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a  b  s  t  r  a  c  t

Luminescent  transition  metal  complexes  are  enjoying  a growing  interest  because  of  their  ubiquitous
applications  in,  e.g.,  the  fields  of  material  science,  sensors  and  (biomedical)  diagnostics,  and  iridium(III)
and  ruthenium(II)  complexes  are  among  the  best  studied.  Due  to  their  long-living  excited  states,  these
complexes  can  have  a  strong  interaction  with  dioxygen,  resulting  in luminescence  quenching.  This  oxygen
quenching  might  be regarded  as an  unwanted  effect  in  luminescence  imaging,  but,  on  the other  hand,
it  can  be  exploited  for  diagnostic  and therapeutic  applications  as  well.  After  a  theoretical  introduction
uthenium complexes
ridium complexes
iomedical imaging
hototherapy

concerning  the  dioxygen  quenching  mechanism  and  the  parameters  involved,  in  the  second  part  of  this
review  we  focus  on the  possibility  of  tailoring  this  quenching  by  modifying  selected  properties  of  a
complex  (triplet  energy,  oxidation  potential,  localization  and  shielding  of  the  excited  state)  in  order  to
obtain  systems  with  higher  or lower  oxygen  quenching  compared  to  the  archetypical  complexes.  In  the
third  part  of  this  review  an  overview  of  the  applications  of oxygen  quenching  of  luminescence  is  offered,

 to  bio
with  particular  attention

. Introduction

.1. Overview
Luminescent transition metal complexes have recently shown
o be a potentially good alternative to the more widespread

∗ Corresponding author.
E-mail address: a.h.velders@utwente.nl (A.H. Velders).

010-8545/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.ccr.2011.05.012
medical  use:  diagnostic  oxygen  sensing,  imaging  and  therapy.
© 2011 Elsevier B.V. All rights reserved.

organic luminophores (e.g. phenalenone, fluorescein, rhodamine
and Alexa® dyes) in diagnostic imaging [1–5]. However, the
interaction of the relatively long-lived excited state of transition-
metal luminophores with dioxygen readily results in luminescence
quenching and production of highly reactive species, i.e. singlet
oxygen and/or superoxide radical. Dioxygen quenching of excited

states does not necessarily represent a disadvantage that has to be
avoided, and can, in fact, also be exploited, for instance in lumines-
cence imaging for sensing and quantification of dioxygen levels. In
particular the generation of singlet oxygen has been an attractive

dx.doi.org/10.1016/j.ccr.2011.05.012
http://www.sciencedirect.com/science/journal/00108545
http://www.elsevier.com/locate/ccr
mailto:a.h.velders@utwente.nl
dx.doi.org/10.1016/j.ccr.2011.05.012
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Fig. 1. Simplified Jablonski diagram for a generic luminophore showing the possible
pathways of excitation and relaxation. S0, S1, S2, Sn = singlet states, T1 = triplet state,
ic = internal conversion, isc = intersystem crossing, A = absorption, F = fluorescence,
and P = phosphorescence. The collisional quenching process by a generic quencher
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eld of research since the first observations of the phenomenon
ack in the 1960s [6,7]. In more recent times, the study of oxygen
uenching of the excited state of fluorophores like porphyrins and
hthalocyanines with the consequent generation of the cytotoxic
inglet oxygen, has even demonstrated potential applications in
o-called PhotoDynamic Therapy (PDT) [8,9]. Herein the local inter-
ction of photoactivated transition metal complexes and dioxygen
s used to damage e.g. DNA and cell membranes in tumor tissue [2].

Ruthenium(II), and iridium(III) complexes have been exten-
ively studied for their rich photochemistry and remarkable
hotophysical properties. Due to their chemical stability and the
ossibility of inducing different cell localization by changing the
ubstituents on the (usually chelating di- or tridentate) ligands
hese two types of complexes have also been studied for biological
pplications [1].  In fact, diagnostic-related applications of dioxygen
ensing have been recently described and many of them are based
n Ru(II) or Ir(III) complexes [10], and their dioxygen quenching
as been studied both from a theoretical point of view and for its
otential applications. In this review we aim to offer a compre-
ensive summary of the different strategies that can be used to
ither increase or decrease oxygen quenching of Ru(II) and Ir(III)
omplexes, depending on the application, in order to provide a
uideline for the future development of optimized luminophores.
fter a theoretical introduction summarizing the dioxygen quench-

ng mechanisms and the parameters involved in this processes (this
ection), we describe the different strategies used for tailoring the
xygen quenching of ruthenium(II) and iridium(III) complexes, and
nally report some relevant examples of applications of oxygen
uenching in the biomedical field: oxygen sensing, imaging and
herapy.

.2. Theoretical considerations

Luminescent molecules can interact with a quencher molecule,
hus altering their photophysical properties. In this section the oxy-
en quenching mechanism and the molecular parameters involved
n this process are described. Both singlet and triplet excited states

ight be quenched by molecular oxygen [11], however, the oxy-
en quenching of triplet states is usually more efficient than the
uenching of singlet states. Moreover, Ru(II) and Ir(III) complexes
sually show excited states with a pronounced triplet character due
o the high degree of spin–orbit coupling usually observed for heavy

etals. Therefore, in this review only the quenching mechanism of
riplet excited states will be considered.

A quencher molecule (viz. dioxygen) colliding with a
uminophore in its excited state causes a collision-dependent
ecrease of luminescence. The quenching process can be illus-
rated by using a Jablonski diagram (Fig. 1) and it can be described
y the Stern–Volmer equation (Eq. (1)):

I0
I

= �0

�
= 1 + KSV [O2] = 1 + kq�0[O2] (1)

here I0 and I are the luminescence intensities without and with
uencher (dioxygen), respectively, and �0 and � are the correspond-

ng luminescence lifetimes. KSV is the Stern–Volmer constant and kq

s the kinetic quenching constant [12], that reflects the efficiency of
he quenching process and can be used to compare luminophores
ith different lifetimes but with similar size.

The kinetic constant kq is proportional to the diffusion-
ontrolled rate constant kd as shown in Eq. (2):

q = fQ kd (2)
n which fQ is the quenching efficiency, and kd is defined according
o the Smoluchowski equation (Eq. (3)):

d = 4�N

1000
(Rf + Rq)(Df + Dq) (3)
Q  – giving the product Q – is shown. For sake of clarity, only the quenching of a
triplet state is depicted.

where N is the Avogadro number, and Rf and Rq are the radii of
the luminophore and quencher, respectively, and Df and Dq the dif-
fusion coefficients of the luminophore and quencher, respectively.
The diffusion coefficients can be obtained from the Stokes–Einstein
equation (Eq. (4)):

D = kBT

6��R
(4)

where kB is the Boltzman’s constant, T the temperature, � the vis-
cosity of the solvent and R the molecular radius. It should be pointed
out that the diffusion constants evaluated through Eq. (4) are fre-
quently underestimated (up to a factor of 3) when the quencher
species has a smaller radius than the solvent molecules, which is
usually the case for molecular oxygen [12].

In heterogeneous media, fluorophores are usually located in
different environments, which causes different quencher accessi-
bility, i.e. different quenching degrees. Under these conditions, the
Stern–Volmer plot is not linear anymore. Several models have been
elaborated in order to treat these cases. We  concisely report here
about Lehrer’s and Demas’ models.

Lehrer reported first a modified Stern–Volmer equation which
takes into account the different environment of each fluorophore
[13]. For a series of n fluorophores (for instance bound to a protein),
the modified Stern–Volmer equation in the quantum yield form is
reported in Eq. (5)

�0

��
=

[
n∑

i=0

KSVi[Q ](�0i/�0)
1 + KSVi[Q ]

]−1

(5)

�0 is the fluorescence quantum yield in the absence of quencher,
�0i is the quantum yield of the ith fluorophore in absence of
quencher, KSVi the Stern–Volmer quenching constant of the ith flu-
orophore and [Q] the molar concentration of quencher. Plots of
the ratio �0/�� vs. [Q] are often linear in the case of fluorophores
in different environments, whereas in these conditions the classic
Stern–Volmer plot (according to Eq. (1))  usually fails.
A similar approach has been developed by Demas et al. This
model is based on the analysis of the multiexponential decays usu-
ally shown by fluorophores with different environments [14]. A
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reexponential weighted mean lifetime �M can be defined accord-
ng to Eq. (6)

M =
∑n

i=0˛i�i∑n
i=0˛i

(6)

i is the preexponential factor of the ith fluorophore and �i is the
ifetime of the ith fluorophore in presence of the quencher. By using
his parameter, a new Stern–Volmer equation for etherogeneous
ystems can be defined (Eq. (7))

�M0

�M
=

[
n∑

i=0

˛i�0i/
∑n

i=0˛i�0i

1 + KSVi[Q ]

]−1

(7)

M0 is the preexponential weighted mean lifetime in absence of
uencher and �0i is the lifetime of the ith fluorophore in absence
f quencher. In order to apply Eq. (7) to practical data it is neces-
ary to estimate �M, which is usually not trivial, but Demas et al.
ave reported a method based on the numerical fit of the decay to

 sum of exponentials by using non-linear least squares algorithm
14]. Details about the calculations methods are out of the scope
f this review and the interested reader is referred to the origi-
al papers [15,14].  Lehrer’s or Demas’ models are often necessary

or the analysis of data concerning the oxygen quenching of flu-
rophores encapsulated in polymeric membranes or mesoporous
aterials.
The oxygen quenching of luminescence for a generic fluo-

ophore is usually a complex process which can involve different
ind of interactions and transitions. In the following section we
resent an overview of the relevant processes involved in the lumi-
escence quenching of transition metal complexes. We  refer the

nterested reader to several papers and reviews where it is possible
o find theoretical details concerning the mechanisms involved in
he oxygen quenching of organic luminophores [11,16].  Dioxygen
uenching of excited triplet states of transition metal complexes
an basically follow two different mechanisms: energy transfer and
lectron transfer [11,17].  In the first mechanism (Eq. (8)) a ground
tate triplet oxygen molecule O2(X3�g

−) interacts with the triplet
xcited state of the luminophore *F yielding the ground state of the
uminophore F and singlet oxygen in one of its two  excited possible
tates O2(1�g) or O2(1�g):

F + O2(X3
∑

g

−
) → F + O2(1�g) or O2(1

∑
g
) (8)

he singlet oxygen produced during this reaction is an extremely
eactive species: it readily reacts with organic molecules giving per-
xides, in which the O–O bond can be easily cleaved to generate
ighly reactive oxygen radicals like the hydroperoxide •OH [18].
he two possible states of singlet oxygen differ only in the spin
nd occupancy of the two degenerate antibonding �g* orbitals:
n the case of O2(1�g) (the excited state with lowest energy) two
lectrons are paired in the same �g* orbital, whilst in the case of
2(1�g) two electrons with opposite spin occupy the two degen-
rate antibonding �g* orbitals.

The free energy (�Gen) for an energy transfer quenching is
elated to the triplet energy of the luminophore, which can be
pproximated by the energy of the 0–0 transition E00 according
o Eq. (9):

Gen = −(E00 − EO2∗) (9)
here E00 is the energy of the 0–0 transition (i.e. the energy of
he triplet excited state) and EO2∗ the energy of the (excited state)
inglet oxygen: EO2∗(1

∑
g) = 1.63 eV and EO2∗(1�g) = 0.98 eV

epending on which excited state of dioxygen is initially produced
 Reviews 255 (2011) 2542– 2554

during quenching [19–21].  The observed quenching constant ken
q is

given by Eq. (10)

ken
q = kd

1 + e�Gen/RT
(10)

where �Gen is the free energy of the energy transfer (which can be
calculated according to Eq. (9)). This equation is valid only under
the approximation of minimally distorted excited states (“vertical”
energy transfer). A more general equation has been reported by
Balzani et al. and the interested reader is referred to the original
paper [21].

In the electron transfer mechanism (Eq. (11)) a dioxygen
molecule interacts with *F generating an oxidised ground state of
the luminophore F+ and the superoxide radical O2

•−:

∗F + O2 → F+ + O2
•− (11)

The superoxide radical O2
•− is a toxic species, because it can react

with biomolecules, e.g. DNA [22]. The free energy for electron trans-
fer quenching (�Gel) is related to the oxidation potential and to the
energy of the 0–0 transition of the fluorophore (Eq. (12)):

�Gel = F(Eox
F − Ered

O2
) − E00 + C (12)

where F is the Faraday’s constant, Eox
F is the oxidation potential of

the fluorophore (in volt), Ered
O2

is the reduction potential of oxygen
(−0.78 V), E00 is the energy of the 0–0 transition (in electron volts)
and C a Coulomb term (usually neglected in polar solvents) [23].

A more refined description of the electron transfer mechanism
has been proposed by Marcus et al. [24,25]. In this model, the inter-
acting species, an electron donor D and an electron acceptor A, are
approximated as two charged spheres embedded in a continuous
medium. The mechanism of the electron transfer reaction can be
depicted as in Eq. (13).

D + A
kd
�
k−d

(DA)
kel−→D+ + A− (13)

where kd is the previously defined diffusion-controlled rate con-
stant, k−d is the rate constant of dissociation and kel is the rate
constant of the irreversible electron transfer step. The two species D
and A diffuse together with a rate constant kd and interact forming
a collision complex (AD). In order to reach the transition state, the
energy of the system is increased upon bond reorganization (e.g.
bond stretching/compression and angle deformations) and solvent
(e.g. changes in the electrostatic environment). The actual electron
transfer takes place after such reorganization, and after the electron
transfer, the transition state relaxes and eventually dissociates into
the products. On the basis of this mechanism, an expression for the
free energy of activation (�G*) can be derived, according to Eqs.
(14) and (15)

�G∗ = z1z2e2f

εr12
+ 


4

(
1 + �G′

0



)2

(14)

�G′
0 = �Gel + (z1 − z2 − 1)

e2f

εr12
(15)

where z1 and z2 are the charges of D and A, e is the elementary
charge, f the ionic strength, ε the dielectric constant, r12 the dis-
tance between the centres of the reacting spheres (which is usually
assumed to be equal to the sum of the hydrodynamic radii of the
two  species), �Gel is the free energy change of the electron transfer
(which can be calculated according to Eq. (12)) and 
 is the reorga-

nization energy. Eq. (15) can be combined with the Eyring equation,
thus relating �G* with the rate constant k (Eq. (16))

k = �Ze−�G∗/RT (16)
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 is the transmission coefficient (� = 1 for adiabatic reactions), Z
s an universal frequency factor (for solution reactions usually is
ssumed Z = 6 × 1011s−1), T is the temperature and R is the gas con-
tant. Applying Eqs. (15) and (16) to the kinetic scheme shown in
q. (13), in a steady state approximation, it is possible to derive Eq.
17), which describes the relationship between the experimentally
ccessible rate constant for electron transfer kel

q and �G′
0

el
q = kd

1 + (kd/KdZ)e((z1z2e2f/εr12)+(
/4)(1+(�G′
0

/
))2)/RT
(17)

d is the equilibrium constant of the formation of the encounter
omplex (DA). Both kd and Kd can be evaluated on the basis of D, r1,
2, z1 and z2. If kd � kel then kq ∼ kel and Eq. (17) can be simplified
s shown in Eq. (18) (assuming that at least one of the interact-
ng species is neutral, and not taking into account the diffusion
ontrolled step [26]):

el
q = Fe−((
/4)(1+(�G′

0
/
))2)/RT (18)

he reorganization energy 
 is the energy change which is neces-
ary to reach the excited state both by structural changes (bond and
ngle changes) and by reorganization of the solvent molecules. On
he basis of the calculated 
 for homonuclear reactions (i.e. reaction
n which the same species with different charge act both as donor
nd acceptor) it is possible to derive some empirical rules for a qual-
tative evaluation of 
 [26]. Low values of 
 are usually observed in
olvents with low polarity. Systems with a high degree of electronic
elocalization (e.g. extended conjugation), with polarisable groups
r ligands and with restrained conformational flexibility usually
how low values of 
. More quantitative methods for the estima-
ion of 
, based on computational techniques, have been developed,
ut their description is out of the scope of this review.

From Eqs. (9) and (12) it is possible to deduce that, in order to
odulate the dioxygen quenching of a fluorophore, one can basi-

ally tune two crucial parameters: the triplet energy state (E00)
nd the oxidation potential of the luminophore (Eox

F ). Generally
peaking, both energy and electron transfer contribute to define
he degree of oxygen quenching. A further parameter to be con-
idered is the shielding effect provided by the environment (e.g.
atrix or suitable shielding species in solution) or by the structure

tself (e.g. bulky molecules). Such shielding can decrease the degree
f quenching by physically preventing the collision between dioxy-
en and the luminophore in its excited state. Eventually, when the
lectron transfer plays a significant role, the effect of the reorga-
ization energy 
 should be taken into account. In the following
ection we will provide examples of applications of these general
rinciples.

. Tailoring oxygen quenching of transition metal
omplexes

Because of their unique electronic structure, luminescent coor-
ination compounds usually show a large Stokes shift (i.e. a
ell-separated excitation/emission energy) and allow for tun-

ng of their ground-state and excited-state energy by changing
he structure of the ligands [27,28]. The large Stokes shift is
articularly interesting for biological applications: the separated
xcitation/emission enables to label a biological molecule with
ultiple fluorophores without reduction of luminescence inten-

ity due to self-quenching [29]. For the same reason, the large
tokes shift permits to realize macromolecules with high bright-
ess [30,31].  The emissive state of transition metal complexes is

sually an admixture of singlet and triplet states, with concomi-
ant longer luminescence lifetimes (�) compared to organic dyes,
nd their excited states have therefore a higher probability to inter-
ct with molecular oxygen, resulting in a remarkable quenching of
 Reviews 255 (2011) 2542– 2554 2545

luminescence [27,32].  Ru(II) complexes, in particular, have been
most widely studied and therefore their description is predomi-
nant in this review. However, the luminescence of these complexes
can be tuned only from yellow to near IR by changing the ligand
structure [33]. On the other hand, Ir(III) cyclometallated complexes
are more attracting due to the possibility of selective fine tuning
their energy from near UV to the near IR by changing the chemical
structure of the ligands [34]. However, the synthesis of Ir(III) tris-
phenylpyridine derivatives usually requires more harsh conditions
with concomitant more restrictions on the ligand design. Demas
et al. first reported about the dioxygen quenching of Ru(II) and
Ir(III) complexes and proposed an interpretation based on the for-
mation of singlet oxygen, which was proved by photooxygenation
of trimethylethylene [35–37].  Other authors proved the mecha-
nism of electron transfer to be efficient in complexes with low
oxidation potential [38]. The mechanism of singlet oxygen pho-
togeneration has been widely investigated especially in view of the
interest of singlet oxygen for therapeutical applications (vide infra)
[11,18,39,40]. The photophysical properties of the two archetypi-
cal compounds [Ru(bpy)3]2+ (1) and [Ir(ppy)3] (2) are reported in
Table 1 together with their oxygen quenching constant (kq).

In the following section we  summarize the different strategies
which have been exploited in order to modify oxygen quenching of
Ru(II) and Ir(III) complexes [11], i.e., modification of triplet energy
states or tailoring of the oxidation state, structural modification of
ligand to create steric environments, and supramolecular shield-
ing. Both energy and electron transfer are usually involved in the
oxygen quenching mechanism. In order to discriminate between
the two  effects, one should ideally compare systems with the same
triplet energy or oxidation potential, i.e. with the same degree
of energy or electron transfer. However, this is, in practice, often
compromised as changes in electronic states often regard both.
Likewise, other factors like size (i.e. diffusion-controlled rate con-
stant kd) and reorganization energy should are hard to compare.
In the following four sections we aim to discuss several examples
from literature, in which it is possible to discriminate between the
factors which mainly contribute to the oxygen quenching, sub-
divided by modification of electronic states of the luminophore,
covalent functionalization of the luminophore’s ligand structure to
affect accessibility of relevant orbitals, non-covalent interactions
influencing accessibility of orbitals, and solvent or matrix effects.

2.1. Dioxygen quenching tailoring by triplet-state energy or
oxidation potential modification

According to theoretical models (vide supra) the easiest strat-
egy to tailor the oxygen quenching of a luminophore, particularly
in the case of quenching occurring by energy transfer, is chang-
ing the oxidation state of the complex or the triplet energy of the

luminophore’s excited state, E00 [16].

By increasing the triplet energy of the luminophore’s excited
state it is possible to decrease the dioxygen quenching and, con-
versely, luminescent complexes with low triplet energy show
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Table 1
Molecular structures and photophysical properties and of the archetypical [Ru(bpy)3]2+ (1) and [Ir(ppy)3] (2).


em (nm) � �air � (ns) �air (ns) E00 (eV) Eox (V) kq (M−1 s−1)

1a 620 0.042 0.028 650 390b 2.13c 1.28c 3.1 × 109c

2d 523 0.71 0.03 1873 82 2.51e 0.31f 2.4 × 1010

a Solution in H2O. From Ref. [41] unless otherwise stated.
b Solution in H2O. From Ref. [42].
c Solution in CH3CN. Potential vs. SCE. From Ref. [43].
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d Solution in DMF. From Ref. [44] unless otherwise stated.
e Solution in MeOH. From Ref. [34].
f Potential vs. ferrocene/ferrocenium. From Ref. [45].

sually a more pronounced oxygen quenching. This effect has been
nitially experimentally proven for series of aromatic hydrocar-
ons, which show a high oxidation potential which makes the
ontribution of electron transfer negligible (vide infra) [46,47].
he dependence between triplet energy and oxygen quenching
egree has been observed also for transition metal complexes,
ut in this case the oxidation potential is usually low enough to
ake also the electron transfer feasible. Therefore, in the case

f transition metal complexes, usually both energy and electron
ransfer give a contribution to the observed oxygen quench-
ng. However, it is possible to discriminate between the two

echanisms by comparing systems in which one of the two
arameters (i.e. triplet energy or oxidation potential) remains
asically unchanged. For instance, when comparing the series of
u(II) derivatives 3, 4 and 5 (Fig. 2) in acetonitrile, the complexes
how a triplet energy E00 = 1.99 eV, E00 = 1.94 eV and E00 = 1.92 eV
espectively and a quenching constant kq = 3.0 × 109 M−1 s−1 and
q = 3.65 × 109 M−1 s−1 and kq = 3.86 × 109 M−1 s−1. Significantly,
omplexes 3 and 4 have the same oxidation potential (Eox = 1.31 eV
s. Saturated Calomel Electrode (SCE)), whilst the oxidation poten-
ial of 5 is slightly higher (Eox = 1.34) [20]. The size difference (i.e. the
iffusion-controlled rate constant kd) is expected to be negligible
or 3 and 4, whilst the value of kd of 5 could be slightly higher.

An easily oxidizable molecule can give oxygen quenching

ia photoinduced electron transfer (PET) interaction. This effect
as initially been observed in ruthenium(II) complexes by Tan-
ien-Hee et al. [38], who reported that upon substituting a bpy
igand for a 1,4,5,8,9,12-hexaazatriphenylene (hat) ligand (6, Fig. 3)

Fig. 2. Examples of Ru(II) and Ir(III) complexes showing tailored oxygen quenc
a large decrease of quenching is obtained in acetonitrile from
kq = 3.1 × 109 M−1 s−1 for [Ru(bpy)3]2+ to kq = 0.5 × 108 M−1 s−1 for
[Ru(hat)3]2+. The analysis of the oxidation potential (Eox, measured
vs. SCE unless otherwise stated) shows a significant increase of
the potential compared to [Ru(bpy)3]2+ (+2.07 V vs +1.28 V, respec-
tively) whilst the 0–0 energy (E00) basically does not change.
The higher oxidation potential, according to Eqs. (12) and (17),
results in a lower kq, proving the importance of electron transfer
in dioxygen quenching of [Ru(bpy)3]2+. More recent results cor-
roborate the possibility of tuning the oxygen quenching by varying
the oxidation potential of the complex with an adequate choice
of ligands. Abdel-Shafi et al. described the different behaviour
towards oxygen quenching of several Ru(II) complexes contain-
ing bpy ligands functionalized with different electron-withdrawing
and electron-donor groups. For instance, by using amide sub-
stituents (7, Fig. 3) the authors were able to obtain a complex
with a quenching constant kq = 1.2 × 109 M−1 s−1 in acetonitrile.
The complex shows an increased oxidation potential (Eox = +1.45 V)
and a more favourable �Get compared to the vinyl substituted
complex 8 (Fig. 3), which shows an Eox = +1.26 V and a quench-
ing constant kq = 2 × 109 M−1 s−1 in acetonitrile. The two complexes
7 and 8 have the same E00, thus the observed difference of kq

likely derives only from the oxidation potential Eox [23]. However,
for a correct comparison of the observed quenching constants kq,

the impact of the reorganization energy (
) and of the diffusion-
controlled rate constant (kd), which is described in Eq. (17), should
also be taken into account. For instance in their pioneering work
about oxygen quenching of Ru(II) complexes via electron trans-

hing deriving from the control of the energy of the excited triplet state.
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Fig. 3. Examples of Ru(II) and Ir(III) complexes showing tailored o

er, Tan-Sien-Hee et al. showed that the quenching constant kq

bserved for many [Ru(bpy)3]2+ and [Ru(phen)3]2+ (phen = 1,10-
henanthroline) derivatives is under diffusion control, thus shows
nly little changes with Eox [38]. On the other hand, low values of
eorganization energies might make the energy transfer process
ore feasible (thus giving higher values of kq) even when the value

f �Gel suggests an opposite behaviour.
In summary, by increasing the triplet energy it is possible to

btain luminophores with a lower degree of dioxygen quenching.
onversely, a luminescent complex with low triplet energy usu-
lly presents a higher dioxygen quenching. However, it should be
ointed out that the structural modification required in order to
hange the triplet energy usually results also into a change of the
xidation potential of the complex, thus in a change in the electron
ransfer feasibility. Moreover, for a quantitative study of the rela-
ionship between triplet energy and oxygen quenching degree, the
ontribution given by the diffusion-controlled rate constant kd (see
q. (12)) should also be taken into account. Regarding the strategies
o design systems with tailored triplet energy, a number of reviews
ave been published recently and we remand the interested reader
o those reviews [34,48].

By increasing the oxidation potential of Ru(II) and Ir(III) com-
lexes it is possible to obtain systems with a lower degree of
xygen quenching and, conversely, luminophores with a low oxi-
ation potential usually show a higher oxygen quenching due to the
ore favourable electron transfer mechanism. For a more quantita-

ive description, the effect of the diffusion constant (kd) and of the
eorganization energy (
) should also be taken into account. The
xidation potential can generally be tuned by using suitable sub-
tituents, for instance the addition of electron-withdrawing groups
sually leads to an increase of the oxidation potential. We  refer the

nterested reader to excellent reviews on this topic [34,48].

.2. Dioxygen quenching tailoring by structural modification

The effect of ligand size on dioxygen quenching has been
nvestigated since the first observations of the quenching effect
n transition metal complexes. Demas et al. [37] observed only
ery small differences in dioxygen quenching constant between
Ru(bpy)3]2+, [Ru(phen)3]2+ and [Ru(PhPhen)3]2+ (PhPhen = 4,7-
iphenyl-1,10-phenanthroline); these compounds give oxygen
uenching constants in methanol (kq) of 1.8 × 109 M−1 s−1,

.3 × 109 M−1 s−1 and 2.5 × 109 M−1 s−1, respectively. More inter-
stingly, Abdel-Shafi et al. reported that the functionalization of bpy
igands with bulky benzo-crown ethers (9, Fig. 4) basically does not
hange the oxygen quenching constant in acetonitrile compared to
 quenching deriving from the control of the oxidation potentials.

[Ru(bpy)3]2+ (kq = 2.21 × 109 M−1 s−1 and kq = 2.75 × 109 M−1 s−1,
respectively) [20]. Despite the seemingly high steric hindrance
given by the benzo-crown ethers, the small dioxygen molecule
can still easily interact with the excited state yielding an efficient
quenching. However, [Ru(bpy)3]2+ complexes functionalized with
bulky dendritic substituents (10, Fig. 4) do give a higher steric
hindrance and therefore an effective shielding against dioxygen
quenching. This results in an almost 90% decrease of quench-
ing (kq = 0.22 × 109 M−1 s−1 in acetonitrile) [49]. Despite the latter
example is quite impressive, the introduction of bulky moieties
on the ligand via covalent bonds usually results into an alteration
of the triplet energy and/or oxidation potential. Therefore, analo-
gously to what observed in Section 2.1,  the impact of these changes
should be taken into account and the archetypical compounds are
not always by default the best comparison in order to obtain a
quantitative indication of the change of oxygen quenching upon
structural modification.

Alternatively, caged ligands have been successfully explored
in order to decrease oxygen quenching. A caged ruthenium(II)
complex by Barigelletti et al. (11, Fig. 5) with an 80% decrease of oxy-
gen quenching in acetonitrile (kq = 0.94 × 109 M−1 s−1) compared
to [Ru(bpy)3]2+ [43]. A similar effect has been recently reported
also for an iridium(III) caged complex (12, Fig. 5), which has an
oxygen quenching constant kq = 5.2 × 109 M−1 s−1 in DMF  with an
80% decrease of quenching compared to the archetypical [Ir(ppy)3]
(ppy = 2-phenylpyridine) (kq = 2.4 × 1010 M−1 s−1 in DMF) [44]. The
reason of the lower quenching of these caged complexes is not fully
understood, yet, but it has been hypothesized that the caged struc-
ture can provide some shielding on the excited state (LUMOs) of
the complexes, by sterically impeding the approach of molecular
oxygen and therefore preventing efficient collisions.

Summarizing, only adequate steric hindrance can keep molec-
ular oxygen from interacting with the excited states, adding large
steric substituents or caging the metal ion being the best exam-
ples. The former is a brute force strategy and rather straightforward,
whereas the latter is more subtle, but also requires a more profound
understanding of the electronic density distribution in the ligand
system in the excited states of the molecule.

2.3. Oxygen quenching tailoring by exploiting supramolecular
shielding
A fluorophore hosted in a bulky molecule has less interaction
with external agents. For instance the luminescence of trypto-
phan in proteins has varying quenching constants depending on
its position on the protein viz. being on the surface or buried in
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Fig. 4. Bulky ligands used for the synthesis of [RuL3]2+ complexes (L = 

he interior. This difference is explained in terms of steric shield-
ng; the protein structure physically does not allow the quencher

o approach the excited state of the fluorophore, resulting in a
ecrease of quenching [12]. A similar “shielding” effect can be arti-
cially obtained by using supramolecular encapsulation of Ru(II)
nd Ir(III) complexes. For instance, Xu et al. showed that by mod-

ig. 5. Ru(II) and Ir(III) caged-complexes showing different oxygen quenching deriv-
ng from structural effects. R = CH2Ph.
 showing different oxygen quenching deriving from structural effects.

ifying a [Ru(phen)3]2+ complex with some extra phenyl units (13,
Fig. 6) it is possible to induce the binding of the Ru(II) complex
to a polymer chain functionalized with several �-cyclodextrins
(CDs) [50]. This interaction leads to a consequent shielding of
the excited state and reduces oxygen quenching up to the 90%,
depending on the length of the polymeric chain. In the absence
of poly-CD the degree of oxygen quenching is similar as found for
the reference compound [Ru(phen)3]2+.The same principle can be
applied to other “host” molecules. In fact, recently a zeolite (L)
was  used to reduce the oxygen quenching of the luminescence
of a [Ru(bpy)3]2+ in which one of the bpy ligands was func-
tionalized with a tetraphenyl chain (14, Fig. 6) [51]. The zeolite
structure sterically prevents the approach of oxygen and there-
fore results in a significant decrease of oxygen quenching in CH2Cl2
(kq = 0.29 × 109 M−1 s−1 and kq = 4.09 × 109 M−1 s−1 in presence or
absence of zeolite L, respectively). More interestingly, the quench-
ing decrease was  also discussed in terms of orbital shielding: by
using computational methods, the authors calculated the electron
density distribution of the LUMO, which is mostly located along the
“tail”. Since only the tetraphenyl tail is small enough to penetrate
into the Zeolite L, this makes the shielding very effective (Fig. 6).
This effect still occurs, whilst the Ru(bpy)2 “head” resides on the
zeolite surface and it is virtually not shielded. This result constitutes
a hallmark for the design of systems with low oxygen quenching.
Herein, it is possible to decrease the degree of oxygen quenching
of a fluorophore by sterically shielding the region of the molecule

where the LUMO is localized.

In summary, supramolecular shielding of complexes is an
elegant and most effective tool to diminish the luminescence
quenching by dioxygen. Looking at Eqs. (2) and (3),  the main param-
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Fig. 6. Ru(II) complexes showing reduced oxygen quenching as
eproduced from Ref. [51] with permission.

ter being affected is the diffusion-controlled bimolecular rate
onstant k0, as the shielding decreases the collisional quenching of
he compound, independently of the individual diffusion constants.

.4. Solvent and matrix effect

As described above, the quenching of luminescence of Ru(II) and
r(III) complexes by dioxygen can occur through different mecha-
isms, and different strategies have been exploited in order to tailor
his, i.e., modification of triplet energy state or the oxidation state,
tructural modification of ligand to create steric environments, and
upramolecular shielding. Besides these ‘molecular strategies’, also
he compound’s environment is a factor strongly influencing the
mount of luminescence quenching by dioxygen. Solvent polarity
n particular, has a major impact on the oxygen quenching sensi-
ivity. Generally speaking, a low solvent polarity usually induces a
ower degree of oxygen quenching of both Ru(II) and Ir(III) com-
lexes. Conversely a higher solvent polarity, generally results in

 higher quenching; in the case of [Ru(bpy)3]2+ quenching con-
tants kq = 3.3 × 109 M−1 s−1 and kq = 1.9 × 109 M−1 s−1 have been
eported in water and methanol, respectively [52–54].  A similar
ehaviour has been described for [Ir(ppy)3] [55].

Since most of the transition metal-based oxygen sensors consist

f luminophores incorporated into an oxygen permeable polymeric
atrix (vide infra), the effect of the matrix on the oxygen quench-

ng has been studied by many authors. In general, analogously
o what is observed for solvents, the quenching of [Ru(phen)3]2+
quence of supramolecular shielding against molecular oxygen.

changes greatly with the polymer polarity whereby a lower polarity
of the polymer induces a lower oxygen quenching [14]. Amao et al.
reported that fluorinated polymers induce a higher oxygen quench-
ing of [Ir(ppy)3] because of their higher oxygen permeability [56].
However, the permeability of the matrix to oxygen often induces
a nonhomogeneous response, i.e. a non linear Stern–Volmer plot,
which makes the interpretation of quenching data quite chal-
lenging. Carlson et al. reported that Ir(III) derivatives dissolved in
fluoroacrylic polymers show an uniform behaviour towards oxy-
gen quenching, as evident from the linearity of the Stern–Volmer
plot. Therefore, fluoroacrylic polymers are very good candidates
for the realization of oxygen sensors with uniform response [57].
The non-covalent incorporation of oxygen sensitive luminophore
in a polymeric matrix often shows leaching of the dyes from the
matrix, thus reducing the lifetime of the devices. This problem
can be solved by functionalizing the luminophores with suitable
dendrons [58]. An aluminium oxide matrix has also been used
for the realization of oxygen sensors. Since the capillary forces
are high, oxygen is quickly driven into the nanopores, result-
ing in a high sensitivity [59]. The covalent functionalization of
polymers or silicon-based materials is another strategy to avoid
the leaching of luminophores out of the matrix. Moreover, the
quenching behaviour can be modulated by functionalizing the

polymeric chains of the matrix with the transition-metal com-
plex. For instance polysiloxane covalently functionalized with
[Ir(ppy)2(vpy)Cl] (vpy = 4-vinylpyridine) yields a higher degree
of oxygen quenching compared to a dispersion of the com-
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lex in the same polymer [60]. A Langmuir–Blodgett monolayer
unctionalized with [Ru(bpy)(dpphen)2]2+ (dpphen = 4,7-diphenyl-
,10-phenanthroline) on glass also shows an increased oxygen
uenching compared to the same dye in solution [61]. Mesostruc-
ured silicates with covalently grafted [Ru(bpy)2(phen)]2+ show an
ncreased oxygen quenching with respect to the same silicated in

hich the dye has been only physically incorporated. Moreover,
he covalently grafted silicates show a uniform response to oxy-
en, whilst physically incorporated dyes show nonhomogeneous
esponse, resulting from different accessibility of the luminophores
o the quencher [62]. A similar increased oxygen sensitivity has
een reported for mesoporous molecular sieves covalently func-
ionalized with [Ru(bpy)3]2+. However, in this case the response to
xygen is not linear, thus indicating a microheterogeneous environ-
ent [63]. Nonhomogeneous response to oxygen is shown also by

rganically modified silicates (ormosil) grafted with [Ru(phen)3]2+

erivatives [64].

. Applications

In this section we will focus on the bio-related applications of
uminescent transition metal-based complexes and the interac-
ion with dioxygen with their electron-excited states, i.e. oxygen
ensing in vitro and in vivo, biomedical imaging, singlet oxygen
enerators for therapeutical use (PDT and DNA cleavage).

.1. Dioxygen sensing

The determination of oxygen concentrations is required in many
ifferent fields like environmental chemistry, industrial processes,
iotechnology and medicine. Common methods for oxygen quan-
ification are based on titration and amperometric techniques [65].

ost of these methods are time consuming and/or difficult to
iniaturize. Moreover, they usually cannot be used for a contin-

ous determination of the oxygen concentration. Optical oxygen
ensors based on the dioxygen quenching of luminophores are a
ossible solution to these problems. Concentrations can be quanti-
ed by recording the variation of luminescence intensity or lifetime
66,67].

Optical sensors are usually made of an oxygen-sensitive dye
ncorporated into an dioxygen permeable polymer (silicone,
olystyrene, poly(methylmethacrylate), fluoropolymer and cellu-

ose derivatives) [68]. Due to their high oxygen sensitivity and
he relatively unsophisticated equipment required for the mea-
urement, detection methods based on the lifetime variations of
uminophores with a long lifetime (in the order of �s) are partic-
larly attractive. From this point of view, transition metal-based

uminophores are highly eligible for the realization of optical
ioxygen sensors. The first example of application of transition
etal complexes to the realization of dioxygen sensors has been

eported by Bacon et al., who exploited the oxygen quenching
f [Ru(Ph2Phen)3]2+ (PhPhen = 4,7-diphenyl-1,10-phenanthroline)
mmobilized in a silicone film for a sensor for the determination
f oxygen in breath [69]. The advantages achieved by the use of
ransition metal complexes are summarized by the authors as: (1)
igh chemical stability, (2) low interference by other chemicals (e.g.
naesthetics or industrially relevant gases) and (3) fast response.
he same luminophore has been incorporated also in a polysulfone
atrix, which improved the mechanical stability and allowed ster-

lization in an autoclave. This latter sensor has been used for oxygen
etector in bioreactors [70].
More recently iridium(III)-based luminophores have been used
or the realization of oxygen sensors [60]. By functionalizing a sil-
cone chain with [Ir(ppy)2(vpy)Cl] an oxygen sensor was  obtained

ith high sensitivity and low response time. A further improve-
 Reviews 255 (2011) 2542– 2554

ment can be obtained by blending the functionalized polymer
with polystyrene. The resulting polymer is more sensitive and
more robust compared to the unblended functionalized silicone.
As extension of this technology, a fibre optic fluorescent oxy-
gen sensor based on a Ru(II) complex has been recently reported
(Fig. 7) [71]. This fibre technology has been used both for in vivo
and in vitro oxygen determination in blood. The changes of phys-
iological parameters (pH, osmolarity, viscosity) do not affect the
sensor response. Furthermore, the authors proved that the sen-
sor can be used for continuous monitoring (up to 8 h) without any
serious complex degeneration. Nowadays optical oxygen sensors
based on ruthenium(II) complexes are even commercially avail-
able [68]. Other systems based on Pt-porphyrin quenching have
been developed but their description is beyond the scope of this
review [72,73]. Moreover, several dioxygen sensors based on lan-
thanide complexes have also been reported by Parker et al. [74,75].
In these sensors, detection is based on the dioxygen quenching of
the organic antenna, which usually act as a sensitizer of the lan-
thanide ion. The deactivation of the triplet state of the antenna by
dioxygen results into a proportional decrease of lanthanide sensi-
tization and therefore into a lower luminescence.

3.2. In vitro and in vivo imaging (of dioxygen levels)

The potential of using transition metal complexes in lumi-
nescence cell imaging has recently boosted the interest in such
complexes. The possibility of tuning the emission and the cell
uptake by changing the ligands around the metal-centre makes
these luminescent transition-metal complexes extremely versatile
imaging agents [1,3,76,77].

Asiedu et al., reported the use of [Ru(phen)3]2+ for optical
intracellular dioxygen detection [78]. The authors used the Ru(II)
luminophore to monitor the changes of oxygen concentration in
macrophages monitoring the cells response to external oxygen
level changes. The variation of lifetime upon oxygen exposure has
also been used to monitor oxygen concentration in living cells by
using Fluorescence Lifetime Imaging Microscopy (FLIM) [10,79,80].
Since the transition metal complex lifetimes are up to 3 orders of
magnitude longer than the lifetime of organic dyes, amino acids, etc.
it is possible to “filter out” the autofluorescence by using time-gated
imaging [81,82].  For example, a [Ru(bpy)3]2+ complex functional-
ized with a pyrenyl unit with a lifetime of 58 �s and a high stability
towards photodissociation was  reported by Ji et al.; the complex is
more stable towards photodissociation than the parent unsubsti-
tuted [Ru(bpy)3]2+ and therefore is suitable for in vivo applications
[83]. More recently, zeolites [84] and polymer-based nanoparticles
[85] functionalized with [Ru(bpy)3]2+ derivatives have been used
for dioxygen quantification in cells. [Ru(phen)3]2+ complexes have
also been used for the in vivo determination of oxygen concen-
tration in liver and brain [86,87]. Since ruthenium(II) complexes
are known to be phototoxic (vide infra), the dye concentration is
a crucial parameter both for cellular and for in vivo imaging. A
limit concentration of 0.2 mM has been reported by Dobrucki. At
this concentration both [Ru(bpy)3]2+ and [Ru(phen)3]2+ are inter-
nalized in endosomes and do not cause any cell damage. Higher
extracellular concentrations (in the range of 1 mM)  result in higher
phototoxicity upon excitation, causing a loss of membrane integrity
[88].

We recently reported an alternative method to make Ru(II)-
based luminophores suitable for in vitro imaging [31]. The
decoration of a PAMAM dendrimer with negatively charged ruthe-

nium(II) luminophores (16,  Fig. 8) causes a partial internalization
of the dyes into the dendritic structure, resulting in a negligi-
ble phototoxicity towards cells, despite the production of singlet
oxygen upon irradiation. On the other hand, PAMAM dendrimer
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Fig. 7. Scheme of a Ru(II)-based oxygen sensor (left) and h
eproduced from Ref. [71].

unctionalized with a [Ru(bpy)3]2+ (15,  Fig. 8) shows the expected
hototoxicity towards cells.

The measurement of dioxygen concentration levels is extremely
mportant for the determination of hypoxia, a pathological condi-
ion of low oxygen concentration in cells and tissues. Hypoxia has
een recognised as a critical factor in malignancy progression and
etastasis in tumors and direct measurement of tumor oxygena-

ion is a well-established marker for the prognosis of solid tumors

89–91]. An optical method for the direct determination of oxygen
oncentration would be extremely valuable, also considering a pos-
ible application of in intraoperative imaging during e.g. tissue or
rgan transplantations [92,93]. Zhang et al. recently reported about

ig. 8. A PAMAM dendrimer decorated with positive (15) or negative (16) Ru(II) complexe
pon  irradiation (A) whilst the same cells incubated with 16 do not show any change upo
odified from Ref. [31].
ical response to different concentration of oxygen in time.

the application of an iridium(III) complex (17,  Fig. 9) and performed
hypoxia imaging in a tumor-bearing mice [94]. The red emission of
the Ir(III) complex shows dioxygen quenching and, as expected,
hypoxic tumor tissues show a lower concentration of oxygen than
healthy tissues and therefore are clearly visible upon blue-light
excitation (Fig. 9).

3.3. Therapy
As mentioned above, ruthenium(II) complexes are known to be
phototoxic [88]. The hypothesized mechanism of this phototoxicity
involves the production of singlet oxygen (1O2), a highly reactive

s showing different phototoxicity: tumoral cells incubated with 15 show apoptosis
n irradiation (B).
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ig. 9. Ir(III) complex used for imaging of tumor-induced hypoxia. Red luminescen
eprinted by permission from Macmillan Publishers Ltd.: Nature Biotechnology, co

nd cytotoxic species, which is produced by Ru(II) luminophores
pon irradiation and is responsible for the loss of plasma mem-
rane integrity [35]. Another proposed mechanism for toxicity is
ased on the strong oxidizing properties of Ru(II) excited state
owards DNA bases, resulting in DNA cleavage [95]. In fact, this
NA cleavage mechanism is more complex and it has been proved

hat four different pathways can be involved: (1) direct electron

ransfer from guanine to metal complex; (2) oxo-transfer to the
ugar and DNA bases; (3) long range DNA mediated electron trans-
er; and (4) interaction of singlet oxygen (produced via metal
hotosensitization) with DNA [96]. The latter pathway has been

Fig. 10. Ru(II) and Ir(III) complexes with therapeutical applications: si
icating the localization of the tumor upon labelling with complex 17 (BTP) [94].
t 2004.

widely exploited for therapeutic applications, known as PhotoDy-
namic Therapy (PDT) [97]. Traditional drugs used in PDT are based
on hematoporphyrin derivatives (e.g. Photofrin®) with or without
(transition) metal ions, but more recently some Ru(II) complexes
functionalized with polypyridine ligand have been reported as pos-
sible photosensitizers for PDT [40]. Most of the Ru(II) complexes
discussed in Section 2 produce singlet oxygen as a “side product”

of dioxygen quenching and, therefore, have potential as sensi-
tizer for PDT [23,35,52,54].  For instance, Mulazzani et al. reported
that the complexes [Ru(bpm)3]2+ and [Ru(bpz)3]2+ (bpm = 2,2′-
bipyrimidine and bpz = 2,2′-bipyrazine) show a yield of singlet

nglet oxygen photosensitization (18, 20) and DNA cleavage (19).
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xygen as high as that of tetrakis(4-sulfonatophenyl)porphyrin, a
ell-known sensitizer used for PDT [17]. On the other hand, most

f those early works just show the efficiency of Ru(II) complexes as
inglet oxygen sensitizers but they do not corroborate the effective
hotoxicity of the sensitizers with cell studies. The study of Ru(II)
nd, more recently, Ir(III) complexes as sensitizers for PDT is still

 very active field [2].  For example, Boca et al. have described a
Ru(phen)3]2+ complex functionalized with fluorene moieties (18,
ig. 10)  which can be used as sensitizer for two-photon PDT [98].
he advantage of the two-photon technique resides in the possibil-
ty of using higher wavelength radiations (e.g. in the near IR region),

hich are less energetic (and therefore less harmful to healthy tis-
ues) than traditional visible-light radiations. In addition NIR light
an penetrate deeper in the tissues, expanding the use of PDT to
eeper lying lesions.

A Ru(II) complex with two mer tridentate N-donor chelators
19, Fig. 10)  with improved yield of singlet oxygen has recently
een reported [99]. This complex shows a 20 �s lifetime, a unitary
inglet oxygen yield and an impressive efficiency in DNA photo-
leavage. Very high singlet oxygen yields have also been reported
or cyclometallated Ir(III) complexes (e.g. the well known [Ir(ppy)3]
hows a singlet oxygen yield of 90%) [100]. A cyclometallated Ir(III)
omplex has even been applied to the decoration of magnetic
anoparticles (20,  Fig. 10), and the resulting multimodal system has
een used as imaging agent and PDT sensitizer, i.e. combining opti-
al imaging and therapeutical applications. The possibilities shown
y this multimodal system possibly opens up a field suitable for
uture applications of transition-metal complexes [101].

. Conclusions

The study of the oxygen quenching of transition metal com-
lexes’ luminescence is a very active field, with important
pplications in sensing and biomedical sciences. Considering the
xamples described in the previous sections, it is evident that the
xygen quenching of the luminescence is not only an unwanted
ffect. Obviously, a low degree of oxygen quenching is a prerequi-
ite for the development of highly luminescent dyes; on the other
and, the quenching of the luminescence by oxygen can be fruit-

ully exploited for the quantification of oxygen in tissues, which
as a capital importance in diagnostics. Therapeutic applications
f oxygen quenching are even more valuable: the efficient quench-
ng of luminescence by oxygen, and the concomitant formation of
ighly reactive species (i.e. singlet oxygen and superoxide radical)

s nowadays widely used for photodynamic therapy. The under-
tanding of the physical processes regulating the interaction of the
xcited state of transition metal complexes with molecular oxygen
llows the tailoring of the quenching degree and, consequently, it
akes possible to design luminophores with a degree of quenching

uned up the desired application. Unfortunately, a simple roadmap
or chemical development in this direction is difficult to set up,
s quenching depends on many parameters, e.g. (substitutions on)
igands affecting the triplet energy and/or oxidation potential of
he compounds, covalent or non-covalent functionalization influ-
ncing accessibility of relevant orbitals, solvent or matrix effects,
ll of which can have higher or lower impact depending on the
pplication. Nonetheless, the application of oxygen quenching of
ransition metal luminophores in biomedicine, like oxygen sensing
n vitro and in vivo, diagnostic imaging of oxygen distribution in vivo
nd singlet oxygen photosensitization for therapeutic applications,
ake this field very attracting and stimulating. In this review sev-
ral promising applications with Ru(II) and Ir(III) complexes are
escribed that have been reported in recent years, and we  expect
his field to be significantly further explored in the coming decades,
riven by common sense and practical approaches as well as by an
 Reviews 255 (2011) 2542– 2554 2553

increasing understanding of the theoretical fundamentals of the
different factors influencing the quenching mechanisms.
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