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Creutz−Taube complex, [(NH3)5Ru−pyrazine−Ru(NH3)5]5+ (1), and its analogues, [(NH3)5Os−pyrazine−Os(NH3)5]5+

(2), [(NH3)5Ru(4,4′-bipyridine)Ru(NH3)5]5+ (3), and [(NH3)5Os(4,4′-bipyridine)Os(NH3)5]5+ (4), were theoretically
investigated by the combination of a two-state model and the dielectric continuum model. Their electronic structures
are very sensitive to the metal, ligand, and solvent. In the gas phase, the electronic structures of 1−4 would be
completely delocalized. In aqueous solution, that of 3 becomes localized because the polar solvent stabilizes the
localized electronic structure with the large dipole moment. However, 1 and 2 are still delocalized in aqueous
solution. In 4, the electronic structure would be localized when the dihedral angle between two pyridyl rings is 80°,
while it would become delocalized when the angle is small. The origins of the difference are the smaller overlap
integral and larger energy difference between two diabatic states, of which electronic structure is almost localized
on each metal center.

Introduction

Mixed-valence complexes containing several metal centers
with different oxidation states have received intense theoreti-
cal and experimental interests because of their flexible
electronic structures and potential ability in molecular
electronics.1 Their electronic structures are explained in terms
of a superposition of two localized electronic structures.
Robin and Day classified mixed-valence complexes into three
classes, namely, classes I, II, and III, considering the strength
of the metal-metal interaction, which determines the mag-
nitude of mixing of the two localized, electronic structures.
In class I, the metal-metal interaction is negligibly weak,
and the distribution of the excess electron or the hole is
completely localized upon one of the metal centers. In class
III, the interaction is strong enough, and the distribution is
fully delocalized. The interaction in class II is intermediate
between them. This classification of the mixed-valence
complexes is discussed in many theoretical calculations
and in such experimental measurements as intervalence

charge-transfer spectra (IVCT).1-4 Both experimental and
theoretical works for mixed-valence complexes were sum-
marized in detail by Demadis et al.5 Recently, Reimers et
al. discussed electronic structure and some physical properties
using reorganization energy.6

Creutz-Taube complex, [(NH3)5Ru-pyrazine-Ru(NH3)5]5+

(1 in Figure 1),7,8 is one of the typical mixed-valence
complexes. There has been heated controversy over how
much its electronic structure is localized. In this regard, many
experimental and theoretical investigations have been per-
formed so far in order to understand the electronic structure.
For instance, the electronic structure was investigated by the
Stark effect,9 near-IR-vis spectra,10 and IVCT spectra.2

Creutz discussed the relationship between the physical
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properties of these complexes and the mechanisms of
electron-transfer processes in her recent review of d6-d5 iron,
ruthenium, and osmium complexes and showed that the
Creutz-Taube complex is delocalized, while the larger
bipyridine-bridged complex is localized in aqueous solution.8

Density functional theory (DFT),1,11-13 MP2,13 and complete
active-space SCF (CASSCF) calculations14 were performed
as well. All of these studies indicated that the electronic
structure is delocalized in this complex due to its strong
metal-metal interaction; in other words, this complex
belongs to class III.

On the other hand, the electronic structure of the 4,4′-
bipyridine-bridged dinuclear Ru complex, [(NH3)5Ru(4,4′-
bipyridine)Ru(NH3)5]5+ (3 in Figure 1), was reported to be
quite different from that of1. The Stark effect9 and IVCT
spectra3,4 indicated that the metal-metal interaction of3 is
weak and that the electronic structure is substantially
localized. Ferreti et al.15 explained this electronic structure
and visible spectra by using a four-site vibronic model.
Marcus-Hush theory was also applied to evaluate the IVCT
spectra of3.16-19 Besides these studies, only a few compu-
tational studies of3 have been reported, to our knowledge,
in which DFT,1 CNDO/S,14 and CI methods20 have been
used. In these previous studies, solvation effects were not
taken into consideration, except for one pioneering work20

in which the continuum model was employed to incorporate
solvent effect. In reality, however, solvation effects should
be taken into consideration because the localized electronic
structure is significantly stabilized by polar solvent. Another

important issue is to consider its multireference nature in
the electronic structure, which is closely related to mixing
of localized wave functions. Standard methods such as
CASSCF might not be applicable to these mixed-valence
complexes in reasonable computing time because of their
large sizes; see3 for an example.

In the present article, we theoretically investigated1, 3,
the pyrazine-bridged dinuclear Os complex, [(NH3)5Os-
pyrazine-Os(NH3)5]5+ (2 in Figure 1), and the 4,4′-bipyri-
dine-bridged dinuclear Os complex, [(NH3)5Os(4,4′-bipy-
ridine)Os(NH3)5]5+ (4 in Figure 1). To our knowledge,
complexes2 and4 are not known experimentally. In fact,
to understand the true nature of the mixed-valence com-
plexes, the consideration of the vibration coupling and the
time scale of solvation is indispensable, as reviewed recently.
However, it is also important to theoretically evaluate the
electronic structure of real molecules of mixed-valence
complexes with the static solvation effect. In this work, we
evaluated some factors which determine the localization/
delocalization of the ions without modeling and tried to relate
them with fundamental parameters such as overlap and
energy gap. Though our study does not incorporate vibration
coupling and solvation time scale,5 we believe the knowledge
of the relation between fundamental parameters and the
localization/delocalization nature is also worthwhile to
understand these mixed-valence complexes.

Method and Computations

Method. As described in the preceding section, the metal-metal
coupling in1 is considered very strong, and that of3 is considered
very weak. The DFT method can be applied to the complexes with
a strong metal-metal interaction, but it seems to be difficult to
apply to the mixed-valence complexes with a weak metal-metal
interaction because the DFT method tends to overestimate delo-
calized character.13 CASSCF and CASPT2 methods are believed
to be the most reliable for this type of compound. However, it is
noted also that the mixed-valence complexes are too large to apply
the CASSCF method.

In the present work, we employed a method proposed by Farazdel
et al.21 to treat the multireference nature of the wave function. The
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Figure 1. Geometries of [(NH3)5Ru-pyrazine-Ru(NH3)5]5+ (1), [(NH3)5Os-pyrazine-Os(NH3)5]5+ (2), [(NH3)5Ru(4,4′-bipyridine)Ru(NH3)5]5+ (3), and
[(NH3)5Os(4,4′-bipyridine)Os(NH3)5]5+ (4) used in this work (unit, Å).
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first step of this method is to calculate two wave functions,ΨA

and ΨB, by the UHF method with the same geometry, where
symmetry-broken UHF orbitals are employed.22 In ΨA, the excess
electron is localized on one metal center, while inΨB, it is localized
on the other metal center. TheseΨA and ΨB correspond to the
nonorthogonal diabatic states.23 The second step is to construct
adiabatic wave functions,ΨE+ and ΨE-, from ΨA and ΨB, as
follows

Coefficients and the energiesE+/- of the adiabatic states can be
obtained by solving the following secular equation

whereHAA ) 〈ΨA|H|ΨA〉, HBB ) 〈ΨB|H|ΨB〉, HAB ) 〈ΨA|H|ΨB〉,
andSAB ) 〈ΨA|ΨB〉.

The solvation effects were evaluated by considering the interac-
tion of the point charge and the dipole moment of the solute with
the reaction field, in which the solute was placed in a spherical
cavity immersed in a continuous medium with a dielectric constant
ε. In this situation, the solvation free-energy change,∆G, is given
by eq 3

whereq is the total charge,µ is the dipole moment, anda is a
radius of the spherical cavity, which is determined by the method
of Wong et al.24 The ε value is taken to be 78.39 throughout the
present study to represent an aqueous environment. Because the
complexes examined possess positive charges, the dipole moment
was evaluated with the procedure of Wong et al. They divided the
dipole moment of a charged molecule into two parts,µe and µN,

which correspond to the dipole moment of electrons and that of
nuclear charges, respectively. The total dipole moment of the
moleculeµ is represented by eq 4

whereQ andne are the total charge and the number of electrons,
respectively. In the calculation ofµe, we used the density matrix
of the total wave function

wherePµν is the generalized density matrix and whereU and V
are unitary matrices of the corresponding transformation,25 all of
which are defined according to Farazdel et al.21 Pµν

A andPµν
B are

usual density matrices of A and B states, respectively.µe was
calculated from the partial charge on all of the atoms, which is
determined so as to reproduce the electrostatic potential evaluated
with wave functions at each grid point around the solute molecule.

Computational Details. To calculate the adiabatic states, we
used the GAMESS program package26 with several modifications
by us. In all of the calculations, core electrons of Ru (up to 3d)
and Os (up to 4f) were replaced with effective core potentials
(ECPs), where the (341/321/31) set was used for valence electrons
of Ru and the (341/321/21) set was used for those of Os.27 For C,
N, and O, the 6-31G(d) sets were employed, and for H, the 6-31G
set was employed. To check the reliability of this basis set system,
the electron-transfer matrix element was evaluated with larger basis
sets, in which all electron basis sets, [84333/843/75/1]28 augmented
with an f-function (R ) 1.235),29 6-311G(d), and 6-31G, were used
for Ru, N, C, and H. These two different basis set systems presented
almost the same value of the electron-transfer matrix elements.21,30

Thus, the smaller basis set system was employed throughout the
present study.

In 1, the Ru-NH3 and Ru-pyrazine bond distances were taken
from the X-ray crystal structure,2 while geometries of NH3 and
pyrazine were optimized by the DFT(B3LYP)31 method since
structural data are not available for these moieties. In the geometry
optimization, we used the Gaussian 98 program.32 In 2, 3, and4,

(22) (a) To obtain the localized UHF wave functions, we adopted the
following strategy. At the beginning, we prepared the localized wave
function for the geometry where one of the metal-bridge distances
was taken to be very long but where the other was normal. The
obtained wave function is well-localized. After a check ofS2 and the
spin density, we calculated the wave function of the ions whose metal-
bridge distance was taken to be moderately shorter, where we
employed the previously calculated, well-localized UHF wave function
as an initial guess. Until the metal-bridge distance became the same
as that of the real one, we continued this procedure. This technique
presented the well-localized, broken-symmetry UHF wave function;
for instance, the spin densities on Ru centers of1 are 1.09 and-0.01,
respectively. The bond order analysis showed that the free valence
electrons on one metal and those on the other at∆r )0.00 are 0.95
and 0.00 for1, 0.92 and 0.02 for2, 0.93 and 0.00 for3, and 0.91 and
0.00 for 4. These results indicate that the wave function is well-
localized. (b) TheS2 values for the localized UHF wave functions at
∆r )0.00 are 0.78 for1, 0.80 for 2, 1.03 for 3, and 1.04 for4
(Supporting Information Table S4), indicating that the spin contamina-
tion occurs very little in1 and2 but occurs somewhat in3 and4. To
investigate the nature of the spin contamination of bipyridine systems,
we calculated the quartet spin state of the ions because this is
considered to contribute considerably to the spin contamination. The
unpaired electrons are localized on two metal centers and the bridging
ligand in the quartet state. Thus, it is likely that the spin contamination
of the quartet spin state would increase the spin density on the bridging
ligand and makes theS2 values somewhat large.

(23) In the present study, UHF wave functions have been used just as basis
functions to construct the total wave function, and it might be
unsuitable to call it diabatic basis in a precise sense. However, we
use the words diabatic or adiabatic throughout the paper to describe
the transformation and mixing nature of the wave functions just for
convenience.
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metal-N(ammonia), metal-N(pyrazine), and metal-N(4,4′-bipy-
ridine) distances were taken to be the same as those of1 because
there is no experimental data and because our purpose is to compare
them in the same situation.

The energy curves were calculated as a function of the displace-
ment (∆r) of the bridging ligand from the midpoint of the two metal
centers (see Scheme 1 for∆r). Along the lines of their procedure,
we calculated the diabatic potential energy surface, assuming that
the metal-NH3 distance did not change along the antisymmetric
stretching motion of the bridging ligand. This assumption is
reasonable because the displacements of metal-NH3 groups have
little influence on the potential energy surface.33 In 3, the dihedral
angle in 4,4′-bipyridine was fixed to be 40°, which was optimized
by changing the dihedral angle by intervals of 10°. This angle is
the same as that reported previously.1 The effect of the dihedral
angle on electronic structures will be discussed later.

Results and Discussion

Potential Energy Curve of Diabatic States.As shown
in Figure 2, two symmetry-broken wave functions,ΨA and
ΨB, are calculated with the UHF method along the reaction
coordinate ∆r. These two states are degenerate in the
symmetrical structure,∆r ) 0. As shown in Figure 2, single
occupied molecular orbitals (SOMOs) of these states are
almost localized on each metal center. Here,ΨA represents
the state in which SOMO is almost localized on the metal
of the left-hand side, andΨB represents the other state. These
are diabatic states.

The adiabatic states of the ground and excited states are
calculated in the gas phase by using eq 2, as shown in Figure
3. In all of these complexes, the adiabatic state exhibits a
single minimum for the symmetrical structure (∆r ) 0),
indicating that the electronic structures of all of these
complexes are delocalized in the gas phase. In Figure 3, we
can see the energy splitting between two adiabatic states
increases in the order3 < 4 < 1 < 2. According to the two-
state model, the strength of the mixing depends on the
difference in energies (∆H ) HBB - HAA) and the overlap
integral (SAB) between two diabatic states; the larger the

overlap and the smaller the difference in energy, the larger
the mixing becomes. At the seam of crossing between two
states, the electron-transfer matrix,V, is discussed in terms
of the overlapSAB between two states. The value,V, is
calculated by eq 6 using the important parameters,SAB, HAB,
HAA, andHBB in eq 2

Actually, V linearly depends onSAB, as shown in Figure 4.
Thus, it is worthwhile to clarify the origin of the difference
in SAB or the strength of the state mixing in these examined
complexes. In the present two-state model,SAB is defined
as follows21

whereU and V are unitary matrices of the corresponding
transformation. Notations used here, except forsii, are the
same as those in ref 21. Here,sii represents the overlap
between corresponding orbitals, aˆ i and b̂i, belonging to each
diabatic states.

We found that allsii are almost 1.0, except for one overlap
term, skk, between two specific orbitals. Consequently,SAB

mainly depends on this overlap, as shown in Figure 4.

These key orbitals, aˆk and b̂k, are the corresponding orbitals
that are almost the same with canonicalâ-spin HOMO
orbitals in1-4. The similar relation was previously reported
by Koga et al.34 These aˆk and b̂k orbitals are mirror images
of each other; one of them is localized on the Ru1/Os1 site,
and the other is on the Ru2/Os2 site. In these orbitals, the dπ

orbital expands to the bridge part, as illustrated in Figure 5.
Apparently, the overlap integral between aˆk and b̂k in 1 and
2 is much larger than that in3 and4; in the latter complexes,
these orbitals are completely separated and localized on each
metal center.

Theskk term is further divided into six parts, as follows34

where b, m, and o stand for bridge ligand, metal center, and
remaining part, respectively. In all of the complexes, the
m-m, b-m, and b-b pairs provide dominant contributions
to skk, as shown in Figure 6.

The overlapskk
m-m depends on the metal-metal distance;

the longer the distance, the less the overlap. In3 and4, the
distance is about twice as long as that of1 and2. The longer

(33) To calculate the potential energy surface (PES), we fixed the metal-
NH3 distance and changed only∆r. We examined how much the
relaxation of the metal-NH3 distances influences the PES as follows.
We optimized Ru-NH3 distances with the DFT(B3LYP) method at
∆r ) 0.00 and∆r ) 0.09 Å. The maximum difference of the equatorial
Ru-NH3 distance between these two geometries is negligibly small
(0.005 Å), as reported.11 On the other hand, one of the axial Ru-
NH3 distances at∆r ) 0.09 Å becomes longer by 0.0157 Å and
another one becomes shorter by 0.0249 Å than those at∆r ) 0.00 Å.
To evaluate how much the relaxation of the axial Ru-NH3 distances
influences the PES, we changed the axial Ru-NH3 distances at∆r )
0.09Å, considering the DFT-optimized Ru-NH3 bond distances (see
Supporting Information Figure S1 for details). The adiabatic energy,
E-, of this geometry is 0.185 eV above the energy at∆r ) 0.00.
When the Ru-NH3 distances are fixed, its energy is 0.175 eV above
the energy at∆r ) 0.00. Because these two geometries present almost
the same energy, it is likely that the relaxation of the Ru-NH3 distance
influences the PES very little. For4, we also examined the influence
of the relaxation of the metal-H3 distances for the PES (see Supporting
Information Figure S2 for details).

(34) Koga, N.; Sameshima, K.; Morokuma, K.J. Phys. Chem.1993, 97,
13117-13125.

Scheme 1

V ) (1 - SAB
2 )-1[HAB - SAB(HAA + HBB)/2] (6)

SAB ) 〈ΨA|ΨB〉 ) (detU)(detV†)∏
i)1

N

sii (7)

sii ) 〈b̂i|âi〉 (8)

SAB ∝ skk ) 〈b̂k|âk〉 (9)

skk ) ∑
I

b,m,o

∑
J

b,m,o

skk
IJ ) ∑

I

b,m,o

skk
II + 2∑

I < J

b,m,o

sIJ

) skk
b-b + skk

m-m + skk
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metal-metal distance in3 and4 leads to the significantly
smaller skk

m-m than that of 1 and 2. The overlapskk
b-m

between the metal part and the bridge part is mainly
determined by the overlap between the metal dπ orbital
in b̂k (âk) and theπ andπ* orbitals of the bridging ligand
in âk (b̂k). Since the dπ orbital of Os spatially expands more
than that of Ru,35 the overlaps between the Os dπ orbital
and theπ* orbital on the bridge ligands of2 and4 are larger
than those of1 and 3. The overlap between the 4,4′-
bipyridineπ* orbital of b̂k (âk) and the metal dπ orbital of âk

(b̂k) in 3 and 4 is much smaller than the overlap between

the pyrazineπ* and the metal dπ orbitals in1 and2, as is
easily seen in Figure 5c,d. Therefore the order ofskk

b-m is 3
< 4 < 1 < 2.

Interestingly, a remarkable difference inskk
b-b is observed

among these complexes, whereas the shapes of the orbitals
are very similar to each other. It is likely that, because the
Os dπ orbital is closer in energy to the pyrazineπ* orbital
than the Ru dπ orbital is, theπ* orbital contributes more to
the diabatic state in the Os complex than it does in the Ru
complex.36 The contribution of theπ* orbital to âk and b̂k
was evaluated by the following equation

(35) Fraga, S.; Saxena, K.; Karwowski, J.Handbook of Atomic Data;
Elsevier: Amsterdam, The Netherlands, New York, 1976.

Figure 2. Energy curves and SOMOs of two symmetry-broken wave functions,ΨA andΨB; (a) [(NH3)5Ru-pyrazine-Ru(NH3)5]5+ (1), (b) [(NH3)5Os-
pyrazine-Os(NH3)5]5+ (2), (c) [(NH3)5Ru(4,4′-bipyridine)Ru(NH3)5]5+ (3), and (d) [(NH3)5Os(4,4′-bipyridine)Os(NH3)5]5+ (4).

Figure 3. Energy curves of diabatic states. Solid and dotted lines represent the energy curves of the ground state and the excited state, respectively;]
[(NH3)5Ru-pyrazine-Ru(NH3)5]5+ (1), b [(NH3)5Os-pyrazine-Os(NH3)5]5+ (2), 0 [(NH3)5Ru(4,4′-bipyridine)Ru(NH3)5]5+ (3), and4 [(NH3)5Os(4,4′-
bipyridine)Os(NH3)5]5+ (4).

φ ) Cπφπ + Cπ* φπ* (11)

Yokogawa et al.
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where φ is the contribution of the bridge moiety to the
corresponding orbital aˆk (b̂k). Theφπ andφπ* are canonical
orbitals of 4,4′-bipyridine calculated by the HF method. The
values ofCπ*

2 of 3 and4 are 0.006 and 0.018, respectively.
This difference leads to the difference inskk

b-b between3
and4. In 1 and2, the âk and b̂k orbitals exhibit amplitude, to
some extent, on the bridge group, as shown in Figure 5a,b,
which leads to the largerskk

b-b value of2 than that of1.
Summarizing the above discussion, the overlapsskk

m-m,
skk

b-m, andskk
b-b (∝SAB) increase in the order Ru< Os and in

the order3 and 4 < 1 and 2. Thus, the energy splitting
between two diabatic states increases in the order3 < 4 <
1 < 2. These differences in overlap,SAB, are key factors for
localized versus delocalized electronic structure in aqueous
solution, as will be discussed in the next section.

In Aqueous Solution. Free energy curves (FEC) in
aqueous solution are shown in Figure 7. In1 and 2, FEC
possesses a single minimum for the symmetric geometry (∆r
) 0), as is the case for those in the gas phase. The FEC of
3 has two minima at∆r ) (0.08Å, showing that the
electronic structure of3 is localized in aqueous solution. The
key to understand the difference in3 from the others is the
dipole moment, which is computed by eq 4. The dipole
moment is zero at the point of∆r ) 0 in all of the complexes
due to the symmetry of the total wave function. It increases
with an increase in∆r. Apparently, the dipole moment
change is much larger in3 than it is in the others, as shown
in Figure 8. In4, FEC is influenced by the dihedral angle
(δ) between two pyridyl rings. Whenδ is 40°, its electronic
structure is delocalized, as shown in Figure 9. However, it
becomes localized whenδ is 80°. Because of the energy
difference between the minima atδ ) 40 and 80°, the
electronic structure of4 is between the localized and
delocalized one (class II). The effect of the dihedral angle
will be discussed in more detail later.

Oh et al. studied how much the dipole moment of
diruthenium complexes changes upon going to the excited
state from the ground state in water using electronic
absorption (Stark effect) spectroscopy.9 They reported that
the change is about 0 (D) for1 and 29 (D) for3. As is clearly
shown in Figure 7, the electronic structure of1 is delocalized
at the ground state in aqueous solution. In the electronic
absorption spectrum, the transition should be from the
delocalized electronic structure at the ground state to the
delocalized structure at the excited state. On the other hand,
the electronic structure of3 is localized at the equilibrium
geometry at the ground state in aqueous solution (∆r )
0.08Å). The dipole moment was evaluated to be-17 and
20 (D) at the ground and excited states, respectively. The
calculated change of the dipole moment is about 37 (D).
These computational results of the dipole moment change
are consistent with the experimental data.

Change of the dipole moment is induced by the mixing
ratio of two diabatic states (see eq 5) whose dipole moment
directions are opposite to each other, as illustrated in Figure
8. In the present two-state model, the mixing ratioRdepends
on HAB, ∆H, andSAB, as represented by eq 12

whereθ is given by solving eq 2

When ∆r ) 0, two diabatic states are in the same energy
(∆H ) 0), which leads toR ) 0; this means that the two
states mix in the same ratio (CA ) CB). In this case, the
dipole moment is 0. At∆r * 0, on the other hand, the mixing
ratio is not equivalent, and the dipole moment is induced.
As R increases, the localization of the adiabatic wave function
increases. Figure 10 shows the change ofR as a function of
∆r. For ∆r > 0, the sign ofR is positive for1 and2 and is
negative for3 and 4. This sign shows which state,ΨA or
ΨB, is dominant at∆r > 0. In 1 and2, ΨB is dominant in
the adiabatic states, as shown in Figure 2a,b. On the other
hand,ΨA is dominant in the adiabatic states of3 and4. One
can see that the change ofR of 3 is much larger than that of
the others, which means the contribution of one diabatic state
considerably increases with increase in∆r; in other words,
the adiabatic wave function tends to localize on one center
in 3 to a greater extent than it does in the others.

Because tan and tan-1 are monotonous functions and
becauseSAB is very small, the mixing ratios,R, can be
compared with each other using the following quantity,R′

The largerR′ is, the more localized the electronic structure
is. As represented by eq 13, the mixing ratio is determined

(36) To compare the orbital energy of Os with that of Ru, we calculated
[M(NH 3)5]2 + (M ) Ru or Os) with the HF method. The orbital
energies of the dπ orbital are-0.6908 eV for Ru and-0.6231 eV for
Os.

Figure 4. Correlation (O) between electron-transfer matrix,V, andSAB

and correlation (b) betweenskk and SAB. Dotted lines are determined by
the least-squares method.

R )
CB - CA

CB + CA
) x1 + SAB

1 - SAB
tanθ (12)

θ ) 1
2
tan-1{x1 - SAB

2

2
∆H

HAB - SAB(HAA + HBB

2 )} (13)

R′ ) ∆H

HAB - SAB(HAA + HBB

2 )
(14)
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by a subtle balance among several parameters such asSAB,
HAB, etc. It should be emphasized that the solvation
energy, which is mainly determined by the dipole moment
of the complex, increases enough to stabilize the localized
electronic structure when the two coefficients,CA and
CB, are remarkably different. In3, R′ is much larger than

it is in the others because∆H is the largest andSAB is
the smallest, as discussed above. This leads to the much
larger dipole moment in3 than in the others, which
further leads to the larger stabilization energy by polar
solvent. Thus, the electronic structure of3 is localized in
aqueous solution.

FEC along Rotation of the Bridge Group. In 3 and4,
two pyridyl rings can rotate around the C-N and/or the N-N

Figure 5. Corresponding orbitals aˆk and b̂k, which are almost the same as the canonicalâ-spin HOMO orbitals; (a) [(NH3)5Ru-pyrazine-Ru(NH3)5]5+ (1),
(b) [(NH3)5Os-pyrazine-Os(NH3)5]5+ (2), (c) [(NH3)5Ru(4,4′-bipyridine)Ru(NH3)5]5+ (3), and (d) [(NH3)5Os(4,4′-bipyridine)Os(NH3)5]5+ (4).

Figure 6. Overlap components,skk
b-b, skk

b-m, skk
b-o, skk

m-m, skk
m-o, andskk

o-o, of
[(NH3)5Ru-pyrazine-Ru(NH3)5]5+ (1), [(NH3)5Os-pyrazine-Os(NH3)5]5+

(2), [(NH3)5Ru(4,4′-bipyridine)Ru(NH3)5]5+ (3), and [(NH3)5Os(4,4′-bipy-
ridine)Os(NH3)5]5+ (4). The b, m, and o represent the bridge part, the metal
center, and the other part.

Figure 7. Free energy curves of1, 2, 3, and4 in aqueous solution;]
[(NH3)5Ru-pyrazine-Ru(NH3)5]5+ (1), b [(NH3)5Os-pyrazine-Os-
(NH3)5]5+ (2), 0 [(NH3)5Ru(4,4′-bipyridine)Ru(NH3)5]5+ (3), and4 [(NH3)5-
Os(4,4′-bipyridine)Os(NH3)5]5+ (4).
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bond axis. The increase in the dihedral angle (δ) decreases
the overlap between the pπ orbital of C4 and C′4, which
further changes the energy levels of theπ andπ* orbitals
of the bridge group, and therefore, the electronic structure
of these complexes is influenced by this rotation. It is
interesting to investigate how much the localization/
delocalization of the electronic structure depends on the
rotation.

The FEC of4 were evaluated atδ ) 40, 70, and 80°, as
shown in Figure 9. Although the electronic structure of4 is
delocalized atδ ) 40°, as was discussed previously, it is

sufficiently localized at 80°. As previously mentioned, the
dipole moment, which has great influence on the localization
in aqueous solution, is mainly determined by the parameter
R′ (eq 14). Because the change of the dihedral angle between
two pyridyl planes has little influence on the dπ-π*
interaction,∆H is almost constant. From eq 14, we can say
that the difference in FEC amongδ ) 40, 70, and 80° is
mainly governed by the overlapSAB andHAB. BecauseHAB

is almost proportional toSAB, SAB is the main factor that
determines the localization/delocalization of these complexes.
SAB decreases with an increase in the dihedral angle; for
instance,SAB is 0.044 atδ ) 40° (∆r ) 0) but significantly
decreases to 0.01 atδ ) 80° (∆r ) 0). This smallSAB at δ
) 80° induces the large dipole moment at∆r * 0, which
leads to the localized electronic structure at this angle.37

Conclusions

We have theoretically studied the electronic structures of
the Creutz-Taube complex and its analogues. They have
attracted a great deal of interest into understanding their
electronic structure, namely, localization or delocalization.
There are two important requirements to understand the
electronic structure of the system. One is a multiconfigura-
tional description in the wave functions, which is caused by
an inherent character of the mixed-valence metal complex,
and the other is solvation effect, which is not negligible. In
the present study, we have theoretically investigated these
complexes by consideration of a two-state model based on
ab initio molecular orbital theory and the dielectric continuum
model, and we related the localization/delocalization of the
electronic structure with fundamental parameters, such as
overlap and energy gaps. Although the calculation is not
sufficient for the understanding of the true nature of the ions,
our work showed the important factors which determine the
localization/delocalization.

It is found that all of the electronic structures of the
examined complexes would be delocalized in the gas phase,
but the electronic structure of3 with a long bridge, [(NH3)5-
Ru(4,4′-bipyridine)Ru(NH3)5]5+, shows a localized electronic
structure in an aqueous environment. In4, the electronic
structure changes as the dihedral angle becomes large. The
localized electronic structures of the complexes are inter-
preted in terms of the magnitude of the mixing of two
diabatic states, which is small; because of a large∆H and a
small SAB, the mixing ratioR is much larger. Thus, one of
two states becomes dominant enough, and the dipole moment
of the complex significantly increases, which leads to large
solvation effects. In the other two complexes,1 and 2, π
andπ* orbitals in pyrazine and bipyridine interact well with
the dπ orbital of the metal center. As a result, the overlap
SAB becomes sufficiently large to induce the electron
delocalization. In4, we wish to propose the possibility that
the electronic structure can be designed by introducing some
substituents at theC3 and C′3 positions of 4,4′-bipyridine;
such substituents increase the dihedral angle between two
pyridyl plane to decreaseSAB.

(37) This decrease arises from the decrease inskk
b-b, as shown in Figure 6.

Figure 8. Changes of the dipole moment along∆r. In the solid circle,
the dipole moments of diabatic states at∆r ) -0.10, 0.0, and+0.10 are
schematically shown;] [(NH3)5Ru-pyrazine-Ru(NH3)5]5+ (1), b [(NH3)5-
Os-pyrazine-Os(NH3)5]5+ (2), 0 [(NH3)5Ru(4,4′-bipyridine)Ru(NH3)5]5+

(3), and4 [(NH3)5Os(4,4′-bipyridine)Os(NH3)5]5+ (4).

Figure 9. Free energy curves of [(NH3)5Os(4,4′-bipyridine)Os(NH3)5]5+

(4) at δ ) 40 (]), 70 (0), and 80° (4). The standard of the free energy is
that at 40° and∆r ) 0. Theδ is the dihedral angle between two pyridyl
planes of 4,4′-bipyridine.

Figure 10. Mixing ratio R versus ∆r; ] [(NH3)5Ru-pyrazine-Ru-
(NH3)5]5+, b [(NH3)5Os-pyrazine-Os(NH3)5]5+, 0 [(NH3)5Ru(4,4′-bipy-
ridine)Ru(NH3)5]5+, and4 [(NH3)5Os(4,4′-bipyridine)Os(NH3)5]5+.
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