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ABSTRACT: The anionic state of basic ruthenium acetate complexes of the type
[Ru3O(OAc)6](CO)(L1)(L2) (L = 4-cyanopyridine, pyridine, and N,N-dimethylamino-
pyridine) feature pronounced optical transitions in the near-infrared region indicative of
strongly coupled mixed-valence states. A series of these clusters was prepared and
studied spectroscopically in tandem with density functional theory (DFT) computational
results to construct an orbital structure−function description of how the electron density
is shared between the ruthenium centers in this mixed-valent state. The mixed-valency
manifests itself as a combination of the nonbonding atomic orbitals of the equivalent
ruthenium centers, with increased energetic splitting between the orbitals with
symmetries appropriate for more efficient electronic communication. This DFT-based
model agrees with the Marcus−Hush description of mixed-valency, with the added
knowledge that specific orbitals contribute to different degrees in the electronic coupling
between two redox centers.

■ INTRODUCTION
Mixed-valence compounds are molecular donor−bridge−
acceptor systems within which intramolecular electron transfer
(ET) can occur between the donor and acceptor. The first
inorganic molecular mixed-valence complex was reported over
40 years ago by Creutz and Taube.1 Since then, the field has
expanded significantly as inorganic mixed-valency has been
found to play vital roles in the function of various
metalloproteins (e.g., oxygen evolution complex, cytochrome
c oxidase, nitric oxide reductase, and ribonucleotide reduc-
tase)2−7 as well as in various synthetic applications (molecular
magnets and conductive materials).8−13 The redox states of the
metal centers in mixed-valent complexes can be localized or
delocalized to varying degrees, and the Robin−Day classi-
fication was introduced early on to distinguish between
systems that are completely localized (class I), delocalized
(class III), or in between (class II).14 Hush introduced a
theoretical framework for explaining how the extent of electron
delocalization manifests in the intervalence charge transfer
(IVCT) bands of the electronic absorption spectra, invoking a
simple exchange operator to couple charge states of the
equivalent redox centers.15 While these types of descriptions
have proven invaluable in modeling the behavior of mixed-
valent systems, they fall short of providing an explanation for
the origins of electronic delocalization within a molecular
structure.
To successfully develop electronic structure−function

relationships for inorganic mixed-valent compounds it requires
an intricate description of these molecules, accounting for
relationships between the metal orbitals, ligand geometry, and
molecular surroundings. To this end, experimentalists have

sought the assistance of computational methods like density
functional theory (DFT) to surpass what pen and paper
descriptions can possibly provide. Inherently the paramagnetic
and delocalized nature of mixed-valent species makes
calculations on these species challenging, especially when
heavy metals are included in the structure. However, with the
increasing capability of hardware to tackle expensive
calculations and with impressive method development toward
tuning degrees of electronic delocalization,16−22 DFT has
started to provide meaningful and unique insight into the
behavior of inorganic mixed-valent molecules.19,23

Herein, we examined a series of oxo-centered triruthenium
acetate clusters (Ru3(μ3-O)(OAc)6(CO)(L1)(L2)) to gain a
better understanding of the electronic structure of highly
delocalized mixed-valent systems (Figure 1). By employing the
strengths provided from synthesis by creating a series of
molecules varying by Hammett substituents, and using
computation to construct detailed orbital pictures of the
molecules, we hope to build an understanding of how nuanced
changes in the ligand character can alter the observed
absorption spectra of these molecules.
The appeal of these molecules lies in their ease of synthesis,

modular nature via substitution of the ancillary pyridine
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ligands, and redox-stability of their mixed-valent anionic state.
This has resulted in a substantial body of literature describing
their behavior.24−34 These complexes consist of three
ruthenium centers in a trigonal planar geometry surrounding
a μ3-bridging oxygen and straddled by six bridging acetates.
Each ruthenium center is in a pseudo-octahedral geometry,
capped by a single ancillary ligand trans to the μ3-oxo ligand.35

The two Ru(III) centers are capped by sterically unhindered
pyridine ligands, while the Ru(II) site is capped by a carbonyl.
The introduction of the carbonyl ligand provides a convenient
spectroscopic handle, while the structural integrity of the
metal-carboxylate core provides well-behaved, reversible
electrochemistry when measured by cyclic voltammetry.36−39

Upon a one-electron reduction (Ru3(III,III,II) →
Ru3(III,II,II)), the anionic triruthenium clusters, [1CpyCpy]

−−
[6PyDmap]

− (Cpy, 4-cyanopyridine; Py, pyridine; Dmap, N,N-
dimethyl-4-aminopyridine), display an intense absorbance (ε >
4000 M−1 cm−1) in the near-infrared (NIR) region, which
appeared to be multiple overlapping features. An intense NIR
absorbance is characteristic behavior indicative of a strongly
coupled mixed-valent system.40−42 The mixed-valent character
in this state originates from an electronic coupling between
Ru(II) and Ru(III) states of the two pyridine-ligated
ruthenium atoms. While it has not yet been possible to
characterize the Ru3(III,II,II) state by X-ray crystallography,
from the proximity of the ruthenium atoms, we expect a
significantly delocalized electron density between the two
ruthenium centers. The presence of a complex NIR absorption
spectrum suggests a more nuanced interaction than what
would be expected in a traditional two-state model, which
anticipates a single Gaussian feature as a result of the two
states. Within this study, we describe the NIR electronic
absorption spectra and our description of the mixed valency

within the framework of DFT results for this series of
complexes.

■ EXPERIMENTAL AND COMPUTATIONAL
METHODS

All chemicals and solvents were used as-received unless otherwise
noted. Complexes 1−6 were synthesized according to literature
procedures and stored at room temperature under nitrogen in a
glovebox.43 bis(pentamethylcyclopentadienyl)cobalt(II) ((Cp*)2Co-
(II)) was used as-received from Sigma-Aldrich and stored in a
glovebox freezer at −34 °C. All solvents were dried over an alumina
column under an argon atmosphere on a Grubbs-style solvent
purification system.

Reduction of Neutral Compounds 1−6. Stock solutions of the
neutral molecules 1CpyCpy−6PyDmap at concentrations ranging from 3
to 10 mM were prepared under a nitrogen atmosphere using degassed
acetonitrile (MeCN) stored over 3 Å molecular sieves. The stock
solution for each molecule was used to prepare six solutions with
concentrations ranging from 0.5−3 mM. A solution of (Cp*)2Co(II)
in dry MeCN was added in stoichiometric quantities to each aliquot
affording the singly reduced anions [1CpyCpy]

−−[6PyDmap]
− at six

equally spaced concentrations between 0.2 and 2 mM. The progress
of the reduction was monitored by FTIR spectroscopy where the
disappearance of the ν(CO) band for the neutral cluster (ν(CO) ≈
1940 cm−1) and the appearance of a red-shifted ν(CO) band near
1900 cm−1 indicative of the anionic cluster were observed.

UV−Vis Data Collection and Analysis. UV−vis spectra were
collected on a Shimadzu UV-3600 UV−vis/NIR spectrometer.
Immediately following the reduction of complexes 1CpyCpy−6PyDmap

under a N2 atmosphere, the solutions were placed in an airtight
Suprasil quartz cuvette with a path length of 1 mm, and the electronic
absorption spectrum was collected across 300−1600 nm. Molar
extinction coefficients (ε) were determined by linear regression of the
absorption maximum for the measured spectra of [1CpyCpy]

−−
[6PyDmap]

− at six known concentrations. Spectral deconvolutions
were done in OriginPro 8.5 by fitting the NIR peaks as two Gaussian

Figure 1. Structure of the neutral forms of the oxo-centered triruthenium acetate clusters studied in this paper, with abbreviations listed for the
ancillary ligands.
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features and the metal-to-ligand charge-transfer (MLCT) as a single
Voigt line shape.
Electrochemical Measurements. Cyclic voltammetry was

performed on a BASi Epsilon potentiostat in dry MeCN degassed
under argon with 0.1 M tetrabutylammonium hexafluorophosphate
(TBAPF6, recrystallized from anhydrous EtOH and vacuum-dried at
80 °C) as the supporting electrolyte. The first reduction feature
observed for each cluster is listed in Table 1.
Density Functional Theory. Calculations were performed in the

ORCA software suite (version 4.0.1.2) at the B3LYP/G level of
theory with the RIJCOSX approximation. Geometry optimizations
were performed starting from XYZ coordinates adapted from the
reported crystal structure of a neutral Ru3O cluster.28 All atoms were
treated with the def2-TZVP basis set for the geometry optimizations,
while the single-point energy used the def2-QZVP basis set for
ruthenium atoms and def2-TZVP for all other atoms. Both sets of
calculations employed the def2/J auxiliary basis sets.44−47 Dispersion
corrections were applied with the Becke−Johnson damping scheme
(D3BJ), and solvation was accounted for by using the CPCM
solvation model in MeCN.48,49 Displayed orbital energies are taken as
the calculated quasi-restricted molecular orbitals for complete
occupancy and as an average of the α and β spin orbitals for partially
occupied orbitals. When displayed versus the ferrocene/ferrocenium
redox potential (Fc+/0), the orbital energies were normalized to make
the first reduction potential of the cluster equivalent to the energy of
the singly occupied molecular orbital (SOMO).

■ RESULTS AND DISCUSSION

Absorption Spectra of Reduced Clusters. The UV−vis/
NIR absorption spectra for the series of reduced clusters
feature two prominent absorptions within the region of 300−
1600 nm. In the visible region of the spectra, all clusters display
a single intense feature that changes energy with pyridine
ligand substitution. In the symmetric clusters [1CpyCpy]

−,
[2PyPy]

−, and [3DmapDmap]
− this absorption maximum shifts

to higher energy as the pyridine ligands become more electron-
donating (Figure 2). This transition is experimentally assigned
as a metal-to-ligand charge-transfer (MLCT) from the metal
centered highest occupied molecular orbital (HOMO) to the
ligand-based lowest unoccupied molecular orbital (LUMO).
This is further supported across the series of molecules
[1CpyCpy]

−, [4CpyPy]
− and [5CpyDmap]

− in which this feature
stays roughly at the same energy as the Cpy ligand is
maintained. In [4CpyPy]

−, the weak high energy transition
centered at 22421 cm−1 may arise from MLCT to the more
electron rich pyridine substituent with a higher energy π*
orbital. However, in [5CpyDmap]

− and [6PyDmap]
− this feature is

not completely resolvable as overlap with other strong
absorbances preclude a definitive assignment.
It is well documented that the presence of a NIR absorption

feature can be the result of two electronically coupled states
within a mixed-valent molecule.40 The intense and broad

Table 1. Electronic Characterization of the Anions of 1−6a

absorbance maximum, cm−1 (ε, M−1·cm−1)

first reduction potential (V vs Fc)

[1CpyCpy]
− −1.14 7986 (2472)b 9439 (7125)b 17094 (15314)

[2PyPy]
− −1.36 8209 (2635)b 9374 (3471)b 21008 (16854)

[3DmapDmap]
− −1.56 8278 (3395)b 9435 (2921)b 24509 (11152)

[4CpyPy]
− −1.22 8289 (2479)b 10023 (6453)b 16666 (12173) 22421 (4772)

[5CpyDmap]
− −1.30 8671 (949)b 10418 (3235)b 16556 (6132)

[6PyDmap]
− −1.44 8341 (3145)b 9651 (3200)b 20661 (8053)

aTabulated first reduction potentials of the neutral molecules 1−6 corresponding to the relative stabilities of the anions studied in this paper. (First
column) Absorption features and attenuation coefficients observed in the UV−vis/NIR spectrum (Second column). bAbsorbance maxima and
molar attenuation coefficient for overlapping peaks determined from a peak fitting algorithm in OriginPro version 8.5.

Figure 2. Visible/NIR absorption spectra of the reduced state of molecules [1CpyCpy]
−, [2PyPy]

−, and [3DmapDmap]
− in acetonitrile.
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absorption in the NIR region (7000−12000 cm−1) for 1−−6−
can be reasonably fit by two Gaussian functions (S13−S15),
indicating a more complicated mixed-valence interaction than
a typical two-state description, possibly indicating either a
mediating third state50 or distinct electronic couplings between
different metal-centered orbitals. Either explanation obfuscates
any conclusive attempt to describe these systems with a
singular coupling term (Hab). This assignment as a metal-to-
metal charge-transfer (MMCT) is well represented in complex
3− by the steep intensity loss on the low energy side of the NIR
band, resulting in a deviation from the Gaussian fit. The
“clipping” of the intensity on the low energy of an IVCT band
is generally explained to result from the flattening of the
potential energy surface as a mixed-valence system moves
through the Robin−Day Class II/III borderline.15,40,50 While
the peak energies of the homoleptic clusters (1−−3−) do not
change significantly with ligand substitution, the NIR bands
along the series of clusters [1CpyCpy]

−, [4CpyPy]
−, and

[5CpyDmap]
− blue shift with increasing electronic asymmetry,

as demonstrated in Figure 3. That is, as the difference in donor

strength between L1 and L2 increases, a larger blue shift of the
NIR band is observed. Upon spectral deconvolution,
complexes [2PyPy]

− and [3DmapDmap]
− display a large decrease

in intensity for the higher energy feature with respect to
[1CpyCpy]

− with minimal changes in energy (400 cm−1 > ). The
series of molecules containing Dmap as a ligand, [3DmapDmap]

−,
[6DmapPy]

−, and [5DmapCpy]
−, demonstrate both trends

simultaneously, showing a blue shift with increasing ligand
mismatch and a decrease in the intensity of the high-energy
feature with the more electron-rich ligands.
Density Functional Theory Results. The outputs from

the DFT calculations show that the electronic structures of the
anions [1CpyCpy]

−−[6PyDmap]
− are homologous across the

series. Modest changes in the orbital composition and energy
levels are observed with pyridine ligand substitution. For
simplicity, the orbital iso-surfaces of the frontier orbitals for
[1CpyCpy]

− are shown in Figure 4 and are representative of the
entire series. The CO-ligated ruthenium center (RuCO) is
significantly affected by the distinct coordination environment,

as π-backbonding to the CO substantially stabilizes the
nonbonding d orbitals compared to the pyridine-ligated
ruthenium atoms (RuL). The six highest energy populated
orbitals in all clusters are dominated by the nonbonding d
orbitals of the two RuL centers. In the symmetric anions
[1CpyCpy]

−, [2PyPy]
−, and [3DmapDmap]

−, these are linear
combinations of the RuL d orbitals, with some contribution
from the bridging oxide ligand. The three symmetric
combinations of d orbitals are lower in energy than the three
antisymmetric combinations.
For each RuL, the z-axis can be defined along the Ru−L

bond and the y-axis as normal to the plane containing the three
ruthenium centers; the SOMO is a π system formed from the
participation of the dyz orbitals for both RuL’s with the p orbital
of the bridging oxide ligand. The HOMO is then a
combination of the dxy orbitals from both RuL’s and the
HOMO−1 is a combination of the dxz orbitals. This ranking of
energy levels for these frontier orbitals can be qualitatively
rationalized as the electron density from the π-system of the
cluster destabilizing the d orbitals sharing that symmetry, with
the dxz orbitals being the least affected by that density, as they
are within the plane of the molecule. Across the anions
[1CpyCpy]

−, [2PyPy]
−, and [3DmapDmap]

−, as more electron-
donating pyridine ligands are used, a divergence of the SOMOs
and HOMOs from the lower lying d orbitals is observed. This
implies that the electron-withdrawing pyridine ligands stabilize
the π-system and reduce the energetic splitting between the
orbitals. The LUMO for all clusters is primarily centered on
the pyridine ligand π* orbital. In the asymmetrically
substituted anions, the LUMO is localized on the most
electron-withdrawing pyridine, while the LUMO+1 is based on
the more electron-donating ligand.
In [4CpyPy]

−−[6PyDmap]
−, the asymmetry perturbs the

orbitals, resulting in a greater localized electron density on a
single ruthenium center, which is most clearly seen in Figure 5.
The energetic ordering and spatial orientation of these orbitals
are identical to the homoleptic clusters; however, the charge
density of the orbitals is shifted, reflecting a localization of
charge on the more electron-deficient ruthenium center.
The tentative assignments of the observed transitions in the

electronic absorption spectra are consistent with the computed
frontier orbitals. B3LYP is generally known to overestimate
electronic delocalization, which should result in some
exaggeration of the energy splitting due to the coupling
between states. However, for [1CpyCpy]

−, the calculated energy
gaps between the HOMO and LUMO correspond well with
the observed absorption peak energy (ΔE < 1000 cm−1) and
matches with the qualitative description of the feature as a
MLCT. This assignment is further supported by the increase in
this energy for [2PyPy]

− and [3DmapDmap]
−. While the calculated

energy of the LUMO is typically suspect at this level of
calculation, the similarity in the behavior of the HOMO−
LUMO energy differences and the observed absorbance
features provide confidence that the DFT calculation is
adequately capturing the electronic structure of the molecules.
As more electron-donating ligands are used in [2PyPy]

− and
[3DmapDmap]

−, a slight discrepancy between the blue-shift for
the orbital spacings and experimental absorbances arises
(Figure 6). This is expected, as the degree of delocalization
within these clusters is highly dependent on the ligand
environment.
The low-energy electronic absorptions can be assigned as

MMCT-type transitions from the observation that the NIR

Figure 3. NIR region of clusters containing 4-cyanopyridine as a
ligand, demonstrating the blue shifting and loss of intensity of the
feature as the electronic mismatch between pyridine-type ligands
increases.

Inorganic Chemistry pubs.acs.org/IC Article

https://dx.doi.org/10.1021/acs.inorgchem.0c00881
Inorg. Chem. 2020, 59, 10532−10539

10535

https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c00881?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c00881?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c00881?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c00881?fig=fig3&ref=pdf
pubs.acs.org/IC?ref=pdf
https://dx.doi.org/10.1021/acs.inorgchem.0c00881?ref=pdf


feature does not shift substantially with different ligands and
from the mixed-valent nature of the anionic clusters. There is
an available transition from the HOMO and the SOMO, with
an orbital energy gap at around 7000−8000 cm−1 based on the
DFT results. While this is slightly lower than the
experimentally observed absorptions in all molecules, it does
fall within 1200 cm−1 of the deconvoluted peak center for all
systems studied. The second, higher-energy absorption
observed in the NIR (λmax ∼ 9500 cm−1) is tentatively
assigned as a transition between the second highest fully
occupied orbital (HOMO−1) and the SOMO. Across the

series of homoleptic clusters, [1CpyCpy]
−, [2PyPy]

−, and
[3DmapDmap]

−, the disappearance of the high-energy MMCT
feature coincides with the HOMO and SOMO increasing in
energy relative to the rest of the occupied orbitals. The loss of
intensity corresponding to a divergence in energy levels could
suggest vibronic coupling is responsible for the appearance of
this feature and could be of interest for more elaborate
computational investigation of these molecules’ behavior.
A close examination of the electronic structure of an

individual cluster reveals how the mixed-valency manifests
itself in the orbital energies. In [1CpyCpy]

−, we observe that the

Figure 4. (A) Computed molecular orbitals of [1CpyCpy]−, calculated at the uB3LYP level with a B3DJ dispersion correction, showing the three
highest energy occupied orbitals (SOMO, HOMO, and HOMO−1) and the lowest energy unoccupied orbital (LUMO). (B) Quasi-restricted
molecular orbital (QRO) energy levels (experimentally normalized vs Fc+/0) for the three symmetrically substituted ruthenium molecules, with
the 9 highest energy occupied orbitals darkened and shaded up to the energy level of the half-occupied SOMO.

Figure 5. Comparison of the SOMO and LUMO of the symmetrically substituted cluster [1CpyCpy]
− and the asymmetric cluster [4CpyPy]

−,
displaying the differences in the composition of the orbitals with increasing electron-donor mismatch between the pyridine ligands.
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d orbitals of the two chemically equivalent ruthenium centers
display strong electronic coupling between them as symmetric
and antisymmetric combinations of nonbonding d orbitals
occur. The degree of energetic splitting between these sets
indicates the extent of the coupling for a specific orbital
symmetry. The occupied d orbitals with π symmetry across the
bridging oxide show the strongest energetic splitting. In
contrast, the d orbitals completely residing in the plane of the
trinuclear core show essentially no energetic splitting and
behave almost as a degenerate set. The d orbitals completely in
the plane of the Ru-OAc bonds experience an intermediate
degree of energetic splitting between these two extremes. A
typical description of this type of mixed-valent system is
limited to two parameters, a reorganization energy (λ) and an
electronic coupling factor (Hab).

15 The description provided
here expands upon this idea by specifying which orbitals
facilitate the electronic coupling and which orbitals remain
largely nonparticipatory.
The historical difficulty encountered in describing inorganic

mixed-valent molecules with DFT has provided a substantial
roadblock to thoroughly describe the electronic structure of
these systems. While Marcus−Hush theory provides a
framework with which to describe molecules with two
interacting electronic states, it does not give a particularly
detailed description of the orbitals being populated or how
they interact. The manifestation of coupling in a mixed-valent
molecule can be restricted to a single pair of identical orbitals,
or it could be spread between several orbitals. Understanding
which orbitals contribute to these interactions is useful in
designing highly coupled chemical systems that have potential
applications in molecular electronics or other electronic
materials. Upon obtaining high-quality computational descrip-
tions of these mixed-valent molecules, it becomes possible to
reach beyond the description provided by the Marcus−Hush
theoretical framework to start exploring how the orbitals in
mixed-valent molecules interact to facilitate long-range
electronic communication.
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