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A series of covalently linked, transition-metal donor/acceptor complexes are described in which the net donor-
acceptor coupling matrix element,HDA, is independent of the extent of coupling between the donor and the
bridging ligand. The bridging ligand in these complexes is a transition-metal dicyano complex with a tetraaza
aliphatic nonbridging ligand,cis- or trans-M(MCL)(CN)2

+ for M ) Rh(III), Co(III), or Cr(III), donor )
Ru(NH3)5

2+, and the acceptor) Ru(NH3)5
3+. The electronic coupling (and electron delocalization) between

the donor and the central atom (M) of the bridging ligand varies fromHDL ≈ 103 to ∼3 × 103 cm-1 through
the series of M(MCL)(CN)2+-bridged complexes, and this variation has an effect on the energy of the Ru-
(II)/Ru(III) CT absorption maximum, which is expected from perturbational mixing of these electronic states.
However, the usually correlated superexchange contribution toHDA is not observed and appears to be less
than about 10% of the contribution predicted. This is in contrast to observations on related complexes with
pyridyl-type bridging ligands. The unusual behavior can be a consequence of the dependence of D/A electronic
coupling on the CN- vibrational distortions and the mixing of the two Ru(II)/Ru(III) electron-transfer states
with the BL state promoted by in-phase and out-of-phase combinations of CN- stretches. Such an approach
predicts very little superexchange coupling when there is little electron delocalization onto the bridging ligand
and requires thatHDA be a strong function of the electron-transfer coordinates.

Electronic coupling (HDA) between an electron transfer donor
(D) and acceptor (A) is a complex issue of considerable
fundamental importance.1-7 It is a major factor in the efficiency
of long-range electron transfer in biological systems, the
conductivity or efficiency of “molecular wires” and other
potential molecular devices, and in the understanding of the
fundamental aspects of any electron-transfer-based process.1-16

Accounting for the bridging ligand contributions toHDA in
linked D/A systems has been a major concern for much of this
work.1-5,8-12 In this report, we describe some dramatic evidence
that linker-mediated vibronic17,18 effects can alter the patterns
of HDA in simple covalently linked D/A complexes. These
observations should provide important criteria for evaluating
the range of validity of theoretical models for D/A electronic

coupling and should also be important considerations in
strategies for designing molecular-level devices.

Experimental evaluations ofHDA have generally been based
on the oscillator strengths of D/A charge transfer (CT) absorp-
tion bands, from the fits of electron-transfer rate data to kinetic
models, or variations in electrochemical behavior.1,2,8-11,13

Relatively simple models are often used; e.g., thatHDA decreases
as a monotonic, usually exponential function of the spatial
separation (or “path length”) along a covalent connector.1,2,11-15

Such approaches have successfully described the behavior of a
large number of systems. However, there is evidence that
simple models are not always useful: (a) the D/A separation
distance,rDA, is a parameter dependent on the distribution and
polarization of the electron density of the initial and final
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states;19-22 (b) theoretical models have suggested thatHDA may
not decay uniformly from one linker to the next;6,23 (c) some
molecular systems exhibit “quantum interference” effects;24 and
(d) values ofHDA based on different measurements on the same
molecule are sometimes inconsistent.17,25,26

In a large number of molecular systems electronic coupling
has been found to alter the molecular properties in patterns
which are consistent with the arguments of Hush7 and of
Mulliken.19 Most notably, this has been the case for complexes
of the type [Ru(NH3)5]2(BL) in which HDA < ∼200 cm-1 8-10,27

and have often served as model systems with which to test the
validity of the theories. We find very different patterns when
BL is a dicyanometallo complex with an aliphatic tetraazamac-
rocyclic nonbridging ligand (BL) cis- or trans-M(MCL)-
(CN)2+, where M ) Co(III), Rh(III), or Cr(III)). In these
complexes, the oscillator strength of the intervalence charge
transfer (IVCT) transition andHDA are independent of the Ru-
(II)/M(III) coupling (HDL), even when this coupling is strong
enough to give rise to an intense donor/bridging-ligand charge-
transfer absorption (DLCT) absorption, as in the complexes with
M ) Cr(III) for which HDL ≈ 3 × 103 cm-1.17 Thus, we find
thatεmax(av)) 121( 16 for thecis-andtrans-M(MCL)(CN)2

+-
bridged complexes, independent of M. This unusual behavior
contrasts dramatically to that of IVCT transitions in complexes
with BL being a substituted 4,4′-bipyridine-type of ligand by
Taube and co-workers.27

The mixing of the two electron-transfer states with the higher
energy CT state(s) (designatedc) of the bridging ligand (i.e.,
for ψi ) ψi° + Rijψj° whereRij ) Hij/Eij), which gives rise to
HDA

s, eq 1,1,12also results in the stabilization of the lower energy
electron-transfer states (g and e) by εij ) Rij2Eij (see Figure
2).18 It is usually assumed thatHec ) Hgc = (0.0205/rDA)-

[εmax∆ν1/2hνmax]1/2, and the matrix elements can be evaluated
from the DLCT absorption band.1,7,19,28 This argument predicts

thathνmax(IVCT) should decrease systematically with increasing
Rec, since Eec < Egc, so that∆εge ) (εec - εgc) > 0. The
observed IVCT transition energies for the [M(MCL)(CN)2]+ and
(4,4′-bpy)-bridged Ru(NH3)5

2+,3+ complexes do tend to decrease
as ∆εge increases (Figure 3),29 in reasonable accord with
expectation, and the variations inhνmax(IVCT) can be taken as
a measure of the coupling of the D/A system to BL. Since
similar parameters appear in eq 1 and in∆εge, one expects that
there should be a strong correlation between∆hνmax(IVCT) and
HDA

s if superexchange coupling is important. This is consistent
with the Sutton and Taube study but not with ours (Figure 1).

That one of the standard spectroscopic signatures of the
mixing between excited states (shifts of absorption maxima) is
observed in the [M(MCL)(CN)2+]-bridged complexes while
another (“intensity stealing” by the lower energy band) is not
is consistent with symmetry-based vibronic Ru/M coupling in
these complexes. The symmetry aspects are most easily
formulated in the electron-transfer transition state for symmetric
complexes in which the two electron-transfer states are degener-
ate, symmetric and antisymmetric combinations of the two

Figure 1. Comparisons of the variations inhνmax(IV) with those for
the electronic matrix element (HDA) inferred from the oscillator strength
of the IV absorption band for pyridyl bridges (n) and M(MCL)(CN)2+

bridges (9); see ref 30 for identity of bridging ligands.

HDA
s = HgcHecγ/Eav (1a)

Eav ) 2EgcEec/(Egc + Eec) (1b)

Figure 2. Schematic illustration of the three-state scheme used for
the perturbation theory arguments in this paper.

Figure 3. Perturbation-theory-based expectation for variations inhνmax-
(IVCT). It has been assumed that the two electron-transfer states are
mixed only by means of coupling to the lowest energy metal to ligand
CT (DLCT) excited state and that the mixing matrix elements are the
same for both of these states (Hgc ) Hec). The solid circle is based on
bimolecular electron self-exchange rate parameters (see text); the other
points are as in Figure 1.F(Eij ) ) (Egc - Eec)/Eec, εmax, and∆ν1/2 are
based on the DLCT and IVCT absorption band parameters.
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valence-localized states. The perturbing{Ru(III),M(II),Ru(III) }
CT excited state is electronically antisymmetric,30,31 and only
mixing with the antisymmetric electron-transfer state is elec-
tronically allowed. This constraint will be relaxed if the Ru-
(II)/M(III) mixing is promoted by coupling to the CN- stretch,17

since the symmetric (qs, in phase) and antisymmetric (qa, out
of phase) combinations of CN- stretches in the dicyano
complexes will couple to mix the CT state with the electron-
transfer states, leading to a secular equation of the form of eq
218 (wherebi is a linear vibronic constant appropriate to the
mixing of the electron-transfer states with the DLCT state,b′
is the linear vibronic constant appropriate for the mixing of the
electron-transfer states, andVc is the energy difference between
the electron-transfer states and the CT state in the symmetry-
adapted limit). The coupling of electronic states in the valence-

localized situation can be approximately represented in a similar
manner if the in- and out-of-phase matrix elements are
represented asHgc ) baqa = b cosθ ≈ b(1 - θ) andHec ) bsqs

= b sin θ ≈ bθ for θ very small and assuming that|bi| . |b′|.32

For such a limit,HDA
s ≈ 0. The M-independent coupling that

is observed in these complexes could arise from Ru/CN- CT
states.17 The two CN- centers (or the py centers of the 4,4′-
bpy-like ligands of Taube’s work) would give rise to symmetric
and antisymmetric combinations of perturbing (MLCT) excited
states, and the phase (or symmetry) issue would not be as clearly
evidenced in the IVCT absorption intensity.

If the vibronic and solvational contributions are large enough
to stabilize a charge-separated (or localized) ground state and
taking b′ ≈ 0, the vertical energy difference between the electron
transfer states,∆ge, will be given by eq 3, whereδs is the
contribution from the solvent. When Eec = (Ve - ∆ge) e |Hec|,

thenψc = (ψe
o - ψc

o)/21/2, ψe = (ψe
o + ψc

o)/21/2, and the phase
(or symmetry) constraints should become less important. This
is likely to be the case for thetrans-(py)4Ru(CNRu(NH3)5)2

5+

complex33,34for which we findεmax(IVCT) ) 1700( 200 cm-1

M-1 andhνmax(IVCT) ) 10 × 103 cm-1.
While Figure 1 suggests that superexchange coupling (HDA

s),
mediated by BL, makes the major contribution toHDA in the
(4,4′-bpy)-bridged complexes, it also indicates that this contribu-
tion toHDA is largely prohibited for the [M(MCL)(CN)2]-bridged
complexes. The IVCT transitions observed for Ru(NH3)5

3+,2+

couples bridged by M(MCL)(CN)2
+ complexes appear to define

an experimental limit in which D/A electronic coupling is not
propagated down a chain of nearest-neighbor atoms and in which
nuclear displacements of the atoms of the bridging ligand play
a crucial role in determining|HDA|. It seems likely that there
are a variety of D/A coupling mechanisms, with the contribu-
tions of any one of them depending on the nature of the bridging
ligand and the nature of the interactions between the D/A pair
and the bridging ligand.

The synthesis and characterization of the (MCL)MIII (CNRu-
(NH3)5)2

5+ 17 and Ru(py)4(CN)234 complexes have been de-
scribed previously.
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