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Comparisons of Americium, Neodymium, and Europium
Complexed by 2,2 '-Biphenylenedithiophosphinate.

Justin N. Cross,' Joseph A. Macor,"? Jeffery A. Bertke,? Maryline G. Ferrier,' G
Stosh A. Kozimor,'* Joel R. Maassen," Brian L. Scott, ' David K. Shuh,* Benjamin

E. Stieber."?

Abstract: Advancing understanding of minor actinide (Am, Cm)
versus lanthanide coordination chemistry is key for developing
advanced nuclear fuel cycles. Owing to difficulties in accessing and
handling Am and Cm, few reactivity and spectroscopic comparisons
with lanthanides have been performed. Herein, we described the
preparation of (NBus)AM[S,P('Bu.Ci2Hg)]ls and two isomorphous
lanthanide complexes, namely those with similar ionic radii (i.e.,
Nd") and that were isoelectronic (Eu"). The results included the first
measurement of an Am-S bond length, mean 2.921(9) A, by single
crystal X-ray diffraction. Structural and spectroscopic comparisons
with the Eu" and Nd" complexes revealed subtle electronic

differences between Am" and the lanthanides.

The implementation of advanced nuclear fuel cycles is critically
dependent on developing effective methods to process spent
fuel. One challenge associated with advancing nuclear fuel
reprocessing is associated with separating 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 chemi
comes from microchemical studies, where analyte quantiti
more conveniently determined using «, 8, and y-spectroscopy."
This leaves many macroscopic chemical
understood as there are limited structurally ch
trivalent pairs. 2,

Of the many separation strategies that
probability for success,” those that employ di
based extractants are of particular intere

we recently reported the syntheses of the 4,4'-di-tert-butyl*
biphenylenedithiophosphinic acid, HS;P(‘Bu,C12Hs), whose ary
ring orientations were constrained through C—C linkages."

control electronic factors that influence
over 4f elements.” Moreover, as

excellent opportunity to

compare and e and lanthanide
coordination chemist inate ligands.
As such, this doc

f-analogue, Nd" (ionic radii =
tion of the tetrakis(4,4" -di-
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4 > 1
s*P : +LnCl +6H,0 ()
Bu
Equation 1.

tert-butyl-2,2” i Ponosphinato)metal(lll) anions,
= Am, Nd, Eu), enabled the first single-
n Am-S bond distance. Moreover, the
e the UV-vis and fluorescence data —
provocatively, t the Am"-S,PR, interaction was

electronically distinct from Ln—S;PR, bonds within analogous

coordination ironments.
Lanthﬁa complexes of the general formula

U4)LN[S2M(Bu2C12He)]s (Ln = Nd, Eu) were prepared by salt
hesis reactions of potassium 4,4'-di-tert-butyl-2,2'-
ylenedithiophosphinate, KS;P('‘Bu,C1,He), with hydrated
and neodymium trichlorides, followed by addition of
nium chloride, NBusCl, Eq 1. As these synthetic
ere quite robust, and routinely provided single
crystals whén carried out on either large (> 0.1 g) or small (<
0.01 g) scales, it seemed reasonable that similar methods would
be ( successful in affording an americium analogue. The
nce of scaling down these reactions cannot be
tated, as small-scale synthetic methods accounted for our
ed inventory of ***Am and the relatively high radioactivity
sociated with this isotope, t, = 7370(40) y. As anticipated, the
salt metathesis reaction generated the
(NBUs)AM[S,P(Bu;C12He)ls salt, Scheme 1. This procedure
started by dissolving AmO, in aqueous HCI (6 M), upon which
Am" reduced to Am". The resulting Am" solution was
evaporated to a soft dryness, which left a peach colored residue.
Subsequently, the residue was suspendered in ethanol and
treated with ethanolic solutions of KS;P(‘BuzC12Hs) and NBu4Cl.

For all three complexes, block-shaped single crystals were
obtained from slow evaporation of ethanol solutions. Figure 1

1. HCI (6 M)
2. Evaporation

to soft dryness
4>

AmO, Am"(q)

1. EtOH
2. KSzp(tBUZCQHe) (4 eq)
3. NBu4Cl (1 eq)

4KCI + [NBug]{Am] 'Sﬁp

Scheme 1. Synthesis of (NBu4)Am[SzP(‘BUZC12HG)]4.
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whose y-intercept [1.95(2) A] was
e S% ionic radius, 1.84 A.® Interestingly,
Am-S distances of 2.921(9) A

(uncertainty the error of the mean) in
. . . 1)
Figure 1. Thermal ellipsoid plot of (NBus)Am[S,P(Bu,C1,Hg)ls.Thermal Am[SZP(tBuzC12H6)]41' was 0.02 A shorter than expected from
ellipsoids are drawn with 30% probability. NBu,"™ counter-cation and

hydrogen — atoms were omitted. Key: C (gray), P (purple), S (yellow), Am this linear relitionship. While tempting to attribute the slightly

(pink). distance to increased Am-S covalency, we
the structural deviations were only marginally
ant statistically. Instead, these results serve as motivation
ture S K-edge XAS measurements, to determine
tively the degree of S 3p- and Am 5f-/6d-mixing.

tion spectra from M"[S,P(‘Bu2C12He)ls"™ (M = Eu,
re collected from single crystals using a
microspectrophotometer (Figure 3). All spectra showed an
intense peak at high energies, likely associated with charge
transfer transitions. For Nd" and Am", weak Laporte forbidden f
nsitions were also present.""! As observed previously for
EU[S2P(CeHs)s]4,1"? analogous transitions for
,P(‘Bu2C12Hs)ls"” were engulfed in the charge transfer band.

shows a thermal ellipsoid plot of Am[SzP(’BuzC12H6)]41', while
similar plots for Ln[S;P(BuCizHe)ls"™ (Ln = Nd, Eu) were for
provided in the Sl. Structural metrics from the isomorph
(NBUg)M[S,P(BuzC12Hs)ls (M = Am, Eu, Nd) complexes
compared in Table 1. Somewhat unexpectedly,
M"[S,P(‘BusC12He)ls"™ (M" = Eu, Nd, Am) geometri
different than those reported previously for
MY[S:P('BuxC12He)ls (MY = U, Np) compounds, eve
of these species consisted of f~element ions coordj
S.P(‘BusC12He)" ligands.™ For instance, Ray
routine showed the eight sulfur atoms in the
M"[S,P(‘BusC12He)ls" (M = Eu, Nd, Am) formed
bicapped trigonal prism with approximate C,, sym
Scheme 2. In contrast, the Shape8 analysis indicated the +
actinides in MV[S,P('Bu>C12Hs)ls (M = U, Np) adopted a dist
trigonal dodecahedral geometry with apgroximate D,y symm
The AM[S:P(‘Bu,CqoHg)]s" str
bond length to be measured for the firs
ray diffraction. The Am-S bond dis d by
approximately 0.1 A and rang
These distances agreed well
data from the Am}
trimethylphentyl)dithio ini CsHq7l2 (cyanex-
301), into kerosene. distances in
andx=1; M=
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3.498(8) 3.52(1) lonic Radii (A)
Eu Am Figure 2. A plot showing the relationship between the M-S Average Bond
69.1(5) 68.3(3) distances from (NBug)M"[S,P(BuxCiHe)s (M = Eu, Nd, Am) and

(6) 111.4(6) 111.4(8) MY[S2P('Bu2C12Hs)ls (M = U, Np)* versus the metal ionic radii.’!
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Figure 3. UV-vis-NIR absorption spectra of single ci
(NBu4)M[SzP('Bu2012H6)]4 (M = Eu, Nd, Am; orange tr
[ZKLN[S,P(CeHs)la} (Ln = Eu, Z = PPhy; Nd, Z = NEt,; black traces), an
NdCl; (purple trace). Spectra obtained from single crystals_ of
M[S2P('Bu,C1.He)ls"~ were obtained in transmission mode whel
Ln[SzP(CeH5)2]41’ and LnCl; data were acqujied from powders by di
reflectance.

Figure 3 additionally
Nd[S,P(‘BusCi2He)ls"™ Wi
(NEt4)Nd[S2P(CeHs)2)s and Nd

moving from NdCl; to
ns containing 4f — 4f
Nd[S2P(Bu;C12He)]"

ligand field contributions for
CgHs)2]4"", and NdCl; were small.

The absorptio from  Am[S2P(‘BuzC1oHe)]s"
contained weak and narrow peaks at 428, 435, 461, 503, 514,

WILEY-VCH

and 818 nm that could be assigned to 5f — 5f transitions (Figure
3). In accord with previous interpretations of Am" optical
spectra,”® the spectrum from (‘BuzC12He)l" involved
excitations from the Am" “Fy’ groun the °Hy', %Gy, °Dy/,
¢, 'Fs’, and 'F,/ excited states, r . While this
interpretation was also described in ter ion, all the
Am" term symbols include, i
reminder to treat the actini
coupling scheme. Under thi

t of j+f coupling.m] The
ergies and line shapes
orts on other americium
mXs (X = Cl, Br, 1),"*
)a]'H20.%9 Overall, these
Id exerts a greater influence
ture of Am~ than it does on 4f ions, the
that are essentially invariant from
e above).

quantum numbers
Am[S,P('Bu2C12Hs
substantially differ
compounds, such

>100 nm) from
m(C5H5)3,[13b

The lumi tra obtained from single crystals of
(AsPh4)S:P(‘Bu,CiaHs) (prepared previously™)
Eu[S:P(Bu,Cabe)ls", Nd[S2P(‘BusCi2He)ls", and

[SzP(tBuﬁ-ie)]ﬁ' were provided in Figure 4. The
(‘Bu2C1,1%)" free ligand luminesced when excited at 365 and

nm. This ligand-based fluorescence persisted upon
xation with f-elements, and appeared alongside
istic metal-based emission lines. For example,
6)]" showed strong red emission with emission
d at 590, 612, 651, and 700 nm, which were
typical of EJ". From the free ion perspective, these features can
be described as arising from relaxations of the °D, state to the
"FiF,, 'Fs, and "F, states respectively.!'¥

etal-based luminescence from Nd[S,P(‘Bu,Ci2He)ls" and
,P(‘BusC12He)ls" were less intense than that from the
pium analogue. In both cases excitation at 365 and 420 nm
nerated weak and broad luminescence peaks in the visible
egion and sharp emission peaks in the near-infrared. For
Nd[SgP(’Bu2C12H6)]41', relaxation of the *Fs, excited state to the
*Jor2 ground state was observed as an emission near 880 nm. "
Unfortunately, limitations associated with our single crystal
spectrometer inhibited obtaining the complete spectrum, and the
emission peak was only partially observed. The
Am[SzP(’Bu2C12H6)]41' emission spectrum provided a rarely
observed phenomenon of americium-based luminescence. The
spectrum contained a clear emission peak at 700 nm 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 'Fi and "F»
ground states, respectively. Additionally, a small feature near
600 nm was also associated with americium-based emission,
specifically the °Dy — "Fy transition.

Given the difficulty in acquiring the relatively long-lived
23Am isotope (t, = 7370(40) y, care was taken in recycling the
23Am sample for future studies. This procedure was carried out
using slight variations of published radioanalytical methods.!"”
Our process involved digesting Am[S,P(‘Bu,C12Hs)l4"~ with aqua
regia in a sealed autoclave at 200 °C and subsequent
purification using cation exchange chromatography. Samples
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Figure 4. UV-vis-NIR luminescence spectra of single crystals of (AS)
[S2P(‘Bu2C12Hs)ls (black), and  (NBus)M[S2P('Bu2C12He)ls, (M = Eu red, N
blue, Am green. Visible colors in AsPhs, Nd, and Am salts arise from li
based emission.

were loaded onto the column in dilut
5 mL H;0) and, washed with HCI (0.
was analyzed using y-spectroscopy an
showed that the majority of the §, P, and **Np
nuclide) were not retained (Fi
increasing the chloride gont
led to Am" elution. A

Am" recovery (>99

as a function of 5f- versus
'Y These comparisons
electronic  differences between
at contained isoelectronic metals (Eu,
etals of nearly identical radii (Am"
and : y enabled the first single crystal
X-ray diffraction measureme an Am-S bond. The structural,
optical absorption, and luminescent studies subtly suggested

chemical and ph
4f-metal identity
revealed structural
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ution porfile of the americium recovery process
mesh). Analyte recovery (%; left-axis) and
the con -axis; blue trace) in the mobile phase was
plotted against the e n number. The 239Np (green) and 3Am
(red) amounts were quantified using y-spectroscopy, while S (yellow) and
P (black) wergumeasured by ICP-AES. Fraction 1 represents the load,
ractions 2 — shes (HCI 0.1 M); and 8 — 13 ***Am elution (HCI 12 M).

Figure 5. Representa
using

the biphenylenedithiosphosphinate ligand field influenced
" electronic structure to a greater extent than in
ous lanthanide systems. These f-element
hinate complexes constitute an excellent test bed for
spectroscopic studies to advance understanding
of f~eleme@klectronic structure and bonding. It is our hope that
the anticipated advances in f-element electronic structure will
further fundamental understanding in support of developing
adwanced nuclear fuel cycles.
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Am[Szlél(‘Bu2C12H9)]41'; Am-S mean = 2.921(9) A
The synthesis and spectroscopy of an americium biph
described. The first single crystal measurement of an Am—
distance of 2.921(9) A. The complex also features Am™
shows a crystal under white light and excitation at 365

hinate complex is
achieved with a mean
ence. The above photograph






