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We have studied the solvation of uranyl, UO,?*, and the reduced species UO(OH)** and U(OH),** systematically
using three levels of approximation: direct application of a continuum model (M1); explicit quantum-chemical treatment
of the first hydration sphere (M2); a combined quantum-chemical/continuum model approach (M3). We have optimized
complexes with varying numbers of aquo ligands (n = 4-6) and compared their free energies of solvation. Models
M1 and M2 have been found to recover the solvation energy only partially, underestimating it by ~100 kcal/mol
or more. With our best model M3, the calculated hydration free energy AnG® of UO,?* is about —420 kcal/mol,
which shifts to about —370 kcal/mol when corrected for the expected error of the model. This value agrees well
with the experimentally determined interval, =437 kcal/mol < AyG° < =318 kcal/mol. Complexes with 5 and 6 aquo
ligands have been found to be about equally favored with models M2 and M3. The same solvation models have
been applied to a two-step reduction of UO,?* by water, previously theoretically studied in the gas phase. Our
results show that the solvation contribution to the reaction free energy, about 60 kcal/mol, dominates the endoergicity
of the reduction.

Introduction Solvent effects, treated at various degrees of sophistication,

Investigations on the structure and properties of actinide were applied to study the coordination environment and

compounds are becoming increasingly important due to the (1) Spencer, S.; Gagliardi, L.; Handy, N. C.; loannou, A. G.; Skylaris,
growing problem of nuclear waste accumulation and its C.-K.; Willets, A.; Simper, A. MJ. Phys. Chem. A999 103 1831~

L . : 1837.
penetration into the environment. Until the past decade, (2) Tsushima, S.; Suzuki, AHEOCHEM200Q 529, 21—25.

theoretical studies of these heavy elements were scarce (3) Tsushima, S.; Yang, T.; Suzuki, &hem. Phys. Let2001, 334 365~
because their high nuclear charge entails many challenges: 4 ,:ﬁ’, P.J.: Martin, R. L.; Schreckenbach, GJ.Phys. Chem. 200Q
relativistic effects including the spirorbit interaction as well 104, 6259-6270. ‘ _ _
as the correlation energy of many electrons that have to be ® %Vg‘lglfgerner:‘ié Yy ,M,\?g’ro';']'?F,ESQI'IeI-?VQengbS]'? uerSrq;ge'cllr;e?r?hlAm_
treated explicitly. An additional complication arises from the 1999 103 8257-8264. Y R '
fact that most of the relevant chemistry of actinides takes (6) Farkas, I; Bayai, I.; SzatioZ.; Wahligren, U.; Grenthe Inorg. Chem

. : 200Q 39, 799-805.
place in solution, and therefore, bulk solvent effects need to (7 Va”(;L V.; Wahlgren, U.; Schimmelpfennig, B.; SZalib; Grenthe,

be taken into account. Recently, however, progress in © II.BJI. _AmH CC\?T].I 80@081 '\}IZﬁ» ﬁlgs&thOTO&G ipel, G.: Farigioh
H H H olvin, H.; Wahnigren, U.; Moll, R.; Reich, |.; Gelpel, G.; Fan

quan.tum chemical methods, gspeually those baged on dgpsﬂy Th.: Grenthe. 1J. Phys. Chem. 001 105 1144111445,

functional theory (DFT), and improved computational facili-  (9) Vallet, V.; Wahlgren, U.; Schimmelpfennig, B.; Moll, H.; SZatib;

i i i i i Grenthe, l.Inorg. Chem 2001, 40, 3516-3525.

ties stlmylated a .renewed interest in this area. Now, (10) Wang, O.. Pitzer, R. M. Phys. Chem. 001 105 8370-8375.

computational studies are no longer limited to benchmark (11) Tsushima, S.: Reich, Them. Phys. LetR001, 347, 127—132.

calculations on halides or oxo cations but can be extended(12) Oda, Y.; Aoshima, AJ. Nucl. Sci. TechnoR002 39, 647-654.

. . . - (13) Vallet, V.; Wahigren, U.; Szah&.; Grenthe, IInorg. Chem 2002
to chemically more interesting, albeit more complex, coor- 41, 5626-5633.

dination compounds of U, as well as Np and Pu, which are (14) Fuchs, M. S. K.; Shor, A. M.; Reh, N.Int. J. Quantum Chen2002

i intion i i 86, 487-501.
relevant to actinide speciation in the environmene. (15) Garca-Herradez, M.; Lauterbach, C.. Fuchs-Rohr, M. S. K. e
S.; Rtsch, N. To be published.
* Author to whom correspondence should be addressed. E-mail: roesch@ (16) Privalov, T.; Schimmelpfennig, B.; Wahlgren, U.; Grenthd, Phys.
theochem.tu-muenchen.de. Chem. A2003 107, 587-592.
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stabilization energies of solvated Agf® (An = U and/or
Np, Pu}~8 and AnQ™ species.We also mention the recent
work of our group on the complexX€sAnO,>" (An = U,
Np) with water and other small inorganic ligands, employing
a combination strategy on the basis of explicit water ligands
and the COSMO (conductor-like screening model) solvation
model41°

The redox chemistry of actinides is important to under-

standing and controlling radionuclide transport, because

precipitation, sorption, and colloid formation behavior differ

approximation: (i) electrostatic interaction with bulk solvent
included via the COSMO approaéh(ii) explicit quantum-
chemical treatment of the first hydration sphere; (iii)
combination of the two preceding models. The change of
the reaction free energies due to solvent effects will be shown
to be much larger than the scatter between values obtained
at different levels of theory for the gas phase.

Computational Methods

All-electron calculations were performed with the linear com-

from one oxidation state to another. For example, the vastbination of Gaussian-type orbitals fitting-functions density func-

differences in aqueous solubility between U(VI) and U(1V)

tional method® (LCGTO-FF-DF) as implemented in the parallel

Species present a possib|e means to |mm0b|||ze uranium byCOde ParaGaug$22 This code permits nonrelativistic as well as
converting it into a lower oxidation state. Thus far, only few relativistic calculations. In this work, the scalar relativistic treatment

theoretical studi¢s® 18 have attempted to address the redox
properties of actinides. Hay et atalculated the reduction
potentials of the couples [AnH.0)s]2"/[ANO,(H0)s] ™ (An

= U, Np, Pu) with a hybrid density functional method
(B3LYP), combined with a dielectric continuum model, via
the adiabatic ionization potentials of the species [AnO

was chosen because of the heavy-element composition of the
chemical systems studied. Spiarbit effects were neglected; the
resulting error in the U(VI) reduction energetics is expected to be
6—7 kcal/mol for each reduction stép.

We used two different exchange-correlation functionals: the
local-density approximation (LDA) in the parametrization of Vosko,
Wilk, and Nusair (VWN)23 the gradient-corrected functional

(H20)s]". These values for the series U, Np, and Pu agreed (generalized gradient approximation, GGA) suggested by Becke

qualitatively with the experimentally observed trends, but
the absolute values were consistently® eV too large.
Privalov et al® undertook an ambitious study of the
mechamism for the U(VI) reduction by Fe(ll) which cor-
roborated the importance of a proper treatment of selute
solvent interaction. The solvation model was found to alter
the reaction energetics with respect to the gas phasely
kcal/mol at correlated levels; this energy is comparable with
the effect of electron correlation on the reaction energy.
Vallet et all’ proposed a two-step model process for the
uranyl reduction by water:

UO,”" + 1/2H,0 — UO(OHY* + 1/40,  (R1)

UO(OHY" 4+ 1/2H,0 — U(OH),*" + 1/40, (R2)

Depending on the method used, Vallet et’dbund reaction
energies varying from-9.4 to 13.7 kcal/mol for reaction
R1 and—0.2 to 5.7 kcal/mol for reaction R2. In their study,
density functional (DF) results were compared to those of
various Hartree Fock-based correlated methods; they also

examined all-electron methods vs effective core potentials

as well as results obtained without and with spambit
interactiont’” DF calculations yielded reaction R1 to be
exothermic, at variance with other methdd& his bench-

mark study referred to reactions in the gas phase only.

However, for these model reactions to acquire practical

relevance, solvent effects in aqueous solution have to be

taken into account, as done in the present work.

and Perdew (BP¥25LDA often yields more accurate results for
molecular geometries, whereas gradient-corrected functionals per-
form better for energy parametéf” We also refer to results
obtained with another GGA exchange-correlation functional, in-
troduced by Perdew, Burke, and Ernzerhof and modified by
Hammer and Narskov (PBENS;it had been successfully applied
in our earlier work on the hydration of U& .14

The Kohn—-Sham orbitals were represented by flexible Gaussian-
type basis sets, contracted in a generalized fashion using atomic
eigenvectors of scalar relativistic LDA calculations. For U, we used
a basis set of the type (24s, 19p, 16d, 11f), contracted to [10s, 7p,
7d, 4f];?° O and H atoms were described by standard basis’&ets,
(9s, 5p, 1d)y— [5s, 4p, 1d] and (6s, 1p)> [4s,1p], respectively.

Solvation effects were taken into account using the COSMO
method implemented in ParaGaud$sn the COSMO approach, as
in all continuum models (CM), the solute is placed in an empty
cavity of a dielectric medium; however, the dielectric outside the
cavity is first replaced by a conductor, which allows for a more
efficient solution of the electrostatic problem. To adjust for the
appropriate dielectric medium, an empirical factor is introdu€ed.

(20) Dunlap, B. I.; Rech, N.Adv. Quantum Chem199Q 21, 317—339.

(21) Belling, T.; Grauschopf, T.; Kger, S.; Notemann, F.; Staufer, M.;
Mayer, M.; Nasluzov, V. A.; Birkenheuer, U.; Hu, A.; Matveev, A.
V.; Fuchs-Rohr, M. S. K.; Shor, A. M.; Neyman, K. M.; Ganyushin,
D. I.; Rosch, N.ParaGauss version 2.2; Technische Univerdita
Munchen: Munich, Germany, 2001.

(22) Belling, T.; Grauschopf, T.; Kger, S.; Mayer, M.; Ngdemann, F.;
Staufer, M.; Zenger, C.; Reh, N. InHigh Performance Scientific
and Engineering Computing, Lecture Notes in Computational Science
and Engineering Bungartz, H.-J., Durst, F., Zenger, C., Eds.;
Springer: Heidelberg, Germany, 1999; Vol. 8, pp 43%3.

(23) Vosko, S. H.; Wilk, L.; Nusair, MCan. J. Chem198Q 58, 1200~
1211.

We employed the same two-step model and examined the(24) Becke, A. D.Phys. Re. A 1988 38, 3098-3100.

effect of solvation on reactions R1 and R2 at three levels of

(17) Vallet, V.; Schimmelpfenning, B.; Maron, L.; Teichteil, C.; Leininger,
T.; Gropen, O.; Grenthe, |.; Wahlgren, @hem. Phys1999 244,
185-193.

(18) Vallet, V.; Maron, L.; Schimmelpfenning, B.; Leininger, T.; Teichteil,
C.; Gropen, O.; Grenthe, I.; Wahlgren, U. Phys. Chem. A999
103 9285-9289.

(19) Klamt, A.; Schiirmann, G.J. Chem. Soc., Perkin Tran993 105
799-805.

(25) Perdew, J. PPhys. Re. B 1986 33, 8822-8824;1986 34, 7406.

(26) Galing, A.; Trickey, S. B.; Gisdakis, P.; Reh, N. InOrganometallic
Chemistry Brown, J., Hofmann, P., Eds.; Springer: Heidelberg,
Germany, 1999; Vol. 4, pp 169165.

(27) Koch, W.; Holthausen, M. @& Chemist's Guide to Density Functional
Theory 2nd ed.; Wiley-VCH: Weinheim, Germany, 2000.

(28) Hammer, B.; Hansen, L. B.; Ngrskov, J. Rhys. Re. B 1999 59,
7413-7421.

(29) Minami, T.; Matsuoka, OTheor. Chim. Actal995 90, 27—39.

(30) Poirier, R.; Kari, R.; Csizimadia, |. Gdandbook of Gaussian Basis
Sets Elsevier: Amsterdam, 1985.
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Figure 1. Schematic representation of the two approaches to describe
solvation of a solute/ion X. The solute/ion is always described quantum-
mechanically. In the first approach (A), solvent molecules (represented by

dashes) are included in the quantum-mechanical model; models become

more accurate by accounting for an increasing number of solvent shells.

Moskaleva et al.

the medium by representing the solvent as an unbounded
dielectric continuum. While they account for long-range
effects, conventional continuum models (see M1 in Figure
1B) have the significant limitation that they exclude chemical
interactions between solvent and solute on the molecular
level.

As a reasonable compromise, a combination model was
recommende& in which one or more solvation shells are
treated quantum-mechanically, while the long-range elec-
trostatic effects are accounted for with a continuum model.
This strategy is pictorially illustrated in Figure 1B. In
practice, it has been common to include only the first

The second approach (B), takes long-range electrostatic interactions intosolvation shell; in this way one compromises between the

account via a polarizable continuum model (CM). The most simple variant
M1 includes only a CM treatment of the solute X. More accurate models
result from treating a model of type A as the quantum mechanics part of a
model of type B; e.g., model M2 with one explicit solvation shell treated
with CM yields model M3.

Following the generally adopted classification of continuum
models3! the COSMO method belongs to the group of apparent
surface charge approaches. In addition to the original COSMO

computational cost and the accuracy of the model.

In this work, we used and compared three levels of
approximation to incorporate solvent effects (Figure 1): (M1)
description of long-range interactions via the continuum
model COSMO; (M2) explicit quantum-chemical treatment
of the first hydration sphere, i.e., complexes [J@0).]?",
[UO(OH)(H.0),]?", and [U(OH}(H20),]?" (n = 4—6) were

model, the ParaGauss solvent module also includes averaged shorconsidered without further reference to the solvent; (M3)

range solvent effects via a force fieltl.
The solute cavity for the electrostatic part of the sotgelvent

explicit quantum-chemical treatment of the first hydration
sphere, while further coordination shells are implicitly

interaction was constructed using atomic spheres of van der Waalsincorporated via the continuum model. Recently, we dem-

radii®? scaled by 1.2 (except for H). Additional spheres were created
according to the GEOPOL algorith##34 The dielectric constant
of water was taken as = 78.39.

Geometries were first optimized with the VWN functional; then,
single-point energies were calculated by applying the CM and the

gradient-corrected BP functional. This combination strategy takes

advantage of the accuracy of LDA structures but provides improved
energy data from the GGA approximation and the environment
model.

Results and Discussion

The theoretical description of the solvation of a molecule

onstrated the performance of the COSMO model for the
solvation of uranyk* where LDA and GGA (PBER)
geometries for hydrated uranyl were shown to be in very
good agreement with available experimental data when the
first hydration shell was explicitly included in the model.
Free energies of uranyl hydration calculated with an approach
of type M3 agreed well with experimetit.

In the following, we first focus on the structural and
electronic properties of the hydrated species ;U0
UO(OHY*, and U(OHY?*, including their hydration energies.
Then we will discuss the energetics of reactions R1 and R2
and compare them to those obtained in an earlier study.

presents a challenging task because both local interactions properties of Aquo Complexes. (a) GeometriesThe

(sometimes incorporating chemical interactions of solvent

optimized geometries of the complexes [kB,0).]?",

and solute) and bulk effects have to be accounted for. One[UO(OH)(H,0)]2*, and [U(OHY(H20),J2" (n= 0, 4—6) are

may aim at a purely quantum-mechanical description of the summarized in Table 1. The definitions of the geometrical
solvated system, based on a supermolecule approach (Figurgarameters are shown in Figure 2. First, we optimized
1A).*® The system size should be large enough to include nonligated species, i.e., complexes with= 0 (for these
several solvation shells before convergence of the solvation|inear species, the point grous, or Cs, were assumed);
free energy or other property of interest can be approachedithen, the aquo ligands were attached to the actinide center

thus, such a strategy is prohibitively expensive for heavy-
element complexes. Nevertheless, inclusion of only the first
solvation shell often gives a good first-order approximation

in the equatorial plane. Whereas the linearity of the OUO
moiety of [UO,(H.0),]?" is well established, we found by
unconstrained optimization that UO(OH)and U(OH)?*

because it may already cover significant chemical aspectsare also linear with both the LDA (VWN) and the GGA (BP)

of solvation.
On the other extreme are continuum models (CM) which
totally neglect microscopic properties of the solv&mk. CM

exchange-correlation approximations. Apparently, the inter-
action of an H(1s) orbital with the, HOMO orbital of
UO?*" is optimal in the linear geometry. Inclusion of the

approach allows one to describe electrostatic interactions withinteractions with the solvent via the CM did not affect the

(31) Tomasi, J.; Persico, MChem. Re. 1994 94, 2027-2049.

(32) Bondi, A.J. Phys. Cheml1964 68, 441-451.

(33) Pasqual-Ahuir, J. L.; Silla, El. Comput. Chem199Q 11, 1047
1060.

(34) Silla, E.; Tuion, |.; Pasqual-Ahuir, J. LJ. Comput. Cheni991, 12,
1077-1088.

(35) Gao, JRev. Comput. Chem1995 7, 119-185.

4082 Inorganic Chemistry, Vol. 43, No. 13, 2004

linearity of these ions. Interestingly, Hay et'dbund a linear
U—O—H fragment in the complex [U®H,O),(OH)]",
contrary to the intuitive expectation of a bent structure (like
H—0O—H in H,0O) and in contrast to the di- and tetrahydroxo

(36) Miertus, S.; Scrocco, E.; Tomasi,Ghem. Phys1981 55, 117-129.
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Table 1. Calculated Structural Parameted§ U(VI, V, VI) Complexes without and with Various Numbers of Aquo Ligands and Comparison with

Experiment
method di-o d2,-0 d3y-o dlo-w d25- olo-u-o 020-u-0 OlH—0-H
uo2t VWN 1.705 180.0
[UO4(H20),2+ VWN 1.756 2.359 0.984 90.0 180.0 107.9
[UO,(H20)s)2", Dsn VWN 1.760 2.417 0.980 90.0 180.0 107.8
[UO,(H20)5]2*, Cs VWN 1.764,1.765 2.410, 2.386, 2.460 0.981 90.2,78.4,112.7 1714 108.2,108.3,108.3
[UO,(H20)e)?*, Den VWN 1.757 2.528 0.977 90.0 180.0 107.9
[UO,(Hz0)g]", Daq VWN 1.774 2.447 0.979 725 180.0  109.0
U2+ VWN +CMb 1.718 90.0 180.0
UO%*(aq), expt 1.76 2.41 180.0
UO0,2*(aq), expt 1.78 2.41 180.0
UO(OHR* VWN 1.715 1.883 1.008 180.0
[UO(OH)(H;0),]2* VWN 1.777 1.972 2.372 0.985 0.983 923 180.0 107.6
[UO(OH)(H:0)5]2", Csy VWN 1.783 1.979 2.427 0.983 0.980 92.2 180.0 1075
[UO(OH)(H;0)5]?", Cs  VWN 1.785 1.980 2.425,2.444,2.425 0.983 0.980 101.0,81.7,101.0 176.9 107.8,108.1,107.6
[UO(OH)(H;0)g]2", Coy  VWN 1.780 1.978 2.541 0.983 0.977 91.6 180.0 1075
[UO(OH)(H:0)¢]2", C3y  VWN 1.801 2.007 2.468, 2.465 0.980 0.978,0.979 74.2,107.6 180.0 108.5,109.1
UO(OHR* VWN +CMb 1.743 1.884 0.996 180.0
U(OH)2* VWN 1.925 1.000 90.0 180.0
[U(OH)2(H20),]2* VWN 2.019 2.383 0.982 0.982 90.0 180.0 107.9
[U(OH)x(H20)5)?", Dsn  VWN 2.030 2.439 0.980 0.979 90.0 180.0 107.6
[U(OH)(H:0)52", Cs  VWN 2.031,2.032 2.412,2.432,2.514 0.980 0.980,0.979 87.9 166.5 108.2,108.0, 108.0
[U(OH)x(H20)e)?", Den  VWN 2.030 2.554 0.980 0.976 90.0 180.0 107.5
[U(OH)x(H20)g]?", D3 VWN 2.064 2.472 0.977 0.9770.978  72.9 180.0 1118
U(OH)2* VWN + CMP 1.963 0.987 90.0 180.0
H,0 VWN 0.972
aSee Figure 2 for definitions; distances in A and angles in 8@M was self-consistently applied in geometry optimizatibReference 404 Reference
5.
in the gas-phase approximation using the VWN functional,
1.705 A, is 0.05-0.07 A shorter than experimental values
measured for hydrated U8, 1.76 and 1.78 R4 Vallet et
al.l” obtained 1.706 and 1.711 A for gas-phase,#Qn
CCSD(T) and ACPF calculations. The corresponding PBEN
result4 for U—O bond in the nonhydrated uranyl, 1.723 A,
is slightly larger than these values. When solvation was
included via strategy M3 (explicit water ligands, coordinated
to uranyl, combined with CM), both the VWN and PBEN
methods furnished the O bond length in excellent
agreement with experiment, 1.765 and 1.772 A, respec-
tively.’* The equatorial B-O distances in [U@H,0)s]?",
computed with the VWN functional, with and without CM,
were 2.468* and 2.417 A, respectively. The latter value is
close to the experimental result, 2.42 R The corresponding
d1oH PBEN distances with and without CM, 2.63%nd 2.530
@ A, Y“respectively, are notably longer. Geometrical parameters
uQ @ ® calculated with another gradient-corrected functional (BLYP)
oc20.U.0 YO o were close to the PBEN values: the axial UO distance was
OH® calculated at 1.803 A, and the equatorial UO distance, at
2.516 A% As expected, LDA calculations provide more
© accurate equilibrium geometries than GGA calculations.
O [U(OH)(H20)p12* As the oxidation state changes from VI to IV, the axial
Figure 2. Definition of the structural parameters of the complexes U—O distances increase (Table 1). This mainly concerns the

[UO2(H20)n]?*, [UO(OH)(H20)n]?*, and [U(OHY(H20)n%.

complexes, [UQOH),] and [UO,OH),?", where bent

U—O—H fragments were predicted3° theoretically.
Reliable experimental geometries are available only for

aqueous UG (Table 1). The U-O bond length calculated

(37) Privalov, T.; Schimmelpfennig, B.; Wahlgren, U.; Grenthd, Phys.
Chem. A2002 106, 11277-11282.

(38) Schreckenbach, G.; Hay, P. J.; Martin, RJLComput. Cherml999
20, 70—-90.

(39) Schreckenbach, G.; Hay, P. J.; Martin, RIhorg. Chem.1998 37,
4442-445] .

U—O(H) bonds (denoted @2, in Table 1), which increase
by 0.17 A going from U@* to UO(OH}* and by 0.22 A
from UO2" to U(OH)?t. The terminal UO bond, dilo,
also elongates by 0.01 A upon addition of a hydrogen atom
(Table 1).

The Mulliken charge of the uranium center increases only
slightly in the sequence U, UO(OHY", and U(OH)?*,
from 1.99 to 2.04 e, at variance with the trend of the formal
oxidation state of U, which changes frofr6 to +4. There

(40) Allen, P. G.; Bucher, J. J.; Shuh, D. K.; Edelstein, N. M.; Reich, T.
Inorg. Chem.1997, 36, 4676-4683.

Inorganic Chemistry, Vol. 43, No. 13, 2004 4083



Moskaleva et al.

Table 2. Solvation Free Energies and Gas-Phase Binding Enér(keal/mol) of Uranium Species, Calculated at the BP Level

AES) ing0 AGG —NAGRYH0)  AGH™ AGM3ML
UO2* —29F
[UO(H20)e]2+ —237 (-59), —233¢ 214 ~123
[UO5(H20)5)2*, Dsh —263 (-53),—2579 —243¢—353  —193,—188' 34 —421 —125,-130¢ —58.9
[UOx(H:0)gJ2, Cs —264 (-53) ~192 34 —422 ~125
[UO5(H20)e)2*, Den —258 (-43),~2539 —241¢—350  —184 41 —402 ~105,—112¢ —34.6
[UOx(H20)e) 2. Dag ~280 (-47) ~184 41 —423 ~126
UO(OHR" —28%
[UO(OH)(H,0),]2* —213 (-53)
[UO(OH)(H:0)g]2, Cs,  —228 (~46) —187 34 —381 —99
[UO(OH)(H:0)J2", Cs —235 (-47) —188 34 —388 ~106
[UO(OH)(H,0))2* Coy  —223 (-37) ~177 41 —359 -77
[UO(OH)(Ho0)J2". Caw  —242 (~40) -179 2 -380 —98
U(OH).2+ —25F
[U(OH)2(H20)4** —201 (-50)
[U(OH)2(H20)5]2*, D —222 (44) ~180 34 —368 ~112
[U(OH)(H:0)]2+ Cs —224 (~45) ~180 34 -370 ~113
[U(OH)2(H20)g]2" . Den —217 (-36) —172 41 —348 —91
[U(OH)»(H>0)¢]2*, Dag ~233 (-39) ~174 41 —366 ~109

aAEf)?,ldingv(J: gas-phase binding energy (M2); binding energies/ligand are given in parenthé’.éé@; CM increment to the hydration free energy.
nAGgg’Vg(Hzo) = same quantity fon water moleculesAGigg“"a' = total hydration free energy (M3) as sum of the preceding three colun@¥3-M1 =
defect of the CM treatment as defined by ed Single-point calculations performed on the geometries optimized at the VWN level. BRI energies

were calculated only fon = 5 and 6.¢ Corresponding to free energy of hydration by model MReference 1¢ Reference 6! Reference 3.

Table 3. Solvation Energigsof UO,2", UO(OHY*, and U(OH)?*

is no contradiction, because the—® bonds are in fact Determined from the Models MAM3 at the BP Levdl

covalent and the electronegativities of O and OH are quite

M1  M2¢ M3° expt
close, both around 3850 that both electron-acceptor groups - -
+ — — — — — o —
are expected to draw about the same amount of electronggi oHp* 297 T204 a2 m297E S A3T= MG = m3IE
density, leaving the charge ef+2e on the U atom. U(OH)2* —257 —224 —370

Itis mfor_matlve to mspect the structural changes resulting aModels M1-M3 are described in the text. Experimentally based
from the different solvation models. As seen from Table 1, estimates for the free energy of hydration of uranyl are also shbimgle-
optimization of the geometries with the simple CM (without point calculations performed on the geometries optimized at the VWN level.

‘G ; : . ; ¢ Values calculated for [X(kD)s]2*. @ Estimated using\H°(UO,2") = 289
explicit consideration of KD molecules; M1) increases the 1 5 keal/mol515 © Estimated usinghH°(UO2") — 311 = AH® < 430
UO bond length by about 0.01 A. The UO bonds in UO- calimol®2

(OH)?" and U(OH)?" also elongate. The positive charge of
the bonds; however, as we will see below, this is not the and the binding energies/ligand decrease (Table 2), whereas

case when explicit water ligands are considered. the axial UO distances go through a maximummat 5.
When optimizing complexes with water ligands coordi- This observation lead us to suspect that, for= 6, the
nated to the U atom, we first impos&u, or Cy, (n = 4—6) destabilization caused by van der Waals repulsion between

constraints (referred to as “high-symmetry” structures) and aquo ligands is stronger than the stabilization due to addition
then studied the effect of symmetry lowering for= 5 and of one more HO molecule. Indeed, fan = 6, the distances
6. In the high-symmetry complexes, water ligands were petween equatorial oxygen center£.5 A, are 0.4 A shorter
arranged in the equatorial plane of the linear solute unit with than twice the van der Waals radius of an O atom (2.9?A),
the H-O—H planes oriented perpendicular to that plane. whereas, fon = 5, the corresponding inter-oxygen distance
Earlier studies on pentaaquo urafyfiound theDs;, structure is 2.84 A in UQ(H;0)s2", or slightly longer in [UO(OH)-
of [UO,(H:0):]** to be less than 1 kcal/mol above the true (H,0)s]2* and [U(OH)(H:0)s]2*, hence at the border. To
minimum. However, our own studies showed that, for examine the consequences in more detail, we reoptimized
complexes with six kD ligands, symmetry lowering resulted  complexes withn = 6, reducing the symmetry tBs4 and
in a significant structure relaxation and stabilization. Cs point groups instead oDg, and Dsg, to allow oxygen
Compared to nonsolvated O, UO(OHY", and U(OH)?*, atoms of aquo ligands to move out of the equatorial plane.
the axial UO distances increased in the hydrated speciesSuch geometry relaxation was found to reduce the total
whereas the axial OH bond distances decreased slightly.energy by 2%+27 kcal/mol at the VWN level; the corre-
Uranium bonding with equatorial ligands competes with the sponding gas-phase BP binding energies (first column of
bonding between U and axial oxygen centers. Looking at Table 3) were reduced by @2 kcal/mol. Due to this
the geometries of the “high-symmetry” hydrates, one ob- structural relaxation, the equatorialH® bond distances
serves that as the number of aquo ligands increases from 4hrank by about 0.1 A whereas the axiakO bonds
elongated by 0.020.04 A (Table 1).

(41) Thtle belectrcynegativitr)]/ 31‘ a? OH gerl,Jp]c was estimate@|t~h335f klfal( Therefore, we investigated lower-symmetry conformers of
mol Dy various methods; for more information, see the fo owing: . ]
Wells, P. R. InProgress in Physical Organic Chemistyaft, R. W, the pentaaqgo complexes as well but found less significant
Ed.; Academic: New York, 1968; Vol. 6, pp 13145. energy lowering of 25 kcal/mol forCs, Cs, andC, structures
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-14; E, eV —__(Ueddy)  _— __ysfn, and U 5%, of essentially atomic character, which by
~  (U7s/6day) symmetry cannot mix with any filled orbital of oxygen.
15¢ T 3;:?"“9 — — (U5fmy) Addition of a hydrogen atom to one of the uranyl oxygen
6L ¢ — — USfy centers can be formally viewed as donation of one of the
- USfa, 4 —+-Us5f3, oxygen lone pairs to the H atom and a promotion of an extra
17} (USfou glectron t.o the lowest 5f orbital of U in UOQH 516. Th.IS
== == (U5fd,) is essentially what we see from the population analysis. The
-18p former oy orbital of uranyl, which was mainly localized on
10l the O atoms, acquires-aH bonding character in UO(OF).
— SRy This orbital hence moves down in energy, by 1.9 eV, below
20f  — —Usfp, —H- - T 7y and g, while 7y in turn rises in energy, by 1.7 eV, due
(o0 H AT to reduced participation of the 5f orbitals (Figure 3). The
21r unpaired electron occupies the W5brbital, to give a’A
2l iiiﬁ:i A electronic state at variance with Vallet et Hlwho found
H- ou the U 5% orbital to be below the U 5f and reported &
23l & ﬁg ground state for this species. Actually, thed 5ind 5%
it g orbitals are nearly degenerate and will mix if spiorbit
-24¢ interaction is considered. The more precise squirbit
25l - (o9 - o treat.merﬁ"ff’"‘ﬁof the isoelectronic Np§'3+ predicts adu,¢u)*
UOR" UO(OH?* U(OH)2* configuration for the lowest electronic states w§h= 5/2

_ ) _ _ (a mixture of?ds,, and?As,, With a larger contribution by
ElglljwreofLuﬁdcohe;aaglcofsﬁﬂze?hcri e°fctg'r$1F;{Z'fe”sceug’b'ﬁg(ageHr)gfsa?%ar e the former state) an@ = 3/2 (Asz) at a slightly higher
U(OH):2*. For UO(OHY*, the orbital notations are taken in parentheses, €nergy, in agreement with experimént.
because these irreducible representation notations correspond to the group  Another issue, related to partially filled degenerate orbitals,
Den and, strictly speaking, do not apply to UO(GH) is the RennerTeller effect. At first glance, it seems a bit

surprising that UO(OH) favors a linear geometry, because
at the VWN level. The total free energies of hydration for molecules with partially occupied degenerate shells tend to
UO,(H,0)s2" and [U(OH}(H,0):]2" were essentially not ~ undergo a structure change that removes the degen‘@ragy.
affected, whereas the total free energy of hydration of [UO- Note also the linear geometry of the isoelectronic species
(OH)(H;0)s]2" was reduced by 7 kcal/mol. Tables 2 and 3 UO:". The fact that the 5f orbitals of U have an essentially

list only the results for the complexes B/Cs, symmetry
and the lowest energZs conformers; the geometry and

atomic character plays a crucial role here, as well as the
stabilizing effect of the interaction U 5O 2p, strongly

energetics of the other pentacoordinated structures exploredavoring a linear geometry.

can be found in the Supporting Information.

(b) Electronic Structure. UO,?* is a closed-shell species,
13 4™, with a formal 5f configuration of uranium. For some
time, the electronic structure of uranyl was the subject of
extensive discussiortd*® The most controversial issues
concerned the phenomenon of ¥Olinearity as opposed
to the isoelectronic bent ThG>*® It was established that
the highest occupied orbitals of YO comprise a set of
orbitalsay, 0y, g, anda, (Figure 3). This work concurs with
that analysig? at both the VWN or BP level, the relative
ordering obtained isty < 7wy < gy < oy (Figure 3). In this
set, 7, and o, exhibit significant U 5F0O 2p bonding
character, angis a U 6d-O 2p bonding orbital. The lowest
virtual orbitals have strong U 5f character; the ordering of
the U 5f manifold agrees with that given in a recent
experimental stud§? U 5f¢ ~ U 5f6 < U 5fz,* < U 5foy*.

The U 5f,* orbital is involved in U-O bonding, hence
displaced to higher energies; some U 6d orbitals follow the
U 5fz* level immediately at higher energies. The lowest
lying virtual U5f orbitals are two degenerate pairs, W 5f

(42) Pepper, M.; Burstein, B. EEhem. Re. 1991 91, 719-741.

(43) Dyall, K. Mol. Phys.1999 96, 511-518.

(44) Denning, R. G.; Green, J. G.; Hutchings, T. E.; Dallera, C.; Tagliaferri,
A.; Giarda, K.; Brookes, N. B.; Braicovich, LJ. Chem. Phys2002
117, 8008-8020.

The change in electronic structure upon going from
UO(OHY" to U(OH)2" is quite obvious in the light of the
preceding discussion. In our scalar-relativistic picture, the
additional electron ends up in the Ud%drbital to yield ad?
configuration corresponding to th& 4~ state, again at
variance with the MRCI treatment of Vallet et &l.who
report a¢o! configuration and &Hy ground state. In our
single-determinant approach t®5* state was 0.3 eV higher;
clearly, the MRCI treatment is more appropriate for such a
multiplet. Spin-orbit CI calculation$4>4°for isoelectronic
NpO,* and Pu@" predicted a®Hiq (¢'0%) ground state,
which agrees with results of polarized single-crystal adsorp-
tion spectroscogy and EPRC studies. On the other hand,
scalar-relativistic DF calculatiofor these species yielded
the state®y 4~ in agreement with our results. In U(O),
the ordering of the four highest filled orbitals changes again,

(45) Matsika, S.; Pitzer, R. Ml. Phys. Chem. R00Q 104, 4064-4068.

(46) Matsika, S.; Zhang, Z.; Brozell, S. R.; Blaudeau, J.-P.; Wang, Q.;
Pitzer, R. M.J. Phys. Chem. 2001, 105 3825-3828.

(47) Denning, R. G.; Norris, J. O. W.; Brown, Dol. Phys.1982 46,
287—323; 325-364.

(48) Albright, Th. A.; Burdett, J. K.; Whangbo M.-HDrbital Interactions
in Chemistry Wiley: New York, 1985.

(49) Maron, M.; Leininger, T.; Schimmelpfennig, B.; Vallet, V.; Heully,
J.-L.; Teichteil, C.; Gropen, O.; Wahlgren, Ghem. Phys1999 244,
195-201.

(50) Bleaney, R. GDiscuss. Faraday Sod.955 19, 112-118.
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and theo, orbital also shifts down belowry due to the The notation “(ag;m)” indicates here and further the
bonding interaction with the, H based combination (Figure  description of solvation that takes into account only long-
3): 0y < oy <my < m,. Themygandsr, orbitals maintain their range electrostatic effects. The free energies of hydration
character (U 6600 2p and U 5fO 2p, respectively)  obtained by this method are listed in Table 28G5,
although the contribution of uranium is significantly weak- M2. The second approach to the description of the

ened compared to U@, especially that of the U 5f orbi- interaction with the solvent was, as discussed earlier, a
tals, which overlap much less as the-O bond length completely quantum-chemical explicit solvation model, in
increases. which the free energy of hydration was approximated by the

The influence of solvation on the molecular orbitals is energy change of reaction R4 in the gas phase at 0 K:
quite similar for all three species. The straightforward CM
does not affect the orbital ordering, whereas the contributions X(9) + nH,0(g) — [X(H,0).1(9) (R4)
from the U 5f and 6d orbitals decrease due to increase®U
bond distances. Coordination of aquo ligands to uranium hasIn other words, this energy is the gas-phase binding energy
a more pronounced effect. First of aity and s, [or their of n water molecules to XAEf)ﬁ’%ding’O Note the difference
counterparts in UO(OHYJ] are slightly destabilized, so that, betweenAEg?%ding,o and the free energy change of (R4),
in [UOy(H,0),)%", the z, orbital rises above they orbital. AG(ZQQ)S' At room temperature
Noninteracting lone pairs on the aquo oxygen centers
introduce several nonbonding orbitals whose energies are AGY, = AE&’%ding,o"‘ A* (1)
close to the HOMO, and for [U§H.0),]?" (n =5, 6), such
a lone pailr re.places th(_a HOMO. Another set of lone pairs \yhereA* includes the change of the zero point eneAEPE
(those which interact with the uranium atom) form a lower g thermal corrections, which comprise electronic, vibra-
lying group of occupied levels with small contributions of o4, rotational, and translational thermal contributions to
U 5f and 6d orbitals; thus, they compete with axial the internal energy as well as the termsRTand —TASS5
z-bonding. Nevertheless, solvation leaves the gross featuresy+ js supstantial and amounts to about 10 kcal/mol per water
of the electronic structure unchanged in all cases. ligand 55 Therefore, this term should not be ignored in a

EnergetiCS.We start this section with the discussion of Comparison with experiment_ However’ in this Waﬂcwas
the solvation energies of the uranium species under study.neglected, because in the redox reactions discussed later the
The solvation Gibbs free energy of YO was calculated  corresponding corrections are estimated to be much smaller
earlier}* experimental estimates of the hydration enth&py  since they essentially cancel.
and the hydration free energy*are also available. It should M3. In a combination approach, which couples the explicit
be informative, on one hand, to compare the results of the consideration of the first solvation shell with a CM treatment
current approaches with earlier results and with experiment. of the remaining solvent, the free energy of solvation is

On the other hand, in the present context it is obvious t0 getermined as the approximate free energy cha‘x@gg‘m”"
examine how the solvation energy depends on the oxidationgf reaction R5:

state and (where appropriate) on the number gDH

molecules included explicitly in the first solvation shell. X(g) + nH,O(agem) — [X(H,0)J(ag,cm)  (R5)

Afterward, we will discuss the redox energetics in solution,

which in turn is directly affected by differences in the Here, the continuum model is applied to both the water

solvation energies of the oxidized and reduced forms. molecules on the left-hand side and the hydrated species
Solvation Energies We calculated the solvation energies [X(H.0),] on the right-hand side of the equation. Comparison

of uranyl and its reduced species by the three approachesf reactions R4 and R5 makes it evident that
outlined above: M%*M3. First, we shall describe these

models in a consistent manner giving a!l necessary equations Aggg'étola'z AG(299)8+ AGgg'\g([x(H 50))) — nAGgg,Nf'3 (2)
and showing the thermodynamic relationships between the

solvation free energies calculated by MW3. In this work,  \yhere the CM terms are free energies from a continuum
we applied certain approximations and we will comment on model. Our estimate of the solvation free energy of model
them as we proceed. M3 is an approximation toAGS4*® up to the missing

M1. In model M1, a CM was applied to bare ions (i.e. orrection A* of AG(Z%)B, eq 1. We define the defect

without explicit treatment of the first solvation shell). AgM3-M1 of the continuum model as the difference between
Schematically, model M1 is described by reaction R3: Aezglétotal andAGgg'\g(X):

X(g) — X(aqcm) (R3) M3-M1 _ cM cM
AG = AG(2%)8+ AGZo5([X(H0),]) — NAGZg5(H,0) —
Here X = UOz2", UOOH*, and U(OH)?". AGRHyX) (3)
(51) Marcus, Y.J. Inorg. Nucl. Chem1975 37, 493-501. (54) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, JAB.initio
(52) Denning, R. IrGmelin Handbook of Inorganic Chemistri$pringer- Molecular Orbital Theory Wiley: New York, 1986.
Verlag: Berlin, 1983; U Suppl. Vol. A6, p 46. (55) Martin, R. L.; Hay, P. J.; Pratt, L. R.. Phys. Chem. A998 102
(53) Marcus, Y.lon Sobation; Wiley & Sons: New York, 1985; p 263. 3565-3573.
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This is just the free energy change of the hypothetical
reaction R6:

X(agem) + nH,O(adem) — [X(H O)J@gem) (R6)

Therefore, the quantithGM3~M1 [in previous works referred

to as “binding energy (a)’br dissociation energy (liquidy
accounts for the effects of covalent bonding of ligands and
thus provides a measure of the deficiency of the pure CM
model. Because of the approximate natureAG%; in this
work, the valuesAGM3~M1 in Table 2 are expected to be

for AGM3"M1 —125 kcal/mol, is twice as large as their
reported value of-58.3 kcal/moP The gas-phase binding
energies AE( .0 Of ref 3 differ significantly if one
compares them to other theoretical stutifeend this work.
Their AE g0 for [UOx(Hz0)s%", —353 kcal/mol, is
much below our value for that complex;263 kcal/mol.
Substitution of the values from ref 3 into eq 2 and assuming
AG5H-0) = 7 kcal/mol yieldsAG34*® = —506 kcall
mol, more than 100 kcal/mol in absolute value above the
current result.

substantially overestimated (in absolute value) by the amount The results of Simpler et al.,who used the BLYP

of A* (about 46-50 kcal/mol), just as were the values of

functional and a simple Onsager cavity mogfefre most
(9)

ref 1, where the same approximation was made. Theseconsistent with ours in terms ohEg; i, o @nd AGM3 M

corrections would notably reduce the differences with the
values of ref 3 wherdGM3~M! values of—58.3 and—34.8
kcal/mol were calculated for [UH,0)s]?>" and [UO-
(H20)6)?", respectively.

Table 2 compares different contributions #G5g;",

which enter eq 2; note that according to eq 2 the next to last obtains AG394° =

(Table 2). Although these authors do not explicitly give the
total solvation energy, it can be estimated from their data at
—427 kcal/mol, using our value fakG5ey(UO2" ) = —297
kcal/mol and eq 3. Alternatively, if one takes their value for
AE) ing.0 @nd our value oAG3; for [UO2(H,0)s]2*, one
—416 kcal/mol using eq 2. In earlier

column is the sum of the preceding three columns. Calculatedwork employing the PBEN functionét,our group calculated

values ofAEEfi’%dng for 4—6 aquo ligands to uranyl range
from —237 to—280 kcal/mol and underestimate the absolute
value of the total solvation energgGsg, by 140-160
kcal/mol. As seen from Table AG5eyX) (X = UOz2*,
UO(OHY", U(OH),?2") of nonligated ions (M1) also recovers
only a part of the total solvation energy, underestimating its
absolute value by some 100 kcal/mol. However, this differ-
ence would be significantly smaller if the values for

AGH® were corrected by\* (about 40-50 kcal/mol).

AED ing0= —253 keal/mol andAG([UOx(H,0)% )=
—179 kcal/mol; these values result mGgy°® = —407
kcal/mol, in overall good agreement with the present results.
Inspection of the results obtained with the models-M1

M3 (Table 3) reveals that both the simple CM model M1
and the purely quantum-chemical model M2 significantly
underestimate the size of the solvation free energy b90—

125 and~150 kcal/mol, respectively. Note that the model
M1 depends crucially on the choice of the van der Waals

We can also compare current results with those of earlier radiusry of the uranium atom. Here, we adopted the value

studied34614on uranyl aquo complexes with the strategies
M2 (ligated complex) and M3 (ligated complekx CM),
although most of these studies did not explicitly specify the
solvation energy of [U@H,0),]?". The gas-phase binding
energies of refs 1, 3, and 6 are given in Table 2 for
comparison. Our values &EQ,;, o (M2) agree best with
the BLYP results of ref 1; the MP2 vallfeare consistently
higher by~20 kcal/mol, whereas the B3LYP values of ref
3 are surprisingly too negative, by about 100 kcal/mol. In
qualitative agreement with this work (in cases whigg or

of 1.86 A2 our previous study showed that withiy, = 1.70

A the negative hydration free energy of uranyl becomes 32
kcal/mol more negative. This highlights a severe disadvan-
tage of the model M1 in comparison with other models.
Qualitatively, all three models demonstrate that the absolute
value of the solvation energy is reduced as the oxidation
state changes from VI to IV. The redox energetics (see
below) in solution favor uranium species in higher oxidation
states. The solvation energies of the three compounds
investigated, U&", UO(OHY", and U(OH)?>", are, of

Den Symmetry was imposed), these three studies gave verycourse, comparable in size due to the large effect of the total
close binding energies for the penta- and hexacoordinatedcharge of+2 e. Contributions of the dipole and higher

complexes, with a slight preference for the former. In ref 4,
the complexes were optimized without symmetry constraints,

and in agreement with our reduced symmetry calculations,

multipole moments are 1 order of magnitude smaller, but
they differentiate the solvation behavior of the three com-
pounds. The hydrogen-free oxygen centers ofdi@nd UO-

the hexacoordinated complex was found to be most stable(OH)?* carry charges of-0.001 and-0.057 e, respectively,

in the gas phase. Although absolute vaIuesAtEﬁ%dmg,o
were not reported in ref 4, the differences AEE,?%dmg,o
(without ZPE correction) between 5 and 4 and between 6
and 5 aquo ligands were29 and—22 kcal/mol, respectively,
to be compared with-27 and—16 kcal/mol found in this
work.

Tsushima et al.employed the original PCM meth#&d
to which the present COSMO model is a computationally
more efficient alternative. The value oAGSy for
[UO,(H,0)s]?*, —188 kcal/mol, reported by Tsushima efal.
is very close to our result; 193 kcal/mol, although our result

whereas the hydrogen-bound oxygen centers of UOtOH)
and U(OH)?" draw negative charge from the polar OH bond,
resulting in partial charges 6f0.41 and—0.47 e, respec-
tively. Consequently, the Coulomb field of the uranium
center (~+2.0 e) is reduced, resulting in a lower polarization
of the surrounding solvent and hence a smaller solvation
energy of UO(OH)" and U(OH)?" compared to UG,
Finally, comparison of the three density functionals in
Table 4 (LDA, two types of GGA) shows that model M1

(56) Onsager, LJ. Am. Chem. S0d.936 58, 1486-1493.
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Table 4. Solvation Energy (kcal/mol) of Uranyl UQ?" Calculated pentaaquo complex. Hay et &lyho optimized all complexes

with the Three Sol\_/atlon quels MiAM3 for Various without symmetry constraints, found [Q@"zo)e]2+ to be

Exchange-Correlation Functionals . o
22 kcal/mol more stable in the gas phase thanjtigD)s]

M1 M2" M3* + H,0, which concurs with the value of 16 kcal/mol
\é\;VN :gg? :%‘11 a2 determined in this work. Thus, gas-phase binding energies
PBEN _508 _o53 407 do not support the generally accepted pentacoordination of

uranyl as the preferred complex. Nevertheless, inclusion of
electrostatic solvent effects reduces the energy gap between
penta- and hexacoordinated complexes. Hay et al. found the

yields rather similar values;-297 &+ 1 kcal/mol; larger ~ Pentaaquo complex to be preferred in solution by 1.5 kcal/
discrepancies were found for the models M2 and M3. Recall Mol. Our study predicts the twaAG39;°? values to be
that M2 represents the binding energy of a shell of aquo essentially the same; however, inclusion of thermal and ZPE
ligands and M3 includes it implicitly. The values calculated corrections (see above) is expected to favor the pentaaquo
with the two GGA functionals;—264 and—253 kcal/mol ~ complexes by a few kcal/ mél.

(M2), differ by 11 kcal/mol, the corresponding M3 values, Direct experimental measurements of the free energy of
—422 and—407 kcal/mol, differ by 15 kcal/mol (M3); not  hydration of UG*" are not available. Marcifirst estimated
unexpectedly, the VWN result; 319 kcal/mol (M2), is larger  its hydration enthalpyAsH°(UO,*"), at —325.3+ 5.5 kcal/

in absolute size than the GGA values, b0 kcal/mol. In mol usingA¢H°(UO.**(aq,conv))= —248.8+ 1.2 kcal/mol
general, one expects the gradient-corrected functionals, BPandAH°(UO,**(g)) = 289.2+ 4.8 kcal/mol, calculated from
and PBEN, to yield more reliable energetié2? however, complex thermodynamic cyclés.He also estimated the

it is difficult to judge which of the two used here provides entropy of hydration of uranyl a&,S’(UO,*") = —78.6 cal/
better agreement with experiment, because the experimenta(mol K) by taking S’ (UO,***(aq,conv))= —23 £ 0.5 cal/
free energy of hydration of uranyl can only roughly be (mol K)andS’(UO**(g)) = 62.1=+ 0.5 cal/(mol K); these
estimated to lie in the interv&lof —437 to—318 kcal/mol ~ Values are consistent with recent thermodynamic eefa.
(see the discussion below). From known hydration enthalpy and entropy values, one

Several earlier experimentd? 59 and theoreticaP46 obtains the free energy of hydration of uratyG°(UO2")

studies addressed the preferred number of water ligands of= ~301.9+ 5.5 kcal/mol. With subsequent measurements,
UO2*, for which the value of 5 is now generally agreed this result can be modified. The latest recommended value

upoNn-614.40.58.50ur values oAGIL "™ suggest that penta- ~ for AH®(UO;*"(ag,conv)),~243.6+ 0.6 kcal/mok changes

and hexacoordinated species should be about equally favoredthe value of the free energy of hydration of Oto A_hG°-
Inspection of Table 2 shows that complexes with 5 aquo (U02*") = —296.64 5.3 kcal/mol. A recent experimefit
ligands have the most negative binding or solvation energy restricts the enthalpy of formation of Yo(g) to the interval
when higher symmetrieDg, or C,,) are imposed. When from 311 to 430 kcal/mol, much e}bove the value estimated
lower symmetriess; and Cs,) are used for the hexacoor- by Marcus, 289;i:_ 5 kcal/mol?l_ With that result,.thg free
dinated complexes, their gas-phase binding energies becomgnergy of hydration of Ug" is calculated to lie in the
significantly more negative and total hydration energies interval—437 kcal/mol< A;G°(UO.*") < —318 kcal/mol.
AG® hecome comparable to those of the corresponding Although quantitative agreement with experiment was not

aModels M1-M3 are described in the textValues calculated for
[UO2(H20)s]2". ¢ Reference 14.

pentacoordinated complexes (Table 2). expected from the approximate models used here, our best
The calculated values mGggIétotal for [UOs(H,0)g2", estimate for the free energy of solvation of ¥Q —420

[UO(OH)(H,0)]2+, and [U(OH)(H.0)2+ are—423,—380 kcal/mol, corrected by an estimated value\df~ +50 kcal/
and —366 kcal/rr;ol respectively. As mentionéd abéve mol to —370 kcal/mol, falls inside the interval437 to—318

reducing the symmetry of pentaaquo complexes resulted inkcal/mol derived_ above on the basis of most rec_ent e_xperi—
a less significant energy lowering. The corresponding total mental data. Ewdently, the rather large uncertainty in the
free energies of hydration are422, —388, and—370 kcall heat of formation of uranyl calls for new measurements or
mol. Earlier studie&® at the BLYP and HF levels mainly ~ [OF accurate calculations.

addressed conformers of [JB1,0):]2* and found only small Oxidation and Reduction of Uranium Complexes.
energetic gains (below 1 kcal/mol) with respect to g Vallet et all” studied the oxidationreduction properties of
structure, in agreement with our work. uranyl derivatives employing model reactions R1 and R2.

No such analysis was previously carried out for [JO Although the naturally preferred forms of U(V) and U(IV)

i :
(H20)s)?". Authors who apparently used tlg, symmetric are qu and U, g\gse a_uthors chose_ to consider
structuré® concluded that the hexaaquo complex is less UO(OHY" and U(OH)*" in their model reaction schemes.

favored in the gas phase by-3 kcal/mol compared to the

(60) Rizkalla, E. N.; Choppin, G. R. Iiandbook on the Physics and
Chemistry of Rare Earth€Gschneider, K. A., Eyring, L., Choppin,

(57) The experimental value cited in ref 14402 + 60 kcal/mol, is in G. R., Lander, G. H., Eds.; Elsevier: Amsterdam, 1994; Vol. 18, pp
fact the enthalpy of hydration of uranyl. 529-558.
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Reduction of the Uranyl Dication by Water

Table 5. Reaction EnergieAgrEy and Free EnergieArG29g(M1, M3) (kcal/mol) of the First (Eq R1) and Second (Eq R2) Reduction Steps of Uranyl
with Water: Comparison of the Results Calculated with Hartféeck-Based Correlated Methods and Density Functional Methods for Modelswith
Explicit Aquo Ligand$

eq R?P eq RZ

method n=0 n=4 n=>5 n==6 n=0 n=4 n=5 n==6
ACPH 10.6 5.6
CASPTZ2 12.7 4.3
CCsD(TY 11.9
B3LYPd —-9.4 —-0.X
VWN¢# —16.0 22, 24.8 33.5 11.7 25.2 23.71 14.2
BP¢ -9.5 14.8 19.00 28.8 7.3 19.4 18.8 16.3
BP + CM® 9.19 28.2 36.8 36.19 28.9 25.3

aDepending on the model;- aquo ligands were coordinated to uranyl derivatiVégquation R1: U@ + 1/2H,0 = UO(OHPt + 1/40;. ¢ Equation
R2: UO(OHY* + 1/2H,0 = U(OH)2* + 1/40,. 9 Reference 178 This work.f AgEq. 9 ARG2og(M1). " ARG20g(M2). | ARG20g(M3).

This choice has the advantage of minimizing the differential tion in solution are larger (more positive) than those of the
effects between gas-phase and solvated models. In thecorresponding reactions in the gas phase.
following, we will show that even for reactions so carefully With a pure CM treatment (no explicit aquo ligands), the
balanced, solvation effects can be quite important. free energy of the first step increases by 18.6 kcal/mol, from
We employed LDA (VWN) and GGA (BP) density —9.5 to 9.1 kcal/mol, and that of the second step by 18.8
functionals, in combination with various solvation models, kcal/mol, from 7.3 to 36.1 kcal/mol. The combined solvation
mainly to estimate the change of reaction energies due tomodel M3 furnishes an endoergicity of 287 kcal/mol for
solvation. The reaction energiésE, for (R1) and (R2) were  the first and 25-29 kcal/mol for the second step. Comparison
calculated first in the gas phase and then corrected (in single-of these results shows that the pure CM (M1) underestimates
point fashion) for solvation effects according to the three the reaction endoergicity of (R1) by +@0 kcal/mol and
models described above: pure CM (M1); explicit water overestimates reaction endoergicity of (R2) by about 10 kcal/
ligands (M2); a combination approach (M3). The following mol. These discrepancies occur despite the fact that our
set of equations shows the relationship of these quantitiesmodel reactions are quite balanced: they feature the same
to the solvation energies discussed above: number of aquo ligands, and one would expect that the
effects of their covalent bonding would largely cancel. The
purely quantum-chemical model M2 for ions with 5 or 6

ArGoeM1) = ALE, + AGS— AGsh (4 . . ; :
RG20dM1) = ArFo 298 z 208 (4) aquo ligands underestimates the reaction free energies by

products reactants
about 10 kcal/mol.
ARG, 0gM2) = AgE, + Z AEE)?% ding.0— z Angr)] ding.0 When solvation effgcts are treate_d with the gombination
products reéctants ) model M3, the reaction free energies of the first (eq R1)
and second (eq R2) reduction step change by488and
ArGedM3) = AgE, + AGSOLotal_ AGSOhtotal 18—22 kcal/mol, respectively, compared to the gas-phase
R=29 R0 oreTicts 298 VAN results @ = 0). In other words, the environmental effect is

(6) comparable in size or even larger than the difference of
density functional and correlated HF resuftsClearly,
solvation effects are crucial for predicting enthalpies of
experimentally relevant reactions of uranyl and other actinide
complexes.

In Table 5, we compare reaction energi¢® & calculated
previously’ to the corresponding results of this work.
Reaction energies obtained previously with different quantum
chemistry methods (Hartred-ock-based correlated methods
and density functional methods) scatter frer8.4 to 13.7
kcal/mol for the first reduction step and from0.2 to 5.7
kcal/mol for the second stép. Solvation of UGQ?", UO(OHY*, and U(OH)?** was studied

Of course, it is not rigorously correct to compare energies systematically using three levels of approximation: direct
at 0 K with Gibbs free energies at 298 K. However, for the treatment with a continuum model (M1); explicit quantum-
gas-phase reactions R1 and R2, the differential correctionschemical treatment of the first hydration sphere, i.e., the
due toAZPE, rotational, vibrational, and translation energy complexes [UQH,0).]?", [UO(OH)(HO).]?", and [U(OH}-
as well asAnRT were estimated not to exceed-2 kcal/ (H20))?" (n = 4—6) without further reference to the solvent
mol. (M2); their combination (M3). Models M1 and M2 were

From Table 5, one can see that the gas-phase BP modefound to recover the solvation energy only partially, under-
predicts the first reduction step to be exothermic-+19.5 estimating it by 75-100 and 146-160 kcal/mol, respectively.
kcal/mol in agreement with previous B3LYP resuftshe At variance with previous theoretical studies that assumed
second reduction step is calculated 7.3 kcal/mol endothermic,“high-symmetry” complexés*® but in agreement with Hay
at variance with the former study which obtaine@.2 kcal/ et al.? the hexacoordinated uranyl was found energetically
mol. The solubility of U(IV) species is smaller than that of favored oven = 4 and 5 with model M2, whereas the five-
U(VI) complexes, and therefore, the free energies of reduc- ligand complex becomes about equally preferred with a

Conclusions
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solvation treatment of type M3. Inclusion of thermal and unstable in water solution. To clarify this point, one needs
ZPE corrections would imply a relative stabilization of the to consider the reactions
pentaaquo complex by up to 10 kcal/mol. The structure of

the complex [UQ(H,0)s]2* optimized with the VWN density uvI) +H0 u(Y) +H0 u(Iv)
functional was determined in good agreement with results
of EXAFS experimentS. The experimental standard redox potenffads the couples

The hypothetical reduction of U(VI) by water (reactions yo,+/U* and UQ?*/UO,", 0.38 and 0.17 eV, clearly entail
R1 and R2) was studied by density functional methods and that *+ and UQ* are stable with respect to oxidation by
various solvation treatments. This redox model was previ- 4,0 (recall that the standard redox potential for the couple
ously investigatetl in the gas phase at various correlated H+/1/2H,is 0 eV and the pH dependence of this potential is
levels of theory. Net reaction enthalpies computed by pegative). In natural aqueous environments in contact with

different methods scattered b’y25 kcal/mol. Here, we the atmosphere’ U(|V) W|”, of course, undergo a slow
demonstrated that the correction due to solvation may amountoxidation by molecular oxygen and other oxidants.

to as much as-60 kcal/mol for the full reduction U(VI)—~ .
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