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Efficient energy transfer via the cyanide bridge in dinuclear complexes
containing Ru(II) polypyridine moieties†
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We report the synthesis, structure and properties of the cyanide-bridged dinuclear complex ions [Ru(L)-
(bpy)(μ-NC)M(CN)5]

2−/− (L = tpy, 2,2′;6′,2′′-terpyridine, or tpm, tris(1-pyrazolyl)methane, bpy = 2,2′-
bipyridine, M = Fe(II), Fe(III), Cr(III)) and the related monomers [Ru(L)(bpy)X]2+ (X = CN− and NCS−).
All the monomeric compounds are weak MLCT emitters (λ = 650–715 nm, ϕ ≈ 10−4). In the Fe(II) and
Cr(III) dinuclear systems, the cyanide bridge promotes efficient energy transfer between the Ru-centered
MLCT state and a Fe(II)- or Cr(III)-centered d–d state, which results either in a complete quenching of
luminescence or in a narrow red emission (λ ≈ 820 nm, ϕ ≈ 10−3) respectively. In the case of Fe(III)
dinuclear systems, an electron transfer quenching process is also likely to occur.

Introduction

In any system designed to interact with light, a crucial property
is its ability to capture photons. One way to improve this charac-
teristic is to create an ordered array of interactive chromophores
where the energy can be channelled, mimicking the character-
istics of biological light-harvesting antenna systems. Control
over the energy and electron transfer can be achieved through
manipulation of the nature, geometry, or distance between com-
ponents of the array. Functional systems are difficult to achieve,
not only due to their difficult synthesis, but also because the
interaction between the molecular components can open reaction
pathways where the energy is dissipated to useless heat.

Cyanide bridged complexes are good candidates for this type
of array, and the exploration of their chemistry has revealed clus-
ters of different nuclearities and geometries, and large systems
like nanoparticles1 and surfaces.2 The choice of cyanide anion as
a bridge is attractive for its ability to promote strong coupling
between metallic fragments, and because it does not present
acceptor states that may act as electron traps. Early work from
the group of Scandola has shown that moieties linked by cyanide
groups have the ability to undergo energy transfer between
them.3

In this work, we report the synthesis, structure and properties
of a family of dinuclear compounds combining a [Ru(L)(bpy)]
(with L = tpy or tpm) chromophore and chromium or iron hexa-
cyanometallates (Table 1). We also report the properties of corre-
sponding mononuclear complexes [Ru(L)(bpy)(X)] (X = CN−

and NCS−) for comparison purposes (see Scheme 1). Our aim is
to identify dinuclear systems where the presence of an additional
metal ion does not result in thermal deactivation of their excited

Table 1 Complexes reported in this work

L X Compound

tpy CN− 1a
NCS− 2a
(μ-NC)FeIII(CN)5 3a
(μ-NC)FeII(CN)5 3ared

(μ-NC)CrIII(CN)5 4a
tpm CN− 1b

NCS− 2b
(μ-NC)FeIII(CN)5 3b
(μ-NC)FeII(CN)5 3bred

(μ-NC)CrIII(CN)5 4b

Scheme 1 Sketches of the complexes reported in this work, labeled to
identify the different H atoms in 1H NMR. Net charge differs from
mononuclear to dinuclear species.

†Electronic supplementary information (ESI) available: CCDC reference
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states. Fragments with this property are good candidates for the
design of systems of higher nuclearity that may act as efficient
antennas for different applications.

Experimental

Materials

Tris(1-pyrazolyl)methane,4 [Ru(tpm)Cl3],
5 [Ru(tpm)(bpy)Cl]-

Cl,5 [Ru(tpy)Cl3]
6 and [Ru(tpy)(bpy)Cl]Cl7 were prepared

according to previous reports. (TPP)3[Cr(CN)6]
8 and (TPP)3[Fe-

(CN)6]
9 (TPP = tetraphenylphosphonium) were synthesized

using a slight variation of literature methods. Solvents for UV-
visible and electrochemistry measurements were dried according
to literature procedures.10 The N-tetrabutylammonium
hexafluorophosphate (TBAPF6) used in the cyclic voltammetry
experiments was recrystallized from ethanol. All other reagents
were obtained commercially and used without further purifi-
cation. All the compounds synthesized in this work were dried
in a vacuum dessicator for at least 12 hours prior to
characterization.

Synthesis of the complexes

[Ru(L)(bpy)CN](PF6) (L = tpy (1a) or tpm (1b)). These syn-
thesis are a variation of those described in ref. 11 and 12. In a
typical preparation, 0.35 mmol of [Ru(L)(bpy)Cl]Cl (L = tpy,
197 mg; L = tpm, 202 mg) together with 10 eq. of KCN
(230 mg) were dissolved in basic water (containing 0.2 g of
NaOH in 50 mL of solution, in order to prevent HCN vapors).
The mixture was heated to reflux for 2 hours, and 1.2 eq. of
KPF6 (L = tpy, 79 mg; L = tpm, 72 mg) were added to the hot
solution. After cooling for 2 hours in the refrigerator, a solid
appeared. The product was collected on a frit and washed with
water (2 × 3 mL). Purification was achieved by recrystallization
from acetonitrile. L = tpy: Yield: 120 mg of a violet crystalline
solid (63.0%). Anal. Calcd for 1a·1.5H2O: C, 45.4; H, 3.2; N,
12.2. Found: C, 45.4; H, 3.2; N, 12.1. 1H NMR (CD3CN,
500 MHz), δ (ppm): 10.080 (ddd, 1H, J = 5.5 Hz, 1.5 Hz, 0.75
Hz, Ha), 8.569 (ddd, 1H, J = 8.5 Hz, 1.75 Hz, 0.75 Hz, Hd),
8.479 (d, 2H, J = 8.5 Hz, H5), 8.367 (ddd, 2H, J = 8 Hz, 1.5 Hz,
0.75 Hz, H4), 8.360 (ddd, 1H, J = 8.25 Hz, 1 Hz, 0.75 Hz, He),
8.217 (ddd, 1H, J = 8.5 Hz, 7.75 Hz, 1.5 Hz, Hc), 8.161 (t, 1H,
J = 8.5 Hz, H6), 7.926 (ddd, 2H, J = 8 Hz, 7.5 Hz, 1.5 Hz, H3),
7.894 (ddd, 1H, J = 7.75 Hz, 5.5 Hz, 1.75 Hz, Hb), 7.816 (ddd,
1H, J = 8.25 Hz, 7.5 Hz, 1.5 Hz, Hf), 7.706 (ddd, 2H, J = 5.5
Hz, 1.5 Hz, 0.75 Hz, H1), 7.285 (ddd, 2H, J = 7.5 Hz, 5.5 Hz,
1.5 Hz, H2), 7.243 (ddd, 1H, J = 5.5 Hz, 1.5 Hz, 0.75 Hz, Hh),
7.091 (ddd, 1H, J = 7.5 Hz, 5.5 Hz, 1 Hz, Hg). L = tpm: Yield:
173 mg of a red solid (73.9%). Anal. Calcd for 1b·2H2O: C,
37.2; H, 3.3; N, 18.6. Found: C, 37.3; H, 3.0; N, 18.3. 1H NMR
(CD3CN, 500 MHz) δ (ppm): 8.894 (s, 1H, H7), 8.645 (ddd,
2H, J = 5.75 Hz, 1.5 Hz, 0.5 Hz, Ha), 8.450 (ddd, 2H, J = 8 Hz,
1.25 Hz, 0.5 Hz, Hd), 8.348 (dd, 2H, J = 2.5 Hz, 1 Hz, H1),
8.285 (3H, m, H3 + H4), 8.052 (ddd, 2H, J = 8 Hz, 7.5 Hz, 1.5
Hz, Hc), 7.474 (ddd, 2H, J = 7.5 Hz, 5.75 Hz, 1.25 Hz, Hb),
6.703 (ddd, 1H, J = 2.25 Hz, 0.5 Hz, 0.5 Hz, H6), 6.647
(dd, 2H, J = 3 Hz, 2.5 Hz, H2), 6.302 (dd, 1H, J = 3 Hz,
2.25 Hz, H5).

[Ru(L)(bpy)(NCS)](SCN) (L = tpy (2a) or tpm (2b)). Proceed-
ing in a similar way, 0.085 mmol of [Ru(L)(bpy)Cl]Cl (L = tpy
48 mg; L = tpm 46 mg) and 10 equivalents of KSCN (87 mg)
were dissolved in 30 mL of water and heated to reflux for
2 hours. 2b precipitated as an orange solid when the solution
was cooled down to room temperature, whereas 2a was reduced
to 5–8 mL and formed a violet solid. After filtering and washing
with water at room temperature (2 × 1 mL), the products were
recrystallized from acetonitrile or acetonitrile–water. L = tpy:
Yield: 20 mg (38.0%). Anal. Calcd for 2a·0.5H2O: C, 52.7; H,
3.3; N, 16.0; S, 10.4. Found: C, 52.7; H, 2.9; N, 15.5; S, 10.3.
1H NMR (CD3CN, 500 MHz), δ (ppm): 9.662 (ddd, 1H, J = 5.5
Hz, 1.5 Hz, 1 Hz, Ha), 8.602 (ddd, 1H, J = 8.5 Hz, 1.25 Hz, 1
Hz, Hd), 8.527 (d, 2H, J = 8 Hz, H5), 8.405 (ddd, 2H, J = 8 Hz,
1 Hz, 0.75 Hz, H4), 8.317 (ddd, 1H, J = 8Hz, 1.25 Hz, 0.75 Hz,
He), 8.286 (ddd, 1H, J = 8.5 Hz, 8 Hz, 1.5 Hz, Hc), 8.202 (t,
1H, J = 8 Hz, H6), 8.008 (ddd, 1H, J = 8 Hz, 5.5 Hz, 1.25 Hz,
Hb), 7.956 (ddd, 2H, J = 8Hz, 7.5 Hz, 1.5 Hz, H3), 7.721 (ddd,
1H, J = 8 Hz, 7.5 Hz, 1.5 Hz, Hf), 7.676 (ddd, 2H, J = 5.5 Hz,
1.5 Hz, 0.75 Hz, H1), 7.315 (ddd, 2H, J = 7.5 Hz, 5.5 Hz, 1 Hz,
H2), 7.252 (ddd, 1H, J = 5.5 Hz, 1.5 Hz, 0.75 Hz, Hh), 6.993
(ddd, 1H, J = 7.5 Hz, 5.5 Hz, 1.25 Hz, Hg). L = tpm: Yield:
15 mg (30.6%). Anal. Calcd for 2b: C, 45.0; H, 3.1; N, 23.8; S,
10.9. Found: C, 45.2; H, 3.0; N, 23.6; S, 10.8. 1H NMR
(CD3CN, 500 MHz) δ (ppm): 9.125 (s, 1H, H7), 8.655 (ddd,
2H, J = 6Hz, 1.5 Hz, 1 Hz, Ha), 8.522 (ddd, 2H, J = 8.25 Hz,
1.25 Hz, 1 Hz, Hd), 8.451 (dd, 2H, J = 3 Hz, 0.5 Hz, H1), 8.333
(1H,dd, J = 3 Hz, 0.75 Hz, H4), 8.226 (2H,d, J = 2 Hz, H3),
8.103 (ddd, 2H, J = 8.25 Hz, 7.5 Hz, 1.5 Hz, Hc), 7.523 (ddd,
2H, J = 7.5 Hz, 6 Hz, 1.25 Hz, Hb), 6.712 (dd, 2H, J = 3 Hz, 2
Hz, H2), 6.602 (d, 1H, J = 2.25 Hz, H6), 6.259 (dd, 1H, J = 3
Hz, 2.25 Hz, H5). Hexafluorophosphate salts were obtained
when needed by dissolving SCN− salts together with 1.2 eq. of
NH4PF6 in ACN, adding water and filtering the formed solid.

(TPP)[(L)(bpy)Ru(μ-NC)Fe(CN)5] (L = tpy (3a) or tpm
(3b)). 0.18 mmol of [Ru(L)(bpy)Cl]Cl (L = tpy, 101 mg; L =
tpm, 104 mg) and 5 eq. of (TPP)3[Fe(CN)6] (1.1 g) were dis-
solved in 60 mL of methanol and refluxed for 2 h. The hot sol-
ution was filtered and its volume reduced to ∼5 mL. Purification
by several exclusion chromatographies using a Sephadex LH-20
column (l = 60 cm, ϕ = 4 cm) packed and eluted with methanol
was needed in order to remove the Fe monomer excess. The first,
red- (L = tpy) or green-colored (L = tpm) fraction collected was
rotavaporated to 5 mL, and 50 mL of water was added. One
week later, rhomboid-shaped violet (tpy) or red (tpm) crystals
were collected on a frit, washed with water (3 × 3 mL) and dried
in the desiccator. L = tpy: Yield: 139 mg (69.3%). Anal. Calcd
for 3a·4H2O: C, 59.3; H, 4.3; N, 13.8. Found: C, 59.2; H, 4.2;
N, 13.9. L = tpm: Yield: 88 mg (43.2%). Anal. Calcd for
3b·6H2O: C, 53.1; H, 4.5; N, 17.3. Found: C, 53.3; H, 4.7; N,
17.3.

K2[(L)(bpy)Ru(μ-NC)Fe(CN)5] (L = tpy (3ared) or tpm
(3bred)). 100 mL of water were deoxygenated by bubbling argon
for 30 min. Then, 0.18 mmol of [Ru(L)(bpy)Cl]Cl (L = tpy,
101 mg; L = tpm, 104 mg) and 6 eq. of K4[Fe(CN)6]·3H2O
(456 mg) were dissolved, and the mixture heated at reflux for
4 hours under Ar atmosphere. The solvent was removed by

5344 | Dalton Trans., 2012, 41, 5343–5350 This journal is © The Royal Society of Chemistry 2012
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distillation at low pressure with a N2(l) trap until 40 mL
remained. 300 mL of deoxygenated methanol were added and a
solid was found to precipitate. It was removed by a Schlenk
filter, and the solvent was evaporated by the technique described
previously. The resulting red solid was dried in the desiccator. L
= tpy: Yield: 96 mg (50.7%). Anal. Calcd for 3ared·15H2O: C,
35.4; H, 4.7; N, 14.7. Found: C, 36.3; H, 3.5; N, 13.8. 1H NMR
(D2O, 500 MHz) δ (ppm): 10.651 (d, 1H, Ha), 8.854 (d, 1H,
Hd), 8.372 (d, 1H, He), 8.311 (t, 1H, Hc), 8.143 (t, 1H, Hb),
8.020 (d, 2H, H5), 7.954 (d, 2H, H4), 7.750 (d, 2H, H1), 7.577
(t, 2H, H3), 7.515 (m, 2H, Hf + H6), 7.177 (t, 2H, H2), 7.013 (t,
1H, Hg), 6.974 (d, 1H, Hh). L = tpm: Yield: 81 mg (36.0%).
Anal. Calcd for 3bred·15H2O·7CH3OH: C, 31.6; H, 6.1; N,
15.6. Found: C, 31.5; H, 5.0; N, 15.6. 1H NMR (D2O,
500 MHz), δ (ppm): 9.525 (s, H7), 8.537 (d, 2H, Ha), 8.404
(dd, 2H, Hd), 8.304 (d, 2H, H1), 8.135 (m, 3H, H3 + H4), 7.921
(dd, 2H, Hc), 7.377 (dd, 2H, Hb), 6.489 (d, 2H, H2), 6.308 (m,
2H, H5 + H6).

(TPP)[(L)(bpy)Ru(μ-NC)Cr(CN)5] (L = tpy (4a) or tpm
(4b)). The procedure is analogous to that of 3a and 3b, L = tpy:
Yield: 102 mg (52.2%). Anal. Calcd for 4a·3H2O: C, 60.5; H,
4.2; N, 14.1. Found: C, 59.8; H, 3.8; N, 14.1. L = tpm: Yield:
83 mg (41.1%). Anal. Calcd for 4b·5H2O: C, 54.2; H, 4.4; N,
17.7. Found: C, 53.7; H, 4.2; N, 17.7.

Physical measurements

IR spectra were collected with a Nicolet FTIR 510P instrument,
as KBr pellets. UV-visible spectra were recorded with a Hewlett-
Packard 8453 diode array spectrometer in the range between 190
and 1100 nm. NMR spectra were measured in a Bruker ARX500
spectrometer, using deuterated solvents from Aldrich. Elemental
analyses were performed with 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 consist-
ing of a glassy carbon disc (area = 9.4 mm2) as the working elec-
trode, a platinum wire as the counter electrode and a reference
electrode. Depending on the situation the reference was a Ag/
AgCl 3 M KCl standard electrode (for aqueous solutions) or a
silver wire (non-aqueous solutions) plus an internal ferrocene
(Fc) or decamethylferrocene (Me10Fc) standard for organic sol-
vents. KNO3 1 M and tetra-N-butylammonium hexaflourophos-
phate (TBAPF6) 0.1 M were used as supporting electrolytes in
water and non-aqueous media respectively. 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 or
Me10Fc

+/Me10Fc couples in different media.13

Excitation and emission spectra of the monomers were
recorded in a PTI-Quantamaster spectrofluorometer, and in a
PTI-QuantaMaster 50 in the case of 4a–b. Quantum yields were
measured in Argon-saturated solutions using [Ru(bpy)3]

2+ (ϕ =
0.09514 in ACN at 25 °C) and IR-140 (ϕ = 0.16715 in EtOH at
25 °C, correcting by refractive index) as references. Time
resolved luminescence measurements for the monomers were
made using a PicoQuant FluoTime 100 Compact Fluorescence
Lifetime Spectrometer, with a LDH-P-C-375 diode laser

centered at 375 nm (300 ps FWHM) as the excitation source.
Emission was filtered by a 620 nm cut-off filter. In the case of
compounds 4a–b, after exciting with a 400 nm centered laser
(300 fs pulses generated by second-harmonic generation (SHG)
of a regeneratively amplified mode-locked Ti:sapphire laser),
emission was measured with a photomultiplier tube (Hamma-
matsu R928). Then the signal was collected and averaged on a
Tektronix TDS3052 digitizing oscilloscope and transferred to a
computer for kinetic analysis.

X-Ray structure determinations

Crystal structures of compounds 1–4a and 1–3b were determined
with an Oxford Xcalibur, Eos, Gemini CCD area-detector dif-
fractometer using graphite-monochromated Mo-Kα radiation (λ
= 0.71069 Å) at 298 K. Data was corrected for absorption with
CrysAlisPro, Oxford Diffraction Ltd, Version 1.171.33.66 ana-
lytically by face-indexing in the case of compounds 1a, 1b, 2b
and 3a and applying an empirical absorption correction using
spherical harmonics, implemented in SCALE3 ABSPACK
scaling algorithm16 in the case of compounds 2a, 3b and 4a.
The structures were solved by direct methods with
SHELXS-9717 and refined by full-matrix least-squares on F2
with SHELXL-97.17 Hydrogen atoms were added geometrically
and refined as riding atoms with a uniform value of Uiso. Only
in compound 1a structure, hydrogen atoms of solvent water mol-
ecule were located in the Fourier difference map and sub-
sequently refined. In all other refined structures no other water
hydrogen atoms were located in the difference map and hence
were not included in the modeling. In structures 1a, 1b and 2a
some fluoride atoms of PF6

− counterion were found disordered
and refined as two split positions with 0.5 : 0.5 occupation ratios.
In structures 1b, 3a, 4a and 3b one, two, two and five water
solvent molecules, respectively, were found disordered and
refined as two split positions with 0.5 : 0.5 occupation ratio.
Crystals of compound 2a were of poor quality and refined only
up to R1 = 0.12, however the structure is still useful for the
overall discussion. Final crystallographic data and values of R1

and wR are listed in Table S1 (see ESI†) while the main angles
and distances are listed in Table 2 and S2 (see ESI†). CCDC
843186–84319 contains the supplementary crystallographic data
for this paper (see ESI†).

Results

Synthesis

The synthesis of the complexes reported here is based on the
well established anion substitution of the chloride precursors
[Ru(L)(bpy)Cl]+ in methanol or in water.11,18–20 The TPP+ salts
of the [MIIICN6]

3− were chosen as precursors in order to obtain
the salts of the corresponding dinuclear complexes with this
cation, which can be crystallized from methanol–water mixtures.

Crystal structure determinations

The crystal structures of mononuclear complexes 1a–b and 2a–b
and dinuclear complexes 3a–b and 4a were determined by X-ray

This journal is © The Royal Society of Chemistry 2012 Dalton Trans., 2012, 41, 5343–5350 | 5345
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crystallography. Table 2 summarizes selected bond distances and
angles and Fig. 1 shows the structures of the compounds 1a–b
and 3a–b (see ESI† for 2a–b and 4a).

The differences in the coordination sphere of the mononuclear
complexes are mainly related to the steric constraints of the tri-
dentate ligands. The geometry of the terpyridine ligand imposes
a short Ru–N distance for the central ring and a considerable
departure of the 90° angle between the terminal and middle N
atoms and the Ru expected for an octahedral environment. These
differences are less pronounced in the trispirazolylmethane com-
plexes as the geometry of this ligand imposes fewer restrictions
on the position of the coordinated N atoms. Overall the Ru–N
bonds are similar in all complexes reported here and in the range
expected for Ru(II) polypyridines with little influence from the
sixth ligand.

The structures of the dinuclear systems are somewhat differ-
ent. While 3a and 4a show an almost linear arrangement of the
metal center, and an eclipsed configuration of their equatorial
ligands similar to structure observed in related complexes,21 the
structure of 3b is less linear and presents a significant torsion
angle of 36° around the cyanide bridge. This fact could be inter-
preted as evidence of stronger interaction between the metallic
ions connected by the cyanide bridge in 3a and 4a compared to
3b, although other parameters in the structure, namely the Ru–
Nbridge, C–Nbridge and Fe–Cbridge distances, suggest that the inter-
action is similar and not particularly strong in the three systems.
It is more likely that the differences arise from the intermolecular
interactions observed in the crystal structure. The crystal struc-
tures of all the complexes containing terminal cyanides (1a–b,
3a–b, 4a) present hydrogen bonds from the N atom of the
cyanide unit and crystallization water molecules. The other main
interaction defining the structure of these salts is the π stacking

between the polypyridine ligands in neighboring complexes (for
example C⋯C bpy π stacking = 3.34 Å in 1b).

Electrochemistry

Cyclic voltammograms of the reported complexes are shown in
Fig. 2, while the relevant electrochemical data is presented in
Table 3.

The monomers 1a–b and 2a–b present one electron reversible
oxidation and several quasi-reversible reductions (Fig. 2). The
former corresponds to the RuII → RuIII process and its potential
depends mainly on the coordination sphere of ruthenium, being
higher for the cyanide complexes 1a–b. The complexes bearing
a tpm ligand have a slightly lower Ru(III)–Ru(II) potential due to
the higher basicity of this ligand, with this trend being observed
for all the complexes reported here (Table 3). For the dinuclear
complexes 3a–b and 4a–b the RuII → RuIII wave shows an
adsorption process due to the neutral charge of the oxidized

Fig. 1 Crystal structures of the complexes 1a (top, left), 1b (top,
right), 3a (middle) and 3b (bottom). Ellipsoids drawn with 30% displa-
cement probability. Hydrogen atoms, counterions and solvent molecules
were omitted for clarity.

Table 2 Selected bond distances and angles for the compounds 1a, 1b,
3a and 3b

1a 1b 3a 3b

Distances (Å)

Ru–CN Ru–CN Ru–NCbridge Ru–NCbridge
1.995(3) 1.999(6) 2.062(5) 2.0346 (19)
RuC–N RuC–N RuN–Cbridge RuN–Cbridge
1.145(4) 1.146(8) 1.149(8) 1.148 (3)

NCbridge–Fe NCbridge–Fe
1.937(6) 1.949(2)
Ru–Fe Ru–Fe
5.113 5.045

Ru–Ntpy Ru–Ntpm Ru–Ntpy Ru–Ntpm
2.081 (3) 2.119 (4) 2.077 (5) 2.0608 (18)
2.064 (2) 2.090 (4) 2.071 (5) 2.0760 (18)
1.966 (2) 2.083 (4) 1.961 (5) 2.0902 (19)

Angles (°)

Ru–C–N Ru–C–N Ru–N–Cbridge Ru–N–Cbridge
175.8(3) 175.0 (6) 168.5 (5) 163.58 (17)

N–Cbridge–Fe N–Cbridge–Fe
176.9 (6) 172.89 (19)

Ntpy–Ru–Ntpy Ntpm–Ru–Ntpm Ntpy–Ru–Ntpy Ntpm–Ru–Ntpm
79.47 (10) 85.72 (17) 80.1 (2) 86.76 (7)
79.10 (10) 85.46 (16) 79.1 (2) 86.15 (7)

82.72 (17) 83.36 (7)
Torsion Torsion
0.01 35.96
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species. The reduction waves are centered in the polypyridinic
ligands and they are slightly higher for the process centered in
the tpy ligand.

For the dinuclear compounds 3a–b a reduction wave is
observed between the oxidation wave for RuII → RuIII process
and the reduction of the polypyridine ligands. Its potential is
highly solvent sensitive (Table 3, Fig. 2) which is a distinctive
feature of the cyanocomplexes, and thus we assign it to the FeIII

→ FeII process. In these systems the reduction of the polypyri-
dine ligand is shifted to lower potentials due to the effect of the
additional negative charge associated with the additional
reduction in these iron dinuclear compounds (Fig. 3).

For the dinuclear compound 4a two quasi-reversible waves for
the reduction of the polypyridne ligand are followed by an ir-
reversible process, which is absent in the dinuclear complex 3a
(Fig. 3). We assign it as the CrIII → CrII reduction which is ir-
reversible due to the ligand loss on the Cr(II) moiety.

Electronic spectroscopy

Fig. 4 shows the observed absorption spectra for all the com-
plexes reported in this work, with the absorption maxima infor-
mation listed in Table 4. All the explored complexes exhibit the

electronic spectroscopic features expected from ruthenium poly-
pyridine chromophores; sharp ligand centered π → π* transitions
in the UV and intense broad bands in the visible region, corre-
sponding to RuII → π* (polypyridine ligand) MLCT transition
(Fig. 4 and Table 4).

For complexes bearing the tpy ligand (Fig. 4, left panel), only
one of the two expected MLCT bands is observed, with the π →
π* band of tpy at 310 nm obscuring the high energy MLCT. The
two components are clearly visible for the complexes with the
tpm ligand, each being a superposition of a MLCT to each of the
two polydentate ligands. Compound 3b in acetonitrile present an
additional band at 653 nm which corresponds to the RuII → FeIII

MM′CT transition. This transition in not visible for 3a in aceto-
nitrile, probably because it is buried under the MLCT band, but
becomes visible in other solvents (Table 5, Fig. 5).

The energy of this MM′CT band in different solvents corre-
lates well (see ESI†) with the difference in the redox potential
(Table 3) between the iron and ruthenium centers, confirming its
nature. Also the transition moment (see ESI†) of the MM′CT
band in different solvents correlates with the energy of the

Table 3 Redox potentials for the Ru(III)/Ru(II), M(III)/M(II) and L/L−

couples of the complexes 1–4 in different solvents

Complex Solvent
E1/2(Ru)/V
(ΔEp/mV)

E1/2(M)/V
(ΔEp/mV)

E1/2(L)/V
(ΔEp/mV)

1a Acetonitrile 1.18 (130) — −1.30 (190)
1b Acetonitrile 1.14 (100) — −1.39 (100)
2a Acetonitrile 1.04 (90) — −1.25 (100)
2b Acetonitrile 0.96 (100) — −1.42 (110)
3a Water 0.88 (80) 0.18 (80) na

Acetonitrile 1.02 (100) −0.64 (80) −1.39 (80)
3b Water 0.85 (90) 0.21 (100) na

Acetonitrile 0.93 (180) −0.65 (180) −1.57 (120)
4a Acetonitrile 1.10 (190) −1.83a −1.28 (120)
4b Acetonitrile 1.00 (180) −1.73a −1.41 (110)

a Irreversible wave, cathodic peak.

Fig. 4 UV-vis-NIR absorption in acetonitrile of complexes 1a (solid
line), 2a (dashed line) (left panel, top), 1b (solid line), 2b (dashed line)
(right panel, top), 3a (solid line), 3ared (dotted line), 4a (dashed line)
(left panel, bottom), 3b (solid line), 3bred (dotted line), 4b (dashed line)
(right panel, bottom).

Fig. 2 Cyclic voltammograms in acetonitrile of the complexes 1a, 2a,
3a (water), 3a (acetonitrile), 4a (left panel, from top to bottom), and 1b,
2b, 3b (water), 3b (acetonitrile), 4b (right panel, from top to bottom).

Fig. 3 Cyclic voltammogram at cathodic potentials of the complexes
3a (top) and 4a (bottom) in acetonitrile.
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transition, a feature previously observed for other mixed valence
systems with a Fe(III) hexacyanide moiety.21 Application of the
Mulliken–Hush expression results in values for H12 (the coup-
ling between the metal centers, Table 5) similar to the ones cal-
culated for other cyanide-bridged dinuclear systems3,22–25 and
suggests small but significant mixing between the d orbitals of
the metallic ions.

We do not observe the MM′CT band for complexes 4a–b.
This band is expected to be at higher energy than the lower
MLCT according to the position of the irreversible reduction of
the Cr(III) moiety with respect to the reduction of the polypyri-
dines (Table 3), suggesting that it might be buried under the
MLCT and can not be distinguished, as it is expected to be
broad and not very intense.

Photophysical properties

The four mononuclear complexes reported in this work lumi-
nesce at room temperature in acetonitrile (Fig. 6), with the rel-
evant data listed in Table 6. Solutions are photostable with no
significant ligand loss observed after the excitation. The
observed broad emission is shifted to the red upon replacement
of the cyanide ligand (1a–b) by thiocyanate (2a–b). This batho-
chromic shift with the exchange of non-chromophoric ligands is

Table 5 MM′CT transition energies and metal–metal coupling for the
mixed-valence species 3a and 3b

Solvent

MM′CT
ν/103 cm−1

(ε/103 M−1 cm−1) H12/cm
−1 μ2/(eÅ)2

3a 3b 3a 3b 3a 3b

ACN nd 15.3 nd nd nd nd
(607)

EtOH 14.1 12.6 nd 757 nd 1.07
(669) (705)

MeOH 13.2 12.2 973 814 1.37 1.17
(1116) (842)

Water 9.7 8.7 1303 1213 4.04 3.02
(2092) (1887)

Fig. 6 Excitation (solid line), absorption (dotted line) and emission
(solid line) in acetonitrile at 25 °C of the complexes 1a, 2a, 4a (left
panel from top to bottom) and 1b, 2b, 4b (right panel from top to
bottom).

Table 6 Emission properties for the reported complexes in acetonitrile
at 25 °C

Complex λem/nm ϕem × 103 τ/ns

1a 679 0.12 5.9
2a 709 0.13 10.4
3ared — <0.01 —
3a — <0.01 —
4a 822 2.6 2.80 × 105

1b 662 0.95 43.6
2b 715 0.23 20.1
3bred — <0.01 —
3b — <0.01 —
4b 818 2.6 3.28 × 105

Table 4 UV-vis absorption properties for the complexes reported in
acetonitrile

Complex
π → π* λ/nm
(ε M−1 cm−1)

MLCT λ/nm
(ε M−1 cm−1)

1a 272 (33400)
279 (34260) 354 (5950) (sh)
311 (40330) 485 (11080)

2a 272 (33400)
279 (34260) 357 (6820) (sh)
313 (30430) 487 (9080)

3ared 275 (36390)
281 (36390) nd
312 (39290) 479 (10550)

3a 271 (30080)
291 (31240) 361 (5600) (sh)
313 (31330) 484 (9090)

4a 272 (34700)
290 (36370) 353 (7610) (sh)
312 (35650) 478 (10200)

1b 287 (21440) 333 (8100)
436 (4070)

2b 293 (22370) 322 (7910)(sh)
458 (4410)

3bred 293 (22660) 355 (8260)(sh)
416 (4250)(sh)

3b 290 (20540) 329 (8240)
436 (3790)

4b 290 (20070) 332 (12100)
430 (5340)

Fig. 5 UV-vis-NIR absorption of the complex 3a in water (solid line),
methanol (dashed line), ethanol (dashed-dotted line), acetonitrile (dotted
line). Inset: MM′CT bands.
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consistent with the effect observed in redox potentials for the
Ru(III)/Ru(II) couple (Table 3), and confirms the MLCT state
origin of this emission. Replacement of tpy by tpm has very
little influence on the energy maxima of the emission band. The
main effect is longer life times and higher emission quantum
yields for the tpm complexes, although the four reported mono-
mers are weak emitters.

The lifetimes and emission quantum yields for these com-
plexes are consistent with the reported properties of other
tpy11,18,20,26–29 and tpm19,30 complexes. This photophysical
response has been ascribed to the presence of a short-lived
metal-centered (MC) state of low energy. DFT calculations31 in
tpy complexes has confirmed this low energy state which is due
to the constraints in the coordination sphere of the Ru caused by
the geometry of the polydentate ligands.28

Unlike some other complexes in this family,27,30,32 1a–b and
2a–b show no evidence of ligand loss upon absorption in the
MLCT bands. For example, [Ru(tpy)(bpy)Cl]+ shows prominent
ligand loss upon absorption in the same region of the spectrum,
thus we conclude that in the cases reported here the Ru–X bond
should be stronger than the Ru–Cl bond with some π back
bonding contribution.

The photophysical properties of dinuclear complexes are very
different from those of the monomers. Both chromium dinuclear
complexes, 4a–b, show a narrow NIR emission at room tempera-
ture in acetonitrile (Table 6, Fig. 6). The excitation spectra of
these compounds measured at the emission maxima follow very
closely their absorption spectra in the visible (Fig. 6), which is
mainly due to the transitions in the Ru(L)(bpy) fragment. The
wavelength of emission (∼820 nm), its band shape and its very
long lifetime indicate very clearly that this emission has its
origin in a metal centered (MC) excited state from the [Cr-
(CN)6]

3−.33

This evidence suggests that the absorption is initiated in the
ruthenium chromophore leading probably to the population of
the 3MLCT excited state as observed for the monomers. This is
followed by an energy transfer from the 3MLCT excited state to
a MC excited state in the chromium moiety. The process is very
efficient, with quantum yields of emission for complexes 4a–b
similar to the quantum yields reported for the [Cr(CN)6]

3−

monomer and for the dinuclear complex reported by Bignozzi
et al.33 This high yield suggests that the efficiency of population
of the chromium MC excited state at the expense of Ru MLCT
excited state is essentially unitary for complexes 4a–b. This high
efficiency for the energy transfer process from weak emitters
with short lifetimes, like the fragments Ru(tpy)(bpy) and Ru-
(tpm)(bpy), implies fast transfer rates, probably in the ps time
scale. As the process involves excited states of different multi-
plicity (a 3MLCT state and a 2MC state), the Forster mechanism
is ruled out.33

In contrast with the chromium complexes, iron dinuclear com-
plexes do not show any significant emission. This lack of
response could also be due to the coupling between the excited
states mediated by the cyanide bridge. In complexes 3a–bred, the
energy transfer to the low energy MC states in the iron(II), which
are expected to be at ∼800 nm by analogy with 4a–b, should
result in thermal deactivation. For the oxidized form of these
complexes there is also another mechanism available. The MM′

CT states are closer in energy to the MLCT Ru-centered states

(bands overlapping in the UV-vis spectra in ACN, Fig. 4) than
the MC states (∼800 nm). Thus, after excitation an electron
transfer to the Fe(III) could occur, effectively quenching the
emission of the ruthenium moiety.34 Transient absorption
measurements are underway to explore the nature of this
processes.

Conclusions

The structural and spectroscopic properties of the mononuclear
complexes described in this work fit very well with the reported
properties of other [Ru(tpy)(bpy)X] and [Ru(tpm)(bpy)X] com-
plexes, but unlike the other reported systems the complexes
1a–b and 2a–b show no evidence of ligand loss probably due to
a combination of a stronger Ru–X bond and a shift to lower ener-
gies of the 3MLCT excited state.

The properties of the MM′CT band observed in the mixed
valence dinuclear complexes 3a–b points to a significant coup-
ling between the metallic centers. The M–M′ coupling results in
complete quenching of the Ru centered 3MLCT excited state
through efficient electron transfer to a MM′CT state (3a–b) or
energy transfer to an iron centered d–d state (3a–bred) that decay
without emission. For the chromium dinuclear complexes 4a–b
instead, the coupling between the excited states mediated by the
cyanide bridge results in an energy transfer to the chromium-cen-
tered excited state, clearly revealed by its emission.

Our results show that the energy transfer across the cyanide
bridge is highly efficient as even weak emitters with relatively
short lived excited states are able to undergo energy transfer.
This outcome suggests that polynuclear cyanide bridged arrays
can be viable systems for the construction of multichromophoric
antenna units. The observed rapid energy transfer offers the
possibility of incorporating different chromophores, even weak
emitters, and thus a large variety of molecules can be used to
tune the array. The constraint to be considered in the design of
the antenna should be the avoidance of fragments with low
energy MC states or MM′CT states which may be thermally
deactivated (like the iron complexes reported here). One clear
way to avoid this limitation is to use second and third row tran-
sition metals that have MC states of higher energy. Coordination
of a ruthenium polypyridine chromophore to [Ru(CN)6]

4− or
[Os(CN)6]

4− anions is already under way in our labs.
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