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M =Am, Cm, Cf o

ABSTRACT: Characterizing how actinide properties change across the f-element series is critical for
improving predictive capabilities and solving many nuclear problems facing our society. Unfortunately,
it is difficult to make direct comparisons across the 5f-element series because so little is known about
trans-plutonium elements. Results described herein help to address this issue through isolation of
An(S,CNEt,);(N,C,Hg) (Am, Cm, and Cf). These findings included the first single crystal X-ray

diffraction measurements of Cm—S (mean of 2.86 + 0.04 A) and Cf-S (mean of 2.84 + 0.04 A) bond
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distances. Furthermore, they highlight the potential of An(S,CNE,);(N,C;,Hs) for providing a test bed for

comparative analyses of actinide versus lanthanide bonding interactions.

Introduction

Identifying how elemental properties change across the periodic table provides basic insight for
rationalizing complicated phenomena and advancing technical areas throughout the physical and
biological sciences. Understanding periodic trends such as reactivity, conductivity, magnetism,
electronegativity, solid-state structures, electronic interactions, atomic radii, ionization energies, etc. form
the basis of modern day chemistry and physics. In fact, understanding periodicity is often taken for granted
as a predictive tool when designing experiments to solve complicated problems. For atomic numbers
greater than 92 (transuranic) the situation is different. For these elements, many periodic trends have yet
to be established, owing to challenges associated with obtaining, safely handling, and studying these
highly radioactive elements. As a result, transuranic behavior is often inferred from the large number of
thorium and uranium studies or by extrapolating from their lanthanide congeners, whose chemistry is
relatively well established by comparison. Unfortunately, the validity of these comparisons is precarious,
as there is an absence of structurally characterized transuranic compounds that can be directly compared
with uranium, thorium, or the lanthanide elements. Transforming the uncharted chemistry and physics for
these elements into well-defined concepts that augment predictive capability represents one of the most
daunting challenges in modern day exploratory science. Such advances are essential for solving applied
and technical problems facing society today. For example, increasing fundamental understanding of
transuranic chemistry is critical for managing fate and transport of radioactive elements in the
environment, establishing safe methods to store and dispose of nuclear waste, solving partitioning and

transmutation issues associated with spent nuclear fuel, and developing advanced nuclear fuel cycles.!:?
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Inspired by recent advances at the extreme end of the f~element series,’¢ we report herein the synthesis
and characterization of a new family of trans-plutonium compounds, namely actinide(IIl) tris-
diethyl(dithiocarbamate) 1,10-phenanthroline, An(S,CNEt)(N,C;Hs) (An = Am, Cm, and Cf).
Additionally, we developed an efficient method to recycle small quantities (mg) of the rare and valuable
2Cm isotope from experimental campaigns for future use. Accompanying these results were the first
single crystal X-ray diffraction measurements of Cm—S and Cf-S bond distances. Isolation of these
structurally similar compounds provided a well-defined and ubiquitous platform for validating
computational results and theoretical concepts. Overall, the results generated insight into bonding trends
across the actinide series and between lanthanide and actinide congeners, with particular emphasis on

better characterizing the complicated An—Ny;cjns interaction.

Results and Discussion

Synthesis. Chemically pure >*Am, >*Cm, and 2*Cf stock solutions were prepared using well-
established dissolution/separation procedures reported previously. The Am™ stock solution was
prepared by dissolving AmQO, in nitric acid (HNQO;). For *#Cm and ?*Cf experiments, the An'" cations
were recovered from residues that had been used in previous experimental campaigns (Scheme 1). For
instance, after dissolving the Cm™ sample in hydrochloric acid (HCl; 6 M), Cm™ was purified from
inorganic and organic contaminants using a series of precipitations and ion exchange chromatography
steps. Initial purification began by precipitating curium(III) fluoride with hydrofluoric acid (HF).”* Next,
highly insoluble curium(III) fluoride was dissolved in a combination of boric acid (H;BO;) and HCI. After
an ammonium hydroxide (NH,OH) precipitation, a more rigorous purification of the *¥Cm sample was

achieved using ion exchange chromatography. This involved adsorbing Cm'! to a cationic exchange resin
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(AG 50 x 8; 100-200 mesh, 2 mL of resin) in dilute HCI (0.1 M), washing with dilute HCI (0.1 M), and
eluting Cm'" with concentrated HCI (12 M). Characterizing the eluent using optical spectroscopy (e.g.
absorption and fluorescence) was not useful because of the low 2**Cm concentrations (10 mg total).
Instead, the Cm'" elution profile was followed by stippling small volumes (one drop) of the eluted fraction
onto Pyrex slides. After the samples dried under air, gross >®Cm a-activity was quantified by analyzing
each slide using a Ludlum 3939E a-, -, y-stationary survey instrument (for low activity samples) or a
hand held portable a-survey meter (Ludlum 139) for high activity samples. Afterwards, stippled **3Cm

was recovered by soaking the slides in HCI (6 M) and set aside to be reprocessed at a later date.

The 2*°Cf recovery procedure differed from that described for 2*Cm in two major ways. First, owing
to constraints at the time of reprocessing, it was not possible to centrifuge the >*Cf sample. As a result,
the HF precipitation was not included. Second, because aspects of the *Cf sample history were well
defined, we suspected appreciable amounts of iron contamination. Hence, peroxide (H,0,) and heat were
used to convert Fe'to Fe''. Subsequently, the ferric contaminant was removed by passing the sample (in
concentrated HCI) through an anion exchange resin (AG-MP1; 50 — 100 mesh, 2 mL). Under these
conditions the Cf!" passed through the resin during the column load and in the first few column washes (6
M HCI). Next, a cation exchange resin (AG 50 x 8; 100-200 mesh, 5 mL) was used to generate a clean
Cf! stock solution in HCI (6 M). The chromatogram was characterized by monitoring the 2*Cf y-ray
emissions at 333.37(2) KeV [15.0(6)%] and 388.17(2) KeV [66.0(24)%].!° Although the >**Cm and **Cf
purification procedures reported herein — as well as the **Am procedure reported previously® — provided
adequate purity for preparing the An(S,CNEt,);(N,Ci,Hs) complexes described below, these procedures
cannot be blindly applied to every +3 actinide residue. Additional separation steps may be required to

remove exotic contaminants.
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Well-established synthetic procedures developed by STOLL and COWORKERS for the lanthanide(II]) tris-
diethyl(dithiocarbamate) 1,10-phenanthroline complexes, Ln(S,CNEt,);(N,C;,Hs) (Ln = La, Pr, Sm, Eu,
Gd, Tb, Dy),!!:2 were modified to prepare An(S,CNEt,);(N,Ci,Hg) (An = Am, Cm, Cf™). As observed for
Ln(S,CNEf,);(N,C,Hs), both Am™ and Cf™" nitrates, An(NO;);- X(H,0), reacted with three equivalents of

diethyl-dithiocarbamate, S,CNEt,"-, and one equivalent of 1,10-phenanthroline, N,C,Hs, in acetonitrile

ANn(NO3)3+ X(H,0)
+ 3 Z(S,CNEty) ——>»  An(S,CNEt,)3(N,CqoHg) (1)

An = AmIII lell CfIII
Z= NH2Et2+, Na*
(MeCN) at room temperature under air to form An(S,CNEt,);(N,C,,Hs), Eq 1. This reaction involved An™

coordination by neutral N,Cj,Hs, loss of outer-sphere H,O, and substitution of NO;'- for S,CNEt,".
Although the Am(S,CNEt,);(N,C,Hg) and Cf(S,CNEt,);(N,C\;Hs) complexes were prepared using
(NH,Et,)(S,CNEt,), successful ionic salt metathesis of NO;!- for SCNEt,"- did not seem reliant on the

cation’s identity. For example, the Cm'! complex was generated using NaS,CNEt,.

Structure. Crystals suitable for single crystal X-ray diffraction of An(S,CNEt,);(N,C,Hs) (An = Am,
Cm, Cf) were grown over the course of an hour. All of the An(S,CNEt,);(N,C,,Hs) complexes crystalized
in the monoclinic space group P2,/c (Figure 1). However, MeCN solvent molecules co-crystalized
alongside Cf(S,CNEt,),(N,C,,Hs), causing distinct long-range crystalline order and imparting a slightly
different unit cell. Despite these variations, the inner coordination spheres for all three trans-plutonium
complexes were similar in that they consisted of 6 sulfur atoms and 2 nitrogen atoms. Analysis using the
SHAPES program suggested two geometries, with the coordination environment around Am" and Cm!

being best described as square antiprisms and Cf'"! as a dodecahedron.!3-1
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Crystallization of An(S:CNEt)3(N2Ci2Hg) enabled the first single crystal X-ray diffraction
measurements of An—S bond distances for Cm'' (mean Cm-S = 2.86 + 0.04 A) and Cf! (mean Cf-S =
2.84+0.04 A). It also represented only the second example where Am—S distances had been characterized
by single crystal X-ray diffraction.® Although no single crystal X-ray diffraction measurements have been
made previously on Cm—S bonds, we were able to compare our data with the solution phase EXAFS
spectra previously reported from species generated by reacting Cm with bis(2,4,4-
trimethylpentyl)dithiophosphinic acid and bis(2,4,4trimethylpentyl)monothiophosphinic acid.'® That
study reported Cm-—S distances to be 2.826 = 0.008 A and 2.79 + 0.03 A, respectively. The Am—S bond
distances in Am(S2CNEt)3(N2Ci2Hg) were similar to the only other Am—S bond distance characterized
by single crystal X-ray diffraction, namely from (NBus)Am[S:P(‘Bu2Ci2He)]4 (average Am-S distance
equaled 2.921 = 0.03 A).® We were unaware of relevant studies that could be compared with our Cf-S
bond distance measurements.

For convenience to the reader, the structural data has been summarized in Figure 2 and Table S1 and
S2 by plotting the mean An—S and An—N distances versus metal ionic radii (uncertainty reported as
standard deviation of the mean, 15). To place the data in a broader context, Ln—S and Ln—N bond distances
from Ln(S,CNEt,);(N,C;Hs) (Ln =Sm," Eu'!, Gd,'*® Dy!!) were also included (Figure 2). In both cases
and for all metals — aside from Cf — there was a near linear relationship between the measured bond
distances and the metal ionic radii, with slopes of 0.76 + 0.12 (M-S) and 1.11 £ 0.10 (M-N). Although
the 1.53+ 0.09 A y-intercept for the M—N data was slightly higher than the 1.46 A ionic radius of N*,
these values overlapped when the measurement uncertainty was considered. Similarly, the 2.14 +0.11 A
y-intercept determined from the M—S data was larger than the expected for the S* ionic radius (1.84 A).

Structural metrics from Cf(S,CNEt,);(N,C,Hg) were excluded from the linear regression analyses

discussed above because the average Cf—S and Cf-N distances were slightly shorter than expected. For
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example, Cf-ligand bond distances should be bracketed by those from Eu™ and Sm', based on the Cf™"!
ionic radii of 0.95 A7 This was not the case. Even the longest Cf-S and Cf-N distances were shorter than
the shortest Eu'™ and Sm'" bond lengths. It was tempting to associate these minor variants as indicators of
increased covalency in Cf-ligand bonding, relative to the other +3 metals. However, these structural
deviations were slight and likely marginally relevant statistically. Rather than overstating the implications
of these subtle bond distance deviations, we instead use these results as motivation for future efforts to
uncover more substantial evidence of covalent Cf—S and Cf—N bonding using suitable spectroscopic and

computational methods.

Optical Spectroscopy. Absorption spectra from single crystals of An(S,;CNEt,);(N,C,,Hg) (An = Am,
Cm, Cf) were collected using a Craic microspectrophotometer (Figure 3). All three spectra were
dominated by broad high-energy (>20,000 cm™'; <500 nm) absorptions. Given the commonality of these
features in the **Am, **Cm, and **Cf spectra — as well as with the previously reported
Ln(S,CNE,);(N,C,Hs) spectra — these absorption features were likely associated with 5t — st* transition

from the N,Cj;Hs and S,CNEt, ligands.!"" Superimposed on the tails of these intense transitions and at

lower-energy (< 24,000 cm™") were Laporte forbidden 5f — 5f transitions associated with the 2**Am, >#¥Cm,

and ?Cf in the +3 oxidation state. Unfortunately, because of the nature of the solid-state absorption
measurement, spectral intensities could not be compared. However, they did provide quantitative
information regarding peak energy. For example, the main Am(S,CNEt,);(N,C,,Hs) absorption lines were
measured at 19,207 cm! ("Fy — °Ls) and 12,260 cm™! ("Fy — "F’5). Comparisons with the only other sulfur
containing americium compound reported in the literature to date, Am[S,P(‘Bu,C;,Hg)]'-? showed
virtually no change for the 7F; transitions, only 36 cm'- (2 nm) from 12,225 cm'. More pronounced (247

cm'; 7 nm) energy shifts were observed for the 5L transitions, which was reported to be 19,455 cm™'. This
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247 cm! energy shift is larger than we expected. To calibrate the reader, consider that Am" UV-vis
measurements made on non-sulfur containing compounds show smaller energy variations, around or less
than 100 cm’!, e.g. Am(CsHs);, AmX; (X = Cl, Br, I), Amy(HPO;);(H,O), and Am[B,O,5(OH)4]-H,O
series.!%18:19 At this stage, the origin of these energy shifts is difficult to interpret, as there are too few
solid state UV-vis spectra available for comparative analysis. However, these types of absorption
measurements are likely good indicators of electronic communication between the americium and the
ligand valence orbitals, and potentially relevant for the other trans-plutonium elements.

While there are numerous solution phase Cm™ and Cf™! UV-vis spectra,?’>* where speciation can be
difficult to characterize, the number of solid state UV-vis data sets collected from well-defined crystalline
solids are limited. Hence, it was challenging to identify spectra where peak energies could be directly
compared with the Cm(S,CNEt,);(N,C;,Hs) and Cf(S,CNEt,;);(N,C;,Hs) measurements. As such, the
single crystal spectra from Cm(S,CNEt,);(N,C;;Hs) and Cf(S,CNEt,);(N,C,Hg) represent humble
contributions to the limited Cm' and Cf™ single crystal UV-vis spectral archive; M(HDPA); (M = Cm,
Cf)?, Cm(H,DPA)(HDPA)(H,0),CI?, Cmy[B;404(0OH),(H,0),CI]%, M4[B16026(OH)4(H,0);Cl,] (M = Cm,
Cf)?, Cf[BsOs(OH)s]*. Based on previous spectral interpretations,?>>*2” and from the perspective of the
free ion, we interpreted the absorption features from An(S,CNEt,);(N,C,,Hs) as resulting from exciting
either the Cm'" 23S, or the Cf" °H,s,, ground states to the excited states shown in Figure 3.2!-28-3 Somewhat
unexpectedly, excitation of Cf(S,CNE,);(N,C;,Hs) and Am(S,CNE,);(N,C,Hs) at 23,810 and 27,397 cmy
'did not produce detectible Am!" or Cf! fluorescence.** In contrast, Cm(S,CNEt,);(N,C;,Hg) showed
strong 5f — 5f (°D7, — 8S;,) fluorescence at 16,367 cm! (611 nm) when excited at 23,810 and 27,397

cm!, characteristic of Cm'!" (Figure S2).
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Computational Studies. To provide insight into what factors contributed to stability of the An"'-
N,C;Hg interaction, thermodynamic and chemical bonding properties were evaluated using DFT
calculations for An(S,CNEt,),(N,C,H;) versus a hypothetical series of complexes that contained more
simple nitrogen donor ligands, namely “An(S,CNEt,),(MeCN),.” The “An(S,CNEt,),(MeCN),”
complexes were selected for these comparisons because An(S,CNEt,),(N,C,Hg) were isolated from
MeCN solutions, with no evidence for formation of the proposed acetonitrile adducts. Given the limited
number of DFT studies involving minor actinides, our initial effort focused on establishing confidence in
our computational approach through comparison of optimized versus observed M(S,CNEt,),(N,C,,Hs)
structures. In this case, there was exceptional agreement between experiment and theory, as evident from
the averaged bond distance comparisons in Table 1. Calculated An—S ean) and An—Nyoci288mean distances
were only 0.02 and 0.06 A different than analogous experimental values. Similarly good agreement was
observed for the analogous distances in the Eu™ and Gd"™ compounds.!'-'> Emboldened by these results,
the experimentally isolated M(S,CNEt,);(N,C,Hs) structure was computationally compared with the
proposed acetonitrile adduct, “M(S,CNEt,);(MeCN),,” which has yet to be characterized structurally.
Average An—S and An—N bond distances for the MeCN adducts were calculated to be similar to those for
the M(S,CNEt,),(N,C,,Hs) molecules, within 0.014 A, respectively.

Thermodynamic metrics associated with Eq. 2 were computationally evaluated to directly probe the

f-element’s binding preference of N,C;,Hs over MeCN.

M(S2CNEt)3(N2C12Hg)
+ 2MeCN ——> M(S,CNEty)3(MeCN), (2)

+ N-C4oH
M = Am, Cm, Cf, Eu, Gd 2~12178
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For all three actinides (Am, Cm, Cf) and two lanthanides (Ln = Eu, Gd), calculated reaction enthalpies
and Gibbs free energies were similar (ranging 9.0 and 13.2 kcal/mol) and positive (Table 2). These results
suggested that replacing N,C;,Hg by two MeCN was endergonic, and not thermodynamically favorable,
which was consistent with experimental observations that M(S,CNEt,);(N,C,Hs) crystallized as the sole
product from MeCN solutions. Three variables that contribute to stabilization of M(S,CNEt,);(N,C,Hs)
and An(S,CNEt,);(MeCN), were compared in Table 3, specifically electrostatic stabilization (the electron
attraction term), Pauli repulsion (electron repulsion term), and orbital interactions (stabilization from
covalency). Formation of both the N,C;,Hs and MeCN adducts were favorable in terms of electrostatic
stabilization; the M(S,CNEt,);N,C,Hs by ca. -74 kcal/mol and M(S,CNEt,);(MeCN), by ca. -50 kcal/mol.
However, this electrostatic stabilization was offset by Pauli repulsion energies, which were approximately
77 kcal/mol for M(S,CNEt,);(N,C,Hs) and ~53 kcal/mol for M(S,CNEt,);(MeCN),. Hence, summing
these two values (electron attraction and repulsion) resulted in small positive values (ranging 1.4 to 8.5
kcal/mol) for Am'™, Cm™, Cf', and Gd™. Results from Eu™ were similar; however, the absolute values of
the attraction and repulsion terms were slightly negative (-0.59 and -1.53 kcal/mol). Considering only
these two metrics, one would predict that the M(S,CNEt,);L, complexes would not be stable for either
N,C;Hg or MeCN. However, large negative stabilization energies were obtained once the orbital
interaction terms were considered. Moreover, these results indicated that the total bonding energies
between fragments of M(S,CNEt,); and N,C,,H; were more negative than that between M(S,CNEt,); and
two MeCN ligands (difference of 5.9 to 8.2 kcal/mol). Hence these calculations suggested that the
formation of M(S,CNEt,);N,C,,Hs was substantially more stable than the hypothetical MeCN adduct.
To obtain a better understanding of the An-L interactions in An(S,CNE®);L, (An = Am, Cm, Cf; L =
N,C;Hg, x = 1; MeCN, x = 2), we computationally interrogated the M—N bonding interactions in the f’

Cm(S,CNEt,);L, and Gd(S,CNEt,);L, compounds using natural orbitals for chemical valence (NOCV)

10
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analyses. Because the Gd" and Cm'™ theoretical results were nearly identical (see Figures S4 and S5) we
will only discuss here the Cm(S,CNEt,);L, data. The NOCV deformation densities indicated that the Cm—
L interaction for both N,C;,Hgand MeCN were dominated by c-bonds. They also provided no appreciable
evidence of m-backdonation from the metal occupied f-orbitals to ligand unoccupied orbitals. These
primarily o-bonding interactions consisted of N 2p-orbitals mixing with Cm!" 5f-, 6d-, and 7s-orbitals.
The calculations also indicated that the Cm—Nnycions O—interaction was slightly stronger than the
analogous interactions with MeCN, consistent with stronger orbital interactions (Table 3). Overall, the
computational results suggested that N,C;,Hs and MeCN were best described as o-bonding ligands with
minor actinides. Even the polycyclic aromatic N,C;,H; ligand showed no potential for forming n—bonds

with the minor actinides.

Outlook

Provided herein is evidence that the M(S,CEt,);(ligand) molecular scaffolding is compatible with Ln'™,
An', and particularly +3 transplutonium elements. We identified that the M(S,CEt,);(ligand) compounds
have two critical parameters that make them ideal for advancing understanding of how physical and
chemical properties change across the f-element series. The S,CNEt,!- ligand framework provides air and
moisture stability and facilitates formation of highly crystalline products. Moreover, the M(S,CNEt,);
fragment is sterically unsaturated and readily accommodates additional ligands. Note, with lanthanides,
the M(S,CNEt,); fragment provides access to diverse coordination chemistry.’!-*? Extending M(S,CNEt,);
coordination chemistry to include Am™, Cm™, and Cf™ provided a unique opportunity to evaluate M—N

interactions in known M(S,CNEt,);(N,C,,Hs) versus proposed “M(S,CNEt,);(MeCN),” compounds. The

results revealed that more pronounced M-N,C,Hs covalent c-bonding interactions (not 7t) directed

11
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formation of An(S,CNEt,);(N,C,,Hs) over the “An(S,CNEt,);(Me;CN)” alternative, which was facilitated
by delocalization of charge throughout the polycyclic aromatic backbone. If synthetic challenges
associated with handling >**Am, 2**Cm, and **Cf can continue to be circumvented, the foregoing results
divulge a general method to potentially interrogate a series of actinide versus lanthanide-ligand
interaction within a ubiquitous M(S,CEt,);(ligand) platform. The implications of such breakthroughs
could have impact on defining how physical and chemical properties vary with periodicity across the f-

element series, to the minor actinides (Am and Cm) and beyond (Cf).

Experimental Procedures

General Considerations. The 1,10-phenanthroline (N,C,Hs; Sigma Aldrich), sodium
diethyldithiocarbamate (NaS,CNEt,; Sigma Aldrich), diethylammonium diethyldithiocarbamate,
[(NH,Et,)S,CNE?t,; Sigma Aldrich], acetonitrile (MeCN; Sigma Aldrich), anhydrous acetonitrile (MeCN;
Sigma Aldrich), hydrochloric acid (HCI; 12 M, Fisher), hydrofluoric acid (HF; 28 M, Fisher), boric acid
(H;BO:;; Fisher), ammonium hydroxide (NH,OH; 14.5 M, Sigma Aldrich), hydrogen peroxide (H,O,,
30%, Fisher), and Paratone-N oil (Hampton Research), were obtained commercially and used as received.
All water used in these experiments was deionized and passed through a Barnstead water purification

system until a resistivity of 18 MQ was achieved.

Caution! Because of spontaneous fission and emission of a-, B-, and y-particles from ?*Cm [t, =
348(6)x10° years], **Am [t,=7,364(22) years], and **Cf [t;,=351(2) years],”® as well as their
corresponding daughter products. The radioactive samples used herein represent serious health threats.

Hence, all studies with >**Am, ?*Cm, and ***Cf were conducted in a radiation laboratory equipped with

12
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HEPA filtered hoods, continuous air monitors, and negative pressure gloveboxes. All free-flowing solids

were handled within negative pressure gloveboxes whose exhaust ports were equipped with HEPA filters.

Single Crystal X-ray Diffraction. Single crystals of Am(S,CNEt);(N,C,;Hs) and
Cf(S,CNEt,);(N,C,,Hsg) were mounted on a Mitogen mounts with krytox oil and the crystals were optically
aligned on a Bruker D8 Quest X-ray diffractometer using a built-in camera. Preliminary measurements
were performed using an Ims X-ray source (Mo Ka, A = 0.71073 A) with high-brilliance and high-
performance focusing quest multilayer optics. APEX II software was used for solving the unit cells and
data collection. The reflection’s intensities of a sphere were collected by a combination of four sets of
frames. Each set had a different omega angle for the crystal, and each exposure covered a range of 0.50 in
o totaling to 1464 frames. The frames were collected with an exposure time of 5-25 seconds, which was
dependent on the crystal. SAINT software was used for data integration including polarization and Lorentz
corrections. PLATON was used to check the structure for missed symmetry and twinning.*?

Single crystals of Cm(S,CNEt,);(N,C;,Hs) were mounted with three appropriate layers of containment
prior to single crystal X-ray diffraction studies.** The diffraction study of Cm was performed on a D8
Bruker QUEST diffractometer with a sealed tube Mo source (Mo Ka, A =0.71073 A). No corrections for
crystal decay were necessary. Standard APEX II software was used for determination of the unit cells and
data collection control. The intensities of the reflections of a sphere were collected by combining four sets
of exposures (frames), which totaled to 1464 frames with an exposure time of 5 seconds per frame. APEX
II software was used for data integration including Lorentz and polarization corrections. The crystal
structure was solved using SHELX software and PLATON was used to check the Crystallographic
Information Files (CIFs) for missed symmetry and twinning.** The CIF files used in this manuscript are

available through the Cambridge Crystal Data Centre (CCDC; 1841778, 1841779, 1841780).

13
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UV-vis-NIR and Fluorescence. Single crystals were placed on a quartz slide under oil and spectra
obtained using a Craic Technologies microspectrophotometer. For absorbance measurements, data was
collected from 40,000 to 9,090.91 cm! (250 to 1100 nm). Meanwhile, fluorescence spectra were obtained

with an excitation at 23,809.52 cm™' (420 nm) or 27,396.26 cm™' (365 nm).

FT-IR. Single crystals were placed on the iD7 ATR crystal window (for An samples this was performed

inside of a negative pressure glove box), and transmission spectra were collected from 410 to 3300 cm™!

on a Nicolet™ iS™ 5N FT-NIR.

Preparation of Cm™ Stock Solution. In a HEPA filtered open front fume hood and under an atmosphere
of air, a Cm'" stock solution was prepared as shown in Scheme 1. Residues known to contain 2*3Cm that
had been used in previous experimental campaigns were dissolved in hydrochloric acid (HCl, 6 M). The
dissolved samples were combined in a beaker and gently heated. After the aqueous solvent was evaporated
to a soft dryness under a stream of air the residue was dissolved in HCI (6 M) and transferred into a single
falcon tube. Hydrofluoric acid (HF, 28 M, 5 mL) was added to this solution resulting in a faint yellow
precipitate. After 15 minutes, the suspension was centrifuged and the supernatant (clear) was removed
leaving behind a pale yellow pellet. The pellet was washed with water (2x) and dissolved by using a
combination of heating and the addition of H;BO; (2 mL), while agitating the pellet with a glass stir rod.
After heating (80 °C; 5 min), HCI (12 M, 1 mL) was added and the mixture heated for another 5 minutes.
While maintaining the temperature near 80 °C, aliquots of H;BO; (1 mL) and HCI (1 mL) were added
sequentially with periodic stirring. Upon complete dissolution of the solid, ammonium hydroxide

(NH,OH, 14.5 M) was added drop wise while stirring until a solid precipitated, naively formulated as
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Cm(OH);. The suspension was centrifuged, the supernatant discarded, and the remaining pellet was
washed with water (2x). The solid pellet was then dissolved in HCI (12 M, 6 drops) and diluted with water
(10 mL), which generated a slightly acidic solution containing Cm™!.

A cation-exchange column was prepared by charging a BioRad column (10 mL) with AG 50 x 8 cation
resin (2 mL, 100 — 200 mesh). The resin was first conditioned with HCI (12 M; 4 x 5 mL), then with dilute
HCI (0.1 M; 4 x 5 mL), and lastly with water (4 x 5 mL). The Cm'" solution, which was in dilute acid, was
loaded onto the column. Under these conditions, Cm™ was retained on the resin. The column was washed
with HCI (0.1 M; 3 x 10 mL), then Cm™ was eluted with concentrated HCI (12 M; 5 x 10 mL). The Cm!™
elution profile was quantified by stippling small volumes (one drop) of the eluted fraction onto Pyrex
slides. After the samples dried under air, gross >**Cm o-activity was quantified by analyzing each slide
using a Ludlum 3939E a-, -, y-stationary survey instrument (for low activity samples) or a hand held
portable o-survey meter (Ludlum 139) for high activity samples. Afterwards, stippled **Cm was
recovered by soaking the slides in HCI (6 M) and set aside to be reprocessed at a later date. The five Cm'™
elution fractions were combined and the solution was heated to a soft dryness. The resulting residue was
dissolved in HCI (6 M; 5 mL), giving a chemically and radiochemically pure Cm!" stock solution. The
Cm'! concentration was determined by analyzing an aliquot (100 pL) of the stock solution in HCI (2 M,
2.5 mL) by UV-vis spectroscopy. For these measurements we assumed the 25,220.68 cm! (396.5 nm)

absorbance had an extinction coefficient of 52.9 Lmol-'cm™!, as previously reported.?-4

Preparation of Cf™' Stock Solution. In a HEPA filtered open front fume hood a Cf™! stock solution was
prepared. Residues known to contain *Cf that had been used in previous experimental campaigns were

dissolved in hydrochloric acid (HCI, 6 M). The >*°Cf samples were combined in a beaker and gently heated.
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After the aqueous solvent evaporated under a stream of air (a soft dryness) the residue was dissolved in
HCI (6 M) and transferred into a single falcon tube.

Due to possible iron contaminates in the >*Cf sample, an anion-exchange column was prepared by
charging a BioRad column (20 mL) with AG MP-1 (5 mL; 50-100 mesh). The resin was conditioned with
water (3 x 10 mL), HCI (12 M; 3 x 10 mL), followed by an additional HCI wash (12 M; 30 mL). The >¥Cf
was loaded onto the top of column and washed with HCI (12 M; 10 x 5 mL). All fractions were analyzed
by y-spectroscopy to determine when the >*Cf was completely eluted off of the column. The **Cf was
collected and the volume was reduced to 13 mL. Water was then added to the sample to give a 1 M HCI

29Cf stock solution.

A cation-exchange column was prepared by charging a BioRad column (20 mL) with AG 50 x 8 cation
resin (3 mL, 100 — 200 mesh). The resin was conditioned with water (3 x 10 mL), followed by HCI (6 M;
3 x 10 mL), and finally with dilute HCI (1 M; 3 x 10 mL). The Cf! solution was loaded onto the column
in dilute HCI (1 M). Under these conditions, Cf' was retained on the resin. The column was washed with

HCI (0.1 M; 3 x 10 mL). Elution of Cf was achieved with concentrated HCI (12 M; 3 x 10 mL), which
was monitored using y-spectroscopy by following the 333.37(2) KeV [15.0(6)% branching ratio] and
388.17(2) KeV [66.0(24) %] **Cf y-emission.l'! The elution fraction were collected and combined. Then

the solution was heated to a soft dryness under a heating lamp and a stream of filtered air. The resulting

residue was dissolved in HCl (6 M; 5 mL) giving a chemically and radiochemically pure Cf!' stock
solution. The Cf™ concentration was determined by analyzing an aliquot (100 pL) of the stock solution in

HCI (2 M; 2.5 mL) by y-spectroscopy.

Americium(IIl) tris-diethyl(dithiocarbamate) 1,10-phenanthroline, Am(S,CNETt,);(N,C;;Hs). In a

HEPA filtered open front fume hood and under an atmosphere of air, AmO, (5.0 mg, 0.011 mmol) was

16
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dissolved in nitric acid (300 mL; 6 M) and the solution was evaporated to dryness. This was repeated twice

to fully covert the AmO, to Am(NO;);-X(H,0). The Am residue (5.0 mg, 0.011 mmol) was dissolved in

acetonitrile (MeCN; 0.5 mL) and a solution of diethylammonium dithiocarbamate (NH,Et,)S,CNEt,; 7.6
mg, 0.034 mmol) and 1,10-phenanthroline (N,C;;Hs; 2.1 mg, 0.011 mmol) in anhydrous acetonitrile (0.5
mL) was added to the vial. Subsequently, the solution turned bright yellow. After 20 minutes yellow rod
shaped crystals formed that were suitable for single crystal X-ray diffraction. UV-vis [cm™']: 24880.8,
23005.7, 22187.3, 220674, 21437.0, 20436.85, 19207.13 (°L¢), 12231.5, 12311.16 (’F5), 11460.29,

113179, 112120, 10957 2.

Curium(III) tris-diethyl(dithiocarbamate) 1,10-phenanthroline, Cm(S,CNEt,);(N,C,,Hs). In a HEPA
filtered open front fume hood and under an atmosphere of air, an aliquot of the >*Cm stock solution (1.5
mL, 0.0135 M) in HCI (6 M) was added to a scintillation vial (20 mL). The solvent was removed (to a soft
dryness) by heating the flask until a pale yellow residue formed. The solution matrix was converted to
nitric acid by dissolving the residue in HNO; (8 M, 1 mL), heating the vial to remove the aqueous solution,

and dissolving the resulting residue in HNO; (8 M, 1 mL) again. After repeating this procedure a total of

three times, a residue was isolated that was assumed to be Cm(NOs);-X(H,0). The vial was slowly cooled

to room temperature, acetonitrile (MeCN; 0.5 mL) was added, and the “Cm(NO;);-X(H,0)” residue

completely dissolved. The solution was transferred to a centrifuge tube (50 mL) and the vial washed with
an additional aliquot of MeCN (0.5 mL). Subsequent addition of sodium diethyldithiocarbamate
(NaS,CNEt,; 13.6 mg, 0.0606 mmol) caused a precipitate to form immediately. This precipitate was
removed by centrifugation and the supernate transferred to a clean scintillation vial. At this point 1,10-

phenanthroline (N,C,,Hs; 4.2 mg, 0.023 mmol) was added to the vial. Slow evaporation of the solvent for

17
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14 hours enabled pale yellow/orange crystals suitable for characterization by single crystal X-ray
diffraction to form. UV-vis [em™']: 16,4332 cm™ (°P;p), 16,537.6 cm!' (°Py,), 16,806.97 cm! (°Dy),
19,732.3 cm! (°Psp), 19,802.75 cm! (°Psp), 21,376.66 cm! (°L72), 21,927.06 cm! (°Psp0), 22,517.48 cm!
(%ly» ). Fluorescence [cm!]: 16368.33. IR [cm!]: 1458.45 s, 1418.78 s, 1284.12 s, 1030.93 s, 848.69 s,
732.02s,720.18 s, 1371.68 m, 1204.39 m, 1141.74 m, 1103.82 m, 995.84 m, 863.05 m, 781.46 m, 634.16
m, 426.07 m, 162448 w, 1590.62 w, 157548 w, 1518.49 w, 1345.59 w, 910.54 w, 893.46 w, 810.49 w,

573.55 w,501.98 w, 477.69 w,451.28 w,435.12 w.

Californium(III) tris-diethyl(dithiocarbamate) 1,10-phenanthroline, Cf(S,CNEt,);(N.C\;Hs). As

described above for Am(S,CNEt,);(N,C,Hs), the Cf(S,CNEt,);(N,Ci,Hg) coordination complex was

prepared by adding Cf(NO;);*X(H,0) (5.0 mg, 0.012 mmol) to acetonitrile (0.5 mL), diethylammonium

dithiocarbamate (NH,Et,)SCNE,; 7.7 mg, 0.040 mmol), and 1,10-phenanthroline (N,C;,Hs; 2.1 mg,0.012
mmol). Green rod-shaped crystals were obtained by slow evaporation of acetonitrile (0.5 mL) within 20
minutes that were suitable for single crystal X-ray diffraction. UV-vis [cm™]: 11,100.7 cm (°H,1),
11,1494 cm! (°Hy1p), 11,322.6 cm! (°Hyyp0), 11,4483 cm! (°Hy10), 11,492.1 ecm! (°Hy1p), 11,641.8 cm’!
(°Hi1pn), 11,686.5 cm! (°Hyi1p0), 11,727.25 ecm! (*Hy1p), 12,792.03 cm! (°Hyp) 13,1349 cm! (SF5)), 14,3948
cm!' (°Hyp), 14,4265 cm (°Hyp), 16,104.6 cm! (°Hsp), 16,125.01 co! (SF'sp0),20,174.7 cm' (SPs0), 20,225.9
cm! (*Ki7p), 21,108.7 cm! (*K17), 22,313.7 cm! (Fsp, °Prpa, “Lion, *Main), 22,301.9 cm! (°Fsp, ®P7pn, “Lion,
‘Maip), 22,948.6 cm! ( 2 130).Raman [cm']: 45707, 24483, 16138, 13250, 12624, 11858, 11070, 9996.8,

9722,9133.8,8683.6, 8464.2,8448 4, 6918.2, 6323, 6244 8.

Density Functional Calculations. Ground-state electronic structure calculations were performed on the

M(S,CNEt,);(N,C,Hsg) and M(S,CNEt,);(MeCN) complexes and N,C;,Hs and MeCN ligands using the
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hybrid functional PBEO'® implemented in the Gaussian 09.4¢ All the geometries were optimized in the gas
phase. Harmonic frequency calculations were performed to obtain the corresponding thermochemical
corrections and to confirm that the optimized structures were stationary points on the potential energy
surface. For each molecule, a subsequent single point using the implicit CPCM solvation model*’ with the
Universal Force Field (UFF) radii® and Solvent Excluding Surface (SES)*-3 was calculated to account
for the solvation effects. A relative permittivity of 35.688 was assumed in the solvation calculations to
simulate acetonitrile as the solvent experimentally used for all the cases. We applied the 6-311G* basis
sets3!-32 for non-metal atoms, Stuttgart energy-consistent relativistic pseudopotentials ECP28MWB?33: 54
and the corresponding ECP28MWB-SEG basis for lanthanide atoms, and Stuttgart energy-consistent
relativistic pseudopotentials ECP60MWB-% and the corresponding ECP60MWB-SEG basis for actinide

atoms.

To interrogate metal binding of N,C;,Hs ligand over MeCN, further bonding analyses were performed
with the energy decomposition approach (EDA).>"-° To evaluate the relative importance of steric repulsion
and orbital interactions between M(S,CNE?t,); fragment and ligand fragment in the M(S,CNEt,);(Ligand)
(Ligand=N,C;,Hg or (MeCN),) compounds, and the M-N ¢ and/or © bonding components in the orbital
interaction was further analyzed using an extended transition state energy decomposition scheme
combined with the natural orbitals for chemical valence (ETS-NOCV).®° The calculations were performed
at the above optimized geometries using PBEO functional, scalar relativistic ZORA Hamiltonian®', and
triple-C plus two polarization functions (TZ2P)% basis sets with the frozen core approximation applied to
the inner shells [ 1s2-4f'4] for actinide atoms and [1s2-4d!°] for lanthanides and [1s?] for C and N and [1s?-

2p°] for S implemented in the Amsterdam Density Functional (ADF 2016.104)%3-63,
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Supporting Information.

All experimental (including IR, Raman, cryptographic tables) and computational (NOCYV analysis results,

optimized Cartesian coordinates) compounds can be found in the supporting information.
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M =Am, Cm, Cf

Figure 1. A ball and stick representation of the An(S2CNEtz)3(N2C12Hs) crystal

structures (An = Am, Cm, Cf).
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Figure 2. Comparison of the mean M-S (e; top) and M-N (A ; bottom) bond
lengths in M(S2CNEt2)3(N2C12Hg) (M = Nd, Sm, Eu, Gd, Dy, Am, Cm, and Cf)
versus six-coordinate metal ionic radii.'* 2 17 Lanthanides are represented by
orange symbols and actinides by blue symbols. Uncertainty is reported as
standard deviation from the mean (1c). Data were fit with a line (y = mx + b), as

shown by the solid black trace.

22

Page 22 of 30



Page 23 of 30 Dalton Transactions

Cm (residue)

1. Dissolution
in HCI

Cm(S,CNEL),(N,C_H,)
) 2)3\N 45 Cm (solution)

2. Fluoride Precipitation
7. Chemical Reaction (HF)

(Et,DTC + Phen)

Chemically Pure

Cm"Stock CmFs,
6. Cation Exchange 3. Dissolution
Chromatography (H,BO, + HCI)

Cm(aq) Cmm(a(”

5.Hydroxide dissolution 4. Hydroxide
(HCI) Precipitation

Cm(OH),,

Scheme 1. A schematic representing the Cm recovery and reprocessing strategy.
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Figure 3. Solid state UV-vis-NIR absorbance of An(S2CNEt2)3(N2C12Hs) (An = Am,

Cm, Cf; pink, orange, and green traces).
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Table 1. The optimized average M-S and M-N bond lengths (A) calculated for
M(S2CNEt2)3(N2C12Hg) and M(S2CNEt2)2(MeCN)2 (M = Am, Cm, Cf, Eu, Gd) compared with

experimental data, when available.

M(S2CNEt2)3(N2C12Hs) M(S2CNEt2)3(MeCN):

M Average M-S Average M-N M-S M-N

Theory  Expt. Theory Expt. Theory Theory
Am 2.8802 2.8745+0.05 2.6621 2.6031 = 0.008 2.8700 2.6498
Cm 2.8782 2.8620 £ 0.04 2.6450 2.6009 * 0.006 2.8684 2.6377
Cf 2.8409 2.8355 +0.04 2.6099 2.5562 + 0.023 2.8310 2.5962
Eu 2.8681 2.8547 £0.05 2.6387 2.5858 +0.013 2.8619 2.6217
Gd 2.8441 2.8467 £0.05 2.6021 2.5670 +0.017 2.8318 2.5984
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Table 2. Enthalpy and Gibbs free energy (in kcal/mol) for the substitution reaction of N2C12Hs

for MeCN: M(S2CNEt2)3(N2C12Hg) + 2 MeCN  — M(S2CNEt2)3(MeCN)2 + N2CioHg in MeCN

solution.
M Am Cm Cf Eu Gd
AHsol 9.8 10.1 9.2 9.0 10.1
AGsol 13.1 12.8 12.6 12.6 13.2
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Table 3. Energy decomposition analysis of the total bonding interaction between fragments
M(S2CNEtz)3 and ligands in M(S2CNEtz)s(Ligand) (M = Eu, Gd, Am, Cm, and Cf; Ligand =

N2C12Hs or MeCN)z2) reported in kcal/mol.

Steric Interactions

M Electrostatic Pauli Sum?@ Orbital Total Bonding

_ _ Interactions Energy®
Interactions Repulsion

M(S2CNEt2)3(N2C12Hs)
Am -75.40 78.61 3.20 -58.09 -54.89
Cm -75.23 79.17 3.94 -71.29 -67.36
Cf -76.03 83.53 7.50 -67.64 -60.14
Eu -70.17 68.63 -1.53 -66.54 -68.07
Gd -74.88 76.27 1.39 -79.03 -77.65
M(S2CNEtz)s(MeCN),
Am -50.85 54.95 4.10 -52.19 -48.09
Cm -49.77 54.19 4.42 -64.20 -59.77
Cf -50.76 59.28 8.52 -60.95 -52.43
Eu -48.01 47.42 -0.59 -59.44 -60.03
Gd -49.19 50.64 1.45 -70.83 -69.38

2 Steric interaction is the sum of electrostatic and Pauli interactions.

® Total bonding energy is the sum of steric interactions and orbital interactions.
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