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Origin of Selectivity of a Triazinyl Ligand for Americium(lll) over

Neodymium(lIl)

David Dan, Cristian Celis-Barros, Frankie D. White, Joseph M. Sperling, and Thomas E. Albrecht-Schmitt *

Abstract: [M(EtBTP);][BPh4]s-3CH;CN (M = Nd, Am; EtBTP = 2,6-
bis(5,6-diethyl-1,2,4-triazin-3-yl)pyridine) have been synthesized
from a reaction of MCl;-nH,O with EtBTP in acetonitrile followed by
anion metathesis. Structural analysis reveals that these compounds
contain M*" cations bound by tridentate EtBTP ligands to create a
tricapped trigonal prismatic geometry around the metal centers.
Collection of high-resolution, single crystal X-ray diffraction data also
allowed for reduction in bond distance esd’s such that a slight
contraction of A = 0.0158(18) A in the Am-N versus Nd-N bond
distances is observed even though these cations ostensibly have
matching ionic radii. Theoretical evaluation revealed enhanced
metal-ligand bonding through back donation in the [Am(EtBTP)s]*
complex that is absent in [Nd(EtBTP)3]*".

The importance of separating Am" from Ln" (Ln =
lanthanide) cations stems from the need for more sensible and
efficient nuclear fuel cycles. The recycling of used nuclear fuel
centers on the extraction of reusable uranium and plutonium
through PUREX-like processes, and their re-use as mixed-oxide
(MOX) nuclear fuels.™! However, storing the remaining waste
after this extraction is non-trivial because it is composed of
fission products such as *°Sr, **’Cs, and lanthanides, as well as
the so-called minor actinides, neptunium, americium, and
curium; the latter actinides forming via neutron capture. After
extraction of uranium and plutonium, the bulk of the waste
consists of either stable isotopes or ones with relatively short
half-lives, with notable long-lived exceptions that include *°Tc (t,
=2.11 x 10° y) and ***Cs (t,, = 2.3 x 10° y).

In contrast, americium is mostly present in the form of
21am, which possesses an intermediate half-life of 432.2 v.
Neutron capture and [ decay processes primarily from the
parent isotope **'Pu create >1.3 kg of americium per ton of
typical used nuclear fuel.? Thus, the term “minor actinide” is
inappropriate for americium and probably needs to be discarded
in its entirety. Arguments can be made that it represents an
energy resource for fast neutron reactors where it can be
fissioned, and that its removal from nuclear waste dramatically
decreases the long-term radioactivity of a repository. However,
the primary driving force justifying its extraction is the heat load
that it creates in nuclear repository scenarios. Accordingly,
separating americium from post-PUREX nuclear waste streams
has become a focal point of radiochemical interest.

Nitrogen-donor ligands, in contrast to traditional oxygen
donors, such as phosphonates and organophosphates, have
been the subject of increased attention over the past several
decades because of their potential use in f-block separations.
These complexes possess the added benefit of incineration
leading solely to the formation of actinide oxides; thereby
reducing the volume of radioactive waste in repositories. One
particularly promising family of ligands that falls into this class
are the tridentate, nitrogen-rich chelators, based on the bis-
triazinyl pyridine (BTP) platform.E®! Certain BTP derivatives can
belllIJ[s3eg to achieve high separation factors of >100 for Am" over
Eu™.""

[a] D. Dan, Dr. C. Celis-Barros, Dr. F. D. White, J. M. Sperling, Prof. Dr.
T. E. Albrecht-Schmitt
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The separation of americium from both other actinides as
well as lanthanides was achieved by the late 1940’s using
column chromatography and selective precipitation.””? However,
resin-based methods seldom scale well to the large levels
needed in the industrial recycling of used nuclear fuel where
liquid-liquid extraction has traditionally been preferred. At a
fundamental level, if one is to design selective chelators for Am"
to be used in biphasic extraction, the first step is to understand
its coordination chemistry, which until a decade ago was poorly
established.® ! The large ionic radius of 1.108(4) A for eight-
coordinate Am",®! and the availability of a large number of
frontier orbitals (5f, 6p, 6d, 7s, and 7p) that could potentially be
involved in bonding gives rise to rich coordination chemistry with
americium. Careful design of ligands that target either the cation
size or even specific geometries around the metal centers has
led to the development of potentially viable complexants for
Ln/Am, Am/Cm, and Ln/Cm separations.>™*!

In this regard, it has been noted that m-back bonding
occurs between a singly occupied 5f orbital from Am" and a
pyridyl nitrogen atom in N-2-pyridylmethyl-diethylenetriamine-
N,N’,N",N"-tetraacetic acid (DTTA-PyM) that is absent in
lanthanide complexes.*® These studies augment recent work
by Adam et al. that made use of a *N-labeled BTP derivative to
probe the solution complexation of Am".*1 Considerably larger
5N NMR shifts were noted in the americium complex than with
the corresponding lanthanides. It was inferred that this arose
from a greater degree of entanglement of the Am" valence
orbitals with ligand-based orbitals in the Am"-BTP complex.
However, a solid-state structure of an Am"-BTP complex has yet

to be reported. Thus, in this work we provide this information as
well as a theoretical framework for understanding the interaction
and a BTP derivative.

between Am"

Figure 1. A view of the [AM(EtBTP)3]** cation in [AM(EtBTP)3][BPhyls-3CH:CN
with 50% percent probability ellipsoids with hydrogen atoms omitted for clarity.

Nd" is often used as a structural analog of Am" because
of their overlapping ionic radii.® Thus, it is not surprising that
[Nd(EtBTP)3][BPh4]5-3CH3CN and [AM(EtBTP)3][BPh4]s-3CH3;CN
are isomorphous. These compounds crystallize with unusually
high symmetry for molecular systems and are found to adopt
tetragonal symmetry in space group l4:/a. Despite a number of
rather thorough investigations of [Am(BTP)s** and related
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complexes,*"?! a crystal structure has not been reported. We
found that the key to growing crystals was to shorten the length
of the side chains to just ethyl, and to use [BPh4]™ as the counter
anion for crystallization. This anion would be expected to form
intermolecular -1 interactions with EtBTP ligands, and this is
observed with the closest contact distance between a EtBTP
ligand and an [BPhy]™ anion at 3.412(4) A. The co-crystallized
acetonitrile solvent molecules aid in filling the voids between
these rather large cations and anions.

The [M(EtBTP)s]* (M = Nd, Am) complexes are nine-
coordinate with distorted tricapped trigonal prismatic geometries
and approximate D; symmetry, and are thus chiral as expected
for any tris-chelate. The centrosymmetric space group indicates
that the crystals are a racemic mixture and that spontaneous
resolution has not occurred during crystallization. A view of the
A enantiomer is shown in Figure 1 for the [AmM(EtBTP)s]*"
complex. The binding by the EtBTP ligand to the M*" centers
occurs through one pyridine moiety and one nitrogen atom from
each of the azinyl pendant groups. The Nd-N(pyr) and
Am-N(pyr) bond distances are 2.5712(13) and 2.5569(18) A,
respectively. Whereas the Nd-N(azi) and Am-N(azi) bond
distances are 2.5751(13) and 2.5648(17) A, respectively. The
average Nd-N and Am-N bond distances are 2.5776(13) and
2.5618(18) A, yielding A = 0.0158(18) A, which was previously
not detected in EXAFS data obtained from these complexes in
solution.”>?®  Thus, if one assumes that the ionic radii of Nd"
and Am" actually overlap, then additional factors are
contributing to contracting the Am-N bonds. Similar
observations have been in other N-donor systems with Nd"' and
Am" as well as in chalcogen-based ligands systems when
trivalent lanthanide and actinides are compared.”*?! we will
show that the contraction of the Am-N bonds is the result of
back bonding between 5f orbitals the EtBTP ligands similar to
that observed in the Am" DTTA-PyM complex.™™®

Table 1. Assignment of main f-f transitions according to SO-CASSCF wave
functions (in nm).

[Nd(EtBTP)3** [AM(EtBTP)4]**
Transition Wavelength Transition Wavelength
*lo — *Fa2 870 Fo—"F4 1030
*lo — *Fs2 800 "Fo— "Fs 810
*lo — 2Hypp 740 "Fo — *Do+Lg 525

*lo — G2+ “Gsp 580

o — 2Kysp 520

The solid-state absorption spectra of both compounds
reveal a broad band that spans from ~350 nm to 475 nm as
shown in Figure 2. The Amax for this broad peak occurs at 400
nm for both [Nd(EtBTP)3][BPh4]s-3CH3CN and
[AM(EtBTP)3][BPh4]s-3CH3CN. This feature is consistent with a
Laporte-allowed, charge-transfer band as well as intra-ligand
transitions of the EtBTP ligand. In the case of
[Nd(EtBTP)3][BPh4]3-3CH3CN this broad band is followed by the
f-f Nd** transitions.”® The characteristic "Fo—°Ls transition of
Am* g at 503 nm is shifted in the solid-state spectra of
[AM(EtBTP)3][BPh,]s-3CH3CN to 524 nm. "]

Calculated TD-DFT absorption spectra for [Nd(EtBTP)s]**
and [AM(EtBTP)s]** show strong similarities with respect to the
experimental results provided in Figure 3. However, the f-f
transition region is not predicted well by TD-DFT, which is
expected if these transitions involve a change in the multiplicity.

WILEY-VCH

Furthermore, the broad band in the 300-500 nm range was
slightly adjusted for a better fit in the Nd analog (~40 nm) with
respect to the experimental data. Table S1 shows the primary
transitions involved in the absorption spectra. The nature of the
orbitals involved in these transitions are represented in Figure 3,
where the mixing is shown in percentages. Orbitals composed
purely by ligand orbitals are referred to as 1 or * depending on
their occupation.
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Figure 2. UV-vis-NIR absorption spectra of [AmM(EtBTP);][BPh,]s-3CH3;CN
(black) and [Nd(EtBTP)3][BPh4]3-3CH3CN (red) obtained from single crystals.

According to these TD-DFT results, the f-orbitals are not
purely metal-based in nature and are mixed with ligand orbitals.
Two kinds of mixed orbitals were found in these transitions;
orbitals strongly dominated by ligand contributions, and orbitals
strongly dominated by the metal, mf and of, respectively (see
Figure 4). The broad band can be decomposed into three main
transitions according to their oscillator strengths. The first is at
~290-300 nm and shows —1* and m—Tf for both complexes.
Even though these transitions belong to the same type in the
Nd" and Am" complexes, the participation of the f-subshell in
the Nd" complex is negligible. Moving toward the visible region
(350-400 nm), one can observe the main difference between
these two complexes. [AM(EtBTP)s]** shows transitions
attributable to back donation, whereas [Nd(EtBTP)s]** only has
those attributable to T—f.?#?% |t is clear from these results
that [Am(EtBTP)s]*" displays a different electronic structure than
[NJ(EtBTP)3]** based on the involvement of the f-subshell. The
inability of TD-DFT to reproduce f-f transitions is addressed by
SO-CAS, where the low-lying states are provided in Table S2.
Likewise, f-f transitions involved in the experimental absorption
spectra were assigned through the SO-CAS wave function
(Table 1) and agree with those reported elsewhere.F%

Moreover, the nature of the ground states is also different
for  both  complexes. [Nd(EtBTP)s]**  possesses a
multiconfigurational quartet ground state, while [Am(EtBTP)s]**
has a multireference ground state that is 78% septet and 18%
quintet. This is not unexpected because actinides are subjected
to stronger spin-orbit coupling than lanthanides, where SOC
constants ({) are 765.3 and 2656.3 cm™ for [Nd(EtBTP)s]** and
[AM(EtBTP)3]**, respectively.
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Figure 3. Calculated TD-DFT absorption spectra for [Nd(EtBTP)3]3+ (red
dashed line) and [Am(EtBTP)3]3+ (black dashed line). Dashed lines represent a
gaussian fitting of the TD-DFT transitions (vertical lines). Experimental data is
presented in solid lines.

Ab-initio Ligand Field Theory (AILFT) analysis was also
employed to understand how the one-electron F* interelectronic
Slater-Condon Parameters are shifted from the free-ion upon
complexation. Table 2 contains values for F?, F*, F® and ¢ for
free and complexed Nd" and Am" ions. Any reduction in the F
parameters are indicative of a relaxation of the electron
repulsion by increasing correlation between the ligand and the
metal that can be seen as an increase in covalency. According
to Jung and coworkers,®! decrements with respect to the free

ion larger than 6% are considered as meaningful covalent bonds.

In this case, neither [Nd(EtBTP)s]** nor [Am(EtBTP)s]** present
such a significant reduction. However, the latter displays twice
the reduction of the former, which is consistent with our TD-DFT
calculations supporting back donation in [AM(EtBTP)s]*". This is
in line with the fact that back donation interactions are usually
weaker than forward donation, and both are able to reduce the
repulsive interaction between electrons.

m/r*

fo

3 a

g

Am — 70-80% 5f

Am — 12-25% 5f

2-5% 6d 0-5% 6d

Nd— 0-5% 5f
0-4% 6d

Figure 4. Tyg)es of orbitals involved in the absorption spectral features of the
[Nd(EtBTP)3]** and [AmM(EtBTP)s]** complexes.
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Table 2. Slater-Condon parameters (Fk) and spin-orbit coupling constants
derived from Ab-initio ligand field analysis. All values are given in cm™.

F? F F° I
Nd®** free ion 99793.6 62590.0 45016.2 772.8
[Nd(EtBTP)3]** 98366.9 61657.3 44450.2 765.3
Reduction 1.4% 1.5% 1.3% 1.0%
Am®" free ion 82389.8 53831.1 39517.8 2725.9
[AM(EtBTP)5]*" 79973.8 52196.2 38846.1 2656.3
Reduction 2.9% 3.0% 1.7% 2.6%

To obtain a broader picture of bonding in these complexes,
topological properties were calculated by means of QTAIM using
the SO-CAS wave functions. Table S3 summarizes the main
QTAIM parameters where it is possible to note subtle
differences in the nature of the electron density localized in the
bond critical points (BCPs). The electron densities are similar
along all BCPs, but their Laplacian values show considerable
differences reflected in H(r) values. These results indicate that
despite of the similar electron density accumulation in the BCPs,
[AM(EtBTP)s** presents more covalent character than
[Nd(EtBTP)3]** because of the stronger predominance of the
potential energy in those BCPs over Lagran(];ian kinetic energy.
Therefore, the selectivity of EtBTP for Am" over Nd" can be
attributed to differences in bonding, and the role of the electrons
in the f-subshell, where the effects of back donation manifest in
the shortened the Am—N bond distances in [Am(EtBTP)s]*".

In summary, a crystal structure of an [Am(BTP)s*'
derivative has been obtained through truncation of the BTP side
chains and anion metathesis with [BPhs]". While this complex
and its Nd" analog are isomorphous, the Am" molecule has
shorter M-N bond distances than observed with Nd" by
0.0158(18) A. In both cases the ability to refine datasets to low
esd’s contributed to the statistical significance of this deviation.
This was made possible by the high quality of the crystals and
the resultant high mean I/, especially at higher than normal
diffraction angles. Electronic structure calculations and QTAIM
analysis of these complexes supports that the shortened Am—-N
bonds may be a consequence of back bonding between 5f
orbitals and the EtBTP ligands as has been observed in other
pyridyl ligands.™8*

Experimental Section

Caution! Working with 2**Am (t,, = 7370 years) presents potential risks
because of its a and y emission and the emission from its daughter ***Np
(t2=2.35 days). All of this work was conducted in a Category Il Nuclear
Hazard Facility. All manipulations were conducted according to
established and approved radiochemical procedures.

Synthesis of 2,6-bis(5,6-diethyl-1,2,4-triazin-3-yl)pyridine. 2,6-bis(5,6-
diethyl-1,2,4-triazin-3-yl)pyridine was synthesized by procedure provided
in Ref 15. with the only variation being the utilization of 3,4-hexanedione
to reduce the length of the alkyl side chains.

Synthesis of MClz:nH,O (M = Nd, Am). Multiple 200 pL aliquots of
conc. HCI were added to Nd2Os; (10.0 mg) or **AmO, (3.0 mg) and
fumed to residues at 150 °C.
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Synthesis of [M(EtBTP)3][BPhy4]3-:3CH3CN (M = Nd, Am). Ina 6 mL
glass vial, 10.0 mg (27.9 pmol) of NdCl;-nH,O or 2.5 mg (10.3 pmol) of
AmCls-nH,O were dissolved in 1 mL of acetonitrile and a few drops of
ethanol were added to aid in dissolving the metal salt. This solution was
then added to a mixture of 29.2 mg (83.6 pmol) of EtBTP and 50.0 mg of
LiBPh,4 for Nd or 10.8 mg (30.9 pmol) of EtBTP and 18.4 mg of LiBPh, for
Am dissolved in 2 mL of acetonitrile. The resulting solution was allowed
to slowly evaporate overnight yielding large yellow prisms of
[Nd(EtBTP)3][BPh4]3-3CH3CN in 77.3 mg (82% vyield based on Nd) or
reddish-pink prisms for [AM(EtBTP)s][BPh4]s-3CH3CN.

Viscous immersion oil was used to adhere single crystals of
[Nd(EtBTP)3][BPh4]3-3CH3sCN  and [Am(EtBTP)3][BPha]s-:3CH3CN  to
MiTeGen® mounts. They were then optically aligned on a Bruker D8
Quest X-ray diffractometer using a digital camera. Initial intensity
measurements were performed using a IuS X-ray source (Mo Ka, A =
0.71073 A) with high-briliance and high-performance focusing
multilayered optics. QUEST software was used for determination of the
unit cells and data collection control. The intensities of reflections of a
hemisphere were collected by a combination of multiple sets of
exposures (frames) for [Nd(EtBTP)s][BPh4]3-3CH3CN. The standard

hemisphere collected on Quest systems limits the resolution to ca. 0.77 A.

The unusually intense diffraction from [Am(EtBTP)s3][BPh4]s-3CH3CN
facilitated the collection of higher-than-normal resolution diffraction data
and the strategy program was used to calculated high-angle shells with
high data redundancy.

A Craic Technologies microspectrometer was used to collect the
absorption data from single crystals. Single crystals were submerged in
immersion oil and placed on a quartz slide in order to collect the optical
data. Absorption spectra of [Nd(EtBTP)s][BPh4]3-:3CH3CN  and
[Am(EtBTP)3][BPh4]3-3CH3CN were collected from single crystals of each
compound in the EM region from 350 to 1350 nm. Some Am'"
compounds luminesce when irradiated with short wavelengths.
Photoluminescence from [AmM(EtBTP)3][BPh4]3-3CH3sCN  was  not
observed regardless of excitation wavelength or data collection
temperature (down to 79 K),

Computational Details. In order to properly model the electronic
structure and properties f-block coordination complexes, it is necessary
to account for relativistic, ligand, and correlation effects. In order to do so,
post-Hartree-Fock methods are recommended in order to account for as
much correlation energy as possible. Complete Active Space Self-
Consistent Field (CASSCF) calculations have successfully reproduced
ground and excited states for f-element complexes as well as capturing
ligand-field effects. Scalar relativistic effects are usually considered using
the second-order Douglas-Kroll-Hess (DKH2) Hamiltonian and spin-orbit
coupling (SOC) by state interaction via QDPT. The ORCA 4.0.1.2
package®® was used to calculate single- and multi-determinant wave
functions. Density Functional Theory (DFT) wave functions were used as
starting wave functions to obtain CASSCF wave functions. The Ab-initio
Ligand Field Theory (AILFT) module in the ORCA package was used to
calculate one-electron Slater-Condon parameters and spin-orbit coupling
constants. Am and Nd were modeled using the hybrid PBEO functional
with the SARC-TZVP basis set, while the ligands were modeled using the
def2-TZVPP set. Fractional Occupation Density (FOD) analysis®” was
used to determine which orbitals to include in the active space. As
expected, the neodymium only required the f-subshell to properly model
its properties. In the case of Am, the DFT wave function showed more
orbital overlap than expected. Thus, two different active spaces were
calculated. The first active space only included the seven 5f orbitals,
CAS(6,7) while the second included the seven 5f orbitals plus two ligand
orbitals with 5f contribution, CAS(6,9).

WILEY-VCH

Using the resulting spin-orbit corrected wave functions (SO-CAS),
Bader's Quantum Theory of Atoms in Molecules (QTAIM)®® was used to
analyze the bonding properties of the Nd" and Am" complexes.
Parameters derived from QTAIM were calculated using the MultiWFN
program.®® The most common QTAIM parameters reported are the
electron density, p(r); the Laplacian of the electron density, V2p(r); the
localization, A(M); and delocalization 5(M-L) indexes. However, V2p(r)
values have been proven to always be positive for f-element compounds,
whereas purely covalent bonds are characterized by negative V2p(r)
values. Instead, energy density parameters give more useful information
regarding the nature of the interaction, where if potential energy density,
V(r), predominates over the Lagrangian kinetic energy, G(r), the total
energy density will be negative and a certain degree of covalency can be
attributed to that bond.

Time Dependent DFT (TD-DFT) wave functions were also calculated to
identify transitions involved in the absorption spectra. Two functionals
were tested, CAM-B3LYP and BP86. Both functionals produced the
same absorption spectra with no evidence of f-f transitions. However,
these transitions were predicted using the SO-CAS wave function.
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