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ABSTRACT: The complexation of trivalent actinides (An(III)) with chloride is studied in the temperature range from 25 to 200
°C by spectroscopic methods. Time-resolved laser fluorescence spectroscopy (TRLFS) is applied to determine the
thermodynamic data of Cm(III)−Cl− complexes, while extended X-ray absorption fine structure spectroscopy (EXAFS) is used
to determine the structural data of the respective Am(III) complexes. The experiments are performed in a custom-built high-
temperature cell which is modified for the respective spectroscopic technique. The TRLFS results show that at 25 °C the
speciation is dominated mainly by the Cm3+ aquo ion. Only a minor fraction of the CmCl2+ complex is present in solution. As the
temperature increases, the fraction of this species decreases further. Simultaneously, the fraction of the CmCl2

+ complex increases
strongly with the temperature. Also, the CmCl3 complex is formed to a minor extent at T > 160 °C. The conditional stability
constant log β′2 is determined as a function of the temperature and extrapolated to zero ionic strength with the specific ion
interaction theory approach. The log β°2(T) values increase by more than 3 orders of magnitude in the studied temperature
range. The temperature dependency of log β°2 is fitted by the extended van’t Hoff equation to determine ΔrH°m, ΔrS°m, and
ΔrC°p,m. The EXAFS results support these findings. The results confirm the absence of americium(III) chloride complexes at T =
25 and 90 °C ([Am(III)] = 10−3 m, [Cl−] = 3.0 m), and the spectra are described by 9−10 oxygen atoms at a distance of 2.44−
2.48 Å. At T = 200 °C two chloride ligands are present in the inner coordination sphere of Am(III) at a distance of 2.78 Å.

1. INTRODUCTION

Since 1954 nuclear fission has been used for the peaceful
generation of electrical power. However, the safe disposal of the
accumulating nuclear waste is still an unsolved problem. Due to
neutron capture reactions within the reactor, the waste contains
plutonium as well as minor actinides (e.g., neptunium,
americium, and curium). Some of these nuclides have very
long half-lives (e.g., t1/2(

239Pu) = 2.4 × 104 years). Thus, the
disposal of the nuclear waste requires an isolation from the
biosphere over very long time scales (>105 years). In general, a
repository in a deep geological formation is considered as the
best option for the disposal of the waste. A comprehensive
long-term safety assessment of such a repository should be
based on a reliable thermodynamic description of the
geochemical processes relevant for the migration or retention
of the actinides. Considerable effort was invested in the past to
establish a thermodynamic database for the actinides in their
most relevant oxidation states.1,2 However, the majority of the
available data are valid only for ambient temperatures. Due to
the radioactive decay of the nuclear waste, the temperature in
the near field of a repository may reach up to 200 °C. Up to

now, only little information has been available on the
temperature dependency of the chemistry and thermodynamics
of the actinides under geochemical conditions. A detailed
review of literature data up to 90 °C is given by Rao.3 However,
very few data are available at T > 100 °C. This lack of
information makes the prediction of the temperature effect on
the migration behavior of the actinides a difficult task.
Therefore, additional thermodynamic data are required not
only at room temperature but also at increased temperatures.
Furthermore, detailed thermodynamic data at increased

temperatures are of importance for aquatic chemistry in
general. For example, hydrothermal saline solutions play an
important role in the field of ocean chemistry, e.g., in the
vicinity of black and white smokers. A detailed understanding of
the chemical processes in these hydrothermal saline solutions is
of high scientific interest to explain the origins of life.4,5

Furthermore, aquatic solutions at high temperatures and
pressure are also found in various geochemical systems. For
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example, the migration of rare-earth elements in hydrothermal
solutions in ore deposits plays an important role during a
variety of geological processes. Only limited data are available
on the extent and mechanism of this transport.
Chloride is present in large quantities in the brines of deep

salt formations as well as in the pore water of certain clay rocks.
At ambient temperatures, Cl− is a weak ligand for the
complexation of trivalent actinides.1 Furthermore, literature
data on the complexation of An(III) with Cl− are divided into
two groups. The majority of the available data have been
determined by two-phase equilibrium methods (e.g., ion
exchange and liquid−liquid extraction). The other group of
data are based on spectroscopic techniques. The stability
constants determined by spectroscopic methods are about 2
orders of magnitude lower. This discrepancy is explained by the
inability of the methods based on a two-phase equilibrium to
distinguish between ion−ion interaction (outer-sphere com-
plexes) and the formation of inner-sphere complexes. Especially
in the case of very weak ligands such as Cl−, the replacement of
large amounts of the background electrolyte by high
concentrations of the ligand causes changes in the activity
coefficients which are misinterpreted as complex formation.
This effect leads to a large scattering of the available log βn data.
Fanghan̈el et al. and Könnecke et al. used the Pitzer equation

to derive a quantitative model for the formation of AnCln
(3−n)+

complexes at 25 °C over a wide concentration range (log
β°1(25 °C)(AnCl2+) = 0.24 ± 0.03 and log β°2(25 °C)-
(AnCl2

+) = −0.74 ± 0.05).6,7 These values were selected by the
Nuclear Energy Agency Thermochemical Database (NEA-
TDB) project as the best estimate for the equilibrium constants
of chloride complexes with trivalent actinides at ambient
temperatures.1

Literature data on the complexation of trivalent actinides
with chloride at increased temperatures are scarce. Yeh et al.
used a solvent extraction method to study the formation of
AmCl2+ complexs in 1.0 M NaClO4 at T = 25 and 50 °C.8 The
authors determined a slight increase of log β′1(25 °C)(AmCl2+)
= 0.11 ± 0.05 to log β′1(50 °C)(AmCl2+) = 0.38 ± 0.05 in the
studied temperature range, yielding a reaction enthalpy of ΔrH
= 19.39 ± 7.35 kJ/mol. In contrast to this, Choppin et al. and
Moulin et al. determined small negative values for the standard
reaction enthalpy (ΔrH ≈ −0.21 kJ/mol).9,10 However, no
ionic strength corrections were made by the authors. For
trivalent lanthanides more literature data on the complexation
with Cl− at elevated temperatures is available, especially at T >
100 °C. Further details are given in section 3.1.3. In general, a
strong increase of the log β°n values (n = 1, 2) by several orders
of magnitude with the temperature was determined.
In the present study, we apply advanced spectroscopic

techniques (time-resolved laser fluorescence spectroscopy
(TRLFS) and extended X-ray absorption fine structure
spectroscopy (EXAFS)) in combination with a custom-built
high-temperature cell to study the formation of AnCln

(3−n)+ (An
= Cm, Am) complexes at T = 25−200 °C. Cm(III) (for
TRLFS) and Am(III) (for EXAFS) are chosen as representa-
tives for trivalent actinides in the present work to determine the
thermodynamic data (log β°n, ΔrH°m, ΔrS°m, ΔrC°p,m) and
structural parameters of AnCln

(3−n)+ complexes at increased
temperatures. Since the chemical properties of f-elements are
mainly defined by their oxidation state, the behaviors of
Cm(III) and Am(III) will be similar under the present
experimental conditions.

2. EXPERIMENTAL SECTION
All concentrations are given on the molal concentration scale (mol/kg
of H2O, m) to avoid a temperature-dependent deviation of the
concentration.

2.1. TRLFS. A Cm(III) stock solution ([Cm(III)] = 2.12 × 10−5 m)
with an isotopic composition of 89.7% 248Cm, 9.4% 246Cm, 0.3%
244Cm, and 0.6% 243Cm, 245Cm, and 247Cm is used. With this, the total
Cm(III) concentration in the TRLFS samples is set to 10−7 m. The
proton concentration in every sample is fixed at 8.926 × 10−2 m with
HCl. The chloride concentration is set to 0.505, 1.008, 2.021, 2.519,
3.034, 3.501, and 4.003 m by adding solid NaCl. The measurements
are performed in a custom-built high-temperature cell. Details on the
technical setup are given elsewhere.11 For the TRLFS measurements,
the laser beam is coupled to the cell by a customized optical
waveguide. This waveguide consists of a central quartz fiber
surrounded by an additional bundle of eight smaller fibers. The single
center fiber is used for the transmission of the laser beam into the cell.
The resulting fluorescence light is collected by the eight outer fibers
and transmitted to the detector system.

An excimer-pumped dye laser system (Lamba Physics EMG 201
and FL 3002) with a pulse energy of about 2−4 mJ at a repetition rate
of 10 Hz is used for excitation. The spectra are recorded by an optical
multichannel analyzer, consisting of a polychromator (Jobin Yvon
HR320) with a 1200 line/mm grating (Andor Technology, SR3-GRT-
1200-500, blaze 500 nm, resolution 0.21 nm) and a time-gateable
intensified photodiode array with 1024 Si photodiodes (Spectroscopy
Instruments ST 180, IRY700 9).

The peak deconvolution of the experimental emission spectra is
performed with the software OriginPro (OriginLab Corp., v8.5.0 SR1).
The ratios of the single-component spectra are varied until their sum
fits the experimental spectrum. The quality of the fit is reflected by the
residue (difference between the sum of single-component spectra and
the experimental spectrum).

2.2. EXAFS. The EXAFS sample is prepared by adding 304 μL of
an Am(III) stock solution ([243Am] = 30 MBq/L, [241Am] = 17 MBq/
L) to 5 mL of a chloride stock solution, resulting in a total Am(III)
concentration of 10−3 m. The Cl− concentration of the chloride stock
solution is set to 3.0 m by adding solid NaCl. The proton
concentration is adjusted to 8.926 × 10−2 m with HCl. For EXAFS
measurements the high-temperature cell described in ref 11 is
modified. The modified cell is displayed in Figure 1.

Two of the quartz windows are replaced by windows made of
metallic beryllium and coated with Kapton tape (see Figure 1). Be
shows a permeability of 92% for photons with an energy of 17.6 keV,
enabling EXAFS studies at the Am LIII-edge (18.5 keV). All EXAFS
measurements are performed at the INE-Beamline of the Angström-
quelle Karlsruhe (ANKA, Karlsruhe, Germany).12 The beamline is
equipped with a double-crystal monochromator (DCM) and a
collimating and focusing mirror system (Rh-coated silicon mirrors).
In the present study, a Ge(422) crystal pair is used in the DCM. The
DCM is detuned in the middle of the scan range to 70% peak flux
intensity. The spectra are collected in fluorescence mode at an angle of
90° using a five-pixel Ge detector (Canberra Ultra-LEGe). The
incident X-ray intensity I0 is measured with an Ar-filled ionization
chamber at ambient pressure. Within the EXAFS range, the
measurement is performed at equidistant k-steps and the integration
time is increased continuously with a √2 progression. Measurements
are performed at T = 25, 90, and 200 °C. The data are evaluated with
the software packages EXAFSPAK, Athena 0.8.061, and Artemis
0.8.012.13−15 Theoretical scattering phases and amplitudes are
calculated with FEFF8.40 using the crystal structures of AmO2 (for
samples showing no chloride) or AmOCl.16,17 In all cases, the models
are fitted to the k3-weighted raw EXAFS spectra.

3. RESULTS AND DISCUSSION

3.1. TRLFS. 3.1.1. Emission Spectra. The emission spectra
at T = 25−200 °C and [Cl−] = 2.02 m are displayed in Figure
2a. A pronounced decrease of the emission intensity by about
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50% is observed as the temperature increases to 200 °C. This
temperature-dependent loss of emission intensity is comparable
to observations described in the literature for the curium(III)
sulfate system.18 The reason for this effect is still under
discussion. Tian et al. showed that up to 100 °C a thermal
population of higher energetic levels of the Cm(III) ion and
successive nonradiative deexcitation explain this loss of
emission intensity.19 However, at T > 100 °C additional
quenching mechanisms have to be considered.11,18 Also,
sorption effects to the cuvette walls are enhanced at higher
temperatures. For better comparison and further evaluation, the
spectra are normalized to equal peak areas (Figure 2b). The
spectra are shifted distinctively toward higher wavelengths with
increasing temperature. This effect results from a larger splitting
of the 6D′7/2 state of the Cm(III) ion and may originate from
two different reactions. On one hand, the equilibrium between
9- and 8-fold-hydrated Cm(III) species is shifted toward the

latter as the temperature increases.20 On the other hand, the
formation of inner-sphere CmCln

(3−n)+ complexes also leads to
a shift of the emission band to higher wavelengths. To
differentiate between these two effects, the spectra of Cm(III)
in aqueous NaCl and NaClO4 are compared. Perchlorate is a
very weak ligand toward trivalent actinides and does not form
complexes with Cm(III) at [ClO4

−] < 7.0 m and T ≤ 200 °C.20

Thus, the spectra obtained in perchlorate solutions represent
the Cm(III) aquo ion at the respective temperature, and
differences in spectra obtained in chloride media must originate
from the formation of different CmCln

(3−n)+ species. The
spectra recorded at two different ionic strengths and T = 25,
100, and 200 °C are displayed in Figure 3.
At 25 °C only marginal differences in the emission spectra in

NaCl and NaClO4 are observable. These originate from an
additional minor emission band at 594.5 nm, which is
attributed to a small fraction of the CmCl2+ complex.6,21 This
is in good agreement with the literature. According to the data
given by the NEA-TDB project, the CmCl2+ complex is formed
as a minor species (<5%) at [Cl−] < 6 m.1 As the temperature
increases, the emission spectra in NaCl solutions are shifted
distinctively further toward higher wavelengths compared to
the NaClO4 solutions. This indicates a significant increase of
the molar fractions of the CmCln

(3−n)+ (n > 1) complexes.
3.1.2. Peak Deconvolution and Speciation. To determine

the molar fractions of the different curium(III) chloride
complexes, the single-component spectra of the respective
species as a function of the temperature are required. They are
determined from the experimental emission spectra at different
temperatures. The peak positions of the emission bands are in
excellent agreement with literature data for the CmCln

(3−n)+

complexes (594.9 nm (n = 1), 598.3 nm (n = 2), 605.0 nm (n =
3)).6,21 At 25 °C, the intensity of the emission band of the
CmCl2+ complex is very low and almost disappears with
increasing temperature. Thus, the emission band is determined
at T < 100 °C and with a low signal-to-noise ratio. The CmCl3
complex is formed at T ≥ 160 °C. The respective spectrum
determined under these conditions also shows a high signal-to-
noise ratio. The single-component spectra of the CmCl2

+

complex are determined in good quality at T = 50−200 °C.
Two examples of peak-deconvoluted emission spectra ([Cl−] =
1.01 m, T = 25 °C; [Cl−] = 4.01 m, T = 200 °C) are displayed
in Figure 4.
To derive the species concentrations from the peak areas of

the single components, the quantum yields of the individual
curium(III) chloride species have to be considered. The

Figure 1. High-temperature cell for EXAFS together with the applied
windows (quartz and Be, coated with Kapton tape).

Figure 2. Emission spectra of Cm(III) in aqueous NaCl solution at T = 25−200 °C ([NaCl] = 2.02 m, [H+] = 8.93 × 10−2 m).
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quantum yield of a complex is accounted for by its fluorescence
intensity factor (FI factor). Fanghan̈el et al. showed that at 25
°C the FI factors of the individual CmCln

(3−n)+ (n = 0, 1, 2, 3)
species are almost identical.6 Furthermore, the decay of the
fluorescence emission is in accordance with a monoexponential
decay law at each studied chloride concentration and

temperature. This is typical for systems where the exchange
of the ligands is considerably faster compared to the
fluorescence lifetime of the complexed species. Thus, the
species distribution is governed by the thermodynamic
equilibrium, and differences in the FI factors of the CmCln

(3−n)+

species would influence solely the overall emission intensity and

Figure 3. Comparison of the emission spectra of Cm(III) in aqueous NaCl and NaClO4 at T = 25, 100, and 200 °C: (a) [Cl−] = 0.505 m, [ClO4
−] =

0.505 m, (b) [Cl−] = 4.003 m, [ClO4
−] = 4.003 m.

Figure 4. Single-component spectra of the CmCln
(3−n)+ complexes (n = 1, 2, 3) and two examples of peak-deconvoluted emission spectra of Cm(III)

at (a) [Cl−] = 1.01 m and T = 25 °C and (b) [Cl−] = 4.01 m and T = 200 °C.

Figure 5. Molar fractions of the CmCln
(3−n)+ complexes (n = 0, 1, 2, 3) as a function of [Cl−] at T = 25, 100, 160, and 200 °C.
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not their relative intensity ratios. Further details on this topic
are given elsewhere.22

Therefore, the FI factors of the different curium(III) chloride
species are treated as unity, and their molar fractions are
derived directly from the relative emission intensity of the
respective bands. Species distributions as a function of [Cl−]
and at T = 25, 100, 160, and 200 °C are displayed in Figure 5.
The given error of ±0.05 of the molar fraction is a

conservative estimation of all uncertainties which may
accumulate throughout the data treatment, mainly resulting
from the peak deconvolution procedure. At room temperature,
very small amounts (<5%) of curium(III) chloride complexes
are present and the speciation is dominated by the Cm3+ aquo
ion. No higher complexes are formed in the studied Cl−

concentration range. The speciation changes considerably at
higher temperatures. The fraction of the Cm3+ aquo ion
decreases with increasing chloride concentration. No increase
of the CmCl2+ complex is observed. However, due to the small
shift of the emission band of the CmCl2+ complex compared to
Cm3+ (∼ 1 nm) and the red shift of the emission bands due to
the increased formation of 8-fold-coordinated species at
increased temperatures (see section 3.1.1), the determination
of this species at T > 50 °C is difficult and accompanied by a
rather large error. For further information see section 3.1.3. The
fraction of the CmCl2

+ complex increases significantly at higher
temperatures. For example, at 200 °C the concentration of
CmCl2

+ is equal to that of the Cm3+ aquo ion. At T ≥ 160 °C
the CmCl3 complex starts to form, yet remains below 5%. Due
to the low signal-to-noise ratio of the spectra of the CmCl2+

and CmCl3 complexes, the respective molar fractions are
estimations and should be treated with caution. Additionally,
the determined speciation at each temperature is governed by
two effects. On one hand, the increase of the ligand
concentration results in the formation of CmCln

(3−n)+ species,
according to the law of mass action. On the other hand, the
increase of the chloride concentration is also accompanied by a
considerable change of the activities of the reactive species.
These changes may be misinterpreted as complex formation.
To distinguish between these two effects, the respective activity
coefficients have to be considered in the thermodynamic
description of the americium(III) chloride system.
3.1.3. Thermodynamics. Due to the low molar fractions of

the CmCl2+ and CmCl3 complexes, the conditional stability
constants of these species (log β′1, log β′3) cannot be
determined with acceptable accuracy in a chloride concen-
tration range up to 4 m. In contrast to that, the molar fraction
of the CmCl2

+ complex increases considerably with the
temperature, and the log β′2(T) values are determined at T =
50 − 200 °C according to

β′ =
+

+ −
[Cm(Cl) ]

[Cm ][Cl ]2
2

3 2 (1)

For the following considerations, two assumptions have to be
made: First, NaCl is completely dissociated under the present
experimental conditions. Second, HCl is not formed up to 200
°C. This approach is valid, since the pK° values of HCl and
NaCl are well below 1 at T < 200 °C.23,24 Thus, the total
chloride concentration equals the free ligand concentration
under the present conditions. As mentioned above, the
conditional log β′2(T) values are dependent on the activity
coefficients. As an example, the log β′2 values at 200 °C are
displayed as a function of [Cl−] in Figure 6 (squares).

To compare these data with the literature, the stability
constants have to be extrapolated to a standard state. In general,
this is the theoretical state of infinite dilution (Im = 0). The
NEA-TDB project recommends the less parametrized SIT
(specific ion interaction theory) approach over the Pitzer
equation for ionic strength corrections of thermodynamic data
at increased temperature.1 The SIT is valid for Im ≤ 4.0.
Therefore, the chloride concentration is limited to 4.0 m in the
present work. According to the SIT, the thermodynamic
stability constants log β°n(T) are related to the conditional
stability constants log β′n(T) according to

β β ε° = ′ − Δ + ΔT T z D T T Ilog ( ) log ( ) ( ) ( ) ( )n n n
2

m
(2)

with Δ(z2) = −10 for n = 2 and Δεn = ∑εproducts − ∑εeducts. D
= (A(T)Im

0.5)/(1 + Baj(T)Im
0.5) is the Debye−Hückel term,

with A and B being temperature-dependent parameters and aj
an ion size parameter. By the use of a data set of log β′n at
different ionic strengths, log β°n is derived by plotting log β′n −
Δ(z2)D versus Im and linear regression analysis. The y-axis
intercept at x = 0 corresponds to log β°n and the slope to −Δεn.
The thermodynamic log β°2(T) values are given in Table 1.

At 25 °C the fraction of the CmCl2
+ complex is too low to

determine the stability constant. Thus, the log β°2(25 °C) value
given in Table 1 is calculated from the ΔrH°m and ΔrS°m values
(see Table 2). The result is in excellent agreement with the
value given by the NEA-TDB project (log β°2(25 °C) = −0.74
± 0.03).1

Literature data on the complexation of trivalent actinides
with chloride at T > 25 °C are scarce. Yeh et al. studied the
complexation of Am(III) with Cl− in 1.0 M NaClO4 at T = 25−
50 °C.8The authors determined an increase of log β′1(25 °C) =
0.11 ± 0.05 to log β′1(50 °C) = 0.38 ± 0.05. No ionic strength
corrections were made by the authors. Thus, the given data are
only conditional values. No literature data for log β°2 of
trivalent actinides with Cl− exist at increased temperatures.
However, a few studies on trivalent lanthanides at T ≤ 200 °C

Figure 6. log β′2 values as a function of [Cl−] at T = 200 °C.

Table 1. log β°2(T) Values for the Formation of the CmCl2
+

Complex

T
(°C) log β°2

T
(°C) log β°2

T
(°C) log β°2

25 −0.81 ± 0.35a 100 1.09 ± 0.13 160 2.17 ± 0.11
50 0.00 ± 0.25 120 1.48 ± 0.15 180 2.45 ± 0.10
75 0.62 ± 0.21 140 1.82 ± 0.14 200 2.83 ± 0.09

aValue calculated from the thermodynamic data given in Table 2.
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are available. Gammons et al. applied solubility measurements
to study the formation of NdCln

(3−n)+ complexes at T = 25−300
°C (n = 1, 2).25 Ionic strength corrections were made according
to an early form of the SIT equation. The authors determined
an increase of log β°2(25 °C)(NdCl2

+) from −0.38 ± 0.5 to
+2.52 ± 0.2, which is in good agreement with the results of the
present work. Stepanchikova et al. studied the complexation of
Nd, Sm, and Ho with chloride in the temperature range of
100−250 °C using spectrophotometry.26 The authors applied
an extended Debye−Hückel equation for ionic strength
corrections. The stability constants for NdCl2

+ and SmCl2
+ at

200 °C are in very good agreement with the results of the
present work (log β°2(200 °C)(NdCl2

+) = 2.54, log β°2(200
°C)(SmCl2

+) = 2.26), whereas the value for Ho is 1 order of
magnitude higher (log β°2(200 °C)(HoCl2

+) = 3.83). Migdisov
et al. studied the complexation of a series of Ln(III) ions with
chloride at T = 25−300 °C by solubility measurements and
applied an extended Debye−Hückel equation for the
calculation of activity coefficients.27 The authors determined a
linear increase of log β°2(25 °C)(EuCl2

+) from 0.73 to 3.29.
Unfortunately, no error bars are given. Considering an
approximate error of ±0.2, the values are in agreement with
the results of the present work.
Regarding log β°1, it is peculiar that the fraction of CmCl2+

does not increase with the temperature, since literature data on
the first stability constant of various lanthanide(III) chloride
complexes show an increase of log β°1 by 1−2 orders of
magnitude in the temperature range of T = 25−200 °C.25−28

An increase of 2 orders of magnitude of log β′1 would lead to a
molar fraction of CmCl2+ of about 60% at 200 °C ([Cl−] =
0.1−1 m). This is not in agreement with the present results,
since such a high fraction of a species would be clearly
observable in the emission spectra. However, the literature data
on the temperature dependency of log β°1 show a rather large
scattering and should be treated with caution. For example,
Wood determined an increase of log β°1(25 °C)(EuCl2+) =
0.34 to log β°1(200 °C)(EuCl2+) = 1.05.29 Speciation
calculations show that such a temperature dependency of log
β°1 would result in an only minor fraction (<0.1) of the
monochloro complex at 200 °C, which is in very good
agreement with the present work.
The temperature dependency of log β°2 can be fitted by the

integrated van’t Hoff equation (see Figure 7, dashed line).
However, a small deviation of the experimental data from the fit
is visible at higher temperatures. A slightly improved fit is
achieved by additionally accounting for a constant change of

the heat capacity of reaction (ΔrC°p,m) according to an
extended integrated van’t Hoff equation:30

β β° = ° +
Δ

−

+
Δ °

− +

⎛
⎝⎜

⎞
⎠⎟

⎛
⎝
⎜⎜

⎛
⎝⎜

⎞
⎠⎟
⎞
⎠
⎟⎟

T T
H T

R T T

C

R
T
T

T
T

log ( ) log ( )
( )

ln 10
1 1

ln 10
1 lnp

2 2 0
r 0 0

0

r ,m 0

0 (3)

The fit of the experimental data according to eq 3 is displayed
in Figure 7 (solid line). ΔrH°m, ΔrS°m and ΔrC°p,m are
summarized in Table 2.

ΔrH°m shows a large positive value. Unfortunately, no
literature data are available for comparison, yet the here-
determined values are characteristic of weak ligands.3 The
standard reaction enthalpy is the sum of three different
processes: First, a number of H2O molecules are removed from
the inner coordination shell of the hydrated metal ion. Second,
the ligand molecule must be partially dehydrated as well. These
two processes are endothermic and require energy. In the third
step, the metal ion−ligand bonds are formed. This process is
exothermic and thus releases energy. Due to the weak
complexation strength of chloride toward trivalent actinides,
only little energy is gained by the latter process, leading to
largely positive standard reaction enthalpies.31 Furthermore, a
large positive ΔrS°m is found, which originates from the release
of the highly ordered water molecules from the inner
coordination sphere of the Cm3+ aquo ion to the more
disordered bulk solvent.3 The here-determined Δε02(T) values
as a function of the temperature are displayed in Figure 8.

Due to the small fraction of the CmCl2
+ complex at 25 °C,

the Δε02(25 °C) value could not be determined. Up to 150 °C
no temperature dependency of Δε02 is observed, resulting in a
constant value of Δε02 = 0.03 ± 0.06. At higher temperatures
the values increase slightly (Δε02(200 °C) = 0.08 ± 0.06). This
is in very good agreement with the literature data on ion−ion
interaction coefficients at T = 25−200 °C.11,18 By using
ε(Cm3+,Cl−) ≈ ε(Am3+,Cl−) = 0.23 ± 0.02 and ε(Cl−,Na+) =
0.03 ± 0.01, a value of ε(CmCl2

+,Cl−) = 0.32 ± 0.10 is
Figure 7. Fit of log β°2(T) according to the integrated van’t Hoff
equation (dashed line) and extended van’t Hoff equation (solid line).

Table 2. Thermodynamic Data for the Formation of the
CmCl2

+ Complex, Cm3+ + 2Cl− ⇌ CmCl2
+

ΔrH°m 54.9 ± 4.5 kJ/mol
ΔrS°m 168.8 ± 5.5 J/(mol·K)
ΔrC°p,m 40 ± 10 J/(mol·K)

Figure 8. Δε02(T) values for the overall formation of CmCl2
+.
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determined. In Figure 6 two different fits of the ionic strength
dependency of the conditional log β′2(200 °C) values
according to eq 2 are displayed. A very good fit is achieved
by using the Δε02 values at 200 °C. However, application of the
Δε02 values at 25 °C given by the NEA-TDB project causes
only a slight deviation of the fit from the experimental data at
higher ionic strengths. This confirms that the ion−ion
interaction coefficients (ε) show only a minor temperature
dependency, even up to 200 °C.1,18

3.2. EXAFS. Structural information of the formed actinide-
(III) chloride complexes are determined by EXAFS. The
experimental background-subtracted and k3-weighted Am LIII-
edge EXAFS spectra as well as the corresponding Fourier
Transforms are shown in Figure 9. The k-ranges for the fit of
the data have been chosen individually according to the level of
noise in each case.
At 25 and 90 °C the spectra are similar. At 200 °C the

second oscillation at k ≈ 5 Å−1 is shifted toward higher k.
Consequently, the main peak in the pseudo radial distribution
of the Fourier transform at R ≈ 2 Å is broadened visibly. This
effect is attributed to the presence of chloride ligands in the
inner coordination sphere of the Am(III) ion. The results of the
fit are displayed in Table 3.

The spectra at 25 and 90 °C are fitted by 9−10 oxygen
neighbors at a distance of 2.45−2.48 Å. This is in good
agreement with the literature for the Am(III) aquo ion.32 At
200 °C 2.3 Cl− ligands are included into the fit to describe the
experimental data. Furthermore, the Debye−Waller factor of
the Am−O shell increases continuously with increasing
temperature from 0.007 to 0.017 Å2. The Am−O distances
obtained at T = 200 °C are significantly shorter compared to
the results at 25 and 90 °C. Also, the Am−O and Am−Cl
distances are significantly shorter than the literature values at T
= 25 °C (see Table 3). It is known that the interatomic distance
decreases with decreasing coordination number (about 0.1 Å
for the change from N = 9 to N = 7).33 However, in our case no
significant change in coordination number is visible as oxygen is
simply replaced by chloride, keeping the overall coordination
number in the first coordination sphere constant. Therefore,
the change in distance is with high certainty attributed to an
asymmetric (non-Gaussian) distribution of distances which is
known to occur at high temperatures.34 To describe this effect,
a third cumulant has to be included in the theoretical model.
This approach yields distances for the Am−O and Am−Cl
bonds of 2.44 and 2.78 Ǻ, respectively, which are in good
agreement with the literature data.32 However, this approach
does not lead to a significant improvement of the fit as the r-
factors of both fits (with and without the third cumulant) stay
equal at 0.078. Nevertheless, in our opinion the inclusion of this
factor is essential to provide a physically appropriate result
regarding the interatomic distances. In contrast to the neighbor
distances, the coordination number remains constant within the
range of error, whether a third cumulant is taken into account
or not.
The number of coordinating chloride atoms can be

compared to the TRLFS results. There, ∼0.8 ± 0.3 chloride
atoms are present at the same chloride concentration and
temperature. It is known that coordination numbers
determined by EXAFS spectroscopy are mostly related to
errors around ±1 atom. Although our final fit provided only an
uncertainty of 0.7 chloride atom, this might be the most
probable reason for this discrepancy.

4. SUMMARY AND CONCLUSION
In the present work a detailed spectroscopic study on the
complexation of Cm(III) and Am(III) with chloride in the
temperature range from 25 to 200 °C was performed. The
TRLFS results show a strong increase of the fraction of the
CmCl2

+ complex with increasing temperature. At T > 160 °C,
the CmCl3 complex is also formed as a minor species. The

Figure 9. k3-weighted Am LIII-edge EXAFS spectra (a) and related Fourier transforms (b) at T = 25, 90, and 200 °C.

Table 3. Structural Parameters Determined for Am(III) at
[Cl−] = 3.0 m as a Function of the Temperature (Errors
Given in Parentheses)a

T (°C) N R (Ǻ) σ2 (Ǻ2) ΔE0 (eV)

Am−O
25 9.6 (2.4) 2.45 (1) 0.007 (2) −4.9 (1.3)
90 9.0 (2.3) 2.48 (1) 0.009 (2) −5.0 (1.3)

200c 6.9 (3.1) 2.34 (5) 0.017 (6) −7.0 (3.1)
200d 6.3 (1.6) 2.44 (5) 0.015b −5.0 (2.0)
25e 7.6 (0.3) 2.48 0.009b −7.3
25f 6.4 (0.3) 2.51 0.009b −6.1

Am−Cl
25 −4.9 (1.3)
90 −5.0 (1.3)
200c 2.3 (0.7) 2.69 (2) 0.005b −7.0 (3.1)
200d 2.4 (0.6) 2.78 (4) 0.005b −5.0 (2.0)
25e 1.2 (0.1) 2.80 (1) 0.005b −7.3
25f 1.8 (0.1) 2.81 (1) 0.005b −6.1

aS0
2 = 0.9. bFixed during fit. cWithout considering a third cumulant.

dThird cumulant set to 0.003 (Am−O) and 0.002 (Am−Cl). eAt 10 M
LiCl.32 fAt 12.5 M LiCl.32
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conditional stability constant log β′2 is determined as a function
of the temperature and extrapolated to Im = 0 with the SIT
approach. log β°2(T) increases by more than 3 orders of
magnitude in the studied temperature range. The temperature
dependency of log β°2(T) is fitted by the extended van’t Hoff
equation, yielding ΔrH°m, ΔrS°m, and ΔrC°p,m.
In addition to the thermodynamic data, structural

information on americium(III) chloride complexes is obtained
by EXAFS. The structure of the AnCln

(3−n)+ species is studied
by EXAFS spectroscopy at T = 25, 90, and 200 °C. The results
show no formation of AmCln

(3−n)+ complexes up to 90 °C
([Cl−] = 3.0 m). However, at 200 °C approximately 2.5
chloride ligands are present in the inner coordination sphere of
the Am(III) ion.
The aquatic geochemistry of trivalent actinides changes

considerably at higher temperatures. Ligands which form only
weak complexes with An(III) at 25 °C may be increased
distinctively in their complexation strength at elevated
temperatures. This effect is pronounced especially at T > 100
°C. Thus, species which are negligible under ambient
conditions may play an important role in the solution
speciation at T > 25 °C. Unfortunately, only very little
information on the complexation reactions of An(III) under
such conditions is available in the literature, making the
prediction of the impact of increased temperatures on the
aquatic geochemistry of actinides a difficult task. The here-
determined data are of high importance for the modeling of the
migration of actinides under near-field conditions and thus are
valuable contributors to a comprehensive long-term safety
assessment of a nuclear waste repository in deep geological
formations.
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