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Theoretical Study of the Absorption Spectrum of [(NHs)sRu—(4,4-bipyridine)] 2* in Solution
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The absorption spectrum of [(N}dRu—(4,4-bipyridine)F' in the visible has been studied by ab initio methods,
taking into account solvent effects by means of the polarizable continuum model and performing extensive
Cl calculations. The dependence of the ground and lowest excited states has been investigated as a function
of the torsional angle between the two pyridine rings of bipyridine in vacuo, as well as in nitromethane,
water, and dimethylsulfoxide. Including the torsion, the position and profile of the metal-to-ligand charge
transfer band has also been computed. The results obtained in water are in good agreement with the only
experimental result available, while they are predictive in the two other solvents.

Introduction NH; NH;

Y T : — 0 —
In recent years, organometallic compounds made by transition NH;— {1— @-QCN
metals with N-aromatic ligands have drawn the interest of both ;\ /
experimentalists and theoreticians from various fields. In fact, z NH3 NH3

such compounds are the basic units of more extended Systemsigre 1.
that are investigated for the study of intramolecular electron

and energy transfer and their related propetties. ment, showing that resonance enhancement occurs even for the
Ru compounds, with bidentate ligands such as pyrazine (pyz) Ru(il)—Ru(ll) system and that the vibrational ladder of ligand

or 4,4-bipyridine (bpy) and many othefsare among the  modes appears, there is still no definitive answer. From this

favorites. In fact, they can have very low and intense electronic perspective, the results of ab initio calculations are of funda-

excitations and thus be highly polarizable, which translates into antal importance. However, before attacking the large Ru

significant conductivéand nonlinear optical propertiégspe- dimer, we first want to study carefully the moiety [(M}sRU—
cially when the metal atoms are in different oxidation states (4,4-byp)*

(mixed-valent compounds). These materials are therefore of ) .
interest for possible applications in molecular electronic devices, N @ Previous papénwe have studied the smaller [(N}g-
and from this perspective, it is worthwhile to reach a good RU-PyzF" ion by performing extensive Cl calculations and
understanding of the properties of their building blocks, which including solvent effects by using the well-known polarizable
may serve well when designing materials with given properties. continuum model (PCM) by Tomasi and coworkétsve have

For extended systems with several mefijand units, the found that only a suitable |ncIu3|on_ of solvel_wt _effects allows a_
only theoretical possibility is to build simplified models that, 900d agreement between theoretical predictions and experi-
including the relevant physics, allow the understanding of Ments, at least as far as the near-isible optical properties
specific propertied-8 However, the single units can be studied are concerned. In particular, we have been able to contribute to
by performing extensive ab initio calculatidrihat, besides a  the theoretical understanding of the energy shift, observed
solid theoretical knowledge of the units themselves, can also €xperimentally changing the solvent, of the MLCT transition
furnish useful insights for building simplified models for the (Solvatochromic effect), a problem that has been widely
corresponding extended systems. investigated in the literaturg-15

One of the possible candidates for such a study is HiH Here, we want to apply the same method to the-dpy
Ru—(4,4-byp)P?* (Figure 1), which is the subject of the present compound. This ion has not been studied extensively in various
work. This is an interesting compound, being part of the well- solvents as its pyz companiéhand only data in water are
known partially localized bpy-bridged Ru dimer, which has been availablé” (data are instead available for the-Nle analogu&).
recently modeled with a four-orbital two-band Hubbard Hamil- From this perspective our computations thus also have a
tonian® The model predicts that the weak band-at eV predictive character.
observed for the mixed-valent species (one Ru(ll) and one
Ru(ll)) is a metal-to-ligand charge transfer (MLCT), in contrast
with the commonly accepted assignment assessing that it is a
intervalence, or metal-to-metal charge tranifeAlthough
Raman experimentsare clearly in favor of an MLCT assign-

The compound 4,4opy has two rings connected by aC
single bond that can rotate relative to each other and thus change
"the interaction of ther orbitals of the two rings, i.e., their
delocalization. The torsion can then be expected to play a
significant role in determining the observed solvatochromic

T - — - — effect on the low-energy absorption, both in the ion studied here
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[(NHs)sRu—(4,4-bipyridine) P+

the MLCT transition in various solvents, as well as of the
dependence of the involved states on the +irigg torsional
angle.

Method and Computational Details

The study reported in the present paper has been performed

by extensive CI calculations in which the solvent is taken into
account by the PCM approaéhThis method, as well as all
others derived from the Onsager reaction field mefaees
the solute molecule surrounded by a cavity, which is the
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TABLE 1: Optimized Radius of the Sphere on NH; in PCM
Calculations®

solvent DN b Reeve (A)
NM 2.7 38.2 1.82
H,O 18.1 78.4 1.72
DMSO 29.8 46.7 1.67

aDonor number? Dielectric constant at 25C. ¢ Optimized radius
of the spheres surrounding ammonia in PCM calculations.

HF electron densitygds) in the Ru-N—H-solvent region. The

interface with the solvent represented as a polarizable continuumsame quantity has been computed at the SCF level with the

medium with dielectric constart The solvent, polarized by
the solute molecule, gives rise to a charge distribution on the
cavity surface that generates a reaction field potexi{al,e,2)

that must be added to the solute electrostatic Hamiltonian in a
vacuum,Ho. For a fixed nuclear configuration of the solute,
one then has to solve the following eigenvalue problem:

)

wherep, is the electronict nuclear charge density of thah
state {),) of the solute an@ represents the general dependence
on the shape and size of the cavity. Opgés given, the surface
density charge is found by imposing definite boundary condi-
tions at the cavity surfacg,derived by classical electrostatics.

This approach in principle should be modified when dealing
with electronic excitations. In fact, under a sudden excitation
from the ground to theth state, the solvent does not have the
time to relax to reach equilibrium with the new electronic density
pa- The corresponding nonequilibrium problem can be solved
in a semiclassical picture, partitioning the solvent susceptibility
into two terms,ysiow and yras,??2° respectively related to the
nuclear and electronic relaxation times. However, since we have
found previously that this heavy procedure affects negligibly
the transition energies, we have solved the simplified version
of eq 1:

(Hp + W(p.€,2) [y 0= V, v, O

(Ho + W(poe ) 1,0 V0 2
taking into account only the reaction field in equilibrium with
the ground-stateo.

In the PCM calculations reported here it is very important
that the cavity be properly chosen. In fact, owing to th2
charge and to formation of ammonriaolvent hydrogen bonds
for the compound under study, solvent effects are expected to
be very strong. In principle, the hydrogen bond cannot be
properly treated by the PCM, which is based on classical

PCM (ppch) at various values of the radius of the sphere on
the ammonia, and the optimal radius has then been taken as
that givingppcm ~ psin the Ru-N region. The results obtained
are summarized in Table 1 (see also ref 9), andRh values
reported are those that have been utilized for the five ammonia
molecules of [(NH)sRu—(4,4-byp)Z" in the computation with

the solvent. The extension of the results obtained for the
prototype ion [HeRUNH;]?™ to the complex under study is
based on the assumption that the ligand field on the metal is
the sum of independent contributions coming from each.NH
This is very reasonable because of the nearly electrostatic nature
of the Ru—NH3 bond. Again, we want to stress that the criterion
proposed for obtaining the best cavity may be successfully
employed, since the region of space relevant for MLCT
transitions is far enough from the H-bonded sotutelvent
interface.

As far as the cavity surrounding the bpy ligand molecule is
concerned, we have made some changes in comparison with
our previous study, where we took a single sphere for the whole
pyz ring. To have a more appropriate shape of the cavity
surrounding 4,4bpy rings, we have here taken one sphere for
each G-H of the ring R = 1.78 A) centered in the middle of
the C-H bond plus a sphere on the center of the rilg=
2.90 A). The cavity on the bpy is the same for each solvent.

Since we are interested in the study of the ion as the torsional
anglef varies, for each value @f considered we have optimized
in vacuum all the remaining ligand degrees of freedom (the
fragment Ru(NH)s— has been kept fixed at the same geometry
as in the pyz compound), performing density functional calcula-
tions based on the three-parameter Becke functional (B3EYP).
The optimized geometries in vacuum have then been utilized
also for the calculations in solution. In all calculations the 6-31G
basis and the 36-electron ECP of Hay and \Wadtith the
corresponding DZ basis set for Ru have been used.

The next step we have carried out is a PCM-SCF-HF

arguments. However, if one is interested in a good representationc@lculation to obtain an approximage (andpo). The integrals

of the electronic density far enough from the sotuselvent
interaction surface, this problem can be overcome with a proper
choice of the shape and dimension of the cavity. This has been
done by u8 for the Ru(NH)s fragment, which can form
hydrogen bonds with the solvent. Since the ligand bpy does
not alter appreciably the N¢+solvent interaction, the cavities
optimized in ref 9 can be utilized here without changes. While
the details of the method can be found in ref 9, we only briefly
mention here the basic outlines as a reminder.

We want to build an optimal cavity for the Ru(NJd fragment
by means of one sphere centered on each ammonia nitrogen
Taking as a prototype species for [Ru(}kL] 2 the simplified
ion [RuHeNH3]2", we have performed two types of calculation
for each of the three solvents considered: nitromethane (NM),
water, and dimethylsulfoxide (DMSO). For a supermolecule in
which three real solvent molecules are appropriately placed
along the N-H bond directions, we have computed the SCF-

have then been transformed from an atomic to a molecular basis,
including the one-electron reaction field matrix in equilibrium
with the SCF ground-state density. In this step we have frozen
28 orbitals and considered the subspace generated by the
remaining 41 occupied MO'’s plus the lowest 41 virtual MO’s.
These 82 orbitals have been considered in the multireference
Cl calculations in which the configuration space is gradually
enlarged step by step according to the so-called aimed selec-
tion.28 Each step involves the following actions.

(i) Once given a configurational spac®&, the lowest
eigensolutions (four in the present case) are computed by
standard methods. These are called zero-order states.

(i) The first-order perturbative contribution to the zero-order
states, which arises from single and double excitations from all
detors belonging t&, is computed. The new space obtained
by $ plus its single and double excitations is called perturbative

spaces,.
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TABLE 2: MLCT (d «, — #*) Excitation Energy (EpmcLct) in
H,Oat@ =0°2

calculation type Emicr (V)
Ae —J+ 2K 4
CI-V (n = 0.34,D = 87) 3.2
Cl-V (y =0.32,D = 174) 2.69
CI-V (n = 0.17,D = 4860) 2.64
CI-V (y = 0.12,D = 26500) 2.66
CI-VP (fromn = 0.17) 2.40

2 Ae is the difference of orbital energies, abds the dimension of
the configurational space.

(ii) A subspacesS, of S, is selected so that the norm of the

first-order correction to the zero-order states is equal to a given

valuen. Note thaty is the same for all the desired states (four

Cacelli and Ferretti

on a large basis of trigonometric c&8] and sinkd) functions.

V, is the energy of the electronic state (eq 2). Considering
free rotation between the group of five NBland the pyr ring
close to Ru, the moment of inertia can be taken as the reduced
moment of inertia of the two rings with respect to the-R—
C—C—N axis (r ~ 43 amu &). The quantum photoabsorption
cross sectiondp) is then computed taking into account the
statistical population, at room temperature, of the torsional levels
of the electronic ground state by

72 S .
oo(w) = c?QXG 59D f(m1—j0) (0 —E +E) (4)
Jm

whereEjp and Eqy are the energies of the rotational states of

here) and for all the geometries considered. This is the key pointthe electronic groungy, and excited state;, respectivelyc

of the method.
(iv) The configurational spacs, is added tdS, giving rise

the speed of light, and the Dirac delta functionZg is the
quantum partition function of the internal torsion coordinaig (

to the new variational space to be used in the next step. If the = ¥, 5/ksD). The oscillator strengtffm1-—j0) is, in the dipole-

dimension of the spaces{ + S)) is large enough, the lowest

length approximation,

eigensolutions are computed and the sequence stopped. In the

other case the value gfis decreased and the procedure restarts

from step i.
This method of selection of the configurational space

f(ml—j0) = :_23(Eml = E)l /40 2%6(0) Tou(0) xma(O)*  (5)

guarantees that the final eigensolutions all have the same qualitpvhereTos is the electronic transition moment between the two
controlled by. The dimension of the final space depends on €lectronic states in the dipole approximation.

the geometry{ in the present case), which is of relevance when

The discrete function of eq 4 only takes into account the

one wants to get balanced energies both for different geometriesVibroniC contribution due to the torsion. The effect of the other

(e.g., for various values df) and for different states. This is

therefore a valid alternative approach to the more standard MR-

Cl in which the configurational space is fixed.

The variational calculations (CI-V) that we report here ranges
from 20 000 and 40 000 detors dependingdaamd are obtained
by a final value ofy = 0.12. For example, in the case of water
as solvent and fof = 0° this space has dimension 26 500 and

includes 674, 11 608, 13 844, 357, and 16 first, second, third,

fourth, and fifth excited detors, respectively.

A second type of calculation, the variational-perturbative (Cl-
VP), is based on the second-order diagrammatic perturbtion;
the & + S,) space obtained by = 0.17 (~7000 detors) is

nuclear degrees of freedom, which is also of importance, is not
considered here, since it would require an extensive study of
the ground and excited potential energy surfaces. To mimic these
effects and obtain a line shape profile, we have convoluted the
cross section of eq 4 with a Gaussian function of fwhn®.1
eVv.

In light of the small variation of the energy with, the
classical statistical cross section

o) = ;‘C%C [do eV OEDI T (0)17V,(6) —
Vo(0)] Olw—V4(6) + Vy(6)] (6)

considered for obtaining zero-order states. The second-order

energy corrections by the contribution of single and double
excitation of all detors belonging to th&(+ S;) space are
then included in the final energies.

It is worthwhile to stress that our CI-VP energies include
the contributions of~10 detors and make the results stable
with respect to the choice of the SCF orbitals. For instance,
starting from an SCF in which suitable Nesbet occupation

may provide a simplified and accurate enough expression for
the photoabsorption intensity. is here the classical partition
function of the electronic ground state. Sifigedoes not change
much with 6, the above integral may be easily and accurately
computed by numerical quadrature. However, the results
obtained by eq 6 are about the same as those obtained by the
guantum expression 4.

numbers are used to perform a pseudo-state-averaged calcula-

tion, the excitation energies change by no more than 0.03 eV.

To give further elements for an estimate of the accuracy of

our calculations (see also Tables 3 and 4 of ref 9), we report in

Table 2 the results obtained in the various steps for the MLCT
(dy, — 7r*) excitation energy in water & = 0°. It is evident

that a good stability of the excitation energy versus the ClI spacetzgl

dimension is reached in the CI-V calculations and that the
perturbative correction is small enough(.25 eV) to let us be
confident to have a final accuracy of our results of less than
0.1 eV.

The torsional degree of freedom wave functions are computed,, pyr ¥

in the Born-Oppenheimer approximation by projecting the
corresponding eigenvalue problem (in au)

1y )l =0 @3)
ZIR d02 a Xja jana

Results and Discussions

In the complex under study, as for the pyz compound, Ru(ll)
has a low-spin 4%configuration. The bpy breaks the octahedral
symmetry at the Ru atom and removes the degeneracy of the
orbitals of Ru. Taking the pyridine (pyr) ring of 4;8py
bound to Ru in the/z plane, with the Re-Npyr (Npyr is the N
of pyr) on thez axis, the highest occupied metal orbitals in-
volved in the low-energy excitations are4dtde—2, and 44
For the ligand, relevant orbitals are the twts resulting from
s that have mainly N character, one on each pyr
ring of bpy. This can be seen in the maps (in water), reported
in Figures 2 and 3, of the HOMO and the two lowests.
When the two pyr rings are perpendicul&r=€ 90°; Figure 2),
the HOMO is practically the Ruygd with a small charge on the
first ligand ring, the LUMO is essentially the* on the pyr
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d,, e=-6.87 eV ny e=1.77 eV T, £=1.96 eV

Z (angstrom)

| : . |

Y (angstrom) X (angstrom) Y (angstrom)

Figure 2. Maps of the low-lying orbitals a# = 90° on the reported plane for the HOMO and the two N-basedrbitals (zy* in the figure). The
value of the third coordinate is 0.6 A.

d,, e=-6.83 eV ny £€=0.49 eV T, £=3.39 eV
] 1 ! | 1 ! | | | N |

Z (angstrom)

Y (angstrom) Y (angstrom) Y (angstrom)

Figure 3. As for Figure 2 for6 = 0°.

ring far from Ru, and the next orbital is that close to Ru, slightly =~ The DFT energy curve is reported in Figure 4, where we
mixed with the Ru ¢. The Ru-pyr interaction makes the* also show the curves obtained by SCF, CI-V, and CI-VP
on the ring nearest the metal slightly higher in energy than that calculations in vacuo. All curves have been shifted with respect
on the farthest. When the two rings are on the same plare ( to the energy ath = 0°. SCF computations predict a mini-
0°; Figure 3), the two pyrr* are mixed. While the HOMO is mum at~40° and about the same barrier height for 0 an€. 90
practically unchanged, the LUMO is the bonding (symmetric) By comparison of these results with the SCF data reported in
combination of ther*'s on the two rings, and after two further  the literature for the 4,4opy alone€?®30 it appears that the

m* orbitals having a nodal plane coincident with the position of the minimum is not significantly changed in the Ru
symmetry plane, there is the antibonding (antisymmetric) compound (48-50° in the ligand alone), while relevant differ-
combination of the two. ences in the torsional barriers height are evident. For the isolated

The geometry relaxation of the aromatic ligand, performed ligand a~4 kcal/mol barrier at Dand a~1 kcal/mol barrier at
for several values of the torsion, shows an overall decrease of90° where found?® while in the Ru compound the barrier is
the ground-state energy in the range=2.25 kcal/mol. Thus, roughly the same both af @nd at 90. This can be reasonably
both the position of the minimum and the barrier heights (0 explained invoking Rtpyr back-bonding that stabilizes thé O
and 90) are only slightly modified by the geometry relaxation. with respect to the 90geometry (at 90 the 7*'s on the two
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Figure 4. Ground-state energy in vacuo as a function of the torsion

(6) for the various kinds of calculation. Correlation energy as a function Figure 5. Ground-state energy in solution as a function of the torsional
of 6 in CI-V (left scale) and CI-VP (right scale) calculations (upper angle @) for the various calculations.
part).

largest (-9 kcal/mol). We do not have a simple explanation
rings do not mix and the electronic charge cannot be delocal- for this effect, which is clearly due to a different correlation
ized). The inclusion of correlation effects by means of Cl energy in the various solvents, since SCF results are nearly the
calculations changes substantially the ground-state energysame in all three solvents.
dependence of. The variational results show that although Comparing the results of Figure 5 with those in vacuo of
the position of the minimum is unchanged and the barrié at  Figure 4, one may note that all solvents cause an increase of
= 0° only slightly decreases in comparison with SCF calcula- the barrier at 90 Again, an explanation can be found in the
tions, the barrier at 90increases by about 2 kcal/mol. Such an enhancement of the metal-to-ligand back-bonding interaction,
increase is about twice~4 kcal/mol) in CI-VP calculations,  induced by the increased donor capabilities of the five ammonia
where the depth of the minimum with respect fod&creases.  ligands (see also ref 9). This partially populatesttierbital,
This emphasizes the importance of the correlation energy (Figurethus increasing the electronic charge on both rings and enforcing
4a), which, besides being much higher in CI-VP than in CI-V the C-C (ring—ring) bond by a netr contribution. For instance,
calculations, shows a marked dependencé omhis quantity the Mulliken gross charges on the second ring is found to be
monotonically increases (in absolute value) going from a +0.16,—0.02,—0.08, and-0.11 at 0 and+0.14, 0.00,-0.03,
perpendicular to a planar conformation of the two pyr rings. A and—0.04 at 90 in vacuo, NM, HO, and DMSO, respectively.

simple explanation may be found in the HOMQUMO energy In the same sequence the RN(pyr) bond index is found to
gap (see Figures 2 and 3), which grows witrand in the slight be 0.54, 0.60, 0.65, and 0.68 at, Qevealing that as DN
increase of electronic charge on bpy at low value8,alue to increases, back-bonding increases as well, and® at 8lso

a more effective Rttbpy back-bonding. It is worthwhile to note  affects thexr distribution on the second ring. Since the SCF

that the CI-VP curve closely resembles the DFT one (within curves show a near-degeneration of theafid 90 conforma-

0.7 kcal/mol), which includes also the correlation of the core tions, it appears that this solvent effect tends to favor a planar

orbitals. This agreement is a clear indication that our choice of conformation only if the electronic correlation is properly taken

the active orbitals and the correlation treatment in the CI-VP into account, as in CI-VP calculations.

calculation is well equilibrated as far as the dependence on the A further remark can be made concerning the dependence of

torsional angle is concerned. For all these reasons we believethe ground-state energy on the torsion. Since in the rang@0

that the CI-VP results are the best among all those presentedthe energy changes no more than 1 kcal/mol, the whole range

and their accuracy is sufficient to guarantee their use asis expected to be statistically populated at room temperature

predictive results. (ks T ~ 0.6 kcal/mol), while the 90conformation is strongly
The inclusion of solvent effects by the PCM method, together disfavored. This prediction is confirmed by the quantum

with our criterion for the choice of the cavity, gives the ground- statistical distribution function

state curves of Figure 5 in the three solvents considered. In

solution, as in vacuo, the planar conformation is clearly the Z|on(9)|2 g EolkeT)

favorite and the correlation energy is again responsible for the 7

high barrier at 90. Its magnitude depends on the solvent donor Po(0) = (7

number (DN)3! but this dependence is not monotonic and the

barrier is first seen to decrease, going from NM to water, and

then to increase, going from water to DMSO, where it is the whose behavior af = 273.15 K is reported in Figure 6 for all




[(NHs)sRu—(4,4-bipyridine) P+

1

0.8

0.6

0.4

0.2

0.4

1

0.8

0.6

0.4

0.2

Statistical Distribution

1

0.8

0.6

0.41

0.2

0

Figure 6. Ground-state population distributioPdq) as a function of

torsional angle

V, (eV)

J. Phys. Chem. A, Vol. 103, No. 23, 1999443

Excitation Energy (eV)
Transition Moment (au}

2.54

torsional angle

Figure 8. Excitation energies\x(0) — Vo(6)) as a function of the

6 in the three solvents (left scale, full line). The shifted energies of 4 gjon in the three solvents (left scale): continuous line is the-d
Figure 5 are also reported for a better understanding (right scale, dashed;x qashed line is the @2 — x*, and dasheddotted line is the ¢

line).

Energy (kcal/mole)

— mr*. Electronic transition moment (dotted line, right scale) for the
dy; — ar* transition is also reported.

are reported\{(3(0) — Vo(0)). The continuous line corresponds
to the strongest MLCT excitation in which one electron is
promoted from the Ru,d(HOMO) to the lowest combination
of the pyrz* (LUMO). The two further curves are excitations
from the two remaining near-degeneragotrbitals to the same
w* and have small oscillator strength.

The excitation energy for all transitions decreases monotoni-
cally with DN; the solvent enforces the electron donor capability
of the ammonia, causing an energy rise of the metal outer d
orbitals® Furthermore, the energy gap between the-d 7*
and the two near-degeneratg ¢ 7* and dz-y — 7* curves
grows with DN as a result of the corresponding increase of the

,,—7* interaction®

As already noted and explained in refs 9 and 14, although

the r—dy; interaction causes thgxbe the HOMO, at the same

01 time the d,— s* excitation energy is found to be greater than
60 that from the two other d orbitals. This is due to the exchange
integral [dz*|d7*], which is small for the ¢, and dz—,2 orbitals
50 and significant for the g.
104 The barrier at 90is much higher in the excited states than
- i i in the ground, and this can be easily understood in terms of the
0 30 60 90

torsional angle

LUMO population that has a bonding character between the
two rings.

Figure 7. Energy curves of the lowest singlet excited states as a  Finally, in Figure 9 we show the absorption cross section
funchn of the torsion in the three*solvents: contlnuous_llne_ls the d (egs 4 and 5) for the system under study in the three solvents.
~ ", dashed line is the,d > ~- 7%, and dasheddotted line is the 1 yisorate absorption lines are convoluted with a Gaussian
dy,— r*. The curves are shifted with respect to the ground-state energy - . .
at = 0° (Vo(0)). function of fsthm= 0.1 eV (see previous section). The band
maximum, which is found at 2.26, 2.42, and 2.88 eV in DMSO,
the three solvents and referenced to the CI-VP ground-stateH,O, and NM, respectively, in reverse order with respect to
energies of Figure 5. DN (see also ref 9), is close to the vertical excitation energy at
In Figure 7 we show the energy curves of the first three 6 = 0° (see Figure 9). This is in accordance with the favorable
excited states in solution as a function of the torsion, shifted conformation for low values of the torsion in both ground and
by the corresponding ground-state energy at 0° (Va(6) — excited electronic states. In the same Figure 9 we also report
Vo(0)), while in Figure 8 the corresponding excitation energies the statistically weighted oscillator strengths (eq 5) between the
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— T T studied here, a suitable choice of the cavity guarantees a proper
inclusion of solvent effects.

600~ The dependence on the torsional anglef the ground and

02 the lowest excited states has been studied in vacuum and in
three solvents (nitromethane, water, and dimethylsulfoxide).
_ Furthermore, the MLCT band profile has been computed
including the torsional degrees of freedom.

The solvent effect found in the MLCT excitation of [Ru-
(NH3)s—(4,4-bpy)?" has the same trend found experimentally
—01 for all Ru(ll) complexes with N-aromatic ligands and, in
1 particular, in the pyz compouri§ As the solvent DN increases,
the MLCT transition is red-shifted as a consequence of the

increased electron density on Ru that lowers the HOGMO
LUMO energy gag. Note that DN and the dielectric constant
JJH ’“ “ are not linearly dependent.
of —— LT, ——— 0 Our results are in agreement with the only experimental result
25 3 available, that in water by Creutz et’dl.
The next step will now be that of attacking the dimer
Figure 9. MLCT band in the three solvents (left scale). Vertical bars, compound [Ru(NH)s—(4,4-bpy)—Ru(NHs)s]™ (m= 4, 5, and
only reported for water, are the oscillator strengths between vibronic 6), with the aim of getting a definitive answer on the nature of

states (right scale) computed by weighting with the Boltzmann IPvici .
equilibrium distribution. the observed near-Hvisible bands at various total chargas

T
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1

400 —
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