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ABSTRACT: Our previously developed computational method for calculating the aqueous redox potentials of the early
actinides has been extended to the later elements in the actinide series: Cm, Bk, Cf, Es, Fm, Md, No, and Lr in multiple oxidation
states. These calculations were performed using density functional theory with small-core pseudopotentials and their
associated basis sets. Solvation effects were considered via a supermoleculecontinuum approach, with 30 water molecules
representing two solvation shells. Both the COSMO and SMD implicit solvation models were utilized. The structural
parameters and hydration numbers for Cm(lll), Bk(lll), Bk(IV), and Cf(Ill) are in reasonable agreement with the available
experimental data. For redox processes involving atomic cations in solution, the B3LYP/COSMO approach predicted redox
potentials to within 0.2 V of the experimental values for most redox couples, consistent with our prior work. Inclusion of
spin—orbit corrections in specific redox pairs, especially those with the later actinides in high oxidation states, yields improved
results relative to calculations including only scalar-relativistic corrections. The An*™/An(0) redox potentials were calculated
using a Born—-Haber cycle incorporating sublimation, ionization, and hydration energies. Due to a lack of experimental data,
three sets of ionization energies were used for the Born-Haber cycle. The calculated An(l1l/0) potentials showed better
agreement with experimental data when using the COSMO solvation model and the test set comprising the NIST
recommended ionization energies. The Md(ll/0) potential was better described with the SMD model, whereas No(ll/0) was
not well described by all methods. The computational approach was able to predict redox potentials that for most cases

agreed with the current available
experimental or estimated data.

. INTRODUCTION

The actinide series represents an important class of
elements, characterized by compounds that display a
remarkably diverse array of physical properties. Starting at
americium (Am), the remaining actinides are purely
synthetic elements. Cm, Bk, Cf, Es, Fm, Md, No, and Lr
exhibit behavior similar to that of the lanthanides and do
not exhibit as many oxidation states as the earlier actinides.!
Understanding the accessible oxidation states of actinides is
essential for gaining deeper insights into their chemical
behavior and reactivity.? The complex electronic
configurations of actinides allow for a variety of unusual
oxidation states in the series, including the divalent state
observed for Md(ll) and No(ll).2 For the later actinides, the
highest oxidation state experimentally confirmed in
aqueous solution is +IV, via pulse radiolysis experiments.*
Cf(IV) has been proposed based on a series of oxidation
experiments in phosphotungstate solutions;> however,
other experimental studies have failed to confirm the
existence of such species, leaving their stability in solution
uncertain.® The +V state for such elements could be
accessed only in the gas phase as the Cm(V)O;"! and
Bk(V)O,*! actinyl cations, and also as anionic nitrate

complexes, An(V)0,(NO3)?".7 Spitsyn and lonova® proposed
the possibility of Cm(V) and Cm(VI) in solution, but there
have been no successful attempts in preparing such species
due to the instability of Cm(V) in solution. The Cm(VI) state
was claimed to be synthesized in carbonate solution as the
ion Cm0,*%, by 8 decay of Am-242. Domanov and Lobanov®
synthesized Cm(VI) as volatile Cm(VI)Os, by thermal
oxidation of trace amounts of Cm hydrides. Later,
Domanov'®indicated the possibility of existing Cm(VII1)O4in
the gas phase. Starting at Fm, even fewer states are claimed
to be accessible only up to the +lll state. The +ll state
becomes more important near the end of the actinide
series, and is the most stable oxidation state for No. The
Md(l) cation has been claimed to be obtained in some
studies,! although its existence was questioned by
others.'>!2 The final element of the actinide series, Lr, was
only reported in aqueous solution as a Lr(l1l) cation.'*

Since many oxidation states of these actinides are highly
unstable in aqueous solutions, direct measurements are not
feasible, and experimental redox data are available for only
a limited number of redox couples. The significant instability
of these states, combined with the presence of only trace
amounts of such elements, makes obtaining their redox
behavior particularly challenging. Many semiempirical
approaches have

been developed, enabling estimates for different redox
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Computational chemistry serves as a valuable tool for
predicting the chemical characteristics of these elements,
thereby aiding scientists in understanding their behavior in
aqueous solutions. In previous studies, we successfully
predicted standard reduction potentials for actinides,
ranging from Ac to Am, across multiple oxidation states in
acidic’®*?® and alkaline media.® Our approach uses
thermodynamic cycles incorporating solvated ions within an
extended solvation shell, together with an implicit self-
consistent reaction field (SCRF) solvation model. Use of
scalar-relativistic DFT with the B3LYP exchange-correlation
functional in combination with a SCRF for solvation gave
satisfactory predictions, differing from experiment by no
more than 0.2 V. In the current work, we have used this
approach to predict standard reduction potentials in acidic
aqueous environments for the later actinide elements Cm,
Bk, Cf, Es, Fm, Md, No, and Lr for various oxidation states.
We utilize density functional theory with explicit/implicit
solvation models, employing the COSM0?*?! and SMD?**
SCRF approaches.?®

. COMPUTATIONAL METHODS

Following our previous work,'>?° the standard half-cell
reduction potentials for the couples An(IV/Il1), An(llI/Il), and
An(ll/l) can be calculated using the standard
thermodynamic cycle shown in Figure 1. We assume that
the species in
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Figure 1. Thermodynamic cycles used for the predictions of An(IV/
111), An(l11/11), and An(l1/1) reduction potentials.

1 4293 The Gibbs free energy of reduction can then be
predicted by employing eq 4:

Gsoln = subl Ghyd(An+m) (4) where AGgy is the sublimation
energy, L.E. is the ionization energy, and AGp,q(An*™) is the
hydration energy. The Gibbs free energies of sublimation
were calculated using thermodynamic data, including the
enthalpy of formation and absolute entropies in both gas
and solid phases. The uncertainty in the enthalpy of
sublimation values is higher for the later actinides, and the
entropy values are based on estimates.** This approach
yields AGsup values of 82.7 (Cm), 65.4 (Bk), 38.3 (Cf), 23.1
(Es), 26 (Fm), 26 (Md), 25.6 (No), and 72.3 (Lr) kcal/mol. A

the gas phase and solution phase are at a state of 1 atm and
1 mol/L, respectively, and use the ion convention. The Gibbs
free energy of this reduction reaction in solution is given by
eql:

AGsoin = égaso + Gs%v* (An™" — A)Gsoiv* (An) (1)

The full cell potential related to the standard hydrogen
electrode can be calculated using eq 2:

o_A_Sam.GoE=+

ESHE
ZF  (2) where z is the number of electrons

transferred in the reaction, F is the Faraday constant, and
E°sueis the cell potential for the standard hydrogen
electrode (SHE). The absolute value of the SHE adopted in
this study is -4.28 V.2° No thermodynamic correction for
the electron is considered.
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Figure 2. Thermodynamic cycle utilized for predicting the reduction
potentials of actinyls reducing to atomic cations.

The redox processes involving the actinyls converting to
solvated atomic cations is shown in Figure 2. For this case,
the energy in solution is calculated using eq 3.

AGsoin= C%aso+ Gsolv* (An ) +_2 G(H%)

- A - A
Gson™ (An) 4 G(HY) (3)
A -Ag - JE-—-A

The value adopted for
AG(H,0) is -2.05 kcal/mol. The value of —-262.4 kcal/mol for

number of ionization energies for the cations have not been
determined experimentally, and the remaining energies
have been estimated by extrapolation of known
experimental data or obtained from electronic structure
calculations. In this work, different sets of ionization
energies were utilized: (i) combining the experimentally
known and estimated ionization energies recommended by
the NIST database; (ii) relying on experimentally known and
the computed data from Feng and Peterson;* and (iii) a
combination of experimental data and energies calculated
by Pantazis and Neese.*® No entropic corrections were
applied to this energy, as other studies



1. Gas Phase Enthalpies and Gibbs Free Energies in the Gas Aqueous Phases Calculated at the B3LYP/ECP(60)/ TZVP
Level for the Prediction of the Number of H,O Molecules in the 1st Coordination Shell in kcal/mol

Species Spin Shell transfer AHgas AGgas AGsoin COSMO AGsoin SMD
cm(l) 8 8/22>7/23 -1.16 -2.25 -5.67 -10.00
cm(i) 7 8/22 > 7/23 -0.65 0.09 -1.06 -4.65
cm(il) 8 9/21 - 8/22 -0.24 9.17 0.16 -2.94
cm(1v) 7 9/21 - 8/22 -3.91 -4.20 -5.14 -3.46
Cm(V)0z*t 6 5/25 > 4/26 5.84 2.51 -2.95 -9.17
Cm(V1)0,*? 5 5/25 > 4/26 7.03 3.50 1.82 -6.96
BK(1) 7 8/22>7/23 -7.40 -6.00 -1.83 -6.54
Bk(I1) 6 8/22>7/23 15.54 13.34 1.00 -4.68
Bk(I11) 7 9/21 - 8/22 3.80 9.88 1.61 -2.70
Bk(IV) 8 9/21 - 8/22 0.49 4.17 -8.75 -12.47
Bk(V)0* 7 5/25 > 4/26 7.63 3.60 -2.48 -10.01
Cf(1) 6 8/22>7/23 -0.28 -0.36 -5.38 -8.70
Cf(lr) 5 8/22 > 7/23 -0.50 1.07 -0.86 -7.69
cf(in) 6 9/21 - 8/22 -9.63 -1.41 -7.29 -8.40
Cf(Iv) 7 9/21 - 8/22 4.74 7.92 -7.51 -10.63
Cf(V)0z* 8 5/25 > 4/26 12.40 8.58 1.80 -7.23
Es(l) 5 8/22>7/23 -0.01 -0.21 -2.60 -9.17
Es(ll) 4 8/22 > 7/23 -3.96 -2.41 0.80 -3.42
Es(Il1) 5 9/21 - 8/22 -10.86 -2.44 -5.67 -6.81
Es(IV) 6 8/22¢
Fm(1) 4 8/22>7/23 -3.00 -2.80 -3.17 -7.88
Fm(1l) 3 8/22>7/23 14.73 12.88 0.14 -3.30
Fm(1l1) 4 9/21 - 8/22 -10.51 -2.54 -4.84 -5.02
Md(1) 3 8/22>7/23 -5.30 -5.07 -5.35 -10.07
Mmd(l) 2 8/22 > 7/23 3.44 3.45 -3.29 -4.54
Md(lin) 3 9/21 - 8/22 -12.36 -4.21 -9.77 -11.40
No(1) 2 8/22>7/23 1.69 0.33 -2.52 -5.45
No(l) 1 8/22>7/23 -1.87 -4.25 -1.78 -4.40
No(lll) 2 9/21 - 8/22 -13.74 -5.35 -11.25 -10.69
Lr(l1) 2 8/22>7/23 -2.97 -3.67 -5.68 -15.94
Lr(11) 1 9/21 - 8/22 -12.83 -5.51 -9.68 -11.42

a9/21 structures optimized to 8/22
structures.
the proton, which considers the change of 1 atm to 1 mol/L, workers.*!

is used in this work although a value of —264.3 kcal/mol has
also provided good results for a variety of pk;
predictions.?’-30

The cluster geometries in this study were optimized using
density functional theory (DFT)*! level with the B3LYP
exchange-correlation functional®’2® as implemented in the
Gaussian16 software.?* All calculations employed the
quadratically convergent (XQC) algorithm. The DFT
optimized TZVP basis set was used for the oxygen and
hydrogen atoms,* and the Stuttgart small-core relativistic
effective core potentials (60ECP) together with the
associated segmented basis sets were used for the
actinides.>®° The frequencies were adjusted using the
Goodvibes 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-

As described previously,’*7?! the An*™/An(0) potentials
can be predicted utilizing a Born-Haber cycle depicted in
Figure
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Figure 3. Born-Haber cycle used for the predictions of An(IV/0),
An(l11/0), An(11/0), and An(1/0) reduction potentials.

demonstrate that their impact is minimal.** The energies
used for each set are described in the Supporting
Information (SI). The hydration free energy, AGry4(An*™), can
be determined using reaction 5.

An*™(gas) + (H20)n(ag) — An*™(H,0)n(aq) (5)
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The hydration free energies can be calculated by combining
the gas phase free energy of the reaction and the bulk
solvent shift, using eq 6. The gas phase free energies for the
hydration reaction are calculated using eq 7.

AGhyd(Al’Hm) =AGgas(An+m(H20)n) +AAGsoIv(An+m(HZO)n)
(6)

AGgas(An+m(H20)n) =Ggas(An+m(H20)n) —_Ggas(An+m)

—GgHS((Hzo)n) (7)
The bulk solvent shift AAGso, can be calculated using eq 8.

AAGSO/V(A”HT\(HZO)N) =AGso/v(An+m(H20)n) - AGsoIv((HZO)n)
(8)

In this case, the standard state correction of -4.27/n
kcal/mol for each water (H,0), cluster was not included, due
to the small impact on the energetics when clusters of this
size are used. The potentials for An(1V/0), An(I11/0), An(11/0),
and An(l/0) can be calculated in a similar manner (Figure 3)
and using eq 2, considering the number of electrons
transferred.



The solvation energies were calculated using two implicit
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solvent models, COSMO?%2*and SMD.2* The explicit/ implicit
solvation model used in the current study follows the same
approach as in our previous work,**"2! where actinides were
embedded in clusters containing 30 water molecules
distributed across two solvation layers. In the
An"(H,0),(H20), clusters, the distinct H,O in parentheses
define the number of explicit waters in each solvation shell.
For the tetravalent and trivalent oxidation states, values of
x = 8 or 9 were used for the first solvation shell, and
corresponding values of y = 22 or 21, respectively, were used
for the second solvation shell for a total of 30 H,O. For the
divalent and monovalent states, values of x = 7 or 8, and
associated values of y = 23 or 22, respectively, were used.
For the actinyls AnO,"*(H,0)«(H.,0), clusters, values of x = 4
or 5, and corresponding values of y = 26 or 25, respectively,
were used. Spin-orbit calculations were performed for both
the bare and solvated systems using the ADF code,*”*®
employing the ZORA spin-orbit formalism*3 at the
BLYP/TZ2P level.>**> The spin-orbit correction was
determined as the energy difference between the ZORA and
ZORA+SO results. In the current work, the clusters were
optimized without imposing any symmetry constraints to
find the lowest energy geometry. Configurational sampling
across the entire accessible space®®>’ is too computationally
demanding because of the numerous degrees of freedom
associated with the loosely bound water molecules. Our
group has employed a supermolecule-continuum method
with varying numbers of explicit solvent molecules selected
according to the specific system studied. This approach has
been successfully applied to a wide range of redox
potentials for both cations and anions, yielding excellent
agreement with experimental values, typically within 0.2 V,
and often significantly better.}9-2%°8-61 This computational
approach is appropriate for systems at infinite dilution (ionic
strength = 0), as no counterions are included in our
simulations. Overall, the results obtained using our
approach differ from experiment by a magnitude
comparable to that of much more computationally intensive
techniques, such as ab initio molecular dynamics (AIMD)
based on density functional theory combined with free
energy perturbation or thermodynamic integration
methods to evaluate the free energy of electron insertion
(i.e., the work function).>®*7 It is also worth noting that the
DFT/thermodynamic integration approach®® has been
reported to encounter difficulties when the excited states of
the solute approach the edges of the water band gap, a
limitation that is not present in our method.

RESULTS AND DISCUSSION

First Shell Coordination Number. Table 1 provides the
energies associated with changes in the coordination
number (CN) within the primary solvation shell. The small
energetic differences in these solvent shift reactions suggest

that numerous coordination possibilities can coexist. Very
little, if any, experimental information about hydration shell
sizes is available for the later elements of the actinide series,
mostly due to their instability and short half-lives, with
reliable data only available up to Cf. Our optimized
structures for the monovalent oxidation states have CN = 7
for all actinides. Through comparison of the available
cationic radii, David et al.’* observed that divalent
plutonium and transplutonium elements have ionic radii
comparable to those of alkaline earth dications. Given the
CN of 6 for the earlier Group 2 dications, they speculated
that An(ll) cations might also adopt the same CN. Applying
the same methodology, they estimated that monovalent
actinide species would likely exhibit a CN of 4, trivalent
species a CN of 8, and tetravalent species a CN of 8 or 9.
Subsequently, David® estimated that the hydration number
decreases proportionally with the ionic charge and along
the actinide series. In a recent study, Watanabe et al.®
performed DFT and DFT-MD simulations to investigate the
hydration structure of No(ll) in aqueous solution. Their
results suggested smaller hydration numbers, with CN of 7
or 8 coexisting for this cation. Our calculations predict that
No(ll) and some of the divalent actinides prefer CN =7 when
using the COSMO solvation model, whereas the SMD model
consistently favors CN = 8 for all actinides. However, the
energy differences between these configurations are small,
suggesting that both structures may coexist in solution. As
in our previous work,*?' we chose the geometries
predicted by the COSMO model.

D’Angelo et al.% studied the hydration numbers and ionic
radii of trivalent actinides using a combination of EXAFS and
molecular dynamics, extending their analysis up to Cf. They
observed a gradual decrease in An-OH; bond length across
the series, with the coordination number remaining largely
unchanged at 9. Duvail et al.®® performed molecular
dynamics simulations for all trivalent actinide cations and
reported
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average CN between 8 and 9, depending on the element. In
a previous computational study by Wiebke et al.®” at the DFT
level, all An(lll) ions favor CN = 8, whereas at the MP2 level,
CN =9 for all actinides, except No(lll) and Lr(Ill). The Cm(lll)
ion has been extensively explored, and several studies
reported CN from 8 to 10 waters,%®7® whereas the most
recent EXAFS analysis suggests a preference for CN = 9.7/
Our calculations indicate a small preference for the CN =9
structure for Cm(lll) when using the COSMO solvation
model, whereas SMD favored CN = 8. Antonio et al.”®
performed an XAS analysis of Bk ions in solution, and
indicated that Bk(lll) prefers CN = 9, whereas Bk(IV) favors
CN = 8. Our calculations favor these specific CN as well when
using the COSMO solvation model. For Cf(Ill), Revel et al.”®
performed EXAFS experiments, and Galbis et al.2° combined
Monte Carlo simulations with EXAFS analysis; both found
that Cf(Ill) manifests as two structures, with CN = 8 and 9,
pointing out a slight preference for the former. Our
calculations indicate that CN = 8 is favorable for Cf(lll), using
both solvation models.

Acher et al.®* conducted molecular dynamics studies on
multiple tetravalent actinides using two different force fields
and obtained varying results. For Cm(IV), the average CN
ranged from 8.3 to 8.9, whereas for Bk(IV), the average CN
ranged from 8.9 to 9.5. Banik et al.®? used computational
methods to suggest a preference of CN = 8 for Cm(IV) and
Bk(IV). Our calculations indicate that not only these cations,
but all the heavier tetravalent actinides favor CN = 8.

There are no experimental or computational studies for
actinyls of the later actinides. Our calculations demonstrate
that the pentavalent actinides favor CN = 4, except for
Cf(V)O;*', which favors CN = 5, and the hexavalent
Cm(VI)Oz*2 favor CN = 5.

Structural Parameters. Table 2 presents the average bond
distances between the actinides and water molecules. Most
of the available data is for trivalent and tetravalent in
aqueous solution, except for No(ll). For Cm(lll), the
calculated distances for CN = 8 are in better agreement with
the experimental data, even though the CNs are not in
agreement. With CN = 9, our values for Cm(lll) are 0.07 A
longer than the experimental data from Skanthakumar et
al.”’ and relatively close to the values provided in
computational studies by Wiebke et al.®” and Hagberg et
al.”% For the Cm(lV) ion, our calculated values differ
significantly (0.16 A longer) from the values calculated by
Banik et al.®?

For Bk(lll) and Bk(IV), our calculations predicted longer
bonds than found experimentally. For Bk(lll) (CN = 9), the
bonds are 0.09 A longer and for Bk(IV) (CN = 8) 0.03 A longer
than the values obtained by Antonio et al.”® For Cf(lll), our
calculations with CN 8 are in agreement with the
experimental values,”®% differing by only 0.03 A. The bond
distances calculated for the remaining An(lll) cations are
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generally longer than the simulations performed by Duvail
et al.,% with CN = 8 usually differing by more than 0.05 A;
our values are closer to the DFT results obtained by Wiebke
et al.” For No(ll) (CN = 7), our bond distances are similar to
the results obtained by Watanabe et al.,** differing by 0.02
A from

https://doi.org/10.1021/acs.jpca.5c06523
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a

Cm(H20)7(H20)23+1a

Cm(H20)7(H20)23+24

Cm(H20)9(H20)21+3
Cm(H20)8(H20)22+4

Bk(H20)7(H20)23+14

Bk(H20)8(H20)22+24

Bk(H20)9(H20)21+3
Bk(H20)8(H20)22+4

Cf(H20)7(H20)23+1a

Cf(H20)7(H20)23+24

Cf(H20)8(H20)22+3
Cf(H20)8(H20)22+4a

Es(H20)7(H20)23+1a

Es(H20)8(H20)22+2a

Es(H20)8(H20)22+3
Fm(H20)7(H20)23+1a

Fm(H20)8(H20)22+24

Fm(H20)8(H20)22+3
Md(H20)7(H20)23+1a

Md(H20)7(H20)23+2
Md(H20)s(H20)22+3
No(H20)7(H20)23+1a

No(H20)7(H20)23+2
No(H20)s(H20)22+3
Lr(H20)7(H20)23+24

Lr(H20)8(H20)22+3

Cm 0.51
Cm -0.79
Cm -1.87
Cm -1.23
Bk 1.20
Bk -1.23
Bk -1.85
Bk -1.23
cf 3.81
cf -1.83
cf -2.10
cf -1.03
Es -1.27
Es -2.44
Es -2.23
Fm -0.18
Fm -1.84
Fm -2.27
Md -0.06
Md -1.91
Md -1.70
No 0.07
No -1.68
No -1.09
Lr -1.01
Lr -1.74

b

0.51

-0.82
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-1.20

1.20

-1.22

-1.77
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-0.86
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-2.45

-2.04
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-2.06
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-2.06
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-0.74
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-1.03

-1.47
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-0.42

-1.27
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-1.55
-0.23

-1.71

-1.57
-0.10
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0.08
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-0.43
-1.01

-1.69

-1.02

-1.72

-2.34
-1.72

-1.70

-2.26
-1.61

3.34

-2.41

-2.52
-1.40

-2.34

-2.90
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-1.07

-2.27

-2.64
-1.02

-2.38
-2.08
-0.87

-2.19
-1.48
-1.74

-2.14

c

Species not reported experimentally. I.E. values extracted from the NIST database.
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4.
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Cm, Bk, Cf, Es, Fm, Md, No, and Lr in Different Oxidation States Reducing to the
Metal Calculated at the B3LYP/ECP(60)/TZVP Level Using Different Sets for lonization Energies (Potentials in Volts Relative to
SHE)

E° COSMO

E° SMD

An° 1o

e

e

16

e

e

E° expt

E° est

computed data from Feng and Peterson.*> 9I.E. values extracted from experimentally known and the computed data from Pantazis and
Neese.*®

Table 5. Calculated Spin-Orbit Effects on the lonization Energies for Solvated and Bare Species Calculated in ZORA-BLYP/ TZ2P

in kcal/mol
Solvated lons

An Spin An* Spin ASO
Cm(H20)7(H20)23+2 7 Cm(H20)7(H20)23+1 8 0.0
Cm(H20)9(H20)21+3 8 Cm(H20)7(H20)23+2 7 0.8
Cm(H20)8(H20)22+4 7 Cm(H20)9(H20)21+3 8 0.3
Bk(H20)8(H20)22+2 6 Bk(H20)7(H20)23+1 7 -0.6
Bk(H20)9(H20)21+3 7 Bk(H20)8(H20)22+2 6 0.6
Bk(H20)8(H20)22+4 8 Bk(H20)9(H20)21+3 7 0.4
Cf(H20)7(H20)23+2 5 Cf(H20)7(H20)23+1 6 0.6

Bare lons

An Spin An* Spin ASO

Cma+ 7 Cmi+ 8 -4.7
Cmas+ 8 Cma+ 7 6.0
Cma+ 7 Cma+ 8 -10.6
Bka+ 6 Bka+ 7 -11.2
Bk3+ 7 Bka+ 6 10.5
Bka+ 8 Bks+ 7 2.5
Cf2+ 5 Cf1+ 6 3.5



the DFT results and the molecular dynamics simulations.
Overall, our results tend to predict slightly longer bond
lengths

as compared to experimental data and molecular
simulations, and are consistent with most DFT studies.

about the validity of this data. In addition, Nugent et al.'®
and Bratsch and Lagowskil’ reported potentials using
empirical approaches. For the Cm(lll/Il) couple, both the
COSMO and SMD results are consistent with the -2.78 V
potential obtained by Mikheev et al.2% For Bk(IlI/Il), only the

6. Cm, Bk, Cf, Es, Fm, Md, No, Lr in Different Oxidation States in Aqueous Solution
Calculated at the B3LYP/ECP(60)/TZVP Level and Incorporating ASO (Potentials in Volts Relative to SHE)
An(ox) Spin An(red) Spin E° COSMO E° SMD E° expt E° est
Cm(H20)7(H20)23+24 7 Cm(H20)7(H20)23+1a 8 -2.25 -2.56
Cm(H20)9(H20)21+3 Cm(H20)7(H20)23+24 7 -2.83 -2.41 -2.78% -3.50,2-4.4,6-3.3V
Cm(H20)8(H20)22+4 Cm(H20)9(H20)21+3 8 3.14 2.65 3.5,163.017
Bk(H20)8(H20)22+2a 6 Bk(H20)7(H20)23+1a 7 -3.17 -3.02
Bk(H20)9(H20)21+3 Bk(H20)8(H20)22+24 6 -1.99 -2.29 -2.52% -2.8016,17
Bk(H20)8(H20)22+4 Bk(H20)9(H20)21+3 7 1.99 1.70 1.672 1.6016,17
Cf(H20)7(H20)23+20 5 Cf(H20)7(H20)23+1a 6 -3.07 -3.29
Cf(H20)8(H20)22+3 Cf(H20)7(H20)23+24 5 -1.66 -1.77 -1.63% -1.6016,17
Cf(H20)8(H20)22+4a Cf(H20)8(H20)22+3 6 2.92 2.70 3.2016,17
Es(H20)8(H20)22+24 4 Es(H20)7(H20)23+1a 5 -3.22 -3.07
Es(H20)8(H20)22+3 5 Es(H20)8(H20)22+24 4 -1.44 -1.68 -1.45% -1.3016,17
Es(H20)8(H20)22+4a 6 Es(H20)8(H20)22+3 5 3.69 3.45 4.5016,17
Fm(H20)8(H20)22+2a 3 Fm(H20)7(H20)23+1a 4 -3.10 -3.04
Fm(H20)8(H20)22+3 Fm(H20)8(H20)22+2a 3 -0.85 -1.14 -1.18% -1.20,2-1.1016,17
Md(H20)7(H20)23+2 Md(H20)7(H20)23+1a 3 -3.00 -2.99
Md(H20)8(H20)22+3 3 Md(H20)7(H20)23+2 2 -0.08 -0.28 -0.15,%-0.16%* 0.0,1¢-0.20v
No(H20)7(H20)23+2 1 No(H20)7(H20)23+1a 2 -3.35 -3.44
No(H20)s(H20)22+3 2 No(H20)7(H20)23+2 1 1.15 1.01 1.458% 1.3016,17
Lr(H20)8(H20)22+43 1 Lr(H20)7(H20)23+20 a 2 -3.11 -2.83 <-0.44 -2.60V

Species not reported experimentally.

Redox Potentials. Table 3 gives the redox potentials
calculated in this work involving one electron processes for
the cations in aqueous solution. Table 4 gives the redox
potentials for the processes involving the reduction of
cations to the metals. The redox potentials were compared
to the experimental data®*-2when available or to estimated
values.s,14,16,17

For the An(ll/1) redox potentials, our calculations indicate
that these potentials are extremely negative for all actinides
in the current study. Although no experimental data is
available for comparison, the negative potentials indicate
that the reduction process to the monovalent state is
unfavorable, consistent with the well-known instability of
this state for actinides.

In the case of An(lll/Il) potentials, Mikheev et al.®
reported redox potentials obtained using a cocrystallization
experimental technique, but David®® has raised concerns

potentials calculated using the SMD model are consistent
with experiment, differing by +0.20 V from the experimental
value®® of -2.52 V, whereas the COSMO value differs by 0.50
V from experiment. The predicted Cf(l11/Il) redox potentials
agreed with the experimental data® and estimates of -1.60
V.1617 For Es(lll/Il), our calculations agree with the
experimental data of Mikheev et al.?% for both COSMO and
SMD. In the case of Fm(lll/ll), only SMD vyielded results
within acceptable accuracy with experiment.® Similarly, for
the Md(lIlI/I) couple, the reduction potential calculated
using SMD shows better agreement with the experimental
value,®*# differing by +0.24 V, although it predicts a slightly
positive potential. In contrast, the COSMO model yields a
larger deviation of +0.44 V. The predictions for the No(lll/Il)
redox couple provided satisfactory results with both
solvation models, differing by +0.11 V with COSMO and
-0.03 V with SMD. The calculated Lr(lll/ll) potential was
substantially more negative than the reported upper limit,*
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and produced results in accordance with the estimated
value."

An experimental An(IV/Ill) potential is only available for
Bk.2 The predicted Cm(IV/Ill) redox couple agrees with the
estimate!” of +3.0 V, independent of the solvation model,
with the COSMO result closer to this value. Our calculations
for the BKk(IV/IIl) couple also predicted potentials in
reasonable agreement with the literature,>*%'” with SMD in
better agreement. For Cf and Es, our computational results
differ from previously reported estimates,'®'’ yielding less
positive reduction potentials. The calculated Cf(IV/III)
reduction potential is approximately +2.8 V, and the
Es(IV/111) potential is predicted to be in the range of +3.6 V.

Higher oxidation states than +IV have not been reported
experimentally in solution for the later actinides. It is
expected that the redox potentials would be extremely
positive, reflecting the inherent instability of such oxidation
states. Our calculations support this trend. The Cm(V/IV)
potential was calculated to be 2.55 V using the COSMO
solvation model and 3.22 V with the SMD model. Spitsyn
and lonova® developed a model by correlating the energies
of electronic transitions involving the 5f electrons of Cm and
estimated a potential of 1.7 V for Cm(V/IV). Our calculated
values differ significantly from this estimate and are more
positive. Similarly, Cm(VI/V) was predicted to be ~2.5V, in
contrast to the estimated value of 1.5 V from Spitsyn and
lonova.? In contrast to their conclusions, our results indicate
that it is very unlikely that such cations can form in
noncomplexing aqueous media. The Bk(V/IV) calculated
potential is approximately 2.4V, differing by 1V from the 3.5
V estimated by David et al.’® Nevertheless, our calculations
still support the instability of Bk(V). The Cf(V/IV) potential
was extremely positive, ca. 3.4 V, indicating a consistent
trend across these elements.

For the An*™/An(0) redox potentials, some are available
experimentally.>®92 Such potentials were determined
through radiopolarography techniques combined with
estimated amalgamation energies. The amalgamation
energies are
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Potential
1/0
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“pa(V)OOH*?/Pa**. Y’PW91/ECP(60)/TZVP//COSMO. “B3LYP/ECP(60)/TZVP//SMD. YB3LYP/ECP(60)/TZVP//COSMO + SO. “B3LYP/ECP(60)/TZVP//SMD + SO.

Table 7. Reduction Potentials E° for Ac to Lr in Different Oxidation States in Aqueous Solution (Potentials in Volts Relative to SHE; Values Obtained at the B3LYP/

ECP(60)/TZVP//COSMO Level Unless Indicated)

estimated using the metal radii as a correlating parameter, with
interpolation performed within a series of divalent elements possessing
known amalgamation potentials.”® Hulet® cautions against relying heavily
on this correction, as the amalgamation potential constitutes a
substantial amount in the determination of standard redox potentials,
especially for the latter actinides. Our computational approach depends
on the use of L.E. values, so a range of energy values were tested. The
later actinides have fewer available experimental I.E. values compared to
the earlier elements in the series, with data typically limited to only the
first ionization energy.®> 1% Most of the higher I.E. values are determined
by extrapolation methods or high-level quantum chemistry methods. The
different sets used are given in the SI. Depending on the actinide, these
energies can significantly differ from one another. In our previous work,
the An*™/An(0) potentials showed better agreement with experiments
when considering the COSMO solvation model.'>? Our calculated
An(I11/0) values agreed with the experimental data, with the current set
of ionization energies employed, especially with the COSMO solvation
model. For An(lll/0), the best agreement was obtained using the NIST
recommended values. Specifically, the deviations from experimental
An(l11/0) redox values were as follows: +0.19 V for Cm(l11/0),%>+0.15 V for
Bk(I11/0),2° -0.18 V for Cf(111/0),5” -0.25 V for Es(111/0),%® -0.20 V for
Fm(111/0),2° +0.04 V for Md(111/0),%°+0.17 V for No(lll/

0),°°and +0.32 V for Lr(111/0).>

The calculated An(Il/0) potentials all displayed negative values,
indicating the preference for the divalent oxidation state in solution,
rather than the metallic state. Comparing the An(Il/0) potentials with the
experimental data for Md? and No,”* the COSMO calculations differ
significantly, no matter which set of I.E. values was used. For An(l1/0), the
COSMO values were less negative than previous estimates!’ for Cm, Bk,
Cf, Md, and Lr and the SMD values were more negative. For Es, both
solvent approaches predicted more negative values than prior
estimates,'” whereas for No, both methods predicted less negative
values. The An(l1/0) potentials predicted with SMD were in general closer
to prior estimates.” For the An(IV/0) potentials, estimates'’ are available
for Cm, Bk, and Cf, and the best agreement is found using COSMO with
the set (iii) I.E. values.

Spin-Orbit Effects. As in previous studies, we also examined the
spin—orbit effects on ionization energies, with the results presented in
Table 5. Comparing bare and solvated ions, the spin—orbit effects have a
significantly greater impact on ionization energies for bare ions than for
solvated systems. However, as we move across the series, starting from
Es, the spin-orbit effects increase even in solvated systems. This trend
also coincides with the fact that these later actinides exhibit the largest
discrepancies between computed potentials and experimental data or
estimates. Even though the late actinides have fewer unpaired electrons
than their predecessors, their electronic structures remain extremely
challenging to model. This complexity arises from a combination of
relativistic effects, multireference character, and strong electron
correlation. The calculated SO effects can be used to improve estimates
of the redox potentials, as shown in Table 6. Up to Cf, the redox potentials
showed minimal variation upon inclusion of spin-orbit corrections. For
heavier elements such as Md, No, and Lr, especially in redox pairs
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involving high oxidation states, the SO can impact the values. For An(Il/(I) pairs, the effects are generally small. For the I/l
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Figure 4. Latimer diagram for reduction potentials E° for Ac to Lr in different oxidation states in aqueous solution. Potentials in volts relative
to SHE. Values obtained at the B3LYP/ECP(60)/TZVP//COSMO level unless indicated by superscript labels. (a) PW91/ECP(60)/TZVP// COSMO.
(b) B3LYP/ECP(60)/TZVP//SMD. (c) B3LYP/ECP(60)/TZVP//COSMO + SO. (d) B3LYP/ECP(60)/TZVP//SMD + SO.

the inclusion of SO corrections improved agreement with
experimental data. The Cf(lIl/l1), Es(lI/11), Fm(llI/1l) (SMD
level), and Md(llI/Il) couples have more negative redox
potentials and show better agreement with the
experimental data.

Trends in Calculated Redox Potentials. We now describe
the trends in the calculated redox potentials in acidic media
from Ac to Lr for multiple oxidation states including our prior
work.?2° The results in best agreement with experimental
or estimated data are presented in Table 7; most of the
results were obtained at the B3LYP/ECP(60)/ TZVP//COSMO
level unless indicated. A Latimer diagram is given in Figure 4
with An*™/An(0) redox processes in red. The B3LYP
functional in combination with the Stuttgart ECP60
pseudopotential for actinides, and TZVP basis for H and O
atoms proved to be an appropriate level of theory for

calculating redox potentials in aqueous solution. An
exception is the Pu(VI/V) couple, where the PW91
functional provided a value closer to the experimental
potential. From Ac to Cm, the COSMO solvation model
provided the best results, whereas starting from Bk, some
calculated potentials agreed better when using SMD
solvation model. Although some An(lll/ll) potentials are
improved with inclusion of spin-orbit corrections, inclusion
of only scalar relativistic effects provided reasonable
agreement with literature values.

For the reduction to the metallic state, both the An(1/0)
and An(l1/0) couples are highly negative across the series,
indicating that deposition of the bulk metal from aqueous
solution is thermodynamically unfavorable. The An(ll/1) and
An(llI/l) couples show that the +l state is strongly
disfavored, with potentials around -2.0 to -4.0 V, whereas



stabilization of the +II state becomes possible starting at Pu.
There is no complete set of available experimental data for
the An(ll/1), An(V/IV), and An(VI/V) couples across the
actinide series, which makes direct comparison difficult.
Nevertheless, the calculated values provide valuable insight
into their relative stabilities.

The calculated redox potentials from Ac to Lr reveal clear
systematic trends across the series that align well with
experimental expectations. Our calculated values indicate
that from Pa to Pu the higher oxidation states (+IV, +V, +VI),
reduction potentials are moderately negative to slightly
positive. Pa exhibits a unique stability in the +V state, as
reflected in its accessible Pa(V)/Pa(IV) potential, whereas
the most stable Pa(V) form is the protonated Pa(V)OOH*2.101
The highest oxidation states, accessed through the An(VI/V)
and An(VII/VI) couples, are limited to U, Np, and Pu. The
middle of the series (Am-Cm) show a crossover behavior
where +lll becomes the most stable oxidation state, as
indicated by the strongly positive An(IV/Ill) potentials. The
late actinides are dominated by +llIl oxidation state.
However, the calculated reduction potentials for the
divalent states of Md and No, which range from moderately
negative to slightly positive values, suggest that these
oxidation states can indeed be accessed under suitable
conditions.

. CONCLUSIONS

We extended our computational methodology'®?! to
predict standard redox potentials in aqueous acidic
solutions for Cm, Bk, Cf, Es, Fm, Md, No, and Lr for a range
of oxidation states. Our approach is based on using
B3LYP/ECP(60)/explicit  H,O/SCRF  scalar relativistic
approach to estimate the redox potentials. Due to the
instability and scarcity of these elements, there are few
reliable experimental data. The hydration number and
averaged metal-water bond distances were consistent with
available experimental data for the few elements, Cm(lll),
Bk(Il), Bk(IV), and Cf(l11), with measurements.”®”¢-8 Qverall,
our results are consistent with prior computational studies,
except for the Cm(IV) ion.%*-%7:8182 |n general, our approach
can predict An(l11/11) redox potentials within a margin of 0.2
V of the available experimental data for most of the couples.
However, no single solvation model provided completely
satisfactory results, as SMD showed better agreement than
COSMO in certain cases. There is no available experimental
data for the An(ll/1), An(V/IV), and An(VI/V) potentials for
these elements. Although some of the estimated values do
not match our more reliable calculated results numerically,
they exhibit a similar trend to what we predicted for the
relative stability of specific oxidation states.

The An*™/An(0) redox potentials are predicted using a
Born-Haber cycle, which includes sublimation and
ionization energies available in the literature, and our
calculated hydration energies. Due to a lack of experimental
ionization energies for some oxidation states, three different
sets of ionization energies were used, taken from selected
combinations of available experimental data and
computational studies.>®>°2 The redox potentials depend
on the choice of I.E.s. Unlike previous studies,**?° which
found the best agreement with experimental data
exclusively when using the COSMO solvation model, our
calculations for An*™/An(0) redox potentials showed that
SMD also yielded satisfactory results for selected redox
couples. The An(lll/0) potentials show better agreement
with experiment with the COSMO solvation models and the
I.E. values from the NIST database. In general, the
differences between the calculated values and experiment
were around +0.2 V for most redox couples. However, for
the Md(IlI/0) couple, SMD provided better results. For
No(1I/0), no solvation model or set of ionization energies
predicts a result consistent with the reported experimental
value. Our spin- orbit calculations indicate a quenching
effect on the redox potential prediction for most solvated
systems. Starting from Es, some cations still retain a
significant spin-orbit coupling contribution in solution.
These coincide with the result that the calculated redox
potentials for these elements deviated the most from
experiment. Inclusion of spin-orbit effects can improve the
predicted redox potentials, particularly for those involving
higher oxidation states of the heavier actinides. Even with
the limitations of the available experimental data, our
computational methods were able to predict redox
potentials in reasonable agreement with the current most
accepted values for most redox couples.
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