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The redox chemistry of the actinyl cations (AnO,"*) heavily influences their reactivity and speciation in

solution, but the redox properties of the actinyls in non-agueous media have received far less attention

than they deserve. Here, the non-aqueous electrochemistry of a chemically reversible Np(vi)/Np(v) redox

manifold is reported in both protic (CH3zOH) and aprotic (CH3CN) organic media. Using a neutral Np(vi)

complex supported by a chelating and strongly donating pentadentate ligand that was fully characterized

in prior work, a clean Np(vi)/Np(v) redox couple was found to be accessible under ambient conditions.

Coupled electrochemical and spectroscopic studies, as well as simulations of cyclic voltammetry data,

confirm the 1e™ nature of this couple and establish it to be chemically reversible and nearly electrochemi-

cally reversible as well. Bulk electrolysis of a solution of the neutral Np(vi) complex facilitated isolation of

the corresponding anionic and monomeric Np(v) species. Data from X-ray diffraction analysis as well as

optical and vibrational spectroscopies provide strong evidence in support of metal-centered reduction
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1 Introduction

Speciation of actinide elements is primarily dictated by oxi-
dation state."™ In the high valent +VI and +V states under
aerobic conditions, trans-dioxo ligands are typically encoun-
tered for uranium, neptunium, and plutonium with a more
labile equatorial belt, giving rise to overall coordination
numbers between 6-8.° Lower valent species can adopt coordi-
nation numbers greater than 8, making control of speciation
and speciation-dependent properties a challenge in the field of
f-element chemistry due to the significant number of degrees
of freedom associated with high coordination numbers.”®
While a few of the lanthanides have accessible redox processes
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and the Np(v) oxidation state, findings that are in accord with the measured reduction potentials.
Distinctive hydrogen bonding interactions between the terminal (yl) oxo groups and water molecules
appear to stabilize the isolated Np(v) species in the solid state, providing insight into the features that
afford the uncommon chemically reversible redox encountered in this system.

under ambient conditions, the early actinides are unique in
that they feature several accessible oxidation states and these
can often exist simultaneously in a single solution.>>*'°
Under a given set of conditions in solution, the various oxi-
dation states of the actinides have been established to equili-
brate with each other by way of ligand exchange/displacement,
disproportionation reactions, or formation of cation-cation
interactions (CCIs) that represent formation of oxo-bridged
species via the terminal (yl) oxo ligands as first reported by
Sullivan.*'*™*  This nomenclature, coined by Sullivan,
describes the interaction of two overall cationic species where
at least one species is an actinyl of the form AnO,"" (n =1 or 2)
in which the terminal oxo moiety of one actinyl species acts as
ligand to another cationic species, with either a linear or
T-shaped geometry, or by formation of a diamond core motif
involving two actinyl species. Though more recent work has
distinguished between interaction pairs containing two acti-
nyls ("actinyl-actinyl interactions”)'*™*® versus other pairs, the
interaction is, in the simplest terms, a Lewis acid-base inter-
action between a Lewis acidic metal center and the Lewis basic
oxo ligands of the actinyl moiety. The generality of the
“cation-cation interaction” nomenclature was also demon-
strated by Sullivan in reports of interactions between actinyl

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Latimer diagram of neptunium in 1.0 M HCLO,.°

17719 Given the correlation

species and other non-actinide ions.
between oxidation state and solution speciation, a fundamen-
tal understanding of the redox properties of the f-elements in
both aqueous and non-aqueous environments can be con-
cluded to be critical for controlling their chemistry.

On the one hand, the redox properties of the transuranic
actinyl ions in both acidic and basic aqueous media have been
investigated extensively in prior work; their standard reduction
potentials were tabulated decades ago.>®° Fig. 1 shows the
Latimer diagram for neptunium 1.0 M in HCIO,; this diagram
represents a summary of the reduction potentials corres-
ponding to the redox interconversion between this element’s
various observable oxidation states. For example, Np displays a
(VI/V) redox couple at E° = +1.14 V vs. the standard hydrogen
electrode (SHE) in 1 M acid.” The Np(vi/v) couple has been
demonstrated to be a reversible 1e” couple at low concen-
trations of neptunium over a range of acid concentrations for
nitric, perchloric, and sulfuric acids, but irreversible in phos-
phoric acid.®*'

On the other hand, only a very limited number of reports on
the redox properties of transuranic actinyls in non-aqueous
media are available. An early report can be found in a PhD
thesis that details the electrochemical properties of a putative
Np(v) perchlorate in acetonitrile media.>”> However, as the Np(v)
material studied in this work was not fully characterized, An(vi/
v) redox cycling at the electrode surface could not be rigorously
established. More recently, the redox behavior of a Np(vi)
coordination complex was reported in dimethylsulfoxide-based
electrolyte,® a Np*"V couple was studied in the case of NpClg>~
dissolved in room-temperature ionic liquids,>* and a Np"V
reduction potential was measured in another non-actinyl
system.>® Of these examples, none fully investigated the reversi-
bility of the An(vi)/An(v) redox from both the chemical and
electrochemical perspectives or provided full characterization
of both the reduced and oxidized forms. Pursuit of information
on these features underpinning the redox chemistry of neptu-
nium in particular could disambiguate intrinsic features of the
redox from secondary chemical reactions, particularly given the
likelihood of ligand displacement following electron transfer
to/from the actinyl species in the noted prior work. As the
ligands used in the prior work with the neptunyl ion were not
able to coordinatively saturate the neptunium metal center,
there remains a significant possibility of follow-up reactivity.

Recently, we reported the neptunyl(vi) and plutonyl(vi) com-
plexes of a pentadentate Schiff-base-type ligand*® for which
the uranyl(vi) analogue was already known (see Fig. 2).>”7>° All
of these complexes display attractive solubility properties in

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 The Np(vi) and Np(v) species in this study, and the le™ redox
couple for their interconversion. The fundamental parameters describ-
ing this redox couple that were studied here include the Np(vi)/Np(v)
half-wave potential (E;/,), the standard heterogeneous electron-transfer
rate constant (k°), and the transfer coefficient or symmetry factor (a).
The diffusion coefficients for the Np(vi) and Np(v) species are denoted
Doy and D,eq, respectively.

the non-aqueous solvent acetonitrile (CH;CN); the uranium
complex also displays a chemically reversible U(vi/v) redox
couple in CH3;CN-based electrolyte under inert atmosphere, a
finding in accord with the high-yielding chemical synthesis of
the corresponding uranyl(v) complex from the U(vi) species
under air-free conditions.>® The clean chemical and electro-
chemical redox behavior of the U(vi)/U(v) manifold can be
attributed in part to the dianionic and pentadentate chelating
nature of the Schiff-base-type ligand supporting the actinyl
core in this system; the ligand appears readily able to fully
satisfy the natural bonding preferences of the actinyl unit in
the equatorial plane, a concept underpinned by voltammetric
studies of other uranyl complexes supported by pentadentate
ligands®® as well as prior work on structurally diverse Schiff-
base ligands.>’* Coordinative saturation in the equatorial
plane appears to alleviate some difficulties with speciation, in
that neither labile ligands prone to exchange (e.g., solvent) nor
potential bridging anions (e.g., chloride) are present. The Np
(vi) oxidation state is particularly stabilized by the chosen pen-
tadentate ligand, as judged by spectroscopic monitoring in
acetonitrile solutions over time. In contrast, formation of lower
Np(v) and Np(v) oxidation states gives rise to significant reac-
tivity, resulting in formation of unique di- and trinuclear com-
plexes that we have characterized in other recent work.>> Given
this situation, we anticipated that investigating the redox pro-
perties of our neptunyl(vi) complex*® in acetonitrile- and
methanol-based electrolytes would represent an opportunity to
characterize Np-centered redox in non-aqueous media with
both electroanalytical and chemical approaches (see Fig. 2).
Overcoming the established challenges of interrogating neptu-
nium redox chemistry could afford new insights applicable to
next-generation nuclear fuel reprocessing schemes as well as
new approaches to preparation of neptunium complexes.’®*”
Here, we report an electroanalytical investigation of redox
chemistry starting with a neutral Np(vi) coordination complex

Dalton Trans., 2024, 53,19126-19142 | 19127
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(denoted NpO,L™) in electrolytes based upon both a protic
solvent (CH3;OH) and an aprotic solvent (CH3CN). In the
(CH3CN) case, a clean Np(vi)/Np(v) couple was measured at
—0.48 V vs. Fc'® without the need for inert atmosphere or spar-
ging with inert gas. Scan rate-dependent behavior in each
solvent/electrolyte indicates that both the reduced and oxi-
dized forms of the compounds are freely diffusional and
soluble in solution on the timescale of the voltammetry; com-
panion data from double-potential-step chronoamperometry
and chronocoulometry experiments support a high degree of
chemical reversibility in this system, apparently free from com-
plications that could arise due to formation of Sullivan-type
cation-cation interactions. The cyclic voltammetric data across
all scan rates could be satisfactorily simulated with a model
involving only chemically reversible 1e™ transfer processes; the
estimated diffusion coefficients for the Np(vi) and Np(v)
species from the simulations are in line with similarly sized
monometallic complexes from other work. Regarding electro-
chemical reversibility, the heterogeneous electron transfer
rates appear fast based on the simulated k° values, in accord
with the modest peak-to-peak separation values that were
measured directly from the voltammetric data. Additional evi-
dence for chemical reversibility in this system as well as gene-
ration of a single Np(v) species was developed in a spectroche-
mical titration and spectroelectrochemical experiments.
Structural and spectroscopic data obtained for the reduced
form of the compound, including three structures from XRD
analysis obtained with crystals resulting from bulk electrolytic
reduction of the starting NpO,L™™, enable new comparisons
to the previously reported analogous isostructural U(v) and iso-
electronic Pu(vi) complexes. In the Np(v) structures, hydrogen
bonding appears to play a pivotal role in the stability of the
neptunyl(v) core, suggesting a marked increase in actinyl oxo
basicity upon reduction and suggesting future opportunities
for studies of actinyl redox chemistry.

2 Results

2.1 Structure and spectroscopy of [NpO,L"™]~

Building on our recent report of the preparation of a homolo-
gous series of U, Np, and Pu complexes ligated by a Schiff-base
ligand, H,L™, we became interested in the electron transfer
properties of such systems (H,L™ = 2,2'-[(methylimino)bis
(2,1-ethanediylnitrilomethylidyne)]-bis(phenol)).  Previously,
cyclic voltammetry (CV) data for the uranyl complex of L™,
UO,L™, in acetonitrile-based electrolyte (0.1 M TBAPF, in
CH;CN; denoted hereafter as CH3;CN/TBAPFg) has been
reported, which displays a 1e~ couple at E;,, = —1.55 V vs. fer-
rocenium/ferrocene (denoted hereafter as Fc'/°) under inert
atmosphere and under ambient lab conditions with rigorous
N, sparging (see ESI, Fig. $11).>®*° Under inert atmosphere,
the reduced form of the complex could be isolated and fully
characterized structurally, spectroscopically, and electrochemi-
cally.>® Here, we have extended this general type of electro-
chemical investigation to neptunium and found that NpO,L™
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displays a Np(vi/v) couple in CH;CN/TBAPF, which is accessi-
ble without the need for inert atmosphere or sparging. This
couple can be measured at E;;, = —0.48 V vs. Fc'® and its
modest reduction potential, as well as apparent reversibility,
encouraged us to pursue the isolation and characterization of
the reduced form of the compound. In this endeavor, we have
found that bulk electrolysis of NpO,L"™ at a concentration of
0.5 mM in CH3;OH electrolyte enables the isolation of
[NpO,L™]["BuyN] (denoted hereafter as [NpO,L™]).
Crystalline [NpO,L™]~ was obtained from such bulk electro-
lyses on multiple occasions in the form of various hydrates:
[NpO,L"™]™-3H,0 (m60a and mé1a) and [NpO,L"™]™-2.5H,0
(m36a; see ESI, pp. S60-S81 and Table S5+ for crystallographic
details). For the purpose of the following structural and spec-
troscopic discussion, m60a will be used as the representative
[NpO,L™]™-3H,0 structure and will be denoted as
[NpO,L™™]™-3H,0 in the main text, while discussion of m36a
and m61a can be found in the ESI (pp. S67-S74 and S75-581,
respectively, as well as in Table S57).

O3A

O3B

Fig. 3 Structures of NpO,LN™ (structure a) and the crystallographically
independent molecules of [NpO,LN™]~ in the asymmetric unit of
[NpO,LNM~.3H,0 from X-ray diffraction analysis (structures b and c). All
hydrogen atoms, minor components of disorder, outer-sphere co-crys-
tallized solvent molecules, and counter cations (associated with
[INpO,LNMI7) are omitted for clarity.

This journal is © The Royal Society of Chemistry 2024
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The structure [NpO,L™™]™-3H,0 (m60a) contains two crystal-
lographically independent molecules of [NpO,L™]~ (denoted
hererafter as molecules A and B) in the asymmetric unit; mole-
cules A and B are located in chemically distinctive environ-
ments (Fig. 3). Two counter cations of tetrabutylammonium are
also present in the asymmetric unit to balance the charges
coming from the two monoanionic Np-containing molecules
(see ESI, pp. S60-S66 and Table S51 for crystallographic
details). The actinyl moiety is preserved upon conversion from
NpO,L™ to [NpO,L™]™-3H,0; the Np center remains ligated
by the five donor atoms of the organic ligand, though the
degree of ligand puckering is much less in [NpO,L™] (as
quantified by the ligand fold angle y in Table 1), consistent
with the expected larger ionic radius of Np(v) compared to Np
(vi). Overall, the An-Oy; bond distances (1.809(5)-1.838(5) A)
and bond valence sum (BVS) parameter (5.0) are consistent
with typical Np(v) metrics (Table 1).*® Consistent with the pres-
ence of Np(v), the An-Oppenoxide Ponds lengthen by more than
0.1 A in [NpO,L™]™ (2.365(6) A and 2.404(6) A) compared to
NpO,L™ (2.226(7) A); this elongation can be ascribed to arise
from additional electron density on the Np metal center that
repels the anionic phenoxide donor atoms. The bond metrics
for the imine groups of the ligand suggest that there may be a
negligible contribution of ligand radical character (i.e., mixed
Np-ligand reduction character) in [NpO,L™]". This can be
judged based upon the very slight elongation of the imine
bond of [NpO,L™]~ compared to NpO,L™ (A(N1-C1) = 0.009
(13) A and A(N2-C14) = 0.015(13) A). For comparison, A(N1-
C1) and A(N2-C14) for UO,L"/[UO,L™™]™ are 0.015(10) A and
0.005(10) A, respectively.?® In the case of the Np species dis-
cussed here, spectroscopic studies were used to examine the
issue of radical anion delocalization in [NpO,L""]~, and these
studies demonstrate that the site of reduction is primarily Np-
centered (vide infra). Finally, despite the isoelectronic nature of
U(v)/Np(v1) and Np(v)/Pu(vi), the actinyl bond distances remain
reflective of the respective formal oxidation states in all
instances, where the An(vi) distances are shorter than the An(v)
distances with the computed BVS parameters for each species
also being supportive of the assigned oxidation states.
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In the structure of the Np(vi) complex NpO,L™ from our
prior work,?® the only hydrogen bonding interactions found in
the structure involve H' donation from a single disordered
outer-sphere methanol molecule to the phenoxide moieties in
the organic ligand (Fig. 4a). In contrast, [NpO,L"™] -3H,0 fea-
tures three water molecules that engage in multiple hydrogen
bonding interactions with the anionic Np-containing mole-
cules, as well as weak electrostatic interactions that surround
the two crystallographically inequivalent Np-containing sites in
the asymmetric unit. Specifically, each [NpO,]" motif engages
in at least one moderate-strength hydrogen bond with an
outer-sphere co-crystallized molecule of water (donor-acceptor
distances of 2.925(17) A for O4A.--02W and 2.815(8) A for
O4B---O3W) in addition to weak electrostatic interactions with
the tetrabutylammonium cations.>® As indicated by the differ-
ence in the donor-acceptor interaction distances, there is a
slight asymmetry to the nature of the water-oxo interaction
where O3W interacts more strongly with the oxo O4B than
O2W does with the oxo O4A. This could be the result of the
half-occupancy of the water molecule associated with O2W; the
occupancy of O2W was found to be related to disorder in one
butyl chain of a nearby tetrabutylammonium counter cation
(see ESI, p. S54 and Fig. S517). Although this feature appears
subtle in the crystallographic data, the slight asymmetry of the
hydrogen bonding is clearly seen in the asymmetric elongation
of the Np1A-O4A/B bond and is also reflected in the Raman
spectroscopic results (vide infra). Stated another way, the Np-
Oy distances corresponding to the oxos that serve as acceptors
for the moderate-strength hydrogen bonds are significantly
longer (Np1A-O4A, 1.819(5) A; Np1B-04B, 1.838(5) A) than the
Np-O,; distances to those that do not (Np1A-O3A, 1.809(5) A;
Np1B-O3B, 1.813(5) A). The Np-O,; distance associated with
the fully occupied H-bond donor water molecule (Np1B-O4B,
1.838(5) A) is also longer than the corresponding distance to
the half-occupied H-bond donor H,O (Np1A-04A, 1.819(5) A).

As mentioned above, crystals of [NpO,L™]~ were obtained
from virtually identical conditions on multiple occasions (slow
evaporation of a sample of 0.5 mM NpO,L™ following
bulk electrolysis in methanol electrolyte). Notably, control bulk

Table 1 Comparison of selected structural parameters for UO,LNM, [UO,LNM]~, NpOLLNM, [NpO,LNMI~, and PUO,LNM

Uo,L™ [UO,L™™M]” NpO,L™ [NpO,L"™]™-3H,0 (m60a) [NpO,L™]™-2.5H,0 (m36a) PuO,LNM
An-0Oy; (A) 1.784(3)" 1.853(7) 1.743(11) 1.809(5) 1.803(4) 1.754(6)
— — — 1.813(5) 1.821(5) —
An-0y; (A) 1.793(3)* 1.847(7) 1.733(9) 1.819(5) 1.811(4) 1.743(5)
— — — 1.838(5) 1.836(4) —
Oy-An-Oy; (°) 173.6(1)* 173.1(3) 176.8(5) 175.6(2) 175.4(2) 176.8(3)
An-Oppen (A) 2.223(3)° 2.368(7)° 2.226(7) 2.404(6)° 2.395(4)° 2.246(4)
— — — 2.365(6)° 2.368(4)° —
N1-C1 (A) 1.290(6)" 1.305(10) 1.267(13) 1.276(10) 1.273(8)° 1.267(8)
N2-C14 (A) 1.287(5)" 1.292(10) — 1.285(10)" 1.279(8)" —
7 18.7(1)° 0(4) 64.4(5) 34.0(3) 35.6(3) 61.4(3)
BVS 5.8 5.0 5.8 5.0 5.0 5.7
Ref. 29 29 26 This work This work 26

“ 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.

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 (a) Structure of NpO,L"™ from X-ray diffraction analysis, showing the outer-sphere methanol found in the structure which serves as an
H-bond donor to the phenoxides of the ligand.?® (b) Molecules A and B in the asymmetric unit of [NpO,LNM]=-3H,0 from X-ray diffraction analysis.
Each Np-containing molecule engages in hydrogen bonding interactions with outer-sphere water molecules (denoted with bold dashed lines), as
well as weak electrostatic interactions with the tetrabutylammonium counter ions (denoted with grey dashed lines). All minor components of dis-
order and hydrogen atoms except those engaged in hydrogen bonding or weak electrostatic interactions are omitted for clarity.

electrolysis experiments performed in CH;CN/TBAPF,
(INpO,L™] = 0.5 mM, analogous to the conditions that yield
[NpO,L™] in CH;OH/TBAPF,) exclusively gave rise to the
crystals of the previously reported [Np'Np'YNp'] trimeric
species (see ESI, Fig. S451).>° In addition to [NpO,L™] -3H,0,
another structure, [NpO,L"™]-2.5H,0, was found which also
contains multiple co-crystallized water molecules, suggesting
that the incorporation of water into the solid-state structure of
[NpO,L™]™ is favored by generation on Np(v). The hydrogen
bonding interactions that result from this water incorporation
could be critical to stabilizing [NpO,L™™]™ in the solid state,
especially considering the direct H-bonding interactions
between the co-crystallized water molecules and the neptunyl
(v) motifs in the structures. [NpO,L""] -2.5H,O shows the
same connectivity of the main Np-containing sites as
[NpO,L™]™-3H,0, but contains only two fully occupied water
molecules and one half-occupied water molecule. In contrast
to [NpO,L™] -3H,0, only one Np-containing site in
[NpO,L™]™-2.5H,0 displays a hydrogen bonding interaction
between an outer-sphere water and an actinyl (O2W---O4B;
donor-acceptor distance of 2.817(6) A); the impact of this
asymmetry can be directly observed in the Raman spectro-
scopic results (vide infra). Despite the variable number of water
molecules observed across the two structures, it appears that

19130 | Dalton Trans., 2024, 53, 19126-19142

the hydrogen bonding motifs present in the structure of
[NpO,L™!] play a critical role in the stabilization and crystalli-
zation of this species in methanol over acetonitrile, in spite of
the propensity of An(v) species to disproportionate in protic
media.

The differences in the hydrogen bonding patterns present
in the structures of NpO,L™ and [NpO,L™]™ afford insight
into the changes in the Lewis basicity of the actinyl oxos that
result from metal-centered reduction. In the structure of
NpO,L™™, the most basic site which can engage in hydrogen
bonding appears to be the phenoxides of the ligand; this is
apparent in the H-bonding interactions of the disordered
methanol molecule with the phenoxide O-atoms. However,
upon reduction, the actinyl oxos seem to display a similar basi-
city to the phenoxides in that water molecules interact with
both the phenoxides and the actinyl oxos. One could hypoth-
esize that the phenoxides remain more basic than the actinyl
oxos in [NpO,L™]~ because the two water molecules in
[NpO,L™]™-3H,0 which hydrogen bond with the phenoxides
(O1W and 04W) are fully-occupied, while one of the waters
which hydrogen bonds with an actinyl is only half-occupied
(O2W). This hypothesis can be set aside, however, when realiz-
ing that one of the phenoxide-interacting water molecules in
[NpO,L™]™-2.5H,0 (03W) is half-occupied, while the water

This journal is © The Royal Society of Chemistry 2024
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molecules engaging in a hydrogen bond with the actinyl
(02wW) is fully-occupied. Thus, despite a possible increase in
the relative basicity of the phenoxides from the lengthening of
the NPp-Ophenoxide bonds in [NpO,L™™]7, the actinyl oxos in
[NpO,L™]™ are at least similar in basicity to the phenoxides,
on the basis of our close inspection of the hydrogen bonding
in [NpO,L™]-3H,0 and [NpO,L"™]"-2.5H,0. Moreover, the
actinyl oxos for the Np(v) species are definitely more basic
than those in the starting Np(vi) species NpO,L™™.

The solution-phase optical spectrum of [NpO,L™™]" is also
consistent with Np in the +V oxidation state. The spectrum in
CH;CN displays ligand-centered n-n* absorptions between
350-500 nm but is rather featureless between 500-1000 nm,
with the exception of a sharp feature at 994 nm (Fig. 5). With a
molar absorptivity of ca. 100 M~* cm ™", this transition is diag-
nostic of Np(v) and matches well with the feature observed
during a companion spectrochemical titration of NpO,L™
with Cp*,Fe (Fig. 12). Notably, the absence of broad features in
the visible and near-infrared regions (from 500-1000 nm)
strongly suggests that the reduction is principally centered on
Np, as a ligand-centered reduction would be expected to
display such broad absorptions in this range.*® For compari-
son, the U analog, [UO,L™™], features a broad absorption
between 500-800 nm (& > 200 M~ " cm ™) in addition to its sig-
nature U(v) f-f transition, suggestive of mixed U-ligand radical
character (see ESI, Fig. $381).%° This observation, in turn, is
consistent with the significantly more negative reduction
potential of —1.55 V associated with U(vi)/U(v) redox cycling in
comparison to the value of —0.48 V associated with Np(vi)/Np
(v) cycling; the more negative potential for generation of U(v)
promotes delocalization of electron density into ligand-cen-
tered orbitals that are empty in the U(vi) species.

The solid-state Raman spectra of [NpO,L™™]” (both
[NpO,L™]™-3H,0 and [NpO,L"] -2.5H,0) support the pres-
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Fig. 5 Electronic absorption spectrum of [NpO,LN™]~ in 0.2 TBAPFs in
CH3CN (INp] = 1.1 mM).
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ence of the +V oxidation state, but a deeper understanding of
the influence of hydrogen bonding in these structures was also
gained from these spectra by correlation with the companion
structural information which are also reported here (vide
supra). Overall, the ligand-based modes remain mostly unper-
turbed, further bolstering the claim that the Np is the prin-
ciple site of reduction. The spectrum of [NpO,L"™]™-3H,0 dis-
plays an symmetric [NpO,]" stretch at 735 cm™", which com-
pares well with other Np(v) stretches (Fig. 6).*"** Similarly, the
spectrum of [NpO,L™]™-2.5H,0 features a stretch at
732 cm™'; both of these are shifted with respect to the v; of
NpO,L™ to lower energy by 55 and 52 cm ™", respectively, con-
sistent with the presence of a more electron-rich Np center in
[NpO,L™]". A marked difference is observed, however, in the
intensities of the v, stretches compared to the adjacent ligand
band in [NpO,L™]:3H,0 vs. [NpO,L"™] -2.5H,0, with the
intensity of the actinyl v; being much
[NpO,L"™]™-2.5H,0. Closer inspection of the v, feature in
[NpO,L"™]™-2.5H,0 reveals a primary feature at 732 cm ™" with
a shoulder at 742 cm™" (the feature at 762 cm™" corresponds to
a ligand-based feature; Fig. 7). As the structure of
[NpO,L"™]™-2.5H,0 contains one molecule of [NpO,L™]"
whose actinyl oxo serves as an H-bond acceptor to an outer-
sphere water (located near molecule B) and one molecule that
does not engage in a hydrogen bond through its actinyl oxo
(molecule A) in its asymmetric unit, we ascribe the band at
732 cm ™" to v, of the [NpO,]" unit in molecule B and the band
at 742 cm™" to v; of the [NpO,]" unit in molecule A. This
assignment is consistent with the longer actinyl bonds
observed for molecule B (Table 1) and suggests that the pres-
ence of a single, moderate strength hydrogen bond interacting
with an oxo group of a [NpY0,] core in the solid state imparts
a shift of 10 cm™ to the Raman shift of v;.

Other compounds of Np(v) have been reported which
feature hydrogen bonding interactions with the actinyl oxos
and display multiple features in the typical range for v4, result-
ing in unusually stretched or structured v; features. In those
cases, the structure in the v, feature is often ascribed to a
decrease in symmetry of the actinyl ion from D, to Cyy as a
result of asymmetry in the actinyl bonds (0.023 A).**** In
several examples, however, the structure of the features is not
accompanied by the drastic decrease in intensity which is
observed here in the case of [NpO,L"™] -2.5H,0. It is worth
noting that the A(y; — v,) is typically ca. 100 cm™ for Np(vi)
compounds,*® but ranges from 22-50 cm™" for Np(v) com-
pounds in the three available documented examples.*®™*®
Though asymmetry in actinyl bond distances comparable to
literature examples is present in site B of [NpO,L™™]"-2.5H,0,
the difference in between the main feature and shoulder is
only 10 cm™. In light of these prior reports and our obser-
vations, we therefore hypothesize that the structure in the
actinyl feature in [NpO,L™]™-2.5H,0 is a result of the pres-
ence of two crystallographically distinct Np-containing sites in
the asymmetric unit, giving insight into the magnitude of the
hydrogen bonding influence on actinyl vibrational spec-
troscopy rather than v; stretching.

lower in
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Fig. 7 Fitting of the v, feature in the solid state Raman spectrum of
[NpO,LNM~-2.5H,0.

2.2 Electroanalytical studies of NpO,L™ and simulation of
cyclic voltammetry data

We measured the voltammetric response of NpO,L™ in
CH;CN/TBAPFg, which shows a Np(vi/v) couple at E;, = —0.48

V vs. Fc'’® without the need for inert atmosphere or sparging.

19132 | Dalton Trans., 2024, 53, 19126-19142

The couple appeared to be a quasi-reversible on the basis of its
AE, of 97 mV (see ESI, Fig. S2;t AE,, of the F¢*’® couple under
these same conditions was 78 mV). Data at various scan rates
were collected across two orders of magnitude to enable an
investigation of the degree of chemical reversibility and the
diffusional nature of the compounds involved in the redox
couple. A slight loss of the near-ideal behavior was seen at
slower scan rates by inspecting the ratio of anodic peak
current to cathodic peak current (see ESI, Fig. S37). This is
consistent, however, with a minor influence of convection in
our electrochemical cell induced by background vibrations;
our electrochemical cell was located in a radiochemical fume
cupboard during experimentation and thus turbulent air flow
or fan vibrations could shake the cell slightly, resulting in loss
of apparently high chemical reversibility at slower scan rates.
Despite this, the current response for both the anodic and
cathodic peaks is consistent with the Randles-Sev¢ik equation
in that it increases as a function of the square root of scan
rate, indicating that both the oxidized and reduced forms of
the complex are diffusional in solution as shown in panels a
and b of Fig. 8.

Building on the behavior of NpO,L™ in CH;CN, as well as
our recent report of multimetallic species derived from reactiv-
ity of neptunyl diacetate with methanol and H,L"™,** we also
carried out measurements of the voltammetry of NpO,L™ in

This journal is © The Royal Society of Chemistry 2024
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demonstrating the diffusional nature of the reduced and oxidized species. Panel (c) scan-rate-dependent cyclic voltammetry data for NpO,LNM in
CH3OH/TBAPF¢. Panel (d) plot of peak currents vs. (scan rate)”’?, demonstrating the diffusional nature of the reduced and oxidized species.

Conditions: [NpO,L"™] = 1 mM.

methanol-based electrolyte (0.1 M TBAPF, in CH30H; denoted
hereafter as CH3;OH/TBAPFs). An accessible quasi-reversible
redox couple was measured at E;/, at —0.22 V vs. Fc*° with AE,
= 121 mV. Similar to the case in CH;CN, a small degree of
non-ideal behavior was observed at slow scan rates on the
basis of the ratio of anodic to cathodic peak current at the
rates below 150 mV s~ or so (see ESI, Fig. S117). However,
both the oxidized and reduced forms of the complex are freely
diffusional in solution as shown in panels ¢ and d of Fig. 8,
with the peak anodic and cathodic currents both displaying
linear trends with respect to the square root of scan rate.

As Np has been documented to adsorb onto metallic
surfaces,*>*° such as those used as electrodes in other electro-

This journal is © The Royal Society of Chemistry 2024

chemical studies, we utilized double potential step chronoam-
perometry (DPSCA) and chronocoulometry experiments to
probe the chemical reversibility of the Np(vi/v) couple and
whether the oxidized or reduced species composing the Np(vi/
v) manifold would display similar adsorption behavior towards
the oriented graphitic electrodes utilized in this study. DPSCA
can enable detection and quantification of follow-up chemical
steps (as in an Electrochemical-Chemical, EC, process) via ana-
lysis of the distinctive time-dependent decay of current over
time if such steps are operational.’>! In the absence of a follow-
up chemical step, the ratio of the anodic current at the end of
the backward potential step to the cathodic current at the end
of the forward potential step (denoted Rppg) can be used as a

Dalton Trans., 2024, 53,19126-19142 | 19133
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Table 2 Comparison of simulated parameters for UO,LNM and NpO,LNM
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Doy (ecm®s™) Dreq (cm® s7Y)

Doy (em? s7%) (exp) Dreq (cm® s7%) (exp) k°(ems™)

1.22 x107°
2.64x107°
1.28 x107°

1.07 x107°
1.27 x107°
9.35x107°

Uo,L"M
NpO,L™™ (CH;CN)
NpO,L™ (CH;0H)

measure of chemical reversibility (see ESI, eqn (1) & (2)). For
the [NpO,L™]%~ couple, Rpps was found to be 0.934 in aceto-
nitrile electrolyte, which indicates a high degree of chemical
reversibility as the value for a perfectly chemically reversible
system is unity (assuming identical diffusion coefficients for
the oxidized and reduced species). A linear fit of ¢ /2 vs.
current from the DPSCA data allows for the experimental deter-
mination of the diffusion coefficient (see ESI, Fig. S4, S5, S12,
and S131). Given in Table 2, the experimental values from
DPSCA agree well with the values obtained from the simu-
lations. Finally, analysis of corresponding chronocoulometry
data (obtained here by numerical integration of the DPSCA
data) indicates that there is minimal evidence for adsorption
of NpO,L™ or [NpO,L™]~ on the electrode surface in either
CH;CN- or CH3;O0H-based electrolytes (see ESI, Fig. S6-S9 and
$14-S171).?

In an effort to quantify the fundamental parameters govern-
ing the apparent chemical and electrochemical reversibility of
the [NpO,L"™]”~ couple, digital simulations of the CV data
were employed.”®> We simulated data across a range of scan
rates which were experimentally measured for NpO,L™ in
order to determine the diffusion coefficients of the oxidized
and reduced forms (D, and D..q, respectively), as well as the
heterogeneous electron transfer rate constant for the Np(vi)/Np
(v) system (k°). Each CV was simulated as a reversible le”
system involving no other reactivity or chemical equilibria.
Additionally, a sensitivity analysis was carried out on the
values obtained for Dy, Dr.q, and k° to evaluate the validity of
each parameter within the larger set of floating values on
which the simulations depend; this was done by examining
the goodness-of-fit of the simulation result in comparison
with the experimental data (see ESI, Fig. S24-S26%). As shown
in Fig. 9, the simulations agree well with the experimental data
when the established and known parameters are used as
inputs for the fits (see ESI, Fig. S21 and S22} for additional
comparisons). The satisfactory agreement between the experi-
mental and simulated data and the reasonable magnitudes of
the diffusion coefficients extracted from the simulation results
suggest that the concentration of neptunium probed experi-
mentally by the voltammetry agrees well with the prepared
solution concentration as measured by liquid scintillation
counting prior to the experiment. This match also provides
additional quantitative evidence that the measured redox
event corresponds, as we have assigned, to the compounds
prepared and studied in this report. In this context, anoma-
lously small diffusion coefficients would in all likeliood be
observed if chemical reactivity occurred in solution, for
example by precipitation or deposition of electroinactive
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Fig. 9 Experimental and simulated cyclic voltammograms of NpO,L"™

in CHsCN/TBAPFg (scan rate: 100 mV s™).

material on the electrode. In our case, the measured diffusion
coefficients support that the Np-containing species which we
prepared are indeed undergoing redox cycling in the electro-
chemical measurements.

The diffusion coefficients for the oxidized and reduced
forms that were extracted from the simulations are given in
Table 2. Comparison of these values to those of the related
complex UO,L™ (whose data was collected under similar con-
ditions; see ESI, Fig. S27-S307%) shows good agreement. This
finding is in line with the considerations that diffusion is typi-
cally governed by hydrodynamic radius and that these com-
pounds both display virtually no solution speciation beyond
electrode-induced changes in oxidation state. The diffusion
coefficients of ferrocenium and ferrocene, corresponding as a
pair to the redox manifold of the most commonly utilized non-
aqueous reference potential, are both 2.6 x 107> cm?® s™" in
acetonitrile-based electrolyte. This value benchmarks our
measured diffusion coefficients as reasonable under these
experimental conditions.>**’

Across the whole set of voltammograms collected over a
range of scan rates collected and subsequently simulated, the
fitted values of E;/y, Dox, and D,eq remain constant as expected
for a chemically and electrochemically reversible couple (see
ESI, Fig. S23-S257). This invariance in E,;, and the diffusion
coefficients over the range of investigated scan rates spanning
two orders of magnitude further confirms the distinct lack of
follow-up chemical reactivity or electrode fouling and supports
the interpretation of a clean 1e™ couple. The lack of any corre-

This journal is © The Royal Society of Chemistry 2024
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lation between the fitted diffusion coefficients and scan rate is
particularly telling in this context, since apparent diffusion
coefficients would be differentially impacted by follow-up
chemical processes and/or alteration of the electrode surface
(from electrode fouling) as a function of the time elapsed
during cycles of voltammetry. Stated another way, our findings
show that we are measuring the intrinsic diffusion character-
istics of the oxidized and reduced compounds, free from reac-
tivity-induced complications. By fixing the diffusion coeffi-
cients at their simulated values, k° could be extracted from the
simulations as well Table 2. In CH;CN, k° was found to be
near the fast limit of electron transfer at our electrode type,
placing our system in the quasi-reversible regime.’® We thus
conclude that our system here displays minimal effects in the
voltammetry that are derived from impeded heterogeneous
electron transfer.

With an analogous set of data in hand for NpO,L™ in
CH;O0H electrolyte, we simulated this data as well, defining it
as a le” chemically reversible couple for the extraction of
electrochemical parameters. Despite the closeness of the
couple to the apparent solvent/electrolyte breakdown potential
of CH;30H on the cathodic side and the contribution of back-
ground processes to the increased background current (see
ESI, Fig. S10t), the values obtained for D,, and D,.q for
NpO,L™ in CH3;OH/TBAPF, are similar to those found for
NpO,L™ in CH;CN/TBAPF, (Table 2). This finding indicates
that the hydrodynamic radii of the redox-active species are
similar in both solvents. This observation suggests the
absence of solution-phase neptunyl-neptunyl interactions of
the classic Sullivan type in either solvent; the Np moieties
appear to remain firmly ligated by L™ in both CH;CN and
CH;0H media. Such species often occur for Np(vi) and Np(v)
but these appear not to form on the time scale of the voltam-
metry experiment, as the presence of such interactions in solu-
tion would likely manifest as an increase the hydrodynamic
radius, an accompanying decrease in the diffusion coefficient,
and a change in the overall appearance of the voltammetry
towards irreversibility. Additionally, k° extracted from simu-
lations of the CV data in CH3;OH/TBAPF, is similar to that
measured in CH;CN and near the fast limit of electron transfer
for our system (thus in the quasi-reversible regime here as in
CH;CN). Taken together, the voltammograms in both CH;CN
and CH;O0H and the simulations of both datasets support the
assignment of the measured redox couple as chemically revers-
ible and electrochemically quasi-reversible. The indication of
good solubility and stability of both the oxidized and reduced
forms of the NpO,L™ motivated, however, use of additional
solution-phase techniques to probe these complexes’ pro-
perties and reactivity, since in this case complications associ-
ated with follow-up chemical reactivity could be avoided
(vide infra).

To wrap up our electroanalytical work, with [NpO,L™]™ in
hand from the isolation experiments described above, we also
probed the electrochemical behavior of this species, anticipat-
ing that it would be identical to that of NpO,L™. We found
that [NpO,L™]~ displays a reversible couple at E;;, = —0.43 V

This journal is © The Royal Society of Chemistry 2024
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Fig. 10 Comparison of cyclic voltammetry data for [NpO,LNM|~ and

NpO,L"™ in CHsCN/TBAPFs. Conditions: scan rate, 100 mV s7%;
[NpO,LNM] = 1.0 mM; [[NpO,LNM]7] = 1.1 mM; electrolyte for [NpO,LNM]~
= 0.2 M TBAPFg in CH5CN; electrolyte for NpO,L"™ = 0.1 M TBAPFg in
CHxCN.

vs. Fc'® with a AE;, of 87 mV, indicating quasi-reversible be-
havior. Both the oxidized and reduced forms of the complex
appear diffusional according to the scan rate-dependent data
(see ESI, Fig. S197), showing overall excellent agreement with
NpOZLNM. The slight differences in the measured E,, and AE,
values of the two forms of the complex are likely due to the
difference in electrolyte concentration (0.2 M TBAPF, in
CH;CN in the case of [NpO,L™]™ and 0.1 M TBAPF, in the
case of NpO,L"™) (Fig. 10).

2.3 Spectroelectrochemistry and spectrochemical titration of
NpO,L™™

Additional evidence for the chemical reversibility of the Np(vi/
v) redox couple measured for NpO,L™ was pursued through
spectroelectrochemistry and a spectrochemical titration. The
redox couple of NpO,L™ in both CH;CN and CH;OH is acces-
sible under ambient conditions, as mentioned above, and
does not require an inert atmosphere in order to facilitate
access to the reduced form. In an effort to observe isosbestic
reduction of NpO,L™, we monitored the UV-visible absorp-
tion spectrum during electrochemical polarization at a poten-
tial sufficiently negative to accomplish Np(vi) reduction
without the use of an additional chemical reductant. Fig. 11
shows the evolution of the spectra upon cathodic polarization,
revealing an isosbestic point at 402 nm and a decrease in the
features corresponding to the LMCT transitions of NpO,L"™
consistent with the generation of the reduced complex.
Subsequent anodic polarization returns the spectrum to the
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Fc*/°. Right panel: anodic polarization at +0.3 V vs. Fc*/°.

original profile, giving direct evidence for the chemical reversi-
bility of the system. Unfortunately, the short pathlength and
low concentration of Np precluded the observation of the sig-
nature Np(v) f-f transition, but the isosbestic behavior and
nearly identical nature of the spectral profiles pre- and post-
polarization are consistent with the reversibility of the redox
process (similar behavior was observed in CHzOHelectrolyte;
see ESI, Fig. S407).

To interrogate the reduced form through a spectrochemical
titration, we chose to use decamethylferrocene (Cp*,Fe where
Cp* is pentamethylcyclopentadienyl); £/, = —0.48 V vs. Fc¢™ in
CH;CN as a reductant, as it is a molecular, 1e~ chemical
reductant that is stable under ambient conditions.”” The
profile of a solution of NpO,L™ prior to the addition of
Cp*,Fe displayed the aforementioned broad ligand-to-metal
charge transfer band with two maxima at 536 and 640 nm. As
Cp*,Fe was added, these bands disappeared and two new tran-
sitions grew in at 781 and 992 nm (Fig. 12). The feature at
781 nm corresponds to the oxidized [Cp*,Fe™]" which is co-
generated as the Np is reduced from Np(vi) to Np(v),>® while
the feature at 992 nm corresponds to an f-f transition for Np
(v).>° Likely due to the close proximity of the Np(vi/v) redox
potential to that of Fe(ui/u) in Cp*,Fe, isosbestic conversion
from Np(vi) to(v) was not observed, consistent with a concen-
tration-dependent redox equilibrium rather than complete
electron transfer from Fe(un) to Np(vi) upon each addition.
Despite the estimated low driving force provided by Cp*,Fe,
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Fig. 12 Spectrochemical titration of NpO,LN™ with Cp*,Fe in CHsCN
(INp] = 0.45 mM; pathlength: 1 cm).

Np(v) can be generated upon addition of 1 equiv. of Cp*,Fe
and persists in solution for at least 20 minutes, displaying
minimal changes in the spectral signatures of Fe(m) and Np(v)
upon addition of extra equivalents of Cp*,Fe (see ESI, Fig. S37
and S39t1). This is consistent with the persistence of the Np(v)
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complex in solution as also supported by the electroanalytical
studies.

3 Discussion

In this work, we have described the redox behavior of a neutral
coordination compound of Np(vi) in non-aqueous media,
including the structural and spectroscopic characterization of
both the oxidized (Np'") and reduced (Np') forms of the
complex which are related by 1e” transfer. Chemical and
electrochemical reversibility of the accessible 1e~ redox couple
of NpO,L™ was established in two organic solvents (CH;CN
and CH;OH) under ambient lab conditions. The Np(vi/v)
reduction potential measured here is more positive than the
U(vi/v) of the analogous complex in CH;CN/TBAPF; in line with
the established standard potentials in acidic aqueous media.
Notably, the separation between the U(vi/v) and Np(vi/v) poten-
tials in CH3;CN/TBAPFs measured in this work (AEyecn = 1.07
V) is virtually identical to the difference between the potentials
of the respective aquated species (AE,q = 1.08 V), suggesting
that the organic ligand impacts the properties of the actinyl
moieties in a virtually identical manner in both the cases of U
and Np.% This is reasonable when considering the more ionic
nature of bonding in the equatorial girdle of actinyl cations
compared to the axial interactions with the (yl) oxo ligands.
Notably, this observation may suggest that reduction potentials
should not be taken as a significant indicator of enhanced
covalency of ligands in the equatorial plane surrounding U vs.
Np.°! Rather, the change in potential in these systems may be
driven primarily from ligand-driven electrostatic effects.
Though CH;CN and CH3;OH differ in their protic nature
and other intrinsic properties, the metrics associated with
electron transfer and diffusion for NpO,L™ are quite similar
across the two solvents/electrolytes explored here. Despite this,
crystallization of [NpO,L™]~ was only observed in methanolic
solutions. Control electrolyses performed at 0.5 mM NpO,L™
in CH;CN/TBAPF¢ only gave rise to the previously reported
[NpY,Np"™,Np"] trimeric phase as a crystalline product (see ESI,
Fig. $457).*® Upon inspection, crystallization of [NpO,L™™]"
appears to be encouraged by the presence of stabilizing, mod-
erate-strength hydrogen bonding interactions between outer-
sphere water molecules and the actinyl oxos directly. We
suggest that acetonitrile, while capable of hydrogen bonding
interactions, primarily serves as an acceptor since the only
protons in acetonitrile are contained in C-H bonds; these moi-
eties could serve, at best, as intrinsically weak H-bonding
donors. Furthermore, classic “cation—cation interactions” of
the Sullivan type appear to be disfavored in our system for two
reasons: the equatorial coordinative saturation provided by the
pentadentate ligand and the diffuse nature of the counter
cation (tetrabutylammonium). Indeed when a tetradentate
Schiff base ligand was employed with Np(v) in the presence of
more charge-dense potassium ions, a tetrameric product was
obtained which featured both Np(v)-Np(v) CCIs as well as
interactions of the neptunyl(v) oxos with K*.®> Thus we hypoth-
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esize that Np(v) in [NpO,L"™] is likely stabilized in its mono-
meric form by hydrogen bonding interactions with methanol
and water in solution, but that the interactions with water are
stronger and give rise to crystallization of the monomer in the
solid state. Notably, hydrogen bonding has also been invoked
as a stabilizing factor for Np(vi) in solutions containing high
concentrations of NEt,CL.%

The ability to generate and characterize the reduced,
anionic form of NpO,L™ is a key highlight of this work. This
ability, in turn, enabled both structural and spectroscopic
insight into the oxidized and reduced species which are related
through the redox couple measured by voltammetry. Despite
studies of aqueous Np(vi/v) redox present in the literature,
examination of Np(vi/v) redox in non-aqueous media has
received far less attention than it deserves. In addition, though
Np(v) is more stable than Np(vi) in acidic aqueous solutions,
the dianionic organic ligand employed here appears to stabilize
Np(vi) over Np(v). In line with this view, we have observed that
solutions containing the Np(vi) species are stable over time on
the basis of extended spectroscopic monitoring of NpO,L™™ in
non-aqueous solutions.>® Thus, this work represents a contri-
bution toward understanding Np(vi/v) electron transfer beha-
viors and chemical reactivity patterns in non-aqueous media.
The evidence from vibrational and optical spectroscopy
assembled here suggests that the primary site of reduction is
the Np center; there is virtually no evidence that would be sug-
gestive of reduced ligand character in this system, although the
analogous case with U appears more likely to be impacted by
partial reduced ligand character. Notably, the structure of
[NpO,L™] is distinctive from those reported in our recent
study of PCET-driven reactivity of Np(vi) in that the Np(v)
actinyl remains intact and monomeric.>®> Though the dimeric
[NpY,N"] and trimeric [NpY,Np™,Np"] compounds can be gener-
ated by bulk electrolysis under conditions where the concen-
tration of Np is higher, we have found that the monomeric
[NpO,L™]~ species is selectively formed when the concen-
tration of Np is low (0.5 mM) and when the electrolysis is per-
formed in CH;OH-based electrolyte. The involvement of PCET
as the mechanism of formation for the dimeric [Np',N"]
complex in particular may at first glance seem to counter the
results presented here, although we would propose that a low
concentration of Np favors for the generation of the monomeric
Np(v) species over the dimer or trimer (i.e., concentration
dependence is a hallmark of polymerization reactivity, further
supporting this proposition). Additionally, we note that differ-
ences in reactivity between the CH;0H and CH;CN electrolytes
are worthy of future study, particularly given the presence of
adventitious H,O in both under our experimental conditions.

Electroanalytical work of the type presented here is attrac-
tive from the standpoint that it offers insights into both the
thermodynamics and kinetics of electron transfer in transura-
nic compounds in non-aqueous systems. Through studies of
this type, the redox processes that underpin selectivity in sep-
arations systems and reaction sequences can be better under-
stood. This work represents a methodology or conceptual
framework which can provide robust information on funda-
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mental chemical and electrochemical properties. By rigorously
characterizing individual features across both chemical and
electrochemical work, information regarding speciation of
actinyl species in different oxidation states in non-aqueous
media can be pursued step by step. We have found, for
example, that the diffusion coefficients of the oxidized and
reduced forms, as well as heterogeneous electron transfer rate
constants, can be readily extracted from the simulated data in
a straightforward manner. The excellent agreement of these
parameters with those of other similar compounds which
display chemically and electrochemically reversible electron
transfer illustrates the robust nature of our experimental
methods as experimentally measured values of concentration,
electrode area, and solution resistance served as direct inputs
for the model. Along the same line, considering the high cost
and experimental challenges associated with handling transur-
anium compounds, simulation of voltammetry data to extract
fundamental parameters can “make the most” of even limited
electroanalytical datasets.

In closing, we wish to foreground the modest value of the
Np(vi/v) reduction potential measured in this work. The rather
positive value of this potential not only enables the isolation of
the reduced Np(v) species itself, but it also enables the direct
comparison of structural and spectroscopic properties across
the series of the isostructural U(v) and isoelectronic Pu(vi) ana-
logues. This result is quite fortuitous, in that localization of
the reduction potential within a convenient potential range
affords openings for future work based on the intrinsically
chemically reversible Np(vi)/Np(v) redox manifold measured
here. Surely significant opportunities lie in electroanalytical
work probing, for example, reduction-induced reactions with
exogeneous reagents. Taken together, this study represents the
elucidation of a molecular neptunyl-containing system that
can be a platform for future work; as it displays well-behaved
redox, it is a demonstration of the ability to develop a
thorough understanding of actinyl redox chemistry by the stra-
tegic combination of electroanalytical experiments, voltam-
metric simulations, and parallel chemical work.

4 Conclusions

Here, we have reported an electroanalytical approach to outline
the redox chemistry of a neutral Np(vi) complex in two different
non-aqueous solvents. This report represents, in our view,
perhaps the most thorough documentation of the electro-
chemical properties of a neptunyl complex under non-aqueous
conditions that has been assembled so far. A modest reduction
potential was measured for the Np(vi/v) couple in comparison
to that of an analogous U(vi/v) system in acetonitrile, with an
even more positive potential measured for Np(vi/v) in metha-
nol. Diffusion coefficients of the oxidized and reduced forms of
the Np complex are in good agreement with the control U
species and confirm the consistent solubility and monomeric
nature of the oxidized and reduced species across the timescale
of the experiment. Additionally, simulations and spectroelectro-
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chemical work provide complementary evidence that the Np(vy/
v) couple is 1le” in nature; this manifold is also chemically
reversible and electrochemically quasi-reversible, although we
note that the simulated heterogeneous electron transfer rate
constants are the fast limit of the formally quasi-reversible
regime. Isolation of the Np(v) complex has enabled direct struc-
tural, spectroscopic, and electrochemical comparisons with the
Np(vi) form and the isostructural U(v) and isoelectronic Pu(vi)
forms. Quantitative analysis with parallel electrochemical and
chemical methods have enabled characterization of the Np(vi/v)
couplein this work, and similar analyses are now underway on
an analogous plutonium system in our laboratories.

5 Experimental

5.1 Materials and methods

Caution! **’Np is an a-emitting isotope with a specific activity

of 660 pCi per gram. The primary decay product, >**Pa, is also
a p- and y-emitter. Consequently, samples containing **’Np
pose significant health risks and should be handled only in
dedicated laboratory facilities with strict radiological controls.
Thus, all experiments were conducted using appropriate radio-
logical controls in purpose-built laboratories for the safe hand-
ling of radionuclides. All reactions were performed under
ambient laboratory conditions, and all materials, with the
exception of **’Np, were obtained from commercial chemical
sources and used as received. NpO,L™™ was synthesized
according to literature procedure.

5.2 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 manip-
ulations for these structures, including data collection, inte-
gration, and scaling, were carried out using the Bruker APEX2
or APEX4 Software Suites.®*®> Absorption corrections were
applied using the program SADABS.”® Intrinsic phasing
methods were used for the structure solutions employing
SHELXT with subsequent refinements of the structure solution
using full-matrix least-squares refinements on F> using
SHELXL within the ShelXle and Olex2 GUIs.®™
Crystallographic data reported here have been deposited with
the Cambridge Crystallographic Data Centre under accession
codes 2373058, 2379285, and 2379286.}

The final structural model for each compound incorporated
anisotropic thermal parameters for all nonhydrogen atoms;
isotropic thermal parameters were used for all included hydro-
gen atoms. Hydrogen atoms associated with the ligand back-
bone 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 struc-
tural 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
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bond length of 0.98 A) that were allowed to rotate freely about
their C-C bonds in least-squares refinement cycles. The isotro-
pic 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. With respect to the hydrogen atoms on the outer-
sphere water molecules, an initial check was done for Q peaks
with reasonable positions and magnitudes. If found, hydrogen
atoms were placed there and fixed. When the hydrogen atoms
were not found in the difference map, they positions were
refined to idealized positions and fixed (see the Special
Refinement Details for each structure in the ESI} for more
information).

5.3 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 an excitation
line of 785 nm and 10% laser power. Solid samples were
placed on a microscope slide with a concave cavity and covered
with a glass coverslip affixed with epoxy. UV-vis-NIR spectra of
solution phase samples were collected using an Ocean Optics
Flame spectrometer equipped with a Mikropack light source
using quartz or plastic cuvettes.

5.4 Electrochemistry

Electrochemical experiments were carried out under ambient
conditions in a hood. Tetra(n-butylammonium) hexafluoro-
phosphate (Sigma-Aldrich; 0.1 M in acetonitrile) served as the
supporting  electrolyte, unless  otherwise  specified.
Measurements were made with a BAS100B Potentiostat/
Galvanostat using a standard three-electrode configuration.
The working electrode was the basal plane of highly-oriented
pyrolytic graphite (4 = 0.09 cm?®), the counter electrode was a
platinum wire, and a silver wire immersed in electrolyte served
as a pseudo-reference electrode. The reference was separated
from the working solution by a Vycor frit. Ferrocene (Sigma
Aldrich, twice-sublimed; 0.1 M) was measured in the same
electrolyte solution at the beginning of each experiment and
the midpoint potential of the ferrocenium/ferrocene couple
(denoted as Fc™'°) served as an external standard for compari-
son of the recorded potentials.

Spectroelectrochemistry was carried out under ambient
conditions as described above with electrolyte composed of 0.1
M ["BuyN][PFs] in CH;CN or CH;OH as noted. A thin layer
quartz cell was used with a Teflon cap for housing the electro-
des (BASi, West Lafayette, IN; path length: 1.0 mm). The
working electrode was a platinum mesh flag electrode covered
with a PTFE shrink tube up to the flag, the counter electrode
was a platinum wire, and the silver pseudo-reference (as
described above) served as the reference electrode.

Bulk electrolysis was carried out in a two-compartment
H-cell in 0.1 M TBAPFg in CH3CN or CH3;O0H with the same
pseudo-reference as used in the cyclic voltammetry, a Pt coil

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

for the working electrode, and a Pt wire for the counter elec-

trode. The solutions were stirred in bulk electrolysis
experiments.
Electrochemical simulations were carried out using

DigiElch8.FD.
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