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ABSTRACT: In this invited Perspective recent developments and possible future directions of research on photoactive 
coordination compounds made from non-precious transition metal elements will be discussed. The focus is on conceptu-
ally new, structurally well-characterized complexes with excited-state lifetimes between 10 ps and 1 ms in fluid solution 
for possible applications in photosensitizing, light-harvesting, luminescence, and catalysis. The key metal elements con-
sidered herein are Cr, Mn, Fe, Co, Ni, Cu, Zn, Zr, Mo, W, and Ce in various oxidation states equipped with diverse ligands, 
giving access to long-lived excited states via a range of fundamentally different types of electronic transitions. Research 
performed in this area over the past five years demonstrated that a much broader spectrum of metal complexes than what 
was long believed relevant exhibits useful photophysics and photochemistry. 

1. INTRODUCTION 
Most molecular compounds dissipate excitation energy 

very rapidly in non-radiative fashion, and only a small 
fraction have electronic excited states with lifetimes ex-
ceeding a few hundred picoseconds, from which lumines-
cence or photochemical reactions typically can occur. A 
key prerequisite for such behavior is a sufficiently large 
energy gap between the electronic ground state and the 
lowest excited state, but other factors such as what types 
of molecular distortions are associated with an electronic 
excitation and what kinds of molecular vibrations are 
coupled to it play important roles as well. The combina-
tion of all relevant factors leads to a very stringent set of 
criteria that must be fulfilled to obtain compounds with 
long-lived (photoactive) excited states.1 

Inorganic photophysics and photochemistry has long 
focused on six-coordinate metal complexes with low-spin 
4d6 and 5d6 electron configurations.2 The ligand field 
splitting in 2nd and 3rd row transition metals is inherently 
larger than for 3d-metals, shifting d-d excited states to 
higher energies, and this is advantageous because many of 
them are potentially non-emissive due to sizeable mo-
lecular distortions as a result of the promotion of elec-
trons into antibonding metal-ligand orbitals. Combined 
with (chelating) π-acceptor ligands, metal cations such as 
Ru(II), Re(I), Os(II), or Ir(III) therefore often lead to 
complexes that have MLCT states lower than d-d excited 
states. Efficient intersystem crossing enabled by the heavy 
metals then usually populates emissive 3MLCT states ex-
hibiting relatively slow radiative and non-radiative relaxa-
tion. This, along with the fact that the redox properties in 
the 3MLCT states are drastically altered with respect to 
the electronic ground state, makes these complexes so 
interesting for various applications, for example solar en-
ergy conversion or photoredox catalysis.3 

Another key class of photoactive metal complexes is 
comprised of four-coordinate 5d8 complexes made from 

Pt(II) and Au(III), which also benefit from the strong lig-
and fields provided by 3rd row transition metals.4 Thus, 
many of the most frequently investigated photoactive 
complexes are made from precious metals with very low 
abundance in Earth’s crust (Table 1). There has been a 
long-standing interest in photoactive molecular complex-
es made from abundant elements with scattered reports 
on different metals, but Cu(I), Fe(II) and Cr(III) received 
considerable attention from early on. The complete lack 
of possible d-d excitations in the 3d10 configuration makes 
Cu(I) very interesting for MLCT emitters, and in the 3d3 
configuration of octahedral Cr(III) complexes there can 
be low lying d-d states with spin-flip character leading to 
favorably small molecular distortions. Classical Cu(I) α-
diimine complexes have been reviewed extensively and 
will not be considered here.5 Likewise, work on photoac-
tive Cr(III) complexes has been reviewed before and only 
the latest developments will be included here.2, 6 
Table 1. Abundance of some metal elements in 
Earth’s crust (in mass percent).7 

ele-
ment 

abun-
dance 

ele-
ment 

abun-
dance 

ele-
ment 

abun-
dance 

Ru 10-6 Cr 0.01 Zn 0.007 

Re 10-7 Mn 0.091 Zr 0.016 

Os 5⋅10-7 Fe 4.7 Mo 1.4⋅10-4 

Ir 10-7 Co 2.4⋅10-3 Ce 0.006 

Pt 10-6 Ni 7.2⋅10-3 W 1.5⋅10-4 

Au 4⋅10-7 Cu 0.005 U 1.7⋅10-4 

 

Over the past five years a range of conceptually novel 
discoveries regarding photoactive metal complexes have 
been made and this will be the main focus of this Perspec-
tive. Sometimes this progress was driven by physical-
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inorganic chemists aiming to synthesize and explore new 
photoactive complexes based on careful molecular design, 
whilst in other instances progress was made in a more 
serendipitous manner in the course of photoredox stud-
ies. During the latter, occasionally new complexes formed 
as a result of substrate binding, and sometimes it was not 
fully clear what the photoactive species really is. This Per-
spective will only consider isolated, structurally well char-
acterized complexes, and the focus is on complexes with 
excited-state lifetimes in the range of 10 ps to 1 ms in fluid 
solution. The article is structured into different metal 
element sections, considering that sometimes multiple 
oxidation states of the same metal can lead to complexes 
with very different types of photoactive excited states. 

Figure 1. (a) Tanabe-Sugano diagram for the d3 electron con-
figuration in Oh symmetry and (b) potential energy wells for 
key electronic states in Cr(III) spin-flip emitters. 

2. CHROMIUM AND MANGANESE  
Ruby was used to build the first laser, taking advantage 

of the three-level system arising from the 4A2g ground 
state and the 4T2g and 2Eg excited states (in idealized Oh 
point symmetry, Figure 1). Recently, Heinze and cowork-
ers reported on a molecular version of ruby, namely a 
homoleptic Cr(III) complex with two tridentate chelate 
ligands providing a very strong ligand field and nearly 
ideal bite angles (Figure 2a).8 Contrary to most previously 
investigated emissive Cr(III) complexes, [Cr(ddpd)2]3+ has 
a nearly perfectly octahedral CrN6 primary coordination 
sphere. This is important because in lower symmetries 
the relevant energy gaps are reduced, leading to efficient 
non-radiative quenching. [Cr(ddpd)2]3+ emits 2Eg → 4A2g 
(spin-flip) luminescence at 775 nm with a spectacular 
lifetime (τ) of 898 µs and a quantum yield (φ) of 11% in de-
aerated H2O at room temperature (Table 2). For compari-
son, the [Cr(tpy)2]3+ complex (Figure 2b) (tpy = 2,2’:6’,2’’-
terpyridine) has τ < 30 µs and φ = 0.00089% under identi-
cal conditions.8 Ligand deuteration leads to a further im-
provement of the luminescence properties.9 In particular, 
deuteration at the C-atoms in α-position to the N-atom 
has a strong effect, presumably due to the proximity to 
the metal center.10 When replacing the CH3 groups by D-
atoms, the resulting complex exhibits very similar lumi-
nescence properties as the parent compound, indicating 
that the effects of N-methylation and N-deuteration are 

comparable as far as non-radiative relaxation is con-
cerned.11 

Figure 2. Molecular structures of Cr complexes: (a) 
[Cr(ddpd)2]3+;8, 12 (b) [Cr(tpy)2]3+; (c) [Cr(ph2phen)3]3+;13 (d) 
[Cr(CNtBuAr3NC)3] (R = tBu);14 (e) [(Bn-TPEN)Mn(O)]2+-
[Sc(OTf)3]2.15 

The emissive 2Eg state is energetically only ca. 650 cm-1 
below the 2T1g excited state, and consequently the latter is 
thermally populated at room temperature, leading to ad-
ditional 2T1g → 4A2g emission at 738 nm. Temperature var-
iation changes the intensity ratio between 738 (2T1g) and 
775 nm (2Eg) luminescence, and [Cr(ddpd)2]3+ can there-
fore be used as a molecular ratiometric thermometer be-
tween 210 and 373 K in aqueous solution.16 The strong 
ligand field keeps thermal population of the non-
radiatively relaxing 4T2g state inefficient. Aside from these 
favorable variable-temperature emission properties, 
[Cr(ddpd)2]3+ exhibits unusual pressure-dependent lumi-
nescence. Its 2Eg → 4A2g emission red-shifts by up to 14.8 
cm-1/kbar, exceeding the pressure-induced shift in ruby by 
a factor of 20.12 The [Cr(ddpd)2]3+ complex is a good sensi-
tizer of 1O2 via energy transfer whilst concurrent photoin-
duced electron transfer to O2 is less important, enabling 
the selective α-CH activation of amines by 1O2.17 

Photochemical investigations based on electron trans-
fer were recently performed by the groups of Ferreira and 
Shores.13 Their initial studies concentrated on the applica-
tion of the [Cr(ph2phen)3]3+ complex (ph2phen = 4,7-
diphenyl-1,10-phenthroline) as a catalyst for radical-
cation-mediated Diels-Alder cycloadditions (Figure 2c). 
The excited-state oxidation potential of this complex is 
high (1.40 V vs. SCE), and the 2E excited-state lifetime is 
very long (425 µs in 1 M aq. HCl).18 Irradiation  

 



 

Table 2. Valence electron configurations and photophysical properties of some 3d3, 3d5 and 3d6 metal complexes. 

 config. λmax a τ a φ a exc. state 

[Cr(ddpd)2]3+ 3d3 775 nm b 898 µs b/ 2.3 ms c 0.11 b / 0.30 c 2Eg 

[Cr(ph2phen)3]3+ 3d3 744 nm d 425 µs d 0.03 d 2E 

[(Bn-TPEN)Mn(O)]2+-[Sc(OTf)3]2 3d3  6.4 µs e  2E 

[Cr(CNtBuAr3NC)3] 3d6 (ls) 630 nm f 2.2 ns f 10-5 f 3MLCT 

[Fe(imMe-pyH-imMe)3]2+ 3d6 (ls) - 9 ps g 0 3MLCT 

[Fe(imMe-pyCOOH-imMe)3]2+ 3d6 (ls) - 16 ps h / 18 ps i 0 3MLCT 

[Fe(bzimMe-pyCOOH-bzimMe)3]2+ 3d6 (ls) - 26 ps h 0 3MLCT 

[Fe(imiPr-pyH-imiPr)3]2+ 3d6 (ls) - 8.1 ps k 0 3MLCT 

[Fe(imtBu-pyH-imtBu)3]2+ 3d6 (ls) - 260 ps l 0 5T2g 

[Fe(dcpp)2]2+ 3d6 (ls) - 280 ps m 0 3T1g 

[Fe(dctpy)2]2+ 3d6 (hs) - 16 ps n 0 5/7MLCT 

[Fe(btz)3]2+ 3d6 (ls) - 528 ps o 0 3MLCT 

[Fe(btz)3]3+ 3d5 (ls) 600 nm p 100 ps p 3⋅10-4 p 2LMCT 

[Co(dgpy)2]3+ 3d6 (ls) 440 nm q 5.07 ns q 0.007 q 3LMCT 

[Co(dgpz)2]3+ 3d6 (ls) 412 nm q 3.21 ns / 8.69 ns q 0.004 q 3LMCT 

a In CH3CN at room temperature unless otherwise noted; b in deaearated H2O;8 c in Ar-saturated CD3CN;9 d in 1 M aq. HCl;18 e 
in TFE/MeCN;15 f in de-aerated THF;14 g from ref. 19; h from ref. 20; i from ref. 21; k from ref. 22; l from ref. 23; m from ref. 24; n from ref. 
25; o from ref. 26; p from ref. 27; q from ref. 28. (λmax = emission band maximum; MLCT = metal-to-ligand charge transfer; LMCT = 
ligand-to-metal charge transfer). 

into π-π* absorption bands between 300 and 419 nm 
promotes [4+2] cycloaddition reactions with a range of 
different substrates, and the authors noted that this rep-
resents the first application of Cr(III) complexes as photo-
catalysts in organic synthesis.13 Electron-rich dienophiles 
were investigated initially, but subsequent work demon-
strated that electron-deficient dienophiles also yield cy-
cloaddition products.29 In-depth mechanistic studies re-
vealed that 1O2 and O2

- intermediates both play key roles 
in these light-driven cycloadditions.30 Due to its high oxi-
dizing power in its very long-lived excited state, the 
[Cr(ph2phen)3]3+ complex is likely to remain attractive for 
photoredox catalysis.31 
Whilst Cr(III) is a prototype spin-flip d-d emitter, Cr(0) 
can be stabilized in complexes representing classical 
MLCT luminophores. We recently found that a chelating 
diisocyanide ligand with a terphenyl backbone (CNtBu-

Ar3NC) can be used to obtain the homoleptic 
[Cr(CNtBuAr3NC)3] complex which emits from a 3MLCT 
state (Figure 2d).14 The luminescence lifetime of this low-
spin 3d6 complex is short (2.2 ns in de-aerated THF at 20 
°C, Table 2) and its quantum yield is low (10-5), yet the 
mere observation of emission is noteworthy given the fact 
that related isoelectronic Fe(II) complexes are generally 
non-luminescent. Presumably, the metal-centered 3d-d 
and 5d-d excited states leading to very rapid non-radiative 
relaxation in Fe(II) compounds (Figure 3) are raised in 
energy in the strong ligand field of the arylisocyanides, 
making radiative relaxation from the lowest 3MLCT state 
competitive.32 The [Cr(CNtBuAr3NC)3] complex has been 
used successfully as a sensitizer for triplet-triplet annihi-

lation upconversion, showing that its excited-state life-
time is long enough for bimolecular reactions.14 
Whilst photoluminescence from Mn(II) is a common 
phenomenon in the solid state, emission from discrete 
Mn(II) complexes in fluid solution at room temperature is 
rare. A recent study claims that a mononuclear Mn(II) 
complex exhibits excitation wavelength-dependent emis-
sion in fluid solution.33 For a polynuclear Mn(II) com-
pound the situation is much less convoluted, and orange 
emission was unambiguously observable in DMF at room 
temperature.34  
A bis-(tris(carbene)borate) manganese(IV) complex was 
found to exhibit 2E → 4A2 emission at 828 nm in the solid 
state at 80 K, and in addition this complex emitted from 
an LMCT state under the same conditions.35 The perhaps 
most spectacular recent example of a photoactive Mn(IV) 
complex was reported by the groups of Fukuzumi and 
Nam who discovered that a Mn(IV)-oxo complex binding 
Sc3+ ions (Figure 2e) is capable of hydroxylating benzene 
under photoirradiation.15 This [(Bn-TPEN)Mn(O)]2+-
[Sc(OTf)3]2 complex exhibits a 2E state ca. 0.7 eV above 
the ground state with a lifetime of 6.4 µs in a mixture of 
trifluoroethanol and MeCN at room temperature. Ben-
zene quenches this 2E state with a rate constant of 5.6·105 
M-1 s-1, and benzene dimer radical cation is formed. In 
presence of water, this can be exploited for the hydroxyla-
tion of benzene.15 
Mn is much more abundant than Cu and Cr (Table 1), yet 
there has been comparatively little work on discrete Mn 
complexes emitting in fluid solution. 
 



 

   

Figure 3. (a) Tanabe-Sugano diagram for the d6 electron 
configuration (in Oh symmetry) and (b) schematic repre-
sentation of the key potential energy wells for 3d6 Fe(II) 
and Cr(0) complexes.32, 36 

3. IRON AND COBALT 
The search for luminescent Fe(II) complexes as 3d6 ana-

logues of emissive [Ru(α-diimine)3]2+ compounds contin-
ues to be a central theme in coordination chemistry. In 
the past few years, N-heterocyclic carbenes received 
much attention because they tend to impose strong lig-
and fields due to their σ-donor properties.37 As noted 
above for isoelectronic Cr(0),14 this is beneficial because it 
raises the energy of non-radiatively deactivating 3d-d and 
5d-d excited states (Figure 3). Closely related Fe(II) NHC 
complexes were reported by different groups. The 
[Fe(imMe-pyH-imMe)3]2+ complex (Figure 4a) reported by 
the groups of Wärnmark and Sundström was the first 
homoleptic Fe(II) NHC complex to be investigated for its 
photophysical properties.19 Transient absorption studies 
revealed a 3MLCT lifetime of 9 ps (Table 2), but there is 
no emission. 

Later, the [Fe(imMe-pyCOOH-imMe)3]2+ and [Fe(Mebzim-
pyCOOH-bzimMe)3]2+ complexes were reported by the teams 
of Gros and Haacke (Figure 4a/b) to have 3MLCT lifetimes 
of 16 and 26 ps, respectively, (Table 2).20 [Fe(imMe-pyCOOH-
imMe)3]2+ was synthesized independently by Wärnmark 
and coworkers, and a 3MLCT lifetime of 18 ps was report-
ed.21 These unusually long lifetimes are attributable to 
smaller energy differences between MLCT and d-d excited 
states when compared to previously studied Fe(II) 
polypyridyl complexes, making nonradiative relaxation 
via d-d states less efficient. These findings demonstrate 
the usefulness of the design principle of employing 
strongly σ-donating NHC ligands, as pointed out already 
in the initial study by Wärnmark and Sundström,19 as well 
as in several of their later works.36, 38 

Nonradiative relaxation in fac- and mer-isomers of 
iron(II) NHC complexes with a similar FeN2C4 primary 
coordination sphere were found to be different in that the 
mer-isomer showed a steeper path toward the 3d-d mini-
mum than the fac-isomer.39 Furthermore, elongation of 
the Fe-N distance was identified as a main contributor to 
nonradiative excited-state decay. The [Fe(imMe-pyCOOH-

imMe)3]2+ complex (Figure 4a) was used by the team lead 
by Wärnmark, Sundström and Persson in dye-sensitized 
TiO2 solar cells.21 Injection of 3MLCT-excited electrons 
into the semiconductor occurred with a time constant of 
3.1 ps, and an impressive 92% yield for conversion of pho-
tons into photoelectrons was achieved. This became pos-
sible due to the comparatively long 3MLCT lifetime of 37 
ps for this complex (measured on Al2O3 support). 

 

Figure 4. Molecular structures of Fe and Co complexes: (a) 
R= Me, R’ = H: [Fe(imMe-pyH-imMe)3]2+;19 R = Me, R’ = COOH: 
[Fe(imMe-pyCOOH-imMe)3]2+;20a, 21 R = iPr, R’ = H: [Fe(imiPr-pyH-
imiPr)3]2+;22 R = tBu, R’ = H: [Fe(imtBu-pyH-imtBu)3]2+;23 (b) R = 
Me, R’ = COOH: [Fe(bzimMe-pyCOOH-bzimMe)3]2+;20b (c) 
[Fe(dcpp)2]2+;24 (d) Fe(dctpy)2]2+;25 (e) [Fe(btz)3]n+ (n = 2 26, 

38b, n = 3 27); (f) [Co(dgpy)2]3+ (X = CH) and [Co(dgpz)2]3+ (X = 
N).28 

Bauer, Lochbrunner and coworkers performed system-
atic studies and established a correlation between the 
NHC donor count and the 3MLCT lifetime, with a maxi-
mum of 8.1 ps for [Fe(imiPr-pyH-imiPr)3]2+ (Figure 4a) 
among their series of FeN2C4 complexes.22 Whilst the de-
stabilization of 3d-d and 5d-d states plays a key role,36 this 
is not the only important factor. Recent time-resolved X-
ray studies confirmed that the 5d-d state in [Fe(imtBu-pyH-
imtBu)3]2+ (Figure 4a) exhibits very large differences in 
metal-ligand bond lengths relative to the ground state,23 
even when compared to classical Fe(II) spin crossover 
compounds.40 

 



 

Table 3. Photophysical properties of some 3d10 metal complexes. 

 λmax a τ a φ a exc. state 

[Ni(CNAr5NC)2] 510 nm b 0.2 / 1.1 µs b - 3MLCT 

[Ni(CNAr5(th)NC)2] 560 nm b 0.23 / 1.2 µs b - 3MLCT 

[Cu(dpp)2]+ 700 nm c 250 ns c 0.001 c 3MLCT 

[Cu(dbp)(POP)]+ 560 nm d 16.1 µs d 0.16 d 3MLCT 

[Cu(cbz)(P(m-tol)3)2] 415 nm e  -  

[Cu(SArMe2)2]- 675 nm f 7 µs f -  

[Cu(RnB=BRn)Cl] 417 nm g 2.47 ns g 0.18 g 1ILCT 

[(B2IDip2)(CuCl)3] 637 nm h 26.45 µs h 0.29 h 3ILCT/3MLCT 

[(DAC)2Cu]+ 490 nm i 18 µs i 0.65 i 3IL 

[Cu(dtpb)I] 517 nm k 6.5 µs k 0.60 k  

[(PNP)Cu]2 500 nm l 10.2 µs l 0.68 l  

[Zn4O(pyrpy)6] 455 nm m 15 ns m 0.66 m 1IL 

[(PN)2Zn] 455 nm n < 10 ns n 0.088 n  

[(PNNP)Zn]2 537 nm o 2.8 ns / 0.13 ns o  0.93 o LC 

a In CH3CN at room temperature unless otherwise noted; b in frozen toluene at 77 K;41 c in deaerated CH2Cl2;42 d in CH2Cl2;43 e 
from ref. 44; f from ref. 45; g in toluene;46 h in toluene;47 i CH2Cl2 under N2;48 k in CH2Cl2;49; l in cyclohexane;50 m in CH2Cl2;51 n in 
benzene;52 o in C6D6 or C7D8.53 (ILCT = intraligand charge transfer; IL = intraligand excitation). 

Structural aspects were also in the focus of several in-
vestigations of non-NHC Fe(II) complexes with more 
classical tpy-related ligands. In McCusker’s [Fe(dcpp)2]2+ 
the coordination geometry of the metal center is in nearly 
perfectly octahedral geometry (Figure 4c),24 reminiscent 
of the situation in [Cr(ddpd)2]3+ (Figure 2a).8 The resulting 
enhanced directionality of the metal-ligand orbital over-
lap in combination with the low energy of the ligand π* 
orbitals (caused by the carbonyl groups in the backbone) 
leads to increased stabilization of the metal t2g orbitals 
and a consequent increase in ligand field strength by ca. 
600 meV compared to [Fe(tpy)2]2+. This results in a situa-
tion in which the energetic order of the lowest 3d-d and 
5d-d states is likely reversed (Figure 3a). Usually the 5d-d 
(5T2g) state is lowest (Figure 3b), but for [Fe(dcpp)2]2+ the 
observable excited-state lifetime of 280 ps is possibly due 
to the 3d-d (3T1g) state (Table 2). The [Fe(dctpy)2]2+ com-
plex (Figure 4d) is another example where structural as-
pects play a central role.25 In an attempt to decelerate 
non-radiative relaxation, the dctpy ligand was designed 
by Damrauer and coworkers to hinder interligand relative 
motions leading to coupling between MLCT and d-d man-
ifolds. The resulting complex has a high-spin configura-
tion in the ground state, and this permits spin-allowed 
excitation into a 5MLCT state. The ultimate photoproduct 
is either a 5MLCT or 7MLCT excited state which decays 
with a lifetime of 16 ps in fluid solution.25 Investigations of 
analogous complexes where the chloro-substituents on 
the tpy ligand were replaced by F or Br support the view 
that interligand steric interactions can be exploited to 
slow non-radiative relaxation.54 

Some of the most remarkable advances regarding iron 
photophysics were made recently with mesoionic car-

benes such as bis(1,2,3-triazol-5-ylidine) (btz).38b This lig-
and class is even more strongly σ-donating than normal 
NHCs, and the increased number of N-atoms leads to 
favorably low-lying π* orbitals. Indeed, the [Fe(btz)3]2+ 
complex (Figure 4e) exhibits a 3MLCT excited state with a 
record lifetime of 528 ps in CH3CN at room temperature, 
yet no emission was reported.26 Its one-electron oxidized 
form, [Fe(btz)3]3+, exhibits even more spectacular behav-
ior. This 3d5 complexes luminesces from a 2LMCT excited 
state with a lifetime of 100 ps and a quantum yield of 3⋅10-4 
in CH3CN (Table 2).27 This emission is spin-allowed, mak-
ing radiative relaxation very competitive with non-
radiative events, and moreover the potential 4d-d and 6d-
d acceptor states are high in energy at the relaxed 2LMCT 
FeC6 coordination geometry. 

Co(III) has the same d-electron count as Fe(II), and giv-
en the challenges associated with obtaining luminescent 
Fe(II) complexes and the promising results reported for 
isoelectronic Cr(0),14 exploration of Co(III) compounds 
seems fundamentally interesting. The groups of Zysman-
Colman and Hanan synthesized the [Co(dgpy)2]3+ and 
[Co(dgpz)2]3+ complexes (Figure 4f) and found that they 
emit blue 3LMCT emission following excitation in the 
low-energy UV region.28 Luminescence quantum yields 
and excited-state lifetimes are much higher than in the 
Cr(0) case (Table 2).14 Moreover, these Co(III) complexes 
are very strong photooxidants that can be used for the 
trifluoromethylation of polycyclic aromatic hydrocar-
bons.28 Arene C-H trifluoromethylation recently became 
possible via photoinduced homolysis of a Co(III)-CF3 
bond.55 The groups of Fukuzumi and Nam reported on a 
Co(IV)-oxygen complex that was able to engage in elec-
tron transfer with m-xylene and anisole.56 Excited state 



 

electron transfer from cobalt complexes anchored to TiO2 
has been reviewed.57 

4. NICKEL 
Photoactive Ni(II) complexes are receiving much more 

attention since it was found that nickel catalysis cycles 
can involve photoexcited Ni intermediates.58 The groups 
of MacMillan and McCusker demonstrated that the 
[Ni(MeObpy)(ArCF3)(OCOMe)] complex (Figure 5a), an 
isolable model compound for relevant intermediates in 
Ni-mediated coupling reactions, can undergo reductive 
elimination via the intermediacy of a Ni(II) excited state.59 
When suitable sensitizers are present, such excited states 
can be formed via triplet energy transfer. Whilst for this 
particular complex a d-d state was considered the lowest-
energy excited state responsible for the photochemistry, 
the groups of Doyle and Scholes came to a different con-
clusion for a structurally related Ni(II) aryl halide com-
plex.60 For [Ni(tBubpy)(ArMe)(Cl)] (Figure 5b), transient 
absorption studies revealed a 3MLCT state with a lifetime 
of 4.1 ns in fluid solution, and that 3MLCT state readily 
engaged in bimolecular electron transfer reactions. 
3MLCT relaxation seems to be essentially non-radiative in 
this case. Similarly, the [Ni(Mabiq)]+ complex (Figure 5c) 
explored by Hess and Bach is non-luminescent, yet its 
photoexcitation promotes photocatalytic C-C bond for-
mation in presence of sacrificial reductants.61 The 
HOMO-LUMO transition in this case has predominantly 
LLCT character, but contributions from d-d and MLCT 
transitions seem non-negligible. 

Figure 5. Molecular structures of Ni complexes: (a) 
[Ni(MeObpy)(ArCF3)(OCOMe)];59 (b) [Ni(tBubpy)(ArMe)(Cl)] ;60 
(c) [Ni(Mabiq)]+;61 (d) [Ni(CNAr5NC)2];41 (e) 
[Ni(CNAr5(th)NC)2].41 

Aside from square-planar Ni(II), tetrahedral Ni(0) com-
plexes can exhibit long-lived excited states. Given the very 
large number of emissive Cu(I) complexes, it is somewhat 
surprising that only a handful of isoelectronic Ni(0) com-
plexes are known to luminesce.62 The latest advances in 
this area were made with chelating isocyanide ligands, 
leading to the [Ni(CNAr5NC)2] and [Ni(CNAr5

(th)NC)2] 
complexes (Figure 5d/e).41 The respective ligands have 
peripheral aryl rings to restrict planarization in the 

3MLCT excited state,63 a design principle that was inspired 
by the well-known [Cu(dpp)2]+ complex (Figure 6a).42 
Nevertheless, these Ni(0) complexes are only luminescent 
well below room temperature (Table 3). 

Figure 6. Molecular structures of Cu complexes: (a) 
[Cu(dpp)2]+;42 (b) [Cu(dbp)(POP)]+;43 (c) [Cu(cbz)(P(m-
tol)3)2];44 (d) [Cu(SArMe2)2]-;45 (e) [Cu(RnB=BRn)Cl];46 (f) 
[(B2IDip2)(CuCl)3];47 (g) [(DAC)2Cu]+;48 (h) [Cu(dtpb)X], X = 
Cl, Br, I;49 (i) [(PNP)Cu]2.50 

5. COPPER AND ZINC 
As noted in the introduction, the field of luminescent 

Cu(I) complexes is vast and only a selection of recent 
conceptually novel discoveries made in the past few years 
will be considered here. In particular α-diimine Cu(I) 
complexes represent a very well investigated class of 
3MLCT emitters.5 Whilst [Cu(dpp)2]+ (Figure 6a) can be 
considered as a prototype of this family of complexes,42 
higher luminescence quantum yields can be obtained in 
combination with diphosphine ligands (e. g., in 
[Cu(dbp)(POP)]+, Figure 6b) and when sterically demand-
ing substituents are present (Table 3), but this has long 
been known.42-43  

Photoactive Cu(I) complexes are receiving increasing 
attention from the organic synthetic community.64 For 
photoredox catalysis, the lability of 3d-metal complexes 
can be attractive, because it permits relatively facile liga-
tion of substrates to the metal center and the formation 
of substrate complexes that can become the photoactive 
species,65 similar to what is the case with some of the 
abovementioned Ni systems. This principle was exploited 
by the groups of Peters and Fu, who found that the 
[Cu(cbz)(P(m-tol)3)2] complex (Figure 6c) reacts with 
iodo- and bromobenzene to give Ullman coupling prod-
ucts upon UV-irradiation at -40 °C.44 This formed the ba-
sis for a range of photoinduced Ullman couplings with 
various reaction partners where CuI or CuCl was typically 
the metal source, and substrate complexes with Cu(I) 



 

were presumed to be the photoactive species. In some 
cases, this could be corroborated by very detailed mecha-
nistic studies, for example for the photoinduced C-S bond 
formation between aryl thiols and aryl halides.66 The use 
of a sterically somewhat congested arylthiolate permitted 
the isolation of the [Cu(SArMe2)2]- complex (Figure 6d), 
which exhibits a strongly reducing excited state with a 
lifetime of 7 µs (Table 3).45 Photoexcitation of this com-
plex in the presence of aryl iodide substrate leads to a 
Cu(II) thiolate as a result of electron transfer to the aryl 
halide. Subsequent C-S bond formation between the 
formed aryl radical and the thiolate occurs very rapidly 
within the solvent cage according to radical clock experi-
ments. 

Aside from organic photoredox catalysis, Cu(I) com-
plexes are receiving increasing attention in the contexts of 
photochemical hydrogen production and CO2 reduction.67 
However, many of these studies rely on classical Cu(I) 
diimine or diphosphine complexes that will not be con-
sidered here. 

A conceptually novel family of emissive Cu(I) complex-
es was recently reported by the groups of Braunschweig 
and Steffen. Side-on bound π-olefin complexes are well-
known, but analogous compounds with π-bound di-
borenes such as [Cu(RnB=BRn)Cl] (Figure 6e) are very 
rare.46 Whilst π-olefin complexes are usually non-
emissive, [Cu(RnB=BRn)Cl] luminesces with a quantum 
yield of 0.18 in toluene (Table 3). Its short excited-state 
lifetime (2.47 ns) points to fluorescence, but the large 
Stokes shift (6700 cm-1) seems more compatible with 
phosphorescence. In-depth theoretical studies lead to the 
conclusion that this complex emits from a singlet state 
with pronounced intra-ligand charge transfer (ILCT) 
character. The coordination of Cu(I) to the diborene oc-
curs predominantly through electrostatic interactions. In 
a follow-up study, the portfolio of emissive Cu(I) π-
complexes was extended to diborynes.47 The trinuclear 
[(B2IDip2)(CuCl)3] complex (Figure 6f) shows intense or-
ange-red phosphorescence (Table 3). Compared to the π-
diborene complex from above, metal d-orbital contribu-
tions to the HOMO and HOMO-1 in this π-diboryne 
complex are stronger, leading to significant MLCT charac-
ter and more efficient intersystem crossing. 

Cyclic alkyl(amino)carbene (CAAC) ligands recently 
provided access to linear Cu(I) complexes that strongly 
phosphoresce in the solid state,68 contrasting with the 
very efficient non-radiative relaxation behavior commonly 
observed for analogous NHC complexes.69 These im-
proved luminescence properties are intimately linked to 
the fact that CAACs exhibit superior σ-donating and π-
accepting properties than NHCs, and this makes Cu(I) 
CAAC complexes useful for OLED applications.70 Two 
CAAC-CuCl complexes showed concentration-dependent 
luminescence with two peaks in methylcyclohexane, sig-
naling dimer and excimer formation, possibly via µ-
bridging chlorides.71  
The [(DAC)2Cu]+ complex by Thompson and Whittlesey 
(Figure 6g) exhibits an unusually high photoluminescence 

quantum yield of 0.65 in fluid CH2Cl2.48 Its diamidocar-
bene ligands combine reduced σ-donor with enhanced π-
acceptor properties compared to diamino ligands, and 
their steric bulk minimizes excited-state deactivation 
through librational motion of the aryl rings. The phos-
phorescence of [(DAC)2Cu]+ is barely quenched by oxygen 
due to the combined effects of steric protection of the 
metal center by the ligands and the high oxidation poten-
tial of the complex. Steric effects can also be exploited for 
obtaining three-coordinate Cu(I) complexes.49 Congesting 
diphosphine chelate ligands provided access to Cu(I) 
complexes (Figure 6h; X = Cl, Br, I) that phosphoresce 
with high quantum yields in dichloromethane (Table 3) 
and their use in OLEDs lead to very high external quan-
tum efficiencies. These luminescence performances ap-
proach those of Peters’ Cu2N2 diamond core complex re-
ported earlier (Figure 6i).50 
Photoexcitation of dinuclear Cu(II) side-on peroxo com-
plexes at -80 °C was recently observed to lead to a step-
wise one-photon two-electron oxidation chemistry of a 
metal-bound peroxide to O2.72 

Figure 7. Molecular structures of Zn complexes: (a) [Zn(BOX-
OH)2];73 (b) [Zn4O(pyrpy)6];51 (c) [(PN)2Zn];52 (d) 
[(PNNP)Zn]2.53  

Zinc porphyrins remain a popular choice for photosen-
sitization of electron transfer processes, and they are now 
also employed as photoredox catalysts, for example in 
polymerization reactions.74 Other Zn(II) complexes are 
receiving increasing attention as solid state emitters in 
OLEDs or as TADF (thermally activated delayed fluores-
cence) emitters (Figure 7a),73 but studies on Zn(II) com-
plexes that emit in solution are less frequent.75 A series of 
tetranuclear Zn(II) complexes with pyrrolo-pyridine lig-
ands (Figure 7b) exhibits bright blue-green fluorescence 
in CH2Cl2 ([Zn4O(pyrpy)6], Table 3).51 A highly stable Zn5 
cluster has recently been found useful as a biocompatible 
fluorescent probe for detecting small tumors.76 

Given the higher oxidation state of Zn(II) relative to 
isoelectronic Cu(I), MLCT states are usually at significant-
ly higher energies, and this is a key reason why Zn(II) 
complexes have received less attention. The [(PN)2Zn] 
complex (Figure 7c) luminesces weakly in benzene, but 



 

heteroleptic Cu(I) complexes with the same amidophos-
phine chelate and additional monodentate phosphine 
ligands are much stronger emitters.52 The [(PNNP)Zn]2 
complex by Bestgen and Roesky (Figure 7d) luminesces 
with a quantum yield of 0.93.53 The emission was attribut-
ed to ligand-centered luminescence. 

6. ZIRCONIUM 
As is evident from the prior sections, LMCT emitters 

are yet relatively rare among complexes with earth-
abundant metals. This makes the recent discoveries of 
luminescent Zr(IV) complexes all the more interesting. 
Bellemin-Lapponaz, Dargorne, and coworkers used a ter-
dentate bis(aryloxide) NHC ligand to synthesize homo-
leptic air-stable Ti(IV), Zr(IV), and Hf(IV) complexes 
(Figure 8a).77 [Zr((ArO)2NHC)2] luminesces with a band 
maximum at 485 nm and a quantum yield of 0.08 in de-
aerated CH2Cl2 at 25 °C. The corresponding Hf(IV) com-
plex is also emissive.77 

The Milsmann group synthesized the [Zr(MeDPD)2] 
complex (Figure 8b) and found that it luminesces with a 
band maximum at 594 nm and a quantum yield of 0.08 in 
deoxygenated THF.78 The emission lifetime is 325 µs and 
strong quenching is observed in presence of O2, clearly 
indicating a phosphorescence process (Table 4).78 This 
long-lived triplet state can be quenched reductively by 
suitable sacrificial donors, and the resulting [Zr(MeDPD)2]- 
species (also isolated as a crystalline solid) is a very strong 
reductant with Eox = -2.16 V vs. Fc+/0. This has been ex-
ploited for photoredox catalysis.78-79 Combined computa-
tional and experimental studies lead to the conclusion 
that the emissive state has mixed 3LMCT and 3IL charac-
ter.79 More recently, the Milsmann group synthesized and 
explored a related complex, [Zr(MeCNN)2], with C^N^N 
chelating ligands.80 In deaerated benzene solution that 
complex exhibits a luminescence lifetime of 412 µs and a 
quantum yield of 0.18 (Table 4). 

Unfortunately, structurally analogous Ti(IV) complexes 
with the ((ArO)2NHC) and MeDPD ligands were non-
luminescent.77-78 With other ligands, luminescent Ti(IV) 
complexes are accessible, but so far essentially ligand-
based fluorescence was observed.81 Zr is a 2nd row transi-
tion metal, but a quite abundant one (Table 1). 

7. MOLYBDENUM AND TUNGSTEN 
Mo(0) is isoelectronic with Ru(II) and consequently it 

seemed attractive to synthesize and explore a Mo ana-
logue of [Ru(bpy)3]2+ (bpy = 2,2’-bipyridine). Monodentate 
isocyanides had long been known to stabilize zero-valent 
group 6 metals, and recent studies on W(0) arylisocya-
nides provided the final inspiration.82 The 
[Mo(CNMeAr3NC)3] complex (Figure 8c) has three chelat-
ing diisocyanide ligands and exhibits optical spectroscop-
ic properties that are strongly reminiscent of those of 
[Ru(bpy)3]2+.83 MLCT absorptions in the blue-green spec-
tral range are responsible for its orange color, and 3MLCT 
luminescence with lifetimes around 100-200 ns and quan-
tum yields up to 0.045 were observed (Table 4). An im-
portant difference to [Ru(bpy)3]2+ is of course the compar-
atively high reducing power of the 3MLCT-excited Mo(0) 

complex (Eox = -2.5 V vs. Fc+/0),32 and this can be exploited 
for photoredox catalysis, for example the light-driven re-
arrangement of an acyl cyclopropane into a 2,3-
dihydrofuran.83  

Figure 8. Molecular structures of Zr, Mo and W complexes: 
(a) [Zr((ArO)2NHC)2];77 (b) [Zr(MeDPD)2];78-79 (c) 
[Mo(CNMeAr3NC)3] (R = Me);83 (d) R = iPr, R’ = H: 
[W(CNdipp)6]; R = iPr, R’ = C6H5: [W(CNdippPh)6];82 (e) 
[W(CPh)(dppe)2Cl];84 (f) [WO2(PhONNOPh)];85 (g) 
[WO2(Ph2quin)2].85 

Before this development with chelating diisocyanide 
ligands and Mo(0) became possible in the Wenger group, 
a series of W(0) complexes with monodentate arylisocya-
nides had been reported by Gray, Winkler and cowork-
ers.82 As a 5d metal, tungsten is inherently more substitu-
tion-inert than the lighter group 6 elements, and there 
was no need for chelating ligands in order to obtain 
brightly emissive W(0) complexes. The ligands in this 
case were arylisocyanides comprised of single phenyl 
rings, biphenyls, or terphenyls equipped with bulky sub-
stituents in α-position to the NC groups.32, 82 Whilst the 
[W(CNdipp)6] parent compound (Figure 8d) has an excit-
ed-state lifetime of 122 ns and a luminescence quantum 
yield of 0.03 in deaerated toluene (Table 4), these proper-
ties are both improved by more  



 

Table 4. Valence electron configurations and photophysical properties of some 4d and 5d metal complexes. 

 config. λmax  τ  φ  exc. state 

[Zr((ArO)2NHC)2] 4d0 485 nm a  0.08 a  

[Zr(MeDPD)2] 4d0 594 nm b 325 µs b 0.08 b 3LMCT/3IL 

[Zr(MeCNN)2] 4d0 565 nm c 412 µs c 0.18 c 3LMCT/3IL 

[Mo(CNMeAr3NC)3] 4d6 596 nm d 225 ns d 0.045 d 3MLCT 

[W(CNdipp)6] 5d6 575 nm e 122 ns e 0.03 e 3MLCT/3IL/3LLCT 

[W(CNdippPh)6] 5d6 617 nm e 1.73 µs e 0.41 e 3MLCT/3IL/3LLCT 

[W(CPh)(dppe)2Cl] 5d2 668 nm f 303 ns f 0.017 f 3[dxy → π*] 

[WO2(PhONNOPh)] 5d0 600 nm g 96.9 µs g 0.028 g 3IL 

[WO2(Ph2quin)2] 5d0 515/ 614 nm g 42.0 µs g 0.012 g 1IL/3IL 

a in deaerated CH2Cl2;77 b in deaerated THF;78-79 c in deaerated benzene;80 d in deaerated n-hexane;83 e in deaerated toluene;82 f 
in deaerated toluene;84a g in deaerated CH2Cl2.85 

than an order of magnitude in [W(CNdippPh)6] (Figure 
8d, Table 4). [W(CNdipp)6] is an extremely strong photo-
reductant (Eox = -3.0 V vs. Fc+/0), able to reduce benzo-
phenone to its ketyl radical anion. Combined transient 
infrared and computational studies demonstrated that 
the emissive states have mixed MLCT, LLCT, and intra-
ligand character.86 

Aside from these W(0) arylisocyanides, tungsten alkyli-
dyne complexes represent an important class of photoac-
tive complexes. This field has been reviewed,87 but there 
are important recent developments. Particularly promis-
ing are d2 tungsten alkylidynes of the type trans-
[W(≡CAr)L4X] where L is a neutral and X an anionic lig-
and (Figure 8e). The first oxidation potentials of these 
complexes are tunable over a range greater than 2 Volts 
through ligand variation.88 Many of these complexes are 
luminescent in solution at room temperature, exhibiting 
excited-state lifetimes between 10 and 500 ns combined 
with quantum yields around 10-4 to 10-2.87 The emissive 
states are so-called 3[dxy → π*] states, since the HOMO is 
usually a metal dxy-orbital whilst a π*(W≡CAr) orbital is 
commonly the LUMO. The [W(CPh)(dppe)2Cl] complex 
(Figure 8e) was recently used for dihydrogen activation.84b 
Its one-electron oxidized (d1) form reacts with H2 to give 
the d0 hydride complex [W(CPh)(H)(dppe)2Cl]+, which 
can be deprotonated to yield the emissive 
[W(CPh)(dppe)2Cl] (d2) chromophore. The latter has an 
excited-state lifetime of ca. 300 ns (Table 4) and is a 
strong reductant.84a The observed reactivity of its one-
electron oxidized form with H2 opens the unique possibil-
ity to regenerate the oxidized photoredox catalyst with 
hydrogen rather than with commonly used sacrificial 
electron donors.84b This seems highly interesting for solar 
energy conversion. 

A recently reported series of W(VI) dioxo complexes 
with conjugated Schiff base (Figure 8f) or quinolinolate 
ligands (Figure 8g) exhibits intra-ligand phosphorescence 
with quantum yields in the range of 0.001 – 0.028 in 
CH2Cl2 (Table 4).85 For several of the quinolinolate com-
plexes, for example [WO2(Ph2quin)2] (Figure 8g), dual fluo-
rescence (515 nm) and phosphorescence (614 nm) occurs, 

and this can be exploited for ratiometric O2 sensing. Both 
types of complexes are useable as photoredox catalysts as 
exemplified by the light-induced cyanation of tertiary 
amines.  The absence of deactivating d-d states in W(VI) 
makes these compounds further attractive for OLED ap-
plications. 

8. CERIUM 
Cerium is more abundant in Earth’s crust than copper 

(Table 1), and it is easily separated from other lanthanides 
by oxidation chemistry. It has long been known that 
Ce(III) has an emissive electronic excited state which is 
4f05d1 in nature, but this fact has only relatively recently 
been exploited systematically in molecular complexes in 
fluid solution. The group of Su encapsulated Ce(III) in 
several tripodal polybenzimidazole ligands.89 The result-
ing complexes have a CeN8 coordination sphere, and the 
[Ce(triPrNTB)2]3+ complex (Figure 9a) emits in ethanol at 
298 K. The emission is broad and consists of two overlap-
ping bands due to electric-dipole allowed 5d → 4f transi-
tions to the 2F5/2 and 2F7/2 states derived from the 4f1 
ground state electron configuration, as commonly ob-
served for Ce(III). The emission quantum yield is high 
(0.55, Table 5), and this was attributed to shielding of the 
metal center by the tripodal encapsulating ligand. 

The Schelter group along with the team of Anna has 
been very actively researching luminescent Ce(III) com-
plexes and photosensitizers in recent years. Car-
bodiimides, R-N=C=N-R (R = iPr, Cy), were used to form 
insertion products with Ce[N(SiMe3)2]3 to result in the 
bright green emitting Ce[(Me3Si)2NC(NiPr)2][N(SiMe3)2]2 
and Ce[(Me3Si)2NC(NCy)2][N(SiMe3)2]2 complexes (Figure 
9b).90 The 5d → 4f photoluminescence quantum yields of 
these two guanidinate complexes (0.46 and 0.54, Table 5) 
are much higher than that of the parent amide complex 
Ce[N(SiMe3)2]3 (0.03). The 5d → 4f emissions (involving 
the essentially non-bonding 5dz2-orbital) are electric-
dipole allowed and hence the excited-state lifetimes are in  



 

Table 5. Valence electron configurations and photophysical properties of some Ce complexes exhibiting 5d → 4f 
emission. 

 λmax  τ  φ  

[Ce(triPrNTB)2]3+ 429 / 468 nm a ∼50 ns a 0.55 a 

Ce[(Me3Si)2NC(NiPr)2][N(SiMe3)2]2 518 nm b 67 ns b 0.46 b 

Ce[(Me3Si)2NC(NCy)2][N(SiMe3)2]2 523 nm b 61 ns b 0.54 b 

Ce[(Me3Si)2NC(NiPr)2]3 459 nm c 83 ns c 0.81 c 

[CeCl6]3- ∼360 nm d 22.1 ns d 0.61 d 

a in EtOH;89 b in toluene;90 c in toluene;91 d in CH3CN with 0.1 M Et4NCl.92

the nanosecond range (Table 5). Importantly, these excit-
ed states are strongly reducing (Eox ≈ -2.3 V vs. Fc+/0), and 
this can be exploited for example for the light-driven re-
duction of benzyl chloride via an inner-sphere process, or 
for catalytic arylations of benzene leading to biphenyls.90 
The inner-sphere reactivity of 
Ce[(Me3Si)2NC(NiPr)2][N(SiMe3)2]2 is contrasted by the 
outer-sphere redox chemistry displayed by the homolep-
tic tris(guanidinate) complex Ce[(Me3Si)2NC(NiPr)2]3 (n = 3 
in Figure 9b).91 Steric encumbrance around the Ce(III) 
cation presumably prevents substrate binding in that 
case. Among the entire guanidinate-amide mixed-ligand 
series (n = 0 – 3 in Figure 9b), the luminescence quantum 
yield increases with increasing number of guanidinate 
ligands, reaching a maximum of 0.81 for 
Ce[(Me3Si)2NC(NiPr)2]3 (Table 5). The trend of increasing 
quantum yields is paralleled by a trend of decreasing 
Stokes shifts, suggesting that decreasing excited-state 
distortions contribute to the improved emission proper-
ties when more guanidinate ligands are present. Partly as 
a result of the large variations in Stokes shifts, the emis-
sion color is tunable, leading to band maxima between 
459 and 553 nm in toluene. Similar trends were observed 
for a guanidinate-aryloxide mixed-ligand series of Ce(III) 
complexes (Figure 9c).91 

Figure 9. Molecular structures of Ce complexes: (a) 
[Ce(triPrNTB)2]3+, R = nPr;89 (b) guanidinate-amide com-
plexes: R = iPr, n = 1: Ce[(Me3Si)2NC(NiPr)2][N(SiMe3)2]2;90 R = 
Cy, n = 1: Ce[(Me3Si)2NC(NCy)2][N(SiMe3)2]2;90 R = iPr, n = 3: 
Ce[(Me3Si)2NC(NiPr)2]3;91 (c) guanidinate-aryloxide com-
plexes: Ce[(Me3Si)2NC(NiPr)2]n(OAr)3-n, R = iPr, n = 0 – 3.91 

Further studies demonstrated that the quantum yields 
of tris(guanidinate) complexes correlate with the steric 
demand of the group appended to the guanidinate ligand, 

and the N(SiMe3)2 group seems in fact optimal.93 As in 
many previously investigated lanthanide complexes, ex-
clusion of solvent molecules from the coordination sphere 
is of key importance for obtaining high luminescence 
quantum yields. 

The hexachlorocerate(III) anion is readily formed from 
CeCl3 in CH3CN in presence of excess Et4NCl. [CeCl6]3- is 
air- and moisture-stable, and following UVA excitation it 
exhibits 5d → 4f emission at ∼360 nm with a lifetime of 
22.1 ns and a quantum yield of 0.61 in CH3CN with 0.1 M 
Et4NCl.92 This emissive excited state is extremely strongly 
reducing (Eox = -3.45 V vs. Fc+/0), and this permits the stoi-
chiometric dehalogenation of a variety of aryl chlorides 
under UVA irradiation. In the presence of excess toluene, 
the [CeCl6]2- oxidation product can be regenerated, and 
the dehalogenation of chlorobenzenes became viable with 
catalytic quantities of Ce using long UV irradiation times 
(3-6 days). More recently, the Schelter group used the 
[CeCl6]3- photoreductant for the light-driven Miyaura 
borylation of haloarenes.94 

The group of Zuo found that Ce(IV) alkoxide complexes 
can be activated by light through LMCT excitation, lead-
ing to the generation of alkoxy radicals, and this is useful 
for photoredox catalysis.95 Very recently, the combination 
of LMCT excitation of Ce photocatalysts and HAT cataly-
sis was exploited for the selective functionalization of 
methane, ethane, and higher alkanes.96 
9. SUMMARY AND OUTLOOK 

Precious metal complexes have long dominated inor-
ganic photophysics and photochemistry, and they will 
likely continue to be important for many applications. 
Certain classes of photoactive base metal complexes have 
long been explored as well, but in recent years they are 
receiving much increased attention. Research in that area 
has become considerably broader, encompassing a diverse 
range of metal elements and different types of photoac-
tive electronic excited states. Essentially all developments 
discussed herein were reported over the past 5 years, and 
there were others that could not be considered within the 
framework of this Perspective. 

In some cases important new discoveries were made 
with metal ions that have long been on the radar of physi-
cal-inorganic chemists, for example with regard to Cr(III), 
Fe(II), Co(III), or Cu(I). Clever ligand design played a cen-



 

tral role in many of these cases, sometimes inspired by 
lessons learned from research on precious metal com-
plexes. In other cases, breakthroughs became possible as 
a result of the emerging interest in photoredox catalysis 
and the fact that a different community of researchers 
with a different mindset started to explore the possible 
photoactivity of a variety of metal complexes; Ni(II) is a 
good example of this type. In yet other cases, less com-
mon but long known coordination motifs were integrated 
into new (chelating) ligand types, giving access to metal 
complexes with highly promising photophysical and pho-
tochemical properties, for example in the cases of Cr(0), 
Ni(0), Mo(0), and W(0) isocyanides. Whilst MLCT emit-
ters continue to play a central role, creative ligand design 
did also provide access to new LMCT luminophores, for 
example with Fe(III) or Zr(IV). Last but not least, among 
the f-elements molecular complexes of Ce(III) have been 
demonstrated to be applicable for a range of different 
photophysical and photochemical applications when em-
bedded in proper coordination environments. 

Aside from these synthetic advances brought about by 
creative minds and modern preparative methods, the field 
benefits from significant technological developments. 
UV-Vis transient absorption spectroscopy is becoming 
increasingly amenable in the form of reliable benchtop 
instruments, nowadays on timescales even below a few 
nanoseconds down to hundreds of femtoseconds. Transi-
ent infrared spectroscopy is getting more popular and will 
likely grow in importance. At the same time, time-
resolved X-ray measurements and other synchrotron-
based techniques become more broadly available in many 
different countries. These techniques will help to probe 
the molecular distortions associated with electronic exci-
tations even in very short-lived excited states, and this 
will likely provide important insights in the future. Fur-
thermore, input from computational chemistry is likely to 
become increasingly useful.97 

From a physical-inorganic viewpoint, it will be interest-
ing to see what further developments are possible with 
Fe(II), in particular whether such complexes can become 
MLCT emitters in solution at room temperature. There 
might be other isoelectronic alternatives such as the ex-
ample of Cr(0) discussed above. Likewise, several options 
for new spin-flip ligand-field emitters with d2 or d3 va-
lence electron configurations seem within reach; Mn(IV) 
is only one possible example.15, 35 The recent spectacular 
discoveries of luminescent Fe(III) and Zr(IV) complexes 
are likely to stimulate further advances in the somewhat 
underexplored area of LMCT emitters. 

From the organic photoredox point of view, the lability 
of 3d-metals seems attractive because it permits relatively 
facile ligation of substrates to the metal center, and the 
resulting complexes can become the key photoactive spe-
cies. Cu(I) and Ni(II) complexes are likely to receive in-
creasing attention for this reason,98 and such investiga-
tions will nicely complement photoredox studies made 
with organic sensitizers as alternatives to precious-metal 
based systems.99  

From the materials viewpoint, sensitizers for semicon-
ductor solar cells and new luminophores made from 
earth-abundant metals remain very timely topics. In par-
ticular Fe(III), Cr(0), Co(III), and/or other d6 congeners 
now look more promising than ever for such applications. 
The combination of base metal photosensitizers with CO2 
or proton reduction catalysts made from earth-abundant 
metals is likely to become another hot topic in the near 
future, stimulated by important recent progress on the 
side of the reduction catalysts.100  

For more biologically oriented applications, for example 
the photochemical uncaging of bioactive molecules such 
as CO or NO, 3d-metal complexes remain inherently in-
teresting due the dissociative nature of the relevant d-d 
excitations,2 yet for applications in photodynamic thera-
py, chemical robustness will likely be a key issue.101 

Evidently the field of photoactive base metal complexes 
is flourishing, partly owed to the experience of well-
established researchers and partly driven by a new gener-
ation of investigators with backgrounds in different areas. 
What is needed now are further creative, conceptually 
novel, and sometimes unconventional approaches like the 
ones seen over the past 5 years, leading to the discovery of 
fundamentally new types of photoactive metal complexes. 
When combined with modern (time-resolved) spectro-
scopic methods to unravel excited-state distortions and 
deactivation processes, much important progress can be 
anticipated. Nonradiative relaxation processes remain 
very difficult to probe and controlling them continues to 
be a bottleneck in the search for new photoactive metal 
complexes with electronic excited states that do not deac-
tivate very rapidly. 
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