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Reduction Behavior of the Early Actinyl lons in Aqueous Solution
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We investigate in this paper the reduction properties of the early actinyl ions. Geometry optimization and
reaction energies were calculated at the correlated level, using effective core potentials. In a second step we
included spin-orbit interaction calculated at the quasi-degenerate perturbation level. We report a general
trend which is in agreement with experiment.

Introduction treatments are restricted to moderately sized model systems.
Alternatively density functional theory (DFT) methods, which
are much less dependent on the number of electrons in the
correlation treatment, can be used. Characteristic of the func-
tionals used in DFT is that they usually are parametrized using
properties of light elements, and their accuracy for heavier
elements is unclear. So far, DFT methods or perturbation-type
theories have been used with apparent success in a number of
studies of geometries and binding energies for actinide com-
plexes in a given oxidation state? However, our experience
is that DFT is less reliable in situations where the oxidation
state is changetl.

Relativistic effective core potentials allow moderately large
systems to be studied using multi-reference variational tech-

. / niques. A systematic comparison of correlation approaches at
ium compounds are straightforward, whereas for some of the j & " " i (1o ctvon and RECP levels has been reported

transuranium elements, such as plutonium, high-level safety
efforts are necessary. Thus, theoretical studies might su ortelSEWheré'
. . o T . g pp In the present paper we present a systematic study of the
and guide the experimentalists in finding which reactions could . . o -
reduction properties of the actinyl ions gb where X= U,

be interesting for further investigations. .
g fort 9 Np, Pu, Am. We use the same model for the reduction, based
Several difficulties have to be overcome for an accurate . o -
. - s on a two-step mechanism for the reduction involving)>as
theoretical treatment of actinides complexes. Relativistic effects . . .
intermediate compound as proposed in ref 2.

have _t_ol be treated ngoro_usly, and, as ha_s_been_ shqwn by During the first reaction, the actinyl ion is reduced from (VI)
Pyykko! the outer core in the early actinides is highly to (V) by adding one electron into an open f-shell:
s

polarizable and must be considered as part of the valence shells.
Correlation effects are large in, for example, the actinyl(VI)- o 1 oy 1

type complexes due to the high electronic density in the bond X0y +5H,0 — HOXO™ + 70, 1)

region? Actinyl ions can coordinate many ligaridsnd a large

number of electrons have to be treated explicitly. The diffuse  In the second step, the actinide is further reduced to (1V) by

character of the 5f-orbitals and the fact that actinyl compounds adding a second f-electron:

usually are not fully saturated lead both to high-spin multiplici- 1 1

ties and pronounced spitorbit effects from the open f-shells 2+ 1 & — 2+ 4 4

and an active participation of theofbital in the bonding. HOXO™ + ZHZO X(OH) + 402 @
Over the last years, several methods have been develope

which in principle can deal with these problems; an overview

of relativistic methods can be found in ref 4. However, due to - o 1

the high computational demands, most of the explicit correlation X0z + HO0 = X(OH);" + 50, 3)

Actinides are characteristic components in nuclear wastes,
and in order to recycle these one needs to separate the differen
actinides. One property which can be used in the separation is
the difference in their redox properties. Oxidation and reduction
reactions are also important for the mobility of actinides in the
groundwater system, a particular case of which is the integrity
of spent nuclear fuel in contact with groundwater. Actinide-
(IV) compounds are very insoluble while most actinides(VI)
are soluble, and immobilization would thus involve reduction
of actinides from oxidation state VI to IV. In general trans-
uranium(VI) complexes are more easily reduced than those of
uranium.

From an experimental point of view, investigations of uran-

dI'he global reaction can be written as follows:
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TABLE 1: Configurations Of the Optlmlzed Ground States TABLE 2: Opt|m|zed Geometries for Act|ny| lons X O§+ at
compound ground state configuration the AQCC LeveR
uo2* i £ actinyl ion XG&* R(X—0) AR(X—0) charge of X
HOUO 2P, f% uoz* 1.7090 +0.0658 +2.57
U(OH);" *Hyg fofo NpO2+ 1.6933 +0.0654 +2.40
NpC3" 2Py fo puof+ 1.6767 +0.0679 +2.33
HONpO** *Hg £t AMOZ* 1.6246 +0.0314 +2.20
2+ 4, {3 2
Np(OHY), D, f, 5 . . - )
Pu(f 3H, fT £l a2 AR is the difference between the optimized geometries at the
HOPUG Iy ff fg correlated level (AQCC) and the RASSCF level. We also show the
" i g0 1 .1 charge of the actinide atom obtained with Mulliken analysis at the
Pu(OH} °Zy fy + oA, + 1) AQCC level. Distances in A
2+ 4, 12 . .
Am02 D, f(p fd
HOAmMO* syt (F2F%) . . .
¢ 9 - -
Am(OHR* oIt e The atomic character of the open-shell orbitals makes it rea

sonable to try to apply the atomic Hund’s rule. This works well
for the uranium compounds, but not, for example, for neptunium.
The doubly reduced neptunyl ion Np(Oﬁ#)is a 4b,, whereas
in an atomic case, it would have beefia(f; f; f1) (see Table
1). However, for all cases under investigation, we found the
Computational Details highest possible spin-coupling to be the ground state.
) ) ) The optimized geometries obtained at the correlated level are
Energy-consistent small-core ECPand their corresponding  shown in Tables 2, 3, and 4. In ref 2 we showed that, for uranyl
optimizeq basis sets Were.u.sed for thelactinides and for OXygen.and reduced uranyl, all-electron and RECP calculations are
The basis sets of the actinides were improved by adding two gquivalent within chemical accuracy. In the present study we
g-functions. We also added two ANO-d-functions on oxygen. paye therefore only used the comparably cheaper RECP method.
Hydrogen is described by the basis set suggested by Huzinaga |, Taple 2, one can observe a shortening of the-RQ¥ bond
(5s) = [3s], using one additional p-function. _ length along the actinyl(V1) series, by 0.08 A from uranium to
All the geometry optimizations were carried out using the americium. This trend is expected from the decrease in atomic
MOLPRO 97.5 packag¥. Instead of the appropriate linear radius along the series. As the nuclear charge increases from
symmetry group€., andDewh, we used the abelian sub-groups  ranium to americium, the 5f-orbitals tend to contract and the
Cz, and D, compatible by the package we use. Due to the oyxygen atom has to move closer to the actinide atom to form
lowering of symmetry and the use of real harmonics, the open g pond.
f-shells, which are quite atom-like in all cases we have studied, \ye can analyze the effect of correlation on the bond by
couple to a high number of degenerate determinants which havecomparing the optimized bond lengths obtained at the RASSCF
to be treated simult.aneously ina multi-qonfigurational approach. ;o4 correlated level (AQCC). For actinyl ions thhe cor-
The molecular orbitals were obtained in @ RASSCF procedure g a4ion affects the bond significantly, leading to a lengthening

by distributing G-6 electrons in the seven atomic-like f-orbitals. of roughly 0.03-0.07 A (cf Table 2). This can be explained by

(AZorreIatlor:l efégcti_ vk\ﬁe_relt:jeated .W'th'n the mqu-refere_nce the nature of the bonding between the actinide atom and the
QCC schemeé; which includes a size-consistency correction. o, vqen Actually, there is a strong interaction with the atomic

o . . - . 0
Optimized geometries were obtained using a gradient approachedm 6., the o and 5f-orbitals of the actinide, leading to six

at this level of correlation. . orbitals which are prepared for two triple bondsg, oy, 7,
The spinr-orbit interaction was computed at the quasi- 712

degenerate perturbation level using the CIPSO éédene
spin—orbit integrals were calculated within the atomic mean-
field approach using the AMFI-cod€.They were obtained in

an all-electron basis set optimized by Faé§and the contrac-
tion coefficients were obtained according to the Raffeneti
scheme using an atomic-SCF program including scalar relativity
within the Douglas-Kroll formalism? The integrals were
merged with the ECP wave function using the one-to-one
correspondence method proposed in ref 18. The-smibit

the ease of reduction of actinyl ions increases along the series
In addition, our results clearly illustrate the stability of the
oxidation state (V) for Np.

The bond lengthening due to correlation is similar forX
U, Np, Pu. However, the americyl ion shows a somewhat dif-
ferent behavior. The equilibrium distance is shorter than for the
other ions, presumably due to the contraction of the 5f-orbital.
We can guess that after americium, the 5f-orbitals are too
contracted to participate in the bond. Actinyl ions would then
not be stable anymore, which is in agreement with experiment.

All the singly reduced HOX®" species show the same
geometrical trend along the series (see Table 3). The effect of

calculations were carried out at the equilibrium distances using _4qin . : :
e g one hydrogen atom is a substantial lengthening of about
the MOLCAS4 packag® and the variational part of the CIPSI- 0.20 A, of the bond between the actinide and the OH group

code® for the correlation treatment. The spinrbit matrix was (R(X—0y) in Table 3). The bond between the actinide and the

set up by including all determinants in therhanifold ( = 1, remaining oxygenR(X—0,)) is much less affected, as we report

..., 6). The diagonal elements of the sporbit matrix were h £0.04 A of the bond lenath. The lenathening(xf—
shifted using the spin-free correlated energies calculated at theac ange ot v. of the bond length. The lengthening(

. - . ’ 0,) can be described as a bond-breaking process. In fact, when
SDCI plus Davidson correction level, according to the technique the hydrogen approaches one of the oxygen atoms to make a
proposed in refs 14, 21.

bond, the actinideoxygensmy bond of the actinyl ion breaks
symmetrically. This means that we end up with one electron
on the actinide which is of d-character, but goes finally to the
Geometries. The electron configurations of the spin-free  5f-orbital which is lower in energy. After electronic rearrange-
optimized ground states are presented in Table 1. The f  ment on the oxygen atom, we end up witlwdond between
orbitals correspond to molecular anti-bonding orbitals in which oxygen and hydrogen andsatype lone-pair. Finally, we can
the main contribution comes from the atomic f-orbitals. summarize the electronic structure of the ion as a triple bond

Results and Discussion
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TABLE 3: Optimized Geometries for the Singly Reduced Actinyl lons HOXO?™ at the AQCC Level?

HOXO?* ion R(X—01) R(X—02) R(O2—H) AR(X—01) AR(X—02) AR(02—H)
HOUQ? 1.7477 1.9179 0.9906 +0.0785 +0.0361 +0.0095
HONpO? 1.7143 1.8844 0.9869 +0.0685 +0.0346 +0.0180
HOPUG* 1.6975 1.8301 0.9879 +0.0745 +0.0164 +0.0164
HOAMO?*

a AR is the difference between the optimized geometries at the correlated level (AQCC) and the RASSCF level. Distances in A.

TABLE 4: Optimized Geometries for the Doubly Reduced UranyI reduction
Actinyl lons X(OH )3" at the AQCC Level 260
. i
X(OH); +ion  R(X-0) RO-H) ARX-0) ARO-H) First step : Second Step
U(OH)E+ 1.9910 0.9834 -0.0023  +0.0139 i
Np(OH + 1.9270 0.9799 -0.0171  +0.0228 ' Spin-free X
Pu(OH} " 1.9049 09784  -0.0423 +0.0218 15.0 G T
Am(OH)Z*  1.9073  0.9937  -0.0197 +0.0251 | : e ‘
2 AR is the difference between the optimized geometries at the E | //’/
correlated level (AQCC) and the RASSCF level. Distances in A. = L
_ . _ _ <100 - A .
TABLE 5: Comparison of Reaction Energies with and 3 :
without Spin—Orbit Effects for the First Step of the %" \
Reduction Mechanism k| | . _ '
RECP / ‘ With spin-orbit
5.0 - / ; .
compounds spin-free (AQCC) with sphorbit Va P S—— \ i
uranyl UG" 10.61 3.91 // B T
neptunyl NpG* —12.93 —19.56 P - !
plutonyl Pug@’ —3.43 —5.87 0.0 #5 ‘
: + — —
americyl AmG 34.29 36.17 Figure 1. Influence of spir-orbit interaction on the uranyl reduction.

a Energies in kcal mott. Energies in kcal mott.

kcal mol® (Figure 1). Since all spinorbit calculations were
done at the perturbation level in the f-manifold, the second-
order spin-orbit effects are neglected. The closed-shell uranyl-

TABLE 6: Comparison of Reaction Energies with and
without Spin—Orbit Effects for the Second Step of the
Reduction Mechanisnt

RECP (V1) ion is thus not affected, and the spiorbit effect lowers
compounds spin-free (AQCC) with spitorbit the energies of the products and thus the reaction energies. The
" 557 138 first reaction becomes less endothermic by 6.7 kcalfpéiom
uranyl UIOE . 83 o3 10.6 to 3.9 kcal motlt, and the second reaction, which was
;ﬁﬂ;’;ﬁ' P'\:Jg _2'06 4 '17 endothermic by 5.6 kcal mol, becomes exothermic by 1.4 kcall
: . ) . i : )
americyl AmG" 1298 1856 mol~!. The spir-orbit effect is thus substantial, and, as

expected, larger for the first step than for the second step, due

to the closed-shell character of uranyl(VI). The full reaction is

still endothermic by 2.8 kcal mot after spin-orbit effects have

between the actinide atom and one of the oxygens and a doubleseen accounted for. However, the sporbit effect is very large,

bond to the other one, but this picture is of course extremely reducing the reaction energy by 13.4 kcal mpland clearly

simplified. The bond is partly covalent, partly ionic, although cannot be neglected.

it should be emphasized that according to our results the covalent Neptunium behaves somewhat differently. The first reaction

contribution is quite important. There is no significant change is exothermic by 12.9 kcal mot at the spin-free level. The

in the (O-H) distance. effect of spin-orbit coupling on the reaction energy is almost
In the second step of the reduction reaction, the H®XO as important as in the uranyl case, making the reaction

ion is reduced to the symmetric ion X(Oﬁjl) The mechanism exothermic by 19.6 kcal motl. The second reaction is actually

is similar to the one described above. The remaining triple bond endothermic by 8.2 kcal mot at the spin-free level by 5.0 kcal

in the singly reduced ion is broken and the final electronic mol~* as the spir-orbit level. This result clearly illustrates the

structure has, using the same picture as above, two doub@ X  well-known stability of neptunium(\§.

bonds and two ©H bonds. For plutonyl, the first reaction is exothermic by 3.4 kcal mol
Reaction EnergiesTables 5, 6, and 7 show the energies of at the spin-free level and 5.9 kcal mélat the spir-orbit level,

the first and second steps of the reduction mechanism, and forwhich is much less than for neptunyl. The second reaction,

the global reaction. contrary to both uranyl and neptunyl, is also exothermic by 2.1
Let us start by considering the reduction of uranyl(VI). This kcal moit and 4.2 kcal moit at the spin-free and spirorbit

reaction has been studied previously both at the all-electron andlevels, respectively. Americyl shows the same behavior as

the ECP levels, and using a variety of correlation mettfods. plutonyl, with the difference that the reaction is much more

One of the findings in that study was that there were virtually exothermic.

no differences between the all-electron and the ECP results, and It is gratifying that our results so far are in agreement with

we are therefore confident that our present results are reliable.experiment. The stability of neptunium(V) is clearly demon-
For uranyl both steps in the reaction are endothermic at the strated, and the well-known fact that the heavier actinide(VI)

spin-free level, making the full reaction endothermic by 16.2 ions are more easily reduced than the lighter ones is illustrated

aEnergies in kcal mot-.
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20.0 ‘ ; TABLE 7: Comparison of Reduction Energetics with and
| i without Spin—Orbit Effects for Actinyls in Aqueous
First step ‘ Second step j Solution?
/;L . RECP
00 a\ i *‘ compounds spin-free (AQCC) with Spi®Orbit
R » I
;_; \\\ ' ‘h urany| UC§+ 16.18 2.83
;f \\\ J B neptunyl NpG* —4.69 —14.53
< 00 L S P § plutonyl Pug* —5.49 —10.04
2 N ! % americyl AmG* —47.28 —54.74
20 ™ |
& \\& aEnergies in kcal mott.
| 1
400 - [e—e Uranyl E\\ TABLE 8: Standard Gibbs Energies of Formation for
»——= Neptunyl ! \\ Species in Reaction &
#o 2 Plutonyl ! T ] chemical species AG/(2)
+*——% Americyl ] S~
| i H,0(1) ~56.60
-60.0 : UO?’ (aq) —227.34
Figure 2. Reduction energetics of the actinyl ions in solution including U*t(aq) —126.46
spin—orbit effect. Energies in kcal mol. U(OH)" —243.26

aEnergies in kcal/mol.
by the sequence uranyl, plutonyl, and americyl where both the 9

individual and the global reactions go from endothermic for TABLE 9: Thermodynamic Data for Reaction 6

uranyl to strongly exothermic for americyl, with plutonyl in the species AG®
middle.
. . : . : Np 19.72
It is noteworthy that the spirorbit effect is very important PU 24.20
for the uranyl and neptunyl reactions, but less so for plutonyl Am —20.45

and americyl. The smallest effect occurs for plutonyl, and this
can be explained by a change in the ground-state character of
the doubly reduced plutonyl Pu(Oﬁ) At the spin-free level,
the ground state is i;’ whereas it is th&€2 = 2-component
of the®I'y when the spirrorbit interaction is included. The latter
state was lying 4 kcal mot above the ground state at the spin-
free level.

When the bond length decreases from 1.71 iréUtb 1.62 o e ot n
in AmOﬁ*, the charge on the actinyl center decreases mono- U™ (ag)+ 2H,0 == U(OH); " (aa)+ 2H " (aq),
tonically from 2.57 on U to 2.20 on Am, see Table 2 (Figure log K= —2.65
2). As the bond length gets shorter, the overlap between the ] .
valence orbitals increases and the electrons become moreising the experimental data from Grenthe et’sh a 3 M
delocalized. This can be interpreted as an increased covalencyPerchlorate medium. The other Gibbs energies of reaction are
in the bonds. A more detailed study of the bonding properties taken from Grenthe et &.
of actinide and lanthanide complexes is planned. From these data we obtaihG°(2) = 40.67 kcal/mol, and

Comparison with Experiment. It is of interest to compare ~ thusAG°(hydr) = 37.91 kcal/mol.
the theoretical reaction energies with experimental redox data ASSUMINgAG°(hydr) and the equilibrium constant for the
in agueous solution. This requires an estimate of the Gibbs hydrolysis reaction
energies for the transfer from the gas phasgek to anaqueous
solution at 298 K. Current theoretical methods are not accurate M**(ag)+ 2H,0 < M(OH)2"(aq)+ 2H"(aq)
enough to make such estimates, and we have therefore estimated

this quantity using the uranium system and the following {5 pe constant along the seriest/Am we can obtain estimates
thermodynamic cycle: of AG°(2) for Np, Pu, and Am from the corresponding
theoreticalAU(1) values usingA\G°(hydr) for uranium.
UOLE 0K) +H0 (0K 2% UgOHEE 0K) + L0y 0K) 4) The Gibbs energies of reaction thus obtained for

a Energies in kcal/mol.

The experimentaAG°(2) was calculated from the Gibbs
energies of formation given in Table 8, where the value for
U(OH)%*(aq) is estimated by us from the equilibrium constant
at zero ionic strength for the reaction

J ‘ J \ MO3"(aq)+ 2H"(agq)— M**(aqg)+ H,O +
U03ag. 298 K) + Hy0 (aq, 298 K) 25 U(OH); (ag, 298 K)+ L O,(ag, 298 K)(5) 1
: 50, (9. f=1atm) (6)
The vertical arrows denote the solvation and temperature
change reactions. Denoting the sum of these Gibbs energyare given in the second column of Table 9. By combining eq 6
changesAG°(hydr) we obtain with

AG(2)= AU(1) + AG®(hydr) H,O(1, 298 K)— H,(g, f = 1 atm)+ %Oz(g. f=1 atm)

We can now use the experimental valueAd®°(2) and the
theoretical value oAU(1) including spir-orbit coupling (Table we obtain the standard Gibbs energy of reaction for the cell
7) to estimateAG°(hydr) for uranium. reaction in
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ta —
+pft@=1

H, (g,f=1atm)[|u*"(a=1)
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