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Abstract

The use of electroabsorption spectroscopy to determine the dipole-moment changes that
occur in the metal-to-ligand, ligand-to-metal, and metal-to-metal charge-transfer transitions
in mononuclear and binuclear transition metal complexes is reviewed. The ground-excited
state dipole-moment differences are much smaller than expected for the transfer of unit
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fer; phen, 1,10-phenanthroline; py, pyridine; pz, pyrazine; THF, tetrahydrofuran.
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electronic charge between the donor and acceptor centers. The results are discussed in terms
of a model in which two factors, electron delocalization and polarization of the acceptor,
donor or bridging ligand electrons in response to the changed charge on the metal centers,
are considered to be primarily responsible for the relatively small dipole-moment changes.
The implications of the results for electronic coupling elements and reorganization energies
are also discussed. © 1998 Elsevier Science S.A. All rights reserved.

Keywords: Charge-transfer transitions; Transition metal complexes; Electroabsorption spectroscopy;
Dipole-moment changes; Electronic coupling elements; Solvent reorganization energies

1. Introduction

Charge-transfer transitions result in the displacement of electron density within a
molecule or complex. The extent of this charge redistribution can be probed
experimentally through studies of (1) electroabsorption (second-order Stark) spec-
troscopy [1--5], (2) time-resolved microwave [6] and pulsed d.c. [7-9] conductivity
changes, (3) microwave absorption measurements [10], (4) the solvent dependence
of the charge-transfer band absorption or emission energy [11,12], and (5) Raman
and resonance Raman spectroscopy [13,14]. In electroabsorption spectroscopy the
effect of an externally applied electric field on the shape of the charge-transfer
absorption band is studied. The measurements yield information on the dipole
moment and polarizability changes that occur in the charge-transfer transition as
well as on the angle between the transition moment and the dipole-moment
change. This article reviews the use of electroabsorption spectroscopy to determine
the charge redistribution that occurs in the metal-to-ligand charge-transfer
(MLCT), ligand-to-metal charge-transfer (LMCT), and metal-to-metal charge-
transfer (MMCT) transitions in mononuclear and binuclear transition metal com-
plexes.

The tunability of the (NH,);RuL series (L an aromatic N -heterocycle or nitrile)
provides a powerful probe of the dependence of the dipole-moment change on the
electronic properties of L for the MLCT states of (NH,);Ru"L, the LMCT states
of (NH;)sRu''L, and the MMCT states in ligand-bridged (NH;);Ru"LRu'"(NH,),
complexes. Boxer and colleagues [2,3] have applied electroabsorption techniques to
(NH,)sRu"L where L = pyrazine (pz) and 4,4"-bipyridine (4,4'-bpy) and to their
binuclear mixed-valence counterparts and Reimers and Hush have attempted to
model the results [15,16]. This work, while revealing significant dipole-moment
changes between the ground- and excited-state mononuclear complexes, more
surprisingly shows that the changes are appreciably smaller than predicted by
widely used models. The measurements were extended to a broader variety of
(NH;)sRu"L and (NH;);Ru"'L complexes by Shin et al. [4,17] in order to further
probe the factors determining the dipole-moment differences between ground- and
excited-state systems. More recently, Karki and Hupp [5,18] reported the results of
electroabsorption measurements on the MMCT transition in cyanide-bridged binu-
clear systems. These and other studies are reviewed here.
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2. Electroabsorption equations

The changes in molar absorptivity (Ae(v)) produced by an applied field arise from
changes in both the transition energy and the transition moment. These changes are
given by Eqs. (1)-(4) when contributions from the state hyperpolarizabilities (8,
and f#.) and higher order terms are neglected.

/‘g(F)=Fg+ag‘F (1)
p(F)=p.+a. F 2)
1
hAv= —Au-F—3F-Aa-F 3)
1
.uge(F)=ﬂge+¢ge'F+§F'ﬁge.F (4)

In the above expressions, Ap = (g, — p,) and Aa = (&, — «,) are the changes in
dipole moment and polarizability, respectively, between the ground and excited
states, F is the applied field, # is Planck’s constant, g, is the transition dipole
moment, &, is the transition polarizability tensor and B, is the transition hyperpo-
larizability tensor.

Electroabsorption measurements on transition-metal complexes have generally
been carried out in 50:50 vol% glycerol-water glass at 77 K. The apparatus and
techniques are described elsewhere [3,4]. The electroabsorption spectrum is the
difference between the absorption spectrum in the presence and absence of the
applied electric field ( ~ 10° V. m ~'). Liptay has derived equations [1,19-21] for the
change in the absorption band shape in terms of the zero, first and second
derivatives of the zero-field absorption spectrum:

(%), o AY)
sy _| o B\ ¢ T\ )|

v oy 15k v 0h2 ov? Finn )

For a randomly oriented, frozen sample, the following relationships hold:
A,=A,+ (3 cos* (x) — 14, (6)
B,=B,+ (3cos’ (x)— 1)B, (7)
C,=C +(Bcos’(x)— 1NC, 8)

where y is the angle between the external (applied) field and the direction of the
polarization of the light incident on the sample. The dipole-moment change is
generally obtained from the coefficient of the second derivative term:

G
= /S o

m-Au= [24+7L (10)
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where m = p,./|u,.| is a unit vector oriented along the transition dipole moment.
The effect of the orientation of the excited-state dipole on the transition energy is
shown in Fig. 1.

The internal field F,,, which the complex experiences is related to the external
field through F,, = f,, F.. where £, depends on the shape of the solute cavity and
on the dielectric constant of the surrounding medium. For a spherical cavity the
local field correction f,,, is 3D,/(2D, + 1) which corresponds to f;,, = 1.0 to 1.5 for
1.0 < D,> oc. For the 50:50 vol% glycerol-water medium which is often used
Jino=1.33 [1,4,19-21],while f,,, = 1.3 for frozen THF [5]. (For an ellipsoidal cavity
with a long axis appropriate to the ML length of the pentaammine complexes the
value of f,, in the glycerol-water medium is 1.2 [4].) A further complication arises
from the fact that the pentaammine complexes may be solvated preferentially by
water [4,11,12] so that the local dielectric constant could differ from the bulk value.
Moreover, £, may vary from one solute to another. Such variation is neglected
here.

For the case that both the transition dipole moment and the ground-excited state
dipole-moment difference are polarized along the = axis (the M—L bond direction),
ie. m=[0,0, 1] and within the constraints of a two-state model (the ground and
one excited state) the state and transition polarizabilities and hyperpolarizabilities
are given by:
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Fig. 1. Pictorial representation of the origin of the electroabsorption spectrum for a molecule that has
a dipole moment in its Franck—Condon excited state and none in its ground state. The top of the
diagram shows the transition energy in the presence of an applied field and in zero field for three
orientations of the molecule. The bottom left shows the effect of the field on the absorption spectrum
and the bottom right shows the resulting difference or electroabsorption spectrum.
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A two-state model requires that the polarizabilities of the ground- and excited-
states be equal in magnitude but of opposite sign. The latter arises because of the
opposite signs of the final-state initial-state energy differences. Further, in the
two-state z-polarized model the coefficients in the Liptay expression are related by:

[3(A” )2 B 4(ﬂge)2]

A|=§A2= 3(Ee—Eg)2 (17)
s L0AR) — ()]

B =iB,= £ —E) (18)

C =1C,=5|Anf? (19)

In general, experimental values for B,/B, and C,/C, are close to 2.5, consistent with
the one-dimensional, two-state model.

3. Further implications of the one-dimensional, two-state model

To better understand the ground-excited state dipole-moment differences, we
consider the implications of the two-state z-polarized model. Our treatment paral-
lels that of Reimers and Hush [15] in most respects. If ¢, and ¢, denote the wave
functions of the zero-order localized initial and final (for example, metal-centered
and ligand-centered) states, their interaction gives rise to two linear combinations
(the adiabatic states). The lower energy state, ¥, = c,¥, + ¢y, corresponds to the
ground state and the upper, . = c, ¥, — ¢ ¥, 10 the excited state (when the overlap
integral S,, is neglected, or is zero by construction [22], and the mixing coefficients
are normalized, i.e., ¢2+ ci=1). The ground-excited state transition occurs at
hv=E.— E, with the transition dipole moment determined from the oscillator
strength f,; for the transition, Eq. (20) (#, in eA, energy in cm~'). For a
Gaussian-shaped absorption band £, is given by Eq. (21).

Hee = [£os/(1.08 x 10~ X(E, — E)]'? (20)
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fos=4.61 x 1077 ¢, Av,,, 21
Within the two-state model,

.uge = Cacb(ﬂb - ”a) (22)

where (u, — p,) = er,, is the difference between the dipole-moments of the diabatic
(localized) states, r,, is the effective electron-transfer distance, and the transition
dipole moment between the localized states (u,,,) is assumed to be zero [4,22,23]. As
a result of the interaction of the localized states, the charge transferred in the
optical transition is decreased from e to (1 —2c2)e and the measured dipole-mo-
ment change Ap and the dipole-moment difference between the diabatic states
(uy, — u,) are thus related by [4,22]:

In other words, electron delocalization reduces the ground-excited state dipole-mo-
ment difference by 2cZer,, =2ci|(u, — p,)|. Further, the ground-excited state
dipole-moment difference and the transition dipole moment are related by:

ct—ci
Ap= ( h)ﬂge (24)

€Ay

The diabatic dipole-moment difference, an important parameter in the electronic
coupling and reorganization energy expressions discussed below, can thus be
calculated from purely experimental quantities [15,23]:

(o — p) = [(Ap) + 4(pg))'? (25)

(an alternative way of stating the above relationships is to recall that the off-diag-
onal matrix elements u,, of the diabatic dipole-moment matrix are all zero. The
matrix of the ¢; coefficients, C, transforms the diabatic to the adiabatic wave
functions. C also diagonalizes the Hamiltonian and converts the diagonal diabatic
dipole-moment matrix to the nondiagonal adiabatic dipole-moment matrix through
a similarity transformation.)

The molecular and state properties are readily related through the magnitude of
ct. In general, ¢{ is a function of the energy differences between the diabatic states
and their symmetry and spatial properties. It can be calculated from experimental
quantities using Eq. (26) (which follows from Eq. (23)) with (g, — u,) given by Eq.
(25) [17,23].

1 A
cgz—(l— £ ) (26)
2 Ho — Ha

It is apparent from the above expressions that Ay — (g, — #,) and g, —0 as the
system becomes more localized, i.e. as ¢ —0, and that Ag —0 and (g, — #,) > 24,
as the system becomes delocalized, i.e. as ¢§—1/2. The charges and distances
implicated in the diabatic and adiabatic dipole-moment changes in MLCT and
LMCT transitions are summarized in Table 1.
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Table 1

Dipole-moment changes in MLCT and LMCT transitions

Description Charge transferred Effective distance®
Primitive dipole-moment change” e ro

Diabatic dipole-moment difference (s, — #,) e Tab

Contribution from ground-state delocalization 2cie Yab

Adiabatic dipole-moment change (.~ p,) (1-2cd)e Tab

# The primitive model neglects the dipole-moment change resulting from the polarization of the metal
and ligand valence electrons: r” is the distance separating the localized donor and (reduced) acceptor
charge centroids and can be viewed as the distance between the average positions of the transferring
electron.

® The effective electron transfer distance r,, = |(#, — p,)/e| is the distance over which a single electron
would need to be transferred if its displacement were solely responsible for the dipole-moment difference
between the localized states. It is usually much less than r° because of valence electron repolarization.

4. Comparisons of experimental dipole-moment and polarizability changes with the
two-state model predictions

Dipole-moment changes determined by electroabsorption spectroscopy for
MLCT, LMCT and MMCT transitions in transition metal complexes are summa-
rized in Table 2. As discussed previously [3,4,17], the Au values are much smaller
than those obtained from a primitive model in which an electron is assumed to
transfer between the donor and acceptor centers with the remaining electrons
frozen. Values of (u, — u,) calculated from Eq. (25) and of ¢} calculated from Eq.
(26) are also included in Table 2.

4.1. Metal-to-ligand and ligand-to-metal charge transfer transitions

In a recent treatment of MLCT and LMCT transitions [4,17] two factors,
electron delocalization and polarization of the ligand electrons, are considered to be
primarily responsible for the relatively small ground-excited state dipole-moment
changes. These will be discussed in turn.

Because of m-backbonding for the M(Il) and =-bonding for the M(III) com-
plexes, less than unit electron charge is transferred from the donor to the acceptor
in the optical transition. Thus, the negligible Az values for the high-energy
transitions in [(NH;);Ru"pzH]* * and [(NH,)sRu''pzCH,]? * (Table 2) are correlated
with essentially complete delocalization of the orbitals involved (cZ=0.5). As
discussed elsewhere [12,24,25], the high-energy transitions in the pyrazinium com-
plexes are best described as bonding-to-antibonding, rather than as MLCT, an
assignment consistent with the solvent independence of the high-energy band.
Similar considerations apply to the high-energy transition in [(NH,);Os"pzCH;]**+,
which has some LMCT character with ¢ = 0.27 and Ag = 1.1 eA. (The assignment
of the high- and low-energy transitions of the Os(II) complex as LMCT and
MLCT, respectively, is based on the solvent dependence of the transitions and their
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dependence on the L/L ~ reduction potential [12].) In contrast to the high-energy
transition, the low-energy band in [(NH;);Ru"'pzCH,]’ *shows a normal MLCT
solvent dependence with a dipole moment change slightly larger than that for the
pyridine and pyrazine complexes. For this transition ¢f = 0.02, which is much less
than ¢ for the other MLCT transitions. This arises because the low-energy transition
in [(NH,)sRu"pzCH,]* * originates from a t,,-type d; orbital that interacts only
weakly with the ligand n* orbital due to small spatial overlap [25]. At the other
extreme, the dipole-moment change in the LMCT transition in [(NH;)sRu""-NCph-
4-N(CH,),)* tis very large, again consistent with a highly localized description
(cZ < 0.01). The dipole-moment change in the MLCT transition in Ru(phen)3 *is 1.4
eA [26], very similar to the value reported for Ru(bpy); *[27]. Formation of the triplet
MLCT state of Ru(phen)? *is also accompanied by a similar dipole-moment change
[26). The electroabsorption results are inconsistent with time-resolved resonance
Raman studies which suggest that the MLCT excited state of Ru(phen)? ~, unlike
that of Ru(bpy)3 *, is delocalized [28].

The second major factor determining the dipole-moment change is the displacement
of the ligand valence electrons as a result of the changed charge on the metal center.
In an MLCT transition, the charge on the metal center is increased by the transfer
of an electron from the metal to the ligand. The higher charge causes the ligand
electron distribution to shift toward the metal center, resulting in a dipole-moment
change opposing the change produced by the transferring electron. Analogous
considerations apply to an LMCT transition. Within this framework, the dipole-mo-
ment difference between the localized ground and excited states in MLCT and LMCT
transitions is given by Eq. (27), where n is the number of valence electrons in L (for
example, 30 for pyridine), r" is the distance between the metal center and the negative
charge center of the localized ligand, and Ar is the displacement of the negative charge
center of the ligand as a result of the altered charge on the metal center (Fig. 2). Note
that »° and Ar have opposite signs.

(up, — p,) ~ er® + neAr Q27N

The first term on the RHS is the product of a unit charge and the distance between
the metal center and the negative charge center of the ligand. This term can be viewed
as the dipole-moment change due to the transferring electron [4]. Although there is
only a very small displacement of the negative charge center of the ligand, i.e.
|Ar| < |r?, the second term is still significant because n is large. Thus the ground-ex-
cited state dipole-moment difference is generally much less than the dipole-moment
change associated with the transferring electron because an opposing dipole-moment
change is produced by the displacement (polarization) of the remaining valence
electrons.

The effect of valence electron polarization has been estimated by using an
INDO-SCF method [29] to determine the shift of the center of the ligand valence
electrons upon MLCT and LMCT excitation [17]. This approach does rationalize the
relatively low (u, — g,) values for the pentaammineruthenium(II) and (III) complexes
[4]. The calculations show that the valence electron repolarization contribution is larger
for MLCT transitions, accounting for their lower (g, — u,) values for a given L [17].
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The ground-excited state polarizability differences calculated from the two-state
Eq. (13) range from — (3.9 to 1.1) x 107*° C m? V~'. On the other hand, the
values estimated from the B coefficients of the electroabsorption spectra vary from
(—1to +21)x 107 C m? V- ! [4]. The most negative Ax values are for the
Ru(II) and Os(II) complexes with L = pz, pzH*"and pzCH;". Evidently, the
polarizability differences cannot readily be rationalized within a two-state model
and it is necessary to include higher excited states. This is particularly true for
excited-state polarizabilities. The effect of the permanent dipoles of the NH, ligands
on the ground-excited state dipole-moment changes has also been considered [4,15].
The effects are difficult to model because of the uncertainty regarding the magni-
tudes, and even the signs, of the ground-excited state polarizability differences. An
ab initio treatment of the MLCT dipole-moment changes in (NH;);sRu"L com-
plexes with L = pz, pzH " and py has been published recently [30,31]. The results are
encouraging.

4.2. Metal-to-metal charge transfer transitions

Although the electroabsorption spectrum of [(NH;);Ru"'—pz—Ru''(NH,)]’*is
complicated [3], the small dipole-moment change in the MMCT transition is
indicative of essentially complete electron delocalization (cZ = 1/2). The same
conclusion has been reached from other studies of the pyrazine-bridged complex

“N\ /"

Electron Transfer Distances

L N
: < Ar

Dipole Moment Changes
primitive er® ——————— |
: polarization correction
—- nedr
(Ho = Ha) it ¥

Fig. 2. Ilustration of the contributions to the diabatic dipole-moment change in the MLCT transitions
in (NH;);Ru"'py-X. The top section show the primitive one-electron transfer distance, »°, and the
difference in the position of the center of negative charge on the ligand in the ground and excited states
of the complex, Ar (this distance is exaggerated for clarity). The bottom section shows the two
contributions to the diabatic dipole-moment change (g, — g,): er? is the primitive dipole-moment change
due to the transfer of one electron from the Ru center to the center of negative charge on the ligand and
neAr is the opposing dipole-moment change produced by the shift in the negative charge center of the
ligand as a result of the increased charge on the metal center.
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RuH—-N\ / \ /N~——Rum

HRunoL  <— < K Ruqm
- M
—_—
nedr;,
(W — Ha)

Fig. 3. Ilustration of the contributions to the diabatic dipole-moment change in the MMCT transition
in [(NH,);Ru"'-4,4"-bpy—Ru'""(NH,)]* *'. ery, . is the primitive dipole-moment change due to the
transfer of an electron between the Ru centers, neAr, is the dipole-moment reduction due to the
polarization of the electrons of the bridging ligand, pg .. and g . guan, are dipoles resulting from
metal-to-ligand and ligand-to-metal electron delocalization, respectively, and (u, — g,) is the diabatic
dipole-moment change for the MMCT transition.

[32]. By contrast, the dipole-moment change in the MMCT transition in
[(NH;);Ru"-4,4'-bpy-~Ru'™(NH,);]’ " is larger than any of the MLCT values in
Table 1 and is consistent with a localized structure (¢ =~ 0.01), with the dipole-mo-
ment correction for metal-metal delocalization amounting to only about 0.1 eA.
The value of (u, — u#,) for the MMCT transition in the bipyridine-bridged complex
is 4.6 eA, slightly larger than the diabatic dipole-moment difference in
[(NH,);Ru"-4,4-bpyH *]’* . For comparison, the metal-metal separation in the
binuclear complex is 11.3 A [32]. There is no metal-to-ligand or ligand-to-metal
electron delocalization in the diabatic states for MLCT and LMCT transitions and
Eq. (25) allows for the delocalization in the adiabatic charge-transfer states. For
MMCT transitions, Eq. (25) only corrects for the metal-to-metal delocalization,
which is small for weakly coupled binuclear systems. However, metal-to-ligand and
ligand-to-metal electron delocalization is present in the diabatic states for MMCT
transitions and this interaction will change the effective metal-to-metal charge-
transfer distance. Thus, in terms of the present model, the factors primarily
determining the dipole-moment change in the MMCT transition in [(NH,);Ru''-
4,4"-bpy—-Ru""'(NH;);]° * are metal-ligand electron delocalization and repolariza-
tion of the ligand valence electrons. Accordingly, the dipole-moment change in the
MMCT transition is given by:

(e —p) =y —p) =ery _yy— 2(|"Ru(ll)»LI + IﬂL-*Ru(Ill)D - ”eIA"L‘ (28)

where ry _y is the Ru—~Ru separation in the binuclear complex, 2|ug,1,—.(| and
2|uy . guam| are the contributions to the dipole-moment change from metal-to-lig-
and and ligand-to-metal delocalization, respectively (the factor 2 arises because
there are two ruthenium centers), and |ArL\ is the displacement of the valence
electrons of the bridging ligand in the MMCT transition (Fig. 3).



B.S. Brunschwig et al. / Coordination Chemistry Reviews 177 (1998) 61-79 73

We model the metal-ligand delocalization in the binuclear complex by the
delocalization obtaining in the corresponding mononuclear complexes. The differ-
ence between the (mu,—p,) and Ag values for MLCT in [(NH,);Ru" —4.4'-
bpyH *]* *indicates that the ground-state Ru(ll)-to-ligand delocalization reduces
the dipole-moment change by 0.8 eA (2¢i|(m, — m,)|, see Appendix A). The corre-
sponding difference for the LMCT transitions in the (NH;);Ru"'py—X complexes
shows the effect of the ground-state ligand-to-Ru(Ill) delocalization to be much
less, amounting to only about 0.1 eA (cﬁ[(yb— pa)|, Appendix A). Assuming a
similar degree of interaction of the metal centers with the bridging ligand in the
binuclear complex (a reasonable assumption since the MLCT transition dipole
moments for the mononuclear and binuclear complexes differ by only ~ 5%
[33-35]), metal-ligand delocalization will lower the dipole-moment change for
the MMCT transition in [(NH,);Ru"-4,4-bpy—Ru(NH,);]’*by about 2 x
(0.8+0.1)~2 eA. For comparison, ZINDO calculations of the shift of the
charge centroids of the three 4d -type spin orbitals in [(NH,);Ru"-4.4'-bpy—
Ru'(NH,);]’ *indicate a somewhat larger degree of delocalization. With the
Ru(II) and Ru(III) located at — 5.65 and + 5.65 A, respectively, the centroids of
the doubly and singly occupied 4d, orbitals are found at —4.80 and +5.42 A.
These shifts translate to a 2.9 eA decrease in the MMCT dipole-moment change.

The repolarization of the bipyridine valence electrons resulting from the change
in the metal charges can be estimated from a ZINDO calculation in which
2 4+ and 3 + point charges are placed 2.0 A from the N atoms of the bipyridine to
simulate the metal charges in the mixed-valence complex. These calculations
indicate a contribution of ~ 2.8 eA from ligand electron repolarization. The
effects of the metal-ligand electron delocalization and the bipyridine valence
electron repolarization thus yield a (g, —p,) of ~6 eA, close to the 4.6 eA
observed for the MMCT transition in the 4,4'-bipyridine-bridged mixed-valence
complex.

The dipole-moment change in [(NC);Fe''-CN-Os"(NH,)s]~ cotresponds to
only about half the Fe—Os separation [5]. Similar results were found for the
dipole-moment change in [(NC);Os"-CN-Ru'""'(NH,);]~ [18]. As a consequence
of the stronger spin-orbit coupling and greater d orbital extension obtaining in
the latter binuclear complex, charge transfer from the d; orbital is less unfavor-
able and two MMCT transitions are seen, a lower energy (d,, parallel) transition
with a dipole-moment change of 2.8 eA and a higher energy, less intense (d,,
perpendicular) transition with a dipole-moment change of 4.0 eA. As expected
from the naive model, the d; orbital is less mixed with the bridging ligand
orbitals and the transition from the d; orbital features the larger dipole-moment
change. However, delocalization is not sufficient to account for the small dipole-
moment changes and it is again necessary to invoke valence electron repolariza-
tion to rationalize the results [18]. Finally, when the donor and acceptor sites are
symmetrical and their electronic coupling weak, as in linked iron polypyridyl
complexes, the metal-metal separation approximates closely the effective charge-
transfer distance [36]. The effects of spin—orbit mixing also need to be more
explicitly considered.
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5. Electronic coupling elements

The electronic matrix element coupling the two diabatic states can be evaluated
from spectroscopic properties utilizing the Mulliken—Hush expression. The latter
expression is usually cast in terms of r,,, the donor—acceptor separation. However,
as discussed elsewhere [22,23], (#, — #.), the difference between the dipole moments
of the diabatic states, is the more fundamental quantity, and indeed, in its original
derivation [37], the electronic coupling element H,, is expressed in terms of
(#p, — #,), as shown in Eq. (29):

ﬁmuxﬂge
M — Hy

Since the diabatic dipole-moment difference is related to the transition moment and
measured dipole-moment change by Eq. (25), (4, — u,) is readily derivable from
measurable quantities. Eq. (29) is applicable to both class II (localized) and class II1
(delocalized) systems of the Robin and Day classification [22].

The H,, values in Table 2 are generally 30—50% lower than the electronic coupling
values presented earlier [22]. The latter were based on r° rather than on r,, values.
As is evident from Table 2, the metal-ligand coupling elements derived from the d,
MLCT transitions in the (NH,);Ru"py-X complexes range from (7-10.5) x 10°
cm ~ ! while those for the LMCT transitions in the (NH;);Ru"""py—X complexes vary
from (2.6-3.4) x 10° cm ~'. For purposes of comparison, it is necessary to divide the
Ru(Il) values by \/ 2 to allow for the two Ru(II) spin configurations (deriving from
excitation of either d, electron). Despite this, the Ru(II) complexes still feature larger
coupling elements. In terms of Eq. (29), the larger H,, values for the Ru(Il)
complexes derive primarily from the larger oscillator strengths for the MLCT
transitions and their smaller dipole-moment changes.

The metal-ligand coupling elements enter into superexchange expressions for the
metal-metal coupling elements H,,y, in weakly coupled ligand-bridged mixed-va-
lence systems. In MMCT transitions in diruthenium decaammine systems in which
the Ru—~Ru coupling is provided by mixing with an MLCT state, Hy,y is given by
Egs. (30a) and (30b) where H,,_ is the metal-ligand coupling element for
(NH;);Ru"L at the Ru"~N equilibrium configuration, Hy,, is the corresponding
quantity for a (NH;);Ru"'L at the Ru'"'-N geometry, and AE,,, is the effective
metal-ligand energy gap [22].

‘Hab’ = (29)

Hy Hy,
H —_—
MM AEy (30a)
Ll ( 1 : ) (30b)
AE‘ML 2 AE‘ML(‘T AE'M LCT — AE‘M MCT

Recent calculations have shown that Hy, and Hy,, for (NH;);Ru"L complexes do
not differ significantly [38], and the elements will be assumed to be equal for the
systems considered here. The value of the metal-metal coupling element for
[(NH;)sRu"'—4,4-bpy—Ru""'(NH;);]* *, calculated from Eqs. (30a) and (30b) with
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Hy=Hy,=44x10°cm~'and AEy, =127 x 10°cm ™' [22),i5 0.8 x 10° cm !,
in satisfactory agreement with the value of 0.9 x 10° cm ™' calculated from the
Mulliken—Hush expression. This comparison shows the utility of the superexchange
formalism and Eqgs. (30a) and (30b).

6. Solvent reorganization energies

The charge transferred and the electron-transfer distance also enter into expressions
for the solvent contribution to the charge-transfer barrier. In the notation used here,
the solvent reorganization energy for electron transfer between two redox sites
centrally located in two noninterpenetrating spheres, modified for electron delocal-
ization is:

1 1 1 1 1
1 — . 2 20 T -
hmoa = (1 = 2¢2)e) (% 3 r)( B DS) (D)

where r, and 7, are the radii of the sites and D, and D, are the optical and static
dielectric constants of the surrounding medium, respectively. For electron transfer
between two sites located symmetrically on the major axis of an ellipsoidal molecule,
the solvent reorganization energy is given by:

_ (@ =2c)e)’ (11
Amod = R (D DS>SF] (32)

op

where R is the distance between the foci of the ellipsoid and it has been assumed that
the internal dielectric constant of the ellipsoid is equal to the optical dielectric constant
of the medium [39]. The shape factor SF, is a function of r,,, R, the lengths of the
major and minor axes of the ellipsoid, and the dielectric constants of the surrounding
medium. For the special case where the donor and acceptor sites are located at the
foci of the ellipsoid and certain image effects are neglected, the solvent reorganization
energy becomes:

(Ap)? 1 1
where 24 and 2B are the lengths of the major and two minor axes of the ellipsoid,
respectively, and SF;, is a function only of 4 and B [39).

The above expressions vield lower reorganization energies than their classical
counterparts in which the donor-acceptor separation is approximated by the
geometrical center-to-center distance and delocalization is neglected. Since the solvent
reorganization energy is proportional to the square of the charge transferred, the
effect of electron delocalization on the reorganization energy can be quite large.

As an illustration of the effect of the distance change we consider the MMCT
transition in the 4,4-bpy-bridged diruthenium mixed-valence complex. The two-
sphere expression, Eq. (31), is restricted to systems for which 7,,> (r,+r,), a
condition not satisfied by the binuclear complex. With the assumption that the two
spheres are in contact (r,, = 2r, = 2r, = 7.94 A) and ¢y, =0, Eq. (31) yields 4, = 23.0
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kcal mol ~'. This value, together with 4,, =4.1 and 4, = 3.6 kcal mol ' [39], yields
30.7 kcal mol~' for the MMCT transition energy, in good agreement with the
observed value of 27.8 kcal mol ~! (4, = 0.1 kcal mol ~') [32]. Despite this good
agreement, the effective charge transfer distance implicated by the dipole-moment
change (4.6 A) is less than the close-contact r,,, value used in the calculation. The
shape of the molecule and the relative short charge-transfer distance suggest that the
binuclear complex may be more appropriately modeled by an ellipsoidal cavity. For

Fop=4.6,7.94 and 11.3 A, Eq. (32) with the constant-volume assumption [39] yields
Ao = 13.7, 27.9, and 42.8 kcal mol ~ ', respectively The minimum-enclosing-volume
assumption for the ellipsoidal cavity ylelds lower solvent reorganization energies (Fig.
4). The effect of changing the charge transfer distance is thus quite dramatic, with
the constant-volume condition for the ellipsoidal cavity together with r,, values in
the range 5.5-7.2 A (r.,/24 =0.3-0.4) yielding reasonable agreement with the
experimental 4, value.

40 +

Aout, kcal mol™

20 =

O i 1 Il 1 1 1 . Ll 1
0 0.2 0.4 0.6 0.8
lap/2A

Fig. 4. Plot of the outer-shell reorganization energy versus r,,/24 calculated using the ellipsoidal cavity
model. The curves are constructed assuming that the charge transfer sites are located symmetrically a
distance r,,, apart on the major axis of the ellipsoid: cve and eve represent the constant-volume ellipsoid
and minimum-enclosing-volume ellipsoid models, respectively [39]. The cve assumption yields an ellip-
soid with major axis (24), minor axes (2B), and interfocal length (R) equal to 18.4, 7.10 and 17.0 A,
respectively, while the corresponding eve axes and interfocal length are 22.7, 8.42, and 10.54 A. The cve
model constructs a cavity with a volume equal to that of [(NH;);Ru"'-4,4"-bpy--Ru"(NH,),}* * ideal-
ized as two spheres of effective radius 3.87 A. The major axis of the ellipsoid just encloses the two axial
ammines which extend 3.55 A from the metal centers. The eve model constructs the smallest ellipsoidal
cavity that completely encloses the binuclear complex. The Ru—Ru separation in the complex is 11.3 A.
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Finally, the delocalization-corrected reorganization expressions should be used
with caution [41]. For example, the energy of the optically induced charge transfer
in a symmetrical double well system, v_,,, is independent of the degree of
delocalization [22]. This arises because an additional term in v,,, cancels the
delocalization correction to 4, and 4;,. Detailed energy expressions that illustrate
the effect of delocalization are available [41].

7. Conclusions

Data from absorption (transition dipole moment) and electroabsorption
(dipole-moment change) spectroscopy can be combined with a two-state model to
give estimates of the degree of mixing of the (noninteracting) diabatic states, the dipole
moment difference of the diabatic states, and the electronic matrix element coupling
the diabatic states for charge transfer transitions. These are important quantities
characterizing optical and thermal charge transfer in transition metal complexes.
While the two-state model is reasonably successful in interpreting the dipole-moment
changes, it is less successful in predicting polarizability changes.

The measured dipole-moment changes are significantly smaller than expected and
can be rationalized in terms of a model that considers the effects of electron
delocalization and the shift of the valence electrons due to the change in charge
distribution upon electron excitation.

Various electron-transfer distances are implicated by the dipole-moment
expressions considered. As defined in Eq. (27), r” is the distance separating the
localized donor and (reduced) acceptor charge centroids. It can be viewed as the
distance between the average positions of the transferring electron and is equal to
|(#, — m,)/e| only if the other electrons are not affected by the charge transfer [4,22).
As shown by the modeling results, there is an appreciable contribution to (u, — g,)
from the shift of the ligand valence electrons, particularly for the MLCT transitions.
Although the magnitude of this valence-electron shift (and the corresponding
charge-centroid shift) is not large, it translates into a substantial dipole-moment
change since there are many ligand valence electrons, typically > 30. In order to take
the valence-electron shift into account, the effective electron-transfer distance
T = |(#5 — #)/e| is introduced; |r,,| is less than |r°| and corresponds to the distance
over which a single electron would need to be transferred if its displacement were
solely responsible for the dipole-moment difference between the localized states. Not
only is the effective electron-transfer distance an important quantity determining
dipole-moment changes in charge transfer processes, it also enters into expressions
for the electronic coupling element and the solvent reorganization energy.
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Appendix A. Dipole-moment contribution from electron delocalization

The reduction in the dipole moment resulting from electron delocalization in
the diabatic states for the MMCT transition can be modeled as follows. For the
MMCT transition in a weakly coupled mixed-valence complex such as
[(NH,)sRu''-4,4"-bpy-Ru'™(NH,)s]° * we consider the two ruthenium centers sep-
arately, with one end modeled as (NH;);Ru''L and the other as LRu'"'(NH,)s.
After the MMCT transition the two centers switch their identities. Considering
first the Ru(Il) end of the dimer, the initial state of (NH;);Ru''L is modeled
assuming that the important interaction is between the filled metal d, and the
empty ligand z* orbital. Using an LCAO approach we can write the relevant
molecular orbital as:

Y= Cawdn + Cb¢Ln*

The molecular orbital is predominately metal in character so that ¢, is large and
¢, small. The electronic charge on the metal center is 2c2e = (2 — 2c?)e and that
on the ligand is 2cie. Since the Ru(Il) center formally has two d, electrons and
the ligand #n* orbital was empty before delocalization, the charge transferred
from the metal to the ligand is 2cie, translating to a contribution of 2ci(y, — u,)
to the ground-excited state dipole-moment change from ground-state delocaliza-
tion. There is no contribution to the MLCT dipole-moment change from excited-
state delocalization.

After the MMCT transition the Ru(Il) end becomes (NH,);Ru'""L. We assume
that the important interaction is now between the half-filled metal d, and the
filled ligand = orbital. Thus, three electrons need to be considered. The relevant
molecular orbitals are now:

VY =cWar + Clin

yll = = cawdn + Cbl//Ln

where ¥, and ¥, are the filled, lower energy and singly occupied, higher energy
orbitals, respectively. Note that ¢, is again the smaller coefficient. The electronic
charge on the metal center is now (2¢i+ c2e = (1 + ci)e. Since the Ru(IIl) cen-
ter formally has one d, electron (before delocalization), ligand-to-metal delocal-
ization has increased the electronic charge on the ruthenium by cle. The
corresponding contribution to the LMCT ground-excited state dipole-moment
difference is c{(m, — u,). The delocalization present in the excited state con-
tributes an equal, but opposite, amount to the LMCT dipole-moment change. In
each case the ground-state electron delocalization is in the same direction as the
corresponding MLCT or LMCT transition, with the vector for the delocalization
dipole, like that of the excited-state dipole, pointing from the negative to the
positive charge. Moreover, in each case electron delocalization contributes
2ci(pu, — p,) to the ground-excited state dipole-moment difference.
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