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Aspects of Aqueous Iron and Manganese (ll/lll) Self-Exchange Electron Transfer Reactions
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Ab initio methods were applied to the calculation of the reorganization erfeagyl the electronic coupling

matrix elemeni/,g for the outer-sphere Fe(Q)d"" and Mn(OH)¢"" self-exchange electron transfer (ET)
reactions. For the Fe case, we find an appreciable effed{aprdepending on whether the minority spin
electron occupies theorbital or a mixture of g/d,, orbitals in the F&ion. While these two possible nearly
isoenergetic electron accepting states alter the magnitude and distance dependpcthey do not affect

the internal reorganization enerdyto any significant level. The magnitude and distance dependenég;of

are found to be strongly dependent on encounter orientation, as expegtedalues for corner-to-corner
encounter orientations are substantially larger at any given ET distance considered than those for face-to-face
encounter orientations. Values of the decay parametae in good agreement with well-accepted values.

The adiabaticity criterion is tied to orientation and distance dependendgsof

Introduction actions betweenpa and yp are compactly described by the
electronic coupling matrix elemelyg. Prediction of ET rates
requires estimates for these two quantities, which together

complex in aqueous solution undergoing a 111l oxidation-state capture much of the configurational and electronic structure

change, historically have been a kind of test bench for aspects of the precursor complex. ) )
scrutinizing molecular-scale processes controlling ET and ~However, precursor complex structures for reactions in
theories that describe it The reaction involves three general ~Solution are often not well known. The Fe(@k"" self-
steps: (1) diffusion of an Mand an M' ion together to form  €xchange ET reaction has been intensively studied from both
a precursor complex consisting of the solute and surrounding €xperimental and theoretical perspectite,but disagreement
solvent, (2) transfer of an electron fromMb M'! to form the ~ Persists regarding the dominant pathway (inner vs outer sphere),
successor complex, and (3) dissociation of the complex into Owing in part to the complication of pH effects. Swaddle and
separated products. Because the products of such a reaction aré0-workers® proposed parallel inner-sphere and outer-sphere
equivalent to the reactants and because no net energy changathways. Rustad and co-workeminted out the importance
occurs, analysis of self-exchange reactions can yield information of HsO™ bridges in a precursor complex structure that falls
important for characterizing the intrinsic ET propensity of metal between traditional inner and outer sphere. Most studies agree
complexes. on the absence of a covalent bridge linking th&-Fee'"" pair

For self-exchange ET reactions, the rate of ET in the precursorin at least one component pathway of the overall ET reaction,
complex is strongly influenced by its structure. The connectivity Which leads to weaker electronic coupling. This led Logan and
of the reactants (inner vs outer sphere), the distance betweerNewtort to evaluateV/ag for different hypothetical outer-sphere
them, their relative orientations, and the nature of the denor precursor complex structures. The Mn(g#¥" self-exchange
acceptor orbitals all influence the ET rate. An important aspect ET reaction is viewed to follow an inner-sphere pathway
of ET theory is its ability to capture these properties collectively exclusively, but the structure of a predominant precursor
within a small set of parameters. Taking the usual two-state complex has not been identifiéé’*
approximation, we can discuss the ET reaction in terms of an  In this study, we calculate reorganization energies and
initial state ya = M{"MJ" before ET and final statgyg = electronic coupling matrix elements for the Fe(§44" and
Mi"M2!" having energies that are parabolic with respect to Mn(OH,)e""! self-exchange ET reactions. As discussed below,
nuclear coordinates. (The short-hand notation is used to indicatethe former involves ET orbitals of #dy) or Bg(dk/dy)
that complex M is in oxidation state Il or Ill and that complex  symmetry depending on which d atomic-like orbital is occupied

Self-exchange electron transfer (ET) reactions of the type M
+ MXF1 — MXF1 4 MX, where MYX*1 s a transition metal

M2 in oxidation state IIl or II, respectively, ipa and s, in the reduced complex, and the latter involves an ET orbital
respectively. The wave functions actually computed do reflect of Ay symmetry. In the absence of proven precursor complex
such a characterization.) The reorganization engrigyin part, structures, we chose hypothetical outer-sphere configurations

the energy to distort the precursor complex from its equilibrium  following the approach of Logan and NewtbkiVe use ab initio

structure for the reactants into the configuration of the products, calculations to evaluate the internal componeni @ind Vag,

or vice versa, without moving the electron. Electronic inter- and we compare these with previous values where available.

. : To the best of our knowledge, this is the first evaluatioVgf

pn:JO%IWTh;T (05065355;’8_‘1797%‘32? may tEg 0%3"’52_55355'“"""”: kevin.rosso@ for the outer-sphere Mn case using ab initio methods. Although
T Pacific Northwest National Laboratory. the Mn self-exchange is likely inner sphere, evaluation of the

*Whitman College. outer-sphere case for comparison with Fe is instructive for
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understanding the dependenceVag on the reactant orienta- gc on the ya surface ends up on thep surface? This
tions, the donotacceptor orbital, and the ET distance. Finally, observation allows the ET rate to be calculated using expressions
we point out that the ab initio calculation ¥hg for the outer- based on Fermi’s golden rule, which implicitly assumes nona-
sphere Fe self-exchange system has been studied extensivelgiabaticity! However, because here we are re-evaluating the
by Newton and co-workersWe revisit this topic here partly  distance and orientation dependenc¥qf, with very little extra

to help clarify issues pertaining to the orbital occupation effort, we can also assess the distance dependereeTdfus,
dependence 0. we can estimate the distance cutoffs at which these ET reactions
switch between adiabatic and nonadiabatic behavior. In anticipa-
tion of having to treat both adiabatic and nonadiabatic cases, it
was convenient to compukeusing the semiclassical expression
obtained from Landau and ZeA&r?! which gives

Theoretical Methods

Electron-Transfer Model. For the electron to move from
M'" to M"" in the precursor complex, nuclear coordinates must
first assume a configuration that brings the electronic energy
levels of both ions into coincidence, whereupon the ET reaction
is instantaneous with respect to nuclear motiol¥.The energy
for the precursor complex as a collective whole is usually
discussed in terms of two diabatic states as a function of nuclear’Vnere
coordinates). The initial stateya = M{"M"" (before ET) and
final stateys = M{""M," (after ET) may be defined having y =27V, [hw|S, — Sl 2
energiesEa andEg. Associated with each state is a potential-
energy surface that is usually well approximated as parabolic ang s, andS; are the slopes of the potential energy surfaces
with respect tag for small displacements ig.1” Because self- for ya andys, andv is the velocity of the system througie
exchange ET reactions yield products that are equivalent to the(assumed constant). We take= (2kT/zm)Y2, wherem is the
reactants, the potential energiesyaf in equilibrium configu- reduced mas® The LandauZener expression describes the

rationga andg in equilibrium configuratiorgs are the same ET o . e
- . . probability for a single passage through For descriptive
(Ea = Eg). From the same argument, it follows that the potential purposes, we may consider the principal single passage event

energy surfaces fopa andys are symmetric with respect to to be a thermal excitation upward in energy throwgh The
each other and show a shape characteristic of a double well. . . -
. overall reaction probability must be based on the additional
Electron transfer is allowed to occur when the system has been - . . S
consideration of multiple passages throughwhich includes,

excited to the configuration whe and cross, the so-
xol 'guration wherg, Ve for example, the descent of the system back down thraigh

called crossing-point configuratiag. This transition state can - .
be envisioned as corresponding to the point when the nuclearVhere a finite probability of a hop from one surface to another
also exists. The overall reaction probability is referred ta as

coordinates of the Mand M" ions in the precursor complex ; 5
each have been distorted into identical intermediate configura- 21d. for self-exchange systems, is related ty
tions, in which M—O bond distances in the reduced and oxidized

P=1— exp(2ry) Q)

complexes to assume intermediate valtféBhe energy atic = 2P (3)
is the activation energhG*. 1+P
The reorganization energy is the energy to distort the
precursor complex and surrounding solvent frgmto gg, or This overall probabilityx is also known as the transmission

vice versa, without moving the electron. Usually,can be coefficient and is used as the pre-exponential electronic factor
discussed in terms of two largely independent contributions from term in Marcus’ famous ET rate equation based on Eyring's
the internal (or inner-sphere or intramolecular) parhvolving transition state theory. Methodological details pertaining to
the energy to distort bonds and the external (or outer-sphere orthe calculation ok/ag, A, and the potential energy surfaces using
extramolecular) parfe involving the energy to modify the  ab initio calculations are described below.

polarization of the surrounding solvent due to the redistribution  Apy |nitio Calculations. All ab initio calculations were

of charge in the internal pa.The total reorganization energy o rformed using NWChe# For the calculations pertaining to

4 s taken as the sum oh and Ae. For parabolic p.ote.ntlal- the structure of an outer-sphere precursor complex, the four ion
energy surfaces and the self-exchange case, tlr;e activation energgpecies Fe(OBe2", Fe(OR)e+, Mn(OHy)2+, and Mn(OH)&*

. . . v , , '

is related in a simple way t by AG* = /4. were separately optimized. We carried out these geometry

At qc, the ET probabilityP depends on the amount of optimizations using the open-shell B3LYP hybrid functioffe®
electronic coupling betweems and ysg, in this case arising . e - . .
which has performed well for similar transition metal ions in

from direct interaction of metal d orbitals or interaction through . . .

- N : the past%~3! Basis sets used were the Ahlrich valence triple-
water ligands. The coupling is compactly described by the ! .

g Ping pactly y basis set for iron and mangan&and 6-313-+G** for the

electronic coupling matrix elemeMag, which increases with d hvd 8% 35 Sarti for th
increasing electronic interaction betwegn andyg at gc. If oxygen an_ ydrogen gto > Starting guesses for the open-
shell density of each ion cluster were calculated from wave

the interaction is weak, upon excitationdg, the system will . .
predominantly remain on theya surface and will rarely ~ functions for the separated metal cations and water fragments.

crossover onto theys surface. If the interaction is strong, two ~ All four ion clusters were treated as high spin using the open-
new adiabatic states are formed from the diabatic ones. In thisshell density functional theory (DFT) method, with a concat-
case, the system evolves on the new lower surface and, barringgnated fragment orbital guess (with water and metal ion
multiple crossings, excitation tqc results in the ET products ~ fragments) in order to establish 3d orbital occupation numbers
being formed. The weak interaction case is conventionally With the desired spin structure. No symmetry restrictions were
referred to as the nonadiabatic case (or diabatic), and the strongmposed on the geometry optimizations. Nuclear coordinates
interaction case is referred to as adiabatic. and total energies resulting from these calculations were used
If the ET is nonadiabatic, as many involving'fleand M/ in the calculation ofVag and 4,, respectively, for the outer-
self-exchange are, only a fraction of the system passes throughsphere precursor complexes. Note, as described below, by
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Corner-to-Corner The electronic coupling matrix elemeXig at qc is given
by36

_ [Hag = Sap(Han + Hgp)/2|
1-S°

Vas ®)

whereH; = Oi|H|y;0andi andj are equal to A or BSg =
@alysl] and H is the exact total electronic Hamiltonian.
Calculations ofVag were performed using NWChéhusing

UHF wave functions. Basis sets used were as described above,
except the metal atom basis sets were augmented with diffuse
functions to improve the description of the participating metal
orbitals in electronic coupling. Specifically, the Fe basis set was
augmented with (function/exponent) s/0.01257, p/0.04184, and
d/0.1133C8 The Mn basis set was augmented with s/0.01189,
p/0.04028, and d/0.10548.

Reorganization Energy. The internal component of the
reorganization energy; was defined to consist of the clusters
themselves, and the hypothetical surrounding solvent water was
treated as the external part. Computing the internal reorganiza-
tion energyi, generally involves evaluating the energy to distort
the nuclear configuration while maintaining a particular elec-
tronic structure. Two methods to computeusing ab initio
calculations were discussed previously, which are the “ditéct”
and “4-point®® methods. The former method involves calculat-
ing the distortion energy for the supermolecular cluster (contain-
ing both ET reactants) and is best for cases when the ET
reactants are covalently coupled, i.e., through a bridging group.
Figure 1. Ball-and-stick models of the corner-to-corner a_nd staggered The 4-point method involves treating reactants as infinitely
face-to-face outer-sphere precursor complex configurations. separated fragments and computiig from the distortion
necessity due to current formalism restriction, the calcula- energies for the separate reactants; four ab initio total energies
tions for the outer-sphere complexes were performed using UHF are required. It assumes the ET reactants are independent of
wave functions with structures optimized with the B3LYP each other, and it is often simpler to execute. This method has
method. been successfully applied to ET systems where the reactants

Electronic Coupling. The calculation oW/ag was performed  are structurally distinct units or are connected by a long
for the precursor complexes at predicted crossing-point con- molecular bridgeé?826:314842 \We ysed the 4-point method in
figurations. To determine the configurationgy, we used the  this study.
linearized reaction coordinate approximation. When the potential-  To evaluate the slopes of the potential energy surfgeeas
energy surfaces are parabolic, a good approximation of the described below, we need an estimate of the external reorga-

reaction coordinate is given By nization energy to add tol,. 1g usually makes a large
_ _ contribution to the total reorganization energy for the systems
(€)= &da + (1~ &) “) in question here because of the small cavity stZ843Here
By use of 1= & > 0, g can smoothly change fromp (£ = 1) we estimatedie using the continuum equation of Marctis,

to gs (€ = 0) going throughyc (£ = ¥/,). Outer-sphere precursor ~ Which gives

complexes were constructed by computing the coordinates for

the £ = %, transition state from the separately optimized 1= (Ae)Z(i+i_1)(i—i§) (6)
monomer structures. The transition state structure was then 8 2ry 2r, r\D,, D

duplicated in space, and the ions were rotated to achieve the

desired orientation. Two encounter orientations were chosen,whereAe is the charge transferred, andr, are radii for the
corner-to-corner- and face-to-face-oriented octahedra (Figure 1),donor and acceptor cavities in the continuum modes the

for comparison with the similar choices made by Newton and ET distance, an®,, andDs are the optical and static dielectric
co-workers'~8 The corner-to-corner orientation involves align- constants of water, respectively. Cavity radii were taken as the
ing a pair of M—OH,---H,O—M bonds, one from each reactant average M-O bond distances calculated for the ab initio clusters
(Figure 1a). The face-to-face orientation involves aligning the described abové& We usedDo, = 1.77 andDs = 78.39.
reactants along the (quasly symmetry axes, with a relative Potential-Energy Surfaces.To evaluate the LandatZener
rotation of one of the reactants by°&b as to stagger the ligands probabilities, the slope$, and S5 of the potential energy
(Figure 1b). For the face-to-face orientation, molecular orbitals surfaces at the crossing-point configurations are needed in units
were rotated while maintaining orbital symmetry on the separate of energy/distance. Configurational changes in high-spin Fe and
monomers so as to allow for maximum overlap. The ET module Mn hexaqua complexes due to Il/Ill valence change primarily
in NWChem uses the method of corresponding orbital trans- involve Fe-O and Mn—O bond-length modification. Therefore,
formation to bi-orthogonalize the overlap between the spin for both Fe and Mn separately, we used the average of the
orbitals of the ET statega and yg, thereby simplifying the calculated M-O distances associated with the 1l/lll valence
evaluation of the Hamiltonian between them using Slater's change as a distance proxy value for the linearized reaction
ruless’ coordinate parametef. Hence, assuming that the potential-
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TABLE 1: M —O Bond Lengths (&) in M(OH ,)s Monomer gy subset of the Mn(3d) orbitals. Optimizations (symmetry
Clusters Calculated Using B3LYP and Comparison with unconstrained) of the Mh hexaqua ion yield a distorted
th‘:osu'g?é%;m'”ed by EXAFS Measurements of the structure involving a pairwise differentiation of MO bonds
as described above but with ne®l rotation (thetyg orbitals in
M—Obond Mi' Mn"Ag Fe' Fe' Agdy) Fe' By(didy) this case are uniformly occupied) abe, point-group symmetry.

1 1.949 2218 2.059 2.136 2.142 Analysis of the character table for tBey, point group indicates

2 1.949 2218 2.059 2.137 2.143 that removal of an electron from either the or de_2 orbitals

2 g'ggi gﬁg g'ggg égig g'igg of Mn" yields the same irreducible representatiop Ahe

5 5098 29218 2059 5140 5186 optimized bond lengths calculated for Mand MA" hexaqua

6 2098 2.218 2.059 2.143 2.186 ions are given in Table 1. Calculated bond lengths for both the
expt® 2.177  1.990 2.095 2.095 Fe and Mn ions are on average 3% greater than from measure-

ments of the aqueous ions using the extended X-ray absorption
energy surfaces are parabolic, the only other requirement tofine structure method (EXAFSY. Accuracy problems for
enable evaluation 08, and & at gc was knowledge of the  transition metal M-O bond lengths using B3LYP have been
activation energyAG*. The activation energy was estimated previously documentetf:*” However, the average calculated
using AG* = (1, + Ag)/4, with 4, computed from the total ~ bond length changes associated with the-lIl oxidation state
energy method described above dadomputed using Marcus'  change are essentially identical to the 0.11 A {Fapd 0.17 A
continuum equation, also as described above. Previous work(Mn)3 experimental values.
on related systems suggests that the parabolic approximation is The internal components of the reorganization endidgpr

a good oné? Fé/ and M self-exchange ET demonstrate the high
sensitivity of/; to theegy vs tyy nature of the ET orbital. Values
Results and Discussion for 2, computed using the 4-point methi8daind comparisons

with values reported elsewhere are given in Tablé Zalues

Monomer Structures and Reorganization Energies.The 5 n5006,5 to experimental ones can be determined!from

II/lll valence interchange for high-spin Fe(QHd involves the
transfer of the minority spin electron occupying thgsubset 5
of the Fe(3d) orbitals (@type ET). For the P& hexaqua ion, Ay =3, + fi)(d, —dy) (7)
five 3d majority spin electrons are distributed uniformly among

the five 3d orbitals (d, de-y2, dyy, ke dyy). Consequently, the  wheref; is the breathing force constant for oxidation stiafer
structure resulting from geometry optimization (symmetry whichf; = 4mv2c?u, with v as the measured breathing frequency

unconstrained) using B3LYP is highly symmetrit, (point- and the reduced magsequal to the mass of one water molecule

group symmetry) with all six FeO distances at 2.059 A (Table  andd; is a measured MO bond distance at equilibrium. Values

1). determined in this way are listed in Table 2 for comparison
For the F& hexaqua ion, the minority spin electron occupying Wwith the ab initio values.

thetoy orbitals causes a JahiTeller distortion in the structure In all cases, the internal reorganization energy for thé/¥in

that breaks the symmetry. With respect te-&bond lengths, self-exchange ET reaction is substantially higher than that for
this distortion is well known. It involves the differentiation of the Fé/' self-exchange ET reaction because the ET orbital is
Fe—O bond lengths into three sets of pairs, with equivalent part of theey subset of the Mn(3d) orbitals. Theg orbitals are
bonds diametrically opposed from each other about the Fe atom.oriented along the MnO bonding directions and have strong
Another aspect of the distortion involves the rotation of th®H  o-type interactions with ligand orbitals. Changing the occupation
ligands about the FeO bond axes. This kind of rotation has of the g, orbitals has a large effect on the M@ interaction,
been predicted for other metal hexaqua ions possessing aproducing large MA-O bond-length changes and a ladgeThe
nonuniform occupation of theg 3d orbitals** This aspect of ET orbital for the F&'" self-exchange ET reaction involves the
the F¢ hexaqua ion structure is overlooked often in ab initio t,g subset of Fe(3d) orbitals, which are oriented along the quasi-
structure optimizations because a variety of geometric symmetry 2-fold symmetry axes bisecting the octahedral edges. These
constraints are usually imposed. Here we have used noorbitals do not interact strongly with ligand orbitals. Thus,
geometric symmetry constraints (i.e., the C1 point group). changing the occupation of the Fe(3g) orbitals has less of
Collectively, the distortion reduces the symmetry frdmto an influence on FeO bond lengths, and, for Fé"! self-

Con. exchange ET is lower than for M#' self-exchange ET. The
Analysis of the character table for tk@y, point group yields calculations for the Fé"' self-exchange ET also indicate that
two possible electron accepting states, with symmetry labels 4, depends very little on whether the electron-accepting orbital

Agand B, based on whether the minority spin electron occupies is of Ag(dy) or By(dk»dy,) character (Table 2).

the dy orbital or a mixture of the g/dy, orbitals, respectively. Values of4, estimated using eq 7 with experimental frequen-
The optimized bond lengths for the'Feexaqua ion in the & cies and bond lengths are markedly lower than values calculated
(dxy) and By(dx»0y;) states are given in Table 1. The energies using the 4-point method with ab initio energies (Table 2). Both
calculated for these structures are similar, with théB,d) methods treat the ions as infinitely separated fragments; hence,
state lower in energy than they@,) state by only 4.5< 104 the difference does not arise from exclusion of possible effects
Hartrees (0.3 kcal/mol), suggesting that both states are equallyfrom interdependence of the reactants. We attribute the differ-
likely. ences between the ab initio values and the “experimental” ones
The Mn' hexaqua ion shares the symmetrit ldgh-spin in part to the fact that experimental normal mode frequencies

arrangement that is found in the'Feexaqua ion. The calculated  other than M-O stretching frequencies are not readily available
optimal Mn'—O bond length is 2.218 A, with all six bonds for these ions, especially the trivalent ones, and therefore the
equivalent and withT,, point-group symmetry found for the  analysis using eq 7 misses possible contributioris fimm other
whole cluster (Table 1). The M#l' valence interchange involves  reorganizing motions. One example is the rotation of ligands
the transfer of one of the majority spin electrons occupying the already mentioned for the Fe case.
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TABLE 2: Internal Reorganization Energies 4, (eV) Computed Using the 4-Point Method® and from “Experiment” for
Outer-Sphere Self-Exchange ET Reactioris

B3LYP/AhlrichsVTZ/6-311+G**/- B3LYP/6-31H-G/- B3LYP/6-311G/PCM
gas-phase (this study) gas-phase (ref 26) (ref 31) exp
A" A A A A A
Mn Aq 0.933 0.978 1.911 1.788 2.40 072
FeAy(dy) 0.321 0.365 0.686 0.611 0.82 0931
FeBy(dyd,) 0.336 0.363 0.699

a) = A"+ A", b The “experimental” values are determined using Equation 7 and consider only-tii veathing motions of the ions. The
formulation requires breathing frequencies and the difference in equilibrivv®Mond lengths for the Il and Il ions, all of which we take from
experiment¢ Frequencies taken as 366 thior Mn' 5° and 510 cm? for Mn"" 51 The Mn—0 bond length change is taken as 0.17 AFrequencies
taken as 388 cri# for Fe' and 506 cm? for Fe" .5° The Fe-O bond length change is taken as 0.1#5A.

Fe By(dx,0y;) cases behaving similarly to each other (Figure
¢ MnA, 2a). For the face-to-face encounter orientation (Figure 2b), the
A FeAgd,) magnitude and distance dependence/gf for all three self-
© FeBy(d,.d,) exchange ET cases considered are rather similar [inF&
Ag(dyy), Fe By(dx»0y7)]. Itis likely that at least part of the larger
Vag found for Mn relative to the Fe cases for the corner-to-
corner orientation could be explained by larger superexchange
interactions.

In all cases, an exponential decay \Wag with increasing
a) distance is predicted as expecfetihe absolute value of the
0 . slope of linear fits to INVag as a function of equate with the
! ) J decay parametet, which is conventionally used in expressions

r(MM) ( A) of the typé

In Vg (cm™)

T T

"

Vg = Vg exp[=B(r — 1)/2] (8)

® MnA, whereVag® is the value ol/ag at the optimal separation distance

A FeAy(d,) ro. Values forg calculated in this study and comparisons with
O FeBy(d,d,) those reported elsewhere are given in Table 3. We note that
values off3 calculated here are for the gas phase and at larger
separations would likely be affected by superexchange effects
associated with the presence of intervening solvent molettiles.
For the face-to-face encounter orientation, our value$ fafr

Fe self-exchange ET (Fegftly) = 2.5 A1, By(dy,dy,) = 2.3

° A-1 compare well with the 2.4 Al value of Logan and

S Newton? Also in Table 3, we give the remaining parameter In

I Va0 (cm™1) that when combined wit® gives the equations

for the lines of the form INVag (cm™) = In Vag™0 (cm™)

6.5 7.0
]"(MM) (A) — B(r)/2 fit to the points in Figure 2. We use these linear fits

to interpolate values ofag for comparison with other electronic
Figure 2. Calculated distance dependencevaf for the (a) comer-  coupling terms at specific values of The optimal values of
to-corner and (b) face-to-face precursor complexes. (i.e., ro) for transition metal hexaqua ion self-exchange ET are

thought to be in the range-® A.1-3 Newton and others have

Electronic Coupling. In turning our attention to the electronic  estimatedro = 5.5 A for the Fe cas@8 To facilitate direct

coupling matrix elemerWag for the self-exchange ET reactions, comparison between our values \8fg with those calculated
the focus also shifts from equilibrium configurations of the by Newton and co-workers, our values at 5.5 A for the face-
reactants to the transition state configurations at the crossingto-face orientation are given in Table 3.
point gc. Values forVag at qc calculated as a function of the Very little information is available on the electronic coupling
metal-metal separation distancéor both the corner-to-corner  and optimal values af for Mn self-exchange ET. At least two
and face-to-face encounter orientations for the reactants arestudies have placedat 5-7 A for Mn self-exchange E649
shown in Figure 2. In general, the magnitude and distance At ro = 6.85 A, Bu and co-workef& compute a phenomeno-
dependence o¥/xg are found to be strongly dependent on logical electronic coupling terns 76.9 cnt?, which can only
encounter orientation. Théag value for the corner-to-corner  be indirectly compared with owag values of 678 cm! for
encounter orientation is substantially larger at any given distancecorner-to-corner and 5 crh for face-to-face orientations at that
considered than that for the face-to-face encounter orientation.value ofr. For the corner-to-corner orientation, Newton and
We interpret this to mean that superexchange interaction co-workers selected 7.3 A as a lower limit for accessible Fe
mediated by the water ligands (in the first coordination shell) Fe distance$We tabulate our calculated values\ofs for r =
efficiently increases the electronic coupling relative to the direct 7.3 A for the corner-to-corner Fe and Mn cases for direct
“through-space” coupling, even for outer-sphere encounter comparison. By this we do not imply that Fe and Mn should
complexes, consistent with previous work on this tdpkor have similar optimal values; differences in ionic radii would
the corner-to-corner encounter orientation, significant differences likely differentiate the two somewhat in terms of optimal
between Fe and Mn cases are apparent, with thegteh Aand values.

In V,5 (cm1)

T T T T T
55 6.0 7.5 8.0
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TABLE 3: Calculated Values for # and Vag
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self-exchange In Va0 Vag (cm™) Vag (cm™?) Vag (cm™) Vag (cm™?)
ET reaction B(AY (cm™?) ra(A) this study ref4 ref5 ref6
Corner-to-Corner
Mn Ag 2.972 16.698 7.3 347
FeAy(Chy)/Bq(Cha ) 3.116/3.480 14.527/16.391 7.3 23/40 27 12 25
Face-to-Face
Mn Ag 2.356 9.763 55 27
FeAy(0hy)/Bg(CaOy) 2.534/2.242 10.171/9.715 55 25/35 98 50 49

2Values ofr are taken from Logan and Newton computed for the Fe tabe same values afare applied here to Fe and Mn cases to facilitate
direct comparison and do not imply similar optimal separation distances for Fe and Mn.
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Figure 3. Calculated distance dependence of the transmission coef-
ficient for the (a) corner-to-corner and (b) face-to-face precursor
complexes.

Transmission Probabilities. The self-exchange ET reactions
in this study have typically been classified as nonadiabatic (i.e.,
kK < 1)2349 Evaluation of the adiabaticity for the overall
reactions usually requires prior knowledge of, among other
things, ro. The reasorrp must be known is because of the
distance dependence of boiag and Ae. Vag is an important
term in the LandattZener model described above. Indirectly,
Ae is as well because it modifies the activation energg*
and therefore it modifies the slopes of the potential energy
surfaces atjc. Calculation of the optimal ET distances from
first principles can be a difficult problem, likely involving

face-to-face orientation is predicted to yield nonadiabatic
behavior over the whole range considered (Figure 3b). The
face-to-face orientation also leads to simitdr) behavior for

the Fe and Mn cases. This contrasts the corner-to-corner
orientation which displays significant differencesc{in) between

Fe and Mn, and Fe £d.,) and Fe B(dx,0y,). These results
demonstrate that the transmission probability is rather sensitive
to the encounter orientation and it can be dependent on the
electronic state of the reactants (i.e., the corner-to-corner Fe
case in Figure 3a). This behavior derives primarily from the
orientation and electronic structure dependence of the electronic
coupling termVpg.

Conclusions

Ab initio calculations have provided some new insights, as
well as confirmation of some previous findings regarding the
Fe(OH)¢" and Mn(OR)¢"" self-exchange ET reactions. The
internal reorganization energy depends strongly on the nature
of the ET orbital, as expected. Thug, for the Mn case is
substantially larger than for the Fe case. For the Fe case, we
find a moderate effect oiVag, depending on whether the
minority spin electron occupies thyarbital or a mixture of
dy/dy, in the Fé ion. While these two possible nearly isoen-
ergetic electron-accepting states alter the magnitude and distance
dependence o¥ag, they do not affect, significantly.

The magnitude and distance dependencésgfare found to
be strongly dependent on encounter orientation, as shown for
the Fe case previously by Newton and co-work¥fsg, for the
corner-to-corner encounter orientation is substantially larger at
any given distance considered than that for the face-to-face
encounter orientation. For the corner-to-corner encounter ori-
entation, significant differences between Fe and Mn cases are
apparent, while for the face-to-face encounter orientation, the
magnitude and distance dependenc&/gf are rather similar.
Values of the decay paramet@rare in good agreement with
well-accepted values. Adiabatic behavier~ 1) is predicted
for the corner-to-corner encounter orientation at the shorter end
of the ET distance range of-® A, while the face-to-face
orientation is predicted to yield nonadiabatic behavior(1)
over the entire range. The effects noted above in large part derive
from the orientation and electronic structure dependentgf
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