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Abstract: Advancing our understanding of the minor actinides
(Am, Cm) versus lanthanides is key for developing advanced
nuclear-fuel cycles. Herein, we describe the preparation of
(NBu,) Am[S,P('Bu,C,,H;)], and two isomorphous lanthanide
complexes, namely one with a similar ionic radius (i.e., Nd™)
and an isoelectronic one (Eu™). The results include the first
measurement of an Am—S bond length, with a mean value of
2.921(9) A, by single-crystal X-ray diffraction. Comparison
with the Eu"™ and Nd" complexes revealed subtle electronic
differences between the complexes of Am™ and the lantha-
nides.

The implementation of advanced nuclear-fuel cycles depends
on developing methods to process spent fuel. One processing
challenge is associated with separating the minor actinides
(Am and Cm) from their 4f analogues. Owing to difficulties
associated with conducting macroscopic experiments with
Am and Cm, most insight into minor actinide/lanthanide
separation chemistry comes from microchemical studies,
where quantities are more conveniently determined by
a-, B-, and y-spectroscopy.l"! This leaves many macroscopic
chemical concepts poorly understood as there are few
structurally characterized trivalent pairs.””

Of the many separation strategies that have probability
for success,”! those that employ dithiophosphinate-based
extractants are of particular interest. To advance our under-
standing of these dithiophosphinate separations, we have
reported the synthesis of 4,4'-di-tert-butyl-2,2’-biphenylene-
dithiophosphinic acid, HS,P(‘Bu,C,,H¢), whose aryl ring
orientations were constrained through C—C linkages.**! As
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HS,P(‘Bu,C,,H,) is air- and moisture-stable and soluble in
common solvents, it provided an opportunity to compare and
contrast the chemistry of minor actinide and lanthanide
complexes with identical dithiophosphinate ligands. Herein,
we compare the dithiophosphinate chemistry of Am™ (5f°%)
with that of its electronic congener Eu™ (4f°) and a size-
matched 4f analogue, Nd™ (the ionic radii for Am"™ and Nd™
are 1.109 and 1.108 A).?**7 The isolation of the tetrakis(4,4'-
di-tert-butyl-2,2"-biphenylenedithiophosphinato)metal (I1T)
anions, M[S,P('Bu,C;,H;],'~ (M= Am, Nd, or Eu), enabled
the first single-crystal measurement of an Am—S bond
distance. Moreover, the structural results, alongside the UV/
Vis and fluorescence data, provocatively suggested that the
Am"™-S,PR, interaction is distinct from Ln—S,PR, bonds
within analogous environments.

The (NBu,)Ln[S,P(‘Bu,C,H¢)]s (Ln =Nd, Eu) complexes
were prepared by salt metathesis reactions of
KS,P('Bu,Cy,Hy) (potassium 4,4'-di-tert-butyl-2,2"-biphenyl-
enedithiophosphinate),”! with hydrated europium and neo-
dymium trichlorides, LnCl;-6 H,O (Ln = Eu, Nd), followed by
addition of tetrabutylammonium chloride, NBu,Cl [Eq. (1)].
As these synthetic procedures were robust and routinely

8y By
KS Q + NBu,Cl -S O + 4 KCI
4 > B Lnda=F 1
s7R +LnCly-6H,0 [BU4l s O + 6 HyO )
—_—
Bu Bu /4

provided single crystals on large (0.1 g) and small (>0.01 g)
scales, it seemed reasonable that similar methods would
successfully afford an americium analogue. The importance of
scaling down these reactions cannot be overstated as small-
scale methods were necessitated by our limited inventory of
**Am and the radioactivity associated with this isotope (#, =
7370(40) years). As anticipated, the salt metathesis reaction
generated (NBu,) Am[S,P(‘Bu,C,Hg)], (Scheme 1). The syn-
thesis started by dissolving AmO, in aqueous HCI (6 M), upon
which Am"™ was reduced to Am™. The resulting Am™
solution was evaporated to a soft dryness, which left
a peach-colored residue. The residue was suspended in
ethanol and treated with KS,P(‘Bu,C,,H) and NBu,Cl.

For all complexes, crystalline blocks were obtained by
slow evaporation of ethanol solutions. Figure 1 shows a ther-
mal ellipsoid plot of Am[S,P('Bu,C,,H,)],'". The structural
metrics of the isomorphous (NBu,)M[S,P('‘Bu,C,H¢)]; M =
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1. HCI (6 M)

AmO, - Am'"zq)

1. KS,P(1Bu,CqoHg) (4 equiv)
2. NBu,Cl (1 equiv)

By

f-s
4KCI + [NBug]|AME SR

Bu /4

Scheme 1. Synthesis of (NBu,)Am[S,P(‘Bu,Ci;Hg)]s

Figure 1. Thermal ellipsoid plot of (NBu,)Am[S,P('Bu,C;,H)]s. Thermal
ellipsoids set at 30% probability. NBu,'" and hydrogen atoms omitted
for clarity.

Table 1: Average bond lengths and angles (with calculated standard
errors)® in (NBu,)M[S,P(‘Bu,Cy,He)ls-

Average bond lengths [A] Nd Eu Am

and angles [°]

M-S 2.941(8) 2.910(9) 2.921(9)
M—P 3.525(8) 3.498(3) 3.52(1)
S-M-S 68.6(5) 69.1(5) 68.3(3)
S-P-S 112.1(6) 111.4(6) 111.4(8)

Am, Eu, or Nd; Table 1) complexes indicated that the ligand
geometries were different from those previously reported for
the analogous + 4 actinide compounds, An"[S,P('‘Bu,Cy,Hy)],
(An" =U, Np)."l Raymond’s Shape8 routine showed that the
eight inner-sphere sulfur atoms for M™[S,P(‘Bu,C,H¢)],"~
(M =Eu, Nd, Am) form a distorted bicapped trigonal prism
with approximate C,, symmetry (Scheme 2).¥ In contrast, the
+4 actinides adopted a distorted trigonal dodecahedral
geometry with approximate D,, symmetry.

The Am[S,P(‘Bu,C,,H;)],'" structure enabled the Am—S
distance to be measured for the first time by single-crystal
X-ray diffraction. The Am—S bond lengths varied by approx-
imately 0.1 A and ranged from 2.887(4) to 2.969(4) A. Similar
ranges were observed in the lanthanide structures. The Am™
bond lengths agree well with previously reported EXAFS
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Scheme 2. The first coordination environments of Am-
[S:P(Bu,Cy,He)]'~ and Np[S,P('Bu,Ci,He)la.

data for Am™ extracted with bis(2,4,4-trimethylpentyl)di-
thiophosphinic acid, HS,P[CgH;], (Cyanex 301), into kero-
sene'™ A plot of the mean M—S bond lengths in the
M[S,P(‘Bu,C;,Hy)],*~ complexes (M =Eu, Nd, or Am: x=1;
M = U, Np: x=0) versus the metal ionic radii® (Figure 2)
showed a linear relationship for Eu™, Nd"™, U", and Np"". The
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Figure 2. The M—S average bond lengths in (NBu,)M"[S,P(‘Bu,Cy,H)].
(M=Eu, Nd, Am) and M"[S,P(‘Bu,C;;He)]s (M=U, Np)." Inset:
Normal distribution of bond lengths versus the M—S bond length
(M=Am, Eu).

1.15

data was fit with a line whose slope approached unity, 0.89(2),
and whose y intercept [1.95(2) A] was approximately equal to
the S?” ionic radius (1.84 A).1) The average Am—S distance of
2.921(9) A (uncertainty reported as error of the mean)” was
0.02 A shorter than expected from this linear relationship.
Plotting the normalized distribution of bond lengths against
the observed M—S distances (M = Am™, Nd™; inset) demon-
strates how the range of bond lengths varied as a function of
metal identity. For example, replacing Nd™ with Am™ shifted
the M-S distances—as a group—to shorter values by
approximately 0.06 A. While it is tempting to attribute the
slightly shorter Am—S bond lengths to increased covalency,
we refrained from doing so as the structural deviations were
only marginally relevant. Instead, these results serve as
motivation for future S K-edge X-ray absorption spectrosco-
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py (XAS) measurements to determine the degree of S 3p and
Am 5f/6d mixing.

Absorption spectra were recorded for single crystals of
M"™[S,P('‘Bu,C;,Hy)]s"~ (M =Eu, Nd, or Am; Figure 3). All
spectra showed intense peaks at high energies, likely asso-
ciated with charge-transfer transitions. For Nd™ and Am',
weak, Laporte-forbidden f —f transitions were also present.!!
In contrast, for Eu[S,P(‘Bu,C;,Hg)],'~, analogous transitions
were engulfed in the high-energy charge transfer band, as
observed previously for (NEt,)Eu[S,P(CsHs),].["?

Wavelength (nm)
400 500 600 700800 900
T | T T I T I | T II

Eu[S:P('‘BuCi2Hs)4]'

Eu[S2P(C12H10)a]™

Nd[S:P('BuCi2He)a]"

Nd[S2P(C12H10)4]"7

Absorbance

AM[S:P(BUC12Hs)d]™

1
30000 25000

20000 15000
Energy (cm™)

10000

Figure 3. UV/Vis/NIR absorption spectra of single crystals of
(NBug)M[S,P(‘Bu,Ci,Hg)]s (M=Eu, Nd, Am; orange traces),
[Z]{Ln[S,P(CeHs) s} (Ln=Eu, Z=PPh,; Nd, Z=NEt,; black traces),
and NdCl; (purple trace). Spectra obtained from single crystals of
M[S,P(‘Bu,C;,H¢)]s'~ were recorded in transmission mode whereas the
Ln[S,P(CeHs),ls'~ and LnCl; data were acquired from powders by
diffuse reflectance spectroscopy.

The absorption spectra of Nd[S,P(Bu,C,,Hy)L',
(NEt,)Nd[S,P(C¢H5),]s, and NdCl; are compared in
Figure 3."l These spectra were similar and showed character-
istic Nd™ 4f—4f transitions. Peaks were assigned based on
previous interpretations and described from the perspective
of the free ion.!""! We attributed the visible transitions to
excitations from the Nd™“I,, ground state to ‘G, “Gs),, and
’H,), excited states. Although a slight bathochromic shift (ca.
1 to 10nm) was observed upon moving from NdCl,
to  Nd[S,P(C¢Hs),],'~, the  Nd[S,P(C.Hs),],’~ and
Nd[S,P('Bu,C,H,)],'~ spectra were nearly superimposable.
The similar energies for the 4f—4f transitions suggested that
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the ligand field contributions were small for
Nd[S,P(‘Bu,Cj,Hg)],' ", Nd[S,P(C4Hs),],'~, and NdCl,.

The absorption spectrum of Am[S,P('Bu,C,,H¢)],'~ con-
tained weak and narrow peaks at 428, 435, 461, 503, 514, and
818 nm, which were assigned to 5f—5f transitions (Figure 3).
In accordance with previous interpretations,!* the spectrum
of Am[S,P('‘Bu,C;,H,)],'~ involved excitations from the Am™
'F, ground state to the *H,, °G,, °D,, °L¢, 'F¢, and "F,
excited states. While this interpretation was also described in
terms of the free ion, all of the Am™ term symbols include
a prime mark (") as a reminder to treat the actinides using an
intermediate coupling scheme. Under this designation, the
orbital and spin angular momentum eigenvalues L and S are
no longer “good” quantum numbers owing to the effects of j—j
coupling.™ The Am[S,P('Bu,C,,H¢)],'~ 5f—5f peak energies
and line shapes substantially differed (> 100 nm) from those
of other americium compounds, such as Am(CsHs)s,*"
AmX; (X=Cl, Br, 1), Am,(HPO;);(H,0),” and Am-
[B,O;(OH),]-H,0.?8 Overall, these results suggested that the
ligand field exerts a greater influence on the electronic
structure of Am'"™ than for 4f ions, the latter exhibiting spectra
that are essentially invariant from compound to compound
(see above).

The luminescence spectra of single crystals of
(AsPhy)S,P('‘Bu,C,,Hy) (prepared previously), -
Eu[S,P(‘Bu,C,Hy)]', Nd[S,P(‘Bu,Ci,Hy)l,' and
Am[S,P('Bu,C,H¢)],/~ are shown in Figure4. The

S,P(‘Bu,C,,H;)"" free ligand luminesced when excited at A =
365 and 420 nm. This ligand-based fluorescence persisted
upon complexation with f-block elements and appeared
alongside characteristic metal-based emission lines. For
example, Eu[S,P('‘Bu,C;,H,)]'~ showed strong red emission
with peaks centered at A =590, 612, 651, and 700 nm. From
the free ion perspective, these features can be described as
arising from relaxations of the *D state to the 'F;, ’'F,, "F;, and
'F, states, respectively.!'!

Metal-based luminescence from Nd[S,P(‘Bu,C,,Hg)],"
and Am[S,P('Bu,C;,H)],'~ was less intense than that from
the Eu™ analogue. For Nd[S,P(‘Bu,C,,H)],'", excitation at
A =365 and 420 nm generated a ‘F5, excited state that relaxed
to the “I,, ground state by emission near A =880 nm.["”!
Unfortunately, limitations associated with our spectrometer
inhibited recording the complete spectrum, and the emission
peak was only partially observed. The Am[S,P('‘Bu,C;,H)],'
emission spectrum provided a rare example of americium-
based luminescence. The spectrum contained an emission
peak at A=700nm and a weaker peak at 855 nm. The
assignments of these peaks were based on interpretations of
the limited number of other americium emission spectra.”*!®!
These features were attributed to relaxations from the D,/
excited state to the 'F;’ and ’F,’ ground states, respectively.
Additionally, a small feature near 4=600nm was also
associated with americium-based emission, specifically the
SD,/—"F, transition.

Recycling the ** Am sample for future studies was carried
out using variations of published methods."”! This involved
digesting Am[S,P(‘Bu,C,H,)],'~ with aqua regia in a sealed
autoclave at 200°C and subsequent purification using cation
exchange chromatography. Samples were loaded onto the
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Figure 4. UV/Vis/NIR luminescence spectra of single crystals of
(AsPh,)[S,P(‘Bu,CioHg) ] (black), and (NBu,)M[S,P(Bu,CroHe)ls
(M=Eu: red; Nd: blue; Am: green). The visible colors of AsPh,, Nd,
and Am salts arise from ligand-based emission.

column in dilute HCI, washed with HCI (0.1m), and Am™ was
eluted with concentrated HCI (Figure 5). The column effluent
was analyzed by y-spectroscopy and ICP-AES, which showed
that the majority of the S, P, and *’Np (**Am daughter
nuclide) contaminates were removed in the first eight
fractions. Americium was recovered in greater than > 99 %
yield and in high purity.

In conclusion, the complexes described herein have
afforded a rarely available opportunity to explore how the
chemical and physical properties vary as a result of the 5f or
4f metal identity (Am™, Nd™, and Eu™). These comparisons
revealed differences between isomorphous complexes that
contained isoelectronic metals (Eu 4f°, Am 5f°) and 5f and 4f
metals of nearly identical radii (Am™ and Nd™). Further-
more, the study enabled the first measurement of an Am—S
bond length by single-crystal X-ray diffraction. The structural,
optical absorption, and luminescence studies subtly suggested
that the biphenylenedithiosphosphinate ligand field influ-
enced the Am™ electronic structure to a greater extent than
for lanthanide systems. These dithiophosphinate complexes
constitute an excellent test bed for theoretical and spectro-
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