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A. INTRODUCTION 

The lanthanides from cerium to lutetium (atomic number 58-71) are 14 
elements that follow lanthanum in the Periodic Table, in which the 14 4f 
electrons are successively added to the lanthanum configuration. The 4f 
electrons are shielded from the environment by an outer core of 5s and 5p 
electrons. Therefore in general, the atomic properties of rare earth metal 
ions are almost always retained after formation of complexes with different 
ligands. Most metal ion complexes absorb visible and/or UV radiation but 
only a few re-emit the absorption energy in the form of visible or UV 
photons. However, the tervalent lanthanide ions and their complexes are 
known to luminesce, giving sharp atomic bands corresponding to f-f transi- 
tions in the central metal atom. 

The interest in sensitized emission in l~thanide chelates started in 1942 
when Weissman noticed that the absorption of UV light by a variety of 
fl-diketonate complexes resulted in a line-like emission characteristic of the 
europium(II1) ion [I]. For two decades after this initial work, very little 
research was done until the advent of laser spectroscopy began a renewed 
interest in lantha~de emission. Since then, a large number of papers have 
been published on l~th~ide luminescence in various areas. Crosby in 1966 
presented a review on the luminescence of organic complexes of lanthanides 
[2]. At about the same time, Sinha published a monograph covering lumines- 
cence studies of europium and later, in 1971, a review on luminescence and 
laser action in chelates f3,4]. More recently, the absorption and luminescence 
properties of rare earth ions in solution have been reviewed by Carnal1 [5], 
Several monographs on various aspects of the excited state properties of 
lanthanide ions have been published [6-81. In 1984 Horrocks and Albin 
published an excellent review on lanth~de ion luminescence in coordina- 
tion chemistry and bioche~st~, describing the applications to biomolecular 
systems 191. 

The great interest in studies of the luminescence properties of lanthanide 
ions and chelates is mainly due to their potential practical applications. 
Firstly, lanthanide ions and chelates are used as laser materials [8,10]. 
Secondly, the analytical application of luminescence methods to determine 
traces of tervalent lanthanide ions in solution is well known [ll]. Fluores- 
cence methods are also used to obtain information about the structure of 
rare earth complexes, their formation constants, symmetry etc. [9,X2-14], 
Rare earth elements can thus be used as lu~nophores [lS]. Recently, the 
trend has been for interest to extend to applications in biochemistry [9]* 
Thus tervalent ions of europium and terbium are being used as very sensitive 
luminescent probes [16]. 

In this paper, after general concepts concerning absorption, emission and 
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photophysic~ properties, the quenching of excited states by lanth~ide ions 
and chelates in solution is reviewed. Because of the great interest in the 
applications of the luminescence properties of rare earth elements, it be- 
comes important to review and clarify the problems concerning energy 
transfer processes between lanthanide ions and chelates. The purpose of this 
paper is also to inspire researchers to study mechanisms of interactions 
between excited states of organic molecules and lanthanide complexes. 

All lanth~de(III} ions are known to luminesce, particularly in the solid 
state under anhydrous conditions. The literature about lanthanide(II1) 
luminescence in phosphors, doped glasses, single crystals and solid state 
materials is vast [17]. Therefore neither these topics nor the lanthanide(II1) 
emission studies in bioche~~ally related research will be covered here. 

B. SPECTRAL PROPERTIES OF LANTHANIDES 

(i) Ektronic energy states 

The electronic configurations of lantharrides are not known with complete 
certainty owing to the great complexity of their electronic spectra. Table 1 
shows the electronic configurations of lanthanide atoms and ions generally 
accepted in the literature. Since the +3 oxidation state is characteristic for 

TABLE 1 

Electronic configuration of lanthamde atoms and ions a 

Atomic 
number 

Name Symbol Atom M2’ Ms+ M’+ 

57 Lanthanum La 
58 Cerium Ce 
59 Praseodymium Pr 
60 Neodymium Nd 
61 Promethium Pm 
62 Samarium Sm 
63 Europium Eu 
64 Gadolinium Gd 
65 Terbium Tb 
66 Dysprosium DY 
67 Holmium Ho 
68 Erbium Er 
69 Thulium Tm 
70 Ytterbium Yb 
71 Lutetium Lu 

5d16s2 5d’ LW 
4f’5d’6s2 4f2 4f kel 
4f 36s2 4f3 4f2 45 
4f46s2 4f4 4f’ 4f2 
4f56s2 - 4f4 - 
4f ‘6s= 4f6 4f* - 
4f76s2 4f7 4f6 - 
4f ‘5d16s2 4f75d’ 4f’ - 
4f ‘6s2 4f9 4f8 4f7 
4f”6s2 4f’O 4f9 4f8 
4f”6s2 4f” 4f’O - 
4f126s2 4f”Z 4j” - 
4f 136s2 4f13 4f12 - 
4f146s2 4f”4 4f13 - 
4fx45d’6s2 - 4f’4 - 

a Only the valence shell electrons (those outside the [Xe] shell) are given. 
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Fig. 1. Comparison of electronic energy levels for triply charged lanthanide ions (Ln3’). 
Filled semicircles indicate the lowest luminescent level whereas unfilled semicircles indicate 
the highest level of the ground state manifold. 

all lan~a~d~s, this review will focus mainly on the tervalent la~thanid~II1~ 
ions and their compounds. 

The electronic energy states of the lanthanide 4j” configurations are only 
animally affected by their surroundings owing to the effective shielding of 
the 4j electrons from the external field by the 5s25p6 a~~gement. There- 
fore these energy states remain practically invariant for a given ion in all its 
compounds and in different environments. 

The absorption and emission spectra of 1~th~id~III~ ions give sharp, 
spectrally narrow bands. Their variety and complex character are due to the 
large number of electronic levels (Fig. 1). The energy states derive from the 
splitting of the 4j” electronic configuration owing to electrostatic interaction 
and spin-orbit coupling. The comparatively large values of spin-orbit 
coupling constants (ca. 1000 cm-’ (2.9 kcal mol-’ ‘)) cause the individual f 
levels to be well separated. Thus nearly every tervalent lanthanide ion is 
characterized by a ground state with a single value of total orbital momen- 
tum J and by a first excited state at an energy many times kT (ca. 0.57 kcal 



mol-’ at room temperature} above the ground state. Thus the first excited 
state is essentially unpop~~ted by electrons except at very high tempera- 
tures. Ilowever, sama~~(III) and e~opium(III~ ions are two exceptions, 
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their first excited states lying close enough to the ground state so that they 
are populated by electrons even at ambient temperatures (Fig. 1). Theoreti- 
cal calculations have given results which are, in most cases, in excellent 
agreement with the experimental observations [S,lS]. 

The lanthanide(III) ions with incompletely filled 4f orbitals absorb elec- 
tromagnetic radiation in the near&V, visible and near-IR regions (ea. 
300-900 nm) [39]. These spectral areas are easily accessible expe~mentally. 
The transitions taking place in these regions are caused by, or result from, 
the incomplete 4j subshells. Generally, there are three types of transitions: 
intra-4f ‘, 4f n + 4f n-* 5d, and charge transfer between the lanthanide ion 
and the ligands. 

The 4f” -+ 4f”-r 5d transitions occur in the near-UV region for 
c~~um(III~, praseody~um(II1~ and terbium(II1) compounds. These transi- 
tions tend to be broad and the upper 5d level is split by the ligand field 
surrounding the ion. 

Charge transfer bands result whenever an easily oxidized ligand is bound 
to a tervalent l~th~ide{III) ion which can be reduced to the divalent state, 
or when a ligand is bound to a tetravalent ion 1201. Such transitions are 
commonly observed in the spectra of samarium(W), europium(III), 
thulium(III), ytterbium(lI1) and cerium(IV) complexes. The positions of 
these bands in the spectra are markedly dependent on the properties of 
ligands and metal ions. 

By far the most interesting and useful transitions in the spectra of 
lanthanide complexes are the intra-4f” transitions [21]. Splittings of the 
various states in the 4f” configurations by external fields (ligand field) are 
very small, ca. 100 cm -r (286 cal mol‘-I). This is due to the effective 
shielding of these orbitals from their s~roundings (vide supra). Thus, when 
an f-f transition occurs from one spectroscopic term of a 4f” configuration 
to another term of the same configuration, the absorption band is extremely 
sharp. The bands are similar to those of free atoms and are quite unlike the 
broad d-d bands in transition metal complexes. Virtually all the absorption 
bands found in the visible and UV spectra of lanthanid~II1~ ions have this 
line-like character. 

The simplest structure of absorption spectra is observed for Ce3+ and 
Yb3+ ions because, as shown in Fig. 1, there are only two electronic levels 
for these ions. In the case of other lanthanide ions the spectra are much 
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more complex due to the presence of a large number of electronic levels. The 
absorption spectra of all 1anth~id~III~ ions are ch~acte~zed by small 
values of molar absorption coefficients in the visible range (e < 10). The 
problems concerning the absorption spectra of rare earth ions in solutions, 
including the historical development and theoretical interpretation, have 
been reviewed by Carnal1 [5]. 

Recently, several research groups have concentrated on the spectrophoto- 
metric studies of rare earth complexes, e.g. the influence of different ligands 
and solvents on the absorption spectra of lanthanide ions in solution 
[5,22-251. When the spectrum of a complexed lanthanide(II1) ion is com- 
pared with that of an aquated ion (the spectra of “free” ions are generally 
unknowns, three effects on the absorption bands are observed: (1) small 
displacements usually towards longer wavelengths; (2) the development of 
fine structure, but only in certain bands; and (3) changes in intensities, again 
only in certain bands. However, in no instance does complexation alter the 
spectrum of a given lanthanide(II1) ion profoundly. The transitions within 
the 4-f arrangements of l~th~ide complexes are affected but not obviated. 

(iii) EmMan spectra 

The emission spectra of rare earth ions in solutions and in solid state have 
been extensively studied since the early 1930s. The historical development, 
theoretical aspects and discussions of steady state and lifetime measure- 
ments have been reviewed by Carnal1 [5] and Horroeks, Jr. [9]. The fluores- 
cence of tervalent ions consists of sharp emission bands corresponding to 
the f-f transitions (Fig. 1). This line-like emission is attributed to the 
shielding of 4f electrons from the en~ronment by an outer core of 5s and 
5p electrons. However, not all the possible transitions result in fluorescence, 
emphasizing again the importance of environmental and consequent symme- 
try effects. The lanthanide(II1) ions, particularly those in the middle of the 
series, such as samarium, europium, terbium and dysprosium, form com- 
plexes that often emit visible radiation corresponding to the f-f transitions 
in the central metal ion when excited in the near-UV. Generally, the 
emission may occur (1) from the excited ligand perturbat~ by the cation, 
(2) from the excited cation perturbated by the ligand, and (3) as a conse- 
quence of a non-radiative intramolecular energy transfer from the excited 
ligand to the cation, followed by emission from the latter. These various 
types of emission are the consequence of different energy diagrams for the 
lowest excited states for the rare earth complexes. Schematic energy .level 
diagrams for three typical types of l~thanide(II1) complexes are illustrated 
in Fig. 2 1261, 
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Fig. 2. Schematic energy level diagrams for three typical types of rare earth complexes. The 
lowest ff * levels of the central metal ion are located at energetically lower (a) or higher (c) 
states than the lowest triplet level (TX) of a ligand. There are no ff * levels in La3+ and Lu3+ 
complexes (b). Radiative, very low efficient radiative, and non-radiative processes are 
represented by 3, + and --+ respectively [26]. 

When the ff * levels of the central metal ion are energetically higher than 
the lowest triplet (1;) of the ligand (case (6)) or there are no ff * levels as in 
the case of La3+ and Lu3+ (case (b)), the ligand-localized emission (fluores- 
cence and phosphorescence) can be observed. However, in the case of 
complexes with low-lying radiative ff * levels (case (a)), an intramolecular 
energy transfer from the ligand excited Ti state to the ff * level of the 
lanthanide(II1) ion may occur. In this case, lanthanide(II1) ion fluorescence 
is observed. In order to observe fluorescence from lanthanide chelates under 
such indirect excitation, at least one acceptor level should lie below the 
lowest triplet level of the ligand. 

From the point of view of metal ion luminescence, the chelated 
lanthanid~II1) ions can be classified into three groups: 
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(1) Those ions that show no fluorescence such as La3+ (4f*) and Lu3+ 
(4f14), and those for which luminescence is seldom observed such as Gd3+ 
(4f7). Intra-4f” transitions are of course forbidden in lanthanum(II1) and 
lutetium(III) complexes. However, the lowest lying excited level of 
gadolinium(II1) is too high (92.3 kcal mol-‘) to accept energy from a typical 
ligand T1 state. 

(2) Those ions, such as Sm3’, Eu3+, Tb3+ and Dy3+, that exhibit strong 
fluorescence due to the fact that in each instance an excited energy state lies 
just below the ligand triplet state, and relatively large energy gaps exist 
between excited and ground state (Fig. 1). 

(3) Those ions, such as Pr3+, Nd3+, Ho3’, Er3+, Tm3’ and Yb3’, that 
show only weak fluorescence because of the small differences between 
energy states which increase the probability of non-radiative transitions. 

The line-like structure of the emission spectra of some /3-diketonates of 
sama~um(III), europium(III), t~rbium(II1) and dysprosium(II1) ions indi- 
cates that the lines arise from radiative f-f tr~sitions (Fig. 1) 1271. Since 
emissions of sama~um(III), terbium(II1) and dysprosium(II1) ions originate 
from radiative transitions at a unique resonance level for each ion, it is 
possible to assign most groups of lines unambiguously to transitions be- 
tween particular terms on the basis of energy gaps only. This kind of 
assignment, however, is not so simple for europium(II1) complexes since 
spectral lines in this ion originate from two excited states, ‘0, and ‘Do, both 
of them populated by energy transfer. However, the recording of spectra 
through a special phosphoroscope, which effectively eliminates lines 
originating from the short-lived ‘D, resonance level allows for the assign- 
ment of the ‘Bo-‘F transitions. A more detailed discussion is presented in 
the next sections. 

It should be noted that, besides the small shifts in band energy and 
changes in band intensities, fluorescence techniques can give more informa- 
tion about the excited states of lanthanide complexes, namely their lifetimes. 
Fluorescence decay measurements can be used as excellent and sensitive 
tools for the study of the changing environment of lanthanide(II1) ions. 

Since Carnali’s review [S] about the effect of changing environments on 
the emission properties of tervalent lanthanide ions, a large number of 
papers have been published on that subject. For example, Bilal and co- 
workers [14,28,29] determined the formation constants of lanthanide(II1) 
complexes in solution using luminescence intensity and lifetime measure- 
ments. The influence of pH, excess of complexing agent, size and charge of 
ligand molecules, and temperature on the fluorescence intensity of lanthanide 
complexes with amino-polyacetic acids in solution has also been carefully 
studied [30,31]. The experimental results have been explained using a simple 
theoretical model connecting the intensity of transition for the lanthanid~II1~ 
ion with the resultant transition dipole moment of the system [30]. 
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Fluorescence techniques also allow the study of the structure, symmetry 
and stability of rare earth complexes, the presence of covalent interactions, 
the structure of first and second coordination spheres of lanthanide(II1) 
ions, the exchange of ligands between the complexes etc. [22,32-391. Widely 
used for these types of study is the investigation of the effect of changes in 
the environment of lanthanide(II1) ions on the so-called “hypersensitive 
transitions” [5,22,30-361. The reader is referred to recent reviews [9,39] for 
experimental and theoretical details concerning environmental effect on 
lanthanide(II1) ion luminescence. 

A great enhancement of the lanthanide(II1) ion emission can be achieved 
by introducing a triplet sensitizer with its triplet level above that of the 
chelate. Thus when a system containing benzophenone and Eu(hfac), is 
excited at 380 nm, where the chelate has no absorption, a tenfold increase in 
the intensity of europium(III} fluorescence is observed [40]. This is due to 
intermolecular and intramolecular energy transfer processes which will be 
discussed in the next sections. 

C. INTRAMOLECULAR ENERGY TRANSFER 

Intramolecular energy transfer after near-UV light excitation has been the 
subject of numerous studies for almost 30 years [ll]. It was Weissman who 
first indicated that after irradiation of the organic part of a europium 
complex, the atomic line emission of the Eu3+ ion was observed [I]. It was 
proposed that the direct excitation of lanthanide(II1) was not responsible for 
the observed emission, and that it was due to an internal energy transfer 
from the ligand to the 4f subshells of the central metal ion. The similarity in 
the chemical properties of the lanthanides combined with the insensitivity of 
the 4f electrons to the ion environment make these chelates ideal systems for 
the study of the problem of intramolecular energy transfer from the ligand 
to the complexes metal ion. 

Three mechanisms by which excitation energy can be transferred from 
ligands to lanthanide(II1~ ions have been proposed (Fig. 3) 141-451: 

Mechanism I. After an efficient intersystem crossing between the lowest 
singlet and triplet excited states of the ligand, energy transfer occurs from Tl 
to a lower energy state (En) of the lanthanide(II1) ion: 

,S1 + Tl -+ En (of Ln) --+ emission 

~ec~~~~~~ 11. There is a direct energy transfer from S, to a lower energy 
state (En) of the lanthanide(II1) ion: 

S, --, En (of Ln) --+ emission 
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Fig. 3. Three different mechanisms for intramolecular energy transfer in lanthanide chelates. 

~~c~u~~~~ IH. There is an energy transfer from S, to an upper inter- 
mediate level (Em) of the lanthauid~rI1) ion, then back to Ti to return 
finally to a lower energy level (En) of the lauthanid~II1) ion before 
e~tting: 

S, + Em (of Ln) -+ TX -+ En (of Ln) -+ emission 

Mechanism I seems to agree with most of the experimental results 
obtained by various research groups, In order to clarify whether intramole~- 
ular energy transfer in euro~ium chelates takes place via the triplet states of 
ligands [45], the Ti state of euro~ium dibenzoylmet~de, Eu(dbm)~, was 
generated by exciting lanth~um dibe~oylmet~de~ La~dbm)~, at 365 nm in 
a mixed solution of both complexes, When the mole fraction of ~~~dbrn)~ 
increases, La(dbm), ligand phosphorescence intensity decreases while 
Eu(dbm)~ emission intensity increases nearly in the same proportion. Inter- 
molecular energy transfer does occur from the La(dbm), triplet to the 
Eu(dbm), triplet (Fig. 4). 

A direct energy transfer from triplet La(dbm)~ to europium(I~1) ion is 
rejected since in a mixed solution of free Eu3+ and free ligand, no energy 
transfer was observed. A ~omp~ison of the e~ssio~ intensities obt~ned by 
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to(dbm)a Eu(dbm)s 

Fig. 4. Xntermolecular and intr~ole~ular energy transfer of La(dbm), and Eu(dbm),. 

direct excitation of europium ion (546 nm) and that obtained from excita- 
tion of the ligand (365 nm) confirmed the ~~urre~ce of an intermolecul~ 
energy transfer from La(dbm), to Eu(dbm),, This fact is also taken as clear 
evidence that intr~ol~ul~ energy transfer takes place via the triplet state 
(Fig. 4). As shown by Dawson et al. 1461, the efficiency of this intramolecu- 
lar energy transfer process ranged from a few per cent to over 50% 
depending on the 1,3-diketonate ligand used for terbi~m(I~I) and 
europi~(II1). Those values were calculated on the basis of the ~uores~ence 
quantum yield measurements upon excitation to the ligand abso~tion band 
(to S,, Fig. 3) and selective excitation to an e~tting level of the lautha~ide 
ion (to En, Fig. 3). Thus they represent the efficiencies of all possible modes 
of deactivation of the S, state of the ligand to the emitting level of the 
lautha~ide(I~I} ion (En). 

Most of the qualitative conclusions reached in the early work concerned 
with the intr~olecul~ energy transfer processes, and more generally, with 
the photo~hysi~al properties of lanth~ide chelates have been confirmed by 
more recent and often more sop~sti~ated studies. As shown earlier, from an 
energetic point of view there are three typical types of rare earth complexes 
(Fig. 2). If at least one ff * level of the central metal ion lies below the 
lowest triplet state of the ligand, intramolecular energy transfer can be 
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Ligand 
Tb Nl) Triplet Levels Eu(lll) 

I I 

Fig. 5. Schematic energy level diagram showing relative positions of excited europium(III), 
terbium(M), and &diketonate triplet levels. 

observed (case (a)). Because of the large number of ff * levels the schematic 
energy level diagram of the chelates is much more complicated. Taking the 
terbium(II1) and europium(II1) complexes as examples, their photophysical 
processes can be understood with the aid of the diagram shown in Fig. 5. 

Watson et al. [47] reported the time-resolved and spectraBy resolved 
luminescence of several europium(II1) and terbium(II1) chelates in glass-for- 
ming solvents using pulsed laser excitation (to ligand-localized singlet states). 
For europium(II1) 8-hydroxyquinolate, Eu(8-hq),, in which the ligand triplet 
state lies below the 5D, level (Fig. 5, triplet level C), luminescence from ‘Do 
was observed and shown to increase rapidly within the time resolution of the 
apparatus (ea. 10P8 s) followed by a slow decay characteristic of the 5D0 
emission. No short-lived emission typical of 5D, lu~nescence was detected. 
In contrast, europium(III) t~s(dibenzoylmet~de), Eu(dbm),, in which the 
ligand Tr state lies above the 5D, level (Fig. 5, triplet level B), showed 
luminescence from both 5D1 and 5D,,. The emission from the 5D, level 
exhibits a rapid initial rise and decays in ca. 2 X 10S6 s. Concurrently, the 
‘DO emission exhibits a rapid initial rise followed by a slow rise in 2 X 10m6 

s, then by a characteristic slow decay (ca. 5 X 10m4 s). Chelates with ?; 
levels above 5Dz and ‘Q, e.g. Eu(acac), (Fig. 5, triplet level A) did not show 
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Fig. 6. Typical plot of intensity against time for luminescence from ‘DO levels of certain 
complexes on a rn~cros~con~ time scale [I?]. 

any emission from these levels, but did show luminescence from *D, and 
5D0. The rise and decay times were similar to those of Eu(dbm),. Thus the 
5Da level is populated by both “fast” and “slow” processes (Fig. 6). By 
systematically correlating ‘D, decay times and ‘DO rise times, the “slow” 
process has been identified as an internal conversion 5D, -+ ‘Do (which 
determines the lifetime of the ‘Di level). The “fast” process is predicted to 
be an intramolecular energy transfer via the ligand-localized triplet state 
T, -+ ‘Do. A similar energy transfer process is responsible for the population 
of the 5D, level, T1 -+ ‘D,. In the case of Tb(acac),, even though the ligand 
TI level is sufficiently high (Fig. 5, triplet level A) to populate 5D3, only 
emission from the 3Dd level is observed with a rise time of IO-* s or less and 
a slow decay of about 10e3 s. 

On the basis of their results and the literature data, Watson et al. [47] 
concluded that the predominant intramolecular energy transfer pathway 
goes throu~ a triplet state: S, -+ Z&, and then Ti -+ rare earth (mechanism 
I). However, they also proposed a spin-allowed enhanced intersystem cross- 
ing mechanism for relaxation of the lig~d-loc~ized S, state involving ‘4 
electronic levels of the rare earth complexes of terbium(III) and 
enropium(II1). The results of Watson et al. are in good agreement with those 
previously obtained by Tanaka et al. [48] using the stroboscopic technique to 
study the time-resolved emission spectra of europium(III) and terbium(II1) 
~“~ketonate chelates. Additions arguments for the participation of the 
ligand-l~al~~ triplet state in the migration of electronic energy in those 
complexes come from the study of the effects of changing the triplet energies 
on the energy transfer process [49,X& Sato and Wada [49] studied a series of 
terbium(II1) and europium(III) ~“diketonates with ligands of different tri- 
plet energies. To explain such experimental results as a relation between 
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fluorescence yields and triplet energies, and temperature dependence of 
~uorescen~e lifetimes, they proposed that the energy transfer cough the 
triplet state of the ligand takes place via an exchange interaction and an 
additional thermal deactivation process (via the triplet state) from e~tting 
levels of lanthanide ions. 

Hayes and Drickamer [SO] recently described an excellent method for the 
investigation of energy transfer in rare earth chelates, the high pressure 
luminescence technique. The organic-ligand-localized excited states are ex- 
tremely sensitive to pressure, which results in large energy shifts. However, 
owing to the shielding by an outer core of 5s and 5p electrons, the 
lauthanide ion “If levels are not sensitive to pressure. Thus an increase in 
pressure can tune in a continuous manner the ligaud-l~alized excited states 
(singlets and triplets) relative to the ion levels. Using this te~~ique, the 
e~ropium(~~I) and terbi~(~II) ~~diketonate chelates were studied as crys- 
talline samples and in poly{methyl metha~~late) solutions. Comparing the 
emission intensity results for the ligand~localized singlet excitation with 
those obtained when the rare earth ion levels were directly excited, the 
triplet state was shown to act as (1) a donor of energy to the ion levels 
(mechanism I of intramolecular energy transfer), (2) an intermediate level 
for rel~ation between the ion levels under proper conditions (as in mecha- 
nism III), and (3) a “quencher” of ion levels (therm~ly activated energy 
transfer to triplet state from ion levei, the so-called “triplet quenching” or 
“ therms deactivation”). 

The overall results obtained by high pressure lu~nes~n~e t~hniques [SO] 
are similar to those obtained for solutions by Sate and Wada f49] and 
stroppy support the involvement of the ligand triplet state in the intramo- 
lecular energy transfer for ianth~de ~-~ketouate chelates (m~hanism I). 
Energy transfer via the triplet level proceeds most probably by a Dexter 
exchange mechanism, However, the S, -+ rare earth ~gration of energy 
(m~hanism 11) proposed by Kleinerma~ f43] as a dipole-quadrupole inter- 
action cannot be ignored, at least in some cases, For example, the terbium(I~1) 
complexes having a TZ state below the 5&t level, the observed 5D4 
luminescence can be explained as a direct S, -+ rare earth energy transfer. 

Further investigations on the energy migration within lanthanide P-dike- 
tonate complexes are required. unfortunately, owing to the lack of emission 
from the ligand excited states (or in some cases emission too weak to be 
quantitatively measured) and also owing to the difficulties in deterring 
the lig~d-locally t~plet-t~plet abso~tion spectra for those chelates, it 
becomes very difficult to prove directly which state is responsible for the 
energy transfer process. The ligand-loc~ized triplet-triplet spectra for 
chelates with low-lying ff * levels have not been reported so far. However, 
the kinetic parameters for the lowest excited states have been recently 
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Fig. 7. Energy level diagram and kinetic parameters of the lowest excited state of 
gadolinium(II1) methylsalicylate, at room temperature [26]. 

determined [26,51] for certain tervalent lanthanide ~-diketonate complexes 
in which the ff * levels of the central metal ion are either located energeti- 
cally higher than the lowest triplet state of the ligand (case (c), Fig. 2) or do 
not exist (case (b), Fig. 2). An energy level diagram including all known 
kinetic parameters for a gadolinium(II1) methylsalicylate complex is pre- 
sented in Fig. 7. The terbium (III) methylsalicylate complex (case (a), Fig. 2) 
has a very weak fluorescence from the ligand-localized S, state (q$ c 0.01) 
and a markedly short fluorescence lifetime, rf < 10 ps, which falls beyond 
the time resolution of the instrument utilized in ref. 51 (Fig. 7). As a 
comparison, a similar diagram illustrating the photophysical properties of 
terbium(II1) /3-diketonate chelates is presented in Fig. 8. It can be visualized 
how the possibility of intramolecular energy transfer can drastically change 
the photophysical properties of these complexes. However, additional effects 
must also be considered. By studying the electronic relaxation processes of 
rare earth chelates of benzoylt~fluoroa~etone and methylsalicylate, Tobita et 
al. [26,51] came to the conclusion that the paramagnetic properties of the 
metal ions enhanced significantly both radiative (T, + So> and non-radiative 
(T, + So, S, * Tl f rates from ligand-loc~ized singlet and triplet excited 
states. 
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Fig. 8. Energy level diagram and known kinetic parameters for lowest excited states of 
terbium(III) met~yls~icylate at room tem~rature 1261. (Al~ou~ the @@ and r values for 
emitting ‘D4 level of terb~um(II1) met~yls~icylate are not reported, appropriate values are 
known for chelates of the same type, e.g. Tb(acac),: 7 = 0.19 and 0.33 upon excitation to S, 
state of ligand and 5Do level respectively, in ethanol solution at room temperature [46].) 

Generally, the luminescence properties of rare earth ~-diketonate chelates 
are dependent on the ligands, metal ions, solvents, temperature and whether 
they are of a tris or tetrakis form. Therefore when comparing the photo- 
physical properties of these complexes, the above parameters must be taken 
into consideration. In the case of europium(II1~ chelates, owing to the 
emission from both 5D1 and 5B0 levels, the solvent and temperature effects 
are even more compiex. In most e~opium chelates the fluorescence lifetime 
from 5D, is nearly the same regardless of the media and the nature of the 
ligands, whereas fluorescence from ‘Da depends on both, the medium and 
the type of ligand [.52]. 

D. INTE~~OLE~~LA~ ENERGY TRANSFER 

Intermolecular energy transfer is an important process in photoche~stry 
and photophysics. Its role, possible mechanisms and application to mecha- 
nistic and practice problems in coordination chemistry have been recently 
outlined 1531. 

Because of their abso~tion and lu~nes~en~e properties, l~tha~de ions 
such as I.@+, Tb3”, Sm3*, Dy3+ and their chelates are very good model 
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compounds for studying energy transfer processes. This topic has been 
partially reviewed in some monographs, for example, in refs. 9 and 54-56. 
In this section, the physical meaning and consequences of energy transfer 
processes as well as other possible intermolecular quenching processes with 
the participation of lanthanide ions and chelates will be underlined. 

Int~rmolecul~ energy transfer in solutions cont~ning lanth~ide ions or 
complexes may occur 154,551 (1) from singlet or triplet excited states of 
organic molecules to lanthanide ions or chelates, (2) from excited 
lanth~id~I1~~ ions to organic molecules, or (3) between lanthanide ions or 
chelates. 

In the early 196Os, El-Sayed and Bhaumik 1401 showed that the excited 
triplet state of be~ophenone efficiently transferred its energy to the ligand 
of europium hexafluoroacetylacetonate, The observation of a red emission 
due to the rare earth ion was taken as direct proof of the involvement of 
energy transfer in the quenching of benzopheno~e triplet states. 

Energy transfer from Ti states of ketones and aldehydes to lanthanide 
ions was demonstrated by measu~ng the intensities of the acceptor emis- 
sions [57]. Heller and Wasserman [58], after an extensive investigation on the 
direct triplet energy transfer from various organic carbonyl compounds, 
suggested that a diffusion-controlled collision process was the probable 
mechanism for excitation of lanthanide(II1) ions. By this mechanism, as 
shown in the next scheme, energy transfer from the lowest triplet state of the 
donor D( Ti) populates one of the lu~nescent levels (En) of the l~tha~de 
ion via an intermediate level (Em); this subsequently results in emission 
from the En level [59]: 

D(S,,) + hv -+ D(S,) (absorption) (1) 

DC%) -+ DG? (intersystem crossing) (2) 

D( T,) + Ln 5) D( S,) + Ln(Em) (energy transfer) (3) 

Ln(Em) -+ Ln(En) (internal conversions (4) 

Ln(En) -+ Ln + hv, (fluorescence) (5) 

where Ln is a tervalent lanthanide ion in the ground state. 
This collisional transfer mechanism was also confirmed by Filipescu and 

Mushrush f60] when they studied the photoreduction of benzophenone 
derivatives in 2-propanol in the presence of Tb3” ions. Using steady state 
kinetic methods they found that energy transfer to the Td+ acceptor 
competed with the hydrogen abstraction reaction of the lowest excited 
triplet state of the ketone [61], 

The sensitization of emission of lanthanide(III} ions with aromatic ke- 
tones have been systematically investigated by flash photolysis 1623. Quench- 
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ing rate constants ( k4) were determined from the measurement of the 
time-dependent decay of the triplet-triplet absorption of the ketones in the 
presence of lanthanide salts. The k, values were in the range 105--lo7 M-l 
s-l, values much lower than the diffusion rate constant (k, = 10” M-* 
s-i), which indicates that appro~mately one out of 103-lo5 encounters of a 
triplet ketone with a lanthanide ion is effective for quenching. These values, 
along with a lack of proportion~ty between k, and the overlap integral of 
the spectra, suggest a radiationless energy transfer by an exchange interac- 
tion mecha~sm 1621. The results obtained from measurements at low 
temperature (77 K) in rigid media using steady state and phosphorescence 
decay techniques also favour the exchange energy transfer m~ha~srn over 
the multipolar interactions such as dipole-dipole, dipole-quadrupole and 
quadrupole-quadrupole [63,64]. The occurrence of the exchange mechanism 
is also further supported by the work done by Marshall and Pilling [65] on 
the interaction of triplet states of aromatic hydrocarbons with lanthanide(II1) 
ions. However, in spite of all this evidence, there might be cases in which an 
electron transfer mechanism could be responsible for the quenching of 
triplet excited states by la~thanide ions, and this problem will be discussed 
later. 

Althou~ excitation transfer from triplet states of aromatic compo~ds to 
lanthanide ions has been well established, only a few studies can be found in 
the literature involving the quenching of singlet excited states. In 1969, 
Ermolaev and Sha~verdov [66] reported the que~c~ng of the fluorescence 
of a number of organic compounds by lanthanide~II1) ions. Since some 
correlation was found between the overlap integral of the emission spectra 
of the organic donor and the absorption spectra of the acceptor, it was 
suggested that energy transfer was the cause of the fluorescence quenc~ng. 
They also observed that Eu3’ was a more efficient quencher than other 
lanth~de ions, which pointed to the involvement of an electron transfer 
process: 

D(&) t- Eu3+ + D’+ i- Eu2+ (6) 

This reaction was later proven by Levin by conventional flash photolysis 
experiments [67]. 

More recently, Sabbatini et al. studied the quenc~~g of both S, and T1 
states of a series of aromatic hydrocarbons by Eu3* ions in acetonitrile using 
steady state and laser dynamic spectroscopy [68,69]. A detailed analysis of 
the transient spectral changes in the visible region after the flash showed the 
presence of shorter-lived triplets and longer-lived radical cations of the 
aromatic hydrocarbons. Since these species were formed during the flash (ca. 
20 ns), and it was shown earlier that the quenching of triplets by Eu3+ is a 
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Fig. 9. Relative energetic situation of excited state and redox levels [68]. 

very slow process, it is reasonable to assume that the radical cations are 
derived from the singlet excited states. 

The quenching of singlet states by Eu3+ ions takes place with rate 
constants close to those for diffusion-contr~iled processes (ks = 10” M-’ 
s-r). The formation of radical cations and triplet species as the main 
quenching products showed that the two main processes for quenching of S, 
states are electron transfer and Eu3+-induced ~tersystem crossing, with the 
possible involvement of a charge transfer intermediate [D - . - Eu3+]*: 

f D‘++Eu2+ (7) 
D( S,) + Eu3+ -+ D(T,) + Eu3+ (8) 

L D(S,) -i- Eu3+ (9) 

Although energy transfer from the 3, state of aromatic hy~~~bons to 
Eu3+ ions is energetically allowed and spin allowed (Fig. 9), it does not 
make an important cont~b~tion to the overall quenching constant: 

D(S,) + Eus+(‘E-) --+ D(S,) -I- Eu3+(%) (10) 

From the ~thracene-sensitized emission of Eu3’ ions, an upper listing 
value of 1 x lo7 M-r s-l was obtained for the rate constant of the 
electronic energy transfer [69]. When naphthalene was used as the sensitizer, 
no Eu3+ emission was observed, suggesting that the dominant quenching 
mecha~sm in these systems is electron transfer. 

Triplet excited states of aromatic hydrocarbons are quenched by Eu3+ 
ions with very low rate constants (ca. lo6 M-r s-l), which is consistent with 



results previously reported [65,67]. The energy transfer process is endo- 
ergonic (for most hydrocarbons used) 1691, while the electron transfer 
pathway is strongly exoergonic for excited triplets and singlets (Fig. 9): 

D(T,) + Eu3+ -+ I?‘* -i- Eu2+ 01) 

Because of the diffic~ty in deciding whether the triplet quenching is entirely 
due to electron transfer, the experimental quenching constants are upper 
limiting values for the rate of eqn. (II). The non”adiabatic character of the 
reaction between triplets and Eu3+, and the higher pol~izability of singlets 
compared with triplets were suggested by Sabbatini et al. to explain the 
observed differences in the rate constants for triplet and singlet quenc~ng 
1691, For more examples of quenching of excited states of organic molecules 
by lanth~ide ions in solution, readers are re~ornrne~d~ to look at the 
review tables in refs. 9 and 56 as well as in ref. 55(b). 

The quenc~ng of excited states of organic molecules by lanthanide 
chelates has been the subject of only a few studies. The energy transfer 
between excited states of aromatic molecules and Ianthanide~III) chelates 
depends on the energy levels of the lantha~de complex. For complexes with 
ff * levels of the central metal ion lying higher than the Y’r state of the 
ligand (Fig. 2, case (c)), and for La3+ and Lu3+ chelates (Fig. 2, case (b)) the 
sensitized lig~d-localized phosphorescence can be observed. Using a donor 
with a triplet state higher than the corresponding Tr state of the ligand, T-lt” 
energy transfer can occur, as shown by the observation of the ligand 
phosphor~s~e~~e. This type of process is observed when the benzophenone 
triplet state is used as the donor and Gd(hfac), as the acceptor in EPA glass 
at 77 K 1701. The decrease in benzophenone phosphorescence together with 
the appearance of the sensitized emission from the Xigand of Gd(hfac), can 
be taken as evidence for the intermolecular energy transfer. Moreover, the 
presence of heavy gadolinium ions does not enhance the T-T energy 
transfer [70]. 

T;or complexes with low-lying ff * levels (Fig. 2, case (a)), however, after 
intermolecular energy transfer to the lig~d-lo~li~ed triplet followed by an 
efficient intr~ole~~~ energy tr~sfer, the emission from ff * levels can be 
observed. This type of sensitized luminescence has been detected for benzo- 
phenone and triphenylene as donors and Eu(hfac)~ as the acceptor [40,X& 
From studies of temperature, viscosity and concentration effects, the trans- 
fer was shown to be diffusion controlled. The participation of the 
ligand-located r, state in the sensitization process is ad~tionally sup- 
ported by the follo~ng observations: {i) when the same experimental 
conditions as for the benzophenone-Eu(hfac), system are used for a mixture 
of benzophe~one-EuCl~, no red emission from Eu3” is detected, and (ii} for 
Tb(acac),, having the ligand T1 state close to that of benzophenone but 
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Fig. 10. Emission spectra of ~e~o~~eno~e in the absence 
Eu(acac), in benzene solution at room temperature 1721. 

(1) and in the 

higher than the ff * level, emission from Tbfacac) 3 is not observed, whereas 
Tb(hfac),, having a triplet level lower than that of benzophenone, is sensi- 
tized by the latter. The t~plet-triplet energy transfer was also su 
~rmolaev et al. [71] as a m~hanism for the quenc~ng of the triplet state of 
~aphthalene and de~vatives by europium(I~1) thenoyltri~uoroa~etonate. 

The first observation can be easily expl~ned by the slow quenc~~g of 
excited triplets by lantha~ide ions (ks = lo6 Ivf-’ s-‘). The second observa- 
tion has been discussed recently in terms of new qu~itative data [72]. The 
phosphorescence of benzophenone in benzene (and acetonitrile) is quenched 
by a series of Ln(acac),, where Ln = Sm, Eu, Gd, Tb and Dy, with similar 
rate constants of the order of k, = 6 x lo* M-t s-* for all complexes used, 
In the case of europi~m(rII~ and terbium(II1) where sensitized metal ion 
emission is observed (see Fig. 10), the results of Stew-Volmer analysis for 
quenching and sensitization indicate that energy transfer is the main quench- 
ing process. The diffusion-controlled character of the energy transfer is 
indicated by compa~ng the rate constants for the quenching of benzophe- 
none phosphorescence by Tb(acac), and Tb(hfac~~ with the donor-acceptor 
energy differences (Fig. 11). These data, together with similar values of 
Stern-Volmer quenc~ng constants obtained for all Lnfacac), used (in- 
cluding Gd(acac),), are comparable with rate constants obtained from 
sensitized emission measurements which indicate that energy transfer takes 
place from the triplet state of benzophenone to the lig~d-localized triplet 
state of the l~tha~ide 1,3-diketonate chelates. It is important to note that a 
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Fig. 12. Energy level ~a~~ for the lowest excited states of benzophenone, Tb(acac),, 
Gd(acac), and Tb(hfac), 1721. 

ground state complex between benzophe~one and Ln(acac), is not formed 
and that a static quenching mechanism can therefore be neglected in this 
ease. 

This situation is quite different when compared with the quen~~ng of 
benzophenone triplets by transition metal acetylacetonates where rate con- 
stants are several times higher, and for certain metal ions, suggest that both 
energy and electron transfer mechanisms may be involved [73,74J 

Whereas triplet state energy transfer has been studied extensively, much 
less attention has been given to the quenc~ng of singlet states of aromatic 
molecules by la~th~d~II1) complexes. Bhaumik and El-Sayed suggested 
that S-S energy transfer could be neglected in the quenching of triphenyl- 
ene by Eu(hfac), [703. Recently it was reported that benzene fluorescence 
can be quenched by Eu(acac), with a rate constant of 4 X 10” N-’ s-l 1’741. 
The quantitative agreement between the Stem-Volmer constants for 
que~c~ng and sensit~ation (europium emission) provides direct proof of 
the involvement of singlet energy transfer. The k, value is very close to that 
obtained for the quenching of benzene ~uoresc~nce by transition metal 
acetylacetonates f75]. 

Further systematic studies on the interaction between excited states of 
organic molecules and lanthanide &diketonates are necessary. The possibil- 



ity of using a variety of sensitizers (with different excited state energies and 
lifetime) and complexes (with different energetic levels}, as well as the 
application of dynamic spectroscopic techniques can give more insight into 
the mechanism of quenching. 

In contrast with the quenching of excited state organic compounds by 
lanthanide(II1) ions or complexes, luminescence of Eu3+, Tb3+ and Dy3+ 
nitrate salts can be quenched by organic compounds with triplet levels lying 
below, or close to, the emission levels of lanthanide(II1) ions [76]. Generally, 
quenching occurs by a radiationless energy transfer via an exchange mecha- 
nism: 

m [ Ln(EII)] * + i Q -+ ’ [ Ln(III)] + 3 Q 02) 
The quenching rate constants, however, are much lower than diffusion rate 
constants (K, = 103-10’ M-’ s-t) and strongly dependent on the possible 
coordinate bond formation between lanthanide ions and quencher mole- 
cules, in particular with acetyl or =N- containing groups [76] (a static 
quenching effect). They are also strongly affected by temperature, solvent 
properties and possible penetration of quencher molecules into the first and 
second coordination spheres of l~th~id~II1) ions. A comparative study of 
these effects on k, values for energy transfer from terbium(III) ion to 
9-anthrylmethyl ketone and anthracene was presented by Ermolaev and 
Tachin 2771. 

The dipole-dipole energy transfer may also be the mechanism of quench- 
ing as demonstrated by the investigation of the non-radiative energy transfer 
from excited lanthanide ions, europium(II1) and terbium(III), to dyes in 
solid and liquid solutions [78] and to organic radical ions [79]: 

[Ln(III)] * + ’ Q -+ Ln(II1) + IQ* 03) 
The rate constants depend on solvent properties and the specific interaction 
between dyes and lantha~de ions. In the case of anionic and cationic dyes, 
k, is strongly influenced by the electrostatic interaction forces between 
donor and acceptor. Therefore the addition of acetate ions, forming neutral 
complexes with terbium~II1) ions, also affects the k, values [80]. 

However, lu~nesc~~e of Eu(NO,), is quenched by several aromatic 
amines possessing TX states higher than the lanth~de emission levels, e.g. 
the europium 5D, state. Triplet energies and reduction potentials for the 
aromatic amines, and rate constants for quenching of Eu3+ emission by 
these compounds are given in Table 2. Since the quenching rate constants 
(k, = (1 x 104)-(6 x 105) M-i s-‘) decrease proportionally with the in- 
crease in the ionization potentials of the amines, an electron transfer 
mechanism has been suggested for the quenching 1761: 

m[Ln(III)]* +‘Q -+“fLnfII)f -F~Q+ 04) 
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TABLE 2 

Triplet energies (ET), ionization potentials (IP) and rate constants for quenching ( k4) of 
Eu(NO~)~ luminescence by some aromatic amines (in acetone at room temperature) a 

Amine b E, (cm-‘) ’ IP (ev) k, (M-’ s-r) 
PA 26800 7.69 5.0X10” 
NA 20100 7.30 4.4x lo5 
DPA 25200 7.25 4.2~10~ 
DMPA 26600 7.14 5.3 x lo5 
MCA 7.90 I*1 x IO4 

a From ref. 76. ’ PA = ph~nyI~ine; NA = ~-naphthyla~ne; DPA = ~phenyl~e; 
DMPA = N,N-dimethylphenylamine; MCA = m-chloroaniline. ’ The energy of the 
europium(II1) ion ‘0s level is 17200 cm-’ and the lifetime r0 is 350 ps. 

The quenching of excited states of lanthanide chelates by organic mole- 
cules has also been reported in the literature ~43,76,78,81-85]. It was found 
that both l&and-localized triplets and ff * levels of metal ions can be 
quenched by a typical “triplet quencher” such as naphth~~ne, a~thra~e~e, 
1,3-pentadiene etc. The results were discussed iu terms of non-ra~ative 
energy transfer via a Fiirster-type dipole-dipole mechanism or exchange 
mechanism. Further elaborations of the non-radiative mechanism of energy 
transfer with the application of direct excitation to the rn~t~-loca~zed state 
are needed to obtain a more qu~titative picture of the observed processes. 
The europium(II1) chelate luminescence cau also be quenched by an electron 
transfer m~h~ism, as has been shown for SCN- ions ]86,8’7]. The 
luminescence of several lantha~ide~II1) complexes is only slightly dependent 
on the removal of oxygen (up to a factor of about 4) [88,89]. 

The int~rmol~ular energy transfer between l~tha~de ions and their 
complexes has been studied by several research groups [45,90-1021. Because 
of the lu~nes~en~e properties of the Tb3’ ions and the position of the 
radiative ff * level ‘-r>, (Figs. 1 and 2)> these ions are often used as donors. 
The rate constants for energy transfer between Tb3+ and la~tha~de ions 
such as Eu3+, Ho3’ and Nd3’ were determined (in DMSO at room temper- 
ature) to be 2.2 X f03 M-l s-l, 2.7 X f03 M-’ s-’ and 1 X 104 MI” s-l 
respectively f90,91]. Generally, the rate constants for luminescence quench- 
ing between lantha~ide ions are very small (dyn~c quenc~ng) and depen- 
dent on the nature of the solvent and its ability to form a complex with the 
lanthanide(II1) ion (vide infra). 

Energy transfer from an excited level of Tb3’ to several lanthanide(II1) 
ions in n-butanol solutions of Tb(acac), - 3H,O and Ln(acac), = 3H20 has 
been shown to occur with rate constants ranging from 0.5 to 4.9 X lQS MI’ 
s-r [96]. It was found that the lifetime of the 5D4 emission level of 
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terbium~II1) decreased as the Ln(acac), concentration increased. Since the 
SD4 level lies below the ligand 7’, state (Fig. 2), energy transfer may occur 
from this level to the excited levels of Ln3’ ions, probably via an exchange 
mechanism. Intermol~ular energy transfer between lanthanid~II1) P-dike- 
tonates is strongly solvent dependent [98]. In non-polar solvents such as 
benzene, the lanth~de complexes exist almost entirely in the dimeric form 
and no decrease in the terbium ‘De emission lifetime (I) can be observed 
due to the slow rate of exchange between dimers. The decrease in the 
terbium(II1) emission yield and the appearance of the sensitized 
europium(II1) luminescence can be explained by a Tb3+ + Eu3 + energy 
transfer occurring in the mixed dimer Tb-Eu(acac), - 6H,O. In polar but 
not very strongly coor~nating solvents such as acetone, a monomer-dimer 
equilibrium exists and the decrease in T may be related to the monomer-di- 
mer reaction rate. In strongly coordinat~g solvents such as pyridine, only 
monomeric species exist and no significant energy transfer may occur. 

The experimental results for intermolecular energy transfer among 
lanthanide ions and their complexes seem to indicate that in fluid solutions, 
quenching may occur by two mechanisms: (i) dynamic quenching, requiring 
a collision between donor and acceptor (both donor lifetime and emission 
quantum yield decrease as the acceptor concentration increases), and (ii) 
static quenching, where donor and acceptor are physically or even chem- 
ically bonded (only emission quantum yields of donor decrease). When the 
quenching takes place by the dynamic mechanism, the species must be 
monomeric and the quenching rate constants are quite low. However, if 
quenching occurs via the static mechanism the presence of dimeric and 
polymeric species is indicated and the rate constants are much higher 
[99-1031. 

Thus the intermolecular energy transfer process between lanthanide ions 
and complexes is very sensitive to the donor and acceptor environments and, 
as shown by Brittain and coworkers [NO-1031, can be used as a probe to 
investigate the bonding in mixed-metal complexes such as the terbium(II1) 
donor and europium(II1) acceptor complexes of aminopolycarboxylic acids 
[102]. 

The energy transfer between trivalent rare earths has also been investi- 
gated in the solid state (vitreous materials, molecular and non-molecular 
solids, crystals etc.) by several research groups [7,9,104-1061. A dipole-di- 
pole interaction was shown to be the main mechanism operating especially 
in diluted systems. However, dipole-quad~pole interactions and electron 
transfer mechanisms are also involved in the quenching of lanthanide ion 
luminescence. 



E. CHEMICAL QUENCHING AND PHOTOCHEMISTRY 

Quenching of excited states can also occur by chemical processes in which 
lauthanide ions or complexes quench donor excited states by chemical 
reactions, or excited states of lanthanide ions or complexes can undergo 
chemical reactions (direct photochemistry). The number of systems for 
which a chemical quenching mechanism has definitely been established for 
coordination compounds is small and chemical reactions are mainly of the 
oxidation-reduction type (electron transfer reactions). A similar situation 
can be found in the case of quenching of organic donors by lanthanide 
complexes and ions. The participation of an electron transfer mechanism in 
the quenching of singlet and triplet states of aromatic hydr~arbons by 
europium(II1) ions has been discussed in Section D. The quenching of 
excited singlet states of aromatic hydrocarbons (D) (eqn. (6)) leads to the 
photo-oxidation of the donor by e~opium~II1~ ions. The rate of the reversi- 
ble reaction (eqn. (15)) 

D” -+ Eu2+ -+ D’+ Eu3+ (15) 

is related to its reduction potentials, and storage of chemical energy for a 
limited time might be achieved by choosing an appropriate combination of 
hydrocarbons and transition metal salts [67]. 

The direct photolysis of f-block elements is poor. However, there have 
been a few studies concerning the photochemistry of lanthanide ions and 
complexes in solution. Most of this work has been concentrated on the study 
of photoredox processes in charge transfer and f-d bands in ce~um(III,I~ 
~1~7-11~1 and europium{III,II) [107,111-118) in aqueous and methanol 
solutions. 

The photoche~st~ of ~e~urn~IV) and ~e~urn~II1~ systems in aqueous 
solution and its apportion in organic synthesis have been reviewed in detail 
by Ford et al. [107]. In this section we will discuss as examples only the 
photoche~st~ of europium(I1) and europium(II1) ions in solution. 

The irradiation of the charge transfer band (254 nm) of europium(I11) 
ions in aqueous solution leads to the redox reaction 

Eu3+(HzO), % Eu2”(HzO)._i + H+ +‘OH 

This reaction is readily reversed throu~ reo~datio~ of Eu” by the ‘OH 
radical and the reversal can be prevented by adding ‘OH scavengers (such as 
2-propanol or formate): 

*OH -t- RH2 -j H,O + ‘RH 07) 

Since Eu2+ ions have an absorption coefficient several orders of magnitude 
higher than Eu3+ at 254 nm, Eu2+ becomes the light absorber and photo- 



oxidation of Eu2+ occurs: 

Eu2+(H,0) hY.\ Eu3+ + OH- -t--H 

RH, also scavenges ‘H atoms: 

“H+RH,-+H,C’RH 

However, ‘RH radicals from reactions (17) and (19) reduce Eu3*: 

Eu3+ + ‘RH + Eu2* 4 ‘R + H+ 

Thus the net reaction is as follows: 

(18) 

(19) 

(201 

RH, --&+ ‘R+H, 

where Eu2+ is acting as a sensitizer. 

(21) 

The photo-o~dation of Eu2+ ions is also observed in aqueous acid 
solutions (in the presence of ‘H atom scavenger): 

Eu2+ + H 3 Of Av, Eu3++*Ii+H20 (22) 

‘H+RH,--,‘RH+H, (23) 

It is important to note that because of the absorption bands of Eu2+ ions up 
to 4%) nm and the formation of “colourless” Eu3+ ions, this reaction is a 
conve~e~t model system for stud~g the m~h~ism of photo-o~datio~ 
and solar energy conversion schemes. 

In contrast, Eu3+ ions in meth~o1 solutions show au absorption band 
around 280 nm which is assigned to a solvent-to~met~ charge transfer band 
[118]. The irradiation of a methanol solution of EuCl, with light of h > 300 
nm results in the fo~ation of hydrogen, ethylene glycol and form~dehyde. 
The reaction scheme is shown below: 

Eu3++ CH OH hv 
3 X,3wnm> Eu2++CH,0’+H+ (24 

Eu2+ + H+ % Eu3++‘H (251 

CH,O’+ CH,OH -+ CH,OH + *CH,OH (26) 

‘H + CH,OH -+ H, -6 ‘CH,OH (27) 

2’CH,OH -+ HOCH~CH*OH (28) 

Eu3’ -t ‘CH,OH -+ Eu2+ i- HCHO + H” (29) 

The above europium(III~/europium~II~ photoredox system has been applied 
to reactions with some organic substrates, For example, Ishido et al. 
[117,lf8] reported the photocbe~cal hydrox~ethylation of akyclic and 
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aliphatic alkenes induced by a europium(III)/europium(II) photoredox 
system in methanol: 

The fo~ation of the products was explained as resulting from the efficient 
trapping of hydrogen atoms and hydroxymethyl radicals (formed in reac- 
tions (25) and (27)) by the added alkene. 

Donohue 11191 reported the first example of lanthanide photoche~stry 
initiated by f-f transitions. The irradiation with an argon ion laser of 
praseodymium(III), europium(II1) and holmium(II1) complexes of 2,2,6,6-te- 
tramethyl-3,5-heptanedionate (thd) in coordinating solvents such as pyri- 
dine, ethanol and acetone in the presence of oxygen leads to the formation 
of 3,4,Striketone. A chemical mechanism for the photoreactions was shown 
to be the photosubstitution of the thd ligand by the solvent. 

The photochemistry of Tb(thd), in a variety of alcohol solvents, upon 
irradiation in the near-UV region, i.e. mainly in the intr~ig~d transitions, 
has been examined by Britt~n [120]. The primary photochemic~ step was 
found to be the photodissociation of a 1,3-diketone ligand, The photodis- 
sociation quantum yields were in the range of 10m3 for all solvents used and 
they correlated with the formation constants of the complex-alcohol ad- 
ducts. 

More recently Wall0 and Brittain [121] showed that the irradiation of 
neodymium(II1) and hohnium(II1) EDTA complexes in the near-UV region 
(i.e. in ligand field and charge transfer bands) leads to the photodecomposi- 
tion of these complexes. It was found that a photodecarboxylation of an 
EDTA ligand occurred with the formation of CO, gas, A redox process with 
the involvement of solvent was suggested as a chemical mechanism. 

It follows from the data presented in this section that the mechanism of 
photodecomposition of lanthanide complexes is still unclear and that further 
systematic investigations are required in this area of lanthanide chemistry. 

F. FINAL REMARKS 

The growing interest in the study of energy transfer mechanisms in 
lanthanide ions and chelates can be understood for the most part in terms of 
the possible applications of these processes. The use of intermolecular 
energy transfer among lanthanide ions for the characterization of polymeric 
species has been recently reviewed by Brittain [103]. If energy transfer 
occurs by a Fiirster-type dipole-dipole mechanism, the distance between 
donor and acceptor can be calculated. 
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The application of intermolecular and intramolecular energy transfer 
processes in the spectrofluorometrie determination of traces of lanthanides 
is a well-known method [9,11]. The chelating 1,3-diketonate ligand used in 
this case leads to the following effects: (i) an increase in the fluorescence 
quantum yield of the lanth~id~II1~ ion; (ii) an increase in the efficiency of 
energy transfer by formation of a complex with the Ianthanid~III) ion 
{static quen~~ng~; (iii) the use of excitation to ligand-localized singlet 
states, which are characterized by strong and broad absorption bands in the 
UV region (e: = lo”--lo5 M-’ cm-‘) (f-f transitions in lanthanide(II1) ions 
E = 10 M-’ cm-‘). 

The use of approp~ate expe~mental conditions (proper ligands, excita- 
tion wavelength, geometry of excitation etc.) can lower the limit of de- 
ter~nation of several Iantha~d~III) ions in solution by spe~tro~uoromet- 
ric methods. For example, a detailed spectroscopic investigation of the 
terbi~(III)-acetylacetone system in ethanol has shown the formation of a 
1: 1 ~(III~-acac~ complex in the ground state with a stability constant of 
K= 1.0 X 304 M-r ]122]. The formation of this complex plays a fundamen- 
tal role in the mechanistic interpretation of the terbiumfII1) emission sensi- 
tized by aeacH and in the spectrofluorometric determination of this ion 
11231. 
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