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Abstract

The chemiluminescence (CL) of the systems Eu(ll)/Eu(I11)-EDTA-H,0O,, Eu(ll)/Eu(ll1)-DTPA-H,0O, and Eu(ll)/Eu(I11)-TTHA-
H,O, was studied. The kinetic curves of CL decay and CL spectral distributions were obtained. On the basis of differences in the CL
intensity and its duration, as well as characteristics of the CL spectra, a mechanism of the processes occurring in the studied systems is

proposed. [0 1998 Elsevier Science S.A.
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1. Introduction

Chemiluminescence (CL) measurements provide infor-
mation on the spectral and structural properties of organic
compounds in systems with lanthanide ions, mainly
europium [1-3]. A product of Eu(ll) ion oxidation by
hydrogen peroxide is excited Eu(lll) ions which, on
returning to the ground state, emit radiation of wavelength
A=594 and 615nm corresponding to the transitions
°D,~ ‘F, and °D,- ‘F,. The intensity of emission of
lanthanide ions depends on the stability of the complex
formed with the ligand and the Ln(l11) hydration number
[4,5]. In the chemiluminescence of systems containing
H,O, as oxidiser, the products of the simultaneous pro-
cesses of H,O, decomposition and radical recombination
are molecules of singlet oxygen 1O2 [6]. In order to
determine their effect on the CL emission, they are
guenched by different quenchers, e.g. amines. For singlet-
oxygen quenching by amines, a mechanism involving
electron transfer or the formation of a partia charge-
transfer intermediate was suggested [7,8]. Hessler, study-
ing singlet-oxygen quenching by EDTA and its complexes,
demonstrated that the formation of the intermediate prod-
uct between amine and ‘0, is affected by the complexed
metal ion. For instance, complexes of Cu(ll) and Fe(lll)
with EDTA are much more effective quenchers of singlet
oxygen than EDTA alone [9].

This paper reports the results of an investigation of
systems composed of europium ions, hydrogen peroxide
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and one of the acids ethylenediaminetetraacetic acid
(EDTA), diethylenetriaminepentaacetic acid (DTPA) or
triethylenetetraaminehexaacetic acid (TTHA), and a mech-
anism of the processes taking place in the systems is
proposed.

2. Experimental

A solution of EuCl, was obtained by reduction of EuCl,
according to the McCoy method [10]. A solution of EuCl,
was obtained by dissolving Eu,O, (of spectral purity,
prepared in our laboratory) in HCl (pure for analysis,
Merck). Solutions of EDTA, DTPA and TTHA (all pure
for analysis, Fluka) were prepared by adding portions of
NaOH (pure for anaysis, POCh, Gliwice). The other
agents used in the studies were: FeCl, (pure for analysis,
Merck), H,O, (35% solution, pure for analysis, Merck)
and Na,B,0,-10H,0 as a buffer (pure for analyss,
Merck).

2.1. Procedure

Into a solution containing Eu(ll) ions, ligand and borax
buffer, H,0, was added in equimolar amounts with respect
to Eu(ll). The desired solution pH was obtained by
addition of an appropriate amount of borax buffer. The
presence of borax buffer (borax ions) does not affect the
intensity of CL in the system Eu(ll)/Eu(I11)-H,0, (Table
1). It can be used in studies of CL in systems with
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Table 1

Influence of borax buffer on the CL intensity of the system Eu(ll)/
Eu(l11)—H,0O,. The concentration of europium ions was 2 X 10 *mol I %
the pH of the solutions was 5.5

Concentration of borax ions (mol 1) Light sum ZIAt (au.)

0 347+23
5x10°* 335+22
2x1072 339+25
1x10°? 329+26
5x10 2 346+25

aminopolycarboxylic acids. The pH was measured before
and after the CL reactions.

The effect of pH on the chemiluminescence of the
systems  Eu(ll)/Eu(lll)-L-H,0,, where L=EDTA,
DTPA, TTHA, for molar ratio metal/ligand 1:1, was
studied. For the systems with TTHA and DTPA, with pH
increasing up to about 6, the intensity of CL increased
when the pH increased to >6; no changes were observed
in the intensity of CL and in the course of the kinetic
curves. In the systems containing EDTA, the pH 7.5
solution revealed the greatest intensity of CL. Further
increase of pH in this system did not affect the intensity of
CL, therefore CL measurements were performed for
solutions at pH 7.5.

When applying the Fenton system, solutions of Fe(ll)
and Eu(lll) were mixed with the ligand solution in the
molar ratio Fe(l1)/Eu(lll)/L 1:1:2, and borax buffer was
added. A solution of H,0, was then added to the system in
equimolar ratio to Fe(ll). The reaction mixtures were
stirred by flowing argon (99.99%) through them.

The kinetic curves of the CL decay (CL intensity vs.
time) were recorded using the apparatus described in detail
in Ref. [11]. Spectral distributions were obtained using the
method of cutoff filters. The light sum of chemilumines-
cence (21At) was defined as the area under the kinetic
curve and calculated from the time of reaction initiation to
the time of reaching the background level.

COOH

DTPA

HOOC — —— COOH
N/_\N
HOOC—J \———COOH

EDTA

Spectrophotometric measurements were performed using
a UV-2401 PC spectrophotometer Shimadzu.

3. Results and discussion

The chemiluminescence emitted from systems contain-
ing europium ions, hydrogen peroxide and EDTA or DTPA
or TTHA, which form 1:1 complexes with europium ions
[4,12], was measured. Structural formulae of the ligands
are given in Fig. 1.

The kinetic curves of CL decay recorded for the systems
studied

Eu(I1)/Eu(Il)-H,0, 1)
Eu(I1)/Eu(1l)~EDTA-H,0, 2
Eu(I1)/Eu(1l)-DTPA-H,0, (3)
Eu(I1)/Eu(ll)=TTHA-H,0, (4)

are shown in Fig. 2. Curve 1 in Fig. 2 characterises the
decay of CL of the system Eu(ll)/Eu(lll)-H,0,; its
intensity is small and its duration very short, only about
8 min. The introduction of aminopolycarboxylic acids into
the system of europium ions and hydrogen peroxide
resulted in an increase in CL intensity and duration (up to a
few hours). The highest CL intensity was recorded for the
system with TTHA as a ligand; curve 4 in Fig. 2.

In order to identify the emitter in the systems studied,
their CL spectral distributions (Fig. 3) were recorded by
the method of cutoff filters [15]. For al systems studied,
(1)—(4), the CL spectrum was the same.

As shown in the exemplary spectral CL distribution for
the Eu(Il)/Eu(Il)-TTHA-H,O, system (Fig. 3) the
dominant band is the maximum for A=600 nm characteris-
tic of the transtions °D, - 'F, and °D,- F, for the
Eu(lIl) ion. The minimum width of the spectral intervals

HOOC COOH
NN
FDOC’—/ \— COOH

COOH ‘COOH

TTHA

Fig. 1. Structural formulae of DTPA, TTHA and EDTA.
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Fig. 2. Kinetic curves of CL decay for the systems (1) Eu(ll)/Eu(l1)—

H,O, (pH 5.5); (2) Eu(ll)/Eu(I11)-EDTA-H,0,; (3) Eu(ll)/Eu(l)—

DTPA-H,0,; (4) Eu(ll)/Eu(Ill)-TTHA-H,0,. The concentration of

europium ions was 2X 107> mol | *; the molar ratio Eu(l1)/L was 1:1;

the pH of the solutions was 7.5.

obtainable by the cutoff filter method is 10-15 nm, so it
was not possible to obtain a better separation of the two
bands in the spectrum. In addition to the spectra dis-
tributions, the absorption spectra of Eu(ll) ions and the
aminopolycarboxylic acids were aso recorded. Fig. 4A
presents absorption spectra for Eu(ll) ions and the ligand
TTHA.

The maximum absorption of europium ions fals at
A=248 nm. At this wavelength the absorbance due to
TTHA as well as the other ligands is negligible, so the
intensity of emission at this wavelength can be taken as a
measure of changes in the europium ion concentration in
all systems studied. Fig. 4B presents the decay of the band
at A=248 nm for the systems Eu(ll)/Eu(lll)-H,O, and
Eu(I1)/Eu(111)-TTHA-H,0,, which is the same as for the
other systems studied, (2) and (3). This indicates that the
introduction of a ligand to the system Eu(ll)/Eu(lll)—
H,O, does not change the kinetics of decay of the band at
A=248 nm, and thus does not affect the concentration of
Eu(ll) ions.
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Fig. 3. Spectral distribution of CL for the system Eu(ll)/Eu(lll)-TTHA-
H,0,. The concentration of europium ions was 2x10 ®mol | 7%; the
molar ratio of Eu(ll)/L was 1:1; the pH of the solutions was 7.5.
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Fig. 4. (A) The absorption spectrum of (1) TTHA and (2) Eu(ll) ions.
The concentration of TTHA and Eu(ll) ions was 2x10 *mol I *. (B)
The decay curves of the absorbance at A =248 nm for the systems (1)
Eu(11)/Eu(l11)-H,0, and (2) Eu(l1)/Eu(lll)-TTHA-H,O,. The con-
centration of europium ions was 2 10~ mol | *; the molar ratio Eu(l1)/
L/H,0, was 1:1:1.

The system Eu(ll)/Eu(l1l)-H,0, is a source of HO
radicals forming during the decomposition of hydrogen
peroxide:

Eu(ll) + H,0, — Eu(lll) + HO™ + HO' 0

Similar transformations take place in the Fenton system
(Fe(I)/Fe(111)-H,0,). In both systems the products of the
radical reactions are, among others, molecules of singlet
oxygen in the states ‘A and 'Y/ [12,13]. By introducing
europium (111) ions and one of the ligands EDTA or DTPA
or TTHA into the Fenton system, we obtain an environ-
ment in which the europium complexes with amino-
polycarboxylic acids are subject to the activity of radicals
and singlet oxygen (Fig. 5).

In Fig. 5, curve 1 corresponds to CL decay in the Fenton
system Fe(I1)/Fe(l11)-H,0O,, and its character indicates a
low intensity of CL emission and fast decay. The presence
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Fig. 5. Kinetic curves of CL decay for the systems (1) Fe(ll)/Fe(l1)—
H,O,; (2) Fe(Il)/Fe(lll)-Eu(lll)-EDTA-H,0,; (3) Fe(ll)/Fe(lll)—
Eu(l11)-DTPA-H,0O,; (4) Fe(Il)/Fe(lll)-Eu(lll)-TTHA-H,0,. The
concentration of europium ions was 2x10 > mol | ™*; the molar ratio
Eu(l11)/Fe(l)/L was 1:1:2, the pH of the solutions was 7.5.

of Eu(lIl) ionsand EDTA or DTPA or, particularly, TTHA
in the Fenton system results in a significant increase in CL
emission; see curves 2, 3, 4 in Fig. 5.

The introduction of the aminopolycarboxylic acids into
the Fenton system quenched its CL by 25% (EDTA or
DTPA) and by 35% (TTHA).

The spectral distributions of CL measured for the
systems

Fe(I1)/Fe(111)-Eu(I11)~EDTA-H,0, (5)
Fe(11)/Fe(l11)-Eu(11)-DTPA-H,0, (6)
Fe(I1)/Fe(111)-Eu(111)-TTHA-H,0, 7)

proved identica. An exemplary spectral distribution ob-
tained for (7) is shown in Fig. 6.

The dominant band is that attributed to Eu(lI1) with the
maximum at about 600 nm, which indicates that these ions
are the only emitters in the systems studied.
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Fig. 6. Spectral distribution of CL for the system Fe(l1)/Fe(l11)—Eu(l11)—
TTHA—-H,0,. The concentration of europium ions was 2X10 *mol | %
the molar ratio Eu(l11)/Fe(ll)/L was 1:1:2; the pH of the solutions was
75.

On the basis of the curves for the decay of the band at
A=248 nm (Fig. 4B) it can be concluded that, 10 min after
initiation of the reaction, in systems (1) to (4), no Eu(ll)
ions are detected. Thus, the strong increase in CL intensity
and its long duration for systems (2) to (4) (Fig. 2) are
mainly a result of the energy transfer process.

EDTA and its complexes with Cu(ll) or Fe (I11) were
used as quenchers of singlet oxygen [9]. Analysis of the
favourable position of the energy levels of singlet-oxygen
dimols and exited Eu(lll) ions suggests that the excitation
of the lanthanide ions occurs due to the action of ‘O,
dimols, as established analogously for azide ions [11]. The
observed long duration of CL is due to the reproduction of
singlet oxygen in the reactions of recombination of radicals

[6]:
0, +HO - '0,+HO~

0, +HO +H" - '0,+H,0

HO, + HO, - '0, + H,0,

It should be mentioned that quenching of singlet oxygen
by amines and EDTA occurs partly through the formation
of an intermediate charge transfer [7-9]:

o s
|\o—o

The gradua increase in CL intensity observed in the
systems Eu(Il)/Eu(lll)-H,0, with EDTA, DTPA or
TTHA (Fig. 2) is caused by an increasing concentration of
Eu(lll) ions formed as a result of reaction (). The
increasing concentration of Eu(lll) ions increases the
probability of formation of the intermediate charge trans-
fer, {Eu(lll)—aminopolycarboxylic acid}—singlet oxygen,
and energy transfer.

On the basis of the results obtained, the following
mechanism of the reaction can be proposed:

('0,), + [Eu(IL]"™ - [Eu(lL]" - - - (*O,),

[(Bu(ln)*L]"™
- !

hv (600 nm)

+2°0,

where L=EDTA (n=1), DTPA (n=2) and TTHA (n=3).
The final effect is emission from the Eu(l11) ions observed
in the spectrum at about A =600 nm.

After introducing aminopolycarboxylic acids (APA) into
the solution containing Eu(I1)/(111) ions and H,O,, be-
cause of the high stability of Eu—APA complexes, the
concentration of free (uncomplexed) europium ions is
negligibly low and no hydrolysis is observed.

For the systems Fe(ll)/Fe(lll)—Eu(lll)-H,0, with
EDTA, DTPA or TTHA, the course of the kinetic changes
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in CL was different (Fig. 5). The chemiluminescence was
very intensive at the instant of reaction initiation and lasted
for a much shorter time. Taking into account the similar
course of hydrogen peroxide decomposition in the Fenton
system and in the system Eu(ll)/Eu(l11)-H,0,, the differ-
ences in the course of the kinetic curves follow from the
different number of Eu(lll) ions in the initial stage of the
reaction. The much faster decay of CL in the Fenton
system containing additionally Eu(lll) ions and EDTA,
DTPA or TTHA, isaresult of singlet-oxygen quenching by
the complexes of iron ions with aminopolycarboxylic
acids.

In the systems studied the intensity of CL increases in
the order EDTA<DTPA<TTHA. The only emitters in
these systems are Eu(l11) ions forming with EDTA com-
plexes with stability constants of the order of 10'"; with
TTHA and DTPA they form complexes with stability
constant 10°* [11]. In these complexes, in the inner
coordination sphere of the Eu(lll) ions, there are different
numbers of water molecules and their effect on the CL
intensity must be taken into account (Table 2).

The significant differences in the CL intensity of the
systems containing DTPA and TTHA, in view of the fact
that these ligands form complexes with Eu(lll) ions of
similar stability, indicates that the effect of the number of
coordinated water molecules must be important. With
decreasing hydration number, the CL intensity increases.
The highest CL intensity was recorded for the system with
TTHA (curve 4 in Fig. 2 and curve 4 in Fig. 5).

The increase in CL intensity in the order EDTA<
DTPA<TTHA indicates that it can also depend on the
number of nitrogen atoms in the ligand molecule involved

Table 2
The number of water molecules in the inner coordination sphere of
Eu(I1l) ions in Eu(lll)L complexes

Ligand L Hydration number of Eu(l1)L complexes
EDTA 2.6°

DTPA 11*

TTHA 0°

°Ref. [4].

"Ref. [14].

in formation of the intermediate product {Eu(I!l)—amino-
polycarboxylic acid}—singlet oxygen.

In conclusion, it can be stated that in al systems studied
the only emitters are europium ions, and the long duration
of CL is related to the process of energy transfer from the
dimols of singlet oxygen to europium(l11) ions through the
mediation of the complexing aminopolycarboxylic acids.
The chemiluminescent method, chosen for studies on
complexes of europium ions with aminopolycarboxylic
acids, provides an explanation of the mechanism of the
reactions in these systems.
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