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ABSTRACT: Progress toward the closure of the nuclear fuel cycle
can be achieved if satisfactory separation strategies for the
chemoselective speciation of the trivalent actinides from the
lanthanides are realized in a nonproliferative manner. Since
Kolarik’s initial report on the utility of bis-1,2,4-triazinyl-2,6-
pyridines (BTPs) in 1999, a perfect complexant-based, liquid—
liquid separation system has yet to be realized. In this report, a
comprehensive performance assessment for the separation of
M Am** from "**Eu’* as a model system for spent nuclear fuel using
hydrocarbon-actuated alkoxy-BTP complexants is described. These
newly discovered complexants realize gains that contemporary aryl-
substituted BTPs have yet to achieve, specifically: long-term
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stability in highly concentrated nitric acid solutions relevant to the low pH of unprocessed spent nuclear fuel, high D, over Dg, in
the economical, nonpolar diluent Exxal-8, and the demonstrated capacity to complete the separation cycle with high efficiency by
depositing the chelated An** to the aqueous layer via decomplexation of the metal—ligand complex. These soft-N-donor BTPs are
hypothesized to function as bipolar complexants, effectively traversing the organic/aqueous interface for effective chelation and
bound metal/ligand complex solubility. Complexant design, separation assays, spectroscopic analysis, single-crystal X-ray

crystallographic data, and DFT calculations are reported.

B INTRODUCTION

Widely accepted as a carbon-neutral form of energy, nuclear
fission will maintain its status as a significant contributor to the
energy portfolio of the world well into the 21st century. The
ever-burgeoning volume of spent nuclear fuel (SNF) from
legacy waste and civilian energy production continues to
threaten environmental security. Complete closure of the
nuclear fuel cycle is predicated, at least in part, on an effective
process to recycle, or transmutate, the post PUREX transuranic
minor An, specifically *!Am*" and Cm*) found in SNF, to
isotopes with shorter half-lives, lower radiotoxicity, and a
decreased heat load for storage in a geologic repository.” Any
suitable strategy for recycling the minor An to fast-neutron
reactors must first include chemoselective separation from the
neutron-poisoning lanthanides,” also produced as byproducts
of nuclear fission. Similar physical properties including
oxidation state, cationic radius, hardness, and complexation
behavior, render the aforementioned a grand challenge in
separation science. Over the previous three decades, liquid—
liquid separation strategies have demonstrated some success in
the separation of minor An from Ln in simulated SNF,
although substantive challenges remain.

© 2024 American Chemical Society
4819

WACS Publications

In 1999, Kolarik disclosed that soft-N-donor, alkyl
substituted, and tridentate Lewis basic complexants of the
bis-1,2,4-triazinyl-2,6-pyridine (BTP) class could effectively
speciate **'Am’* from '**Eu’* from SNF in liquid—liquid
separations assays (Figure 1).* Preliminary complexants of this
class possessed several challenges, including slow complexation
kinetics and oxidative degradation at the pseudobenzylic
position of the S,6-dialkyl substituted-1,2,4-triazine, in addition
to susceptibility to radiolytic degradation. Other applications of
BTPs in An separations have also been disclosed.” Complex-
ants incorporating different Lewis basic cores, including 2,2'-
bipyridine-2,6-bis-carbonitrile® or 1,10-phenanthroline-2,6-bis-
carbonitrile” have been prepared and evaluated in separation
assays with congruent, and sometimes improved performance
over traditionally symmetric BTPs.® Complexants for hydro-
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Figure 1. Summary of BTPs studied in liquid—liquid separations of
minor An from Ln.

philic separations discretely,” or in concert with other
separation strategies,'’ as well as resin-bound applications''
have also been reported.

In 2016, Carrick disclosed a unified synthetic approach to
the BTP class of complexants, leveraging a bis-hydrazonimide
telescoped condensation strategy to afford aryl-functionalized
BTPs.'” Further efforts saw the development of Pd-catalyzed
amination'” and Suzuki—Miyaura cross-coupling'* methods to
modulate the physical properties of BTP complexants and
related synthons. Additional synthetic methodoloégies provid-
ing access to unsymmetric'® and frustrated'® BTP-type
complexants were also realized (Figure 1). Follow-up studies
using density functional theory (DFT) have defined important
computational parameters for the chemoselective speciation of
the minor An over Ln,'” in addition to the effects of metal
hydration on separations.'® One of the underlying hypotheses
for this initial work centered on the concept of improving the
solubility of the BTP, a polar molecule, in nonpolar diluents
while simultaneously improving the hydro- and radiolytic
stability by synthetically introducing an aromatic spacer at the
5,6-positions of the 1,2,4-triazine.

In 2018, a disclosure of 3,3'-dimethoxy-BTP (MOB-BTP)"’
highlighted the capacity to affect the desired minor An/Ln
separation from simulated SNF at one-half the concentration,
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25 mM, of a comparable European benchmark complexant,
bis-2,6-(5,6,7,8-tetrahydro-5,9,9-trimethyl-5,8-methano-1,2,4-
benzotriazin-3-yl)pyridine (CA-BTP), at 50 mM.”" Interest-
ingly, the 4,4’-dimethoxy-BTP was completely insoluble in
trifluoromethyl phenyl sulfone (FS-13), whereas the constitu-
tional isomer, MOB-BTP, was soluble to 50 mM, possessed
stability in aqueous HNO; to 2 M, and afforded an Am/Eu
Separation Factor (SF) 119. Solubility in nonpolar diluents
remained a challenge with this complexant. Encouraged by the
performance advantages offered by MOB-BTP over CA-BTP,
especially regarding ease of synthetic preparation of one
compound versus unregulated production of numerous
diastereomers, effort focused on capitalizing on the BTP’s
tridentate core for chelation while leveraging the periphery”’
and dimensional topography of the complexant to improve
solubility, stability, and chelation in nonpolar diluents.

In this article, an example of a new class of aryl-alkoxy BTPs
soluble in Exxal-8,”> which are hydrolytically stable in
HNO;(,q) to 6 M with excellent distribution (Dy;) values
and SF for *Am*" over '*Eu’" is described. These new
complexants are hypothesized to have bipolar properties,
where the nonpolar side chain and polar core synergistically
complement each other to allow facile interfacial transfer of the
minor An from the acidic aqueous phase to the organic layer.
Synthetic access via a dealkylation/ligation/condensation
strategy provided various 3,3’- and 4,4’-alkoxy-BTP con-
geners,” which were studied in liquid—liquid separation assays
of simulated SNF. Single-crystal X-ray diffraction studies
illuminated the solid-state bond lengths and angles, as well as
the coordination number, while underscoring the role of the
inner/outer sphere counterion stability of **'Am**. Analytical
spectroscopy experiments involving UV—visible studies pre-
liminarily assessed the metal—ligand coordination number
beyond slope analysis. Evaluation of the stability of metal—
ligand chelates at various hydration/substituent levels from
DFT calculations showed that Am(III) binding is favored over
Eu(III) binding when two ligands are present in the complex,
or if nitrate is present, but not when only water is present in
the inner coordination sphere. Separations, spectroscopic, and
decomplexation data are reported herein.

B EXPERIMENTAL SECTION

Chemicals. All reagents were purchased from U.S. chemical
suppliers, stored according to published protocols, and used as
received unless indicated otherwise.

Safety Considerations. Caution! The **!Am and '**Eu solutions
used in this work were highly radioactive. All manipulation of these
samples was performed in a dedicated radiological facility using well-
established radiological safety protocols.

Solvent Extraction. Organic Phase. An appropriate mass of 1
was transferred from a sample vial to a Class A volumetric flask of 5.0
mL to make a concentrated stock solution. Weighing by difference
was used on the original sample vial to calculate the actual mass of 1
dissolved. The diluent was added to the flask and manually agitated to
facilitate dissolution. Generally, the complexant did not dissolve
immediately and was left to sit for approximately 1 h. If the
complexant was not fully dissolved after 1 h, the solution was
sonicated for S min. Various concentrations of 1 were prepared from
the concentrated stock solution in 1.0 or 2.0 mL of Class A volumetric
glassware.

Aqueous Phase. Eight concentrated stock solutions of **'Am?*
were prepared in various concentrations of HNO; (0.25—5.0 M).
These *!Am** stock solutions were used throughout this study to
spike the working aqueous phase of matching [HNO,]. Initial counts
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Figure 2. **'Am** and "“*Eu** (D)- as a function of (a) contact time (organic phase: [Complexant 1] = 25 mM dissolved in Exxal-8, aqueous
phase: [HNO; ], = 1 M with **Am* and "*Eu® tracers), (b) initial HNOj(,q) concentration; organic phase: [Complexant 1] = 25 mM
dissolved in Exxal-8, aqueous phase: [HNO; ], = 0.25—5 M with *!Am** and "**Eu’" tracers, contact time = 1 h, (c) initial ligand concentration
(organic phase: [Complexant 1] = 6.25—75 mM dissolved in Exxal-8, aqueous phase: [HNO;] ;i = 1 M with **' Am*" and "S*Eu’* tracers, contact

time = 1 h, and (d) initial ligand concentration log—log plot.

of the aqueous phase were generally 3400 cpm/200 L. This method
was repeated for '$*Eu®*.

Extraction. Equal volumes (0.6 mL) of the organic and active
aqueous phases, in that order, were added to a 1.5 mL microcentrifuge
tube. Centrifuge tubes were capped and wrapped in the parafilm and
then placed on a pulsing vortex shaker at 1700 rpm for the
appropriate time. After the allotted time on the vortex shaker, the
samples were centrifuged for five min to achieve phase separation.
The organic and aqueous phases were transferred to separate 1.5 mL
centrifuge tubes with a disposable fine-tip transfer pipet. A 200 uL
aliquot of each phase was transferred to a counting tube, with
sampling performed in duplicate.

Gamma Spectroscopy. A 2470 Wizard2 automatic gamma counter
with a 3 inch NaI(Tl) source was used for the determination of the
2 Am®* and '**Eu®" activity of the samples. Samples were counted for
10 min, or until total counts reached 10000, and the instrument
software relayed the results as counts per minute (CPM). The
distribution ratios of a given metal ion (D) were calculated
according to eq 1, where metal concentration, [M], is the net CPM of
either the organic phase (numerator) or aqueous phase (denomi-
nator). Separation factors (SF) were calculated using eq 2. Values are
reported in figures as an average of duplicate samples, with error bars
representing uncertainties calculated at 20 from the counting error.
The Supporting Information in this work provides further detail.
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Decomplexation. An initial liquid—liquid extraction was
performed following the method described above in the solvent
extraction section, with the exception of volumes being increased
from 600 to 800 uL. A 700 uL aliquot of the ** Am**-loaded organic
phase was transferred to a new microcentrifuge tube, and an equal
volume of HNO; was added. The concentration of HNO; was varied.
The phases were contacted on a vortex mixer (1700 rpm) for 60 min,
followed by S min of centrifugation. The phases were separated and
analyzed following the method described in the solvent extraction
section.

UV—vis Titration. UV—visible spectrophotometric titrations were
performed in a 3 mL, 1.00 cm path length quartz cuvette using a Cary
5000 UV—vis spectrophotometer. For each titration, an appropriate
volume of a 1.5 X 10~> M Ln(NO,); (Ln = Nd, Eu, or Ho) solution
in 99% acetonitrile/1% water (v/v) was added to 2.0 mL of a 1.5 X
1075 M solution of 1 in the same solvent system. A wavelength scan
from 225 to 450 nm at a scan rate of 100 nm per minute and a S data
point average were taken of the free (uncomplexed) complexant after
each titration. The sample was manually agitated for three min after
each titration to ensure complete complexation. The titration was
complete when the variation in the absorbance became negligible.
Raw spectra were baseline corrected with OriginPro software and
imported into HypSpec™® software for the determination of stability
constants by nonlinear regression curve fitting.

Single-Crystal X-ray Diffraction. A 1.00 mL, 4.81 X 107> M
solution of Nd(NO;); (0.0211 g, 4.81 X 10~° mol, 1.13 equiv) was
prepared in acetonitrile/ethanol (0.9 mL CH,CN, 0.1 mL EtOH-
9.00:1.00 v/v, 0.03 M). A (1.00 mL, 426 X 10~2 M) solution of 1
(0.0353 g, 4.26 X 107> mol, 1.00 equiv) was prepared separately in
acetonitrile. The solution of 1 was heated at 40 °C for two min for the
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complexant to completely dissolve. The Nd(NO,); solution was
slowly added to the vial containing the 3,3-dibutyloxy-BTP, gently
agitated, and left to sit for 1 week. After 1 week, the cap was
punctured to facilitate the evaporation of the solvent over the course
of 34 days to afford the crystalline material, which was used for
crystallographic studies.

B RESULTS AND DISCUSSION

Solvent Extraction Experiments. An equilibration study
of 1 at 25 mM in 1 M HNOj(,,) was executed, resulting in the
data disseminated in Figure 2a. Equilibration of this system in
Exxal-8 was reached in 60 min with a D, = 2.6 for **'Am>".
Further complexant contact time did not promote additional
extraction with this diluent. The Dg, range of 0.013—0.017
remained relatively constant throughout the analysis. With
confirmation of the optimization contact time of 60 min
observed, effort was focused on performing a [HNOs,q)] study
to ascertain the utility of 1 dissolved in Exxal-8 at higher acid
concentrations (Figure 2b).

As delineated, the extraction of *Am>' from the acidic
aqueous phase to the organic phase was more efficient at
increasing HNOj(,) concentrations, in opposition to con-
temporary BTPs. Complete extraction of **'Am*" was not
realized in Exxal-8, although extraction approached 81%. The
percent extraction of **’Am* in the organic phase, which was
benchmarked to the initial counts per minute (CPM),
increased from 38% at 0.25 M HNOj(,y to 59% at 0.50
HNOj;(,g) to as high as 81% at S M HNOj(,q). A Sp(am/E) >
100 was observed at all acid concentrations. Dy, resulted in a
comparable trend to D,,,,, where an increase in distribution was
observed as a function of increasing acid concentration, with
the largest D, observed at S M HNOj(,q) corresponding to a
5% extraction of '**Eu’* based on initial CPM.

Additional experimentation evaluated the D, effect at 1 M
HNOj(,q) as a function of [1] (Figure 2c). A series of
experiments which varied the concentration of 1 while
maintaining constant [HNO3(,)] at 1 M for a 60 min contact
time were performed, resulting in higher observed D, and
Dg, as a function of the increased concentration of 1. An error-
weighted linear regression was performed, resulting in a slope
of the log—log plot of 2.08 + 0.12 (Figure 2 (d)) for **'Am**
and suggesting a 2:1 ligand—metal complex (eq 3). The
extraction of "**Eu®* was not detected (i.e., the net CPM of the
organic phase were below the critical limit) until the
concentration of 1 reached 25 mM, thereby supporting
minimal "**Eu’* extraction.

MAmE) + 3NO;™ + n1 o [MAm(NO,); (1), s )or

©)

Complexants displaying high affinity for the minor An over
Ln frequently bind the former so tightly that the ability to
modulate [HNO,] for the purposes of An deposition in the
aqueous phase for decomplexation to complete the separation
cycle often requires the use of competitive decomplexation or
stripping agents. Interested in ascertaining the feasibility of
An*" stripping from complexed **'Am*" with 1, conditions
were explored leading to the results delineated in Figure 3a,b
below.

An initial separation experiment of 1 in Exxal-8 (25 mM)
and 5 M HNO3(M£) was performed to load the organic phase
with complexed “*'Am. The data observed in Figure 3a
correlated **'Am®" activity (CPM) of the loaded organic phase
after the initial extraction of **'Am*" in § M HNO;, (Figure 3a,
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Figure 3. (a) Extraction and Decomplexation of **!Am*" Studies in
Exxal-8 at Various [HNO;(,)], Complexant 1 (25 mM) dissolved in
Exxal-8 as the organic phase, **'Am** and '**Eu®" tracers, and 4 M
HNOj(,q) prior to contact with the organic phase. The initial
concentration of HNOj;,q) varied from 1.00 X 107°-1.00 X 107' M
and (b) extraction and decomplexation of *!Am*" in Exxal-8§ at 10
mM HNO;,, for three successive decomplexations, followed by
2! Am** re-extraction with the original complexant.

red) following the standard separation experiment described in
Figure 2¢ and **'Am** activity (CPM) of the decomplexed
organic phase after 60 min contact time with an inactive
aqueous phase of [HNO;(,q)] at 1.00 X 107°-1.00 X 107" M
(Figure 3a, blue). When the [HNO;(,p)] reached 10 mM,
26.3% of the bound **'Am>* had transitioned from the Exxal-8
organic phase to the aqueous phase, thereby demonstrating
proof of principle regarding the potential for An decom-
plexation, most notably without phase modification or
competitive ligand exchange to facilitate placement of the An
back in the aqueous phase.

The results in Figure 3a substantiated 10 mM as the slightly
preferred HNO;(,) concentration, and a second decomplex-
ation study was performed to determine if additional **'Am®*
could be decomplexed with subsequent additions of fresh
HNO;(,q) and if 1 could be recycled for an additional
extraction (Figure 3b). Each additional aqueous phase was
added in equal volume to the organic phase and contacted for
60 min. The results revealed that a total of 98.2% of the initial
*IAm’" extracted from the initial organic phase was
decomplexed within three washes with 10 mM HNO;(,q).
Complexant 1 was able to be recycled for a second extraction
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Figure 4. (a) UV—vis spectra of 1 upon the addition of Nd(NO,);. Solvent system 99% acetonitrile/1% water (v/v). [1] = 1.5 X 107° M,
[NA(NO,);] = 7.5 X 1077 to 4.5 X 10~° M, (b) UV—vis Spectra of 1 upon addition of Eu(NO,);. Solvent system 99% acetonitrile/1% water (v/v)
solvent system. [1] = 1.5 X 107> M, [Eu(NO;);] = 7.5 X 107" to 4.5 X 10> M, and (c) UV—vis Spectra of 1 upon addition of Ho(NOj3);. Solvent
system 99% acetonitrile/1% water (v/v) solvent system. [1] = 1.5 X 107> M, [Ho(NO;);] = 7.5 X 1077 to 4.5 X 10™° M.

with comparable D,,, values of 5.9 and 5.5 for the initial and
second extractions, respectively.

In summary, separation of *!Am*" with 1 from a biphasic
system via liquid—liquid extraction was productive, and the
separation cycle for this system could be completed with a high
degree of efficacy via decomplexation experiments in Exxal-8.

At the conclusion of liquid—liquid separation experiments,
research focus shifted toward spectroscopic measurements of
the unbound complexant as well as the bound metal/ligand
complex with Nd**, Eu**, and Ho* as cold Ln surrogates
(early, middle, and late) to **Am*, in addition to measuring
their stability constants, log .°**°

Spectroscopic Measurements. UV—visible spectromet-
ric titrations with 1 were initiated to investigate the
complexation behavior with Ln(NO,);, Nd** (Figure 4a),
Eu®" (Figure 4b), and Ho®" (Figure 4c) in a 99:1 CH,CN/
H,0 (v/v) solution.”® By monitoring the change in UV—vis
spectra of 1 titrated with Ln*", the metal—ligand complexation
can be detected. HypSpec software was leveraged to evaluate
the spectra and calculate the associated stability constants of
each Ln’" species.

Absorbance peaks of free (uncomplexed) 1 (red line) appear
at 245 and 303 nm. Upon addition of Ln(NO;);, the peaks
displayed bathochromic shifts to 260 and 316 nm, respectively.

The pattern in the spectral shifts was common for each Ln**
analyzed (Figure 4a—c). A lack of well-defined isosbestic
points indicated the presence of more than two species in
solution with overlapping but distinct absorption spectra.

Factor analysis of the spectra in HypSpec implicated five
significant factors for Nd** and Eu®" and four for Ho*".”” In
each case, the final factor displayed excessive noise in the
eigenvector plot, and its singular value was well below unity
(107 to 1073%) and, therefore, was excluded from the model.
Initial models were run with consideration of two complexes,
ML and ML2, and successfully returned the best fits for all
spectra.28 A third complex, ML3, was added to the model, and
a best fit was obtained for Nd*" and Eu*'. However, the model
convergence failed for Ho®". This result supported the factor
analysis, where one extra factor was observed for Nd** and
Eu®". The calculated stability constants are displayed in Table
1. An increase in the stability constants was observed from
Nd** to Eu®, and a decrease was noted for Ho®". This bell-
shaped variation along the Ln series has been observed by
other N-donor BTP ligands.”

Single-Crystal X-ray Crystallography. Successful crystal
formation was secured via a vapor deposition experiment of 1

Table 1. Stability Constants (log f) for the Formation of
Nd(III), Eu(IIL), and Ho(III) Complexes with 1(L) at 298
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+ 1K

metal reaction log p

Nd* L + Nd&* = NdL* 6.98 + 0.02
2 L + Nd* = NdL,* 12.75 + 0.03
3L+ Nd* = NdL,;* 16.60 + 0.07

Eu’* L + Eu** = Eul® 7.68 + 0.02
2 L + Eu®* = Eul,™ 13.50 + 0.03
3L+ Eu’* = EuL;* 18.80 + 0.07

Ho** L + Ho*" = HoL* 5.90 + 0.05
2 L + Ho* = HoL,*" 11.40 + 0.06

with Nd(NO,);, resulting in crystals of a suitable polymorph
which were effectively studied by SC-XRD (Figure S). These

Figure 5. Single-crystal X-ray diffraction of the Nd(NO;); 3,3'-
butyloxy BTP complex at the 50% probability level.

results revealed that the metal was stabilized by two inner and
one outer sphere interactions with NO;™ anions in the crystal
structure. The Nd*" center was bound to two discrete ligands
of 1 (Table 2). Although direct correlation between the solid
state and solution phase bond angles of the bound metal—
ligand complex is not always commensurate,’” a working
hypothesis was that the edge-7 stacking of the 5,6-diaryl rings
and extended alkoxy side chains impacted the necessary
molecular topography to accentuate the solubility of the free
ligand and bound metal-ligand complex in the diluent
evaluated. The outer sphere NO;™ interaction suggested that

https://doi.org/10.1021/acs.inorgchem.3c02061
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Table 2. Single-Crystal X-ray Crystallographic Data and s
Refinement Parameters for [Nd(1),(NO;™),] N P-o
parameter data 2P s )]:;u } ..
empirical formula Ci0.H 10N ;NdO 'f#) > )&\ 4,{; jf S
CCDC number 2267981 2 P9 e ;; .
formula weight 1990.30 "&6,‘{)* = 4 ;{ }‘#‘) a 43:{-3 /‘j
temperature/K 120(2) 5 ‘/J;k\{.‘ ﬂ(\ 4’3:) w2 //\4‘ -
crystal system triclinic a2 y ‘.‘“: "‘5: : T{J e
space group Pl f—J\J W ’).j S
wavelength 1.54178 A :4» ’ ?
unit cell dimensions a =16.6761(17) A PR
b=172185(13) A 2% 24 "54&)‘
¢ =17.7859(16) A N 4 {,\ ;

a = 100.076(4)°
B =102.773(5)°
y = 92.110(5)°
4888.6(8) A®

Z 2

volume

density (calculated) 1352 gem™
absorption coefficient (u) 4.670 mm™
F(000) 2074

crystal color, habit orange, tablet
0.108 x 0.089 X 0.018 mm®
2.593 to 72.941°

—20<h<20,-21<k<21,-17<1<522

crystal size
0 range for data collection

index ranges

reflections collected 121,218

independent reflections 19,352 [R;,, = 0.1081]
completeness to & = 67.679°  100.0%

absorption correction Numerical

0.7668 and 0.53

full-matrix least-squares on F
19352/72/1280

1.031

R, = 0.0626, wR, = 0.1581
R, = 0.0743, wR, = 0.1660
n/a

1.317 and —0.994 e~-A™3

max. and min transmission
refinement method
data/restraints/parameters
goodness-of-fit on F*

final R indices [I > 26(I)]
R indices (all data)
extinction coefficient

largest diff. peak and hole

ligand back-bonding may assist in stabilizing the charge of
Nd*" such that only two NO;™ ions are required in the inner
coordination sphere in the solid state but three overall to
balance total charge (Figure S).

DFT Calculations. The atomic coordinates obtained from
the SC-XRD data were used for the initial structural
minimizations for DFT. Geometry optimizations to further
refine structures for the M>*(1), complexes with **'Am®
(Figure 6) underscored the integration of experimental results
obtained from synthesis and separations with computational
methods. The topography of the DFT-minimized complex
reinforced the concept of bipolar complexation, whereby the
hydrophobic alkyl groups adjacent to the aromatic substituents
at the 5,6-position of the 1,2,4-triazine facilitated more
favorable interaction with the nonpolar diluent, Exxal-8,
whereas the polar N-core set up well for selective chelation
of 2Am3*

The complexation of *Eu®* and **'Am’" with the
complexants 1 (one or two complexants per metal) and H,O
or NO;~ to complete the inner coordination sphere was
studied using DFT" with the hybrid B3LYP functional®” in
conjunction with the 28(***Eu**) and 60(**'Am*") core
electron Stuttgart effective core potentials (ECP) and
corresponding basis sets.”> The DFT-optimized DZVP2**
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Figure 6. DFT geometry optimized structure of the **'Am(NO,);-
3,3'-butyloxy BTP complex.

basis set was used for H, C, N, and O. This combination of
DEFT functionals and basis sets/ECPs has been demonstrated
to work well previously.”> Gas phase-free energies were
assessed by using vibrational frequency calculations, which
were subsequently incorporated in solvation calculations. The
quasiharmonic approximation from Truhlar and co-workers
was employed to correct the entropy associated with low-
frequency vibrational modes; these are numerous in such large,
sterically crowded structures. In this approach, all harmonic
frequencies below 100 cm™ were raised to 100 cm™" before
evaluation of the vibrational component for entropy.*® Solvent
effects were treated using a self-consistent reaction field®” with
the conductor-like screening model (COSMO).*® Default
Klamt radii*” were used for all atoms, except the fblock
elements. The solvation radii used for **Eu’* and **'Am*
were 2.007 and 2.205 A, respectively. Solvents were chosen as
representative of the aqueous and organic phases of the
liquid—liquid extraction described above.** The AGy,, in
solution (AG,,) complexation energy was calculated as the
sum of the gas phase free energy (AGy,) and the AG due to
the solvent determined from the COSMO calculation (AG,,)
in eq 4.

solv

AGy, = AGy,, + AG, (4)
Previous work, validated by Extended X-ray Absorption Fine
Structure (EXAFS) and Raman spectroscopy measurements,
has shown that nine is an appropriate coordination number for
aqueous f-block elements, although Eu(III) can have
coordination numbers (CN) from 8 to 9.*' To ensure a
consistent comparison, CN = 9 was selected for the hydrated
metal ion for both **Eu** and > Am**. Several reactions were
explored to gain insight into the stability of the resulting
metal—ligand complexes. The separation factors were obtained
from Reaction 1 for the monocomplexant case with five H,O,
Reaction 2 for the dicomplexant case (supported by UV—
visible spectroscopic and separation studies) with two H,0O
molecules, and Reaction 3 for the dicomplexant case with two
nitrates (supported by SC-XRD and separation studies).

[M(H,0), 13 [ML(H,0),I**

- [M(Hzo)9]3+ + [ML(HZO)5]3+ (R1)

https://doi.org/10.1021/acs.inorgchem.3c02061
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Table 3. Comparative Analysis of 1 with Various Hydration and Complexant/Metal Ratios

M — M Keq,aq Keq,but Keq,aq Keq,but Keq,aq Keq,but
Reaction R1 Reaction R2 Reaction R3

Am — Eu 7.2 3.6 14 x 1073 2.1 X 1073 3.5 x 1072 3.6 X 1072

[M(H20)9]3+ + [MLz(H20)2]3+ Raw data for separations and spectroscopic studies,
- . - statistical analysis, single-crystal X-ray diffraction data,
= [M(H,0),]"" + [ML,(H,0),] (R2) and copies of 'H and C NMR spectra for new
compounds (PDF)

¢ 3+ +
[M(H,0),"" + [ML,(NO;),] Accession Codes

— [M(H,0),* + [ML,(NO,),I* (R3) CCDC 2267981 contains the supplementary crystallographic

The results in Table 3 demonstrated that when five H,O are
present in the inner coordination sphere for the mono-
complexant with (1), **Eu’* is preferred over **'Am*', in
contrast to the experiment, which results in the opposite
observation. When two complexants are present, *'Am®" is
clearly preferred over '**Eu’* independent of whether there is
an H,O or NO;~ counterion in the first solvation shell. When
one complexant is present with multiple H,O molecules,
charge transfer between '*Eu’" and the complexant is
predicted, resulting in a redox process to generate Eu®* and
an oxidized complexant with “*Eu®" having an f’ config-
uration. The presence of the additional complexant, or NO;~,
stabilizes the charge (+3) on the Eu, so no charge transfer
occurs. Thus, the coordination shell of the cation can impact
selectivity and needs to be further explored.

B CONCLUSIONS

In summary, the solubility of 1 in Exxal-8 was a first for an aryl-
substituted BTP. The incorporation of hydrocarbon function-
ality along the aromatic backbone of the complexant allowed
for improved solubility and performance. The robust stability
of the complexant to hydrolytic degradation was usurped only
by the outstanding performance in separating the minor An
*Am** from "S*Eu®* from simulated SNF with high D values
and SF. Recovery of the separated An through decomplexation
studies and subsequent comparable recycled extraction
furthered the understanding of minor An separations from
Ln in biphasic systems. Crystallographic analysis of the metal/
ligand complex implied a high degree of ligand back-bonding
in the case of lanthanides, resulting in two inner and one outer
sphere anion interactions, while spectroscopic experiments
highlighted complex properties with various Ln*". DFT
calculations showed that if only water is present in the inner
coordination sphere, Eu(IIl) is favored over Am(III) due to a
metal—ligand redox process to generate Eu(II). When nitrates
or a second ligand are present, the metal—ligand redox process
is shut down, and Am(III) is preferred over Eu(III).
Application of this new class of BTP complexants to the
separation of other relevant An, including Cm, Bk, cf,, and Es,
is ongoing and will be reported in due course.
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