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Abstract

A three-dimensional nuclear coordinate representation of the intervalent electron transfer
processes occurring in the trinuclear mixed-valence complex, [(NC)5Fe(II)�CN�
Pt(IV)(NH3)4�NC�Fe(II)(CN)5]4−, is discussed in terms of the degree of coupling between
electronic states. The related dinuclear complex, (NC)5Fe(II)�CN�Pt(IV)�(NH3)5, has been
synthesized and characterized by UV–vis and IR absorption spectroscopies, cyclic voltam-
metry, resonance Raman spectroscopy, and single crystal X-ray diffraction. The visible
absorption spectra and time-dependent resonance Raman intensity analyses of the two
complexes are compared with regard to the amount of electronic coupling in the trinuclear
complex. The absorption spectrum of the trinuclear complex has been fit to a model, which
includes a solvent broadening parameter. Based on this fit, the total reorganization energy of
the photoinduced intervalent electron transfer has been calculated to be approximately 75%
outer sphere. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Mixed-valence complexes are a class of inorganic compounds, which exhibit
intervalent electron transfer (IT) between two metal centers. They have attracted a
great deal of interest in recent years, due to their potential application in solar
energy conversion, photocatalysis, and molecular electronics [1]. Our lab has
previously reported the synthesis of the trimetallic, mixed-valence anion,
[(NC)5Fe(II)�CN�Pt(IV)(NH3)4�NC�Fe(II)(CN)5]4− (herein referred to as
Fe(II)�Pt(IV)�Fe(II)) from aqueous K3Fe(CN)6 and Pt(NH3)4(NO3)2 [2]. The ab-
sorption spectrum of Fe(II)�Pt(IV)�Fe(II) contains an intense band (o=2365 M−1

cm−1) centered at 424 nm. Irradiation into this band results in the dissociation of
Fe(II)�Pt(IV)�Fe(II) into two equivalents of ferricyanide and one equivalent of
platinum(II) tetrammine (collectively referred to as Fe(III)/Pt(II)/Fe(III)), which is
a net two-electron transfer process [2]. The crystal structure of the platinum(II)
tetrammine salt of Fe(II)�Pt(IV)�Fe(II) reveals that the complex possesses D4h

symmetry and is centrosymmetric about the platinum atom [2]. Since Fe(III)/Pt(II)/
Fe(III) is also symmetric with respect to the inversion center of the complex, the
simultaneous transfer of both electrons is symmetry-disallowed. Therefore, we have
assigned the 424 nm band as the IT of one electron from Fe(II) to Pt(IV), yielding
the reactive intermediate Fe(III)�Pt(III)�Fe(II). The intermediate then dissociates
by a second, thermal IT from the remaining Fe(II) to Pt(III), yielding Fe(III)/Pt(II)/
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Fe(III) [2]. A simplified description of these IT processes is given by the two-dimen-
sional, three-parabola potential energy diagram shown in Fig. 1 [3,4].

2. Simplified time-dependent perturbation theory analysis of resonance Raman
scattering intensity

An important parameter in understanding any photoinduced electron transfer
process is the reorganization energy. According to classical Marcus–Hush theory,
reorganization energy is defined according to Eq. (1), where l is the reorganization
energy, Eop is the energy of the absorption band maximum, and DG12 is the free
energy

l=Eop−DG12 (1)

difference between the ground vibrational states of the donor and acceptor elec-
tronic states [1e,f,5,6]. In other words, the reorganization energy is the degree of
vibrational excitation of the acceptor, which occurs as a result of the absorption of
light in a photoinduced electron transfer. The reorganization energy of the Fe(II)�
Pt(IV) IT in Fe(II)�Pt(IV)�Fe(II) is labeled in Fig. 1. Reorganization energy can be
partitioned into two components, the inner sphere and outer sphere reorganization
energies. The inner sphere reorganization energy corresponds to the vibrational
distortion of the donor–acceptor complex, while the outer sphere component
corresponds to the distortion of the solvent [1e,5–11].

Tannor and Heller have developed a time-dependent perturbation theory analysis
of resonance Raman scattering which enables the calculation of the inner sphere

Fig. 1. Two-dimensional potential energy diagram of the electronic states involved in the photodissoci-
ation of Fe(II)�Pt(IV)�Fe(II).
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reorganization energy of a photoinduced electron transfer, as well as the subdivi-
sion of the total inner sphere reorganization energy into components corresponding
to each resonantly enhanced vibrational mode [12–15]. The intensity of Raman
scattered light is proportional to the square of the derivative of the polarizability
tensor with respect to the nuclear coordinate. A simplified expression for the
polarizability tensor, derived by Tannor and Heller, is shown in Eq. (2), in which
afi is the polarizability tensor, fi(t) is the time-evolving vibrational wavepacket

afi=
2pi

i
�ff�fi(t)� exp[(iDn−G)t ] dt (2)

in the excited electronic state (the initial state in the Raman scattering process), ff

is the first excited vibrational state of the ground electronic state (the final state in
the Raman-scattering process), Dn is the difference between the frequency of
incident light and the frequency of the electronic transition, and G is a damping
factor [12,13]. In this equation, the polarizability tensor depends on the Franck–
Condon overlap of ff and fi(t). If electronic states are modeled as harmonic
oscillators, the overlap of ff and fi(t) depends on the force constants of the
parabolas representing the ground and excited electronic states and the displace-
ment of their minima along the nuclear coordinate axis [13,16]. The harmonic
oscillator force constant relates to the bond strength, while the displacement of the
ground and excited electronic states indicates the degree of nuclear distortion of the
acceptor state which occurs as a result of the vertical electronic excitation [13,16].
Assuming that identical harmonic oscillator potentials describe the ground and
excited electronic states, the relative intensities of resonance Raman bands are
related to the nuclear coordinate displacements by Eq. (3), where Id is the intensity,
Dd is the unitless nuclear coordinate displacement, and nd is the frequency of the dth

I1

I2

=
D1

2n1
2

D2
2n2

2 (3)

Raman band [12,13]. Absolute displacements are calculated from the absorp-
tion bandwidth of the electronic transition using Eq. (4), where 2s2 is 25% of the
square of the absorption bandwidth at 1/e of the maximum absorbance, and the

2s2=%
d

Dd
2nd

2 (4)

summation is over all resonantly enhanced Raman modes [12,13]. The inner sphere
reorganization energy associated with each Raman mode (ld) can also be calculated
based on Raman frequencies and intensities, using Eq. (5). The total inner sphere
reorganization energy (li.s.) is the sum of the individual components associated

ld=
1
2

Dd
2nd (5)
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Table 1
Summary of time-dependent resonance Raman analyses of Hupp’s dinuclear, cyanide-bridged, mixed-
valence complexes

TotalBandwidth (1/e)Formula % li.s. on IT Reference
(cm−1) axisli.s.(cm−1)

445450 [23](NC)5Ru(II)�CN�Ru(III)(NH3)5
− 3980

(NC)5Fe(II)�CN�Os(III)(NH3)5
− 2850 38 [13]4970

64(NC)5Fe(II)�CN�Ru(III)(NH3)5
− [24]4930 2850

with each vibrational mode, as shown in Eq. (6) [12,13]. Several assumptions
are implicit in the use of these intensity analysis equations [13]: (1) there is
no mode-mixing (Duschinsky rotation) in the excited state [17], (2) only ground

li.s.=%
d

ld (6)

vibrational states are occupied [18], (3) there is no Herzberg–Teller coupling of the
first excited state to higher-lying excited states [19], (4) only a single electronic
transition is resonantly enhanced [19,20], (5) the experimentally determined absorp-
tion bandwidth is due to a single absorption band [21], (6) the potential energy
surfaces can be described as harmonic oscillators [12–15,21,22], and (7) scattering
occurs under ‘short-time’ conditions [12,14,15].

The intensity analysis method of Tannor and Heller has been applied to several
dinuclear, cyanide-bridged, mixed-valence complexes [13,19,20,23,24]. Table 1 sum-
marizes the absorption bandwidths at 1/e of the maximum absorbance, the reported
total inner sphere reorganization energies, and the contribution to the total inner
sphere reorganization energies from vibrational modes directed along the IT axis
for several of Hupp’s complexes. In two of the three complexes, approximately 40%
of the total inner sphere reorganization energy comes from vibrations along the IT
axis [13,23,24].

3. Simplified time-dependent intensity analysis of resonance Raman scattering from
Fe(II)�Pt(IV)�Fe(II) and implications on the nature of the photoinduced IT process

Our lab has previously reported an intensity analysis based on the resonance
Raman spectra of Fe(II)�Pt(IV)�Fe(II) [21]. Table 2 shows the frequency, assign-
ment, relative intensity, unitless nuclear coordinate displacement, and inner sphere
reorganization energy associated with each resonantly enhanced Raman mode.
Using Eq. (5), the total inner sphere reorganization energy was found to be 14 170
cm−1 with 457.9 nm incident light. Approximately 45% of the total inner sphere
reorganization energy came from the n(CN)-bridge, n(Fe�C)-bridge, and n(Pt�N)-
bridge modes, which lie along the IT axis of the complex. This result corresponds
well with Hupp’s findings for the cyanide-bridged dinuclear complexes [13,23,24]
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and is reasonable in light of the electron transfer axis. However,
Fe(II)�Pt(IV)�Fe(II) deviated significantly from Hupp’s dinuclear complexes in two
regards: the 8400 cm−1 absorption bandwidth at 1/e of the maximum absorbance
is considerably larger, and thus the total inner sphere reorganization energy is four
to six times as large as those of the dinuclear complexes [13,21,23,24].

The Raman excitation profiles (REPs) of Fe(II)�Pt(IV)�Fe(II), shown in Fig. 2,
are also somewhat unusual [21]. A REP is a plot of intensity versus incident
frequency for a Raman band. For resonantly enhanced Raman bands, a REP
should roughly resemble the absorption band of the corresponding electronic
transition. In the case of Fe(II)�Pt(IV)�Fe(II), the REPs of the low-frequency
(metal–ligand vibrational) modes are broad, but shifted to lower energy than the IT
absorption band. The REPs of the high-frequency (cyanide stretching) modes are
significantly narrower, and their maxima are near the IT absorption band maxi-
mum [21].

The surprisingly large absorption bandwidth and inner sphere reorganization
energy, together with the unusual REPs, have raised some theoretical questions
about the nature of the IT processes in Fe(II)�Pt(IV)�Fe(II). Due to the centrosym-
metric nature of the complex, the transient intermediate which forms following
irradiation into the IT band is doubly degenerate. That is, IT absorption equiva-
lently leads to the formation of either Fe(III)�Pt(III)�Fe(II) or Fe(II)�Pt(III)�
Fe(III). Therefore, there are two distinct nuclear coordinate axes involved in the
photoinduced IT, so a three-dimensional potential energy surface is required to
fully describe the IT processes in Fe(II)�Pt(IV)�Fe(II). The two-dimensional dia-
gram in Fig. 1 is inadequate. In order to construct the required three-di-

Table 2
Resonance Raman data and time-dependent intensity analysis results for Fe(II)�Pt(IV)�Fe(II) in 0.5 M
K2SO4 solution at 457.9 nm irradiation

Intensitya % of ltotAssignment ld (cm−1)n (cm−1) D

n(CN)-bridge 2.862123 0.96 980 7
10.42 0.372103 150n(CN)-axial

b0.63 b2078 bn(CN)-radial
bbb2062 0.98n(CN)-radial

20623 n(Fe�CN)-axial 2.44 3.03 2860
588 912402.051.00n(Fe�CN)-radial

26303.05 192.04n(Fe�CN)-bridge566
5n(Pt�NH3)505 0.51 1.71 740

d(Fe�CN) 0.70472 2.14 1080 8
418 d(Fe�CN) 0.20 1.29 350 2

3.891.38n(Pt�NC)-bridge364 192760
d(H3N�Pt�NH3) 1.56 3.06 1380295 10

a The peak at 588 cm−1 has been arbitrarily assigned to an intensity of 1.00.
b The depolarization ratios of these modes indicate that they are non-totally symmetric [21], so the

unitless nuclear coordinate displacement and inner sphere reorganization energy of these modes cannot
be calculated using the intensity analysis method presented in the text.
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Fig. 2. Raman excitation profiles of Fe(II)�Pt(IV)�Fe(II) in 0.5 M K2SO4 at incident wavelengths of
406.7, 413.1, 443.8, 457.9, 488.0, 514.5, and 647.1 nm.

mensional diagram, we have assigned the Fe(III)�Pt(III)�Fe(II) intermediate to
be caused by distortion along the ‘x ’ nuclear coordinate, while the Fe(II)�
Pt(III)�Fe(III) intermediate is caused by distortion along the ‘y ’ nuclear
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coordinate, as shown in Fig. 3(a) [22,25]. The three orthogonal axes of the
potential energy diagram are shown in Fig. 3(b). If the photoinduced IT results in
distortion along the x nuclear coordinate, then the second, thermal IT must cause
distortion along the y coordinate, and vice-versa. The two symmetry-allowed
pathways (g�u, u�g) are shown as solid lines in Fig. 3(c), and the symmetry-
disallowed simultaneous transfer of both electrons (g�g) is shown as a dotted
line. The labeled points represent the minima of the potential energy surfaces
(parabolic cones) corresponding to each electronic state involved in the IT pro-
cess. The transformation of the nuclear coordinate system from the x and y
coordinate axes into the symmetric ([x+y ]/
2) and antisymmetric ([x−y ]/
2)
linear combinations is shown in Fig. 3(d). The projection of the three-dimensional
potential energy surfaces of the four electronic states onto the plane defined by
the energy axis and the symmetric nuclear coordinate is shown in Fig. 3(e). This
projection is equivalent to the original two-dimensional potential energy diagram
of Fig. 1. The projection of the potential energy surfaces of the electronic states
onto the plane defined by the energy axis and the antisymmetric nuclear coordi-
nate is shown in Fig. 3(f). The antisymmetric projection illustrates that the
Fe(II)�Pt(III)�Fe(III) and Fe(III)�Pt(III)�Fe(II) potential energy surfaces may
overlap [22,25]. If a significant degree of electronic coupling between these two
surfaces occurs, two nondegenerate states would result, giving rise to two differ-
ent IT energies and a broader IT absorption band. This situation is shown in Fig.
3(g), in which 2 J is the degree of electronic coupling between the two electronic
states. A similar coupling of electronic states has been proposed by Scandola and
co-workers for a Ru(II)�Ru(III)�Ru(II) complex capable of undergoing photoin-
duced Ru(II)�Ru(III) IT from either of the two Ru(II) atoms [26].

The splitting of the two reactive intermediate electronic states into nondegener-
ate states might explain the exceptionally broad absorption bandwidth of the
Fe(II)�Pt(IV)�Fe(II) IT band and the large inner sphere reorganization energy
calculated with the time-dependent Raman intensity analysis. Furthermore, the
differences between the metal–ligand and cyanide band REPs could be accounted
for by the presence of two IT absorptions. If two transitions existed, then the

Fig. 3. Symmetry-based analysis of the photoinduced IT process in Fe(II)�Pt(IV)�Fe(II). (a) Photoin-
duced IT causes distortion along the ‘x ’ nuclear coordinate to form Fe(III)�Pt(III)�Fe(II) or along the
‘y ’ nuclear coordinate to form Fe(II)�Pt(III)�Fe(III). (b) The three orthogonal axes of the potential
energy versus nuclear coordinate diagram. (c) The plane defined by the x and y nuclear coordinate axes,
in which the labeled points correspond to the minima of the potential energy surfaces (parabolic cones)
representing each electronic state. The symmetry-allowed sequential IT pathways are shown by solid
lines, while the symmetry-forbidden simultaneous transfer of two electrons is shown by the dashed line.
(d) Linear combinations of the x and y nuclear coordinates yield the symmetric, ([x+y ]/
2), and
antisymmetric, ([x−y ]/
2), nuclear coordinate axes. (e) Projection of the four potential energy surfaces
onto the plane defined by the energy axis and the symmetric nuclear coordinate. (f) Projection of the
potential energy surfaces onto the plane defined by the energy axis and the antisymmetric nuclear
coordinate. The potential energy surface of Fe(III)/Pt(II)/Fe(III) has been omitted for clarity. (g)
Qualitative representation of the possible electronic coupling between the degenerate
Fe(III)�Pt(III)�Fe(II) and Fe(II)�Pt(III)�Fe(III) states. Coupling would produce two nondegenerate IT
transitions with energies Eop1 and Eop2.
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Fig. 3.
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Raman modes associated with the transition closest in energy to that of the incident
light would be selectively enhanced. The maxima of the REPs of modes associated
with the higher-energy IT transition would be shifted to higher frequency than the
maxima of the REPs of modes associated with the lower-energy transition.

On the other hand, if the potential energy surfaces of Fe(II)�Pt(III)�Fe(III) and
Fe(III)�Pt(III)�Fe(II) do not overlap significantly, or if little or no electronic
coupling occurs as a result of their overlap, then the two reactive intermediates
would remain degenerate, and only one IT energy would exist. In this case,
Fe(II)�Pt(IV)�Fe(II) would best be described as a pair of noninteracting back-to-
back donor–acceptor complexes which happen to share the same acceptor atom
(Fe(II)�Pt(IV), Pt(IV)�Fe(II)).

4. Synthesis and characterization of (NC)5Fe(II)�CN�Pt(IV)�(NH3)5 as a model
for Fe(II)�Pt(IV)�Fe(II)

In order to investigate the possibility of coupled excited states in
Fe(II)�Pt(IV)�Fe(II), the dinuclear species (NC)5Fe(II)�CN�Pt(IV)�(NH3)5 (herein
referred to as Fe(II)�Pt(IV)) has recently been synthesized [25]. This complex was
chosen because it should be capable of the same primary photoinduced Fe(II)�
Pt(IV) IT as in the trinuclear complex. Since there is only one iron atom in the
dinuclear complex, there is no possibility of coupled reactive intermediate electronic
states giving rise to two IT energies. Therefore, the absorption bandwidth and inner
sphere reorganization energy of the dinuclear complex should provide insight into
whether or not significant electronic coupling occurs in the trinuclear complex.

Fe(II)�Pt(IV) was synthesized by the reaction of aqueous solutions of
[Pt(NH3)5(OSO2CF3)](OSO2CF3)3 and K4Fe(CN)6 in equimolar amounts. When the
solutions were combined, the mixture developed a red–orange color with a broad
electronic absorption band centered at 421 nm. This band was assigned as the
Fe(II)�Pt(IV) IT absorption, by analogy with the band centered at 424 nm in the
Fe(II)�Pt(IV)�Fe(II) spectrum [2,25]. The IT bandwidth at 1/e of the maximum
absorbance for Fe(II)�Pt(IV) was 8400 cm−1, identical to that of the trinuclear
complex. The IR spectrum of Fe(II)�Pt(IV) contained two cyanide stretching bands
(2119 and 2054 cm−1), indicating the presence of bridging and terminal cyanide
ligands, respectively [25]. These cyanide stretch frequencies correspond very closely
with those which were observed for Fe(II)�Pt(IV)�Fe(II) [2]. The IR spectrum
contained a band at 585 cm−1, which is indicative of an Fe�C stretch for iron in
the +2 oxidation state [25,27]. Bands were also observed at 3000–3200, 1399, and
989 cm−1, corresponding to typical frequencies of N�H stretching modes, symmet-
ric H�N�H bending modes, and NH3 rocking modes in Pt(IV) ammine complexes
[25]. The IR spectrum provides evidence that the dinuclear complex was formed
and that both metals remain in their initial oxidation states in the complex. Cyclic
voltammetry was performed on Fe(II)�Pt(IV) in 1 M NaNO3 solution, revealing a
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single, quasi-reversible wave with E1/2=0.53 V vs. SCE [25]. This peak was
assigned as the Fe(II)/(III) couple, based on a similar E1/2=0.55 V vs. SCE for
Fe(II)�Pt(IV)�Fe(II) [2,25].

The crystal structure of Fe(II)�Pt(IV) provided further evidence for the occur-
rence of the Fe(II)�Pt(IV) IT. The Fe and Pt radial ligands are in a gauche
conformation, such that the Fe 3dxy orbital is aligned parallel to the Pt 5dx 2−y 2

orbital [25]. This arrangement allows for the spatial overlap of these orbitals, which
are the donating and accepting orbitals in the IT process. This same gauche
conformation was observed in the crystal structure of Fe(II)�Pt(IV)�Fe(II) and
provides the required electronic coupling for electron transfer between the two
orbitals [2].

5. Resonance Raman spectroscopy of Fe(II)�Pt(IV) and simplified time-dependent
intensity analysis

Resonance Raman spectra of 40 mM aqueous solutions of Fe(II)�Pt(IV), with
0.5 M K2SO4 as an internal intensity standard, were obtained at incident wave-
lengths of 406.7, 413.1, 457.9, and 472.7 nm, using either a krypton ion or argon
ion laser. Spectra of the low frequency, metal–ligand vibrational modes were also
obtained at higher excitation wavelengths. The observed spectra were baseline-cor-
rected, multiplied by the square of the wavelength of Raman scattered light to
correct for the wavelength dependence of the detector entrance slit, and normalized
using the intensities of the internal sulfate standard. The Raman spectrum obtained

Fig. 4. Resonance Raman spectra of Fe(II)�Pt(IV) at 472.7 nm irradiation (top spectrum) and
Fe(II)�Pt(IV)�Fe(II) at 476.5 nm irradiation (bottom spectrum) in 0.5 M K2SO4. The sulfate band is
marked with an asterisk in each spectrum. Frequencies and assignments of Raman bands are shown in
Tables 2 and 3.
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Table 3
Resonance Raman data and time-dependent intensity analysis results for Fe(II)�Pt(IV) in 0.5 M
K2SO4 solution at 457.9 nm irradiation

D ld (cm−1) % of ltotn (cm−1) Assignment Intensitya

1.14 1390n(CN)-bridge 112125 4.39
2107 0.51 0.39 160 1n(CN)-axial

0.88n(CN)-radial b b b2082
b b0.84 b2069 n(CN)-radial

2.11n(Fe�C)-axial 2.68 2250 18628
1.00n(Fe�C)-radial 1.96 1130 9590

2.65 20101.70 16570 n(Fe�C)-bridge
508 0.42 1.48 560 4n(Pt�NH3)

2.01 9700.69 8d(Fe�CN)475
0.25d(Fe�CN) 1.36 390 3426

3.90368 2800n(Pt�NC) 221.54
2.78 11700.53 9d(H3N�Pt�NH3)298

a The peak at 590 cm−1 has been arbitrarily assigned to an intensity of 1.00.
b The depolarization ratios of the corresponding modes in Fe(II)�Pt(IV)�Fe(II) indicate that they are

non-totally symmetric [21], so the unitless nuclear coordinate displacement and inner sphere reorganiza-
tion energy of these modes cannot be calculated using the intensity analysis method presented in the text.

with 472.7 nm incident light is shown in Fig. 4, along with that of
Fe(II)�Pt(IV)�Fe(II) at 476.5 nm. An intensity analysis of the Raman data was
performed using Eqs. (3)–(6). Table 3 lists the frequency, assignment, relative
intensity, unitless normal coordinate displacement, and inner sphere reorganization
energy of each Raman mode for Fe(II)�Pt(IV) with 457.9 nm excitation. The REPs
of the six most intense Raman modes of Fe(II)�Pt(IV) are shown in Fig. 5.

There is striking similarity between the Raman spectra of Fe(II)�Pt(IV) and
Fe(II)�Pt(IV)�Fe(II) [21,25]. The same number of modes was resonantly enhanced
in each of the two complexes, and their frequencies and relative intensities were
virtually identical. Since the two complexes have the same IT bandwidth, the
Raman intensity analysis results were nearly identical as well. The total inner sphere
reorganization energy of Fe(II)�Pt(IV) was calculated to be 12 830 cm−1 based on
the 457.9 nm Raman spectrum. The total inner sphere reorganization energy of the
trinuclear complex was found to be 14 170 cm−1 at the same incident wavelength.
The unitless nuclear coordinate displacements and individual inner sphere reorgani-
zation energies of each Raman band were nearly identical in the two complexes.
For both complexes, approximately 45% of the total inner sphere reorganization
energy corresponded to vibrations along the Fe�Pt axis. The REPs of Fe(II)�Pt(IV)
were also very similar to those of the trinuclear complex. The metal–ligand REPs
were broad and slightly red-shifted from the IT absorption maximum, while the
cyanide REPs were significantly sharper with maxima near that of the IT band.

If coupling of the reactive intermediate electronic states were occurring in
Fe(II)�Pt(IV)�Fe(II), its IT absorption bandwidth would be greater than that of
Fe(II)�Pt(IV), due to the presence of two nondegenerate IT absorptions. In
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addition, a greater number of Raman modes would be resonantly enhanced in the
trinuclear complex than in the dinuclear complex, and the REPs would look

Fig. 5. Raman excitation profiles of the six most intense bands of Fe(II)�Pt(IV) in 0.5 M K2SO4 solution
at incident wavelengths of 406.7, 413.1, 457.9, 472.7, 488.0, 501.7, 514.5, 530.9, 568.2, and 647.1 nm.
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different. None of these characteristics were observed. In light of the similarity
between the IT absorption bands, Raman spectra, and Raman intensity analyses of
the two complexes, it must be concluded that the coupling of transient intermediate
electronic states does not contribute significantly to the large IT bandwidth, large
reorganization energy, or unusual REPs of Fe(II)�Pt(IV)�Fe(II). Instead,
Fe(II)�Pt(IV)�Fe(II) can be accurately approximated as a pair of donor–acceptor
complexes with localized oxidation states which happen to share the same acceptor.

6. Alternative explanations for the large absorption bandwidth and unusual REPs
of Fe(II)�Pt(IV)�Fe(II) and Fe(II)�Pt(IV)

Both of the complexes under investigation yield ferricyanide as a dissociation
product following excitation into the IT band. The visible absorption spectrum of
ferricyanide contains an LMCT band centered at 420 nm, which is significantly
narrower than the IT bands of Fe(II)�Pt(IV)�Fe(II) and Fe(II)�Pt(IV). If the
Raman samples were dissociating significantly in the laser beam, then resonance
enhancement of the ferricyanide modes associated with the LMCT process could be
observed at low incident wavelengths. This would explain the observed sharpness of
the cyanide band REPs and the shift of their maxima to higher frequency than the
maxima of the metal–ligand REPs. The high frequency region of the aqueous
ferricyanide Raman spectrum contains a single, broad cyanide band centered at
2135 cm−1 [28], which is slightly higher in frequency than the m-CN band of
Fe(II)�Pt(IV)�Fe(II). If the ferricyanide band were resonantly enhanced, the ob-
served band centered at 2125 cm−1 would broaden and shift to higher frequency,
due to the overlap of the ferricyanide and Fe(II)�Pt(IV)�Fe(II) bands. No change
in the m-CN bandshape or frequency maximum was observed in the low incident
wavelength spectra. In addition, both the terminal-CN and m-CN bands of
Fe(II)�Pt(IV)�Fe(II) were selectively enhanced at high incident frequencies. Since
the ferricyanide Raman spectrum only contains a single cyanide band, both bands
would not be enhanced as a result of the ferricyanide LMCT absorption. Therefore,
it was concluded that the Fe(II)�Pt(IV)�Fe(II) sample does not dissociate signifi-
cantly enough in the laser beam to give rise to observable resonantly enhanced
ferricyanide bands.

The large absorption bandwidth and the unusual shapes of the cyanide band
REPs could also be explained by the overlap of an MLCT band with the
high-frequency end of the IT absorption band. In ferrocyanide, the Fe 3d�CN p*
MLCT band is centered at 295 nm. The Fe(II)/(III) redox potentials in
Fe(II)�Pt(IV)�Fe(II) and Fe(II)�Pt(IV) are approximately 300 mV more positive
than in ferrocyanide, due to the withdrawal of electron density from the iron
centers upon binding to platinum [2]. The lowering of the Fe 3d energies should
cause a blue shift in the MLCT absorption bands of Fe(II)�Pt(IV)�Fe(II) and
Fe(II)�Pt(IV) relative to that of ferrocyanide. Therefore, the overlap of an MLCT
band with the IT absorption is probably insignificant.
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Solvent broadening is a more likely cause of the large absorption bandwidths of
Fe(II)�Pt(IV)�Fe(II) and Fe(II)�Pt(IV). Solvent broadening can occur in mixed-va-
lence complexes due to their polar nature. Immediately following the IT process,
the solvent surrounding the newly oxidized metal is polarized as it was for the metal
in its reduced form, and vice-versa for the solvent surrounding the newly reduced
metal [5b,6b–d,29,30]. The rearrangement of solvent molecules contributes to
solvent reorganization energy, which in turn contributes to the energy of the IT
transition [5b,6b–d,29,30]. A distribution of solvation interactions leads to a
distribution of IT energies and results in the overall broadening of the IT absorp-
tion band. Fe(II)�Pt(IV)�Fe(II) and Fe(II)�Pt(IV) should be particularly susceptible
to solvent-broadening, due to large dipolar interactions and strong hydrogen
bonding involving the terminal cyanide ligands. Irradiation into the IT band, and
the subsequent change in the oxidation state of the metal ions, should cause a
significant change in the optimal solvation of the complexes, which in turn should
cause a large solvent reorganization energy term and a broadening of the absorp-
tion band.

The absorption spectrum of a related complex, [(NC)5�Fe(II)�
CN�Pt(IV)(en)2�NC�Fe(II)�(CN)5]4−, where ‘en’ is ethylenediammine, has been
obtained in various solvents [4]. The IT energy was found to vary extensively with
solvent. Gutmann’s acceptor number scale [31] was used to investigate the relation-
ship between IT energy and solvent electron-accepting ability. A linear relationship
between IT energy and solvent acceptor number was observed, suggesting that the
degree of hydrogen bonding between terminal cyanide ligands and solvent
molecules plays an important role in the IT energetics [4]. In addition, the
absorption spectrum of Fe(II)�Pt(IV)�Fe(II) has been obtained in acetonitrile/wa-
ter, DMSO/water, and formamide/water mixed solvents. In all three mixtures, the
absorption maximum shifted to lower energy, and the bandwidth increased. The
variation of the IT absorption maximum and bandwidth with solvent provides
evidence that a significant portion of the bandwidth may be due to solvent
broadening.

7. Calculation of outer sphere reorganization energy using revised time-dependent
analysis of absorption and resonance Raman spectra

In mixed-valence complexes which exhibit strong solvent broadening, vibrational
modes of the complex are coupled to solvent vibrational modes. Therefore, it is
probably an oversimplification to assume that the reorganization energy calculated
using Tannor and Heller’s method is strictly inner sphere. Barbara and co-workers
have estimated that the reorganization energies reported for two of Hupp’s dinu-
clear complexes are approximately 65% outer sphere, based on the inclusion of
solvent broadening in the calculated absorption spectra of the complexes [32,33].
Hennessy and Soos have also recently derived an expression for the calculation of
electronic absorption spectra, which involves a solvent broadening parameter. This
expression is shown in Eq. (7) [22], in which I is the intensity of absorbed light, x
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is the frequency, ss is the solvent broadening parameter, t is time, G is a damping
factor, fo is the ground vibrational state of the ground

I(x, ss)= −Re
&�

0

dt exp[t(ix−G−
1
2

s s
2t)]�fo � exp(it %

j

vj b j
+bj) � fi(t)�/p

(7)

electronic state, fi(t) is a time-evolving vibrationally excited state in the electronic
excited state, vj is the frequency of the j th vibrational mode, and bj

+ and bj are
boson operators which create and annihilate a quantum (hvj)/2p [22]. Note that the
intensity of absorption depends on the overlap of fo and fi(t). This is analogous
to Raman scattering intensity, but with different initial and final states. The overlap
integral can be reduced to the expression shown in Eq. (8), in which gj is a unitless
normal coordinate displacement (gj=Dj/
2, where Dj is the normal coordinate
displacement presented in the prior Heller analysis).

�fo �fi(t)�=exp
�%

j

g j
2(e ivj t−1)

�
(8)

In order to fit the absorption spectrum of the centrosymmetric
Fe(II)�Pt(IV)�Fe(II) complex, Hennessy and Soos derived integrals for the overlap
of a vibrational wavefunction in the ground electronic state with a time-evolving
vibrational wavefunction in either the symmetric or antisymmetric linear combina-
tion of the Fe(III)�Pt(III)�Fe(II) and Fe(II)�Pt(III)�Fe(III) electronic states [22].
The expressions are shown in Eqs. (9) and (10) for the symmetric and antisymmet-
ric linear combinations, respectively.
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The experimentally observed IT absorption band was fit to Eq. (7), using the
overlap integrals in Eqs. (9) and (10), and varying the values of J, li, ss, and G. The
best fit occurred with J= −1800 cm−1, li=1800 cm−1, ss=1500 cm−1, and
G=5 cm−1 [22]. The calculated inner-sphere reorganization energy of 1800 cm−1

is almost an order of magnitude less than the original estimation of 14 170 cm−1

[22]. The outer sphere reorganization energy was calculated to be 6000 cm−1, or
75% of the total reorganization energy, based on Eq. (11) and a temperature of 300
K [34]. The value of J used in the fitting was probably an

s s
2=2lo.s.kT (11)

overestimation, based on the fact that the Fe(II)�Pt(IV) absorption and Raman
spectra have since suggested a negligible degree of electronic coupling in the
trinuclear complex. However, when the IT absorption band of Fe(II)�Pt(IV)�Fe(II)
was fit with J=0 (no coupling between the electronic states of the two intermedi-
ates), the resulting nuclear coordinate displacements and inner sphere reorganiza-



193D.F. Watson, A.B. Bocarsly / Coordination Chemistry Re6iews 211 (2001) 177–194

tion energy were still significantly lower than the original estimations, and the
majority of the total reorganization energy was outer sphere [22].

8. Conclusions

The absorption and Raman spectra of Fe(II)�Pt(IV) have shown that
Fe(II)�Pt(IV)�Fe(II) can be accurately modeled as a valence-localized pair of
donor–acceptor complexes with minimal electronic coupling between degenerate
intermediate states. Solvent reorganization comprises the majority of the total
reorganization energy of the photoinduced IT in Fe(II)�Pt(IV)�Fe(II), and must be
accounted for in time-dependent resonance Raman intensity analysis calculations.
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