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A B S T R A C T

The complexation of the trivalent heavy metals Eu(III) and Cm(III) with polyacrylate as a model ligand is investigated by time-resolved laser fluorescence spec-
troscopy (TRLFS) and subsequent thermodynamic modelling (charge neutralization model). The aqueous speciation of both metals is investigated as a function of
temperature (20–60 °C) and ligand concentration (0–0.4 g/kg) in 0.1 mol/kg NaCl solution ([H+]total≈ 10−4 mol/kg). Only one complex species is observed at all
experimental conditions. With increasing temperature the aqueous Eu(III) and Cm(III) speciation is slightly shifted towards the complexes species. This effect is
attributed to the stronger deprotonation of the polymer, which is also reflected by an increase of its loading capacity. The complex stability constants, however, show
no visible temperature dependency. Log β’(T) ranges between 5.8 and 5.9 for both Eu(III) and Cm(III) over the whole range of experimental conditions.

1. Introduction

The ongoing search for appropriate storage sites for nuclear waste
has led to a large variety of studies covering a wide range of topics
within the field of actinide geochemistry. Besides the description of
sorption/migration characteristics and dissolution/solubility phe
nomena, complexation reactions of actinides with various inorganic
and organic ligands in aqueous solution have been in focus.

High level nuclear waste will be contained in steel canisters in many
repository scenarios. The subsequent reducing conditions that will be
prevailing in the near field of these storage sites lead to the pre
dominance of +3 (Pu, Am, Cm) and +4 (U, Np) as most relevant
oxidation states of the included actinides [1]. As a result, the geo
chemical properties of trivalent actinides are particularly interesting
and have been studied extensively during the past decades.

With respect to complexation reactions, a variety of natural and
anthropogenic organic ligands has been investigated regarding their
impact on the aqueous speciation of trivalent actinides. The studies
range from small organic ligands present in natural clay formations
(e.g. formate [2,3], acetate [4 8], etc.) to simple dicarboxylates (e.g.
oxalate [9 11], malonate [12,13], etc.) and complex macromolecular
natural compounds (e.g. fulvic [14 17] and humic acids [17 26]) and
synthetic polycarboxylates relevant for the adjustment of the physical
properties of cement and concrete (e.g. superplasticizer [27,28]).

The characterization of complexes with carboxylic macromolecular
ligands (especially humic substances) has been an ongoing research

interest to the scientific community, leading to the implementation of
new models (e.g. charge neutralization [29] or NICA Donnan model
[30]) to describe the complex stability with complexing agents of rather
undefined structure and molecular size. From spectroscopic studies, it is
known that Cm(III) forms only one complex with humic substances,
showing a very well defined emission spectrum. However, there are still
open questions, whether coordination with carboxylic functions de
termines the interaction process or other functional groups are in
volved, too. Only a few studies can be found covering this topic; for
example Schmeide et al. studied the effect of blocked phenolic OH
groups of humic substances on the complexation with U(VI) [31]. As a
result, no structural differences where observed when comparing U(VI)
complexes with blocked or unblocked OH groups of humic and fulvic
acids.

In the present study, we focus on the interaction of Cm(III), as a
representative trivalent actinide, and Eu(III), as a frequently used
crystallochemical analog, with polyacrylate. This compound, which is
composed of a simple carboxylic polymer chain, is investigated as a
model ligand for more complex polycarboxylates (e.g. humic substances
or superplasticizers). Furthermore, the effect of temperature on the
complexation reaction is studied in the range of 20 60 °C.
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2. Experimental section

2.1. Sample preparation

The Eu(III) stock solution was prepared by dissolution of europium
oxide (Merck, purity 99+%) in dilute HClO4 solution. The isotopic
composition of the Cm(III) solution is: 89.7% Cm 248, 9.4% Cm 246,
0.3% Cm 244 and 0.6% Cm 243/245/247. The stock solutions had total
metal concentrations of 1× 10−4 mol/kg for Eu(III) and 2.5× 10−7

for Cm(III). The stock solution of sodium polyacrylate (Sigma Aldrich)
had a concentration of 5 g/kg and was prepared by dissolution of the
solid. Its average molar weight equals ∼ 2.100 g/mol, its proton ex
change capacity 0.0106 eq/g.

For all TRLFS measurements, 25 μL of the respective stock solution
were mixed with 865 μL distilled water, 100 μL 1mol/kg NaCl solution
and 10 μL 0.01mol/kg HCl solution. At these experimental conditions
hydrolysis, complexation with chloride and carbonate do not affect Eu
(III) or Cm(III) speciation and the impact of poly acrylate on the aqu
eous speciation of both trivalent metals with increasing ligand con
centration can be tracked ideally. At each investigated temperature
(20 60 °C), the sample solution was titrated with aliquots of the poly
acrylate stock solution until the measured fluorescence spectrum did
not change further, indicating quantitative complexation of the triva
lent metal ion.

2.2. TRLFS

The TRLFS system is composed of a pulsed Nd:YAG (Surelite II,
Continuum, USA) pumped dye laser system (Narrowscan, Radiant Dyes
Laser & Accessories GmbH, Germany) using the dye Exalite 398 and a
detector system consisting of a Shamrock SR 303i imaging spectrograph
and an iStar II ICCD camera (both Andor Technology PLC, Northern
Ireland). The repetition rate was set to 10 Hz, the pulse energy gen
erally ranged between 1 and 3mJ. Curium was excited at 396.6 nm,
Europium was excited at 394.0 nm. The sample solutions were filled
into quartz cuvettes embedded in a copper block. The temperature of
the block was controlled using a water bath thermostat (K6 mpc NR,
Peter Huber Kältemaschinen GmbH, Germany). All measurements were
performed with an initial delay of 1 μs to exclude short lived fluores
cence using the 900 and 1200 lines gratings of the spectrograph for
europium and curium, respectively.

2.3. Experimental data processing

Thermodynamic data are derived using the charge neutralization
model established by Kim and Czerwinksi [29]. Generally, temperature
dependent conditional stability constants at a given ionic strength
(β’(T)) are calculated according to equation (1):
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With [M(III)]eq, [M(III) Lig]eq and [Lig]eq being the molar equili
brium concentrations of the M(III) aquo ion, the M(III) Lig complex and
the free ligand.

The complexation properties of the macromolecular ligand strongly
depend on the chosen experimental conditions (e.g. pH) which de
termine its extent of deprotonation and thus the number of functional
groups available for the metal complexation. This is addressed by in
troduction of the loading capacity (LC) which is defined by equation
(2):
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There [M(III)]max is the maximum amount of trivalent metal that
can be bound to the macromolecule and [Lig]total is the total ligand

concentration given in eq/kg. [Lig]total is defined by the following
equation:
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(Lig) equals the ligand concentration in g/kg, PEC is the proton
exchange capacity of the ligand and Z is the ionic charge of the co
ordinated metal ion. For a simple polymer like polyacrylate, the PEC
can be calculated from its molar mass and equals 0.0106 eq/g.

Within this model, it is assumed that each charge of the metal is
neutralized by one opposite charge of the coordinating macromolecule.
Therefore, in the case of Eu(III) and Cm(III), three proton exchange sites
equal one charge equivalent.

Combination of equations (2) and (3) leads to:
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The free ligand concentration is calculated using equation (5):
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Equation (6) enables the graphical derivation of the LC by linear
regression plotting [M(III)]eq vs. [M(III)]eq× [Lig]total × ([M(III)
Lig]eq)−1. Using the experimentally determined speciation of the metal
ion complexes and the derived LC value, conditional stability constants
(log β’(T)) can be calculated for all experimental conditions.

3. Results

3.1. Time resolved laser fluorescence spectroscopy

Fig. 1 shows the emission spectra of Eu(III) and Cm(III) at tem
peratures of 20 and 60 °C as a function of the ligand concentration at a
given ionic strength in 0.1mol/kg NaCl solution
([H+]total = 1×10−4 mol/kg). For a better tracking of the evolution of
the emission bands, all spectra are normalized to the total peak area.
For Eu(III), the relative intensity of the 5D0 → 7F2 emission band in
creases continuously with increasing ligand concentration, whereas the
relative intensity of the 5D0 → 7F1 band decreases due to a continuous
shift of the aqueous Eu(III) speciation towards complexed species. For
Cm(III), the emission band shifts from 593.5 nm to 600.6 nm. Similar
wavelengths ranging between 599 and 601 nm have been reported in
the literature for the complexation of Cm(III) with various humic sub
stances [14,16,21,23], which are natural polycarboxylic ligands. The
isosbestic points, which are visible in the Cm(III) system, clearly in
dicate that only two species are present: the Cm(III) aquo ion and a Cm
(III) polyacrylate complex species. For both the Eu(III) and the Cm(III)
system, changes in the spectral features at a given ligand concentration
are pronounced more strongly at higher temperature.

To confirm that only one complex species is formed for both Cm(III)
and Eu(III), slope analyses are performed. Plotting log([M(III) Lig]eq/
[M(III)]eq) vs. log([Lig]eq) should provide a slope of 1, if only one
complex species with stoichiometry 1:1 is formed. Fig. 2 shows data for
Eu(III) together with a line of slope=1. The results of individual linear
regression are summarized in Table 1 for Eu(III) and Cm(III). De
pending on metal ion and temperature, the slopes range between 0.81
and 1.25. Therefore, a stoichiometry of 1:1 is confirmed. Note that 1:1
refers to the fact that one metal ion is coordinated by one charge
equivalent of the ligand. In the case of trivalent metals, each metal ion
is coordinated by three carboxylic groups, which do not necessarily
belong to a single polymer chain.

The speciation of each individual sample is determined by peak



deconvolution using the pure component spectra of the aquo ion and
the complex species of Eu(III) or Cm(III).

Lastly, it has to be noted that the Eu(III) complex species exhibits a
visibly higher quantum yield compared to the Eu(III) aquo ion, which is
considered by the introduction of the fluorescence intensity factor (fi
factor). This has to be taken into account for the calculation of log β’(T)
as the molar fractions (χi) of the different species equal the relative
intensity Ii,rel devided by the respective fi fector:

=χ I
fi

i rel
i

,
(7)

Fig. 1. Emission spectra of 2.5×10−6 mol/kg Eu(III) (top) or 6.25×10−9 mol/kg Cm(III) (bottom) as a function of the polyacrylate concentration in 0.1 mol/kg
NaCl solution ([H+]= 10−4 mol/kg) at 20 (left) and 60 °C (right).

Fig. 2. Slope analyses for the formation of the Eu(III)-polyacrylate complex in
0.1 mol/kg NaCl solution ([H+]= 10−4 mol/kg) at 20–60 °C.

Table 1
Slope analyses for the formation of the Eu(III)- and Cm(III)-polyacrylate com-
plex at T= 20–60 °C.

T/°C Slope

Eu(III) Cm(III)

20 0.81 ± 0.11 1.19 ± 0.20
30 0.94 ± 0.08 1.25 ± 0.06
40 0.89 ± 0.08 1.10 ± 0.06
50 0.82 ± 0.10 1.18 ± 0.08
60 0.87 ± 0.10 1.16 ± 0.06



The fi factor of the complex species does not show a continuous
change with increasing temperature. Therefore, an average value of
8.6 ± 1.2 (with the fi factor of the Eu(III) aquo ion equaling 1) is used
for the data evaluation. For Cm(III) the fi factor of the Cm polyacrylate
complex is not significantly higher compared to the aquo ion, the
average value equals 1.5 ± 0.2. The individual fi factors determined at
each temperature are summarized in Table 2.

The experimentally determined Eu(III) speciation ([Eu(III)]eq and
[Eu(III) Lig]eq) and the calculated free polyacrylate concentration in
equilibrium ([Lig]eq) are used to determine the LC of the polymer at the
chosen experimental conditions. The resulting values at each tem
perature are presented in Table 3.

The accurate determination of the LC requires a systematic change
of the free ligand concentration throughout the experimental series. At
very low metal concentration, as applied for Cm(III) within this work, a
proper determination of LC is not possible, as the ligand concentration
is almost unaffected by the complexation reaction. Therefore, LC values
for Eu(III) are used for the determination of the thermodynamic data for
Cm(III), as the LC is supposed to be identical due to the constant ex
perimental conditions and very similar chemical properties of Ln(III)
and An(III) . This is a standard procedure, which has also been applied
in earlier studies, when determining Am(III) and Cm(III) data for the
complexation with fulvic acid [15].

It is visible, that the LC increases slightly with increasing tempera
ture. This leads to a stronger deprotonation of the carboxylic functions
of the macromolecule, which is in line with the more pronounced
complexation observed at higher temperature.

The aqueous speciation of Eu(III) and Cm(III) and the LC values
given in Table 3 are used to calculate the conditional stability constants
of the formed polyacrylate complexes (β’(T)), taking into account the fi
factors of the respective species (Table 2). Table 4 summarizes the
average stability constants for Eu(III) and Cm(III) at each temperature.
The log β’(T) values range between 5.8 and 5.9. They are completely
unaffected by the increase of temperature and show a remarkable
agreement for both investigated trivalent metal ions. Furthermore, it
can be concluded, that the effect of temperature, which is visible in
Fig. 1, is not attributed to a change of the complex stability but to the
change in the LC.

The present results are compared to literature data on the com
plexation of Cm(III) with various polycarboxylic ligands. Room

temperature data for Cm(III) complexes with different humic [21,23]
and fulvic acids [14 16] at comparable ionic strength provided log β′
values ranging between 5.6 and 6.6. The only temperature dependent
study showed an increase of log β’(T) with increasing temperature by
0.4 0.6 in the temperature range of 20 80 °C depending on the used
fulvic acid.

Another study investigated the complexation of Eu(III) with a
polycarboxylate superplasticizer synthesized from acrylic acid [28].
Here, log β’(T) decreased slightly from 6.5 at 20 °C to 5.9 at 80 °C. In
this case, the differing temperature dependence is due to structural
differences resulting from the (poly)ethylene glycol chains which se
parate the coordinating functional groups and make the whole macro
molecule sterically more demanding.

Taking into account the range of literature data for the complexa
tion of trivalent metals with different synthetic or natural poly
carboxylates (e.g. humic substances, cement admixtures, etc.), the va
lues determined in the present study belong to the lower values of the
spectrum while still lying in the same range. If the temperature de
pendency of the stability constants is connected to structural properties
of the macromolecule, the lack of temperature effect in the case of
polyacrylate might also be attributed to its structural characteristics,
e.g. the missing of side chains and additional functional groups.
However, a more detailed and systematic investigation of structural
variations within these kind of polymers might be necessary to clarify
this complexation behavior.

4. Conclusion

The present study provides detailed thermodynamic information on
the complexation reaction of the trivalent actinide Cm(III), and Eu(III)
as a frequently used crystallochemical analog with polyacrylate using
time resolved laser fluorescence spectroscopy.

The conditional stability constants (log β’(T)) in 0.1mol/kg NaCl
solution were found to be independent of the applied temperature in
the range of 20 60 °C for both metals, ranging between 5.8 5.9. As a
result, the endothermic effect on the complexation reaction, which is
observed in the emission spectra, results from the deprotonation of the
coordinating ligand. This is reflected by the increase in loading capacity
with increasing temperature. The results of slope analyses point out,
that one metal ion is coordinated by three carboxylic groups of the
polymer, thus verifying the validity of the applied charge neutralization
model.

Whereas the presently determined thermodynamic constants are
located at the lower end of the reported data for various polycarboxylic
ligands (including humic substances and cement admixtures), they still
lie within the range expected for macromolecular carboxylic ligands
that do not form chelate complexes.

Previous complexation studies of trivalent actinides and lanthanides
showed, that polycarboxylates provide a rather small temperature de
pendency [7,27,28]. In the case of polyacrylate, this effect of tem
perature is even less pronounced. If changes of the stability constant
with increasing temperature are connected to structural characteristics

Table 2
Fluorescence intensity factors (fi-factors) of the Eu(III)- and Cm(III)-poly-
acrylate complex species at T= 20–60 °C.

T/°C fi-factor

Eu(III) Cm(III)

20 8.3 1.4
30 8.2 1.7
40 9.5 1.5
50 6.9 1.7
60 9.9 1.1
Average 8.6 ± 1.2 1.5 ± 0.2

Table 3
Loading capacity of polyacrylate in 0.1 mol/kg
NaCl solution ([H+]total = 10−4 mol/kg) as a
function of the temperature.

T/°C LC

20 0.030 ± 0.002
30 0.032 ± 0.003
40 0.041 ± 0.001
50 0.041 ± 0.002
60 0.050 ± 0.005

Table 4
Conditional stability constants for the formation of the Eu(III)- and Cm(III)-
polyacrylate complex in 0.1 mol/kg NaCl solution ([H+]total = 10−4 mol/kg) as
a function of the temperature.

T/°C log β’(T)

Eu(III) Cm(III)

20 5.87 ± 0.28 5.78 ± 0.42
30 5.88 ± 0.22 5.83 ± 0.45
40 5.83 ± 0.25 5.92 ± 0.22
50 5.82 ± 0.20 5.86 ± 0.34
60 5.76 ± 0.15 5.84 ± 0.25



of the polycarboxylates, the lack of temperature dependency in the case
of polyacrylate might be a result of its simple structure without side
chains and additional functional groups.

Regarding the complexation properties, polycarboxylates like
polyacrylate are suitable as model ligands. However, more systematic
investigations of specific structural features seem to be necessary to
further unravel temperature dependent effects.
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