INL/JOU-24-76960-Revision-0

Comparison of
Americium(IIIl) and
Neodymium(I1I)
Monothiophosphate
Complexes

May 2024

Thomas Edward Schoenzart, Gregory Peter Holmbeck, Thomas E. Albrecht-
Schnzart, Daniela Gomez Martinez, Joseph M. Sperling, Nicholas B. Beck,
Hannah B. Wineinger, Jacob P. Brannon, Megan A. Whitefoot

.

|daho National

|_(] oml‘ory INL is a U.S. Department of Energy National Laboratory operated by Battelle Energy Alliance, LLC



DISCLAIMER

This information was prepared as an account of work sponsored by an
agency of the U.S. Government. Neither the U.S. Government nor any
agency thereof, nor any of their employees, makes any warranty, expressed
or implied, or assumes any legal liability or responsibility for the accuracy,
completeness, or usefulness, of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately
owned rights. References herein to any specific commercial product,
process, or service by trade name, trade mark, manufacturer, or otherwise,
does not necessarily constitute or imply its endorsement, recommendation,
or favoring by the U.S. Government or any agency thereof. The views and
opinions of authors expressed herein do not necessarily state or reflect
those of the U.S. Government or any agency thereof.




INL/JOU-24-76960-Revision-0

Comparison of Americium(lll) and Neodymium(lil)
Monothiophosphate Complexes

Thomas Edward Schoenzart, Gregory Peter Holmbeck, Thomas E. Albrecht-
Schnzart, Daniela Gomez Martinez, Joseph M. Sperling, Nicholas B. Beck, Hannah
B. Wineinger, Jacob P. Brannon, Megan A. Whitefoot

May 2024

Idaho National Laboratory
Idaho Falls, Idaho 83415

http://www.inl.gov

Prepared for the
U.S. Department of Energy
Under DOE Idaho Operations Office
Contract DE-AC07-05ID14517



Comparison of Americium(III) and Neodymium(IIT) Monothiophosphate Complexes
Danicla Gomez Martinez,' Joseph M. Sperling,! Nicholas B. Beck,! Hannah B. Wineinger,!
Jacob P. Brannon,' Megan A. Whitefoot,! Gregory P. Horne,> Thomas E. Albrecht-Schonzart!-?*
"Department of Chemistry and Nuclear Science and Engineering Center, Colorado School of
Mines, Golden, CO 80401, USA
2Center for Radiation Chemistry Research, Idaho National Laboratory, Idaho Falls, ID, P.O. Box
1625, 83415, USA
*Corresponding author email: tschoenzart@mines.edu
Abstract

Mixed-donor ligands, such as those containing a combination of O/N or O/S, have been
studied extensively for the selective extraction of trivalent actinides, especially Am*" and Cm?*,
from lanthanides during the recycling of used nuclear fuel. Oxygen/sulfur donor ligand
combinations also result from the hydrolytic and/or radiolytic degradation of dithiophosphates,
such as the Cyanex® class of extractants, that are initially converted to monothiophosphates. To
understand potential differences between the binding of such degraded ligands to Nd** and Am*”,
the monothiophosphate complexes [M(OPS(OEt),)s(H,0),]* (M3" = Nd**, Am>") were prepared
and characterized by single crystal X-ray diffraction and optical spectroscopy and studied as a
function of pressure up ca. 14 GPa using diamond-anvil techniques. Although Nd*" and Am**
have nearly identical eight-coordinated ionic radii, these structures reveal that while the M—O
bond distances in these complexes are nearly equal that the M-S distances are statistically
different. Moreover, for [Nd(OPS(OEt),)s(H,O),]*", the hypersensitive *lo,—*Gs), transition
shifts as a function of pressure by —11 cm™!/GPa. Whereas for [Am(OPS(OEt),)s(H,0),]*, the
"Fo—7Fs transition shows a slightly stronger pressure dependence with a shift of —13 cm™!/GPa

and also exhibits broadening of the 5f—5f transitions at high pressures. These data likely indicate
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an increased involvement of the 5/ orbitals in bonding to Am3" relative to that of Nd** in these

complexes.

Introduction

Increasing energy demands and the heightened effects of global climate change have led
to a renewed interest in nuclear energy because of its low CO, emissions and high energy
density.!> When low-enriched uranium fuel is fissioned only ca. 1% of the available energy is
accessed before fission productions that act as neutron poisons (e.g. '’Gd) build up in the fuel
and necessitate its replacement in the reactor.® Recycling used nuclear fuel requires separating
the neutron-capture products americium and curium from lanthanide fission products.*?®
However, post-plutonium actinide elements such as americium and curium possess redox
potentials that are similar to many lanthanides and are thus dominated by the 3+ oxidation state.
Owing to overlapping ionic radii and the lack of easily accessible redox manipulations, the
separation of An(III) cations from Ln(III) cations has been a long-standing problem that hampers
developing closed nuclear fuel cycles.579:10

Notably **! Am can be fissioned in fast neutron spectrum reactors to reduce the heat load,
footprint, and long-term radiotoxicity that it would pose on nuclear waste repositories.’ In
contrast, the need to separate curium stems from the relatively high spontaneous fission rate of
24Cm and the hazards associated with the concomitant production of neutrons.'! While many
successful strategies have been developed for Am**/Cm3" and An*"/Ln" separations including
ion-exchange chromatography and liquid-liquid extraction,®’ these methods are affected by the
high radiation fields that are present when used nuclear fuel is being processed.®!%!? Radiolytic
and hydrolytic reactions degrade extractants and resins affecting the efficiency of the processes

and can even lead to the formation of deleterious products such as the low-solubility plutonium



dibutylphosphates that can form during the PUREX process.'>!4

Liquid-liquid extraction systems for the recovery of the so-called minor actinides (Np,
Am, Cm) from used nuclear fuel can be classified into two categories. The first category is based
on extractants that coextract lanthanides and actinides. The second category is based on only
recovering actinides.!? The former extractants typically coordinate metal cations using oxygen
donor atoms or ions. These include, but are not limited to, phosphine oxides,
carbamoylphosphine oxides, organophosphoric acids, malonamides, and diglycolamides.!?
Bidentate ligands with hard oxygen donor atoms such as N, N, N,
N'-tetraoctyl-3-oxapentane-1,5-diamide (TODGA) and octylphenyl-N,N-diisobutyl methylene
carbamoyl phosphine oxide (CMPO) can coextract trivalent lanthanides and actinides from high-
level liquid waste solutions in a highly efficient manner.!?!5.16

Selectivity for An(IIl) cations over Ln(IIl) cations usually relies on differences in the
enthalpies of binding to relatively soft nitrogen- or sulfur-donor ligands versus the
aforementioned oxygen-donor ligands.!>!"-2*> Examples of such soft-donor systems include the
pure N-donor ligand bis(triazinyl)pyridine (BTP)*?* and the aforementioned dithiophosphates;
both of which have shown high selectivity for Am(III) over Ln(III) cations. Bidentate
dithiophosphinic acids were one of the first types of ligand to show high selectivity for actinides
over lanthanides.'®?>2¢ Synergistic mixtures such as di-2-ethylhexyl dithiophosphoric acid
(HDEHDTP) with tributylphosphate (TBP) provides a separation factor of 60 for Am(III) over
Eu(Il).?” Likewise, mixtures of bis(4-chlorophenyl)dithiophosphinic acid and tris(2-
ethylhexyl)phosphate have been shown to have separation factors over 3000 for Am(III) and
Cm(III) from the lanthanides.'® The ligand bis(2,4,4-trimethylpentyl)dithiophosphinic acid
(Cyanex 301) is preferred among sulfur-donor ligands because of its selectivity that is increased

further in the presence of N-donor neutral ligands.?*?>?7 Again, dithiophosphates undergo rapid



degradation in the high nitric acid concentrations that are used in spent nuclear fuel recycling and
first degrade to monothiodialkylphosphates and then to dialkylphosphates.?® This conversion
from a soft-donor donor extractant to a hard-donor ligand results in loss of selectively for
Am(III) over the lanthanides.

Given the importance of the transformation of dithiophosphates to monothiophosphates,
it is necessary to detail the origin of the loss of selectivity for An(IIl) cations that can be
addressed, in part, through precise studies of the coordination chemistry of this class of ligands
to An(IIl) and Ln(III) cations. Previous work addressing the coordination of dialkylphosphates,
dithiophosphates, and monothiophosphates to f~block metal ions includes the synthesis and
characterization of O,0’-diethyldithiophosphate complexes of La™, Nd", Sm!, Er', and
Am'2°31 Janthanide complexes of [OPS(CgHij):]'~, [OPS(CH;),]", and ThY and UY
complexes of [OPS(CHj;),]!", [OPSPh;y]'-, and [S,P(CH;),]'".%>73 In contrast, the mixed-donor
ligand O,0'- diethylmonothiophosphate has not been characterized in the solid state with
lanthanides or actinides and only with a small number of transition metals (Mo, Zn and Pt)
despite being commercially available.3*° In this present study, we examine the structures and
optical properties of [M(OPS(OEt),)s(H,0),]> (M** = Nd**, Am*") including the effects of high

pressures on these complexes.

Experimental

Caution! **Am (t;, = 7,364 years; specific activity 0.2 mCi/mg) is a strong a- and vy-
emitter making it an internal and external radiological hazard. >**Am reaches secular equilibrium
with its daughter 2°Np (t;, = 2.356 days; specific activity = 232 Ci/mg) within two weeks,
doubling the activity of the material used in these experiments. These studies were carried out in

a Category II nuclear hazard facility using carefully executed and choreographed procedures.



Materials. KOPS(OEt), (98%, Sigma-Aldrich), ethyl alcohol, pure (ACS reagent,
>99.5%, Sigma-Aldrich), dichloromethane (ACS reagent, >99.5%, Sigma-Aldrich, DCM),
HCl, (ACS reagent 37%, Sigma-Aldrich), pentane (reagent grade, 98%, Sigma-Aldrich), and
Nd,O; (99%, Sigma-Aldrich) were all used as received. **Am was supplied by the
Radiochemical Engineering Development Center in Oak Ridge National Lab. The Am™ stock
solution was purified according to literature.**NdCl;-6H,0 was prepared by the dissolution of
Nd,O; in concentrated HCI followed by fuming under a gentle stream of nitrogen.

Synthesis

K;[**Am(OPS(OELt),)s(H,0),]-CH,Cl,-H,0 (Am1): From an aqueous stock solution of
23Am*" in 2 M HCI, an aliquot of 2.5 mL (5 mg, 0.021 mmol; Am content) was transferred to a
20 mL scintillation vial and dried to a residue with nitrogen and heat. The hydrated AmCl;-nH,O
residue was then dissolved in EtOH (0.5 mL). KOPS(OEt), (17.2 mg, 0.082 mmol) was
dissolved in EtOH (0.5 mL) in a 20 mL scintillation vial while stirring at 60 °C. The solution
containing the americium material was added dropwise to the solution containing
KOPS(OEt),.The vial was then capped and left to stir for one hour at 60 °C. After stirring, the
solution was dried to a residue with a slow stream of nitrogen. Dichloromethane (1 mL) was
added to the wvial, dissolving the product. To remove the KCI solid byproduct, the
dichloromethane solution was filtered through a glass pipet packed with glass filter paper into a 4
mL shell vial. Vapor diffusion set at room temperature overnight with pentane (3 mL) resulted in
peach-colored crystals of Am1 (18.8 mg/0.0144 mmol, ~70% based on Am metal content).

K;>[Nd(OPS(OEt),)s(H,0),]-CH,Cl,-H,O (Nd1): Like Aml, NdCl;-6H,0O (12.4 mg,
0.0347 mmol) was dissolved in EtOH (0.5 mL). KOPS(OEt), (28.9 mg, 0.139 mmol) was
dissolved in EtOH (0.5 mL) while stirring at 60 °C. The NdCl;-6H,O solution was added

dropwise to the KOPS(OEt), solution. Once the Nd** solution was added, the vial was capped



and left to stir for one hour at 60 °C. The solution was then dried to a residue by applying a slow
stream of nitrogen. Dichloromethane (1 mL) was added to dissolve the product. The vial was
washed with dichloromethane (~1 mL) and was filtered through a glass pipet packed with glass
fiber filter to remove the KCl. Vapor diffusion of pentane (5 mL) overnight at room temperature
resulted in a crop of blue crystals of Nd1 (23.3 mg/ 0.0193 mmol, ~56% based on Nd metal

content).

Crystallographic studies

Single crystals of Nd1 and Am1 were placed in immersion oil and carefully mounted on
a 75 um diameter MiTeGen loop with the help of a microscope. The loop was placed on the
goniometer of a Bruker D8 Quest X-ray diffractometer. The crystals were centered using a
digital camera controlled by the ApexIV software. Collection strategies were calculated and
optimized with the ApexIV software. A full sphere of data was collected with an X-ray source
with Mo K, radiation (A = 0.71093 A) as the incident beam, and the X-ray scattering was
detected with a Photon III detector. The diffraction was collected at 100 K with a Cryo
Industries, Cryocool cold stream system. The data was integrated and refined with direct
methods using the SHELXTL suite in the OLEX2GUIL*'*?> The scattering factors for americium
were added manually in the instruction file using the SFAC instruction card.*> One of the ethyl
groups on one of the [OPS(OEt),]'~ ligands is disordered over two positions and is modeled
appropriately in both structures. Crystal structures of Am1 and Nd1 were submitted to the
CCDC with deposition numbers 2301779 and 2301780.
Solid State UV-vis-NIR Spectroscopy

Crystals were placed on a glass slide with immersion oil and UV-vis-NIR transmission

data were collected using a CRAIC Technologies Microspectrophotometer. Data was collected



from 320 nm to 1700 nm with data integration times set by the CRAIC software.

Variable Pressure UV-vis-NIR Spectroscopy

Pressure-dependent spectroscopy was performed by placing ruby spheres and a single
crystal in a stainless-steel gasket indented to 100 pm with a 200 um diameter hole drilled
through the center mounted in an Almax easyLab TozerDAC diamond anvil cell.
Polydimethylsiloxane was used as the pressure medium to ensure hydrostatic pressure and the
ruby spheres were used to determine the pressure with the ruby pressure scale.*** The peak

positions were fit using a Voigt function.

Results and Discussion
Synthesis and Structure

K5[Am(OPS(OEt),)s(H,0),]-CH,Cl,-H,O (Aml) and
K,[Nd(OPS(OEt),)s(H,0),]-CH,Cl,-H,O (Nd1) can be crystallized through the vapor diffusion
of pentane into a dichloromethane solution of either complex and yield high-quality crystals
overnight. Single crystal X-ray diffraction studies reveals that they crystallize in the monoclinic
space group P2,/c. Am(IIl) and Nd(III) have ionic radii that are within statistical error of one
another (8 coordinate, 1.108(4) A and 1.107 A, respectively) 464648 and the formation of similar
or isomorphous compounds is not surprising.?***-62 The formula of Nd1 and Am1 are identical,
which along with the lattice parameters, symmetry, and atomic coordinates indicates that the
compounds are isomorphous. The structures, however, contain small, solvent-accessible voids
that for Nd1 and Am1 are found to contain disordered water molecules and a dichloromethane
molecule. An examination of multiple crystals from different crystallizations of Nd1 reveals that

there can be up to two co-crystallized water molecules per formula unit. However, Nd1 (and



possibly Am1) rapidly dehydrate upon removal from the mother liquor. The water molecules are
in small voids that have little to no effect on the overall packing, that is why their removal has no
detectable effects on the overall structure. The two structures reported herein were selected from
other datasets because they have the highest resolution of the crystals examined.

Both metal centers in the Am1 and Nd1 structures are coordinated by two water
molecules, four monodentate (k-O) ligands, and one bidentate (k-O,S) [OPS(OEt),]” ligand
adding to a total coordination number of eight as shown in Figures 1 and 2. Both metal centers
have a distorted bicapped trigonal prismatic geometry as determined by SHAPES software.®

a) b)

Figure 1. Thermal ellipsoid plots drawn at 50% probability at 100 K showing the coordination
environment  for a)  K;[Am(OPS(OEt),)s(H,O),]-CH,Cl,-H,O  (Aml) and b)
K,[Nd(OPS(OEt),)s(H,0),]-CH,Cl,-H,O (Nd1).

b)



Figure 2. Thermal ellipsoid structure for a) K,[Am(OPS(OEt),)s(H,0),]-CH,Cl,-H,O (Aml)
and b) K,;[Nd(OPS(OEt),)s(H,0),]-CH,Cl,-H,O (Nd1). Dashed lines are added to show the
hydrogen bonding present. Potassium ions and dichloromethane molecules are omitted for
clarity. Gray represents carbon, red is oxygen, dark blue is phosphorus, and yellow is sulfur.

For both structures there are two potassium ions balancing the charge of the
[M(OPS(OEt),;)s(H,0),]>~ complex. Seven oxygen atoms and one sulfur atom form the
coordination sphere of the K* cations. The Am—S bond (2.975(3) A) in Aml1 is slightly longer in
comparison to other compounds containing Am'"'-S bonds. Other reported Am'"'-S bond lengths
are: Am(2,2'-bipyridine)tris(diethyldithiocarbamate) (2.875(1) A);** Am(S,CNEt,);(N,C,Hy)
(2.87(5) A);* Am(mpo),(n-O-mpo)(H,0)]»-3H,0 (mpo = 2-mercaptopyridine N-oxide, 2.903(2)
A);%2 [PhyAs][Am(S,P(OEt),),] (2.9116(8) A);? and [NBuyJAm™[S,P(‘Bu,yCi,Hqg)]s (2.921(9)
A).5° The deviation between the later complexes and [Am(OPS(OEt),)s(H,0),]> of ~ 0.1 A
points to the negative charge of the [OPS(OEt),]'~ anion primarily residing on the terminal P-O
moiety rather than the P=S unit that could be predicted based on differences in electronegativity.

The average P=S bond length in [PhsAs][Am(S,P(OEt),)s] is 1.97(1) A while the P=S bond

length for Am1 is 1.95(1) A.



The coordination environment of Aml has noticeable differences with that of
[Am(S,P(OEt);)4]'~.?° [Am(S,P(OEt),),]'~ has four ligands binding through the sulfur atoms in a
bidentate manner adding to a total coordination of eight; resulting in a slightly distorted snub
disphenoid D,,; dodecahedron. Am1 instead has four monodentate ligands binding through the
oxygen atoms and one bidentate ligand binding through the oxygen and sulfur in addition to two
water molecules, also adding to a total coordination number of eight to yield a distorted bicapped
trigonal prismatic geometry with approximate C,, symmetry. The capping atoms are O13 and
O1W. The average for the OPS angle in the monothiophosphate structure is 112.2(1)° and for the
SPS angle in the dithiophosphate structure is 112.39(5)°.

The average M-O bond length for Aml is 2.451(7) A and 2.450(5) A for Ndl,
respectively. The M—S bonds, however, are statistically different (> 3c) from one another as

provided in Table 1. In Am1, the Am-S bond length is 2.975(3) A. Whereas in Nd1, the Nd-S
bond length is 3.000(2) A. The difference between the two bond lengths is ca. 0.025 A,
suggesting a stronger interaction with Am! over Nd".. A similar distance is observed in the
Am''  bis(triazinyl)pyridine complex [Am(EtBTP);][BPhy]3-3CH;CN (EtBTP: 2,6-bis(5,6-
diethyl-1,2,4-triazin-3-yl)pyridine); the Am-N bond length was found to be shorter in
comparison to the Nd—N bond length.>* Electronic structure calculations revealed that this was
due to enhanced metal-ligand bonding through z-backbonding in the americium complex that is
absent in the neodymium complex.>* Additionally, PriiBmann et al. showed that N-donor ligands
such as 2,6-bis(5,6-dipropyl-1,2,4-triazin-3-yl)pyridine bind preferentially to trivalent actinides
over trivalent lanthanides in solution with separation factors (SF= D,,,/Dg,) greater than 100.%°
Quantum mechanical calculations and ligand K-edge XANES measurements have revealed that
origin of this lies in a greater degree of orbital mixing in the An—L bonds than measured for

corresponding Ln—L interactions.
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Table 1. Bond lengths (in A) for Am1 and Nd1 with M—S1 bond lengths shaded.

Bond Aml Nd1
M-01 2.562(6) 2.559(6)
M-04 2.398(9) 2.396(6)
M-07 2.335(9) 2.336(6)
M-010 2.443(6) 2.444(3)
M-013 2.340(9) 2.339(6)
M-0O1W 2.45(1) 2.450(6)
M-02W 2.625(6) 2.621(6)
M-S1 2.975(3) 3.000(2)

Absorption Spectroscopy

Solid-state absorption spectra were collected at room temperature for Am1 and Nd1 as
shown in Figures 3 and 4, and at —180 °C for Am1 (see Figures S16-18). Solution absorption
spectra were also collected at room temperature for Am1 and Nd1 in dichloromethane (see
Figures S14 and S15). The Am1 spectrum has characteristic 5/—5f Laporte forbidden transitions
that are indicative of americium(III).°®” The most intense peaks are the Group H transitions
(°Lg) at 19725 cm™! (506 nm) and Group E transitions (’Fg) at 12261 cm™! (815 nm). Peaks from
Groups A ("Fy, "Fy, "Fp; 6061 cm™), C ('F4; 9608 cm™!), D ("Fs; 11178 ecm™), I (°D,; 21676
cm™), K (CHy; 23411 cm™!), and M (°Gy; 26351 cm™) are also observed. Groups F and G are
weak transitions seen in the region ~13000—19000 cm™' and were not observed in the spectra
collected.®® The transition energies for the Aml spectrum are similar to other americium

complexes with sulfur donor ligands; the Laporte forbidden transitions are around the same
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wavelengths with shifting of around 5 cm™! or less .2%4%% In Aml, the splitting of the 506 nm
peak is more pronounced than in [Am(S,P(OEt),),]'", and the splitting in the 815 nm peak is
more pronounced in [Am(S,P(OEt),),]'".?° The ratio of those two peaks in the Am1 spectra is
larger than the ratio of the same peaks in [Am(S,P(OEt),)4]'~.%°

The Nd1 spectrum has 4/—4f Laporte forbidden transitions that are characteristic of
Nd(IIT).°® The most intense peak at 17232 cm™' (580 nm) is the hypersensitive transition *Io, —
(*Gsp, 2G7).%° The second most intense peaks are at 13385 cm™! (747 nm) and 12452 cm™! (803
nm) and correspond to the *Iop, — (*F7pn, %S3») and the *Ion, — (*Hop, *Fsp) transitions,
respectively. There is a weak transition at 23236 cm™' (430 nm) corresponding to *Io, — 2Py),.
Other transitions include 21821 cm™ (*lop, — (PKi52,*G1112)), 21204 cm™! (*Ig, — 2D3p), 20904
cm! (Mloy — 2Gop), 19429 cm™! (*lon —(*Gop, Kizn)), 19023 cm™ (*ly, —*Gy),), and 11479
cm™!' (*Iyn, —%F35). In Nd1, the splitting in the peak at 580 nm is slightly more pronounced than
in [Nd(S,P(OEt),),]'~. The peaks at 747 nm and 803 nm have a molar absorptivity than the peaks
in the [Nd(S,P(OEt),)4]'~ spectrum. This makes the ratio between the 580 nm and 747 nm or 803
nm peak smaller in comparison to [Nd(S,P(OEt),)4]'~.%°

Comparing the solid-state and solution phase spectra for both compounds shows that
there is no evident shifting of the peak positions between the solid state and solution (see Figures
S17 and S18). The solid-state spectra for both compounds have better resolution of splitting than
the solution phase. The reduced resolution of peak splitting in solution likely results from ligand
fluxations.”®’! In Am1, this is noted in the 506 and 815 nm peaks. In the solid-state spectrum, the
506 nm peak (Group H) is split into four peaks and has a higher intensity. The 815 nm peak
(Group E) is split into two peaks and this attributed to an overlap of the transitions with J = 5 and
J = 6 levels.% In the solution phase, the peaks are broader and coalesce into one signal. For Nd1,

more splitting is observed in the peaks at 580 and 871 nm in comparison to the solution phase.
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This is not the case for the other peaks, where no notable differences are observed in the splitting

or sharpness of the transitions.
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Figure 3. Solid-state UV-vis-NIR absorption spectrum of
KL[Am(OPS(OEt),)s(H,0),]-CH,Cl,-H,O (Am1) collected at room temperature with a picture of
the crystals and line groups added for clarity.

13



Wavelength (nm)

400 500 600 700 800 1000 1300 1700
0.8 T T T T T — T T T T T T T I
Iy = (*Gspa, 2Grp)
0.6
Lo, = "Hy,*Fs0
q Lo = *Fr, S5
0.4 -

|

Absorbance

&
FS/Z

27500 25000 22500 20000 17500 15000 12500 10000 7500

Wavenumbers (cm™)

Figure 4. Solid-state UV-vis-NIR absorption spectrum of
K,[Nd(OPS(OEt),)s(H,0),]-CH,Cl,-H,0 (Nd1) measured at 22 °C.

High-Pressure UV-vis-NIR Spectroscopy
The pressure-dependent spectroscopy of Am1 and Nd1 up to 13.91 GPa are shown in
Figures 5 and S8, respectively. Because the optical spectra for both metal ions consist primarily

of f—f transitions, changes in the peak positions and shapes as a function of pressure can be
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reflective of changes in the ligand field and/or increased involvement of the f-orbitals in forming
chemical bonds.”>* The trend that has been observed thus far for Am'"' coordination compounds
is that the largest shifts occur with soft-donor ligands, such as those containing sulfide, that are
also delocalized. Thus, [Am(OPS(OEt),)s(H,0),]* provides an opportunity to investigate a quite
different S-donor ligand because in this ligand the negative charge is largely localized on the
terminal phosphate oxo atom, and, as previously mentioned, the Am-S bond distance is
considerably longer (~0.25 A) than found in dithiocarbamate complexes, for example.** The
rather long Am-S bond distance of 2.975(3) A, while statistically shorter than that found in the
Nd™ analog, is nevertheless beyond the limit for 5//3p hybridization. Thus, the prediction is that
the pressure response for [Am(OPS(OEt),)s(H,0),]* is likely more similar to that measured in
Nd™' complexes than determined for Am'"' complexes with more sulfide-like coordinating
ligands.

For Aml, several transitions are perturbed under pressure. The 'Fp—"F,; (9615 cm™)
transition shows slight peak broadening with increasing pressure and has a shift of —4 cm™!/GPa.
The "Fo—"Fg (12269 cm™') transition shows some broadening as the pressure increases, and a
shift of =13 cm™'/GPa. The "Fo—>Ls (19762 cm™!) transition has a shifting of =9 cm™'/GPa and
broadens with increasing pressure. The "'Fp—>G, (22075 cm™") transition shifts by —14 cm™'/GPa
and broadens significantly with increasing pressure. This shift is less pronounced than what is
seen for other Am'! compounds under applied pressure, such as the Am!! mellitate,
Am,[(C¢(CO,)](H,0)5'2H,0, with the "Fy—°L¢ transition having an average shift of —18
cm™!/GPa; whereas Am1 has an average shift of =9 cm™'/GPa.’! In stark contrast, [Cm(pydtc),]'~
(pydtc= pyrrolidinedithiocarbamate) has bathochromic peak shifts between 180 cm™' and 245
cm! at 4 GPa. In the case of the Cm'' mellitate, Cm,[(Cs(CO,)s](H,O)s:2H,0, small

bathochromic shifts of the f—f transitions that are less than 130 cm™ up to 7 GPa are observed.
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Figure 5. Variable-pressure UV-vis-NIR spectra of K,[ Am(OPS(OEt),)s(H,0),]-CH,Cl,-H,O
(Am1) with a straight dashed line at 504 nm and (inset) a comparison of the initial and final
pressure showing the peak shifting and broadening.

For Nd1, (see Figure S8) the hypersensitive transition *Io»,—(*Gs;) (580 nm) is perturbed
under pressure with a shift of —11 cm™!/GPa. Other transitions such as the peaks at 514 nm, 747
nm and 803 nm are altered as well, but the lines are too broad and unclear to determine their
corresponding shift. Overall, the Am1 5f—5f transitions shift to a slightly greater extent per GPa

compared to Nd1. Thus, the predictions concerning the nature of the Am-S interactions are

verified by these measurements, and the pressure response of [Am(OPS(OEt),)s(H,0),]*~ and
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[Nd(OPS(OEt),)s(H,0),]> is much more similar to one another than [Am(OPS(OEt),)s(H,0),]*>
is to [Cm(pydtc),]'-.

Conclusions

The crystallographic data, pressure-induced spectroscopic changes, and deviations in bond length
obtained for K>[Am(OPS(OEt),)s(H,0),]-CH,Cl,-H,O (Aml) and
K,[Nd(OPS(OEt),)s(H,0),]-CH,Cl,-H,O (Nd1) suggest that the interactions between sulfur
donors with actinide ions have a slightly larger covalent contribution to bonding than found with
lanthanides. In particular, the Am-S bond in [Am(OPS(OEt),)s(H,0),]> (2.975(3) A) is
statistically shorter than the Nd—S bond in [Nd(OPS(OEt),)s(H,0),]*> (3.000(2) A) even though
Am(III) and Nd(III) possess overlapping ionic radii (1.108(4) A and 1.107 A, respectively). High
pressure studies show that the nature of the interaction between the monothiophosphate and

dithiophosphate sulfur donors are quite different from one another.
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The separation of lanthanides from actinides can be accomplished through the use of soft-

donor extractants that can degrade to mixed oxygen/sulfur ligand such as monothiophosphates

via hydrolysis and radiolysis. To understand potential differences between the binding of such

ligands to Nd** and Am**, the monothiophosphate complexes [M(OPS(OEt),)s(H,0),]>~ (M3* =

Nd3**, Am*") were prepared, characterized, and studied as a function of pressure up ca. 14 GPa

using diamond-anvil techniques.
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