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ABSTRACT: The redox poten2als for U, Np, Pu, and Am for oxida2on states +III up to +VIII in alkaline aqueous solu2ons were 
predicted using density func2onal theory (DFT) and small-core pseudopoten2als and their basis sets, with a hybrid 
explicit/implicit solvent model using SHE = 4.28 V. For each oxida2on state, various oxo/hydroxo complexes were evaluated, 
resul2ng in a variety of one-electron redox pathways. For An(VIII/VII) couples, the predicted redox poten2als for the 
[An(VIII)O5(OH)]−3/ [An(VII)O4(OH)2]−3 or [An(VIII)O4(OH)2]−2/[An(VII)O4(OH)2]−3 couples are in good agreement with exis2ng 
es2mates. For An(VII/VI) redox couples, all couples, par2cularly [An(VII)O4(OH)2]−3/ [An(VI)O2(OH)4]−2, were in agreement with 
experimental values for U, Np, and Pu, but the results for Am showed larger differences from the es2mated poten2als. The 
An(VI/V) couples were consistent with experiments for dioxo/tetrahydroxo couples, and the An(V/IV) couples showed 
acceptable agreement based on ac2nide-specific couples, with neutral hydroxides o[en favored in the +IV state. The An(IV/III) 
couples were consistent with the literature values when modeled as soluble neutral hydroxides. The use of our approach 
yielded calculated redox poten2als that were within ±0.2 V of experimental or es2mated values consistent with our prior 
calcula2ons on redox poten2als of ac2nides from Ac to Am in acidic aqueous solu2ons. This supports the robustness of our 
DFT-based methodology for predic2ng ac2nide redox poten2als, offering valuable insights into ac2nide chemistry in aqueous 
solu2ons.  
 
 
 

■ 
INTRODUCTION 
The ac2nides play an important role in nuclear energy 
genera2on as well as in the produc2on of nuclear weapons. 
The use of these materials has generated significant 
quan22es of radioac2ve waste, necessita2ng appropriate 
treatment and management.1 These wastes contain 
compounds of U, Np, Pu, and Am, in different phases and 
oxida2on states depending on the pH of the aqueous 
solu2on.2 Understanding the chemistry of these ac2nides is 
essen2al for their reprocessing, storage, and environmental 
remedia2on.3,4 The behavior of ac2nides under alkaline to 
hyperalkaline condi2ons remains an area of significant 
interest.5 Under such condi2ons, wastes tend to form 
hydroxides with low solubility, resul2ng in the forma2on of 
sludges and solids in a slurry phase.6 The presence of these 
materials in waste tanks such as those at the Hanford site in 
Washington state in the USA poses a significant threat to the 
surrounding environment, as possible leaks could 
contaminate the nearby soil or underground water 
sources.7,8 It is important to note that many of the waste 
storage tanks at the Hanford site are highly alkaline due to  
 

 
 
 
 
 
 
 
 
the addi2on of base to quench the acidic condi2ons under 
which the ac2nides were processed. 

In alkaline media, ac2nide compounds have been 
reported to exhibit oxida2on states ranging from +VII to 
+III.9 The highest oxida2on states, +VII, +VI, and +V, are more 
stable in alkaline media than in acidic media due to the 
availability of OH− ligands that can stabilize the excess 
posi2ve charge.10 In contrast, the lower oxida2on states, +III 
and + IV, exhibit 

 

greater instability in basic condi2ons and tend to form 
insoluble hydroxides.11 Thus, the exact specia2on is highly 
dependent on the hydroxide concentra2on in the solu2on.12 
The +VIII state has been claimed to be observed 
experimentally for Pu(VIII),13−17 and some studies suggest 
the possible existence of Am(VIII).18 However, other studies 
provide contradictory evidence for the existence of the +VIII 
oxida2on state in aqueous solu2ons.19−21 

Data on the redox poten2als of ac2nide couples are 
required to predict specia2on and reac2ons in a par2cular 
medium. Performing direct poten2al measurements is 
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challenging due to the high ionic strength and forma2on of 
insoluble products in alkaline condi2ons as well as the 
radioac2vity of the samples. Consequently, there are 
significant differences in the literature.22 Es2mates9,14,23−31 

and experimental redox data12,30,32−39 for ac2nides in alkaline 
media are usually available only for a limited number of 
elements, generally in higher oxida2on states. As such, it is 
useful to employ computa2onal electronic structure 
methods to predict redox poten2als. In our previous studies, 
we predicted reduc2on 
 
poten2als for ac2nides from Ac to Pu across mul2ple 
oxida2on states in acidic media.40,41 Our approach involves 
using thermodynamic cycles incorpora2ng solvated ions 
within an extended solva2on shell in conjunc2on with an 
implicit solva2on model. In our approach40,41 based on 
comparison to experiment, the spin−orbit correc2ons were 
found to approximately cancel within the error bars of these 
calcula2ons. At the level of density func2onal theory (DFT) 
with the B3LYP func2onal, two explicit solva2on shells, and 
the implicit COSMO solvent model, sa2sfactory predic2ons 
were achieved with differences from experimental values by 
less than 0.2 V in most cases. In the current work, we used 
this method to predict reduc2on poten2als in alkaline 
aqueous environments for the elements U, Np, Pu, and Am 
in various oxida2on states. 

■ COMPUTATIONAL METHODS 

The Gibbs free energy for the reduc2on half-cell reac2on 
can be calculated by using thermodynamic cycles. We 
assume that the species in the gas phase and solu2on phase 
are at states of 1 atm and 1 mol/L, respec2vely. We adopted 
the ion conven2on for all cases. The full cell poten2als 
related to the standard hydrogen electrode can be 
calculated using eq 1 

 o Gsoln* o 
E =+ ESHE 

zF (1) where ΔG*soln is the Gibbs free energy 
of the reduc2on halfcell reac2on, z is the number of 
electrons transferred in the reac2on, F is the Faraday 
constant, and Eo

SHE is the cell poten2al for the standard 
hydrogen electrode (SHE). The absolute value of the SHE 
adopted in this study is −4.28 V.42 Depending on the redox 
couple, various half-reac2ons were explored. The 
equa2ons used for calcula2ng each cycle are given in
 the Suppor2ng Informa2on. The
 An(VIII/VII) reduc2on process is described by the 
cycles shown in Figure 1. The first two cycles (eqs 2 and 3) 
involve a direct electron 

 

Figure 1. Thermodynamic cycles used for the predicBons of the 
An(VIII/VII) reducBon potenBals. 

 

transfer, without forma2on/breaking of bonds. In this case, 
the standard state correc2ons related to a change of the 
solute from a 1 atm gas state to a 1 mol/L aqueous state will 
cancel each other. The third cycle (eq 4) displays another 
possibility for the reac2on, where the octavalent species 
exist as a pentaoxo/hydroxo complex and redox will involve 
breaking/ forma2on of bonds. This cycle contains water in 
the liquid phase, for which the concentra2on is [H2O] = 55.5 
mol/L. The experimental Gibbs free energy of the change of 
H2O(g, 1 atm) to H2O(l, 55 mol/L) at 298.15 K corresponds 
to −2.05 kcal/mol.43 The solva2on energy for the hydroxide 
anion has been previously studied, and we adopt a value of 
−104.5 kcal/ mol.44 However, since those values are 
determined using 1 mol/L in both phases, a correc2on term 
related to the change of 1 atm to 1 mol/L (1.89 kcal/mol) 
needs to be considered. Including these correc2ons, the 
OH− solva2on energy decreased by −102.6 kcal/mol. The 
remaining standard state correc2ons for the ac2nide 
species will cancel each other. The equa2ons used for 
calcula2ng the Gibbs free energy in solu2on are described 
in the Suppor2ng Informa2on. 

The redox processes involving the An(VII/VI) couple were 
explored assuming mul2ple forms of An(VI) species as 
shown in Figure 2. 

Since the exact specia2on for the An(V) is not exactly 
known, a number of half-reac2ons for the An(VI/V) couple 
were evaluated, maintaining a coordina2on number (CN) of 
6. The reac2ons used are given in Figures 3, 4, and 5, with 
eqs 8− 19 for each of the cycles. 

Redox poten2als for the An(V/IV) couple have been 
obtained experimentally.37−39 These processes are 
influenced by the forma2on of solids with extremely low 
solubili2es. However, some studies suggest the existence of 
ionic forms for the An(IV) species. In this work, the An(V/IV) 
redox poten2als were calculated considering all possibili2es 
for An(V) and assuming that An(IV) is present in the soluble 
form as An(OH)4(H2O)2(aq) neutral hydroxide species or as 
the anions An(IV)(OH)5(H2O)−1 or An(IV)(OH)6

−2, all 
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maintaining CN = 6. Figures 6, 7, 8, and 9 describe the redox 
process involving the An(V/IV), and eqs 20−31 describe the 
equa2ons used to calculate ΔG*soln for each cycle. 

The An(IV/III) redox couples were also calculated. The 
An(III) species exists preferably as insoluble hydroxides 
under 1 M NaOH condi2ons. Similarly, the An(IV/III) redox 
poten2als were calculated assuming that An(III) is present in 
a soluble form as An(OH)3(H2O)2(aq) and all possibili2es for 
An(IV) as shown in Figure 10, eqs 32−34. 

To account for explicit solvent effects, the anionic ac2nide 
complexes were solvated with 30 H2O molecules using the 
supermolecule-con2nuum approach. The solva2on 
energies were calculated using two implicit solvent models, 
COSMO45,46 and SMD.47 Clark and co-workers48 

demonstrated that clusters containing this number of 
solvent molecules, including a second solva2on shell, 
effec2vely minimized errors in both the electrosta2c and 
nonelectrosta2c contribu2ons to the solva2on free 
energy.48,49 Addi2onally, as demonstrated in our prior 
work,40,41 this number of solvent molecules is appropriate 
for represen2ng the solva2on of the system in combina2on 
with an implicit self-consistent reac2on field giving redox 
poten2als to within ±0.2 V in most cases. The geometries for 
the clusters in this work were op2mized at the density 
func2onal theory (DFT)50 level with the B3LYP51,52 and 
PW9153 func2onals (the laper only for Pu complexes based 
on our previous work40,41) using the Gaussian16 program.54 

All calcula2ons were performed by using the quadra2cally 
convergent (XQC) algorithm to avoid convergence problems 
in the SCF calcula2ons. The Stupgart small-core rela2vis2c 
effec2ve core poten2al (60ECP) with the accompanying 
segmented basis set was used for the ac2nide atoms.55−58 

The TZVP basis set was used for O and H with diffuse s and 
p added to O based on a geometric extrapola2on of the 
outer exponents to beper treat the anions. The vibra2onal 
frequencies were adjusted using the GoodVibes 

 

Figure 3. Thermodynamic cycles used for the predicBons of An(VI/ 
V) reducBon potenBals, with An(VI) = [An(VI)O2(OH)4]−2. 

 

Figure 4. Thermodynamic cycles used for the predicBons of An(VI/ 
V) reducBon potenBals, with An(VI) = [An(VI)O2(OH)3(H2O)]−1. 

 

program,59 which applies a scaling factor to account for 
anharmonicity, depending on the level of theory/basis set 
used, and adjusts vibra2onal modes lower than 100 cm−1 to 
100 cm−1 following Truhlar and co-workers.60 This 
approxima2on is necessary, as the large numbers of solvent 
molecules can result in many low-frequency vibra2onal 
modes, which significantly impact entropy calcula2ons 
under the harmonic approxima2on. As demonstrated in our 
previous studies,40,41 our current method is capable of 
predic2ng redox poten2als to within ±0.2 V. 

 



 

 

Figure 5. Thermodynamic cycles used for the predicBons of An(VI/ 
V) reducBon potenBals, with An(VI) = An(VI)O2(OH)2(H2O)2. 

 

Figure 6. Thermodynamic cycles used for the predicBons of An(V/ 
IV) reducBon potenBals, with An(V) = [An(V)O2(OH)4]−3. 

 

Although we are fully op2mizing the structures to find the 
lowest-energy geometry in these species without symmetry, 
we are certainly not completely sampling all the 
configura2on space for these systems, which is a very large 
computa2onal task with these many loosely bound water 
molecules. An approach to the sampling issue in the 
predic2on of redox poten2als in aqueous solu2on is to use 
ab ini2o molecular dynamics based on density func2onal 
theory in combina2on with free energy perturba2on theory 
using thermodynamic integra2on to predict the free energy 
of inser2on of an electron, equivalently the work 
func2on.61,62 In this approach, the electron inser2on process 
for the proton is calculated as well to serve as the SHE 
reference state, which leads to cancella2on of errors. The 
use of nonhybrid DFT exchange− 

 

 

Figure 2. Thermodynamic cycle used for the predicBons of An(VII/VI) reducB on potenBals. 

 



 

 

Figure 9. Thermodynamic cycles used for the predicBons of An(V/ 
IV) reducBon potenBals, with An(V) = An(V)O2(OH)(H2O)3. 

 

Figure 10. Thermodynamic cycles used for the predicBons of the 
An(IV/III) reducBon potenBals. 
correla2on func2onals61 leads to errors in the predicted 
redox values due to issues with bandgap predic2ons due to 
delocaliza2on issues.63 The use61 of hybrid func2onals with 
some amount of Hartree−Fock exchange gives errors on the 
order of ±0.2 V in the redox poten2al. This level of error is 
the same level of error as found in the current work and in 
our prior work in acidic media,40,41 with the excep2on that 
we use an absolute value for the SHE poten2al from 
experiment rather than a computed one. We also note that 
the DFT/ thermodynamic integra2on approach has been 

noted to have issues61 when the excited states of the solute 
approach the edges of the band gap in water which our 
approach does not have. We have used our approach with 
differing numbers of solvent molecules chosen for the 
specific problem for a wide range of redox poten2als of 
ca2ons and anions and have found excellent agreement 
with experiment within ±0.2 V and o[en significantly 
beper.40,41,64−67 Our approach is appropriate for systems of 
infinite dilu2on (ionic strength = 0) as no counterions are 

present in our simula2ons. 

RESULTS AND DISCUSSION 
Structural Parameters. Figures 11, 12, 13, and 14 

illustrate the geometries of all of the species studied in this 
work. From +VIII to +IV, all structures assume the form of a 
distorted octahedron. The +III molecules resemble a 
distorted trigonal bipyramidal geometry. Experimental data 
for the ac2nides in alkaline solu2on are available only for a 
few species in the higher oxida2on states, namely, for U(VI), 
Np(VII), and Np(VI). EXAFS and DFT studies are consistent in 
terms of 

 

Figure 7. Thermodynamic cycles used for the predicBons of An(V/IV) reducBon potenBals, with An(V) = [An(V)O2(OH)3(H2O)]−2. 

 

Figure 8. Thermodynamic cycles used for the predicBons of An(V/IV) reducBon potenBals, with An(V) = [An(V)O2(OH)2(H2O)2]−1. 

 



 

 

 

Figure 11. An(VIII) and An(VII) species. (A) [AnO5(OH)]−3/−4 and (B) 
[AnO4(OH)2]−2/−3. 

 

Figure 12. An(VI) and An(V) species. (A) [AnO2(OH)4]−2/−3, (B) 
[AnO2(OH)3(H2O)]−1/−2, (C) [AnO2(OH)2(H2O)2]0/−1, and (D) 
AnO2(OH)(H2O)3. 

 

the specia2on and An−O bond distances.68−70 Table 1 
presents the parameters obtained in our study and the 
available experimental data in the literature. For the known 
structures, the calculated AnO bond distances are in good 
agreement with experiments within 0.04 Å. 

Table 2 displays the bond lengths for the molecules in the 
current study. For the +VIII oxida2on states of Pu and Am, 
the AnO bond lengths range from 1.84 to 1.97 Å. In the +VII 
oxida2on state, the AnO bond lengths fall in a narrower 
range from 1.89 to 1.91 Å. For the +VI oxida2on state, the 
AnO bond lengths are slightly shorter than those in the +VII 
oxida2on state. For the +V oxida2on state, the AnO bond 

lengths fall in a similar range of 1.83−1.94 Å. The ac2nyl An O 
bonds for the +VI and +V oxida2on states of these 

Figure 13. An(IV) species. (A) An(OH)4(H2O)2, (B) [An(OH)5(H2 

 

Table 1. Comparison between Averaged Experimental and 
Calculated Bond Lengths in Å for the Ac2nide Oxo/ 
Hydroxo Complexes in Å Calculated at the B3LYP/ 
ECP(60)/Modified-TZVP Level 

cluster spin 

R(An− 

 
calc 

OH) 
expt 

R(AnO) 

calc expt 

[U(VI) 
O2(OH)4(H2O)30]−2,a 

1 2.30 2.2668 1.82 1.8268 

[Np(VII) 
O4(OH)2(H2O)30]−3 

1 2.38 2.2469,70 1.91 1.8769,70 

[Np(VI) 
O2(OH)4(H2O)30]−2 a 

Determined in the 
solid 

2 

state. 

2.26 2.2170 1.83 1.8270 

complexes with OH− in the equatorial plane are longer than 
the corresponding ac2nyl bonds calculated in acidic media 
with H2O in the equatorial plane,40 as the OH− ligands 
weaken the AnO bond. 

The An−OH bond lengths in the +VIII oxida2on state vary 
from 2.27 to 2.40 Å. In the +VII oxida2on state, these bond 
lengths fall in the range of 2.35−2.38 Å. For the +VI oxida2on 
state, the An−OH bond lengths are shorter in the range of 
2.20−2.28 Å across the ac2nides. In the +V state, the An−OH 
bond lengths fall in a range of 2.29−2.38 Å similar to the +VII 

           



 

 

oxida2on state. In the +IV state, the hydroxide bond 
lengths are in the same range of 2.17−2.29 Å as found 
for the +VI oxida2on state. Finally, in the +III state, the 
An−OH bond lengths fall in a smaller range of 2.25−2.27 
Å. Thus, the An− OH bond distances fall between ∼2.20 
and 2.40 Å independent of the oxida2on state. 

O)]−1, and (C) [An(OH)6]−2. 
2. Calculated Average Bond Lengths (Å) for Various 

Ac2nides in Alkaline Media across Different Oxida2on 
States at the B3LYP/ECP(60)/Modified-TZVP Level 

species 
bond 
type U Np Pu Am 

VIII 
[An(VIII) 

O4(OH)2(H2O)30]−2 
AnO 

  
1.84 1.84 

 An−OH   2.27 2.27 

[An(VIII)O5(OH)(H2O)30]−3 AnO   1.91 1.97 

 An−OH   2.37 2.40 

VII 
[An(VII)O4(OH)2(H2O)30]−3 AnO 

 
1.91 1.89 1.90 

 An−OH  2.38 2.36 2.35 

VI 
[An(VI)O2(OH)4(H2O)30]−2 AnO 1.85 1.80 1.81 1.79 
 An−OH 2.27 2.26 2.27 2.28 

[An(VI)O2(OH)3(H2O) 
(H2O)30]−1 

AnO 1.85 1.83 1.80 1.79 

 An−OH 2.21 2.22 2.23 2.23 

 An− 
OH2O 

2.46 2.44 2.45 2.46 

An(V) 
O2(OH)2(H2O)2(H2O)30 

AnO 1.82 1.79 1.77 1.75 

 An−OH 2.20 2.20 2.21 2.22 

 An− 
OH2O 

2.41 2.41 2.43 2.45 

V 
[An(V)O2(OH)4(H2O)30]−3 AnO 1.94 1.91 1.88 1.89 
 An−OH 2.35 2.38 2.38 2.37 

[An(V)O2(OH)3(H2O) 
−2 

(H2O)30] 

AnO 1.94 1.92 1.89 1.91 

 An−OH 2.31 2.31 2.32 2.29 

 An− 
OH2O 

2.55 2.58 2.57 2.54 

[An(V) 
O2(OH)2(H2O)2(H2O)30]−1 

AnO 1.90 1.87 1.85 1.86 

 An−OH 2.30 2.32 2.32 2.31 

 An− 
OH2O 

2.50 2.55 2.51 2.50 

An(V)O2(OH) (H2O)3(H2O)30 AnO 1.88 1.85 1.83 1.83 

 An−OH 2.27 2.29 2.30 2.29 

 An− 
OH2O 

2.49 2.50 2.50 2.49 

IV 
An(IV)(OH)4(H2O)2(H2O)30 An−OH 2.20 2.20 2.19 2.17 
 An− 

OH2O 
2.50 2.45 2.43 2.48 

[An(IV)(OH)5(H2O) 
−1 

(H2O)30] 

An−OH 2.24 2.24 2.23 2.21 

 An− 
OH2O 

2.64 2.47 2.46 2.65 

[An(IV)(OH)6(H2O)30]−2 An−OH 2.29 2.28 2.27 2.26 
III 
An(III)(OH)3(H2O)2(H2O)30 An−OH 2.27 2.27 2.25 2.25 
 An− 

OH2O 
2.54 2.52 2.50 2.49 

The An−OH2 bond lengths are consistently longer than those of 
An−OH, across all oxida2on states reflec2ng a weaker interac2on 
with the ac2nide. For the +VI species, the distances varied 
between 2.41 and 2.46 Å. In the +V oxida2on state, the bond 
lengths are generally longer (2.49−2.58 Å) highligh2ng weaker 
interac2ons. In the +IV state, the distances varied within a 
broader range of 2.43−2.65 Å, whereas for the +III state, it varied 
between 2.49 and 2.54 Å. 

Reduc0on Poten0als. Tables 3−7 present the redox poten2als 
in aqueous alkaline solu2on for mul2ple ac2nide ions using the 
B3LYP func2onal. Table 8 presents the results using the PW91 
func2onal for Pu redox couples. Experimental alkaline redox 
data12,30,32−39 are available for some couples as well as a number 
of es2mated values.9,14,23−31 Most of the experimental data are 
obtained with [NaOH] = 1 M except for one Np(V/IV) result. As 
discussed above, the exact specia2on of the ac2nides in alkaline 
media depends upon the [OH−] concentra2on. The stability 
region of water is important for an aqueous redox process. If such 
a process involves poten2als within this stability region, then it 
can proceed in water without decomposing the water itself. 
Conversely, if the redox poten2al of the reac2on falls outside this 
window, water will undergo electrolysis, producing hydrogen or 
oxygen gas, which can interfere with or prevent the 
determina2on of the desired redox process. The stability region 
varies with pH; at pH 14, the range extends from −0.829 to 0.401 
V rela2ve to SHE. 

An(VIII/VII) Redox Poten4als. It has long been speculated that 
the +VIII oxida2on state is stable in highly concentrated alkaline 
solu2ons, par2cularly for Pu(VIII).71 Experimental results have 
claimed that this state was achieved by ozonolysis of Pu 
oxo/hydroxo complexes in alkaline media.13−15 However, a recent 
experimental study suggests that this oxida2on state cannot be 
achieved under any condi2ons.19 Computa2onal studies indicate 
that PuO4 as observed in gasphase experiments is actually a 
(Pu(V)O2)+(O2)−1 complex with Pu in the +V oxida2on state.72 This 
complex is significantly more stable than the proposed square-



 

 

planar Pu(VIII)O4 molecule.73 Other studies suggest that 
Pu(VIII) may be, at most, metastable in oxyfluoride 
complexes highligh2ng the difficulty in reaching the 
octavalent oxida2on state in Pu.74 

The specia2on of +VII species has been studied, and it is 
generally assumed that the heptavalent oxida2on state 
prefers anions of the form [An(VII)O4(OH)2]−3.69,70,75 Tananaev 
et al.76 suggested that, at [NaOH] = 10−18 M, Pu(VII) may 
assume the form of [Pu(VII)O5(OH)]−4 or Pu(VII)O6

−5. 
Nevertheless, different es2mates for the Pu(VIII/VII)13,23 and 
Am(VIII/VII)24 redox couples in alkaline media have been 
made. For all couples explored for Pu(VIII/VII), our 
calcula2ons predicted posi2ve poten2als (Table 3). The most 
favorable reduc2on process for this couple is 
[Pu(VIII)O5OH]−3/[Pu(VII)O4(OH)2]−3, which involves breaking 
and forming new bonds with a poten2al of ∼2.6 V. The couple 
consis2ng of pentaoxo/hydroxo complexes had predicted 
poten2als of ∼1.5 V. However, it is very unlikely that the 
process occurs in [OH−] = 1 M, as there is experimental 
evidence indica2ng that the VII species exist predominantly 
as tetraoxo/dihydroxo complex anions, [An(VII)- 

O4(OH)2]−3.20,69 The reduc2on poten2al of the 
[Pu(VIII)O4(OH)2]−2/[Pu(VII)O4(OH)2]−3 couple was predicted to 
have poten2als of ∼1.9 V, a value significantly outside of the 
stability region of water at pH 14. 

Tsushima77 used computa2onal methodologies to calculate the 
Pu(VIII/VII) redox process with different ligands. Tsushima used 
the B3LYP func2onal in combina2on with a Stupgart ECP(60) for 
Pu and O atoms with the 6-311G(d,p) basis set for H; solva2on 
effects were modeled with the implicit CPCM-UAHF model. 
However, no explicit solva2on was considered for any of the 
anions. The spin−orbit effect of Pu(VII) species was calculated at 
the CASSCF level within the varia2on-perturba2on scheme using 
the RASSI-SO78 approach 
in MOLCAS.79 Tsushima predicted poten2als of 1.54 and 1.06 V 
for the [Pu(VIII)O4(OH)2]−2/[Pu(VII)O4(OH)2]−3 and 
[Pu(VIII)O5OH]−3/Pu(VII)O5OH]−4 redox couples, respec2vely. He 
concluded that the Pu(VIII/VII) reduc2on could occur only in 
extremely high pH alkaline solu2ons, where the reac2on would 
involve pentaoxo/hydroxo anions. Our calcula2ons for both 
couples differ by +0.5 V from these results as we predict more 
posi2ve results with our approach. 

3. An(VIII/VII) Poten2als Eo for Ac2nides in Alkaline Aqueous Solu2on Calculated at the B3LYP/ECP(60)/ModifiedLevela 
An(ox) An(red) Eo COSMO Eo SMD Eoest 

[Pu(VIII)O4(OH)2(H2O)30]−2 [Pu(VII)O4(OH)2(H2O)30]−3 1.94 1.93 ≥1.1523 
[Pu(VIII)O5(OH)(H2O)30]−3 [Pu(VII)O5(OH)(H2O)30]−4 1.47 1.53  

[Pu(VIII)O5(OH)(H2O)30]−3 [Pu(VII)O4(OH)2(H2O)30]−3 2.58 2.57  

[Am(VIII)O4(OH)2(H2O)30]−2 [Am(VII)O4(OH)2(H2O)30]−3 1.55 1.61 ≥1.624 
[Am(VIII)O5(OH)(H2O)30]−3 [Am(VII)O5(OH)(H2O)30]−4 0.65 0.84  

[Am(VIII)O5(OH)(H2O)30]−3 
a PotenBals in volts relaBve to 
SHE. 

[Am(VII)O4(OH)2(H2O)30]−3 1.63 1.62  

Table 4. An(VII/VI) Poten2als Eo for Ac2nides in Alkaline Aqueous Solu2on Calculated at the B3LYP/ECP(60)/ModifiedTZVP 
Levela 

An(ox) An(red) Eo COSMO Eo SMD Eoest Eoexp 
[Np(VII)O4(OH)2(H2O)30]−3 [Np(VI)O2(OH)4(H2O)30]−2 0.66 0.85  0.58232 

[Np(VII)O4(OH)2(H2O)30]−3 [Np(VI)O2(OH)3(H2O)(H2O)30]−1 0.64 0.88   

[Np(VII)O4(OH)2(H2O)30]−3 Np(VI)O2(OH)2(H2O)2(H2O)30 0.57 0.90   

[Pu(VII)O4(OH)2(H2O)30]−3 [Pu(VI)O2(OH)4(H2O)30]−2 1.09 1.40 0.68514 0.84933 
[Pu(VII)O4(OH)2(H2O)30]−3 [Pu(VI)O2(OH)3(H2O)(H2O)30]−1 1.02 1.13   

[Pu(VII)O4(OH)2(H2O)30]−3 Pu(VI)O2(OH)2(H2O)2(H2O)30 0.89 1.06   

[Am(VII)O4(OH)2(H2O)30]−3 [Am(VI)O2(OH)4(H2O)30]−2 1.88 2.04 1.0525  

[Am(VII)O4(OH)2(H2O)30]−3 [Am(VI)O2(OH)3(H2O)(H2O)30]−1 1.82 2.04   

[Am(VII)O4(OH)2(H2O)30]−3 
a PotenBals in volts relaBve to 
SHE. 

Am(VI)O2(OH)2(H2O)2(H2O)30 1.71 2.02   

 



 

 

All calculated poten2als for the Am(VIII/VII) redox couple 
fall outside the stability range of the water. As predicted for 
Pu, the most favorable process corresponds to the 
[Am(VIII)O5OH]−3/[Am(VII)O4(OH)2]−3 couple with a predicted 
poten2al of ∼1.6 V. The predicted poten2al for the 
[Am(VIII)O4(OH)2]−2/[Am(VII)O4(OH)2]−3 redox couple is 
approximately the same value. These calculated couples are 
close to the lower limit es2mated by Shilov and Yusov.38 

However, the couple involving pentaoxo/hydroxo complexes 
had a predicted lower poten2al of 0.7−0.8 V, differing from 
those of the other couples. If the same trend holds for 
Am(VIII), then it is very unlikely that the pentaoxo/hydroxo 
complex would form under 1 M NaOH (pH = 14) condi2ons. 

An(VII/VI) Redox Poten4als. Previous work20 indicated that 
the An(VI) species preserve CN = 6 and generate an ac2nyl 
dica2on with 4 OH− groups in the equatorial region, 
[An(VI)O2(OH)4]−2. However, Perethrukhin et al.9 also 
suggested the possible forma2on of [An(VI)O2(OH)3]−1 and 
neutral An(VI)O2(OH)2. Gaona et al.80 also suggested the 
presence of [Np(VI)O2(OH)3]−1 anions at pH 14. Other studies 
have also suggested the existence of [UO2(OH)5]−3 in alkaline 
solu2ons.68 However, these species were characterized in 
highly alkaline media (with TMAOH concentra2ons of 3.5 or 
higher). Under the condi2ons assumed in our work (1 M 
OH−), it is unlikely that such species would exist, so we did not 
consider [An(VI)O2(OH)5]−3 in our calcula2ons. The An(VII/VI) 
redox couple reac2on explicitly involves H2O and OH− 

molecules, maintaining the octahedral structural 
arrangement between the hexavalent and heptavalent 
species. Mul2ple pathways were evaluated, exploring 
mul2ple possibili2es for An(VI) (Table 4). For Np(VII/VI), all 
three +VI species of the dianion, anion, and neutral are 
consistent with the experimental value of 0.582 V,32 and, 
thus, comparison with experiment cannot be used to obtain 
the specia2on. For Pu(VII/VI), the calculated poten2al using 
COSMO for forma2on of the neutral 
Pu(VI)O2(OH)2(H2O)2(H2O)30 is in excellent agreement with 
the experimental value of 0.849 V.33 The Am(VII/VI) 
calculated poten2als are 1.88 and 2.04 V, with COSMO and 
SMD, respec2vely, which are much higher than the es2mated 
value of 1.05 V.25 This value was es2mated based on 
spectrophotometric data using a linear rela2onship between 
the formal redox poten2als of hexavalent and heptavalent 
ac2nides in alkaline solu2ons and the energies of the 
absorp2on bands associated with charge transfer in their 
electronic spectra. In general, the calculated poten2als are 
most posi2ve for forma2on of the dianion [Np(VI)- 
O2(OH)4(H2O)30]−2 and least posi2ve for the neutral, but the 
differences in the poten2als of all three species are within 0.2 
V making it difficult to assign the specia2on by comparing to 
experiment given the error bars in the calcula2ons and the 
errors in the experimental es2mates. 

An(VI/V) Redox Poten4als. Although An(V) species have been 
reported in alkaline solu2ons, their predominant form has not 
yet been established. Perethrukhin et al.9 reported that mul2ple 
species are possible, ranging from AnO2(OH) solids to ionic 
complexes with a core ac2nyl group, including 
[An(V)O2(OH)4]−3, [An(V)O2(OH)3H2O]−2, and 
[An(V)O2(OH)2(H2O)2]−1. Shilov and Yusov12 measured the formal 
poten2als of the Np(VI)/Np(V) couple in mul2ple MOH solu2ons, 
with M = Li+, Na+, K+, Cs+, and N(CH3)4

+ using poten2ometry. They 
concluded that [Np(V)O2(OH)2]−1 exists in [OH−] ≤ 1.0 M, whereas 
in more alkaline condi2ons, the [Np(V)O2(OH)3]−2 complex is 
formed. Gelis et al.35 inves2gated the redox behavior of 
Np(VII/VI/V) in 



 

 

5. An(VI/V) Poten2als Eo for Ac2nides in Alkaline Aqueous Solu2on Calculated at the B3LYP/ECP(60)/Modified- 
Levela 

An(ox) An(red) Eo COSMO Eo SMD Eoest Eoexp 
[U(VI)O2(OH)4(H2O)30]−2 [U(V)O2(OH)4(H2O)30]−3 −0.77 −0.60 −0.69 ± 0.2426 −0.6530 
[U(VI)O2(OH)4(H2O)30]−2 [U(V)O2(OH)3(H2O)(H2O)30]−2 −0.56 −0.47   

[U(VI)O2(OH)4(H2O)30]−2 [U(V)O2(OH)2(H2O)2(H2O)30]−1 −0.77 −0.63   

[U(VI)O2(OH)4(H2O)30]−2 U(V)O2(OH)(H2O)3(H2O)30 −0.83 −0.65   

[U(VI)O2(OH)3(H2O)(H2O)30]−1 [U(V)O2(OH)4(H2O)30]−3 −0.44 −0.39   

[U(VI)O2(OH)3(H2O)(H2O)30]−1 [U(V)O2(OH)3(H2O)(H2O)30]−2 −0.23 −0.26   

[U(VI)O2(OH)3(H2O)(H2O)30]−1 [U(V)O2(OH)2(H2O)2(H2O)30]−1 −0.44 −0.41   

[U(VI)O2(OH)3(H2O)(H2O)30]−1 U(V)O2(OH)(H2O)3(H2O)30 −0.50 −0.44   

U(VI)O2(OH)2(H2O)2(H2O)30 [U(V)O2(OH)4(H2O)30]−3 −0.21 −0.19   

U(VI)O2(OH)2(H2O)2(H2O)30 [U(V)O2(OH)3(H2O)(H2O)30]−2 0.00 −0.06   

U(VI)O2(OH)2(H2O)2(H2O)30 [U(V)O2(OH)2(H2O)2(H2O)30]−1 −0.21 −0.22   

U(VI)O2(OH)2(H2O)2(H2O)30 U(V)O2(OH)(H2O)3(H2O)30 −0.27 −0.24   

[Np(VI)O2(OH)4(H2O)30]−2 [Np(V)O2(OH)4(H2O)30]−3 0.33 0.42 0.38 ± 0.2426 0.12,12 0.18,34 0.10635 
[Np(VI)O2(OH)4(H2O)30]−2 [Np(V)O2(OH)3(H2O)(H2O)30]−2 0.26 0.39   

[Np(VI)O2(OH)4(H2O)30]−2 [Np(V)O2(OH)2(H2O)2(H2O)30]−1 0.14 0.37   

[Np(VI)O2(OH)4(H2O)30]−2 Np(V)O2(OH)(H2O)3(H2O)30 0.22 0.52   

[Np(VI)O2(OH)3(H2O)(H2O)30]−1 [Np(V)O2(OH)4(H2O)30]−3 0.35 0.40   

[Np(VI)O2(OH)3(H2O)(H2O)30]−1 [Np(V)O2(OH)3(H2O)(H2O)30]−2 0.28 0.36   

[Np(VI)O2(OH)3(H2O)(H2O)30]−1 [Np(V)O2(OH)2(H2O)2(H2O)30]−1 0.16 0.35   

[Np(VI)O2(OH)3(H2O)(H2O)30]−1 Np(V)O2(OH)(H2O)3(H2O)30 0.24 0.50   

Np(VI)O2(OH)2(H2O)2(H2O)30 [Np(V)O2(OH)4(H2O)30]−3 0.42 0.37   

Np(VI)O2(OH)2(H2O)2(H2O)30 [Np(V)O2(OH)3(H2O)(H2O)30]−2 0.35 0.34   

Np(VI)O2(OH)2(H2O)2(H2O)30 [Np(V)O2(OH)2(H2O)2(H2O)30]−1 0.24 0.32   

Np(VI)O2(OH)2(H2O)2(H2O)30 Np(V)O2(OH)(H2O)3(H2O)30 0.32 0.47   

[Pu(VI)O2(OH)4(H2O)30]−2 [Pu(V)O2(OH)4(H2O)30]−3 0.49 0.47 0.16 ± 0.2426 0.23,36 0.2137 
[Pu(VI)O2(OH)4(H2O)30]−2 [Pu(V)O2(OH)3(H2O)(H2O)30]−2 0.68 0.66   

[Pu(VI)O2(OH)4(H2O)30]−2 [Pu(V)O2(OH)2(H2O)2(H2O)30]−1 0.64 0.70   

[Pu(VI)O2(OH)4(H2O)30]−2 Pu(V)O2(OH)(H2O)3(H2O)30 0.70 0.82   

[Pu(VI)O2(OH)3(H2O)(H2O)30]−1 [Pu(V)O2(OH)4(H2O)30]−3 0.55 0.74   
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[Pu(VI)O2(OH)3(H2O)(H2O)30]−1 [Pu(V)O2(OH)3(H2O)(H2O)30]−2 0.75 0.93   

[Pu(VI)O2(OH)3(H2O)(H2O)30]−1 [Pu(V)O2(OH)2(H2O)2(H2O)30]−1 0.71 0.98   

[Pu(VI)O2(OH)3(H2O)(H2O)30]−1 Pu(V)O2(OH)(H2O)3(H2O)30 0.77 1.09   

Pu(VI)O2(OH)2(H2O)2(H2O)30 [Pu(V)O2(OH)4(H2O)30]−3 0.69 0.80   

Pu(VI)O2(OH)2(H2O)2(H2O)31 [Pu(V)O2(OH)3(H2O)(H2O)30]−2 0.88 0.99   

Pu(VI)O2(OH)2(H2O)2(H2O)32 [Pu(V)O2(OH)2(H2O)2(H2O)30]−1 0.84 1.04   

Pu(VI)O2(OH)2(H2O)2(H2O)33 Pu(V)O2(OH)(H2O)3(H2O)30 0.90 1.16   

[Am(VI)O2(OH)4(H2O)30]−2 [Am(V)O2(OH)4(H2O)30]−3 0.72 0.81 0.6527 0.6829 
[Am(VI)O2(OH)4(H2O)30]−2 [Am(V)O2(OH)3(H2O)(H2O)30]−2 0.96 1.06   

[Am(VI)O2(OH)4(H2O)30]−2 [Am(V)O2(OH)2(H2O)2(H2O)30]−1 0.92 1.11   

[Am(VI)O2(OH)4(H2O)30]−2 Am(V)O2(OH)(H2O)3(H2O)30 0.98 1.21   

[Am(VI)O2(OH)3(H2O)(H2O)30]−1 [Am(V)O2(OH)4(H2O)30]−3 0.79 0.82   

[Am(VI)O2(OH)3(H2O)(H2O)30]−1 [Am(V)O2(OH)3(H2O)(H2O)30]−2 1.02 1.06   

[Am(VI)O2(OH)3(H2O)(H2O)30]−1 [Am(V)O2(OH)2(H2O)2(H2O)30]−1 0.99 1.11   

[Am(VI)O2(OH)3(H2O)(H2O)30]−1 Am(V)O2(OH)(H2O)3(H2O)30 1.05 1.22   

Am(VI)O2(OH)2(H2O)2(H2O)30 [Am(V)O2(OH)4(H2O)30]−3 0.89 0.83   

Am(VI)O2(OH)2(H2O)2(H2O)30 [Am(V)O2(OH)3(H2O)(H2O)30]−2 1.12 1.08   

Am(VI)O2(OH)2(H2O)2(H2O)30 [Am(V)O2(OH)2(H2O)2(H2O)30]−1 1.09 1.13   

Am(VI)O2(OH)2(H2O)2(H2O)30 a 

PotenBals in Volts relaBve to SHE. 
Am(V)O2(OH)(H2O)3(H2O)30 1.15 1.23   

concentrated LiOH, NaOH, and NaOH-Na2CO3 solu2ons 
using both electrochemical and spectrophotometric 
techniques. They suggested that in the absence of 
carbonate, the dioxo/tetrahydroxo form [An(V)O2(OH)4]−3 is 
the preferred anion at [OH−] ∼1 M for Np. Shilov81 reviewed 
the available redox data at the 2me, sugges2ng poten2als 
and possible pathways for the An(V/IV) couple in 1 M NaOH. 
He stated that Pu(V) probably exists as [Pu(V)O2(OH)4]−3 or 
[Pu(V)O2(OH)3H2O]−2 anions. 

Mul2ple pathways were explored for the An(VI/V) redox 
couple, with the results shown in Table 5. For U(VI/V), many 
pathways involving the ionic forms had predicted poten2als 
close to the experimental poten2als of −0.65 V,30 and the 
mul2ple calculated values differed by not more than ±0.2 V. 
All couples involving the [U(VI)O2(OH)4]−2 anions displayed 
acceptable agreement with experiment. For 
[U(VI)O2(OH)3(H2O)]−1, the [U(VI)O2(OH)3(H2O)]−1/[U(V)O 2 

(OH) 4 ]− 3 , [U(VI)O 2 (OH) 3 (H 2 O)]− 1 /[U(V)- 



 

 

6. An(V/IV) Poten2als Eo for Ac2nides in Alkaline Aqueous Solu2on Calculated at the B3LYP/ECP(60)/Modified- 
Levelb 

An(ox) An(red) Eo COSMO Eo SMD Eoest Eoexp 
[U(V)O2(OH)4(H2O)30]−3 U(IV)(OH)4(H2O)2(H2O)30 −0.82 −0.79 −1.1,9 −0.03 ± 0.2426  

[U(V)O2(OH)4(H2O)30]−3 [U(IV)(OH)5(H2O)(H2O)30]−1 −0.76 −0.68   

[U(V)O2(OH)4(H2O)30]−3 [U(IV)(OH)6(H2O)30]−2 −0.30 −0.36   

[U(V)O2(OH)3(H2O)(H2O)30]−2 U(IV)(OH)4(H2O)2(H2O)30 −1.03 −0.92   

[U(V)O2(OH)3(H2O)(H2O)30]−2 [U(IV)(OH)5(H2O)(H2O)30]−1 −0.97 −0.81   

[U(V)O2(OH)3(H2O)(H2O)30]−2 [U(IV)(OH)6(H2O)30]−2 −0.51 −0.49   

[U(V)O2(OH)2(H2O)2(H2O)30]−1 U(IV)(OH)4(H2O)2(H2O)30 −0.82 −0.77   

[U(V)O2(OH)2(H2O)2(H2O)30]−1 [U(IV)(OH)5(H2O)(H2O)30]−1 −0.76 −0.66   

[U(V)O2(OH)2(H2O)2(H2O)30]−1 [U(IV)(OH)6(H2O)30]−2 −0.30 −0.33   

U(V)O2(OH)(H2O)3(H2O)30 U(IV)(OH)4(H2O)2(H2O)30 −0.76 −0.74   

U(V)O2(OH)(H2O)3(H2O)30 [U(IV)(OH)5(H2O)(H2O)30]−1 −0.70 −0.63   

U(V)O2(OH)(H2O)3(H2O)30 [U(IV)(OH)6(H2O)30]−2 −0.24 −0.31   

[Np(V)O2(OH)4(H2O)30]−3 Np(IV)(OH)4(H2O)2(H2O)30 −0.33 −0.25 −0.09 ± 0.24,26 −0.9527 −0.15,35 0.1338 
[Np(V)O2(OH)4(H2O)30]−3 [Np(IV)(OH)5(H2O)(H2O)30]−1 −0.06 0.29   

[Np(V)O2(OH)4(H2O)30]−3 [Np(IV)(OH)6(H2O)30]−2 0.25 0.57   

[Np(V)O2(OH)3(H2O)(H2O)30]−2 Np(IV)(OH)4(H2O)2(H2O)30 −0.25 −0.22   

[Np(V)O2(OH)3(H2O)(H2O)30]−2 [Np(IV)(OH)5(H2O)(H2O)30]−1 0.01 0.33   

[Np(V)O2(OH)3(H2O)(H2O)30]−2 [Np(IV)(OH)6(H2O)30]−2 0.32 0.60   

[Np(V)O2(OH)2(H2O)2(H2O)30]−1 Np(IV)(OH)4(H2O)2(H2O)30 −0.14 −0.21   

[Np(V)O2(OH)2(H2O)2(H2O)30]−1 [Np(IV)(OH)5(H2O)(H2O)30]−1 0.13 0.34   

[Np(V)O2(OH)2(H2O)2(H2O)30]1 [Np(IV)(OH)6(H2O)30]−2 0.43 0.62   

Np(V)O2(OH)(H2O)3(H2O)30 Np(IV)(OH)4(H2O)2(H2O)30 −0.22 −0.36   

Np(V)O2(OH)(H2O)3(H2O)30 [Np(IV)(OH)5(H2O)(H2O)30]−1 0.05 0.19   

Np(V)O2(OH)(H2O)3(H2O)30 [Np(IV)(OH)6(H2O)30]−2 0.35 0.47   

[Pu(V)O2(OH)4(H2O)30]−3 Pu(IV)(OH)4(H2O)2(H2O)30 −0.20 0.22 −0.67,9 0.52 ± 0.2426 −0.75,37 −0.6039,a 
[Pu(V)O2(OH)4(H2O)30]−3 [Pu(IV)(OH)5(H2O)(H2O)30]−1 0.66 0.95   

[Pu(V)O2(OH)4(H2O)30]−3 [Pu(IV)(OH)6(H2O)30]−2 0.80 1.01   

[Pu(V)O2(OH)3(H2O)(H2O)30]−2 Pu(IV)(OH)4(H2O)2(H2O)30 −0.39 0.03   

[Pu(V)O2(OH)3(H2O)(H2O)30]−2 [Pu(IV)(OH)5(H2O)(H2O)30]−1 0.47 0.76   

[Pu(V)O2(OH)3(H2O)(H2O)30]−2 [Pu(IV)(OH)6(H2O)30]−2 0.61 0.82   

[Pu(V)O2(OH)2(H2O)2(H2O)30]−1 Pu(IV)(OH)4(H2O)2(H2O)30 −0.35 −0.02   

[Pu(V)O2(OH)2(H2O)2(H2O)30]−1 [Pu(IV)(OH)5(H2O)(H2O)30]−1 0.51 0.71   

[Pu(V)O2(OH)2(H2O)2(H2O)30]−1 [Pu(IV)(OH)6(H2O)30]−2 0.65 0.77   

Pu(V)O2(OH)(H2O)3(H2O)30 Pu(IV)(OH)4(H2O)2(H2O)30 −0.41 −0.13   

Pu(V)O2(OH)(H2O)3(H2O)30 [Pu(IV)(OH)5(H2O)(H2O)30]−1 0.45 0.60   
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O2(OH)2(H2O)2]−1, and 
[U(VI)O2(OH)3(H2O)]−1/[U(V)O2(OH)(H2O)3 redox couples are 
also in agreement with experiment.30 All pathways involving 
neutral U(VI)O2(OH)2(H2O)2 deviated significantly from the 
literature 
value.30 

For Np(VI/V), except for 
Np(VI)O2(OH)2(H2O)2/[Np(V)O2(OH)4]−3, all couples are 
within an acceptable difference from the experimental data 
(0.10−0.18 V).12,34,35 For Pu(VI/V), most of the couples using 
B3LYP differ significantly from experiment (0.21−0.23 V),35,36 

with only the [Pu(VI)O2(OH)4]−2/[Pu(V)O2(OH)4]−3 couple 
being within 0.3 V. For Am(VI/V), only the couples involving 
the [Am(V)O2(OH)4]−3 anion produced acceptable results, 
namely, the [Am(VI)O2(OH)4]−2/[Am(V)O2(OH)4]−3, 
[Am(VI)O2(OH)3(H2O)]−1/[Am(V)O2(OH)4]−3, and 
Am(VI)O2(OH)2(H2O)2/[Am(V)O2(OH)4]−3 couples. Generally, 
the pathway involving direct electron transfer between 
dioxo/tetrahydroxo complexes [An(VI)O2(OH)4]−2/[An(V)- 



 

 

7. An(IV/III) Poten2als Eo for Ac2nides in Alkaline Aqueous Solu2on Calculated at the B3LYP/ECP(60)/ModifiedLevela 
An(ox) An(red) Eo COSMO Eo SMD Eoest Eoexp 

U(IV)(OH)4(H2O)2(H2O)30 U(III)(OH)3(H2O)2(H2O)30 −2.35 −2.13 −2.78 ± 0.35,26 −2.630  

[U(IV)(OH)5(H2O)(H2O)30]−1 U(III)(OH)3(H2O)2(H2O)30 −2.41 −2.24   

[U(IV)(OH)6(H2O)30]−2 U(III)(OH)3(H2O)2(H2O)30 −2.87 −2.56   

Np(IV)(OH)4(H2O)2(H2O)30 Np(III)(OH)3(H2O)2(H2O)30 −1.62 −0.96 −1.88 ± 0.24,26 −1.8,27 −1.931  

[Np(IV)(OH)5(H2O)(H2O)30]−1 Np(III)(OH)3(H2O)2(H2O)30 −1.89 −1.51   

[Np(IV)(OH)6(H2O)30]−2 Np(III)(OH)3(H2O)2(H2O)30 −2.20 −1.78   

Pu(IV)(OH)4(H2O)2(H2O)30 Pu(III)(OH)3(H2O)2(H2O)30 −0.52 −0.26 −1.04 ± 0.24,26 −1.031 −0.9539 
[Pu(IV)(OH)5(H2O)(H2O)30]−1 Pu(III)(OH)3(H2O)2(H2O)30 −1.10 −0.73   

[Pu(IV)(OH)6(H2O)30]−2 Pu(III)(OH)3(H2O)2(H2O)30 −1.24 −0.78   

Am(IV)(OH)4(H2O)2(H2O)30 Am(III)(OH)3(H2O)2(H2O)30 0.33 0.67 0.27,9 <0.25,29 0.0631  

[Am(IV)(OH)5(H2O)(H2O)30]−1 Am(III)(OH)3(H2O)2(H2O)30 −0.14 0.23   

[Am(IV)(OH)6(H2O)30]−2 a PotenBals 
in volts relaBve to SHE. 

Am(III)(OH)3(H2O)2(H2O)30 −0.17 0.31   

Table 8. Reduc2on Poten2als Eo for Pu in Alkaline Aqueous Solu2on Calculated at PW91/ECP(60)/Modified-TZVPb 
An(ox) An(red) Eo COSMO Eo SMD Eoest Eoexp 

 VII/VII     

[Pu(VIII)O4(OH)2(H2O)30]−2 [Pu(VII)O4(OH)2(H2O)30]−3 1.28 1.28 ≥1.1523  

[Pu(VIII)O5(OH)(H2O)30]−3 [Pu(VII)O5(OH)(H2O)30]−4 0.85 0.88   

[Pu(VIII)O5(OH)(H2O)30]−3 [Pu(VII)O4(OH)2(H2O)30]−3 
VII/VI 

1.64 1.64   

[Pu(VII)O4(OH)2(H2O)30]−3 [Pu(VI)O2(OH)4(H2O)30]−2 0.18 0.39 0.68514 0.84933 
[Pu(VII)O4(OH)2(H2O)30]−3 [Pu(VI)O2(OH)3(H2O)(H2O)30]−1 0.15 0.37   

[Pu(VII)O4(OH)2(H2O)30]−3 Pu(VI)O2(OH)2(H2O)2(H2O)30 VI/V −0.31 −0.01   

[Pu(VI)O2(OH)4(H2O)30]−2 [Pu(V)O2(OH)4(H2O)30]−3 0.36 0.31 0.1626 0.23,36 0.2137 
[Pu(VI)O2(OH)4(H2O)30]−2 [Pu(V)O2(OH)3(H2O)(H2O)30]−2 0.15 0.16   

[Pu(VI)O2(OH)4(H2O)30]−2 [Pu(V)O2(OH)2(H2O)2(H2O)30]−1 −0.09 0.00   

[Pu(VI)O2(OH)4(H2O)30]−2 Pu(V)O2(OH)(H2O)3(H2O)30 0.16 0.26   

[Pu(VI)O2(OH)3(H2O)(H2O)30]−1 [Pu(V)O2(OH)4(H2O)30]−3 0.38 0.34   

[Pu(VI)O2(OH)3(H2O)(H2O)30]−1 [Pu(V)O2(OH)3(H2O)(H2O)30]−2 0.17 0.19   

[Pu(VI)O2(OH)3(H2O)(H2O)30]−1 [Pu(V)O2(OH)2(H2O)2(H2O)30]−1 −0.06 0.02   

[Pu(VI)O2(OH)3(H2O)(H2O)30]−1 Pu(V)O2(OH)(H2O)3(H2O)30 0.19 0.28   

Pu(VI)O2(OH)2(H2O)2(H2O)30 [Pu(V)O2(OH)4(H2O)30]−3 0.84 0.71   

Pu(VI)O2(OH)2(H2O)2(H2O)30 [Pu(V)O2(OH)3(H2O)(H2O)30]−2 0.63 0.56   

Pu(VI)O2(OH)2(H2O)2(H2O)30 [Pu(V)O2(OH)2(H2O)2(H2O)30]−1 0.39 0.40   

Pu(VI)O2(OH)2(H2O)2(H2O)30 Pu(V)O2(OH)(H2O)3(H2O)30 V/IV 0.65 0.65   

[Pu(V)O2(OH)4(H2O)30]−3 Pu(IV)(OH)4(H2O)2(H2O)30 −1.03 −0.71 −0.67,9 0.5226 −0.75,37 −0.6039,a 
[Pu(V)O2(OH)4(H2O)30]−3 [Pu(IV)(OH)5(H2O)(H2O)30]−1 −0.52 −0.27   

[Pu(V)O2(OH)4(H2O)30]−3 [Pu(IV)(OH)6(H2O)30]−2 −0.29 −0.16   

[Pu(V)O2(OH)3(H2O)(H2O)30]−2 Pu(IV)(OH)4(H2O)2(H2O)30 −0.81 −0.56   
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O2(OH)4]−3 provided poten2als closest to the experimental 
values,12,29,30,34−37 no maper the ac2nide. 

An(V/IV) Redox Poten4als. In alkaline media, unlike other 
redox couples, the An(V/IV) redox poten2als reported in the 
literature exhibit significant variability. The +IV species tend 
to prefer insoluble forms, amorphous An(IV)(OH)4 or 
hydrous oxide An(IV)O2·xH2O solids.82 The structure of the 
An(IV) neutral hydroxides in an aqueous solu2on has not 
been determined experimentally. However, computa2onal 
studies have provided valuable insights into the structure of 
An(IV) 
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hydroxides in solu2on. Johnson et al.83 performed AIMD 
simula2ons of a U(OH)4 within a cluster containing 64 H2O 
molecules. They predicted that the U(OH)4 species adopts a 
distorted octahedral structure with two aqua ligands in a cis 
conforma2on, cis-U(OH)4(H2O)2. Huang et al.84 studied the 
energe2cs of Pu(OH)4 and Pu(OH)4(H2O)n clusters with a 
variety of electronic structure methods including DFT and 
MP2. The ground state of the Pu(OH)4 species was predicted 
to have Td symmetry, and a similar tetrahedral geometry85 

was iden2fied as the ground state for U(OH)4. Huang et al.84 

reported that upon solva2on, the structure shi[s to a 
quasisquare-planar Pu(OH)4 geometry, with three H2O 
molecules also coordinated to the metal center. To further 
inves2gate the structural preferences of An(IV)(OH)4 

solvated clusters, we op2mized both cis and trans 
conforma2ons for the neutral hydroxides. Star2ng from the 
structure proposed by Huang et al.,84 the op2miza2on at the 
B3LYP/ECP(60)/ModifiedTZVP level consistently converged 
to a minimum geometry where two water molecules were 
coordinated to the An(IV)(OH)4 clusters. The four hydroxyl 
groups are posi2oned in the equatorial plane, and the two 
water molecules occupy the axial posi2ons, resul2ng in an 
octahedral structure denoted as transU(OH)4(H2O)2. The 
trans-U(OH)4(H2O)2 is always more stable than cis-
U(OH)4(H2O)2, at the B3LYP/ECP(60)/ Modified-TZVP level, 
and we verified the trans-An(OH)4(H2O)2 form to be the 
preferred form for all ac2nides studied. Consequently, this 
structure was used as the basis for predic2ng all of the redox 
poten2als involving An(IV). 

Experimental studies suggest the existence of soluble 
forms of An(IV), as [An(IV)(OH)5]−1 or [An(IV)(OH)6]−2 anions 

86−92 in solu2on, for U, Np, 
and Pu. The [NH4][Np(OH)5] salt provides further 
corrobora2on of the forma2on of pentahydroxo ions.93 

Allard et al.26 considered the forma2on of [An(IV)(OH)5]−1 

anions at pH 14. However, this was based on assump2ons 
that the total concentra2on of the dissolved species at pH 8 
could be deduced from the solubility product of the 
hydroxide. Addi2onally, the concentra2ons of all species 
from pH 0 to 14 were calculated by using the hydrolysis 
constants available at that 2me. S2ll, others excluded the 
existence of these hydrolyzed anions sta2ng a preference 
for amorphous hydroxides.94−98 Some studies predict the 
existence of U(IV)99 and Np(IV)91 pentahydroxo-hydrolyzed 
complexes in solu2on, whereas others claim that Pu(IV)91,92 

takes the form of hexahydroxo anions. No data are available 
on the hydroly2c reac2ons for Am(IV). Experimental studies 
only reported the existence of insoluble hydroxides, 
Am(IV)(OH)4 and Am(III)(OH)3 at [NaOH] = 1 M.100,101 Shilov 
and Nikolaevskii102 based on an es2mate for the formal 
poten2al of the Am(IV)/Am(III) redox couple at 
25°C,suggested that [Am(IV)(OH)5]−1 can exist in solu2on. 

We calculated mul2ple An(V/IV) poten2als assuming all 
possibili2es for anionic species for the penta- and 
tetravalent states (Table 6). The redox poten2als calculated 
for U(V/IV) indicate a significant nega2ve poten2al 
consistent with experimental predic2ons9,26 that support 
the unfavorability of such a redox process. The calculated 
values are consistent with the es2mate of −1.1 V from 
Perethrukhin et al.9 The poten2als closest to the 
experimental es2mates were obtained when considering 
the neutral U(IV)(OH)4(H2O)2 species and 
[U(IV)(OH)5(H2O)]−1 anions. Calcula2ons involving the 
[U(IV)(OH)6]−2 anions differ by more than 0.6 V from the 
es2mated values, independent of the implicit solva2on 
model. The calculated poten2als that displayed values 
closest to the es2mated value corresponded to the 
[U(V)O2(OH)3(H2O)]−2/U(IV)(OH)4(H2O)2 and 
[U(V)O2(OH)3(H2O)]−2/[U(IV)(OH)5(H2O)]−1 couples. 

For Np(V/IV), in polarographic studies, Peretrukhin and 
Spitsyn28 es2mated a poten2al for the Np(V/IV) couple of 
−0.95 V in 1 M NaOH. However, other studies have reported 
significantly different values. Shilov and Yusov38 determined 
a poten2al of +0.13 V, and more recently, Gelis et al.35 

reported a value of −0.15 V. Our results are in beper 
agreement with the laper experimental study.35 All 
calculated poten2als involving neutral hydroxides as the 
An(IV) form, as well as many involving the 
[Np(IV)(OH)5(H2O)]−1 anions, are consistent with the 
experimental value of −0.15 V.35 Shilov81 considered that two 
pathways are possible for Np, 
[Np(V)O2(OH)3(H2O)]−2/[Np(IV)(OH)5(H2O)]−1 and 
[Np(V)O2(OH)2(H2O)2]−1/Np(IV)(OH)4. Both calculated redox 
couples are in agreement with the experimental data,35,38 

with the laper couple providing the closest match to the 
experimental values. 

Many of the calculated values for the Pu(V/IV) poten2als 
give posi2ve redox poten2als, which are consistent with the 
es2mate of 0.52 V given by Allard et al.26 However, these 
values differ significantly from the nega2ve poten2als 
obtained in other experimental studies.37,39 Perethrukhin et 
al.9 emphasized that the Pu(V/IV) redox couple exhibits 
extremely nega2ve poten2als, consistent with the strong 
tendency of Pu(V) to dispropor2onate. Our values only give 
nega2ve values when neutral Pu(IV)(OH)4(H2O)2 is 
considered as the Pu(IV) species. Acceptable differences for 
the nega2ve values were obtained for the 
[Pu(V)O2(OH)2(H2O)2]−1/Pu(IV)(OH)4(H2O)2, 
[Pu(V)O2(OH)3(H2O)]−2/Pu(IV)(OH)4(H2O)2, and 
Pu(V)O2(OH)(H2O)3/Pu(IV)(OH)4(H2O)2 couples with COSMO. 
However, the other poten2als for the Pu(V)/Pu(IV) couple 
are all posi2ve and consistent with the es2mate of Allard et 
al.26 Overall, the couples involving the neutral hydroxides as 
the Pu(IV) structure displayed poten2als in agreement with 
the experimental values between −0.6 and −0.75 V.37,39 Our 
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results suggest that addi2onal experimental work is needed 
to define the redox poten2al for Pu(V)/Pu(IV). 

None of the Am(V/IV) poten2als involving any anionic 
forms of Am(IV) yielded poten2als within the es2mated 
range29 of 0.25−0.50 V and the experimental value39 of 0.20 
V. The couples that involve the neutral form 
Am(IV)(OH)4(H2O)2 show the best agreement with the 
experimental values. Par2cularly, the couples 
[Am(V)O2(OH)3]−2/Am(IV)- 
(OH)4(H2O)2 and [Am(V)O2(OH)3]−2/Am(IV)- 
(OH)4(H2O)2 differed from the upper limit by less than 0.1 V, 
and the Am(V)O2(OH)(H2O)3/Am(IV)(OH)4(H2O)2 couple, 
with the COSMO model, was the only case in which a value 
within the es2mated range was obtained. These results 
suggest that the Am(V/IV) reduc2on process likely involves 
Am(IV) exis2ng as solid Am(OH)4 hydroxides, which is 
consistent with the lack of reported anionic species in 
solu2on. 

An(IV/III) Redox Poten4als. U(III) and Np(III) are known to 
be readily oxidized by water under alkaline condi2ons. 
Conversely, Pu(III) and Am(III) are primarily iden2fied in 
solu2on as neutral hydroxides with extremely low 
solubili2es.103 Allard et al.26 hypothesized that An(III) species 
assume the form of An(III)(OH)4

−1 anions in solu2on at pH 
14, although such ions have not been observed 
experimentally. In our study, only neutral hydroxides were 
considered in the predic2on of An(IV/III) poten2als. The 
inaccessibility of these oxida2on states is reflected in the 
es2mates reported by Allard et al.26 and Peretrukhin and 
Spitsyn,28 where the U(IV/III) couple was es2mated to be 
−2.6 V, and the Np(IV/III) couple −1.8 V, respec2vely. For all 
pathways involving the An(IV/III) couples of U and Np (Table 
7), our calcula2ons predict extremely nega2ve poten2als. 

For the U(IV)(OH)4(H2O)2/U(III)(OH)3(H2O)2 couple, the 
COSMO value is just outside of the error bars of one 
experimental es2mate26 and within 0.25 V of the other.30 

The dianion [U(IV)(OH)6(H2O)30]−2/U(III)(OH)3(H2O)2 couple 
provides the best agreement with the experiment 
es2mates.26,30 For Np(IV)(OH)4(H2O)2/Np(III)(OH)3(H2O)2, 
the COSMO value is in good agreement with the 
experimental es2mates as are the poten2als star2ng from 
the anion and dianion.26,27,31 Using the B3LYP func2onal, our 
calcula2ons also indicate nega2ve poten2als for the 
Pu(IV/III) couple, and the pathway involving anionic species 
of Pu(IV) showed the closest agreement with the 
experimental measurement of −0.95 V.39 However, with 
B3LYP, the pathway involving the neutral ligand differed by 
more than ±0.4 V from the es2mates. Shilov81 proposed a 
possible couple for Pu(IV/ III), 
[Pu(IV)(OH)5(H2O)]−1/Pu(III)(OH)3 reduc2on. The use of the 
PW91 func2onal (see below) also gives results consistent 
with the experimental es2mates. For the Am(IV/ III) couple, 
all three calculated poten2als using COSMO are consistent 

with the experimental es2mates.9,29,31 Our results show that 
pathways involving Am(III) in its anionic forms yield 
significantly more nega2ve poten2als compared with the 
neutral pathway. 

Results Using the PW91 Func4onal for Pu. Our previous 
work demonstrated that the PW91 func2onal can provide 
sa2sfactory results for systems involving Pu, especially for 
the +VI oxida2on state.40 In general, the poten2als are more 
nega2ve (less posi2ve) with PW91 (Table 8) as compared to 
B3LYP. For Pu(VIII/VII), the results with the PW91 func2onal 
for the pentaoxo/hydroxo complexes are not consistent with 
the es2mated lower bound,23 in contrast to the B3LYP 
results where all values were consistent with the lower 
bound. The PW91 func2onal-predicted values are much less 
posi2ve than the experimental values33 for all possible 
Pu(VII/VI) couples, and the B3LYP values are in beper 
agreement with experiment. With B3LYP for Pu(VI/V), few 
redox couples have an acceptable difference from 
experiment.36,37 In contrast, most of the Pu(VI)/Pu(V) values 
using PW91 are within 0.2−0.3 V of experiment.36,37 Only the 
[Pu(VI)O2(OH)2(H2O)2]/[Pu(V)O2(OH)4]−3, 
[Pu(VI)O2(OH)2(H2O)2]/[Pu(V)O2(OH)3(H2O)]−2, and 
[Pu(VI)O2(OH)2(H2O)2]/[Pu(V)O2(OH)(H2O)3] couples with 
PW91 are not consistent with experiment.36,37 The Pu(V/ IV) 
couples calculated with PW91 tend to favor the more 
nega2ve range of experimental37,39 and es2mated9 values, 
whereas most of the B3LYP couples favored the posi2ve 
es2mated value.26 Finally, for Pu(IV)/Pu(III), the 
[Pu(IV)(OH)5(H2O)]−1/Pu(III)(OH)3(H2O)2 couple provides the 
best agreement with experiment.39 

Specia4on of Ac4nides in Alkaline Media. On the basis of 
the agreement between our calculated poten2als and the 
available experimental data, we can suggest possibili2es for 
the preferred specia2on of ac2nides in aqueous alkaline 
media. Although for some couples, many redox pathways 
provided poten2als close to experiment, analyzing a range 
of couples allows us to infer the possible specia2on for each 
oxida2on state. It is important to note that our calcula2ons 
assume standard hydroxide concentra2ons [OH−] = 1 mol/L 
(pH = 14), and these conclusions are only valid at this 
specific pH and at zero ionic strength and infinite dilu2on. 

The agreement of the calculated An(VIII/VII) poten2als 
with es2mates for the [An(VIII)O5(OH)]−3/[An(VII)O4(OH)2]−3 

and [An(VIII)O4(OH)2]−2/[An(VII)O4(OH)2]−3 suggests the 
possibility of these two species for An(VIII). Although the 
existence of the +VIII oxida2on state has not been 
established experimentally, it is likely that the 
[An(VIII)O5(OH)]−3 form would exist only in very high alkaline 
concentra2ons. Therefore, at pH 14, if the +VIII state were 
to exist under such condi2ons, then [An(VIII)O4(OH)2]−2 is 
the likely species consistent with the results of Gogolev et 
al.23 The +VII and +VI oxida2on states have been 
reported,20,70 and the preferred forms have been assumed 
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to be [An(VII)O4(OH)2]−3 and [An(VI)O2(OH)4]−2, respec2vely. 
All calculated An(VII/VI) poten2als employing these species 
are in agreement with experimental data, except for Am, 
where the results are not consistent with the es2mated 
values. Considering the +VI preferred form 
([An(VI)O2(OH)4]−2) and the An(VI/V) poten2als, the only 
redox couples consistently in agreement with experiment 
were those involving [An(V)O2(OH)4]−3, so we suggest that 
this species could be the dominant pentavalent form. 
Finally, the An(V/ IV) and An(IV/III) poten2als indicate that 
+IV and +III oxida2on states prefer to assume the form of 
neutral hydroxides, namely, An(IV)(OH)4(H2O)2 and 
An(III)(OH)3(H2O)2, respec2vely. It is important to note that 
addi2onal experimental measurements are required to 
assess these specia2on assignments. 

■ CONCLUSIONS 

The redox poten2als for U, Np, Pu, and Am in oxida2on 
states from +III to +VIII in alkaline aqueous solu2ons were 
computed by using density func2onal theory (DFT) with 
small-core pseudopoten2als and the associated basis sets. 
Various oxo/hydroxo complexes were considered for each 
oxida2on state, allowing for the evalua2on of mul2ple 
poten2als for many one-electron redox pathways. As in our 
previous work,40,41 the calcula2ons incorporated a 
combined explicit/implicit solvent model approach, in 
which each complex was surrounded by 30 water molecules 
to represent explicit local solva2on. To account for bulk 
solvent effects, implicit solva2on models were applied, 
employing the selfconsistent reac2on field (SCRF) methods 
COSMO and SMD. The COSMO SCRF model provided beper 
agreement with experiment in general. 

Although species with the +VIII oxida2on state have not 
been experimentally confirmed in aqueous solu2on, the 
An(VIII/VII) redox couples involving [An(VIII)O5(OH)]−3/ 
[An(VII)O4(OH)2]−3, or the direct electron transfer between 
tetraoxo/dihydroxo complexes 
[An(VIII)O4(OH)2]−2/[An(VII)O4(OH)2]−3, provided poten2als 
in beper agreement with other es2mates.23,24 For An(VII/VI), 
all, including those established as preferable based on 
experimental data, [An(VII)O4(OH)2]−3/[An(VI)O2(OH)4]−2, 
yielded redox poten2als closely matching experimental 
values for Np32 and Pu.33 However, for Am, the calculated 
poten2als differed by more than 0.7 V from the es2mates.25 

For An(VI/V) couples, different pathways produced results 
that were in agreement with experimental data12,29,30,34−37 

within 0.2 V, depending on the specific ac2nide. Notably, all 
couples consistently showed that the one-electron redox 
process, [An(VI)O2(OH)4]−2/ [An(V)O2(OH)4]−3, was 
consistent with the experimental data12,29,30,34−37 for the four 

ac2nides. Similarly, for the An(V/ IV) redox couples, different 
pathways yielded redox poten2als with acceptable 
differences from the experiment, depending on the specific 
ac2nide. However, all redox couples involving neutral 
hydroxides as the +IV form for the ac2nide complexes, 
under the assump2on that they exist in their soluble forms, 
agree with the latest experimental data.37−39 For the An(IV/ 
III) couples, the calcula2ons were consistent with es2mated 
literature values,9,26,27,29−31 assuming the soluble hydroxide 
form, An(III)(OH)3(H2O)2. 

Even though alkaline systems involve mul2ple 
simultaneous redox reac2ons, high ionic strength, and the 
forma2on of solid hydroxides, which can significantly affect 
redox measurements, our approach was able to predict 
poten2als that, in many cases, differed by less than ±0.2 V 
from the experiment or other es2mated values. This 
demonstrates that our approach can be effec2vely u2lized 
to study the behavior of ac2nides under basic condi2ons as 
well as under acidic condi2ons.40,41 Collec2vely, our results 
underscore the behavior of ac2nides in alkaline media and 
provide a comprehensive framework that aligns with most 
experimental observa2ons, which advances our 
understanding of ac2nide chemistry in alkaline condi2ons 
and offers insights into the poten2al stability and reac2vity 
of various species. Although our approach is useful for 
aiding the determina2on of ac2nide specia2on in alkaline 
media when coupled with experiment, further experimental 
data are needed to confirm the specia2on assignments. The 
presence of mul2ple redox couples with calculated 
poten2als in agreement with the experimental values 
complicates the determina2on of the specia2on of these 
ac2nide complexes and will also complicate the 
experimental analysis. 
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