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Abstract

A review of the chemiluminescent reactions in the systems containing lanthanide ions as emitters and different chemical compounds
presented. The systems in which lanthanide ions enhance the chemiluminescence intensity, thanks to the energy transfer processes, as
as the systems in which redox reactions involving lanthanide ions cause chemiluminescence and the systems showing electrogenerz
luminescence and lyoluminescence are discussed. ©2000 Elsevier Science S.A. All rights reserved.
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1. Introduction This review is concerned with the following CL-systems
in which lanthanide ions act as emitters:

The method of chemiluminescence (CL) has been increas- 1. systems in which lanthanide ions enhance the CL inten-
ingly used in the studies of kinetics and mechanisms of sity due to the energy transfer processes (Fig. 1);
different reactions as well as in qualitative and quantitative 2. systems in which redox reactions involving lanthanide
analyses of various systems, including biological ones. The  ions bring about CL; and
method relying on the effects related to the chemical reac- 3. systems showing electrogenerated luminescence and ly-
tion only, i.e. without the need of external energy supply, oluminescence.
has been found to be more advantageous than other lumi-The inclusion of the latter phenomena is based on the fact
nescence methods. It is characterised by high sensitivity, athat in chemiluminescence (emission of light as the result
large dynamic range of concentrations of the substances deof chemical reaction), electroluminescence (light emission
termined, minimum background, no disturbances and light as the result of electrolysis of a solution) and lyolumines-
scattering, reproducibility and the possibility of simple and cence (light emission as the result of dissolution of a solid),
quick analysis [1-5]. the excitation occurs as a result of intermolecular energy

The lanthanide ions, thanks to their spectroscopic prop- transfer or electron transfer in homogeneous solution or at a
erties and the ability to react with many biologically active solid/solution interface containing energetic intermediates.
compounds (in which they replace the cations of Ca, Zn, Mg
and Fe), have been widely used as structural and analytical
luminescent probes providing information on these materi- 2. Chemiluminescence sensitized by lanthanide ions
als and the biochemical processes occurring therein [6,7].

The combination of the advantages of the method of chemi- The g-diketonates of Eu(lll) and Th(lll) are effective
luminescence with the use of lanthanide ions as luminescentactivators of the CL of 1,2-dioxetanes (four-membered
probes offers new possibilities in investigation of the reac- cyclic peroxides) whose thermal decomposition leads
tion mechanism and provides information on the spectral to the formation of triplet-excited carbonyl compounds
and structural properties of organic compounds in systemsat a high yield ¢30%). In the presence of coordi-

with lanthanide ions, mainly Eu(lll). natively saturated Eu(lll) chelates, such as europium

tris(thenoyltrifluoroacetonate)-1,10-phenanthroline, a nar-
"+ Corresponding author.. row and highly intense CL band at 613 nm is observed. The
E-mail addresselbanmar@main.amu.edu.pl (M. Elbanowski). excitation of europium takes place through the intermolec-
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ular energy transfer triplet—triplet from the excited product
of dioxetane decomposition to the ligand (in complex with
Eu) and then an intramolecular energy transfer to Eu(lll)
[8]. The coordinatively unsaturated lanthanide chelates,
such as Eu(fod) (fod = heptafluorodimethyloctanedione),
additionally catalyse the peroxide decomposition through
weakening of the O—O bond as a result of the complex
formation with chelate [9-12].

Many works are concerned with CL appearing during ther-
mal decomposition of dispiro(adamantane-2,32'-dio-
xetane-42")(1) in the presence of lanthanides (Ln).
In the presence of terbium nitrate the energy is trans-
ferred from the excited adamantanoni)((a product
of the decomposition ofl) to a Thb(lll) ion, while in
the presence of Eu(fogl)— the energy is transferred
with simultaneous acceleration (100 times) of the reac-
tion of excited adamantanone formation [10]. Apart from
Eu(fody, Eu(dpm}, Eu(TTA); and Eu(acag) chelates
(dpm=dipivaloylmethane; TTA=thenoyltrifluoroacetone;
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Fig. 1. Scheme of the energy transfer processes concerning the Eu(lll)
and Tb(lll) ions.

excited [Eu(lll}II ] complex exceeds by a factor of three to
that in the ground state. The high stability of the excited
[Eu(liD)* -11] complex is attributed to an increase in the

acac= acetylacetone) also catalyse the decomposition of acceptor ability of the Lewis Eu(fog)acid upon its excita-

dioxetane to adamantanone @gaxylene solution. Besides
the bands attributed to theDo—'F; transitions, the CL
spectra revealed the signal ascribed to #g level of
Eu(lll) ion, in the 535-550 nm range. The CL accompany-
ing thermal decomposition dfin the presence of Eu(fogl)
was found to be significantly affected by the process of
complex formation with dioxetaneand adamantanorié.
The stability constants for [Eu(fogl] and [Eu(fod}-11]
complexes were determined as£#8 and 64+ 20I/mol,
respectively, and the rate constant of [Eu(lll)decom-
position (3.8x 10~4s~1) was found from the quenching
kinetic data. The emission from tR®; level of Eu(lll) ion

tion. In [14], the photophysical properties of triplet excited
adamantanone was studied and the yield of Eu(lll) chemiex-
citation in a nonequilibrium complex of adamantanone
with Eu(fod) in o-xylene was estimate(.015 < ¢gy+ <
0.04).This yield was found to be lower than the triplet yield
upon dioxetane thermolysis. The difference between the
yields is explained by a decrease in the activation energy
for thermal degradation of the dioxetane in the complex.
CL accompanying the decomposition loin acetonitrile
solutions of Eu(lll), Gd(lll), Th(ll), Pr(lll) and Ce(lll)
perchlorates was studied [15,16]. In the presence of Eu(lll),
Tb(lll) and Pr(lll) ions, the CL spectra showed the lumi-

observed in the CL spectrum was attributed to the processnescence bands characteristic of these ions. In the case

of direct (without ligand triplet) transfer of the excitation
energy fromll* to the luminescent Eu(lll) levels in the
geometrically distorted [Eu(fog)ll ] complex. Owing to
the disturbed geometry of the complex [Eu(lll} in which
the geometry of the previous compound [Eu(ll})is pre-
served, the energy of excitation bf is transferred directly
to the levels’D1 and®Dg of Eu(lll) ion [11,12]:

—Ad e

_0"=Ad
Eu(lll) T — EuQl) S
T 6 —Ad N0 = ad
I 1I
_0 = Ad - Ad==0
—_ Eu*(lll)/ — Eu(III)/ +hv
o= ad T~ Ad=o0

of Gd(lll) and Ce(lll), the CL is caused by deactivation
of singlet-excited adamantanomie The excitation of the
lanthanide depends on the existence of a suitable energy
level at which the intracomplex excitation transfer from the
3n, IT*-state of the ketone is possible. The yields of CL and
excitation of lanthanide ions in the decompositionl ah

the [I-Eu(ll)] and [I-Tb(lll)] complexes were determined
(pey = 0.013 ¢+ = 0.08). The fact that the efficiency
for the population of theD4 level of Tb(lll) was higher
than those for th&D1- and®Dg-levels of Eu(lll) is related

to the difference in the energy gap between the triplet level
of Il and the excited levels of the lanthanides [15] (see Fig.
1). The stability constants of thé-Ln(lll)] complexes and

the thermodynamic parameters of the complex formation as
well as the rate constants of thedecomposition in com-
plexes [-Ln(lll)] were determined. It was established that
the value of rate constant of thedecomposition increased

Similar mechanisms are discussed in the successive workswith increasing value of thel {Ln(lll)] complex stability

concerning the CL accompanying the decompositiohiof
the presence of lanthanide compounds [13-23].

The complexation of excited Eu(fogl)chelate with
adamantanone in-xylene has been studied by kinetic lu-

constant. Higher values of the complex stability constants
among the lanthanides investigated point to a more stable
coordination bonding between Ln(lll) and the peroxide, re-
sulting in a weakening of the O—O bond in dioxetane. The

minescence spectroscopy [13]. The stability constant of the values of the stability constant, entropy and enthalpy of the
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complex formation increase with decreasing Ln(lll) ionic
radius (IqlCe(III N = 5,51 mol’l, K[I'Tb(lll = 11.61 mol’l)
[16].

CL and catalysis of decomposition bfin the presence
of Eu(lll) and Tb(lll) tris(benzoyltrifluoroacetonate) (btfa)

77

4F3/2-*111/2 transitions in Nd(lll) and®Fs2—2F7, transi-
tion in Yb(III) [23].

The CL activated by lanthanide ions in biochemical sys-
tems was analysed. The intensity of CL appearing as a re-
sult of peroxide oxidation of the lipids of biomembranes

complexes in toluene were investigated. The thermodynamic (liposome suspension) was observed to increase in the pres-
parameters of complex formation, stability constants of the ence of Tb(lll) ions or the complex of Eu(lll) with tetracy-

complexesl[-Ln(btfa)s] and yields of excitation of Ln(btfa)
chelates(¢g+ = 0.021, ¢+ = 0.12) were estimated. A
higher efficiency of population of theD,4 -level of Tb(lll)
than that of°D1- and ®Dyg -levels of Eu(lll) follows from
different efficiency of nonradiative dissipation energy in
Ln(lll) ions after intracomplex energy transfer frofm,
[T*-state ofll to the resonance excited levels of the lan-
thanides [17].

CL of Pr(Ill) (in visible and infrared regions) upon de-
composition of catalysed by-diketonates Prg (L = fod or
dpm) in toluene were also observed. In the case of Pr{fod)
the efficiency of excitation was estimated to g+ <

10%. The branched quantum chain reaction was observe

on thermal decomposition ¢fin the presence of an excess
amount of Pr(fodd. Branching of the chain may be realized
through the quenching of Pr(fogf) where Pr(lll) is in the
3P, or 3P;-excited states by thd -Pr(fodk] complex with
the preservation of excitation energy of Pr(lll) in the lower
lying 1D,-state. Energy transfer on thier(fod)s] complex
results in the decomposition dfwith excitation of Pr(lll)
into 3Py, 3Py or 1D, states [18,19].

The Eu(fod} activated CL upon degradation bforbed
on Silipore was studied and compared with CL in solu-
tion [20,21]. The reactions of thermolysis bfon Silipore
in the presence of Eu(fogas well as the CL spectrum

cline and the CL spectrum showed the bands characteristic
of Th(ll) (®D4—"Fs) or Eu(lll) (°Do—'F>) interpreted as the
result of energy transfer from primary emitters to Ln(lIl)
ions [24,25]. The process of energy transfer to Tbh(lll) ions
as well as Dy(lll) ions was also observed during the chemi-
luminescent reaction of histamine oxidation by potassium
bromate in the presence of these ions [26].

CL appearing during oxidation of hydrazine by hypochlo-
rite in the presence of europium tris(thenoyltrifluoroaceto-
nate)(T) chelate was studied. The chemical excitation in this
system (at a quantum yield about 7%) was found to be the
result of the three-molecular thermal reaction:

dEuTz[N2H4] +2ClO~ — EuT,[®N2 "],

followed by the energy transfer from the excited nitrogen
in the triplet state to the triplet level of the ligand and light
emission from Eu(lll) [27].

The CL reactions of Ce(lV) ions with drugs containing a
thiol-group, sensitized by fluorescent dyes are also known.
They have been used for determination of these drugs in
combination with the flow-injection method [28,29]. The
mechanism of these reactions is as follows: the oxidation of
the drug (e.g. captopril, hydrochlorothiazine) by Ce(IV) ions
leads to the appearance of excited Ce(lll) ions, from them
the energy is transferred to the dye present in the solution

and mechanism were found in the same way as those in(e.g. rnodamine B, rhodamine 6G) which emits CL.

solution. However, in solution the CL intensity increases

proportionally to Eu(fod) concentration, while the depen-
dence of CL intensity on Eu(fog)content on Silipore is

3. Chemiluminescence in redox reactions of the

described by the exponential function. The observed con- lanthanides

centration dependence of CL intensity is explained by the
branched quantum-chain process in the dioxetane-E(fod)

system. The interaction of Eu*(fogl)n its °D; state with
the complex [dioxetan&u(lll)] with retention of excitation
in the °Dg state and formation of another excited Eu(fod)
molecule is a key step in the quantum-chain reaction.

CL accompanying the impact of the mechanical effect on

solid particles of the complex of Eu(fogdwith | was de-

tected and studied. The CL has a complex structure and its

spectrum is attributed to excited Eu(lll) ions. Light emission
was observed only for a mechanical mixture of Eu(fod)
complex withl and their co-crystallised form while it was

In 1983, a series of studies on CL emitted during oxidation
of Eu(ll) ions in complexes with organic ligands by hydrogen
peroxide was begun. This reaction, involving radicals, leads
to the appearance of excited Eu(lll) ions [30]:

Eu(ll) + Hp0z — Eu(lll) + HO™ + HO®
HO* + Eu(ll) — Eu(lil)* + HO™
Eudlll)* — Eu(lll) + hv

The emission observed is a result of the energy transition
from ®Dg to ’F; and ’F; levels of Eu(lll) and its intensity

absent for the separate components. Analysis of the mechasignificantly increases after complexation of Eu(ll) ions and
nism of CL caused by the mechanical impact revealed thatdepends on pH of the solution and concentration gD

the CL was not triboluminescence, but was induced by de-

composition of dioxetané [22].

CL in near IR region upon thermolysis of melts consist-
ing of Nd(IIl) or Yb(lll) perchlorates and was first ob-
served. The CL spectra correspond to ffg/,—*lg/> and

The study of CL emitted from the systems Eu(ll)/Eu(lll)
— adenine nucleotide — hydrogen peroxide were reported
[31,32]. The integral intensity and quantum yield of CL
(pcL=5x10"12 1x 101! and 3x 1010 for uncom-
plexed Eu or Eu/cAMP, EUu/ADP and Eu/ATP, respectively)
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were found to be dependent mainly on the number of P-O- complexing aminopolycarboxylic acids. The mechanism of

groups occurring in particular nucleotides and on the val- CL did not depend on the kind of the aminopolycarboxy-

ues of stability constants of the europium complexes with late ligand, but the intensity of emission did [39,40]. The

the nucleotides (ATP >ADP >c-AMP > AMP). Analysis of scheme of the reaction mechanism is as follows:

the fluorescence of the system Eu(lll)-ATP indicated the

intramolecular energy transfer process from ATP molecule (‘022 + [Eu(iDL]"™ — [Eu(lHL]"" -+ - (*02)2 —

tO EU(”') ion. - [EU(HI)*L]"- + 2302
Chemiluminescence and the mechanism of its genera-

tion (using typical radical quenchers) was also studied in hy (6¢00 nm)

the systems containing europium ions, hydrogen peroxide

and deoxyribonucleic acid or nicotinamide adenine dinu- \\hare = N3 or aminopolycarboxylic acid.

cleotide reduced disodium salt [33,34]. The spectrum of  1he ingroduction of coronands (1,4,10,13-tetraoxa-7,16-

CL shows bands attributed to Eu(lll) ions# 590-620nm)  gia74cyclooctadecane or 1,4,10-trioxa-7,13-diazacyclo pen-

and to excited molecules of singlet oxygen<460-480  (5qecane or 1,4,7,10-tetraoxa-13-azacyclopentadecane or

and 625-640 nm), appearing as the products of simultaneous; 4 7 10,13-pentaoxa-16-azacyclooctadecane) to the above-

processes of hydrogen peroxide decomposition and radicalyegeriped CL-generating system resulted in the process

recombination. The results testify to the radical character of i, \vhich three kinds of CL-emitters were distinguish: ex-

the reaction leading to the generation of CL. cited Eu(lll) ion responsible for the emission at 615nm;
Attempts were made to use the CL-generating Systemsgimers of singlet oxygen responsible for emission at 580

with europium ions for the characterisation of properties of 5,4 633 nm; and excited carbonyl fragments emitting in the
human blood plasma introduced to the system. Differences 450 500 nm range [41]:

in the intensity and spectral distribution of CL were noted
between the systems with plasma from the patients with ~ Eu(lL

H,O.

chronic renal failure put to hemodialysis before, and after, Ha0, 2 —>HO, + 0, —= ('0,), ———2(302)+ hv
that procedure as well as between those samples and th _— . (2= 580, 633 nm)
samples taken from healthy people. Unfortunately, a great Eu(l) L+ HO™+ HO" ————(>C = 0)

variety of natural components of plasma has not permit- Fumt [__’

ted so far to offer a complete explanation of the observed (Eu(i))L+ HO™ >c=0 :;‘:soo .
change in CL spectra. CL was also studied in the system with

plasma’s water (obtained by means of the dry ultrafiltration

process) and the dialysate (i.e. the dialysing physiological (f:‘;":;;sr:“r’m

liquid, containing mainly salts). Differences were found in
the course of the kinetic CL curves for the dialysate samples The intensity and shape of the emission decay as well as
taken before, and after, the contact with circulating blood the spectral distribution of CL were found to depend on
of particular patients. Moreover, the influence of creatinine the number of nitrogen atoms in the ring of the macrocycle
on the courses of CL generated in the plasma’s water sys-and the size match between the macrocycle cavity and the
tems was noted [35,36]. CL characteristics of some plasmaeuropium ions.
components (creatinine, creatine and urea, as well as lac- The cryptands 2.2.1 and 2.2.2 (4,7,13,16,21-pentaoxa-
tic, malic and citric acids) in the presence of europium ions 1,10-diazabicyclo[8.8.5]tricosane and 4,7,13,16,21,24-
were analysed [37]. hexaoxa-1,10-diazabicyclo[8.8.8]hexacosane, respectively)
The CL-generating system of Eu(ll)/Eu(lll) - hydrogen introduced into the CL-generating system stabilise the
peroxide was studied in the presence of Mns respon- Eu(ll) ions. The complexation of Eu(ll) inside the
sible for a considerable increase in Eu(lll) emission. The three-dimensional cavity of the cryptand causes the elonga-
excitation of Eu(lll) in this system was found to occur not tion of the CL duration and a decrease in the CL intensity
only as a result of the radical reaction of Eu(ll) oxidation to when compared with that in the systems with coronands,
Eu(lll), but also due to the energy transfer from the singlet which is accounted for by a slowing down of the process of
oxygen through the complexinggNions to the europium  Eu(ll) oxidation to Eu(lll). The duration of CL generated
ions [38]. Similar phenomena and relationships were found by these systems depends on the stabilisation of Eu(ll) by
in the systems also containing, apart from europium ions the cryptands and the stability of the macrocyclic complex
and hydrogen peroxide, aminopolycarboxylic acids (e.g. formed with these ions [42].
ethylenediaminetetraacetic or diethylenetriaminepentaacetic Other examples of CL-generating redox reactions lead-
or ethyleneglycol-bis(2-aminoethyl)tetraacetic acid). It was ing to the emission from the lanthanide have been also
established that in all systems studied the only emitters described. The CL characteristic of Yb(lll) is observed as
were europium ions, and the long duration of CL was re- the result of the reaction between tetrahydrofuran adducts
lated to the process of energy transfer from the dimols of of pentamethylcyclopentadienylytterbium with, @nd G,
singlet oxygen to Eu(lll) ions through the mediation of the [43]. Emission from Eu(lll) and Sm(lll) is generated by the
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oxidation reaction of cyclopentadienyleuropium(ll) and cy- In [52] the mechanism of electrogenerated luminescence
clopentadienylsamarium(ll) by oxygen and the reactions of of Th(lll) — {2,6-bisN,N-bis(carboxymethyl)amino-
cyclopentadienyleuropium(lll) and cyclopentadienylsamar- methyl]-4-benzoylphengl(L) chelate is presented. Gener-
ium(lIl) and their peroxides with water [44]. CL-generation ation of hydrated electrons at an oxide-covered aluminium
was also described in the reactions of reduction of Th(IV) electrode may be the primary step of the electrogenerated
and Pr(IV) in water solutions of isopoly- and heteropoly- luminescence of aromatic Tb(lll) chelates. In the pres-
tungstates NsgHWgOo1, KgSiW11039, K7PW;1039 [45], ence of appropriate precursors, hydrated electrons produce
K10P2W17061 [46] and in the reaction of dissolving dou- secondary oxidising radicals. The aromatic moiety of a
ble lithium and terbium(IV) oxide in acids [47], where the Th(lll) chelate is excited by its consecutive interactions
emitters were Ln(lll) ions. CL was, moreover, observed in with hydrated electron and the secondary oxidising radical
the reduction of xenone trioxide with Eu(ll) ions in aqueous followed by an intramolecular transfer of this excitation
HCIO4 solution, but then europium ions are not the sources energy to theD level of coordinated terbium(lll), leading

of emission [48]. to the5D4—7F.,‘ transitions. Electrogenerated luminescence
of yttrium, samarium and dysprosium bonded with the
same heptadentate chelating agent L, which forms stable
dimer-like dinuclear chelates, has been presented in [53]. At
a pulse-polarized oxide-covered aluminium cathode in the
presence of peroxydisulphate, the homodinuclear L-Y-Y-L
chelate generates a weak Y(lll)-initiated ligand-centered
emission (at 322 nm), while the homodinuclear L-Ln-Ln-L
(Ln=Sm, Dy) and heterodinuclear L-Y-Ln-L chelates ini-
tiate intense ligand-sensitised Dy(lll)- and Sm(lll)-specific,
4Fg/2-°H; and*Gs/2-°H; transitions, respectively.

4. Electrogenerated luminescence and lyoluminescence
with the lanthanides

As a result of the electrogenerated reaction opttélyl-
amine radical cation (©") and benzophenone (or dibenzoyl-
methane) radical anion ¢A&) only the exciplext(A~D*)*
emission is observed (broad band with a maximum at

581 nm). After addition of the europium chelates L
) “ Lropiu (B) A thin-film electroluminescent device has been prepared

with dibenzoylmethide and piperidine or dinaphtoylmethide  ° dival . ; Thi hibi
and piperidine to these systems, the characteristic emissionus'bng r? valent ehuropl)lurr_\ species. |hs syhs_tek:n exhibits
of Eu(lll) (narrow band at 612 nm) appears. This emission a bright orange photoluminescence with a high quantum

is a result of energy transfer from the exciplex (excited efficiency in the solid state. The volatibility of used com-

charge-transfer complex) directly to an europium chelate pound (e.g. bis[tris(dimethylpyrazolyl)borate]europium(Il)
enabled to prepare multi-layer electroluminescent de-

[49]: vices, in which the phosphor was sandwiched between an
LA~D*)* + Euls — A + D + Euls* electron-transporting layer and a hole-transporting layer.

Thin-film electroluminescent devices showed a visible
EuLs*— EL3+ hv emission comparable to the photoluminescence spec-

trum of pure europium complex, indicating that emis-

Electrolysis of an aqueous electrolyte containing nitrate sion is based in the phosphor layer. The observed in-
and europium(lll) at the oxide-covered aluminium electrode tense emission band atnax=596nm is assigned as
produces surface-bound Eu(lll) in the excited- le%Bl a ligand-to-metal charge transfer (LMCT) band from
which, on return to the ground level, generates emission low-lying ligand orbitals into the high energy f-orbitals of
from the Eu(lll) ions. This cathodic europium(lll) electrolu-  Eu(ll). This new organolanthanide material offers promise
minescence is highly sensitive to Eu(lll) ion concentration as a volatile phosphor for thin film devices [54]. An-
(down to 108 M) [50]. other interesting paper is devoted to an electrolumines-

Generation of highly intense cathodic Tb(lll) electro- cent device containing the Eu(ll) silicate layer on the
generated luminescence at an oxide-covered aluminiumsilicon substrate. This electroluminescent device exhibits
electrode in aqueous electrolytes additionally containing the characteristics of broad spectral band, large-area uni-
potassium peroxydisulphate or hydrogen peroxide wasform emission, high external quantum efficiency, fast
demonstrated. Electrochemical excitation of Th(lll) is a response and low threshold. The europium silicate ap-
multi-step process comprising adsorption of Tb(lll) on pears a promising candidate material for the production
the oxide-covered aluminium electrode, formation of the of flat panel displays and the optoelectronic integrated cir-
sulphate monoanion and hydroxyl radicals and generationcuits on the silicon substrate [55]. Recently, an organic
of Th(lll) emission. In the last step, sulphate monoanion electroluminescence devices using a neodymium com-
and hydroxyl radicals oxidise the oxide-bound Tb(lll) to plex (tris(dibenzoylmethanato)(monobathophenanthroline)-
oxide-bound Th(IV) which is highly unstable under these neodymium(lll)) as an emitting layer showing sharp
conditions and is immediately reduced to oxide-bound near-infrared emission bands assigned to f-f transitions of
Tb(lll). This reduction process is energetically enough to Nd(lll) ion were obtained. This system could lead to new
produce the excited terbium(lll), whose emission allows to possibilities for the realisation of the neodymium organic
determine the Th(lll) ions at levets10-8 M [51]. electroluminescence laser [56].
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Lyoluminescence of terbium(lll) has been observed as a[15] V.P. Kazakov, A.l. Voloshin, S.S. Ostakhov, I.A. Khusainova, E.V.

result of dissolution in Th(lll)-containing agueous solution
of potassium peroxydisulphate previously irradiated by UV
or X-rays. This dissolution produces a solid/solution inter-

face rich in hydrated sulphate radicals. Pathway of this lyo-

luminescence consists of the following steps:
1. hydrated sulphate radical oxidizes Tb(lll) to Th(IV);
2. Tb(IV) is immediately reduced by water and this re-

action is energetically enough to produce the excited

Th(lll) (°Dy4); and
3. radiative transition8Ds—"F; [57].
Excitation of Tb(lll) as a result of energy transfer process

and5D4—7Fj transitions has also been observed as a conse-22]

guence of the dissolution of X-ray irradiated sodium chlo-
ride in aqueous solution containing the hydrated Th(lll) ions
(intermolecular energy transfer) [58] or the Tb(lll) chelates
[59,60], as well as a dissolution of additively coloured (i.e.

Zharinova, lzv. Akad. Nauk, Ser. Khim. (1997) 730.

[16] V.P. Kazakov, A.l. Voloshin, S.S. Ostakhov, I.A. Khusainova, lzv.
Akad. Nauk, Ser. Khim. (1996) 2479.

[17] V.P. Kazakov, A.l. Voloshin, S.S. Ostakhov, E.V. Zharinova, lzv.
Akad. Nauk, Ser. Khim. (1998) 402.

[18] V.P. Kazakov, A.l. Voloshin, N.M. Shavaleev, Mendeleev Commun.
(1998) 110.

[19] V.P. Kazakov, A.l. Voloshin, N.M. Shavaleev, J. Photochem.
Photobiol., A: Chem. 119 (1998) 177.
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