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The absorption spectrum in the visible of [(B)sRu(4,4-bipyridine)Ru(NH)s]** in water has been studied

by extensive multireference configuration interaction calculations. Solvent effects were included by the
polarizable continuum model. Size and shape of the cavity surrounding the solute molecule were chosen
according to a method that we have previously developed for systems in which-sslitent hydrogen

bonds occur. The dependence of the ground state, as well as that of the first singlet and triplet excited states,
has been investigated as a function of the torsion between the two pyridine rings$-bipgrddine. The line

shape profile of the metal-to-ligand charge transfer (MLCT) band has thus been obtained. The modifications
of the band due to a static electric field have then been studied, and the possible role of the triplet MLCT
state in determining the observed Stark spectrum has been investigated.

of the near-IR-visible optical properties have been carried out
by semiempiricdP or DFT methods:” However, in view of
building a general scheme for the evaluation of metaétal
interaction, it is now well established that a proper description
of ligand-bridged metallic dimers can be obtained only taking
into account solvent and electronic correlation eff@@tk. is
therefore worthwhile to put some effort into performing
extensive and accurate multireference configuration interaction

Introduction

There is intense activity in the field of donebridge-
acceptor (DBA) systems aiming at understanding the essential
features involved in the through-bridge electron and energy
transfer processés? which is also stimulated by the possibility
of building molecular electronic devices.

DBA systems can be divided in two classes: those that are
purely organic, where all three components are organic frag- Cl) calculations on these systems in solution
ments (see ref 1 and references therein), and those that aré Y . '
inorganic, where D and A are transition metal complexes (see 1h€ role played by the solvent in charge transfer metal
ref 2). These latter are certainly the most suitable candidatesComplexes is well-known and studiédThe inclusion of solvent
for the study of intramolecular electron transfer, since the metals effects in ab initio or semiempirical calculations for metal
can be tuned in different oxidation states within the molecule, cOmplexes can be performed in several ways. One can simply
thus allowing a modulation of the electron’s flow. consider point charges surrounding the soféteor take a

In this perspective, a significant role is played by the organic SuPermolecule built placing around the solute a small number
ligand bridging the metals, first highlighted by Ondrechen et ©f solvent moleculéd>?and then also add further solvent shells

al5 for the well-known pyrazine-bridged Ru(thRu(lll) dimer to be dealt with by molecular mechanics (QM/MM methodd¥!
(the CreutzTaube ionf whose delocalized nature has been ©f simulate the structure of the solvent around the sdfute.
also recently confirmed by density functional theory (DFT)  We have chosen to employ the polarizable continuum model
calculations’ In fact, the existence of an empty delocalized (PCM) developed by Tomasi and co-workéfswhich was
ligand orbital, accompanied by a significant metligand derived by the Onsager reaction field moéelising a specific
interaction, is a key point for an efficient electron delocalization implementation capable of taking into account the effects of
along the whole molecule. These features, plus electronic solute-solvent hydrogen bonds. This model is included in a
correlation effects, are of basic importance in the explanation multireference Cl description of the solute wave functions.

of the observed near-tRvis optical properties of Rtpyrazine In previous papef8 we have investigated the metal-to-ligand

and Ru-(4,4-bipyridine) compounds upon oxidation/reductfon,
well-known indicators of electron localization/delocalization,

charge transfer (MLCT) transition of pyrazine (pyr) and
bipyridine (bpy) ruthenium pentaammines in solution of different

and in principle should also be relevant for species with different ¢qvents. In line with the results by less correlated metRo#ks

metals and different ligands?-14
To rationalize the metalmetal interaction in these com-
pounds, several models were propo%&d?8 In addition, studies
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we have found that only by a proper inclusion of the solvent
effects can one obtain reliable predictions of the position of
the observed MLCT band. As a matter of fact, our in vacuo
calculations predicted transition energies higheraf-1.5 eV
with respect to those in solution of polar solvents, for both
pyrazine and 4/4bipyridine ruthenium pentaammine com-
plexes?® Furthermore, as observed experimentally, the red shift
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of the MLCT band was found to be roughly proportional to the not alter appreciably the NHsolvent interaction, we are
increase of solvent donor number, instead of to its dielectric confident that the cavities optimized in ref 28a for pyrazine can
constant. be utilized here without changes. As in ref 28b, in order to have
With the experience gained so far, we want now to attack an appropriate shape of the cavity surrounding the pyridine rings
the problem of the study of the larger ligand bridged Ru dimers. of bpy, we have considered one sphere for eaetH®f the
In particular, we will report here on the study of the absorption rings R = 1.78 A), centered in the middle of the-® bond,
spectrum of the title compound as a function of the torsion plus a sphere on the center of each rilg= 2.90 A).
between the two [Ru(Nk)s-pyridine] moieties, and also in the With this model for the solvent, we have carried out a PCM-
presence of a static electric field. This latter is of some SCF-HF calculation to obtain the best single determinayin
importance since the difference of the line shape profile of the solution. In all calculations the 6-31G basis and the 36-electron
MLCT band, with and without the field, represents a probe for ECP of Hay and Wad¥ with the corresponding DZ basis set
the localized/delocalized character of the syst#th The for Ru, have been used. Calculations have been performed by
results obtained will be thus compared with the Stark experi- ysing the GAMESS cod®2as modified according to ref 37b.
ments by Boxer et af and the hypothesis that spiirbit The integrals have then been transformed from atomic to
coupling is responsible for the observed behavior will be molecular basis, including the one-electron reaction field matrix
evaluated and discussed. in equilibrium with the SCF ground state density. In this step
we have frozen 48 orbitals and considered the subspace
generated by the remaining 50 occupied molecular orbitals
Our study is based on extensive Cl calculations in which (MOs) plus the lowest 50 virtual MOs. All these 100 orbitals
solvent effects are included by the PCM metR&@he whole have been considered in the multireference (MR) CI calculations
approach has been widely described in our previous papers, in which, following the CIPSI prescriptions, the configuration

Method and Computational Details

and thus we will repeat here only the main outline. space is enlarged step by step according to the so-called aimed
In PCM the solvent is seen as a polarizable continuum selection®®
medium with dielectric constant. The solute molecule, The computational procedure can be summarized into four

surrounded by a cavity of suitable dimension and shape steps. First, a fixed number of eigensolutions is computed for
(representing the solutesolvent interface), polarizes the solvent the “zero-order” configuration spac&. Second, first-order
and thus gives rise to a charge distribution on the cavity surface perturbative contribution to the zero-order states by single and
originating a reaction field potentia¥l\(pa,e€,L2). This must be double excitations from all Slater determinants & is
added to the solute electrostatic Hamiltonian in a vactiym computed: a new space called perturbative sp8geg built,

For fixed nuclei one has then to solve the following eigenvalue made by plus its single and double excitations. Third, a

problem: subspaces, of S is selected such that the norm of the first-
order correction to the zero-order states is equal to a given value
(Ho + W(pae, Q)19 ,10= V0 1) n: 1 is kept the same for all the desired states and for all the
. . . geometries considered and so guarantees the same accuracy.
wherep, is the electronict nuclear charge density of ttah Fourth, the spacs, is added tc& and, if the dimension of%

state {v,) of the solute and2 represents the general dependence S,) is large enough, the lowest eigensolutions are computed

on the shape and size of the cavity. Opgés given, the surface g the sequence stopped, while in the opposite situation the
density charge is found by imposing definite boundary condi- \aiye ofy is further decreased and the procedure restarts from
tions at the cavity surfacé,derived by classical electrostatics. he beginning, with% + S,) as the nevs.

According to eq 1, one should in principle take into account
that, upon electronic excitation, the solvent does not have the
time to relax from its equilibrium with the ground-state
electronic density to that of the excited state. The resulting

nonequilibrium problem could be solved within a semiclassical by ). This is useful when one wants to get balanced energies

; 32-35 ; ; ;
picture; but since we have previously fouffdthat this both for different geometries and for different states, and makes

procgqlure doeg not bring sybstannally different values of the the present approach a valid alternative to more standard MR-
transition energies, at least in this class of compounds, we have

) : o S ) ClI in which the configuration space is fixed.
avoided this complication and solved a simplified version of - .
eq 1: For the present work, the variational calculations (CI-V) that

we report ranges from 20 000 to 40 000 Slater determinants
(Ho + W(pg&,Q)) |19 0= V|10 2) depending orf. A second type of ClI calculation, the so-called
variational-perturbative (CI-VP), has also been performed. This
where only the reaction field in equilibrium with the ground-  is based on the second-order diagrammatic perturlFtising
stateyy is considered. the Epstein-Nesbet (EN) or the MgllerPlesset (MP) schemes.
It is worthwhile to notice that solutesolvent interactions in ~ In this case the$ + S)) space obtained by a value pfarger
the Ru pentaammine compound studied here are expected tédhan in CI-V calculations {7000 Slater determinants) is
involve N—H~O hydrogen bonds. Unfortunately, the PCM, considered for obtaining zero-order states. Then, second-order
which is based on classical arguments, is in principle unable to energy corrections due to the contribution of single and double
adequately treat solutesolvent hydrogen bonds. However, since  €xcitations of all Slater determinants belonging to tBe |
the electronic excitations under study involve species (Ru andS,) space are included in the final energies. This latter
pyz/pyr) far enough from the solutsolvent interface, the calculations include the contribution 6f10'° Slater determi-
problem can be overcome by a proper choice of the shape andhants and, as verified in ref 28b, make the results stable with
dimension of the cavity surrounding the Ru(fJkifragments.  respect to the choice of the SCF orbitals.
The criteria for the choice of the cavity were already developed Since, as discussed in detail later in this article, we want also
and discussed in previous wotkSince the ligand bpy does to investigate on the role that the lowest MLCT triplet state

We want to stress further that the selection of the configu-
ration space performed, whose dimension depends on the
geometry (the torsio in the present case), guarantees that
the final eigensolutions have all the same quality (controlled
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may have in determining the observed Stark spec@uthe —
spin—orbit matrix elements that couple the strong singlet MLCT d e=-7.74 eV T 1.68 eV

e=1.
with the corresponding spin forbidden triplet transition must 8 L] L
be computed. To this purpose we have used an one-electron | L |
approximation; that is, the spirorbit operator is written as an .

one-electron operator with effective nuclear charges 6 ] B
Zeft-39 1 (@} L] L
ff 47 - i

€
N aZ _ o 1 - -
Hso==) —(Tix xB) * 5 3 - L

211’

Indicesi and K denote electrons and nuclei respectively,

the electror-nucleus distancey; the linear momentuns the

spin operator, and the hyperfine constant. The effective nuclear
charges have been computed for the isolated atoms, by a fit of
the experimentally known atomic multiplets splitting with full
electron spir-orbit calculations. In our case we have considered
the following atomic states:

Z {angstrom)

c@p, 2¢2p), whichs givez®" = 3.56

N(*P, 2s 2), which givesz®" = 3.51
2 0 2 2 0 2

RUZ (D, 4df), which givesz® = 35.62 Y (angstrom) Y (angstrom)

L . . . . Figure 1. Two-fold degenerate HOMO and LUMO orbitals &t=
All spin—orbit calculations were carried out without uUsing g " 1.5 value of the coordinate is 0.6 A. Full line for positive and

ECP. To keep the basis to a manageable dimension, a single- gashed line for negative values.

basis set was placed on the hydrogen atoms. It was then

accurately checked that this simplification does not appreciably The discretized function of eq 5 takes into account the

alter the molecular electronic distribution of the ground and Vibronic contribution due to the torsion, neglecting other internal

excited states. coordinates. This is a strong simplification, since the effect of
To calculate the line shape profile of the bands due to the the other nuclear degrees of freedom, such as the on-site Ru

inclusion of torsion, we have first computed the torsional wave NHs stretch and ring vibrations, as well asRing vibrations,

functions in the Borr-Oppenheimer approximation, projecting commonly included in model studiég!*51¢%is certainly of
the eigenvalue problem (in atomic units): importance. However, such nuclear motions are not considered
here, since an accurate study of the ground and excited potential

1 d? energy surfaces along several nuclear coordinates would require
T 21402 + Va(0)]11:2(0) = Ejaia(0) (4) for the present system a huge quantity of calculations, and is
out of the scope of this article. To mimic these effects and obtain
on a large basis of trigonometric c&g) and sinkd) functions. @ line shape profile, we have then convoluted the cross section
assumed free rotation of each Ru(§J$group around the Ru also be noticed that, in light of the small spacing of the torsional
pyr bond; thus the inertia momeltcan be taken as the reduced levels, the classical statistical cross section could also be used
inertia. moment of the two rings with respect to the-Ru— (see ref 28b).

C—C—N—Ru axis (r ~ 43 amu &). The quantum photoab-
sorption cross sectiowg) is then computed taking into account
the statistical population, at room temperature, of the torsional ~ The effects of solvation by electron-donor solvents in-Ru
levels of the electronic ground state by pentaammine complexes with etheroaromatic ligands was
already examined by several methods and extensively diséisSeei28
We only remind here that the solvent molecules, as their electron
donor capability (donor number) increases, strengthen the
electron donation of the ammonia nitrogens and thus increase
the electron density on Ru. Therefore, the pseugal tmetal
orbitals rise in energy while the empty ligantiorbital is almost
unchanged. The main consequence is a decrease of the MLCT
(d — #') excitation energies. Furthermore, the solvent also
causes a change in the mixing of the occupied and empty
orbitals of the aromatic ligand with the d metal orbit&s.

Before going deep into the presentation of the ClI results, and

. 2 . 2 in order to get a better understanding of the discussion that
f(m1-—j0) = 3(Em — Eo)l [ d0 %0 (6) Toa(0) 2em(O)° (6) follows, it is interesting to look at the relevant SCF orbitals at
0 = 90° (Figure 1) andd = 0° (Figure 2). The contour plots

whereTy is the electronic transition moment between the two refer to a plane parallel to thez plane at a distance of 0.6 A
electronic states in the dipole approximation. along thex coordinate.

Results and Discussion

2Jt2
o) = C—ze*Ew’kBT f(ml—j0) 6(w — Epy + Ep)  (5)
m

whereEjp and Eqn are the energies of the rotational states of
the electronic ground-statg, and excited state, respectively,
cis the speed of light, and is the Dirac delta functionZg is

the quantum partition function of the internal torsion coordinate
(Zq = Yje B%eT). The oscillator strengtti(ml~j0) is, in the
dipole-length approximation
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Figure 2. 6 = 0° (the two Ru[(NH)s]-pyridine moieties are coplanar). The two orbitals of Figure 1 give rise to the four (symmetric and antisymmetric
combinations) shown here.

Neglecting the ammonia groups, whér 90° the molecule -70 -150
belongs to the point group,q (Figure 1). The HOMO and I .y ]
LUMO orbitals transform according to the doubly degenerate i — e ——— ——
irreducible representatioB. Both orbitals have a degenerate e o7 11%8

partner referred to the upper part of the molecule, connected
by a rotation of 90 around thez axis followed by a reflection
in thexy plane. The HOMO and LUMO correspond essentially
to the d, of Ru and thet" of the neighboring pyr and strongly
resemble the frontier orbitals of the [Ru(N)s—pyr]™2 com-
pound.

When the two pyr rings of bpy are copland € 0°), the
molecule belongs to the abelian point grddyy,; the degeneracy
of the two pairs of orbitals is removed and the four orbitals of
Figure 2 are obtained. The two doubly occupied orbitals have
both strong metallic character and are the symmetric and
antisymmetric combination of Ryk with minor contributions
from the rings. The LUMO %) is essentially the symmetric
combination of twar” orbitals, each centered on one pyr ring.
The highest energy orbitalzf), which is not found by CI to
contribute to the visible spectrum, is essentially the antisym-
metric combination of twor™ orbitals of pyr. Notice that the
three lowest orbitals of Figure 2 strongly resemble the three
bonding, nonbonding, and antibonding orbitals of the corre-
sponding pyz compourd, the only difference being the
insertion of the contribution from the" orbital of an additional
ring in the ligand. It is also worthwhile to notice the strong
bonding character of thes orbital as far as the two rings are
concerned: we will se below that this affects the torsional energy moves to the planar configuration of the two rings=€ 0°)
barrier of the excited states involving this orbital. and an higher barrier is found #& = 90°. This effect of

The ground-state energy as a function of the torsional angle correlation was already observed, although less intense, in the
is reported in Figure 3 as obtained by SCF and CI calculations. monomer compouri@ and finds an explanation in the mono-
CI-VP results are given for both the MgliePlesset (MP) and  tonic decrease, in absolute value, of the correlation energy versus
Epsteir-Nesbet (EN) perturbative schemes. At the SCF level the torsional angle, associated with the corresponding increase
there is a minimum~2 kcal/mol), at about the same angle as of HOMO—-LUMO energy gap. Both these effects occur as a
in the monomer compound [Ru(NH4—bpyP?* (0 ~ 40°; ~1.5 consequence of the decrease of electronic delocalization between
kcal/mol)28band a barrier at S0which is lower than that at°0 the two rings when the torsional angle goes froft® 90,
However, in both CI-V and CI-VP calculations the minimum which disfavors Ruligand back-bonding interaction.

-80F CLVPEN 4-160

Correlation Energy (kcal/mole)

Energy (kcal/mole)

torsional angle

Figure 3. Ground-state energy in water as a function of the torsion
(0) for the various kinds of calculation (lower part). Correlation energy
as a function of6 in CI-V (left scale) and CI-VP (right scale)
calculations (upper part).
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Figure 4. Ground-state probability density distribution (P) and total
population () as a function of) (left scale). The CI-VP ground-state
energy of Figure 3 is also displayed (right scale).

It has to be noticed that a large part of correlation energy is
missing in the CI-V calculations (Figure 3, upper part) with
respect to those which include a perturbative treatment. This
has also the effect of increasing the barrier &t. 90 light of
this difference, which makes CI-VP results much more reliable,
we will consider only this kind of approach for the computation
of the excited states. In particular, we have chosen the EN
scheme, since with respect to the MP it is unaffected by the
presence of intruder states.

The ground-state probability density distributid®(@)) and
total population ['(9)) as a function of the torsional angle
(Figure 4), computed af = 273.15 K according to (see also
eq 3)

Y Ixo(0)Fe T
P(0) =~

LT = [,POY 0" (7)

show that the two rings are in a quasi-planar conformation, as
observed in a similar Os compoutdin fact (Figure 4), the
two rings assume an angle less thani 2ith a probability of
80%. Notice also that classical and quantal partition functions
are in practice indistinguishable.

Up to 90 kcal/mol above the ground state, several singlet
and triplet metal-to-ligand charge transfer (MLCT) excited states
involving d — z* excitation are found. As expected, only the
HOMO — LUMO singlet d, — 75 has significant oscillator
strength. Moreover, differently from the monometallic speies
where the difference in-ez” Coulomb and exchange integrals
among the threeyd orbitals was significant, this is now the
lowest singlet excitation. Its energy (in kcal/mol) and excitation
energy (in eV) as a function of the torsion are reported in Figure

Cacelli et al.
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CI-VP/EN

~
(=]
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[=]

Exc. States Energy (kcal/mol)

Excitation Energy (eV)

2.4

90
torsional angle

Figure 5. Energy of the ¢ — 2* MLCT singlet and triplet states as

a function of6 (upper part): the curves are scaled with respect to the

ground-state energy &t= 0° (Va(0)—Vo(0)). Excitation energies from

the ground to the two excited statd&(@)—Vo(0)) as a function of the

torsion (lower part).

below in our attempt to obtain the Stark spectrum observed
experimentally.

The singlet and triplet energy curves show a very similar
dependence on the torsion, with a single minimum°©aad a
barrier at 90. However, the energy grows wiih about twice
that in the ground state, and this finds an explanation in the
strong bonding character of the orbital between the two pyr
rings: since the torsion weakens the rifing 7 bond, the
excited states involving thes are more stable in the planar
conformation. The computed excitation energy is slightly higher
than in the experiments, resulting in 2.74 eV atversus the
experimental value of2.40 eV however, the comparison
can still be considered satisfactory.

The line shape profile of the MLCT band can be obtained
according to eq 6, thus including the broadening due to
dependence of the excitation energy on the torsion. To calculate
the profile of the electroabsorption spectréfinye have also
considered the case of the ion in a static electric field of 4
10° V/cm directed along the axis.

The singlet MLCT excitation (Figure 6, upper part) results
in a wide and very symmetric band centered-2t8 eV; width
and symmetry are more pronounced than in the parent monomer

5, as obtained by the CI-VP approach described in the previouscompound [(NH)sRu(4,4-bpy)Z".28° In the presence of the

section (notice that the top and bottom of Figure 5, which
apparently look very similar, show respectively the energy of

electric field the band is displaced to lower energies-iy02
eV, without significant changes in the intensity and in the profile.

the selected excited states and the corresponding excitationThis results in a difference spectrum with two lobes (Figure 6,
energies, which are the energy differences between the excitedower part), the first positive and the second negative. This does
and the ground states). In the same figure, also the behavior ofnot match properly with the experimental results, in which two
the corresponding triplet state is reported, but we do not show additional lobes, one on the red and one, smaller, on the blue,

the MLCT states that do not have significant oscillator strength
and occur at higher energies. This triplet will be considered

are also observed. That on the red is a clear indication that
the MLCT band has two componerifswhile that on the blue
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Figure 6. Singlet MLCT band with and without a static electric field  Figure 7. MLCT band with and without a static electric field of>4

of 4 x 10° V/cm (upper part) and corresponding difference spectrum 10° V/cm (upper part) as obtained introducing a phenomenological

(lower part). (1 Mb= 1 107!8 cn?). Experimental results in glassy  spin—orbit coupling (see text), and corresponding difference spectrum

water/glycerol matrix at 77 K from ref 30 (dotted line), also reported (lower part). Experimental results in glassy water/glycerol matrix at

for comparison, have been shifted by 0.58 eV. 77 K from ref 30 (dotted line), also reported for comparison, have been

shifted by 0.58 eV.

can be interpreted as a signature of the tendency to electron

localizatior¥' that can occur only allowing a symmetry breaking possibilities. One is that besides the intenge-d s MLCT,

along thez axis, which was not taken into account in the present excitations from the other metallic d orbitals may contribute to

calculations. the observed band. However, our calculations have shown that
The existence of a double component of the MLCT band, the oscillator strengths of the various combinations,ef,e—

also identified in the monomer bpy compound but absent when 7s and g, — 7 are negligible. Furthermore, these transition

pyrazine replaces bpy, was clearly highlighted in Boxer's are found at too high energies and this possibility can thus be

paper®® Its understanding is of some importance for the rejected. The second is that a mixing between singlet and triplet

comprehension of the optical properties of bpy bridged dimers ;. — 7s MLCT occurs, as a consequence of sparbit

in the near-IR-visible. In fact, it has been proposéd that in coupling. Indeed, the triplet MLCT state is found about 0.4 eV

this region the spectra can be dominated, for both the homova-below the singlet (Figure 5) and could then reasonably be

lent and the mixed-valent species, by MLCT transitions involv- responsible for the double component we are looking for.

ing different combinations of metallic and ligamd orbitals. To investigate on this possibility, we have first considered a
The model suggesting such an assignment, also predicts a doublg@henomenological spinorbit coupling of 650 cm?! (0.08 eV),
component MLCT for the homovalent4 species$! which, as taken from the literature for the corresponding pyrazine

however, is not found in the present calculations. This difference compound?? Such a small coupling has the effect of mixing
unfortunately does not allow a clear understanding of the validity the singlet and triplet MLCT states with negligible changes in
of the model and of its assignment. their energies. With that value we obtain the absorption and
We then face two problems. First, since we have only taken electroabsorption spectra of Figure 7. The line shape profile of
into account here a single nuclear degree of freedom, the torsionthe band shows a tail in the red region due to the triplet that
can the lack of double component be ascribed to this oversim-borrows oscillator strength from the singlet. This is absent in
plification? Second, if this is not the case, what is at the origin the experimental absorption spectréfdowever, it should be
of the double component MLCT? considered that the experimental width is reasonably greater than
An answer to the first question requires an extensive study that of our computations, probably as a consequence of the
of the potential energy surfaces of ground and excited statesoversimplification in retaining only the torsion and neglecting
which, although of extreme importance, is very expensive in all other sources of broadening.
terms of computer time. We have decided to postpone such a As far as the electroabsorption spectrum is concerned, the
study to the future and have concentrated our efforts in trying computed profile now shows the positive lobe on the red region
to give an answer to the second question, assuming implicitly also present in the Boxer experiment of ref 30, which is the
a negative answer to the first one. signature of the double component MLCT.
In this perspective, one can take into account only two  We have then decided to go further and compute ab initio,
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with the method described in the previous section (i.e., without ~ (3) Newton, M. D.Chem. Re. 1991, 91, 767.

using ECPs), the value of the spiorbit coupling between the 1OQ(%Efgbara' P. F.; Meyer, T. J.; Ratner, M. A.Phys. Cheml99§
singlet and triplet g — s MLCT transitions. The values ©) (@) Zhang,L.-T.;Ko,J.;Ondrechen, M.JJAm. Chem. Sod987

obtained are very small: for instance using the variational states109, 1666.
obtained by a CI space of about 8000 Slater determinants, we  (6) (&) Creutz, C.; Taube, H. Am. Chem. Sod 969 91, 3988. (b)

- ; ; Creutz, C.Prog. Inorg. Chem1983 30, 1.
get a. coupling of iny 0.4 cri, and thus the spinorbit (7) Bencini, A.; Ciofini, I.; Daul, C. A.; Ferretti, AJ. Am. Chem. Soc.
coupling has a negligible effect on the spectrum. Furthermore, 1999 121 11418.
the dependence of the computed spambit coupling on the (8) (a) Ferretti, A.; Lami, AChem. Phys1994 181, 107. (b)Chem.

dimension of the variational Cl space, as well as on improve- \F;flllys Lgtt-J19gﬁrl] 22% r?erﬁs(;gngs;reltgth; I(-(?)mé, A.t; r?]“r;d:;ehchenc,rl]\/l. N
H H nmant, G. J. S. e A . rratu . S. em.
ments of the one-electron basis set, is very small. The spectrumyggels 00 50172 (o) Ferrett. A. Lami, A.: Villani, Gnorg, Chem 1098
of Figure 7, which appears to give an explanation for the 37 2799. (f) Ferretti, A.; Improta R.; Lami, A.; Villani, GI. Phys. Chem.
experiment, does not have then the support of ab initio A200Q 42 9591. (g) Denti, G.; Ferretti, A.; Sommovigo, M. Submitted.
arguments. (9) (a) Sutton, J. E.; Taube, thorg. Chem1981, 20, 3125. (b) Kim,
. S Y.; Lieber, C. M.Inorg. Chem1989 28, 3990. (c) Woitellier, S.; Launay,
Since at present we are unable to evaluate the reliability of ;b spangler, C. Wnorg. Chem1989 28, 758. (d) Ribou, A. C.; Launay.

the method utilized for the computation of spiarbit coupling, J.-P.; Takahaschi, K.; Nihira, T.; Tarutani, S.; Spangler, Clntg. Chem.
we do not feel able to give a definitive answer to this problem. 1994 33, 1325.
(10) Lay, P. A.; Magnuson R. H.; Taube, Horg. Chem.1988 27,
2364.
i (11) Hornung, M. F.; Bauman, F.; Kaim, W.; Olabe, J. A.; Slep, L. D.;
Congclusions Fiedler, J.Inorg. Chem.1998 37, 311.
. . . Lo (12) Demadis, K. D.; Neyhart, G. A.; Kober, E. M.; White, P. S.; Meyer,
With the present article we begin an ab initio study of the T.J.Inorg. Chem.1999 38, 5948.
near-IR-visible optical properties of ligand bridged ruthenium (13) (a) Watzky, M. A.; Macatangay, A. V.; Van Camp, R. A.; Mazzetto,

; ; ; i ; ; S. E.; Song, X.; Endicott, J. K. Phys. Chem1997 101, 8441. (b)
dlmgrs in solution. The approach utilized is that of extensive Macatangay, A. VV.: Endicott. J. F.. Song, X.Phys. Chem. A998 102
multireference Cl, and solvent effects, which have proven to 7537 (c) Endicott, J. F.: Macatangay, A. Morg. Chem200Q 39, 437.

play a significant role, are included by the PCM method. (14) Crutchley, R. J.Adv. Inorg. Chem1994 41, 273.
Here we have focused on the homovalert Ru pentaam- (15) (a) Allen, G. C.; Hush, N. Srog. Inorg. Chem1967, 8, 357. (b)

. . . . " S . Hush, N. SProg. Inorg. Chem1967, 8, 391. (c) Reimers, J. R.; Hush, N.
mine dimer with 4,4bipyridine as bridging ligand, much less o Inorg. Chem.199Q 29, 3686. (d) Reimers. J. R.; Hush, N. Borg.

studied than its pyrazine companion, but somehow more chem.199q 29, 4510. (e) Reimers, J. R.; Hush, N.Ghem. Phys1996
interesting for its tendency to show electron localization, as 208 177.

; (16) (a) Piepho, S. B.; Krausz, E. R.; Schatz, PJNAm. Chem. Soc.
demonst.rate.d by the Stark expenmentsl of ref 30. 1978 100,2996. (b) Piepho, S. Bl. Am. Chem. S0d.988 110, 6319. (c)
Investigating the effects of the torsion between the two piepho, S. BJ. Am. Chem. Sod99Q 112, 4197.

pyridine rings of 4,4bipyridine, we have found, at Cl level, (17) Ondrechen, M. J.; Ko, J.; Zhang, L.-T. Am. Chem. Sod.987,
that both ground and excited MLCT states have a single 109 1672.

— ne L J . . . .
s — ; ; (18) Cave, R. J.; Newton, M. DChem. Phys. Lettl996 249, 15
minimum at 6 0°. This angular dependence results in a (19) (a) Sizova, O. V.; Baranovski, V. I.; lvanova, N. V.; Panin, A. I.

Symmetric line shape of the MLCT band, as obsgrveq in the |nt. 3. Quantum Chen1997 63, 853. (b) Sizova, O. V.; Baranovski, V. I.:

experiments. Furthermore, the position of the band itself is found Ivanova, N. V.; Panin, A. IRuss. J. Coord. Cheni998 24, 219. (c)

i i i i Metcalife, R. A.; Vasconcellos, L. C. G.; Mirza, H.; Franco, D. W.; Lever,

in r2at£1er good z;g;ee\r/nent with the experimental value in Water A B P.J. Chem. Soc. Dalton Trand0q 118 2653, (c) Masui, H.

(~2.8 versus~2.4 eV). o Freda, A. L.; Zerner, M. C.; Lever, A. B. Pnorg. Chem 2000 39, 141.
Going further in the study, we have investigated the response  (20) Hush, N. S.; Reimers, J. B. Phys. Chem1999 103 3066.

of the spectrum to the action of a static electric field. The  (21) Chen, P.; Meyer, T. Them. Re. 1998 98, 1439.

electroabsorption (Stark) spectrum computed taking into accountlgézaz)ll(?) Ssﬁtg“{re(‘t’)’) *é'egr'l? Z(;err':/?r., Z"{'g'r;n'(\e"rey,\% , ATr'nJ'cﬁr:r'anggégé)C'
the intense singlet MLCT band alone does not show the behavioriig 2059 ' T B '

observed experimentally, i.e., that of a two-component band. (23) Shin, Y. K.; Brunschwig, B. S.; Creutz, C.; Newton, M. D.; Sutin,
We have then evaluated the possibility that sginbit coupling N. J. Phys. Chem1996 100, 1104.

. . - : : ; (24) (a) Warshel, AJ. Phys. Chem1979 83, 1640. (b) Luzhkov, V.;
may give rise to an intensity borrowing leading to two i “A T Am. Chem. S0d991 113 4491

components in the MLCT absorption. This hypothesis has shown 25y (a) zeng, J.; Hush, N. S.; Reimers, J.JRAm. Chem. Sod.996
to bring substantial improvement in the agreement with the 118 2059. (b) Zeng, J.; Hush, N. S.; Reimers, JJRPhys. Cheml996
experiments when a phenomenological value of the-spihit 100, 19292.

. . " 26) (a) Tomasi, J.; Persico, Mhem. Re. 1994 94, 2027. (b) Tomasi,
coupling is taken. However, an attempt to calculate ab initio J.;(Me)m(]u)cci’ B.. Cammi, R.. Cossi, M. Bomputational Ap(pr)oaches to

the value of this coupling has brought a value too small to be Biochemical Reactity; Narayt-Szabo G., Warshel, A., Eds.; Kluwer
significant. Since we are unable to evaluate the reliability of Academic: Amsterdam, 1997; pp-102.

i ki ; (27) Onsager, LJ. Am. Chem. S0d.936 58, 1486.
this kind of computations, we do not feel able to draw any 508 = "™ o A5 Chem, Phy<1008 109, 8583, Cacelli I
definite conclusion on this point. Ferretti, A.J. Phys. Cheml1999 103 4438.
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