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Abstract: The rates and mechanisms of the electron self-exchange between U(V) and U(VI) in solution
have been studied with quantum chemical methods. Both outer-sphere and inner-sphere mechanisms have
been investigated; the former for the aqua ions, the latter for binuclear complexes containing hydroxide,
fluoride, and carbonate as bridging ligand. The calculated rate constant for the self-exchange reaction
UO:"(aq) + U022 (aq) < UO% (ag) + UO,(aq), at 25 °C, is k= 26 M~t s, The lower limit of the rate
of electron transfer in the inner-sphere complexes is estimated to be in the range 2 x 10*to 4 x 108 M~?*
s™1, indicating that the rate for the overall exchange reaction may be determined by the rate of formation
and dissociation of the binuclear complex. The activation energy for the outer-sphere model calculated
from the Marcus model is nearly the same as that obtained by a direct calculation of the precursor- and
transition-state energy. A simple model with one water ligand is shown to recover 60% of the reorganization
energy. This finding is important because it indicates the possibility to carry out theoretical studies of electron-
transfer reactions involving M®* and M** actinide species that have eight or nine water ligands in the first
coordination sphere.

1. Introduction Np(V) and Np(VI)

The rates and mechanism of electron-exchange reactions of N - - N
uranium have been extensively studied, and the experimental *NPO, " (aq)+ NpO,” (ag)—= *NpO,”"(aq) + NpO, (aq)
findings up to 1981 have been reviewetthe only recent study (5)
is an article by Howes et 8lwhere the self-exchange rate
constant for reaction 1 was estimated. In the present study wefrom Cohen et at2? Gordon and Taubfenoticed that UQ"
will explore different chemical and quantum chemical models catalyzes the'®O exchange between 8D,** and water in
for the study of the rate and mechanism of the following electron agueous solution, a result of electron exchange betweest UO
self-exchange reactions between uranyl(V) and uranyl(Vl) and U#0,?*; the axial oxygen atoms are labile in U(V) and
species, reactions for whichG® = 0. substitution-inert in U(VI).
The rapid development of both theory and software makes it
UO,"(ag)+ UO,*"(aq)— U0, (ag) + UO,"(aq) (1) possible to make detailed studies of the structure, thermodynam-
v) W W) W) ics, and reaction mechanisms of actinide complexes in the gas
(OH)LUG, ™" = UG, (OH),U0, @) phase and in solution. Previous studies from our group and
others indicate both the problems encountered and the level of

V) (V1) (V) V)
U0, FUG,™ = U0, FUG, ®) detail in the chemical understanding that may be attafned.

(V) (VD) (V1) )
U0, (COUO, ™ = UG, 7 (COYUO, (4) (2) Tomiyasu, H.; Fukutomi, HBull. Res. Lab. Nucl. React. (Tokyo Inst.
. . . Technol.)1982 7, 57.
For reaction 1 we can also make a comparison with (z) HOV(\/:esH K. g.:_ galllﬁac, Aj I(E:s_psns&)n, J.Iglc}r:gA Chghm.l%sa 279’)579%6
experimental data for the isotope exchange reaction between @ g?z_ (()b)eréohén,uo'_‘;’agm”'var';’ I indman 3. T A gﬁenf_ Shc.
1955 77, 4964.

T Department of Chemistry, Organic Chemistry, The Royal Institute of ~ (5) Gordon, G.; Taube, Hl. Inorg. Nucl. Chem1961, 16, 272.
Technology. (6) Vallet, V.; Wahlgren, U.; Schimmelpfenig, B.; Moll, H.; Szabo, Z.; Grenthe,

+ f f 1. Inorg. Chem.2001, 40, 3516.
5 The AlbaNova University Center. (7) Vallet, V.; Wahlgren, U.; Grenthe, J. Am. Chem. So2003 125 14941.
Forschungszentrum Karlsruhe.

(8) (a) Vallet, V.; Schimmelpfennig, B.; Maron, L.; Teichteil, C.; Leininger,

' Department of Chemistry, Inorganic Chemistry, The Royal Institute of T.; Gropen, O.; Grenthe, |.; Wahlgren, Ghem. Phys1999 244, 185. (b)
Technology. Vallet, V.; Maron, L.; Schimmelpfennig, B.; Leininger, T.; Teichteil, C.;
(1) Newton, T. W.The Kinetics of the Oxidation-Reduction Reactions of Gropen, O.; Grenthe, I.; Walhgren, U. Phys. Chem. A999 103 9285.

Uranium, Neptunium, Plutonium and Americium in Aqueous Solution  (9) (a) Privalov, T.; Schimmelpfennig, B.; Wahlgren, U.; Grenthd, IPhys.
Technical Information Center, Office of Public Affairs, U. S. Energy and Chem. A2002 106 11277. (b) Schimmelpfennig, B.; Privalov, T.;
Development Administration: Oak Ridge, TN 1975. Wabhlgren, U.; Grenthe, U. Phys. Chem. 2003 107, 9705.
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Relevant comparison between experiment- and theory-basedquency of the vibrational moddsthat bring the reactants to
results requires not only proper quantum chemical methods, butthe transition state. The energyis closely related to the geo-
also a chemical model that catches the main features of themetrical distortion along the modebetween the uranyl com-

systems explored. Relativistic effects, sporbit coupling, and

plexes in different oxidation states. The first coordination sphere

the large number of electrons that must be considered in actinidereorganization energy as defined by the Marcus th&asy
compounds make all quantum chemical calculations large and

time-consuming; hence, it is necessary to make the chemical
model as simple as possible. In our previous studies we have

demonstrated how this can be achiefed.
In the first part of our study, we will explore the outer-sphere

pathway for reaction 1 using the Marcus model to calculate the
reorganization energy on a model system with five water ligands

in the first coordination sphere and using a direct model with
two uranyl ions connected by water bridges in the second
coordination shell but with only one water in the first coordina-
tion shell. In the second part, we will discuss reactionst2
that involve the formation of a bridge between U(V) and U(VI);
the chemical model is simplified in this case by omitting all
water ligands in the first coordination sphere. The function of
the bridging ligand in the electron transfer will be discussed, in
particular with respect teuper exchangeersuddirect exchange

2. Theory. Models and Technical Details

2.1. The Electron-Transfer Process.The self-electron
exchange between U(V) and U(VI) complexes in aqueous
solution can formally be described using three consecutive

A=E'VI) +E"(V) —E"(VI) —EY(V) (11)

where theE™(n) is the Gibbs free energy of the uranyl complex
in oxidation staten at the geometry of oxidation stateBecause
it is not possible to calculate vibration frequencies forEMeVI)
andEY'(V) geometries, we have assumed that the reorganization
free energy is equal to the corresponding electronic energy. In
the Marcus model, the relationship between the reorganization
energy and the activation energy is

AG' =

o (12)

The electronic transition coefficiente is related to the
adiabatic character of the electron-transfer process. A process
is considered adiabatic if the nuclear motion is slow on the time
scale of changes in the electronic wave function; that is, when
the electronic wave function adjusts quickly to the nuclear
movement. For the electron-transfer process this means that the
ratio vel/vy is large, and thus the electron transmission coefficient
kel IS close to 1; therefore the rate of the electron transfer is

reaction steps: formation of a precursor complex between thedetermined by the probability of arriving at the “proper”

reactants, electron transfer between U(V) and U(VI) in the
precursor complex, and finally, formation of products.
The rate constant for the total reactioA%i&
ES
Kobs = KakeV,, €XPAG /RT) (6)

whereK, is the equilibrium constant for the formation of an

geometric configuration (transition state). The rate is indepen-
dent of the size of the electronic coupling element as long as
the coupling is large enough for the process to be adiabatic.

For a nonadiabatic electron transfer the electronic coupling
is small so that the system needs multiple passes through the
“proper” geometry in order to transfer the electron, as the ratio
vellvn is small, and the electronic transmission coefficieris

outer-sphere ion pair between the reactants in reaction 1 and ofapproximately equal tae/v,. The total electron-transfer rate

the binuclear complex in reactions-2, ¢ is the electronic
transmission coefficient;, is the nuclear frequency factor, and
AG¥ is the activation free energy. As a measure of efficiency
of the electron-transfer mechanism, we use the effective
electron-transfer frequency factogs

Vett = KoV EXP(AG IRT) (7)
The electron transmission coefficieny is given by
2[1 — exp(—v./2v
M ) @

2 — expvyf2v,)

where the electronic and nuclear frequency factegsand v,

are
27HZ, 1 e
YT TR (4m1RT) ®)
1/2
ZViZEi
v = |- (10)

S

Hi, is the electron-transfer coupling elementjs the reor-
ganization energy, ang andv; are the energy change and fre-
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then becomes independentigf but depends quadratically on
the electronic coupling elemeht;..

The nuclear frequency factor is known to be insensitive to
the distance at which the electron transfer occurs between the
reactants. In contrast to this the electronic coupling element,
and consequently also the electronic frequency factor, decreases
exponentially with an increasing distance between the species.
Thus, the outer-sphere mechanism is expected to be less
adiabatic than the inner-sphere mechanism.

2.2. The Outer-Sphere Mechanism.In the outer-sphere
electron-transfer model for reaction 1, the two uranyl units are
assumed to be rather far apart, with no common ligand
connecting them. We have tested two models for this mecha-
nism. The first is the Marcus model where the reorganization
energy is calculated using the model systemsigD)s™ and
UO,(H,0)s%"; the second, labeled the direct model, where the
two uranyl units are assumed to bind through two water
molecules hydrogen-bonded to one water in the first hydration
shell of each uranyl. As complete first hydration spheres of the
two uranyls would lead to an excessively large model, we have
instead replaced the first coordination sphere by a single water
molecule. As the geometry of the transition state is very close
to that of the precursor/successor state, we expect the error of

(10) Newton, M. D.; Sutin, NAnnu. Re. Phys. Chem1984 35, 437.
(11) Chen, P.; Meyer, T. hem. Re. 1998 98, 1439.
(12) Marcus, R. AAnnu. Re. Phys. Chem1964 15, 155.
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system is of course properly described. As this is too large for
computation, we have instead allowed the 5f electron to localize
at the SCF/CASSCEF level by using a lower symmetry in which

the uranyls are not equivalent at the transition state.

At the transition-state geometry, the wave function will not
possess the correct symmetry in a localized model, because the
molecular orbitals have a lower symmetry than the electrostatic
field of the nuclei. However, a symmetric wave function can
be constructed by adding (or subtracting) the two wave function
componentsPL and WR with the unpaired electron localized
on the left and the right uranium center. The compond&#ts
and PR are not orthogonal; therefore, to calculate the energy

U(v) 1.78 of the symmetrized wave function we must solve ax22
(a) Precursor state (b) Transition state nonorthogonal ClI problem on the basisW®t and WR.
Figure 1. Geometry of the precursor (a) and transition (b) states obfO It is furthermore not possible to optimize the geometry at

(H20)4*" complex. The point symmetry i€, and Dz, for the precursor the transition state using localized MOs and only one wave func-
and transition states, respectively. In the transition state, the two uranyl tion component\PL or WR) since the geometry in this repre-
units are equivalent. Bond distances in angstroms. . . .

sentation automatically will converge to the precursor/successor
state. We have therefore optimized the transition-state geometry

this approximation to be small for the calculated activation t the SCF level usi ‘ ricted MOs. while th
energy, which indeed turned out to be the case. Figure 1 shows?t € evel using symmetry-restricte S, while the ener-

the structure of the precursor and transition states for this gies were calculated allowing the 5f electron to localize at this
complex geometry. The correction for the “electronic symmetrization”

2.3. Electron Transfer in Binuclear Complexes with will be half of the splitting betweet" = N, (" + WR ) and

- = L R 1 I -
Strong Bridges (the Inner-Sphere Mechanism)In the inner- q; NI*gIII bllp ): YVI_E'Ch Iare the SOIU]E'OnS of lthe n?nor
sphere reaction mechanism, the two uranyl units are assumed ogonal &1 problem. The e ectron-transfer coupling € ement
to be connected by common ligands. The precursor/successoﬁlz required for estimating the electron-transfer reaction rates
complexes are described by the mod¥04-L,—UVIO,", where (see eq 9) is equal to half of the splitting between stifés

L is a bridging hydroxide or fluoride ligand; in\@,—(COy)—  2nd¥" o .
VIO, " thge c%rb{)nate is assumed togbe chelatefbéndcf)esc)j to both 22 Solvent EffectsPolarization of the solvent environment
' provides an important contribution to the total reorganization

included one ligand in the first coordination shell of each uranyl energy. The. stgndard estimate for the sol\{ent cqntnbut!on to
dthe reorganization energy based on the dielectric continuum

unit and assumed that the systematic error in energy introduce del derived by Marcus:
is the same in the precursor and transition states, resulting in gmodel was derived by Marcus:
much smaller error in the activation energy. The error induced 4ol ( 1 1 12)( 1 1)

U(V) and U(VI). As in the outer-sphere direct model, we only

by using a small number of water molecules in the first o5\l = (13)

coordination shells is indeed small, as shown by the comparison

of the two outer-sphere models (see section 2.2). wherea; anda; are radiuses of the cavities around the metal
2.4. Electron Localization. Because the precursor and  centers including their first hydration shelRy, is the distance

successor states are equivalent, we only have to consider ongeiween them, an ande., are the static and dynamic dielectric
of them and the transition state; in the latter the two uranyl .qnstants of the solvent.

ions must be equivalent. This follows from the fact thata nuclear  the pojarizable continuum model (PCM) is a more advanced
configuration must be at either a maximum (or a cusp if the apnroach for modeling the solvent effects in quantum chemistry.
state is degenerate, since the system would be-Jabifer However, direct application of the PCM to the calculation of
unstable at that point) or a minimum on the potential surféce. he energy barrier in the electron-transfer process both in the
In quantum chemical calculations, symmetry restrictions are \jarcus model and with the localized electronic transition state
normally imposed also on the molecular orbitals for a symmetric st he done very carefully. In fact, an equilibrium PCM
nuclear configuration. However, since the odd electron resides c5|cylation, where the solvent is allowed to relax completely
in a 5f orbital on uranyl(V), the energy of the system may i the field of one localized component of the wave function at

decrease at the SCF or restricted Cl level if the electron is {he ransition state or for the different oxidations states in the
allowed to localize, instead of being forced into a symmetrical \jarcus model, results in a decrease of the energy barrier.

Sf molecular orbital with equal weights on both uranium atoms. yowever, it is evident from eq 13 that the water solvent with
This localization effect was first observed for the 1s hole state . . . will increase the reorganization energy for the outer-

in O," by Bagus* and has been analyzed in detail by Broer gphere electron transfer (whelRe, > a, + az). The origin of

and Niewpoort® who concluded that the main reason for the s effect is that the static part of the solvent polarization (dipole
localization is the polarization of the core. The effect arises at grientation) is a slow process which cannot adjust instanta-

both the SCF and the limited Cl levels; in a complete Cl the ngqysly with the electron charge transfer, while the dynamic
part of the solvent polarization (the electronic response) can.

(13) Pearson, R. GSymmetry Rules for Chemical Reactiodshn Wiley &

Sons: New York, 1976. A nonequilibrium PCM should in principle resolve the prob-
(14) Bagus, P. S.; Shaefer, H. F..Chem. Physl972 56, 224. . ;
(15) Broer, B.; Nieuwpoort, W. CJ. Mol. Struct. (THEOCHEM)L999 458 lem; however, such a procedure \_Nas found_ to overgshmate the
19. effect severely unless at least the first hydration shell is saturated.

J. AM. CHEM. SOC. = VOL. 126, NO. 31, 2004 9803
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2.6. Technical Details. Effective core potentials of the tfab/e 1 ﬁcti%/atior) _Enesrgy Calc(;“?]te% as the Er)erghy Difference

H : H : etween the Transition State and the Precursor in the
Stuttgart typé® were use_d in all calcqlatlon_s_. Previous stutliés . Water-Bridged Model, or from the Reorganization Energy for the
have demonstrated their accuracy in actinide systems. The first-jsolated U(V) and U(VI) Complexes Containing One Coordinated

row atoms were described using the energy-adjusted ECPs sugWater Each, in the Gas Phase®

gested by Dolg et al” augmented with a polarizing d-function. SCF minimal CASPT2
For uranium, we used the small core EGF with the 5s, 5p, model 2 AGH (=214 » AGF (=)
6s, 6p, 5d, 6d, 5f, and 7s electrons in the valence, all together— 2 sition state 211 187
32 electrons, and for hydrogen we used the basis set suggestedreorganization energy  84.3 211 63.5 15.9
by Huzinag&® with 5s functions contracted to 3s and one water bridge

olarizing p-function. The geometries were calculated using a ) o - L
P g.p . 9 . . . 9 aThe geometry is optimized within the PCM modelin kilojoules per
small basis set without polarization functions, while a larger qje.
basis set with polarization functions on the first-row atoms and
; Table 2. Reorganization Energy Calculated at the SCF and
on hydrogen at(.)ms \.Nas used fof the energy calculations. TheMinimal CASPT2 Levels from Single U(VI) and U(V) Complexes
effect of g functions in the U basis set was found to be small. yjth One and Five Waters, Respectively, in the Gas Phase and

Geometries for the inner-sphere model complexes were With the PCM Model®

optimized in the gas phase at the SCF level. For the water- SCF Minimal CASPT2
bridged, outer-sphere model, the geometry was optimized using  model geometrylphase I AGH I AGH
the PCM mode? at the SCF level, since in the gas phase the 1 o gasigas 693 173 349 8.7
precursor state dissociated. Total energies were calculated at 5 H0O gas/gas 102.3 25.6 58.5 14.6
the CASPT2 level on the basis of a minimal CAS space, which 5HO  gas(lb)/gas 1029 257 616 154

is equivalent to MP2 for a (_:Iosed'She” SySt_em' In a Previous  apggih the SCF and minimal CASPT2 values were calculated with the
study® we found that minimal CASPT2 gives satisfactory larger basis set. The geometries were calculated at the SCF level in the gas
results on similar redox reactions involving uranyl(V) and (VI). Pphase with a small basis set (gas) and a large basis set (gasali)he
However, to ascertain that this also is the case for the present.. o> ar¢ given in kilojoules per molaG* = /4, where/ is the

! p treorganlzatlon energy.

redox reactions we investigated the accuracy of the minimal
CASPT?2 calculations by comparing them with CCSD(T) results to be small, since the environment is similar for the precursor
on the precursor/successor states on the hydroxide double-bridgeind transition states (this is particularly obvious if we consider

complex (reaction 2). The nonorthogonal Cl needed to calculate the precursor state and one component (for examplg, of
the energy of the symmetrized wave function with localized the wave function at the transition state).

molecular orbitals was done using the RASSI module of the
Molcas5?! program system.

It is well-known that the error in the Oy, bond distance at 3.1. Structures and Activation Energies, the Outer-Sphere
the SCF level is significant. The procedure of calculating the Model. In this section, we compare the Marcus approach for
minimal CASPT2 energy corrections on the basis of the SCF an outer-sphere reaction with the direct model (see section 2.2)
geometry for the reactions is justified if the oxidation state of using the model system shown in Figure 1 (the geometrical
uranium does not change, since the error in theQy bond parameters are shown in Table S1). The precursor in the direct
distance is similar in the precursor and transition states. model was not stable in the gas phase, and both the precursor
However, we can also expect the errors in the minimal CASPT2 and transition states were optimized in the solvent.
correction to the energy of U(V) and U(VI) at the same The quadratic relationship between the activation ena@y
geometry to be similar, and therefore we expect the errors to andi (eq 12) in the Marcus model was tested in the direct model
cancel in the total reorganization energy calculated by eq 11 by calculating the activation energy both directly and from the
and, using similar arguments, in the direct calculation of the energy difference between the precursor complexégvi)/

3. Results and Discussion

activation energy. EV(V) and EV'(V)/EV(VI). The result is shown in Table 1, and
The spin-orbit interaction energy at the transition state was the difference between the calculated barriers at the minimal
calculated using the localized wave functioB- (or the CASPT2 level was 2.8 kJ/mol in the gas phase, which shows

equivalent®R), in the LS coupling scheme at the quasipertur- that the potential energy surfaces are indeed quadratic in this

bation level. The spirorbit integrals were calculated in the region.

mean-field approximatidia? with the use of the AMFI In the other outer-sphere model, an activation energy

progran® using the method described in refs 24a,b. The-spin  (obtained from eq 12) of 15.4 kJ/mol was calculated using a

orbit effect on the barrier for the uranyl complexes was expected complete first coordination sphere (five water molecules in the

equatorial plane) for U(V) and U(VI) (cf. Table 2). The®+U

(16) Kichle, W.; Dolg, M.; Stoll, H.; Preuss, H. J. Chem. Phys1994 100, distance is, as expected, shorter in the complexes with one water
7535. molecule than in those with five water molecules: 2.31 vs 2.44

(17) Bergner, A.; Dolg, M.; Kahle, W.; Stoll, H.; Preuss, H. J. Mol. Phys.
1993 80, 1431.

(18) Kiuchle, W. Diplomarbeit, 1993. (22) (a) Hess, B. A.; Marian, C. M.; Wabhlgren, U.; Gropen, @hem. Phys.
(19) Huzinaga, SJ. Chem. Physl965 42, 1293. Lett. 1996 251, 365. (b) Marian, C. M.; Wahlgren, WChem. Phys. Lett.
(20) Cosentino, U.; Villa, A.; Pitea, D.; Moro, G.; Barone, ¥.Phys. Chem. 1996 251, 357.

B 200Q 104, 8001. (23) Schimmelpfennig, BAMFI, an Atomic Mean-Field Integral Program
(21) Andersson, K.; Barysz, M.; Bernhardsson, A.; Blomberg, M. R. A.; Cooper, Stockholm University: Stockholm, Sweden, 1996.

D. L.; Fleig, T.; Fuscher, M. P.; de Graaf, C.; Hess, B. A.; Karlstrom, G.;  (24) (a) Schimmelpfennig, B.; Maron, L.; Wahlgren, U.; Teichteil, Ch.; Fagerli,
Lindh, R.; Malmqvist, P.-A Neogrady, P.; Olsen, J.; Roos, B. O H.; Gropen, O.Chem. Phys. Lettl998 286, 267. (b) Malmqvist, P. A

Schimmelpfennig, B.; Sctim, M.; Seijo, L.; Serrano-Andres, L.; SiegBahn, Roos, B. O.; Schimmelpfennig, Bhem. Phys. LetR002 357, 230.
P. E. M.; Stalring, J.; Thorsteinsson, T.; Veryazov, V.; Widmark, P.-O. (25) Reynolds, W. L.; Lumry, R. WMechanisms of Electron Transfefhe
MOLCAS 5 Lund University: Lund, Sweden, 2000. Ronald Press Co.: New York, 1966.
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Table 3. Energy Difference between the Transition and Precursor
States of (UO3),(OH),*2

transition minimal
precursor state SCP® CASPT2
Con Don one component 45.7 38.8
Con Don symmetrized 42.7 35¢8
« C Con one component 48.2 39.2
C, Con symmetrized 45.2 36¢2

(a) Precursor state (b) Transition state
) " aBasis set with p functions on hydrogen and d functions on oxygen
Figure 2. Geometry of the precursor (a) and transition (b) states oJbO  5tomsbin kilojoules per mole¢ The symmetrization correction was
(OH)2* complex. The point symmetry 8, and Cyy for the precursor and obtained at the SCF level.
transition states, respectively.

f-electron on U(V) occupies the brbital in the spin-free case.

A for uranyl(V1) and 2.42 vs. 2.53 A in uranyl(V) (Table S1). Vallet et al®a have reported a bond distance in uranyl(VI) at
The difference in distance between the uranyl(V) and uranyl(VI) the SCF level in a larger basis set including two d functions on
complexes is similar: 0.11 vs 0.08 A in both models. The oxygen and two g functions on uranium of 1.65 A. The uranyl
activation energy, calculated from the reorganization energies units are slightly bent, in both the precursor and transition states.
in the solvent (Table 2), is 8.7 kJ/mol for the model with one  The calculated activation energy is shown in Table 3. The
coordinated water in the solvent, compared to 14.6 kJ/mol for barrier decreases by 3 kJ/mol when the wave function is
the model with five waters. The model with only one water symmetrized at the transition state by means of the 2
ligand thus has an activation energy that is about 60% of that nonorthogonal CI calculation described in section 2.4.
for the model with a complete first coordination sphere,  Including spir-orbit coupling induces a strong state mixing,
significantly more than the 20% that might have been expected and the ground state becomes predominanglypdth in the
by simply counting water molecules. The main reason for this precursor and transition states. However, the energies of the
is probably that the single water molecule is bound more precursor and transition states decrease by 43.968 and 43.944
strongly to uranyl than each of the five waters in the saturated kJ/mol, respectively, and the net effect is an insignificant
complex. The absolute value of the difference of the activation increase in the activation energy. This small spanbit effect
energy obtained by “Marcus models” with one and five waters is expected since the electronic structures (in the localized
is 6 kJ/mol. This value can be used as an estimate of a systematienodel) are very similar for the precursor and transition states.
error due to the use of the direct models and only including  The barriers in Table 3 were calculated at the minimal
one ligand in the first hydration shell explicitly. Considering CASPT2 level. To verify the accuracy of the correlated
other simplifications in the calculations, the total systematic error calculations, we performed minimal CASPT2 and CCSD(T)
on the barriers can be expected to be at least 10 kJ/mol. calculations on a somewhat simpler model system where the

3.2. Structures and Activation Energies, the Inner-Sphere  symmetry of the precursor and transition states was constrained
Model. For the inner-sphere reactions we used a simple modelto C,, and D2, respectively. The activation energy in the gas-
with an unsaturated first hydration shell, with only a single phase barrier for this system was 2.5 kJ/mol higher at the
ligand in the equatorial plane of the two uranyls, as described CCSD(T) level compared to that at minimal CASPT2, a result
in section 2.3. which confirms our previous conclusion that the latter is an

Symmetry is important because the precursor and successoaccurate method for actinide complexes.
states are equivalent and the two uranyl units must be equivalent The effect on the energy barrier of adding two g functions to
at the transition state. In the geometry optimization we have uranium was found to be minor; a decrease by 0.4 kJ/mol. Our
enforced symmetry at the transition state, but have in addition best estimate of the activation barrier for the hydroxide complex
also used symmetry for the precursor in the first stages of theis 36.2 kJ/mol.
geometry-optimization process. 3.2.2. The Fluoride Bridge System.The structure of the

3.2.1. The Hydroxide Bridge SystemAssuming the two precursor and transition states of the fluoride bridge system was
hydroxides to be equivalent, the most general symmetry of the optimized usingC,, andD,, symmetry, respectively, using the
precursor complex i€,, with the twofold axis coinciding with small basis set for F and O atoms without d functions. The
the line connecting the uranium centers (Figure 2a). Relaxing symmetry constraints correspond to those used for the hydroxide
these symmetry constraints gave an insignificant lowering of bridge system, where the effect of the constraints was insig-
the total energy, 0.14 kJ/mol, and virtually no change in the nificant, and thus no further relaxation of symmetry constraints
geometry. At the transition state both the uranium atoms and was done for the fluoride bridge system.
the hydroxide ions must be equivalent, resultinGsnsymmetry The optimized structures are shown in Figure 3, parts a and
(Figure 2b); the geometries were initially optimized with these b, and in Table S3. The distances from the uranium atoms to
symmetry constraints. We have also explored the possibility of the bridging F atoms are 0.054 and 0.042 A shorter than the
nonequivalent hydroxide groups by distorting the geometry in bond distances to the bridging O atoms in the hydroxide
the lower symmetry, but the geometry converged back to the complex, but the uranyl(Vhuranyl(V) distance is 0.049 A
symmetric solution. longer than in this species. This is a result of a smalle~F

The uranium-oxygen bond distances in the precursor com- angle than the corresponding-@—0 angle. The changes in
plex and the transition state are 1.71 A for uranyl(V1) and 1.76 the U-Oy bond distances between the fluoride and hydroxide
A for uranyl(V), significantly longer than those in the isolated complexes are small: 0.010 and 0.009 A, respectively. Similar
uranyl(VI1) and uranyl(V) ions: 1.66 and 1.72 A, respectively, bond distance changes are observed in the transition-state
calculated with the same basis set (Table S2). The unpairedgeometries.
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(a) Precursor state (b) Transition state

Figure 3. Geometry of the precursor (a) and transition (b) states;JsFe"
complex. The symmetry i€, and D2, for the precursor and transition
state, respectively.

Table 4. Energy Differences between the Transition and
Precursor States for the Uranyl Complexes with Fluoride and
Carbonate Bridges at the Minimal CASPT2 Level in the Gas
Phase?

transition bridge minimal CASPT2 minimal CASPT2
precursor state ligand one component® symmetrized®*
Cy Con hydroxide 39.2 36.2
Con Do fluoride 40.5 37.8
Co Con carbonate 36.0 34.6

aBasis set with d functions on oxygen and fluoride atofris.kilojoules
per mole.c The symmetrization correction obtained at the SCF level.

(b) Transition state

(a) Precursor state

Figure 4. Geometry of the precursor (a) and transition (b) states obJ&JO
COs?* complex. The point symmetry I8, and Czy, for the precursor and
transition states, respectively.

fluoride bridge systems. It is clear that the carbonate system
has the lowest activation energy, followed by hydroxide (1.6
kJ/mol above) and fluoride (3.2 kJ/mol above).

3.3. Efficiency of Electron Transfer. The bridging ligands
can have different roles in the inner-sphere reactions. Their
charge may facilitate the reactants to come closer together;
unoccupied orbitals on the bridging ions may also participate
in the electron-transfer process, so-callger-exchangeln
the latter case, the coupling element will be large and the
reaction adiabatic. However, the super-exchange mechanism can
be excluded in our case since the spin density on the bridging
ligand orbitals is close to zero in all our complexes. The electron
exchange in the models studied here proceeds through a direct
exchange mechanism, and the coupling elements are small. As
a result, the process does have a certain nonadiabatic character
even for the inner-sphere mechanism.

The only experimental data on the electron self-exchange in
the uranyl(V)}-uranyl(VI) system is an estimate of the rate
constant by Howes et &based on the use of the Marcus cross-
correlations, an estimate of the rate constant by Gordon and
Taube? and rate constant and activation parameters for the
chemically similar Np(V)-Np(VI) electron exchange syste.

To test our model approach against these data, it is necessary
to calculate the transmission coefficienty and the nuclear
frequency factory,, as described in the following sections.

3.3.1. The Nuclear Frequency FactorFrom eq 10 it is clear
that the high-frequency modes give the largest contribution to
the nuclear frequency factors; they are also the ones that change
most with the change of oxidation state of the uranyl ions. The
symmetrical U-Oy bond stretching in uranyl(VI) and uranyl-

The larger basis set, with one additional d orbital on O and (V) calculated by the numerical differentiation of the CASPT2

F atoms, was used for the energy calculation. As for the energies (12 electrons in 12 orbitals and a large basis set) is
hydroxide bridge system, the unpaired f electron on U(V) 995 and 889 cmt, respectively. The frequencies of the uranium-

occupies the s orbital. The calculated barrier, at the minimal

ligand stretching vibrations are a few hundred centimeters

CASPT2 level and with a symmetrized transition state, is 40.5 Smaller than the frequencies of the-Qy, bond stretching. We
kd/mol (Table 4) for the one-component calculation. The can therefore use the average Oy bond stretching frequency
symmetrization decreases the barrier by 2.7 to 37.8 kJ/mol, to obtain an estimate of the nuclear frequency faetor 2.77

which is 1.6 kJ/mol higher than for the hydroxide bridge system. * 1

3.2.3. The Carbonate Bridge SystemTwo possible bridge

03 sL,

3.3.2. The Electronic Frequency FactorSince the electron-

geometries were tested for this binuclear complex. In the first, transfer step is based atirect exchanggsection 3.3), it is
all three carbonate oxygens are coordinated and the uranyl iongdustified to use the simplified model with only few ligands
are linked by a bridging carbonate that forms a chelate to both included for calculation of the electron-coupling element. Logan

uranyl units; the symmetry iS,. In the second, only two oxygen

atoms are coordinated, one to each uranium forming-®©Y

et al2® found in their SCF calculations of Fe—Fe*" electron
transfer that the calculated valuestéf, were very similar in

(CO)—0 bridge. This bridge geometry turned out to be much models with one and three coordinated water ligands on each
less stable than the first one and will therefore not be discussedmetal ion, and even without any explicit waters, using only a

further. The optimized structures of the precursgrgymmetry)

and the transition@un, Symmetry) states in the first bridge model

crystal field model.
The nuclear frequency factor is not strongly dependent on

are shown in Figure 4 and Table S4. The unpaired electron onthe metal-metal distance at which the electron transfer occurs;

U(V) again occupies thesforbital. The symmetry constraints

the electronic frequency factor, however, is very strongly

correspond to those used for the hydroxide and the fluoride dependent on the spatial separation between the uranyl centers,
bridge systems, and the symmetry was not relaxed, in eitherand H;, decreases exponentially with this distance (cf. Table

the precursor or the transition states.

5). For the hydroxide and fluoride bridges, which have similar

In the optimized geometry, the carbonate unit is slightly U(VI)—U(V) distances (3.74 and 3.77 A), the coupling elements
distorted by the coordination to uranium, one bond is elongated are 3.03 and 2.67 kJ/mdH;, for the carbonate system, where
by 0.051 A, and the two other ones are shortened by 0.014 andthe U(VI)—U(V) distance is 4.856 A, has less than half this
0.082 A, respectively; there is also a minor distortion of the magnitude: 1.37 kJ/mol. The large UVY(VI) distance in
O—C—0 angles. The calculations of the activation energy, with the outer-sphere model, 8.25 A, results in a very small electron-

and without symmetrization at the transition state, are shown

in Table 4, together with the results for the hydroxide and the (26) Logan, J.; Newton, M. DJ. Chem. Phys1983 78, 4086.
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Table 5. Relative Electron-Transfer Rates for the Electron Transfer for Different Reaction Paths after the Precursor Complex Is Formed?

model U(VI)-U(V) distance Hi (kd/mol) ver (s7Y) Kel AG* (kd/mol) Vet (571
hydroxide 3.74 3.0335 1.34% 1013 0.36 36.2 4,90 10°
fluoride 3.77 2.6703 1.022 1013 0.29 37.8 2.095¢ 108
carbonate 4.86 1.3659 2.79410'? 0.094 34.6 2.458 10°
outer-sphere 8.25 0.0199 2.420x 10° 8.74x 1076 18.7 1.343x 10°

2The nuclear frequency factor, is assumed to be 2.7% 10'% s (based on the average Yvond stretching frequency).Calculated with large
basis set.

transfer coupling element, 0.011 kJ/mol, more than 100 times There are no experimental values for the electron exchange
smaller than those for the bridge complexes. in the inner-sphere reactions, but on the basis of the values of
3.3.3. Adiabaticity of the Electron-Transfer ProcessThe the effective frequency factors (eq 7) given in Table 5 we can
electron transfer is considered to be adiabatic if the electron conclude that the rate of electron transfer is larger than that for
coupling energy is larger than about 3 kJ/rAbthe coupling the outer-sphere model. The rate can be estimated from eq 6,
elements calculated for the inner-sphere complexes in the presentvhereKy is the equilibrium constant for the formation of the
study, 13 kJ/mol, are slightly smaller than this value. For the binuclear complex from the components. This value is not
hydroxide and fluoride bridges is 0.4 and 0.3, respectively, known, but it is certainly orders of magnitude larger than that
which indicates some nonadiabatic character in the electron-for the corresponding outer-sphere complex; an educated guess
transfer process. For the carbonate bridge, the distance betweemight be 1< log Ka < 3, corresponding to a rate constant for
the uranyls is larger; the smaller coupling element resultgiin  electron transfer 2.5 10" to 5 x 10° M~! s7! based on the
= 0.1 and results in an even stronger nonadiabatic character ofbarriers calculated in the gas phase. We can anticipate the
the electron-transfer reaction. For the outer-sphere mechanismsolvent effect for the inner-sphere reactions to be of similar order
it is obvious that the electron transfer is nonadiabatic since the of magnitude, although somewhat smaller than in the outer-
electronic coupling element is very small (see Table 5). sphere reactions, as the bridging systems are more compact and
3.3.4. Comparison between Theory and Experiment for the changes in polarization of the solvent upon the electron
the Outer-Sphere Reaction. The outer-sphere equilibrium  transfer therefore smaller. We can thus use the solvent effect
constant for the formation of the precursor is Kg = —0.59 on the outer-sphere reaction barrier as the upper limit of the
at zero ionic strength (and a-U distance of 8.3 A), leading  effect on the inner-sphere reactions barriers, which gives a lower
to a calculated rate constant for the self-exchange reaction 1 atestimate of the rate constant for the inner-sphere reaction in
25°C of the range 2x 10* to 4 x 10°. The value of this rate constant
indicates that the overall rate of the electron exchange reaction
k=10°"x1.343x 10=35x 10'M's" (14) will be determined by the rate of formation and dissociation of

This value is much larger than the range of estimates, the bridge. It might be experimentally feasible to study the

. electron exchange in the uranyl®yranyl(VI) carbonate
—-lg1

0.0063-15M S gven by Howes eteﬂbgsed on the Marcus system; if the rate is measurable, the present results indicate
cross-correlation method, and the value is also larger than thaty . 4 o rate-determining step is the bridge formation, not the
given by Cohen et dl.for the corresponding Np(\M)Np(VI) electron exchange ’
self-exchange reaction at 26 and an ionic strength of 0.1 M, '
k = 0.56 x 10° M~1 s1. The experimental activation energy 4. Conclusions
for the _Iatter react|o_n_|s 35 kd/mol, but with a fairly large We have investigated different pathways for the electron self-
uncertainty because it is based on data at two temperatures, 27%xchan e between U(V) and U(VI) via inner- and outer-sphere
and 283 K, only; we estimate the error to at least 10 kJ/mol. g b

. — .~ mechanisms. Th lectron transfer is medi dine
An estimate of the solvent contribution to the reorganization echanisms e electron transfer is med a.ted Ct.
. - exchangebetween the metal centers, and no ligand orbitals
energy and energy barrier can be done on the basis of eq 13. articioate activelv in the process. As a consequence. the
The radius of the uranyl with saturated first hydration shell based P P y P : d '

on the van der Waals radii is 4.4 A, while the distance between elec_tron-transfer couph_ng elements are relatively small_ even for
the inner-sphere reactions, and the electron transfer is slightly

the uranium centers in the outer-sphere transition state is 8.25 . - . .
A. The estimated solvent contribution to the energy barrier is npnad_labatlc for the inner-sphere reactions and strongly nona-
. . diabatic for the outer-sphere pathway.
18 kJ/mol, which gives a rate constant . N
We have applied the Marcus concept of reorganization energy
k=105« 1.343x 10P e 1825— 26 M~ 151 as well as direct calculation of precursor- and transition-state
energy for the outer-sphere electron-transfer process in a model
that is at the upper limit of the estimates given by Howes et that contains only a single coordinated water in the first
al3 It is interesting to note that the total energy barrier with coordination sphere of UO and UQ?"; the two coordination
this correction, 37 kJ/mol, is very close to the activation energy spheres are linked by two additional water molecules in the
of the Np(V)~Np(VI) electron self-exchange reaction. second coordination sphere, forming an extended wétédge
The estimated values are also consistent with the estimatedstructure. We have also calculated the reorganization energy
rate constant for the corresponding UM)(VI) system from obtained from the separate uranyl complexes with one and five

Gordon and Taube. water molecules and noticed that the extended bridge model
and the Marcus model with filled first coordination spheres are
(27) Electron Transfer in Inorganic, Organic, and Biological SysteBslton, ; . i ; ;
J. R., Mataga, N., McLendon, G., Eds.; Advances in Chemisrty Series 228; ConS'_Stent’ even more surprlsmgly, the Slmple model with Only
American Chemical Society: Washington, DC, 1991. one ligand water on each uranyl recovers most of the reorga-
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nization energy. This finding is important because it indicates energies based on the gas-phase calculations are 36.2 and 37.8
that theoretical studies might also be possible for electron- kJ/mol for hydroxide- and fluoride-bridged complexes and 34.6
transfer reactions involvinlyl®* andM** actinide species that  for carbonate-bridged complex. The solvent environment again
have eight or nine water ligands in the first coordination sphere. increases this barrier by about-120 kJ/mol. The electron-
The main reason for the success of the simple model is probablycoupling elements for the three studied bridging situations are
that the single water molecule is bound more strongly to uranyl of the same order of magnitude, and therefore, the relative
than each of the five waters in the saturated complex. efficiency of the electron transfer in this case is dependent
For the outer-sphere mechanism, our calculated activation mostly on the size of the activation energy.
energy in the gas phase is 18.7 kJ/mol, which is less than the = acknowledgment. This study was supported by generous
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of magnitude compared to the inner-sphere situation. This makesisp National Allocation Committee (SNAC) is acknowledged

the outer-sphere mechanism less efficient than the inner-sphergg, gjiocation of the computer time at the National Supercom-
mechanism. The estimate of the solvent effect increases theputer Center (NSC), Linkzing, Sweden.
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