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Uranium is a pollutant whose mobility is strongly dependent on its oxidation state. While U(VI) in the form
of the uranyl cation is readily reduced by a range of natural reductants, by contrast complexation of uranyl
by carbonate greatly reduces its reduction potential and imposes increased electron transfer (ET) distances.
Very little is known about the elementary processes involved in uranium reduction from U(VI) to U(V) to
U(lV) in general. In this study, we examine the theoretical kinetics of ET from ferrous iron to triscarbonato
uranyl in aqueous solution. A combination of molecular dynamics (MD) simulations and density functional
theory (DFT) electronic structure calculations is employed to compute the parameters that enter into Marcus’
ET model, including the thermodynamic driving forces, reorganization energies, and electronic coupling matrix
elements. MD simulations predict that two ferrous iron atoms will bind in an inner-sphere fashion
to the three-membered carbonate ring of triscarbonato uranyl, forming the charge-neutral ternary
FeUO,(C0s)3(H20)s complex. Through a sequential proton-coupled electron-transfer mechanism (PCET),
the first ET step converting U(VI) to U(V) is predicted by DFT to occur with an electronic barrier that
corresponds to a rate on the orderef s*. The second ET step converting U(V) to U(IV) is predicted to

be significantly endergonic. Therefore, U(V) is a stabilized end product in this ET system, in agreement with
experiment.

Introduction ferric oxides as a hexavalent speciés® From a thermo-
. . . - dynamic standpoint, complexation of U(VI) by carbonate drives
Uranium pollution, a consequence of uranium mining as well its reduction potential to significantly more negative values
as nuclear research and development, is a problem that is P 9 y 9 ’

complicated by many factors. Foremost of these is that uranium eIiminating a wide range of otherwise qseful target redgctant
mobility is highly dependent upon its oxidation state. U(VI) is species. Complexation can further modify the ET behavior of

. S . - a species by modifying the intrinsic electron affinity of a
highly soluble and therefore mobile in oxic agueous environ- molecule, as well as possibly creating a steric hindrance that
ments in the form of the divalent dioxouranium cation 80 ’ P y 9

Electron transfer (ET) to U(VI) reduces it to less soluble forms, impedes the clpse approach of a reducta}n.t species. Hence,
o ) . . complexation with carbonate affects the driving force for ET
yielding the precipitation of insoluble uranium phases and

developed to immobilize uranium by reduction. These include y

abiotic reactive barriers charged with reductants such as Fe(o)lcarbonate systemis klnetlcglly limited via electrode mettfods.
T ; Those same electrochemical methods have been used to
as well as the use of dissimilatory metal-reducing bacfefia. . : .
S . . determine the redox potential of the U(VI)/U(V) couple in
Another factor complicating matters is the pivotal role of

. . carbonate solutions:0.820,—0.760,—0.778, and-0.3 versus
uranium complexation. In both the hexavalent and pentavalents|_|Els’21,23
oxidation states, the uranyl cation is a linear molecule with five )

or six available coordination sites in the equatorial plane around . Uranium re_zdu<_:t|on behavior is comphcate_d by the fact that
the uranium atorfi In the tetravalent state, uranium localizes " Many studies it has been observed to be influenced strongly

its electrons taking on octahedral or higher (7-, 8-, or 9-fold) .by ET kinetics?4’2_5Homogeneous reduction of U(V) by Fe(II).
coordinatior® Uranyl is capable of forming strong complexes in aqueous solution was found to be slow even though partial

with oxyanions such as carbonate, filling coordination sites in {sductlon wasfpr?_gmtﬁd to tbe etxcl)thertrkr]uc; gst?ad 'téceﬁ%u'red
the equatorial plane. Uranium groundwater speciation is domi- € preésence of Solid phases 1o Calalyz€ the reduction re n.

nated by uranium carbonate complexes when dissolvedi€O Yet In most cases the mtgrmedlate o?<|dat|9n state U(V). IS short-
present0 lived, often consumed quickly by rapid ET in disproportionation

Carbonate has a significant effect on uranium chemistry in reactiong?® Very little information is available on the chemical

the environment by enhancing its solubility proportionally to conditions controlling uranium ET kinetics in general, due in

carbonate concentratii?and increasing it in systems where Iarge.pa.rt to a Il.m!ted nun;l:z)legogf reliable techniques for
no significant hexavalent uranium is preséht* Except in quantitatively identifying U(V):>2!-*0*'Rates for the elementary

certain biologic mechanismi8,carbonate is known to inhibit UI(VI)32—U(V) self-exchange ET reaction are estimated to be
uranium reduction to U(IV) completeff.Even under reducing slow:

conditions, uranium can incorporate itself into carbonates or  VWhile the electronic structure of U(V1) is well understood in
solid oxide phases, it is unclear how this structure transforms

* Stony Brook University. upon stepwi:_se reduction. U(IV) is_, fognd to hav_e Iittl(_e or no
* Pacific Northwest National Laboratory. double-bonding character of the ligating bonds in solid-phase
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Figure 1. Diagram showing the specific application of Marcus theory to this system. Diabatic potential energy surfaces are shown as parabolic
functions, separately for both the intrinsic (dashed line) and solvent (solid line) contributions. The thermodynamic free energy is ABSwn as

Since the adiabatic curve does not account for solvent, we added the solvent component to estimate the total diabatic energy barrier, which is
represented as the difference between the two horizontal lines in the crossing region.

oxides such as U§ and pathways to octahedral, or higher, compute the driving forces, reorganization energies, and elec-
coordination from the linear uranyl molecule as a result of tronic coupling matrix elements that enter into Marcus’ ET
stepwise reduction of U(VI) are unknown. As will be shown in  model. This approach aims to determine a fundamental under-
this study, the later stages of this process may involve standing of the kinetic behavior for uranium reduction by ferrous
protonation of axial oxygen atoms during the conversion from iron in the presence of carbonate.
U(V) to U(IV). However, we will show below for triscarbonato Electron Transfer Model. The applied ET model is very
uranyl that this second ET step is thermodynamically uphill. similar to that reported by Rosso and co-worker® in several
Therefore the rate for the second ET step is not relevant here.earlier studies involving Fe(ll/lll) ET. For additional details,
Proton-coupled electron transfer (PCET) is an important aspectthe reader is referred to those studies and to standard texts and
in the ET chemistry of many systems including, as will be reviews of modern ET theory. Primary categories of reactions
demonstrated here, U(VI) to U(V) ET. As such, in part of this in the current system are encounter complex formation, ET, and
study we examine the role PCET mechanisms play in determin-PCET. Because the relevant initial oxidation states in the
ing the ET rate. Although PCET is a very underdeveloped topic encounter complex are two Fe(ll) atoms and one U(VI) atom,
in geochemical systems, we note here that this aspect for thewe will use 11/lI/VI to denote the initial electronic configuration
uranium system may demonstrate a possible tie between theFe(Il)/Fe(11)/U(VI), II/lII/V for the intermediate configura-
ET behavior and solution conditions such as pH, a link that tion after the first ET step, and llI/1Il/IV for the final config-
has been given very little previous attention in the uranium uration after the second ET step.
literature24.33 In all cases the iron atoms are treated as having a high-spin
In this study we present a detailed, theoretical analysis of electronic configuration, such that Fe(ll) is always inde2d®
the homogeneous ET behavior of uranyl carbonate in aqueousstate and Fe(lll) is always in &s°e?d® state. The majority
solution, specifically for the case where the reductant is Fe(ll). electron spins on the two iron atoms were taken as spin-parallel
The theoretical apparatus is based on Marcus’ two-state ET (ferromagnetic), with the minority spin on each iron atom
model. The computational approaches involve the use of comprising the donor electrons for the two ET reactions.
molecular dynamics (MD) simulations and Hartréeock (HF) Because these minority spin electrons each go into an empty U
and density functional theory (DFT) molecular orbital calcula- 5f orbital 39-41 the total spin multiplicity is preserved through
tions. The focus is to compute the stepwise ET kinetics for the ET (spin multiplicity = 9); hence the ET reactions are “spin-
reduction of triscarbonato U(VI) by two Fe(ll) atoms. MD allowed”, which is a requirement in modern ET thedty.
simulations are used to model the interaction between aqueous For each ET step, within the encounter complex, we utilize
Fe(ll) and triscarbonato U(VI). Predictions for the structure and the approach outlined by Marciisbased on two diabatic ET
thermodynamic stability of the ensuing ET encounter complex statesya andyg. The stateya corresponds to the electronic
are given. While no thermodynamic stability data for this state of the ET “reactants”, angk corresponds to the electronic
particular complex are available to our knowledge, triscarbonato state of the ET “products” (Figure 1). Hence, for the first ET
uranyl is known to form a strong complex with two Ca step,ya is the lI/lI/VI state andyg is the 1l/1lI/V state. For the
cations!®* Therefore it is likely that the complex with two  second ET stega is the II/1lI/V state andysg is the II/II/IV
divalent iron cations is similarly stable. Here we will show this state.
to be the case using MD simulations. Then we apply ab initio  ET is a Franck-Condon process, which means that ET is
calculations to the computation of the two ET rates for stepwise instantaneous relative to the rate of motion of nuclei. The
intramolecular reduction of U(VI) by the two Fe(ll) atoms. We potential energies of the three electronic states can be viewed
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as having approximately quadratic dependence on nuclearthe Hoover barost4t*ekept temperature and pressure constant
coordinates in the encounter complex, which we will refer to with parameters for a relaxation time of 0.5 ps. The Ewald
as the internal coordinates, and in the surrounding solvent water,summation methdd was used to calculate electrostatic forces.
which we will refer to as the external coordinates. For any of An 8 A cutoff was used for the short-range interactions, and
the three electronic states, at equilibrium their energies cor- the real part of the Ewald sum. The Verlet Leapfrog algorithm
respond to minima in their respective potential energy surfaces.was used to integrate the equations of motion with a time step
Thermally promoted fluctuations in the nuclear coordinates can of 0.2 fs. The shells were given a mass of 0.2 au, their motion
lead to nuclear configurations for which the energies of states treated as that of the cores, following the adiabatic shell model
¥a andyg are equal, the condition required for ET to occur. first introduced by Mitchell and Finchaf.

This coincidence condition corresponds to a crossing point  The potential-based molecular dynamics approach relies upon
between two potential energy surfaces (Figure 1). the quality of the potential set employed; however, in most cases,
The height of the barrier at the crossing point is the diabatic e made use of previously tested potential parameters, and
activation energyAG*') for ET. For potential energy surfaces  \yhere this was not possible, new or modified potential
that are similarly parabolic with respect to the nuclear coordi- parameters were validated against relevant experimental and
nates, the diabatic activation energy is related in a simple fashiontneoretical data. The intra- and intermolecular interactions of
to the reorganization energ)j{)(an_d the thermodynamic driving  \yater were described by the shell model of de Leeuw and
force for the ET stepAG®) as given by ParkeP! with the modified hydrogen-bond potential of Kerisit
and ParkeP? The atomic charges and the potential parameters
A+ AG°)? used to model the uranyl ion were taken from Guilbaud and
a4 @) Wipff.5354In addition, we converted this model to a polarizable
model by adding shells on the uranyl oxygens. The eateell

The latter termAG?®, is the free energy difference between the SPring constant was that of Lewis and Catlé\ihe potential
energies of the reactants and products in their equilibrium Parameters for the wateuranyl interactions were based on
nuclear configurations (Figure 1). The reorganization energy is those of Guilbaud and Wipff>* The shell model version of
the energy to distort the reactant’s nuclear configuration into the Guilbaud and Wipff uranyl model gives good agreement
the product's nuclear configuration without having moved the With theoretical and experimental characterizations of water
electron (Figure 1). It is composed of two main contributions, coordination to the uranium ion in agueous solution and the
one from distortion of bonds in the ET encounter complex, the Water cavity around uranyl oxygen ions as described by Hagberg
internal partl;, and another from changing the polarization of €t al>®(see Supporting Information). The atomic charges, €ore
the surrounding solvent, the external pagt shell spring constant, and potential parameters employed for
Electronic interaction within the encounter complex between the carbonate molecule were derived by Pavese*taid have
the donor and acceptor, such as that arising from superexchang&een used many times successfully, principally to model calcium

interaction through bridging ligands, reduces the activation carbonate mineral$°8-%° put also carbonate ions in agueous
energy to AG* (Figure 1). This effect is captured by the solution8! This model has been used in combination with the

AG*'

electronic coupling matrix elemen¥fg), which is the inter- ~ de Leeuw and Parker water model on many occasiis*
action integral in a two-by-two configuration interaction problem  The uranium-carbonate oxygen potential was taken to be
for ya andyyp at the crossing-poin¥/ag effectively “smoothes” the same as the uraniurwater oxygen potential. Furthermore,
the intersection region, reducif®G*' by the amount equal to  a four-body potential was added to keep the six carbonate
Vag, Which gives the adiabatic barrier heighG*. oxygens, which are directly coordinated to the uranium ion, in

In the following section, we outline our methods for the the same plane during an energy minimization of the gas-phase
calculation of, among other things, the reorganization energy, triscarbonato uranyl complex. Many times this was found to
the electronic coupling matrix element, and the driving force be the most stable configuration of the triscarbonato uranyl

for each ET step. complex$2-84 The predicted structures of the triscarbonato
uranyl complex in the gas phase and in solution compare well

Computational Methods with experimental and theoretical values (see Supporting
Molecular Dynamics Simulations.All of the MD simula- Information). The potential parameters for the interactions

tions presented in this paper were performed with the computerPetween iron(ll) and water were based on the iramter
code DL POLY* These calculations are based on the Born Potential of Curtiss et & and have been described previoufSly.
model of solids's In this model, atoms are represented as point- This potential was modified to be compatible with the water
charge particles that interact via long-range Coulombic forces Model used in this work. Finally, the iron(tcarbonate oxygen
and short-range interactions. The latter are described by Potential was based on the irontHpxygen potential of Lewis
parametrized functions and include a representation of the @nd Catlo®and modified to give a good estimate of the lattice
electron cloud repulsion, van der Waals attraction, and, where Parameters of siderite (FeGOand its bulk modulus (see
appropriate, many-body terms such as an angle-dependent ternPUpporting Information). All the potential parameters used in
reproducing covalent effects in the carbonate anion. this work are reported in Table 1 of the Supporting Information.
Our model also accounts for the polarizability of anions by ~ Quantum Mechanical Calculations. The MD simulations
means of a mechanical shell model, which was first introduced predicted the most stable structure and composition for the
by Dick and Overhauséf. In this model, a polarizable ion  encounter complex in the II/11/VI electronic state. The predicted
consists of two particles, a core and a shell, which are linked composition was [Fe(Il)Fe(I)U(VI)@COs)3(H20)g]°. Two
by a harmonic spring. All the simulations were performed in coordinating sites in the 6-fold coordination spheres of the two
the NPT ensemble (constant number of particles, constantFe atoms were occupied by carbonate oxygen atoms. The
pressure, and constant temperature) and NVE ensemble (constamemaining Fe coordination sites were occupied by water oxygen
number of particles, constant volume, and constant energy) atatoms. The goal of the quantum mechanical calculations was
300 K and zero pressure. The Nedeover thermostat and to predict the minimum energy structures for this complex in
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the 1/II/VI, 1I/IN/V, and 1INV electronic configurations at Np =01~ SABZ)*l[l/A(HAA — HBB)Z —
the DFT level of theory. We used the code NWCHéfar these 5 12
calculations. In each of the three electronic configurations, the (Haa T Hee)HasSag + HaaHeeSas™ + Hagl™ (4)

total charge on the cluster is zero. We performed the energy . -
minimizations on each cluster in the gas phase using the three- FOr computation ofl, we took advantage of the separability

parameter hybrid HF/DFT exchange-correlation functional of the internal and external parts. The internal part was computed
B3LYP 6869 by the direct method described in Rosso et°afhis involves

calculating the energy of the product' electronic state in the
nuclear configuration of the reactant, the so-called charge-
reversed (excited-state) condition. However, in the current case,
the appropriate wave functions for the charge-reversed state
could not be obtained; in practice, B3LYP seems to overestimate
the delocalization of the electron, perhaps owing to the self-
interaction errof2-87 This made it difficult to obtain the pure
product state in the reactant nuclear configuration, and vice
versa. Attempts to obtain converged wave functions in the
R . . L . charge-reversed state often converged to the ground state instead.
minority spin electrons to open U 5f orbitals. T_he majority spins g 1, approximate the diabatic surfaces, we fit parabolas through
on the iron atoms have been assumed to align parallel. the minima in the DFT potential energy surfaces and estimated
We preoptimized the three structures at the B3LYP level giabatic crossing-points a&G* + Vag, Where AG* is the

using the 6-31G(d) basis set for H, C, O, and Fe and the adjabatic crossing-point barrier height computed by DFT. We

LANL2DZ basis set for U for computational expediency. The ysed these fit surfaces to estimatgFigure 1).

preoptimized structures, and their wave functions, were used The external reorganization energie) was computed by

as the initial guess for final optimizations with a more robust yse of Marcus’ continuum expression, which gitfes

basis set. The final basis set was as follows: 6-3t%G(d,p)

for H, O, and C, “Ahlrichs TZV” with Hay-Wadt diffuse and dg= (Ae)2(1/2rl + 1/2r, = 1r)(Ud,, — 1idg)  (5)

polarization functions for Fe, and the Stuttgart relativistic large-

core basis set for (£7° Total electronic energy differences  wherer; andr; are radii for the donor and acceptor cavities,

from the final optimized structures were used to compute the is the distance between their centeks,is the optical dielectric

values ofAG® for the ET steps, assuming that these differences constant (taken as 1.77 for water), alag:is the static dielectric

can be used to approximate the Gibbs free energy differencesconstant (taken as 78.39 for watét)Values ofr were taken
For each of the two ET steps, it is important to be able to from the final optimized structures. Cavity radii were chosen

predict the nuclear configuration at the curve crossing-points. by averaging the computed lengths ofH® bonds. We took

To do this, we used the linear synchronous transit (LST) method the average of theg values for both products and reactants

to approximate the reaction coordinate. This approximation is evaluated at the adiabatic crossing point (Figure 1).

reasonably accurate where relatively small nuclear displacements Given the computed values &fG° (taken as~AE), 4, and

As mentioned previously, Fe(ll) and Fe(lll) atoms have high-
spin ¢ and & ground states, respectiveljyUO,2" has a closed-
shell singlet ground state with 12 valence electrons originating
in the O 2p, and U 5f, 6d and 7s atomic orbit#l$)O,* has a
doublet ground state with the additional electron occupying a
U 5f orbital. UG, has a triplet ground state in solid-phase JO
with two singly occupied U 5f orbitals. We optimized the
/NI T, and [I/NIIV configurations with a total spin
multiplicity of 9, consistent with the transfer of iron atom

are involve®® as has been shown for the separate3tamd Vag from the quantum mechanical calculations, first-order ET
triscarbonato uranyl components of our systénThe LST rate constants were computed from

method assumes that the ET reactant and product geometries )

can be linearly combined to produce intermediate structures, Ket = v, Xp[=((AG® + 2)744 — V,5p)/KT] (6)

according to ) ) )
wherev, is taken as a typical MO stretching frequency, 19

_ ~170 This equation assumes adiabatic behavior, which is
X, = eX,+ (1 — €)X 2 S s Hor,

" p T % 2) justified given the computed values dhg we will present
elow. It also assumes nuclear tunneling effects are negligible,

. b
whereX represents a set of nuclear coordinates for the reactants, roosonable assumption at ambient temper&®te.

(r) and products (p) and their linear mixture (n), and the

mixing parameter that refers to the extent of progress along the Results and Discussion

reaction pathway. As was done for the equilibrium configura- ) ) N

tions, a spin multiplicity of 9 was used to compute the wave Encounter Complex Formation. We first equilibrated the

functions for the intermediate configurations by the LST method. triscarbonato uranyl complex in a cubic box containing 247

We used the quasi-diabatic method described by Farazdel etwater molecules for 200 ps in the NPT ensemble. Then, an Fe-

al® to computeVas, as implemented in NWCheff.At the (II) atom was introduced by replacing a water molecule in the

intersection, the splitting can be obtained by solving the secularViCinity of the triscarbonato uranyl complex and the system was
’ pitting y 9 equilibrated for 200 ps in the same conditions. We then carried

equation out a series of independent molecular dynamics simulations in
the microcanonical ensemble (NVE) to determine the potential
Haa —E Hae — ESis =0 (3) of mean force of the Fe(ltriscarbonato uranyl ion pair.
Hag —ESg Hgg — E In each calculation, the distance between the centers of mass
of the iron atom and triscarbonato uranyl complex was kept
whereH; = [@i|H|y;0andi andj are equal to A or BH is the fixed. This means that we make the assumption that the reaction

total electronic Hamiltoniar§sg = [@a|ysllandE is the energy coordinate for the association process is the vector defined by
eigenvalue. The two roots of the secular equation give the upperthe two centers of mass. As the triscarbonato uranyl complex
and lower adiabatic surfaces (Figure 1). The energy difference can rotate with respect to the centers of mass vector, our choice
between the two adiabatic surfaces at the crossing point isof reaction coordinate is an approximation, which could result
computed as in the energy barriers being misrepresented slightly. However,



Kinetics of Triscarbonato Uranyl Reduction J. Phys. Chem. A, Vol. 110, No. 31, 2008695

20 proximation for the enthalpy change, our calculations suggest
a significant entropic contribution (about 60 kJ/mol) to the free
energy change for complex formation.

There is a second possible route for the iron atom to attach
at the 2Z«monodentate site. Rather than forming a third hydrogen
\ bond, the hexaaquo iron complex can lose a water molecule to
1XMONODENDATE bind directly to a carbonate oxygen atom that is not coordinated
to the uranium ion, “kmonodentate” in Figure 2. This mini-
mum is relatively shallow too, and hence we expect this con-

o

SOLVENT-SEPARATED

207 BIDENDATE \ b

-40 i \

-60 -

-80 |

Potential of Mean Force (kJ/mol)

<« 2XMONODENDATE ——ROUTE 1 figuration of the complex to have a similar lifetime as that of

~100 I -0~ ROUTE 2 the solvent-separated ion pair. The small difference in free
120 , , , T energy between the two routes for distances shorter than 5.0 A
30 35 40 45 50 55 60 65 70 75 80 85 90 95 is due to uncertainties. To conclude, the potential of mean force

clearly shows that thex2monodentate site is the most energeti-

Dist: A
istance () cally favored site and is kinetically stable.

Figure 2. Potential of mean force of the FeMjriscarbanato uranyl . . . L . .
ion pair. Routes 1 and 2 represent two possible association mechanisms. 10 give some approximation of the lifetime of iron in the
“1x” and “2x” indicate how many carbonate groups are binding the association sites mentioned above, we carried out two MD
iron atom in a monodentate or bidentate fashion. See text for a more simulations whereby the iron atom was initially positioned either
detailed description of the labels and Supporting Information for figures at the Ixmonodentate or at the solvent-separated site. Both
of the complexes. simulations were run for 200 ps. Figure 3 shows the distance
this approach is sufficient to identify the preferred association between_ the iran atom and th_ree of_the carbona_te oxygen atoms
for the first 60 ps of each simulation. In the first simulation

sites and compute the free energy change of the Overa"gFigure 3, top panel), the iron atom escaped from thenbno-
association process. This energy change is obtained by mtegratdentate site after 20 ps to bind to a second oxygen of the same

ing the average force required to keep the two species at each A .
se% distance %rom the r?waximum segaration topthe point of carbonate group. After residing in this site for another 15 ps, it

interest. then moved again to bind at thexBhonodentate site, where it

A total of 30 calculations were performed to obtain points s?ayed _for the remaining of the S|mul_at|on. In t_he seqond
between 3.4 and 9.2 A. In each calculation, the system is simulation (Figure 3, bottom panel), the iron atom first resided

equilibrated for 2 ps and the average force is collected over for about 15 ps at the solvent-separated site and then moved to

100 ps. The potential of mean force is shown in Figure 2. In the Ixbidentate site for 25. ps. Finally, it movgd. to the
the region between 9.2 and 8.6 A, the hydration shells of the 2.><mon.odentate site, where it stayed for the remaining of the
two species are complete, and there is some hydrogen bondin |m_ulat|on. _Although we cannot compute precise average
between the two shells. As the two species approach closer thal esidence times from_so few events, these calculations show
8.6 A, a water molecule of the triscarbonato uranyl hydration that the residence time of ron in the solvent-separated,
shell is displaced and a water molecule from the iron hydration 1xmonodentate, a_ndx]bldentate sites is short and on the ord_er
shell forms a hydrogen bond with a carbonate oxygen. As the of a_few tens qf plcosecqnds. In summary, these .calculatlons
two species draw nearer, a second hydrogen bond is formedconf'r_m the main conclusion Qrayvn from the potential of mean
from about 6.8 A. A minimum in the free energy, shown as force._ the 2<_monode_ntate site is clearly the most favorable
“solvent-separated” in Figure 2 (see Supporting Information for association site, and iron and triscarbonato uranyl can form a
a figure of each complex mentioned in this section), is reached VefY stable ter|_1ary cpmplex. o ] ]
when a third hydrogen bond between a water molecule of the Finally, we investigated the association of the iron tris-
iron hexaaquo Comp'ex and a carbonate oxygen is formed at acarbonato UI’any| C0mp|ex with a second iron atom. We did not
distance of 5.5 A. However, this minimum is shallow, and our Compute a second potential of mean force, as it was not expected
calculations suggest that the residence time of iron in this site to be significantly different. However, we calculated the energy
is likely to be short. From there, there is a small energy barrier change due to the second iron associating at tha@nodentate
(~3 kJ/m0|) for the hexaaquo iron Comp|ex to lose two water site from three Separate molecular dynamiCS CalCUlationS,
molecules and bind to a carbonate group in a bidentate fashionnamely, those of Fe(ll), [FeURCOs)3]*~, and [FeUO(COs)3]

(“1 xbidentate” in Figure 2). According to Figure 2, this is not N solution. The energy change is reduced-tb19 + 21 kJ/

a minimum in free energy but a short flattening of the curve. Mol. Although the energy change has slightly decreased, it is
However, this might be due to our choice of the reaction Still large and negative, which strongly suggests that the
coordinate. There is a strong driving force for the iron atom to association of an additional iron atom will result in the formation
then move to a position where it is coordinated to two oxygen Of a stable species.

atoms from two separate carbonate groups at a distance of about Equilibrium Structures and Energies. Given the predictions

3.6 A, labeled “Zmonodentate” in Figure 2. In addition, the of the MD simulations, we were led to conclude that the
large energy barrier for dissociation suggests that the iron 2xmonodentate docking structure was most appropriate for each
residence time at this site is remarkably long. The free energy of the two Fe(ll) atoms complexing the triscarbonato uranyl
change of the overall process is calculated, from the potential molecule. This gave the final encounter complex a composition
of mean force at 3.6 A, to be 95 + 6 kJ/mol. The error bars  of [Fe;UO,(COs)3(H20)e]°. This cluster then became the focal
in Figure 2 were estimated by calculating the standard deviation point of our intramolecular ET kinetic calculations performed
of the mean when the simulation was divided into five blocks. via DFT. The initial goals of the DFT calculations were to (1)
Furthermore, the overall interaction energy change can befind minimum energy structures for the lI/11/VI, the 1I/III/V,
computed from the difference in energy between the simulations and the 1I/IlI/IV electronic configurations; (2) determine the
at9.2 and 3.6 A and is found to bel57 + 8 kJ/mol. Therefore, relative energies of these electronic configurations; and (3) from
assuming that the interaction energy change is a good ap-these relative energies, infer pathways for ET. Here we first



9696 J. Phys. Chem. A, Vol. 110, No. 31, 2006

Wander et al.

(a) ®

Distance (A)
N

—— 02 Carbonate 1
——O1 Carbonate 1
----- O1 Carbonate 2

1xmonodentate 1xbidentate 2xmonodentate
o i n n n 1 n n L L il L n n n n L n L n n L
0 10 20 30 40 50 60
Time (ps)
(b) 4

—— 02 Carbonate 1

7t ——O1 Carbonate 1
----- 01 Carbonate 2

6 -

Distance (A)
H

solvent-separated

1xbidentate

2xmonodentate

0 10 20

30 40 50 60

Time (ps)

Figure 3. Graphs showing the distance between iron and three carbonate oxygens in two simulations efQ&&)J0? in solution: (top panel)
the iron atom is initially placed at the £ monodentate site; (bottom panel) the iron is initially placed at the solvent-separated site.

discuss structural details of the optimized clusters in the However, in the DFT calculations, an oxygen atom on the third

/L, 1INV, and IV electronic configurations.

carbonate ligand is the acceptor site of a proton transfer (PT),

Table 1 lists selected structural parameters for the 1l/11/VI, transforming it into a bicarbonate ligand; the proton originates

I/1/V, and 1I/INI/IV electronic configurations optimized by

from a nearby water molecule attached to an iron atom during

DFT. The initial energy minimization was performed on the the energy minimization process (Figure 4). Also, the planarity

II/1I/V1 electronic configuration, starting from a nuclear con-

of the equatorial carbonates is slightly broken in the DFT

figuration derived from the MD simulations. The iron atoms calculation. Both the intramolecular proton transfer and the
are bonded to two oxygens from two separate carbonatesdecrease in the planarity of the carbonate ring may arise from
(2xmonodentate), and the remaining four coordination sites on the gas-phase treatment in the DFT calculation. It is possible
each of the two iron atoms are occupied by water molecules. that inclusion of a polarizable continuum model (PCM) to
The optimized geometry for the 11/11/VI configuration consists describe the remaining absent solvent would have changed the
of nearly the same bonding topology as suggested by the MD propensity for the proton transfer to occur. However, we expect
simulations, although the lack of hydrogen bonding to sur- itto be of little consequence to the computed ET rate parameters
rounding bulk water in quantum mechanical calculation leads such as the reorganization energies and electronic coupling
to some subtle differences. The coordination of the uranium matrix elements in this system due to the peripheral nature of
atom in the equatorial plane is 5-fold, consisting of two pairs the proton transfer. Use of a PCM model was also found to be
of oxygen atoms from two carbonate ligands, and the fifth computationally unwieldy.

equatorial oxygen atom is from the third carbonate ligand

Starting from the 1I/Il/VI optimized structure, energy mini-

(Figure 4). This third carbonate ligand bridges the two coordina- mization of the II/11I/\V electronic configuration yields a structure
tion spheres of the iron atoms. These aspects are the same ithat differs in four main respects (the initial asymmetry,
the MD and DFT predictions (see Supporting Information). specifically the OH ligand, determined which iron would oxidize
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TABLE 1: Calculated Metal —Oxygen Distances and ET (Fe U)
Distances

from Fel to from Fe2 to from U to

atom distance (A) atom distance (&) atom distance (A)

II/1I/V1 Configuration

Ohz20 2.344 Qizo 2.302 Qo 1.780
Okri20 2.220 Q2o 2.113 Qo 1.775
Ouz0 2.163 Qizo 2.200 Qo 2.454
OoH 1.950 Qi20 2.277 Qo 2.362
Oco 2.761 Qo 2.090 Qo 2.352
Oco 2.010 Qo 2.018 Qo 2.434
Oco 2.493 Figure 4. Diagram of the computed minimum energy structure for
avg 2.241 avg 2.167 avg 2.236 the 11/1I/VI electronic configuration, showing the protonated bridging
U 3.864 U 4.065 bicarbonate. The yellow sphere is the uranium atom, red spheres are
II/11I/V Configuration oxygen atoms, blue spheres are iron atoms, gray spheres are carbon
On20 2.218 Qi20 2.287 Qo 1.827 atoms, and white spheres are hydrogen atoms.
Ohz20 2.118 Q20 2.234 Qo 1.826
Oon 1.896 Qizo 2.189 Qo 2.486
OoH 1.896 Qi20 2.231 Qo 2.422
Oco 2.026 Qo 2.070 Qo 2.776
Oco 2.233 Qo 1.980 Qo 2.557
Oco 2.622
avg 2.065 avg 2.165 avg 2.359
U 3.856 u 3.973
I/11/V iy Configuration
Ohz0 2.224 Qizo 2.239 Qo 1.833
Onzo 2.117 Q2o 2.185 Qo 1.827
Ohz20 2.109 Qizo 2.270 Qo 2.486
Oon 1.896 Qi20 2.184 Qo 2.440
Oco 1.923 Qo 2.132 Qo 2.518
Oco 2.061 Qo 1.970 Qo 2.530
Oco 2.968 Figure 5. Diagram of the computed equilibrium structure for the 11/
avg 2.055 avg 2.202 avg 2.372 III/V electronic configuration. See Figure 4 caption for atom legend.
U 3.747 U 4.047 The monodentate carbonate bond is extended. The protonated carbonate
I/NI/V Configuration in the upper right is transferred during the [I/1I/ I/ ET.
Oon 1.879 Qizo 2.417 Qion 2.077
OOH 1.878 Q—|20 2.209 QJOH 2.098
Oon 1.928 Qizo 2.105 Qo 2.437 J‘.
Onzo 2.342 Qn 1.843 Qo 2.522
Oco 2.046 Qo 2.001 Qo 2.454
Oco 3.283 Qo 1.922 Qo 2.537 =
Oco 2.537
avg 2226  avg 2083  avg 2.380 9 J
U 4.073 u 3.991

when the electronic configuration was changed). First, one of
the five equatorial -OCQ, bonds extends by 0.43 A to 2.78
A (Table 1), effectively reducing the number of equatorial
oxygen atoms to four, accompanied by slight adjustment of the Figure 6. Diagram showing the computed minimum energy structure
other two carbonate ligand positions. Second, the averag®Fe  of the 1lI/lII/IV electronic configuration. See Figure 4 caption for atom
bond distance decreases for the oxidized iron atom, as expectedegend. Protons have transferred to the axial oxygen atoms on the
from the smaller ionic radius of Fe(lll) relative to Fe(ll). Third, uranium cation.
the average B O distance increases in accordance with the
change in the oxidation state of the uranium atom from U(VI) yegarding this structure is that the coordination on one of the
to U(V). And fourth, a proton from a water ligand on the Fe(lll)  Fe atoms is reduced from six to five. This is a result of re-
atom transfers to an oxygen atom on a carbonate ligand thatcoordination of the third carbonate with the uranium; it might
bridges the Fe(lll) atom to the U(V) atom (Figure 5). This is not have occurred if additional explicit waters of solvation were
the second water molecule to undergo dissociation in the samepresent.
iron solvation shell, in agreement with the tendency of Fe(lll) "~ |n their minimum energy nuclear configurations, the com-
to hydrolyze more readily than Fe()Hence, the comparison  pyted energy difference for the first ET step (II/Il/\V4-
of the minimum energy structures for the II/l/VI and I/II/V  ji/11/v) is —30.4 kd/mol, and for the second step (II/ I11A*
configurations suggests that the first ET step is accompaniedji/jii/1v) it is +13.9 kd/mol at the DFT level of theory.
by an intramolecular PT that takes place between a water Aossuming that the total electronic energy differences are
molecule of the first solvation shell of an iron atom and the reasonable estimates for the free energy differences, the calcula-
carbonate ring. tions suggest that the 1lI/lII/IV configuration is energetically
For the 1I/III/IV configuration, two main features were found  unfavorable relative to the II/11I/V configuration, and therefore
in this optimized structure. First, two protons, one from water the llI/11I/IV configuration will not be an end product of ET in
ligands of each iron atom, transfer to the axial oxygen atoms this system. In other words, we find that the 1I/11I/V is the most
of the central uranium cation (Figure 6 ). A second observation stable electronic configuration in this ternary complex. This
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result is consistent with the well-established finding from
experiment that the stability of U(V) is substantially enhanced
by carbonate complexation of the uranyl cati®Al22Therefore,
with respect to the reduction rate of U(VI) in this complex, the
ET rate of primary importance is the first step, which is
accompanied by a single PT.

Electron-Transfer Pathways. To predict the kinetics of the
first ET step, we need to compute the height of the ET barrier.

Wander et al.
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This requires that we have an accurate nuclear configuration
for the transition state. In the past we have had success using
the LST approach to approximate the transition-state structure
for ET, %2794 and we apply this approach here. However, in this 0
case, the DFT calculations just described suggest two possible
pathways for the 1I/11/VI— lI/lII/V conversion. The first is a
sequential ET/PT pathway, where ET is followed by PT or vice
versa. The second is a concerted ET/PT, where the transfers
occur simultaneously. Both pathways fall under the general
category of PCET. In his recent review on this topic, M&Yyer
outlines the distinction between the two pathways as arising g
from whether a reaction intermediate must be invoked; that is, 3
an intermediate structure or reaction between the ET and PT. ¥
Concerted PCET is considered as not requiring an intermediates
but also does not require that the ET and PT occur simulta-
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neously. Here we evaluate the barriers for both the sequential  ° ~_
and concerted PCET pathways for the 1I/1I/AA [I/111/V step, o ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
where again the ET is the transfer of an electron from the Fe(Il) 02 04 06 08 | 12 14 16 18 2

atom to the U(VI) atom and the PT is the transfer of a proton
from a first-shell water molecule to a carbonate ligand. We

Reaction Coordinate

Figure 7. Adiabatic (solid) and diabatic (dashed) potential energy

define the sequential pathway (hereafter PGBTas the ET
step followed by the PT step, with the ordering arising from
the finding that the ET should be slower than the PT in this
case and therefore is more likely to be rate-limiting for the
sequence. We define the concerted pathway (hereafter BFET
as the ET and the PT occurring simultaneously.

By application of the LST approach to the optimized
structures of the II/1I/VI and II/11I/V configurations, the potential

surfaces for the concerted (top panel) and sequential (bottom panel)
proton-coupled electron-transfer pathways. The adiabatic curves were
computed at the DFT level of theory with a reaction coordinate based
on the LST method. The reaction coordinate scales from 0 to 1 for the
PCET.on pathway. For the PCEZ, pathway, the reaction coordinate
scales from 0 to 1 for the ET step and 1 to 2 for the PT step. The
diabatic curves were approximated as parabolas passing through the
sum of the adiabatic barrier height plus the calculated values of the
electronic coupling matrix elements.

energy surfaces for both PCET pathways can be estimated.
Given the values computed for the electronic coupling matrix |1,/ v e configuration (for the PT step). Thus the adiabatic

eleme_nt3 discusse_d be_low, we find that both PCE'_I' pathways potential energy surface for the PCEgpathway is composed
fall within the adiabatic regime. Thus the potential energy of two barriers (Figure 7, bottom panel), with the barrier for

surface on which the PCET reaction evolves is the adiabatic e ET step approximately twice as large as the barrier for the

surface (Figure 7). For the PCEJ}, the barrier maximum is
located at an energy of 109.6 kJ/mol above the equilibrium
energy of the lI/1I/V] configuration and at a mixing parameter
value of~0.4 on the reaction coordinate (Figure 7, top panel).
Thus the PCEdyis characterized by an adiabatic barrier height
of +109.6 kJ/mol (relative to the potential energy of the
reactants) and a driving force f30.4 kJ/mol.

For the PCETeq pathway, we require an additional energy-
minimized structure, which is the one in the 1l/11I/V electronic
configuration except without the accompanying PT. To achieve
this, we ran an energy minimization equivalent to the others
starting from the optimized structure for the 11/1I/VI electronic
configuration, except with the ©H distances fixed. We refer
to this configuration as 1I/111/\y, where int indicates intermedi-
ate. Selected structural details for this energy minimized
structure are listed in Table 1. In its equilibrium nuclear
configuration, the energy of II/llI; was found to lie+6.9
kJ/mol higher in energy than the equilibrium energy for the
[I/1I/VI configuration. Therefore, this is the energetic location
for the intermediate in the PCEcpathway. Application of the

PT step.

Electronic Coupling. The electronic coupling at the crossing
points for both the concerted and sequential PCETSs is of interest
for determining whether the ET components of these reactions
fall under the adiabatic or nonadiabatic (also called diabatic)
regimes. For the nonadiabatic regime, passage through the
crossing point does not necessarily lead to the ET products being
formed, with the transition probability depending on the square
of Vag. For the adiabatic regime, the system evolves on an
adiabatic potential energy surface resembling a double-well
potential and the transition probability at the crossing point is
treated as 100%, independent W@fg. Using the methods
outlined above, we comput¥as values using HF wave
functions at the crossing-point geometries derived by DFT. We
do this because the DFT treatment leads to partial electron
delocalization near the crossing-point regions, as is self-evident
in the potential energy surfaces shown in Figure 7, and therefore
the diabatic states are not accessible in the DFT approach. For
the crossing point in PCEJ;, we computé/ag = 85.8 kJ/mol,
and for the crossing point in PCEcl;, we computeVag = 6.8

LST method to the ET step and separately to the PT step yieldskJ/mol. Both values are above the typical room-temperature

barrier heights of+51.0 kJ/mol relative to the 1l/1I/VI config-
uration (for the ET step), and-24.2 kJ/mol relative to the

adiabaticity criterion of 2.4 kJ/md@Ff which means that both
forms of PCET can be treated as adiabatic.



Kinetics of Triscarbonato Uranyl Reduction J. Phys. Chem. A, Vol. 110, No. 31, 2008699

Reorganization Energy. The above analysis indicates that use of the computational approach taken here), we are unable
both forms of PCET for the 1I/lI/VI 1I/III/V ET process are at this time to assess the potential for production of U(IV) and
adiabatic. Therefore the ET rate can be determined directly from subsequent solid phases in this system. From our analysis, this
the potential energy surfaces simply by knowing the barrier ET system should steadily progress toward and stabilize
height. However, because of the methodological approach takenprimarily pentavalent uranium.
this would ignore the possibility that the external reorganization  In summary, this study finds that Fe(ll) should form stable
energy could be significant relative to the internal reorganization ternary complexes with triscarbonato U(VI) in aqueous solution
energy and thereby modify the barrier height. Therefore it is of and that within these complexes uranium should be reduced
interest to evaluate both, and g, quantities related to the  principally to the pentavalent uranium oxidation state. Two
diabatic potential energy surfaces, to estimate the magnitudeferrous iron atoms are predicted to bind to the three-membered
of this effect. As described in the Computational Methods sec- carbonate ring of the uraniuntarbonate complex. ET from
tion, we approximated the diabatic potential energy surfaces one of the iron atoms to the central uranium atom is thermo-
by fitting quadratic functions to energetic minima and diabatic dynamically favorable and should occur adiabatically by

barriers estimated as the adiabatic barrier height Bhgs(Fig- sequential ET coupled with a proton transfer, with a slow overall
ure 7). This allowed an estimate df to which we added the  rate of~1 s1. The subsequent reduction of U(V) to U(IV) has
value forAg computed from Marcus’ continuum equation. a significant thermodynamic barrier. This latter step also appears

Values ofi; computed from the DFT potential energy surfaces to be coupled with the protonation of the axial oxygen atoms,
in combination with the computed values\éfg are 242.5 kJ/ as a possible precursor to the transformation of the uranyl moiety
mol (sequential) and 924.1 kJ/mol (concerted). The reorganiza-toward 7-fold coordinated U(IV). Thus, a major finding of this
tion energy of the solvente was calculated to be 144.3 kJ/ study is that pentavalent uranium is predicted to be stabilized
mol. The total values of then becomes 386.8 and 1068.3 kJ/ in this system, likely on time scales that are amenable for
mol, respectively. The contribution of the solvent to the experimental study.
reorganization energy, and therefore the barrier height, is clearly
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