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Abstract

The emission spectra of several classes of transition metal complexes are examined for relationships between strong donor/acceptor (D/A)
electronic coupling (expressed by the matrix element,HRP) and the Franck-Condon (FC) parameters in electron-transfer systems. The effects
of large values ofHRP on the FC parameters are expressed in terms of the configurational mixing of the diabatic electron-transfer states are
interpreted in terms of the fraction of electron density that is delocalized (α2

RP), and they are evaluated with respect to the limit thatα2
RP → 0.

Ion pair charge transfer spectra and outer-sphere electron-transfer systems are used to define this limit. One effect of values ofα2
RP ≥ 0.03 is

the dramatic attenuation of electron-transfer reorganizational energies, and this effect is examined with respect to the variations in the vibronic
contributions of the bpy ligand to the 77 K emission spectra of am(m)ine-polypyridine ruthenium(II) complexes. These contributions of high
frequency vibrational modes are manifested in the carefully calibrated near infrared emission spectra as changes in the relative intensities of
the vibronic sidebands or in the band shape on the low energy side of the spectrum. These vibronic contributions are most clearly exhibited
in empirical reorganizational energy profiles (emreps) based onΛx = hνvib(�Iobsd/Imax(f)), where�Iobsd is the intensity difference between the
observed emission spectrum and the fundamental component. The emreps provide a useful approach for examining the experimental spectral
data for contributions of high frequency vibrational modes to the excited state distortion. The respective emreps clearly display the attenuation
of the bpy-centered vibronic contributions with the fraction of charge delocalized. The implications for the electron-transfer coordinate in
these strongly coupled D/A complexes are considered. Strong electronic coupling between the donor and the acceptor (or between the initial
and the product of electron-transfer states) to the ligand that links them can dramatically change the electron-transfer properties of the D/A
complex. Work of the Taube group illustrates the variations inHRP that are induced by the bridging ligand. Other effects of strong coupling
with the bridging ligand are: (1) reductions of the energy of the D/A electron-transfer absorption band that are roughly proportional to
HRP; (2) bridging ligand distortions that alterHRP and also result in contributions of the bridging ligand vibrational modes to the electron-
transfer reorganizational energy. The first of these effects is a characteristic of superexchange coupling and the substituted-dipyridyl ligand-
bridged Ru(NH3)5

2+/Ru(NH3)5
3+ complexes (studied by Sutton and Taube) are considered as models. Cyanide-bridged metal complexes

are models for the second effect. The entanglement of the nuclear coordinates of the bridging cyanide withHRP (i.e., vibronic coupling,
with HRuCr = H0

RuCr + bQCN; whereQCN is the CN bond length andb is a constant) results in anti-kinematic shifts of the ground state CN
stretching frequencies of M(CN)Ru(NH3)5 complexes and in a failure of superexchange coupling in a series of [{Ru(NH3)5}2M(MCL)(CN)2]6+

complexes (MCL = a tetraazamacrocyclic ligand). The electron-transfer emissions of these complexes, displayed as emreps indicate that the
CN stretch contributes more than 100 cm−1 to the overall electron-transfer reorganizational energy in CN-bridged complexes, and implicate
a dominant NH stretching mode-mediated nuclear tunneling pathway for back electron-transfer in these complexes. Excited state electron-
transfer relaxation by means of NH mediated nuclear tunneling pathways appear to dominate for{CrII (CN)RuIII }→ {CrIII (CN)RuII} at 77 K,
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but a more efficient relaxation pathway appears to be important for the am(m)ine-polypyridyl RuII complexes.
© 2004 Elsevier B.V. All rights reserved.

Keywords:Ammine-polypyridine ruthenium(II) complexes; Cyanide-bridged transition metal complexes; Near infrared electron-transfer emission-
change coupling; Vibronic coupling; High-frequency vibronic modes

1. Introduction

The experimental studies of Henry Taube and his as-
sociates defined the basic parameters of electron-transfer
processes[1–3]. These processes encompass a vast range
of phenomena, including fundamental aspects of chemical
reactivity and spectroscopy and extending to solar conver-
sion and electronic devices[4]. The theoretical relationships
between charge transfer spectroscopy and electron-transfer
kinetics was pioneered in Noel Hush’s work[5–7], and these
relationships were systematically evaluated in Henry Taube’s
experimental studies[3,8–15]. These relationships have been
reviewed in several places[2,3,16–27], and several theo-
retical models have been proposed to describe aspects of
electron-transfer systems[5–7,18,22–24,28–49]. The mate-
rial emphasized in this article deals with the characteris-
tics and implications of electron-transfer emission spectra
of transition metal donor/acceptor (D/A) complexes. These
spectra contain a great deal of information about the electron-
transfer properties of coordination complexes, and the com-
parison of spectra for closely related complexes can reveal the

electron-transfer properties implies reference to the pro
ties of otherwise equivalent systems in the limit where
figurational mixing (or electronic coupling) approaches z
The experimentally established properties of useful refer
systems that approximate this zero-mixing limit can ofte
found in the work of the Taube group.

The rate constants for electron-transfer reactions of
sition metal complexes span a range of at least20

[2,21,33,43,50,51]. This range of reactivity can be cor
lated with the optical electron-transfer absorption band
ion pairs or of covalently linked complexes, and the
lar absorptivities of these absorption bands vary from
to more than 105 [6,21]. Observable electron-transfer pro
erties of a substrate, such as rate constants and mol
sorptivities, can be described in terms of the probability
unit time of the transition from an initial state of the s
tem, designated by a subscript R, to a final state, desig
by a subscript P. The transition probabilities are funct
of basic physical properties of the D/A system such
the net reaction driving force, the accompanying cha
in molecular geometry, and the configurational mixing
changes in properties that accompany configurational mixing
in strongly coupled D/A systems. Evaluating such changes in

electronic coupling) between the donor and the acceptor
[2,3,5,6,21].
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The bimolecular, or outer-sphere electron-transfer behav-
iors of transition metal complexes are generally well de-
scribed by the semi-classical models of Marcus and Hush
[5,6,29–31], for example see[2,16,21,24,28,43,50,52]. These
models presume that there is very little configurational mix-
ing between electronic states. It is common to describe the
reactants and products potential energy (PE) surfaces in terms
of quadratic (or simple harmonic oscillator (SHO)) functions
of displacements in the associated nuclear coordinates (or by,
at most, only very small deviations from this limit). This is
referred to as the weak-coupling limit in this article (it is of-
ten called the non-adiabatic limit). To a significant degree,
the models for this limit have become the “standard” models
of electron-transfer behavior. The deviations of the observed
electron-transfer properties of covalently linked complexes
from those expected in the weak-coupling limit can often
be attributed to the mixing of properties of the linker with
the donor and acceptor electron-transfer properties in such
a way that the PE surfaces are distorted from the parabolic
limit. Systematic studies of linked D/A complexes attempt
to determine how D/A configurational mixing alters molec-
ular properties. In order to accomplish this, we reference the
properties of the linked system to those of equivalent weakly
coupled complexes.

This review will focus on selected spectroscopic probes of
t ked
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molecular-level attributes of the donor and the acceptor in
the D/A system[21,53,54],

PRP ∝ H2
RPf (νeff)(FC)r (1)

(FC)r =
∑

j
Fj,h[e−{Gj(r)2/4RTχs}] (2)

Fj,h = S
j

h e−Sh

j!
Sh = λh

hνh
(3)

Eqs.(1)–(3)are based on SHO models at the weakly cou-
pled limit, and, for spectroscopic transitions, on wave-packet
models;HRP (see Section2.4) is the electronic matrix ele-
ment;f(νeff) is an algebraic function that is different for light
absorption, light emission and non-radiative relaxation; the
solvent reorganizational free energy,χs (rather than the reor-
ganizational energy,λs) is used for consistency with�G0

RP,
the high frequency contribution is usually evaluated in terms
of an energy contribution; (FC)r is a “Franck-Condon factor”
(note that this is not the Franck-Condon-weighted density of
states factor[37]). For simplicity in this description of the ba-
sic concepts, only one high frequency vibrational mode (νh)
is considered here (i.e., Eqs.(2) and (3)represent the vibronic
progression in a single normal mode) and any specific effects
of solvent structure are ignored. Applications to actual coor-
dination complexes require the inclusion of many additional
v to
e
t
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S c-
t e the
e nd/or
a eak-
c

q.
( This
e ba-
s ectra
a ates
[ of
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s es. As
he electron-transfer properties of simple, covalently lin
ransition metal donor-acceptor (D/A) complexes. The p
ipal issues that are considered relate to: (a) how the nu
oordinates and the donor–acceptor electronic couplin

nterrelated for some bridging ligands; (b) how configu
ional mixing of the bridging ligand with the donor and
cceptor affects the spectroscopic, thermodynamic an
etic parameters in the linked system; (c) how the highes
uency vibrational modes contribute to the electron-tran
ehavior of D/A complexes. Experimental observation

he electron-transfer properties of three classes of comp
hat deviate from the weak-coupling limit will be cons
red here: (a) ruthenium–polypyridyl complexes in which
onor and acceptor are directly linked; (b) cyanide-brid
omplexes in which the electronic coupling between
onor and acceptor depends on positions of the atom

he bridging ligand; (c) some related transition metal D
omplexes with polypyridine linkers.

. Summary of the expected and observed
elationships between spectroscopic and kinetic
lectron-transfer parameters in the weak-coupling
imit

.1. General considerations and the basis for relating
pectroscopic and kinetic Franck-Condon parameters

It is instructive to consider the transition probability
general and simple form that illustrates the common

endence of the observable electron-transfer properti
ibrational modes; this is illustrated in the applications
mission spectroscopy discussed in Section2.5 below. The

ransition probability is exponential inGj(r)2, where,

j(r) = �G◦
RP + χs + jhνh + rhνobsd (4)

The descriptions of light absorption[53,55], light emis-
ion[53,55]and non-radiative electron-transfer rate const
38,53]differ in the last term of Eq.(4) as well as inf(νeff).
he relationships between the spectroscopic and therm
ction probabilities are given by,

r = −1 (light absorption)

r = 0 (non-radiative)

r = +1 (light emission)


 (5)

Note that�G◦
RP is positive for light absorption and neg

ive for emission. Eqs.(1)–(4)are most nearly correct in th
HO limit where there is very little delocalization of ele

ron density between the donor and acceptor (i.e., wher
lectron-transfer rate and the intensities of emission a
bsorption approach zero). We refer to this as the “w
oupling limit.”

The exponential factor of (FC)r tends to dominate E
1), and this feature simplifies much of the discussion.
xponential function is in Gaussian form, and this is the
is for a Gaussian analysis of absorption or emission sp
s well as the Franck-Condon contribution to reaction r

53,54]. Eqs.(1)–(5) also illustrate fundamental aspects
he interpretation of the vibronic fine structure and the b
hapes of the absorption and emission spectral envelop
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noted above, real systems require consideration of the con-
tributions of many vibrational modes; furthermore, spectral
band shapes are not rigorously Gaussian[56,57], but Gaus-
sian functions have been found to be adequate[54,57,58]
except for high-resolution spectra[56,57].

The energy of the absorption maximum corresponds to the
maximum value of Eq.(1). Since the nuclei do not move dur-
ing the optical transition (Franck-Condon principle), there is
no entropy change and the energy of the absorption maxi-
mum can be expressed in terms of either energy parameters
or free energy parameters. For very weak electronic coupling
and when high frequency modes do not contribute,

hνmax(abs)= E0′0
RP + λs + · · · = |�G◦

RP| + χs + · · · (6)

The emission maximum (for emission of the same elec-
tronic state that is populated by absorption, and after vibra-
tional relaxation) is,

hνmax(emis)= |�G◦
RP| − χs + · · · (7)

An implication of Eq.(6) is that the entropy contribution
to the reorganizational free energy,χr, cannot generally be
neglected. The pressure–volume work for an optical transi-
tion is zero, so|�G◦

RP| = (E00
RP − T�S◦

RP) andχr = (λr −
T�Sr). Thus, the equality in Eq.(6) implies that,

� ◦
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involve a single electronic excited state relaxing to a single
ground electronic state, and these spectra can readily be ob-
tained at low temperatures where the emission bandwidths
are smaller and the vibronic components more evident.

However, the emitting states of transition metal complexes
generally have spin multiplicities different from those of their
ground states. This has implications for the emission energies,
and in strongly coupled electron-transfer systems there may
also be some differences in the distortions of PE surfaces for
the excited states that are initially populated by light absorp-
tion and those of the emitting states. The energy difference
between the PE minima of a singlet and a triplet excited state
with the same orbital population is approximately twice the
exchange energy,Kexch, if there are no other contributing
factors (i.e., in the weakly coupled limit). In general, if two
electronic states differ in spin multiplicity, but have the same
orbital populations, then the state with the largest spin mul-
tiplicity tends to have the lowest energy as a result of the
exchange energy contributions. Configurational mixing be-
tween electronic states of the same spin multiplicity that are
near in energy can alter the sequence of electronic states that
differ in spin multiplicity.

For a single contributing high frequency vibrational mode
and assuming that the Franck-Condon excited state gener-
ated by light absorption, and the emitting state have the same
o es,
r ption
a
d

h

h

e
e rs for
t en
c
r ends
o (the
s e to
r
2 to
r orted
( en-
e
m effec-
t idth
( and
s eso-
l (
a ules
o om-
p n so-
l cause
t most
d of a
SRP
∼= −�Sr (8)

Eq.(1) is also the basis for a well-known equation for
andwidth (full-width at half height,�ν1/2). If there are no
ther contributions to the bandwidth, the solvent reorgan

ional energy can be inferred from�ν1/2 for the fundamenta
omponent of the CT absorption or emission; assumi
aussian band shape[5,6,59],

ν1/2 ∼= 4[RTχs ln 2]1/2 (9)

There are important contributions to the bandwidth
ddition to the solvent reorganizational energy. Other

ributions to the bandwidths in solutions include: (1) in
ogeneous broadening effects[56], such as result from
istribution of solvent environments and the resulting va

ions of�G0
RP andχs [21,60]; (2) low frequency molecula

ibrational modes and vibrational hot bands. Eq.(9) clearly
orresponds to a very simple limit.

When high frequency vibrational modes contribute to
ifference in excited- and ground state geometry, then
T absorption (or emission) envelope will include a se
f peaks (vibronic progressions), differing in intensity
ffect ofFj , an expression based on the vibrational ove

ntegral), but each with the same bandwidth. The vibr
ontributions to the CT absorption spectra of transition m
omplexes are rarely resolved since most absorption sp
re obtained in ambient solutions, so they are intrinsic
road, and since there are often additional electronic tr

ions convoluted on the high-energy side of the absorp
nvelope. The vibronic contributions to emission spectr
ore readily identified since the emission spectra most
rbital populations but singlet and triplet spin multipliciti
espectively, the energies of the maxima in the absor
nd emission spectral components (atj = 0, 1, 2, . . .) are
etermined by the maxima of (FC) and,

νmax(abs)j ∼= |�G◦
RP| + χs + jhνh + · · · (10)

νmax(emis)j ∼= |�G◦
RP| − χs − jhνh − 2Kexch+ · · · (11)

The exchange integral contributions,Kexch, to excited stat
nergies can amount to a few thousand wavenumbe

ransition metal complexes[61], and they are an issue wh
omparing absorption and emission energies[60–63]. The
esolution of the peaks of a vibronic progression dep
n their intensities relative to those of the fundamental
maller their relative intensities, the more difficult they ar
esolve) and on the relative values of�ν1/2 andhνh. When
�ν1/2 > hνh, the vibronic components are often difficult
esolve and the spectral band may be significantly dist
on the high-energy side for absorption and on the low
rgy side for emission), e.g., seeFig. 1; in this limit molecular
odes, as well as solvent modes, can contribute to the

ive bandwidth. Most simple interpretations of the bandw
e.g., as in Eq.(9) and[6]) are predicated on a Gaussian b
hape with contributions only from solvent modes. The r
ution of vibronic components is best at low temperatureRT
nd�ν1/2 small) and in the solid state (where the molec
f interest have a single kind of environment). However, c
arisons of series of complexes are most often based o

ution spectra both for reasons of convenience and be
he spectroscopic parameters obtained in solution are
irectly relevant to most observable kinetic properties
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Fig. 1. A qualitative illustration of the dependence on spectral bandwidth
of the resolution of a vibronic component whose intensity is half that of the
fundamental. For this example it is assumed thathνmax(0′0) = 25,000 cm−1,
hνh = 1000 cm−1 and�ν1/2 = 270, 420, 600 and 850 cm−1, respectively
from the top to the bottom curve. Based on Eqs.(1) and (4). The curves have
been normalized to have the same integrated intensity.

D/A complex. When the vibronic intensities are small (Sh <
1), the intensity of the first vibronic component of a progres-
sion,I0′1, relative to that of the fundamental,I0′0, is given by
[56,64],

I0′1
I0′0

= Sh = λh

hνh
(12)

The preceding discussion is formulated in terms of the
contributions of excited state distortion (or reorganizational
energies) for one quantized molecular high frequency vibra-
tional mode and a continuum of classical solvent modes.
Electron-transfer processes in coordination complexes are
generally not so simple. Several high frequency vibrational
modes are often implicated in the excited state distortion
[65–67], and some of the vibrational modes of a complex may
be of sufficiently low frequency (hνl < 4kBT) that they cannot
be distinguished from the solvent modes under the conditions
of a particular experiment. For the set of molecular vibrational
modes,νM = {νl , νh}, that each make a contribution,λM, to
the overall reorganizational energy,λr, the high frequency
(hνh ≥ 4kBT) and low frequency modes (hνl < 4kBT) con-
tribute differently to the transition probability; the distinction
is based on the sizes of the vibrational quanta relative tokBT
and to significant thermal populations of vibrational excited
states. Under ambient conditions (kBT ≈ 200 cm−1) most
m des
a

2
k
w

ex-
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k

In Eq. (13), KA is the equilibrium constant for the outer-
sphere association of the donor and acceptor,κel is the elec-
tronic transmission coefficient (the probability that products
form once the nuclear configuration of the transition-state
is achieved),νnu is the effective frequency for nuclear mo-
tion along the reaction coordinate in the neighborhood of
the transition-state, and the nuclear transmission coefficient,
κnu, is the classical exponential function of the activation
energy (equivalent to (FC)). The arguments of the preceding
section correspond to thermally activated electron-transfer in
the weakly-coupled limit (κel < 1). The effects of strong elec-
tronic coupling can only be evaluated with respect to the limit
in which the mixing of the donor and acceptor wave functions
goes to zero (HRP = 0). This limit is called the “diabatic”
limit in this article. This limit is experimentally inaccessible;
however,κel is less than unity for most outer-sphere electron-
transfer reactions and the relationships described above hold
reasonably well[2,21,43,52,68]. For a simple outer-sphere
electron-transfer reaction of the type,

D+ A → D+ + A− (14)

The parameters contributing to (FC) may be experimen-
tally inferred from the determinations of the self-exchange
r rent
m cou-
p

D

A

D
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n
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e
F
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s

i kets
r

{

an
b m
etal ligand vibrations will behave as low frequency mo
nd will contribute to the effective bandwidth.

.2. Specific relationships between spectroscopic and
inetic parameters in electron-transfer systems in the
eak-coupling limit

The rate constant for electron-transfer is concisely
ressed by[43],

et(b) = KAκe1νnuκnu = KAket (13)
ate constants (the asterisk is used to distinguish diffe
olecules) and half wave potentials of the constituent
les,

+ ∗D+ � D+ + ∗D, ket(D
+/D) (15)

− + ∗A � A+ ∗A−, ket(A/A
−) (16)

+ + e−− � D, E1/2(D+/D) (17)

+ e− � A−, E1/2(A/A−) (18)

inceRT ln[ket(�G◦
RP = 0)/(κelνnu)] = −χr/4, the reorga

izational free energy for the reaction in Eq.(14) is χr =
/2 [χr(D+/D) + χr(A/A−)] [30,31], and it is experimen

ally accessible. Similarly, the free energy change for
lectron-transfer in Eq.(14) is �G◦

RP = − F�E1/2, where
is Faraday’s constant and�E1/2(D/A) = [E1/2(A/A−) −

1/2(D+/D)] (work term corrections have been omitted
implicity).

The optical transition that is correlated to Eq.(14) is an
on pair charge transfer (IPCT) absorption (the curly brac
epresent contact ion pairs)[27,69,70],

D,A} + hν → {D+, A−} (19)

Based on Eq.(6), the IPCT absorption maximum c
e represented by (�w is the electrostatic work ter
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contribution),

hνmax(abs)= −F�E1/2(D/A)

+ 1

2

[
χr(D

+/D) + χr(A/A
−)
]+�w (20)

This relationship provides a very good correlation of the
IPCT energy maxima and thermal electron-transfer data for
about 30 ion pair couples and about a 5 eV range of optical
transition energies (the actual correlation combined indepen-
dent observations from more than 30 laboratories)[21,69,70].
Almost all of the IPCT absorption bands have molar absorp-
tivities of <103 M−1 cm−1, values ofκel < 1 and fall in the
weakly coupled regime[21]. The relationship between the
optical and thermal measurements in this limit is in agree-
ment with Eq.(20) within the quality of the experimental
data. This provides the basis for reference systems with re-
spect to which the effects of configurational mixing (or elec-
tron delocalization) can be evaluated.

2.3. Simple single mode relationships for the
weak-coupling limit

The theoretical models employed in the weakly coupled
limit can be classical (e.g., the Marcus theory)[6,29,30,43],
s
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Fig. 2. Qualitative representation of the effects of extensive configurational
mixing on the energies for a degenerate (E0′0

RP = 0) electron-transfer sys-
tem in the two state limit: (a) owing to the shift of PE minima, the ver-
tical energy differences (light double-headed arrows on the left) at the
ground state minima are nearly the same in the diabatic (unmixed; dashed
curves) and adiabatic (mixed; solid curves) limits, andhνmax(d) = hνmax(a),
(b) the activation energy for electron-transfer is smaller in the adiabatic
limit, �ERP(a)

�= < �ERP(d)
�=, (c) the reorganizational energies are smaller

in the adiabatic limit,λr(a)(e) < λr(d), and (d) the reorganizational energies
in the adiabatic limit are different for the ground and excited state,λr(a)(g)
≤ λr(a)(e).

(21)–(23)all assume a SHO model for the molecular vibra-
tions.

2.4. Configurational mixing and the electronic matrix
element

The configurational mixing in a two state electron-transfer
system is represented in terms of reactant (R) and product (P)
state electronic wavefunctions (d designates wave functions
for the diabatic electronic states) whenERP> 0,

ψR = ψR(d) + αRPψP(d)

(1 + α2
RP)

1/2
(25)

ψP = ψP(d) + αPRψR(d)

(1 + α2
PR)

1/2
(26)

Note thatαRP = αPR when these quantities are evaluated
in the coordinates of either the ground or of the excited state
PE minimum (or if evaluated at either PE minimum of a
self-exchange or mixed valence electron-transfer system with
ERP(0′0) = 0), but that these quantities are expected to be
larger when evaluated at the excited state PE minimum than
at the ground state PE minimum of an electron-transfer sys-
tem ifERP(0′0) > 0. The effects of the configurational mixing
are to stabilize the ground state, destabilize the excited state
a
c the
e it re-
s

gh-
o ian
emi-classical[38,43]or quantum-mechanical[35,36]. A rel-
tively simple expression for the electron-transfer rate
tant that is readily related to Eqs.(1)–(4)is [38,53],

et = 2π2

h

HRP
2

(πχskBT )1/2
(FC)r=0 (21)

A closely related expression for the electron-transfer
orptivity, obtained from a wave-packet model of the abs
ion process, is[53,55],

νm = 8Nπ3

3000h2cνm ln 10

ηHRP
2(�µRP)2

(4πχskBT )1/2
(FC)r=−1 (22)

In Eq.(22),N is the Avagadro’s number,η the index of re
raction andc the speed of light. This expression depend
he substitution ofHRP�µRP/hνm for the transition dipole

RP [53,55,71]. The related expression for the emission
ensity is[53,55],

νm = 64π4

3h3c3 ln 10

νmη
3HPR

2(�µPR)2

(4πχskBT )1/2
(FC)r=+1 (23)

It should be noted that Eq.(21) is only valid in the weakly
oupled limit (κel < 1). Forνel an electron hopping frequen

n the transition state,κel can be approximated by,

1

1 + hνnu(πχskBT )1/2/(2π2H2
DA)

]
= 1

1 + νnu/νel
(24)

Eqs. (22) and (23)are applicable in both the weak
nd moderately coupled limits (see discussion below).
nd move the PE minima closer together, seeFig. 2. Such
onfigurational mixing affects several of the features of
lectron-transfer absorption and emission bands, and
ults in an increased rate constant for electron-transfer.

The electronic matrix element, as employed throu
ut this review, is defined for an appropriate Hamilton
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operator,H = H0 + H′ + · · · (whereH0 is the zero order
Hamiltonian with respect to which the diabatic states are or-
thogonal, and H′ is a perturbational Hamiltonian that mixes
the diabatic states), with respect to Eqs.(25) and (26),

HRP = 〈ψR/H
′|ψP〉 ∼= H0

RP +H
spx
RP + · · · (27)

Note that Eq.(27) implies that the normalization factors
of Eqs.(25) and (26)are implicit in the matrix elements; this
is the case for allHij andαij quantities in the remainder of
this article. The matrix element for the direct overlap of the
donor and acceptor wave functions is given by,

H0
RP

∼= 〈ψR(d)|H ′|ψP(d)〉 (28)

In Eq. (28), H ′ is a perturbation Hamiltonian that mixes
the electronic state wave functions.

The superexchange contribution,H
spx
RP , is discussed below.

Obviously, the terms that contribute toHRP (Eq.(27)) depend
on the definition of the diabatic wave functions. One must be
consistent in the choice and use of reference states. Values
of the matrix element can be inferred from the deviations of
some measured parameter (absorptivity, half-wave potential,
attenuation of vibronic band intensity, etc.) from that charac-
t of
p tions
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2.5. Vibronic contributions to emission spectra

In general, a large number of vibrational modes are
required to describe the distortions of transition metal D/A
excited states. Since emission spectra are of particular impor-
tance in this article, a more elaborate, multi-mode approach
for interpreting emission spectra is included here. Some vari-
ation on this approach, rather than Eq.(23), should be used
for most complex molecules. Analogous expressions can be
generated to describe absorption spectra and rate constants
when many vibrational modes contribute to the structural dif-
ferences between the ground and excited states (or between
reactants and products). As noted above, we approximate the
vibronic band shapes with Gaussian functions. These ideas
can be combined with Eqs.(1), (2) and (23)to model the
emission spectrum as described here.

The intensity of the fundamental{e,0′} → {g,0} at a fre-
quency,νem, is constructed as:

Iνm(f) ∼= Imax(f) e
−{[hνmax(f)−hνm]2/(�ν2

1/2/4 ln 2)} (30)

The first order vibronic terms are constructed as:

Iνm(0′1) ∑(
λh
)

−{[hν −hν −hν ]2/(�ν2 /4 ln 2)}

I

I

I

n of
I r-
p r for
c tion
( spec =
c

eristic of the diabatic limit, usually based on some form
erturbation theory logic. The magnitudes of such devia

ncrease as a function of the fraction of an electron that i
ocalized between donor and acceptor,α2

RP/(1 + αRP)2. The
ost common approaches are based on D/A spectros
he integrated intensity of an electronic absorption ban
elated to the square of the matrix element; Eq.(22). For a
aussian-shaped absorption band, this relationship c
xpressed as[6,72]

RP ∼= 0.0206

rRP

[
(εmax�ν1/2)hνmax

go

]1/2

(29)

In Eq. (29), εmax is the molar absorptivity at the abso
ion maximum,�ν1/2 is the full-width at half height,hνmax
s the energy of the absorption maximum,go is an orbital de
eneracy factor (important only for comparisons of syst
ith different numbers of partly filled orbitals, and usua

gnored);rRP is a distance parameter. The distance para
er can be interpreted as the distance between the cen
lectron density in the ground and in the excited state[72].

n the diabatic limit (whereεmax= 0) rRP can be taken to b
he distance between the centers of the donor and acc
rbitals,dDA; otherwise, it is smaller and not directly me
urable; when the only correction arises from electronic
ocalization between donor and acceptor and forα2

RP< 0.1,

RP ≈ (1 − 2α2
RP)dRP (see also Eq.(42) and the commen

hich follow). Electroabsorption spectroscopy has been
or a less ambiguous approach to inferring the matrix elem
rom electronic absorption spectra[73]; see Section3.1.
f

∼= Imax(f)

h
hνh

e max(f) h m 1/2

(31)

The second order vibronic terms are constructed as:

νm(0′2)
∼= Imax(f)

2

∑
i

∑
j

(
λi

hνi

)(
λj

hνj

)

× e−{[hνmax(f)−hνi−hνj−hνm]2/(�ν1/2
2/4 ln 2)} (32)

The third order terms would be constructed as:

νm(0′3)
∼= Imax(f)

6

∑
i

∑
j

∑
k

(
λi

hνi

)(
λj

hνj

)(
λk

hνk

)

×e−{[hνmax(f)−hνi−hνj−hνk−hνm]2/(�ν2
1/2/4 ln 2)} (33)

Then the intensity at a frequencyνm is given by:

νm(spec)∼= Iνm(f) + Iνm(0′1) + Iνm(0′2) + Iνm(0′3) + · · · (34)

The emission spectrum is the graphical presentatio
νm(spec) versusνm. Note that this is the basis for inte
reting the observed spectrum (spec = obsd, below) o
onstructing a theoretical spectrum from other informa
such as resonance-Raman data; when this is the case,
alcd).
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2.6. Observations on D/A complexes in the weakly
coupled limit; reference systems for the evaluation of the
effects of configurational mixing

The general correlation between the optical and thermal
properties of ion pairs has been mentioned above and dis-
cussed elsewhere[21,69]. An illustrative example is dis-
cussed here.

The ferrocyanide/ferricyanide self-exchange reaction, Eq.
(35), has been exhaustively studied[74–76].

[Fe(CN)6]4− + [∗Fe(CN)6]3−

� [∗Fe(CN)6]3− + [∗Fe(CN)6]4− (35)

This reaction is strongly “catalyzed” by cations, and the
uncatalyzed rate constant in aqueous solution (25◦C, I =
0.2 M) is ket(b) = 2.2 × 102 M−1 s−1 [74–76]. In concen-
trated solutions ([K+] = 2.5 M, I ∼ 10 M andKA reported
to be 0.05 M−1), the{[Fe(CN)6]4−, [Fe(CN)6]3−} ion pair
has been reported to have an absorption maximum at 12.2
× 103 cm−1 with εmax = 28 cm−1 M−1 and�ν1/2 = 7.9 ×
103 cm−1 [77]. Based on Eq.(29) (neglectingg), HRP =
116 cm−1. Substitution into Eq.(24)givesκel = 0.53. This es-
timate ofκel withKA ∼= 5× 10-2 M−1,νnu∼= 2× 1012 s−1[68]
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∗[(3MLCT)(bpy)2Ru(bb)CoIII (bpy)2]
5+

→ [(bpy)2RuIII (bb−)CoIII (bpy)2]
5+

(37)

∗[(3MLCT)(bpy)2Ru(bb)CoIII (bpy)2]
5+

→ [(bpy)2RuII (bb)CoIII (bpy)2]
5+

(38)

[(bpy)2RuIII (bb−)CoIII (bpy)2]
5+

→ [(bpy)2RuIII (bb)(2E)CoII (bpy)2]
5+

(39)

[(bpy)2RuIII (bb)(2E)CoII (bpy)2]
5+

→ [(bpy)2RuIII (bb)(4T)CoII (bpy)2]
5+

(40)

[(bpy)2RuIII (bb)(4T)CoII (bpy)2]
5+

→ [(bpy)2RuII (bb)CoIII (bpy)2]
5+

(41)

Thus, it was proposed that photoexcitation of the
[(bpy)2Ru–]2+ moiety, Eq.(36), was followed by the hop-
ping of the electron across the bb bridging ligand, Eq.(37),
in competition with relaxation to the ground state, Eq.(38),
e tate
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t Eq.
nd assuming that solvent reorganization is the only
ribution to χr leads toket(b)/KA = ket ≈ 4 × 104 s−1, so
hat �G‡RP = χr/4 ∼= 3.6 × 103 cm−1 and χs(th) ∼= 15 ×
03 cm−1. The estimates ofχr(th) ∼= 15 × 103 cm−1 and
r(op)∼= 12.2× 103 cm−1 are in good agreement.

The bandwidth reported for the{[Fe(CN)6]4−,
Fe(CN)6]3−} ion pair is about 103 cm−1 larger than
xpected based on the observed absorption maximum
q. (9). This may indicate that the solutions used conta
istribution of ion pair species, each with a slightly differ
not necessarily symmetrical) solvation or distribution
ssociated cations, resulting in different values ofχr, �G0

RP
nd/orHRP. The parameters evaluated here indicate
2
RP

∼= 10−4 and that there is very little delocalization
lectron density in the ground state of the ion pair. T
lectronic configurational mixing in the ion pair does
ignificantly modify the properties of the donor and acce
his appears to be the general situation for transition m
uter-sphere and ion pair electron-transfer systems[21].

Bimetallic complexes in which the donor and accepto
inked across aliphatic chains can also fall into the we
oupled regime. This is illustrated by detailed studies
loying the 1,2-bis(2,2′ bipyridyl-4′-yl)ethane (bb) linke

78,79]. Three transient absorptions were resolved foll
ng photoexcitation of [(bpy)2RuII (bb)CoIII (bpy)2]5+, with
he final step resulting in regeneration of the ground state[78].
hese transients were interpreted in terms of the reactio

(bpy)2RuII (bb)CoIII (bpy)2]
5+ + hν

→∗ [(3MLCT)(bpy)2Ru(bb)CoIII (bpy)2]
5+

(36)
lectron-transfer to the doublet (or low spin) excited s
f Co(II), Eq.(39), electronic relaxation of the initial Co(I
roduct excited state, Eq.(40), and back electron-transf

o regenerate the ground state, Eq.(41). The back electron
ransfer reaction, Eq.(41), is two to three orders of magnitu
lower than expected based on comparison to the re
ive self-exchange reactions and the measured free e
hanges. This appears to be an electronic effect andκel ∼
10−2–10−3), and[78]HDA ∼ 8 cm−1 for the spin forbidde
rocess in Eq.(41). Examination of the outer-sphere, ba
lectron-transfer reaction that follows the photoexcitatio

Ru(bpy)3]2+ in the presence of [Co(bpy)3]3+ led to very sim
lar conclusions[80].

. The effects of appreciable configurational mixing
n the two state limit

The ambient charge transfer spectra of transition m
omplexes tend to be broad and structureless, and their
ral fittings are not sensitive to the exact choice of param
such as solvent reorganizational energies, coupled hig
uency vibrational modes and electronic factors)[58]. One
xpects fittings of ambient electron-transfer rate constan
o be similarly insensitive to the choice of these param
58]. It is possible to successfully fit both the ambient sp
ral and kinetic data for a strongly coupled electron-tran
ystem in the Marcus inverted region to specific value
he solvent reorganizational energy, the frequency and
anizational energy of one “average” high frequency dis

ion mode and an electronic factor in some variation on
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(21) [38,81,82]. These approaches do nicely illustrate the
dependence of spectra and rates on each type of parameter.
However, such spectral fittings are accomplished by adjust-
ing the values of at least four interdependent parameters, and
the physical significance of the numerical values of any such
fitted parameters is not clear. This is particularly an issue if
one attempts to interpret the values of these parameters or to
compare a given parameter for a series of related molecules
in order to evaluate the effects of configurational mixing in
strongly coupled systems (see additional comments in Sec-
tions 3.2.4 and 3.2.5). Nevertheless, it is sometimes possi-
ble to combine the observed ambient electronic spectroscopy
with data from other types of measurement in order to obtain
useful information.

In this section we focus on the metal-to-ligand charge
transfer spectroscopy (MLCT) of [Ru(Am)6 − 2n(bpy)n]2+

complexes (Am = NH3 or en) as examples of the observ-
able variations in electron-transfer properties attributable to
strong electronic coupling. We discuss these complicated sys-
tems in terms of the perturbation theory-based deviations
from the weakly coupled limit, and Eqs.(21)–(23), that are
expected when configurational mixing becomes significant
[21,60,62,3].

3.1. Perturbation theory-based expectations
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[23,73,83],

HRP =
∣∣ �MRP

∣∣
[4M2

RP +�µ2
RP]

1/2
ERP (42)

The electroabsorption technique has been used primar-
ily for covalently linked donor-acceptor complexes that are
in the very strongly coupled regime (i.e., for MLCT ab-
sorption spectra)[73]. Eq. (42) can be rearranged to give
M2

RP (1 − 4α2
RP) = �µ2

RPH
2
RP/hν

2
m, and this suggests that

the substitution of (�µ2
RPH

2
RP/hν

2
m) for M2

RP involved in
the derivation of Eqs.(22) and (23) [53]is only valid when
α2

RP< 0.1. The behavior for larger values ofα2
RP is not well

described by these functions. One expects�µRP to decrease
as the amount of charge delocalized increases. With suffi-
cient charge delocalization, the electronic transition should
become more like a� → �∗ transition than a MLCT tran-
sition [84], and this is a plausible interpretation of the (1−
4α2

RP) factor in the rearranged Eq.(42).
The energies of the ground state absorption maxima for

degenerate systems are independent of the extent of configu-
rational mixing in the range 0< 2H0

RP<∼ (λr/4 − 2kBT ) in
the two state limit. For non-degenerate systems the absorption
band energies do change with the extent of configurational
mixing. While the energies of the optical electron-transfer
t ional
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In principle, all of the diabatic electronic states t
ave the same symmetry should be configurationally m
or Eij > 0, the mixing coefficients are of the form,αij
Hij /Eij (d), whereHij is the matrix element coupling th

th and jth diabatic electronic states andEij (d) is the ver-
ical energy difference between those diabatic electr
tates.

In an electron-transfer system, we are concerned with
he direct mixing of donor and acceptor electronic confi
ations (expressed byH0

RP); (b) any configurational mixing
ith other electronic states in the complex system that si

cantly alter the energies and shapes of the ground or ex
tate PE surfaces and/or the valueHRP. For the purpose o
xperimental studies and comparisons of observations
seful to define the “diabatic” donor and acceptor state

erms of the properties of the isolated reductants and
ants. This definition allows for configurational mixing

he metal with its ligands to be included in the definition
he “diabatic” donor or acceptor state of a coordination c
lex. When these reactants are assembled for reactio

n an ion pair or in a bridged D/A complex), the change
heir properties are a measure of the donor/acceptor elec
oupling. Conventional perturbation theory approaches[72]
an be used to address the magnitudes and trends of
hanges.

Electroabsorption spectroscopy[73] allows the experi
ental determination of both the difference of the gro
nd excited state molecular dipole moments (�µRP) and

he electronic transition moment (MRP). These quantitie
an be directly related to the electronic matrix elem
e

ransitions may sometimes be independent of configurat
ixing in this limit, the absorption and emission bandwid
re expected to decrease appreciably with increases in
gurational mixing. The reorganizational energy,λr, corre-
ponding to an electronic emission is the energy of th
al state with its nuclear coordinates in the configuratio

he initial state PE minimum minus the energy of the fi
tate at its PE minimum. Configurational mixing decre
he difference in these PE minima and it results in cha
f shape of the adiabatic PE surfaces relative to the dia
or unmixed) PE surfaces. As a result,λr decreases as co
gurational mixing between these states increases, an
an be evaluated by means of perturbation theory argum
60,63]; for α2

RP< 0.1,

r(a) ∼= λr(d)(1 − 4α2
RP) (43)

Eq.(43)can be interpreted in terms of the attenuation o
rganizational energies that accompany the transfer a fra
f electron density,α2

RP, from the donor to the acceptor. Hu
5] and Matyushov et al.[41,85,86]have defined a deloca
zation parameter based on the solvent response to chan
onic charge (and in terms adiabatic absorption paramete
btain an expression very closely related to Eq.(43) for the
ttenuation ofλs. As a consequence, when configuratio
ixing is important Eq.(9) should be rewritten

ν1/2(a) ∼= 4[RTλs(d)(1 − 4α2
RP) ln 2]

1/2
(44)

Eq.(43)can be interpreted as a perturbation theory-b
tatement that the amount of excited state distortion decr
s the amount of electron density delocalized betwee
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two states increases, and it can be obtained for a general
distortion coordinate (in Eq.(43) designated by the sub-
script r). This implies that there should be a correspond-
ing attenuation of the relative intensities of the vibronic
side bands of the coupled high frequency vibrational modes
with increases in configurational mixing. Conversely, if this
argument is correct, the attenuation in the vibronic side-
bands could be developed into a simple and experimen-
tally accessible measure of the extent of configurational
mixing. The interpretation of the relative intensities of the
vibronic sidebands that originate from the contributions of
high frequency vibrational modes should be less susceptible
to ambiguities than the interpretation of bandwidth: the issues
related to any contributions from variations in solvent/ligand
interactions or in the distributions of solvates should be
much less important. These points are being investigated,
and the current experimental observations are summarized
below.

Since the transition probability increases asH2
RP(Eq.(1)),

one expects that the electron-transfer absorption bandwidth
should decrease as the absorptivity of the band increases for
CT absorption bands of similar energies; thus, for 4α2

RP �
1,�ν1/2(a) ∼= �ν1/2(d)(1 − 2α2

RP) ∝ (1 − 2εmax(RP)/ε0
max),

whereε0
max is the absorptivity of an equivalent fully allowed

transition. Finally, if the emission is from an electronic state
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Eq.(45)distinguishes between possible differences in the
effects of configurational mixing of the ground and the ex-
cited states.

Configurational mixing results in appreciably faster
electron-transfer reaction rates than observed in the weakly
coupled limit. For strongly coupled systems, Eq.(21)can be
put in the form,

ket ≈ (νnuκnu)dfad (46)

where the nuclear frequency and Franck-Condon factors,
(νnuκnu)d, are evaluated with respect to the diabatic (SHO)
limit, and for the two state model the adiabatic correction
factor is approximately given byfad ∼= exp(HRP/kBT).

Finally, Eq.(20) needs to be modified in the strong cou-
pling limit since Eq.(14)does not describe the photochemical
process when the donor and acceptor are linked[26,60],

D(L)A+ hν → D+(L)A− (47)

The corresponding electrochemical processes are,

D+(L)A+ e− � D(L)A, E1/2(D) (48)

D(L)A+ e− � D(L)A−, E1/2(A) (49)
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hat differs in spin multiplicity from the ground state, then
ertical energy differences and possibly the electronic m
lements will be different for the configurational mixing t
lters the respective PE surfaces near their PE minima.
atrix elements were to be the same (as in fluoresce

henαRP(G) < αPR(E) (G and E designate parameters ev
ted in the coordinates of the ground state and excited sta
inima, respectively) and the bandwidth and vibronic c
onent intensities should be more attenuated in emission

n absorption spectra. For emissive transitions between
hat differ in spin multiplicity (as in phosphorescence sp
ra), the ground state and excited state PE surfaces m
istorted differently as a consequence of their mixing
tates of different spin multiplicity (e.g., singlet and trip
tates, respectively); this may lead to different changes i
nergies and coordinates of the PE minima than whe
round and excited states are directly mixed. Some o

ssues that arise can be addressed by considering the
ng of a ground state with singlet spin multiplicity with
riplet excited state to be effected by spin-orbit coupling
his approximation, the effective matrix element for the c
ling between the triplet excited state and the singlet gr
tate can be represented asHPR ≈ (HSO/EST)HRP, and if
he spin-orbit matrix element,HSO, is small compared to th
ertical singlet-triplet excited state energy difference,EST
2Kexch, then�PR < �RP. In general, for a spin-forbidde

mission, and for (α2
RP + α2

PR) < 0.1 Eq. (43) become
63],

r(a) ∼= λr(d)(1 − 2α2
RP − 2α2

PR) (45)
The electrochemical and photochemical processes a
ated by means of the one-electron equilibrium,

+(L)A− +D(L)A � D+(L)A+D(L)A−, KDA (50)

If the difference in stabilization from configurational m
ng between the ground [D(L)A] and excited [D+(L)A−]
lectronic states, evaluated at their respective PE min

s (εs − εd) ≈ −2α2
RPλr(a), then[60],

T ln KDA ≈ 2α2
RPλr(a) + RT ln Kel +�Kexch (51)

hereKel is an electrostatic term and�Kexch represents th
et exchange energy difference summed over all the sp
ombining Eq.(51)with Eq.(20)gives[60],

νmax = [E1/2(A) − E1/2(D)] + RT ln KDA + χr +�w

≈ F�E1/2(A/D) + χr(d)(1 − 2α2
RP) + RTKel

+�Kexch+ · · · (52)

Eqs.(38)–(41), (51) and (52)contain only the lowest ord
f correction terms. When electronic delocalization is la
e.g., forα2

RP>∼ 0.1), higher order terms become import
60,62,63]. Some of these equations are probably applic
ven when the two state model is not; hence, the use oHRP
ather thanH0

RP. Most strongly coupled electron-transfer s
ems involve covalently linked donors and acceptors; t
re discussed briefly in Section5.
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3.2. Examples of strongly coupled D/A complexes in the
two state limit: RuII –polypyridyl complexes

The [L4RuII bpy]2+ complexes (L = an am(m)ine or bpy/2)
form a simple class of D/A complexes in which the electronic
coupling between the donor and acceptor (RuII and bpy, re-
spectively, in the ground state) is very strong. The values
of HRP, based on electroabsorption spectroscopy[87], are
reported to be 10.5× 103 cm−1 for [Ru(NH3)5py]2+. Esti-
mates ofHRP for RuII /(2,2′-bipyridine) complexes (based on
absorption spectra and electrochemical measurements) are
similarly large (approximately 7× 103 cm−1) [60]. These
are among the largest electronic matrix elements reported for
D/A complexes. Thus, the observed variations in D/A proper-
ties of RuII -polypyridyl-am(m)ine complexes are examples
of the effects of significant, but variable (through variations
in ERP), configurational mixing.

3.2.1. Zero point energies
We have used a calibrated InGaAs array detector to extend

the range of known emission spectra of RuII –polypyridyl-
am(m)ine complexes to include the spectra of tetraam-
mine complexes[88,89]. The most studied member of the
[Ru(NH3)6 − 2n(bpy)n]2+ series of complexes is [Ru(bpy)3]2+

[28,90–92]. We have used resonance-Raman (r-R) data ob-
t ss
a ater
s po-
n m a
G en-
e mi-
n ctra
h and
t of the
f r-R
d th
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F and sp )
a 77 K e
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component[60,62,63,89]. The maxima of these components
provide plausible estimates ofERP

0′0. The resonance-Raman
spectra of [Ru(bpy)3]2+ [66] and of [Ru(NH3)4(bpy)]2+ [65]
imply that the vibronic contributions to their spectra are rel-
atively small[60] and that the fundamental is the dominant
contribution to the high-energy component of the 77 K emis-
sion[89]; seeFig. 3. In generating the fits of the resonance-
Raman data shown inFig. 3, we have substituted the values
of hνh andλh determined from the resonance-Raman spectra
into Eqs.(31) and (32), and combined the resulting contribu-
tions with Gaussian components representing the fundamen-
tal, If (νem) (obtained in the Gaussian fit of the observed emis-
sion spectrum using Grams32), in order to construct emission
spectra using Eq.(34). The value ofIf (max) was decreased
(usually 15–20%) so that the sum of the contributions of all
components matched the intensity of the observed spectrum
as closely as possible; the valueshνmax(f) and�ν1/2 were gen-
erally adjusted slightly (≤|5%|) in order to optimize the fit of
the resonance-Raman data. In fitting the resonance-Raman
data, we have omitted third and higher order terms. Note that
the lower energy “band” of the 77 K emission spectrum of
[Ru(bpy)3]2+ is relatively broad because it is the convolution
of contributions from several vibronic components.

It has often been noted that the absorption and emission
energies of these complexes vary in the same order as the
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ained for this complex[66] to fit the broad, structurele
mbient emission spectrum obtained in a 1:1 DMSO:w
olution [89]. The r-R data require a fundamental com
ent whose intensity is about 60% of that obtained fro
rams32 fit of the emission spectrum; the changes in
rgy and bandwidth of the fundamental were relatively
or for this fit, but the Gaussian fits of the ambient spe
ave proved to be difficult to independently reproduce

hey have to be regarded as very uncertain. The energy
undamental component obtained with the best fit of the
ata ishνmax(f) = 16,530 cm−1 in excellent agreement wi

he value of 16,500± 400 cm−1 obtained from photoacous
icrocalorimetry[93,94].
The 77 K emission spectra exhibit a dominant high-en

omponent that is mostly (≥70%) fit by a single Gaussia

ig. 3. Comparison of observed emission spectra[89] (thick, dotted line)
nd the fundamental obtained from a Gaussian deconvolution of the
ight, [Ru(bpy)3]2.
ectra constructed from reported resonance-Raman data (solid lines[65,66]
mission spectra in butyronitrile. Eqs.(30)–(32) and (33). Left, [Ru(NH3)4bpy]2+;

ifferences of the half-wave potentials for oxidation of
etal and reduction of the polypyridyl ligand, e.g., see[26].
his is illustrated inFig. 4 for the absorption maxima of

ew complexes (the details are summarized inTable 1and in
60]). These correlations are useful in the assignment o
erved electronic transitions, but their detailed interpreta
n terms of electron-transfer parameters for systems w
reat deal of configurational mixing is not simple; e.g.,
q. (47). In this discussion, we treat the correlation only
useful illustration of the effects of variations in several
arameters.

As is noted above, the observed absorption and e
ion maxima depend on the energy differences betw
he PE minima of the ground and excited states (ERP

0′0

hνmax(f)), the electron-transfer reorganizational para
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Fig. 4. The relationships between optical transition energies and half-wave
potentials for [Ru(PP)n(Am)6 − 2n]2+ complexes. The halfwave potentials
were determined in acetonitrile. Lowest energy absorption maxima, upper
set, in water or DMSO/water (filled squares);E0′0 from Gaussian deconvolu-
tion of 77 K emission spectra, lower set, in DMSO/water (open circles) and
the am(m)ine deuterated complexes in DMSO/D2O (crosses). The value of
E0′0 for [Ru(bpy)3]2+, open square, is from the resonance-Raman modeling
of the ambient emission in DMSO/water. The least squares lines have slopes
of 0.90± 0.08 (upper; dashed) and 1.5± 0.2 (lower for 77 K; dotted) and
intercepts of (3± 1)× 103 cm−1 (upper) and – (14± 4)× 103 cm−1 (lower;
77 K only). Data fromTable 1and[60].

ters and exchange energy contributions (defined here as the
difference between the energies of the PE minima of the
MLCT singlet and triplet states with the same orbital oc-
cupation). The zero point energy differences are expected to
decrease withF�E1/2 through the series of complexes. On
the other hand, the values ofλs(d) and the exchange energies
are expected to increase systematically through this series
of complexes. Based on our fitting[89] of the resonance-
Raman data[66] to the ambient and 77 K emission spectra of

[Ru(bpy)3]2+, the energies of the fundamental components
are only 700–1000 cm−1 smaller in fluid than in frozen so-
lutions. The difference between the energy of fundamental
component of the emission and the energy of the absorp-
tion maximum for any specific complex is approximately
(λs + 2Kexch) in ambient solutions. The differences between
hνmax(abs; 300 K) andhνmax(0′0)(em) in 77 K frozen solutions
clearly increases from [Ru(bpy)3]2+ to [Ru(NH3)4bpy]2+, the
high and low energy extremes, respectively, ofFig. 4, qualita-
tively in accord with expectation[60–63](see Eq.(52)). The
values ofF�E1/2 depend on energy and entropy changes for
the one electron oxidation and the one electron reduction of
the D/A complex, and these quantities may not be the same
as for the optical transition.

The values found forERP
0′0 from the 77 K emission spec-

tra vary systematically withF�E1/2; however the slope of
about 1.5 for the correlation inFig. 4 is larger than ex-
pected based on a 1:1 correspondence. Much of this devi-
ation from a unitary slope must originate from the systematic
increase ofKexch asERP

0′0 decreases. For example, Lever
and Gorelsky[61] have used a ZINDO approach to estimate
that, 2Kexch = 1460 and 4160 cm−1 for [Ru(bpy)3]2+ and
[Ru(NH3)4(bpy)]2+, respectively; values this large would cer-
tainly be sufficient to account for the differences in the slopes
of the correlations ofhνmax(abs) and ERP

0′0 with F�E1/2
i m-
p tured,
a r
[ ec-
t ustic
m

Table 1
Electronic absorption and emission spectral data for [Ru(Am)6 − 2n(bpy)n]2+ comp

RuII complex
[ligands]

hνmax(abs) hνmax(em),
298 K

hνmax(em),
77 K

hνmax(f), [�
77 K {hνma

[�ν1/2], 29

[(bpy)3] 21.9(d/w) 15.98(d/w) 17.15(d/w) 17.26 [0.
{16.53[1.6

16.24(bun) 17.26(bun) 17.34[0.
[(en)(bpy)2] 20.2(d/w) 13.97(d/w) 14.9(d/w) 15.05 [0.

20.4(bun) 14.35(bun) 15.0(bun) 15.15[0
[(NH3)2(bpy)2] 20.4(d/w) 13.52(d/w) 14.3(d/w) 14.61 [0.

20.2(bun) 13.98(bun) 14.6(bun) 14.69[0
[(en)2(bpy)] 19.1(d/w) – 12.5(d/w) 12.86 [0.

19.2(bun) – 12.9(bun) 12.99[0.7
[(NH3)4(bpy)] 18.8(d/w) – 11.8(d/w) 12.00 [1.

19.0(bun) – 12.2(bun) 12.42 [0.
[(d4-en)(bpy)2] 20.3(d/w) 14.0(d/w) 14.9(d/w) 15.04 [0.

20.4(bun) 14.5(bun) 15.0(bun) 15.17[0
[ .60 [0.

4.62 [0
[ .73 [0.

.98 [0.
[ .06 [1.

.41 [0.

r; bun
cept as
.

(ND3)2(bpy)2] 20.3(d/w) 13.7(d/w) 14.4(d/w) 14
20.3(bun) 14.1(bun) 14.5(bun) 1

(d4-en)2(bpy)] 19.0(d/w) – 12.6(d/w) 12
19.2(bun) – 12.9(bun) 12

(ND3)4(bpy)] 18.9(d/w) – 11.9(d/w) 12
19.2(bun) – 12.2(bun) 12

a Data from[60,89]. All energies in cm−1/103. D/W = 1:1: DMSO/wate
b Fundamental components based on Grams32 deconvolutions ex
c Fundamental component based on fit of resonance-Raman data
n Fig. 4. Unfortunately the ambient spectra of the co
lexes considered here are broad and largely unstruc
nd a meaningful estimate ofERP

0′0 can be obtained only fo
Ru(bpy)3]2+ (from the combination of the emission sp
ral data with resonance-Raman data or from photoaco
icrocalorimetry).

lexesa

ν1/2],b

x(f),
8 K}

λx(νx), 77 K λx(NH),
77 K

knr (�s−1),77K {knr

(�s−1), 298 K}

68] (d/w)
4](d/w)}c

1.17(1.56) (d/w) 0.23(d/w){1.1(d/w)}

66](bun) 1.02(1.57)(bun)
70] (d/w) 1.10(1.47)(d/w) 0.025 1.3(d/w){12.3(d/w)}
.66](bun) 0.91(1.50)(bun) 0.69(bun){10.2(bun)}
83] (d/w) 0.95(1.51)(d/w) 0.03 2.9(d/w){25(d/w)}
.78](bun) 0.90(1.52)(bun) 1.7(bun){14.5(bun)}
90] (d/w) 0.91(1.41)(d/w) 0.02 26(d/w) 9.5(bun)
7](bun) 0.85(1.41)(bun)

15] (d/w) 0.78(1.50)(d/w) 0.027 39(d/w) 22(bun)
71](bun) 0.74(1.54)(bun)
71] (d/w) 1.13(1.47)(d/w) 0.66(d/w){6.2(d/w)}
.76] (bun) 0.77(1.47)(bun) 0.41(bun){9.0(bun)}
92] (d/w) 0.94(1.51)(d/w) 1.3(d/w){13.7(d/w)}
.86] (bun) 1.01(1.49)(bun) 1.1(bun){13(bun)}
92] (d/w) 0.88(1.36)(d/w) 8.4(d/w){nd(d/w)}
84](bun) 0.82(1.38)(bun) 5.1(bun){41(bun)}
20] (d/w) 0.78(1.50) (d/w) 13(d/w){nd(d/w)}
93] (bun) 0.79(1.51)(bun) 12(bun){nd(bun)}

= butyronitrile.
indicated.
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3.2.2. Solvent reorganizational energies
Differences in solvent reorganizational energy,λs, also

contribute to correlations such as inFig. 4. However, the size
of these differences is not easily estimated since the effective
charge transfer distance is necessarily smaller than the mean
radii of the complexes. The values of�ν1/2 in 77 K glasses
are small; they increase in the expected order in DMSO/water
glasses, but they are nearly constant in butyronitrile. Fac-
tors other than reorganizational energies can make signifi-
cant contributions to the bandwidths in frozen solutions, and
at this time it is not clear that the dominant contribution to the
emission bandwidths of these complexes arise from solvent
reorganizational energy.

3.2.3. Vibronic contributions and their attenuation;
some general considerations

We have used the variations in the observed envelope of
high-frequency vibronic contributions (at about 1500 cm−1)
to evaluate the issue of the extent of attenuation of excited
state distortion with electron delocalization. The resonance-
Raman data[65,66]imply that most of the vibronic contribu-
tions in the 1500 cm−1 region are from the contributions of
first order components of bipyridine distortion modes[89]. A
correlation with the amplitudes of these contributions through
the series of [Ru(Am)6 − 2n(bpy)n]2+ complexes assumes that
t ons
o t the
v is-
t ion in
t sider
o tri-
b

of
[ ctra
o

demonstrated that there are a large number of molecular
distortion modes in these complexes, seeTable 2. If
the electronic transition in each case corresponds to a
{RuIII ,bpy−} → {RuII ,bpy} transition, then one expects
the same bpy-centered vibrational modes to be correlated to
the MLCT transition for each complex, and Eqs.(12) and
(45) predict that the ratio of the intensities of these modes
for the two complexes is a constant that can be correlated
to the electron density delocalized. The resonance-Raman
data summarized inTable 2 indicates that the intensities
are not the same for all of the detected vibrational modes
of these complexes. That the intensity ratios for the same
vibrational modes vary over a wide range has been noted
previously [58]. The resonance-Raman spectrum probes
the Franck-Condon excited state[58], and according to the
Franck-Condon principle, this excited state and the ground
state must have the same nuclear coordinates and symmetry.
This corresponds to D3 and C2v symmetry, respectively
for [Ru(bpy)3]2+ and [Ru(NH3)4(bpy)]2+. This difference
in symmetry necessarily corresponds to differences in the
Franck-Condon excited state structure.

Some insight into the MLCT excited states of
[Ru(bpy)3]2+ can be based on the symmetries of the d� donor
orbitals of Ru and the symmetries of the bpy acceptor or-
bitals adapted to the D3 point group (e.g., see[95]). The d�
o of
t bpy
( d
t
a sug-
g
m
e with
t or
d akly

T
R

F or [Ru

ν i , cm−1

1 1605
1 1548
1 1481
1 1331
1
1 1260
1 1172
1
1
1 1027

667
456

376
248
he emitting excited states differ only in the different fracti
f electron density delocalized in each complex, and tha
ariations in distortion are similar in all of the molecular d
ortion modes. Before we address the issue of attenuat
he context of emission spectra, it is necessary to con
ther information about the high frequency vibronic con
utions.

Very low temperature spectroscopic studies
Ru(bpy)3]2+ [67], and the resonance-Raman spe
f [Ru(bpy)3]2+ [66] and [Ru(NH3)4(bpy)]2+ [65] have

able 2
esonance-Raman parameters for [Ru(bpy)3]2+ and [Ru(NH3)4bpy]2+

or [Ru(bpy)3]2+ F

i , cm−1a,b �i λi , cm−1 Si (B) ν

608 0.31 77 0.048
563 0.47 171 0.110
491 0.73 397 0.266
320 0.56 207 0.157
276 0.36 83 0.065
264 0.09 5 0.004
176 0.48 135 0.115
110 0.16 14 0.013
067 0.10 5 0.005
043 0.16 13 0.013
766 0.14 8 0.010
668 0.75 188 0.281

370 0.44 37 0.10
283 0.50 35 0.125

a [66].
b [65].
c Ratio of relative, first order vibronic intensities.
rbitals have a2 and e symmetry. A simple construction
he acceptor orbitals is based on the LUMO of a single
b representation in the C2 site symmetry of the ligand) an
he symmetry adapted (see[96]) �* acceptor orbitals have a2
nd e symmetries. A simple angular overlap argument
ests that the highest energy donor orbitals have d�(a2) sym-
etry; however, the MLCT state with the{d�(a2), �*(a2)}
lectronic configuration is dipole forbidden and the state

he{d�(a2), �*(e)} configuration is expected to have po
onor orbital/acceptor orbital overlap and to be only we

(NH3)4bpy]2+ S(B)/S(A)c

c �i �i cm−1 Si (a)

0.38 116 0.072 0.68
0.36 101 0.065 1.69
0.55 224 0.151 1.76
0.41 111 0.084 1.87

0.15 14 0.011 0.36
0.30 53 0.045 2.55

0.32 52 0.051 0.25

0.62 128 0.192 1.46
0.27 17 0.036

0.81 123 0.328 0.306
0.46 26 0.106 1.18
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Fig. 5. Electronic configurations and symmetries of the MLCT excited states
of [Ru(bpy)3]2+ in D3 symmetry. Overall energies are assumed to increase
from bottom to top, but the relative energies of the different donor orbitals, of
the different acceptor orbitals and of the various MLCT excited states are not
known. The ligand centered�* acceptor orbital symmetries are constructed
by symmetry adaptation of the three equivalent bpy LUMOs (b symmetry in
the C2 point group). The effects of spin-orbit coupling are not considered.
The dipole allowed transitions are indicated by the vertical arrows, bold
characters and highlighted boxes.

absorbing. Electronic transitions to states with the{d�(e)3,
�*(a2)} and{d�(e)3, �*(e)} configurations are expected to
dominate the absorption. The corresponding MLCT excited
states have (E) and (A1 + A2 + E) symmetries, respectively,
and the A1 → A2 and A1 → E MLCT transitions are dipole
allowed. The dipole allowed Franck-Condon excited states
are not totally symmetric. For the exited states deriving from
the {d�(e)3, �*(e)} electronic configurations, the acceptor
orbitals are approximately of the form (subscripts a, b and c
designate the different bpy ligands),

ϕ(e1) ≈ 2 × π∗
a − π∗

b − π∗
c

(6)1/2
(53)

ϕ(e2) ≈ π∗
b − π∗

c

(2)1/2
(54)

These arguments are summarized inFig. 5. Since the
Franck-Condon excited state of [Ru(bpy)3]2+ must be consis-
tent with the D3 symmetry, and this symmetry requires accep-
tor orbitals “delocalized” over the bpy ligands, it is likely that
the distortions in some of the vibrational modes are different
in this complex and [Ru(NH3)4bpy]2+.

Overall, the average of the resonance-Raman-based re-
organizational energies of the vibronic components is

larger for [Ru(bpy)3]2+ than for [Ru(NH3)4(bpy)]2+ in the
1100–1700 cm−1 region, qualitatively as expected based on
Eq.(45)and the larger mixing coefficient implied by the lower
energy absorption of the latter. However, the opposite order-
ing is observed for three of the seven common resonance-
Raman frequencies in this region, and this suggests different
excited state distortions for the two complexes.

McCusker has reported femtosecond absorption
anisotropy experiments that indicate that the D3 (“delocal-
ized”, as discussed in the preceding paragraph) symmetry of
the Franck-Condon excited state of [Ru(bpy)3]2+ relaxes to
a “localized” C2 symmetry in ambient acetonitrile solutions
in about 60 fs[97]. The time required for this apparent
localization of the charge on one bpy ligand appears to
be correlated with the inertial properties of the solvent
[97]. In the limit that the environment cannot rearrange to
accommodate the difference in ground and excited state
charge distribution, it is possible that the excited state
cannot relax to a localized electronic configuration. Thus,
the very low temperature, doped single crystal emission of
[Ru(bpy)3]2+ has been interpreted in terms of a D3 MLCT
excited state symmetry[67]. Obviously, low temperature
glasses fall between these regimes, and there has to be
some concern about whether the solvent can rearrange to
accommodate the localized (C2) charge distribution. It is to
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or the complexes considered here, must be deposit
he solvent matrix when the Franck-Condon excited
elaxes to the emitting state. Since heat diffusion is relat
low, the solvent molecules nearest the electronically ex
olecule may be “hot” long enough to rearrange to at
artly stabilize the localized electronic configuration.
ill assume that the emitting MLCT states of all the b
omplexes have a localized (C2) electronic configuration.

.2.4. Vibronic contributions evaluated in terms of a
ingle “average frequency” distortion mode

Owing to the significant bandwidths and to the relativ
mall excited state distortions, the vibronic structure is
ully resolved in the 77 K CT emission spectra of most tr
ition metal D/A complexes. In most cases the emission b
re broadened on the low energy side, consistent with th
ected vibronic contributions; in a few cases there is s
pparent vibronic structure. Such spectra have been su

ully fit to an electronic factor, specific values for the solv
eorganizational energy, the frequency and reorganizat
nergy of one “average” high frequency distortion mode
ariation of Eq.(21) [38,81,82]. We consider aspects of t
pplication of such approaches to the 77 K emission sp

n this section.
The envelope of the vibronic contributions is readily

ained by subtracting the intensity contributions of the
amental component from the observed emission spec
his is illustrated for [Ru(bpy)3]2+ in the middle ofFig. 6

the difference spectrum is normalized by dividing by
aximum intensity of the fundamental from the Gaus
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Fig. 6. Emission spectrum (top), difference spectrum (middle) and emrep
(bottom) for [Ru(bpy)3]2+. Emission spectrum obtained in DMSO/water at
77 K [89].

fit). This difference spectrum has distinct vibronic features
centered at about 610, 1560 and 2710 cm−1. The first of
these is in the region of metal–ligand skeletal modes and
metal–ligand torsional modes; the second is in the region
of intraligand stretching modes. The relatively weak fea-
ture near 2700 cm−1 must be the result of higher order vi-
bronic contributions from the vibrations between 1100 and
1360 cm−1 (see Eq.(32)). If one assumed that the 1360 cm−1

contribution resulted from a single vibrational mode, then
the second order contribution of this mode to the intensity
at 2720 cm−1 would be 0.405; the observed contribution is
0.339. This discrepancy is consistent with the 1360 cm−1 fea-
ture being the sum of several different vibronic contributions.
It should be noted that the representation of the observed
vibronic contributions by some single, “average frequency”
distortion mode will necessarily require an inappropriately
large bandwidth and it generally misrepresents the contribu-
tions of higher order vibronic contributions to the spectrum;
these points are illustrated inFig. 7. The fit of a single vi-

Fig. 7. Top: fit (black line) of [Ru(bpy)3]2+ emission (gray line) with a sin-
gle high frequency vibronic component; five adjusted parameters (two peak
heights, two peak energies, one bandwidth) with�ν1/2 = 1050 cm−1 (first
and second order contributions only). Bottom: The envelope (or difference
spectrum) of vibronic contributions constructed from the sum of four com-
ponents (inset) with�ν1/2 = 1000 cm−1, solid line; an “equivalent”, single
vibronic component fit to the first order contribution of the vibronic enve-
lope, dashed line. Second and third order contributions are included in both
spectral constructions.

bronic mode to the 77 K emission spectrum of [Ru(bpy)3]2+

can only be accomplished by choosing a value of�ν1/2 that
is approximately the average of the mean widths of the nar-
rower high-energy peak and the broader low energy peak.
This results in a very poor fit on the high-energy side of
the emission spectrum. The second order vibronic contribu-
tions are also not well fit by a single vibronic mode model
of [Ru(bpy)3]2+; this would be a major problem if one were
trying to identify the vibronic contributions of higher energy
vibrational modes, and the problem is more obvious if one
removes the contribution of the fundamental from the spec-
trum. This is illustrated in the simple “difference” spectrum at
the bottom ofFig. 7; this spectrum is constructed as the sum
of four arbitrary “vibronic” components. The sum of these
components can be reasonably well fitted by a single Gaus-
sian peak, but the higher order components derived from this
peak, based on Eqs.(32) and (33), grossly misrepresent the
higher order vibronic components. The first and second order
vibronic components are convoluted in the ambient emission
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of the [Ru(bpy)3]2+ complex[89], and while the structureless
emission can certainly be fit with a single vibronic compo-
nent by adjusting the values of parameters in Eq.(21), the
significance of the fitting parameters is not clear (see also
comments in[58]).

3.2.5. Vibronic contributions and their attenuation;
evaluation in terms of empirical reorganizational energy
profiles (emreps)

The vibronic structure becomes more evident the lower
the temperature. The 77 K emission spectra are emphasized
in this section. In our search for the contributions of high
frequency vibronic modes to the emission spectrum, we have
evolved an approach that emphasizes the reorganizational en-
ergy contributions of those modes. This approach is based on
the first order vibronic contributions, Eqs.(12) and (31). The
emission spectrum is represented in Eqs.(30)–(35)as the
sum over some sets of vibronic progressions (the compo-
nents of a progression are designated by subscriptj; different
vibronic progressions by a subscript h)[53,54,58]. In order
to evaluate the different vibronic contributions, the funda-
mental is subtracted from the emission spectrum (see above
discussion) and the energy scale is defined by the energy dif-
ference from the fundamental (i.e., sethνmax(fundamental)
= 0). In order to generate a graphical display that empha-
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functions of the type,

f = c × νd × e−x2/a2
(55)

The maximum of this function with respect toνd= (νmax(f)
− νm) is given by,

df

dνd
= C e−x2/a2

[
1 + 2νd{νh − νd}

a2

]
= 0 (56)

Thus, in this representation of the data, the maxima off
are observed at,

νd = 1
2νh + 1

2[{νh}2 + 2a2]
1/2

(57)

This equation can be rearranged and solved forνh. The
direct solution contains a correction term,a2 /νd, that is not
useful for small values ofνd, but an inverse Taylor’s expan-
sion leads to a frequency parameter that more generally cor-
responds to the frequencies of the displacement modes,

νh = 2νd − [{νd}2 + a2]
1/2

(58)

Note thata = �ν1/2/2(ln 2)1/2 is simply a number for
each spectrum; the value of�ν1/2 is the full-width at half-
maximum intensity obtained for the fundamental from the
Gaussian fit of the emission spectrum.
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o the excited state distortion, the intensity and energy axe
escaled.

. The relative contributions to excited state distortion
emphasized when Eq.(12) is rearranged by solving fo
λh. The corresponding empirical profile of reorgan
tional energy contributions is generated by multip
ing the difference between the observed emission in
sity and the fundamental component intensity at e
energy, [Iνd(obsd)− Iνd(f) ], by hνd/Imax(f) = [hνmax(f) −
hνm]/Imax(f). The vertical axis is thenhνd[Iνd(obsd)−
Iνd(f) ]/Imax(f), whereIνd(f) is the intensity of the funda
mental andIνd(obsd) is the observed emission intensity
the frequencyνd.

. The rescaling of the energy axis is necessary becau
vibronic components in the emission spectrum of th
complexes have significant bandwidths (equal to th
the fundamental), and this, combined with the rescalin
the intensity axis results in the displacement of the max
of the resulting profiles relative to the vibronic maxima
the difference spectra.

An approximate rescaling can be accomplished by
ollowing procedure: The 0′ → 1 transition of thehth dis-
lacement mode is represented by a Gaussian functi

he formIνm(0′1)h = C e−x2/a2
, whereC is a constant inde

endent of emission energy,x = [νmax(f) − νh − νm] anda =
ν1/2/2(ln 2)1/2. The maximum of the first band of thehth vi-
ronic progression occurs atνm = [νmax(f)− νh]. The intensity
escaling is equivalent to replacing the Gaussian function
eorganizational energy maxima. This can be approxim
ccomplished by substitutingνx (calculated using Eq.(58),
ut noting the rescaled frequency byx rather thanh) for νd.
hus, the final vertical axis is given by,

x = hνx[Iνd(obsd)− Iνd(f) ]/Imax(f) (59)

Since the actual profile of reorganizational energies
s generated from the experimental emission spectrum
nvelope of the contributions of many different displacem
odes, we have represented these empirical reorganiza
nergies and the corresponding vibrational energies w
ubscriptx.

The empirical reorganizational energy profiles (emr
re generated by plottingλx versushνx. This use of Eqs
58) and (59)in scaling the axes amounts to a first or
terative correction. Under some circumstances a highe
er correction might be necessary. The correction term
ost important for small values ofhνd. The uncertaintie
re intrinsically large for very small values ofhνd where the
mplitudes ofλx correspond to the differences between

arge numbers,Iνd(f) andIνd(obsd).
This presentation of the emission spectral data is i

rated for [Ru(bpy)3]2+ at the bottom ofFig. 6. Typically, the
ibrational frequency of the maximum of the envelope of
es ofλx for these complexes is different from the maxim
f the difference spectrum, although the reorganizationa
rgies inferred from the maximum amplitudes are equiva

or the difference spectrum and the emrep. This differe
n the vibrational frequencies associated with the respe

axima of these representations of the vibronic contribu
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is consistent with the composite nature of the spectral enve-
lope.

The amplitudes of the emreps have the dimensions of re-
organizational energies, but they are composite values, not
the reorganizational contributions of any specific mode. If
their only contributions are from first order vibronic com-
ponents, and if Eqs.(43) and (45)apply equally to all
of the distortion modes, then changes inλx can be read-
ily related to the effects of configurational mixing. It must
be emphasized that this analysis is only useful when: (a)
the contribution of the fundamental is independently and
reliably determined; and (b) when the dominant contribu-
tions toλx arise from the first order vibronic components.
The comparisons with resonance-Raman data indicate that
these conditions are reasonably well met for the 77 K emis-
sion spectra of the [Ru(NH3)6 − 2n(bpy)n]2+ complexes. The
determination of the reorganizational energies of specific
vibronic components must depend on additional informa-
tion (e.g., resonance-Raman spectra, the effects of isotopic
substitution, etc.) for emission spectra with bandwidths as
broad as observed in the CT emission spectra discussed
here.

3.2.6. Vibronic contributions and their attenuation;
correlation of reorganizational energies with excited
s
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Fig. 8. Comparisons of reorganizational energy profiles for [Ru(bpy)3]2+

(upper, solid curve) and [Ru(NH3)4bpy]2+ (lower, dashed curve)[89]. Points
are resonance-Raman (r-R) data of Kincaid and co-workers (solid)[66]
and of Hupp and co-workers (open)[65] for the respective complexes (see
Table 2). The profiles indicate a reasonably consistent pattern of attenuation
at 1500 cm−1 (note that contributions of Ru–ligand vibrations, higher order
vibronic contributions and C-H and N-H vibrations are necessarily differ-
ent). Some of the resonance-Raman data are less consistent; however, when
the r-R intensities are represented as Gaussian functions with the bandwidth
of the fundamental, the sum of their contributions approximates the respec-
tive normalized emission spectra and the emreps generated from these r-R-
derived spectra are similar in amplitude to those obtained from experimental
spectra.

in the D/A complexes. The reorganizational (λx(max)) and
vibrational (hνx(max)) parameters associated with the em-
rep maxima are summarized inTable 1. The emrep maxima
occur at 1530± 30 cm−1 for the ammine–bpy complexes
(Fig. 8andTable 1), and at 1440± 30 cm−1 for en–bpy com-
plexes (Table 1). The value ofλx(max) for [Ru(NH3)4bpy]2+ is
markedly smaller than that of [Ru(bpy)3]2+, seeFigs. 8 and 9.
The emission energy decreases in the same order, and
configurational mixing will increase with the decreases
of hνmax(f). These observations are strong qualitative
support for the predicted attenuation of reorganizational
energy.

The vertical energies in the perturbation theory arguments
refer to the diabatic energies; the observed emission energy
maxima reflect the contributions of ground state stabilization
due to configurational mixing, and the correction for this (in
an estimate of the diabatic energies) has the opposite sign of
the exchange energy contributions. We have based the cor-
relations inFig. 9 on Eqs.(43) and (45)andERP ∼= EPR =
hνmax(f). This assumes that the corrections for the exchange
and stabilization energy contributions in estimates of the dia-
batic energies approximately cancel, and thatHRP is constant
through the series of complexes. There is a small difference
in the intercepts and slopes in DMSO/water and in butyroni-
trile; some of this is a consequence of the difference in band-
w the
e niza-
t ; this
tate energy
The amplitudes of the difference spectra and the em

ive equivalent results (when the reorganizational amplit
re evaluated), and either can be used in evaluating the
ation effects associated with configurational mixing. We

he emreps for this purpose here to simplify the overall dis
ion since their amplitudes are expressed as reorganiza
nergies. Even at 77 K, the observed bandwidths are
nough that there are second order vibronic contributio

he observed emission spectra (and to the difference
ra and emreps that are generated from them) in the r
300–1600 cm−1 lower in energy thanhνmax(f). Modellings
f the emission spectra with the resonance-Raman data
est that these contributions run in the range of 25–35% o

otal vibronic contribution to the emreps of the Ru–bpy c
lexes in this region[89]. The attenuation of second ord
ibronic components is on the order of (1− 2α2

RP − 2α2
PR)2,

nd appreciably stronger than that of the first order com
ents (Eq.(45)); in principle; a quantitative interpretation

he observations described here should take this into acc
n this article, the attenuation effects are presented in ter
orrelations of empirical parameters, and some genera
lications are discussed. A more detailed analysis is b
repared[89].

The arguments outlined above indicate that the large
es of the electronic matrix element,HRP, for Ru–bpy com
lexes should lead to appreciable configurational mi
f the diabatic states, and that this configurational mi
hould significantly alter the properties of the D/A comp
hese effects should be most clearly manifested in the

ical transition energies, bandwidths and vibronic struc
idths. However, the different solvents may also affect
xcited state charge distribution and thereby the reorga
ional energy associated with the bpy vibrational modes
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Fig. 9. Attenuation of reorganizational energies for [Ru(Am)6 − 2n(bpy)n]2+

complexes in 77 K glasses[89]. Values ofλx are from the emrep for each
complex; values ofhνmax(0′0) are the maxima of the fundamental emission
components based on Gaussian deconvolutions. DMSO/water (solid points):
The least squares fit (black line) has a slope of (110± 20) × 10−3 cm and
an intercept of (1500± 100) cm−1. Black circles are for deutero-am(m)ine
(ND) complexes. Butyronitrile (open circles): The least squares fit (dashed
line) has a slope of (75± 10) × 10−3 cm and an intercept of (1260±
60) cm−1.

possibility is currently being examined[89]. Overall, the cor-
relation does demonstrate a strong attenuation of reorganiza-
tional energies through the series of complexes, qualitatively
consistent with Eqs.(43) and (45), and the slopes of the cor-
relation lines are reasonably consistent with the previous es-
timateHRP for this family of complexes[60]. However, it is
important to observe that the mixing coefficient implied for
the [Ru(NH3)4bpy]2+ complex is large enough that higher or-
der terms probably contribute. A mixing coefficient for this
complex of the magnitude implicated by Eq.(45) with αeg
< αge corresponds to a large amount of electron density de-
localized (≥25%) and a MLCT excited state that is far from
the diabatic limitFig. 10.

3.3. Summary

The studies considered in this section have dealt with some
of the electron-transfer properties of RuII –bipyridine com-
plexes in which the donor and acceptor are very strongly
coupled. The relatively recent availability of near-infrared
array detectors has enabled emission spectra to be collected
for a wide range of relevant complexes. For strongly coupled
systems in which electron-transfer ground and excited states
are both lower in energy than the mediating donor/bridging
ligand MLCT excited state (all energies with respect to the
g tudies
c
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ttenu-
o the

Fig. 10. Qualitative illustration of a covalently linked, degenerate
donor/acceptor complex in which the electronic coupling is mediated by
the bridging ligand. PE curves for diabatic states are shown as dotted lines,
the PE curves for three configurationally mixed states are shown as solid
lines.

very strong D/A electronic coupling and the increases in
configurational mixing that occur through this series of
complexes. This appreciable attenuation of the reorgani-
zational energy associated with the electron-transfer pro-
cess can be interpreted in terms of variations in the fraction
of electron density that is delocalized,α2

RP. The apparent
MLCT bandwidths may not decrease as predicted by the
idealized arguments owing to the effects of the distribution
of solvation environments and the convolution of other vi-
bronic and/or electronic (in the case of absorption) bands
into the spectral envelope; issues of optical resolution and
difficulties in identifying the fundamental component (es-
pecially in ambient spectra) can also complicate the eval-
uation of the extent of reorganizational energy attenua-
tion.

b. The observed emission spectra are for spin forbid-
den transitions of the lowest energy electronic ex-
cited states of these complexes. The trapping of the
electronically excited complex in a spin state dif-
ferent from that of the ground state is attributable
to a rate constant that is relatively small as a
consequence of the small electronic matrix ele-
ment.

c. Standard models[23,28–30,35,36,38,43,46,51,53,68,81]
for the Marcus inverted region predict that large reorga-
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an be summarized:

. The contributions of the high frequency vibrational mo
to the 77 K emission spectra of [Ru(NH3)6 − 2n(bpy)n]2+

complexes are greatly attenuated as the energy o
fundamental component decreases. This marked a
ation of reorganizational energies can be attributed t
nizational energies, combined with small values ofERP
and large electronic matrix elements result in rapid re
ation of the excited state. However, these models trea
three factors mentioned as independent variables,
a weak-coupling limit. In this series of complexes th
three factors are not independent of one another an
description of the reaction coordinate is very com
cated.
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4. The effects of bridging ligands on the properties of
an electron-transfer system when there is appreciable
metal/bridging ligand configurational mixing

4.1. General description and perturbation theory-based
expectations

The systematic discussion of such linked donor/acceptor
systems requires consideration of at least three electronic
states: the two electron-transfer states, which are not directly
mixed, and a metal/bridging ligand state (e.g., a MLCT ex-
cited state) that mixes them[3,7,16,18,19,21,23,42,78,98].
This approach is illustrated inFig. 10.

At least in principle, the use of a three (or more) state
limit for bridged D/A systems preserves the experimentally
approachable diabatic reference mentioned above; the use
of a two state model to describe such systems generally re-
quires a different definition of the diabatic limit. The elec-
tronic configurations of the diabatic states are: (a) electron in
a donor orbital (electron-transfer ground state); (b) electron
on the acceptor orbital (electron-transfer excited state); (c)
electron on the bridging ligand (metal to ligand charge trans-
fer, MLCT, excited state). In the limit thatH0

RP = 0 (no direct
donor/acceptor orbital overlap) the corresponding wavefunc-
tions are,
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filled acceptor orbital and a filled donor orbital, as in ad6
p/d

5
p

complex, and a vacant bridging ligand orbital, as in a�* -
orbital) [18,22],

H
spx
DA = HDBHBA

2Eav
(63)

The energy parameter in the denominator of Eq.(63) is
based on vertical energies, usually obtained from the charge
transfer spectra of the metal complexes[22],

Eav = 2EDBEA−B

(EDB + EA−B)
(64)

If the bridging ligand is composed of a chain of weakly
coupled units (B(1), B(2), . . ., B(n)), and when only the in-
teractions between nearest neighbor moieties of the bridging
ligand are considered (γ ij = the mixing coefficient between
the ith and jth bridging ligand moieties) the D/A coupling
matrix element can be generalized as[22,23,98,99],

H
spx
DA = HDB(1)

EDB(1)


(i)=n−1∏

(i)=1

γ(i)(i+1)


HB(n)A (65)
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R = ψR(d) + αRBψB(d)

[1 + α2
RB]

1/2
(60)

P = ψP(d) + αBPψB(d)

[1 + α2
BP]

1/2
(61)

B = ψB(d) − αRBψR(d) − αBPψP(d)

[1 + α2
RB + α2

BP]
1/2

(62)

Since the energies are evaluated with respect to a s
et of nuclear coordinates (those of one of the PE mini
RB = αBR andαPB = αBP in Eqs.(60)–(62).

Most of the studies of linked transition metal D/A co
lexes have employed bridging ligands that have relat

ow energy�-type LUMOs and metals in which the electro
ransfer process involves d�-orbitals[16,19]. There are fewe
tudies of purelyσ analogs. Some general features of
erturbation theory arguments apply to any type of brid

igand.
Electron-transfer mediated by configurational mix

ith a bridging ligand MLCT excited state is typical
he majority of linked transition metal D/A systems. T
lectron-transfer can also be mediated by a ligand to m
harge transfer (LMCT) bridging ligand state,{(D) − (B+)

(A−)}. These are commonly referred to as the “elect
nd “hole” transfer mechanisms, respectively. The elec

ransfer mechanistic formulation is the focus of this art
orHDB/EDB andHBA/EBA the coefficients for mixing dono
nd acceptor orbital wavefunctions with a single bridging
nd orbital wavefunction (assuming that the three state m
an be represented in terms of three orbitals, with a p
nd moieties, Eq.(65) takes the form of an exponential d
endence on the geometrical distance between the don
cceptor,dDA [22,23,98,99],

spx
DA = HDA(i = 0) e−βdDA (66)

An algebraically similar expression can be based on
verlap of spherical wavefunctions far from their nucle
rigin [100], and in this caseβ is an inverse orbital radius.

Configurational mixing of the donor (ground state)
cceptor (excited state) with the ligand electronic state
uces the energies of the electron-transfer ground and e
tates byεs(R) = H2

DB/EDB andεs(P) = H2
AB/EAB, respec

ively. As a consequence, configurational mixing with
LCT excited state of the bridging ligand shifts the abso

ion maximum of theD → A electronic transition to lowe
nergy sinceEDB > EAB (with respect to the ground sta
uclear coordinates; seeFig. 11),

νmax(D/A) = hνmax(ref) + εs(R) − εs(P)

= hνmax(ref) + α2
RBERB − α2

PBEPB (67)

The reference chosen for evaluating this shift is a
omplex in which there is no configurational mixing (HDB
HAB = 0) and for the same general conditions as in

ystem investigated. The shifts in the absorption maxim
easures of the configurational mixing with the bridging
nd in strongly coupled systems. For a chemically symm
ystem,HRB = HPB, and when no other factors contribute
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the shifts in absorption maximum,

�hνmax = [
hνmax(ref) − hνmax(D/A)

]
= H2

RB

(
ERB − EPB

ERBEPB

)
(68)

Eqs.(63) and (67)can be combined for a simple, chem-
ically symmetrical system, (assuming one partly filled ac-
ceptor orbital, as in RuII /RuIII couples) to relate the shift of
the absorption maximum to the single, linker MLCT excited
state mediated superexchange coupling[101,102].

�hνmax ∼= 4Hspx
DA

[
EDA

EDB + EAB

]
(69)

Appropriate parameters can often be inferred from the
properties of related, but separate donor and acceptor com-
plexes, or from the extrapolation the properties of a series of
closely related complexes to the limit in whichHDA = 0.

4.1.1. Illustrations of the three state limit: complexes
based on Taube’s work with aromatic bridging ligands

There have been a very large number of studies of d�6/d�5

metals (FeII /FeIII , RuII /RuIII , OsII /OsIII , ReI/ReII , etc.) with
p� bridging ligands (pyrazine, polypyridines, N2, CN−, etc.)
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Fig. 11. Correlation of decreases in transition energy with increases
the absorptivity of the RuII /RuIII MMCT absorption (Data of Sut-
ton and Taube[10,11]) for [{Ru(NH3)5}2L]5+ complexes. L =bis-
(4-pyridyl)methane,1; 3,3′-bipyridine, 2; 3,3′-dimethyl-4,4′-bipyridine,
3; 1,2-bis-(4-pyridyl)acetylene,4; trans-bis-(4-pyridyl)ethylene,5; 4,4′-
bipyridine.

ically as the absorptivity of the MMCT transition increases
(Fig. 11), in qualitative accord with expectation based on Eq.
(69). This correlation neglects systematic deviations that oc-
cur as 4α2

RP becomes significant compared to unity and the
relatively small variations in MLCT energies through the se-
ries of complexes.

Extrapolation of the plot ofhνmax(MMCT) versus
(εmax�ν1/2)1/2 to zero absorptivity indicates thathνmax(ref)
∼= (12.6± 0.3)× 103 cm−1. This is very similar to the value
ofχr = 12.1× 103 cm−1 estimated for the [Ru(NH3)5py]3+,2+

couple[21]. The value ofhνmax(ref)∼=12.6× 103 cm−1 leads
to�hνmax(obsd)∼= 2.9× 103 cm−1 for [{Ru(NH3)5}2(4,4′-
bpy)]5+. Electroabsorption measurements have been used to
determine thatHDB = 5.5× 103 cm−1 for [Ru(NH3)5(4,4′-
bpy)]2+ [87]. This and the other spectroscopic parameters
combined with Eq.(69) imply that�hνmax(calcd)≈ 3.4 ×
103 cm−1; this is good consistency given that there is prob-
ably a systematic error in the extrapolation ofFig. 11 due
to neglect of variations in the MLCT energies and higher
order perturbational terms. These parameters and Eq.(69)
suggest thatHspx

DA = 1.6 × 103 cm−1. However, electroab-
sorption measurements indicate thatH

spx
DA is actually about

750 cm−1 [105,106]. This difference may arise from treating
4,4′ bpy as a single bridging moiety. If it is treated as a com-
bination of two linked pyridines, then Eq.(65) and the elec-
t
d cted
b e
c xes
3,16,18–20,25]. Only selected parts of this work will be co
idered here.

A large number of complexes have been
ared in which the donor and acceptor are brid
y 4,4′-bipyridine, pyrazine and closely related ligan

3,10,11,16,18–20,103,104]. The metal–ligand electron
oupling is very strong in all of these complexes base
her on their electronic absorption spectra (typical ML
bsorptivities at maximum are≥3000 M−1 cm−1) [18]
r electroabsorption spectra (HRP between 4000 an
1,000 cm−1) [73,87,105,106]. The bb-bridged complex
iscussed in Section2.6 above demonstrate that ve
trong metal–ligand electronic coupling (HRuL ≈ 7 ×
03 cm−1 [60,62,63]) does not necessarily imply stro

igand-mediated metal–metal coupling (HMM ′ � 102 cm−1

or the bb-bridged complexes[78,79]).
Appreciably stronger metal–metal coupling is media

y 4,4′-bipyridine and related ligands[10,11,16]. The value
or HDA estimated for these complexes are within the ra
f values found for ion pairs, but much larger than found

he bb-bridged complexes[21]. Nevertheless, the fraction
elocalized electron density,α2

RP, is small, and the config
rational mixing (or electronic coupling) in most of the
omplexes can be considered to be relatively weak. I
er to estimate the value ofhνmax in the limit thatα2

IB → 0,
ne can combine Eq.(29) with Eqs.(67)–(69)to describe

he variations ofhνmax of a closely related series of co
lexes in which the configurational mixing varies. The e
ies of the intervalence absorption maxima,hνmax(MMCT),

or complexes of the type [{Ru(NH3)5}2B]5+ (where B is a
i-pyridyl bridging ligand[10,11,16]) do decrease system
roabsorption measurements imply thatγpy,py ≈ 0.4. These
i-pyridyl-linked complexes illustrate the features expe
ased onFig. 2and Eqs.(65) and (67)–(69); superexchang
oupling in a closely related series of bridged comple
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correlates inversely with the energy of the donor/acceptor
electronic transition and directly with the absorptivity of that
transition.

4.2. Entanglement of the nuclear and electronic
coordinates: vibronic coupling in CN-bridged complexes

The complexes in which cyanide bridges a transition metal
donor complex to a transition metal acceptor complex have
exhibited a remarkable array of properties that do not fit neatly
into all of the approaches outlined above.

4.2.1. The variations of the C≡N stretch with the
oscillator strengths of MM′CT transitions in
cyanide-bridged D/A complexes

The CN-stretching frequencies of cyanide-bridged
M(CN)M′ complexes tend to be shifted to low energy when
M and M′ form a strongly coupled D/A pair[102,107,108];
Fig. 12 graphically presents some representative obser-
vations. Two cyanide stretches are observed in the IR
spectra of dicyano complexes such astrans-[([14]aneN4)Cr
(CNRu(NH3)5)2]5+ and the trans-[([14]aneN4)Cr(CN)2]+

parent[107–109]. The symmetric combination of stretches
shifts from 2137 cm−1 in the parent to 1996 cm−1 in the
trans-[([14]aneN4)CrIII (CNRuII (NH3)5)2]5+ complex; the
a

F ion of
c no
a quen-
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c
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R ;
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Fig. 13. Shifts of the CN stretch,�νCN = [�νCN(ruthenate) −
∆νCN(parent)], for trans-[MIII (ms-Me6[14]aneN4)(CNRuII (NH3)5)2]2+,
dark lines, andcis-[MIII (rac-Me6[14]aneN4)(CNRuII (NH3)5)2]2+, grey
lines. For thetrans-complexes, the symmetric combination oc CN stretches is
designated by the solid line and the antisymmetric combination by the dashed
line. The frequencies of the CN stretches in the parent [MIII (MCL)(CN)2]+

complexes, (P), are represented at the origin by the solid ellipse. Data from
[108,109].

to 2077 cm−1, respectively.Fig. 13 presents the shifts
of νCN in more detail for trans-[(ms-Me6[14]aneN4)Cr
(CNRu(NH3)5)2]5+, cis-[(rac-Me6[14]aneN4)Cr(CNRu
(NH3)5)2]5+, their parent dicyano complexes and the
rhodium(III)-centered analogs. The shifts observed forcis-
[(rac-Me6[14]aneN4)Rh(CNRu(NH3)5)2]5+, relative toνCN
for the parent, are to slightly higher energy and qualitatively
in the direction expected for the kinematic (or mechanical)
coupling of C-N, M-C and N-M′ oscillators [110]. The
observed values ofνCN are shifted strongly in the opposite
direction upon ruthenation of the CrIII -centered complexes.
The symmetric combination of cyanide stretching frequen-
cies in trans-[(ms-Me6[14]aneN4)Cr(CNRu(NH3)5)2]5+

is shifted by the greatest amount, but the shift is equally
distributed in the CN-stretches ofcis-[(rac-Me6[14]aneN4)
Cr(CNRu(NH3)5)2]5+ (the CN stretches were identified by
the shifts when the complexes were prepared with13CN−;
the band identified as the antisymmetric combination
of CN stretches in thetrans-complexes was 4–10 times
more intense than the symmetric combination[108]).
The magnitude of this shift to lower energies,�νCN,
has been found to increase with the oscillator strength of
the donor/acceptor charge transfer (MM′CT) absorption
[107,108]. The absorptivity of the RuII /CrIII MM ′CT band
(λmax = 500 nm) is 7600 M−1 cm−1 in this complex. The
a

ntisymmetric combination shifts only from 2096 cm−1

ig. 12. Shifts of the CN stretching frequency that accompany metallat
oordinated cyanide in [M(L)(CN)nM′]m+ complexes. The parent dicya
nd cyano complexes are listed on the right and their CN stretching fre
ies are enclosed in rectangular boxes. These complexes are formally MIII for
he MIII (MCL) complexes and MII for the M(bpy)2 complexes. For the CrIII

omplexes, MCL = [14]aneN4, MCL′ =ms-Me6[14]aneN4 and MCL′ ′ = [15]
neN4; for the CoIII and RhIII complexes, MCL = [14]aneN4. RuIII designate
u(NH3)5

3+ and RhIII designates Rh(NH3)5
3+ for the M(bpy)2 complexes
or the MIII (MCL) centered complexes, RuII designates Ru(NH3)5
2+. The

lock arrows at the top indicate the sense of the kinematic shift that is ex-
ected to occur upon metallation of coordinated cyanide and the vibronic
hift that is observed when CN bridges a strongly coupled donor and accep-
or. The frequencies are from[108,109].

8 h
s
r tric
c lar
nalogous RhIII -centered complex (λmax = 342 nm,εmax =
00 M−1 cm−1 for the MM′CT transition) exhibits muc
maller shifts ofνCN (2142–2156 and 2124–2114 cm−1,
espectively). Since the effect is mostly in the symme
ombinationof stretches, the effect is in one molecu
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normal vibrational mode of thetrans-complexes, equally
distributed over the two bridging cyanides and not localized
in either.

Overall, for several complexes of different symmetries, the
magnitude of�νCN (referenced in each case to the analogous
RhIII complex) is proportional to the oscillator strength of the
MM ′CT transition[102]. This implies a correlation of the
changes in one of the nuclear coordinates (the C≡N stretch
orQCN) with changes in the electronic coupling between the
donor and acceptor.

4.2.2. Vibronic models to account for the decreases of
νCN with increases of MM′CT oscillator strength

A simple vibronic model for describing these systems
(analogous to pseudo-Jahn-Teller models[111,112]) assumes
that: (a) the delocalization of electron density from the donor
onto the bridging ligand, and/or from the bridging ligand onto
the acceptor weakens the C≡N bonds; and (b) a weakened
C≡N bond results in enhanced D and A coupling to the bridg-
ing ligand[107,109]. This model has been demonstrated to
be consistent with the proportionality between the shifts of
νCN and the MM′CT oscillator strength[107,108,113,114].
The principal assumption of this model can be represented as
[107,109,113,114],

H = H0 + bQ (70)
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ground state to achieve an interaction somewhat analogous
to that proposed for D/A complexes with acetylenic bridges
[115,116].

4.2.3. The di-cyano complexes as bridging ligands in
mixed valence complexes: a vibronic selection rule

The dicyano complexes such astrans-[([14]aneN4)
Cr(CN)2]+ can function as bridging ligands between a
donor and an acceptor. The separation of the terminal met-
als in the resulting hetero-trimetallic complexes, such as
trans-[([14]aneN4)Cr(CN Ru(NH3)5)2]6+, is about 10.5̊A,
or very similar to that in complexes bridged by 4,4′-
bipyridine. The lowest energy CT excited state that might
configurationally mix with the ground state oftrans-
[([14]aneN4)Cr(CN Ru(NH3)5)2]5+ or 6+ is the RuII → CrIII

MLCT excited state. The Ru(NH3)53+,2+half-wave potentials
vary with the RuII → (central metal) MM′CT energies and ab-
sorptivities in the general manner expected for two state con-
figurational mixing[109,113,114]for complexes of the types
[{Ru(NH3)5}n(Am)6−nM(CN)n](3+n)+ (M = CrIII , CoIII , or
RhIII ) and [M(PP)2(CNRu(NH3)5)n(CN)2](3nor [2n+1])+(PP
= bpy or 1,10-phenanthroline; M = RuII , FeII or M
= CrIII , CoIII , or RhIII ). This configurational mixing
({RuII (NH3)5/MIII (MCL)} with {RuIII (NH3)5/MII (MCL)})
correlates with the shifts inhνmax for the (terminal
→ II III
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TheH0
RP term allows for any direct RuII /CrIII electronic

oupling (i.e., not mediated by the bridging cyanide). Eq.(70)
ontrasts to the common assumption thatHRP is independen
f the nuclear coordinates (Condon approximation)[22,42].

t also contrasts to normal superexchange coupling mo
onfigurational mixing in the three state model result
odification of the ground (g) and excited state (e) po

ial energy functions so thatPEJ ∼= (PE0′0
k + kQ2

N/2 − εJL),

herePE0′0
j is the difference in energy between the unmi

diabatic), vibrationally equilibrated electron-transfer st
PE minima atQN = 0 andQ0

N, respectively, where the s
erscript “0” designates a quantity defined with respe

he diabatic PES’) and J = g or e. In the “vibronic” mo

heεJL = (H0
RP + bQCN)

2
/E0

RP) are expanded in a Taylor
eries around the relevant nuclear coordinates to obtai
71) [107,109,113,114],

Eg ∼= kQ2
N/2 − ε0

DL − aQN (71a)

Ee ∼= PE0′0
P + 1/2k(Q0

N −QN)
2 − ε0

AL + a′QN (71b)

herek is a force constant anda, a′ and b are linear vi-
ronic coefficients from the Taylor’s expansions. This
ument results in a functional relationship between�νCN
nd the MM′CT oscillator strength that is qualitatively co
istent with observations[107–109,113,114]. An intuitively
ppealing variation on this model involves the two elect

ransfer states coupled by means of mixing with D/C−
LCT and CN−/A LMCT excited states. This would a

ow for a shift of electron density across the molecule in
terminal) Ru → Ru MMCT transition in the
(MCL)M(CNRu(NH3)5)2]6+ complexes (MCL = a tetraaz
acrocyclic ligand and M = CrIII , CoIII , or RhIII ). How-

ver, this MM′′CT transition has an absorptivity ofεmax =
20± 40 M−1 cm−1 nearly independent of M and the RII

(central metal) MM′CT energy and absorptivity[101].
hus, the RuII → (central metal) configurational mixin
oes not contribute in the manner expected for sup
hange coupling (Eq.(69)). Fig. 14illustrates the contrast
he superexchange coupling contributions of the substit
ipyridyl complexes of the Sutton and Taube work (Fig. 12)

o that of the dicyano-complex-bridged systems. It app
hat the superexchange coupling pathway has been que
n the{Ru(NH3)5}2(MCL)M(CN)2]6+ complexes. This ca
e attributed to the cyanide-mediated, vibronic coupling
cribed above) by means of the simple model describe
ow.

The D/A coupling can be very complicated in comple
ith more than onevibronicallycoupled D/A pair[117,118].

n order to account for the failure of superexchange-like
avior in the dicyanocomplex-bridged systems, we have
osed a simple extension of the bimetallic vibronic mo
sketched above) for trimetallic, M(NC)M′(CN)M′′ systems
101,108]: (1) the CN−-mediated, M/M′ and M′/M′′ cou-
ling is treated as a “local”, D(NC)A(CN)A′, interaction (D
donor; A, A′ = acceptors) as above; (2) the overall effec

CN, in D(NC)A(CN)D systems[108], or on M/M′′ coupling,
n D(NC)A(CN)A′ systems is treated in terms of the pertur
ional mixing of these local interactions. The assumption

RP ∼= H0
RP + bQCN implies that the ground state nucle

oordinates of the bridging CN− are configured for strong(
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Fig. 14. Correlation of decreases in transition energy with increases the ab-
sorptivity of the RuII /RuIII MMCT absorption (Data of Sutton and Taube,
Fig. 11for [{Ru(NH3)5}2M(L)(CN)2]n+ complexes (data of Macatangay
et al.[101,102]). The dashed line is the correlation line fromFig. 11. Closed
symbols fortrans complexes; open symbols forcis complexes. Squares
for CrIII (MCL) complexes; circles for RhIII (MCL) complexes; triangle for
CoIII (Me6[14]aneN4) complex; diamond (right hand side) for RuII (py)4
complex. The MLCT energies of the dicyano-metallate- and the dipyridyl-
bridged complexes are comparable,H2

DL is about four times larger in the
latter, so a more shallow slope is expected to the cyano-bridged than for the
pyridyl-bridged complexes. See Eqs.(63), (64), (67) and (68)).

D/A coupling (bQCN � H0
RP) in the D(CN)sA′ moiety and

for weak (or “kinematic”[110]; w) coupling (bQCN ≈ 0)
in the A′(CN)wA′′ moiety. The optical MM′′CT transition
leaves these coordinates fixed on generating an electron-
transfer excited state,

[RuII (NC)sM
III (CN)wRuIII ]g + hν

→ ∗[RuIII (NC)sM
III (CN)wRuII ]e (72)

According to the vibronic model, the RuII /MIII electronic
coupling (HEL) should be small in the Franck-Condon ex-
cited state. The CN− nuclear coordinates are expected to be
between the s and w extremes in the vibrationally equilibri-
ated MLCT excited state, [RuIII (NC)iMII (CN)iRuIII ]L, and
the CN− nuclear coordinates of the two vibrationally equi-
libriated electron-transfer states correspond to extrema of the
anti-symmetric combination of CN− stretches in the MLCT
excited state (L). In view of this and the symmetry of the
electron-transfer system,HDL andHAL are expected to be
complementary, or out of phase functions of the CN− nu-
clear coordinates. Several functions can be used to express
this; among the simpler ones for the local, cyanide-mediated
coupling with the central metal are,

HDL ∼= (H0
DL + bQ0

CN cosθ) (73)

a

H

for 0 ≤ θ ≤ π/2. To make the illustrative argument simpler,
assume thatH0

DL
∼= H0

AL
∼= 0 in the superexchange contribu-

tion. Then Eq.(63)becomes,

H
spx
DA = HDLHAL

2Eav
= (bQ0

CN cosθ)(bQ0
CN sin θ)

2Eav
(75)

For the ground state coupling maximized between RuII

and CrIII , cosθ = 1 and sinθ = 0; thus, when evaluated in the
ground state nuclear coordinates,H

spx
DA = 0. This is consistent

with the observations on most of the dicyanocomplex-bridged
D/A complexes[101]. The specific functions employed (i.e.,
cosθ and sinθ) illustrate the general features of the model,
but are not derived from it. In any event this simple “vibronic”
model does suggest that there are conditions for which the
matrix elements can approach zero, and amounts to a “se-
lection rule” forHspx

DA and for electronic coupling in a linked
donor/acceptor complex.

The general features of this discussion of the electron-
transfer spectroscopy in the cyanide-bridged complexes have
been formulated in terms of a three state model such as illus-
trated inFig. 10. In order for this approach to be applicable,
the three configurationally mixed electronic states, the ground
and excited electron-transfer states and the MLCT excited
state (here designated g, e and L), must be sufficiently sepa-
rated in energy, that their properties are not greatly altered by
t
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AL ∼= (H0
AL + bQ0

CN sin θ) (74)
he configurational mixing between them (e.g., seeFig. 10;
ll energies evaluated with respect to the ground state nu
oordinates); i.e.,α2

JL < 0.25 (J = g, e). When the MM′′CT
nd the MLCT excited states are approximately degen
i.e., for HeL ≥ EeL), and whenHeL > 0, these electron
xcited states will be thoroughly mixed,

+ = [ψe(d) + ψL(d)](2)−1/2 (76)

− = [ψL(d) − ψe(d)](2)−1/2 (77)

The energy difference between the mixed states wi
pproximately 2HeL, but this matrix element does not en

nto the expressions for either of their wavefunctions.
uperexchange matrix element in a cyanide-bridged com
or which this is the case takes the form,

spx
DA

∼= 1√
2

〈
ψg(d)|H |ψ+

〉 ≈ HDL (78)

Thus, the degeneracy of the two diabatic excited s
emoves the constraint on superexchange coupling in th
ronically coupled system. In this limit of course, the elec

n the excited state is delocalized over the acceptor (M′′) and
he bridging ligand (in this case the metal-di-cyanide m
ty), so the distinctions between the metal and ligand lo

zed states is lost and the charge transfer transitions s
o longer be described as MM′′CT and MLCT[84].

Arguments presented in the preceding sections (e.g
xtrapolation inFig. 12) indicated that the diabatic e
rgy for the Ru(NH3)53+,2+ couple in a bridged comple

s approximately (12–13)× 103 cm−1. The diabatic en
rgies for the MM′CT transitions of the complexes th
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are employed to approach this limit can be based on Eq.
(22) and information available in the literature[2,21,70].
The available information indicates that the most likely
candidates are dicyano-ruthenium complexes with values
of E1/2(RuIII /RuII ) smaller than that of [Ru(bpy)2(CN)2]
(E1/2 ∼ 0.9 V). The trans-[Ru(py)4(CN)2] complex [119]
(E1/2 = 0.74 V [102,119]) has approximately the neces-
sary properties. The RuII (py)4(CN)2 → RuIII (NH3)53+ tran-
sition in the trans-[{RuIII (NH3)5}n{RuII (py)4(CN)2}]3n+

complexes (n = 1, 2) occurs at (13.4–14.6)× 103 cm−1 with
absorptivities of 2100–2700 M−1 cm−1/RuIII . The trans-
[{RuII (py)4(CNRu(NH3)5)2}]5+ complex easily satisfies the
condition of α2

eL > 0.25 for extensive excited state mix-
ing. This complex exhibits two low energy CT transitions
(at 10,000 and 14,300 cm−1), both with absorptivities of
about 1500 M−1 cm−1. The lower energy absorption band
is at least 10 times greater than the absorptivity of the
MM ′′CT transition of the chromium-centered analog dis-
cussed above, indicating much greater electronic coupling
with the electron-transfer excited state (despite the fact
that the MLCT (or MM′CT) transition is 30% smaller
in the ruthenium-centered than in the chromium-centered
complex), and the higher energy band has a smaller ab-
sorptivity than the central-to-terminal transition of thetrans-
[{RuII (py)4(CNRu(NH3)5)2}]6+ complex, consistent with
“ m-
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Fig. 15. Computed LUMO (left) and LUMO+1 (right) orbital structures for
pyrazine (top) and dpp (bottom). The double-headed arrows indicate the
correlated orbital structures of the pyrazine moieties. Computed energies
are in cm−1. From[60].

relate with the degenerate components of the LUMO of
benzene). One of these orbitals has orbital coefficients on
all atoms (this is designated theα orbital pattern) and the
other has a nodal plane, orthogonal to the ring, which passes
through two opposite atoms (designated theβ pattern). Both
of these orbitals must be considered in many spectroscopic
discussions, and they can both contribute to the electron-
transfer properties with bridging ligands such as 2,3-bis-(2-
pyridyl)pyrazine (dpp)[60]. This ligand has been used in the
construction of extended arrays of transition metal complexes
that might be useful for photonic energy collection, photoin-
duced oxidation-reduction processes, etc.[120–125]. The�-
orbitals of the pyridine and pyrazine moieties of this bidentate
ligand differ in energy, and they do not mix as simply as those
of the closely related bipyridines. The LUMO and LUMO
+ 1 of dpp ligand configured to coordinate a single metal
are shown inFig. 15(HF/LANL2DZ level of computations
[126]) [60]. The pyrazine moiety of the dpp LUMO correlates
with the pyrazine LUMO + 1, and it has relatively small or-
bital coefficients on the pyrazine nitrogen atoms. This should
correspond to relatively poor LUMO-mediated metal/ligand
intensity stealing” by the lower energy transition. This co
arison is a strong confirmation of the vibronic coupling
uments presented above.

.3. Polypyridine bridging ligands

.3.1. Some aspects of the molecular orbital structure o
olypyridine ligands

Some features of aromatic bridging ligands are use
iscussed with respect to the 4,4′-bipyridine bridging ligand
imple perturbation theory logic suggests that the prope
f the of 4,4′-bipyridine linker can be regarded as a comb

ion of the slightly modified properties (represented byψpy)
f the two pyridyl moieties,

bpy± = ψpy ± αpy,py′ψpy′

(1 + α2
py,py′ )

1/2
(79)

The simplest limit arises when the effectiveness of
ridging ligand in mediating the electronic coupling of
onor and acceptor is only a function of the MLCT sta

hat involve the LUMO of the bridging ligand; see Sect
.1 above. In this limit, Eq.(79) implies a four state mod
MLCT excited states involving the two different pyrid
oieties; see also Eq.(65)), but the approach is otherwi

imilar to that described above (Section4.1). However, the
ontributions of additional, configurationally different el
ronic states of the system may sometimes be more im
ant than those that implicate the bridging ligand’s LUM
or example, the two lowest energy�* (antibonding) or-
itals of pyridine are relatively close in energy (they c
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configurational mixing and a correspondingly small value of
H

spx
RP for a D/A pair bridged by this ligand; the configura-

tional mixing mediated by LUMO + 1 should be comparable
to that typical of pyrazine-bridged D/A pairs. SinceHspx

RP is
a sum of the contributions from all the relevant CT excited
states, and since the RuII /dpp MLCT transitions that correlate
with LUMO and LUMO + 1 are reasonably close in energy
[60] this does not have much of an effect on the observed
MMCT transition of [{Ru(NH3)4}2dpp]5+ (it is very similar
to that of [{Ru(NH3)5}2pz]5+ [9] except in band shape[127]).
There may be a larger effect for the MLCT excited states:
[Ru(NH3)4dpp]2+ has two MLCT bands of similar energy
(18.3× 103 and 21.9× 103 cm−1) and absorptivity (4500
and 4800 M−1 cm−1, respectively) in ambient aqueous solu-
tion, while [{Ru(NH3)4}2dpp]5+ exhibits a single absorption
in this region (at 17.9× 103 cm−1), but with much greater
absorptivity (9500 M−1 cm−1/Ru)[60]. This suggests a Jahn-
Teller splitting of the higher energy MLCT excited state (cor-
related with LUMO + 1) that is typical of very strong (D/A)
mixed valence coupling.

4.3.2. Summary of observations on selected bridged D/A
complexes

The studies cited in this section have dealt with the im-
plications of the electron-transfer absorption and emission
s xes.
T l ap-
p d co-
w on-
t ergy
t tate
( tes),
t mary
f

a. Configurational mixing with a higher energy charge trans-
fer excited state involving the bridging ligand enhances the
electronic coupling of the donor and acceptor when there
is good overlap with the donor and acceptor orbitals.

b. The enhanced electronic coupling is manifested in in-
creased absorptivity and lower energy of the D/A MMCT
transition.

c. Details of the linker electronic structure are sometimes
important in determining the effectiveness of the bridging
ligand in facilitating electron-transfer processes.

d. Electronic coupling between the electron-transfer partners
(donor and acceptor) and the bridging ligand can alter the
properties of the bridging ligand, sometimes even altering
the nuclear coordinates within the bridge.

e. Vibronic coupling to the bridging ligand can interfere with
super exchange coupling of a bridged donor and acceptor.

5. High frequency vibronic contributions to the
electron-transfer emission spectra of cyanide-bridged
complexes and electron-transfer behavior in the
Marcus-inverted region

Many of the [{Ru(NH3)5}n{Cr(L)(CN)n}](n+3)+ com-
plexes (L an am(m)ine ligand;n = 1,2) emit [128,129]at
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damen the

e ntal.
pectra of three different classes of linked D/A comple
hese observations, and some evolution of theoretica
roaches complement the early studies of Taube an
orkers[13]. For strongly coupled systems in which electr

ransfer ground and excited states are both lower in en
han the mediating donor/bridging ligand MLCT excited s
all energies with respect to the ground state coordina
he results of these studies can be combined in sum
orm:

able 3
bsorption and emission spectral data for cyanide-bridged complexea

omplexes RutII → Mc
III b

λmax(εmax/Ru) [�ν1/

rans-[([14]aneN4)Cr(CNRu(NH3)5)2]5+ 507(4.0)[4.9]
rans-[(ms-Me6[14]aneN4)Cr(CNRu(NH3)5)2]5+ 522(4.1)[5.0]
rans-[([15]aneN4)Cr(CNRu(NH3)5)2]5+ 515(3.6)[4.6]
rans-[(ms-Me6[14]aneN4)Co(CNRu(NH3)5)2]5+ 513(0.70)[6.0]
rans-[([14]aneN4)Rh(CNRu(NH3)5)2]5+ 342(0.40)[6.0]e

rans-[(ms-Me6[14]aneN4)Rh(CNRu(NH3)5)2]5+ 330(0.43)[5.9]e

rans-[([15]aneN4)Rh(CNRu(NH3)5)2]5+ 340(0.45)[6.1]e

rans-[(py)4Ru(CNRu(NH3)5)2]4+ –
is-[(rac-Me6[14]aneN4)Cr(CNRu(NH3)5)2]5+ 525(4.1)[5.1]
is-[([14]aneN4)Rh(CNRu(NH3)5)2]5+ 340(0.15)e

is-[(rac-Me6[14]aneN4)Rh(CNRu(NH3)5)2]5+ 345(0.20)e

is-[([15]aneN4)Rh(CNRu(NH3)5)2]5+ 343(0.20)e

a From[128–131].
b MM ′CT absorption; units:λmax, nm(εmax/103/Ru, M−1 cm−1)[�ν1/2/1
c MMCT absorption; units:λmax, nm(εmax, M−1 cm−1)[�ν1/2/103,cm−1

d Units: hνmax/103,cm−1[hν0′0/103, cm−1] (�ν1/2/103, cm−1), The fun
mission spectrum;�ν1/2 = the full-width at half height for the fundame

e Probably mixed with RuII /CN−(�* )MLCT.
7 K; seeFig. 16andTable 3. This is the only class of com
lexes that has been found to exhibit a transition meta

ransition metal electron-transfer emission. The maxim
hese electron-transfer emissions occur in the 800–850 n
ion of the near-infrared, and the 77 K excited state lifeti
re on the order of a microsecond. Am(m)ine perdeuter
f these complexes results in much longer lifetimes, an
ize of the isotope effects tend to increase (kNH/kND ≈ 15–30)
ith the number of am(m)ine moieties. The very large iso

RuII → RuIII c MMCT emissiond

r) λmax(εmax)[�ν1/2] (water) hνmax[hν0′0](�ν1/2) (DMSO/water)

1000(178)[5.1] 12.0[12.1](0.71)
952(160)[4.9] 11.8[11.9](0.76)
990(161)[4.9] 11.8[12](0.9)
890(141)[5.3] –

848(75)[6.6] –
858(69)[6.1] –
865(81)[6.0] –
1000(1500)[6.2] –
840(150)[5.4] –

976(145)[4.8] –
848(67)[5.2] –
850(137)[5.2] –

.

tal emission component,hν0′0, is based on a Gaussian deconvolution of
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effects suggest a nuclear tunneling mechanism for excited
state electron-transfer that is mediated by the N-H stretch.
This in turn implies that there should be a vibronic contri-
bution to the electron-transfer emission that arises from the
N H stretch.

5.1. Some details of the emission spectra

The 77 K emission spectrum of [{Ru(NH3)5}2([14]
aneN4)Cr(CN)2]5+ (Fig. 16a) is similar in many ways to
that of [Ru(NH3)4bpy]2+ (Fig. 3). The bands are reasonably
broad, extending to about 1200 nm consistent with weak vi-
bronic contributions, and they are dominated by an intense
fundamental ({e, 0′} → {g, 0}) component. The high fre-
quency vibronic contributions are most clearly exhibited in
the emrep inFig. 16b. There are several important features of
the electron-transfer emission in these complexes[128–131]:
(a) the vibronic contributions are weak and this suggests that
the excited state is not greatly distorted; (b) the largest reor-
ganizational energy contributions are in the 500–900 cm−1

region; (c) there are C≡N stretching contributions to the
electron-transfer reorganizational energy (Fig. 16c); (d) the
observed NH/ND isotope effects for the excited state decay
rate constants are very large[128,129].

The energy of the emission maximum, the overall emis-
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Fig. 16. (a) The MMCT emission spectrum (heavy line) of
[Cr([14]aneN4)(CNRu(NH3)5)2]5+ (DMSO/water) at 77 K. Decon-
voluted Gaussian fundamental (blue curve)[130]. (b) the difference
between the observed spectrum and the fundamental for: (CrCNRu(NH)),
heavy line, and (CrCNRu(ND)), light line; (c). the empirical reorganiza-
tional energy profiles of (CrCNRu(NH)), heavy line, and of (CrCNRu(ND)),
light line; (d) the difference of those profiles. Vibrations of energyhνx

in (d) can be associated with the reorganizational energy contributions
(in cm−1; tentative assignments in parenthesis) in the ranges: 1, 400–800
(metal–ligand stretch; M-N-H bend); 2, 1500–2000 (C≡N stretch; NH2

bend); 3, 2100–2700 (N-D stretch); 4, 2900–3600 (N-H stretch). Data from
[130,131].
ion bandwidth and the emission lifetime are all functi
f the excitation energy for these complexes. The varia
re systematic and these three properties of the em
ll increase systematically as the excitation energy incre

128,129]. When the excitation energy is significantly lar
han the (ambient) RuII /CrIII MM ′CT absorption maximum
ost of the complexes develop a shoulder on the h
nergy side of the emission, and for one complex,trans-[(ms-
e6[14]aneN4)Cr (CN Ru(NH3)5)2]5+, high-energy excita

ions result in a new emission band similar to the (2E)CrIII

d emission of the parent dicyano complex[129]. Thus, it
ppears that the chromium centereddd(2E) and the MM′CT
xcited states have very similar energies in these comp
he CrII center of the MM′CT excited state can have eith
high spin (d�3d�; quintet spin multiplicity) or a low spi

d�4; doublet spin multiplicity) electronic configuration,
he net spin multiplicity of the excited state (formally w
rII and RuIII centers) can be sextet or quartet (for high s
rII ), or quartet or doublet (for low spin CrII ). A quartet ex
ited state would be expected to relax too rapidly to the qu
round state to be observed. The excited state with do
pin multiplicity (low spin CrII ) is most consistent with th
mall amplitudes of the vibronic contributions to the em
ion. The2MM ′CT excited state is expected to be stabili
y configurational mixing with the near in energy (2E)CrIII

xcited state; these two excited states form a mixed va
air. Such configurational mixing will distort the MM′CT
xcited state resulting in a decrease of its energy, a sh

ts PE minimum (decreasing the amount of distortion)
educing the curvature of the PE surface compared t
orresponding diabatic PE surface.
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Dominant distortions in the metal–ligand skeletal modes
(<1000 cm−1) are consistent with Ru/Cr electron-transfer
process that generates the excited state; the breadth of the
dominant contribution toFig. 16b suggests that there are
contributions from several skeletal modes. The shoulder at
about 2000 cm−1 in the emrep ofFig. 16b is consistent with
a contribution of the CN-stretching modes to the reorganiza-
tional energy. There could be some second order vibronic
contributions (j = 2 in Eqs. (2)–(4) and (32)) in this re-
gion from vibrations withνh ≈ 1000 cm−1 and first order
contributions from the HNH bending vibration; even allow-
ing for the largest magnitudes of other contributions, the
reorganizational energy contribution of the CN stretching
modes is probably greater than about 100 cm−1. The dif-
ference in the emreps of [([14]aneN4)Cr(CNRu(NH3)5)2]5+

and [(d4-[14]aneN4)Cr(CNRu(ND3)5)2]5+, Fig. 16c, demon-
strates the reorganizational energy contributions from N-H
stretching modes (∼3200 cm−1) and NH2 bending modes
(∼1600 cm−1), with λNH and λHNH both in the range of
25–30 cm−1. The emreps display the contributions of high
frequency vibrational modes (hνh > 4kBT) that contribute
to the differences in the geometry of the ground and excited
electronic states; the amplitudes of the envelope of these con-
tributions (the reorganizational energy profile) at different vi-
brational frequencies indicate the relative importance of the
c dis-
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lated by light absorption relax extremely rapidly to the lowest
energy excited state (typically within a few ps), and that the
lowest energy excited states which are observed to have rea-
sonably long lifetimes (ns to ms) differ in spin multiplicity
from the ground state[136]. This is only a variation of the very
well known feature of the photophysics of organic molecules
that triplet excited states tend to have much longer lifetimes
than the configurationally related singlet excited states[137].
However, the rapid relaxation of upper excited states of at
least some transition metal complexes appears to involve
crossings between states of different electronic configura-
tions that are more rapid than vibrational relaxation within
an electronic state[97,138–141], and this is different from
the usual experience with organic photophysics[137,142].
These rapid excited state configurational crossings are better
described as vibronic transitions, between vibrational levels
of the configurationally different states, rather than in terms
of Born-Oppenheimer approximation-based PE surfaces il-
lustrated inFigs. 2 and 10. One mechanism for such fast inter-
configurational and intersystem crossings is that they involve
entangled nuclear and electronic coordinates, and that they
are a characteristic of strongly coupled electronic configura-
tions. In contrast, it is generally assumed that the spin multi-
plicity difference of the ground and excited state, for emitting
molecules, contributes to a small matrix element, leading to a
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orresponding distortion modes. These high frequency
ortion modes are expected to be very important in deter
ng the electron-transfer rate constant in the Marcus inve
egion, and therefore, in determining the electron-transfe
ited state lifetime at 77 K.

.2. Excited state-to-ground state back electron-transfe
ynamics of cyanide-bridged complexes

The excited state lifetimes of the Cr(CN)Ru comple
re relatively long compared to closely related classe
omplexes. Thus, the [(NH3)5Ru(CNM(CN)5)]− complexes
M = Fe, Ru, Os) have lifetimes of <1 ps under am
nt conditions[132–134], while the electronically excite

([14]aneN4)Cr(CNRu(NH3)5)2]5+ complex has an excite
tate lifetime of about 7 ns under ambient conditions
bout 1�s at 77 K [128,130]. The back electron-transf

n the [(NH3)5Ru(CNM(CN)5)]− complexes apparently o
urs before the electronic excited state is vibrationally e
ibrated, and populates a vibrationally excited state of
round state[133–135]. The much longer lifetimes of th
r(CN)Ru complexes is typical of transition metal exc
tates which differ in spin multiplicity from the ground sta
he [(NH3)5Ru(CNM(CN)5)]− complexes (M = Fe, Ru, O
ecessarily have the same spin multiplicities (doublet) in

owest energy electron-transfer excited states and in
round states.

Electronic coupling and high frequency vibrational mo
end to be relatively important in determining excited s
ifetimes at low temperatures. It is characteristic of trans

etal spectroscopy that the electronic states initially p
eak-coupling limit description for the non-radiative rel
tion rate constant.

In glasses at low temperature or in solids, most of the
ent modes are frozen[143]. Eq.(21) is not applicable to th
imit in which there is no solvent reorganizational contri
ion and in which there are no contributing low freque
olecular distortion modes. In this limit, electron-trans
ust occur by means of a nuclear tunneling pathway.

lear tunneling is most important for the highest freque
istortion modes, and an appropriate expression for this
nd a single contributing high frequency vibrational mod

35],

0
nr = H2

PR

[
8π3

h3νhE
0′0
PR

]1/2

e(−γhE
0′0
PR/hνh) (80)

h ∼= ln

(
E0′0

PR

λh

)
− 1

Fig. 16d demonstrates that a small, finite value ofλNH
ontributes to the emission spectrum of [{Ru(NH3)5}2
[14]aneN4)Cr(CN)2]5+. This value in Eq.(80)leads tok0

nr ∼
.5H2

PRs−1. It has been estimated for the spin-allowed c
gurational mixing of the ground state of this complex w
he 4MMCT excited state implies thatHRP ∼= 3200 cm−1

109]; this would lead toκel = 1 in Eq. (13), and Eq.(80)
ould not be applicable. Eq.(80) is only useful ifHPR is a

elatively small number, less than about 200 cm−1; a value
f this magnitude would lead tok0

nr ∼ 104 s−1, or an order o
agnitude or so smaller than the observed value. Spin
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coupling is appreciable for transition metal complexes[144]
and a value ofHPR could be of the order of the value cited,
since the differences in energy between the configurationally
similar excited states (EDQ for excited doublet and quartet
states) are not large (values for the RuII –bpy singlet and triplet
MLCT excited states have been estimated to be in the range
of 1000–4000 cm−1 [60–62]); for HSO the spin-orbit cou-
pling matrix element,HPR≈ (HSO/EDQ)HRP. While Eq.(80)
in combination with the observed reorganizational param-
eters somewhat underestimates the NH-mediated tunneling
pathway, the small value ofλNH implies that the isotope ef-
fect, kNH/kND, will be very large for the NH-mediated tun-
neling pathway (e.g., from Eq.(70), kNH/kND ≥ 500). The
larger reorganizational energy inferred for the cyanide stretch
(Fig. 16c) suggests that a CN-mediated tunneling pathway is
at least 50 times more favorable (based on Eq.(80)) than the
ND-mediated pathway.

The lifetime of [Ru(NH3)4(bpy)]2+ is about 2.5% of that
of [Cr([14]aneN4)(CNRu(NH3)5)2]5+ in 77 K DMSO/water
glasses[89]; the isotope effect,kNH/kND, of the former is
only about 12% that of the latter. These observations indi-
cate that nuclear tunneling mediated by the N-H stretch is
more important for the cyanide-bridged Ru/Cr complex than
for the Ru–bpy complex. Small values ofλNH are inferred
for both of these complexes; this suggest that if a nuclear
t then
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of delocalized electron density, and the resulting perturba-
tional corrections of the expressions appropriate to the weak-
coupling limit. The perturbation theory-based corrections of
the weak-coupling limit enable one to systematically evaluate
the trends in the properties of related complexes. As in any
such comparison, one needs to define a reference state with
respect to which the molecular properties of a strongly cou-
pled system are evaluated. A useful and experimentally ac-
cessible reference state for complexes in which the electronic
coupling is strong can be based on the Franck-Condon param-
eters obtained from ion pair absorption spectra, outer-sphere
electron-transfer kinetics and/or the electrochemical proper-
ties of structurally equivalent mono-metallic complexes. It is
a characteristic of transition metal complexes that there are
sometimes many electronic states in a relatively small en-
ergy range. This can result in excited state properties that do
not conform to simple models. Configurational mixing can
then result in unexpected properties of the electron-transfer
system.

This article has focused on three classes of strongly cou-
pled, covalently linked transition metal donor/acceptor com-
plexes: (a) the directly linked D/A, ruthenium bipyridine
complexes; (b) complexes with cyanide or cyano-complex
bridges; (c) complexes with polypyridine bridges linking the
donor and acceptor. These complexes illustrate important fea-
t ry
s
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unneling pathway dominates the relaxation behavior,
he NH/ND isotope effect should be very large (proba
arger than 102). The small isotope effect combined with
hort excited state lifetime suggests that some other r
tion channel is more efficient than the NH-mediated nu

unneling channel for non-radiative relaxation of the ML
xcited state of [Ru(NH3)4(bpy)]2+. The very large value o
RP ≈ 7000 cm−1 inferred for the ground state/1MLCT ex-
ited state mixing in this complex[60] implies that configura
ional mixing must be very large in the region of the diab
xcited state PE minimum; one effect of this mixing is
ttenuation of reorganizational energy illustrated inFig. 9.
his configurational mixing would lead to shifts of the
inima along the nuclear displacement modes and rais
ossibility that the magnitude of the electronic coupling

unction of these shifts (and the nuclear coordinates).

. Summary

The systematic evaluation of the effects of configurati
ixing between electron-transfer ground and excited s
n the properties of transition metal donor/acceptor c
lexes requires the integration of a range of theoretical
epts and experimental techniques, as was clear in the
ork of Hush and of Taube. The extensive configurati
ixing between electron-transfer states in the strong
ling limit results in distortions of the reactants and prod
E surfaces. The magnitude of these distortions can b
ressed in terms of the electronic coupling matrix elem
nd vertical energy differences, or in terms of the frac
ures of the limit in which D/A electronic coupling is ve
trong:

. Reorganizational energies are very strongly attenu
with increases in the ground state-excited state co
urational mixing (e.g., as (1− 4α2

RP) for absorption an
(1 − 2α2

RP − 2α2
PR) for emission). The evaluation of t

reorganizational energy contributions of high freque
vibrational modes to the 77 K emission spectra and
relatively smallkNH/kND isotope effects of am(m)in
bipyridine–ruthenium complexes indicates that nuc
tunneling mediated by NH stretching modes is o
whelmed by some more efficient excited state relaxa
channel. This unique channel may be correlated with
large electronic matrix element and the very apprec
configurational mixing in these complexes.

. Many of the polypyridine bridged complexes studied
the Taube group illustrate the systematic decrease o
energy of the MM′CT absorption as the superexcha
contribution to electronic coupling increases.

. The cyanide-bridged, donor–acceptor complexes ha
lowed us to explore many previously little known
pects of electron-transfer chemistry: (i) they have prov
nice examples of the consequences of the limit in w
D/A electronic coupling depends on the nuclear coo
nates within the bridging ligand; (ii) they have provid
the first examples of electron-transfer emission in tra
tion metal D/A complexes; (iii) they have provided
amples of systems in which bridging ligand vibratio
modes contribute to the electron-transfer reorganizat
energy.
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7. Problems and extensions

Some issues noted above, or related to the material dis-
cussed here are not fully resolved and/or under current inves-
tigation. Among these issues are:

a. The attenuation of reorganizational energies for spin for-
bidden transitions (as in phosphorescent emission spec-
tra) is expected to be approximately (1− 2α2

RP − 2α2
PR),

whereαRP > αPR (see Section5.1.a(iv) above), but there
is not yet much experimental evidence[89].

b. Almost all superexchange arguments assume that the ver-
tical energy for the electronic transition from the ground
state to the electron-transfer excited state is smaller than
that for transition to the bridging ligand MLCT excited
state that mediates the electronic coupling. If the transi-
tion energies are in the reversed order, then the MMCT
transition energies should increase rather than decrease,
with the extent of configurational mixing. Other features
of this limit are not yet clear.

c. When D/A electronic coupling is sufficiently strong, the
electron-transfer hopping frequency and the frequency of
some vibrational motions in the molecule may couple. The
work of Ito, Kubiak and co-workers on pyrazine-bridged,
mixed valence ruthenium clusters may provide an example
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