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Abstract: Two Ru(II) and Os(II) homoleptic complexes based on a phenanthroline-pyridylidene tridentate ligand have been designed to reach 

NIR emission by combining strong -donation, provided by the unconventional N-heterocyclic carbene (NHC) pyridylidene moiety, with the 

low-lying -accepting phenanthroline scaffold. Detailed experimental and computational investigations of the photophysical properties of this 

novel family of cyclometallated complexes reveal emission squarely falling in the NIR domain peaking at em = 790 nm for the Os(II) complex, 

while emission is hypsochromically shifted at em = 747 nm for the Ru(II) homologue in deareated CH3CN solution at room temperature. 

Despite the triplet metal-to-ligand charge transfer (
3
MLCT) nature that characterizes the excited state in both complexes, density functional 

theory (DFT) calculations allow to ascribe the remarkable optical shift observed in the latter to the larger spin-orbital coupling (SOC) effects 

exerted by the heavier metal.  

Introduction 

The development of photoactive transition metal complexes is a continuously growing area driven by their application is various fields, 

such as solar energy conversion,[1–3] photocatalysis,[4–6] photoelectrochemistry,[3,7] bioimaging[8,9] and light-emitting devices (e.g. 

organic light emitting diodes and light emitting electrochemical cells). [10–12] In the field of luminescent complexes, great achievements 

have been obtained to date in the green to red region of the visible spectrum in terms of both photoluminescence quantum yield 

(PLQY), (photo)stability and redox modulation. Nevertheless, designing compounds that display efficient deep-red or even to near 

infrared (NIR) luminescence is significantly more challenging and examples are still limited.[13–15] On the one hand, the value of the 

associated radiative rate constant, kr, that characterizes the emissive excited state is intrinsically small since it scales with the third-

power of the energy of the emitted photon, as by Einstein’s theory of spontaneous emission. [16] On the other hand, the vibronic 

coupling between T1 and ground, S0, state is very efficient due to the negative Napierian logarithmic dependency with the T1–S0 

energy difference (energy gap law), yielding large values of the non-radiative rate constant, knr.
[17]

 Therefore, judicious molecular 

designs are required to overcome the typical very poor emission efficiencies associated to such low-energy emissions.[13,14]  

To this aim, octahedral low-spin d6 complexes of Ru(II) and Os(II) have been found of particular interest.[14,18–20] These species 

possess low-lying triplet metal-to-ligand charge transfer (3MLCT) excited states with relatively long-lived excited-state lifetimes. When 

comparing archetypal polypyridyl complexes of general formula [M(N^N)3]
2+, where N^N are diimine type of ligands, ruthenium 

complexes are more likely to exhibit thermally accessible triplet metal-centered (3MC) excited states, efficiently acting as non-

radiative channels as well as compromising thermal and photostability.[21] The barrier can nevertheless be raised upon introduction of 

electron-donating and -accepting substituents,[22] selection of strong-field ligands[23–25] or improvement of ligand-metal interaction by 

employing ligand scaffolds that would enable a closer-to-ideal octahedral geometry.[26–28] As for the osmium counterparts, the exerted 

ligand field (ca. 30% more intense than ruthenium) pushes 3MC states to higher energies.[29] However, Os(II) derivatives often display 

poorer PLQY due to the fact that its lower reduction potential leads to lower-lying 3MLCT, thus being more affected by the energy gap 

law.[30] Furthermore, these heavy metal ions present sizeable spin-orbit coupling (SOC) constant (Ru = 1100 cm-1, Os = 3000 cm-1) 

that favors formally spin-forbidden transitions, especially in the case of the latter metal.[21] 

mailto:philippe.gros@univ-lorraine.fr
mailto:matteo.mauro@unipd.it
mailto:ccebrianavila@unistra.fr


2 

 

As far as NIR emissive Ru and Os complexes are concerned, several design strategies have been proposed to reduce the 

energy of the 3MLCT states, formally originated from the electron density displacement from a d(M) into a L* antibonding orbital. 

Some selected examples are shown in Figure 1, with their key photophysical data being collected in Table S1. Extension of the -

conjugated system of the chromophoric ligands[31–33] and the introduction of electron-withdrawing groups and/or heteroatoms[34–36] 

have both proven useful approaches in stabilizing the ligand-centered * orbitals. However, the intrinsic high-energy 5d orbitals in 

comparison to 4d orbitals renders attaining phosphorescence in the NIR region easier for Os(II) complexes than for the Ru(II) 

analogs. For instance, the homoleptic complex of 4,4’-diphenyl-2,2’-bipyridine Os1 displays an emission at em = 765 nm with a 

PLQY of 1.7%, while the emission of Ru1 appears hypsochromically shifted by 2700 cm-1 (em = 634 nm and PLQY = 29.3%).[37] 

Nevertheless, this strategy presents its limitations as nicely illustrated by the work of Elliott, Scattergood and co-workers,[38] which 

investigated the impact of the ligand -deficiency on the emissive properties of Os(II) compounds. As shown by Os2a and Os2b, the 

increased accepting character in the latter favored a concomitant stabilization of the metal-based HOMO through -backdonation, 

thereby resulting in an emission profile that is hypsochromically shifted by 442 cm-1.  

A second approach to achieve low-energy emission consists in the destabilization of the HOMO induced by (formally) anionic 

ligands, which is particularly useful in the case of Ru(II) complexes as previously stated. [24,33,36,39–41] Sauvage and co-workers 

described one of the first examples of cyclometallated Ru(II) complexes with NIR emission (Ru2), where the increased rigidity 

afforded by the interligand – interactions between the terpyridine and tolyl (Tol) moieties plays a non-negligible role in preserving 

room-temperature NIR luminescence.[23,42] The use of azolates as an alternative to cyclometallated rings has been thoroughly studied 

by Chi, Chou and co-workers for both metals as shown in Ru3[43] and Os3.[44] These units not only provide a strong -interaction as 

cyclometallating rings, but also present the advantage of an easier obtention respect to the latter due to the N–H acidity of the parent 

azole unit.[45] Interestingly, both compounds exhibit emissions approaching 800 nm with remarkable efficiencies in the solid state (em 

= 795 and 779 nm, PLQY = 2% and 4.5% for Ru3 and Os3, respectively). 

Apart from the previous approaches, lowering the symmetry of either the ligands or the complexes yields often a further 

bathochromic shift of the emission.[36,38,46–49] As a matter of example, heteroleptic Ru4 complex features a strong donor ligand 

together with an accepting terpyridine (tpy), achieving a remarkable NIR emission (em = 900 nm), yet with PLQY as low as 0.1%.[35] 

 

  
Figure 1. Selected examples of NIR emissive Ru(II) and Os(II) complexes along with their main photophysical data. 
 

In the last decades, N-heterocyclic carbenes (NHC) have emerged as a leading class of ligands for designing efficient emitters 

due to their ability to engage into robust metal-ligand bonds along with their large synthetic versatility in terms of both electronic and 

steric features.[50–53] Moreover, their strong -donation features lead to higher d-d* orbitals splitting, thereby destabilizing the 

nonradiative MC excited states and enhancing the emissive properties of the corresponding complexes. [51] Ru(II) complexes bearing 

NHC ligands illustrate this effect well, often presenting significantly enhanced emission lifetimes compared to their polyimine 

analogues as a result of an increased 3MLCT–3MC energy gap.[25,54,55] However, the high energy * orbitals of NHC units[56] may lead 

to an hypsochromic shift of the luminescence as described for some Ru(II) [54] and Os(II)[57] complexes, although this effect can be 

cancelled out by adopting a heteroleptic design.[58,59]  

Among the wide palette of NHCs, the pyridylidene scaffold remains rather unexplored to date. This is despite its stronger -

donor and -acceptor character compared to that of the widely studied imidazolidinylidenes, imidazolylidenes and their 

(benz)annulated derivatives.[60] Thus, we herein report on the synthesis and comprehensive characterization of a novel tridentate 

C^N^N scaffold comprising a cyclometallating pyrid-2-ylidene (C) and a 1,10-phenanthroline (N^N) units. We anticipate that the 

strong -donation of the former helps for pushing up the quenching 3MC states, while the -accepting character of the latter pulls 
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down the * orbitals. Aiming at novel d6 organometallic complexes that feature emission into the NIR region, this NHC-based C^N^N 

chromophoric ligand was investigated for the formation of the corresponding homoleptic Ru(II) and Os(II) complexes of general  

formula [M(C^N^N)2](PF6)2, namely [Ru] and [Os], the latter being the first example of its kind to the best of our knowledge (Scheme 

1). Their optical properties were investigated in detail by means of steady state and time resolved photophysical techniques, 

confirming the NIR emission and the suitable molecular design strategy compared to other NHC-based ligands. Finally, the electronic 

and optical properties were further elucidated in the frame of density functional theory (DFT) methods that highlighted the important 

role played by the spin-orbit coupling (SOC) perturbation in modulating the optical properties into the NIR. 

Results and Discussion 

Synthesis characterization 

The general synthetic pathway employed for the preparation of the target ligand and complexes is depicted in Scheme 1 (see 

Supporting Information for further details). At a first stage, the synthesis required the preparation of the pyridinium proligand HL that 

was readily obtained in excellent yield by heating a neat mixture of 2-bromophenanthroline and 4-(tert-butyl)pyridine, followed by a 

metathesis reaction with a saturated solution of KPF6. Subsequently, the complexation was achieved by direct metalation of HL with 

the corresponding metal trichloride in a 2:1 ratio in hot ethylene glycol for 16 hours. The complexes were obtained as their 

hexafluorophosphate salts and purified by column chromatography followed by crystallization using dichloromethane and diethylether. 

Complexes [Ru] and [Os] were obtained in reaction yield of 37% and 60%, respectively. In contrast to previous reports, addition of a 

strong Brønsted base was not necessary in this case confirming the milder condition required for the synthesis of the target 

complexes.[61,62] 

Well-resolved 1H and 13C{1H} NMR spectra of both complexes were obtained, strongly supporting diamagnetic low-spin d6 

nature of the complexes. The chemical shifts were fully assigned using 1H-1H COSY experiments (see Figure S5 and Figure S8 of 

the Supporting Information). 1H NMR spectra recorded in acetonitrile-d3 solution were characterized by one singlet signal at  = 0.88 

and 0.90 ppm for [Ru] and [Os], respectively, corresponding to the tert-butyl group and the expected ten different resonances in the 

aromatic region. While the cyclometallation was clearly evidenced by the loss of the pyridine -proton (H1), the carbene nature was 

reflected by the strong upfield shift of the pyridine -proton (H2), due to a reduced -delocalization,[63] peaking at  = 6.27 and 6.16 

ppm for [Ru] and [Os], respectively (see Scheme 1 for partial atom labeling). A remarkable difference was also noticed in the 13C{1H} 

NMR spectra of [Ru] and [Os] for the metalated carbon atom (M–C), where M = Ru, Os, that displays a resonance at  = 211 and 

188 ppm, respectively. In comparison to the chemical shift of a free pyridylidene, [64] the ligand in [Ru] shows a more pronounced 

carbene-like character.[65] The shift of  = 23 ppm to higher fields when going from [Ru] to [Os]  reflects a reduction of the 

anisotropy at the carbene atom, which can be attributed to the higher covalency of the Os–C bond.[66] The high-resolution 

electrospray mass spectrum (HR-ESI-MS) of [Ru] and [Os] showed the expected isotopic distribution of peaks (see Figure S9 and 

Figure S10 of the Supporting Information).[67] 

 

Scheme 1. Synthesis of the target ligand HL and the corresponding Ru(II) and Os(II) complexes [Ru] and [Os]. 

Single crystals of suitable quality for X-ray diffractometric analysis were obtained by solvent/non-solvent vapour diffusion 

method using dichloromethane and diethylether. The crystal structures of complexes [Ru] and [Os] are depicted in Figure 2, and the 

bond distances and angles related to the coordination sphere are summarized in Table 1 (see Tables S2–S3 for full crystallographic 

details). The compounds crystallize as pairs of enantiomers in orthorhombic and triclinic space groups Pna21 and P   for [Ru] and 

[Os], respectively, with an additional molecule of diethylether being present in the former. Stronger anion- interactions can be 

identified within the crystal structure of [Ru].[68] Interestingly, these non-covalent interactions involve a different heteroaromatic unit, 

i.e. the phenanthroline unit in [Ru]  (Figure S11) and the pyrid-2-ylidene unit in [Os] (Figure S12), which might explain their different 

solid-state fluorescence behavior (vide infra). 
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As for the complex cation, the metal ion is found in a distorted octahedral geometry with the tridentate ligands coordinated in a 

meridional fashion, resulting in N(1)–M–C(21) bite angles of 155.1(3)–156.0(3)º that are far from the 180º of an ideal octahedron. The 

pyridylidene nature of the ligand is reflected by the reduced carbene N–C(21)–C(20) angle, with values ca. 114º.[63,69] Average M–C 

bonds are in accordance with those previously reported in other M–pyridylidene complexes [1.946–2.033 Å].[62,64,65,69–71] The M–N(1) 

bonds appear systematically elongated (ca. 0.1 Å) in comparison with the corresponding [M(tpy)2]
2+ complexes[72,73] as a result of the 

trans influence imparted by the NHC unit. However, this effect is more important in [Ru] than in [Os], being M–N(1) mean values d = 

2.199 and 2.165 Å, respectively. This effect can be ascribed to the higher carbene-like character of the former. The less distorted 

geometry in the Os(II) compound is also evidenced by the almost perpendicular configuration of the ligands in [Os] with N(2A)–M–

N(2B) = 168.8(3) and 176.4(3)º for [Ru] and [Os], respectively. Nevertheless, this might be just a mere crystal packing effect. 

 

Figure 2.  ORTEP representations of the X-ray crystal structures of [Ru] (left, CCDC: 2431775) and [Os] (right, CCDC: 2431780). Thermal 

ellipsoids are shown at 50% probability. Hydrogen atoms, solvent molecules and PF6
-
 anions are omitted for clarity.  

Table 1. Selected bond lengths [Å] and angles [°] for [Ru] and [Os]. 

 [Ru] [Os] 

d(M–C21A) 1.983(9) 2.017(9) 

d(M–C21B) 1.995(9) 2.02(1) 

d(M–N1A) 2.197(6) 2.169(7) 

d(M–N2A) 1.975(6) 1.995(6) 

d(M–N1B) 2.199(7) 2.159(8) 

d(M–N2B) 1.980(6) 1.994(7) 

(N2A–M–C21A) 78.2(3) 77.1(3) 

(N2B–M–C21B) 78.6(3) 77.0(3) 

(N1A–M–N2A) 77.9(3) 78.2(3) 

(N1B–M–N2B) 77.5(3) 78.1(3) 

(N2A–M–N2B) 168.8(3) 176.4(3) 

(N1A–M–C21A) 156.0(3) 155.3(3) 

(N1B–M–C21B) 155.5(3) 155.1(3) 

 

Photophysical and electrochemical properties 

Firstly, the photophysical behavior of complexes [Ru] and [Os] was investigated in dilute CH3CN solution. The experimental 

electronic absorption and photoluminescence profiles are shown in Figure 3, while Table 2 summarizes the data collected for the two 

complexes as well as the proligand HL. 
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Figure 3. Electronic absorption (solid traces) and emission (dashed traces) spectra of complexes [Ru] (red) and [Os] (black) recorded for 

samples in dilute (210
-5
 M) degassed CH3CN at room temperature upon excitation at exc = 460 nm, presented alongside the proligand HL 

(cyan) in dilute (310
-6
 M) air-equilibrated CH3CN at room temperature upon excitation at exc = 340 nm. 

In their absorption spectra, the two complexes are characterized by intense bands falling in the deep-UV region with absorption 

maxima in the range abs,max = 240–290 nm,  = 6.6–6.2 and 5.0–6.2104 M-1 cm-1 for [Ru] and [Os], respectively. A broader, less 

intense band is present at much lower energies in the visible region withabs,max = 488 and 480 nm and  of 1.5104 and 1.7104 M-1 

cm-1 for [Ru] and [Os], respectively. In comparison to [Ru], complex [Os] displays an absorption tail that extends further in the visible 

spectrum and presents three progressively less intense shoulders at abs ca. 530, 640, and 736 nm, with  values not higher than 

1.0104 M-1 cm-1 and decreasing down to 6.4103 M-1 cm-1 for the broadest shoulder in the longer wavelength flank. Effectively, this 

panchromatic absorption profile renders solutions of complex [Os] virtually black, while solutions of [Ru] appear brown in color. 

The nature of these bands can be attributed by comparing these data with the electronic absorption spectra of the proligand HL 

(Figure 3). Firstly, the spectrum of both complexes and proligand HL displays structured absorption bands in the UV with almost 

identical energy (max = 230, 285 nm), with about half of the intensity for the latter compared to the former due the fact that in the 

complexes two coordinated L ligands are present. This observation is a strong hint towards their singlet ligand-centered (1LC) nature 

with 1
 →  character being unaffected by coordination to Ru(II) and Os(II). Moving towards lower energies, the weaker and broader 

band seen in the complexes at abs = 488–480 nm are instead absent in the proligand, and they can be attributed with confidence to 

singlet metal-to-ligand charge transfer transitions (1MLCT) with 1d→PhenPyd* character, where Phen and Pyd are the phenanthroline 

and pyridylidene moiety, respectively.[74] This band appears to be hypsochromically shifted by 340 cm-1 upon going from Ru(II) to 

Os(II), which may seem counterintuitive due to the lower oxidation potential of the latter (vide infra). Lastly, the very broad shoulders 

observed for complex [Os] are interpreted in terms of direct population of 3MLCT states from spin-forbidden (S0T1) transitions.[75] 

This behavior is frequently reported for Os(II) polypyridine complexes as a result of the high SOC induced by the heavy metal, 

especially when compared with that of Ru(II).[19,37]  

 This analysis is further supported by time-dependent density functional theory (TD-DFT) calculations (see Supporting 

Information for further details). The computed transitions are listed in Tables S4–S6, and the nature of the electronic transitions 

according to THEODore analysis is shown in Figure S15–S16. Comparison between experimental and computed spectra are 

displayed in Figure 4. Moreover, frontier orbitals and the associated electron density difference maps (EDDMs) related to the main 

S0→Sn transitions at the Franck-Condon geometry for complex [Ru] are depicted in Figure S17 and Figure S18, respectively. The 

three highest occupied MOs, namely HOMO-2, HOMO-1 and HOMO, are very close in energy and comprised within 0.1 eV. They are 

almost pure d orbitals of the ruthenium with little contribution arising from the ligand. On the contrary, occupied orbitals down to 

HOMO-5 lie much deeper in energy with a difference of more than 1 eV between the HOMO-2 and the HOMO-3, and exhibit an 

almost pure ligand character. The nature of the LUMOs is more homogeneous with mainly ligand character up to LUMO+5, though a 

very small contribution of the cation exists up to LUMO+3. The computed absorption spectrum of [Ru] presents multiple electronic 

transitions at low energy, such as S0→S1 ( = 542 nm, 1d→Pyd*) at and the most intense S0→S5 ( = 478 nm, 1d→PhenPyd*) and 

S0→S9 ( = 447 nm, 1d→Phen*), that convolute into the broad, weak bands observable at 400–500 nm with an extended tail up to 

550 nm. Similarly, the band observed at around 350 nm is due to S0→S17 ( = 355 nm, 1d→Phen*) and S0→S18 ( = 346 nm, 
1d→Phen*) transitions. Thus, all the computed states up to S0→S18 are mainly of 1MLCT character originating from HOMO-2 to 

HOMO towards LUMO to LUMO+5. Moving at higher energies, the transitions responsible for the band experimentally observed 

around  = 320 nm are of admixed 1LC and 1LLCT character, and correspond to the computed excitations S0→S19, S0→S20, S0→S21 

and S0→S22 at 327, 320, 318 and 310 nm, respectively and are generated by excitation coming from HOMO-5 to HOMO-3 towards 

the various LUMOs. The most intense bands computed are around 290 nm and correspond to the 1LC transitions S0→S34 ( = 287 

nm) and S0→S35 ( = 285 nm), the latter having a partial 1MLCT character. These computations are negligibly affected by the 

inclusion of SOC perturbation. Overall, these attributions are in good agreement with the experimental findings. 

A very similar picture can be drawn for the frontier orbitals and the electronic transitions computed for complex [Os] regarding 

the type and nature of the main absorption bands when no SOC perturbation is included, with intense 1MLCT transitions associated 

to S0→S5, S0→S7 and, to a larger extent, S0→S9, which are responsible for the absorption processes calculated at  = 489, 469 and 

465 nm, respectively (Table S4). The resulting absorption spectrum is bathochromically shifted compared to that of [Ru] in 

disagreement with what is observed experimentally (Figure 4). Nevertheless, introduction of SOC perturbation modifies the spectrum 

to a much larger extent for the Os derivative when compared to the Ru counterpart. Indeed, complex [Os] shows a higher degree of 

singlet-triplet mixing and the resulting spectrum displays a hypsochromic shift of the band at abs around 450 nm due to the mixing of 
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the absorbing singlet states with higher lying triplet manifolds resulting in a spectrum that agrees well with the experimental finding. 

For both samples, the absorbance tail beyond abs = 550 nm is assigned to transitions S0→Tn. Larger SOC effect allows direct 

population of the triplet states for the [Os] derivative and provides a slightly more intense absorption tail that extends over the entire 

visible spectrum (Table S6). 

 

 

 

 

 

 

 

 

 

Figure 4. Comparison between the experimental UV-vis absorption spectra recorded for dilute CH3CN samples (a) and computed spectra (b) 

of the proligand HL (cyan), complex [Ru] (red), and complex [Os] (black). Simulated spectra computed with and without SOC perturbation 

are displayed as dashed and solid traces, respectively. 

The electrochemical properties of the complexes were investigated by means of cyclic voltammetry (CV) and the corresponding 

data are listed in Table 2. In the positive bias, both compounds show a reversible oxidation event at E = +1.09 and +0.87 V vs. SCE 

for [Ru] and [Os], respectively, associated to the metal centered MII/MIII process.[76] These values are cathodically shifted from related 

[M(tpy)2]
2+ complexes (+1.30 and +0.97 V vs. SCE for M = Ru and Os, respectively)[77] which can be ascribed to the increased 

electron density on the metal exerted by the strongly donor pyridylidene units. As expected, the oxidation potential of [Os] appears 

less positive than that of [Ru] (|Eox| = ca. 0.2 V) since 5d orbitals are higher in energy that 4d orbitals.[37,78] In the negative bias, the 

observed irreversible waves match those of the precursor HL (see Figure S14 of the Supporting Information) and are formally 

ascribed to reduction events centered on the phenanthroline moiety.[79] A similar variation is observed for the reduction potentials of 

both complexes, with that of [Os] being anodically shifted by ca. 0.2 V, which could be indicative of a more intense d→ ground-

state interaction. The resulting electrochemical gap is E = 2.09 eV (593 nm) and 2.05 eV (605 nm) for [Ru] and [Os], respectively. 

These values correspond to the onset of the lowest-energy band, in agreement with the MLCT character assigned previously. 

 Both complexes are photostable and emissive in dilute air-equilibrated and degassed CH3CN solution displaying a broad 

spectral profile, albeit with moderate PLQY. Complex [Os] shows an interesting emission in the NIR region with a broad featureless 

band at em, max = 790 nm and PLQY values of 0.6% in degassed solution, respectively. The experimental emission of complex [Ru] in 

solution is more hypsochromically shifted due to the larger stabilization of the metal-centered HOMO, but it still falls in the deep-red 

portion of the visible spectrum tailing into the NIR with a em, max = 747 nm and PLQY values of 0.2% for degassed samples, 

respectively. 

 The radiative process responsible for the above-described photoluminescence is ascribed to the lowest-lying 3MLCT state, 

computed without SOC at em = 780 and 789 nm for complex [Ru] and [Os], respectively. The associated EDDMs and Theodore 

analysis are shown in Figure 5 and Figures S15–17 of the Supporting Information, respectively. As already observed for the lower-

energy transitions at the Franck-Condon geometry, the T1 state stems from an excitation from the metal (either Ru or Os) towards the 

ligand-based LUMO, which is mainly localized on one of the two ligands. Similar to what is observed for the absorption process, SOC 

perturbation negligibly influences the energy of the triplet state for the Ru(II) derivative, yet it yields to the splitting of the T1 state into 

three substates components which all feature a computed emission wavelength of em,theo,SOC = 783 nm. A sharply different effect is 

observed instead for the Os(II) counterpart upon introduction of SOC effect, which gives rise to a large bathochromic shift of the 

emission wavelength with a sizeable energetic split of the three components computed at em,theo,SOC = 821, 817 and 814 nm (Table 

S7). These results allow us to clearly assign the bathochromic shift observed experimentally for the emission of [Os] compared to 

that of C1 to the much larger SOC effects exerted by the Os(II) ion in the former complex. 

 
 

 

 

 

 

 

 

 

 

 

 

                   [Ru] 

                   T1 → S0  

[Os]            

T1 → S0 
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Figure 5. EDDMs between the electronic T1 and S0 states both at T1 geometry computed for complexes [Ru] (left) and [Os] (right). 

Electronically depleted and enriched areas are colored in blue and in orange, respectively. 

 

 Excited state decay kinetics could be fitted by means of a mono-exponential model providing lifetimes of  = 129 and 62 ns for 

complex [Ru] and [Os], respectively, that shorten in the presence of quenching dioxygen molecules. Overall, these data allowed us 

to estimate the radiative (kr) and non-radiative (knr) rate constants characterizing the emissive excited state, which have been 

calculated by using the following equations (1–2): 

    
    

 
          (eqn. 1) 

 

     
      

 
         (eqn. 2) 

 

It should be noted that while the kr value for complex [Ru] was estimated experimentally to be 2104 s-1, for complex [Os] it is five 

times as much, with a value of 1.0105 s-1, highlighting the stronger SOC effect exerted by the heavier Os(II) center in agreement 

with the above-mentioned discussion. Furthermore, as listed in Table S7 of the Supporting Information, computed Boltzmann-

averaged kr values are in excellent agreement with the experimental ones. 

 

Table 2. Photophysical and cyclovoltammetry data recorded for complexes [Ru], [Os], and proligand HL in dilute air-equilibrated (air) and degassed (deg) CH3CN 

at room temperature. sh denotes a shoulder, br denotes a broad signal. The PLQY values have been calculated with Ru(bpy)3Cl2 as standard with a exc = 480 

nm. 

 
abs (nm)  

(ε 10
3
∙M

-1
∙cm

-1
)
 [a]

 

em 

[nm] 

PLQY 

(%) 

obs 

[ns] 

obs 

[ns] 

kr 

[10
5
 s

-1
] 

knr 

[10
6
 s

-1
] 

Eox (M
III
/M

II
) 

[V]
[b]

 

Ered 

[V] 

ΔE 

[eV]
[c]

 

air deg air deg air deg deg deg    

[Ru] 239 (62.2), 253sh 

(50.6), 289 (61.4), 330 

(21.7), 354sh (10.4), 

488 (14.9) 

747 747 0.1 0.22 84 129 0.2 7.7 + 1.03 

(rev, ΔEp =  

72 mV) 

-1.00 
(irrev) 
-1.55 
(irrev) 

2.09 

[Os] 243 (65.8), 289 (62.2), 

329sh (23.3), 356sh 

(11.6), 480 (16.8), 

528sh (10.3), 640sh 

(2.67), 736sh (0.64) 

790 790 0.5 0.6 49 62 1.0 16.0 + 0.87 

(rev, ΔEp =  

65 mV) 

-1.18 
(irrev) 
-1.56 
(irrev) 

2.05 

HL 228 (41.5), 285 (21.9), 

315sh (8.13), 331sh 

(6.21) 

482        – -1.00 
(irrev) 
-1.68 
(irrev) 

 

 [a] 
sh denotes a shoulder. [b]

Potentials are quoted vs SCE. Under these conditions, E1/2 (Fc+/Fc) = 0.39 V. Recorded in CH3CN using NBu4PF6 0.1 M as supporting 

electrolyte at 100 mV s
-1

. 
[c]

 Electrochemical band gap (E = Eox –Ered1).  

 

Both complexes are stable and emissive upon irradiation in the solid state and in frozen glassy matrix in MeTHF at 77 K. Table 

3 summarizes the corresponding photophysical data. Selected emission spectra for the complexes are presented in Figure 6, whi le 

the spectra relative to the proligand HL are shown in Figure S13 of the Supporting Information. Upon lowering the temperature down 

to 77 K, both complexes display a clear hypsochromic shift of their emission with maximum at em = 715 and 754 nm, and 

concomitant prolongation of the lifetime being its average value,    , as long as 2.69 s and 337 ns, for complex [Ru] and [Os], 

respectively. The structure of the emission profile of [Ru], although with little resolution, can be attributed to the vibronic progression 

involving ligand modes. Overall, these data allowed us to ascribe the radiative process to arising from an emissive excited state with 

large 3MLCT character. Furthermore, the increase in the excited state lifetimes at 77 K suggests the existence of closer-lying 

quenching states at room temperature for both complexes.[21,37] However, the remarkably higher lifetime increase for [Ru] reveals that 

these deactivation channels must remain more thermally-accessible at room-temperature in this complex due to the closer energetic 

proximity with the emissive 3MLCT manifold, which would justify its lower PLQY respect to [Os]. 

On the other hand, a sharply distinct behaviour between the two complexes was identified in the solid-state as crystalline 

samples (Figure 6). While the emission profile of complex [Ru] is virtually identical to that in CH3CN solution, the one of complex [Os] 

is shifted squarely in the NIR region achieving an emission wavelength maximum as long as em = 840 nm. The different crystal 

structures may account for these sizeably different spectra. In fact, one can hypothesize that the closer interaction between the Phen 

moiety of the ligand and the PF6
– anion in complex [Ru] compared to [Os] is expected to destabilize the 3MLCT state, thus resulting 

in a noticeable hypsochromic shift of the emission for [Ru] (cf. Figure S11 and S12 of the Supporting Information). Due to their weak 

nature and the technical limitation that are faced in detecting NIR emission, the PLQY values of these solid-state samples could not 

be determined with our setup regrettably. 
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Figure 6. Emission spectra of complexes [Ru] (red traces) and [Os] (black traces) in MeTHF glassy matrix at 77 K (dashed traces) upon 

excitation at exc = 480 nm, and in the solid state as crystalline samples (solid traces) upon excitation at exc = 540 and 500 nm, respectively. 

Table 3. Photophysical data recorded for complexes [Ru], [Os], and proligand HL as neat powders and in MeTHF glassy matrix at 77K. 

 
λem [nm] obs (%Arel)    

crystalline powder 77 K (MeTHF) crystalline powder 77 K (MeTHF) crystalline powder 77 K (MeTHF) 

[Ru] 745 715 

299 s (10%) 

50.0 s (30%) 

8.7 s (59%) 

4.75 s (12%) 

2.0 s (49%) 

0.6 s (39%) 

196 s 2.69 s 

[Os] 840 754 
34.2 s (13%) 

4.5 s (87%) 

446 ns (31%) 
184 ns (40%) 
44.1 ns (29%) 

20.1 s 337 ns 

HL 445 406 
8.1 ns (47%) 
4.5 ns (53%) 

11.6 ns (6%) 
4.0 ns (46%) 
1.3 ns (47%) 

6.7 ns 5.3 ns 

 

Conclusion 

In summary, a novel design strategy is proposed for achieving NIR photoluminescence with transition metal complexes, based on the 

unprecedented use of the unconventional NHC-based pyridylidene moiety in combination with the low-lying -accepting 

phenanthroline scaffold. Coordination of the engineered tridentate C^N^N ligand onto the metal ion occurs straightforwardly with 

concomitant C–H activation at the NHC site, yielding to charge neutral homoleptic Ru(II) and Os(II) complexes that crystallize as a 

racemate. Both target complexes displayed long-lived NIR luminescence arising from an excited state with 3MLCT character. 

Interestingly, both absorption and emission profile are shifted to longer wavelengths for the Os(II) derivative when compared to the 

Ru(II) congener due to the larger SOC effect exerted by the heavier metal as also supported by TD-DFT calculation including SOC 

perturbation. As a consequence, emission spectrum of the Os(II) complex squarely fell in the NIR region with a maximum that 

reached 840 nm in crystalline samples, remarkably. This finding represents a rare example of Os(II) complexes that display PL 

spectra with emission wavelength maximum beyond 800 nm. Overall, the proposed ligand and complex design strategy appeared to 

be promising for the preparation of NIR emissive molecular species in both solution and solid state with appealing potential 

applications. Therefore, ongoing efforts in our research group are dedicated to improve the luminescence efficiency by rigidifying the 

coordinating sphere or improving the metal-ligand interaction.  

 

Experimental section 

Solvents were purified by standard procedures and purged with argon before use. All other chemicals used in this work were of  

analytical grade and were used without further purification until or unless stated, and all complexation reactions were performed 

under an inert atmosphere of argon. Chromatographic separations were carried out on silica gel (60–120 mesh). 1H (400 MHz) and 
13C NMR (100 MHz) spectra were taken on a DRX400 Bruker spectrometer at ambient temperature. High-resolution mass 

spectrometry (HRMS) data was obtained by using Bruker micrOTOF-Q spectrometer.  

Absorption spectra were recorded using a Perkin Elmer Lambda 950 double-beam UV-VIS spectrophotometer and baseline 

corrected. Steady-state emission spectra were recorded on a Horiba Jobin−Yvon IBH FL-322 Fluorolog 3 spectrometer equipped with 

a 450 W xenon arc lamp, double-grating excitation, and emission monochromators (2.1 nm mm−1 of dispersion; 1200 grooves mm−1) 

and a Hamamatsu R13456 red sensitive Peltier-cooled PMT detector. Emission and excitation spectra were corrected for source 

intensity (lamp and grating) and emission spectral response (detector and grating) by standard correction curves. Time-resolved 

measurements were performed using either the Time-Correlated Single-Photon Counting (TCSPC) or the Multi-Channel Scaling 
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(MCS) electronics option of the TimeHarp 260 board installed on a PicoQuant FluoTime 300 fluorimeter (PicoQuant GmbH, 

Germany), equipped with a PDL 820 laser pulse driver. A pulsed laser diode LDH-P-C-445 (= 445 nm, pulse full width at half 

maximum <50 ps, repetition rate 200 kHz–40 MHz) was used to excite the sample and mounted directly on the sample chamber at 

90°. The photons were collected by a PMA Hybrid-07 single photon counting detector. The data were acquired by using the 

commercially available software EasyTau II (PicoQuant GmbH, Germany), while data analysis was performed using the built-in 

software FluoFit (PicoQuant GmbH, Germany). All the solvents were spectrophotometric grade. Dearated samples were prepared by 

the freeze–pump–thaw technique by using a home-made quartz cuvette equipped with a Rotaflo stopcock. 

All calculations have been performed with ADF 2019at DFT level of theory (B3LYP functional) with inclusion of scalar relativistic 

effects with ZORA hamiltonian. All atoms were described by the TZP basis set. Weak interactions were included using Grimme’s 

corrections. The solvent (CH3CN) was introduced using the COSMO model. The quality of the DFT grid was set to good. All 

geometries were fully optimized and the absorption spectra computed by mean of TD-DFT on the encountered minima. The emission 

wavelength was computed by optimization of the lowest triplet state by the same methodology. Nature of the electronic transitions 

was determined by THEODore analysis and the electron difference density maps was computed using the Dgrid package.  

Deposition Numbers (https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/chem.202501791R1) 2431775 (for [Ru]) 

and 2431780 (for [Os]), contain the supplementary crystallographic data for this paper. These data are provided free of charge by the 

joint Cambridge Crystallographic Data Centre and Fachinformationszentrum Karlsruhe (http://www.ccdc.cam.ac.uk/structures) 

Access Structures service. 
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Readily accessed Ru(II) and Os(II) phenanthroline-pyridylidene complexes exhibited Near Infrared Luminescence up to 840 nm.  

 

 


