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Photoluminescent transition-metal complexes are critical 
components in a diverse range of important scientific appli-
cations, including solar energy conversion1–3, photocataly-

sis4–6, photodynamic therapy7 and organic light-emitting diodes 
(OLEDs)8,9. A universal requirement for the generation of suitably 
long-lived molecular excited states for such applications is rapid 
intersystem crossing between excited-state manifolds of different 
spin multiplicity, most commonly represented by the population 
of triplet excited states in molecules with diamagnetic ground 
states. Spin-forbidden radiative relaxation from the triplet state to 
the ground state is sufficiently slow to harness the energy stored 
in the excited state for intermolecular electronic energy or sin-
gle-electron transfer chemistry with suitable substrates. For most 
traditional transition-metal chromophores, radiative relaxation 
of long-lived excited states in the absence of quenchers occurs 
through phosphorescence, that is, direct transition between the 
lowest-energy triplet state and the diamagnetic ground state. A 
second, less common pathway is thermally activated delayed fluo-
rescence (TADF)10, which involves reverse intersystem crossing 
from a long-lived triplet back to the singlet excited state, facilitated 
by a small energy separation between these states that is easily 
surmounted by the available thermal energy (typically <0.2 eV)11. 
Over the past decade, TADF has emerged as an important design 
principle for the development of new photo- and electrolumines-
cent molecules, but has almost exclusively been applied in the 
field of organic luminophores12,13 and Cu(i)-based photosensitiz-
ers14–16. Here, we demonstrate the successful leveraging of TADF 
in the construction of a long-lived and high-quantum-yield pho-
toluminescent early-transition-metal complex based on Zr(iv), 
featuring a 4d0 configuration and excited states with significant 
ligand-to-metal charge transfer (LMCT) contributions.

Group III to V transition metals are attractive candidates for the 
development of earth-abundant and environmentally benign alter-
natives to the more prevalent precious-metal chromophores17. Their 
natural abundance often rivals that of first-row late transition met-
als such as Fe18–20 and Cu21,22. The group IV elements, featuring Ti 
and Zr as the second and fourth most earth-abundant transition 
metals, respectively, are particularly interesting because they would 
allow the design of readily scalable yet cost-efficient photolumines-
cent molecules, but these have rarely been studied in this context. 
The underlying challenge impeding the use of their excited states 
lies in the fundamentally distinct electronic structures that impart 
deleterious photophysical and (photo)chemical properties and 
require alternative strategies compared to those well-established 
for late transition metals23. Most importantly, electron-deficient 
d0 early transition metals require a reversal of the initial intramo-
lecular charge transfer step from metal-to-ligand charge transfer 
(MLCT) to LMCT. This can be achieved by combining the electron-
deficient metal with carefully designed electron-rich ligand sys-
tems, effectively resulting in a role reversal of electron donor and 
electron acceptor compared to traditional late-transition-metal 
chromophores. Although this approach has recently been applied 
to substantially improve the photophysical properties of photolumi-
nescent iron(iii) complexes19,20, a natural benefit of metals with d0 
configurations is the lack of metal-centred excited states that often 
lead to reduced emission lifetimes and quantum yields in late-tran-
sition-metal chromophores. Despite these seemingly simple consid-
erations, only a limited number of photoluminescent group III to 
V complexes have been reported so far, and their short lifetimes do 
not broadly facilitate photoinduced intermolecular reactions24–30.

Expanding on the few available studies, we recently demonstrated 
that zirconium complexes with electron-rich pyridinepyrrolide and 
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pyridinedipyrrolide (PDP) ligands exhibit long-lived photolumines-
cence from excited states with significant LMCT character and can 
be utilized as photosensitizers in reductive photoredox reactions31–34. 
Most notably, Zr(MePDPPh)2 (H2

MePDPPh = 2,6-bis(5-methyl-3-phe-
nyl-1H-pyrrol-2-yl)pyridine) was identified as an attractive alter-
native to precious-metal photocatalysts due to its remarkably long 
excited-state lifetime of 325 μs and readily accessible reductive 
redox chemistry31,32. This proof-of-principle observation signals the 
opportunity that early-transition-metal chromophores can comple-
ment or even surpass the performance of precious-metal photo-
sensitizers. However, several important questions and challenges 
have remained concerning the fundamental understanding of the 
photophysical properties, expansion of the ground- and excited-
state electron transfer reactivity to include oxidative processes, and 
the high water sensitivity inherent to zirconium amides. Here, we 
report a new, benchtop-stable zirconium photosensitizer that can 
facilitate photoredox reactions via oxidative and reductive photo-
induced single-electron transfer or excited-state energy transfer. 
Temperature-dependent emission studies in combination with 
picosecond transient absorption (TA) spectroscopy now clearly 
establish that photoluminescence in Zr(PDP)2 complexes is domi-
nated by TADF at and around room temperature, which is rare for 
early-transition-metal complexes or photoluminescent molecules 
featuring LMCT excited states35,36.

Results and discussion
Synthesis and ground-state characterization. Our studies com-
menced with the synthesis of Zr(MesPDPPh)2 using a significantly 
bulkier PDP ligand derived from H2

MesPDPPh (2,6-bis(5-(2,4,6-
trimethylphenyl)-3-phenyl-1H-pyrrol-2-yl)pyridine)37 (Fig. 1). In 
stark contrast to previously studied luminescent zirconium com-
pounds, this complex is remarkably stable over a wide temperature 
and pH range under ambient conditions due to the improved steric 
protection of the metal centre. Only minimal signs of decomposi-
tion were observed on heating the compound in refluxing mesit-
ylene solution or on addition of concentrated mineral acids to 
tetrahydrofuran (THF) solutions of Zr(MesPDPPh)2 at room temper-
ature (Supplementary Fig. 9). Single-crystal X-ray diffraction analy-
sis (Fig. 1) and 1H and 13C{1H} NMR spectroscopy (Supplementary 
Figs. 3 and 4) respectively established a rigid D2d symmetric struc-
ture for Zr(MesPDPPh)2 in the solid state and solution. A key feature 
of the molecular structure is the sandwich-type stacking between 
the central pyridine ring of each MesPDPPh ligand and the two mesityl 
substituents of the second ligand with short distances of 3.4–3.7 Å 
between the π systems (Supplementary Fig. 1). These interactions 
increase the overall rigidity of the molecular structure and con-
tribute to the favourable photophysical and electrochemical prop-
erties of the complex (vide infra). Furthermore, the large steric 
profile of the bulky mesityl substituents prevents any access to the 
strongly basic nitrogen atoms of the pyrrolide rings and the electro-
philic zirconium centre, which rationalizes the unusual stability of 
Zr(MesPDPPh)2 towards hydrolysis (Supplementary Fig. 2).

Cyclic voltammetry using ferrocene as an internal reference (Fig. 2) 
revealed that Zr(MesPDPPh)2 retains the one-electron reduction events 
(E1/2 = −2.25 and −2.95 V) previously established for Zr(MePDPPh)2 
(ref. 32), but provides additional access to reversible oxidative redox 
events (E1/2 = 0.53 and 0.82 V). As expected for a Zr(iv) compound, 
density functional theory (DFT) calculations illustrate that these 
oxidations are exclusively ligand-centred (Supplementary Fig. 37), 
which suggests that the improved protection of the PDP π systems in 
Zr(MesPDPPh)2 prevents otherwise detrimental pyrrolyl radical chem-
istry38. Redox titrations with sodium naphthalenide (Supplementary 
Fig. 7) and thianthrenium tetrafluoroborate (Supplementary Fig. 8) 
provided access to the one-electron reduced and oxidized complexes 
in solution, respectively. A comparison of the electronic absorption 
spectra for [Zr(MesPDPPh)2]n (n = 1+, 0, 1−) is provided in Fig. 2.

Room-temperature absorption and emission profiles. The elec-
tronic absorption spectrum of Zr(MesPDPPh)2 in THF (Fig. 2) is very 
similar to that reported for Zr(MePDPPh)2, indicating that the change 
from methyl to mesityl substituents does not significantly perturb 
the electronic structure of the Zr(PDP)2 core. This is supported by 
DFT calculations, which show that the pyrrole substituents exert 
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Fig. 1 | Synthesis and structural characterization of Zr(MesPDPPh)2.  
a, Synthesis of Zr(MesPDPPh)2. b, Molecular structure shown with 30% 
probability ellipsoids obtained via X-ray diffraction. Hydrogen atoms  
are omitted for clarity. c, Space-filling model highlighting the tight  
packing of the mesityl substituents and the resulting steric protection  
of the Zr–N bonds responsible for the increased air and moisture  
stability of the complex. The inset shows the positioning of the methyl 
groups above and below the 2- and 5-positions of the pyrrole rings.  
This motif blocks access to the reactive pyrrolyl radical moieties formed 
upon oxidation of the complex and enables reversible single-electron 
transfer under oxidative conditions.
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only very minor contributions to the frontier molecular orbitals in 
the ground state (Supplementary Fig. 38). Based on time-dependent 
DFT (TD-DFT) calculations, the strong absorption band in the vis-
ible region (λmax = 525 nm, ε525 = 21,570 M−1 cm−1) can be assigned 
to mixed singlet intra-ligand (1IL)/1LMCT transitions having 40% 
LMCT character. The absence of solvatochromism, evident from the 
near identical spectra in solvents of varying polarity (Supplementary 
Figs. 10 and 11), suggests that the electronic dipole moment of the 
molecule does not change on excitation. Given that Zr(MesPDPPh)2 
has no dipole moment in the ground state due to its D2d symmetry, 
the initial state generated via 1IL/1LMCT excitation must be delocal-
ized symmetrically over both PDP ligands. This is again supported 
by TD-DFT calculations, which identify the degenerate pair of 
lowest unoccupied molecular orbitals (LUMOs) calculated for the 
ground state as the main acceptor orbitals for the transitions in the 
visible region. As previously reported for Zr(MePDPPh)2 (refs. 31,32), 
these orbitals are fully delocalized over the zirconium centre and 
both PDP ligands.

Excitation of Zr(MesPDPPh)2 in solution at room temperature with 
UV or visible light below 600 nm induced strong and remarkably 
long-lived photoluminescence. The steady-state emission spectrum 
(Fig. 2) exhibits a single broad band with a maximum at 581 nm, 
independent of the solvent. Regardless of the excitation wave-
length, the spectral profile mirrors the lowest-energy 1IL/1LMCT 
absorption band and exhibits no fine structure. The emission 
maximum is blueshifted by 14 nm (405 cm−1) compared to that 
reported for Zr(MePDPPh)2 (λmax = 595 nm)31,32, resulting in a smaller 
Stokes shift. Additionally, the emission peak width is decreased for 
Zr(MesPDPPh)2 (full-width at half-maximum (FWHM) = 1,610 cm−1) 
compared to Zr(MePDPPh)2 (FWHM = 2,160 cm−1). Considering the 
negligible electronic effects of the different pyrrole substituents dis-
cussed above, these observations are consistent with reduced vibra-
tional relaxation due to the more rigid structure of Zr(MesPDPPh)2. 
Further supporting this hypothesis, the emission quantum yield 
determined for Zr(MesPDPPh)2 by the comparative method in deaer-
ated THF solution at room temperature (ΦPL = 0.45) is increased to 
more than fivefold compared to Zr(MePDPPh)2 (ΦPL = 0.08). Similar 
improvements in quantum yield through rigidification of the ligand 
scaffold were recently reported for earth-abundant Mo MLCT 
photosensitizers39. The emission decay kinetics determined under 
the same conditions using time-correlated single photon counting 
(TCSPC) exhibits single-exponential behaviour with a lifetime of 
τPL = 350 ± 10 μs.

Temperature-dependent emission studies. The photoluminescence  
characteristics of Zr(MesPDPPh)2 are highly sensitive to variation in 
temperature. The temperature-dependent emission profiles recorded 
in 2-MeTHF (Fig. 3) reveal a steady decrease in the emission inten-
sity with decreasing temperature. Although only minor changes to 
the overall shape of the emission band are visible in the range from 
60 °C to −20 °C, a second emission band with a maximum at 642 nm 
becomes apparent as a shoulder at lower temperatures. On reaching 
−130 °C, the lowest temperature still maintaining a fluid solution, 
this feature is clearly resolved and dominates the emission spec-
trum, while the band centred at 581 nm has almost completely van-
ished. This behaviour is indicative of photoluminescence from two 
distinct excited states separated energetically by ~1,640 cm−1 based 
on the difference between the peak maxima of the two bands. The 
small energy gap between these two states, assigned as S1 and T1, is 
within the thermally accessible range and is consistent with a TADF 
mechanism. Following rapid intersystem crossing, emission at low 
temperatures occurs primarily through phosphorescence from the 
lower-energy T1 state, because reverse intersystem crossing to the 
higher-energy S1 state is no longer thermally accessible. On increas-
ing the temperature, reverse intersystem crossing enables a compet-
ing emission process through delayed fluorescence, which becomes 

6

a

b

c

5

4

3

2

1

0
300

10 µA

–2.25 V

–2.95 V

0.53 V

n = 0

n = 1–

n = 1+

0.82 V

–3

2.5

2.0

1.5

1.0

0.5

0
400 500 600 700 800

Wavelength (nm)

–2 –1 0 1

E (V) versus Fc+/0

[Zr(MesPDPPh)2]
n

400 500 600 700 800

Wavelength (nm)

525 nm

ε λ (
10

4  M
–1

 c
m

–1
)

ε λ (
10

4  M
–1

 c
m

–1
)

581 nm

0

1

10

100

1,000

10,000

1,000 2,000 3,000 4,000

Time (µs)

P
ho

to
n 

co
un

ts

Fig. 2 | Electrochemical and optical properties of Zr(MesPDPPh)2.  
a, Electronic absorption and emission spectra in THF under a nitrogen 
atmosphere. The insets show THF solutions of Zr(MesPDPPh)2 under 
ultraviolet (UV; 254 nm), green (LED; 530 nm) and ambient light irradiation 
(left) and photoluminescence decay (τPL = 350 ± 10 μs) obtained via 
time-correlated single photon counting (right). b, Cyclic voltammogram 
recorded in THF at room temperature using the ferrocenium/ferrocene 
(Fc+/0) couple as the reference. These electrochemical data clearly 
establish multiple fully reversible oxidation and reduction events.  
c, Comparison of the electronic absorption spectra for the one-electron 
reduced (blue) and oxidized (red) species and the neutral starting material 
(black), obtained from redox titrations.
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the dominant radiative pathway under ambient conditions. Aside 
from the expected redshift between fluorescence and phosphores-
cence, the emission profiles for both processes in solution are quite 
similar for Zr(MesPDPPh)2, suggesting that the T1 state is of similar 
mixed IL/LMCT character as the S1 state. This is supported by DFT 
calculations for the electronic structure of the lowest-energy triplet 
excited state.

Further insight into the proposed delayed fluorescence process 
for Zr(MesPDPPh)2 was gained through temperature-dependent 
emission lifetime measurements (Fig. 3). As anticipated for a TADF 

chromophore, the photoluminescence lifetime in fluid 2-MeTHF 
solution decreases as a function of increasing temperature. The 
data were readily fit using a kinetic model featuring two emitting 
states (S1 and T1) that are in rapid thermal equilibrium due to a 
small energy splitting ΔES1–T1. The obtained time constants for the 
S1 and T1 states (τS1 = 35 ± 4 ns, τT1 = 1.04 ± 0.05 ms) are comparable 
to those of previously reported TADF processes in photolumi-
nescent copper(i) complexes and purely organic emitters12–16. The 
extracted singlet–triplet energy splitting (ΔES1–T1 = 1,652 ± 32 cm−1) 
is in excellent agreement with the value estimated from the emis-
sion maxima for the respective fluorescence and phosphorescence 
spectra measured in solution.

On further cooling to 77 K, the phosphorescence spectrum of 
Zr(MesPDPPh)2 in frozen 2-MeTHF glasses reveals a hypsochromic 
shift compared to the fluid solution spectrum (Supplementary  
Fig. 14). This is attributed to rigidochromism40 resulting from dif-
ferent dipole moments in the T1 state compared to the ground state. 
This is supported by DFT calculations that predict a dipole moment 
of 1.7 D for the T1 state, which shows lower symmetry (C2v) com-
pared to the ground state (D2d), most clearly reflected in a shortening 
of the Zr–Npyridine bond for one of the two PDP ligands and result-
ing in a distortion along the z axis of the complex (Supplementary 
Table 4). This lowering of the molecular symmetry in the T1 state 
is best described as an excited-state Jahn–Teller effect due to pro-
motion of an electron to the degenerate set of LUMOs. In addition 
to the hypsochromic shift, the frozen solution emission spectrum 
exhibits a smaller line width than the solution spectrum, revealing 
additional fine structure in the phosphorescence with peak maxima 
at 620 nm and 670 nm. The photoluminescence decay kinetics mea-
sured at 77 K are wavelength-independent and feature a lifetime of 
τP = 9.7 ms (Supplementary Fig. 15).

TA spectroscopy. The successful application of a model assuming 
thermal equilibrium between the S1 and T1 states suggested rapid 
population and depopulation of the triplet excited state compared 
to direct radiative and non-radiative depopulation of the lowest sin-
glet excited state (S1). Rapid intersystem crossing in Zr(MesPDPPh)2 is 
supported by the absence of prompt fluorescence and strictly single-
exponential emission decay at all temperatures, indicating quantita-
tive depopulation of the S1 state after photoexcitation. To measure 
the intersystem crossing time constant and gain fundamental insight 
into the excited-state dynamics, femtosecond TA (fs-TA) spectros-
copy studies were conducted in THF solutions at room temperature. 
The transient difference spectra recorded following pulsed excita-
tion at 480 nm show four distinct features at short delay times that 
can be characterized as excited-state absorption with a maximum 
at 723 nm, stimulated emission with a minimum at 609 nm and 
two excited-state absorption features at 566 and 525 nm. Within 
the first 5 ps, the transient difference spectra undergo only minor 
changes that are most clearly observable as an increase of the 
excited-state absorption signal at 566 nm and a slight decrease of 
the excited-state absorption feature at 723 nm (Fig. 4). We interpret 
this spectral evolution as excitation of the molecule to the S1 state 
(1IL/1LMCT) followed by internal conversion due to minor changes 
in the molecular structure of S1. These geometric changes are prob-
ably the result of a symmetry lowering from D2d to C2v due to an 
excited-state Jahn–Teller effect. Similar to the distortions calculated 
for the T1 state, a significant contraction of one Zr–Npyridine bond 
was observed by TD-DFT excited-state geometry optimizations 
(Supplementary Table 4). Over the next 100 ps, the S1 state converts 
to a long-lived excited state that persists over the entire delay time 
in the fs-TA experiments (Fig. 4). Additional μs-TA spectroscopic 
measurements confirmed that this excited state decays back to the 
ground state with a time constant consistent with the lifetime deter-
mined using time-dependent emission spectroscopy and is there-
fore assigned as the T1 excited state (3IL/3LMCT). The difference 
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absorption spectrum of the T1 state shows a broad T1 → Tn excited-
state absorption feature ranging from 565 to 800 nm, overlapping 
with a strong ground-state bleach below 565 nm with a minimum 
at 545 nm. The spectral evolution from S1 to T1 exhibits two well-
defined isosbestic points at 578 and 711 nm, indicating intersystem 
crossing that completely outcompetes direct S1 to S0 relaxation. The 
shape of the T1 difference absorption spectrum after 200 ps could be 
approximated by a combination of the electronic absorption spectra 
of the oxidized and reduced species and subsequent subtraction of 
the ground-state spectrum with a scaling factor of 0.8 (Fig. 4). The 
success of this approach41 highlights the charge transfer character of 
the excited state, which is also supported by DFT-calculated differ-
ence density maps for the first four states (Supplementary Fig. 39).

Kinetic modelling of the time-dependent TA spectroscopic data 
with global analysis using a three-state model yielded approximate 
time constants of τIC = 1.0 ps and τISC = 12.3 ps for the S1 internal con-
version process and S1 → T1 intersystem crossing, respectively, and 
permitted the extraction of the individual TA spectral signatures of 
each of the three components (Supplementary Fig. 18). By combin-
ing the value for intersystem crossing with the room-temperature 
equilibrium constant between S1 and T1, KS1–T, derived from ΔES1–T1, 
the time constant for reverse intersystem crossing was calculated to 
be τrISC = 41.2 ns. In agreement with the assumed fast equilibrium 
model between S1 and T1, both τISC and τrISC are several orders of mag-
nitude faster than the corresponding relaxation lifetimes τS1 and τT1,  
respectively. Taken together, the kinetic data extracted via tempera-
ture-dependent emission studies and TA spectroscopy allowed the 
construction of a detailed kinetic model of the excited-state dynam-
ics in Zr(MesPDPPh)2, consistent with TADF (Fig. 5).

Photoredox catalytic applications. The long excited-state lifetime and 
improved redox properties of Zr(MesPDPPh)2 suggested it may serve as 
an earth-abundant photocatalyst in a variety of photoredox reactions 
(Fig. 6). Due to the stability of the photosensitizer, reactions using air- 
and moisture-stable reagents can be set up under benchtop conditions 
without the need for dry solvents or substrates. To prevent deleteri-
ous singlet oxygen formation in the presence of air, independently 
detected by 1O2 phosphorescence in the near-infrared and trapping 
of 1O2 with 1,3-diphenylisobenzofuran (Supplementary Figs. 25 and 
26), all reactions were operated under an inert atmosphere. In contrast 
to our first-generation photosensitizer, Zr(MePDPPh)2, the bulky sec-
ond-generation complex Zr(MesPDPPh)2 exhibits excellent functional 
group tolerance, including more acidic functionalities such as alcohols 
and carboxylic acids. As a further improvement, the excited state of 
Zr(MesPDPPh)2 can undergo both reductive and oxidative quenching, 
as demonstrated by Stern–Volmer analysis in the presence of sacrificial 
electron donors and acceptors, respectively (Supplementary Fig. 24).  
The sampled reactions cover net oxidative, reductive and redox neu-
tral transformations and excited-state reactivity involving energy 
transfer as well as oxidative and reductive quenching (Fig. 5). Notably, 
the isomeric ratio of Z- and E-stilbene at the photostationary state of 
the photoisomerization reaction is consistent with the energy of the 
T1 state of Zr(MesPDPPh)2 (1.94 eV) determined from the phospho-
rescence maximum at −130 °C (ref. 42). The mechanistic versatility 
suggests that Zr(MesPDPPh)2 can be considered a fully functional early-
transition-metal substitute for precious-metal photosensitizers43,44.

Conclusions
Our investigations highlight the mostly unexplored potential of zir-
conium for the development of a new class of early-transition-metal 
sensitizers featuring long-lived excited states with LMCT contribu-
tions and high photoluminescence efficiency, providing an impetus 
to motivate future studies. Importantly, our results demonstrate that 
TADF should be seriously considered in future designs of lumines-
cent early-transition-metal complexes. A critical challenge for forth-
coming investigations will be the systematic control over the TADF 
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recorded at selected delay times up to 2.5 ps after pulsed laser excitation 
at 480 nm. The subtle changes in the transient difference spectra during 
this time interval are consistent with a structural reorganization in the S1 
excited state. A, absorption. b, Time-resolved transient difference spectra 
associated with the S1 → T1 intersystem crossing process. The transient 
difference spectrum of the T1 state, shown in red, persists over the full 
delay time of the TA experiment (7 ns). c, Comparison of the experimental 
(200 ps, red) and redox-based calculated (black) transient difference 
spectra. The excellent agreement between the two spectra highlights the 
charge transfer character of the long-lived T1 excited state.
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lifetime to deliver suitable photosensitizers for different applications. 
For example, TADF emitters capable of triplet exciton harvesting in 
energy-efficient OLED applications should exhibit short emission 
lifetimes. In contrast, photosensitizers for solar energy applications or 
photocatalysis benefit from long excited-state lifetimes, as displayed 
by Zr(MesPDPPh)2. An in-depth understanding of the influence of 
LMCT versus ILCT character on the excited-state dynamics and the 
energy gap between the S1 and T1 states will be critical in this regard.

As exemplified by the unique characteristics of Zr(MesPDPPh)2, 
earth-abundant early-transition-metal photosensitizers may not 
only represent a viable low-cost alternative to precious-metal 
chromophores, but may have the potential to surpass traditional 
materials in performance-critical parameters such as excited-state 
lifetime and quantum yield. Most notably, the rigidification of the 
Zr(PDP)2 framework by the introduction of bulky mesityl substitu-
ents resulted in a significant increase of the quantum yield to almost 
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Fig. 5 | Summary of excited-state dynamics and redox potentials of Zr(MesPDPPh)2. a, Kinetic model for the thermally activated delayed fluorescence 
process summarizing parameters determined via temperature-dependent emission and TA spectroscopic studies. b, Excited-state redox potentials were 
estimated from the ground-state redox potentials in THF solution and the triplet state energy obtained from the peak maximum of phosphorescence 
observed at −130 °C. All potentials are referenced versus the ferrocenium/ferrocene redox couple. For comparison, the corresponding potentials for 
[Ru(bpy)3]2+ in acetonitrile solution are provided in grey. Values reported versus saturated calomel electrode (SCE) were taken from ref. 45 and referenced 
to ferrocene as outlined in ref. 46.

O

I
1 mol% Zr(MesPDPPh)2

MeOBIH, green LED (520 nm)

DMSO, – MeOBI+Br–

O

H

75%

1 mol% Zr(MesPDPPh)2

Green LED (520 nm)

DMSO
– 2-iodobenzoic acid

I

O

O

CF3

+

OMe

MeO OMe

H
N CF3

1 h, 88%

CF3CF3

22 h, 45%

4 h, 86% 15 h, 55%

CF3

NH2

Br

Ar–H

Ph
Ph Ph

Ph

15 min, Z:E = 83:17

0.25 mol% Zr(MesPDPPh)2

Green LED (520 nm)

C6D6

Cat. Zr(MesPDPPh)2

Green LED (520 nm)

THF
3O2

1O2
O

Ph

Ph

DPBF

Trapped by DPBF

Br

F

OEt

F

O

Br FF

O

OEt+

OH

OH

Green LED (520 nm)
DMSO, r.t., 48 h

Cat. Zr(MesPDPPh)2 81%

Boc

H
N CO2EtEtO2C

Br
+ Boc

H
N

Br CO2Et

CO2Et

89%

a

b

c

d

e

Fig. 6 | Representative examples for photoredox catalytic transformations promoted by Zr(MesPDPPh)2 under visible-light irradiation featuring 
three distinct mechanisms of substrate activation. a, The dehalogenation of an aryl iodide proceeds via reductive quenching of the excited state of 
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excited state of Zr(MesPDPPh)2.
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50%, while maintaining a long excited-state lifetime. In combina-
tion with the surprisingly facile oxidative electron transfer chemis-
try for a complex with d0 electron configuration, the exceptionally 
long excited-state lifetime proved to be ideally suited to enabling 
photoinduced bimolecular reactions under diffusion-controlled 
conditions, as required in photoredox catalysis and solar fuels pho-
tochemistry. The current investigation provides sufficient proof of 
concept that earth-abundant early-transition-metal LMCT sensi-
tizers can be widely exploited in photoredox catalysis. We expect 
that the improved stability of Zr(MesPDPPh)2 will also allow a more 
straightforward exploration of the complex for applications includ-
ing dye-sensitized solar cells, solar fuels production, photochemi-
cal upconversion, organic light-emitting diodes and photodynamic 
therapy—research areas that have often leveraged precious late-
transition-metal-containing sensitizers.

Methods
Preparation of Zr(MesPDPPh)2. Tetrabenzyl zirconium (101 mg, 223 mmol, 
0.53 equiv.) and H2

MesPDPPh (251 mg, 450 mmol, 1.00 equiv.)37 were loaded in a 
50 ml thick-walled glass vessel in a glovebox. Approximately 5 ml of toluene was 
added. The thick-walled vessel was sealed with a PTFE screw cap and heated 
to 120 °C for 48 h. After cooling to room temperature, the reaction vessel was 
brought back into the glovebox and additional tetrabenzyl zirconium (101 mg, 
223 mmol, 0.53 equiv.) was added. The reaction mixture was heated for another 
24 h at 120 °C (at this stage the ligand was fully consumed). The reaction was 
opened to air, toluene was removed using a rotary evaporator, and the residue was 
triturated twice with ethyl acetate to give a red solid. The solid was redissolved 
in dichloromethane/ethyl acetate and filtered through a plug of silica gel. After 
removal of the solvent, the product was recrystallized by slow evaporation of THF 
under air. The product was collected as red crystals (yield of 86 mg, 32%) with a 
melting point of >320 °C. 1H NMR (400 MHz, C6D6; δ, ppm): 7.71 (d, J = 8.0 Hz, 
8H), 7.38 (t, J = 8.0 Hz, 8H), 7.21 (t, J = 8.0 Hz, 4H), 6.50 (s, 8H, mesityl-CH), 6.49 
(d, J = 8.0 Hz, 4H), 6.25 (t, J = 8.0 Hz, 2H, para-PyH), 5.95 (s, 4H, pyrroleH), 2.08  
(s, 24H, ortho-CH3), 1.86 (s, 12H, para-CH3). 13C{1H} NMR (101 MHz, C6D6; δ, 
ppm): 154.59, 142.58, 139.87, 138.39, 138.23, 136.81, 136.01, 131.76, 130.50, 129.71, 
128.75, 127.18, 115.58, 112.79, 23.08, 20.94 (one aromatic carbon overlapping). 
Anal. calcd for C44H32N4Zr·2C4H8O: C, 79.12; H, 6.36; N, 5.89. Found: C, 78.93; H, 
6.35; N, 5.71. Single crystals suitable for X-ray crystallographic analysis were grown 
from a concentrated THF/Et2O solution of Zr(MesPDPPh)2 cooled to −35 °C.

Temperature-dependent emission spectroscopy. Steady-state emission spectra 
from 77 to 340 K were obtained using an Oxford Instruments Optistat DN 
cryostat with an Edinburgh Instruments FS920 fluorimeter that was equipped 
with a 450 W Xe arc lamp for excitation source and a Peltier-cooled Hamamatsu 
R2658P photomultiplier tube (PMT). The Oxford cryostat was also used with an 
Edinburgh Instruments LP920 laser flash photolysis system for which a tunable 
Vibrant 355 nm Nd/YAG/OPO system (Opotek) was the excitation source and a 
Hamamatsu R928 PMT was the detector.

TA spectroscopy. Ultrafast TA measurements were conducted with a 1 kHz Libra, 
a Ti:sapphire regenerative amplifier system (Coherent Libra), which produces 
a ~800 nm pulse with ~45 fs temporal resolution with ~4 W power. Using a 
beamsplitter, the output of the Libra was separated into pump and probe beam 
paths. The pump beam was directed to an optical parametric amplifier (Light 
Conversion OPerA). The optical parametric amplifier converts 800 nm Libra 
output into 480 nm to excite the IL/LMCT transition of Zr(MesPDPPh)2. The beams 
were directed to the commercial TA spectrometers. We used Helios (Ultrafast 
System) and EOS (Ultrafast systems) for fs- and µs-TA, respectively. A visible-
light continuum, in the ~400–800 nm spectral region, was generated by focusing 
onto Ti:sapphire crystal. Optical filters were integrated in the probe beam path 
for rejection of the residual, unamplified, 800 nm radiation. TA measurements 
were conducted under the magic angle condition where polarization of the probe 
is 54.7° relative to the pump. Control of the pump and probe polarizations was 
achieved with two sets of λ/2 waveplate and polarizer combinations placed in both 
pump (before the sample) and probe (before continuum generation) beam paths.

Set-up for photoreactions. All photoreactions were performed using commercially 
available LED light strips with an emission maximum at 520 nm. Constant room-
temperature conditions were maintained using a jacketed glass beaker with 
water cooling or fan. Experimental details for each reaction are provided in the 
Supplementary Information.
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