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Experimental Details

Caution! **U, 'Np, are all high specific activity nuclides and represent a serious
internal and/ or external hazard. All experiments were performed following the pre-

set radiological safety precautions in accordance with the local rules of The

University of Manchester and the KIT-INE, Karlsruhe.

General

All chemicals were purchased from the Aldrich Chemical Company. The ligand
NaTPIP and the complex [Gd(TPIP);] were prepared as previously described.'

Stock solutions of NpO,(V) in HCI were provided by KIT-INE radioisotope stocks.
[NpO1(O4Cl),] solutions were prepared by heating the NpO,(V) stock solution
(typically 0.006 or 0.007 mM aliquots) to dryness in a glass vial placed in an
aluminium heating block inside a designated negative pressure glove box and adding
60% perchloric acid. This solution was heated to ca. 200 °C or until fuming for
several hours and then evaporated to dryness. The residue was then dissolved in H,O
(1 mL) to yield the Np(VI) aqua ion (pink colour).” Subsequent removal of the water
by heating and addition of the required solvent for complexation studies led to yellow
solutions of NpO,(VI). Samples of 1 were shipped to The University of Manchester
for X-ray crystallographic, optical and further NMR studies and all subsequent

manipulations were performed in a designated fumecupboard in the CRR.

Mass spectra were obtained using positive electrospray on a Micromass Platform II

spectrometer or by MALDI with an ALPHA matrix on a Shimadzu Axima



Confidence spectrometer. Accurate mass spectra were recorded on a Waters QTOF.
Solutions were made up using DCM, acetonitrile or methanol. Elemental Analyses
were performed by the microanalytical services at the University of Manchester using
a Carlo ERBA Instruments CHNS-O EA1108 elemental analyzer (C, H and N
analysis) and a Fisons Horizon elemental analysis ICP-OED spectrometer for U, P,

and halides.

All NMR spectra of were recorded on a Bruker Avance 400 spectrometer
(Manchester) and on a Bruker Avance III 400 spectrometer with a gradient inverse
detection probe used for proton measurements and a broadband observe probe with
direct x-magnetisation detection for non-proton measurements (INE, Karlsruhe).
Operating frequencies 400 MHz ('H), 101 MHz (**C), 162 MHz (*'P), variable
temperature unit set at 300 K unless otherwise stated. The NMR machines were
controlled remotely using Bruker Topspin 2.1 or 3.1 software. Chemical shifts are
reported in parts per million relative to TMS and referenced to the residual proton
resonances in d-chloroform or d>-dichloromethane. Neptunium samples for analysis
were transferred to a Teflon insert tube, which were subsequently placed into Smm

walled, 8” NMR tubes manufactured by Wilmad-LabGlass.

Absorption spectra were recorded in DCM, methanol or a mixture on a T60U
spectrometer (PG Instruments Ltd.) (2) using fused quartz cells with a path length of 1
cm or on a on a Shimadzu UV-2600 (1).

Single crystal X-Ray diffraction was performed on an Oxford Diffraction Crysalis
CCD diffractometer at 100 K (2) or an Agilent Technologies SuperNova 4-circle
diffractometer at 150 K (1), both with Mo/ K microfocus source. Data were solved
using direct methods with OLEX-2 software.” The non-H atoms were refined
anisotropically. Hydrogen atoms were positioned in idealised sites and were allowed
to ride on their parent C or N atoms. Neptunium crystals suitable for single crystal X-
ray diffraction were isolated in fomblin oil in the designated neptunium fumehood in
the Centre for Radiochemistry Research (CRR). The crystals were then transported in
double containment to the CRR microscope and inserted into a capillary, which was
subsequently mounted onto a goniometer (which had been designated specifically for

use with neptunium crystals) and fixed in place with Araldite.



Steady state emission and excitation spectra were recorded on an Edinburgh
Instrument FP920 Phosphorescence Lifetime Spectrometer equipped with a 5 watt
microsecond pulsed xenon flashlamp (with single 300 mm focal length excitation and
emission monochromators in Czerny Turner configuration) and a red sensitive
photomultiplier in peltier (air cooled) housing, (Hamamatsu R928P) and a liquid
nitrogen cooled nIR photomultiplier (Hamamatsu). Lifetime data were recorded
following excitation with either the microsecond flashlamp, an EPL 375 and EPL 405
picosecond pulsed diode laser (Edinburgh Instruments), or a picosecond pulsed
Supercontinuum laser at 420 nm (Fianium) using time correlated single photon
counting (PCS900 plug-in PC card for fast photon counting). Lifetimes were obtained
by tail fit on the data obtained or by a reconvolution fit using a solution of Ludox® in
the scatterer, and quality of fit judged by minimization of reduced chi-squared and

residuals squared.

Preparation of Complexes 1 and 2

Synthesis of [NpO,(TPIP),(Ph;PO)] (1).

From [NpO(V)Cl]

In a designated negative pressure glove box (KIT-INE, Karlsruhe), [NpO,Cl] in
hydrochloric acid (200 pL; 0.006 mmol *’Np stock solution) was heated until dry and
dissolved in MeOD 1:8 CDCl; (I mL). NaTPIP (5 mg, 0.011 mmol) and Ph;PO (1 mg,
0.004 mmol) were added and the green solution transferred to an NMR tube. Standing for
three months led to the precipitation of yellow crystals of 1. The sample was shipped by
courier to The University of Manchester, CRR, where the crystals were isolated after
washing and air drying. UV/vis (DCM): Amax/ nm = 243, 266, 273, 290 (sh), 585, 1232.
*'P{'H} NMR (CDCls, 162 MHz) 6 (ppm): -28.5 (br, Np-TPIP), 20.6 (br, Np-Ph;PO), 29.2
(PhsPO); 'H NMR (CDCl;, 400 MHz) § (ppm): 6.80-8.10 (overlapping resonances, Np-
TPIP + Np-PhsPO + Ph;PO), 7.39 (t, *Juyu = 7.0 Hz, Np-TPIP), 7.48 (t, 7.0 Hz, Np-TPIP),
7.58 (br, Np-TPIP).

From [NpOZ(VI)(O4Cl)2]
In a designated negative pressure glove box (KIT-INE, Karlsruhe) or in a designated

fumehood (Manchester) [NpO,(O4Cl),] in perchloric acid (330 pL; 0.007 mmol



*"Np) was heated until dry and dissolved in deionised water (1 mL). The solution was
again heated to dryness and dissolved in CH,Cl, or CD,Cl,. NaTPIP (6 mg, 0.014
mmol) and Ph;PO (2 mg, 0.007 mmol) were added and the yellow-green solution
transferred to an NMR tube Teflon insert, vial or screw cap quartz cuvette for

spectroscopic analysis.

Synthesis of [UO,(TPIP)(Ph;PO)] (2)

NaTPIP (51 mg, 0.12 mmol) was suspended in absolute ethanol (10 mL) and added to
a stirred solution of uranyl nitrate hexahydrate (30 mg, 0.06 mmol) in deionised water
(10 mL) to produce a cloudy green solution. After stirring for 1 h. the solution was
filtered, rinsed with absolute ethanol and the solid left to air dry. The solid was
collected in a sample vial and dissolved in THF (10 mL). Ph3PO (12 mg, 0.043 mmol)
was added to the solution and the sample left to stir over the weekend. Evaporation of
the solvent resulted in a precipitate which was dissolved in DCM and layered with
hexane. After a couple of days standing pale green needles were deposited in the vial
(82 mg, 67 %). UV/vis (DCM): Ama/ nm (¢/ cm’mol 'em™) = 404 (33), 417 (35), 429
(37), 442 (34), 454 (27). *'P{'H} NMR (CD,Cl,, 162 MHz) ¢ (ppm): 24.3 (s,
(OP(Ph),):N), 40.2 (s, Ph3PO); '"H NMR (CD,Cl,, 400 MHz) J (ppm): 7.1 — 7.5 (br m,
33H, ;nCH), 7.6 — 8.3 (br m, 22H, ,»xCH); "C{'H} NMR (CD,Cl,, 101 MHz) J (ppm):
128.2 (d, *Jec = 13.0 Hz, C), 128.9 (d, *Jec = 12.5 Hz, xC), 130.7 (s, snC), 131.7 (d,
*Joc = 10.4 Hz, xC), 132.7 (s, wC), 133.2 (d, *Jec = 9.0 Hz, ,,C). IR (3500-400 cm™,
solid sample on ATR cell): 3074 (w), 3058 (w), 3043 (w), 2966 (w), 1969 (w), 1909
(w), 1591 (w), 1521 (w), 1485 (w), 1437 (m), 1286 (w), 1263 (w), 1205 (m), 1180
(m), 1142 (sh), 1121 (s), 1089 (s), 1067 (s), 1048 (m), 1027 (s), 998 (m), 932 (m), 916
(s), 825 (m), 750 (m), 722 (s), 691 (s), 587 (m), 555 (s), 536 (s), 512 (s), 508 (s), 502
(s), 498 (s), 496 (m), 486 (s), 478 (m), 470 (s), 463 (s), 453 (vs), 450 (m), 437 (m),
431 (s), 424 (s), 417 (s), 406 (s); Raman (solid on glass slide, 3500 — 100 cm™): 3066
(w), 1592 (m), 1574 (w), 1188 (w), 1164 (w), 1114 (w), 1029 (m), 999 (s), 839 (m),
825 (m), 694 (m), 617 (m), 250 (w), 206 (w), 112 (s). Anal. Calculated for
CesHssN2O7PsU;.CH,Cly: C, 54.89; H, 3.92; N, 1.91; P, 10.56; U, 16.24. Found: C,
54.18; H, 3.68; N, 1.86; P, 9.94; U, 15.31.



Titration of [UOy(TPIP),(PhsPO)] into [Np(VI)O5(TPIP),(Ph;PO)]

A solution of 1 (1.5 mL, ~2 mM) was transferred to a screw-cap cuvette. Aliquots of 2 in
CH,Cl; (150 pL, 0.2 mM) were added to the cuvette and the UV-vis and emission spectrum
recorded at each point. Aliquots were added until there was 1950 puL of 2 (2.6 mM) in the
sample. *'P{'H} NMR (CD,Cl,, 162 MHz) 6 (ppm): 15.6 (br), 16.2 (br), 19.5 (br), 21.2-
25.9 (overlapping resonances, U-TPIP), 27.4 (s, PhsPO), 34.2 (br), 40.6 (br, U-Ph;PO); 'H
NMR (CD,Cl,, 400 MHz) ¢ (ppm): 6.51-8.40 (overlapping resonances). The sample was
divided into two portions and diluted further for a repeat spectroscopic analysis at lower

concentration.

Computational details

All DFT calculations were performed using the version 6.4 of the TURBOMOLE
code,” employed the hybrid-GGA PBEO exchange correlation functional and
Ahlrichs-style basis sets of polarised triple-§ quality. Actinide ions incorporated
effective core potentials, replacing 60 core electrons. All geometry optimisations were
performed in C1 symmetry with default convergence criteria in the presence of a
COSMO continuum solvent model with the relative permittivity, e, set to 8.9 to
represent the DCM solvent. Numerical frequency analyses were also performed in the
presence of the continuum solvent and the absence of any imaginary frequencies

indicated that the converged structures were energetic minima.

Optimised structures
Figure S1 shows the structures of the simplified complexes resulting from the

geometry optimisations. Cartesian coordinates are given below.

Figure S1. Simplified structures optimised in the presence of a continuum CH,Cl,
solvent. White, blue, red, orange, blue and green spheres represent hydrogen,

nitrogen, oxygen, phosphorus, uranium and neptunium atoms, respectively.



Simplified [UO; TPIP),(H3PO)] structure
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Spectroscopic Data

Compound 1, [NpO,(TPIP),(Ph3;PO)]
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Figure S2. Vis-nIR spectrum of 1 recorded in CH,Cl, at room temperature
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Figure S3. Left: '"H NMR spectrum and right: >'P{'"H} NMR spectrum of 1 recorded
in CD,Cl, at 295 K.
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Figure S4. The '"H DOSY NMR spectrum of the aromatic resonances in 1 recorded in
CD2C12 at 295 K.
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Figure S5. UV-vis spectrum of 1 in CH,Cl; recorded at room temperature. Note the

low intensity absorption tail at > 300 nm, which extends into the visible region.
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Figure S6. Fitted kinetic trace of 1 recorded in CH,Cl, at 295 K following 405 nm

laser excitation with a picosecond pulsed diode laser

- 60

Counts ( x 1e3)

20

550

500

wavdend™ o
gm

Figure S7. Time resolved emission spectrum of 1 recorded following 375 nm

excitation with a picosecond pulsed diode laser in CH,Cl, at 295 K.
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Figure S8. Steady state phosphorescence spectrum of [Gd(TPIP);] in a frozen CH,Cl,
glass at 77 K following 290 nm excitation (red trace) and steady state emission

spectrum of 1 in fluid CH,Cl, solution recorded at 295 K following 290 nm excitation

(blue trace).

Compound 2, [UO,(TPIP),(Ph;PO)]

Figure S9. Solid state molecular structure of 2 with thermal ellipsoids set at the 50 %

probability level; lattice solvent molecules and H atoms are omitted for clarity
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Figure S10. Fitted kinetic trace of 2 recorded in CH,Cl, at 295 K following 405 nm

laser excitation with a picosecond pulsed diode laser

Spectroscopic Data for Mixtures of 1 and 2
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Figure S11. Left: "H NMR spectrum and right: *'P{'H} NMR spectrum of a mixture
of 1 (1.47 mM) and 2 (0.87 mM) recorded in CD,Cl, at 295 K.
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Figure S12. The 'H DOSY NMR spectrum of the aromatic resonances of a mixture of
1 (1.47 mM) and 2 (0.87 mM) recorded in CD,Cl; at 295 K.
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Figure S13. UV-vis spectrum of 1 (1.47 mM) and 2 (0.87 mM) in CH,Cl, at room
temperature expanded to highlight the vibrationally resolved uranyl(VI) Oy — U
LMCT absorption at ca. 420 nm.
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Figure S14. Lefi: excitation spectrum (emission wavelength = 500 nm) and right:
emission spectrum (excitation wavelength = 330 nm) of a mixture of 1 (1.47 mM) and

2 (0.87 mM) recorded in CD,Cl, at 295 K
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Figure S15. Fitted kinetic trace of a mixture of 1 (1.47 mM) and 2 (0.87 mM)
recorded in CH,Cl, at 295 K following 420 nm laser excitation with a picosecond

pulsed Supercontinuum laser
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Figure S16. Time resolved emission spectrum of a mixture of 1 (1.47 mM) and 2
(0.87 mM) recorded in CH,Cl; at 295 K following 420 nm laser excitation with a

picosecond pulsed Supercontinuum laser
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Figure S17. Emission spectra of mixture of 1 (1.47 mM) and 2 (0.87 mM) recorded in
CH,Cl; at 295 K following 420 nm laser excitation with a picosecond pulsed
Supercontinuum laser at differing time intervals (10 data slices, 0 — 90 ns, 10 ns steps)
showing the dominance of neptunyl(VI) based emission at short time delays and the

dominance of uranyl(VI) based emission at longer time delays.
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