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FACTORS AFFECTING LUMINESCENCE
INTENSITY OF LANTHANIDE IONS.
ANALYTICAL APPLICATIONS OF LANTHANIDE
LUMINESCENCE IN SOLUTION

S. Lis

Department of Rare Eart_hs, Faculty of Chemistry, Adam Mickiewicz University
Grunwaldzka 6, 60-780 Poznan, Poland

The factors which efficiently reduce nonradiative energy degradation of
the lanthanide ion fluorescence are described. The most sensitive systems in
spectrofluorimetric determination of trace amounts of lanthanide ions based
on the complex formation, intramolecular energy transfer and mixed com-
plexes with synergic agents in a liquid phase, are presented. Detection lim-
its of highly sensitive systems obtained with the use of conventional and
laser-excited spectrofluorimetry for Sm(III), Eu(III), Th(III) and Dy(III)
are compared.

PACS numbers: 78.55.-m

1. Introduction

While the fluorescence of organic molecules has been greatly exploited in
chemical (physico-chemical and biochemical) research, metal ion luminescence re-
mains relatively undeveloped as a technique. This is due to the fact that among
all of metallic cations in the periodic table only certain members of the lanthanide
series (and actinides) are capable of luminescence emission in solution at room
temperature. '

Trivalent lanthanide ions [Ln(III)] show a characteristic line emission, called
“jon fluorescence”, originating within the 4f" configurations when optically ex-
cited. In solution fluorescence is observed only from the middle of the lanthanide
series (Sm, Eu, Gd, Tb and Dy) [1]. The luminescence of Ln(III) ions is extremely
weak when compared to organic fluorophores. This weakness of luminescence arises
principally from the low oscillatory strength (~ 10~¢) of their absorption bands
which makesit difficult to achieve sufficient excited-states populations for the study
of these ions in dilute systems using ordinary fluorimetry. The inherent weakness
of Ln(III) ion luminescence is overcome by a complex formation of the lanthanide
ions with appropriate ligands or an energy transfer from a ligand to the Ln(III) in
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complexes, dramatically enhancing the intensity of Ln(III) ion fluorescence [2-4],
which is of particular analytical interest.

The intensity of the lanthanide ion fluorescence is mainly controlled by two
important factors: first, the extent of nonradiative deactivation (quenching) of the
excited state of the lanthanide ion; and second, the ability of the excited (triplet)
state of the ligand to transfer energy to the emitting state of the Ln(III) ion. These
factors are influenced by the nature of the ion, the ligand, the ion-ligand bond,
loosely attached adduct and the solvent [2-4].

The principal quenching mechanism is the deactivation of the Ln(III) ion
via vibronic coupling to the ligands and hence to the surrounding solvent [5]. In
aqueous solution, the dominant mode of quenching of the excited Ln(III) ion oc-
curs via vibronic coupling of the electronic excitation to O-H oscillators of the
water molecules in the inner-coordination sphere of the ion. The replacement HyO
by other ligating molecules in this coordination sphere reduces the quenching ef-
ficiency.

For the spectrofluorimetric determination of lanthanide(III) ions (i.e. Sm,
Eu, Tb and Dy) their strongest fluorescence lines are analytically useful. These
ion fluorescence lines, together with the corresponding ff transition are listed in
Table I and shown in Fig. 1. The Gd(III) does not exhibit ion fluorescence in
complexes with most organic ligands, because its lowest excited (emitting) level
lies far above the triplet level of the ligands.
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Fig. 1. Schematic diagram of energy levels and principal lines of a luminenscent lan-
thanide ion.
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N . TABLE1I
The positions of the analytically useful peaks for the lanthanide
together with the corresponding transitions.

Ion Peak position, Amay [nm] Transition
Sm(IIT) 640 4Gsy2 — SHyys
Eu(III) 615 5Dy — F,
Th(III) 545 ’Dy — Fy
Dy(III) 581 4Fy2 — °Higs

2. Complex formation

Complexation of the Ln(III) results in enhancement of their luminescence as
the quenching solvent molecules are removed from the first coordination sphere of
the cation. '

Of special analytical interest are the methods making use of the formation
of stable Ln(III) complexes with aminopolycarboxylic acids which show a very
intensive fluorescence in aqueous solutions [6, 7]. Ternary complexes of Th(III)
and Dy(III) with ethylenediaminetetraacetic acid (EDTA) and salicylic acid [8],
and EDTA and Tiron (disodium 1,2-dihydréxybenzene-3,5-disulfonate) [9, 10], and
complexes of Th(III) and Dy(III) with iminodiacetic acid (IDA) and Tiron [11]
have been also applied for analytical purposes.

In our previous investigations it has been shown that there is a possibility
of using the Th(III) ternary complexes with nitrilotriacetic acid (NTA) and Tiron
for determination of this ion [12]. The spectrophotometric and spectrofluorimet-
ric studies of the Ln/NTA /Tiron system proved a usefulness of this system for
spectrofluorimetric determination of trace amounts of terbium [13]. The detection
limit was 0.026 ng ml~! (1.6 x 10719 mol 1-). The method enables one the de’
termination of Th(III) also in presence of a 10-fold excess of other rare earth ions
and a large excess of various metal ions and anions in the examined solutions.

3. Intramolecular energy transfer

The intramolecular energy transfer from the triplet state of the organic lig-
and to the lanthanide ion, depending on the structure of the ligand and the posi-
tion of its triplet level, markedly increase the fluorescence intensity [14, 15]. The
B-diketone chelates of Sm(III), Eu(III), Th(III), and Dy(III) showing very strong
ion fluorescence, attributed to the fact of the efficient intramolecular triplet-to-
-emitting level energy transfer, are the most extensively studied and used in ana-
lytical applications [16-20].

The use of B-diketone chelating agents, which serve as good donors for lan-
thanide luminescence, enables one the spectrofuorimetric analysis of trace amounts
of Ln(III) ions. The thenoyltrifluroacetonate (TTA) chelates, acetylacetonates
(acac), benzoylacetonates (BAC), and other p-diketone chelates in various solu-
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tions are especially bright emitters [21]. Numerous papers have been published on
the topic including the recent review [22].

We have studied the possibility of applying spectrofluorimetric methods for
determination of Sm(IIT), Eu(III), Tb(III) and Dy(III) using acetylacetone (acac)
in ethanol solution [23]. The greatest fluorescence intensities, due to an efficient
energy transfer, have been observed for the systems of Th(III) and Dy(III), when
a concentration of acetylacetone was equal to 3 x 10~% mol 1-1. After excitation of
Ln(III)/acac system in ethanol solution at a wavelength of 310 nm very intensive
luminescence has been observed. We have worked out methods for determination
of trace amounts of Tb(III) [17] and Dy(IIII) [18]. The dependence of Th(III)
fluorescence intensity (Aem = 545 nm) upon the Th(III) concentration is linear for
Th(III) concentration in the range of 4 to 40 ng ml~!. The method enables one the
determination of Th(III) in the presence of a very large excess (above 100-fold) of
the lanthanide(III), ittrium(III), several metal ions and anions.

For the determination of Dy(III) the strongest fluorescence band at 581 nm
has been chosen. The luminescence intensity of Dy(III) was a linear function of
concentration in the range of 0.054 to 0.482 ug ml~—1. The influence of the lan-
thanides(III), yttrium(III) and several commoén metal ions and anions, present in
excess in comparison with Dy(III), was examined. The presence of these ions in
about 10-fold excess was taken as the criterion for interference in this method
(quenching =~ 6.5%).

To confirm the potential usefulness of the method based on the system with
acetylacetone in ethanol solution, we modified the method for determination of
small quantities of Th(III) in pure yttrium oxide, and obtained a patent report on
this subject [24]. The analytical procedure described in this report is recommended
for the control of purity of ittrium oxide.

4. Systems containing synergic agents

The synergic agents (neutral donors) act as a shield, protecting the chelate
from internal interactions and efficiently reducing nonradiative energy degradation
of the lanthanide ion fluorescence.

Radiation is absorbed at a wavelength characteristic of the ligand and emit-
ted as a characteristic line spectrum of the lanthanide ion [5, 14] because of the
intramolecular energy transfer from the ligand to the metal ion (Fig. 2). For the
intramolecular energy transfer the following requirements must be fulfilled: deac-
tivating ligand transitions S; — Sp and T} — Sj should be minimal; the energy of
the emitting level of the lanthanide ion should be just below that of the triplet-state
of the ligand, so that the probability of transition from the triplet to emitting level
(Ty — ff) is high, and radiationless transitions of the excited metal ion should be
low.

The f-diketone chelates of Sm(III), Eu(III), Th(III), and Dy(III) showing
very strong ion fluorescence, attributed to the fact of the efficient intramolecular
triplet-to-emitting level energy transfer, are the most extensively studied and used
in analytical applications [16-20].

The f-diketone chelates form complexes with synergic agents. Trioctylphos-
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Fig. 2. Energy transfer mechanism in lanthanide(III) chelates.

phine oxide (TOPO), tributhylphosphate (TBP) and dihexylsulfoxide (DHSO) are
the most effective synergic agents [25]. Ternary complexes of europium, samarium
and terbium with B-diketone and a neutral donor extracted into organic solvents
are useful for spectrofluorimetric determinations of these ions [26-28]. Spectrofiuo-
rimetric determination of Eu(III) amd Sm(III) as their 2-naphthoyltrifluoroacetone-
-trioctylphosphine was described by Shigematsu et al. [26]. Fisher and Winefordner
optimized experimental conditions for the fluorimetric determination of europium,
samarium and terbium as their hexafluoroacetylacetone-trioctylphosphine oxide
complexes in methylcyclohexane [27].

Taketatsu and Sato [28] noticed that the complexes of Eu or Sm(TTA)3
-(TOPO), are readily soluble in aqueous solution containing (0.2%) polyoxyethy-
lene isooctylphenol (Triton X-100) at pH 3.6. The fluorescence intensities of these
mixed complexes are considerably stronger than those of the corresponding mixed
complexes extracted into several organic solvents [28]. ‘

Our previous paper concerning a luminescence study of Eu(III) complexes ex-
tracted in the organic phase has shown that the complexes of Eu(TTA)s(TOPO)z
and Eu(TTA)3(TBP); are characterized by a very strong Eu(III) emission [29].
Luminescence of Eu(IIT) and Sm(III) in complexes with TTA and synergic agents
such as TOPO, TBP or TPPO (TPPO = triphenylphosphine oxide) extracted in
benzene phase have been tested in order to find a possibility of determining trace
amounts of these ions. On the basis of this study a very sensitive procedure of
detection of ultratrace amounts of Eu(III) in spectroscopically pure of samarium
compounds, particularly oxides, has been patented [30].

Table II lists the most sensitive systems in spectrofluorimetric determinations
of terbium and dysprosium and the corresponding limits of detection.
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TABLE 11
Summary of several most sensitive systems and corresponding to them
limits of detection (LOD) in spectrofluorimetric determination of ter-
bium, dysprosium, europium and samarium.

Complexing agents (solvent) | LOD Tb(III) | LOD Dy(III) | Refs.
[ng ml— [ug ml1] no.
EDBHPA (H,0) 1 - [6]
o-HPIDA (H,0) 0.01 - [7]
EDTA-SSA (H,0) 6 - (8]
EDTA-~Tiron (H,0)* 30 100 [9, 10]
IDA-Tiron (H,0) 0.004 0.8 [11]
acac (ethanol)* 4 54 |17, 18]
NTA-Tiron (H,0)* 0.026 - [15]
Complexing agents-(solvent) | LOD Eu(III) | LOD Sm(III) | Refs.
[ng 171 [ng 171] no.
TTA+TOPO+TX100 (H0) 1500 15000 [28]
HFAA+TOPO-TX1000 (H,0) | 800 90000 [28]
TTA (ethanol) 4 600 [32]
TTA (ethanol)** 0.0004 0.08 [32]
TTA-TOPO (hexane) 6 180 [34)
TTA-TOPO (hexane)** 7 47 [34]
*Methods that enable one to determine Th(III) and Dy(III) in the pres-

ence of a large excess of rare earth(III), various metal ions and anions.
**These LODs were achieved with a laser-excited system.

5. Laser-Excited spectrofluorimetry

A lowering of the limit of detection for spectrofluorimetric determinaton of
Ln(IIT) can be obtained taking advantage of using laser-excited spectrofluorimetry.

Yamada et al. [31] used highly sensitive laser fluorimetry for spectrofluorimet-
ric determination of europium and samarium with TTA in ethanolic solution, and
obtained the detection limits 4 ng 1= for Eu(III) and 600 ng 1=! for Sm(III). They
also obtained the lowest limit of detection using nitrogen laser excitation (337 nm)
and a pulsed-gated photon counter [32]. The ultra-sensitive fluorescence detection
was obtained for spectrofluorimetric determination of Eu(III) and Sm(III), reach-
ing up to 0.0004 ng 1-! (10~1% mol 1-1) for Eu(III) and 0.3 ng 1= for Sm(III).

Hong et al. applied laser-induced (N2-laser) fluorescence for determination
of trace amounts of uranium, europium and samarium [33]. The measurements
for Eu(IIT) and Sm(IIL) were performed by adding fluorescence enhancing reagent
(DMSO) in methylcyclohexane. The detections limits for Eu(III) and Sm(III) were
established as 0.1 and 10 ng/ml, respectively.
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Anzano et al. using the conventional and laser-excited luminescence spec-
trometry for detection of europium and samarium studied thenoyltrifluoroace-
tone-trioctylphosphine oxide-Eu(III) and Sm(III) complexes in hexane. The limits
of detection were 6.0 ng 1= for Eu(III) and 180 ng 1-! for Sm(III) with the
conventional fluorescence, and with laser-excited fluorescence (using a 325 nm
He-Cd-laser) were 7.0 ng 1=1 and 47 ng 1-1, respectively.

Table II presents the most sensitive systems and corresponding to them
detection limits obtained in the spectrofluorimetric determination of europium
and samarium.
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