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ABSTRACT: We present a joint experimental and computational study
of the hexacyanoferrate aqueous complexes at equilibrium in the 250
meV to 7.15 keV regime. The experiments and the computations include
the vibrational spectroscopy of the cyanide ligands, the valence electronic
absorption spectra, and Fe 1s core hole spectra using element-specific-
resonant X-ray absorption and emission techniques. Density functional
theory-based quantum mechanics/molecular mechanics molecular
dynamics simulations are performed to generate explicit solute−solvent
configurations, which serve as inputs for the spectroscopy calculations of
the experiments spanning the IR to X-ray wavelengths. The spectroscopy
simulations are performed at the same level of theory across this large
energy window, which allows for a systematic comparison of the effects of
explicit solute−solvent interactions in the vibrational, valence electronic, and core-level spectra of hexacyanoferrate complexes in
water. Although the spectroscopy of hexacyanoferrate complexes in solution has been the subject of several studies, most of the
previous works have focused on a narrow energy window and have not accounted for explicit solute−solvent interactions in their
spectroscopy simulations. In this work, we focus our analysis on identifying how the local solvation environment around the
hexacyanoferrate complexes influences the intensity and line shape of specific spectroscopic features in the UV/vis, X-ray
absorption, and valence-to-core X-ray emission spectra. The identification of these features and their relationship to solute−
solvent interactions is important because hexacyanoferrate complexes serve as model systems for understanding the
photochemistry and photophysics of a large class of Fe(II) and Fe(III) complexes in solution.

1. INTRODUCTION

The development of transition-metal-based photosensitizers
and photocatalysts hinges on both measuring and manipulating
photoinduced motions of structural, electronic, spin, and
vibrational degrees of freedom. Monitoring these coupled
atomic and electronic motions in aqueous solutions is
particularly important because many important photochemical
energy-conversion reactions occur in the condensed phase. In
addition, the local and long-range solvation environment can
affect the photochemical reactivity and the efficacy of the
energy-conversion process. Spectroscopic probes ranging from
infrared to X-ray wavelengths are excellent reporters of the
metal−ligand interactions, valence and core-electronic struc-
ture, and the solute−solvent dynamics of solvated transition-

metal complexes. Relating the above spectroscopic observables
to the molecular-level interactions often requires computational
studies using a realistic solvation model.
The goal of this paper is to perform an experimental and

computational study of the ferrous and ferric hexacyanide
complexes dissolved in water in their electronic ground state
and demonstrate how the solvation environment impacts the
vibrational spectroscopy of the cyanide ligands and valence and
core-level electronic spectroscopy of the iron atom.
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Ferrous ([Fe(CN)6]
4−) and ferric ([Fe(CN)6]

3−) hexacya-
nide complexes serve as prototypical model systems for
understanding the structure and spectroscopy of Fe(II) and
Fe(III) octahedral transition-metal complexes in solution and
have been the subject of several studies.2−14 Along with
equilibrium ground-state studies, the photochemistry of the
Fe(II) and Fe(III) complexes in solution has been studied with
ultrafast IR, optical, and X-ray probes, revealing the role of
coupled electronic and vibrational dynamics,15,16 nonequili-
brium vibrational energy relaxation following charge-transfer
excitation,17−19 photoaquation mechanisms,20,21 and core and
valence orbital changes following photo-oxidation.13,17,22 In this
paper, we focus on ground-state spectroscopic and computa-
tional studies of the hexacyanoferrate complexes in water. The
effect of water and its varying hydrogen bonding interactions
with the Fe(II) and Fe(III) complexes on the vibrational
frequency and dynamics of the high-frequency cyanide
stretching modes have been explored with nonlinear IR
spectroscopy combined with classical molecular dynamics
(MD) simulations.2,3 Various X-ray absorption (XA) and
emission techniques have been used to probe the oxidation
state and local electronic and geometric structure around the Fe
atom in the Fe(II) and Fe(III) complexes in water.5,7,9−11,13

Iron L-edge and N K-edge resonant inelastic X-ray scattering
(RIXS) experiments show that π-back-bonding is slightly
stronger in the Fe(II) complex compared with the Fe(III)
complex dissolved in water and have been interpreted using
restricted active space second-order perturbation theory
(RASPT2) calculations without including explicit solvation.10

Another RIXS study of the Fe L-edge and N K-edge for the
aqueous Fe(II) complex also probed metal−ligand interactions
and was combined with the restricted active space self-
consistent first- and second-order perturbation theory
(RASSCF/RASPT2) simulations also without including explicit
solvation.5 The role of the solvent and its effect on pre-edge
absorption transitions at the Fe K-edge was explored by
Penfold et al. by measuring Fe Kα RIXS of the Fe(II) and
Fe(III) complexes dissolved in water and ethylene glycol.7 MD
simulations were used to understand how the local solvation
structure around the Fe(II) and Fe(III) complexes varied as a
function of the solvent.
Although the spectroscopy of hexacyanoferrate complexes in

solution has been the subject of several experimental studies,
most of the previous works have focused on a narrow energy
window, as described above. The accompanying computations
of the spectroscopic observables on these solvated transition-
metal model systems have similarly focused on a narrow energy
region, and the majority of the computations have either been
in the gas phase or in combination with an implicit solvent
treatment. Here, we present a combined experimental and
computational study of hexacyanoferrate aqueous complexes at
equilibrium. Our experiments span the range of 250 meV to
7.15 keV and include the IR spectroscopy of the cyanide
stretching modes, the optical absorption spectroscopy of the
charge-transfer transitions, element-specific XA spectroscopy at
the Fe K-edge, and valence-to-core X-ray emission spectrosco-
py (VtC-XES). To understand how the local solvation
environment influences the geometric and electronic structure
and therefore the spectroscopic signatures of these complexes,
we combine explicit solvent effects via the density functional
theory (DFT)-based quantum mechanics/molecular mechanics
(QM/MM) MD with spectroscopic calculations of the
experiments spanning the IR to X-ray wavelengths. To the

best of our knowledge, spectroscopy calculations spanning
these wavelengths using explicit solute−solvent configurations
from MD simulations and performed within a consistent
computational approach have not been previously reported for
these systems. The present work also serves as a reference
benchmark for our ongoing equilibrium and transient studies
on a series of cyanide-bridged transition-metal mixed valence
comp le xe s : [ (NH3) 5Ru

I I INCFe I I (CN)5]
− , t r an s -

[(NC)5Fe
IICNPtIV(NH3)4NCFeII(CN)5]

4−, and trans-
[(NC)5Fe

IIICNRuII(L)4NCFe
III(CN)5]

4− (L = pyridine).

2. MATERIALS AND METHODS
Potassium ferrocyanide (K4Fe

II(CN)6) and ferricyanide
(K3Fe

III(CN)6) compounds were purchased from Sigma-
Aldrich and used without further purification.

2.1. Infrared Spectroscopy. Aqueous 100 mM solutions
of the K4Fe

II(CN)6 and K3Fe
III(CN)6 complexes were prepared

for taking IR spectra of the cyanide stretching (νCN) region. A
JASCO FT/IR 4100 instrument was used to collect the steady-
state IR spectra of the aqueous sample solutions with a spectral
resolution of 2 cm−1. The water background from the IR
spectra of the hexacyanoferrate complexes was removed by
subtracting an IR spectrum of the solvent taken under the same
conditions.

2.2. UV/Vis Spectroscopy. A JASCO V630 spectrometer
with a spectral resolution of 0.5 nm was used to collect the
steady-state electronic UV/vis spectra of 14 and 21 mM
aqueous solutions of the K4Fe

II(CN)6 and K3Fe
III(CN)6

complexes, respectively.
2.3. X-ray Spectroscopy and Data Analysis. Measure-

ments of the valence-to-core X-ray emission were carried out at
beamline 7-ID-D of the Advanced Photon Source at Argonne
National Laboratory using a 24-bunch fill mode.23 Samples of
K4Fe

II(CN)6 and K3Fe
III(CN)6 were prepared as 400 mM

solutions in distilled water. The samples were continuously
refreshed using a sapphire nozzle jet that produced a liquid
sheet of 200 μm thickness at a 45° angle relative to the incident
X-rays. The sample was exposed to monochromatic X-rays with
a 7.5 keV incident energy and 0.4 eV monochromator
resolution, focused to a spot size of 5 × 5 μm2. Emitted X-
rays were dispersed using a Si(531) crystal analyzer (2.5 × 10
cm2) in the von Hamos geometry with a 25 cm focusing radius
in the nondispersive plane (fabricated by the Optics Group at
the Advanced Photon Source). Diffracted X-rays were recorded
using a silicon diode array detector (Mythen). The entire
spectrometer was enclosed in a He environment. Energy
calibration of the spectrometer was achieved by the elastic
scattering of the incident X-rays at multiple energies. The
spectrometer resolution was determined to be 1 eV fwhm. Each
emission spectrum was accumulated for 180 s, and the data
presented here are the averaged results of 32 spectra for each
sample.
Iron K-edge XA spectra were acquired at beamline 10.3.2 of

the Advanced Light Source at Lawrence Berkeley National
Laboratory.24 Samples of K4Fe

II(CN)6 and K3Fe
III(CN)6 were

prepared as 40 mM solutions in distilled water. To prevent
changes in the spectra because of sample degradation from the
X-rays, we utilized a low-volume flowing sample cell made with
X-ray capillary cuvettes. Quartz capillary cuvettes with a 10 μm
wall thickness and 300 μm OD (Hampton Research, HR6-132)
were cleaved and glued to flexible tubing and mounted on a
fabricated sample holder. Liquid sample flowed through the
capillary tubes with flow rates of 6 mL/min using a small
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piezoelectric pump (Bartels microComponents, MP6), and the
total sample volume was ∼3 mL. To prevent contamination,
each sample used a separate set of capillary tubes.
Monochromatic X-rays at ∼7 keV impinged on the samples
with a spot size of 16 × 7 μm2. Sample capillary tubes were
mounted to accommodate fluorescence detection at 90° from
the incident X-rays. X-ray fluorescence was detected on an
Amptek silicon drift diode. The incident X-ray energy was
scanned over a range of 1 keV to cover the XA near-edge
structure (XANES) and extended XA fine structure (EXAFS)
region at the Fe K-edge.
Data reduction of the raw steady-state XA signal was

performed according to standard procedures, using the Athena
program.25,26 The theoretical scattering functions for the
EXAFS signal were calculated with FEFF 8.2027 using
structures of the K4Fe

II(CN)6 and K3Fe
III(CN)6 complexes

obtained from snapshots of the MD simulations described
below. The fitting of the EXAFS data was performed using
WinXAS 3.0.4.28 For this purpose, k3-weighted EXAFS spectra
were Fourier transformed over the 2−11 Å−1 range using a
Bessel window. The fits are performed to both the real and
imaginary part of the data in the region of 0.7 < R < 3.5 (Å).
The following parameters were allowed to vary in the fitting
routine: the distances of the Fe−C and the Fe−N single-
scattering paths, the corresponding Debye−Waller factors (σ2),
and the amplitude reduction factor (S0

2). The coordination
number was held constant at six for both of the single scattering
paths of Fe−C and Fe−N. The fit also included the Fe−C−N
multiple scattering paths. The coordination number, distance,
and Debye−Waller factor of the multiple scattering paths were
correlated with the single scattering paths in the fitting routine.
The error bars on the best-fit parameters are statistical errors
extracted from the WinXAS program.
2.4. Computational Details. All calculations were

performed with the NWChem computational chemistry
package.29 To study the solvated model transition-metal
complexes [Fe(CN)6]

3− and [Fe(CN)6]
4− in aqueous solution,

we have performed extensive hybrid QM/MMMD simulations.
Single [Fe(CN)6]

3− and [Fe(CN)6]
4− anions were placed in a

cubic box and solvated with 4184 and 4182 water molecules,
respectively, from a previously equilibrated bulk water
“template” system, having a density of 1 g/cm3 (water density
at the standard temperature−pressure). The resulting box size
for both systems was 49.98 Å × 49.98 Å × 49.98 Å. Three K+

cations and four K+ cations were randomly placed (approx-
imately 15 Å away from the anion) in the solvation
environment for [Fe(CN)6]

3− and [Fe(CN)6]
4− complex

systems, respectively, to provide an overall neutral charge for
the entire solvated system. The K counter ions were allowed to
move freely. Each transition-metal complex was treated
quantum mechanically (QM), whereas the rest of the system
(the water bath) was treated at the MM level. This partitioning
avoids the need for on-the-fly adaptive reassignment of atoms
as QM or MM during the MD simulations, which is especially
challenging in simulations where solvent exchange is possible
between the QM and MM subsystems.
The water molecules and potassium cations, which comprise

the MM region, were treated with the SPC/E water model30

and SPC/E-specific K+ force field of Joung and Cheatham,31

respectively. For the QM region, the 6-311G** basis set32,33

was used for the C and N atoms, and the Stuttgart basis set/
relativistic small-core effective core potential (ECP)34 was
assigned to the Fe atom. Lennard-Jones parameters were

assigned to the atoms of the complex for the nonbonding van
der Waals interaction with the water molecules. Specifically,
SPC/E-compatible GAFF (generalized AMBER force field)35

Lennard-Jones parameters were used for the C (“c1”) and N
(“n1”) atoms, and the Lennard-Jones “feo” parameters of
CLAYFF36 were used for the tight octahedral environment of
the Fe atom.
Prior to running MD, both systems were annealed through a

series of freeze and thaw cycles of the complex and solvent until
the energy change was less than 0.0001 Hartrees. Five freeze
and thaw cycles were used for both solution systems. Following
the annealing phase, QM/MM MD was performed at 298.15 K
(NVT) for 20 ps after a 1 ps equilibration with a time step of
0.25 fs. For the SPC/E water model, the SHAKE algorithm37

was used to keep the water molecules rigid (constraining the
bond lengths and bond angle). The QM region (i.e.,
complexes) was described at the DFT level of theory with
the global hybrid PBE0 (25% Hartree−Fock exchange)
exchange−correlation functional.38 The complexes, which
comprise the QM region in the models, were allowed to
move freely (i.e., the SHAKE method was not applied).
Structural models for inputs to our spectroscopy calculations

were obtained from QM/MM MD snapshots following
equilibration. These snapshots included the transition-metal
complex along with an explicit solvation environment. For the
IR simulations, 20 snapshots were further optimized, and a
harmonic frequency analysis was performed in the full QM/
MM environment. The harmonic frequency intensities from the
20 snapshots were combined to generate an IR spectrum. For
the UV/vis and X-ray spectroscopy calculations, full QM
calculations were performed on 10 explicitly solvated model
clusters that were extracted from the same snapshots used in
the IR simulations. These clusters (i.e., for the UV/vis and X-
ray calculations) were constructed by taking the transition-
metal complex center as well as the 4 Å thick shell of explicit
water molecules surrounding the complex, corresponding to a
total of 133 atoms including 40 water molecules, respectively,
for each complex.
The UV/vis spectra were calculated with time-dependent

DFT (TDDFT),39,40 whereas the Fe K-edge XANES spectra of
the two complexes were calculated using restricted excitation
window TDDFT41−46 including multipole contributions to the
oscillator strengths. This approach, which involves defining a
restricted subspace of single excitations from the relevant core
orbitals and no restrictions on the target unoccupied states, is
valid because excitations from the deep-core states are well-
separated from pure valence-level excitations. We have
successfully used this approach in several studies including
the K-edges of oxygen, carbon, and fluorine in a number of
molecular systems;45 ruthenium L3-edge in a series of model
Ru(II) and Ru(III) complexes and mixed-valence metal (Ru/
Fe) dimers;47 K-edge spectra of oxygen, nitrogen, and sulfur in
cysteine;48 dissolved lithium polysulfide species in Li−S
batteries;49 Al K-edge studies of the aluminum distribution in
zeolites;50 alpha-alumina, sodium aluminate, and aqueous Al3+

species;51 Cl K-edge spectra in actinide hexachloride com-
plexes;52 Na K-edge studies of the hydration structure of Na+;53

and Ca K-edge studies of supersaturated calcium carbonate
solutions.54 The valence-to-core X-ray emission calculations
were performed using a TDDFT-based protocol that we have
developed recently.46

Our choice of DFT and TDDFT was motivated by the sizes
and ensembles of the large explicitly solvated clusters
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considered in this work. Both theories offer the best
compromise between accuracy and computational performance
for large systems. Even though higher order-correlated wave
function-based approaches are more accurate, these methods
quickly become prohibitively expensive computationally for
large systems that lack high symmetry. All DFT and TDDFT
calculations were performed with the PBE0 exchange−
correlation functional.38 We found that this functional was
sufficiently accurate to describe the overall structure, dynamics,
and spectra over a broad energy range (IR, UV/vis, and X-ray)
for both model systems and our earlier studies on the solvated
mixed valence Fe(II)Ru(III) dimer complex.47 The Sapporo-
TZP-201255 and 6-311G**32 all-electron basis set were used
for the Fe atom and the light atoms, respectively, for the X-ray
spectra. We used the Stuttgart-RSC-1997 ECP and the
corresponding basis set56−58 for the Fe atom in the IR and
UV/vis calculations. The UV/vis, XANES, and VtC-XES
spectra were broadened by 0.25, 1.5, and 1.5 eV, respectively,
using a Lorentzian line shape.

3. RESULTS AND DISCUSSION

3.1. Structure of the Hexacyanoferrate Complexes in
Water: Effects of Hydration. To study the solvent structures
of the two solute ions, we have calculated the pair-distribution
function, g(r), which is defined as: g(r) = n(r)/4πρr2δr, where
n(r) is the mean number of atoms in a shell of width δr at
distance r and ρ is the mean atom density. Comparing the pair
distribution functions for the Fe(II) and Fe(III) complexes in
Figure 1a, we see a major peak for the first water molecule shell
of the Fe(II) complex at ∼4.3 and at ∼4.5 Å for the Fe(III)
complex. This suggests that the first shell of water molecules is
closer to the Fe2+ center compared with the Fe3+ center, and
this finding has also been noted in other MD simulations.3,7

The mass-weighted density plots (r < 6.0 Å) calculated over
4000 frames, as shown in Figure 1d,e, provide a 3D
representation of the clear difference in the local solvation
structure around the Fe(II) and Fe(III) complexes. The 3D

representation provides a stark visual representation of the
stronger interaction of the ferrous complex with the water
molecules. The reason for the difference in the local solvation
environment can be attributed to the stronger attraction
between the more negatively charged ferrous anion (charge of
−4) and the positive (hydrogen) ends of the water molecules
compared with the ferric ion, which has a charge of −3. The
difference in oxidation state of the complexes results in stronger
π back-bonding between the Fe atom and the cyanide ligands
for the Fe(II) complex as compared to the Fe(III) complex.
The difference in π back-bonding generates a more negative
cyanide ligand for the ferrous species, which explains the
stronger hydrogen bonding interactions with the surrounding
water molecules (Figure 1d,e).
In Figure 1b,c, we compare the radial distribution functions

for the Fe−C and CN bond lengths for the two complexes.
Our calculations reveal that the average Fe−C bond in the
ferrous ion (1.91 ± 0.05 Å) is shorter than the corresponding
bond in the ferric ion (1.94 ± 0.04 Å). The average CN
bond is slightly shorter for the Fe(III) complex (1.16 ± 0.01 Å)
as compared with the Fe(II) complex (1.17 ± 0.03 Å). We also
find that the distance distribution of the Fe−C and the CN
bond lengths is narrower in the ferric complex as compared to
the ferrous complex, and the average C−Fe−C angle is 90° ±
4° for both complexes. For comparison, we have also
performed MD simulations in an implicit solvent environment.
In Figure S10 of the Supporting Information, we compare the
pair distribution functions of the Fe−C and CN bond
distances with the explicit solvent QM/MM MD simulations.
In the next few sections, we will explore how the changes in the
local solvation environment between the Fe(II) and Fe(III) and
the disruption of the octahedral symmetry of these solvated
complexes as shown by the MD simulations manifest itself in
the vibrational, UV/vis, and X-ray spectra.

3.2. Hexacyanoferrate Complexes in Water: Infrared
Spectra of the Cyanide Stretching Region. The
experimental FTIR spectra in the CN stretching region for

Figure 1. Pair distribution functions, g(r), for the (a) Fe−O(water) distance, (b) Fe−C bond lengths, and (c) CN bond lengths. Red:
[FeII(CN)6]

4− complex and blue: [FeIII(CN)6]
3− complex. Averaged mass-weighted density plots showing the solvent distribution around the

complexes (d) [FeII(CN)6]
4− and (e) [FeIII(CN)6]

3− are plotted over water molecules within 6 Å of the complex at a resolution of 0.25 Å. The
density plots are generated by the VolMap plugin in VMD.1
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the Fe(II) and Fe(III) complexes in water are reported in
Figure 2a. The spectra show a single peak corresponding to the

triply degenerate T1u mode of the CN stretches of both
complexes in solution. The spectra are fit using Lorentzian
functions and the CN stretch of the Fe(II) species is found
at 2037.6 ± 0.1 cm−1 and has a full width at half maximum
(fwhm) of 23.5 ± 0.8 cm−1. The CN stretch of the Fe(III)
species is found at 2115.2 ± 0.1 cm−1 and has a full width at
half maximum (fwhm) of 11.6 ± 0.4 cm−1. It is well-known that
the IR spectra in the CN stretching region of metal−cyanide
complexes are reporters of the metal−ligand bonding
interactions.59 An increase in the effective charge on the iron
results in a decrease of the metal−CN π back-bonding and
an increase in the metal−CN σ bonding. The difference in
the metal−ligand bonding interactions of the aqueous
hexacyanoferrate complexes results in the 77.6 cm−1 blue
shift and an ∼3 times decrease in the intensity of the CN
stretch for the ferric species in comparison with its ferrous
counterpart. The differences in line width are attributed to the
stronger interactions of the ferrous species with the solvent
shell, as discussed above (Figure 1) and in previous
studies.2,3,7,14 The stronger interaction with the water
molecules for the Fe(II) complex in comparison with the
Fe(III) species results in a larger structural heterogeneity for
the former in solution. For example, in Figure 1c, we note that
the distribution of g(r) for the CN bond lengths is greater in
the ferrous complex than the ferric one, which is a result of
stronger hydrogen bonding interactions of the cyanide ligands
with the water molecules.
The calculated spectra for the CN stretch using 20

snapshots from the QM/MM simulations are shown in Figure
2b. The peaks for the CN stretch frequencies of the Fe(II)
and Fe(III) complexes are found at 2180 and 2255 cm−1,
respectively. Although the absolute harmonic energies are blue-
shifted with respect to the experiment, the calculated red shift
of 76 cm−1 of the CN stretch frequency for the Fe(II)
complex compared to that of the Fe(III) complex is consistent
with our experiments, as shown in Figure 2a. The widths of the

Figure 2. (a) Experimental IR spectra for the CN stretching region
of the hexacyanoferrate dissolved in water. The black circles are the
experimental data, and the solid lines are fits to the data with the
solvent background subtracted. The CN stretches are found at
2037.6 ± 0.1 and 2115.2 ± 0.1 cm−1 for the Fe(II) and Fe(III)
complexes, respectively. (b) Vibrational spectra calculated using a
harmonic frequency analysis of 20 snapshots from the QM/MM
simulations. A broadening of 10 cm−1 has been applied to each
transition to generate the peak envelope.

Figure 3. UV/vis absorption spectra for hexacyanoferrate complexes dissolved in water from (a,b) experiment and (c,d) simulation. The transition
densities (purple = negative, gold = positive) corresponding to transitions from a particular structural snapshot are shown in (e−k). For the Fe(II)
species, the transitions’ densities plotted in (e−g) correspond to transitions at 3.67, 4.71, and 5.31 eV. For the Fe(III) species, the transitions’
densities plotted in (h−k) correspond to transitions at 3.42, 4.08, 4.45, and 5.12 eV. Calculations were performed over 10 solvated clusters and
Lorentzian broadened by 0.25 eV.
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simulated CN stretch spectra for the Fe(II) and Fe(III)
complexes are 45 and 38 cm−1, respectively. Because the
vibrational energy of the CN stretches is ∼250 meV, we
would not expect the shape of the calculated spectra to be in
quantitative agreement with the ensemble experimental
measurement after averaging 20 snapshots. In theory, we
would need to average the snapshots across a 3 ps time window
to obtain a 10 cm−1 width in the IR spectrum. The calculations
using explicit solute−solvent configurations are able to capture
the asymmetry of the IR line shapes. Calculations on symmetric
octahedral structures with an implicit solvent (see Figure S1a,b
in the Supporting Information) show a relative separation of 83
cm−1 between the Fe(II) and Fe(III) peaks. However, the
spectral width is the same for both species, and the peaks are
symmetric without the asymmetric tails seen in the explicit
solvent calculations and the experiment.
3.3. Hexacyanoferrate Complexes in Water: UV/Vis

Electronic Absorption Spectra. The experimental UV/vis
absorption spectra for the Fe(II) and Fe(III) species are plotted
in Figure 3a,d, respectively. Because both ferrous (d6) and ferric
(d5) hexacyanide complexes are low-spin octahedral complexes
because of strong ligand field-splitting of the CN ligands, the
Fe(II) species has filled 3d-t2g orbitals and is a singlet ground
state, whereas the Fe(III) species with one empty 3d-t2g orbital
is a doublet ground state. The Fe(II) UV/vis absorption
spectrum, as shown in Figure 3a, has a distinct peak at 3.87 eV
(320 nm) and a weak shoulder at 4.58 eV (270 nm). The UV/
vis spectrum of the Fe(III) complex has four distinct features at
2.95 eV (420 nm), 3.87 eV (320 nm), 4.10 eV (302 nm), and
4.76 eV (260 nm) along with shoulders at 3.09 eV (401 nm)
and 4.37 eV (284 nm). The assignments of the features seen in
these spectra have been discussed in earlier works as d−d and
metal−ligand charge-transfer transitions.60−62

The simulated spectra averaged over 10 solvated clusters are
shown in Figure 3c,d for the Fe(II) and Fe(III) complexes,
respectively. The calculations capture all of the spectral features
seen in the experiments. In our calculated Fe(II) spectrum, the
first two spectral features (3.67 and 4.71 eV) correspond to Fe
d−d transitions (ligand-field transitions) mixed with ligand s
and p orbitals and the surrounding solvent orbitals. The strong
feature at 5.31 eV is composed of metal-to-ligand transitions.
The transition densities obtained from one snapshot and
displaying a spatial map of the charge redistribution on the
Fe(II) complex and the surrounding water molecules during
the electronic transitions at 3.67, 4.71, and 5.31 eV are plotted
in Figure 3e−g. Figure 3d displays the calculated Fe(III) UV/
vis spectrum, and the features seen at 3.42, 4.08, 4.45, and 5.12
eV are assigned to the ligand-to-metal charge-transfer (LMCT)
transitions. The transition densities from one snapshot for all of
the transitions listed above are plotted in the increasing energy
in Figure 3h−k. The calculations and the transition densities
reveal how the hydrogen bonding interaction between the
cyanide ligand and the water molecules modulates the charge-
transfer transitions.
We compare the calculated UV/vis spectra using the solvated

clusters with those obtained using an implicit continuum
solvent model in Figures S2 and S3 in the Supporting
Information. We note the following differences in the implicit
solvent model calculation of the UV/vis spectra: (i) the features
at ∼3.7 and 4.7 eV corresponding to d−d transitions in the
Fe(II) spectrum are extremely weak and (ii) the asymmetric
fine structure of the three main transitions at 3, 4, and 5 eV is
absent. In the implicit solvent model, the Fe(II) and Fe(III)
complexes have octahedral symmetry because the effects of
hydrogen bonding are absent. To further explore the effect of
the explicit solute−solvent interactions, we have separated the

Figure 4. XANES spectra at the Fe K-edge for hexacyanoferrate complexes dissolved in water from (a,b) experiment and (c,d) simulation. (a,b) Red
circles and blue squares are the experimental data. The solid lines are fits of the data to a sum of pseudo-Voigt line shapes. The fits reveal that the
experimental Fe(II) XANES spectrum has two peaks B and C at 7113.0 ± 0.1 eV and 7115.9 ± 0.1 eV, respectively. The fitted experimental Fe(III)
XANES spectrum has three peaks A, B, and C at 7110.3 ± 0.5, 7113.6 ± 0.2, and 7117.8 ± 0.1 eV, respectively. The main molecular orbitals (MO
281 and 282) contributing to the final state in the XANES transition B for the Fe(II) complex are plotted in (e,f), where red = positive and blue =
negative. The main molecular orbitals (MO 254β, 259α, and 264α) contributing to the final state in the XANES transition A (254β) and B (259α)
transitions for the Fe(III) complex are plotted in (g−i). The calculated XANES spectra were averaged over 10 snapshots and broadened by 1.5 eV.
The calculated spectra were blue-shifted by 143.0 eV to match the experiment.
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stick spectra from each cluster that are used to calculate the
simulation of Figures 3c,d in S2c and S3c, respectively. In the
case of the Fe(II) complex, where the interactions with the
solvent are stronger, we see that different solute−solvent
environments result in the energy shifts and significant
amplitude variations of the d−d transitions. In the case of the
Fe(III) complex, we note that the number of transitions and
their amplitudes are dependent on the explicit solute−solvent
configuration. This results in the asymmetric fine structure of
the LMCT transition of the Fe(III) complex in solution. The
strong dependence of the frequency and amplitude of the
charge-transfer transitions on explicit solute−solvent config-
urations highlights the importance of correctly accounting for
these interactions when simulating and interpreting time-
resolved spectroscopies of solvated transition-metal complexes.
3.4. Hexacyanoferrate Complexes in Water: Metal−

Ligand Interactions Seen through the Fe K-Edge XANES
Spectra. X-ray spectroscopy techniques are excellent element-
specific probes of the bonding environment and local electronic
structure of transition-metal complexes in solution.63 The
XANES technique which includes the spectral region below the
absorption edge is a direct probe of the unoccupied orbitals
that can be accessed by the absorbing atom.64,65 The
experimental XANES spectra along with their fits at the Fe
K-edge for the Fe(II) and Fe(III) complexes are shown in
Figure 4a,b. The Fe(II) complex shows two peaks at 7113.0 and
7115.9 eV in the calculated spectrum. In a qualitative one-
electron picture, the peak at 7113.0 eV represents a dipole
forbidden transition, Fe (1s)→ Fe (3d, eg), whereas the peak at
7115.9 eV represents Fe (1s) → Fe (3d, 4p) mixed with π*
orbitals of the cyanide ligands. The pre-edge region of the Fe K-
edge XA spectrum of the Fe(III) complex shows three peaks.
The peak at 7110.3 eV corresponds to a transition from Fe (1s)
→ Fe (3d,t2g), the peak at 7113.6 eV corresponds to a
transitions from Fe (1s) → Fe (3d,eg), and the peak at 7117.8
eV corresponds to the Fe (1s) → Fe (3d,4p) mixed with π*
orbitals of the cyanide ligands. The differences in the energies
of the various features reflect the changes in the metal−ligand
bonding and interactions with the solvent as a function of the
oxidation state of the Fe atom. These features are consistent
with those reported previously using solid-state samples and
high-energy-resolution fluorescence-detected (HERFD)
XANES measurements with aqueous samples.7,9,66,67

Our XANES calculations obtained using the procedure
outlined in section 2.4 include higher order contributions to the
oscillator strengths and are shown in Figure 4c,d and are in
good agreement with the experiment. We note that the
calculated spectra are blue-shifted by 143.0 eV. The calculations
allow us to understand the XANES transitions at the molecular
level and explore the effects of solvation. Figure 4e,f plots
examples of the molecular orbitals from one snapshot
contributing significantly to the transition B and C in the
aqueous ferrous complex. The molecular orbital in Figure 4e
displays the nature of the quadrupole transition for feature B,
where the 3dz

2 orbital of the iron are heavily mixed with the π*
orbitals of the cyanide ligands. This particular transition’s
intensity consists of ∼70% from quadrupolar transitions. The
transition intensity for the feature C is roughly 50%
quadrupolar in nature. The electron density on the water
molecules in the solvation shell contributes significantly to the
transitions comprising the C feature, as illustrated in the
molecular orbitals plotted in the Supporting Information (see
Figure S9). The molecular orbital in Figure 4g is the major

contributor to transitions corresponding to peak A in the ferric
complex. Interestingly, the dipolar contribution to this peak is
∼70%. The quadrupolar transition is 82% for peak B in the
ferric complex. Figure 4h plots a molecular orbital, which
contributes strongly to one of the transitions comprising the B
feature. The transition intensity for the feature C is 90% dipolar
in nature. This is seen with the electron density on the π*
orbitals of the cyanide ligands in Figure 4i, which plots a plots a
molecular orbital contributing strongly to one of the transitions
comprising the C feature. From the calculations, we see how
the solvent shell disrupts octahedral symmetry of the complex
and modifies the molecular-level interpretation of the XANES
features. The HERFD XANES measurements of the ferrous
and ferric complexes in water and ethylene glycol revealed that
amplitude and energy of feature C is strongly dependent on the
solvent.7 Our XANES calculations help to explain that
observation by showing how the electron density on the
solvation shell contributes to the transitions seen in peak C.
The explicit versus implicit solvent calculations (Figures S4 and
S5) in the Supporting Information also reinforce this point.

3.5. Hexacyanoferrate Complexes in Water: Metal−
Ligand Interactions Seen through the VtC-XES. VtC-XES
is emerging as an important tool to study valence excitations
and for ligand identification in transition-metal systems. Here,
we perform nonresonant VtC-XES, where the incident X-ray
photon creates a core 1s hole.68,69 Radiative transitions from
the different valence orbitals into the 1s hole give rise to the
resulting spectrum. Experimental spectra for the aqueous Fe(II)
and Fe(III) complexes are shown in Figure 5a,b. The fitted
Fe(II) complex spectrum shows four peaks (labeled A−D) at

Figure 5. VtC-XES spectra of hexacyanoferrate complexes dissolved in
water from (a,b) experiment and (c,d) simulation. (a,b) Black circles
and squares are the experimental data. The solid lines are fits of the
data to a sum of pseudo-Voigt line shapes. The experimental Fe(II)
spectrum has four peaks, A−D, at 7093.5 ± 0.6, 7104.7 ± 0.1, 7106.6
± 0.7, and 7108.1 ± 0.1 eV, respectively. The experimental Fe(III)
spectrum has four peaks, A−D, 7094.6 ± 0.6, 7106.1 ± 0.1, 7108.4 ±
0.3, and 7109.7 ± 0.1 eV, respectively. Calculations were performed on
one representative-solvated cluster and broadened by 1.5 eV. A red
shift of 10.1 eV was applied to the simulated spectra to match the
experiment.
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7093.5, 7104.7, 7106.6, and 7108.1 eV. The Fe(III) complex
spectrum also shows four peaks (labeled A−D) at 7094.6,
7106.1, 7108.4, and 7109.7 eV. The peaks labeled C are seen as
shoulders to the red of peaks D in Figure 5a,b. An expanded
view of the experimental VtC-XES spectra and the fits
displaying peaks B−D are plotted in Figure S8. The measured
spectra are similar to the earlier reported spectra of the Fe(II)
and Fe(III) complexes in aqueous solution and in the powder
form.13,70 The XES line shapes were not quantitatively analyzed
previously to reveal four peaks. The notable experimental
differences between the two Fe(II) and Fe(III) spectra include
a blue shift of the spectral features upon oxidation of the iron
atom. In addition, there is a reversal in the ratio of the
intensities of peaks B and D between the ferrous and ferric
species.
The simulated spectra are shown in Figure 5c,d with a red

shift of 10.1 eV to match the experiment and are in reasonable
agreement. For the open-shell Fe(III) species, ionization of
both α and β core electrons, corresponding to singlet and
triplet final states, was considered for the final spectrum. For
the closed-shell Fe(II) species, only one core ionization mode,
the doublet final state, was considered. The calculations
indicate that the spectra for the Fe(II) and Fe(III) species
have similar features and peak assignments. The weak feature A
(∼7095 eV) in the calculated Fe(II) spectrum (Figure 5c)
results from transitions involving the N 2s orbitals → Fe 1s.
Feature B (∼7106 eV) results from transitions involving C and
N 2s orbitals → Fe 1s, and feature C (∼7108 eV) represents
the de-excitation involving the N sp hybrid orbitals and the
CN π orbitals → Fe 1s. The strongest feature D (∼7110 eV)
corresponds to transitions between the C sp hybrid orbitals, the
CN π orbitals, and the Fe 1s core hole. The assignments for
the Fe(III) spectrum are the same as those described above.
The calculated spectra for the Fe(II) and Fe(III) complexes
also show an additional weak feature at 7116 eV, which
corresponds to quadrupole transitions between the Fe 3d and
CN π orbitals → Fe 1s.
The above discussion suggests that feature C, which directly

reports on transitions from the N sp hybrid orbitals and the
CN π orbitals to the Fe 1s core hole would be the most
sensitive to solvation effects as the N atom in the cyanide ligand
is involved in hydrogen bonding with the water molecules. The
heterogeneous solute−solvent interaction results in a decreased
amplitude of the C feature and its presence as a shoulder in the
experimental and simulated spectra. Further evidence of the
impact of solvation on the spectra is seen by comparing the
simulated spectra using a solvated cluster, which includes
explicit solute−solvent interactions with those using an implicit
solvation model (see Figures S6 and S7 in the Supporting
Information). The feature C is a distinct peak in the calculated
spectra using an implicit solvation model, where the Fe(II) and
Fe(III) complexes have perfect octahedral symmetry and
structural heterogeneity and solute−solvent interactions are
absent. We expect a greater reduction of feature C in the Fe(II)
complex than the Fe(III) complex because our QM/MM MD
simulations reveal that the solvent interacts more strongly with
the cyanide ligands in the ferrous complex. This is
demonstrated in comparison with the calculated spectra in
Figure 5c,d, which shows a more distinct C feature in the case
of the ferric species.
The experimental spectra, Figure 5a,b, shows that the ratio of

the intensities of peak B relative to peak D is significantly
higher in the ferric species. This is due to the longer Fe−C

bond in the Fe(III) complex arising from the difference in
metal−ligand interactions upon oxidation of the metal atom.
The reversal of the relative peak ratios is not observed in the
calculated spectra using the explicit and implicit solvation
models (Figures S6 and S7). We note that calculations with the
B3LYP exchange−correlation functional in ref 44 did show the
experimentally observed trends. As explained earlier, our choice
of the PBE0 functional for this work was motivated by our past
and ongoing work on mixed-valence transition-metal com-
plexes. A detailed analysis of the dependence of the VtC-XES
on exchange−correlation functional choice is beyond the scope
of this paper.

3.6. Hexacyanoferrate Complexes in Water: Oxidation
and Geometrical Changes Measured by XA Spectrosco-
py. Figure 6a displays the different XA spectra at the Fe K-edge

near the edge jump of the [Fe(II)CN6]
4− (red) and

[Fe(III)CN6]
3− (blue) complexes dissolved in water. The

pre-edge features have been discussed earlier in section 3.4. A
comparison of the two spectra in Figure 6a reveals that the
main resonances shift to higher energies from 7129.3 eV for
Fe(II) to 7130.3 eV for Fe(III). This trend is followed for the
next shape resonance, which is found at 7147.7 and 7148.2 eV
for the Fe(II) and Fe(III) complexes, respectively. The spectra
are in agreement with those reported previously for the Fe(II)
and Fe(III) complexes in solution with higher concentra-
tion.9,14,21 The twoshape resonances described above result

Figure 6. (a) Fe K-edge XA spectra hexacyanoferrate complexes
dissolved in water. (b) EXAFS spectra of the Fe(II) and Fe(III)
complexes weighted by k3. The inset shows the amplitude and
imaginary part of the Fourier-transformed EXAFS spectra weighted by
k3. The solid lines correspond to the fit of the data. For the Fe(II)
complex, the extracted Fe−C bond length is 1.92(1) Å and the Fe−N
distance is 3.11(1) Å. For the Fe(III) complex, the Fe−C bond length
is 1.94(1) Å and the Fe−N distance is 3.13(1) Å. Note that the
Fourier-transformed spectra are not corrected for the phases;
therefore, the displayed distances are shorter than those listed above
and in the main text.
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from the backscattering of the photoelectron wave from the
symmetric CN ligand cage for both complexes.71 The shift of 1
eV for the first resonance can result from a chemical shift upon
oxidation of the iron atom or changes in the Fe−C or the C
N bond lengths. Photoelectron spectra of these complexes in
the solid state have measured a chemical shift of 1 eV of the 2p
core level upon oxidation of the Fe atom and a shift of 1.4 eV of
the complexes for the 3d core level upon oxidation in aqueous
solution.8,72 We can assume a similar shift of the 1s core level
upon oxidation in aqueous solution. This assumes that there is
no change in the energy positions of the final states, and
therefore no significant oxidation-state-dependent structural
changes in solution. We will discuss the experimentally
determined structural changes below using the EXAFS
oscillations.
Figure 6b shows the k3-weighted EXAFS spectra of the

Fe(II) and Fe(III) complexes in water. The very slight
difference in the frequency and amplitude and the phase of
the detected wave vector indicates that the molecular structures
of the two iron complexes are similar in solution. The Fourier
transform of the EXAFS spectra are plotted in the insets of
Figure 6b. The positions of the first peak correspond to the
distances of the Fe atom from the first coordination shell of
carbon atoms. The second peak in the Fourier transform results
from multiple scattering paths of Fe−C−N and the single
scattering Fe−N path, as noted previously.9,14 Results from
fitting the EXAFS data are shown as solid lines in the inset of
Figure 6b. The detailed fit results are listed in Table S1 of the
Supporting Information. The fits reveal that the average Fe−C
bond length is 1.92 ± 0.01 and 1.94 ± 0.01 Å for the Fe(II) and
Fe(III) complexes, respectively. These results are in quantita-
tive agreement with the pair distribution functions extracted
from the QM/MM MD simulations of the Fe−C bonds and
plotted in Figure 1b. The average Fe−N distance is found to be
3.11 ± 0.01 and 3.13 ± 0.01 Å for the Fe(II) and Fe(III)
complexes, respectively. The results reveal that the average CN
bond length is 1.19 Å. The pair distribution function calculated
in Figure 1c displays a slightly shorter average bond length of
1.16 Å, which we tentatively attribute to our choice of
exchange−correlation functional. The bond lengths extracted
from the EXAFS fitting in this study agree quantitatively with
those reported earlier in aqueous and solid form.9,14 The slight
changes in the geometrical structures of the ferrous and ferric
cyanide complexes in aqueous solution is reflected in the IR,
UV/vis, and core-level transitions, as discussed in the earlier
sections.

4. SUMMARY

We have presented a combined experimental and computa-
tional study of the hexacyanoferrate aqueous complexes at
equilibrium. Unlike the previous studies, our work is
distinguished by (i) analysis of experimental spectra in solution
spanning a large energy window of 250 meV to 7.15 keV, (ii)
developing a microscopic picture of the solute−solvent
interactions using DFT-based QM/MM MD, and (iii)
extracting explicit solute−solvent configurations from the MD
simulations and using them to calculate the spectra from the IR
to X-ray wavelengths at the same level of theory. Our consistent
computational approach allows for a systematic study of how
explicit solute−solvent interactions affect the position,
amplitudes, and line shapes of the vibrational spectra of the
cyanide ligands, valence electronic spectra of the charge-transfer

transitions, and core-level XA and emission spectra of
K4Fe

II(CN)6 and K3Fe
III(CN)6 in solution.

The MD simulations clearly reveal the stronger interaction of
the Fe(II) complex with the water molecules around it as
compared to the Fe(III) complex. This difference in the local
hydration structure results in the greater structural hetero-
geneity for the Fe(II) complex with a larger distribution of Fe−
C and CN bond lengths. The Fe−C bond lengths extracted
from the simulations are in quantitative agreement with the
EXAFS fitting results.
The calculated spectra using explicit solute−solvent config-

urations reveal the following: (i) the larger line width and
asymmetry in the IR spectra of the cyanide stretching region for
K4Fe

II(CN)6 results from the larger structural heterogeneity of
the Fe(II) complex in solution, (ii) the structural distortions
from octahedral symmetry and modulation of the metal−ligand
interactions induced by the hydrogen-bonding interactions with
the surrounding water molecules results in higher intensity for
d−d transitions and a larger number of LMCT transitions in
the UV/vis spectra of the hexacyanoferrate complexes, (iii) the
effect of explicit solvation modulates the position and
amplitude of feature C at 7116/7118 eV for the Fe(II)/Fe(III)
complexes in the XANES region of the Fe K-edge XA
spectrum, and (iv) the intensity of the spectral feature at 7107/
7108 eV for the Fe(II)/Fe(III) complexes in the VtC XE
spectra is dependent on how strongly the hydrogen bonding
interactions with the surrounding water molecules affect the
metal−ligand interactions in the transition-metal complexes.
The identification and description of how the local solvent

environment affects the equilibrium spectral properties of
K4Fe

II(CN)6 and K3Fe
III(CN)6 in solution have implications

for interpreting the photochemistry of these complexes and
underscore the importance of accounting for explicit solute−
solvent interactions on nonequilibrium electronic-excited states.
More broadly, this work emphasizes the importance and
provides a methodology for including explicit solute−solvent
interactions to quantitatively simulate the spectroscopy of
solvated transition-metal complexes from the IR to X-ray
wavelengths. This work also serves as an important study for
our ongoing investigations on the equilibrium and excited-state
structure and spectroscopy of transition-metal-mixed valence
complexes dissolved in aqueous solution, which contain the
[FeII(CN)6]

4− and [FeIII(CN)6]
3− motifs.
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