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Abstract

Experimental observations on the properties and photophysical behavior of several bimetal-
lic and trimetallic donor-acceptor (D-A) complexes are considered. Photoinduced charge
separation followed by back electron transfer seems to conform well to the behavior inferred
from Born—-Oppenheimer-based perturbation theory models when D-A coupling is weak,
Bpa <100 cm ™!, but not when D-A coupling is very strong, fp, >10° cm ™. The best docu-
mented examples of deviations from the expected behavior are drawn from CN ~-bridged
transition metal systems, and this same class of D-A complexes also exhibits anomalous
ground state properties: (a) a shift to lower energy, which is a function of D-A coupling, of
the bridging CN ~ stretching frequency only when a donor and an acceptor are bridged; (b)
a much larger than expected, (based on D-A charge transfer absorption) thermodynamic
stabilization. Related behavior of strongly coupled D-A complexes with larger bridging
ligands has also been reported. It is pointed out that substitution of a vibronic perturbation
for the purely electronic perturbation of Born—Oppenheimer-based models can at least par-
tially account for these observations. The vibronic model employed involves ligand to metal
charge transfer (LMCT) and metal to ligand (MLCT) charge transfer interactions with
nearest neighbor donor and acceptor respectively. The pertinent LMCT and MLCT parame-
ters are, in principle, measurable, and their magnitudes seem compatible with the observed

behavior. Some further implications and extensions are considered. ® 1997 Elsevier Science
S.A.

Keywords: Vibromic coupling; Born—Oppenheimer-based perturbation models; D-A com-
plexes; LMCT; MLCT

1. Introduction

One approach to simple molecular photosystems in which the maximum amount
of actinic energy might be converted to chemical energy is based on the efficient,
light-induced separation of charge within a molecular donor—acceptor (D-A) com-
plex [1-3]. Covalently linked, transition metal complexes could provide good models
for such processes. However, in order for the conversion of light-to-chemical energy
to be useful, one must find a means of repressing the back electron transfer (BET)
reaction; Fig. 1 illustrates the issues for a ruthenium-based D-A complex. The rate
constant for BET is given in the semi-classical limit by Eq. (1) [2,3]

kBET = Ket Knu Vetr ( 1 )

where the x;, are transmission (or retardation) coefficients (el=electronic; v=
nuclear) and vy is the intrinsic frequency of BET in the absence of electronic or
nuclear retardation. For maximum energy storage one would expect k,, =1, so that
any retardation of BET would have to arise from ... In order to design systems in
which «,; <1, one must first understand how molecular properties contribute to its
magnitude, The clear experimental determination of these contributions has been
difficult, but it is a subject of much interest [3—13].

Some recent studies of strongly coupled D-A complexes have made systematic
comparisons of spectroscopic and thermodynamic determinations of the coupling
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Photogeneration of Charge Separated Intermediates
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Fig. 1. Schematic diagram illustrating the principle steps in the photogeneration of charge separated
intermediates. This particular example is based on the photophysics of ruthenium-polypyridyl complexes.

strength, and these comparisons have not been in good agreement with the
Born—-Oppenheimer-based logic which is exemplified in Eq. (1) [14-19]. Other
studies of some complexes, discussed below, also raise the question of limits of
applicability of Eq. (1) to strongly coupled D-A systems. In this article we review
these experimental studies, and we point out that the discrepancies between them
and semi-classical theoretical models can be at least qualitatively resolved by substi-
tuting the simple vibronic assumption that electronic and nuclear motions are linearly
coupled for the Born-Oppenheimer assumption that they are separable.

2. Semi-classical approaches to (D-A)-electron transfer systems

Eq. (1) and the related semi-classical or quantum mechanical theoretical models
have been very successful in accounting for most of the experimental observations
on weakly-coupled, outer-sphere (bimolecular) electron transfer reactions [2,20-22].
The systematic studies of weakly-coupled, covalently linked D-A systems have
mostly involved organic donors and acceptors, and these studies have largely con-
formed to expectation based on Eq. (1) [6,10,23]; usually the detailed fits to Eq. (1)
have been based on the quantization of the high frequency vibrational modes
contributing to x,,, and the inefficient energy exchange between high and low
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frequency modes, while the nuclear reorganizational and electronic coupling parame-
ters (kg < 1) have usually been treated as adjustable. One advantage of using cova-
lently linked transition metals in a D-A complex is that one can make ready
comparisons to the outer-sphere electron transfer data and that nuclear reorganiza-
tional energies can often be independently evaluated through a combination of the
bimolecular kinetic data and structural data. In principle, the electronic coupling
may also be independently evaluated, so that one ought to be able to compare
observed values of kg with the values expected based on independently determined
nuclear reorganizational and electronic coupling parameters.

The theoretical basis for structure—reactivity correlations in simple outer-sphere
electron transfer systems has been extensively reviewed [1-4,20-22] and only the
most pertinent features will be mentioned here.

In a strictly classical, adiabatic limit, x,, ~ 1, and k,, is given by Eq. (2)

RTInKy, = (4pa/4)(1+AGE, /2pa)? (2)

where Ap, is a nuclear reorganizational parameter (see Fig.2) and AG§, is the
standard free energy difference between the ground state electronic configuration
(i.e. DA) and the configuration with the electron in an acceptor orbital (DA ™)
[1,2,20,22,24]. In this same limit the energy of the donor-acceptor charge transfer
(DACT) absorption maximum is given by Eq. (3).

hve, X |AES, |+ Apa (3)

The non-adiabatic, limit, x.; <1, may be treated semi-classically to obtain Eq. (4)
[2,22]

Ke = 2(Hpa/M0err) (n° /Apa RT)Y? (4)
where Hp, is the D-A coupling matrix element (Hp, =<{¥palH|¥4), wWhere the
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Fig. 2. Qualitative potential energy surfaces for a simple electron transfer system.
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¥, are the respective state wave functions and H' is the perturbational Hamiltonian
which allows the mixing). In this same limit the oscillator strength of the DACT
absorbance is also proportional to Hp, [3,25-27]. For our purposes it is more
consistent to express the mixing coefficient, Sps/Epa =apa, Of the zero-order (or
diabatic) donor and acceptor wave functions (¥, = ¥§ +aps P¥) as in Eq. (5) [26]

0.0205 (sm,xAvl,z )1/2

hvg,

apa = PBRa/Epa X

(5

Fpa
where fip, = Hps —SES, S is an overlap integral, ES is the energy of the diabatic
ground state, rp, is the distance between the unperturbed orbital origins, and where
€max and Av,, are the absorptivity and full width at half-height of the DACT
absorbance. If ap, is sufficiently large, as would be the case when D-A coupling is
very large, then Eq. (3) may have to be modified (see Fig. 3) to take account of the
ground state stabilization which results from D-A mixing.

Eq. (6)
hvop %|Epal + 265" (6)

is usually sufficient to take account of this problem when the ground state

a
D+-A' —.::_'::::::: _____ J ____: BDA*ZIEDA.
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Fig. 3. Vertical energy level schemes for a simple donor-acceptor system (a), and for a degenerate donor—
acceptor system (b).
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stabilization energy & associated with D-A coupling is given by Eq. (7)

et = () Epa (7)

and where we have distinguished the stabilization manifested in thermodynamic
measurements, with a superscript th, from that which might be inferred from the
DACT absorption spectrum, e ~( g )*/Epa. In the limit discussed here, in which
it is assumed that the nuclear and electronic coordinates are separable, and that
simple first order perturbational arguments are applicable, ¢ =£2P. However, since
these parameters are based on different kinds of measurement, their equality is
subject to experimental investigation, and several such studies [14-19] have found
that ¢! >¢2P. Such observations and their significance are the principle focus of
this article.

3. Some transient studies of BET in D-A systems

Pertinent values of kggr, determined by transient absorption spectroscopy for
some covalently linked transition metal D-A systems, are summarized in Table 1.
We have included the weakly coupled (bpy),Ru(bb)Co(bpy);* complex in Table 1
(bb=1,2-bis(2,2"-bipyridyl-4’-yl )ethane; see Fig. 4) as a simple example of a weakly
coupled system and for contrast with the strongly coupled CN ~-bridged complexes.
The D-A coupling in this complex is estimated to be Hp, ~80cm™! based on a
metal to ligand charge transfer (MLCT) mediated super exchange model [32]. This
estimate, implying x, ~ 10~% together with the semi-classical logic sketched above,
account very well for the magnitude of kggr. This seems to be a reasonably typical
example of the behavior of weakly coupled D-A systems, and it serves to illustrate
the statement made above, that the semi-classical, Born—Oppenheimer-based formal-
isms seem to work very well for weakly coupled D-A systems.

These same semi-classical formalisms do not account for either the variations or
the magnitudes of kggy for the strongly coupled CN ~-bridged complexes in Table 1.
Further to this point, the value of kggr reported for (NC)sRuCNRu(NH;); [30,31]
is much larger than the rate constants for vibrational relaxation in the photogener-
ated electron transfer excited state [30,31,33,34]. If the electronically excited system
does not reach vibrational equilibrium within the excited state electronic manifold
before electron transfer, then some of the assumptions of the semi-classical approach
are invalid. At the very least, the observations on kgpy in CN ~-bridged D-A
complexes raise questions about the validity of many of the interpretations of
strongly coupled D-A complex properties in terms of the semi-classical formalisms
sketched above.

4. Systematic studies of D-A coupling in strongly coupled complexes

An experimental approach to examining the validity of relationships inferred from
semi-classical arguments is to examine the consistency of perturbational parameters,
e.g. Ppa, inferred from different physical measurements. As noted above, the semi-
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—N T

[14]aneN, rac-(5,12) Meg[14]aneN,
(cyclam) (tet-b)

lasalocid

Fig.4. Some ligands «cited in the text: [14]aneN, = 1,4,8,11-tetraazacyclotetradecane;
rac-Meg[14]aneN, = 5,12-rac-5,7,7,12,14,14-hexamethyl-1,4,8,1 1-tetraazacyclodecane; bb=1,2-bis(2,2-
bipyridyl-4'-yl)-ethane.

classical argument implies that B, is related in simple ways to (a) kger, (b) the
oscillator strength of a DACT absorption and (c) the stability of electron transfer
ground state. The DACT absorption and the ground state stability are referenced
to the ground state nuclear coordinates, while kggy is referenced to the electron
transfer transition state nuclear coordinates. Obviously, the fewest assumptions are
involved in comparisons of the DACT absorption and the effect of D-A coupling
on ground state stabilization. The trends in ground state stabilization, as well as
DACT absorption spectra, should be readily measurable when D-A coupling is
large. Transition metal D-A complexes are useful for this purpose since they can be
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synthesized with at least one component which can be reversibly oxidized or reduced,
and since accurate electrochemical measurements are relatively easy to make, and
they are sensitive measures of changes in stabilization of one component of the
redox couple.

4.1. Background and a simple basis for experimental comparisons

There is a vast literature on D-A complexes of the type M(BL)YM' in which M
and M’ are ammine and/or imine complexes of Ru or Os with a variety of bridging
ligands (BL)[2,11,12,15,20,35-37]. Variations in DACT spectra and in electrochem-
ical half-wave potentials (E,, for M *-M and/or M'"-M’) have been extensively
examined as a function of bridging and non-bridging ligands. A wide range of
DACT absorption band energies and oscillator strengths and a considerable range
of values of E;,, for the component couples has been reported for these D(BL)A
complexes. When the M "-M and M'*-M’ couples are identical, the D(BL)A
complexes have been found to vary from having the odd electron equally delocalized
over both metal sites (e.g. for BL=pz) to having the odd electron predominantly
trapped at a single site (e.g. for BL =4,4-bipyridine).

In this article we wish to emphasize D(BL)A complexes in which the component
couples differ so that the ‘odd’ electron is thermodynamically trapped at the donor
site (typically by 1-2 eV) in the electron transfer ground state. This property should
make first-order perturbational arguments relatively reliable. If measurements of
E, , are for one of the component couples, e.g. for the A-A couple, then the observed
half-wave potential can be written as in Eq. (8)

Egy = Y o (8)

where the ‘plus’ sign is used when A~ is DACT stabilized and the ‘minus’ sign when
A is stabilized by DACT coupling. In principle, the quantities in Eq. (8) are defined
very simply: (a) E% is the half-wave potential in an equivalent complex in which
Boa =0; (b) & contains all the contributions to the potential which result from
D-A coupling. In practice, neither of these quantities is very simple, and the contribu-

tions to each of them should be carefully considered.

4.1.1. Concerning the definition of ET53

Two experimental approaches have been used for defining ET5 in complexes of
the type LM(BL)M'L’. The most common is a synthetic approach in which a ‘non-
ionizable’ metal for the donor, or a metal with no effective electron affinity for the
acceptor, and the resulting experimental value of E,,, is used for the probe couple
as the measure of E™%. For example, if a complex of the type LM(BL)Ru"(NH3);
exhibits a DACT absorption, so that |¢*|>0 and if LM *-LM is the probe redox
couple, then the measured value of E,, for the LM*-LM couple in the
LM (BL)Rh"(NH,); complex would be a reasonable experimental estimate of EL7,
since charge type and all ligands remain the same. A potential complication of this
approach is that factors other than D-A coupling may be altered by the substitution
of metals, and, if these are large enough, ‘Ef%Y’ so determined may not be an
appropriate reference value for the effects of this coupling. If the systems investigated
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are well described by the simple first-order perturbation theory arguments described
above, and if the compounds are accessible, then there would be few serious problems
with this definition of Ef%. If there is any synergy in the M-M’ interactions with
the ligands and/or solvent, or if there are M—-M’' interactions other than D-A
coupling, then a more careful definition of E% is in order. As an example of a
possible problem of this type, consider the Ru(bpy)3*'?* couple in complexes of
the type (bpy),LRu(BL)M™(NH,);. When M =Ru(III) there could be spin—spin
coupling between Ru(IIl) centers so that the contribution of spin statistics and
coupling energy to the redox couple would be different for the Ru—Ru and the
‘reference’ couple [38]. The difference in spin statistics alone could lead to a value
for E9p? for the value of the Ru(bpy)3*'?* couple in the M =Rh(III) complex
which is as much as 36 mV {39] larger than the appropriate value of E'3.

Another experimental approach would be to evaluate E7% by interpolation or by
extrapolation. This approach is characteristic of much of the work discussed here.
In particular, this approach is appropriate for some series of LM(CN ")Ru(NH;);
complexes in which Ru(NH;)3*2* is the redox probe couple [16-19]. In the
complexes studied so far Ru(NH,)2* is stabilized by D-A coupling when
M =Ru(II) or Fe(II), and Ru(NH;)Z" is stabilized when M =Cr(III) or Co(III).
In such series’ of complexes, the effect of a one unit charge difference, at a site
somewhat remote from the probe redox couple, is a factor in the evaluation of
ETS, and the spin statistical issues noted above will also be a factor in evaluating
the Cr(III) complexes.

The effect of charge density on the solvational contribution to simple redox
couples has been considered by Richardson [39]. Since the charge density is much
greater at the Ru(NH3;)s than at the LM site of the LM(CN ~)Ru(NHj;)s complexes,
one expects the effects to be small. The comparison of several complexes [16-19]
suggests that 20 mV per unit of charge is a reasonable upper limit for the purely
solvational effect, so that, based on this factor only, E% would be ca. 20 mV greater
for M =Rh(III), Co(III) or Cr(III) than for M =Fe(II) or Ru(II).

Another charge-dependent factor which can affect E{ is the electrostatic polariza-
tion [40] of electrons within the bridging ligand. The effect of this factor is undoubt-
edly attenuated by the solvent and by ionic association. Model compound studies
can be used to set limits. The Ru(bpy)3*'>* couple has been found to have
a value of E% which is 272mV more positive (see Fig.5) in the
(bpy),(CN)Ru(CNRh(NH,)5)**** couple than in the Ru(bpy),(CN);® couple
[16]. This is undoubtedly the result of covalent as well as electrostatic contributions,
and there is undoubtedly some contribution from CN ~—solvent interactions.
Nevertheless, this observation can be used to set an extreme upper limit of 100 mV
per unit charge for the effect of charge change (both on solvation and on polarization)
at a remote site. That this is an upper limit is demonstrated by the 212 mV greater
value of EP5? [16] for the (bpy),Ru(CNRh(NH;)s);"®* couple than for
(bpy)»(CN)Ru(CNRh(NH,)2*3*. An even smaller value for the polarization cor-
rection (20 mV) is implied by the shifts in central Ru—bpy MLCT and the DACT
absorption maxima in (bpy),Ru(CNRu(NH,),),[LAS] in which the charge is com-
pletely neutralized by association with the lasalocid anion [41], and for which Eq. (3)
and Eq. (6) were used to estimate E;, [42].
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Electrochemical Behavior of (bpy)s(CN);,Ru(CNM(NH3)5), 2%

| for Ru(bpy),**** | | for Ru(NH3)5""** |

(M(NH3)s5), =
(Ru), (Ru);
(th)z (th)l parent

| L !

L |
L5 a b c dl.O e 0.5 0

(R& /(Rll)z

E172, V (vs SSCE)

AE = 1.178 V

AE = 1.399 v
V:a, 1.362; b, 1.277 e, 0.793 f, -0.023
¢, 1.155; d, 1.065 g, -0.037

Fig. 5. Schematic diagram illustrating the contrasting electrochemical behavior of Ru(bpy)}*** and

Ru(NH;)2*2* couples in several (bpy),(CN),_,Ru(CNM(NHj,);)i"* complexes. Potentials determined
in acetonitrile-TEAP solutions with an internal reference (Fe(Cp); °) and referenced to saturated calomel
electrode (SCE).

As discussed below, values of Ef%? for the Ru(NH3)3*2* probe couple in
LM(CNRu(NH;)s complexes span a 350 mV range. This is about 250 mV more
than expected based on the arguments sketched in Section 2, and it is more than
180 mV greater than expected based on these arguments and corrections to Ef
discussed in the previous paragraph. A number of additional factors can be identified
which probably contribute small amounts (ca. 20 mV) to this discrepancy, but the
major problem appears to be in the application of Eqgs. (1) and (5) to systems in
which D-A coupling is very strong.

It should be apparent that the definition of E}% depends on the kind of information
which one wishes to extract from &!*. We would like &!" to include all the contributions
of EpEd which arise when D-A coupling is important. Since there is some mixing
between LMCT, MLCT and DACT excited states of these molecules it is inevitable
that some perturbational contributions of LMCT and/or MLCT states will contrib-
ute (differently) to both Eff and &!.

4.1.2. Contributions to ¢
If we consider ¢ to contain only contributions which are correlated with the
D-A coupling, then a major contributor will be ¢2° as defined above. Other contribu-
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tions will arise: (a) if other kinds of interactions (e.g. those involving LMCT and/or
MLCT excited states of the bridging ligand) mix with the DACT excited states; (b)
if other kinds of energies (e.g. zero-point energies of the bridging ligand); (c) from
solvational effects which are associated with the partial charge delocalization which
occurs when D-A coupling is significant (differential solvation effects). Examples
and the significance of such contributions will be discussed below.

4.2. Systematic comparisons of D—A coupling inferred from spectroscopic and
electrochemical measurements

We will focus our attention on some relatively recent studies. Earlier discussions
of the issues involved can be found elsewhere [3,20,36,37].

4.2.1. Studies based on perturbational changes in non-bridging ligands

Curtis and co-workers have reported [14,15] some systematically correlated varia-
tions of Ef3® with DACT oscillator strength. These were achieved by making small
changes in the coordination sphere of D (or A), for example by varying substituents
on L of a Ru(NH;),L moiety, and observing the electrochemical response of A in
A(BL)Ru(NH;),L (or of D in an analogous complex), where BL is an aromatic
bridging ligand. These studies considered only the slopes of the resulting correlation
lines, and E{7§ was considered to be unchanged through any one series. While there
appear to be some uncompensated systematic changes in solvation energy (inferred
from apparent changes in reorganizational energies) and in differential solvation
through these series, these effects appear to be small, and this work strongly suggests
that B, > BeR for these systems.

4.2.2. Studies based on the variation of the coupled metals with ligands held constant

A different approach is to achieve the variations in D-A coupling by varying one
of the metal centers while holding the bridging and non-bridging ligands constant.
With this in mind, several series of LM(CN ~)Ru(NH;)s; complexes have been
prepared and characterized [16,17,42-46]. Three of these series will be considered
here: (a) (PP),(CN)M(CNRu(NH;)3* complexes in which PP=bpy or phen and
M =Fe(II), Ru(Il), Rh(III) or Cr(IIl); (b) (PP),M(CNRu(NH,))5" complexes
for which n=6 when M =Fe(1II) or Ru(II) and n= 5 when M =Rh(III) or Cr(III);
(c) ([14]aneN, )M(CNRu(NH;)s)5* complexes for M=Cr(III),Co(Ill) and
Rh(III). Pertinent data are summarized in Table 2. Values of EP5 for these cyano-
ruthenates span a range of about 350 mV while values of &SP only span a range of
about 70 mV (after taking account of different signs of ¢ for Cr(III)- and Ru(II)-
centered complexes). This discrepancy is reasonably systematic, as is illustrated
in Fig. 6. Fig. 6 contains three classes of complex: (a) (PP),M(CNRu(NH,):)3";
(b) (PP)(CN)M(CNRu(NH3)T*; (¢) trans-([14]aneN, )M (CNRu(NH,););". The
slopes of correlation lines are respectively 2, 4 and 0.9. However, it is important to
observe that Fig. 6 is a plot of the raw experimental data, the observed value of
E,;, for the Ru(NH;)*"** couple and £2P based on the total oscillator strength of
the lowest energy CT absorption band. That there are good correlations for each
family of complexes, despite the several factors which are neglected in this figure, is
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Fig. 6. Correlation of E{3¢ with the stabilization £2?, implied by the lowest energy CT absorption band.
The total observed oscillator strength was used for calculating £2P = +1.92 x 107 (6, Av,5); the donor—
acceptor distance, across CN ™~ was taken to be 5.2 A.

probably a consequence &' >&2P. In order to generate a correlation which bears
more definitively on the relationship between & and £°P, several corrections are
necessary: (a) there is a large correction for symmetry effects, since the selection
rules for light absorption and for the mixing of excited state and ground state wave
functions are generally different in high symmetry complexes; (b) different charge
transfer excited states can contribute to ground state stabilization, and these contri-
butions may be different in different complexes; (c) there are probably small solva-
tional differences from one complex to another (see preceding discussion); (d) there
may be differences in zero-point vibrational energies resulting from the different
charge distributions of the components of the redox couple. We will comment on
the symmetry issues first, and the other points raised after the spectroscopy of these
systems has been considered in a little more detail.

4.2.3. The role of symmetry in the comparison of e and £2?
If we consider sets of coplanar dn(D)-dn(A) orbitals for D(BL)A and
A(BL)D(BL)A complexes, then a simple symmetry argument can be employed to
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show that [47]: (a) excitation to the DACT excited state of D(BL)A is dipole
allowed with an absorption intensity of I,; (b) in cis-A(BL)D(BL)A, with an
effective C, symmetry, the DACT excited states have A and B symmetry; optical
transitions to both of them are dipole allowed, but only one is the symmetry
appropriate for mixing with the ground state (if the A and B transitions are convo-
luted within the same absorption envelope, as in the CN ~-bridged complexes, then
the total absorption intensity would be 21,); (¢) in trans-A(BL)D(BL)A complexes
a dipole allowed transition is expected for one of the two DACT excited states (the
‘ungerade’ state) while the other has the symmetry appropriate for mixing with the
ground state (the weighted absorption intensity would be 27,). In an actual detailed
comparison of & and &°P it is necessary to make some assumptions about the
intensities of the various symmetry allowed transitions [26,47]. Parker and Crosby
[47] have assumed, in treating metal complexes with polypyridyl acceptors, that the
intensities of the z-allowed components far exceed those of the x,y-allowed compo-
nents, and this assumption is consistent with the observed polarizations [48].
However, even for the Creutz-Taube ion, [Ru(NH;)s],pz°*, there appears to be
considerable intensity in the y-component of the DACT absorption [49]. The
CN--bridged complexes have roughly cylindrical symmetry along the bridging axis
and there is no obvious physical basis for assuming that ‘local dipoles’ [26] are of
negligible magnitude in the x,y-plane; therefore, we have included the complete set
of dn(D) and dn(A) symmetry terms in our analysis. It is important to observe that
the DACT intensities of the bis-ruthenates (cis- and trans-) are always almost twice
those of the corresponding mono-ruthenates, so that the Parker and Crosby extension
of the Mulliken argument about the rules of symmetry and local transition dipole
contributions should still be nearly correct. For example, if one assumes that the
various symmetry components are nearly equally weighted and assuming C,, symme-
try we would predict a ratio of intensities for cis-bis- to cis-mono-ruthenates of 1.6/1
and for RuCNRu systems we observe 1.7/1 [42]; C, symmetry would lead to the
2/1 ratio of Parker and Crosby. Owing to their *A, ground states, the Cr(IIl)-
centered complexes are a little more complicated, but the intensity ratios are similar
for the cis-bis- to cis-mono-ruthenate intensities, while a somewhat smaller ratio
(1.4/1) would result for the trans-bis-ruthenates if all the intensity components were
equally weighted.

While the transition dipole operator has x,y and z-type symmetry components,
only one symmetry type (not generally corresponding to a dipole symmetry species)
will mix with the ground state. Thus, one generally expects differences in the numbers
and symmetry types of DACT components which contribute to the absorption
intensity and to the ground state stabilization. In the mono-ruthenates one expects
a 1/1 correspondence [26,47], but in the cis-Ru(CNRu"), complexes the ratio of
components which could contribute to intensity to those contributing to ground
state stabilization (averaged over possible ground state configurations) is 2.8/1 for
C, and 2/1 for C, symmetry [42]. For cis-Cr"™(CNRu"), these ratios are 3/1 and
2/1 respectively, and for trans-Cr'™(CNRu'), the ratio is 3/1 for D, and 2/1 for
D,,, symmetry. The last of these differs from the example presented by Parker and
Crosby [47] because we have included x,y components in the transition intensity.
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However, this result is in agreement with the similarity of values for EY5 and &g®
found for trans-([14]aneN,)Cr(CNRu(NH,););* and for cis-(rac-Meg[14]aneN,)
Cr(CNRu(NH,),)3* (Table 2).

The net result of these symmetry considerations is that, in the simplest limit
of equally weighted DACT components, the value of ¢ to be used in the cor-
relations with E%¢ must be corrected so that these quantities contain the same
number of contributing DACT components. A reasonably conservative approach
is to divide the apparent value of £2P based on the total oscillator strength
of the DACT absorption (as in the values in Table 2) by two for the bis-ruthenates.
This correction will make the correlation lines for cis-(bpy),M(CNRu(NH,)s);*
and (bpy),(CN)Ru(CNRu(NH;)2* nearly coincident with a slope of about
42, and it will increase the slope of the correlation for the
trans-([14](aneN )M (CNRu(NH,)s);* complexes to about 2.

4.2.4. Red shift of the cyanide stretching frequencies in CN ~-bridged D—A complexes

The CN ~ stretching frequency turns out to be relatively sensitive to the electronic
properties of the coordinated metals. Thus ocy is usually in the range of
2125-2150 cm ! for most mono- and bis-cyano metal complexes (e.g. for complexes
of Cr(IIl), Rh(IIl), Co(Ill), Pt(II), see Ref.[18] and Table 2). However, when
the metal is relatively ionizable (e.g. for Ru(II), Fe(II); see Table 2) vcy tends to
be shifted to lower energy (2060-2080 cm ™! in the examples cited), and this can be
attributed to ‘back bonding’, or, more systematically, to the delocalization of electron
density through MLCT. When the CN ™ acts as a bridging ligand between two
metals, ooy shifts to higher frequency [49] unless the two metals form a donor-
acceptor pair [18]. When this is the case, vy shifts to even lower energy (Table 2).
The shift, relative to the monometal parent, of vey in the bridged D-A complexes
is roughly proportional to the D-A coupling matrix element, f,, Fig. 7. These
observations suggest that the D-A coupling and the CN ~ stretch are themselves
coupled.

4.2.5. Charge-transfer spectroscopy of the CN ~-bridged complexes: coupling and
mixing of chromophores

There are several absorption bands of the CN ~-bridged complexes which depend
on the oxidation state of the Ru(NH,); moiety. There is a great deal of mixing and
‘intensity stealing’ between these states and with other CT states of these molecules.
This is illustrated in Fig. 8, which shows the absorption changes which accompany
the Fe?* oxidation of (bpy),Ru(CNRu(NH,)s);*. The DACT absorption bands
are labeled (a) in this figure. The higher energy absorptions of the Ru(CNRu),
complex are readily assigned, in the order of increasing energies,
Ru(NH,)2* -bpy MLCT ((c) at about 480 nm), central Ru** —bpy MLCT ((b)
at about 400nm), Ru(NH;?*—-CN~- MLCT ((f) at about 380nm) and
CN~=Ru(NH,)?" LMCT ((e) at about 350 nm). These transitions have been
identified by comparison of many complexes, including especially the macrocyclic
ligand complexes in which there can be no M—bpy MLCT transitions. For the
(bpy),Fe(CNRu(NH,)s)3* complex the Fe*” »bpy MLCT transition shifts to an
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Fig. 7. Correlation of the shifts of vcy to lower frequencies in D-A complexes with the D-A coupling
inferred from the DACT absorption spectra. The point for (bpy),Co(CN)CNRu(NHj;);5)s)** has been
corrected for the expected smaller oscillator strength of the dn~do system than the dn—dn systems (see
Table 2).

energy comparable with, or somewhat lower, than that of the Ru(NH,)2* —»bpy
transition, and the mixing between these MLCT states appears to result in an even
lower energy for the Fe?" —bpy MLCT transition in this than in the parent com-
plex. The Ru(NH;)2* »bpy MLCT absorbance can be identified in all the
(bpy),M(CN)3* mono- and bis-ruthenates, and it always appears to consist of two
components separated by about 4 x 10* cm ™. These transitions vary a great deal in
their oscillator strengths as a result of the mixing with M?* -bpy MLCT or with
the DACT states. These spectroscopic effects of the mixing between various CT
states can be interpreted as experimental measures of the delocalized nature of the
wave functions of these states, and there are some resulting ambiguities about the
choice of experimental parameters used in evaluating £2°. In a first-order perturbation
theory argument the parameters to be used refer to the unperturbed, or diabatic
states [26]. At this level of argument the stabilization of Ru(NH,)2* which derives
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Fig. 8. Spectroscopic changes which accompany the oxidation of (bpy)M(CNRu(NH;)s); " complexes
with Fe?* (ag.): M=Ru(II), top; Fe(Il), bottom. Absorption bands are assigned as: DACT, (a);
Mobpy MLCT, (b); Ru(NH;);* -»bpy MLCT, (c); CN- »Ru(NH;)2* LMCT, (e); Ru(NH;)3"
—-CN ™~ MLCT, (f).

from mixing with the Ru(NH;)2* —»bpy MLCT state would be the same through
the series of complexes, and this will not contribute to the slopes in Fig. 5. Variations
in the higher-order terms could make a contribution. A very rough estimate suggests
about 10 mV greater contribution to E{’,‘}“‘ from higher-order terms in the Cr(IiI)-
and Fe(I1)- than in the Ru(II)-centered complexes; however, these higher-order CT
mixings do not occur in the Rh(III)-centered complexes, and taking them into
account would suggest an even larger difference in values of E{’/‘;s“ for these complexes

and those with Ru(II) or Fe(Il) centers (by 10-30mV). We will neglect these
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second-order effects. Similar issues arise in regard to Ru(NH;)s—CN ~ MLCT and
LMCT excited states, and this mixing is a feature of the vibronic argument below.

4.2.6. Variations in the solvational contributions of E{f¥®

Two kinds of solvational interaction need to be considered: (a) the solvational
contributions, AG®, to EJ% for the particular class of complexes (here for complexes
which have the same ligands and charge type); (b) the correction to AG® which
arises from the charge delocalization associated with D-A (differential solvation
correction), SAGS. The first of these was discussed in Section 4.1.1.

If the donor and acceptor are solvated differently, as is certainly the case for the
ruthenates of M(PP)(CN);*, then the changes of charge distribution induced by
D-A coupling will alter the value of AG?. This effect can be analyzed in terms of
the simple electrostatic model for the solvation. Thus, the effective charge at the
redox site is increased by an amount af, if Ru(Il) is stabilized. Assuming (for
purposes of a maximum correction) that the charge density is mostly localized on
Ru(NH,);, and after some algebraic manipulations, the corrections arising from the
differential solvation effects for D—A stabilization of Ru(II) and Ru(III) can respec-
tively be evaluated as in Egs. (9) and (10) [19,42]. Since AG? is not readily available,
we will assume that

BAG? )~ —&PAGP [Ep, (9)
(BAG® ) ~ —0.666°PAG® [Ep, (10)

AGP X Areorg,s» Where Ao s Tefers to the solvent reorganizational contribution for
D— A electron transfer. This approximation works well with Richardson’s estimates
of AG? for the Ru(bpy), >*'2* and Ru(NHj;)2 2" couples [39] and the reorganiza-
tional energy differences of the respective self-exchange electron transfer reactions.
For the dn-dn DACT transitions of the (bpy),M(CNRu(NH;);)3* complexes,
Areorgs ¥3.5%10* cm ™! (based on fits to Egs. (3) and (6)). This effect will always
tend to increase E3¢ in these systems, and we estimate that the maximum amount
of this increase is about 12 mV. Obviously there will be no contributions from this

source if £3P ~0 (as for Rh(III)-centered complexes).

4.2.7. Spin multiplicity contributions and other effects of M—M' coupling
Contributions to Ef3¢ which result from M-M’ coupling in the fully oxidized
(A(BL)A’) or fully reduced (D(BL)D’) complexes must also be taken into account.
These will generally be a combination of enthalpic (arising from coupling energies)
and entropic (arising from multiplicity changes) contributions. In the complexes
considered here, interactions of this type are of concern for Cr(IIl)-Ru(III),
Ru(III)-Ru(IIll) and for Fe(IlI)~Ru(IIl) complexes. For example, a smaller than

expected value of E{’};s‘i would result if spin—spin coupling in these complexes was

largely ferromagnetic. This effect could result in a smaller difference between E{3¢
for (bpy),Cr(CNRu(NH,;)5)3 """ and the (bpy),Rh(CNRu(NH3)5)3 """ ‘reference’
than is found for the Ru(1I)- or Fe(II)-centered analogs. This point has also been

raised in regard to the comparison between Ru(II)-Ru(II)/Ru(1II)-Ru(IIl) and
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Ru(II)-Ru(II)/Ru(Il)-Ru(Il) couples [17]. A three-center perturbational cou-
pling, D*—n(CN 7)-A, in the oxidized complexes could be consistent with a ferro-
magnetic interaction.

We also note that weak antiferromagnetic coupling could result in somewhat
larger values of Ef5¢. This possibility seems somewhat less consistent with observa-
tions on the CN ~-bridged complexes.

We hope to resolve the ambiguity regarding the magnetic correction in the near
future. For purposes of the present discussion we will postulate a total (enthalpic
plus entropic) contribution of about —60mV to Ef%? in the Cr(IIl)-centered
complexes.

4.2.8. Changes in vibrational frequencies and zero-point energy differences

The contributions of vibrational frequency differences of components of a redox
couple on values of E73? have been discussed by Richardson and Sharp [38]. Since
we have used a constant probe couple in Fig. 6, the only frequency change of concern
here is that of the bridging CN~. The zero-point energy differences are easily
evaluated from the data in Table 2, and these will contribute from +8 mV (for

Cr(CNRu), complexes) to —10 mV (for Ru(CNRu), complexes) to Ef5.
4.3. The effect of estimated correction terms on the correlation of ES5® with &3P

The net effect of the corrections described above is to slightly increase the ratio
of &?/e2P for the M(PP),-centered complexes, and they result in essentially the same
ratios (i.e. 4-5 and ~2) of e"/eP for the M(PP),- and M([14]aneN,)-centered
complexes. These corrections do result in a value of (EfF%e, for the
Rh(PP),-centered complexes which is near to the average of those for the Cr(PP),
and Ru(PP), analogs, in reasonable accord with expectation for a ‘reference’ system.
While these corrections are each quite plausible, the uncertainties of the larger
correction terms are quite large, and no particular significance can be attached to
the numerical magnitude of the ratio of £!*/¢2P at this time. However, the important
qualitative result is that ¢™ is significantly larger than &° in these systems.
This result strongly supports those of our initial reports [16,17] that & >2¢%P,
which was based mostly on the comparison Efy¢ (for Ru(bpy);***) and &2
(@) (bpy),Ru(CNRu(NH;)5)$" relative to (bpy),Ru(CNRh(NH;):)$"; (b)
(bpy),Ru(CNRu(NH;)s)$" relative to (bpy),Ru(CNRu(NH;)5)(CNRh(NH,)5)°";
(¢) (bpy),(CN)Ru(CNRu(NH;)s)** relative to (bpy),(CN)Ru(CNRh(NH,)s)3".
We note that Ef3¢ for all the RuCNRu complexes in these earlier comparisons are
subject to a correction for M—M’ coupling, in the paramagnetic Ru(III)-Ru'(III)
complexes, which would probably have the effect of increasing the &/2P ratio.

4.4. Summary: some experimental consequences of strong D—A coupling
For a wide range of experiments on strongly coupled D-A complexes, reviewed

above, the observations are not readily accommodated by crude Born—Oppenheimer-
based perturbation theory models. Yet some other aspects of the observed
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experimental behavior do, at least qualitatively, fit with expectation for CT-perturbed
chemistry.

In studies of fast BET processes in CN ~-bridged D-A complexes, it has been
shown that the crossing between ‘states’ with different electronic configurations
appears to occur more rapidly than vibrational relaxation within a single electronic
configurational manifold. This behavior cannot be described in terms of simple
potential energy surfaces for the electronic excited states, and it suggests that the
Born—-Oppenheimer approximation may not be very useful in such systems.

Ground state spectroscopic studies indicate that there is considerable mixing
between various chromophores. Probably the most important behavior of this type
is the observed coupling between the bridging CN ~ stretching frequency and the
oscillator strength of the DACT absorption. This clearly demonstrates that the
CN ™ stretch and the electronic coupling between donor and acceptor cannot
be treated separately. Thus, at least with respect to this coupling, the crude
Born—Oppenheimer approximations cannot be useful.

Finally, the variations in ground state redox properties of D—A complexes correlate
strongly with the DACT absorption oscillator strength, as expected from simple
perturbation theory arguments, but the magnitude of the ground state stabilization
is larger than predicted by Born—Oppenheimer-based perturbation theory arguments.

These observations suggest that the perturbational mixing of CT excited states
with the ground state should be treated by allowing for some coupling of the nuclear
and electronic coordinates. This is analogous to the nuclear—electronic coupling
which arises in Jahn-Teller and pseudo-Jahn-Teller problems [50-52]. A simple
vibronic argument is developed below which is at least qualitatively consistent with
the observations.

5. A simple vibronic approach to D-A coupling

Vibronic approaches to electron transfer systems have been discussed in general
terms [53,54], with respect to the spectroscopy of the Creutz-Taube ion [55,56] and
with respect to proton-coupled electron transfer systems [57,58]. Our concern in
trying to treat the systems described in this paper was to find a model which was
conceptually simple, but which could still be used to interrelate several different
kinds of experimental observation. A further consideration was to develop an
argument in which all the parameters were either directly measurable or easily
interpolated from measured parameters. A key element in our approach is the
observation that the CN ~—=Ru(IIl) and the Ru(II)>CN~ LMCT and MLCT
transitions are of roughly comparable intensity and occur in roughly the same
spectroscopic region [59-63], and that the combination of an M(I[)->CN~ MLCT
combined with a CN ~->M/'(III) LMCT across a bridging ligand will result in
some net delocalization of electron density from donor to acceptor, even if there is
no direct D-A coupling. In such a system, M(II)->CN~, CN~->M'(IIl) and
M(I1)-»M’(III) CT interactions will be coupled. If we focus on these interactions,
and if we treat the LMCT, MLCT and DACT interactions stepwise, then we may
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first consider the LMCT and MLCT perturbational stabilizations of the ground
state (through stabilization energy terms, as in Section 2, added to the diabatic
potential function for the ground state V'§) and the generally numerically different
LMCT and MLCT stabilizations of the electron transfer excited state (through
stabilization terms added to the diabatic potential V'{). If we label the electron
transfer coordinate as x, and average the LMCT and MLCT contributions for
simplicity, then the resulting stabilization energies, ecr and écr, may be expanded in
Taylor’s series around x, and if we ignore second- and higher-order terms in this
expansion (i.e. ecr Te& +ax, etc.), then the resulting potential functions are given
by Eq. (11) and Eq. (12)

Vp=Vp +kx?/2+ax (11)
Va=Va+k'x*2+a'x (12)

where k and k' are force constants associated with the respective diabatic surfaces,
Vi=VE +eS +kr2/2 and a'~a—kr, +olrkr,. If the D-A coupling is also a linear
function of displacement along x (as for example for very small displacements and
an exponential distance dependence of fp,), then Bp, =B5a +bx where S5, refers
to the coupling when x=0. If we assume for algebraic simplicity that axa’, then
the resulting second-order secular equation can be readily solved for the potential
energy of the coupled system; for small displacements the solutions are of the form
given in Eq. (13)

Vy =kx?/2+ Epa/2+ 1/2[Epa? +4axEp, +4a2x* +4(BSa +bx)*]" (13)

where Eps=Vpa—Vp is assumed to be large; V_ represents the ground state
potential energy surface after vibronic coupling. The qualitative effects of this
vibronic perturbation are illustrated in Fig.9 and can be summarized: (a) the
potential energy minima, of ¥, and V., are displaced along the coordinate x from
those of the diabatic, V'$ and V§, or the CT-perturbed, ¥, and Vp, potential energy
surfaces; (b) the ground state potential energy surface V_ is ‘flatter’ than the diabatic
surface; (c) the separation of the electron transfer ground and excited states is
increased, relative to that of either the diabatic or CT-perturbed surfaces, and
characteristic of an adiabatic reaction; (d) the displacement of potential energy
surfaces along x alters the contribution to the ground state stabilization which arises
from the CT perturbation (this D-A-induced variation in écr 1S @Xpin)-

The amplitude of the displacement of the ground state potential energy surface
can be evaluated from d¥./dx, and is given to a reasonable level of approximation
by Eq. (14)

Xmin X(a+2u5,b)/k (14)

where a5, = BSs/ESs. The linear vibronic parameters @ and b can be evaluated

from the consideration of limiting cases [18,19,42] or from their relation
to the Huang-Rhees, parameter of spectroscopic arguments [52]; thus,
ax40& (Acrker/2)V? and b (Apakda)'?, where a8 = BEr/EE: (average of LMCT
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A. No CT mixing

B. CT mixing

C. Vibronic coupling

Nuclear coordinate

Fig. 9. Qualitative potential energy surfaces illustrating the effects of the successive perturbations employed
in the simple vibronic model: diabatic surfaces, (A); LMCT and MLCT (averaged) mixing with the
ground and excited electron transfer states ((g) and (e)), (B); and the result of vibronic D-A coupling, (C).
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and MLCT), the 4; are the respective nuclear reorganizational parameters for the
electron transfer process indicated and the k; are the respective force constants (for
simplicity, we assume all force constants are equal, k; =k).

Similarly, the effective force constant for the ground state surface can be evaluated
from d?V,dx? =k and the difference between k. and the force constant k, for the
diabatic surfaces is a measure of the flattening of ¥_. From Eq. (13), we can obtain
Eq. (15).

kege =k —2(a* +b*)/ESa (15)

Since fpa =(BSa +bXmin) also varies with the parameters ¢ and b, one can readily
infer similar trends in the variations of v and Bp,; if vg is proportional to vy (or
Av.gr & yAvcy) then the approximate relationship in Eq. (16) can be obtained [42].

Boa = PSa + 27(AVen/Veir) BSA + - - (16)

This expression accounts for the correlation in Fig. 6. The difference between
Vp and V_ is the effective ground state stabilization which results from vibronic
coupling between DACT excited state and the ground state. This difference is most
simply represented as in Eq. (17)

(e5")y 2 (BBA)*/EB +k(xmin)? /24 (@ +b) X0/ ESA (17)

where the first term is the stabilization energy obtained from the perturbational
approach outlined in Section 2. In terms of the same perturbations, 2P is given by
Eq. (18).

(&3P)y X (B5a +bXmin)*/ESa (18)

In terms of the electron transfer parameters, introduced above, the difference in
these quantities is given by Eq. (19) in the limit that Ay, <ES),, which is always
correct for the systems discussed here.

(3;h)v —(&P) ~ 4(“CGT)2;‘CT - Z(WI?A)Z;LDA (19)

In the model used here, af, <a& (D-A coupling mediated by local CT interactions)
and Ap, <Acr for the CN ~-bridged systems considered here, so Eq. (19) is qualita-
tively consistent with the experimental observations that e >¢%. A very rough
estimate, based on spectroscopic observations mentioned above, indicates that
the difference predicted by Eq. (19) is greater than 35 mV, and is thus comparable
with ¢g® (for RuCNRu systems, using LMCT and MLCT parameters from
trans-([14]aneN, )Rh(CNRu(NHj;);); 7). A more critical evaluation will depend on
deconvolution of the MLCT and LMCT absorptions in the D-A complexes, but it
appears that intensity stealing results in increases of these absorptions in many of
the complexes. It should be noted that cross-terms (na§,o&[Acripal’’?) which arise
in Eq. (17) and Eq. (18) can be interpreted to be the consequence of mixing between
DACT, MLCT and LMCT excited states. Thus, the model described here attributes
the observation that ¢ >¢2P to enhanced MLCT and LMCT couplings which arise
as a result of the synergistic D-A coupling.
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6. Summary and conclusions

The observations summarized above indicate that a simple vibronic perturbation,
in place of the usual Born—Oppenheimer-based electronic perturbation, can, at least
qualitatively, account for several aspects of the otherwise anomalous behavior of
strongly coupled D-A systems. A more critical evaluation of the implications of the
vibronic model will depend on deconvolution of the MLCT and LMCT absorptions
in the actual D-A complexes, since any variations in oscillator strength, such as
result from mixing with other kinds of excited state, will be very important. For the
present, even qualitative agreement is encouraging,

6.1. Some implications of vibronic coupling

The possibility, which is argued in this paper, that strong D-A coupling involves
a mixture of nuclear and electronic components raises several additional issues which
need to be investigated. Thus, if the D-A coupling in these systems is predominantly
bridging-ligand-mediated, and if fp, is indeed a function of the electron transfer
coordinate, then 8,, determined from the optical absorption (for which x=x,,,) is
not appropriate for evaluation of rate constants (kgzgy) at the electron transfer
transition state, even if vibrational equilibration occurs more rapidly than BET. For
example, Fig. 6 implies that 8§, is much less than f,, for the dn—dn, D-A complexes,
and this is a plausible result of Ap, <Acr [42]. It should also be observed that the
simple semi-classical vibronic model used here does not explicitly take vibrational
quantization into account, but it seems obvious that in order to be consistent with
this model fp, would also be expected to vary with the vibrational state.

Another issue that needs to be investigated is the issue of vibrational structure on
the DACT absorption band. An advantage of the CN- ligand in this regard is that
there are few vibrational modes to consider (one or two), and the intensities are
expected to be large. A problem with these systems is that the absorption envelope
is the convolution of several electronic components (as many as 12 in some com-
plexes) with relatively small spacings (we would estimate 10-500 cm ™) so that even
here the vibronic structure might be very difficult to resolve. Of course, the coupling
of ven with skeletal, or other, modes would further complicate this situation.

6.2. Extensions to other systems

It seems natural to note the qualitative similarities between our observations on
CN--bridged complexes and those of Curtis and co-workers on complexes with
aromatic bridging ligands, and to infer that this suggests a significant vibronic
component to strong D-A coupling when the bridging ligands are complex aromatic
molecules. While there seem to be fewer convenient probes of the bridging ligand
involvement in D-A coupling (e.g. shifts in BL vibrational frequencies have not, to
our knowledge, been reported), one could cite the larger C-N bond lengths of the
bridging pyrazine in [Ru(NH;)s],pz>* than in either the fully oxidized or fully
reduced analog [64] as an indication of very closely related behavior. As noted
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above, Piepho [55,56] has used a vibronic model to describe this type of system.
This type of system has also been described using three state models [9,65,66] and
a wave packet model [67]. These various approaches have focused mostly on the
spectroscopy of the Creutz-Taube ion, and even with this limited perspective there
is little agreement on the best approach [68-70]. These approaches probably should
be viewed as involving somewhat different approximations; the basic question is
whether some limited class of approximations are most useful in describing the
experimental observations, or whether most, or all, of these seemingly different
approaches do each provide insight into different aspects of the behavior of D-A
systems. In the same general philosophical spirit, the simple semi-classical model
sketched above combines some elements of the vibronic and three state models. This
enables us to describe how the bridging ligand can actively promote strong D-A
coupling. Some such integrated approach seems necessary to treat a broad range of
observations.
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