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A Basic Electronic Model for the Study of Optical Properties of Delocalized and Partially
Localized Donor—Bridge—Acceptor Systems
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An electronic model for donerbridge—acceptor systems is discussed for the specific cases of;J§Rb-pyz-
Ru(NHs)s]™ and [(NHs)sRu-(4,4-bpy)-Ru(NH)s]™ (m = 4, 5, 6) as well as for their longer chain analogues.

The model accounts for the optical properties observed in the neari$Rand provides an explanation of their
dependence upon the oxidation state of the metals as well as of the effect of changing the bridging ligand. The
results obtained suggest that this model contains the essential ingredients for being considered a basic minimal
model for the study of electron transfer in dontarridge—acceptor systems.

Introduction Researchers have been and are still puzzling with various
transition metals and ligands, and a large variety of MV
compounds have been synthesized and studied. Beside the
papers referred to below in this article, we may cite refd 9.

In the past few years there has been a growing interest of
chemists and physicists in molecular and polymeric materials

which can be useful for optoelectronics and nonlinear optics Most of the interest is focused on Ru compounds, but there are

applicatior_ls. !n fact, many molegular systems h_ave proven their many studies on compounds with other metals and we cite here
technological importance in the field of electronic and informa- only some examples on'RPtY 10 Co'/Co" 12 and Fé/Fel 14

tion technologies. These systems exhibit properties, interestingcompounds_ In this perspective, work is in progress ol Co

per se which are also of potential technological interkst: f-ketoenolate’§ in order to study a bridged dimiérin which

semlcotr_lducuwtyl,_ mEta”'(i. belhawor, fuper?orlduc;|V|ty,_ ferrol- preliminary electrochemical measurements appear to indicate
magnetism, nonlinear optical properties, electrochromism. In v 2 20

particular, donorbridge—acceptor systems have been proposed Among the various mixed-valent compounds, of particular
as high-speed molecular switcHes, electrochromic devices interest is the well-known CreutTaube (G-T)18 ion’(pyrazine-
based on lanthanide sandwich compounds have already bee'E)ridged Ru dimer). This compound has been the subject of
realized] qnd high. supergonductivity is very well-known in controversy for many years, as its localized or delocalized
copper oxuje-pmed m.aterlals: i character was uncertain. Now experiméhtd and theory?
Within this field, an interesting class of compounds is that sint toward its delocalized nature, and the role of vibronic
where two or more atoms of transition metals are kept together jeraction and electronic correlation has been also pointed
by bridging ligands, forming a chain or, in general, a lattice. ;12324 | onger chain analogues of the-C ion have also been
Among these is of particular interest the case of mixed-valent gynthesizeds and both theoretical predictich’ and experi-
(MV) compounds, e.g. those in which all metallic atoms are
equals but have, within the molecule, different oxidation states. (8) Tchougreeff, A. L.; Hoffman, RJ. Phys. Chem1993 97, 350.
In this case, the excess electron(s) present in the metallic sites (9) Scandola, F.; Indell, M. T.; Chiorboli, C.; Bignozzi, C. A. In
having the lowest oxidation state can move along the molecule, Eﬂgﬂgg;cfgsf'S;ggg;f@gfgg:'Mé‘étﬁ%" Jl'égg;"g opies In Current
and this gives rise to the various interesting properties reported(10) Prassides, K.; Schatz, P. ®hem. Phys. Lett199], 178 227.
above: in extended systems, moving electrons create a currenf11) Myers, A. B.Chem. Re. 1996 96, 911.

o i 1o (12) Endicott, J. F.; Schwarz, C. Inorg. Chem.1995 34, 4572.
and then we can have conductivity or superconductivity, while (13) Watzky, M A~ Endicott. J. F. Song, X.. Ley. Y. Macatangay, A.

the existence of local spin interaction, when mediated by Inorg. Chem.1996 35, 3463.
electronic delocalization, can give rise to ferromagnetic order- (14) Ribou, A.-C.; Launay, J.-P.; Sachtleben, M. L.; Li, H.; Spangler, C.

(15) Diversi, P.; Ingrosso, G.; Innorta, G.; Lorenzi, R.; Lucherini, A.;
Torroni, S.J. Chem. Soc., Dalton Tran$996 2727.

* E-mail: profin@ibm580.icgem.pi.cnr.it. (16) Raffaelli, A.; Pucci, S.; Pertici, P.; Ingrosso, G.; Salvadori, P.
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Kluwer: Dordrecht, The Netherlands, 1991. for Mass Spectrometry: Santa Fe, NM, 1994; p 14.
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mental findingd® seem to indicate the possibility that these understanding of the relevant transitions involved. Indeed, we
compounds may act as semiconductors. Furthermore, thewill show that a proper electronic model that takes into account
theoretical study of the electrochromic effect (or Stark effect) the effect of electronic correlation, which is an extension of

was very recently accomplished for the—C ion® and
comparison with experimental resdf8° confirms the validity
of the model propose#f.

The results obtained in our previous work allow us to draw
some conclusions on the role played by various effects in

the one proposed for delocalized Ru-pyz chadf,is able to
reproduce the position and intensity of the observed bands in
the near-IR-vis for the [Ru-4,4bpy-Rup™ and give some
explanation on the differences between this compound and its
delocalized companion [Ru-pyz-Fi]

producing the observed optical properties of chains of Ru atoms ~ The aim of this paper is then to present and discuss this model

bridged by pyrazine (pyz).
As far as the position and intensity of absorption bands in
the near-IR-vis are concerned, they can be explained within a

and its differences with the previous PKS and Hush models, in
view of its possible application to other MV compounds. We
are confident that our approach is appropriate for delocalized

purely electronic picture. Essential ingredients to be considered©r partially localized (i.e. class Ill or class 1) RiL—Ru

are the electronic correlation on the metal atoms, the metal
ligand resonance integral, and the metaand energy gap.

compounds with various bridging ligand3§-38
Our goal is to construct a clear and easy theoretical description

The line shape and, obviously, all related observables, such as@nd understanding of the properties of MV compounds which
for instance the shape of the difference spectra reported in thec@n help in designing new chemical systems suitable for

Stark effect studie¥’2930 require instead the inclusion of
vibrational degrees of freedom. However, the coupling of

electronic and nuclear motion is not so strong to necessitate

that the full vibronic problem be solved and an adiabatic
approach is sufficiert Therefore, the role of vibronic coupling
in delocalized systems such as-Rwz chains appears to be
simply that of causing width and asymmetry in the observed
line shape.

This is not a big surprise. It is universally accepted that

molecular electronics applications.

The Model

Early models proposed for studying the optical properties of
MV compounds, such as the H#8hmodel and the PKS
model3! were based on a two-state approach; the PKS model
introduced the effect of vibronic interaction not explicitly
considered in the Hush model. Within this approach, a MV
compound is seen as a dora@cceptor (DA) couple and the

delocalized systems are not characterized by strong vibronicelectron transfer (et) process (DA DA”) is thus related to
coupling. Indeed, this was also predicted by early models, suchthe coupling ap) between two diabatic states, one for each

as the two-state model by Piepho, Krausz, and Schatz (?KS)
and its extension® These models also predict a very relevant
role of vibronic interaction for partially localized MV com-
pounds, for which the estimate of metahetal interaction is
often incorrectly determined by a misapplication of the Hush
formulas®® which are more appropriate for fully localized
systems. With the oversimplification of two-state models, which
disregard the explicit role of the ligand, which is important in
many case&’ vibronic coupling is included in the model to
explain the presence of low-intensity intervalence (IT) bands
in partially localized MV compounds (those also known as class
Il systems according to the RobiDay classification scher&g.
Vibronic coupling is expected to play a relevant role in some
donor-bridge—acceptor systems, especially when the coordina-
tion sphere of the metal involved is known to have vibrational

frequencies that change substantially as the metal ion’s oxidation

state varies, such as for Co and ¥eHowever, our point of
view is that in many delocalized cases and also for partially
localized systems, most of the observed optical properties, suc
as the optical behavior in the near-tRis, may be explained
within a purely electronic picture, which then allows an easy

(23) Ondrechen, M. J.; Ko, J.; Zhang, L.-I..Am. Chem. S0d.987, 109,
1672.

(24) Ferretti, A.; Lami, A.; Ondrechen, M. J.; Villani, @. Phys. Chem.
1995 99, 10484;1996 100, 20174 (erratum).

(25) Von Kameke, A.; Tom, G. M.; Taube, Hnorg. Chem.1978 17,
1790.

(26) Ferretti, A.; Lami, A.Chem. Phys1994 181, 107.

(27) Ferretti, A.; Lami, A.Chem. Phys. Lettl994 220, 327.

(28) Hanack, M.; Deger, S.; Lange, Boord. Chem. Re 198§ 83, 115.

(29) Ferretti, A.; Lami, A.; Murga, L.; Ondrechen, M. J.; Villani, Gorg.
Chem. Communin press.

(30) Oh, D. H.; Sano, M.; Boxer, S. @. Am. Chem. So04991, 113 6880.

(31) Piepho, S. B.; Krausz, E. R.; Schatz, P.JNAmM. Chem. S0d.978
100, 2996.

(32) Piepho, S. BJ. Am. Chem. S0d.988 110, 6319;199Q 112 4197.

(33) Hush, N. SProg. Inorg. Chem1967, 8, 391.

(34) Robin, M. B.; Day, PAdv. Inorg. Chem. Radiocher967, 10, 247.

(35) Ondrechen, M. Jnt. Rev. Phys. Chem1995 14, 1.

unit (DA and D'A™). Diabatic states are modeled as harmonic
oscillators, and the intervalence transition (IT), observed in the
near-IR-vis, is explained as the transition from the two adiabatic
states obtained from the solution of thex22 secular problem

in the DA and DA~ basis in the Hush model (see also ref 39),

while it is a vibronic transition in the PKS model.

However, two-state models are often too strong a simplifica-
tion. Indeed, while the et process can be intuitively viewed as
a two-state process in which one electron goes from a donor
(D) to an acceptor (A) moiety of a DA molecule, this does not
mean that all the essential physics involved has been taken into
account. For instance, for the study of et in bridged-&-

A) systems a two-state model can be applied with success only
if the bridge does not play an explicit role. When this is not
verified, then the bridge must be taken into account, such as
for the Ru-pyz-Ru ior®8-24 and their longer chain analogu&s’

In general, we may say that if the energy difference between
the orbital involved in the et process of B and those of D and

HA is much higher than the corresponding interaction terms, then,

within a perturbative approach, the bridge can be projected out
giving rise to a two-state modek,, is then the effective
couplingVpgVas/AEpg and|alland |blare thus DA and DA~
states, respectively (for a general reference see ref 40; for
reference related to superexchange in electron transfer, see refs
41 and 42).

Very recently, work has been done in order to deriig
from quantum calculatior§the evidence that the two diabatic

(36) Tanner, M.; Ludi, Alnorg. Chem.1981, 20, 2350.

(37) Beley, M.; Chodorowski-Kimmes, S.; Collin, J.-P.; LaifRe; Launay,
J.-P.; Savage, J.-lAngew. Chem., Int. Ed. Engl994 33, 1775.

(38) Ribou, A.-C.; Launay, J.-P.; Takahashi, K.; Nihira, T.; Tanutani, S.;
Spangler, C. Winorg. Chem.1994 33, 1325.

(39) Reimers, J. R.; Hush, N. 3. Phys. Chem1991, 95, 9773.

(40) Durand, P.; Malrieu, J.-P. b Initio Methods in Quantum Chemistry
Lawley, K. P., Ed.; John Wiley & Sons: New York, 1987; Vol. 1, p
321.

(41) Blondin, G.; Gired, J.-Chem. Re. 199Q 90, 1359.

(42) Newton, M. D.Chem. Re. 1991, 91, 767.
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states are not dipole-connected (g, = O; see also ref 44)

has been used as a method to obtain the unitary transformation

which allows one to obtain the Hamiltonian in the diabatic basis,
and thenH,, The procedure, which in principle can be

generalized to an arbitrary number of states, opens the way to

the inclusion of correlation effects. However, within this

approach it becomes crucial to have the ability to perform
reliableab initio calculations on systems that may exhibit strong
correlation effects, while we will show in this paper that a simple

model, which contains the essential physics of the problem, can
account for the optical properties related to the et process in a

whole class of compounds.

To show in detail the reasons that have drawn us to assess

that optical properties of class Il and class |1l MV compounds,
such as position and relative intensities of absorption lines in
the near-IR-vis, can be understood within a purely electronic
picture, in the following section we will start with a simple and
didactic example, that of a RtL dimer. This is indeed the
very first “brick” by which a suitable electronic model for the
whole class of bridged Ru compounds can be built and is valid
also for partially localized systems. Furthermore, from that
example, we have the first indication of the real role of vibronic
interaction in these compounds.

(1) Metal—Ligand Units (Dimers). Let us consider for
example the system Ru(NML2" studied by Oh, Sano, and
Boxer? for L = pyz,4,4-bpy and whosé,, values have been
derived by Cave and Newtds.

Ru(ll) has two electrons in aydorbital (taking the ligand
ring in theyzplane), while az* orbital for L is relevant for the
back-bonding (metal-to-ligand) interactiéh.A minimal elec-
tronic model can thus be built with two orbitals and two
electrons, i.e. with a three-state system if one considers®nly

= 0 states. The basic ingredients to be considered are three:

the energy gap between the two orbitals € E, — Ey), the
Coulomb repulsion on the metallic atord)( and the delocal-
ization, or hopping, termt). One has then, in second quantiza-
tion form, the Hamiltonian (M= Ru d; and L = ligand 7*),
which is a version of the well-known Hubbard Hamiltont&n:

H=A(n,;+ny) + tZ(ai_\;,aaL,a +h.c)+ Unyny, (1)

wherea,, (aw,) is the creation (annihilation) operator for one
electron in the orbital of the metal with spin (the index L
indicates the same operators for the ligamg),= a}aadg =
M, L) is the number operator for the electrons at sitwith
spino.

The basis states wit, = 0, in the notationiM, L[] are

0= |N,ou|2=i[|¢,m+ |mc}, 30=0ND ()
V2
The Hamiltonian matrix for the Ru(NgkL2" system is then
u w2 0
H=[tv2 A /2 ®)
0 tW2 2A

(43) Cave, R. J.; Newton, M. OChem. Phys. Lettl996 249, 15.

(44) Ondrechen, M. J.; Ferretti, A.; Lami, A.; Villani, @. Phys. Chem.
1994 98, 11230.

(45) Zhang, L.-T.; Ondrechen, M. horg. Chim. Actal994 226, 43.

(46) Hubbard, JJ. Proc. R. Soc. Londoh964 285 542.
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Figure 1. Absorption spectra of the ML dimer Ru(NH;)sL?" (L =
pyz, 4,4-bpy) as computed by the electronic midel Hamiltonian of eq
1 with the parameters given in eq 4. The intensity is in units of the
M—L distanceb.

Eigenvalues and eigenvectors can then be found analytically
and have a rather complex form, which we do not report here.
However, if one takes ‘reasonable” valékdor the three
parameters (in eV), such as

t=—0.73;U = 4.62, andA = 5.06 4)

the following eigenstates are obtained (energies in eV):

|g0= 0.747 9081CH- 0.655 34420+ 0.105 63730
E, = 3.715 39

le,(= 0.662 82§11-0.728 67020—0.172 33630
E.,=5.754 93

le,0= 0.035 96510-0.198 91120+ 0.979 3573(]
E.,=10.329 7 (5)

The meaning of “reasonable” will be more clear later in the
paper. We can anticipate here that the values of the parameters
considered are exactly those that allow us to reproduce position
and intensity of the bands observed experimentally for the
species (see next section) [(AERU-pyz-RuU(NH)s]™ (m =
45, 6).

The dipole operator for these M. systems, in second
guantization form and taking the origin centered on the ligand
orbital, can be written as

(6)

whereb is the Ru-L distance; note that the spectra are not
affected by the choice of the origin.

With the dipole of eq 6 and the eigenfunctions of eq 5, we
can then easily calculate the spectrum which is shown in Figure
1. The absorption at about 2 eV is the predicted metal-to-ligand
charge transfer (MLCT) transition.

Experimentally, for the four cases of £ pyz, 4,4-bpy,
pyzH*, and 4,4-bpyH* (Figures 2 and 3 and Table 2 of ref
30), this transition is found in the range 16 6a2D 000 cn!
(~1.98-2.48 eV). Therefore, the model with the parameters
of eq 4, optimized for the CreutzZl'aube ion and its homovalent
analogues, predicts with a good approximation the position of

u = —b(ny; +ny)
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the MLCT transition for the four compounds. In fact, as far as it should be noticed that, according to our previous discussion,
the M— L backbonding interaction is concerned, tteorbital in this latter case one should expect an absorption with very
of pyz is not expected to be very different from that on one of low intensity in the whole near-IRvis range.
the two rings of 4,4bpy, and thus the values of the parameters, (2) Bridged Systems. The extension of the concepts
which in principle should be considered in the model when discussed in the previous section and, consequently, of the
applied to each of the four ligands, are not expected to changeHubbard Hamiltonian of eq 1 to bridged systems is straight-
very much, except for slight differences in the band gap forward. However, we now pay particular attention to the
The same model Hamiltonian of eq 1 can be considered for bridging ligand. In fact, there are important differences in the
the+3 ions. In that case, since Ru(lll) has only one electron absorption spectra of bridged systems when going from pyz to

in the d; orbital, one has only two states: 4,4-bpy which require more an adjustment of the model than
a simple change in the values of the parameters. Indeed, for
|10= |1,00)|20= 0100 (7) the 4,4-bpy case we have to consider that the two rings are not

o i 3 e o coplanar and do not give rise to a well delocalizedorbital
and the Hamiltonian matrix for the Ru(NJL>" is simply as for pyz. Therefore two connected, but separatarbitals
are needed. Thus, this bridged partially localized (class 1)
H =(O t ) (8) system should be seen as an—M—-L—M rather than an
t A M—L—M system.
With the parameters of eq 4, one then obtains the following (A) M—(L—M), Compounds. For bridging ligands that

eigenstates: have as* orbital well delocalized over the whole molecule,
such as pyrazine, the picture in which only one orbital per site
|gt= —0.981 2961[1-0.192 5062 E, = —0.202 526 holds and one can write the Hubbard Hamiltonian in the general
form26:27

|e(= 0.192 50611-0.981 29620 E,, = 5.262 53 (9)
Nsite Nsite—1 M—atom

so that the spectrum will not show any band below 3 eV, as H= Zéjnj,g t+t Z (8,811, t h.c)+U z . (10)
expected from experiments. IEg IEg m

Notice that because the model considers only one orbital per ) ) .
site, it is unable to predict correctly the absorption above 3 eV, Wheree; = ei, eu (A = e — ey) is the site energy, ansiee is
where transitions involving the inner Ru orbital océafs the number of sitesNsie = Nw + Ni).

The two examples above, despite their simplicity, give us  1ne general form of the dipole operator for ad.—M)n
two interesting insights. First of all, the Hamiltonian of eq 1 SYStem Is
appears to contain the essential ingredients to modetLRu Nete N 41
complexes at various oxidation stateé2(and+3) of ruthenium, . . site
which is missing in the two-state models by Hush and PKS u= znm(l - 2
where the explicit role of the ligand orbital and correlation bo
effects are both neglected. This finds further confirmation in Lo the M-L distance has been taken to be unity for

the study of bridged systems that follows. Second, the intense i viicity. We utilize a complete basis set of miningl that
MLCT transition in the range 16 0620 000 cnt? for the four PG (Nm) (Net/Nep —ptotal number of elect??;ls with
Ne elifiYel —

i — Nsile
M—L dimers, predicted by the model proposed, is the result of 'S ?" N= (’j:l?l . ) .
a strong electronic delocalization between metal and ligand SPIN up/down) possible configurations and the total number of

orbital (see eq 5), as also confirmed by the strong absorption E/ECtrons is given by the simple rubér = Nruaiy + 2Nrug-
itself. In fact, in case of well-localized states one would expect With the Hamiltonian of eq 10 and the dipole operator of eq

almost no MLCT transition, since the transition dipole is zero 1 We can then calculate the absorption spectra for bridged

between localized staté3: systems. . -
The evidence of such a strong-\L delocalization, from both In the case of the species [(NJsRu-pyz-Ru(NH)s]

experiments and theoretical electronic models, suggests thalm = 4 5, g‘_rf‘fd 6) tfhis h:’;s al;ead%/\/t\)/eefn d(()jne for a S%t of
vibronic interaction should not be responsible for any substantial Parameters different from that of e We found a very goo

shift in the position and relative intensity of the bands. Thus, 29reement between calculated and observed spectra as far as

when all considerations given above are extended to bridgedthe effect of changing the total charge is concerned. In short,

systems, one can expect that also in that case, the position and’€ found a peak in the near-IR for only the species and a
relative intensities of the bands in the near-Rs can be  Pe€ak in the visible region only for bot#S and+4 species.

predicted by a purely electronic model. While this can be quite Howeyer, the position§; of the computed'peaks and their relative
obvious for delocalized (class Ill) systems, it is not so in case intensity was not precisely those found in the experiments. We

of partially localized (class Il) systems where vibronic interac- _then performgd a par_ametric fit of the qbserved bands, which
tion has always been invoked. included the information that the6 species do not show any

This, of course, does not mean that one can always neg|ectabsorption in the near-lRvis. The resullts obtained are the
the effect of nuclear motion. Indeed, it is very relevant in parar_neters of eq 4,_and_ the corresponding spectra for the three
determining the line shape profile and cannot be disregardedsDeC'es are shown In Figure 2. . . e
when studying properties such as the Stark effecEurther- Thg agreement with the experlmenta[ intensities is notably
more, there can be systems in which electronic delocalization @Meliorated. The near-IR peak for thé ion is at 0.607 eV,
is of the same order of magnitude as the vibronic interaction, and that in the visible region is at 2.07 eV, while for thd

and in these cases a purely electronic model would fail; however, SPECIES it is at 1.78 eV, and the relative intensity of the three
peaks is in agreement with the experimental findings (see ref

(47) Ford, P. C.; Rudd, F. P.; Gaunder, R.; TaubeJHAm. Chem. Soc. 18 and Figures 4 and 5 of ref 30). However, with this new set
1969 90, 1187. of parameters the assignment of the peaks remains essentially

(11
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but a strong absorption in the visible region persists (Figure 6
14 of ref 30), and the same band is also observed fortthdéon
(Figure 4 in ref 30).

o m=6 The presence of the band in the visible region, according to
0.8 a m=5 the above discussion on the [Ru(B)s-L]™ (m= 2, 3, and L

o m=4 = pyz, 4,4-bpy) compounds, suggests that the metal-to-ligand
interaction is expected to be very strong. Therefore, one is faced
with the question of understanding why the mixed-valent
species, in the case of £ 4,4-bpy, has a near-IR absorption

4 at higher frequency and with intensity reduced by a factor of 5
in comparison with L= pyz (compare Figures 5 and 6 of ref
30). In fact, within a picture that considers only arteorbital

in analogy to that utilized above for the delocalized systems
0.2-] T [(NH3)sRu-pyz-Ru(NH)s]™, the model would also predict a

e
o
1

Intensity

o
IS
1

strong absorption in the near-IR.

TT q One could then invoke vibronic interaction: in the case of

0 2 4 6 8 4,4-bpy one has a more symmetric line shape than for pyz,
wleV) and, according to the PKS schefi¢he Franck-Condon factors

Figure 2. Absorption spectra of the bridged compounds [g8Ru- would suggest that th_e system is partially !ocalized. Howevgr,
pyz-Ru(NH)s]™ at various total charger(= 4, 5, 6) as computed by the value for the coupling between electronic and nuclear motion

the electronic model Hamiltonian of eq 10 with the same parameters Needed to predict such a variation of line shape, in the presence
as in Figure 1 (eq 4). of a strong M-L delocalization as required to explain the MLCT
at about 2 eV in both cases of pyz and' 4y dimers, should
the same as that reported in ref 24 and is in agreement with refbe unrealistically high in comparison to the hopptra;d would
23, which can be summarized as follows: shift too much both peaks (IT and MLCT). Thus, while the
(i) the peak in the near-IR for thé-5 species, known as  reasons for the more symmetric line shape in thé-dpy case
intervalence (IT) transition, can be interpreted as having slight can be different from that of the Franekondon progression
ligand-to-metal charge transfer (LMCT) character; in localized two-state systems and should be investigated, one
(i) the peak in the vis for both the-5 and+4 species is may answer the question within a purely electronic framework.
essentially a metal-to-ligand charge transfer (MLCT) from a  Indeed, the problem can be solved if one considers the
doubly occupied metal orbital. differences between pyz and 4ppy. The latter ligand is made
According to ref 23 both transitions contain IT character, by two out-of-plane rings connected by a single bond, so that
which in this delocalized case means reduction in the bond order.there cannot be a delocalized orbital on the whole molecule,
When the model is applied to longer chain analogues, that which would require coplanar rings. Therefore, instead of the
is, to the bridged systems synthesized and studied by Vonsinglez* orbital considered for pyz, the ligand could now be
Kameke, Tom, and Taul3 again we obtain a good agreement represented by means of two separetterbitals between which
between theoretical prediction and experin®if. The optical electronic delocalization is very small. Thus, one models the
absorption spectra observed in the visible region as a function[(NH3)sRu-(4,4-bpy)-Ru(NH)s]™ ions as a [M-L—L—M]™"
of the total charge of the ion are very well reproduced with the system in which the ML hopping integral {} is the same as
model Hamiltonian discussed here. Unfortunately there is no that for pyrazine and the-+tL hopping (') is much smaller.
measurement available in the near-IR, so the behavior of the The termt' can be somehow seen as an effective hopping
calculated peaks in that region cannot be verified with the resulting from the coupling of electronic delocalization with the
experimental results. To summarize, we predict that there is atorsion of the two rings of 4,40py. From this perspective, it
peak in the near-IR only when one or more Ru(ll) is present would probably be more appropriate to consider for the ligand
whose frequency decreases upon increasing the length of thea coordinate-dependent hoppifig?4° and there is the pos-
chain, that is the number of Ripyz units. This behavior is  sibility that this would also explain the symmetric line shape.
reminiscent of that observed in high-superconductofg and However, while this approach will be investigated in the future,
is an indication that the system can be a conductor, in accordwe will show that in order to discuss the position and intensity
with some experimental finding8. The near-IR peak can be of the bands observed in the near-I&s, the use of an effective
interpreted as a slight LMCT for short chains (see above) but t' in an electronic approach is sufficient.
it turns to a sort of MMCT transition (e.g. a transition in which The model Hamiltonian for the [ML—L—M]™" system,
the two states involved have almost the same average chargavhich is derived from that of eq 10 including the-L hopping
on the metals but with a different distribution) as the length of t', can be written as
the chain increases.
(B) M—L—L—M Compounds. A different situation occurs Nsite
when the ligand bridging the two metals does not havera  H =% ¢n + t(aa, + aja, + h.c)+ t'(aya; + h.c.)+
orbital well delocalized on the whole molecule, such as for4,4 ]
bpy. M-—atom L—site
The mixed-valent compound [(Ny$Ru-4,4-bpy-Ru(NH)s]>* u z nany UL z nan, (12)
is considered, unlike [(NkJsRu-pyz-Ru(NH)s]>", to be an ] ]
example of a localized (class Il) compound. Indeed, its

the repulsion ternJ,. on the ligand orbitals for the reason which

(48) Uchida, S.; Ido, T.; Takagi, H.; Arima, T. Tokura, Y.; TajimaPys.
Rev. B 1991 43, 7942. (49) Bozio, R.; Feis, A.; Zanon, |.; Pecile, @.Chem. Physl989 91, 13.
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Figure 3. Absorption spectra of the bridged compounds [NRu- Figure 4. Absorption spectra of the bridged compounds [@¥Ru-

4,4-bpy-Ru(NH)s]™ at various total chargen(= 4, 5, 6) as computed 4,4-bpy-Ru(NH)s]™" at various total charger(= 4, 5, 6) as computed
by the electronic model Hamiltonian of eq 12. The three paramgters by the electronic model Hamiltonian of eq 12. The three paramgters
A, andU are the same as those of Figures 1 and 2 (ef 4),—0.15 A, andU are the same as those of Figures 1 and 2 (et| 4),—0.15
eV andU. = 0. eV andU, = 2.5 eV.

will be explained below; sites 1 and 4 correspond to the two by the experiment and whose intensity is about twice that of

edge metals, and sites 2 and 3 correspond to the two ligandthe peak at 1.3 eV.
orbitals. An analysis of the states involved in the various transitions
The dipole operator now has the form in the near-IR-vis is able to give a precise understanding of
the origins of the peaks, as well as of the role played by the

_ b b b b Coulomb repulsion on the ligand,, neglected in the study of
#= —(a + E)nl Tt (a * E)n“ (13) fully delocalized compounds (i.e. those schematized a4 M
M). The results are reported in Table 1, whevg is the weight
wherea andb are respectively the ML and L—L distances. (normalized to 1) of configuration with 1, 2, etc. electrons on
For the three species far= 4, 5, and 6, we have respectively metal orbitals,Dy is the weight of 1 and 2 doubly occupied
36, 24, and 16 basis states. We have estimated émdb the metal orbitals, and, is the corresponding for ligand orbitals,

valuesa = 3.4 A andb = 2 A, as the R-N distance plus half  according to eqs 14 and £%26:27
the N—C distance in one ring of 4dpy and the latter plus

half the C-C distance between the two rings, respectively. R R R R Nsite
According to the results discussed above for-Rusystems, Wiy(K) = Wy, (KD Wy, (K) = 6(Py.K); Py = %Pi (14)
we have considered fdr A, andU the values of eq 4 and we i€

have chosen for' the valuet’ = —0.15 eV~ t/5, according to

the intensity ratio of the near-IR band for 4jgpy and pyz+5 Note
MV compounds. DM(I) = EMDM(I)W)D DM(') = 6(BM!|); BM = _%ﬁmﬁi&
The spectra for the three ions, takibg = 0 andU, = 2.5 ' (15)

eV, are shown respectively in Figures 3 and 4. It can be seen

that, in the near-IRvis region, as far as position and intensity, In eq 14,k is the number of electrons in the metal, while in eq
the agreement between the calculated spectra and those observel, which can be rewritten for the ligand L by simply
experimentally in Figure 6 of ref 30 is quite good in both cases. exchanging M with L] is the number of doubly occupied sites.

The only exception is that in the case of Figure 3, in wHigh The ¢’s appearing in egs 14 and 15 are simple Kronecker
= 0 as taken for M-(L—M) compounds, the computed spectrum §’s. Their effect on the statiey[is to destroy each component,
exhibits for the+4 ion a peak at about 1.6 e%({3 000 cnt?) in the configuration space, whose number of electrons on M
which is not observed experimentally. This does not happen (or L) is not the one required.

for the corresponding spectrum computed tr = 2.5 eV The analysis confirms thaf, has a relevant effect only for
(Figure 4): in this case the computed spectrum for-tifeion the +4 ion, in which the g— e; transition is shifted to a little
exhibits two bands around 2 eV which, together, form the higher energy fold, = 2.5 eV since the weight of doubly
observed band centered at about 16 000 cmvhich itself, occupied ligand orbitals inieis seen to decrease sensibly

according to the discussion reported in ref 30, is predicted to (compare, for thet-4 ion, D, for e; in Table 1). Thus, when
be originated by two peaks close to each other. Therefore, theU, = 0,this transition is essentially of the same nature of that
best set of parameters to fit the experimental spectra in the nearat 2.17 eV (g— &), e.g. a MLCT from a doubly occupied metal
IR—vis should be that of Figure 4. Note that the inclusion of orbital to a singly occupied ligand orbital (in the lower part of
U, is not just for ameliorating the fit but there are reasons, that Table 1,Wu(4) andDw(1) go from 0.33 to 0 an®, is always
will be discussed below, that explain whly can be disregarded  very small), while forU, = 0 it appears to be an MLCT with
for M—L—M and not for M—~L—L—M systems. a contribution from doubly occupied metal orbital to doubly
Furthermore, the calculations predict a peak at very low occupied ligand orbital. Notice, however, that this does not
frequency (about 0.06 e¥500 cnT?) in a region not covered  happen in the case of the three-site model for-IM-M
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Table 1. Analysis of the Ground (g) and Excited Statesg (e, &) Involved in the Near-IR-Vis Transitions for the
[(NH3)sRu-(4,4-bpy)-Ru(NH)s]™" (m = 4, 5) As Modeled by the Hamiltonian of Eq 12

WM DM DL
m state  (eV) total % on M 1 2 3 4 1 2 1 2
U|_ =0
5 g 0.000 83.5 0.02 0.45 0.53 0.54 0.01
e 0.067 84.7 0.02 0.42 0.56 0.57 0.01
& 1.304 66.7 0.02 0.96 0.02 0.02 0.00
e 2.134 78.7 0.04 0.56 0.40 0.41 0.03
4 g 0.000 77.2 0.01 0.20 0.48 0.31 0.49 0.31 0.02 0.00
e 1.581 66.5 0.00 0.33 0.67 0.00 0.68 0.00 0.32 0.00
e 2.074 72.8 0.00 0.08 0.92 0.00 0.95 0.00 0.08 0.00
U =25eVv
5 g 0.000 84.1 0.01 0.45 0.54 0.55 0.01
e 0.064 85.3 0.01 0.41 0.58 0.58 0.00
[ 1.283 66.5 0.02 0.97 0.01 0.02 0.00
e 2.163 78.9 0.02 0.59 0.39 0.40 0.01
4 g 0.000 78.3 0.01 0.18 0.48 0.33 0.49 0.33 0.01 0.00
e 1.847 73.7 0.00 0.05 0.95 0.00 0.96 0.00 0.04 0.00
& 2.170 74.1 0.00 0.04 0.96 0.00 0.98 0.03 0.00

compounds, where the ground state has a slightly higher metallic The model above could be easily extended to longer chain

character. Thus, while a Coulomb repulsion term on the ligand Ru—4,4-bpy compounds (M(L—L—M),) as has been done

ar* orbital(s) is to be expected, its role is not so relevant in for Ru—pyz systems. However, since to our knowledge these

M—L—M systems, and indeed its inclusion in the model compounds have not been synthesized or studied, we do not
Hamiltonian of eq 10 only causes a shift of a few wavenumbers report any example here.

in the MLCT peak for thet+4 ion.

For the+5 ion, the two relevant transitions {g e; and g— Conclusions
e3) found, in both cases df. = 0 andU_ = 2.5, at~1.3 and ) _
~2 eV, respectively, have about the same origin of those2at In the present article, we have presented and extensively

eV for the+4 ion and discussed above, i.e., a MLCT transition discussed, for the specific case of Ru, an electronic model for
from doubly occupied metals (see Table 1). The only difference, bridged transition metal chains which appear to contain all the

which can be seen from Table 1, is that in the latter{ges) essential ingredients to reproduce and explain the optical
the amount of doubly occupied metal orbitals involved is lower Pproperties in the near-Rvis.
(for U, = 2.5,Dy is 0.55 forg, 0.02 for g, and 0.40 for g). Our approach somehow distinguishes between delocalized and

This is a very important point. Experimentally there is a peak partially localized compounds, in the sense that the two cases
at 1 eV (Figure 6 of ref 30), assigned as an IT transition as is are seen respectively as-ML—M),, and M—(L—L—M), and
the 0.7 eV peak of the Creutd aube ion. Our model predicts  the main difference is thus in the presence of a small ligand
a peak at~1.3 eV with the same intensity ratio as the eV ligand interaction causing partial electronic localization.
peak as that observed experimentally, and a better fit in the pBasically, the model includes the explicit role of ligand
position can be probably found with a more accurate choice of grhitals and contains the effect of electronic correlation (Cou-
the parameters (taken here as equal to that for the pyziomb repulsion), neglected in most popular two-state approaches.

cr:)mpognld.s). Hor:/vev?r, thl_?_ hature of Sglchapea:jk'predﬁtfg_ll?y While it is possible to get a better optimization of the
the model is not that of an [T transition, but instead IS an parameters ruling the various effects for each specific case, it

like t_h_e peak ar~2 eV, The_ model indeed predicts an IT is shown that with the same set of parameters the model is
transition at~0.06 eV (see Flgures 3 and 4 and Table 1), a consistent in accounting for the observed optical properties of
region not covered by the expenmen@. . . bridged compounds and their parent—M dimers in both
This result, although in con'trast with the previous assign- ye|gcalized and partially localized cases, as well as for all
ments, Is very_reasonable. First .Of _aII, an IT transition at a possible values for the total charge of the ions, which can be
frequency so high as 1 eV should indicate very strong electron obtained by combining metals of different oxidation states.

delocalization and thus have a huge intensity, unless a strong The present work focuses on [(NRU-pyz-RU(NH) ™
- - 5. ’

vibronic interaction is invoked, but we can exclude that by
: : [(NH3)sRu-(pyz-Ru(NR)s)a]™", and [(NHs)sRu-(4,4-bpy)-
previous arguments and from the fact that its effect should also Ru(NHe)s™ as bridged compounds, but we are convinced that

be seen in the MLCT transition, which instead is in the 2 eV th el d b lied to other bridaing ligand
region as for the pyz compound (where an adiabatic approach € model proposed can be applied to other bridging igands
and we are also confident that it may be considered for other

is reasonabf¥). Furthermore, if the 1 eV transition was really ; . . .
an IT transition, its behavior under crown ether encapsulation metals. In this perspective, we will further explore the field in
X the future.

would be the same as that for the Cretfaube ior?! that is,
a slight blue shift upon symmetric encapsulation, and this is
not observed. In fact, Hupp and co-work&rslearly show that

. ! . ) Nazionale Materiali Innovativi e Tecnologie Relative (MITER)
this peak, upon symmetric encapsulation, appears at a Sllghtlyof CNR. This work has been performed in the framework of
lower frequency and thus shows the same behavior as the
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