
 
 
 
 

Heriot-Watt University 
Research Gateway 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

 

Application of Discrete First-Row Transition-Metal Complexes as
Photosensitisers

Citation for published version:
Behm, K & McIntosh, RD 2020, 'Application of Discrete First-Row Transition-Metal Complexes as
Photosensitisers', ChemPlusChem, vol. 85, no. 12, pp. 2611-2618. https://doi.org/10.1002/cplu.202000610

Digital Object Identifier (DOI):
10.1002/cplu.202000610

Link:
Link to publication record in Heriot-Watt Research Portal

Document Version:
Peer reviewed version

Published In:
ChemPlusChem

Publisher Rights Statement:
This is the peer reviewed version of the following article: K. Behm, R. D. McIntosh, ChemPlusChem 2020, 85,
2611, which has been published in final form at https://doi.org/10.1002/cplu.202000610. This article may be
used for non-commercial purposes in accordance with Wiley Terms and Conditions for Use of Self-Archived
Versions.

General rights
Copyright for the publications made accessible via Heriot-Watt Research Portal is retained by the author(s) and /
or other copyright owners and it is a condition of accessing these publications that users recognise and abide by
the legal requirements associated with these rights.

Take down policy
Heriot-Watt University has made every reasonable effort to ensure that the content in Heriot-Watt Research
Portal complies with UK legislation. If you believe that the public display of this file breaches copyright please
contact open.access@hw.ac.uk providing details, and we will remove access to the work immediately and
investigate your claim.

Download date: 23. May. 2023

https://doi.org/10.1002/cplu.202000610
https://doi.org/10.1002/cplu.202000610
https://researchportal.hw.ac.uk/en/publications/0fd9dfe9-2941-4c56-8ac3-daedab9eaac0


MINIREVIEW          

1 
 

The Application of Discrete First-Row Transition-Metal 
Complexes as Photosensitisers 
Kira Behm[a] and Ruaraidh D. McIntosh*[a] 

 

[a] Kira Behm, Dr. Ruaraidh D. McIntosh 
Institute of Chemical Sciences 
Heriot-Watt University 
Edinburgh, EH14 4AS 
R.McIntosh@hw.ac.uk  

 

This mini-review summarises and critically evaluates recent 
advances in the utilisation of discrete first row transition metal 
(TM) complexes as photosensitisers. Whilst many compounds 
absorb light, TM complexes are generally more desirable for 
photochemical applications, as they usually exhibit strong 
absorption of visible light, making them ideally suited to 
exploiting the sun as a freely available light source. Due to their 
outstanding activities, precious metals, such as iridium and 
ruthenium, are currently still at the forefront of photochemistry 
research. However, they also bear disadvantages with respect to 
abundance, cost and toxicity. Therefore, it is desirable to move 
to more abundant and less expensive systems that retain good 
photosensitising abilities. This mini-review will focus on first row 
transition metals, specifically titanium, copper, iron and zinc, 
which have become the focus of increased attention over recent 
years as potential replacements for noble metals as 
photosensitisers. Their structure-activity relationships are 
explored and challenges in designing the ligands and complexes 
are discussed.  

1. Introduction 

Utilising energy in the form of light to drive chemical reactions has 
been of critical interest for many years. Semiconductors, such as 
TiO2 or ZnO, and their photosorption of small molecules under UV 
light irradiation, were studied over sixty years ago.[1-2] Since then, 
the application of semiconductors as heterogeneous 
photocatalysts has been rapidly expanding to include photolysis 
of water,[3] utilisation in solar cells[4] and, more recently, organic 
synthesis.[5] However, the field is not limited to heterogeneous 

systems, and the development of efficient homogeneous 
photocatalysts is an ever-growing area of research. While many 
systems absorb UV light (<400 nm), the ultimate goal is to find 
ways to harvest visible light (400-700 nm), as this makes up the 
majority of sunlight.[6] Discrete transition metal (TM) complexes 
are ideal candidates to combine both homogeneity and the ability 
to tune the absorption properties in order to absorb in the visible 
region of the electromagnetic spectrum (Figure 1). These features 
have been exploited extensively in TM catalysts for photoredox 
reactions where complexes of precious metals, such as Ir and Ru, 
have been widely studied. Examples of such TM photocatalysts 
can be found in publications by MacMillan[7-8] or Yoon,[9-10]  where 
the application in organic synthesis is investigated. 
While photoredox catalysis proceeds via electron transfer events, 
this review will be focussing on photosensitisation, which depends 
on energy transfer.[11-12] Most commonly, organic compounds, 
such as dyes, have been studied as photosensitisers (PSs).[13-14] 
However, more recently, homogeneous complexes of Ir,[15] Ru,[16-

17] Re,[15, 18] Os[16] and Pt[19] have been the focus of much attention.  
A common example of a photosensitisation reaction is the 
generation of singlet oxygen, which due to its reactive nature is 
frequently trapped with organic compounds such as α-terpinene 
or dihydroxynaphthalene.[20-21] Initially, the reaction proceeds via 
excitation of the PS through absorption of a single photon, 
generating a high energy singlet state. Following an internal 
intersystem crossing to a triplet excited state, the PS can then 
transfer its energy to ground state molecular oxygen (3O2), 
generating metastable excited state singlet oxygen (1O2) in the 
process (Figure 2). To maximise the efficiency of the 
photosensitisation, the PS needs to have a reasonably long-lived 
triplet excited state to facilitate the transfer of energy to the ground 
state oxygen molecule.[22-24] 
Although complexes of precious metals are well established in the 
field of photosensitisation, first row TM complexes have attracted 
more attention in recent years, due to advantages with respect to 
abundance, cost, and in some cases, toxicity. The reports of first 
row TM complexes, with well-defined applications as PSs, is 
currently dominated by a relatively small number of elements; Ti, 
Cu, Fe and Zn. Correspondingly, these metals are the focus of 
this mini-review, which aims to summarise recent advances in the 
field, highlight ongoing challenges and provide an outlook on 
future developments. 
 Figure 1. Electromagnetic spectrum. 
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2. General mechanisms 

Photocatalysis proceeds via charge transfer mechanisms while 
photosensitisation is based on energy transfer from the PS to a 
substrate, which becomes activated to undergo further chemical 
transformations.[12] Photosensitisation is often preferred when 
direct absorption of light by the substrate proves difficult due to 
low absorption coefficients or competing photophysical events, 
such as fluorescence. Most commonly, triplet PSs are reported in 
the literature and an illustration of its photosensitisation cycle is 
shown in Figure 2.[13] 

Key to an efficient PS is the availability of low energy, accessible 
valence excited states. For TM complexes, these usually 
correspond to metal-to-ligand charge transfer (MLCT), or in some 

cases ligand-to-metal charge transfer (LMCT) states. First row 
TMs also possess low energy metal centred (MC) states, which 
make electron transfer to ligand-based states less favourable 

(and therefore the complexes less suited to photosensitisation 
reactions), however, these MC states are not commonly found in 
second or third row TMs, owing to larger d orbital splitting. Indeed, 
the absence of MC states in precious metals, such as Ru or Ir, 
and the presence of long-lived and low-lying MLCT excited states, 
provides these elements with an inherently advantageous 
electronic structure and is primarily responsible for their excellent 
activities as PSs.[25]  
 

3. Examples of first row transition metal 
photosensitisers 

3.1. Titanium photosensitisers 

Ti in the various forms of TiO2, has been shown to have 
outstanding photophysical properties, which have resulted in it 
becoming the ubiquitous heterogeneous photocatalysts.[26-27] 
Additionally, the TiO2 surface can be readily modified to adjust its 
absorption properties and subsequent photocatalytic activity.[6, 28] 
Surprisingly, although Ti is abundant, inexpensive and non-toxic, 
discrete Ti complexes have only been sparsely studied as PSs. 
To the best of our knowledge, the only example of a molecular Ti 
PS to date, exploring the generation of 1O2 with bimetallic Ti 
complexes under flow conditions, has recently been published by 
McIntosh and co-workers.[29] The systems utilised consist of Ti-O-
Ti moieties framed by amine bis(phenolate) ligands (complex 1), 
which can be readily synthesised on large scales and 
straightforwardly modified by altering the peripheral substituents. 
These bimetallic complexes exhibit excellent air- and moisture-
stability, and more importantly, absorb visible light. Therefore, 
blue LEDs (420 nm) could be used to irradiate the reaction 
mixture and generate 1O2, which was detected via the conversion 
of α-terpinene to ascaridole (Figure 3). 

Further, the first example of a molecular Ti photoredox catalyst 
was only reported very recently.[30] In this publication, a titanocene 
complex was irradiated with green LEDs (530 nm) and used to 
promote the reduction and cyclisation of epoxides. Although not 
strictly a PS, this photoredox catalyst is included at this point, in 
order to display the scarcity of reports of photoactive Ti complexes 
and highlight the opportunities for future research, which may 
arise from these two innovative examples. As further examples 
emerge, it will be possible to draw parallels between their 
activities and begin to define the features responsible for their 
photochemical behaviour.  

3.2. Iron photosensitisers 

Fe is one of the most abundant elements in the earth’s crust, but 
its applications in PSs are currently limited due to low energy MC 
states, which make excitation to MLCT states unfavourable. 

 
 
 

 

  
 

Figure 3. Triplet photosensitisation cycle for the generation of 1O2. 

Figure 2. Example of a bimetallic titanium amine bis(phenolate) complex (1) 
(left) and transformation of α-terpinene into ascaridole with 1O2 (right). 
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Recent studies, however, have shown that ligand design can 
significantly improve the lifetime of the MLCT excited states in Fe 
complexes.[25, 31] Good examples of this are N-heterocyclic 
carbenes (NHCs), such as in complex 2 (Figure 4). By utilising 

these ligands, the MC states can be destabilised, which 
significantly lengthens the excited state lifetime by two orders of 
magnitude compared to [FeN6]2+.[32] 

[Ru(bpy)3]2+ complexes are excellent PSs but surprisingly, similar 
complexes where the metal is exchanged for the first row element 
in the same group are ineffective for photosensitising applications. 
For example, Fe-polypyridyl analogues of [Ru(bpy)3]2+ exhibit a 
promising bathochromic shift of the absorption maximum in their 
UV-vis absorption spectrum compared to the Ru species, but this 
does not translate into a potent PS. Fe(II) NHC complexes, 
however, can be used as PSs in photovoltaic devices.[33] By 
anchoring the Fe complexes on a TiO2 surface, a dye-sensitised 
solar cell was created, without the need for precious metal-
containing dyes. Similar studies have shown that the excited state 
lifetime can be extended even further by attaching the Fe(II) NHC 
complex to an Al2O3 surface.[34] Moreover, Fe can be used to 
create efficient PSs when combined with another metal atom, 
rather than relying on the ligands attached to Fe. A heteroleptic 
Fe(II) complex (3) with a tripyridine and NHC ligands has been 
proved to be an efficient PS for the splitting of water when used 
in combination with a Pt water reduction catalyst.[35] Although the 
activity of this Fe PS was much lower compared to the commonly 
used Ir analogues, the significant reduction in cost makes these 
complexes worth investigating for future improvements. Further, 
a heteroleptic Fe(II) NHC complex was incorporated into a hetero-
bimetallic system by linking it to a Co dimethylglyoxime complex 
through a bridging bipyridine ligand.[36] The combination of the 
metal centres was shown to extend excited state lifetimes in the 
Fe PS, while simultaneously lowering their energies, making the 
MLCT excited states more accessible. This bimetallic system 
consisting of only first row TMs is encouraging with respect to the 
future development of abundant and inexpensive dual systems for 
the reduction of water or CO2. Other examples of Fe PSs include 
an Fe(III) porphyrin complex, which has shown promising 
potential for application in photodynamic therapy (PDT).[37] 
Further Fe species, with promising luminescence properties, 
include [Fe(btz)3]2+ complexes[38] and a recently reported tris-
carbene complex [Fe(phtmeimb)2]

+ (where phtmeimb is 
phenyl[tris(3-methylimidazol-1-ylidene).[39] The latter complex 
exhibits an improved LMCT excited state lifetime over Fe-
polypyridyl complexes which, when paired with its photostability, 
represents a feasible alternative to [Ru(bpy)3]2+ PSs. The 
structure-activity relationships of these complexes are well 
studied and it has been shown that each of them can be classified 
within a relatively small number of groupings based upon the 

ligand design. This provides us with several, well-defined 
strategies to design the formation of active Fe PSs. A detailed 
explanation of the classification system and its origins is provided 
in the excellent review article by Wenger.[38]  

3.3. Copper photosensitisers 

Among the first row TMs, Cu complexes are probably the most 
commonly studied examples of molecular PSs, as they combine 
sufficiently long excited state lifetimes with the strong absorption 
of visible light. Predominately, the reported examples consist of 
heteroleptic Cu complexes (4) containing diimine and 
diphosphine ligands (Figure 5). These are of particular interest, 
as the lifetime of the excited state can be manipulated by altering 
the substituents on the ligand framework.[40] The lability of these 
ligands poses a challenge and these complexes are thought to 
undergo dissociation of the diphosphine ligands and rearrange to 
form equilibria of homoleptic bis-diimine complexes.[41] 
Furthermore, their use is currently limited by the uncertainty over 
the nature of their excited state.[42] Upon photoexcitation, a 
geometric reorganisation of the complex is observed, 
transforming the pseudo-tetrahedron into a more flattened shape. 
This then spatially allows for coordination of a solvent molecule to 
the metal centre, forming a low energy excited state, also called 
‘exciplex’ (5), which is relaxed back to the ground state readily 
through emissive decay, thereby shortening the excited state 
lifetime of the complex. In order to obtain efficient PSs, the 
dependence between photoexcitation and geometrical changes 
needs to be determined definitively. 
In recent efforts to replace precious metal PSs in photovoltaic 
applications, Cu complexes have been investigated as viable 
alternatives. For example, Cu(I) complexes with 
bis(arylimino)acenaphthene (BIAN) ligands (6) have been found 
to be efficient PSs for use in dye-sensitised solar cells.[43] Further, 
Cu(I) PSs with phenanthroline- and bipyridine-based ligands (7) 
can be used as Cu-dye-sensitisers (Figure 6).[44-45] 

Moreover, Cu PSs have shown encouraging properties for 
application in PDT. Under red light irradiation, porphyrin-based 
Cu complexes have been found to exhibit cytotoxicity towards 
cancer cells, making these PSs promising for cancer therapy.[46] 

Figure 4. Example of a homoleptic Fe(II) NHC complex (2) and a 
heteroleptic Fe(II) complex (3) with tripyridine and NHC ligands. 

Figure 5. Schematic of a heteroleptic Cu(II) complex (4) containing a 
diphosphine and a diimine ligand and a pseudo-square planar, homoleptic 
exciplex complex (5). 

Figure 6. Cu(I) BIAN complex (6) (left) and Cu(I) complex (7) with 
phenanthroline- and bipyridine-based ligands (right). 
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Copper photosensitiser units in bimetallic systems 
Current research in Cu PSs is dominated by heterobimetallic 
systems, where Cu PS units operate in tandem with a second, 
catalytically active metal. In these systems, the PS is excited by a 
light source in order to then either reduce or oxidise the second 
metal centre. This can in turn catalyse a reaction, such as the 
reduction of water or CO2. Heteroleptic Cu complexes are also 
commonly used here, often but not exclusively in combination with 
noble metals, such as Rh.[47] For example, a Cu(I) PS containing 
a xantphos and a diimine ligand was used alongside a Rh(III) 
catalyst to produce H2 from water under irradiation with a blue 
light.[48] In this case, the Cu PS can undergo intermolecular 
electron transfer upon excitation, thereby reducing the Rh moiety, 
which can then reduce protons to H2. Ligand design was found to 
play a crucial role, as the electron transfer is dependent on the 
energy of the molecular orbitals of both Cu PS and Rh catalyst. 
Further, a bimetallic system consisting of a Cu(I) PS and a Pd(II) 
complex (8) with a bridging bipyrimidine ligand was reported.[49] 
 Under irradiation with a white light (> 420 nm), the system was 
found to be an active catalyst for the polymerisation of p-
methoxystyrene (Scheme 1). By utilising a sterically demanding 
ligand moiety around the Cu metal centre, the photophysical 
properties of the PS were enhanced through minimisation of the 
deleterious effects of the Jahn-Teller distortion. 

Although noble metals are often the pairings of choice for Cu, 
recent examples have also incorporated first row TMs. Examples 
utilising Fe(II) complexes as water or CO2

[50] reduction catalysts 
in combination with Cu(I) PSs are commonly reported. Studies 
have shown that the ligand design plays a crucial role with regards 
to the efficiency of the PS, for example by minimising geometrical 
distortion upon excitation. This shows that there are immense 
possibilities beyond the choice of metal to optimise molecular 
PSs.[51] An example of an Fe water reduction catalyst (10), which 
can be reduced by the excited Cu(I) PS (9), is shown in Figure 
7.[52]Mechanistic studies have shown that there are multiple active 
species in this reduction process, which have been identified via 
IR and Raman spectroscopy. For example, the diphosphine 
ligand dissociates in situ, and reacts with the Fe catalyst to form 
active species 11, a dimeric Fe complex with a bridging 
diphenylphosphido fragment.[53] Other active species include a 
trimeric species [HFe3(CO)11]-.[54] 
 
The importance of the diphosphine ligand was further confirmed 
by the fact that the homoleptic Cu analogue with two diimine 
ligands was observed to have only negligible activity. The same 

system was further studied in order to find out how the reactor and 
the reaction conditions influence the activity of the catalytic 
system, and an excess of diphosphine ligand was found to be 
beneficial.[55] In addition, the versatility of this combination was 
demonstrated when a Cu(I) PSs and an Fe catalyst was reported 
to be an efficient catalytic system for the reduction of CO2, 
selectively forming CO with small amounts of H2 and formic acid 
as by-products.[56] Finally, a Co porphyrin complex can be used in 
place of Fe catalyst in the reduction of CO2, yielding higher 
turnover numbers with similar selectivity.[57] In each of these 
examples, the Cu PSs were used as an alternative to the 
previously essential precious metal complexes, such as 
[Ru(bpy)3]2+ or [Ir(bpy)3]2+, while still achieving high conversions. 

 

 3.4. Zinc photosensitisers 

Examples of Zn PSs are dominated by Zn porphyrin complexes. 
A Zn tetraphenyl porphyrin species (12), in combination with a Mn 
catalyst, has been shown to be an active system for the reduction 
of CO2 in a solvent mixture of acetonitrile and water (Scheme 

2).[58] In this reaction, the Zn PS gave high product selectivity to 
yield CO and formic acid, without the formation of H2. Similarly, a 
dual system consisting of a Zn porphyrin PS and MoS2/reduced 
graphene oxide water reduction catalyst was reported to generate 
H2 under visible light irradiation.[59] Further, Zn porphyrin 
complexes have been found to be potent triplet PSs.[60] The strong 
absorption of these Zn porphyrin complexes in the red (600-
700 nm) region of the electromagnetic spectrum and their efficient 

Scheme 1. Polymerisation of p-methoxystyrene with heterobimetallic Cu-
Pd complex 8. 

Figure 7. Cu(I) PS (9), Fe water reduction catalyst (10) and one of the 
active Fe species (11). 

Scheme 2. Example of a Zn porphyrin complex (12) used as a PS in the 
reduction of water. 

Figure 8. Homoleptic bis(dipyrrinato) Zn(II) complex 13. 
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intersystem crossing makes them feasible alternatives to precious 
metal complexes.Though dominated by porphyrin ligands, an 
increasing number of Zn PSs with other organic frameworks can 
be found in the literature.  Bis(dipyrrinato) Zn(II) complex 13 
(Figure 8) exhibits strong absorption of long wavelength visible 
light (450-700 nm).[61]The emission of these complexes is ligand-
based therefore the fluorescence can be tuned via modification of 
the dipyrrin, for example the addition of rigidity to the backbone. 
Due to the metal’s low toxicity, Zn complexes are also of interest 
in PDT. For example, Zn complexes containing phthalocyanine 
ligands have been shown to be efficient triplet PSs for the 
generation of 1O2.[62] By substituting the phthalocyanine ligands 
with coumarins, and forming the respective sodium salts, these 
complexes were made water-soluble, an essential feature if they 
are to be used as homogeneous PSs in PDT. A similar species 
containing phthalocyanine ligands with sulfonate substituents was 
reported to be highly photoactive and selective for targeting 
tumour cells.[63] Finally, a tris(N,N-dimethylaminomethyl) phenoxy 
substituted Zn phthalocyanine PS was found to be active against 
cancer cells.[64] In this case, the mechanism was studied more 
closely and it was shown that the Zn PS produced hydroxy 
radicals, which alter the tumour’s DNA. 

3.5. Other metals 

While the aforementioned PSs consist of complexes of Ti, Fe, Cu 
or Zn, there remain a small number of PSs containing other first 
row TMs. The limited number of these is largely due to the limited 
accessibility of their excited states. As Cr(0) is isoelectronic with 

Fe(II), a Cr(0) isocyanide complex was prepared[65] and studies 
revealed excellent luminescence properties with similar 
absorption spectra to Fe(bpy)3

2+. The MLCT excited state lifetime 
of the Cr(0) complex was found to be two orders of magnitude 
greater than in the Fe(II) species, and even exceeded excited 
state lifetimes of previously reported Fe(II) NHC PSs. These 
findings are promising with respect to application in dye-
sensitised solar cells as Cr has the potential to replace Ru or Ir. 
Although Cr is far more abundant than the precious metals, the 
supply of Cr is a considerably smaller than that of Fe. Further, 
Cr(III) complex with two ddpd (N,N’-di- methyl-N,N’-dipyridine-2-
ylpyridine-2,6-diamine) ligands show excellent luminescence 
properties[66] and have been shown to be efficient PSs for the 
generation of 1O2, which was used to transform tertiary amines 
into α-aminonitriles (Scheme 3).[67] Cr PSs are generally found to 
contain very strong field ligands as the resultant large field 
splitting energy helps to prevent the detrimental deactivating 
pathways of back-ISC. Ni(II) and Co(II) complexes with 
dihydrazide-based ligands were reported to be active triplet PSs 
for the generation of 1O2, which attractive for potential applications 
in PDT.[68] Moreover, Ni(0) complexes with a variety of organic 
ligands have been studied for their luminescence properties, 
which make them promising candidates for future 
photosensitising applications.[69] These are predominately with 
monodentate ligands where the luminescence is found to 

originate from MLCT transitions. Lastly, a potential V(V) PS was 
identified, with strong absorption in the visible region of the 
spectrum.[70] By calculating the energies of triplet excited states in 
the complexes, the LMCT states were deemed accessible for 
possible applications in PDT. 

4. Summary and outlook 

As outlined in this mini-review, the application of discrete TM 
complexes as photosensitisers has progressed considerably over 
the last few decades. Although precious metals are extremely well 
studied, first row TMs have been relatively underexplored, which 
initially was presumably due to their lower activity in 
photosensitisation. Work expanding the scope of luminescent first 
row TM complexes has continued at an exciting pace and species 
with promising absorption properties are frequently being 
unearthed. While not all of these complexes have been studies as 
PSs, the next phase of their development will inevitable focus on 
their application in this role. As with all first row TM PSs, ligand 
lability and the relative inaccessibility of MLCT excited states will 
continue to play a crucial role in the viability of these complexes 
to deliver photosensitisation. However, increased interest in 
issues surrounding the sustainability of processes have 
highlighted that a balance has to be found between abundance, 
cost and efficiency of the PS. The first row TMs are attractive with 
respect to their availability and relative cost, compared to noble 
metals, marking their potential to replace traditional Ir or Ru 
catalysts, though their activities and efficiencies are not matching 
their second and third row counterparts yet. Recent advances in 
luminescent Cr and Ni complexes highlight that there is much still 
to learn. Through the development of other novel systems we can 
begin to establish clear structure-activity relationships.  From 
these, improvements to ligand design or potentially the 
incorporation of additional metal atoms with the ability to work in 
tandem will ultimately improve efficacy through their cooperative 
effects.  

Keywords: charge transfer • luminescence • photocatalysis • 
photosensitisers • transition metal complexes  
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Recent advances in the utilisation of discrete first row transition metal complexes as photosensitisers are summarised and discussed. 
Complexes of Ti, Cu, Fe and Zn are highlighted, as these dominate the literature on applied photosensitisers. Even though first row 
transition metal complexes exhibit lower activity than established precious metal complexes, they are of crucial interest as they are 
generally more sustainable and less expensive than their second and third row counterparts. 
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