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Abstract

Electroabsorption or Stark spectroscopy has been used to evaluate the systems (NC)5MII±CN±RuIII(NH3)1ÿ
5 and

(NC)5MII±CN±RuIII(NH3)4py1ÿ, where MII�FeII or RuII. When a pyridine ligand is present in the axial position on

the RuIII acceptor, the e�ective optical electron transfer distance ± as measured by the change in dipole moment, |Dl| ±

is increased by more than 35% relative to the ammine substituted counterpart. Comparison of the charge transfer

distances to the crystal structure of Na[(CN)5Fe±CN±Ru(NH3)4py] � 6H2O reveals that the Stark derived distances are

�50% to �90% of the geometric separation of the metal centers. The di�erences result in an upward revision in the

Hush delocalization parameter, c2
b, and of the electronic coupling matrix element, Hab, relative to those parameters

obtained exclusively from electronic absorption measurements. The revised parameters are compared to those, which

are obtained via electrochemical techniques and found to be in only fair agreement. We conclude that the absorption/

electroabsorption analysis likely yields a more reliable set of mixing and coupling parameters. Ó 2000 Elsevier Science

B.V. All rights reserved.

1. Introduction and background

Bimetallic mixed-valence complexes represent
exceptionally well-de®ned systems for experimen-
tal interrogation of the energetics, kinetics, and
dynamics of light-initiated electron transfer reac-
tions. The amount of electron localization or
delocalization present between two sites is crucial
in understanding to what extent charge transfer
can occur. In one extreme, where there is complete

localization, the coupling between two sites will
vanish, resulting in no electron transfer. In the
other extreme, where complete valence delocal-
ization has occurred, electron transfer will again
cease to occur, now because the sites are too
strongly coupled and the putative donor and ac-
ceptor orbitals have lost their separate identities.
Thus, for electron transfer to occur, as it does in
the cyanide bridged bimetallic systems described
below, both the amount of coupling and the extent
of valence delocalization must exist at some in-
termediate level. The primary goals of the current
study were to critically assess and compara-
tively evaluate spectroscopic and electrochemical
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methods for quantifying electronic coupling and
residual valence delocalization. A secondary goal
was to ascertain how these and related quantities,
such as optical electron transfer distance, re-
sponded to subtle changes in chemical composi-
tion.

One way to describe the coupling in a bridged
binuclear metal system is by applying ®rst-order
perturbation theory to a standard two-state elec-
tronic model. In this approach, based on the
classic work of Mulliken and Person [1] and Hush
[2], the initial and ®nal states for charge transfer
(W1 and W2) are described by linear combinations
of the zeroth-order (fully localized) states, wa and
wb:

W1 � cawa � cbwb; �1�

W2 � c�awb ÿ c�bwa: �2�

The coe�cients ca(c�a) and cb(c�b) can be normalized
by application of Eq. (3), where Sab characterizes
direct overlap between the orbitals a and b:

c2
a � c2

b � 2cacbSab � 1: �3�

If the overlap is small enough to be neglected
(Sab�1), and a two-state analysis is appropriate,
then the ground and excited state coe�cients
should be identical, i.e., c�a � ca and c�b � cb. Under
this condition, the squares of the coe�cients
themselves describe the fractional amount of
charge present at each site; a c2

b value of zero in-
dicates complete valence localization, whereas a c2

b
value of 0.5 indicates complete delocalization. Al-
though this type of description was ®rst utilized in
only weakly coupled systems (i.e., in the pertur-
bation limit), more recent work has indicated that
it can also be applied to strongly coupled systems
(provided that the two-state description remains
applicable) [3,4].

In order to understand the dynamics of charge
transfer, it is useful to quantitate the electronic
coupling matrix element, Hab on which the rate of
electron transfer (in the nonadiabatic limit)
strongly depends. This can be accomplished by

solving the secular determinant for Eqs. (1) and
(2), leading to Eq. (4) [3]:

Hab � l12Eop

eRab
: �4�

In Eq. (4), l12 is the transition moment, Eop is the
energy of the optical transition, e is the unit elec-
tron charge, and Rab is the diabatic charge transfer
distance (e�ective one-electron transfer distance).
The key point is that an accurate estimation of the
electronic coupling parameter via Eq. (4) requires
a knowledge of the e�ective charge transfer dis-
tance, which can be directly ascertained via elec-
troabsorption (Stark) spectroscopy (vide infra).

Recent studies have shown that for (CN)5

FeII±CN±RuIII(NH3)ÿ5 (1) and (CN)5RuII±CN±
RuIII(NH3)ÿ5 (3), the e�ective charge transfer
distance is only about one half the geometric sep-
aration of the donor and acceptor [5]. 1 Previous
work has shown that substitution at the axial po-
sition on the acceptor has interesting e�ects on
both the electrochemistry and linear optical
properties of a related chromophore [6]. The goals
of this work are to evaluate Dl12, Rab, and by in-
ference, electronic coupling, via electroabsorption
spectroscopy and to compare the parameters to
those obtained electrochemically for compounds 1

and 3 as well as their pyridine containing deriva-
tives.

1 For a related report, see Ref. [17] in which the authors

report Dl12Fint/Fexternal values, rather than Dl12 values, where

the numerical di�erence in the two types of parameters is

estimated here to be on the order of 30%. Note also that the

parameters in their report would be classi®ed as ``adiabatic''

parameters in the analysis used here.
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2. Experimental section

2.1. Syntheses

Compounds 1±4 were prepared by the literature
methods [6±8], which produce sodium salts with
varying degrees of Na2SO4 contamination [6]. In
order to minimize such contaminations, the com-
pounds were puri®ed by recrystallization from
H2O/MeOH (1:2) and passed through a size ex-
clusion (Bio-Gel P-2) column. In order to grow
crystallographic quality crystals, a sample of 2 was
dissolved in minimal H2O. A twofold excess of
methanol was then layered on top, and the two-
phase system was allowed to stand at �5°C for
�24 h. The dark green crystals were removed from
the solution via ®ltration and washed with a very
small amount of H2O to remove the residual pale
green powder. X-ray crystallography: primitive
monoclinic cell, space group�P21/n (No. 14),
a � 9:8081 �A, b � 15:3965 �A, c � 15:3018 �A,
b � 90:1510°, V � 2310:7346 �A3, Z � 4, R � 0:045
and goodness of ®t� 1.95 (see supporting in-
formation for more details). The solid was de-
termined to be Na[(CN)5±Fe±CN±Ru(NH3)4±
py] � 6H2O (FW � 591:33), and was free of
electroactive impurities via cyclic voltammetry
(CV).

2.2. Electrochemistry

CV was performed on all the samples to screen
for electroactive impurities and to evaluate the
formal potentials of the metal centers. A 0.01 cm2

glassy carbon electrode was used as the working
electrode, with a platinum counter electrode and a
saturated calomel reference electrode. Scan rates
typically ranged from 20 to 100 mV/s. All samples
were dissolved in water with 0.1 M KCl present as
an electrolyte.

Rotating disk electrochemistry (RDE) was also
performed in order to evaluate the concentrations
of solutions. A 0.25 cm2 glassy carbon electrode
was used as the working electrode, with the other
electrodes being the same as for the CV experi-
ment. Rotation rates were varied between 800 and
1600 rpm, with voltage scan rates ranging from 5
to 20 mV/s. The results were evaluated by mea-

suring the amount of current passed through a
known concentration of compound 3 (measured
by absorption using the published extinction co-
e�cient [9]), and comparing this to the current
passed through solutions of unknown concentra-
tion. By this method, the concentrations of com-
pounds 2 and 4 could be quantitatively evaluated
for subsequent spectral analyses.

2.3. Electronic absorption

Absorption spectra were recorded on an OLIS
modi®ed Cary-14 spectrophotometer. A 0.1 cm
quartz cell was used to quantitate absorption in
the region from 360 to 2100 nm, covering the en-
tire charge transfer region. Chromophores were
examined in the same solutions (0.1 M KCl in
water) as for the RDE experiment to determine
extinction coe�cients. In order to obtain reliable
line shapes in the extended near infrared wave-
length region, D2O was used as a solvent in place
of H2O.

2.4. Electroabsorption

The Stark e�ect spectroscopy was done in a
manner described fully elsewhere, [10±12] by using
a PMT for visible detection and both InGaAs and
Si photodiode detectors for studies in the near
infrared (NIR) region. (For compound 2, data
obtained with InGaAs and Si photodiodes were
pieced together in order to facilitate ®tting over the
entire spectral range). Compounds were studied in
a solvent glass of ethylene glycol and H2O in the
ratio 1:1 (v:v) for experiments in the visible region
and in a glass of ethylene glycol and D2O in the
ratio 1:1 for experiments in the NIR region.

3. Results

3.1. X-ray crystallography

Fig. 1 shows an ORTEP drawing of compound
2. Several features are noteworthy. The most
striking, perhaps, is that the C±N±Ru bond is bent
at an angle of 164°, as opposed to the linear
structure expected. This is most likely due to
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packing forces in the crystal, as other structural
features indicate. The ®rst is that the pyridine li-
gand is contorted as well. The angle between the
Ru±py bond and the plane of the pyridine is bent
to a similar angle of 168°. Additional evidence can
be found from analysis of the equatorial ammonia
ligands, where a variation in the Ru±N bond
length is seen. The two ligands on the same plane
as the C±N±Ru bend are found to be compressed
by roughly 0.02 �A relative to those perpendicular
to the bend. Thus the metal±metal separation
distance in solution is probably best estimated by
addition of the (crystallographically determined)
lengths of the bonds between them (5.05 �A), rather
than by the minimum distance between the metal
centers in the crystal structure (4.9 �A).

The other intriguing result from the crystal
structure is the rather high degree to which the
octahedra of the two metal centers are aligned.
Despite the bent nature of the structure, the im-
proper dihedral angle between the equatorial cy-
anide and corresponding equatorial ammine
ligands is less than 12°.

3.2. Electrochemistry

The electrochemical study of compounds 3 and
4 revealed a metal-localized trans ligand redox
sensitivity essentially identical to that previously
reported for compounds 1 and 2 [6]. As shown in
Fig. 2, substitution on the RuIII center perturbed
not only the formal potential of that site, but also
of the adjacent donor RuII center. The measured
formal potentials (mV vs. SSCE) were as follows:

(1) E(Fe) � 380, E(Ru) � )325; (2) E(Fe) � 403,
E(Ru) � )105; (3) E(Ru) � 673, E(Ru) � )315;
(4) E(Ru) � 700, E(Ru) � )55.

Curtis and coworkers have shown [13,14] that
when a perturbation is applied at the acceptor site,
the amount of delocalization for a system may be
related to the changes in the formal potentials of
the donor (dE1) and acceptor (dE2) by Eq. (5) [13]:

dE1

dE2

� c2
b

c2
a

; �5�

where ca and cb are the mixing coe�cients de-
scribed in Eqs. (1)±(3), and Sab is assumed to be
zero. Returning to Fig. 2, the unitless slopes are
0.11 and 0.10 for the FeII±RuIII±Yÿ series and the
RuII±RuIII±Yÿ pair, respectively. Eq. (5) then
yields respective values for c2

b of 0.10 and 0.09. In
conjunction with the absorption data, the delo-
calization parameter can be used to determine Hab

through Eq. (6) [4]:

H2
ab � �c2

b ÿ c4
b�E2

op: �6�

This relation again utilizes Eq. (3) under the con-
ditions, where the overlap is small (Sab�1). Im-
plementation of Eq. (6) yields values between 2500

Fig. 2. Donor metal (FeII or RuII) formal potential versus ac-

ceptor metal (RuIII) formal potential shows perturbations of

both sites due to substitutions on the acceptor. (d � RuII do-

nor, slope� 0.10; s � FeII donor, slope � 0.11, additional

data from Ref. [6].)

Fig. 1. ORTEP rendering of compound 2 shows the bent na-

ture of the FeII±CN±RuIII bonds. Also notice the coordinated

sodium cation with four solvating H2O molecules on the left.

Two of the H2O molecules (not shown) were found to be

slightly disordered, and thus the hydrogens were not explicitly

solved for.
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and 4200 cmÿ1 for Hab for compounds 1±4 (see
Table 2).

3.3. Absorption

The primary e�ect of substitution of an axial
NH3 for pyridine is a lowering of the energy of the
optical charge transfer transition. As shown in
Fig. 3, however, modest di�erences in the molar
extinction coe�cients can also be introduced. In-
tervalence bandwidths, on the other hand, are es-
sentially una�ected (see Table 1).

3.4. Electroabsorption

Electroabsorption (Stark) spectroscopy readily
provides two quantities associated with an elec-
tronic transition: (1) the absolute change in dipole

moment upon excitation, |Dl12|, and (2) the trace
of the change in polarizability, Tr(Da12). The
quantities are obtained via a simpli®ed version of
LiptayÕs analysis [15], which compares the Stark
spectrum, DA(�m), to derivatives of the absorption
spectrum, A(�m):

DA��m� � AvA��m�
(

� Bv�m
15hc

d�A��m�=�m�
d�m

� Cv�m
30h2c2

d2�A��m�=�m�
d�m2

)
F2

int:

�7�

In Eq. (7), �m is the wave number of the absorbed
light (cmÿ1), h is PlanckÕs constant, c is the speed
of light, and Fint is the internal electric ®eld. Fext

is related to the externally applied ®eld, by
Fint� f Fext, where f is a function of the static di-
electric constant, Ds. If the molecule is considered
to reside in a spherical cavity in a medium with a
static dielectric constant of Ds, the local ®eld cor-
rection factor is f � 3Ds=�2Ds � 1). Low temper-
ature capacitance measurements have previously
been used to derive an f value of 1.3 using a
spherical cavity for the solvent system used in this
study [11]. (It should be noted that a recent work
[16] has suggested that continuum models such as
this may underestimate f as freezing may increase
the local polarity around a molecule.) The result-
ing coe�cients Av, Bv, and Cv have been described
in detail previously [17]. Brie¯y, however, they
provide information, respectively, about changes
in the transition moment, the polarizability, and
the permanent dipole moment. As shown in Fig. 4
for compound 2, the electroabsorption spectra of
these complexes is dominated by changes in
the dipole moment (coe�cient Cv from Eq. (7)),

Fig. 3. Absorption spectra for compounds 1±4 show that

pyridine substituted derivatives (2 and 4) have charge transfer

bands that are lower in energy and have higher extinction co-

e�cients (e).

Table 1

Summary of electroabsorption and absorption results

Compound |Dl12| (e�A) Tr(Da12) (�A3) Eop
a (cmÿ1) Dm1=2

a (cmÿ1) emax
a (cmÿ1)

1. (CN)5FeII±CN±RuIII(NH3)1ÿ
5 2.4b 230b 10,300 4840 3000c

2. (CN)5FeII±CN±RuIII(NH3)4py1ÿ 4.5 1100 8,300 4560 3500

3. (CN)5RuII±CN±RuIII(NH3)1ÿ
5 2.8b 450b 14,600 4900 2800c

4. (CN)5RuII±CN±RuIII(NH3)4py1ÿ 3.8 460 12,800 4970 4600

a From room temperature absorption in water as a solvent.
b From Ref. [5].
c From Ref. [9].
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corroborating the charge transfer nature of these
transitions.

Perhaps, the most interesting ®nding of this
study is that replacement of nominally innocent
ancillary ligands in bridged bimetallic system can
exert signi®cant e�ects upon the change in dipole
moment, Dl12, accompanying metal-to-metal
charge transfer. Replacing an ammonia molecule
with pyridine in the trans position of the acceptor
metal ion substantially increases the e�ective adi-
abatic charge transfer distance, R12:

Dl12 � eR12: �8�
In Eq. (8), e is the electron unit charge (see Table 1).
Although the existence of the ligand substitu-
tion e�ect is, in retrospect, readily rationalized
based on standard inorganic chemical bonding
considerations, it should be noted that R12 has
usually been equated simply with the physical
distance between the nominal donor and acceptor
atoms [4, 18 and references therein], the physical
or geometric separation, of course, is barely al-
tered by ancillary ligand replacement. To the best
of our knowledge, the experiments involving 1±4

are the ®rst to demonstrate explicitly that the an-
cillary environment exerts a signi®cant e�ect upon
the e�ective one-electron transfer distance.

Less clear is the e�ect of ancillary ligand sub-
stitution upon the change in polarizability,
Tr(Da12). The Liptay analysis indicates that in each
case an easily observable component of the ex-
perimental Stark signal can be attributed to a ®rst
derivative component. (For simplicity, we have
assumed that this component is entirely due to the
Tr(Da12) term, neglecting possible contributions
from product terms of a and Dl [5].) Nevertheless,
given the quality of the spectral ®ts, we are re-
luctant to attach particular signi®cance to the
di�erences in Tr(Da12) values among the com-
pounds.

4. Discussion

4.1. Ligand e�ects

The longer charge transfer distances for com-
pounds 2 and 4 (relative to 1 and 3, respectively)

Fig. 4. (A) Absorption spectrum for 2 (�) recorded at 77 K with

a ®t to the Gaussian curve (±±). (B) Electroabsorption spectra at

angles of 55° (±±) and 90° (± ± ±). (C) Least-squares ®t (±±)

of 55° data (s) to Eq. (6). (D) Zeroth (±±), ®rst (� � �) and second

(± ± ±) derivative contributions to the 55° ®t from panel C.
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can be rationalized by considering the e�ect of
adding a p-acceptor to the RuIII center. Although
RuIII is a relatively poor p donor, RuII is consid-
erably more e�ective. It follows that formation of
RuII in the excited state (from RuIII in the ground
state) will enhance the metal centerÕs ability to
donate electron density to the pyridine ligand. In a
one-electron picture, the e�ect of the electron do-
nation to the trans pyridine ligand would be to
place the transferred charge in the electronic ex-
cited state somewhat further from the ground-state
electron donor (MII(CN)6 fragment) than would
be the case if the ligand were not capable of be-
having as a p acceptor. According to this argu-
ment: (a) addition of electron withdrawing groups
such as Cl, F, or NO2 to the trans pyridine ligand
should further extend the e�ective one-electron
transfer distance, but (b) similar ligand alterations
cis to the bridge (i.e. orthogonal to the bridge)
should have little e�ect upon the e�ective one-
electron transfer distance.

The electroabsorption experiments also provide
information about changes in molecular polariz-
ability. We [5] and others [19,20] have previously
noted that both the positive signals and compar-
atively large magnitudes of Tr(Da12) are indicative
of multiple upper excited state participation in the
nominally intervalence charge transfer transitions.
Indeed, the polarizability parameter appears to be
much more clearly diagnostic of such participation
than does the distance or dipole-moment-di�er-
ence parameter.

4.2. Degeneracy

The crystal structure of compound 2 provides
an important insight into the nature of IVCT

transitions for this family of compounds. This
transition can, in principle, involve either degen-
erate orbital on the iron or ruthenium donor (dxz

or dyz; z is the long axis of the molecule), sug-
gesting that the transition is doubly degenerate.
However, since the octahedra of the two metal
centers are well aligned for 2 (and presumably 1, 3,
and 4), it is likely that only one of these will ef-
fectively overlap with the single available acceptor
orbital (either dxz or dyz) on the ruthenium center.
Thus, since donation only occurs to one orbital,
the appropriate degeneracy is one.

For compounds 2 and 4, the degeneracy of the
dxz and dyz acceptor orbitals is removed by the
presence of the pyridine ligand. Since the plane of
the ring is at roughly 37° with respect to the am-
monia±ruthenium±ammonia plane, the p overlap
will be greater for one d orbital than the other,
e�ectively splitting the orbitals energetically.

4.3. Electronic coupling

The electrochemical studies of compounds 1±4

have been used to conclude that the extent of
delocalization as measured by c2

b is a factor of 3±5
greater than that derived solely from oscillator
strength measurements [9] (assuming a ``geomet-
ric'' metal±metal charge transfer distance, see
Table 2). It is possible that the discrepancy is due
to the fact that the charge transfer distance (from
Eq. (4), Table 1) within these chromophores is
signi®cantly smaller than the geometric separation
of the donor and acceptor of 5.05 �A, derived from
crystallographic measurements.

To evaluate this suggestion, the results from
Stark spectroscopy can be used to assess the mix-
ing parameter c2

b. Toward this end, we must ®rst

Table 2

Electronic coupling and delocalization parameters

Compound Hab
a (cmÿ1) Hab

b (cmÿ1) Hab
c (cmÿ1) c2

b
a c2

b
b c2

b
c

1 1600 2800 3100 0.024 0.080 0.10

2 1500 1600 2500 0.033 0.036 0.10

3 1800 3000 4200 0.016 0.044 0.09

4 2200 2700 3700 0.031 0.045 0.09

a From absorption experiments utilizing geometric separation of donor and acceptor (5.05 �A).
b From absorption and electroabsorption (Stark) experiments.
c From electrochemical experiments. Note that this method produces only one c2

b value for each family of compounds.
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extrapolate the distance parameters results to the
diabatic limit (designated by ab subscripts), as
outlined in Eqs. (9) [4] and (10) [3]:

l12 � 2:07� 10ÿ2 emaxDm1=2

Eop

� �1=2

; �9�

Dlab � eRab � �Dl2
12 � 4l2

12�1=2
: �10�

Here l12 is the transition moment (e�A), emax is the
molar extinction coe�cient at the band maximum
(cmÿ1 Mÿ1), Dm1=2 is the bandwidth determined by
the full width at half maximum (cmÿ1), and Eop is
the absorption maximum (cmÿ1). A comparison to
the electrochemical experiments is then accom-
plished by evaluating the mixing parameter, c2

b, via
Eq. (11):

c2
b �

1

2
1

"
ÿ Dl2

12

Dl2
12 � 4l2

12

� �1=2
#

� 1

2
1

�
ÿ Dl12

Dlab

�
: �11�

Although the new results (Table 2) indicate a
higher degree of delocalization than did the origi-
nal spectroscopic studies [9], they point to a lower
degree of delocalization than do the electrochem-
ical investigations. (Recall that the electrochemical
analysis is una�ected by revisions in the e�ective
charge transfer distance.)

The discrepancy between the electrochemi-
cal and Stark derived estimates for c2

b (again see
Table 2) is somewhat surprising, in view of the
essentially identical levels of theoretical approxi-
mation inherent to the two analyses (®rst-order
perturbation, two-state limit, neglect of direct
orbital overlap, etc.). Watzky and co-workers have
pointed out, however, that additional factors, such
as substitution-induced changes in solvational free
energies, can, in principle, contribute to the elect-
rochemical response [21]. In addition, in imple-
menting the electrochemical analysis, we assumed
that metal orbital mixing e�ects are ®nite
for (NC)5MII±CN±M0III(NH3)4Y1ÿ species but
zero for the (NC)5MIII±CN±M0III(NH3)4Y0 and
(NC)5MII±CN±M0II(NH3)4Y2ÿ forms. While the
distinctions regarding degrees of mixing clearly are
qualitatively correct, it is conceivable that they fail

to an experimentally signi®cant extent in quanti-
tative studies. A third point is that the electro-
chemical analysis necessarily assumes that the
degree of orbital mixing is identical for all mem-
bers of a given series of compounds ± an as-
sumption that is not supported by the Stark based
optical analysis (which provides mixing or cou-
pling information separately for each compound
examined).

Finally, the electrochemical experiments inter-
rogate orbital mixing in a ground electronic con-
®guration by postulating coupling to a
vibrationally relaxed ``redox isomer'', (NC)5MIII±
CN±M0II(NH3)4Y1ÿ. The absorption based analy-
sis, on the other hand, probes both ground and
excited state species, where the excited state is in
the Franck±Condon region, i.e., the electronic
excited state ((NC)5MIII±CN±M0II(NH3)4Y1ÿ) is
also vibrationally excited (see Fig. 5). In a strict
two-state treatment (Mulliken±Hush treatment),
the distinction is unimportant; orbital mixing
(delocalization) occurs to identical extents in the

Fig. 5. Nonadiabatic ground and excited state surfaces (arbi-

trarily scaled). Note that the optical experiment probes cou-

pling between states a and b*, whereas the electrochemical

experiment probes the coupling between states a and b. Also

note from purely energetic arguments that coupling between

state b* and higher excited states (c and d) should be much

stronger than coupling between either a or b and the same ex-

cited states (c or d).

320 F.W. Vance et al. / Chemical Physics 253 (2000) 313±322



ground versus excited electronic states. Further-
more, initial-state/®nal-state electronic coupling is
independent of the degree of vibrational excita-
tion. In real systems, however, higher lying excited
states always exist and, therefore, con®guration
interactions must be considered. From an admit-
tedly simplistic energy gap argument, these inter-
actions are likely to be greater for an excited state
prepared in the Franck±Condon region than for
either a vibrationally relaxed electronic excited
state or a ground electronic state. Indeed, this
notion is supported by the Stark-derived Tr(Da)
data discussed above and elsewhere [5,19].

Based on the above discussion, we suggest that
the Stark-based optical analysis likely provides
more reliable orbital mixing and electronic cou-
pling information than does the electrochemical
analysis. On the other hand, the electrochemical
technique is in some respects quite attractive. Most
notably, it altogether avoids the uncertainties ac-
companying the treatment of internal ®eld cor-
rections in the Stark analysis.

5. Conclusions

Stark spectroscopy of cyanide-bridged binucle-
ar metal complexes shows that the e�ective one-
electron charge transfer distance (metal-to-metal
charge transfer) can be changed by changing the
chemical identity of an ancillary ligand. The ex-
periments additionally indicate, consistent with
earlier measurements, that the e�ective charge
transfer distance can be signi®cantly shorter than
the crystallographically de®ned metal±metal sepa-
ration distance. Use of the shorter distance in a
Mulliken±Hush analysis of electronic delocaliza-
tion parameters (c2

b) and initial-state/®nal-state
electronic coupling parameters (Hab) yields pa-
rameters that are signi®cantly larger than those
obtained by using the crystallographic distance. A
comparison of the parameters to those obtained
via an alternative electrochemical analysis indi-
cates only fair agreement, with the electrochemical
analysis returning somewhat larger estimates.
Based on several admittedly tangential consider-
ations, we conclude that the absorption/electro-
absorption analysis likely provides better estimates

of two-state electronic coupling and orbital mixing
parameters.
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