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ABSTRACT: The redox potentials for U, Np, Pu, and Am for oxidation states +ll up to +VIII in alkaline aqueous solutions were
predicted using density functional theory (DFT) and small-core pseudopotentials and their basis sets, with a hybrid
explicit/implicit solvent model using SHE = 4.28 V. For each oxidation state, various oxo/hydroxo complexes were evaluated,
resulting in a variety of one-electron redox pathways. For An(VIII/VIl) couples, the predicted redox potentials for the
[An(VII)Os(OH)]™3/ [An(VI1)04(OH),]™3 or [An(VII)04(OH),]72/[An(VI1)04(OH)2] 3 couples are in good agreement with existing
estimates. For An(VII/VI1) redox couples, all couples, particularly [An(VII)04(OH),]3/ [An(VI)O,(OH)4] %, were in agreement with
experimental values for U, Np, and Pu, but the results for Am showed larger differences from the estimated potentials. The
An(VI/V) couples were consistent with experiments for dioxo/tetrahydroxo couples, and the An(V/IV) couples showed
acceptable agreement based on actinide-specific couples, with neutral hydroxides often favored in the +IV state. The An(IV/IIl)
couples were consistent with the literature values when modeled as soluble neutral hydroxides. The use of our approach
yielded calculated redox potentials that were within +0.2 V of experimental or estimated values consistent with our prior
calculations on redox potentials of actinides from Ac to Am in acidic aqueous solutions. This supports the robustness of our
DFT-based methodology for predicting actinide redox potentials, offering valuable insights into actinide chemistry in aqueous
solutions.

INTRODUCTION

The actinides play an important role in nuclear energy
generation as well as in the production of nuclear weapons.
The use of these materials has generated significant
quantities of radioactive waste, necessitating appropriate
treatment and management.! These wastes contain
compounds of U, Np, Pu, and Am, in different phases and
oxidation states depending on the pH of the aqueous
solution.? Understanding the chemistry of these actinides is
essential for their reprocessing, storage, and environmental
remediation.>* The behavior of actinides under alkaline to
hyperalkaline conditions remains an area of significant
interest.”> Under such conditions, wastes tend to form
hydroxides with low solubility, resulting in the formation of
sludges and solids in a slurry phase.® 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.”® It is important to note that many of the waste
storage tanks at the Hanford site are highly alkaline due to

the addition of base to quench the acidic conditions under
which the actinides were processed.

In alkaline media, actinide compounds have been
reported to exhibit oxidation states ranging from +VII to
+l11.° The highest oxidation 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
positive charge.'®In contrast, the lower oxidation states, +IlI
and + IV, exhibit

greater instability in basic conditions and tend to form
insoluble hydroxides.!! Thus, the exact speciation is highly
dependent on the hydroxide concentration in the solution.?
The +VIII state has been claimed to be observed
experimentally for Pu(VIII),**¥” and some studies suggest
the possible existence of Am(VIII).® However, other studies
provide contradictory evidence for the existence of the +VIII
oxidation state in aqueous solutions.'®"2

Data on the redox potentials of actinide couples are
required to predict speciation and reactions in a particular
medium. Performing direct potential measurements is
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challenging due to the high ionic strength and formation of
insoluble products in alkaline conditions as well as the
radioactivity of the samples. Consequently, there are
significant differences in the literature.?? Estimates®%23-31
and experimental redox data'*3%32-3 for actinides in alkaline
media are usually available only for a limited number of
elements, generally in higher oxidation states. As such, it is
useful to employ computational electronic structure
methods to predict redox potentials. In our previous studies,
we predicted reduction

potentials for actinides from Ac to Pu across multiple
oxidation states in acidic media.*®*! Our approach involves
using thermodynamic cycles incorporating solvated ions
within an extended solvation shell in conjunction with an
implicit solvation model. In our approach*>*! based on
comparison to experiment, the spin-orbit corrections were
found to approximately cancel within the error bars of these
calculations. At the level of density functional theory (DFT)
with the B3LYP functional, two explicit solvation shells, and
the implicit COSMO solvent model, satisfactory predictions
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 reduction potentials in alkaline
aqueous environments for the elements U, Np, Pu, and Am
in various oxidation states.

. COMPUTATIONAL METHODS

The Gibbs free energy for the reduction half-cell reaction
can be calculated by using thermodynamic cycles. We
assume that the species in the gas phase and solution phase
are at states of 1 atm and 1 mol/L, respectively. We adopted
the ion convention for all cases. The full cell potentials
related to the standard hydrogen electrode can be
calculated using eq 1

o _Dar o
E =+ Esue
ZF (1) where AG*son is the Gibbs free energy
of the reduction halfcell reaction, z is the number of
electrons transferred in the reaction, Fis the Faraday
constant, and E°yeis the cell potential for the standard
hydrogen electrode (SHE). The absolute value of the SHE
adopted in this study is -4.28 V.*> Depending on the redox
couple, various half-reactions were explored. The
equations used for calculating each cycle are given in
the Supporting Information. The
An(VIII/VI) reduction process is described by the
cycles shown in Figure 1. The first two cycles (egs 2 and 3)
involve a direct electron
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Figure 1. Thermodynamic cycles used for the predictions of the
An(VIlI/VII) reduction potentials.

transfer, without formation/breaking of bonds. In this case,
the standard state corrections 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 reaction, where the octavalent species
exist as a pentaoxo/hydroxo complex and redox will involve
breaking/ formation of bonds. This cycle contains water in
the liquid phase, for which the concentration is [H,0] = 55.5
mol/L. The experimental Gibbs free energy of the change of
H>0(g, 1 atm) to H>O(l, 55 mol/L) at 298.15 K corresponds
to —2.05 kcal/mol.** The solvation energy for the hydroxide
anion has been previously studied, and we adopt a value of
-104.5 kcal/ mol.** However, since those values are
determined using 1 mol/L in both phases, a correction term
related to the change of 1 atm to 1 mol/L (1.89 kcal/mol)
needs to be considered. Including these corrections, the
OH" solvation energy decreased by -102.6 kcal/mol. The
remaining standard state corrections for the actinide
species will cancel each other. The equations used for
calculating the Gibbs free energy in solution are described
in the Supporting Information.

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

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

Redox potentials for the An(V/IV) couple have been
obtained experimentally.3’° These processes are
influenced by the formation of solids with extremely low
solubilities. However, some studies suggest the existence of
ionic forms for the An(IV) species. In this work, the An(V/IV)
redox potentials were calculated considering all possibilities
for An(V) and assuming that An(IV) is present in the soluble
form as An(OH)4(H20)(aq) neutral hydroxide species or as
the anions An(IV)(OH)s(H,0) or An(IV)(OH)s2, all
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maintaining CN = 6. Figures 6, 7, 8, and 9 describe the redox
process involving the An(V/IV), and eqgs 20-31 describe the
equations used to calculate AG*.in for each cycle.

The An(IV/Ill) redox couples were also calculated. The
An(lll) species exists preferably as insoluble hydroxides
under 1 M NaOH conditions. Similarly, the An(IV/Ill) redox
potentials were calculated assuming that An(lll) is present in
a soluble form as An(OH)s(H20),(aq) and all possibilities for
An(1V) as shown in Figure 10, eqs 32-34.

To account for explicit solvent effects, the anionic actinide
complexes were solvated with 30 H,O molecules using the
supermolecule-continuum  approach. The solvation
energies were calculated using two implicit solvent models,
COSMO*“® and SMD.*” Clark and co-workers*®
demonstrated that clusters containing this number of
solvent molecules, including a second solvation shell,
effectively minimized errors in both the electrostatic and
nonelectrostatic contributions to the solvation free
energy.*®* Additionally, as demonstrated in our prior
work,*%*! this number of solvent molecules is appropriate
for representing the solvation of the system in combination
with an implicit self-consistent reaction field giving redox
potentials to within £0.2 V in most cases. The geometries for
the clusters in this work were optimized at the density
functional theory (DFT)® level with the B3LYP°:*? and
PW91°3 functionals (the latter only for Pu complexes based
on our previous work*%*!) using the Gaussian16 program.>*
All calculations were performed by using the quadratically
convergent (XQC) algorithm to avoid convergence problems
in the SCF calculations. The Stuttgart small-core relativistic
effective core potential (60ECP) with the accompanying
segmented basis set was used for the actinide atoms.>>~>8
The TZVP basis set was used for O and H with diffuse s and
p added to O based on a geometric extrapolation of the
outer exponents to better treat the anions. The vibrational
frequencies were adjusted using the GoodVibes
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Figure 3. Thermodynamic cycles used for the predictions of An(VI/
V) reduction potentials, with An(VI) = [An(VI)O2(OH)4]2.
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Figure 4. Thermodynamic cycles used for the predictions of An(VI/
V) reduction potentials, with An(VI) = [An(VI1)O2(OH);(H20)] 1.

program,> which applies a scaling factor to account for
anharmonicity, depending on the level of theory/basis set
used, and adjusts vibrational modes lower than 100 cm™to
100 cm™ following Truhlar and co-workers.®® This
approximation is necessary, as the large numbers of solvent
molecules can result in many low-frequency vibrational
modes, which significantly impact entropy calculations
under the harmonic approximation. As demonstrated in our
previous studies,*>* our current method is capable of

predicting redox potentials to within 0.2 V.
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Figure 2. Thermodynamic cycle used for the predictions of An(VII/VI) reducti
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Figure 5. Thermodynamic cycles used for the predictions of An(VI/
V) reduction potentials, with An(VI) = An(VI)O2(OH)2(H20)a.
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Figure 6. Thermodynamic cycles used for the predictions of An(V/
IV) reduction potentials, with An(V) = [An(V)O(OH)4]3.

Although we are fully optimizing the structures to find the
lowest-energy geometry in these species without symmetry,
we are certainly not completely sampling all the
configuration space for these systems, which is a very large
computational task with these many loosely bound water
molecules. An approach to the sampling issue in the
prediction of redox potentials in aqueous solution is to use
ab initio molecular dynamics based on density functional
theory in combination with free energy perturbation theory
using thermodynamic integration to predict the free energy
of insertion of an electron, equivalently the work
function.®“%2|n this approach, the electron insertion process
for the proton is calculated as well to serve as the SHE
reference state, which leads to cancellation of errors. The
use of nonhybrid DFT exchange-
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Figure 7. Thermodynamic cycles used for the predictions of An(V/IV) reduction potentials, with An(V) = [An(V)O,(OH)3(H,0)]2.
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Figure 8. Thermodynamic cycles used for the predictions of An(V/IV) reduction potentials, with An(V) = [An(V)O2(OH),(H20),]2.

Figure 9. Thermodynamic cycles used for the predictions of An(V/
IV) reduction potentials, with An(V) = An(V)O3(OH)(H;0)s.
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AG',,, ([AN(IV)(OH)5(H,0)]") IAG (H;0)

AG',,,, (An(lll)(OH)y(H0),) \AG(OH‘) Eq. 33

AGgoin

[An(IV)(OH)s(H,0)" o) + H2O) + e An(IV)(OH)3(H,0)z(501m) + 2 OH (g0

AG

[An(IV)(OH)gl %gos) + 2H, 0+ e _AG%s An(lll)(OH)3(H,0)(gas) + 3 OH(gqq

G, ([AN(IV)(OH)]?) }m (H:0) Eq. 34

AG'yg, (An(ll)(OH)5(H,0),) l AG (OH)

AGeon

[An(IV)(OH)el o) + 2H0) + e An(IV)(OH)3(H;0)z(s01m) *+ 3 OH'(soin)

Figure 10. Thermodynamic cycles used for the predictions of the
An(IV/I1l) reduction potentials.

correlation functionals®® leads to errors in the predicted
redox values due to issues with bandgap predictions due to
delocalization issues.®® The use® of hybrid functionals with
some amount of Hartree—Fock exchange gives errors on the
order of 0.2 V in the redox potential. This level of error is
the same level of error as found in the current work and in
our prior work in acidic media,*>*! with the exception that
we use an absolute value for the SHE potential from
experiment rather than a computed one. We also note that
the DFT/ thermodynamic integration approach has been

noted to have issues®! 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 potentials of
cations and anions and have found excellent agreement
with experiment within 0.2 V and often significantly
better.?04154-67 Qur approach is appropriate for systems of
infinite dilution (ionic strength = 0) as no counterions are
present in our simulations.

. 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 +V, all structures assume the form of a
distorted octahedron. The +llII molecules resemble a
distorted trigonal bipyramidal geometry. Experimental data
for the actinides in alkaline solution are available only for a
few species in the higher oxidation states, namely, for U(VI),
Np(VIl), and Np(VI). EXAFS and DFT studies are consistent in
terms of



(A)

¢

Figure 11. An(VIIl) and An(VIl) species. (A) [AnOs(OH)]-3/-4 and (B)
[AnO4(OH)z2]-2/-3.

Figure 12. An(VIl) and An(V) species. (A) [AnO,(OH)s]-%-3, (B)
[AnO,(OH)3(H,0)]"%-2,  (C) [AnO(OH)y(H20),]*%, and (D)
AnOZ(OH)(H20)3.

the speciation and An-O bond distances.®®’° 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 A.

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

lengths fall in a similar range of 1.83-1.94 A. The actinyl An O
bonds for the +VI and +V oxidation states of these

Figure 13. An(IV) species. (A) An(OH)4(H20), (B) [An(OH)s(H2

e

9

Figure 14. Neutral An(I11)(OH)3(H20)a.

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

R(An- H) R(AnO)

eXPt  calc  expt

cluster spin  calc
[U(vI) 1 2.30 2.2658 1.82 1.82%8
02(0OH)4(H20)30]-2,a
[Np(V1I) 1 2.38 2.246570 1.91 1.8769,70
04(OH)2(H20)30]-3
[Np(VI) 2 226 221  1.83 1.827°

02(0OH)4(H20)30]-2 o
Determined in the tate.
solid

complexes with OH™in the equatorial plane are longer than
the corresponding actinyl bonds calculated in acidic media
with H,O in the equatorial plane,*® as the OH" ligands
weaken the AnO bond.

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

(C)




oxidation state. In the +IV state, the hydroxide bond An(v)0(OH) (H20)3(H20)30

AnO 188 1.8 1.83 1.83

lengths are in the same range of 2.17-2.29 A as found
for the +VI oxidation state. Finally, in the +lll state, the

An-OH bond lengths fall in a smaller range of 2.25-2.27
A. Thus, the An- OH bond distances fall between ~2.20

and 2.40 A independent of the oxidation state.

0)]-4, and (C) [An(OH)e]2.
2. Calculated Average Bond Lengths (A) for Various
Actinides in Alkaline Media across Different Oxidation

States at the B3LYP/ECP(60)/Modified-TZVP Level

species
Vil
[An(VIII)
04(OH)2(H20)30]-2

[An(VII)Os(OH)(H20)30]3

Vi
[An(VIl)O4(OH)2(H20)30]3

Vi
[An(VI)O2(OH)4(H20)30] 2

[An(V1)O2(OH)3(H20)
(H20)30]-1

An(V)
02(OH)2(H20)2(H20)30

Vv
[An(V)O2(OH)a(H20)30] 3

[An(V)O2(OH)3(H20)
-2
(H20)30]

[An(V)
02(OH)2(H20)2(H20)30]-1

bond
type

AnO

An-OH

AnO

An-OH

AnO
An-OH

AnO
An-OH

AnO

An-OH

An-

OH20

AnO

An-OH

An-
OH20

AnO
An-OH

AnO

An-OH

An-
OH20

AnO

An-OH

An-
OH20

u

1.85
2.27

1.85

2.21

2.46

1.82

2.20

241

1.94
2.35

1.94

231

2.55

1.90

2.30

2.50

Np

191
2.38

1.80
2.26

1.83

2.22

2.44

1.79

2.20

241

191
2.38

1.92

231

2.58

1.87

2.32

2.55

Pu

1.84

1.89
2.36

1.81
2.27

1.80

2.45

1.77

2.43

1.88
2.38

1.89

1.97

2.40

1.90
2.35

1.79
2.28

1.79

2.46

1.75

2.45

1.89
2.37

An-OH 2.27 229 230 229
An- 2.49 250 250 249
OH20
v
An(IV)(OH)a(H20)2(H20)30 An-OH 220 220 219 2.17
An- 250 245 243 2.48
OH20
[An(IV)(OH)s(H20) An-OH 224 224 223 2.21
-1
(H20)30]
An- 264 247 246 265
OH20
[An(IV)(OH)s(H20)30] 2 An-OH 2.29 2.28 2.27 2.26

I
An(1l1)(OH)3(H20)2(H20)30 An-OH 227 227 225 225
An- 254 252 250 2.49

OH20

The An—-OH; bond lengths are consistently longer than those of
An-0OH, across all oxidation states reflecting a weaker interaction
with the actinide. For the +VI species, the distances varied
between 2.41 and 2.46 A. In the +V oxidation state, the bond
lengths are generally longer (2.49-2.58 A) highlighting weaker
interactions. In the +IV state, the distances varied within a
broader range of 2.43-2.65 A, whereas for the +lI state, it varied
between 2.49 and 2.54 A.

Reduction Potentials. Tables 3-7 present the redox potentials
in aqueous alkaline solution for multiple actinide ions using the
B3LYP functional. Table 8 presents the results using the PW91
functional for Pu redox couples. Experimental alkaline redox
datal?3032-3 gre available for some couples as well as a number
of estimated values.”'*?33! Most of the experimental data are
obtained with [NaOH] = 1 M except for one Np(V/IV) result. As
discussed above, the exact speciation of the actinides in alkaline
media depends upon the [OH7] concentration. The stability
region of water isimportant for an aqueous redox process. If such
a process involves potentials within this stability region, then it
can proceed in water without decomposing the water itself.
Conversely, if the redox potential of the reaction falls outside this
window, water will undergo electrolysis, producing hydrogen or
oxygen gas, which can interfere with or prevent the
determination of the desired redox process. The stability region
varies with pH; at pH 14, the range extends from -0.829 to 0.401
V relative to SHE.

An(VIIl/VIl) Redox Potentials. It has long been speculated that
the +VIII oxidation state is stable in highly concentrated alkaline
solutions, particularly for Pu(VIII).”* Experimental results have
claimed that this state was achieved by ozonolysis of Pu
oxo/hydroxo complexes in alkaline media.’*"*> However, a recent
experimental study suggests that this oxidation state cannot be
achieved under any conditions.'® Computational studies indicate
that PuO,4 as observed in gasphase experiments is actually a
(Pu(V)02)*(02)" complex with Pu in the +V oxidation state.”? This
complex is significantly more stable than the proposed square-



3. An(VIII/VII) Potentials E° for Actinides in Alkaline Aqueous Solution Calculated at the B3LYP/ECP(60)/ModifiedLevel”

An(ox) An(red) E°COSMO E°SMD Eoest
[Pu(VII1)04(OH)z(H20)30]2 [Pu(VI1)O4(OH)s(H20)30] 3 1.94 1.93 >1.15%
[Pu(VIIT)Os(OH)(H20)30] 3 [Pu(VII)Os(OH)(H20)30] 1.47 1.53
[Pu(VIII)Os(OH)(H20)30]3 [Pu(VI1)O4(OH)2(H20)30] 3 2.58 2.57
[AM(VII1)0a(OH)2(H20)30]2 [AM(VI1)0a(OH)2(H20)30] 3 1.55 1.61 >1.6%
[Am(VIII)Os(OH)(H20)30]3 [Am(VI1)Os(OH)(H20)30]* 0.65 0.84
[Am(VIII)Os(OH)(H20)30]3 [AM(VI1)04(OH)2(H20)30] 3 1.63 1.62

o Potentials in volts relative to

SHE.
Table 4. An(VII/VI) Potentials E° for Actinides in Alkaline Aqueous Solution Calculated at the B3LYP/ECP(60)/ModifiedTZVP
Level®

An(ox) An(red) E°COSMO E°SMD Eoest Eoexp
[Np(VI1)Oa(OH)2(H20)30] 3 [Np(V1)O2(OH)a(H20)30]2 0.66 0.85 0.582%
[Np(VI1)Oa(OH)2(H20)30] 3 [Np(V1)O2(OH)3(H20)(H20)30] * 0.64 0.88
[Np(VI1)Oa(OH)2(H20)30] 3 Np(V1)O2(OH)2(H20)2(H20)30 0.57 0.90
[Pu(VI11)O4(OH)2(H20)30] 3 [Pu(VI1)O2(OH)a(H20)30] 2 1.09 1.40 0.685 0.849%
[Pu(VI1)O4(OH)2(H20)30] 3 [Pu(V1)O2(OH)3(H20)(H20)30] 1.02 1.13
[Pu(VI1)O4(OH)2(H20)30] 3 Pu(VI1)O2(OH)2(H20)2(H20)30 0.89 1.06
[Am(VI1)O4(OH)2(H20)30]3 [Am(VI1)O2(OH)a(H20)30] 2 1.88 2.04 1.05%
[Am(VI1)O4(OH)2(H20)30]3 [Am(VI)O2(OH)3(H20)(H20)30] * 1.82 2.04
[Am(VI1)Oa(OH)2(H20)30] 3 Am(V1)O2(OH)2(H20)2(H20)30 1.71 2.02

a Potentials in volts relative to

SHE.

planar Pu(VII)Os molecule.”® Other studies suggest thatO,(OH),]3.2%%°  The reduction potential of  the
Pu(VIll) may be, at most, metastable in oxyfluoride[Pu(VIII)Os(OH),]"%/[Pu(VIl)Os(OH),]"® couple was predicted to
complexes highlighting the difficulty in reaching thehave potentials of ~1.9 V, a value significantly outside of the
octavalent oxidation state in Pu.”* stability region of water at pH 14.

The speciation of +VII species has been studied, and it is Tsushima’’ used computational methodologies to calculate the
generally assumed that the heptavalent oxidation statePu(VIII/VII) redox process with different ligands. Tsushima used
prefers anions of the form [An(VI1)04(OH),]73.%97%7> Tananaevthe B3LYP functional in combination with a Stuttgart ECP(60) for
et al.”® suggested that, at [NaOH] = 10-18 M, Pu(VIl) mayPu and O atoms with the 6-311G(d,p) basis set for H; solvation
assume the form of [Pu(VI)Os(OH)]™ or Pu(VII)Os>.effects were modeled with the implicit CPCM-UAHF model.
Nevertheless, different estimates for the Pu(VIII/VII)!*?* andHowever, no explicit solvation was considered for any of the
Am(VIII/VII)?* redox couples in alkaline media have beenanions. The spin-orbit effect of Pu(VIl) species was calculated at
made. For all couples explored for Pu(VIII/VIl), ourthe CASSCF level within the variation-perturbation scheme using
calculations predicted positive potentials (Table 3). The mostthe RASSI-SO’® approach
favorable reduction process for this couple isin MOLCAS.”® Tsushima predicted potentials of 1.54 and 1.06 V
[Pu(VII)OsOH]3/[Pu(VI1)04(OH),]™3, which involves breakingfor the [Pu(VINI)O4(OH),]2/[Pu(VI1)O4(OH),] 3 and
and forming new bonds with a potential of ~2.6 V. The couple[Pu(VII1)0sOH]3/Pu(VII)0sOH]™* redox couples, respectively. He
consisting of pentaoxo/hydroxo complexes had predictedconcluded that the Pu(VII/VII) reduction could occur only in
potentials of ~1.5 V. However, it is very unlikely that theextremely high pH alkaline solutions, where the reaction would
process occurs in [OH] = 1 M, as there is experimentalinvolve pentaoxo/hydroxo anions. Our calculations for both
evidence indicating that the VIl species exist predominantlycouples differ by +0.5 V from these results as we predict more
as tetraoxo/dihydroxo complex anions, [An(VIl)- positive results with our approach.




All calculated potentials for the Am(VIII/VII) redox couple An(VI/V) Redox Potentials. Although An(V) species have been
fall outside the stability range of the water. As predicted forreported in alkaline solutions, their predominant form has not
Pu, the most favorable process corresponds to theyet been established. Perethrukhin et al.° reported that multiple
[Am(VIII)0OsOH]3/[Am(VI1)04(OH),] ™3 couple with a predictedspecies are possible, ranging from AnO,(OH) solids to ionic
potential of ~1.6 V. The predicted potential for thecomplexes with a core actinyl group, including
[AM(VII)04(OH),172/[AM(VII)O4(OH)2]  redox couple is[An(V)O2(OH)4]73, [An(V)0,(OH)sH,0172, and
approximately the same value. These calculated couples are[An(V)O,(OH)2(H20),]™2. Shilov and Yusov'? measured the formal
close to the lower limit estimated by Shilov and Yusov.*¥potentials of the Np(VI)/Np(V) couple in multiple MOH solutions,
However, the couple involving pentaoxo/hydroxo complexeswith M = Li*, Na*, K*, Cs*, and N(CHs)4* using potentiometry. They
had a predicted lower potential of 0.7-0.8 V, differing fromconcluded that [Np(V)02(OH),] ! exists in [OH™] < 1.0 M, whereas
those of the other couples. If the same trend holds forin more alkaline conditions, the [Np(V)O2(OH)s]™2 complex is
Am(VIll), then it is very unlikely that the pentaoxo/hydroxoformed. Gelis et al.®® investigated the redox behavior of
complex would form under 1 M NaOH (pH = 14) conditions. Np(VII/VI/V) in

An(VIl/VI) Redox Potentials. Previous work?® indicated that

the An(VI) species preserve CN = 6 and generate an actinyl
dication with 4 OH™ groups in the equatorial region,
[An(VI)O2(OH)s]™2. However, Perethrukhin et al.° also
suggested the possible formation of [An(VI)O,(OH)s;]™ and
neutral An(VI)O,(OH),. Gaona et al.®® also suggested the
presence of [Np(V1)O2(OH)s]™t anions at pH 14. Other studies
have also suggested the existence of [UO,(OH)s]™%in alkaline
solutions.®® However, these species were characterized in
highly alkaline media (with TMAOH concentrations of 3.5 or
higher). Under the conditions assumed in our work (1 M
OH"), itis unlikely that such species would exist, so we did not
consider [An(VI)O2(OH)s]™3in our calculations. The An(VII/VI)
redox couple reaction explicitly involves H,O and OH-
molecules, maintaining the octahedral structural
arrangement between the hexavalent and heptavalent
species. Multiple pathways were evaluated, exploring
multiple possibilities 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,*? and,
thus, comparison with experiment cannot be used to obtain
the speciation. For Pu(VII/VI1), the calculated potential using
COSMO for formation of the neutral
Pu(V1)O2(OH)3(H20)2(H20)30 is in excellent agreement with
the experimental value of 0.849 V.3 The Am(VII/VI)
calculated potentials are 1.88 and 2.04 V, with COSMO and
SMD, respectively, which are much higher than the estimated
value of 1.05 V.» This value was estimated based on
spectrophotometric data using a linear relationship between
the formal redox potentials of hexavalent and heptavalent
actinides in alkaline solutions and the energies of the
absorption bands associated with charge transfer in their
electronic spectra. In general, the calculated potentials are
most positive for formation of the dianion [Np(VI)-

0,(0OH)4(H20)30]7% and least positive for the neutral, but the
differences in the potentials of all three species are within 0.2
V making it difficult to assign the speciation by comparing to
experiment given the error bars in the calculations and the
errors in the experimental estimates.



5. An(VI/V) Potentials E° for Actinides in Alkaline Aqueous Solution Calculated at the B3LYP/ECP(60)/Modified-

Level”
An(ox)
[U(V1)O2(OH)4(H20)30] 2
[U(V1)O2(OH)4(H20)30] 2

[U(VI)O2(OH)4(H20)30] 2

[U(VI)O2(OH)4(H20)30] 2

[U(VI1)O2(OH)3(H20)(H20)30]*

[U(VI1)O2(OH)3(H20)(H20)30]*

[U(VI1)O2(OH)3(H20)(H20)30]*

[U(VI1)O2(OH)3(H20)(H20)30]*

U(V1)02(OH)2(H20)2(H20)30

U(V1)02(OH)2(H20)2(H20)30

U(V1)02(OH)2(H20)2(H20)30

U(V1)02(OH)2(H20)2(H20)30

[Np(V1)O2(OH)a(H20)30]2
[Np(V1)O2(OH)a(H20)30]2

[Np(V1)O2(OH)a(H20)30]2

[Np(V1)O2(OH)a(H20)30]2

[Np(V1)O2(OH)3(H20)(H20)30] *

[Np(V1)O2(OH)3(H20)(H20)30] *

[Np(V1)O2(OH)3(H20)(H20)30] *

[Np(V1)O2(OH)3(H20)(H20)30] *

Np(VI)O2(OH)2(H20)2(H20)30

Np(VI)O2(OH)2(H20)2(H20)30

Np(VI)O2(OH)2(H20)2(H20)30

Np(VI)O2(OH)2(H20)2(H20)30

[Pu(VI)O2(OH)4(H20)30] 2
[Pu(VI)O2(OH)4(H20)30] 2

[Pu(VI)O2(OH)4(H20)30] 2

[Pu(VI)O2(OH)4(H20)30] 2

[Pu(VI)O2(OH)3(H20)(H20)30]*

An(red)
[U(V)O2(OH)4(H20)30] 3
[U(V)O2(OH)3(H20)(H20)30] 2

[U(V)O2(OH)2(H20)2(H20)30] ™

U(V)O2(OH)(H20)3(H20)30

[U(V)O2(OH)4(H20)30] 3

[U(V)O2(OH)3(H20)(H20)30] 2

[U(V)O2(OH)2(H20)2(H20)30] ™

U(V)O2(OH)(H20)3(H20)30

[U(V)O2(OH)4(H20)30] 3

[U(V)O2(OH)3(H20)(H20)30] 2

[U(V)O2(OH)2(H20)2(H20)30] ™

U(V)O2(OH)(H20)3(H20)30

[Np(V)O2(OH)a(H20)30]3
[Np(V)O2(OH)3(H20)(H20)30] 2

[Np(V)O2(OH)2(H20)2(H20)30] *

Np(V)02(OH)(H20)3(H20)s0

[Np(V)O2(OH)a(H20)30]3

[Np(V)O2(OH)3(H20)(H20)30] 2

[Np(V)O2(OH)2(H20)2(H20)30] *

Np(V)02(OH)(H20)3(H20)s0

[Np(V)O2(OH)a(H20)30]3

[Np(V)O2(OH)3(H20)(H20)30] 2

[Np(V)O2(OH)2(H20)2(H20)30] *

Np(V)02(OH)(H20)3(H20)s0

[Pu(V)O2(OH)a(H20)30] 3
[Pu(V)O2(OH)3(H20)(H20)30] 2

[Pu(V)02(OH)2(H20)2(H20)30]

Pu(V)O2(OH)(H20)3(H20)30

[Pu(V)O2(OH)a(H20)30] 3

E°COSMO

-0.77
-0.56

-0.77

-0.83

-0.44

-0.23

-0.44

-0.50

-0.21

0.00

-0.21

-0.27

0.33
0.26

0.14

0.22

0.35

0.28

0.16

0.24

0.42

0.35

0.24

0.49
0.68

0.64

0.70

0.55

E°SMD
-0.60
-0.47

-0.63

-0.65

-0.39

-0.26

-0.41

-0.44

-0.19

-0.06

-0.22

-0.24

0.42
0.39

0.37

0.52

0.40

0.36

0.35

0.50

0.37

0.34

0.32

0.47

0.47
0.66

0.70

0.82

0.74

Eoest

-0.69 + 0.24%¢

0.38 +0.24%

0.16 +0.24%

Eoexp
-0.65%

0.12,'20.18,340.106%

0.23,%60.21



[Pu(VI)O2(OH)3(H20)(H20)30]*

[Pu(VI)O2(OH)3(H20)(H20)30]*

[Pu(VI)O2(OH)3(H20)(H20)30]*

PU(V|)02(OH)2(H20)2(Hzo)ao

PU(V|)02(OH)2(H20)2(H20)31

PU(V|)02(OH)2(H20)2(Hzo)az

PU(V|)02(OH)2(H20)2(Hzo)as

[Am(VI1)O2(OH)a(H20)30]2
[Am(VI1)O2(OH)a(H20)30]2

[Am(V1)O2(OH)a(H20)30]2

[Am(VI1)O2(OH)a(H20)30]2

[Am(VI)O2(OH)3(H20)(H20)30] *

[AmM(VI)O2(OH)3(H20)(H20)30] *

[Am(VI)O2(OH)3(H20)(H20)30] *

[Am(VI)O2(OH)3(H20)(H20)30] *

Am(V1)O2(OH)2(H20)2(H20)30

Am(V1)O2(OH)2(H20)2(H20)30

Am(V1)O2(OH)2(H20)2(H20)30

Am(V1)O2(OH)2(H20)2(H20)30a

[Pu(V)0O2(OH)3(H20)(H20)30] 2

[Pu(V)O2(OH)2(H20)2(H20)30]*

Pu(V)O2(OH)(H20)3(H20)30

[Pu(V)O2(OH)a(H20)30] 3

[Pu(V)02(OH)3(H20)(H20)30] 2

[Pu(V)O2(OH)2(H20)2(H20)30]*

Pu(V)O2(OH)(H20)3(H20)30

[Am(V)O2(OH)a(H20)30] 3
[Am(V)02(OH)3(H20)(H20)30] 2

[AmM(V)O2(OH)2(H20)2(H20)30]*

Am(V)O2(OH)(H20)5(H20)s0

[Am(V)O2(OH)a(H20)30] 3

[Am(V)02(OH)3(H20)(H20)30] 2

[AmM(V)O2(OH)2(H20)2(H20)30]*

Am(V)O2(OH)(H20)5(H20)s0

[Am(V)O2(OH)a(H20)30] 3

[Am(V)02(OH)3(H20)(H20)30] 2

[AmM(V)O2(OH)2(H20)2(H20)30]*

Am(V)O2(OH)(H20)5(H20)s0

Potentials in Volts relative to SHE.

0.75

0.77

0.69

0.88

0.84

0.90

0.72
0.96

0.93

0.98

1.09

0.80

0.99

1.04

0.81
1.06

1.21

0.82

1.06

1.22

0.83

1.08

1.23

0.65%7

0.68%

concentrated LiOH, NaOH, and NaOH-Na,COs solutions
using both electrochemical and spectrophotometric
techniques. They suggested that in the absence of
carbonate, the dioxo/tetrahydroxo form [An(V)Oz(OH)4] 3 is
the preferred anion at [OH™] ~1 M for Np. Shilov®! reviewed
the available redox data at the time, suggesting potentials
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]™ or
[Pu(V)O2(OH)sH,0] 2 anions.

Multiple 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 potentials
close to the experimental potentials of —0.65 V,*° and the
multiple calculated values differed by not more than £0.2 V.
All couples involving the [U(VI)O,(OH)4]™% anions displayed
acceptable agreement with experiment. For
[U(VI)O2(OH)3(H,0)]™, the [U(VI)O2(OH)3(H20)]7/[U(V)O -
(OH) 4173, [U(V1)O > (OH) 3 (H 2 O)]"*/[U(V)-
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6. An(V/IV) Potentials E° for Actinides in Alkaline Aqueous Solution Calculated at the B3LYP/ECP(60)/Modified-

Level?
An(ox)
[U(V)O2(OH)a(H20)30] 3

[U(V)O(OH)a(H20)30]
[U(V)O>(OH)a(H20)30]
[U(V)O2(OH)3(H20)(H20)30]
[U(V)O2(OH)3(H20)(H20)30]
[U(V)O2(OH)3(H20)(H20)30]
[U(V)O2(OH)2(H20)2(H20)30]
[U(V)O2(OH)2(H20)2(H20)30]
[U(V)O2(OH)2(H20)2(H20)30]
U(V)02(OH)(H20)3(H20)30
U(V)02(OH)(H20)3(H20)30
U(V)02(OH)(H20)3(H20)30

[Np(V)O2(OH)a(H20)30]3
[Np(V)O2(OH)a(H20)30]3

[Np(V)O2(OH)a(H20)30]3
[Np(V)O2(OH)3(H20)(H20)30] 2
[Np(V)O2(OH)3(H20)(H20)30] 2

[Np(V)O2(OH)3(H20)(H20)30] 2

[Np(V)O2(OH)2(H20)2(H20)30] *

[Np(V)O2(OH)2(H20)2(H20)30] *

[Np(V)O2(OH)2(H20)2(H20)s30]*

Np(V)02(OH)(H20)3(H20)s0

Np(V)02(OH)(H20)3(H20)s0

Np(V)02(OH)(H20)3(H20)s0

[Pu(V)O2(OH)a(H20)30] 3
[Pu(V)O2(OH)a(H20)30] 3

[Pu(V)O2(OH)a(H20)30] 3

[Pu(V)O2(OH)3(H20)(H20)30] 2

[Pu(V)O2(OH)3(H20)(H20)30] 2

[Pu(V)O2(OH)3(H20)(H20)30] 2

[Pu(V)O2(OH)2(H20)2(H20)30]*

[Pu(V)O2(OH)2(H20)2(H20)30]*

[Pu(V)O2(OH)2(H20)2(H20)30]*

Pu(V)02(OH)(H20)3(H20)30

Pu(V)02(OH)(H20)3(H20)30

An(red)
U(IV)(OH)4(H20)2(H20)30

[U(IV)(OH)s(H20)(H20)30]

[U(IV)(OH)e(H20)30] 2

U(IV)(OH)a(H20)2(H20)30

[U(IV)(OH)s(H20)(H20)30]

[U(IV)(OH)e(H20)30] 2

U(IV)(OH)a(H20)2(H20)30

[U(IV)(OH)s(H20)(H20)30]

[U(IV)(OH)e(H20)30] 2

U(IV)(OH)a(H20)2(H20)30

[U(IV)(OH)s(H20)(H20)30]

[U(IV)(OH)e(H20)30] 2

Np(IV)(OH)a(H20)2(H20)30
[Np(IV)(OH)s(H20)(H20)30]*

[Np(IV)(OH)s(H20)30] 2

Np(IV)(OH)a(H20)2(H20)30

[Np(IV)(OH)s(H20)(H20)30]*

[Np(IV)(OH)s(H20)30] 2

Np(IV)(OH)a(H20)2(H20)30

[Np(IV)(OH)s(H20)(H20)30]*

[Np(IV)(OH)s(H20)30] 2

Np(IV)(OH)a(H20)2(H20)30

[Np(IV)(OH)s(H20)(H20)30]*

[Np(IV)(OH)s(H20)30] 2

PU(|V)(OH)A(H20)2(H20)30
[Pu(IV)(OH)s(H20)(H20)30] *

[Pu(IV)(OH)s(H20)30] 2

PU(|V)(OH)A(H20)2(H20)30

[Pu(IV)(OH)s(H20)(H20)30] *

[Pu(IV)(OH)s(H20)30] 2

PU(|V)(OH)A(H20)2(H20)30

[Pu(IV)(OH)s(H20)(H20)30] *

[Pu(IV)(OH)s(H20)30] 2

PU(|V)(OH)A(H20)2(H20)30

[Pu(IV)(OH)s(H20)(H20)30] *

E°COSMO

-0.82

-0.76

-0.30

-1.03

-0.97

-0.51

-0.82

-0.76

-0.30

-0.76

-0.70

-0.24

-0.33
-0.06

0.25

-0.25

-0.14

0.13

0.43

-0.22

0.05

0.35

-0.20
0.66

0.80

-0.39

0.47

0.65

-0.41

0.45

E°SMD
-0.79

-0.68

-0.36

-0.92

-0.81

-0.49

-0.77

-0.66

-0.33

-0.74

-0.63

-0.31

-0.25
0.29

0.57

-0.22

0.33

0.60

-0.21

0.34

0.62

-0.36

0.19

0.47

0.22
0.95

0.03

0.76

0.82

-0.02

0.77

-0.13

0.60

Eoest

-1.1,°-0.03 £ 0.24%

-0.09 + 0.24,%-0.95”

-0.67,°0.52 £ 0.24%

Eoexp

-0.15,%0.13%

-0.75,37-0.6039,0



Oz(OH)z(HzO)z]_l, and
[U(VI)O2(OH)3(H,0)17Y/[U(V)02(OH)(H20)s redox couples are
also in agreement with experiment.>° All pathways involving
neutral U(VI)O2(OH),(H,0), deviated significantly from the
literature

value.?®

For Np(VI/V), except for
Np(V1)O2(OH)2(H20)2/[Np(V)O2(0OH)4] 3, all couples are
within an acceptable difference from the experimental data
(0.10-0.18 V).123435 For Pu(VI/V), most of the couples using
B3LYP differ significantly from experiment (0.21-0.23 V),33¢
with only the [Pu(VI)O2(OH)4]"%/[Pu(V)02(OH)4]™3 couple
being within 0.3 V. For Am(VI/V), only the couples involving
the [Am(V)0,(OH),]™® anion produced acceptable results,
namely, the [AM(VI)O2(OH)4]2/[Am(V)O2(OH)a4] 3,
[Am(V1)O2(OH)3(H,0)17Y/[Am(V)02(0H)4] 3, and
Am(VI)O2(0H)2(H20),/[Am(V)0,(0OH)4] 3 couples. Generally,
the pathway involving direct electron transfer between
dioxo/tetrahydroxo complexes [An(V1)O2(OH)4]"2/[An(V)-
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7. An(1V/Ill) Potentials E° for Actinides in Alkaline Aqueous Solution Calculated at the B3LYP/ECP(60)/ModifiedLevel®

An(ox) An(red) E°COSMO E°SMD Eoest Eoexp
U(IV)(OH)4(H20)2(H20)30 U(I11)(OH)3(H20)2(H20)30 -2.35 -2.13 -2.78 £0.35,%6-2.6%
[U(IV)(OH)s(H20)(H20)30]* U(I11)(OH)3(H20)2(H20)30 -2.41 -2.24
[U(IV)(OH)s(H20)30] 2 U(I11)(OH)3(H20)2(H20)30 -2.87 -2.56
Np(IV)(OH)a(H20)2(H20)30 Np(Il1)(OH)s(H20)2(H20)30 -1.62 -0.96 ~1.88+0.24,26-1.8,77 1.9
[Np(IV)(OH)s(H20)(H20)30]* Np(I11)(OH)3(H20)2(H20)30 -1.89 -1.51
[Np(IV)(OH)s(H20)30] 2 Np(I11)(OH)3(H20)2(H20)30 -2.20 -1.78
PU(IV)(OH)a(H20)2(H20)s0 PU(II1)(OH)3(H20)2(H20)30 -0.52 -0.26 -1.04 + 0,24, -1.0% -0.95%
[Pu(IV)(OH)s(H20)(H20)30] 2 Pu(111)(OH)3(H20)2(H20)30 -1.10 -0.73
[Pu(IV)(OH)e(H20)30] 2 Pu(l11)(OH)3(H20)2(H20)30 -1.24 -0.78
AM(IV)(OH)a(H20)2(H20)30 Am(II1)(OH)s(H20)2(H20)30 0.33 0.67 0.27,<0.25,290.06%
[Am(IV)(OH)s(H20)(H20)30]* Am(I11)(OH)3(H20)2(H20)30 -0.14 0.23
[Am(IV)(OH)s(H20)30]2 « Potentials ~ Am(I11)(OH)s(H20)2(H20)s0 -0.17 0.31

in volts relative to SHE.
Table 8. Reduction Potentials E°for Pu in Alkaline Aqueous Solution Calculated at PW91/ECP(60)/Modified-TZVP?
An(ox) An(red) E°COSMO E°SMD Eoest Eoexp
VII/VII
[PU(VII1)0a(OH)2(H20)30]2 [PU(VI1)O4(OH)2(H20)z0]2 1.28 1.28 >1.15%
[Pu(VI11)Os(OH)(H20)s0]2 [Pu(VI1)0s(OH)(H20)s0] 0.85 0.88
[Pu(VI11)Os(OH)(H20)s0]2 [PU(VI1)O4(OH)2(H20)z0]2 1.64 164
VII/VI
[PU(VI1)O4(OH)2(H20)30]2 [Pu(V1)O2(OH)a(H20)30]2 0.18 0.39 0.685% 0.8497
[Pu(VI1)O4(OH)2(H20)30] 3 [Pu(V1)O2(OH)3(H20)(H20)30]* 0.15 0.37
[PU(VI1)O4(OH)2(H20)30]2 PU(VI)O2(OH)2(H20)2(H20)30 VI/V -0.31 -0.01
[Pu(V1)O2(OH)4(H20)30] 2 [PU(V)O2(OH)4(H20)30] 2 0.36 0.31 0.16% 0.23,%50.21%
[Pu(V1)O2(OH)a(H20)30]2 [Pu(V)02(OH)3(H20)(H20)30] 2 0.15 0.16
[Pu(V1)O2(OH)a(H20)30]2 [Pu(V)02(OH)2(H20)2(H20)30]* -0.09 0.00
[Pu(V1)O2(OH)a(H20)30]2 Pu(V)O2(OH)(H20)3(H20)30 0.16 0.26
[Pu(V1)O2(OH)3(H20)(H20)30] * [Pu(V)O2(OH)a(H20)30] 3 0.38 0.34
[Pu(V1)O2(OH)3(H20)(H20)30] * [Pu(V)02(OH)3(H20)(H20)30] 2 0.17 0.19
[Pu(V1)O2(OH)3(H20)(H20)30] * [Pu(V)0O2(OH)2(H20)2(H20)30]* -0.06 0.02
[Pu(V1)O2(OH)3(H20)(H20)30] * Pu(V)O2(OH)(H20)3(H20)30 0.19 0.28
Pu(VI)O2(OH)2(H20)2(H20)30 [Pu(V)O2(OH)a(H20)30] 3 0.84 0.71
Pu(VI)O2(OH)2(H20)2(H20)30 [Pu(V)02(OH)3(H20)(H20)30] 2 0.63 0.56
Pu(VI)O2(OH)2(H20)2(H20)30 [Pu(V)O2(OH)2(H20)2(H20)30]* 0.39 0.40
Pu(VI)O2(OH)2(H20)2(H20)30 Pu(V)02(OH)(H20)3(H20)30 V/IV 0.65 0.65
[PU(V)O2(OH)a(H20)30] 2 PU(IV)(OH)a(H20)2(H20)30 -1.03 -0.71 -0.67,90.527 ~0.75,37-0.6035,0
[Pu(V)O2(OH)4(H20)30] 3 [Pu(IV)(OH)s(H20)(H20)30]* -0.52 -0.27
[Pu(V)O2(OH)4(H20)30] 3 [Pu(IV)(OH)s(H20)30] 2 -0.29 -0.16
[Pu(V)02(OH)3(H20)(H20)30] 2 Pu(IV)(OH)a(H20)2(H20)30 -0.81 -0.56



0,(0OH),]™® provided potentials closest to the experimental
values,12,29,30,34-37 N0 matter the actinide.

An(V/IV) Redox Potentials. In alkaline media, unlike other
redox couples, the An(V/IV) redox potentials reported in the
literature exhibit significant variability. The +IV species tend
to prefer insoluble forms, amorphous An(IV)(OH)s or
hydrous oxide An(IV)0,:xH,0 solids.®? The structure of the
An(IV) neutral hydroxides in an aqueous solution has not
been determined experimentally. However, computational
studies have provided valuable insights into the structure of
An(IV)
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hydroxides in solution. Johnson et al.®® performed AIMD
simulations of a U(OH), within a cluster containing 64 H,0
molecules. They predicted that the U(OH)4 species adopts a
distorted octahedral structure with two aqua ligands in a cis
conformation, cis-U(OH)4(H20),. Huang et al.®* studied the
energetics of Pu(OH)s and Pu(OH)4(H,0), clusters with a
variety of electronic structure methods including DFT and
MP2. The ground state of the Pu(OH), species was predicted
to have T4 symmetry, and a similar tetrahedral geometry®®
was identified as the ground state for U(OH),. Huang et al.®*
reported that upon solvation, the structure shifts to a
quasisquare-planar Pu(OH), geometry, with three H,0
molecules also coordinated to the metal center. To further
investigate the structural preferences of An(IV)(OH)s
solvated clusters, we optimized both cis and trans
conformations for the neutral hydroxides. Starting from the
structure proposed by Huang et al.,®* the optimization at the
B3LYP/ECP(60)/ModifiedTZVP level consistently converged
to a minimum geometry where two water molecules were
coordinated to the An(IV)(OH), clusters. The four hydroxyl
groups are positioned in the equatorial plane, and the two
water molecules occupy the axial positions, resulting in an
octahedral structure denoted as transU(OH)4(H,0),. The
trans-U(OH)4(H20); is always more stable than cis-
U(OH)4(H20),, at the B3LYP/ECP(60)/ Modified-TZVP level,
and we verified the trans-An(OH)4(H,0), form to be the
preferred form for all actinides studied. Consequently, this
structure was used as the basis for predicting all of the redox
potentials involving An(IV).
Experimental studies suggest the existence of soluble
forms of An(IV), as [An(IV)(OH)s]"* or [An(IV)(OH)e]™2 anions
86-92 in solution, for U, Np,
and Pu. The [NH4][Np(OH)s] salt provides further
corroboration of the formation of pentahydroxo ions.*?
Allard et al.?® considered the formation of [An(IV)(OH)s]™
anions at pH 14. However, this was based on assumptions
that the total concentration of the dissolved species at pH 8
could be deduced from the solubility product of the
hydroxide. Additionally, the concentrations of all species
from pH 0 to 14 were calculated by using the hydrolysis
constants available at that time. Still, others excluded the
existence of these hydrolyzed anions stating a preference
for amorphous hydroxides.’**® Some studies predict the
existence of U(IV)*® and Np(IV)°! pentahydroxo-hydrolyzed
complexes in solution, whereas others claim that Pu(IV)%°?
takes the form of hexahydroxo anions. No data are available
on the hydrolytic reactions for Am(1V). Experimental studies
only reported the existence of insoluble hydroxides,
Am(IV)(OH)s and Am(lI1)(OH)s at [NaOH] = 1 M.1%101 Shjloy
and Nikolaevskii'®® based on an estimate for the formal
potential of the Am(IV)/Am(lll) redox couple at
25°C,suggested that [Am(IV)(OH)s]™* can exist in solution.
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We calculated multiple An(V/IV) potentials assuming all
possibilities for anionic species for the penta- and
tetravalent states (Table 6). The redox potentials calculated
for U(V/IV) indicate a significant negative potential
consistent with experimental predictions®?® that support
the unfavorability of such a redox process. The calculated
values are consistent with the estimate of -1.1 V from
Perethrukhin et al.° The potentials closest to the
experimental estimates were obtained when considering
the neutral U(IV)(OH)4(H,0), species and
[U(IV)(OH)s(H,0)1* anions. Calculations involving the
[U(IV)(OH)e]™2 anions differ by more than 0.6 V from the
estimated values, independent of the implicit solvation
model. The calculated potentials that displayed values
closest to the estimated value corresponded to the
[U(V)O2(OH)3(H,0)]/U(IV)(OH)a(H,0), and
[U(V)O2(OH)3(H20)17%/[U(IV)(OH)s(H20)]* couples.

For Np(V/1V), in polarographic studies, Peretrukhin and
Spitsyn?® estimated a potential for the Np(V/IV) couple of
-0.95Vin 1 M NaOH. However, other studies have reported
significantly different values. Shilov and Yusov*® determined
a potential of +0.13 V, and more recently, Gelis et al.*®
reported a value of -0.15 V. Our results are in better
agreement with the latter experimental study.®® All
calculated potentials involving neutral hydroxides as the
An(lV) form, as well as many involving the
[Np(IV)(OH)s(H20)]™! anions, are consistent with the
experimental value of -0.15 V.3> Shilov®! considered that two
pathways are possible for Np,
[NP(V)02(OH)3(H20)172/[Np(IV)(OH)s(H20)] ™ and
[Np(V)O2(OH)2(H20)2]"/Np(IV)(OH),. Both calculated redox
couples are in agreement with the experimental data,>*®
with the latter couple providing the closest match to the
experimental values.

Many of the calculated values for the Pu(V/IV) potentials
give positive redox potentials, which are consistent with the
estimate of 0.52 V given by Allard et al.?® However, these
values differ significantly from the negative potentials
obtained in other experimental studies.®”*? Perethrukhin et
al.® emphasized that the Pu(V/IV) redox couple exhibits
extremely negative potentials, consistent with the strong
tendency of Pu(V) to disproportionate. Our values only give
negative values when neutral Pu(IV)(OH)4(H;0), is
considered as the Pu(IV) species. Acceptable differences for

the negative values were obtained for the
[PU(V)Oz(OH)2(HzO)z]_l/PU(|V)(OH)4(H20)2,
[Pu(V)02(0H)s(H,0)]7?/Pu(IV)(OH)4(H,0),, and

Pu(V)O2(OH)(H20)3/Pu(IV)(OH)4(H20), couples with COSMO.
However, the other potentials for the Pu(V)/Pu(IV) couple
are all positive and consistent with the estimate of Allard et
al.?® Overall, the couples involving the neutral hydroxides as
the Pu(IV) structure displayed potentials in agreement with
the experimental values between -0.6 and -0.75 V.3”2° Our

https://doi.org/10.1021/acs.jpca.4c08794
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results suggest that additional experimental work is needed
to define the redox potential for Pu(V)/Pu(IV).

None of the Am(V/IV) potentials involving any anionic

forms of Am(IV) yielded potentials within the estimated
range?® of 0.25-0.50 V and the experimental value3® of 0.20
V. The couples that involve the neutral form
Am(IV)(OH)4(H20), show the best agreement with the
experimental  values. Particularly,  the  couples
[Am(V)02(OH)s]"2/Am(IV)-
(OH)4(H20), and [Am(V)O2(0H)s]"*/Am(IV)-
(OH)4(H20), differed from the upper limit by less than 0.1V,
and the Am(V)O2(OH)(H20)s/Am(IV)(OH)4(H,0), couple,
with the COSMO model, was the only case in which a value
within the estimated range was obtained. These results
suggest that the Am(V/IV) reduction process likely involves
Am(IV) existing as solid Am(OH)s hydroxides, which is
consistent with the lack of reported anionic species in
solution.

An(IV/Ill) Redox Potentials. U(I11) and Np(lll) are known to
be readily oxidized by water under alkaline conditions.
Conversely, Pu(lll) and Am(lll) are primarily identified in
solution as neutral hydroxides with extremely low
solubilities.® Allard et al.2® hypothesized that An(lll) species
assume the form of An(Ill)(OH),s™! anions in solution at pH
14, although such ions have not been observed
experimentally. In our study, only neutral hydroxides were
considered in the prediction of An(IV/Ill) potentials. The
inaccessibility of these oxidation states is reflected in the
estimates reported by Allard et al.® and Peretrukhin and
Spitsyn,”® where the U(IV/II) couple was estimated to be
-2.6 V, and the Np(IV/1ll) couple -1.8 V, respectively. For all
pathways involving the An(IV/Ill) couples of U and Np (Table
7), our calculations predict extremely negative potentials.

For the U(IV)(OH)4(H20)2/U(l11)(OH)3(H20), couple, the
COSMO value is just outside of the error bars of one
experimental estimate?® and within 0.25 V of the other.°
The dianion [U(IV)(OH)s(H20)30]72/U(I11)(OH)3(H20), couple
provides the best agreement with the experiment
estimates.?®3°  For Np(IV)(OH)4(H20)2/Np(Il1)(OH)3(H20),,
the COSMO value is in good agreement with the
experimental estimates as are the potentials starting from
the anion and dianion.?%?731 Using the B3LYP functional, our
calculations also indicate negative potentials for the
Pu(IV/1Il) couple, and the pathway involving anionic species
of Pu(lV) showed the closest agreement with the
experimental measurement of -0.95 V.3 However, with
B3LYP, the pathway involving the neutral ligand differed by
more than 0.4 V from the estimates. Shilov®! proposed a
possible couple for Pu(Iv/ 1y,
[Pu(IV)(OH)s(H20)17/Pu(lll)(OH)s reduction. The use of the
PW91 functional (see below) also gives results consistent
with the experimental estimates. For the Am(IV/ Ill) couple,
all three calculated potentials using COSMO are consistent
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with the experimental estimates.®?%3! Qur results show that
pathways involving Am(lll) in its anionic forms yield
significantly more negative potentials compared with the
neutral pathway.

Results Using the PW91 Functional for Pu. Our previous
work demonstrated that the PW91 functional can provide
satisfactory results for systems involving Pu, especially for
the +VI oxidation state.*’In general, the potentials are more
negative (less positive) with PW91 (Table 8) as compared to
B3LYP. For Pu(VIII/VII), the results with the PW91 functional
for the pentaoxo/hydroxo complexes are not consistent with
the estimated lower bound,?® in contrast to the B3LYP
results where all values were consistent with the lower
bound. The PW91 functional-predicted values are much less
positive than the experimental values®® for all possible
Pu(VII/VI) couples, and the B3LYP values are in better
agreement with experiment. With B3LYP for Pu(VI/V), few
redox couples have an acceptable difference from
experiment.®37 In contrast, most of the Pu(VI)/Pu(V) values
using PW91 are within 0.2-0.3 V of experiment.>®3” Only the
[Pu(V1)O2(OH)2(H20)2]/[Pu(V)02(OH)a] 3,
[Pu(V1)02(OH)2(H,0),]/[Pu(V)0,(OH)3(H,0)] 2, and
[Pu(VI)O2(OH),(H20),1/[Pu(V)02(0OH)(H20)3] couples with
PW091 are not consistent with experiment.3®3” The Pu(V/ IV)
couples calculated with PW91 tend to favor the more
negative range of experimental®”*% and estimated® values,
whereas most of the B3LYP couples favored the positive
estimated value.?® Finally, for Pu(IV)/Pu(lll), the
[Pu(IV)(OH)s(H20)17Y/Pu(Il1)(OH)3(H20), couple provides the
best agreement with experiment.*®

Speciation of Actinides in Alkaline Media. On the basis of
the agreement between our calculated potentials and the
available experimental data, we can suggest possibilities for
the preferred speciation of actinides in aqueous alkaline
media. Although for some couples, many redox pathways
provided potentials close to experiment, analyzing a range
of couples allows us to infer the possible speciation for each
oxidation state. It is important to note that our calculations
assume standard hydroxide concentrations [OH™] = 1 mol/L
(pH = 14), and these conclusions are only valid at this
specific pH and at zero ionic strength and infinite dilution.

The agreement of the calculated An(VIII/VIIl) potentials
with estimates for the [An(VII)Os(OH)]73/[An(VII)O4(OH),] 3
and [An(VII)O4(OH),17%/[An(VII)O4(OH),] 2 suggests the
possibility of these two species for An(VIIl). Although the
existence of the +VIII oxidation state has not been
established experimentally, it is likely that the
[An(VIII)Os(OH)]™3 form would exist only in very high alkaline
concentrations. Therefore, at pH 14, if the +VIII state were
to exist under such conditions, then [An(VIII)O4(OH)2]72 is
the likely species consistent with the results of Gogolev et
al.® The +VII and +VI oxidation states have been
reported,?®’? and the preferred forms have been assumed
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to be [An(VI1)04(OH),]™3 and [An(VI1)02(OH)]™?, respectively.
All calculated An(VII/VI) potentials employing these species
are in agreement with experimental data, except for Am,
where the results are not consistent with the estimated
values.  Considering the  +VI  preferred form
([An(VI)O2(0H)4]?) and the An(VI/V) potentials, the only
redox couples consistently in agreement with experiment
were those involving [An(V)02(OH)4]™3, so we suggest that
this species could be the dominant pentavalent form.
Finally, the An(V/ IV) and An(IV/Ill) potentials indicate that
+IV and +lIl oxidation states prefer to assume the form of
neutral hydroxides, namely, An(IV)(OH)4(H20); and
An(ll1)(OH)3(H20),, respectively. It is important to note that
additional experimental measurements are required to
assess these speciation assignments.

. CONCLUSIONS

The redox potentials for U, Np, Pu, and Am in oxidation
states from +lIl to +VIII in alkaline aqueous solutions were
computed by using density functional theory (DFT) with
small-core pseudopotentials and the associated basis sets.
Various oxo/hydroxo complexes were considered for each
oxidation state, allowing for the evaluation of multiple
potentials for many one-electron redox pathways. As in our
previous work,*>* the calculations incorporated a
combined explicit/implicit solvent model approach, in
which each complex was surrounded by 30 water molecules
to represent explicit local solvation. To account for bulk
solvent effects, implicit solvation models were applied,
employing the selfconsistent reaction field (SCRF) methods
COSMO and SMD. The COSMO SCRF model provided better
agreement with experiment in general.

Although species with the +VIII oxidation state have not
been experimentally confirmed in aqueous solution, the
An(VIII/VIl) redox couples involving [An(VIII)Os(OH)]3/
[An(VI)O4(OH),173, or the direct electron transfer between
tetraoxo/dihydroxo complexes
[An(VII)O4(OH)2]72/[An(VI1)04(OH),]™3, provided potentials
in better agreement with other estimates.?>* For An(VII/VI),
all, including those established as preferable based on
experimental data, [An(VI1)O4(OH)2]73/[An(VI1)02(OH)4]™?,
yielded redox potentials closely matching experimental
values for Np3? and Pu.* However, for Am, the calculated
potentials differed by more than 0.7 V from the estimates.?®
For An(VI/V) couples, different pathways produced results
that were in agreement with experimental data!?2930.34-37
within 0.2 V, depending on the specific actinide. 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 data'%2%3934=37 for the four

actinides. Similarly, for the An(V/ IV) redox couples, different
pathways vyielded redox potentials with acceptable
differences from the experiment, depending on the specific
actinide. However, all redox couples involving neutral
hydroxides as the +IV form for the actinide complexes,
under the assumption that they exist in their soluble forms,
agree with the latest experimental data.®’=*° For the An(IV/
1) couples, the calculations were consistent with estimated
literature values,®?%27:29-31 3ssuming the soluble hydroxide
form, An(l11)(OH)3(H,0)s.

Even though alkaline systems involve multiple
simultaneous redox reactions, high ionic strength, and the
formation of solid hydroxides, which can significantly affect
redox measurements, our approach was able to predict
potentials that, in many cases, differed by less than 0.2 V
from the experiment or other estimated values. This
demonstrates that our approach can be effectively utilized
to study the behavior of actinides under basic conditions as
well as under acidic conditions.***! Collectively, our results
underscore the behavior of actinides in alkaline media and
provide a comprehensive framework that aligns with most
experimental  observations, which advances our
understanding of actinide chemistry in alkaline conditions
and offers insights into the potential stability and reactivity
of various species. Although our approach is useful for
aiding the determination of actinide speciation in alkaline
media when coupled with experiment, further experimental
data are needed to confirm the speciation assignments. The
presence of multiple redox couples with calculated
potentials in agreement with the experimental values
complicates the determination of the speciation of these
actinide complexes and will also complicate the
experimental analysis.
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