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The inner-sphere mechanisms of the disproportionation reactions of U(V), Np(V), and Pu(V) ions have been studied
using a quantum mechanical approach. The U(V) disproportionation proceeds via the formation of a dimer (a
cation—cation complex) followed by two successive protonations at the axial oxygens of the donor uranyl ion. Bond
lengths and spin multiplicities indicate that electron transfer occurs after the first protonation. A solvent water
molecule then breaks the complex into solvated U(OH),2* and UO,?* ions. Pu(V) behaves similarly, but Np(V)
appears not to follow this path. The observations from quantum modeling are consistent with existing experimental

data on actinyl(V) disproportionation reactions.

Introduction

The chemistry of the pentavalent actinyl ion (AriQis
highly important in understanding the behavior of actinides

in the environment, wastes, and spent nuclear fuel processing
Under most environmental and process conditions, neptuni-

um(V) is the dominant oxidation state of Npg2lutonium-

(V), although substantially less stable, has been shown to

be particularly important under environmental conditions and
potentially in the aging of stored Pu stockExcept for a
narrow pH range around-2.53 uranium(V) is highly
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unstable, but it is important as a reaction intermediate in U
redox reactions, such as photochemical and microbiological
reductions of the highly stable U(VI) ighln the absence of
other redox reagents, the stability of these actinyl(V) ions is
governed by their disproportionation reactions, described in
eq 1, in which the destabilizing effect of acidity is evident
(K O [H']7%. Interestingly, if we consider the primary
solvation shell round the metal ions (but ignoring that around
the proton), using generally accepted hydration numbers for
actinide ions (An) in aqueous solution in the absence of
complexing aniortsthe disproportionation reaction can be
rewritten as eq 2, implying that during the reaction one or
two additional solvent water molecules are required to satisfy
the inner-sphere solvation shells of the products. While
kinetic data exist on the rates of An(V) disproportionation
reactions, a fundamental understanding of the mechanisms
of these reactions remains obscéita. particular, there are

(4) Nagaishi, R.; Katsumura, Y.; Ishigure, K.; Aoyagi, H.; Yoshida, Z.;
Kimura, T.J. Photochem. Photobiol., A996 96, 45. (b) Renshaw,

J. C.; Butchins, L. J. C.; Livens, F. R.; May, |.; Charnock, J. M.;
Lloyd, J. R.Environ. Sci. Technol2005 39, 5657.

On the basis of EAS (Garnov, A. Yu.; Krot, N. N.; Bessonov, A. A;;
Perminov, V. PRadiokhimiyal996 38, 428.), EXAFS (Conradson,

S. D.; Clark, D. L.; Neu, M. P.; Runde, W.; Tait, C. Dos Alamos
Sci.2000 26, 418.), quantum mechanical (Buhl, M.; Diss, R.; Wipff,
G. J. Am. Chem. SoQ005 127, 13506.), theoretical (Mauerhofer,
E.; Zhernosekov, K.; Rech, F.Radiochim. Acta&2004 92, 5.), and
crystal structure (Matonic, J. H.; Scott, B. L.; Neu, MIforg. Chem.
2001, 40, 2638.) data, it is likely that the actinyl ions exhibit a
pentagonal bipyramidal structure in solution and that the trivalent and
tetravalent actinide ions are surrounded by eight to nine water
molecules in the inner sphere.
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significant differences betweerfldnd Pd compared to Np
which are not understood at a fundamental level.

The very rapid disproportionation of U(V) has received
considerable attention, initially being shown to be second
order with respect to U(V) and approximately first order with
respect to hydrogen ion concentration (egn3= 1).52°¢

Steele and Taylor

UO," + UOH? 2 U0 2" + UOH* 5)

An alternative mechanism via the formation of a binuclear
intermediate (W' 042") followed by protonation was later
shown to fit experimental rate data at variable acidity at least
as well as a medium effect using Harned corrections or the

Increasing ionic strength and complexing anions increaseskern—Orleman mechanisit Indeed, Ekstrof notes that

the rate of disproportionatidi§; while U(VI) ions decrease
the rate of disproportionation by the formation of a less
reactive complex between U(V) and U(\A)Later worké'i
accounted for the effect of U(VI) by extrapolation of rate
data to zero U(VI) concentration showing an appreciable
deviation from the first-order relationship with i

2An0," + 4H" = AnO,”" + An*" +2H,0 (1)

2An0O,(H,0)s "+ 4H" + (1—-2)H,0 = AnO,(H,0)"" +
A”(Hzo)(sfg)4+ (2

Kern and Orleman proposed a mechanism of disproportion-

—d[An(V)]

G = KANW)HTT

®3)

ation that involved an initial protonation step (eq 4) to form
a UQH* ion, which then reacts with a further U(V) ion in
the rate-limiting step (eq 3¥.This mechanism replicates the
observed rate equation, whete= K,,. Duke and Pinkerton
examined this mechanism, showing only a rather small
enhancement of the rate in deuterated solutions, which
indicated to them that the proton transfer required by this
mechanism was highly improbatfie.

UO," + H* < Uo,H* @)
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2361. (f) Orleman, E. F.; Kern, D. M. H. Am. Chem. Sod953 75,
3058. (g) Imai, HBull. Chem. Soc. Jpr1957 30(8), 873. (h) Casadio,
S.; Lorenzini, L.AAnal. Lett.1973 6 (9), 809. (i) Newton, T. W.; Baker,
F. B. Inorg. Chem 1965 4 (8), 1166. (j) Ekstrom, Alnorg. Chem
1974 13 (9), 2237. (k) Koltunov, V. SThe Kinetics of the actinide
reactions;Atomizdat: Moscow, 1974; p 70. (I) Bell, J. T.; Friedman,
H. A.; Billings, M. R. J. Inorg. Nucl. Chem1974 36, 2563. (m)
Kaneki, H.; Fukotomi, HBull. Res. Lab. Nucl. React98Q 5, 27.

(7) (a) Rabideau, S. WI. Am. Chem. S0d957, 79, 6350. (b) Artyukhin,
P. I.; Medvedovskii, V. I.; Gel'man, A. DRuss. J. Inorg. Chemi959
4 (6), 596. (c) Koltunov, V. SThe Kinetics of the actinide reactions;
Atomizdat: Moscow, 1974; p 236. (d) Cleveland, J. MRlutonium
Handbook: A Guide to the Technolag¥ick, O. J., Ed.; American
Nuclear Society: La Grange Park, IL,1980; Vol. 1%&p 403.

(8) (a) Hindman, J. C.; Sullivan, J. C.; Cohen,DAm. Chem. So4954
76, 3278. (b) Sullivan, J. C.; Cohen, D.; Hindman, JJCAm. Chem.
Soc 1957, 79, 4029. (c) Hindman, J. C.; Sullivan, J. C.; CohenJD.
Am. Chem. Sod 959 81, 2316. (d) Koltunov, V. S.; Rykov, A. G.
Radiokhimiyal976 18 (1), 34. (e) Koltunov, V. S.; Zhuravleva, G.
I.; Marchenko, V. I.; Tikhononov, M. RJ. Inorg. Nucl. Chem. Suppl
1976 189. (f) Koltunov, V. SThe Kinetics of the actinide reactigns
Atomizdat: Moscow, 1974; p 116. (g) Anan’ev, A. V.; Shilov, V. P;
Astafurova, L. N.; Bukhtiyarova, T. N.; Krot, N. NRadiokhiniya
1989 31 (4), 52. (h) Fahey, J. A. IThe Chemistry of the Actinide
ElementsKatz, J. J., Seaborg, G. T., Morss, L. R., Eds.; Chapman
and Hill: London, 1986; Vol. 1, p 443.

6312 Inorganic Chemistry, Vol. 46, No. 16, 2007

deuterium substitution enhances the values of the Y(V)
U(VI) complexation and U(V) disproportionation rate con-
stants almost identically compared with® (by factors of
1.27 and 1.29, respectively), implying the similar role of
water molecules in the formation of the UY(VI) and
transition complexes, thus favoring the U(V) dimerization
mechanism. The formation of such binuclear complexes,
known traditionally in the literature as “catieitation”
interactions, is a specific feature of the chemistry of
pentavalent actinyl ions in solution and solid st&t&ghile

no definitive solution-state structures have yet been charac-
terized, solid-state crystal structufescoupled with quantum
mechanical studie¥; electronic absorption spectrophoto-
metry;" vibrational spectroscopyf X-ray scattering? NMR,%
Mossbauer spectroscofyand other data, all indicate that
these complexes involve the axial oxygen of a donor actinyl-
(V) ion bonding to another metal center. Later wéik,
however, again reinterpreted both U(V) absorption spectra
and the disproportionation mechani§i.

Pu(V) is of an intermediate stability compared with U(V)
and Np(V) and is most stable between pH 1 and 5. Ignoring
complexities due to subsequent inter-plutonium-ion reac-
tions,/dthe basic Pu(\3-Pu(V) disproportionation reaction
kinetics are similar to those of U(V) and also follow ea3(
1) in HCIO.™ The same mechanism via an initial
protonation to PugH?" followed by a rate-limiting reaction
between this ion and another PiOion has also been
suggested to applt. Artyukhin’® showed that Pu(V) dis-
proportionation in HN@was very similar to that in HCIQ
Again, like U(V), studies in DO showed a small enhance-
ment of the reaction raté,o/kn,0 = 1.17) inconsistent with
a mechanism involving a hydrogen transfer at the slow
stage’?

Np(V) is far more stable than either U(V) or Pu(V) in
agueous solution, with an equilibrium constant for eq 1 equal
to 4 x 1077 M in 1 M HCIO,.8" Disproportionation is slow,
compared to the reverse Np(IWNp(VI) reproportionation,
and follows a different path to U(V) and Pu(V), with eq 3
(n 2) applying® ¢ This is probably indicative of a
mechanism in which two Npi?* ions interact in the slow
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A.; Dushin, R. B.; Sidorenko, G. V.; Suglobov, D. Radiokhimiya
1985 27, 534. (g) Karraker, D. G.; Stone, J. Mmorg. Chem 1977,

16, 2979. (h) Krot, N. N.; Grigoriev, M. SRuss. Chem. Re2004
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Disproportionation Reactions of Actinyl lons

stage (eqgs 6 and 79,2 in this casek = K?%y,. In the presence

of complexing anions in aqueous (e.g., sulfate and oxalate
ions) and nonaqueous solutions, disproportionation is ac-
celerated and the equilibrium shifted toward Np(P¥}9
Deuterated solutions again enhance the rate of Np(V)
disproportionation by factors of 2:2.7, which has been
related to a tighter bonding of hydrogen in the activated
complex than in the Npgi?t complexd¢

NpO,™ + H* <~ NpOHZ* 6)

NpPO,HZ" + NpO,H2" “NpO2" + Np(OH)2  (7)

It is clear that the kinetics of Np(V) disproportionation  rigye 1. cc complex optimized at the B3LYP/SDD level.

are different from those of U(V) and Pu(V) and that the

mechanisms have not been properly established for any ofcomplex, NpQCIO4(H-O),. This consists of infinite rows

these reactions. Protonation of the actinyl(V) ion followed of Np(V) molecules and outer-sphere perchlorate counterions.

by its interaction with either another protonated ion or free Each Np(V) center has two CC interactions: one where it
actinyl ion in the rate-limiting step has been proposed as acts as a donor via an axial “ylI” oxygen atom, and a second
well as an alternative mechanism via a U(V) dimer. interaction in which it acts as an acceptor of a CC bond from

Theoretical approaches to the study of molecular structuresthe axial “yI” oxygen of a neighboring neptunyl ion. The

using molecular dynamic studiéab initio,'* and density  remainder of its equatorial coordination plane consists of
functional approachéare now well established for actinide  water molecules. This crystal structure can be used as a basic
ions but, more recently, these have been extended to thaemplate to study quantum mechanically the CC interaction.
thermodynamics of ligand exchaniféhe accurate modeling  Dimers were extracted from the NpCIO,(H,0), Grigoriev

of the reduction of uranyl ions by iron(ll) iorléand further  crystal structure. One CC bond terminated with tdns,

the electron exchange between U(VI) and UtY). essentially replacing a neptunyl ligand by a water ligand.

Here, we report the first application of quantum modeling These extracted dimers were optimized at the HF and DFT
techniques to actinyl(V) disproportionation reactions, which |evels of theory, and the DFT optimized structure is shown
assuming an inner-sphere interaction have enabled us to nown Figure 1. Substitution of U(V,VI), Pu(V,VI), and Np(VI)
suggest a mechanism for the U(V) and Pu(V) dispropor- into the Np(V) sites showed that in the An(vAn(VI)
tionation reactions. It can be shown that the proposed inner-complex the CC bond was2.3 A, and this was increased
sphere mechanism agrees with the features of the experito 2.5 A for An(V)—An(V) complexes! These gas-phase

mentally observed reaction kinetics and also deals with the calculations compare to an experimental value of 2.35 A.

differences between U(V), Pu(V), and Np(V) disproportion- For the An(V)-An(VI) type CC complexes, irrespective of

ation reactions. the An ion, the minimum energy structure and wavefunction
always corresponded to the acceptor An species, being the

An(VI) ion with the An(V) ion acting as the donor actinyl.

Grigoriev and co-worket8 have isolated and structurally  Experimentally, CC complexes of the actinides are dominated

characterized the most basic Np(V) catiaration (CC) by Np(V) CC complexe¥ with very few Pu(V) and U(V)

- . CC complexed’ Our earlier theoretical calculations of the

1 Ghem. Soc., Perkin Tranzooa 2, 705, () Baaden 1 Berny, £, U(V) and Pu(V) analogues provide no explanation to this
Madic, C.; Wipff, G.J. Phys. Chem. 200Q 104, 7659. dominance and is simply being attributed to the greater

(11) (a) Dolg, M.; Stoll, H.Handbook on the Physics and Chemistry of stability of Np(V) compared to both U(V) and Pu(V) and to
Rare Earths Gschneider, K. A., Jr., Eyring, L., Eds.; Elsevier: . . . . . .

Amsterdam, 1996; Vol. 22, p 152. (b) Tsuchiya, T.; Taketsugu, H.; the increased practical difficulties in handling the more
Nakano, K.; Hirao, JJ. Mol. Struct (THEOCHEM 1999 461, 203. radioactive Pu complexes. Solution-phase measurements of
(Lce)in?f]Zl?}'TYérfrfehé?‘on?fg’fgﬂtﬂ'g:I?Wamg;gﬂ:@,';gm.Tgﬁgfg'ggc'; stability constants show that CC complexes increase in
244, 185. (d) Ismail, N.; Heully, J.-L.; Saue, T.; Daudey, J.-P.; stability in the order Am< Pu < Np < U.%®"

12) '(V'a?r}_sigi%_cf;' ﬁgﬁm" Rp.hlyf'cfetgf?hjgggzagfba 3875, (b) Zhou In this study of An(V) ion disproportionation under acidic
M.; Andrews, .; Ismail, N.; Marsden, Q. Phys. Chem. A998 104, conditions, the essential chemical model described above
5495. (c) Schreckenbach, G.; Hay, P. J.; Martin, RJLComput.  (Figure 1) was the basis for all calculations. All starting
Chem.1999 20, 70. (d) Maron, L.; Eisenstein, Q. Phys. Chem. A . . .
200Q 104, 7140. coordinates were obtained from the crystal structure eluci-

(13) Vallet, V.; Wahigren, U.; Schimmelpfennig, B.; Szabo, Z.; Grenthe, dated by Grigoriev including explicitly the first solvation
I. J. Am. Chem. So@001, 123 11999.

Computational Detail

(14) Tsushima, S.; Wahlgren, U.; GrentheJ.I Phys. Chem. 2006 110, shell. Secondary and higher solvation shells were not
9175. (b) Wahlgren, U.; Tsushima, S.; Grenthel.IPhys. Chem. A included as the disproportionation reactions were thought to
2006 110, 9025. be inner spher®i It is also accepted that the inclusion of

(15) Privalov, T.; Macak, P.; Schimmelpfennig, B.; Fromager, E.; Grenthe,
I.; Wahlgren, U.J. Am. Chem. So004 126, 9801.

(16) Grigoriev, M. S.; Charushnikova, I. A.; Krot, N. N.; Yanovskii, A. |.; (17) Burdet, F.; Peaut, J.; Mazzanti, MJ. Am. Chem. SoQ006 128,
Struchkov, Y. T.Zh. Neorg. Khim1994 39, 179. 16513.
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Steele and Taylor
solvation models is less essential for structural calculations Table 1. Calculated Bond Distances for [An®1,0)s]"™ Complexes

than energetics and that the inclusion of such approaches chemical species method A0 (R)  An—Oyaer(R)
wlthln structgr_al optimizations is both_ d.|ff|cult gnd eXpen-  10,(H,0)" HE/LANL2DZ 178 263
sivel3 All actinide complexes were optimized using Hartee /SDD 1.76 2.61
Fock (HF) and density-functional theory quantum mechanical 53/'-S\(§|SLANL2DZ 11-8811 22-%17‘2-62
(DFT) QM approaches using GaussiartdBue to the large BPW91/SDD 182 558259
number of electrons, pseudopotentials were used to represen{NpO,(H20)]*  HF/LANL2DZ 1.76 2.61
the U, Np, and Pu centers. We utilized both the large€ore /SDD 1.75 2.66-2.61
. ) B3LYP/LANL2DZ 1.81 2.60-2.65
(LC) (up to and including 4s and 5d electrons) and a /SDD 179 253057
[3s3p2d2f] contracted basis set for the remaining 14 electrons BPW91/SDD 1.81 2.562.62
and the small core pseudopotentials of the Stuttgart?fype [PuO(Hz0)s]"  HF/LANL2DZ 178 2.60
d including 4d and 4f) with a contracted Gaussian /<D 179 2.562.60
(up to and including _ B3LYP/LANL2DZ 1.81 2.58-2.66
basis set of [10s,9p,5d,4f]. For all calculations, the electrons /SDD 1.79 2.56-2.60
of the N, O, and H light elements were represented with a BPWO1/SDD 179 2.552.63

6-31G(d) basis set and the requirement of polarization 1,1c 2 calculated Bond Distances for [ABG1LO)2*

orbitals was assessed. Removal of the equatorial water - - Complexes
ligands left a “T-complex® in which one G=An*=0 ion chemical species method *DA)  U=Ouwaer(A)
is linked to its partner actinyl ion by an axial oxygen bonding  [VO2(H20)k]*" HFLANL2D2 1o 258255
to the An metal center of the other ion in the equatorial plane. B3LYP/LANL2DZ 176 251
Optimization of this structure at the B3LYP/SDD level led /SDD 1.79 2.50

to a CC separation of 2.45 A. However, following spin o 1 oo BEALSD Ll A
annihilation theZ value was 2.66, which corresponds to a PR /SDD 1.67 250
highly contaminated triplet wavefunction; no pure wave- B3LYP/LANL2DZ 1.76 2.50-2.52
functions could be obtained. For optimization of the T- PRS0 L S
complex using an HF approximation, a noncontaminated [puoyH,0)2*  HF/ILANL2DZ 1.66 251
wavefunction was obtained but the calculated CC separation /SDD 1.66 2.56-2.51
was 2.12 A. It was, therefore, concluded that to accurately BINPILANLZDZ AT 245249
study these complexes they were required to have complete BPW91/SDD 1.75 2.46

equatorial planes, preventing the use of the most accurate _ o

but computationally intensive approaches. For all complexes, 12ble 3- CC and Ar=O Separations of the Optimized CC Complexes
. . . . and Calculated Spin Densities

the high spin configuration was assumed throughout. Hence,

for all the starting complexes, which are AnfVAn(V), the 8;)3 ACZ‘X)_ o AC‘(’;’&")_ o ACacespin  AtionSpin
spin multiplicities (B + 1) were 3 for U, 5 for Np, and 7 = l
for P HF/LANL2DZ
or Fu. U 2.51 1.81 1.86 1.20 1.21
The AnQ,"+-5H,0 molecules (Tables 1 and 2) and the CC 1.77 1.76
complexes for U(V3+U(V), Np(V)---Np(V), and Pu(Vj-- Np 251 11-775 11;364 242 249
Pu_(V) interactions were optimized (Table 3). To S|_mu_late PU 236 181 1.94 3.96 4.0
acid attack, H ions were placed at 0.97 A from the bridging 1.85 2.04
actinyl oxygens (step 1a, Figure 2). This bridging oxygen DFT/LANL2DZ
contains a highed-charge than the other actinyl axial oxygen  B3LYP S50 Les L8o 1o 103
atoms, but sterically it is more difficult to access. Therefore, ' 182 181 ' :
attacks at both the bridging and end actinyl oxygens of the  np 2.50 1.79 1.87 2.42 2.49
donor actinyl were modeled (step 1b, Figure 2). For the 1.83 1.80
Pu 2.51 1.83 1.88 3.66 3.74
(18) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, 1.80 1.80
M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin, DFT/SDD
K. N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, B3LYP
V.; Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. U 2.44 1.80 1.90 1.11 1.11
A.; Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; 1.85 1.80
Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, Np 2.49 1.79 1.85 221 2.23
H.; Klene, M.; Li, X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B; 1.80 1.78
Bakken, V.; Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. P 248 1.77 1.82 3.37 3.80
E.; Yazyev, O.; Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J. u ' 1 éO 1 ‘76 ' '
W.; Ayala, P. Y., Morokuma, K.; Voth, G. A.; Salvador, P.; BPWI1 ' '
Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich, S.; Daniels, A. D.; N 248 181 1.86 219 295
Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A. D.; Raghavachari, p ) 1 '81 1 '80 ’ ’
K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G.; Clifford, S.; : :
Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Pu 2.48 1.78 1.86 3.34 3.40
Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A,; 1.82 1.78

Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W_;

éohnsc_m, Igé’; Chen, \g-:ogl\/%ng, M. W.I; Go%alltﬁz, ]fi-angle,zgmA- protonated donor species, the electronic structures were
aussian revision C.0Z; Gaussian, Inc.: allingrord, , . F - .
(19) Hay, P. J.; Martin, R. LJ. Am. Chem. S0d992 114 2736, optimized using HF and DFT QM approaches with both SDD

(20) Cao, X.; Dolg, M.THEOCHEM2004 673 203-209. and LANL2DZ pseudopotentials. The optimum calculated
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Figure 2. Schematic diagram of the An(WAn(V) disproportionation reaction.

Figure 3. Protonated -U complex optimized at the B3LYP/SDD level.

bond lengths and spin densities are given in Table 4.
Following a second protonation (step 2, Figure 2) these
doubly protonated complexes were reoptimized. As a result
of doubly protonating the donor actinyl, &An(OH)»5H,0}
grouping has been created with a potential energy barrier to
the abstraction of the added kbns; consequently, care was
taken not to overinterpret the electronic structure following
a second protonation. Calculations using a combination of
HF (which does not include electron correlation) and a small
core SDD pseudopotential frequently resulted in highly
contaminated wavefunctions. Therefore, this combination
was not used after the calculation of the unprotonated CC
complexes.

To complete the disproportionation reaction in the U case,
a water molecule was added to the equatorial plane of the
acceptor U complex (step 3, Figure 2).

Results

[AnO 5(H,0)s] ™ Complexes.The calculated bond lengths
for the optimized An@"2*-5H,0 ions are given in Tables
1 and 2. The initial coordinates prior to geometry optimiza-
tion for the ions were taken from the NpCIO4(H20),
Grigoriev crystal structur& and no symmetry constraints
were implemented. At the B3LYP level employing an SDD
pseudopotential and a 6-31G(d) basis set on the light
elements, the calculated A separations were 1.81, 1.79,
and 1.79 A, respectively, which compare with UMP2
calculation$* of 1.81, 1.77, and 1.74 A and EXAFS values
of 1.85 A for Npt and 1.84 &2 for Pu; data for U(V) are
unavailable. For the equivalent Ag-5H,0 complexes, the
An=0 separations were reduced to 1.79, 1.73, and 1.72 A
which compare to MP2/UMP2 calculated values of 1.76,
1.73,and 1.71 A, and EXAFS measured values of 1.27 A,
1.76 At for U(VI), 1.75 A2 for Np(VI), and 1.74 A2 for
Pu(VI). These calculated separations supported by the
calculated spin densities have been used to assign the
oxidation state of the actinide centers within the CC
complexes.

Step 1: First Protonation of Uranium Dimer Complex.
Protonation of the bridging “yI” oxygen of the uranyl(V)
CC complex for both HF and B3LYP indicated a single
electron transfer from the acceptor uranyl to the donor center,
the electron transfer taking place prior to structural optimiza-

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

(22) Ankudinov, A. L.; Conradson, S. D.; De Leon, J. M.; Rehd.Phys.
Rev. B 1998 57, 7518.

(23) Reich, T.; Bernhard, G.; Geipel, G.; Funke, H.; Hennig, C.; Rossberg,
A.; Matz, W.; Schell, N.; Nitsche, HRadiochim. Act&00Q 88, 633.
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Table 4. CC and Ar=O Separations of the Optimized Protonated CC  separation for the L Ouaercenter were reduced to between

Complexes and Calculated Spin Densities 250 and 2.57 A, whereas thesdd—Owater separation was
ACacc—O  ACdon—O increased to 2.572.58 A. Upon acid attack, the CC
cchH & (A)  ACaccSpin__ AtionSpin separation for the B3LYP/SDD complex was reduced from
y - . ';'g/LANLZZDgg 0.00 210 25210 2.35 A. The protonated structure was reoptimized
' 170 181 ' ' with diffuse functions in the oxygen basis set (6-31G(d,f))
Np 2.75 1.81 2.19 2.43 3.17 using an SDD pseudopotential and B3LYP functional, and
o 0 36 11-7657 22-1531 553 430 the calculateq value was in very good agreement with the
' 167 181 ' ' 6-31G(d) basis set. The maximum change in bond lengths
DET/LANL2DZ was a 0.03 A increase. The calculated spin der_lsmes faru
B3LYP and Uy centers were 0.03 and 2.10, respectively. Due to
U 2.35 177 2.46 0.01 2.34 such small differences diffuse functions were not included
Np ~5 ﬂag %‘_g? 241 266 further in this study.. The vibrational frquencies andvs)
1.80 1.81 were calculated using the B3LYP functional and an SDD
Pu 2.70 1.85 2.14 3.60 4.09 pseudopotential. For the uranyl acceptor center, the calculated
181 187 vibrational frequencies are 805 and 890 <¢nprior to
BaLyP DFT/SDD protonation and 915 and 1008 chnfollowing dispropor-
U 231 1.76 250 0.00 214 tionation. These compare with experimental vaitider
1.76 1.82 UO?* of 869 and 965 cm', MP 2?5 calculated values of 923
NP =5 s T 221 225 and 1024 cmt, and B3LYP® calculated values for the
Np >3 178 1.99 2.20 295 unsolvated uranyl ion of 1041 and 1140 ¢mThere were
(END) 1.79 1.76 no negative vibrational frequencies calculated.
Pu =5 o > 335 349 Step 2: Second Protonation of Uranium Dimer Com-

PU >3 175 178 3.34 351 plex. Protonation of the second “yI” oxygen of the U(IV)
(END) 1.80 1.96 --U(VI) complex increased the CC separation; for B3LYP
Bvagl -5 178 203 221 228 the increase was 0.45 A. This second protonation did not
P 1.78 1.79 ' ' alter the electron distribution between the two U centers.

Np 2.58 179 1.88 179 2.69 Step 3: Addition of Water to Protonated Uranium
fDEuND) -5 i:;g igé 237 432 Dimer_. In_troduction of a water molecule to the equatorial

1.78 1.77 coordination shell of the doubly protonated uranyl complex
Pu 2.50 1.76 1.88 2.65 3.42 finally broke the CC bond, and the two positively charged
(END) 1.79 1.99

uranium centers repelled each other. This breaking of the
tion. TheS? values were found to be 2.1 0.09 (Table 3), CC bond occurred if the water molecule was introduced into
as would be expected for a triplet structure, indicating that the U0, equatorial plane (at a separation of 2.65 A). The
a complete electron transfer has taken place and the eigensimultaneous addition of two water molecules to both centers
functions are virtually pure spin states with no contamination also broke the complex, but addition of a water molecule to
from other spin states. The summation of the Mulliken only the coordination sphere of theM(OH), half of the
population for the acceptor uranyl wea€.94 which com- complex actually decreased the CC bond from 2.55 to 2.48
pares well with+0.91 calculated for UgbH,O?" complex. A and the CC complex remained intact. At the end of the
The calculated B0 bond lengths of the acceptor uranyl at geometry optimization the two stable U species were the
the HF/SDD level were significantly lower from the initial ~pentagonal bipyramidal aquated uranyl(VI) ion, Bb,L,0?",
lengths prior to protonation; from 1.81 and 1.77 A to 1.70 and the twice hydrolyzed U(IV) ion, U(OR$H,O, which
A which compares with 1.69 A for the [AngH,0)s]%* showed two U-OH separations of 2.34 A and+H,0
molecule (Table 2). For B3LYP/SDD, the reduction went distances of 2.5 A. The U(IV) center contained two unpaired
from 1.85 and 1.80 A to 1.76 A (Figure 3). Such separations €lectrons. It is assumed that the U(GH)ion further rapidly
in the acceptor uranyl correspond to the U@Véxial oxygen picks up one or two additional water molecules from the
distance and, hence, the UfU(V) CC complex has  solventto satisfy its inner coordination sphere (eight or nine
transformed to a U(VF-U(IV) complex. This conclusion  coordinate).
is further supported by no unpaired electrons being located Pu(V)-+-Pu(V) Complex. For the Pu(V)--Pu(V) complex
on the acceptor U center (Table 3), both being assigned toat the HF level of theory, employing an LANL2DZ pseudo-
the donor U. Prior to protonation, the,dd-Ouater SEParation potential, protonation of the bridging oxygen led to electron
had a large range from 2.54 to 2.72 A and thgdOwater transfer from Pytc to Puon, analogous to that observed for
separation ranged from 2.48 to 2.55 A. U. The Py.c—=0O separations were reduced from 1.81 and
Following protonation and electron transfer, the CC bond i i i ) —
decreases from 2.51 to 2.41 A, the axial acceptor O shortens>” ﬁlcl,?rg’f EhS,;;,lBg“;; 632’5,‘]46]7"6?}]““ D. K., Edelstein, N. M.; Reich, T.

to 1.70 A for U(Vvl), and the Am—O bond lengthens (25) Majumdar, D.; Balasubramanian, K.; Nitsche, Ghem. Phys. Lett
. 2002 361, 143.
dramatlca”y from a uranyl (V) Iength of 1.90 A to an (26) Zhou, M.; Andrews, L.; Ismail, N.; Marsden, G. Phys. Chem. A

U—OH/water length of 2.63 A. Both the range and the 200Q 104, 5495.
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1.84 to 1.67 A which compares to 1.66 A for Px&M,0%"
(Table 2). Py carried an unpaired spin value of 4.39 (Table
4), which equates to Pu(lV). The calculated wavefunction
contained a degree of spin contamination, and the former
bridging oxygen carried a single unpaired electron. Proto-
nation of the second oxygen caused the CC complex to break
apart.

The B3LYP results did not agree with those obtained at
the HF/LANL2DZ level. For B3LYP/LANL2DZ, there was
partial electron transfer between the two Pu centers but the
Puc=O0ac separations did not decrease. Following the
second protonation at the end “yI” of the donor plutonyl (step
2, Figure 2), transfer of an electron from the,Raenter to Figure 4. HOMO-2 for the B3LYP/SDD optimized singly protonated U
Puion 0ccurred. This protonation initiated the breaking of the CC complex.

CC interaction and, as they were no longer bound, the two

positively charged species repelled each other. For B3LYP/

SDD, the CC complex was broken following optimization

of the singularly protonated complex, there was no transfer

of electron density, and consequently the spin density was
distributed evenly between the two Pu(V) centers, even if

the first H" attack occurred at the less sterically hindered

“yI” oxygen (step 1b, labeled (END) in Table 4). By use of

a second DFT functional, including the non-hybrid-exchange

functional of Beck& and the correlation functional of Figure 5. HOMO-2 for the B3LYP/SDD optimized singly protonated Np
Perdew and Wan#, the CC complex and protonated cc complex.
structures were reoptimized.

For BPW91/SDD, acid attack at the bridging “yl” oxygen As with the Pu complexes, the Np CC complexes were
broke the CC bond but, unlike the B3LYP functional.Ru  also optimized using the BPW91 functional: Httack at
had a spin density of 2.37 with Ry carrying a further two the bridging oxygen broke the CC complex. Following this
unpaired electrons (Table 4) leading to disproportionated Pu-breakup, the two Np centers both carried two unpaired
(VI) and Pu(lV) centers. There was only partial electron electrons and the Np—O,ccdistances were slightly shorter
transfer when the end “yl” was attacked (step 1b), but the than in the unprotonated CC complex but were not reduced
CC bond did not break enabling further*Ho attack. to those values found for the [Np®,0)s]?" ion (Table 2).
Following this attack, the Re—Oacc Separation was signifi-  Following attack at the end oxygen, Npcarried a spin
cantly reduced to a value of 1.75 A which is characteristic density of 0.9 less than Ng and this complex did not break
of Pu(VI). This second protonation also broke the CC up.
interaction between the two Pu species. Thg.P®water Calculations of the orbital occupancies of the CC com-
distances following disproportionation were all 2.42 A. plexes revealed that the highest occupied orbital located along
Unlike U disproportionation, no additional water molecules the actinyl bond was the HOMO-2 for U, Np, and Pu CC
were required to complete the disproportionation reaction. complexes. In the case of the U CC complex (Figure 4) at

Np(V)---Np(V) Complex. Following a single protonation  the B3LYP/SDD level, this orbital lies along the axis of the
(step 1a) of the Np(V¥)-Np(V) CC complex, with optimiza-  donor actinyl ion pointing toward the second metal center.
tion at the HF/LANL2DZ level, Ngoncarried 0.74 more spin ~ For the Np CC complexes, the HOMO-2 lies along the
density than Np following a second protonation (step 2) acceptor actinyl perpendicular to the CC bond. Hence, it is
this electron density returned to Np After double proto- hypothesized that this orbital, lying along the CC bond for
nation, both Np centers carried two unpaired electrons the U and Pu CC complexes, may facilitate the electron-
characteristic of Np(V). On use of the B3LYP functional, transfer mechanism and explain the differing behavior of the
irrespective of the pseudopotential, there was no electronAn(V) CC complexes and their tendencies toward dispro-
transfer associated with the protonation of the bridging “yl” portionation.
oxygen of the Np(V)-Np(V) CC complex. Geometrical
optimization of this complex at the B3LYP/SDD level broke
the CC bond, with each Np center carrying just over two  For the Pu calculations described in the Results above,
electrons (i.e., still Np(V}+Np(V)). Following geometrical  there is a significant discrepancy in the calculated ground-
optimization of the doubly protonated B3LYP/LANL2DZ  state electron configuration between the B3LYP functional
complex, the CC bond was broken, with =0 separations  and the BPW91 functional. This has not been further
of 1.81 A, and the wavefunction was severely contaminated. examined in this paper, but it is noted that the main disparity
(27) Becke, A. D.J. Chem. Phys1993 98, 5648. ig with the elegtron density on the ggycepter following a
(28) Perdew, J. P.; Burke, K.; Wang, Phys. Re. B 1996 54, 16533. single protonation as shown in Table 4 with close agreement

Discussion
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and two frequently used DFT functionals with both the

leaves the 4s and 5d electrons in the valence regions and.ANL2DZ and SDD pseudopotentials. Presented in this

not parametrized into the core as with the LANL2DZ

paper are two very similar mechanisms for the dispropor-

pseudopotential, and hence, results generated using the SDEionation of U(V) and Pu(V) in the presence of protons and
can be expected to be more accurate. It has been previouslyvater. Incidentally, the roles of acid and water in the
noted that the large core pseudopotential is not always disproportionation reaction are exemplified by the study of

appropriate for doing DFT calculatiot¥$® with the smalll
core being preferable.

It has been reported that the presence of U(VI) ions inhibits

the disproportionatidi¥ reaction. Protonation of a U(v)
U(VI) complex at the HF/SDD and B3LYP/SDD levels

uranyl disproportionation in nonaqueous phases, the half-
life of U(V) being extended to about an hour in dry DMSO.

A number of our key computational findings are supported
by experimental observations. The suggested mechanism is
dependent upon labile water molecules, and the loss of a

broke the CC complex with no electron transfer between the water ligand from the equatorial plane of Axis essential

two U centers, which would require a change in the
multiplicity of the system. For the U(V)-U(V) complex,
the spin multiplicity of the system is preserved throughout
and, hence, the disproportionation reaction via this LKV)
-U(V) CC mechanism is spin allow&dand so favorable.
Overall, our inner-sphere mechanism for U(V) dispropor-
tionation is described by eqs—81, with electron transfer
occurring after the first protonation (eq 9, stepl, Figure 2).
With the BPW91 functional, Pu(V) follows a similar path

to form the starting U(V?-U(V) CC complex3® and also,
addition of a water molecule is required to break the CC
interaction following disproportionation of the U complex.
Slight variations were observed with Pu(V), as following
electron transfer disproportionation formed coordinatinatively
unsaturated Pu(VI1)@"-4H,0 molecules which require an
extra water molecule to complete their equatorial plane.
Second, the suggested mechanism for both U and Pu
disproportionation reactions leads to formation of An(gH)

although the complex may break up after the electron transferions as pseudostable products (these also require a further
which appears to follow the second protonation (eq 10, stepone or two water molecules from the solvent to complete

2, Figure 2). Np(V) does not seem to follow this path, and
the mechanism proposed by Hindrffaand Koltuno¥d¢still

their inner hydration sphere). These ions are frequently cited
as probable intermediates in actinide redox reactibino

seems probable. Assuming the first protonation step to bedefinite mechanism has been suggested for the Np(V)

rate determining, this mechanism is consistent with the
experimental U(Vj and Pu(VY disproportionation kinetics.

AnO," + AnO," = (AnO,),”*" (8)
(AnO,),”" + H" — (AnO,),H** (9)

n + - n n
(AnO,),H*" + H" — (HOANOHOANOY"  (10)

H,O
(HOANOHOANOY" —— An0,2" + An(OH),2" (11)

Conclusion

We have studied the inner-sphere disproportionation
reaction for U(V), Np(V), and Pu(V) using the HF approach

(29) Batista, E. R.; Martin, R. L.; Hay, P. J.; Perelta, J.; Scuseria, G. E.
Chem. Phys2004 121, 2144.

(30) Russo, T.V.; Martin, R. L.; Hay, P.J. Phys. Chenl995 99, 17087.

(31) Polihronov, J. G.; Hedstrom, M.; Hummel, R. E.; Cheng, HJ}P.
Lumin 2002 96, 119.
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disproportionation here, but in agreement with experimental
data® quantum mechanically it differs significantly from that
of its neighboring actinides.
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