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Abstract

Uranyl diacetate dihydrate is a useful reagent for the preparation of uranyl (UO42T)
coordination complexes, as it is a well-defined stoichiometric compound featuring mod-
erately basic acetates that can facilitate protonolysis reactivity, unlike other anions
commonly used in synthetic actinide chemistry such as halides or nitrate. Despite
these attractive features, analogous neptunium (Np) and plutonium (Pu) compounds
are unknown to date. Here, a modular synthetic route is reported for accessing stoi-
chiometric neptunyl(VI) and plutonyl(VI) diacetate compounds that can serve as start-

ing materials for transuranic coordination chemistry. The new NpOy2t and PuOy2*



complexes, as well as a corresponding molecular UO,2T complex, are isomorphous in
the solid state, and in solution show similar solubility properties that facilitate their
use in synthesis. In both solid and solution state, the +VI oxidation state (O.S.) is
maintained, as demonstrated by vibrational and optical spectroscopy, confirming that
acetate anions stabilize the oxidizing, high-valent +VI states of Np and Pu as they do
for the more stable U(VI). All three acetate salts react smoothly with a model dipro-
tic ligand, affording incorporation of U(VI), Np(VI), and Pu(VI) cores into molecular
coordination compounds that occurs concomitantly with elimination of acetic acid; the
new complexes are high-valent, yet overall charge neutral, facilitating entry into non-
aqueous chemistry by rational synthesis. Joint computational studies reveal that the
dianionic ligand framework assists in stabilizing the +VI O.S. via donation to the 5f
shells of the actinides, highlighting the potential usefulness of protonolysis reactivity

toward preparation of stabilized high-valent transuranic species.

Introduction

Protonolysis reactivity is a classic strategy for the preparation of metal coordination com-
plexes. Protonolysis involves proton (H') transfer from incoming ligands (often organic in
nature) to outgoing (often inorganic) ligands found in starting materials, avoiding both the
need for an exogeneous base and /or the co-generation of salts that can complicate isolation of
the desired product. Metal acetate salts are one attractive class of compounds that are useful
for protonolysis reactivity, as they generate equivalents of acetic acid (a volatile species read-
ily removed in vacuo) upon treatment with suitable protic ligand precursors. Many metal
acetates are commercially available, including uranyl acetate, UOy(CH3COO),H,0-H,0, and
protonolysis reactivity has been documented across most areas of the periodic table.'™ How-
ever, protonolysis reactivity represents a synthetic strategy that has received less attention
than it deserves in the realm of transuranic chemistry, particularly the chemistry of neptu-

nium (Np) and plutonium (Pu).



Generally speaking, the paucity of discrete, well-characterized starting materials has
hindered advancements in the chemistry of Np and Pu.®" Although the radioactivity of
Np and Pu limits the facilities in which they can be handled, investigation of these non-
naturally occurring elements is an outstanding challenge in both actinide and sustainability
science, owing to their presence in the fuel cycle for low-carbon nuclear energy. While the
solvent-free, amorphous Np and Pu tri- and tetrachlorides have long served as a starting

810 progress towards molec-

point for the preparation of organometallic actinide complexes,
ular starting materials has been more brisk in recent years with renewed focus placed on
their identification. Notable among these, solvent adducts of the actinide halides such as
Anl;(THF),%!" and AnCl,(DME), (An = U, Np, Pu),' as well as An(N(Si(CHs)s)s)3,”"?
have been reported and successfully used for preparation of non-actinyl complexes (prepa-
rations using Anl;(THF),;!4 16 preparations using AnCl,(DME),;'™2° preparations using
An(N(Si(CHjy)s)s)s; 21?2 preparations using “NpCl,”?32*). However, fewer well-defined start-
ing materials are known for high-valent species that are also compatible with non-aqueous
conditions. Two commonly employed compounds of this type are [Ph,P|2[AnO,Cl,| (An
= Np and Pu)® and |[NpO,Py;|[KI,Py,|, (see Figure 1).?® Additionally, “putative” mate-
rials obtained by isolation of solids from sensible solution conditions can be utilized quite
effectively,?” despite the limited characterization usually available for these species.

The identity of the anion that accompanies a metal, transuranic or otherwise, dictates the
feasibility of protonolysis reactivity and other reactivity pathways. Chlorides and nitrates
(with pK, values of —8.0 and —1.3, respectively) are nearly always not intrinsically basic
enough, in the Brgnsted-Lowry sense, to enable facile proton abstraction from incoming
organic ligands, curtailing synthetically useful protonolysis reactivity. Considering this, we
anticipated that pursuit of NpO,?* and PuO,*" diacetate complexes could afford a new
class of starting materials useful for protonolysis that could, in turn, be used to generate
coordination complexes featuring actinyl motifs.

Although one could expect that the often homologous nature of U, Np, and Pu chemistry
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Figure 1: Examples of starting materials for synthetic actinide chemistry that are molecular

and stoichiometrically well-defined.



would make such a task routine, we anticipated some difficulties which could arise due to
the variability in the behavior of these elements in their high-valent states. For example, the
Lewis acidities of the ions in both the +IV and +VI oxidation states vary widely, as do the
stabilities of the ions in the +V oxidation state (an implicit intermediate in this oxidation
state conversion), which could greatly influence the outcome of the reactivity and the condi-
tions required.?® 32 In particular, Pu(IV) displays a well-known propensity to form colloidal
plutonium under weakly acidic conditions (such as the conditions which would be present in
the weak acid CH;COOH). Additionally, Np(VI) and Pu(VI) are much stronger oxidizers
than U(VI), leading to some uncertainty that the desired neutral diacetate complexes would
be stable in the +VI state if prepared. Avoidance of alkali metal contaminates would also be
required, as the formation of the well-known tris(acetato) salts of the actinyls AnO,*" (An =
U, Np, Pu) with alkali metal co-cations is highly favorable.3*3* These compounds have been
documented as very insoluble in most media, a finding exploited in a separations method
for actinyl ions relying on fractional crystallization but undesirable for our application.?®
Despite these factors, we pursued the preparation of Np(VI) and Pu(VI) diacetate com-
plexes, as we anticipate that the extension of protonolysis reactivity to Np(VI) and Pu(VI)
has the potential to open new synthetic opportunities that avoid difficulties encountered in
other approaches. We also anticipated that the similar effective metal charges of the actinyl
ions (as estimated through solvent extraction and potentiometric titration experiments) of
+3.2 for U(VI), +3.0 for Np(VI) and +2.9 for Pu(VI),3¢ would work in our favor in the
preparation of the Np- and Pu-based analogues of uranyl acetate. Throughout, we were
motivated by the enduring utility of UO,(CH3COO),H,0-H,0, which is neutral and offers
a synthetically useful degree of solubility in polar solvents while also being water-tolerant,
and the possibility to extend this useful chemistry to Np(VI) and Pu(VI).

Here, we report the synthesis, structural, and spectroscopic characterization of UO?*,
NpO,2T, and PuOy?* diacetates, and their use as starting materials for non-aqueous transuranic

coordination chemistry. The starting materials are prepared by ozonolysis of U(OH)4(H,0)s,



Np(OH)4(H,0),, and Pu(OH)4(H,0)y in acetic acid forming AnO,(CH5COO),(H,0),-CH;COOH
(An = U, Np and Pu). Virtually complete avoidance of the noted triacetato species was
achieved through use of the tetrahydroxide materials in our synthetic route, as they are non-
amphoteric and can be obtained by precipitation from concentrated NaOH without retention
of sodium cations. The utility of the reported Np(VI) and Pu(VI) diacetates as starting ma-
terials for coordination chemistry is demonstrated through the reaction of these compounds
with a diprotic Schiff base ligand, resulting in complexes that retain the +VI O.S. of both
Np and Pu and that thus form a homologous series with the related U species. Structural,
spectroscopic, and computational characterization of the series is presented, highlighting

trends in the chemical reactivity across the early actinides U, Np, and Pu.

Results

Synthesis of AnOy(CH3CO0),(H,0),- CH;COOH (An = U, Np, and
Pu)

Commercially available uranyl diacetate dihydrate exists as a coordination polymer prepared
by evaporation of an acetic acid solution of UOy>".37 A monomeric phase of uranyl acetate
containing two co-crystallized acetic acid molecules has been previously reported, as well as
an anhydrous polymeric phase, both of which are prepared by crystallization from glacial
acetic acid.?®3Y In this work, we chose to prepare neptunyl and plutonyl acetate species
through the oxidation of Np(IV) or Pu(IV) by ozonolysis in glacial acetic acid as shown
in Figure 2; the isostructural uranium compound was prepared in the same manner using
oxygen instead of ozone as the oxidant. Direct ozonolysis of acetic acid solutions containing
the transuranic ions of interest proved to be an effective route to accessing the diacetate salts
because of the resistance of acetic acid to oxidation by ozone and because of the stabilization
of ozone by acetic acid. Prior work has shown these attractive features are due, at least

in part, to the ability of CH3COOH to scavenge radical species that would facilitate the



decomposition of ozone. 404!

@(OH)4 + CH;COOH 92093 @02(CH3C00)2(H20)2-CH3COOH

®= uV, NpV, PulV
®= uv!, NpV!, puV!

Figure 2: Synthetic scheme for accessing AnOy(CH3C0O0),(H50),-CH3COOH (An = U, Np,
and Pu) by direct oxidation with oxygen or ozone.

Initial synthetic attempts to prepare the Np(VI) and Pu(VI) acetates by the direct pre-
cipitation of An(VI) from mineral acid solutions with strong base (e.g., NaOH) resulted in
the formation of NaNpO,y(CH3COO); and NaPuO,(CH3COO); when even small amounts of
sodium ion were present in the actinide hydroxide precipitate. This behavior is in accord
with prior reports of formation of ternary neptunyl and plutonyl hydroxide phases which can
result if complete reduction to the +IV state is not achieved (e.g. M[AnO,(OH),| where M
= Na, K, Rb, Cs and An = Np, Pu),*** when mineral acid solutions are treated with alkali
metal hydroxides to precipitate An(V) and An(VI). These actinyl materials carry the alkali
metal ions through the reaction sequence, resulting in the formation of NaAnO,(CH3COO);
phases. We also considered implementing cation exchange chromatography in our work here,
but ultimately did not pursue this because of the reported reduction of Np and Pu on cation
exchange columns to the tetravalent state coupled with the high affinity of An(IV) ions for
the resins. 2930

Considering all this, we noted at the start of our investigations that the An(IV) hydrox-
ides do not form ternary phases with alkali metals, are highly insoluble, and easily prepared
by chemical or electrochemical reduction of the actinides in mineral acids. The needed
An(IV) hydroxides were thus prepared by precipitation with NaOH from a mineral (typi-
cally, nitric) acid solution of the actinide in the +IV oxidation state and washed thoroughly
with water to eliminate residual sodium ions. The negligible solubility of An(IV) hydroxides
resulted in near quantitative precipitation, in accord with literature reports.??¢ Oxidation

of An(OH)4(H50), (An = Np or Pu) in acetic acid by ozone and subsequent work-up afforded
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high yields of single crystals with the formulation AnO,(CH3;COO),(H,0),-CH3;COOH (de-
noted NpOAc and PuOAc).

The reaction conditions useful for Np and Pu in the synthesis vary slightly, as one could
anticipate based on the intrinsic acidity differences between the various oxidation states of
the elements. Ozonolysis of Np(OH),(H,0), in acetic acid and concentration of that solution
by gentle heating first results in the formation of a green precipitate likely corresponding
to a monoacetate species of Np(V).4" Indeed, vibrational spectra collected on this green
material compare well to those of NpO,CH3;COO-nH,O as reported by Bessonov and co-
workers (see SI, Figures S5, S6, and S22). This intermediate is the solubility limiting phase
in glacial acetic acid, but continued ozonolysis of the material in glacial acetic acid with
stirring produces solid magenta NpOAc in high yield (80%). Over multiple preparations of
this material, we have identified that the reaction yield is sensitive to both the concentration
of neptunium in the reaction mixture and the concentration of acetic acid present (both
must be as high as possible for best results). Additionally, a polymeric phase of Np(VI) that
is isostructural to the commercially available UO,(CH3COOQ),H,0-H,0 was isolated on one
occasion by rapidly cooling a solution of Np(VI) in glacial acetic acid (see SI, pp. 93-96 and
Table S15 for details on this structure).

In the case of plutonium, the reaction proceeds at a slower rate than for neptunium,
requiring several days to form the target Pu(VI) diacetate compound. This could be a
consequence of the enhanced thermodynamic stability of Pu(IV) compared to Np(IV).2%30
However, similar to the case of neptunium, we found the plutonium reaction to be sensitive
to concentration with an optimal concentration of approx. 10 mg/mL of plutonium in glacial
CH3COOH. Preparation of the Pu(VI) diacetate compound does not result in precipitation
of an intermediate Pu(V)-acetate species as was the case for neptunium; such a species is
likely precluded by the established instability of Pu(V) in acidic media.?

In order to put forth a comprehensive view of the behavior of molecular actinyl species

in the diacetate system, we also prepared the corresponding uranyl diacetate by applying



our strategy to the U(OH),(H,0), starting material. Although synthesis of NpOAc and
PuOACc require ozone as the oxidant (E°(O3/03) = +2.07 V vs. the standard hydrogen elec-
trode, SHE), simply bubbling air through a slurry of U(OH),(H,0), in glacial acid overnight
yielded uranyl diacetate species.*® This is consistent with the greater stability of UQy2*
compared to NpO,2T and PuOy?* such that O, is sufficiently oxidizing to push the reaction
forward (E°(Oy/H,0) = +1.23 V vs. SHE).*® These conditions could be used to prepare
either a triclinic molecular uranyl diacetate phase (UOAc-No2; see SI, pp. 90-93 and Ta-
ble S15) for details on this structure) or a monoclinic molecular uranyl diacetate, denoted

UOACc, which is isomorphous with NpOAc and PuOAc.

Structures of AnO,(CH3C0O0),(H,0),-CH;COOH (An = U, Np, and
Pu)

Magenta prisms harvested from the synthesis of NpOAc and green plates harvested from the
analogous preparation of PuOAc were studied using single crystal X-ray diffraction (XRD)
analysis. The structures reveal isostructural compounds of the formulation AnO,(CH3;COO),
(H,0)4-CH3COOH (An = Np and Pu) that crystallized in the centrosymmetric space group

C2/c as shown in Figure 3.

o1wa J o1A

J

Figure 3: Ball and stick representation of the solid-state structure of NpOAc as a represen-
tative structure for the isomorphous UOAc, NpOAc, and PuOAc series. A co-crystallized
acetic acid molecule is omitted for clarity.

The solution and refinement of the structures of UOAc, NpOAc, and PuOAc all pro-
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ceeded in a straightforward manner. Details regarding the crystallography are provided in
the Supporting Information (pp. 81-89), with the structural details for each of the complexes
given in Table 1. In each case, the actinyl diacetate species is molecular in nature in the
solid state. Only hydrogen bonding interactions hold the species together in the solid state,
and there are no ligands bridging between metal centers. The actinide atoms are situated
on inversion centers in the asymmetric units of the structures; as a result, the isostruc-
tural UOAc, NpOAc, and PuOAc display Cs, site symmetry from the perspective of the
nonhydrogen atoms in the structures.

All three structures feature virtually linear actinyl moieties, with actinide centers coor-
dinated to two s2-acetates and two water molecules in the equatorial plane. An additional
co-crystallized acetic acid molecule is present in the lattice of each structure, engaging in
hydrogen bonding with one bound acetate and one bound water. Each An-O*' bond dis-
tance falls within the range typical for actinyl(VI) ions; a contraction from U (1.760(1) /3\)
to Np (1.748(1) A) to Pu (1.740(3) A) is observed, consistent with the ionic radii across
the series.?! The contraction noted in the actinyl bonds is not observed in the bond
distances in the equatorial planes of UOAc, NpOAc, and PuOAc, with all three ac-
tinides possessing virtually identical An—O,.erqte bond distances. The lack of a contraction
in the equatorial bond distances from U to Pu has been observed in studies of series of
[AnO,| complexes including the halides and nitrates,®* a phenomenon attributable to dimin-
ished in-plane covalency. The equatorial bond distances observed in the polymeric phase
UO,(CH3CO0),Hy,0-Hy0 show shorter bonds between the carboxylate oxygen atoms and U
compared to the molecular phase, likely a result of the lower coordination number and less

steric hindrance about the U center in this phase (C.N. = 5) versus in the molecular phase

of UOAc.
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Table 1: Comparison of selected structural parameters from X-ray diffraction analyses of
UOAc, NpOAc, and PuOAc.

UOAc (A) NpOAc (A) PuOAc (A)
An-O1  1.760(1) 1.748(1) 1.740(3)
An-02  2.514(1) 2.516(1) 2.515(3)
An-03  2.496(1) 2.496(2) 2.492(3)
An-O1W  2.446(1) 2.439(2) 2.438(3)

Vibrational and Optical Spectroscopy

Vibrational spectra of the actinyl(VI) diacetate compounds were collected in the solid state
and are shown in Figure 4 (see SI, Figures S2, S4, S8, S18, S19, 520, and S23 for full spectra).
A summary of the key spectral features is also provided in Table 2. For an actinyl moiety on
an inversion center in a centrosymmetric crystalline lattice, three vibrationally active normal
modes, the Raman active symmetric stretch, vy, an IR active bending mode, v, and an IR
active asymmetric stretch, 3, may be observed and are mutually exclusive. In all cases, the
symmetric stretches of the actinyl ions appear prominently in the Raman spectra at 870, 846,
and 827 cm~! for U, Np, and Pu, respectively, and are in the conventional range for the +VI
oxidation state. Progressing from U to Np to Pu, a redshift of 43 cm™! is observed, although
the An=0 bond contracts across this series; this is similar to trends previously observed in
other isostructural series of actinyl complexes and is likely derived from a decrease in overlap
between the oxygen and actinide 5f orbitals as the actinides contract from U to Pu.5?%% Two
features associated with symmetric stretching of the O-C-O moiety of the acetates can be
observed at ca. 890 and 955 cm™!, corresponding to the co-crystallized acetic acid found
in the lattice and bound acetate, respectively (see SI, Table S1 for a full assignment of the
spectral features). 67

Solid-state infrared spectra were also collected for each compound and revealed similar
frequencies for the asymmetric v3 stretches of the actinyl ions between 928 and 941 cm™!

for U, Np, and Pu. While uranyl diacetate dihydrate is a notably stable and very weakly

oxidizing species, NpOAc displayed reactivity with KBr, the media used for preparing a
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Figure 4: IR and Raman spectra of UOAc, NpOAc, and PuOAc.
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Table 2: Comparison of selected Raman and IR frequencies (cm™!) for UOAc, NpOAc,
and PuOAc.

UOAc NpOAc PuOAc

v(An0% ), 870 846 827
v(AnO2*) ysym 928 933 941
A(Vg—V1> o8 87 114
(0-C-0)* 893 892 892
v(0-C-0) 955 953 954

*corresponds to co-crystallized acetic acid

sample of the compound for IR analysis. Comparison of IR spectra for NpOAc collected on
two consecutive days revealed very similar spectra, with the exception of a prominent feature
at 752 cm~! in the spectrum on day two (see SI, Figures S18 - S20). This strong absorption
resembles the asymmetric stretch of NpO,(CH3COO)-nH,0, which has been reported at 772
cm™! and which we measured at 752 cm™' (see SI, Figure S22).4" The formation of the
Np(V) material over time is attributable to oxidation of bromide (E°(Bry/Br~) = +1.07 V)
by NpOAc, in line with the value for E°(Np"! /Np") of +1.14 V.2%58 KCI was employed as
the matrix for the IR spectrum of PuOAc, and no formation of lower-valent material was
observable in the resulting spectra.

Optical spectra of solutions of UOAc, NpOAc, and PuOAc in glacial acetic acid are
presented in Figure 5 (see SI, Figure S32 - S37 for full spectra and molar absorptivity
determinations). A vibronic progression with an average splitting energy of 691 cm™! can
be seen centered at about 417 nm in the spectrum of UOAc, resulting from the coupling
of vibrational excited states to the ligand-to-metal-charge transfer (LMCT) transition from
the oxo groups to U(VI).5® Vibronic coupling of this type is commonly observed for uranyl
and the average splitting energy measured here aligns well with a prior example in non-
aqueous media (average splitting energies for a uranyl complex were 691, 694, and 667 cm ™!
in DMSO, DMF, and a DMSO /water mix, respectively).?® Two prominent features at 564

nm and 1208 nm were measured for NpOAc in the visible and near-infrared (NIR) regions.

Vibronic structure shown in Figure 6 can also be observed centered around the feature at 564
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Figure 5: Optical spectra of UOAc, NpOAc, and PuOAc in glacial acetic acid. Asterisks
indicate changes in the detector of the instrument.
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nm (17730 cm™?), corresponding to a similar LMCT transition as that found for UOAc and
involving CT from the oxo oxygens to Np(VI). Although this feature arises primarily due
to the CT transitions, f-f transitions can also engage in vibronic coupling and these features
could overlap with the much stronger CT absorption observed here. The origin of vibronic
progressions (whether CT or f-f transitions) can be differentiated by the average splitting
energy between the features, where CT transitions typically display a tighter spacing than
the f-f transitions (in the case of Cs,NpO,Cl,, CT spacing is 714 cm™' and f-f spacing is
790 ¢cm™1).%° Notably, the progression measured here displays an average splitting energy
of 752 ecm™!, which is intermediate between these values and comparable with the energy
of the vy frequency for NpOy* further confirming the assignment as the properties of the
excited state are reminiscent of NpOo™ (see SI, Figure S22).6! Vibronic structure of this type
is infrequently observed for Np compounds, in part because of spectral overlap with more
intense transitions often associated with equatorial ligands. However, progressions similar
to that observed here have been reported for other simple coordination compounds of Np,
such as [NpOo(CO3)5] ™, NpOs(NO3); , and NpO,Cl, 2.61:62 The feature at 1208 nm (e = 17
M~tem™1) displays a low molar extinction coefficient which is typical of f-f transitions for
Np(VI) as they are Laporte forbidden, supporting the persistence of the Np(VI) oxidation
state in solution; this feature has a similar energy and molar extinction coefficient to that
of Np(VI) in HCIO; (Mpaz = 1223 nm, € = 45 M~'em™1).5053 A minor feature at 983 nm
is consistent with generation of a very small amount of Np(V), approximately 2% based
on the differences in molar extinction coefficients for NpO,* and NpO,2*. Similarly, the
optical spectrum of PuOAc shows several weak features in the visible region as well as
several characteristic features of Pu(VI) in the near-infrared at 840, 976, and 1002 nm with

molar extinction coefficients of 107, 14, and 15 M~ tem™!

, respectively. These agree well with
spectra of the PuO,>" aquo ion which displays absorption maxima at 830, 950, and approx.
985 nm in HC104.% And, finally, contrasting with the U(VI) and Np(VI) spectra, there are

no indications of vibronic structure in the Pu(VI) spectra collected; such features arising
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from coupling of the LMCT transition to the symmetric actinyl vibration have rarely been
measured for the plutonyl ion. 65:56
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Figure 6: Vibronic progression observed for NpOAc in glacial acetic acid.
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NpOAc and PuOAc as Synthons for Transuranic Coordination Com-

pounds

With a reliable route to NpOAc and PuOAc in hand, we probed their reactivity with a
diprotic Schiff base ligand for which the corresponding uranyl complex has been thoroughly
characterized in prior work.%"% As shown in Figure 7, the protonolysis reactivity in this
synthetic strategy relies on the two equivalents of base that are intrinsic to NpOAc and
PuOAc; these acetates serve to deprotonate the organic ligand, obviating a need for exoge-
neous base or pre-generation of a ligand salt. Similar to uranyl acetate, both NpOAc and
PuOAc are virtually insoluble in acetonitrile, but display good solubility in methanol, with
their solubility increasing across the series from U to Np to Pu. Adding a solution of excess
HyoLYM in methanol to NpOAc or PuOAc solids resulted in an immediate color change of
the solution to black in the case of neptunium and very dark green in the case of plutonium.
Immediate cooling of the reaction mixture gave high yields of crystalline product (as high as
94% in the case of Pu), which were suitable for X-ray diffraction and spectroscopic analysis.
Notably, the synthesis of the uranyl analogue proceeds under identical conditions as for Np
and Pu, but a vast difference in the solubility of the product is observed. The uranyl complex
precipitates almost immediately from the reaction mixture in MeOH, whereas we have found

that the Np and Pu complexes must be coaxed from solution by cooling.

LI~

C° (RS
rotonolysis
AnO,(CH;CO0),(H,0),- CH;COOH + =N %» —N%‘# + 2 CH,CO0
I: eOH (_ o + CH;COOH
N O N O

s ) +2 H,0

®= NpY' and Pu"'

b
Figure 7: A balanced reaction for the synthesis of transuranic coordination compounds via

protonolysis reactivity starting from NpOAc and PuOAc.
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XRD analysis of single crystals obtained by cooling of the reaction solutions reveal molec-
ular actinyl(VI) compounds in both cases as shown in Figure 8, thereby providing direct nep-
tunium and plutonium analogues to the previously reported U(VI) compound of the same
ligand.%® Solution and refinement was straightforward for all the structures; key structural
details on these complexes are given in Table 3 and details regarding the crystallography
are given in the Supporting Information (pp. S98-S121 and Table S16). In both the Np(VI)
and Pu(VI) structures, the actinyl(VI) ions are coordinated to the five donor atoms of the
organic ligand, with a partially occupied outer sphere co-crystallized methanol engaging in
a hydrogen bond with the phenoxide O-atoms of the ligand. Bond distances for the Np and
Pu complexes are consistent with retention of the +VI oxidation state upon binding to the
ligand, in accord with the stability of this oxidation state in the starting materials NpOAc
and PuOAc.*%%° While the equatorial bond distances do not vary greatly across the series,
the degree of ligand puckering described by the fold angle is markedly different for neptu-
nium and plutonium compared to uranium.% While UO,LN™ displays a fairly planar ligand
configuration for both of the molecules in the asymmetric unit with fold angles of 12.16(14)°
and 25.35(12)° (denoted the “exo” conformation, vide infra), NpOsLN¥M and PuO,LN
feature ligands puckered at fold angles of 64.28(3)° and 61.47(2)°, respectively (denoted the
“endo” conformation, vide infra). This is consistent with the anticipated smaller radii of the

Np and Pu centers in the corresponding actinyl dications.

Table 3: Comparison of selected structural parameters from X-ray diffraction analyses of
AnO,LN¥M (An = U, Np, and Pu).

UOZLNM Np02LNM Pu02LNM

An-Opnenonice (A)  2.223(3)*  2.226(7) 2.246(4)
An-0"" (A) 1.784(3)*  1.743(11) 1.754(6)
An-O"' (A) 1.793(3)¢  1.733(9) 1.742(5)

An-Nipine (A) 2.579(3)*  2.556(8) 2.560(5)
An-Ngmine (A)  2.605(3)*  2.630(11) 2.622(6)
Ref. Ref% This work This work

@ Average values are shown; value in parentheses refers to the e.s.d that
is the largest for an individual entry among the independent values

used to compute the average.
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Figure 8: Ball and stick representations of UOQ,LY™  NpO,LYM  and PuO,LMM derived
from their solid-state structures. Co-crystallized solvent molecules and all hydrogen atoms
are omitted for clarity.
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Vibrational and Optical Spectroscopy of the Metal-Ligand Com-

plexes

Raman spectra of each complex are given in Figure 9 and Table 4 which show strong actinyl
symmetric stretches at 800 cm ™!, 787 cm ™!, and 783 cm~! for U, Np, and Pu, respectively,
shifting 17 cm™! to lower energy as the atomic number increases (see SI, Figures S12 - S17
for full spectra). Feat ures associated with the organic ligand backbone can be observed
between 300 - 1300 cm~! and are in good agreement with the Raman spectrum of KoLV
(see SI, Figure S10 & S11). Complementary solid-state infrared spectra display asymmetric
v3 stretches at 883, 896, and 907 cm™! for U, Np, and Pu, respectively, (Table 4) and are
notably absent in the spectrum of the ligand sans actinide (see SI, Figures S27 - S30 for full
spectra and Figure S25 for the spectrum of HoLV*). The imine stretch shifts only slightly
from 1629 cm ™! in the potassium salt of the ligand to 1610, 1625, and 1626 cm~! for U, Np,

and Pu, respectively.

Table 4: Comparison of selected Raman and IR frequencies (cm™!) for UO,LNM
NpO;L¥  and PuO,LMM .

UOQLNM NpO2LNM PUOQLNM

v(AnOs2),m 800 787 783
V(AnOs2 ) yoym 833 896 907
v(C=N) 1610 1625 1626
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The solubility of all of the AnO,L™ (An = U, Np, and Pu) compounds is fortuitously
sufficient in acetonitrile (MeCN) to enable study of these species’ solution phase properties
with spectroscopy. While the UV regions of the optical spectra are dominated by intra-ligand
transitions, the visible and near-infrared regions are rich in observable features associated
with the actinide complexes as shown in Figure 10 (see SI Figures S38 - 543 for full spectra
and molar absorptivity determinations). Consistent with its f electronic configuration, the
optical spectrum of the previously reported uranyl(VI) complex (UO,LN¥M) displays several
maxima between 300 and 500 nm, which have been computed to arise from LMCT transitions
of the equatorial ligands in similar compounds. %™ The optical spectra of NpO,L¥™ and
PuO,L™ display absorption bands that are also likely derived from LMCT transitions at
536 and 640 nm in the case of Np and at 700 nm in the case of Pu. Notably, the NIR region of
the spectrum for NpOo LM lacks any characteristic f-f transitions associated with Np(VI) or
Np(V), although this is not surprising as the f-f transitions of Np(VI) species often have molar

extinction coefficients of less than 100 M~'em ™! because of their Laporte forbidden nature.®?

Nevertheless, the spectrum of NpO,L¥™

supports the persistence the +VI oxidation state
in this complex upon dissolution in MeCN, as the characteristic Np(V) absorption would
likely be observable on the basis of its much larger molar extinction coefficient of approx.
500 M~'em™!.5% In contrast to the spectrum of NpOsLNM | the spectrum of PuO,LYM
displays characteristic features at 866 nm (¢ = 327 M~'em ™) and 1074 (e = 132 M~ tem™!)

which are attributable to Pu(VT).%*
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Computational Studies

Starting from the available X-ray crystallographic structures, molecular geometries for the
AnOAc and AnO,LY™ systems with An = U, Np, and Pu were optimized with scalar
relativistic spin-restricted (for U) and spin-unrestricted (for Np and Pu) Kohn-Sham density
functional theory (DFT) corresponding to total spins of S = 0, 1/2, and 1, respectively (full
computational details are provided in the Experimental Section). The average optimized
nearest-neighbor An-ligand distances in both the AnOAc and AnO,LM™ complexes align
closely with the distances measured in the crystallographic structures, irrespective of whether
the optimizations were carried out for isolated complexes (gas phase) or in the presence of a
continuum solvent model representing methanol (solution phase; see SI, Tables S3, S4, S5,
S10, S11, and S12). Superimposing the optimized and crystal structures of the AnQ,LN¥NM
complexes highlights a minor bending of the peripheral phenyl moieties upon optimization,
which coincides with a slight alteration in the An-ligand distances and angles in the first
coordination sphere relative to the crystal structures (see SI, Figure S45). Overall, however,
it is evident from the theoretical results that the crystal structures of both the AnQ,LNM™
complexes and the AnOAc starting materials are representative of the geometries that the
complexes would adopt in gas phase and in solution. In other words, the overall appearance
of the structures is not strongly influenced by crystal packing effects.

As mentioned, the XRD structure of UO,LN™ differs from the Np and Pu analogues in
that the ligand phenyl groups are stretched out in an approximately parallel fashion (“exo0”).
In comparison, the structures for the Np and Pu analogues have phenyl moieties that are

LNM

bent toward each other (“endo”). Starting with the crystal structure of NpO, , a second

LM corresponding to a stable minimum endo

molecular conformer was optimized for UQ4
structure (see SI, Figure S46). The energy difference between these conformers was calculated
to be only 2.1 kJ/mol, with conformer A (exo) being lower. The conformers are effectively

iso-energetic within the error limits of the DFT calculations. It is therefore plausible that

even relatively minor differences in the crystal packing forces could drive crystallization
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towards one or the other conformer.

The chemical bonding in the AnO;LM complexes was analyzed via visual and numeri-
cal assessment of the natural localized molecular orbitals (NLMOs). Representative NLMOs
showing the bonding within the ‘yl’ unit and in the equatorial ligand plane are shown in Fig-
ures 547 and S48 for the uranium system, in Figures S49 and S50 for the neptunium system,
and in Figures S51 and S52 for the plutonium complex, using the conformers corresponding
to the crystal structures. In a nutshell, the NLMOs provide a chemically intuitive represen-
tation of the o, m, etc., dative bonds in the complexes, as well as regular chemical bonds,
lone pairs, and core-shell orbitals. Delocalization, if present, is reflected in the NLMOs. As a
reminder, a dative bond leading to donation (ligand to metal, or backbonding) corresponds
to a more or less pronounced delocalization of what is formally a nonbonding orbital.

The NLMOs of UO,LNM reveal the expected set of U-O¥' ¢ and 7 bonds. Close to 30%
of the ¢(U-O) bond orbital density is on uranium, whereas the weights are close to 21%
for the 7 bonds. This indicates that although the U-O"! interactions correspond formally to
triple bonds, the bonds are polarized toward the oxygens. Accordingly, the calculated U-O¥!
Wiberg bond index (WBI) is only slightly above 2 (see SI, Table S10). Notably, in this
:0=U=0: bond picture, even the ‘rearward’ oxygen lone pairs (pointing away from the U-O
bonds) have almost 5% density weight on U, indicating a minor covalent interaction of these
lone pairs with U, possibly involving 3-center resonance and participation of the U 6p shell
as demonstrated recently for other uranium complexes with strong U-ligand bonding.™ The
5f character on the uranium side of the ¢ bonds is very high (80%), and it is also high for
the m bonds (61% on average). The remaining NLMOs characterize the electronic structure
in the equatorial plane of uranyl where there is also clear evidence of pronounced donation,
with some of the equatorial o ligand lone pairs donating more than 10% of their density to
the metal. The average WBIs with the metal for the coordinating O and N atoms in the

organic ligand are 0.71 and 0.32, respectively.
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Figure 11: Selected natural localized molecular orbitals (NLMOs) of PuO2L™M showing the
axial o- (a and b) and 7-bonding (¢ and d) interactions. Isosurfaces at +0.03 atomic units.
The orbital density weights (%) at the metal and a breakdown of the metal contributions
from the actinide 5f and 6d shells are provided beneath each NLMO/structure representation.

The bonding in AnO,L™ with An = Np, Pu is qualitatively the same and quantita-
tively very similar to the bonding in UO,L™ | with comparable An—O¥! WBIs and similar
An-O/N WBISs in the equatorial plane for all three actinides. The donation from equatorial
ligands appears to decrease slightly from U to Np to Pu, likely as a result of the presence of
one (Np) or two (Pu) electrons in non-bonding 5f orbitals, while the ‘rearward’ O¥! lone pair
resonance is also slightly less pronounced for Np and Pu than it is for U. The Pu system
exhibits two inequivalent o(Pu-0"") NLMOs with an average Pu weight of 33% (Figure 11).
The An-O*' ¢ covalency appears to be somewhat more pronounced for Pu and Np than for
U, which reflects the analysis of the actinyl ground state electronic structures and results
from An M-edge X-ray absorption near-edge structure (XANES) spectroscopy,? although
the trend is hardly reflected in the WBIs. Based on the natural population analysis (NPA)

of the calculations, the metal electronic configurations are given in Table 5 and reflect the
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strong donation from the ligands, in particular into the 5f shell. As a result of the donation,
the calculated charges from NPA for the metal centers in the calculations with the solvent
model are 1.38, 1.07, and 1.01 for U, Np, and Pu, respectively, rather than the formal +6.
Similar to the AnO;LY¥M systems, strong donation from the ligands to the metal 5f (and
6d) shells is found in the NPA for the AnOAc complexes, both without and with inclusion
of the solvent model, likewise resulting in a significantly lower calculated metal charge as
compared to the formal charge on the metal (Table ST7).

The chemical bonding in the complexes was also analyzed via the quantum theory of
atoms in molecules (QTAIM).™ The following rules aid in the interpretation of QTAIM
data: (i) a higher value of the density p at a bond critical point is indicative of stronger
covalent interactions, (ii) negative values of the Laplacian of the electron density at a BCP
(V?p) indicates covalent bonding, (iii) the metal-ligand bond order can be assessed directly
by the delocalization index §.7* 7 Table S8 shows that all of the AnO,L™M complexes reveal
covalent actinyl interactions on the basis of the negative values of V?p, with a highest average
negative value for Np-O(yl) (-0.1009). Likewise, p is largest for the Np-O,,, interactions (see
SI, Table S8), indicating maximum covalency for the Np-O,,, interaction. The An-O(yl)
bond order as interrogated by the QTAIM bond delocalization index ¢ is in good agreement
with the WBIs obtained from the NBO analyses. The ¢ values at the bond critical points for
the other An-O/N interactions indicate pronounced dative bonding in the equatorial planes
as well.

LM complexes was also

A computational analysis of the vibrational modes in the AnQO4
performed. The symmetric An-O"' stretching frequencies were calculated to be 825, 847,
and 841 cm~! for U, Np, and Pu, respectively, and the corresponding asymmetric stretching
frequencies were 881, 937, and 944 cm™!, respectively. These vibrational modes correspond
to the exo conformer (Isomer A) for U and endo conformer for Np and Pu (Isomer B), in line

with the crystallographically observed isomer for each complex. The calculated symmetric

An-O"' stretching frequencies for the other isomer of each complex were found to be 844,
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Table 5: Natural charge and electronic configuration on An in the AnQ,LNM

from Natural Population Analysis (NPA).

complexes

An An charge Electronic Configuration of An
Gas phase

U 1.37 7s01852:61 (163715005

Np 1.06 750'195f3'946d1'597p0'05

Pu 1.01 780’185f5'096d1'527p0'04

Solution phase

U 1.38 750-195£2-596,q1-6470-04

Np 1.07 780'195f3‘946d1'597p0'04

Pu 1.01 750'195f5'076d1'537p0'04

847, and 834 cm ™!, with the asymmetric stretching frequencies at 918, 931, and 940 cm ™!

for U, Np, and Pu, respectively. In the cases of Np and Pu, the A(v3 - v1) for the stretching
frequencies of both conformers obtained from computation (endo: 90 and 103 cm™! for Np
and Pu, respectively; exo: 84 and 106 cm™" for Np and Pu, respectively) compare reasonably
well with experimental values (109 cm™! for Np and 124 cm™! for Pu). This Av value is
diagnostic for U, Np, and Pu in the +VI oxidation state and the values obtained here are
consistent with other An(VI) compounds for which both Raman and IR data is available.5?
In the case of U, the calculated A(vs - v7) for the crystallographically observed exo conformer
is a bit underestimated in the calculation (56 cm™!). The gap is larger, however, for the endo
conformer (74 cm™'), which agrees well with the difference observed in the experimental data
(83 cm™!) and suggests the existence of both isomers under experimental conditions.

With a similar approach to that taken for the AnO,LM™ complexes, the vibrational
modes of the AnOAc complexes were evaluated. Good agreement was found between the
experimental and computed frequencies for the symmetric and asymmetric An—-O"! stretches,
as well as for the diagnostic A(vs - 1), in each case for the compounds in both the gas
and solution phases (see SI, Table S6). In both the experimental and computational data,
comparison of the An-O¥' stretching modes reveals higher frequencies in the case of the
AnOAc complexes than the AnO,LY™ complexes, indicating that the chelating ligand

in the AnO,L™ offers stronger donation in the equatorial plane of the An center than
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the acetate ligands. We anticipate that this finding is consistent with both the constrained
bite angle of ko-acetate in AnOAc and the presence of three nitrogen donor ligands in
AnO,LNM

To gain insight into the distinctive colors of the complexes in solution, calculations of
the electronic excitation spectra were performed (see SI, Figures S53, S55, and S57). The
calculated spectra have larger absolute intensities compared to the experimental data, in
particular in the low-energy (long-wavelength) regions. However, deviations of calculated
molar absorption coefficients by a factor of two with respect to experiments are not uncom-
mon. The high-energy bands could be readily assigned as ligand-centered m — 7* transitions
and are not considered here in detail. Corresponding assignments for the most intense tran-
sitions in the lower-energy regions of the spectra are based on natural transition orbitals
(NTOs; given in the SI, pp. S65 - S73). Broadly speaking, the analyzed calculated electronic
excitations are composed of mixed transitions from ligand-centered lone pairs and occupied
ligand 7 orbitals into actinyl ¢* and 7* orbitals. Because of the equatorial donation and
lack of planarity in the equatorial ligand arrangements, transitions into actinyl ¢* and 7*
orbitals are not cleanly separated and the spectra do not therefore have straightforward,
more detailed assignments. Separated bands in the lower-energy parts of the spectra seem
to appear because of energies differences of the corresponding ‘hole’ orbitals, and because
the pairs of actinyl 7, and ; orbitals are not spatially degenerate in the presence of the

organic ligand.

Discussion

The neutral diacetate salts NpOAc and PuOAc reported here are distinct from prior nep-
tunyl and plutonyl acetate species; in all prior work of which we are aware, the actinyl moi-
eties have been incorporated into anionic triacetate salts wherein the equatorial coordination

plane of the actinyl units is fully occupied by three acetate ligands. In these complexes, the
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formally anionic charge of the [AnOy(CH3COOQ)s| core is balanced by an associated alkali
metal cation. These complexes do not appear broadly useful for applications in synthetic
chemistry, however, for three reasons: First, they display very limited solubility. Second, as
additional metal cations are carried through with the actinyls, An/M metal scrambling in
targeted products could be a concern. Third, and most importantly, secondary metal cations
could promote actinyl reactivity. Avoiding inclusion of “surplus” cations should support clean
synthetic chemistry, particularly since direct secondary metal cation coordination to actinyl
units is an established strategy for An—O bond activation.””™ These possible complications
do not appear to impact the synthesis of the AnO,LNM (An = Np and Pu) species reported
here, as shown by successful incorporation of the AnO5 " cores for both Np and Pu.

The acetate moieties in NpOAc and PuOAc appear quite able to drive protonolysis
reactivity (Figure 7). Proton abstraction from the phenols in the model organic ligand
used here proceeds smoothly and rapidly. These Bronsted acid/base properties of NpOAc
and PuOAc enable access to the desired products in moderate to good yields, despite an
apparent mismatch in the pK, values of phenol and acetic acid (10.0 for phenol vs. 4.8
for acetic acid; values taken from measurements in aqueous media).” These values predict
that acetate is not sufficiently basic to deprotonate a phenol. However, the reaction is
presumably encouraged in our system by the acidification of the phenolic protons when the
very Lewis acidic actinyl ions contact the donor atoms of the ligand; in this way, the intrinsic
Lewis acidity of the actinyl ions works in concert with the Brgnsted basicitiy of the acetate
moieties to accomplish the protonolysis reactivity (The pkK, values of the AnO,(H,0)5>"
complexes are 5.3 & 0.2, 5.1 £ 0.4, and 5.5 & 0.5 for U, Np, and Pu, respectively.®®) The
presence of one equivalent of co-crystallized CH3;COOH in the isolated, crystalline materials
used for the synthetic work does not impede the protonolysis reactivity with the incoming
ligand, implying that the Lewis and Brensted acid/base chemistry plays the key role in
influencing the synthetic efficiency, rather than the associated CH;COOH. We also note

that the molecular nature of the actinyl species in the complexes may also contribute to
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their synthetic effectiveness, in that the An centers are coordinated by both x? acetates as
well as aqua ligands; we anticipate that these bound waters could be readily displaced by
incoming amine/imine N-atoms and/or phenol O-atoms to allow for the direct contact with
the actinyl core that drives effective acidification of the phenolic protons. This situation is
conceptually similar to metal-ligand (cyclo)metallation reactivity that is established to occur
in organometallic chemistry by concerted deprotonation/coordination.®!

Nearly all prior work has achieved the synthesis of coordination complexes of Np(VI) and
Pu(VI) using stock solutions as sources of Np(VI) or Pu(VI), rather than employing fully
characterized, stoichiometric starting materials. This is due in part to the lack of a conveient
source of stabilized Np(VI) and Pu(VI); these species present rather oxidizing + VI forms,
with An(VI/V) potentials under standard acidic conditions of +1.14 and +0.93 V, respec-
tively.2939 In this context, the observation of acetate/aqua coordination of the AnO,*" cores
of NpOAc and PuOAc should be noted. Consider, for example, the relative symmetric 14
stretching frequencies for the Na®™ adduct of the Np-triacetate motif and NpOAc. The v,
values are 844 and 846 cm™!, respectively, in line with the greater ligand donor strength of
three formally anionic acetates in comparison to the two present in NpOAc that are accom-
panied by two bound water molecules.®? The difference in vibrational frequency, however,
between these species is only 2 ecm™!, in line with the observation that NpOAc and the
analogous PuOAc remain virtually stable in the +VI O.S. in both the solid state and in
solution. NpOAc and PuOAc reported here feature an appealing balance of stability and
reactivity; the installed ligand set is sufficiently donating to enable isolation and storage of
the complexes, but not so donating as to preclude reactivity with incoming ligands. Such
features are common to many starting materials.

Among previously studied and isolated Np and Pu complexes, those that are perhaps the
most similar to ours are PuO,(NO3)y(H50)y-HyO (PuN) from Gaunt and co-workers®® and
NpO,(NO3),(Hy0)9-HyO (NpN) from Lindqvist-Reis and co-workers. 3 These complexes fea-

ture molecular actinyl species in the solid state, bridged only by H-bonding interactions. The
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nitrate anions are also bound in the x? fashion, much like our acetates. However, the AnOy2*
cores in these complexes are significantly less stabilized than those in NpOAc and PuOAc,

L respectively.

with symmetric stretching 14 values in the solid state of 853 and 844 cm™
NpOAc and PuOAc feature v, values of 846 and 827 cm™!, with the lower energy values
attributable to stabilization of the An(VI) centers from the more donating acetate ligands.
Enhanced donor ability is correlated to some extent with the greater Brgnsted basicity of
acetate; in the studies of PulN, Gaunt and co-workers noted that although binding of one
nitrate in >5.8 M HNOj solution was observed, the nitrate anions are not strongly bound to
the Pu(VI) center. Similarly, the energetic penalty of generation of HNOj3 can be anticipated
to be higher than generation of CH;COOH, underscoring the preference for use of acetates
in protonolysis reactivity as described here.

Dissolution of our diprotic ligand in methanol followed by addition of NpOAc and
PuOAc results in clean generation of the desired coordination complexes, reactivity that
we showcased here to demonstrate the usefulness of the acetates as synthons for Np(VI)
and Pu(VI) coordination chemistry. The structural data and Raman spectra provide un-
ambiguous evidence that the Np(VI) and Pu(VI) O.S. are retained in these complexes. We
anticipate at this stage that chelation of the equatorial plane of the AnO,?" cores with our
model ligand disfavors further reactivity by blocking sites in the plane that could otherwise
bind protic or reducing ligands. An opportunity for future work lies in comparison of ratio-
nally designed complexes featuring other ligands in organic media in order to modulate and,
ideally, control reactivity.

We anticipate that the water-tolerant nature of NpOAc and PuOAc with regard to both
preparation and further utilization will boost use of these materials for synthetic transuranic
chemistry. Despite the presence of water, as well as co-crystallized acetic acid, in the iso-
lated starting materials themselves, protonolysis reactivity proceeded smoothly in all cases
studied here. In the course of our work, once we discovered that water and CH,;COOH were

incorporated into the isolated NpOAc and PuOAc materials, we did not pursue additional
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drying of the commercial organic solvents used for reactivity studies or spectroscopy. In
our view, this was quite enabling and avoided a need for additional sample-handling steps
that would have slowed progress. Additionally, dryness, or the degree of water removal
from organic (non-aqueous) solvents, is always relative; solvents are rarely, truly “dry” even
after treatment with drying agents and storage under nominally water-free atmospheres.®
Considering all this, our reagents appear quite useful for preparation (and study) of water-
tolerant metal-ligand complexes in organic solvents. As we cast our gaze to future projects,
we are excited however by the prospect of testing water removal from (solid) metal-ligand
complexes obtained from NpOAc and PuOAc for inert atmosphere experimentation; use
of drier solvents could afford reactivity manifolds inaccessible in the presence of water. With

the new actinyl(VI) synthons in hand, multiple tractable but as yet unexplored routes to

investigation of actinyl(VI) coordination chemistry appear to be open.

Conclusion

In this work, we have reported the preparation, isolation, and solid-/solution-state spectro-
scopic characterization of an isomorphous family of actinyl(VI) diacetate compounds of U,
Np, and Pu, as well as evidence from reaction chemistry of the usefulness of these compounds
as starting materials for the preparation of transuranic coordination complexes. Spectra in
the solid and solution states indicate that the actinides are in the +VI O.S. and demon-
strate a degree of stabilization imparted by acetate, for example in comparison to previously
studied nitrate compounds. Addition of a model diprotic ligand to NpOAc and PuOAc
results in protonolysis reactivity and cleanly affords access to metal-ligand complexes; spec-
troscopic characterization and computational results provide support for the retention of the
+VI O.S. in the products as well. As compounds with desirable solubility and reactivity
properties, NpOAc and PuOAc present an attractive alternative to existing reagents for

high-valent transuranic coordination chemistry. Their application in this arena is currently
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under investigation in our laboratories.

Experimental

Materials and Methods

Caution! 2*"Np and ?*?Pu are a-emitting isotopes. All experiments were conducted using
strict radiological controls in purpose-built laboratories for the safe handling of a-emitting
radionuclides.

All reactions were performed under ambient laboratory conditions, and all materials,
with the exception of 2"Np and ?*2Pu, were obtained from commercial chemical sources
and used as received. In all cases, reported masses and concentrations were determined by
liquid scintillation counting. KBr and KCI used for IR spectra were ground and dried for

LNM

a minimum of 48 hrs at 120 °C before use. The organic ligand Hy was synthesized

according to literature procedure. %

Single-Crystal X-ray Diffraction

Crystals suitable for single crystal X-ray diffraction were picked from the reaction mixture
and affixed to thin glass fibers by using a quick setting epoxy. Data were collected on a Bruker
APEX II diffractometer using Mo Ka radiation. All data manipulations for these structures,
including data collection, integration, and scaling, were carried out using the Bruker APEX2
or APEX4 Software Suites.®-%" Absorption corrections were applied using the program SAD-
ABS.® Intrinsic phasing methods were used for the structure solutions employing SHELXT
with subsequent refinements of the structure solution using full-matrix least-squares refine-
ments on F? using SHELXL within the ShelXle and Olex2 GUIs.%* 92 Crystallographic data
reported here have been deposited with the Cambridge Crystallographic Data Centre under
accession codes 2328671 - 2328677.
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The final structural model for each compound incorporated anisotropic thermal param-
eters for all nonhydrogen atoms; isotropic thermal parameters were used for all included
hydrogen atoms. Hydrogen atoms in each complex were fixed at idealized riding model sp?-
or sp-hybridized positions with C~H bond lengths of 0.95 — 0.99 A. Methyl groups were
incorporated into the structural models either as sp-hybridized riding model groups with
idealized “staggered” geometry and a C-H bond length of 0.98 A or as idealized riding model
rigid rotors (with a C-H bond length of 0.98 A) that were allowed to rotate freely about
their C-C bonds in least-squares refinement cycles. The isotropic thermal parameters of
idealized hydrogen atoms in all three structures were fixed at values 1.2 (non-methyl) or 1.5
(methyl) times the equivalent isotropic thermal parameter of the carbon or oxygen atom to

which they are covalently bonded.

Spectroscopy

Raman spectra were collected on single crystals harvested directly from the reaction vessels
and used for single-crystal X-ray diffraction measurements. Spectra were collected using
a Renishaw in-via confocal Raman microscope with circularly polarized radiation and an
excitation line of 532 and 785 nm. Solid samples were placed on a microscope slide with a
concave cavity and covered with a glass coverslip affixed with epoxy. Spectra were collected
using circular polarized radiation between Av 100 and 4000 cm~t. Solid-state infrared sam-
ples were collected on ground crystals (approx. 2 wt%) pressed into KBr or KCI using a
Nicolet iS50 FT-IR. Data were collected over 400 - 4000 cm~! with a resolution of 4 cm™!.
UV-vis-NIR spectra of solution phase samples were collected using a Cary 5000 UV-Vis-NIR
Spectrophotometer in double beam mode with a 0.25 nm step size and 0.75 nm spectral

bandwidth.

35



Computational Details

Kohn-Sham DFT calculations were performed using the 2023 release of the Amsterdam
Density Functional (ADF) suite.”® Restrained (only hydrogens were optimized) and full
geometry optimizations and electronic structure analyses were performed using the PBE0*
hybrid functional with 25% exact exchange in conjunction with all-electron Slater type orbital
(STO) basis sets of triple-zeta doubly-polarized (TZ2P) quality for the actinides and double-
zeta polarized (DZP) quality for other atoms.? The functional was chosen based on its

9697 in particular in the case

typically good performance for evaluating molecular properties,,
of actinide complexes.?® Relativistic effects were incorporated using the scalar-relativistic
zeroth-Order regular approximation (ZORA) Hamiltonian.® Natural localized molecular
orbital (NLMO) and natural population analyses (NPA) carried out with the NBO program
(version 6.0)'% interfaced with the ADF suite. QTAIM analyses were performed with the
‘Bader’ keyword in ADF. QTAIM results include the density at each bond-critical point
(BCP) (p), the Laplacian of the density at a BCP (V?p), the corresponding kinetic (G) and
virial potential energy density ('), the total energy density (H), the ratio of the kinetic to
potential energy densities (|V|/G), and the delocalization index (§).19719 The latter serves
as the QTAIM bond order. To incorporate the effects from a solvent, calculations utilized the
conductor-like screening model (COSMO) with parameters for methanol, as implemented in
ADF. 104

Additional geometry optimizations followed by harmonic vibrational frequency calcula-

tions were performed to obtain vibrational modes and their frequencies as well as to confirm

the complex conformers as local minima. These calculations used Gaussian 16 (G16) revi-

sion C.01'% with the PBEO functional, ECP60MWB pseudopotentials'61%7 and matching
segmented valence basis sets'® for the metal centers, and the Gaussian-type SVP basis!?”
for the other atoms. Calculations of spectra with time-dependent DFT (TDDFT) also used

(G16, the same functional and basis as used for the aforementioned calculations, along with

the polarizable continuum model (PCM)!? for acetonitrile as solvent. The solvent acetoni-
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trile was chosen based on the solvent used for the UV-Vis spectra measurements. A total
of 300 excited states were generated for each complex. The most intense transitions were
analyzed via natural transition orbitals (NTOs).!*! The validity of treating the solvent via
COSMO in the ADF calculations was assessed by performing Gaussian calculations with

COSMO vs. PCM and SMD,'!? showing good agreement of the NPA data (Table ST9)

Preparation of Np(OH),

Neptunium was obtained from ANL stocks and purified through a solvent extraction pro-
cess using a 20% by volume tri-n-butyl phosphate (TBP)/dodecane solution, which had been
preequilibrated with 4 M HNOj3. The solution was oxidized to neptunium(VI) using a stream
of ozone gas then contacted with an equal volume of the TBP /dodecane solvent and vigor-
ously shaken until phase transfer of neptunium(VI) was complete. The organic phase was
then contacted with a fresh aqueous phase of excess hydroxylamine HCIl in 1 M HNOj;. The
aqueous phase was then boiled to dryness and redissolved in 1 M HNO3. Bulk electrolysis of
this solution converted neptunium(V) to neptunium(IV), which was then precipitated with
sodium hydroxide as Np(OH)4 and washed several times with water until the pH was near

neutral.

Preparation of Pu(OH),

Plutonium was obtained from ANL stocks and purified by passing a Pu(IV) solution in 7.5
M HNO; over an anion exchange column packed with DOWEX anion resin. The plutonium
was eluted with 1 M HCI, and Pu(OH), was precipitated by the addition of NaOH. The
Pu(OH), solids were washed with deionized water until the pH of the supernatant was near

neutral.
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Synthesis of UO,(0OAc),(H,0),-CH3COOH (UOAC)

Tetravalent uranium was produced by electrolysis of uranyl nitrate hexahydrate (0.115 g,
0.23 mmol) in 1 M HNOj; at a platinum coil electrode then precipitated as U(OH), by the
addition of 4 M NaOH. The dark purple U(OH), solids were washed with deionized water
until the pH of the supernatant was ca. 7 then taken up in glacial acetic acid (1.5 mL) and
oxidized using a steam of air overnight yielding a pale yellow precipitate. The product was
isolated by centrifugation in a yield of 50%. Additional material of the same composition

was isolated from the evaporation of the supernatant, for a total yield of 80% (0.093 g).

Synthesis of NpOy(OAc),(H,0),-CH3;COOH (NpOAc)

The Np(OH), solids (0.093 g, 0.30 mmol) were taken up in glacial acetic (4 mL) acid and ox-
idized using a stream of ozone gas while stirring for 1 hour. Concentration of this solution to
ca. 1 mL resulted in the formation of green solids, which redissolved upon continued ozonol-

ysis and stirring. Ozonolysis overnight gave rise to the product as a magenta precipitate in

high yield (80%; 0.121 g).

Synthesis of PuO,(0Ac),(H,0),-CH3COOH (PuOAc)

The Pu(OH), solids (0.061 g, 0.19 mmol) were taken up in glacial acetic acid (5 mL; con-
centration approx. 10 mg Pu/mL) and oxidized using a steam of ozone gas for two days.

During this time, the product formed as a greenish-red precipitate in a 59% yield (0.058 g).

Synthesis of AnO,L¥ complexes (An — Np and Pu)

LYM was dissolved in a minimum volume of methanol and

The excess organic ligand H,
added to the respective molecular actinyl diacetate solids (NpOAc: 0.004 g, 0.008 mmol;
PuOAc: 0.014 g, 0.03 mmol). Upon addition of ligand, the solution became very dark in

both cases. Cooling of each reaction mixture overnight in a freezer (ca. -18 C) gave rise to

38



dark crystals in both cases with yields of 82% (0.004 g) in the case of NpO,L™¥ and 94%
(0.015 g) in the case of PuO,LNM.
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