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A B S T R A C T   

The synthesis and photophysical properties of the Ru-polypyridyl type complex [(tbbpy)2Ru(bptz)]2+ (Ru-bptz, 
tbbpy: 4,4’-di-tert-butyl-2,2’-bipyridine, bptz: 2,6-dipyrido-1,2,4,5-tetrazine), and the complexes [(tbbpy)2Ru 
(L)]2+ formed by inverse electron demand Diels Alder reaction (iEDDA) of Ru-bptz with with alkenes and al-
kynes, where L is 3,6-dipyrido-2,5-dihydropyridazine (bpdhpn) or 3,6-dipyrido-pyridazine (bppn) are 
described. A combination of steady-state and time-resolved spectroscopy complemented by the computation of 
state-specific absorption properties by means of time-dependent density functional theory reveals that the 
intense visible absorption band stems from Ru → tbbpy and Ru → L metal-to-ligand charge-transfer (MLCT) 
excitations. The studies show that lowest-lying L-centered MLCT states (3MLCTL) show comparably low emission 
quantum yields (3–9%) and lifetimes (90–150 ns). This correlates with the singlet oxygen generation ability, 
following the trend: Ru-bppn > Ru-bpdhpn > Ru-bptz.   

Introduction 

Photodynamic therapy has long been a viable alternative to surgery, 
radiation and chemotherapy in the treatment of cancer [1]. While there 
is a large variety of suitable photosensitizers available [2–4], ruthenium 
complexes have been especially promising [5,6] and have even reached 
clinical studies [7]. However, large breakthroughs have been rare, due 
to a lack of selectivity and remaining dark toxicity of the photo-
therapeutics. One approach to alleviate this issue is by either aiming for 
specific delivery through suitable cancer cell targeting concepts. There 
are two approaches available for targeted PDT therapeutics: Specific 
delivery through modification with suitable targeting moieties [4,8,9] 
or controllable activation by pre-treatment of the cancer cells with an 
activating agent [2]. 

Due to chemical complexity and variety of the targeting moieties, 
highly flexible conjugation techniques like click chemistry are 
employed. By relying on bioorthogonal click chemistry [10,11], the 

reaction can even take place in living cells. One method for bio-
orthogonal click chemistry is the so called inverse electron demand Diels 
Alder reaction (iEDDA) [12–14]. In this reaction, an electron poor diene, 
most commonly tetrazine, reacts with an electron rich alkene or alkyne 
with the elimination of nitrogen. While tetrazine based transition metal 
complexes have been under investigation for a long time [15], the 
application of these complexes in iEDDA conjugation is still in its in-
fancy. Lo et al. demonstrated that such reactions are possible on tetra-
zines that are coordinated to a potentially luminescent iridium 
complexes [16–19]. Typically, the emission in such complexes is 
quenched, due to energy transfer between the photo-oxidized metal 
center and the tetrazine moiety [19]. Thus, alteration of the electronic 
structure of the tetrazine moiety via iEDDA reaction can be used to 
switch-on the metal complex emission. Additionally, through the same 
mechanism, the singlet oxygen photosensitization properties of the 
metal complexes can be controlled [19]. As it was shown that coordi-
nation increases the reaction speed of the iEDDA reaction [20,21], even 
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iridium triazine complexes have been shown to be usable conjugation 
agents [22]. 

A first non-luminescent ruthenium-cymene complex to be applicable 
for iEDDA conjugation has been shown by Ringenberg et al. [23]. As 
ruthenium-cymene complexes are not or non luminescent, no switching 
processes for the iridium complexes have been observed. 2,6-dipyrido-1, 
2,4,5-tetrazine has also been used as a bridging ligand for intra-
molecular photocatalytic dyads [24]. 

In this study, we present the first biypyridine based ruthenium 
complex to undergo iEDDA conjugation, (tbbpy)2Ru(bptz) (with 2,6- 
dipyrido-1,2,4,5-tetrazine (bptz)). Upon reaction with strained alkene 
(norbornene), successful generation of a complexed (full name here and 
then abbreviation) 3,6-dipyrido-2,5-dihydropyridazine (bpdhpn) oc-
curs. The iEDDA with the strained alkyne, cyclooctyne, occurring within 
seconds leads to the aromatic (full name here and then abbreviation) 
3,6-dipyrido-pyridazine (bppn) ligand. The dominant tautomeric form 
of the coordinated bpdhpn ligand could be identified by a combination 
of advanced optical spectroscopy and time dependent DFT analysis. All 
three complexes were investigated towards their ability to form singlet 
oxygen via sensitization. Here, the bppn complex showed promising 
properties, suggesting the possible usability as a controllable activation 
PDT agent. All complexes were extensively investigated regarding their 
photophysical properties by sophisticated time dependent spectroscopy 
methods. 

Materials and methods 

Steady-state absorption spectra were recorded on a Jasco V-670 
spectrophotometer. For measuring the steady-state emission spectra a 
Jasco FP-8500 spectrofluorometer was used. The emission lifetimes 
were obtained by nanosecond time-resolved measurements. Therefore, a 
Continuum Surelite OPO Plus apparatus that is pumped by an Nd:YAG 
Laser was used as light source yielding pulses centered at 420 nm at a 
repetition rate of 10 Hz. The emission was recorded at 680 nm using a 
Hamamatsu R928 photomultiplier. Emission quantum yields were 
measured relatively to the quantum yield of [Ru(bpy)3]2+ (bpy =
bipyridine, φP = 9.5% [25]) in aerated and de-aerated acetonitrile. 
Steady-state NIR emission spectra were obtained using a Horiba 
Jobin-Yvon FluoroMax Plus-C automated benchtop spectrofluorometer 
equipped with a 150 W Xe arc excitation lamp (horizontal, continuous 
wave), a R13456 photon-counting PMT detector (190− 930 nm), a 
liquid-nitrogen (77 K) cooled InGaAs photodiode detector (800− 1550 
nm) and Czerny-Turner monochromators with 1200 groove/mm grat-
ings blazed at 330 nm (excitation) and 500 nm (emission), or NIR 
gratings blazed at 1000 nm (emission) respectively. Emission spectra 
were corrected by multiplying with wavelength-specific factors given by 
the manufacturer to compensate for the detector response in the 
different spectral regions. Data were processed using the Origin-based 
software FluorEssence (v. 3.9.0.1 - hotfix #6.0, Origin 8.6001). Details 
on experimental parameters, sample preparations and data processing 
are given in the ESI. 

The ultrafast transient absorption (TA) experiments were per-
formed using a custom-built setup described in detail elsewhere [26,27]. 
The excited state dynamics was studied with white-light (generated by 
focusing a small portion of the amplifier output at 800 nm onto CaF2) 
upon 400, 470, or 560 nm excitation. The fs-TA data was analysed using 
the KIMOPACK tool [28]. Prior to global lifetime analysis, the data was 
arrival-time (chirp) corrected. The temporal resolution of the experi-
ment is limited to 300 fs because of strong contributions of coherent 
artifact signals to the data interfere with reliable analysis of the 
pump-probe data at short delay times [29,30]. The pre-processed data 
was analysed using a sequential compartmental model, i.e., treating the 
wavelength {λ1, λ2, …, λn} and delay-time {Δt1, Δt2, …, Δtm} dependent 
profiles independently [31]. In the employed model, it is assumed that 
initially a single excited state is populated, which decays in an un-
branched, unidirectional manner (A → B → … → N), and can be 

described with the generalized rate equation: dcd
dt = − kd⋅cd + kd− 1⋅cd− 1 

(with dd ∈ [N]). Thus, the concentration of each assumed species N (Cad 
with d ∈ [N], a ∈ [m]), is a linear combination of mono-exponential 
decays. Overall, the signals are described by ΔAab =

∑N
d=1Cad⋅Sdb 

(with a ∈ [m], b ∈ [n], d ∈ [N]), where Sdb are the so-called species 
associated spectra (SAS) [32–34]. The optimized rate constants (kc with 
c ∈ [N]) are associated with the spectral changes that occur upon the 
decay of the species 

∑N
d=cSdb (with d ∈ [N] and b ∈ [n]). The errors of the 

fit parameters (kn, n=1,2) are obtained in a confidence level of 95%. 
Quantum chemical calculations for the Ru(II) complexes were 

performed using the Gaussian 16 program (revision B) [35]. First, the 
fully relaxed equilibrium geometries of Ru-bptz, Ru-bpdhpn - consid-
ering two tautomeric forms of the bpdhpn ligand, namely 3,6-dipyr-
ido-2,5-dihydropyridazine (bpdhpn1) and 3,6-dipyrido-4, 
5-dihydropyridazine (bpdhpn) - and Ru-bppn were predicted in the 
singlet and triplet multiplicity. These simulations were performed at the 
density functional theory (DFT) level using the XC-B3LYP functional 
[36,37], with the def2SVP basis and their respective core potentials for 
all atoms [38,39]. To verify that the obtained geometries correspond to a 
minimum on the potential energy surface, a vibrational analysis was 
then performed. Second, the excited state properties (Franck-Condon 
region), i.e., excitation energies and oscillator strengths, were calculated 
at the time-dependent DFT (TD-DFT) level of theory. Therefore, the 150 
lowest excited states within the respective multiplicity of the ground 
state were calculated, i.e., singlet-singlet and triplet-triplet transitions. 
The same functional, basis set, and nuclear potentials were used as in the 
ground state predictions. The effect of the interaction with the solvent 
acetonitrile (ε = 35.688, n = 1.344) on the properties of the ground and 
excited states was modelled by the variant of the electron density of the 
solute in the integral equation formalism of the polarizable continuum 
model [40,41]. The nonequilibrium solvation method was used to 
calculate the excitation energies. All calculations were performed using 
a D3 dispersion correction with Becke-Johnson damping [42]. 

Results and discussion 

Synthesis and structural characterization 

The complex Ru-bptz, bearing a 1,2,4,5-tetrazine ligand, was syn-
thesized from the precursor [(tbbpy)2RuCl2] and 1,4-dihydro-3,6-dipyr-
ido-1,2,4,5-tetrazine using standard complexation conditions [43]. After 
purification by size exclusion chromatography and crystallization from 
methanol/diethylether, the pure complex could be obtained as a violet 
solid. Ru-bpdhpn and Ru-bppn were formed via a click reaction of 
Ru-bptz and 2-norbornene in DCM over 24 h (see Fig. 1, top) or Ru-bptz 
and bicyclo[5.1.0]octan-8-ol (see Fig. 1, bottom) in methanol within a 
few seconds. Successful click reaction of the tetrazine ligand is visible by 
a color change from dark violet to red colors. MALDI-HR-MS and ESI-MS 
confirmed successful conversion to the product (see ESI section 1). The 
formation of the Ru-bpdhpn complex can lead to two tautomers in the 
ligand structures pictured in Fig. 1. 

Ground state absorption properties 

To study the influence of the ligand structure on the electronic 
transitions in the Franck Condon region, steady-state ground state ab-
sorption spectroscopy was applied. The assignment of the electronic 
transitions and their electronic nature is based on TD-DFT calculations. 
The absorption spectra of Ru-bptz, Ru-bpdhpn, and Ru-bppn in 
acetonitrile (see Fig. 2 and Table 1) are composed of two major regions 
namely, an intense ππ* absorption band at around 300 nm (4.0 – 6.5 ×
104 M-1cm-1) and a weaker, broad, and structured metal-to-ligand 
charge-transfer (MLCT) absorption band in the visible range between 
350 and 600 nm (0.5–1.5 × 104 M-1cm-1). The absorption spectra of the 
three complexes essentially differ in the structure and position of the 
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MLCT bands. The underlying MLCT transitions can be divided into three 
categories based on the involved π*-acceptor orbitals, which are located 
on the tbbpy ligands (MLCTbpy), localized on the tetrazin (tz) or pyr-
idazine (pn) moiety (MLCTtz/pn) of bptz and bppn, and delocalized on 
the bptz, bpdhpn, or bppn ligand (MLCTbp, see charge density 

differences (CDDs) in Fig. 2). 
The MLCT absorption band of Ru-bptz reveals two major features 

centered at 400 and 520 nm, associated with MLCT transitions. Since the 
bptz is an electron-deficient ligand, the electron density at the central 
Ru(II) ion is decreased with respect to the homoleptic reference complex 
[Ru(tbbpy)3]2+. Consequently, the MLCTbpy transitions (circa 396 nm, 
see Fig. S15) are blue shifted (by 0.33 eV) compared to [Ru(tbbpy)3]2+

(442 nm). On the other hand, the bptz-centered π*-orbitals are 
comparably low-lying with respect to π*bpy orbitals due to the electron- 
deficiency [15]. Thus, the absorption features at 529 nm (2.34 eV) and 
461 nm (2.69 eV, see Table 1 and Fig. S15), are assigned to MLCTbptz 
(S6) and MLCTtz (S7) transitions, respectively [44], which is supported 
by TD-DFT (see CDDs in Fig. 2 and Table S4). 

In contrast to the bptz ligand, bpdhpn and bppn are moderately 
strong π-electron donors (electron-rich ligands) comparable to the tbbpy 
ligand. Therefore, the MLCTbpy states are close in energy to those of [Ru 
(tbbpy)3]2+, which is supported by TD-DFT. Experimentally, this is re-
flected in the similar maximum of the MLCTbpy absorption band, which 
is at around 442 nm for Ru-bpdhpn (S3), Ru-bppn (S8), and 458 nm for 
[Ru(tbbpy)3]2+ [45]. In addition to the MLCTbpy features, the absorption 
spectra of Ru-bpdhpn and Ru-bppn show absorption features centered 
at 530 nm (2.34 eV) and 462 nm (2.68 eV), respectively (cf. Fig. S15). 
Consistent with Ru-bptz, these low-lying absorption features are asso-
ciated with Ru → bpdhpn (S3,10) and Ru → bppn MLCT transitions (S5, 

9), respectively [46]. TD-DFT supports, that the bppn-centered π* 
acceptor orbitals are higher in energy compared to those of bpdhpn (see 
Tables S6 and S7). Noteworthy, the absorption spectrum of Ru-bpdhpn 
shows additional features at around 360 nm, which can be attributed to 
ππ* transitions on the bpdhpn ligand (S12, cf. Fig. 2). 

Since ligand bpdhpn can tautomerize, the ground state equilibrium 
structure of Ru-bpdhpn was explored by means of DFT. Therefore, the 
two tautomeric forms of bpdhpn, namely 3,6-dipyrido-2,5-dihydropyr-
idazine (bpdhpn1) and 3,6-dipyrido-4,5-dihydropyridazine (bpdhpn) 
were considered. To this end, the bpdhpn tautomer turned out as most 
stable isomer (by 0.17 eV). TD-DFT indicates that only Ru-bpdhpn 
absorbs via both a MLCTbpy (S8) and a lower-lying MLCTbpdhpn (S3, cf. 
Fig. 3 and Table S6), while the absorption of Ru-bpdhpn1 is due to 
MLCTbpy transitions only (S5-8, see Table S5). Thus, we associate the 
experimentally observed spectra with the Ru-bpdhpn tautomer. 

(Spectro-)Electrochemistry 

The reduction potentials of the complexes were determined by cyclic 
voltammetry (CV, see Table 1 and Fig. S13) to Ru-bptz: -1.0 V vs. Fc0/+; 
Ru-bpdhpn: -1.6 V vs. Fc0/+; Ru-bppn: -2.0 V vs. Fc0/+. The CV of Ru- 
bptz shows a reversible reduction at -0.78 V assigned to the tetrazine 
moiety [48–51]. Further reduction events occur at -1.68, -2.02 and -2.22 
V. We associate the reduction at -1.68 V to the tetrazine ligand and the 

Fig. 1. Synthetic access of the tetrazine complex Ru-bptz and further func-
tionalization via iEDDA click reaction with 2-norbornene (alkene) or bicyclo 
[5.1.0]octan-8-ol (alkyne) yielding Ru-bpdhpn (with its tautomeric ligand in 
grey) or Ru-bppn, respectively. 

Fig. 2. Experimental (left) and simulated (middle) UV/vis absorption spectra of Ru-bptz (black), Ru-bpdhpn (orange) and Ru-bppn (blue) in acetonitrile and some 
selected charge-density differences (right). Excitation occurs from blue to yellow (ρ = ±0.0015). The inset in the experimental UV/vis absorption plot shows the 
MLCT absorption band, where the regions of tbbpy and bptz, bpdhpn or bppn (L) located MLCT transitions are highlighted in grey and yellow, respectively. The 
simulated vertical excitation energies and corresponding oscillator strengths are depicted as bars, which were spectrally broadened using Gaussian functions with a 
full width at half height of 0.3 eV. 
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others to the tbbpy ligands. Like in comparable cymene complexes [20], 
the first reduction wave occurs at -1.3 V for Ru-bpdhpn. The reduction 
wave is followed by reversible waves at -1.84, -2.07 and -2.22 V. Similar 
to the parent complex, these can be associated with the pyrazine and 
tbbpy ligands [52]. A fourth reduction wave occurs at -2.45 V. Ru-bppn 
shows a reversible reduction wave at -1.67 V linked to the one– electron 
reduction of the pyrazine ligand [53]. Additionally, further reduction 
waves occur at -2.01 V, -2.26 V (both tbbpy) and -2.49 V. Oxidation of 
the ruthenium center is overlayed by the chloride reduction and occurs 
at around 0.8 V for Ru-bpdhpn and Ru-bppn. 

After the determination of the reduction and oxidation potentials, 
the UV/vis absorption spectra of Ru-bptz, Ru-bpdhpn, and Ru-bppn 
were recorded upon single-electron reduction (see coloured lines in 
Fig. 3d, e, and f as well as Fig. S16). The spectroelectrochemical studies 
confirm that the first, single-electron reduction of Ru-bptz, Ru-bpdhp, 

and Ru-bppn occurs on the bptz, bpdhpn, or bppn ligand, respectively. 
This is reflected in the decrease of the MLCTL (L = bptz, bpdhpn, or 
bppn) and bpdhpn-centered ππ* features at around 360 nm upon single- 
electron reduction. Moreover, the MLCT absorption between 400 and 
500 nm rises. The spectra of the reduced complexes, namely Ru-bptz•-, 
Ru-bpdhpn•-, and Ru-bppn•- resemble the absorption spectrum of [Ru 
(tbbpy)3]2+ (cf. green line in Fig. S16, right). Thus, the new arising 
absorption features at circa 440 nm stem from MLCTbpy transitions. 
Hence, the data supports the character of the low-lying absorption fea-
tures, i.e., MLCT states with excess electron density on the bptz, bppn or 
bpdhpn ligand, respectively. 

Emission properties 

Steady state and time-resolved emission studies were performed. The 

Table 1 
Summary of the photophysical properties of Ru-bptz, Ru-bpdhpn, Ru-bppn and [Ru(tbbpy)3]2+ (Ru-tbbpy) [47] in acetonitrile: absorption and emission maxima (λabs

m 

and λP
m), half-wave reduction potentials (obtained by cyclic voltammetry in acetonitrile (1 mM) in the presence of 0.1 M n-Bu4NPF6, see Figure S13; top row: non-tbbpy 

ligands; bottom row: tbbpy ligands), emission lifetimes (τP), emission quantum yields (φP) in aerated and deaerated acetonitrile (values in braces), as well as radiative 
(τr = φP

-1 ⋅ τP) and non-radiative excited state lifetimes (τnr = (1- φP)-1 ⋅ τP) obtained according to the energy gap law.  

complex λabs
m (εabs

m ) / nm (104 M-1cm-1) λP
m (T1-S0)/ nm (eV) E1/2

red/ V (vs. Fc0/+) τP/ ns φP/ % τr (τnr) 
/ µs (ns) 

Ru-bptz 529 (1.16), 
461 (0.91) 

700 (1.77) -0.78, -1.68 
-2.05, -2.22 

88 0.0 (3.5) 2.5 ( 91) 

Ru-bpdhpn 530 (0.44), 
442 (0.70) 

680 (1.83) -1.30, -1.84, -2.45 
-2.07, -2.22 

129 0.2 (4.1) 3.1 (135) 

Ru-bppn 475 (1.08), 
430 (1.3) 

675 (1.82) -1.67, -2.49 
-2.01, -2.26 

150 0.5 (9.1) 1.7 (165) 

Ru-tbbpy 467 (1.67) 606 (2.05) -1.80, -2.01, -2.28 860 (9.5) 9.1 (950)  

Fig. 3. Ultrafast transient absorption (TA, a–c) and species associated spectra (SAS, d–f) of Ru-bppn (a and d), Ru-bpdhpn (b and e), and Ru-bptz (c and f) upon 
480 nm (Ru-bppn, 0.5 mW) or 560 nm excitation (Ru-bpdhpn and Ru-bptz, 0.2 mW) in acetonitrile (sample concentration of circa 0.2 mM). For each complex a 
scaled TA spectrum collected upon 400 nm excitation (0.5 mW) in acetonitrile at a delay time of 1 ps is shown in grey (grey, solid lines in a – c, see also Fig. S19). The 
black, dashed lines in the TA spectra show the scaled and inverted ground state absorption spectra of the respective complexes. The difference spectra obtained from 
spectro-electrochemistry, i.e., Ru-L•-–Ru-L (L = bptz, bpdhpn, or bppn) are shown in the insets d – f as colored lines. Simulated difference spectra (solid lines in the 
subplots g – i) for a S0 to T1 excitation of Ru-bppn (blue, g), Ru-bpdhpn (orange, h), and Ru-bptz (green, i) in acetonitrile. The respective spin density distributions 
of the optimized T1 (3MLCT) states are shown on the right panel. The TD-DFT simulated vertical transition energies and corresponding oscillator strengths are 
represented as bars (S0: negative, T1: positive), which were spectrally broadened using Gaussian functions (full-width half-height of 0.3 eV). For reasons of 
comparability, the 1.5 ns TA spectrum of the respective complex is shown as dashed line. 
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emission of Ru-bptz in acetonitrile is centered at 700 nm (1.77 eV). In 
contrast, the emission of Ru-bpdhpn and Ru-bppn is blue-shifted to 
680 nm (1.82 eV) and 675 nm (1.83), respectively. This is consistent 
with previous reports on structurally related Ru(II) complexes bearing 
pyrazine ligands [46,54]. For all three complexes the emission 
maximum is red-shifted compared to the homoleptic reference complex 
[Ru(tbbpy)3]2+, indicating that the emission stems from the 3MLCT 
states with excess electron density on the bptz, bpdhpn, or bppn ligand, 
respectively [46,54]. TD-DFT also predicts that the T1 states show excess 
electron density on the respective ligands. The emission lifetimes and 
quantum yields follow the trend Ru-bptz (88 ns, 3.5%) < Ru-bpdhpn 
(129 ns, 4.1%) < Ru-bppn (150 ns, 9.1%). This trend can be explained 
by the energy gap law (see Fig. S18) with an increasing T1-S0 energy gap 
in the order Ru-bppn > Ru-bpdhpn > Ru-bptz [55–57]. Similar ob-
servations are reported by Lo et al., showing that the non-emissive tet-
razine-containing iridium complexes experience significant emission 
enhancement upon iEDDA reaction with alkenes or alkynes forming a 
pyridazine or dihydropyridazine derivative. In line with our results, the 
emission lifetime and intensity of the pyridazine derivative (here: 
Ru-bppn) is higher than that of the dihydropyridazine derivative[16,19, 
58]. 

Photoinduced Dynamics 

To study the photoinduced processes that yield the population of the 
long-lived excited 3MLCT states, transient absorption (TA) spectroscopy 
was employed. The discussion starts with the excited state properties of 
Ru-bptz and Ru-bpdhpn upon excitation at 560 nm, and Ru-bppn upon 
480 nm excitation in acetonitrile (cf. Fig. 3a–c and S18), i.e., in reso-
nance with the MLCTbptz, MLCTbpdhpn and MLCTbppn transitions, 
respectively. The results are compared to the TA spectra collected upon 
400 nm excitation (cf. grey curve in Figs. 3a–c and S19), i.e., upon 
additional excitation of MLCTbpy states. In addition, the influence of the 
polarity of the solvent (acetonitrile: ε = 37.5; dichloromethane: ε = 8.9) 
on the ultrafast processes is investigated (cf. Figs. S19 and S20). 

Photoinduced dynamics in acetonitrile. Ru-bptz 

The fs-TA spectra of Ru-bptz in acetonitrile upon 400 and 560 nm 
excitation show instantaneous ground state bleach (GSB) between 360 
and 600 nm and comparably weak excited state absorption (ESA) be-
tween 600 and 700 nm and centered at 345 nm. Within the first 100 ps, 
the ESA at 345 nm decreases while the signals between 360 and 600 nm 
increase. Global analysis of the TA data using a sequential kinetic 
scheme reveals two characteristic time-constants, namely τ1 = (140 ±
70) ps and τ2 = (2.1 ± 0.1) ns. 

The spectral changes associated with τ1, describe the decrease of ESA 
centered at 355 nm and partial GSB recovery (450–600 nm). The 
maximum at 355 nm can be associated with ππ* transitions on the 
formally reduced tbbpy [59] and bptz ligands. The latter is revealed 
from spectro-electrochemistry results, that indicate an increase of ab-
sorption at around 350 nm upon single-electron reduction on the bptz 
ligand of Ru-bptz (cf. green line in Figs. 3f and S16). Since, the ratio 
between the ESA at 355 nm and the GSB at 500 nm increases upon 
shifting the excitation wavelength from 550 to 400 nm (cf. grey vs. 
light-green light in Fig. 3c), we associate τ1 with vibrational cooling, 
solvent reorganization, and inter-ligand hopping from the tbbpy to the 
bptz manifold [60–63]. Thereby, an MLCT state with excess electron 
density localized on the tetrazine moiety of the bptz ligand (3MLCTtz) is 
formed. The fact that the TA-spectrum associated with that 3MLCTtz 
state primarily shows GSB features, is supported by TD-DFT, revealing 
that the LMCT and bptz-centered ππ* excited state absorption features 
are weak (e.g., T26, 399 nm, f = 0.030) compared to the ground state 
absorption features (e.g., S7, 449 nm, f = 0.274, see Fig. 3i as well as 
Tables S3 and S7). Moreover, TD-DFT predicts an ESA feature at 533 nm 
(T11, see Fig. 3i and Table S8), which is in agreement with previous 

reports about the absorption features of the 3bptz ligand [64,65]. The 
characteristic time-constant τ2 reflects partial GSB recovery between 
350 and 600 nm, i.e., a decrease of the respective TA signals over 2 ns by 
circa 50%. 

Taking into account the phosphorescence lifetime (τP = 88 ns) and 
the emission quantum yield (φP = 3.5%), a radiative (τr = φP

-1 ⋅ τP) and 
non-radiative lifetime (τnr = (1-φP)-1 ⋅ τP) of the long-lived 3MLCTtz 
excited state can be calculated to be 2.5 µs (τr) and 91 ns (τnr), respec-
tively (see Table 1). The process associated with τnr only accounts for a 
3%-signal decrease within the range of accessible delay times 
(maximum accessible delay time: 2 ns), we associate τ2 with the non- 
radiative decay of a subset of 3MLCTtz states via (thermally) accessible 
metal-centered (3MC) states [66,67]. In dichloromethane, the same 
process is observed at a similar rate (see Fig. S21a). We assume that the 
bptz ligand exists in different conformers in the 3MLCTtz excited state 
manifold. Based on the DFT results for the T1 state, we assume that the 
bptz ligand is planar in the long-lived state (see structure of T1 state in 
Fig. 3). The decreased 3MC excited state lifetime with respect to [Ru 
(tbbpy)3]2+ [67] can be attributed to the stabilization of the respective 
states in Ru-bptz due to the decreased electron density at the Ru-center. 
This further supports the comparably low emission quantum yield (3.5% 
vs. 9.5%, cf. Table 1). 

Ru-bpdhpn 

The initial TA spectrum (Δt = 0.3 ps) of Ru-bpdhpn collected upon 
excitation at 400 and 560 nm excitation (see Figs. 3b, S20c, and S21c), i. 
e., in resonance with the MLCTbpy and MLCTbpdhpn transitions, shows 
GSB centered at 530 nm and 340 nm, which resemble the shape of the 
bpdhpn-centered MLCT and ππ* ground state absorption band. The GSB 
features are accompanied by comparably strong ESA centered at around 
400 nm and weaker, unstructured ESA features between 600 and 750 
nm. By direct comparison to the difference spectrum of Ru-bpdhpn•- 

and Ru-bpdhpn (see orange line in Fig. 3e), the ESA features can be 
associated with ππ* and LMCT transitions that stem from the excess 
electron density on the bpdhpn ligand. This can be further supported by 
TD-DFT, showing that the optimized T1 state exhibits ππ* (T25, 402 nm) 
and LMCT absorption features (T13, 484 nm, see Table S10). In the first 
100 ps, the ESA at 400 nm increases. Within the time-range of the 
measurement (2 ns), all signals partially decay (8%). 

The spectral changes can be quantitatively described by three char-
acteristic time constants, namely τ1 = (0.2 ± 0.1) ps, τ2 = (121 ± 66) ps, 
and τ3 = (4.2 ± 1.1) ns (see Figs. 3, S18 and S19). The spectral changes 
associated with τ1 describe the build-up of ESA at between 600 and 750 
nm as well as ranging from 350 to 460 nm. The latter ESA band shows 
pronounced features, i.e., a maximum at 405 nm and shoulders at 450 
and 360 nm. We associate this with ππ* transitions of the formally 
reduced tbbpy (350 nm [60,67]) and bpdhpn ligand spheres (400− 450 
nm, see orange line in Fig. 3e). Hence, τ1 can be attributed to vibrational 
cooling [60–63] populating 3MLCTtbbpy and 3MLCTbpdhpn states. The 
process associated with τ2 increases the ESA at 400 and 450 nm at the 
expanse of the features at 360 nm (see SAS(τ2) in Fig. 3e). We associate 
this with inter-ligand hopping from the tbbpy to the bpdhpn manifold. 
Finally, the spectral changes associated with τ3 comprise a minor, 
8%-decay of the overall TA signal (see solid, black line in Fig. 3e). As the 
non-radiative decay (see Table 1) of the excited state in the 2 ns mea-
surement window implies a signal depletion of about 2%, we assign τ3 to 
the non-radiative decay of a subset of 3MLCTbpdhpn states (conforma-
tional isomers) via the 3MC manifold, forming the long-lived 
3MLCTbpdhpn states. That this deactivation process is faster than for 
Ru-bptz (τ2 ≈ 2 ns) indicates a smaller energy gap between the 
long-lived, emissive 3MLCT and the non-emissive 3MC states in case of 
Ru-bpdhpn, which can be attributed to the bpdhpn being more 
electron-rich than the bptz ligand. 
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Ru-bppn 

The 0.3 ps TA spectrum of Ru-bppn collected upon 400 and 470 nm 
excitation (see Figs. 3a, S20b, and S21b) shows a shape typically 
observed for Ruthenium tris-bipyridine-type complexes: A strong GSB 
between 400 and 500 nm is accompanied by ESA centered at 360 and 
520 nm [60,67]. However, the ratio between the ESA and GSB features 
of Ru-bppn is higher than for [Ru(tbbpy)3]2+ [67]. This can be attrib-
uted to ππ* and LMCT features in the formally reduced bppn moiety, 
which is supported by TD-DFT (see Table S11). Within the experimen-
tally accessible delay-time window of 2 ns, the TA signals, i.e., the ESA at 
360 nm and the GSB features decrease by circa 20%. Global lifetime 
analysis reveals two characteristic time-constants, namely τ1 = (280 ±
80) ps, τ2 = (7.5 ± 2.0) ns. The spectral changes associated with τ1 
describe the build-up of ESA between 500 and 600 nm. According to the 
spectroelectrochemical measurements, this ESA can be attributed to a 
state, in which the bppn ligand is reduced, i.e., a 3MLCTbppn state. This is 
supported by TD-DFT predicting, that such a 3MLCTbppn state shows 
LMCT features between 500 and 700 nm (e.g., T14-18) and ππ* absorption 
at around 350 nm (T39, see Figs. 3g and S25, and Table S11). Thus, we 
associate τ1 with vibrational cooling and inter-ligand hopping [60–63], 
populating the lowest-lying 3MLCT state, characterized by excess elec-
tron density in the bppn ligand sphere. In turn, the TA signals partially 
decay with τ2 (7.5 ns), which we associate – in analogy to Ru-bptz and 
Ru-bpdhpn – with the non-radiative decay of specific conformational 
isomers of 3MLCTbppn states through the thermally accessible 3MC 
states. 

Lifetime of excited-states 

The lifetimes for the non-radiative decay of a subset of 3MLCTL (L =
bptz, bpdhpn, bppn) states via the 3MC manifold follow the same order 
as the emission lifetimes and quantum yields, i.e., Ru-bptz (≈2 ns) <
Ru-bpdhpn (≈4 ns) < Ru-bppn (≈8 ns). Furthermore, the electron 
density at the central Ru-ion follows the same trend, indicating that the 
3MC states of Ru-bptz are more accessible (stabilized) with respect to 
Ru-bppn, causing a rapid decay of the TA signals [68,69]. This un-
derlines that the emission efficiency is primarily governed by the rela-
tive energy of the 3MLCTL (L = bptz, bpdhpn, or bppn) and 3MC states, 
i.e., the electronic character of the ligand L and the central Ru-ion. 

Singlet-oxygen generation 

The potency of the complexes towards singlet oxygen generation was 
evaluated by recording the absorbance of mixtures of Ru-bptz, Ru- 
bpdhpn, or Ru-bppn (5 µM) and 9,10-anthracenediyl-bi(methylene)- 
dimalonic acid (ABDA, 25 µM) [70,71] under photoexcitation at 470 
nm (LED, 54 mW⋅cm-2, see Figs. 4 and S20). For reasons of compara-
bility, a mixture of [Ru(bpy)3]2+ (bpy = bipyridine) and ABDA was used 
as a benchmark system. Fig. 4 shows the absorption changes of ABDA at 
380 nm over 30 min LED irradiation at 470 nm (54 mW⋅cm-2) for 
Ru-bptz, Ru-bpdhpn, Ru-bppn and [Ru(bpy)3]2+. While all complexes 
produce significantly less singlet oxygen than [Ru(bpy)3]2+, there are 
noticeable differences between the tetrazine and pyridazine complexes: 
Both, Ru-bptz and Ru-bpdhpn show barely any 1O2 production within 
the 30 min of LED-illumination. This is reflected in the decrease of the 
ABDA absorption at 380 nm by a factor of 1.08. However, this factor is 
1.28 in case of Ru-bppn, indicating a striking increase in 1O2 production 
with respect to Ru-bptz and Ru-bpdhpn. This can be explained by the 
following two properties: (i) the reduction potential of the photoexcited 
Ru-bppn is the lowest (E(Ru-bppn•þ/*Ru-bppn) = 0.15 V) and (ii) the 
emission lifetime and quantum yield of Ru-bppn is the highest in the 
series of the three complexes studied (see Tables 1 and S1). This agrees 
with previous findings revealing that the emission of Ir(III) complexes 
bearing a tetrazine or dihydropyridazine extended ligand is quenched 
due to the population of tetrazine/dihydropyridazine centered MLCT 

and LLCT states via electron and energy transfer. Contrary, ligand 
extension by a pyridazine unit causes no further emission quenching 
[19]. 

All three complexes show no changes in their absorption behavior 
(see Fig. S22) during the experiment, suggesting that, especially for Ru- 
bpdhpn, no singlet oxygen driven oxidation occurs. Consumption of 
singlet oxygen by the ligand itself would have a suitable explanation for 
its low generation efficiency. This is in contrast to our recent findings 
showing that a dihydropyridazine bridge of a bimetallic photocatalyst 
can be dehydrogenated with singlet oxygen [24]. Furthermore, this is 
contrary to the results of Ringenberg et al. who showed that dihy-
dropyridazine is oxidized by oxygen in the presence of a catalyst [23]. 
To validate the ability of the complexes to sensitize singlet oxygen, its 
NIR phosphorescence at 1270 nm was monitored upon excitation of 
samples of constant optical density in air-equilibrated acetonitrile and 
deuterated methanol, solvents for which singlet oxygen quantum yields 
of the used benchmark Ru-bpy are literature-known [72,73]. However, 
under the experimental parameters, Ru-bptz decomposed rapidly in 
methanol and slight spectral changes were observed for Ru-bpdhpn, 
allowing no quantification. Nevertheless, the same trend in singlet ox-
ygen phosphorescence peak areas could be observed, proving the po-
tential of Ru-bppn as model compound for therapeutically active 
agents. (Figs. S23, 24 and Table S3). 

Conclusion 

In conclusion, we show the successful iEDDA reaction of a tetrazine 
ligand coordinated to a Ru-ion (Ru-bptz) with the strained alkene 2-nor-
bornene (slow) or the alkyne (1R,8S,9S)-bicyclo[6.1.0]non-4-yne-9-yl- 
methanol (fast) forming the respective Ru complexes with a dihy-
dropyridazine (Ru-bpdhpn) or pyridazine ligand (Ru-bppn). The three 
complexes show strong visible absorption, to which both tbbpy and L- 
centered MLCT states (L = bptz, bppn, and bpdhpn) contribute. 
Spectro-electrochemical and ultrafast transient absorption studies 
complemented by TD-DFT predict state-specific absorption properties 
and reveal that photoexcitation between 400 and 550 nm leads to the 
formation of an emissive 3MLCT state with excess electron density on the 
L-ligand. It was found that the photophysical properties, such as emis-
sion lifetime (90–150 ns) and quantum yield (3–9%) as well as singlet- 
oxygen generation, are tuned by the alteration of the electronic prop-
erties of the tetrazine-based ligands. The generated singlet oxygen was 
not found to oxidize Ru-bpdhpn. The increase in singlet oxygen pro-
duction (Ru-bppn > Ru-bpdhpn ≈ Ru-bptz) suggests, that a suitable 
alkyne functionalization to target certain cells could be used to switch on 
singlet oxygen production only in cells where the alkyne is present. 

Among the three studied coordination compounds, Ru-bppn 

Fig. 4. Left: Normalized absorption spectrum of a mixture of Ru-bppn (5 µM) 
and ABDA (25 µM) in PBS-buffered aqueous solution (pH 7.4) and upon LED- 
illumination at 470 nm (45 mW cm-2) for 10, 20 and 30 min, showing a 
decrease of the structure ABDA absorption features between 350 and 410 nm. 
Right: Monitoring of the absorption changes at 380 nm for mixtures of Ru-bptz 
(⋄), Ru-bpdhpn (□), Ru-bppn (○), or Ru-bpy (△, each 5 µM) with ABDA (25 
µM) in PBS-buffered aqueous solution (pH 7.4, see also Fig. S22). 
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emerges as the complex with the longest excited state lifetime (150 ns), 
highest emission quantum yield (≈9%), and highest singlet-oxygen 
generation. Beyond rationalizing existing literature of structurally 
related molecules, we show that improved metal-ligand interactions 
give rise to that increase of emission quantum yield and lifetime due to 
destabilization of non-emissive 3MC states with respect to the emissive 
3MLCTbppn states. 
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