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The structures and vibrational frequencies of AM)O)s?", NpOx(H20)s2", and PuQ(H,0)s*" corresponding

to An(VI) oxidation states and U{H,0)s™, Np(H.O)s*, and Pu(HO)s* corresponding to An(V) have been
calculated using density functional theory (DFT) and relativistic effective core potentials (RECPSs). The resulting
structures are compared to EXAFS solution studies, and the Raman and IR vibrational frequencies of the
actinyl unit are compared to experimental studies in solution. Free energies for reactions in solution are
computed by combining thermodynamic free energies in the gas phase with a dielectric continuum model to
treat solvent effects. The hydrolysis reaction of {#@0)s>" to form UO,(H,0),(OH)" and the reactions for
removing or adding a water to the first shell in k{8,0)s?" are examined using this approach. Multiplet and
spin—orbit effects not included in a single-configuration DFT wave function are incorporated by model spin
orbit Cl calculations. Pu@' is used as a model for the aquo complexes in a weak ligand field for the cases

g = 3 (5f* configuration), g= 2 (5f) andg = 1 (5f). The inclusion of these effects results in a different
ground state for NpglH,0)s?" and PuQ(H,O)s** than that obtained in the original DFT calculations. The
reduction potentials for all three An(H,0)s" complexes in solution is compared with electrochemical
experimental data. The trend for the reduction potentials {§D)s?>" > PuQy(H,0)s?" > UO,(H,0)s%" is

found in agreement with experiment, when multiplet and -spirbit corrections are included, although the
absolute reduction potentials are overestimated in all three cases. The possible reasons for this overestimate
are examined using all-electron calculations using the ADF method.

I. Introduction Actinyl complexes have become the focus of increasing

The chemistry of actinide species in solution is characterized attention by theoretical calculations using a variety of techniques.
by a variety of oxidation states and coordination numbers aboutHydrated forms of the actinyl have been studied using BT
the actinide center as well as monomeric, dimeric, and polymeric @PProaches, and HartreBock-based approaches, have been
species:2 For these reasons and their inherent radioactive nature,used to study hydrat&sand as well as nitrate and sulfate
obtaining reliable properties of actinide species remains a complexes? Extensive studies of the low-lying states of the
challenge for the experimentalist. Similarly actinide species Pare” triatomic AnQd* species have been maée’ to
present numerous difficulties for theoretical studileg virtue compare with matrix spectroscopic data.
of the importance of relativistic effects, the large number of | petajls of the Calculations
low-lying electronic states for 5fconfigurations, and the
comparable magnitude of spitorbit, multiplet, and correlation
effects.

Recently density functional theory (DFThas begun to be
applied to actinide species with very promising results concern-
ing the structures and vibrational properti¢gecently we have
applied DFT techniques to study the properties of the hexafluo-
ride$ and actinyl hydroxide complexeésin this paper we apply
“hybrid” density functional approaches to the actinyl aquo
complexes, which are among the most prevalent families of

actinide complexes in aqueous solution at low pH. In particular derivatives. All structur re verified 1o b tual minima with
we examine An@H,0)s2" and AnQ(H,0)s™ corresponding erivatives. All structures are veritied to be actua a
all real frequencies. In cases where imaginary frequencies are

to the+6 and+5 oxidation states, respectively, of the actinides L . o

An = U, Np, and Pu. These were chosen since there are Solutionfound, the structures are reoptimized until actual minima are
EXAFS*~13 and X-ray measurementsare available for many found. . .

of these species. In addition the vibrational frequencies are 0" COmparison purposes we also present selective results

computed at the equilibrium structures using analytic second usngjg HtartreeFtogk ginl\geuzgzs Ioc_:tal fdenf_lty (|SVWF@)anhd
derivatives. A systematic analysis of the Raman and infrared gradient-correcte ( ) ensity Tunctional approaches.
All calculations were carried out using the Gaussian98 pro-

In most of the calculations presented here the electronic
structure of the actinyl complexes is treated using the B3LYP
hybrid density functiondf-2°approach. Relativistic effective core
potential§ are used on U, Np, and Pu to replace the inner 78
electrons. The 6s and 6p outer core electrons, as well as the
valence 5f, 6d, 7s, and 7p electrons, are explicitly treated using
a [3s 3p 2d 2f] contracted Gaussian basis. The 6-31G* basis is
used to treat the C, O, and H atoms in the calculations.

All geometries are fully optimized at the B3LYP level and
vibrational frequencies are calculated using analytic second

actinyl stretching frequencies is compared with available 2
experimental measuremerfs>-19 gram: . . . . .
Solvent calculations were carried out using the BSJ dielectric
* Corresponding author. E-mail: pjhay@Ianl.gov. continuum modet® The molecule is surrounded by a cavity
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constructed from spheres about each atom. The following atomic
radii (A) are used in these calculations: O (1.576), H(1.172),
U, Np, and Pu (2.05). The solvent response is determined by
solution of Poisson’s equation on the boundary surface with a
dielectric constante of 1 inside the cavity and 78.1 for water
outside the cavity. From the induced charges on the surface
one obtains the free energy of solution of the molecule. The
atomic radius for U was chosen to be similar to the value used
for Fe in an earlier study of hydrolysis chemistfyThe
calculated free energy of the uranyl hydrolysis reaction (vida
infra) was computed starting with this radius and varying the
radius by about 10% in either direction. The calculated reaction
free energy was fairly invariant to these changes and varied by

only a few kcal/mol over this range. were used. These are Slater type basis sets of tipigality in
Effects of muItlpIet Sp'lttlng and Sp'rﬂorbit interactions not the valence region_ They contain one (U) or two (O, H) sets of
present in the DFT single configuration ground state were polarization functions, respectively. All shells up to and
probed by configuration interaction calculations on PUO  including the 5d (U) and 1s (O) shells, respectively, were
species. A HartreeFock SCF calculation on the Py (5f6?) considered as core and kept frozen in molecular calculations.

ground state witfRe,-0 = 1.75 A was used to define thedsf  The valence orbitals are orthogonalized to all core orbitals in
orbitals. The 5p and 5fr excited orbitals were determined using the molecule.

the improved virtual orbital method and a cylindrically averaged
PuQ*" ion state. The order of these orbital energies are not | Results and Discussion
too different from the order of virtual orbitals in U@H,0)s2"
from the DFT calculations For the states of B&Cand PuG!, In the following section (Ill.A) we present the structures and
all configurations arising from two and three electrons, respec- Vibrational frequencies of actinyl aaquo complexes using DFT
tively, in these six orbitals were generated. These calculationsapproaches, and the results are compared to available experi-
were carried out using the MESA coéfe. mental EXAFS structural and Raman spectroscopic studies in
In addition to these multiplet effects, the influence of spin ~ Solution. In the next section (11l.B) we explore two reactions of
orbit coupling must also be considered. The Cl results of UO2(H20)s*" in solution where the results of DFT calculations
PuQdt, were used as a starting point to form sparbit are combined with a dielectric continuum model to incorporate
Coupﬁng matrix elements construct using an approximate the effects of the solvent. We then examine (|||.C) the effects
method employing an effective one-electron spimbit operator of multiplet and spir-orbit interactions for actinyl aquo species
with unpaired 5f electrons. These interactions can affect the
V,=Cll,s, + Yl.s +Y.1 s ] 1) nature of the electronic ground state, and they can also affect
S0 : 2 2o relative energies when comparing molecular species with
different numbers of 5f electrons. While such effects would not
affect the results of the first two sections, they can be important
in redox processes, which are discussed in the final section
t(III.D). In this section the reduction potentials of Y®I,0)s>"
and the Np(VI) and Pu(VI) counterparts are treated systemati-
cally combining DFT results with calculated corrections for
multiplet and spir-orbit effects.
A. Properties of Actinyl Complexes.The predominant form
IV, JJC= [@,(A,S) VDA, S)] ©) of the +5 and+6 oxidation states of the actinides at low pH
are the penta-aqua species Af@0)s" and AnGQ(H0)s2",

as evaluated assuming a sinale-confiauration re resentat.Onrespectively. In this section the calculated structures for the
w vaiu uming ng Iguratic P 'O ctinide series U, Np, and Pu for both oxidation states are
in terms of complex orbitals with the approprigtequantum . . )
) s . ) presented from the results of density functional calculations. In
number for the spirrorbit interactions. The energies of the CI

roots without spiorbit couping were used as the energy terms. 2y B2 8 DTS, TR En B e e
E“ in the diagonal elements. y y q

. S . calculated at the resultant optimized structure. All structures
Comparison of calculated ionization potentials were made

between the results of using LDA and BLYP functionals with Egeisrﬁ;;géx/n;ijuzt:glese noted, correspond to minima with
RECPs using Gaussian 98 and the results of all-electron frozen ) N ] )

core results with the same functionals using the ADF c8dé. Effects of Density FunctionalsVe first consider the closed-
ADF single point calculations were performed at the Gaussi- Shell UO(H20)5?" species. As is the case with the other
an98-ECP optimized geometries as follows. LDA calculations Molecules in this series, U0120)s*" adopts the structure with
used the LDA-ECP optimized geometry of [W®I;0)s)2", an essentially linear ©U=0 group and the coordinating water
whereas BLYP (GGA) calculations used the BLYP-ECP molecules bound in the equatorial plane of the uranyl group
optimized geometry for the same molecule. The same geometry(See Figure 1). Calculations were carried out at the Hartree
was employed for both the U(VI) and the U(V) molecule in Fock level and with density functional theory using local density
each case. Scalar relativistic effects are accounted for by mean§SVWN), gradient-corrected (BLYP), and hybrid (B3LYP)
of the quasi-relativistic (Pauli) method; spiorbit effects are functionals. The optimum geometries were determined for each
neglected. The standard ADF basis sets IV (U) and V (O, H) of these four methods and the vibrational frequencies were

Figure 1. Calculated structure of U{H,0)s?" from B3LYP calcula-
tions.

where the spirrorbit coupling constant is taken from atomic
calculations. The coupling constants for the 5f orbital &f U
Np3*, and P&" were taken as 1906, 2190, and 2484-ém
respectively. In these model calculations each matrix elemen
between® (A,S) states

0|V, I = [@,(A,S) Ve /P (A, S H E 2)
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TABLE 1: Comparison of Predictions of Structural and fo f) ——
Vibrational Properties of UO »(H,0)s?" Using Various Levels -
of Theory 5 —— 5 =4—=

R(An=0) R(An-Ogy Vs Vas

A) A (cmY (em? f* U0, * f' UO,", NpO,

HF, present 1.694 2.545 1091 1149
LDA (SVWN), present 1.778 2.423 854 945 fo —— fo #
BLYP, present 1.803 2.516 787 893
B3LYP, present 1.756 2.516 910 1003 5 == s
BLYP?0 1.746 2.550
DK-AIMP 11 1.750 2.421
experimental f2NpO,", Pu0, 2* £ PuO, *
EXAFS, solff 1.76 2.41 _ _ _ 2
XRD, solri 1.70 2.42 Figure 2. Schematic MO representation for ground states of the AnO
XRD, solidf? 1.71+ 0.08 2.45+ 0.10 (H20)s9t species assuming occupation of the orbitals with lowest
Raman, IR6:1® 869 965 energies.

calculated at the respective minima. In Table 1 we compare TABLE 2: Comparison of Calculated (B3LYP) and

the calculated 8-O and U-OH; bond lengths as well as the  Experimental Properties of Actinyl Aqua complexes for both
symmetric and asymmetric vibrational modes of the uranyl the An(Vl) and An(V) Oxidation States

group. The results are compared with available experimental UO,(H,0)s2* NpOx(H,0)s2t  PuQy(H,0)s2+
da_tlf?]in ZO|Uti0nFUSirllg EX'?FS mgasurements.h bond calcd exptl calcd exptl caled exptl
| tﬁ 0 agr8$A°° dresu ts t‘.m (targ[it|mate i e.a{%bond R(AN—=0),A 1.756 1.76,1.7¢ 1.752 1.785 1742 1.74
ength by ©. and overestimate the equator on R(AN-O., A 2516 2.4122.4P 250 2421 2485 2.4%

length by 0.13 A. For the axial 80 bond length, the local g, et 908 870 854 854 805 833
density and hybrid functionals agree within 0.02 A with 869 863 835
experiment while the gradient corrected result is 0.04 A longer vas cnr? 1001 965 983 969 951 962
than the EXAFS results. For the equatorial bonds the local 962

density result is very close to experiment while the other UO(H,0)s™ NPO(H20)s" PUO(H,0)s"

methods overestimate the bond length by 0.10 A or more. Since

the motion of water molecules in the equatorial bonds corre- caled expi calcd exptl caled expd

sponds to a softer vibrational frequency, it is not surprising that R(An=0), A 1.810 181 11£3 1.808 1.8%
there is a wider variation in the bond lengths. The vibrational :

frequencies track the bond lengths in that higher frequencies R(An-Geg, A 2.616 2.61 22552-0 2.61 2.41
are calculated when the bonds are shorter, as in Hatfreek, v, 840 794 767 718 748
and vice versa when the bonds are longer. The SVWN and 767

B3LYP give Raman frequencies 20 cibelow and 40 cm? Vas CIT? 909 904 824 871

above, respectively, the observed band at 869 cr8imilar aAllen et al. (1997), ref 9 Wahlgren et al. (1999), ref 12Basile

behavior is also noted for the infrared active actinyl asymmetric et al. (1974), ref 15¢ Toth and Begun (1981), ref 16Jones and
stretch observed at 965 ¢ While the local density and hybrid ~ Penneman (1953), ref 19Guillaume et al. (1982), ref 18.Madic et
B3LYP are rather comparable for structural properties, we shall al- (1984), ref 17" Clark et al. (1999), ref 13.Tait et al. (1999) ref
be presenting results of the hybrid B3LYP functional in the 12.'Combes etal. (1992), ref 8Conradson (1998), ref 10.
remainder of the paper since local density calculations typically ) ) )
overestimate properties relating to relative energies such asSmall separation between it and thepSirbital. As one goes
binding energies. down the AnGLs?" series for An= U, Np and Pq then one
General Electronic Structure Considerations for Actinylee would expect one unpaired electrd */2) for Np with (5f0)*
U(VI) species corresponds formally to a®Sétate with no conflgurathn and_ two unpaired elgctro_r&mé 1) for Pu Wlth_a
unpaired electrons on the metal and the oxygen atoms as formaf5f0)? configuration, as shown in Figure 2. The orbitals
—2 anions. While one would expect that the more weakly bound containing the unpaired electrons are nonbonding with respect
equatorial water molecules would modify the electronic structure t0 the actinyl unit, since there are no filled orbitals with these
of the uranyl, the vibriations in the electronic structure as a Symmetries.
function of metal and oxidation state can be obtained by Structures and Vibrational FrequencieBor the series of
considering just the actinyl unit. The highest occupied levels complexes An@Hz0)s?*, one sees a very slight contraction
in the “bare” actinyl species arise from sigmg @ndoy,) and in the actinyl bond from 1.76 A for U (1.76 A, exptl) to 1.742
pi (7rg andzz,) molecular orbitals originating primarily in the O A for Pu (1.74 A, exptl) as one progresses along the series U
orbitals involved in the &U=0 bond. In particular, thes, to Pu (Table 2). While the actinyl bond lengths are accurately
orbital has a significant admixture of 5f¢5fa,). Also the predicted at the B3LYP level, the average U-equatorial O bond
orbital has a small component of/6fAs shown schematically ~ lengths are overestimated 5.1 A. The predicted bond lengths
in Figure 2, the lowest unoccupied levels, of which there are to the equatorial ligands decrease by 0.03 A in going from U(VI)
two sets of degenerate orbitals in the absence of-spibit to Pu(VI).
coupling, arise from the Bfand 5% orbitals. As a result, the For the series AngiH,0)st corresponding to the An(V)
overall ordering 5 < 5f¢ < 5fzr < 5fo are the results for the  oxidation state, the calculated values of the actinyl bond lengths
lowest virtual orbitals in the actinyl species because of the are all calculated to be about 1.81 A, or 0.05 A longer than the
participation of the 5f and 5t orbitals in the occupied MOs  An(VI) analogues, as shown in Table 2. Similarly little variation
of the actinyl. In these calculations and in other results in the with metal is seen for the calculated actinideater bond
literature on “bare” actinyls and actinyl complexes, thé 5f lengths, all about 2.62 and 0.1 A longer than the corresponding
orbital is indeed found to be slightly lower in energy with a An(VI) species. The electronic structure for these molecules at
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Figure 3. Calculated and experimental frequencies for the actinyl % 1000 2000 3000 4000
symmetric and asymmetric stretch modes in A{HQ0)s*>" and AnQ- frequency (cm-1)
(H20)s" species.
1000
TABLE 3: Atomic Populations and Overlap Populations in
the AnO,(H,0)s*" Series from Mulliken Population Analyses
atomic populations U Np Pu i
S 2.214 2.227 2.221
po 1.841 1.822 1.795
pr 4.315 4.225 4.228 2
p tot 6.157 6.046 6.024 <
do 0.398 0.386 0.365 E
dr 0.680 0.646 0.620 =
do 0.183 0.267 0.263
d tot 1.261 1.299 1.248 |
fo 1.366 1.394 1.438 ! Il ]
fr 1.162 1.196 1.247 | |
fo 0.030 1.028 1.988 {
f 0.152 0.189 0212 ll ]
ftot 2.710 3.807 4.885 0 1000 2000 3000 4000
g tot 1.658 1.621 1.622 frequency (cm-1)
overlap population 0.362 0.349 0.330

Figure 4. Calculated Raman (upper part) and vibrational (lower part)
the DFT level correspond 8= %/ (61) for U(V), S= 1 (62 intensities for the normal modes of Y®,0)s>".

for N|_o(V)_, and_Sz_ 3, (_62 ¢h for Pu(V) where high s_pin TABLE 4: Vibrational Modes of UO 5(H,0)s2"

coupling is maintained in all cases among the low-lying 5f

electrons (see Figure 2).
For the vibrational frequencies we focus first on the sym- H:O librational modes 22, 31, 81, 90, 97, 111, 130, 155, 157, 161

description of mode calculated frequencies (ém

metric (Raman active) and asymmetric (infrared active) stretch- 8=8:Ost?gtr::?l géi g% 207 311313
) . . . —OH, , 273, 297, 311,
ing modes of the actlnyl.group. As seen in Table 2 and Figure U—Hs0 twisting 101, 218, 278, 288, 361
3, the symmetric mode lies at lower energy and decreases fromy,5 yag 383, 408, 451, 479
908 cnt! (exptl, 872 cm?) to 805 cnT! (exptl, 836 cm?) H,O tilt 503, 514, 522, 547, 554

across the series UH,0)s2" to PuQ(H,0)s2". The infrared O=U=0 sym stretch 908

active asymmetric stretch modes are predicted to lie at 1001, O=U=0 asym stretch 1001

983, and 951 cmt for U, Np, and Pu, respectively, while the E_g_ﬂ gﬁgfch (sym) %%(;%,13%%%'%%%%’%2%%’1377%2

experimental res_ults of Jones_and Pennelr%aegrly 50 years H—O—H stretch (asym) 3762, 3763, 3768, 3770, 3804

ago observe this mode to lie near 965 @énin all three

complexes. For the An(#D)s"™ series we find the symmetric  orbitals as the number of unpaired electrons increases. No

mode to lie 66-70 cnT?! lower in energy and the asymmetric apparent trend is evident in the s and p orbital participation.

mode to lie 86-90 cnT! lower in energy than the An(®)s>" However, the net overlap population steadily decreases by about

counterpart. 10% across this series, which we attribute to the smaller size
An interesting question concerns why the vibrational frequen- of the 5f orbitals as atomic number increases. Given essentially

cies of the actinyl bond are decreasing going down the seriesconstantf and d orbital participation across the series, the

while the bond length is getting shorter, since that would decrease in stretching frequency appears to correlate with the

normally imply a stronger bond. To analyze this point further, decreased overlap with the 5f orbital.

we examined the atomic populations and overlap populations In Table 4, the calculated frequencies are given for,UO

in the An(VI) series (Table 3). For the U(VI) species, formally (H,0)s2" aquo species along with their normal mode descrip-

a f° (and &) configuration, the net f and d populations are 2.71 tions. In Figure 4 we display the calculated Raman and infrared

and 1.26, respectively, indicating considerable participation of vibrational intensities for the same molecule. In addition to the

these orbitals compared to the ideal ionic case. In particular, asymmetric and symmetric stretch modes discussed above, we

one sees strong participation of theofbital in the actinyl bond. note the two @U=0 bending modes near 270 chAt higher

However, one does not observe any variation of these popula-frequencies one finds the bendingX700 cnt?) and stretching

tions in going to Np and Pu except for the increase in the f (~3700 cnt!) modes of the water molecule which have been
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TABLE 5: Comparison of Various Optimized and Idealized by effective charges fit to the electrostatic potential. From a
Structures of UO,(H20)s?" from B3LYP Calculations solution of Poisson’s equation, the free energy of solvation of
total relative  no. of the molecule is then determined. This quantity is added to the

structure energy energy imaginary H.0 gas-phase free energy to obtain thermodynamic properties in
(symmetry) (au) (kcal/mol) modes orientation solution.
no —583.668899 0.0 0 R(U=0)=1.756 Hydrolysis Reaction of UgH,0)?*. The reaction of An@
symmetry R(U—OHy) =2.516 (H20)s2" species with water to form the hydroxide
Ds —-583.668 742 0.1 2 RU=0)=1.756

R(U—OH,) = 2.513 +2 . + +

Dsh —583.667 738 0.6 3 RU=0)=1.758 UO,(H,0)s " + Hy0 = UO,(H;0),(OH)” + H;0" (4)

R(U—OH,) = 2.513
( 2 is a typical reaction at low pH for U(VI), Np(VI), and Pu(VI)

as well as for the An(V) oxidation states. We examine the
hydrolysis reaction for the U(VI) species here following the
same approach used earlier to study Fe(Ill) hydrol§fsiEhe
calculated B=0 bond lengths are 1.779 and 1.786 A, respec-
tively. The UQ(H,0)4(OH)™ species has a lineartD—H
linkage with a U-OH bond length of 2.162 A.

The thermodynamic properties of all species at 298 K were
calculated as summarized in Table 6. The first erffye.
represents the differences in electronic energies of the products
and reactants above with zero-point corrections included. The
next entryAG?8 corresponds to the reaction energy when the
vibrational and other thermodynamical contributions to the gas-
phase free energies of each species have been added. The
reaction free energy is predicted to b29 kcal/mol in the gas-
phase according taG2%. To compute values in solution, the
solvation free energies of both uranium species in eq 4 are
calculated according to the BSJ method described above. In the
case of the aqua complex, the five water molecules chemically
bound to the uranyl are explicitly treated quantum mechanically

perturbed by the interactions with the actinyl and with the other
water molecules.

The details of the structures of the aquo complexes with
respect to the orientation of the water molecules are very
sensitive to the density functional and level of basis set
employed in the calculation. In most of the complexes the water
molecules are nearly perpendicular to the equatorial plane, with
the plane of the water canted slighly from vertical. All of the
optimizations were carried out without any assumptions with
regard to overall symmetry of the molecule, and the final
structures typically have onl€; point group symmetry. The
optimal structures reported here have all real vibrational
frequencies corresponding to actual minima. The computed
structure for UQ(H,0)s2" at the B3LYP level of DFT theory
using a 6-31G* basis on the ligand and the valence dodble-
contracted basis on the U actually has four water molecules
oriented nearly perpendicular (to the equatorial plane) and one
nearly planar (in the equatorial plane), Figure 1. The calculated

+
structure for UQ(Hz0)s" has all 5 water molecules nearly while the water molecules in the next coordination shells are

perpendlcu.lar Wl.th_approxmaﬂas sy_mrnet_ry. ) implicitly incorporated in the delectric cavity. Similarly the
To examine this issue further, optimizations were carried out gqjyation energies of 0 and HO* were computed with using
for the two cases where symmetry was rigorously imposed (a) the BSJ method using a dielectric cavity about each molecule.
with all five water molecules canted iDs symmetry and (b)  From these individual solvation energies, an overall free energy
with all five water molecules exactly perpendicular wii, in solution for the reactionAGs°" is obtained. In solution the
symmetry. The results are shown in Table 5, where it is seen (gaction is nowendothermicby +17 kcal/mol in contrast to
that theDs structure lies only 0.1 kcal/mol higher than the actual ¢ gas phase energetics.
optimized structure with no symmetry. Tbg structure is found Experimentally the equilibrium constant for the U(VI) hy-
to have two imaginary frequencies. Tbe, structure, with three drolysis corresponds to an endoergic reactiof43 kcal/moR8
imaginary frequencies is calculated to lie 0.6 kcal/mol higher The' solvent corrections preferentially stabilize the doubly
than the true minimum. In Table 1, where we compared other charged actinyl species relative to the singly charged ones, as
DFT results as well as HF results, one notes that the HF andgypected from a simple Born cavity model where the stabiliza-
LDA (SVWN) structures have approximal® symmetry with  tjon is proportional tag. (In these studies a more realistic cavity
all five water molecules canted, whereas the B3LYP structure resembling a van der Waals surface cavity is used in calculating
has one molecule nearly planar. the solvent effects.) Since the atomic radius and the dielectric
The actinyl species of Np and Pu in Table 2 are all true constant are the only parameters needed for the solvation
minima for the basis set employed in the B3LYP calculations. calculations, we investigated variations of the actinide atomic
They also show small differences between various orientationsradius about the value of 2.05 A, but this had little effect on
of the water molecules, but we will not attribute greatimportance the reaction free enegy. Overall there remains about a 13 kcal/
to these conformational differences. mol energy difference between the experimental and theoretical
B. Solution Chemistry of Actinyls. The calculations up to  values for the free energy of this reaction in solution. We
this point have considered the actinyl and its first coordination repeated these calculations in a slightly larger basis set (un-
shell of water molecules as gas phase species. To examine theontracted on U, 6-3tG* on O) and found the solution free
chemistry of these species in solution it is necessary to energy to bet13 kcal/mol, in slightly better agreement with
incorporate the effects of the solvent in a consistent manner. experiment. Our previous experience with Fe(lll) hydrol§fsis
This is particularly important in view of the highly charged led to much smaller errors (a few kcal/mol) for reaction energies
nature of these species. For this purpose we adopt the dielectrian solution compared with experiment. While the current results
continuum modée discussed in the Methods section to provide for actinides may be reflective of the overall absolute error in
a relatively simple description of the response of the solvent to the combination of electronic structure and solvation models,
the electronic properties of the actinyl species. In this model calculations of this type should be able to predict relative
the molecule is surrounded by a surface comprised of spheresenergies in a series of molecules as features are systematically
about each atom and the solvent is represented by a continuunvaried.
dielectric with dielectric constanté & 78.1) outside the surface. Remaal and Addition of Water to the First Coordination
The electronic distribution of the solute molecule is represented Sphere of UQ(H,O)s2". The focus of this paper has been on
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TABLE 6: Calculated Reaction Energies (kcal/mol) for Actinyl Processes in Solutioh
Eelec Eoelec AG298 AGSOIn AGSOID(COI’I') AGexpt

hydrolysis reaction
UO,(H20)52" + H20 — UO,(H20)4(OH)M + HzO" —22.4 —29.0 +13.2 +4.7

ligand addition reactions
B3LYP (present calculations)

UO,(H20)2 + Ha0 — UOy(H,0)s2* —28.9 -27.2 -19.3 -2.3 —-6.5
UO(H20)s2" + H0 — UO,(H,0)e2" —22.4 -19.5 -9.7 +5.7 +1.5
BLYP (ref 20)
UOz(H20)42Jr + Hzo - UOg(HzO)sz+ —23.4
(=7.2¥
UOz(H20)52+ + Hzo - UOZ(HZO)62+ +4.0
(+18.5¥

a Quantities refer to electronic energyie, electronict+ zero pointE%e, gas-phase free energyG>%, solution free energAGs°", solution free
energy (corrected for T$ AG*(corr), and experimental solution free enery@e®!. b Ref. 38.¢ Including dielectric solvent effects.

Figure 5. Calculated structure of two local minima for structures from B3LYP calculations, one with six waters in the first coordination sphere
and one with five waters and one water in the first and second coordination spheres, respectively.

the pentaaquo complexes of the AsOand AnQ'" species, i.e., without considering the thermal contributions at 298 K,
since it is reasonably well established that the actinyl speciesthe reaction energies for adding a fifth and sixth water would
are coordinated to five water molecules in solution from have been even more exothermic (27 and 20 kcal/mol, respec-
EXAFS*~13and NMRE studies. We note, however, that a recent tively).
EXAFS study® found the number of water molecules coordi- When solvent effects are included, significant effects on the
nated Pu@" and Pu@?*" in the aquo complexes to be 4 and 6, relative stabilities are observed. Addition of the fifth water
respectively. To investigate the relative energies involved in molecule is still exothermic, but only by 2.3 kcal/mol. The
either adding a water molecule to the first coordination sphere formation of the six-coordinate species is nemdothermidy
to produce a six-coordinate species or removing one to produce5.7 kcal/mol. These results are schematically shown in Figure
a four-coordinate species, we carried out calculations on uranyl6. Since all species have the sam2 charge, there is no gross
surrounded by four, five and six water molecules. For each solvent stabilization due to difference in charges as we will see
structure the geometry was optimized, vibrational frequencies in subsequent sections. For a given ligand addition reaction,
were computed, and the effects of solvent were calculated. the molecule with fewer water molecules coordinated has a
The optimized structure of U{H,0),2" was found to have  smaller effective volume which can be solvated more effectively
Dan symmetry from B3LYP calculations with all four water than the larger counterpart. This would have the net effect of
molecules oriented perpendicular to the equatorial plane. Thereducing the overall exothermicity of the gas phase reaction.
calculated =0 and U-OH, bond lengths were 1.776 and 2.428 While the calculations thus successfully predict five-
A, respectively. For the UgH,0)s2" complex, one structure  coordination as the preferred mode for WO species in
was obtained (Figure 5) with six water molecules in the first solution, there is one additional thermodynamic correction that
coordination shell with a 80 bond length of 1.763 A and  needs to be includet. The AG2% gas-phase value for each
U—OH; bond lengths ranging from 2.519 to 2.610 A (for an reaction was computed with each species at 1 atm pressure.
average of 2.563 A). This structure is a true minimum with all For the concentrations of water in aqueous solution, however,
real vibrational frequencies. Another stable isomer was also the effective pressure is 1354 atm. This contributes an overall
found (Figure 5) with five water molecules in the first decrease-4.3 kcal/mol) in the free energy of the reaction,
coordination shell and a sixth water hydrogen-bonded to one arising from the decrease in translational entropy of the water
of the other water molecules. This structure was 3.8 kcal/mol molecule, as shown in th&Gg,,, column of Table 6. This can
lower in energy than the six-coordinate form. be seen by noting that a decrease in entropy in the reactants in
The relative energies of uranyl species with 4, 5, and 6 water eq 6 for the overall reaction free energy,
molecules in the first coordination sphere are summarized in
Table 6. Comparing calculated gas phase free energies at 298 AG = Hp0g— TSpr00 — Hreact T TSreact (5)
K, the five-coordinate species is more stable than water plus
the four-coordinate species by 19 kcal/mol. The same compari- as the pressure is increased from 1 to 1354 atm, will decrease
son also shows the six-coordinate species to be more stablethe free energy of the reaction. This translational entropy
but by only 10 kcal/mol, than the five-coordinate species plus correction is discussed more fully in the context of absolute
water. Using only electronic energies plus zero-point corrections, solvation energy of transition metal ioftsWhen all of the
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TABLE 7: Results of Model CI and Spin—Orbit CI

10 T T T T T
[ Calculations PuO,*3, PuO,*2, and PuO,™
L state 2) relative
or R AGson ] relative energy (eV)  (major energy (eV)
R “\:\ TteealL Ly 1 state without spin-orbit component) with spin—orbit
g ok RN * 1 PUQy(H,0)s "3 f! states
3 I R ] 2A (6Y) 0.0 5/2 —0.40
2 RN - 32 -0.38
> v\, AG 20 (1) 0.96 712 +0.46
g 20T 7 5/2 +0.51
b . el 2] () 2.80 1/2 +2.65
g . 32 +3.03
% -30 ‘ T i 2 £2
L N o PuGy(H0)s"? f2 states
x UO,(H,0), 2 . E° 3H (1 1) 0.0 4 @H) —0.84
I ] 35 (62, ¢9) 0.22 06z 0.49
-40 [ . ] 3 (81 ¢ 0.80 5 BH) 0.82
- R I (62) 1.12 162) 0.87
[ ] I (82, ¢?) 1.14 0 8I1) 1.05
50 . . IH (61 @) 1.49 0 ¢1) 1.49
[ ] 11T (6% ¢Y) 2.75 6 EH) 1.62
3 (01 ¢ 2.79 2 fI0) 1.80
-60 1 1 1 1 1 l (BH) 183
4 5 6 4 () 2.04
5 (*H) 2.36
0 () 2.99
n 35 (0 SCF [0.78]
Figure 6. Relative energies of UH,0).>" UO,(H.0)s>t and UQ- PUOY(H,0)s* f° states
(H20)e*" from electronic energies, gas phase, and solution free energies. 4 (61 ¢ 1Y) 0.0 15/2 ¢1) —0.93
_ , , I J RS 0.60 9/2 () +0.29
solvation and thermodynamic effects have been included, five 2A(52 ¢1) 0.73
coordination is still predicted to be the most favorable structure. “®(62 ¢*) SCF [0.90]

However, the difference compared to the six-coordinate structure
is only 1.5 kcal/mol. The experimental studies of uranyl closely to this picture as found in the occupations of th& 5f
hydration in solution all point to five coordination as the most atomic orbitals.

consistent structure with the EXAFS data.
The hydration of UG was also recently examined by
Spencer et &% who employed the BLYP functional to determine

For states with 2 or more unpaired electrons, the issue of
treating multiplet effects in DFf48 remains an area of active
investigation in DFT theory. Similarly, approaches for describing

the structures of uranyl surrounded 4, 5, and 6 water species. Aexcited states of molecules are also being developed within time-

high-symmetry geometryl),;) was assumed for each species

dependent DFT frameworKk&;54 but most methods to date start

with the water molecules oriented perpendicular to the equatorial with a closed shell ground state which is not an appropriate
plane, and no vibrational analysis was carried out. The relative starting point for actinide complexes. Multiplet effects must be

stability of theelectronic energiesras examined, and the five-

considered for the ground as well as excited states in molecules

coordinate form was found to be most stable, whereas in our where these strong two-electron interactions and where single
B3LYP studies we find the gas-phase electronic energies toreference configurations may not adequately describe the

favor the six-coordinate form. The relative energies of the five-
and six-coordinate species in the gas phase-&24 kcal/mol
in the present calculations comparedttd.0 kcal/mol reported
by Spencer et & They also then added a continuum dielectric
correction, but without any thermodynamic contributions to the

electronic states in question. This situation arises in many atomic
states, in 3@configurations of transition metal complexes, and
in 4f" and 5f configurations of lanthanide and actinide
compounds. We will also point out where results of single-
configuration DFT calculations do not agree with experimental

electronic energy to obtain free energies. The relative ordering assignments for the ground electronic state.

was preserved in their analysis with solvation effects, while we

To examine this issue more closely, we carried out small CI

found that only when solvation effects were included was the calculations on a model series of compounds Pudfl),
five-coordinate species the most stable. We would also note PuQ?* (f9), and Pu@t (f3) in order to gain some understanding

that a recent study by Rempe et*&bn hydration of Li" also
found the hydrates to have relative energies L@+ < Li-
(H20)s™ < Li(H,0)4™, but that this trend was reversed to favor

of the multiplet effects, which should be transferable to a large
degree to the aguo complexes since we are assuming a “weak
ligand field” model for these complexes. In addition sparbit

four-coordination was obtained when thermodynamic and effects are also included in an approximate treatment of the

solvation effects were included.
C. Multiplet and Spin —Orbit Effects on Electronic Struc-
ture. DFT and Multiplet and SpirOrbit Interactions.In the

PuQdt series. These results, which are summarized in Table 7
and in Figures 79, will be discussed below. All of the present
results were obtained fdRp,-0 = 1.75 A corresponding to a

preceding discussion we have described the ground states ofypical bond length in an actinyl complex, which is somewhat

the AnGy(H,0)s2+ species having singlet &%, doublet 562,
and triplet 562 configurations, respectively, as shown in Figure

longer than would be obtained for an isolated triatomic actinyl
ion. We will also compare these results with more accurate

2. These states would be anticipated by occupation of the loweststudies of “bare” An@" carried out by multireference spin

virtual orbital and maintaining high spin coupling according to
Hund’s rule. While théD..,, symmetry (d, f, etc.) used to denote
these 5f orbitals according to the Ag parent species is no

orbit configuration calculations by other investigators. The
present model studies, these previous theoretical results, and
spectroscopic studies on actinyl species are all in relative

longer preserved in the complex, the DFT results correspond agreement with one another with regard to the ground states of
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Figure 7. 5f! energy levels of Pu@' species including spinorbit
coupling.

Figure 8. Low-lying states of Pugd™ including 5f multiplet interac-

tions and spir-orbit coupling.

TABLE 8: Multiplet and Spin —Orbit Contributions to

actinyl aquo complexes with? fand £ configurations, but they
differ from the results of single configuration DFT calculations.

Ground State Energies Relative to the Single Configuration
Obtained from DFT Calculations (All Quantities in eV)

While these model calculations were carried out with Har-

tree—Fock orbitals as the starting point, one could also carry
out a similar calculation including multiplet effects using the
DFT orbitals as the reference. These specific types of interac-
tions that give rise to the multiplet splittings of the 5f manifold,
while obtained within a conventional Cl framework, would not
be explicitly included in the correlation effects normally
incorporated in the exchange-correlation functionals employed
in DFT theory. For this reason we will add the multiplet
lowerings obtained with respect to the reference SCF state to
the DFT results in order to compare energies of molecules which
differ in the number of unpaired 5f electrons.

PuO2* f! StatesWe first consider thelfmanifold in Pu@®*

(and the isoelectronic UD"™ and NpQ?* species), where there
are no multiplet effects, before considering the and £
manifolds for the lower oxidation states. At the one electron
level (Figure 7) the orbital ordering (0.0 eV) < ¢ (0.26 eV)

< (2.80 eV) is obtained (Figure 7). As we mentioned, we are
assuming a “weak ligand field” model whereby the bare actinyl
is considered as a model for the hydrated species. We note in
support of this model that the order of MOs of the bare plutonyl
species is similar to the virtual orbitals in the hydrated,JJO
(H20)s2* species.

When spin-orbit effects are included by diagonalizing the
one-electron Hamiltonian, one obtains the results shown in
Figure 7 and Table 7. Thé! and ¢! low-lying states are split
into four levels with theQ = %, state (whereQ = A + S)
lying very slightly below (0.02 eV) th& = 3/, state. We shall
denote the total spiorbit correction as the difference in energy
between the! state and the lowest spitorbit root, which is
—0.40 eV for the case of Pyf), as shown in Table 8. The
spin—orbit contribution is determined by repeating this process
with the effective spir-orbit parameters for U and Np,
respectively, the results of which are shown in Table 8. For
NpO,* (for Ryp-o = 1.61 A) the C+SO calculations of Matsika
and Pitze#® also found a near degeneracy for the two lowest
statesQ = %, < Q =3/, (0.05 eV) withQ = %/, (0.69 eV) and
Q =7/, (0.81 eV) lying at higher energies.

PuQ,?t f2 StatesThe DFT results on PugH,0)s>" reported
in section I11.3 as summarized in Table 3 are consistent with a

AEmutt AEso AEqot
UO,(H20)5"2 f0 0.0 0.0 0.0
UOz(H20)s" f1 0.0 -0.31 -0.31
NpO(H20)s+2 f* 0.0 —0.35 —0.35
PuQy(H,0)s " f* 0.00 —0.40 —0.40
NpOx(H.0)s" f2 -0.78 —-0.74 —1.52
PuQy(H,0)s"2 f2 —-0.78 —-0.84 —-1.62
PuQy(H,0)s"™ 3 —0.90 —0.93 —1.83

(5f0?) ground state. Similarly one obtains results gthe (5f52)
ground state in single-configuration Hartreleock calculations

on Pu@?* using real orbitals. The Cl results for of PgfO are
summarized in Table 7, and the lowest electronic states are
shown in Figure 8. The states are labeled by the usual
convention of the orbital angular momentum projectidn,
(whereX, I1, A, @, T', H, and | correspond t&. = 0, 1, ..., 6,
respectively). The results show the following ordering for the
lowest triplet states3H (61¢1), 0.0 eV;3=~ (62 and¢?), 0.22

eV; and3I1 (61¢'), 0.80 eV. At higher energies are the singlet
states'T (02), 1.12 eV;1=* (62 and ¢?); andH (6%¢?), 1.49

eV. The above results were also compared to a full two-electron
Cl in the full virtual space with very little difference between
the two calculations.

Overall, the ground state obtained from the CI calculation
corresponds to al¢! configuration with four equal determinants
of equal weight involving the real &f, 5f¢y, 5fd,e-y2, and 56,
orbitals. It would be represented by a single determinant in terms
of complex orbitals. The self-consistent DFT single configura-
tion, by comparison, correspond to the excif&d (69) state.
Thus, the true ground state of P#Oshould be represented as
shown in Figure 10, and similarly one would expect similar
results in the aquo complex. As will be discussed below, this
ground state is also in accord with other theoretical and
experimental studies.

The multiplet correction for the?fground state will be defined
as the difference between the diagordl matrix element,
corresponding to the single configuration DFT description, and
the CI ground state, corresponding to the actfa' ground
state. This difference (0.77 eV) is comprised of two parts: (a)
the CI splitting between théH (0! ¢1) and 3=~ (62 and ¢?)
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Figure 9. Low-lying states of Pugd™ including 58 multiplet interac-
tions and spir-orbit coupling.
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Figure 10. Schematic MO representation for the ground states of the
ANnO,(H0)s" species including multiplet effects.

states (0.21 eV) plus the CI lowering from the diagonal d
element in theé=~ (62 and ¢?) state (0.56 eV).

When spin-orbit effects are included, the lowest state is the
Q = 4 state derived primarily from th#d (61 ¢1) state discussed
above. ThelH state withA = 5 also gives rise to the lowe&t
=5 and 6 states in the diagram. Overall the sqorbit lowering
in this model for the ground state is0.84 eV.

For the Pu@*t species in matrix environments it has
experimentally been determined by spectroscSpand est®
studies that the ground state is inde€t as contrasted with
the DFT 62 (3Z7) ground state. The present results are also in

J. Phys. Chem. A, Vol. 104, No. 26, 2008267

TABLE 9: Vibrational and Solvent Contributions to
Calculated Reduction Potentials (All Quantities in eV).
Multiplet and Spin —Orbit Corrections Have Been Added in
the Last Column

Eelec AG?% AG™"  +AEnu
UOy(H0)s™2 + e — —-12.1 —-12.2 —6.98 —7.29
UO(H0)s"
NpOy(H0)s"2 + & — —12.92 —-13.05 -7.75 —8.92
N[:)C)z(Hzo)sJr
PuQ(H:x0)"2+ e — —13.44 —13.47 —7.99 —8.20
PUC}(Hzo)s+
H:O" +e — —4.92 —4.92
YHy + H0O

to be the same configuration in the CI ground state. The overall
multiplet correction for the Pug® “l ground state relative is
0.30 eV for the’F 62 ¢! state and 0.90 eV relative to the single
referenced? ¢! diagonal energy. When spirorbit coupling is
included, the lowest state with = 6 gives a state with
extremely high total angular momentum projecti@n= 15/2
with a spin—orbit lowering of —0.93 eV.

D. Reduction Potentials of An(HO)s?" in Solution. With
the structures, energies and vibrational properties of AnO
(H20)s2+ and AnQ(H.0)s" species in the first section of this
paper and the corrections to the DFT ground states from-spin
orbit CI calculations from the latter section, we now proceed
to consider the relative energies of th€ and+1 species in
solution as measured by the reduction potential. In Table 9,
the relative energies of th&2 and+1 species as calculated
from the density functional B3LYP calculations are denoted as
Eeceo Which corresponds to the negative of the adiabatic
ionization potential of each molecule. The calculated reduction
potentials of AnQ(H,O)s'" decrease monotonically in the series
U (—12.1), Np (12.9), and Pu<{13.4) eV. When zero-point
and thermal corrections are applied to obtain free energies at
298 K, little change is apparent in these quantities.

The solvent corrections preferentially stabilize the doubly
charged actinyl species relative to the singly charged ones, as

quite reasonable agreement with the much more elaborateexpected from a simple Born cavity model in which the

spin—orbit CI results reported recently for&électronic states
of actinyl species recently by Maron etZ4lon PuQ?", by
Matsika and Pitz&f on NpQ,™ and Blaudeau et 8f on PuQ?*.
They all agree on the nature of tee= 4 ground-state arising
from the3H (61 ¢1) configuration and of low-lying states €3")

< 5 (H) < 1 (=) but then diverge from one another and

from these results for higher states. Maron et al. reported vert-

ical excitation energies at 1.67 A, whereas Blaudeau et al.

stabilization is proportional t@? As a result, there is a net
decrease by about 5 eV in the absolute magnitudes of the
reduction potentials in solutioAGsgn but the relative order
remains unchanged (Table 9). Finally, the multiplet and-spin
orbit effects associated with the unpaired electrons that are not
accounted for by DFT theory are added to the final solution
results. For example, for the Y&/UO," couple, there is a
net stabilization 0of~0.31 eV for UQ'" and no stabilization

gave adiabatic excitation energies. Our results correspondfor UO,**, and as a result, the half-reaction is7.3 eV

to vertical exciations energies at 1.75 A. The splitting between
the Q = 4 andQ = 1 lowest excited state in these two pre-

exothermic compared te-7.0 eV without the corrections.
To compare with electrochemical reduction potentials, the

vious calculations are 0.53 and 0.49 eV compared to 0.22 eV energy of the hydrogen ion reduction according to the half-

here.

PuO,™ f3 StatesA similar calculation was carried out on the
possible 5% states for Pugd™. The lowestS = ¥/, state from
the ClI calculations was found to be, perhaps surprisingly, the
4 state corresponding to th& ¢! #! configuration (Table 7

reaction
H,O" +e —Y,H,+ H,0 (6)

is also given as calculated in the gas phase using DFT and in

and Figure 9). The state corresponding to the DFT solution in solution with the same procedure. The calculated reduction

Figure 2, the*® state with ad? ¢! configuration, was 0.60 eV
higher in energy. While the &forbital is significantly higher
than the other orbitals in Figure 2 in terms of one-electron

potential is—4.9 eV at the same level of calculation as used

for the actinyl species.

Taking the difference of the two half-reactions we obtain the

interactions, the fact that his turns out to be the lowest electronic overall free energy of the redox process
state can be understood in terms of the two-electron interactions.

For an actinide atom such as'Uwith a 5f configuration, the
lowest L—S multiplet is thel state which corresponds to the
maximum orbital angular momenturh € 6). The state can be
represented as the determinang ;. 111! which can be seen

UO,(H,0)s 2 + ",H, + H,0 — UO,(H,0); ™" + H,0" (7)

in solution. As written this way, this reaction is exoergic with

AG = —2.37 eV, for the UG /UQO,!* system. By the definition



6268 J. Phys. Chem. A, Vol. 104, No. 26, 2000

5
. AnOy2*/ AnOy* (aq)

Calc (corr.)

Calc (uncorr.)

Reduction potential (eV)

Exptl

U Np Pu

Figure 11. Comparison of experimental reduction potentials for AnO
(H20)s>"/AnO(H,0)s™ with calculated results from DFT calculations
and results with multiplet and spitorbit corrections.

TABLE 10: Comparison of Calculated and Experimental
Reduction Potentials (All Quanitites in eV) Relative to the
Standard Hydrogen Potential

Eocalc Eoexpl
UO,(H20)5*2UO,(H,0)s* +2.37 +0.063
(+0.163%
NpOz(HZO)5+2/NpOZ(H20)5+ +4.00 +1.137
(+1.236%
PUQy(H-0)s 2/PuQy(Hz0)s* +3.28 +0.913
(+1.013%

aReference 572 Reference 58.

of the electrochemical potentidt? as the negative of the free
energy,

AG = —nFE° (8)

we obtain the reduction potentials in Table 10, where they are
also compared with the experimental potentfai2 By this
definition, all of the AnQ%*1* couples are positive relative to
the hydrogen standard, i.e., the AfO species are stronger
oxidants than hydrogen, and the reaction as written above will
proceed as written. While this is in accord with the experimental
values, theabsolutecalculated values, however, are uniformly
~ 2—3 eV too high compared to experiment. Experimentally
the reduction potentials in eV are W-0.06), Np (-1.14), and

Pu (+0.91), while we obtain U+£2.37), Np ¢-4.00), and Pu
(+3.28). We shall return to this point shortly. The reduction
potentials, normalized to U®"1* reproduce the relative trends
in reduction potentials Np- Pu> U within a few tenths of an
eV (Figure 11). This trend would not have been obtained simply
by taking the SCF results from the DFT calculations with solvent
corrections. Only when the multiplet corrections have been
included do we obtain the proper trend in reduction potentials
as one proceeds from U to Np to Pu.

The systematic 23 eV error overall is more troublesome to
analyze. This could arise from various effects: (1) the dielectric
continuum model, (2) the B3LYP density functional, or (3) the
effective potential used in the calculations. While the dielectric
continuum model is relatively simple, we have had good
experience in predicting free energies of organic neutral and

Hay et al.

TABLE 11: Comparison of Calculated lonization Potentials
of UO,(H,0)s*! Using Various DFT Methods and ECPs

method HF ECP LDAECP  all-electronic ADF
vertical IP (eV}
LDA 10.05 9.25 9.13
BLYP 11.47 10.76
B3LYP 11.34 10.44
adiabatic IP (e\®
B3LYP 12.07

aResults at LDA geometry of UfH,0)s™. ® Results at respective
geometries oft2 and+1 species.

ionic species in solution using standard atomic radii without
readjustments. Similarly excellent agreement with experiment
(within 1—3 kcal/mol) was obtained for Fe(lll) hydrolysis
reactions using this approaéh.

To address the dependence on functionals and ECPs, the
vertical gas-phase IP of U(H,O)s™! was calculated using
various methods. The LDA geometry, which is closest to the
solution EXAFS results, is used for both thé& and+2 species.

The results are summarized in Table 11. LDA (SVWNS5), BLYP,
and B3LYP calculations were carried out using the present (HF-
based) ECP for U. These IPs vary from 10.0to 11.5t0 11.3 eV
for these respective levels of DFT methods. These results were
also compared to all-electron, frozen core LDA and BLYP
calculations using the ADF code. In both cases the ECP results
tend to overestimate the IP by about-©6(/8 eV compared to

the ADF results. Ignoring such differences between the calcula-
tions as the use of Slater basis functions for ADF and Gaussian
basis functions here, this would indicate a possible overestimate
if the IP by the use of the Hartred-ock-based ECP for B3LYP
calculations.

This conclusion is supported by other calculations involving
two different ECPs. The first case employed an ECP based on
a relativistic LDA atomic calculatiofl with the same number
of core electrons (78). This calculation gives essentially the same
[.P (within 0.1 eV) as the ADF all-electron LDA calculation,
as shown in Table 11. A second case employed the pseudopo-
tential or ECP developed by Kuchel et8lon the basis of a
scalar relativistic HF atomic calculation with fewer electrons
(60) in the core. The calculatied IP from a B3LYP calculation
with this ECP (9.27 eV) is about 2 eV lower than the comparable
result in Table 11 (11.34 eV) with the “larger core” ECP used
throughout this paper. Assuming this difference carries over to
the Np and Pu species, this would bring the absolute calculated
and experimental redox potentials (Figure 11) into close
agreement.

At this point we are unable to assess the hybrid functional
with either an all-electron calculation or ECP based on a hybrid
atomic calculation. Overall it appears that absolute ionization
potentials can vary by-12 eV due to the choice of ECP and as
much as 1.5 eV in the choice of functional. Relative IPs as a
function of metal or ligand appear to be much less sensitive to
these choices, but further work on more systematic comparisons
is clearly warranted.

Conclusions

The structures and vibrational frequencies of AGQO)s2"

and AnQ(H,0)s" species have been calculated using density
functional theory (DFT) and relativistic effective core potentials
(RECPs). The resulting structures are compared to EXAFS
solution studies, where good agreement is found for the=An

O bond lengths while the An-OHbond lengths are typically
overestimated by 0.670.10 A. The calculated Raman and IR
vibrational frequencies of the actinyl unit decrease in the order
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U > Np > Pu for both An(VI) and An(V) oxidation states.
The fact that the actinyl bond lengths are getting slightly shorter

while the bond strengths are decreasing, according to the
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(14) Aberg, M.; Ferri, D.; Glaser, J.; Grenthe,lhorg. Chem.1983

calculated frequencies, is attributed to the decreased overlap2, 3986.

between the oxygen orbitals and the actinide 5f orbitals, which

are getting progressively smaller as atomic number increases.

Free energies for reactions in solution are computed by

(15) Basile, L. J.; Sullivan, J. C.; Ferraro, J. R.; LaBonville Appl.
Spectrosc1974 28, 142.

(16) Toth, L. M.; Begun, G. MJ. Phys. Cheml1981, 85, 547.

(17) Madic, C.; Begun, G. M.; Hobart, D. E.; Hahn, R.Ihorg. Chem.

combining thermodynamic free energies in the gas phase with 1984 23, 1914.

a dielectric continuum model to treat solvent effects. Using this
approach the hydrolysis reaction of W{@,0)s?" to form UQ;-
(H20)4(OH)* and the reactions for removing or adding a water
to the first shell in UQ(H,0)s™2 are examined. While the five-
coordinate structure is not favored either from the electronic

energies or from gas-phase free energies, when solvent effectd>

are included it becomes the most stable species.
Overall DFT provides a good description of the ground-state

(18) Guillaume, B.; Begun, G. M.; Hahn, R. Inorg. Chem1982 21,
159.

(19) Jones, L. H.; Penneman, R. A.Chem. Phys1953 21, 542.

(20) Spencer, S.; Gagliardi, L.; Handy, N. C.; loannou, G. G.; Skylaris,
C. K.; Simper, W. AJ. Phys. Chem. A999 103 1831.

(21) Tsushima, S.; Suzuki, A. Mol. Struct. (THEOCHEM)999 487,

(22) Craw, J. S.; Vincent, M. A,; Hillier, I. H.; Wallwork, A. LJ. Phys.
Chem.1995 99, 10181.
(23) Blaudeau, J.-P.; Bursten, B. E.; Pitzer, R. M. Presented at the

structure and chemical properties as long as the oxidation stateSymposium on Heavy Element Complexes: The Convergence of Theory

remains unchanged. When the details éfdfd 5f multiplets

and Experiment, 217th ACS National Meeting, 1999, Anaheim, CA.
(24) Ismail, N.; Heully, J.-L.; Saue, T.; Daudey, J.-P.; Marsden, C. J.

become important, as in electronic spectroscopy or in redox Chem. Phys. Lettl999 300, 296.

properties, multiplet and spirorbit effects should be included.
Modest spir-orbit Cl (SO-CI) calculations on Pu@" as a
“weak ligand field” model for the aquo complexes are presented.
The DFT results gave a (5 ground-state configuration for
NpO,(H20)s2" and a (58)? (5f¢)! configuration for Pu@
(H20)s2™, but in the SG-CI calculations the respective ground
states are found to be Bt (5f¢)! for Np(VI) and (56) (5f¢)*
(5fz)! for Pu(VI) using this model. These results for25f
multiplets are also in agreement with more sophisticated- SO
Cl calculations on An@* species. The reduction potentials for
all three AnQ(H,0)s2" complexes in solution are compared
with electrochemical experimental data. The correct overall trend
Np > Pu > U is found when multiplet and spirorbit
corrections are included, although the absolute reduction

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

(26) Matsika, S.; Pitzer, R. M. 1999. Unpublished.

(27) Zhang, Z. Y.; Pitzer, R. MJ. Phys. Chem. A999 103 6830.

(28) Becke, A. D.J. Chem. Phys1993 98, 5648.
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(30) Vosko, S. H.; Wilk, L.; Nusair, MCan. J. Chem198Q 58, 1200.

(31) Becke, A.Phys. Re. A 1988 37, 3098.

(32) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;
Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T.; Petersson, G.
A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,
V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B;
Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.;
Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.;
Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-
Gordon, M.; Gonzalez, C.; Pople, J. Aaussian 98 Revision A.7;
Gaussian, Inc.: Pittsburgh, PA, 1995.

(33) Hummer, G.; Pratt, L. R.; Garcia, A. . Phys. Chem. A998

potentials are overestimated in all three cases. The possiblegs, 102.
reasons for this overestimate are examined by comparing results (34) Martin, R. L.; Pratt, L. R.; Hay, P. J. Phys. Chem. A998 102,

using various functionals, different effective core potentials, as 3°6°

well as all-electron results using the ADF method.
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