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ABSTRACT 

Owing to their unique luminescent properties and photosensitizing capability, cyanoruthenium(II) 

complexes with diimine ligands are the subject of intense research striving for routes for tuning 

their electronic properties and improving their emission quantum yield. In this work, we describe 

the first example of a heterometallic d-f cyanide-bridged Ru(II)-Er(III) assembly obtained by the 

direct reaction of trivalent erbium salt with the neutral [Ru(bipy)2(CN)2] metalloligand. This 

strategy allows for accommodating inorganic negatively charged anions, such as nitrate and 

oxalate, in the coordination sphere of the lanthanide ion. As a result, a dimeric tetranuclear discrete 

molecular architecture is obtained, where the two constituting monomeric Ru(II)-CN-Er(III) units 

are bridged by an oxalate anion coordinating two Er(III) ions in a bis-bidentate fashion. Strikingly, 

this heterometallic compound shows intense dual emission in the visible and near-infrared spectral 

ranges under single-wavelength excitation both in solution and in the crystalline state. The effect 

of Er(III) coordination through a cyanide bridge is thoroughly discussed, also with the support of 

DFT calculations, to highlight the factors that induce the observed spectral hypsochromism and, 

more importantly, the remarkable tenfold-increased emission quantum yield of the 

[Ru(bipy)2(CN)2] moiety in the visible range. We show that the described coordination mode 
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induces an energy raise of the emissive 3MLCT state and even a more pronounced lifting of the 

non-emissive Ru(II) 3MC states, suppressing thermal deactivation channels. Furthermore, thanks 

to the reduced number of water molecules and quenching groups surrounding the lanthanide ion 

in the molecular architecture, relatively intense erbium emission at 1.5 μm telecom wavelength is 

detected through the sensitization from the Ru(II) metalloligand. We suggest that this compound 

can find applications as efficient solid-state dual emitter and luminescent chemical sensor.

1. INTRODUCTION

Ru(II) polypyridine complexes have been the subject of great attention because of the remarkable 

optical and redox properties enabling applications in a wide range of different fields including 

photocatalysis1, luminescent chemical sensing2-, solar cells3 and anticancer drugs4. The unique 

photochemical and photophysical properties of Ru(II) complexes stem from the activation of 

triplet metal-to-ligand charge-transfer (3MLCT) excited states which are long-lived, characterized 

by a broad emission profile, and are susceptible to give rise to both photoinduced energy or 

electron transfer to a secondary species allowing it to reach states otherwise poorly accessible 

under direct excitation5. Therefore, extensive research has been performed in the last three to four 

decades on the tuning of the energy levels and the optical properties of Ru(II) complexes with the 
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5

aim of improving the photosensitizing properties and the emission quantum yield6. Among the 

class of luminescent Ru(II) diimine complexes, heteroleptic cyanoruthenate derivatives are of 

particular interest because of the striking sensitivity to the chemical environment, making them 

suitable visual chemical sensors both in absorption and emission7,8,9. Moreover, thanks to the lone 

pair borne by the nitrogen atom, cyanide groups are highly suitable to form stable cyanide-bridged 

M−CN−M’ heterometallic complexes with a simple click chemistry10,11,12following the complex-

as-ligand approach. This allows for the introduction of novel functionalities either magnetic or 

optical properties13, opening novel perspectives for the applications of such molecular 

architectures. With this view, Ru(II) complexes with cyanide ligands have been explored as ideal 

molecular photosensitizers of luminescent trivalent lanthanide (Ln) ions, where the short cyanide 

bridge allows for a limited Ru-Ln distance, in principle a favorable requisite for efficient donor-

acceptor Förster’s energy transfer and subsequent Ln photosensitization10,12. Moreover, bridging 

cyanide groups act as spacers between the emitting Ln(III) center and the peripheral organic 

chromophoric ligands of the d-metal moiety, thus limiting the distance-dependent vibrational 

quenching related to CH oscillators14. These properties have been so far relatively investigated 

only in heterometallic d-f derivatives of the negatively charged tetracyanoruthenate(II) complex 
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6

[Ru(L)(CN4)]2− (L = diimine ligand), which have also found applications as chemodosimeters 

through an indicator displacement assay approach15,16. In the available literature examples, the 

direct reaction of [Ru(L)(CN)4]2− with trivalent Ln cations afford an extremely rich and complex 

structural chemistry, owing to the availability of four CN− groups, comprising 1D to 3D polymers 

and oligomers. As a consequence of the monodentate binding mode of cyanide groups and the 

high coordination numbers of Ln ions, several water molecules, which are the most severe 

quenchers of Ln luminescence, remain coordinated to the Ln center17. On the other hand, it has 

been demonstrated that a blocking ligand coordinated to the Ln ion is beneficial to their 

luminescence, reducing the available coordination sites for water molecules18. Following these 

concepts, we envisaged that using the neutral cis-dicyano-bis (2,2’-bipyridine) ruthenium(II) 

[Ru(bipy)2(CN)2] complex instead of the doubly negatively charged tetracyano analog, allows for 

completing the coordination sphere of Ln ions with quenchers-free inorganic anions such as nitrate 

and oxalate. In this work, we report the synthesis, structure and the photophysical properties of a 

tetranuclear Ru(III)-Er(III) mixed metal complex, which, to the best of our knowledge, represents 

the first example of a d-f architecture with the [Ru(L)2(CN)2] building block. We show that the 

heterometallic compound displays dual emission in the visible and in the near-infrared (NIR) 
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spectral range owing to the [Ru(bipy)2(CN)2] metal-to-ligand charge transfer (3MLCT) and Er(III) 

centered luminescence at 1.53 μm, an important wavelength for telecommunication technology. 

Strikingly, we found that, upon coordination to Er(III), the emission of [Ru(bipy)2(CN)2] not only 

displays a significant hypsochromic shift both in solution and in the cystalline state, but also a 

remarkable increased quantum yield of 10% with respect to the 0.9% of the Ru(II) precursor 

complex, contrary to previous literature reports on analogous compounds1. With the support of 

Density Functional Theory calculations we shed light on the structure/property relationship in such 

assembly, highlighting the pivotal role of cyanide groups and coordination effects on the observed 

properties.

2. EXPERIMENTAL SECTION

Syntheses. All reactants and solvents were purchased from Sigma-Aldrich (Sigma-Aldrich, 

Saint-Louis, MO, USA) or Merck (Merck KGaA, Whitehouse Station, NJ, USA) and used without 

further purification. Synthesis of cis-dicyano-bis (2,2’-bipyridine) ruthenium(II) [Ru(bipy)2(CN)2] 

(Ru). Oxalatobis(2,2’-bipyridine)ruthenium(II) [Ru(bipy)2ox] was first synthesized according to a 

slight modification of the method described by Liu et al.19 Briefly, 1.16g of the commercial 

potassium hexachlororuthenate(IV) salt and 1.5 g of potassium oxalate K2ox in 40 mL of water 
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8

were heated in a steam bath for 2h. Afterwards, a solution of 0.8 g of 2,2’-bipyridine in 10 mL of 

methanol was added to the above mixture, which was further heated for 3h. Upon cooling, the 

solid product formed, which was washed several times with hot water and dried with diethyl ether. 

The following procedure was carried out according to the method described by Demas et al.20 The 

recovered product (1.0 g) was then dissolved in 100 mL of methanol and a solution of 1.0 g of 

KCN in 25 mL of water was added to the mixture, which was refluxed for 48 h. The solution was 

then rotoevaporated to dryness and extracted twice with hot water. The solid was redissolved in 

methanol and crystallized by adding diethylether. Elemental analysis was in agreement with a 

[Ru(bipy)2(CN)2]∙0.5K2ox∙2H2O formulation. Elem. Anal. Exp. (Calcd for C24H20N6KO4Ru) 

C% 48.40 (48.59) H% 3.75 (3.55) N% 14.65 (14.78). This formulation is also consistent with FT-

IR data (Figure S2 and related discussion) FT-IR (cm-1). 3460 mw,br; 2057 m; 1637 mw; 1469 

mw; 1442 mw; 1423 w; 1388 ms; 1314 w; 1271 w; 1248 w; 1158 w;1119 vw; 772 m; 738 m; 660 

w; 520 w; 415 w. Synthesis of [Ru2(Bipy)4(CN)4Er2(NO3)4(H2O)4(ox)]5H2O (RuEr). 0.13 g of 

[Ru(bipy)2(CN)2] were dissolved in 50 mL of a 4:1 mixture of acetonitrile and methanol under 

gentle heating. Afterwards, a solution of 0.12 g of Er(NO3)3∙5H2O dissolved in 30 mL of 

acetonitrile was added and the mixture was left stirring. After 3h, orange prismatic crystals started 
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to form. The crystals were washed with small amounts of methanol and dried with diethylether. 

Elem. Anal. Exp. (Calcd for C46H50Er2N16O25Ru2) C% 30.12 (31.33) H% 2.99 (2.86) N% 

12.55 (12.71). FT-IR (cm-1). 3430 mw, br; 2084-2046 (split peak) m; 1637 mw, 1467 mw; 1444 

mw; 1424 w; 1384 s; 1310 mw; 1274 w; 1243 w; 1158 w; 1122 w; 1070 w; 1029 w; 875 w; 839 

w; 768 m; 732 mw; 527 w; 473 w; 421 w.

Analytical and spectroscopic characterization. Elemental analysis: Data were collected with a 

Carlo Erba (Carlo Erba SpA, Milano, Italia) EA1108 CHNS analyzer. Electronic Spectroscopy 

UV-Vis-NIR. Diffuse reflectance (DR) and absorption spectra in CH3CN solution (10−4 mol/L) 

were collected with a Agilent Cary 500 spectrophotometer (Agilent Technologies, Santa Clara, 

CA, USA) equipped with a 150 mm diameter integrating sphere. Crystalline samples for DR 

spectra were dispersed on a Teflon film. Vibrational Spectroscopy. FT-IR spectra on KBr pellets 

were collected with a Bruker Equinox 55 spectrophotometer.

X-ray Crystallography. Single crystal data were collected with a Bruker D8 equipped with an 

APEXII area detector (Mo K:  = 0.71073 Å). The intensity data were integrated from several 

series of exposure frames covering the sphere of reciprocal lattice21.(Bruker (2012). APEXII. 

Bruker AXS Inc., Madison, Wisconsin, USA) An absorption correction was applied using the 
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10

program SADABS22. The structures were solved with the ShelXT23 structure solution program 

using Intrinsic Phasing and refined with ShelXL23 on F2 with full-matrix least squares, using the 

Olex2 software24. Non-hydrogen atoms were refined with anisotropic thermal parameters. 

Hydrogen atoms were placed in their calculated positions.

Density Functional Theory calculations. Density Functional Theory (DFT)25 investigations 

were carried out using the GAUSSIAN 1626 software package. The functionals used throughout 

this study were CAM-B3LYP27, with basis set 6-31+G(d,p)28 for C, H, N and O atoms, and the 

LANL2DZ29 and SDD30 ECP basis sets for Ru and Er, respectively. In the case of RuEr all the 

calculations were done in single point (SP) and in gas-phase, whereas for Ru in addition were 

carried out also geometry optimizations in both gas-phase and CH3CN; the effects of solvation 

were considered by the Polarizable Continuum Model. All calculations were input using atomic 

coordinates obtained from single X-ray data. Time-dependent DFT (TDDFT) calculations were 

performed in the gas-phase employing the formalism as implemented in GAUSSIAN 1626,31,32. 

TDDFT studies were done in the gas-phase for Ru and RuEr compounds and in CH3CN for Ru 

only. The orbital isosurfaces (with isovalue plot 0.04) were visualized using ArgusLab 4.0.133 

whereas the calculated UV-Vis electronic spectra were depicted with GaussSum software34.

Photoluminescence measurements. Photoluminescence (PL) measurements were performed 

using an Edinburgh FLSP920 spectrophotometer equipped with a Hamamatsu R928P PMT 

detector (200–900 nm) and a Hamamatsu R5509-72 NIR PMT detector (500–1700 nm). Steady-

state PL spectra were acquired using a 450 W continuous-wave (CW) xenon lamp. Appropriate 
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optical filters were used, and steady-state emission data were corrected for the instrumental 

spectral response. All PL measurements were recorded at room temperature. Solid state samples 

were put between quartz plates (Starna cuvettes type 20/C/Q/0.2). The internal quantum yield was 

measured using an integrating sphere (110 mm diameter) on the FLSP920 spectrophotometer, and 

white BaSO4 powder was used as a reference to measure the scattered excitation light. The internal 

quantum yield Φ was calculated through the following equation:

Φ =
𝜀
𝛼 =

∫𝐿𝑆

∫𝐸𝑅 ― ∫𝐸𝑆

where ε is the number of photons emitted by the sample and α is the number of photons absorbed 

by the sample. LS is the emission spectrum of the sample; ER is the spectrum of the scattered 

excitation light with the BaSO4 reference sample in the sphere; ES is the spectrum of the scattered 

excitation light with the actual sample in the sphere.

3. RESULTS AND DISCUSSION

3.1 Synthesis and crystal structure description. 
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The general synthetic procedure employed to obtain the heterometallic Ru(II)-Er(III) assembly is 

reported in Scheme 1. The precursor cis-dicyano-bis (2,2’-bipyridine) ruthenium(II) 

[Ru(bipy)2(CN)2] (Ru) complex was synthesized according to the method reported by Demas et 

al.20 by reacting the oxalatobis(2,2’-bipyridine)ruthenium(II) [Ru(bipy)2ox], in turn synthesized 

according to Liu et al.19, with the appropriate amount of potassium cyanide. It is worth mentioning 

that the synthesis of dicyanobis(diimine) ruthenium(II) complexes is often accompanied by a non-

negligible amount of byproducts which demand for a number of purification steps that significantly 

lower the yield of the reaction. Attempts to synthesize [Ru(bipy)2(CN)2] through the classic 

method by Schilt35 did not afford a satisfactory purity. A survey of the available crystal structures 

on the Cambridge Crystallographic Database returned only one structure deposited36 for 

[Ru(bipy)2(CN)2], likely reflecting the difficulties in obtaining a purified crystalline product in 

acceptable yield. In this work, since the [Ru(bipy)2(CN)2] complex was intended to be further 

reacted to produce the heterometallic complex, purification steps were reduced to avoid time-

consuming procedures. The obtained product (Ru) was then directly reacted with the erbium nitrate 

salt to obtain the heterometallic complex following a similar procedure previously used to afford 

heterometallic Fe-Ln architectures based on the Fe(II) analog [Fe(phen)2CN2] neutral complex37, 
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where the nitrate counteranion remains coordinated to the Ln(III) metal center, serving as blocking 

ligand and dictating the geometry of the resulting compound. The reaction afforded crystals of the 

heterometallic tetranuclear [Ru2(bipy)4(CN)4Er2(NO3)4(H2O)4(ox)]5H2O (RuEr) complex. 

Scheme 1. General synthetic procedure for the synthesis of RuEr.

The molecular structure comprises a dimeric entity in which there are two peripheral Ru(II) 

fragments [Ru(bipy)2(CN)2] and a central Er(III) system, namely [Ru(bipy)2(CN)2] and 

[Er2(NO3)4(H2O)4(ox)(NC)2]. The connection between these entities occurs through the presence 

of the bridging cyanide group linking Ru(II) and Er(III) metal cations. The coordination of Ru(II) 

is octahedral due to the presence of two chelated bipyridine molecules and two cyanide groups in 

cis position bound via the carbon atom. The Er(III) coordination is three-capped trigonal prism, 

and the O8N donor set derives from the presence of two bidentate nitrate molecules, a bidentate 
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oxalate molecule (bridging tetradentate on two Er(III) ions), two coordinated water molecules and 

a cyanide group bridging the Er(III) and Ru(II) cations, Figure 1. 

Figure 1. Molecular structure of RuEr with thermal ellipsoids depicted at the 30% probability 

level.

A summary of crystallographic parameters for RuEr is reported in Table 1.

Table 1. Crystallographic parameters for RuEr.

RuEr

Empirical formula C46 H40 Er2 N16 O20 Ru2∙5(H2O)
Formula weight 1763.68

Temperature/K 293(2)

Crystal system triclinic

Space group P -1

a, Å 11.3720(10)
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b, Å 12.216(1)
c, Å 13.835(2)

, deg. 113.363(2)

, deg. 102.012(2)

, deg. 111.189(2)

V, Å3 1500.0(4)

Z 1

ρcalcg/cm3 1.952 

μ/mm-1 3.358 

F(000) 862.0 

Crystal size/mm3 0.11 × 0.06 × 0.04 

Radiation MoKα (λ = 0.71073) 

2Θ range for data collection/° 3.516 to 51.504 

Index ranges -13 ≤ h ≤ 13, -14 ≤ k ≤ 14, -16 ≤ l ≤ 
16 Reflections collected 17185 

Independent reflections 5718 [Rint = 0.0534, Rsigma = 
0.0597] Data/restraints/parameters 5718/2/419 

Goodness-of-fit on F2 1.020 

Final R indexes [I>=2σ (I)] R1 = 0.0391, wR2 = 0.0856 

Final R indexes [all data] R1 = 0.0593, wR2 = 0.0928 

Largest diff. peak/hole / e Å-3 0.88/-0.82 

As described, an oxalate anion enters the coordination sphere of erbium and bridges two Er(III) 

ions in a bis-bidentate fashion, contributing to the significant reduction of the number of water 

molecules directly bonded to the lanthanide ion with respect to analog structures17. This oxalate 

molecule derives from the precursor Ru(II) complex which likely contains co-crystallized K2ox 

moieties as supported by analytical data (Experimental Section) and FT-IR spectroscopy (Figure 

S2 and related discussion).
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The dimeric entities interact with each other via a series of hydrogen bonds involving the 

coordination and crystallization water molecules and the nitrate anions and the terminal cyanide 

group. In particular, O1w behaves as an H-bond donor towards CN− and O4w (O1wN14 2.76 Å; 

O1wO4w, 2.70 Å); O4W in turn acts as an H-bond donor towards O15 of a nitrate anion (2.98 

Å). This sequence of interactions is doubled by symmetry to form a ring involving the Er3+ atoms. 

A second group of interactions involves the coordinated water molecule O2w and the O17 atom 

of the second nitrate anion (2.88 Å). Both sequence of interactions are doubled by symmetry and 

they form rings involving the Er3+ atoms, Figure 2a,b. In Figure 2c the crystal packing evidencing 

the arrangement of the dimeric entities and the water molecules of crystallization is reported.
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Figure 2. a, b. Highlight of the interactions occurring between symmetry related dimeric entities. 

c. Crystal packing of RuEr projected along the [111] direction. One dimeric entity is highlighted. 

Hydrogen atoms were omitted for clarity.

3.2 Optical Properties. 

Figures 3a reports the UV-Vis optical absorption spectra of Ru and RuEr in acetonitrile solution. 

The spectra are characterized by a series of intense bands in the UV region and a prominent band 

in the visible, attributable to the [Ru(bipy)2(CN)2] moiety in both compounds and typically 

assigned to 1MLCT transitions as in most Ru(II) complexes38. This band shows a notable 

hypsochromism in the cyanide-bridged heterometallic RuEr compound with respect to the parent 

Ru complex (λmax(RuEr) = 450 nm vs λmax(Ru) = 494 nm), which originates from the coordination of 

the CN groups to the Lewis acid Er(III) ion, as also observed in analogous cyanide-bridged Fe(II)-

Ln(III) assemblies37. Such hypsochromic shift is also evident in the diffuse reflectance spectra of 

solid-state samples (Figure 3b) and results in a remarkable change in color of the parent Ru 

complex upon coordination to Er(III) both in solution and in the crystalline state (Figure 3c). It is 

interesting to note that the solid state the spectral shape is significantly broadened (>100 nm) with 

respect to the solutions, as highlighted by the color differences for the two samples in the diverse 

phases illustrated in Figure 3c. This effect exceeds that normally expected from solid-state 

scattering phenomena and could be ascribed to the particularly high sensitivity of Ru(II) complexes 

to the chemical environment, originating from the MLCT nature of the lowest absorption band, 

also taking into account that numerous intermolecular interactions such as π-interactions and 

hydrogen bonding are present in the crystalline arrangement39,40 (Figure S3).
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Figure 3. a) Optical absorption spectra of Ru (blue) and RuEr (red) in CH3CN solution. b) Diffuse 

reflectance (DR) spectra of solid state samples in the UV-visible region. c) Pictures of CH3CN 

solutions (left) and crystalline samples (right) of Ru and RuEr. d) DR spectra of solid state 

samples in the NIR. The Er(III) end energy levels of the transitions from the ground 4I15/2 state are 

indicated. 2ν and 3ν CH indicate the second and third harmonics of CH stretching vibrations, 

respectively. The bands labelled H2O* and H2O** correspond to the aν1+ν2+bν3 and ν1+ν3 

combination bands of water molecules, respectively (ν1 = symmetric, ν3 = antisymmetric and ν2 = 

bending vibrational modes). DR spectra are normalized to the 2ν CH peak that corresponds to a 

single [Ru(bipy)2CN2] moiety.

The diffuse reflectance (DR) spectrum of RuEr in the NIR region (Figure 3d) displays the 

characteristic Er(III)-centered f-f absorption narrow bands from the ground 4I15/2 to the superior 

energy levels (978 nm 4I13/2; 1520 nm 4I13/2). The peaks related to the first (2ν CH, 1663 nm) and 
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second (3ν CH, 1132 nm) overtones of the stretching vibration of the bipy CH groups are clearly 

visible, as well as the H2O combination bands at ~1920 nm (antisymmetric and symmetric 

stretching combination) and at ~1420 nm (stretching/bending combination). Interestingly, the H2O 

stretching combination band is significantly narrower and shifted to lower energies in RuEr than 

in Ru, in agreement with FT-IR data (Figure S2), indicating the involvement of co-crystallized 

water molecules in strong hydrogen bonding, whereas these interactions are more relaxed in Ru. 

This effect reduces the spectral overlap with the erbium optical transition at 1.5 μm, with possible 

important implications in the NIR emission efficiency, as it will be further discussed.

3.3 Density Functional Theory calculations. 

In order to reach a deeper understanding of the observed properties of RuEr in comparison to 

the precursor [Ru(bipy)2(CN)2] complex, we performed Density Functional Theory (DFT) 

calculations. Figures 4a and b show the DFT-calculated Highest Occupied (HOMO) and Lowest 

Unoccupied (LUMO) Molecular Orbitals (MOs) of [Ru(bipy)2(CN)2] and RuEr, while Tables S1-

S3 report the extended set of the MOs. As it can be seen, in both compounds the HOMO is 

dominated by the Ru(II) d orbitals (t2g-like orbitals in the octahedral field) with an equally relevant 

contribution of the π-orbitals of the CN− groups, whereas the LUMO is largely related to 
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antibonding π* orbitals of the bipy ligands41. In RuEr, the coordination to the positively charged 

Er(III) ion induces a significant localization of the orbital density of the CN− group on the p orbital 

of the nitrogen donor atom, likely accounting for the stabilization (Tables S1 and S3) of the mixed 

character Ru(II)(d)/CN(π) HOMO orbital, resulting in the observed hypsochromic shift of the 

absorption features. Since the HOMO has a significant mixed Ru(II)(d)/CN(π) character, the 

lowest absorption band in the visible range (Figures 3a and b) would therefore be better labelled 

as MLL’CT (metal-ligand-to-ligand charge transfer), rather than MLCT, highlighting the crucial 

role of the cyanide groups in determining the sensitivity of the optical (and redox1,37) properties to 

the chemical environment of cyanoruthenium(II) derivatives. It is also worth noting that in the 

precursor [Ru(bipy)2(CN)2] complex, the eg-like d orbitals of Ru(II) participate in the LUMO+1 

(dz2) and, to a less, extent, in the LUMO (dx2−y2) orbitals, whereas no significant contribution of 

metal orbitals is observed in the first set of LUMOs in RuEr (Table S3).
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Figure 4. DFT-calculated HOMO and LUMO orbitals in the gas phase for Ru (a) and RuEr (b) and 

TD-DFT calculated absorption spectra for Ru (c) and RuEr (d).

Time-Dependent DFT (TD-DFT) calculations allowed to simulate the absorption spectra of the 

two compounds in the gas phase, as shown in Figures 4c and d. The main absorption transitions 

and oscillator strengths are reported in Tables S4 and S5. Although for RuEr the complexity of the 

calculations for such multiatomic assembly did not allow us to draw a complete picture of the 

spectrum for the first 100 states, the retrieved data provide nonetheless useful indications to 
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interpret the observed optical properties. As expected, calculated spectra are overall in good 

agreement with experimental ones confirming the observed hypsochromic shift of the lowest 

absorption band. In the case of [Ru(bipy)2(CN)2], three main sets of bands can be distinguished. 

From the calculated main contributions of the possible transitions (Table S4) to the simulated 

spectral features and the orbital density distribution (Table S1), we may infer that the lowest 

absorption band is mainly related to MLL’CT transitions with a noticeable metal-centered (MC) 

contribution, as eg-like metal orbitals are found to have a significant role in low-lying energy 

levels, as previously anticipated. At higher energies, the MLL’CT character becomes dominant 

and, on moving to the lowest wavelength part of the spectrum, the most intense band can be largely 

attributed to ligand-centered (LC) transitions mainly involving bipy orbitals. On the other hand, in 

RuEr, the dense set of possible transitions with comparable weight (Table S5) makes the 

interpretation of the nature of the spectral bands less straightforward. Nonetheless, we may reliably 

associate the lowest absorption band essentially to a MLL’CT character, whereas MC and LC 

character contributions become more relevant on going to higher energies. The main important 

difference that is worth highlighting in this framework between the heterometallic RuEr assembly 
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and its precursor Ru(II) complex, is the different contribution of MC-character transitions, which 

is a key point for the interpretation of the photoluminescence properties, as discussed further.

3.4 Photoluminescence properties. 

Figure 5 summarizes the photoluminescence (PL) properties of RuEr compared to the precursor 

Ru complex. Upon irradiation in the absorption range, the heterometallic RuEr complex exhibits 

dual luminescence in the visible (Figures 5a, b, c) and NIR ranges (Figure 5d), related to the Ru(II) 

molecular unit and Er(III)-centered emission, respectively.
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Figure 5. a) Normalized PL spectra in the visible range upon 450 nm irradiation for RuEr (red) 

and Ru (blue) in degassed (solid line) and air-equilibrated (dashed line) acetonitrile solution. b) 

Normalized PL spectra of RuEr (red) and Ru (blue) in the solid state at λexc = 450 nm. c) 

Photographs of Ru and RuEr in acetonitrile solution (above) and in the solid state (below) under 

UV (375 nm) light illumination. d) Er(III) emission spectrum for RuEr in the NIR range (λexc =  

450 nm). 
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Visible range PL. The typical broad-band emission of Ru(II) polypyridine complexes, attributable 

to a transition from a triplet 3MLCT (or 3MLL’CT) state centered on the [Ru(bipy)2CN2] moiety, 

dominates in the visible range in both Ru and RuEr. However, in RuEr, the emission band is 

significantly blue-shifted with respect to the parent Ru complex both in acetonitrile solution (λmax 

= 603 nm vs 674 nm, Figure 5a) and in the solid state (λmax = 626 nm vs 692 nm, Figure 5b) 

resulting in intense orange-colored light under UV illumination as compared to the deep red light 

of Ru (Figure 5c). This effect mirrors the hypsochromic shift observed in the absorption spectra 

and is likewise attributed to the significant stabilization of the HOMO as a consequence of the 

coordination to the strong Lewis acid Er(III), as discussed above. A relatable behavior has been 

recently observed in analogous borylated compounds where the observed increase in energy of the 

3MLCT state upon the establishment of cyanide-bridges with electron-withdrawing 

tris(pentafluorophenyl)borane units, was correlated to a shift towards more positive oxidation 

potentials of the [Ru(bipy)2(CN)2] moiety, making it attractive for photoredox catalysis1. The 

effect was attributed to the concerted stabilization of metal-centered t2g orbitals and a less 

pronounced effect on the bipy π* orbitals. On the other hand, the similar behavior of RuEr and the 

parent Ru complex both in acetonitrile solution and in the solid state, where no solvent dynamic 
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interactions are possible, points out that the main origin of the hypsochromic shift is herein solely 

related to the stabilization of the HOMO, which is not a purely metal-centered t2g orbital, but has 

a significant contribution from the π orbitals of the CN− group. The fact that CN− groups have a 

much more relevant role in determining the emissive spectral features of RuEr over the bipy 

ligands, can find more support when observing the spectral shape of the emission band, which 

displays a shoulder at lower energies. Such “double band” feature is typically attributed in the 

literature to slow solvent reorganization effects42, affecting the energies of the peripheral ligands’ 

orbitals. However, in the case of RuEr, this interpretation cannot be taken into consideration as a 

similar feature is also observed in the solid state. Rather, the DFT-calculated MOs in Figure 4 and 

Table S3 evidence the different charge density distribution on the two asymmetrical bridging and 

non-bridging cyanide groups, giving rise to two sets of closely spaced HOMOs (Table S3) which 

may be accounted for to explain the observed spectral shape. On the other hand, peripheral bipy 

ligands are indeed accountable for crystalline state effects, which are nonetheless of high relevance 

for practical applications, since solid-state chemical sensors are desirable over solution-working 

systems39. In fact, the emission peak in the visible range is noticeably red-shifted in the solid state 

with respect to the solution, to a larger extent for RuEr than Ru. Typically, it can be expected that 
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the observed spectral differences in solution originate from solvent effects influencing the 

peripheral (bipy) ligands’ orbitals (LUMOs)39. However, ruling out the role of the solvent, as 

previously pointed out, and considering the agreement of the observed PL red-shift with the 

absorption and DR spectra as above discussed, we may reliably infer that this phenomenon is 

related to intermolecular π-stacking interactions (or hydrogen-bonding) established in the solid 

state (Figure S3)43.

Beyond the described peculiar emission chromism, a remarkable increase of the emission quantum 

yield of RuEr in the visible range up to 9.8% with respect to the 0.9% value of Ru is observed, 

resulting in a much brighter orange-red emission for the heterometallic assembly both in solution 

and in the solid state, as evidenced in the photographs of Figure 5c. This performance is contrary 

to that observed in the borylated analogs1, where the decreased quantum yield with respect to the 

parent [Ru(bipy)2(CN)2] moiety was ascribed to the influence of hydrogen-bonding or borylation 

in stabilizing both t2g and eg-like orbitals. The resulting relative lowering of the non-emissive 

metal-centered 3MC states with respect to the emissive 3MLCT, would cause quenching by 

favoring internal conversion and subsequent thermal deactivation. Instead, in the case of RuEr, 

DFT calculations indicate that the stabilization effect related to the coordination of the cyanide 
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ligand to Er(III) acts both on MLCT (or MLL’CT) as well as on MC (ligand contaminated) states. 

In addition, eg-like orbitals, which significantly contribute already to the LUMO+1 in Ru, are 

raised in energy in RuEr, resulting in an even larger energy increase of the 3MC states with respect 

to the emissive 3MLCT, partly suppressing the main deactivation channel of the emission (Figure 

6). These observations can provide a reliable explanation of the origin of the observed notable 

increase in the quantum yield in RuEr, despite part of the absorbed energy is transferred to Er(III) 

(vide infra). 

Figure 6. a) Simplified diagram of frontier MOs in Ru and RuEr highlighting the metal (M, blue 

and red shades), cyanide (CN−) and bipy ligand (L) (green shades) orbitals contributions. b) 

Simplified scheme of the potential energy curves in Ru and RuEr together with emission and 

deactivation pathways (GS = ground state; IC = internal conversion).
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NIR-range PL properties. Upon photoexcitation in the lowest absorption band, RuEr displays the 

characteristic Er(III)-centered emission peaked at 1530 nm (Figure 5d) and related to a 4f intrashell 

4I13/2 → 4I15/2 transition. Therefore, similarly to the most investigated tetracyanideruthenate diimine 

Ru(II) derivatives, also [Ru(bipy)2(CN)2] is revealed as an effective sensitizer to NIR-emissive 

lanthanide ions10,12. The sensitization process is believed to occur, as typically found in lanthanide 

complexes44, through energy transfer from the triplet excited states of the antenna moiety to the 

upper energy levels of Er(III), and in this heterometallic assembly it reliably involves the Ru(II)-

centered 3MLCT states. This mechanism is confirmed by the fact that in RuEr approximately the 

same emission intensity is observed in degassed and air-equilibrated (dashed line in Figure 5a) 

solution, as opposed to the behavior displayed by Ru, where phosphorescence (triplet) quenching 

can be attributed to molecular oxygen45. Such observation points out that in RuEr excited triplet 

depopulation caused by energy transfer to the Er(III) ion is kinetically competitive with oxygen 

quenching, thus accounting for the relatively efficient sensitization of the NIR emission. Although 

the antenna mechanism in this heterometallic compound is far from reaching the efficiency, close 

to 100%, observed in some mononuclear erbium complexes44, it also allows for dual Vis-NIR 

emission to be stimulated under single-wavelength excitation. The spectral shape of the emission 
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band mirrors the observed absorption features and is characteristic of the specific coordination 

environment of the Er(III) ion (Figure S4). Noticeably, the integrated spectral area and FWHM 

(full width at half maximum) is considerably smaller, by at least 15%, with respect to ome 

archetypical erbium complexes with 8-hydroquinolines46 47and chlorocyananilate ligands48 

(Figure S5 and Table S6). We may suppose that this peculiarity, which is a favored condition to 

realize nonlinear or single photon emission, originates from a weak crystal field induced by the 

monodentate bridging CN− group from the neutral Ru(II) metalloligand in comparison with 

negatively charged oxygen donor ligands49. Despite Er(III) emission is likely significantly 

quenched by vibrational de-excitation via water molecules and possibly CH groups14, as evidenced 

in Figures 3d and S4, it is however worth underlining that the reported example represents, to the 

best of our knowledge, the first clearly detectable and well-defined emission spectrum of Er(III) 

in heterometallic Ru(II)-Er(III) systems. We may tentatively ascribe this result not only to the 

significant distance (>5Å) of Er(III) from quenching CH oscillators in the RuEr assembly, but also 

to the lowered number of cyanide groups, as potential additional quenchers of the 

[Ru(bipy)2(CN2)] moiety, with respect to the more popular tetracyanoruthenate(II) derivatives18. 

Further investigations on the mechanisms and efficiency of lanthanide sensitization by time-
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resolved and ultra-fast transient absorption studies as well as on the dynamics of NIR emission are 

currently being carried out in our laboratories to further elucidate the interesting dual 

photoluminescence properties of this and analogous compounds with other lanthanide ions. We 

can reliably infer that the replacement of the two water molecules coordinated in cis configuration 

to the lanthanide ion, can result in a significant improvement of the emission properties in the NIR, 

opening novel perspectives for the further development of such dual Vis-NIR luminescent systems. 

4. CONCLUSIONS

In this work we have presented the synthesis, crystal structure, and an in-depth investigation of the 

optical and emissive properties of a unique heterometallic cyanide-bridged d-f assembly 

combining Er(III) and the [Ru(bipy)2(CN)2] complex-as-ligand and showing intense dual emission 

in the visible and NIR ranges. The design strategy based on the use of the neutral 

biscyanoruthenium (II) metalloligand allows for accommodating inorganic anions such as nitrate 

and oxalate for the completion of the coordination sphere of the lanthanide ion, thus reducing the 

available sites for the direct bonding of water molecules or other NIR-emission quenchers-

containing ligands in comparison to the most popular tetracyanoruthenate(II) derivatives. As a 

result, the crystal structure of the obtained mixed Ru(II)-Er(III) complex consists of a dimeric 
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tetranuclear architecture where two Ru-CN-Er monomeric units are connected by an oxalate ion 

bridging two Er(III) in a bis-bidentate fashion. Strikingly, the so-obtained heterometallic assembly, 

not only shows a notable hypsochromic shift of both the absorption and emission spectral features 

in the visible range, but also a remarkable tenfold increase of the emission quantum yield. With 

the support of DFT calculations, we demonstrate that this behavior mainly originates from the 

stabilization of the HOMO, which has a mixed Ru(II)(d)/CN(p) character, thanks to the electron-

withdrawing effect and strong bonding to Er(III). At the same time, the eg-like orbitals of Ru(II) 

in the octahedral field are raised in energy, determining a widened gap and decreased overlap 

between the emissive 3MLCT (or 3MLL’CT) state and the non-emissive 3MC state, thus 

accounting for the suppression of the main thermal deactivation channel and the resulting increased 

emission of the d-f mixed-metal assembly with respect to the parent Ru(II) complex. Furthermore, 

it is demonstrated that the [Ru(bipy)2(CN)2] metalloligand acts as a relatively efficient antenna 

towards Er(III). Thanks to the reduced number of quenching water molecules, CH and CN groups 

in the surroundings of the lanthanide ion, it has been possible to retrieve well detectable and 

defined Er(III) sensitized photoluminescence, whereas room for improvement of the NIR emission 

performance is identified by synthetic design. As a final consideration, we point out that 
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[Ru(bipy)2(CN)2] is a powerful ionochromic “turn on” luminescent sensor in the visible range 

toward lanthanide ions, thanks to the pivotal role of the cyanide groups in tuning the energy levels 

and even enhancing the emission intensity upon coordination. In this context, it is worth noting 

that the designed mixed Ru(II)-Er(III) assembly bears one bridging and one “free” cyanide group 

which could in principle act as further sensing unit. This observation highlights the promising 

potential of such d-f assembly for various applications, not only as dual emitter but also for 

chemical luminescence sensing.
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data_request@ccdc.cam.ac.uk, or by contacting The Cambridge Crystallographic Data Centre, 12 

Union Road, Cambridge CB21EZ, U.K.; fax: +44 1223336033
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