Supplementary Information (Sl) for Dalton Transactions.
This journal is © The Royal Society of Chemistry 2025

Supplementary information
1. Solvent extraction experiments

Table S1. Distribution ratios of rare earth elements during extraction with ligands L1-L3.
Composition of the aqueous phase: total concentration of rare earth elements 0.001 mol/L, 3
mol/L nitric acid. Composition of the organic phase: 0.1 mol/L L1-L3 in F-3

D La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
L1 004 003 001 001 001 001 001 <001 001 <001 <001 <001 0,01 <001
L2 0,05 0,03 002 002 001 001 0,01 0,01 0,01 0,01 0,01 <0,01 0,02 0,01
L3 0,02 0,02 0,01 001 002 003 002 0,01 0,02 0,01 0,01 0,01 0,02 0,02

Table S2. Conversion of LL1-3 ligands to the nitrate form upon contact with 3 mol/L nitric acid.
Organic phase: 0.1 mol/L L1-3 in meta-nitrobenzotrifluoride. Aqueous phase: 3 mol/L HNOj.

C(Br"), aqueous phase, mol/L. C(Br"), initial, mol/L Conversion, %
L1 0.016 0.2 8.0
L2 0.015 0.2 7.3
L3 0.010 0.2 5.2

Table S3. Distribution ratios of thorium(IV) depending on the concentration of nitric acid.
Organic phase: 0.1 mol/l L1-3 or LIN-3N in F-3. Aqueous phase: 5-10* mol/L thorium(IV)
nitrate in 1-6 mol/L nitric acid.

C(HNO;), 1 2 3 4 5 6
mol/L
L1 9.0 8.6 11.1 12.4 8.7 10.1
L2 13.1 11.8 18.2 17.6 14.5 16.5
L3 191.7 45.7 29.6 24.8 22.2 14.7
L1-N 21.3 309 28.1 25.6 26.7 224
L2-N 114.7 52.2 40.8 38.1 42.1 36.5
L3-N 208.6 44.0 48.9 52.2 50.3 35.1
3.0
|1 y=0.86x+2.38 A
25- e
4 A
2.0
=7
= 1.5
1.0 1
= ®
0.5 [}
- B =2 26x+0.42
0.0

"42 10 08 06 04 -02 00 02 04 06
IgC(NaBr)

Figure S1. Dependence of the logarithm of the uranium(VI) distribution ratio on the logarithm of

the sodium bromide concentration. Aqueous phase: 5-10-* uranyl nitrate, 0.05 mol/L nitric acid,

sodium bromide concentration range from 0.1 to 3 mol/L. Organic phase: 0.1 mol/L L1-L3 in F-
3.



At bromide concentrations less than 1 mol/L, the distribution ratios increase slightly. The absence
of a pronounced dependence in this case may indicate that additional bromide ions are not part of
the extracted complex. At higher bromide concentrations distribution ratios begin to increase
significantly, and for the graph of the 1gD(U) dependence on the IgC(NaBr) concentration, the
points are described by a straight line with a slope of about 2 for L1 and L2 and 1 for L3. Such
slope values may indicate the extraction of uranium(VI) in the form of a bromide complex with a
large excess of bromide ions in the system, i.e., the uranyl cation during extraction binds with two
additional bromide ions in the case of L1 and L2 or with one bromide in the case of L3.
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Figure S2. XANES spectra for 0.1 mol/L L1 (left) and L2, L2-N (right) in F-3 after extraction of
excess uranyl nitrate in 3 mol/L nitric acid in comparison with the reference spectra.

3. X-ray diffraction analysis

Table S4. Crystal data and structure refinement for crystals of L1 with U(VI) and L3 with U(VI).

Identification code Ll U L3 U

CCDC 2498070 2481655

Empirical formula Ca6HssN4O14P,U 828H62Br2-“N1-3406-°4P2
Formula weight 950.73 1026.31
Temperature/K 100 100

Crystal system monoclinic monoclinic

Space group P2,/n P2,/c

a/A 12.5385(11) 17.1103(7)

b/A 14.5329(10) 15.2774(6)




c/A 20.9539(15) 16.2613(6)
a/° 90 90

B/° 91.168(3) 110.3210(10)
v/ 90 90
Volume/A3 3817.4(5) 3986.2(3)

2 4 4

Pealcg/cm? 1.654 1.710

wmm-! 4.400 6.849

F(000) 1904.0 2010

Crystal size/mm?

0.33 x0.31 x0.2

0.28 x 0.25 x 0.05

Radiation MoKa (A =0.71073) MoKa (A =0.71073)
20 range for data 3.41 to0 61.162 3.682 t0 56.996
collection/°

Reflections collected

49200

79960

Independent reflections

11617 [Rip = 0.0984, Ryjgmma =
0.0929]

10101 [Rip = 0.0864,
Rigma = 0.0630]

Data/restraints/parameters

11617/0/430

10101/43/427

Goodness-of-fit on F2

1.019

1.027

Final R indexes [[>=2c (I)]

R, =0.0470, wR, = 0.0861

R1 = 00388, WR2 =
0.0799

Final R indexes [all data]

R; =0.0780, wR, = 0.0986

R1 = 00575, WR2 =
0.0866

Largest diff. peak/hole / e
A-3

0.93/-1.82

1.98/-2.28

4. Raman spectroscopy

In all spectra, except for the L+U in IM HNOj; system, all the peaks indicated in the main
section are present, corresponding to the tri- and tetranitrate complexes of uranyl. The low
intensity of all scattering lines in the L+U in 1M HNOj spectra is attributed to a lower
concentration of dissolved species.

In the spectrum of the crystal with ligand 1, a shift of the scattering line in the 860 cm™ region is
observed, indicating a change in the uranium-oxygen bond coordination within the uranyl cation
upon solid-phase formation compared to the solution. Furthermore, the spectrum of this crystal



exhibits a most pronounced line corresponding to the uranyl tetranitrate complex, the presence of
which was confirmed by SC-XRD.
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Figure S3. Raman spectra of pure ligand L1 in chloroform and ligand saturated with uranyl
nitrate in 1 or 3 mol/L nitric acid (L+U), as well as the uranium(VI) crystal with L1.
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Figure S4 Raman spectra of pure ligand L2 in chloroform and ligand saturated with uranyl
nitrate in 1 or 3 mol/L nitric acid (L+U).



: —— L3+U in 3V HNO, 3d phase
| — L3+Uin 3M HNO,

| — L3+Uin IMHNO,

I L3

|

Intensity

900 1000 1100 1200 ]‘300 1400 1500
Raman shift, cm

Figure S5 Raman spectra of pure ligand L3 in chloroform and ligand saturated with uranyl
nitrate in 1 or 3 mol/L nitric acid (L+U).
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Figure S6. Raman spectra of crystals of uranyl complexes with L.1 (with Br) and L3 (without
Br).
In the spectrum of a crystal known to contain bromine, a shift of the uranyl band to the
lower frequency region was observed compared to the crystal where only uranyl bonds with the
nitrate ligand are present (851 and 837 cm™, respectively).

5. Infrared Spectroscopy
Infrared spectra were recorded for all the crystals obtained. The figure on the left shows
data for crystals containing ligand L1 and a uranyl tetranitrate complex, which were obtained from
different solutions: by contacting a solution of the ligand in F-3 with uranyl nitrate in 3 or 1 mol/L
nitric acid. In the latter case, the crystal formed from two different organic phases. The figure on

the right shows the spectrum of a crystal of a mixed uranyl complex with ligand L3.



Peaks 1025, 1290, 1478 (crystals with L1), 1515 (crystal with mixed bromide-nitrate

complex of uranyl and L3) cm™! are attributed to nitrate [1,2], the peak at 920 cm-! corresponds to

the uranyl cation [2], and in the region of 2800-3000 P-H stretching bands may be overlapped with

CH2 stretching vibrational bands [3].
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Figure S7. Infrared spectra of crystals of uranyl complexes with L1 and L3.

6. Electrospray Ionization-Mass Spectrometry

The method shows the presence of the uranyl trinitrate complex in the organic phase after

extraction.
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