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Theuranylion (UO,?"; U(vI) oxidation state) is the most common form of uranium

foundin terrestrial and aquatic environments and is a central component in nuclear
fuel processing and waste remediation efforts. Uranyl capture from either seawater or
nuclear waste has been well studied and typically relies on extremely strong
chelating/binding affinities to UO,?* using chelating polymers'?, porous inorganic®™®
or carbon-based®” materials, as well as homogeneous® compounds. By contrast, the
controlled release of uranyl after capture is less established and can be difficult,
expensive or destructive to the initial material>®. Here we show how harnessing the
redox-switchable chelating and donating properties of an ortho-substituted closo-
carborane (1,2-(Ph,PO),-1,2-C,B,,H,,) cluster molecule can lead to the controlled
chemical or electrochemical capture and release of UO,*" in monophasic (organic) or
biphasic (organic/aqueous) model solvent systems. This is achieved by taking
advantage of the increase in the ligand bite angle when the closo-carborane is reduced
to the nido-carborane, resulting in C-C bond rupture and cage opening. The use of
electrochemical methods for uranyl capture and release may complement existing
sorbent and processing systems.

Known for over 50 years, carboranes have been extensively studied in
coordination chemistry (including with U), catalysis, luminescence,
and energy storage applications'® . Studies have shown that reduction
of substituted closo-carboranes to the nido-carboranesresultsin rup-
ture of the C-C bond and cage opening, with a simultaneous increase
inligand bite angle, 8 (Fig. 1a; closo and nido refer to2n+2and 2n + 4
framework bonding electrons, respectively, where nis the number of
vertices)™*1¢8 We rationalized that by incorporating donating groups
toortho-carborane, we could tune the chelating properties of the clus-
ter switching from opened to closed conformations by redox control of
thereduced and oxidized states, respectively, and enable the chemical
or electrochemical capture and release of uranylin solution (Fig. 1a).
The closo-carborane 1,2-(Ph,P0O),-1,2-C,B,,H,, (1) was synthesized
and fully characterized, including by X-ray diffraction (XRD)
studies (Fig. 1a, Extended Data Fig. 1a)". The cage C-C bond length
(1.688(4) A) and interatomic P---P distance (3.537 A) are consistent
with previous relevant reports'®? (all uncertainties are estimated
standard deviations or standard uncertainties). These metrics
will be used throughout to correlate coordinated and uncoordinated
carboranes, both in lieu of—yet proportional to—the traditional
biteangle 8 (Fig.1a). The cyclic voltammogram of 1in tetrahydrofuran
(THF) revealed two quasi-reversible cathodic waves at -0.93 V
and-1.11Vrelative to the ferrocene/ferrocenium (Fc/Fc*) redox couple
(Extended Data Fig. 2a). Reduction of 1using 2.0 equiv. decamethyl-
cobaltocene (Cong) afforded the direduced nido-carborane,
[CoCp;l,[(nido-1,2-(Ph,P0),-1,2 -C,ByoH,)] (2a) (Fig. 1a). The
solid-state structure revealed an open-cage nido-carborane with a

cleaved C-Cbond (2.860 A) and an elongated P--P distance (5.036 A)
relative to1(Extended DataFigs. 1b, ¢). Ananalogous salt, [Bu,N],[ (nido-
1,2-(Ph,PO),-1,2-C,B,oH,,)]1 (2b) (Fig. 1a), relevant to the electrochemi-
cal experiments, was also synthesized by reduction of 1 with KCg,
followed by salt metathesis with [Bu,N][CI] (see Methods).

We next investigated the coordination chemistry of 1and 2a. Addi-
tion of 4 equiv.1to dimeric[UO,CI,(THF),],in deuterated dichlorometh-
ane (DCM-d,) resulted in a light-yellow solution from which two new
equivalent-intensity *'P resonances appeared at 38.8 and 38.4 ppmin
the nuclear magnetic resonance (NMR) spectrum, shifted downfield
from1(22.8 ppm). Theinequivalent Penvironments suggest either an
octahedral geometry at U with two monodentate 1ligands or a pen-
tagonal bipyramidal geometry at U with two bidentate1and a chloride
inthefifth equatorial site. Although attempts to obtain single crystals
for XRD studies failed, the NMR data suggest that a 2:1adduct is formed
with apresumed formulation of UO,Cl,(1),.In contrast to1, treatment
of 2equiv.2ato [UO,CI,(THF),], led to clean formation of a single new
resonance at 51.1ppmin the *P NMR spectrum, consistent with abiden-
tate coordination mode. XRD studies confirmed the composition as
theuranylsalt[CoCp;1,[UO,Cl,(nido-1, 2-(Ph,P0),-1, 2 -C,B;oH;0)]
(3) (Fig. 1a, c). A disubstituted uranyl salt was also obtained by
addition of 4 equiv. 2a to [UO,CI,(THF),],. Monitoring the reaction by
3P NMR spectroscopy revealed clean conversion to a new product
with a single peak at 52.0 ppm. XRD studies on single crystals
confirmed the composition as the disubstituted complex
[CoCp;1,[U0,(nido-1,2~(Ph,P0),~1,2 ~C,BoHy0),] (4) (Fig.1a,b).
The bond metrics for 3 and 4 are similar (Extended Data Fig. 1c).
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Fig.1| Chemical or electrochemical capture and release of UO,> with
resulting complexes shown. a, General chemical or electrochemical mono- or
bi-phasic capture of uranyl from UO,X,L, (X=CI", OAc”; L = THF, Ph;PO) using
thereduced ‘open’-cage nido-carboranes (2a/2b) generated by reduction (for
example, CoCp; or negative bias) of the ‘closed™-cage closo-carborane (1). The
correspondingrelative bite angles (6) are also shown. Oxidation (for example,
[FeCp,l[PF¢]or positive bias) of the captured products 3/4 or 3N/4Nleads to
UO,* release. Compounds labelled in green have been chemically isolated,
whereas compoundsinorange are proposed electrochemical products

(see Methods). Blue and red pathways represent UO,** capture and release,
respectively. b, ¢, Solid-state molecu+lar structures of 4 (b) and 3 (c) obtained
from XRD studies. Hatoms, [Con;] counter cations, phenyl C-H linkages and
all co-crystallized solvent molecules are omitted for clarity. See Extended Data
Fig.1forthestructures ofland2a.

Whereas 1and 2a coordinate to UO,*, we postulated that a third
ligand with a competitive binding affinity to 1, but weaker than 2a, could
enable a pathway to UO,* release. Competition experiments using1,2a
and triphenylphosphine oxide (TPO), as part of UO,ClL(TPO), (ref. %),
were performed and monitored by *'P{'"H} NMR spectroscopy in DCM-d,.
Two equivalents of 1were added to UO,CI,(TPO), for al:1 molar ratio of
LTPO. After anequilibration period, the *P{'H} NMR spectrum revealed
broadened resonances for UO,Cl,(TPO), and free TPO, as well as a set
of sharp resonances for UO,Cl,(1), and free 1. The ratio of UO,Cl,(1),:1
was determined to be approximately 1:3, suggesting an equilibrium
favouring the adduct, UO,Cl,(TPO), (Extended Data Fig. 3a). The bind-
ing affinity of TPO was next compared to 2a by addition of 1equiv. 2a
to UO,CI,(TPO),. Rapid precipitation of products was observed. The
JP{'H} NMR spectrum of the DCM supernatant revealed complete con-
versiontothe products 3 and 4, along with asharpsinglet for TPO,and a
minor unknownsinglet at 47 ppm. Analysis of the precipitate dissolved
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in propylene carbonate (PC) by **P{'H} NMR spectroscopy revealed
the presence of 4 (Extended Data Fig. 3b). These data are consistent
with full dissociation of TPO from UO,Cl,(TPO), in the presence of 2a.
The binding affinity of TPO was next tested against PC, a coordinating
solvent®. An initial *P{"H} NMR spectrum of UO,Cl,(TPO), dissolved
in DCM-d, revealed two singlets in a 3:1ratio at 48.09 and 47.97 ppm,
respectively, probably arising from trans:cis isomerism?. Whereas
addition of 2equiv. PCled to negligible changes, addition of 20 and 40
equivalents led to increasing broadness of the aromatic peaks in the
'HNMR spectraand broadening of the singlets in the *P{"H} NMR spec-
tra (Extended Data Fig. 4). Together, these data suggest a weak equi-
librium with PC that is heavily shifted towards UO,Cl,(TPO),. Density
functional theory (DFT) calculations further supported these obser-
vations. The electron density surfaces with integrated electrostatic
potentials for1and2aclearlyindicateincreased electrondensity at the
P =0 bonds of 2a upon reduction, accounting for its experimentally
observed increased Lewis basicity (Extended Data Fig. 1d). This prob-
ably complements the increased bite angle (Fig. 1a) in rendering 2a a
stronger chelating agent than1.Insilicoisodesmic reactions of 2a/TPO,
TPO/10r1/PC with protons as a model for the uranyl cation were also
calculated (see Methods and Supplementary Information). Together
withthe experimental data, these data support arelative Lewis basicity
trend of:2a>TPO >1> PC.

We next investigated the in situ chemical capture and release of UO,*.
For optimal solubility, we used a3:1PC:benzene solvent mixture. A 2:4
solution of .TPO was analysed by *P{'H} NMR spectroscopy, which
revealed two sharp resonances (Extended Data Fig. 5a). Addition of
0.5equiv. [UO,CL(THF),], (1equiv. U) resulted inno appreciable change
totheresonance for1, butinsubstantial broadening to the resonance
for TPO (Extended Data Fig. 5b). Only trace UO,CI,(TPO), is observed
and is probably due to a combination of rapid exchange with excess
TPO and the excess (-2,000 times) PC used relative to U. To initiate
chemical capture of UO,*, 4 equiv. CoCp;was added. Analysis by *'P{'H}
NMR spectroscopy revealed the rapid and complete conversion of
1to4 with concomitant release of TPO (Extended Data Fig. 5c). To ini-
tiate UO,* release, we first determined the oxidation potential of 4 by
cyclic voltammetry, which revealed a quasi-reversible anodic event at
-0.42V relative to Fc/Fc* (Extended Data Fig. 2b). Thus, we exposed
ourinsitu generated solution of 4 and TPO to 4 equiv. [Fc][PF,]. Anal-
ysis by *'P{'H} NMR spectroscopy revealed the full conversion of 4 back
to 1, along with the re-appearance of a broadened TPO resonance,
similar to that of the pre-reduced solution (Extended Data Fig. 5d).
Together, these results demonstrate the successful chemical capture
and release of UO,* in solution.

We next targeted the electrochemical capture and release of UO,*"
by galvanostatic bulk electrolysis (GBE). This was conducted using a
divided H-cell with coiled Pt electrodes, an anion-exchange membrane
(AEM) and an excess of the Fc/Fc* redox couple in the counter com-
partment (Fig.2a). A 0.5:5:6 ratio of [UO,Cl,(THF),],:1:TPO was used in
PC:benzene (3:1) along with an internal standard for P NMR integra-
tion. Whereas the use of excess TPO is well reasoned (see above), the
use of excess1was found to be necessary for optimal electrochemical
performance (see Methods). Aninitial *’P{'H} NMR spectrum revealed
asharp signal for 1and a broadened signal for TPO (Fig. 2b, initial),
analogousto the chemical capture/release experiments. Electrochemi-
cal capture of UO,*" was initiated by galvanostatically charging the
solution to a 75% theoretical state of charge (SOC) relative to the UO,*
concentration (Fig. 2c, blue; see Methods). Analysis of the reaction
mixture by *P{'H} NMR spectroscopy revealed the conversion of 1to
the captured products 3N (X=Cl) and 4N—the analogues of 3and 4, but
with [Bu,N]" cations (Fig.1a)—withrelease of all TPO, as determined by
integration versus theinternal standard (Fig. 2b, cycle1, blue; Extended
Data Fig. 6a). To initiate the electrochemical release of UO,*, the cell
was galvanostatically discharged to a final SOC of 15% (Fig. 2c, red;
the SOC extrema of 0% and 100% were not used, to avoid unwanted
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Fig.2|Electrochemical setup and quantification datafor the capture (blue)
andrelease (red) of UO,* insolution. a, lllustration of the H-cell used,
incorporating excess Fc/Fc* (left) and 1, TPO and [UO,CI,(THF),], (right) ina
3:1PC:benzenesolvent mixture. Charging the cell (blue) leads to the capture of
U0, converting1to 4N (major product) and 3N (minor product, not shown).
b, Quantification of products and reactants by *P{'H} NMR spectroscopy
againstaninertinternal standard, [Ph;PNPPh;][PF] (not shown). Theinitial
spectrumisshowningrey, whereas spectraacquired during charge and

secondary electrochemical processes®). Analysis of the reaction mix-
ture by >'P{'H} NMR spectroscopy revealed the full conversion of 3N and
4N back to1, along with the presence of a broadened TPO resonance
(Fig. 2b, cycle 1, red). The capture and release by GBE was carried out
over the course of another five full cycles (Fig. 2c), with analyses of the
reaction mixtures by *P{'H} NMR spectroscopy after each run (Fig. 2b).
We observed that repeated cycling resulted in aloss of electrochemi-
cally generated 3N, which we attribute to chloride migration to the
counter compartment over time. The gradual appearance of a minor
unknown product with a*P resonance at 45 ppmwas also observed after
each charge cycle (Extended DataFig. 6a). Analysis of the *'P{'H} NMR
integrations revealed approximate average losses of 0.3% per cycle for
TPO, 3.4% per cyclefor4Nand 7.2% per cycle for1, perhaps attributable
to electrochemical side reactions (Extended Data Fig. 6b)>*. Lastly,
analysis of the measured instrumental charge transferred relative to
the total charge transferred for UO,* capture (determined by *'P{'H}
NMR integrations) revealed a plateauing trend with increasing cycle
number, with differencesin charge attributed to Faradaiclosses (Fig. 2c,
top). Together, these results demonstrate the successful monophasic
electrochemical capture and release of UO,*".

A biphasic extraction scheme involving dissolved UO,?* (from
UO,(NO,),(THF),) in the aqueous phase and 1in the organic phase
was next explored as a model system (Fig. 3a)?. We switched solvents
from PC to water-immiscible 1,2-dichloroethane (DCE) and modified
our H-cell design to include a physical glass-frit separator coupled
with a heterogeneous carbon additive acting as a capacitive buffer,
analogous to a previous report®, owing to the incompatibility of DCE
with the anion-exchange membrane. The capture and release of UO,**
was simultaneously monitored by **P{*H} NMR and ultraviolet-visible
absorption (UV-Vis) spectroscopy for the organic and aqueous layer,
respectively. We note that the vibronic ligand-to-metal charge transfer
absorption of UO,*" (425 nm) is pH-dependent, resulting in a variable
extinction coefficient (€)**°; therefore, a buffered solution of UO,*"
was used. Figure 3 outlines the simplified experimental setup display-
ing half of the H-cell (see Methods and Extended Data Figs. 7, 8 for the
full cell design and methodology). A DCE solution of 1 (1.0 equiv.)
with [Bu,N][PF,] as the supporting electrolyte was galvanostatically
charged to a -75% theoretical SOC. Analysis of the solution by *P{'H}
NMR spectroscopy revealed the clean conversion of most of 1to 2b
(Fig. 3a, Extended Data Fig. 9a). A sodium acetate (NaOAc)-buffered
(pH 5.4) water solution containing 1.25 equiv. UO,(NO,),(THF), was

discharge cycles (1-6) are showninblue andred, respectively. ¢, Bottom,
applied galvanostatic potentials for charge (blue) and discharge (red) cycles.
Dashed lines represent wait periods, which were necessary for >P{'H} NMR data
acquisition. Each cycleis 24 h. Top, instrumental measure of delivered charge
(teal) versus charge used for the reduction of 1, measured by quantifying the
totalreduced products, 3Nand 4N, by *’P NMR spectroscopy. See Methods and
Extended DataFigs. 6, 8 for additional experimental details and data.

next added to the DCE layer with mixing. Approximately 0.9 equiv.
UO,*" was captured from the aqueous phase, as evidenced by the
comparison of the UV-Vis spectra obtained before and after mixing
with the charged DCE solution (Fig. 3a, b, Extended Data Fig. 10a).
Analysis of the DCE solution by *’P{"H} NMR spectroscopy revealed the
clean formation of a single resonance at 51.5 ppm (Fig. 3b, Extended
DataFig. 9b). Given the similar chemical shifts of isolated complexes
3(51.1ppm)and 4 (52.0 ppm), as well as the quantity of UO,* captured
(0.9 equiv.), we propose that the uranylis probably the mono-ligated
3N (X =OAc™ because of the buffer); however, 4N cannot definitively
be excluded (Fig. 1a). The aqueous phase was next removed and the
cell was galvanostatically discharged to achieve a theoretical final
SOC of ~0%. Mixing a fresh NaOAc-buffered solution (pH 5.4) into this
solutionled to the release of approximately 0.5 equiv. UO,* from the
DCE layer, as confirmed by UV-Vis spectroscopy (Fig. 3c, Extended
DataFig. 10b). Analysis of the DCE layer by >'P{'H} NMR spectroscopy
revealed the near-quantitative conversion to 1, as well as the forma-
tion of minor (-20%) unknown byproducts (Fig. 3¢, Extended Data
Fig.9c). We propose that the acetate ions probably act as the biphasic
analogue of the monophasic TPO ligands by competitively binding
with1to UO,*. Control experiments revealed that negligible biphasic
capture of UO,?* from the NaOAc-buffered solution occurred in the
presence or absence of 1(see Methods and Extended Data Fig.10c-f).
Together, these biphasic GBE experiments demonstrate the potential
applicability of this redox-switchable capture and release chemistry.

Insummary, we have introduced an approach to uranyl management
involvingits capture and—importantly—its release by controlled redox-
switchable chelation using a derivatized ortho-carborane in mono-
phasic or biphasic (organic/aqueous) environments. We anticipate
that this fundamentally new directionin cluster carborane chemistry
will have a considerable impact on nuclear fuel extraction and waste
sequestration activities, and may lead to new research directions in
related metal capture and release activities.
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Methods

General considerations

Allmanipulations were performed under an atmosphere of dry, oxygen-
free N, or Ar by means of standard Schlenk or glovebox techniques
(MBraun equipped witha-38 °C freezer, or VAC gloveboxes). Hexanes,
pentane, DCM and benzene were dried on an MBraun solvent purifica-
tion system. Acetonitrile (-H,and -D,) was dried over CaH, for several
days before distillation. THF was dried over sodium benzophenone
anddistilled. PCwas degassed by freeze-pump-thaw cycles and stored
onactivated 4-A molecular sieves before use. DCE was initially distilled,
followed by drying over CaH, for several days before asecond distilla-
tionand subsequent storage on activated 4-A molecular sieves. [FeCp,]
[PF¢], [Bu,NI[CI] and TPO were purchased from Fisher Scientific; tri-
mesitylphosphine (Mes;P) was purchased from VWR International;
nBuLi (1.6 M in hexanes) was purchased from Sigma Aldrich; all were
used without further purification. Ortho-carborane was purchased
from Boron Specialties and sublimed before use. Ph,PClwas purchased
from Sigma Aldrich and vacuum-distilled before use. CoCp’ was pur-
chased from Sigma Aldrich and purified by filtration through celite
using pentane, followed by recrystallization from pentane at -38 °C
over several days. [Bu,N][PF] was purchased from Oakwood Chemicals
and purified by twice recrystallizing from hot ethanol. The recrystal-
lized product was then washed with cold water, cold ethanol and pen-
tane before drying at 100 °C under vacuum for 24 h. Sodium acetate
(NaOAc) buffer was prepared from a stock solution purchased from
Sigma Aldrich (pH 4.9) and adjusted to pH 5.4 using NaOH. The pH
value was confirmed using apH meter. Ketjenblack EC-600JD was pur-
chased from a private supplier. UO,Cl,(TPO), (ref.?), [UO,Cl,(THF),],
(ref.?), [UOL(NO,),(THF),] (ref.??), KCq (ref.**) and bis(triphenyl-phos-
phoranylidene)ammonium hexafluorophosphate ([Ph,PNPPh,][PF])
(ref.>*) were prepared by procedures reported in the literature.

NMR. NMR spectrawere obtained using a Varian Unity Inova 500 MHz
or Agilent Technologies 400 MHz spectrometer, and were referenced to
residual solvent resonances of acetonitrile (MeCN-d,) or dichlorometh-
ane (DCM-d,) or externally ("B, 85% (Et,0)BF;;*'P, 85% H,PO,). Chemical
shifts (6) were recorded in parts per million. All'B NMR spectra were
processed using MestReNova software to reduce abackground signal
withalinewidth of approximately 3,000 Hz from the Pyrex NMR tubes.
The NMR time-domain data were first left-shifted to discard the first
~0.1ms. To correct the linear phase change, alinear prediction was used
tofill the initial discarded data before the Fourier transform or an ap-
propriate linear phase correction was applied to the frequency-domain
data after the Fourier transform. The relaxation times T; for *P nuclei
were determined using theinversionrecovery method. The delay times
after the 180° inversion pulse were varied up to the maximum of five
times of the expected T, values. The signal recovery curve was fitted
with anexponential function to extract the T; values. Subsequent one-
dimensional spectrawere acquired with five times the longest T, value
measured foraccurate integrations (where 7, values were determined
for TPO: 2.3 s; Mes;P: 5.1s; [Ph,PNPPh;][PF(]: 7.15;1: 0.51s; 3: 0.64 s;
and 4:0.57s).

UV-Vis. UV-Vis absorption spectra were collected using a Shimadzu
UV-2401PC spectrophotometer. The UO,* extinction coefficient (g)
was experimentally determined to be 7.715 litres mol™ cm™ (460 nm)
atpHS5.4.

Elemental analyses. Elemental analyses (C, N, H) were performed at
the University of California, Berkeley using a Perkin Elmer 2400 Series
Il combustion analyser.

Cyclic voltammetry. Cyclic voltammetry was performed using a CH
Instruments Electrochemical Analysis potentiostat, equipped with a

3-mm-diameter glassy carbon working electrode, a Ag-wire pseudo-
reference electrode and a Pt-wire counter electrode using a [Bu,N][PF]
(0.1M) solutionas the supportingelectrolyte. Cyclic voltammograms
were referenced to the Fc/Fc* redox couple.

Galvanostatic bulk electrolysis. Galvanostatic bulk electrolysis
cycling experiments were carried out inside an Ar glovebox using a
Metrohm Autolab PGSTAT128N potentiostat/galvanostat. The full ex-
perimental setups for boththe mono-andbiphasic cycling experiments
are described in sections ‘Monophasic electrochemical capture and
release of UO,?" and ‘Biphasic electrochemical capture and release
of U0,2".

X-ray crystallography. X-ray crystallography data were collected on
aBruker KAPPA APEX Il diffractometer equipped with an APEX 11 CCD
detector usinga TRIUMPH monochromator withaMo Ka X-ray source
(wavelength a=0.71073 A). The crystals were mounted on a cryoloop
under Paratone-N oil, and all data were collected at 100(2) K using an
Oxford nitrogen-gas cryostream system. A hemisphere of data was
collected using w scans with 0.5° frame widths (w, angle between the
X-ray source and the sample). Data collection and cell-parameter deter-
mination were conducted using the SMART program. Integration of the
dataframes and refinement of the final cell parameters were performed
using SAINT software. Absorption correction of the data was carried
out using SADABS. Structure determination was done using direct or
Patterson methods and difference Fourier techniques. All hydrogen
atom positions were idealized and rode on the atom of attachment.
Structure solution, refinement, graphics and creation of publication
materials were performed using SHELXTL or OLEX?.

Synthesis of closo-(1,2-(Ph,P0O),-1,2-C,B,,H,,) (1). The synthesis of
compound 1was accomplished in two steps by modifications to lit-
erature procedures™,

Step 1. A solution of nBuLi in hexane (1.6 M, 28.2 ml, 45 mmol) was
added dropwise to a solution of ortho-carborane (3.1g, 21.5 mmol) in
dry diethyl ether (250 ml) at—78 °C, resulting in the formation of afine
colourless precipitate. The reaction was slowly warmed to room tem-
perature. After stirring for 30 min at room temperature, the mixture
was cooled to 0 °C,and Ph,PCl (7.7 ml, 41.7 mmol) was added dropwise,
resulting in a pale orange solution with a colourless precipitate. The
mixture was stirred for 30 min at 0 °C. The solution was brought toroom
temperature and stirred for 30 min and was subsequently warmed to
refluxandstirred for an additional 30 min. The solution was cooled to
0 °C, and water (30 ml) was slowly added to the mixture. The mixture
was allowed to stir for 20 min and was filtered over a glass frit, where
theresulting solid was washed with additional water (30 ml) and diethyl
ether (20 ml). The solid was dried under vacuum at 100 °Cfor 2 h. The
product wasrecrystallized from a mixture of hexane/toluene and was
obtained in 81% yield (8.6 g, 16.7 mmol) '"H NMR (400 MHz, CDCl,):
67.06-7.47 (m,20H); 0.98-2.66 (broad, 10H)."BNMR (400 MHz, CDCl,):
6-0.40,-9.42."B{'H} NMR (400 MHz, CDCl,): 6 -0.40, -7.21,-9.42.
3P{'H} NMR (400 MHz, CDCl,): 57.88.

Step 2. Asolution of H,0, (30% in water, 1.8 ml, 58.7 mmol) was added
dropwise toasolution of [closo-(1,2-(Ph,P),-1,2-C,B,H,,)] (from step 1)
(2.1g,4.1mmol)in THF (50 ml). The reaction was stirred for 3hatroom
temperature. The reaction was monitored by *P NMR for formation of
an unwanted side-product at 49 ppm. Once this product formed, the
reaction was discontinued by addition of chloroform. The mixture
was washed with water and brine, the phases were separated and the
organic layer was dried with Na,SO,. The solvent wasremoved, and the
solid was slowly recrystallized from acetonitrile to yield a colourless
crystalline solid. The solid was dried under vacuum at 80 °C for several
hours (1.4 g, 2.6 mmol, 60% yield). Single crystals suitable for X-ray
crystallography were obtained by vapour diffusion of pentaneina
saturated THF solution of 1.'HNMR (400 MHz, MeCN-d,): §7.99 (m, 8H),
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7.63 (m, 4H), 7.54 (m, 8H), 2.5 (broad s, 10H). 'B and "B{!H} NMR
(400 MHz, MeCN-d,): 50.66,-8.75.3'P{'H} NMR (400 MHz, MeCN-d,):
§22.8. Anal. calc. for C, H;,B,,0,P,: C, 57.35; H, 5.55. Found: C, 57.33;
H, 5.66. Selected interatomic distances for 1 were C--C:1.688(4) A,
P--P:3.537A.

Synthesis of UO,CL,(1),. A20-ml vial equipped withamagnetic stirbar
was charged with1(54.4 mg, 0.1mmol) and 2 ml of DCM. In a separate
vial, [UO,CL,(THF),], (24.2 mg, 0.025 mmol) was dissolved in 2 ml of
DCM and added to thesstirring solution of 1, resulting in the formation
of alight-yellow suspension. After 1 h, the reaction mixture became
homogeneous. This was stirred for an additional 24 h at room tem-
perature. The solvent was removed, yielding a yellow solid (62.5 mg).
Multiple attempts were made to obtain single crystals suitable for
XRD studies, but failed. 'H NMR (400 MHz, DCM-d,): § 8.32-6.29 (m,
20H), 2.5 (broad's,10H)."B and "B{'"H} NMR (400 MHz, DCM-d,): 6 5.84,
-8.46.>'P{'H}NMR (400 MHz, DCM-d,): 638.8 (s), 38.4 (s). Anal. calc. for
Cs,HyoB,oCLOP,U-1/2CH,Cl,: C,43.05; H, 4.16.Found: C, 42.76; H, 4.32.

Synthesis of [CoCp} ], [UO,Cl,(nido—1,2—(Ph,P0),-1,2—C,B(H )]
(2a). A20-mlvial equipped withamagnetic stirbar was charged with1
(54.4 mg, 0.1 mmol) and 6 ml of benzene. In a separate vial, CoCp,
(69.1mg, 0.2 mmol, 2.0 equiv.) was dissolved in 4 ml of benzene and
added dropwise to the stirring solution of 1. Upon addition, a yellow
solid immediately precipitated from the reaction mixture, and the
mixture wasstirred for an additional 4 hat room temperature. Stirring
was discontinued and the solid was allowed to settle to the bottom of
thevial. The supernatant was decanted and filtered on a plug of celite.
The solids were washed with benzene (3 x 6 ml) and each washing was
filtered over the same celite plug. The remaining solids were then dis-
solved in a minimal amount of MeCN (2 ml) and filtered on the same
celite pluginto a new vial. The MeCN filtrate was collected and the
volatiles were removed in vacuo, yielding a shiny golden-yellow solid
(114.3 mg, 0.95mmol, 95% yield). Single crystals suitable for X-ray crys-
tallography were obtained by vapour diffusion of Et,0 in a saturated
MeCN solution of 2a at —38 °C.'H NMR (400 MHz, MeCN-d,): § 8.05
(broadm, 8H), 7.24 (broads, 12H), 1.62 (s, 60H). We note that carborane
B-H resonances were too broad to be observed. "B and "B{*H} NMR
(400 MHZ, MeCN-d,): § 20.24, -0.62, -18.46, —22.06. *P{'H} NMR
(400 MHz, MeCN-d,): 629.8. Anal. calc. for C4Hy,B,,C0,0,P,: C, 65.88;
H, 7.54. Found: C, 65.57; H, 7.67. Selected interatomic distances for 2a
were C-C:2.860 A, P--P:5.036 A.

Synthesis of [Bu,N],[(nido-1,2-(Ph,PO),-1,2-C,B,,H,,)] (2b). The syn-
thesis of compound 2b was accomplished in two steps.

Step 1.Inthe glovebox, a250-mlround-bottom flask equipped witha
magneticstirbar was charged with1(272.2 mg, 0.5 mmol) and 20 ml of
THF, and cooled to-78 °C.In aseparate vial, KCg (182.4 mg, 1.35 mmol,
2.7 equiv.) was suspended in 20 ml of THF and added slowly dropwise
tothesstirring solution of 1. Upon addition, the KCg suspension began
toturngrey, and was stirred for 30 min at room temperature. Stirring
was discontinued and the mixture was filtered over a pad of celite on
afine glass frit. The graphite pad was washed additionally with MeCN
(3x5ml). Thefiltrate was collected and the volatiles were removed in
vacuo, yielding a pale-yellow oil. The oil was redissolved in THF (5 ml)
and layered with 5 ml of pentane, and wasrecrystallized at =38 °C, yield-
ing awhite solid (234.1 mg, 0.38 mmol, 75% yield). 'H NMR (400 MHz,
MeCN-d,): 6 7.81 (broad m, 8H), 7.28 (broad m, 12H). Carborane B-H
resonances were too broad to be observed. "BNMR (400 MHz, MeCN-
d,): 620.24,-0.62,-18.46,-22.06. *P{'H} NMR (400 MHz, MeCN-d,):
631.8. Anal. calc. for C,sH,,B,,K,0,P,-THF: C, 51.86; H, 5.51. Found: C,
51.09; H, 5.47.

Step 2. A20-ml vial equipped with a magnetic stirbar was charged
with [K1,[(nido-1,2-(Ph,PO),-1,2-C,B,oH,0)- THF] (655.4 mg, 0.94 mmol)
(Step1) and 15 ml of DCM, and was cooled to -78 °C. In aseparate vial,

[Bu,N][CI] (528 mg, 1.88 mmol, 2.0 equiv.) was dissolved in 10 ml of
DCM and added dropwise to the stirring carborane suspension. Upon
addition, the reaction mixture became homogenous, and after1ha
white precipitate began to settle. This mixture was stirred for 2 h at
room temperature. Stirring was discontinued and all volatiles were
removed, yielding a pale-yellow solid. Aminimal amount of DCM (3 ml)
was added and the mixture wasfiltered on a celite plug. The solids were
washed with chilled DCM (3 x 2ml) and each washing was filtered over
the same celite plug. The DCM filtrate was collected and the volatiles
were removed in vacuo, yielding a pale-yellow residue; this was tritu-
rated with pentane (10 ml) and dried in vacuo to yield an off-white solid,
whichwasrecrystallized from DCM and pentane (690.4 mg, 0.67 mmol,
71%yield).'HNMR (400 MHz, MeCN-d,): §8.03 (m, 8H), 7.25 (broadss,
12H), 3.08 (m, 16H), 1.59 (m, 16H), 1.35 (m, 16H), 0.96 (t, 24H). Carbo-
rane B-H resonances were too broad to be observed. 'B and "B{'"H}
NMR (400 MHz, MeCN-d,): §20.25,-0.65,-18.42,-22.05.3'P{'H} NMR
(400 MHz, MeCN-d,): §30.1. Anal. calc. for CsH,0,B,,N,0,P,: C, 67.67;
H, 9.99.Found: C, 66.81; H,10.29.

Synthesis of [CoCp;1,[UO,Cl,(nido—1,2—(Ph,P0),~1,2—C,B Hy,)]
(3). A20-ml vial equipped with a magnetic stirbar was charged with
[UO,CIL(THF),], (16.9 mg, 0.018 mmol) and 4 ml of MeCN. In aseparate
vial, 2a(42.2 mg, 0.035 mmol) was dissolved in4 mlof MeCN and then
added dropwise to the stirring solution of [UO,CI,(THF),],, turning
darkyellow. After stirring for Smin, ayellow solid began to precipitate
from the reaction mixture, and this was stirred at room temperature
for 4 h. Stirring was discontinued and the mixture was passed over a
celite plug, collecting a yellow solid and a yellow filtrate. The solvent
wasremoved from the yellow filtrate, yielding a yellow solid, which was
washed with THF (3 x 2 ml) and passed over another celite plug. The
filtrate was collected and the volatiles were removed in vacuo, yielding
ayellow powder. Residual [CoCp;][Cl]was removed by selectively re-
crystallizing the mixture from pyridine/Et,0 at =38 °C. The supernatant
was transferred and the volatiles were removed, collecting a yellow
solid (36.3 mg, 0.024 mmol, 69% yield). Single crystals suitable for XRD
studies were grown by vapour diffusion of Et,O into asaturated MeCN
solution of 3 at room temperature.’HNMR (400 MHz, MeCN-d,): §8.13
(m,10H), 7.35(m, 10H), 1.66 (s, 60H). Carborane B-H resonances were
too broad to be observed. "B and "B{'H} NMR (400 MHz, MeCN-d,): 6
0.27,-16.90, -19.69. *'P{!H} NMR (400 MHz, MeCN-d,): 6 51.12. Anal.
calc. for C¢4HyB,,Cl,C0,0,P,U-2MeCN: C, 51.70; H, 5.95; N, 1.72. Found:
C,51.91;H,5.88; N, 1.74. Selected interatomic distances and angles for
3were C-C:2.855A; P--P: 4.697 A; 01-U-02: 86.5°(3°).

Synthesis of [CoCp;],[UO,(nido—1, 2—(Ph,P0),—1,2-C,B H,),4).
A 20-ml vial equipped with a magnetic stirbar was charged with 2a
(26.6 mg, 0.022 mmol) and 1.5 ml of MeCN. In a separate vial,
[UO,CIL,(THF),], (5.3 mg, 0.0055 mmol) was dissolved in1.5 ml of MeCN
and then added dropwise to the stirring solution of 2a. After stirring
for 5min, ayellow solid began to precipitate from the reaction mixture,
and thiswasstirred at room temperature for 24 h. Stirring was discon-
tinued and the solid was allowed to settle to the bottom of the vial. The
supernatantwas decanted and filtered on a celite plug. The solids were
washed with MeCN (3 x 2 ml) and each washing was filtered over the
same celite plug. The remaining solids were then dissolved inaminimal
amount of pyridine and filtered on the same celite plug into anew vial.
The pyridine filtrate was collected and the volatiles were removed in
vacuo, yielding alight-yellow powder (35.5 mg, 0.018 mmol, 80%yield).
Single crystals suitable for XRD analysis were grown fromasmall-scale
reactioninaJ. Young NMR tube, which was charged with a solution of
2a (12.0 mg, 0.01 mmol) in MeCN-d; (0.25 ml). A solution of
[UO,CL(THF),], (2.4 mg, 0.0025 mmol) in MeCN-d; (0.25 ml) was add-
ed to this, whereupon crystals suitable for XRD analysis slowly formed
onthe walls of the NMR tube. 'H NMR (400 MHz, MeCN-d,): §8.13 (m,
15H), 7.38 (m, 10H), 7.24 (m, 15H), 1.68 (s, 60H). Carborane B-H



resonances were too broad to be observed. "B and "B{'H} NMR
(400 MHz, MeCN-d,): 6 0.26, -17.15, -20.66. *'P{!H} NMR (400 MHz,
MeCN-d,): 6 52.0. Anal. calc. for Cy,H;,,B,,C0,0,P,U: C, 54.76; H, 5.99.
Found: C,55.22; H, 6.36.Selected interatomic distances and angles for
4 were C--C:2.857 A; P--P:4.806 A; 01-U-02: 89.7°(17°).

Chemical capture and release of UO,*

Formation of in situ generated [(UO,)(TPO),CL,]. A 20-ml vial
equipped with amagneticstirbar was charged with1 (2.0 equiv., 5.4 mg,
0.01mmol), TPO (4.0 equiv., 5.6 mg, 0.02 mmol) and Mes;P (4.0 equiv.,
7.7mg, 0.02 mmol) and dissolved in a 3:1 PC:benzene (3 ml) solvent
system. A 500-pl aliquot was taken from this mixture and placed in
an NMR tube equipped with a MeCN-d, capillary tube. A *P{!H} NMR
spectrum was collected and the relative integrations were recorded
(Extended Data Fig. 5a). The NMR solution was returned to the vial
and [UO,CI,(THF),], (0.5 equiv., 2.4 mg, 0.0025 mmol) was added.
The mixture was stirred vigorously until all the solids were dissolved
(~20 min), resultingin alight-yellow coloured solution. After 1h,a500-pl
aliquot was taken from the reaction mixture and placed in an NMR tube
equipped with a MeCN-d, capillary tube. A *'P{'H} NMR spectrum was
obtained (Extended DataFig. 5b). After the spectrum was recorded, the
NMR sample was transferred back into the reaction mixture.

Reduction. CoCp;(4.0 equiv., 6.6 mg, 0.02mmol) in100 pl of benzene
wasadded dropwise to the generated solution described above. Upon
addition, the solution turned golden in colour and was stirred for 1 h
atroomtemperature. A500-pl aliquot was then taken fromthereaction
mixture and placed inan NMR tube equipped witha MeCN-d, capillary
tube. A *'P{'H} NMR spectrum was obtained (Extended Data Fig. 5c),
and thenthe NMR solution was transferred back into the reaction mix-
ture.

Oxidation. [Fc][PF] (4.0 equiv, 6.6 mg, 0.02 mmol) was added to the
reduced solution described above. Upon addition, the solution turned
greenand thenagolden colour. The solution was stirred for 1hatroom
temperature, after whicha 500-pl aliquot was taken from the reaction
mixture and placedinan NMR tube equipped witha MeCN-d, capillary
tube. A*'P{'H} NMR spectrum was obtained (Extended Data Fig. 5d).
After the spectrum was obtained, the NMR sample was transferred
back into the reaction mixture.

Monophasic electrochemical capture and release of UO,>
Experimental conditions. Galvanostatic bulk electrolysis experiments
were carried outin adivided glass H-cell (Extended DataFig. 8a,b). The
physical barrier between eachcomponent of the celland the respective
two Bio-Logic high-surface coiled Pt electrodes was an anion-exchange
membrane (Membranes International, AMI-7001) held in place by two
fluorinated ethylene propylene-encapsulated silicon o-rings with a
metal clamp. The electrodes were cleaned by rinsing with distilled water
and acetone and then heating until white-hot with abutane torch before
use. The anion-exchange membrane was soakedina 0.1M [Bu,N][PF]
solution of PC/benzene (3:1) over 3-A molecular sieves for 24 h before
use. The left compartment, containing the counter electrode, consisted
of Fc (41.9 mg, 0.225 mmol) and [Fc][PF] (74.5 mg, 0.225 mmol) in
7.0 mlof a0.1M [Bu,N][PF,] PC:benzene solution. The right compart-
ment, containing the working electrode, contained 1 (5equiv.,40.8 mg,
0.075 mmol), TPO (6 equiv., 25.0 mg, 0.09 mmol), [UO,CI,(THF),],
(0.5 equiv., 7.3 mg, 0.0075 mmol of dimer (1.0 equiv. of U monomer))
and [Ph,PNPPh,][PF] (1.0 equiv.,10.2mg, 0.015mmol)ina 0.1M[Bu,N]
[PF¢] PC:benzene solution (7.0 ml).

Experimental parameters. The cell was charged/discharged over the
course of six cycles. Toinitiate UO,** capture, the first cycle was charged
withanapplied current of —201.0 pA over the course of 6 hto a 75% SOC
relativeto the [UO,CL,(THF),], concentration. After the cell was charged,

awaitperiod of 2hwasincorporated between charge/discharge cycles
(Fig. 2c, grey dashed). UO,* release was achieved by discharging the
cell galvanostatically atanapplied current of 68.94 pA over the course
of 13 h, using voltage cutoffs (0.0 V), to a final SOC of approximately
15% relative to the initial [UO,Cl,(THF),], concentration. After each
celldischarge, await period of 4-5h was incorporated (depending on
when the voltage cutoffs were applied) between discharging/charging
cycles. Each additional cycle thereafter was charged and discharged
galvanostatically at currents of -160.87 pA and 68.94 A, respectively.
This resulted in charging cycles of ~15-75% SOC and ~75-15% SOC, re-
spectively. Between each charge/discharge a *'P{'H} NMR spectrum
was obtained (Extended Data Fig. 6a) using a40-s relaxation delay (see
NMR details above) with [Ph,PNPPh,][PF,] as the standard. We note
that an excess of 1 was used to keep the applied current (/,,,) below
the limiting current at any given time (/,(¢)) for the presumed electro-
chemical-chemical mechanism involving reduction of 1followed by
uranyl ligation. This allowed the use of a galvanostatic charge/discharge
procedure operating close to the mass-transfer-controlled plateau
(similar to potentiostatic methods) but with the added benefit of not
requiring prior knowledge of the optimal applied voltage, whichis a
function of both the onset of the reductive process and the total cell
impedance®. Attempts at GBE with stoichiometric equivalents of 1
revealed an earlier-than-expected onset of /,,,,> /(¢), clearly indicating
that additional and unwanted electrochemical processes were being
accessed and perhaps suggesting aninitial degradation of 1within the
system. Therefore, aninitial ratio of 0.5:6:8 for [UO,CIl,(THF),],:1: TPO
reagents was used.

Biphasic electrochemical capture and release of UO,*
Experimental conditions. A complete, stepwise, half-cell figure of
the experiments conducted in this section, along with spectroscopic
data, are shown in Extended Data Fig. 7. Two-electrode galvanostatic
bulk electrolysis was performed in an argon glovebox using a two-
compartment H-cell with a glass-frit separator, a stir bar in each com-
partment, and reticulated vitreous carbon (RVC) foam electrodes for
both the working and counter electrodes (Extended Data Fig. 8c, d).
TheRVCfoamelectrodes consisted of a~-5-cmsteel rod inserted into a
100 PPIDuocel RVC foam core (length ~2.5 cm; diameter -3 mm), with a
tap bore (length~-5mm; diameter -2 mm), which was filled with molten
gallium to fuse the steel connector to the RVC foam. Each electrode had
an end-to-tip resistance of <5 Q. The RVC electrodes were rinsed with
methanoland dried under reduced pressure overnight before use. The
Ketjenblack used was dried for48 hina175 °Covenand groundinaglass
mortar and pestle under inert atmosphere before use.

Reduction (charging). The counter compartment consisted of 400 mg
of Ketjenblack suspended in 6 ml of a 0.1 M solution of [Bu,N][PF,]in
DCE. The working compartment consisted of 1(34 mg, 0.0625 mmol,
1.0 equiv.) dissolved in 6 ml of a 0.1 M solution of [Bu,N][PF,] in DCE.
A charging current of -107.1 pA with a-9.25 C charge cutoff was used,
resultingina-~75% SOC after 24 h assuming 100% Coulombic efficiency.
Upon completion, the working compartment solution was analysed by
JP{'H} NMR spectroscopy to reveal the formation of 2b (Extended Data
Fig. 9a). The working compartment solution was then removed from
the H-celland placed in a20-ml vial for subsequent capture chemistry.

UO,* capture. A 5-ml vial was charged with excess UO,(NO,),(THF),
(42 mg, 0.078 mmol, 1.25 equiv.) and dissolved in 3 ml of a 0.1 M so-
dium acetate buffer adjusted to pH 5.4 (0.026 M UO,*). An aliquot of
the resulting pale-yellow solution was used to record an initial UV-Vis
spectrum (Extended Data Fig. 10a, blue). The aliquot was transferred
back to the 5-ml vial and this solution was added slowly, dropwise and
withoutstirring to the DCE solution containing the electrochemically
reduced1(forming2b). After addition, the mixture was allowed to stir
for2h, resultinginabright-yellow organic phase and a very-pale-yellow
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aqueous phase. Stirring was discontinued and the organic and aqueous
phases were separated using asmall separatory funnel. An aliquot of the
aqueous phase was used to record a UV-Vis spectrum (Extended Data
Fig.10a, red), indicating that 0.022 mmol of UO,* remained, which s
equivalent to the capture of 0.056 mmol (-0.9 equiv.) to the organic
phase. A1-ml aliquot was taken from the pale-yellow dichloroethane
layer and transferred to an NMR tube. An unlocked *'P{'H} NMR spec-
trumwas collected indicating the formation of 3N/4N (Extended Data
Fig.9b). The NMR solution was returned to the 20-ml vial.

Oxidation (discharging). Two-electrode galvanostatic bulk electrolysis
(discharging) of the captured DCE solution was performed using the
same cellused for charging. A discharging current of 107.1 pAwas applied
until 9.49 C of charge was transferred, resultinginafinal SOC of 0% (as-
suming 100% Coulombic efficiency and no loss of material during the
biphasic capture). Upon completion, the working compartment solution
was removed and placed ina20-mlvial for subsequent release chemistry.

UO,* release. The 20-mlvial containing the electrochemically oxidized
3N/4Nyellow DCE solution was equipped with astirbar, and asolution
of 0.1 M sodium acetate buffer adjusted to pH 5.4 (3 ml) was added
dropwise. The mixture was allowed to stir for 12 h, resulting in a pale-
yellow aqueous phase and a colourless organic layer. The organic and
aqueous phases were separated using asmall separatory funnel,and an
aliquot of the aqueous layer was used to take a UV-Vis spectrum indicat-
ing the presence of released UO,* (0.031 mmol, ~0.5 equiv.) (Extended
DataFig.10b). A1-ml aliquot was taken from the yellow DCE layer and
transferred to an NMR tube. An unlocked *P{'H} NMR spectrum was
collected thatindicated the clean formation of 1and asmall unknown
byproduct at 20.1 ppm (Extended Data Fig. 9c).

Biphasic control experiments

UO,* migration from water to DCE in the absence of carborane
(1 0or 2a/b). A 5-ml vial was charged with UO,(NO,),(THF), (14.0 mg,
0.026 mmol) and dissolved in 1.5 ml of a 0.1 M sodium acetate buffer
adjusted to pH 5.4 (0.017 M UO,?"). An aliquot of the resulting pale-
yellow solution was used torecord aninitial UV-Vis spectrum (Extended
DataFig.10c, blue). The aliquot was transferred back to the 5-ml vial.
Aseparate 20-ml vial equipped with a stirbar was charged with [Bu,N]
[PF¢]1(0.2324 g,0.1M) dissolved in DCE (6.0 ml). To the clear DCE solu-
tion, the pale-yellow aqueous solution was added slowly dropwise over
the course of 2 min without stirring. After addition, the mixture was al-
lowed to stir for 4 hand the organic phase remained clear. Stirring was
discontinued and the organic and aqueous phases were separated using
asmall separatory funnel. Small aliquots of the aqueous (Extended Data
Fig.10c, red) and organic (Extended Data Fig.10d) phases were used to
record UV-Vis spectra, which together clearly indicated that the UO,*"
had remainedin the aqueous phase.

U0, migration from water to DCE in the presence of 1. A 5-ml vial
was charged with UO,(NO,),(THF), (14.0 mg, 0.026 mmol, 1.0 equiv.)
dissolvedin1.5ml of a 0.1 M sodium acetate buffer adjusted to pH 5.4
(0.017 M UO,?"). An aliquot of the resulting pale-yellow solution was
usedtorecordaninitial UV-Vis spectrum (Extended DataFig. 10e, blue).
Thealiquot was transferred back to the 5-ml vial. A separate 20-ml vial
with a stirbar was charged with 1 (14.1 mg, 0.026 mmol, 1.0 equiv.),
[Bu,N1[PF,] (0.2324 g, 0.1 M) and DCE (6.0 ml). To the clear DCE solu-
tion, the pale-yellow aqueous solution was added slowly dropwise over
the course of 2 min without stirring. After addition, the mixture was
allowed tostir for 3hand the organic phase remained clear. Stirring was
discontinued and the organic and aqueous phases were separated using
asmallseparatory funnel. Small aliquots of the aqueous (Extended Data
Fig.10e, red) and organic (Extended Data Fig. 10f) phases were used
to record UV-Vis spectra, which together clearly indicated negligible
transfer of UO,?* from the aqueous to the organic phase.

DFT studies

DFT calculations were performed using Gaussian 09.2%. Geometry
optimizations for allmolecules were performed using the B3LYP/def2-
SVP*"*level of theory (see Supplementary Information for atom coor-
dinates) in DCM using the conductor-like polarizable continuum model
(CPCM)implemented in the Gaussian 09 software®*., Electron density
surfaces with electrostatic potentials were extracted from optimized
1and 2a (Extended Data Fig. 1d). Thermal energy corrections were
extracted fromtheresults of the frequency analyses performed at the
same level of theory. Frequency analyses of allmolecules and intermedi-
ates contained no imaginary frequency, showing that these are energy
minima. The equilibrium constants were calculated from the Gibbs
free energy values Gfor the proton-transfer reactions (K., =e *“*"; R,
molar gas constant; 7, temperature). See Supplementary Information
for the competition reaction results and atom coordinates.
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*Solid-state molecular structures 3 and 4 are shown in Figure1.

Extended DataFig.1|Solid-state molecular structures and electron density

surfaces.a,b, Soljd-state molecularstructures of complexes1(a) and 2a (b). electrostatic potentials obtained from DFT calculations using optimized
Hatoms, [Con;] counter cations (2a) and all co-crystallized solvent structures of1and the anion of 2a, labelled 2 (negative values (red) are
molecules are omitted for clarity. ¢, Selected interatomic distances and angles indicative of higher electron density).

forcomplexes1,2a,3and4.d, Electron density surfaces with colour-coded
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Extended DataFig.2|Cyclic voltammetry datafor1and4.a, Cyclic
voltammogram of1(0.5mM) ina 0.1M [Bu,N][PF;] THF solution, measured
using a3-mm-diameter glassy carbon workingelectrode and a platinum-wire

counterelectrode, referenced to the Fc'/Fcredox couple (scanrate, 100 mVs™).

The quasi-reversible redox event exhibits two cathodic waves at —0.93 Vand
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-1.11V.b, Cyclicvoltammogram of 4 (1.0 mM) ina 0.1M [Bu,N][PF,] PCsolution,
obtained using a3-mm-diameter glassy carbon working electrode and a
platinum-wire counter electrode, referenced to the Fc*/Fc couple (scan
rate,100 mVs™). The quasi-reversible redox event exhibits one anodic wave at
-0.42V.
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Extended DataFig. 3|*'P{'H} NMR spectrafrom competition experiments of
1,2aand TPO. a,>'P{'H} NMR spectrum of 2.0 equiv. 1with 1.0 equiv.
UO,Cl,(TPO),in DCM-d,. Relative integrations are showninred. b, *P{H} NMR
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DCM-d,. Rapid precipitation of ayellow solid was observed. Top, >P{'H} NMR
spectrum of the DCM-d, supernatant. An unknown byproductat47 ppmis
observed. Bottom, *'P{'H} NMR spectrum of the filtrate dissolved in PC with a
DCM-d, capillary tube.
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Extended DataFig. 4 |*P{'"H} NMR spectra from competitionexperimentsof  aftertheadditionof20.0 equiv.PCtothesolutionina, c,*P{'H} NMR spectrum

PCwith UO,CL,(TPO),. a, Initial>'P{"H} NMR spectrum of UO,Cl,(TPO), in after the addition of 40.0 equiv. PC to the solutionina.

DCM-d,, displaying the proposed cis:transisomers. b, *P{'H} NMR spectrum
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Extended DataFig. 5|>'P{"H} NMR spectra for chemical capture and release b, >'P{'H} NMR spectrum of 4.0 equiv. TPO and 2.0 equiv.1in the presence of
of UO,*. Reactions were carried outina PC:benzene (3:1) solvent mixturewitha  0.5equiv. [UO,Cl,(THF),],.c,*'P{H} NMR spectrum of 4.0 equiv. CoCpj;addedto
MeCN-d; capillary tube insert using Mes,P as the analytical standard. A thereactioninb.d,>P{!H} NMR spectrum after addition of 4.0 equiv. [Fc][PF,]
relaxation delay of 30 swas used to obtain accurate integrations of all species tothereactioninc. Thereaction conditions are detailed in Methods.
(see Methods). a,*'P{'"H} NMR spectrum of 4.0 equiv. TPOand 2.0 equiv.1.
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Extended DataFig. 6| Monophasic electrochemical capture and release of
UO0,* by GBE. Reactions were carried out in a PC:benzene (3:1) solvent mixture
with aMeCN-d, capillary tube insert with [Ph,PNPPh;,][PF,] as the analytical
standard. Arelaxation delay of 40 swas used to obtain accurate integrations of
all species (see Methods). a, A:>'P{'H} NMR spectrum of 6.0 equiv. TPO and

5.0 equiv.1, with1.0 equiv. [Ph;PNPPh;][PF,] as the analytical standard. B: *'P{'H}
NMRspectrumof 6.0 equiv. TPO and 5.0 equiv.1linthe presence of 0.5 equiv.
[UO,Cl,(THF),,. Cycles1-6:3'P{'H} NMR spectra of charged (blue) and
discharged (red) solutions. An unknown species begins to appear at 45 ppm

after multiple cycles. Detailed experimental conditions are givenin Methods.
b, Plot of integrated values for all*'P-containing species, obtained from the
charged spectraversus the charge cycle number. Therepeated cycling resulted
inloss ofelectrochemically generated 3N (average loss 0f 15.6% per cycle) due
to presumed chloride migration over the anion-exchange membrane. There
waslittle changein theyield of TPO (average loss of 0.3% per cycle) with larger
lossesin1(averagelossof 7.2% per cycle) and 4N (average loss of 3.4% per cycle).
Thevalues of per centloss per cycle were estimated from the calculated
trendlines by taking the ratio of the slope versus the y-intercept values.
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Extended DataFig.7|Stepwise procedure for the biphasic electrochemical
capture and release of U0,* (yellow U). For simplicity, only half of the H-cell is
displayed here. For the full cell design, see Extended DataFig. 8c, d. a, >P{'H}
NMR spectrum of DCE layer containing only 1and [Bu,N][PF,] ([PF,] resonance
notshown) before charging.b, Topinset, UV-Vis spectrum of aqueous phase
containing1.25 equiv. UO,*" (from UO,(NO;),(THF),) before mixing with the
DCE phase. Bottominset, >’P{'H} NMR spectrum of DCE layer containing 2b
(major) and 1 (minor) after charging 1 (from a) galvanostatically. ¢, Mixing of
thephasesinbfor2h.d, Topinset, UV-Visspectrum of aqueous phase after
mixing with the DCE phase, revealing approximately 0.35 equiv. UO,*
remaining. Bottominset, >'P{"H} NMR spectrum of the DCE layer after mixing

withaqueous phase, showing captured products 3N/4N (major) and 1 (minor).
e,>'P{'"H} NMR spectrum of the DCE layer following phase separation and
galvanostatic discharge. Abroad peakis observedat38 ppm, whichwe
attribute toan adduct of UO,* with 1. This, together with the broadened peak
of1,accounts for ~75% of products. The remaining unknown byproducts are
marked with #or *.f, Top inset, UV-Vis spectrum of aqueous phase after
addition of fresh buffer to the discharged DCE solution (in e) and mixing for
12h. Thespectrumreveals the release of approximately 0.50 equiv. UO,*.
Bottominset, *P{"H} NMR spectrum of the DCE layer after mixing with fresh
buffer, showing the free carborane1(major), as well as unknown byproducts at
44 ppmand 20 ppm marked by * (-20% of total).
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Extended DataFig. 8 | Diagrams for mono- and biphasic electrochemical
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experiments with UO,%". ¢, Schematic of the two-compartment H-cell used for
thebiphasic electrochemical capture and release of UO,*". d, Photograph of the
two-compartment H-cell used for the biphasic electrochemical capture and
release of UO,%".
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Extended DataFig. 9 |*'P{'"H} NMR spectrafor biphasic electrochemical sodium acetate buffer. ¢, >P{'H} NMR spectrum of an electrochemically
captureandrelease of U0,*. a, ' P{'"H} NMR spectrum of electrochemically oxidized DCE layer containing 3N/4N following extraction of UO,* into 0.1M

reduced1in DCE to produce 2b. b, *P{'H} NMR spectrum of DCE layer following sodium acetate buffer. Minor unknown byproducts (marked by asterisks) are
U0, capture from the aqueous layer containing UO,(NO,),(THF),in 0.1M alsoobserved. Detailed experimental conditions are found in Methods.
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Extended DataFig.10 | UV-Vis spectrafor the biphasicelectrochemical
capture and release of UO,> and controls. a, Initial UV-Vis spectrum of
UO,(NO,),(THF),(0.042g,0.078 mmol, 0.026 M, 1.25 equiv.) in3mlof 0.1M

sodium acetate buffer at pH 5.4 (blue). UV-Vis spectrum taken after mixing the

aqueous layer with the DCE layer of electrochemically reduced 1 (to generate
2b)ina0.1M[Bu,N][PF;]DCE solution for 2 h, indicating a residual

concentration of 0.0073 M, consistent with a total quantity of captured UO,**

tothe DCE layer of 0.056 mmol (red). b, UV-Vis spectrum of 0.1M aqueous
sodium acetate buffer layer at pH 5.4 after mixing for 12 h with
electrochemically oxidized 3N/4Nin DCE. The concentration of UO,* was
calculated tobe 0.010 M, consistent with a total quantity of 0.031 mmol of
released UO,* from the DCE layer to the aqueous phase. ¢, Control for UO,*
migration from water to DCE in the absence of carborane (1 or2a/b). Initial

UV-Visspectrum of UO,* in 0.1M sodium acetate-buffered solutionat pH 5.4
(blue). UV-Vis spectrum of aqueous layer after mixing for 4 h with DCE solution
containing [Bu,N][PF,] (0.1M; red).d, Corresponding UV-Vis spectrum of DCE
layer after mixing for 4 hwith the aqueous layer containing UO,* showninc.
e, Control for UO,? migration fromwater to DCE in the presence of neutral
carborane (1). Initial UV-Vis spectrum of UO,?* (1.0 equiv.) in 0.1M sodium
acetate-buffered solutionat pH 5.4 (blue). UV-Vis spectrum of aqueous layer
after mixing for 3 hwith DCE solution containing [Bu,N][PF] (0.1M) and

1(1.0 equiv.; red).f, Corresponding UV-Vis spectrum of DCE layer containing
1after mixing for 3hwith the aqueous layer containing UO,* shownine. The
UO,* extinction coefficient was experimentally determined to be
7.715Lmol ¢cm™ (460 nm) at pH 5.4. See Methods for experimental details.
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