).

Typical procedure of dehydration condensation reaction catalyzed by U3

Benzaldehyde (1 mmol), ethyl acetoacetate (1.5 mmol), urea (1 mmol), and U3 (0.2 mol %) were added to a 4 mL 
reaction vial. The reaction was carried out at 100 oC for 3 h. After cooling to room temperature, the crude was 
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dissolved in hot EtOH (10 mL). After simple filtration, the filtrate was cooled in an ice bath to promote the 
recrystallization of the desired product.

3. Characterization of U3

Table S1. Crystallographic data and structure refinement of U3 (SQUEEZE)

CSD No. 2132862
Empirical formula H52K6Na9O174Si4U3W39

Fw 11274.52
T/K 150.0
Crystal system triclinic
Space group P-1
a/Å 23.237(3)
b/Å 23.923(2)
c/Å 23.994(2)
 (°) 60.314(3)
 (°) 72.031(3)
 (°) 83.497(3)
V /Å3 11009.9(19)
F (000) 9750.0
Z 2
ρcalcd (g·cm-3) 3.401
µ (mm-1) 22.717
Reflections collected 167903
Unique reflections 54741 (Rint = 0.1468)
Parameter 2206
GOOF on F2 1.037
R1

a [I ≥ 2(I)] 0.0837
wR2

b (all data) 0.2461

aR1 = ∑||Fo|-|Fc||/∑|Fo|, bwR2 = {∑[w(Fo
2-Fc

2)2]/∑[w(Fo
2)2]}1/2
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Table S2. Selected bond lengths (Å) and angles (°) in U3.

U1-O1 1.801(16) K1-O12 2.878(17)
U1-O2 1.736(16) K1-O17 2.775(17)
U1-O7 2.52(2) K1-O18 2.808(18)
U1-O10 2.359(17) K1-O47 2.836(17)
U1-O11 2.383(18) K1-O49 2.870(18)
U1-O16 2.339(18) K1-O151 2.78(2)
U1-O17 2.338(18) K2-O14 2.868(19)
U2-O3 1.795(18) K2-O19 2.766(19)
U2-O4 1.794(18) K2-O20 2.741(17)
U2-O8 2.498(19) K2-O77 2.898(17)
U2-O12 2.346(17) K2-O152 2.76(2)
U2-O13 2.355(17) K3-O11 2.847(17)
U2-O18 2.304(17) K3-O16 2.789(18)
U2-O19 2.337(17) K3-O21 2.786(17)
U3-O5 1.811(17) K3-O103 2.892(19)
U3-O6 1.781(17) K3-O104 2.873(17)
U3-O9 2.462(18) K3-O153 2.77(2)
U3-O14 2.361(16) K4-O1 2.898(18)
U3-O15 2.368(16) K4-O5 2.899(19)
U3-O20 2.290(17) O1-U1-O2 178.0(9)
U3-O21 2.294(17) O3-U2-O4 179.4(7)
K1-O10 2.838(16) O5-U3-O6 179.0(8)

Table S3. Selected distances of the weak coordination interactions (Å) for K(I) ions in U3.

K1···O1 3.095(18) K3···O5 3.193(16)
K1···O3 3.115(17) K3···O15 2.916(18)
K1···O23 2.975(19) K3···O27 2.969(19)
K2···O3 3.218(18) K4···O3 2.92(2)
K2···O5 3.134(17) K4···O151 3.277(19)
K2···O13 2.929(18) K4···O152 2.935(18)
K2···O25 2.979(19) K4···O153 2.92(2)
K2···O75 2.922(17) K4···O154 2.92(4)
K3···O1 3.216(18) K4···O155 3.00(4)



5

Table S4. Hydrogen bonds in U3.

D-H···A d(D-H)/Å d(H···A)/Å d(D···A)/Å <(DHA)/°
O7-H7A···O145 0.94 1.90 2.68(3) 138.7
O7-H7B···O150 0.94 1.80 2.71(3) 162.4
O8-H8A···O147 0.92 1.92 2.79(3) 157.1
O8-H8B···O146 0.92 1.91 2.70(3) 143.2
O9-H9A···O149 0.88 1.99 2.76(3) 145.6
O9-H9A···O148 0.88 1.90 2.67(3) 144.7
O151-H15A···O145 0.99 2.05 3.03(3) 170.9
O151-H15B···O146 0.99 2.14 3.13(3) 177.1
O152-H15C···O147 0.99 2.11 3.10(3) 171.7
O152-H15D···O148 0.99 2.18 3.17(3) 174.5
O153-H15E···O149 0.99 2.12 3.11(3) 172.8
O153-H15F···O150 0.99 2.09 3.08(3) 174.4

Table S5. Bond valence calculations for U atoms.

Atom Bond Valence Sum Valence State
U1 6.778 +6
U2 6.568 +6
U3 6.633 +6

Bond valence sum (BVS) analysis: The BVS values (Vi) of U atoms in U3 were calculated using the following 
equation:5

Vi = Ʃexp[(r0-rij)/B]       (1)

where r0 is the bond valence parameter for a given atom pair, rij is the bond length between atoms i and j 
obtained from the crystal structure, and B is a constant with the value 0.37 Å.
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Fig. S1 The coordination environment of the {K4(UO2)3(H2O)6} chromophore in U3.

Fig. S2 View of the 1D chain in U3.
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Fig. S3 TGA curve of U3.

The TGA curve of U3 gives a 5.86% weight loss from room temperature to 300 oC, which is corresponding to 42 
water molecules. Thus, the number of lattice water molecules removed by SQUEEZE is 16.

Fig. S4 EDS mapping of U3.
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Fig. S5 ESI-MS of U3.

Table S6. Assignment of peaks for U3.

Identification Charge Measured m/z Simulated m/z

[NaK3(H2O)32(UO2)(SiW9O34)(SiW10O36)2]20- -20 405.0302 405.0109

[H3NaK2(H2O)6(UO2)(SiW9O34)(SiW10O36)2]18- -18 422.0213 422.0002

[NaK3(H2O)6(UO2)2(SiW9O34)(SiW10O36)2]18- -18 439.0114 438.9991

[H3K2(H2O)17(UO2)2(SiW9O34)(SiW10O36)2]17- -17 473.0202 473.0101

{K2(H2O)4[K4(UO2)3(H2O)6(SiW9O34)(SiW10O36)3]}22- -22 490.0030/490.0158 490.0577

{HNa5K3(H2O)34[K4(UO2)3(H2O)6(SiW9O34)(SiW10O36)3]}15- -15 765.0602 765.1007

{H7K4(H2O)2[K4(UO2)3(H2O)6(SiW9O34)(SiW10O36)3]}13- -13 833.0556 833.0950

The chemical behaviors of U3 in water were evaluated using the electrospray ionization mass spectrum (ESI-MS) 
(Fig. S3 and Table S6). Unfortunately, the polyanion of [K4(UO2)3(H2O)6(α-SiW9O34)(γ-SiW10O36)3]24- was not 
found and the main four peaks (m/z 405.0302, 422.0213, 439.0114, and 473.0202) were all assigned to be the 
decomposition products of [K4(UO2)3(H2O)6(α-SiW9O34)(γ-SiW10O36)3]24-. The unsaturated coordination structure 
may be responsible for the decomposition of [K4(UO2)3(H2O)6(α-SiW9O34)(γ-SiW10O36)3]24- in electrospray 
ionization. But the rest four peaks (m/z 490.0030/490.0158, 765.0602, and 833.0556) were assigned to be the 
product of [K4(UO2)3(H2O)6(α-SiW9O34)(γ-SiW10O36)3]24- combining different ions and water molecules.
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Fig. S7 FT-IR spectrum of U3.
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Fig. S8 Raman spectra of U3 and UO2(NO3)2·6H2O.

The Raman spectra of U3 and solid UO2(NO3)2·6H2O are shown in Fig. S5. The band at 810 cm-1 is similar to the 
reported Raman bands of O=U=O which can be attributed to the trans-related O=U=O symmetric stretching 
vibration.6 The lower wavenumber suggests the weaker O=U=O bonds in the [K4(UO2)3(H2O)6(α-SiW9O34)(γ-
SiW10O36)3]24-

 polyanion compared with aqueous UO2(NO3)2 (870 cm-1) and solid UO2(NO3)2 (855 cm-1).7 The 
weak coordination interactions of U=O···K may weaken the U=O bonds and cause the shift of the corresponding 
band. The strong band at 979 and 961 cm-1 may be attributed to the symmetric stretching mode of ν(W=Od) in {γ-
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SiW10} and {α-SiW9}, respectively.
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Fig. S9 Solid-state luminescence spectrum of U3, excitation wavelength 353 nm.

The solid-state luminescence spectrum of U3 shows similar mountain-like peaks as the two reported U-POWs.8 
When the excitation wavelength is 353 nm, the maximum emission peak of U3 is 523 nm, other emission peaks are 
501, 546, and 573 nm.
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4. Characterization of Products9

HN

N
H

O

O

O

ethyl 6-methyl-2-oxo-4-phenyl-1,2,3,4-tetrahydropyrimidine-5-carboxylate (4a)

1H NMR (500 MHz, DMSO-d6): δ (ppm) 9.27 (s, 1H), 7.80 (s, 1H), 7.29 (dd, J = 31.2, 11.3 Hz, 5H), 5.18 (s, 1H), 
3.98 (d, J = 7.3 Hz, 2H), 2.27 (s, 3H), 1.09 (s, 3H); 

13C NMR (126 MHz, DMSO-d6): δ (ppm) 165.80, 152.71, 148.82, 145.33, 128.85, 127.74, 126.73, 99.74, 59.67, 
54.46, 18.25, 14.51.

HN

N
H

O

O

O

ethyl 6-methyl-2-oxo-4-(p-tolyl)-1,2,3,4-tetrahydropyrimidine-5-carboxylate (4b)

1H NMR (500 MHz, DMSO-d6): δ (ppm) 9.21 (s, 1H), 7.73 (s, 1H), 7.17 – 7.08 (m, 4H), 5.13 (d, J = 3.3 Hz, 1H), 
3.98 (q, J = 7.1 Hz, 2H), 2.26 (s, 6H), 1.10 (t, J = 7.1 Hz, 3H); 

13C NMR (126 MHz, DMSO-d6): δ (ppm) 165.83, 152.74, 148.61, 142.42, 136.85, 129.35, 126.63, 99.90, 59.64, 
54.12, 21.08, 18.23, 14.53.

HN

N
H

O

O

O

ethyl 6-methyl-2-oxo-4-(m-tolyl)-1,2,3,4-tetrahydropyrimidine-5-carboxylate (4c)

1H NMR (500 MHz, DMSO-d6): δ (ppm) 9.21 (s, 1H), 7.74 (s, 1H), 7.21 (t, J = 7.6 Hz, 1H), 7.08 – 7.03 (m, 3H), 
5.14 (d, J = 3.3 Hz, 1H), 3.99 (qq, J = 6.9, 3.8 Hz, 2H), 2.27 (d, J = 9.4 Hz, 6H), 1.11 (t, J = 7.1 Hz, 3H); 

13C NMR (126 MHz, DMSO-d6): δ (ppm) 165.82, 152.67, 148.70, 145.34, 137.81, 128.77, 128.36, 127.34, 123.83, 
99.76, 59.64, 54.45, 21.59, 18.26, 14.52.
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HN

N
H

O

O

O

ethyl 6-methyl-2-oxo-4-(o-tolyl)-1,2,3,4-tetrahydropyrimidine-5-carboxylate (4d)

1H NMR (500 MHz, DMSO-d6): δ (ppm) 9.21 (s, 1H), 7.68 (s, 1H), 7.21 – 7.09 (m, 4H), 5.42 (s, 1H), 3.94 – 3.84 
(m, 2H), 2.43 (s, 3H), 2.31 (s, 3H), 0.99 (t, J = 7.1 Hz, 3H); 

13C NMR (126 MHz, DMSO-d6): δ (ppm) 165.71, 152.11, 148.90, 143.72, 135.13, 130.56, 127.63, 127.00, 99.65, 
59.54, 50.90, 19.12, 18.14, 14.37.

HN

N
H

O

O

O

ethyl 4-(4-isopropylphenyl)-6-methyl-2-oxo-1,2,3,4-tetrahydropyrimidine-5-carboxylate (4e)

1H NMR (500 MHz, DMSO-d6): δ (ppm) 9.22 (s, 1H), 7.73 (s, 1H), 7.18 (s, 4H), 5.14 (d, J = 3.4 Hz, 1H), 3.99 (q, 
J = 7.1 Hz, 2H), 2.84 (hept, J = 7.0 Hz, 1H), 2.26 (s, 3H), 1.17 (d, J = 7.0 Hz, 6H), 1.11 (t, J = 7.1 Hz, 3H); 

13C NMR (126 MHz, DMSO-d6): δ (ppm) 165.86, 152.80, 148.62, 147.86, 142.85, 126.71, 126.66, 99.94, 59.66, 
54.10, 33.60, 24.35, 24.30, 18.26, 14.53.

HN

N
H

O

O

O

O

ethyl 4-(4-methoxyphenyl)-6-methyl-2-oxo-1,2,3,4-tetrahydropyrimidine-5-carboxylate (4f)

1H NMR (500 MHz, DMSO-d6): δ (ppm) 9.20 (s, 1H), 7.71 (s, 1H), 7.16 (d, J = 8.5 Hz, 2H), 6.88 (d, J = 8.6 Hz, 
2H), 5.12 (d, J = 3.3 Hz, 1H), 3.98 (q, J = 7.1 Hz, 2H), 3.72 (s, 3H), 2.26 (s, 3H), 1.10 (t, J = 7.1 Hz, 3H); 

13C NMR (126 MHz, DMSO-d6): δ (ppm) 165.84, 158.91, 152.69, 148.47, 137.52, 127.88, 114.15, 100.05, 59.63, 
55.48, 53.82, 18.22, 14.54.
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HN

N
H

O

O

O

O

ethyl 4-(4-ethoxyphenyl)-6-methyl-2-oxo-1,2,3,4-tetrahydropyrimidine-5-carboxylate (4g)

1H NMR (500 MHz, DMSO-d6): δ (ppm) 9.19 (s, 1H), 7.70 (s, 1H), 7.14 (d, J = 8.3 Hz, 2H), 6.86 (d, J = 8.3 Hz, 
2H), 5.10 (d, J = 3.2 Hz, 1H), 3.97 (dd, J = 7.1, 3.2 Hz, 4H), 2.25 (s, 3H), 1.29 (t, J = 7.0 Hz, 3H), 1.09 (t, J = 7.1 
Hz, 3H); 

13C NMR (126 MHz, DMSO-d6): δ (ppm) 165.85, 158.19, 152.70, 148.45, 137.38, 127.88, 114.60, 100.05, 63.40, 
59.62, 53.83, 18.22, 15.08, 14.54.

HN

N
H

O

O

O

F

ethyl 4-(4-fluorophenyl)-6-methyl-2-oxo-1,2,3,4-tetrahydropyrimidine-5-carboxylate (4h)

1H NMR (500 MHz, DMSO-d6): δ (ppm) 9.27 (s, 1H), 7.79 (s, 1H), 7.28 (t, J = 6.1 Hz, 2H), 7.14 (t, J = 7.7 Hz, 
2H), 5.17 (s, 1H), 3.98 (dtd, J = 9.4, 7.1, 3.7 Hz, 2H), 2.26 (s, 3H), 1.08 (td, J = 7.1, 2.2 Hz, 3H); 

13C NMR (126 MHz, DMSO-d6): δ (ppm) 165.71, 152.53, 148.98, 141.60, 128.73 (d, J = 8.2 Hz), 115.65, 115.48, 
99.61, 59.68, 53.84, 18.24, 14.47.

HN

N
H

O

O

O

Cl

ethyl 4-(4-chlorophenyl)-6-methyl-2-oxo-1,2,3,4-tetrahydropyrimidine-5-carboxylate (4i)

1H NMR (500 MHz, DMSO-d6): δ (ppm) 9.28 (s, 1H), 7.81 (s, 1H), 7.53 (d, J = 8.0 Hz, 2H), 7.20 (d, J = 8.0 Hz, 
2H), 5.14 (s, 1H), 3.98 (q, J = 7.1 Hz, 2H), 2.26 (s, 3H), 1.09 (t, J = 7.1 Hz, 3H); 

13C NMR (126 MHz, DMSO-d6): δ (ppm) 165.66, 152.45, 149.20, 144.66, 131.79, 129.03, 120.80, 99.24, 59.75, 
53.97, 18.29, 14.53.
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HN

N
H

O

O

O

Br

ethyl 4-(4-bromophenyl)-6-methyl-2-oxo-1,2,3,4-tetrahydropyrimidine-5-carboxylate (4j)

1H NMR (500 MHz, DMSO-d6): δ (ppm) 9.30 (s, 1H), 7.82 (s, 1H), 7.39 (d, J = 8.4 Hz, 2H), 7.27 (d, J = 8.6 Hz, 
2H), 5.18 (d, J = 3.4 Hz, 1H), 3.98 (qd, J = 7.1, 2.1 Hz, 2H), 2.27 (s, 3H), 1.09 (t, J = 7.1 Hz, 3H); 

13C NMR (126 MHz, DMSO-d6): δ (ppm) 165.67, 152.51, 149.16, 144.25, 132.30, 128.84, 128.66, 99.33, 59.73, 
53.94, 18.27, 14.49.

HN

N
H

O

O

O

ethyl 6-methyl-4-(naphthalen-2-yl)-2-oxo-1,2,3,4-tetrahydropyrimidine-5-carboxylate (4k)

1H NMR (500 MHz, DMSO-d6): δ (ppm) 9.34 (s, 1H), 7.89 (dt, J = 11.7, 6.6 Hz, 4H), 7.72 (s, 1H), 7.53 – 7.45 (m, 
3H), 5.39 (d, J = 3.3 Hz, 1H), 3.98 (q, J = 7.1 Hz, 2H), 2.34 (s, 3H), 1.08 (t, J = 7.1 Hz, 3H); 

13C NMR (126 MHz, DMSO-d6): δ (ppm) 165.84, 152.64, 149.05, 142.66, 133.18, 132.83, 128.81, 128.30, 127.94, 
126.74, 126.36, 125.40, 125.09, 99.56, 59.69, 54.84, 18.37, 14.53.

HN

N
H

O

O

O
O

ethyl 6-methyl-4-(5-methylfuran-2-yl)-2-oxo-1,2,3,4-tetrahydropyrimidine-5-carboxylate (4l)

1H NMR (500 MHz, DMSO-d6): δ (ppm) 9.23 (s, 1H), 7.75 (s, 1H), 5.94 (s, 2H), 5.16 (d, J = 3.6 Hz, 1H), 4.10 – 
3.97 (m, 2H), 2.22 (d, J = 17.1 Hz, 6H), 1.14 (t, J = 7.1 Hz, 3H); 

13C NMR (126 MHz, DMSO-d6): δ (ppm) 165.52, 154.66, 152.92, 151.18, 149.69, 106.79, 106.48, 97.28, 59.66, 
48.18, 18.19, 14.58, 13.82.
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HN

N
H

O

O

O

N

ethyl 4-(4-(dimethylamino)phenyl)-6-methyl-2-oxo-1,2,3,4-tetrahydropyrimidine-5-carboxylate (4m)

1H NMR (500 MHz, DMSO-d6): δ (ppm) 9.05 (s, 1H), 7.55 (s, 1H), 6.97 (d, J = 8.4 Hz, 2H), 6.58 (d, J = 8.5 Hz, 
2H), 4.97 (d, J = 3.3 Hz, 1H), 3.90 (qq, J = 6.4, 3.8 Hz, 2H), 2.76 (s, 6H), 2.16 (s, 3H), 1.04 (t, J = 7.1 Hz, 3H); 

13C NMR (126 MHz, DMSO-d6): δ (ppm) 165.96, 152.84, 150.21, 148.02, 133.11, 127.37, 112.67, 100.38, 59.57, 
53.79, 18.20, 14.59.

HN

N
H

O

O

O

methyl 6-methyl-2-oxo-4-phenyl-1,2,3,4-tetrahydropyrimidine-5-carboxylate (4n)

1H NMR (500 MHz, DMSO-d6): δ (ppm) 9.28 (s, 1H), 7.81 (s, 1H), 7.36 – 7.22 (m, 5H), 5.18 (s, 1H), 3.54 (s, 3H), 
2.28 (s, 3H); 

13C NMR (126 MHz, DMSO-d6): δ (ppm) 166.32, 152.73, 149.14, 145.14, 128.93, 127.77, 126.66, 99.49, 54.30, 
51.25, 18.31.

HN

N
H

S

O

O

ethyl 6-methyl-4-phenyl-2-thioxo-1,2,3,4-tetrahydropyrimidine-5-carboxylate (4o)

1H NMR (500 MHz, DMSO-d6): δ (ppm) 10.36 (s, 1H), 9.67 (s, 1H), 7.36 – 7.22 (m, 5H), 5.19 (d, J = 3.8 Hz, 1H), 
4.00 (q, J = 6.9 Hz, 2H), 2.30 (s, 3H), 1.09 (t, J = 7.1 Hz, 3H); 

13C NMR (126 MHz, DMSO-d6): δ (ppm) 174.70, 165.59, 145.51, 143.97, 129.03, 128.15, 126.87, 101.17, 60.07, 
54.52, 17.64, 14.46.
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5. NMR Spectra
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