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ABSTRACT: We have used polarization-resolved UV pump—
mid-IR probe spectroscopy to investigate the dynamics of
electron hole localization for excited-state ligand-to-metal
charge-transfer (LMCT) excitation in Fe(CN)*". The initially
generated LMCT excited state has a single CN-stretch
absorption band with no anisotropy. This provides strong
evidence that this initial excited state preserves the octahedral
symmetry of the electronic ground state by delocalizing the
ligand hole in the LMCT excited state on all six cyanide
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ligands. This delocalized LMCT excited state decays to a second excited state with two CN-stretch absorption bands. We
attribute both peaks to a single excited state because the formation time for both peaks matches the decay time for the
delocalized LMCT excited state. The presence of two CN-stretch absorption bands demonstrates that this secondary excited
state has lower symmetry. This observation, in conjunction with the solvent-dependent time constant for the formation of the
secondary excited state, leads us to conclude that the secondary excited state corresponds to a LMCT state with a localized ligand

hole.

B INTRODUCTION

Fast and efficient energy migration and charge separation
represent essential steps in molecularly based light-harvesting
materials, be they natural'~® or synthetic.””"* High symmetry
and strong intermolecular coupling facilitate fast energy
migration, while environmental disorder and solvation, as well
as intramolecular distortion, lead to the symmetry breaking that
facilitates charge separation. The interplay of electronic
coupling and disorder, both dynamic and static, has a critical
impact on the electron mobility in molecular materials'*~"” and
the performance of light-harvesting materials, but the complex-
ity of the functional materials often impedes the ability to
determine experimentally or theoretically how the properties of
a molecule and the environment surrounding the molecule
dictate light-harvesting efficiency.

We focus on the impact of these influences on charge
transfer in the hexacyanoferrate(I1) [Fe(CN)¢*>~] coordination
compound. The strong optical absorption and catalytic
properties of coordination compounds make them a viable
class of material for developing artificial photosynthetic
complexes. In many of these complexes, the initial light
absorption occurs in a component of the catalyst possessing
high symmetry, such as a porphyrin or a polypyridyl unit.'>*®"
The dynamics of the molecule and the surroundings prior to
the separation of the electron and the hole will impact
photocatalytic performance and influence the optimal design
parameters for the catalyst. The electronic excited states of
coordination complexes also provide an experimentally and
theoretically tractable approach to investigating the dynamics of
intramolecular energy migration and electron localization. We
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have investigated the dynamics of the electronic excited-state
localization for the ligand-to-metal charge transfer (LMCT)
excitation in Fe(CN)>~ dissolved in acetonitrile (MeCN) and
dimethyl sulfoxide (DMSO). In the electronic ground state,
Fe(CN)s*~ has octahedral symmetry with six equivalent
cyanide ligands. The LMCT excitation corresponds to a
three-fold degenerate T),-symmetry excitation that does not
instantaneously change the nuclear symmetry of the
molecule.”® While the spatial extent of the LMCT cannot be
predicted a priori, the simplest analysis would predict the
reduction of the iron atom from the ferric to the ferrous
oxidation state and the oxidation of one cyanide ligand. The
equivalence of the cyanide ligands, however, allows the
electronic hole to hop from one ligand to another with a rate
dictated by the strength of the electronic couplings between
these ligands. Strong electronic coupling would lead to electron
delocalization and the preservation of the octahedral symmetry
found in the electronic ground state. Strong electronic coupling
would also lead to the elimination of all anisotropy in the
excited-state population, despite the linear polarization of the
light used to generate the LMCT excited state. Alternatively,
intramolecular distortion and solvation could stabilize the
charge-transfer excited state, leading to electron localization and
the reduction of the molecular symmetry. Should the rate of
solvation and intramolecular distortion exceed the rate of
electronic hopping between the ligands, optical excitation will
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lead to distinct cyanide ligands and an anisotropic population of

charge-transfer excited states.

The importance of solvent- and intramolecular distortion-
driven electron localization and electronic coupling-driven
electron delocalization described above represent the key
components to numerous theoretical studies of electronic
structure and electron transfer in mixed-valence coordination
chemistry, exemplified by the Creutz—Taube ion and donor—
bridge—acceptor complexes.”' *° As will be demonstrated, the
electronic structure and dynamics of the electron hole on the
cyanide ligands formed in the LMCT excited state of
Fe(CN)4*™ represents a variant of the donor—bridge—acceptor
structure, with the cyanide ligands functioning as donor and
acceptor and the iron atom functioning as the bridge.

The interplay between electronic coupling and symmetry-
breaking solvation and the impact of these counteracting forces
on pump—probe anisotropy measurements have been inves-
tigated theoretically by Knox and Gulen, as well as Wynne and
Hochstrasser, in molecules with high symmetry analogous to
Fe(CN)s~2'™ These theoretical investigations emphasize
that degenerate excited states can influence the anisotropy in
two distinct ways. When degenerate electronic states with
orthogonal transition dipole moments couple strongly,
electronic coupling induced electron hopping will lead to the
complete loss of anisotropy. The theory also shows that
probing of all degenerate excited states with transitions to a
single final state generates pump—probe anisotropies in excess
of the standard value of 0.4, as long as the generate excited
states remain in a coherent superposition. For our measure-
ments, this source of excess anisotropy does not apply because
we also use a degenerate vibrational transition of T,-symmetry
to probe the excited-state dynamics.

Despite multiple experimental anisotropy measurements, a
predictive understanding of how electronic coupling, intra-
molecular distortion, and solvation influence the spatial extent
of electronic excitations has not been achieved. The contra-
dictory interpretations of anisotropy measurements for the
metal-to-ligand charge transfer (MLCT) excited state of
ruthenium(II) tris-bipyridine highlights this point. Wallin et
al. conclude from their polarization resolved pump—probe
measurements that the MLCT excited state of ruthenium tris-
bipyridine delocalizes in less than 1 ps,*® while Malone et al.
concluded from their measurements that interligand hopping
occurs with a 47 ps time constant.”” In a third study performed
by Yeh et al, they observed optical dephasing on the 100 fs
time scale, but they did not report ultrafast interligand hopping
of the MLCT excited state,>® consistent with the measurements
by Malone et al.*’

We have used 4golarization—resolved UV pump—mid-IR probe
spectroscopy”** to study the electron localization dynamics
of Fe(CN)¢*~ dissolved in MeCN and DMSO. We have excited
the LMCT excitation peaked at 420 nm with 400 nm pump
pulses and probed the electronic excited-state dynamics with
the CN stretch absorption band in the range from 2030 to 2120
cm™" with the mid-IR polarization parallel and perpendicular to
the UV pump polarization. Using the CN-stretch vibration to
track the dynamics of electronic excited states presents three
central advantages over the use of transient electronic
absorption. (1) The transient signal does not have a stimulated
emission component and the simplicity of the vibrational
lineshapes allows us to clearly distinguish the excited-state
absorption from the ground-state bleach (GSB) signal.* (2)
For octahedral Fe(CN)¢*", only a three-fold degenerate Ty,
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CN-stretching mode leads to mid-IR absorption. Strong
interligand electronic coupling in the LMCT excited state will
lead to electron hole delocalization, preserve the octahedral
symmetry, and lead to a single T}, CN-stretch absorption band,
while solvation and molecular distortion will lead to LMCT
electron hole localization, a reduction in molecular symmetry to
C,, and the splitting of the T, symmetry absorption into two
bands, providing a clear spectroscopic signature of electron
localization. (3) The CN-stretching modes have transition
dipole moments lying parallel to the CN bonding axes of the
molecule for both the ground and excited state, greatly
simplifying the interpretation of the pump—probe anisotropy
measurements compared to prior measurements using transient
electronic spectroscopy where the direction of the excited-state
absorption transition dipole moment can be difficult to
determine either experimentally or theoretically.

B EXPERIMENTAL SECTION

We purchased the potassium hexacyanoferrate(IlI) [K;Fe(CN)q],
tetraethylammonium chloride, MeCN, and DMSO from Sigma-
Aldrich and used the materials as received. We prepared the
[(C,H;),N]3Fe(CN),4 from KyFe(CN)4 with an ion-exchange column
to increase the solubility of Fe(CN)s>~ in DMSO and MeCN. We
used a ~200 pum thick liquid flow cell with two CaF, windows for
pump—probe measurements on a 40 mM Fe(CN)s*~ solution in
DMSO or MeCN. The flow cell reduces the rate at which Prussian
Blue builds up on the cell windows due to slow UV-induced
dissociation of cyanide ligands. We prepared all samples with optical
density around 1 at both 400 nm and 2100 cm™'. UV-—visible
absorption spectra were measured on a Cary-50 Conc spectrometer.
FTIR absorption spectra were measured on a Varian 1000 FT-IR
spectrometer.

The pump and probe pulses were generated with a Ti:sapphire
regenerative amplifier laser system (Spitfire, Spectra-Physics) with a 1
kHz repetition rate, 2.5 mJ pulse energy, 800 nm central wavelength,
and a 50 fs full width at half-maximum (fwhm) pulse duration. The
400 nm pump pulse was produced by frequency-doubling one portion
of the amplifier output with a 0.1 mm thick BBO crystal. We generated
tunable mid-IR probe pulses by difference frequency mixing in AgGaS,
the output of a near-IR optical parametric amplifier (OPASOOCF,
Spectra-Physics). These mid-IR pulses have a duration of roughly 70 fs
fwhm with spectral width of about 200 cm™. The pump and probe
beams were crossed in a liquid flow cell, with a probe diameter of 100
pum and a pump diameter of 400 ym. We used 2—5 pJ of 400 nm
radiation for each pump pulse. We dispersed the transmitted probe
beam with a grating spectrometer (iHR320, Horiba Jobin Yvon) onto
a liquid nitrogen cooled 32 X 2 MCT pixel array detector (FPAS-
6416-D, Infrared Systems Development Corp.) with a spectral
resolution of 2 cm™! per pixel.

B COMPUTATIONAL METHOD

In addition to ultrafast spectroscopy measurements, we also used DFT
calculations to investigate the electronic and nuclear structure of the
Fe(CN)4>~ and Ru(CN)¢*~ anions with the ADF**** and Gaussian 09
software packages.*® The details of these calculations can be found in
the Supporting Information.

B RESULTS

Figure 1 shows the UV—vis and mid-IR absorption spectra of
[(C,H;),N];Fe(CN)4 dissolved in MeCN and DMSO. Both
solutions have an absorption peak at 420 nm which can be
assigned to a LMCT (*T,, = 2T,.).2%*" We excite the LMCT
slightly off resonance at 400 nm. The vibrational absorption
band in the electronic ground state at around 2100 cm™'
corresponds to the T, triply degenerate CN-stretching
mode.**%°
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Figure 1. (A) UV—vis and (B) mid-IR absorption spectra of
Fe(CN)>~™ in MeCN (red traces) and DMSO (blue traces).

We measured the transient absorption dynamics in the CN-
stretch region of the mid-IR absorption spectrum induced by
400 nm excitation with the mid-IR probe pulse polarization
parallel and gerpendicular to the pump pulse polariza-
tion.*”**>315% We have measured the time and frequency
dependence of the isotropic signal, Si,(t) = S;(¢) + 2S.(t), the
difference signal, Sy(t) = Sy(t) — S.(t), and the anisotropic
signal, (t),

Si(t) — S, (¢)
Siso(t) (1)

where S represents the signal with parallel linear polarizations
for the pump and probe pulses, and S, represents the signal
with perpendicular linear polarizations for the pump and probe
pulses. The S, and Sy spectra for a 0.2 ps time delay, in
Figure 2A for the DMSO solution and Figure 3A for the MeCN
solution, show a single GSB with a positive change in
transmitted intensity and a single excited-state absorption
band with a negative change in transmitted intensity. Neither
the GSB nor the excited-state absorption exhibits a
measurableSgg. For the GSB, the lack of anisotropy reflects
the isotropic absorption of the T,-symmetry CN stretch. The
same argument cannot be used to explain the lack of anisotropy
for the excited-state absorption plotted in Figure 4 because the
linear polarization of the pump pulse will initially produce an
anisotropic distribution of excited states. As will be discussed

r(t) =
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Figure 2. Isotropic (red points) and S; — S, difference (blue traces)
transient spectra for Fe(CN)s*~™ in DMSO at (A) 0.2 and (B) S ps
time delay. The solid red line is the fitting of isotropic transient
spectra.

shortly, the isotropic, single excited-state absorption provides
strong experimental evidence for strong electronic coupling
between ligands and electron hole delocalization on all six
cyanide ligands.

The single excited-state absorption band decay leads to the
formation of two excited-state absorption bands, as can be seen
in transient absorption spectra measured for a S ps time delay,
shown in Figures 2B and 3B. The time-dependent population
dynamics for the GSB and the two distinct excited states can
also be found in Figure 5. As can be seen in Figure 6A,C, both
rise times for the two new excited-state absorption bands
correlate with the decay of the initial excited-state absorption,
strongly indicating that both new peaks result from a single
excited-state species. The transition from a single excited-state
CN-stretch absorption band to two excited-state CN-stretch
absorption bands provides strong evidence for a reduction in
molecular symmetry.

This change in symmetry could result from either excited-
state electron localization or relaxation from the LMCT excited
state to the *T ligand field excited state of Fe(CN)4>". Electron
localization will reduce the symmetry of the molecule, but
quartet state formation will also reduce the symmetry because
the quartet state will have a single electron in the E, level,
leading to Jahn—Teller distortion. Quantum chemical calcu-
lations also predict a D, symmetry for the *T; ligand field
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Figure 3. Isotropic (red points) and S; — S, difference (blue traces)

transient spectra for Fe(CN)¢>~ in MeCN at (A) 0.2 and (B) S ps time
delay. The solid red line is the fitting of isotropic transient spectra.
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Figure 4. Time-dependent anisotropy for the initially generated
LMCT excited-state absorption of Fe(CN)s>~ measured at 2055 cm™
for MeCN (red points) and 2050 cm™" for DMSO (blue points). Error
bars are included for each data point.

excited state with two mid-IR-active CN-stretch vibrational
transition frequencies. To differentiate between electron hole
localization and ligand field excitation, we have also studied the
dynamics of Ru(CN)¢*~ initiated by LMCT excitation.
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Figure 5. Plot of the time-dependent change in transmission for the
isotropic pump—probe signal. (A) Population dynamics for the GSB
measured at 2100 cmi ! (red points), the initially generated delocalized
LMCT excited-state absorption band measured at 2054 cm™"' (purple
points), and the localized LMCT excited-state absorption band
measured at 2091 cm™ (blue points) of Fe(CN)s*~ measured in
DMSO. (B) Population dynamics measured at 2102 (red), 2056
(purple), and 2094 cm™ (blue) in MeCN. The lines show the kinetic
model fits of experimental data.

Ru(CN)4*" has a larger ligand field splitting, which precludes
relaxation from the LMCT to any ligand field excited states.
This conclusion has been supported by quantum chemical
calculations. The lowest-energy ligand field excited state has a
calculated excitation energy of ~1 eV for Fe(CN)¢>~ and ~3 eV
for Ru(CN)¢>". For Ru(CN)g’", this energy exceeds the
expremental LMCT excitation energy of 2.67 eV, but not the
LMCT excitation energy of 2.91 eV for Fe(CN)s".*° Given
that hybrid functional DFT calculations tend to over stabilize
electronic states with higher spin multiplicity, these calculated
energy differences should be viewed as lower bounds for the
energy difference between the lowest energy doublet and
quartet states.*>> A more detailed discussion of the theoretical
calculations can be found in the Supporting Information. This
conclusion has also been drawn previously from photo-
luminescence measurements.*>>°

Even though ligand field excited states do not provide an
energetically accessible relaxation channel for Ru(CN)4*", we
still observe qualitatively equivalent dynamics for the ruthenium
and iron compounds, as shown in the Supporting Information.
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Figure 6. (Left) Two-dimensional UV pump—mid-IR probe isotropic transient spectra as a function of probe delay time and frequency for
Fe(CN)4* in (A) MeCN and (C) DMSO. (Right) Global fitting to the kinetic model described in the text is shown in (B) for the MeCN solutions

and (D) for the DMSO solution.

For this reason, we have concluded that the reduction in
excited-state symmetry associated with the transition from the
initial electronic excited state to the secondary excited state
results from electron hole localization.

We have modeled the population dynamics measured
experimentally with a sequential three-state, two-steps kinetic
model,

k
= Hg

1

Dcr = Ler
where D corresponds to the delocalized LMCT excited state,
Lerp the localized LMCT excited state, H; the depletion of the
electronic ground-state population, k; the rate of decay from
Dcr to Ler, and k, the rate of Loy decay back to the electronic
ground state. The kinetic equations for the time-dependent
population dynamics of these three species can be found in the
Supporting Information.

We have used these kinetic equations, along with Gaussian
lineshapes for the peaks in the vibrational spectrum, to fit the
full two-dimensional data sets shown in Figure 6A,C. The best
fits can be found in Figure 6B,D and the rate constants and
excited-state CN-stretch frequencies in Table 1. The compar-
ison between the experimental data and the best fit can also be
found in Figures 2, 3, 5, and 6.

The two CN-stretch vibrations of the localized LMCT
excited state also have time-dependent frequencies, while the
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Table 1. CN-Stretch Vibrational Frequencies (cm™') and
Time Constants (ps) Based on the Global Fitting of MeCN
and DMSO Solution Results

®-Der w-Lor w-Lor w-Hg ket [
DMSO 2050 2079 2099 2100 49 28.1
MeCN 2055 2081 2101 2104 1.9 17.5

initially excited delocalized excited state has a time independent
frequency. This additional dynamical aspect of the experimental
results can be seen clearly in Figure 6A,C. The fit to the
experimental data gives time constants for the shifts equivalent
to the time constant for the formation of the localized LMCT
state, k;”', for both MeCN and DMSO. The origin of these
spectral dynamics will be discussed in the following section.

B DISCUSSION

The three-fold degeneracy of the LMCT electronic state of
Fe(CN)¢* excited in our experiment allows facile excited-state
population transfer between the three-fold degenerate states. In
the theory of Wynne and Hochstrasser,” "> excited-state
hopping will occur with a rate I', lead to equal excited-state
populations in the three LMCT excited states, and eliminate all
excited-state anisotropy, since these states have optically
orthogonal transition dipole moments. Ignoring the influence
of molecular rotation and optical dephasing, Wynne and

dx.doi.org/10.1021/ja207306t | J. Am. Chem.Soc. 2012, 134, 2581—-2588
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Hochstrasser predict a time-dependent anisotropy given by,
r(t) = */sexp(—3It). Strong electronic coupling between the
degenerate excited states will lead to an isotropic population of
excited states, as seen in our experiments at the earliest time.
The roughly 200 fs temporal resolution of our experiment, as
dictated by the time required to distinguish the excited-state
absorption at roughly 2050 cm™' from the ground-state
absorption at roughly 2100 cm™, sets a lower bound on the
electron hopping rate 3I" > 5 ps™, since we do not observe any
excited-state anisotropy in the transient spectra measured for a
pump—probe time delay of 200 fs. This can be most clearly
seen in Figure 4.

The single CN-stretch excited-state absorption band initially
generated by electronic excitation provides further evidence for
electron hole delocalization on all six cyanide ligands. While the
optical excitation initially leads to the formation of a delocalized
LMCT excited state, we see the relaxation of this initial excited
state to a second electronic excited state with two distinct CN-
stretch absorption bands, as clearly seen in Figures 2, 3, 5, and
6. These peaks associated with the CN-stretch transitions of
Lo have the same rise times, which also match the decay time
of the initial electronic excited state. This observation leads us
to conclude that the initial excited-state decay forms only one
secondary electronic excited state, despite the presence of two
CN-stretch absorption bands.

Since both CN-stretch vibrational transitions result from a
single excited-state species, the symmetry of Fe(CN)s*~ must
be reduced upon the relaxation from the first electronic excited
state to this secondary excited state. We attribute the reduction
in symmetry to the localization of the LMCT to a single
cyanide ligand, a localization driven by solvent and solute
reorganization. We have two primary reasons for attributing the
observed relaxation to LMCT excited-state localization. First,
the highly similar dynamics for Fe(CN)¢~ and Ru(CN)g*
indicates the same dynamical process occurs for both
complexes, making electronic relaxation to a ligand field excited
state highly unlikely, since the LMCT excited state is the lowest
energy electronic excited state of Ru(CN),*~. Additionally, the
rate of electron localization and the time-dependent shift of the
CN-stretch frequencies for the electron localized excited state
show a strong solvent dependence. The solvent dependence of
the localization rate and localized state spectral shift (that is
solvation of the localized state) matches the expectation that
LMCT localization would require significant solvent reorgan-
ization. While the solvent-dependent localization rate could also
result from a solvent-dependent barrier height for solute
reorganization, this cannot explain why the frequency shift of
the localized state CN-stretching bands and the electron
localization occur with the same time constant.

The initial delocalization of the LMCT excited state in our
measurements resembles the measurements and interpretation
of Wallin et al. in ruthenium tris-bipyridine and Wynne and
Hochstrasser for metal porphyrin complexes,**® though the
appearance of electron localization on the picosecond time
scale has not been reported in these prior studies. The
observation of time-dependent excited-state localization,
however, resembles the findings of Yeh et al. for ruthenium
tris-bipyridine.>® They observed an ultrafast decay of the
anisotropy to a value of 0.4, which they attributed to dephasing
dynamics caused by the inertial rotational dynamics of the
solvent. This anisotropy then persisted for multiple pico-
seconds, indicative of the localization of the excited-state
electron on a single bipyridine ligand. They report no evidence

2586

for sub-picosecond electronic hopping between ligands in their
measurements. In our measurements, the inertial solvation does
not provide sufficient driving force for excited-state localization.
The localization requires a slower relaxation involving yet-to-
be-determined solute and solvent degrees of freedom.
Interestingly, the localization time constants appear measurably
slower than the canonical solvation relaxation time constants
observed with time-resolved fluorescence Stokes shift measure-
ments and photon echo spectroscopy.”’ " Maroncelli and co-
workers have measured the mean solvation time constant of
MeCN to be 0.26 ps, and 2.0 ps for DMSO.®" While the rate of
electron localization measured by Yeh et al. in MeCN
resembles the rate of coumarin excited-state solvation measured
by Maroncelli and co-workers, our results indicate that the
solvation mechanism for excited-state electron localization of
the LMCT state of Fe(CN),*~ in MeCN proceeds with a time
constant of 1.9 ps, and 4.9 ps in DMSO. This significant
variance in time constant could be indicative of solvation
dynamics distinct from those measured for coumarin 153. As
emphasized by the simulation studies of Schwartz and co-
workers,*” inertial dynamics dominate when the solvation does
not require significant center of mass motion for the solvent
molecules. Given that the solvation and localization of the
LMCT state requires changes in metal—ligand bond lengths,
this solvation process may require significant translational
motion of solvent molecules. Alternatively, the intramolecular
reorganization of the metal—ligand bonding with a solvent-
dependent barrier could also be the source of these picosecond
dynamics.

B CLOSING REMARKS

The ligand-to-metal charge-transfer excited state of
hexacyanoferrate(III) provides a simple molecular system for
investigating the influence of interligand electronic coupling,
intramolecular distortion, and excited-state solvation on the
electronic structure of charge-transfer excited states. Solvent-
and intramolecular distortion-driven electron localization and
electronic coupling-driven electron delocalization represent the
key components to numerous theoretical descriptions of
electronic structure and electron transfer in mixed-valence
coordination chemistry and donor—bridge—acceptor com-
plexes.

Our ultrafast UV pump—mid-IR probe measurements have
clearly shown that the LMCT excited state of Fe(CN)4*~ can
be viewed as a model system for studying the dynamics of
electron localization in a donor—bridge—acceptor structure,
with the cyanide ligands functioning as donor and acceptor and
the iron atom functioning as the bridge. The measurements
have clearly shown that electron localization requires structural
reorganization on the picosecond time scale with a rate that
depends significantly on the solvent. The electron localization
proceeds more slowly than generally expected for dipolar
solvation dynamics in acetonitrile and dimethyl sulfoxide. This
could indicate that the inertial rotational dynamics that
generally dominate solvation dynamics in polar solvents do
not dominate the dynamics of electron localization for
Fe(CN)g>~ or a solvent-controlled barrier height associated
with intramolecular distortion. Addressing this question will
require theoretical studies of the excited-state dynamics in the
presence of solvent, but the relative simplicity of Fe(CN)4*~
makes such calculations feasible.

dx.doi.org/10.1021/ja207306t | J. Am. Chem.Soc. 2012, 134, 2581-2588
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