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ABSTRACT: Photoactive complexes with earth-abundant metals have attracted increasing interest in the recent years fueled by the 

promise of sustainable photochemistry. However, sophisticated ligands with complicated syntheses are oftentimes required to ena-

ble photoactivity with non-precious metals. Here, we combine a cheap metal with simple ligands to easily access a photoactive 

complex. Specifically, we synthesize the molybdenum(0) carbonyl complex Mo(CO)3(tpe) featuring the tripodal ligand 

tris(pyridyl)ethane (tpe) in two steps with high overall yield. The complex shows intense deep-red phosphorescence with excited 

state lifetimes of several hundred nanoseconds. Time-resolved infrared spectroscopy and laser flash photolysis reveal a triplet met-

al-to-ligand charge-transfer (3MLCT) state as lowest excited state. Temperature-dependent luminescence complemented by density 

functional theory (DFT) calculations suggest thermal deactivation of the 3MLCT state via higher lying metal-centered states in 

analogy to the well-known photophysics of [Ru(bpy)3]
2+. Importantly, we found that the title compound is very photostable due to 

the lack of labilized Mo–CO bonds (as caused by trans-coordinated CO) in the facial configuration of the ligands. Finally, we show 

the versatility of the molybdenum(0) complex in two applications: (1) green-to-blue photon upconversion via a triplet-triplet annihi-

lation mechanism and (2) photoredox catalysis for a green-light driven dehalogenation reaction. Overall, our results establish tripo-

dal carbonyl complexes as a promising design strategy to access stable photoactive complexes of non-precious metals avoiding 

tedious multi-step syntheses.  

Introduction 

The development of photoactive metal complexes with earth-

abundant metals holds great promise to enable sustainable 

photocatalysis, (solar) energy conversion and light emitting 

diodes.1–4 Hence, considerable efforts have been undertaken to 

explore this compound class in the recent years5,6 with creative 

designs utilizing excited states of different characters like 

metal-to-ligand (MLCT),7 ligand-to-metal, ligand-to-ligand 

charge transfer, and metal-centered (MC) states,8,9 covering 

zirconium,10–14 vanadium,15–18 chromium,19–26 iron,27–29 manga-

nese,30–32 cobalt,33,34 copper35–37, molybdenum,38–42 and zinc as 

metal centers43,44 amongst others. 

However, elaborate ligand scaffolds are often required to 

unlock the desired long-lived excited states for photoactivity 

with earth-abundant metals. While the investigation of these 

complexes broadens our general understanding of the underly-

ing photophysics, their lengthy syntheses impose a limitation 

on the sustainability and the overall discovery process of new 

compounds.6 

In contrast, complexes of precious metals such as rutheni-

um(II), iridium(III) or osmium(II) show very favorable optical 

properties even with simple polypyridyl ligands, [Ru(bpy)3]
2+ 

(bpy = 2,2’-bipyridine) being the prime example.45–49 Howev-

er, the high cost and limited abundance of these metals dis-

courage wide-spread applications. As such, photoactive com-

plexes that combine earth-abundant metal centers with simple 

ligands are highly desirable but generally challenging to de-

sign. 

Earth-abundant molybdenum(0) shares the 4d6 electronic 

configuration with ruthenium(II), which makes it an attractive 

substitute for the precious metal ion. Recent studies success-

fully installed long-lived 3MLCT states in molybdenum(0) 

complexes using multi-dentate isonitrile ligands. For example, 

complex A (Scheme 1) showed intense green luminescence 
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Scheme 1: Structures of representative examples of emissive molybdenum(0) complexes from literature (A–E) and of the 

compounds investigated in this work (1 and 2). 

and also proved to be a strong photoreductant that can drive 

demanding redox-neutral photocatalytic transformations.38,50  

The excited state energy could be lowered by ligand modifica-

tion and the resulting complex B (Scheme 1) enabled efficient 

photon-upconversion.39,41 However, while these multi-dentate 

isonitrile complexes possess remarkable properties and pro-

vide valuable photophysical insights, they require laborious 

syntheses of 7–10 steps.41,50 

In principle, carbonyl ligands in combination with suitable co-

ligands present a simple alternative to isonitriles as they show 

similar bonding properties and their complexes are easily 

accessible from homoleptic metal precursors M(CO)n.
51 In 

fact, early studies on molybdenum(0) complexes of the type 

Mo(CO)4(L^L) with bidentate poly(pyridyl) co-ligands L^L 

like 2 (Scheme 1) found a weak red phosphorescence from 
3MLCT states.52,53 Similarly, weak red-to-near infrared (NIR) 

emission was detected from solid complex C (Scheme 1) 

employing a bidentate mesoionic carbene co-ligand.40,54,55 

With a bidentate N-heterocyclic carbene co-ligand (complex 

D, Scheme 1) emission in solution was achieved at 681 nm 

and the complex could be used as a photoredox catalyst.56 

However, high-energy blue light was necessary to drive the 

catalytic reactions,56 which likely makes the complex more 

prone to photodegradation. 

A high photostability is generally desirable for photocatalysts 

and photosensitizers. In this regard, tetracarbonyl complexes 

with bidentate co-ligands are disadvantageous as their two 

trans-CO ligands are labilized via the trans-influence, which 

facilitates dissociation.57 This situation can be avoided with 

tripodal co-ligands. However, reports on photoactivity from 

these systems are scarce with the tropylium complex E 

(Scheme 1) being one of the few examples. E shows yellow 
3MLCT phosphorescence and undergoes photoreduction in 

ethanol.58 Other studies using tripodal tris(pyridyl)-type co-

ligands of the type Py3X with different bridging groups X = 

CH, P, Al, In and Sn, have so far focused on structural proper-

ties and thermal reactivity.59–63 

To fill this gap, we herein report the photoactive molyb-

denum(0) tricarbonyl complex 1 (Scheme 1) featuring the 

tripodal ligand tris(pyridyl)ethane (tpe) and reinvestigate 

Mo(bpy)(CO)4 2 for comparison. 1 is available in two steps 

from commercial staring materials with high overall yield (78 

%). The complex exhibits intense deep-red luminescence with 

excited state lifetimes of several hundred nanoseconds, which 

is comparable to [Ru(bpy)3]
2+ and two orders of magnitude 

longer than for 2. Remarkably, 1 shows a higher photostability 

than the benchmark complex [Ru(bpy)3]
2+ under irradiation 

with green light. Finally, we demonstrate the use of 1 as a 

sensitizer in green-to-blue photon upconversion with 9,10-

diphenylanthracene (DPA) and as a photoreductant in green-

light driven photoredox catalysis as a proof-of-principle. 

 

Results and Discussion  

Synthesis  

The ligand tpe (tpe=1,1,1-tris(pyrid-2-yl)ethane) was synthe-

sized according to a literature procedure from commercially 

available 2-fluoropyridine and 2-ethylpyridine (78 % yield).64 

The complex Mo(CO)3(tpe) 1 was obtained in quantitative 

yield as bright red needles by heating commercial Mo(CO)6 

and tpe in mesitylene/diglyme in a microwave for 10 min 



3 

(Scheme 2, SI, Route A). This procedure guarantees short 

reaction times and avoids sublimation of Mo(CO)6 that reduc-

es yields when heating under reflux (SI, Route B). The identity 

of the complex was confirmed by 1H NMR spectroscopy, mass 

spectrometry and elemental analysis (see Supporting Infor-

mation (SI), Figures S1–S2). Mo(bpy)(CO)4 2 was synthesized 

according to a published procedure.53 

 

Scheme 2: Synthetic route to 1. 

 

IR Spectroscopy, Crystal Structure, and Redox Chemistry  

The facial coordination of the tpe ligand in 1 was confirmed 

by infrared (IR) spectroscopy. 1 shows two intense absorption 

bands at 1777 cm–1 and 1898 cm–1 (Figure S3) that can be 

assigned to C–O stretching vibrations of E and A1 symmetry in 

the C3v point group.65 The IR bands further agree well with 

literature values for Mo(CO)3(tris(pyrid-2-yl)methane).59 

The solid-state structure of 1 was elucidated using X-ray dif-

fraction. Single crystals were obtained by recrystallization of 1 

from hot DMF. 1 crystallizes in the space group Cc (Figure 1, 

Table S1 in SI). The average Mo–C and Mo–N bond lengths 

were determined as 1.95 and 2.24 Å, respectively, and agree 

with an optimized geometry obtained from density functional 

theory (DFT) calculations 

(B3LYP/ZORA/TZVP/CPMP(MeCN), see SI, Tables S1 and 

S2). In the crystal, each molecule shows strong – interac-

tions66 to two of its neighbors (centroid distance d=3.652(9) Å, 

Figure 1b). 

For comparison, literature-known 2 features similar Mo–C and 

Mo–N bond lengths in the solid state, except for the two trans 

Mo–CO bonds which are elongated to 2.04 Å due to the trans-

influence.57,67 This is also well reproduced by a DFT-

optimized geometry of 2 (Figure S4, Table S3). 

 

Figure 1. Molecular structure of 1 in the crystal in a) side view 

and b) top view visualizing the – interactions between neigh-

boring molecules with the distance between centroids d = 

3.652(9) Å. Thermal ellipsoids are displayed at 50 % probability. 

Hydrogen atoms omitted for clarity. 

In solution, 1 shows a reversible and an irreversible oxidation 

wave with E½ = +0.17 to +0.30 V and Ep,1 = +0.82 to +1.20 V 

vs. SCE depending on the solvent (Table 1, Figures S5–S14). 

The potential of the reversible oxidation of 1 is thus in be-

tween the oxidation waves of B (+0.10 V in THF)41 and 2 

(+0.64 V in MeCN, irrev.).68 The redox events found for 1 are 

attributed to metal centered oxidations (Mo0/I and MoI/II). The 

reduction of the pyridine units occurs outside the solvent win-

dows (ca. –1.6 V vs. SCE). 

Table 1. Electrochemical data of 1, 2 and B with half-wave 

potentials E½ and peak potentials of irreversible waves Ep. 

Complex/Solvent E½ / V 

(Mo0/I) 

Ep,1 / V 

(MoI/II) 
Ep,2 / V Ref. 

1/MeCN +0.17 +0.82  This 

work 

1/DCM +0.17 +1.20 +1.36 This 

work 

1/DMF +0.25 +1.03  This 

work 

1/DMSO +0.30 +1.01  This 

work 

1/THF +0.25 +1.04  This 

work 

2/MeCN +0.64*,a +1.17a  68 

B/THF +0.10 –  41 

All potentials vs. SCE. Electrolyte: 0.1 M [nBu4N][PF6] if not 

stated otherwise. a Electrolyte: 0.1 M [nBu4N][BF4]. * Peak poten-

tial of irreversible wave. 

To support this assignment, 1 was oxidized in MeCN with one 

equivalent of ferrocenium hexafluorophosphate and a UV/Vis 

absorption spectrum was recorded. The absorption spectrum of 

1+ is in excellent agreement with time-dependent DFT (TD-

DFT) calculations performed on an optimized geometry of 

low-spin [MoI(CO)3(tpe)]+ 1+ with an oxidized metal center 

(Figure S15). 

 

Optical Spectroscopy 

UV/Vis absorption spectra of 1 were recorded in several sol-

vents (Figure 2) and molar absorption coefficients of 1 were 

determined in DMSO, DMF, THF, DCM and MeCN with an 

uncertainty of 3.5 % (Table 2, see SI for details). 

 

Figure 2. UV/Vis absorption spectra of 1 in various solvents at 

room temperature. Inset: Empirical solvent polarity parameter 

ET(30)69 plotted against energy at the band maxima of the two 

lowest energy MLCT absorptions; gray lines are linear fits. 

The dark grey points are taken from absorption spectra in 

other solvents (Figures S23–S28). 
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The spectra contain up to four absorption bands at around 450, 

300, 250 and 220 nm (Table 2). To assign the transitions, TD-

DFT calculations (B3LYP/TZVP/ZORA/CPCM(MeCN)) 

were performed on an optimized geometry of 1 and analyzed 

with regards to the different contributions to each transition 

using the TheoDORE package (Figures S17, S18, S62, S63).70 

The lowest energy absorption around 450 nm is thus assigned 

to a 1MLCT(Mo+COtpe) transition. The contribution of 

carbonyl ligands is attributed to the strong covalency of the 

Mo–CO bonds. The two absorption bands at 300 and 250 nm 

correspond to 1MLCT(MoCO) transitions and the high-

energy band at 209 nm in MeCN is attributed to ligand-

centered 1(-*) transitions. 

2 absorbs strongly in the blue and UV spectral region in THF 

and benzene (Table 2, Figures S35 and S36). For 2, the lowest 

energy transition at 474 to 494 nm mostly features 

(Mo+CO)bpy character (Figure S62), while the MoCO 

transitions are obscured by intense ligand-centered -* ab-

sorptions (<300 nm). 

The 1MLCT absorption bands of 1 and 2 show strong solvato-

chromic shifts that can be linearly correlated with the empiri-

cal solvent polarity parameter ET(30)69 (see inset in Figure 2, 

Figure S39). In fact, the solvent sensitiviy of the lowest energy 
1MLCT absorption in 1 and 2 is almost identical (Figure 

S39).71 Negative solvatochromism indicates a higher polarity 

of the ground state (GS) compared to the 1MLCT excited state. 

The GS is stabilized in a more polar solvent environment, 

which leads to an increased energy of the electronic transi-

tion.72 The MoCO bands in 1 are more sensitive to the sol-

vent compared to the (Mo+CO)tpe absorptions, presumably 

due to a higher change in dipole moments between ground and 

excited states in this case. 

Table 2: Absorption band maxima max and molar absorp-

tion coefficients  of 1 and 2 in different media at room 

temperature if not stated otherwise, with assignments 

drawn from charge transfer number analyses70 of TD-DFT 

calculations. 

 1 

Medium max / nm 

( / 103 M–1 cm–1  a) 

 MLCT 

(Motpe) 

MLCT 

(MoCO) 

–* 

MeCN 439 

(8.86) 

289 

(7.55) 

264 

(9.99) 

249 

(19.4) 

209 

(40.5) 

DMSO 442 

(8.43) 

291 

(6.85) 

266 

(9.15) 
  

DMF 447 

(9.20) 

293 

(7.44) 

273 

(9.70) 

  

DCM 454 

(8.06) 

295 

(5.89) 

266 

(8.94) 

250 

(16.7) 

 

THF 473 

(11.1) 

299 

(7.99) 

265 

(12.9) 

251 

(21.7) 

 

2-MeTHF 479 301 266 250  

2,5-Me2THF 484 303    

Benzene 486 301    

Toluene 491 304    

Xylenes 493     

Mesitylene 495 304    

2-MeTHF 

(77 K) 
451     

KBr Pellet 450b     

 2 

Medium max / nm ( / 103 M–1 cm–1) 

 MLCT 

(Mobpy) 

–* –* 

THF 474 

(5.24)
390 

(3.88) 

348 

(4.80) 

299 

(35.6) 

259 

(34.8) 

Benzene 494 

(5.04) 

393c 

(3.85) 

355 

(4.85) 

301 

(33.1) 

 

a Experimental uncertainty ±3.5 %. b Determined from absorp-

tance measurements of 1 (0.0055 w%) diluted in KBr (Figure 

S16). c Shoulder. 

Excitation of 1 in solution with UV/Vis light yields a strong 

red emission peaking at 720 nm (Figure 3, Table 3) that we 

assign to a 3MLCT state (see below). Excitation spectra follow 

the corresponding absorption spectra, which underlines that 

the emissive lowest excited state is efficiently populated after 

high-energy excitation (Figures S18–S28).  

 

Figure 3: Emission spectra of 1 in various solvents and in the 

solid state (at 20°C, if not stated otherwise). Emission spectra in 

other solvents can be found in the SI, Figures S24–S28. 

2 shows a single emission band in the NIR at 820 nm in THF 

and benzene solution (Table 3, Figures S35 and S36). This 

contradicts an earlier study that reported a dual emission at 

578 and 773 nm in benzene solution for 2 and complexes of 

the type M(CO)4(L^L) (M = Cr, Mo, W) in general.52 These 

results were rationalized with two emissive 3MLCT states with 

strongly differing excited state distortions. As we were able to 

fully reproduce the emission band profile of a suitable organic 

standard dye with our setup (max = 700 nm, Figure S40),73 we 

propose a single radiative 3MLCT1GS transition for 2 in 

solution, instead. 

In deaerated solutions, 1 displayed monoexponential lumines-

cence decays with long lifetimes of up to 478 ns depending on 

the solvent (Table 3, Figure S32) which warrant an assignment 

as phosphorescence. In contrast, the emission of 2 is only 

short-lived with very short lifetimes of 0.91 and 1.2 ns in THF 
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and benzene solution, respectively (Table 3, Figures S37 and 

S38). 

In the solid state, the luminescence decay of 1 was fitted with 

three exponential functions with an amplitude averaged life-

time of 78 ns (Table 3, Figure S33).  

According to DFT calculations (B3LYP/TZVP/ 

CPCM(MeCN), see SI for details), the emissive lowest excited 

state in 1 is best described as a 3MLCT state with the radical 

anion localized on one pyridyl moiety (Figure S64–S65). In its 

fully relaxed geometry, the 3MLCT state is predicted at an 

energy of 2.01 eV (616 nm) relative to the 1GS. It features a 

geometry with elongated MoI–CO bonds (two bonds +0.04 Å, 

one bond +0.09 Å) due to the reduced -backbonding and a 

contracted MoI–Npy• bond to the pyridyl radical anion (–0.10 

Å) due to the Coulomb attraction. The emission energy was 

calculated as the energy difference between the relaxed 
3MLCT state and the 1GS with 3MLCT geometry (Franck-

Condon point for emission, Figure S64) as 1.67 eV and is in 

excellent agreement with the emission band maximum in 

MeCN at 1.69 eV (735 nm, Table 3, Figure 3). A second ex-

cited state of 3MC character (t2g  eg excitation) is located at 

2.17 eV (572 nm) above the 1GS. The large contribution of 

Mo–CO orbitals results in a bent CO coordination with an 

∠(Mo–C–O) angle of 135° (Figure S65) suggesting a high 

covalency of the Mo–CO bond. In 2, two Mo–CO bonds are 

already elongated in the 1GS due to the trans influence (+0.07 

Å). The 3MLCT state energy of 2 (1.87 eV) is lower than for 1 

because the spin density is delocalized over the bpy ligand 

(Figure S65). The two Mo–CO bonds trans to the (bpy•)– are 

elongated (+0.09 Å). The 3MC state of 2 (2.20 eV) features 

two bent Mo–CO bonds (166°). The energies of high-spin 
5MC states were calculated at 4.07 and 4.14 eV for 1 and 2, 

respectively, which makes them irrelevant for the photophys-

ics following low-energy 1MLCT excitation (Table S10). 

In solution, 1 showed a high phosphorescence quantum yield 

 with 1.2 % being the highest value obtained in deaerated 

toluene (Table 3). The quantum yields decreased with increas-

ing polarity of the solvent (Figure S31) reaching 0.13 % in 

MeCN (Table 3). To the best of our knowledge, the phospho-

rescence lifetimes and quantum yields of 1 are the highest 

measured for zero-valent molybdenum carbonyl complexes so 

far40,52,74 and are comparable to those of B ( = 1.5 %,  = 56 

ns in deaerated toluene).41 In contrast, the quantum yields of 2 

in THF and benzene were found to be very low (≈0.01 %, 

Table 3). 

Table 3: Luminescence data of 1 and 2 in various media 

with emission maximum em, emission lifetime , emission 

quantum yield  and radiative rate kr = /. 

Com-

plex 

Medium em 

/nm 

/ns a /% a kr 

/104 

s–1 a 

1 MeCN 735 127 0.13b 1.0 

1 d3-MeCN  134   

1 DMSO 719 184 0.23b 1.3 

1 DMF 715 215 0.26b 1.2 

1 DCM 735 146 0.45b 3.1 

1 THF 715 355c 0.66b 1.9 

1 d8-THF  378   

1 2-MeTHF 712 412 0.79b 1.9 

1 2,5-Me2THF 712 460 0.91d 2.2 

1 Benzene 718 411 1.2d 2.9 

1 Toluene 712 457 1.2d 2.6 

1 Xylene 716 478 1.0d 2.1 

1 Mesitylene 717 471 1.0d 2.1 

1 2-MeTHF (77 K) 625 27600 – – 

1 2-MeTHF (143 

K) 
712 2900   

1 Solid 616 78e 1.0b 13 

1 Solid (77 K) 634 – 14b – 

1 KBr Pellet 650 200f,h – – 

1 KBr Pellet (5 K) 647 29000
g,h 

– – 

2 THF 820 0.91 0.009b,h 9.9h 

2 Benzene 820 1.2 0.012b,h 10h 

a Estimated error: ±5 %. b Absolute values determined using an 

integrating sphere setup. c The lifetime in THF is unaffected by 

the presence of the stabilizer dibutylhydroxytoluene (BHT). d 

Determined relative to [Ru(bpy)3]Cl2 in aerated water (see SI for 

details). e Amplitude weighted average lifetime obtained from a 

triexponential fit with 1 = 22 ns (18 %), 2 = 110 ns (45 %),  3 = 

442 ns (37 %). f Amplitude weighted average lifetime obtained 

from a biexponential fit with 1 = 190 ns (99.8 %), 2 = 760 ns 

(0.2 %). g Amplitude weighted average lifetime obtained from a 

biexponential fit with 1 = 5200 ns (28 %), 2 = 39000 ns (72 %). 

h Estimated error: ±10 %. 

Upon cooling of a solution of 1 in 2-MeTHF to 77 K, the 
1MLCT(Mo+COtpe) absorption band is blue-shifted from 

479 to 451 nm (+1300 cm–1, Figure S23). Similarly, the emis-

sion band shifts from 712 to 628 nm (+1900 cm–1) and sharp-

ens (Figure S23). This pronounced shift is known as rigi-

dochromism and commonly observed for MLCT states in 

carbonyl complexes.75,76 The spectral changes are not caused 

by the lower temperature but the rigidity of the environment as 

demonstrated by the similarity of the emission bands of solid 1 

at room temperature and 1 in frozen 2-MeTHF solution at 77 

K (Figure 3). Conversely, the emission maximum in a KBr 

pellet did not shift significantly upon cooling to 5 K, while the 

integrated emission intensity rose by approximately one order 

of magnitude (Figure S41). In both the KBr pellet at 5 K and 

in frozen solution at 77 K the emission lifetime increased 

dramatically to 29 and 27.6 µs, respectively (Figures S34, 

S41–S43, Table S4), which hints to a thermally activated non-

radiative decay pathway. An impressive luminescence quan-

tum yield of 14 % was determined for solid 1 at 77 K. 

The typical deactivation pathway in d6 3MLCT emitters is 

thermally-activated non-radiative relaxation via the 3MC 

states.41,77,78 To investigate this path, we measured the phos-

phorescence lifetimes of 1 in MeCN, THF and benzene at 

different temperatures (Figure S44). The luminescence life-

times decreased with increasing temperatures due to facilitated 

thermal population of the detrimental 3MC state. A simple but 

well-established three parameter model41,79,80 was used to fit 

the data (Figure S44, Table S5). This approach yielded an 

energy difference E of 1600 cm–1 for the 3MLCT–3MC inter-

conversion in 1 in all three solvents, which is in excellent 
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agreement with the calculated energy of 1400 cm–1 of a DFT-

optimized 3MLCT–3MC transition state (Figure S64). 

While the DFT-calculated energy gap between 3MLCT and 
3MC states in 2 (2600 cm–1) is larger than in 1 (Figure S64), 

the excited state lifetimes of 2 are two orders of magnitude 

shorter. One reason is the faster deactivation of excited states 

with lower energy (energy gap law). Additionally, the la-

bilized trans-CO bonds in 2 might enable deactivation path-

ways with low energy barriers. 

 

Time-Resolved Spectroscopy  

To further investigate the long-lived excited state in 1, transi-

ent absorption (TA) spectra were recorded using laser flash 

photolysis 532 nm pulses of ~10 ns duration in THF (black 

trace in Figure 4a). The ns-TA spectrum was calibrated using 

the TA signal of an isoabsorptive [Ru(bpy)3]Cl2 solution in 

water and its difference molar absorption coefficient (455 

nm) = –10100 M–1 cm–1 (see SI for details, Figure S45 and 

S46).81–83 

After pulsed laser excitation, 1 shows an intense ground state 

bleach at 476 nm ( = –8400 M–1 cm–1) and four excited state 

absorption bands (235, 328, 375, 700 nm, see Figure 4a) in 

THF. All TA bands decay monoexponentially with a time 

constant of (354±3) ns (Figure 4b), that perfectly matches the 

luminescence lifetime of 1 in THF (355 ns, Table 2). Using 

femtosecond laser pulses at 480 nm, ultrafast dynamics like 

the 1MLCT3MLCT intersystem crossing (ISC) or vibrational 

cooling could not be resolved (Figure S49) and can therefore 

be considered faster than the time resolution of the experiment 

(0.5 ps), similar to the fast and efficient ISC in 

[Ru(bpy)3]
2+.84,85 

By adding the steady state absorption spectrum in THF (Fig-

ure 2) to the calibrated TA spectrum (Figure 4a) we isolated 

the pure absorption spectrum of the long-lived excited state of 

1 (Figure 4c). The excited state features five absorption bands 

(Table S6) that match very well with the TDDFT calculated 

oscillator strengths of the optimized 3MLCT state – supporting 

the previous assignment of the excited state character. The 

nature of the electronic transitions in the 3MLCT state was 

further elucidated using a charge transfer number analysis70 

(Figure 4c and Table S6). Compared to the 1GS, the 3MLCT 

transitions (MoI
py2; py2 = unreduced part of the tpe ligand) 

in the 3MLCT state of 1 are blue-shifted with a band maximum 

at 375 nm. This is expected considering the lower electron 

density at the formally oxidized MoI center. Additional lower 

energy bands arise from transitions involving the ligand-

centered radical-anion py• (i.e. LMCT, LL’CT and LC(py•) 

transitions). 

In addition to UV-visible spectroscopy, the intense C=O 

stretching vibrations in carbonyl complexes present excellent 

probes for excited states. To confirm that the long-lived excit-

ed state in 1 is a 3MLCT state, we recorded ns-step-scan FTIR 

spectra in d6-DMSO and in a KBr pellet (Figures S50–S56). In 

the 1GS, 1 shows two intense IR absorption bands of the C–O 

stretching vibrations at 1777 cm–1 and 1898 cm–1 (E and A1 in 

C3v symmetry) in DMSO. After pulsed excitation at 532 nm, a 

GS bleach as well as three new absorption bands (1829, 1870, 

1975 cm–1) emerge. The splitting of the E band confirms the 

reduction in symmetry in the excited state. All IR features 

decay with a common time constant of 150 ns (Figure S55) 

that is consistent with the emission lifetime of 184 ns (Table 

3). The excited state IR spectrum (Figure S56) can be reason-

ably described by DFT calculations of 1 in a relaxed 3MLCT 

geometry with CO bands at 1850, 1881 and 2012 cm–1, con-

firming the experimental hypsochromic shifts and the splitting 

of the E band. This supports the 3MLCT assignment of the 

long-lived excited state. In an ultrafast fs-Vis-pump-IR-probe 

experiment, the 3MLCT bands already appear 1 ps after photo-

excitation confirming the population of the long-lived 3MLCT 

state via rapid ISC (see SI for details, Figures S57–S59). This 

also confirms the data from Vis/NIR-fs-TA spectroscopy. 

 

Figure 4. Transient absorption studies on 1 in deaerated THF 

at 20 °C. a) UV/Vis-ns-TA spectrum (black line, exc = 532 

nm, delay: 10 ns, integration time: 110 ns) calibrated using 

[Ru(bpy)3]Cl2 in water as a reference (see SI for details), and 

Vis/NIR-fs-TA spectrum (gray line, exc = 480 nm, integration 

time: 7.8 ns) scaled to fit to the calibrated spectrum at 532 nm. 

b) Kinetic traces of the ns-TA at selected wavelengths. c) 

Absorption spectrum of the 3MLCT state of 1 in THF (see 
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main text for details). The sticks represent oscillator strengths f 

of the DFT-optimized 3MLCT state calculated using TDDFT 

(B3LYP/TZVP/CPCM(THF), simulated spectrum: Figure 

S47). The colors of the sticks indicate the dominant character 

of the transition derived from a charge transfer number70 anal-

ysis (py• = pyridine centered radical anion, py2 = unreduced 

part of the tpe ligand). 

 

Stability  

Transition metal carbonyl complexes are well-known for their 

thermal and photochemical decarbonylation reactions which is 

exploited in CO-releasing molecules for therapeutic treat-

ments.86 However, for other light-driven applications like 

photon upconversion or photocatalysis a high photostability is 

desirable. 

When stored in the dark, a solution of 1 in deaerated THF is 

stable at room temperature as demonstrated by the long half-

life of 158 d determined by UV/Vis absorption spectroscopy 

(Figure S60). 

To probe the photostability of 1 and 2, we irradiated isoab-

sorptive solutions (A = 0.16) of the complexes in THF with a 

green cw-laser (514 nm, 827 mW, 20 °C). For comparison we 

also measured the photodegradation of [Ru(bpy)3][PF6]2 in 

MeCN. During irradiation, we monitored the luminescence 

intensity, which we assume to be proportional to the concen-

tration of the complexes (Figure S61, Table S9). We obtained 

the absolute photodegradation quantum yields degr from the 

experimental parameters according to a published procedure 

(see SI for details).87 

 

Figure 5. Photostability of 1 (black trace) and 2 (red trace) in 

deaerated THF, and [Ru(bpy)3][PF6]3 in deaerated MeCN 

(blue trace) under irradiation with a green cw-laser (exc = 514 

nm, P = 827 mW) at 20°C with the photodegradation quantum 

yield degr. The concentration changes c were derived from 

photoluminescence measurements (see SI for details, Figure 

S61, Table S9). 

This method yielded photodegradation quantum yields degr of 

0.0028 % for 1, 0.0059 % for 2 and 0.022 % for 

[Ru(bpy)3][PF6]2. The values for 2 and the ruthenium complex 

are in line with previous literature reports.52,87 Interestingly, 1 

appears to be one order of magnitude more photostable than 

[Ru(bpy)3]
2+. The photodegradation quantum yield of 2 is 

twice as high as that of 1, which is attributed to the trans-Mo–

CO bonds in 2 that labilize each other as they compete for the 

same d-orbitals which weakens their -backbonding (trans 

influence).57 The difference in photostability becomes more 

apparent when comparing dissociation rate constants that can 

be estimated using kdegr = degr/ and take the excited state 

lifetime  into account: While decomposition of 2 is very fast 

with kdegr = 65,000 s–1, 1 decomposes almost three orders of 

magnitude slower with a time constant of 79 s–1. Hence, avoid-

ing trans-CO bonds is a useful strategy to significantly in-

crease photostability. 

The interpretation given above is supported by DFT optimized 

geometries of 1 and 2 in their respective ground and excited 

states. In general, the shortest Mo–CO bonds are obtained 

when the carbonyl ligand is trans to a pyridyl ligand (ca. 1.96 

Å) and elongated by ca. 0.1 Å when trans to another Mo–CO 

ligand or to a pyridyl radical anion in the 3MLCT state (Table 

S10). There are no trans-CO ligands in 1 and its 3MLCT state 

is localized on a single pyridyl moiety (py•). Hence only one 

Mo–CO bond is significantly elongated in the 3MLCT state of 

1. In contrast, 2 already features two trans-CO ligands in the 

GS and the radical anion in the 3MLCT state is delocalized on 

both pyridyl units of the bpy ligand (Figure S65). Consequent-

ly, all four Mo–CO bonds in 2’s 3MLCT state are elongated, 

decreasing the photostability of the 3MLCT state. 

DFT-calculated potential energy wells of 1 reveal high barriers 

for CO dissociation in the 1GS (20700 cm–1), 3MLCT (17600 

cm–1) and 3MC states (7400 cm–1) in line with the experimen-

tally observed stability of this complex (Figure S66). For 2, 

these barriers are significantly lower for both types of CO 

ligands (trans to a pyridyl moiety and trans to another CO 

ligand, Figures S67, S68, Table S11) in all three electronic 

states we investigated (1GS, 3MLCT, 3MC). Interestingly, 2 

shows particularly weak bonds of the two CO ligands trans to 

each other in the 3MLCT state with a low dissociation energy 

of 6700 cm–1. This is due to the weaker back-bonding of the 

CO ligands to the formally oxidized metal center MoI and the 

lack of stabilization by a trans (bpy)•– ligand. Hence, (reversi-

ble) CO dissociation54 likely presents an additional deactiva-

tion pathway for the 3MLCT state in 2 that is unavailable in 1 

and further helps to explain the higher excited state lifetimes 

and photostability of 1. 

 

Photon Upconversion  

As a first application of the long-lived 3MLCT excited state of 

1, we explored sensitized triplet-triplet annihilation (sTTA) 

upconversion (UC). In sTTA-UC processes, the energy of a 

sensitizer’s triplet state is transferred to a suitable (organic) 

acceptor via a Dexter energy transfer (kTTET). Upon collision of 

two acceptors in their triplet states the triplets can annihilate 

(TTA), which returns one acceptor to its GS and raises the 

other one to a high-energy singlet state. This singlet state can 

then show delayed anti-Stokes shifted fluorescence and hence 

is called upconverted emission.1,88,89 

As an acceptor we chose DPA, which dynamically quenches 

the 3MLCT state of 1 at a nearly diffusion limited rate of kTTET 

= 1.5∙109 M–1 s–1 in THF at 20°C (Figure S69 and S70). This is 

almost one order of magnitude faster than the quenching of B 

with DPA,41 which we attribute to the better orbital overlap 

between excited 1 and DPA due to the more compact ligand 

design and less steric shielding in 1. 

The formation of 3DPA from photoexcited 1 (1*, 3MLCT 

state) was confirmed by transient absorption spectroscopy 

following laser flash photolysis. The build-up of 3DPA mirrors 

the decay of the 3MLCT emission of 1 (Figure S71a). After 
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full decay of the 3MLCT state (ca. 1 µs), 3DPA was detected 

via its characteristic transient absorption band at 445 nm (Fig-

ure S71b).90,91 The decay of the 3DPA absorption signal was 

fitted using a previously reported model that considers the 

mixed first-order (knr) and second-order (kTTA) deactivation 

processes (Figure S72).92 

 

Figure 6. Photon upconversion experiments using 1 in THF in the 

presence of 10 mM DPA and excitation at 514 nm with a cw-laser 

(OD514 = 0.10, laser spot size: 3 mm2). a) Spectra of the upcon-

verted DPA fluorescence at different laser power densities P. 

Inset: photograph of the green excitation light and blue upcon-

verted emission. b) Doubly logarithmic plot of the integrated 

upconverted fluorescence intensity IUC vs. laser power density P. 

Ith is the threshold intensity. c) Relative upconversion quantum 

yield UC vs. laser power density P. 

The upconverted 1DPA emission at 435 nm was detected after 

excitation of a solution of 1 and DPA (10 mM) in THF at 514 

nm (Figure 6a). The reduced lifetime of 55 ns revealed a 

quenching efficiency of 85 %. The DPA concentration of 10 

mM was chosen as it marked the sweet spot between efficient 

quenching and detrimental reabsorption of the DPA fluores-

cence (Figure S73). In accordance with a two-photon process 

of the proposed TTA-UC mechanism, we found a quadratic 

increase of the emission intensity at low excitation power 

densities, which changed to a linear dependence above the 

threshold intensity of 0.09 W cm–2 (Figure 6b). The UC quan-

tum yield UC reaches a plateau value of 12 % (max. 50 %) at 

high laser power densities (Figure 6c, see SI for details). No 

UC emission was found without the sensitizer 1 or without 

DPA (Figure S74). The photon-UC is also operative with 

excitation using a green LED (525 nm, Kessil lamp) highlight-

ing the viability of the UC system even at very low power 

densities (Figure S74). 

 

Photoredox Catalysis 

The promising redox and optical properties of 1 with its long-

lived 3MLCT state outlined above motivated us to explore the 

photocatalytic capabilities of this complex as a proof-of-

principle. 

The energy of the 3MLCT state E00 is estimated to 1.85 eV 

from low-temperature emission spectra and quenching exper-

iments in MeCN (see SI for details). The excited state reduc-

tion potential can be calculated using Eq. 1 (Coulomb term 

omitted) as –1.68 V vs. SCE, suggesting a strong photoreduc-

ing power of 1. 

𝐸(𝟏+ 𝟏∗⁄ ) =  𝐸(𝟏+ 𝟏⁄ ) − 𝐸00  (Eq. 1) 

As a test reaction, we selected the dehalogenation of chloropy-

razine, which can also be performed by the one-electron re-

duced form of [Ru(bpy)3]
2+ (E([Ru(bpy)3]

2+/+) = –1.29 V vs. 

SCE).93 In fact, the luminescence of 1 in MeCN is quenched 

by the substrate with a rate constant kq of 3.9∙108 M–1 s–1 (Fig-

ure S75). The triplet energy of chloropyrazine is expected to 

be ≫2.5 eV91 and thus way above the estimated 3MLCT ener-

gy of 1 (1.85 eV). Hence, triplet-triplet energy transfer can be 

excluded as a quenching mechanism, leaving photoelectron 

transfer as the most plausible alternative. The photoredox 

reaction with the substrate produces 1+ that needs to be re-

duced by a sacrificial donor to regenerate the catalyst 1. The 

high potential for the 1/1+ couple at +0.17 V vs. SCE in MeCN 

requires a strong reductant for this step. We chose the previ-

ously reported benzimidazoline derivative BIH (Scheme 3) for 

which a suitable reduction potential of +0.13 V vs. SCE has 

been reported in THF.94 The oxidized donor BIH•+ can under-

go a second oxidation after deprotonation to BI• with a poten-

tial of –1.7 V vs. SCE.94,95 On a side note, the final product BI+ 

can be recycled to resynthesize the donor BIH.94 We con-

firmed that BIH is able to regenerate 1 from 1+ in MeCN pre-

pared by chemical oxidation (Figure S76) and does not quench 

the 3MLCT state of 1.  

After we have assessed the required elementary steps of a 

potential catalytic cycle, we attempted the dehalogenation of 

chloropyrazine employing 1 mol% 1 in MeCN, 1 eq. BIH and 

a green LED as an excitation source at 20.0°C (Scheme 3a, 

Table S12). Yields and conversions were determined using 1H 

NMR spectroscopy with mesitylene as an internal standard. 

Under these conditions we obtained pyrazine in a yield of 80 

% after 24 h. Control experiments confirmed that catalyst, 

sacrificial donor and light were necessary for the reaction to 

occur (Table S12, entries 2–4). 

Based on our results we propose the mechanism in Scheme 3b. 

After photoexcitation of 1 and ultrafast ISC to the 3MLCT 

state (1*) the complex reduces the substrate. The one-electron 

reduced substrate dissociates into a pyrazyl -radical and a 

chloride ion. The product forms via H-atom transfer from BIH 

to the -radical. Meanwhile, BIH reduces the oxidized catalyst 

1+ forming 1 and BIH•+. The latter radical cation can be depro-

tonated by a base such as BIH or the pyrazine to the radical 

BI•, which can in turn reduce the substrate and 1+. Since the 

photocatalytic conversion to the product is rather slow, we 

conclude that a conceivable photoinitiated radical chain mech-

anism only plays a minor role (Scheme S1).  
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Scheme 3. Application of 1 in photoredox catalysis. a) 

Overview of the reaction conditions. b) Proposed mecha-

nism for the dehalogenation of chloropyrazine with 1 in 

green light driven photoredox catalysis. 

Conclusions 

By combining the tripodal tris(pyridyl)ethane (tpe) with car-

bonyl ligands we obtained a simple photoactive molyb-

denum(0) complex Mo(CO)3(tpe) that emits deep-red phos-

phorescence at 720 nm with a lifetime of up to ca. 500 ns in 

solution at room temperature. 

Time-resolved electronic and vibrational spectroscopy in 

combination with DFT/TD-DFT calculations showed that the 

emissive state is of 3MLCT character populated after ultrafast 

ISC. Thermal deactivation occurs via a distorted 3MC state 

with a barrier of 1600 cm–1 as revealed by temperature de-

pendent luminescence and DFT calculations. This 3MC state 

possesses a bent CO ligand instead of a strongly weakened 

linearly coordinated CO ligand, which would be prone to 

dissociation. The complex is very photostable under irradia-

tion with a green laser with a photodecomposition quantum 

yield of merely 0.0028 %. This is one order of magnitude 

lower than that of [Ru(bpy)3]
2+. Compared to Mo(bpy)(CO)4, 

the estimated rate constant for photodegradation of the tripodal 

complex is almost three orders of magnitude lower. We attrib-

ute this gain in stability to the lack of trans-CO bonds in the 

facial ligand configuration, which avoids additional Mo–C 

bond elongation in ground and excited states. 

DFT calculations on Mo(CO)3(tpe) match experimental data 

exceptionally well, including the energies of CO stretching 

vibrations and absorption spectra of the ground and 3MLCT 

states, the 3MLCT–3MC energy barrier and emission energy. 

The new complex served as a sensitizer in green-to-blue pho-

ton upconversion with DPA and achieved a high upconversion 

quantum efficiency of 12 % (max. 50 %). Even a cheap low-

power LED sufficed to drive the upconversion process. 

Mo(CO)3(tpe) successfully acts as a photoredox catalyst in the 

dehalogenation of 2-chloropyrazine using a recyclable ben-

zimidazoline94 derivative as sacrificial donor.  

Despite the rich literature on carbonyl complexes,40,52–56,71,96,97 

their facial coordination with tripodal ligands remained under-

explored for photochemical applications so far. Following this 

promising design strategy, our results delineate how to access 

photoactive complexes while avoiding precious metals and 

elaborate ligand syntheses alike. In addition, the exceptional 

agreement of measured and calculated properties allows for 

the in silico exploration of the chemical space to predict prom-

ising synthetic targets. Overall, we hope that this study can 

guide future research towards more sustainable photochemis-

try. 
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