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Abstract: This mini-review evaluates deactivation processes of iron-containing species and substances 
in solutions and the solid state with the focus on radiation deactivations from their electronically excited 
states. Theoretical and practical aspects of luminescence are assessed and conclusions based on up-to-date 
experimental data are formulated.
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Introduction

When dealing with photodeactivation processes of 
electronically excited iron-containing species and 
substances it should be worth summarizing and 
reminding three aspects of the issue.
The first one is devoted to the relation of the rate 
constant of electronic deactivations (transitions 
lowering the electronic energy) and rotational-
vibrational relaxation (lowering mainly vibrational 
energy within a given electronic state). In the his-
tory of photochemistry two limiting approaches to 
this relation have evolved. The first approach may 
be illustrated by the Jablonski diagrams (Jablonski, 
1933), later elaborated by Adamson (Adamson, 
1976) who introduced the term “thexi-state” to 
characterize the state thermally equilibrated with its 
surroundings by the transfer of part of vibrational 
energy of a populated excited state to surrounding 
molecules through their collisions. The Adamson’s 
concept was based on the assumption that thermal 
equilibration (i.e. vibrational relaxation) preceded 
electronic deactivation processes of excited mole-
cules. It is worth noting that his concept was formu-
lated before introducing ultrafast flash-techniques 
(working in nano-, pico- and femtosecond time 
domain) into photochemistry and photophysics. 
Adamson applied his concept mainly in the field of 
photochemistry of coordination compounds. The 
advent and introduction of the mentioned ultrafast 
techniques has documented that situation could be 
diverse, i.e. electronic deactivation is frequently 
a faster process that vibrational relaxation.
The second aspect is stemming from the fact 
that neither iron(II) nor iron(III) coordination 
compounds undergo at normal conditions radia-
tion deactivations. Authors of the comprehensive 
papers reviewing luminescence of transition metal 
complexes (Fleishauer and Fleishauer, 1970; Yam 

and Wong, 2011) have characterized iron complexes 
as non-luminescent.
The third aspect covers newly emerging substances/
systems and experimental techniques. As for the 
systems, nanoparticles containing elemental iron 
or its compounds, and their impact (quenching, in-
ducing, enhancing and shifting) on luminescence 
of other parts of the systems may be offered. The 
newly emerging techniques may be exemplified by 
e.g. femtosecond powder X-ray diffraction (Freyer 
et al., 2013). Both the newly developed systems 
and techniques have contributed to the theoreti-
cal knowledge in the field of photochemistry and 
photophysics and to practical applications of the 
acquired knowledge.
This mini-review is aimed at providing basic infor-
mation on the existence of the phenomenon of lu-
minescence in individual kinds of iron-containing 
substances and examples on the situation in the 
field of radiative deactivation of such substances.

Luminescence as deactivation mode
Any electronically excited species, irrespective 
of the mode of its formation (photoexcitation, 
energy transfer, chemical reaction, etc.) undergoes 
deactivation. The scheme of deactivation modes is 
illustrated in Fig. 1.
The three upper modes are monomolecular photo-
physical deactivations, namely nonradiative internal 
conversion IC (preserving multiplicity) and intersystem 
crossing ISC (changing multiplicity, usually by ± 2); 
radiative deactivation (fluorescence without changing 
the multiplicity or phosphorescence with multiplicity 
change usually by ± 2); nonradiative transfer to the 
ground state manifested itself as heat evolving. Fur-
ther four modes are analogous bimolecular processes 
with the participation of a quencher Q. The two last 
modes are photochemical deactivations. [A-Q]* may 
denote also an exciplex or excimer.



127

In general, luminescence is spontaneous emission 
of radiation from an electronically excited species 
or from a vibrationally excited species not in ther-
mal equilibrium with its environment. This term 
covers thus both phosphorescence and fluorescence 
(Braslavsky, 2007).

Elemental iron
The emission of radiation (line spectra) from the 
“free” excited iron atom and its cations is a well-
known phenomenon utilized, e.g. in analytical de-
termination of iron by inductively coupled plasma 
atomic emission spectroscopy (Sansonetti and 
Martin 2995; Kramida et al., 2014), mainly through 
emission lines at 259.940 and 238.20 nm.
At the interface of elemental iron and its 
compounds, iron nanoparticles containing a 
few iron atoms in oxidation state 0  may be lo-
cated. The superparamagnetic luminescent cations 
[Fe10(TOPO)3(H2O)3]+, [Fe13(TOPO)2(H2O)]+  and 
[Fe8(TOPO)(H2O)2]+  having the Fen core were 
detected by mass spectrometry in solution in the 
presence of tri-octylphosphineoxide (TOPO). The 
quantum yield of luminescence centered at 565 nm 
reached 10 % (Goswami et al., 2014).

Systems doped with iron and its ions
Luminescence occurring in the form of multipho-
ton emission process was proposed as a deactiva-
tion channel in some Fe2+-doped semiconducting 

materials. The radiative and nonradiative kinetics 
of 5T2 →5E transition in Fe2+ ions acting as dopant 
in GaAs, GaP, InP, CdS and ZnS revealed that 
the luminescence time decay is of order of some 
microseconds, and both the radiative and nonra-
diative transition rate constants are of the order 
104 s−1 (Podlowski et al., 1994).
Several authors (Varney et al., 2011; Rotman et al., 
1989) observed a strong near-infrared luminescence 
(centered at about 800 nm) of both undoped YAG 
single crystals and those doped with Fe3+ ions. The 
luminescence was attributed to both the presence 
of Fe3+ ions and native defects. As part of the 
processes, the absorption of radiation by Fe3+ ions 
as well as energy transfer processes are involved. 
Neither kinetic data nor the spectral nature of the 
luminescence were provided.
A characteristic infrared luminescence band, domi-
nated by a zero‐phonon line at 1.30  eV has been 
detected in gallium nitride (GaN) epitaxial layers 
(Baur et al., 1994) and assigned to the intra‐3d‐shell 
transitions 4T1(G) → 6A1(S) of Fe3+ trace impurities. 
Another infrared emission is often also observed 
at 1.19 eV. This is, however, tentatively assigned to 
Cr4+ trace impurities. Based on the measured data, 
the role of iron and chromium as minority‐carrier 
lifetime killers in GaN‐based optoelectronic devices 
was suggested.
A luminescence band at 770 nm due to iron centres 
has been observed in lithium niobate crystals treated 

Fig. 1. Scheme of deactivation modes of electronically excited species A* (rad = radiative deactivation; 
IC = internal conversion; ISC = intersystem crossing; ent = energy transfer; X and Y = multiplicity, 

i, j, k = individual excited states).

Šima J, (Non)luminescent properties of iron compounds.



128

at 520 °C in lithium carbonate (Parsons et al., 1975). 
Without this treatment only a broad background 
luminescence was observed. The main effect of the 
treatment is a reduction of iron centres to the Fe2+ 
state but some evidence was found that destruc-
tion of shallow traps leading to the luminescence 
increasing was also involved.
It was found that TiO2 when doped with iron present 
in the form of Fe3+ ions provide luminescence (Nas-
ralla et al., 2013). The photoluminescence spectrum 
of TiO2 containing 5 % Fe calcined at 400 °C shows 
an emission peak at around 438 nm when excited at 
250 nm. This active band could be due to the bound 
excitons. By increasing the temperature, the photo-
luminescence intensity decreases due to an increase 
of nonradiative transition(s), and peak positions 
of the photoluminescence are shifted towards the 
longer wavelength. Increasing iron concentration, 
the nonradiative decay process become dominant, 
which was attributed to the concentration quench-
ing process of Stern-Volmer type.
Kulyuk investigated magnetic and luminescence 
properties of iron-doped ZnSe crystals (Kulyuk et 
al., 2010). The oxidation state of iron is an open 
question. The authors declared that iron was 
responsible for photoluminescence bands at 980, 
1320, 1450 nm and quenched luminescence band 
at 630—645 nm. Iron is thus a quencher of visible 
luminescence in zinc selenide which is identical 
effect as that observed in above mentioned case of 
iron-doped TiO2 (Nasralla et al., 2013). In none of 
the mentioned papers radiative deactivation and 
relaxation rate constants were determined.
When present in minerals, the ion Fe2+ is the strong-
est visible luminescence quencher, but it has an 
emission band in the IR part of the spectrum (Gaft 
et al., 2005). As for luminescence of Fe3+, because 
of the large value of crystal field, the emission is 
shifted into the deep red when Fe3+ is present on 
tetrahedral sites. Fe3+ in octahedral coordination 
is predicted to emit in the near IR at about 900 to 
1,000  nm, but was not confidently observed in 
minerals. Steady-state luminescence of Fe3+ in 
minerals is mainly observed when it substitutes for 
Al3+ or Si4+ in tetrahedral sites in aluminosilicates. 
The luminescent transitions are forbidden and cor-
respondingly the decay times are rather long (Gaft 
et al., 2005).

Systems of semiconducting nanoparticles containing 
surface-anchored iron complexes
This category of luminescent substances can be 
exemplified by titanium dioxide with hematopor-
phyrin, HP or iron(III) hematoporphyrin, Fe(III)
HP attached to its surface (Sardar et al., 2013, 2014). 
It was found that the intensity of the fluorescence 

from HP is strongly reduced both by Fe(III) and 
TiO2. The reason is an efficient electron transfer 
from HP to Fe(III) and/or TiO2. In case of these 
systems also lifetimes and nonradiative deactiva-
tion rate constants were determined. Dynamics of 
picosecond-resolved luminescence transients of HP, 
Fe(III)HP, HP—TiO2 and Fe(III)HP—TiO2 nanohy-
brids can be expressed through the average lifetime 
values (in ns), 11.39, 3.38, 1.96  and 1.19  clearly 
documenting a  quenching impact of TiO2  and 
Fe(III) on the HP luminescence.

Iron oxides (nanoparticles) containing systems
In this area, a few kinds of iron oxide nanoparticles 
with luminescent molecules attached to their surface 
have been investigated. A suitable example of the 
case is represented by 5-amino-1,10-phenanthroline 
(Aphen)-functionalized superparamagnetic Fe3O4 
nanoparticles where Aphen acts as a luminescence 
source (Govindaiah et al., 2010). Since the mag-
netic core (nanoparticles of a metal or an oxide) 
normally quenches the fluorescence of function-
alized chromophore, the authors eliminated the 
problem by covalent bonding of chromophore 
(phen) to the magnetic nanoparticle via a spacer 
(NH2-group) obtaining thus a  system providing 
the luminescence with the quantum yield about 
0.035 at room temperature. Aphen-functionalized 
magnetic Fe3O4 nanoparticles showed an emission 
peak at 448 nm, which is shifted significantly to the 
blue region compared with the emission spectrum 
of pure Aphen (λem = 494 nm). This blue shift indi-
cates that Aphen is anchored onto the surface of the 
Fe3O4 nanoparticles.
As part of research on the synthesis, structure, 
properties and application possibilities of Fe3O4, 
also photoluminescence properties of the oxide 
were investigated (Goswami et al., 2014a). It was 
demonstrated that tartrate-functionalized Fe3O4 na-
noparticles exhibited ligand-to-metal charge trans-
fer (LMCT) transition in the UV spectral region 
and excellent blue fluorescence (λem  =  440  nm) 
which might originate from LMCT states. This is 
a  difference from the previous system where the 
luminescence was attributed to intraligand transi-
tion in the Aphen ligand.
Nanocrystals of γ-Fe2O3  with pyrene derivatives 
anchored to their surface are luminescent, the 
luminescence originating from pyrenes (Turro 
et al., 2002). The lifetime of pyrene fluorescence 
reached a few ns under aerated conditions and 
was not changed by γ-Fe2O3, its intensity, however, 
decreased when increasing γ-Fe2O3 concentration.
Within the study of solid phase redox processes an 
electron transfer from the luminescent dye 2’,7’-di
chlorofluorescein anchored to α-Fe2O3 (hematite) or 
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FeO(OH) nanoparticles was followed (Gilbert et al., 
2013). Photoexcitation of the dye-sensitized nano-
particles leads to complicated dynamics interpreted 
as a combination of band-gap excitations of the iron 
oxides and dye excitation and its deactivation due to 
luminescence, electron transfer and energy transfer 
processes. Based on a detailed analysis of transient 
absorption spectra and fluorescence measure-
ment it was found that the decay of the stimulated 
emission of the dye occurred with a time constant 
less than 300 fs in all investigated samples. It was 
found that “free” dye exhibits strong fluorescence, 
however, when surface-bound to iron-containing 
nanoparticles, the dye fluorescence is quenched.

Coordination compounds
Luminescent iron complexes can be, in principle, 
either iron-containing “free” molecules and ions or 
molecules attached to the surface of (nano)particles, 
usually of a semiconducting compound.
As for “free” iron complexes, luminescence is a very 
rare phenomenon and in cases of kinetically labile, 
high-spin complexes it might be disputed and ex-
plained as occurring from free ligand.
Investigating photophysics of iron(II) polypyridine 
chelates it has been found that low-spin (LS) singlet 
to high-spin (HS) quintet transition can be photoin-
duced through a simple ultrafast cascade 1MLCT → 
3MLCT → 5T2 occurring in less than 300 fs (Juban et 
al., 2006; Bressler et al., 2009), bypassing low-lying 
LF states. It was documented (Galle et al., 2013) that 
there is also a possibility to accomplish reversal HS → 
LS transitions through excitation with selective 
radiation wavelength. As for objects, [Fe(phen)3]2+ 
and [Fe(2-CH3-phen)3]2+ complexes in solution 
were investigated. In case of the complexes in aceto
nitrile, the 5MLCT is formed by photoexcitation at 
about 500 nm within 300 fs and its relaxation lasts 
some nanoseconds. The reverse HS → LS process 
is achieved by irradiation of the HS complexes at 
about 300  nm. Within the both excitation modes, 
MLCT states were populated and the issue of LF 
states involvement was open. The results obtained 
in the field of the kinetics of deactivation processes 
in iron(II) polypyridine complexes are thoroughly 
assessed and compared to analogous ruthenium(II) 
complexes (Chergui, 2013). As a general finding it 
was concluded that the lowest excited (HS) quintet 
state relaxed nonradiatively to the LS ground state 
with times ranging from about 0.65 ns to 150 ns in 
room temperature solutions.
A detailed photophysical study of [Fe(tren(py)3)]2+ 
(tren(py)3  =  tris(2-pyridylmethyliminoethyl)amine) 
revealed (Monat and McCusker, 2000) that the 
HS state was formed in about 300 fs. The authors 
also observed additional dynamics attributed to 

vibrational relaxation in the 5T2 state with a  time 
constant of 8  ±  2  ps. Information concerning dy-
namics associated with the initially formed MLCT 
state was also unravelled by monitoring spectral 
changes in regions where the difference spectra 
for the MC and MLCT states are of opposite sign. 
The authors thus concluded that depopulation of 
the MLCT manifold occurs in 80 ± 20 fs. Contrary 
to their ruthenium analogues, Fe(II)-polypyridine 
complexes do not exhibit a long-lived 3MLCT 
phosphorescence since their LF states lie at lower 
energies than the MLCT states. On the other hand, 
the ultrafast relaxation processes occurring in the 
manifold of 1MLCT states of [Fe(bpy)3]2+ that lead 
to a mirror-like image (with respect to the absorption 
band) fluorescence were estimated to occur in <10 fs 
and were attributed to intramolecular vibrational 
redistribution (IVR) and internal conversion (IC) 
processes (Consani et al. 2009).
Working with [Fe(bpy)3]2+ (Gawelda et al., 2007a) 
a weak emission was observed at  ≥ 650  nm and 
t  ≥  100  fs. The comparison of Raman and emis-
sion time traces allowed the authors to extract an 
exponential decay of 30  ±  10  fs for the 1MLCT 
fluorescence. The weaker emission at about 660 nm 
was found to decay in 130 fs and is assigned to the 
3MLCT state. Indeed, it lies in the wavelength range 
where the 3MLCT phosphorescence is expected to 
occur. These results represent the first observation 
of fluorescence and phosphorescence of Fe(II) 
spin-crossover complexes. Interestingly, the decay 
of the 3MLCT state in [Fe(bpy)3]2+ is comparable to 
the value of 80 ± 20 fs reported for [Fe(tren(py)3)]2+ 
(Monat et al., 2000).
Turning back to the Adamson’s conception de-
scribed above it might be worth introducing also 
some data on kinetics of vibrational relaxation. In 
several papers discussed in the review (Chergui, 
2013) it is stated that as for the quintet (HS) state 
of iron(II) complexes, the analysis of time-resolved 
spectra leads to two time values. The femtosecond 
component is attributed to electronic changes, the 
picosecond component is associated with vibrational 
cooling within a given electronically excited state.
Luminescence of an iron(II) complex was 
detected by Braem (Braem et al., 2012) who in-
vestigated pump wavelength dependence of the 
fluorescence of aqueous [Fe(bpy)3]2+. The 1MLCT 
fluorescence appears at zero time delay with a 
mirror-like image with respect to the absorption 
and decays in ≤30—45 fs due to intersystem cross-
ing to the 3MLCT states. The very early dynamics 
are characterized by internal conversion (IC) and 
intramolecular vibrational redistribution (IVR) 
processes on a time scale estimated to ≤10 fs using 
the 1MLCT lifetime as an internal clock.
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LS ↔ HS light-induced excited spin state trapping 
(LIESST) effect was investigated for the spin-cross-
over [Fe(ptz)6][BF4]2, where ptz = 1-propyltetrazole, 
performing excitation into LF bands (Marino et 
al., 2014). The complex is interesting since it have 
no low-lying LMCT states and allows to inspect in 
more detail the role of LF states in LIESST proc-
esses. It was found that the role of LF states should 
not be neglected and the reverse (HS → LS) process 
was achieved irradiating the complex into spin-
allowed LF bands. It was deduced that the ultrafast 
reverse-LIESST pathway involved the lowest energy 
S = 1 LF state as an intermediate state with a lifetime 
of 39 ps for the light-induced HS → LS conversion 
on irradiation into the spin-allowed LF transition of 
the high-spin species in the NIR. No luminescence 
is mentioned in the paper.
Relation between an ultrafast electronic deactiva-
tion and a much slower vibrational relaxation was 
found also for iron(III) complexes. As an example, 
the low-spin [N3-Fe(cyclam-acetato)]2+ complex 
can be introduced (Vennekate et al., 2012) with 
vibrational cooling as a slower process (13 ps) and a 
faster internal conversion to the electronic doublet 
ground state lasting 2 ps.
As for high-spin iron(III) complexes, a blue lumines-
cence (400—450 nm) was claimed (Basu et al., 2007) 
to be observed for [Fe(HL1)2]Cl, [Fe(L2)2]Cl, and 
[Fe(MeL1)2]Cl with interlayer O—H···Cl bridging 
(HL1, L2, and MeL1 are tridentate N2O-ligands). It 
should, however, be pointed out that these iron(III) 
complexes are kinetically labile and the lumines-
cence of the ligands and complexes are very similar, 
i.e. it might happen that the luminescence is of 
intraligand kind and does not involve the orbitals 
of the iron(III) central atom. Moreover, the ligand 
and its iron(III) complex undergo photoinduced 
intramolecular azo-imine tautomerism.
Photoluminescence was declared (Kong et al., 2011) 
to occur from excited spindle-like tris(8-hydroxy-
quinoline) iron (FeQ3) complex. It is blue shifted 
when compared to the ligand. It should be pointed 
out, however, that the molecular formula of the 
product is only speculated without full determina-
tion of its composition and structure. Moreover, the 
authors did not specify even the oxidation state of 
the central atom.

Conclusions

Based on the above data it follows that iron com-
pounds can be grouped, from the viewpoint of 
luminescence, into three classes.
Free iron atoms and ions, iron-containing nanopar-
ticles, and substances doped with iron and its ions 
provide emission from their excited states. It is 

generally observed that iron group elements act as 
a “killer of luminescence” by means of resonance 
energy transfer as documented by investigating 
several phosphors. On the other hand, infrared 
luminescence due to intraions (LF) transitions in 
Fe2+ and Fe3+ ions is found (Yen et al., 2006).
Iron-containing nanoparticles with luminescent 
surface-anchored molecules are luminescent, 
their luminescence originates, however, from the 
anchored molecules. In this class of substances the 
presence of iron supresses the luminescence of 
anchored molecules.
The most unusual observations relates to non-
luminescent behaviour of the majority of iron 
complexes. To understand and explain this fact, 
several hypotheses may be offered.
One of them stems from rate constants of deactiva-
tion processes. If the excited state directly reached 
by irradiation gives rise to x primary processes, the 
quantum yield of a specific process (e.g. of radiative 
deactivation) is given by the ratio of the rate con-
stant of that process (e.g. kr) to the sum of the rate 
constants of all the x processes which deactivate the 
excited state (Balzani and Carrasiti, 1970)
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Thus, if kr is very low and the other, nonradiative 
physical and chemical deactivation modes (Fig. 1) 
occur with a very high rate constant, no lumi-
nescence might be observed. A nonluminescent 
behaviour of iron complexes can be, therefore, 
tentatively explained as a consequence of ex-
tremely fast competitive nonradiative deactivation 
processes which are in experimentally investigated 
cases much faster than vibrational relaxation (Ju-
ban et al., 2006; McCusker et al., 1992; Poznyakov 
et al., 2004, 2006, 2006a, 2007; Šima et al., 2013; 
Freyer et al., 2013; Jeremy and McCusker, 2000; 
Khalil et al., 2006; Smeigh et al., 2008; Gawelda 
et al., 2006, 2007; Bressler et al., 2009; Conzani 
et al., 2009; Cannizzo et al., 2010). This approach, 
however, can be questioned due to a high sensi
tivity of luminescence measurement.
Another cause for finding the majority of iron 
compounds nonluminescent may lie in the self-
absorption of emitted radiation by a system (Ahn 
et al., 2007). This phenomenon happens in case of 
overlapping the wavelength of emitted radiation 
(luminescence) and absorption.
When dealing with deactivation process it should 
be worth reminding that the selection rules apply-
ing to spin-forbidden processes valid in the field of 
organic spectroscopy and photophysics do not work 
well for transition metal compounds. For example, 
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not infrequently the rate constant of spin-forbidden 
intersystem crossing is higher than that for internal 
conversion (Juban et al., 2006). In spite of this fact, 
the impact of spin-forbiddeness and other selection 
rules applicable to transition-metal compounds on 
the luminescence efficiency cannot be ruled out.
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