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ABSTRACT: We report here the spectroscopic properties of
four very closely related mixed-valence cyanide-bridged
bimetallic complexes, trans-[Ru(T)(bpy)(μ-NC)Ru-
(L)4(CN)]

3+ (T = tris(1-pyrazolyl)methane (tpm, a) or
2,2′;6′,2″-terpyridine, (tpy, b), and L = pyridine (py, 1) or 4-
methoxypyridine (MeOpy, 2)). In acetonitrile all the
complexes present intervalence charge transfer (IVCT)
transitions in the NIR region, but their intensities are widely
different, with the intensity of the transition observed for 1a−
b3+ around four times larger than that observed for 2a−b3+.
This contrasting behavior can be traced to the different nature
of the dπ acceptor orbitals involved in these transitions, as
confirmed by (TD)DFT calculations. The spectroscopy of 1a−
b3+ provides evidence that the spin density is delocalized over the two ruthenium ions, such as a narrowing of the IVCT bands
that results in the resolution of the expected three bands, and a weak solvent dependence of the energy of these transitions. The
spectroscopy of 2a−b3+ instead indicates that the spin density is localized on one ruthenium ion. The IVCT in these systems is
particularly weak due to the configuration of the Ru(III), where the vacant orbital is perpendicular to the cyanide bridge.

■ INTRODUCTION

The spectroscopy of mixed-valence complexes has been
explored for over four decades since the original report of the
properties of the Creutz−Taube ion.1 Among the explored
bridges, the cyanide ion has been frequently explored and it has
been shown to be able to promote efficient electronic2 and
magnetic3 communication between the connected units, both
in ground and in electronically excited states. In spite of these
properties, until recently4,5 all the reported systems presented a
localized ground state.
In the exploration of mixed valence systems, the d6−d5

configuration figures prominently due to the ready availability
of the iron, ruthenium, and osmium (II/III) couples. The
properties of the observed IVCT transition have usually been
treated with a semiclassical theoretical approximation6−9 where
only one orbital interaction is assumed. This approach neglects
the influence of the configuration of the ions in the properties
of the IVCT transitions. For example, for a d6−d5 system, the
lack of octahedral symmetry may split the dπ orbitals. In this
case, three IVCT transitions are expected10 together with two
transitions between the split dπ orbitals (intraconfigurational,
IC), a prediction that has been confirmed experimentally.11−13

Similarly, different spectroscopies might be observed depending
on the orientation of dπ acceptor orbital. If the acceptor orbital
lies perpendicular to the bridge, a weaker transition is expected.
Here we show the properties of four closely related cyanide-

bridged bimetallic complexes, trans-[Ru(T)(bpy)(μ-NC)Ru-

(L)4(CN)]
2+/3+/4+ (T = tris(1-pyrazolyl)methane (tpm, a) or

2,2′;6′,2″-terpyridine, (tpy, b), and L = pyridine (py, 1) or 4-
methoxypyridine (MeOpy, 2)), where a ruthenium polypyr-
idine fragment (Rupp) is linked to a substituted dicyanide
ruthenium tetrapyridine (Rupy) (Figure 1). The mixed-valence
complexes reported present an unusual variation on the
properties of the IVCT bands, which can be traced to the
different nature of the acceptor orbitals on the Rupy

III moiety, as
suggested by the DFT calculations performed for these systems.
This offers a unique opportunity to evaluate the impact of very
different metal−metal coupling in otherwise very similar
bimetallic complexes.

■ EXPERIMENTAL SECTION
Materials. The compounds [RuII(tpm)(bpy)(OH2)](ClO4)2,

14

[RuII(tpy)(bpy)(OH2)](ClO4)2,
15 trans-[RuII(py)4(CN)2],

16 trans-
[RuII(MeOpy)4(CN)2],

17 and trans-[(T)(bpy)RuII(μ-NC)-
RuII(py)4(CN)](PF6)2

18 (T = tpm (1a) or tpy (1b)) were prepared
according to previous reports. Solvents for spectroelectrochemical
measurements were dried using a PureSolv Micro solvent purification
system. All other reagents were obtained commercially and used as
supplied. The new compounds synthesized were dried in a vacuum
desiccator for at least 12 h prior to characterization.

Synthesis. trans-[(T)(bpy)RuII(μ-NC)RuII(MeOpy)4(CN)](PF6)2 (T =
tpm (2a) or tpy (2b)). 0.14 mmol of [RuII(T)(bpy)(OH2)](ClO4)2
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(T = tpy, 100 mg, T = tpm, 96.4 mg) and 1.02 mmol of trans-
[RuII(MeOpy)4(CN)2] (600 mg) were dissolved in 140 mL of water/
methanol (1:1) and heated under reflux for 5 h. After the mixture
cooled down, the solvents were removed under vacuum, and the
resulting solid was suspended in acetonitrile (10 mL). The insoluble
excess of trans-[RuII(MeOpy)4(CN)2] was removed by filtration, and
the dark solution was evaporated to dryness. The remaining solid was
dissolved in a minimum volume of methanol and loaded on a
Sephadex LH-20 column (l = 30 cm, ⌀ = 4 cm) packed and eluted
with methanol. The second of three fractions obtained presented a
dark brown (L = tpy) or deep orange (L = tpm) color and was
evaporated until dryness. The solid was dissolved in acetone (2 mL),
and saturated aqueous NH4PF6 was added. After standing overnight at
4 °C, the solid was collected by filtration, washed with chilled water,
and dried under vacuum. T = tpm: yield 92 mg (38%). Anal. Calcd for
C46H46N14O4P2F12Ru2·H2O: C, 40.4; H, 3.53; N, 14.3. Found: C, 40.7;
H, 3.50; N, 13.9. 1H NMR (CD3OD, 500 MHz) δ (ppm): 9.53 (s, 1H,
H7), 8.76 (d, 2H, Ha), 8.66 (d, 2H, Hd), 8.53 (d, 2H, H1), 8.41 (d,
1H, H4), 8.23 (d, 2H, H3), 8.18 (dd, 2H, Hc), 7.91 (d, 8H, Hα), 7.64
(dd, 2H, Hb), 6.85 (d, 1H, H6), 6.79 (d, 2H, H2), 6.63 (d, 8H, Hβ),
6.39 (d, 1H, H5), 3.87 (s, 12H, Hγ). T = tpy: yield 87 mg (45%). Anal.
Calcd C51H47N11O4P2F12Ru2: C, 44.7; H, 3.5; N, 11.2. Found: C, 44.7;
H, 3.5; N, 11.1. 1H NMR (CD3OD, 500 MHz) δ (ppm): 9.92 (ddd,
1H, Ha), 8.92 (d, 1H, Hd), 8.90 (d, 2H, H5), 8.74 (ddd, 2H, H4),
8.65 (d, 1H, He), 8.46 (t, 1H, H6), 8.43 (ddd, 1H, Hc), 8.17 (ddd,
2H, H3), 8.03 (ddd, 2H, H1), 8.02 (ddd, 1H, Hb), 7.98 (dd, 8H, Hα),
7.91 (ddd, 1H, Hf), 7.71 (ddd, 1H, Hh), 7.56 (ddd, 2H, H2), 7.21
(ddd, 1H, Hg), 6.62 (dd, 8H, Hβ), 3.89 (s, 12H, Hγ).
Physical Measurements. NIR and IR spectra were collected in

solution with a Nicolet iS10 FT-IR spectrometer (range 12000−400
cm−1). UV−visible spectra were recorded with a Hewlett-Packard
8453 diode array spectrometer (range 190−1100 nm). Optimal
Gaussian deconvolution of the experimental spectra were performed
using the solver function in a Microsoft Excel spreadsheet. 1H NMR
spectra were measured with a Bruker ARX500 spectrometer, using
deuterated solvents from Aldrich. Elemental analyses were carried on a
Carlo Erba 1108 analyzer. Cyclic voltammetry measurements were
performed under argon with millimolar solutions of the compounds,
using a TEQ V3 potentiostat and a standard three electrode
arrangement consisting of a glassy carbon disc (area = 9.4 mm2) as
the working electrode, a platinum wire as the counter electrode, and a
silver wire as reference electrode plus an internal ferrocene (Fc)
standard. Tetra-n-butylammonium hexafluorophosphate ([TBA]PF6,
0.1 M) was used as the supporting electrolyte in acetonitrile. All the
potentials reported in this work are referenced to the standard Ag/
AgCl saturated KCl electrode (0.197 V vs NHE), the conversions
being performed with literature values for the Fc+/Fc couple in
different media.19 All the spectroelectrochemical (SEC) experiments
were performed using a three-electrode OTTLE cell,20 with millimolar
solutions of the compounds using [TBA]PF6 0.1 M as the supporting
electrolyte.

Theoretical Methods. Density functional theory (DFT) compu-
tations were employed to fully optimize the geometries of the three
redox states of trans-[(T)(bpy)Ru(μ-NC)Ru(L)4(CN)]

n+ (n = 2−4)
in vacuum and acetonitrile, without symmetry constraints. The
calculations were done with the Gaussian09 package,21 at the B3LYP
level of theory using restricted and unrestricted approximations of the
Kohn−Sham equations, depending on the total number of electrons.22

In all cases, the effective core potential basis set LanL2DZ was
employed, which proved to be suitable for geometry predictions in
coordination compounds containing metals of the second row of the
transition elements in the periodic table. Solvation effects were
accounted for using the most recent implementation of the implicit
IEF-PCM solvation model.23−25 Tight SCF convergence criteria and
default settings were used in the geometry optimizations. IR
calculations and all optimized structures were confirmed as minima
by analyzing the harmonic vibrational frequencies.26 Vertical electronic
excitation energies and intensities were evaluated using the time-
dependent DFT ((TD)DFT)27,28 approach with the Gaussian09
package,21 and the isodensity plots of the orbitals involved in these
transitions were visualized using Molekel.29,30 GaussSum31 software was
used to perform spectral simulation and to extract molecular orbital
information. The calculated low-energy absorption spectra, the
composition of electronic transitions, the associated molecular orbitals,
and the Mulliken spin densities for the four mixed-valence complexes
are shown in the Supporting Information.

■ RESULTS

Electrochemistry. Cyclic voltammograms in acetonitrile
for all the complexes presented here show two reversible waves
at anodic potentials (Figure 2), ascribable to the two ruthenium

Figure 1. Structures of the complexes 1a (left, R = H), 2a (left, R = OCH3), 1b (right, R = H), 2b (right, R = OCH3). Labels identify hydrogen
atoms according to NMR assignments.

Figure 2. Cyclic voltammograms of 1a, 1b, 2a, and 2b in acetonitrile/
0.1 M [TBA]PF6 at 100 mV·s−1 scan rate.
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(III/II) couples of the bimetallic compounds (Table 1). For
2a−b the oxidation at lower potentials is located at the Rupy

center, as confirmed by IR and vis−NIR spectroelectrochem-
istry and supported by DFT calculations (vide infra), even
though the redox potential of this fragment is higher in 2a−b
than in the associated monomer (E° = 0.67 V in acetonitrile17)
due to the coordination of the cationic fragment Rupp

2+ to the
cyanide. For Rupp, the polypyridinic ligands have a larger degree
of conjugation than pyridines, and consequently a more
pronounced acceptor character, stabilizing the ruthenium(II)
moieties and shifting their oxidation potentials anodically. This
difference between the iminic ligands is large enough to
overcome the redox asymmetry imposed by the cyanide bridge,
whose orientation can be deduced from the synthetic
procedures and is evidenced in the crystal structure of 1b.18

The observed ΔE of 0.50 V for 2a−b is mainly due to the
different nature of the coordination spheres of the ruthenium
fragments.
For 1a−b, the assignment of the electronic configuration of

the mixed-valence species is less clear. The replacement of
MeOpy ligand by pyridine should result in an increase of 0.20 V
in the redox potential of the Rupy center,17 and hence in a
decrease of the ΔE between the ruthenium couples of the same
amount. However, the ΔE for 1a−b2+ average 0.4 V instead of

0.3 V (Table 1), which indicates an enhanced stability for the
mixed-valence complexes 1a−b3+.

UV−Vis−NIR Spectroscopy. All the absorption profiles of
the [II,II] species in the near UV−visible (black lines) are
governed by π(pp) → π*(pp) LC signals above 30000 cm−1

and two MLCT sets, one stronger corresponding to the
dπ(Rupy) → π*(py) transitions (27000−30000 cm−1) and
weaker dπ(Rupp) → π*(pp) transitions around 20000 cm−1

(Table 2). Upon one electron oxidation (Figure 3 and Figure

S2 in the Supporting Information right panels, red line), 2a−
b3+ show the typical and intense π(MeOpy) → dπ(Rupy)
LMCT transitions at ∼21500 cm−1,17 together with the
disappearance of the dπ(Rupy) → π*(py) MLCT transitions,
which provides unequivocal evidence of the presence of a Rupy

III

fragment in these systems. Although the LMCT bands obscure
the expected blue shift in the dπ(Rupp) → π*(pp) MLCT,
shoulders at 28800 and 28200 cm−1, for 2a3+ and 2b3+

respectively, can be assigned as the high energy components

Table 1. Reduction Potentials of the Complexes 1a−b and
2a−b in Acetonitrile/0.1 M [TBA]PF6

E1/2 (ΔEp)/V (mV)

complex T L Rupy
III/II Rupp

III/II ΔE/V

1a tpm py 1.00 (70) 1.41 (80) 0.41
1b tpy py 1.05 (90) 1.42 (90) 0.37
2a tpm MeOpy 0.83 (100) 1.33 (110) 0.50
2b tpy MeOpy 0.85 (65) 1.35 (75) 0.50
[Ru(py)4(CN)2] 0.85 (70)
[Ru(MeOpy)4(CN)2] 0.67 (70)
[Ru(tpm)(bpy)(NCS)]+ 0.96 (100)
[Ru(tpy)(bpy)(NCS)]+ 1.04 (90)

Table 2. Vis−NIR Data in Acetonitrile/0.1 M [TBA]PF6 for the Complexes 1a−b2+/3+ and 2a−b2+/3+

νmax/10
3 cm−1 (εmax/10

3 M−1 cm−1) [Δν1/2/103 cm−1]

complex LC π → π* MLCT dπ(Rupy) → π*(py) MLCT dπ(Rupp) → π*(pp) LMCT π(py) → dπ(Rupy) IVCT

1a2+ 34.5 (22.4) 28.0 (20.4) 20.9 (3.0)
1a3+ 33.5 (20.0) 31.6 (15.8)sh 29.1 (8.8)sh 7.8 (2.0) [3.5]a

23.2 (2.5)sh 6.2 (5.4) [1.8]a

4.8 (2.6) [1.3]a

1b2+ 35.5 (35.5) 27.9 (23.5) 20.9 (7.4)
34.3 (38.1)
31.8 (37.7)

1b3+ 35.2 (38.9) 30.2 (21.4)sh 7.1 (2.5) [3.5]a

32.4 (34.5) 23.2 (5.4) 6.0 (5.1) [2.0]a

4.5 (1.8) [2.4]a

2a2+ 34.3 (22.0) 29.0 (18.9) 20.7 (2.6)
2a3+ 34.5 (25.6) 28.8 (5.6)sh 21.6 (7.0) 6.5 (1.8) [2.9]
2b2+ 34.3 (35.9) 28.5 (22.3)sh 21.8 (6.7)

31.6 (37.3)
2b3+ 34.8 (36.5) 30.5 (16.4)sh 21.5 (13.6) 7.0 (1.0) [3.8]

32.2 (33.6)

aSpectral parameters obtained by Gaussian deconvolution with spectral fitting procedures (see Figure S9 in the Supporting Information).

Figure 3. Vis−NIR spectroelectrochemistry of 1a (left) and 2a (right)
in acetonitrile/0.1 M [TBA]PF6, during the first (top) and second
(bottom) oxidation processes. The spectra of the [II,II] (black),
[II,III] (red), and [III,III] (blue) species are highlighted.
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of these MLCT transitions, possibly with small contributions of
dπ(Rupp) → dπ(Rupp) MC transitions.32 For 1a−b3+, no new
band in the visible is clearly defined. Instead, a shift to higher
energies is observed for the dπ(Rupp) → π*(pp) MLCT bands
(from 20900 cm−1 to a shoulder at 23200 cm−1 for 1a3+). The
dπ(Rupy)→ π*(py) MLCT is also visible for 1a3+, although less
defined as a shoulder at 31600 cm−1 mounted on the π(bpy)→
π*(bpy) band at around 33500 cm−1. Similar shifts have been
observed in related binuclear complexes17,33 and have their
origin in the stabilization of the dπ(Rupp) orbitals by the
presence of a Ru(III) ion coordinated to the cyanide bridge.
This feature is not resolved in the case of 1b3+ because it is
obscured by LC(tpy) bands that are red-shifted with respect to
the LC(bpy) transition of 1a3+.
The bottom parts of Figure 3 and Figure S2 in the

Supporting Information illustrate spectral changes observed
when the second electron is removed. The spectra of 2a−b4+
(Table 3) show a red shift of the π(MeOpy) → dπ(Rupy)
LMCT (∼20000 cm−1). This corresponds to a stabilization of
Rupy

III dπ acceptor orbitals by the presence of a Ru(III) neighbor,
similar to the stabilization of the dπ(Rupp) orbitals previously
discussed. Simultaneously, new low energy bands appear for
2a−b4+ around 15000 cm−1, for which dπ(Rupp) are likely to be
the acceptor orbitals. These bands are reminiscent of the
transitions observed in the model compounds [RuIII(T)(bpy)-
(NCS)]2+ (Figure S3 in the Supporting Information) and cis-
[Ru(bpy)2(NCS)2]

+, and in the latter case, (TD)DFT assigns a
π(S) → dπ(Rupp) character to it.34 For 2a−b4+ (Table 3), our
(TD)DFT calculations (see below and the Supporting
Information) point to the π orbitals of the MeOpy as the
donor orbital and hence are remote LMCT (rLMCT).
Similarly, the spectrum of 1a−b4+ is dominated by LMCT
transitions placed on both ruthenium centers.
SEC measurements in the near-infrared (NIR) for the one

electron oxidation process reveal the presence of intense
transitions associated with the mixed-valence species, that are
absent for the completely reduced and the completely oxidized
states (Table 2 and Figure 4 and Figure S4 in the Supporting
Information). We assign them as IVCT bands. The band for
1a3+ clearly presents a structure with shoulders at higher and
lower energies with respect to the maxima (maxima at 6300
cm−1 and shoulders at 8500 and 5100 cm−1, Table 2). The
band for 1b3+ is also asymmetric with a less defined shoulder on
the high-energy side (maxima at 6000 cm−1 and shoulder at
8300 cm−1). For 2a−b3+, the IVCT bands appear in the same
region, but show not structure. The bands observed for 1a−b3+

are very strong (ε at the maxima are 7100 and 7600 M−1 cm−1

for 1a3+ and 1b3+, respectively), while the bands observed for
2a−b3+ are substantially less intense (ε = 1800 and 1000 M−1

cm−1 for 2a3+ and 2b3+, respectively).
Oxidation of 1a−b3+ by a second electron (Figure 4 and

Figure S4 in the Supporting Information) results in the loss of
the strong IVCT bands and the appearance of a weaker band in
this region (at 8500 and 8000 cm−1 for 1a4+ and 1b4+

respectively, Figure 4 and Figure S4 in the Supporting
Information). These bands are absent in the model Ru(III)
monomers, suggesting that they are LMCT transitions from the
ligands in one Ru coordination sphere to a vacant orbital in the
vicinal Ru(III) fragment. A weaker band is observed for 2a4+ in
the same energy region (see Table 3), but not for 2b4+,
indicating that this complex may have a different electronic
configuration.

IR Spectroscopy. We also explored the IR spectroscopy of
all the redox states of complexes 1a−b and 2a−b. All the
bimetallic complexes exhibit cyanide stretches between 2200
and 2000 cm−1. Figure 5 and Figure S5 in the Supporting
Information show the evolution of the IR spectra in acetonitrile
for the complexes 1−2b2+ and 1−2a2+ respectively, during the
first (top) and second (bottom) oxidation processes. The
spectra of the reduced forms of all these molecules share the
same characteristics in the region where the cyanide stretches
are expected, showing an intense band at ∼2070 cm−1 and a

Table 3. Vis−NIR Data in Acetonitrile/0.1 M [TBA]PF6 for the Complexes 1a−b4+ and 2a−b4+

νmax/10
3 cm−1 (εmax/10

3 M−1 cm−1)

complex LC π → π* LMCT π(py) → dπ(Rupy) LMCT π(pp) → dπ(Rupp) rLMCT π(py) → dπ(Rupp)

1a4+ 32.9 (13.3) 25.2 (3.5) 20.6 (2.7) 8.5 (0.8)
31.7 (12.9) 23.2 (3.1) 17.5 (1.9) 5.0 (0.2)

1b4+ 35.0 (27.5) 25.5 (4.6) 17.1 (1.9) 8.0 (1.7)
32.0 (29.2) 23.2 (1.8)
29.6 (14.6)sh

2a4+ 33.0 (16.3) 23.2 (4.8) 14.7 (1.8)sh
31.8 (15.2) 20.3 (7.9) 7.1 (0.4)

17.3(3.0)
2b4+ 35.1 (26.0) 22.3 (4. 14.8 (1.3)sh

32.8 (26.7) 20.1 (6.3)
32.0 (27.5) 17.4 (2.6)
29.5 (11.9)sh

Figure 4. NIR spectroelectrochemistry of 1a (left) and 2a (right) in
acetonitrile/0.1 M [TBA]PF6, during the first (top) and second
(bottom) oxidation processes. The spectra of the [II,II] (black),
[III,II] (red), and [III,III] (blue) species are highlighted.
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weaker band around 2100 cm−1. These bands correspond to
the stretches of the two nonequivalent cyanide groups present
in these molecules, the bridging cyanide and the terminal
cyanide.
Upon their oxidation, a disparate behavior of the IR

absorption profiles is observed for the complexes bearing
different pyridines. 1a−b3+ present two cyanide stretches
mounted on top of a wide band, probably of electronic
character. The band at higher energies is more intense than the
one observed for 1a−b2+, while the other is displaced to lower
energies and becomes wider (Figure 5 and Figure S5 in the
Supporting Information). For 2a−b3+ instead, the spectrum is
surprisingly different; only two very weak cyanide stretches can
be distinguished.
Further oxidation of the bimetallic complexes results in a new

agreement between the IR spectra of all the complexes. The
electronic band and the low energy cyanide stretch disappear in
1a−b4+, and they are replaced for two cyanide stretches above
2100 cm−1. These last features are very similar to those
observed for 2a−b4+. Assignments of the cyanide stretches are
detailed in Table 4.

DFT Results. Little success has been achieved in using DFT
as a tool for analyzing the structure of some class II mixed-
valence complexes.35,36 This is due to the so-called “self-
interaction error” that involves the residual interaction of an
electron with itself.37,38 This error results in an artificial
stabilization of the delocalized state,39,40 which leads to a wrong
assignment of the configuration of the ground state for many
complexes in class II of the Robin and Day classification.41

Different approaches have been proposed to overcome this
limitation in some specific systems,42,43 although this problem
remains a challenge for this technique.44 On the other hand,
standard DFT calculations can predict very accurately the
properties of class III, delocalized systems,35,5 and we have
proposed that the match between the predicted and the
observed spectra of a mixed-valence complex can be used to
assign the delocalized nature of its ground state.5

We have used regular DFT to explore the structure and
spectroscopy of all the redox states of the four bimetallic
complexes reported here. The calculated structure of the 1b2+

binuclear complex reproduces the experimentally observed
one,18 an almost perfect linear arrangement of the atoms
involved in the cyanide bridge, the propeller-like configuration
for the trans-{Ru(py)4} fragment, and a distorted octahedral
configuration for the {Ru(tpy)(bpy)} unit. These character-
istics are retained in the computed structure of the four
bimetallic complexes in their different redox states (Table S1 in
the Supporting Information) with no significant differences
noted as it has been observed experimentally for other cyanide-
bridged systems.45 The exceptions are the Ru−NMeOpy
distances for the binuclear complexes 2a−b, which are sensitive
to the redox state of the ruthenium. For example, the oxidation
of the trans-{Ru(MeOpy)4} moiety in the [III,II] mixed-valence
state is accompanied by a reduction of the Ru−N distance as
expected for an oxidation of the ruthenium center.4 For the
bimetallic complexes 1a−b instead, the computed structures of
the [III,II] mixed-valence state show no difference in the Ru−N
distances for both metallic ions.
In agreement with the previous result, the calculated spin

densities suggest that the bimetallic complexes 1a−b3+ have a
different configuration than the one predicted for 2a−b3+. The
computed spin density of 1a−b3+ is delocalized over the Ru−
CN−Ru fragment, while it is completely localized on the Rupy
for 2a−b3+. For the latter complexes the spin density is
confined to the plane perpendicular to the cyanide bridge,
suggesting that the hole in the Rupy

III corresponds to the dxy
orbital (Figure 6 and Figure S6 in the Supporting Information).
The spectroscopy of the 1a−b3+ complexes provided by the

(TD)DFT agrees well with the detected properties of these
mixed-valence complexes (Figure 7 and Figure S7 in the
Supporting Information). These results indicate that the
ground state description supplied by the DFT is in agreement
with the experimental behavior. For the mixed-valence complex
1a3+, the DFT calculation predicts an intense transition in the
NIR at nearly the same energy (6475 cm−1) where it is
experimentally observed (6300 cm−1, Figure 7). This transition
corresponds almost exclusively to a transition between the
HOMO and the LUMO of the molecule, both of which
comprise the two ruthenium fragments and the cyanide bridge
(Figure S10 in the Supporting Information). The (TD)DFT
also predicts less intense IVCT bands at 8850 and 5500 cm−1

that are very close to the observed shoulders in the
experimental band. Also weaker bands are predicted in the

Figure 5. IR spectroelectrochemistry of 1a (left) and 2a (right) in
acetonitrile/0.1 M [TBA]PF6, during the first (top) and second
(bottom) oxidation processes. The spectra of the [II,II] (black),
[III,II] (red), and [III,III] (blue) species are highlighted. The white
arrow illustrates the evolution of an electronic band.

Table 4. IR Data in Acetonitrile/0.1 M [TBA]PF6 for the
Complexes 1a−b and 2a−b in Their Different Oxidation
States

νCN (ε)/cm−1 (M−1 cm−1)

species terminal bridge

1a2+ 2104 (150) 2073 (1000)
1a3+ 2102 (800) 2029 (600)
1a4+ 2135 (300) 2117 (400)
1b2+ 2101 (200) 2073 (1650)
1b3+ 2103 (850) 2020 (650)
1b4+ 2134 (350) 2114 (500)
2a2+ 2100 (150) 2067 (900)
2a3+ 2123 (200) 2115 (250)
2a4+ 2132 (250) 2111 (600)
2b2+ 2097 (200) 2066 (1250)
2b3+ 2128 (200) 2117 (250)
2b4+ 2131 (300) 2108 (600)
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visible, mainly of MLCT character (Figure 7 and Table S2 in
the Supporting Information).
The (TD)DFT results for 2a−b3+ reproduce well the pattern

observed in their electronic spectra (Figure 7 and Figure S7 in
the Supporting Information), including the presence of two
LMCT from the MeOpy ligand to the Rupy

III ion, and two
MLCT transitions from the Rupp

II to the bpy at higher energies.
The predicted spectrum for 2a3+ also presents a weak band

around 7000 cm−1 (Figure 7), which corresponds mainly to
IVCT transitions from a Rupp dπ orbital to a vacant Rupy dxy
orbital. Due to the different orientation of the orbitals, the
transition is predicted to be weak as observed experimentally.
The behavior of the calculated IR spectra of these binuclear

complexes also agrees with the observed, including the
displacement to lower energies of the cyanide-bridge stretching
frequency observed for 1a−b3+, but not for 2a−b3+ (Figure 7
and Figure S7 in the Supporting Information). In the same IR
region, (TD)DFT predicts electronic transitions at around
2500 and 2000 cm−1 for 1a−b3+ and 2a−b3+ respectively.
These are intraconfigurational (IC) transitions between dπ
orbitals split by the departure from the octahedral geometry of
the coordination sphere of the Rupy. The positions of these
bands match well with the wide band that raises the vibrational
spectra of 1a−b3+ (Figure 7) and 2a−b3+ (Figure S10 in the
Supporting Information). This agreement is surprisingly
satisfactory, as the DFT calculation does not include the

Figure 6. Computed spin density (0.02 au) for the doublet 1a3+ (left) and 2a3+ (right) ions.

Table 5. Mulliken Spin Densities for the Doublet 1a−b3+ and
2a−b3+ Ions

Mulliken spin densities

species Ru(1) Ru(2)

1a3+ 0.447 0.493
2a3+ 0.941 0.000
1b3+ 0.408 0.545
2b3+ 0.939 0.000

Figure 7. Comparison of the NIR (top) and IR (bottom) spectra of 1a3+ (left) and 2a3+ (right) in acetonitrile/0.1 M [TBA]PF6 and the energy of
the transitions/vibrations predicted by the DFT calculations (bars). The * denotes the energy of predicted transitions with an oscillator strength near
or equal to zero.
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spin−orbit interaction that may also play a role in the energy of
these transitions.
The (TD)DFT calculation also gives a qualitative inter-

pretation of the rich spectroscopy of the [III,III] redox state of
these complexes, but fails to predict the correct energy, usually
providing a lower value than that observed experimentally
(Table S27 in the Supporting Information). The more intense
transition calculated for 2a−b4+ (Figure 8 and Figure S8 and
Tables S23 and S25 in the Supporting Information) is from the
MeOpy ligand to the vicinal Rupy

III At lower energies, the
(TD)DFT calculations predict rLMCT transitions from the
MeOpy ligand, this time to the distant Rupp

III center that we
assign as the transitions observed around 15000 cm−1 in the
experimental spectra. For 1a−b4+, the computed spectra
(Figure 8 and Figure S8 in the Supporting Information)
involve a series of low intensity LMCT bands centered in both
ruthenium ions (Table 3). At lower energies, the (TD)DFT
calculation for 1a4+ also predicts a remote LMCT from the
pyridine ligands to the distant Rupy

III, which we assign as the
transition observed at 8500 cm−1. For 1b4+ a similar transition
is observed experimentally, but it is not predicted by the
(TD)DFT; instead an IC band is predicted in the same region.
The different nature of the band predicted has its origin in
diverse configuration of the calculated ground state for 1a4+ and
1b4+ (Figures S27 and S28 in the Supporting Information). In
contrast, the similitudes in the experimental spectra of these
species suggest that both complexes have the same config-
uration and that the DFT is predicting the wrong one for 1b4+.
The spectrum of 2a4+ also presents the rLMCT transition in
the NIR region, although with a smaller intensity, while it is
absent for both the calculated and the observed spectra of 2b4+.
Moreover, the (TD)DFT predicts electronic transitions in the
IR of a similar IC origin as the one reported for 1a−b3+. These
bands are detectable in the experimental spectra (Figure S11
and Table S4 in the Supporting Information).

■ DISCUSSION

We prepared the complexes 1a−b to explore their mixed-
valence properties. Our hypothesis was that, in the d6−d5
system, a small difference between the energies of the dπ
orbitals of the two ions linked by a cyanide bridge should result
in a delocalized system, i.e., a system where an unpaired
electron is equally distributed between the two metallic centers.
This requires compensating for the differential effect of the
cyanide ion on the energies of the dπ orbitals of the ruthenium
ions bridged. Following this idea, we have observed evidence of
delocalization in two trimetallic complexes, trans-[(dmap)4Ru-
{(μ-NC)OsCN5}2]

4− 4 and trans-[(dmap)4Ru{(μ-CN)Ru-
(py)4Cl}2]

3+.5 In the first case the compensation of the effect
of the cyanide was achieved thanks to the different metallic ions
involved and the specific solvent effect on the terminal
cyanides,46 while in the second the energies of dπ orbitals
were balanced through the use of different substituents on the
pyridine rings of the ruthenium ions. The 1a−b3+ complexes
are simple bimetallic systems, representative of the hundreds of
mixed-valence cyanide compounds reported in the literature. In
this case, we expect that the energies of the dπ orbitals of the
Ru ions should be similar due to the incorporation of the
polypyridine ligands on the Ru ion bound to the N end of the
cyanide bridge, which are better acceptor ligands than the
pyridines coordinated to the C bound Ru ion.
The NIR bands observed for 1a−b3+ are remarkable. As

expected from the smaller ΔE between the ruthenium couples,
they are more intense and shifted to the red compared to
similar bimetallic systems.17,33,47 However, unlike the pre-
viously studied systems, the signal is actually the overlap of
three IVCT bands, particularly well resolved for 1a3+ in
acetonitrile, but discernible in all the solvents explored (Figure
4 and Figure S9 in the Supporting Information). A
deconvolution in Gaussian bands of the observed NIR
absorbance reveals that the transitions at lower energies, at

Figure 8. Comparison of the NIR (top) and IR (bottom) spectra of 1a4+ (left) and 2a4+ (right) in acetonitrile/0.1 M [TBA]PF6 and the energy of
the transitions/vibrations predicted by the DFT calculations (bars). The * denotes the energy of predicted transitions with an oscillator strength near
or equal to zero.
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4800 and 6200 cm−1, have narrow bandwidths (1300 and 1900
cm−1, Figure 7 and Figure S9 and Table S2 in the Supporting
Information), while the band at higher energies, at 8000 cm−1,
is considerably wider (3000 cm−1). The narrowness of these
transitions facilitates the resolution of the three components of
the band. For 1b3+ a similar deconvolution is also possible, but
the resulting transitions are slightly wider, making more difficult
their detection, although they are more apparent in methanol
(Figure S9 in the Supporting Information). The energy and
width of these bands are mainly solvent independent, even
though their intensity shows some dependence (Figure S9 in
the Supporting Information). The very weak influence of the
solvent on the energy of these transitions is notable considering
that these complexes have one terminal cyanide ligand and
some specific interaction with the solvent is expected.48

The observation of three IVCT bands has been previously
reported for the ruthenium dimer [Cl3Ru(tppz)RuCl3]

− (tppz
= 2,3,5,6-tetrakis(2-pyridyl)pyrazine).13 This compound has
been classified as a class II−III system,13 due to the solvent
independent nature of the observed narrow IVCT bands, which
indicates valence averaging on the time scale of the solvent
motions.11,12,49 The same argument applies for the two lower
energy IVCT bands observed for 1a−b3+, where the solvent
seems not to participate in the reorganizational energy (λ)
associated with these transitions. The IVCT band at higher
energies instead behaves like a regular IVCT. The persistence
of the two MLCT bands in the mixed-valence species, shifted to
higher energies, is likewise compatible with the partial oxidation
of both ruthenium ions, as opposed to the oxidation of one
single center that should result in the loss of one MLCT band
as observed for 2a−b3+.
The IR spectra of the 1a−b3+ is compatible with this

description as well. The main feature is the shift of a cyanide
stretch to lower energies that is accompanied by an increase in
intensity and bandwidth. The latter behavior is probably due to
the vibronic coupling of the stretching of cyanide bridge with
the IVCT as proposed for other cyanide-33,50 and pyrazine-
bridged51 mixed-valence systems. It is interesting to note that
the intensification observed for this stretch in 1a−b3+ is less
pronounced than that observed in some related com-
plexes.17,33,52 This trend is compatible with a more uniform
charge distribution in these molecules, which results in a
smaller change in the dipolar moment associated with this
stretch.
The (TD)DFT calculations performed on 1a−b3+ reproduce

well their spectroscopy and confirm the delocalized description.
The computed spin density of 1b3+ shows similar spin densities
for both ruthenium centers (Rupy = 0.41 and Rupp = 0.55),
while the distribution computed for 1a3+ is even more uniform
(Rupy = 0.44 and Rupp = 0.49). So the electron density in these
complexes extends over the two ruthenium ions, although the
distribution is not equal, given the different nature of both
centers. The lack of symmetry of these systems put them in
class II−III, although there is no evidence of the presence of the
two electronic isomers associated with two minima in their
potential energy surfaces.
We explored the spectroscopy of 2a−b3+, looking to

characterize a more localized version of these bimetallic
complexes. Instead, we found that their properties are
surprisingly different, for example the intensity of the IVCT
band is significantly lower than the one observed in related
systems.17,33,47 The DFT results point to a different electronic
configuration as the origin of this different behavior. In these

complexes, the LUMO is located at a dxy orbital centered at the
Rupy moiety and perpendicular to the cyanide bridge. The
higher energy of dxy orbital is due to more basic character of the
MeOpy ligand. This orientation precludes an extensive
coupling with the Rupp centered dπ orbitals and results in a
localization of the charge and less intense and wider IVCT
transitions whose energy maximum depends on the nature of
the solvent (Figure S10 in the Supporting Information).
Another significant difference observed is the modest intensity
of the cyanide-bridge stretches. Presumably, the different
orientation of the LUMO in 2a−b3+ prevents their vibronic
coupling with the IVCT. This result underlines the importance
of this mechanism in the high intensity of the cyanide stretch,
frequently observed in many mixed-valence com-
plexes.17,33,50,52−57

■ CONCLUSIONS
The complexes 1a−b3+ exhibit two IVCT bands with very
narrow bandwidth that allowed their resolution in the spectra.
This property and the weak solvent dependence of the energy
of these transitions suggest that these systems belong to class
II−III, proposed by Meyer and co-workers,11 that extends the
Robin and Day classification. DFT calculation confirms an
extensive delocalization through the ruthenium centers and the
cyanide bridge, although the electron density is not evenly
distributed. In these systems, delocalization is achieved through
the different coordination spheres of the rutheniums linked by
the cyanide bridge.
Localization of the hole in the dxy orbital of the Rupy results

in a much weaker coupling between the ruthenium centers. The
big impact of the electronic configuration in the properties of a
mixed-valence complex is well illustrated by the contrasting
spectroscopies of 2a−b3+ and 1a−b3+.
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