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Fig. S1. Brown plate crystal agglomerates of (NpO,);(PO4),(Terpy), and pink square

crystals of K[(NpO,)(PO,)](H,0)s, formed from the hydrothermal reactions.



Table S1. Crystallographic data and details of the structure refinement for

(NpO2)3(PO4)x(Terpy).
Chemical formula C]5H11N3N]330]4P2
Formula weight 1230.36
Temperature/K 298
Crystal system Orthorhombic
Space group Pca2,;
a/A 13.9944(8)
b/A 12.1989(7)
c/A 13.1277(8)
o/° o==y=90
Volume/A3 2241.1(2)
Z 4
Pealc/cm? 3.647
wmm-! 14.031
F(000) 543.0
Crystal size/mm3 0.020x0.020x0.002
Radiation MoKa (A =0.71073)
Index ranges -18<h<18,-15<k<15,-17<1<17
Reflections collected 25503
Independent reflections 5463 [Rip = 0.0302, Rgoma = 0.0236]
Data/restraints/parameters 5463/1/299
Goodness-of-fit on F? 1.070
Final R indexes [[>=2c (I)] R1=0.0176, wR2 = 0.0453
Final R indexes [all data] R1=0.0180, wR2 = 0.0456
Largest diff. peak/hole /e A3 | 2.03/-1.29
Flack parameter 0.365(18)




Table S2. Atomic parameters and displacement parameters for (NpO,);(POy),(Terpy).

Atom X y z U(eq)
Npl 15122.1(2) 262.4(3) 4817.4(2) 11.16(6)
Np2 12616.6(2) 11.3(2) 3351.7(2) 10.79(7)
Np3 16162.4(2) 3119.5(2) 1533.5(3) 16.88(7)

Pl 15096.1(12) 579.2(19) 2423.6(14) 10.7(4)
P2 12676.5(12) | -496.3(15) | 5708.0(13) 11.03)
01 13456(4) 7(4) 5006(5) 16.6(11)
08 12505(4) 230(4) 1638(5) 17.7(12)
02 15005(4) 240(5) 6559(5) 18.5(13)
03 14246(3) 482(4) 3169(4) 16.2(10)
04 14997(4) 1691(5) 4887(5) 22.6(12)
05 10946(3) -311(5) 3131(4) 16.0(11)
06 16799(3) 500(4) 4988(4) 15.7(10)
09 12331(4) 1396(4) 3535(4) 22.4(12)
o7 15266(4) -1159(5) 4738(5) 24.5(12)
010 12942(4) -1363(4) 3189(4) 22.0(12)
Ol11 15180(4) 1738(5) 2017(4) 20.8(12)
012 17060(4) 1651(5) 1013(4) 22.2(12)
013 15625(5) 3211(5) 321(5) 28.6(13)
015 16702(4) 3144(5) 2735(5) 28.2(14)
N1 14721(3) 4061(4) 2434(4) 25.1(15)
Cl 14658(4) 5197(4) 2486(5) 23.3(17)
C2 13875(4) 5687(3) 2950(5) 32(2)
C3 13154(4) 5042(5) 3363(5) 36(2)
C4 13216(4) 3906(4) 3311(5) 36(2)
C5 13999(4) 3415(3) 2847(5) 34(2)
N2 16165(4) 5251(3) 1599(5) 23.0(14)
Cé6 16919(3) 5831(4) 1170(4) 24.0(17)
C7 16935(4) 6969(4) 1223(5) 32(2)
C8 16196(4) 7527(3) 1706(5) 35(2)
C9 15442(4) 6947(4) 2135(5) 35(2)
Cl10 15426(3) 5809(4) 2082(5) 26.6(18)
N3 17600(3) 4093(4) 743(5) 25.7(15)
Cl1 18311(4) 3457(3) 298(5) 32(2)
Cl2 19087(3) 3957(4) -170(5) 33.5(19)
CI13 19154(4) 5093(4) -193(5) 34(2)
Cl4 18444(4) 5730(3) 252(5) 32(2)
Cl15 17667(4) 5230(4) 720(5) 28(2)




Table S3. Selected interatomic distances and angles in (NpO,);(POy),(Terpy).

Length/

Npl

A Angle/ Angle/* Angle/
) 01272
Npl-07 | 1.749(5) | O7-Npl-O4 | 179.03) | 09-Np2-06> | 91.0(2) oo 110.6(3)
Npl-04 | 1.753(6) | O7-Npl-02 | 932(3) | 08-Np2-06> | 147.65(18) | O8-P2-06? | 110.9(3)
Npl-02 | 2292(7) | 04-Np1-02 | 87.3(3) | O3-Np2-06? | 125.89(17) | 012+-P2-01 | 110.8(3)
Npl-O1 | 2365(5) | O7-Npl-O1 | 89.4(2) | 05-Np2-06> | 67.49(17) | 08-P2-01 | 111.1(3)
Npl-06 | 2.376(4) | O4-Npl-O1 | 91.52) | O1-Np2-06* | 57.59(16) | 06-P2-01 | 101.3(3)
4_P)D-
Npl-O5' | 2.497(5) | O2-Npl-O1 | 79.8(2) | O10-Np2-P2 | 85.67(19) 01131; 2| 116702)
Npl-03 | 2.501(5) | O7-Npl-06 | 90.72) | O9-Np2-P2 | 93.47(19) | O85-P2-Np2 | 131.6(2)
Npl-P1 3'16;4(1 O4-Npl-06 | 88.4(2) | O8-Np2-P2 | 174.84(14) | 062-P2-Np2 | 51.80(19)
Eg; 40001(4) | 02-Npl-06 | 88.74(18) | O3-Np2-P2 | 96.98(13) | O1-P2-Np2 | 502(2)
11\1\1;;12- 40113(4) | OI-Npl-06 | 168.6(2) | O5-Np2-P2 | 96.46(14) | P2-O1-Npl | 143.7(3)
IépIZO- 1.751(5) | O7-Npl-05' | 853(2) | O1-Np2-P2 | 28.94(12) | P2-O1-Np2 | 100.8(2)
Np2-09 | 1.753(5) | 04-Np1-05' | 93.92) | 06-Np2-P2 | 28.98(11) Nf;}];gl' 112.12)
N 1 O10-Np2- -
p2-08 | 2270(6) | 02-Npl-05' | 1565717 | O 101.85(18) | P26-08-Np2 | 137.2(3)
N 1 09-Np2- 4
p2-03 | 2.364(5) | O1-NpI-05' | 123.5(2) ol 7935(18) | P1“-02-Npl | 139.5(4)
Np2-05 | 2.388(5) | O6-Npl-05' | 67.93(17) Of\ﬂ%z' 11522(14) | P1-03-Np2 | 145.703)
03-Np2-
Np2-O1 | 2.469(6) | O7-Npl-03 | 96.4(2) 155.65(12) | P1-03-Npl | 100.3(2
Npl?
05-Np2- Np2-03- | 111.04(1
-062 . _
Np2-06? | 2.513(5) | O4-Npl-03 | 83.7(2) b 35.93(13) o 5
Np2-P2 3'%8(1 02-Np1-03 | 146.01(17) 011\;11;11132' 89.54(12) | P1-05-Np2 | 149.5(3)
Np2- O6-Np2- P12-05-
bl | 400014) | OL-NpL-O3 | 67.77(18) o 3397000 | U\ 100.5(2)
Igpfs' 1.749(6) | 06-Npl-03 | 123.55(17) | P2-Np2-Np12 | 62.31(3) N‘I’\fl;gS' 109.9(2)
%"133‘ 1.764(6) | O5'-Np1-03 | 57.10(16) 0121.;p2- 84.52(17) | P2-06-Npl | 147.13)
- 1.06-
Igpfl 2265(6) | O7-Npl-P1 | 93.6(2) | O9-Np2-Npl | 93.43(18) Pipgf 99.2(2)
Np3- Npl-06- | 109.80(1
o | 22925) | O4NplPL | 8592) | O8Np2-Npl | 121.78(14) | VR Y
Np3-N3 | 2.557(4) | O2-Npl-P1 | 172.10(15) | 03-Np2-Npl | 35.59(12) | © 11;1(;; 470
3. _
Np3-N2 | 2.6023) | OI1-NpI-P1 | 96.24(15) | 05-Np2-Npl | 157.87(13) PZNI%H 160.4(4)
Np3-N1 | 2.6054) | 06-Npl-P1 | 95.17(13) | O1-Np2-Npl | 33.11(12) | CI-NI-C5 120
1 O6-Np2-
PI-O11 | 1.516(6) | O5'-Npl-P1 | 28.66(11) 90.38(10) | CI-N1-Np3 | 120.7(2)




PI-02 | 1.519(6) | O3-Npl-P1 | 28.68(11) | P2-Np2-Npl | 61.42(3) | C5-NI-Np3 | 119.3(2)
P1-05! | 1.544(5) OZ\;}EI' 77.76(19) Npgﬁpz' 122'15)80(1 NI-C1-C2 120
PI-O3 | 1.545(5) O‘I‘\gzﬁl' 101.24¢18) | ©! (5)‘?;1”3' 175.42) | N1-C1-C10 | 117.5(4)
P2-012¢ | 1.511(6) Oingil' 1227604) | O12EPT 1 9103) | ca-c1clo | 122.504)
P2-085 | 1.530(6) 0;5231' 1s4.1204) | QNP1 0a33) | cacac 120
P2-062 | 1.549(5) Ogszﬁl‘ 36.23(12) 01?)-}\12;)3- 92.62) | C2-C3-C4 120
P2-O1 | 1.555(5) 051\11'1)1;?1' saaany | O g080) | cscacs 120
08-P26 | 1.530(6) Oﬁjzl’ll' or.17011) | ©! (1)' glﬁ' 80.52) | C4-C5-N1 120
02-P1* | 1.519(6) | PI-NpI-Np2! | 62.79(3) | OI5-Np3-N3 | 91.1(3) | C6-N2-C10 | 120
05-P12 | 1.544(5) | O7-NpI-Np2 | 89.8(2) | OI3-Np3-N3 | 86.6(3) | C6-N2-Np3 | 119.8(3)
O5-Np12 | 2.497(5) | 04-NpI-Np2 | 90.78(18) | O11-Np3-N3 | 159.52(18) (31181-)1;12- 120.2(3)
06-P2! | 1.549(5) | O2-NpI-Np2 | 114.52(14) | O12-Np3-N3 | 79.09(18) | N2-C6-C7 | 120
06-Np2' | 2.513(5) | O1-NpI-Np2 | 34.77(14) | O15-Np3-N2 | 87.3(2) | N2-C6-C15 | 118.0(4)
012-P23 | 1.511(6) | O6-NpI-Np2 | 156.67(12) | O13-Np3-N2 | 88.12) | C7-C6-C15 | 122.0(4)
NI-CI 139 os;ll;}zp =1 88.87(11) | O11-Np3-N2 | 137.31(19) | C8-C7-C6 120
NI-C5 | 139 | O3-Npl-Np2 | 33.37(11) | O12-Np3-N2 | 142.21(18) | C7-C8-C9 | 120
Cl-C2 | 139 | PI-NpI-Np2 | 61.52(3) | N3-Np3-N2 | 63.14(16) | C8-C9-C10 | 120
CI-C10 | 1.412(5) Npﬂgpl' 121.3)17(1 OI5-Np3-N1 | 853(2) | CO-CI0-N2 | 120
C2-C3 | 139 | O10-Np2-09 | 177.93) | OI13-Np3-N1 | 9292) | C9-C10-Cl | 121.4(4)
C3-C4 | 139 | O10-Np2-08 | 90.6(2) | O11-Np3-N1 | 74.38(19) | N2-C10-C1 | 118.5(4)
C4C5 | 139 | O9Np2-08 | 9042) | OI2Np3N1 [ 15472018) | CULE 120
N2-C6 | 139 | O10-Np2-03 | 883(2) | N3-Np3-NI | 126.09(14) 011\1]];1;13- 118.3(2)
N2-C10 | 139 | 09-Np2-03 | 90.02) | N2-Np3-NI | 62.97(16) c11\5]]-31;13- 121.702)
C6C7 | 139 | 08Np2-03 | 864218) | O11P1-02 | 11093) | CXEM 120
C6-CI5 | 1408(5) | O10Np2-05 | 947(2) | O11-P1-05! | 11053) | 'L 120
C7-C8 | 139 | 09-Np2-05 | 873(2) | 02-P1-05' | 112.5(3) Cl‘é'lczn' 120
C8-CO | 139 | 08-Np2-O5 | 80.31(19) | O11-P1-03 | 110.8(3) (31%-1c514- 120
C9-C10 | 139 | O3-Np2-05 | 166.42(19) | 02-P1-03 | 110.6(3) Cl‘;g”' 120
N3-CIL | 139 | 010Np2-01 | 8892) | 0s'Pr-03 | 10133) | SN | 122609)
N3-CI5 | 139 | 09-Np2-Ol | 89.4(2) | OI1-PI-Npl | 117.6(2) | N3-C15-C6 | 117.4(4)




ClI-CI2 | 139 | 08-Np2-Ol | 154.75(18) | O2*-PI-Npl | 131.53)
Cl2-C13| 139 | 03-Np2-Ol | 6833(17) | O5'-PI-Npl | 50.8Q2)

CI3-Cl4 | 139 | 05-Np2-O1 |124.89(19) | O3-PI-Npl | 51.00(19)
Cl4-C15 | 1.39 01%'16‘?2' 89.12) | 012P2-085 | 111.6(3)

Symmetry codes: '1/2+X,-Y,+Z; 2-1/2+X,-Y ,+Z; 33-X,-Y ,-1/2+Z; 43-X,-Y,1/2+Z; 35/2-X ,+Y,1/2+Z; 65/2-

X,+Y,-1/2+7




@® Current level: 0.564 ‘P

Fig. S2. Residual density plot of (NpO;);(PO4),(Terpy).

When refining the occupancies of Np freely, Npl and Np2 refine to an occupancy of 1,
while Np3 refines to an occupancy of 95%. This may be the result of a lower electron
density surrounding of Np3, which is bonded to terpyridine (C;sH;;N3) and two PO,

tetrahedra. Unlike Np1 and Np2, they form a (NpO,),(PO4),* chain by edge-sharing.
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Fig. S3. Fobs vs Fcalc plot of (NpO,);(PO4),(Terpy).

All reflections are slightly weaker than expected, but none of them has a

| Error/esd | value larger than 10. This might be the result of a systematic deviation

of the F factors involving Np, which we don’t have a sound explanation for the

observed.



Table S4. Bond valence calculations of Np in (NpO;);(PO4),(Terpy).

Np(1) Np(2) Np(3)
o(1) 1.7487 1.7503 1.7490
0(2) 1.7539 1.7524 1.7640
0(3) 2.2923 2.2708 2.2656
0O(4) 2.3653 2.3636 22921
0(5) 2.3751 2.3884
0(6) 2.4968 2.4691
O(7) 2.5015 2.5125
N(1) 2.5563
N(2) 2.6016
N@3) 2.6049
y 5.783 5.811 5.722

Note: Bond valence calculation for Np in (NpO,);(PO4),(Terpy) using bond valences
parameters R; = 2.022 A and b = 0.523 A for Np-O'. The parameters related to Np-N
were not investigated, so the bond valences parameters R; = 2.24 A and b= 0.37 A of
the similar U-N were used instead?.



Crystal structure of (NpO;);(POy)2(Terpy)

Fig. S4. Crystal structure of (NpO;);(PO4),(Terpy) as viewed down (a) the

crystallographic a axis, and (b) the crystallographic c axis.

1459

1459



Powder X-ray Diffraction (PXRD)

The (UO,);5(PO4),(Terpy) powders were washed with de-ionized H,O, dried, and
ground. The dried powers were then characterized by powder X-ray diffraction using a
D8 ADVANCE X-ray diffractometer with a Cu Ka source (A = 1.54056 A) and a

Lynxeye detector.

(a) (b)

(UO,)5(PO,),(Terpy)
—— Experimental
— (NPO,)3(PO,),(Terpy)

Intensity (a.u.)

L
10 20 30 40 50 60 70 80
2-Theta (degree)

Fig. S5. (a) Experimental (black) powder diffraction pattern of (UO,)3(PO,),(Terpy),
and the theoretical diffraction pattern (red) calculated using Crystalmaker software
from (NpO,)3;(POy),(Terpy) single crystal structure; (b) Optical images of

(UO,)3(POy),(Terpy) powder sample.



Energy-Dispersive Spectroscopy (EDS)

The elements in the (UO,);(PO4),(Terpy) powder sample was analysized using data
collected on a ZEISS GeminiSEM 300 equipped with an EDS detector. SEM imaging
shows a scaly structure on the surface of the powder sample. EDS verified the presence

of U, P, N, O (except for H which cannot be detected by the instrument).

(b)
(UO,)5(PO,),(Terpy)
lu Elements Series A%
U M-series 15.68
P K-series 12.35
N K-series 6.80
o} K-series 65.17

Intensity (a.u.)

4 6 8 10 12 14
Energy (keV)

Fig. S6. SEM image of powder sample of (UO,);(PO,4),(Terpy) (a) and EDS analysis

results (b).

Table S5. The semi-quant results of (UO,)3(POy),(Terpy) powder by EDS analysis. For

convenience of comparison, all elemental ratios are divided by U=I.

At% U P N O

(UO,)3(POs)x(Terpy) | 1.00 | 0.79 | 0.43 | 4.16




Fourier Transform Infrared (FTIR) spectroscopy

FTIR spectrum of (UO,);(PO4),(Terpy) samples were measured at room temperature
using Nicolet iS20 FTIR spectrometer (compaction of samples in tablets with KBr),
over the ranges of 450 — 2000 cm™! (resolution 4 cm™, 32 scans).

In FTIR spectrum of uranyl ion within the range of 700 — 1000 cm™ is shown in
Figure S5, the typical stretching vibration of (UO,)?>" units can be observed at ~930
cm B3] 1t is also known that the band at 1000 — 1170 em™! is characteristic of (PO4)3~

ligands®-3.

—(UO,),(PO,),(Terpy)

Transmittance (a.u.)

1000 ~ 1170 cm™
v(PO,*)

1800 1500 1200 900 600
Wavenumber (cm™)

Fig. S7. FTIR spectrum for (UO,)3(PO,),(Terpy) shown over 450-2000 cm!.



UV-Vis Diffuse Reflectance Spectroscopy

UV-Vis diffuse reflectance spectra of (UO,);(PO4),(Terpy) samples were collected
by a Hitachi UH-4150 UV-Vis spectrophotometer for the range of 200 — 800 nm. The
four typical bands of the uranyl group located at 403, 415, 427 and 441 nm are present
in the spectrum of (UO,);(PO4),(Terpy) (vs 404, 416, 429 and 444 nm which are the
peak value for the red line portion of the structure U(UO,)(POy), in Figure S6)°,

suggesting its formula being (UY10,);(POy),(Terpy).

—— (UO,)5(PO,),(Terpy)
I\ —UV(UY0,)(PO,

'\ (UV|02)2+

Absorbance (a.u.)

350 400 450 500 550 600 650 700 750 800
Wavelength (nm)

Fig. S8. UV-visible absorption spectra of (UO,)3;(POy),(Terpy) (black) and
U(UO,)(PO,), (characteristic peaks for UV (blue) above 450 nm is the, and uranyl ions

(red) below 450 nm).



Confocal Micro-Raman Spectroscopy

Raman spectroscopic studies of (UO,)3(POy),(Terpy) were carried out using a
LabRAM HR Evolution instrument with an argon laser working at 532 nm output.
Spectra were recorded in the range of 200 — 2000 cm™!. A tentative assignment is
provided for most of the experimental bands, whereas the non-assigned frequencies are
listed in Figure S7 and Table S6. As shown in the experimental spectra, the
wavenumber region involves an overlap of several vibrational modes, and these bands
concern mainly: the bands at 1400 to 1600 cm™' originating from the v(C=C) and
v(C=N) stretching vibrations of the pyridine rings; the band at 1341 cm™! belonging to
the stretching vibration v(C—C) between the rings; the band at 1294 cm™ also resulting
from v(C=C) and v(C=N) vibrations, and combinatory vibrations of in-plane
deformation vibrations 8(=C-H) of the pyridine rings; bands at 1011 and 424 cm™!
attributed to the (PO,)?" antisymmetric stretching and bending vibrations, respectively;
a low intensity band observed at 798 cm™! attributed to the symmetric stretching
vibration of the (UO,)?" units; and in particular, the band at 865 cm™! probably assigned

to the water libration mode?-6-10-14,



—(U0O,)3(PO,),(Terpy)
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Fig. S9. Raman spectra for (UO,);(PO4),(Terpy) shown over 200-2000 cm'.

Table S6. Raman spectra assignmets of (UO,)3(PO,4),(Terpy) powder.

Raman spectra Band assignments

1599, 1574 (C=C) and (C=N) of the pyridine
rings stretching

1498, 1480, 1458

1341 (C—C) stretching between the rings

1294 Combinatory vibrations of (C=C)
and (C=N) and (=C-H) in-plane
deformation of the pyridine rings.

1011 (PO,)* antisymmetric stretching
865 Water libration
798 (UOy)** symmetric stretching

424 (PO4)* bending




Optical properties

Fluorescence data of (UQO,);(POy4),(Terpy) powder were collected on a Hitachi F-4700
fluorescence spectrophotometer. The emission spectra were collected in the wavelength range of
450 — 600 nm at an excitation wavelength of 380 nm, and the results are shown in Figure S8. There
are six major emission peaks between 450-600 nm at 488, 499, 507, 522, 547 and 573 nm, and the

yellow powder displays the green luminescence typical of uranyl compounds under UV light!>-1°,

(a)
——(U0,);(PO,),(Terpy)
499 nm (Ex = 380 nm)
507 nm
- 522 nm
3
L)
>
I
c
3
£

450 475 500 525 550 575 600
Wavelength (nm)

ambient UV light
4
A

(b) g light  (c) (d)

(0.17,°0.53)

Fig. S10. (a) Fluorescence emission spectra of the (UO;);(PO,),(Terpy) powder; images of the

powder under ambient light (b) and UV light (c¢); and (d) the CIE chromaticity diagram of

(UO,)3(POy),(Terpy) with excitation at 380 nm.
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