Available online at www.sciencedirect.com

scusnce@o-HEG" COORDINATION

CHEMISTRY REVIEWS

ELSEVIER Coordination Chemistry Reviews 249 (2005) 343-373
www.elsevier.com/locate/ccr

Review

Electron-transfer spectroscopy: donor—acceptor electronic coupling,
reorganizational energies, reaction pathways and dynamics

John F. Endicott, Yuan-Jang Chen, Puhui Xie

Department of Chemistry, Wayne State University, Detroit, Michigan 48202-3929, USA
Received 5 February 2004; accepted 13 August 2004

Contents
ADSTTACL . . .o 344
SR 1 (oo 1 17 344
2. Summary of the expected and observed relationships between spectroscopic and kinetic electron-transfer parameters in the weak-coupBag limit
2.1. General considerations and the basis for relating spectroscopic and kinetic Franck-Condon parameters....................... 345
2.2.  Specific relationships between spectroscopic and kinetic parameters in electron-transfer systems in the weak-coupling limit ... 347
2.3. Simple single mode relationships for the weak-coupling limit. . ... ... .. i e 348
2.4. Configurational mixing and the electronic matrix €lement. . ... .. .. . e 348
2.5.  Vibronic contributions t0 @MISSION SPECIIA. . . . ...\ttt ittt e et e e e e e e e e 349
2.6. Observations on D/A complexes in the weakly coupled limit; reference systems for the evaluation of the effects of configurational 86xing
3. The effects of appreciable configurational mixing in the two state limit. . ....... ... . e 350
3.1.  Perturbation theory-based eXpectatiQns. . . ... ... ..o e 351
3.2. Examples of strongly coupled D/A complexes in the two state limif:-Rolypyridyl complexes.................ooovveeiiiiiiii. .. 353
3.2.1.  ZErO POINE ENEIGIES . . . ettt ettt ettt e ettt et e e e e e e 353
3.2.2.  Solvent reorganizational ENEIGIES . . ... ...ttt ettt et e e e e e e e e s 355
3.2.3.  Vibronic contributions and their attenuation; some general considerations. ...t 355
3.2.4.  Vibronic contributions evaluated in terms of a single “ average frequency” distortion.mode ............................ 356
3.2.5. Vibronic contributions and their attenuation; evaluation in terms of empirical reorganizational energy profiles (emreps) 358
3.2.6. Vibronic contributions and their attenuation; correlation of reorganizational energies with excited state energy......... 359
3L 3L SUMIMIANY. . .ottt et ettt e e e e e e e s 360
4. The effects of bridging ligands on the properties of an electron-transfer system when there is appreciable metal/bridging ligand
CONFIGUIALIONAL MIXING . . . .ottt ettt e e e e e e e e e e et e et e e e e e e e e e e e e 361
4.1. General description and perturbation theory-based eXpectations. . .. ... ...ttt 361
4.1.1. lllustrations of the three state limit: complexes based on Taube’s work with aromatic bridging ligands . ................ 362
4.2. Entanglement of the nuclear and electronic coordinates: vibronic coupling in CN-bridged complexes.......................... 363
4.2.1. The variations of the=EN stretch with the oscillator strengths of MEIT transitions in cyanide-bridged D/A complexes. . ... 363
4.2.2.  Vibronic models to account for the decreasesigf#vith increases of MNICT oscillator strength. ......................... 364
4.2.3. The di-cyano complexes as bridging ligands in mixed valence complexes: a vibronic selectionrule.................... 364
4.3.  Polypyridine bridging ganas . . . .. ... e e e 366
4.3.1. Some aspects of the molecular orbital structure of polypyridine ligands. .............coi e 366
4.3.2.  Summary of observations on selected bridged D/A COMPIEXES . . . . ...ttt e 367
5. High frequency vibronic contributions to the electron-transfer emission spectra of cyanide-bridged complexes and electron-transfar tsehavior
L= Lot WIS 1Y =T (=T I =T o o 367
5.1. Some details Of the EMISSION SPECIIA . ... .o\ttt e e e e e e e e ettt ettt e 368
5.2. Excited state-to-ground state back electron-transfer dynamics of cyanide-bridged complexes. .............. ...l 369
(ST T 4] 0 - 370
7. Problems and @XIENSIONS. . . .. ...ttt 371
e (g 1o 111/ [= T [ T= 0 4 1= o | PP 371
R O N CES . . . 371

* Corresponding author. Tel.: +1 313 577 2607; fax: +1 313 577 8822.
E-mail addressjfe@chem.wayne.edu (J.F. Endicott).

0010-8545/$ — see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.ccr.2004.08.013



344 J.F. Endicott et al. / Coordination Chemistry Reviews 249 (2005) 343-373
Abstract

The emission spectra of several classes of transition metal complexes are examined for relationships between strong donor/acceptor (D/,
electronic coupling (expressed by the matrix elemerg) 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 delocalizgg,(and they are evaluated with respect to the limit tifat— O.

lon pair charge transfer spectra and outer-sphere electron-transfer systems are used to define this limit. One effect ofizat808fis

the dramatic attenuation of electron-transfer reorganizational energies, and this effect is examined with respect to the variations ircthe vibroni
contributions of the bpy ligand to the 77 K emission spectra of am(m)ine-polypyridine ruthenium(ll) complexes. These contributions of high
frequency vibrational modes are manifested in the carefully calibrated near infrared emission spectra as changes in the relative intensities
the vibronic sidebands or in the band shape on the low energy side of the spectrum. These vibronic contributions are most clearly exhibite
in empirical reorganizational energy profiles (emreps) based,onhvyis (AlgpsdImax(n), WhereAlq,sqis the intensity difference between the
observed emission spectrum and the fundamental component. The emreps provide a useful approach for examining the experimental spect
data for contributions of high frequency vibrational modes to the excited state distortion. The respective emreps clearly display the attenuatio!
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 initi
and the product of electron-transfer states) to the ligand that links them can dramatically change the electron-transfer properties of the D//
complex. Work of the Taube group illustrates the variationda 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 altétgp 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 liganc
bridged Ru(NH)s?*/Ru(NHs)s%* 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 cyanitig \@ith, vibronic coupling,

with Hgycr = ngch bQcn; WhereQcy is the CN bond length anblis a constant) results in anti-kinematic shifts of the ground state CN
stretching frequencies of M(CN)Ru(N}4 complexes and in a failure of superexchange coupling in a seri€RofNHs)s },M(MCL)(CN)]®*
complexes (MC = a tetraazamacrocyclic ligand). The electron-transfer emissions of these complexes, displayed as emreps indicate that the
CN stretch contributes more than 100¢nto 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 electror
transfer relaxation by means of NH mediated nuclear tunneling pathways appear to domifi@(@N)RuU" } — {Cr''(CN)RuU'} at 77K,

but a more efficient relaxation pathway appears to be important for the am(m)ine-polypyridgbRyplexes.

© 2004 Elsevier B.V. All rights reserved.

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

1. Introduction electron-transfer properties implies reference to the proper-
ties of otherwise equivalent systems in the limit where con-
The experimental studies of Henry Taube and his as- figurational mixing (or electronic coupling) approaches zero.
sociates defined the basic parameters of electron-transfeiThe experimentally established properties of useful reference
processe$l-3]. These processes encompass a vast rangesystems that approximate this zero-mixing limit can often be
of phenomena, including fundamental aspects of chemicalfound in the work of the Taube group.
reactivity and spectroscopy and extending to solar conver-  The rate constants for electron-transfer reactions of tran-
sion and electronic devic¢4]. The theoretical relationships ~ sition metal complexes span a range of at least®10
between charge transfer spectroscopy and electron-transfef2,21,33,43,50,51] This range of reactivity can be corre-
kinetics was pioneered in Noel Hush's wgB«7], and these  lated with the optical electron-transfer absorption bands of
relationships were systematically evaluated in Henry Taube’sion pairs or of covalently linked complexes, and the mo-
experimental studig8,8—15] These relationships have been lar absorptivities of these absorption bands vary from <1
reviewed in several placg®,3,16-27] and several theo- to more than 19[6,21]. Observable electron-transfer prop-
retical models have been proposed to describe aspects oérties of a substrate, such as rate constants and molar ab-
electron-transfer systenis—7,18,22-24,28-49The mate- sorptivities, can be described in terms of the probability per
rial emphasized in this article deals with the characteris- unit time of the transition from an initial state of the sys-
tics and implications of electron-transfer emission spectra tem, designated by a subscript R, to a final state, designated
of transition metal donor/acceptor (D/A) complexes. These by a subscript P. The transition probabilities are functions
spectra contain a great deal of information about the electron-of basic physical properties of the D/A system such as
transfer properties of coordination complexes, and the com-the net reaction driving force, the accompanying changes
parison of spectra for closely related complexes can reveal thein molecular geometry, and the configurational mixing (or
changes in properties that accompany configurational mixing electronic coupling) between the donor and the acceptor
in strongly coupled D/A systems. Evaluating such changesin[2,3,5,6,21]
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The bimolecular, or outer-sphere electron-transfer behav- molecular-level attributes of the donor and the acceptor in
iors of transition metal complexes are generally well de- the D/A systeni21,53,54]
scribed by the semi-classical models of Marcus and Hush

[5,6,29—31]for example sef2,16,21,24,28,43,50,52These  PRP & Hpf(veit)(FO); 1)
models presume that there is very little configurational mix- a2

ing between electronic states. It is common to describe the (FO)r = Z/-Fllh[e {6/t /ARl (2)
reactants and products potential energy (PE) surfaces interms ,

of quadratic (or simple harmonic oscillator (SHO)) functions S,’1 g 5h Ah

of displacements in the associated nuclear coordinates (or by; N = T h= hvh ©)

at most, only very small deviations from this limit). This is

referred to as the weak-coupling limit in this article (it is of- Egs.(1)—(3)are based on SHO models at the weakly cou-

ten called the non-adiabatic limit). To a significant degree, Pled limit, and, for spectroscopic transitions, on wave-packet
the models for this limit have become the “standard” models M0dels;Hrp (see Sectior2.4) is the electronic matrix ele-
of electron-transfer behavior. The deviations of the observed MeNt:f(vetr) is an algebraic function that is different for light
electron-transfer properties of covalently linked complexes absorption, light emission and non-radiative relaxation; the
from those expected in the weak-coupling limit can often solv.ent'reorganlzatlongl free enerqy,(rqther than.the Beor-
be attributed to the mixing of properties of the linker with 9anizational energy,s) is used for consistency with Gp,
the donor and acceptor electron-transfer properties in suchthe high frequency co_ntr|but|0_n is usually evaluated in terms
a way that the PE surfaces are distorted from the parabolicOf @n energy contributionHC)r is a “Franck-Condon factor”
limit. Systematic studies of linked D/A complexes attempt (NOte that this is not the Franck-Condon-weighted density of
to determine how D/A configurational mixing alters molec- States facto37]). For simplicity in this description of the ba-
ular properties. In order to accomplish this, we reference the SI¢ concepts, only one high frequency vibrational magg (
properties of the linked system to those of equivalent weakly IS considered here (i.e., Eqg) and (3yepresent the vibronic
coupled complexes. progression in a single n_ormal mode) _and_ any specific effects
This review will focus on selected spectroscopic probes of Of Solvent structure are ignored. Applications to actual coor-
the electron-transfer properties of simple, covalently linked dination complexes require the inclusion of many additional
transition metal donor-acceptor (D/A) complexes. The prin- V|br'at|.onal modes; this is |Ilustrate_d in the applications to
cipal issues that are considered relate to: (a) how the nucleaMission spectroscopy discussed in SecBdrbelow. The
coordinates and the donor—acceptor electronic coupling arefransition probability is exponential i@(r)%, where,
interrelated for some bridging ligands; (b) how configura- _ o .
tional mixing of the bridgingg I%agd with Eh)e donor angthe Gj(r) = AGrp+ x5+ jhvn + rhvobsd @
acceptor affects the spectroscopic, thermodynamic and ki-  The descriptions of light absorptids3,55], light emis-
netic parameters in the linked system; (c) how the highest fre- sion[53,55]and non-radiative electron-transfer rate constants
quency vibrational modes contribute to the electron-transfer [38 53] differ in the last term of Eq(4) as well as irf(vef).
behavior of D/A complexes. Experimental observations on The relationships between the spectroscopic and thermal re-
the electron-transfer properties of three classes of complexesaction probabilities are given by,
that deviate from the weak-coupling limit will be consid-
ered here: (a) ruthenium—polypyridyl complexes in which the r = —1(lightabsorption)
donor and acceptor are directly linked; (b) cyanide-bridged r = 0 (non-radiative) (5)
complexes in which the electronic coupling between the
donor and acceptor depends on positions of the atoms in
the bridging ligand; (c) some related transition metal D/A Note thatA Gy is positive for light absorption and nega-
complexes with polypyridine linkers. tive for emission. Eq91)—(4)are most nearly correct in the
SHO limit where there is very little delocalization of elec-
tron density between the donor and acceptor (i.e., where the

r = +1 (light emission)

2. Summary of the expected and observed electron-transfer rate and the intensities of emission and/or

relationships between spectroscopic and kinetic absorption approach zero). We refer to this as the “weak-

electron-transfer parameters in the weak-coupling coupling limit.”

limit The exponential factor ofHC), tends to dominate Eg.
(1), and this feature simplifies much of the discussion. This

2.1. General considerations and the basis for relating exponential function is in Gaussian form, and this is the ba-

spectroscopic and kinetic Franck-Condon parameters sis for a Gaussian analysis of absorption or emission spectra

as well as the Franck-Condon contribution to reaction rates
It is instructive to consider the transition probability in  [53,54] Egs.(1)—(5) also illustrate fundamental aspects of
a general and simple form that illustrates the common de- the interpretation of the vibronic fine structure and the band
pendence of the observable electron-transfer properties orshapes of the absorption and emission spectral envelopes. As
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noted above, real systems require consideration of the con-involve a single electronic excited state relaxing to a single

tributions of many vibrational modes; furthermore, spectral
band shapes are not rigorously Gaus$&6)57], but Gaus-
sian functions have been found to be adeqiafe57,58]
except for high-resolution specti6,57]

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

The energy of the absorption maximum corresponds to the generally have spin multiplicities different from those of their

maximum value of Eq(1). Since the nuclei do not move dur-

ground states. This hasimplications for the emission energies,

ing the optical transition (Franck-Condon principle), there is and in strongly coupled electron-transfer systems there may
no entropy change and the energy of the absorption maxi-also be some differences in the distortions of PE surfaces for
mum can be expressed in terms of either energy parametershe excited states that are initially populated by light absorp-
or free energy parameters. For very weak electronic couplingtion and those of the emitting states. The energy difference
and when high frequency modes do not contribute, between the PE minima of a singlet and a triplet excited state
with the same orbital population is approximately twice the
(6) exchange energ¥exch if there are no other contributing

The emission maximum (for emission of the same elec- factors (i.e., in the weakly coupled limit). In general, if two

tronic state that is populated by absorption, and after vibra- electronic states differ in spin multiplicity, but have the same
tional relaxation) is 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
(8) orbital populations but singlet and triplet spin multiplicities,

respectively, the energies of the maxima in the absorption

Eq.(1) is also the basis for a well-known equation for the  ang emission spectral componentsij(at 0, 1, 2,...) are
bandwidth (full-width at half heightAvyo). If there are no  getermined by the maxima ofC) and,
other contributions to the bandwidth, the solvent reorganiza-
tional energy can be inferred fronw, 2 for the fundamental
component of the CT absorption or emission; assuming a
Gaussian band shaf®6,59]

hvmax(@bs)= EQS + As+ - = |AGRpl + xs+ - -

hvmax(€mis)= |AGgpl — xs+ - - - @)

An implication of Eq.(6) is that the entropy contribution
to the reorganizational free energy, cannot generally be
neglected. The pressure—volume work for an optical transi-
tion is zero, SOAGRp| = (ES% — TASRp) and x = (Ar —
TAS). Thus, the equality in Eq6) implies that,

ASep = —AS;

hvmax(abs)j = |AGORP| + Xs + ]hvh + - (10)

hvmax(em|s)/ = |AGORP| — Xs — ]h\)h — 2Kexch+ s (11)

9) The exchange integral contributiom&ycr, to excited state
energies can amount to a few thousand wavenumbers for
There are important contributions to the bandwidth in transition metal complexg§1], and they are an issue when
addition to the solvent reorganizational energy. Other con- comparing absorption and emission enerd&®-63] The
tributions to the bandwidths in solutions include: (1) inho- resolution of the peaks of a vibronic progression depends

Av1/2 = 4[RTys In 242

mogeneous broadening effe¢&6], such as result from a
distribution of solvent environments and the resulting varia-
tions OfAG%P and s [21,60] (2) low frequency molecular
vibrational modes and vibrational hot bands. E3).clearly
corresponds to a very simple limit.

on their intensities relative to those of the fundamental (the
smaller their relative intensities, the more difficult they are to
resolve) and on the relative values &1/, andhvy. When
2Av12 > hup, the vibronic components are often difficult to
resolve and the spectral band may be significantly distorted

When high frequency vibrational modes contribute to the (on the high-energy side for absorption and on the low en-
difference in excited- and ground state geometry, then the ergy side for emission), e.g., S€gg. 1; in this limit molecular
CT absorption (or emission) envelope will include a series modes, as well as solvent modes, can contribute to the effec-
of peaks (vibronic progressions), differing in intensity (an tive bandwidth. Most simple interpretations of the bandwidth
effect of Fj, an expression based on the vibrational overlap (e.g., as in Eq9) and[6]) are predicated on a Gaussian band
integral), but each with the same bandwidth. The vibronic shape with contributions only from solvent modes. The reso-
contributions to the CT absorption spectra of transition metal lution of vibronic components is best at low temperate (
complexes are rarely resolved since most absorption spectraand Av1> small) and in the solid state (where the molecules
are obtained in ambient solutions, so they are intrinsically ofinterest have a single kind of environment). However, com-
broad, and since there are often additional electronic transi-parisons of series of complexes are most often based on so-
tions convoluted on the high-energy side of the absorption lution spectra both for reasons of convenience and because
envelope. The vibronic contributions to emission spectra are the spectroscopic parameters obtained in solution are most
more readily identified since the emission spectra most oftendirectly relevant to most observable kinetic properties of a
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Emission Intensity

»% "

Energy

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 gt (0'0) = 25,000 crm?,

hvh = 1000cnT! and Avyp = 270, 420, 600 and 850 cth, respectively
from the top to the bottom curve. Based on 43 and (4) The curves have
been normalized to have the same integrated intensity.

D/A complex. When the vibronic intensities are sm&| €

1), the intensity of the first vibronic component of a progres-
sion,ly1, relative to that of the fundamentégo, is given by
[56,64],

o1 _
Iyo

b= o (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 AU~ L% p = A4 A, ke(A/A7)

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 frequencyhy, < 4kgT) that they cannot

be distinguished from the solvent modes under the conditions 4 | ¢~ = 4- E1/a(A/A7)

ofaparticular experiment. For the set of molecular vibrational
modesym = {v|, vh}, that each make a contributioky, to

the overall reorganizational energy, the high frequency
(hvp > 4kgT) and low frequency mode$if < 4kgT) con-
tribute differently to the transition probability; the distinction
is based on the sizes of the vibrational quanta relatikg To
and to significant thermal populations of vibrational excited
states. Under ambient conditionsT ~ 200 cnml) most
metal ligand vibrations will behave as low frequency modes
and will contribute to the effective bandwidth.

2.2. Specific relationships between spectroscopic and
kinetic parameters in electron-transfer systems in the
weak-coupling limit

The rate constant for electron-transfer is concisely ex-
pressed by43],

ket(b) = Kakenuknu = Kaket (13)

347

In Eq. (13), Ka is the equilibrium constant for the outer-
sphere association of the donor and acceptgis the elec-
tronic transmission coefficient (the probability that products
form once the nuclear configuration of the transition-state
is achieved)yn, is the effective frequency for nuclear mo-
tion along the reaction coordinate in the neighborhood of
the transition-state, and the nuclear transmission coefficient,
knu, 1S the classical exponential function of the activation
energy (equivalent td4C)). The arguments of the preceding
section correspond to thermally activated electron-transfer in
the weakly-coupled limite < 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 zeroHrp = 0). This limit is called the “diabatic”
limit in this article. This limit is experimentally inaccessible;
howeverg is less than unity for most outer-sphere electron-
transfer reactions and the relationships described above hold
reasonably wel[2,21,43,52,68] For a simple outer-sphere
electron-transfer reaction of the type,

D+A— DM+ A™ (14)

The parameters contributing t6C€) may be experimen-
tally inferred from the determinations of the self-exchange
rate constants (the asterisk is used to distinguish different
molecules) and half wave potentials of the constituent cou-
ples,

D+*Dt 2 DY +*D, ke DT /D) (15)
(16)
D' +e = 2 D, E12(D/D) (17)
(18)

SinceRT In[ke( AGgp = 0)/(kelvnu)]l = —xr/4, the reorga-
nizational free energy for the reaction in E44) is xr
1/2 [x(DF/D) + x:(A/A7)] [30,31] and it is experimen-
tally accessible. Similarly, the free energy change for the
electron-transfer in Eq14) is AGgp = — FAE1,2, where
F is Faraday's constant amtiE;;»(D/A) = [E1p(A/AT) —
E1/2(DT/D)] (work term corrections have been omitted for
simplicity).

The optical transition that is correlated to Ef4) is an
ion pair charge transfer (IPCT) absorption (the curly brackets
represent contact ion pairfd7,69,70]

{D, A} +hv — (D", A7} (19)

Based on Eq(6), the IPCT absorption maximum can
be represented byAWw is the electrostatic work term



348 J.F. Endicott et al. / Coordination Che

contribution),

hvmax(@bs)= —FAE1,2(D/A)

43 DT /D) 4 x(A/AD)] 4w (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 5eV range of optical
transition energies (the actual correlation combined indepen-
dent observations from more than 30 laboratolfi25)69,70]
Almost all of the IPCT absorption bands have molar absorp-
tivities of <1®M~1cm1, values ofie < 1 and fall in the
weakly coupled regim¢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 thed§;29,30,43]
semi-classicdB8,43]or quantum-mechanici5,36] Arel-
atively simple expression for the electron-transfer rate con-
stant that is readily related to Eq4)—(4)is [38,53],

2r? HRP2

T (7TXSkB T)l/z(FC)r:O (21)

et =

A closely related expression for the electron-transfer ab-

sorptivity, obtained from a wave-packet model of the absorp-
tion process, i$53,55],

8Nr3 nHrp?(AuRP)?

= FC),_
™~ 3000:2cvm In 10 (47 ysk T)Y? (FC),=_1

(22)

&y

In Eqg.(22), Nis the Avagadro’s numben,the index of re-
fraction andc the speed of light. This expression depends on
the substitution oHrpA urp/hvy, for the transition dipole,
Mgp [53,55,71] The related expression for the emission in-
tensity is[53,55],

_ 64r*
™ 3h3¢3In 10

v Hpr2(Aupr)?
(4mxskg T)Y/?

I, (FO)_p1  (23)
It should be noted that E¢R1)is only valid in the weakly
coupled limit ¢ < 1). Forve an electron hopping frequency

in the transition stateqe can be approximated by,

| |

Egs. (22) and (23)are applicable in both the weakly
and moderately coupled limits (see discussion below). Eqs.

1
1+ hvnu(mxsks T)Y?/(2n2 H3 )

B 1
1+ vnu/vel

(24)
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T

v max(d) =hv maxfa)

Potential Energy

¥

7
Nuclear Coordinate

Fig. 2. Qualitative representation of the effects of extensive configurational
mixing on the energies for a degenera@?@ = 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, &@ghax(d) = Nvmax(ay

(b) the activation energy for electron-transfer is smaller in the adiabatic
limit, AErp@j” < AERrpy”, (C) the reorganizational energies are smaller
in the adiabatic limitAa)(€) <Airq), and (d) the reorganizational energies
in the adiabatic limit are different for the ground and excited staig/(g)

< Ar(a)(€)-

(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) whEgp > 0,

_ YRr(d) + @RPYP(d) (25)
= 172
1+ asz)
Yp(d) + PRYR(d
Up = (d) : 1/2( ) (26)
(l + ‘XPR)

Note thaterp = apr 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 if Erp(0'0) > 0. The effects of the configurational mixing
are to stabilize the ground state, destabilize the excited state
and move the PE minima closer together, &g 2 Such
configurational mixing affects several of the features of the
electron-transfer absorption and emission bands, and it re-
sults in an increased rate constant for electron-transfer.

The electronic matrix element, as employed through-
out this review, is defined for an appropriate Hamiltonian
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operator,H = H? + H' + ... (whereH? is the zero order ~ 2.5. Vibronic contributions to emission spectra

Hamiltonian with respect to which the diabatic states are or- o
thogonal, and His a perturbational Hamiltonian that mixes In general, a large number of vibrational modes are

the diabatic states), with respect to E(5) and (26) 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 spectrais included here. Some vari-
o o ation on this approach, rather than E23), should be used
Note that Eq(27) implies that the normalization factors o most complex molecules. Analogous expressions can be
of Egs.(25) and (26re implicit in the matrix elements; this  generated to describe absorption spectra and rate constants
is the case for alHjj andejj quantities in the remainder of  \yhen many vibrational modes contribute to the structural dif-
this article. The matrix element for the direct overlap of the forences between the ground and excited states (or between

Spx

Hrp = (Yr/H'|Yp) = H3p+ Hpp + - -- (27)

donor and acceptor wave functions is given by, reactants and products). As noted above, we approximate the
vibronic band shapes with Gaussian functions. These ideas
ng = (Yre) H'[Vp(d) (28) can be combined with Eq¢l), (2) and (23)to model the

emission spectrum as described here.

In Eq. (28), H’ is a perturbation Hamiltonian that mixes The intensity of the fundamentgd, 0'} — {g, 0} at a fre-
the electronic state wave functions. quency,vem, is constructed as:

The superexchange contributidiiyp, is discussed below.
Obviously, the terms that contributeligp (Eq.(27)) depend Lin® = Imax(n€
on the definition of the diabatic wave functions. One must be
consistent in the choice and use of reference states. Values The first order vibronic terms are constructed as:
of the matrix element can be inferred from the deviations of
some measured parameter (absorptivity, half-wave potential, /.1
attenuation of vibronic band intensity, etc.) from that charac- n o
teristic of the diabatic limit, usually based on some form of = Imax(f)z (_> g ([hvmax(@®=hvn—hvm]®/(Avy 5/4 In 2)}
perturbation theory logic. The magnitudes of such deviations h hvn
increase as a function of the fraction of an electron that is de- (31)
localized between donor and acceptzﬁpl(l +arp)?. The
most common approaches are based on D/A spectroscopy.
The integrated intensity of an electronic absorption band is
related to the square of the matrix element; E22). For a I Iy 5\

. . . . . ~ Imax(f) i J

Gaussian-shaped absorption band, this relationship can bd,,,2) = 2 ZZ <h_> (h_>
expressed &6,72] iy Nt Vi

([vmaxy—hvml?/(AvF)5/4 In 2)) (30)

The second order vibronic terms are constructed as:

x @ (Umax(o=hvi—hvj=hval/(Avi22/4 10 2] (30)

(29)

N 0.0206[ (emaxA V1/2)h\f'max:| 1z
RP=

'RP 8o
The third order terms would be constructed as:
In EQ. (29), emax is the molar absorptivity at the absorp-

tion maximum,Av1y; is the full-width at half heighthvmax L3 = Imax(f) Z Z Z (ﬁ) (ﬂ) (A_">
is the energy of the absorption maximugg,is an orbital de- " 6 = I hvi ) \hvj /) \ hvg
generacy factor (important only for comparisons of systems
with different numbers of partly filled orbitals, and usually e {Urvmaxy—hvi—hvj—hve—hvn]?/(AvF /4 In 2) (33)
ignored);rrp is a distance parameter. The distance parame-
ter can be interpreted as the distance between the centers of

electron density in the ground and in the excited stas. Then the intensity at a frequeney, is given by:
In the diabatic limit (wheremax = 0) rrp can be taken to be
the distance between the centers of the donor and acceptor, spec)= Li(®) + Lom©@1) + Iom(©@2) + Lim©3) + -+ (34)

orbitals,dpa; otherwise, it is smaller and not directly mea-

surable; when the only correction arises from electronic de-  The emission spectrum is the graphical presentation of
localization between donor and acceptor ancbz@r; < 0.1, Lym(spec) Versusvm. Note that this is the basis for inter-
rRp~ (11— 2a§P)dRp (see also Eq(42) and the comments  preting the observed spectrum (spec = obsd, below) or for
which follow). Electroabsorption spectroscopy has been usedconstructing a theoretical spectrum from other information
for aless ambiguous approach to inferring the matrix element (such as resonance-Raman data; when this is the case, spec =
from electronic absorption specii&3]; see Sectio3.1 calcd).
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2.6. Observations on D/A complexes in the weakly *[((MLCT)(bpy),Ru(bb)Cd (bpy)2]5+
coupled limit; reference systems for the evaluation of the 5t
effects of configurational mixing — [(bpy),Ru" (bb~)Ca" (bpy),] (37)

The general correlation between the optical and thermal *[(3MLCT)(bpy),Ru(bb)Cd! (bpy)2]5+
properties of ion pairs has been mentioned above and dis- 2
cussed elsewherf21,69] An illustrative example is dis- — [(bpy),RU" (bb)Cd" (bpy),] ™ (38)
cussed here.
The ferrocyanide/ferricyanide self-exchange reaction, Eq. =y~ Al 5+
(35), has been exhaustively studig@dl—76] [(bpy)pRUT (Bb7)CO™ (bPY)]

11 2 | 5+
[Fe(CN)]*™ + [*Fe(CN)]*~ — [(bpy),Ru" (bb)CE)Cd' (bpy),] (39)
= [*FeCN)el*™ + ["Fe(CN}]* (35)  [(bpy)Ru" (bb)@E)CA' (bpy),]*"
— [(bpy),RU" (bb)(T)CA' (bpy),] ™" (40)

This reaction is strongly “catalyzed” by cations, and the
uncatalyzed rate constant in aqueous solution°@3 = m I 5+
0.2M) is ket(b) = 2.2 x 10?M~1s~1 [74-76] In concen- [(bpy) R (bb)(T)CO' (bpy),]
trated solutions ([K] = 2.5M, 1 ~ 10M andKa reported — [(bpy),RU" (bb)cd" (bpy),]>" (41)
to be 0.05 M), the {[Fe(CN)]*~, [Fe(CN)]>~} ion pair 2 2
has been reported to have an absorption maximum at 12.2

x 103 cm™1 with emax = 28cnm M1 and Avip = 7.9 x Thus, it was proposed that photoexcitation of the
103cm™1 [77]. Based on Eq(29) (neglectingg), Hrp = [(PDY)ZRU—]Z+ moiety, Eq.(36), was followed by the hop-
116 cn1 L. Substitution into Eq(24) giveske = 0.53. Thises-  Ping of the electron across the bb bridging ligand, €1),
timate ofceWith Ka =5 x 102M~1, vy = 2 x 10*2s71[68] in competition with relaxation to the ground state, E2B),

and assuming that solvent reorganization is the only con- €lectron-transfer to the doublet (or low spin) excited state
tribution to x, leads toke(b)/Ka = ket ~ 4 x 10*s71, so of Co(ll), Eq.(39), electronic relaxation of the initial Co(ll)
that AGH o= xr/4=3.6x 103cnT! and xs(th) = 15 x product excited state, E§40), and back electron-transfer
103cmL. The estimates of(th) = 15 x 108 cm~* and to regenerate the grounq state, E4l). The back eIectrpn—
xr(0p) = 12.2 x 10°cm~ are in good agreement. transfer reaction, E¢41), is two to three ordgrs of magnitude
The bandwidth reported for the{[Fe(CN)]*, s_lower than expected bgsed on comparison to the respec-
[Fe(CN)]®} ion pair is about 1®cm! larger than Ve self-exchange reactions and the measured free energy

expected based on the observed absorption maximum and:hanzges. Ih's appears to be an electronic effect@nd

Eq. (9). This may indicate that the solutions used contain a (107“=107%), and[78] Hpa ~ 8 cm* for the spin forbidden

distribution of ion pair species, each with a slightly different Process in Eq(41). Examination of the outer-sphere, back

(not necessarily symmetrical) solvation or distribution of electron-trgn_sfer reaction that follows thf photoexcnqtlon of

associated cations, resulting in different valuegofAGS,  [RU(bpy)]®*inthe presence of [Co(bps}** led to very sim-

and/or Hgp. The parameters evaluated here indicate that !1ar conclusiong80].

adp = 104 and that there is very little delocalization of

electron density in the ground state of the ion pair. Thus, _ . . o

electronic configurational mixing in the ion pair does not 3- The effects of appreciable configurational mixing

significantly modify the properties of the donor and acceptor. in the two state limit

This appears to be the general situation for transition metal ) N

outer-sphere and ion pair electron-transfer systtis The ambient charge transfer spectra of transition _metal
Bimetallic complexes in which the donor and acceptor are COMPplexes tend to be broad and structureless, and their spec-

linked across aliphatic chains can also fall into the weakly tralfittings are not sensitive to the exact 9h0|ce of parameters

coupled regime. This is illustrated by detailed studies em- (Such as solvent reorganizational energies, coupled high fre-

ploying the 1,2bis(2,2 bipyridyl-4-ylethane (bb) linker ~ duency \/_lb_ratlonal mo_des and electronic fact¢&g]. One

[78,79] Three transient absorptions were resolved follow- €XPECts f|_tt|ngs_of amb_l_entelectron-trgnsferrate constantdata

ing photoexcitation of [(bpyRu' (bb)Cd" (bpy)]5*, with to be s!mllarly_msensmve to the ch_0|ce of these parameters

the final step resulting in regeneration of the ground §7e [58]. It is possible to successfully fit both the ambient spec-

These transients were interpreted in terms of the reactions, tral and kinetic data for a strongly coupled electron-transfer
system in the Marcus inverted region to specific values for

[(bpy),RU' (bb)Cd" (bpy)2]5+ +hy the solvent reorganizational energy, the frequency and reor-
. ganizational energy of one “average” high frequency distor-
—* [(®MLCT)(bpy),Ru(bb)Cd" (bpy),]” (36) tion mode and an electronic factor in some variation on Eq.
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(21) [38,81,82] These approaches do nicely illustrate the [23,73,83]

dependence of spectra and rates on each type of parameter. -

However, such spectral fittings are accomplished by adjust- ;. _ |MRP| Erp (42)

ing the values of at least four interdependent parameters, and [4M§P + Aﬂﬁp] 172

the physical significance of the numerical values of any such

fitted parameters is not clear. This is particularly an issue if ~ The electroabsorption technique has been used primar-
one attempts to interpret the values of these parameters or tdly for covalently linked donor-acceptor complexes that are
compare a given parameter for a series of related moleculedn the very strongly coupled regime (i.e., for MLCT ab-
in order to evaluate the effects of configurational mixing in sorption spectra)73]. Eq. (42) can be rearranged to give
strongly coupled systems (see additional comments in Sec-Map (1 — 4afp) = AudpHap/ hvi, and this suggests that
tions 3.2.4 and 3.2)6 Nevertheless, it is sometimes possi- the substitution of 4 u&pHap/ hv3) for M3 involved in

ble to combine the observed ambient electronic spectroscopythe derivation of Eqs(22) and (23) [53]s only valid when
with data from other types of measurement in order to obtain @&p < 0.1. The behavior for larger values @§ is not well

useful information. described by these functions. One expectsp to decrease
In this section we focus on the metal-to-ligand charge as the amount of charge delocalized increases. With suffi-
transfer spectroscopy (MLCT) of [Ru(Ag). on(bpy]%* cient charge delocalization, the electronic transition should

complexes (Am = NH or en) as examples of the observ- become more like a — «* transition than a MLCT tran-
able variations in electron-transfer properties attributable to sition [84], and this is a plausible interpretation of the<{1
strong electronic coupling. We discuss these complicated sys-4a&p) factor in the rearranged E(#2).

tems in terms of the perturbation theory-based deviations The energies of the ground state absorption maxima for
from the weakly coupled limit, and Eq&1)—(23) that are degenerate systems are independent of the extent of configu-
expected when configurational mixing becomes significant rational mixing in the range & 2Hgp <~ (Ar/4 — 2kgT)in

[21,60,62,3] the two state limit. For non-degenerate systems the absorption
band energies do change with the extent of configurational
3.1. Perturbation theory-based expectations mixing. While the energies of the optical electron-transfer

transitions may sometimes be independent of configurational
In principle, all of the diabatic electronic states that mixing in this limit, the absorption and emission bandwidths
have the same symmetry should be configurationally mixed. are expected to decrease appreciably with increases in con-

For Ej > 0O, the mixing coefficients are of the forny; figurational mixing. The reorganizational energy, corre-

= Hjj/Ejj(), WhereHj is the matrix element coupling the sponding to an electronic emission is the energy of the fi-
ith andjth diabatic electronic states artt}q) is the ver- nal state with its nuclear coordinates in the configuration of
tical energy difference between those diabatic electronic the initial state PE minimum minus the energy of the final
states. state at its PE minimum. Configurational mixing decreases

In an electron-transfer system, we are concerned with: (a) the difference in these PE minima and it results in changes
the direct mixing of donor and acceptor electronic configu- of shape of the adiabatic PE surfaces relative to the diabatic
rations (expressed bygp); (b) any configurational mixings ~ (or unmixed) PE surfaces. As a result,decreases as con-
with other electronic states in the complex system that signif- figurational mixing between these states increases, and this
icantly alter the energies and shapes of the ground or excitedcan be evaluated by means of perturbation theory arguments
state PE surfaces and/or the vakigp. For the purpose of  [60,63] for a3p < 0.1,
experimenta! studies e}nd c_omparisons of observations, it.is N 9
useful to define the “diabatic” donor and acceptor states in *r@ = Ar(d)(1 — 4arp) (43)
terms of the properties of the isolated reductants and oxi-
dants. This definition allows for configurational mixing of
the metal with its ligands to be included in the definition of
the “diabatic” donor or acceptor state of a coordination com-
plex. .\Nhen.thes.e reactants are assembled for reaction (a ation parameter based on the solvent response to changesin
In-an ion pairorin a bridged D/A complex), the changes N jonic charge (andin terms adiabatic absorption parameters) to
their properties are ameasure of the donor/acceptor electronic . ... oo expression very closely related to @) for the

coupling. Conventional perturbation theory approadies attenuation ofis. As a consequence, when configurational
can be used to address the magnitudes and trends of thesﬁwixing is important Eq(9) should be rewritten

changes.

Eqg.(43)can beinterpreted in terms of the attenuation of re-
organizational energies that accompany the transfer a fraction
of electron densityyap, from the donor to the acceptor. Hush

5] and Matyushov et a[41,85,86]have defined a delocal-

Electroabsorption spectroscofpy3] allows the experi- Av1/a@) = A[RThs(ay(1 — 4a% 2 In 2]1/2 (44)
mental determination of both the difference of the ground
and excited state molecular dipole momentsugp) and Eqg.(43)can be interpreted as a perturbation theory-based

the electronic transition momenMgp). These quantities  statementthatthe amount of excited state distortion decreases
can be directly related to the electronic matrix element as the amount of electron density delocalized between the
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two states increases, and it can be obtained for a general Eg.(45)distinguishes between possible differences in the
distortion coordinate (in Eq(43) designated by the sub- effects of configurational mixing of the ground and the ex-
script r). This implies that there should be a correspond- cited states.
ing attenuation of the relative intensities of the vibronic Configurational mixing results in appreciably faster
side bands of the coupled high frequency vibrational modes electron-transfer reaction rates than observed in the weakly
with increases in configurational mixing. Conversely, if this coupled limit. For strongly coupled systems, E2{l) can be
argument is correct, the attenuation in the vibronic side- putin the form,
bands could be developed into a simple and experimen-
tally accessible measure of the extent of configurational ket ~ (Vnuknu)d.fad (46)
mixing. The interpretation of the relative intensities of the
vibronic sidebands that originate from the contributions of where the nuclear frequency and Franck-Condon factors,
high frequency vibrational modes should be less susceptible(vhuknu)d, are evaluated with respect to the diabatic (SHO)
to ambiguities than the interpretation of bandwidth: the issues limit, and for the two state model the adiabatic correction
related to any contributions from variations in solvent/ligand factor is approximately given bigq = expHrp/ksT).
interactions or in the distributions of solvates should be  Finally, Eq.(20) needs to be modified in the strong cou-
much less important. These points are being investigated,pling limit since Eq(14)does not describe the photochemical
and the current experimental observations are summarizedorocess when the donor and acceptor are lirffRé¢50],
below.

Since the transition probability increases‘%,(Eq.(l)), D(L)A + hv — DT (L)A™ 47)
one expects that the electron-transfer absorption bandwidth
should decrease as the absorptivity of the band increases for The corresponding electrochemical processes are,
CT absorption bands of similar energies; thus, fef4 <

1, Avyo@) = Avyp@y(l — 20(%,;) o« (1- ZSmaX(RP)/S?naX), DY (L)A +e = D(L)A, E1/2(D) (48)
wherez?, . is the absorptivity of an equivalent fully allowed B B
transition. Finally, if the emission is from an electronic state D(L)A + €~ = D(L)A™, E1/2(A) (49)

that differs in spin multiplicity from the ground state, then the

vertical energy differences and possibly the electronic matrix ~ 1he electrochemical and photochemical processes are re-

elements will be different for the configurational mixing that lated by means of the one-electron equilibrium,

alters the respective PE surfaces near their PE minima. If the

matrix elements were to be the same (as in fluorescence) D" (L)A™ + D(L)A = DT (L)A + D(L)A™, Kpa  (50)

thenarp(c) < apr(E) (G and E designate parameters evalu- . . o ] . )

ated in the coordinates of the ground state and excited state PE  If the difference in stabilization from configurational mix-

minima, respectively) and the bandwidth and vibronic com- iNg between the groundD{L)A] and excited P*(L)A7]

ponent intensities should be more attenuated in emission tharflectronic states, evaluated at their respective PE minima,

in absorption spectra. For emissive transitions between statedS (s — £a) ~ —2a&phr(a), then[60],

that differ in spin multiplicity (as in phosphorescence spec-

tra), the ground state and excited state PE surfaces may bek7 In Kpa & 20&phi(a) + RT In Kel + AKexch (51)

distorted differently as a consequence of their mixing with

states of different spin multiplicity (e.g., singlet and triplet WhereKg is an electrostatic term antiKexch represents the

states, respectively); this may lead to different changes in thenet exchange energy difference summed over all the species.

energies and coordinates of the PE minima than when theCombining Eq(51)with Eq. (20) gives[60],

ground and excited states are directly mixed. Some of the

issues that arise can be addressed by considering the mix4vmax = [E1/2(A) — E1/2(D)] + RT In Kpa + xr + Aw

ing of a ground state with singlet spin multiplicity with a N 2

triplet excited state to be effected by spin-orbit coupling. In ~ FAE12(A/D) + xr@)(1 = 2gp) + RTKel

this approximation, the effective matrix element for the cou- + AKexch+ -+ (52)

pling between the triplet excited state and the singlet ground

state can be represented Hsr ~ (Hso/Est)Hgrp, and if

the spin-orbit matrix elementiso, is small compared to the Egs.(38)—(41), (51) and (53)ontain only the lowest order

vertical singlet-triplet excited state energy differenEgr of correction terms. When electronic delocalization is large

= 2Kexch thenapr < arp. In general, for a spin-forbidden  (e.g., foraép >~ 0.1), higher order terms become important

emission, and for 0(%P+ 0‘|2=R) < 0.1 Eq. (43) becomes [60,62,63] Some of these equations are probably applicable

[63], even when the two state model is not; hence, the ustef
rather tharf3,. Most strongly coupled electron-transfer sys-
tems involve covalently linked donors and acceptors; these

Jr(a) = hr(a)(1 — 20kp — 20Bp) (45) are discussed briefly in Sectién
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3.2. Examples of strongly coupled D/A complexesinthe = componen{60,62,63,89] The maxima of these components
two state limit: Ril—polypyridyl complexes provide plausible estimates Bkp”°. The resonance-Raman
spectra of [Ru(bpy]2* [66] and of [Ru(NH)4(bpy)]2™ [65]

The [LyRu' bpy?* complexes (L = an am(m)ine or bpy/2)  imply that the vibronic contributions to their spectra are rel-
form a simple class of D/A complexes in which the electronic atively small[60] and that the fundamental is the dominant
coupling between the donor and acceptor'(Rnd bpy, re- contribution to the high-energy component of the 77 K emis-
spectively, in the ground state) is very strong. The values sion[89]; seeFig. 3. In generating the fits of the resonance-
of Hrp, based on electroabsorption spectroscfg¥], are Raman data shown ilRig. 3, we have substituted the values
reported to be 10.5% 10°cm1 for [Ru(NHs)spy]%*. Esti- of hvy andip, determined from the resonance-Raman spectra
mates oHgp for RU'/(2,2-bipyridine) complexes (based on  into Egs.(31) and (32)and combined the resulting contribu-
absorption spectra and electrochemical measurements) aréions with Gaussian components representing the fundamen-
similarly large (approximately & 10°cm~1) [60]. These tal, I+ (vem) (Obtained in the Gaussian fit of the observed emis-
are among the largest electronic matrix elements reported forsion spectrum using Grams32), in order to construct emission
D/A complexes. Thus, the observed variations in D/A proper- spectra using Eq34). The value ofl;(max) was decreased
ties of RU'-polypyridyl-am(m)ine complexes are examples (usually 15-20%) so that the sum of the contributions of all
of the effects of significant, but variable (through variations components matched the intensity of the observed spectrum

in Erp), configurational mixing. as closely as possible; the valunesaxf andA vy, were gen-
erally adjusted slightly€|5%) in order to optimize the fit of
3.2.1. Zero point energies the resonance-Raman data. In fitting the resonance-Raman
We have used a calibrated InGaAs array detector to extenddata, we have omitted third and higher order terms. Note that
the range of known emission spectra of iRpolypyridyl- the lower energy “band” of the 77 K emission spectrum of

am(m)ine complexes to include the spectra of tetraam- [Ru(bpy_)g]zf' is relatively broad because it is the convolution
mine complexe$88,89] The most studied member of the of contributions from several vibronic components.
[RU(NH3)6 — 2n(bpy)n]2* series of complexes is [Ru(bpi§+ It hgs often been noted that the fabsorption and emission
[28,90-92] We have used resonance-Raman (r-R) data ob-€Nergies of these complexes vary in the same c_>rder as the
tained for this complex66] to fit the broad, structureless differences of thg half-wave poter.ltlals' for oxidation of the
ambient emission spectrum obtained in a 1:1 DMSO:water Metal and reduction of the polypyridyl ligand, e.g., §2@].
solution[89]. The r-R data require a fundamental compo- This is illustrated inFig. z_lfor the absorptlon_maxma Qf a
nent whose intensity is about 60% of that obtained from a féw complexes (the details are summarizedable 1and in
Grams32 fit of the emission spectrum; the changes in en-[60]). These correlations are useful in the assignment of ob-
ergy and bandwidth of the fundamental were relatively mi- ;erved electronic transitions, but their detailed mterpreta}tlon
nor for this fit, but the Gaussian fits of the ambient spectra In t€rms of electron-transfer parameters for systems with a
have proved to be difficult to independently reproduce and great deal of configurational mixing is not simple; e.g., see
they have to be regarded as very uncertain. The energy of thé=d- (47). In this discussion, we treat the correlation only as
fundamental component obtained with the best fit of the r-R & useful illustration of the effects of variations in several key
data ishumax( = 16,530 cnt in excellent agreement with ~ Parameters.

the value of 16,508 400 cnT* obtained from photoacoustic ~ AS is noted above, the observed absorption and emis-

microcalorimetry[93,94] sion maxima depend on the energy differences between
The 77 K emission spectra exhibit a dominant high-energy the PE minima. of the ground and excited statBgef°

component that is mostly=(70%) fit by a single Gaussian = NVmax). the electron-transfer reorganizational parame-

[RuNHa)abpy”* [Ru(bpy)s]**

& “_,,o_ I ‘ I
8500 10000 11500 13000 13500 15000 16500 18000

Fig. 3. Comparison of observed emission spef8f (thick, dotted line) and spectra constructed from reported resonance-Raman data (sol{6%iy&&s)
and the fundamental obtained from a Gaussian deconvolution of the 77 K emission spectra in butyronitB0)E¢R2) and (33)Left, [Ru(NHs)sbpy?*;

right, [Ru(bpy}]?.
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Fig. 4. The relationships between optical transition energies and half-wave
potentials for [Ru(PRYAM)s _ 2n]2* complexes. The halfwave potentials
were determined in acetonitrile. Lowest energy absorption maxima, upper
set, in water or DMSO/water (filled squareE%O from Gaussian deconvolu-
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[Ru(bpyk]?*, the energies of the fundamental components
are only 700—1000 crmt 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
(As + 2Kexcn) in ambient solutions. The differences between
hvmax(abs; 300 K) antivyaxoo)(em) in 77 K frozen solutions
clearly increases from [Ru(bpy]f* to [Ru(NHs)sbpyJ?*, the

high and low energy extremes, respectivelyigf. 4, qualita-
tively in accord with expectatiofp0-63](see Eq(52)). The
values ofF AEj/» 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 foEgp?° from the 77 K emission spec-
tra vary systematically wit AE;/2; however the slope of

tion of 77 K emission spectra, lower set, in DMSO/water (open circles) and about 1.5 for the correlation iﬁig. 4is Iarger than ex-

the am(m)ine deuterated complexes in DMS@@Dcrosses). The value of
EY for [Ru(bpy)]?*, open square, is from the resonance-Raman modeling

pected based on a 1:1 correspondence. Much of this devi-

of the ambient emission in DMSO/water. The least squares lines have slopes2tion from a unitary slope must originate from the systematic

of 0.90+ 0.08 (upper; dashed) and 1450.2 (lower for 77 K; dotted) and
intercepts of (3 1) x 10° cm1 (upper) and — (14 4) x 10° cm1 (lower;

77 K only). Data fromTable 1and[60].

of complexes. Based on our fittif§9] of the resonance-

increase ofKeych as Erp?© decreases. For example, Lever
and Gorelsky61] have used a ZINDO approach to estimate

that, Kexch = 1460 and 4160 cmt for [Ru(bpyk]?* and

ters and exchange energy contributions (defined here as thdRU(NHz)a(bpy)F*, respectively; values this large would cer-
difference between the energies of the PE minima of the tainly be sufficient to account for the differences in the slopes
MLCT singlet and triplet states with the same orbital oc- ©Of the correlations ohvmaxns)and Erp”® with F AEy
cupation). The zero point energy differences are expected toin Fig. 4 Unfortunately the ambient spectra of the com-
decrease witF AEy, through the series of complexes. On Plexes considered here are broad and largely unstructured,
the other hand, the values bf(g) and the exchange energies @nd a meaningful estimate Ef?PO 0_ can be obtained only for
are expected to increase systematically through this seriedRU(bpy)]®* (from the combination of the emission spec-

Raman dat§66] to the ambient and 77 K emission spectra of Mmicrocalorimetry).

Table 1

Electronic absorption and emission spectral data for [RugAma)(bpyh]?* complexed

tral data with resonance-Raman data or from photoacoustic

Ru' complex humax(@bs) hvmax(em), hvmax(em), hvmax(®), [Avy2],P Ax(vx), 77K Ax(NH), kar (ns™1),77K {knr
[ligands] 298K 77K 77 K {hvmax(f), 77K (ns™1), 298K}
[Al)j_/z], 298 K}
[(bpy)s] 21.9(d/w) 15.98(d/w) 17.15(d/w) 17.26 [0.68] (d/w) 1.17(1.56) (d/w) 0.23(d/wj1.1(d/w)}
{16.53[1.64](d/w}°
16.24(bun) 17.26(bun) 17.34[0.66](bun) 1.02(1.57)(bun)

[(en)(bpy}] 20.2(d/w) 13.97(d/w) 14.9(d/w) 15.05 [0.70] (d/w) 1.10(1.47)(d/w) 0.025 1.3(4A) 3(d/w)
20.4(bun) 14.35(bun) 15.0(bun) 15.15[0.66](bun) 0.91(1.50)(bun) 0.69(tim2 (bun}

[(NH3)2(bpy)] 20.4(d/w) 13.52(d/w) 14.3(d/w) 14.61 [0.83] (d/w) 0.95(1.51)(d/w) 0.03 2.9(d=e(d/w)}
20.2(bun) 13.98(bun) 14.6(bun) 14.69[0.78](bun) 0.90(1.52)(bun) 1.7 (bun}

[(enk(bpy)] 19.1(d/w) - 12.5(d/w) 12.86 [0.90] (d/w) 0.91(1.41)(d/w) 0.02 26(d/w) 9.5(bun)
19.2(bun) - 12.9(bun) 12.99[0.77](bun) 0.85(1.41)(bun)

[(NH3)4(bpy)] 18.8(d/w) - 11.8(d/w) 12.00 [1.15] (d/w) 0.78(1.50)(d/w) 0.027 39(d/w) 22(bun)
19.0(bun) - 12.2(bun) 12.42 [0.71](bun) 0.74(1.54)(bun)

[(ds-en)(bpy}] 20.3(d/w) 14.0(d/w) 14.9(d/w) 15.04 [0.71] (d/w) 1.13(1.47)(d/w) 0.66(d{@:R(d/w)}
20.4(bun) 14.5(bun) 15.0(bun) 15.17[0.76] (bun) 0.77(1.47)(bun) 0.41¢sudfbun}

[(ND3)2(bpy)] 20.3(d/w) 13.7(d/w) 14.4(d/w) 14.60 [0.92] (d/w) 0.94(1.51)(d/w) 1.3(d{w3.7(d/w)
20.3(bun) 14.1(bun) 14.5(bun) 14.62 [0.86] (bun) 1.01(1.49)(bun) 1.1¢a8(puny)

[(ds-en)(bpy)] 19.0(d/w) - 12.6(d/w) 12.73[0.92] (d/w) 0.88(1.36)(d/w) 8.4(d{wi(d/w)}
19.2(bun) - 12.9(bun) 12.98 [0.84](bun) 0.82(1.38)(bun) 5.1(kdafbun)}

[(ND3)a(bpy)] 18.9(d/w) - 11.9(d/w) 12.06 [1.20] (d/w) 0.78(1.50) (d/w) 13(dAndi(d/w)}
19.2(bun) - 12.2(bun) 12.41[0.93] (bun) 0.79(1.51)(bun) 12(Kaafbun)}

a Data from[60,89] All energies in cr/10%. D/W = 1:1: DMSO/water; bun = butyronitrile.

b Fundamental components based on Grams32 deconvolutions except as indicated.

¢ Fundamental component based on fit of resonance-Raman data.
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3.2.2. Solvent reorganizational energies demonstrated that there are a large number of molecular
Differences in solvent reorganizational energy, also distortion modes in these complexes, séable 2 If
contribute to correlations such asHig. 4 However, the size  the electronic transition in each case corresponds to a
of these differences is not easily estimated since the effective{Ru"" ,bpy-} — {Ru',bpy} transition, then one expects
charge transfer distance is necessarily smaller than the meartthe same bpy-centered vibrational modes to be correlated to
radii of the complexes. The values afv12 in 77K glasses  the MLCT transition for each complex, and E¢%2) and
are small; they increase in the expected order in DMSO/water (45) predict that the ratio of the intensities of these modes
glasses, but they are nearly constant in butyronitrile. Fac- for the two complexes is a constant that can be correlated
tors other than reorganizational energies can make signifi-to the electron density delocalized. The resonance-Raman
cant contributions to the bandwidths in frozen solutions, and data summarized iTable 2indicates that the intensities
atthis time itis not clear that the dominant contribution to the are not the same for all of the detected vibrational modes
emission bandwidths of these complexes arise from solventof these complexes. That the intensity ratios for the same

reorganizational energy. vibrational modes vary over a wide range has been noted
previously [58]. The resonance-Raman spectrum probes

3.2.3. Vibronic contributions and their attenuation; the Franck-Condon excited stdt8], and according to the

some general considerations Franck-Condon principle, this excited state and the ground

We have used the variations in the observed envelope ofstate must have the same nuclear coordinates and symmetry.
high-frequency vibronic contributions (at about 1500¢n This corresponds to Pand G, symmetry, respectively
to evaluate the issue of the extent of attenuation of excited for [Ru(bpy)k]?* and [Ru(NHs)4(bpy)?*. This difference
state distortion with electron delocalization. The resonance-in symmetry necessarily corresponds to differences in the
Raman dat§65,66]imply that most of the vibronic contribu-  Franck-Condon excited state structure.
tions in the 1500 cm? region are from the contributions of Some insight into the MLCT excited states of
first order components of bipyridine distortion mo@&3]. A [Ru(bpy)]?* can be based on the symmetries of theddnor
correlation with the amplitudes of these contributions through orbitals of Ru and the symmetries of the bpy acceptor or-
the series of [Ru(Amy)_ on(bpy)n]?* complexes assumesthat bitals adapted to the $point group (e.g., sef®5]). The dr
the emitting excited states differ only in the different fractions orbitals have aand e symmetry. A simple construction of
of electron density delocalized in each complex, and that the the acceptor orbitals is based on the LUMO of a single bpy
variations in distortion are similar in all of the molecular dis- (b representation in thesGite symmetry of the ligand) and
tortion modes. Before we address the issue of attenuation inthe symmetry adapted (sg36]) =* acceptor orbitals havea
the context of emission spectra, it is necessary to considerand e symmetries. A simple angular overlap argument sug-
other information about the high frequency vibronic contri- gests that the highest energy donor orbitals hax@g sym-
butions. metry; however, the MLCT state with tHelr(ap), m*(a2)}

Very low temperature spectroscopic studies of electronic configuration is dipole forbidden and the state with
[Ru(bpyk]?* [67], and the resonance-Raman spectra the {dm(ap), m*(e)} configuration is expected to have poor
of [Ru(bpy)]?* [66] and [Ru(NH)4(bpy)]** [65] have donor orbital/acceptor orbital overlap and to be only weakly

Table 2
Resonance-Raman parameters for [Ru(gg¥)and [Ru(NH)sbpy?*
For [Ru(bpy}]?* For [Ru(NHs)sbpy?* S(B)/S(Af
vi, cmlab Aj Ai, cm L S(B) v, cm1¢ Aj ANem S(a)
1608 0.31 77 0.048 1605 0.38 116 0.072 0.68
1563 0.47 171 0.110 1548 0.36 101 0.065 1.69
1491 0.73 397 0.266 1481 0.55 224 0.151 1.76
1320 0.56 207 0.157 1331 0.41 111 0.084 1.87
1276 0.36 83 0.065
1264 0.09 5 0.004 1260 0.15 14 0.011 0.36
1176 0.48 135 0.115 1172 0.30 53 0.045 2.55
1110 0.16 14 0.013
1067 0.10 5 0.005
1043 0.16 13 0.013 1027 0.32 52 0.051 0.25
766 0.14 8 0.010
668 0.75 188 0.281 667 0.62 128 0.192 1.46
456 0.27 17 0.036
370 0.44 37 0.10 376 0.81 123 0.328 0.306
283 0.50 35 0.125 248 0.46 26 0.106 1.18
a [66].
b [65].

¢ Ratio of relative, first order vibronic intensities.
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Donor  Acceptor MLCT Electronic States larger for [Ru(bpy§]2+ than for [Ru(NI—g)4(bpy)]2+ in the
Orbitals  Orbitals  Electronic 1100-1700 cm region, qualitatively as expected based on
Eq.(45)and the larger mixing coefficientimplied by the lower
energy absorption of the latter. However, the opposite order-
fdn(az), T*e)} E] ing is observed for three of the seven common resonance-
Raman frequencies in this region, and this suggests different

Configuration

A e excited state distortions for the two complexes.
T {ay) {dnfe), ™ (e)} 4{A,E McCusker has reported femtosecond absorption
(e, @) [ gnisotropy' experimgnts that indipate that the (Melocal-
’ Y ized”, as discussed in the preceding paragraph) symmetry of

the Franck-Condon excited state of [Ru(bgly] relaxes to

a “localized” G symmetry in ambient acetonitrile solutions

in about 60fs[97]. The time required for this apparent
localization of the charge on one bpy ligand appears to
dre) 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(bpyk]?* has been interpreted in terms of @ BILCT
excited state symmetri67]. Obviously, low temperature
Fig.5. Electronic configurations and symmetries of the MLCT excited states glasses fall between these regimes, and there has to be
of [Ru(bpy)]?* in D3 symmetry. Overall energies are assumed to increase some concern about whether the solvent can rearrange to
from bottom to top, but the relative energies of the different donor orbitals, of accommodate the localized i)tl:harge distribution. It is to

the different acceptor orbitals and of the various MLCT excited states are not
known. The ligand centereg* acceptor orbital symmetries are constructed be noted that a Iarge amount of energy, 4000-5000'cm

by symmetry adaptation of the three equivalent bpy LUMOs (b symmetryin for the complexes considered here, must be deposited in
the G point group). The effects of spin-orbit coupling are not considered. the solvent matrix when the Franck-Condon excited state

The dipole allowed transitions are indicated by the vertical arrows, bold re|axes to the emitting state. Since heat diffusion is relatively
characters and highlighted boxes. slow, the solvent molecules nearest the electronically excited
molecule may be “hot” long enough to rearrange to at least
partly stabilize the localized electronic configuration. We
will assume that the emitting MLCT states of all the bpy
complexes have a localized {;electronic configuration.

dnfaz)

A;

Ground state

absorbing. Electronic transitions to states with {der(e)?,
m*(az)} and{dm(e)?, m*(e)} configurations are expected to
dominate the absorption. The corresponding MLCT excited
states have (E) and A+ A2 + E) symmetries, respectively, 32 4. vibronic contributions evaluated in terms of a

andthe A — Az and A, — E MLCT transitions are dipole  gingle “average frequency” distortion mode

allowed. The dipole allowed Franck-Condon excited states Owing to the significant bandwidths and to the relatively
are not totally symmetric. For the exited states deriving from smajl excited state distortions, the vibronic structure is not
the {dm(e)’, m*(e)} electronic configurations, the acceptor fylly resolved in the 77 K CT emission spectra of most tran-
orbitals are approximately of the form (subscripts a, b and ¢ sjtion metal D/A complexes. In most cases the emission bands

designate the different bpy ligands), are broadened on the low energy side, consistent with the ex-
2 5 % — ok — pected vibronic contributions; in a few cases there is some
p(e1) ~ z 1 /Zb < (53) apparent vibronic structure. Such spectra have been success-
(6) fully fit to an electronic factor, specific values for the solvent
o reorganizational energy, the frequency and reorganizational
p(e2) ~ "7 (54) energy of one “average” high frequency distortion mode in a

variation of Eq.(21) [38,81,82] We consider aspects of the

These arguments are summarizedFig. 5 Since the application of such approaches to the 77 K emission spectra
Franck-Condon excited state of [Ru(bglf) mustbe consis-  in this section.
tentwith the 3 symmetry, and this symmetry requires accep- The envelope of the vibronic contributions is readily ob-
tor orbitals “delocalized” over the bpy ligands, itis likely that tained by subtracting the intensity contributions of the fun-
the distortions in some of the vibrational modes are different damental component from the observed emission spectrum.
in this complex and [Ru(NE)sbpy]**. This is illustrated for [Ru(bpy]?* in the middle ofFig. 6

Overall, the average of the resonance-Raman-based re{the difference spectrum is normalized by dividing by the
organizational energies of the vibronic components is maximum intensity of the fundamental from the Gaussian
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Fig. 7. Top: fit (black line) of [Ru(bpy]2* emission (gray line) with a sin-

gle high frequency vibronic component; five adjusted parameters (two peak
heights, two peak energies, one bandwidth) withy;, = 1050 cnt? (first

and second order contributions only). Bottom: The envelope (or difference
. spectrum) of vibronic contributions constructed from the sum of four com-
by, em ponents (inset) with\vy/> = 1000 cn?, solid line; an “equivalent”, single
vibronic component fit to the first order contribution of the vibronic enve-

Fig. 6. Emission spectrum (top), difference spectrum (middle) and emrep |ope dashed line. Second and third order contributions are included in both
(bottom) for [Ru(bpy3]?*. Emission spectrum obtained in DMSO/water at spectral constructions.

77K [89].

0
500 1500 2500 3500

fit). This difference spectrum has distinct vibronic features bronic mode to the 77 K emission spectrum of [Ru(kjs?)
centered at about 610, 1560 and 2710¢émThe first of can only be accomplished by choosing a valué\of,, that
these is in the region of metal-ligand skeletal modes andis approximately the average of the mean widths of the nar-
metal-ligand torsional modes; the second is in the region rower high-energy peak and the broader low energy peak.
of intraligand stretching modes. The relatively weak fea- This results in a very poor fit on the high-energy side of
ture near 2700 cm' must be the result of higher order vi- the emission spectrum. The second order vibronic contribu-
bronic contributions from the vibrations between 1100 and tions are also not well fit by a single vibronic mode model
1360 cnt ! (see Eq(32)). If one assumed thatthe 1360t of [Ru(bpy)k]?*; this would be a major problem if one were
contribution resulted from a single vibrational mode, then trying to identify the vibronic contributions of higher energy
the second order contribution of this mode to the intensity vibrational modes, and the problem is more obvious if one
at 2720 cm! would be 0.405; the observed contribution is removes the contribution of the fundamental from the spec-
0.339. This discrepancy is consistent with the 1360 tfaa- trum. Thisisillustrated in the simple “difference” spectrum at
ture being the sum of several different vibronic contributions. the bottom ofFig. 7; this spectrum is constructed as the sum
It should be noted that the representation of the observedof four arbitrary “vibronic” components. The sum of these
vibronic contributions by some single, “average frequency” components can be reasonably well fitted by a single Gaus-
distortion mode will necessarily require an inappropriately sian peak, but the higher order components derived from this
large bandwidth and it generally misrepresents the contribu- peak, based on Eq&32) and (33) grossly misrepresent the
tions of higher order vibronic contributions to the spectrum; higher order vibronic components. The first and second order
these points are illustrated Fig. 7. The fit of a single vi- vibronic components are convoluted in the ambient emission
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of the [Ru(bpy}]%* complex{89], and while the structureless ~ functions of the type,
emission can certainly be fit with a single vibronic compo- 2/
nent by adjusting the values of parameters in @4), the f=cxvxe (55)
significance of the fitting parameters is not clear (see also

The maximum of this function with respectitg= (v
comments irf58]). pectt®= (Vmax(

— vm) is given by,

3.2.5. Vibronic contributions and their attenuation; 9 _ et [w] -0 (56)
evaluation in terms of empirical reorganizational energy dvg a
profiles (emreps) Thus, in this representation of the data, the maximé of

The vibronic structure becomes more evident the lower 4re ohserved at,
the temperature. The 77 K emission spectra are emphasized
in this section. In our search for the contributions of high vgq = vy + 1[{vn)? + 242"? (57)
frequency vibronic modes to the emission spectrum, we have ] )
evolved an approach that emphasizes the reorganizational en- 1hiS €quation can be rearranged and solvedvforThe
ergy contributions of those modes. This approach is based ordi"€Ct solution contains a correction terart,/vg, that is not
the first order vibronic contributions, Eq4.2) and (31)The useful for small values ofq, but an inverse Taylor's expan-
emission spectrum is represented in E@)—(35)as the sion leads to afrequency_parameter_that more generally cor-
sum over some sets of vibronic progressions (the compo-reSpondS to the frequencies of the displacement modes,
nents of a progression are designated by subgcdpferent 1/2
vibronic progressions by a subscript[5B,54,58] In order ~ Uh = 2Vd — [{va}? +a’] (58)
to evaluate the different vibronic contributions, the funda-  Note thata = Avy/2(In2)Y2 is simply a number for
mental is subtracted from the emission spectrum (see abovesach spectrum; the value afvy; is the full-width at half-
discussion) and the energy scale is defined by the energy dif-maximum intensity obtained for the fundamental from the
ference from the fundamental (i.e., $etna(fundamental)  Gaussian fit of the emission spectrum.
= 0). In order to generate a graphical display that empha- A related correction must be made for the amplitudes of the
sizes contributions of the high frequency vibrational modes regrganizational energy maxima. This can be approximately
tothe excited state distortion, the intensity and energy axes areaccomplished by substituting (calculated using Eq(58),
rescaled. but noting the rescaled frequency byather tharh) for vg.

a. The relative contributions to excited state distortion are Thus, the final vertical axis is given by,

emphasized when E_q12) is rgarrangeq by solving fpr Ax = hox[ Lyy(obsd)— Lug(n]/ Imax(f) (59)
Ah. The corresponding empirical profile of reorganiza- _ _ o _
tional energy contributions is generated by multiply- Since the actual profile of reorganizational energies that

ing the difference between the observed emission inten- is generated from the experimental emission spectrum is the

sity and the fundamental component intensity at each envelope of the contributions of many different displacement
energy, lyobsd)— lvg®], BY Ma/lmax@) = [Mvmaxm — modes, we have represented these empirical reorganizational

hvml/Imax@)- The vertical axis is therhvg[/,yobsd)— energies and the corresponding vibrational energies with a
L]/ Imax(r), Wherel, is the intensity of the funda- ~ subscripix.

mental andl,obsq)iS the observed emission intensity at ~ The empirical reorganizational energy profiles (emreps)
the frequencyyg. are generated by plottingy versushvy. This use of Egs.

b. The rescaling of the energy axis is necessary because thé58) and (59)in scaling the axes amounts to a first order
vibronic components in the emission spectrum of these iterative correction. Under some circumstances a higher or-
complexes have significant bandwidths (equal to that of der correction might be necessary. The correction terms are
the fundamental), and this, combined with the rescaling of most important for small values dfug. The uncertainties
the intensity axis results in the displacement of the maxima are intrinsically large for very small values by where the
of the resulting profiles relative to the vibronic maxima of amplitudes ofix correspond to the differences between two
the difference spectra. large numbersl, ) andl,,(obsd)

This presentation of the emission spectral data is illus-
An approximate rescaling can be accomplished by the trated for [Ru(bpy3]2* at the bottom ofig. 6. Typically, the
following procedure: The'0— 1 transition of thenth dis-  vibrational frequency of the maximum of the envelope of val-
placement mode is represented by a Gaussian function ofyes ofi, for these complexes is different from the maximum
the form 7, 01), = Ce*xz/"z, whereC is a constant inde-  of the difference spectrum, although the reorganizational en-

pendent of emission energyr= [Vmax — vh — vm] @anda = ergies inferred from the maximum amplitudes are equivalent
Av12/2(In 2)1’2. The maximum of the first band of tih vi- for the difference spectrum and the emrep. This difference
bronic progression occursa = [vmax(f) — vh]- The intensity in the vibrational frequencies associated with the respective

rescaling is equivalent to replacing the Gaussian functions by maxima of these representations of the vibronic contributions
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is consistent with the composite nature of the spectral enve- ML I order | 2" order & higher
lo pe. vibrations bpy frequency
; ; ; L vibrations ibrations L
The amplitudes of the emreps have the dimensions of re- A5 (i vibrations

1
2

organizational energies, but they are composite values, not [Ru(bpy)s]*

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 changesax 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 to Ay arise from the first order vibronic components. 0

The comparisons with resonance-Raman data indicate that

these conditions are reasonably well met for the 77 K emis-

sion spectra of the [RU(N&Js — 2n(bpy)]?* complexes. The Fig. 8. Comparisons of reorganizational energy profiles for [Rudipy)

determination of the reorganizational energies of specific (upper, solid curve) and [Ru(N$sbpy]?* (lower, dashed curvé$9]. Points

vibronic components must depend on additional informa- are resonance-Raman (r-R) data of Kincaid and co-workers (6i&])

tion (e.g., resonance-Raman spectra, the effects of isotopicad of Hupp and co-workers (opei@p] for the respective complexes (see
L . . . Table 2. The profiles indicate a reasonably consistent pattern of attenuation

substitution, etc.) for emission spectra with bandwidths as

. A . at 1500 cn? (note that contributions of Ru-ligand vibrations, higher order
broad as observed in the CT emission spectra discussed;ipronic contributions and C-H and N-H vibrations are necessarily differ-

L

1000 —--—

vibronic contributions

T
| I
| |
| i
1 I
L
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|
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| .
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here. ent). Some of the resonance-Raman data are less consistent; however, when
the r-R intensities are represented as Gaussian functions with the bandwidth
3.2.6. Vibronic contributions and their attenuation: of the fundamental, the sum of their contributions approximates the respec-

correlation of reoraanizational eneraies with excited tive normalized emission spectra and the emreps generated from these r-R-
g 9 derived spectra are similar in amplitude to those obtained from experimental

state energy spectra.

The amplitudes of the difference spectra and the emreps
give equivalent results (when the reorganizational amplitudes
are evaluated), and either can be used in evaluating the attenin the D/A complexes. The reorganizationakgnax) and
uation effects associated with configurational mixing. We use vibrational fwyxmax) parameters associated with the em-
the emreps for this purpose here to simplify the overall discus- rep maxima are summarized Table 1 The emrep maxima
sion since their amplitudes are expressed as reorganizationabccur at 1530+ 30cnt ! for the ammine—bpy complexes
energies. Even at 77K, the observed bandwidths are large(Fig. 8andTable 1), and at 1446t 30 cnt ! for en-bpy com-
enough that there are second order vibronic contributions to plexes Table ). The value ofymax)for [Ru(NHa3)sbpy?*is
the observed emission spectra (and to the difference specmarkedly smaller than that of [Ru(bpy¥*, seeFigs. 8and 9
tra and emreps that are generated from them) in the regionThe emission energy decreases in the same order, and
1300-1600 cm? lower in energy thamvmax). Modellings configurational mixing will increase with the decreases
of the emission spectra with the resonance-Raman data sugef hvmaxr. These observations are strong qualitative
gestthat these contributions run in the range of 25—-35% of thesupport for the predicted attenuation of reorganizational
total vibronic contribution to the emreps of the Ru—bpy com- energy.
plexes in this regiori89]. The attenuation of second order The vertical energies in the perturbation theory arguments
vibronic components is on the order of{—lZaéP — ZaE,R)Z, refer to the diabatic energies; the observed emission energy
and appreciably stronger than that of the first order compo- maxima reflect the contributions of ground state stabilization
nents (Eq(45)); in principle; a quantitative interpretation of  due to configurational mixing, and the correction for this (in
the observations described here should take this into accountan estimate of the diabatic energies) has the opposite sign of
Inthis article, the attenuation effects are presented in terms ofthe exchange energy contributions. We have based the cor-
correlations of empirical parameters, and some general im-relations inFig. 9 on Egs.(43) and (45)andEgrp = Epgr =
plications are discussed. A more detailed analysis is beinghvmax. This assumes that the corrections for the exchange

prepared89]. and stabilization energy contributions in estimates of the dia-
The arguments outlined above indicate that the large val- batic energies approximately cancel, and Hhab is constant
ues of the electronic matrix elemehirp, for Ru—bpy com- through the series of complexes. There is a small difference

plexes should lead to appreciable configurational mixing in the intercepts and slopes in DMSO/water and in butyroni-
of the diabatic states, and that this configurational mixing trile; some of this is a consequence of the difference in band-
should significantly alter the properties of the D/A complex. widths. However, the different solvents may also affect the
These effects should be most clearly manifested in the op-excited state charge distribution and thereby the reorganiza-
tical transition energies, bandwidths and vibronic structure tional energy associated with the bpy vibrational modes; this
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complexes in 77K glassd89]. Values ofiy are from the emrep for each States  Mixed States

complex; values ofvy,,goy are the maxima of the fundamental emission

components based on Gaussian deconvolutions. DMSO/water (solid points): > ; - e -
The least squares fit (black line) has a slope of (£120) x 103 cm and donor/acceptor complex in which the electronic coupling is mediated by

an intercept of (150& 100) cnt L. Black circles are for deutero-am(m)ine  the bridging ligand. PE curves for diabatic states are shown as dotted lines,
(ND) complexes. Butyronitrile (open circles): The least squares fit (dashed t_he PE curves for three configurationally mixed states are shown as solid

Fig. 10. Qualitative illustration of a covalently linked, degenerate

line) has a slope of (7% 10) x 10~3cm and an intercept of (126& lines.
60)cnT L,
possibility is currently being examing@9]. Overalll, the cor- very strong D/A electronic coupling and the increases in

relation does demonstrate a strong attenuation of reorganiza- configurational_ mixing that occur thro_ugh this series Of_
tional energies through the series of complexes, qualitatively ~ complexes. This appreciable attenuation of the reorgani-

consistent with Eqg43) and (45)and the slopes of the cor- zational energy associated with the electron-transfer pro-
relation lines are reasonably consistent with the previous es- ~ cess can be interpreted in terms of variations in the fraction
timateHgp for this family of complexe$60]. However, it is of electron density that is deIocaIizezﬁP. The apparent
important to observe that the mixing coefficient implied for =~ MLCT bandwidths may not decrease as predicted by the
the [Ru(NHs)4bpy]2* complex s large enough that higher or- idealized arguments owing to the effects of the distribution
der terms probably contribute. A mixing coefficient for this of solvation environments and the convolution of other vi-
complex of the magnitude implicated by E@5) with aeg bronic and/or electronic (in the case of absorption) bands

< age COrresponds to a large amount of electron density de- into the spectral envelope; issues of optical resolution and
localized 25%) and a MLCT excited state that is far from difficulties in identifying the fundamental component (es-

the diabatic limitFig. 10 pecially in ambient spectra) can also complicate the eval-
uation of the extent of reorganizational energy attenua-
3.3. Summary 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.
Standard modelgR3,28-30,35,36,38,43,46,51,53,68,81]
for the Marcus inverted region predict that large reorga-
nizational energies, combined with small valuesA3f
and large electronic matrix elements result in rapid relax-
ation of the excited state. However, these models treat the
a. The contributions of the high frequency vibrational modes  three factors mentioned as independent variables, as in
to the 77 K emission spectra of [Ru(N)4 _ 2n(bpyn]?* a weak-coupling limit. In this series of complexes these
complexes are greatly attenuated as the energy of the three factors are not independent of one another and the
fundamental component decreases. This marked attenu- description of the reaction coordinate is very compli-
ation of reorganizational energies can be attributed to the  cated.

The studies considered in this section have dealt with some
of the electron-transfer properties of 'Ribipyridine 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
ground state nuclear coordinates), the results of these studies
can be summarized:
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4. The effects of bridging ligands on the properties of filled acceptor orbital and a filled donor orbital, as iidy
an electron-transfer system when there is appreciable complex, and a vacant bridging ligand orbital, as im'a
metal/bridging ligand configurational mixing orbital) [18,22]

4.1. General description and perturbation theory-based spx  HpeHea

expectations DA = “op (63)

The systematic discussion of such linked donor/acceptor  The energy parameter in the denominator of E&3) is
systems requires consideration of at least three electronicbased on vertical energies, usually obtained from the charge
states: the two electron-transfer states, which are not directlytransfer spectra of the metal complef22],
mixed, and a metal/bridging ligand state (e.g., a MLCT ex-
cited state) that mixes thef8,7,16,18,19,21,23,42,78,98] . _ 2EpsEa-s (64)

This approach is illustrated fig. 10 & (Eps+ Ep-p)

At least in principle, the use of a three (or more) state
limit for bridged D/A systems preserves the experimentally  If the bridging ligand is composed of a chain of weakly
approachable diabatic reference mentioned above; the us&oupled units L), B@, .., BM), and when only the in-
of a two state model to describe such systems generally re-teractions between nearest neighbor moieties of the bridging
quires a different definition of the diabatic limit. The elec- ligand are considered/{ = the mixing coefficient between
tronic configurations of the diabatic states are: (a) electron in the ith andjth bridging ligand moieties) the D/A coupling
a donor orbital (electron-transfer ground state); (b) electron Mmatrix element can be generalized28,23,98,99]
on the acceptor orbital (electron-transfer excited state); (c)
electron on the_ bridging ligand (me_tal to ligand charge trans- spx  Hpg®
fer, MLCT, excited state). In the limit tha&3, = 0 (no direct Hpp = E 0

R . pB@
donor/acceptor orbital overlap) the corresponding wavefunc-
tions are,

(i)=n—1

l_[ Vo) i+1) | Hpma (65)
()=1

In the limit of an infinite chain of identical bridging lig-
Q= YR + @rBYB() (60) and moieties, Eq(65) takes the form of an exponential de-
1+ (ngua]l/2 pendence on the geometrical distance between the donor and
acceptor 22,23,98,99,
Ve = VP(d) + @BPYB(d) ptoreloa | ]

(61)
[1+ cxép] /2

HRY = Hpa(i = 0) e Ao (66)
_ ¥B(d) — ®RBYR(d) — @BPYP(d)
= 1/2

[1+ O‘%B + ozép]

Since the energies are evaluated with respect to a singl
set of nuclear coordinates (those of one of the PE minima),
ORB = 0BR andoth = aBp in Eqs.(60)—(62)

Most of the studies of linked transition metal D/A com-
plexes have employed bridging ligands that have relatively
low energym-type LUMOs and metals in which the electron-
transfer process involvesrorbitals[16,19] There are fewer
studies of purelys analogs. Some general features of the
perturbation theory arguments apply to any type of bridging
ligand.

Electron-transfer mediated by configurational mixing
with a bridging ligand MLCT excited state is typical of hvmax(D/A) = hvmad(ref) + es(R) — &(P)
the majority of linked transition metal D/A systems. The = humax(ref) + a2g Erg — a2gEps (67)
electron-transfer can also be mediated by a ligand to metal
charge transfer (LMCT) bridging ligand stat§D) — (B*)

— (A7)}. These are commonly referred to as the “electron”  The reference chosen for evaluating this shift is a D/A
and “hole” transfer mechanisms, respectively. The electron- complex in which there is no configurational mixingdg
transfer mechanistic formulation is the focus of this article. = Hag = 0) and for the same general conditions as in the
ForHpg/Eps andHpga/Epa the coefficients for mixing donor  system investigated. The shifts in the absorption maxima are
and acceptor orbital wavefunctions with a single bridging lig- measures of the configurational mixing with the bridging lig-
and orbital wavefunction (assuming that the three state modeland in strongly coupled systems. For a chemically symmetric
can be represented in terms of three orbitals, with a partly systemHgrg = Hpg, and when no other factors contribute to

(62) An algebraically similar expression can be based on the
overlap of spherical wavefunctions far from their nuclei of
eorigin [100], and in this cas@ is an inverse orbital radius.
Configurational mixing of the donor (ground state) and

acceptor (excited state) with the ligand electronic states re-
duces the energies of the electron-transfer ground and excited
states bys(R) = H3g/Epg andes(P) = Hag/Eag, respec-
tively. As a consequence, configurational mixing with the
MLCT excited state of the bridging ligand shifts the absorp-
tion maximum of theD — A electronic transition to lower
energy sinceEpg > Eag (with respect to the ground state
nuclear coordinates; séég. 11),

¥B
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the shifts in absorption maximum, 15.0

Ahvmax = [hvmax(ref) — thax(D/A)] B

Erg — Eps BT
= Hi [ ——= 68 ~eom!
RB( EroEre ) (68) .

=
|

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

hvmax(MMCD, cm-l/l 03

©
>
|

N

m/

’
/
,I

X
=}
I

Epa
~ Spx
M= 45| P ©9 i

. ' 50 I BT
Appropriate parameters can often be inferred from the 0.00 1.00 2.00 3.00

properties of related, but separate donor and acceptor com- [Emax X AVi2]",
plexes, or from the extrapolation the properties of a series of M em™)(em™)/10°
closely related complexes to the limit in whiétpa = 0.

Fig. 11. Correlation of decreases in transition energy with increases
4.1.1. lllustrations of the three state limit: complexes the absorptivity of the RURU" MMCT absorption (Data of Sut-
based on Taube’s work with aromatic bridging ligands ton and Taube[10,11) for [{Ru(NHs)s}oL]>" complexes. L =bis

There have been avery large number of studiestSfair> (4-pyridyl)methane, 1; 3,3-bipyridine, 2, 3,3-dimethyl-4,4-bipyridine,

. 3; 1,2-bis-(4-pyridyl)acetylene 4; transbis-(4-pyridyl)ethylene,5; 4,4-
metals (F&/F€", RU'/RU", 0s'/0s", R/RE!, etc.) with  pipyridine.
pw bridging ligands (pyrazine, polypyridinespNCN—, etc.)
[3,16,18-20,25]0nly selected parts of this work will be con-
sidered here.

A large number of complexes have been pre- ically as the absorptivity of the MMCT transition increases
pared in which the donor and acceptor are bridged (Flg 11), in qualitative accord with expectation based on Eq.
by 4,4-bipyridine, pyrazine and closely related ligands (69). This correlation neglects systematic deviations that oc-
[3,10,11,16,18-20,103,104]The metal-ligand electronic  Cur as 4&p becomes significant compared to unity and the
coupling is very strong in all of these complexes based ei- relatively small variations in MLCT energies through the se-
ther on their electronic absorption spectra (typical MLCT ries of complexes.
absorptivities at maximum are=3000 M~1cm1) [18] Extrapolation of the plot ofhvma(MMCT) versus
or electroabsorption spectraHgp between 4000 and  (émaxAvi)Y/2 to zero absorptivity indicates thBbmax(ref)
11,000 cnTl) [73,87,105,106] The bb-bridged complexes = (12.6+ 0.3) x 10*cm™1. This is very similar to the value
discussed in Sectior?.6 above demonstrate that very Of xr=12.1x 10°cm~testimated for the [Ru(Ngjspy]**#*

strong metal-ligand electronic couplindHg,. ~ 7 x couple[21]. The value ofivmax(ref) =12.6 x 10° cm~* leads
103cm ! [60,62,63) does not necessarily imply strong t0 Ahvmax(obsd)= 2.9 x 10*cm* for [{Ru(NHg)s}2(4,4-
ligand-mediated metal-metal couplingy{y' < 107 cm! bpy)]°*. Electroabsorption measurements have been used to
for the bb-bridged complexdgs, 79). determine thaHpg = 5.5 x 10°cm™! for [Ru(NHz)s5(4,4-

Appreciably stronger metal-metal coupling is mediated PPY)F* [87]. This and the other spectroscopic parameters
by 4,4-bipyridine and related ligand$0,11,16] The values ~ combined with Eq(69) imply that Ahvmax(calcd)~ 3.4 x
for Hpa estimated for these complexes are within the range 10° cm~?; this is good consistency given that there is prob-
of values found for ion pairs, but much larger than found for ably a systematic error in the extrapolationfeg. 11 due
the bb-bridged complexg&1]. Nevertheless, the fraction of 0 neglect of variations in the MLCT energies and higher
delocalized electron densityp, is small, and the config- ~ order perturbational terms. These parameters and@).
urational mixing (or electronic coupling) in most of these Suggest thatHZ, = 1.6 x 10°cm-1. However, electroab-
complexes can be considered to be relatively weak. In or- sorption measurements indicate i), is actually about
der to estimate the value bbmax in the limit thatalzB — 0, 750cnt? [105,106] This difference may arise from treating
one can combine Eq29) with Egs. (67)—(69)to describe 4,4 bpy as a single bridging moiety. If it is treated as a com-
the variations othvmax Of a closely related series of com-  bination of two linked pyridines, then E¢65) and the elec-
plexes in which the configurational mixing varies. The ener- troabsorption measurements imply thay, .y ~ 0.4. These
gies of the intervalence absorption maximhamax(MMCT), di-pyridyl-linked complexes illustrate the features expected
for complexes of the type{ Ru(NHs)s}2B]>* (where B is a based orFig. 2and Eqgs(65) and (67)—(69)superexchange
di-pyridyl bridging ligand[10,11,16) do decrease systemat- coupling in a closely related series of bridged complexes
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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 aremarkable array of properties that do not fit neatly
into all of the approaches outlined above.

4.2.1. The variations of the=£N stretch with the
oscillator strengths of MKCT 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 paf102,107,108]
Fig. 12 graphically presents some representative obser-
vations. Two cyanide stretches are observed in the IR
spectra of dicyano complexes suchti@ns{([14]aneN;)Cr
(CNRuU(NHs)s)2]°* and the trans{([14]aneN;)Cr(CN)]*
parent[107-109] The symmetric combination of stretches
shifts from 2137 cm? in the parent to 1996 cnt in the
trans{([14]aneN;)Cr'"' (CNRU' (NH3)5)2]°* complex; the
antisymmetric combination shifts only from 2096t

< Vibronic Shift | Kinematic Shift>

Rh(MCL)Ru",
—
-3 <o
CoMCL)Ru"; 8] RmMCL)
o o
cIMCL)
crMCL)YRu'y Ccr(MCL)Ru",
5 Cr(MCL,MCL"MCL")
Lﬁ(__DJ =
CrMCLY)ReY; [0 o Fe(bpy),
ty—, R||(|JF)'].‘.R|1"I Ru{hpy)ll!lmz
Fe(bpy)iRu"":
[m_m] Ru(bpy)y

i Bg- - - Ru(bpy),Ru Mgy -

Ru(bpy)Ru AHﬁ
H____J_ - Ru(bpy)Ru™
L L | 1 I 1 ‘

| L |
1950 2000 2050 2100 2150 2200
Observed CN Stretch, cm!

Fig. 12. Shifts of the CN stretching frequency that accompany metallation of
coordinated cyanide in [M(L)(CNM']™* complexes. The parent dicyano
and cyano complexes are listed on the right and their CN stretching frequen-
cies are enclosed in rectangular boxes. These complexes are fortiaftyrM

the M"" (MCL) complexes and M for the M(bpyy complexes. For the ¢!
complexes, MCL =[14]anelNMCL’ =msMeg[14]aneN, and MCL’ =[15]
aneN; forthe Cd'' and RH' complexes, MCL =[14]aneNRU" designates
Ru(NHs)s3* and RH' designates Rh(NJs3* for the M(bpy) complexes;

for the M" (MCL) centered complexes, Rudesignates Ru(NgJs2*. The
block arrows at the top indicate the sense of the kinematic shift that is ex-
pected to occur upon metallation of coordinated cyanide and the vibronic
shift that is observed when CN bridges a strongly coupled donor and accep-
tor. The frequencies are frofh08,109]

363
0
st
-50 —
TE IR
¥l
S
2 -100
-150
M = cr't! (P) Rh!M
Fig. 13. Shifts of the CN stretchAvcy = [Aven(ruthenate) —

Aven(parent)], for trans[M'' (msMes[14]aneN;)(CNRU' (NH3)s)2]%*,

dark lines, andcis-[M" (rac-Meg[14]aneN;)(CNRU' (NH3)s5)2]%*, grey

lines. Forthérans-complexes, the symmetric combination oc CN stretchesis
designated by the solid line and the antisymmetric combination by the dashed
line. The frequencies of the CN stretches in the parett (MCL)(CN)2]*
complexes, (P), are represented at the origin by the solid ellipse. Data from
[108,109]

to 2077cn?, respectively.Fig. 13 presents the shifts
of ven in more detail for trans{(msMeg[14]aneN;,)Cr
(CNRu(NHs)s)2]°, cis{(rac-Meg[14]aneN;)Cr(CNRu
(NHs)5)2]°*, their parent dicyano complexes and the
rhodium(lll)-centered analogs. The shifts observedcisr
[(rac-Meg[14]aneN))Rh(CNRu(NH)s)2]>*, relative tovey

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 afcy are shifted strongly in the opposite
direction upon ruthenation of the ®rcentered complexes.
The symmetric combination of cyanide stretching frequen-
cies in trans{(msMeg[14]aneN;)Cr(CNRu(NH)s),]>*

is shifted by the greatest amount, but the shift is equally
distributed in the CN-stretches ofs{(rac-Meg[14]aneN;)
Cr(CNRu(NH)s)2]°* (the CN stretches were identified by
the shifts when the complexes were prepared WHBN—;

the band identified as the antisymmetric combination
of CN stretches in thdranscomplexes was 4-10 times
more intense than the symmetric combinatifi08]).
The magnitude of this shift to lower energieavcn,
has been found to increase with the oscillator strength of
the donor/acceptor charge transfer (MM) absorption
[107,108] The absorptivity of the RUCr!" MM’CT band
(Amax = 500 nm) is 7600 M1cm™1 in this complex. The
analogous RH-centered complexifnax = 342 NM, emax =
800Mtcm™! for the MM'CT transition) exhibits much
smaller shifts ofvcy (2142-2156 and 2124-2114ch
respectively). Since the effect is mostly in the symmetric
combinationof stretches, the effect is in one molecular
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normal vibrational mode of thé&rans-complexes, equally  ground state to achieve an interaction somewhat analogous
distributed over the two bridging cyanides and not localized to that proposed for D/A complexes with acetylenic bridges

in either.
Overall, for several complexes of different symmetries, the

[115,116]

magnitude oA vcy (referenced in each case to the analogous 4.2.3. The di-cyano complexes as bridging ligands in

Rh!" 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 (tkeNGtretch

or Qcn) with changes in the electronic coupling between the
donor and acceptor.

4.2.2. Vibronic models to account for the decreases of
ven With increases of MKCT oscillator strength

A simple vibronic model for describing these systems
(analogousto pseudo-Jahn-Teller mo@eld,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=Bl 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
ven and the MMCT oscillator strengttil07,108,113,114]

mixed valence complexes: a vibronic selection rule

The dicyano complexes such dsans[([14]aneN,;)
Cr(CNX]* 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]aneNs)Cr(CN Ru(NH)s)2]®*, is about 10.8,
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 dfans
[([14]aneN;)Cr(CN Ru(NH)s),]> o 6+ is the RY — Cr'!l
MLCT excited state. The Ru(N$)s3*+2* half-wave potentials
vary with the Rll — (central metal) MMCT energies and ab-
sorptivities in the general manner expected for two state con-
figurational mixing109,113,114for complexes of the types
[{Ru(NHs)s }n(Am)s_nM(CN)a]®*V* (M = cr'!, cd", or
RH'") and [M(PP}(CNRu(NHg)s), (CN),]® "2 +1D+(pp
bpy or 1,10-phenanthroline; M = By Fd' or M

The principal assumption of this model can be represented as= Cr'!', Cd", or RH"). This configurational mixing

[107,109,113,114]

Hgp = H3p+ bQcN (70)

The HYp term allows for any direct RUCr! electronic
coupling (i.e., not mediated by the bridging cyanide).&Q)
contrasts to the common assumption tHap is independent
of the nuclear coordinates (Condon approximati@2)42].

It also contrasts to normal superexchange coupling models.

Configurational mixing in the three state model results in
modification of the ground (g) and excited state (e) poten-
tial energy functions so thaEy = (PEJ® + k0%/2 — ea1),
wherePE?C is the difference in energy between the unmixed
(diabatic), vibrationally equilibrated electron-transfer states
(PE minima atQy = 0 and Q%, respectively, where the su-
perscript “0” designates a quantity defined with respect to
the diabatic PES’) and J = g or e. In the “vibronic” model

thegy = (H8P+ bQCN)Z/E%P) are expanded in a Taylor's

({Ru" (NHz)s/M" (MCL) } with {RuU"" (NH3z)s/M"' (MCL)})
correlates with the shifts inhvynax for the (terminal

— terminal) RY — RU" MMCT transition in the
[(MCL)M(CNRu(NH3)s),]®* complexes (MCL = a tetraaza-
macrocyclic ligand and M = ¢, cd", or RH"). How-
ever, this MM'CT transition has an absorptivity ef,ax =
120+ 40 M~ cm™! nearly independent of M and the Ru

— (central metal) MMCT energy and absorptivitjl01].
Thus, the Rli — (central metal) configurational mixing
does not contribute in the manner expected for superex-
change coupling (Eq69)). Fig. 14illustrates the contrastin
the superexchange coupling contributions of the substituted-
dipyridyl complexes of the Sutton and Taube woFkg 12

to that of the dicyano-complex-bridged systems. It appears
that the superexchange coupling pathway has been quenched
in the {Ru(NHg)s}2(MCL)M(CN)2]®* complexes. This can

be attributed to the cyanide-mediated, vibronic coupling (de-
scribed above) by means of the simple model described be-

series around the relevant nuclear coordinates to obtain Eqyq,.

(71) [107,109,113,114]

PEg = kQ%/2 — &3, —aOn (71a)

/ 2
PEe = PESC 4+ 1/2k(Q% — ON)" — €%, +d'On  (71b)

wherek is a force constant and, @ andb are linear vi-
bronic coefficients from the Taylor's expansions. This ar-
gument results in a functional relationship betweercy
and the MMCT oscillator strength that is qualitatively con-
sistent with observatiod07-109,113,114]An intuitively
appealing variation on this model involves the two electron-
transfer states coupled by means of mixing with D/CN
MLCT and CN/A LMCT excited states. This would al-
low for a shift of electron density across the molecule in the

The D/A coupling can be very complicated in complexes
with more than oneibronically coupled D/A paif117,118]
In order to account for the failure of superexchange-like be-
havior in the dicyanocomplex-bridged systems, we have pro-
posed a simple extension of the bimetallic vibronic model
(sketched above) for trimetallic, M(NC)NCN)M"" systems
[101,108] (1) the CN -mediated, M/M and M/M”" cou-
pling is treated as a “local”’, D(NC)A(CN)Ainteraction (D
=donor; A, A = acceptors) as above; (2) the overall effect on
ven, in D(NC)A(CN)D system$108], or on M/M” coupling,
in D(NC)A(CN)A' systems is treated in terms of the perturba-
tional mixing of these local interactions. The assumption that
Hrp = H,gp—i- bQcn implies that the ground state nuclear
coordinates of the bridging CNare configured for strong(s)
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Fig. 14. Correlation of decreases in transition energy with increases the ab-
sorptivity of the RU/RU" MMCT absorption (Data of Sutton and Taube,
Fig. 11for [{Ru(NHsz)s}2M(L)(CN)2]™+ complexes (data of Macatangay
etal.[101,102). The dashed line is the correlation line fréfig. 11 Closed
symbols fortrans complexes; open symbols fais complexes. Squares

for Cr'""(MCL) complexes; circles for Rh(MCL) complexes; triangle for

Cd'" (Meg[14]aneN,) complex; diamond (right hand side) for Rpy)s
complex. The MLCT energies of the dicyano-metallate- and the dipyridyl-
bridged complexes are comparab!q%L 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 E{63), (64), (67) and (63)

D/A coupling ¢ Qcn > HRp) in the D(CN)A’ moiety and
for weak (or “kinematic”[110]; w) coupling 6Qcn =~ 0)
in the A(CN),A” moiety. The optical MMCT transition

365

for 0 < 6 < #/2. To make the illustrative argument simpler,
assume thati§, = HJ = 0inthe superexchange contribu-

tion. Then Eq(63) becomes,

(b0 cosO)(bQQy sin 6)
- 2Eay

HpLHaL

gPX

DA —

(75)

For the ground state coupling maximized betweef Ru
and CH', cosd = 1 and sird = 0; thus, when evaluated in the
ground state nuclear coordinat&g = 0. Thisis consistent
with the observations on most of the dicyanocomplex-bridged
D/A complexeg101]. The specific functions employed (i.e.,
cost and sim) illustrate the general features of the model,
butare 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” for Ho  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
the configurational mixing between them (e.qg., 5e¢ 10
all energies evaluated with respect to the ground state nuclear
coordinates); i.eq3 < 0.25 (J =g, e). When the MKCT
and the MLCT excited states are approximately degenerate
(i.e., for HeL > Egl), and whenHg > 0, these electronic

leaves these coordinates fixed on generating an electroneycited states will be thoroughly mixed,

transfer excited state,
[Ru'"(NC),M"" (CN),,RU" 1g + hv

— *[RU"(NC)M" (CN),,RU"Te (72)

According to the vibronic model, the B(M"! electronic
coupling HgL) 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, [RUNC)M" (CN);Ru"]., and
the CN~ nuclear coordinates of the two vibrationally equi-

Vi = [Ve) + Y(g))(2) Y2
V- = [Y1(g) — Ye@l(2) 2

The energy difference between the mixed states will be
approximately Blg, but this matrix element does not enter
into the expressions for either of their wavefunctions. The
superexchange matrix element in a cyanide-bridged complex
for which this is the case takes the form,

(Vg()| HIV4) ~ HpL

(76)
(77)

goPX o~ L

DA = /2 (78)

libriated electron-transfer states correspond to extrema ofthe  Thus, the degeneracy of the two diabatic excited states

anti-symmetric combination of CNstretches in the MLCT
excited state (L). In view of this and the symmetry of the
electron-transfer systemiip; andHa are expected to be
complementary, or out of phase functions of the Thu-

removes the constraint on superexchange coupling in the vi-
bronically coupled system. In this limit of course, the electron
in the excited state is delocalized over the acceptdf)@hd

the bridging ligand (in this case the metal-di-cyanide moi-

clear coordinates. Several functions can be used to expresety), so the distinctions between the metal and ligand local-

this; among the simpler ones for the local, cyanide-mediated
coupling with the central metal are,

HpL = (H3, + b0, cosb) (73)
and
HpL = (HY, +b02 sin6) (74)

ized states is lost and the charge transfer transitions should
no longer be described as MM@T and MLCT[84].

Arguments presented in the preceding sections (e.g., the
extrapolation inFig. 12 indicated that the diabatic en-
ergy for the Ru(NH)s3+2* couple in a bridged complex
is approximately (12-13) 103cm™l. The diabatic en-
ergies for the MMCT transitions of the complexes that
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are employed to approach this limit can be based on Eq. ,
(22) and information available in the literatufg,21,70]
The available information indicates that the most likely 1
candidates are dicyano-ruthenium complexes with values w
of E1pp(RU"/RU') smaller than that of [Ru(bpy]CN)] '

b 4

(E12 ~ 0.9V). Thetrans[Ru(pyu(CN)z] complex [119]

(E12 = 0.74V [102,119) has approximately the neces-

sary properties. The Ripy)s(CN), — Ru" (NH3)s3* tran- 43
sition in the trans{{Ru" (NH3)s}n{RU" (py)4(CN)}]3™

complexesif = 1, 2) occurs at (13.4-14.6) 10°cm~1 with

absorptivities of 2100-2700M cm~/Ru"'. The trans- « .
[{RU" (py)a(CNRuU(NHs)s)21]>* complex easily satisfies the -
condition of 2, > 0.25 for extensive excited state mix- 22,000 S 19,100
ing. This complex exhibits two low energy CT transitions

(at 10,000 and 14,300 cm), both with absorptivities of
about 1500 M1 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 MMCT) 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 tinens-
[{RU" (py)a(CNRuU(NH)s5)2}18* complex, consistent with
“intensity stealing” by the lower energy transition. This com-
parison is a strong confirmation of the vibronic coupling ar-
guments presented above.

17,600 17,900

4.3. Polypyridine bridging ligands
Fig. 15. Computed LUMO (left) and LUMO+1 (right) orbital structures for

4.3.1. Some aspects of the molecular orbital structure of pyrazine (top) and dpp (bottom). The double-headed arrows indicate the
e correlated orbital structures of the pyrazine moieties. Computed energies

polypyridine ligands are in cntt. From[60].

Some features of aromatic bridging ligands are usefully
discussed with respect to the 4@lpyridine bridging ligand.
Simple perturbation theory logic suggests that the propertiesrelate with the degenerate components of the LUMO of
of the of 4,4-bipyridine linker can be regarded as a combina- benzene). One of these orbitals has orbital coefficients on
tion of the slightly modified properties (representedlﬂ:w) all atoms (thiS is designated theorbital pattern) and the

of the two pyridyl moieties, other has a nodal plane, orthogonal to the ring, which passes
through two opposite atoms (designated ghmattern). Both

T Ypy £ apy.py Ypy (79) of these orhitals must be considered in many spectroscopic

P (l+°‘r2)y py)l/ 2 discussions, and they can both contribute to the electron-

transfer properties with bridging ligands such as l@3s3¢2-
The simplest limit arises when the effectiveness of the pyridyl)pyrazine (dpp)60]. This ligand has been used in the

bridging ligand in mediating the electronic coupling of the construction of extended arrays of transition metal complexes
donor and acceptor is only a function of the MLCT states that might be useful for photonic energy collection, photoin-
that involve the LUMO of the bridging ligand; see Section duced oxidation-reduction processes, gt20-125] Themw-
4.1above. In this limit, Eq(79) implies a four state model orbitals of the pyridine and pyrazine moieties of this bidentate
(MLCT excited states involving the two different pyridyl ligand differ in energy, and they do not mix as simply as those
moieties; see also E@65)), but the approach is otherwise of the closely related bipyridines. The LUMO and LUMO
similar to that described above (Sectiéri). However, the + 1 of dpp ligand configured to coordinate a single metal
contributions of additional, configurationally different elec- are shown irFig. 15(HF/LANL2DZ level of computations
tronic states of the system may sometimes be more impor-[126]) [60]. The pyrazine moiety of the dpp LUMO correlates
tant than those that implicate the bridging ligand’s LUMO. with the pyrazine LUMO + 1, and it has relatively small or-
For example, the two lowest energy* (antibonding) or- bital coefficients on the pyrazine nitrogen atoms. This should
bitals of pyridine are relatively close in energy (they cor- correspond to relatively poor LUMO-mediated metal/ligand
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configurational mixing and a correspondingly small value of a. Configurational mixing with a higher energy charge trans-

H3p for a D/A pair bridged by this ligand; the configura-
tional mixing mediated by LUND + 1 should be comparable
to that typical of pyrazine-bridged D/A pairs. Sin&&gp. is

a sum of the contributions from all the relevant CT excited b.

states, and since the Ridpp 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 c.

MMCT transition of [[Ru(NHz)4}2dppP* (it is very similar
to that of [ Ru(NHz)s }2pzI* [9] except in band shag#27]).

There may be a larger effect for the MLCT excited states: d.

[Ru(NHz)4dppF* has two MLCT bands of similar energy
(18.3 x 10% and 21.9x 10°cm™1) and absorptivity (4500
and 4800 M1 cm™1, respectively) in ambient aqueous solu-
tion, while [{Ru(NHz)4}2dppP* exhibits a single absorption
in this region (at 17.9 10°cm™1), but with much greater

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.

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

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

absorptivity (9500 M 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.

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

4.3.2. Summary of observations on selected bridged D/A  Marcus-inverted region

complexes

TEe studies cited in this section have dealt with the im-  Many of the FRuU(NHs)s}n{Cr(L)(CN)n}]™™3)* com-
plications of the electron-transfer absorption and emission Plexes (L an am(m)ine ligand) = 1,2) emit[128,129] at
spectra of three different classes of linked D/A complexes. 77 K; seeFig. 16andTable 3 This is the only class of com-
These ObservationS, and some evolution of theoretical ap_pleXeS that has been found to exhibit a transition metal-to-
proaches complement the early studies of Taube and co-transition metal electron-transfer emission. The maxima of
Workerqlg]_ For Strong'y Coup|ed Systems in Wh|Ch e|ectr0n_ these e|eCtl’0n—tranSfer emiSSionS occur in the 800-850 nmre-
transfer ground and excited states are both |Ower in energygion Of the neal’—infrared, and the 77K eXCited State |ife’[imeS
than the mediating donor/bridging ligand MLCT excited state are on the order of a microsecond. Am(m)ine perdeuteration
(a” energies with respect to the ground state Coordinates)’of these Complexes results in much |Onger Iifetimes, and the
the results of these studies can be combined in summarysize of the isotope effects tend to incredgg:(knp ~ 15-30)

form: with the number of am(m)ine moieties. The very large isotope
Table 3

Absorption and emission spectral data for cyanide-bridged comglexes

Complexes R — Mmb Ru' — Ru'c MMCT emissiod

Amax(émax/RU) [Avyo] (water)

507(4.0)[4.9]
522(4.1)[5.0]
515(3.6)[4.6]
513(0.70)[6.0]
342(0.40)[6.0¢
330(0.43)[5.9
340(0.45)[6.19

Amax(emax)[ Avi/2] (water)
1000(178)[5.1]

hvmax{hvgel(Av1/2) (DMSO/water)

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] -

trans[([14]aneN;) Cr(CNRu(NH)s),]>*
trans[(msMeg[14]aneN;)Cr(CNRu(NH)s)2]>*
trans[([15]aneN;)Cr(CNRu(NHs)s)2]>*
trans[(msMeg[14]aneN;)Co(CNRuU(NH)s)2]°*
trans[([14]aneN;)Rh(CNRu(NH)s)2]°*
trans[(msMeg[14]aneN;)Rh(CNRuU(NH)s)2]°*
trans[([15]aneN;)Rh(CNRu(NH)s)2]%*
trans[(py)aRU(CNRU(NH)s)2]**

cis-[(rac-Meg[14]aneN,)Cr(CNRu(NH)s)2]%* ;25(4.1)[5.1]

cis-[([14]aneN;)Rh(CNRu(NH)s)2]>* 340(0.15§ 976(145)[4.8] -
cis-[(rac-Meg[14]aneN;)Rh(CNRu(NH)s)2]>* 345(0.20§ 848(67)[5.2] -
cis-[([15]aneN;)Rh(CNRu(NH)s),]%* 343(0.20§ 850(137)[5.2] -

a8 From[128-131]

b MM’CT absorption; unitsimax, "MEmax103/Ru, M~1 cm=1)[ Avy/»/10, cnrl.

¢ MMCT absorption; unitsmax, NMEmax M~ em [ Avy2/10%,cm1)].

4 Units: humax/10%,cm 1 [hvgo/10%, cm1] (Avy/2/10%, cm1), The fundamental emission componemiy, is based on a Gaussian deconvolution of the
emission spectrumavy» = the full-width at half height for the fundamental.

€ Probably mixed with RWCN~ (" )MLCT.
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effects suggest a nuclear tunneling mechanism for excited

2 a
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 x z
N—H stretch. g i

~og

=
5.1. Some details of the emission spectra :5

=

m v T T 1 T T

The 77K emission spectrum of{Ru(NHs)s}2([14] T5000 9000 10000 11000 12000 13000

aneN;)Cr(CN)]®* (Fig. 16a) is similar in many ways to MV opsqs CXIV
that of [Ru(NHs)4bpy?* (Fig. 3. The bands are reasonably
broad, extending to about 1200 nm consistent with weak vi- 00
bronic contributions, and they are dominated by an intense b
fundamental {e, 0} — {g, 0}) component. The high fre- 041

quency vibronic contributions are most clearly exhibited in
the emrep irFig. 1. There are several important features of
the electron-transfer emission in these compl¢ke8—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 500-900tm
region; (c) there are €N stretching contributions to the
electron-transfer reorganizational energjg( 16c); (d) the
observed NH/ND isotope effects for the excited state decay 400
rate constants are very lar{fi28,129] | €
The energy of the emission maximum, the overall emis- 300 boeeoo - b 1N
sion bandwidth and the emission lifetime are all functions
of the excitation energy for these complexes. The variations
are systematic and these three properties of the emission
all increase systematically as the excitation energy increases 100
[128,129] When the excitation energy is significantly larger
than the (ambient) RUCr!" MM’CT absorption maximum, " ‘ . ,
most of the complexes develop a shoulder on the high- Sitbs  S6B6  doib  sabad
energy side of the emission, and for one compi@ns[(ms
Meg[14]aneN;)Cr (CN Ru(NH)s)2]°*, high-energy excita-
tions result in a new emission band similar to tRE)Cr"!
dd emission of the parent dicyano complg29]. Thus, it _
appears that the chromium cented®lf’E) and the MMCT g
excited states have very similar energies in these complexes. &
The CH center of the MMCT excited state can have either .
a high spin (d3do; quintet spin multiplicity) or a low spin |
(dw*; doublet spin multiplicity) electronic configuration, so VNH  VND VENH VDND
the net spin multiplicity of the excited state (formally with
Cr'' and RU!' centers) can be sextet or quartet (for high spin Fig. 16. (@ The MMCT emission spectrum (heavy line) of
cr'), or quartet or doublet (for low spin &). A quartet ex- [Cr([14]aneNy)(CNRU(NHs)s)2]5*  (DMSO/water) at 77K. Decon-
cited state would be expected to relax too rapidly to the quartet voluted Gaussian fundamental (blue curvaBo]. (b) the difference

ground state to be observed. The excited state with doub|etbetween the observed spectrum and the fundamental for: (CrCNRu(NH)),
heavy line, and (CrCNRu(ND)), light line; (c). the empirical reorganiza-

spin multiplicity (low spin Cl') is most consistent with the " Tonerav profiles of (CrCNRu(NH)), heavy line, and of (CrCNRU(ND))

small amplitudes of the vibronic contributions to the emis- jight line; (d) the difference of those profiles. Vibrations of enetyy

sion. The?lMM'CT excited state is expected to be stabilized in (d) can be associated with the reorganizational energy contributions

by configurational mixing with the near in energ®gjCr' (in le‘:IL} tenéatitvetaﬁs%nme;tz indpafgntlhseos(i)s)zi(;lothe fa29i3h1,N400—800
H . H H metal-ligand stretch; -IN- end); 2, —. stretcn;

eX.CIted state; th.ese tWO eXCIt.e d statgs f(.)rm a mixed Valencefaend); 3,92100—2700 (N-D stretch); 4)1 2900-3600 (&nstretch). Dalél from

pair. Such configurational mixing will distort the ME@&T [130,131]

excited state resulting in a decrease of its energy, a shift of

its PE minimum (decreasing the amount of distortion) and

reducing the curvature of the PE surface compared to the

corresponding diabatic PE surface.

(l\'ful')‘:d_.l = l\'w ’f}))”ma.r(n’f'm

04 T T T
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Dominant distortions in the metal-ligand skeletal modes lated by light absorption relax extremely rapidly to the lowest
(<1000cnTl) are consistent with Ru/Cr electron-transfer energy excited state (typically within a few ps), and that the
process that generates the excited state; the breadth of théowest energy excited states which are observed to have rea-
dominant contribution tdrig. 16 suggests that there are sonably long lifetimes (ns to ms) differ in spin multiplicity
contributions from several skeletal modes. The shoulder atfrom the ground stafd 36]. Thisis only a variation of the very
about 2000 cm? in the emrep oFig. 1& is consistent with well known feature of the photophysics of organic molecules
a contribution of the CN-stretching modes to the reorganiza- that triplet excited states tend to have much longer lifetimes
tional energy. There could be some second order vibronic than the configurationally related singlet excited stEit8g].
contributions [ = 2 in Egs.(2)—(4) and (32) in this re- However, the rapid relaxation of upper excited states of at
gion from vibrations withv, ~ 1000 cnt® and first order least some transition metal complexes appears to involve
contributions from the HNH bending vibration; even allow- crossings between states of different electronic configura-
ing for the largest magnitudes of other contributions, the tions that are more rapid than vibrational relaxation within
reorganizational energy contribution of the CN stretching an electronic statf97,138-141] and this is different from
modes is probably greater than about 100¢niThe dif- the usual experience with organic photophygit37,142]
ference in the emreps of [([14]ang)Cr(CNRu(NH)s)2]°* These rapid excited state configurational crossings are better
and [ds-[14]aneN;)Cr(CNRu(NDy)s)2]°", Fig. 16c, demon- described as vibronic transitions, between vibrational levels
strates the reorganizational energy contributions from N-H of the configurationally different states, rather than in terms
stretching modes~3200cnt!) and NH bending modes  of Born-Oppenheimer approximation-based PE surfaces il-
(~1600cnTl), with Any and Agny both in the range of  lustrated irFigs. 2 and 100ne mechanism for such fast inter-
25-30cnTl. The emreps display the contributions of high configurational and intersystem crossings is that they involve
frequency vibrational modes, > 4kgT) that contribute entangled nuclear and electronic coordinates, and that they
to the differences in the geometry of the ground and excited are a characteristic of strongly coupled electronic configura-
electronic states; the amplitudes of the envelope of these contions. In contrast, it is generally assumed that the spin multi-
tributions (the reorganizational energy profile) at different vi- plicity difference of the ground and excited state, for emitting
brational frequencies indicate the relative importance of the molecules, contributes to a small matrix element, leading to a
corresponding distortion modes. These high frequency dis-weak-coupling limit description for the non-radiative relax-
tortion modes are expected to be very important in determin- ation rate constant.
ing the electron-transfer rate constant in the Marcus inverted  In glasses at low temperature or in solids, most of the sol-
region, and therefore, in determining the electron-transfer ex- vent modes are frozdt43]. Eqg.(21)is not applicable to the
cited state lifetime at 77 K. limit in which there is no solvent reorganizational contribu-

tion and in which there are no contributing low frequency
5.2. Excited state-to-ground state back electron-transfer ~ molecular distortion modes. In this limit, electron-transfer
dynamics of cyanide-bridged complexes must occur by means of a nuclear tunneling pathway. Nu-
clear tunneling is most important for the highest frequency

The excited state lifetimes of the Cr(CN)Ru complexes distortion modes, and an appropriate expression for this limit
are relatively long compared to closely related classes of and a single contributing high frequency vibrational mode is
complexes. Thus, the [(Ng)sRU(CNM(CN))]~ complexes [35],

(M = Fe, Ru, Os) have lifetimes of <1ps under ambi- 12

ent conditions[132—134] while the electronically excited 0 2 8n3 (—mE9S) o)

[([14]aneNy)Cr(CNRU(NH)s)2]5* complex has an excited  *nr = Herl ~5—%5 | € ™™ (80)
o ; - hevnE

state lifetime of about 7 ns under ambient conditions and PR

about lus at 77KJ[128,130] The back electron-transfer

in the [(NHs)sRU(CNM(CN))]~ complexes apparently oc- - Egg

curs before the electronic excited state is vibrationally equi- ¥h = In{—-"=]-1

librated, and populates a vibrationally excited state of the

ground statg133-135] The much longer lifetimes of the Fig. 16d demonstrates that a small, finite valuegf

Cr(CN)Ru complexes is typical of transition metal excited contributes to the emission spectrum gfRU(NHz)s}2

states which differ in spin multiplicity from the ground state. ([14]aneN;)Cr(CN)]°*. This value in Eq(80)leads tckS, ~

The [(NH3)sRu(CNM(CN))]~ complexes (M =Fe, Ru,0s) 0.5 H§Rs‘1. It has been estimated for the spin-allowed con-

necessarily have the same spin multiplicities (doublet) in their figurational mixing of the ground state of this complex with

lowest energy electron-transfer excited states and in theirthe “MMCT excited state implies thatlrp = 3200 cnT?!

ground states. [109]; this would lead tace) = 1 in Eq.(13), and Eq.(80)

Electronic coupling and high frequency vibrational modes would not be applicable. E§80) is only useful ifHpr is a
tend to be relatively important in determining excited state relatively small number, less than about 200¢ma value
lifetimes at low temperatures. It is characteristic of transition of this magnitude would lead tf, ~ 10* s~2, or an order of
metal spectroscopy that the electronic states initially popu- magnitude or so smaller than the observed value. Spin-orbit
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coupling is appreciable for transition metal compleje®t] of delocalized electron density, and the resulting perturba-
and a value oHpg could be of the order of the value cited, tional corrections of the expressions appropriate to the weak-
since the differences in energy between the configurationally coupling limit. The perturbation theory-based corrections of
similar excited states=pq for excited doublet and quartet  the weak-coupling limit enable one to systematically evaluate
states) are notlarge (values for thd'Rbpy singletand triplet  the trends in the properties of related complexes. As in any
MLCT excited states have been estimated to be in the rangesuch comparison, one needs to define a reference state with
of 1000-4000 cm?! [60-62); for Hso the spin-orbit cou- respect to which the molecular properties of a strongly cou-
pling matrix elementdpr ~ (Hso/Epg)Hre. While Eq.(80) pled system are evaluated. A useful and experimentally ac-
in combination with the observed reorganizational param- cessible reference state for complexes in which the electronic
eters somewhat underestimates the NH-mediated tunnelingcoupling is strong can be based on the Franck-Condon param-
pathway, the small value afyy implies that the isotope ef-  eters obtained from ion pair absorption spectra, outer-sphere
fect, kyn/knp, Will be very large for the NH-mediated tun-  electron-transfer kinetics and/or the electrochemical proper-
neling pathway (e.g., from E¢70), kyn/knp > 500). The ties of structurally equivalent mono-metallic complexes. Itis
larger reorganizational energy inferred for the cyanide stretch a characteristic of transition metal complexes that there are
(Fig. 16c) suggests that a CN-mediated tunneling pathway is sometimes many electronic states in a relatively small en-
at least 50 times more favorable (based on(BQ)) than the ergy range. This can result in excited state properties that do
ND-mediated pathway. not conform to simple models. Configurational mixing can
The lifetime of [Ru(NH)a(bpy)J?* is about 2.5% of that  then result in unexpected properties of the electron-transfer
of [Cr([14]aneN;)(CNRuU(NHg)s)2]°* in 77 K DMSO/water system.
glasseq89]; the isotope effectknn/knp, of the former is This article has focused on three classes of strongly cou-
only about 12% that of the latter. These observations indi- pled, covalently linked transition metal donor/acceptor com-
cate that nuclear tunneling mediated by the N-H stretch is plexes: (a) the directly linked D/A, ruthenium bipyridine
more important for the cyanide-bridged Ru/Cr complex than complexes; (b) complexes with cyanide or cyano-complex
for the Ru—bpy complex. Small values bfjy are inferred bridges; (c) complexes with polypyridine bridges linking the
for both of these complexes; this suggest that if a nuclear donor and acceptor. These complexesillustrate important fea-
tunneling pathway dominates the relaxation behavior, thentures of the limit in which D/A electronic coupling is very
the NH/ND isotope effect should be very large (probably strong:
larger than 18). The small isotope effect combined with the
short excited state lifetime suggests that some other relax-a. Reorganizational energies are very strongly attenuated
ation channel is more efficient than the NH-mediated nuclear ~ with increases in the ground state-excited state config-

tunneling channel for non-radiative relaxation of the MLCT
excited state of [Ru(NE)4(bpy)?*. The very large value of
Hrp 22 7000 cnt L inferred for the ground stafVILCT ex-
cited state mixing in this complgg0] implies that configura-
tional mixing must be very large in the region of the diabatic
excited state PE minimum; one effect of this mixing is the
attenuation of reorganizational energy illustrated~ig. 9.
This configurational mixing would lead to shifts of the PE

minima along the nuclear displacement modes and raises the

possibility that the magnitude of the electronic coupling is a

urational mixing (e.g., as (& 4a3p) for absorption and

(1 - 204p — 2a3g) for emission). The evaluation of the
reorganizational energy contributions of high frequency
vibrational modes to the 77 K emission spectra and the
relatively smallkyq/knp isotope effects of am(m)ine-
bipyridine—ruthenium complexes indicates that nuclear
tunneling mediated by NH stretching modes is over-
whelmed by some more efficient excited state relaxation
channel. This unique channel may be correlated with the
large electronic matrix element and the very appreciable

configurational mixing in these complexes.

b. Many of the polypyridine bridged complexes studied by
the Taube group illustrate the systematic decrease of the
energy of the MMCT absorption as the superexchange
contribution to electronic coupling increases.

The systematic evaluation of the effects of configurational ¢. The cyanide-bridged, donor—acceptor complexes have al-
mixing between electron-transfer ground and excited states lowed us to explore many previously little known as-
on the properties of transition metal donor/acceptor com-  pects of electron-transfer chemistry: (i) they have provided
plexes requires the integration of a range of theoretical con-  nice examples of the consequences of the limit in which
cepts and experimental techniques, as was clear in the early D/A electronic coupling depends on the nuclear coordi-
work of Hush and of Taube. The extensive configurational  nates within the bridging ligand; (ii) they have provided
mixing between electron-transfer states in the strong cou- the first examples of electron-transfer emission in transi-
pling limit results in distortions of the reactants and products  tion metal D/A complexes; (iii) they have provided ex-
PE surfaces. The magnitude of these distortions can be ex- amples of systems in which bridging ligand vibrational
pressed in terms of the electronic coupling matrix element  modes contribute to the electron-transfer reorganizational
and vertical energy differences, or in terms of the fraction  energy.

function of these shifts (and the nuclear coordinates).

6. Summary
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7. Problems and extensions [17] B.S. Brunschwig, C. Creutz, N. Sutin, Chem. Soc. Rev. 31 (2002)

168.

[18] C. Creutz, M.D. Newton, N. Sutin, Photochem. Photobiol. A:
Chem. 82 (1994) 47.

[19] R. Crutchley, Adv. Inorg. Chem. 41 (1994) 273.

[20] K.D. Demadis, C.M. Hartshorn, T.J. Meyer, Chem. Rev. 101 (2001)
2655.

a. The attenuation of reorganizational energies for spin for- [21] J.F. Endicott, in: J. McCleverty, T.J. Meyer (Eds.), Comprehensive
bidden transitions (as in phosphorescent emission spec- Coordination Chemistry I, vol. 7, Pergamon Press, Oxford, 2003.
¢ . ted to b imatelv-{12a2 202 [22] M.D. Newton, Chem. Rev. 91 (1991) 767.
ra) is expected to be appr_oxma e y< *Rp aPR)’ [23] M.D. Newton, in: V. Balzani (Ed.), Electron Transfer In Chemistry,
wherearp > apr (see Sectiod.La(iv) above), but there Wiley-VCH, Weinheim, 2001.
is not yet much experimental eviden&9]. [24] D.E. Richardson, in: E.I. Solomon, A.B.P. Lever (Eds.), Inorganic
b. Almost all superexchange arguments assume that the ver-  Electronic Structiure and Spectroscopy, Wiley, New York, 1999.
tical energy for the electronic transition from the ground E:} XV-B KF?ITe'vAe} KE'e'B’O (’;"S-W%'rct’ﬁk'iij :cg-PCEE\r/’;—r REeIS- gglo(;gonozg;j)-
state to the e,k?Ctron'tranSf(_ar e_xcm,ad state Is smaIIe_r than Electronic Structure and Spectroscopy of Inorganic Compounds,
that for transition to the brldglng Ilgand'MLCT excited . vol. 1, Wiley, New York, 1999.
state that mediates the electronic coupling. If the transi- [27] S.I. Gorelsky, V.Y. Kotov, A.B.P. Lever, Inorg. Chem. 37 (1998)
tion energies are in the reversed order, then the MMCT 4584.
transition energies should increase rather than decrease,[28] P-F. Barbara, T.J. Meyer, M. Ratner, J. Phys. Chem. 100 (1996)

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:

with the extent of configurational mixing. Other features 13148.
of this limit are not yet clear.
. When D/A electronic coupling is sufficiently strong, the

[29] R.A. Marcus, Discuss. Faraday Soc. 29 (1960) 21.
[30] R.A. Marcus, Annu. Rev. Phys. Chem. 15 (1964) 155.
[31] R.A. Marcus, J. Chem. Phys. 43 (1965) 670.

electron-transfer hopping frequency and the frequency of [32] R.A. Marcus, N. Sutin, Comments Inorg. Chem. 5 (1986) 119.

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

of this behavior[145-149] and Meyer and co-workers
have raised this issue in regard {&®uU(NHg)s } 2pz]°* and
some related complex§0].
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