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The electron self-exchange reaction via the outer-sphere pathway of V(OH,)2"**, Ru(OH,),>***, V(OH,)s***, and
Ru(OH,)*"** was investigated with quantum chemical methods. The reorganizational energy (1) and the nuclear
frequency factor (v,) were computed on the basis of M(OH,)s-(OH,),,"" (M =V, Ru; n =2, 3, 4) model compounds, in
which the 12 water molecules represent the second coordination sphere. The constant for the association of the
reactants (K,) was calculated via the Fuoss equation. The electronic coupling matrix element (H,,) was computed on
the basis of [M(OH,)¢,"* (M =V, Ru; n =5, 7) dimers, and the electronic frequency factor (v,) was determined from

H, and /. Because, for the present redox couples, v, is much greater than v, the second-order rate constant (k)

is equal to Kyvue F"RT (whereby AE* = A/4). The experimental rate constant for the V(OH,),2*** self-exchange
reaction is too low because side reactions involving ClO, ", the anion of the supporting electrolyte, have not been
considered. The present computations suggest a rate constant in the range of 0.14-0.19 M~'s™!' (25 °C, I=2.0 M).
The calculated rate constant for the Ru(OH,),>*"** self-exchange reaction agrees with experiment. For the
V(OH,)s**"** self-exchange reaction, an estimated rate constant of (1-6) X 107 M ™' s™! (25 °C, I=2.0 M) is predicted.

The second-order rate constant for the Ru(OH,),*"**

self-exchange process is estimated as 0.07 or 18 M~ 's™!' (25 °C,

1=5.0 M), respectively, for a 6 or a ¢ donor—acceptor interaction, whereby the preferred pathway is yet unknown.

Introduction

Recently, the electron self-exchange reaction of the Fe-
(OH,)¢3*3* couple via the outer-sphere pathway [eqn. (1)] has
been revisited using quantum chemical methods.*

Fe(OH,)s*" + Fe(OH,)*" — Fe(OH,)s*" + Fe(OH,)s*" (1)

In this reaction, an electron of a nonbonding orbital is
exchanged. The second-order rate constant (k) was computed
on the basis of the theory of Marcus,” Hush,® Levich et al.,* and
Sutin’® [eqn. (2)].

k = KAKelvneiAEi/RT (2)

K, is the constant for the association of the reactants. It was
calculated according to Fuoss [eqns. (3) and (4)],® whereby e =
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T Based on the presentation given at Dalton Discussion No. 4, 10-13th
January 2002, Kloster Banz, Germany.
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4.80298 x 107" esu, N, = 6.0221367 x 10% mol ™!, D, = 78.54
(for water), R = 8.31432 x 107 erg (g mol)™' deg™!, T': temper-
ature [K], I: ionic strength [M], r = distance between the two
reactants in the transition state [cm], and z, and z, are the
charges of the reactants.

icq [eqn. (5)] is the electronic transmission coefficient, v, [eqn.
(6)] and v, [eqns. (7) and (8)], respectively, are the electronic and
nuclear frequency factors, and H,, is the electronic coupling
matrix element.>’ EF is the energy change associated with the
vibrational mode v; to bring the reactants into the transition
state. v; is the average normal mode i of the M(OH,)>*"** or
M(OH,)3*"** couples. AE#, the activation energy, is related to
the total reorganizational energy A via eqn. (9).

2(1 _ e*l'ﬂ/ZV" ) (5)
o = 7 _g Yl
vy = gH 20, g =1.75 % 108 kJ 5! (6)
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A’ou + ﬂ’mnf
whereby v,, =30cm™!’
A=4AE* 9)
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Vin + ir 18 the nuclear frequency factor that arises from the
inner shell and interfacial vibrational modes, and 4, , i (= 4, +
A 1s the sum of the inner shell and interfacial reorganization
energies (vide infra). v,, is the mode for the reorganization of
the bulk solvent, and 4, is the solvent reorganization energy,
that was calculated classically® (vide infra). The parameters v;,
E*, Jin i 4, and AE* were computed quantum chemically on
the basis of M(OH,)s'(OH,),"" (M =V, Ru; n =2, 3, or 4)
model compounds, in which (OH,),, represents the second
coordination sphere. H,, was calculated quantum chemically at
various M - -+ M distances (r) of [M(OH,)¢],"" dimers (M =V,
Ru; n =5 or 7), in which the second coordination sphere was not
included.’

The important findings from the study® of reaction (1) are:
(i) the Fe - -+ Fe separation in the transition state is ~6.3 A.
This distance corresponds approximately to the close contact of
the Fe(OH,),>* and Fe(OH,)s*" reactants, whereby there is
no interpenetration of the ligand spheres. (i) The electronic
coupling matrix element (H,) decreases with increasing
Fe - - - Fe distance (in the range of 4.5-9.5 A). (iii) The face-to-
face approach of the reactants is sterically most favorable. It
yields the strongest donor—acceptor interaction and therefore,
the largest H,, at a given Fe --- Fe distance. (iv) v, is much
larger than v,;: thus, & is independent of v, and can be expressed
via eqn. (10).

k= K vye 2E7RT (10

(v) The total reorganizational energy / is not just the sum of
the inner shell (4,,) and the outer-sphere (4,,) terms [eqn. (11)];

A= i + o (11)

the reorganization of the interfacial H-bonds between the first
and second coordination spheres (4;) has to be included.

Thus, the reorganizational energy of M(OH,)>™*" couples,
for example, has to be computed using eqn. (12) instead of
eqn. (11).

A=+ Ag T Aou (12)

The present study reports on the electron self-exchange reac-
tion of the V(OH,)>*** and Ru(OH,),>*** couples via the
outer-sphere pathway. In these two reactions, a nonbonding
electron is exchanged as in the Fe(OH,)s**** couple. Further-
more, the model has been applied to the V(OH,)"*" and
Ru(OH,),**"** couples, in which also a nonbonding electron is
exchanged. For these latter two couples, no experimental data is
available. Thus, the computed data might be useful for the dis-
cussion of redox reactions involving these couples in strongly
acidic aqueous solution and for the comparison with the more
favorable pathway that proceeds via the hydroxo complexes, the
VOH(OH,)s**** and RuOH(OH,)s>*"** couples.

It is striking that the measured *! self-exchange rates of the
M(OH,)*™** (M =V, Fe, and Ru) couples vary by a factor of
more than 1000, although in all of these reactions a nonbond-
ing electron is exchanged. The present computations indicate
that the measured® rate constant of 0.010 M™"' s™' for the
V(OH,)s>*"** electron self-exchange reaction is too low because
side reactions involving the supporting electrolyte, the per-
chlorate anion, were not taken into account: this anion oxidizes
V(OH,)¢** quite rapidly.'”? The present calculations suggest a
second-order rate constant in the range of 0.14-0.19 M~' 5!
(25 °C and I = 2.0). The origin of the different reactivities of
the V(OH,)3***, Fe(OH,)¢2™**, and Ru(OH,)2*** couples is
analyzed.

Computational details

All of the calculations have been performed on HP 9000/C200
and HP 9000/735 computers using the GAMESS ** programs.
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The calculations were performed as described ! for the Fe™™

couple. The reorganizational energy (/) was computed on the
basis of M(OH,)s*(OH,),,>™**"** (M = V, Ru) model species
exhibiting D, or 7 symmetry, with all of their computed
vibrational frequencies being real. The basis sets of Stevens,
Krauss, Basch, and Jasien!* were used for vanadium and
ruthenium, where the inner shells are represented by relativistic
effective core potentials, the s and p semi-cores and the s and
p valence shells have double-{ quality, and the valence d shell
has triple-{ quality. The 6-31G basis set'>'® was used for O
and H of water in the first coordination sphere. For water
in the second coordination sphere, the basis sets 6-31G and
STO-4G," respectively, were taken for O and H. The geo-
metries were optimized at the Hartree—Fock level for the free
ions in the gas phase, and the atomic coordinates are given
in Tables S1-S6 (ESI). The total energy (Table 1) was computed
by taking into account hydration by the third and further
coordination spheres using the polarizable continuum model
(PCM).>*** Static and dynamic electron correlation were
included using the “multiconfigurational self-consistent field
second-order quasidegenerate perturbation” (MCQDPT2)
method?** as described.?

The electronic coupling matrix element (H,,) was calculated
at the MCQDPT?2 level on the basis of [M(OH,),"" (M =V,
Ru; n =5, 7) species, whose geometries were optimized in Sy
symmetry at the Hartree—Fock level for the free ions in the gas
phase. These calculations were performed for various M + -+ M
distances (r) that were kept fixed, otherwise the dimers would
dissociate due to the electrostatic repulsion. For the water lig-
ands, the 6-31G basis set was used. The atomic coordinates are
given in Tables S7-S10 (ESI). Hydration was not included in
the computation of H,,; it cancels out because the PCM
solvation energy is equal for the ground and the excited states.
In the [V(OH,),’" and [Ru(OH,)¢,**""* dimers, there was
appreciable static electron correlation; the occupations of the
natural orbitals of the complete active space self-consistent
field (CAS-SCF) wave function were <1.98 and >0.02 electrons.
In this case, the MCQDPT2 method was applied. In the
[V(OH,)4],>" dimer, however, some orbital occupations were
0.993 and 0.007. Thus, the multireference second-order
Moller—Plesset (MRMP2) calculations were performed on the
basis of the complete active space configuration interaction
(CAS-CI) reference wavefunction that was based on the
Hartree-Fock (HF) molecular orbitals.”’ The MRMP2 energies
of the *A, and *A, states of [M(OH,)sl,’" (M =V, Ru) were
computed on the basis of a CAS-CI reference wavefunction
with the MOs from a CAS-SCF calculation having a smaller
active space. The pertinent data is given in Table 2. The energy
difference between the ground and the appropriate excited state
is equal to 2H,,.

Hydration and electron correlation were neglected in the
geometry optimizations. These effects were included in the com-
putations of the total energies, for which, however, the zero
point energies (ZPE) are not available because the [M(OH,),
(OH,),,"*]* species [see “Results—Reorganizational energy (1)”
section] are not in local minima by definition. Thus, it does not
make sense to compute their harmonic vibrational frequencies.
Due to the unavailability of these ZPEs, the reorganizational
entropy had to be neglected as well.

Results

In this section, it is explained how all of the quantum chem-
ically computed data, that is needed for the determination of k,
was obtained. These calculated parameters are the reorganiz-
ational energy (1), the electronic coupling matrix element (H,y),
and the nuclear frequency factor (v,). As already mentioned
in the Introduction, the constant for the association of the
reactants was calculated classically via eqns. (3) and (4). In
the last chapter, the M --+ M distance dependence of the



Table 1 Experimental and calculated M-O (M =V, Ru) bond lengths and calculated total energies”

d(M-0O)/A

Total energy”®

Species Electronic state Symmetry  Calculated Experimental ~ Geometry (Ey, E,, E* or Ey*)
V(OH,),*(OH,),,** ‘A T 2.185 2.128¢ V(OH,),*(OH,),,** —1441.057203(1)
V(OH,)¢** ‘A T V(OH,)s*(OH,),,** —527.264582(1)
[V(OH,)s(OH,),,> 1* ‘A D, V(OH,),*(OH,),,*" —1441.039087(1)
[V(OH,)& 1* ‘A D, V(OH,)s*(OH,),,** —527.244854(1)
V(OH,),*(OH,),,*" ’B, D, 2.016,2.071,2.048  1.992¢ V(OH,),*(OH,),,*" —1440.945908(6)
V(OH,)s** ’B, D, V(OH,)s*(OH,),,** —526.719870(2)
[V(OH,)s(OH,),,* 1* T T V(OH,),*(OH,),,** —1440.891721(10)
[V(OH,)s:(OH,),,**]* *B, D, V(OH,)s(OH,),,*" —1440.919016(6)
[V(OH,)¢** T T V(OH,)¢*(OH,),,** —526.699852(10)
[V(OH,)& * ’B, D, V(OH,)s*(OH,),,** —526.680817(2)
V(OH,),*(OH,),,*" B, D, 1.861, 1.958, 2.015 V(OH,),*(OH,),,*" —1440.723877(784)
V(OH,)s** B, D, V(OH,)s*(OH,),,** —525.847050(188)
[V(OH,)s(OH,),,* 1* B, D, V(OH,),*(OH,),,*" —1440.663544(784)
[V(OH,)¢* 1* B, D, V(OH,)s*(OH,),,** —525.851762(188)
Ru(OH,)s*(OH,),,>" A T 2.188 2.122¢ Ru(OH,)s*(OH,),,>" —1463.433768(50)
Ru(OH,){** A T Ru(OH,),+(OH,),,** —549.631566(17)
[Ru(OH,)s (OH,),,> 1* A D, Ru(OH,)s*(OH,),,*" —1463.419990(50)
[Ru(OH,)**1* A D, Ru(OH,),+(OH,),,** —549.616998(17)
Ru(OH,)s*(OHy),,*" B, D, 2.052,2.109,2.083  2.029°¢ Ru(OH,)s*(OH,),,*" —1463.294920(20)
Ru(OH,)s** ’B, D, Ru(OH,),+(OH,),,** —549.066381(5)
[Ru(OH,)s (OH,),,* 1* T T Ru(OH,)s*(OH,),,>" —1463.253750(75)
[Ru(OH,)s*(OH,),,* 1* ’B, D, Ru(OH,)*(OH,),,*" —1463.281903(20)
[Ru(OH,)7* T T Ru(OH,),+(OH,),,** —549.053990(75)
[Ru(OH,)*T* ’B, D, Ru(OH,),+(OH,),,** —549.051346(5)
Ru(OH,)s*(OHy),,*" ’B, D, 1.957,2.023, 2.053 Ru(OH,)s*(OH,),,*" —1463.076743(588)
Ru(OH,)¢** ’B, D, Ru(OH,),+(OH,),,** —548.224373(149)
[Ru(OH,)s (OH,),,* 1* ’B, D, Ru(OH,)s*(OH,),,*" —1463.035002(588)
[Ru(OH,)¢*1* ’B, D, Ru(OH,),+(OH,),,** —548.227032(149)

“ Units: hartrees. ” In parentheses: number of configuration state functions of the CAS-SCF wavefunction. ¢ Average d(V"-O), ref. 18. ¢ Average
d(V™M-0), ref. 19. ¢ Ref. 20.

Table 2 Electronic coupling matrix element (H,,) and total MCQDPT?2 energies of the pertinent states of [M(OH,)]," M =V, Ru; n=35, 7)

Elhartrees

Redox couple A Ground state Excited state No. of CSFs* H,,/kJ mol™
yum 9.451 —1053.683290 —1053.683288 126 0.003°
yua 7.948 —1053.634237 —1053.634213 126 0.032
yu 7.50 —1053.617573 —1053.617526 126 0.062
yua 6.959 —1053.596044 —1053.595964 126 0.105
yu 6.50 —1053.576620 —1053.576526 126 0.123
yua 6.30 —1053.567868 —1053.567769 126 0.130
yu 6.00 —1053.554394 —1053.554276 126 0.155
Ry 9.457 —1098.404283 —1098.404280 13860 0.004
Ru'™ 7.888 —1098.354119 —1098.354088 13860 0.041
Ry 6.996 —1098.320636 —1098.320547 13860 0.117
Ru'™ 6.80 —1098.312813 —1098.312715 13860 0.129
Ru™"™! 6.50 —1098.300490 —1098.300400 13860 0.118
Ru'™ 6.00 —1098.279206 —1098.279141 13860 0.085
yum 6.50 —1051.737500¢ —1051.737495¢ 2 0.007
yHunv 6.50 —1051.723278¢ —1051.723199” 19 0.104
yum 6.30 —1051.718443¢ —1051.718433¢ 2 0.013
yunv 6.00 —1051.688633¢ —1051.688614¢ 2 0.025
Ru™v 7.90 —1096.600476/ —1096.600419°¢ 9900 0.075
Ru™ 7.90 —1096.594620°¢ —1096.594617 3 0.004
Ru™v 7.20 —1096.544073/ —1096.543947¢ 9900 0.165
Ru™v 7.20 —1096.540433¢ —1096.540425¢ 3 0.011
Ru™™™ 6.80 —1096.509245/ —1096.509096°¢ 9900 0.196
Ru™v 6.80 —1096.506456°¢ —1096.506449 3 0.009
Ru™™™ 6.50 —1096.481803/ —1096.481664° 9900 0.182
Ru™v 6.50 —1096.479783¢ —1096.479775¢ 3 0.011
Ru™v 6.00 —1096.433565/ —1096.433453¢ 9900 0.147
Ru™ 6.00 —1096.432663°¢ —1096.432655¢ 3 0.011

“ CSFs: configuration state functions of the CAS-SCF or CAS-CI reference wavefunction. The MCQDPT2 computations were performed in C;
symmetry. ” The numerical precision in the total energies is about 1 x 107° hartrees. Thus, the error in H,,, is £0.003 kJ mol™". * *E, state. * *E, state.
¢*A, state. / *A, state.
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Table 3 Reorganizational energy and its components

Redox couple A [eqn. (18)] A [eqn. (14)] A [eqn. (16)] Aou’ [Eqn. (15)] Aou [eqn. (17)] A [eqn. (13)] A
v 104.4 189.8 28.3 39.8 96.9 229.6 6.30
28.3 435 100.6 233.3 6.50
Ru"™ 70.8 144.3 17.5 43.4 99.4 187.7 6.50
Feltmts 81.9 162.8 229 40.4 98.4 203.2 6.30
vy 90.2 229.0 79.7 40.6 99.7 269.6 6.30
79.7 443 103.4 273.3 6.50
Ru™v 32.5 143.8 53.8 439 101.4 187.7 6.50
53.8 49.0 106.5 192.8 6.80

“Units: k] mol™". ” Ref. 1.

second-order rate constants (k), calculated according to eqn.
(10), is analyzed.

Reorganizational energy (1)

/. was computed on the basis of eqn. (13)* because it cannot be
evaluated via eqn. (12) in a straightforward manner.

/’{:/1'-5 + ;“ou/ (13)

/g (Table 3) is the reorganizational energy of the hexaaqua
ion including its second coordination sphere (Figs. 1 and 2),

Fig. 1 Perspective view of the V(OH,)s-(OH,),,*" ion exhibiting D,
symmetry. The dashed lines represent the hydrogen bonds within the
cyclic water trimers in the second coordination sphere.

Fig. 2 Perspective view of the V(OH,)s+(OH,),,*" ion exhibiting D,
symmetry. The dashed lines represent the hydrogen bonds within the
water trimers in the second coordination sphere.
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whereby the latter was represented by 12H,0 molecules.! A
was calculated via eqn. (14) on the basis of M(OH,)¢*(OH,),,"*
M =YV, Ru; n=2, 3 or 4) model compounds.

)“fs = El,fs* + E2,fs* - (El,fs + Ez,fs) (14)

E, s and E, 4 are the total energies of the two reactants, the
reductant and the oxidant, respectively, in their stable geo-
metries. E; i * is the energy of the reductant at the geometry of
the oxidant and likewise, E,* is the energy of the oxidant at
the geometry of the reductant. For a M(OH,),2*"** self-exchange
reaction for example, E; g, E, ¢, E;o*, and E, ¢* correspond to
the total energies of M(OH,)s(OH,),,*", M(OH,)s(OH,),**,
[M(OH,)s"(OH,),,>*1*, and [M(OH,)s(OH,),,*"]*, whereby
[M(OH,)¢*(OH,),," ]* represents a reactant at the geometry of
its redox partner. Ag is the energy for the electron transfer ar
frozen nuclei and arises from a vertical electron transition. All
of the E, s, Eyz, Ei4*, and E, i * energies (Table 1) were com-
puted by taking into account hydration using the polarizable
continuum model (PCM).**? Static and dynamic electron
correlation were calculated via the “multiconfigurational self-
consistent field second-order quasidegenerate perturbation”
(MCQDPT?2) method.>*%¢

The computation of Ay required the geometry optimizations
of M(OH,)s(OH,);,"" (M =V, Ru; n =2, 3, 4). The structures
of the M(OH,),+(OH,),,>* and M(OH,),*(OH,),,*" ions (M =V,
Ru), respectively, resemble those of Fe or Fe™.! The 12H,0
molecules in the second coordination sphere form 4 cyclic
trimers. As an example, the structure of V(OH,)s(OH,),*" is
shown in Fig. 1.

The structures of the M(OH,)s(OH,),,*" ions (Fig. 2) are
different: two trans M—O bonds are quite short, 1.861 and 1.957
A for VIV and Ru", respectively (Table 4). These water mole-
cules are very acidic because their O-H bonds are unusually
long, 1.055 and 1.038 A for V'V and Ru™. The O-H bonds of
the other water ligands are shorter than 1.00 A, and those in the
M(OH,)¢*(OH,),,** and M(OH,)s+(OH,),,*" ions, respectively,
are shorter than 0.98 and 0.96 A. The H-bonds of the acidic
protons to water in the second coordination sphere are also
quite short, 1.388 and 1.422 A for V'V and Ru", respectively,
such that one H-bond of each cyclic trimer is broken. Thus, in
the 4+ ions, the 12 water molecules in the second coordination
sphere form 4 open trimers.

Aou 18 the reorganizational energy of the solvent starting
from the third coordination sphere. It was calculated according
to eqn. (15).°

woorsal Lot ] oy a9
r

ron

The radii of the two reactants including their second
coordination spheres, ;" and r,’ (Table 5), were determined
from the PCM cavity volumes as described elsewhere.! r is
the separation of the two metals in the transition state. The
reorganizational energy of the H-bonds between the second



Table 4 Selected internal coordinates of the M(OH,)¢*(OH,),,"" ions (M =V, Ru; n=2, 3, 4)

d(M-0)/A

dH -+ 0),,/A

d(O-H),/A

d(O-H),/A

V(OHZ)E'(OHz)lz2+
V(OHZ)E'(OHz)lz3+

V(OHZ)E'(OHZ)IZ‘H

Ru(OH,)s*(OH,),,**
Ru(OH,)s*(OH,),,*"

Ru(OH,)s*(OH,),,**

2.185

2.016,2.071, 2.048¢
Average: 2.045
1.861, 1.956, 2.015¢
Average: 1.944

2.188

2.052,2.109, 2.083¢
Average: 2.081
1.957, 2.023, 2.053¢
Average: 2.011

1.863¢

1.710, 1.749, 1.726°¢
Average: 1.728
1.388,1.617,1.791°¢
Average: 1.599

1.853¢

1.707, 1.745, 1.720°¢
Average: 1.724
1.422,1.602, 1.772°¢
Average: 1.599

0.959"

0.976,0.971, 0.974
Average: 0.974
1.055,0.994, 0.977/
Average: 1.009

0.958"

0.975, 0.969, 0.973/
Average: 0.972
1.038, 0.994, 0.979/
Average: 1.004

0.988, 0.975¢

Average: 0.982

0.987, 0.980, 0.986, 0.980, 0.986, 0.980"
Average: 0.983

0.983, 0.980, 0.989, 0.984, 0.987, 0.988”
Average: 0.985

0.988, 0.976°¢

Average: 0.982

0.987, 0.980, 0.986, 0.980, 0.986, 0.980/
Average: 0.983

0.981, 0.980, 0.988, 0.984, 0.988, 0.988/
Average: 0.985

“12 equal (H - - - O),,. * 12 equal (O-H),. ¢ Two sets of 12 equal (O—-H),. ¢ Three sets of 2 equal M—O. ¢ Three sets of 4 equal (H - - - O),_,./ Three

sets of 4 equal (O-H), or (O-H),.

Table 5 Radii of the pertinent transition metal hexaaqua ions

Table 6 Classically calculated terms*

Tpem “qA

Species Symmetry VPCM/A3 rorr, FLOrF,
V(OH,)s(OH,),,™ T 449.134 4.751
V(OH,)s"(OH,),,** D, 434.927 4.700
V(OH,)s(OH,),,** D, 436.127 4.704

V(OH,)** T 182.947 3.522
V(OH,):** ¢ D, 170.006 3.437
V(OH,)s**¢ D, 169.391 3.432
Ru(OH,)s*(OH,),,*" T 449.003 4.750
Ru(OH,)"(OH,),,*" D, 436.886  4.707
Ru(OH,)s*(OH,),* D, 441.030 4.722
Ru(OH,)2"* T 182.938 3.522
Ru(OH,)s*" ¢ D, 175.693 3.474
Ru(OH,)* ¢ D, 173.407 3.459

“reem = (34 Vo). ?Second coordination sphere in M(OH,)¢
(OH,),,*" omitted. ¢ Second coordination sphere in M(OH,)¢*(OH,),,**
omitted. ¢ Second coordination sphere in M(OH,)s*(OH,),,*" omitted.

and third coordination spheres is neglected in eqn. (13). The
validity of this approximation has been established for the
Fe(OH,),>*"** couple.!

The interfacial reorganizational energy, 4, [eqn. (16)], was
calculated by combining eqns. (12) and (13).!

Jou l€qns. (12) and (16)] is the reorganizational energy of

Aig= A F Zo = (Ain T Aou) (16)

the solvent starting from the second coordination sphere. It was
determined classically® [eqn. (17)] as 4,,".

Ay = 753.12[l[i+L]—1}[kJ mol™'] amn
2 r

rnoon

r; and r, (Table 5) are the radii of the hexaaqua ions without
second coordination spheres, and r is [as in eqn. (15)] the metal—
metal distance in the transition state.

Jin (Table 3) is the inner shell reorganizational energy. It was
calculated, similarly as Ag, via eqn. (18).

)“in = El,in* + EZ,in* - (El,in + EZ,in) (18)

E,;, and E, ;, are the total energies of the M(OH,),"" (M =V,
Ru; n = 2, 3, 4) fragments of M(OH,)¢*(OH,),,"" (where the
12H,0s of the second coordination sphere were omitted), and
E,;,* and E,;,* are the energies of these reactants at the geom-
etries of their respective redox partners (Table 1). All of these

Redox couple rtIA Jiou Jou’ W, KJM™!
yum 9.451 136.8 79.7 2.1¢ 0.92
yua 7.948 121.7 64.6 2.8¢ 0.40
yum 7.50 116.1 59.0 3.2¢ 0.298
yua 6.959 108.3 51.2 3.6¢ 0.199
yum 6.50 100.6 43.5 4.1¢ 0.135
yua 6.30 96.9 39.8 4.3¢ 0.112
yum 6.00 91.0 339 4.7¢ 0.083
yny 6.50 103.4 443 8.1°¢ 0.026
v 6.30 99.7 40.6 8.6¢ 0.020
yny 6.00 93.8 34.7 9.3¢ 0.013
Ry 9.457 135.7 79.6 1.4¢ 1.21
Ru""™ 7.888 119.8 63.8 2.0¢ 0.56
Ry 6.996 107.7 51.6 2.5¢ 0.319
Ru""™ 6.80 104.6 48.5 2.6¢ 0.278
Ry 6.50 99.4 43.4 2.8¢ 0.222
Ru""™ 6.00 89.8 338 3.3¢ 0.146
Ru"™"v 7.90 121.9 64.4 3.9¢ 0.253
Ru™v 7.20 112.7 55.1 4.7¢ 0.142
Ru"™"v 6.80 106.5 49.0 5.2¢ 0.097
Ru™v 6.50 101.4 43.9 5.7¢ 0.071
Ru"™"v 6.00 91.7 34.2 6.5¢ 0.039

“Units: kJ mol™". *r is the M - -+ M distance. ¢ At 25 °C, I = 2.0 M.
1At25°C, I=5.0 M.

inner shell reorganizational energies were computed by taking
into account electron correlation, but not hydration. The
second coordination sphere, described by 12H,Os, has to be
removed for the computation of 4, that is due to the reorgan-
ization of the free M(OH,),>*"** or M(OH,)s3*** couple. Thus,
it does not make sense to treat hydration starting from the
second coordination sphere using a continuum model.

A and A, (Table 3) are independent of r, but 4., and Z,,’
(Table 6) depend on the M --- M distance (r). ;s is almost
independent of r because the distance dependence of 4,, and
Jou’ cancels in the difference 4,," — 4., [eqn. (16)]. 4 [eqn. (13)]
depends on r. At a given M - - - M distance, 4, and 4,," neither
depend on the charges of the reactants nor on the nature of the
metal. In contrast, A, and 4, depend on the metal. They are
different for the V(OH,)s>™*, Fe(OH,)s*™**, and Ru(OH,)>"**
couples, although in all of these cases, the charge is equal, and a
nonbonding electron is exchanged. For the M(OH,)*** (M =
V, Ru) couples, 4, has to be taken with care because the second
coordination sphere is bound very strongly to the first one (vide
supra). Furthermore, the third coordination sphere might also
be bound quite strongly to the second coordination sphere.
Thus, A might be larger because the reorganizational energy of
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the interface between the second and third coordination spheres
might not be negligible as in the M(OH,)2*** couples. Ay is
quite different for the two V(OH,)s™" and Ru(OH,)s"**
couples (Table 3).

Because experimental self-exchange rates are not available for
the V(OH,)"*" and Ru(OH,)*** couples, the distance
dependence of ,,’, 4,,, and also H,,, was not investigated over
a wide range of r. These energies were computed for the most
likely interval of M - - - M separations.

Electronic coupling matrix element (H,,)

It arises from the interaction of the donor and the acceptor
orbitals in the transition state that was modeled by
[M(OH,)¢l,"* M =V, Ru; n=15, 7) dimers (Fig. 3). As in reaction

Fig. 3 Perspective view of the [Ru(OH,)],>" dimer with Sg symmetry
(the Ru - - - Ru distance is 6.80 A).

(1), a nonbonding electron is exchanged in the V(OH,)>™"*,
Ru(OH,)2***, V(OH,)&***, and Ru(OH,)s**"** couples. The
sterically most favorable arrangement of the reactants was found
for the face-to-face approach (Fig. 3).! In the [M(OH,)4,""
dimers (Fig. 3) with Sg symmetry, the two M(OH,), fragments
have C; symmetry, and the valence d orbitals split as shown in
Fig. 4. The d, levels are nonbonding and correspond to the t,,

M(OHz)s [M(OHz)g]25+, M(OHz)s
fragment, Se symmetry fragment,
C3 symmetry C3 symmetry
do (Ttan)
dO'* — — —
do*(nb)

dr(8ap) Gn(Cab)

ch_ %—

dn(sb)

dr(cb)
Fig. 4 Qualitative molecular orbital diagram for [M(OH,)s]"* dimers.

orbitals in O, symmetry. For each M(OH,), fragment, two of
the three d, levels are degenerate. The antibonding d_* levels
(the ¢,* levels in Oy, symmetry) are also doubly degenerate.

The two non-degenerate d, molecular orbitals (MOs) lie in
the M --- M axis and have each the shape of a d.. orbital.
Their o interaction leads to a bonding, d,(o}), and an antibond-
ing, d,(c,,), MO. The degenerate d, pairs are perpendicular to
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the M - -+ M axis, and have the shape of the d,, and d. _
orbitals. They undergo § interactions that lead to a bonding
degenerate d (8,) pair, and an antibonding degenerate d(9,;)
pair. The degenerate antibonding d,* levels, the d,. and d,.
pairs, undergo a m interaction yielding the bonding degenerate
d,*(m,) pair and the antibonding degenerate d *(m,,) pair. In
the present systems, these levels are always empty and will
therefore not be considered further.

(i) M(OH,),™* couples. In the ground state of [Fe-
(OH,)4],>", all of the 3d orbitals (Fig. 4) are singly occupied,
except the d,(c,) one, that is doubly occupied. The electronic
coupling matrix element (H,,) is half of the energy for the
promotion of one d,(c,) electron into the d (c,,) level.!

The ground state of [V(OH,)s,>* has a high-spin
d.(c,)'d,(8,)*d,(8,,)* electron configuration, and the d. (c,;,) as
well as all of the d * levels are empty. The geometries were
optimized for this state at fixed V - -- V distances in the range
of 6.00-9.45 A. H,, is half of the energy for the d (c,) —
d.(c,,) promotion. The energies of these two states, together
with H,,, are reported in Table 2.

In the [Ru(OH,)4],>" dimer, the ground state has a (low-spin)
d.(0,)*d,(8,)*d (8,,)*d (c,,)" electron configuration (all of the
d,* levels are empty). 1/2H,, arises from the promotion of a
d,(oy) electron into the d (o,,) level. This situation resembles
that for the Fe(OH,),>*** and the V(OH,),>*"** self-exchange
reactions.

In the [V(OH,)s,"" and [Ru(OH,)s],°>" dimers, respectively,
there are 5 and 11 d, electrons. The electron configuration of
[Ru(OH,)],*" can be viewed as that of [V(OH,)¢],>" with one
electron added into each d, MO.

For the V(OH,)2"** self-exchange reaction, H,, increases
with decreasing r in a sigmoidal manner (Fig. 5, Table 2). It is

0.25
0.2 1 -
[ ]
[ ]
o
T 0.15 1 a
]
E (o] o
2 ‘s
::m 0.1 o
°
[ ]
o
0.05 A
°
o
A A x 4 a
0 T —2 T S
5.5 6.5 7.5 8.5 9.5
riA

Fig. 5 Plots of the distance dependence of the electronic coupling
matrix element [open circles: V(OH,)>***, 6 donor—acceptor inter-
action, open triangles: V(OH,)s****, § interaction, filled circles: Ru-
(OH,)3*"**, & interaction, filled squares: Ru(OH,),>"*, o interaction,
filled triangles: Ru(OH,)s****, § interaction)].

worthwhile to note that the inflection point in the range of r =
6.3-6.5 A is at the expected V - -+ V distance of the transition
state (vide infra). In contrast to Fe(OH,)¢>*"**, the plot of In H,,
vs. ris not linear.

For the Ru(OH,),>*"”** self-exchange process, the distance
dependence of H,, differs substantially from that of V(OH,).*"**
and Fe(OH,)2***: first, H,, increases with diminishing r, reaches
a maximum at ~6.8 A, and then decreases (Fig. 5, Table 2).



(ii) M(OH,)s>*"** couples. In comparison with the [V-
(OH,)¢],>" dimer, the electron configuration of [V(OH,)],’*, for
which the geometry was optimized, was assumed to be
d.(c,)'d,(8,)* whereby all of the other levels were empty. H,,
was assumed to be half of the energy required for the
promotion of three electrons, namely one d.(c,) — d,(o,)
promotion and two d (8;) — d,(3,,) promotions whereby the
latter levels are degenerate.

The MCQDPT2 calculations, however, showed that the
ground state was degenerate, and that this *E, state had a
d,(8,)%d(8,,)" electron configuration; the d.(c,) and d.(c,,)
levels were empty. H,,, is thus half of the energy for the d (3,) —
d.(3,,) promotion (Fig. 5, Table 2). Other states, like the 4Ag and
A, ones, have higher energies (vide infra). H,, is much smaller
than for the M(OH,)>™*" (M =V, Fe, Ru) couples because the
donor—acceptor interaction is of the d type.

H,, is considerably larger for the o donor—acceptor inter-
action that, however, involves the excited ‘A, and *A, states
(Table 2). The *A, state, with a d(c,,)'d(8,)'d(8,,)" electron
configuration, lies higher than the “E, ground state by 37.3 kJ
mol~' (ata 'V - -- V distance of 6.5 A). H,, would arise form the
d.(o,) — d(o,,) promotion, but this pathway is energetically
unfavorable.

The geometry of [Ru(OH,)],’" was optimized for the d (c,)*
d,(8,)*d(5,,)*d,(c,,)" electron configuration. The MCQDPT2
calculations showed that the *A, ground state has a d (c,)*
d,(8,)*d(8,,)*d(c,,)" configuration. Obviously, the interelec-
tronic repulsion energy is lower, when the d,(8,) and d,(5,;,)
MOs have equal occupations. The two dominant configur-
ation state functions (CSFs) of this state have d(c,)*-
dn(sb)4dn(sab)2dn(cab)l and dn(cb)zdn(gbydn(Sab)4dn(cab)1 electron
configurations. H,, is sizable because it is due to a ¢ donor—
acceptor interaction that can be described via a d,(c,) — d,(0,)
promotion. As for the Ru(OH,)>*** couple, H,, has a max-
imum at about 6.8 A. Interestingly, H,, for the Ru(OH,).>*"**
couple is slightly larger than for Ru(OH,),>*"** (Fig. 5, Table 2).

The “E, state, with a d.(c,)'d.(8;,)°d.(8,,)*d (c,5)" electron
configuration, has a possibly insignificantly higher energy (15.4,
9.6, 7.3, 5.3, and 2.4 kJ mol ™!, respectively, for Ru - -+ Ru sep-
arations of 7.9, 7.2, 6.8, 6.5, and 6.0 A) than the *A, state. For
this degenerate state, H,, is much smaller because it arises from
a § donor—acceptor interaction [d(3,,) — d(8,) promotion] as
in [V(OH,)l,”". H,, for the Ru(OH,)*""*" self-exchange reac-
tion via the § donor—acceptor interaction (that involves the ‘E,/
4Eg states) first increases with decreasing r, and then becomes
virtually independent of r in the range of 6.0-7.2 A (Fig. 5,
Table 2).

Nuclear frequency factor (v,)

It was calculated according to eqns. (7) and (8).>7 v, is the aver-
age of the calculated unscaled vibrational mode i of the two
reactants, for example W(V"-0) and v(V™-0), and E is the
energy of this mode that is required to reach the transition state
geometry. EF was computed as described by Friedman and
Newton.” The largest contributions to v, . ; [eqn. (7)] arise
from the high frequency modes and modes with large ampli-
tudes. Internal coordinates that change considerably upon the
electron transfer are summarized in Table 4. The M-O bond
lengths and the interfacial H-bonds, (H --- O),,, undergo
large changes, whereas the O-H bonds of coordinated water,
(O-H),, change much less, and the O-H bonds of water in the
second coordination sphere, (O—H),, are quite insensitive to the
oxidation state of the metal. The totally symmetric (O-H),
stretching mode dominates v;, , j; because of its high frequency
[eqn. (7)]. viy + i Was estimated on the basis of the M-O, (O-H),,
(H - -- O),_, modes, whose frequencies are given in Table 7.
For the M(OH,)s+(OH,),,>" and M(OH,),*(OH,),,*" ions, the
assignment of the totally symmetric modes in (pseudo)-
octahedral symmetry (Table 7), and the change of their corre-

sponding internal coordinates, was straightforward. For the
M(OH,)¢*(OH,),,** ions, however, totally symmetric modes
in pseudo-octahedral symmetry no longer exist because of
the broken H-bonds of the water trimers in the second
coordination sphere (vide infra). This is the reason why three
vibrational frequencies are reported for each mode of the
M(OH,)¢(OH,),,** ions. The average of these three modes was
taken as the totally symmetric mode in pseudo-octahedral
symmetry.

The frequency v, . i [eqn. (7)] is independent of r and
amounts to 1219, 1275, 1901, and 2071 cm™', respectively,
for the V(OH,),>"**, Ru(OH,),>"**, V(OH,)s*"**, and Ru-
(OH,)&*"** couples. v, , i is considerably higher for the
M(OH,)"* couples. v, [eqn. (8)] on the other hand (Table 8),
depends slightly on r because of 7, that depends on r (Table 6).
i + i Deing equal to A, + Aand Ag + Ay, — Ao, Was obtained
via the rearrangement of eqn. (16).

For the present M(OH,)>"** couples, v, is of the order of
800-900 cm ™' or (2-3) x 10" s™" and varies by about 10% for r =
6.0-9.5 A (Table 8). Furthermore, v, is almost independent of
the metal ion for a given charge of the reactants. These values
are higher by a factor of about two than the frequently used
values around 400 cm ™' that are based on the totally symmetric
M-O stretching frequencies. As already mentioned, the exact
value of v, is not needed for the computation of k because v, >
V. For the M(OH,)3"* couples, v, is greater and in the range
of 14001500 cm™" or (4-5) x 108 57",

Second-order rate constant (k) for the self-exchange reactions

(i) M(OH,)**”** couples. The nuclear frequency factor, v,, is
much greater than the electronic frequency factor, v, (Table 8).
Therefore, eqn. (5) can be approximated by the expression iy =
valvye,” and the rate constant can be determined via eqn. (10).
K,, vy, and AE* or Z [eqn. (9)], depend on the M - -+ M dis-
tance, r, and this data has been calculated for the V(OH,)*"**
and Ru(OH,),>*** couples. K, [eqns. (3) and (4)] and AE*
(or 1) decrease with decreasing r. For both couples, the product
of K,e “F'RT increases approximately by a factor of 10 with
decreasing r (Table 8). For V(OH,),>*"**, v,, increases by a factor
of about 25 when r decreases from ~8 to 6.00 A. The behavior is
different for the Ru(OH,),>*"** couple: v, first also increases
with decreasing r, then reaches a maximum at 6.8 A, and
finally decreases. v, follows the distance dependence of H,,
[eqn. (6)].

For the V(OH,)3*"** couple, k has a similar distance depend-
ence as H,, or v,; k increases with decreasing r. Plots of In k&
vs. r exhibit an inflection point at about 6.5 A as H,,. For the
Fe(OH,)2*** couple, r was determined® by setting the calc-
ulated rate constant equal to the experimental value.® Thus, r ~
6.3 A was obtained.! By applying the same procedure, r ~ 7.8 A
would be estimated for the V(OH,),>*"** couple. This distance
is too large compared with those of the Fe(OH,)s>"** and
Ru(OH,)>™** couples (vide infra). It will be shown in the Dis-
cussion that the experimental rate constant® of 0.010 M~ 57!
(25°C and 7=2.0 M) is too low. If it is assumed that r is in the
range of 6.3-6.5 A as for the Fe(OH,),>*** and Ru(OH,) """
ions, k is estimated as 0.14-0.19 M~ s (25°C and =2.0 M).

For the Ru(OH,)¢**** couple, the distance dependence of k is
quite different: as v, and also H,,, k increases with decreas-
ing r, reaches a maximum at =6.5 A, and then decreases. The
maximum is at a smaller r than for v, and H,, because of the
multiplication with the K,e /%" term that increases with
decreasing r [eqn. (10)]. In the range of 6.0-6.8 A, k depends
only slightly on r; its maximum value of 24 M~' s™! (25 °C and
I=35.0M)atr=650 A is close to the experimental value of
20+4M's7'(25°C and I=5.0 M)."!

(ii) M(OH,):**** couples. For these redox couples, v, is larger
than for the M(OH,)>*** couples (M =V, Fe, Ru), while v,, is
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Table 7 Calculated totally symmetric vibrational frequencies” in the M(OH,)s(OH,),,"" ions M =V, Ru; n=2, 3, 4)

y(M-O)/cm™! v(H -+ O),/cm™! v(O-H),/cm™!
V(OH,)s (OH,),,** 369 155 3855
V(OH,)¢"(OH,),,** 537 193 3655
V(OH,)s (OH,),,* 492, 560, 739 128,224,277 2243, 3204, 3543

Average: 597 Average: 210 Average: 2997
Ru(OH,)s+(OH,),,* 401 158 3863
Ru(OH,)s(OH,),,** 553 196 3668
Ru(OH,)s+(OH,),,* 533,574,716 139, 223,282 2468, 3192, 3488

Average: 608

Average: 215 Average: 3049

“The vibrational frequencies are unscaled.

Table 8 Calculated rate constants (k), and the data for its computation®

Redox couple rIA KM A/kJ mol™! Vs ™! Vals™! Ko kKM™'s™!
v 9.451 0.92 269.5 2.57 x 10 <3x 107 <1x10°° <4x107°
i 7.948 0.40 254.4 2.64 x 1013 1.12 x 10° 42x107° 32x107°
v 7.50 0.298 248.8 2.67 % 10" 4.26 x 10° 1.6 x 107 0.0161
i 6.959 0.199 241.0 2.71 x 108 1.24 x 10" 4.6x107* 0.069
yu 6.50 0.135 2333 276 x 10" 1.73 x 10" 63x107* 0.141
v 6.30 0.112 229.6 2.78 x 10" 1.95 x 10" 7.0x 107 0.192
v 6.00 0.083 223.7 2.82 % 10" 2.81 x 10% 1.0x 107 0.37
Ry 9.457 1.21 223.9 2.40 x 10" 1.87 x 107 7.8 %107 3.5%107°
Ry 7.888 0.56 208.1 2.49 x 10" 2.04 x 10° 82x107° 0.88
Ry 6.996 0319 195.9 2.57 % 10" 1.71 x 10 6.7%107* 14

Ryt 6.80 0.278 192.8 259 x 10" 2.10 % 10%° 8.1x10™ 21

Ry 6.50 0.222 187.7 2.62 % 10" 1.78 x 101 6.8% 107" 24

Ryt 6.00 0.146 178.1 2.69 x 10" 9.47 x 107 3.5x 107 22

Fellite 6.30 0.043 203.2 2.67 % 10" 7.4 x10% 28x107° 4

vy 6.50 0.026 273.3 4.49 x 10 5.19 x 107 1.2x 107 1.4x 107
vy 6.30 0.020 269.6 4.52% 10" 1.80 x 10° 4.0%x10°° 56% 107
i 6.00 0.013 263.7 4.57x 10" 6.74 x 10° 1.5x107 25%107
Ru™Y 7.90 0.253 208.2 4.00 x 10" 6.82 % 10°¢ 1.7 x 1074 1.31¢
Ru"™"Y 7.90 0.253 208.2 4.00 x 10" 1.94 % 107¢ 49%107¢ 3.7%x107%¢
Ry 7.20 0.142 198.9 4.09 x 10" 3.38 x 101°¢ 83 %107 9.3
Ru"™"Y 7.20 0.142 198.9 4.09 x 10" 1.50 x 10%¢ 3.7 %107 0.041°
Ry 6.80 0.097 192.8 4.15 x 108 4.84 x 104 1.2x 1073 16.9¢
Ru"™"Y 6.80 0.097 192.8 4.15x 10" 1.02 x 10%¢ 2.5% 107 0.036¢
Ru'™"Y 6.50 0.071 187.7 421 x 10 4.23 x 101 1.0 x 10734 18.1¢
Ru"™"Y 6.50 0.071 187.7 421 x 10" 1.5 x 10%¢ 3.7 %107 0.066¢
Ru"™"v 6.00 0.039 178.0 4.32x 10 2.83 x 10 6.6 x 107 17.6°
Ru"™"™Y 6.00 0.039 178.0 4.32x 10" 1.59 x 10%¢ 3.7 %107 0.099°¢

“AE' = )4, eqn. (9). *r is the M «-+ M distance in [M(OH,)s],”*.  Ref. 1. ‘o donor—acceptor interaction (*A/*A, states). “ 5 donor—acceptor

interaction (‘E,/*E, states).

equal or smaller (Table 8). Therefore, v, is much greater than v,
and k can be calculated via eqn. (10).

For the V(OH,)s"** couple, k increases with decreasing
r. Hence, the V - -+ V separation in the transition state cannot
be determined using the procedure for the Fe(OH,)2*** couple,
for example, because of the unavailability of experimental data.
Thus, r was assumed to be similar as in the Ru(OH,),>""**,
Ru(OH,)#*"**, and Fe(OH,)s>*** couples, and k for the
V(OH,)*"** self-exchange reaction is estimated as (1-6) X
107 M's™! for r = 6.3-6.5 A (25°C, I=2.0 M).

For the Ru(OH,)*"™* couple, two cases have to be con-
sidered because the present [M(OH,)4],”" model, in which
hydration had to be neglected, is possibly not adequate for the
determination of the energy difference between the *A, and the
“E, states (Table 2). If the energy of the “E, state is considerably
lower than that of the *A, state, the electron transfer would
proceed via a § donor—acceptor interaction. The calculated rate
constant first increases with decreasing r, and then levels off as
H,, (Table 8). Assuming that the Ru --- Ru distance in the
transition state is #6.5 A, k~0.07 M~'s™' (25 °C, I = 5.0 M) is
estimated. If the energy of the “E, state is equal to or higher
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than that of the *A, state, the electron transfer would proceed
via the o donor-acceptor interaction. In this case, £ has a
maximum at r ~ 6.5 A, at which it is equal to 18 M~ s™! (25 °C
and /=5.0 M).

Discussion

For the Fe(OH,)s>*** couple, the calculated rate constant
decreased with increasing r. The Fe - - -+ Fe distance in the tran-
sition state was determined by comparing the calculated®
second-order rate constant (k) with the experimental® value.
Thus, r ~ 6.3 A was found.

The distance dependence of k for the Ru(OH,),>*"** couple is
different: k is maximal at r =~ 6.5 A. Interestingly, at this dis-
tance, the calculated value agrees with the experimental'' one.
Thus, it may be concluded that the Ru - - - Ru separation in the
transition state is ~6.5 A. This distance agrees with the slightly
smaller one for the Fe(OH,),>*"** couple whose ionic radii are
smaller. The electron transfer takes place with the reactants in
approximately closest contact.

As already mentioned in the Results section, the application



of this procedure for the determination of r to the V(OH,)2"**
self-exchange reaction yields a V - -+ V separation of 7.8 A.
The fact that, on one hand, this value is considerably larger
than those for the Fe(OH,)¢*"*" and Ru(OH,)¢***" couples,
and that, on the other hand, the ionic radii of the V(OH,)¢*"
and V(OH,)*" ions lie between those of the corresponding
hexaaqua ions of Fe and Ru, indicates that the experimental®
value of 0.010 M~! s7! (25 °C and I = 2.0 M) is too low. A
critical analysis of the experimental details® shows that this is
indeed the case: the reaction has been investigated in perchlor-
ate medium. It is known'? that V(OH,)s*" reacts quite rapidly
with Cl1O,". Thus, Cl1O0,™ and the products of this side reaction
as well (e.g VO*', ClO;", ClO; 7, ...) reacted with V(OH,),** and
thus removed tagged V(OH,)s>" that had been formed via the
self-exchange reaction. Therefore, the formation of tagged
V(OH,)s*>* occurred more slowly, and the observed rate con-
stant is too low. If it is assumed that the V --- V distance is
similar as in the other two M(OH,),2"** (M =V, Ru) couples, r
=6.3-6.5 A is estimated. The rate constant for the V(OH,)>*"*
self-exchange reaction would then be in the range of 0.14-
0.19M's7'(25°C and I=2.0 M).

The electron self-exchange reactions involving the di- and
tri-valent first row transition metal hexaaqua ions have been
investigated recently by Rosso and Rustad ** using density func-
tional theory (DFT). Their calculations of A were based on a
smaller model involving the M(OH,)2*”** ions without second
coordination spheres. Therefore, they did not include the inter-
facial reorganizational energy (4;). Their approach for the
computation of k was quite different and involved parameters
that were obtained via a fit to experimental data. In particular,
H,, was not calculated quantum chemically. Nevertheless, with
their combination of computed and experimental data, they
estimated the V(OH,),>*"" self-exchange rate as 0.30 M~ s~
This value is close to that suggested by the present investigation.

The calculated rate constant for the V(OH,)l™" self-
exchange reaction increases with decreasing r. This raises the
question, why the reaction does not take place at V - -+ V dis-
tances smaller than ~6.3-6.5 A. The increase of k with decreas-
ing r, that was also found' for the Fe(OH,)>""*" couple, is an
artifact arising from the limitation of the model: it should be
recalled that the A, component of the reorganizational energy
was calculated on the basis of free V(OH,)s(OH,);,>" and
V(OH,)s(OH,),,*" ions. When these reactants (including their
quite strongly bound second coordination spheres) are brought
closer together than about 6.3 A, interfacial (H - - - O),, bonds
are likely to be strained substantially or perhaps even broken.
The energy arising from these processes would have to be added
to the Coulomb repulsion energy (w,), and K, [eqn. (3)] would
diminish sharply. At small r, the constant for the association of
the reactants, K,, no longer can be estimated via eqns. (3) and
(4); K, would be smaller. Classical molecular dynamics (MD)
simulations on the Fe(OH,),>*"** electron self-exchange reac-
tion yielded an Fe - - + Fe separation of 5.5 A in the transition
state.**! Although MD simulations are subject to different
approximations than the present quantum chemical study, they
show that there is an optimum distance for the electron transfer.

The second-order rate constant for the V(OH,) " self-
exchange reaction had to be estimated at the likely V --+V
separation of 6.3-6.5 A. k is very small, (1-6) x 107° M ' 57!
(25 °C and I = 2.0 M), for two reasons: first, the reorganiz-
ational energy is high (Table 3) and second, the electronic
coupling matrix element is small (Table 2). The small H,, arises
from the 8 donor—acceptor interaction.

k for the Ru(OH,)s**** self-exchange reaction proceeding via
a & donor-acceptor interaction is equal to ~0.07 M~'s™' (25 °C
and 7 = 5.0 M) at the likely Ru - -+ Ru separation of about
6.5 A. For the o donor—acceptor interaction, k is maximal at
r~6.5 A, as for the Ru(OH,)*"" self-exchange process and
estimated as 18 M~! s7! (25 °C and I = 5.0 M). Interestingly,
this value is virtually the same as that for the Ru(OH,)2"**

self-exchange reaction. At the first glance, this might appear
unlikely, but it should be noted that these two ruthenium
couples have equal reorganizational energies (Table 3). Fur-
thermore, in both redox systems, the electron transfer proceeds
via the (strong) ¢ donor—acceptor interaction. Nevertheless, it is
not yet established whether the o pathway is favored energetic-
ally over the 6 one. It should be noted that the computed 4 of
the M(OH,),>"** couples are less accurate than those of
M(OH,)***. In the M(OH,)*" ions, the third coordination
sphere might be bound more strongly to the second one because
of their high charge. Possibly, a second 4, term, describing the
reorganizational energy of the H-bonds between the second
and third coordination spheres, should be included. Thus, the
present reorganizational energies might be too low.

In all of the presently investigated redox couples, and the
Fe(OH,)>*** couple as well, a nonbonding electron is
exchanged. The electron self-exchange rates (k) depend on the
metal and its oxidation states. The charge of the reactants, the
temperature, and the ionic strength affect K,. The first-order
rate constant for the electron transfer step, k;, which is defined
as kIK,, is equal to vue “E7T (for v, > k). ky is independent
of the charge of the reactants and the medium (e.g the ionic
strength). It is approximately equal for the Fe(OH,)>™** and
Ru(OH,),>*"** couples (290 s™'), although their respective reorg-
anizational energies (1) and electronic frequency factors (v,) are
different (Table 8). The higher / for Fe(OH,)****, which would
give rise to a lower k, is counterbalanced by the higher v,
value. v, is different (by a factor of about 4) for the above two
redox couples in spite of their similar donor—acceptor inter-
actions that are of the o type: in both cases H,, is due to a
d.(c,) — d.(o,,) promotion [see “Electronic coupling matrix
element (H,;)” section].

For the V(OH,)**** couple, k,, is much smaller and in the
range of 1.0-1.7 s'. This low k, is due to the relatively high
reorganizational energy; v, is only slightly smaller than for
Ru(OH,),>*"**. It is interesting to note that for the present three
self-exchange reactions, in which a nonbonding electron is
exchanged, / as well as v, are different. The variation in A arises
from the different A (Table 3), that are composed by 4;, and A,.
Aow and 4, that depend on r and the ionic radii, are virtually
equal for all of the presently discussed couples.

For the V(OH,)3"* self-exchange reaction, k,, is very small
and in the range of 6 X 107°-3 x 107™* s7'. In contrast, the
corresponding Ru(OH,)**** reaction is much faster: k, is
equal to 0.9 and 250 s™!, respectively, for the § and o donor—
acceptor interactions, whereby, as already mentioned, the path-
way is unknown.

The interfacial reorganizational energy, 4;; (Table 3), is in the
range of 17-28 kJ mol™! for the present M(OH,)2*** couples,
and makes a non negligible contribution of about 4-7 kJ mol !
to AE*. For the M(OH,)*™* (M =V, Ru) couples, A is much
larger, 54-80 kJ mol™', and comparable to or even larger than
the inner shell reorganizational energy, 4,,. The large reorgan-
izational energy of V(OH,)*"** is due to A 4, is even smaller
than for V(OH,),>"**. The reorganizational energies of Ru-
(OH,),>*”** and Ru(OH,)s**"* are equal, whereby the larger 4
term of Ru(OH,)**** is compensated by the smaller /;, com-
ponent. Because, in the M(OH,)s*™* couples, the second
coordination sphere is bound strongly to the first one, the
values of the 4, and 4; components may be only approximate,
but A is an accurate energy.

The rates of cross reactions can be predicted via the Marcus
cross-relation.® Tt is based on the assumption that eqn. (19)
holds.

VeL,AB (Vel,AAVel,BB)”2 (19)

If the self-exchange and cross reactions involve similar geo-
metries of the transition states and the same donor—acceptor
interaction, eqn. (19) is likely to be approximately valid. How-
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ever, if, for example, the self-exchange reactions within redox
couples A and B proceed via ¢ and d interactions and a face-to-
face approach, v, 45 for the cross reaction is unlikely to be pre-
dictable via eqn. (19). v, 45 depends on the geometry and the
electronic interaction in the transition state [AB]*. The A and B
reactants can approach in a face-to-face, edge-to-edge, apex-to-
apex, face-to-apex, edge-to-apex or face-to-edge arrangement,
in which o, 7 or § donor—acceptor interactions are possible. The
A -+ B separation is shortest for the face-to-face and longest
for the apex-to-apex approach. The experimental determin-
ation®® of the self-exchange rate of the Mn(OH,),>*** couple
is such a striking example: k(Mn>**) obtained via cross
reactions with ML,2*** (M = Fe, Ru, Os, L = polypyridyl
or phenanthroline ligands), Fe(OH,),>***, Ni(cyclam)**"*,
Ni(H,oxime)*™**, and Co(OH,)¢*"** was 107°, 3 x 107, 1073,
6 % 107* and 4 x 107> M~ s7"; &(Mn**"") varies by a factor
of 4 x 10°.

Summary

The second-order rate constants (k) for the electron self-
exchange reactions via the outer-sphere pathway were com-
puted on the basis of the equation k = K vue /%", that
is valid because v, > v,. For all of the presently investigated
hexaaqua ions, and the Fe(OH,)>*** couple! as well, the
reorganizational energy of the H-bonds between the first
and second coordination spheres (/;) is sizable [17-28 and 54—
80 kJ mol ™!, respectively, for M(OH,),>*** and M(OH,)s>*"**
couples]. Even for the exchange of a nonbonding electron
having a ¢ donor—acceptor interaction, as in the case of the
M(OH,)™** (M =V, Fe, Ru) couples, v,, varies. This suggests
that the reorganizational energies (1) cannot be obtained in
a straightforward manner from kinetic data. In the widely
used expression like, for example, k = Ze "% the collision
frequency factor Z is not a constant, even if variations of the
charge of the reactants and the ionic strength are taken into
account. v, is sensitive to the nature (o, © or d) of the donor—
acceptor interaction; striking examples are the different H,,
values for & and o interactions of the M(OH,)**"** couples.
Even for equal donor-acceptor interactions, as in the Fe-
(OH,)>*"** and Ru(OH,),>™* self-exchange reactions, v, can
vary substantially. Failures of the Marcus cross-relation??
might arise from the non-applicability of the implicitly included
relation vg ap = vel,AAvel,BB)1/2~
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