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Complexation of Pu(lV) with the actinide extractant CyMe;-BTPhen
(bis(5,5,8,8-tetramethyl-5,6,7,8-tetrahydro-1,2,4-benzotriazin-3-
yl)-1,10-phenanthroline) was followed by UV/vis spectroscopy in
acetonitrile solution. The solid-state structure of the crystallized
product suggests that Pu(lV) is reduced to Pu(lll) upon
complexation. Analysis by DFT modeling is consistent with metal-
based rather than ligand-based reduction.

Processing of irradiated spent or used nuclear fuel
(SNF/UNF) allows the separation and recovery of the actinide
elements in order to maximize the resources available to
generate civil nuclear energy.! Some advanced concepts such
as partitioning and transmutation propose to ‘burn-up’ long
lived minor actinides with the benefit of reducing the radiotoxic
lifetime and geological footprint of waste that

permanent disposal.?2 Transmutation first requires the difficult

requires

separation of trivalent actinides from lanthanides that act as
neutron poisons. Employing complexants that offer primarily
soft donor atoms, such as nitrogen or sulfur, can exhibit very
high An3+ wvs. Ln3* Extractants that show
considerable promise for this separation include 6,6'-bis-
(5,5,8,8-tetramethyl-5,6,7,8-tetrahydro-1,2,4-benzotriazin-3-
yl)-2,2'-bipyridine (CyMey4-BTBP) and 2,9-bis(5,5,8,8-
tetramethyl-5,6,7,8-tetrahydro-1,2,4-benzotriazin-3-yl)-1,10-
phenanthroline (CyMe4-BTPhen).3 It is important to understand
the chemistry of all of the relevant actinide elements towards
such extractant molecules because some processes propose a
group actinide separation step where plutonium may be
present along with other actinides.*

selectivities.
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CyMe,-BTPhen

Herein, we describe coordination chemistry studies of the
neutral polydentate CyMes-BTPhen and CyMes-BTBP nitrogen
donor ligands towards Pu(lV). Solution speciation is probed by
electronic absorption spectroscopy, and solid-state molecular
structure determined by single crystal X-ray diffraction, leading
to evidence for reduction of Pu(lV) to Pu(lll). Electronic
structure of the Pu complex with CyMes-BTPhen is probed by
DFT calculations.

In biphasic solvent extraction systems, plutonium is usually
intended to be extracted as Pu(lV) and then back-washed as
Pu(lll) following addition of an appropriate
Therefore, we set out to examine the coordination chemistry of
Pu(IV) with the aim of elucidating the nature and speciation of
complexes that might be extracted into an organic phase. In
order to facilitate the isolation and structural characterization
of a plutonium complex with CyMe4sBTPhen, solid [N(n-
Bu)s]2[Pu(NOs)s] was chosen as a readily prepared, well
characterized, organic solvent soluble, Pu(lV) precursor for
complex synthesis.> Nitrate was selected as the anion source
because it is the most relevant to nuclear fuel cycle solvent
extraction mechanisms, which most commonly employ nitric
acid as the aqueous phase.l The chosen solvent was MeCN
because of the good solubility of both Pu starting material and
ligand, and the fact that knowledge already exists about the
stability and reactivity of [N(n-Bu)]2[Pu'V(NOs)s] in MeCN.>

CyMe,4-BTPhen dissolves in MeCN (expedited by gentle
heating), with a solubility limit of at least 0.017 M. Figure 1 (blue
line) shows the vis—NIR spectrum of CyMe,4-BTPhen dissolved in

reductant.?
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MeCN. Metal-ligand complexation resulted from addition of an
MeCN solution of [N(n-Bu)s]2[Pu(NOs)s] to 1 equiv of CyMey-
BTPhen in MeCN, leading to formation of a brown solution
(Figure 1).
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Figure 1. Solution electronic absorption spectra of CyMey-

BTPhen dissolved in MeCN (blue), 18.3 mM [N(n-

Bu)4]2[Pu(NO3)e] dissolved in MeCN (green), and 1:1 8.45 mM

Pu:CyMe,s-BTPhen immediately after combining in MeCN (red).

Heating the solution had no significant effect upon the vis-NIR
spectrum suggesting that the reaction reached completion at
room temperature (a peak at 840 nm increased in intensity after
heating but we attribute this absorption to an impurity — see
later discussion regarding the vis-NIR spectrum of the pure solid
Pu-CyMes-BTPhen complex, for which the 840 nm peak is
absent). Following work-up of the reaction solution (see Sl),
large dark brown crystalline blocks were obtained, revealed by
single-crystal  X-ray diffraction to be [Pu"(CyMes-
BTPhen),(NO3)][Pu'V(NOs)s]-4MeCN (Figure 2), a mixed-valent
Pu(lll/1V) complex salt. The solid-state structure shows that the
anion is the well-established [Pu'V(NOs)s]> complex that has
been characterized several times in the past; the Pu-O bond
lengths and O-Pu-0 angles are consistent with those previously
observed.>¢ Since the identity of the Pu(lV)-containing anion is
unambiguous, we assign the ‘formal’ oxidation state of Puin the
cation as Pu(lll). The cation carries a 1+ charge and contains a
Pu(lll) center complexed to two CyMes-BTPhen ligands, with
each ligand binding in a tetradentate mode through four N
donor atoms. The ten-coordinate inner sphere is completed by
an O-bound bidentate nitrate group. The geometry about the
Pu(lll) center is best described as distorted bicapped square
antiprism with N(5) and N(13) occupying the capping positions.
In addition, there are four unbound MeCN molecules per
complex in the lattice.
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Figure 2. Thermal ellipsoid plot of the solid-state structure of
[Pu(CyMes-BTPhen),(NOs)][Pu'V(NO3)s]-4MeCN. The
[PU'v(NOs)e]?~ anion, lattice solvent, and H atoms have been
omitted for clarity.

The Pu-O distances of the coordinated nitrate anion are
2.593(5) and 2.581(5) A, indicating that it is symmetrically
bound rather than the asymmetric coordination mode that has
been observed in some other Pu-nitrate complexes.” The
distances are the order of 0.1 A longer than the Pu-O distances
for coordinated nitrate in the [Pu'V(NOs)e]>~ anion. This
lengthening would be expected for Pu(lll) vs. Pu(lV). However,
different coordination numbers and ligand environments in the
cation vs. anion preclude this observation being conclusive
evidence of reduction to Pu(lll), except to note that the
lengthening is consistent with the expected weaker Pu(lll)-NOs
vs. Pu(IV)-NOs electrostatic interaction. Indeed, comparison to
non-anionic Pu(lV) molecules containing coordinated nitrates
reveals an inconsistent pattern in the bond distances,
suggesting that steric influences within the molecules have a
greater impact on the Pu-Onirate lengths than purely
electrostatic interaction. For example, in the Pu(lV) complex
[Pu(NO3)(NOPOPO),]2* (NOPOPO = 2,6-
[(CeHs)2P(O)CH,]2CsH3NO), the asymmetrically bound nitrates
have ‘short’ distances of 2.425(4) and 2.429(4) A while the ‘long’
distances are 2.710(5) and 2.824(5) A (each shorter or longer
than those in the Pu(lll) complex reported herein).” In another
Pu(lV) cationic complex, [Pu(NOs)3;(NOPO),]** (NOPO = 2-
[(CeHs)2P(O)CH,]CsH4NO), the nitrates are more symmetrically
bound with distances ranging from 2.446(4) to 2.582(4) A (the
latter value falling within the range of the Pu(lll) complex
herein).2 Unfortunately, there are no examples of Pu(lll)
coordinated to nitrate to allow comparison to an ‘established
Pu'-NO3" bond length, highlighting basic bonding knowledge
gaps that are still prevalent in molecular plutonium chemistry.

The tetradentate bonding mode of the CyMes-BTPhen
ligand in [Pu(CyMes-BTPhen)>(NOs)]?* is defined by Pu-
N (phenanthroline) distances ranging from 2.580(5) to 2.656(5) A and
Pu-N(triaziny)) distances ranging from 2.591(5) to 2.648(5) A. These
bond lengths are consistent with those of the most closely
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related Pu(lll) complex for comparative
[Pu(tpza)ls(MeCN)] (tpza = tris[(2-pyrazinyl)methyllamine, a
tetradentate neutral N-donor), which contains Pu-N(romatic)
distances ranging from 2.644(7) to 2.668(6) Aand a Pu-Naliphatic)
distance of 2.618(6) A.2 From a charge balance perspective and
the unambiguous nature of the [Pu'V(NOs)s]> anion present in

purposes,

the crystal structure it appears that complexation of the CyMe,-
BTPhen ligand favors reduction of Pu(lV) to Pu(lll), forming a
more stable complex than Pu(lV) under these particular
reaction conditions. The presence of [Pu'V(NOs)e]> in
[Pu(CyMes-BTPhen),(NOs)][Pu'V(NOs)s] is readily explained by
the fact that a 1:2 metal:ligand complex is formed but only 1
equivalent of CyMes-BTPhen was added in the synthesis,
leaving unreacted [Pu'V(NOs)s]? from the starting material in
solution. Attempts to add excess equivalents of CyMe4-BTPhen
to achieve complete complexation of all the Pu(lV) starting
material were not successful in leading to tractable products.
The [Pu''(CyMes-BTPhen),(NO3)][Pu'V(NOs)e] structure type
obtained is very similar to examples of Ln(lll) complexes that
have recently been reported, e.g. [Ln(CyMes-
BTPhen),(NO3)][Ln(NOs)s] (Ln = Eu, Pr).3°

The [Pu"(CyMes-BTPhen);(NOs)][PuV(NOs)s] compound was
further characterized by acquiring the diffuse reflectance vis—
NIR spectrum of the solid crystals (Figure 3, blue) and comparing
it to the crystals dissolved in MeCN solution (Figure 3, green).
The electronic transitions are essentially identical, suggesting
very similar or identical speciation in the solid vs. solution phase
and that the complex remains intact upon dissolution. Some
absorbance bands characteristic of [Pu'V(NOs)e]? (e.g., 491 and
744 nm) are absent from both the solid state and solution
spectra of this compound. Their absence from the solid-state
spectrum is consistent with what was previously observed for
[N(n-Bu)4]2[Pu'V(NOs)s] (Figure 3, black).> One interpretation for
their absence from the solution spectrum is that the nitrates are
displaced by acetonitrile solvent molecules, but the previously-
observed similarity of spectra of [Pu'V(NOs)s]> in MeCN and
concentrated aqueous nitric acid suggests this is not the case.
The vis-NIR spectrum of the initial reaction solution (Figure 3,
red) is also essentially identically with the exception of the
additional ‘impurity’ peak at 840 nm, which suggests that the
1:2 complex is also prevalent in solution before crystallization.
Crystals of the 1:2 complex were also dissolved in aqueous 1 M
HCI (Figure 4, red), and interestingly, rather than a reversion to
an electronic transition profile typically observed for Pu3* ‘aquo’
speciation, the complex appears to remain intact. The vis—NIR
spectrum of the mother liquor solution from which the crystals
were grown (Figure 5, red) is also broadly consistent with the
absorption bands observed for the pure product. However, it
should also be noted that, in addition to the dark brown crystals
that were obtained, a lighter brown solid powder also
precipitated during crystallization. This solid did not redissolve
in MeCN, and remain uncharacterized. Crystals of [Pu"(CyMes-
BTPhen),(NOs3)][Pu'V(NOs)s] were dissolved in CD3CN and the H
NMR spectrum recorded. Definitive assignment of the peaks is
difficult the electronic
configuration of Pu(lll) ions (see SI for discussion and tentative

because of paramagnetic  5f°

assignments). Crystals were grown from the CD3CN NMR

This journal is © The Royal Society of Chemistry 20xx

measurement solution and the unit cell checked to ensure that
it was identical to [Pu'"'(CyMes-BTPhen),(NOs)][Pu'V(NOs)sl,
meaning that the complex likely intact upon
dissolution. The Supplementary provides
additional spectrophotometric titration UV/vis/NIR spectra
under different solution conditions following complexation of
Pu to CyMes-BTPhen and the related CyMes-BTBP ligand. The
results indicate that when aqueous acidic sources of Pu(lV) are
added to MeCN solutions of the ligand (rather than using the
anhydrous [N(n-Bu)s]2[Pu'V(NOs)e] starting material) there is
evidence for proton competition for the ligand and addition of
base is required to induce complexation and formation of 1:2
species. Complexation, in turn, induces reduction of Pu(IV) to
Pu(lll), consistent with the observed crystal structure. The
reduction is corroborated by direct addition of Pu(lll) to an
MeCN solution of the ligand giving a resultant vis-NIR spectrum
with very similar features to those obtained from Pu(lV)
addition.
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Figure 3. Vis—NIR diffuse reflectance spectra of solid
[Pu(CyMe,s-BTPhen),(NOs3)][Pu'V(NOs)s]-4MeCN (blue
spectrum, right axis) and solid [N(n-Bu)s]l2[Pu(NOs)e] (black
spectrum, right axis, +0.25 offset). The solution electronic
absorption spectra of the above crystals dissolved in MeCN
(green spectrum, left axis, 4x scaled) and of the initial 1:1 8.45
mM Pu:CyMes-BTPhen reaction solution in MeCN (red
spectrum, left axis) are shown for comparison. The 841 nm band
evident in the initial reaction solution spectrum is absent in the
product spectra.
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Figure 4. Solution electronic absorption spectra of the initial 1:1
8.45 mM Pu:CyMe,4-BTPhen reaction solution in MeCN (black,
1/5 scaled), and of the [Pu(CyMegy-
BTPhen),(NOs)][Pu'V(NOs)s]-4MeCN solid product redissolved in
MeCN (blue) or 1 M HCI (red). The characteristic Pu3*(aq) bands
at 561, 601, 665 nm are not clearly evident in the red spectrum.
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Figure 5. Solution electronic absorption spectrum of the mother
liquor from which the crystals were grown (red). Spectra of the
initial 1:1 8.45 mM Pu:CyMes-BTPhen reaction solution in MeCN
(black, 1/5 scaled) and of the [Pu'(CyMes-
BTPhen),(NO3)][Pu'V(NOs)s]-4MeCN solid product redissolved in
MeCN (blue) are show for comparison.

In order to shed further light on the oxidation state of Pu
upon ligand coordination, especially since the source of the
apparent reduction is unknown, density functional theory (DFT)
calculations were performed on the experimentally isolated
[Pu(CyMes-BTPhen),(NO3)]?* - containing cation. The
optimized structure predicts Pu-O distances of 2.533 and 2.540
A, and Pu-Nphenanthroline) distances in a range of 2.640-2.672 A,
and Pu-N(iazinyy distance in a range of 2.645-2.743 A, in
reasonable agreement with the experimentally determined
solid-state structure. Mulliken spin density analysis for the Pu
(I11) complex shows a net spin density of 5.06 on Pu centre

4| J. Name., 2012, 00, 1-3

consistent with a 5f> Pu(lll) configuration and neutral BTPhen
ligands. Correspondingly, the five singly occupied natural
orbitals, showing the unpaired spin density in the molecule, are
Pu localized orbitals with over 97% 5f character as shown in
Figure S10. This finding supports the experimental assignment
of the structurally determined [Pu''(CyMes-BTPhen),(NO3)]?*
cation as containing a Pu(lll) cation and neutral CyMe4-BTPhen
ligands. Besides, this also confirms that reduction happens on
the metal centre rather than at the ligand.

In summary, the first structural characterization of a
plutonium complex with the CyMes-BTPhen polydentate N-
donor extractant reveals unanticipated spontaneous reduction
of Pu(lV) to Pu(lll). The findings are relevant to any separation
strategies that consider group actinide separations in which Pu
is co-extracted along with minor actinides, namely, that
plutonium may be extracted as Pu(lll) rather than Pu(lV)
depending upon the nature of the extractant and solution
conditions.

We thank the U.S. Department of Energy, Office of Science,
Early Career Research Program (A..G., S.D.R., contract DE-
AC52-06NA25396), the Office of Basic Energy Sciences,
Chemical Sciences, Geosciences, and Biosciences Division,
Heavy Element Chemistry Program (A.J.G., E.R.B., contract DE-
AC52-06NA25396).
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Experimental Details.

General.

Plutonium (of predominantly 2%°Pu isotopic composition) solutions were purified using
anion-exchange chromatography to give aqueous Pu(IV) solutions in HNO3z or HCI. The plutonium
solution concentration and oxidation state were determined by measuring the vis—NIR spectrum
of a solution sample diluted in 1.0 M HCIO4.!

A Varian Cary 6000i spectrophotometer with a fixed spectral bandwidth of 0.2 nm was
used to record solution electronic absorption spectra at ambient temperature. Solid diffuse
reflectance spectra were collected using a Varian Cary 6000i with installed Internal Diffuse
Reflectance Accessory. *H NMR spectroscopy was performed using a Bruker Avance 300 MHz
spectrometer. The ligands 2,9-bis(5,5,8,8-tetramethyl-5,6,7,8-tetrahydro-1,2,4-benzotriazin-3-yl)-
1,10-phenanthroline (CyMes-BTPhen) and 6,6’-bis(5,5,8,8-tetramethyl-5,6,7,8-tetrahydro-1,2,4-
benzotriazin-3-yl)-2,2’-bipyridine (CyMes-BTBP) were prepared and purified by previously
published procedures, using the CyMes-BTPhen dihydrate form for the plutonium studies in this
work.? Acids and organic solvents were purchased commercially and used as received.

Synthesis of [Pu'''(CyMes-BTPhen)2(NO3)][Pu'V(NOz)s]-4MeCN. [N(n-Bu)s]2[Pu(NOs)s]
was dissolved in MeCN (1.37 mL, 25.1 umol Pu'V) and filtered, then added dropwise to a stirred
suspension of CyMes-BTPhen (14.0 mg, 23.5 umol) in 1.6 mL MeCN. The CyMes-BTPhen
dissolved as the Pu was added and the solution turned from yellow to brown. This 1:1 Pu:CyMea-
BTPhen solution in MeCN was gently heated for 30 min, concentrating the solution in the process.
The solution was then put through a series of evaporations and redissolution procedures in an
attempt to grow X-ray diffraction quality single-crystals of the product. Success was achieved by
vapor diffusion of Et,O into an MeCN (1.5 — 2.0 mL) solution of the product. Large dark brown
crystals were obtained along with some light brown powder precipitate. These crystals were used
for structural determination of [Pu"'(CyMes-BTPhen)2(NOs3)][Pu'V(NOs)s]-4MeCN and also for
vis-NIRcharacterization. The synthesis was repeated to provide fresh crystals that were used for
NMR characterization.

UV-vis—NIR (diffuse reflectance, solid) Amax, Nm: 605, 642, 671, 779, 828, 859 (sh), 877, 912,
940, 1067, 1132.



UV-vis—NIR (in MeCN solution) Amax, Nm: 610, 642, 674, 783, 826 (sh), 857, 875, 910, 941,
1062, 1131.

'H NMR (crystals dissolved in CDsCN): 9.67, 8.82, 8.49, 8.05 (all 4 resonances broad, in the
expected region for phenanthroline aromatic protons, 2 x 6 protons, relative integrals are 2:1:1:2,
respectively), multiple broad resonances 2.0 — 1.0 (the region where CH> protons are observed on
the cyclohexyl ring), 1.29 (exterior methyl groups in cyclohexyl ring, 4 x CHs), -0.12 and -0.64
(possibly due to the interior 4 x CH> protons). A broad resonance at 2.67 ppm is also present as an
impurity in freshly acquired CD3CN, and, therefore, is disregarded as not attributable to the Pu-
BTPhen complex. The NMR spectrum was acquired in CD3CN because the crystalline complex
was only sparingly soluble in non-coordinating solvents such as CD2Cly, and it should also be
noted that the crystals were not as soluble in CD3CN as they appeared to be in CH3CN, even when
heated at 50 °C.

Due to the inability to definitively assign all resonances to exact and account via integration
for all of the protons expected to be observed based on the crystal structure for [Pu''(CyMes-
BTPhen)2(NO3)][Pu'v(NOs)e], it was possible to directly crystallize the product from the NMR
solution in CD3CN and confirm that the unit cell of these crystals matched those used for full
structural determination (i.e. to make sure that repeating the synthesis to provide an NMR sample
did not inadvertently produce a different product). In addition to the unit cell matching, the X-ray
data was refined to the point where molecular connectivity was established and verified to be
identical to [Pu"'(CyMes-BTPhen)2(NOs)][Pu'V(NOs)s]. This leads to the conclusion that the
paramagnetism has rendered some signals unobservable and/or prevents accurate relative integral

values.

Experimental methods/sample preparation for reactivity studies of CyMes-BTPhen with
plutonium, followed by vis-NIR spectrophotometry. [N(n-Bu)s]2[Pu(NOs)s] solids were
prepared by adding 2 equiv [n-BusN][NOs] to an aqueous Pu(IV)/HNO3 solution to give green
precipitates which were dissolved in MeCN (residual HNO3z may be present in the solid). These
solutions were then utilized for the addition of different equivalents of the CyMes-BTPhen ligand
under different conditions of time, temperature and solvent, with the vis-NIR spectra recorded with

each variable as described in the results section.



For the studies that compared Pu(1V) and Pu(ll1) reactions with CyMes-BTPhen, the ligand (8.4
mg, 14 umol) was dissolved with heating in 2.7 mL of MeOH. An aqueous Pu(1V)/HCI solution
(9.5 uL, 3.9 umol Pu'Y) was added to a stirred 0.70 mL aliquot of the above methanolic CyMes-
BTPhen solution (3.7 umol CyMes-BTPhen). This solution was combined with a second 0.70 mL
aliquot of the above methanolic CyMes-BTPhen solution. Four days later the solution was allowed
to slowly evaporate to give crystals which diffracted but for which no unit cell could be obtained.
An aqueous Pu(l11)/HCI solution was prepared by reducing a Pu(IV)/HCI solution over mercury-
zinc amalgam. Vis—NIR spectroscopy was used to determine Pu concentration and to verify
complete reduction to Pu(lIl). A 141.8 uL aliquot of this Pu(111)/HCI solution (3.9 umol Pu'"") was
added to a stirred 0.70 mL aliquot of methanolic CyMe4-BTPhen solution (3.7 umol CyMes-
BTPhen) and the vis—NIR spectrum was recorded immediately and again 3.5 hrs later. Again, no

single crystals of X-ray diffraction quality could be obtained from this solution.

Experimental methods/sample preparation for reactivity studies of CyMes-BTBP with
plutonium as followed by vis-NIR spectrophotometry. [N(n-Bu)a]2[Pu(NOs)s] was dissolved in
MeCN (386 pL, 10.9 umol Pu'v) and then added to a stirred yellow solution of CyMes-BTBP (5.8
mg, 10.9 umol) in 2.0 mL MeCN, causing the resulting solution to turn a slightly darker yellow
color. This 1:1 Pu:CyMes-BTBP solution was stirred at room temp and its vis—NIR spectrum was
recorded at various time intervals. One day later a second equiv of CyMes-BTBP was added and
the vis—NIR spectrum was again followed over time. Attempts to grow crystals by evaporation and

Et,O vapor diffusion yielded only powders and poor-quality crystals.

Additional spectrophotometric titrations of [N(n-Bu)s]2[Pu(NO3)s] with CyMes-BTPhen, not
fully detailed in the main manuscript text. In order to further explore the reaction of plutonium
with the CyMes-BTPhen ligand in solution, vis-NIR spectra were recorded under several different
reaction conditions and reagent stoichiometries.

The spectrum of [N(n-Bu)a]2[Pu(NOz3)e] dissolved in MeCN solution, followed by addition of
aliquots of a CyMes-BTPhen solution in MeCN (Figure S1), caused the initially-green Pu solution
to turn a clear yellow color. At this point the spectra display a few changes but largely resemble



uncomplexed starting material. The solution was then stirred for 18 hrs to allow equilibrium to be
reached (Figure S1, black). Subsequent heating of this solution caused the 840 nm ‘impurity’ peak
to appear (Figure S2, green) and the peaks in the 600—700 nm region changed in relative intensity
to more closely match the red spectrum of Figure S2, suggesting that heat was necessary in this
case to drive complex formation. One possible reason for this observation could be proton
competition that arises as a result of residual acid present from the preparation of [N(n-
Bu)4]2[Pu(NOz3)e] (see experimental details). Further support of this proposition is provided by
addition of NH4OH, which causes the 840 nm peak to disappear (Figure S2, blue and red). A brown
powder precipitated from this solution overnight, and further attempts to filter and concentrate this
solution yielded more powder with no crystalline solid. Given the relative sharpness and position
of the 840 nm peak, it could be speculated that it has its origin from the presence of a Pu(VI)
species. This would be consistent with the observation that after hydroxide addition neutralizes the
residual acid then the Pu(VI) is reduced upon complex formation with CyMes-BTPhen, which
favors an oxidation state of Pu(lll).

In a separate follow-up experiment, [N(n-Bu)a]2[Pu(NOs)e] and 1 equiv of CyMes-BTPhen were
combined in MeCN and the vis-NIR spectrum was recorded at various times (Figure S3 dark blue
and red traces). A second equiv of CyMes-BTPhen was then added and the spectrum was again
recorded at various times (Figure S3 light blue, pink and black traces). After 6 days, the solution
was heated before addition of a third CyMes-BTPhen equiv (Figure S4). While the addition of the
second equiv of CyMes-BTPhen causes the peaks centered at 580-680, 780 and 940 nm to increase
in intensity and the [Pu(NOz3)s]> peak at 744 nm to disappear, the third equiv of CyMes-BTPhen
does not cause similar increase in peak intensity, suggesting a 1:2 complex is the limiting species,
as has been previously observed in Cm(lll) and lanthanide(lll) complexation studies with
CyMes-BTPhen.?3
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Figure S1. Spectrophotometric titration of CyMes-BTPhen into a [N(n-Bu)4]2[Pu(NOs)e]/MeCN
solution. Electronic absorption spectra of 6.9 mM [N(n-Bu)s]2[Pu(NOz3)s] dissolved in MeCN
(green), 0.8 equiv CyMe4-BTPhen added (blue, 5.1 mM Pu), 1.6 equiv CyMes-BTPhen added (red,

4.0 mM Pu), and final solution after stirring 18 hrs at room temp (black).
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Figure S2. Solution electronic absorption spectra of 1:1.6 Pu:CyMes-BTPhen in MeCN before
and after heating and adding NH4OH. Black: Before heating (5.1 mM Pu). Green: After heating.
Blue: 40 eq. NH4OH added (relative to Pu). Red: 50 equiv NH4sOH added.
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Figure S3. Solution electronic absorption spectra of [N(n-Bu)s]2[Pu(NOz)s] in MeCN before and
at various times after adding 1 and then 2 equiv CyMes-BTPhen. Green: 28.1 mM [N(n-
Bu)4]2[Pu(NOz)e] in MeCN. Dark blue: 1:1 Pu:CyMes-BTPhen immediately after mixing (5.3 mM
Pu). Red: Same 1:1 solution 1 day later. Light blue: 1:2 Pu:CyMes-BTPhen immediately after
adding second equiv CyMes-BTPhen (5.3 mM Pu). Pink: Same 1:2 solution 1 day later. Black:

Same 1:2 solution 6 days later.
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Figure S4. Solution electronic absorption spectra of Pu:CyMes-BTPhen in MeCN before and after
adding 3" equiv CyMes-BTPhen. Green: 1:2 Pu:CyMes-BTPhen before heating (~6.6 mM Pu).
Blue: Same 1:2 solution after heating. Red: 1:3 Pu:CyMes-BTPhen immediately after adding third
equiv CyMes-BTPhen. Black: Same 1:3 solution 3 hrs later.



A UV-vis titration of Pu into CyMes-BTPhen in acetonitrile provided further support for 1:2
Pu:CyMes-BTPhen complex formation (Figure S5). CyMes-BTPhen dissolved in acetonitrile
exhibits absorbance maxima at 261 and 295 nm. As the first 0.5 equiv Pu are added, the 261 nm
absorbance shifts to 267 nm, the 295 nm peak drops in intensity, and isosbestic points are observed
near 231, 265, and 284 nm. Further Pu additions have less effect on the spectrum but do cause the
isosbestic points to disappear. This behavior is analogous to what was previously observed for
trivalent lanthanides?® and suggests that a 1:2 Pu:CyMes-BTPhen complex forms when Pu is first

added, some of which subsequently dissociates as excess Pu is added.
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Figure S5. Solution electronic absorption spectra for the titration of 1.00 mL of 2x10° M CyMey-
BTPhen with 4x10~* M [N(n-Bu)a]2[Pu(NO3)s] (MeCN solvent).

As mentioned in the main text of the communication, in order to support assignment of the Pu
oxidation state in the cation of the structure of [Pu(CyMes-BTPhen)2(NO3)][Pu!¥(NO3)s],
complexation of CyMes-BTPhen with Pu(lll) and Pu(IV) was compared in MeOH as the primary
reaction medium. A HCI source/stock solution of Pu was chosen to facilitate comparison of both
oxidation states. HCI was used in these experiments because HNOs is incompatible with the Hg/Zn
amalgam reductant used to prepare the Pu(lll) stock solution (trivalent plutonium in nitric acid
solution is difficult to stabilize). Aqueous Pu(IV)/HCI solution was spiked into a methanolic
solution containing 1 equiv CyMe4-BTPhen, causing the solution to change color from yellow to

gold, and the vis—NIR spectrum was recorded over time (Figure S6). After combining with a



second equiv of methanolic CyMes-BTPhen, the vis—NIR spectrum was again measured over time
(Figure S6). The peak at 943 nm increases in intensity with time and the addition of a second
CyMes-BTPhen equiv. While the peaks below 740 nm do not appear to change significantly in
shape, they do increase in intensity. The electronic absorption profiles are different to those
attributed to the Pu complexes in MeCN solution using [Pu(NOs)s]?> as the Pu(IV) precursor, but
are all consistent with each other and again appear consistent with the formation of only one
complex. A Pu(lI1)/HCI source was prepared by reduction of Pu(IV)/HCI over Hg/Zn amalgam
and spiked into methanolic CyMes-BTPhen, resulting in a brown solution (Figure S7) similar in
color to what is observed when [N(n-Bu)4]2[Pu(NOz3)s] reacts with CyMes-BTPhen in MeCN. The
data does not definitively demonstrate that starting with either Pu(l11) or Pu(IV) leads to identical
products upon reaction with CyMes-BTPhen, but despite a few differences in the observed
transitions, overall there are very similar absorbance bands that provide support for the conclusion
that Pu(lV) is reduced upon complexation to the ligand. These spectra from Pu/HCI sources also
allow the conclusion that the bands in the 550-750 nm region do indeed arise from Pu complexes
with the CyMes-BTPhen ligand, rather than from the [Pu(NOs)s]? starting material (the spectra
from experiments described in previous sections that used the hexanitrate precursor also contain
similar bands in the 550-750 nm region, which resulted in some ambiguity as to whether these
were attributable to a Pu complex with the CyMes-BTPhen ligand or unreacted [Pu(NO3)s]*

anions).

Absorbance

||'|rlrl[r|r|[||r||||||||r||||r|r'|||||-.|
600 800 1000 1200
Wavelength (nm)



Figure S6. Solution electronic absorption spectra of the reaction of Pu(IV)/HCI with 1 and then 2
equiv CyMes-BTPhen in MeOH. Green: Intial 1:1 Pu:CyMes-BTPhen solution (5.9 mM Pu). Blue:
Same 1:1 solution 3.5 hrs later. Red: 1:2 Pu:CyMe4-BTPhen immediately after adding second
equiv CyMes-BTPhen (2.8 mM Pu). Black: Same 1:2 solution 3 days later.
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Figure S7. Solution electronic absorption spectra of the reaction of Pu(lll)/HCI with 1 equiv
CyMes-BTPhen in MeOH, and comparisons to Pu(lIV) reactions. Light Blue: Aqueous 4.6 mM
Pu(lIl) in 1 M HCI. Green: Intial 1:1 Pu(l11):CyMes-BTPhen solution (4.6 mM Pu). Red: Same
1:1 solution 3.5 hrs later. Black: Spectrum of Pu(IV)/HCI reacted with 2 equiv CyMes-BTPhen in
MeOH, 3 days after reaction started. Dark Blue: Crystals of [Pu''(CyMes-
BTPhen)2(NO3)][Pu’V(NOs)s]-4MeCN dissolved in MeCN (2x scaled and offset by —0.04

absorbance units for legibility).

[N(n-Bu)a]2[Pu(NO3)s] CyMes-BTBP spectrophotometric titration. Previous work has
demonstrated that, compared to the phenanthroline-based CyMes-BTPhen ligand, the less-rigid
bipyridine-based CyMes-BTBP analog exhibits slower complex formation.? Here, for comparison
with CyMes-BTPhen, we followed the reaction of [N(n-Bu)4]2[Pu(NOs)e] with 1 and then 2 equiv
of CyMes-BTBP in MeCN by vis-NIR spectroscopy (Figure S8). Spectra recorded at the same
time intervals for the reactions of CyMes-BTPhen and CyMes-BTBP with [N(n-Bu)a]2[Pu(NO3)e]
in MeCN were compared (Figure S9). The similar band positions suggest that the Pu coordination

10



environment is similar for both the CyMe4-BTBP and CyMes-BTPhen complexes, and that Pu(l11)
is also formed in the CyMes-BTBP reaction. Absorbance bands attributed to the Pu-CyMes-
BTPhen complex also show a greater intensity increase after a similar reaction time, which
suggests a faster initial CyMes-BTPhen reaction rate (Figure S9). These relative rates of complex
formation are consistent with previous observations. Attempts to grow crystals from the Pu-

CyMe4-BTBP reaction suitable for X-ray diffraction were unsuccessful.
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Figure S8. Solution electronic absorption spectra of 1:1 and 1:2 Pu:CyMes-BTBP in MeCN. Pink:
1:1 Pu:CyMes-BTBP immediately after mixing (4.5 mM Pu). Green: Same 1:1 solution 1 day later.
Blue: 1:2 Pu:CyMes-BTBP immediately after adding second equiv CyMes-BTBP (4.5 mM Pu).
Black: Same 1:2 solution 1 day later. Red: Same 1:2 solution 6 days later.
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Figure S9. Solution electronic absorption spectra of the reaction of [N(n-Bu)s]2[Pu(NOs)e] in
MeCN with 1 equiv of CyMe4-BTBP (red) or CyMes-BTPhen (blue). The dotted lines show the
solutions at the start of the reaction while the solid lines are 3 hrs later. The molar absorptivity is

based on the total Pu concentration in solution.

Crystal Data Acquisition. The crystal was coated in Paratone-N oil, mounted inside a 0.5
mm diameter quartz capillary, the ends sealed with capilliary wax, the exterior of the capillary
coated with acrylic to provide multiple containment to mitigate the health hazards of plutonium.
The reflection data were collected on a Bruker Platform diffractometer with 1k CCD, and the
crystal was cooled to 140 K using a Bruker Kryoflex liquid nitrogen cryostat. The instrument was
equipped with a sealed, graphite monochromatized MoKa X-ray source (A= 0.71073 A), and
monocapillary optic. A hemisphere of data was collected using ¢ scans, with 30 second frame
exposures and 0.3° frame widths. Data collection and initial indexing and cell refinement were
handled using SMART software*. Frame integration, including Lorentz-polarization corrections,
and final cell parameter calculations were carried out using SAINT software.® The data were
corrected for absorption using the SADABS program.® Decay of reflection intensity was monitored
via analysis of redundant frames. The structure was solved using Direct methods and difference
Fourier techniques. All hydrogen atom positions were idealized, and rode on the atom they were
attached to. The final refinement included anisotropic temperature factors on all non-hydrogen

12



atoms. Structure solution, refinement, graphics, and creation of publication materials were

performed using SHELXTL.’

Table S1. Selected single-crystal information.

[Pu(CyMes-BTPhen)2(NO3)][Pu(NO3)s]-4MeCN

Formula
M

Crystal
System

a(A)
b (A)
c(A)
a(°)
Q)
y ()

Space Gp.

z
T (K)
u (mm™)

Reflns.
Measd

Reflns.
Obsd

R1 (obsd)

wR2(all
data)

Cr6HsaN27021Pu;
2193.70

Triclinic

16.109(2)
16.909(2)
18.673(3)
63.434(2)
79.805(2)
88.801(2)
P-1
2
140(1)
1.546

51590

21029

0.0566

0.1136
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Density Functional Theory Calculations. Ground-state electronic structure calculations were
performed on [Pu'(CyMes-BTPhen)>(NO;3)]*" using hybrid functional B3LYP® implemented in
the Gaussian 09 code.® We applied the 6-31G** basis sets for nonmetal atoms,® and Stuttgart
relativistic small core 1997 effective core potential and associated basis sets for Pu.!! Geometry
was fully optimized in the gas phase. Harmonic frequency calculations were performed to confirm
that the optimized structure was the stationary point on the potential energy surface. The used
functional and basis sets have been extensively employed for actinide and lanthanide system and

shown to give good agreement with experiment.'?

98% Pu(5f) 97% Pu(5f) 97% Pu(5f)
v’ J/:‘ ":" ¥ L‘ .
o 3 4 > 4 “‘
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"4/‘ ¥ ° » o":\. . v -~ ° e '¢4¢
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:‘;‘ By » . t///: : ‘,& ) :‘
99% Pu(5f) 98% Pu(5f)

Figure S10. The singly occupied natural orbitals of [Pu'(CyMes-BTPhen)>(NO3)]**. And percent
Pu(5f) character obtained from a Mulliken decomposition of the orbital. The contour value is 0.02

au.
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Table S2. Cartesian coordinates (in A) of optimized geometry of [Pu"'(CyMes-BTPhen)2(NO3)]?*.

[Pu(CyMes-BTPhen)»(NO3)]*

a

2.19607200
2.09314200
-0.03257700
1.22256800
0.20941100
0.05010500
0.84723800
-1.44039700
-2.46328300
1.67390700
2.50667300
-1.72020000
-1.00743500
-3.33415500
1.98419400
-0.85070800
3.12751000
0.57468400
-1.96670500
0.18184500
-2.92942000
3.31102100
0.27470600
-2.38772700
2.32525400
-2.73781900
2.55040800
3.64352300
2.33787700
1.89422200
3.03371800
1.02507400
-2.56000800
-4.03341700
-1.38425100
-1.25775500
-0.59990400
-3.60161900
4.14041400
0.35661400

F o

N Zooooooooooo0oaoonon0on0oon0n0ozzz2zZozaz z 2z 2zZzZ2z2 Z Z Z ooz

-2.49415300
2.32383700
-0.44442800
-1.18302800
-2.37338500
-2.93552100
1.09426200
-0.37059800
-1.48587300
1.54862700
-1.32107400
1.71789000
0.40114900
2.94567100
1.84833200
0.13828200
-1.35426700
-1.06623100
2.44963800
-3.32347400
-2.03443100
3.06139000
-4.49262500
2.00570300
2.17806300
1.50368500
2.54189200
3.36919600
-1.91455800
1.90703900
-2.00074900
-1.71106700
-1.08238100
-2.78164600
-0.04773100
-0.04088100
-0.22139600
3.68127700
-2.74553400
0.91927400

4.40507100
-4.23050700
-0.08919600
2.13320700
-1.72315700
0.36433600
-2.04510800
-2.35949100
-0.12259700
0.50725000
-0.25531800
-0.04691700
2.23842500
1.17847000
1.76755200
-3.46162200
-1.43176000
3.31316900
-1.13375000
-0.85684200
0.99739400
-0.29128700
-1.16393800
1.07832000
-0.48065500
3.50554100
-2.94878300
0.95937000
2.07939900
-1.87430400
0.77146100
4.49689600
-2.49813900
0.96682800
-4.76588700
4.61929500
3.37115800
0.10363700
0.69443100
-3.29530500
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-2.03126300
2.93446500
-2.57622300
-2.86739000
4.74867500
-4.25813100
2.86050100
0.96021600
-3.17027700
-3.13236300
-4.72758000
4.23062600
-2.35867300
0.30663000
-0.72013000
-0.78904000
3.17611500
-4.45682300
4.79782600
0.40488200
-6.01186300
4.55273200
3.15062500
-5.95271800
2.03455400
4.67715600
-3.50016600
6.10831400
4.79983400
-4.33607600
-5.92265800
-6.06076400
-3.02643300
-4.71321800
-4.60296200
5.99325100
4.84378400
-4.62788200
-4.36885400
-3.00402700
-7.17747800
-6.21684900
5.73815200
-1.83131400
6.36935100
7.13450600
3.93347100
6.27501000
4.90320100

1.25706000
2.74698000
-0.79498900
3.43352300
-2.83627100
-2.39182800
-2.58979500
1.50878600
-1.31054800
-1.67858800
-2.97480900
-2.08882600
0.84108300
-1.53790700
0.52718100
-0.73094100
3.08115200
-3.43611300
4.34104900
1.27913800
-3.78204800
3.77049100
1.80454000
-4.68193800
4.02243300
5.52884400
-4.63014500
3.56823600
4.86659800
-2.43979900
-3.91747600
3.94504500
4.27323500
4.71588900
5.47975800
-3.70874400
-2.11405200
5.71596100
5.04081300
3.38378200
-2.76955900
-4.65832100
-5.06040400
5.25947000
-3.95600300
-2.96427400
-2.99354600
-2.69639600
-0.69088300

2.31007100
2.03176800
-4.88056200
-1.09620500
-0.48598400
-1.36855900
3.20207800
-4.43989300
-3.74883000
-1.26678900
-0.26850000
-1.58749500
4.65238300
5.72562600
-5.89935300
5.78564600
3.50198300
2.27853600
1.16348400
-5.74217400
-0.39480500
3.65549600
4.36640500
-1.64808200
3.96583700
0.18528600
2.53471000
0.85376100
2.61773000
3.44899600
2.16800300
0.18816800
-2.36180000
0.21522300
1.55174100
-0.57020700
-2.98455500
-0.96078400
-2.30840600
-3.62064500
-0.55821000
0.86258900
0.13177100
-2.42475900
-2.04951500
0.17288300
-3.88082300
-2.91236200
-3.57610700
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-8.11443900
-7.29253900
-7.01597300
-5.10490100
-6.86881000
-5.86722000
-3.30214900
-4.95011700
-4.68699000
-3.55932700
-2.46308000
-3.75879000
1.06327200
2.16730300
2.01146700
3.90160100
3.37741900
2.17242400
6.09241900
6.96079900
6.26789800
4.72896400
3.73620200
5.49770700
8.03328900
7.38625000
6.85314000
6.62924700
5.52139900
4.89987100
5.38068500
3.90471400
5.49389700
3.87503900
2.91612500
4.32841100
5.71708900
7.38549300
6.61296400
6.95586100
5.34135000
4.62081600
5.76074400
4.03881600
-3.83694400
-5.56143800
-5.18596700
-4.37271000
-0.88466800

-3.31644000
-2.12230500
-2.13459900
-5.37296500
-5.27700600
-4.09165900
-2.12335300
-1.54879100
-2.91879900
-5.38694400
-4.28692100
-5.11007800
3.53266900
4.27059500
4.95910800
1.08170400
2.06620800
1.32135900
3.17833600
4.24737800
2.72867800
5.20008800
6.06992300
6.22946500
-3.58802400
-2.01028700
-2.76647000
-5.68833000
-4.92622300
-5.59545400
-0.72792800
-0.26535800
-0.02032400
-4.02647500
-2.59318500
-3.00865000
-4.73604400
-4.36208500
-2.91322300
-1.92856500
3.01089800
4.18852300
5.35499800
5.64991700
6.44648800
6.28662100
4.34625900
5.78837300
4.71136800

-0.69918100
0.31655400
-1.43392700
-1.60343300
-1.70730000
-2.56248700
3.59752500
3.27892900
4.36841800
1.74744400
2.58805600
3.48396500
3.84678600
5.02353400
3.40116500
4.03066200
5.40462800
4.33838700
-0.16801700
0.94832700
1.53704300
-0.85443100
0.32908900
0.36572500
0.17399000
-0.30030700
1.21103600
0.03902000
1.19342800
-0.32569300
-4.56027800
-3.69203600
-2.94239000
-3.52634300
-3.90475300
-4.90169100
-2.45946000
-2.08655800
-3.93118800
-2.52404100
3.58853300
4.66539600
2.80975100
2.71647400
-0.75283900
-1.00066500
-2.53924600
-3.10867700
-2.45559900
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-1.90436800
-1.80228600
-2.04331500
-3.78997200
-3.17900700
-4.07964900
-3.01475900
-1.13918300

0.89723000

2.58531100

3.39519100

3.76544700

2.56858200

0.66301200
-1.32184500
-2.88935000
-3.55714200
-3.63927100
-5.39082300
-4.71641600
-6.10743000
-6.88602500
-6.21291100
-6.13995300
-6.59199600
-7.24768300
-5.57848200
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5.87072200
5.93474400
2.88019600
2.62219400
4.00471700
-1.89594200
-0.96043100
0.35928300
1.72420400
2.78827200
3.18560500
-3.17246300
-3.00898400
-2.05350800
-0.58922800
1.00290900
2.21033600
5.99188900
6.23715200
4.81146400
3.22275700
4.65319200
3.40484600
-4.56548900
-3.05340100
-5.02729500
-5.54647500

-3.32973900
-1.56458800
-3.73866300
-3.58408300
-4.50474800
-3.79188900
-5.86025000
-6.88677100
-6.60141000
-5.08010300
-2.74165600
3.08895600
5.28582700
6.61218200
6.72092200
5.58616400
3.49432900
1.64018400
1.60031100
2.40746400
1.00824500
0.30803800
-0.75105200
3.02363200
2.26418900
0.86421900
0.78809100
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